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covering ¢ U e ATURES OF SPHERICAL TORUS PLASMAS OF ULTRA-LOW

ASPECT RATIO AND LARGE ELONGATION'
Y-K. M. Peng

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831, U.S.A.

- Intreduction: High beta, good confinement and stcady-state operation in compact configuration and at
modest ficld have long been major goals of magnetic fusion energy research. Accomplishing these in a
single device will permit cost-effective and attractive embodiments of future fusion reactors. The intro-
duction of the spherical torus concept [1] was so motivaled to a large degree. An equally important
motivation is its prospect of reducing cost and time of fusion rescarch and development. In comparison
with alternate confinement concepts of RFP and spheromak, a spherical torus experiment is expected to
be similar in compactness, low ficld, and high beta; but wiih better, tokamak-like confinement times by
more than an order of magnitude.

The ideca of very small aspect ratio (A) tokamaks per sc has been discussed recently [2,3], based
primarily on conventional tokamak assumptions such as high poloidal beta (8;), modest elongation (x),
and inductive startup of the plasma current. This leads to beta values much higher than permitted by
the more recent understanding of the first stability regime [4]. [n contrast, the spherical torus projects
high beta through naturally large « and plasma curreat at a modest £, and stays within the first stabil-
ity regime projections. The spherical torus concept is made plausible by recent progress in advanced
current drive schemes, such as initiation and rampup by lower hybrid waves [5] and maintenance by
oscillating ficlds [6] (helicity injection [7]). It permits compact long-pulse spherical tori with little or no
solenoid and A4 < 2. Assuming thesc advanced current drive schemes, ignition spherical tori are
estimated to be compact (R = 1.0 to 1.6 m) and at low fields (B, = 3 T to 2 T) [8]. In the case of
small-size, low-field, and short-pulse experiments using pulsed high current density coils, full inductive
current startup should remain feasible.

-Natural Elongation: Free-boundary MHD equilibrium calculations show that x = 2 occurs naturally in
a spherical torus when only a dipole vertical ficld is applied. When a quadrupole shaping field is
applied, x = 3 can be obtained (Fig. 1). The dependence of poloidal and toroidal field coil currents on
A is shown in Fig. 2 for a constant safety factor at edge (g) of 2.4. Is is seen that the total coil
ampere-turns, relative to the plasma current, are reduced by more than an order of magnitude when A
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Fig. 1. Naturally elongated and stroagly . Fig. 2 Dependence of vertical ficld (VF),
elongated plasma cross sections at A = 1.5, shaping field (SF), poloidal field (PF), and

toroidal field (TF) coil ampere-turns, relative
10 the plasma current on A and «.

"Research sponsored by the Office of Fusion Esergy, U.S. Department of Energy, under Contract No. DE-
AC05-840R 21400 with Martin Marietta Epergy Systems, Inc. :




is reduced from 4 to 1.5. The toroidal and poloidal coil currents become comparable in & spherical
torus, giving comparable ficlds. Large clongation is a natural feature of the spherical torus.

Plasma Current and Beta: The plasma current for these equilibria can be approximated by:
I(MA) = [Sa(m)Bo(T)ql[Cie/1 — I[(1 +<7)2] . (n

where Byg is the vacuum toroidal field at the major radius R, ¢ = 1/A4 and C; = 1.22 — 0.68 ¢ Thus
for a spherical torus with 4 = 1.67, x = 2, and g = 2.2, we find that [,(MA)/[a(m)8,(T)] = 7,
which leads to a high potential of plasma beta in the first stability regime [4]. Recent experimental
results [9] suggest that the beta limit can be approximated by:

Be = 2ug(P)/Bly = 0.0331(MA)/a(m)Bu(T) , (2)

indicating f values above 20% for the spherical torus. That such high plasma current is permitted in a
spherical torus can be seen in Fig. 3. The moderately pitched field lines in the inboard region of the
spherical torus introduce a large toroidal rotation becausc of the relatively small toroidal circumference
there, more than compensating for the small toroidal rotation due to the highly pitched ficld lines in the
outboard region. That such a magnetic field configuration should give high beta for MHD stability can
be scen also in Fig. 3. In comparison with a conventional tokamak, the spherical torus has a short field
line length in the bad-curvature region relative to that in the good-curvature region.

-Plasma Paramagnetism: Relative to the line-averaged poloidal ficld along the plasma poloidal cir-
cumference, B, can be approximated by:

(8/8) = [Sa(m)Bo(T/I(MA)[(1 + <1)2] . 3

It is secn that B, is comparable to the toroidal beta and much less than 1, leading to essentially force-
free, paramagnetic equilibrium configurations. The highly pitched magnetic field lines then produce a
large poloidal current that strongly enhances the toroidal field {8,) at R. The dependence of B,/Bq on
A and « is plotted in Fig. 4, showing that it can become greater than 1.5 whea A is reduced to below 2.
The enhanced B8, contributes to increasing [, for a given g. The presence of a large B8,/ 8y thus serves as
an indicator of the spherical torus characteristics. Strong paramagnetism also introduces an important
uncertainty in the application of Eq. (2) with respect to B, and B The uncertainty in the limiting
pressure is proportional to (B,/B,)’, dependent on the definition of B on either side of Eq. (2), as leng
as g, < L.

WG v "';:.Iu. A B e T o 1
e el — o
e o e
Fig. 3. The contours of mangclic ficld lines on the e Ennac
g = 2 surfaces of a conventional tokamak and spheri- ' : o ;
cal torus, The portion of the ficld lines in the good- Fig. 4. Dependence of ‘8,/8, and 8, on 4

curvature region is dashed. for naturally elongated and & = 3 plasmas.
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_Near-Omnigeneity: As shown in Fig. 5, the strongly enhanced B8, at the plasma core and the large
pm the plasma edge create a strong curvature of the surfaces of [ making them largely
parallel to the flux surfaces at the outboard region of the plasma. In this region, the particle drift orbits
coincide with the flux surfaces since the curvaturc and gradient drifts are now parallel to the flux sur-
faces. This nearly omingencous [10] region largely coincides with the region of bad curvature of MHD
instability. This region is nearly free of locally trapped particles and hence has improved kinetic stabil-
ity, although trapped particles still exist between the top and bottom regions of the plasma. These
trapped particles have reduced “banana™ width, leading Lo & reduced neoclassical transport. Since the
size of the region depends on x, § and B,/By, it is subject to external controls of the shaping field,
plasma heating and q.

