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PREFACE

The 20th EPS Conference on Controlled Fusion and Plasma Physics is Organized,
on behalf of the European Physical Society (BPS), by "Sociedade Portuguesa de Fisica"
(SPF) and "Centre de Fusfio Nuclear" (CFN) of "Instituto Superior Técnico" (IST) of the
Lisbon Technical University.

The Programme, Format and Schedule of the Conference were determined by its
International Programme Committee, which also selected the Plenary and Topical Invited
Lectures.

The International Programme Committee has also made the selection of the
submitted one—page abstracts. Some of these abstracts, of outstanding quality, have been
selected, for both poster and oral presentation of the corresponding four-page papers.

In the odd years the Conference is essentially related with Controlled Fusion
Research and it has a reduced format. Therefore, the [PC has only been able to accept for
conference presentation about 435 abstracts from the almost 620 received.

The Conference Format is: 9 Review Lectures of 45 minutes, 18 Topical Lectures
of 30 minutes, 24 Oral Presentations of Contributred Papers of 20 minutes, 4 poster
sessions with about “0 posters each and a Special Evening Public Lecture.

Lisboa June 1993 The Editors
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Analysis of Reversed Field Pinch plasmas in RFX
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Introduction

An analysis of plasmas produced in the RFX Reversed Field Pinch
(RFP) experiment [1] (minor radius a=0.457 m and major radius R=2 m)
is presented. Global energy confinement time, poloidal beta and
radiation losses are reported in different I/N regimes, where I is the
plasma toroidal current and N is the average line density. The study
refers to discharges with plasma current between 0.5 and 0.65 MA,
while the UN parameter varies in the range 2 5 UN S 6 (10‘14 A m)
(assuming a flat density profile). In order to compare the measured
plasma resistivity with the classical one the helicity balance equation
has been used, the plasma internal magnetic field profiles being
reconstructed from externally measured global magnetic quantities.
Finally the transport properties are briefly discussed in terms of
stochastic thermal conductivity.

Results

In RFX the plasma current is sustained in the flat-top phase by
external power supplies for about 100 msec [2]. Typical electron density
(at 0.5 MA) is 3-4 1019 m3, while electron temperature is in the range
300—450 eV with ion temperature being comparable. Density profiles [3]
are rather flat, since the first wall of RFX is completely covered by
graphite tiles and density sustainment is practically achieved by wall
loading; while temperature profiles [3] are relatively more peaked.
Using these measurements, the global energy confinement time defined
from a stationary power balance as:

Te = 3(nk(re +13» (1)
2 VI

where < > represents the volume integral, V is the resistive loop voltage
and I the plasma current, can be easily calculated. If radiation losses
are negligible with respect to the input power, eq. (1) estimates the
energy confinement time due to transport processes.



11—440 3~1

In many RFP
: 1 [mm] A A : devices [4.5.6,7] it has

—: e “f Figl : been observed that the
30013 A A AA“ 1_ confinement is strongly

' i ‘n‘w‘fi‘ A _ dependent on the
1 At» ‘6: A‘ A A A . .a ‘ fight“ 3 ‘ ‘ — parameter l/N With the
3 A , . .3 :A ‘AA IA“ .7 best performances

0005: A; “‘6‘ A a A ; obtained at low I/N,
—: ‘ A A ‘ ‘} although the electron
I : temperature shows an

0002? UN [1044A m] ‘ opposite behaviour with
I _ . I I I T l/N. These features are

1 2 3 4 5 also confirmed in RFX: as
shown in Fig.1 Te scales
like (l/N)-0-5. Note that
the points in Fig.1 (and in
all the figures reportedsogllllliiA in this paper) are

E A Fig.2 obtained considering
’10—n A“ time averages over an

: ‘3 “ interval of about 20 msec
30~Em ‘: ‘ -_- during current flat—top.

. A A . The experimental pomts
20*} “A {— refer to more than 200

A“: A} ‘AA A ‘A discharges and the
1o—_— “Afii‘ 4 —_— scatter 1s due to.the fact

:W [io’MAm] “ A A“ ; that a selection of
o g , l g g ; l l homogeneous conditions

1 2 3 4 5 has not been done. As
shown in ref. [2] for
example the matching of

the field errors at the gaps gives a clear reduction in the applied loop
voltage.
In Fig.2 the radiated power, Prad, normalized to the input power is
plotted vs. I/N. It is quite low if UN 2 2 10'14 (A m) and is around 10%
of the input power. Some uncertainty is present in the measurements of
Pm}, since they are presently obtained with a single chord bolometer
and the absolute value of Pm] could be affected by systematic errors
due to profile effects. The points plotted in Fig.2 refer to an assumed
annular distribution of the plasma radiation profile. The uncertainty due
to the precise form of the profiles should not affect the relative scaling
of the experimental data with UN, if the profiles do not vary with UN.

The decrease of ”Ce with UN can be discussed writing eq. (1) as:
33 ’

Te DC Be Te /Zk
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where Z‘k = nk/T]°1(Z=l), is the so called helicity balance resistivity
anomaly factor [8]. As shown in Figs.3,4 both the poloidal beta ([59) and
21 scale unfavourably with UN, a feature previously observed in other
RFPs [45.6.7]. Note that B9 has been calculated using a quite flat density
profile, n cc (145), and a temperature profile, Teoc (l‘r3), in agreement
with experimental measurements [3]. The trend of [39 with UN is due
essentially to the fact that the decrease of density is not compensated
by a corresponding increase in electron temperature. The scaling of Z‘k
with UN however is not so easily interpreted.

A possible explanation may be0-1 I l | |
59 A found, as suggested in ref. [9], in

a pig; ‘ the dependence of the anomaly
008* 5‘5“. ‘ — factor on the quantity E¢/ ED , E¢

_ {35‘ A is the applied electric field and ED
0.0? it“ ‘3 t _ the Dreicer field for runaway of

_ a? 1“ ‘1 A _ electrons. The dependence of Z}
. law“ 1‘ on this ratio is predicted by the

“4' ‘I‘ “.g‘ 1. it * Kinetic Dynamo Theory (KDT) [9]:
r _ ‘ “ ' the increase of 2*]: withUN [10 “A m J ‘ . .0.02 i . . . decreastng ED (or decreasrng
1 2 3 4 5 6 density) can be interpreted as

due to the diffusion of electrons
in the stochastic magnetic field

2' “8-" C and to the loss of momentum to
8- k F the wall. This interpretation is
6_ _ also consistent with the

3 measurements of an asymmetry
4_ -_ between the heat fluxes on the

: electron and ions drift sides at
2- ”_ the plasma edge [10]. In RFX,

I 3 however there are presently
ol I I I I I I . ‘ other indications that Z‘k is just

1 2 3 4 5 in the same range ( see Fig. 4) of

the spectroscopic Zeff [11] in the explored interval of UN, so that the
helicity balance resistivity agrees fairly well with the Spitzer's one. If
this is the case the increase of 2’} with UN can be more easily
interpreted as related to the increase in the impurity content.

From the measured confinement time it is possible to calculate the
stochastic magnetic diffusion coefficient [12]:

a2

Dst:
revth
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Using the measured values of electron temperature we find D3,z 2 - 3
10'5 m. Considering the fluctuation level at the wall (of the order of 1%
of the total field) this does not fit a quasi~1inear estimate [12] , DMZ 6
10‘1 m. This may be due to the fact that the stochasticity parameter s
[12] in the RFP is larger than unity so that the quasi-linear estimate is
not suitable. Another possible explanation could be that the quantity
R=(b L/B 5) [13], where 5 and L are respectively the transverse and the
parallel correlation lengths of the magnetic field, is larger than unity in
this way a turbulent regime results and the magnetic diffusivity should
be calculated as D5,": (b/B) 5. However in that case a very short
transverse correlation length 5 of the order of few millimetres can be
estimated. Despite these difficulties, the stochastic transport model is
believed to be also for RFX a good candidate to explain the observed
energy confinement.

Conclusions

Global energy confinement, poloidal beta and resistivity anomaly
factor have been measured in the RFX device. The best confinement has
been achieved at low values of UN, as previously observed in other
RFPs, due to unfavourable scaling of poloidal beta and resistivity
anomaly with UN. The calculated values of global energy confinement
(l msec) and poloidal beta (S 10%) are not completely satisfactory for
the achieved current level (0.5 to 0.65 MA). On the other hand, the
present results suggest that a significant improvement should be
obtained just by reducing the impurity level, which is presently quite
high [11], e.g. by conditioning the wall or by using a pellet injector to
peak the density profiles.
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MEASUREMENTS OF ELECTRON DENSITY FLUCTUATIONS ON RFX

Ch. Ferrer Flocal, P. lnnocente, S. Martini

Istituto Gas lonizzati del CNR, EURATOM~ENEA~CNR Association, Padova, Italy

1 Depto. Fisica Alomica, Molecular y Nuclear. Universidad de Valencia. Dr. Moliner, 50.
46100 Burjassot (Valencia). SPAIN

1. INTRODUCTION

FlFP discharges are known to support a wide variety of fluctuations which may be related
to the turbulent processes taking place in the plasma during relaxation and which play an
important role in anomalous transport [1]. ln ZT-itO. density fluctuations have been
measured by interferometric methods [2] and significant fluctuations are found in the range
10-150 kHz. On the FlFX reversed field pinch experiment [3] the electron density is
measured by a multichord two-color infrared interferometer [4] with a resolution of 1.2 x
1017 m'2 for the line density and a maximum bandwidth of 1 MHz which is thus adequate
for the fluctuations measurement. In this paper RFX density fluctuations below 20 kHz are
analysed in terms of spectrum, RMS and correlation between the chords during the RFP
phase and for different I and UN regimes.

2. FLUCTUATIONS CHARACTERISTICS AND SIGNAL TREATMENT

The FlFX interferometer [4] is two-color. with a CO; laser beam for the plasma density
measurement and a He-Ne laser for vibration compensation. It uses heterodyne detection at
40 MHz. Presently. eight interferometric chords supply the density measurement and
provide a reasonable picture of the spatial profiles. Figure 1 shows the interferometer
chordal positions and angles. The resolution is 12 x 1017 m‘2 and the maximum bandwidth
is of 1 Mhz.

The density fluctuation spectra (more details are found in figure 4) has the highest
amplitude in the 16 kHz interval, and is nearly constant and higher than the background
noise towards the 20 kHz Nyquist frequency (fig 3). The spectrum of fluctuations sampled at
100 kHz is similar to that at 40 kHz and the fluctuation amplitude at the Nyquist frequency
3 times higher than noise. Thus. the frequency interval between 0.5 and 20 kHz seems to
contain sufficient information on the density fluctuations at low frequency.

Some density fluctuations general features can be inferred just from the density
measurements:

- The fluctuation level is larger for the outermost chords (1 and 8 in figure 1):
- The fluctuation level of chord 1 is greater than that of chord 8 in most cases;
- Zero time lag correlation is found at all frequencies in the range of study.

Figure 2 illustrates the former characteristics. In our analysis we have window filtered
the density signal with a 6‘h order Butterworth filter having a cutoff frequency at the 95%
of the amplitude.

3. ANALYSIS TECHNIQUES: POWER SPECTRUM, RMS AND CORRELATION

In order to compute the fluctuations power spectrum of the signal Sx(l)=<X'(f)X(f)>,
(where t) is the FFT of x(t) and the brackets represent average over data subsets), the
density signal is previously filtered for the chosen frequency window and the time interval
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of interest is selected. That lime interval is divided into a number of subsets which are

chosen with a 50% overlapping. A Hanning window is applied to each subset in order to

reduce the effects of leakage before applying the FFT algorithm. Averaging the power

spectrum over the mentioned subsets and over different shots reduces the statistical

fluctuations and highlights the underlying mean behaviour of the fluctuations [5].

The RMS has been calculated for a given time interval after filtering the density signal

for the chosen frequency window.
The correlation between two interferometric signals has been calculated in the frequency

space from the cross power spectrum Sxy(f)=<><'(f)Y(f)> with the above windowing and

overlapping techniques in order to obtain its phase, which gives information on the time

shift between x and y as a function of frequency. We have calculated the correlation

coefficient in the time space, defined as n= <x(t)y(t)>/\/<x2><y2>, for different
frequency windows of interest and for all pairs of interferometric signals.

4. RESULTS

POWER SPECTRUM: Power spectra decrease exponentially, with some peaks around 1-2

kHz, being from 6-8 kHz nearly constant up to 20 kHz as can be seen from the continuous

line in figure 3. Its amplitude is much larger than background noise showed in fig. 3 as a

dashed line. The background amplitude is constant from 2 kHz onwards and at the Nyquist

frequency is of an order of magnitude below the density fluctuation amplitude. The shots

chosen for this example belong to a low density shot group an hence give'a pessimistic

estimate of the fluctuation/background noise RMS rate because, as we will see later, the

RMS increases with density, The power spectrum amplitude of the outermost chords is

always higher than that of the inner chords but the spectrum has always the same general

features.

HMS: The RMS of chords 1 and 8 is higher than that of the inner chords which present very

similar values among them. The normalized RMS/<n> is about 2% for the inner chords and

5+1O % for the outer chords. In addition. significant differences between the RMS value of

chord 1 and 8 are found from shot to shot‘ chord 1 having a higher FtMS in most cases while

chord 8 may have RMS values similar to those of the inner chords. Figure 4a shows two

representative shots in which these differences are observed It is seen that shot 2006 with

a more symmetric density profile (fig. 4b) has also a more symmetric RMS profile. The

opposite happens for shot 2003 with a density profile which is shifted towards the external

part of the torus.
The absolute FlMS is found to increase with the density. Averages of the normalized RMS

(RMS/<n>) have been calculated for the same llN intervals described before. The normalized

RMS shows a weak increase with l/N . Averages taken for two data sets with different peak

current (550 and 650 kA) have been also computed. RMS/<n> does not scale with current.

CORRELATION: The computed phase difference between the fluctuation signals is zero and

the equal time correlation computed for all pairs of interferometric chords is very high,

ranging from 0.4 to 0.9. It generally decreases with frequency and with chord separation as

seen in figure 5. Correlation between chords 1 and 8 is seen to increase for shots in which

the density profile is highly symmetric,
The correlation coefficients have been calculated for two data sets at different plasma

current (550 and 650 kAi. No substantial differences are found between the two cases. Just

a higher correlation for the [2,6|kHz interval in the 650 kA set is encountered.
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Correlation averages for different l/N sets at [O.5.20]kHz give no significant differences

5. SUMMARY AND DISCUSSION

We have analyzed the RFX density fluctuations with the interferometric technique for the
[0.5.201kHz interval. The outer chords RMS is substantially higher than that of the inner
chords which have a similar fluctuating level. The correlations between the chords have zero
time lag and the correlation coefficient is high. ranging from 0.4 to 0.9. This FIMS and
correlation behaviour gives us information on the spatial distribution. A high correlation at
zero time lag suggests the presence of a structure with m=O symmetry. On the other hand.
the RMS is much higher in the outer chords. The picture that comes out is that of a
fluctuating annulus localized in the outer plasma (r/a20.62) which is 'seen' mainly by the
outer chords (1 and 8) and often only by chord 1. The differences which are often
encountered between the RMS of chord 1 and 8 may be due to differences in the toroidal shift
of the density profile as fig. 4 suggests. Chord 1 and 8 are nearly symmetric as seen in fig.
1. The fact that a small toroidal shift which is s 2 cm may change the fluctuating zone 'seen'
by chord 8 supports the idea of a very localized and external annulus. We can hypothesize a
small width for this plasma annulus supported by the fact that the differences of RMS among
the inner chords are not significant. In an RFP the external zone corresponds to the reversal
region, in which the toroidal field changes direction and where many resonant modes are
present. These could be the source of the observed large fluctuations.
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figure 1. The eight RFX interferometer
chords. Positions starting from chord 1
are: r=-0.338.-0.233.-0.14.-0.053,0.053,
0.141.0.226,0.403 m. The angles respect
the horizontal are 90,90,80.16.90,90.
7989.90.90 degrees.

124578
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Magnetic field errors and non-axisymmetric behaviour of the plasma in RFX
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m
RFX is a RFP experiment operating in Padua with R=2 m and a:0.457 m /l/. The device is
equipped with a thick shell to stabilize MHD modes in the plasma. On the other hand. the shell
equilibrium currents are forced to deviate at the two poloidal insulating gaps causing a local
distortion of the magnetic field configuration. The experience of other RFP devices has clearly
shown the importance of minimizing magnetic field errors at the gaps to improve discharge
parameters and to increase its duration /2,3/. In RFX, sixteen coils, making up the so called
Field Shaping Winding, have been located around the torus in order to generate part of the
equilibrium field and produce a m.m.f equal and opposite to the plasma m.m.f. An accurate
programming of the currents in this winding has been sought to get as close as possible to an
axisymmetric magnetic configuration. A detailed analysis of the magnetic configuration is
allowed by the RFX magnetic measurement system /4/. In particular, for the analysis presented
in this paper, the measurements of the B13 component of the magnetic field have been provided
by 8 poloidal arrays of pickup coils and by 2 toroidal arrays of 72 pickup coils, lying at 22.5"
from the equatorial plane of the machine, on its inner and outer side; moreover, poloidal flux
loops, Rogowski coils, saddle coils mounted at the gaps have been used.

Fil irrff nl'rnad‘h‘e rfrman
Several pulses (from 1770 to 1880) have been dedicated to study the horizontal equilibrium and
to minimize the field error at the poloidal gaps throughout the discharge by properly
programming the 8 Field Shaping Winding (FSW) thyristor amplifiers. All the pulses were
executed with the same initial applied loop voltage (360 V) and the same magnetic energy
initially stored in the magnetizing winding (29 Ml). Moreover. the flat-top poloidal amplifiers
were always active in the examined cases and a steady-state vertical field was applied to reduce
the plasma outward shift /5/.
To characterize the quality of the magnetic configuration, for each pulse we evaluated the
poloidal field error by taking the average of the absolute values of the measurements provided by
the couples of saddle coils spanning the two poloidal gaps of the machine. This result has then
been normalized with respect to the zero-order poloidal field at the plasma edge and time
averaged during the flat—top in order to allow the comparison among different shots.
Typical results in terms of plasma current are shown in fig 1: pulse 1774 has been obtained
controlling only the current of the outermost coil. while pulse 1860 is a significant example of an
effective open loop programming of all the eight FSW amplifiers. The reduction of the time
averaged relative field error from 15% to 6% resulted in an increase of duration of about 30 ms.
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As an example of incorrect programming, pulse 1853 is presented. where the relatively short
duration is due to an excess of external vertical field with respect to the ideal configuration. Fig.
2 shows the general trend of the pulse duration vs. average relative field error, for shots with
2.5-10'14<I/N<5-10‘14 Am, 1.5<®<l.6 and steady state vertical field Bv=6 to 8 mT. The pulse
duration is defined by the loss of field reversal.
As a matter of fact, duration is also affected by the switching off instant of the flat—top amplifier;
this is the case for pulses longer than 85 ms.

Toroidal distortions of the poloidal field configuration
The toroidal arrays of pickup coils have been used to investigate the toroidal distortion of the
configuration due to the penetration of the magnetic field through the gaps. In order to get rid of
systematic uncertainties, the calibration constants have been corrected by imposing a condition of
toroidal axisymmetry when the field error at the gaps, measured by the saddle coils, vanishes
(usually at about 15 ms). In fig.3 the poloidal field measured by the outer array of probes is
shown as a function of the toroidal angle at different times (shot 1860). The position of the gaps
is characterized by two peaks of growing amplitude and constant width. The toroidal extension
of the gap effect, defined as the region where the poloidal field distortion is not lower than 10%
of its maximum value, has been estimated to be 400 (20° on each side) and does not vary

significantly throughout the discharge. A periodicity of order 24 is also present, possibly due to
the effect on the plasma of the toroidal field ripple, which is produced in RFX by 48 coils.
In order to compare the field penetrated through the gaps with the vertical field diffused across
the shell, the non—axisymmetric component of the vertical field has been evaluated in the gap
region on the basis of the measurements of the outer and inner poloidal pickup coils. A measure
of the average vertical field across the whole shell is then obtained by taking the difference
between the signals of the outermost and the innermost poloidal flux loop. The results for the
two fields. starting from the axisymmetry condition instant, are shown in fig.4 (shot 1860). The
field through the gaps accounts for a substantial part of the total field; the difference. which is
growing in time, can be associated with the decay of the shell equilibrium currents.

Evaluation of the local plasma shift near the gaps
The local horizontal plasma shift at the gap has been estimated on the basis of a first order
approximation of the equilibrium magnetic configuration l6/. The m=1 Ba cosine component has

been calculated as the difference between the measurements of the inner and outer pickup coils
closest to the gap, while the m=1 Br sine component has been derived from the measurements of
the saddle coils across the gaps. These signals are measured on the shell inner surface. where the
fields present maximum amplitude, therefore this is the highest estimate of the horizontal shift.
In fig.5 the shifts for the same pulses shown in fig.1 are presented. As expected, in shot 1774
the plasma column is significantly shifted outwards due to the insufficient equilibrium field.
while the inward shift of shot 1853 is consistent with an excess of external equilibrium field. In
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shot 1860, Characterized by a better programming of the FSW amplifiers, the local shift turned
out to be much smaller, even if larger than the average plasma column shift, about 1.2 cm for
this discharge. The slight equilibrium field defect still occurring at the gaps accounts for this
discrepancy.
The average radial field, measured by the saddle coils at the gaps, is shown for a typical shot in
fig.6 (shot 1823). A remarkable feature of this graph is the different behaviour observed at the
two gaps. This is confirmed by fig], where time averages of the absolute values of the relative
radial fields at the two gaps are correlated. The data show that the radial field can be larger than
1% either at one gap or at the other. The radial field can be related to a local vertical shift of the
plasma column, but the relationship depends on the plasma horizontal shift.
In the shots where either gap exhibits a high radial field, evidence of enhanced local interaction
with the first wall at the same toroidal position is given by CCD camera recordings.

Conclusions
Analysis of RFX shots confirmed the importance of an accurate control of the field errors at the
gaps to improve discharge pelformance. The presence of the poloidal gaps has proven to be a
major cause of non axisymmetric behaviour of the plasma column. A reduction of the local
horizontal shift at the gaps can be obtained with an effective programming of the FSW
amplifiers.
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IMPUHITY BEHAVIOUR IN RFX

L.Carraro, M.E.Puiatti. P.5carin, M.Valisa
Istituto Gas lonizzati del CNFt

Euratom-ENEA-CNR Association, Padova, Italy.

In r i n
impurity line emission has been routinely measured in FtFX in the
spectral range 20-7000A by means of three vacuum spectrometers and
a multichord visible one, in order to monitor the impurity content in the
discharge under different operational conditions. The simulation of the
experimental data by a 1-dimensional model has allowed the evaluation
of the plasma effective charge and of the impurity diffusion .
Experimental results.
Carbon lines dominate the FtFX spectrum: in fact the RFX inconel vacuum

vessel is entirely covered by graphite tiles, in order to minimise the
influx of metallic high-Z, highly radiative impurities. Indeed no metal
lines have been detected; high values of the effective charge may
anyway be reached, due to the Carbon high content in the discharge
(typically about 5-7% of the electron density). Lines from Oxygen (about
1-2% of electron density), Nitrogen and Helium are also observed, the
latter being present during some pulses after the He glow discharges
which generally follow the cleaning procedures in Hydrogen. The
emission spectrum measured in a 650 kA pulse in the range 100-1000A
by a flat-field survey spectrometer is shown in fig.1.
The resonant lines from C v (40.26A) and C W (33.7A) and the o v
(151.5A) and O Vl(150.1A) are currently monitored by a high resolution
grazing incidence spectrometer [1]. For C V and C VI the absolute
content has also been evaluated. the grazing incidence spectrometer
being absolutely calibrated at 40A via the branching ratio technique. To
infer the ion content from the absolute line intensity it is necessary to
know the radial position of the ion and the corresponding electron
density and temperature. Space-resolved measurements of C V (2271A)
and C VI (5291A) have been performed by a 9-chord spectrometer,
showing that both these ions emit essentially from a rather external
plasma shell. The electron temperature of C V has been measured by the
line intensity ratio of the resonant 40.26A and intercombination 40.73A
lines [2]. while the interferometric measurements show a very flat
density profile.
The behaviour of O V+O Vl (arbitrary units) and C V+C V| (absolute
values) as a function of the electron density during the plasma current
flat-top phase is shown in fig. 2. The Oxygen ion concentration
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increases with the electron density, indicating that the Oxygen
production mechanism might be associated to chemical sputtering [3].
The correlation of Carbon with the electron density is much less clear
and this behaviour suggests that for Carbon production also other
mechanisms must be considered, i.e. self sputtering, physical
sputtering or local phenomena . Strong local plasma-wall interaction
phenomena have been observed by two CCD cameras equipped with a C |
interference filter. The strongest interaction is generally toroidally
localised at the region where the largest magnetic field perturbations
exist due to the presence of one of the two poloidal gaps in the
aluminium shell surrounding the vacuum vessel[4], and a toroidal
asymmetry is related to the toroidal field ripple. Also poloidal
asymmetries are observed also by the CCD cameras and by the
multichord spectrometer. revealing a higher emission level from the
chords viewing the external region of the poloidal section of the
plasma. A stronger interaction with the external part of the vacuum
vessel is due to the external shift of the plasma column.

Carbon densities measured at two different plasma current levels are
shown in fig.3; at 550kA and 680kA the Carbon density is almost the
same, but the contribution of the stripped C V” is not considered. On
the other hand the electron temperatures in these discharges are very
similar and therefore the contribution of O VII may be considered to be
the same . In terms of effective charge, higher current discharges have
higher density. and therefore the Carbon 29“ is lower. However Carbon
density shows a slightly increasing behaviour with the fraction of
ohmic power dissipated during the start-up phase of the discharge. This
dependence will be better investigated in the near future by performing
pulses with a slow current ramping.
Im ri r n im l i n.
To evaluate the effective charge it is necessary to know the
contribution of the completly stripped ions (C Vll and 0 IX) that are not
directly measured. They have been estimated by a 1-dimensional
impurity collisional-radiative model [5] . where the diffusion fluxes are
varied in order to simulate the experimental time behaviour of Carbon
and Oxygen ions and their measured radial profiles. Input to the model
are the electron temperature and density profiles and the impurity
influxes. Experimental estimates of the temperature and density
profiles are available [2], but a reliable measurement of the Carbon
influx is very difficult: in fact, clue to the relevant plasma-wall
interaction asymmetries already discussed, a local measurement is not
representative of the average influx. Therefore the impurity influx
value has been varied up to the best simulation of the measured
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absohne Hne huenyfies;in padhuku C V 2271A and O V” 1623A -
measured by a vacuum Czerny-Turner spectrometer absolutely
calibrated by means of a 02 lamp - have been used as reference lines.
Carbon and Oxygen ion distributions obtained from the simulation of the
550kA dmcharges are shown in fig4 and 5.respecfivew. The figures
refer to a time during the plasma current flat-top. The corresponding
radial profiles of c v 2271A and 0 Vi 5291A lines are in good
agreement wnh the expernnentallnvened promes; as an exanufle,in
fig.6 the calculated and inverted C V profiles are shown. The impurity
diffusion fluxes used for this simulation are the classical fluxes
enhanced by a factor which increases with the radius from 5 on the axis
to 100 at the wall. corresponding to a diffusion coefficient in the
external region of about 10-30 ln2/sec. The corresponding eflecfive
charge and plasma dilution profiles are drawn in fig.7 . On axis Zeff
values of about 5 are obtained, corresponding to a plasma dilution of
about 0.25. Stfly lower 29“ vaMes (~4 on the axm) wnn a shnflar
profile are obtained for higher current discharges: in fact the electron
density is higher, while the impurity content and the ionization degree
are very similar. with only small differences in the ion distribution.
We
[1] Schwob,J.L..et al.,Rev.Sci.lnstrum.. 58(9) (1987) 1601
[2] Carraro.L., et al.. ”Plasma heating studies in FlFX". this conference
[3] Winter.J.. et al.. Jour. of Nucl. Materials. 162-164, (1989). 713
[4] Fellin.L. et al., Proc. SOFT Ftoma (1992). paper V15
[5] Carraro.L., et al., “A collisional-radiative impurity diffusion model

for the RFP experiment Eta-Betall”. Proc. to Physics of Alternative
Magnefic ConflnementSchemes Vmenna(haW)(1990)1019
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PLASMA HEATING STUDIES IN RFX

L.Qarrarg, S.Costa , M.E.Puiatti, P.Scarin, A. Schiavi, M.Va|isa

Istituto Gas lonizzati del CNR , Euratom-ENEA-CNR Association
Padova (ITALY)

Electron and ion temperature measurements performed during the
initial operational phase of RFX1 are presented. RFX is a large (a=.457m,
R=2m) Reversed Field Pinch machine (FtFP) whose aim is to verify at
high plasma current - up to 2 MA - the validity of the scaling laws
found so far on smaller experiments. The first wall is made up with
more than 2000 graphite tiles which protect almost entirely the
inconel vacuum vessel. A 6 mm thick aluminium shell, presenting two
poloidal and two toroidal insulated gaps, surrounds the vacuum vessel
for stability purposes. Since RFP’s could reach ignition with ohmic
heating only. no additional heating systems are installed on RFX.

The first period of operation was spent experimenting a variety of
operational modes and discharge parameter regimes. This entailed a
large variation of the plasma characteristics corresponding to different
levels of pulse optimization.

The electron temperature measurements relied on the x-ray pulse
height analysis carried out by means of four Si(Li) detectorsz organized
in two systems . one single and one triple , placed 15° apart on the
equatorial plane. The triple system was also able to be tilted of +/- 18°
in order to look at different plasma positions up to 20 cm from the
center . Particular care was taken in examining the x-ray spectra to
avoid pile-up distorsions and to check the absence of impurity lines.
Generally a 125 pm thick Be filter was used and the temperature was
evaluated from the slope of the spectrum in the 1.5 - 2.6 keV range.
When the photon flux per diode was adequate (20—30 kHz) a
temperature value was provided every 10-15 rns. Fig.1 reports the
central electron temperatures as a function of UN. N being the linear
density . Te increases with UN but the variety of discharge conditions
reflects in a data spread. The temperature values range between 200
and 450 eV and refer to the time comprised between 30 and 50 ms
during the shot. However in many discharges the photon flux was such
that the average had to be taken over the whole pulse. It should also be
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mentioned that the Si(Li) detectors were placed 15° and 30"

respectively from one of the two poloidal insulating gaps of the shell,

where large field errors may be present during the shot and where

indeed strong plasma wall interactions together with higher magnetic
fluctuation amplitudes are observed. In fact the x-ray spectra from the
single system, which is lacking of a beam dump on the opposite side of
the vessel, were sometimes affected by distortions which were
interpreted as due to processes related to plasma wall interactions and
as such rejected. Subgrouping the data according to plasma current and

experimental conditions, the trend of Te increasing with l/N is

sometime more clear, but at the expence of a reduced statistics.

The technique based on the impurity line intensity ratio was also
used to provide further Te points along the minor radius. The
intercombination to resonant line ratio3 of C V was routinely

monitored, while the same ratio for O Vll and the |(215)/(|)(193) ratio4

of O V was sometime measured. The ion temperature was measured by
two neutral particle analyzers (NPA) - a time—of—flight and a charge
exchange system - and by the Doppler broadened impurity lines of O VII

(1623 A -ll order), CVI (5291 A). C v (2271 A) . c IV (1548 A - ||
order), 0 V (13711) - ll order) and C Ill (2296 A) detected by a vacuum
high resolution Czerny-Turner spectrometer5. Equipartition times

between impurities and Hydrogen in the temperature range

characteristic of RFX are lower than the energy confinement time and
therefore impurity and Hydrogen temperatures are comparable. The
pertaining positions along the radius of the spectroscopically
determined ion and electron temperatures were deduced by inverting

multichord observations and making use of a 1-D impurity transport

code6. Also the NPA data required a high degree of modelling and a

Montecarlo code was used to deconvolve the opacity effects on the
escaping neutrals; the result being the determination of the plasma
radius to be associated to the ion temperature value directely computed
from the slope of the energy spectrum and an extrapolation of the on
axis one.

In Figs 2and 3 the ion and electron temperature profiles are
shown for a 550 kA and a 680 kA discharge respectively. These profiles

are the result of an averaging process. being the spectroscopic data
taken over different pulses. Electron and ion temperatures show to be
comparable , thus suggesting the presence of an anomalous ion heating
process; in fact the energy equipartition times with electrons (5 ms for
H and about 4 ms for C in steady state) exceed several times the global
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energy confinement time which is approximately 1 ms. It is worth
mentioning that in particular circumstances, characterized by high a 0
value during the reversal phase - (9: Be(a)/<B7_> - ion temperatures up
to 800 eV have been observed. The 550 kA temperature profiles are
fittable with a function of the type 1-(r/a)0l with 0t between 2 and 3.
while OL = 4 appears quite suitable for the 680 kA ones. It appears that
for the two reported plasma conditions the effect of increasing the
current was mainly that of flattening the temperature profile rather
than increasing the central value.

Reporting neTe(0) versus I, as in Fig.4, shows how the kinetic
energy content increases with current. Within the experimental
uncertainties the rate of the plasma energy enhancement with current
is enough to keep [3 approximately constant as shown in Fig.5. In the
poloidal [3 computation - Be is the ratio between kinetic and magnetic
pressure in the poloidal section - the experimental profiles were
considered. The electron density profile measured by the eight chord
interferometer was included, with a radial dependence of the type
1_(r/a)0t with on =6 for both the cases. The constancy of beta with the
current in these type of discharges is however maintained at the
expense of the central energy confinement: the flattening of the
temperature profile is in fact an evidence of a central thermal
conductivity enhancement. Qualitatively this is in agreement with the
observation at the edge of an enhanced energy flux asymmetry between
electron and ion drift sides, which is currently interpreted as an
increase in the energy flux of fast electrons7 escaping the central and
hotter plasma core due to their high mobility and to the stochasticity
of the magnetic configuration.
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Optimization of RFP formation and sustainment in RFX

S. Martini, A. Buffa, P. Collarin, A. De Lorenzi, P. Fiorentin, P. Innocente,
G. Marchiori, R. Paccagnella, R. Piovan, P. Sonato

Istituto Gas lonizzati del CNR, EURATOM~ENEA~CNR Association, Padova, Italy

Introduction

In the first months of 1993, the RFX experiment (R22m, a:0.46 m) [I] has operated at
reduced volt—second (6 V-s out of 15) to study the formation and snstainment of the RFP in a
relatively safer power input regime, before increasing the parameters to reach the design value
of ZMA plasma current.

At present the RFP configuration is obtained, similarly to the ETA-BETA ll experiment [2],
in the aided mode (see fig.l): a capacitor bank is discharged into the toroidal winding to
produce an initial toroidal flux, CDT, then the plasma current, IT, is induced by varying the
poloidal flux stored in the magnetising winding [1]; the free oscillation of the toroidal circuit
continues and (Dr decays during the initial plasma current rise, until the toroidal field at the wall,
BT01). reverses and the toroidal circuit is crow-barred. The overall performance of the plasma
during the RFP sustaintnent phase is strongly influenced by the control performed on density,
toroidal field and plasma position during the formation phase.

As soon as the RFP is obtained, a clear improvement of confinement is seen and the plasma
current increases again until the applied toroidal voltage VT, which decreases exponentially, no
longer matches the resistive drop. In RFX it is also possible to insert a late—programmed flat—top
power amplifier by which VT can be sustained and controlled in the range (060 V). In this way
quasi~steady RFP current flat—top phases lasting :90 ms can be obtained which terminate only
when the amplifiers are switched off and VT is no longer sustained (see figl pulse 1860).

On the other hand, the RFX vacuum vessel is presently surrounded by a stabilizing
aluminium shell with a time constant for diffusion of vertical magnetic field of 0.4 5; hence,
during the 6%90 ms of the RFP phase, toroidal equilibrium is detemiined by the shell and by a
steady state vertical field (bias Bv) applied previously to the starHip by a set of toroidal coils
(Field Shaping Winding, FSW). The FSW is also used to compensate the total ampere-turn
produced by the plasma, to match the vertical field at the shell gaps and to control the
equilibrium at late times of the pulse. Therefore the optimum petfomiance during the RFP phase
is obtained by a proper combination of bias Bo and dynamic FSW programming.

Optimization of density behaviour
Active density control is performed by a pre-programmed set of piezoelectric and

electromagnetic valves with a maximum capability of 900 and 7000 mbar-l/s respectively.
Since operation at high wall temperature (Twau<350 C) has not yet been possible, the full
graphite tiles armour behaves a large H reservoir which determines the density behaviour
through the discharge in most cases. In fact a single pulse sustained by gas puffing at a density
of 3+4-1019 m”3 , i.e. in the optimum l/N range of a few 10'14 A-m [3] (UN 5 plasma
current/line density ), is sufficient to load the wall with an amount ofH which will keep the
density in the same range for the next pulse with no additional feed except the initial filling gas.
Operation at low density can be obtained only after the wall has been 'empitied' by He glow
discharge cleaning or by a series of pulses performed with little filling gas only, whereas a
moderate gas puff during the initial phase allows to operate at medium or high density with UN
approximately constant through the pulse.
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A strong gas feed or a substantial influx from the wall (recycling >1) has been found to be
very important in the RFP formation phase. This is shown in fig. 2 where 3 discharges
obtained with the same poloidal and toroidal field programming and different density control are
compared. In pulse 1429 the recycling was low and the RFP could be achieved only with a
high filling pressure, in pulse 1554 a low filling pressure and a higher recycling allowed a better
perfomiance and. finally, in pulse 1600, a moderate gas puff in the settingeup phase and high
recycling allowed to obtain the highest current .

The magnetic configurations of the above cases are very similar ifcompared in terms of F-®
diagram (F E BT(a)/<BT>, (9 E B@(a)/<BT> ), although the time of BT(a) reversal is slightly
different. Therefore the observed behaviours cannot be explained by differences in the current
density profile, but rather indicate a lower effective plasma resistivity for the higher density
cases, as shown in fig.2 by the resistivity on axis computed from a global helicity balance [4],
nK(0). Only at later times, when VT decreases in the 40 V range, the pulses at lower density
show lower resistivitiy. Conversely the electron temperature, Te, is higher at lower density [5]
(370 for pulse 1554 and 280 eV for 1600) even soon after the BT reversal time. This suggests
that both in the RFP formation and in the early current ramping phase, when the input power is
high, the impurity influx from the wall at low density causes an increase in Zeff which more
than compensates for the higher ,Te in terms of electrical resistivity. In fact the resistivity
anomaly factor defined as Z*K = mg(0)/nc] (where l'lcl is the classical Spitzer resistivity
computed with 2:1 from the Tc values) is =5 for pulse 1554 and :3 for 1600.

750 750

o 20 40 so no mo 120 o 5 10 15 20 25 so as 40
t(ms) ttnri)

Fig. 1: Comparison between two pulses
with (1860) and without (1733) sustainmcnt
of the VT by the flat-top amplifiers.

Fig. 2: Comparison between three pulses
with different density control
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Study on toroidal field circuit control during setting-up

The effect of the control of the toroidal circuit on the RFP formation phase has been studied
by varying the period and the amplitude of the CDT oscillation. Comparing cases with different
BT(a) amplitudes and otherwise similar parameters (see fig.3) it is seen that the initial slope of
the plasma current, l/dt, is indipendent from the value of BT. Indeed l/dt , except for the
breakdown delay which is influenced by the initial toroidal field and filling gas pressure,
depends in general only on the applied VT. On the other hand, at higher BT the critical values of
the safety factor (1(a) (at rational values in the range 0.1+0.4, see also [1]) are reached later,

allowing a higher current to be achieved before the plasma resistance increases (see fig.3 pulse
1866). As a consequence, since the period of the toroidal circuit is the same, BT (a) then goes

to zero in a shorter time, thus reducing the losses connected to the highly turbulent reversal
phase. Conversely, if the period of the toroidal circuit is increased, although higher currents are
initially achieved, then the longer field reversal phase causes larger losses and the RFP may not
even be reached. The difference with the MST experiment [6], where the RFP is obtained in the

selfvreversal mode, could be related to the relatively high distance between the toroidal windings
(r=0.62 m) and the plasma, similarly to the ETA-BETA II experiment [2].

The influence of Bv in the setting-up phase is shown in fig. 4, where two cases with zero
(pulse 1870) and with 6 mT (pulse 1865) vertical field are compared. Again no influence on
plasma current slope after breakdown was found. The higher current reached in pulse 1865 is
due to the better plasma centering relative to the vessel which entails a larger plasma cross—
section and lower plasma-wall interaCtion,

0-4 Control of equilibrium and field errors in
flat-topped discharges

0'3 The bias vertical field improves the performance of
the experiment also during the current flat<top phase
as already observed in RFX [1] and in other RFPs
[7,8]. For the present current level of 0.5+O.7 MA, a
broad optimum range of BV is found between S and
8 mT. As longer pulses are obtained using the flat-top
poloidal amplifier, it becomes more and more

_o_, important to control the currents in the FSW to limit

BT
wa

ll
[T]

500 the magnetic energy stored outside the plasma and to
control the field errors at the gaps [9]. By properly

5 preprogramming the FSW amplifiers a compensation
:400 of the plasma ampere-turn within 3% and a reduction
E of the vertical field errors at the shell gaps within 10
5 % during the fiaHop have been achieved as shown in

E200 fig. 5 (pulse 2074). When the field errors are well
g controlled the mean horizontal shift of the plasma AH

remains also close to the low value due to the bias BV.
o , ., o For comparison an outward drift of the AH and

o 0.005 0.01 0.015 oscillations of the mean vertical shift Av observed in
""1. (”I the presence of high field errors is shown in fig. 5

Fig_3: Toroidal field, plasma (pulse 2077). The control of the field errors and of the
current and safety factor in the associated enhanced plasma—wall interaction in the gap
settles-UP Phase for ””66 BT (a) regions causes also a reduction of the resistive loop
amplitudes. voltage as shown in fig.6.
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Conclusions
The study of the control on density, toroidal field programming. toroidal equilibrium and

field errors at the gap led to improve the overall plasma perfomianee in RFX. Higher currents
and lower plasma resistance are obtained at the end of the RFP formation with the same applied
VT by optimizing the control of density, toroidal field and steady state vertical field. Quasi-
steady state pulses in terms of plasma current, F and 6) parameters, electron density,
temperature, [39 and TE can be maintained for times of the order of 0.1 s as long as enough V's
are available when the proper control procedures are applied also in the RFP phase.
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HYDROGEN RECYCLING AND IMPURITY PRODUCTION IN RFX

M Bagati'na,V. Antoni, L. Carraro, D. Desideria, R. Pasqualotto, M. E. Puiatti, P. Scarin, G.
Seriannib, L. Tramontina, M. Valisa

Istituto Gas Ionizzati del CNR, EURATOM-ENEA-CNR Association, Italy

aDipartimento di Ingegneria Elettrica, Universita' di Padova, Padova, Italy

bDipartimento di Fisica, Universita' di Padova, Padova, Italy

Intrgdpgtign The performance of the RFX experiment / 1/, whose first wall is almost
entirely covered by graphite tiles, is found to be affected by strong hydrogen recycling and
light impurities (mainly carbon and oxygen) content. In this paper preliminary analysis of the
impurity production mechanisms is presented.
mmHg emission has been currently monitored over 9

vertical chords on the same poloidal section. Uncalibrated CCD cameras with C1 (9077A)

interference filters have been used to look at the first wall with the aim of monitoring also
heating effects on the graphite tiles. Two of them have been placed on the same equatorial
port looking along the two opposite toroidal directions. A third one has monitored the
graphite tiles at the bottom of the vessel together with 3 Ge pyrometer for surface temperature
measurements. Single Langmuir probes have been negatively polarized up to 150V to detect
the ion saturation current, whereas heat sensors mounted on an horizontally insertable limiter
have measured the surface temperature. Silicon samples have been also exposed to the plasma
on the shadow of the graphite tiles and then analyzed by nuclear techniques.

Results CCD cameras have shown strong toroidal asymmetries which have been
found to occur preferentially in a region close to one of the insulated gaps of the aluminium
shell. Power loading effects have been found on some tiles of this region but more often on
the tiles close to the bottom or top diagnostic ports. These effects appear as strong emission
on the electron drift side of the border of the tiles lasting long after the pulse. The

corresponding surface temperature cannot presently be specified, but certainly exceeds

600°C, which is the lower typical threshold for front illuminated Silicon CCD's. The
pyrometer (which views vertically) and the energy sensors (see fig.l) show a wall
temperature increaselO times larger than what would be expected (AT~20“C) for a unifomly
distributed input power. Toroidal periodicity associated to the toroidal field ripple has been
observed: it is more evident during the RFP formation phase, i.e. when the toroidal field
reverses at the edge, but may be observed also during the current flat top. Poloidal
asymmetries are also observed, mainly associated to an external shift of the plasma column
and in many situations a vertical asymmetry reveal that the plasma is drifting downwards. In
particular the Ha data reveal that differences of an order of magnitude in the influx may be
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present between internal and external chords (see fig.2). Spectroscopic measurements show

that the content of oxygen and carbon increase with density , though C behaviour is less

evident /2/. Electron temperature at the edge is found to be constant with line average density

whereas the edge density tends to increase more than linearly /3/.

Discussion The recycling factor R can be conveniently expressed by the simple

relationship:
1" .R=—Hm=1-32 (1)
rHout 1*

where IP is the hydrogen confinement time and 1* is the characteristic time of density

variation, l'Hm and FHom are the H influx and outflux respectively. In RFX IP = 1 ms /1/ and,

when density is not sustained by puffing during the discharge, 1* is of the order of several 10

ms. In this case FHout can be reasonably identified with FH-m as given by Ha intensity, so that

Fm“ = H.101“: PH. This conclusion agrees with the consideration that the measured hydrogen

flux to the RFX wall, TH = 1022 m‘ZS'l, is large enough to give saturation of the carbon

surface even in a few discharges with pulse length of =0.l s. In fact RFX operates mainly

with an H loaded wall, making a satisfacory density control rather difficult to achieve.

Electron density is controlled to some extent by using gas puffing with fast piezoelectric

valves. The particle outflux Foul is deduced by the ion saturation current measured by

Langmuir probes. In fig.3 the time evolution of PH and Tout are reported for a shot where a

Clear correlation is observed. It should be mentioned that the two measurements refer to

different toroidal positions and therefore the ratio Font/F14 is affected by toroidal

asymmetries. However generally Tom/FH is found to increase with 116 as it can be deduced in

fig.4, in agreement with what is fOund for impurities /2/.
Carbon density in the bulk plasma, nc, in steady state can be related to the hydrogen density

nH by the simple equation:

nC Ic 1qC I“ox—=—-'n(Y +Y +—Y +—Y ) (2)HH Tp H C FH CC FH 0X

where ”up and 1C are the confinement times of hydrogen and carbon ions respectively. The

factor T] describes the ability of the carbon neutrals released from the wall to penetrate the

plasma. Fox and PC are the flux densities of oxygen and carbon ions, Y}; and c are the

physical sputtering yields for hydrogen on carbon and for carbon self-sputtering, YC and Y0x

are the yields for chemical reaction involving production of hydrocarbons or CO respectively.

A significant contribution of radiation enhanced sublimation and thermal sublimation,

occurring at temperatures greater than 1200 °C, can be excluded, since only seldom wall

temperature in correspondance of hot spots exceeds 600 OC. The ratios Fox/PH and Fc/FH

have been therefore evaluated by the relative concentrations measured on silicon samples
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exposed to the plasma. The values found, as averages in 10, 30 and 50 discharges, are

respectively h = 3% and r—C : 30%.
PH H

Physical sputtering yields are estimated with the formulas given in ref. /4/ and with ion
energies corresponding to To = 10 eV /3/, assuming that carbon ions return to the wall with
charge state 3. By using enhancement factors to account for energy distribution, assumed
maxwellian, and isotropic angular distribution, they can be estimated as Y}; = 1.5% and
c = 25%. The chemical sputtering of low energy (=50 eV) hydrogen ions is reported to
achieve a maximum of Yc = 4% at wall temperatures in the range 500 to 800 °C for high
fluxes /5/, thus allowing only some local contribution to carbon erosion. An additional
contribution of oxygen to chemical sputtering is also expected, since values of Yox up to 1
have been quoted /6/.
The global carbon yield, corresponding to the term within brackets in eq.(2) can be estimated
to be in the range 10-16%. This figure is consistent with the relative carbon concentration
ndne <10% experimentally found by spectroscopy /2/, thus a value of n tpl'tc= 1 is expected,
i.e. no significant shielding of carbon neutrals released from the wall should octur if ”up/to: I,
consistently with numerical simulations /7/.
Among the impurity production mechanisms the dominant one may be then identified in the
C self—sputtering, which accounts for more than 50% of the global yield. This is consistent
with little dependence on the electron density found for the edge electron temperature and for
the wall temperature. The weak dependence of C content on ne may be however associated to
the 0 chemical sputtering since 0 is found to increase with density /2/.
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Confinement studies of high current density
reversed—field pinch plasmas in Extrap-Tl

J.H. Brzozowski, JR. Drake, S. Mazur, P. Nordlund,
and K.—D. Zastrowal

Department of Fusion Plasma Physics, The Alfvén Laboratory
‘1) Department of Physics I

Royal Institute of Technology, 8—100 44 Stockholm

The experiments described in this paper were carried out on the Extrap-Tl device
[1] after modifications for RFP operation. The device has a high aspect ratio Rc/a =
0.5 m/0.057 In = 8.8. In spite of the small crossasectional area, discharge currents of
up to 100 kA are achieved, with current densities of about 40 MA/m2 on axis. For
these discharges, the line average electron density is above 0.5 - 10mm”, and UN is
maintained less than 2 - 10'13 Am. A typical discharge is shown in Fig. 1.

We have performed two series of discharges, one series with 6) fixed around 1.7 and Id,
varied in the range 40 kA to 100 kA, and another series with 14, fixed around 55 kA with
O varied from 1.6 to 2.6. The variation of O was achieved by adjusting the level of aided
reversal. The measurements were performed during flat-top Ia, and 6) conditions. For
each working point in the Is — 6) plane, 20 consecutive discharges were performed While
maintaining nearly identical conditions within each series, such as wall conditioning,
base vacuum and filling pressure. In the following, we study the ensemble average of
the parameters at each working point. All calculated quantities were evaluated for each
individual discharge, and the final results were then averaged for each ensemble.

In addition to the controlled variation of the discharge parameters L» and 6), there
was a variation in the parameter T's/71.,3 within the current scan. The data falls into
two groups, which are refered to as ”high Tc/ne” series and ”low Te/ne” series in the
following. The cause of the variation is related to wall conditioning history, which
included glow discharge cleaning, experimental run history and base vacuum conditions.

The study wherein discharge current was varied with constant 6) is presented first.
In Fig. 2 a summary of both observed and calculated parameters is shown. We can
distinguish clear trends within each of the two series. For both high TE/ne and low
Te/n.E series, the electron temperature and electron density increase with current. The
scaling within the high Te/ne series is 2.4 eV/kA. Z6” is roughly constant for all groups
of discharges, yet somewhat lower for the low Te/ne discharges. The radiated power
amounts to 15—30% of the Spitzer input power, and this ratio is in general larger for the
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low Tc/ne series. The fraction of Spitzer input power PS/P decreases with current within
the high TC/ne series, and is significantly higher in the low ire/Ire series. At constant
0 m 1.7 the fluctuation level (SB/B increases with current. An important observation
is that 6B/B is lower for all currents within the low Tc/ne series. In addition, the
non-Spitzer loop voltage is correlated with the fluctuation level. Again there is a clear
distinction between the two series. The high Te/nc series exhibits a significantly larger
non—Spitzer component of the loop voltage for all currents. fig decreases with current
from 13 ”70 at 40 kA to about 8 70 at 95 kA. Here both series have almost the same
scaling with Lb. We note that the particle confinement time is significantly lower for
the low TE/ne series, while the energy confinement time is slightly higher. It should be
noted, that the discharges with low T.._/nE at 90 kA have a +20 % inductive component
of the total loop voltage, compared to the other data where the inductive component
was in the range ilO %.

In Fig. 3 the results for the discharges with varied pinch parameter at constant
plasma current and low TC/nC are presented. The temperature shows no clear trend
with O. The density however increases with 9. Zeff remains at 2 over the range of
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Figure 2: Overview of results obtained at fixed pinch parameter, Q m 1.7, as a func»
tion of plasma current. The different symbols indicate low TC/nC (El) and high Te/ne
discharges (0). Left from top to bottom: Line average electron temperature TE from
VUV spectroscopy. Line average electron density ne from interferometry. Zeff from
VUV spectroscopy. Ratio of radiated power to Spitzer input power Fwd/PS. Center
from top to bottom: Fraction of Spitzer input power Ps/P. Non-Spitzer loop voltage
I¢(R e R5). 'Edge toroidal field fluctuation level. Right from top to bottom: Poloidal
beta. Particle confinement time TP (above the horizontal line) and energy confinement
time TE (below the horizontal line).

the pinch parameter scan. The ratio of radiated power to Spitzer input power remains
in the range 15—30%, and the fraction of Spitzer input power PS/P decreases with O.
The most striking trends within the G—scan are the increase of the fluctuation level
(SB/B, which reflects enhanced tearing mode activity, and the equally clear increase of
the non-Spitzer component of the loop voltage. At Id, z 55 kA the fluctuation level
increases from S 1 % at low (9 to 2 2 % at high 6), whereas I¢(R — R3) increases from
25 V to 100 V. In spite of the favourable scaling of 59, which increases from 11 % at
(E) z 1.7 to 2 20% at (5) it 2.5, TE is degraded due to the significant increase of the
non~Spitzer component of the loop voltage. The particle confinement time, on the other
hand, shows an improvement with 6).

Three observations are common to both the current scan and the O-scan. First, the
plasma pressure appears to be mainly a function of I¢ and G), since the result for fig is
essentially unaffected by the change of Te/ne. Second, the series with high T,,./nE ratio
has a higher level of noapitzer input power. As a result, the total input power and
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Figure 3: Overview of results obtained at fixed plasma current, I¢ z 55 kA, as a function
of pinch parameter.

the energy confinement time are comparable for both high Te/rze and low Tc/nc series
for a given plasma current. The magnetic fluctuation level correlates well with this
110n»Spitzer loop voltage within current scan and @»sean and for difi‘erent Tc/nE ratios.
Third, the particle confinement time is anticorrelated with the energy confinement time,
which is observed in the. @scan and also by a. comparison of the two current-scan series
with different TE/nc. This is not an artifact of the Ha analysis procedure, since the
dependence on electron density of the measure of ionisations per photon is considered
in the analysis. The simultaneous increase in particle confinement time and magnetic
fluctuation level is a notable result.

This work has been supported by the European Communities under an association
contract between EURATOM and Sweden.
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PROBE MEASUREMENTS ON THE EDGE PLASMA OF RFP DIS-
CHARGES IN EXTRAP T1.

A. Mailer], H. Bergsd’ker2, G. Hellbloml, I.Gudowskal, J. Brzozowski1 and B. Emmoth2
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Introduction. The T1 device is used for experiments on reversed field pinch and EX-
TRAP discharges. We have reported previously on measurements with passive probes
in RFP disharges with 40 int plasma current[1,2]. A major objective has been to pro-
vide data on plasma edge conditions in order to improve the understanding of plasma-
surface interactions. In this contribution we present data which are extended up to 90
kA plasma current, together with additional measurements with Langmuir probes and
heat flux probes.

Experimental. The dimensions of T1 are R/a = 0.5 m/0.057 m. The wall consists of
316L stainless steel bellows and is operated at ambient temperature. The inner radius
of the bellows is 57 mm, there are six fully poloidal constrictions at 56 mm and the 18
mm wide portholes are welded at r = 59 mm. Edge probe measurements have been
performed in RFP discharges in hydrogen and deuterium with plasma current from 40 to
90 kA and a pinch parameter 0 z 1.7. The 40 kA discharges in deuterium have already
been discussed in detail[1]. Typical time evolutions of plasma current and density in
90 kA discharges in hydrogen are shown in figure 1. Reversal is maintained roughly
from 0.1 to 0.45 ms. The passive probes and the geometry of the wall structure have
been described beforell,2]. In a new series of 90 kA discharges in deuterium, passive
graphite probes have been exposed in similar manner. For the current and heat flux
measurements we have used a probe head which has previously been used on ETA-BETA
II [3]. It consists of three tungsten pins which are mounted in graphite protection in
such a way that they collect particles arriving mainly in directions tangential to the
wall, a pair of pins collecting in the same direction and a single pin in the opposite
direction, all three at the same minor radius. The collection area of each pin is 1.2
mm2. In the experiments described here, all probes were movable along a minor radius
at 20" below the outer midplane. To sample current and heat flux in different directions,
the active probe head was turned around its axis between discharges . A number of
different operation modes have been employed. The two probe elements facing the
same direction have been used as a Langmuir double probe, or one of them has been
used as a single probe, applying bias with respect to the vacuum vessel. Either the
current has been measured throughout the discharge at constant applied voltage, or the
voltage has been swept at 10 kHz using a Kepco Bp-IOOO bipolar current amplifier. The
average heat flux density throughout a discharge was calculated from the temperature
excursion of the probe elements, measured with thermocouples. The Langmuir and
heat flux measurements have been made in hydrogen plasmas. The central electron
temperature from soft X—ray measurements and the line averaged density do not appear
to have been significantly influenced when the probes were inserted, but there was a
correlation of Ho intensity at the same toroidal position with probe insertion depth.

Results. As in [1,2] the trapping of deuterium and stainless steel components was
measured on graphite probes exposed at radii from r : 50 mm to r : 80 mm, both
on the flat surface which had been exposed parallel to the wall and on the radially
extended cylindrical sides. In the 40 kA discharges, the trapping rate of deuterium at
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Figure 1. Examples of 90 [CA waveforms. Figure 2. Double probe characteristics.

the wall position in short exposures, time averaged over complete discharges, was 4- 1022
m—2 5“, and deuterium trapping saturated at 7 ‘ 1020 m‘2 on samples exposed to 200
discharges [1,2]. In the 90 kA discharges the corresponding numbers were found to be
6 - 1022 m‘2 s“ and 1.7 - 1021 m'z, respectively. The collection rate of stainless steel
components was 1-2% of the D trapping rate in the 40 kA discharges and roughly 3%
in the 90 kA discharges. The trapping rates on the side of the probes which faces the
ion drift direction are shown in figures 3 and 4.

A time trace of Langmuir double probe current at 60 V applied bias is shown at the
bottom of figure 1. By averaging over 0.3 < t < 0.4 ms and changing the applied bias
between discharges, Langmuir characteristics can be constructed as shown at the top of
figure ‘2. At the bottom of figure 2 a characteristic is shown which has been obtained by
ramping the voltage throughout the same time interval in a different discharge. Both
characteristics indicate an electron temperature TE m 12 eV. Due to limitations of the
bias supply, full ramped characteristics could only be obtained at large radii, where the
plasma density was low. However, the slope of the characteristic around zero applied
voltage could often be used together with ion saturation current data from operation
in the stationary voltage mode, in order to estimate the electron temperature. This
procedure results in Ta = 10 — 15 eV, fairly independently of plasma current and probe
position in the range 50 < r < 60 mm. Figures 3 and 4 show radial distributions in the
edge region of poloidal heat flux qg and ion flux density I‘g : jaw/e (thus presented under
the assumption of negligible impurity current) in the ion- and electron drift directions
for 40 kA and 90 kA discharges.

Discussion. We may assume that there is no immediate isotope dependence, so that the
passive probe measurements in deuterium plasmas and the active probe measurements
in hydrogen plasmas are directly comparable. In a preliminary analysis we may also
assume that the perturbation of the edge plasma due to the presence of probes can be
neglected.

In the 40 kA deuterium discharges an averaged radial flux I‘, z 7 - 1022 deuterium
m—2 s-1 with energies similar to a kTg z 100 eV Maxwellian distribution were inferred
from the low fluence trapping rate and the saturation level [1,2]. By the same arguments,
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Figure 3. Figure 4.
Poloidal heat fiua: and poloidal ion fluxes derived [ram Langmuir probes and passive
probes. Circles are drawn for flux: in the electron drift direction, triangles for ion drift
directions. In the lower part, filled symbols show jut/e on langmuir probes, open symbols
show the collection rate on passive probes, independently of electric charge.

1", w 9 . 1022 m“2 s‘1 and energies corresponding to kT, z 200 eV can be derived for
the 90 kA discharges. These radial fluxes can be compared to the value I', = 1 — 2-1023
m‘2 5—1 which is obtained from H0, in similar conditions [1,4], and the complications
involved in such a comparison have been discussed elsewhere [1].

In agreement with observations on other RFP experiments [3,9] a high and asymmet-
ric parallel heat flux is detected in the plasma edge, being strongly peaked in the electron
drift direction, where values as high as 1 GW/m2 occur in the 90 kA discharges. This
phenomenon has been attributed to hot electrons which escape from the core plasma
along stochastic field lines and may be indicative of the relaxation mechanism which
dominates in RFP plasmas.

If the ion temperature is similar to the electron temperature, it is common practice
[7] to calculate the local electron density from the ion saturation current density j”,
on a Langmuir robe as na 2 2 j,“ e 2c m. If we apply this formula we obtainP
e.g. for the 90 kA discharges ne z 8 - 1018 HF3 at r : 57 mm, about 10% of the line
averaged density. Obviously if T,- > T6 the density can be lower.

Given ne, TE and typical ion energies at the edge it is possible to calculate the
mean free paths for charge exchange and electron impact ionisation of neutrals leaving
the wall, using rate coefficients from the literature [8]. Using the numbers stated for
90 kA discharges we get a total mean free path «\n z 5 mm for thermal hydrogen
atoms, roughly 75% suffering charge exchange before being ionised by electron impact.
Energetic neutrals due to reflection or ion impact desorption are likely to penetrate
many cm through the plasma.

From the neutral path length and the arguments below about molecular reemission
we see that the the edge region is not a strong source of ions, hence if the radial particle
loss from the plasma is taken as diiiusive, we have I‘, z —Dr wine/d1". From figure 4 we
can estimate [due/drl z 5 — 10- 1020 m-4 at I: 51 mm, so that D, x 100 — 200 1112/5.
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This can be compared to the coefficient of Bohm diffusion DB : kTe/lfieB m 4 mZ/s,
if evaluated at the edge.

The edge plasma conditions are closely linked to plasma surface interactions, e.g.

impurity production and recycling. As discussed previously, the measured collection rate
of metals at wall radius in the 40 kA shots is consistent with uniform sputtering at the
wall by T,- ..~.. 100 eV deuterium. The higher metal collection rate in the 90 kA discharges
is still consistent with sputtering by more energetic deuterons. In a simplified analytical

model of diffusion and surface recombination, Doyle [5] treated the molecular reemission
of hydrogen from a surface as diffusion limited if W > 1 and recombination limited if
W << 1, where the dimensionless parameter W = Rx/QKr/D, R is the implantation

range, (I) is the implantation flux density, Kr is the surface recombination rate coefficient
and D the diffusion coefficient of hydrogen in the material. He also gave the expression
7 = (R2/D)(1 + 1/W2] for the response time for molecular reemission. In our case of 90
kA discharges, we may take (I) = I‘, z 1023 m’2s‘l . From the passive probe data the
t pical implantation energy can be estimated to E z 300 eV, corresponding to R z 40
X. For the stainless steel wall we may take Kr z 10‘35 m4/s and D m 10‘” m2/s [6].
This gives W : 0.4 and T = 12 ms. Thus molecular reemission is probably negligible in

the 0.5 ms discharges discussed here.

Conclusions. Measurements in RFP plasmas in the T1 device with passive probes
have been extended to high current operation. The edge plasma has also been inves-

tigated with Langmuir probes and heat flux probes. As on other RFP experiments, a
strongly asymmetric heat flux is observed in the edge region. Examples are given of
edge electron temperature, edge density and the flux and energy of particles hitting
the wall. By characterising the edge plasma conditions this work provides a basis for
modelling plasma surface interactions in T1. These aspects will be developed further in

a. another publication.
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Global Confinement and Edge Transport Measurements in the MST
Reversed—Field Pinch

S. Hokin, A. Almagri, M. Cekic, B. Chapman, N. Crocker, D.J. Den Hartog, G. Fiksel, J.
Henry, D. Holly, H. Ji, S. Prager, J. Sarff, W. Sheri, M. Stoneking, C. Watts

Department of Physics
University of Wisconsin
IWadison, Wisconsin 53706

Several approaches have been used to improve global confinement in the MST reversed-field pinch (R = 1.5
In, a 2 0.5 m, I < 750 kA) including solid—target boronization, circuit modifications and hydrogen pellet
injection. Of these, boronization has been the most dramatic, resulting in long periods free of major
sawteeth in many discharges during which global energy confinement improves by over a factor of two.
The sawtooth—free periods usually terminate in strong relaxation events. A large confinement database
confirms that ,8 increases with density at fixed current up to a maximum of 10% near the radiation limit.
An extensive series of edge fluctuation-induced transport measurements have been made in low—current
discharges. Electrostatic fluctuations can account for much of the edge particle flux with D,” ~ 50 mg/s,
but account for less than 10% of the energy flux (Xe!) ~ 60 mz/s); however, the latter measurement
is insensitive to ions and fast electrons. Magnetic fluctuations are found to result in small, ambipolar
particle flux and corresponding small energy flux carried by fast electrons.

Introduction. Over the past year, attempts have been made to improve confinement in the
MST reversed-field pinch by several means, including boronization, circuit improvements, and
hydrogen pellet injection. During the same period, detailed studies of edge fluctuationinduced
transport have been carried out in low current (200 kA) discharges with insertable probes in
order to determine the underlying mechanisms of RFP transport near the plasma edge. We
summarize the results of these studies here.

A large confinement database has been accumulated for a wide range of plasma current and
density; one of the main results is reaffirmation of the increase of B with density at constant
plasma current, as indicated by Fig. 1 in which central electron temperature is shown along
with lines of constant fie E fiTgo/Bfla) = 5%. He values of 5% (corresponding to fl = 10% for
T; : T3) are achieved only near the high-density limit given by UN ~ 2 X 10—M A—m. Ohmic
power input and radiated power also increase near the high-density limit; this should improve
in higher current—density devices such as RFX.

Boronization and Sawtooth-Free Periods. The inner aluminum wall of the MST vac-
uum vessel is boronized by ablating a solid boron carbide target in either RFP or pulsed discharge
cleaning (PDC) discharges [1]. The boron layer acts as a low reflux coating and getter of light
impurities, reducing, for example, edge Gill and 0111 radiation to 40% of pre-boronization lev—
els. After boronization was begun, we observed long sawtooth-free periods with reduced plasma
resistance and global energy confinement improved over comparable discharges in which saw,
teeth or discrete dynamo events occur every 5 ms or so as a result of sudden nonlinear coupling
of m = 1 internal tearing modes [2].

Fig. 2 displays a high-current discharge with a long sawtooth-free period (t = 11731 ms).
These periods are usually terminated by a violent dynamo event accompanied by a large sudden
density rise which returns the plasma to typical sawtoothing discharge parameters. Table 1
shows a comparison of parameters before and after the dynamo event for the discharge of Fig. 2
— in all, the energy confinement time is almost a factor of three better during the sawtooth-
free phase, although it does not reach the 2 ms confinement times of high-density discharges.
Impurity radiation and edge Ha emission are observed to drop to record low levels during this
time, implying an increase of TF and reduction of Z,” which partly accounts for the fourfold
reduction of plasma resistance. The current profile is highly peaked during the sawtooth—free
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I Before Sawtooth I After Sawtooth

1p (kA) 520 410
0 1.90 1.75
F ~0.25 -0.25

fi(cmi3) 0.75 X 1013 0.85 X 1013
T80 (eV) 350 :i: 40 300 :l: 50
T; (EV) 300 i 20 200 :i: 20

P0” (MW) 5 12

Prod (MW) 1 3
Rp (of!) 19 73
T15 (ms) 1.4 0.5

Table 1: Comparison of global plasma parameters before and after the major discrete dynamo

event which ends the sawtooth-free period for the discharge shown in Fig. 1. T15; is calculated by
setting (treTe + n;T,-) = 77(Teo + T;).

phase, as E) = 1.90 is quite high for F = —0.25; the current profile broadens suddenly with the

sawtooth, with O dropping to 1.75. The current broadening and decrease of central electron

temperature are additional factors which increase plasma resistance following the sawtooth;

anomalous resistivity may also contribute. Unlike typical sawteeth, which often produce sudden

increases of T,- [3], the ‘monster’ sawtooth leads to a radical drop of T,- as measured by a charge-

exchange analyzer; this may be due in part to the increased charge-exchange flux from outer

regions of the plasma.
MHD activity is still present in small, rapid bursts during the sawtooth»free period, producing

small, regular ‘mini-sawteeth’ in many signals. The m = 1 toroidal mode spectrum is similar

to the case of normal sawteeth, except the amplitudes are reduced. This activity is a new

manifestation of the discrete dynamo which evidently produces little current broadening and

plasmawall interaction.
Circuit Improvements. Several improvements to the poloidal and toroidal field circuits

have been implemented, allowing lowecurrent flat top durations of 40 ms, radial field error below

10% at all current levels, and plasma current as high as 700 Mt. These changes have also greatly

reduced the occurrence of mode locking [4] observed to degrade confinement in the past.

An external inductor has been added to the toroidal field crowbar circuit which allows

additional control of reversal. Lower external inductance results in improved volt-second con—

sumption but delayed reversal due to the higher initial toroidal field required for self-reversal to

the same steady-state F value.
Hydrogen Pellet Injection. Hydrogen pellets have been injected into MST discharges with

the hope of peaking the density profile and improving confinement as in tokamaks. However,

the pellet flight time (0.5—1.0 ms) is comparable to the particle confinement time, and density

profile relaxation takes place during pellet ablation. As a result, high-density pellet—fueled

discharges are observed to have flattened density profiles similar to gas-fueled discharges of the

same density. Pellet injection does allow the transient achievement of high density discharges

(I/N < 2 X 10‘14 Am) without wall loading and radiation collapse.
Edge Fluctuation—Induced Transport. An extensive series of probe measurements have

been made in 200 kA discharges in order to measure the contributions to fluctuation-induced
transport. A summary of these measurements is shown in Table 2.

Particle and energy transport produced by electrostatic fluctuations is measured with triple

Langmuir probes [5], which are insensitive to the fast electron component present in the edge l

[6]. Electrostatic fluctuations can account for much of the edge particle flux, with an effective

diffusion coefficient Def] E F/IV71| ~ 50 mz/s; they account for a small part of energy flux,
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Mechanism | Particle I q,/I‘ Energy
All Particles ~ 2 x 1021 1n'zs'1 = r 180 eV ~ TI“, 60 kW/m2 = q.

Global Ha, 'Fl POI-l — Pmd
Bflkmmhms 2x1w1m4y1~r mev~n, 6kWfifl~01a

Daff~§01n2/s )0:li mZ/s
ES Fluctuations (fiE¢,) (13E?)
Fast Electrons 1 X 1020 m’Qs'1 ~ 0.05I‘ 150 eV ~ Tfrm 3 kW/m2 ~ 0.05qr

Mag Fluctuations UNI-3') (5|i

Table 2: Radial power and energy flow at the edge of MST {or 1,, = 200 RA, 1‘: = l X 1013 cm'3.

consistent with the 20 eV edge bulk electron temperature measured by the probes. The effective
thermal diffusivity for the bulk electrons is Xeff E qr/n|VTe| ~ 60 mz/s.

Fast electron transport produced by magnetic fluctuations is measured by an electron energy
analyzer (EEA) and magnetic probes while the energy flux produced by magnetic fluctuations,
dominated by fast electrons, is measured with a. pyrobolometer probe [7] and magnetic probes.
Magnetic fluctuations account for a small fraction of total edge particle and energy transport.

The undetected radial energy flux may be in the form of electrostatic fluctuation»induced
transport of fast electrons and ion energy flux, neither of which has been measured. Efforts
are currently underway to estimate the relevant quantity for fast electron energy transport,
(fifastE-45) as well as the radial ion flux using new probe techniques.

This work was supported by the US Department of Energy.
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Figure 1: Central electron temperature, measured by Thomson scattering, decreases weakly
with increasing density for a given plasma current, resulting in increase of fin with density.
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(d) reversal and pinch parameters, (e) radiated (lower trace) and Ohmic power, (f) edge Ha
emission. (g) central soft x—ray emission (dominated by OVlII and AlXIl line radiation) (h)
CXA ion temperature with central electron temperature indicated at two times.
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Controlled Wave Form of the Plasma Current on ATRAS—RFP Experiment

K.Saito, S.Shiina, H.Manabe ; Atomic Energy Research Institute Nihon University
Y.Osa.nai ; Department of Electronics Engineering Tokyo Metropolitan College of

Aeronautical

Abstract : The current wave form of a reversed field pinch (RFP) plasma is controlled by
superposing an additional loop voltage. Many types of the wave form are obtained and the
current durations are also elongated in some case. Then F and O values are not affected by the
variation of the wave form. This means that we can control the wave form but not control the
spatial distribution of the magnetic field except its magnitude. A necessary condition to
maintain constantly the F, O values are discussed and need a radial diffusion velocity.

Eggrimental device: ATRAS ( Approach to Ioroidal Enactor by Altemative §ystem) is a
RFP machine which has the major radius of 50cm and the miner radius of 9cm limited by
thirty two stainless-steel limiters. The vacuum vessel which is made of stainless steel with the
thickness of 0.4mm is covered by Aluminum double shell of 10mm thickness. It has not the
vertical field coils to make the equilibrium. The characteristic of ATRAS device is that it has
two independent Ohmic heating (OH) circuits. One of which called OH-l is used to produce a
basic RFP plasma. It has eighteen coils arranged as shown in fig. 1 and connected in series.

Ol-LH COILms. The main'mum volt-second is 0.21 Vs.
Another one called OH-2 has six coils arranged
as shown in fig. 1. The outside shells divided
toroidally to two sections are used as the basic
coils. We can change the period of this circuit
by variable connection methods of these coils.
Here, we connected these coils to series and
obtained the longest quarter period of 550g 3.
The wave form of the plasma current is con-
trolled by the superposition of the toroidal
loop voltage induced by the discharge of
OH-2 bank. The toroidal field coil is con-
structed by thirty-six elements shown in fig.1.
These elements are arranged toroidally at
regular intervals and connected in series. To
make small the toroidal stray field, theaxis
of the vacuum vessel is set2crn inner from
the axis of the toroidal field coil. This coil is

This arrangement does not make out stray field
around the plasma region except small vertiaal
field. The quarter period of this circuit is 1.5 %i

m

Fig. l. Poloidal cross~section of the
ATRAS»RFP machine which has two
independent Ohmic heating circuits.
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connected to three banks making t he bias, reversal and sustainment field. By these

discharge, we can obtain the various driving modes for toroidal magnetic field.

Basic plasma: Basic plasma is made by using only OH-l circuit. Plasma current rises

linwrly and reaches the maximum value of60 kA after 960 u s of discharge. Then it decreases

convexly and abruptly disrupt with exponential curve. The current duration time is about 1.4

ms. The toroidal magnetic field on the plasma surface reverse the direction at 100 a s after the

beginning ofdischarge. F and E) values become almost constant after 200 ,u s from the start of

discharge. The central position of the plasma current moves violently in this formation phase

of the RFP configuration, then it is almost static with toroidal shift of 26m. These mam that

the RFP configuration is constructed in early stage and maintained until the plasma current

disrupt in spite of the increasing and decreasing of the plasma current. These situations are

confirmed by using ofthe magnetic probe inserted in the plasma column.

Wave form control: When the current of
the basic plasma begin to decrease, the
loop voltage produced by the discharge of
the OH- 2 circuit is superposed on the
plasma surface to control the wave form
of the plasma current. Many kinds of the
wave form are obtained according to the
loop voltage induced by the discharge of
the OH-2 circuit. These wave forms are
shown in Fig. 2(a) witha toroidal loop
voltage on the plasma surface, where
labels attached to each curve show the
charging voltages of the OH - 2 circuit.
The plasma current increases with the
charging voltage and flat top of 600/1 5
is obtained when the charging voltage is
2 IN. The plasma current increase than
that of the start point of the 01-1-2 dis-
charge when the charging voltage is
higher than 2 kV, as seen in fig. 2(a). In
this case, the onset time of the current

disruption could be retarded at most about

600 l1 s than that of the basic operation by
controlling the induced Voltage. The F and
6 values is almost constant through the
discharge, keeping the values before the
OH—2 discharge in any operation ofOH—Z
discharge, and also the central position of

the plasma current is not affected by the
OH-2 discharge, as shown in fig.2(b).
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Fig. 2 (a). Controlled wave forms of the plasma
ctn'rent for each charging voltage of OH-2 bank and
the loop voltage in case of 3 kV charging to OH-2
bank. The dotted line shows the loop voltage in
case of vacuum shot with the 3 kV charging to
OH-2 bank. Fig. 2 (b). The time variations of the
F and 6) values for each shot corresponding to the
current wave forms shown in Fig. 2 (a). The dotted
line show the toroidal shift of the central position

of the plasma current.
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In any operation of0H-2 discharge, the plasma current begin linearly to decrease at the time
when the loop voltage of the corresponding vacuum shot would have gone through the null
point, as long as the plasma current lasted till this time. Then, the loop voltage become almost
constant from that time till the disruption. The relation between the loop voltage and the plasma
current is shown in fig. 3.

Things take place the way similar to the
above when 0H - 2 discharge is started

just before dismption of the plasma current.
It seems that the condition occurringthe

l00
It 2143013032159)k

I A! IOOO
1 [V]p

50

500current disruption grows in very short time
from this result and is overcome by super-
posing the additional loop voltage.

From thm facts, we can see that the
spatial distributions of the plasma current
and the magnetic field do not change but 1'0 1-5 t [m] 4-0
only that: magnitudes changes on super- Fig. 3. The current profile shows the liner decay
position of the OH . 2 discharge. This in the phase of negative loop voltage of the corres-
mcans that the RFP configuration is very pending vacuum shot shown in dotted line. In this
hard and we could use this property to phase, the loop voltage is almost constant and the

control the output energy of the reactor. “’1‘” beam” 1°w WM“ ~20 V'
Discussions: Necessary condition which maintain the RFP configuration with a const

- (-3 value is considered. For the simplicity, the radial variations of the applied loop voltage in
the plasma are neglected, which is valid provided the skin depth of the plasma column is
sufficiently long compared with the minor radius of the plasma column. The plasma current
induced by the loop voltage and diffusion flows according to the Ohm’s low,” j = E + v x B.
The poloidal and toroidal components of the plasma currents are written as

. _ B‘Be Vbap 1 VrB,

“mamas—baa“? ‘C.n.
' BIZV'WP t: VIBOh") ‘ mar—(B: +83%“ 'C'Tz“m

where R is major radius of the torus, pis loop voltage on plasma surface, I]. is resistivity
along the magnetic field line, Q1 is defined as on = Th m n where "r is resistivity perpendicular
to the line of the magnetic field, vr is radial velocity of the plasma particles, and another
symbols are used as usual meanings. The first term of the equation for the poloidal current is
the current which is induced by the loop voltage and is flowing along the magnetic line of
force. This term changes the sign at the reversal surface because the toroidal magnetic field
changes the sign. If the poloidal wrrcnt change the sign in the plasma region, the reversal
surface move toward the axis. The second term prevent this because it has the opposite sign.
The condition of which the poloidal currents do not change the sign in the plasma region is
written as
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”m“? >
This means that some diffusion is needed to sustain the RFP configuration and the position

of the reversed surface is depend on the plasma surface condition of the toroidal field. The
value of vr must be sufficiently small to maintain sufficiently long the energy confinement time
for fusion reactor. That is, g 1.2 1 I r r 500

a < a/ vr E 1
. . . - 9 400

where a is the minor radius of the plasma E 0 8 _ 81 <

column. This condition is not so hard to g - 300,5
satisfy. Because, VIM may be several 2- 0'6 ' _ 200 g

volts in the high temperature plasma and .99 0-4 ' Bp 3

the confinement field isseveral teslas in E 0.2 _ V « 100r
the reactor condition. And, ifwe estimate a‘

. . 8 0 0
that (:n is 2 ~ 3 ,the diffusion velocrty g \

which need to maintain the RFP configu- F '0 '2 0 0'2 0,4 0.6 0.8 1
ration becomes ~0.l m/sec. In our ex- R/a
periment, these critical values of V am Fig. 4 The critical value for the radial diffusion

I'

~ velocity. This velocity is necessary to maintain the
calculated on each radrus of the plasma RF? confi on, where the modified Bessel

column under the assumptions that the function model with 9:2 is used. The other am,”

field configuration is Modified Bmsel show the toroidal and poloidal magnetic field under
Function Model“) and on is 3, and shown the same condition
in fig. 4. Where, the magnitude ofthe toroidal field on axis is 0.4 T, G) =2.0, and p=100

V. The skin depth for the loop voltage produced by the OH-2 circuit is 2.3 cm when we
assume the plasma temperature of 100 eV and the density of 1019 /m3. The skin depth becomes

longer in our experiment because the self inductance on each magnetic surface is large in the

outer region of the plasma column. From these facts, the diffusion time, a/vecomes same

order of the plasma current duration.
Conclusions: The wave form of the plasma current is controlled by the superposition of the

additional toroidal loop voltage and the current duration of the discharge is also elongated by
addition of the sufficient high loop voltage. But we can not control the F and 6 values. This

means that the RFP configuration is very hard and the things controlled are magnitudes of the

current and magnetic field. The diffusion velocity, v,, is necessary to maintain the static RFP
configuration. But, the diffusion time decided by a/vr is longer than the energy confinement

time in the reactor condition.
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LINTRODUCTION
The experimental observations in Reversed Field Pinch (RFP) suggest

the existence of anomalous ion heatingl1'3l. It has been commonly
assumed that the heating results from damping of the velocity
fluctuations associated with current driven MHD instabilities through
parallel ion viscosityl4'6l. In the present work, we suggest a possible
mechanism of the existence of collisionless perpendicular viscosity due
to ion gradient driven instability (the so called m-mode, TliE dlnTi/dlnni
=Lu/LT). The excess of electromagnetic energy associated with tearing
mode fluctuations is dissipated through the anomalous viscosity,
resulting in direct ion heating. The measurements in RFX have shown
that the ion temperature profile is more peaked than the density profile,
while the ion temperature is observed anomalously high[7l. This
suggests that the m—instability may exist and play a role in the direct
heating of ions. It is found that the growth rate of the ni-instability is
much larger than that in a Tokamak because both the destabilizing
effects, bad magnetic curvature and negative parallel compressibility,
are enhanced in RFP configuration. Furthermore, the ion anomalous
viscosity is estimated by employing the y/kiz approximation. The
corresponding ion heating power density has been calculated from the
flux velocity fluctuations associated with tearing modes, and found to be
sufficient to balance the ion energy confinement losses.

H. EIGENMODE EQUATION AND SOLUTIONS
The eigenmode equation for instability is derived from gyrokinetic

. . . . . i -V . .equation 1n cylindrical coordinates We assume (L)2=gi—l<<1 for 10118,
a) a)

and the adiabatic responses of electrons. Here cod is the magnetic drift
frequency. It has been found that in order to justify the self consistency
of above approximations, the condition 8T/8B<<1 and eT/q <<l must
assumed. The quasineutrality equation retaining full finite Larmor
radius effects is given by

2

Ed—2)+Fd—¢+G=O (1)dx dx
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In order to solve the eigenmode equation analytically, we consider two
asymptotic parameter regions: be<<1 and be >>1.

(1) In the be <<l limit, the mode has a broad structure in x, but

b952x2<<l remains valid. On expanding function F(b) with small argument

we obtain a simplified equation having the eigenfunctions of the form

:1): Hnexp(- 02x2), where 02:ien/q91:s(l+t32/q2)1/2 and Hn are Hermite
polynomials. The corresponding eigenvalues are

1
1 2

and q is the safety factor.1

E2 _
oz—Pfi+2—n"i+is—"—T‘i a+— 2 for b9<< (ET/EB)1/2_ And

2 TEE qt (12

Zen A 122)-1
Q: —be"l1 +1 +i—“8 (l+— 2 , for 1 >> be >>(eT/eB)1/2.

EEbe ’qbe q2

(2) In the b9 >>1 limit, the mode structure is very localized in x. Upon

expanding Eq.(l) about x=0 for x2 <<l and further expanding T( b9) for

large be,we obtain



II-485 3-12

- 1 -
_ 2 2 v est/b 2Q=_—L—+ 38“ +i ens (HE—2) 2, and o2=q—¥°— +557

2(1+r) 21c 25375 qt q VziteTcHt) q
for eBZ/ZETZ >> be >> 1.When be >> EBZ/ZETZ , the kinetic effects, both ion
Landau damping and magnetic drift resonance, become important and
must be taken into account. This will be studied elsewhere.

From above results, we can see that in the long wavelength region
(b9<< (ET/BEND), the magnetic drift (Dali plays an important role for the

instability. Instead. in the
short wavelength region °_
(b9>>(€T/EB)1/2), the growth : m
rate is mainly determined by '5 """"""""""""
the parallel compressibility. 3
The numerical results of
Eq.(l) is shown in Fig.1,
where the mode frequency Qr
and growth rate (21 are
plotted versus be for ET=0.08,
m=10, 83:04 and q=0.2. Fig.1

III. ANOMALOUS ION VISCOSITY AND ION HEATING
The anomalous ion viscosity coefficient Vni induced by Iii-instability

can be estimated as Vni = miniy/kiz, where y is the growth rate, ki-Z =
67— is the mode width in radial direction. According to this model, Vni has
been calculated in following different parameter regions:

2

a) vni=m jig-Lg“ +8—2p3JiTe for be<<(eT/eB)1/2, (2)
2LT€BS q

which is a monotonicly increasing function of V b9_

b) vni=m ini V“ pi be for l >b9>>(ET/SB)1/2. (3)
'I'

which is also proportional to ‘1 be.

V“ pf for 1 < be < 232/22T2, (4)2\/;LT(1+I)
which is independent of be. Here pi is the ion Larmor radius.
For be >> 832/2813» we expect that the kinetic effect would damp the
instability and cause the decreasing of VTli- Taking Vniresulting from the
Eq.(4) as upper limit of the anomalous viscosity value, in the RFX case,
Ti=ZSOev, Te=5006v, ni=2-1013/cm, LT=20cm, B=0.2T, Zcff=3, and IE
=lms, we obtain Vni = 4.5106 (poise). In Fig.2, both the anomalous and
classical perpendicular viscosity versus T; are plotted for the RFX
parameter. showing that the collisionless viscosity is several orders of

C) Vnizm int
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magnitude larger than the collisional one. It is obvious that. for higher 1

temperature plasma, the collisionless viscosity becomes more important.

During the relaxation process in a RFP. the excess potential energy is

released from the equilibrium magnetic field through instabilities which .

generate plasma motion. The ion viscosity damps the velocity fluctuation 1

associated with the instabilities, leading to direct ion heating. Several ‘

measurements support the interpretation of the low frequency magnetic

fluctuations in RF? as tearing modeslél. Here we employ the tearing

mode magnetic fluctuation SB; as an energy source to estimate ion

heating power density, which can be approximated 3518]

BV 5v; (2 vLi 2 25 vi [fiBr]

Pviszvni(— Vni—_="_‘_" iSS_ — (5)
Br w 2 JECL+U LT m qz

here Sveis the amplitude of velocity fluctuation of tearing mode; W is

the magnetic island width, S is the Lundquist number, VA is the Alfven

velocity. By Taking above RFX parameters and m=1. we obtain:

S=1.5-106, 5ve=19.3vA5Br/B9, and Pvi3=7,89-109(BBr/Be) (erg/cm3sec).

Upon balancing Pvis with ion energy confinement loss niTi/TE. it turns

out that the amplitude of magnetic fluctuation should be above the level

of BBr/Bez 1-10-3, which is reasonable as compared with experimental

resultsl9l.
Finally, we should point out that ,in this model, m-instabi1ity also

induces ion anomalous thermal conductivity, which results in energy

transport with the power density P11. On comparing the Pxi with Pvis we

)2:

Z 2 2 A
have: P"—is=S5V—:—L~§s[aar) (6)

P11 Vni r5 Be

In RFX case. by taking 8Br/Bg =

2-103. Eq.(6) leads to Pvis [1330: 6. 4:

these two power density can balance
with each other only when the ion 5'f ‘9‘“
temperature higher than 1.5 Kev. 3.“ ' “35m” "”5"." i

_ ' , . _ . -6 j A anomalous Viscusny 1'

This indicates that the ni-lnstablllty f 1

induced anomalous thermal diffusion 4?. a

is not the main mechanism of energy if“... y
. . . -E|’ ".'.Ooooooco

confinement losses in present RFP s. : 1
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We present results obtained from a number of long—time simulations runs
of stationary Reversed-Field—Pinch (RFP) dynamics. The dissipative
compressible MHD equations are solved in cylindrical geometry using a 3 D
semi-implicit spectral code with appropriate selection of modes (112.71). The
boundary conditions are: rigid wall v,(a)=0, constant toroidal current I and
constant toroidal magnetic flux tilt, i.e. 6 =31; (a)/< Bz> =const. and
dJB—z/rlrlr=a= 0, where the bar indicates the average over the wall surface and
< > the volume average. In most cases a resistivity profile constant for
r<0.95a and sharply increasing in the edge region is chosen, but some runs
were performed with uniform resistivity. The aspect ratio of the system is
R/a :4. More details concerning the model are found in Refs. [1],[2]. Runs are

followed for several thousands Alfvén times, which allows good statistical
averages . Lundquist numbers S are varied between 103 and 105.

Except for low values 8 ~103. where a single helicity behaviour tends to
dominate, we always find turbulent states. Boundary conditions and
resistivity profile seem to determine the (average) behaviour uniquely. (The
possibility of high—viscosity quasi-single»hclicity states discussed recently
[3] is eliminated by choosing magnetic Prandtl number n/v:1). There is,

however, a rather strong dependence of the dynamical behaviour on the
numerical resolution, i.e. the number of modes included, if the latter is too
small.
Fluctuation spectra are dominated by m = 1 modes, (rn,n)=(1,n) with —lSSnS—

8. While the n—spectrum drops sharply for n > -10 (n > »IOm for higher m),
corresponding to nonresonant modes qnm > (1(0), the decrease at high Inl ,
nS-ZO, is much more shallow indicating substantial excitation of modes close
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to the field reversal radius. Figure 1 illustrates the magnetic modal energies
3

(SEAL) for two typical runs with 5:3 X10 and 8:105. In the latter case the

total number of modes included (107) is only marginally adequate.

0n the other hand the long exponential tail in the energy spectrum in

o.
m=0 :1 s = 10 5

1 m=1 S = 3.3 103
O

Q
3E.24 A

EH
V O
5’-3.

-4.

‘5' I l

-60 —53 -45 38 -30 n -23 -15 -a 0

Fig. I :magnetic modal energies (5Elifn)far two typical runs

typical pseudo-spectral simulations (eg. Ref. [4]) clearly indicate that a large
fraction of the modes included in such computations is redundant. The

scaling of the average magnetic fluctuation amplitude 8B in the plasma with
Lundquist number is of crucial importance for the energy confinement in

the RFP. As is clearly seen in Fig. 1 the fluctuation energy decreases with
increasing S. in contrast to the findings in Ref. [4].

Figure 2 gives the volume

rig; averaged energy (5EM) for
O 78 modes - .... _97 mm? modes different values of S. The

,5 Q g 0 42 modes simulation results closely fit the
e , _“’1 K} scaling (5311):.9 0'44, or
z ’
E ' “o. i 5B=S’0'22. This result is
A

2m . of consistent with the scaling

‘3 (55 M=>IEM 3044 i expected for a dynamical state

! dominated by current sheet
0'1' 4 ' " fig reconnection, 5vL/5B=S‘1/Z,1000 to S 10

which using Ohm‘s law at the
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reversal point 77350 =(5V X513) yields 5s‘l/4. In fact formation of intense
current sheets is found to occur intermittently. Such current sheets lasting
about 102 TA are rather localized in toroidal azimuth. VqD=7r/3. As seen in
Fig. 3 sheet currents are flowing more in poloidal than toroidal direction,
which is to be expected since j is roughly parallel to B. The total contribution
of such current sheet reconnection to the average dynamo effect is at

resent difficult to assess.

J

Fig.3 J
- poloidal

and
- toroidal
current
density
contour levels

Measurement of 5B within the plasma have been performed only on low
current discharges in some experiments. In most experiments 5B (a) is
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usually measured yielding a stronger S~dependence, 53 =57]!2 OHTE[5] and

613 =S_1/3 TPE 1RM15 [6] . in an S—range comparable to ours. We therefore

give the ratio of the volume average fluctuation energy of mode number m,

(Em) to the surface averaged value Iii—m (a),Rm:<El)/Em (a): R0: 1, R1 z 2.,

Rzz 100. .R3= 500., R4z 10‘. The m=l component 13: (a) dominates the m-

spectrum like the volume average (E1) and the S—scaling is similar.

Considering toroidal and poloidal components we have 5Bz(a)/B_l,(a)=

0.135 ( : 0.063 ) and 5B1,(a) / 13—29(a) =0.05 (= 0.022) for S=3><103 (5:105),

indicating a well-defined polarization of the fluctuations, which is also

observed experimentally. Extrapolating the numerical values of the m=0 and

121:] components to 5:106 we find that for the poloidal component mzl

remains dominant, while for the toroidal component m=0 becomes larger

than m = 1, which is also in agreement with experiments. The absolute values

are, however. significantly larger than observed experimentally.

On the other hand the field reversal is generally less pronounced in the

simulations, F =B:(a) /(BZ)E -0.12 for S=3><103 and -0.08 for 5:105 as

compared to typically 132-02 in experiments. Since a possible reason for

this discrepancy could lie in the resistivity profile, several runs were

performed with uniform resistivity. While the fluctuation amplitudes indeed

decrease preserving approximately the S»scaling. the field reversal becomes

even weaker. The origin of the deeper reversal in the experiments may be

caused by non-MHD effects, such as the kinetic dynamo effect [7].
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1. Introduction. In order to reach fusion-relevant temperatures in pinch
experiments, such 'as ULQ and RFP, it is necessary to strongly reduce the
plasma-wall interaction. To do this, poloidal divertor configurations have
been introduced, where the plasma cross-section inevitable becomes non-
circular. So far, no study of how this non-circularity affects the transport
properties has been made, and this is the subject of the present paper. Using
a simple Ohm's law and two different forms for the resistivity, we can
calculate the changes in particle- and energy confinement times due to the
non-circularity.