~Plasma_Helicity:  Toroidal plasma helicity can be expressed by the helicity parameter [11], @
{={B,)s/{B\)v), where the subscripts S and V indicate surface and volume averages. For the spherical
torus configuration (A = 1.6 and x = 2), the dependence of # on g can be plotted in the F-§ space,
where the pinch parameter, F (= (B,)s/{B,)v), depicts averaged inversc plasma paramagnetism (Fig. 6).
It is seen that, as the helicity increases, the spherical torus evolves from weakly paramagnetic spherical
tokamak (g = 10), to strongly paramagnetic spherical tokamak (g > 1), to spherical pinch (1 > ¢ >
0), to spheromak (g = 0), and cventually to spherical RFP (g < 0). In the case of spherical tokamak, F
= (.8 t0 0.5 and @ = 0.8 to 1.5, and current maintenance via oscillating fields [7,8] is suggested. The
efficacy of this approach is enbanced by its relatively modest stored magnetic flux.

- Discussion: Based on a limited number of MHD cquilibrium calculations, the features of the spherical
torus plasma discussed here appear qualitatively different from the conventional tokamak plasmas.
These features include naturally large clongation, large plasma current, high beta in the first stability
regime, low poloidal beta, comparable toroidal and poloidal fields, strong paramagentism, near-
omnigeneity, and strong helicity. In discussing the implicaticns of these plasma features, much of the
conventional wisdom of toroidal plasma physics is applied. Since there is no concrete data base for
spherical tori, our discussions serve primarily to indicate possible important directions of theoretical
analysis and experimental testing. Examples include the effects of strong paramagnetism on achievable
plasma beta, the effects of near-omnigeneity on plasma kinetic properties, plasma energy confinement in
these configurations of ultra-low A and high current, the efficacy of lower hybrid wave and oscillating

=100  (WEANLY PARAMAGHETIC
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Fig. 5. Configurations of spheri- - ,-\'“‘
cal torus plasma flux surfaces (solid e 1 L rvemca; mm
and dotted lines) and |8 -surfaces o 04 oe L2 e 2.0
(dashed  lines).  The  near- :
omnigeneous region is to the right of Fig. 6. The dependence of F and 4 on ¢ in a spher-
the bold dashed line. ical torus configuration with 4 = 1.6 and ¢ = 2.
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field current drive, and the viability of the spherical pinch and spherical RFP configurations. The
attractiveness of the spherical lorus as a compact magnetic fusion concept depends on the resolution of
such questions as these.

The author wishes to thank T. E. Shannon, E. A, Lazarus, and J. Shefficld for stimulating discus-
sions, and D. J. Strickler and J. B. Miller for equilibrium computations.
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7HE EFFECT OF MAGNETIC FIELD RIPPLING ON MERCIER KODE STABILITY
OF FINITE-PRESSURE FLASMA IN TOROIDAL MACNETIC TRAPS

V.V.Denchenko, A.Ye,Omel'chenko

Institute of Fhysics and Technology, the Ukreinlan Academy of
Sciences, EKharkov 310108, USSR

It has recently been shova [1] thet the longitudinal
rippling of the magnetic field in a low-pressure tokamak plasma
produces en additicnal destebilizing effect on small-scale MHD
modes. The edm of this paper is to investipgate the tinita—pros'l-
ure plasma stabiliiy in rippled magnetic traps with a compli-
cated form of a magnetic exis, The analysis of the stability is
based on the methods telking into sccount the complicated mognet-
ic -field geometry [2] end the rippling of & longitudinal mag-
netic field [1].

Ve assume the magnetic axis of & closed toroidal magnetic
trap to be a spatisl curve choracterized by & curvature k(T )
and a torsion (% ), where Y is the toroidel angle. In case
of en erbiltrary dependence of the curvature and torsion on !3
end a strong magnetic field rippling the criterion of stability
relative to the small-scale mode build-up is very cumbersome.
For this renson, we restrict ourselves here to the enalysis of
the stability eriteria for simple mognetic configurations such
as tokamaks sud Splitzer “"figurcs-ofeecight™ filled with o finite-
pressure plesmsa,

Let ws essume that the rippling of the longitudinael mapgnet-
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ic field is given 'by
o 8) 828,65 18 1wt Bes0. )

In this cese the MHD criterion in relation to the Mercier mode
build-up hes the form

S L) g T2 @\w"” Je
2R3 )‘9"’-21432 Unkn o p Yot ZK Ko U0 M}

e
J—l *}’\ 2 Ansn-no
*“g’et {5[2‘ _\lm ] —[,\“hqﬁ:)\;\-nglymm Py Euun)tjmnzf
L 1 4lsmeteny  (p-n2 ﬂa‘} >0
5, U‘*“M}““"z\ jhmt_pm) (RQe waeny)* ;Umﬂ (ngisng) )

where ,\=KRB’/2 S:ve R/ i , the rest
notation beingbatanda.rd (see refs [1-21)

It follows from eq.(2) thet in traps with & spatiel magnetic
axis the Fourier components of the rippled magnetic field, Sﬂ »
end of the magnetic axis curvature, Kn , get coupled, This leads
to additional terms appearing in the stebility criterion which
are proportional to the first power of %n (in the tokamak case,
the stability criterion involves the terms quadratic in 8,1 Ye

Now we consider the effect of the finite plasma pressure on
the Mercier mode stability in e tokemak. It is dmown [1] that
the rippling of the longitudinel magnetic field in a tokamak
plays & destebilizing role. On the other hand, as the plasma
pressure grows, the effect of plasma self-gstabilization tekes
place [31. We shall demonstrate that this effect is also observed

in e rippled tokamsk, For this case criterion (2) reduces to

I B oal HE S g -
W3R e L2 laudile, @
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where we took into account that in eq.(1) only 8‘+2 are non-
7er0. )

It follows from inequality (3) that the f_:1d rippling has
a destabilizing effect in a low-pressure tokemek (%9<<Ulﬁjub )
and en inverse effect in a high-pressure tokamak (ﬁeﬁ(be)ub).

The analysis of the stability criterion (2) for traps with
spatiel megnetic axes has shown that the rippling of the longi-
tudinal magnetic field in such systems exerts either & stabil-
izing or destabilizing effect depending on e specific geometry
of the confining magnetic field and the type of the machine.
In particuler, for traps of the Spitzer "figure-of-eight" type
[KQ‘,)zK’o»f K,iElL? end a rippled longitudinal magnetic field of
the form B = B+ 81é2‘§>2 criterion (2) implies that the
effect of rippling on the Mercier mode stability is determined
here by the sign and the modulus of Regl.
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THERMONUCLEAR TRAP "DRACON"

L,I,Artemenkov, T.F,Volkov, V,M.Glegolev, A.V.Dobryekov,
A.E,Lenevea, P,A,Mulkhin, B,A,Trubnikov

I.V.Kurchatov Institute of Atomic Energy,
Moscow, USSR

A closed magnetic trap "DRACON", consisting of two rectili-
near equilibrium elements and of iwo curvilinear ones (CRELs),
was suggested in the USSR, in 1981 /1,2/. The parameters of
CRELs are specially chosen so that the Pfirsch-Schluter cur-
rents are closed within CRELs themselves. For a plasma with
low JB and with circular magnetic surfaces, the conditicn
mentioned has a form: {hz

| :j;’%ch’ s olr=0 )
where, €y is the length of CREL, k (s) is the curvature
of the magnetic saxis, aQS; ie the angle of rotational trens-
form, S is the length of the magnetic axis arc counted
off from the CREL-centre, The equilibrium value of /8 in CRELs
and in the rectilinear equilibrium elements are practically
independent under the condition (1), that allows to raise }3
in the rectilinear elements up to 0,4-0.5 cheracteristic for
the mirrors, The equilibrium value of Jg in the rectilinear
elements is independent of their length under the condition
(1). '

If the magnetic field in the rectilinear elements is less

P

ST ——

than the field in CRELs, at the sufficient length at rectilinear

elements, when the plesma volume in them considerably exceeds
the plasma volume in CRELs, the main fusion energy release will
oceur within the technologically simple rectilinesr sectilaons.
At the same time, these sections meke a small contribution into
heat conduction in plasma due to the absence of the radial
drift motion of particles. Thus, DRACON is a closed trap with
high equilibrium F end with comparatively small energy
losses due to heat conduction in plasma. The estimates for the
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DRACON-reactor parameters have been done in /2/.
§ 1. Hydrodynamical plasma equilibrium

The problem of plasma equilibrium in DRACON hae been solved
in /2/. Ve have proceeded from the assumption that the plasma
column with a radius a, i1neside the ideally-conducting cese with
a radiuse b , is in equilibrium. The calculations show that
the equilibrium J3 in CRELs, made of toroidal and helical ele-
ments, is equal to 6-8% at X,b=1/3 and slightly dependent on
the CREL-configuration. The angle of rotational transform in
CREL is 190-200°,

§ 2. Plasma stabilization

According to /3/, the systems with spatial magnetic axis,
at the uniform field elong the axis and at circuler magnetic
surfaces, always have a magnetic hill, and hence they are un-
stable respective to perturbationa of the convective type.
Different methods of producing a magnetic well (D-shaped defor-
mation of magnetic surfaces, stabilization with a quadrupole
anchor or with a relativistic electron beam) have been conside-
red in /2/.

We considered & new method of producing e magnetic well
/4,5/, based on a displacement of the megnetic axis within
the toroidal and helical sections of CRELs outwards from the
curvature centre of the magnetic axis, A region of enhanced
magnetic field extends over the megnetic surfaces at such a
displacement, that results in the production of a magnetic
well in the system. Such a displacement is made in the section
with a curvilinear megnetic exis and with a non-uniform magne-
tic field along the axis (stabilizing S-mirror).

As the well is obtained at circular magnetic surfaces in
the stabilization with the S-mirror, such a stabilization tech-
nique provides the following advantasges:

1) low aspect ratio along the separatrix,

2) small aszimuthal asymmetry of the field,

3) simplicity in the design and technology of the system as
a whole,

4) possibility of designing a divertor of the toroidal

type.
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A general theory of the magnetic well production technique
with the S-mirrors in the DNRACON-trap is given in /4,5/ and
different CREL-modifications are considered there,

§ 3. Plasma heat conduction

The theory of plasma heat transfer coefficients for stellara-
tors /6/ and for helical tori /7/ is spread to the DRACON trap
in /2/. In the regime of rare collisions (fusion reactor regime)
under the condition

» Er
W, < % < s -

the main contribution into heat conduction is made by elect-
rons trapped by the helical ficld non-uniformity in CREL, A,
In (2) Et= aT/E ig the toroidal non-uniformity
of CREL, ¢Jp is the azimuthal drift frequency. In this case,
the plasma energy confinement time (without regard for the
S-mirrors) is determined as

: o) AA10” 3@215) v (// JPZC‘)
Qg = & /ﬁ E (32
Here, 2 is the mean torsion of the CREL-magnetic axis, 72
is the electron temperature (keV), J}7. i3 the plasma density
in em™, & is the plasma radius in cm, fée} in pec¥ In the
presence of the S-mirrors and at their high mirror ratio, the
energy confinement time can drop due to & radiel drift of ele-
ctrons trapped within the S-mirrors in the oppositely-located
CRELs, This effect can be taken into account qualitatively,
when &£ in (3) is replaced by the non-uniformity of the
field in the S-mirror. Thus, it is desirable to use & stabili-
zer with a great number of mirrors and with low non-uniformity

of the field in the S-mirrors ( 12£:f Tl IZS - mirror
ratio), lgr?