2. Basic equations. Assuming that Ohm's law takes the simple form
E + v x B = nJ , the classical particle confinement time is given by [1]

Nail/5) mll2
771:— FPO/ls) , NP(s)—£<:dV, (“VJ—J W133 ,

w= we
where NP(1,¢/s) is the total number of plasma particles, FPW/S) the flux of
particles leaving the plasma, n the number density of particles, p the total
pressure, J the current density, 7] the plasma resistivity, and the plasma
boundary is given by the poloidal flux 11/ = l/ls. For given pressure- and
current profiles the density profile n(r) is then chosen such that the particle
flux FF is independent of w, corresponding to a situation where all
particles are born along the magnetic axis. This procedure [2] is useful
because it provides a simple and well-defined method for estimating TP as
function of various profile- and geometrical parameters. For the classical
energy confinement time 1E we adopt the definition
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W(v/,)__ _ § _ 2Typflwg, WON—f 2pdv, P,,(w,)_f nIJI dV.
(p< 1/15 W< V’s

Whys) and PQW’S) are the total thermal energy and ohmic energy input,

respectively. In calculating these integrals we use the same profiles as in

calculating 1P above. For an axisymmetric plasma the condition d/dt/I=O

leads to the density profile
7101/) _ k(w)'1 Idp/dlyl _ 771l
TO ‘(K) ildp/dV/Io)’ Mud—i; B dlp’P

where the integral is to be taken once around the flux surface in the poloidal

direction and index 0 denotes values on the magnetic axis y/ = 0. With given

pressure- and current profiles, all what remains is to specify the resistivity

profile. Here we use two different profiles; the first is the classical Spitzer

scaling
E ~ (lj—SJZ _ (£)73/2(£)3/2

770 To Po ”0
and the second, 77w is derived from the condition of stationarity,

V XE = — aB/Bt = 0. It should be noted, however, that for general non-circular

equilibria the confinement times defined above must be computed via a

numerical equilibrium code.

3. Non-circular constant current pinch. For weakly non-circular,

straight, constant current pinch equilibria, however, the confinement times

can indeed be calculated analytically and expressed in terms of integrals.

The corresponding equilibrium theory is developed by Wahlberg et al.[3].

The plasma boundary is assumed to be given by r,,(H)=a[1 +ANcosW6)+ ...],

where His the poloidal angle. With B = w 2 +322, wis given by [3]

ill— : (5)2 — 2A [5)NcosW6) + (N — l)A2 (:)2NCOS(2N9) +
W3 (1 N a 2 N a

The non-circularity coefficient AN is formally assumed to be small, IANI <<

1. The linear functions p(1//) and ty) are characterized by the two

parameters

lzBEO_Bzzs fl = P0

Bio ’ ° Bio/2e
measuring the degree of paramagnetism and strength of the axial magnetic

field, respectively. 17c] becomes a strongly increasing function of wwhile
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775: is more flat (since Jzis constant). The resulting particle confinement
time can be written ”(P = Ign+ArP , where 1‘19) corresponds to a circular pinch.
Similarly, the energy confinement time is written 13; = rg” + ATE . The changes
ATP and ATE are both of order ANZ. If the non-circularity is due to an applied
magnetic multipole field IANI is limited due to the fact that the plasma
boundary must be located inside the separatrix [4]. For N >> 1 this limit is
given by max(lAN|) = A/N, where A is of order unity. Fig. 1 shows the
relative changes in confinement times divided by ANZ and N2. These values
should then correspond to those found in experimentally relevant
geometries . They are plotted as functions of N and for the limiting values of
it and BO . (For {/1 = 1, HQ —> oa}, however, MP —> — co).

4. Conclusions. Although other shaping methods may lead to larger
changes we concentrate upon the case where the non-circularity is due to an
applied multipole field. Also we are mainly interested in the experimentally
relevant parameter range where l = 1 and [30 = 0. We find that for 1] = 71¢]
a triangular cross-section (N = 3) is optimal, resulting in improved particle-
and energy confinement. For n = 77st , on the other hand, both particle— and
energy confinement are made worse by the non-circularity. Apparently the
exact form of the resistivity profile is of great importance. However, being
second order effects in the non-circularity, the changes in confinement
times are usually rather small (S 15 ‘70).
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Fig.1 Relative changes in confinement times (divided by ANZand
N2) for (a) classical resistivity scaling and (b) resistivity consistent
with a stationary state.
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1. Introduction
Fast MagnetosonicG’M) wave (wLH>w>c)h8$ been found to be an useful

candidate for the current drive in high beta plasma as RFP plasma/V. The
radial profile of the driven current density was theoretically investi—
gated as function of initial refractive index parallel to the magnetic
line of force/Z/. Here, theoretical investigation on MHD equilibrium
generation by the partial current drive is reported, where the noninduc—
tive driven current is combined with ohmic current.

2. RF Current Drive
As the current driver, fast magnetsonic wave (FMW: a)“. )1» >(Dnc) is used.

According to the solution of the dispersion relation, G(k,w,r)=0 and the
wave equation, this wave has the propagation characteristics accessible to
high density region with a wide band of N“ (parallel refraction. index)
spectrum and the main absorption mechanism due to transit time magnetic
pumpingCITMP), which is the stronger in the higher beta plasma and has a
relatively high current driving efficiency.

We note that at this frequency and ion temperature the power loss to
the deuterons is negligible small because of m/wnc=10.

3. Caluculation Scheme of Wave MHD Equilibrium

3.1 MED Equilibrium Model
We are particularly in RF current drive for ’I‘PE—RX RFP device under

design study. Here the plasma is modeled as cylindrical plasma and the
equilibrium state is described by a partially relaxed state model(FRSM)/3/
and Suydam criterion; MHD equilibrium equation dp/dr=j.B,*j.B., PRSM j.=
lB./u.:B. ,1. [17(dbib../¢.iip..)']°/u., and Suydam criterion dp/drvS.rB.‘ (dq/
dr)’/8u.q‘.The equilibrium equation combined with PRSM and Suydam critei
rion is solved numerically by using the RungeiKuttafiill method. The
electron and ion density profiles are specified as given function of the
poloidal flux Where 4/; is the solution to the MHD equilibrium equation
with an initial guess for the diamagnetism 1011). The electron and ion
temperature profiles are known from the effective charge number Z.” and
the pressure profile: n.=n.. l1*(¢r¢../¢.7¢..)'”l”; main/Z.” i1’iWW-x/
w.elll.x)'”l”,T.=T..p/n. l(T../Z...)+T..l; Ti=T...p/ne l(T../Z..J+T..l.where
90. is w at r= a. up” at r=O and w..=0.

3.2 Ray Tracing and Current Drive
RF current drive is due to the momentum transfer from wave to electrons

The driven current is determined from the momentum balance of electrons
between the transferred momentum and the collisional damping with ions

The wave is launched near the plasma edge, at a density just sufficient
to permit wave propagation

The wave frequency w/Zn, the initial parallel index of refraction NH“
and the initial poloidal index N.w are specified at the start. The ray‘s
progress is calculated thereafter from a WKB analysis of the spatial var?
iation in the dielectric tensor, K(k,m H.
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Along the ray trajectory the imaginary part of the k vector is deter—
mined in order to compute wave damping: lEl’oepJ'ZYUJdli); 7=Im(k1)
where P. is the injected wave power and 11 the perpendicular component of
the ray path. At each time step, the wave power decrement d? and the
change in flux dw are computed and, with V':dV/d(/I:Ird6/B..the electron
absorbing power density is found: Q=dP/V dill.

Likewise, at each time step the value of k. is computed and,from the
local value of T.- the ratio of v. to electron thermal speed v.- is found:
uqu/klv.where v.=(T./m.,)H1 . From this we can evaluate the normalized
ratio of current density to power density in a uniform medium/4/: j/p=8u’/
5+Z+(12(6+Z)/(5+Z) (37lZ))+2D/Zu, where 7;Z.u, D=3. 76 for Landau damping
and D=8. 09 for TIME The quantity j/p is related to the flux surface aver—
age driven current j|n by the expression jun/q=(er./m1vg) ' (.i/p)=0. 77T= [keV]
/(n=[m‘“]/10”1nA)-j/piAm/W]. Contributions to j.” accumulate as the ray
turns and makes multiple passes through the flux surface. We typically
terminate the ray tracing once IJ/I’HZIKIO’Z. It is desirable that the wave
power is almost completely absorbed before the ray returns to the wall, so
reflection is not a factor.

3. 3 Convergence
The function 110/!) is checked for convergence: it must be accurately

known in order to solve the equilibrium equation. Typically, it converges
to relative error AA/l of 10“ very fast, needing seven iterations between
the MHD computations and the ray tracing computations. By this point the
parameters of I, (total toroidal current). I. (total poloidal current), [3.(
averaged poloidal beta) and 8(theta value) have also converged to three
significant figures.

4. Fastelllave Equilibrium by Partial Current Drive
All the equilibria descrived here have 27ER.:9.42m, 3:0. 3m. The diamag—

netism and the toroidal field at the center, 1,. and Bo. are determined from
F value, a, and 1..

The input variables include the electron peak density and temperature,
n... and T”, the density profile exponents, mn' nu. Suydam factor, 3., and
the diamagnetism exponents, m, n, as well as m/Zn, N...» and P...

A reference case has n..=2.3XlO”/m3,T..,=4.OKev, mu:5.0, nu=2.0,S.=0.4.
If the initial guess for AM) uses m=5.0, n=2.0, it correspond to an ini—
tial equilibrium with I,=Z.OMA, I.=26.1MA. B.=8.24“n, F/0=70. 20/1. 70 and a
monotonic q(¢)*Profile with q(0)=0. 145 and q(a)=~'0. 027. We select a wave
with w/2n=300M]-Iz, N..=9.9 and P.=5.0MW. By the seventh iteration, the
solution converges to an equilibrium with 1.22. ZMA, I.=28.65MA. fl.=8.46%,
F/8=—O.20/1.7l and a higher shear gold—profile with q(0)=0. 16 and q(a)=
*0.027. The global current driving efficiency is 1.9/13025. 1X10" and LD/
Pu=4.0X10”, where I.” and I” are the total driven poloidal and toroidal
current, respectively, and 1.")1”.

In order to achieve strong damping, with single pass absorption, the
ratio u=w/klv.‘ which determines the strength of electron 'I'I‘MP damping,
must be approximately unity. However. this limits the current driving
efficiency. For this reference case, the electron power density, 0. peaks
off axis, at r=0. 20a, Where u=0. 7. We find j/p=17. In comparison, the nori
malized driving efficiency j/p is larger near the r:a (j/p=l3 with u=2.0
at r=0.'758), but Q is much smaller by orders of magnitude. We note that
the condition u<l makes the driven current decrease because of trapped
particle effect.

Fig.1 shows the converged diamagnetism profile 1(r). which determines
the final equilibrium. The profile is flatter in core plasma region than
in the initial guess. Fig.2 shows the q profile in the initial and the
final equilibrium: the dotted curve is for the initial one and the solid
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curve for the final one. The comparison of q profiles indicates that the
magnetic shear is enhanced by the wave injection and suggests that the
plasma stability is improved over a wide region, especially at r=0.2a

In the survey of single N“ we independently vary the input paraments
according to our problem. first the target plasma properties and then the
wave characteristics

We first consider a variation of beta value by changing the Suydam
parameter S“ All other parameters are held fixed at the values of our
reference case except S.=0.8,n..,ni.,Ti. and P.=10MW One might expect
the beta value to rise as the peak pressure is increased

It is striking howeven that the ratio of total driven current I to
injected wave power P“ I/PV decreases as beta value increases This is
mainly due to the inverse relation of j.” and density. Another effect of
varying the beta value is shown by the j.r j. and q profiles. Most of the
power is absorbed while the ray reaches r=0.5& because TTMP is strong at
high beta. The j.. and j. profiles have peaks near the boundary. The
enough poloidal driven current in the outer region reverses the toroidal
field. which could reduce the need for a dynamo mechanism within the
plasma The global current driving efficiency is I..,/P.,=2.1X10'| and I,n/
P.=8.4X10",which are lower than those at low beta (S.=O.4). An important
inference drown from this result is that increases in equilibrium beta
value do not necessary require increases in I/P“ In fact, for a reactor
it is most encouraging that I may be minimized while, for given Pf beta
value might be pushed to high values. .

Fig.3 shows the converged diamagnetism profile l(rL indicating to be
very flat except the boundary region and approach to Taylor's minimum
energy state. Fig.4 shows the q profiles in the initial and the final
equilibrium: the dotted curve is for the initial one and the solid curve
for the final one. The comparison of q profiles indicates that the magnet7
in shear is enchanced by the wave injection and suggests that the plasma
stability is improved in the outer region

The wave damping becomes strong with the increase of frequency, and the
strongest when N..~ 5.5 for f=300MHz. The smaller N.. wave has both the
better accessibility to high density region and higher current driving
efficiencm however the weaker damping As the plasma beta value becomes
higher. the damping effect due to higher harmonic ion cyclotron resonances
is observed when N.n§ 5.5 even is wflmc=lu Therefore the use of higher
wave frequency is desired to avoid these resonances

5. Conclusion
A more stable RFP equilibrium having a higher shear and a flatter A

profile is found with a single ray fast—wave partial current drive calcu-
lation. Furthermore the enough poloidal driven current in the outer region
leads to the hope that the need for a dynamo mechanism could be reduced
thus the energy confinement time be improved

The increase in equilibrium beta value does not necessarily require
increase in the global current driving efficiencm and makes the plasma
approach to Taylor's minimum energy state

6. Discussion
The spatial dependence of current generation is a function of the wave

power profile, the spatial variation of u=w/k.vF and the electron temper7
ature and density profiles. With a single N; in the wave spectrum j|n (W
peaks fairly strongly around one flux surface. and it is difficult to obi
tain a very broad j.n—profi|e which is large at both the magnetic axis and
the boundary. In consequence, jln tends to be quite small either at r:0 or
at r=a. The MHD equilibrium is difficult to obtain for these extreme cases
of nearly zero density. The equilibrium by full current drive which does
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not need ohmic current may not be achievable unless a broader, properly se—
lected spectrum can be employed. Caluculation with multiple N. rays, with
the goal of generating the waveiequilibrium, will be reported at a later
time.
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Decay Rate and Particle Confinement Time in SPHEX

The SPHEX Team (presented by P.K.Browning)

Department of Pure & Applied Physics,

UMIST, Manchester M60 lQD, U.K.

Introduction

The plasma in the SPHEX spheromak is made up of the central column

in which the current is driven directly by the Marshall gun which

serves as the plasma source, and the surrounding toroidal annulus

in which the current is driven indirectly by the rectification of

a large—scale n=1 oscillation at about 20 kHz which is a constant

feature of the system [1]. This mode is generated in the central

column and radiates outward across the interface between column

and annulus; it is absorbed in the first few cm of the annulus,

and the current drive is transferred throughout the annulus by the

“MHD dynamo" effect [2]. There is evidence that the column and

annulus are separated by a good flux surface, with transport

across it due only to the effects of the mode. In this paper we

shall examine the balance of particles and angular momentum and

show that estimates of the overall particle confinement time and

of the recycling rate can be obtained on this basis.

Transport between column and annulus

The plasma in the annulus is supplied by a flux of particles

across the interface from the column, and we shall show that

recycling from the wall must also be taken into account. The

interface flux is associated with the n=1 mode and has been

determined using a multiple Langmuir probe to measure P = <nEL>/B,

22ions m_2s-1 [3]. We assume that in thegiving a value of 6 x 10

steady state the interface flux and the recycling together supply

the annulus completely; then if Tp is the particle confinement

time, the particle balance is expressed by
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1 _ FA1—- — N— + R (l)
P

where A is the interface area, N = nV is the total number of ions

in the annulus volume V, and R is the relative recycling rate

defined as the ratio of the total recycling input rate to the

particle content of the annulus.

Angular momentum balance

Since the column is rotating, as is shown by the plasma potential

profile [1], the interface flux will also carry angular momentum,

and this exerts a torque on the annulus given by U = FAmirczmc

where rC and we are respectively the radius and angular velocity

of the column. (This is about an order of magnitude greater than

the torque due to the Larmor gyration of the ions carried into the

annulus.) The annulus is observed to rotate toroidally [4], but

much more slowly than the column, while after the discharge

termination the angular velocity decreases over a characteristic

"spin-down" time of about 300 usec. Angular momentum is lost from

the annulus when particles reach the wall; however, particle loss

by itself cannot slow down the observed rotation, and we must

distinguish between the lggs 9; angular momentum which is due to

particle loss, and the reduction 9: angular velocity which can

only be due to an input of non-rotating plasma, i.e. recycling

from the wall. Thus we can estimate the recycling rate from the

observed spin—down time:

_1—_L_d‘_°_R — ti; = m at (2)

The angular momentum of the annulus may be estimated as L =

Nmirmzw where rm is the radius of the magnetic axis, and the

relative input rate from the column is then given by F/L = (FA/N)K

where K = (re/rm)2mc/m. This is balanced in the steady state by

the transfer of angular momentum to the wall due to particle loss,



giving a relative output rate equal to (Q/Tp) where Q =

(<rlZ>/rm2); rl is the major radius at which a particle reaches

the wall, and brackets <> imply an average over all particles lost

to the wall. Thus we have

m _N—K— 9— (3)

Equations (1 - 3) can be solved to lead to the following results:

K1 _Tp‘fiR (4)
FA g
N—= K-Q R (5)

where equation (4) may be written in the equivalent form

1_. = ———— R (6)
Tp r 2w —<r 2>wc c 1

On the assumption that particles are lost to the wall uniformly

over its surface outside the central column, but not to the

central column itself, an approximate calculation leads to

[<rlz>]l/2 z 0.37 m, which with rm = 0.28 m gives Q = 1.75. If rC

and Q can be assumed to be constant, and if we assume that the

potential at the centre of the column is a constant fraction of

the gun voltage, these results will allow the determination of the

scaling of Tp with gun current using only non-intrusive

diagnostics. We shall now show that they are consistent with the

known results in the standard operating conditions with a gun

current of 60 kA.

Experimental results

with rc = 0.10 m, rm = 0.28 m, mc/Zn z 40 kHz and w/Zn z 1 kHz we

obtain K x 5. From the results given in ref [4] we have l/R = 1 z
(.0

300 Hsec, and from equation (4) we have Tp z 200 psec. Equation

(5) then gives (l‘A/N)_l = 520 usec, which is to be compared with

the result obtained directly from the experimental values of F, N

and A, measured in the standard operating conditions with a gun
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current of 60 kA. We have N = nv with n z 4 x 1019 m—3 and V =

0.18 m3, and A z 0.25 m2, giving (rA/N)‘1 = 430 usec. The
agreement is sufficient to confirm the internal consistency of the

model and gives support to the estimate of 1p' We conclude that

about 60% of the particle influx is due to recycling and 40% is

derived from the central column.

The input from the central column is given by PA = 1.5 x 1022

ions/sec; for comparison, if we assume the plasma in the central

column to be flowing at the ion sound speed we find the total

throughput to be about 6 x 1022 ions/sec, so about 1/4 of the

total throughput is diverted into the annulus. These figures may

also be compared with the total gas input, which is derived from

a set of 5 gas puff valves; we estimate the input rate to be about

1.5 x 1023 atoms/sec.

Conclusions

Measurements of the toroidal rotation rate of the plasma and the

time-constant for its decay after the gun is shorted have allowed

us to estimate the particle confinement time in the SPHEX

discharge, and to show that the annulus plasma is sustained by

recycling and transport from the central column in the ratio 3:2.
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Introduction
Relaxation theory [1,2], which postulates that a magnetised plasma minimises its
magnetic energy whilst conserving magnetic helicity, has been applied to explain
field configurations in Reverse Field Pinches and spheromaks. The relaxed state is
described by

V X E = p E (1)
where p = LE/BZ (2)

is spatially constant [1]. For spheromaks with some flux embedded in external
conductors, relaxed states are possible for all values of u, with resonance as [.1

approaches the first eigenvalue pl [2].
In a gun—injected spheromak such as CTX [3] or SPHEX [4], current is

electrostatically driven on open flux which connects the electrodes, and this
external driving causes departures from simple relaxed states. This process of
helicity injection sustains the spheromak against resistive decay. Fields are
approximately force-free, described by (1) with p. varying across the field.
Measurements confirm that p is higher on the driven flux and lower near the
magnetic axis during sustainment [5] although the profile can be quite complex
[6]. Spheromak equilibria with non-constant—p. have been modeled, but assumptions
such as linear dependence of p. on flux, must be made [5,7]: 3 model is required to
predict the p. profile for given driving and dissipation. Diffusive models [8] with
helicity transport proportional to V}; give monotonic [.1 profiles. A new approach,
retaining the fundamental assumptions of relaxation theory [1] and yet predicting
nonaconstant [.1 profiles, is outlined here.

The model
During sustainment of a gun-injected spheromak, the current on the open field is
determined by the gun, so that

u = 113“": pfllgun/wso, on the open flux (3)
where Igun is the gun current and 1pm, the open flux from the solenoid. If
dissipation and driving are slow compared with relaxation, a relaxed state should
be established; according to Taylor [2], this is a constant-p. field with the value
of p. equal to nn given by (3). However, in practice “gun is limited by the
plasma ejection criterion and always exceeds p, (e.g. for SPHEX, u, = 11.1 m'1



and pm is typically 24 ml); such fields with p. > pl both have an unrealistic

topology [9] and are not absolute energy minima. A more serious difficulty is that

the helicity is then determined only a posteriori since K = Km), and cannot, in

general, equal the prescribed value. For example, in a spheromak, K is given by

time-integrating the helicity balance equation [3].

We propose that the field is in a minimum energy state subject both to the

constraint that the global helicity has a given value K [1], and that the value of

[.1 on the open flux matches that of the helicity source (3). As argued above, this

state cannot, in general, be constant-p, and thus the minimum energy field must

have spatially varying u. Intuitively, one might expect p on the closed (undn'ven)

flux to be constant, in general having a different value from the open flux (a

pieceise constant it profile); this would indeed be the minimum energy state if

the helicity of the closed flux alone were conserved, but because rather the

total helicity is constant, which depends on flux linkages between closed and open

field regions, there is no reason to expect a constant—p state.

Large aspect ratio results

In order to determine the nature of the minimum energy state in Such a driven

system, we first investigate an idealised 1D model, a large‘aspect ratio

approximation to the true geometry. Consider the field within an infinite—length

periodic cylinder, with r = 0 corresponding the magnetic axis and a conducting

boundary at r = a, so that total toroidal flux (19 is conserved. Driven field,

representing the spheromak open flux. is in the outer layer (1) > (1)1, where the

amount of driven flux, (1)1, is imposed but the spatial location of this surface (r

: r1) is to be determined. We impose the total helicity K (per unit length), where
a

K = JAE 2m dr (5)
0

with A1(r = a) = 0 for gauge invariance; also the value of p on the driven flux

(ugun) is chosen, so that
VX§=nn§ on¢>>¢.. <6)

The profile u(r) on the undriven flux ((3) < (in) is then found by minimising the

energy subject to these constraints.
A numerical minimisation approach is used. A polynomial for u is chosen, of

degree up to 5; p. = Z airi . The force—free equation is integrated from r = 0

using a 4th order Runge—Kutta until the toroidal flux equals (1)], and then the

fields are matched to the analytical Bessel function solution of (6) describing

the field in the outer region (r1 5 r S a). The values of Bz(r=0) and a0 are then
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iterated until the correct helicity (K) and toroidal flux ((1)) are attained, and
the total energy (0 S r S a) is calculated. The polynomial coefficients a; are
varied until an energy minimum is found, using a quasi-Newton algorithm.

A typical u profile is shown in Fig. 1. The helicity K is chosen to be that of
a constant—u field with u = 2/a. Note that the energy of this field is 242540 J
whereas that of the piecewise-constant profile with the same helicity is 242887 J.
Thus the minimum energy state is clearly not a constant u field in the undriven
flux, but rather has a u profile in this region. The field with u = 2 everywhere
has of course the same helicity and lower energy (212309 J) - but this does not
satisfy the current constraint in the driven region. A sharp dip in u compensates
for the "too large" p on the driven flux, with u flattening towards the Taylor
value near the magnetic axis. Thus, the field E is close to the Taylor field over
the undriven flux. The H profile is not monotonic over the inner region, but
exhibits a distinct bump. These results have been verified both by using a sum of
Chebyshev polynomials for u(r) and by applying a partial analytical minimisation
procedure, leading to a set of ODEs.

Results in SPHEX geometry
The alternative minimum energy principle has also been used to find equilibria in
SPHEX geometry. The methodology is similar, except that the equilibrium is found
as a numerical solution to the Grad-Shafranov equation with given pith) and gun
flux [7]. On the open flux (14) < 11150) p = nw whilst the u profile on the
closed flux is found by choosing the coefficients of a polynomial in 11) to minimise
the total energy. The profiles found are qualitatively similar to Fig. 1, in
particular having a dip in it near the edge of the closed flux and thus giving good
agreement with the experimentally measured p profile [6]. These fields have
significantly lower energy than piecewise constant it profiles. For example, with a
total helicity of 0.254 m2, a minimum energy state is found with energy 0.765 10
whereas if u is constant over the closed flux, the energy for this helicity is
0.784 1d.

Conclusions
A previous inconsistency in the application of relaxation theory, in that the
constraint of fixed helicity is imposed in order to derive the constant-u
condition but that the helicity of the calculated field cannot be set equal to the
known helicity content of the system, has been resolved. In driven systems such
as gun-injected spheromaks, the minimum energy state subject to the two
constraints of helicity conservation and applied current on the driven field has a
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spatially varying u profile. This profile has a rather complex form in spheromak

geometry, which corresponds closely to experimental measurements of [1. Whilst more
accurate numerical energy minimisation might produce a further fine-tuning of the
[,1 profile, it has been shown conclusively that the calculated "bumpy" profiles
have significantly lower energy (for the given constraints) than fields with

constant-u on the undriven flux.
The model may be similarly applied to fields with resistive wall layers, where

u is effectively constrained to be low, such as in the decay phase of spheromaks.

In this case, a peak in p. in the outer layers of the closed flux is expected,
giving fields with quite different stability properties from the linear u profiles

which have been the focus of previous studies. These results also have

implications for helicity injection current drive of tokamaks, since we have
shown, in contrast to diffusive models [8], that such current drive is not
necessarily associated with monotonically decreasing j/B from axis to edge.
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1. Introduction
The Ultra-low-q (ULQ) configuration is a toroidal current carrying

system with the safety factor (10 of O < qa < 1. The equilibrium of ULQ
configuration is characterized by the profile with a pitch minimum of the
magnetic shear in the bulk plasma region. Similar to RFP plasmas,
dynamo effect plays an important role in ULQ plasmas, and strong ion
heating has been observed, accompanied by the resistance anomaly”.

Ohm's law is given by Tu‘“:E+<V><1§>,where a dynamo electric field is
represented by the term of <Vx§>. A poloidal current is, in general,
sustained by the poloidal component of the dynamo electric field. To
investigate the role of dynamo electric field on the plasma performance,
the externally induced poloidal electric field has been applied on ULQ
plasmas, by changing the vacuum toroidal magnetic field rapidly.

2. Experimental results of fast changing toroidal magnetic
field

1) Experiments with a fast decrease of the toroidal magnetic field
The toroidal magnetic field is rapidly decreased during the ULQ

discharge. The time evolutions of plasma parameters are shown in Fig.
l, where the ULQ configuration with qa ~O.8 is initially set up, and the
toroidal magnetic field B, is decreased quickly with a time constant of
~500usec. Synchronized to the decrease of the toroidal magnetic field.
the increase of the toroidal plasma current is observed, accompanied by
the decrease of loop voltage. This result is not explained by the empirical
scaling that in ULQ plasmas the resistance anomaly becomes larger, as the
toroidal magnetic field is reduced”. Figure 2 shows the reduction rate of
the resistance as a function of the change rate of the toroidal magnetic
field, where the negative value of dB/dt corresponds to the fast decreasing
experiments of the toroidal magnetic field. The decrease of the resistance
anomaly becomes larger, as the change rate of the toroidal magnetic field
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is increased. The improvement of the plasma performance can be
accounted for the poloidal electric field induced by the decrease of the
toroidal magnetic field. It is inferred that a poloidal component of
dynamo electric field, which is strongly coupled with plasma fluctuations,

is partly replaced with the induced poloidal electric field, because the
direction of this induced field is the same with that of dynamo electric
field to sustain the poloidal current.

The time evolution of the safety factor profile is shown in Fig. 3. The
configuration with pitch minimum is kept during the decreasing phase of
the toroidal magnetic field. The change of the safety factor at the plasma
surface is relatively continuous function of time. While around the
plasma center, the response of the safety factor seems to be stepwise. The
safety factor around the plasma center does not change so much during
t=1.47~l.92ms, and decreases quickly at t=1 .95ms. The stepwise
decrease of the plasma current has also been observed in constant toroidal
field ULQ experiments when the safety factor passes through the rational
surface”.

2) Experiments with a fast rise of the toroidal magnetic field.
During ULQ discharge the toroidal magnetic field is rapidly

increased, just similar to the adiabatic compression experiments in

tokamak plasmas“. The time evolutions of plasma parameters are shown
in Fig. 4, where the toroidal magnetic field is increased from ~0.8kG to
~2.4kG. During the increasing phase of the toroidal magnetic field, the
increase of the loop voltage is observed, accompanied by the enhancement
of magnetic fluctuations. While, the plasma current is sustained almost
constant. The increase of the resistance anomaly due to the increase of
the toroidal magnetic field is depicted in Fig. 2, and these results also
support that the poloidal electric field induced by the fast change of the
toroidal magnetic field plays an essential role for the deterioration of the
plasma performance.

Just after the increase of the toroidal magnetic field is terminated, the
plasma current begins to increase slowly, accompanied by the decrease of
the loop voltage, as shown in Fig. 4, and the maximum plasma current
might be limited by large MHD activity. During the increasing phase of
the toroidal magnetic field, the safety factor at the wall increases, and has
a maximum value qu‘max at the end of the increasing phase.

Subsequently, the safety factor begins to decrease, and has a minimum
settled value qasettle' Figure 5 shows the correlation between qa'mx and
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qasenle' It seems that the values of qa‘seme are spreading around rational
numbers of 2/3, 1/2 and 2/5. The elevated toroidal magnetic field may
account for the improvement of the plasma performance, as observed in
constant toroidal field ULQ experiments.

3. Conclusions
To investigate the role of dynamo electric field in ULQ plasmas, the

toroidal magnetic field is rapidly changed during ULQ discharges. When
the toroidal magnetic field is decreased(increased), the improvement
(deterioration) of the resistance anomaly is observed. This might be
account for the poloidal electric field induced by the change of the
toroidal magnetic field, because‘the dynamo electric field is partly
replaced(enhanced) with the externally induced poloidal electric field. In
the case of the decrease of the toroidal magnetic field, the stepwise change
of the safety factor is observed around the plasma center. When the
toroidal magnetic field is increased, gradual improvement of the plasma
performance is observed just after the increase of the toroidal magnetic
field is terminated, and the safety factor seems to settle to rational
numbers.
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Anisotropic Stabilization of Internal Tilting FRC

Roberto A. Clemente and Paulo H. Sakanaka
Instituto de Fisica, UNICAMP, C.P. 6165,

13081—970 Campinas, SP, Brazil

Abstract
A preliminary study on internal tilting stability of an anisotropic model for field-reversed
configuration (FRC) is presented. Using a. trial function approach together with the corre-
sponding anisotropic Energy Principle a stabilizing influence of anisotropy is shown

PACS numbers: 52.35-g, 52.55.Hc

After the prediction of Rosenbluth and Bussac [1], that field~reversed configurations (FRC) should be
unstable to internal tilting when the elongation of their separatrix (ratio of half length to maximum radius)
is greater than one, the mode was confirmed within ideal MHD theory, first numerically [2], and shortly
after that analytically [3]. Predicted eafolding times for typical experimental data (for a general review
of FRC experiments see Ref.[4]) are of the order of one to a few microseconds. However, a paradoxical
situation, which puzzled researchers over a decade, arose, since practically all FRC experiments showed a
robust stability to such mode. As the exception that confirms the rule, Tuszewski et al. reported evidence
of the presence of the tilting instability and its destructive consequences on FRX—C/LSM machine, when
operating at low filling pressures and with relatively low separatrix elongations (z 3.4) [5].

Several mechanisms have been proposed in order to explain this discrepancy between theory and
experiments: gyroscopic effects due to plasma rotation [6], kinetic effects (via Vlasov-fluid numerical
codes) [7], finite Larmor radius effects and Hall terms in Ohm’s law in two—fluid models [8, 10]. However,
none of these mechanisms has been completely successful in explaining all the evidence of stability to
tilting and the general consensus was that the ideal MHD model is inadequate for this kind of problem.

Here, we want to draw attention to a possible new interpretation of experimental results in terms of an
anisotropic plasma pressure within an ideal fluid model. Looking at typical experimental data it can be
seen that predicted tilting e—folding times are of the same order of, or smaller than, typical classical FRC
ion—ion collision times. In such conditions, it is hard to assume that the plasma obeys a simple adiabatic
law and it should be better to assume, at least, double adiabatic equations, allowing for anisotropicity.
Starting with an anisotropic equilibrium state, double adiabaticity allows for stabilizing mechanisms in
the special case of tilting modes.

For internal modes and anisotropic equilibrium states, the Energy Principle gives the following ex—
pression for the potential energy associated to the modes [11, 12]

W = Ufi-{IéP—mx5+(v‘e‘)(évm+§pi<V-ez
+BA(£B;2'V€)_V~(U_BZE)—a_ Q+§Vf+§iflv7 (1)
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-Q+EV‘E+V(E-é)—Exil
[545475)]? PJ. — Elli-V?)+40-T+? V‘E—3 B2 , (2)

where < ~ —
Q = VXlEXB).

U_ : M
B2 ’

33 = 5-1?

For axisymmctric FRC I; can be written in terms of a stream function as 5 = t >< €¢/r and a,

can be assumed to vanish at the scparatrix and at the 0-point In such case the fourth and last terms

in expression (2) suggest that a background PJ. at the separatrix should always allow to stabilize (ie,

6W > 0). However, when V -5= 0 and E? - (E - V5) = 0 the background is uneffcctive and this suggest
that the most dangerous displacemente should be divergence free (as is the case in all previous tilting

studies) and satisfying also E - (E - V5) : 0, This last condition corresponds to tilting mode like rigid

axial shift of the magnetic surfaces plus an azimuthal component that makes V .f‘ = 0. Modes of this
kind can be represented by [13]

d5. 6?!)
dip bi: sznzbm, (.3)’"H = momma 7 r

In order to do a trial function study of the tilting mode in anisotropic PRC, we consider an anisotropic

equilibrium which is a natural extension of the Hill’s vortex model [14]:

, 2/3t" 1 J ,d—‘o : 17—0 [1, (1A Erwin”) ] (4)

where r2 1.2 :2
bl“; 2 U0 '1? (1— g 7 E),

‘2U0 _ [1 — (i — uni-W]
300

being :7_ : anfi‘ with |rrn| constant. smaller than unity and LI'D the maximum value of W inside the FRC.
a and b are the semiaxes of the elliptical separatrix.

As trial functions for E; we have considered:

Um. 2
5:1 * ( U" ) .

Us 3 UM "’l — i
(U0) l (“a (G)

For no : 0‘ isotropic case 511 makes All" < 0 when [2/0 > 2357 and {‘3 when b/a > 3.85. When {70 75 (l
the critical elongation for (”V > 0 is a function of out In fig. 1 we plot the critical b/a as a function
of 170 for the trial function 5:1- For .533 a different curve is obtained. as in fig 2. {:2 represents a

mode concentrated away from the 0-point. and shows a stabilizing influence of pg > p” in the FRC. E11
represents a mode concentrated near the 0-point: in this case both pL > p“ and pi < 1)” have stabilizing

Es: ll
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influence. This suggests that p1 > 11" should have a stabilizing influence for from the 0-point while
p] < 1)” should stabilize near the 0-point.

These are preliminary results and a more detailed examination of the function approach 15 needed.
The fact that B- (B- VE)_- 0 and V .f_— 0 ensure that since at equilibrium pJ__~ 1)” near the 0-point the
p” and p1 evolution equation converge continuously to the isotropic model In that region (as it should
be desirable). What kind of anisotropy (an > 0 or 0‘“ < 0) could exist in the bulk of an FRC still remain
open question but we think that the observed tilting stability in experiments should be an evidence of
its existence.
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Experiments of Uitra Low q Equilibrium with q.<0. 1

ZHANG Peng,FANG Shuiquan,LI Jieping,BI Dingguo,
LUO Cuiwen, LI Qiang,YI Ping,XU ying

Southwestern Institute of physiycs
P. 0. Box 15 , Leshan , Sichuan ,China(614007)

1. Introduction
We have studied the regime intermediate between the toka—

mak and the RFP,with 0<q<1 which is called the ultra low q
(ULQ)regime. The ULQ experiments with qa>0. 1 have been
carried out in REPUTE—lm7 HBTX—lCm, and OHTEBJ. The
ULQ equilibreum with qa<0. 1 is observed first on SWIP—RFP
devicem. The experimental results of ULQ configuration are giv—
en with a passive crowbar, the plasma current duration twwhich
is over 300;;5, is obtained.

2. Experimental results
The ULQ configuration can be established with a passive

crowbar and under following conditions; filling pressure po(H2)
=1 to 2p8,charging voltage of poloidal field bank Vp=12. 6 to
ZOKV, charging vlotage of initial toroidal field bank Vi=0. 68 to
2. SKV and charging Voltage of reversed field bank V,=O. 56 to
1. 56KV. The ULQ experiments have been carried out with the
surface safety factor q“ less than 0. 1.

Fig.1 shows the toroidal voltage of plasma Vs, plasma cur—
rent Ip and the value of toroidal magnetic field averaged over the

dB. . . dB .minor cross section<B.p) a stgnal,d—tl’ and Et—q.Tor01dal voltage
V.P is 353. 5 V and the pulse lengths of plasma current is longer
than 360us. The toroidal field of plasma surface BW is 0:019 T,
the poloidal field Bow is O. 055T, The hydrogen filling pressure is
lpa.

Fig 2 shows the time evolution of the safety factor q for
three different locations of radius r and the time evolution of the



117516

poloidal field near the wall of vacuum chamber Bew and the ref

verse parameter F=B¢w/(B9,> and the pinch ratio ®=n/(Bq.).
Typical results of ULQ are shown in Table. 1
Table. 1 The distribution of ULQ in different condilion

and other value for t=210us

NO 1 2 3 4
V..KV 1. 70 2.04 2.04 2. 55
V..KV 0. 73 0. 92 0. 92 1.10
VWKV 19. 76 17. 96 17. 96 20.65
P0.Pa 1.0 1.5 1.75 2.0
V..V 353.5 305. 5 287. 9 393. 5
IP,KA 39. 5 39. 5 38. 7 41.1

<B<p> .T 0. 035 0. 046 0. 038 0. 035
BQWyT 0.063 0.094 0. 073 0. 072
B.W.T 0. 019 0. 021 0.021 0. 010

q. 0. 056 0. 022 0. 056 0. 028
q2 0. 293 0.130 0.158 0.151
(13 0. 531 0.376 0. 224 0. 278

mpg 360 380 360 380

The profiles of safety factor q with minor radius at three dif—
ferent times t1=80ps,t2=170ps and t3=290ps- are shown in Fig.
3. Fig. 2 and Fig. 3 indicate that q is decreased as the minor ra-

. . .‘ . d
dlus increases. The measurements show a q—proflle wrth £<0.

Fig. 3(a)and (c) show q—profiles ,when t=80ps and t=290ps , it
can be seen that there is no a pitch minimum. Fig. 3 (b) Sh0ws q
—profiles when t= 170415 with a pitch minimum characterizing

Suydam instability near the plasma edge. The distribution of
ULQ configuration is shown in Fig. 4. The distributions of B... and
B9 are given for t1=80ps. tz=170ps and t3=290ps.

In our esperiments the typical plasma parameters are :plasma
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current Ip=40KA,toroidal voltage V§o=353. 5V,the edge safety
factor (1, is about 0. 056,130 (Hz) = lPa. The electron temperature
Te~28eV and the electron density ne~5. 7X 1013cm‘3is measured
by electrostatic probes. The horizontal displacement of the plase
ma column is about 8. Z to 9. 6mm.

3. Conclusion
The ULQ discharges with qa<0. 1 are obtainod in SWIP-

RFP device when the filling gas pressur is sufficiently high [Po
(H2)=1 to 2P3]. Typical] the edge safety factor qA is 0. 05<qa<
O. 1. The experimental results show that the distribution of q is
decreased with the minor radius increase. The ULQ stable state
last for more than 300115 is observed. The profiles of safety factor
near the plasma edge with a pitch minimum charateristic is mea—
sured at t=170ps but when t=80ps and t=270ps the profiles of
q are without a pitch minimum.

Robinson has shown that a dq/dr<0 profile is stable against
the global MHD mode. The experiment results are consistent
with ideal MHD theory”) and similar to charaleristic of simulation
studym [The former see mama» ”Amalia [am See waste].

This work is supported by the National Natural Science
Foundattion of China.
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Nonlinear stability of the internal m = 1 modes in a pure Z-pinch

Z. X. Jiang and C. Wahlberg
Department ofTechnology, Uppsala University, Box 534, S-751 21 Uppsala, Sweden

1. Introduction. According to linear, ideal MHD theory the internal region of a pure Z-
pinch (ice. a pinch having no axial magnetic field) is strongly unstable with respect to m =
1 (kink) modes [1]. However, various fusion devices based on the Z—pinch often show ex-
perimental lifetimes much longer than the characteristic Alfvén time [2]. While numerous
attempts have been made to explain this anomalous stability in terms of various non-ideal
phenomena (see, e.g., the references listed in Ref. 3), the nonlinear evolution of these in-
stabilities does not seem to have been calculated previously. In the present work the result
of such a calculation, based on bifurcation theory, is presented.

2. Linear theory. We consider a cylindrical Z—pinch with uniform current- and mass—
density. The details of the analysis summarized below can be found in Ref. 3. For shorter
notations we use dimensionless quantities, and express all lengths in units of the plasma
radius and the time in units of the Alfvén time 1A = 21tr(uopo)1/2/B(p(r) (independent of the
radius). Then, using the linearized, incompressible ideal MHD equations, the dispersion
relation for the intemal (fixed boundary) m = 1 modes is obtained in the form [3]

t'1(tk) + 2 11m) = 0 (1)
1 — (02

where k denotes the axial wave number of the perturbation, 12 = 4/(1 — (1)2)2 — l, and 1100
is the Bessel function of the first kind, and of order one. Figure 1 shows a few dispersion
curves corresponding to the (infinitely many) unstable roots to Eq.(1).

Fig. 1
Dispersion curvesfor the un—
stable, internal (fixed boundary)
m = 1 modes in an incompres-
sible, ideal MHD Z-pinch with
uniform current distribution.
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It is seen that each mode in the figure has a stable regime, 0 S k < kc, an unstable regime,

kC < k 5 no, and one marginal point, k = kc, where (u2 = 0. Thus, a possible analytical

approach to the nonlinear evolution of these modes is to calculate the bifurcated equilibria

for the nearly marginal wave numbers it = kc.

3. Nonlinear theory. The equation describing the nonlinear evolution of any nonreso-

nant, ideal MHD mode near marginal stability is given by [4]

nu + Dirk) n + 13300 n3 = 0 <2)

where n(t) stands for some suitable quantity representing the amplitude of the mode. Here

n is chosen as the amplitude of a helical displacement of the magnetic axis. The equation

above is obtained by expansion of the ideal MHD equations up to order 83, with T] assu-

med to be a quantity of order 5. Furthermore, it is assumed that k , kc = C(82), where

D1(l<c) = O, and at = 0(8). Thus, within the range of validity of the equation above, the li-

near coefficient D](k) has the form (k — kc)D1k(kc) = C(52), and the the nonlinear coeffi-

cient is given by D3(kc) = 0(1).

The linear coefficients D1(k) for the various modes in Fig. 1 are given implicitly through

the dispersion relation, Eq. (1) [(1)2 = D](k)]. Furthermore, the calculation of the nonlinear

coefficients D3(kc) can be based on the existence of the equilibrium solutions

_ Dirk)
"“1 ‘ i V F 13300 (3)
to Eq. (2). Since D1(k) changes sign at k = kc, such solutions always exist for k = kc, ir-

respective of the sign of D3(kc). Moreover, it is easily realized that the nonlinearity is stabi-

lizing if the equilibria (3) exist on the unstable side of the marginal points [where D1(k) <

0, Le. k > kc in Fig. 1], and vice versa.

By use of the technique described in Ref. 5 for calculating helical, ideal MHD equilibria

consistent with a straight equilibrium with respect to the constraints of i) axial flux conser—

vation, ii) azimutha] flux conservation, and iii) the equation of state (incompressibility in

this case), the coefficients D1(k) and D3(k) in Eq.(2) are [apart from a common factor that

is of no importance as regards the value of the amplitude (3)] obtained in the form [3]

__4_ l 'D1(k) — 31/31 J1(V'3_k)+ 3 J1 (Wk) (4)
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D3(k) =—ZP(1)—l(1)—J—[Jl(ti?k)]3a:4 + 61(2 + 5) (5)

where

P d .
P(P) =§J W(yaypzp') [Y1(V3_kp)11(V/3rkp') — 11(1f3"kp)Y1(V3'kp')]pi (6)

O

W = — 271%? [p‘1y3(5k2p2 + 15) + p-2 yyg (27k4p4 + 4k2p2 — 21)

+ p-3 y'é‘yp (33k4p4 + 4i2 7 15) + p-4 y3 (91p6 + 30k4p4 — 22k2p2 + 21) (7)

and y( p) E .mfikp). The bifurcated equilibria (3) resulting from the expressions above,
with D1 —> (k — kc)l(kc) and D3 ~> D3(kc), are shown by the solid curves in Fig. 2.

[ I | I | I | I Fig. 2
exam _ The bifurcated equilibria around

— the marginal points in Fig. I, cal-
culated with the exactforms ofD1

< <. and D3 in Eq. (3) (full curves),
- and by means of the asymptotic

approx ' expressions (8) and (9) (broken
I . I . curves), validforlargek.

k 6 8 10

It is seen that all bifurcated equilibria exist on the unstable side of the marginal points, indi-
cating that all internal m = 1 modes in the pure Z-pinch are stabilized nonlinearly. In the
case of short axial wavelengths, i.e. it >> 1, the expressions for Di(k) and D3(k) above
can be simplified by use of the asymptotic expressions for the Bessel functions J1(x) and
Y1(x) with large arguments. In this limit one finds that

kc ~ 1%5—+ n 9% (n is a large integer) (8)

natmcrmk‘g’“ (k>kc>>1> (9)4 k3[1n(kc)+ a]

where a = 1.84. The approximation above is shown by the broken curves in Fig. 2.
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4. Summary and conclusions. The nonlinear evolution of the internal m = 1 kink in-
stability in a pure Z-pinch (no axial magnetic field) with uniform current distribution has
been calculated by means of bifurcation theory, using an incompressible, ideal Ml-[D model

of the plasma. It is found that, within the range of validity of this theory, all internal m = 1

modes are stabilized nonlinearly. Although the special case of a uniform current distribu-
tion was considered here, it can be argued that [3] in the regime of short axial wave

lengths, the result is probably true also for more general profiles, due to the localization of
the eigenmodes close to the pinch axis.

In spite of the simple model used, we think that the present work illustrates a phenomenon

that could be of importance for the anomalous plasma stability observed in various fusion
configurations based on the Z—pinch [2]. In particular, the results obtained indicate that
nonlinear MHD effects might be able to explain the absence of destructive internal instabili—
ties, as predicted by linear theory [1], in these experiments. However, we realize that,

since the conditions for validity of the ideal MHD model are at best only marginally satis-
fied in many cases, various non~ideal phenomena are probably also of .importance.
Furthermore, since the bifurcation theory is limited to the nearly marginal modes, the non-
linear evolution of the strongly unstable modes has to be investigated by other methods,
presumably numerical. Thus, a complete picture of the internal Z»pinch dynamics can pro-
bably only be arrived at via numerical simulations, involving both non-ideal as well as
nonlinear effects.
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INVESTIGATION OF THE ENHANCED RATE
OF MAGNETIC FIELD PROPOGATION

ALONG THE ANODE IN Z-PINCH
V.V. Vikhrev, 0 Z Zabaidullin, A.R Terentiev

Russian Research Center "Kurchatov Institute”
Moscow 123182 Russia

The behavior of a plasma near the electrodes in various
plasma systems with strong electric current is appreciablyinfluenced by the Hall effect. This phenomenon appears to beof great interest for Z-pinch—like systems.

Consistent description of this phenomenon proves to bepossible only within the framework of two-dimensional MHDmodeling with overall account of the Hall effect. The results ofsuch a modelin of Z-pinch plasma sheath dynamics forcylindrical geome ry are presented here.
We consider dynamics of Z-pinch plasma within the volumnbounded by the electrodes. Assumin the equalty of ion

electon temperatures, we have the ollowing set of eq
[1,2] for plasma densit n, hydrodynamic velocity V, M'
field H and temperature '

_)

5—“ + div(nV) = 0, (1)
a at

6H —) —) —> —> 2 —>
—5t— = r0t[V,H] - rot[c/(4nne)rotH,Hl — r0t(c /4no rotH) (2)

an; ‘) 9 2 1 a 9————— + div(nV,V) = - —— grad nT + [rotH,H], f”‘
at m. 4am.

I l

a C a
j = rotH (4)

4n
9 —>im + div(nTV) = — aivV + 32/0, (5)2 at

where U is classical conductivity, j is current density, and mi
is ion mass . The boundary conditions for Eqs (1—5) arefollows:

V(Vr,Vz) 2=0.z=z=0; U(Ur,Uz) |z=0,z=2:0; (l/(TaH/BZ) IL

z=Z correspond to anode and cathode, res ective
At time t=0 plasma has the form of he column of radius

surrounded by magnetic field H : H=HORO/r for r>Ro, and H20 :-
r<Ro, with homogeneous initial plasma temperature T0 and density
no. The modeling of Eqs.(1-5) is carried out for various values

where U=j/en is current velocity. The boundary plant
y.
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of parameter H;1/Z = (mc2/4nn0e2R§)1/2, which is the ratio of
Hall electric field l/(nec)[j,Hl to inductive electric field

1/c[V,H], namely n?” = 0.065, 0.079, and 0.161, and for
magnetization parameter ugHrei=100.

Fi ures 1a—1c present the computer-produced plots of the
plasma ensity n(r,z) at the left part and magnetic field H(r,z)
at the right part at the moment when magnetic field reaches the
axis of he s stem. The grey-levels of the distributions in
Fig.1 differs y a factor 2. The results of computation show
that the front of the magnetic field overtakes plasma sheath for

H;1/2 > 0.065. This condition appears to be a criterion for the
enetation of the magnetic field into a nonperturbed plasma near
he anode which, in turn, is a reason for the slipping of the

current sheath along the anode surface. The radial component of
the current ives rise to a "magnetic snowplough" pushing the
plasma away rom the anode. As the plasma moves away from the
anode the sheath mass in the region near the anode decreases and
the radial velocity increases here. That behavior of 7—hinc‘
Elasma near the anode was experimentally discovered in
umerically, from our computation we obtained the conditior

such a phenomenon to occur:
1) (mm ; 2) nong < z? M/MH 5 1013cm’1,

where M is effective (i.e. averaged over ion species) mass of
atoms(ions) in plasma sheath, MB is hydrogen mass atom and Zi is

effective charge of plasma ions.
Fig.1 show the breaking of the ideal—MHD symmetry of th'

magnetic field d namics near the electrodes, which is caused by
the transfer 0 magnetic field by electrons with "
velocity along the current line from cathode to anod
effect was found numerically by A.I.Morozov [1]

Comparison of experimental data and numerical resii
presented in Fi .2 and Fig.3. In Fig.2 the distribc.
plasma density a the moment of Z-pinch column formatio

he anode is shown (here the anode is on the bottom, cat“
absent). This icture was obtained by laser interfern
method in [4]. n Fig.3, glasma 2— inch column is shown it.
entire electrode gap (ano e is on he bottom, cathode is on the
top ). Fig.3 presents the photograph from [51 for Z—pin<t
scattered visible light. The experimental and numerical
are in qualitative agreement.

REFERENCES
. A.I.Morozov // Reviews of plasma physics. Ed. M.A '
974.T.8 . 94.

V.V.Vi hrev, K.G.Gureev // Nuclear Fusion. 1977,v..
. S.V. Bazdenkov, K.G. Gureev, N.V. Filippov, T.I. Fill.
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. A.R.Terentiev, Ph.D. Thesis "Influence of Hall effect

péggma dynamics near the anode”, Kurchatov Institute, Most
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2—
plagma densit ma netic field

n

Fig. 1b Hf” =0.079

Fig. 1c 11;“2 =0.161
Fig.1a-1c. Distribution of lasma densit at

left part and magnetic ield at righ part.
The lower boundary of the calculatlon region
corresponds to the anode and upper boundary
to the cathode.
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Two-dimensional modelling of
thermonuclear combustion wave propagation

in a z-pinch.

Vikhrev V.V., Rozanova G.A.
Russian Scientific Center "Kurchatov Institute"

The development of sausage-type instabilities in initiallyho-
mogeneous z-pinch plasma column lead-to the appearance of dense
plasma which temperature substentially higher than the average
plasma temperature in the column (~2 keV [1.2], ~10keV [31L
This fact lead to the idea of using this hightemperature
areas for thermonuclear combustion wave initiation along a z-pinch

axis [4].
Calculate solution of MHD-equations [5] was made for the

case of large radiative energy losses and thermonuclear heat

release. The influence of thermonuclear heat emission on the

dynamics of sausage instability growth is seen most obviously in

the slowing-down of a—particles in the plasma. In the calcu—

lations we assumed local emission of energy by the
a-particles in the plasma.

To fulfil the condition for thermonuclear combustion wave
propogation in the axial direction, it is essential to have pr>A

in the pinch, where p is the density of the material compressed
by the magnetic field and r is the characteristic transverse

dimension of the region occupied by that material (for example the

radius), and A is a constant determined by the type of thermo-
nuclear fuel and the compression conditions.

In solving this problem we considered initially a
homogeneous plasma column with temperature T=2keV. The calcu-
lations give a value of 0.23 G/cm for the constant A. At large
values of A the thermonuclear combustion wave was initiated

at an earlier stage of sausage instability growth. and at smal—
ler values of A the wave damped.

We also performed calculations for different ratios
between radiative energy losses from the plasma and

thermonuclear heat release substantially exceeds radiative
energy losses at the initial instant of time. we see a 'rapid

expansion of the plasma column over its whole length; pr
decreases. and no thermonuclear combustion wave is formed.

0n the other hand. when thermonuclear heat release is -
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small by comparison with radiative energy losses, a ra—
diation compression regime is observed which leads to the forma-
tion, in the sausage instability region. of a plasma
with substantionally higher parameters; this in turn increases
the parameter pr and thus facilitates the process by which
a thermonuclear combustion wave is produced and propagated along
the pinch.

The inhomogeneity which arises through the growth of the m=0
mode of MHD instability in the pinch is not only no obstac-
le to the emergence and propagation of-a thermonuclear combusti-
on wave but in fact leads to the initiation of such a wave. The
emergence and. propagation of a thermonuclear combustion wave
is actually facilitated by large radiative energy losses from
the plasma.

REFERENCES.

1 V.P.Dyachenko and V.S.lmshennik, Zh.Eksp.Teor.Fiz. 58, 1785
(1989) [Sov. Phys.-JETP 29. 947 (1969)L
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CHARACTERISTICS OF FAST PARTICLES AND AN ANALYSIS
OF X—RAY SPECTRA IN THE PLASMA FOCUS DISCHARGE

Baronova E.O.. Rantsev—Kartinov V.A. .
Stepanenko M.M., Filippov N.V.

Russian Scintific Center "Kurchatov Institute", Moscow.

The dense high—temperature plasma produced under non-
cylindrical compression of a pulsed pinched discharge is studied.
It has been shown previously [1] that fast Al—ions with the
energies in the MeV—range are generated in such a plasma. The
multiply—ionized atoms of Ta, W. Mo are studied in a given paper.
For determining the parameters of fast particles, as well as
electron temperature T9 and density N9! the X—ray spectroscopy
techniques are used. A technique for singling the electron
distribution function out from the produced Bremsstrahlung
spectrum is proposed. The application of the developed by us
technique of filters operating in the vicinity to their K—edge
has allowed us to exclude an effect of the resuperposition of
reflection orders, fog, parasitic exposure.

INSTRUMENTATION

The experiments were done in the Plasma Focus Test Stend
(PFTS) -— facility in the geometry shown in Fig.1.

2
1 Fig.1.

5 Q 1. Pinhole
i ' 2. Convex mica crystal

\- device

3. Iogansson’s device

% g 4. Caushua’s device

~ II d, '14 |
The discharge chamber was filled with argon up to the pressure
P = 30 Pa. anode was made of copper with Ta. Mo. Fe — insertions

at the centre. The diagnostic instrumentation shown in Fig.1 had
the following main characteristics:
1. Pinhole camera with do“? 100 pm. the distance from the plasma
to the orifice in the camera is 320 m. magnification is 1 : 8.
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2. The X—ray spectrograph with a convex mica crystal [3].
The plasma - crystal distanse is L m 490 mm, magnification 1 : 2.

3. The X—ray spectrograph used the Iogansson's circuit—
diagram. Roland's radius is R = 250 mm; quartz—crystal is 2d 2

6.68 A. M/K '5 10“.
4. The Caushua spectrograph is for the energy range 10 — 150

keV. The plasma — crystal distance is about 600 mm. Rrr: 600 mm.
A film with amplifying screen was used as a detector. The

measurements were done under two operating conditions of the
facility:
a) ion beam mode of operation. the anode has a small, conical
deepening;
b) electron beam mode of operation is realized in case of a flat
anode.

EXPERIMENTAL RESULTS

1. ION BEAM MODE OF OPERATION. The He—like Ar—spectrum and
its satellites. registered in the third order of reflection with
the spectrograph 2 (See, Fig.1), are given in Fig.2. The Ta—lines

in the second order of reflection
D are observed from the short
1.0 ArXV” wavelength side in the visinity to

Ar—lines. Using the data from the
papers [4], the most bright Ta—

ThXLMql lines were identified as the
‘15 transition 3d9— 3d“4i in the ion

Ta XLYH with the wavelengths

l1: 5.886 A and A2: 5.916 A. The
spectra were registered per one

discharge with the spatial resolution m 300 pm. The plasma images
obtained in the wavelength of argon and tantalum allow one to
obtain the dimensions of regions radiating these lines. In Table
1 the dimensions of the regions of glow along the pinch radius,
dr. and along the pinch height. dh, for the He—like Ar and for
the Go—like Ta are given. Ta values are given for the same
regions under conditions of corona equilibrium. The electron
density is estimated from the radio of intensities for
intercombinational and resonace Ar—lines.

'ftsso' ' 13.330 9:».
Fig.2. Ar and Ta ~ spectra
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Table 1.

ion (if (m) dh (mm) Te (keV) Na (cm'j)
Ar“ 1.0 1.0 > 0.8 > 5-10”
Ta“ 1.2 0.8 > 0.8 -

An analysis of the spectra related to different discharges
has show that the pair of Ta—lines is shifted respective to the
group of He—like Ar—lines. It can be explained by a spread in the
sources of glow for these ions in space. The ions of a metal glow
from the near — anode "pillow" formed under anod bombardment by
fast electrons. meanwhile the ions of a gas glow from the pinch
"body" which is located above. This shift is varied from one
discharge to another and can be estimated from the pinhole
images. Another reason for the Ta—line shift can be Doppler's
shift provided by Ta—ion motion fowards the cathode. The due
regard for these factors has allowed us to estimate
vi: (0.9 + 1.3) - 10" cm/s that correspondent to Ei=(0.8+1.6) MeV
in different discharges.

2. ELECTRON BEAM MODE OF OPERATION. The absence Ar—lines was
registered in this geometry. the transitions (3d“— 3d'k). k =

5. 6. 7. 9 in the Ni—like Ta in the range 3 + 5 A were
registered. Along the lines of Ta-ions. the most bright lines of
M—series for a Ta — atom — Ma 3. M“I — NI are present. At the same

.time Ka Ta. La! ' 1 Ta were fixed with the Caushua spectrograph.
Km?) for M0 were offained similarly. and Kit. for Fe were
obtained with the Iogansson' s spectrograph . These
measurements confirm the presence of an electron beam in the
plasma with the energy not less than 60 keV. bombarding the
anode. The following technique for the electron beam distribution
function recovery with respect to the energies 19(E9) is
proposed.

The intensity of Bremsstrahlung, I . emergins as a results
of deceleration of monoenergetic electrons with the energy E9 in
a thick target is represented by the relationship:

I, = Const (E..— E ) (1)
In case of electrons with the distribution function.
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IQ(EL). this dependence has the form:
E

nan

17: Const f (E — E. ) IB (E9 )dEe (2)

Double differentiationETZ) with due regard for the boundary
conditions gives:

I : const —fl (3)
a as

From (3) it follows that one can obtain IE(EL), having
measured the Bremsstrahlung spectrum and having aproximated it
by the corresponding functions. To calculate 19(EL) the correct
measurements of a Bremsstrahlung spectrum, taking account of the
resuperposition of orders, fog, background, are necessary. To
exclude the contributions of these factors in the Caushua
instrument we have developed the technique of filters. operation
in the region of their K—edges. At the place of a detector,
corresponding to the K—edges of some element, a filter having an
affective thickness and containing this element located. Then,

the true infensity of the spectrum, Lr is calculated from the
relationship:

I 2 (117+ IZY)/(exp(—s,5) — exp(-n26)) (4)
where I1 , I? are the Bremsstrahlung intensity beyond the filter
before and after the K—edge:

L5: n2 are the linear coefficients of absorption before and

after the K—edge, n2 > Hi.
In this case, there is an optimal filter thickness

dhpl= (1nn2— 1nn1)/(uge n1) (5)
The experimental verification of this technique is now in
progress, the results will be published in the next paper.
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Z-pinch Discharge Turbulent Energy Considerations

P. Kubes , J. Pichal, J. Kravan'k , J. Hakr , P. Kulhanek

Czech Technical University, Faculty ofElectrical Engineering,
Technicka‘ 2, I66 27 Prague 6, Czech Republic

Two plasma jets and typical dense central region have been created in the low
energy z—pinch pulse discharge (0.5 U, T~4 its, 50 M) in nitrogen and argon (under
pressure I + 50 kPa) [1, 2, 3].

The existence of nondissipative turbulence as a considerable form of energy
balance is discussed in this contribution.

Plasma is accelerated due to the Lorentz force in a radial direction towards the
discharge symmetry axis. In the vicinity of the jet's boundary the parameters of the
plasma are: the electron velocity (3+8) x 10 3 nir'l, the concentration (1+3) x 10 24 m ‘
3 and temperature (2+2.5) eV. The velocity values are higher than those of the Alfvén
velocity and so the instability begins to develop. The current sheath disrupts into
filaments and simultaneously plasma turbulent motion starts in the central region
(characteristic time constant is approximately 0.1 ,us). The filaments (diameter 0.1 mm,
average mutual distance 0.5 mm) are relatively stable. The accelerated turbulent plasma
penetrates into the jets through the interfilament's slots and the radial velocity changes
in the axial one inside the jets.

The jet's electron density was estimated from schlieren pictures and it is
comparable with that of the jet's neighbourhood. The electron temperature was
calculated from the relative intensities of visual continuum. Its value for the jets
(0.3 eV) is substantially lower than that for the jet's neighbourhood (2.5 eV). This
difference indicates that the major part of the heat energy and the kinetic energy of ions
penetrating into the jets should be hidden in the turbulence rotational motion.

The turbulences are formed in strong magnetic fields, and high electric current
density can be induced under this condition. The feedback of the electromagnetic and
inertial forces should probably result in the existence of relatively stable turbulent
structures with mechanic and electromagnetic energy density balance, and partial
electron and ion paths separation. Therefore the electron-ion collision frequency
probably decreases. Consequently, Joule’s heating and the rotational motion energy
dissipation are reduced.
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Further plasma jets development, when the plasma is ejected from the jets in

opposite directions, into the discharge central region, supports this hypothesis.

High electron density (>10 25 m '3) and low electron temperature (0.3 eV) are
typical for this central region structure, but its shape strongly depends on the discharge

chamber gas filling (nitrogen, argon).

In nitrogen, the central region structure has spherical shape characterized by

increasing cross-section. The surface of this structure consists of little spheres siruilar

to the shape of the cauliflower Surface. Outside this surface some spiral filaments like

whirlwinds are ejected with high speed (higher than 10 4 ms ‘1). With increasing

distance from the central region structure outer surface, the filament‘s diameter also

increases (from 0.05 mm near the surface to 0.2 mm at the opposite end where the

filaments have spherical cloud—like structure). The structure disintegrates during several

tens of yr after first current half period. It is probable, that the jet's turbulence (its life

time about 1 us) ceases in the little spheres of the central region structure.

In argon (under pressure 1+50 kPa), the central region structure shape is

characterized with quite a different form and evolution. A compact structure with sharp

density gradients on the boundary is created during the 0.5 [.15 at the time of maximum

current (1 us). During further 1 us interval this structure keeps its diameter and then

very quickly disintegrates.

It seems, that general conditions of the magnetohydrodynamic turbulence

interaction and correlation phenomena are realized due to the frozen magnetic lines,

high conductivity and plasma sell‘organisation.

For better understanding there is necessary further study at higher energy

equipments.

References:
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EXPERIMENTAL STUDIES OF DENSE MAGNETIZED PLASMAS
PRODUCED BY PF-TYPE DISCHARGES

M. Sadowski, L. Jakubowski, M. Kowalski, E. M. Al-Mashhadanil
E. Skiadnik-Sadowska, A. Szydtowski, and J. Zebrowski

Soltan Institute for Nuclear Studies, 05-400 Swierk n. Warsaw, Poland

Introduction
Experimental facilities producing dense magnetized plasmas, e.g., PF—type devices

have been investigated for many years as pulsed sources of soft— and hard- X-rays, energetic
deuterons, fast impurity ions, relativistic electron beams, and fusion products (fast neutrons
and protons). Emission characteristics of such facilities depend strongly on their technical
parameters and operational conditions. Knowledge of these characteristics is needed in
order to explain physical phenomena and to determine possible technological applications.

The main aim of this paper was to report on recent studies concentrated upon time
correlations of the X-ray and charged particle emission from PF~devices operated at SINS.

Experimental facilities
The PF-360 device [1-2] was equipped with two coaxial electrodes of 120 mm and

170 mm diameter, respectively. They were made of 300-mm-long copper tubes, and a root
of the inner electrode was embraced by an 80-mm-long ceramic insulator. The system was
supplied from a 288-uF condenser bank charged up to 30 or 35 kV.

The MAJA-PF device [3] possessed a 72-mm-dia. inner electrode and a 124-mm-dia.
outer one made of 16 copper rods. The electrodes were 298 mm long, and the tubular
insulator was made of the same material as in the PF-360 facility. The MAJA system was
supplied by a 72-pF condenser bank charged up to 35 kV.

The two experimental facilities possessed standard equipment for U(t), dI/dt, Yx
and Yn measurements. Additionally, there were applied various scintillation detectors for
X-ray measurements, nuclear track detectors for the registration of ions, and special
Cerenkov-type radiators [4] for the detection of fast electrons.

Experimental results
Within a framework of previous experiments with the two devices described above,

there were performed detailed time-integrated measurements of X-ray and neutron yield

1 Participation within a framework of a fellowship granted by the Polish Ministry of
Education
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Raina)

(for deuterium discharges), as well as

observations of energetic ions and fast

electrons. The results of those

U(t)

Yx(t)+Yn(t) ‘

measurements have just been
summarized [5] and they have shown
that the optimization of the both
experimental facilities remains in

agreement with known scaling laws [1].

Ion det.
at G) = 10°

Ion det.
at G) = 60"

Since, in comparison with other PF

experiments of a similar scale, there

have been observed some differences

in characteristics of the X-ray and
charged particle emission, particular

Flg.1. Time correlations ObSeI'VCd for PF-360 attention has been paid to {fine

device operated at p“: Storr D2, U0 :30kV,
W0=130kJ, Y, =5.7x10°. correlations.

During recent experiments with

the PF-360 device there have been registered U(t) signals from the HV-divider and I(t)

waveforms from the Rogovski coil. Those traces have been compared with Rm,n(t) signals

obtained from a fast photodiode observing a pinch column. Time-resolved X—ray and

neutron signals have been measured with scintillation detectors coupled with fast X-ZOZO

photomultipliers. Those monitors were placed side-on at the distance of 250 cm from the

electrode axis. In order to measure fast ions and fusion protons, use was made of several

miniature scintillation detectors
located within the experimental

chamber, at different angles to the z-
axis, but at the same distance of 15 cm

from the pinch region. Typical time-
resolved traces have been presented in
Fig.1. It can be seen that the first
voltage peculiarity appears during the

maximum compression, and two
successive peaks (corresponding to
neutron pulses) appear with some

delay. An analysis of ion detector
signals shows that those detectors were
sensitive to hard X-rays (the first
peaks), and in some extent also to

U0)

Yx(t)+Y,,(t)

Electrons 7
(diamond) “ "

Electrons ‘ i 7 '

W“) , - i 1 .. , .1 m...

Fig.2. Correlation of U(t) and Yx—l—Yn wavefonns
with electron signals from Cerenkov-type diamond
and plastic-radiators, as observed for PF-360
device at po=5 torr D2, Uo=33kV, WO=157kJ,
Yn=1.5x10“’.
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neutrons (the successive maxima). Nevertheless, a comparison of signals obtained from
different detectors suggests that multiple spikes can be identified with very fast deuterons
and fusion-produced protons. The two neutron pulses have the FWHM values equal to
about 40 ns. The signals obtained from the internal ion detectors are characterized by
relatively long tails, which are probably induced by very fast deuterons and fusion protons.
The detectors oriented at different angles give often irreproducible signals, what proves
that the charged particle emission shows distinct anisotropy and a stochastic character.

In order to study fast electron beams emitted through the inner electrode in the
upstream direction, use was made of different Cerenkov-type radiators placed at the distance
of 48 cm from the pinch region and coupled with fast photomultipliers. Typical traces have
been shown in Fig.2. It can be seen that the electron pulses have FWHM = 30-50ns, and
they are delayed in relation to the hard X-ray signals because of differences in times of
flight. Taking into account the energy threshold for a diamond radiator (with a 30-pm Cu-
filter) and that for a plastic radiator (with the same filter), one can conclude that the
population of electrons above 360 keV is about 4 times smaller than that above 215 keV.

Another series of studies has been performed with the MAJA—PF device. Typical
correlation traces have been presented in Fig.3. It was observed that the maximum pinch
compression (Rmin signal) corresponds to
the first maximum of dI/dt waveform, at
the very beginning ofa small "plateau". It dI/dt
can be explained if after the pinch R.
formation the discharge current is m
stabilized for some time. Almost e
simultaneously, there also appears the
emission of soft (<10keV) X-rays ’

. . . Elec‘mns llvconnected wrth interactions of electrons loo' “5
with a dense pinch plasma. The second X-

Fig.3. Time correlations of some signals
obtained for MAJA-PF device operated at
p0=1.6 torr D2, U0=35kV, W0=44kJ,

again after a rise of some instabilities Yn=1.3x109.

ray peak is usually observed when the
discharge current starts to change once

within the pinch column. These
instabilities are evidently accompanied by the generation of fast electrons. The maximum
ofan electron-induced signal is usually delayed in relation to the second X-ray peak because
of a time of flight of electrons before their registration.

Recently, to make possible to modify a plasma concentration locally and to probe
a pinch region with solid microtargets, there has been developed a special cryogenic system
[6]. This facility consists of a liquid-He c1yostat equipped with a ”cold nose" and an injection
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channel. It has been demonstrated that the arrangement can produce a narrow (below

100 [.Lm) stream of a liquid nitrogen or
argon. Using an additional piezo-electric
modulator one can divide this stream into

a sequence of miniature droplets, as
shown in Fig.4. Such droplets can in turn
be frozen before entering the main
experimental chamber. A new injection
system equipped with diaphragms enabling
the differential pumping and transport of
the cryogenic microtargets into the plasma
region (at pressure 1-10 torr) is nowunder

final laboratory tests.

Conclusions

C
.
O

O

O

D

'
".r mourn

Fig.4. Picture of a cryogenic stream divided
into miniature droplets (on the left) and light
reflection signals from the microtargets formed
with frequency of 13 kHz.

The experimental results presented above can be summarized as follows:

1 — Signals induced by very fast deuterons and fusion protons are rather poorly correlated

with X-ray and neutron pulses because neutrons are not influenced by a magnetic field,

while motions of charged particles depend strongly on it.

2 — Fast electron beams emitted along the z—axis in the upstream direction are ratherwell

correlated with the hard X-ray pulses, taking into account differences in a time offlight.

3 — A new special equipment has just been developed for experiments with injection of

cryogenic micropellets into a dense plasma region.
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Investigation of Plat-a Light - Output in a Mather-Type Plasma
Focus novice

F.F. Elakshar, A.N. Nassair and M.A. Eissa
Phys. Jep, Faculty of Science, Azhar Univer. Nasr City,

Cairo, Egypt.

Introduction

Aeong the different types of focus devices, there is te
Mather-Type plasma focus (Hather, 1964). The device is useful
for the small laboratory experiments of fusion (Jager and
Herold, 1987) and as a source of electron and ion beans or
X—ray, (Decker and Prose, 1982). In the present work, eeission
of X—ray is investigated and light output was analyzed using
three gases; hydrogen, argon, and air. Plasma lifetime was
estimated and the atomic processes were studied, Minimum and
maximum pressure limits were defined.

Experi-entai set up:

A scheeatic diagram of the Mather-type device is shown in
Fig. (1) where: C1 is a 30 pf capacetor bank, T.P. Vis a
triggering pulse generator, 5.3. is a spark gap, P.D. is a
potential devider probe, R.C. is a Rogowski coil, V. ch. is a
vacuum chamber, A and C ere the anode and cathode, G is a glass
sleeve, a, b and 2 are the electrodes dimensions, P are the pin
diodes, H.P., is a magnetic probe, 6.1. is the gas inlet and CR0
to the oscilloscope. The two pin diodes were placed inside the
vacuum vessel; one was covered by Al- foil of different
thickness. Signals of the Rogowski coil i(t), potential probe
V(t), uncovered pin diode LF. and the covered pin diode (X—ray)
are shown in Fig. (2). The current analysis are based upon the
equation:

_ 2 _1 .I(t) — Covoma/m exp ( art) sin wt (1)

where r = r/L and w: = l/LC

Results and Discussion:

Since focus device is considered as an electromagnetic
shock tube, the transmitted power by shock wave must be
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sufficient for gas ionization, otherwise plasma becomes

transparent to magnetic field and the expected effective

magnetic piston lose its efficiency. Thus upper pressure limits

are determined at which the transmitted power is so low that

focus mechanism does not work. Heasu.Aents of the power

indicates that only less than 50% was transmitted at higher

pressures. Thus, the upper pressure limits were 9 torr for H2

and 1—0.8 torr for argon and air. These limits were also

confirmed by estimating the magnetic Renold numbers.

The transit time ta, of the formed sheath, in the axial

phase using the Snow—plow model (Lee, 1983) where

1
ta = const (b2-a2)/ln(bla)2 z p /1 (2)

Z is the axial dimension and p is the gas density. The sheath

velocity vs was computed for H2, Ar and air as a function of gas

pressure (see Fig. 3). The minimum gas pressure limits to

operate the device efficiently. were defined whereas the sheath

velocity exceeds 107 cm/sec. and current spoke formates. The

reasonable axial speeds were (3-10) X106 cm which agree

with the measured velocities at pressures of 2 torr for H2 and

less than 0.5 torr for argon and air. The maximum and minimum

pressure limits were confirmed by the experimental observation

of focus formation, within the accuracy of the pressure

measurements.

The majority of the produced X-ray, Fig. (2), were observed

in the break up phase. Its production can be related to the

"runaway‘ process of the fast electrons in the fully ionized gas

(Dreicerl 1959). The required critecal electric field EE is

given by (Landau and Lifshitz, 1931):

Ec = 4flNe e3 lnA/kTE (3)

For the present Nether-type device EC must exceeds 1300 V/cm.

The electron-ion collision time Te—i has to be longer than the

travilling time necessary for leaving the foucs zone. Te_i was

calculated from (Chen, 1974):

/N ne (4)
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The two criteria were well satisfied. The formed electric field

Te‘i was about 10‘10 sec. while the
travilling time was about 10—15 sec.

was about 105 V/cm,

Decaying of the light output is attributed either to the
atomic relaxation processes or to particles diffusion. Among the
expected atomic processes. the Bremsstrahlung process was the
dominant since the criterion kTe>>3XpE‘2 was satisfied.
Recombination and line radiation may only be considered as a
result of the slow electron. The experimental data fit closely
to the imperical formula (Fig. 2).

L = L (-t/ ) (5)p pa exp T

where Lp is the maximum light output intensity and T is the
o

plasma life time. Fig. (4) shows the estimated values of r for

the different gases and at different pressures. T can also be

computed using Fick‘s law and Bohm's formula i.e. that

'r = N R2/ = N R2/ZD (a)e r. e

where|_3s the particles flux, R is the focus radius and D is the

diffusion coefficient. Fig. (4) shows fair agreement between the

computed values of 7, (solid curves) using equation (6) and the

experimental data (equation 5). Decreasing of T at high

pressures and large atomic numbers is related to plasma

expansion into vacuum, which depends on the ion sound speed, and

to particles diffusion.
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Stability study related to pressure anisotropy
in the GAMMA 10 tandem mirror

RKatsumata, M.Inutake, M.Ichimura, A.Ishihara, A.Mase,
Y.Nakashima, K.Ishii, H.Hojo, I.Katanuma and T.Tamano

Plasma Research Center, University of Tsukuba,
Ibaraki 305, JAPAN

1. Introduction
Effects of pressure anisotropy on micro- and macrostabilities are studied in ICRF(Ion

Cyclotron Range of Frequency) heated plasmas of the GAMMA 10 tandem mirror/U.
The pressure anisotropy is defined as ratio of pressures perpendicular to parallel to the
magnetic field line ( Pi/P” ). Allvén Ion Cyclotron(AIC) mode is one of microinstabilities
in the range of the ion cyclotron frequency, which is driven by plasma [3 (ratio of plasma
pressure to magnetic pressure) and the pressure anisotropy/2//3//4/. Fluteinterchange
mode is one of macroinstabilities which is driven by the pressure weighted on the bad
curvature region of the magnetic field line. The flute-interchange and the AIC modes are
influenced by an axial profile of the pressure which is related to the pressure anisotropy in
term of the magnetohydrodynamic(MHD) equilibrium along the magnetic field line. The
purpose of this paper is to clarify the relations between the pressure anisotropy and the
stability of these modes in the tandem mirror plasma.

2. Experimental Apparatus
GAMMA 10 is an axisym— E A lé‘llug/lBarriei Cenirial ' ' ' ' ' "

metrized tandem mirror with E? :4 _- <—> 4_,fl, -

a thermal barrier. A typi— 1: :_ Anchor ICRF _
cal axial profile of the magnetic 2 ‘5, E Antenna
field strength is shown in Fig.1. 2 g 2 L i H ‘
GAMMA 10 consists of five mir~ 3" I: V vy q

ror cells, which are a central cell. 2 U) 0 '

minimumeB anchor cells and end I l A l l I l I
plug/barrier cells. The central - 1 2 - 8 - 4 z afis(m;1 8 1 2

cell 15 the mam confining region. Fig.1 Configuration ofGAMMA 10 mzigneLic field.
The anchor cell is provided with baseball
seam coils for MHD stability of the tandem
mirror plasma. Beach heating is adopted to
heat the central and anchor cell ions. Alfvén
waves with two frequencies are excited at
both ends of the central cell. One is 6.3 MHz 6
corresponding to the ion cyclotron frequency Frequency(MHz)
near the central cell midplane and the other Fig.2 Frequency spectrum of magnetic fluctuation

is 9.9 MHZ corresponding to the ion cyclotron
frequency near the anchor cell midplane/S/. The ion pressure profile has a peak near the

resonance region.
Several diamagnetic loops arranged along the magnetic field line are used to measure

the axial profile of the perpendicular pressure. Ratio of the pressures between parallel and
perpendicular to the magnetic field line is determined from the pressure balance equation
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experimental point at which the AIC mode are observed and the open circles no AIC mode.
When the amplitude of the AIC mode increase, relaxation of the pressure anisotropy has
been observed/EV. In the parameter region including the solid and open circles the plasma
is macroscopically stable. which is in good agreement with the predicted stable region. In
the region above the broken line. strong fluctuations appear and the plasma can not be
sustained.

Conclusion
Depending on the L3 and ion pressure anisotropy, AIC modes with a few discrete line

spectra are excited in the frequency range a little below the ion cyclotron frequency. The

frequency spectra could be explained by the observed standing wave structure associated
with a wave reflection at an axial position dependent on the AIC drive. Relaxation of the
pressure anisotropy has been observed with an increase of the AIC mode amplitudes.

The ratio of the central cell 3c t0 the anchor cell [in determines the MHD stability

boundary. The stability boundary for the [lute-interchange mode is obtained experimen-
tally and in good agreement with the theoretical prediction. Due to the decrement of
the pressure weighting on the bad curvature region. the stable region greatly expands on
fire 1's. HM diagram.
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along the magnetic field line/W.
Fluctuations are detected with magnetic

probes, electrostatic probe array and a mil»
limeter wave reflectometer system/U .

3. Experimental results
3.1 AIC mode

The AIC modes are identified from the
magnetic probe measurements when both
pressure anisotropy and central cell beta
valueUiLC) are relatively high. As shown in
Fig.2 frequency spectra consist of a few dis—
Crete lines the number of which depends on
the plasma parameter. Dependence of the
amplitude of the AIC modes on drive term
rm“;- defined by Etc (Pic/13110)2 is shown in
Fig.3(a). Open and solid circles are the AIC
amplitudes measured at z 2 —1.29m and
z : —1.l4rn in the central cell. Phase dif-
ference between two magnetic probe signals
strongly depends on the AIC drive term as
shown in Fig.3(b). The phase difference be-
comes nearly zero when the AIC drive term
exceeds a critical Value nc.

3.2 Flutelnterchange mode
Stability boundary of GAMMA 10 for

flute interchange modes is experimentally ob—
tained. Additional gas puffing into the an-
chor cell or modulation of the ICRF heating
power are successfully used to var)r beta val-
ues at the anchor and the central cells in a
wide range. Figure 4 shows temporal evolue
tions of the central cell and anchor cell presv
sures with a strong and a weak anisotropic
pressure profiles at the central cell. When
the additional gas is puffed into the anchor
cell, the anchor cell pressure decreases due
to an increase in charge exchange energy
loss. When the beta ratio reaches a crite
ical value, the central cell pressure (lumps
abruptly. It is found that the MHD stabil-
ity is determined by the ratio of the cen-
tral cell pressureflic) to the anchor cell
pressureUiiA).
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(3) Dependence of amplitude on the AIC
drive term. Open and closed circles correspond
to amplitudes of AIC mode at z=-1.29m and
z=-1.14m.
(b) Phase difference between two magnetic
probe signals strongly depend onAIC drive
term. Phase deference nearly zero when
AIC drive term exceed the critical value. 11:.
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gas puffing0 .
0 O . 4 O . 8

ism/o)
Fig.4. Typical temporal evolutions of the
central and anchor cell beta values in
additional gas puffing experiments. Solid
line is stronger anisotropic case (Pl/P”=10.2)
and dotted line is weaker anisotropic case
(Pi/P“=4.7).



4. Discussion
The magnetic field strength and the

normal curvature ray, of the central cell
are shown by a dotted and solid lines
in Fig.5(a). Hot ion pressure profiles in
the direction perpendicular and parallel
to the magnetic field line are indicated
by a solid and a dotted lines in Fig.5(b).
The pressure profiles are determined
from the diamagnetic signals in term of
the MHD equilibrium equation/(V. The
axial profile of the AIC drive terrn 71.410
evaluated from the profile of the par-
allel and perpendicular pressure is also
peaked near the midplane of the central
cell. In the inner region of the central
cell where mug 2 7/5, the AIC mode
appears as a standing wave which may
be caused by some kind of wave reflec—
tion at the point where the trim = 17C

is satisfied. In the outer region where
the 7],”0 < 7):, the AIC mode propa-
gates towards the anchor cell. The crit
ical value nc corresponds to the value
above which the region with the stand-
ing wave structure expands over the
magnetic probe location. This type of
the wave structure has been observed
also in experiments of low frequency
ballooning mode/3’.

The fluteinterchange stability is de-
termined by integrating the product of
the total pressure and the normal cur-
vature along the magnetic field line as
follows:

P +P r:
F:/(T-B_H)'U(HZO' (1)
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Fig.5
(a) Solid line is normal curvature ofmagnctic
field line of central cell. Dotted line is magnetic
field strength.

(b) Solid anti dotted lines are perpendicular
and parallel pressure profiles which are derived
in term of MHD cqulibriurn equation.
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Fig.6 Stability diagram of AK: and flute mode.
Broken line is stability boundary of lime mode.
solid lines show contour map ofgrowth rate
ofAlC mode and dotted line is theoretical
boundary between absolute and Convective
unstable region of NC mode.

When the pressure anisotropy is strong, the pressure profile is more peaked near the

midplane of the central cell. It is found that the stable region on BLC Us. BM diagram

expands due to the decrease of the pressure weightn on the bad curvature region.

The stability region for the flute-interchange mode and the growth rate of the AIC

mode are shown on [fig us. PL/P“ diagram in Fig.6. Solid lines show the theoretical

contour lines of the growth rate of the AlC mode. Dot line is theoretically predicted as a

boundary between absolute and convective unstable region, rum = 3.5 ”I. Broken line is

the flute stability boundary which is calculated from Eq.(1). The solid circles indicate the
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The sloshing ions are produced by oblique injection of a high energy
neutral beam into a mirror confined plasma. These sloshing ions play
important roles to use mirror confinement scheme for two—comporment
neutron source, to produce strong neutron flux by DT fusion reaction
between the sloshing ions and the target plasma ions. In the present
work, we obtain the distribution function of the sloshing ions by Fokker-
Planck simulation and estimate the axial distribution of the sloshing ion
density in the cases of FEF—II, which is mirror based neutron source, and
GDT. Then, we have compared the numerical simulation results with the
experimental results in GDT. We have also estimated the strength of the
neutron flux expected in FEF—II by this simulation.

The conceptual design study of mirror based fusion plasma neutron
source FEF has been carried out since 1980. The first stage of this study
concluded in 1989 [1]. Recently, FEF—II design study for the purpose of
early construction of the neutron source has been started [2]. FEF—II is
the two-component plasma system, and Inulti—pole field (Version 1) or
RF plugged cusp (Version 2) is used for MHD stability. Configuration
of the magnetic field of FEF—II is formed basically by long solenoid with
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mirror field at both end.

GDT (gas dynamic trap) is an axisymmetric mirror device with a large

mirror ratio [3]. The main advantage of this trap is that it can provide
a plasma MHD stability in an axisynnnetric geometry. Recently, design

study of CDT-based neutron source (GDTNS) has been started. The
parameters of FEF—ll and GDT are shown in Table l.

The Fokker—Planck equation for the velosity distribution function f( u. C,

t) of the sloshing ions is given by

where S is the production term of the sloshing ions due to NBI, T“, is

the charge—exchange loss time, Q is the cosine of the pitch angle [4]. The
Fokker-Planck coefficients A, D” and DL represent the slowing down,
the energy difusion and the pitch angle scattering, respectively. \Ve as-
sume that the target plasma is Maxwellian to obtain the FoldienPlanck
coefficients. “’0 use the production term as

9 I (1’—1’0)2 C’Co 2.. : ——ex — i —
weAvnCV \p An AC

where I is the NBI current, V is the volume of plasmas, no is the velosity

(‘3)

of the sloshing ions producted and C0 is the cosine of injection angle.

“7e obtain the axial distribution of the sloshing ion density from flu,

(,t). P is the probability of existence of plasma particles at z = 2A ~

2,; + A2. The axial distribution of the sloshing ion density is given by

‘ ~ _B(z)£l 00 Cr- _ _ .n,(.)_ 30 Lin/0 1r2dv/0 P f(u,t,t)dg (3)

In numerical calculation, we set 1/2m5v8 = 1001(eV (FEF—Il) and 15keV
(GDT), 1/27TLS(AU)2 : 1keV (FEF-H) and 0.2keV (GDT), CC = 0.82
(FEF—H) and 0.98 (GDT), AC 2 0.01 (FEF—II) and 0.03 (GDT) and
(0 : 7r/4 (FEF-II,GDT).

The results from the simulation are as follows. In the case of FEF—II,

the averaged sloshing ion density in the steady state (2 5msec) goes up
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to 1.6 X 1013cm‘3. The axial distribution of the sloshing ion density in the
steady state is shown in Fig.1. The density of sloshing ions at the turning
points is about 2 times higher than that at the midplane. Fig.2 shows the
axial distribution of the 14 MeV neutron flux at the first wall (1‘ : 20cm).
The neutron flux at the midplane is 1.6 X 1014c1n—Qs“1(3.5MVV/m2) which
comes from mainly the fusion reaction between the sloshing ions (D) and
tritons in the target plasma. It is shown that the peaking of neutron flux
at the turning points does not appear, which is interpreted by averaging
over the longitudinal distribution.

In the case of GDT, we include the effect of temporal variation of the
target plasma parameters which is obtained experimentally. Fig.3 shOWs
the time evolution of the sloshing ion averaged density in GDT. The
axial distribution of the sloshing ion density is shown in Fig.4. The
results of the simulation indicate that the average density of the sloshing
ions in GDT goes up to about 7 X 1012cm‘3, and that the density of the
sloshing ions at the turning points is about 3 times higher than that at
the midplane. These values are same order of magnitude with the ones
in the GDT experiment. From these results, it could be said that this
simulation code would give realistic plasma parameters in the plasma
based neutron source which is expected to be built in near future.
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FEF-ll GDT
plasma density (cm-3) 4 x 10H 5 x 10”
ion temperature (keV) 20 0.005 1
electron temperature (keV) 3 0.005 l
plasma volume (emu) 9.4 x 10" 5 x 10"
plasma radius (cm) 10 (3.5
mirror ratio 3.4 25
mirror to mirror distance (m) 3.3 T l
magnetic field at midplane (T) 4.7 0.18
injection energy of NBI (lieV) 100 15
injection angle of NBI 45° 45°

l injection current of N31 (A) 100 60 l

Table 1 Parameters of FEF—II and GDT
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MEASUREMENTS OF PLASMA CONVECTION IN THE SOL OF JET USING
A LANGMUlR/MACH PROBE

A Loarte, S Clement, L de Kock,‘ G Radford, R Simonini, J A Tagle‘, A Taroni
JET Joint Undertaking, Abingdon. Oxon, OX14 3EA, UK

' lBERDROLA, Madrid, Spain

1. Introduction. Measurements of plasma convection in the SOL (scrape-off layer)
have been carried out for JET divertor discharges using a Langmuir/Mach
reciprocating probe [1 , 2] with sensitive elements facing the divertor (ion drift side
for normal 3“.) and the main SOL (electron drift side for normal Bg) (see Fig.1).

Plasma convection competes with thermal conduction as a mechanism to carry
energy to the divertor target and can diminish temperature gradients along the field.
Convective flow also provides the basic force that favours the retention of impurities
near the target. Hence, it is necessary to assess experimentally its importance in JET
divertor discharges and to compare it with results from models for the SOL plasma
[3], which have been validated with experimental measurements [4]. ‘
2. Experimental Measurements. Mach probe measurements in a series of upper
single null discharges in various regimes have been considered (OH, L—mode,
H-mode). Of the available models we use the model described in [2] that accounts
for the reduction of ion flux to the side facing the divertor due to the finite size of the
probe (the disturbance length for Ohmic and L-mode conditions is of about 4 m for
the JET reciprocating probe, safely smaller than the 20 m from the probe to the outer
divertor target for the discharges studied) and viscous and non viscous effects.

Measurements obtained for a medium density [2.5 |0'° In”) low additional
heating (L-mode) discharge are shown in Fig.2. The plasma flow at the reciprocating
probe is directed towards the divertor all across the SOL, the ratio of the fluxes at
both sides of the probe being (2.3 i 0.2), which corresponds to a Mach number of
(0.5 i003) if perpendicular viscosity is ignored and to (0.3 $003) including it.
Similar values are Obtained for ohmic discharges in the same density range. '

The pattern of the plasma flow at the reciprocating probe is more complicated for
H-mode and low density L-mode discharges. In Fig.3 the measurements obtained for
a low density L-mode (9.5 10131714) are shown. The plasma flow is directed towards
the divertor in the external part of the SOL with values for the ratio of ion fluxes on
both sides of the probe similar to those obtained in the medium density case.
However, close to the separatrix a region in which the flux on the ion side is larger
than on the electron side is found. This is interpreted as a region in which the flow is
away from the divertor at the reciprocating probe position. The reversal of the flow
close to the separatrix is also found in H-mode discharges, in agreement with previous
observations [5]. The ratio of ion fluxes in both sides of the probe for the external
part of the SOL in H—mode discharges is similar to that found in L-mode. The radial
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location of the flow reversal region is more uncertain due to possible errors in the

relative position of the probe to the magnetic separatrix and the fact that the profiles

of plasma parameters are very steep close to the separatrix in H-modes [6].

The ion flux measurements with the probe could be affected by thermionic

emission and by the presence of large negative currents close to the separatrix in JET

[7]. However, these effects would affect predominantly the electron side of the probe

(it suffers a higher power deposition and intercepts the electron currents), but in

experiment is the ion side which shows the largest changes, indicating that flow

reversal must take place.
3. Modelling of the discharges. These discharges have been modelled with

EDGElD [3] for a pure hydrogen plasma using measured plasma parameters as

inputs (no shift of the relative position of the probe to the magnetic separatrix has

been imposed). Assuming equal power into the SOL via electrons and ions, the

calculated total power arriving at the divertor target is in agreement witlrthe power

determined from main plasma measurements (PM) in the medium density case

(Fig.2). At low densities (Fig.3) the calculations account for only 30% of PM.

The calculated Mach number (modelled as constant across the SOL) at the probe

is in the range (0.l5 — 0.20) in reasonable agreement with experimental estimates

(viscous case) for the outer regions of the SOL. The results for low densities tend to

produce a smaller Mach number despite a larger neutral escape from the divertor to

the main plasma (30% at low densities, 20% at high densities) due to the influence

of parallel viscosity (larger at higher temperatures [8]). This is also the trend barely

detectable in the experiment (compare outer SOL in Fig.2 and Fig.3).