§ 4. Principles of an experimental program
An initial stage of experiments has the following goels:
1. to find out the plasma equilibrium conditions for
DRACON,
2, to study the hydrodynamical plasma stability,
3. to find out the plasma transfer coefficients.

B, - the magnetic field 5 U
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The solution of these problems is possible, using a plasma with
hot electrons obtained by ECRH. The maximum magnetic field in
the trap is 4-5 kOe, plasma density 1= 5x1011cm—3, Te 1is
up to 5410 keV. The plasma transier coefficients in this regime
are determined by the electron component of plasma; therefore,
the ion temperature cannot be high: ~~ 100-200 eV, It is
gufficient to have the plasme dismeter of 10-20 cm.

The authors express their gratitude to V.D,Shafranov for
his interest to this work and for useful discussioms,
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Inertial Confinement Fusion by Short Wavelength GEKKO Series Lasers at
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T.Jitsuno, S.Ido, Y.Kitagawa, M.Nakatsuka, T.Sasaki, K.Yoshida, T.Yabe,
M.Yamanaka, Y.Izawa, Y.Kato, K.Mima, T.Mochizuki, S.Nakai, K.Nishihara,
T.Yamanaka and C.Yamanaka

Institute of Laser Engineering
Osaka University
Suita, Osaka, Japan

1. Introduction

In laser fusion research the wavelength scalings of laser plasma
interaction and implosion dynamics are very important in order to decide the
implosion scheme for the future ICF reactor. According to the recent
experiments the shorter wavelength lasers have benefit of higher absorption
rate, less hot electrons and higher soft X-ray generation efficiency for high
Z target. In order to investigate the laser wavelength scaling of imploded
plasma we are pursuing the laser-plasma interaction experiments as well as
the implosion experiments by using the four wavelength lasers, 1.05, 0.53,
0.35 and 0.26 um.

In this proceeding we describe the glass laser systems and the recent
results of implosion experiments.

I1. Laser systems

Three glass laser systems named GEKKO are used for the implosion
experiments. The GEKKO XII1, a Targe glass laser system of twelve beams, can
deliver 30 kJ (1 nsec), 55 TW (100 psec) in 1.053 um wavelength, and the
ocutput diameter of which is 35 cm. The second harmonic system has been
completed in the GEKKO XII which uses large single KDP crystals of 38 cm in
diameter. The KDP crystals are cut to type 11 with the thickness of 20mm. The
targets are usually aligned by the fundamental wavelength laser (1.05 um).
The difference of pointing and focusing for the each wavelength (red and
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green) are automatically corrected by a minicomputer. A1l beams are uniformly
jrradiated to the target through the F/3 aspheric lenses of 108 cm in focul
length. The focused spot diameter of the beam is about 50 um in red and
green, respectively. The pointing accuracy is less than 20 um for the green
beams. The temperature of the target room is adjusted to the accuracy of 0.2
degree because the KDP matching angle is sensitive to the temperature. The
conversion efficiency attains 80 percent in maximum and 70 to 80 percent for
twelve beams. The KDP crystals have been adjusted to the mismatchiné angle of
less than 50 prad.

GEKKO MII glass laser is the two beam blue system which is mainly
dedicated for the basic research. It can deliver 1 kJ (1 nsec) for blue. The
maximum conversion efficiency of 60 percent has been attained. GEKKO 1V glass
laser is a four beam system in green and uv with the diameter of 10cm. This
is mainly used for the fundamental experiments of laser-plasma interaction.

111. Implosion Experiments

Success in laser fusion depends on achievement of high hydrodynamic
efficiency, uniform and stable implosion and suppression of fuel preheating.
We have been investigating these physics for both direct and indirect
irradiation scheme such as Cannonball targets. Items of our recent
investigation are flux-limiting, Rayleigh-Taylor instability, hot electron
generation and X-ray conversion for fundamental interaction, and comparison
of final fuel density-compressed core radius product R and fuel temperature
(neutron yield) between direct and indirect implosion. In this proceeding the
flux-limiting factor measurement and X-ray conversion measurement are
introduced.

(1) Energy Transport

In the strong temperature gradient the free streaming of electron Qe =
nETe_vth is limited by a factor f. Large pellets are irradiated by 1.05 and
0.53 um (500 psec), which are coated by multilayers including thin high Z
tracers (CHC1 or Mg, Al, Si). The X-ray streak photographs and the spectral
measurements of the tracers yield the mass ablation rate and the spatial
profiles of the temperature and the density of ablating plasma.

The temperature profile in Fig.1 is determined by the line ratio of Cl
lines (H-o and He-a, and/or Li-like satellite He-a) and the density is
obtained by the line intensity ratio of He-a and its intercombination lines.
The experimental profiles are compared with the simulation results for
various flux limiting factors in Fig.2. Since the measured profiles are in
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the critical region, they are sensitive to the cold electron flux limiter fc'
but not to the .hot electron limiter fh' The comparisons between the
experiments and simulations in Fig. 1 yield fc = 0.06, where fh = 0.03 in the
simulation.

According to our theoretical study using Fokker-Planck simulation, the
heat transfer factor f is suppressed less than the Spitzer-Harm classical
heat conduction in the heated region where the temperature scale length LY
(TE/VTE) is very large and the factor f is increased in heat front where the
temperature scale length is small. The experimental data are compared with
the Spitzer-Harm in Fig.2.

(2) X-ray Conversion

The soft X-ray spectrum and its generation efficiency have been measured
by using a transmission grating spectrometer coupled with a X-ray streak
camera and the filtered fast response dindés. A gold planar target and
various types of Cannonball targets are mainly used. A specially designed
target has been used to study the emission dynamics in the cavity plasma.