The calculated heat flux into the the divertor is shared between conduction (60%)

and convection (40%), the Mach number at the divertor entrance (X-point) being 0.5.

The conductive heat fluxes are calculated in the collisional approximation, and

non-local effects can be estimated by comparison with the ’free streaming flux”

(qua : II KT” lx'7},,»/mN ). The ratio between conductive and ”free streaming flux”

is about 0.07 for electrons and 1.0 for the ions. The electron heat flux is a factor 2.3

higher than that allowed by collisional theory [9] but much smaller than the

collisionless flux (0.2 - 0.3 of the “free streaming flux”), hence at most a reduction of

25% in the electron conductive flux is expected due to non-local effects. These effects

may be stronger for the ion conductive heat flux.

Some 2D aspects of the plasma flow were studied using the ionization source

calculated in the model with the NIMBUS Monte-Carlo code [10] for various flux

tubes in the SOL. Magnetic geometry effects cause the appearance of the point of

maximum plasma flux onto the target at a finite distance from the separatrix [11].

This produces an ionization source with different radial dependence than the plasma

density (and flux) profile (exponentially decreasing from the scparatrix, in magnetic

flux), shown in Fig.4. This, in turn, leads to a complicated behaviour for the
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ionization source along the field which causes a reversal of the flow in some flux tubes
and two stagnation points for the flow between the target and the symmetry point
(itself an stagnation point), also found in 2D models [12]. Flow reversal can be
measured experimentally if the probe is inserted between these stagnation points. An
upper estimate for the position of the stagnation point closer to the target is obtained
by integrating along the field the particle source for every flux tube (momentum
transfer from neighbouring flux tubes will move the stagnation points closer to the
target). The distance along the field from the target to the stagnation point (62) is

n, c“ = [095(3) dt’
where 21, CH is the flux to the target and 5(6’) the particle source in the flux tube. For
flux tubes close to the separatrix no additional stagnation points associated with flow
reversal are obtained. However, away from the separatrix additional stagnation
points are found. For the higher density ease the stagnation point is approximately
at the position of the reciprocating probe for the flux tube number 6 (see Fig.4). For
flux tubes 7 and 8 flow reversal occurs but within the divertor channel. At lower
densities the results are similar but the distance to the stagnation points is longer.
This is consistent with the experimental measurements in which flow reversal is only
measured for the low density case. However, to obtain an exact description of this
flow behaviour accurate 2D modelling is needed.
4. Conclusions. Plasma convection has been measured in the SOL of JET diverted
discharges with a Mach/Langmuir reciprocating probe. The Mach number deduced
at the probe position is about 0.3 within the range of densities 0.9 - 2.5 10"; m 3 for
ohmic and L-mode discharges with low additional heating. A similar Mach number
is deduced for H-mode discharges. 1n the low density L-mode and in H—modes a flow
reversal for field lines close to the separatrix is found. 1-D modelling of these
discharges produces a proportion of 40% convected heat flux into the divertor and
60% conducted heat flux, although these values may change slightly due to non local
effects in the ion conduction and they ignore flow reversal. A qualitative explanation
of the dependence of the flow reversal observed experimentally is found in the
analysis of the modelled particle sources in the various flux tubes of the SOL which
are influenced by magnetic geometry effects.
Acknowledgment : P.J. Harbour is acknowledged for enlightening discussions.
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THE IMPORTANCE OF THE ION GRAD B DRIFT DIRECTION
FOR THE DIVERTOR PLASMA AT JET

G. Janeschitz, M. Lesourd, J. Lingertat*, G. Vlases
JET Joint Undertaking, Abingdon, Oxon, OX14 313A, U.K

* Max Planck Institut, Euratom Association, D-8046 Garching, Germany

Introduction: Due to a lower power threshold for the l—I-mode, single null X-point discharges
in JET as well as in other divertor Tokamaks are normally operated with the ion grad B drift
pointing towards the divertor target (normal ion grad B drift direction). In such discharges a
strong asymmetry in conducted power (up to 1 : 3) between the two divertor branches is
commonly observed in JET and elsewhere [1,2]. This asymmetry is a well known problem for
the power exhaust in a next step machine. However, its consequences for the plasma
parameters in the divertor and so for its performance have in general been insufficiently
emphasised so far. In this paper we demonstrate that optimum divertor plasma parameters are
achieved when a single null divertor is operated with the ion grad B drift pointing away from
the target (reversed ion grad B drift direction).
Experiments: During the 91/92 experimental campaign, extensive power and density scans
(fie~ 2.5 to 6x10'9m'3, PIN : 3 to 12 MW) were performed in single null X-point discharges
with normal ion grad B drift direction on both the Beryllium and the Carbon targets.
Regrettably no such systematic data were obtained with reversed ion grad B drift direction. In
the latter case only three different types of single null X-point discharges, namely hot ion H-
mode discharges (fie ~ 2 to 3x10'9m‘3, PIN = 15 MW, (3- and Be-target), radiative divertor
discharges (fie ~ 6 to 7x1019m'3, PIN : 10 and 22 MW, Be-target) and a few medium density H-
mode discharges (fie ~ 4x10'9m'3, Pm = 12 MW, Be-target) are available in the JET data base.
Due to the detachment of both strike zones in radiative divertor discharges, the plasma
parameters in front of the target could not be measured, which excludes these discharges from a
systematic comparison. In hot ion H-mode discharges, the strong temporal variation of the
power conducted into the scrape off layer / divertor (dW/dt, C-bloom), which has a significant

effect on the divertor plasma, complicates the data interpretation. The medium density H-mode
discharges were performed late in the experimental campaign. The Be target was already
slightly damaged and only a few of the target Langmuir probes were operational. Despite of the
consequently bigger error bars, their qualitative behaviour was similar to that seen in hot ion H-
rnode discharges which is discussed below. This very restricted data set for the reversed ion
grad B drift direction therefore does not allow direct comparison of similar discharges (same
density, same heating power, similar power into the SOL) with opposite ion grad B drift
directions. However, due to the significantly different behaviour of the divertor plasma when
operating with reversed ion grad B drift compared to normal ion grad B drift, conclusions can
nevertheless be drawn. All the data discussed in this paper were obtained during HLmodes due
to the larger amount of data available. The L-mode behaviour is very similar.
The plasma parameters (electron density—, Dt-flux, and Te- profiles) in the divertor are
measured by Langmuir probes embedded in the target tiles applying the same evaluation
method as in [3]. In addition spatially resolved Ha measurements (CCD) are available for the

C-target. Combining these HO. data with the Te profiles from the Langmuir probes yields
neutral deuterium influx profiles. While quantitatively the Hot based D—flux deviates in some
cases up to a factor of two from the D+-flux obtained by Langmuir probes, the qualitative
behaviour (in-out asymmetry) is very similar (Fig. 1). Due to the fact that the spatially resolved
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Hot measurements are not available for all discharges with reversed ion grad B drift direction,
the conclusions drawn in this paper are partly based on Langmuir probe data only.
Results and discussion: Fig. 1 shows the Te and the Dt-flux profiles on the C-target during
the ELM free H-mode phase of two low density (fie ~ 3x10l9m'3) discharges: i.) a 12 MW NBI
heated discharge with normal ion grad B drift direction (Fig. la, lb); ii.) a 15 MW NBI heated
hot ion H-mode discharge (V-H-mode) with reversed ion grad B drift direction (Fig. 1c, 1d).
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Fig. 1.‘ Te and D+-/I1L\‘ profiles on the C-target for u 12 MW NB] heated ELM flee H—mode
discharge with normal ion grad B drift direction (db) and a 15 MW NI}! heated hat ion H—Inode
discharge with reversed ion grad B drtji direction (5,11). The pronmmt‘ed asymmetry between the
strike zones in case ofnarmal ion grad B drift in contrast to reversed ion grad B drift can be seen.

In the case with normal ion grad B drift direction (Fig. la. lb) a relatively high Te (~40 eV)
and a low D+—flux (~5x1021m‘23") can be observed at the outer strike zone, while the inner
strike zone displays low Te (~10 eV) and a relatively high Dt-flux (~2x1022m'zs"). This
behaviour indicates that already at low mid plane density two different divertor regimes (low
recycling, high recycling) start to develop at the two strike zones. The hot ion H-modc
discharge with reversed ion grad B drift direction (Fig. 10, 1d) has a more symmetrical
distribution of Te (~60 eV) and the D+-flux (~2x1022m‘23‘l) between the two divertor divertor
legs. In this case both divertor branches are in the same divertor regime. The difference in the
absolute values of the divertor plasma parameters and in particular of Te between these two
discharges can be explained by their different heating power and confinement regimes. The
behaviour of the divertor plasma parameters shown in Fig. 1 is not only representative for the
whole duration of these two discharges but also for the effect of the ion grad B drift on the
divertor plasma in general. Fig. 2 shows the separatrix density at the inner and outer strike zone
( from Langmuir probes) plotted versus the line averaged density in the main plasma for both
ion grad B drift directions and many discharges.
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different. In addition, different dependencies on the scrape off layer density nS will occur,
resulting in increasingly divergent nd and Td between the divertor legs with growing 115. In the
Single Null X-point discharges described above, with normal ion grad B drift direction (Fig. 2,
solid symbols) the behaviour of the plasma parameters in the two divertor branches is therefore
qualitatively in line with expectations from the 2 point model for a strong asymmetry in
conducted power between the two divertor branches. In discharges with reversed ion grad B
drift direction (open symbols), the measured plasma parameters in the two divertor legs suggest
a more .even distribution of conducted power. In this case the two divertor legs are expected to
display similar plasma parameters over a wide range of densities and powers conducted into the
divertor, as seen in the experiment (Fig. 2). This allows for a given SOL power, higher main
plasma densities to be achieved before divertor detachment occurs, and makes it possible to

obtain a low temperature high density plasma in both inner and outer divertors simultaneously.
When assessing the power loading of the Be divertor target from tile temperature
measurements (by a CCD camera through a 844.5 nm filter) during discharges with reversed
ion grad B drift direction the picture is not so clear anymore. These data show a pronounced
effect of the ion grad B drift direction at low mid plane density, which seems to vanish at high
densities. From the bigger outer surface of the main plasma one would always expect a higher
power loading at the outer divertor strike zone. This geometric effect seems to be counteracted
by a force which depends on the direction of B as well as on the density (collisionality). The
density dependence can be inferred by comparing hot ion H-mode discharges with radiative
divertor discharges [6], representing the two extreme ends in the scanned density
(collisionality) range. While the hot ion H-mode discharges show clearly a stronger heating at
the inner strike zone, the radiative divertor discharges display burn through and consequent
target tile heating predominantly at the outer strike zone. Grad Te x B and grad Ti x B forces,
which would vanish if Te = Ti and which would be strong if Te << Ti, are suggested as an

explanation of the observed effects [7].
In addition to the importance of the ion grad B drift direction described above, the X-point to
target distance (connection length, divertor volume) also has some influence on the divertor in-
out asymmetry. During an X-point to target distance scan (Ax = 8, 16, 25 cm) with normal ion
grad B drifl, a reduced asymmetry in the densities and temperatures measured at the two strike
zones was observed at the maximum Ax [3].
Conclusions: The achievement of a high density low temperature divertor plasma (high
recycling regime) is essential for good impurity retention as well as for low target power load
and low target erosion (impurity production). In a next step machine stable divertor regimes
beyond the high recycling regime (radiative divertor, gas target) have to be obtained in order to
solve the power exhaust problem. Such a divertor can only work if the same divertor regime is
obtained simultaneously in both strike zones over a wide parameter range. In order to achieve
this, the conducted power to outer and inner strike zone has to be approximately equal. The
only way found so far in JET which accomplishes this is to have the ion grad B drift pointing
away from the divertor target.
Literature: [1] R. A. Jung et. al., Journal ofNuclear Materials 196-198 (1992) 800-803

[2] K. Itami et. al., Journal ofNuclear Materials 196-198 (1992) 755-758
. [3] G. Janeschitz et. al, Journal ofNuclear Materials 196-198 (1992) 380-385

[4] A. Mahdavi et. al., Phys. Rev. Letters Vol 47 (1981) 1602
[5] K. Lackner et. al., Plasma Phys. and Controlled Fusion 26 (1984) 105
[6] G. Janeschitz et. a1. Proceedings of EPS 1992, 11 727-730
[7] A. Herrrnann et. al. this conference
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triangles). Due to the high radiation losses during C-blooms and the consequent reduction in
the power conducted into the divertor late in the heating phase of these discharges, very high
divertor densities are achieved at moderate main plasma densities (Fig. 2: open symbols).
The above described behaviour of the divertor plasma can be qualitatively understood by a
simple one dimensional analytical model for the scrape off plasma such as the two point model
[4,5]. In this simple model the divertor regime is mainly determined by the density at the mid
plane separatrix and by the power flux into the divertor channel. When solving the equations of
this model, the dependence of the divertor density nlJ and temperature Tll on the mid plane
scrape off layer density 11S and on the power flux parallel to the field lines q,, is approximately

3 i 7~ nSL/l T ~ (1/, ]"it ~ a v .1 ~ 2 A ( )
qli ":Lii

Therefore for fixed n5, but different powers q,, conducted into each divertor branch at a given
connection length L,,, the corresponding divertor densities nd and temperatures Tl, will be
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PLASMA FUELLING EXPERBVIENTS IN J'ET AND l'MPLICATIONS FOR FUTURE
DIVERTOR OPERATIONS

J Ehrenberg and L Horton
IET Joint Undertaking, Abingdon OXON, OAi43EA, UK

1) Introduction

The size of the deuterium density reached by fuelling a tokamak discharge with a given
external particle source depends, among others, on three factors [1,2,3]: the plasma particle
confinement time, the neutral particle screening properties of the plasma edge, and the
properties of the material surfaces. These factors affect also the size of the recycling flux which
constitutes another but internal particle source for fuelling. Fuelling experiments were performed
to study the role of these factors in JET discharges.

2) Experimental
2]) Dependence of plasma density on poloidal position of gas valve. In a series of ohmic
discharges (3M/5g 2,8T, densities 1-3*1019 m“) in double null X-point configurations plasmas
were fuelled by gas valves that were located at the plasma midplane and at the private region of
the divertor, respectively. At these two positions the fuelling conditions for neutral deuterium
are rather different. At the plasma midplane the plasma scrape off layer falls off radially within
one to two centimeters whereas at the divertor this fall-off expands by a factor of about three
and the divertor plasma poloidally extends about ten centimeters between the divertor target
plates and the X-point. The effect of this difference can be seen experimentally when the plasma
changes from limiter (close to plasma midplane) to X-point configuration (figure 10:». The
density decreases due to a decrease of the fuelling efficiency for recycling [3,5]. However, in the
experiments here where the location of the active gas valve was changed from plasma midplane
to X-point position nethertheless the same density and recyclingfluxes were achieved
b) Plasma density and flux variation during neutral beam injection. A limiter discharge

was heated by a 15MW deuterium beam providing a fuelling rate of 1.5"‘1021 particles/s. At the
start of the beam injection there is a slow increase of the plasma density but a rapid increase of
the recyclingflux at the limiter, see Figs. 2-(b), (d).

3) Analysis
For studying the fuelling situation a particle balance model is employed detailes of which

can be found in reference [3]. The fundamental assumption of the model, corroborated by
experiments is that particles that are admitted into the torus mainly reside in the material
surfaces rather than in the plasma. However, there is a'mutual particle exchange. This is
affected by reflection at the material surface (reflection coefficient r) and neutral particle
screening at the plasma edge (coefficient f). Particles are assumed to stay for an average particle
confinement time I [1,2] within the confined plasma (enclosed by the last closed magnetic flux



surface). Particles that leave the plasma can be absorbed by material surfaces. Since beryllium

has been used the JET first wall in quasi steady state exhibit a characteristic metallic behaviour
with regard to hydrogen bombardment [3] and so it is assumed that particles in the material

surfaces are subject to diffusion into the bulk material and recombination at the surface forming

a desorbing particle flux CDw. The full particle balance equation reads:

d! _ r 1—r(1—f)

On the right hand side the first term is the particle flux leaving the confined plasma. Then,

fl, N” ;[rfl+¢w+r(l—fax)®u:|+fax®a (l)
2'

within parantheses, there is the recycling flux composed of the reflected plasma particle flux, the
particle flux that desorbes from material surfaces (molecules), and the reflected particle flux of
external particle sources that do not directly fuel the plasma due to a restricted external fitelling
efficiency (fcxsl). These fluxes are assumed tofuel the plasma with an efiiciency f. The fraction

(1-t)_is assumed to return to the surface. The forefactor in front of the parantheses in equation

(2) takes account of multiple recycling process. The last term of eq.(l) describes the direct
fiielling by external particle sources. The model [3] combines eq.(l) with the diffusion equation

for particles in the material to calculate selfconsistently the desorbed particle flux (DW and the
recycling flux. Calculations are time dependent to follow the entire discharge period.
:1) Application to gas fuelling experiments in X-point configuration

It is instructive to simplify equation (1) and to derive an expression for the plasma

particle inventory in steady state. The reflected and desorbed particle fluxes can be combined

into a recycling flux which is usually assumed to be proportional to the total impacting flux with

a proportionality factor R as the recycling coefficient at the material surface With this and

substitution ofr by R in eq. (2) the plasma particle inventory reads:

Np: T|:—fle——‘+ fez]c= Tfefi‘Dax (2)
l — R

The first term within parantheses is the contribution by recycling and the second term is the
contribution by direct fuelling. It is useful to define the effective fiielling efficiency ft” (see

eq.2) and to calculate it by computing f and R using the detailed model of above. For R
approaching one, fcH can get much larger than f and recycling is then dominating the fuelling.

The measured plasma particle inventory and the external particle fluxes are used as an input for

the calculations. The fuelling efficiency f for recycling is allowed to be time dependent, other

parameters are assumed to be constant. By iteration, the set of parameters is found with which

the calculated recyling flux fits best the experimental flux derived from H-alpha measurements.

The reflection coefficient had to be assumed to be about 07, suggesting low energy (SlOOeV)

deuterium impacting at shallow angles on carbon/beryllium [5]. A particle confinement time of

0.35 was assumed [6]. However, the important quantity is the product of confinement time with
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the recycling fuelling efficiency f. Errors in 1: can be tolerated as long as f stays within credible
limits (O<fsl). Assuming molecular ionisation, dissociation, and charge exchange the fiielling

efliciency of neutral molecular hydrogen thermally released from a position that is a scrape ofi‘

layer width behind the last closed flux surface can be estimated to be about 9.7 or less for

plasma edge densities of above 1013 m'3 and edge electron temperatures of above ZOeV. The

fuelling efficiency of an externally fuelled hydrogen molecule is likely to be smaller as it has to
passthrough the entire scrape offlayer. For f during X—point phase two values of 0.5 and 0.1

were assumed to simulate plasma midplane and divertor fuelling, respectively. Particle up—take

by materials is determined by the parameter (A*D/K), where A is the effective material area
bombarded by particles, D is the effective particle diffusion and K is the effective recombination

coefficient. For limiter and divertor configuration a value of 2*1022 gave good results.
‘Results of the analysis are indicated in figures 1, (D—(k). During the initial start up limiter

phase (t<2s) the recycling flux is not well simulated suggesting inaccurracies in the coefficients

assumed to be constant during plasma current ramp up. During the constant current phase
agreement is good and results are almost independent of f“. As expected f decreases afier

transition to the X—point, The recycling coefficient is approaching one. The effective fiielling

efficiency reaches a value of 2 in X—point configuration (even 5 in limiter phase). Compared with
the values for fex of 0.5 or 0.1, fdr is clearly larger indicating recycling to be the most important

fuelling source in both fuelling schemes, hence the similarity of experimental results.

b) Application to neutral beam heated limiter discharges
Additional plasma heating is likely to increase the power deposition on the limiter

surface It is therefore suitable to allow the surface related parameter (A*D/K) to be time

dependent. The external fuelling efficiency for neutral beams was assumed to be I. The recycling

fuelling effiiciency was set to a constant value (limiter phase) of0.5 and a particle confinement

time of 0.35 was assumed , For r a value of 0.5 proved to be necessary.
Results are indicated in fig.2. Important is the section where t>9s, For good simulation

of the recycling fluxes during neutral beam phase a decrease of the parameter (A*D/K), is

necessary, probably caused by enhanced power deposition, as well as a decrease of the particle

confinement time from 0.35 to 0.2 s (contrary to the initial assumption). This is consistent with

an observed 30% decrease of the energy confinement during transition from ohmic to L-mode.

4. Conclusions
It has been shown that plasma density and recycling fluxes are affected by the fiielling

efficiency controlled by plasma edge conditions, by the recycling coefficient at the material

surface controlled by material properties as well as particle fluxes, and by the plasma particle

confinement time controlled by transport. For recycling coefficients close to one the recycling

fluxes dominate plasma fuelling and the efficiency of external fuelling becomes less important.

Using eq. (3) the recyclingflux normalized to the plasma particle losses can be calculated:



‘1’""W'NCETT m (3)
It is clear that if feff, for instance by puflfing gas into the divertor region, the normalized

recycling flux does not depend on the recycling coefficient and hence not on the pumping. In

order to maximize the recyling flux the fuelling efliciency should then be made as low as

possible, for example by introducing neutral particle baffling and operating at high densities. If

fcx=1, for instance by using neutral beams or pellets as the only external particle source, then f

should be again minimized but R should be maximized, hence little pumping would be desired.
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6.Figures

Figure 1, Almost identical fuelling situations Figure 2‘ Fiielling situation of a neutral
in plasma discharges with gas fiielling
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parameters as in figure 1) and text. During

the NB-phase a decrease of r (not shown)
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Asymmetric energy flux to the ASDEX-Upgrade divertor
plates determined by thermography and calorimetry

A. Hermann, W. Junker, K. Giinther, M. Kaufmann, .T. Neuhauser, Th. Richter,
R. Schneider, ASDEX—Upgrade Team

Max—Planck-Institut fiir Plasmaphysik, EURATOM Assozia’tion, D-85748 Garching

Introduction
The high power loads on the divertor plates in future fusion reactors like ITER require a
power distribution on the plates as uniform as possible. Experiments made on ASDEX-
Upgrade show, in agreement with observations on other tokamaks [1,2], that in discharges
where the ion grad~B drift direction points away from the X-Point the energy and power
distribution on the inner and outer divertor plates is more symmetric than in discharges
with reversed magnetic field.

Diagnostics
Thennographic measurements on ASDEX-Upgrade are performed with a new high time
resolution infrared camera consisting of a linear focal plane array of 256 indium antimonide
diodes (pixels) working at liquid nitrogen temperature. The detector line is orientated along
the major radius viewing both the inner and outer target plates. The spatial resolution is
2.72 mm/pixel at the outer divertor plate and 3.4 mm/pixel at the inner plate. The camera is
calibrated and so the absolute surface temperatures of the divertor plates, which are made
of carbon tiles, are determined. The highest time resolution is 128 [[8 per profile. From
the timerdependend surface temperature distribution the corresponding energy flux onto
the divertor plates is calculated by solving numerically the 2D nonlinear heat conduction
equation (temperature dependent heat diffusion coefficient).
The cooling water calorimetry system monitors the energy deposited on the inner and outer
target plates and on the heat shield in each of the 16 toroidal sections of ASDEX»Upgrade,
The cooling water calorimetry system consists of resistor thermometers and flow meters
located in the cooling water system downstream and upstream of the individual cooling
units, respectively.

Experiments
The energy flux to the ASDEX~Upgrade divertor plates is routinely measured. The shots
under investigation are single null divertor discharges with a density flat top. The inner
vessel was boronized and the discharge parameters were as follows: Ip=(600—800)kA,
B.=-(1.35—2)T and Bl: + 2T giving q=(2.8 — 5). ICRH up to 1.8 MW was sometimes
used.

Results
Investigations of the behaviour of the power and energy deposition were made for various
types of discharges.
The toroidal distribution of the energy load to the divertor plates as measured by cooling
water calorimetry can be taken as toroidally uniform within the limits of the experimental
errors (i15 kJ) (figl).
The power density calculated from the thermography measurement spatially integrated
over the inner and outer divertor plates, respectively, and time integrated over a stable
discharge phase (1.4 s — 1.9 s) is used to calculate the ratio between the energy flux to the
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outer and to the inner divertor plates (fig. 2). The ratio of outboard to inboard energy load
depends on the orientation of Bl. If the ion grad—B drift direction is towards the X-point
the mean value of the asymmetry ratio is of the order of two, otherwise close to one (1.3).

The time and spatially resolved power density profiles as obtained from thermography
exhibit a clear dependence on the confinement regime and on the direction of the magnetic
field.
In ohmic L—Mode discharges with the ion grad«B drift direction towards the X-point we
find a ratio of the total power deposited onto the inner divertor plate to the total power
load onto the outer plate of 1.7. When the plasma changes to ohmic H-Mode [3] this
asymmetry is found to rise by 20% (fig. 3). The power density profiles are significantly
different for both modes. The profiles are sharper during the H-Mode (fig. 4 a,b). Also
the asymmetry ratio of the spatial maxima of the power density raised during the H-Mode
indicating that the power distribution on both the inner and outer plates is essentially the
same. H—Mode experiments with reversed ion grad—B drift have not yet been performed.

Discussion
The observed variation of the poloidal power deposition behaviour with the direction of the
ion grad—B drift suggests a strong dependence of the poloidal fluxes in the scrape-off layer
on the magnetic field. Gradients along field lines that might drive these fluxes are recently
discussed in the literature [4]. A strong contribution can be due to classical electron and

ion diamagnetic heat fluxes (fig/i : j; % 7—745??- [3 x vTE/il. The radial temperature

gradients drive poloidal heat fluxes with different directions or electrons and ions. In
a pure hydrogen plasma both terms exactly cancel, if electrons and ions have identical
temperature profiles. A net contribution requires different electron and ion temperatures

and/or different temperature gradients.
Assuming the ion temperature and temperature gradient at the separauix to be higher
by a factor of 5 than the corresponding values for electrons, one can account for the
change of the asymmetry in the energy deposition when the magnetic field is reversed. An
analysis with data from the cooling-water-calorimetry was made for a series of ICR»heated
discharges with B = —2T (ion grad—B drift towards the X-point) and B = +2T (ion grad-B
drift away from the X—point), which showed, that, with the ion contribution prevailing,
the diamagnetic heat flux could yield a quantitatively suitable reduction in the asymmetry
when the magnetic field is reversed. First detailed calculations with the 2D multi—species
fluid BRAAMS<code [5] coupled to the neutral gas MontevCarlo code EIRENE [6] taking

into account the diamagnetic heat fluxes confirm this result.
As during H-Mode a steepening of the ion temperature profile has to be expected [7], the
observation, that during the transition from L—Mode to H-Mode the asymmetry increases
for discharges where the ion grad drift direction is towards the X-point, can be taken as
additional evidence for the importance of the contribution of the ion diamagnetic heat flux.

Conclusions
Measurements of the thermography and the cooling water calorimetry show that the power
load to the inner and outer divertor plates is more symmetric in discharges where the ion
grad—B direction points away from the X-point. This holds not only for time integrated
but also time resolved measurements. If the ion grad-B grift direction is towards the X»
point an increase of the asymmetry ratio during the H—Mode is observed. The findings
are qualitatively explained by poloidal heat fluxes driven by different ion and electron
temperature and profiles. From this it is expected that the asymmetry decreases in the H-
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Mode if the ion grad~B direction is away from the X-point. More experiments are needed
to prove this hypothesis. BRAAMS~EIRENE-code modelling is also envisaged.
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Figure captions

Fig. 1 Toroidai distribution of the energy flux to ASDEX—Upgrade divertor plates
measured with the cooling water calorimetry (#2969, Ip=600 kA, B¢=—2T)

Fig. 2 Distribution of the asymmetry ratio ~ power on outer/inner plates — for
discharges with ion—grad—B—drift direction towards and away the X«point.

Fig. 3 Time-dependence of the asymmetry ratio for an discharge with ohmic H-Mode
(#2393, Ip=800 kA, B[:-1.35T, ohmic H—Mode: (1.32—1.98) s)

Fig. 4 3D plot of the power density deposited onto the target plates (a) and power
density profiles (b) for different confinement modes (t=1.53 s — ohmic H—Mode
(solid), t=2.13 s 7 HL transition (dashed), t=2.23 s — L-Mode (dash—dot».
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THE INFLUENCE OF SPATIALLY AND TEMPORALLY VARYING
EDGE CONDITIONS ON THE INTERPRETATION OF

SPECTROSCOPIC PARTICLE FLUX MEASUREMENTS

A. Kallenbach, G. Fussmann, K. Kiemer, H.—M. Mayer, S. Pitcher‘ and the
ASDEX—Upgrade Team

Max—Planck-Institut fiir Plasmaphysik, EURATOM Association,
D—85748 Garching, Fed. Rep. of Germany

‘ PPPL, Princeton, USA and CFFTP, Toronto, Canada.

1 Introduction Photon fluxes emerging from the plasma boundary in the vicinity of
material surfaces are often directly interpreted in terms of particle fluxes. The factor of
proportionality (inverse photon efficiency) is the ratio of the ionization and excitation
probabilities, S/XB, including the branching ratio B. Generally, S/XB is taken to be
constant and represented by an average value which is typical for the plasma parameters
where ionization and excitation is essential. This approach is convenient and justified, as
long as S/XB is nearly independent of the density and a weak function of temperature.
If these conditions do not apply, however, or very fast changes in the plasma conditions
occur, a more sophisticated analysis is necessary.
We have developed a simple numerical model to interpret the measured photon fluxes
under such general conditions. The penetration, ionization and transport of impurity
atoms is modelled using measured density and temperature profiles and estimated val—
ues for the energy of the sputtered particles. The photon efficiencies obtained exhibit
considerable variations with the plasma density and diffusion coefficient.

2 A simple particle transport code for the interpretation of photon fluxes.
Impurity particle transport is treated in the following, simplified l-d geometry: Neu-
tral impurity atoms start at the wall monoenergetically with a spatial c0519 distribution,
leading to a radial velocity distribution in the l-d model which determines the spatial
profile of the ionization source. The ions are then subsequently ionized to higher states.
The only transport taken into account is radial diffusion with an impurity difiusion co-
efficient D. This picture is appropriate, as long as measurements in front of a large,
homogeneous surface are concerned, such as the ASDEX—Upgradeheatshield considered
here. All charge states are assumed to be subject to the same value of D. Recombination
is also included in the model, but is usually negligible for the plasma parameters under
consideration.
Rate coefficients for ionization and excitation are calculated from standard formulas
(Lotz, Van Regemorter) neglecting multistep collisions. For cases, where more sophis-
ticated values for S and X are available in the literature (e.g., Behringer et aid), these
values are reproduced by adjustement of parameters. As an example, the S/XB is plot—
ted as a function of the electron temperature in Fig. 1 for the transition C”1(464.7nm),
which is further investigated in the following.
The particle transport calculations predicts the photon flux measured by an observer
for a. given impurity influx. The photon flux is used to determine the effective inverse
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10 l I

Figure I The inverse photon efficiency,
S/XB, calculated from simple analytical
formulas for the transition 0111(2s3p3P —

g 5 ‘ ' 233333) at 464.7 nm. The excitation rate
coefficient X was adjusted to reproduce
the value published in ref. /l/. A weal:
density dependence owing to multistep

0 ' ‘ processes is neglected. The uncertainty
0 50 100 150 . . _

TB(6V) is Within a factor 2,

photon efliciency, S / XBE J- j : I‘mmumcle /1"p;,ogo,,.
Special emphasis is placed in the simulation of the measured ion temperature, T2, in
order to obtain information about the deuteron temperature. T2 is determined by the

deuteron temperature and the ion-ion collision rate during the ionization time. To re—
construct the measurements, Gaussian profiles are summed up along the line-of—sight,

whose line widths and heights are given by the local impurity ion temperature and line
emissivity. Apparent C2+(252p3P) ion temperatures are determined experimentally from
the Doppler broadening of the spectral line, whose a—components are suppressed by a.

polarizer. The comparison of simulated and measured linewidths can be used to deter-

mine the edge ion temperature. The procedure described above is applied to a number
of discharges in the ASDEX<Upgrade tokamak.

3 Experimental results Transport calculations were carried out to interprete a series
of ohmically heated ASDEX-Upgrade discharges with different line—averaged densities.
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Figure 2 Input plasma parameter profiles (nc, TC) and calculated impurity and line
emission profiles. The ion temperature is assumed to be 1.6 times higher than Te in order
to match the measured T02+ temperature with the simulated one. fie = 3.25- 1019 m“3 ,
1,920.8 MA, B;=-2T, F0 = 1018171434, S/XBcfj: 2.9. The coordinate X runs from the
heat shield into the main plasma at 2:0.1 m.
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CHI photon fluxes and line profiles were measured2 using radial viewing chords against
the inner heat shield. Fig. 2 shows corresponding radial profiles on the high—field»side
for a discharge with E. = 3.25- 1019 m"3 . The electron density and temperature profiles
were constructed from measurements with a moveable Langmuir probe3 in the divertor
region which were smoothly linked to Thomson scattering and interferometric data in
the main plasma. Profile mapping into the region of interest was done assuming T5
and 11C to be constant on flux surfaces. This assumption was found to be acceptable
also for the separatrix and SOL plasma for the low»recycling divertor conditionsd. The
overall uncertainty of the local parameters is estimated to be within a factor of 2. The
ion temperature profile was obtained by multiplying Te(x) with a factor 1.6 in order
to match the simulated and measured Tom. The energy of the neutral C-atoms and
diffusion coefficient were set to 3 eV and 1 mz/s, respectively. Width and position of
the simulated emission shell have been confirmed Within the uncertainty of i1 cm by
the deconvolution of corresponding measurements on the low field side using tangential
viewing chords.
In order to demonstrate its dependence on plasma parameters, we have calculated
S/XBCH for various line—averaged densities. For the transport simulations, we start
ed with the profiles shown in Fig. 2 and scaled the local density with E. 1 and the
electron temperature with WM /5/. Fig. 3 shows the dependence of S/XBeff on E. and
the diffusion coefficient D, which is used to model the carbon transport in general.
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Figure 5' S/XBcff versus density and diffusion coefficient. The density-dependence
originates from the reduction of Ta at the position of ionization. The increase of S/XBeH
with D results from the loss of C“ ions before photon emission. na-Teevariation with
Dz] 1112/5, D—variation with fie = 4- 1019 m'3 .

The density-dependent, effective photon efficiencies shown in Fig. 3 are used to evaluate
measured particle fluxes for discharges with different line-averaged densities in Fig. 4.
As a result, a linear dependence of the particle influx on fie is found.
A comparison of measured and simulated ion temperatures is shown in Fig. 5. While
simulated and measured temperatures match at high We , T.- has to be increased at low
densities to obtain agreement. For fie 22-1019 m'3 , the enhancement factor for the ion
temperature profile is 2. The enhancement factor T.-/Te is not simply proportional to
the ratio Tz/T; owing to the competition of ionization and impurity-ion collisions (n
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Figure 4 CI” photon fluxes and derived Figure 5 Measured 02+ ion
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by applying the S/XB»values shown in Fig. 3.
Ip=0.8 MA, B¢:-2T.

temperatures for the discharges of
Fig. 4. The solid line gives the
simulated temperatures under the
assumption nTc. For low den-
sities, the true ion temperature
considerably exceeds Te.

increases with T;). The predicted C2+ ion temperature depends also on the choice of the

value of D: When D is changed from 0.3 to 3 mQ/s, the calculated (fie =4- 1019 m”3 )
T02+ increases from 20 to 25 eV owing to an inward shift of the emission radius.

The analysis gets more complicated, if fast changes of plasma parameters (e.g., owing to
density fluctuations) have to be taken into account. In this case7 the ionization time of

the observed species, nan, is found to be the critical parameter: For parameter changes
which are faster than no“, the proportionality between photons and particle flux is lost7
and the photon flux directly follows the density variations.

4 Discussion The analysis of the spectral line emission produced by carbon ions en-

tering the plasma edge has shown that transport calculations are essential to obtain a
quantitative interpretation in terms of particle flux. The simulation of the measured, ap-

parent impurity ion temperature yields information about the temperature of the plasma
ions, including the spatial localisation.
The application of the transport calculations to photon fluxes emitted by C2+ entering
the plasma in front of the inner heat shield of ASDEX—Upgrade indicates that the carbon
influx increases in proportion to the plasma density fie . The ion temperature at the

separatrix equals T‘.3 at high densities but exceeds Te considerably for low values of HE .
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Spectroscopic investigation of ELM phenomena in the ASDEX-Upgrade divertor
with high time resolution
A. R. Field, K. Btichl, C. J. Fuchs, G. Fussmann, A. Herrmann. G. Lieder, B. Napiontek, Fl.
Radtke, U. Wenzel, H. Zohm and the ASDEX-Upgrade team.
Max-Planck Institute for Plasmaphysik, Euratom-IPP Association, Garohing/Munich, Germany.

Introduction: Improved tokamak H-mode confinement is associated with the formation of
an insulating zone just within the separatrix. At a critical pressure gradient a sudden burst
of MHD activity (an ELM) degrades edge confinement, releasing particles and energy into
the scrape-off layer (SOL) which is subsequently transported to the divertor. Here, these
phenomena are studied using spectroscopic diagnostics and target plate thermography of high
spatial and temporal resolution.

Fig.1 Lines oi sight of divertor Fig. 2 Temporal development of
spectrometers various signals during a single ELM
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Spectrosboplc diagnostics: The SOIJdivertor region of ASDEX-Upgrade (AUG) is viewed
by multichord UV/visible spectrometer systems. One set of 16 chords views tangentially to
the outer target plate covering the region from 1.5mm above the plate to above the X-point
with good spatial (x 2mm) and temporal (Tc>11p.S) resolution [1] (see Fig. 1). The outer target
plate is also observed from just above the mid-plane by a grating spectrometer fitted with a
photo-diode array giving z 600 chords across the plate but with less time resolution (73 = 25ms).

Results: The results discussed below are ftom an ICRH heated (30MHz, PICHH=1.47MW)
single—null discharge in deuterium (shot #2309) with lp = 600kA, B. = -2T, n6 = 4 x 1019 m‘a.

ELM Power and Particle Balances: Another detailed study [2] presents the following
scenario for a type III ELM on ASDEX-Upgrade. During the first phase of 10—100 ,us MHD
turbulence ergodises the last closed flux surfaces releasing a pulse of energy by electron
conduction into the SOL. Particles are subsequently lost on a slower timescale of 0.1—1.0 ms.
The total energy loss per ELM is about 5—10 kJ (3—6% of the total plasma energy). most being
deposited on the outer target plate (see Fig. 3(b)). The energy convected by particles to the
plates is much smaller (z10%) than that conducted through the electrons.
Investigating the ELMy H-mode (shot #2309, t=1.83 —1.9 s), in the quiescent phase between
ELMs the total D-flux to the target plates as determined from Do measurements is z1.6x1021
s‘1 with an out/in asymmetry of at .3 (see Fig. 3 (a)). The mean total particle loss per ELM to
the target plates (also determined from Do measurements) is z 9.6x10‘3. the particle losses



11-576 4—6

to the inner and outer plates being about equal. Because of the short duration of the ELMs
(21 ms) only about 25% of the mean D3flux to the plates is attributable to them. Note that
the inverse emission efficiency of Da (S/XB) increases moderately with increasing Ta and he
(by a factor 2 from Ta=5—100eV at ne=1019mTa and by a factor 2.7 from ns=0.5~5.0x10‘9m_3
at Ta=20eV). Hence, the fluxes quoted above have an estimated uncertainty of a factor m 2.
Furthermore, because T.3 and nB increase during the ELM, the actual D-flux during the ELM
may be higher relative to that between ELMs than stated above by up to a factor 2 2.

Flg. 3 (a) Deuterium flux from target plate; (b) deposited power on target plate;
and (o) CIII (464.9 nm) intensity 1cm above target plate (Shot #2309).

Outer target plate Inner target plate
4
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Temporal behaviour: Fig. 2 shows, at the commencement of magnetic activity (a), en—
hanced heat and particle fluxes into the SOL as seen by a fast bolometer channel viewing
outer SOL (c). This is associated with an increase of Do (b) and C|l|(464.9 nm) line radiation
(d & e) above the outer target plate. Channels viewing tom above the plate (a) and through the
x-point (d) show a simultaneous increase in Clll intensity. This behaviour is shown particularly
clearly in Fig. 5 which shows Do (a) and Clll (b) intensity profiles above the outer target (y E
chord elevation above plate centre) as a function of time. The Clll intensity increases within
11 ps throughout the profile which spans from the plate to above the X—point. This is much
faster than the time for transport of deuterons from the mid-plane to the plate (1-1,, D:0.2ms at
Te=50eV, L¢=15m) and implies that the intensity increase is due to an increase in T6 caused
by electron conduction (rm e=3.6ps). The Clll(464.9nm) [3p aP—ISs 38] line is excited from the
metastable Gs 38 state (excitation energy 2.67eV). Due to the large energy gap of Em: 29.55V
between the as ‘8 ground state and the metastable as 38 state the excitation coefficient has
a strong Te dependence, increasing by a factor of 25 from 5eV to 50eV. The initial rise in
Clll intensity by a factor 2 to 3 can thus easily be explained by increased excitation due to an
increase in T9. An increase of T,5 would. however, also cause an immediate increase in the
sputtered C-tlux due to the increased sheath potential and hence incident particle energies.
Over the energy range of interest the sputtering yield is, however, not a strong function of
D+ energy (EQ=60—3009V, Y=1—6%). A proposed explanation [2] for the factor m3 increase
in intensity in the channels intersecting the X-point region is that 02+ ions (xi=47.9eV) in the
cold ‘private' region (Te=5—10eV) are excited to the metastable state after mixing with hotter
plasma by ELM-generated magnetic turbulence around the X-point. This radiation decays after
m 0.3 ms implying ionisation of the 02“ ions (ri=0.14ms at T5=20eV and ne:1019 m’a) or a
reduction of ergodisation. After this initial 0.3 ms the Da and Gill intensities remain above the
pre-ELM level (factor 2 2 for D01), subsequently decaying over the following z 2ms. This can
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be explained by the arrival of the background ions exhausted by the ELM and the associated
increase in the sputtering of C from the plate. Some of the increased C—flux may, however, be
attributable to a temporary increase of Ti and hence sputtering yield.

Fig. 4 Profiles of (a) Do and (b) Clll line intensity as function of elevation
above the outer target plate during L — and H - modes before an ELM
(* - 1.8555) and during the ELM (—- - 1.85555 ando - 1.85655).
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Fig. 5 Line Intensity profiles of (a) Du (656.1 nm) and (b) Clll (464.9 nm)
above outer target plate during an ELM (Shot ft 2309)
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Intensity Profiles: When comparing profiles of Do and Gill intensity as a function of ele-
vation above the target before and during an ELM (see Figs. 4 (a,b)) large increases in the
Da intensity In front of the plate and Gill intensity in the vicinity of the X-point are observed.
Otherwise, little change in the form of the profiles is observed. Figs. 5 (a. b) show the temporal
development of these profiles in more detail. Figs. 6 (a,b) show time averaged (rc=25ms)
intensity profiles of Do and Cll(658.1nm) lines across the outer plate under L- and H-mode
conditions (lp=800 kA, Bt=—2 T, ne=4x1019 m‘a, PICHH=1.3 MW). Such data have been used
to study erosion of the plate under Ohmic conditions. Profiles of T6 at the plate are needed
for their interpretation in terms of particle fluxes. These are available for some Ohmic shots
from aswept Langmuir probe [3]. Erosion yields in agreement with those expected for physical
sputtering are found (Yo x 3—5%). The broad wings within the private region, where TB and
n3 are low, can be explained by small particle fluxes but low values of the inverse emission
efficiency (S/XB). Outside the separatrix the half widths of the profiles are 2.6cm (L-mode) and
3.2cm (H-mode) for Do and 4.5cm (L-mode) and 5.80m (H-mode) for Oil (the H-mode profiles
are integrated over several ELMs).
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Fig. 6 Profiles of (3) Da and (b) CII line Intensities measured across the outer
target plate during ICRH heated L - and H-modes.
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Measurements similar to those of Fig. 4 of C|l(658.1nm) line intensity show the (3+ ions to be
localised within 2cm of the plate. Preliminary modelling shows that the approximate form of
this profile can be explained by ionisation of sputtered 00 atoms and parallel diffusion of 0*
before further ionisation. Similarly the CHI profile may be explained by a source of ionised C”
ions, parallel diffusion of 02“ (with some backstreaming due to friction with background ions)
and further ionisation. Although recombination of 03“ is not expected to contribute significantly
to the 02+ population, explanation of the peak of the CHI intensity near the plate (Fig. 4 (b))
may require a contribution from charge exchange recombination with thermal D° (rcx=0.3ms
and 71:0.13ms with no=1012m“3, Te=20eV and ne=10‘3m‘3).
As previously mentioned, about 25% of the D+ flux arrives during the ELMs. Thus, under
the assumption that TB and Ti remain constant throughout the ELMs giving constant incident
D+ energy (E0 = BeTa + ZeTi) and hence sputtering yield, 25% of the sputtered C-flux could
be attributed to the ELMs. A detailed investigation, however, awaits T.a measurements of
sufficient temporal resolution without which it is not possible to calculate reliable C-fluxes from
the spectroscopic measurements.

Conclusions: The behaviour of D and C line emission profiles in the divertor region during
ELMs can be understood in conjunction with supporting studies [2]. An initial conducted heat
pulse from the ELM (to—100145) causes an increase in Ta and hence Clll emission throughout
this region, particularly near the X-point where C2+ ions are mixed with hotter plasma by
ergodisation. An immediate increase of sputtered C-flux may be expected due to the increased
Te at the plate. Later (0.1—1.0ms) a particle pulse reaches the target plates causing enhanced
sputtering and hence Clll emission. More detailed interpretation in terms of erosion and particle
transport will require fast TB and ne measurements. More quantitative modelling of the profiles
is under development.
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[1] Lieder, G., et al., "interpretation of low ionised impurity distributions in the ASDEX-Upgrade

divertor.", proceedings of this conference.
[2] Zohm, H., et al., "Characterisation of ELMs on ASDEX-Upgrade.", proceedings of this
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INTERPRETATION OF LOW IONIZED IMPURITY DISTRIBUTIONS IN THE
ASDEX UPGRADE DIVERTOR

G. Lieder, B. Napiontek, R. Radtke, A. Field, G. Fussmann, A. Kallenbach, K. Kiemer,
H.-M. Mayer and the ASDEX Upgrade-Team

Max-Planck-Instz‘tutfl‘lr Plasmaphysik, EURATOM Asst, D8046 Garching bei Manchen. FRG

Introduction
Design studies for reactor-like devices, like ITER, have particularly emphasized the im-
portance of erosion and transport of material from the divertor target plates. In this context
experimental measurements which can lead to a better understanding of the underlying physics
are highly desirable.
We discuss the spatial profiles of line emission from impurities measured in the divertor of
ASDEX Upgrade with a recently developed multichord divertor spectrometer system. These
profiles are obtained from observations in the ultra—violet/visible spectral range. The divertor
spectrometer system was developed particularly to measure the erosion of the divertor plates
and to study transport of the impurities and the ionization and recombination processes in the
divertor region.
Experimental
As shown in Fig. 1, the divertor spectrometer views along 16 lines of sight tangential to the
lower outer divertor plate. Its spatial resolution is better than 3mm. The chord integrated
plasma emission is collected by quartz lenses via a facetted mirror and led to the detector
systems by quartz optical fibers. TWO detection systems are simultaneously available: A 1m
Czerny-Turner spectrometer fitted with a freely programmable and gateable 2D CCD-camera
giving a spectral and temporal resolution of up to 0.03 nm and 20 ms respectively. This system
is used for measurements over a liruited spectral range in order to select appropriate emission
lines and to monitor these under the various operating conditions. The second system consists
of two 16 channel photomultiplier arrays which are equipped with different interference filters
and is used to measure the intensity of two isolated spectral lines simultaneously with a
temporal resolution as high as 11 as. Interference filters with a spectral bandwidth (FWHM)
of about 1 nm are used. The fast detection system has been designed especially to investigate
transient phenomena such as MARFEs 1'3 and ELMs 2.
The complete spectrometer system was calibrated between experimental campaigns using an
Ulbricht sphere inside the ASDEX Upgrade vessel. The total errors in the relative calibration
between the chords and the absolute intensity measurements are estimated as :t 20 % and
i 30 %, respectively. The measurements described below refer to ASDEX Upgrade lower
single null operation with the following discharge conditions: deuterium filling gas, plasma
current II) = 800 RA, toroidal field Bt = — 2 T, pulse duration (flat top) tfl = 4 s, line-averaged
density he = 3 - 1019 m“3 and boronized plasma facing components.
Results and discussion
Measurements of intensity profiles in the divertor have been performed under various oper-
ational conditions. In order to identify the impurities present in lie-discharges and during
D-discharges under boronized conditions survey measurements have been made over the
whole accessible spectral region. The following impurity species could be identified in He-
discharges: H, O, C, CH and as minorities Cr, Cu, Ca, Cl and N and in D—discharges: B,
BD, C, CD, 0 and the minorities He, Ca and Cr.
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Elan [eV] Shot it (filling gns) r [1010111454]

13.6 . 2635 (D) 50

116 . 2635 (D) 20

Cal 6‘1 l 2389 (D)

Hel 24.5 667.8 . 1406 (He)

Tab. 1: Integrated particle flux 1‘ of neutral atoms emanating from the divertor plate.

(ionization energy Eton, excitation energy Em and spectral line wavelength A).

Intensity distributions have been measured of neutral (B1, C1, Cal, Cd, 01) and ionized
(BH—BIV, CII-CV, OII—OIV) atoms. Fig. 2 shows as an example the spatial profile of Cal

a trace impurity in the graphite tiles, plotted versus the chord elevation in front of the plate
(see Fig. 1). The emission is localized within 2 cm above the plate and peaks sharply at

the plate. This intensity profile of the Cal (422.7 nm) line can be explained in terms of

ionization according to I(x) (x exp —’\:‘j) with the ionization length A10“ : fig where
S = S(Te) is the ionization rate coefficient and V0 is the initial velocity of the eroded atoms.

The measured decay length of lcru is in good agreement with estimates based upon plasma
parameters measured by Langmuir probes 3’4. We can use measured values for Am and

1(0), the intensity at the plate surface, to estimate the integrated particle flux from the plate.

Assuming the line emission to be localized within a region of width d along the lines of sight,

this quantity is given by I‘ = ‘ffi X313 I 0 M“ where X and B are the excitation rate coefficient

and the branching ratio, respectively. Table 1 shows various particle fluxes calculated from
the above relation . Here we use d = 6 cm and Te = 15 eV as obtained from other diagnostics

(boundary layer spectrometer, Langmuir probes 3’4 and therrnography 5).
Turning now to the ionic line emission profiles, we present in Fig. 3 profiles for B11, B111 and

BIV. The BI_profile is also shown for comparison. As an aid to the discussion of the profiles
we give in Table 2 some typical times and lengths characterizing the various collision processes

in the divertor. Boron ions entering the scrape—off layer (SOL) from the main plasma will
mainly be in the EV (He-like) and BVI (fully ionized) stages. At typical SOL—temperatures

Species Tutu [#8] we11 [118] Tim [#5] Tree [1115} Amrp [m] Aiun [m]

B] —— — 249 — —— 0.027

Bl] 34 180 33 56 0.54 , 0.53

3111 9.1 180 330 77 0.15 53

BW 4.2 180 > 106 29 0.067 164

BV 2.4 (33) 180 (72) >> 1060591) 50 (150) 0.038 (1.38) — (630)

BVI 1.6 (22) 180 (72) —- (—) 45 (200) 0.026 (0.92) — (—)

Tab. 2 Estimations of characteristic times r and lengths A in the divertor based on Te = 15 eV above the plate

and Tc = 100 eV in the SOL and ne = 1 - 1019 to“. An X-point to target distance of 3 in along the field lines

is assumed. The times are the thermal equilibration time Tun- with the background ions, the collision-free dwell

time rum” in the divertor. the ionization time rim and the recombination time Two. The lengths are the collision

mean free path Amp and the ionization length Aim. Values in brackets are for ions in the SOL with T; = 100 eV.
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T0 = Ti = 100 eV the equilibration times with the background ions reg“ are much shorter
than the collision—free dwell time in the SOL (weu) estimated assuming vpa; = vm. These
ions will therefore thermalize to the deuteron temperature in the SOL and divertor region and
be entrained in their flow. They will, nevertheless, flow rapidly to the target in a time much
shorter than the recombination time Two z 1 5 (radiation and dielectronic recombination).
The observed lower ionization stages are therefore not populated by recombination but are
produced by ionization of neutrals produced at the target.
Sputtered B atoms have a typical energy of 5 eV which at T6 = 15 eV and ne = 1 - 1019 m—3
gives )t-mn = 2.7 cm. The observed BI profile exhibits an exponential decay of similar decay
length but peaks a few mm from the plate. This may be explained by dissociation of e.g. BD
molecules providing an additional source of B atoms a few mm from the plate.
As a further point of interest we learn from Table 2 that, for the singly ionized BH ions, the
ionization and equilibration times are about equal and much shorter than the dwell time in the
divertor. These particles can therefore only marginally be described by a fluid approximation.
The relatively large mean free path length of 1.5 to causes a broadening of the emission
region so that these particles are also visible close to the plate. In contrast, B111 and the
higher ionized species are collision dominated and will flow together with the background
plasma but with a superimposed parallel and perpendicular diffusion. According to Table 2
the sputtered boron atoms will be rapidly ionized to the He-like state (BIV); Excitation of
the BIV-levels or ionization to BV by electron collisions, however, is practically impossible
for energetic reasons (Tc = 15 eV, En > ZOOeV, Em : 259 eV). The observed emission of
BIV shown in Fig. 3 is therefore most remarkable. As a tentative interpretation we assume
population of the corresponding 2p 3P—level by charge exchange recombination of BV with
D0 atoms. This process has a rather high cross-section (0' m 1 _ 3 - 10‘15 cm2) with
preferential capture into the n = 3 level 6. Further support for this explanation is provided
by the increase of the emission near to the plate which probably reflects the D0 density. We
should note that the existence of such BV (and BVI) ions in the divertor region is compatible
with Table 2. These particles are produced in the main plasma and — after diffusing into
the SOL — will reach the target plate without recombining. Generally, confirmation of the
presence of H—like and He-like ions in the divertor is problematical since at the typically low
values of Te these ions are not excited by electron collisions.
Summary
We presented first measurements of impurity emission profiles in a divertor. These measure~
ments will be used to check the advanced divertor modelling codes. One important fact is
the observation of He—like boron in the whole divertor plasma which confirmes the existence
of such highly ionized particles due to low recombination probability.
References
1 Mertens V., et al., “Experimental investigation and interpretation of MARFE‘s and density limit in ASDEX

Upgrade", same conference
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Experimental and theoretical investigation of density and
potential fluctuations in the scrape-off layer of ASDEX

M. Endler, L. Giannone, H. Niedermeyer, A. Rudyj, G. Theimer and the ASDEX Team
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association

D-85748 Garching, Germany

Introduction
Electrostatic fluctuations (i.e. the magnetic field is assumed constant) are candidates for
the explanation of the anomalous transport of particles and energy in both tokamaks
and stellarators. While most theoretical effort has been directed to an explanation of
the anomalous transport in the bulk plasma, it is now widely being realized that the
anomalous radial transport in the scrape—off layer, determining the width of the power
flow channel at limiter or divertor plates, may be equally important to a future reactor
experiment.
In the divertor tokamak ASDEX density and potential fluctuations in the scrape-off
layer were investigated with high temporal and spatial resolution by Langmuir probes
and an HDI diagnostic. Many results of these measurements were reported in [1] and are
summarized below. Several of these properties of the fluctuations have also been reported
from other experiments.

Basic properties of the observed fluctuations

o The fluctuations can be described by independent individual “events” superimposed
randomly rather than by modes following a dispersion relation.

In poloidal direction, these events show a periodicity with a wavelength of typically
476 cm, but the poloidal correlation decays within 2—3 wavelengths (the poloidal
half width is about as large as the wavelength).

Parallel to the magnetic field the fluctuations are in phase and highly correlated
over a distance of at least 10m.

0 The typical lifetime of the largest fluctuation events is of the order of a few 10 as.

o On the high field side, such fluctuations are only observed in “single null” discharges
when there is a connection between inboard scrape-off layer and outboard scrape-
off layer, whereas on the low field side the fluctuations are present also in “double
null” discharges.

0 Outside the separatrix the fluctuations propagate into ion diamagnetic drift direc—
tion with velocities of up to a few 100 ?, but at low temperatures the velocity can
also be very close to 0 or even reverse its sign; inside the separatrix the fluctuations
always propagate into electron diamagnetic drift direction.

e The phase between the fluctuations of ion saturation current and of floating p0ten~
tial yields maximum transport radially outward and suggests the picture of eddy—like
events exchanging plasma between the inner and outer parts of the scrape-off layer;
the lifetime of an individual “event” just fits to allow half a turn with the radial
EXB drift velocity and radial width of the scrape—off layer measured.
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0 The radial transport derived from the fluctuation measurements is of the right order
of magnitude to explain the global particle confinement.

Modelling the scrape-off layer
In addition to the gradients of density and temperature and the curvature of the magnetic
field, in the scrape-off layer the boundary conditions at the intersection of the magnetic
flux tubes with the limiter or divertor plates have to be taken into account. At these
intersection points electrostatic sheaths are formed and the flows of ions, electrons and
energy to the target plate are connected to the density and temperature in front of the
sheath and to the potential drop in the sheath.
In [2] it was shown for a fluid model that under these conditions the scrape-off layer will
be unstable in the region of unfavourable magnetic curvature, if potential fluctuations are
regarded in connection with either density or temperature fluctuations. Our analysis takes
into account simultaneous fluctuations of all three quantities in a simplified cylindrical
geometry. We assume that fluctuations are in phase along each magnetic flux tube, which
is supported by the correlation measurements mentioned above and is consistent with the
physical picture to be presented below. Thus, the time-dependent (fluctuating) part of the
equations can be treated two-dimensionally, and a non—linear numerical analysis would
be desirable, but has not been performed yet.
We performed a linear stability analysis and arrived at the following results within the
limits of our model:

0 The scrape-off layer is stable against perturbations

— of sufficiently large poloidal wavelength Apr);

— or for slab geometry (no magnetic curvature) and homogeneous magnetic field.

0 For unfavourable magnetic curvature (low field side in a tokamak) a stability limit
A0 for AM exists, and perturbations with wavelengths < A0 will grow with a rate
0: 1//\,,,,;2 for small AM.

o The instability mechanism in this case can be illustrated by assuming a fluctua-
tion with poloidal pressure gradients: The resulting radial diamagnetic currents
have a non—vanishing divergence due to the cylindrical geometry. They have to
be balanced by parallel currents through the sheath forcing changes in the elec-
tric potential of the magnetic flux tube and thus leading to poloidal electric fields.
The resulting radial EXB drift leads to a pressure perturbation in phase with the
original perturbation, and thus instability results.

In the region of favourable magnetic curvature the scrape-off layer is stable in the
limit of small and of large wavelengths, but if the density gradient is sufficiently large
compared to the pressure gradient, an intermediate range of unstable wavelengths
can exist. This result is due to the inclusion of both density and temperature
fluctuations in the model.

If we use mixing length arguments, trying to describe the convective transport due to
the fluctuations by diffusion, a diffusion coefficient results which itself is proportional
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to the pressure gradient. We use this diffusion coefficient to add an anomalous radial
transport term to the stationary version of our model equations and thus get estimates
for a diffusion coefficient and decay lengths for density and pressure. The diffusion

, , 2 7/6 1/3 4/3 2/3
coeffic1ent IS ~ 1 3% - (W57) (1m) 91—1.) (1—1112 where To is the mean electron
temperature, LC is the connection lengt between t e target plates, B is the magnetic
field and R 13 the major radius. The decay lengths for density LH and pressure L? are in
he order of 1 3cm and scale as Tol/SLC2/33 2/3R“1/3.

These scalings are only valid, however, if the secondary electron emission coefficient
at the sheath and the mean net current through the sheath are constant. But there
are indications from Langmuir probe measurements in the divertor that the net current
through the sheath can vary strongly with different plasma conditions, and for this case
our model predicts opposite behaviour of Lfl and Lp which in the divertor scrape-off layer
indeed has been observed.

Comparison between model and experiments
For density ramp discharges at ASDEX, several model results are plotted versus pa-
rameters of the correlation functions in figs. 1—3. As the model is based on several
crude simplifications up to now, the qualitative agreement is quite satisfactory. The
results of the model are not explicitly dependent on density but on temperature, and the
temperature in the scrape-off layer scales inversely with density. Fig. 4 indicates that the
typical wavelengths of the fluctuations are closely correlated to the radial width of the
energy-carrying layer.
[3] gives a dependence of Ln oc T00.23Lco.45 from lithium beam experiments for a set
of comparable discharges, which is not so far away from Ln o< Tol/SLCZ/3 given above
(without taking into account variations of the secondary electron emission coefficient and
the net current through the sheath), but no dependence of L, on the magnetic field could
be detected in those experiments.

[1] Proceedings of the EPS Conferences: A. Rudyj et al. 1989 (Venice) and 1990 (Am—
sterdam), H. Niedermeyer et al. 1991 (Berlin), M, Endler et al. and L. Giannone et
a1. 1992 (Innsbruck) and
A. Rudyj 1990, PhD thesis, Technische Universitat Miinchen

[2] A. V. Nedospasov in Sov. J. of Plasma Physics 15 (1989) 10, 659—661 and
X. Garbet, L. Laurent, J.—P. Roubin and A. Samain in Nuclear Fusion 31 (1991) 5,
967—972

[3] K. McCormick, G. Kyriakakis, J. Neuhauser, E. Kakoulidis, J. Schweinzer and N.
Tsois in Journal of Nuclear Materials 196*198 (1992), 2647270
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Particle and Energy Transport in the ASDEX Scrape-Off Layer
K, Mcggormickl, S. Fiedlerza G. Kyriakakis4, J. Neuhauserl,

D. Reiter3, R. Schneiderl, J. Schweinzerl, and N. Tsois4
(1) Max-Planck-lnsltut fur Plasmaphysik, EURATOM Assocletlon, 85748 Garching, Germany
(2) Inst. fl‘tr Allgemalne Physik, TU Wien, Wledner Hauptstr.8-10, 1040 Wien, Austria
(3) Forschungazentrum Jfillch, Association EURATOM-KFA, 5170 Jfillch, Germany
(4) NCSR Demokritos, Athens, Greece

Introduction: The increasing maturity in edge/SOL modeling approaches within the lPP, and
the crystallization of clear trends within edge data bases for ASDEX now begin to permit a more
systematic exploration of the underlying physics behind edge phenomena observed in the past.
This paper first documents the parametrical behavior of a number of edge/SOL/divertor
quantities for ohmically- and N|~heated plasmas. Then, the results of parametric calculations
with the 82 code /1/ in conjunction with a simple gas recycling model are compared to
experiment. Hereby, the goal is to explore the systematic trends predicted for
experimentally-measured quantities with the aims of (a) discerning the transport model most
appropriate to the data, (b) elucidating the interdependencies of salient code output quantities,
and (c) delineation of the direction of future code work of this nature.
Experimental Scallngs: In the edge plasma of the main chamber. temperature (T9394)
and density (n939.4) values are available from the YAG Thomson scattering system at a point
approximately one cm inside the magnetically-determined separatrix. Regressions involving
Ta and n9 are based on this point in order to minimize scatter of the data. Extrapolations of
n639‘4 and T6394 to the approximate separatrix position yields values about 2/3 of those at
the point of measurement. The lithium beam probe delivers relative ne(r)'profiles in the
outer midplane. A reciprocating Langmuir probe in the divertor yields ned(r), Ted(r)and
equivalent power flux q” profile widths Ap. Interferometric line densities neL near the
divertor throat as well as the divertor neutral gas density "odiv and Ho: intensity are studied.
Table l presents regression fits for the quantities above from an (OH,Nl) experimental data
base in terms of those parameters expected to be relevant for edge/SOL physics. The "machine
parameter" Bt must also be used to obtain reasonable results. Of note is : (a) qa and BI often
are of major importance in the fit, and (b) among edge quantities there is no isotope effect.
In the outer midplane kn is derived by fitting an exponential to the density profile over the
first two cm outside the separatrix position R5,).n is typically given by kn~qa°-45'°-3Te39_4°-23‘°-41,An~1.6-2.6cm /2.3/. The smaller qa exponent is more representative.
However for T639I4<40eV, correspondin% to high-qt? ohmic discharges, kn abruptly changesits behavior: xn(Teag_4<4OeV)~qa°-7 Te39.4' -51. Phenomenologically, the density
shoulder seen l2,3,4/ for R-Ft322cm in normal regions of operation becomes characteristic
of the entire SOL for low Te and high qa.
AP in the divertor scales as A ~Ted'0-53i0-013 qao-53io-025 (Fl=0.9) for an ohmic
deuterium data base (A =1-4 cm .The general trend with decreasing Ted as the density limit
is approached is the Fed profile becomes very flat in the range 5-8eV, whereas Tied“)
maintains a somewhat peaked profile near the separatrix. A shoulder in the q" profiles is also
seen, which dominates AP for low Ted and high qa /5/.
In previous work /2,3/ an initial effort to deduce the perpendicular diffusion coefficient D in
the SOL from the formulation “D“:An2/r”, under the assumption of a constant mach number
led to the result "D" ~ T9394 for a wide variety of conditions for ohmically- and NI-heated
plasmas. This result is summarized for an OH data base in fig.2.
Braams Code Results: The “D“ ~ T9394 relation of above is predicated on a primitive model
and should be checked against complete BZ-EIRENE /1/ calculations. However, the approach
discussed here employs a simplifed impurity and neutral gas model. with a single-fluid 82
version, in order to gain a feeling for leading terms. Heat transport along field lines is taken to
be classical with a flux limit of 0.29veTe. For perpendicular transport, three models are
examined: (A) D=Xi=Xe/3=O.5,1,1.5m2/s; constant over the SOL, (B) D=Xi=X9/3=
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D01013cm-3,ne (Le. D~1/ne); 00:0.5.1m2/s. and (C) D=1m2/s. xi=xe=o.o1 (i.e.
energy transport mainly by convectlon). The code input parameters are varied over typical
operational ranges; the results are summarized in table [I in the form of regressions for the
quantities listed in table |, whereby the 82 input quantities hes. Psolv qa, impurity
concentration “imp/"e and Do are used as the regression parameters. This statistical approach
has the advantage that the validty of individual transport models, as well as inadequacies of
other model assumptions, can readily be examined.
Classical drifts or an inward pinch are not considered. Only one equilibrium grid is used with a
spatial extent of 1.80m inside RS and 2.6cm outside RS at the outer midplane. The code operates
with feedback loops so that has and P50. can be specified; power is divided between electron-
ions in the ratio 2:1. Zeff=3 is taken for all calculations. The neutral gas model assumes the
”odiv profile -motivatated by DEGAS/EIRENE calculations- is invariant in the divertor
(reasonable for the neL values encountered in the plasma fan, see table I). The absolute value
of “odiv is calculated from the divertor particle balance. nes is regulated by balancing all ion
losses from the SOL and divertor by a poloidally homogeneous gas puff in the main
chamber/SI. Other parameters in the code are selected to give close agreement with complete
BZ-EIRENE runs for a generic situation.
Fig.1 illustrates B2-generated ne-, Te-profiles for nesztx1013 cm'3 and Pso|=0.6MW. For
R—Rsflcm the differences in the three diffusive models are minimal. The 1/ne variation has
the pleasing aspect that a shoulder is produced for Ft-Ft522cm, as seen in experiment. But, the
shoulder is always there, not scaling in the proper way. For Te(r) the conv. case is
characterized by rather high Te at the separatrix with a very steep falloff in the SOL.
instead of a point-by-point comparison between experimental and code regressions, the
overall trends will be reviewed. The inclusion of D in table II as regression parameter
demonstrates the sensitivity of changes in D to the quantity under question. Quite generally,
the experimental qa-scalings are not duplicated in the calculations. There is good agreement
for He in all cases. The code-predicted Psol dependence of ”odiv is absolutely not found in
experiment. The density dependence for AF) and 7m predicted by case B is in strong contrast to
experiment. Case C gives an extremely strong relationship between Tes and neS Psol - again
in strong contrast to experiment. Case C does has the correct Ted exponent for A However, as
mentioned above, the q“ profile for low Ted develops a prominate shoulder which surely
strongly contributes to the Ted-, qa- dependence seen in experiment, and none of the models
produce a shoulder in the correct sense. From these considerations, case A is the preferred
form of diffusion coefficient simply from the standpoint that it nowhere strongly violates
experimental behavior as do B and C for certain quantities.
For case A, the fit for 7t.” is obtained only if values nes13>0.8 are excluded from the data base.
For hes below roughly this limit (is. in the direction of higher T93, Ted) kn begins to decrease
with temperature. This behavior is correlated with the Mach number. centered around
Tes~35eV, 05M augments rapidly with increasing or decreasing Tes such that, heuristic-ally,
Kn~ (DO T|1)O~ (Do LIMCS)0 ~(0D L/MTe 0-5)O-5 would be expected to diminish which
is indeed observed in the calculation O,Thus the experimental scaling of xn—T839_40-é3'0-41
comes about not to the diffusion coefficient scalinzg as T839 4. but due to the variation in M with
Tes‘ Fig. 2 illuminates this point, where "D"=itn It” is used to derive a "diffusion coefficient“
for case A (with Do=0.5,1,1.5 m2/s) in the same way as the experimental data base. For each
D0 a set of points arises which behave very much as the experimental data set in both a
relative and absolute sense. Going further, keeping in mind the very rough Te39.4~1.5TeS
relationship, the experimental set is compatible with Do~0.5-1 at high Tes: and around
T839.4—40eV Do~1-1.5 is more appropriate.
Note that in fig. 3, the clean variation of ”D“ with Tes comes about only because qa has been
held constant, and the data set restricted to nes13>0-8- The point scatter arising when these
limitations are lifted is not compatible with experiment, where with qa:2.5-5.9 and high
temperatures, the scaling for ”D" continues. Further code work is necessary here.
Overall, in terms of absolute numbers, the 82 results are satisfactorily in agreement with
experiment with respect to Tes and nesTes. keeping in mind that T9394, [19394 when
extrapolated to the separatrix are roughly 2/3 of the values given in table I, and that no
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attempt was made to model any particular shot in detail. Ted is predicted to be too high, asTed>35eV is seldom found in experiment. On the other hand. for such high temperatures theimpurity content of the plasma will increase, which would excerbate excessive Ted values ifincluded in the model. neL, nodiv and “ed are all about a factor of two too low; increase ofrecyling in the model will help to aleviate this inconsistency.
Conclusions and Discussion: Case A, D = Xi = lie/3, is most often closer to experiment,including the fit to Kn. A D~1lne scaling is of interest, since indications on the stellaratorW7-AS are that such behavior prevails/7]. Nonetheless, the new scalings for An and Aimplicit for the model are simply not present. For example, during a density ramp, has“,might vary from 0.5 to 2.0; the D(1/ne)scaling An-nes'o-51 requires that An decrease by afactor of two, i.e. from two to one cm. This is far outside measurment error. The tendency ofthe convective model is for Tes to respond too sharply to changes in hes and Psol-
The strong qa. Bi, lp variations of some experimental observables might be an indication thattransport is related to these global parameters. it is interesting, for instance, to find for caseswhere a pure qa~scaling is present (i.e. not in combination with 3t)- that the assumption D~qaleads immediately to the correct qa dependence for A and 1n. Such a scaling will alsopresumably allow the code to more correctly duplicate he qa-scaling of the density limit -without this caveat the density limit is largely unaffected by qa variations.
The code results can identify combinations of experimental parameters suitable to extract D.For case A, D ~xn1-9910-076 Tes'o-GGi-035; that is, a is directly proportional to D asexpected from simple 1D models, but the exponent of T95 is exactly opposite to that normallyassumed. This arises from the variation of mach number, both with Tes and qa.
Finally, the presence of a shoulder in ne(r) and q”(r) cannot be explained within the code,other than to assume a diffusion coefficient in excess of Bohm in the low-temperature regionwhere the shoulder occurs. if transport is effected by ExB-driven turbulent eddies, of the sizeof Kn and with correlation times of the order of parallel equilibration times-for which someevidence exists /8/, then during one rotation the plasma may drift outwards such that theeffective value of the anomalous diffusion coefficient may exceed Bohm. One expects, then, at tobe correlated with quantities associated with the SOL. The regressions of table |, where qa andBthave been used as principle components, indicate core/edge quantities are roughlyproportional to Btwhereas divertor parameters are inversely proportional.
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Introduction.
Similar to the arrangement on former ASDEX, a Quadrupole mass analyzer (QMA) is
attached downstream near to one of the fourteen turbomolecular pumps on ASDEX
UPGRADE . Owing to about twice the distance between the QMA and the torus
volume as compared to ASDEX, the response time (1) has increased to 120 ms for
deuterium. scaling with the square root of mass. As it turned out, too, the magnetic
shielding which was completely sufficient for ASDEX had to be improved by an
additional encasement of 16 mm Armco steel. Calibration of the QMA is done under
regular pumping conditions against the pressure in the torus vessel as measured by
a MKS Baratron. Thus, given partial pressures always refer to an equivalent
upstream vessel pressure and not to the actual pressure at the QMA which is lower
by a factor of three or more because of the pressure drop in the pumping port.

Early Results.
The QMA was in operation from the very first discharges, starting in April 91. At this
time all experiments were performed in He, since experience at ASDEX and other
plasma machines has shown that problems with density control and reproducibility
as well as with low density limits due to high gaseous impurity recycling are
mitigated. Figure 1 shows the partial pressures of M=4, M=28 and M=44, during
and after one of these early discharges. At this time still circular and non diverted
plasmas at lp=350 kA were run, mostly with the inner heat shield acting as limiter.
Here the high levels of CO and C02 were typical, especially well seen in the
outgassing after the discharge. The partial pressure of C02 reaches its maximum
much later than CO, which cannot be explained by the differences in pumping
speed. Obviously. outgassing characteristics are different. This behaviour together
with the high contribution of C02 seems to be rather typical for limiter tokomak
discharges. in our experience it is associated with strong local heat-up of limiting
components. CO, and even more so, C02 are diminished as soon as discharges are
better position controlled. C02 is usually insignificant in good, diverted discharges,
which is also plausible in view of the now generally accepted mechanism of main
oxygen recycling via CO due to a chemical reaction between carbon and an oxygen
atom stemming from the discharge zone. The formation of 002 on the same line is
obviously less likely, at least at low temperature wall conditions. On the other side,
outgassing of CO and C02 from hot wall components is well known and described in
terms of thermodynamics. In contrast to the behaviour of CO in Fig. 1, strong wall
pumping of CO is usually observed after divertor discharges, especially if parts of the
wall are metallic (2,3).

The contribution of water vapour in the impurity recycling in ASDEX UPGRADE was
and is less significant, though it might well be part of the initial source of oxygen at
the start of the discharge. This latter observation is rather typical for plasma machines
with mostly carbon covered walls. The situation was definitely different in former
ASDEX with stainless steel walls (3).
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fB r IZ I n.
Unfortunately, the data base for a comparison of gaseous impurity production before
and after boronization of ASDEX UPGRADE is somewhat scarce. This comes about
as most of the discharges before boronization, including divertor discharges, wereperformed in He and only very few in D2 are available. On the other hand. the effectof boronization, as documented on other machines as well, is so significant thatbetter statistics is not necessarily the point. In He discharges hydrocarbons are onlyproduced to the extent as hydrogen from the walls is outgassing into the discharge,mostly originating from previous glow discharge conditioning or boronization with
BzHe. Thus, interference problems in the mass spectra, as explained in the next
Chapter, are minor and the evaluation for H2O, CO and CO2 is straightforward. He
discharges before boronization show about half the amount of CO as those in D2.This and the absence of the hydrocarbons might be partly responsible for the betterperformance and higher density limit achieved in He. Boronization reduces CO byabout‘an order of magnitude with CO2 and H20 almost disappearing in the noiselevel. A similar finding applies to D2 discharges as far as all the O-compoundmolecules are concerned. However, the reduction of hydrocarbons by boronization ismuch less pronounced. Here the data base is yet somewhat too insufficient, but thetendency corresponds well with the observations on ASDEX (4).

The Role of Hydrocarbons.
Most of what remains as gaseous impurity fluxes under boronized wall conditions arehydrocarbons. One problem in the interpretation of the mass spectra is that weusually have to deal with a mixture of deuterium and hydrogen in D2 fuelleddischarges, as already mentioned. For the hydrocarbons this leads to rather compli-cated spectra with some peaks strongly interfering with the mass peaks of water-vapour, CO and CO2. in an earlier paper (5) pertaining to this problem on ASDEX , amodel was used to describe the spectra for methane as a function of the ratio of H/Dsimultaneously found from the H2, H0 and D2 mixture in the divertor exhaust. Themodel assumes nearly stationary conditions of atomic fluxes leaving the plasma andbeing adsorbed by the wall, and molecular fluxes leaving the wall by recombinationand being again pumped by the plasma. This in effect affords conditions similar tothermodynamic equilibrium. The model which rendered very good agreement withthe observed spectra of methane was recently extended to the C2Ha group ofhydrocarbons with their higher degree of complexity. This was especially indicated inview of a better assessment of the residual CO component after boronization.

Figure 2 shows a mass spectrum of the mass range 12 to 50 as taken during theplateau phase of a typical ohmic divertor discharge with lp: 600 kA and <ne>: 3‘1019
m‘3. The mass peaks pertaining to the 0, C2 and C3 hydrocarbon groups are welldiscernible. A comparison with the model is shown in Figures 3 and 4 for the C andC2 group respectively. The problem which arises with the latter is that ethane as wellas ethylene and acetylene can be formed. An analysis of many spectra shows,however. that acetylene may be neglected and that best agreement between dataand the model is usually obtained with the assumption of 70% ethane and 30%ethylene. The peak patterns of Figures 3 and 4 are given for a concentration H/H+Dof 0.1, 0.15, and 0.2. A comparison with Figure 2 shows best agreement around0.15, which also is the ratio directly obtained from the measured partial pressures ofH2, HD and D2. The only disagreement is seen on M=28 which is due to thecontribution of CO which can be assessed now with fair accuracy to about 2/8 of thepeak in Figure 2. Equally, 10% of water vapour of same isotope composition were
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added to methane to improve the fit for M=18 to M=20. But this amount of water also
constitutes a limit of what seems likely.

The characteristic pattern of the hydrocarbon peaks shows a very fast and
pronounced change with the concentration. By comparing the measured pattern with
those of the model, a quick and rather accurate estimate of the H/H+D ratio is
possible which, for instance, is of interest for H-minority lCRH.

On the basis of Figure 2, one can derive the fluxes of the various hydrocarbons
versus the flux of CO (002 being obviously negligible). Adding up the peaks, one
finds for methane, ethylene and ethane a contribution of 54%, 33% and 13%
respectively, to the total hydrocarbon pressure of 6 *10‘5 mbar which makes up about
20% of the hydrogen isotope pressure in the divertor exhaust. Concerning the
recycling of these gases we have to convert these figures to the corresponding
fluxes of carbon atoms which are in the ratio of 41%, 40% and 19% for CHmDn,
C2HmDn and CaHmDn respectively. Compared with these total carbon fluxes. the
reflux of oxygen, carried by CO, amounts to less than 10%. With the closed divertor
of former ASDEX we had a reasonable model and a good data base to convert such
data to absolute global fluxes entering the main plasma, which were found in good
agreement with the radiated power and spectroscopical data. in ASDEX UPGRADE
a direct connection of the divertor exhaust exists only to the zone of the'outer divertor
fan, and no data about effective conductances of this volume back to the main
plasma are yet available. Still, the similarities of the findings make us believe that at
least the relations between the fluxes are typical in a global sense. in view of the
difficulties encountered in optical spectroscopy to quantify carbon versus oxygen, this
constitutes an important statement in tying the main source of edge radiation then to
carbon.

For a better understanding of the origin of hydrocarbons, a few more annotations
should be made. Considering the conditions in the plasma fan in front of the collector
plates it is not very likely that hydrocarbons there produced leave the plasma fan.
Assumptions about redeposition go in the same direction. On the other hand, the
high neutral gas pressure in the divertor volume leads to a strong parasitic recycling
which results in a high flux of Franck-Condon and CX atoms hitting the surfaces in
the vicinity of the divertor plasma. The reactions on these surfaces constitute the main
source of the molecular hydrogen and hydrocarbons actually seen in the divertor
exhaust. This interpretation is well in line with laboratory experiments which‘ show
that the observed high production rate of heavier hydrocarbons is typical for low
energy bombardment of carbon surfaces as is obviously the case here (6).

One rather noteworthy aspect of the model for hydrocarbon generation is that the
yields for the actual carbon erosion (chemical sputtering) in the machine can directly
be derived from the measured fluxes of hydrocarbons versus the molecular hydro-
gen fluxes. The only approximation is that the molecular fluxes leaving the wall are
balanced by the impinging atomic flux which is verified by the observed high recyc-
ling rate (low fuelling). Also, the fluxes have to originate from the same surfaces. The
erosion yield obtained in this way is between 5% and 10% which is much higher than
room temperature lab. data would suggestts). Even less chemical erosion should be
expected after boronization. Such discrepancies might be explained by actual wall
conditions rather different from the well defined ones of a laboratory experiment and,
last not least, also by the higher hydrogen fluxes encountered in plasma machines.
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Tore Supra recycling properties with boronized walls

C. Grisolia, E. Gauthier, A. Grosman, P. Monier-Garbet and E. Tsitrone
Association EURATOM-CEA sur la fusion, C.E. Cadarache f 13108 Saiaaul—lez-Durance

[1 Introduction
In a previous paper, the main improvements of the Tore Supra plasma operation after

boronization were described 2 an oxygen plasma content decrease by a factor of S and strong
effects on wall recycling properties [1]. These latter are the subject of this study.

In the first part of this paper, the hydrogen depletion after an helium glow discharge
from boronized and carbonized walls is compared. The very slow decay of the hydrogen
production can be explained by a much larger hydrogenoid atoms diffusion coefficient for
boronized walls (BW) than for carbonized walls (CW).

The wall recycling properties during plasma shots for H and D atoms in BW and CW
are then compared. The observations are in agreement with the assumed diffusion increase in
BW.

I!) Helium glow discharge analysis
After a boronization or a carbonization process, the Tore Supra inner walls are

conditioned by means of an helium glow discharge (HeGD) (helium pressure : 0.3 Pa, and
GD current 2 3 A). The H and D production is recorded all along the conditioning
procedure.

In the case of CW, the total amount of released atoms is 5.5 1022 after 10 hours
HeGD (wall temperature : 170 °C).

In the BW case, 7 1022 atoms are detrapped which is about 20% more in spite of a
lower wall temperature (160°C).

Moreover, the time evolution of the H2 production (QH2) is recorded during all the
HeGD. In the‘CW case, QH2 follows t'0‘5 evolution which is the signature of a limited
diffusion process [2]. In BW conditions, QH2 evolution is rather different since it follows a
1-0.15 law (see figure 1). In contrast with the carbonized case, this slow evolution seems to
prove that, in BW, desorption is not diffusion limited. This implies that the diffusion
coefficient is very high in the boronized layers, allowing a continuous hydrogen supply of
the desorption layer from the bulk. It is worthwhile noting that penetration during HeGD is
at the most 5 nm. 7‘1022 atoms detrapped from a fully saturated wall correspond to about
90 fully desaturated monolayers which is equal to 22 nm of desaturated depth [3].
Consequently, this hydrogeno‘id production requires that the particles diffuse during HeGD
in BW. Accordingly, in the frame of a diffusion process, a t’(:'-5 evolution should be
observed for QH2.

This slow evolution of QH2 could be attributed to a catalytic effect of boron on the
creation of H2 molecules which can then diffuse very rapidly in an amorphous layer.
However, when the HeGD is turned off, the H2 production stops which is contradictory with
the catalytic hypothesis.

In conclusion, to explain the observations, the particles must have a wall diffusion
coefficient much greater in BW than in CW (DD:B> >DD1C)-
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ll!) Plasma shot properties
For the forecoming analysis, the wall temperature is kept constant at 170°C and the

plasma shots which are compared, have the same time history with Ip=l.5MA without
auxiliary heating.

at Fuelling efficiency

dNe

The fuelling efficiency (FE) is defined as d%where Ne is the total number of
q

electron in the lasma and V is the injected as influx. In figure 2, FE is represented inP m] g
BW and in CW as a fonction of time.

In the CW conditions, FE decreases continuously from a value much greater than one
to about 20% at the current plateau. At the beginning of the ramp up, the prefill gas after
being trapped in the wall is rapidly recovered and FE exhibits a high value. The ionisation
length being proportional to l/ne where ne is the plasma density, FE appears to decrease in
the same way as the ionisation length.

In the BW conditions, FE is always smaller than 25% even in the ramp up. It should
be noted that before entering the plasma bulk, particles once ionized in the S.O.L may
recycle many times on the walls. If, as supposed in part one, DD:B> >DD2Cy the D
particles can diffuse more deeply in the bulk in BW. So, they are more easily trapped and
FE is thus smaller in boronized conditions.

bl Vessel pressure evolution (after a shot!
In figure 3, time evolution of D2 partial pressure after a shot is presented for BW and

CW conditions. This different evolutions are always observed after a shot : in BW,
PD2=P0t‘0'8 and in CW PD2=P0t'1. This difference represents a specific characteristic of
the wall conditioning status. At the end of the shot, the particle density profile in the walls
is out of equilibrium and the particles can diffuse from the layer (corresponding to the
maximum concentration of deposition) to the wall surface. Under the asumption that
DDzB> >DD:C» the desorption is larger in BW than in CW.

The total number of particles recovered in BW after a shot is much greater than in
CW. In figure 4, the ratio of the total amount of pumped particles (Np) to the total amount
of injected particles (Ni) is plotted versus the maximum plasma electron content (Nem)
reached during a shot at the end of the gas puff. In BW, Np/Ni is always higher than in CW.
For Nem smaller than 4*1020, Np/Ni is greater than 1 and the walls are desaturated even by
deuterium shots. Moreover, high denSity are reached only in BW and the ratio Np/Ni is then
equal to 25%. In this case, 6.4"‘1021 atoms are injected and l.6"‘1021 atoms are pumped. It
is noticable that for all the shots presented in this figure, Np is always of the same order.

c) Particle balance
A new technique to study particle balance and to estimate the wall saturation status

has been developped for Tore Supra shots.
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This technique consists [4] of making a series of shots keeping the same procedure all
along the series. First, the plasma is initiated on the outboard pump limiter (area#0.5m2) and
during this phase a large and variable quantity of gas is puffed into the machine. Then, 3
seconds after the end of the gas puff, the plasma is pushed on the inner wall (more than 15
m2 graphite). This displacement causes a decrease of the plasma density characterised by 1:0
which is the time scale of the density evolution. We have shown previously that, in CW
conditions, to increases continuously until the total saturation of the wall is reached [4].

For every shot, Qdep (=Np-Ni) which is the total amount of particles deposited in
the wall is measured. On figure 5, T0 (for BW and CW conditions) is plotted as a fonction of
Qtot which is the integrated value of Qdep over the entire series of shots.

At the beginning of each serie, 1:0 is the same in BW and in CW indicating that the
wall saturation status is equal in both conditions.

In the carbonized case, TO increases rapidly from 60ms to 200ms : the wall is
reaching its saturation. On the contrary, in the boronized case, T0 remains almost constant :
the wall interacting with the plasma stays desaturated.

This is confirmed by (HOL,D0t) measurements recorded during the gas puff which are
presented in figure 6 where shots labeled as I (CW) and J (BW) in figure 5 are compared.
For similar Qtot, tHu which is the time scale of (Ha,Doc) evolution is longer in CW than in
BW. This confirms that the wall is more saturated (for the same total D2 load) in CW
conditions than in BW ones.

1!) Conclusions
We have shown that the particle diffusion properties are very different for BW and

CW conditions. To explain this discrepancy, we assume that the particle diffusion coefficient
is much higher for BW than for CW. Moreover, the wall recycling properties are compared
in BW and CW conditions. We have shown that : i) the fuelling efficiency is lower in BW
than in CW, ii) the total amount of particles recovered after a shot is greater in BW than in
CW, for any plasma density, iii) using a particle balance analysis, no net wall saturation is
observed in BW compared with CW for similar deuterium loads. These observations confirm
the presumed diffusion increase. This particular behaviour of the BW allows an efficient
recycling control for very long Tore Supra discharges up to 675 where a wall saturation is
not reached in spite of a very high injected gas puff (4.24*1020 atoms/s) [5].
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IMPURITY GENERATION IN THE TORE SUPRA OUTBOARD PUMP LINHTER

C.C. Klepper, J .T. Hogan, L.W. Owen, T. Uckan
Oak Ridge National Laboratory, Oak Ridge, TN 37831-8072, USA

W.R. Hess, D. Guilhem, R. Guirlet, T. Loarer
Association Euratom-CEA, F-13108 SAINT PAUL-LEZ—DURANCE, FRANCE

1. Introduction.The generation of impurities due to plasma interaction with graphite sur-
faces has been the focus of a great deal of study. We present results from an experiment in
which the plasma-surface conditions can be relatively well characterized. Impurity spectro-
scopic observations have been made in the throat region of the Outboard Pump Limiter in
Tore Supra. The temperature of the neutralizer plate can be estimated from measurements of
the temperature of the front face of this limiter and extensive thermal modeling using the
actual limiter geometry. The plasma conditions are characterized by Langmuir probe mea-
surements in the pump limiter throat, approximately 10 cm from the emitting surface. The
full visible region of impurity emission is observed spectroscopically. These observations
lead to the identification of hydrocarbon generation from chemical sputtering processes.
Modeling with a 3D impurity transport code (BBQ) allows a comparison with expected
emission due to chemical sputtering. The experimental set-up is described in Section 2, the
spectroscopic observations and identification is given in Section 3, the transport modeling
and comparison is discussed in Section 4, and conclusions are given in Section 5.

2. Experimental Setup.The neunalizer plate (deflector) of the Tore Supra outboard pump
limiter is viewed by means of a telescope
located at the end of the pumping chamber igmggfid‘\ PLASMA
and which is fiber-optically linked to a vis- “V
ible spectrometer with a 1—D Optical
Multichannel Analyser (OMA). The linear yFHRO'” ._INFLUX
dispersion of the system is ~ 0.1A/mm. “‘ o ELE

' ' ' ‘ Lg ASYMMETHICThe v1ew1ng chord'intercepts With the gm SHELF LANGMUIH
deflector are ~6cm 1n diameter, roughly .53 ”“0555
spanning the toroidal extent of the plate. 3“
Absolute intensity calibration of the system
is done by placing the telescope at the aper-
ture of a blackbody radiation source. The
pump limiter is also equipped with a large
number of other diagnostics, including a
set of Langmutr probes that measure the can l'o
. . . CAMERA RESIDUAL101'] flux at the entrance of the pump limiter PRESSURE ens

. GAUGES ANALYSEFIthroat, as well as the T6 and ne 1n the throat (FIGA)
\OPTICAL FIBERSregion (Fig. 1).

_ _ Figure 1: Schematic View of the outboard
3. Experimental Results. Spectra contam— pump limiter and its associated diagnostics
ing both atomic lines and molecular bands
are obtained in the throat region. Fig. 2(a) shows a spectrum containing the CD band at
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4315A together with the C11 line at ‘° 5 ' ' TS‘ 10453
4267A. (Note that some of the rotational ‘3 2* (a) CH 4
structure of the molecule can be A,u, ‘3 ;- CD €
resolved). Fig. 2(b) shows the molecular 4 g i
band of C2 at 5161A (from the Swan 2 — -_

series) together with a series of C11 42;” 4255
lines. The C111 line at 4647A has also
been observed in this region. The pres- 2
ence of the molecules in the throat sug- A‘Uls 7:)(b
gests that chemical sputtering is a domi-
nant carbon impurity generation mecha~
nism. This is further supported by esti-
mates of the deflector surface tempera- o
ture in the range of 450-550'C (near the 51 1 5 513‘ W‘mw‘ (A)
maximum of chemical sputtering for
100-200eV ions), as obtained from the Sign;4imu;?&?3:gcgangl61 A
front face IR measurements and a heat
conduction model [1]. The presence of the Langmuir probes, which can measure directly the
deuteron flux into the throat, allows us to estimate the chemical sputtering yield.

For example, for a high density (neL=6.1019m'2) case (TS 10447 and 10453), the

throat Langmuir probe data give an average ion flux to the deflector of jD+ = 2 1019

277 4295 4320Wavn‘lmgm (A)

TS 9132:

5164 5180

ions/cmz/s, while the OMA measures an integrated intensity of 1:2.5x106 counts/s (cps) for

the CD band. Using the calibration of the optical system for 4300131, which is C = 1.8x10’8

cps/(photons/cmZ/sr/s), we get a photon flux of (41: sr)I/C = 1.7)(1015 photons/cmZ-s. Then
using molecular data from [2], for the approximate plasma conditions in the throat (25eV)
the ratio of CD4 dissociations per CD band photon emitted is 100. Therefore, the photon

flux above corresponds to a "molecular loss event flux" for CD4 of 1.7 1017 losses/cmZ/s. If
every CD4 chemically sputtered from the deflector is also lost near the deflector, then there

are 1.7 1017 CD4 molecules/cmZ/s produced near the surface. From the impinging ion flux

and the CD4 emerging flux, we compute a sputtering yield Y = 0.009. This is consistent with
extrapolations of existing studies of chemical sputtering on graphite (most studies are limit-
ed to ion fluxes of 1013 to 1017 ions/cmz/s) [3]

A similar calculation can be carried out for C2Dx molecules. Taking for example

another high density shot (TS 9132), where the C2 molecular band and the C+ line were mea-

sured simultaneously, we have for the C2 band intensity a plateau value of 9.5 106 cps. For

this wavelength region C=3.6 10‘8 cps/(photons/cmZ/s/sr). Therefore, the photon flux at the
surface was 3.3 1014 photons/cm2/s. Data from [2] give 5001200 loss-events/photon, i.e.
losses of C2D2 or C2D4 per C2 photon emitted. This leads to a dissociation rate of 1.65 1017
molecules/cmZ/s. Using an average ion flux of 1.6 1019 ions/cmZ—s from the Langmuir
probes , we get a sputtering yield of Y: 0.01 molecules/ion or 0.02 C-atoms/ion, which is a
bit higher than for CD4 and consistent with the scaling (for ~200eV ions) in [3].