Figure 3 shows the wavelength dependence of soft X-ray emission from Au
planar target at the laser intensity of 7%10]3 H/cmz. The emissivity of
lower energy X-ray increased with decrease of laser wavelength. For the 0.26
um laser the emission of hv > 1.3 keV was strongly suppressed and most of the
energy was in hu < 1 keV.

Figure 4 shows the wavelength dependence of soft X-ray generation
efficiency for gold planar target. The generation efficiency decreased
monotonically with increase of laser wavelength. The generation efficiency of
63 % was obtained at the 4w laser intensity of 7 = 10?3 H/cmz. The high
generation efficiency of 4w laser is very useful for the radiation Canncnball
target.

IV. Summary

The GEKKO XII glass laser (1.05 and 0.53 ym ) has been operated for
the implosion experiments using various targets. Excellent experiments for
flux-limiting factor has been done using pellets with high Z tracers. The
factor of 0.06 for 1.05 and 0.53 um was obtained.

The shorter wavelength laser showed the higher X-ray generation
efficiency. The generation efficiency of 63 % was obtained at the 4w laser
intensity of 7 x 1013 H/cmg.
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Fig.1 Electron density (a) and electron temperature (b) profile
along a tracer trajectory. The symbols are experimental
results and the lines are the computer simulation results.
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0.53 um (right). Number at data Eg?nt indicate measurement
position in micron from the target center.
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Abstract. Recent Tokamak B optimization studies have indicated the existence
of a § limit proportional to the plasma current. A new two step g optimization
procedure is described that attempts to decouple kink and ballooning stability
so that the two can be optimized independently. Results for the zero f case
are given as a basis for clarifying the results of the optimization. Stability
in a circular cross-section tokamak at =zero f requires Qaxig > 1,
dgurface > 2 and zero current density gradient at the surface. If
daxis ¢ 1, modes appear that are higher order in aspect ratio than the kink
ordering. These have the form of internal modes inside g = 1, but are
stabilized by a conducting shell. For one value of the plasma current, a
f optimization is performed and this predicts an optimized, stable, circular
cross-section equilibrium with a B that is 40% above the limit.

I. Motivation. The existence of a limiting B in tokamak discharges has been
indicated by numerical stability optimization studies! and corroborated fram
exper imental dataz'a, but the reasons for it are poorly understood. The opti-
mization studies reported to date have been restricted to a few narrow ranges
of equilibrium profiles in which the pressure gradient- p'(¢) and either the
toroidal field profile!' TT'(4) or the safety factor profile® q(4) are speci-
fied independently, usually as expansions or exponentials in ¢. In these
studies, there is limited direct control over the toroidal current density
which largely determines the kink stability.

We have developed an alternative optimization procedure consisting of two
"orthogonal™ steps in the sense that kink and ballooning modes are stabilized
independently. This is acheived by: (i) specifying p'(¢) and either I'(4), the
derivative of the current within a flux surface ¢, or equivalently J(¢), the
average current density, and (ii) constructing thess profiles from simple
piecewise polynomials, matched to kasep them differentiably continuous. The
first feature provides us with the desired direct control over the toroidal
current density. The second provides independent control over the centre and
edge regions.




A third feature of our approach is to begin with the zero p case. We find
the stability criteria at zero B and use those criteria to define an operating
regime for the optimization at finite .

1I. Equilibrium and Stability. The equilibria used in the present study are
computed by solving the Grad shafranmov equation with I'(4) = [[ j¢dS/r|v¢l

(or equivalently J(¢) = I'(¢)/[f dS/r|vs|) specified. p'(¢) and I'(¢) are con-
structed from piecewise polynamials in three independent sections. For simpli-
city, we restrict ourselves to the forms given in figure 1 and also to circu-
lar cross-section plasmas. Stability is determined using the ERATO code®.

If b -a  (Fig. 1) is
held fixed, then I'(¢)
= B has two independent para-

: < meters by and cy that
i P determine q, and qg,
: the safety factor at the
axis and surface respec—
tively, giving a two—
I' dimensional operating
; | space to optimize kink
pr— =T T NS ™~ stability at any total

N\ ! current. cp is deter-

o RN e \.L‘ o mined by the required

0 ap °, 5, b, . 1.0 Bp- The two remaining

parameters ag and hp

Fig. 1: Current (I') and pressure gradient (p') are determined by the
profiles as a function of s = 1-¢/’¢o. requirements for balloon—-

ing stability. For given

total current, the opti-
mization proceeds in two distinct steps. The B is maximized with regard to
kink stability by varying the current channel width by, keeping the pressure
gradient maintained entirely outside the current channel, thereby de-coupling
the kink and ballooning driving forces. The second step stabilizes the
ballooning by spreading the pressure gradient inside at constant fp. This
has a relatively small effect on the kink stability since the average current
densify is maintained constant. Only small adjustments are then required to
obtain the optimum.

III. Current driven Modes: B = 0. The results of a parameter survey over zero
8 equilibria are summarized in Fig. 2. At zero B, the parameters cy and by
directly control gg and Qg/q, respectively. The third parameter aj

controls the shape of the g profile. g, > 1 and gg > 2 are necessary for
stability. The limit shown near ds/dsy = 1 is a soft limit in the sense

that it is profile dependent, and, for a given class of profiles, the limit is
made up of the envelope over limits for all n > 1,
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Fig. 2: Stability Diagram for
Force-Free equilibria. Stability

g Torardal y
| T ‘w“:an_ ) Profile dyandent requires q; > 1 and g¢ > 2 and
i ] l"“( that g¢/q, be larger than same
1 (; ," ok value that dependes on the pro-

& l B - -| R files. The lines labelled "Wesson"
. STABLE ! ‘_;%mmmv. and "Shafranov” are the known
T ! :“/ } limits for a straight tokamak for
oron s .

] ok P [ v two classes of current density

T n=i T o profile’.