Finally, using data from [2], we check the consistency of these calculations by apply-



11-601 4~12

ing it to C11 as well. For this same shot 9132, from the plateau intensity of the 0" line we
Time Evolution of C11 and C2 Fluxes compute, With the same procedure as

l l l I l3-5 . _ above, a photon flux of 1.7x1014 pho-
3 _ TS 9132 —'—C2’N° _3 tons/cm2/s. If we assumed that all the C+

E ' .-.. (CH/New E comes from dissociation of CD4, then [2]
2'5 gives 7000i200 losses/photon and we

2 ‘ ‘ .4 compute 2.4 107 losses/cmZ/s Assuming
1.5 E that all the G“ comes from C2D2, [2]

5 would give 6000i200 losses/photon and
1 ' 5 we compute 2.0 1017 losses (of

0-5 Gas()l;3ed : CzDfl/cmZ/s. This is to be compared with
0 I , Currelnt Plateau I : the 1.7 1016 losses of C2D2/cm2/s as

2 3 4 “mg (5) 6 7 3 computed from the C2 band. Therefore

Figure 3: Time histories of the C2 and CH bright— the C+ radiation is Within about 20% con-
messes (photons/cmz/sJ/s) divided by the throat sistent with this chemical sputtering
"c (ms). The CH data are multiplied by 4- mechanism. This is also supported by the

time histories shown in Fig. 3, where the
increasing CII flux replaces the Cl flux as Te increases after the D2 gas feed in stopped.
Some discrepancy may be expected to the presence of other sputtering mechanisms or due to
the recombination of C++ backstreaming into the throat from the main plasma.

In both examples above, the pumps were active. In such cases, modeling with the
DEGAS neutrals code has shown that flux amplification is ~1. As a result, the ion flux has
been assumed to be the same at the probes and at the deflector (i.e. the sputtering yield esti~
mates are conservative). We note, however, that these estimates have been based on global
considerations, without consideration of profile effects or the details of the geometry. An
examination of the latter effects has been made with the BBQ impurity transport code.

4. Impurity transport calculations. In order to relate the spectroscopic observations to fun-
damental sources of impurities we have modeled the expected spatial distributions of hydro-
carbon and carbon populations in the pump limiter throat to compute the expected CD band
emission for comparison with the OMA measurements. The ORNL BBQ code, an impurity
Monte Carlo code patterned after the LIM code of P. Stangeby et a1, has been used. The 3D
geometry in the vicinity of the neutralizer plate has been treated and profiles of SOL plasma
parameters have been used which are based on Langmuir probe estimates of the SOL ne and
Te decay lengths. The semi-empirical fits for physical and chemical sputtering given in [3]
are used to calculate impurity generation rates at the deflector. The neutral C (or Ca)
fluxes predicted by these rates are emitted from the neutralizer plate with Thomson energy
and cosine angular distributions, and are tracked as neutrals or ions until they enter the
pump, exit the throat region to the main SOL, strike the roof or floor of the pump limiter
throat or strike the side walls. Figure 3 shows the expected distributions of the breakup
products from chemical sputtering of CD4, for the case described above. The calculations
show that ~40% of the emitted C flux (starting as CD4) goes to the pump, ~50% to the floor,
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3% to the roof, 1% to the side walls, and 6% escapes the throat region to the main SOL. The

BBQ results for this case predict 3.06 106 cps for the OMA system, while the measured

value is 2.5 106 cps. The average sputtering rate calculated by BBQ is 0.009. For this case
the fraction of chemically sputtered CD4 relative to the total flux is assumed to be 0.46, in
accordance with the results in [3]. However, recent calculations with TRIM suggest that the
ratio of CD3/CD4 may be different than assumed here[4]. In addition, the inferred yields are

very sensitive to the assumed Te: varying Te from 20 - 35 eV in BBQ produces estimated

yields from 0.005 to 0.012. Calculations in which the sputtering due to the deuteron flux to
the deflector is augmented by C self-sputtering, (PC/FD = 15%, ZC=4) indicate that the self—

sputtered C source may be CD density CD(a) 4roughly comparable to the 5.0
deuteron-sputtered source. (160mg)

2.5

density

5. Discussion. Evidence has
been found for chemical sputter—
ing from the neutralizer plate of
the Tore Supra Outboard Pump

0.0
6 12. 18.24.

. . Plate Entrance Plate Entrance
Limiter, when the plate has a L‘P- L.P.
temperature ~700K, which ax131’(0m) axtal (cm)

should enhance such sputtering. (b) CD2 dens“ CD density
il
i

The chemical sputtering yield i
In
i

has been found to be approxi—
mately consistent with extrapo-
lations to high ion flux condi-
tions (rD+~ 1019 /cm2/s) in Ref.
[3]. Impurity transport simula-

i ,

!

. 6. 12. 18. 24. 6. 12. 18. 24.

tlons based on' the 3D geometry Plate Entrance Plate Entrance
of the neutrallzer plate region, L.P. L.P.
and using the semi-empirical fits “1111 (cm) axral (cm)
of [3], are also consistent with. , Fi ure 3: Axial alon B distributions of calculated a CD
this estimate. g ( g ) ( ) 4

and CD3 density and (b) CD2 and CD density
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I) INTRODUCTION
Since the parallel heat flux passing through the LCFS has increased dramat-

ically with the size of machines one has to cope with very large particle and power
fluxes on the limiters. Thus the size of the limiters has been increased by the use of
inner bumper limiters (for example in JET, TFTR, TOFlE-SUPRA and JTBO). The
'exponential-sine' model is widely used to estimate the heat flux (Q) to a wall for a
plasma flux surface with incident angle a. The model predict Q: q"(0) sine e—P/lq +
qL(O) cose e‘P/Kq , (where 9 :0” when the flux surface is exactly tangential to the
limiting surface), p is the minor radius measured from the last closed flux surface
(LCFS), Xq is the SOL decay length of the heat flux density and q(0) is the heat flux
density at the last closed surface. If we approximate the heat flux as
Q = q.,(0) e—PD‘q sin (9+0c), with or E tan‘1[qi(0) Iq“(0)], then or can be interpreted as
an effective 'minimum angle of incidence'. Under conditions where the geometric
angle 6 has been made almost grazing (below 5”) the predictions of the simplest
model (with oc=O°) is not adequate to represent the observation made in TORE—
SUPRA; a similar result is found in TFTR [1].

Experimental observations of heat and particle deposition on the large area
limiter on the inner wall of TORE-SUPRA are presented. These results have been
analyzed with a Monte Carlo code (THOR) describing the diffusion of hydrogenic
particles across the LCFS to the limiting objects in the Scrape Off Layer (SOL), and
by impurity generation calculations using the full 'exponential-sine' model (cc-£0) used
as input to an impurity (carbon) Monte Carlo code (BBQ).

II) EXPERIMENT
A sequence of shots has been dedicated to the understanding of the behavior

of power and particle deposition and its consequences when the plasma is limited by
the large inner bumper limiter. The TOFlE—SUPRA plasma cross section has a circu-
lar shape (a < 0.78 m) with a main radius of R = 2.34 m. The inner bumper limiter is
made of more than 7500 tiles brazed to a mechanical stainless steel structure
actively cooled by pressurized high velocity water (P = 3.5 MPa, v = 7 m/s, T <
230°C) so that very long pulses (up to one minute to date) can be handled with
steady state plasma conditions. The inner wall represents a surface of 24 m2 but the
total surface of the tiles represents 12 ml. The ohmic shots presented here have the
following characteristics:

|p=1 MA, 29" = 1.5, <ne>= 21019 m3, BT = 3.85T, a = 0.72, 0.75 and 0.78 m.
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III) MEASUREMENTS
TORE-SUPFIA plasmas are diagnosed by a set of standard diagnostics which

will not be described in detail here. The major diagnostics and their main findings
are: a CCD camera equipped with a narrow 0.89 pm filter, which views the hot sur-
face of the inner wall tiles. The camera was not absolutely calibrated but relative
profiles were obtained. When averaging in the toroidal direction one find a poloidal
profile which is extremely broad (Fig. 1); a fast reciprocating Langmuir probe locat-
ed at the top of the machine measures the plasma edge parameters. A complete
profile was taken at three times during a shot. The electron temperature and density
profiles were unfolded taking into account the poloidal variation of the edge magnet-
ic geometry due to the Shafranov shift (A = [3p +li/2 = 0.8). The e-folding lengths we
find are very large and are in good agreement with those found for the same situa-
tion on TFTFI [2]. Other Langmuir probes are placed at the front face of each of the
two lower hybrid grills and give information on the SOL. They also indicate a broad-
ening of the SOL when the plasma is leaning on the inner bumper limiter [3].
Magnetic probes indicate a relatively small deformation (2% from an ideal circular
shape) of the LCFS. A visible spectrometer is used to look at Cll andu emission
locally at the inboard bumper. The general shape of the profiles can be explained if
one takes into account both the detailed geometry of the TOFtE-SUPRA inner first
well (see the modeling below) and the actual viewing geometry of the telescope
system.

This information is summarised for the largest and smallest plasmas in Table
1. These are relatively low power, low density cases, thus ne and TB in the scrape-off
layer are rather low. The results are presented at the inboard and outboard equatori-
al plane, when the plasma is leaning on the inner bumper.

Table 1: Caracteristics of the plasma scrape off layer at the inner (outer) wall posi-
tion measured by a Langmuir probe positionned at the top of the machine (the
Shafranov shift has been taken into account) and code results when one assumes a
constant cross field diffusion coefficient oft or 10 m2/s. Here a is the minor radius, 2
is the vertical displacement, An.T.i are the SOL decay lengths for ne,Te, lsat and 11,10
are the predicted SOL decay lengths for Di=1 .10 mQ/s

a 2 7t” n0 )tT To xi M1 mZ/s) M10m2/s)
(cm) (mm) (om) (1012m'3) (cm) (eV) (cm) (cm) (cm)
78 o (4.4)7.5 0.7 (4.1 )6.9 26 (3.5)59 1.5 4.6
72 0 (5.7)9.5 2.5 (9.2)15.6 22 (4.8)8.1 1.8

IV) INTERPRETATION
A)M n rl l l i n f ii n nlnn rw l. The "THOR"code has

been developed to calculate the particle deposition on the objects located in the
Scrape Off Layer. The results are the impact positions of test particles on the
objects. The geometry introduced so far in the code is simplified. The magnetic equi-



librium gives circular cross sections
(which is very close to the experiment)
where the Shafranov shift due to plas-
ma pressure is taken into account. The
ripple due to the discrete coil configura«
tion is ignored since it is small at the
inner first wall (0.6 < 5p < 2 mm). Up to
100,000 particles are launched ran—
domly inside the LCFS. They are
assumed to flow along field lines at a
fraction of the ion sound speed and dif‘
fuse randomly in the poloidal and radi-
al direction (1 mZ/s < Di < 10 m2/s is
assumed poloidally uniform). The result
of the code is quite different from the
simple "exponential—sine model" with
(1:0 (Figure 1). At the tangency point
(6:0) where the simple model with (1:0
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Normalised profiles from THOFt (dots)
and from CCD camera (plain line)

0.5 ‘2

0

-75° - 9M 9M 75°

Fig l: THOR code results for the case n=0.78m.
Di =fm/s and CCD measurement.

6.0
PARTICLE FLUX

stipulates that there is no particle or (ldfip mils") 8110t10322
power deposition one finds a hole '
(whose depth depends mainly on the
cross field diffusion) or a maximum. The 3_0
deposition pattern has a bell shape for
the TORE-SUPRA configuration and
plasma parameters. When the cross
field diffusion is turned off only near the
inner bumper limiter (half of the 0,0 7%
machine at the.__h_igh field side) one finds 0. 45-
a double peak structure and a null at POIOldal zmgle‘t)
the mid-plane as one can expect from FigZRcsults from exponential-sine model
the simple "sine model"with (1:0. We calculationforinncrwall.
find a good agreement betwen the experimental and the calculated profiles when the
cross tield is Di = 10 mzls. This value seems large (DBohm=Te/(1GeB)=O.5 m2/s) but
we have to bear in mind that the code does not account for the ionisation of neutrals
within the SOL. The e-tolding length for density when a large ionisation source is
present near the LCFS can be expressed as: it“ = [D_L LC/(Vm-n0<ov> L)]1/2 where
no is the density of the neutrals and <ov> the total rate coefficient for ionisation.The
only way to match the large Kn seen experimentaly is to assume a large ionization
source in the SOL. This means that the particle recycling occurs in the high heat flux
region at the inner wall, a situation that we can call "closed recycling" [4]. This is
comparable to the TFTFl situation where an e-folding length for power deposition Kq
is found to be 3.50m, which is to be compared to the Xq = tcm found (as on TORE—
SUPRA [5]) when the plasma is leaning on the outboard limiter.
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B) Impuritv distribution in the SOL
The measurement of the poloidal distribution of impurity sources gives anoth-

er indication of the flux deposition. The BBQ impurity transport code has been used
to calculate the expected distribution of C as a function of poloidal angle. This code
incorporates the physical processes treated by
the UM code [6], but it is specialized to the
detailed Tore Supra geometry with discrete tiles.
The calculated poloidal profile of impurity gener-
ation along with Thomson energy and cosine
angular emission distributions, is used as a start-
ing condition for a Monte Carlo transport calcula-
tion. The code tracks the wall-emitted C neutrals
until they return to the wall or penetrate (by ran-
dom cross-field diffusion) to a 1 cm depth _
beyond the last closed flux surface. Figure 2 _9()_ 0. 9()_
shows the poloidal distribution of particle deposi— Poloidal angle 6)
tion calculated with the full exponential-sine
model, for q"(0) lqi(0)=2.5 [the value expected

for TORE—SUPRA according to the Stangeby et Fig. 3P010idal distribution oden-
al model in which ¢LI¢II=(Lf/Lc)0'5; 2Lf = field snty from BBQ forTS shot 10322

line length along the inner wall]. The predicted poloidal distributions of C density

from the BBQ code are shown in Figure 3, for q”(0) lqi(0)=2.5 and DE‘ mzls. The

Oil poloidal profile matches the main characteristic features of spectroscopic distrib-

utions on the inner wall, when account is taken of the spatial position and resolution
of the present TORE-SUPRA spectroscopic system. These profiles are very sensi-

tive to the magnetic configuration; the predicted peak on the equator, for example, is
strongly reduced if the elongation is changed from 0198 to 1.05, thus suggesting the
possiblity of influencing the heat flux deposition in nominally circular tokamaks using
small changes in plasma shape.

CARBON DENSITY

V) CONCLUSIONS
The ’exponential-sine‘ model for the deposition of heat and particles on a

large area limiter can give a good representation of the TORE-SUF’RA observations
only it several conditions are fulfilled: 1) the perpendicular heat flux must be includ-
ed (0920); 2) the detailed geometry must be taken into account, and 3) the actual

SOL decay length (which includes the effect of sources due to localized recycling at
the inner wall) must be used.
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PARTICLE CONTROL WITH A PUMP LIMITER ON TORE SUPRA

Lam" Chatelier M.,
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Saint Paul-lez-Durance Cedex FRANCE

Mioduszewski P.K., Klepper C.C., Uckan T., Thomas C.E.
Fusion Energy Division, Oak Ridge National Laboratory, Oak Ridge,

TN 37830, USA

Introduction

Tore Supra has been designed for long pulse operation which requires continuous and
simultaneous control of plasma density and particle removal. A set of seven pump limiters
(6 bottom and l outboard) has been installed and the outboard pump limiter (OPL) has been
equipped [1, 2] with diagnostics to study the physics inside the pump limiter as well as to
assess the efliciency of such a system to control the plasma density. Previous ohmic experi—
ments have shown that the exhaust efficiency depends strongly on the volume average plas-
ma density [3].

In this paper we describe a series of successive ohmic shots of different plasma densities
with boronized wall. It is shown that without active pumping by the limiter the wall content
becomes sufficient to maintain the requested density. Activation of the pumps in the OPL
plenum allows both the plasma and the wall contents to be pumped out. In the first part of
this paper, we describe the experimental sequence. Quantitative analysis of the balance
between externally injected particles versus pumping by the wall and by the pumps of the
OPL are addressed in the second part.

Experiment

The reported experiments concern a series of 15 consecutive ohmic shots (lp=1.6 MA) with
a deuterium plasma leaning on the OPL (surface interacting with the plasma 0.3 m2). The
total number N of particles in the discharge can be described by the conventional balance
dN/dt = F - N/tp*, where F is the injected particle flow, and IP* the apparent confinement
time IP*=1p/(1 - R + e) , where I], is the particle confinement time, R the global recycling
coefficient, and e the exhaust efficiency of the OPL.

The features of a single shot of the sequence included a gas puff with feedback on the densi-
ty from t=0 to Ss; at t=55 the gas puff was cut off. The first eigth shots (10442 to 10449)
were “non-pumped" and made prior to activating the titanium getter in the pump. The six fol-
lowing shots (10450 to 10455) were pumped and finally, the last shot (10456) of the series
was non pumped. The average plasma density was increased from <ne>=2.4x1019m'3 for the
first shot to <ne>=4.4x1019m'3 for the last non-pumped shot (#10449). For t>55, in the
absence of a source (1"=0) IP* is deduced from 113* = -N/(dN/dt). In these experiments the
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part of the wall in contact
6 :T ” r' I I I I I ' ' ‘ I 5 with the plasma had been

; initially saturated ; the
_,-\ 5; global recycling coeffi-
«K‘” 4: cient R was close to 1

5 : (tp’I‘ >10—155), even for

E; 3: the largest densities

E : (<n6>=4.4x1019m'3), in
g; 2. contrast to a depleted
.5 wall where 11p* has been

found to decrease with
density [2]. Figure 1 dis—
plays the density evolu-

Time (5) tion versus time for two
consecutive shots, non-
pumped (#10449) and
pumped (#10450) respec-
tively.

The effect of pumping by the OPL on the density is very clear when the valve of the gas
injection is shut off (t=55) and it can be observed consistently that the total quantity of gas
injected is about twice as much for the pumped shot as compared with the non-pumped shot.
As t approaches 53, the injected flux is close to zero for the non pumped shot (Ip*>10s),

Fig. 1: Evolution of the average plasma density and of the
injected gas versus time for a non-pumped (10449)
and a pumped shot (10450) respectively.

whereas for the pumped shot the injection approaches a value close to 3 Pa 1113 s'1 (rp*=23).
The exhaust efficiency is defined as the ratio of the particle flux exhausted by the pump lim-
iter, divided by the plasma efflux. Mth p and S ben pressure and pumping speed in the
pump limiter respectively, the exhausted flux is I‘m = pS. To determine the plasma efflux
N/rp, the particle confinement time has to be estimated. Assuming a typical value around 100
ms, exhaust efficiencies of 10% result. In these experiments the exhaust efficiency also
increases with the average plasma density [3], but it should be noted that it does not depend
crucially on the saturation state of the wall.

Particle balance

The particle balance has been realised for the overall series of the 15 shots and each shot has
been divided in three phases. The fust phase concerns the plasma build-up between 0 and
3.253. The second part describes the phase of stationary plasma density between 3.25 and Ss.
And the third phase deals with the density decay between 5 and 85 after the gas puff is turned
off. The particle balance for each of these three phases is shown as a function of shot number
in figure 2.

During the first phase, the total number of particles injected is four times higher than the
total number in the discharge. This behaviour is the same for non—pumped and for pumped
discharges, and is also independent of the density. This is explained by the fact that the plas-
ma is built up on the outboard pump limiter but has sufficient connection to the inboard wall.
This way, the charge exchange area around the outboard limiter is depleted while the parti-
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cles are absorbed by the
inboard wall. Under
such conditions, the part
of the wall responsible

3.5

for the plasma build-up g 2.5
releases particles during M
the first three seconds of E 2
the discharge while the 3
inboard wall due to its g 1.5
large capacity now a.
absorbes the majority of g 1
the particles. I-'

0.5

The second part of the
discharge concerns the
steady state conditions
for the density, between
3.25 and Ss. The gas
puff is essentially bal-
anced by the pump lim-
iter exhaust for the
pumped shots. For the

o
448 450 4 52

Discharge Number 10...

Fig. 2: Particle balance as a function of the shot number:
lst phase (0 - 3.25s):

2nd phase (3.25 — 55):

3rd phase (5 - 85) :
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non-pumped shots, the gas puff is going to zero while the density remained roughly constant
showing an equilibrium between the outflux from the plasma and the recycling flux.

The third phase describes the final part of the discharge between 5 and 8s, when the pump
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Fig. 3: Fueling ratio F=N/¢gas and plasma density as a
function of discharge number
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limiter exhaust exceeds
the density decay of the
plasma. Since the plasma
is at the outboard limiter,
this means that the charge
exchange footprint around
the limiter is depleted and
that the fuelling ratio [4]
(defined as the ratio of the
total number of particles
in the plasma to thetotal
number of parn'cles inject-
ed F=Nl¢gas ) of the fol-
lowing discharge is low-
ered. The fuelling ratio
decreases in subsequent
discharges whereas a satu-
ration of the wall would
have shown an increase.
Figure 3 displays the
fuelling ratio F and the
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averaged plasma density at
t=55 asafunction ofthe shot 85' ' ' ' H" ' ,1..,.... 6
number. F decreases from shot 7.— _ 5
to shot even when the pumps '1‘: 6:— .
are not activated, and it drops ”a _‘ 4
to less than typically 20% é: 5? 3 g
when the pumps are activated. " 4E— — 3 2
Indeed, the pumps of the OPL g. E B;
were shut off prior to shot 3 3— 1 2 J"
10456 (i.e the OPL pumps 3 2;—
were not active) and both the li ‘. 1
fuelling ratio and the total :
number ofparticles injected 00 [1351153530
for that shot show that the wall Time (s)
has built up some pumping
capacity. Figure 4 displays the
density evolution and the
injected gas flux I‘ versus time
for this shot.

Fig. 4: Time evolution of plasma density and gas puff for
a "non—pumped" shot (10456). The density decay
after termination of the gas pufif indicates wall
pumping following the pump limiter sequence.

The total amount of injected gas has been multiplied by 2 for shot 10456 compared to shot
10449 (which is a similar shot without active pumping) to obtain a density of
<ne>=5x1019m'3 i.e. 15% higher than for shot 10449. Furthermore, in contrast to the "non-
purnped" shot 10449 where the gas puff decays to zero at t=55, the gas puff for the "non-
pumped" shot 10456 remains high during the plateau phase (t=3.25-55). Since the pump lim-
iter is "off", this indicates that the wall in contact with the plasma has developed some pump—
ing capacity during the pumping sequence.

Summary

This series of ohmic discharges demonstrates the potential of the pump limiter for particle
control in Tore Supra. While the plasma build-up phase between t = 0 and 3.25s shows simi-
lar characteristics for "non-pumped" and pumped discharges, the stationary and decay phases
of the discharge show very clearly the effect of the pump limiter. During the stationary
phase, the density is maintained constant with a gas puff which is balanced by the pump lim-
iter exhaust. After the gas puff is turned off, the density decays rapidly. During this phase,
the particle exhaust, measured in the pump limiter, exceeds the density decay of the plasma,
indicating that part of the exhausted gas is due to depletion of the wall inventory.
Consequently, the overall effect of the pump limiters is not only plasma density control, but
also control of the wall hydrogen inventory, with boronized wall.
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EXTENSION OF THE OPERATIONAL DOMAIN OF THE
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INTRODUCTION
On TORE SUPRA over the past years,the Ergodic iertor (a set of 6 octopolar coils

producing the stochastieity of magnetic field lines outside the q:2 surface) has exhibited some
global macroscopic propreties which may be used to improve plasma discharges in at least two
fields:l) the MHD stability of edge kink and tearing modes and 2) the production of stable edge
radiating layers

The serious problem of the fuelling with gas injection of ED discharges has been recently
partly overcome with the boronization of the vaccum vesselThis has allowed to extend the
operational domain of the ED to 3 times larger plasma densities

In parallel, the stabilizing effect of the ED on the edge MHD activity has been recently
used to stabilize the kink mode triggered at (1:3 during current rise as well as the saturated
m=2,n=l tearing mode which is always observed without ED in the low (1 domain (2<q<2.7) i.e.
far below the ED resonance (q(a)=3.2). In this sense the operational domain of the ED has been
extended to low q discharges.
1) HIGH DENSITY DISCHARGES WITH THE ED

It has been stressed that the obtention of high density deuterium plasmas in ED
experiments is a difficult problem /l/. Without gas injection, the deconfinement induced at the
edge by the ED produces a drastic density decrease (up to a factor 012 at resonance) /2,3/.

In previous TORE SUPRA experiments with carbonized walls any attempt to compensate
the density decrease by gas injection has led to disruptions. The disruption is the result of the
combination of several factors: 1) The temperature in the ergodic layer is low (below lOOeV); 2)
The fuelling efficiency is very low (the screening of the ED acts also on Deuterium), consequently
very hard gas puffing is needed ( few Pam3/s) which increases the recycling flux and further cools
down the plasma edge; 3) this influences the oxygen production rate, the brigthnesses of the low
ionization state of oxygen increasing dramatically in agreement with the behaviour of the total
radiated power. The disruption occurs as soon as the ratio Prad/Pohm reaches unity (as in standard
density limit disruption). Consequently, the density operating regime in ED experiments was
restricted to volume averaged densities <ne> lower titan 1.5.1019m‘3.

Recent boronization of the vacuum vessel has allowed much higher stationary densities to
be obtained, in spite of the fact that the fuelling efficiency remains very low (1-2970). It has been
possible to increase and sustain densities up to <ne>: 4.5 1019m‘3 without disrugting. This was
achieved by strong gas injections of the order OH to 5 Pa.m3/s (1Pa.m3 =5.3310 OD0) over the
entire pulse length (Fig.l&Fig.2). The main effect of the boronization has been to reduce the
oxygctt contamination of the plasma at the highest densities by at least a factor of 5 /4/, In a
boronized vessel the intrinsic impurity which increases with density (and recycling) and which
determines by its radiation rate the density limit is chlorine /5/. Possibly due to its shorter
ionization length the chlorine is screened better than oxygen; consequently in boronized vessel the
temperature inside the ergodic layer can be lowered more with hard gas puff before chlorine
enters the discharge and causes a radiative collapse. This allows the obtention of much higher
plasma densities.

One can note that the effect of the boronization is more important in ED experiments (an
increase of a factor 3 of the working density) than in limiter experiments (an increase of 20—30%
of the density limit), thus illustrating the interest of an effective screening of impurities

Two examples of high density discharges are shown on Fig. 1&2 (R:2.4m, a=.75m. Bt=3T,
lp:l.4 MA, q(a)=3.2).

On Fig.1 shot 9610 is the highest plasma density (<ne>=3,8 1019m-3) achieved in
ohmieally heated ED dischargesThe screening of impuritiescan be observed by the strong
reduction of the impurity lines brigthness (CV1 OVIll) as the plasma current reaches the resonant
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FIG] High density ohmic discharge with the ED FIG.2 0hmic+LHCD ED discharges
value (t=1,53). In such discharges the temperature measured in the ergodic layer by reciprocal
langmuir probes or by Doppler broadening of a CV1 charge exchange line is of the order of few
tens eV /5/. On shot 9610 the ratio Prad/Pohm increases with density up to 60% while Zeff is kept
to about 1.2. The increase of the radiation rate is usually correlated with an increase of the carbon
line brigthnesses, but carbon is probably not the only radiating impurity in the ergodic layer; low
ionization states of chlorine may also play a role. This will be studied in future experiments. In
such ED discharges the brightness profile measured with the bolometer array exhibits the unusual
shape 01a stationary low field side "Marie" (Fig.3).

,. Y“ .
FIG} 5110:9610 3D plot of A FIG/I shot 10077 3D plotof
bolomerer brigthnesses bolomcter brightnesses

On Fig.2 shot 10077 is the highest plasma density achieved yet (<ne>:4.51019m‘3) with the
addition of 1.5MW of Lower Hybrid wave. Zeff is of order of 1.3 and the ratio Prad/Ptot reaches
about 80%. The bolometer profiles exhibit the shape of a stationary high field side Marfe (Fig.4).
The local emissivity inside the Marie is of the order of 3MW/m3. The Lower Hybrid power
increases the carbon sources which are necessary to create and sustain the Marfe.
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It has to be noted that the neutral pressure in the pump limiter plenum (Figil&2) reaches .1
to .ZPa in spite of a very low ion influx in the pump limiter throat.
11) LOW q DISCHARGES, CURRENT PROFILE AND STABILITY

It has been already reported that ergodization of magnetic field lines on a thin layer at the
plasma boundary has a strong stabilizing effect on both the surface kink modes and the m=2 n=l
tearing mode /7,8/. Although the ED resonance is centered at q=3.2 these effects have been
observed over a wide range of edge safety factor: 2.2<q(a)<4.5. In previous experiments these
effects have been used : l) to stabilize the m=2 mode which develops close to the density limit; this,
combined with the particles deconfinctnent induced by the ED, has allowed to define a strategy for
preventing density limit disruptions /7/; 2) to stabilize the surface kink mode which develops during
the current rise at q(a)=4; the stabilizing effect of the ED allows to increase by about a factor of 2
the critical current rise rate at which the mode locks and triggers disruptions /8/.

In a new series of experiments the ED has
been used to stabilize the kink mode which appears 1 ' 2 5
at qta):3. As reported in /8/ for q(a)=4. two
stabilizing effects are observed 1) the ED tends to
increase the internal inductance (Figi5) and 2) with
the ED the kink stability. limit is shifted towards
lower lit With the ED it has been possible to cross
q(a)=3 at a rate of lMA/s without disrupting.

Moreover in the low q domain
(2.2<q(a)<2.7) it has been observed that the ED
stabilizes the saturated m=2 tearing mode which
always perturbcs the plasma equilibrium in
limiter discharges. It has been found that the ED _ , . .
magnetic pertubation amplitude needed to fully 1 .00 '— '\. -
stabilize this mode decreases with q(a). On Fig.6 '
only one fifth (OISRA) of the maximum available 2 ' 5 3 ' 0
ED current is needed to stabilize the m=2 mode.

— with ED
----- without ED
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As pointed out in /I 1/ this indicates that the
stability of the m=2 mode depends on the relative
extension of the ergodic layer with respect to the
radius of the the q=2 surface.

SAFETY FACTOR «m a )
FIGS [1' versus q(a) These curves illustrate the
eflect of the ED on the current density profile
and illustrate also the resonant response of the
plasma to the ED perturbation.

In such low q discharges with the ED
j; 1 5 2 ' 5 g the only edge MHD activity which is observed
t: 1 < is correlated with the sawtooth crash and
V ‘ .0 2 corresponds to the i'gong" mode /9/ (Fight
_ 3 These stabiliztng effects on kinlc andD. t . .g " tearing modes have been interpreted as resulting
m U -5 0 from a strong modification of the equilibrium
'5 current densit rofile. In the er odic la er thet: _ y P . . g )_’

0 0 3 connection of magnetic field lines With the
> ' ' ' in wall induces a large increase of the plasma
2 1 5'. resistivity in this regionVThis leads to an
.t' ,5 increase of the current diffusion toward the
E A center and to an increase of the eakin r factor.1 x . . .P l: .‘ 3 of the current density profile This interpretation

was supported by the characteristic behaviour of
the ohmic power and of the internal inductance
11. For example Fig.5 shows the behaviour of 1i
versus q(a) for two shots with and without ED.
The li curve again illustrates the resonant

time (s)
FlG.6 SHOT 966] the switching ojj’and on of the
”1:2 oscillations by the ED at q=2,5. The spike
(t=5.]ls) during the quiet phase is linked to a response of the 1313s to the ED perturbation.
sawtooth crash and corresponds to a "gong mode", The current density profile identified
with the [DENT-D equilibrium code fed with magnetic and polarimetric measurements /10/ has
allowed to confirm this theoretical interpretation developped in /l l/. Current density profiles with
and without ED are shown in Figi7 at the ED resonance q(a):3 and Fig.8 at q(a)=2i5. It must be
stressed that the current density profiles with ED shown on Fig.7&8 are obtained from IDENTD
without any additional assumption taking into account the effect of the ED on the magnetic structure
of the plasma edge to cancel the current in the ergodic layer.
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E 2.0 NE 2.01; q(a)=3.2 2 Q(a)=2-5
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.. '--- without ED ‘ ... -----without ED
3 0.0 i i I a 0-0 i i r

0.0 0.2 0.4 0.6 0.5 0.0 0.2 0.4 0.6 0.8
minor radius (m) minor radius rn)

FIG] current density profiles with/without
ED at the ED resonance (qa:3.2 )

The measurements are coherent with the fact that the stabilizing effect on the surface kink
mode comes from a decrease ofthc current density gradient at the edge,

The stabilization of the m=2 11:1 tearing mode is mainly due to the increase of the
stabilizing gradient of the perturbed magnetic ilux (dw/dr)rg+5 resulting from both the displacement
of the q:2 surface toward the edge and the new boundary condition : the perturbed magnetic flux
must cancelled at the inner side of the ergodic layer (which plays the role of a perfectly conducting
wall for the perturbed magnetic flux).

Noting that the current density profile with the ED jD takes the "self similar" form:
jD(r/a)=(a/ID)3j(r/rD) ;for Km and jD(r/a):0; for rain ;where a is the limiter radius: (a—rD) the
radial width of the ergodic layer and changing the boundary condition from ‘|’(a)=0 to W(rD):0 one

1

FIGS current density profiles at (1:25

, . n ‘2 ~j j ,can deduce llZ/ that: A EDT-A -t1vxDz)§1 % 1 (n/ 0) 1 Z‘i’zdx; with x=r/a
'0 G” ' E’XD

Application of the theory described above to the profiles shown in Fig.8 (corresponding to
stationary conditions) gives Av ED=-8 for rD/a=0.96, while AI :+l without ED. This analysis is in
agreement with the observed behaviour of the m=2 n=l tearing mode.
Ill) CONCLUSIONS

1') Boronization of the vacuum vessel has allowed to extend the working density withthe ED
by a factor of 3. The reduction of the oxygen contamination of the plasma allows to tolerate much
higher recycling fluxes between the wall and the ergodic layer and to approach the formation of a
"cold mantle". The extremely low edge temperature allows to sustain significant radiation rates. It is
observed that the radiation rate of carbon increases, The contribution of the low ionization states of
chlorine which is expected also to play a role has not yet been quantified.

2) The stabilizing effect of the ED on the edge MHD activity has been observed on the kink
mode when crossing q(a)=3 and on the m=2 n:l tearing mode down to q(a)=2.2.

3) Current density profiles identified with IDENTD prove that in fact the stabilizing effect
results from a strong modification of the equilibrium current density as expected earlier from
theoretical considerations.

4) Next steps will be : a)to use the ED to produce and control edge radiating layers in plasma
heated with a significant power level; b) to produce 10w (1 discharges (q(a)=2.5) fully free of MHD
activity by combining the stabilizing effect of the ED on the m=2 mode with the non inductive
lower hybrid current drive which is known to have the capability to stabilize the sawtooth activity
and thus the "gong mode".
REF.:The ED is described in: Ph. Glicndrih&til. Plas, Phys.&Cont, FlIS. Vol.34,nl3 (1992) p2007 8; ref. therein

/l/C.BRETON&3I. NF 1991 Vol.3] p.l774 [Z/A. GROSMAN&ttl. 18th EPS Vol.1 p.317
l3/G. FUCHS&alr 14th EPS VoH p.253 /4/A.GAUTHlER&al. 10th PSI 1992
/5/L.POUTCHY&al. 19th EPS Volrll p.847 /6/W. HESS&al. this confr
fl/J.C.VALLET&al. PRL 199] Vol.67p.2662 /8/J.C.VALLET&al. 19th EPS Volll p.855
/9/ P.A.DUPERREX&al. NF 92 Vol.32-7pl 161 (10/ E. lOFFRIN&al. this conf.
/l l/D.EDERY&al.l9th EPS Vol.ll p.142] /12/D,EDERY&a1. in preptu’ation
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EFFECTS OF THE ERGODIC DIVERTOR
DURING LHCD EXPERIMENTS

IN TORE SUPRA

M.Goniche, A.Grosman, D.Guilhem, R.Guirlet, W.Hess, J.Lassalle,

M.Mattioli. P.Monier-Garbet, C.DeMichelis, Y,Peysson, M.Talvard

and Lower Hybrid group

Centre d'études de Cadarache

Association Euratom-CEA

F-13108 Saint Paul-lez-Durance,France

The compatibility of lower hybrid (LH) current drive in the presence of a stochastic layer

created by the ergodic divertor has been investigated in Tore Supra with the plasma leaning on
the outboard limiter in contrast with preliminary results, at low density, with the plasma leaning

on the inner wall /1/. Various important issues have been adressed such as : LH waves coupling,

power deposition on plasma facing components, screening of incoming impurities and finally

effect of the ergodic divertor operation on fast electrons and on the LH current drive efficiency.

l.LH waves coupling
Coupling of LH waves, which is sensitive to the electron density of the plasma layer

facing the antenna (grill), is well understood and can be accurately modeled /2/. When a

stochastic edge is produced by the ergodic divertor configuration /3/, field line connections are

created between the grills and the ergodic divertor coils; consequently the density at the grills

aperture is no longer homogeneous all across the radiating surface but is modulated according to

the flux tubes length which can be as low as 1 m /4/. This typical poloidal size of the modulation
is about 20 cm i.e. the RF module (4x2 waveguides) size for which incident and reflected RF

power measurements are performed. Modification of the coupling is indeed observed, when the

ergodic divertor is applied. with different behaviours of grill 1 and grill 2 (which have a different

location with respect to the magnetic pertubation). For the 16 modules composing each grill,

different trends generally occur as shown in figure 1 where the reflection coefficient R averaged

on a quarter of a grill (4 modules) is plotted versus time. In fact zones of higher reflection are

those for which the particles and heat fluxes are decreased as a consequence of the connection
length decrease. A Langmuir probe, located in the midplane of the grill close to the electron drift

side of the guard limiter, indicates a strong decrease of the density from 1.5 1018cm'3 to 3

1017cm‘3. This is consistent with a local increase of R between 2 and 5 %. In most cases the

global reflection coefficient is maintained at a low value and the maximum values are still

managable for high power n‘ansmission with no significant distorsion of the N// spectrum.
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The local connection of field lines induces a strong anisotropy in heat deposition as

observed on the outboard pumped limiter (OPL) /5/. However the deposition pattern in LH

heated plasmas is the same as during ohmic plasmas. With an injected LH power of 3 MW, the

maximum surface temperature of the carbon tiles remains below 1000°C. It is worthwhile to

note that infrared images of the guard limiter of grill 2, which has the same position as the OPL

with respect to the magnetic configuration, exhibit the same location of the hotter zones and are

consistant with experimental coupling modification given by fig.l. The heat load on the limiter

(and on the grills) can be strongly reduced by switching to a highly radiating regime /6/.

However, in all cases, when the plasma is leaning on the OPL, colorimetric mesurements of the

integrated heat flux indicate a strong asymmetry for the neutralizer plates of the 6 divertor

modules. Figure 2 indicates that module 6, located close to the grills, extracts 6 times more than

module 3, when the grills are at the same radial position that the divertor modules. This is

confirmed by IR images which show overheating of neutralizers magnetically connected to the

grills particularly on the electronic drift side. However this additional power loading (60 kW),

focussed on small areas. is only 2 % of the injected power. This could be interpreted by a

diffusion of electrons along the magnetic field lines connected to the neutralizer plate which

appears possible due to the ED induced radial deflection of about 3 cm in front of each module

/4/, This assumption is supported by the different heat load patterns when the radial distance

between the grills and the divertor modules is changed.

3. Impurity screening

The main beneficial effect of the ergodic divertor is a reduction of the impurity content in
the plasma core. In ohmic discharges, a reduction of the carbon concentration by a factor of 2.5-

3 is deduced from UV spectrocopic measurements of the CV1 line /7/. In LH current drive
experiments, such a reduction is also measured for carbon and copper (Cu XIX) . With 2 MW
of LH power, at a volumic density <ne>= 2.3 1019m'3 in helium, carbon and copper

concentrations, at r/a = 0.7, are reduced by 40 and 25 % respectively (Fig.3). On the other hand,

the CII signal shows an exponential increase after I s, as a possible consequence of enhanced

carbon local source or Te lowering at the very edge. At higher LH power (3 MW), good

screening of carbon is still obtained but localized copper bursts have been noticed when the

plasma is leaning on the OPL. These bursts are well correlated to the surface temperature of the

divertor neutralizer plates. For the different experimental conditions (Pu—1:135 MW, <ne> =

1.5-5 10‘9111'3), the carbon concentration is reduced by a factor = 2, significantly smaller than in

ohmic discharges (Fig.4).



4.Current drive efficiencv and effect on fast electrons
The high diffusion coefficient in the ergodic zone /8/ might affect the confinement of fast

electrons and therefore the current drive efficiency. Analysis of hard X-ray emission shows no
significant change for the central chord but a 2-fold increase, at E = 75 keV, for the external one
(r/a=0.71). After Abel inversion, radial profiles confirm a significant change in the edge : X ray
emission profile is flattened in the outer region (0.6 <r/a < 0.75) during the entire LH + ergodic
divertor phase (Fig.5). The increase of impurities at the edge, between t= 7.9 s and t = 8.9 s
does not affect the profile and Zeff effect has to be discarded. In contrast, the surface loop
voltage is constant up to t = 8.53 and then slightly increases due to an increase of Zeff at the edge
(Fig. 6). Thomson scattering Te profiles indicate no change in the central region but the usual
cooling of the very edge when the ergodic diver-tor is activated. However second harmonic ECE
emission (viewing also the down-shifted 3rd harmonic emission of fast electrons) is the same for
all the experimental chords after density restoration giving confidence in the conservation of fast
electrons content at least in the core of the discharge.

mam
During LHCD experiments with the ergodic divertor, the new connection of edge field

lines leads to inhomogeneity in LH coupling and heat loading of plasma facing components.
However satisfactory LH coupling conditions can be obtained and heat loads, up to 3 MW of
LH power, have been managed. However copper bursts from highly thermally loaded
neutralizers are observed at high power. Good impurity screening is maintained. With 2 MW of
LH, at medium density, current drive efficiency is not changed by the activation of ergodic
divertor. Accordingly, the fast electrons content is not affected in the core of the discharge while
hard X-i'ay emission indicates modification at the edge.

References : /l/ T.Evans et al.. J.Nucl. Mat.196—198 (19920421
/2/ X.Litaudon et al. Nucl. Fusion 32(1992)1883
/3/ P.Ghendrih et LIL. PLPhysand Cont.Fus. 39(1992)2007
/4/ F.Nguyen, PhD thesis, Univ.ParisVII,Repport EUR-CEA-FC-l471(1992)
/5/ A.Grosman et al., Pl.Phys.and Cont.Fus. 30(1990)1011
/6/ J.C.Vallet et al., this conference
/7/ C. De Michelis et al., JiNucl.Mat.l96-198 (l992)985
/8/ A.Samain et al.. Pliys.Fluid BS (1993)471
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CONDITIONING OF P'I‘U CRYOGEN'IC VACUUM CHAMBER

M.L. Apicella, I. Condrea*, R. De Angelis, G. Mazzitelli

Associazione EURATOM—ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome (Italy)

INTRODUCTION
On a high density tokamak as FTU the content of low 2 impurities is crucial to

assess the plasma operational limits and to determine the ability to recover stable
plasma discharges after major disruptions.

The optimization of the surface conditioning is very important and particularly
relevant for FTU because of the complexity of the inner wall. The vacuum chamber
is completely covered by thermal shields that originate hidden regions that can trap
neutral gas and impurities. The only way to clean, at the same time, both the exposed
and not exposed surfaces is the combined operation of baking plus glow discharge in
hydrogen [1,2] .

In the paper, after a brief description of the experimental apparatus and the
operative procedures, we compare the plasma results obtained before and after glow
discharge was applied to clean the vacuum wall, accidentally contaminated by a
carbon and oxygen layer. As a consequence of the reduction of low 2 impurities, an
improvement of the density limit was obtained. In addition after the conditioning,
also the recovery from plasma disruptions was easier.

EXPERIMENTAL APPARATUS
A simple electrical arrangement is used to produce the glow discharge [3]. Two

cylindrical stainless~steel electrodes are inserted into the vacuum vessel at the
midplane through two vertical ports located 180° toroidally from each other. The
anodes are supported by Cu conductors which are insulated with alumina sleeves to
prevent breakdown along the ports. The electrical circuit has been designed to supply
the electrodes with an high voltage (1200 V) at low currents (51 A) to start the
discharge and a lower voltage (800 V) at higher currents (3+10 A) in the quiescent
phase of the discharge. The negative pole of the power supply and the vacuum vessel
are grounded.

During the conditioning the production of gases is monitored by a differentially
pumped quadrupole mass analyzer (QMA) which is calibrated by means of an ion
gauge with four different gases (H2,CH4,N2,Ar).

OPERATIV'E PROCEDURE
Glow discharge in hydrogen is routinely utilized on FTU before cooling the

machine to liquid nitrogen temperature for an experimental campaign. The cleaning
procedure begins with the baking of the machine at 120 °C performed by inducing a
toroidal current on the vessel using the vertical field conductors and the transformer
as primary coil; generally the machine is maintained at this temperature for five
days and every day several hours of glow discharge are applied .No reconditioning of
the wall , during the operation of the machine, is required because no degradation of
the plasma performance is observed.

Under the typical working conditions the hydrogen pressure during the glow
discharge is around E3><lOp3 mbar while the voltage drop across the discharge is of
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350 V at the total current of 3.25 A. This value corresponds to 2.5pA/cm2 on the FTU
vacuum chamber.

In these conditions, according to our previous experiments [2], the glow fills the
whole inner volume and very good cleaning efficiency is obtained.

EXPERDAENTAL RESULTS
In the following the experimental results obtained during the conditioning

campaign of June 1992, are shown.
Glow discharge was applied to remove a carbon-oxygen layer deposited on the

wall for the accidental exposure of a plastic insulator to the plasma.
In Fig. 1 is shown the temporal evolution of CO, the highest peak monitored on

the QMA, during four glow discharges performed in subsequent days. A considerable
increase of the signal was observed starting the first glow discharge rapidly
decreasing in about 1 hour to an asymptotic value higher than the QMA background
level (black squares in the Fig. I). This behaviour is typical of a contaminated
metallic wall dominated initially by the interaction of hydrogen with the carbon and
oxygen deposited on the surface and at longer times with the carbon and oxygen
present in the material as metal carbides and oxides.

It is interesting to observe the increase of the signal amplitude at the beginning
of every glow discharges performed in subsequent days. This behaviour is a sign of a
contamination of the plasma chamber probably due to the migration of gaseous
impurities from the regions not directly exposed to the discharge. It is not surprising
since the ports area (~36m2) and the internal structure of the thermal shields (~25m )
are larger than the inner vacuum chamber (~13m2) and so dominate the outgassing.

In Table 1 are summarized the results of cleaning efficiency expressed in terms
of number of monolayers desorbed during the glow discharge in the first 2. hours and
after other 12 hours.

The following formula was applied:

v. :5 .X A ./(KT><C><A)1 131 pl

where Spi is the effective pumping am
speed in the plasma chamber for the
impurity of mass i, Api is the corre- mar
sponding partial pressure increase, C is
the number of molecules which forms
a monolayer and A is the vacuum
chamber area. Details of the evalu—
ation are given in [3]. About 0.6 gr of
carbon (CO, CH4, C02) were removed
in 14 hours of glow discharge from the
FTU vacuum chamber. “w

h
o

“
A)

Table 1
Monolnyers removed from the wall

M In the first 2 h After
other 12 h

CO 90 7 16

CH4 23 3 T'” (h)
Fig. 1 Temporal evolution of CO quadrupole

C02 4 ”‘ signal during glow discharge
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To evaluate the effect of the glow discharge on plasma performances we
compare the experimental results obtained before and after glow discharge (G.D.)
cleaning, where in the first case only the baking of the machine was performed.

As a consequence of the better wall conditioning a significant reduction of low
Z impurities from the wall was observed by visible spectroscopy. The ratio of fluxes
of CIII or 011 to the fluxes of the working gas were 6.4% and 3.0% respectively
before the conditioning. After the conditioning this ratio decreased to 2.5% for
carbon and 1.9% for oxygen. These results were obtained as mean values on the
following experimental conditions: plasma current between 300 and 700 RA, electron
density 3+9X1019m'3.

These data are consistent with the evolution of Zen‘ from resistivity
measurements, as is shown in Fig 2. Here the Zafi‘ values are plotted as a function of
the electron density at plasma currents Ip<400 kA. The crosses represent the values
obtained in the period before G.D. whereas the other symbols in the subsequent
period. It is easy to recognize that for all the density range, the Zafl‘ values obtained
after G.D. are systematically lower than the values obtained after G.D..

The first immediate indication of the low Z impurity reduction during the
machine operations was the higher gas fuelling required for the breakdown of the
plasma discharge; this means that it was easier to exceed the radiation barrier during
the increase of plasma current.

The most important effect was the extension of the operational plasma regime
with respect of the density limit (Fig. 3). The vertical dotted line represents the
operation limit obtained before glow discharge cleaning. In the subsequent phase of
operations, it was possible to extend the density limit even beyond the Greenwald
limit (by 1.7 times) [4].

An other very important effect was the recovery from plasma disruptions. This
result is shown in terms of number of shots required to reproduce standard plasma
discharges. Before G.D. (Fig. 4), after a disruption (curve 1), two other plasma
discharges were necessary (curves 2,3) before obtaining a normal discharge (curve 4).

10 0.5
zeff 9 _ 1m... — i

s~ 0,4-

03 -

1"; 0.2»
'4-4s +4; _

+2*
3n

*+++ 0-"*0oo 4!-
2- 0 + o .

0 0 i«9::0,..+<t$°.wmr
O 2 4 6 8 'ID 12 14 15 IE 20 0 DJ 0‘2 0-3 0-4 0-5

55(10‘9 m3) fie RIBT(102°Wb“)

Fig. 2 2e“ values as a function of electron Fig.3 Operational plasma regime: the inverse
density; the crosses represent the of the safety factor is plotted as a
values obtained before 6.0. while function ofthe Murakamiparameter
the other symbols the values
obtained after 6.0.
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On the contrary, after the G.D. (Fig. 5),it was possible to obtain a normal discharge
after a series of disruptions at higher current. The disruptions took place at the same
time in which a pellet of deuterium was injected in the plasma and determined the
thermal collapse. After seven disruptions (curves from Z to 8) the first discharge
without pellet was identical to the previous discharge without pellet (curve 1).

CONCLUSIONS
The glow discharge at high temperature (120 °C) is very efficient for the

conditioning of FTU vacuum chamber characterized by a very complex geometry.
The typical working conditions are: discharge current of 3.25 A (2.5 pA/s) and
hydrogen pressure of about 5x10‘3 mbar.

Low Zefi' values (<2), high density (>2><lO2o mpg), better recovery from plasma
disruptions have been obtained in the experimental campaign following the first
application of the glow discharge.

FOOTNOTE AND REFERENCES
* ENEA Fellow
[l] M.L. Apicella, F. Daclon, C. Alessandrini, C. Ferro, Proc. 14th Symp. on Fusion

Technology, (Avignon 1986) 521.
[Z] M. Ciotti, M.L. Apicella, L. Verdini, C. Ferro, ENEA Report RT/NUCL/90/28.
[3] M.L. Apicella, G. Mazzitelli, paper presented at the XII National Congress on

Vacuum Science and Technology, (Bolzano, March 23-26, 1993).
[4] D. Frigione, L. Pieroni, this Conference
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Impurity sources and impurity concentrations in FTU

I. Condrea*. R. De Angelis. L. Gabellieri

Associazione EURATOM-ENEA sulla Fusione,CRE Frascati
GP. 65, 00044 Frascati (Roma),Italy

Introduction

The analysis of impurities in FTU has given special emphasis to the different
behaviour of metal and light impurities in the discharge, in fact due to the poloidal
metal limiter and the absence of deliberate low Z deposition on the wall. most of the
operation is influenced by the limiter constituents.

FTU discharges are characterised by a Zeff value decreasing with the line
averaged density and increasing with the toroidal plasma current. Previous work
[1] has shown that metal impurities. produced by the interaction of the plasma with
the limiter, dominate the low density plasmas while at high density only Oxygen
and Carbon lines are detected in the VUV emission of the discharge.

In this paper spectroscopic observations in the visible. VUV and Soft X-ray
spectral regions are exploited to gain a better understanding of impurity sources
and to clarify the leading production mechanism.

Impurity diagnostics

The FTU poloidal limiter is composed of two sections bearing respectively 7
and 15 Inconel mushrooms which constitute the contact surface with the plasma,
their total area represents l/ZOOth of the vessel surface. Spectroscopic comparisons
of the emissions from equal areas of the limiter and the wall has shown [2] that its
contribution to the global recycling is of order 30% for hydrogen and 10 times less
for oxygen. We cannot assess any estimate for the production of the metals near the
wall since their neutral emission is below the detection limit; it seems nevertheless
reasonable (considering also the observed surface damage) that the overall metal
flux in the plasma is coming from the limiter surfaces.

For determining the whole flux of particles exiting the limiter we developed
a collection optics viewing half of the limiter mushrooms through two endoscopes
pointed to its inner and outer sections. A visible OMA spectrometer is used to
analyse the emitted light.

The spectra of the two halves are similar and the total emission is derived by
the sum of the two contributions averaged on the number of mushrooms in the
field of View; nevertheless a deeper analysis will be necessary for some of the lines
(ctg. Ha) which show a clear asymmetry in some plasma conditions.

Fig.1 shows spectra taken on the two halves of the limiter. it must also be
considered that in the external view some contribution arises from molecular
emission inside the port.

Line emission of metal ions such as NiXVIII and CrXXIl, measured by a SPRED
spectrometer in the VUV, were selected to describe the plasma emission at
intermediate radii.
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Experimental results

Zeff determinations in FTU show that for high density operation, when themain impurity production is due to the release of light molecules weakly bound tothe wall, plasma purity is very high (Zeff = 1.2 in hydrogen plasmas). In theseconditions Zeff is approximately constant with density and the flux-dependent OIbrightness suggests saturation of its recycling at the limiter. A similar behaviouris shown by the OVI line measured in the VUV (see Figs. 2, 3). Oxygenconcentrations, deduced from the brcmsstrahlung enhancement factor measuredby a soft X-ray Pulse Height Analyser, are below 1% in this density range inaccordance with the values of Zefl' deduced from the plasma resistivity. Both OVIand 01 decrease to very small levels for decreasing densities.

A 6. Ol-600kA 5‘0 - OVI-600kA
x 01-40mm H 5 _m; x 35 X 0V1 400kA

'11 u 4V
ll)

3 ”E 33 m5 B 2
8 2 t

a. o0.2 0.4 0,6 0.8 1 1.2 1.4 1.6 0.2 0.4 0.6 0,8 l 1.2 L4 its
Av. ei. density (tomm'l) Av. el. density (103] mg)Fig.2 OI intensity vs. :1. Fig. 3 OVI Brightness vs. It

On the contrary, Ni and Cr lines in the VUV and in the visible spectra,decrease both steadily with density (Figs. 4, 5) and fall below the detection limitwhen Zcff approaches its lower value. This corresponds to a reduction in the Ni
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concentration derived from K; line intensity. from = 1% at ne : 2x1019m'3 to = .01%
at ne = 1.2x1020m'3.

1° 1 1 7 1 1 1
p - NiXVIll-eookA 1“ - ' Grim-60W
do ‘ 8 5 o CtlFlux 4.00m

311 5 ' X NtXVllI-400kA N"1v I E_ 5
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Comparing the data in Figs 4 and 5 with Zcff plotted in Fig. 6, it appears that the
large variations of Zcff in the density range explored are accompanied by a
difference in the metal input fluxes of about one order of magnitude. These
observations confirm that Zeff at low density is entirely determined by metal
impurities.

5 1 1 1 1 1 1
' Zefl-GOOkA

5 ' D Zell-400kA
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4 .
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2. '£
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1 1 1 1 1 1 1
0,2 0.4 0.6 0.6 1 12 1.4 1.6

Av. el. density (1020163)
Fig.6 Zeff vs. na

Code simulations

From the data presented above it appears that the brightness of an inner
shell ion e.g. CrXXII is an increasing function of the neutral flux of the same
element from the limiter. To understand if this implies equal penetrations of the
metals inside the discharge at different densities, we compared the experimental
results with the predictions of a numerical code describing the transport of
impurities with an anomalous flux F=—Danz/6r +v n2.
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The numerical simulation of CrXXlI brightness takes into account the
experimental temperature and density profiles as well as the above reported input
fluxes of neutral Chromium.

Typical anomalous diffusion coefficients D = 0.4 m2/s and inward pinch
velocities =-2 m/s are initially assumed at all densities and the results are
compared with the values of the CrXXIl deduced by the VUV spectrometer. In this
approximation it is found that the predicted brightnesses result compatible with the
experimental values at low density. On the other side going toward high densities
CrXXIl decreases faster than expected by the code.

The experimental CrXXII dependence on no can be reproduced by assuming a
diffusion coefficient increasing with density (keeping v/D ratio constant, it is
necessary to vary D by a factor = 8 when the density varies from 3.5x1019 to 1x1020
m'3). The analysis above is not sufficient to distinguish between a real variation of
the impurity transport coefficients and a screening of the metals entering the
plasma by the scrape off layer. The experimental determination of the real
impurity tranSport coefficients in FTU. using impurity injection. is presently under
development.

The possibility that a significant contribution to the metal fluxes is coming
from the wall does not seem to be compatible with the experimental results.
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HEAT FLUXES AND ENERGY BALANCE IN THE F'I'U MACHINE
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ABSTRACT
Thermal loads on the FTU limiter are routinely measured and energy losses via

conduction/convection are inferred. A quite small fraction of the input power (4 to
8%) has been measured from mushrooms temperature increase. Numerical evaluation
and comparison with thermocouples located at different radial positions in the S.O.L.
suggest a long energy decay length 41E- The power loads inferred from the estimated
1;; in the actual geometry of the limiter and first wall lead to a global energy balance
close to be satisfied.

L INTRODUCTION
The FTU is a medium size, high field machine (BT up to 8T) presently operating

with a main segmented poloidal limiter [1]. Figure 1 shows a schematic view of the
limiter itself: it covers the poloidal section for 160° in the inner part and 80° in the
outer one. The plasma facing part of the limiter structure is composed of 22
mushrooms. It is instrumented with 8 thermocouples poloidally distributed as shown
in Fig. 1.. These thermocouples are embedded in the limiter mushrooms being the hot
junction at a distance of 0.4 cm from the tip of the mushroom head. Other 4
thermocouples are located on the limiter support directly facing the plasma (2. on the
electron side, 2 on the ion). The distance of these 4 thermocouples from the limiter's
head is 2 cm and the distance between the head of the limiter and the first wall is
3.3 cm.

Mushrooms
with embedde

Thermocouples
facing the plasma

Fig. l - FI'U limiter
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Measurements of energy losses via conduction/convection channel are nowroutinely carried out on the FTU machine. The evaluation is made by measuring thethermocouple increase as described in the next section. A quite small fraction of theinput power ranging from 4 to 8% is usually detected suggesting the presence of highradiation losses and/or a long energy decay length that let the plasma particles reachthe limiter support.
Since last plasma campaign also bolometric measurements have been availableconfirming high radiation losses in FTU, ranging from 50 to 75% of the input power;neverthless the missing power in the energy balance is still too large.All this indications pushed us in evaluating the energy decay length at thelimiter for a set of plasma wall interaction dedicated shots.

11. RESULTS AND DISCUSSION
Magnetic surfaces in FTU are usually slightly elongated (typically k=l.05) inorder to allow for a better magnetic diagnostic. For minimizing the asymmetrieswhen characterizing SOL parameters, during three shot days dedicated to theplasma-wall interaction, great attention was devoted to get circular magneticsurfaces wetting a limiter surface as large as possible.
The energy collected by the limiter mushrooms was evaluated inan adiabaticway by measuring the temperature rise after 25 s from the shot start (it lasts 1.4 5),being the mushroom heads nearly thermalized after this time. Each mushroomtemperature was assumed to be representative of the temperature of theneighbouring mushrooms.
The so calculated fraction of the total input energy that reaches themushrooms is plotted in Fig. 2. as a function of the line average density measuredalong the chord passing through the magnetic axis of the machine. Its value is verylow (<10%) and increases with density for all the currents considered; a sudden, decrease of this energy fraction can be observed only at the lowest current incorrispondence with the attainment of the critical fie/Ip value needed for the onset ofa marfes, as confirmed by the enhancement of the Hu signals. The maximum power
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Fig. 2 - Energy fraction lost to limiter Fig. 3 . Energy decay length vs. linemushrooms vs. line average density (A 11, average density (AJp = 400 kA;=400kA:OIp=600kA;+_IP=800kA) O_Ip=600kA:+_lp=800kA)
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load in these discharges amounts to 3-5 MW/mz, which rules out the material
evaporation as an impurity source.

Given the very low value of the measured energy flux to the mushroom heads, a
careful evaluation of the energy decay length seemed to be suitable especially
considering that the thermocouples directly facing plasma at 2. cm from the LCMS
recorded a temperature increase much higher than the expected one on the basis of
the 13 values extrapolated from the FT results [2,3]. Moreover the large in and AT
that can be inferred from the Langmuir probe measurements [4] suggested that in
FTU the energy decay length is rather large. In order to get .lE values in a self-
consistent way starting from the measured heat fluxes, numerical simulations were
made by using a 2D finite elements heat transfer code (PDE—PROTRAN). A power
density P(r) =Poxexp(—r/AE), where r is the radial distance from the LCMS, was
allowed to flow on a toroidal cross-section of the mushroom for a time step equal to
the shot duration. Results showed that the rate of the temperature increase at the
site where the thermocouples are embedded depends only on the spatial profile of the
power flux, namely on Jl-E- In practice an analytical relation between the time elapsed
before the temperature increment reached an half of its maximum value and the
quantity lg was established. A careful analysis was carried out only for the two
smallest mushrooms in Fig. 1, being the others not completely thermalized within the
acquisition time. The corresponding .13 values are reported in Fig. 3. Nevertheless
from the AT vs time curves of all the other mushrooms at least as long lg values are
to be expected. The 13's in Fig. 3 were therefore assumed as poloidal average values.

The validity of this computer simulation was checked by comparing the energy
flux at 2 cm from the LCMS, as resulting from the calculated .1}; and the
experimental heat load on the mushroom heads, and the flux measured by the
thermocouples facing the plasma. A satisfactory agreement was found between the
calculated and the measured values.
By using the 13 values of Fig. 3, the energy deposited on the mushroom heads
(thickness dm = 1 cm) was corrected by the factor l/(l-exp(-dm/.iE)) in order to get
the actual energy lost by conduction-convection in the scrape-off layer.

In this way the fraction Pee/P01, of the total input power lost by non radiative
mechanisms amounts to the 20-35%, a value close to the one inferred for FT [5]. On
the basis of these corrected values of Pen/Pub a global energy balance for the
examinated discharges was temptatively outlined by evaluating the amount of
radiated energy. Since January 1993 bolometric data are routinely available in FTU
[6]. The bolometer consists of a vertical array of 16 golden foils looking at the lower
half of the plasma cross—section at the same toroidal position (60° from the limiter)-
The ratio Fwd/Pml between the total radiated power and the total input power as a
function of the line average density is plotted in Fig. 4. A trend with density
complementary to the one of the conduction-convection losses can be observed. The
decrease of radiation losses starts at higher density higher is the plasma current, in
agreement with the trend of Zen- [7]. This decrease at high density could be explained
with an enhanced screening efficiency of the impurities by the SOL [8] or with a
decrease of the edge ion temperature, and therefore of the metallic impurity
production by sputtering, as predicted by a 2D multifluid code for impurity
production and retention in FTU SOL [9] .

Finally the ratios Pee/Pom Ptad/Poh and(Pu+l:‘,.,1d)/Pol1 were plotted together in
Fig. 5. The "missing" power in the energy balance ranges from 5 to 20%.

III. CONCLUSION
The energy balance for a set of FTU discharges was tentatively outlined, based

on the measurement of the limiter temperature increase by thermocouples and of the
radiated power by a bolometric array.
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The missing power in the energy balance was found to be 5-20% of the totalohmic input power.
Energy decay lengths as long as 3-4.5 cm were inferred from the temperatureincrease rate of the mushroom beads by using a finite elements heat conduction codeand confirmed by the thermocouple measurements at 2. cm from the LCMS.
Given the amount of the energy deposited on the limiter, material evaporationcan be ruled out as an impurity source during well centered steady state discharges.
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SCALING LAWS AND POLOIDAL ASYMMETRIES
IN THE SCRAPE OFF LAYER 0F FTU
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The scrape-off layer (SOL) plasma of FTU is routinely studied by means of 5
fast reciprocating probes. located in the poloidal plane as sketched in Fig. 1. Each
of them bears 4 electrodes acting as 4 single Langmuir probes. and is able to span
the entire SOL in less than 160 msec. The whole system (electrical + mechanical
part) is remotely controlled via computer.

The first aim of this diagnostics is to built a solid data base in order to study
the scaling of the main quantities relevant for the SOL. with the core plasma
parameters and to characterise possible poloida] asymmetries.

The high line averaged densities he£3*1020m'3, and the reactor relevant
power fluxes across the last closed magnetic surface LCMS (0.1 MW/m2 in ohmic
phase and up to 0.4 in the future lower hybrid phase) that are achievable in FTU.
strongly support this task.

Local values of electron density rte, temperature T3, and plasma potential
VP are calculated from a full non linear fit of the current-voltage (I-V)
characteristics for each electrode. Up to 4 radial profiles are so obtained in a
single shot. that overlap very satisfactorily in case of stationary plasmas, due to
the particular care spent in the arrangement of both the mechanical and
electrical part of the equipment.

The most important quantities. which are normally recovered from such
profiles are the decay lengths of density and temperature Kn, Arr, and their values
at LCMS, nccMs, Te,LCMs- However. because of the actual shape of the LCMS and of
the complex geometry of the material obstacles within the vacuum vessel, it is not
straightforward to obtain the above quantities. A code is used that matches the
experimental profile nc(x) with the following formula:

(1) I1e(7()=ne,1.CMs*c'J di/Mi)

The integration is performed along the actual path of the electrode. starting from
LCMS up to the generic coordinate x, and Mx) is the local value of the e-folding
decay length, given as usual by A(X)=f*[DltL1/(X)/(2*CS)]1/2. Here f is a factor to

take into account the poloidally varying radial separation between flux surfaces
[1]. Di is the perpendicular particle diffusion coefficient, CS is the ion acoustic
speed at LCMS. L,,(x), the length of the local flux tube, is computed through a full
tracing of the actual magnetic field lines up until they strike the first material
obstacle. All such detailed calculations have proved many times to be necessary
in order to avoid substancial unaccuracies. The outputs of the code are therefore
the two free parameters ne'LCMS and D;-

A similar procedure is applied to Te(x).
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RESULTS
Our data base is limited at present to ohmic operation and stationary

plasmas, within the following ranges: 0.35 neSl.8*1020m'3; 045113506 MA; BT24
and 6 T; 3.15qw57.7 (lp=plasma current, B»1-=toroidal field, qw=safety factor).

Mg
Scaling laws have been searched for ne,LCMS-TC,I.CMSvD_1_(0r An). The last two

quantities have, however, been averaged over the poloidal angle 9, since they
result strongly varying functions of 6, while density is almost constant over the
sampled LCMS, as described further on in the paper.

A regression analysis has been applied to all the data, t_aking as
independent variables ne, qw. and the density peaking factor p=neo/ ne, being
neg the peak plasma density. A high degree of correlation has been found only
for the LCMS density. This is shown in fig. 2, where ne‘LCMS is plotted versus the
regression _variable x, together with the old data of FT [2]. For FTU it is
ne,LCMS"‘( ne/p)1»‘”‘ *qwoys The relevance of p, suggested by simple models [3], has
been tested directly on experimental data with l.26$pSl.7. but the same qw.

The scaling is very similar to that of FT, whose data therefore present a
good correlation also in fig. 2 resulting a factor s=1.92 greater than those of FTU.
All the major features of the scaling are thus confirmed: the almost linear
increase of nCJICMs with (IV (or with 1/11,), even now that the inward particle
pinch velocity is esplicitly considered through p [3], and the power dependence

he“. We however would expect at >1.46 and closer to 2, which is more appropriate
when ionization is unimportant within the SOL [3], and when Kn does not show
appreciable variations with he [3]. Both these requirements are satisfied for FTU,
as already for FT [2], over more than one order of magnitude of LCMS density
variation. The clearer constancy now of the decay lengths constitutes a further
support to neglecting SOL ionization. A possible explanation of this value of a
could come from the fact that the velocity of the refuelling neutral atoms may
increase with he, as found for JET with the neutral code NIMBUS [4].

The factor 5:1.92, quoted above, within the errors is the same as given by

the law neyLCMgrxl/(ta) (R,a=plasma major and minor radius), which
approximates several accepted scalings of the energy confinement time 11;.
The variation of Tc,LCMs is, instead. not very clear. as noted before, except for a
very mild increase with the total input power into the SOL PSOL. It is striking the
negligible effect that the LCMS density has on Tc,LCMs» differently from what
predicted and observed in low density tokamak as JET. Similar considerations hold
also for FT and Alcator C. We are at present investigating whether the ion
temperature Ti, usually assumed =Te, can instead play an important role.
Preliminary computer simulations with a bidimensional multifluid model show

indeed that Ti can vary [5] from T1=5suTc at 3534x1019 m'3 to T,=Tc at Ecztjtiom
m'3. A poor coupling between ions and electrons can be expected also from the

simple criterion for the energy equipartition: Lmne/T 21017 m'2/eV. which
would give FTU mostly in a marginal equipartiton regime. The analysis of the
poloidal asymmetries of Tc,LCMS discussed later further supports this view.

Finally the transport properties. after averaging, are almost constant for
the whole present data base, as pointed out before, but show considerable poloidal
asymmetries which are described in the next paragraph.

11 Poloidal asymmetries
As already said, no asymmetry is evident in the LCMS density.
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In fig. 3a Te,LCMs is plotted versus 6 for BT=6 T, ne,LCMS=1019 m'3. but for different
values of IP as there reported. In fig 3b instead, Dl is shown together with the

estimated Bohm value multiplied by 10, for Ec=0.7*102°m‘3, 1p=600 kA, BT=6 T.
The reason and the structure of such asymmetries are quite unclear at

present. The explanations offered by fluid models cannot account at the same
time for the temperature variation and for the density uniformity. Pure
geometrical effects [2,3], linked to the complex structure of FTU SOL flux tubes,
fail‘in describe both the magnitude and the pattern of the measured poloidal
variation of TC,LCMS- This is true also in the hypothesis of asymmetric power input
into SOL, since the flux tubes connected to the probes should average it over large
poloidal angles, typically 70-200 degrees. Nevertheless, the only appreciable
correlation found up to now is a fair direct link of Te,LCMS with L”, as shown in
fig. 4, where the same data of fig 3a are plotted against the relative L” values,
calculated as described before. This behaviour can be qualitatively understood,
reminding that FTU SOL is marginally collisional. In this case the length of the
flux tube can play a crucial role in determining the amount of power transferred
from ions to electrons, and hence in establishing Te.

Turning now to Di, fig. 3b, we must note how large it is. compared to
Bohm's, especially in the inner side of the poloidal plane. This means very long
decay lengths. Xn>3 cm have been actually measured, which in turn imply high
plasma density and possible power deposition directly on the vessel walls. Such
high values for an agree with those inferred from thermocouple measurements
of thermal load on the FTU limiter [6]. Besides, they can become a very important
element in the puzzling question of the missing power, which so often appears
when the balance between the input and output power is attempted in a tokamak.

High values for Di are not new for high field tokamaks as well as the
asymmetry along the poloidal plane, as the measurements made in the past on
Alcator C confirm, even if these show a fair different poloidal pattern.

CONCLUSIONS
The Langmuir probe system in FTU has shown that density at LCMS_ can be

considered uniform on the poloidal plane and scales approximately as ( nc/p)1-“6
*qw0‘98/(Rzixa) (with the data of FT included), over more than one order of
magnitude for ne,LCMS-

Temperature at LCMS, instead, is almost independent of many macroscopic
plasma parameters, particularly density, but shows a quite complex poloidal
structure. Model analysis and some experimental observations, as the effect of the
length of the flux tubes on Te,LCMS’ suggest that the role of the ion temperature
may be essential in this issue.

The particle diffusion coefficient results much higher than expected, up to
30 times the Bohm‘s value, implying very long SOL decay lengths. Its poloidal
variation, however, is not yet understood.
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Introduction
The edge fluctuations play a critical role in the overall tokamak confinement.1 Experiments

on TEXT show that electrostatic fluctuations in the edge plasma are the dominant mechanism for
energy and particle transport.2 The basic mechanisms responsible for the edge turbulence are the
subject of ongoing research in fusion devices. To understand the driving forces responsible for
edge fluctuations, a novel experiment is underway on TEXT to actively modify the turbulence at
the plasma edge by launching waves using electrostatic probes in the shadow of the limiter. This
technique permits active probing of the spectral properties of the edge turbulence. This new
approach to the study of edge fluctuations can provide more insight into the basic dynamics of
the turbulence and may, in turn, enable detailed comparison with the theory. These experiments,
which rely on the use of oscillating electric fields at the plasma edge, complement edge
fluctuation control studies that are presently limited to the use of applied dc biasing to influence
the edge electric field profile.3 These experiments have been extended to control of the edge
plasma fluctuation level, using feedback to explore its effects on the edge turbulence
characteristics as well as on confinement.

Experimental Arrangement and Diagnostics
The experiments are carried out with a wave launching system consisting of two Langmuir

probes (L1, L ) which are separated by d = M2 ~ 1.8 cm, where 7» is the wavelength of the
electrostatic e ge fluctuations, in the poloidal direction with respect to the toroidal magnetic
field, B. The L1, L2 are operated in the electron side of the (IN) characteristic. Each probe tip is
fed separately by independent ac power supplies capable of providing up to 1.5 kW of power
in the frequency range of 9 to 250 kHz. The power sources are driven by a signal generator
through a phase shifter, which allows control of the ac phase difference Atplz between the L1
and L2, and a band pass filter (BPF), as shown schematically in Fig. l.

. u it
Shift" Amplifiers d ®Anon mm W :3

Oscillator L2 T(Variable) Probe Head 9 L
o 1. . . . . 51 <—Fig. 1. Schematic of the fast recrprocatrng active probe (FRAP). 81’. 8
L2 9

The L1, 1.1% are designed to handle an ac probe current of up to Iac ~ 15 A, which corresponds to
~30% of e estimated total fluctuation current within the correlation volume of edge plasma that
has relative density fluctuations of ii/n ~ 20% at typical averaged frequency off= (0/21: ~ 50
kHz.2 Besides these wave-launching (or exciting) tips there are two small probe tips (SI, 82)
separated by 11/2 placed on the same probe head (see Fig. 1) to measure the local plasma floating
potential, (bf. One of these tips, 51, is utilized for feedback experiments to provide the input
signal for driving the L1 and L2 This launcher system is called the fast reciprocating active
probe (FRAP) because of its fast plunging action into plasma, which takes about 50 ms for a 5-
cm stroke, to reduce the heat load on the probes during the discharge. The specific edge
fluctuation diagnostics used for these experiments are a fast reciprocating Langmuir probe
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(FRLP) array4, used as sensing probe, located halfway around the torus from FRAP, separated
by ~157° toroidally, and two sets of fast Ha radiation measuring arrays.5

Experimental Observations
a. Active probing of edge turbulence

The series of active probing experiments are carried out by launching waves from FRAP in
ohmically heated plasmas with a flat top of ~300 ms in hydrogenic discharges. The toroidal
magnetic field is B ~ 2.1 T; the average plasma density is 5 ~ 3 x 1013 cm‘3. The rail limiters
(top, bottom, and outside) are located at ra = 27 cm, while FRAP is at r E 27.5 cm on the
machine top. The following experiments are performed with FRAP ac current Iac ~ 5—8 A in the
frequency range of 15 to 50 kHz with broadband BPF settings. Measurements of potential
fluctuations ¢f from FRLP indicate that the excited waves are received by FRLP, which is
located r = 27.5 cm at the bottom of the torus. For example, in Fig. 2, the FFI‘ off = 30 kHz

1 I I I I I I I I I ‘ 'l Ir'IvIvI-I II

FRLP eenelnq probe
It r = 21.5 cm
Located It Part 3/30a

FFI' of the floating
potential

FRAP It r = 27.5 cm FFT 0' .30 kHz ec
Located Port 9/1’op WW" 1‘9"“-

Pheee chm = 0(AU
)

(Al
-l)

Fig. 2 (I) Fig. 2 (b)
Fquenc (“12) Frequency (HE)

D
25 2G 21 E 29 30 31 32 33 34 35 25

Fig. 2. (a) The 30 kHz injected signal from FRAP, r = 27.5 cm, (b) received by the
sensing probe FRLP, r = 27.5 cm, located halfway around the torus from FRAP.

o

26 2! 3 30 31 32 33 34 3

signal launched from FRAP is shown together with the fast Fourier transform (FF'F) of the
received signal ¢f, which is about 25 dB above the background fluctuations level. This
experiment is performed with a plasma current of II) = 180 kA corresponding to an edge safety
factor of q = 4.3 at r = 27.5 cm . Earlier experiments6 indicated that for q = 4.3 FRAP and
FRLP have measured the highest turbulence coherence, and at the same time the magnetic field
line (FL) plots show that these probes and one of the H0L arrays (located at P1) are all on the
same magnetic flux tube, while the second Ha array (located at P14) is not. For this experiment
the measured traveling time of the wave is ’d ~ 0.2 ms from FRAP to FRLP. Given the distance
along the field line, L" ~ 12 m, it is estimated that these waves have a speed of VI = LII/ta ~ 5 x
106 cm/s which is about the ion sound speed cS for Te~ 25 eV edge plasma. The etected signal
strength of ¢f weakly depends on the frequency of the wave, the plasma current, and the
phasing of the applied ac signal between L1 and L . It is observed that for f = 15-25 kHz the
amplitude of «1) is slightly higher, by about factor 0 1.5, than the rest of the frequencies used
(15 to 50 kHz; during these experiments. The effect of I on ¢f measured at the launching
frequency of ~30 kHz is shown in Fig. 3(a), and the intensity of the fluctuating Ha radiation,

15 10
(AU) q = 41 I = 30 kHz n u HIIphI(P1/on FL)

A HIIpDII(P14Iufl FL)
E 9

=10 - 5‘ A
n Fig.3(a) a a -
E I:a a
i 3 4 ‘ nE 5 a ua ‘ 5 Ai a: Fig.3(b) A
E :I: 2 A

g Plume current (kit) 0 Plume current (kA) t
o I I ' ‘ I I I I l ‘

120 Inn 200 260 140 130 220 260

Fig. 3. (a) The effect of plasma current I on Elf measured at the launching frequency of
~30 kHz is shown. (b) The intensity of tlie fluctuating Ha radiation, 1“, from the two
arrays (port P1 is on the same FL with FRAP for q ~ 4.3, but port P14 is not) is plotted.
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T“, from the two arrays is plotted in Fig. 3(b). The To from both arrays has similar dependence
on the plasma current. This observation may suggest excitations of these waves on the flux
surface rather than on the flux tube. The radial extent of the wave is also measured by scanning
FRLP. The signal strength of ¢f from FRLP is shown in Fig. 4 as a function of the radial
position of FRLP. It is observed that the excited wave penetrates into the core plasma even
though it is being launched from ~05 cm behind the limiter, and d) has ~2 cm of radial width.
This result indicates that by actively perturbing the edge plasma uctuations from the limiter
shadow, it may be possible to influence the core plasma characteristics inside the limiter. The ac
phase shift Aq)12 between L1 and L2 is also varied, and the result is given in Fig. 5. The ¢f
measured with FRLP is about a factor of two higher when Acplz = 0. At the same time,
modifications to the frequency spectrum of the poloidal wavenumber k9, Fig. 6(a), the
fluctuations of the edge density, Fig. 6(b), and the plasma potential, Fig. 6(c), are observed at
the lagnching frequency off~ 30 kHz. For example, atf~ 30 kHz, fi(ac on)/fi(ac off) ~ 2,
While ¢(ac on)/¢(ac off) ~ k9(ac offl/k9(ac on) ~ 5, which is consistent with the predictions of
the simple mixing length theory.7
b. Feedback experiments

When the launcher is driven by the floating potential fluctuations, sensed by SI and used as
an input to the system through the BPF = 10—30 kHz at the location of FRAP, the edge
fluctuations can be suppressed (_<_ 40 kHz), without enhancing other modes, or excited (~10
kHz), depending on A0312, both locally and at the downstream sensing probe, FRLP. This
feedback arrangement is similar to the ones used on earlier experiments.8 The results are shown
in Fig. 7(a), obtained from the FRAP sensing tip 82, and Fig. 7(b), obtained from FRLP.
These measurements indicate that the feedback affects the fluctuations not only locally but also
halfway around the torus. The estimated fluctuation-induced radial particle flux F also varies
with Atplz. For example, F is ~20% higher without the feedback when Atplz = 0, but it
becomes ~20% lower when Atplz = 1t/2. The global core plasma parameters have not been
affected by the feedback except for slight variations on the edge "e and Te.
Discussion

These preliminary observations have successfully demonstrated the feasibility of exciting
waves at the plasma edge to actively probe the spectral properties of the edge turbulence. The
initial feedback trials are also encouraging for controlling edge turbulence. Using these initial
observations detailed experiments are planned at various feedback gain and phase shift settings
for the upcoming TEXT-U with additional sensing probes located at various locations around
the torus. The poloidal extent of the feedback excitations will also be investigated. Meanwhile,
detailed data interpretation and modelling studies are underway.
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Plasma Conditions Under Various Divertor Biasing
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Introduction
The closed divertors of TdeV feature eight independent neutralization plates electrically insulated

from the vacuum vessel assembly. The fact that the inner and outer plates can be biased separately in
a single-null or double-null geometry makes possible the study of a wide variety of biasing schemes.
Current injection, in which the potential difference is applied on the same flux surface, and plasma
biasing, in which the potential difference appears between the separauix and the wall. are pure biasing
modes of particular interest. Either of these modes is selected by floating or referencing the power supply
with respect to the vacuum chamber. Current injection is shown to drive parallel electric fields with no
significant change in the plasma potential or fundamental properties. The plasma biasing mode is
observed to set up a radial electric field and current with major effects on both the edge and central
plasmam.

Current injection.
The current injection mode is characterized by a current

flowing in the SOL from one divertor plate to another in a direction
parallel to the magnetic field lines with no perpendicular
components. By floating the external voltage source with respect
to the vacuum chamber no radial current or E, field can be
sustained. In TdeV, current injection can be achieved in a single-
null or a doublemull magnetic configuration. The latter
configuration is schematized in Fig.1. The external power supply
is connected to the upper and lower outboard divertor plates with
no referencing to the grounded vessel wall. In general, the
injection of a current of either polarity, up to the saturation limit,
has almost no influence on the SOL and central plasma basic
parameters”). Particularly, the plasma potential in the SOL is
practically left unaffected and the plate potentials adjust themselves ?
consequently. This is explained by the fact that the SOL plasma is
connected transversally to the vessel wall at ground potential and Figure 1 Schematic diagram Of
that no perpendicular current can be drawn by the floating voltage current injection.
source to pull the separatrix potential up or down. In keeping with
the properties of sheaths, a greater fraction of the voltage drop is found at the negative plate as it is
forced to ion saturation. The l-V characteristic of the upper outer plates is presented in Fig.2 and the I-V
curve of the combined upper and lower plates is given in Fig.3a. (1,5210 kA and fie=2.5 1019 m3). This
latter curve resembles the characteristic curve of a double electrostatic probe, the two divertor plates
being considered as the plasma electrodes. It features a central linear section whose slope is given by
the electron temperature, by a current offset at zero voltage due to thermoelectricity and by a current
saturation at large potential differences limited by the collection of ions at the negative electrode. To
analyze our data we use a simple model based on linear probe theory and constant pressure fluid
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transport. The resulting fit to our data is Figure 3 I-V characteristics of the injection mode for
presented in Fig.2 as a dotted line. Although {W0 ““9 densities (i defined in Fig.1).
the model recovers most of the characteristics
of the measurements, it is however obvious that some of the data are not well simulated particularly in
the knee region. Since the shape of the curve before saturation is a signature of the energy distribution
of the electrons repelled by the plate potential, we postulate that the disagreement between the model
and the data could be caused by the presence of hotter electrons. In fact, the mean free path of 60-eV
electrons in the SOL is almost equal to the connection length, so that a fraction of high energy electrons
leaving the central plasma can reach the sheath area untherrnalized (Fig.3a). A small amount of these
uncoupled electrons can change substantially the collected electron current characteristics. A
modification of the model to include two Maxwellian distributions, a cold population and a hot one,
leads to the solid lines in Figr2 and Fig3. The new fit shows that a hot population representing n=3.5%
of the total electrons is sufficient to explain the whole set of data.
A similar experiment conducted in a more collisional plasma
(fi:=4.5 lO'gm‘S), shows that the fraction necessary to fit the data is
reduced to 0.08% (see Fig.3b).

Plasma biasing
The other fundamental mode, called plasma biasing,

consists in biasing the separatrix with respect to the wall. Figure 4
illustrates this biasing configuration for a double-null geometry.
The external voltage source is applied between the outboard (upper
and lower) divertor plates and the vessel. In this way, a radial
current is forced to flow from the separatrix in close contact with
the plates and the outer tenuous SOL plasma connected to the wall.
We have evidence from instrumented tiles located at different
positions inside and outside the divertor, that the return current
does not come from the interior wall of the divertor but from the
main chamber wall near the throat entrance. In addition, it is
observed that the floating tiles insulating the field lines lying Figure 4 Plasma biasing
between the plates and the throat entrance reach a potential of configuration
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approximately half the applied voltage,
indicating that a perpendicular electric field
is in fact produced near the plates. The
presence of a radial electric field is also
confirmed in the equatorial plane by

—————————————— Langmuir probe measurements.
This bias induced radial field and

its associated current are the driving source
of all the biasing effects observed in TdeV.

Double-null geometry
n. (a) = 4x10"m"
T. (a) = 25 W

100 ma)=0.02m"/Ve

Bia
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D I I I I I I | I | I I I I
'200 Induced SOL plasma rotation. edge density

400 we 200 m profile modification, change in gas fuelling
Bias voltage (V) and recycling and pressure build up or

decrease in the divertor chamber are
Figure 5 I-V characteristics in the plasma examples Of plasma biasing phenomenam.

biasing mode. Effects are also observed inside the
separatrix. In fact. the poloidal and toroidal
plasma rotation and the impurity level in

the core are seen to be affected by the application of a biasing voltage.
The I-V characteristic of the plasma biasing mode is plotted in Fig.5 (lp=210 kA and 1352.5 10'9

m‘a). It features a linear impedance of ~ .60 with a rolloff at positive voltages above 100 V, presumably
due to ion saturation at the wall electrode. Over the available range of applied negative biasing voltages,
the measurements show no sign of saturation. The I-V curve also shows a positive current offset at V=0,
corresponding to the expected thermoelectric current flowing from the hot plate to the cold wall. To
interpret our data, we have developed a simple 1-D model including non ambipolar radial current and
sheath controlled parallel current. Presented in Fig.6, the geometry consists of a straitened SOL with
a parallel coordinate, 2, along the magnetic field line and a perpendicular coordinate, r, in the radial
direction. The SOL ilux lines are bounded by the divertor plates near the separam'x (O<r<ra), insulated
by floating tiles between rI and rb, and finally connected to the wall at a larger radius. The model is
simply based on current continuity and assumes that the edge density, plasma potential and perpendicular
current are toroidally
symmetrical (8(ne,u,¢,Te)/Bz=0). dim” central plasma
For the computation, we use
exponential profiles for the
density, the temperature and the

mobility. The calculated plate
and the radial current density
profiles are presented in Fig.6
for m=150 V. It should be
noticed that, as confirmed by the
flush mounted current probes 1,,

installed in the divertor plates,
the plate current is not centred jl='e/-m%? .gztn,u,i,)=oabout the separatrix as in the j t= +150v

. . J.
case of current injection but 2 . ,

g > 3:? . 1Q? : l a" V’+ 155extends to the plate edge. The r r _- I 3,: 1 Br 62‘“ (1 -e 1. )
5 1:

calculated plasma potential

profiles are presented in Fig.7 Figure 6 Model for the generation of the E, field.
for three biasing voltages and
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compared to the Langmuir probe
measurements in the equatorial plane. For ; :
these calculations, the SOL temperatures are V200 :é
adjusted to the measured values. Although the E '13
model prediction and the probe data differ g a;
slightly at Vbifls=+150 V, the general agreement .3100 I
is satisfactory and indicates that the essential or I
physics is already included. It is believed that g :
the 18-min floating region between the plate a ° ; l.edge and the wall is a critical element in the
model since it allows more efficient E-field 20 4O 60 800

,,

generation by not shorting the field lines as do DLCFS ( mrn )
the divertor plates and the walls. Calculations Figure 7 Experimental and calculated profiles
are also compared to the experimental I-V of plasma potential under biasing conditions.
characteristic in Fig.5. Using the measured
edge density of 4 10‘8m‘3,the best fit to the data is obtained with a mobility of .02 mZ/Vs. Using realistic
plasma parameters, the fit reproduces remarkably well the major features of the data: the current offset,
the linear response for negative biasing voltages and the saturation observed at large positive voltages.
In addition, the mobility used in the fit is in very good agreement with the value of .03 m2/Vs deduced
from modelling the edge density profile modification during biasingm.

Discussion
We have identified and studied two basic modes of divertor plate biasing in TdeV: first, a current

injection mode consisting essentially of parallel current and electric fields with no radial components,
ensured by floating the voltage source, and, second, a plasma biasing mode in which primarily a radial
current and electric field are set up by electrically biasing the divertor plates with respect to the vessel
wall. We believe that all the other biasing modes can be decomposed into these two modes. As an
example, we have simulated the DIII-D biasing configuration by grounding both the inboard plates and
the vessel wall and biasing the outer plates. When a negative biasing voltage is applied, the outboard
plates, being negative, develop an electrostatic sheath with a voltage drop almost equal to the applied
voltage. In this situation, the SOL potential remains unaffected as in the case of current injection. In
the case of positive biasing, the situation is reversed and the plasma potential follows the outboard plate
potential, the major potential drop appearing across the sheath at the more negative grounded electrode.
The latter case resembles the plasma biasing mode, since the separatrix is biased witlt respect to the wall,
and develops a radial electric field with all the associated effects. During these experiments we have
used the spectroscopically determined toroidal plasma rotation as a test diagnostic. For negative biasing,
no rotation is observed while, for positive biasing, a toroidal rotation is set up with the amplitude and
direction usually seen in the plasma biasing mode. We conclude that the DIll-D biasing configuration
leads to a hybrid mode, the negative polarity resembling the current injection mode and the positive
polarity giving rise to a mode similar to plasma biasing.

Understanding the physics of divertor plate biasing will allow the study of a multitude of
interesting hybrid modes by decomposing them into fundamental biasing modes with well identified
characteristics. Effort in improving modelling of the two basic modes will continue.

[l]Couture, P., et 211., Phys. Lett. A, E (1992) 204.
[21Lachambre, }.—L., et 211., Proceedings of the IAEA TCM on Tokamak Plasma Biasing (Montréal 1992).
[3] Michaud, D., et al., Journal of Nucl. Mat, 196-198 (1992) 316.
*Supported by the Centre cartadt'en de fusion magnérique with funds from AECL, Hydro-Quebec and INRS
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VARIATION OF DIVER'I'OR PLASMA PARAMETERS WITH
DIVERTOR. DEPTH FOR. H—MODE DISCHARGES IN DIII—D"
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J. CUTHBER’I‘SON,‘ T.E. EVANS, R.A. Jose,t C. LASNIER,l A.W. LEONARD,
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J .G. WATKINS,1 W.P. WEST, AND R. Woonf

General Atomics, San Diego, California

We report here the results of experiments aimed at quantifying the advantages of in-
creasing the X—point to target-plate distance in a divertor tokamak operating with H—mode
confin-ent. Larger distances should lower the peak electron temperature at the target plates,
thereby reducing sputtering and lowering the impurity concentration in the core plasma.
When gem puffing is used to reduce the divertor heat flux, extra field-line length may increase
the volume available for radiation and increase gas isolation between the core and divertor
regions.

These expaiments were carried out using a lower single-null opal divertor configuration
(1,, = 1.4 MA, ET 2 2.1 T) with neutral beam heating (PNBI = 4.8 and 6.8 MW) to produce
ELMing H—mode discharges lasting about 3 s. The X—point height (zg) was varied from 1.5—
32 cm above the target plates by changing the plasma elongation on a shot by shot basis; the
X—point radius was also varied in order to keep the outer strike point aligned with divertor
Langmuir probe tips, as in Fig. 1. Though there was no gas fueling during the H—mode phase
of the discharge, the plasma density remained constant for all Za obtained. Additional D2 gas
puffing for radiative diver-tor experiments was applied for the last 1.5 s of the H—mode period.

The poloidal distance (Lpal) from the X—point to target plates along the flux surfaces
was varied over the range 4 to 40 cm (corresponding to Lpol/ag 0.7). This changed the parallel
connection length between the target plate and the X—point from 2 to 8 m for a field line in
the SOL 0.5 cm from the separatrix. The magnetic expansion of this flux tube going from
the midplane to the target plates ranged from 13:1 to 4:1 for the lowest and highest X—point
heights, respectively.

Core plasma parameters were affected very little by changing z,. The energy confinement
time remained nearly constant, as shown in Fig. 2(a), even though there was some variation
in the ELM frequency, Fig. 2(b). More significantly, no systematic variation in Z93 was seen,
Fig. 2(c). This result is supported by measurements of the 182 A CV1 line brightness produced
by charge-exchange recombination with beam neutrals in the core of the plasma; the intensity
does not change noticeably except for the very lowest X—point, where the plasma has nearly
a limiter configuration anyway. This may simply mean that most of the carbon in the core
plasma results from wall sputtering, as reported1 for JET, and not from the divertor targets.

Upstream scrape-off layer conditions also did not change measurably, consistent with
the fact that the total connection length in the SOL varied by only about 15% as the X—point
was lowered (sgag went from 65 to 55 m). The density and temperature on the separatrix,
as determined from Thomson scattering measurements, remained at nglup 23-4 X 10“9 11:1—3
and Tamer :4 200 eV. The characteristic lengths also stayed about the same: A" z 0.7 cm and
AT 2 0.6 cm inside of lcm from the separatrix. In the far SOL (2 cm fiom the separatrix at
the midplane) these lengths were considerably longer (several cm).

‘I This work was sponsored by the U.S. Department of Energy under Contract Nos. W-7405-ENG—48,
DE—ACOS—GBER51114, DE—ACOS-TSDPOU789, and DE—FGOS—SSEHSIIZL

l Lawrence Livermore National Laboratory.
3 Sandie National Laboratories.
' Oak Ridge National Laboratory.
" University of California. at Los Angeles.
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0.5 cm
1.0 cm
Flux surfaces

Fig. 1. Cross section of lower half of Dill—D showing range of X—point locations studied. 1.0 cm and0.5 cm midplane flux surfaces shown.

The divertor plasma conditions near the separatrix changed with X—point height as
expected. Peak electron temperature at the outboard strike point decreased from about 35
to 15 eV as L”, increased from 3 to 40 an, while the peak heat flux increased from 0.7 to
2 MW/m', as shown in Fig. 3. At the very lowest X—point heights (2 cm and below) the
elects-on temperature increased sharply to about 90 eV; however, the geometry in this case
was essentially that of a limiter plasma, where recycled neutrals are reionized on closed field
lines in the core plasma. The radiated power fraction and the fraction of power reaching the
target plates remained nearly constant except for the lowest 2..

The measured change in peak divertor parameters agreed quite well with predictions
based on the standard theory of the high recycling divertor as contained in the LEDGE 2—D fluid code.2 In these simulations we assumed standard ITER CDA values for the radial
transport coeffici-ts; x, = 2 1112/8 and x; = DJ_ = 1/3 Xe) 11¢,up = 0.313c for the upstream
density, and 40% for the fraction of heating power lost by radiative processes (half in the core
and half in the SOL). The midplane temperature was adjusted to produce the correct power
flow across the separatrix given the measured input power. This procedure is the same as wasused for predicting conditions in the ITER divertor.a

The model results for variation with power and X—point height are plotted alongside
the experimental data in Fig. 3. The drop in temperature with increasing 2,. results fromincreased radial diffusion (mainly into the private region) and not from increased radiationor recycling (divertor density remained constant in the simulation). The dlange in peak heat
flux largely follows the magnetic flux expansion. Though not shown, the biggest differencebetween model and experiment is that the code is predicting much broader SOL profiles than
observed (both in the divertor and near the midplane) so that the total power reaching the
target plates is higher than in the experiment. A better match to the profile width couldbe obtained by using smaller values for X2,I' (~O.5 mz/s) as reported elsewhet'e,‘I but then
the calculated peak values would be much higher than measured. The narrow profiles in the
experiment may be due to scrape-oi? on the inner wall of the tokamak.

In these experiments we added D2 gas puffing late in the discharge to see how radiative
divertor operation was affected by X—point position. Figure 4 shows the main results: max-imum heat flux reduction was obtained over a broad range of 2, values (7 to 222 cm), butthe gas isolation steadily improved as the diver-tor length was increased, as inferred from thedensity rise produced by 1 s of gas puffing at 100 T-l/s. Very little heat flux reduction was
observed at the lowest X—point position (2B 5 2 cm), though the radial profile did broaden. As
reported in earlier work“ on radiative divertors on DllI—D, the largest reduction in divertorheat flux is obtained afier a MARFE forms near the X—point. At either extreme of X—point
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35

height, MARFE formation was delayed until very near the end of the discharge. In all cases,
gas injection lowered Z'fi‘ in the core plasma, especially after the MARFE was present.

1

2

These experiments have shown that, in an ELMing H—mode plasma, increased divertor
depth does produce lower plasma temperatures at the divertor targets. However, it does not
reduce the impurity content of the core plasma and comes at the expense of significantly
higha' peak divertor heat flux due to compression of the magnetic flux surfaces (2.5x increase
in (id for a 2x reduction in Tgld). Successful radiative divertor operation ( ('14 reduced ~2X
with little change in T5) was obtained over a broad range of X—point heights, though core
fueling from the gas pufl' steadily increased as the divertor depth was reduced.

Matthews, G.F., P.C. Stangeby, J.D. Elder, et 51., J. Nucl. Mater. 196—198 (1992) 374.
Rognlien, T.D., J.L. Milovich, M.E. Reusink, and G.D. Porter, J. Nucl. Mater. 196—198,
(1992) 347; and ME. Rensink, T.D. Rognlien, et a1., these proceedings.
Cohen, S.A., K.A. Werley, M.F.A. Harrision, et AL, J. Nucl. Mater. 196—198 (1992) 50.
Porter, G.D., M.E. Renaink, T.D. Rpgnlien, at 451., Proc. 19th EPS Conference, Inns
bruck, Austria, Vol. 11, (1992) p. 751.
Pattie, T.W., D. Buchenauer, D.N. Hill, et al., J. Nucl. Mater. 196—198, (1992) 848.
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ACTIVE DENSITY CONTROL IN DIII—D H—MODE PLASMAS"l

M.A. MAHDAVI, M.J. SarrEs, S.L. ALLEN,l P.M. ANDERSON, M.E. AUSTIN,
B.C. BAXI, N.H. BROOKS, K.H. BURRELL, G.L. CAMPBELL, J.W. CUTHBEETSON,’

J.S. DEGRASSIE, R. ELLIS,1 T.E. EVANS, J.R. FERRON, P. GHENDRIH,’ R.J. GROEBNER,
D.N. HXLL,l F.L. HINTON M.A. HOLLERBACH, J. HOGAN,‘ A.W. HYATT, G.L. JACKSON,

ILA. JAMES,t R. JONG,l C.C. KLEPPER,‘ RJ. LA HAYE, G. LAUGHON, C. LASNIER,l
E.A. LAZARUS,b A.W. LEONARD, S.I. LIPPMANN, R. MAINGI,‘ M. MAKARIOU,

M.M. MENON,’ P. MIODUszEwsxi,‘ R.A. Moves,A T.H. OSBORNE, L.W. OWEN,b
P. PETERSEN, T.W. PETRIE, G.D. PORTER,l M.E. RENSINK,l K. SCHAUBEL,

J.T. SCOVILLE, L.D. SEVIER, AND J.P. SMITH, G.M. STAEBLER, R.D. STAMBAUGH,
MR. WADE,“ J.G. WATKINS,t W.P. WEST, AND R. Woon1

General Atomics, San Diego, California

Particle control in H—mode plasmas is of great importance to the viability of a tokamak
fusion reactor. Particle control is essential for helium ash exhaust. ECH access, as well as
increasing T, to enhance fast wave current drive efficiency which for kn+n ~ 1 increases with
T,. In addition, density control in present devices would allow separate determination of the
scaling of energy confinement with IF, and n, in H-mode plasmas.

The enhanced energy confinement of the Himode is invariably coupled to improved par-
ticle confinement and uncontrolled density rise. In DIII—D, following the H—mode transition,
the line average plasma density rises to fie (101g m’a) :6 X Ip (MA). Previous attempts to
control the H—mode density have not been successful. In DIII—D, H—mode density can be
increased by no more than 20% by gas pnfing before degradation of confinement and, ul-
timately, a transition back into the L—mode. Divertor biasing strongly compresses particles
under the divertor baffle, however, in the absence of pumping, biasing reduces the line average
H—mode density by no more than 210%.

The previously accessible density range in the DIII—D H—mode plasmas has been too
narrow to allow a determination of the scaling of confinement with 1,, and n: separately.
Furthermore, the desired densities for planned rf heating and current drive experiments are
mostly belowthis range. Therefore, we have installed a unique divertor system for density
control as well as a number of other divertor studies. The system, shown in Fig. 1, and referred
to as the Advanced Divertor, consists of a divertor baffle, an in-vessel cryopump (D2 pumping
speed = 35000 1/s, at a pressure of 2 m-Torr) and a bias electrode. Detailed descriptions of the
Advanced Divertor subsystems, and the results of biasing experiments are described in detail
elsewhere}—3 In this paper we present the first results of divertor cryopumping experiments
in the absence of biasing on DIII—D H-mode plasmas.

All plasmas described here were started with the Outer Divertor Strike Point (ODSP)
initially away from the pump entrance aperture. After the plasma current ramp, the ODSP
was moved to the vicinity of the aperture at t f: 1—2 s, where divertor pumping was effective.
Figure 2 shows time histories of the number of particles injected by gas puffing, stored in the
plasma, injected by neutral beams, and pumped away by the divertor pump. The number
of particles pumped is determined from the measured pumping speed and measured neutral
pressure under the baffle. The difference between the source and sink terms is attributed to
changes in the wall particle inventory.

During the plasma current ramp more than 100 Torr-l (26.7 x 1021 deuterons) is injected
to achieve a plasma particle content of only :10 Torr~l. Most of the particles are absorbed by

'I This work was sponsored by the U.S. Department of Energy under Contract Nos. DE—ACOS-BSERSIIM,

W-7405-ENG—48, DE—ACU3—76DP00759, DE—ACOS—84OR21400, and DE—FGoa-HEERSIIZI.

l Lawrence Livermore National Laboratory.
Saudis National Laboratories.
CEA/DRFC.
Oak Ridge National Laboratory.

A University of California at Los Angela.
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Fig. 1. A cross-section View of the Dlll—D vessel with the advanced divertor.

the well conditioned graphite first wall. In contrast, the initial rate of density rise after the
L—H transition is 3—4 times greater than the particle input rate from the external sources. In
this phase, as a result of improved plasma particle confinement, an oversaturated wall relaxes
to a new equilibrium with the plasma.

With the onset of ELMs, divertor pumping arrests the rate of density rise and ultimately
lowers the particle content of the plasma as well as the vessel walls. By the end of the shot,
the number of particles pumped away exceeds that due to the external sources by 2100 Torr-1.
For the first divertor pumping shot, the excess number of particles pumped away is even a
factor of two higher than this quantity, but within the following several shots it settles at this
value. This observation indicates a gradual depletion of the wall particle inventory by divertor
pumping. It should be noted that the particle removal rate during H—mode is 280 Torr-l/s,
which is of the same magnitude as desired for a burning plasma.

The plasma parameters of two otherwise similar shots (IF, = 1 MA, BT : 2 T, wm =
4.5 MW), one with and the other without divertor pumping, are shown in Fig. 3. Divertor
pumping does not significantly reduce the rate of density rise for the first 50 ms after the L—H
transition. However, within two seconds from the onset of ELMs the line average electron
density decays to a minimum of 3.3 X 1013 cm‘a, 40% below that of the reference shot. As
shown in Fig. 4, typically, late in the H—mode, the density profiles of pumped plasmas were
slightly peaked. On the other hand, depending on the wall conditions, the density profiles of
standard DIII—D H—mode plasmas are flat to slightly peaked. Concomitant with the density
drop, there is a. roughly proportionate rise in electron temperature; therefore, the plasma
collisionality becomes a factor of two lower. Because of the reduced ion-electron energy
exchange at lower collisionality and better ion energy confinement, the ion temperature rises
more than the electron temperature. (Central T; = 6.5 keV vs. Te = 3.5 keV.) This behavior
is similar to the hot ion mode observed on JET and DIH—D.

In general the pumped shots were reproducible and reached quasi-steady state within
3 seconds after the L—H transition. However, when the NBI power was increased to 6.7 MW,
locked modes grew when fie fell to 23.0 X 1013 cm”, and confinement deteriorated. A similar
locked mode density limit of 3.8 x 1013 cm’3 was encountered at 1.5 MA. These locked mode
density limits are roughly twice the values reported earlier5 and are attributed to the higher
{'1}; [fly _=_ [‘lT/(IP X (1)] of the low density H—mode plasmas in the present experiments.
A density feedback scheme, using a combination of position of the separatrix relative to the
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Fig. 2. Particle inventory during an H—mode 0 1000 2000 3000 4000 5000 6000plasma with divertor cryopumping. (a) plasma TIME (8)current, (b) particls injected by gas puffing,
(c) particles stored in the plasma volume, (d) baf-
Ie pressure, (e) neutral beam particle input,

Fig. 3. A comparison of two otherwise similar
H—mode shots, with and without divertor pump-
ing. (a) plasma current, (b) line average electron(f) particles pumped away. (g) balance between

the sources and sinks, attributed to a change in
the wall particle inventory. During the plasma
current ramp more 2100 Torr-l is injected to
achieve l plasma particle content of only
:10 Torr-l, with most of the particles being ab-
sorbed by the vessel walls, however by the end
of the shot the wall inventory shows a deficit of
2100 Torr-I.

density, (The sudden densuty drop at t z 4.6 s
is due to a transition back to the L—mode. The
transition is due to reduced auxiliary heating
power at t 2' 4.2 s.) c) ion temperature at
normalized radius 0.2, (d oentral electron tem—
perature.

entrance aperture and gas puffing was used successfully to regulate the plasma density above
the locked mode boundary.

We have succeeded in reducing the electron density of H—mode plasmas by up to 40%,
which results in a roughly proportional increase in the plasma temperature and a factor of
two reduction in collisionality. This demonstration of density control in H—mode plasmas
has several far reaching implications: (1) it greatly enhances the prospects of a steady—state
tokamak based on rf current drive, in particular ECH and fast wave; (2) the accessible den-
sity range, at constant I,_., for DIII—D H—mode plasmas is now sufficiently large to allow a.
separate determination of the scaling of confinement with ng and IP with moderate accuracy;(3) support feasibility of helium ash exhaust in ITER with a modest pumping speed.

1 Schaubel, K., at 3.1., “Design of the Advanced Divertor Pump Cryogenic System for
DIII—D,” 14th Symp. on Fusion Engineering, San Diego, September 30 through Octo-
ber 3, 1991, San Diego, CA.

2 Smith, J.P., et at, Fusion Technol. 21 (1992) 1638.
a Schaffer, M.J., et al., in Proc. of 8th EPS, Vol. 15C, Part III (1991) 241.
4 Bun‘ell, K.H., et 51., Proc. of 13th Intnl. Conf. on Plasma Physics and Controlled FuaionResearch 1990, Washington, DC, Vol. I, (1991) 123.

5 La Haye, R.J., et al., Nucl. Fbsion 32 (1992) 2119.
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EROSION AND REDEPOSITION ON CARBON PROBES IN TEXTOR

* xD. Naujoks, R. Behrisch, V. Philipps , B. Schweer

Max—Planck—Institut ffir Plasmaphysik, Euroatom Association,
D— 8046 Garching, Germany

*Institut fur Plasmaphysik, Forschungszentrum Julich
Euroatom Association, D— 5170 Jfilich, Germany

1. INTRODUCTION

Plasma induced erosion at the limiters and divertor plates
will limit the lifetime of these plasma exposed wall tiles
and it represents a critical source of impurities for a
future fusion reactor. However, there are hardly any
quantitative measurements about the plasma induced erosion
at limiters and the possible redeposition of the eroded
material. In order to obtain such quantitative data a
limiter like carbon probe has been exposed in the tokamak
TEXTOR and the measured erosion at different areas is
compared with calculated values obtained with the computer
simulation program ERO [1].

2. EXPERIMENTAL

The special designed limiter like carbon probe with
dimensions 50*60*90 mm3 is shown in fig.1. Different markers

with a diameter of 3 mm andPMsma
fif: thickness 220 8 (M0), 200 A

2\ In /3 Planmaiona (V) and 500 A (A1) have been
4 6——

5/ : yiohn §___ exposed in the boundary
6 ;//§mé plasma of TEXTOR during six

1/ 7
ohmic D discharges (from

#53486 to #53491) with a

6___4°mm___9 total exposure time of texp
= 15 s. The probe has been

Carbon Probe 3

Fig.1: Probe geometry
inserted from the bottom

into TEXTOR beyond the last closed flux surface (LCFS) given
by the main ALT II toroidal limiter system. The positions
have been zo=—7 mm for discharge number #53486, zO=-12 mm
for #53487 and zo=—16 mm for #53488—#53491. The profiles of
electron temperature Te(r) and density ne(r) (r is the
radius) in the plasma edge (SOL) were measured during the
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discharges.

3 . MODEL

The erosion/redeposition has been calculated with the

program ERO [1]. Atoms eroded from the probe by sputtering

enter the plasma, they are ionized and subsequently guided

along the magnetic field lines. They may be pushed back

toward the probe surface by the streaming plasma flow. In

the version of ERO used here the velocity of the sputtered
ions after ionization is given by [2]

dv q'e 6v
~— = [E + [v x B] + —— , (1)
dt mI at

where q = q(t) is the charge state and mI denotes the mass

of the impurity ion. The second term on the right hand side

of equ. (1) describes the changing of the ion velocity by

collisions with the plasma ions, e.g. on account of parallel

friction, parallel and perpendicular diffusion. Equation (1)

is solved using the leap-frog method for the integration and

the Boris method for the [v x B] rotation [3]. The electric

field near the probe surface is calculated following [2].

The marker erosion of element ’1’ is given by

dI=(nI)—1.[re_.re].( YD—>I_fD + YC—>I.fC + YOaI‘fO ]‘texp' (2)

where nI is the atomic density of element ’1' and Y presents

the sputtering yields, respectively for the various
ion-target combinations. The flux Fe

e _ .P ~ 0.5*ne(r)-cS-51n(a) (3)

with a being the angle between the surface of the probe

and the magnetic field lines is reduced by Ira

* e Fe*fc*(1-RC9I)

T = (4)
YDAC‘fD + YCaC‘fC + YOaC.fO

. . . . + q+ q+
The concentration of the ion species '1’ (e.g. D , O , C )

are denoted by f1 and satisfy with charge states q1 the

condition 2 fql = 1. The ion acoustic speed is
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cs=(2-}<Te/mD)1/2 with mD being the atomic mass of the D+
1

ions. The ion flux 'Fe-f is needed to sputter the amount of

carbon ions Fe'fc coming from the plasma and sticking on the
surface of the marker with the probability of (1-RC9I),
where ReaI is the particle reflection coefficient of carbon
ions scattered from a surface of element ’1’.

4. RESULTS AND DISCUSSION

4.1. Marker erosion

After exposure of the probe to the plasma at the sides 1—8
(indicated in fig.1) samples were cut out for surface layer
analysis with MeV ion beam techniques (RBS, PIXE and nuclear
reactions). For the Mo marker an erosion of about 120 A, for
V of about 90 A, for A1”) of about 90 A, for Ala) of about
120 3, and for A1”) of about 40 A was measured. Though, the
sputtering yields for these materials at low energy D
bombardment are very different, the measured erosion is
nearly equal. The variation of electron density and
temperature with decreasing distance from the LCFS is not
large enough to explain this behavior. For understanding
these observations we must take into account that besides D
the probe will also be bombarded with C and 0 ions. The
sticking probability for the C ions on low—Z elements V and
Al is larger than on the higher—Z element Mo.

Fig.2 shows the calculated
erosion using equ. (2) for

u;

e
O/D = 0.01, a = 25°). The
sputtering yields were

C, Mo, V, and A1 in
E: dependence on the carbon
-§ concentration in the
§ plasma fC (nLCFS= 1.911012
g cmfl, TLUS= 40 eV, ratio
E

—200 n I I 1 I I . x n —no mm mm ah on calculated by using thecarbon concentration. f“ .F 2 approach proposed in [6],i . : Calculated erosion thickness . . .E where the modifications to
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the energy distribution function of incident ions due to the
acceleration in the sheath electric field are included. An
agreement with the measured value of about 100 fi erosion for
all elements can only be achieved by using particle

Cac=0_11 R, RcaA1=o.18 R, RC9V=0.26
0.31 g) which are half of those calculated with

TRIM [8] and an assumed value of about 0.06 for fC. Surface

reflection coefficient (R
R RC—>Mo=

roughness can be the cause for the decrease of the carbon
reflection from the marker surfaces [7].

4.2. Redeposition of the marker materials
The slit construction (see fig.1) was designed in order to
prevent a further erosion of the redeposited there marker
material. Within the error level of the RBS technique only
on side 4 and only for Mo a redeposition could be observed
(fig.3). This redeposition is clearly caused by direct
deposition of the neutrals sputtered from the Mo marker with
a likely cosine distribution and impinge directly on side 4.

s‘ono“h.v.y.........,.v, .
— it calculated for direct deposition 0! sputtered neutral:

{1‘ I I measured on lid: 4
'H 2.5 _— 0 calculated with ERO -
u .
V Z
d- 2.0 _—
o .as .=L _ w

h :
Fl .
3101 _
El ‘ -o .
0 I
o 0'5 .— ‘z .

0‘0 10‘ an ‘I‘SDXI‘Iw 50
length 1: along the sample. (mm

Fig.3: Distribution of Mo atoms on side 4
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Control of Poloidal Asymmetry in TEXTOR Edge Plasma

A. Nedospasov, B. Schweer, E. Wolfrum and E. Hintz

lPP Forschungszentrum Jtilich, Ass. EURATOM-KFA,

Postfach 1913, 0-5170 Jfllich, Germany

Under conditions of poloidal asymmetry of plasma in tokamaks, longitudinal equilibrium

currents (Pfirsch-Schliiter currents) are closed in a radial direction. in so doing, the force

moments I X B1 for positive and negative values of the radial current I are not equal by the

absolute value because of the dependence of the toroidal magnetic field B1 on the poloidal

angle. As a result, plasma rotation must occur. This effect may be especially significant

in a scrape-off layer (SOL) where the radial current flowing in the plasma closes on the

limiter [1]. Poloidal rotation, in its turn, may change the level of wall turbulence.

The rate of poloidal rotation can be controlled by affecting the symmetry, say. by varying

the position of gas puffing [2]. This paper describes the first experiments in varying the

poloidal asymmetry of the edge plasma in the TEXTOR tokamak by applying a bias current

to the limiter.

Experiment

The current was flowing between the ALT-II segmented toroidal limiter and a special

graphite test limiter located in the bottom of the vessel. The voltage between the latter

limiter and earth was varied within :i: 300 V. The position of the limiters is illustrated in

Fig. 1. For both limiters, rL = 0,46 m.

Measurements were taken of the current to each one of the eight segments of the ALT—ll

limiter, earthed via 1-Ohm resistor. The current distribution on the ALT-ll limiter was

approximately uniform. The ratio of total ALT-II current to total test limiter current is given

in Fig. 2.

The radial profile of the plasma density at the plasma edge was measured in three

different cross‘sections at three poloidal angles, Fig. 3 namely, at the top, in the

equatorial plane at the outer board (in the same cross-section as that of the test limiter)

and at the bottom. using atomic lithium beams [3). The bias voltage was applied during

the time interval of 0.8-1.8 s after the beginning of the discharge (IP = 340 kA,

Bt = 2,2 T, na = (2.5 - 3.8) x 1019 m'a. The upper limit of density measured by Li-beams

was 5x1015m‘3.

Measurements were also taken of the velocity distribution of neutral deuterium atoms near

the test limiter surface, analogous to the measurements described in [41.
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Discussion of the Results

1. Poloidal asymmetry of the plasma in the SOL and on closed magnetic surfaces near the

limiter is observed in the absence of biasing as well (Fig. Ba). lts causes include the

toroidal drift and the asymmetric position of the ALT-II limiter [5].

2. Under conditions of positive voltage, when the test limiter serves as anode, a

considerable decrease is observed of the edge plasma density at all three poloidal angles
at which measurements were performed (Fig. 4). In so doing, the total number of particles
in TEXTOR remains practically the same. From this it follows that the density on the inner

board increases. Therefore, applying a bias voltage to generate an electric current flowing

along the magnetic field changes the poloidal distribution of the plasma density in the
SOL. Also a corresponding decrease in Da intensity at ALT-II is observed.

In the case of Fig. 3b a decrease of the density on the outer board to values below
5 - 1018 cm'3 permitted the measurement of ne on closed magnetic surfaces at distances
up to 1cm from the limiter edge (Fig. 3b). Pronounced poloidal asymmetry inside the
separatrix is indicative of the existence of poloidal flows in the edge plasma. It can also
be controlled by biasing. The data obtained suggest further investigations of the effect of
asymmetry on the poloidal rotation of the edge plasma [6].

Acknowledgement:
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Figure captions

Fig.1

Fig. 2: The ratio between the current to the ALT-ll limiter and the current from the

test limiter: 1, test limiter as anode (V > O); 2, test limiter as cathode (V <

0)
Fig. 3: Projection of Li-beam diagnostics into one cross-section showing their

location in poloidal direction.

Fig. 4: Plasma density profiles: 1, on the outer board; 2, at the top, at the bottom.
a) Vbias = 0; b) Vbias = +300 V, t = 1,55

Fig. 5: The density at r = 46 cm as a function of current to the ALT-ll limiter

Designations are the same as in Fig. 3.
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Introduction

In a first approximation a pump limiter removes the flux of particles entering the throat
with a probability which is equal to the conductance between neutralizer plate and pump divided
by the sum of this value and the throat conductance. This picture is altered if the recycling of
particles at the limiter front and processes inside the throat become important. The latter is the
topic of this study. The relevant processes are ionization by electron impact and charge exchange,
dissociation and finally at highest fluxes change of the flow pattern inside the scoop. The result
of these processes is in the following written as a change of the throat conductance.

Experimental Conditions

The ALT-II pump limiter is positioned on the outboard side of the TEXTOR torus at an
angle of 45° below the midplane /l,2,3/. Various diagnostic devices are included. such as
Langmuir probes in the scoop and two different types of ion gauges. The total pressure is
measured by fast ionization gauges /4/ and a Penning ion gauge set-up /5/; the latter is capable
of measuring simultaneously the partial pressure of helium in the scoop as well as the partial
deuterium or hydrogen pressure with a time—resolution of 26 ms during our experiments.
Additionally, the helium concentration in the plasma center (r=26 cm) and the He and H/D fluxes
recycling at the ALT—II limiter blade #5 are measured as described in /6/.

ion drift side ,/h'
‘ + it

n scoop 6 EQDHQ
He ‘— valve

< > plenum

l Seff‘nHeO

Figure 1. Schematic description of the throat of ALT-ll blade #6. The helium is injected into the
scoop (tbflggas-flow) with a width 6:27 mm and a length L=l8 cm; the high (h) is l5 cm. The
effective pumping speed at the plenum Sm is 650 US.
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For analyzing the throat conductance under the influence of plasma, helium has been
injected into the scoop of blade #6 which is open to the ion drift side only. The single sided
scoop opening enables a simpler interpretation of the data than in the double—sided case. Blade
#6 is covered presently with 12 mm thick carbon tiles. A schematic set up is shown in figure 1.
The effective pumping speed Sea of the turbopump is 650 US in the plenum and 190 US at the
entrance of the scoop. This module can remove [.2 mbar 1/5 of gas from the discharge without
degradation of the pumping speed /7/.

Throat Conductance Variations

Previous measurements on the plasma influence on throat conductance of the TEXTOR
pump limiter ALT-I /5/ show a decrease of the throat conductance. There was no active helium
pumping possible since cryopumps were used. These experiments as well as first experiments on
ALT-II /l,2,8/ have been carried out by injecting a short neutral helium gas puff either into the
plenum of the pump limiter /5/ or into the discharge /8/. For the throat conductance variations
reported here, neutral helium was injected into the scoop of the ALT-ll pump limiter during the
discharge so that steady gas flow conditions during the flat top phase of the TEXTOR discharge
(total length 4 5, 31:12.25 T, 1:340 kA) are reached. In comparison to the other experiments the
investigated electron temperature and electron density range was extended to higher values. The
gas flow injected into the scoop was varied between 0.5 mbar 1/5 and 0.9 mbar l/s resulting in
a partial helium pressure between 2.4- 10‘1 mbar and 4.5 - lO‘ mbar depending on the discharge.
Experimentally determined is the injected gas flow <1)"c and the partial pressure of helium, which
is proportional to the neutral particle density in the scoop nmo; from these values follows

q’He / “14:0 = Sm + Cu: (1)

where C": is the throat conductance.

In order to have a wide variation of the local electron density and the electron
temperature in the scoop of blade #6, ohmic as well as neutral beam heated discharges (1.5 MW
of neutral beam power) have been studied under two different conditions. Firstly, all eight ALT-
II limiter blades were positioned at a minor plasma radius of 46 cm; secondly; to obtain higher
local electron temperature and density only blade #6 was inserted to 44 cm while all the other
blades were retracted to 47.5 cm. All discharges have been L-mode discharges in a boronized
machine. The central line averaged density has been varied between 1.6- 10u cm" up to 7.9 - 10[3
cm‘3 widely extending the range of previous measurements /6/.

Results

As it is not possible to vary the electron temperature in the scoop independently from the
electron density our measurements are always including both effects. As the neutral helium flow
into the scoop normalized to the partial helium pressure (Que/n“) is measured a comparison with
theoretical deductions of the throat conduction following equitation (l) is easily possible. The
value of the neutral helium f10w into the scoop normalized to the partial helium pressure in the
scoop, increases with increasing electron density in the scoop for ohmic and neutral beam heated
plasmas (fig. 2 a.). The normalized gas flow seems to be constant after a rapid drop for electron
temperatures higher than 15 eV (fig. 2 b.). Spectroscopical measurements at the front surface of
blade # 5 show an increasing helium flux recycling on the ALT-II limiter as a result of the
increasing amount of helium escaping from the scoop. The helium concentration in the center
during neutral beam heated discharges at the flat top phase of the He flow measurements at 1.5 —
l.8 s does not follow the helium recycling signal at the limiter but is nearly constant for all

discharges, with the exception of the lowest density discharge. The influence of the electron
density and temperature variation together have to be taken into account to interpret the
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experimental findings. Part of helium may be stored transient in the walls /6/ which has been
noticed in our experiment too. To another part it can be attributed to the observation that the
fuelling efficiency for helium decreases with the line averaged electron density /6/.

1.000

3000- 3000-

13 i 7 .a; 2000— -. , . a 2000— :-.
é: . e '- ‘ A of, '- A.
\g l 1, E . u u ‘
e s1000— 1000-

0 . . . . 0 . .0 1 2 3 z. 0 10 20 30
n9, mt loam-3) T. mp [eV]

Figure 2 a) and b). Dependence of the helium flow into the scoop normalized to the partial He—
pressure from the electron density in the scoop (fig. 2a.) and the electron temperature (fig. 2 b.).
x: neutral beam heated discharges with all eight ALT-II blades at 46 cm minor radius; 0: ohmic
and A neutral beam heated discharges with blade # 6 inserted to 44 cm and the other blades
retracted to r=47.4 cm.

An analytical hydrodynamic model /9/ as well as the Monte Carlo EIRENE code /10/ was
applied to study the transport of neutral helium in the throat. Both approaches give in agreement
with previous measurements a decrease of the conductance for low plasma density ( < 5 - l012
cm") in comparison to the conductance off an empty throat. For this range of nE the results of
the calculations agree with the plasma free case and underestimate the experimental data which
show only a small decrease of Que/nmo. If n: exceeds a value of 5 1012 cm‘3 the increase of the
throat conductance as defined in (I) can not be explained by transport of neutrals. Reverse flow
of plasma /l l/ was treated as a possible cause of this phenomenon. Such a flow is generated by
ionization of neutral gas entering the throat plasma from the plenum if the gas pressure is high
enough. Estimates for blade #6 show that this critical level is reached at a scoop plasma density
of 5 '10‘2 cm". The contribution of the reverse flow to the conductance was estimated under the
assumption that all helium ions born in the flow region escaped into the scrape off layer. The
results including reverse flow of helium ions are in agreement with the experimental data. The
dependency from nI as shown in figure 3 a) is nearly the same as in figure 2 a). Calculations
for the highest densities could not be made due to missing electron temperature values. For the
Te dependency the analytical model (figure 3 b)) shows the same behavior as the experimental
data.

Helium exhaust and particle removal studies have been carried out by use of the toroidal
belt limiter ALT-ll. The measured values of the conductance for low electron temperature and
density agree within the error with previous results. The Monte Carlo calculations as well as the
analytical model describe this situation very well. For higher scoop electron density (>5 -1012
cm") an increase of (PH: / ao with increasing density was measured. This change of the
conductance can be explained by reversal flow of He+ in the scoop of the belt limiter. This results
in an escape of pumped particles and hence in a reduction of the exhaust efficiency.

The authors would like to thank the TEXTOR and NBl groups, especially A. Pospieszczyk
and B. Schweer for providing data and fruitful discussions and A. Hiller for technical assistance.
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Figure 3 a) and b) Theoretical deduction of ink/n”E following the hydrodynamic model /9/.
(Symbols as in figure 2.)
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Impurity production and plasma edge parameters under various wall conditions in TEXTOR
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1. Introduction

Ever since tokamaks have been operated oxygen is one of the dominating impurity problems. Major
progress has been achieved by conditioning methods reducing oxygen via gettering. In particular, the
low-Z wall coating methods pioneered at Jiilich, i.e. carbonization, boronization and siliconization
[|][2], improved the general performance of the machines significantly. Furthermore, wall coatings
have influence on the radiation level, on plasma edge parameters like electron density n. and
temperature T, and on the release of wall materials. The relevant processes at the plasma boundary
compose a highly non-linear system : Te affects the energy of the impinging ions and thus the sputtering
yields via the sheath potential. The impurities released from the limiter penetrate into the plasma
boundary, are ionized and affect the heat flux balance by their line radiation causing a reduction of T,.

Owing to the different wall coatings applied on TEXTOR and the comprehensive edge diagnostics
available a rather large database on particle fluxes and edge parameters n,, T, has been obtained. This
is used to study the complex processes at the edge including radiation effects. It is shown how with
different wall coatings quite distinct edge parameters and radiation levels develop, due to their specific
radiation characteristics and sputtering yields. Special emphasis is put on synergistic effects of combined
impurities like C, B, O and Si. The analysis of the experimental data is made with the help of a model
developed for this special purpose and described in chapter 3.

2. Experiment

The tokamak TEXTOR has been operated under standard conditions : R= 1.75m, a=46cm, IP=34OkA,
B,=2.25T and D2 filling. The plasma heating used was ohmic (0.35 MW) or with auxiliary heating
employing neutral beam co-injection (1.5 MW).
A variety of spectroscopic measurements (filter systems, grating spectrometer) at the different limiters
provide integral measurements of the line radiation from neutral and singly charged particles like D,
C, O, B, Si. The edge parameters ne and Te are determined with active beam diagnostics (Li, C, He)
[3], From the spectroscopic data and the Te measurements the particle flux released from the limiter
can be deduced [4]. A bolometer provides measurements of the total radiation.

3. Model

The model developed for this analysis is based on a 0-d particle and heat balance at the limiter edge.
Similar models have been developed earlier [5]. The synergistic effects of different impurities and
materials and the consideration of radiation from the plasma boundary based on new data are the main
improvements in our model. The heating power and the central density are external parameters, all
other parameters like In, Ta and impurity fluxes (except oxygen) can be deduced. The particle transport
is calculated based on a simple diffusion model [6] considered to be adequate for this purpose. Thus
the radial particle flux is given by P=Didn,/dr. The radial diffusion coefficient Dl varies with T,
according to a Bohm-like diffusion. The electron density gradient is approximated by the ionization
length of deuterium and the central density to dn,/dr=n,,/)\,. The total radiation PR, is related to the
particle fluxes via the radiation potential Emi [7][8][9], i.e. the energy radiated per impurity
particle during its dwell time in the plasma. Thus Pm, is the sum of contributions from the various
impurity species i

PM=PD Evelina;
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The impurity level oti=1‘i/I‘D represents the "effective" sputtering yield and is calculated with a
sputtering model [10][11] as a function of the average energy of the impinging ions (assuming
Ti=Te and normal incidence). This energy is deduced from the sheath potential and an average charge
state q for the ions. We used q=4 for C and q=6 for Si. The yield for oxygen on carbon is treated as
a special case, based on the knowledge that O impinging on a graphite surface produces CO with a
yield of about 1 [12]. Because the primary source of oxygen and its mechanisms are not well
known, we use the measured oxygen level aO=I‘0/1"D as an external parameter in the model. The
effective sputtering yield (impurity level) for the element i is

at = (YDi + Ejii aji) I (1-Yii)-

This term represents the sum over all sputtering yields with the projectiles ofD and the impurityj on
the element i, including the self-sputtering Yu.

4. Results and discussion

With boronized and siliconized walls the oxygen level (a0=I‘0/I‘D) is significantly reduced compared
to carbonized walls (Fig.1a): e.g. at a line averaged central electron density t'te=4x10”cm'3 the oxygen
level 010 is 1.3% with carbonized, 0.4% with boronized and 0.3% with siliconized walls, clearly
showing the enhanced oxygen gettering capability of the different coatings.

It is evident from the comparison of Fig.la and b that the carbon level 01c is closely linked to the
oxygen level (solid lines represent model calculations). This behaviour can be understood following our
assumption about the formation of C0 and comparing its yield with the sputtering of C by deuterium.
Within the model calculations we can distinguish the different contributions for carbon release from C0
formation, sputtering by D and self sputtering as shown in the insert of Fig. 1b. CO formation can give
a significant contribution, provided the oxygen level is as high as the deuterium sputtering yield (about
1-2%), it is even dominating in a cold edge plasma (ohmic heating, high fin, Te=10eV) when sputtering
is low [13][14]. If the oxygen level is low (< 1%) and sputtering is reduced due to low Tc, the
relative contributions from other carbon release channels (like hydro- carbon formation) may become
important.

In a carbonized and a boronized machine the radiation level 7=Pmd/t (Fig. 1d) is mainly determined
by oxygen because of its relatively high radiation potential End. In a boronized machine 7 is lower due
to the reduced oxygen level. To show the importance of oxygen radiation it is also indicated in Fig.1d
what would be expected for y in an idealized case without any oxygen. Boron behaves similar to carbon
with respect to sputtering and radiation. Therefore the measured and modelled plasma edge parameters
m and Te do not differ between carbonized and boronized walls (Fig.1e/lt).

The edge parameters change after siliconization. Ta is generally lower (Fig.1e). This is mainly due to
the higher radiation potential of silicon (about a factor 4 higher than 0 at T,=30eV), as reflected in the
elevation of 'y (Fig.1d). This figure also shows a decrease of 'y with increasing central density, in
contrast to the carbonized/boronized cases. This drop of radiation with increasing density can be
explained by the fact that sputtering is the dominant release channel for silicon and that the variation
of the silicon level as; is very strong (Fig.1c) because T, at the boundary decreases to values at which
the energy of the impinging projectiles on the limiter comes close to the thresholds for the sputtering
processes. Table 1 summarizes the variation of relevant parameters which determine the impurity
radiation level 7=Emt ozi I‘D/ PM when going from low to high central densities for a siliconized
(silicon dominant) and a carbonized wall (oxygen dominant). Shown are the ratios between high and
low density of the measured impurity levels ori(high fi=)/ai(low ft“), of the measured deuterium fluxes
I‘D(high fie)/I‘D(low fit)» of the radiation potential Em,(high nc)/Efid(low t1) and of the resulting ratios
for the radiation level 7(high n‘)/7(low nc).
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table 1: a5i(high ne)/ aomigh my Emmigh n,)/ I‘D(high my 7(high nJ/
asiflow n.) ao(low fig) Em,(low fie) I‘D(low n.) 700w r1.)

siliconization 0.06 2.5 5.0 = 0.75

carbonization 0.33 3.0 5.5 a 5.5

——fi

siliconization: T,=10eV at rt,=6.5x10”cm", Ta=25eV at n,=2x10’3cm"
carbonization: T,=30eV at fi,=4x10”cm", T,=60eV at r‘1.,=1.5x10"cm’3

The increase of the radiation potential and of the deuterium flux is similar in both cases, but the
decrease of or; is significantly stronger for silicon than for oxygen. Therefore, with silicon the decrease
in 015-, overcompensates the increase of the product EMFD leading to a reduction of radiation, whereas
with oxygen the variation is too small to inhibit the usual increase of 7. On the other hand the silicon
system is rather sensitive) to oxygen added to it. Already 1% of 0 more at high it, may reverse the
behaviour such that the radiation again increases with density.

5. Conclusions

The data presented in this paper demonstrate that the application of different wall coatings and thus the
influence of different impurities allows to establish quite distinct ranges of plasma edge parameters. In
particular, the key role of oxygen for plasma edge behaviour under different wall coatings is shown.
However, the origin of oxygen and its release mechanism from the walls are still open questions and
have to be the subject of further studies.
Silicon wall coating represents a system in which impurity release is dominated by physical sputtering
of silicon resulting in a decrease of radiation with increasing central density.
The comparison of the experimental data with the model calculations show that it is possible to describe
some important elements out of the complex relations of plasma edge processes even with a simple O-d
edge model. To give a more detailed description of the plasma edge and to achieve a better agreement
with experimental data other models are necessary which include l—d or 2-d structure of the plasma,
improved modelling of transport, oblique incidence of sputtering ions and a more accurate treatment
of Ti.
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Introduction

A MARFE (Multifaceted Asymmetric Radiation From the Edge) is a toroidally symmetric but
poloidally asymmetric highly radiating zone located near the inner wall of a tokamak [l]. The
MARFE, like the solar protuberance [2], is the result of a radiative condensation process.

On the tokamak TEXTOR the formation of MARFEs as well as their suppression has been studied
since some years [3]. MARFEs are obtained in plasmas close to the density limit and with a fairly
high power density. MARFE formation can be triggered by increasing the average density,
injecting additional impurities, reducing the heating power or increasing the local impurity sources
on the high field side. The latter can be obtained by shifting the plasma closer to the inner bumper
limiter. A common feature of all these methods is an increase of the ratio of local radiation over
heating power. The possibility of forming reproducible MARFEs on TEXTOR, in particular
MARFEs having a life time of several 100 ms, together with special diagnostics based on optical
methods offered the opportunity to study for the first time the radial electron density tie and
temperature Te profiles across the MARFE region. Short living MARFEs (ca. 20 ms), as they often
occur with a disruption, are not considered here.

Experimental arrangement

TEXTOR was operated with BT=2.25 T. Ip=350 kA and R=l75 cm. The direction of BT was
clockwise and BT 11 IP. The toroidal belt-limiter ALT-II and the poloidal limiter segments (upper,
lower and outer segments) were located at rL=46 cm. The position of the inner bumper limiter was
r=49.8 cm. Co—injection of a neutral beam with 1.3 MW was used as auxiliary'heating. Wall coating
methods applied on TEXTOR determine the level and type of impurities in the plasma. With
siliconization [4] silicon is the dominating impurity with respect to radiation. With boronization [5]
the radiated power is mainly coming from oxygen. In this case additional injection of neon helps
to increase the radiation level and thus to obtain long living MARFEs.

A CCD—camera equipped with an interference filter was used to observe a full poloidal cross
section tangentially at the location of the poloidal limiters in the light of Ha. Spectral measurements
in the MARFE region were performed by means of a grating spectrometer. The viewing optics
collected visible and near infrared light along a tangential chord passing through the region near
the bumper limiter (inner wall) and directed it onto the entrance slit of the spectrometer. The
entrance slit has been oriented radially along the horizontal midplane of the torus. A CCD-camera
with an image amplifier was used to detect the spectra. The width of the spectral interval covered
by the CCD-camera was about 25 nm. The time resolution was 20 ms. The detection system was
absolutely calibrated against a standard tungsten ribbon lamp. The radial resolution along the slit
was about 0.4 cm and the spectral resolution was about 0.06 nm. With the help of this spectrometer
the intensities of two He—lines - a singlet line at A=728 nm and a triplet line at A=706 nm — have
been measured simultaneously (Fig.1). A small amount of helium was introduced into the plasma
to provide a flux of neutral He atoms emitted from the bumper limiter due to recycling. This
source of He can be used similar to the thermal helium beam employed routinely at the outboard
side of TEXTOR [6]. According to this method the measured ratio of the He-line intensities
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allows to deduce the radial Te—profiles. Because the density in the MARFE is high enough we canuse the continuum radiation, also measured by the spectrometer, to deduce ne [7]. In addition tothe optical methods also probes located inside the bumper limiter near the equatorial plane havebeen used. Several electrode pins have been aligned vertically with a distance of 7 cm betweeneach. The electrodes are operated as double probes by applying an alternating voltage with afrequency of 200 Hz.

Measurements and results

Apart from the different methods to trigger a MARFE, the general evolution of a MARFE issimilar in all cases. As a typical example the growth and the motion of a MARFE in a dischargewith a siliconized wall (shot #53433) will be discussed in detail. In Fig.3 the evolution of the
MARFE is exhibited as contour plots of Hal-light as seen in the tangential view. Fig.3a representsa typical distribution of Ha radiation without a MARFE, where the only intense radiation comesfrom recycling particles at the limiters. In this discharge the central line averaged electron densitywas about fie=5.3 lO13 cm's. The MARFE occurs during the ramp down of the plasma current.When the current dropped from 350 kA to about 300 RA and the global radiation level I’md/Pheat
increased at the same time from 30% to 40% a MARFE started to grow.

About 100 ms before the MARFE appears a zone of slightly enhanced Ha emission (factor 2~3 overbackground) can clearly be seen. This "me-MARFE" is located at the horizontal midplane close tothe bumper limiter and extends in poloidal direction by about 5 cm (Fig.3a). It indicates thelocation where the MARFE will be born. When the MARFE starts to grow‘ it first moves
downwards (Fig.3b) to a position about 15" below the horizontal midplane. There it reaches an 1-1.,—radiation level comparable to the intensity at the limiters (Fig.3c). At this phase the inner edge ofthe MARFE is at FRJ4O cm. From this position the MARFE begins to move upwards steadily inpoloidal direction (direction opposite to BxVB) and continues to grow as can be seen in the Figs.3c~f. When it reaches the midplane position its poloidal extent becomes about 50° and its inner edge
is located at W365 cm. When the MARFE reaches the top of the plasma column (upper limiter) itspoloidal motion stops (Fig.3f). The MARFE attempts to move towards the plasma centre in radialdirection but then disappears in less than 20 ms (Fig.3g). At the same time a new MARFE starts togrow at the same location where the first MARFE began its upward motion and the process isrepeated (Fig.3h). In our example a MARFE was formed four times the same way as describedabove lasting about 700 ms in total before the discharge ended with a major disruption. The
average poloidal velocity <v> of the MARFE motion changed. The first MARFE had <v>=0.77 m/sand the third one <v>=0.95 m/s. <v> appears to increase linearly with time.

The measured He line intensities and the continuum radiation across the MARFE zone provideinformation about tie and Te. An Abel inversion was used to deduce the radial distribution of thevolume emission inside the MARFE zone. The resulting electron density and temperature profiles
are given in Fig.2. These profiles correspond to the MARFE phase shown in Fig.3d. The main partof the MARFE is located inside the limiter radius, i.e. r<46 cm. The electron density reaches a peakvalue of 2 lO”cm'3 at a radius of r=42 cm. The electron temperature is about 5 eV at this location.
Data from other experiments obtained under boronized conditions with an addition of neon gave
similar peak values: nezl .2 101’1cm'3 and T625 eV. The drop of Te measured by the probes at thebumper limiter during MARFE formation is as pronounced as seen by spectroscopy. After the
MARFE disappears the electron temperature grows to the old value.

Discussion and conclusions

The radial distributions of tie and Te in the MARFE have been measured for the first time. Thepeak values in density are remarkably high, even exceeding those in the centre of the core plasma.



Existing theoretical models [8][9][10][11] allow partly to understand the MARFE’S
behaviour described above and help to distinguish the role of different physical processes. The
existence of a "pre—MARFE" stage with enhanced Ha emission indicates that localized recycling at

the bumper limiter, which leads to a local plasma cooling, plays probably a trigger role in the
appearance of the first MARFE [9]. The characteristic time of MARFE development agrees with
the results of our modelling of plasma detachment arising as a result of a radiative instability with
impurities. The plasma parameters in a MARFE at the stage of slow evolution are consistent with

estimations of Ref.[10], where the MARFE is treated as a non-linear wave whose location at the
inner edge is linked to the effect of the Shafranov shift of magnetic surfaces on energy losses.
According to these calculations the temperature inside the MARFE is expected to drop to Tez3 eV.
Owing to approximate constancy of the plasma pressure on flux surfaces a reduced plasma
temperature in the MARFE region consequently must lead to an increased plasma density. During

the MARFE growth the pressure inside the MARFE must be somewhat smaller than at the
surrounding plasma. Generally a layer with reduced pressure is displaced towards higher magnetic
field. This mechanism together with the effect of the Shafranov shift may explain why a MARFE
has never been observed at the outside and that the MARFE disappears when it reaches the top of
the torus. An interpretation of other details of the MARFE behaviour, such as direction and
velocity of the poloidal motion, needs further development of theoretical approaches.
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1. Introductign

The interaction between waves in the ion cyclotron range of frequencies and the
plasma boundary plays - in view of the relation between the edge and the overall plasma
properties and performance - an important role in the success of ICRF to heat plasmas to
ignition conditions1. Its use as a current drive method may be even more affected by
interactions with the edge. The interaction between ICRH and the plasma edge is a vast
and interlinked domain‘: the edge affects the RF heating and the RF heating affects the
edge. Methods to avoid RF-induced edge effects or to mitigate their consequences have
been empirically developed over the years. In recent years important progress has been
achieved in the understanding of the interaction between ICRF waves and the plasma
boundary, in particular due to the identification of RF sheath formation as the main
underlying physical mechanism for RF-induced impurity generation and edge effects. This
understanding has led to improvements in the empirical methods and to the development
of new concepts. It has been shown on several machines that it is possible to routinely
apply high power ICRH without large edge effects.

The ICRH-induced edge effects can be influenced either by trying to avoid the
underlying mechanisms or by trying to mitigate their consequences1. Sometimes the
mechanisms can be suppressed by choosing the appropriate plasma- and heating
conditions and by reducing the sheath rectification effects. The consequences of the
mechanisms can be reduced, 6.9. by keeping the plasma edge temperature low, by
antenna conditioning and appropriate antenna materials, and by using low—Z coating
techniques.

An RF sheath is formed wherever parallel RF-fields are present in the plasma near the
wall1. In large machines, where the waves are well focused and the absorption is good,
the RF-fields and sheath effects are essentially concentrated in front of the antenna
(Faraday screen). In machines like TEXTOR the sheath effect can also occur on walls that
are further away from the antenna. On TEXTOR it has been shown that the DC sheath-
rectified currentz, generated at a powered antenna, is mostly drawn by the antenna
protection limiters, the contribution of the Faraday screen (FS) blades (where the plasma
density is much lower) being negligiblea. This is confirmed by the fact that no significant
difference in DC current drawn by an antenna with or without FS has observed. A toroidal
FIF current at the generator frequency and its harmonics accompanies this DC currentz.

The sheath rectification effects can also be reduced by supporting the voltage drop
along the field lines not in the plasma sheath but in an insulator“. Therefore, one of the
TEXTOR antenna pairs was equipped with insulated protection tiles.
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Prior to carbonization5 on TEXTOR, all lCRF-heated discharges switched into strong
detachment at low power levels and rapidly evolved to disruption. Changing from an "all-
metal" to an "all-carbon" surrounding resulted in stationary conditions without high-Z
impurity problems. The use of boronization5 resulted in an erosion rate lower than for
carbonized walls, a significantly reduced carbon and especially oxygen influx, and a
recycling coefficient below one, allowing density feedback control. Recently, TEXTOR has
been operated with walls and limiters fully coated with silicon using a plasma-assisted
chemical vapor deposition from silane gases”. The concentration of low-Z impurities B, C
and O dropped well below the already low levels with boronization, and Si becomes the
dominant plasma impurity.

2. Experimental set-up and results

The experiments were performed for minority hydrogen heating in deuterium under
standard TEXTOR conditions (ALT-ll belt limiter at 46 cm, B = 2. 25 T, l 350 kA,
RF frequency 32.5 MHz,Tl'-phased antennas, ohmic plasmazfieo =- 3 x 1013pcm'3; T9
1.2 keV. Both antenna pairs (A1 and A2) were without FS and had feeder protections.
Pair A2, separated by 180°from A1 had silicon nitride insulation between the graphite
protection limiters and the steel frame. In agreement with our expectations, the DC
current drawn by A2 was totally suppressed. Heating performance as well as boundary
plasma temperature and density profiles were found to be similar for operation with A1
or A2. However, no advantage w.r.t. to the operation with A1 was found. Unfortunately,
in a later phase arcing occurred at the insulation and the silicon nitride tiles broke due
thermal stresses, and were removed. Afterwards experiments at RF power levels up to
2.5 MW Ge 7 x POH) have been conducted. Some special measurements were performed
with a view to the study of plasma surface interactions under siliconized wall conditions.

a) The surface collector, Stockholm-TEXTOR probe system7 has been used in order to
trace deuterium and plasma impurity fluxes (Si, B, and lnconel components Ni + Cr + Fe)
15 - 35 mm deep in the SOL.

The probe was facing the electron drift direction. Several graphite samples were
exposed in ohmically- and ICRF-heated discharges; 1 MW RF power was coupled for 1,6
5 from antennas A1 or A2. The exposures were performed during 3. 5 5 shots with—n80 2:
3.0 x 1013 cm'3making them available for direct comparison with other exposures done
under siliconized conditionsa. Following the exposure, the samples were transported to
the surface analysis station and then analyzed by means of high energy ion beam
techniques such as Rutherford backscattering spectroscopy (R88) and nuclear reaction
analysis for the detection of deuterium and boron. The deposited deuterium was
determined with a 3He* analyzing beam [3He(d, p)4He] at an energy of 760 keV and a
total dose of 6.25 x 1012 cm'2 to avoid detrapping effects, whereas boron was

11 a
determined with a proton beam [ B (p, a) BS] of 640 keV.

5 4
The exposures of the probes resulted in the co-deposition of deuterium together with

plasma impurity atoms. Table 1 shows the fluxes of different species measured 17 mm
deep in the SOL during pulses made in the freshly siliconized machine (# 52193-6) and
several hundred discharges later.
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Table 1

Fluxes of silicon, boron and metals (Ni + Cr + Fe)

Discharge no. Flux' Heating Fluxes (deposition rates)

FD 10150m-25-1 Silicon Boron Metals
1015:.1m'25'1 101‘cm‘zs‘1 1013cm’25‘1

52193-6 n 11.2 2.7 0.9
freshly siliconized

52713.6 2.6 0 1.8 3.4 5.0

52725 (A1) 5.5 iCR 5.1 4.6 12.8

52727 5 0 4.3 1.1 8.8

52729 (A2] 5 ICE 5.1 6.9 13.0

'Deposition rates of D are determined by the co~deposition process").

One can notice distinct variations in the fluxes depending on the wall condition and
plasma heating. As expected, the silicon fluxes are the highest just after the siliconization
and decrease afterwards, whereas the metal fluxes - suppressed strongly by the fresh
siliconization - increase with time. Moreover, lCRF-heated discharges lead to the increased
release of atoms from the walls, and influence the impurity fluxes in the SOL. These
fluxes are 2. 5- 3 times higher when discharges before lCRH (52713, 6) and with lCRH
are compared. However, even these increased fluxes are still much lower than the metal
fluxes under carbonized9 or boronized1o conditions in TEXTOR.

b) The density of atomic deuterium was measured'In the vicinity of the wall, at 1a2given
time within the discharge, using l-gsgr-induced flugresgenge at Lyman-alpha11 .The
near——UV radiation of an excimer-pumped pulsed dye laser was frequency—tripled down to
the wavelength L0(D°) = 121. 534 nm. The fluorescence volume was situated 4 cm in
front of the liner, at r 5:1 1: 0.6 cm, and observed perpendicularly to the exciting beam
with mirror optics and a solar blind photomultiplier. The fast pressure tuning of the laser
wavelength also allowed the recording of spectral profiles. The knowledge of density and
spectral profiles of atomic deuterium is very important to understand the physical
processes underlying recycling phenomena. lCRH (1 MW) does not appreciably change the
velocity distribution of the observed neutrals: these are slow atoms (< 2 eV), presumably
of molecular origin (Franck-Condon atoms). 0n the other hand, if we consider the density
of atomic deuterium the situation seems to differ from that with carbonization observed
earlier (1,, = 340 kA, 5..., = 2.5 - 3 x 1013 cm'3, T9,, = 0.8 - 1 keV, P,a = 530 kW,
liner temperature 250 0C), where density increases of up to a factor of 3 were found. The
measured increase from ohmic to lCRF-heated discharges was lying below 50 % in the
siliconized machine. Since we are dealing with slightly different conditions the exact
antenna design, and in the material of some plasma-facing components, further
measurements are desirable, including the case of boronization, which could not be
studied yet with this method.

c) A sniffer probe” that acts in principle as a small pump limiter system in the SOL in
which plasma particles entering the aperture (at r = 47.5 cm) interact with a thermally
isolated carbonized stainless steel plate at floating potential, was used to measure the
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hydrogenic particle fluxes in the SOL and to determine simultaneously the deposited
energy by means of calorimetry. From these data the average (ionic) impact energies were
evaluated for a variety of ohmic, NBl- and lCRH-heated discharges. This is the energy
after the ions have passed the sheath potential. Assuming Te = Ti this energy is about
7.2 Te.

For most of the ICFlH-heated discharges the deposited energy and the average energy
per incoming hydrogenic particle are similar to those observed in comparable NBl-heated
discharges. Typical values range between 80 and 500 eV (see Fig.). A rather large scatter
has been observed for different plasma and heating conditions. Within this scatter the
results are similar to those under boronized wall conditions. The actual Value of the energy
per particle seems to depend strongly on the edge density which is determined by the wall
recycling condition.
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3. Conclusion
The results indicate that siliconized wall conditioning are suitable for high power ICRH

operation”, in spite of the relatively high atomic number of silicon (2 = 14).
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Introduction

Impurities play an important role in the determination of the energy balance of
tokamak plasmas through radiation losses, therefore the improvement of our knowl—
edge about the impurity transport in a tokamak plasma is a great challenge in plasma
physics. Since the sources of intrinsic impurities are not well known, these particles
are not ideal for transport investigations. The injection of non intrinsic impurities
overcomes this problem allowing a systematic transport investigation.

Impurity transport phenomena have received considerable attention the last few
years, but up to this time the focus of the investigations was mainly directed to
the radial transport examinations of highly ionized impurities supposing toroidal
symmetry of the tokamak plasma [1-3]. Our experiments are concentrated on the
study of the toroidal transport of noneintrinsic impurities. In order to study the
transport properties of lithium atoms and Li+ ions, lithium was injected into the
TEXTOR tokamak using the laser blow—off method. At different toroidal positions
of the tokamak, spectroscopic diagnostics with high temporal and spatial resolution
were employed in the detection of line radiation from the injected particles.

Experiments

The experimental arrangement at the cross section of the injection is shown
in Fig.1. The toroidally collimated lithium beam was radially introduced into the
plasma from the top of the TEXTOR tokamak. A 1 pm thick LiF target on a
500A Cr backing was used for the injection and the emitted line radiation of the Li
atom and Li+ ion was detected at 6708A and 5485A respectively. The reason for
the choice to inject lithium was that this atom has a low ionization potential (5.4
eV) and will therefore be ionized in the plasma in a very short timescale. On the
contrary, the Li‘l' ion has a high ionization potential (75.6 eV , therefore this ion has
a long lifetime and can move far in the toroidal direction in t e plasma before it will
be further ionized. Spectroscopic detectors were used perpendicular to the axis of
the injected beam. In order to obtain time resolved and two dimensional pictures a
gated image intensified CCD camera was mounted. This camera covered a 15cm (in
radial direction) x 20cm (in toroidal direction) area of the tokamak edge allowing us
to get a good spatial reso ution. The integration time of this camera was selected to
50ps. The time evolution of the injected beam was monitored by a photomultiplier.
For the wavelength selection interference filters were used in front of both detectors.

During lithium injection the radial and toroidal distribution of lithium atoms
changed in time (Fig.2.). At the first 100e200ps of the injection the lithium atoms
are restricted in toroidal direction to the location determined by the image of the
toroidal collimator slit in the plasma (Fig.2a.).
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Fig.1. Experimental seteup at the cross—section of the injection.

At later times of the injection the lithium atoms can also be detected further away
from the location of the injected beam (Fig. 2b.), predominantly at larger plasma
radii. At smaller radii the atoms were always concentrated at the position of the
original beam only. Atoms which appear in the plasma some hundred microseconds
after the beginning of the injection can penetrate obviously deeper into the plasma
than the faster atoms which arrive earlier.

The toroidal distribution of the Li+ ions is broader than the distribution of the
atoms at every radial position (Fig.3.) and displays the same radial structure as the
atomic distribution.

In another series of experiments the time history of the LiJr line radiation was
measured along the torus. The detectors were set at three toroidally different cross
sections: at the place of the injection, at 45° and 247.5" toroidally away from the
injection. Because of the high ionisation potential of Li+, these particles have enon h
time to move far away from the location of the injection along the magnetic fie d
lines; therefore we could detect them still at a distance of 7m away from the place
of the injection. Fig.4. shows the time history of the Lil line radiation measured
at the cross section of the injection and that of the Li‘L line radiation observed 45°
toroidally away from the injection (1.5m) for ohmic and for neutral beam heated
plasmas. From the time delay of the maximum of the line radiation, a characteristic
velocity of about lcm/ps was obtained during neutral beam heating for lithium ions.
For ohmic plasma this characteristic velocity was a factor of two less (0.4cm/ys).
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Discussion

At the first 100—200ys of the injection the measured penetration depth of the
atoms coincides with the penetration depth which was calculated using the measured
edge plasma density profile, the ionization rate coefficient for lithium atoms, and
their radial velocity From this one can conclude that during this time the injected
beam consists mainly of atoms These results can be explained by a simple transport
model. Because of the high characteristic toroidal velocity of the Li+ ambipolar
diffusion or expansion of the lithium 1ons seem to be a good explanation.

At later times of the injection the picture is more complicated. A part of the
injected atoms penetrates deeper into the plasma than the calculated penetration
depth. Two candidates for the explanation of this phenomenon have emerged: the in—
jected beam contains microscopic particles (pellets), which naturally penetrate deeper
into the plasma than the atoms, or the injected atomic beam perturbs and cools the
plasma locally.
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1. Introduction
An important quantity in the study of tokamak discharges is the global particle confinement time,
defined for each ionic species i by the equation below, where N; is the total population of the
species in the plasma and Si is the source rate
(ionization rate) of the species. Of particular N-
significance is the confinemcnt time of the Tpi =m
main plasma component, deuterium; here. in l 1
most cases of interest, the time derivative is
negligible and the confinement time is given by N/S. The deuterium content N can be estimated
from the electron content, measured by interferometry. if ZefflS known. A common method of esti-
mating the fueling ratc S is to measure the emission of Da light from recycling neutrals in the
plasma boundary, since collisional-radiative modeling has shown [1] that, for plasma conditions
typical in the tokamak edge, the rate of ionization of D atoms and the rate of emission of Du
photons are related by a factor that varies only weakly with electron density and temperature.

In most fusion devices, the complex spatial distribution of Da light in the edge plasma makes
the measurement of the total emission difficult in practice. Commonly spot measurements are made
on the main sources of recycling, using photodiodes or photomultipliers; disadvantages of this ap-
proach are difficulty in accounting for the complex distribution of light from surfaces in contact
with the plasma. uncertainty of the exact view of the detectors, and the need for a separate calibra—
tion for each detector. This paper describes the use of a CCD video camera at TEXTOR [2] for the
purpose of spatially resolving the Da light in order to measure more accurately the total emission
so that Tp can be determined reliably.

2. Experimental setup
TEXTOR is a medium-size (major radius=l.75 m) limiter tokamak of circular cross-section,
typically with plasma minor radius=460 mm, toroidal magnetic field=2.25 T, plasma current=350
kA. and a pulse length of about 4 s. The main source of recycling is ordinarily the pump limiter
ALT-II {3], a toroidal belt divided into eight segments, or blades, each covered by an array of
graphite tiles (14 torodially by 2 poloidally); other components in the boundary that may give rise to
significant recycling are a poloidal array of three radially movable graphite limiters (at the top, out-
board, and bottom of the machine, all located in one toroidal sector), a graphite inner bumper
limiter, and two ICRH antenna pairs. The results shown here are from ohmic discharges in which
the plasma-facing surfaces were boronized [4]. Some of the results are from discharges in which
the ALT belt was set to a minor radius of 450 mm in order to reduce the amount of recycling from
other structures such as the bumper limiter 0:498 mm). In these experiments, the poloidal limiters
are retracted to a minor radius of 490 mm.

The camera has a tangential view, as shown in fig. 1. The view includes an entire ALT—ll
blade, half of one ICRH antenna pair, the top and bottom poloidal limiters, and two of the three gas
feeds used for external fueling (in the same sector as the poloidal limiters). The outboard poloidal
limiter and the inner bumper limiter cannot be seen simultaneously, but the view can be adjusted to
include one or the other. Included in the view is a large opening in the liner. The data here are used
to determine the brightness of the near edge of the plasma as well as to estimate the poloidal depen-
dence of emission near, but not in front of, the limiter belt. An interference filter is used to select
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the Hat/Do. wavelength. The signal from the camera is stored on videotape for later analysis. The
images are read from tape using an 8-bit frame grabber. A typical frame is shown in fig. 2.

In addition to the camera. the ALT—ll blade is also viewed from above by a calibrated
photodiode, The diode measures emission from a rectangular region 400 mm long poloidally (the
blade width is 280 mm) and 57 mm wide toroidally. centered on the center of the blade. This
measurement is used for calibration of thecamera data. Since the diode view integrates poloidally
across the blade. the measurement provides a brightness per unit toroidal length.

3. Analysis
In order to determine the total Du emission from the discharge for a given time. the appropriate
frame is read from tape into computer memory and the data are transformed to correct for the
nonlinear response of the camera. Regions of the image corresponding to important sources of
recycling are then selected. as in fig. 2, and the data are integrated over each region with the
contribution from the edge on the near side' of the plasma subtracted. Each integral is then
multiplied by a factor proportional to the square of the distance from the lens in order to account for
the smaller image size of objects further away.

The most important region is the ALT-II blade. To account properly for distance from the lens.
it is necessary to divide the blade into several segments since the near end of the blade is much
closer than the far end. The region is divided toroidally into seven segments ofequal dimensions in
¢—6 space (see fig. 2), each including four tiles. A region equivalent to the view of the photodiode
is generated based on the image coordinates of the central segment, and the integral inside this
region is compared to the diode signal in order to calibrate the camera measurement. The emission
from the one visible blade is multiplied by eight to determine the emission from the entire limiter
belt Similarly, the emission from the ICRH antennas can be estimated by multiplying the emission
from one protection limiter by eight,to include both sides of both boxes of both antenna pairs.

Not all neutrals born at the limiter are ionized in front of the limiter; some can first travel a
significant distance parallel to the last closed magnetic surface. It was observed in PDX. for
example. that the Ha emission from a rail limiter decayed toroidally with a length of ~05 m [5]. In
TEXTOR, a halo exists around the limiter belt, extending over a substantial fraction of the plasma
surface. On the assumption that no reflected light is seen in front of the long opening in the liner.
the emission from the halo can be evaluated by investigating the poloidal profile of brightness in
front of this opening. For the purpose of this evaluation. it is important to correct the profiles for
contributions coming from the near edge of the plasma. To estimate the emission from the halo
source. an exponential fit is made to the profile in front of the opening and is extrapolated poloidally
to the top edge of the limiter. It is assumed that the halo on the bottom side of the limiter has the
same decay length and that the emission there is stronger by the bottom/top brightness ratio seen in
front of the limiter. Integrating the two profiles poloidally and toroidally (assuming toroidal
symmetry) gives an estimate of the total emission from this source. While the source of emission
seen in front of the belt is almost entirely inside the last closed magnetic surface. a significant part
of the halo emission may come from the scrape-off layer. This should be taken into account in
determining I if the halo source is large,

All emissrons determined by this method are dependent on the calibration of the photodiode;
thus a coating on the window for the diode affects the absolute measurement, but not the relative
strength of various sources. The clarity of the window for the camera is not imponant. A signifi-
cant source of uncertainty is errors in limiter blade alignment. The uncertainty of the limiter
position for each blade is ~lmm and the scrape-off length for particle flux is typically ~9mm. so
this introduces an uncertainty of about 10% in the belt emission. It is assumed that the reflection
coefficient of the graphite tiles is zero. which introduces some error. Emission from the bumper
limiter is not included in the results shown here; since the limiter is radially 38 mm or more behind
ALT-II, however. this is not likely to cause a large error in the discharges under discussion. Two
sources of uncertainty in the halo emission determination are (l) the assumption of toroidal
symmetry and (2) signal-to-noise ratio. since the brightness in front of the opening is relatively low.

4. Results
The variation with toroidal angle of the brightness seen by the camera in front of the limiter blade is
shown for a typical discharge in fig. 3. The brightness is substantially higher near the bottom side
of the blade than at the top. This is consistent qualitatively with poloidal asymmetry in the scrape—
offlayer. although the difference is also sensitive to the positioning of the plasma. The near end of
the blade appears brighter because of the varying angle of view along the blade; at the near end. the
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line of sight passes through the plasma in front of the limiter at a relatively shallow angle, thus with
a longer path length. so one pixel views a larger volume of plasma than at the far end. The effect of
ripple in the toroidal magnetic field is clearly visible; the effect is stronger along the middle of the
blade than near the edges. meaning the brightness cannot be expressed as a function of toroidal
angle times a function of pololdal angle.

Poloidal profiles in the liner opening, conected for contributions from fire near edge of the
plasma, are shown for various densities fig. 4. The decay length increases slightly with density and
is typically about .25 m. If this is interpreted as a mean free path for electron impact ionization of
deuterium atoms, the decay length is consistent (using an estimated ne<ov>ioniz=lx105 5'1) with a
neutral energy on the order of a few electron volts.

The emission in front of the limiter, in the halo. and from other sources (gas feed plus top
pololdal limiter plus ICRH antennas) are shown in fig. 5 versus line-averaged density for two
different days of operation. The sum of“other” sources is on the order of 1% of the total emission.
An important result ofthis work is that the halo source is not small compared to the limiter source.
Aside from the fact that the sources are of comparable size, it is notable that the ratio is not the same
for the two days. .

When the calibrated photodiode signal is multiplied by the 12.0 m belt length in order to
estimate the total Da emission from the belt. the result is a factor of 1.3—1.6largcr than that found in
front of the belt using the camera, although the diode signal is used to calibrate the camera data.
There are two reasons for this. Firstly. the diode views a part of the blade that is relatively bright
due to the ripple in the toroidal magnetic field. Secondly, the poloidal extent of the View is larger
than that of the limiter, so the halo source as well as reflections from the liner may contribute
significantly to the signal.

Estimation of the ionization rate in the plasma (and hence the particle confinement time) from
Du emission can be performed by using a constant ionizations—per-photon ratio; in order to obtain
reliable values. however. computer modeling needs to be performed so that plasma profiles and
atomic processes are properly taken into account. in particular, a substantial part of the halo source
may come from the scrape-off layer. This work is in progress at TEXTOR. Preliminary
confinement times based on a constant factor of 14 ionizations per photon, and not taking Zeff into
account, are about 30—40 ms with little dependence on density. in contrast to the linear dependence
of the energy confinement time TE on density seen under ohmic conditions.

5. Conclusions veSSEl finer wager
A CCD video camera has been used to perform
quantitative meausurements of Da emission in
TEXTOR. This method offers advantages over
measurements with spot detectors. It is found
that the emission from a halo around the limiter
belt is of the same order as that in front of the
limiter and must be taken into account in
determining the total Du emission from the dis-
charge. The emission increases with the particle
content of the plasma. which is inconsistent with
a confinement time proportional to density.
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INFLUENCE OF RESONANT HELICAL WINDINGS ON PLASMA
EDGE TURBULENCE

Maria Vittoria A.P. Heller, Raul M. Castro, Iberé L. Caldas, Ruy P. da Silva,
Zoezer A. Brasilia, TBR‘I Team

Institute of Physics, University of Silo Paulo
C.P. 20516, 01498-970 Séo Paulo, SP, Brazil

1. Introduction

In order to study the possibility of externally controlling edge turbulence, and

plasma edge properties, experiments using resonant helical windings (rhw) /1/ were

performed in TBR-l Tokamak. We have been investigating the modification of plasma

density, potential, and magnetic field fluctuations, and temperature, during high MHD

activity discharges. Here we present an analysis of the spectral modifications induced

by resonant fields.
The turbulence was modified by m = Il/n = 1 resonant helical windings which

as reported before /'2/ altered the Mirnov oscillation amplitudes and slowed down the

connected frequencies. These effects were also observed, although not in a so accen-

tuated form, for density and potential fluctuations. However, electrostatic fluctuation

induced particle flux spectrum was significantly changed by rhw.

2. Experimental

The work was carried out in the TBR—l, an ohmjcally heated tokamak /3/ (minor

radius a = 0.08m and major radius R 2 0.30m). The machine was operated for

this experience with 715(0) = 200 eV, 71(0) : 6 - 1018 m'a, plasma current 1,, = 8.5 kA,

toroidal field B = 0.4T (corresponding to a safety factor (1(a) = 5). The probe di-

agnostic system was designed to measure simultaneously, and within a short distance

(few millimeters), electrostatic and magnetic fluctuations, besides relevant plasma pa-

rameters as density, potential, and temperature. The complex probe consists of a. triple

probe, four single probes, and two double magnetic probes /4,5,6/. Data were recorded

at 1 MHz sampling rate and all spectral analyses were calculated from ensemble avere

aging over 62 blocks of 128 ps.
The external magnetic field perturbation was created by m/n = 4/1 electric

current circulating in a set of helical windings located externally around the torus.

The current circulating in those windings was adjusted in 1,, = 180A, and it was

switched on after the plasma current has reached steady values, during time intervals

greater than two milliseconds. All results were obtained with hydrogen working gas.
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3. Discussion and Conclusions

Potential and density fluctuations show turbulent spectra with and without the
application of rhw. The fluctuation power is confined basically below 150 kHz. Density,
fi/(n), and potential, eé/kTe, fluctuation levels have not shown significative change
with the application of Tim).

The plasma potential with rhw shows a small reduction for positions inside the
plasma.

The relative dispersion aka/kg for potential fluctuations inside the plasma changes
significantly (almost double its value) with the rhw application. This seems to indicate
a modification in the character of the potential fluctuations. However, this effect is not
clearly verified for the density fluctuations.

The correlation times for potential and density fluctuations as well as the edge
electron temperature did not change with the field perturbations.

The phase velocity was calculated from the signals of two probes separated by 2 mm.
The results obtained with and without the application of helical fields show that the
direction of the phase velocity is unaffected by the resonant fields; only a decrease in
the value of the phase velocity was noted inside the plasma.

Fig. 1 shows the spectra for density fluctuations inside the plasma with and without
the effect of rhw. An accentuated increase of low frequency components was detected
and this effect almost disappear in the limiter shadow. For potential fluctuations the
observed effect is a small decrease of low frequency components of the spectrum.

Fig. 2 shows the spectra for the magnetic poloidal fluctuations. As reported before,
there is a clear decrease in amplitude in the part of the spectrum that corresponds to
the Mirnov oscillations and a downshift of the correspondent part of the spectrum was
also verified.

Fig. 3 shows the coherency spectra between density and magnetic poloidal fluctu»
ations, for Langmuir probe at r/a = 0.87 and magnetic probe r/a = 1.16; with rhw
the coherence decreases for all positions investigated.

The radial particle flux due to electrostatic fluctuations was computed from simul-
taneous measurements of density and potential fluctuations and from measurements of
the wave-number of potential fluctuations /6/. Fig. 4 is a typical example of the be-
haviour of particle flux spectra: rhw raised the values of particle flux inside the plasma.
The total particle flux is plotted in Fig. 5, where the enhancement of transport by the
application of external helical perturbation is observed. The observed sensitivity of the
turbulenceedriven cross-field particle transport to changes in the plasma edge properties
indicates its relevance in the study of the properties of edge turbulence.

A full stabilization or at least a noticeable amplitude reduction of the MHD activity
with the application of resonant helical fields has been recorded in all experiments /2/,
as well as alterations on the turbulence and plasma edge profiles /7/.
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SELF-ORGANIZATION OF A HIGH [3 VERY LOW q TOKAMAK PLASMA

H. KIYAMA and S. KIYAMA
Electrotechnical Laboratory. Tsukuba-shi, Ibaraki—ken, Japan

1. Introduction
In this paper, the existence of inherent self-organized magnetic configurations in a high [3

very low q tokamak plasma ([3,,21, q,<2) of the TPE—2 is described. It means that the plasmas
necessarily relax to the inherent configuration if it is deviated by the electron thermal transport
loss and the deposition of ohmic input. This might cause the release of excess energy and
make the particle and energy flows, then degrade the confinement. These phenomena may
occur not always at the core plasma (q(0)=1) but also at the edge plasma. This mechanism is

proposed as ELMs in tokamak plasmas.
TPE-2 is a toroidal screw pinch device with an elongated cross section (b/a=21cm/13cm, K

21.6, A: 3.0) and a conducting shell /1,2,3/. High [3 very low q tokamak plasmas (BPZI,
1.2<q,<3) are produced by ramping up of the toroidal and poloidal fields simultaneously in 2.8
usec (fast screw pinch) and/or in 200—500 usec (slow screw pinch). The plasmas are stably

gonfined (11E Zlmsec, ‘l:17 >1msec, here, the duration of B, <1msec) in the parameter ranges of
T = 50—400 eV and EC: O.5~5x102°m'3. It has the features that the initial plasmas with various
q, values, q profiles and various {3? are able to be produced in a few usec without energy and
particle losses by a fast programming control of the poloidal and toroidal fields. Then, a fast
relaxation process to the state is purely observed.
2. Self-organized q profile

The low q (q,=1.2~1.8) or the high q (q,>2) stable plasmas with a nearly constant pitch
profile are produced by keeping q, constant at the wall, as predicted before /4/. The initially
implosion-heated plasmas transit to a stable state in 10~50 usec, through the relaxation process
accompanied by the large one turn voltage spikes, that is, the 4 profile is self—organized through
the relaxation process, if the initially programmed q profiles deviate from the inherent one.
Essentially, the profile does not depend on 4,, density and discharge modes /2/. The q profile
remains constant until the end of the discharge, except for the slight deviation. The q profile
of the relaxed stable state is close to the lowest free energy state that is calculated with the
constraint of [5,, = l and with the constant plasma current /2/. Here, the pressure profile is
assumed as p = p,,{( w, - W )/ w, }"2, as the current density decreases toward the edge and is
0 at the wall and the pressure has the sharp boundary near the wall (5~10mm) in the
experiment. The calculated q profiles are nearly flat in the cylindrical sense, the current density
is uniform over the plasma cross section except the edge region, and the q(0) depends on q,.
The current density and q profiles of the relaxed plasma are shown by broken lines in Fig.1.
They are fairly flat profiles.

The density profiles also relax to broad profiles in 5~50 usec simultaneously with the q
profile relaxation. The density profiles broaden with decreasing of q,. The electron temperature
profile does not depend on q,, which suggests the profile consistency.

The relaxation transition time is slightly longer than the Alfven transit time (=1-10usec) and
significantly shorter than the energy confinement time (Zlmsec) and the growth time of the
resistive kink instability (=1msec).
3. Relaxation behaviour and [3p effect

The low q plasmas can be produced by decreasing q, from high q, plasmas (1,, ramp up
mode) as well. The same sort of the relaxation process appears drastically at the transition of
q ~ 2 and 3. When q, passes through near the rational number by decreasing the plasma current
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of the relaxed plasma, which has the inherent (1 profile. or by increasing 8,, the q profile is
distorted from the inherent one so as to keep (1, constant (locked (1, mode). A step appears near
the rational number in the (1 profile and it spreads from the middle region to the edge so that
(1, remains constant against the change of the current or 3,. In the case of decreasing the plasma
current by the external circuit, the plasma internal energy remains constant and consequently
[31, increases. The 4 profiles at (1, ~ 2 are shown by solid lines in Fig.1. During the locked (1,
mode, the low shear stable surfaces near the rational numbers of q exist and the plasma current
has the tendency to flow especially on the surface. This change in (1 profile may be
understood by the conception that the plasma current flows along the magnetic line /4/. The
edge fluctuations decrease and the energy confinement is improved. The strained state of q,
sustains more than 100 ttsec, then. q, transits to more than 2 and the {1 profile relaxes to the
inherent one with a little energy and particle losses. After the transition, q, changes gradually,
while the profile stays constant. The difference between the ramp up mode and the locked 4,
mode is that Bp is larger and the plasma rotates in the latter case. At the high [3 plasma the
plasmacurrent flows on the plasma edge region where q is near the rational number.

The transition to the low (1, plasma can be hardly attained in the case of an excessively
elongated plasma and/or an inward shifted plasma that is attained by an excess vertical field.
At the transition, the q profile is not monotonic one with a pitch minimum. The necessary
condition of the initial [Sp to achieve the transition to the low (1, regime is that [31, must be higher
than the critical value /2/. At the transition, the high [3 plasma causes the outward shift of the
plasma column itself, which results in the reduction of (MO) and deepening of the magnetic well
near the axis of the column. It means that the energy loss at the transition must be small. High
B plasma has an effect of keeping the monotonic (1 profile without any pitch minimum. The
broad current density profile of the high B low q plasma seems to match that of the energy
minimum state. Then, the high [3 plasma plays an
important role in the process of self-organization.
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of q, ~ 2 of the locked mode (solid lines) and at the relaxed state (broken line).
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4. Rotation of edge fluctuations
The edge magnetic fluctuationsgp are measured at 37 poloida_l and toroidal positions The

magnetic deformations from the relaxed state ( [Bp— Bp(relax)]/Bp(relax) ) are shown'in Fig.2.
Just after the transition, [3,, 1ncreases and rotating fluctuations appear. 5 in |9| < all Is large,

B", in |9| > 1r/2 is small and)?p at 6:11: nearly equals to 0 It means that the fluctuations are
localized near the outside of the torus Then, the mode seems to be a ballooning mode (m=2,
n=2). The deformation rotates roughly in the magnetic line of force and the direction is
opposite to the plasma current. Here, we suppose that the magnetic wave packet does not
propagate, but that the magnetic deformed plasma rotates to the direction, as same as usual
tokamaks. The mode affects scarcely on the confinement. because the particle and the energy
flows by the mode are local. The conducting shell may balance the dynamic motion and
suppress the glow of the deformation by the plasma rotation. In the case that the relaxed
profile is not produced, m=2/n=l mode is dominant and the deformation occurs over the whole
torus. The mode does not rotate and the ballooning mode may not appear until the high B
plasma is produced nearly at the end of the discharge. Then, the necessary condition for the
high [3 plasma to be stable is that the mode is rotating.

The rotating speed of the mode decreases with increasing of q, (10~25 km/sec). The
rotation occurs at the initial phase of the discharge. The initial plasma is sometimes not in the
complete relaxed state and has not any toroidal symmetry. Then it relaxes so as to be a toroidal
symmetric plasma in 5—50 11sec. J t . t 1 . t 1
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One of causes of the edge ballooning deformation may be the nonuniformity of the magnetic
surface which is produced by the shell cut.
5. Relaxation oscillation

The actual profile does not remain at a purely steady relaxed state, because the depositions
of the ohmic input and the energy loss are different in space. The configuration of the
dissipative plasma might be different from the energy minimum state. It may transfer to that
of the dissipation minimum state in given magnetic energy /5/. It has rather peaked profiles
and a higher free energy than the relaxed state. The real (1 profile has a step near the rational
number of the plasma edge, while q(0) is more than 1. The current profile deviates from
uniform profile to a double peaked one. This strained q profile lasts for lOO~500 usec and
relaxes to the inherent state in a few ttsec, which is similar to that in Fig.1. As the
phenomenon repeats and appears to be a small sawtooth, we call it a relaxation oscillation. The
period of it decreases with decreasing q, and is 50~200 usec in low (1 plasma or more titan
1 msec in high q plasma. Usually, the change occurs over the whole torus simultaneously. The
rapid macroscopic plasma motion, accompanied by the energy and particle losses to the
outward edge of the torus, is observed at the relaxation. The relaxed profile is reconstructed
by releasing the excess energy. These phenomena may be recognized to be a kind of ELMs.
In the case that q profile is carefully controlled to be the relaxed state, the relaxation oscillation
disappears, and consequently, the plasma without particle loss and with a slight energy loss is
obtained and then good confinement is established, in spite of fact that the rotating ballooning
mode still exists and the density fluctuations appear near the edge region.

At first, the q relaxation, that is, the magnetic flux reconnection, occurs at a certain point
of the toroidal direction and the flux change propagates along the magnetic field line in Alfven
transit time (~1ttsec). The relaxation occurs over the 1/3 of full torus. When the deviation is
not so large, the magnetic flux change may not be necessary to occur over the full torus. in
the short time of the transition, the plasma returns to the relaxed state.
6. Conclusion

The experimental results are summarized as follows: The relaxation and self—organization
of q profile have been observed. The configuration with the self-organized q and density
profiles might be in a minimum energy state of a high [3 and very low q plasma. The
necessary condition for relaxation to the high B low (1 stable state is that BI, before and after
the relaxation is high. The ballooning like deformation (m=2/n=2) occurs outside the torus in
the relaxed plasma and rotates with the rotation of the plasma nearly to the magnetic line. The
plasma rotation may have a stabilization effect on the mode and the deformation may not
degrade the confinement. As the profile is deviated by the electron thermal transport loss and
the deposition of ohmic input, it has a step near the rational number of q and the plasma
current has a tendency of flowing on near the rational surface. The strained state relaxes to the
inherent profile. This might cause the release of excess energy and make the particle and
energy flows, which then degrades the confinement. These phenomena may be recognized to
be a kind of ELMs and might be understood as the relaxation oscillation which might be the
repetitive transition from the dissipation minimum state to the energy minimum state.
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Analysis of edge fluctuations on the CASTOR tokamak

M, V. Dllyanil, J.l—Iolakovsky2, L. Kryska, .l. Petrzillca'3, V. Svoboda4 , F. Zaaek

Institute of Plasma Physics, Czech Acad. Sci., Prague, Czech Republic

Introduction
Edge. fluctuations play a dominant role. in the anomalous particle losses from tokamak

plasma. In particular, recent lower hybrid current drive (Ll—ICD) experiments in low

density plasmas on ASDEX [1] and (JASTOR [2] tokamaks demonstrated an improvement

of the particle confinement at moderate lower hybrid powers, which is linked closedly to a

reduction of edge electrostatic fluctuations. The mechanism of the fluctuation reduction

is discussed elsewhere [3]. This contribution is devoted to a more detail characterization

of electrostatic. and magnetic fluctuations in this regime.

CASTOR tokamak
Experiments were carried out on the CASTOR. tokamak (1?, : 0.4 711,0 : 0.085 m) at

B, = 1 T, [p = 12 MI and densities in : 2—6-101a 171—3. For LHCD, the lower hybrid wave

(f = 1.25 GHSJ’LH S 40 Isl/V) was launched into the plasma via the three—waveguide

multijunction griil ['2] during the quasistationary phase of discharge. A brief survey of

fluctuation measurements follows:
A) Oscillatory technique for TF — measurements (OH)

A sinusoidal voltage V : V0 sin wt is applied to a Langmuir probe as shown in Fig. I. The

floating potential of the probe drops due to the rectification of electron current as [:1];

AV], : Tfia(V0/T€) (: Vol/4T? for T6 > V0)

where t7(Vo/il1.) is the modified Bessel function and TF _=_ kTg/e.
Results of measurements are shown in Fig. ‘2. The frequency of sinusoidal modulation

is 0.5 MHz, the amplitude V0 is gated to determine the drop AV], by means of a single

tip (the top trace). The middle trace shows the raw signal. The marks indicate the

interpolated values of the signal with and without modulation. The resulting temperature

( the bottom trace) is compared with evolution of TE measured by a triple probe located in

the vicinity of the oscillatory tip. The satisfactory agreement suggests that the oscillatory

technique can be used if strictly local measurements of the electron temperature are

needed.
Further, we test this technique to determine the Tor fluctuations. For this, three tips

spaced poloidally by 2.5 mm were used, the sinusoidal voltage being applied to the central

one. The floating potential in this spatial point7 necessary for determination of AV“. was

estimated by the interpolation of data from the neighbouring floating tips. The relative

level of temperature fluctuations YT/TC i 0.12 obtained seems to be quite reasonable.

B) Mapping of the floating potential (OH)
The. linear array of tips spaced poloidally by 2.5mm was used to investigate poloidal

asymmetries in the plasma edge and to determine the correlation length of electrostatic

fluctuations. The probe array was movable on a shot to shot basis.
__’:———
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1124 only), see Fig. 6b. It is interesting to note that their form is linked to the radial
profile of autocorrelation time, see Fig. 65. When the dimensionality in LHCD is higher
than in the 011 regime, the autocorrelation time is lower and vice versa. Therefore, we
investigated the relation between these twu quantities in more detail. Fig. 6d is a plot
of the dimensionality of data from a shot versus the time delay (1. Note that the typical
autocorrelation time for our data is 2 ~ 7;“: (d : 10-35 samples). ln this range of d, the
dimensionality is practically independent on the delay and the difference between LHCD
and OH regimes remains nearly constant. It seems, therefore, that the observed effects
are not caused by an improper choice of the delay.
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Fig. 3 depicts evolution of the raw signals of floating potential (sampled by 111.9) from
eight adjacent tips in a 2D plot for two radial positions of the array. It is evident that
the perturbations propagate mostly from the tip No. S to the tip No.1 (which coresponds
to the direction of electron diamagnetic drift) when the probe is within the limiter radius
(11 > ‘I' = 83111111.), while a reverse tendency is apparent for a more outward position of the
array.

The propagation velocity in poloidal direction was deduced by the correlation analysis.
Fig. ll manifests the variation of the form of crosseorrelation function with the radial
position of the probe (2D plot, two tips are spaced by 5 mm). The direction of poloidal
velocity corresponds to the Cl‘osselield drift velocity (E X Bi )/B“ he \elocit\ shear
layer is located close to the region with 5,. ~ earn/01 = 0 (see Fig. 5).

C) Correlation analysis of magnetic fluctuations (OH + LHCD)
Poloidal magnetic fluctuations are monitored by two magnetic probes fixed inside the liner.
their poloidal distance is 37 mm. The correlation functions of the probe signals are shown
in Fig.7 .Typically the cross- co11elation innction has two maxima. The nia\'iiu1nu \Vilh
a higher correlation ((11 > 0.5)1l11'111'1cte1izes magnetic fluctuations 11110pagating in the
electron diamagnetic drift direction. We suppose, in concordance with Langmuir probe
measurements, that these fluctuations have the origin within the plasma (1‘ < a). The
fluctuations related to the positive time delay of crossvcorrelation function are interpreted
as a consequence of perturbations located within the scrape-off layer and propagating in
the ion dimagnetic drift direction.

The time delay of both the maxima decreases with LHUD, which indicates an env
hancement oli the poloidal velocity of magnetic fluctuations which is also manifested
by narrowing of the autocorrelation function. The similar effects are observed for the
electrostatic fluctuations as well [6]

D) Dimensional and correlation analysis of density fluctuations (OH+LHCD)
To characterize whether the fluctuations are stochastic or chaotic (with less degrees of
freedom than a. noise), we. calculated the correlation dimension of density fl1,11:t1,1ations
using the GrassliergereProca1'1'i1'1 algorithm [:3]. The ion saturation current of a Langmuir
probe is sampled by 0.2)Ls and 4096 samples (denoted as .ri) can be stored pe1aashot.

The dimensional analysis consists in constructicm of 11-dimensional \etto1s from the
data, 11 is the embedding dimension:

7(1,+1M+1,Hd+ +l;+(n_l),{) 121.2... .lSlh'efuilM
The co1relation betneen the i111li\i1l11al \e1toi components should be negligible therelore
we take the delay ,1 as the autocorrelation time 7', defined as 11 hallwidth of autocorrelation
function. Result for OH and LHCD regimes are summarized in Fig. (i.

Fig. 6a compares the dimensionality in LHCD and ()Il regimes for the probe position
close to the limiter radius. The dimensirmality in both the regimes seems to be lower
than the same quantity for the computer generated Gaussian noise in the all embedding
dimensions. Further. the LHCD data are closer to the noise than the OH ones. This
suggests that the density fluctuations in the LHCD regime (with reduced fluctuations
and improved confinement [2]) are. more stochastic. Our limited set of data do not allow
to reach the saturation of dimensionality (even if exists).

Further, we compute the radial profiles of dimensionality (in the embedding dimension
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Introduction The edge region of the Reversed Field Pinch (RFP)

experiment RFX (R=2m, a=0.457 m at the inner wall) /1/ has been

investigated by an array of 6 Langmuir probes and 6 heat sensors mounted

on a graphite limiter. The limiter is mushroom shaped and the probes are

flush with the limiter surface. Each probe consists of a 3mm diameter

cylindrical graphite tip insulated by a machinable ceramic mount /2/. In

this campaign two Langmuir probes, 4 mm beyond the tip of the limiter,

have been operated in single probe configuration (50+200 Hz, :150 V

sinusoidal voltage sweep) and the other 4 were floating. The limiter has

been protruded into the plasma up to 4 mm without any significant change

in main plasma parameters. At the deepest insertion the surface

temperature of the graphite rose up to 2000 degrees, with an incident

energy flux of the order of 100 MW/m2 as derived by the energy sensors

1mm beyond the tip of the limiter. Taking into account the surface exposed

to the plasma, the power collected by the limiter results <<1% of the input

ohmic power during the current flat—top. Typical waveforms of the plasma

current and line averaged density compared with the limiter floating

potential are shown in fig.1.

Measurements The data refer to a range of toroidal current I and

line averaged electron density 115 of 500 < 1 < 700 kA and 2.5 < nB < 5.1019 m-3
respectively. As previously found in other RFP experiments /3/ the energy

flux in the outer region of the plasma is strongly directional and exhibits a

maximum when the collecting surface is exposed with the normal parallel
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to the magnetic field and oriented towards the electron drift side In fig.2-a

the asymmetry between energy sensors exposed to opposite directions is

reported as a function of the angle a. The maximum is at or : —10°. where

the probes are aligned with the local magnetic field in the outer region, as

derived by magnetic measurements. In fig.2-b the energy flux asymmetry

is plotted as a function of X (where X is the difference between the inner

wall radius and the location of the tip of the limiter) for a fixed a = -10°.

During the limiter insertion the temperature and ion saturation current

have been monitored. The asymmetry shows an increase when the limiter

enters into the plasma and its floating potential changes sign, as shown in

fig.3-a.

The electron temperature on the ion drift side is Te ~ 10 eV almost

uniform, with a slight tendency to decrease at deeper insertions (fig.3~b).