Unsicbie
urfoce Kinks
Nz Mz
z =
l K JoAeinne The results differ from the
- Surfece Kink
¥ L n=i m=2 "straight tokamak" results re—
vl'a' ! " viewed by Wesson’ notably in the
Kruskm—Shnblicnnv limit appearance of the "toroidal kink"
| CHQ;::F. K?-"L for g, < 1. In the straight
i n=l M= tokamak, this is an internal n = |
D'll. : T 3 ¥ Q, kink that has been shown to be

stabilized by toroidicity at zero

Ba. Eowever, we find here that it
reappears as a free boundary mode. The mode resembles an internmal kink inside
g = 1 with a large m = 1 motion near q = 1, coupled by toroidicity to anm = g
component restricted almost entirely to the other integer g surfaces. Although
there is very little motion of the surface, the freedom to move the surface is
necessary for the mode to appear. The growth rates are higher order than

(‘a/RJ2 and are therefore not seen in the standard kink ordering.

IV. Optimization. Figure 3 shows the result of increas;ng Bp for four
different current channel widths. The current is kept constant at

Iy = pol/RoBg = 0.1 and the aspect ratio is a/R, = 0.20. The pres-

sure gradient is kept outside the current channel in each case. The unstable
equilibria with q, > 1, gg > 2 are pressure driven "ballooning-kinks"

(cf. ref. 9).

To optimize i, we choose the highest Bp equilibrium that is stable
according to a o? criterion'® of 10~* and stable according to the zero B cri-
teria discussed in Section ITI. That equilibrium (indicated as an "x" in
Fig. 3) is strongly ballooning unstable. Spreading p'(¢) inside (i.e.
ap *+ 0) at constant Pp stabilizes most of this but slightly destabilizes
the kink. Decreasing Bp- would stabilize both this and the residual balloon-
ing, but does not result in the optimum 8. Instead, moving by outwards
slightly at constant fp, raises g, to re-stabilize the kink and the
residual ballooning is then stabilized by only a small drop in Bp. The final
B 1s only slightly lower (a few percent of the original 8) than the




Fig. 3: fip vs. n = 1 kink growth
rf rate at four values of the current
channel width, q5; am gqg are
st 7 indicated for the endpoints of each
10 L8 ) curve.

original ballooning unstable equili-
brium. A convergence study indicated
no instability for o > 1077 and
subsequent checks found no instabi-
lity for n > 2.

The final stable, optimum # has
ag = 0.47, by = 0.67,
ap = 0.0, bp = 0.80, pp = 2.47
and p = 1.58%. This is to be com
pared with the limiting value! of
Bp = 2.2 IyA = 1.1%. The optimum
8 is closer to the ballooning limit
of Wesson and Sykes“
By = 3.6 IyA = 1.8%.
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Abstract. In stationary Tokamak egquilibria with poloidal and toroidal flows
the density is no longer constant on a flux surface. The relationship between
the size of the density variation and the direction and magnitude of the flow
is examined. The case of a poloidal flow with no net toroidal velocity leads
to a large density variation at moderate values of the Mach number. We show as
an example that the reported anomalies in the density profiles measured in the
PDX Tokamak in presence of strong neutral beam heating could be explained with
a poloidal flow of 0.06 cgg and a oounterstreaming toroidal flow of
< 0.20 cgq.

1. Introduction. Measurements performed on the PDX expariment with a neutral
beam heating have shown strong asymmetries in the mass density pmfilel. This
anomaly cannot be explained by an effect of the centrifugal force coming From
a toroidal rotation, since very high and therefore easily measurable veloci-
ties of the order of the sound speed, i.e. Ve ~ Cgo = YYBo/Pos at the
axis would be necessary. The influence of a poloidal rotation on the mass den-
sity profile was regarded to be negligible. We suggest that this may not be
correct,

I1. Analytic results. The magnetic flux ¢ in a stationary tokamak equilibrium
with poloidal and toroidal non-vanishing flow is given by the set of equations
|

v J 4 dH y 4 a2y du as
it W P O O T T e
- r* de d¢  y-1 d¢ p d¢* de dg

d%_ Ay an
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where JMs 4Me  ¢Er c and H are five arbitrary functions of ¢ and
B2 = By? + Bp’y D E I-(Gy/de) Y/p. Por y = 1, the last term in H must be
replaced by C inp.

with a flow, the density is no longer constant on a magnetic surface.
This density variation can be characterized by the quantity

_ (9 R
A=l p 2
where R is the major radius of this surface. By expanding eg. 1 around R we
find that the density asymmetry can be explained by the combination of a
poloidal flow vp and a pure m = 1 toroidal flow with not net toroidal
momt?.ntuns.

=R
V¢ v A(A+2) R o

JA

Vs *¥E+2 B %o

(3

For a circular cross-section tokamak, the toroidal flow velocity reduces
to

: P
=/ =
v® = v A(A+2) 7 Cso0 cosd
/[ an_ Ps
v =f—== —C
P

A+2 Ry sO

(4)

where pg(¢) is the radius of the ¢ surface considered and © is the poloidal
angle. Note that v, vanishes on the magnetic axis.
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II1. Numerical results. We have developed a code cL10? which solves eq. 1. For
convenience, the five arbitrary functions JM, M ¢, C and H are
defined by the profiles of five related equivalent quantities J, p, p, vy
v
* .
and vp = —rg— on the equatorial ring between the inner surface and the
magnetic ax?s. W2 apply it to fit a particular PDX equilibrium which exhibits

a strong density asyrmnetryl.
The following choice of the profiles

J =J, (1 +0.0152s - 0.0148s% + 0.0036s")

BOEE K= 03788 - 1.162s2 + 0.263s" + 0.2745%)

el
n

by (1= 0.371s + 0.171s? - 0.7s") (5)

v =c¢_ (0.566s — 0.56657)
¢ s0

i N c
v. = £ =22 (0.653 + 0.399s - 1.05257),
p- T T

where the constants Jgr Por po and Cgo are adjusted to reproduce the
values of the current, B, density on axis and central temperature given in
ref. 1, provides a good fit of the experimental profiles of the density and
temperature (Fig. 1). In equation (4) s = /{d—daxis)/baxis. T™e Eit has
been made with y = 1.01.