On the other hand the ion saturation current, which with uniform

temperature is proportional to the electron density. exhibits an exponential

decay with two different decay lengths inside the port hole pipe and into

the plasma X: 15mm and A: 3mm respectively (figt3»c). To derive the

particle flux the collection surface has been assumed to be the geometrical

surface of the probe, since the ion Lurmor radius in the Outer region is

comparable to the radius of the tip. The parallel flux at X~0 mm results

I‘//~10221n‘2 s'l. Applying a particle balance equation in the Scrape Off

Layer originated right inside the pipe, with the decay length inside the port

hole pipe A~15min the perpendicular flux results comparable to 1“”, in

agreement with spectroscopic measurements of hydrogen influx MI.

The ion saturation current has been measured at different angles

and the results are shown in t‘ig.4, where the ratio between the current

collected by two probes in opposite directions and located at x:,4 mm is

reported. An angular dependence is observed with a maximum at or ~ -60°.

At fixed insertion X=O the electron density 116(a) and temperature

Te(a) at the edge have different behaviour with the line averaged density

ne. Indeed 113(3) tends to increase more than linearly whereas T¢(a) is

almost constant, as shown in fig.5.

Discussion The angular dependence of the energy flux at the edge

confirms that the energy transport in RF? is anisotropic and according to
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the Kinetic Dynamo Theory (KDT) /5/ the asymmetry can be related to the

presence of fast electrons at the edge. The power lost by these fast electrons

is ~2/3 of the total power lost by transport, confirming that they are the

main loss channel in RFP, as found in smaller experiment such as ETA BETA

II /6/. These fast electrons can also account for the difference observed on

the parameters between the ion and the electron drift side. Indeed on the

electron drift side the current vs. voltage characteristic of the Langmuir

probes changes sharply when the limiter enters the plasma. This behaviour

can be explained as a distortion due to the current carried by fast electrons

which in turn is affected by electron secondary emission processes. On the

other hand the asymmetry between the ion saturation currents can be

fitted by a simple model by which Is = 0.5Anc(cs+vlcosa+visina) where A

is the collection surface and cs the ion sound velocity. The perpendicular

drift velocity VJ_ results ~25% of cs and the parallel drift velocity v” ~10%

in the electron drift direction. In particular the perpendicular rvelocity is

consistent with ExB drift due to an outward electrical field, inside the pipe,

of the order of 1kV/m.

he] i ns Energy and particle fluxes at the edge of the RFX

experiment reveal anisotropic behaviour due to the presence of fast

electrons and ion drift related to radial electrical field. In the range of

plasma current and density explored so far, the electron temperature at the

edge is almost constant at a value ~10 eV, whereas the electron density tends

to increase more than linearly with the plasma density.
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I.- Introduction
Much effort is being devoted to try to evidence the role of the two radiation related

mechanisms likely contributing to the edge turbulent transport [1-3]. Condensation instabilities,

for which a significant coupling between density and temperature fluctuations is expected, are

under study in a number of devices. In our previous work in the TJ—I tokamak [4], it has been

reported that in the bulk side region of the velocity shear layer, temperature and density fluctuate

at about the same level and in phase close to opposition. On the other hand, thermal instabilities,

extremely sensitive to the detailed radiation cooling profile, are difficult to be studied separately

because the plasma region where 812(Te)/8Te < 0, being I; the impurity radiation cooling, is

typically well inside the magnetic separatrix and hardly accessible to probe measurements.

Nevertheless, under some conditions, the thermal instability contribution to the radiatively

driven turbulence can be significantly more relevant than the one due to condensation related

phenomena [5].

II.- Experimental
Density and temperature fluctuations have been measured in the plasma edge region of the

TH tokamak (R=30 cm, a=10 cm) by means of Langmuir probes. Measurements were

performed in ohmically heated discharges with Bl=1 T, nc=1.0 « 1.5 x 1013 crn‘3 and Ip=40

kA. The probe system consists of a square array of four tips ( 2 mm x 2 mm ); pins are 2 mm

long and 0.4 mm in diameter.
In order to measure electron temperature fluctuations one of the probes is working as a fast

swept probe. A 500 W broadband amplifier was used to supply the swept voltage (2200 V) at

400 kHz to that single probe. The electron temperature, the ion saturation current and the

deduced electron density (ne a: 15 Te‘l/Z) can be determined on a time scale of about lus.
Further details of the measurement procedure and analysis have been described elsewhere [6].

Radial profiles of the total radiation losses have been measured using a 10-channels

bolometer array with a radial resolution of the viewing chords at the plasma centre of about 2

cm. Detectors (germanium bolometers [7]) are arranged in a parallel geometry and look at the

same plasma poloidal section than the probes, as displayed in figure 1. A movable stainless

steel poloidal limiter was placed in the same port of the vacuum chamber (rectangular section
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vertically elongated) than the probes. The resulting set-up designed for this experiment enables
to obtain a strong plasma-limiter interaction at the cross—talk volume of the uppermost detector
in the bolometer array and the Langmuir probes. Consequently, different radiation profiles due
to different impurity concentrations can be obtained.

III.- Results and Discussion
For the present experiment we have run series of repetitive discharges and studied plasmas

were limited with the stainless steel limiter located at rum=10.3 and at nim=10.8 cm with

respect to the equatorial plane of the vacuum vessel. The edge radial profiles of both, electron
temperature and density. practically do not change with the limiter position.

Fourier analysis of the temperature and density fluctuations deduced from the fast swept
probe technique show that fluctuations are dominated by frequencies below 100 kHz. The

crossphase between Tc and fie seems to change from zero ( for r Ian.“ 5 l) to close to opposition

(for r/ alim 2 1) in the frequency range in which the coherence is well above the noise level.

Figures 2a and 2b show the typical time evolution of the chord integral measurements of the

total power losses for discharges with the limiter placed at 10.8 cm (a) and at 10.3 cm (b). As

can be seen, power losses profiles remain basically unchanged with exception of the uppermost

detector signal. In both cases, losses coming from the edge were increasing all along the

discharge, due to the strong interaction of plasmas with the limiter, but in fig. 2b, a more

pronounced increase is observed. Contributions to these signals due to charged particles

reaching the detectors through their long collimators can be neglected [8], and the flux of

charge-exchange neutrals can be considered rather constant [9]. Therefore, the observed

increase in bolometer signals is due to the enhancement of impurity radiation near the limiter. In

the present case there is no need for an Abe] inversion to realize that the emissivity profile is

heavily peaked at the upper plasma edge.
In figure 20, we have plotted the normalized root mean square (rms) values of the ion

saturation current, (Tsar/15m), electron density, (fie/n6), and electron temperature fluctuation

levels, (Te/Tc), versus the edge radiation for shots belonging to the above mentioned series in

which probes were located inside the viewing chord of the uppermost bolometer and at nim-rpz

0.2 cm. Analyses of fluctuation levels were performed during 6 ms in each discharge (the time

intervals are delimited by the arrows drawn in figures 3a and 3b). For shots with profiles like

the shown in figure 3a, at the lower levels of edge radiation, the rms values of the three

magnitudes are very similar. As edge radiation increases, temperature fluctuations slightly

increase and density and ion saturation current fluctuations slightly decrease, resulting in a ratio

(Te/Tc) / (fie/He) of about 2 (see open symbols). However, and although edge radiation is

notably higher and further increasing (up to a factor 3), as is the case shown in figure 3b, the

rms values of (Te/Fe), (fie/fie) and (ism/15m) remain constant (see full symbols).
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IV.- Conclusions
Considering that impurity radiation cooling drives electron temperature fluctuations, the high

values of the rrns electron temperature fluctuations observed in the plasma edge region of the
TH tokamak point out the possible role of radiative instabilities as a driving mechanism of edge
turbulence [3].

As mentioned above, the present experiment shows an increase in the ratio (Te/Te) / (fie/n6)

as the radiation profile tends to peak near the limiter radius (likely when 312(Tc)/8Tc tends to be
negative). Taking into account that temperature fluctuations can be larger than density
fluctuations in the plasma region where 812(Te)/8Te is the dominant drive for turbulence
(thermal drive), the observed correlation between edge radiation and fluctuation levels reveals
that thermal instabilities likely are an important drive for the edge turbulence measured at the
upper plasma edge. Once the radiation profile peaks at the upper plasma edge, no relationship
between the strength of the radiation (R 0: nzlz) and fluctuation levels is observed.

Finally, it has to be noticed that the fluctuation levels, especially those of electron density,
measured in the present experiment in the proximity of the shear layer location at the upper
plasma region of TH, are significantly smaller than those previously reported in the outer
region of the equatorial plane [4]. Therefore, and talcing into account the additional asymmetry
introduced by the presence of the limiter, these results demonstrate the existence of strong
poloidal asymmetries in the edge turbulence of the TH tokarnak.
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INTRODUCTION
By means of visible spectroscopy, particle confinement property, recycling and

fluctuation of the edge plasma on the HL—l tokamak in various discharges (lower
hybrid current drive(LHCD) plasma, electron cyclotron heated plasma, pellet
injection plasma, biased electrode and limiter) have been studied. The effect of
LHCD on the particle confinement and the statistical results have been obtained in a
variety of operating conditions. In our experiments, the global parameters of plasma
are as below: Ip<110kA, 11, = (0.5—3.0)X10‘Jcm’“, Bt < 2.8T.

EXPERIMENTAL RESULTS
1. In the experiment of LHCD discharge on the HL—l tokamak, LHW power is

coupled into plasma by four wave guid phrased array coupler, the frequency of
LHW is 2.45 GHz, while the frequency of ECR is 75 GI-Iz. Figure 1 gives evolution
of some parameters in LHCD plasma where LHW is transmitted at the counter
direction of the electron drift(i.e. , anticurrent drive). The intensity of plasma
bremsstralung (5360A) and the line emission of impurity measured by VUV obviously
decreases during the period of LHCD. It is found that the effect of LHW in various
densities on the plasma is not the same.In the low densityGie <2.0X10 lacm‘“),
Whether it is at the electron drift direction or the counter direction of it, the density
increases by (40—70)% , and Ho ( Du) emission decreases by (20-40)%. Because
the ionization rate is proportional to the emission intensity, the results above during
the period of LHCD, have shown that the ionization rates of the neutral hydrogen
( or deuterium) and the impurity or ions decrease. It can be concluded”
that, the increase of plasma density during the period of LHCD is caused by the
irnprovement of particle confinement. When the plasma density excwds 2.0X10”cm"
the plasma density is not increased, but the Ho ( Da) and impurity emission are
increased obviously, suggesting that the particle confinement of the plasma
deteriorates. The statistics has been done during LHCD period in a variety of
operating oonditions.Fig.2 and3 give the dependence of particle confinement on
the input power of LHW and the line—average density of plasma respectively. In
ECRH experiment plasma parameters are shown in figure 4. During ECRH
period, the temperature of the core plasma goes up obviously, suggesting the
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heating effect, the increase is obvious in Ha (Da) emission and brernsstralung and
impurity emission, so the ionization rate goes up of all species, the number of
particles should increase if the other conditions did not change, the result of
the experiment shows that the average density tends to decrease, so the particle
confinement deteriorates. In our experiments, the particle confinement time decreased
by (20—70)%. Because of the heating effect on the plasma during the ECRH period,
the neutral and ionized impurity at the lower stages is ionized, the effective
charge of the plasma increases by sex—8m.

2. In the pellet injection experiment on the HL—l tokamak,the typical plasma
parameters are shown in figure 5. After the injection of the pellet into the plasma,
perturbation will be caused in the plasma, the transports of the particle and the
energy have been changed, obvious increase of the density is observedtthe relative
value is about 140%). Ha (Do )emission increases fastly at various toroidal positions,
and soon afterwards, it decreases obviously until it’ 5 less than that before the
injection, that's shown, the influx of neutral particles decreasesand the same the
loss of the plasma particlesthe particle confinement is improved(by about 70%).
Because of the recycling reduction after the injection, the influx of all species is
reduced, this effect, in addition to the dilution caused by the added fuel, leads to
the reduction of Zeff (by about 40%).

3. In the LHCD and biasing electrode experiments, the improvement of particle
confinement takes place with the suppression of the fluctuation of Ho (Da) emission
(see figure 6).

CONCLUSSION
In the LHCD experiment, the physical mechanism of the improvement of

particle confinement is not clear yet, by the results above, it may be related with
the drift instabilities, the suppression of the instability leads to the improvement
of the particle confinement. By the analysing above, it can be concluded as bellow:

- The particle confinement time depends on the line average density TL: during the
LHCD period. If 71.; < 2.0><1013cm'3, the particle confinement is improved when the
LHW is coupled into the plasma in whether the current drive(A(D=1r/2) or the
anticurrent drive(AtI)=«7r/2) direction, and it is (1.5—3.5) times larger than that in
the ohmic heating at the same time, the suppression of Ho (Da )emission fluctuation
at the boundary is observed, if he) 2.0><1013 cm'3 the particle confinement
deteriorates On the statistical analysis, it is also found that, if the input power of
the LHW is less than 250kW the particle confinement time tends to increase with the
input power of lower hybrid wave, and it's maximum value is reaached near the
density (1.0X10’3cm‘1).

' The deterioration of the particle confinement and the increase of the effective
charge are always observed during ECRH period when he < 2.5X10 I3cm".

' In the experiments of pellet injection, the particle confinement time observed
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after pellet injection is increased by about 70%, and the effective charge decreased by
about 50%.

-The way by biased electrode and limiter with positive voltage can improve the
particle confinement time, and the fluctuation of Ha (Da) emission of the boundary
layer is suppressed.
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Study of Nonlinear Structures in Electrostatic Flute Type Fluctuation-

G. Prasad, D. Bora, Y. C. Saxena and G. C. Sethia
Institute for Plasma Research, Gandhlnagar 382 424, INDIA

Techniques of analysing the time series with the concept ofmodes substituted by quan-
tities such as dimension, Lyapunov exponent and the Kolmogrov entropy have developed
in recent years. These are few tools of nonlinear dynamical system analysis. They have
similar analog in plasma physics. For example, dimension analysis of turbulent fluctua-
tions (continuous power spectrum) in fusion devices (Prado and Fiedler—Ferrari 1991 and
references therein) and in laboratory devices (Striihlein and Piel 1989) suggest that for
the coherent fluctuations the calculated correlation dimension is low (nearly equal to the
number of modes excited) while it is large for turbulent state. The dimension calculated
is nearly equal to number of competing modes. Similarly in plasma physics we speak of
unstable (growing) and damped (decaying) waves. It is analogous to Lyapunov exponent '
which determines the divergence (for positive Lyapunov exponent) or convergence (for
negative Lyapunov exponent) of neighboring trajectories exponentially in a time series.
Number of Lyapunov exponent is same as the dimension of phase space. Matric entropy of
the system is sum of the positive Lyapunov exponents which determines overall stability
of the system.

During the study of low frequency instabilities in toroidal device (Prasad 1993) we
have observed that the density and potential fluctuations makes a transition from coherent
multimode state (exhibiting a considerable noniinearity as seen from the bicoherence
spectrum) to a turbulent state with increase in magnetic field. We have applied the tools
of non—linear dynamical system analysis on density fluctuations obtained at difl'erent
magnetic field. The results of the analysis are presented.

Given the phase space trajectory of the system , the tools of non—linear dynamical
systems analysis can be used to quantify the dynamics of the system. One such measure
is the fractal dimension which gives an estimate of number of effective degrees of freedom
in the system. For a chaotic system Hudsrofl’s dimension is always non—integer. Takens
(1981) has demonstrated that it is possible to reconstruct an equivalent phase space from
the measured time series of a single variable by the method of delays. One creates a set
of DE dimensional vectors whose components are just time delayed values of original time
series: $1: [w(t ,-,) x(t- + r),... ,z(t- +(DE — l)-r] where t,-—_ i6t, 6t is the sampling
time, T is the time delay between successive elements of vector, and DE is the embedding
dimension. Grassberger andiProccacia1(1983a) defines the correlation integral as:

Cz(r)= N12N_129(T || 33' i: ll) (1)
iii

where G) is called Heaviside function and H H is the Euclidean norm.
The time delay 1- could be chosen arbitrarily provided the amount of data is infinite

and noise free. However, in experiment finite amount of noisy data makes the choice
of ‘r critical. In practice either autocorrelation evfolding time or first minima of mutual
information are used. If autocorrelation time is large compared to sampling time then
highly correlated points are included in the Heaviside function resulting in spurious low
dimension. Theiler (1986) has proposed a method which can take care of this effect by
slightly modifying the correlation integral:

cm) = WQgev— n a... — 1’ H) (2)
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2 1/05
whereW > -r (—)N (a)

For W_— 1 one recovers equation 1. Eckmnnn and Rule (1992) have shown that at least
N — 10”“2 data points are necessary to reliably estimate fractal dimension D. These
calculations of dimension can be cross checked using the method of surrogated data set
suggested by Theiler et al., (1991). In this method one randomises the phases of the
fourier transform of the original time series and then inverts the transform. Using these
surrogated time series the dimension is recalculated (see for details of implementation
Theiler et al., 1991). 11' the results are not significantly different than those of the original
time series, the dimension estimate should not be trusted.

The experiment is performed in toroidal device (Prasad et al., 1992) with major
and minor radii of 45 and 15 cm respectively. A variable toroidal magnetic field (TF)
upto 1 kG can be applied The plasma is produced at 10'4 Torr of Argon gas pressure
by striking a discharge between the cathode (incandescent tungsten filament is placed
vertically at major radius of 36 cm) and the anode (vessel wall) Langmuir probes are
used as diagnostics during the experiment. The fluctuations in density (n) and floating
potential (45) are picked up by probes at radial location of 6 cm during this study.

The plasma produced has peak density ~ 10”cm‘3, electron temperature 4 eV and
ion-temperature 0.2 eV. Density and potential profiles are given in Prasad et al., 1992.
The variation of spectral characteristics as a function of TF is shown in figure 1. The
fluctuations below 200 Gauss do not exhibit any marked peak and power spectrum is flat
indicating the absence of coherent wave phenomena. At 200 Gauss of TF, the fluctuations
observed in n and 42 exhibits well defined peaks at frequency (f) 3.7 :i: 0.3 kHz together
with peaks at integer multiples of this frequency with mode number m = 1, 2 and 3.
Measurement of radial, azimuthal and toroidal propagation characteristics of these waves
suggests that they are of flute nature. Rayleigh—Taylor instability under the influence of
velocity shear is identified as mechanism behind the generation of n1 2 1 (Prasad 1993).
The data set at 200 Gauss, consisting of 8192 points with a sampling time of 25psec, is
divided into 128 records of 64 points each and used for bispectral analysis (Kim and Pow-
ers 1977). Bicoherence spectrum (shown in figure 2) exhibit strong peaks at interaction
frequencies (f, 2f) and (f, 3f) suggesting that m = 2 and 3 arises due to strong nonlinear
interaction of (1, 1) and (1, 2) modes respectively. Further increase in TF results in
gradual transition to turbulence. The moments of distribution function viz., Kurtosis
and skewness as a function of TF (shown in figure 3) increase with increase of TF. This
indicates the evolution of bursty nature of oscillations. The study of spectral character-
istics at 1000 gauss (Prasad et al., 1992) suggests that long wavelength fluctuations are
dominated by R~T instability and short scalelengths by drift waves respectively. Data
set at 600 Gauss, consisting of 32000 points with a sampling time of 20/Lsec, is divided
in to 250 records of 128 points each for the analysis purposes. The bicoherence spectrum
at 600 Gauss (see figure 4) exhibit finite bicoherence of 0.3 indicating the presence of
coherent structures.
Algorithm suggested by Grassberger and Proccica (1983a) by making use of floating point
representation of number is used to calculate correlation dimension. We have used two
f1 time series, one at 200 Gauss where fluctuations are coherent and other at 600 Gauss
where fluctuations are turbulent for correlation dimension analysis. The autocorrelation
function for 200 and 600 Gauss time series is shown in figure 5a and b. Correlation
integral calculated for f1 time series at 200 gauss with r: 40 and W : 1 is shown in
figure 6a. In order to find linear scaling region we have used local slope analysis. In this
analysis slope of a straight line of every three points of the log C(r) versus logr curves
was calculated and plotted as a function of middle point. Local slopes for different em—



II-709 4-39

bedding dimension (shown in figure 6b) converges to 4.7. However, value of W calculated
from equation 8 comes out to be 7.6. Thus the low dimension could be spurious due to
autocorrelated effect. We recalculated correlation dimension with W = 10. The results
of the analysis shown in figure 7 do not show a significant variation hence autocorrsla-
tlon effect is negligible. In order to crosscheck dlmension calculation we used method of
surrogated data suggested by Theiler et al., (1991). C2(r), calculated using the method
of surrogated data set, and shown in figure 8, exhibit typical characteristics of random
noise. All the above analysis suggests that the dynamics of system is N 5. This is slightly
higher than the number of waves excited. The higher dimension could be due to several
factors affecting the dimensionality calculation. It could be due to the presence of small
amplitude noise and/or the effect of filtering.

The matric entropy determines overall stability of the system and can be calculated
from the vertical spacings of log C(r) versus log r. Matric entrOpy thus calculated (glven
in figure 9) approaches a saturated value of 0.018/sampling time, implying that the sys- ‘
tem is unstable at least in one dimension or at least one of the modes is unstable. Number
of Lyapunov exponent is same as the dimension of phase space so in principle more than
one mode can be unstable. Due to the statistical (Eckmann and RLLIJe 1992) limitation
it is difficult to estimate the number of unstable modes.
Correlation integrals and their slopes with -r = 7, W = 1 for 600 Gauss fi time series
(W calculated from equation 3 is < 1) are shown in figure 10. Slopes converges to 5.6.
By surogating this data set the dimension calculated did not increase with increase in
embedding dimension (shown in figure 11) indicating spurious saturation and dimension
of the system could be greater than 9. Hence a large number of modes are competing.
Our observations are consistent with dimensionality calculation of turbulent fluctuations
in fusion devices (Prado and Fiedler—Ferrari 1991) and in laboratory plasmas (Strohlein
and Piel 1989). This can be interpreted in the following way: as the magnetic field is
increased more and more modes exceed the finite [armour radius threshold and becomes
unstable. They interact nonlinearly in a complicated way resulting in turbulence. Hence
observation of high dimensionality is not unexpected.
To summarise, a dimensional analysis of flute type electrostatic fluctuations in toroidal
low-[i plasma as a function of TF is reported. The transition from coherent state to
turbulent state with increase in TF is accompanied by increase in bursty nature of oscil—
lation. The system exhibit low dimension at coherent state and dimension increases of
TF. These results are in agreement with other laboratory measurements.
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TAYLOR DISCHARGE CLEANING AND GLOW DISCHARGE

CONDITIONING IN NOVILLO TOKAMAK

R. Lépez C., R. Valencia A., S. Collmga S., L. Meléndez L.,

E. ChdvezA., G. Olayo G., E. Gaytdn G., G. Cruz C., and A. Flores 0.

ABSTRACT

Both Taylor and Glow discharge conditioning techniques in Novillo Tokamak are applied.

In each case the results are showed. The effectiveness of each one of these two conditioning

techniques was monitored by measuring the gas impurities CH 4, C 2H 4, C O, C and O by

means of mass spectrometry. In every case tokamalc discharges were carried out after

conditioning and the better plasma parameters obtained were used to determine the

conditioning quality. A ZOkW, 17.5kHz power oscillator was used for Taylor discharges.

The oscillator energized the OHT, synchronized with a 200-7OOG toroidal magnetic field.

For the Glow discharges the same power oscillator DC voltage source was used to bias

two SS electrodes with a 0—1500V and 2A maximum discharge current. 7

INTRODUCTION

In the tokamak main discharge operation, a clean vessel environment is required in order

to obtain good plasma parameters. Usually, this preoperational work is mainly focussed

to have an important carbon and oxygen elements reduction in the plasma.

The vessel conditioning is usually a very slow process, that takes a long time. For this, it

is necessary to find out the more suitable technique and the parameters of the plasma and

machine, which make more efficient the conditioning process.

In the Plasma Physics laboratory at I.N.I.N., a small tokamak has been constructed and

its operational stage has been started. Its main parameters are: BT = 0.5T, I p z lA,

Ta = 150 9V, T, e 402V [1]. The vacuum vessel of the Novillo Tokamak is made of

stainless steel 316L, it has four 90° elbow sections separated by viton O-rings for vacuum
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sealing and electric insulation. The major and minor radii R = 23 cm, a = 6 cm respectively

and 0.32cm wall thickness. The total area on the chamber surface is approximately

72640712 with 28 access ports representing 617.78crn2 of effective access area [2].

In the Novillo Tokamak, two conditioning techniques have been applied: Taylor Discharge

Cleaning (TDC) and Glow Discharge Cleaning (GDC). The TDC process was carried out

energizing the OHT with 2pps using a 20kW, and 17.5kHz oscillator synchronized with a

200—700G toroidal magnetic field, produced with a capacitor bank of C = 600p f, V = 900V

[3]. The experimental arrangement for GDC involves two electrodes positioned within

the vessel chamber in different vertical ports. These anodes in the experiment are two

cylindrical stainless steel bars of 0.62cm of diameter. They were connected to 0—1500V

dc power supply through a load resistor to limit the current flowing in the plasma. The

negative pole of the power supply and the vacuum vessel were grounded.

TAYLOR DISCHARGE CLEANING

After a base pressure of 2.5x 10‘fforr was reached, the hydrogen was injected up to a

work pressure between 6 .0 x 10 ' 5to 4.6 x 10 ’ Torr. Although sometimes the low energy

discharge without preionization was obtained, the curves shown correspond to experiments

with a tungsten filament used as a preionization source. The toroidal magnetic field was

in the range of 200 to 7006, the corresponding voltage of the synchronized toroidal bank

varied from 210 to 900 volts. The OHT power applied was in the range of 10 to ZOkW,

varying the oscillator power in the same interval [3].

When the toroidal magnetic field and the preionization current are lower, greater is the

power oscillator required to obtain the breakdown. ‘:

In figure 1 we have a plot of a low energy peak to peak plasma current vs. work pressure.

The maximum of these curves is in the range of ] .0x 10 "*to 2 .0x 10’4Torr.

The range of mass spectrometer used was from 1 to 50 amu, where we can find the most V!

important contributions, in the case of the spectrum displaying the atmosphere inside the l

vessel during TDC process. The purpose of this was the suppression of the biggest hydrogen 1

spike, in such a way that the other contributions can be seen. i

l
l
l
l
l
l
l

i
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GLOW DISCHARGE CLEANING

The voltage at which the glow discharge can be started is function of hydrogen pressure.

It was not possible to start the discharge at H 2 pressure lower than lO'ZTorr because a

very high breakdown voltage was required. However, the operating H 2 pressure, up to

10’1Torr permitted reduce the breakdown voltage =500V to the desired value.

The current-voltage characteristics measured between 3x 10'1 and 5.2x lO‘SI‘orr with

stable conditions can be obmined. At higher pressures , increasing the current density,

this situation can be controlled by limiting the flowing current with a higher resistor in

series with the external power supply circuit.

This process did not clean the chamber at all, conversely to the expected, the chamber

acquired thin film electrodes metal of deposits. In this case the main discharge had a short

time of duration, there was no difference between the tokamak discharge, before and after

of the GDC.

ACKNOWLEDGNIENTS

The authors wish to tank Mr. J. Carlos V and Mr. F. Figueroa L. for their technical

assistance to this work. Also we acknowledgment the partial financial support from the

IAEA under Project MEX/1/015.

REFERENCES

1. J. Ramos 8., ct al., Rev. Mex. de Fis 29 (1983) 551.

2. R. Valencia A, et al., Informe Técnico l'NIN 18-92-04, Marzo (1992)

3. R. Lopez C., et al., Rev. Mex. de Fi’s. 3, N0. 2 (1992) 279-289.

4. R. Lepez C., et a1., Informe Técnico ININ [8-92—03, Febrero (1992).

5. L. Oren and R. J. Taylor, Nucl. Fusion fl (1977) 1143.



II—715

ANALYSIS OF MAGNETIC TURBULENCE DURING PELLET
ABLATION AND RESPONSE OF FUELED PARTICLES BY

PELLET INJECTION TO THE SOL AND DIVERTOR

H.ZUSHI, T.M1ZUUCHI, K.NAGASAKI, S.SUDO', M.WAKATANI,
T.FURUKAWA, Y.KURIMOTO, Y.SUZUKI, KKONDO, F.SANO, T.OBIKI

Plasma Physics Laboratory, Kyoto University Gokasho Uji 611 Kyoto, Japan
* National Institute for Fusion Science, Nagoya, 464701, Japan

[1.] Introduction
A divertor study is one of the most important subjects in helical systems

The experimental studies have been performed on this area in Heliotron E [1—4].
The purpose of this paper is to clarify the following points : (1) How long is the
connection length of the field line, along which the particles lost from the plasma
edge are transported to the divertor? (2) How does the ergodic region observed in
mapping [5] at 500Gauss connect to the divertor region? We analysed a “ delayed
” particle response to pellet injection at the divertor to estimate the connection
length By changing the region of the particle deposition we studied a relationship
between the edge ergodic region and the divertor.

[2.] Density pulse propagation and related magnetic fluctuations
Hg/Dg pellets are injected on the midplane along the major radius [6] with

a velocity of 4UO—600m/sec. The line density 711 is measured with a far infrared
interferometer separated toroidally by WHO from the pellet port. H23! light from a
pellet cloud is measured at the opposite side of the pellet port. The increment of
711 is delayed by Tdslfly with respect to the increment of H5“. new is in the range
of 250;:5 2t lOOns in various plasma conditions, which indicates that the particles
fueled at the injection port propagate along the field line of ~ FRO with a velocity
of C, : MTE/M, where T,3 ~ 108V. A sharp pulseelike density rise is typically
observed in ECH plasmas, in which particles are deposited mainly near the edge.
The field line tracing, in which lines are launched on the midplane at the pellet
port, is done to understand whether this pulse is related to parallel transport of
the ablated dense plasma, or not. A limiter is used to change an initial particle
deposition region. For < a >L= 21cm the density pulse was observed along # 0
and # 1 chords viewing the outboard torus side, but for < a >L: 15cm it was
measured along # 5 and # 6 inboard chords, as shown in Fig.1. From comparison
of these observations with line tracing results, it is considered that the former pulse
corresponds to the propagation of particles ablated at AR(E R—Ro) = 23725071
and the latter does that at AR ~ 18cm. Both regions are inside by AB = 275cm
from the last closed magnetic surface.
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During this ablation phase bursts of coherent magnetic waves are observed [7,
8]. These bursts grow rapidly after pellet injection with a delay time of 507 IOUns
and last for several hundreds microseconds. The mode analysis of Mirnov coils
shows that coherent waves have mode numbers of 171/71. : 2/1, 3/2, and 1/1 etc.,
where 771(71) is the poloidal (toroidal) mode number. The amplitude of B0 seems
to be insensitive to the density rise A721 and bursts are usually damped within

< 500us. This means that Bo may not be caused by the change in radial pressure
profile and may be related to the relaxation process in which a new equilibrium
state is being established through rapid parallel transport. Fluctuations of Hg“
are also found to be coherent with By at several frequencies (lO—SUkl‘lV.) as shown
iii-Fig.2. Since Hg“ measurement is done along the major radius and temporal
variation of Hg“ corresponds to the spacial trajectory of the pellet, 1:]?! may
reflect the spacial modulation of pellet ablation, that is, incident heat flux on the
pellet cloud. Low mode numbers of coherent I35 and good correlation between
1:15“ and Ba support. that a resonant interaction between the incident heat flux

on rational surfaces and pellet ablation causes some parts of fluctuations.
Thus, these observations of delayed propagation of a density pulse and fluctu-

ations associated with the rational surfaces (e. : %) confirm that a dense plasma
propagate along the field line (N HBO/as) with the Velocity of C; at TL, ~ 106V.

[3.] Delayed response of If at the divertor
In order to estimate the effective connection length Leif of the field line from

the plasma edge to the divertor, we analyse the delayed response of ion saturation
current I: with Langmuir probes at the divertor after pellet injection. We assume
that particles deposited near the edge also propagate to the divertor with the
velocity of C's. For this purpose edge fueling is desirable. Thus, mm, measurement
was done in ECH plasmas. By shifting the outermost magnetic surface (by ilcm)
particle deposition near the boundary was studied. Line density along the chord
outside the boundary (+lcm) shows no sharp increase, but that along the chord
just inside the boundary (—1cm) increases rapidly. This indicates that particles
are deposited inside the outermost surface. Thus it can be expected that a fast and
large A15+ is a response of particles fueled inside the outermost surface. Results
of typical probe response are shown in Fig.3. A]: is delayed typically with a time
of 100—500 [.ls, and variation in Tdemy for probes at different divertor footprints is

small, although the amplitude of AIS is fairly different between them. From Tdejay

and an assumed propagation velocity of 05.11:” is estimated to be an order of FRO.
’ region, we studied filmy as aIn order to investigate the properties of “ ergodic ’

function of < (L >, that means if the magnetic surfaces are closed Tandy should be

longer by Ty than 71K: Len/C's), where T1 is a characteristic time for particles to
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diffuse from the deposition region to the vacuum outermost surface. This was done
by inserting a rail limiter into NBI plasmas, in which the particles are deposited

mainly near the core. We,” is increased up to 6ms as shown in Fig.4. A short new

of < 17725 is, however, observed at particular divertor positions, which suggests
that some parts of the “ ergodic ” region connect directly to the particular divertor

positions. It is also found that a density pulse and its response on [5+ are affected
by the global particle confinement properties. Density clamping phenomenon is
typically observed in low density (fie E, 1 X 10‘3cm‘3] ECH plasmas[9], in which
enhanced 15+ and H?” emission depending on rf power are observed. In this
case, a response on I: of a pellet shows a sharp pulse—like increment of 1:.
However in afterglow or plasmas heated at second harmonic cyclotron frequency
of 106GHz[10], If gradually increases by very small amount, or does not increase
and furthermore the density pulse is also not observed These results suggest that
improvement of global particle confinement affects both parallel transport in the
core region and the outflux to the divertor.

[4.] Summary
Application of pellet injection to an estimation of LC” is tested by analysing

particle parallel transport. From Tdelay measurement of An] and analysis of By a
resonant interaction between pellet ablation and the rational surfaces, and exis
tence of cold dense plasmoid propagating along the field line are found. From the
delayed response on I: at the divertor, be” is evaluated to be ~ WED.

This work is supported by GranteineAid for Fusion Research from the Ministry
of Education.
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Bias Experiments in Heliotron-E

T. Mizimchi, K. Kondo, H. Zushi, F. Sarto, K. Nagasaki, S. Besshou, H. Okada, Y. Kurt'mt‘ro,
T. Nakayoma, A. Sahara, H. Takada, T. Obiki and Heliotron E Group
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Abstract
The effects of the edge electric field on the plasma performance are studied for ECH/NBI currentless

plasmas in l'leliotron E. The edge electric field was modified by applying a bias voltage between a limiter and
the wall. It is found that the behavior of particles in both the core and the edge regions is affected by this
modification. It is suggested that the particle confinement is improved by the negative limiter bias.

1. Introduction
Since the edge plasma works as a boundary condition for the core plasma, it is one of the key

issues to study how we can control the core plasma through artificially changing the boundary

condition in a helical system. As one step in this study, we have tried to control the edge electric

potential or electric field in Heliotron E“) by applying a bias voltage between a wall and a limiter
and/or a "small“ electrode which does not work as a limiter. Since the parameters of the confinement
field such as Uln, 6 and en are strong functions of the minor radius, the limiter can change these

values at the plasma edge. The combination of the small electrode and the limiter allows us to

investigate the role of the region just inside the outermost surface and the effect of the field
parameters on this kind of edge modification. In this paper, however. we mainly describe the limiter

bias experiment.
In the previous experimentlzl, a mushroom-type carbon limiter (10 cmi’ x 10 cm‘) was biased for

ECH plasma. In that experiment, however, a cold and dense plasma still remained in the outside re-

gion of the limiter. Moreover the mechanical shaft of the limiter, which worked as a feeder in the bias

experiment, was not insulated from the plasma. Therefore, the flow channel of the bias current was

not clear. In this experiment, a rail-type carbon limiter (23 cm1 x (4(top) - 8(bottom) cm“) x 4 cm‘) was
inserted from the bottom of the torusiz). Only the limiter head was kept biasing through a discharge.

2. Basic characteristics of the limiter bias in Heliotron E
When a bias voltage, Vb, is applied to the limiter, a bias current, is, flows between the limiter head

and the wall. When the limiter is inserted deeply enough in the original outermost surface, In must
flow across the field line. On the other side, in the case of shallow insertion, lb can flow along the field

line since a part of the limiter head is linked to the wall by the divertor field line. Then, the shallow
insertion of the limiter will mainly bias a part of the field lines in the divertor layer, and the bias effect
on the magnetic surface will be observed when the limiter is inserted deeply enough.

Figure 1 shows an example of the limiter position, Zlim, dependence of lb (ECH plasmas). The line
density of the core plasma, net, and Vb are also plotted. The bias current remarkably decreases for
both polarities of Vb when Zn," is less than 24 cm. The similar tendency of the Zum-dependence of lb

is also observed for NBI plasmas. Taking account of the above discussion, the decrease of lb is
explained by the change of the effective circuit resistance from Rpm, to Rpm, (>> Rpm). It is consis-

tent with the observations that the limiter heat load increased with the limiter insertion and becomes to
saturate for a < 24 - 25 cm. At the same time. the particle flux to the divertor footprint, PM“

decreased. These mean that the limiter configuration is achieved from this limiter position.
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WNW n, (A) m (my) How much current can be drawn for an applied
200 1.2 W voltage between the wall and an electrode in-

O O - sened into the magnetic surface depends on Rix‘m
_ 8 ‘ l 12; When the electrode works as a limiter, however,

'00 ‘ I <3 ' I ’ net the reduction of I‘M“ causes another limitation on
(o) a g o g A 0'5 0 lb since the maximum current which can flow into

0 0.5 the wall is restricted to the ion (electron)—satura-
tion currentvfor the positive (negative) bias case. It

8 8 O . 0.4 depends on the plasma density and temperature
.100 , : I © 8 . near the wall. Actually. the observed Vb - lb char-

s 0.2 acteristic shows the saturation of lb at much lower
level for Vt, > 0 than the current for Vb < 0.i .

20%.16 0.2 0.24 0.28 0.39
Limiter Position (m)

Fig. 1 The limiter position dependence of
the bias current. (roms = 28 cm)

3 Bias effects in the divertor configuration
in a shallow insertion case,

the bias voltage modulation l6“"H"!’v‘r‘lflff-Nt-t'f'4""‘V'VI‘ ”M
”Jcaused an asymmetric response 40 12 I‘Mu(a.u.) at#27.5

in the divertor particle flux along Em V°lmgc(v)
the torus. Figure 2 shows the '2
time traces of V5, lb, I‘wan at ,
three different positions (#9.5-1, aoo Bias Cummm)
#9.5-6 and #275 sections)“ 5) l”""""""""""""""""""""
and the Hawaii intensity at two 400
different positions (#175 and
#335), respectively. The solid
lines represent for the positive
bias case and the other is for the 18 r...“ (1“,) ut#9.5—6 I. at;
non-bias case. As in Fig.2, rm“ W«Irvin‘s'fi‘d't’"“"~"-""“”“"“"‘N‘"" Fig.2 Time traces of V1,, 1b. rm“
(#9.5-1) is increased by the 100 and Hawaii for Vb>0 (solid line)
positive bias, but Fwall (#215) is and for Vi, ~ 0 (dotted line)
decreased. '

Since the divertor field line crosses the wall. only one part of the divertor layer can be biased,
where the field lines connect the limiter and the wall. Then, the observed asymmetric response of
I‘M,“ suggests that the flow is modified by the E xB drift due to the local gap of the plasma potential
by the limiter biasing. The similar modification of the divertor flux is observed in IMSW» where some of
the discrete divertor plates were biased. it is interesting to note that the same effect is obtained in the
limiter bias (correctly. an electrode bias) as that in the divertor plate bias. This technique is applicable
to control the divertor load; to avoid unfavorable concentration of the divertor heat load or to
concentrate the particle flux to a preferable position.
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4 Bias effects in the limiter configuration
When the limiter was inserted deeply enough,

the limiter bias changed the edge potential or the

electric field. Figures 3 shows the radial profile of
the space potential (with respect to the wall). V3.

in the limiter SOL. The plasma potential was es-
timated from the floating potential, Vi, and elec-

tron temperature measured with a fast reciprocat-
ing triple probe (Vs ~ Vr + 3 x Te). For Vb > 0, V5

is high and its radial profile is similar to that in the
non-bias (Vb ~ 0) case. For Vb < 0, V5 is almost '

Plasma Potential (V)

300

Positive Bias

the same with the non—bias case in the region far

from the limiler radius. However, the potential mam-emu

rapidly decreased near the limiter radius In the .1001 - r r r . . r . r
limiter SOL, the density fluctuation was remark- 18 2° 22 24 25 23 3° 32 34 35

bl du d b th r bias 0 the th r ‘ Pm P°5"'°”(°m). o
a y re ce _y e. nega Ive n ‘ :3 Fig.3 The radial profile of the plasma potential in
hand, the positive bias decreased the densrty in the limiter SOL (mm: 135 cm) for ECH plasma.

the limiter SOL. but the fluctuation level, nm, was

almost the same with that for the non—bias case.
nifvn») MI30 mm rtltlu‘!

nef(10‘4/cm2)l o v (529.7)” ;:

1d
um.) nun—mm, ‘ , .mu... ”3...”

Hawar(#13-5) _, ’ sx , ,"\ A?
/fl~/~—’ ’A~”’, \\

‘ ‘ ‘ ” ' ‘1‘
I nn-r (tum

Huwwwgga ’— r.. u.
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Fig.4 Time traces of nel. Ham“ (2 positions), Harim, O V line radiation (62.97 rim), soft X-my and ECE

signals with negative bias (solid line) and without bias (clashed tine). (N'BI plasma)

Recently. ATF group reported the improvement of the particle confinement by the positive bias of

the limiter”). In Heliotron-E, "good” signs for the particle confinement were also observed in the

negative bias case. Figure 4 shows the time traces of net, Hawau's at the two positions, Harim. an

impurity line intensity (OV 62.97 nm). soft X-ray and ECE signals. The limiter position is Zlim = 18 cm

The solid lines are for the negative bias case (Vb = - 200 V) and the dotted lines are for the non-bias

case. The NB injection power were kept constant. Both the Ham“ and the Han". was decreased by

the negative bias while the core plasma density remained almost the same. This suggests the

improvement of 1p. The observed 1p improvement depends on the limiter position and the bias voltage

For the limiter position of 22 cm case, the Harm. has a minimum value at «100 V. On the other hand
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the deeper insertion case shows monotonous decrease with increasing negative bias.
The bolometer signal or the impurity line intensity signal increases with increasing the bias voltage

especially for IVbl > 100 V. The preliminary analysis shows that IE seems to be almost the same for
the negative bias case and slightly decreased for the positive bias case (assuming the same heating
power). The increase of the radiation loss might mask the bias effects on the particle or energy
transport Since the radiation from all charge-state of the impurity ions (0, C, Fe. Ni) was enhanced
by the limiter bias for NBl plasma, it is considered that the influx of impurities into the core region is
increased. As the reasons of this increase of the influx, we must consider the increase of spattering at
the wall (and/or the limiter head) and reduction of the shielding effect of the limiter SOL.

For ECH plasmas, remarkable increase of the soft X-ray intensity and peaking of its radial profile
was observed for the both polarities of the bias voltage. Since the electron temperature and the
density of the core plasma were almost the same in this case, the impurity transport should be
modified. For NBl plasmas, such clear peaking of the profile was not observed. In this case, however
the peaking might be canceled by broadening due to MHD—activity. The detailed study of the impurity
transport will be done in the next experiment.

Relating to the limiter bias, an interesting change in the slowing-down spectrum of the energetic
trapped ions was observed. The limiter insertion made the depletion in the spectrum”). This is
considered to be explained by the reduction of the loss-boundary due to the limiter insertion and the
resonant loss due to negative E,. The negative bias, however. increased the flux at an energy range
If the limiter bias slightly affects on the intrinsic electric field, the resonant loss—cone structure of the
deeply trapped particles might be changed. (The possibility of such modification of the intrinsic
electric field by the limiter bias is also discussed in Ref?!) Detailed data of the electric field in the core
region and a Monte Carlo simulation of the high energy particles in the limiter configuration are
necessary.

5. Summary
The limiter bias experiment was performed in Heliotron E for ECH/NBl currentless plasma. The ob-

served effects of the limiter bias are
(1) The edge'plasma potential, edge electric field were controlled by the limiter bias.
(2) Limiter biasing affected on the particle transport; (a) The divertor flow was modified for shallow

insertion case. (b) The reduction of the density fluctuation was observed in the limiter SOL. (c)
The improvement of the particle confinement was expected for negative bias.
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[1] Introduction
Impurity control has been the critical issue for obtaining high temperature

plasmas in various magnetic confinement devices. Biased limiters and

electrodes are used to access the high confinement regime, H-mode, and to

control impurity influxes [1]. In tokamaks, negatively biased limiter provides

plasmas with high impurity concentration [2]. In helical systems, the ATP has

been reported that biasing the limiter had no effects on the density of the

intrinsic impurities [3]. In Heliotron E [4], recently a carbon limiter is used

for imposing the radial electric field between the plasma edge and the vacuum

chamber wall [5]. The maximum applied voltage was 300 V for both

polarities. In this paper, the dependence of the impurity influxes on the radial

electric field imposed by the biased limiter is described. A new method to

study the screening effects for impurities is also explained.

[2] Impurities in biased limiter plasmas
A carbon limiter is biased to the vacuum chamber wall from —300 V to

+300 V to control plasmas and impurities. Currentless plasmas were generated

by 53 GHz gyrotrons and further heated by neutral beams with a power of 1

MW. The injection energy was 23-26 kV. The magnetic field strength is 1.9 T.

The average electron density was 3.5 x 1013 cm'3 and the central electron

temperature was 500 eV. For biasing the limiter, the average electron density

and the central electron temperature changed only slightly. The edge electron

temperature, however, decreased in biased limiter plasmas. Figure 1 shows the

VUV impurity spectra for biased(+,—) and non—biased limiter plasmas. The

wavelength region is from 180 A to 400 A. In biased limiter plasmas, the

spectral intensities of oxygen, carbon and iron increase drastically compared to

the non-biased limiter plasma. The dependence of the spectral intensities of
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oxygen 0 V(l93 A) and iron Fe XVI(335 A) on the bias voltages is shown in
fig.2. Since the plasma parameters in the core region were almost same and the
spectral intensities of the successive ionization stages increased, the impurity
densities and influxes are large in the biased limiter plasmas. The increases of
the influxes due to the enhancement of impurity production and decrease of the
screening efficiency in the SOL are considered as the most probable reason.
However, the charge exchange neutral fluxes on the chamber wall, measured
by a neutral particle analyzer, did not increase as the bias voltage became
large. The electron density measured by electrostatic probes decreased in the
edge region for the biased limiter plasmas. The increase of the impurity
density is considered due to the change of the screening efficiency in the
scrape off layer.

[3] Si—probe to study the screening effects for impurities
It is important to measure the screening efficiency for the impurity influxes

in the SOL region for understanding impurity behavior. A new trial to study
the screening effects has been started in Heliotron E. Silicon, as a tracer
impurity, is evaporated from a Si-probe placed near the outermost magnetic
surface, which is limited by the limiter inserted from the bottom of the
chamber. The source rates are estimated from the heat fluxes on the probe,
which can be measured with electric probes installed in the same Si—probe.
The density of the silicone in the plasma is evaluated by the VUV
spectrometer. Figure 3 shows the Si XI spectral intensity for the various
positions of the Si—probe in two cases of the limiter radii at 260 mm and 280
mm, respectively. The experimental results so far are limited in the non-biased
limiter plasmas. The arrows indicate the positions of the outermost magnetic
surfaces at the toroidal section where the Si-probe located. As the Si-probe is
inserted into the plasma from the outermost magnetic surfaces, the Si XI
spectral intensity increases drastically at 225 mm with the limiter radius at 260

013mm. The electron density changes from 2 x 1012 cm'3 at 270 mm to 7 x1

cm'3 at 210 mm, and the electron temperature is about 20 eV. The variation
of the electron density and temperature is small for explaining the large
changes of the Si XI intensities. The ratio of Si XI to the ion saturation
currents is shown in fig.4. This value approximately represents the ratio of
the Si density in the plasma to the influx of Si atoms. The ratio is small outside
of the outermost magnetic surface and increases as the Si-probe approaches
and enters the outermost magnetic surface. This means that as Si atoms ionize
near the outermost magnetic surface, it becomes easier to enter into the
plasma. This experimental result confirms that the screening effects can work
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in the SOL region of Heliotron E magnetic configuration. The ionization
lengths of Si atoms, which corresponds the spatial resolution of this method,
are estimated less than 1 cm from these plasma parameters. The advantage of
this technique is to evaluate the screening effect at the desired region by
surveying the Si—probe.
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Introduction

A Low Energy Neutral particle Analyzer (LENA) has been
installed at the Stellarator W7—AS. LENA has been successfully
operated at the ASDEX—Tokamak /l,2/. Fronl LENA measurements
valuable information on the Ti—profiles near the edge and on
the plasma—wall—interaction was obtained.

The measuring principle is based on a time—ofeflight (TOF)
method. The charge exchange (CX) flux is mechanically chopped
in bunches of 1 us duration and the TOP distribution over 2m

flight path are measured. The available energy range is from
20 to 1000 eV for H2 and 40 to 2000 eV for D2 discharges.
Because of counting statistics is the time resolution during a
discharge limited to 100 ms, when CX—energy distributions are
analyzed. For the consideration of the integrated flux c or
the mean energy <E> the smallest possible time resolution is
2 ms.

At W7~AS LENA's line of sight is in the midplane ~1° from the
direction of the major radius. The toriodal location is
between triangular and elliptical planes. Through the same
port as LENA. a photodiode monitoring the Ho radiation is
viewing the area where the CX particles detected by LENA
originate. During the last campaign LENA was routinely taking
data.

During W7—AS operation with 140 GHZ ECRH at high density a
spontaneous transition to a plasma status with improved
confinement was observed which shows essential the features of
the Tokamak H—mode /3/. The general conditions for and the
observations at the H—mode transition are discussed in the
paper of Erckmann et al. in this conference /4/. In this paper
the observation with LENA during the H—mode are presented.

Results

We are observing a striking change in the shapes of the energy
distributions of the low energy CX—neutrals after the H
transition. Fig. 1 shows the CX spectra for a DZ—discharge
before (++) and after (solid line) the transition. The

spectrum before the transition shows a broad maximum at
~100eV. This shape is typical for ECRH discharges also with
70 GHz and at lower densities. After the H—transition the CX
flux increases considerably below 100 eV and the maximum
shifts to ~50 eV (the drop at very low energy is not well
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supported by the data because of the statistical errors). In
the energy range of 200 to 300 eV a flattening of the spectrum
is observed for D2 discharges.

In Fig.2 the influence of the H transition on a H2 discharge
is shown. Just before the transition again the broad maximum
at ~100 eV is visible (++). This is also seen earlier in the
discharge (***) where the density was approximately half the
value during the H—mode. Therefore the overall intensity is
much lower. After the H-mode transition the spectrum is quite
different: It rises cautiously down to 10 eV. (The apparent
data scattering' is due to rather poor counting statistics.
Note that the energy scale is 2 times stretched compared to
Fig.1 since E/M is plotted.)

The response of the integrated CX—flux onto the H transition
is shown in Fig.3, upper trace. The H—transition occurs at
0.78 s as it shows up in the characteristic sharp drop of the
HQ(3) signal, which monitors the HQ radiation from the upper
limiter (lower trace). The Ha monitor viewing the plasma along
the same line as LENA Hq(l) responds with an apparent drop.
The signal recovers within ~50 ms, while the Hq(3) signal
stays low with the exception of bursts due to ELMS. The
integrated CX-flux follows closely the variation of Ha(l).

Discussion

The observed CX spectra are due to a line integral which
involves the neutral density n°(x), the ion density ni(x), and
the ion temperature Ti(x), where x is the coordinate along the
line of sight. It has been shown /1/ that Ti(x) near the
plasma edge can be obtained from the neasured spectra, when
n°(x) can be simulated and ni(x) is known. The no(x)
simulation requires the knowledge of ne(r) and Te(r) and the
exact geometry of the walls in the vicinity of IENA (in 3
dimensions). This is especially difficult in the present case
with 1>0.5 where non closed flux surfaces occur and the
measured profiles cannot easily be transferred to other
toroidal locations. At ASDEX we observed in all cases CX—
spectra which rose continously to the lowest observable
energies. It is not known so far, what the reason for the
occurence of the maximum at ~lOO eV in the W7—AS ECRH—spectra
is. From our ASDEX knowledge, however, we can estimate for the
present line density that the origin of the particles below
100 eV is the region from the steep gradient of ne(r) to
beyond the seperatriv at reff=0.16 m. Hence substantial
changes of the plasma at the edge must occur which cause the
changes in the CX—spectra. However, it is possible that at the
present 1>O.5 there exists an appreciable density outside the
separatrix at our toroidal location. From other experiments we
know that the gas recycling at the "helical edge" is the most
important neutral gas source for LENA. The helical edge passes
the wall close below the LENA port. Front the response of
Ha(l)(Fig.3) to the H transition and the constant 1 it is
impossible to explain the change of the CX—spectra at low
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energies by a change of the neutral gas source. Hence a change
of ni(x) and/or a decrease of Ti(x) must occur in this range
of reff .This would shift the origin of the low energy CX
neutrals further outward.
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I. Introduction
Turbulence driven by neutral particles and radiative instabilities has been considered one

of the dominant processes to partially account for the observed edge turbulence characteristics

[1-6]. The possible role of neutrals in determining confinement has also been discussed [7,8].

Neutrals can affect directly the ionization and the charge exchange sources. Ionization effects

have been theoretically considered as a possible driving mechanism of edge fluctuations [2-5].

At the lowest temperatures (< 10 eV) charge exchange is much more probable than ionization

mechanisms.
In this paper we report experimental evidence of edge turbulence and edge electric fields

modified by the presence of neutrals.

II. Experimental
Edge fluctuations have been measured in the plasma edge region of the Advanced

Toroidal Facility (ATP) (1 = 2, M = 12 field-period torsatron with R0 = 2.10 m and a = 0.27

m) using Langmuir probes. The probe system consists of a square array of four Langmuir

probes located one field period away from the instrumented rail limiter [9]. Two tips, aligned

perpendicular to the local magnetic field, are used to measure the floating potential fluctuations,

from which the poloidal phase velocity of the fluctuations can be deduced. The location of the
velocity shear layer is Zshw z 43 cm. Measurements were taken in the radial range Z - Z shear

= (5, -2) cm.
Plasma edge turbulence has been characterized by measuring the fluctuations in the ion

saturation current (Is = neTeI/Z) of a Langmuir probe, using the experimental methods

previously described [9]. It has to be noted that only when temperature fluctuations are

negligible fluctuations in the ion saturation current can be interpreted in terms of local density

fluctuations (Ts/Is = fi/n).
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The experiments were performed in ECRH plasmas with heating power PECH = 200
kW, average electron density fie = (4—6) X 1012 cm'3. stored energy S];= 1 k], and magnetic
field B = 1 T.

111. Results and discussion
Fig. 1 shows the radial profiles of the electron temperature (Te), the edge electron

density (nc), floating potential (¢f) and probe current fluctuations (15/15) in the plasma edge

region for hydrogen plasmas with different line average densities (He). The larger He the lower

the edge electron temperature. The edge electron density slightly increases with he except when

the electron temperature is close to 10 eV. The floating potential becomes more negative with
increasing T6. In the radial range Zshw - Z -~ (3 - 5) cm, and at the higher (35 eV) and lower

(10 eV) temperatures the density profile and the radial electric fields remain constant (z 2 V/cm)

while 15/15 increases when Ta is close to 10 eV.

Fourier analysis of the probe current fluctuations reveals that the sharp increase of

TS/Is at the lower temperatures (= 10 eV) is due to the increment of the amplitude of the

broadband fluctuations with frequencies below 100 kHz (Fig. 2).

The edge electron temperature has also been modified by means of neon puffing

experiments in deuterium plasmas [10]. When due to the strong injection of Neon impurities

the electron temperatures stay below 10 eV, a substantial increase in TS/Is is observed. The

stored energy in the plasma is higher for the lower fluctuation levels.

The sensitivity of the turbulence levels to the local electron density is independent of the

method of edge cooling: gas puffing with the working gas (hydrogen) or radiative impurity

(neon) cooling.
The influence of the electron temperature on the edge electric fields (velocity shear layer

[1,9]) has been studied in the temperature range (10-40 eV). The value of the edge electric field

is independent of temperature when the electron temperature is higher than 20 eV, but decreases

strongly as T6 approaches 10 eV (fig. 3). Concurrent with this drop in the radial electric field

the level of probe current fluctuations increases.

These results can be understood taking into account the temperature dependence of the

ionization rate coeficcient: <csv>tl decreases strongly when the temperature is below 15 eV,

whereas it is rather constant for temperatures above 15 eV [11] (fig.4). As shown in fig.1, the

edge electron density increases with increasing is when T6 is above 15 eV (i.e. in the

temperature range where <0’v>-l is basically temperature independent). For further increase of

he, Tc becomes close to 10 eV and <($v>‘l decreases strongly. The neutral density at the edge

increases while the electron density goes down.
The increase of TS/Is and the decrease of Er when the electron temperature approaches

10 eV can be interpreted in terms of the influence of neutral particles on edge turbulence and

electric fields .
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IV. Conclusions
In the temperature range where the ionization rate coefficients are strongly temperature

dependent, the electron temperature plays an important role in determining the level of edge
turbulence and the value of the self-generated radial electric fields. These results provide
evidence of edge turbulence and electric fields modified by neutral particles.
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L_INIRQQU§_T.|9N
Numerous experiments using a Langmuir probe to investigate the magnitude of

temperature fluctuations and their contribution to heat transport in the edge region
of tokamak plasmas have been carried out (1.2). Sweeping the voltage applied to a
tip fast enough to ensure that the ion saturation current, floating potential and
electron temperature may be assumed to be constant during the sweep is
experimentally more difficult than alternative schemes but this disadvantage is
compensated by the ability to measure all three of these quantities at one spatial
location [3A]. Sweep frequencies up to 600kHz have been employed to obtain the
current-voltage characteristic. A radial scan in the vicinity of the velocity shear layer
on W7-AS stellarator was performed. Inside and outside the shear layer the
normalised magnitude of the temperature fluctuations was found to be
approximately 30% larger than the magnitude of the electron density fluctuations,
approaching a value of 0.12 and 0.09 respectively at a radial position lcm inside
the shear layer. An increase in the coherency of the temperature, floating potential
and density fluctuations between tips with a poioldal separation of 2mm was also
measured as'the shear layer was crossed. Heat conduction produced by correlated
temperature and poioldal electric field fluctuations ls therefore possible. An
increasing coherence of temperature and floating potential fluctuations leads to an
increase in the coherence of temperature and plasma potential fluctuations as the
shear layer was crossed.

”XEERIMENI
The Langmuir probe characteristic was obtained by sweeping the applied

voltage between the tip and the vacuum vessel. Transformer coupling of the
broadband amplifier ( Amplifier Research ,' TOOOW CW from iOkHz to 220MHz) and a
dummy BNC cable were used to balance the capacitive currents. The cable length
from the transformer to the probe tip was 5m and so for an applied voltage at
400kHz with an amplitude of 100V a capacitive current of i25mA would flow in one
of the BNC cables. With compensation this capacitive current could be reduced to
5mA. Low noise broadband buffer amplifiers were used to deliver the applied
voltage monitor and current probe output to the data acquisition system ( 8—bit
Nicoiet digital oscilloscope ; Model Pro 60 ). For a typical sweep frequency of 400kHz.
a data acquisition rate of 50 MHz was used. The 256kB available memory therefore
allowed the analysis of 5ms of data consisting of 4000 Individual current—voltage
characteristics. A non—linear least squares fit of the current-voltage characteristic



11—736 4—46

yields the ion saturation current, floating potential and temperature. Only those
points at a voltage less than kTe above the floating potential were fitted. The mean
fitting error (with Te/Te = 0.03 In this experiment ) is required to be as small as possible
as this Is one of the quantities which determines the lowest level of normallsed
temperature fluctuations that may be analysed. The testing of recently available
ferrite cores. which have low losses at a frequency of lMHz and so can cope with
the typical IOOW power being transformed. is being carried out and this will allow
the sweep frequency of the voltage used to obtaln the current-voltage
characteristic to be Increased In the near future. Offset blaslng of the swept voltage
down to -200V avolded perturbation of the plasma encountered when sweeping
the probe Into the electron saturation regime (5).

§L_B£JMA¢JflEQEu£§
The radial profiles of the mean values and normallsed fluctuation magnitudes of

density floating potential and temperature ( ne/ne. $fl/Te and Te/Te respectively)
are shown in Fig. I. The fluctuation magnltudes shown are the RMS values In the
frequency range SUI-(Hz to 350kHz. Existing measurements show a wide discrepancy
with Te/Te greater than. comparable to and less than ne/ne being reported (2A .6].
An apparent temperature fluctuation with Te/Te--— 0.05 due to he and 4)“ during a
sweep ls estimated (3). In contrast to recently reported measurements, it was found
that Te and he were not out of phase as the shear layer was crossed (2,4) As shown
in Fig. 2 both the coherency of Te and ne up to a frequency of IOUkHz and the
coherency of T9 and l¢fl Increased as the shear layer was crossed. The level above
which the coherency'Is statistically significant Is indicated

4L_§BAflAucEEHfiELAHSHlfiwflllkfiufifiQRI
Three poloidally separated tips were swept simultaneously. The spatial

coherency of density, temperature and floating potential fluctuations measured at
radial positions inside and outside the shear layer are shown In Fig. 3. In each case.
this coherency decreases as the poloidal separation of the probe tips is Increased
from 2mm to 4mm and increases as the shear layer Is crossed. An Improvement in the
spatial coherence of T8 is expected for measurements at higher sweep frequencies.
The plasma potential, Vp, Is given by :

Vp = (pfl + GTE

where (1:2 was used. Fluctuations of plasma potential generate poloidal electric
field and radial ExB velocity fluctuations. Coherent velocity and density fluctuatlons
induce convective heat transport, while coherent velocity and temperature
fluctuations induce conductive heat transport. The ratio of heat transport by
conduction and convection Is given by(3

G—zi >/<i—: it
Ultimately. experiments with the swept Langmuir probe are aimed to yield values of
this ratio The observed systematic increase in the power weighted coherence
between T9 andV as the shear layer was crossed, is based on the Increasing
coherence of 4m ancFTe as the shear layer wgs crosse_d. Also a systematic decrease
in the power weighted coherence between ne and Vp was obseNed as the shear
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layer was crossed. The implications for the ratio of conductive and convective
transport Is presently under analysis.
The experiments Investigating the spatial correlation of temperature fluctuations
were motivated by the static Langmuir probe measurements of spatially correlated
He and $f| and the turbulent __eddy model (5,2). The extension of these results to
include the cross correlation of Te with ne and Vp will be presented.

QJJMQDE
The time development of ELM's in the recently discovered H-mode on W7-AS is

another topic able to be studied by the swept Langmuir probe technique. With
measurements on the microsecond time scale. the electron temperature and
density pulse associated with an ELM can be resolved. enabling estimates of
particle transport by coherent density and plasma potential fluctuations during an
ELM to be carried out. At a position approximately 5cm away from the separatrix.
an ELM is observed typically as a jump in temperature from 30eV to 50eV with a
relaxation to the original value on a time scale of ims.

W
The spatial coherency of he and M found in static probe measurements have

been reproduced with the swept probe technique. The smaller poloidal correlation
length of Te inferred from its smaller spatial coherency could be partly explained by
the contributions of an apparent T9 induced by ”e and MI during a sweep and the
gaussian noise introduced by fitting. Combined this amounts to Te/Te = 0.06 which is
half the measured fluctuation level at the innermost_ radius. An increase in the
spatial correlation of T6 and In the coherence of T6 and he is needed for
consistency with the turbulent eddy model (7). Experiments at higher sweep
frequencies will decide whether or not the present results remain in contradiction
with this model.

(i) D.C.Robinson and M.G.Rusbridge, Plasma Phys.,1l, 73, 1969.
(2) H.Tsul et. ai. Rev. Sci. instrum., (23,4608, 1992.
(3) P.C.L|ewer et. al. Phys. Fluids,22,309, T986.
(4) C. Hidalgo et. al.Phys. Rev. Lettéfll i205, T992.
(5) R.Balbin et. al.

19th EPS Conference on Controlled Fusion and Plasma Physics (Innsbruck), ii 783, 1992.
(b) A. Carlson, L. Glannone and the ASDEX team.

lath EPS Conference on Controlled Fusion and Plasma Physics (Berlin), IV 305. i991.
(7) M.Endier et. al.

1c EP5 Conference on Controlled Fusion and Plasma Physics (innsbruck), ii 787. 1992.
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1. Introduction. W7-AS has toroidally varying plasma cross sections (five field
periodes) and a complex magnetic surface topology at the edge which is more or
less governed by “natural" islands (at rationals _5/m of the rotational transform a
= n/m) of up to several centimeters radial and poloidal extension [1]. The

complexity is further increased by two movable, asymmetric local limiters
introducing inhomogeneous connection lengths. Except a narrow i ~range close
to 1/3, where magnetic surfaces extend to within the limiter shadow, a

sophisticated plasma edge transport analysis requires three-dimensional
treatment. In the case with i just above 1/3 (closest to tokamak limiter con-
figurations) reasonable results were obtained by a 1D (radial) approach basing on
singular flux bundles [2, 3]. What we did now is, to explore the ground by
Langmuir probes, in what manner the edge plasma parameter profiles are
influenced by the resonant boundary structures in the higher-i case‘(0.44 - 0.58,
including the resonances at 5/11, 5/10 and 5/9). Further we searched for some
ordering parameters allowing a comparison of estimated transport coefficients in
the SOL at higher 1 (at least in ranges free of stronger resonant perturbations)
with results found at low <1. We focus on particle transport in this first attempt.

2. Boundary magnetic islands and edge plasma profiles. The chosen discharge
parameters guarantee a magnetic field configuration close to the vacuum field
(flat top ECRH discharges with Plieat = 160 kW and constant line density, <ne> =

1x1019m'3, net plasma current compensated to zero). The two main limiters
placed at the top and bottom of an elliptical cross section (shifted by one field
period) were kept fixed at the outermost position. Two fast reciprocating
Langmuir probes (CFC tips, triple mode, temperatures derived by averaging after
exchanging positive and floating tip) were placed at the outer tip and more
towards the bottom of a triangular plasma cross section (fig. 2a). A condensed
overview on the results is given in fig. 1, showing isolines of the ion saturation
current density j5+ and j5+Tg measured at the triangular tip (probe 1) as functions
of the edge rotational transform {(a). Multiplied by an adequate energy
transmission coefficient (= 10) the latter represents the parallel energy flow to a
sink. The outstanding feature is a strong radial modulation of the profiles, with
tlat regions at the resonances 5/11, 5/10 and 5/9 (a shift with respect to 1(a) is
explained by the fact that 1(a) refers to a fixed surface at the edge). Concerning the
flat regions at the resonances, a detailed connection length analysis shows that
the limiters become efficient only outside the islands in these cases. The
expansion of the plasma cross section by the closed islands (relative to
neighbouring 1‘. ranges where the islands are intersected by the limiters) and long
connection lengths in the vincinity of the X-point broaden the profiles along the
line-of—sight of the probe. Transport simulations by field line tracing with cross-
field diffusion [4] comparing this case (5/9) with a neighbouring—i case, show good
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qualitative agreement (fig. 2c, d). It should be remarked that, though the
configurational cross section is increased at the resonances, temperature profiles
in the plasma core measured by Thomson scattering generally contract in these
ranges indicating short-circuit transport by the islands. Starting from the 5/9
resonance towards smaller 41 , the 5/9 islands are shifted outward (positive shear)
and become increasingly intersected by the limiters (separatrix-dominated
configuration). Inside a small { range between 0.52 and 0.53, connection lengths
become short (< 10 toroidal revolutions, z 120 m) close to the X—point and inside
the 5/9 islands. This holds for the whole boundary because in the 5/9 case there is
only one island which closes after 9 toroidal and 5 poloidal revolutions. That
means in this case we have a separatrix-dominated regime with optimum
plasma cross section. This is exactly the 1 range where we (up to now exclusively)
found the H- mode. In contrast to this region the range governed by the 5/10
resonance (1(a) = 0.47 - 0.5) is limiter-dominated within discrete poloidal sectors (5
separated islands), and in between the field lines end at other installations or the
wall.- Towards smaller i values the configuration is generally limiter-dominated.

3. Particle transport. For comparison of the particle transport at high 1 with the
limiter—dominated "standard case“ at «1(a) Close to 1/3 (0.345), the “optimum"
separatrix-dominated configuration at {(a) = 0.525 was selected. Discharge
conditions were 350 kW ECRH, maximum limiter aperture and varying
densities. Radial density profiles outside the LCMS as obtained by the probes
described above were exponentially fitted. Averaged particle diffusion coefficients
were estimated then from the e—folding lengths by the zero-dimensional
approach 17,2 = 2DLC/c51‘ with D the diffusion coefficient, ZLC the connection
length and csi the ion sound speed. Parallel connection lengths LC were
calculated from the vacuum magnetic field and averaged along the line—of—sight
of the probes and over a poloidal distance of i2 cm from the probes. Finite {3
effects should be negligible with this respect. in is referred to distances from the
LCMS which were averaged along the parallel direction of the flux tubes
intersected by the probes. The result is shown in fig. 3, where averaged particle
diffusion coefficients obtained by the two probes for the two configurations are
plotted versus the electron density at the LCMS. An-values referred to the local
distance from the LCMS were found to differ by up to a factor of 3 for the two
probes, reflecting the strongly varying local distances of the flux tubes from the
LCMS [5]. Nevertheless, after applying the averaging procedures described above,
which account for the topological characteristics, a uniform scaling of D with the
edge density was obtained. For the low-t range, this behaviour was found already
earlier [1, 3]. We conclude that, within this approach (perhaps a factor 2 -3 of D)
and referred to the edge density as ordering parameter, the particle transport does
not significantly differ for the regimes and poloidal ranges investigated.
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Fig. 1: Isolines of (a) the ion saturation current density j5+ and (b) j5+Tg measured
by probe 1 (see fig. 2a) versus the edge roatational trans-form 1(a). The dottet line

indicates the LCMS defined by the limiters or the separatrix. Symbols L (fig. b) —
limiter-dominated, S - separatrix-clorninated configuration ("island«divertor"), IS

— limiter surface outside closed islands. Rationals at the bottom indicate the type

of resonances at the boundary.
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Fig. 2: Cross sections of the vacuum magnetic field (a, b) at q) = 720 (probe plane)
showing the 5/9 boundary islands for two values of the boundary rotational
transform 1(a), and respective Poincare plots taking into account diffusion (c, d).
The diffusion is modelled by perpendicular displacements of the particle motion
along the magnetic field after each integration step length (Deff : lmzs'l, for
details see ref. [4]). The plots illustrate typical constellations discussed in the text:
closed islands (profile broadening) and islands intersected by the limiters
(separatrix-regime, “island-divertor").

' Fig. 3: Averaged edge particle
l

1 O 77.7 777073: o‘“°‘.“.'°‘_3é,.1___l diffusion coefficients D (see
5 xx 3 "' “a” ”3‘19”“ E text) versus the edge densitv
- — — [(3) = 0.525. probe I .' _ _ .
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3 O r“ X n(a) = 0.525. prone 2

rations (limiter-dominated at
{(a) = 0.345, separatrix—dorni—
nated at 1(a) = 0.525) and two
different poloidal probe posi-
tions (probe 1: close to an X-A

lu
m

i: X 4 point, probe 2: neighboured to
f , , 1. an 0-point in the separatrix

' case).
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EXPERIMENTAL AND THEORETICAL STUDY
ON PLASMA HEAT FLOW TO PLASMA FACING MATERIALS

S. Masuzaki H. Konno, N. Ohno, S. Takamura
Department of Electrical Engineering, Faculty of Engineering

Nagoya University, Nagoya 464—01, JAPAN

1. INTRODUCTION : The heat load to divertor plate is crucial to estimate its
erosion due to radiation enhanced sublimation, chemical sputtering, evaporation,
ionic impact sputtering, etc. Divertor biasing has been found to be effective for
edge plasma control leading to an enhanced core confinement as well as an in-
creased particle exhaust. However, the plasma heat flow is generally estimated by
a simple sheath theory, and few systematic experimental and theoretical results on
it have been obtained. Plasma heat flow is determined by not only energy transmis—
sion of sheath and presheath, but also other factors. Particularly in a cold and dense

divertor plasma, ion energy reflection and surface recombination have to be
brought into consideration. The former reduces divertor heat load, and the latter
has the opposite role. In this contribution, the experimental results on plasma heat
flow to an electrically floated as well as biased surface and the comparison of those
data with the theory including ion energy reflection and surface recombination are
presented. Effects of these factors are made clear.

2. THEORY : Plasma heat flow q(¢) to plasma facing material is estimated as a
function of target potential it) with respect to the plasma potential by the following
expressionl” ‘ _

q(¢) = n,,C;,[2kT,~ — up + 0.5kTe(Ce/Cs)exp(e¢/kTe)], (1)

where 115 is the electron density at sheath edge, C is the ion sound velocity and
C =(8kT lmn )"2 is the electron thermal velocity, T and T are the electron temper—
atre and the ion temperature. So called' energy transmission factor" 6(¢) is defined
by the expression

501)) = q(¢)/n.ieCskTe . (2)
In the case of electrically floated surface in a hydrogen plasma, the value of 5 is
found to be 7 to 8. On the other hand, the expression of plasma heat flow including
effects of ion energy reflection and surface recombination is as follows:

(101’) = IlseCs[(2kTi - €¢)(1-R1e) + 05kTe(Ee/Cs)exp(e¢/kTe)+e¢r]a (3)
where Ric is the ion energy reflection coefficient and 8(1), is the ion recombination
energy. Rig depends on incident ion energy, ionic species and target material. Then,
we obtain the revised energy transmission factor written by

6(¢) = (—eqlJ/kTe + 2T,/r,)(1-R,-,) +
2[(l+T,-/Te)(27tme/m,-)]'l/Zexp(e¢/kTe)+e¢,/kTe. (4)
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3. EXPERIMENT : The experi-
ment has been carried out on a
linear plasma device, NAGDIS-
1'2““. The length and the inner
diameter of the cylindrical vac-
uum vessel are 2.5m and 0.18m, m?“
respectively. The steady state Langmuir Probe»;
plasma in NAGDIS~1 is pro- HEEIasm't
duced by PIG discharge with
working gases of hydrogen, he- B Tungsten Target Plate ‘
lium and argon. The present ex- 6.121" (20x20x2mm) ‘
periment was done using helium n .
plasma. The experimental set- Vacuiun Vessel 7%. 9/7Bias Powerup is shown schematically in Supply
Flg‘l‘ Plasma heat flow ”v.35 Fig.1 : Schema of experimental set-up.measured by the temperature in-
crease of a tungsten target (20X20X2mm) located at the center of plasma column
and set normally to the magnetic field. A calibration of this method had been done
by using an electron beam. An infrared thermometer was used to measure the target
temperature. The target potential relative to ground potential is variable by a bias
power supply from -16OV to —30V. The plasma parameters on a cross section are
measured every 2mm by the fast scanning Langmuir probe with cylindrical probe
tip set about 0.2m distant from the tungsten target. Figure 2 shows a typical profiles
of NAGDIS-l plasma parameters. The plasma diameter was found to be about
100m. In this experiment. electron density and temperature of center of plasma
column were varied (0.7-1.2)x10'3m‘3 and 6-10eV, respectively. The plasma para-
meters are assumed not tc be changed largely in the area between the position of
the scanning Langmuir probe and the y 16
target. These parameters were substi- E
tuted into above equations to derive
experimental and theoretical values
of energy transmission factor 6.

Insulator Tube
I“mu""IA/Tantalum Wire

Infrared Thermometer

{\J o l V

l—
‘ N

—20
4. RESULT AND DISCUSSION :
Theoretical values of energy trans
mission factor 5 was obtained based
on some assumptions; (1) the probe
data show the values at the so called , .
"stagnation point" so that the-value of ‘8 Rafi—:1 Pogitiorficm]
(1) in above equatlons IS the difference
between the target potential and the Fig.2 : Typical cross section profiles of
plasma space potential, (2) a potential NAGDIS-I He plasma parameters
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drop of presheath is 0.5kTF H
so that the electron density 0 7 O | | |
at the sheath edge is 8 He: 2mTorr
0.61ne, where the value at g 60 — W target
the probe location should
be employed for "e’ (3) the Cl 5 O —
electron reflection on the 8.
surface and secondary g 40 _
electrons were disre— _,_.
garded because T8 is not ($1 3 O _Te=6eV
enough high for such ef— g Te=1OEV
fects in NAGDIS—l rd - 0
plasma, (4) Tl.=0.2TE. In E 20 .‘ —
this experiment, a) was 333 .r.
varied from -8V to -130V, a l O ' n —
so reduced energy 8 ”1 El
varied from 3.8><10'4 to C; O l I l
6.4x10'3. Ion energy re— m —2 0 - l 5 ~ 1 0 ~ 5 O
fleetion coefficient Rig was e (1V Te
assumed to be 0.7 [4] over Fig.3 : Energy transmiss on actor from experi-
the present ionic energy mentand theory. Lines are theoretical curves. The
range. Surface recombi— hold one is from eq.(2), and the others are from
nation energy 40, is 24.6eV eq.(4). Circles are experimental data. [ne=(0.7—
for helium. Figure 3 shows 1.2)X10'gm‘3, Te=6-IOCV, Rig is assumed to be
the comparison between
the energy transmission factor experimentally obtained and the one theoretically
calculated. The effect of ion energy reflection is clearly shown at the region of leg!)
/kTe I >7. Theoretical curves from eq.(4) show that energy transmission factor is re—
duced by the ion energy reflection indicated by the hatched part. Experimental val-
ues agree fairly well with the revised theoretical values. Theoretical curves shows
that energy transmission factor comes to be minimum at near the floating potential,
e¢/kTe=-3.5. However, the minimum is found to be at 9(1) /kTe= —6 in the experi-
ment. In the region of le¢ /kTZ l < 6, the experimental valued takes considerably
larger value than the value given by the theory. Two reasons are considered to ex—
plain this discrepancy. One-dimensional computer simulation using P.I.C.(Particle
In Cell) codel-‘J suggested that it is due to a deviation of electron velocity distribu—
tion function. When the target is biased shallower, that is, the target potential ap-
proaches to the plasma potential, low energy electrons come to be able to reach the
target rather than reflected. The tail of velocity distribution of electrons running
away from the target is largely depopulated by the absorption of incoming elec-
trons to the target. So at sheath edge, Te determined by dispersion of velocity distri-
bution are estimated smaller than true ones. This phenomenon was observed by
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05¢ plasma
W wire so (:6 target

*
Fig.4(a) : Experimental set—up for meas-

‘ urement electron energy distribution
® ® function using an insulated twin probe.

B#
(D B insulator _ I I I I

‘2 i
t]:

U) Probe I

Fig.4(b) : Derivatives of probe currents 4:
with respect to the probe voltages, that 1:: ”
is considered to be proportional to elec- j
tron energy distribution function. 381
Helium plasma 11~(31~3.4)><10”’m PrObe II
T =.6 2eV, T ”:3.4eV, target poten- _
tial=—40. 2V relative to ground. Probe
was 0.2m distant from biased target

— 6I 0 — 4| 0 - .2l 0 l) 2 O
mbe_vspace [V ]

probe measurement as shown in Fig.4, where a lack of high energy electrons is
observed at the probe facing the target. Another reason is the existence of intrinsic
non thermal energetic electrons.

5. CONCLUSION : Energy transmission factors were measured in NAGDIS-I
helium plasma and were compared with theoretical values including effects of ion
energy reflection and recombination energy on the target surface. In the case of
deeper biased target than the floating potential, both values agree fairly well in
which the role of energy reflection was found to be important. In shallower biasing,
experimental data greatly exceed theoretical values. The important reason is the
deviation of electron velocity distribution function from the Maxwellian due to the
lack of high energy electrons absorbed at the target as well as the presence of intrin-
sic non thermal energetic electrons.
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INTERACTION OF A HIGH POWER HOT PLASMA STREAM
WITH SOLID MATERIALS

A.V. Burdakov, V.F. Filippov, V. Koidan, S.V. Lebedev, K.l. Mekler, P.l. Melnikov,
A.A. Nikiforov, V.V. Postupaev, A.F. Rovenskikh, M.A. Shcheglov, S.G. Voropaev

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

H. Wtirz
Kernforschungszentrum Karlsruhe, INR, Postfach 36 40, D-7500 Karlsruhe

Abstract
The GOL-3 facility was used for exploratory plasma stream target experiments under
conditions rather typical for the thermal quench phase of lTER tokamak plasma dis—
ruptions. The plasma stream at the target consists of a relativistic electron beam
(REB) for plasma heating and a hot plasma stream with the two components bulk
plasma electrons with TE around 1 keV and suprathermal plasma electrons with cha‘
racteristic energy of 10 - 20 keV. The specific ener y of the hot plasma stream rea-
ching the target can be up to 3 MJ/m2 the power ensity up to 50 MW/cm2 and the
pulse duration around 6 115.
The plasma stream target experiments allowed to study the properties of the target
plasma formed from vaporized target materials in front of the tar etand to deter-
mine the target material erosion. In less than 111s after the onset o the plasma stre-
am-a cloud of evaporated material is formed. The cloud expands along magnetic
force lines with velocities around 106 cm/s. Line radiation is observed from the tar-
get plasma corona, continuum radiation from the bulk of the cloud. The temperatu-
rein the plasma corona is about 1 eV. The black body temperature of the bulk cloud
is around 0.5 eV. The erosion for graphite increases sharply upon reaching a thres-
hold value of 1 MJ/mZ.

Introduction
During the thermal quench phase of a disruption event energy densities of up to 12
MJ/m2 are estimated to be dumped to the lTER divertor plates within a time interval
of 0.1 to 3 ms (D.E. Post 1990). Such high heat loads result in instantaneous evapora-
tion of the divertor plate material (Th. Klippel 1989). The amount of material evapo-
rated per disruption could limit the lifetime of the divertor plates and thus could be-
come a key problem in tokamak fusion technology (Kuroda 1990).
In existing tokamaks lTER typical heat loads are not achievable. Therefore the diver-
tor material behaviour has to be studied in facilities which allow a simulation. of the
lTER disruption conditions. The GOL-3 facility (A.V. Arzannikov 1988) by some of it's
important parameters is suitable to simulate these conditions and thus was used for
exploratory hot plasma stream target experiments. Various substances (graphite,
polypropylene, copper) were exposed to a plasma stream impinging perpendiCUlar-
ly and under different angles onto the target.

Facility and diagnostics
GOL-3 is a mirror trap of length of 7 m, with a longitudinal magnetic field of up to 6
T in the trap and up to 12 T in the mirror end plugs (see Fig. 1). A relativistic electron
beam (REB) with beam energy content up to 90 kJ, beam current up to 50 kA, pulse
duration 5 ps and particle energ around 0.8 MeV is generated in a quasiplanar va-
cuum diode and injected throu If: one of the end mirrors into a plasma of density of
1015 cm-3. After the end of the eam injection the plasma cools down due to classi-
cal electron heat conductivity along ma netic field lines.
The GOL-3 facility is well equiped with ia nostics for the measurement of the ope-
ration parameters of the electron beam, 0 the initial plasma and of the heating
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Fig. 1 GOL—3 with facility diagnostics

process of the plasma. In particular there are two systems of Thomson scattering of
rubfy laser light, there are diagnostics for x-ray, VUV and optical radiation, optical in—
tel egron)1eters, bolometers, diamagnetic loops and energy analyzers (Arzannikov et
a . 1 90 .
A special test chamber (see Fi . 2) was . . _
used for the experiments. Targgts can be um and” “m" 1"" 22$.”
installed at different positions in the mm m
chamber. At the chamber specially desi- Emma. /“‘“""°‘"=‘"
gned diagnostics were used for studying “m“ \T' -‘
the behaviour of the tar et and the tar- ‘
get plasma. For analysis 0 the tar et plas— in?“ E] M“

Ki

ma an optical interferometer wit wave- M“ :- . M mm“
length of 630 nm, equipment for optical —- 1 -— , _,. -—'—‘--
spectroscopy of target plasma radiation ‘ M“
including spectral analysis with high time Mm E] peas-m :
and space resolution, a 9 channel VUV («mum l
pinhole chamber and 4 VUV detectors ”m“ i ‘ mmm
were used. For analysis of the bulk target vuv dmm
an optical and an electron microscope, a LA:
microbalance with accuracy of 0.1 mg and . . . _
a profile machine for measurement of Hg" 2 Test chamber W'th diagnostics
surface profiles with an accuracy of up to for target plasma analysis
1pm are available.

Results
The plasma stream at the target consists of the REB for plasma heating in the sole-
noid and the hot plasma stream. Characteristics of both are listed in table 1 together
with the ITER data for comparison. The mean free path of the REB electrons in gra-
phite is a few mm. The hot plasma stream flowing out of the device consists of two
components, the bulk plasma electrons and the suprathermal plasma electrons. The
temperature of the bulk plasma ions is an order of magnitude smaller, their contri-
bution to the energy density thus is negligible. As a result the specific energy of the
hot plasma stream at the target can achieve 3 MJ/m2 depending on the operating
conditions. The power density of the hot plasma stream is up to 50 MW/cml.
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Bulk targets from fine grain graphite, and foil targets from aluminum, titanium,
copper and polypropylene were used. In this paper only results for graphite are i-
ven. About 1 ps after the start of the plasma stream a target plasma cloud of su -
stantial ionization is established near the target. The diagnostic measurements have
shown that the outer part of the cloud facin the hot plasma stream is a magneti-
zed plasma corona which propagates along t e magnetic force lines with velocities
of up to 2 x 105 cm/s. The expansion velocity was determined by different methods:
by time- and space dependent measurements of the maximum Ha luminescence and
of the VUV brightness and by interferometry measurements.
Time and space dependent electron densi-
ty distributions in the target plasma corona
were determined from analysis of measu-
red Stark broadened Ha lines. A typical ex- "é
ample is shown in Fig. 3. The plasma tem- ;
perature is around 1 eV. Observed was line §
radiation from the target substance (CI, a
CH, CH1) and from hydrogen. '2
A bulk plasma of higher density follows -i':’
the corona. The level of ionization is small, E
the gas is not confined within the magne— E
tic field but moves along and across the 7» timelizs)
magnetic forcef lirges withsthe same expan-
sion velocity 0 a out 10 cm/s. The radia- . . .tion from the bulk plasma is mainly conti- Fig.3 Plasma electron denSIty asfunction of

_ _ time and distance fromthe tar etnuum and close to black body radiation (corona plasma) 9
with a temperature of 0.3 - 0.5 eV.

First erosion experiments were perfor-
med with bulk fine grain high density
graphite targets. First of all it was estab-
lished that irradiation with the REB beam
alone causes no measurable erosion. Fig. 800
4 shows the results for two targets irra-
diated by the REB beam only and by the
REB beam and the hot plasma stream. In
case of REB alone no erosion was detec-
ted and no surface damage was obser-
ved. In the latter case the hot plasma
stream was partially shielded with a thin .
graphite screen in front of the target. '0
Under the influence of the hot plasma . )
stream target erosion occurs. The erosion d'mm‘mm
depth can achieve several hundred mi- Fig.4
crons. The radial dependence of the ero—
sion reflects the fact that the energy den-
sity of the hot plasma stream is radially
inhomogeneous.
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Erosion profiles for graphite target.
Upper curve: REB and plasma stream;
lower curve: REB only

Results of a series of erosion experiments for energy densities ranging from 0.5 to 3
MJ/m2 and various angles of the targets with respect to the magnetic force lines are
shown in Fig. 5. There is no difference in erosion behavior for perpendicular inciden-
ce and inci nce under different angles. Below 1 MJ/m2 the erosion is small above 1
MJ/m2 explosive erosion processes presently not understood start. Target irradia-
tion by the REB results in volume heating ofa material layer of a few mm.
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Conclusions
Exploratory plasma stream target experi-
ments have been performed to study the
properties of the target plasma formed
from vaporized target material in front of
the target. Fine grain graphite was expo-
sed to a hot plasma stream of specific po-
wer ranging up to 50 MW/cm2 and of ener-
gy density ran ing from 0.5 to 3 MJ/mZ.
Formation an expansion of the target
plasma was observed. Important parame-
ters of the plasma were determined by
using special diagnostics.
The target plasma consists of corona and
bulk plasma. The corona emitts line radia-
tion, has a temperature around 1 eV, is ma-
gnetized and expands in case of perpendi-
cular stream incidence along the magnetic
force lines with velocities around 2 x 106
cm/s, typical plasma density is up to 1017
cm-3. The bulk plasma has higher density,
emitts continuum radiation and the black
body temperature is around 0.5 eV. Due to
its incomplete ionization the cloud ex-
pands along and across magneticfield lines
with about the same velocity of around 105
cm/s.
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energy density (MJ/ml)

A low energy density regime

a high energy density regime

Erosion as function of energy
density of hot plasma stream

First erosion experiments yielded surprisingly high erosion values if the energy den-
sity of the hot plasma stream at the target is above 1 Ml/mZ. The erosion rates ob-
served are an order of magnitude larger than the hitherto obtained rather large
erosion values using laser beam facilitites (van der Laan 1992) where no vapor shield
effect occurs (B. Goel 1992).
Table 1 Energy and power density values

GOL—3
lTER REB bulk suprathermal

plasma electrons
particle energy(kev) 10-20 800 0.1 —1 10-40
pulse length (1.15) 100 - 3000 5 5 - 15 5
magnetic field (T) 5 5 5 5
energy density(MW/m2) 12 30 g 2 g 1
power density (MW/cmZ) § 12 600 E 20 E 20

References
1. DE. Post (ed) lTER Physics, lTER Documentation Series No.

(1990)

T. Kuroda, G. Vieider
Th. Klippel, Fusion En . and Design, Vol. 9, pp. 49 (1989)

%eds), lTER plasma facing components, lTER Documenta-

21, lAEA, Vienna

N
P

‘P
‘P

P
’I
"

tion Series No. 30, lAEA, Vienna (1990)
A.V. Arzannikov et al., Plasma Phys. and Controlled Fusion Vol. 30, no. 11, p.
1571 (1988)
AV. Arzannikov et al., Proc. 8th Conf. on High Power Particle Beams, Vol 1, p.
14, Novosibirsk (1990)
J. van der Laan et al., Journal of Nucl. Mat., 196 - 198, p. 612 (1991)
B. Goel et al.,17th SOFT, Rome (1992)



II—751 4—50

Energetic Electron Transport in Cold Plasma
and Gas Target Divertors

L. Schmitz, B. Merriman, L. Blush, R.W. Conn,
R. Doerner, R. Lehmer, and G. Tynan

Institute of Plasma and Fusion Research
University of Califomia,

Los Angeles, CA 90024-1597

Introduction - Gas target or radiative divertors are under consideration for next generation
tokamaks like ITER and TPX. A significant reduction of the parallel heat flux in a gas target has
been demonstrated previously in PISCES [l] and elsewhere [2]. A reduction of the peak heat
flux and the divertor electron temperature by gas puffing has been demonstrated in DIII—D [3].
Energetic electrons can carry a substantial part of the parallel electron heat flux in a divertor
plasma. We have experimentally investigated a regime where up to 90% of the total electron heat
flux (Que S 5 MW/mz) is carried by energetic electrons (nah/nee S 0.1, Ueh S 160 eV). The
experiments were carried out in a hydrogen plasma in the PISCES-A linear plasma device at
densities n S 1019 m-3. The heat flux to the (simulated) divertor target is measured with a biased
calorimeter, allowing us to separately determine the target heat fluxes due to ions as well as cold
and hot electrons. It is demonstrated that the energetic electron heat flux can be attenuated by
nearly two orders of magnitude with active gas injection through the target. Neutral densities
“H2 2 1021 m-3 are required. Results from a l l/2—D fluid model based on coupled plasma/
neutral equations are presented.

Experiment — A schematic of the PISCES~A linear plasma device is shown in Fig.1[4]. The
plasma (source density 5x1017 m'3 S n5 S lxlO19 m‘3 and bulk electron temperatures c S 20
eV) is generated in a reflex arc configuration, using a hot cathode made of LaB6. The plasma
diameter is 0.05 m. The ion temperature (kTi S 2 eV) is found to be close to the Franck-Condon
energy. The axial magnetic field BZ is generated by two sets of coils. In the plasma source
region, Bz S 0.1T, while downstream in the analysis region. BZ = 0.19 T. The primary
hydrogen gas feed is located in the source region. The neutral hydrogen pressure in the plasma
source is kept below l mtorr. A circular tube (length L: 0.9 m, diameter 2a = 0.045 m) is
located at a distance of 0.55 m downstream from the source, simulating a closed divertor
channel. __ Mam

tam CZemy-Turner Magnets

Spectrometer “‘0-
Fasl Probe

Fab'y‘Pe'“ (Vertical Chord) Anode
Elalan

Source
"

Target Magnets
Plate

' ,, “Cathode
Axial

Langmuir
Probe

SBCDHGEW m N M MGas Feed (5

““9"“ Primary
B Neutralizer 5135 Feed

Barntron Pressure " Tube
Measurement

Fig. 1: PISCES experimental set—up for gas target experiments and diagnostics
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The simulated divertor target is located at the end of the tube (2:0). A second hydrogen gas feed
is located close to the center of the target plate. The "neutralizcr" tube is made of (insulating)
anodized alutninum and is electrically floating. The neutral pressure is monitored by baratron
gauges located at various axial positions. The plasma density and the electron temperature are
measured by an axially moveable, water-cooled, plane Langmuir probe

1 l/Z-D Fluid Model - 1-D fluid equations [5] are solved along the direction of the magnetic
field 132 for ions, cold electrons, and atomic and molecular hydrogen neutrals. The diffusion
approximation is used for the two neutral species. Some perpendicular effects are included
(cross-field plasma diffusion, wall recombination, and recycling from the target and side walls)
The particle balance equation can be written

3—?+aa—Z(nv)=5n, (l)

where Sn = Sion - n DJ_J02/a2 is the effective particle source (Sim includes plasma production by
cold and hot electrons due to ionization of H and dissociation of H3). We take the perpendicular
diffusion coefficient Di to be the sum of the Bohm diffusion coefficient and the classical
diffusion coefficient due to ion-neutral collisions Dc] = kTe (c+Vin+Vion) / (mi (9513), times
some numerical factor on. Here, (Oct is the ion cyclotron frequency, and cNtn and Vion are the
momentum loss rates due to charge exchange, elastic ion~neutral, and ionizing collisions. The
plasma flow velocity v is determined by the ion momentum balance:

a a J 2m, a (n v) + a (min v2 + n kTi +neccc + ”chUeh) = , minv (c‘Win) - minl'i’2 (2)

The cold electron temperature profile is determined by the electron heat flux equation:

33 r a 5 a 3 n .n§ 97 neck re + E (5 v neCkTe +q”) = v a (nCC kTe) - i snc Em . 3 “.m1?(kTe'kTi) ' a (3)Vet

Here, the terms on the leftehand side describe the convective energy flow, the first term
on the right-hand side describes electron heat conduction with a harmonic flux limiter q” : qq/
(qfiqs). The flux limit is taken to be qf = 0.5 (Z/menfl/2 ncc (kTC)3/2 and the Spitzer heat flux is
qS = - NH adaz = - 3.2 ncc c/ (mevee) akTJa The second term describes the energy losses
by radiation and ionization, Eion(n,kTe) is the electron energy loss per ionization event (including
excitation and dissociation) and varies from 207150 eV depending on the local electron
temperature and density [5]. At high neutral density, this term is the dominant energy loss term.
The third and forth terms describes the energy transfer from electrons to ions and neutrals due to
elastic collisions.

Results and Discussion - Fig.2 shows the cold (bulk) electron density and temperature as a
function of nod, the neutral density at the target. Gas is admitted through the target at a rate S 2
torr-l/s. The upstream neutral pressure is 2x10—4 torr without target gas injection and increases
to 5x10-4 torr at the highest injection rate.The cold electron temperature at the source decreases
somewhat with increasing nod, while the upstream plasma density is not changing significantly.
The target electron density first increases with the neutral density due to the increased ionization
rate inside the neutralizer tube. The bttlk electrons are cooled by ionization and radiation losses
in the vicinity of the target. The axial plasma density profile eventually develops a maximum
(nmax S 8 as) at 0.2m Sz 5 0.5m, as reported previously [1,7]. Downstream of the density
maximum the cold electron temperature decreases to values of 23 eV. The ionization rate is
very small at these temperatures, and particle losses dominate the particle source. Radial and
axial losses are comparable in magnitude at high neutral density and the plasma density is
observed to decrease towards the target. The plasma "detaches" from the target for nod 2 8x1020
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m-3 (Fig.2). The upstream boundary conditions for the modeling calculations are given by the
measured source plasma parameters; sheath boundary conditions are used at the target. Good
agreement with the experimental data is found.

Fig.3 shows the measured average energy and density of energetic electrons upstream
(z=1m), and at the target (2:0), plotted versus the neutral hydrogen density at the target. The
data is obtained by differentiating the characteristics of a plane Langmuir probe. The hot electron
energy in the source plasma is Uch = 100 eV and is close to the cathode sheath potential drop.
tech, >> L, and, at low neutral density, ken, Mon >> Ln, where Ace, ken, xei, Mon are the hot
electron collisional mean free paths for electron-electron electron-ion, elastic electron-neutral,
and ionizing collisions, L is the length of the plasma, and Ln is the axial extent of the neutral
layer at the target. The hot electrons are therefore decoupled from the cold electrons and the
ions. For target neutral densities nod 2 6x1030/m3, Ken, lion = Ln so that hot electrons are
thermalized and cooled by inelastic collisions in the gas layer close to the target. The hot electron
density is found to decrease monotonically towards the target at high neutral densities.The hot
electron heat flux is sheath limited (the hot electron flux through the sheath is given by I‘ch =
0.5nehceh = 0.5csn). The values of neh calculated from this expression are shown in Fig.3 and
agree reasonably well with the experimental data.

Fig.4 shows the heat fluxes to the target as a function of the neutral density at the target.
The total heat flux is measured calorimetrically and normalized to Q0 = 2.5 MW/m2 (the value
measured without target gas injection). Shown are also the components (normalized to Q0) of
the target heat flux due to hot electrons t and the total plasma heat flux Qp1 (the sum of the hot
electron heat flux and the ion heat flux including the sheath potential acceleration), as evaluated
from biased calorimeter current / voltage characteristics [8]. The heat flux due to cold electrons
is negligible, since cold electrons are reflected by the sheath potential. Qcai/QO is always larger
than Qp1/Q0 since energetic neutrals and radiation in the vicinity of the target contribute to the
total heat flux. It is obvious that, at low target neutral densities, the hot electron heat flux is the
dominant contribution, while at high neutral density, all components are attenuated by nearly
two orders of magnitude.

Conclusions - In this paper we have demonstrated that plasma "detachment" in a gas target
can be achieved in the presence of a significant fraction of energetic electrons. We have also
shown that the density of energetic electrons at the target can be greatly reduced under these
conditions. This reduction is probably due to the combined effects of a sheath-induced flux
limit, inelastic collisions, and strong, anomalous radial transport. For the parameters of the
PISCES experiment, the target heat flux is reduced by almost two orders of magnitude for
neutral densities nod = 1021 m-3. While the magnetic field in a tokamak is at least one order of
magnitude higher than in PISCES, the connection length along the magnetic field between the x-
point and the divertor target is also larger by at least one order of magnitude. Therefore, the ratio
of the radial diffusive speed and the poloidal flow speed of the plasma should be similar (if we
assume Di~1/B). Plasma detachment might be achievable in a tokamak divertor if neutral
densities on the order of 1021 m-3 can be maintained near the divertor target.
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SURFACE DEFORMATION EFFECTS ON STAINLESS STEEL,Ni,Cu AND M0

PRODUCED BY MEDIUM ENERGY He IONS IRRADIATION

B.Constantinescu,V.Florescu and C.S§rbu

Institute of Atomic Physics,P.0.Box MG—6,Bucharest,Romania

To investigate dose and energy dependence of surface de-

formation effects(blistering and flaking),different kinds of

candidate CTR first wall materials as lZKHloNlOT,W-4b4l,W-40lo

and 83-304 stainless steels,Ni,Cu,Mo were irradiated at room

temperature with 3.0,4.7 and 6.8 MeV He+ ions at IAP Cyclotron.

The effects were investigated by means of a TEMSCAN 200 OK

electron microscope and two metallographic Orthoplan Pol Leitz

and Olympus microscopes.The results are summarized in the

Table.
We observed two dose dependent main phenomena : blistering

and flaking(craters).So,blisters occurence on the irradiated

surface is almost instantaneous when a critical dose (number

of He ions accumulated in the region at the end of alpha par-

ticles range) is reached.Examples of blisters are presented in

figs.l,2,3.lncreasing irradiation dose,we reached flaking

stage.So,isolated submicronic fissures along grain boundaries

were observed on the blister skin (fig.4),chronologically fol-

lowed by large (5-20 um) deep cracks of hundreds of microns in

length,blisters opening and,finally,flaking appearance.

To investigate their inner morphology,the blisters were

mechanically opened by a stainless steel pin.We observed a lot

of interesting irradiation phenomena both on the bottom and on

the inner side (fig.5) of the reversed skin : sponge- and wave-

like structures (figs.6,7),microcraters(fig.6),ruptury secon-

dary small blisters(fig.5.top right),multilayer flaking (figs.
5,8).To explain these effects,possible reasons are the impor-

tant He+ energy spread — e.g. for multilayer flaking,1ocal

microstructural damages(especia11y for stainless steel),loca1

high temperatures values on the skin and,also,possible high

gas pressure values inside the blisters.



using the stress-induced and gas-driven (bubble coalescence)

models,it seems that our average blister diameter data (see
Table) apparently support the stress-induced model for medium

energy He ions ( dt ,where t is the blister skin thick-
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Concerning potential explanation of the obtained results

ness).However,other observed effects ~ as microstructure chan-

ges - suggest the validity of gas-driven model.For the energy

dependence of critical dose for blistering (see Table) we can
assume a dependence Divt3/2.Therefore,not only the resistance

of the blister skin (which is proportional to t) is important
(as gas-driven model predicts),but also other internal resis-
tances (e.g. inter-submicronic bubbles fractural mechanism,

which preceeds the gas accumulation at the end of He ions
range ) play also an important role.So,it is necessary to en—

large the area of samples (new metals and alloys with various

metallurgical preparations) and ions (types and energies) to
positively conclude between these two models.

mat rial Energy Dose rate Critical dose Average blis-
9 (MeV) 13 2 for blistering ter diameter(X10 He/cm s) 18 2

(x10 He/cm s) ( um )

lQKHlBNlOT 3.0 1.5 1.2 150 1
4.7 1.0 3.6 500
o.8 0.3 b.2 1200 x ‘

W-454l 3.0 1.5 0.6 140
4.7 1.2 3.2 500
6.8 0.3 5.4 1150'5 ‘

W-4016 3.0 1.5 0.45 120 5
4.7 1.2 2.4 450 t
o.& 0.3 4.2 1100 x 5

38—304 3.0 1.5 0.55 130 t
4.7 1.2 2.5 450 :1]

Ni 3.0 1.5 0.9 140 T
4.7 1.5 2.8 480

Cu 3.0 2.0 1.0 140
4.7 1.5 3.4 500

M0 3.0 2.0 1.5 500
4.7 1.5 4.5 1250 x

x single blister
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Fig.1 Blisters on W-Ai4l,3.0 MeV, Fig.2 Blisters on Ni,3.0‘ A , q
0.0XlOlOHe/cm2, x 60 MeV,O.9xlOldHe/cmb, X120

Fig.3 Blister on lEKHlSNlOT,6.8 Fig.4 Sunmicronic fissures

Mev,b.2x1015He/cm2, x 60 E'jiiégii; Egyém 3°00
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Wave—like structure and
1

Fig.5 Reversed blister skin, Fig.6
l2KH16NlOT, 4.7 MeV, microcraters,12KH18NlOT, 4.7MeV

3.0x10 lBHe/cmz, X 1300 3.0x1015He/cm3, X 5000

Fig.7 Sponge-like structure,Mo, Fig.8 Multilayer flaking and
‘ ) - ~3.0 MeV,l.5xlOldHe/cm“, x 4000 Sponge like StESCturegw_4glb

4.7 MeV,2.4X10 He/cm“,£ 500
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DENSITY PROFILE VARIATION IN A HIGH RECYCLING DIVERTOR IN A NEXT
STEP DEVICE: COMPARISON OF RESULTS FROM ANALYTIC AND MONTE CARLO

NEUTRAL MODELS AND INFLUENCE 0N CONVERGENCE

H. D. Pacher, G. W, Pacher, and W. D, D'haeseleer
The NET Team, c/o Max-Planck-Institut fur Plasmaphysik, D-85748 Garching, Germany

Introduction
The demonstration of viable regimes for high power operation of next step devices

requires 2-D plasma calculations coupled to an appropriate neutral particle treatment.
Demonstration of convergence of the coupled code for the relevant parameter range is also
required. Previous work [I], carried out with the B2 code [2] coupled to an analytic model,
demonstrated exponentially decreasing residuals as well as plasma particle and energy
balance to 10‘6 of the particle flux to the plate and the input power, respectively.

To permit comparison with previous work, the geometry chosen in the present paper
is that of the ITER CDA divertor (22 MA, R=6 m, [3]), double null and having a poloidal X-
point to strike-point distance of 1.4 m) All results refer to one outer divertor channel from
midplane to divertor plate; the input power P to one outer divertor is 0.4 of the total power to
the SOL and 0.05 of the fusion power, and the power per unit area, f , is given without
safety and peaking factors. The mesh has a strongly nonlinear distribution of cells, Results
from analytic and Monte Carlo recycling models (see below) are compared. In both cases,
only DT ions atoms and molecules are treated but collision frequencies are corrected for
impurities Radial transport coefficients are uniform in space, with xc=2 m2/s and D=—xi—x43
The results apply to the high recycling regime of next step devices.

Density profiles with analytic neutral model
Previously [4,5], we had used the B2 code coupled to an analytic neutral particle

model [6] which includes atoms and molecules neglecting sideways motion, but adjusting the
mean free path along the field such that the correct projection perpendicular to the inclined
divertor plate is obtained. Radiation from hydrogenic species was included, While charge
exchange processes were included to determine the population of thermal atoms, energy and
momentum sources and sinks due to these processes could not be considered. Using this
model, we had performed a simultaneous variation of the upstream density (at the intersection
of separatrix and midplane) and of the input power, reported 1n [4]. These 0scans showa
striking variation in the shape of the density profile along the inclined (150 to the magnetic
surfaces) outer divertor plate when the input power was varied An example is shown in
Fig. 1. At low power, the density profile is single-humped. As the power increases, the
profile becomes double-humped, i.e. peaks develop on the private and SOL sides of the
separatrix. As the power is increased further, the density profile is again single-humped; a
strong peak survives on the SOL side , displaced from the point of maximum power flow. In
this example, and a number of other scans we have examined, the density dip always occurs
when the peak electron temperature at the divertor plate is in the range 25 - 50 eV, the
temperature range for which the ionization rate is maximum. The density peak on the SOL
side coincides with a local T6 of several eV ( 2-5 eV; charge exchange dominates over
ionization).

Initial results with Monte Carlo neutral model
The analytic model has now been replaced by a full Monte Carlo neutral model,
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EIRENE, described in [7]. In the initial runs with the coupled code, momentum sinks due to
the plasma-neutral interaction were not included. Convergence was found to be more difficult
than with the analytic model, in part because of the statistical variation introduced by
succeeding Monte Carlo runs. (From one B2 timestep to the next, the sources are rescaled to
account approximately for the changes in plasma parameters and a full Monte Carlo call is
performed once the variation of the sources exceeds a specified value.) For a power of 47
MW into '/2 the outer SOL (corresponding to a fusion power of about 1 GW), for an
upstream density of 3.1019 m'3 and for a divertor plate perpendicular to the flux surfaces, the
peak TC at the plate was 25-50 eV but the results were initially found to be non-stationary,
varying by i 35% in the course of the iterations. Closer examination revealed that, although
the integral of the sources varied little, strong local variations in plasma parameters resulted.
In particular, the density profile evolved from a double-humped to a single-humped state in
the course of the B2 iterations with source rescaling between two full EIRENE calls (Fig. 2).
Full EIRENE calls are separated by at most 30 ms. The next full EIRENE call triggered the
return to a double-humped profile. It appears that, in this temperature range and in the
absence of momentum sinks (see below), particle source distributions having the same
integral within 10% can lead to either single-humped or double-humped density profiles.

Improved Convergence of the Monte Carlo model
Following these initial runs, convergence of the coupled BZ-EIRENE code was

improved by introducing source mixing: after the full Monte Carlo call, the new sources are
taken to be a linear combination of the newly calculated rescaled sources and the sources
obtained just before the last Monte Carlo call. This attenuates the effect of the statistical
variations of succeeding Monte Carlo calls. Furthermore, to ensure response of the coupled
system to changes in input parameters, we require that a minimum number of BZ timesteps
(typically 50-100 at 5 us per timestep) be performed before a new full Monte Carlo call.
This avoids a lengthy initial period during which many full EIRENE calls but few B2
timesteps (little variation of plasma parameters) would otherwise be perfomred, Full Monte
Carlo calls arevnow separated by at most 1 ms.

With these modifications, convergence is improved and stationary solutions are
obtained both at standard power (47 MW into '/2 the outer SOL) and for a lower power case
at one-tenth this value. Solutions for these cases are obtained both without and with
momentum sinks. Exponential convergence of the particle and power balance (Fig. 3b) is
obtained down to 1% of the particle flux to the plate and of the power input to the SOL
respectively. The level at which the evolution levels off appears to be determined by the
remaining perturbations imposed by successive full Monte Carlo calls, which typically occur
every 200 B2 timesteps. Variations of local quantities such as the peak electron temperature
at the divertor plate are typically i 5% (Fig. 3a), with each half cycle of the oscillation
triggered by a new full Monte Carlo call. For the low-power case, the B2 evolution can also
be followed with frozen sources (no rescaling, no Monte Carlo calls) and then exponential
convergence to a level of 10'6 is obtained without a significant change in parameters. This is
an additional demonstration that the solution is well-converged.

Results with Monte Carlo model
When momentum sinks due to plasma-neutral interactions are included, a power of 47

MW to '/z the outer SOL and an upstream density of 035.1020 cm'3 yield a peak electron
temperature at the divertor plate of 33 eV and a peak power per unit area on the
perpendicular divertor plate of 23 MW/ml. (These cases are given for perpendicular divertor

U1 [0
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plates: inclination to 150 would probably reduce this value to the range 5-10 MW/m2 without
safety and peaking factors, but this remains to be calculated), With momentum sinks
included, the double-humped type of density profile described above is no longer observed
for the range of parameters we have studied, whereas a test calculation with momentum sinks
removed again exhibits this form (Fig. 4).

The electron temperature at the point of peak power on the perpendicular divertor
plate is given as a function of upstream density nS in Fig. 5. A relatively high upstream
density, 05.1020 m'3 is required to attain 15 eV. This density is considerably higher than
previously calculated with the simple analytic model ( 3-4 times higher than the
perpendicular plate calculation and 2x higher than the inclined plate calculation [5]). A part
of this difference can be attributed to the (more realistic) inclusion of momentum sinks since
the test calculation without momentum sinks requires a density lower by a factor 1.3 to give
the same temperature (Fig. 5). The main effect, however, must tentatively be attributed to a
reduced recycling due to the more realistic inclusion of 2-D effects in the Monte Carlo model
both in the neutral source distribution and in the subsequent neutral particle motion, both of
which tend to spread out the particle sources radially. The peak power per unit area is given
in Fig. 6 versus the electron temperature at the divertor plate. As in the previous studies, it
varies roughly as "1",.“3 for the lower values of temperature at the plate (higher values of
upstream density). It is about 2/3 the value given by the analytic model for the perpendicular
plate case, i.e. the power scrape-off width at the plate is now found to be somewhat broader.

Discussion
Stationary solutions with good convergence characteristics have been obtained with

the coupled BZ-EIRENE code for conditions of a next step device (1 GW ITER CDA) in the
high recycling regime at electron temperatures at the plate in the range 10-30 eV. A local
feature of the density profiles (switch from double-humped to single-humped shape), found
when momentum sinks are not included, may render convergence more difficult. This feature
is no longer present for the cases studied when momentum sinks are introduced. High
upstream densities (~0,5.1020 m‘3) are predicted to be necessary to attain 10-15 eV at a
perpendicular divertor plate. Coupled BZ-EIRENE calculations to investigate lower-
temperature regimes at ITER EDA parameters are starting. Development of a 2-D
multispecies analytic neutral model to supplement the Monte Carlo calculations for parameter
variations is also continuing.
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A MODEL FOR DETACHED SCRAPE-OFF LAYER
PLASMAS IN A TOKAMAK DIVERTOR

K. Borrass and P. C. StangebyT
JET Joint Undertaking, Abingdon, Oxfordshire, United Kingdom

1 Permanent affiliation: Institute for Aerospace Studies, University of Toronto,
North York, Ontario, Canada

1. INTRODUCTION

In JET, Xepoint discharges with divertor temperatures of S 5 6V, often show a
substantial decrease in both plasma pressure and the particle flux density Ii”, While
the upstream plasma conditions in the SOL remain relatively unchanged (detachment).
Detachment is observed in both low power ohmic discharges and high power, high
density discharges (“gas target” discharges [1]). Analysis has been focussed on the “gas
target” discharges. They show strong divertor radiation and total radiative fractions
of about 90% without marfing and are of potential interest for the problem of power
exhaust in next-generation devices.

2. CONDITIONS FOR, THE EXISTENCE OF A NEUTRAL CUSHION

In a difl'erentially—pumped, linear magnetic plasma simulator, Hsu [2] demonstrated
an externally sustained gas target, where plasma contact with the solid target was
prevented by increasing the neutral hydrogen density to sufiiciently high levels that
ion—neutral (i — n) collisions formed a “neutral cushion”. In Ref. [3], the criteria were
considered for a se_lf—sustained gas target to form in a tokamak divertor, based on the
i — n collisions associated with the natural recycling flux at the target (see Fig. l).
(The recycling flux is assumed to be large compared with any external fueling rate.)
One criterion is that T,! be sufficiently low (Te 3 5 eV) that there can be many 1' i n
collisions before the recycling neutral is ionized. A further criterion is that the i — n
collisions be effective at removing the plasma momentum, which requires A,,_, 2 A
(An_, the neutral mean free path, A the SOL width) to hold, so that in general each
i — n. collision is followed by a neutral»wall collision. In this situation the i — n collisions
can be expected .to have three principal effects on the edge plasma:
(a) In the collisional region (CR) 1' a n collisions transfer momentum to the neutrals

which then transfer it kinetically to the solid surface. As a result the plasma
pressure will drop along B.

(b) In the CR, because of the favourable mass ratio, also ion energy is effectively
transferred to neutrals and thus to the solid surfaces, and the ion temperature
decays over a distance of about Ag,"
Assuming that the plasma flow velocity at the target sheath is sonic, the effect of
2' — n. collisions is to reduce the plasma Mach number M'c at the entrance to the CR
and file << 1 holds for sufficient i — n collisionality [3]. Since, by definition, there
is no ionization source in the CR, also the plasma outflux rate to the target (thus
the ion saturation current Ii, to target—mounted Langmuir Probes) will decrease
for given upstream plasma conditions.
At the entrance of the CR, because of the low Mach number, convective energy

A n v



11-764

Wall

L

t—X—Point Stagnation Point. —+2; Iceman;
”[1 T1) II,“ T{' V15: T5

FIG. 1. Schematic view of the setup considered. (L — L5)/L << 1

transport is small. Heat conduction is dominated by 1:711 induced ion heat conductivity
and approxinmtely given by (z is the coordinate along B)

TC?C
2 ‘l‘t/\i—n”C(Inc : _Hi7nnC‘ L” ”C‘TCICATC). (ll

’ /\i—n

where C denotes values at the entrance of the CR. and CE is the sound speed at this point.
(Note that TE 2 T.‘ 3 T may be a good approximation outside the CR.) Equation (1) is
reminiscent of the usual sheath condition with the transmission factor 7 = 8 replaced
by ’7 = 1_

3. MODELLING OF DETACHED SOL PLASMAS

In the upstream region. i.e., between stagnation point and entrance of the CR, the

physics basically does not (lifter from that. in an attached SOL. Modelling of this part
is achieved by applying a standard 1—D1 two point SOL model with the usual sheath
boundary condition of the attached case replaced by proper boundary conditions at the
entrance of the CR.

A version of the basic equations of a two point model are given in Refs [4, 5] for
the case of Bohm—like perpendicular heat transport (3, .\' denote stagnation point and
downstream quantities, respectively)

. T
71x = EST: (2)

5 c HST2
: —— S (3)

32e qLBt

7 —2/7
T-7 9M2 2/ 1— A 7/2 (4)

S _ 4H. A T5

7q L
ET : 0 (lsd +‘/TXCs(T.\')T1X (5)

Here A is the temperature SOL thicknesses and (1L the mean power flux across the
separatrix. f reflects a possible pressure drop along; the field lines. Otherwise the
notation is conventional. For a detailed discussion of Eqs (2) t0 (5) see Ref. [4, 5].

Equation (5), which is basically the global energy balance in the SOL, can be in
various ways brought into a more tractable form. In the present study we are, aiming
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at the modelling of discha1ges Where the total iadiation fiom the SOL is known f1on1
measulements. In that case one conveniently introduces qiymd—g — %Lf0 d:QMd‘ so

that
‘2 A ‘

L011? - (11 rad)— mxTxcstl ((1)

Note that qm‘i: Edgy“ 412Ra\/§) Where Pitt} is total SOL radiation poxx e1 ands the
plasma elongation. Manipulating Eq. (6) by analogy 111th Refs [4. 5], one gets

11/15 ‘ ‘ 7 2 3/3

71¢:C f Wi’flru-adw/IDBE/lb 1— (A) / (T)

. Alli/2 (Iii/16D“ Ts

Equations (2 ) to (4) and (7) now alternatively describe attached or detached SOLs
if the. following specifications/differences are taken into account:

- In the attached case (‘1 E D) one has f = 2 (because of 1‘)! = 1 at the sheath
entrance [6]), ’1' '1 8 and the divertor temperature is a variable while L = consf.

- In the detached case (X E C) one has f : 1 (because of M << 1 at the entrance
of the CR)7 7 : 1 (as outlined above) and the “efliective” connection length LC-
(see Fig. 1) is now a variable while TC : coast (2 5 6)").
Hence in both cases we have four equations for seven quantities 725. T5, up. A. ql.

41mm! and TD/Lc.

From Eq (7) one concludes that. in the detached case 715 depends 011 power essen-
tially through qt — (11),”; (x tt — Prbflk — Prfiffil’, i.e.. the poWer flux into the CR

((1 —~ (TX /T5)7/2)3/5 2 1). Hence. for comparison with empirical data specific knowle
edge about the splitting of radiation into its bulk and divertor fractions is not required.

It is illuminating to compare the detached version of Eq. (7) (TV E TC 2 5 cl".
7 z 1, f : 1) with the version of an attached SOL with a divertor temperature close to
the threshold where ion—neutral collisions become efi'ective (marginally attached case.
TD 2 5 6V, ‘7 2 8, f = '2). Comparing Eq. (7) for these two cases one concludes
that marginally attached cases and detached cases differ considerably in the external
parameters (713, PM“, Pfg‘ék, Pr‘llfr'l') that contiol the discharge. In pa1ticulal, transition

into the detached state requires finite changes of these external contlol pa1an1ete1s.
In JET discharges, in general, these parameters evolve slowly (as compared to the
characteristic time scales of the SOL) [1]. Hence transition into detachment is a gradual
process in these discharges.

Model validation requires measurements of at least four of the basic variables of
Eqs (2) to (4) and (7). The JET database provides PM"; — Prl’é‘tlk (qt) PM? ((11,1ml)

and 71.5 from bolometer and Lidar measurements. The dependence on L(' 15 so weak in

Eq. (7) that one can take LC '2 L. With this approxin'iation Eq. (7) provides 715 from
(11 and 111.11"! which can be compared with the measured values. (Note that, though

Eq. (7) is basicallyfreestanding. its derivation involves Eqs (2) to (4).)
This is done in Fig. 2 for shot 26839, which is detached after formation of the

X-point (t '1 12 3)7 then shortly attaches when the heating power is ramped up and
detaches again when in the later stage Prl’g‘dlk and 13%; increase with increasing 713.
Figure 2 illustrates the difference as shows in attached and detached cases for the same

power flux into the CR. It also gives an example for the gradual transition,



11—766 4_53

20.0
ff. M ”at, — 1)) «1:01 snow

2 10.1] : Ez1my regime
.‘N _ : a

”. . I . . . 0o . . . . . . .
13.11 1-1.1] 115.0 18.1] 10.1») 13.1} 14.0 I131.) 18.1)

Time [s] Timr [3]

FIG. 2. {a} Time evolution. of 715 for shot 26839. 0 denotes measured points, —|— (1c-

72.otr:.s' detaclml mollel results. 0 denotes attached model results [41M] Time evolution

of TU from (1- probe close to the inner .rcpnratrir, The increase of TD above 5 51" 7371111?

antes interrncdintr: ohm/uncut iii/rich. occurs during the power ramp up.

10.0 FIG. 3. 71.5 versus Phat], — P113)“ — P1111!

' for LL variety of “gas target" discharges.

T : o“ 0 denotes rllcnsnrsd ‘zrolnes. 0 denotes

E _ calculated values. Ranges of narration..-

: 5.0— cg 8; " 5 MW 3 PM, #Pfgrfk g 115 MW,
3 - 3‘19 3.5 MW 5 114;}; g 9 MW.

00 I . . l
0.0 H) 2.0 3.0 4.0 5.0

BMW irrnii ’mlijn)1111‘

In Fig. 3 the special power dependence according to Eq. (7) is checked by comparing

nieasurnd and calculated ns values for a variety of detached discharges with different

input and radiation powers.
One has to be aware of the rather poor accuracy of the Lidnr and bolonietcr mea—

surements. since otherwise the good agreement as shown in Figs 1 and 2 might be

somewhat misleading. Also most gas target discharges Sl'lOW transition into a poor H-

mode. This seems to have little effect on the SOL properties. but that remains to be

confirmed by an analysis of transition free discharges.
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A Numerical Study of CK and Radiation Losses in a Divertor Channel

S. Weber", R. Simonini, A. Taroni

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, U.K.

INTRODUCTION

A new 2-dimensional code, EDGEZD/N, has been set up to investigate the physics of a

simple divertor configuration. The aim is not model validation by means of detailed simu-

lations of particular shots but rather the study of basic physics phenomena playing a role in

the divertor. Special interest is given to the relative importance of transport, power losses

due to hydrogcnic atomic processes (charge~cxchange (CX) and ionization) and hydrogen

radiation in divertor relevant plasma regimes. In particular we analyse quantitatively the

relevance of hydrogen atomic losses, following the ideas of Rebut and Watkins /1/. Calcu-

lations for JET as well as for ITER relevant cases have been performed.

THE MODEL

The FORTRAN source of EDGEZD/N is produced by a pre-processor written in REDUCE.

The code solves the 2—dimensional plasma transport equations in a channel simulating the

SOL in a deep slot divertor leg (Fig.1). For JET the length and width of the channel are

0.4 m and 0.1 m respectively, for lTER the corresponding values are 4 m and 0.1 m. Trans»

port is classical in the parallel direction and anomalous in the perpendicular (radial) direc-

tion. Hot and cold neutrals are treated with a two-group diffusion approximation. Source

terms due to CX, ionization and recombination have been included. Different possibilities

for neutral recycling are examined. Following /1/ the plasma is neutralized and pumped at

the target and refed from the separatrix-side (private region) or the wall (Fig.1). Partial re-

cycling at the target has also been considered. Standard plasma boundary conditions are

used at the target. An input power of 10 MW (with 5 MW in ion and electron channels) for

JET is given at the channel entrance with an exponential fall-off away from the scparatrix.

The powers are increased by a factor of 10 in the case of ITER. Reference values for the

thermal and particle diffusivities x., x, and D1 are: x, = x,= 1.0 mzr‘ , D, = 0.3 mlsrl. The

hot neutrals have the local ion temperature and the cold neutrals are assigned a fixed tem-

perature ($3 eV). The average energy loss 5, in eV per electron ionization event (including

hydrogen radiation) is given by /2/: 5,: 17.5 + (5 + 37.5/T,) logm(101'/n,) with n, in m'3 and

T. in eV. Following /l,’ we assume that, on average, ionization and CX energy transfer due

to the hot neutrals balance. I

RESULTS AND CONCLUSIONS

The following tables give a summary for JET and ITER cases. n, is taken as the maximum

value at the channel entrance. The ”net CX loss" takes into account the contribution to ions

of cold neutral ionization. All powers are given in MW.

')permanent address: University of Oxford, Department of Theoretical Physics, I Keble Road, Oxford 0X1 JNP, U.K.
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1TL7R privute region—recycling:

cold n,» net ioni~ total total ele. ion ele. ion
neutral m“1 (IX zut. + rec. atomic power power power power
influx [10”] loss rad. losses losses flux to flux to flux to flux to
x" losses target target wall wall

[102‘] ele.
6.0 3.2 28.16 1.43 0.0005 29.39 48.57 21.70 0.09 0.06

7.5 6.8 22.52 2.14 0.005 24.67 424.44 26.69 0.09 0.12
10.0 12 19.31 3.20 0.02 22.52 50.05 27.12 0.13 0.18
12.) 1) 18.51 4.12 0.02 22.66 51.20 23.8 0.16 0.22

ITER wall imposed flux:

eold n.» net ioniv total total ele. ion ele. ion
neutral ”1‘3 CK 1111. + rec. atomic power power ' power power
influx [10”] loss rad. losses losses flux to flux lo flux to flux [0

3" losses target target wull wall
[10“] ele.

3.4 4.4 16.03 0.63 0.001 16.67 49.83 33.15 0.16 0.20
12.3 3.6 13.97 3.07 0.006 19.04 49.37 30.91 0.34 0.34
42.3 8.9 8.40 11.94 0.29 20.62 47.76 28.30 1.66 1.66
10:) 19 —1.90 23.43 1.32 22.96 44.78 26.19 3.03 3.041

JET private region recycling:

cold It,» not ioni~ lolal total ele. ion ele. ion
neutral nrJ CK . zat. + rec. atomic power power power power
influx [10”] loss rad. losses losses flux to flux to flux to flux to

5“ losses target target wall wall
[10”] ele.

0.7 3.3 1.71 0.16 0.0000 1.87 4.83 3.28 0.001 0.001
1.1 6.6 1.48 0.27 0.0001 1.73 4.78 3.47 0.001 0.001
1.7 14 1.36 0.49 0.0004 1.83 4.79 3.35 0.001 0.001
2.2 18 1.36 036 0.0008 2.02 4.80 3.18 0.001 0.001

.113'1‘ wall imposed flux:

cold It; net ioni- total total ele. ion ele. ion
neutral m—J CX zat. + rec. atomic power power power power
influx [10”] loss rad. losses losses flux to flux to flux to flux to

5“ losses target target wall wall
[10“] ele.

4.11 5.8 0.33 0.90 0.0005 1.2) 4.61 4.13 0.002 0.003
6.0 7.0 0.32 1.07 0.0007 1.39 4.57 4.03 0.002 0.003
20.3 12 0.12 2.07 0.003 2.19 4.41 3.39 0.003 0.00)
60 18 -0.24 3.27 0.01 3.04 4.24 2.71 0.007 0.006

1n the tested range ol'densities recombination remains negligible. Recycling ofncutrals from

either [he scparatrix or wall side presents two rather dilTerent scenarios. In the case of sep-
uratrix-sidc recycling the outflow of plasma at the target equals the inflow of cold neutrals.

The outflow of neutrals to [110 wall is negligible in comparison. On the other hand il‘a cold
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neutral influx is imposed from the wall the outflow of neutrals to the wall is in general a large

fraction of the injected flux and larger than the plasma flux to the target. The considerably
higher flux of neutrals from the wall compared to that from the private region (even though

plasma densities and total losses don’t differ much), accounts for the fact that only a fraction

of the cold neutrals gets ionized, the rest returning as neutrals. For high densities (ca.

1.5 — 2 - 10?“ m") the temperature along the separatrix is about a factor 2 w 4 lower for sep-

aratrix-side recycling than for wall recycling and decreases in the case of ITER from 280 eV
to 60 eV (along the separatrix). For lower densities (ca. 3— 5 - 10” m”) the variations are
smaller, decreasing from 360 eV to 240 el’. CX is more effective where the plasma temper-
ature is high and therefore to exploit this to a maximum, neutrals have to be injected from
the separatrix—side. In contrast, the atomic losses in the case ofwall recycling are mainly due

to ionization.
Trends of results are similar for JET and ITER cases (Figs 2-4 refer to one particular ITER
case). If ITER recycling from the private region is considered, for the range of densities
tested, the atomic losses vary around 22—29% of the input power. At very high density (ca.
4.8 - 102“ m”, not in the table) the atomic losses increase again up to 35% ofwhich about two
thirds are due to CX. It is more favourable to have some recycling at the target in addition
to separatrix-side recycling. In this case the density ofthe plasma is considerably lower for
the same atomic losses. For example in the JET case having 30% separatrix and 70% target
recycling lowers the density along the scparatrix by a factor of two (from 1.4 - 102‘1m’3 to
7 - 10'9m'3) while increasing the atomic losses from 18.5% to 22%. At the same time the
neutral flux decreases from 1.7 - 1023 5’1 to 1.2 - 1023 r'.
Concentrating the recycling in the upstream half of the channel is not beneficial: at
n, = 1.4 . 102“ m’3 the losses go from 18.5% to 16.8%. Similarly doubling the channel length

gives only a slight increase of the total atomic losses (at 1.4 - 10” m‘” from 18.5% to 21.7%).
In order to maximize atomic losses and improve the efficiency of the scheme, the neutral
influx (from the separatrix-side) would have to be tailored (cg. increasing the plasma density

as the temperature decreases along the channel). A better scheme probably would imply

injection ofimpurities upstream. In this case recirculation ofthe neutrals is intended mainly
to trap the impurities in the divertor region.
For the range of densities considered here, which extends to rather high values, about

20-30% of the incoming power can be dissipated via atomic losses (including hydrogen ra-

diation). When the density is ofthe order of?! - 10” Mr“ or less the temperature remains high
even if the atomic losses arelcomparable to cases at high density. To lower the plasma
temperature throughout the channel a very high density (> 2 - 1020,,14) and separatriX-recyv
cling are necessary. These calculations indicate that hydrogen atomic losses are probably

not efficient enough to lead to plasma extinction for realistic values of the plasma density

and channel length. The energy losses scale well from JET to ITER, which allows a test of

the concept at JET.
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AT. = 6.7 eV



II—77l

2—D MODELLING OF THE JET DIVERTOR

R Simonini, G Corrigan, J Spence, A Taroni, G Vlases

JET Joint Undertaking, Abingdon, 0X14 3EA , UK.

1. Introduction
The design of the first version (Mk I) of the JET pumped divertor is fixed, but various

”advanced" geometries are being studied for the second phase (Mk II).

The two main characteristics that determine a good divertor are the divertor‘s ability to

handle power exhaust at acceptable erosion rates and its control ofthe impurity production

and retention in the scrape-off layer (SOL). A high recycling regime is favourable for both

aspects,
For modelling studies, the JET code EDGEZD [I] has been updated (EDGEZD/U). The

new code treats impurities self—consistently and allows for targets with an arbitrary inclina-

tion with respect to the magnetic field lines. We have carried out studies of divertor per-

formance using EDGEZD’U for difTerent geometrical configurations, showing that the

geometry of the di\ ertor chamber plays an essential role, because i) it controls the accessi—

bility to the high recycling regime by inlluencing the return of neutrals to the main plasma,

and ii) it can increase the wetted area on targets, thus reducing peak heat load

2. A Summary of the Model

In EDGEZDNJ, fluid equations for the conservation of particles, momentum and energy

are solved for hydrogenic and impurity ions. The electron density is evaluated from quasi-

neutrality. The model allows for arbitrarily high impurity cohcentrations, with the full non-

coronal distribution of impurity charge states and the corresponding energy losses being

determined. A single impurity temperature, set equal to the hydrogen ion temperature, is

assumed. Particle and energy sources due to neutrals recycled and sputtered at the target and

chamber walls are computed by a full 2D Monte Carlo module (NIVIBUS).

The metric coefficients needed for the transport equations are computed from a two- di-

mensional mesh derived from the magnetic flux surfaces obtained from MHD computation

ofJET equilibria, taking the material wall into consideration.

In the calculations reported here we have assumed full plasma recycling at the divertor

targets, but other schemes have also been considered. Constant transport coefficients across

magnetic surfaces have been used. Matching of experimental decay lengths at the midplane

for JET [2] has suggested the choice 1. = Xe : 2.0n123-1, Di 2 0. 1171254, increased'by a factor

of five in the divertor region. No inward pinch has been considered so far. We have assumed

the input power P.= P = lOMW. The Wall material is Carbon.

3. Comparison of results for two divertor configurations

We have continued studies of several divertor geometries for which preliminary results

were reported in [3]. Here we report only the results for two of them, since they represent

the extreme cases. The first is the Mk I configuration currently being installed at JET. The
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second one could be achieved in a Second Phase ofthe JET divertor operations; namely, a

baflled vertical plate design where recycling neutrals are directed more toward the private
region (Mk II). The two configurations are sketched in Fig. 1 and 2, where ’S", ”1" and "2"

refer to separatrix and flux surfaces 1 and 2 cm beyond separatrix at the niidplane.
The possibility of reaching high density and low temperature regimes has been studied

by means of a scan of‘ the density at the separatrix from 1 to 2 X 10191224, which is expected

to be reached in JET at the power level considered. A summary of relevant results is given

the the Following table. Here n; is the density at the separatrix on the outer midplane (

x lOl‘anr’), MT is the density at the outer strike point, 'I'es is the electron temperature at the

separatrix on the outer midplane (eV), Ter is the electron temperature at the outer strike

point, P” is the power loss due to the atomic processes of charge exchange and ionization

(with its associated radiation loss) ofthe hydrogen (MW), PR is the radiation from impurities,

Rum“T is the ratio 01‘ the hydrogen source in the SOL to that in the 501. plus divertor,

R250“T is the corresponding ratio for Carbon, 5; is the total source of impurities (

x 10-";11'354), ”25 is the Carbon density at the separatrix on the outer nudplane (X 10'7m‘3).

Mk n; H]- Te; Ter PH PR Rum'“ RZSUUT Sz ”2,:

I ] 1.3 123 116 3.7 0.2 23% 18% 3.1 0.6

1.6 7.6 77 29 6.4 1.9 13% 6.1% 5.1 3.8

2 16 75 15 8.3 2.7 12% 4.89110 3.2 2.3

[I 1 20 81 6 9.1 1.1 0.5% 0.5% 4.3 2.4

1.6 35 79 1.3 11 1.8 0.4% 0.1% 3.3 2.7

2 L17 77 0.6 14 1.6 0.2% 0.3% 1.9 1.4

The principal eITect ofchanging the geometrical configuration is to all'ect the distribution 01‘

ionisation sources due to plasma recycling. This in turn alTects the profiles of temperature,

density and flow. Mk 11 is more closed to neutrals than Mk 1, as shown by the much smaller

relative sources in the SOL R,,5“L’T and RZSOL‘T. Higher target densities and lower temper»

ature are obtained in Mk 11 than in Mk 1 for all values of :15. Thusthe total impurity pro-

duction is also lower except at very low density. Impurities are better retained in Mk [1.

The power load due to conduction and convection to the targets is lower in Mk 11 than in

Mk 1, not only because the wetted area is larger (Figs. 1,2), but also because the total radi-

ation loss is larger (see Table). This is illustrated in Fig 3 for the low-density case

115:10‘7111-3 which is the most severe case. The near-orthogonal case Mk 1 has a relatively

peaked distribution which requires sweeping to reduce loads to an acceptable level, while the

vertical geometry .Vlk 11 can be operated without sweeping. Mk II shotvs an inversion of the

temperature profile at the target, the temperature being lower at the separatrix (Fig.4). This

effect is due to the vertical targets that push neutrals toward the separatrix, thus increasing

the ionisation source there. The efTect is overall beneficial because the high temperature on

the chamber side (=20eV) is compensated by the very low density (210‘7nr3), thus limiting
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sputtering to acceptable levels, In Mk I, instead, the temperature is higher where the density

is higher. As the density n; increases to 2 x 10”»1‘3, in the case of Mk II the plasma enters

a regime of very low temperature and high density at the target, and the production ofim-
purities is reduced (Fig.5 and Table). In this regime the power conducted and convected to

the plates is only 20% of the input power. Of course, the power to the target should also
include the recombination energy and some fraction of the divertor radiated power. The

performance of Mk I also improves with n; as expected, but at a lower rate than Mk II (Fig.5

and Table for r1522 x 10”m‘3). It is worthwhile to note that, while the decay lenghts of

T. and Ti in the SOL at the midplane are relatively insensitive to n; and to the geometrical

configuration, the decay length of the density depends on both (for a given power input).

This is illustrated in Fig.6, which shows the radial density profiles at the outer midplane for
various cases. The density profiles actually depend on the ratio of the perpendicular and

parallel transport of particles. However, the parallel transport depends on the flow velocity

v“ which in turn depends strongly on the distribution of sources and on the temperature at

the targets, under the assumption that v, = ad at the targets. This result should be tested

experimentally and may modify results of predictions based on simpler models As far as

impurity radiation PR is concerned, we have found that in all ofthe configurations considered

PR is less that 15% ofthe total input power if sputtered carbon is considered. PR is marginally

larger in Mk I than MK II because more impurities are sputtered in MK I. The situation is

opposite at low density. Studies of increasing impurity radiation by injecting impurities at

some distance from the target are being carried out at present.

4. Conclusions
Geometrical effects in the divertor can affect significantly the plasma density and tem-

perature profiles, the radiation pattern and the distribution of heat loading on the targets.

‘l'hese effects on the density profile may be important even at the midplane, if ”S is large

enough. In general, a closed divertor such as Mk II is more effective than the open Mk I in

alleviating the heat load on the targets, thus reducing or eliminating the need of sweeping,

and in retaining impurities. Total atomic losses (mainly from hydrogen) can amount to a

large fraction of the input power for Mk II, and increase rapidly with density. The wall

material seems to be relatively unimportant since most of the radiation comes from the hy-

drogen. It is expected that geometry effects would play less ofa role at higher densities than

those considered here, but such conditions might not be attainable in JET.

5. References
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Introduction
The most challenging issue in the design of future fusion experiments is a divertor
concept which simultaneously provides tolerable power loading at the target plates
and sufficiently large pumping rates. With respect to the target power load a re—
duction by at least one order of magnitude seems to be required. Actually, two
candidates for the required upstream losses are discussed: neutral recycling losses
and impurity radiation. This results in the concepts like the radiative slot divertor
[1] using impurities to radiate most of the power, or the cold gas divertor variants.
Along this latter line, a concept has been proposed for ITER [10] in which the energy
is mainly transferred to the divertor side walls by CX~neutrals, before it reaches the
target plate.
Obviously, the problem as a whole is very complex involving a lot of atomic physics
processes over an extreme range of temperatures and densities. A reasonably accu-
rate description requires at least a 2d treatment, and must include a large amount of
atomic and wall interaction data. In the following we present and discuss exploratory
2d simulations of divertors in present and future tokamaks including possible design
variants. The main focus will be on neutral gas effects with only a few remarks on
impurity radiation.

2-D divertor simulation results
For the simulations we use the two-dimensional multi-species fluid code B2 [2,8]
coupled to the three-dimensional linear Monte-Carlo code EIRENE [7]. Exploratory
modelling runs were done for ASDEX, ASDEX-Upgrade, JET, and ITER, including
some possible variants such as an ASDEX-Upgrade slot divertor. The power into
the divertor was chosen according to typical heating powers, assuming in some cases
already some bulk energy losses. These simulations cover a large range of param-
eters. Fig.1 shows 100 neutral particle trajectories launched on both target plates
according to the particle and energy fluxes hitting the plates for four in geometry
as well as in plasma conditions different cases in order to give a qualitative idea of
the neutral behaviour. ASDEX with its symmetrized double null geometry has a for
neutrals transparent divertor, whereas ASDEX—Upgrade and especially the JET case
has an opaque divertor and extremely confined neutrals. In contrast, the ITER case
[6] is again nearly transparent for neutrals as will be discussed below. Table 1 shows
the typical quantities for cold divertor (maximum target temperatures about 10 eV)
solutions for ASDEX, ASDEX Upgrade and JET. Obviously, because the mean free
path of the neutrals get shorter from ASDEX to JET compared with the divertor
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dimension, the relative CX-losses get smaller, whereas total volume losses due to

the interaction of electrons with neutrals, e.g. with hydrogen atoms (radiation and

ionization) and molecules (dissoziation), increase. Also listed is the recombination

energy flux, because every ion that hits the wall deposits at least 13.6 eV recombie

nation energy.

ASDEX Upgrade JET

PDiu/MW 0.27 2.15 7.34

PHpX/MW 0.09 (33%) 0.25 (12%) 0.90 (12%)
PH,Rad/Jl/flV 0.08 (30%) 1.08 (50%) 2.44 (33%)
lawman/MW 0.10 (37%) 0.82 (38%) 4.00 (55%)
Precamb/MW 0.03 0.44 1.53

”Emmet/(101977173) 2 4 7
Tanya/CV 11 10 10

Table 1
Power into the divertor PD)”, power transferred by CK neutrals PH,CX, total volume

losses PH,Rad due to the interaction of electrons with neutrals, e.g. with hydrogen

atoms (radiation and ionization) and molecules (dissoziation), total power fluxes of

electrons and ions to the targets PTarget,c+i7 power flux due to the recombination of

ions at the wall Precomb: separatrix density at the midplane "SemMid and maximum

target temperature TTarge, for three ASDEX, Upgrade and JET cases. In brackets

the normalized power fluxes (P/PDgU) are given.

ITER—l ITER—2 j
Pym/MW 141.3 35.1
Pfl‘cx/AJI’V 21.0 (15%) 6.1 (17%)

PH'RQd/IWVV 15.7 (11%) 17.6 (50%)

PTMMHi/MW 104.6 (74%) 11.4 (33%)
Precornb/A/Il'v 81 6.3

7135,,‘Mid/(1019m‘3) 3 3

i: T’I‘arget/CV 45 7

Table 2
Same as Table l for two ITER cases.

Table 2 summarizes the results for two ITER cases. ITER—l is a case with high

input power for which we get high CX losses, but only because we have a hot there—

fore for neutrals transparent divertor (see also Fig.1). The (in absolute magnitude)

high CX losses are obtained by the very effective transformation of hot CX neutrals

into cold molecules at the open baffle structures in the transparent divertor. As a

consequence, the suggested cold gas divertor concept for ITER. does not seem to be

able to work without additional radiation losses, because the neutral recycling losses

for realistic separatrix densities (up to 102071173) are limited to at mostly 30 to 40%.

Simulating these additional radiation losses in the simplest way by just reducing
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the input power (case ITER—2 in Table 2, e.g. by radiating away a. fraction of the
input power from closed flux surfaces in a photosphere) we end up with the desir—
able cold divertor solution and reduced target power fluxes. In this case the divertor
is again opaque for the neutrals and the absolute magnitude of CX—losses is reduced.

Discussion and conclusions
The neutral recycling losses are effective if the plasma fan in the divertor is trans—
parent for the neutrals. However, if the mean-free path of the neutrals gets shorter
compared to the divertor dimensions the amount of energy transferred by neutrals is
reduced drastically.
It seems to be impossible to build a divertor for ITER based only on neutral recycling
losses, which are limited for realistic ITER parameters to about 30% for transpar-
ent divertor fans of the SOL input power, which are clearly then hot solutions. For
typical ITER geometry and plasma data for a cold divertor the mean free path for
charge-exchange is very short compared with the divertor dimensions [3], what is
confirmed by the results of the ITER-2 case. In this case, the energy loss through
neutrals have rather surface-like nature than volumetric ones. The total amount of
energy transferred by CX neutrals to the side walls is reduced, because they are not
able to penetrate into hot plasma regions. However, in combination with additional
radiation losses a cold divertor can be realized. Simple estimates show the possibility
and limits of these radiation losses. One can hope that accounting for non—coronal
efl'ects, like finite lifetime of the impurities in the divertor fan and CK recombination
due to hydrogen background neutrals [1], the radiation losses by low-Z materials are
high enough for an operating ITER divertor [4,5]. In fact, modelling runs confirms
the possibility that for additional radiation losses it is possible to reduce the power
load on the targets to tolerable values or even achieve gas blanket solutions [9]. How-
ever, the question of stability appears, because the radiation zone tends to form close
to the X—point where the available volume is the largest one. The possibility of stabi—
lizing a kind of divertor marfe is highly questionable from this point of view, because
there seems to exist a bistable situation with the stable states of a x-point marfe and
an attached state at the plate and with only transient highly dynamically states of
divertor marfes.
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1 . Introduction

In a magnetic divertor, retention of impurity ions is expected to be dependent on
an expulsive thermal force directed up the gradient of ion temperature1 being opposed
by frictional entrainment in a plasma flow towards the target. Preferred conditions of
high recycling}, however, can induce a reversal of usual plasma flow, with consequent
reinforcement of thermal forces potentially leading to damaging contamination of the core.
Backflow in diverted plasmas was first anticipated theoretically by Nedospasov & Tokar'3,
subsequently observed experimentally in DITE“ and JET5, and has been seen in a number
of numerical studies“.

We report briefly on a systematic investigation of steady-state divertor flow reversal
for lTER—relevant conditions, by detailed numerical modelling. The BRAAMS “B2” edge
plasma transport code1 is used, with both analytic approximations and EIRENE Monte
Carlo simulations of neutral particle recycling. The flexibility of numerical models regard—
ing physics admitted is exploited to expose the key role of redistribution of recycling sources
across magnetic surfaces in flow reversals'g. Concomitant amplification10 of cross—field ion
diffusion in the SOL is also examined.

2. Divertor computational model

Calculations are performed for the lower half of an assumed up-down symmetric
double-null poloidal divertor, pertaining to the ITER CDA physics phasefl. The LINDA
discretisor was used to generate an accurate numerical representation”, depicted in Fig.1,
with high refinements close to each target (cell lengths :1 mm along the field) and about
the separatrix (equatorial widths 21% mm). Note some departures from orthogonality"
occur close to each X-point. For ease of viewing, large variations in metric functions (in—
corporated in calculations) are suppressed in plots of results below, which are referred to
a computational map (D E E’ F F’ G D’ ) of the outside lower divertor branch.

Since tests of principle only are intended, strict quantitative rendition of latest de-
sign is not attempted. Similarly, consistent impurity transport is not yet considered, but
rather bulk flow patterns of mixed 2H 8.: 3H ions. The “B2” 2-D edge plasma transport
model1 assumes classical parallel coefficients, and we adopt anomalous cross—field diffusiv—
ities of2 3D = 3x,- = Xe = 2 m2- 5“. Interior boundary conditions, set on a closed surface
marginally inside the scparatrix, fix a density of n = 3.9 x 1019 m‘3, and power efflux (for
the whole configuration) of 116 MW, distributed2 in ratios 3:1 between electrons & ions
and 4:1 outside to inside branches. Conventional target sheath conditions”, and exterior
pedestal values, are imposed. Also physically disjoint but numerically adjacent regions are
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separated by purely insulating grid cuts“ (B B’; EE’). This might affect flow fields, but
a much greater effect probably accompanies exclusion of real inclined target sections, as
reconsidered later.

Treatments of neutral particle recycling include (i) full description in automatic linkage“3
to the EIRENE Monte Carlo simulator, (ii) analytic approximation by the so-called Hot-
ston model”, and (iii) an artificial 1-D form, designated “O—minimal”, which constrains
atoms too to move wholly on magnetic surfaces until reionized. Pumping is by a neutral
particle albedo over a plausible duct entrance (G F’) with EIRENE, and by chosen target
ion reflectivities with analytic models. Recall steady states are sought, and these are en-
sured through-out by securing very low unsteady residuals in plasma transport balances”.

3. Mechanism of flow reversal

A simple Visualization of the process of plasma flow reversal may be deduced from the
approach of Nedospasov 8: Tokar’ 3, and a later similar discussion by Cooke 8.: Prinjag. For
recycling in a 2-D Cartesian space (Ly), denote ion flux density by f(ar,y) m‘z‘ s‘1 and
reionization source strength by Sn(.r,y) m’3~ 5“. Let y be directed normal to magnetic
surfaces, and :1: be an along—field coordinate. from a target at z = 0; then for a Bohm
sheath f‘l($=0,y) < 0. Steady—state particle continuity now yields :—

8 A 6 .
$114131!) + arr/(17y) = 5n(17y) ,

I 1'

=> f‘I(I,y) : / Sn(3:’,y) (1'12, — |l‘1(:r:0,y) — 3/ T‘y(:r',y) dx' . (1)
0 (9y 0

The last term in (1) is generally diffusive, and so of lesser importance. Thus f‘r(2;,y)
changes sign when the net integrated source along a magnetic tube of force exceeds that flux
being recycled at its target end. For self~consistent recycling, this fundamentally can occur
through motions of neutral particles across magnetic surfaces”, and their reionization in
more intense plasma regions displaced from their magnetic flux tube of origin.

A typical flow pattern at high recycling is illustrated in Fig.2(a). Arrows represent
only a local direction of ion flux (3“) through each cell in the left-hand frame, and are

Fig.1 Discrete ITER geometry 8c computational map

0 c' C D D'

T DUT
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scaled in proportion to its magnitude on the right. Note this latter involves some spillage
of symbols over cells and the target border. Regimes may be characterized by a flux
amplification .7", defined as the ratio of total ion flux (5“) on the outside lower target
(F F’ ) to that over its related innermost boundary (D E). In Fig.2(a), Hotston recycling at
f = 100. clearly leads to an extensive reversed flow close to the separatrix. Superimposed
are contours of reionization “excess”, namely the accumulated source minus transverse
ion losses along each magnetic flux tube from the target, normalized by that ion flux to
its respective target element (cf (1)). Onset and layer width of backflow in the SOL are
strongly correlated with the “excess” front. Also apparent is induced plasma diffusion back
towards the core over a portion of the separatrix from the X-point, which could promote
intrusion of impurities. A corollary is restriction of core efilux to a narrower separatrix arc,
an effect designated7 “choking”, possibly also impeding core exhaust.

Fig.2 Ion flux (5") throu h each cell of outside lower branch
direction only — 19. t direction & magnitude — right

(a) Hotston (§=100.) : "excess" contours 1—1.0 2-1.05 3—1.1
WALL WALL
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A more quantitative summary is shown in Fig.3, for a Hotston case at .7: = 50.0 and
EIRENE description giving .7: = r’88. In each magnetic flux tube for which peak backflow
is at least 5% of its target-element ion flux, this maximum is normalized by total target ion
flux and plotted against maximum reionization “excess” in that tube. For both results, a
similar step-like growth of flow reversal occurs as net source deposition in the tube exceeds
unity.

The O-minimal treatment of recycling allows any reionization “excess” artifically to
be excluded. A corresponding flow field involving .7 = 49.5 is depicted in Fig.2(b). As
revealed in Fig.3, this degree of recycling in the presence of neutral particle redistribution
across magnetic surfaces would produce a large reversed flow; purely in its absence, Fig.2(b)
shows it to have disappeared.

Additionally, backflow can produce increased cross-field density gradients10 in the SOL,
so magnifying diffusive ion flux, fed by recycling sources. Integrated flux (5“) through each
magnetic surface is presented in Fig.4 for results involving EIRENE (.77 : 288.), Hotston
(F = 100.), O-minimal (.77 : 49.5), and weaker Hotston (.7: = 20.0) recycling. Core effiux,
of course, gradually rises for effectively larger pumping. The first two cases each exhibit
amplification of cross—field ion flux, after an initial fall at the separatrix due to diffusion
into the divertor private region. No amplification occurs for O—minimal sources, abolishing
flow reversal, although it does when cross-field neutral particle motions are allowed at the
same level of recycling (result referred to in Fig.3). In the last instance of low recycling,
sources are no longer strong enough under these plasma conditions to produce backflow,
and cross-field ion flux again falls monotonically across the SOL.

4. Conclusions

Divertor plasma flow reversal could degrade impurity retention and impede core ex—
haust. It seems intrinsic to strong source conditions. Detailed ITER-related calculations
support its connection for self~consistent recycling with motions of neutral particles across
magnetic surfaces and their heterogeneous reionization. Flow results presented, however,
must be qualified by omission of charge—exchange momentum losses, and particularly ex-
clusion of actual oblique target sections. These would tend to redirect recycling across the
SOL, possibly shifting, diminishing or even enhancing reversed flows.

This work is partially funded by the UK Dept of Trade 85 Industry. Its main study during
attachment (GPM) to IPP, KFA Jiilich was supported by the Euratom Mobility Fund.
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INTRODUCTION
A two-dimensional fluid code called UEDGE is used to simulate the edge plasma in tokamak di-

vertors and to evaluate methods for reducing the heat load on divertor plates by radiating some of

the power before it reaches the plates. UEDGE is a fully-implicit code being developed jointly by us,

R. B. Campbell and D. A. Knoll. For these studies, UEDGE uses a banded matrix solver [1-2] and

a fixed-fraction impurity model. Work is presently underway with Campbell and Knoll to include a

memory-efiicient iterative solver [3] and a model of impurity transport [4]. Simulations of the proposed

TPX device [5] show that a few percent nitrogen concentration in the scrape-off layer can radiate up to

80% of the divertor power, thus reducing the peak heat flux and electron temperature at the divertor

plate to acceptable values. A comparison of the neutral gas distribution from UEDGE with results from

the DEGAS Monte Carlo neutrals code [6] confirms the validity of our fluid neutrals model.

MODEL DESCRIPTION
The UEDGE model includes classical collisional transport [7] along the magnetic field, classical

cross—field plasma flow and anomalous cross—field transport. Neutral hydrogen that evolves from the

divertor plate as a consequence of recycling or gas puffing is modeled as a two—species fluid; one species

represents Franck-Condon neutrals generated by molecular breakup, and another species represents

energetic neutrals due to charge-exchange processes in the plasma. Rate parameters for ionization,

recombination and charge-exchange processes are obtained from an atomic physics package [8] that

includes density—dependent multi-step ionization processes for hydrogen [9].

The fluid model equations are implemented numerically as described in References [2,10,11]. Or-

thogonal mesh surfaces in our model are based on MHD equilibria from the TEQ code [12]. Figure 1

is a schematic representation of the double—null geometry for TPX that illustrates the configuration for

results presented here. We assume up/down symmetry, but allow particles and energy to flow between

the inboard and outboard halves of the core and private flux regions.

Fixed density and temperature boundary conditions are used at the innermost core plasma flux

surface in our model. The boundary conditions at the outermost open flux surface are zero radial

particle flux for ions and fixed temperature for both ions and electrons. For neutrals, the wall'albedo

(reflection coefficient) is fixed, typically at a value of 0.95 to simulate pumping of neutrals. Boundary

conditions at the innermost flux surface in the private flux region under the x—point are the same as

above except that fixed temperatures are replaced by zero energy flux conditions.

We use sheath boundary conditions at the divertor plates with energy transmission factors 6,- : 25

and 65 = 2.0 + K where it is the sheath potential drop in units of the electron temperature. We allow

the ion parallel flow velocity at the plate to be supersonic if it approaches at a supersonic rate. Separate

recycling coefficients for the Franck‘Condon and charge-exchange neutral components specify the neutral

sources at the divertor plates as a fraction of the incident ion flux.
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Non-equilibrium radiative losses due to impurities are included in the electron energy balance equa-
tion; the energy loss rate is of the form ne . nz - Lz(TE1 rig/71,, Herr“), where 712 is the impurity density

and the radiative loss rate Lz depends on electron temperature Te, impurity charge exchange on neutral
hydrogen of density no, and the residence time 7'”, of the impurity atoms in the plasma. We use a table

look-up for the radiative loss rate in UEDGE. The table data are obtained from a series of runs with
the MIST code [8] which solves for the impurity charge state distribution, including the effect of charge
exchange on neutral hydrogen and finite residence time in the plasma. The radiation rates for nitrogen
are shown in Figure 2. One sees that the loss rate is enhanced over the coronal equilibrium rate (low—
est curve) for electron temperatures greater than 10 eV, For the simulations presented here we assume

a fixed spatially uniform impurity concentration, nz/ne, and we set 1'”, = 1 sec, so noneequilibrium

radiation effects are mainly due to charge exchange.

RESULTS

We present TPX simulation results on the effect of various levels of impurity radiation. We neglect
drifts and net electrical current flow between divertor plates because these effects destroy the assumed

up/down symmetry of the TPX plasma, requiring simulation of the full double-null geometry. The core
plasma boundary values were fixed at rim, : 1.69 x 10)9 m‘3 and T5,,” = Cl,” 2 300 eV. Anomalous
perpendicular transport coefficients are the standard lTER—like values, x: : 3x1 = 301 = 2.0 mzsec‘l.

These values yield 6.4 MW of power crossing the lower half of the separatrix from the core into the scrape—
off layer; 53 MW via electrons and 1.1 MW via ions. We assume 100% recycling at the divertor plates
and 95% recycling of neutrals at the radial boundaries. Results are given for various values of the
impurity (nitrogen) fraction.

Figure 3 shows results from a scan of the impurity fraction. The total heat flux entering the sheath
at the divertor plates decreases by about 80% as the impurity fraction is increased to 6% of the plasma
density Correspondingly, the radiated power due to the nitrogen impurity incremes to 4 MW. The
Hydrogen radiation decreased from 1.2 MW to 0.8 MW, and the radial ion heat loss was 0.2 MW.

The peak heat flux and temperature at the outboard plate are both strongly reduced by the impurity
radiation as shown by the radial profiles in Figures 4 and 5. In these figures, radial distance is measured
from the separatrix, positive outward and negative in the private flux region.

Plasma profiles along a flux surface just outside the separatrix in the outboard leg of the divertor
are shown in Figures 6 and 7. The left edge of each figure (at z 2.7 m) is the x-point position and
the right edge (at z 3.3 m) is the divertor plate. The solid lines show the results with no impurities
and the dashed lines results with 6% nitrogen. As shown here, at high impurity fraction, the peak of
the radiation zone moves upstream away from the divertor plate to where the electron temperature is

above 10 eV. This is due to the strong dependence of the radiation rate on electron temperature shown
in Figure 2. We also find that the peak of the hydrogen ionization source moves upstream, and the ion
flow becomes supersonic near the plate for this case.

We test the validity of our 2-lluid neutrals model by comparing the neutral hydrogen density dis-
tribution with results from the DEGAS Monte Carlo code. The DEGAS code uses the geometry and
plasma distribution from UEDGE, with the same TPX input parameters as described above, but on a
radially extended mesh with no impurities present. In Figure 8 we plot the atomic neutral density along
a flux surface just outside the separatrix in the outboard divertor leg. We see that the 2«fluid neutrals
model, with fiux limits imposed, tracks the DEGAS neutral density reasonably well along the entire
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length of the divertor leg, especially in the recycling region near the divertor plate. The statistical error

bars on the DEGAS results are about i20%, with some additional uncertainty due to grid resolution.
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ISLAND DIVERTOR CONCEPT FOR THE STELLARATOR
WENDELSTEIN 7-X

C. D. Beidler, E. Harmeycr, J. Kifilinger , F. Rau, H. Renner, H. Wobig
Mar-Plack—Institut fiir Plasvncpltysik, IPP-EURATOM Association

W-8046 Garching bei Milnchen, Germany

Introduction
The proposed Advanced Stellarator Wendelstein T-X, is a Helias configuration which

has been optimized with respect to several criteria concerning plasma performance and
coil geometry. The main data are: Ra = 5.5 In, a = 0.52 In, B0 = 3 T. The aim of
steady—state operation and a large heating power require a divertor configuration for
control of plasma-wall interaction and minimization of impurity inflow. The goal is
to optimize the magnetic field in the boundary region without losing any of the other
favourable properties, to locate suitable target plates in the outflowing plasma avoiding
too excessive power loads and to hold back the re—emitted neutral gas for high recycling
probability and pumping efficiency. The concept described in this paper utilizes the
existence of large magnetic islands or their remnants in the plasma boundary.
Island divertor

In the standard configuration of VVendelstein 7-X (W7-X), five islands at the boundary
exist. corresponding to the rational value of the rotational transform 16a 2 5/5. Increasing
1* to 5/4 at the edge yields four islands which are larger than those at e = 1. Usually
they exist only in the vicinity of the O~points surrounded by an ergodic layer. The
crgodisatiou can be enhanced by finite < [3 > effects or by increased shear at the
boundary /1/. The separatrix of the islands provides the diversion of the field lines and
takes over the role of the X-line in torsatrons or in tokamaks. The outflowing plasma
crosses the separatrix by diffusion and streams along the field lines towards the rear of
the island where the target plates are located. The toroidal and poloidal position of
the plates is chosen where the radial dimension of the islands is maximal and where the
diverted field lilies attain the largest distance from the main plasma. The viability of the
island divertor concept depends on the stability of the island structure against external
and internal magnetic field perturbations, and the capability to guide the outflowing
plasma to the target plates, i.e. a certain range of parallel to perpendicular transport
is required. Several studies have been made to check this concept and to optimize the
geometry of the target plates. These include:
0 Studies of the magnetic field structure, localization of the Ovpoints and X—points

outside the last magnetic surface, effect of perturbation fields on the islands, and
geometry of flux bundles in the vicinity of islands and ergodic regions;

a investigation of particle difiusion and heat conductivity in and around islands by
mapping and Monte Carlo techniques;

0 optimization of divertor target plates and calculations of heat loads on them;
design of sweep coils /2/ for control and modification of the edge field structure and
for compensation of symmetry breaking error fields by adjusted DC currents, and for
reduction of the heat load by AC currents.
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Target plates
For a given power flux along the field lines, the

intersection angle with the plates determines
the power density on the plates. If the power
density is held below the technical limit of
10t'llV/1112, an intersection angle of about 2° —
3“ results with an estimated width of the scrape
off layer (SOL) of about 2 cm and a heating
power of lOM‘V. The total length of the plates
is then determined by the intersection angle, the
rcquirmncnt that all field lines in the SOL hit
the plates, and the requirement that the leading
edge of each successive plate is protected by the
“shadow” (see Fig. 1) of the previous one. In
each of the 5 field periods two target plates are
installed with a toroidal length of about 5 1n and 7
an average width of 0.5 In, resulting in a total
surface of 25 1112. These target plates follow
roughly the 0—point of the + : 1 islands in a
toroidal range of 54 degree (Figs. 2 and 3).

The problem arising from the different config
m'ations created by variation of the rotational
transform, 1*, is solved by adjusting parts of the
plates to each specific case. In the standard case
(in : 1) the field lines hit more the center part
of the plates and in the high and low iota case
(+1, : 5/4 and 5/6, resp.) the target plates are
loaded more towards one or the other end.

A Monte—Carlo technique is used to obtain
the intersection patterns on the target plates.
The SOL is simulated by calculating the particle
motion parallel to the field together with per»
pendicular displacements after each step length
(mg. displacement 0.10m, step length 30cm,
for an anomalous thermal conductivity X4. 2
3 rug/s in a plasma which has a parallel conduc—
tivity of 107 1112/55). The starting points of the
field lines are statistically spread on a magnetic
surface close to and inside the bounding sepa—
ratrix; the integration is stopped at the target
plates. The intersection points of the separatrix
and the adjacent field lines form stripes on the
target plates in a width reflecting the width of
the SOL (see Fig. 4) separated in the directions
parallel and antiparallel to the magnetic field.
The intersection pattern differs for the various
cases examind:

TARGEI' PLATE

Fig. 1. Schematic arrangement of seg-
mented target plates. The length of the
plates is chosen to protect the leading
edge of each successive plate with the
“shadow” of the previous one.

Fig. 2. Magnetic surfaces (one field pe~
riod, just inside the SOL), target plates,
and sweep coils of W7~X viewed from
the radial outside.

Fig. 3. Cross-section of the “bean-
shaped” toroidal plane of W7-X. Shown
are the system of magnetic surfaces, the
SOL represented by Monte—Carlo calcur
lation, and target plates. The first wall
is shown as a dashed line and the radial
dimension of the coil winding pack as
the hatched area.



II-789

0 Standard ease (HSBVlON)- variation of
ca (083,086,089), variation of island size
using the sweep coils, variation of difiusions
coefficient (Xi = 3 1112/3 and 0.6 1112/8).

u Low iota case — variation of island size and
radial position

0 High iota case 7 variation of island posi-
tion and crgodisation
No deterioration of the divertor action oc-

curs in the. high r. case as long as perturbations
do not spoil the general field structure within
the short length of about 375 toroidal tran~
sits, which takes the field line from the front
to the. rear side of the island. The stripes
are narrower when the diffusion coefiicient is
reduced, and because the SOL width depends
on the connection length and this length on
the island size, the width of the stripes de—
creases with increasing size of the islands.
Consequently, the smallest stripes and largest
power densities are found in the high 1: case.
Neutral gas behaviour

The plasma parameters in front of the tar—
get plates depend on the plasma surface inter—
action, most significantly by the interaction
with the neutral gas re-emitted by the tap
gets. Low plasnw temperatures and high den—
sities in the SOL reduce the impurity source
(sputtering) and reduce the impurity inflow if
they are ionisized close to the target plates.
These favourable edge plasma parameters re-
duce also the power density on the target
plates by radiative losses (recombination) and
diffusive broadening of the SOL. In this con—

Fig. 4.
of the lower target plates, standard case
(151121: Xi=3 mz/S)-

Intersection pattern on one

Baffle B affie
First wall

Target plate/

a «s E“
‘s

\

_ K '
5’“- ‘fi‘. . “is ~$

Fig. 5. Cross-section of the mesh for
the EIRENE—Code at the toroidal plane
with y; = 0 (upper part of the up~down
symmetric figure). Shown are the ra-
dial and poloidal cell boundaries and the
positions of the target and bafiie plates
which form the pumping chamber (first
case). The plasma column is surrounded
by the islands and an outer region be-
tween SOL and the first wall (largest
radial boundary).

text the aim of \V7—X is to establish a high recycling region in front of the target plates.
This is attainable by a proper design of target plates, bafiies, gas—puff equipment, an
efficient pumping system, and the possible operation at a high edge density Without a
disruptive density limit.

The behaviour of the neutrals is studied with the neutral gas transport code EIRENE
/3/. The geometry part of the code is adapted to the complex geometry of the magnetic
surfaces and the island structure; see Fig. 5. The intersection pattern on the target
plates from the Monte Carlo calculations serve as particle source regions for the neutrals.
At present, the code is used as a stand-alone code with fixed plasma parameters.
The profile functions for the electron and i011 temperatures and the density in the
plasma. column are: Tc(r) : 4.6/[1 + (r/20)3] [keV], T,(1‘) = 2.4/[1 + (7‘/36)6] [keV],
715(1') 2 l . 10'4/[1 + ('I‘/38)6] [cm—3]; r is the average radius of the magnetic surfaces.
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The parameters are adapted to code predic-
tions on the basis of transport analysis. In
the SOL (outside the separatrix) the field lines
contact the target plates; a radial decay length
of about 1.5 cm is assumed. The plasma pres-
sure is assumed to be constant along the field
lines, however the density towards the target
plates is increased by a factor of 4 to a value
of 8- 10” cm‘” in eonformity with a temper-
ature drop to values of 15 to 40 CV. These
parameters lead to a. roionisation of 80% to
90% of the. neutral particles just in front of the
target plates and nearly all are re—ionisized in
t1“. SOL; see Fig. 0_ Fig. 6. Cross—section as in Fig. 5, baffle—

plates of the second type. The shaded
mesh cells reflect the ion source density
from atom—plasma interaction in a loga—
rithmic scale, from lightest grey = 6-1015
to black : 6‘1018 ions/(sec cm3). As
neutral particle source (6-1022 parti-
cles/sec), the longer of the two intersec—
tion regions (stripes) of Fig. 4 is used.

\
\t \\\\\§‘\\® \\ \ \\‘\‘mfit‘t‘flk

rThe first interest of the calculations was
to explore the pumping efficiency. In VV7-X,
eryo-pumps are planned behind or near the
target plates in a chamber separated from the
main plasma by battle plates, which prevent
the neutrals from moveing away, especially in
those region where the plasma has a small
radial extension. Two alternatives are con-
sidered in the calculations. The first uses transverse slits in the target plates of about 1.5
cm width and a target/slit ratio of 3.4 to get the neutrals into the pumping chamber. In
this ease about 1% of the source flux on the target plates enters the chamber, composed
mainly of chargeexehange particles (Fig. 5). A factor of 3 larger flux into the chamber
is obtained in the second case. Here the target plates have no slits, however one side of
the chamber is left open (Fig. 6). The neutral particles coming from the target plates
and from the edge plasma arrive at the pumping chamber after a few reflections.
Conclusions

The island divertor concept presented in this paper adapts the axisymmetric open
diver-tor to the 3-di1nensional stellarator configuration of VV7-X. The proposed target
plates are fit to various values of t, permitting a variation of the island size and position;
their operate is rather insensitive to magnetic field perturbations. They are located in
regions where the islands have a maximum radial extent which implies a large distance
from the main plasma. The toroidal length of the target plates is sufficient to keep the
power density within technical constraints; a nearly constant intersection angle of the
field lines at the highly loaded regions provides a smooth power load and avoids hot
spots. Leading edges are avoided by making use of the “shadow efiect". There is a good
chance to enter the higherecycling regime in a wide parameter range and to collect a
substantial fraction of the neutralized particle with the cryo—pumps.
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SOL MODELING FOR THE W7-X ERGODIC DIVERTOR CONCEPT

E. Strumberger

Max—Planck—Institut fiir Plasmaphysik
IPP-EURATOM Association, D-8046 Garching bei Miinchen

Helias configurations [1, 2] as optimized [3] for the Wendelstein 7—X (W7-X) stel-
larator [4] exhibit interesting properties also for physics issues which were not original
objectives of the optimization procedure, for example the divertor operation, which plays
an important role with respect to power and particle exhaust, impurity control, and min—
imization of erosion and impurity production.

Investigations of the diversion properties of the magnetic field of W7-X.(major radius
R0 = 5.5 m, number of periods : N = 5) allowed a divertor concept to be developed
[5]: location of five helical troughs at a distance of 1/5 of the plasma radius outside the
last closed magnetic surface (lcms) along the so»called helical edges [6]. These helical
troughs fulfill two important conditions: i) The troughs lead to a complete separation
of the magnetic field lines starting at the lcms and ending at the divertor troughs from
the field lines starting at the first wall, so that the interaction of the charged particles
leaving the plasma is completely removed from the first wall and managed on the troughs.
This separation is independent of the detailed island positions. ii) There are no leading
edges - i.e. the vertical impingement of scrape—offdayer'field lines on material objects,
which results in excessive heat and particle deposition - is avoided because the deposition
patterns do not extend to the boundaries of the troughs.

In order to study the flow of energy and particles outside the confinement region
onto the plasma facing surfaces of these troughs, field line tracing is considered to be the
basic method. Starting magnetic field lines at the plasma facing surfaces of the helical
troughs and tracing them until they end at the troughs yields a map of the troughs onto
themselves [7, 8]. Characterization of these field lines according to their lengths shows
that i) the foot points on the troughs form ordered areas up to (9(102 m) length (see
Fig. 1); ii) there is a clear correlation between field line lengths and minimum distance to
the lcms so that an ordered-layer structure prevails up to lengths of (9(102 m) (see Fig.
2), in particular, there are no short field lines which connect the troughs and approach
the plasma; iii) field lines of several hundred meter lengths form an inner ergodic area
enclosing the lcms and are mapped to line-like regions on the troughs which cover an area
of 0(1 m2).

Because of the layer structure of magnetic field lines in the edge region it appears
possible to use these field lines as coordinate lines for plasma edge modeling: in a first
attempt the density and temperature distribution in the edge region are calculated by
solving 1D particle and energy transport equations along the 3D field lines. In order to
solve the 1D transport equations it is necessary - analogous to tokamaks [9] - to define the
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region which contains the scrape-ofi-layer (SOL) plasma, i.e. the region in which volume
sources of heat and matter — representing the flow of heat and matter from the main plasma
- load field lines (in contrast to the divertor channel plasma (DCP)). Considering the layer
structure suggests how to define this scrape-off—layer region, which should show the same
geometrical behaviour as the layers, while the thickness of the SOL is a parameter which
has to be determined. Such a SOL surface is calculated with the help of the free~boundary
MHD—equilibrium code NEMEC [10] which constructs surfaces nearly tangential to the
field lines in the region beyond the lcms [7].

0‘1 . . . ‘ . . . FIG. 1. Characterization of the field
' ' ' ' ' line map between the troughs. Of

the five helical troughs the one cen-
tered at v=0.5 is shown. Only one
half of it is plotted, the other half

' is given by the stellaretor symmetry
at V:0.5. The field line foot points
on the troughs are ordered according
to the field line lengths: (0 S 9 m),
(9 S 36 m), (36 5 81m),(2 81 m).
The white areas are formed by the

0.0

-0.1

u -O.2

foot points of the longest field lines,
while the darkest ones belong to
the shortest field lines. Discretiza—

V tion of the trough area: m 0402 m
(poloidal), R: 0.04 (toroidal).

FIG 2. Characterization of the field line map
between the troughs. v Poincare plot in part of
the triangular cross—section. The small and thick
points characterize the different layers which are
formed by field lines with different lengths: from
the outermost to the innermost layer (0 g 9 m),
(9 S 36 m), (36 S 81 m), (2 81 m) correspond
to (o) (-) (a) (-). The hatched area marks the
helical trough, the solid line the lcms, and the
desired line represents the first wall.

Together with the information on the field line positions relative to the SOL plasma
region, onedimensional fluid solutions along the field lines have been obtained [8]. The
simplest possible choice for computation corresponding to a high-density situation in
front of the targets is energy transport by pure electron heat conduction along the field
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lines with boundary conditions corresponding to small temperatures at the plates. This
approach yields temperature, density and velocity profiles along the field lines. As an
example Fig. 3 shows the temperature along various field lines.

. . . . I n V n u u I l v v s v

BO. . ._

A 80. _
E _
’_ 40. ..

20.

FIG. 3. Temperature along various

o. 20. 4o. éo.’ a'o.' Ibu.‘ 1io.‘1l'.o.'1éo. “MEM-
L (m)

The results for temperature, density and velocity along the field lines together with
their three—dimensional structure yield the distributions of these quantities in the SOL.

Within this framework of approximation energy and particle transport acr08s the field
lines have been neglected. Combining the 1D calculations with complementary Monte-
Carlo methods which make use of the standard assumptions of the SOL modeling [11],
and which are described in detail in [5, 6], transport across the field lines is simulated by
a ‘diifusion’ of field lines. This diffusion is achieved by random displacements during field
line tracing after characteristic mean free paths.

FIG. 4. Characterization of the field
0.1 - - - - - - - line map between the troughs talc-

ing diffusion into account. 01" the
0.0 five helical troughs the one centered

at v=0.5 is shown. Only one half
of it is plotted, the other half is
given by the stellarator symmetry at
v=0.5. The field line [out points on
the troughs are ordered according to

' the field line lengths: (0 g 9 m),
(9 g 36 m), (36 g 81 m), (3 81 m).
The white areas are formed by the

—0.1

u -O.2

foot points of the longest field lines,
while the darkest ones belong to
the shortest field lines. Discretiza~
tion of the trough area: :3 0.02 m
(poloidal), z 0.04 (toroidal).

Taking diffusion into account the areas on the troughs formed by the foot points of
the long field lines (see Fig. 4) increase, which corresponds to a more uniformly distributed
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particle and energy load on the divertor plates. With zero-dimensional SOL parameter
estimates [6, 8] as initial guess the temperature distribution shown in Fig. 5 has been
obtained, which can be considered as a first step of an iterative procedure for determing
the local SOL parameters.

FIG. 5. Characterization of the temperature distribution in the SOL. Poincare plot in part of the
triangular cross-section. The points of 4 different thicknesses mark the temperature along the field lines:
(-...)(0) refer to 0 S 35 eV, 35 g 70 eV, 70 _<_ 105 eV, 2 105 eV. The solid line shows the lcms. The SOL
Width is z 0102 In.

REFERENCES

[1] NfJHRENBERG, J., ZILLE, R., Phys. Lett. A 129 (1988) 113.
[2] NUHRENBERG, 1., ZILLE, R., Phys. Lett. A 114 (1986) 129.
[3] LOTZ, W., NfiHRENBERG, J., SCHWAB, C., in Plasma Physics and Controlled Nuclear Fusion

Research (Proc. 13th Int. Conf., Washington 1990) Vol. 2, IAEA, Vienna (1991) 603.
[4] GRIEGER, G. et al., in Plasma Physics and Controlled Nuclear Fusion Research (Proc. 13th

Int. Conf., Washington 1990) Vol. 3, IAEA, Vienna (1991) 5251
[5] STRUMBERGER, 13., Nucl. Fusion 32 (1992) 737.
[6] NUHRENBERG, J., STRUMBERGER, E., Contributions to Plasma Physics 32 (1992) 204.
[7] STRUMBERGER, 13., Contributions to Plasma Physics 32 (1992) 212.
[8] NUHRENBERG, 1., STRUMBERGER, 13., SI'JNDER, D., REITER, D., in Plasma Physics and

Controlled Nuclear Fhsion Research (Proc. 14th Int. Conf., Wiirzburg 1992) IAEA-CNSG/C-l-S.
[9] KEILHACKER, M., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1990 (Proc.

13th Int. Conf. Washington, DC, 1990), Vol 1 IAEA, Vienna (1991) 3451
[10] HIRSHMAN, S.P., VAN RIJ, W1, MERKEL, P1, Comput. Physl Commun. 43 (1986) 143.
[11] KEILHACKER, M., LACKNER, K., BEHRINGER, K., MURMANN, H., NIEDERMEYER, 11.,

Physica Scripta v01. T2/2 (1982) 443.



II-795 4—61
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2) Courant Institute, New York University, New York, NY 10012

3) IPP, Forschungszentrum Jiilich GmbH, EURATOM Association, D-52425 Jiilich

1. Introduction
Predictions for the plasma edge and divertor behaviour in future experiments require realistic,
2~dimensional numerical models, which have to be validated against present experiments. For
ASDEX-Upgrade we use the B2-EIRENE code package to describe the scrape-oiflayer plasma
and the neutral gas dynamics. Many exploratory runs have already been made to study exhaust
optimization, marfes or deep divertors.[l~3] Here we present the first attempts for a quantitative
comparison with experimental results from Ohmic ASDEX—Upgrade discharges.

2. Codes
For modelling of the ASDEX-Upgrade scrape off-layer plasma, the Garching version of the
two-dimensional multi fluid code B2[4] and the three-dimensional linear Monte-Carlo code
EIRENE[5] have been coupled in a fully self-consistent way[3]. The first steps of model valida-
tion discussed here, however, were done in a singleeflujd calculation. This version includes the
elastic collisions[6], and in addition to the targets, the vessel wall is also treated as a particle
source. '

3. Experiment
As a starting point we have taken an ohmic discharge in deuterium with [p : 800 k/l, ET
2 -2 T (i.e. ion VB drift downwards), 11110.95 : 3.8, 732 = .3 x 1019 m—3 (# 2421—2424). The
vacuum vessel was boronized. With the measured loop voltage of about 1 V these discharges
have an ohmic input power of about 800 kW, with about 200 kW radiated by the main plasma.
The magnetic configuration was a standard discharge with a single null divertor at the bottom
of the plasma. In this lowflp configuration the separatrix on the lower'outer target plate sits
relatively far out on the plate (about 3/4 of the plate length). This limits the radial extension
of our computational grid which has to be “fixed” to the target plate.

During this experiment a large number of diagnostics were used to study the divertor, includ-
ing visible spectroscopy, thermography, a moveable Langmuir probe, neutral gas measurements
and Ho, diagnostic. Unfortunately, the edge diagnostics in the main chamber have not yet been
fully available.

Later a second experiment was performed using the same magnetic configuration, but involv~
ing a density scan (#3033—3053).

4. Model validation
4.1 Divertor plasma profiles
First, we concentrate on the main, power conducting part of the outer divertor fan. Divertor
plama profiles were mainly taken from the moveable in-vessel probe[7], which gives horizontal
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profiles of 71,3 and TD roughly 10 cm above the separatrix intersection with the lower outer target
plate. Since at the respective density no strong gradients are expected, and since the probe
itself is quite massive, we project the probe positions onto the target plate and treat the data
as if it were target plate data.

The best agreement of the B2-EIRENE results with the probe data is achieved using a
quite small particle diffusion coefficient D_L = 0.1 1712/5, and x5 : 1.5 mz/s, x,- = 0.5 7712/3.
No inward drift velocity has been used, and these transport parameters are assumed to be
poloidally constant. The comparison in figure 1 shows good agreement with regard to Tc, while
the density profile shows some discrepancies. The decay length of both profiles looks similiar,
but the maximum of the Ineasured density profile is shifted with respect to the temperature
profile and is inside the separatrix (which is known within :l: 1 cm), in the private flux region.
Such a shift of the density profile has been observed already in ASDEX[8]. In ASDEX and in
ASDEX-Upgrade this shift changes sign with reversal of the toroidal field direction[7]. This
might be due to classical drift effects, which are not yet included in the present version of
the code. These drift terms are presently being implemented into the B2-code[9], and their
influence will be checked in further calculations.

On the outer side of the divertor plate the measured nc— and cprofiles show a wide shoulder
which extends out to the divertor baffle, but was not included in the present numerical grid as
mentioned before. The abrupt drop in the calculated profiles is a consequence of the boundary
conditions at the grid edge. Similiar shoulders in T,3 and its have already been observed in
ASDEX and were attributed to enhanced turbulent transport at the outer edge region[10].

The power load onto the target plates measured with the thermography system[ll] shows an
in—out asymmetry (90 “V on the inner target, ‘230 Isl/V on the outer target), as it is usually the
case with the ion VB-drift towards the divertor. Without the drift terms mentioned above,
the code calculations show a much smaller asymmetry with about 175 kW on the inner target
and 200 kW on the outer target. The power load on the outer target agrees reasonably with
the measurement, but on the inner target the code calculates a power load which is too high
by a factor of 2. This might change with the implementation of the drift terrns[1l].

4.2 Neutral gas measurements
The flux density of the neutral gas in the divertor chamber is measured with two different
diagnostic systems, namely with a residual gas analyzer (RGA) close to one of the turbo
pumps, and with in—vessel ionization gauges (ASDEX gauges)[l2]. Both systems are absolutely
calibrated with a capacitance gauge measuring the pressure inside the vessel in runs with a
toroidal field pulse, but without plasma. From that pressure the particle flux density is derived
assuming room temperature. The ionization gauges are installed at three different positionsin
the vessel: the “divertor gauge” behind the lower passive stabilizing loop (PSL), the “X-point
gauge” in the private flux region, between and below the target plates and the “main chamber
gauge” in the top of the vessel.

In this discharge the main chamber gauge measures a flux density of 2.3 X 1015 cm‘zs‘l), in
very good agreement with the code, while the divertor gauge measures a flux density of about
1.5 x 1017 arm—2.94), which is nearly 2 orders of magnitude higher, and in reasonable agreement
with the code calculations which yielding a flux density of 1.1 X 1017 cm‘zs‘l) behind the PSL.
Since the plasma extends further out than simulated in the code, as is indicated by the probe
data discussed before, this discrepancy is understandeable.

For the modelling discharges the RCA measurement was not available, but for the second ex-
periment involving discharges at different densities, all the neutral gas measurements were avail—
able, and their results are shown in figure 2. All the flux densities show a strong increase with
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line-averaged density, while the absolute values are diflerent. At densities of fie 32.5 x 1015 777—3
the flux onto the divertor gauge is a factor of about 2.8 higher than the flux onto the RCA,
then this ratio decreases to about 2 at 6 X 1019 171—3. B2~EIRENE calculates a flux ratio of
only 1.1 at nE = 3 X 1019 171—3. However, a contribution of 20 % hydro-carbons in the divertor
region, as measured with the RGA[13], would double the ionization gauge signal.

The measured flux density at the X-point gauge is a factor ‘2 higher than the divertor flux
density for all densities a, 34 X 1019 m“3, and only at the highest density where the plasma.
is detached[14] they are the same. The code package calculates the flux density at the X-point
to be only half the one in the divertor. This again can probably be related to the power load
onto the inner target plate being too high in the code.

At 77., = 3 X 1019 m‘3 the discarge should be the same as the discharge discussed in the
previous section. However, the divertor gauge shows a flux density which is about 40 % higher,
probably due to different wall conditions. Nevertheless the calculated flux density behind the
PSL is also shown in figure 2, and using the same transport parameters we have also simulated
discharge with a lower and a higher edge density corresponding to flu : 2.6 X 1019 m"3 and

e : 3.3 X 1019 m"3 respectively, also shown in figure 2. As discussed before the calculated
results are lower than the measured ones, but the density dependence is the same.

5. Summary
First attempts to compare simulations of the B2-EIRENE code package with experimental data
from ASDEX-Upgrade have been presented. They yield a very small diffusion coefficient, but
quite typical values for x. The central, power conducting part of the scrape-off layer is already
described well. More details have still to be included, such as the shift of the density profile and
shoulders on the 116— and Te-profiles which have also been observed on ASDEX. As next step
also impurities have to be included (multi—fluid simulation), and spectroscopic measurements
(impurities and H0, light) can be checked against the simulations.
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Carbon Transport in the Plasma Edge of TEXTOR
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Introduction:
There are a number of experimental observations at TEXTOR concern

ing the impurity distribution in the plasma periphery, which require a 2D—

modelling. Examples are the spectroscopic measurements of the spread of
Li0 and Li+ into the plasma edge after LiD-beam injection from a laser ir~
radiated target with a well-known space-time behaviour of the source [1]7
and measurements of the poloidal [2] and radial [3] distribution of intrinsic
carbon arising from chemical or physical sputtering of the limiter and wall
structures. The solution of the carbon impurity transport problem, which
we will present here in a. preliminary form, extends to a rather large integra
tion domain and requires numerical methods (see figl for the triangulation
of the applied finite element method). We solve the problem in the traces
impurity limit for a given hydrogen background plasma in contact with the
ALT-II limiter assumed to be the dominant source of carbon atoms (due to
physical sputtering by hydrogen ion bombardment). We account for drift
motion, anomalous cross-field diffusion and classical transport of the C”-
ions along I? with a strong collisional coupling to the electrons and hydro-

gen ions. The hydrogen plasma parameters are taken from SOLXY-code
calculations [4] with appropriate extrapolations to the plasma interior.

Analysis:
The analysis of the density profiles of Cz+—i0ns starts with the parti—

cle balance equation in toroidal coordinates (r, 9,¢) assuming axisymmetry

3/043 : 0 and the standard magnetic field structure E : (0,—®,1)BO/h
with 02 << 1 and BR 2 const, where the major radius R : R0 + rcosd =
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Roh governs the strength of the curvature effects:

71—7 [ (r +Vr 77.)] +—%[— OFH+V9 n +E=S,,iwn (1)
Sn — 1/171 describes the effective particle source due to ionization and recom-
bination processes. Ff : iDLEhz/Br and VTEo are respectively the radial
particle flux due to anomalous diffusion and the components of the elec—
tric drift velocity. I‘R : 1‘11 c050 + ®F|Isir10 + F3 is the particle flux in
the direction of the major radius. Its drift contribution Pg is connected
with the vertical electrostatic and pressure forces (along the coordinate C
at constant R) induced by the centrifugal and grad B drifts as well as by
the vertical asymmetry in the source function (poloidally localized limiter
source). Neglecting viscosity effects and presupposing the same temperature
for longitudinal and cross-field thermal motion for all ions, we have:

rg=fln_a[p “—Hp] (2)
B (M 26B

where p : Mn. Note that in the limit R —+ 00 the diamagnetic terms
disappear from the particle balance equation. Fll : 72V“ is the particle flux
along 3 induced by the neutralizer action of the limiter and by the short—
circuit of EC (Ohmic discharges). Since it is especially pronounced at the
plasma edge, where the inequalities (Dy/A1, ll/rEl/AL) << Oil/C hold (Al
being a characteristic gradient length in radial direction), we may calculate
V“ from the 1D approximation of the parallel momentum equation:

10
7 mi” (VGE “ WNW“ op) ”“15” = Rn+ 5p“ — WW ,(3)

where 3,,“ denotes the momentum source function along B. R” accounts for
momentum transfer from elastic collisions (friction and thermal forces):

R—p_”.:m/C(VH+— 1/“)— Tim21 OkT 0M",+ l (4)06 ' 89

Neglecting the pressure gradient along I? (see 3.1506[6D, eq. (3) can be brought
into the form p(VgE— OVHOMVO/TBHN_. zenEUJrRO corresponding to the aux—
iliary condition for the lveloc1lty parameter in the shifted Maxwellian used
in the moment method of ref.[5b]. Adopting this method, we consider the
neglected terms in the moment equation for the first order expansion coef-
ficient of the distribution function.
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In a first computation campaign we neglected FR/R in equ.(1) and treated
the extreme collisional case vT/A“ << (we thus avoiding the complications
inherent to the nonlinear convection and the boundary condition for V” [7].
The above equations were supplemented by boundary conditions similar to
those discussed in [5a] (see fig.1) and an analytical source function due to hy-
drogen ion sputtering of CO—atoms from ALT—11 with yield data taken from
ref.[8]. Being bound to the limiter geometry as used for the SOLXY—code
calculations we assumed a cosine angular (but 4eV monoenergetic) distri-
bution of the sputtered CO-atoms around a preferential direction into the
plasma (under 45‘J with respect to the surface normal of the limiter) thus
simulating to some extent the real limiter shape.