The essential features of this fit are:

- The magnetic surfaces are indistinguishable fraom those obtained with a
static fit having the same global parameters.

- The toroidal flow is almost pure m = 1 and the maximum velocity is
off-axis with |v /c50| < 0.2, a value five times smnaller than that required
to fit the pmfiﬁ'e with a purely toroidal flow. y

- The poloidal flow velocity is very small |vp/cso| < 0.06.

This fit is not unique but it is the one which has the lowest maximum toroidal
flow velocitya. This example shows that an appreciable density asymmetry can
reult from a small poloidal flow associated with an m = 1 toroidal flow (no
net toroidal flow).
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Fig. 1: Profiles of temperature, density and flow velocities across

the equatorial plane.

a) Electron temperature profile T/T,. The calculated
values are shown as dots. The continuous curve is a fit
through the measured electron temperature profilet.
1t has been assumed that the average temperature of the
fluid has the same profile as the electron temperature.

b) Mass density profile p/pg. The calculated values are
shown as dots. The continuous curve is a fit through the
measured electron density prof ilel.

c) and d)

Calculated toroidal v, and poloidal vp flow veloci-
ties normalized to the sound speed on axis Cso-




BALLOONING REGIME AND STIMULATED VISCOSITY IN A
COMPACT TORUS

Bogdanov B.B., Golenev E.M., Kurtmullaev R.Kh., Laukhin Ya.N.,
Malutin A.I., Martushov Yu.S., Semenov V.N.

I.V.Kurchatov Institute of Atomic Energy, Moacow

1. This paper is devoted to the question why the balloo-
ning regime of CT formaticn [1] gives drastic advantages in
plasma heating and suppression of losses. Experiments were per-
formed on the TOR device (rc=16 cm, Bmax=10~18 kGa without
crowbar). Two characteristic types of CT formation named "soft"
and "herd" are extracted from whole experimental massive.

Tne optimal soft formetion mode (5l) is cheracterized by the
following ettributes obtained with the help of diemegnetic
locops, optic, neutron and other diagnoatics:

1.1. Just efter beginning of axial compression & nonsta-
tionary shock waves develop from the both ends of the system.
Leading edge of the shock with jump of electron temperature
propagates with velocity V“=(0.3—0.B)108 cem/s (&t B =18 kGs)
corresponding to “I=2Vp (Vp is the piston velocity)(Fig.1,3).

1.2. Axial sheck transition length rapidely increases up
te 15/2. This process is accompanied by simultenecus raedial
expansion of the heating zone (Ar«ars) which helps in establi-
shing minimal gradients of inhomogenieties (Fig.2,4).

1.3. Bellooning configuration of the piston leads to early
initiation of viscous thermalization mechanism: appearance of
plasme diemagnetism in end regions and simultaneous beginning
of nmeutron emission (Fig.1,3).

1.4. The general view of compression dynamics looks as
follows: initial axial push-off gives way to rapid drop of pis-
ton velocity (by 3~10 times, Fig.3) and then all plesma parame-
ters approach comperatively slowly their ultimate values: Ti
2.8 keV, T % 200-350 eV, n-(3-8)10 _3 (Fig.2a). Due to spre-
ding the relaxation procesa onto whole plasma the characteristic
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overshoot in the middle section is practically fully suppressed
and the process smoothly transformes into adisbatic compression
by rising external field, plasma having minimal level of the
post-shock oscillations (¥, /W, <107%-1072, see Pig.2a,3).

1.5. The soft mode with ballooning start structure is ob-
perved to have minimal rate of energy and magnetic flux losses.
It is important that the characteristic fall time of these pa-
rameters increases with T.; ao’t¢=qbc1A£ c1 Tor closed magnetic
flux achives 200 mks on equilibrium phase at Ty> 2 keV.

1.6. Fig.5 demonstrates plasma temperature in the shock
wave va delay of compression on ballooning phase. The effect of
balloon control [1] is clearly seen.

2. The following experimental fects are of importance for
choice of appropiate physical model:

2.1. In the soft mode of compression diemagnetic probes
register quick separatrix oscillations with emplitude getting
maximum in piston zones (up to ﬁrs/rsn«10-2,Fig.1). These os-
cillations are accompanied by the rise of plasma diamagnetizm
(that is of P, ) and neutron emission which indicates an effec-
tive plasma thermalization in the accelerated flow. Taking this
fact inio eccount one can suggest a specific relaxation mecha-
nizm based on particle scattering on vibrating internal magne-
tic surfases of the balloon. As far &s at the ends B, ~ B, one
can expect here much more effective relaxation then that gover-
ned by a firehose instability in a pure axiel field [2] .

2.2, The character of relaxation changes in the middle
part of the CT. Multichord measurements of the CQ end DP spec-
trel line emission and bremstirshlung radiation at A=224 nmo in-
dicate that the leading part of the perturbation has a compli-
cated structure of a hollow cone. This imparts the process of
the flows interaction & character a quasispheric collapse which
ig followed by & rapid rise of plasma pressure P,. As far as
the interaction is localized primarily in the zero field region
one can expect here another dissipative and heating mechanism
for example & two-stream ion-sound instability teking into ac-
count that necessary conditions of sub- and supersound flows [3]
are fulfilled in the experiment. This gives & natural explana-
tion of observed effective plasma decceleration and thermalize-
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tion and high ion temperature.As to the condition Te»Ti it can
be fulfilled locally in the wave front and in the zone of coun-
teratreaming flows collision.