Results:
Figs.2—3 Show the radial density profiles 71; of Cz'i' for z : 3,4 at in—

board and outboard poloidal positions, as calculated for Dr : 4 X 1018/717, in
MKSA—units using the SOLXvlasmamodel [4]. As expected from 1/17” 2 1
with 1'” E qRo/UT and in qualitative agreement with experimental data from
ref.[2] the profiles of the first three charge states of carbon (up to the Li—like
state) exhibit amarked poloidal dependence with an ion concentration in the
vicinity ofthe ALT-II limiter. C‘H', appearing deeper in the plasma, is rather
uniformly distributed in poloidal direction due to 1/17“ 3 1. At the outer
midplane the calculated C'4+—profile has a maximum of 2 1.6 x loll/cm3 at
7' 2 42cm. In view of the assumptions made in the theory the agreement
with experimental data from ref.[3] must not be overestimated. 1t should7
however, be noted that in contrast to the 1D modelling of ref.[3] the source
function has been calculated from the plasma edge parameters. Further
studies are necessary to improve the calculation of V“ and to explore sys-
tematically the processes involved in establishing the density profiles.
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2D Particle Simulation of the Magnetized Sheath of a
Flush-Mounted Langmuir Probe

A. Bergmann
[VIazr-Planck-Institut fiir Plasmaphysik, 85748 Garching, Germany

The magnetized sheath in front of a flush-mounted Langmuir probe is studied with two-
dimensional particle-in-cell simulations (2d real space, 3d velocity space). The dependence
of the sheath structure and the probe current on the angle between magnetic field and
probe surface, the probe size and voltage is determined. Non—saturation of the ionecurrent
in case of small angles is explained by an increased effective area owing to the bending of
ion trajectories in thesheath.

1. Introduction

Recent measurements with Langmuir probes which are flush-mounted in divertor tar»
get plates, and thus tilted against the magnetic field lines, deviate from the standard
probe theory, e.g. no saturation of the ion current is observed in case of grazing magnetic
field incidence[1].

In front of an absorbing wall which is at lower potential than plasma potential, a
Debye sheath with positive space charge is formed. Particle simulations showed that, if
a tilted magnetic field is present, plasma and Debye sheath are seperated by a quasi—
neutral magnetic sheath with length scale equal to the ion gyro radius[‘2, 3]. In the
sheath the streaming velocity of the ions, which is parallel to the magnetic field at the
entrance and equal to ion sound speed as, is bent towards the normal to the wall, so
that the normal velocity component can finally exceed sound speed. The ion gyro radius
is strongly increased. Consequently, for a detailed study of the sheath a kinetic model
is necessary. Therefore particle simulations of a suitable slab model of a flush—mounted
Langmuir probe (Fig. 1) were performed.

2. 2D PIC Code and Numerical Model

Since the sheath of a finite size probe in an oblique magnetic field is essentially
two—dimensional, an existing 1d-3v (variables Lumvwvz) particle-in-cell (PIC) Gode[2]
was extended to two spatial dimensions (2d—3v). The full particle motions in the self—
consistent electrostatic potential and a homogeneous magnetic field are calculated using
Boris’ algorithm[4] with splitting of the electric force. In some runs electrons are treated
in guiding center approximation to speed up the calculation. The Poisson equation is
solved on a rectangular grid, and area-weighting is used for charge deposition and electric
field interpolation. Since the main part of the PIC Code is intrinsically parallel, the code
was ported to and run efficiently on the Ncube parallel computer at IPP.

The numerical model consists of the collisionless sheath in front of an absorbing wall
containing a long narrow probe oriented parallel to the ignorable coordinate 2 (Fig. 1).
The magnetic field and the electric field are both in the cry plane. Particles are Created
with probability corresponding to a Maxwellian flux at the boundary opposite to the
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Fig. 3: Current to the’ wall versus coordinate along the wall7 the location of the probe is
marked by vertical lines. Same parameters as Fig. 2.

wall. Returning particles with v” = vB/B pointing away from the wall leave the simula—
tion region; all particles hitting the wall or the probe are absorbed. Periodic boundary
conditions are imposed for the coordinate y. The Poisson equation is reduced to a system
of tridiagonal matrix equations by Fast Fourier Transform.

3. Results and Conclusions

Many simulations with the following parameters have been made, Int/me = 900,
DE 2 1 or 2, T = Te, (1 = 60, 5° 3 a g 90", and #20 S V S 0. The dimensionless
variables

06 : Luce/Lope, d 2 probe width/AD, A = sheath thickness/AD, V : e(<1> * @jz)

are used, where Til denotes the floating potential. In Fig. ‘2 results of a simulation with
a = 300 and V = —20 are presented. Fig. 2a shows the contour plot of the electric
potential. The two-dimensional Debye sheath with narrowly spaced equipotential lines is
clearly to be seen; the direction of B is indicated by the arrow. There are two main effects
of this sheath:

First, the electrons are completely reflected (if —V > 1) so that a shadow region
at one side of the probe (top in Fig. 2) exists which receives no electrons. And second,
additional ions are focused onto the probe surface by the strong electric field as can be
seen in Fig. 2b which shows the macroscopic ion flow towards the wall. This focusing,
which is strongest towards the edges of the probe, leads to a hollow current distribution
on the probe (Fig. 3). The Debye sheath growth is well described by the Child—Langmuir
type relation A 2 (3 + 08 (—V)3/“‘.

The current-voltage characteristic for the parameters of Fig. 2 is shown in Fig. 4.
The single points are from simulations, the dashed curve is l — 6V; clearly the current
does not saturate at large values of 7V. The solid curve represents the relation [/10 =
1 + 0.023 (—l")3/" — e", which is easily explained by assuming that the effective probe
area for the ions is increased by the factor 1+ 0,023 (~V)3/4. The same result is obtained
from the Child-Langmuir relation, if the eiiective probe width (perpendicular to the field
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Fig. 4: Current—voltage characteristic for or : 30°, mi/me : 900, DC : '2, d : 60.

lines) is given by d5]! = dsin a + (A— 6) cos oz. Experimental l-V characteristics which
exhibit non-saturation are of the same form 1 + c (7V)“ 7 all with a m 0.75.

However, in experiments the sheath is thin compared with the probe dimension so
that it can cause a considerable effect only if the magnetic field is almost parallel to the
wall (a m 1"). Since two-dimensional simulations with small G (<2 5") need a very big
grid, and consequently a very large number of particles, 1d simulations with a down to 1"
were made to determine how the sheath extension scales at small angle. The result is that
the Child-Langmuir type relation remains valid, but the coefficient of (71/)3/4 strongly
increases with decreasing angle owing to the change of the length scale from the Debye
length to therion gyro radius. Thus the results of the 2d simulations with medium~size
angles can at least qualitatively be applied to the smalleangle case, too.

In conclusion, the sheath inhibits saturating of the ion current to the probe by in-
creasing the effective probe area.

References

[1] A. Carlson at al., this conference.

[2] R. Chodura, Phys. Fluids 25, 1628 (1982).

[3] R. Chodura, in Physics of Plasma- Wall Interactions in Controlled Fusion, edited by
D. E. Post and R. Behrisch, pp. 99—134, Plenum, New York, 1986.

[4] C. K. Bridsall and A. B. Langdon, Plasma Physics via Computer Simulation,
McGraW-Hill, New York, 1985.



IIe807 4*64
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Introduction

Marfes (or radiation instabilities) are observed as precursors of the density limit in tokamak
discharges. They are ploidally localized, axisyrnmetric structures in the tokarnak edge region with
strongly enhanced plasma density, reduced temperature and high radiative energy losses due to
impurities. Their appearance is accompanied by a strong decrease of the plasma power flux to
the divertor plates or even by complete plasma detachment. Marfes are observed as quasi steady
state configurations or moving phenomena. The basic mechanism driving the marfe formation has
been discussed in various papers [1, 2. 3/.

Marfes and their relation to the global density limit have been extensively studied in ASDEX
/ 4,5 /. In order to confirm the validity of the basic marfe model, numerical simulations of the marfe
dynamics in realistic ASDEX double null geometry have been done with the B2 code standalone
/ 5 /, as well as with the coupled BZ—EIRENE package [5,6 /. Because of up-down symmetry and
toroidal curvature, a marfe is formed always at the high field side midplane above a critical edge
density. With an experimentally detemiined carbon density of O.5~1X1013m“3, the critical density for
marfe onset agrees roughly with the experimental maife limit. The anomalous transport coefficients
in these runs were adjusted in such a way that experimental edge and divertor quantities below the
marfe limit were reasonably fitted / 7 /.
In the following, a similar simulation study is presented in some detail for ASDEX Upgrade single
null discharges. Though the physics should be rather similar. we expect strong modifications in the
mate pattern, since the geometry and the source and sink distributions are completely different.

Numerical Model

The edge and divertor plasma is described in the hydrodynamic approximation by the 2d multifluid
code B2 (for the ions of D, He, C ), which is self-consistently coupled to the 3d Monte-Carlo-code
EIRENE for the neutrals. EIRENE takes into account all essential details of the discharge vessel. The
numerical grid is produced from an ASDEX Upgrade equilibrium using the Sonnet grid generator,

In addition, for the extensive parameter scans (particularly for obtaining the limit of marfe onset),
we also used the B2 code in connection with a simpler neutral recycling model and an adhoc ansatz
for impurity radiation losses which, however, have been calibrated against the full version. The
- a priori unknown - anomalous cross field transport is modelled by an l/n transport law using
coefficients which have been obtained from a first fit at ASDEX:
Diffusion coefficients: D : Do- (3 ~ 1019m’3/n5), D0 = 0.5m2s’1,
Thermal conductivity: Is“- : mix“, X: = 3 - D, x.- 2 2-D.
Other transport laws may be used in the future once more detailed data are available.

Mnrfe Formation

Marfe formation is initiated by successively enhancing the plasma density for sufficiently high
impurity concentration. At a critical density a marfe is formed (usually near the (lower) x-point) which
is connected with a drastic change of the whole edge plasma state. As a consequence, strong changes
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are experimentally observed, e.g.. an enhancement of the impurity radiation and bremsstrahlung in the
vicinity of the marfe, and a decrease of the total power flux and change of the power deposition profile
at the target plates. Figs. lab compare calculated contour plots of the electron density just before and
just after marfe formation The location of the marfe is Clearly to be seen by the strongly enhanced
density inside the separatrix near the x-poirit. The shape of the marfe, its location and the changes of
plasma parameters caused by the marfe may, however, strongly vary with the discharge parameters.
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Figs. 1 Contour plot of the electron density just before (a) and just after
(b) marfe formation ( he,g = 9.5X1013m‘3 (a) and he.g = 1.O><1019 I‘ll—3 (b);
P =1MW,q : 4.45)

Marfe Limits

The limits for marfe onset and marfe disappearence have been determined in dependence on
the input power P, the safety factor q and the plasma density m (simplified recycling and radiation
model, impurity concentration c-lmP = 5%). Since the bulk plasma density ( or line average density)
is not available within the present model we used the electron density at the inner boundary of our
computational region (outer midplane). neg. as the characteristic quantity presuming that this plasma
region is less influenced by the particular shape and location of the marfe itself.
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Figs. 2 Limit for marfe onset (full lines) and the disappearence of marfes (broken
lines) as function of the input power P for q = 4.5 (a) and as function of the safety
factor q (b) for P = lMW (lower line) and P : BMW



With the above assumptions we find (Fig. Be) that the denstty limit for marfe onset increases
linearly with the input power P (q = 4.5) . The density limit where the marfe vanishes for decreasing
density (Fig.2b) behaves more complicated and shows irregularities. which may be partly due to the
non—linear nature of the marfe itself which changes the plasma parameters strongly when approaching
the very limit. For higher powers ( P 2 2.5 MW ) a remarkable hysteresis exists. i.e., once the marfe
is formed. it may exist down to densities lower than the limit for marfe onset.
Contrary to experimental findings at ASDEX / 8 /, practically no dependence of the marfe onset
on the safety factor q is found here ( Fig. 2b) However, it may be seen from Figs.3 that marfes
formed at larger q have a much higher relative density peak than those at smaller q and. hence. are
experimentally easier to detect. Again, a hysteresis is obtained for all q values in the case P = 3MW.
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Fig. 3 Marfe for the same m
conditions as in Fig.1b, but for E
smaller safety factor q = 2.8; _i
nclg = 1.0x10‘9. 3)
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Figs. 4 a) Calculated C1+lradiation field of a marfe with double structure; b)
Numerically calculated optical picture of this radiation field as it would be seen by
the CCD refered to in Fig.4c; c) Photograph of a marfe obtained by a CCD camera
(see text)

Radiation and Plasma Profiles

The pattern of impurity radiation emitted by the marfe depends sensitively on the shape and
intensity of the marfe. As to the considered carbon dominated plasma. mainly the ions C’+ and to a
lower extend C2+ , C1+ and He" contribute to the radiation losses of the marfe. C4+ and C“ radiate
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almost homogeneously around the core plasma. For strong marfes (produced at high plasma density

and impurity concentration) the temperature decrease in the center of the marfe becomes so large that

line radiation ceases despite the high electron density. In this case radiation comes mainly from the
steep shell surrounding radially the marfe. Less strong marfes have their radiation maximum at its
density center.
First measurements of marfe radiation have already been done in ASDEX Upgrade. Fig. 4c shows the

picture of a marfe with double structure obtained with a CCD camera in the total light of the plasma.
The camera is located at the height of the lower x-point and looks somewhat upwards with respect to
the horizontal. This may qualitatively be compared with Fig. 4b which is numerically obtained from

the calculated C1+ radiation field of Fig. 4a assuming the same position of observation as the camera.

Marfe Dynamics

The time dependent multifluid (D-He—C) calculations show a highly dynamic behaviour of the

marfe plasma state. It is found that marfes may move in a complicated way around the lower x-point

region upwards along the edge plasma (preferable at the inner, but also at the outer side of the torus).

they may deform, even split into separate parts and reconnect again.

Summary

It has been shown by numerical simulations that for certain ranges of the discharge parameters

(particularly for high plasma density and impurity concentration) marfes will occur in the edge

plasma of ASDEX Upgrade.

The limit for marfe onset has been determined in dependence on the plasma density (n3). the

power influx into the edge plasma (P) and the safety factor (q). Enhancing the plasma density. for

sufficiently high impurity concentration. there exists a sharply defined critical value above which

the plasma state abruptly reorganizes and a marfe is formed. For fixed impurity concentration, this

density increases for increasing input power but is nearly independent of the safety factor although the

relative density enhancement of the marfe increases with q (i.e., the marfe becomes more pronounced

for high q and flattens for decreasing q).
Starting. in return. from the marfe plasma state and lowering the density. the plasma returns to the

marfe—free state at another critical density which is usually lower than the first one. This hysteresis

increases with the energy input and nearly vanishes below about 1 MW. It must be mentioned,

however, that marfe formation as a highly nonlinear process also depends crucially on the very details

of the model. so at this stage the results have only a qualitativ meaning. Further investigations , in

particular improvements of the radial transport and inclusion of drift terms are, therefore. inprogress.

The time dependent multi-fluid calculations show that marfes are usually not in steady state, but

deform and move around the lower x—point region with an intensity which depends on how far the

density is beyond the limit for marfe onset. This behaviour is coupled to the motion of the lower
impurity charge states which provide effective radiative energy losses and thus cool the plasma.
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ABSTRACT
The behaviour of the material ablated from the wall during thermal quench is

investigated in terms of a similarity solution approach. An application to an ITER-
type device is carried out.

L INTRODUCTION
Reported damages due to hard disruptions are never apparently so large as the

total amount of energy involved would allow them to be (see, e.g., Refs [‘1] and [2]). In
the literature, Ref. [3] has been the first paper to attempt a theoretical explanation
of such feature, offering the suggestion that wall damage is ultimately determined by
the effectiveness of radiative energy transport mechanisms acting within the ablation
material. Such a suggestion was actually pursued further only a decade later [4].
Amidst recent work [5—7], Ref. [7] is in particular notable, in that it specifically
includes magnetic field effects in describing the dynamics of the ionized ablation
cloud (i.e., of the so-called "plasma shield"). Reference [8] has a similar scope, except
that it further includes finite-13 effects. Moreover, the latter reference shows that
atomic physics and radiation physics features can be modelled in a relatively
streamlined fashion without much losing in terms of representativeness. The resulting
one-dimensional model system of equations is of such nature as to allow for a
similarity solution approach. Then, still within the same paper, the similarity solution
equations are further simplified, to the point of eventually allowing the derivation of
the final result in closed analytical form. In the present work, we take such procedure
actually one step back, and directly address the numerical solution of the system of
the similarity equations - thus avoiding the error that has been possibly introduced in
Ref. [8] while pursuing further approximations.

11. MODEL EQUATIONS
In Ref. [8] a one-dimensional mathematical model has been derived and

justified, which describes resistive magnetohydrodynamical features and radiative
energy transport features within the plasma shield. Such model system of equations
writes as follows:

8 6
<—+—'V>N=0, (1)at 0x

6 B 3 — — — 6V 6F(—+—-V)i—(1+Z)NkT+Nkw +(1+Z)NkT—+——rlJ2=0. (2)
at 0x 2 ax ax

Tl5/2 a'I‘F=—1.1><1056 A (3)
Z42N2 a:
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(.3 a
3+;‘VriBzo’ (4)

v — 1—0— _NkTD_—BZBX[(1+Z) 1, (5)
The dependent variables in the above equations are the density N of ions plus
neutrals, the temperature T, the radiative energy flux F, the "frozen-in" macroscopic
velocity VF and the "diffusive" macroscopic velocity VD (with the cumulativemacroscopic velocity V being defined as VF+VD). The diamagnetic current density J
must ,be calculated from the derivative of the magnetic field B, which is in turn
defined in terms of N and T by the pressure balance relation:

_ 2 B2
(1+Z)NkT+—=—° (6)

2110 21.10

where B[) is the vacuum magnetic field. The quantities Z, 2 W and I; must be
expressed as functions of N and T by solving the system of Saha's ionization
equilibrium equations (see Ref. [8] for details). In the equations MKS units are used
- with however temperatures and single particle energies being measured in eV's.

11L SIMJLARII'Y SOLUTION
In Ref. [8] it was shown that by introducing the similarity variables:

C=x2t—1 , §=x_1t F,
- (7)" _ '—1 _ 71 ‘VF—x tVF, VD—x tVD, V

the problem simplifies to a system of ordinary differential equations: ‘

d v \7—-(2V—1)+— N=0 ,d: c ‘8)

i (2?! 1>+i]NkP(1+2)T+v_Vl+<2i+l)[(1+i)NkTv+17‘1+ ‘dC ( 2 d: g (9)

2x7 i[(1+i)NkT]—oc * ’

vd ~ Fl—-2V—1+— 8:0, (10)idC ( F ) C

~ _ Li —VD_—2B2 dz[(1+Z)N1<T] , (11)
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T1512 dT
F 20242}12 dZ , (12)

Where V=VD+VF and C=1.lx1056. Thus, the scope targeted with the present paper was
directly addressing the numerical solution of the latter sysyem of equations. To this
and, through a further change of variables the system of equations has been cast into
canonical form (namely, a form such that anyone equation contains only a single
differential term) and then a standard, Runge—Kutta type integration procedure has
been applied. Boundary conditions have been prescribed in the form of the
requirement of a "physically reasonable" behaviour at either end of the ablation
matter cloud (where the simultaneous involvement of both ends has of course called
for a suitable iterative approach). In any case, among boundary requirements the
controlling role is surely played by power balance at the interface between disrupting
plasma and ablation cloud.

IV. RESULTS
The obtained profiles of the temperature T, radiative energy flux F, ablation

plasma "beta" and ablation plasma velocity V are shown respectively in Figs. 1 to 4 -
£01- input data that are representative ot the ITER device, namely: thermal quench
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Fig. l - Temperature versus spatial Fig. 2 - Radiative flux versus spatial
coordinate coordinate
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Fig. 3 - Plasma shield "beta" versus fig. 4 - Macroscopic velocity versus
spatial coordinate spatial coordinate
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TABLE I - Comparison of numerical results (first row) with approximate
analytical results (second row) (To in eV, x0 in mm, V0 in 11191, A in pm)

To X0 V0 Bwl A fcv fps fWI

2.97 73.3 374 0.61 14.9 0.67 0.15 0.18

3.05 52.1 2.60 1.00 8.32 0.75 0.15 0.10

duration 100 1.15, average heat load during thermal quench 120 GWm‘Z, vacuum
magnetic field 5 Tesla, wall material graphite. The values plotted are referred to
pulse end. The behaviour at earlier times can be inferred from the fact that profiles
remain self-similar at all times, while the spatial coordinate changes as t“2 and the
magnitudes of F and V change as t‘I/Z.

Note the marked change of steepness of the profiles near the wall (except for
the "beta", that is). This is in part due to the error that is affecting the model at low
temperature. It can be shown, however, that such error does not sensitively affects
the conclusions as to the overall plasma shield thickness, and cumulative depth of
ablation. Note also that the radiative energy flux has a (shallow) maximum away from
the hotter end of the ablation cloud. This can only be explained as the effect of a
local energy source — which can indeed be traced, in the model, to the Joule heating
produced by diamagnetic currents.

In Table I a number of other results are summarized, and compared with the
corresponding values obtained instead from the approximate analytical solution
derived in Ref. [8]. The data in the Table are referred to pulse end, and the suffix "0"
denotes boundary values on the side facing the disrupting plasma — with x0 being thus
a measure of the plasma shield thickness. Moreover, |3w1 is the value of the plasma
shield "beta" near the wall, and A is the produced erosion thickness. Finally, of the
total energy that is poured in during the pulse, f“, is the fraction that is reflected
back into the vessel cavity by blackbody radiation, fwl is the fraction that is
transmitted to the solid wall, and fpa is (by difference) the fraction that is deposited
inside the plasma shield. The comparison between the two sets of data indeed shows
that the analytical approximation — although not greatly accurate - is nevertheless
fairly representative of the exact result.
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Study of the Nonlinear Evolution of the Gyro—Kinetic Plasma in
the Guiding Center Approximation

J. Lebas‘, P. Bertrand‘, M. Shoucri, G. Knorrl, A. Ghizzo"
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Recent experimental and theoretical studies of the plasma edge of tokamaks have revealed
the importance of turbulence in the physics of the plasma edge. In this context, one of the
most important basic set of equations relevant to the physics of the plasma edge of a tokamak
is the two-dimensional finite Larmor radius guidingecenter equations. A study of the asymp-
totic state of this system of equations has been presented in Ref. [1]. This system has three
“rugged” quadratic invariants. A camonical-ensemble probability distribution characterized by
three temperature states was derived [1], and it was shown that this system can have possible
negative temperature states leading to an inverse energy cascade, with the equilibrium spectral
energy density condensing in the low k modes. Once this stage has been reached, the energy
remains in the lowest modes. For the higher modes less energy is available, so that the level of
turbulence is significantly reduced. This inverse cascade manifests itself through the appearance
of vortices with scale sizes at the maximum that can be accomodated within the system, and
which are important for the transport of energy and particles across the magnetic field. The
relevance of these results to the physics of the turbulence at the edge of the plasmas has been
recently pointed [2, 3].

In the present work, we extend this model by including the polarization drift, which has a
different sign for ions and electrons and thus gives rise to a charge separation in a time varying
electric field. The pertinent equations have been recently reported [2, 3]. We consider a straight
and constant magnetic field.

38"; (VD+vpe)vVne+n.v.Vp.=o (1)
VD = ~V¢x€z/B (2)

03—: + (VD+V..-)-Vn.-+n.v-vm=o. (3)
VD = 9®VD=-V¢3X§z/B: VF6=9®VPi (4)

V2d> = Jan—71,) (5)
50

a3 = gee fiizg®ni (6)
_ _ 1 q (if) I _ 1 q dE

VP‘ _ 9,? m.- dt “39—723 me dz (7)
'LPMI URA 835 CNRS, University de Nancy l, France
1Dept. of Physics, Univ. of Iowa, Iowa City, U.S.A.
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As described in [1], g is a. convolution integral operator, so that we have, for instance

fir2g®n;=/g(F-F')ng(F’) dxdy (9)
In the Fourier k-space, it becomes a filter operation, which is easily incorporated in the

different Fourier modes. Each coeflicient at. of the mode 6‘12"— is multiplied by a factor 9 :
exp(—%k2r?), where I: is total wave vector and 13-, is the ion Larmor radius. We emphasize that
the densities are not particle but guiding center densities and this explains the absence of any
pressure gradient terms in the present model.

The numerical code used to solve equations (1 - 9) uses a method of fractional steps and has
been presented in Ref. [3]. These equations are solved in a slab geometry periodic in m, and
finite in the y direction. In dimensionless units, we have the following steps:

1) Solve for At/‘Z:

0116 3E1. if. E1c02‘. 3.1: + l ‘ fly
(with a similar equation for the ions, fie = Int/771;).

The solution of Eq.(10) is calculated by the shift

5185) One
53$

QEI
+ (E31 —/39W * fieEy

“1+; n n 6E;1 aE’.‘ m 0E; At11.6 I : 715 (yJ— (Eu 7/3.. (7t — [LEE 8; + [15131. 01,!) ?>

(The shift in Eq. (11) is effected using a cubic spline interpolation.)

Then solve for Ali/2

071* 0E 8E (9E 8n.‘
e "z_3e y_ eE—y 59x y)—£70t +(E ’ 8t fl ”0x +flF0y 031

(with a similar equation for the ions)
The solution of Eq. (12) is calculated by the shift

8E“ OER 8E". Aln+1 7 x +1 ,n , ,1 3n _n 2 _. n” 2 ($731+(Eri’fiETty + flEEyla—z _ fiELT 8;) 2)

2) Solve Poisson equation to update the electric field. E : —V¢.

Solve for At the equation:

ifl = /E 2(6E‘" + (9E!) ‘58 EyazEI __ DrazEV
n... at 8t 0m By 33:7 By2

(with a similar equation for the ions).
The solution of Eq.(14) is given by:

0E+ 015’ (913+ 3E“ (72E 32E+ _ 7 +{js I _ x y 7 SI 1; _z _ E _y
“a _ n6 0 l: (920 (92: + 0y 0y i +fl€Al< y 0.12 I 0112 )

(10)

(11)

(1‘2)

(13)

(14)

(15)
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The subscripts + and - denote the values at the present and previous time steps respectively.

3) Repeat Step 1

The y length of the box is 17 (in units of vim/wag, where Ugh,‘ is the ion thermal velocity and
we,- is the ion cyclotron velocity). The number of points in the a: direction is 64 and in the y
direction is 128. The initial profile is of the form

1 .11 2ng_n‘_2(l+tanh(2))

Electron density profile as function of y at t = 0 and t = 500 (dd—1 is shown in Figs. 1 and
2. Figs. 3 and 4 show contour plots of the equipotential at t = 700 Luci—1 and l = 800 Luci—1.
They show a tendency for a sheared flow to form on which is superimposed a vorticity structure,
corresponding at t = 800 Law-'1 to the lowest mode in the periodic x direction. The drift velocity
field is shown in Fig. 5 at t = 800 wag—1 and Fig. 6 at t = 1300 wcfl. The shear flow on
which vorticities are superimposed is apparent in Fig. 5, the vorticity appearing in the region
where the flow is changing sign. The dominance of the sheared [low is apparent in Fig. 6 at
t = 1300 cam-‘1 with a reduced vorticity structure appearing in a reduced layer in the transition
where the velocity field is changing direction. A study of the ratio of energy to enstrophy shows
this ratio is asymptotically close to 10. A recent study [4] for a 2-dimensional set of equations
close to what we present in Eqs. (1 - 3), but without the ion gyro-radius effect, predicts a ratio
of 7r2.
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Introduction. Thermal instability in the boundary region of tolramaks has been re-
cently studied numerically by Capes et al.[1], who considered the one-dimensional thermal
conduction between the mid-plane of a tokamak and the divertor target plates. Multiple
solutions and bifurcation of the electron temperature are caused by impurity radiation
and its non-linear dependence on the temperature. In this paper it will be shown that
the non-linearity of heat flux in the high-recycling regime in front of the divertor target
plates can also trigger a bifurcation even in absence of impurity radiation. In this paper
we consider a magnetic flux tube which is bounded by target plates on two sides. Such a
case exists in tokamaks and stellarators in the scrape-off layer outside the last magnetic
surface. Here, the high recycling regime is of particular interest since it allows to keep
the temperature on the target plates at a low level and to minimize sputtering and other
damaging effects on the target plates. To achieve this state, the density in front of the
target plates must be sufficiently high so that ionisation of recycling neutrals occurs in a
short distance from the target plates. Thus, the heat flow into the high recycling layer
must cover the ionisation and radiation losses and the thermal flux onto the wall. Lackner
et al.[2] have modelled this effect and proposed the following ansatz for the heat flow into
the high recycling layer, or — since this layer is consideredlas very small — into the target
plate.

(CT:
an = (6: kT: + Beams»: —m. (7. +70 (1)

62,76 and 1; are constants, nhTt density and temperature at the target plate and €l the
ionisation energy enhanced by the radiated energy. R is the recycling coefficient.

On the plasma side of the high recycling layer these losses must be covered by the heat
conduction into this layer. One of the standard approximations of the plasma boundary
is constant pressure along the flux tubes 13., = 2n¢t = n,kT,,; n,,T. are the plasma
parameters at the stagnation point where the parallel flow velocity is zero. Introducing
the pressure as a parameter on the flux tube yields the boundary condition

Pa lkT B .
(6, kT+R€5H>fi Eek +70 = —nX”fiB - VT , T = T, (2)
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term in eq.(1) makes the heat flux g(T) non-monotonic in T. With R —-r 0 the threshold
in heating power also shrinks to zero.

Numerical results. After introducing the dimensionless variable X = T/cf and
cH = Refill/6, eqs.(5) have been solved numerically. The source term is modelled
by h(y) = Q00.01/(0.01 + (y — ya)2). Q0 is proportional to the total power input
into the flux tube and ya describes the location of the maximum power input. Fur-
ther dimensionless constants are: Ca : [701/2K0B(a)T3H]2/7, Cb = [701/2KOB(b)T3H]2/7,
D“ = F’naB(a)/C1‘/Tef , D5 = F’noB(b)/C’1,/T8H. The constant 01 is proportional to
the pressure in the flux tube 01 = (Sana/bib, + “(Q/mi. ,F’(a) and F’(b) depend on the
source function My), both are proportional to the total power input QM or Q0. In these
dimensionless variables the boundary conditions are

(fly/2 XII 7/2 1

on (Ca) +VX“+\/~Xa D“
(X‘wm = (E— Coy/2+ Xb‘l'

l
— D 7Cb fij'l b ()

The eqs.(7) are two coupled polynomials of 8”“ order, in general they have more than
one solution. In case of symmetry 8(a) = B(b), 0,1 = 05, D“ = Db two solutions are on
the symmetry line X“ : X5, however, there are also two solutions off the symmetry line.
Fig.1 shows these 4 solutions depending on the control parameter Q0.

Symmetric case
1.5-—rv.lyv‘.mlmmlwrlwnlu.

1.11" ‘”
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Figure 1: Bifurcation of the temperature on the target plates. Solution
of eqs.(7} with 0., = 0;, = 4.0 and kTgff = 10 eV. The x-azis is Q0 or
heating power. X = T/TEM is the norm. temperature. The curves
represent the temperature on one ofthe target plates.

Below a threshold in Q0 there are no solutions of eqs.(7); above the threshold a small
region exists with two solutions followed by a region of four solutions. In this region the
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where the parallel thermal conductivity is fix“ = NOTW. The essential feature of this
boundary condition is its non—linearity and the non-monotonic dependence on the tem-
perature. This will give rise to bifurcation and multiple solutions as ref.[1] by volume
radiation.

The heat conduction equation. In our model we consider the flux tube between two
target plates outside the high recycling layer. We neglect convective energy transport and
perpendicular thermal conduction. Therefore, the temperature is the solution of an one-
dimensional conduction equation along the flux tube. Let be h(:1:) a source term which
describes the power input into the flux tube; :1: is the length coordinate along the flux tube.
The temperature is the solution of the following equation ——V ' nXHB/B2 B - VT 2 h(.r),
which by introducing the magnetic potential y (dy = B dcr) as a new independent variable
and f.= 2/71"”2 instead of the temperature'can be transformed to

d2 h
_. ._f = _._. (3)

dy2 MB?

This transformation eliminates the geometry of the flux tube and leads to a standard Pois-
son equation which can be solved analytically. The solution which satisfies the boundary
condition F(a) = F(b) = 0 is

(y-aXb—m)_.__.—_— : ySIESbF<y)=fba(y,w)£1¥d$ % aw): (Lin—LL) . < <3; (4)(b_a) . a___$_

The general solution of eq.(3) is f(y) = F(y) + A1 + A2(y — a)/(b — a), where A1 and
A2 are correlated to the boundary values of f by A1 = fa; A2 = fl, — fa. Inserting this
ansatz into the boundary conditions (2) yields

t=f.+%—F’<a) ; f.=f.+igl§—{§]))+F'(b) (5)
where the function g(T) is the left hand side of eq.(2) and T(f) = (7/2f)2/7. These
non-linear equations determine the boundary values fu and f5. Having found fa, fb the
temperature profile is calculated using F(y). With fixed values of fen, 6, and 76,7.- there
are three control parameters which determine the solution of eq.(5). These are the total
input power Q0 which yields a factor to F’, the pressure p0 and the factor no in the
thermal conductivity. The symmetry of the boundary conditions is disturbed by the
magnetic field, which in general is different on both ends of the flux tube. Furthermore,
the constants in the function 9 may also differ on both sides. Adding the two equations
in (5) yields ( ) (T) b h( )

9 To .9 b __ _y_3(a) + d_ , 63(1)) . B2 y i )
The left hand side of this equation is positive and has a positive minimum since the
function g(T) has a positive minimum at T = Te”. As a consequence the integrated
source term on the right hand side must be larger than a threshold value, otherwise a
solution does not exist. The reason is the ionisation in the recycling layer. The second
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temperatures at the boundaries y = a and y = b are: case 1) X.x = T1 and X5 = T1;case 2) X“ = T; and Xb = T2; case 3) Xa = T3 and X1, = T4; case 4) X0 = T, and
X5 = T3. The four temperature profiles are shown in Fig. 2a. A remarkable result is the
existence of two asymmetric solutions X,I 75 X5 although the boundary conditions andthe source term are symmetric to the midplane of the flux tube. As expected, asymmetricboundary conditions lead to asymmetric solutions (Fig. 2b). These asymmetries arise
from the magnetic field which is asymmtric along the flux tube or from the asymmetryof the source function h(y).

6 I l i I l 6 | I l 1

O l I 7 l O I l i I ‘0.0 0.2 0.4 0.5 0.3 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Y Y

Figure 2: Temperature profiles along the flux tube. Fig. 2a {left}: Sym-
metric case CI) = 05 = 4.05, Q0 = 2500, 1/0 = 0.5. Fig. 2b (right): Asym-
metric power input 0,, = 0;, = 4.05, Q0 = 2500, yo = 0.6, a = 0, b = 1.

Summary and conclusions. The model of a high recycling layer in front of two targetplates at the ends of a flux tube leads to non-linear boundary conditions of the heat con~
duction equation. The heat conduction equation can be transformed to a linear Poisson
equation and be solved analytically. In general four solutions exist leading to four tem-
perature profiles. Asymmetric solutions with different temperatures on the target plates(Tu aé Tb) can exist although all boundary conditions are symmetric to the midplane of
the flux tube. The thermal stability of the solutions has not yet been considered. The
bifurcation point of the multiple solutions depends on the power input and the pressure p0on the flux tube — as in ref. [1]. However, the bifurcation also depends on the magnetic
field on the target plates (3(a) :,é B(b)) and the asymmetry of the power input.
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EFFECT OF NEUTRAL PARTICLES ON DENSITY LIMITS
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1 Introduction

The global stability and confinement of a tokamak plasma. are significantly influenced by the

boundary plasma parameters. The onset of density disruptions, which limit the maximum

plasma density, is triggered by impurity radiation in the edge plasma and can be connected with

the radiative thermal instability [1]. At the density 72,: the total radiative power Pm; is equal
to the total input power Rn into the plasma (5' := Fwd/Pg“ = 1). Above m (S > 1) no steady
state of the plasma column exists. Contrary to predictions made in [1], where neutral particle

kinetics is not taken into consideration, experimental results show that disruptions can occur

for .5' < l [2], [3]. It was shown in [4] that the carbon impurity radiation cooling of the plasma is
strongly affected by charge exchange between carbon ions and hydrogen atoms which penetrate

into the plasma as a result of recycling or gas puffing.

We present analytical expressions for the cooling rate QR as a function of the plasma tem-

perature T , EN := N/n and E.- := ng/n, where N,n.-,n are the densities of hydrogen atoms,

impurity ions and the plasma, respectively. We investigate the influence of the neutral particles

on the critical densities and the stability of the system, taking into account ionization, charge

exchange and impurity cooling.

2 Model Equations

Averaged over the magnetic field lines in the SOL, the dynamics of the plasma and neutral par-

ticles perpendicular to the magnetic field is described by the following set of coupled equations:

an/at + arm/am = k;(T)nN — 9n/T1(T), (1)
6N/8t + arN/ax = -1.-.-(T)n1v — 0Rn/n(T), (2)

gnaT/at + BFT/Z'h: = 0(T)E2 — (MT, N,n) — WIT/7'20") — 0511(T)T/L2, (3)
rn = —DJ_(n,T)6n/Ba:, (4)

rN = —(l/2kcrn)3(v3N)/6:c, (5)
FT = ——IsJ_(n,T)6T/:9$. (6)
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DJ- and K.J_ are the coefficients of the perpendicular anomalous plasma diffusion and heat con-

duction, and n” N T“2 and 0 ~ T3/2 are the classical heat and electric conduction coefficients,
resp.; Tm := flmL/v, is the lifetime of the plasma (m = l) in the SOL and its energy (m = 2)
due to streaming along the field lines to the limiter (fin, > 1, L = 7q — connection length), and
v, = m is the ion sound velocity; for and km are the rate coefficients for ionization and
charge exchange, resp., and R is the recycling coefficient at the limiter. m := r — r“ r, is the

separatrix radius, 0 E 0(1) the Heaviside function, and E the electric field of the tokamak.
The analytical expression for the cooling rate QR = n2£,-G(T,EN) [W/cma] (see Fig. 1) in the
temperature range 5eV 5 T S 506V with

G = A(T — T1)e‘B(T‘T‘), (7)

A = 10“”(3.1e-0-02“<‘”‘~+“)2 + 0.7), B = 0.6e‘7-810““"5N+”)“ + 0.055 (8)
(T in eV, 72 in cm‘a, T1 : 4.4cV) may be simplified in two steps:

A = 0.78 10—2GEFJOJS, B = 0'041E1-VO'31) EN > 10—4, (9)

(see [5]) and according to [1]
G 2 Go 6(TL — T), (10)

Al+B(Tw—T1)_BT —T
LU=F—-—‘TL—‘e [W 1), TL=T1+2/B, (11)

where Tw is the wall temperature.

3 Equilibrium and Critical Densities

The system of eqs. (1)-(6) was solved under the steady-state condition 6/313 = 0 for z 6 [$6, :rw]
(zc - position in the central plasma, (cu, - distance from the separatrix to the wall). For the
fluxes PA with A = n, N,T it is of the following form:

dl‘A/dz = HA _ LA (12)

with the corresponding source (HA) and loss (LA) LEIms. An equilibrium state exists if the
condition I

1,,(z) 2: mac)? + 2/ dz’ “(HA — LA) 2 0 v a: e [snow] (13)
1c

is fulfilled. Otherwise critical parameters may exist. For a: = a,” the general 6-parameter solution

of our problem can be reduced to down to a 3-parameter one.

For the case of complete recycling at the limiter (R 2 1, I‘ + I‘N : 0) we obtain with

DJ. = Don”

N : L2 (C _ 2kcon2+P
v, 2 + p

For 1) = 0,1: —9 —oo,:rw —-+ oo,n($c) = nD,N(mc) : 0,7z(:cw) = 0,N(€Cw) = Nu, and averaged

) , C = const. (14)

temperature it follows (cf. [6]) that

N.” g N; = l/km, n3 : vf/kmDo. (15)
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N5, is the upper limit of the neutral density at the wall.
Next we investigate the energy balance equation with averaged densities, assuming the ra-

diation term as the dominant loss term in the approximation (10), (11), and consider the two
cases of (i) a transparen (IN > IL) and (ii) a non transparent (IN < IL) SOL for the neutrals.
IN = infra/me: is the mean free path of the neutrals and [L the width of the radiation
function. The condition IT(zw) = 0 reads

TL —Tw, [N > IL (1.)
16

TN—Tw, IN<IL (ii) ( )
Pilate) = 2minzéiGo{

with TL as given in eq.(ll) and TN = Tu, + I‘T(zC)IN/2m_, which is equivalent to the above-
mentioned condition .9 = 1 (S E ib/I‘flzc), b = N, L). Using eq.(14), we obtain the following
scaling relations (Do ~ qr, B(Tw — T1) << 1, A,B given in (9)):

R?" 1/(7-56+P) . Pi 1/(1+0.13(1+p)) ..

no N (q’NgMii) (I), no N (5540:“) (n) (17)
An example of a self-consistent solution of the problem is displayed in Fig. 2.» The radiation
density localized in the SOL strongly depends on the profile functions.

4 Radiative Thermal Instability

The stability of the equilibrium state with respect to poloidally and toroidally homogeneous
perturbations is investigated by assuming all quantities xl to be of the form [(93, t) = 30(3) +
6§(m)ezp(7t). [1'0 is the equilibrium solution (section 3) and liens determined by a. 6-dimensional
linear system of equations with coefficients depending on flu. A numerical solution to the
problem is in preparation. Here we give a preliminary analytical estimate for case (i) considering
only the neutral gas density variation in eq. (3) which leads to

626T 3 _ 8Q); 562REl. (922 ~ 2n76T— 0T 6T+ 0N 6N. (18)

Using approximation (10), this results in the dispersion relation

3117!“ 0.265mv at“. . _ .2__L .2:__.2 2 _N.I». + k+ctgki — S(1+0.317)N), lt_ _ 2M. , L+ 2— S It__, Up; (T 6T )lL (19)

The threshold for this thermal instability SC (7 = 0) is shown in Fig. 3. The essential result is
that neutral particles can cause the stable equilibrium state to be unstable to thermal pertur-
bations.
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[3] A. Stabler et al., Nucl. Fusion 32 (1992) 1557
[4] VA. Abramov et al., Contrib. Plasma Phys. 32 (1992) 40
[5] VA. Abramov et al., Pisma v JETP 56 (1992) 461
[6] K.F. Alexander, K. Gunther, W. Hintze, ZIE Preprint 84-9 (Nov. 1984)
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LINEAR THEORY OF ION VISCOSITY EFFECTS ON EDGE TEARING MODES .

E. La_zzaro, A. Bemardinello#, G. Lampis
Istituto di Fisica del Plasma CNR , EURATOM -ENEA Assoc.
Via Bassim‘ I5 , 20133, Milan, Italy
# Universita’ degli Studi dl Milano, Via Celoria I6 , Milan, Italy

I. Intr cti n
The inviscid drift tearing modes dispersion relation is a singular limit of the viscous theory. In
analogy with the theory of the Orr-Sommerfeld equation for viscous fluids, it is shown that
linear magnetic field reconnection perturbations may be destabilized by ion viscosity, at
large drift frequency.
In the regime of operation of the largest tokamaks with ion and electron temperature of several
keV it is expected that finite ion temperature and pressure anisotropy modify the dynamics of
the tearing modes of helicity numbers (m,n) introducing both a real part of the mode frequency,
of the order of the electron diamagnetic frequency, we*=mTe‘/erB and a kinematic viscosity HV
[1] which tends to damp the fluid vorticity field.In the outer regions of a tokamak plasma,
viscosity may compete with collisional resistivity, which is responsible for magnetic field lines
reconnection. A classical result of the analytic theory of drift tearing modes is a reduction of
the linear growth rate at high drift frequency [1] while viscous effects have been considered
negligible in the parameter range prevailing at the time . A discrepancy between the analytical
results and numerical calculations, which did not show a decrease of the growth rate at large
o)* ,was found to be due to the effects of formation of standing drift waves in a finite size
plasma. ~
We extend the analytic linear theory of drift tearing modes to investigate whether similar
effects can be due to finite ion viscosity, in analogy with the expectations of Reynolds theorem
in viscous hydrodynamics .

II.Drift tearing equations

We start from the customary reduced MHD equations, valid for large aspect ratio e=a/R<1 and
for the tokamak ordering Be/B¢=O(e), [3=O(22), div! =0(e3). A cylindrical helical coordinate
system (r,x,z) is used, related to the cylindrical system (r,9,z) by x=9-kz, with k=n/mR ,
g=(1+(io)2)-1/2 and

a = -e. ; 9, = g[<_=a - krez] ; 9; = g[<2, + krse]
To leading order in kr the relevant RMHD equations in 8.1. units are:

%+(X+Xo).w=fi[vlw—2kag] (1)

afl+(v_vr).vw =L[B-VJ ]+ “v Vzw (2)at ‘"'_§nmt“_; i ;nm

where w; = eg.(curl g) and the B and v_vector fields are expressed in terms of the scalar

helical flux function w(r,x,z) and velocity stream function ¢(r,x,z) as B = graduIXe§+B CQC

and x: grad¢X§g In eqs (1,2) the electron and ion responses generate the drift velocities

1*a=§xgradpu/eanB2 of order pzawwjr, where ot=i,e , pa is the Lannor radius and the

scalar pressure fulfills dpa/dt:0; X*=X*e-l*i and the viscous term in eq.(2) llv/nimi is of the

order of 0.3p21viifl‘hese are the leading order pi contributions assumed to be sufficient to
describe the finite ion temperature effects addressed in this work.
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The system (1-2) is linearized around an equilibrium q=q(r), w=wg(r), p=p0(r), ¢0=0,
n0=const., considering single helicity perturbations of W1,¢1,p1 of the type f1=Re{f1(r)exp[-

imt+imx ]]. It is assumed that the external boundary value problem in the ideal MHD region is
solved and provides the value A' of the jump of dlnwl/dr' across r=rs to be matched to the
analogous quantity calculated in the inner layer .

The linearized equations , in the thin layer approximation Ir—rs|/a<<l are:

1(0) r 0) *)(W1 + (F0 / (WW1) = ‘(11/ “0W1” (3)
wt?” + i(m + w?)¢:’= i[(Fo /pouo)xwi'+ (1;; /rpo)w1] (4)
where the following definitions are used:

F0 = kilBo-i) = nq'(T.)Boe(r.)/T. ; (1(9) = m / n i X = 1'_r.ill = lit/Po § TR = “cal/Tl
and vA=B09/(mpo)1/2, 1A=alvA,tv=a2/u, p0=nimi. It is clear from eqs. (3,4) that a vanishing
viscosity limit is singular because the differential equation for the velocity stream function
changes by two orders. Viscous effects can compete with resistive ones especially in the outer
regions of a plasma with T6 >Ti since the ratio of resistive and viscous diffusion times tR/tv
increases as Te3/2/Ti1/2.

III.Viscous drift tearing eg uation.
We set 9 =w+coi* , 6*=(u)-m*)/cu, y=Im (D , and introduce the relevant scale lengths : the

inertial layer width, xA=lcul/(k'//VA ), and the resistive and viscous layer widths xR2=nltloltoL

xv2=ttflml. Equations (3,4) with the constant Wr‘lls approximation give rise to the Orr—
Sommerfeld type equation [3] for the stream function (1)1:

(mo-[130)w = ~5'xfitp1 +i(Q/t1))xixf2 I"+ x22xR x3(1):” (5)
The formal treatment of the problem reveals a viscous effect consisting in the coupling of

different branches , thereby affecting the stability regime.
The inner A' to be matched with a given exterior A‘ is defined as:

A’ = lim w; l”(x)dx—_ 415'xfffli — zY(z)]dz (6)
where C 15 a suitable contourE in the complex 2 plane, and 1,,z Y(z) are defined as:

7&4 =—ixim/wé )=—itu(u)+m )(w— (.0) (Two/Fez)
z=xxt ; Ytz>=(m>»/k7,Boe)¢.<z) and v=u(6c""”/Q’)"2(F:/npo)”2
In dimensionless form eq.(5) is VY"”-Y"+22Y = z . Since v multiplies the highest

derivative a boundary layer technique can be used, introducing a stretched "inner" variable,
f;(z,v)=V'1/22. An "outer” solution in z is constructed as an expansion in v 1/2:
youl(z)=y0(z)+Ekvk/2yk(z) where y0(z) is given by the usual second order equation obtained
by setting v=0 and the leading term of the expansion obeys a parabolic cylinder equation.
An "inner" solution in C is also constructed as an asymptotic expansion a(C) =Zkvk/2Yk(C)
where the Yk(§) obey a fourth order equation. The four free constants of the first non zero
term Y1(Z;)=Aexp(-C) +B§ +C+Dexp(§) are fixed by requiring non divergent or secular
behaviour at large 1;, and vanishing at §=0. Finally the constant A is determined by the Prandtl
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asymptotic matching with the outer solution up to order v1/2. A uniform solution with the
correct asymptotic behaviour for large and small lzl is then costructed :

12/2 _ime ‘

y(2) = %z j e ’ (sin 6)”2d6+ vl’2%[z"2Kl,4(%)—2,%F(%)e 3"’1 (7)
0

where K1/4 is a modified Bessel function.
From the definition of A' given by eq.(6), the dispersion relation is obtained:

(0(a) + 0);)(0) _. m')3[l + v1/2 wwg/npuy/wm _ wa)l/4m—1/d(m + 03:)4/4] : iYi- (8)

where on the right hand side there is the classical tearing mode growth rate .
The results of the numerical solution of this dipersion relation are shown in Figs.1—3 for the

viscosity coefficient u=0 and for u>0.In the first case (Fig.1) we teobtain the results of Ref.
[1]. With parabolic profiles of q(r) and temperature profiles of the type Ta(r)=Tao[ l -
(r/a)2]sa, with 0t=i,e, sizl, 50:0.25, Tco=1 keV, Ti0=l keV, ni=3.1019m'3, B=2.2T,
q(a)=4.l7,and with u>0 the previous root of the dispersion experiences a reduction of the
growth rate 7 at low drift frequencies while a new root appears with a low growth rate for
art/7rd and Y~Yr for (Mlypl, where the old root tends to be stable (Fig.2).By reducing
TiO flea, thereby increasing the viscous effects relative to the resistive ones, the new and old
branches couple into a single branch (Fig.3) which has no decreasing trend for Ct)*/’Y1“>1 and
has a minimum at the crossing point of two branches, just as obtained in Ref [1] from
numerical integration.

In conclusion for high Te different from Ti the viscous dissipative coupling of dispersion
branches may favor their growth into the nonlinear stage where they are expected to become
stable .For m=4,n=1,q=4.l7 (Fig.3) a large viscous destabilisation with y~0.7w can occur;
also the reduction of the rotation frequency observed is not due to viscous damping but to
the exchange of two branches of the dispersion relation which in the inviscid case are
uncoupled.

The linear precursors of ELMS have been shown [4] to have similar tearing mode
characteristics , in real frequency and growth rate. In conclusion the new analytic dispersion
shows that the mechanism of viscous dissipation of vorticity affects the magnetic resistive
instability by allowing a coupling of the branch of the dispersion relation dominant in the low
(Wt/Yr range with another branch, which is subdominant for low art/Yr but dominant for large
w*/YT.The ensuing phenomenology is similar to what can be expected from Reynolds
theorem.

The authors are very grateful to Dr Avinash Khare for stimulating discussions.
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A HYDRO-DYNAMIC DESCRIPTION OF SCRAPE-OFF PLASMAS
CONTAINING SEVERAL ION SPECIES.

M.Z.Tokar’

lnstitut fiir Plasmaphysik Forschungszentrum Jiilich
Euratom-KFA, Germany.

Introduction. An adequate description of plasmas with several ion species is of
importance for transport modelling of hydrogen isotopes and impurities in the
scrape-of layer (SOL) of thermonuclear devices and a hydro-dynamic
approximation is often used for this purpose[1]. A common ion sound velocity
along the magnetic field is usually taken as boundary conditions for the motion
equations of all species at the material surfaces - limiters or divertor plates. ln
principal such a choice is arbitrary and may come in contradiction with the
structure of equations as it occurs, for example if boundary conditions are posed
in a region where the plasma flow is supersonic one [2]. The consideration
performed in the present paper shows that only one condition being an analog of
the Bohm criterium can be posed at the material surface; other conditions are not
as a matter of fact the boundary ones and must be posed at a certain intermediate
point in the flow, which position is not known a priory.
Equations of motion. We consider a one-dimensional non-viscous flow along the

magnetic field of a plasma with two ion species of different masses (a
generalization on the case of a larger number of ions of different masses and
charges is straightforward and will be done elsewhere). Zero electric current is
assumed and perpendicular transport of momentum is neglected. Under such

assumptions the momentum equations for ions and electrons are as follows:

gIIm1,2"1,2V12,2+"1,2TI=9"1,2E|‘312- (1)

dnaT
dl =—en9EI , (2)

where T is the plasma temperature taken the same for ions and electrons and
invariable with |, n12, V1,2 are the densities and velocities of ions, ne is the
electron density, R112=n1n2m120(V112—V2’1) are the friction‘forces between
different ions owing to coulomb collisions, a=4(2n/rri‘2)"‘Ac/(3T3’2) and
rn12 =m1m2/(m1+m2)[3].
Bohm criterium. In order to derive conditions being an analogous of the Bohm
criterium we apply the Poisson equation

dztp _ _ _W — 4neln1+n2 as),

to the distribution of the electric potential (,0 in the Debye sheath. In order to
provide zero electric current to the material surface (,0 changes here by several T
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on the Debye length and E" is much larger than outside the sheath. Therefore the
condition

0' d2 1d 24neE|(n1+n2—n8)=7'7dw=§FI£-'l 20,

must hold at the boundary between the sheath and pre-sheath region.
In order to calculate the l.h.s. we summarize Eqs.l1),(2) assuming that in the
sheath the forces R112 and particle sources are negligible so that fluxes
r1,2=”1,2V1,2 are invariable with l (and are assumed equal). Taking into account
that the plasma is quasineutral at the border between sheath and pre-sheath
(n1+n2=ne) we obtain the conditions:

G1,2(M1.M2)=FlM1,M2)l(2M12,2—1)20, (3)

where

F=2lM12—1)(2M3—1)a1+2(M§-1)(2M$-1)02.
a122=(1+V1’2/1V2,1)’1, M1'2=V1'2/VS1'2 are the Mach numbers with
vs" =(2T/m1lzlfi being the ion sound velocities.

These conditions generalize the Bohm criterium M21 for one ion species.
For the case m2/m1 =2 Fig.1 shows the region in the plane (M1,M2), where (3)
hold, and the branches of the curve F(M1,M2) :0 are also presented there.
Equations for Mach numbers. Now we consider the SOL part beyond the Debye
sheath, where the plasma is quasi-neutral. The SOL transparency for neutrals is
assumed so that the transverse diffusion from the discharge core is the main
source of particles — Fig.2 . and the particle flux densities increase linearly with the
distance from the symmetry plane: l'1'2=l'O-l/L. In such a case Eq.(2) gives the
following expression for E":

dlnM1+a dlnM2 _1)E =eT ——l ("1 d] 2 dl I

Rewriting Eqsll),(2) for Mach numbers one obtains:

dM12 = M1,2 F1,2(S:M1,2)—, (4)
d5 5 Full/11,2)

where s =I/L,

F1I2=(1—2M§l1)(2+azl1+2M12.2)—(1—2M12'2)azl1+ l

+22s2n -n Hafiz-2).
and p = I'Om1ZaL/T.
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The approach to the numerical solution and results. The solutions Mmis) of
Eqs.(4) correspond to a certain integral trajectory M2(M1) in the plane (M1,M2).
This trajectory starts at the point (0,0) and according to the generalized Bohm
criterium finishes at the second (right) branch of the curve F =0 or passes through
it into the region G1,2>0- Here F1,2(M1,M2) are negative: it follows from the
behaviour of these functions by large M12 and from Fig.3, where the curves
F(M1,2l=0. F1,2(S=1,M1,2)=0 are shown for mzlm1=2, p=1. Hence in the
region in question the r.h.s. 0f Eqs.(4) are negative, because F is positive, and
integral trajectory can not pass into the region G1.2>0 and finishes at the right
branch of the Curve F(M1'2) =0.

On the way from the point (0,0) to the right branch of the curve FlM1’2) =0
the integral trajectory intersects by a certain s.<1 the left branch of this curve at
a certain point (M1 ,Mz ). For a smooth transition through this point
F1,2(5"M1,2 ) must also be zero. This means that the curves F1'2(S.,M1'2) =0 and
the left branch of the curve F1,2(M1,2) =0 intersect simultaneously in one point as
it takes place in the case of s=1 presented in Fig.3. Calculation shows that it is
an intrinsic feature of the functions F,F1'2: for all s, p and mass ratios the curves
F=0 (the left branch), F1 =0 and F2=O intersect simultaneously (of course the
point of intersection is not the same for different 5, p and mz/m1).

Such conclusions make it possible to propose the following "recipe" for the
numerical solution of Eqs.(4). Initially we take a certain s. from the interval (0,1)
and find M112. solving the equations F(M1,2') =0 (left branch), F1(s.,M112') =0 (or
F2(5.,M1’2 )=0). Then Eqs.(4) are integrated at the interval 5.5551 with the
initial conditions M1126.) =M112', where the latter are a little bit larger than M1,2 .
s. is determined from the requirement: at 5 =1 the integral trajectory must come
to the right branch of the curve F =0. After this Eqs.(4) are solved at the interval
Ossss. with the. initial conditions M1'2(3.)=M1'2', where M1,2| are a little bit
smaller than M1,2 . In order to avoid the singularity at 5:0 it is convenient to
proceed to new variables N112=M112/s. Fig.4.shows the solutions M1,2(s) found
in such a way for p=1, m2/m1 =2. The solid parts of curves correspond to the
interval s.~0.94SSS1 where the integral trajectory passes between two
branches of the curve F =0.
Conclusion. The present StUdY Shows that a consistent description of plasmas
with several ions must be in principal different from those used in running codes
with boundary conditions posed at material surfaces. This situation reminds that
taking place in the "gas target" mode of a divertor operation where strong plasma
cooling causes a super-sonic motion near the plates[2].

References.
1. B.J.Braams, NET report No.68, January 1987 (EUR-FU/Xll-80/87/68).
2. A.V.Nedospasov and M.Z.Tokar' in “Fusion Reactor Design and

Technology" 1986 lAEA, (Vienna 1987) Vol.2, pg.113.
3. S.|.Braginskii, in: Review of Plasma Physics, Ed. M.A.Leontovich, Vol.1

(Consultants Bureau, New York, 1965) p.205.
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Figure Captions.
1. The curves F(M1,M2) =0 and the region where the generalized Bohm

criterium 61.220 is satisfied (mz/m1 =2).
2. The SOL geometry and the picture of particle fluxes.
3. The curves F(M1,M2l =0, F1,2(s=1,M,,2) =0 for p= 1.
4 Computed distributions of Mach numbers for m2/m1 =2, p=1.
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APPEARANCE OF A GLOBAL CIRCULATION LAYER IN TEXTOR

H, fierhguxr, H.A. ClaaBen

Institutfiir Plasmaphysik, Forschungszentrwn Jl‘llich GmbH,
Association EURATOM—KFA, P. 0. Box 1913, D-5I 70 Jfilich, FRG

The experimental observations in the boundary layer of the TEXTOR tokamak with toroidal
belt limiter ALT-II at 01,“, = —45° show marked poloidal asymmetries of the plasma profiles.
Most of them could be explained by modelling with the 2d-twofluid-code SOLXY, which
manifested the crucial role of drift motions and nonambipolarity to be included selfconsistently
in the calculations / 1,2,3/ . There remained, however, two major discrepancies with experi-
mental evidence in ohmically heated discharges. Firstly, the radial density profiles at the top
position (0 = +90°) are always clearly increased (é shifted outwards) relative to those at the
outboard midplane (9 = 0°). Secondly, the radial profiles of the poloidal velocity v0 measured
at 0 = 0° exhibit a shear layer with flow reversal near the separatrix and high velocities in the
electron diamagnetic direction (+0) just inside the separatrix connected with large inward
directed electric fields 12,4/ It is the purpose of this paper to develop a physical picture for
the explanation of these phenomena
We consider the TEXTOR boundary layer 1n the region 44 < r < 50 cm with the separatrix
radius a = 46 cm The major radius 15 R= R0 + 1' cos 0 with R0 = 175 cm. The magnetic
field 1sB z B47 = BoRolRwith-BO = 2.25T, andtheplasmacurrentis = 400kA. The
transformed radial coordinate y is defined by dy = Rdr/RO with 0 < y p< 6 cm and the
separatrix radius ys = 2 cm. The electron side (e—side) of the idealized limiter rs at 05m + b
At), the ion side (i-side) at 9m— 1/2 A0, with A0 at 3°, and the bisectrix is at 01in: + 180°.
In order to simulate quite realistic plasma profiles, the code SOLXY 1s now routinely run with
spatially dependent anomalous cross--fie1d transport coefficients We use Di = 0.6 f(y) g(6)
R/Ro m2,/sec see Pl. 1. The heat conductivities and viscosity are xii =nD l , e' = 3nD
n-L = 1/1 mn D'L.CConforming to experiment we have T ~ 2T6, see P1. 5, 6. The magnetic
field reversal (1p, B9, B ) —> «(11,, B9, B4,) can be simulated in the model calculations by
mirroring the limiter pos1tion at the midplane (91m = —45° —> +45“) and mirroring back the
final results. We have marked all plots referring to the mirrored position (reversed operation)
by a plus sign behind the plot number, e.g. Pl. 4+.
For the discussion we use Fig. l and the poloidal component of the equation of~motion
(slightly simplified by omitting some correction terms related to field line curvature):

a 3 pg . . 3V»—+v—v=l— +F +B+l w1th I —v—
pie: 9r69] 9 1 r69 M J" o p 6r

6 6V 3 0v 1 3p acand F =—hV-it =hh———”h—fl — *—”]. V=——‘+—
"L" °( )” ‘3 °r60[n ”me + 6r T] 8r * B enar 6r

p = mn, hov/I = vfl - V11 he = BGIB, Io = I0° = 3,0 — mv,s_

In the scape-off layer (sol) the electric potential ‘11 is defined by the Langmuir sheath potential
and the parallel Ohm’s law, which yields also the rotational drift velocity vi. In the adjacent
transition layer, however, we must prescribe v L somewhere, say at the bisectrix, and then
proceed backwards in order to infer <I>. Hitherto we simply assumed an exponential decay, see
fexp of P1. 7. But as a consequence of the neutralizing action of the limiter onto the sol plasma
drifting with v J_ towards the e-side we get very large poloidal pressure gradients (and electric
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Schematic Plasma Edge Structure for 8“,“ :—l.S' field: miratnhefi-Silde’frWheifias the '21:;
men m 5 er 0 om e reemi

e in a Plasma “25: 9 GE 9 9 9 e neutrals to the ions is more important
j 8’" “\xj ,- B. on the e—side, because the particle influx

TV/i‘, TQ’T$ 'V°P°=\\Ti> “a I‘r = nvr is concentrated near 0 Hz 0°.
« Er E, _>FH ‘sfim \\&_‘_’ The resulting polordal force Fm in Fig.

“*gonalgcinume %.;_’®’_—; (57%” ”416*“ 1 is not confined to'the sol, but eittends
_———s?p§aTrix————Fl—*j: _Vap_ r—F——— E~—'— also into tit: “(2281:3103 layertflust 1n511de

_'" ‘" esepara'x y ueo eanguarJ, Eli i Fit-Zeta % r. :5 distribution of the emitted neutrals),
v, , Va Va 3 where it must lead to charge separation

M v. hav. and hence to the build-up of a negative
_1é0. . -9b' :2 a; 6' . 9.0. e radial electric field Bl. = —3<I>/6r

inboard bottom .1” 1. outboard lop everywhere around the periphery. The
corresponding electric drift must create a global circulation layer (GO-layer) around the minor
circumference. We take this into account by prescribing vi to be proportional to the cubic
parabola fGCL of Pl. 7, with the additional constraint that 5 vi dy = 5 v0 dy (integrated
from y = 0 to y = y“). This minimizes the parallel flow velocity v), and thus the viscous
damping by the force Fviw, which allows the plasma within the GC-layer to spin up to
poloidal velocities of v9 ,3, 4 krn/sec, see Pl. 2, The spinning motion must be limited by a
global force balance (dynamic equilibrium) provided by counteracting forces from 11, which
describes the momentum transfer by particles diffusing with vr = —Dl6n/n0r from the
plasma core across the GC-layer to the sol. The outboard centered particle influx I‘r is swept
towards the top while diffusing through the GC-layer, formn there a characteristic density
mountain and finally entering the sol upstream with respect to the vg-velocity prevailing in the
sol, P1. 3,11. In this way the significant increase and shift of the density profile at the top
position can now be largely reproduced and easily explained. The situation is somewhat
different for 95m = +4S° because in this case the outboard centered I“. is transported via the
GC-layer directly from the i~side of the limiter to the e-side, which means that it finally enters
the sol downstream with respect to the sol-v9. As a consequence the counteracting force 11
becomes in this region near the e-side a propulsive force so that the viscous damping Fmc
must now play a non-negligible role in order to ensure dynamic equilibrium. For 5 vi dy =
0.9 I v9 dy we find a considerable parallel flow in the transition layer (Pl. 13+), an even
more pronounced density mountain (Pl. 4+, 12+), a slightly enhanced global circulation (Pl.
9+, 10+) and corresponding electric fields of Er ~ —105 V/cm (Pl. 14+) compared to ~
+20 V/cm in the sol, both numbers nicely agreeing with experiment /4/. The density moun-
tain in the GC-layer and the concomitant density valley are connected by poloidal pressure
gradients to be compensated by Lorentz forces jrB¢ from radial currents, so that the current
density lines are sinuslike deformed (Pl. 8+).
Whereas the rotational drift within the sol is in the ion diamagnetic direction, the circulation
in the GC-layer is in the electron one, which establishes quite naturally a highly sheared flow
near the separatrix. We conclude that the GC-layer should be of special relevance also for
impurity transport and the L— to H—mode transition in tokamaks with additional heating and
faster characteristic velocities.
/1/ H. Gerhauser, H.A. Claallen, J. of Nucl. Materials 17§ & 177 (1990), 721.
/2/ U. Samm et al., Nucl. Fusion 3_1 (1991), 1386.
/3/ H. Gerhauser, H.A. ClaaBen, Proc. 18. EPS Conf. CFPP Berlin (1991), Pt. III p. 13.
/4/ J. Boedo et al., J. of Nucl. Materials 195-193 (1992), 489.
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Kinetic Treatment of Space Plasma Edge Structure in Ex—B> Fields

Zhykharsky A.V., mm, Tkachyov A.G.
Scientific-technical Centre “Kinetika”. PO. Box 36, 630078, Novosibirsk, Russia

1. Introduction. The paper presents the results of investigation into the problem of describing with
kinetic rigour the bounded plasma being in the external magnetic field. Two cases have been considered:
(i) transition layer formed through the contact of the magnetized plasma with the material wall and (ii)
formation of the plasma edge in plasma-vacuum transition with the external magnetic field applied. The
physical model is based on the following basic model postulates: (1) the stationary and one-dimensional
problem of the bounded plasma in the external magneticfield is considered; (2) the plasma in the
transition area is assumed to be collisionless; (3) beyond the transition layer the plasma is assumed to be
Maxwellian through collisions. The statements of the boundary kinetic problems are in close agreement
with the postulates, with the exact analytical solutions found to them being presented in work /1-4/.
TheSe solutions underlie the investigation into the transition layer structure and the boundary of the
plasma with vacuum. The condition has been found which must be satisfied to correctly simulate the
transition layer and also the spatial distribution of electric potential and the density of magnetizing current
for a nonisothermal plasma.

2. Statement of problem
The plasma area in question is bounded by the planes: x = 0 (arbitrary boundary in the plasma) and

x = d (coordinate of the material wall). An inhomogeneous external magnetic field is present:

17 = 0, By. 0} where By = const. Vector potential 3 = [V x X] has only one component: = 0. 0. A;
and in our case: Az(x) = — Byx. It can be shown that addition of the magnetic field component along the
axis x does not affect the solution to the kinetic problem and so our statement of the problem covers the
statement of the problem with an inclined magnetic field /5/.

As indicated in /l/ the set of kinetic equations for the plasma components and the plane geometry
of the problem is transformed into the form

61a (1%. afaVx-KI— W-E - 0 (l)

where the generalized potential for plane geometry has the form:
2

Ua(x, S) =% S — [i] -A,(x) + [i] @(x):
a II

Az(x) and (130:) are magnetic and electric potentials; S is a independent invariable; a is a plasma
component (ions or electrons); e is a particle charge with sign “+ " for ions, “ — " for electrons.

The nonequilibrium distribution functions (DF) satisfying the Maxwellian boundary conditions
and being a solution to the kinetic equation (it as represented in /l/ have the form

2 2
A h IL L i .—[kT]a 2 + 2 +25 m 111(1)

a

la - H(1a) aa-ba-exp ; (7.)

31
ac - Na[i] is a normalizing multiplier;

ba = exp{— [fi) ((13K):) — Cl>(0)) is a Boltzman multiplier;

.. 1/1
la a Vx - signtx — 3}) [2 (Ua — Haj] is an argument of Heavyside function H;

Ea = max{Ua} and Uati') : Ua is maximum oftotal potentialand its coordinate;
X
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In /3/ it is shown that type function (2) is not a unique solution to the stationary boundary kinetic
problem. These function proved to be the solutions with accuracy to the arbitrary distribution function of
trapped particles. Work /4/ presents a mathematical apparatus devised and designed for filling the
potential wells with trapped particles arbitrarily. Write the distribution function of the plasma
components as

fa = fa? + If, (3)

where)“: is the distribution function of the passing particles (i.e., the particles passing over the

boundary x - 0 ) :1}? is the distribution function of the trapped particles (i.e.. the particles not passing over
the boundaries of the plasma area in question).

An explicit form of the distribution function of the trapped particles cannot result from solving the
stationary boundary kinetic problem. In the current work thedistribution function of the trapped particles
is specified so that in phase space there should be no break between the distribution functions of the
passing and the trapped particles. Proceeding form this write the distribution function for the passing and
the trapped particles in line with physical statement of the problem accepted in the work for the transition
layer in the external magnetic field.

2 2
faP - aa-ba-exp — [31.] i + 1/1- + %[s — [i] -A;(x)

or Ct
kT ] x [We — Wait]. (4)

T m V} V2 l e 2
fa = aa-ba'exp — [E] —2— + —-2-"— + §[S - [H] ‘A;(.t) x ‘P(H). (5)

a (I

where l1"(H) = H(x — Hail-I630, - x)-H Fa — Ua —. 1% ,

Eta and 23, are the coordinates of the left and right boundaries of the potential well; 7;: is local
maximum (value of the total potential at the point Eta ).

Write the Poisson equation conforming to our problem

En Aq)(x) = — 2 ea f 1}; d7. (6)
(m)a

This equation was solved numerically for DF of the form (3) and (4) with zero boundary conditions
for electric potential. DF (4) together with expressions (5) and (6) permit describing the trapped particles
all over the interval 0 < x < d, thereby we obtain a solution for the plasma-wall transition layer. In
simulating the plasma-vacuum transition area we made use of BF of the form (3) since it permits bounding
the trapped particle availability by the coordinate x = do. so that in the area d/z < x < d we have vacuum
spacrng.

The magnetizing current was calculated from the expression 1'; a 2 an I Va; fa (17.
a (m)

For the plasma with density smaller by a factor of 10 20 m ‘3 the intrinsic magnetic field produced
by this current is considerably smaller than the external one and its effect was neglected.

3. Results of numerical calculations
Calculations were can'ied out for the isothermal and nonisothcrmal hydrogenic plasma with particle

density n - 10 17 m '3 over the range of electron temperatures 5-10 4 5 Te 5 2.10 8 K. After solving the

equation (7) the density distributions were calculated of ions and electrons of the densities of electric

charge and the electric field for the plasma-wall (Fig.1 and 3) and plasma-vacuum (Fig.2 and 4) transition
area. The transition area has two characteristic scales equal to the average larmor radii of the ions (R t) and

electrons (R e). The analysis of the results presented in Fig.1. and 2 shows that in order to find the right

solutions the condition :1 > max (R1, RE) should be satisfied
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a) d<R.- 7'— ‘” d<Rl

b) d>R1 b) d>R1 m

Fig.1. Transition layer formed through the Fig.2. Formation of the plasma edge in
contact of the plasma with material wall. magnetized plasma-vacuum transition.

Space distribution of 1 — electric charge density; 2 — electric potentizal; 3 — electric field;

otherwise there occurs at the plasma-layer boundary an abrupt change in electric potential. the electric
field and the charge density being discontinueous. No physical processes occurring at the plasma—layer
boundary can account for this discontinuity. The only interpretation of the results obtained can be the fact
by that only in case of d > R: we correctly simulate the transition layer with the availability of an external
magnetic field. From the calculations it proceeds that the whole transition area represents a double electric
layer and the plasma boundary has a sharply outlined edge whose width is determined by the density of
nonisothermal plasma and by the magnetic field quantity. The intrinsic magnetic field together with the
external one gives rise to electric drift in the crossed fields along the boundary and because of the
inhomogeneity of the charged particle concentration of the plasma in the transition area there arises a
magnetizing current (cyclotron current). Fig.2 and 4 present the space structure change in the transition
area and the blurring of the plasma edge as the nonisothermal plasma increases. Distribution of all
characteristics is qualitatively different for the cases Te/ T.- < mi/mg (curves 1, 2, 3) and Te/Ti > my me
(curves 5 and 6) and in the case Te/ Ti = ”Ii/"lg in the transition region the double electric layer vanishes,
the electric field and potential being equal to zero (curve 4).

4. Conclusion
The results obtained permit drawing the conclusion that the statement of the stationary

one—dimensional boundary kinetic problem enables one to thoroughly investigate the transition layer
structure and the plasma edges in the availability of the external magnetic field. Thereby pre—requisites
have been provided for investigating the plasma system structure in the availability of plasma flow
components along the material wall. Solution to this problem enables one to investigate the pinching of the
plasma cylinder by the intrinsic magnetic field with the electric current flowing along the plasma cylinder.

/1/ Zhykharsky A.V. Physica Scripta. Vol.44, 606-616, 1991;
/2/ Zhykharsky A.V. International Conference on Plasma Physics, 1992, p.1553-1556;
/3/ Zhykharsky A.V., Shmykov V.N., International Conference on Plasma Physics, 1992,

p.1557-1560;
/4/ Zhykharsky A.V., Shmykov V.N., Abstracts Fourth Symposium on Double Layers and other

Nonlinear Potential Structures in Plasmas, 1992, p.78.
/5/ Chodura R.. Contributed Papers, 19921CPP, Part II. V. 16c, 871-873)
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Fig.3. Space structure of plasma-vacuum edge. Fig.4. Space structure of plasma-wall transition layer

Nonizotl‘tet‘mality:—%1 = t— l; 2 — 200; 3 — 1000; 4 —1800; 5— 2000; 6 — 4000.

3) ion density; b) electron density; c) electric potential; d) electric field; 6) electric charge density;
f) magnetizing electric current density;
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THE IMPACT OF THE BIASING RADIAL ELECTRIC FIELD
ON THE SOL IN A DIVERTOR TOKAMAK.

V.Rozhansky* & W
The Alfven Lab.,Fusion Plasma Phys.,

Royal Institute of Technology, Stockholm, Sweden
Strong radial electric field can be induced within the SOL in a divertor tokamak by applying a
voltage to divertor plates with respect to the first wall. This biasing scheme results in the
strong radial electric field which is much larger than the natural electric field, usually of the
order Te/e. Experiments employing this biasing scheme were carried out on the tokamak TdeV

[1]. Many interesting effects such as - modifications of the density profile and radial transport
of impurities as a function of the polarity and the magnitude of the biasing voltage, the
generation of the flux surface average toroidal rotation proportional to the applied voltage,
redistribution of the plasma outflow onto divertor plates and so on - were demonstrated to result
from the biasing. Furthermore, in contrast to studies carried out employing a different biasing
scheme which primarily results in a poloidal electric field, the strong radial electric field
impacts more significantly within SOL than the poloidal electric field [1]. Here, we aim to show
that the main effects observed experimentally follow from the analysis, provided continuity and
momentum balances are employed invoicing anomalous viscosity and inertia [2,3].
For simplicity, we consider the double — null configuration with circular magnetic surfaces .
Radial current is obtained from the toroidal and parallel components of the momentum balance

.a(mu (A)u. . 3(nu- u- ) ._.

—”?——3.—“‘2+3—31§—“‘L= -<V m¢+ étBe <1)
. (A)_ ,a . .mla(mu u”) m1 (“111911”) ._.

T—BT“ + TT= W W)” W? <2)
Parallel current may be obtained from

I dye 13(rjr) 0
1. 39 + rar (3)

Parallel and toroidal velocities are related through

“in = “q + Guie
Besides. the following relation is maintained within SOL
[lie = V0 + Upi + Gum (4)

which follows from the radial component of the momentum balance. Note that Eq.(4) is valid
locally. Assuming that the potential brought about by biasing significantly exceeds Te/e. the

radial distribution of plasma potential is governed by the potential profile on plates. thereby
determining the velocity of the poloidal rotation V0. For a given value of V0, the radial electric

field is stronger than the poloidal electric field.Weal< effects owing to toroidicity are neglected.
Combining (1) and (2) and neglecting a weak parallel viscosity compared with the pressure
gradient. one obtains

1 . O awar-:5:- <5>
Integrating (5) over a magnetic surface. the total current is obtained as

ZHRC
I = B (P - ‘ P +) (6)

where p _ and p + are plasma pressures at the line « tying either to plates or to the first wall.

Eq.(6) describes the case, when a strong radial electric field and current are induced only at the

outer half of the toms. If the same voltage is applied at the inner half. the current given by



upper and lower halves of a magnetic surface, resulting in the total current to be governed by
the pressure asymmetry in the vicinity of a material surface.
Flux - surfaceaveraging Eq.(2) and neglecting the classical viscosity, one obtains

- 3(m (A)u- ) . H
g urr 1” + —n:-1(n+u+ieu+i” - n'u‘ieu'i”) =9 (P+ . P_) _ 7.; <(V 1!) II (AN) > (7)

7/72,

Here, f_= Ifde In: stands for the averaging over the outer half of a magnetic surface,
_ _ ”7/;
"ill = u¢ is the average toroidal velocity and +1E(AN) is the anomalous viscosity . At the

interface with the material boundary plasma flows with the sound speed along a field line
according to the Bohm criterium Thus

1 i, _ —‘—'

Accounting for Eq.(4). one obtains

1 I - 8 4 ll 4 ~ 7 3

Eq.(6) has to be amplified by factor 2. Qualitatively, Eq.(5) yields opposite currents at the

v0 + up.l + OuiH+ = 905* (8)
V0 + upi + Gui”. = - 9C8-
It is worthwhile to emphasize again that V0 is a constant along a field line due to a strong t

radial electric field applied externally. Substituting boundary conditions into Eq.( 7). one ‘*
obtains

(A) “ “—013+.p_=mi(V0+u;i)(n+c++n_c_)—fld(mur u) +ld(mE~) (93)

20 S 5 29 dr 29 dr /
Substituting the current given by Eq.(6) into Eq.(9a). one obtains _

— du2 (A) _Q
rtRcm~(V + u -) 7: RC -d(m u ) 7 d )

1=.——1 0 Pl—(n+cs++n‘cs')+ m‘ urdf ‘1’ -"—R° dIdr (9b)
B9 B0 B9

In order to close die system we employ the continuity equation reading

a (nu- ) atmu (Al)
1 16 =Q=8_.1___.r_ (10)
r 39 _ r 8r

Here, S is a source of particles and we have neglected the neoclassical radial transport.
Integrating over the tiel line. one obtains

n(V0 + “pi + 011$): o Q(6)rd6 + C (11)
A constant C is determined by boundary conditions at the ends of afield line intersecting a

material surface "'41
n+ ( V0 + upi + ®u¢+) =JIQCL9 + C : n+@CS + (12)

n' (V0+u -+Gu ‘)2 - Qd6+C=-n'GCS+
p1 q). Tb. . . .

The sum of Eqs.(12) yields the constant C prov1ded the symmetry over the midplane is
maintained

+ + ~ -n C - n C
C =—S—2—S— O (13)

Assuming temperatures to be equal at ends of a magnetic field line Tei = Tii = TC. one obtains

C as a function of the radial current I from Eq.(6)
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[BO
C = ' —UT—17:4‘127CRCTC mi
Now Eqs.(11 & 14) yield the relation between the toroidal velocity at the equatorial plane
u¢(9=0), which is measured experimentally [l], the radial electric field and the total current I.

Substituting Eq.(14) into Eq.(l 1) and taking 6 = 0. one obtains
[B O

V + -+@u 0 = -‘AW 15)
0 “P1 ¢( ) 4v2a(0)cTcl (“‘1

In low recycling divertors, the toroidal velocity at the midplane u¢(0) is of the same order as the

(14)

toroidal rotation velocity g in Eq.(9). Hence, the system of Eqs.(9 & 15) yield the magnitude
and the profile of the toroidal rotation velocity and the current for a given radial profile of the
electric field . The exact solution may be obtained numerically by solving the system of Eqs.(1
& 11) for a given distribution of Q.
If the radial scale of the toroidal rotation profile 5a is larger than the SOL width 5 (this is the

case in experiments on TdeV [1] ). then one obtains from Eqs.(9 & 15) assuming g = u¢(0)

V0 + upi + Gu¢(0) = 0 (16)
However. all the terms in Eqs.(9 & 15) are of the same order if 5n = 5 and the system has to

be solved numerically. Eq.(16) yields the dependence of toroidal velocity on the applied
voltage, which is in good agreement with the measured on TdeV [1]. Note that in absence of
the external bias, Eq.(16) is satisfied exactly. This implies that the toroidal rotation velocity
emerge within SOL coparallel to the Ohmic heating current even when the radial current through
separatrix is equal to zero. The same effect has been shown to emerge for a poloidal limiter.
The main reason stems from the positive natural electric field existing within the SOL.
The value of current is obtained from (9 & 15) and reads for In + - n ‘ | << n" = nC

du— (it-1 2 du- d(1’n—“)
_ ' . l ' .I— [1 05exp( 05)] TE Rcr [Hui-(A) _ 1g _ r dr l (17)

GB
Here. the relation reading nC/n(0) = exp(- 0.5), which follows from the parallel momentum
balance, has been employed.
Note that Eq.(17) is qualitatively the same as Eq.(7) in Ref.[4] , which yielded the profile of the
toroidal rotation velocity caused by a biased electrode inside the separauix.
However. quantitavely, the cross ~ field radial conductivity emerges to be much larger outside
the separatrix within the SOL.
indeed. employing in (9b) u_¢ = , (V0 + upi) /6. one obtains

kanm. 1/2T_ l/ZCZ dp_=—92—<E- mp 08>
where k is the coefficient of the order 1. Comparison with voltage A current characteristics

measured on TdeV yields k = 2.
The linear dependence of current on the electric field is maintained unless the pressure

asymmetry on ends of the magnetic field line becomes significant n + - n ' = max in ,n "l.
Eq.(6) yields the maximum value of the total radial current

1km") = 4cnTi/B (19)
which is obtained for the electric field
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IVOI ”9C5 (20)

Moreover. when these large values of the electric field are reached. the substantial
redistribution of the plasma outflow between divertor plates occurs. Since Er > 0 the

preferential outflow takes place into the low divertor chamber for the direction of the magnetic
field on TdeV. In the high recycling regime, the situation remains essentially the same.
Maximum velocity averaged over the magnetic surface is obtained from 11r = jI/en as

(max) = 22 (21)

ur erB
which yields the ratio of ur(max) to the anomalous transport ur(A) of the order 1.

TQM) a. LP“ < 1 (27)
“r 05

Therefore. the following important effect results from this eStimate. The option to control the
density profile within the SOL emerges by imposing the strong electric field of the order IVOI z

6C5. The positive polarity of the bias results in a more uniform profile and the negative in a

steeper one. This effect has also been observed on TdeV.
Finally, addressing the impurity transport the toroidal and the parallel components of the

momentum balance are employedA[13 3(mrur1( )1]q fl 3(“iureurcfi_
r at + r 38 ‘ '

33(mrurr(A)um) + H a(r‘IuIeL‘III) _
r at r 39 " - (V 701 H — VIIPI ' ZenIVHq) - ITIIl'lIVIi(UI” - Hi”)

(24)
Neglecting viscosity temis compared to pressure term and the small difference between “ill and

um), one obtains for the current due to impurities t

39‘ at i
Ja='%<a-el ”“6 a2”) (25) 1
Assuming that T6 = T1 = T = constant (6) and the Boltzmann distribution of impurities within a

magnetic surface reading nI/n = const ('6), one obtains after averaging

n
IrI 11% I?! (26)

where l is the current carried by ions. Thus, the average outflow velocity of impurities is equal

with accuracy of the coefficient (1 + Z)/ 2 to the radial transport of main ions driven by the

electric field.
Finally, we conclude that the biasing of divertor plates with respect to the first wall provides

the powerful tool to control particle, impurity transport and the outflow into a divertor chamber.
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1-34, 4—21
5-55
3-23
4-73, 8-45
1—86
4-30, 6-15
4-7, 4-46
1-33, 4-29, 6-11
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1-80, 1-81
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1-4, 1-5, [-6, 1-67
5-34
1-43, 1-48, 5-8
3-26
2-14, 4-42, 4-43
5-36
3-11, 3.15
2—12, 2-13, 2-14, 2-15
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2-16, 1-60
3-19
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Sakharov AS.
Sakharov I.E.
Salmon N.
Saloma RRE.
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Schivell J.
Schmidt G.
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Schmitz L.
Schneider R.

Schneider W.
Schmm D.C.
Schfiller F.C.
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Schwab C.
Schweer B.
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7-5
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7-1, 5-52
1-67
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1-67
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4-41, 4-42, 4-43
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1-15, 2-12, 2-13
141, 1-55
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2-4, 2-6, 2-7, 2-18, 4-47
3-10
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3-18
6-33
1-33, 6-33
1-60, 6-33
1-45, 2-16, 5-36
6-38
2-1
5-35
5-14, 5-31
6-42
1-65, 5-53
4-39
3-4, 3-5, 3-7
4-24
1-80, 5-35
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5-48, 8-15
3-5, 6-37
5-32, 5-33, 5-34
1-26
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1-50, 1-73, 5-25
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1-31, l-69,6-16
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1-12, 1-32, 1.70, 4-25,
4-26, 4-28, 4-29, 6-14



Sergecv V.Yu.
Sergienko G.
Serianni G.
Semi F.
Semic S.
Sestero A
Sethia G.C.
Sevicr L.D.
Shang Z.Y.
Shampov VJVL
Shatalin S.V.
Shcheglov MA
Shen W.
Sherbinin O. N.
Shevchenko AP.
Shevchenko V.F.
Shiina S.
Shimada M.
Shimada T.
ShimizuK.
Shin S.-R
Shirai I-L
Shishkin AG.
Shkarofsky I.
Shoji T.
Shoucri M.
Shurygin V.A.
Sidikman K
Silva A
Simonetto A
Simonini R.
Sinnis 1C.
Sipilfl SK.
Sips ACC.
Skladnik-Sadowska E.
8161' R.
Smeuldexs P.
Smimov A.I.
Smimov AP.
Smimov V.M
Smith J.P.
Soarm A.

4-8
8-35
5-34
1-52
4-24
6-23
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4-13
5-16
5-31
6-33
1-16
1-64
4-29
3-7, 4-36
1-37, 6-10
5-14, 5-31
4-65
4-39
4-24
1-9
1-83, l-86
1-84, 1-85
4-49
3-10
1-85
1-19
6-25
3-11, 3-15
1-17, 145
3-15
1-17
1-34
1-17
5-54
5-5, 5-11
l-78
4-66, 5-5, 7-1
1-63
8-37
1-37, 6-10
5-47
4-1, 4-54, 4-55
1-80
5-19, 8-42
1-39, 1-48, 6-2
3-26
5-14
1-13, 1-43, 1-48
1-86
5-54
2-11
4-24
1-37
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Solano ER
Solari G.
Séldner RX.
Soltwisch H.
Sonata P.
Sosenko RP.
Sousa J.
Spallu's P.
Spence J.
Spong DA.
Springmann E.
Stibler A.
Staebler GM
Stambaugh RD.
Stangcby P.C.
Stanojevic M
Stansfield B.
Slepanenko M.M.
Stepanov AYIL
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Stephan Y.
Steuer K-H.
Stevens J.
Stevens 1E.
Stfickel J.
Sloncking M.
Stoder D.P.
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Smut EJ.
Su-asser v.0.
Strauss H
Streibl B.
Simih U.
Suumberger E.
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Sudo S.
Sugic T.
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Sun Y.
Sund R S.
Sunder D.
Sushkov A
Suzuki Y.
Svoboda V.
Sykes A.
Synakowski E.
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Taguchi M.
Takada H
Takahashi C.
Takahashi H.
Takahashi H.
Takamura S.
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5-47
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6-43
1-37
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4-24
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5-14, 5-31
5-35
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1-65, 5-53, 5-55
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5-32, 5-34, 1-52, 3-26
4-1

5-4
4-42, 4-43
1-15, 2-12, 2.13, 2-14
5-31
5-14
4-48
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Takenaga H.
Takeuchi H.
Takita Y.
Talmadge I.N.
Talvard M
Tamai H.
Tamano T.
Tammen H.F.
Tang W.
Tanga A
Tani K
Tanzi C.P.
Tamsenko N.V.
Taroni A
Tataronis J.A
Taylor G.
Taylor T.S.
Telesca G.
Tendlcr M
Teo C-Y.
Tcrentjev AR
Terreaull B.
Tcubel A
Theimer G.
Thomas C.E.
Thomas P.
Thomassen KI.
Thompson SJ.
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Tiu’shov KB.
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Tobita K.
Todd T.N.
Toi K.
Tokar M.
Tokar M.Z.
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Tran M.Q.
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Trukhin V.M
Tsaun S.V.
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Tsois N.
Tsui H.Y.W.
Tsuji S.
Tsumori K.
Tsurikov V.A.
Tsuzuki T.
Tsvetkov LV.

2-12
5-36
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1-27, 4-15, 4-16, 8-8
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3-28, 6-38
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1-18
1-59, 6-21
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4-1, 4.54, 4-55, 1-22
5-2
1-52, 5-32, 5-33, 5-34
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1-12, 1-32
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3-22
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2-17
4-7, 4-46
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1-80
1-25
8-49
8-13
1-22
5-14, 5-31
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1-18
1-57
2-12, 2-13, 2-14, 6-33
4-29
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3- 7, 4-36
5-46
5-50
8-2, 8-3
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1—83, 5-53, 5-55
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3-29
4-11
4-8
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6-33
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Tsytovich V.N.
Tubbing B.
Tudjsoo O.
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Tumbull AD.
Turner M.F.
Tynan G.
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Uckan T.
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Vershkov V.
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1-29, 1-51
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1-37
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8-8, 1-27, 4-15
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1-18
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1-27, 1-55
1-12, 4-30, 1-32
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1-37, 1-151, 6-24
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1-37, 5-51, 6-24
1-37, 6-10
2-23
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1-20, 1-83, 5-53, 5-55
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1-35, 1-36
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6-26
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1-20, 1-75, 5-53, 5-55
1-32
6-7
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8-31
8-20
7-2, 8-51, 8-52, 8-53
4-2, 4-55
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Wahlberg C.
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Wang C.
Wang E.Y.
Wang J.
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Whylc D.
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Wilson H.
Wilson l-LR
Wilson JR
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Wobig l-L
Wolf G.I-l.
WolfRC.
Wolfl'I-L
Wolfrum E.
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1-38
5.14
1-23, 1-48
6-1
4-49
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1-80
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3-18
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4-6, 4-61, 4-64
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6-13
5-25
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5-46
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6-30
5-34
1-70, 4-30, 6-13, 6-15
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1-28
5-32, 5-33, 5-34
1-32, 1-70, 4-30, 6-15
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1-23
4-47, 6-9
4-26
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4-23, 4-24
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Woorlon Al.
Wréblcwskj D.
Wurdcn G.
Win-z H
Xu D.M.
Xu S.
Xu Ying.
Yagi M.
Yamada H.
Yamada I.

Yamagajo T.
Yamaguchi K
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Yarnakoshi Y.
Yamamoto T.
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Yan L.W.
Yang G.
Yang HR.
Yang SK
Yao LH.
Yi Ping.
Yoshida Z.
Yoshino R
Young KM.
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Zuppiroli L.
Zurm B.
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2.10, 4-21, 6-31
1-25
1-80
4-49
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1-9
4-38
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1-9
1-76, 4.38
3-20
3-18
1-44, 5-36
6-29
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4-38
4-38
4.72
3-22
1-55
1.38, 4-35
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6-17
5-34, 1-52
3-8
1-19
3-26
1-29
1-9
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1-9
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6-6
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2-16, 4-41, 4-42, 4-43



Zuzak W.
Zweben S.
Zweben SJ.
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5-32, 5-34
1.42, 1-52
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