3.1. The hard mode of CT formation posesses the following
characteristic features: delayed parting of the shock transiti-
on from the piston, sharp overshoot in the middle plane, strong
postshock plasma oscilleations (Fig.2b,6).But the most distin-
guishing is e powerful chennel of energy end particle losses. It
is natural to link it with the specific shape of plesma ends
which are radielly OVETCOmPIESEEd(IhinG:f:T and highly extended
in axial direction (Az-vB/(d@{dz)ﬂvls/z) [1]. Rough estimates
show that ion-sound current instability cen arise in the neutrel
layer of CT [4] giving V, ;;»V ;-In the mensioned magnetic tails
where B;/B“~r5/154<1 magnetizing parameter for electrons Wy Yy~
OJ&")Q“-(rsfls) can approach unity. Weste of heat and particles
through that axiael channel supports in its turn enhanced plasms
registivity in the neutral layer region. Note that this model
aggees with entiparallel field diffusion velocity Vdifvc2/4ﬁﬂi>
10 cm/s observed in tearing phenomena in these experiments.

3.2. In the sofit mode absenee of long magnetic tail and
"leak-proof" piston contribute to an opposite,stabilizing, role
of end regions relative to dissipative mechanismg . This can be
explained by heat flow from hot ends to the center along neutrel
layer for example in the fasion of heat weve which wes observed
in similar conditions in [5].

4. Results on stimuleted viscosity described and refueling
problem cause e particular interest in experiments on torii mer-
ging. In soft mode it tekes time ls/V12 (V12-counter velocity)
and torili energies add. In other conditions interaction occures
as a hard impact with subsequent axial expansion and loss of the
most part of closed flux aend energy.
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EFFECT OF RIPPLED MAGNETIC FIELD ON DAMPING OF FAST
MAGNETOSQNIC WAVES UNDER MULTIFLE ION CYCLOTRON RESONANCE

S.V. EKasilov, A.I. Pyatak and K.N. Stepanov

Kharkov Institute of Physics and Technology, Ukrainien SSR
Academy of Sciences, 310108 kKharkov, USSR

The magnetic field inhomogeneity in tokamsks results in
peculiarities of the interaction of fast magnetosonic waves
(FMSW) with resonance ions under multiple cyclotron resonances,
viz. the nonlinear dependence of the wave phase on the poloidel
angle occurfing in the equations of resonance ion motion, and
consequently, the local damping coefficients differing from
the values obtained for a homogeneous plasmal4,2],

Similer peculiarities are found for FMSW propegating in
the plasms in straeight traps with e rippled magnetic field.

Let the magnetic field in this trap be genersted by coils apaced
a distance L apart along the F-axis, then we have

62-750[‘{1‘6.”‘?(7.’5)] 5 5*,:0 . 5-""6/«32_ 3 (1)
L

where j{‘z_, 2+L)= g(,%), <‘?>Z=Z._’..fj o#=0 and the parameter
£y <<1 describes the degree of magnetic field modulation.
The electric field of small-scale FMSW can be defined as

- - z
- o - e - J ’ / 4 = 1‘
E(it)= 2 (7) xp{t[{ ke (212) #me iz 0l ] ] -

The ¥ -dependence as represented by eq.(2) is valid if
Jn A << ReA (A is the refractive index).

By integrating over the particle trajectories to find
the perturbed electron and ion distribution function we can

write the current densities as
P " .
___1;- s 2 5 . p p "
C/d' i, r/ut 0"‘“5 ¥ where J“:Jz :J"
and the contribution of resonance and nonresonance particles is

described by the expressions
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2
-7 (73 Z 2n-9 e 2 o
:—-—-‘e‘-—-—__,z_. K Ure U
g/tes (27)¥2 05, 27n! ‘:&J‘c; ) -/a/ﬂ;.rexp(-’a?')'/di‘ E()=
' s Vi
ex/o[é KUy T F é{:' _/dz"ﬁt(‘c)z’fz_) i éfd?,"’wc"/g 2+ T!)- T/
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(4)
Through substitution of the expreszions(3) and (4) for
the current densities into the Maxwell equation and on the as-
gumption that Kz« Ky and /<= ¥yt we obtaln Kz= K4 714K (2)
(/AK~ | <<Xa ). As a first approximation k=@ /v, , with ¥, being
the Alfven velocity. As a next approximation
Winin-1)*y €4 z}};)m—s 7

AKy ()= ——
1( U“E-f. 0! ey

2
e
Gt

o 2 o . i
Ii;[dv;,exf(—f% ):g_[di'e,(/o[fkil);‘,?ft. %? b[dz By(tira) +

T
i in fd'r,a.]c; (Z‘ - HL’E”)"—’-‘JF} »

o

_ - _ (5)
‘Uc:"‘%;('f"f.-r‘?) y G "350/”’:4 .

The damping coefficient &= Jm 4k, was found to depend on
the ripple pitch L and depth £y, frequency difference (wW-ade;),
longitudinel wave number &,=&&/p , and ion larmor radius P .

If the local resonance points Fq,u = Zr determined from
the equation &= W (1, 2) are located far from the extremum
points Zm of theg(t,z) function, the behavior of the damp-
ing coefficient ® es a function of Z is dependent on Xu .

In the short-wave range Kl >>// /;’/c‘;,, (with f/=d§/‘{‘! .
Gy =E€m 0-’:"/./13"/5 Ur)

RO o f)(-—é’f){'{?‘26(—;1’3;/5{2)605[2.(”(2-!.:‘5 )_7}) 6)

Kl
where 2, =/w-naw,; (2)] /¢Z 1Kl Uy | @(0)=1 (x>0), €(X)<0 (x<0)

In the long-wave range Kul< VL/97%4 .
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Re I = 1/4 (/4 Y(4TL/S, /9’1 )¥* in the vicinity of the resonance
point Z;o s /2 -2, /<« //Z, - Far from the resonance pcint Zee

27 L 2. a £9n o
REI:V.‘S&;,,/;‘//X,/ f’[ (4 )_]C”g/’jr(ij IJ Irjﬁ?)/x

where X,=4 Sjn.j’ 19 Ep R Wi /T Uy (E-8,.J.

By contrast, the averaged value <2?zdescribing the power
absorbed in the plasma within a pitch Z does not depend on
and colncides with the averaged over Z value of £ obteined

from the homogeneous plasma theory.
£n-2

T(n- () (K‘_PL f 4
<I> —:‘anl,/ T"“Ef‘))(jf:ﬁé.:j‘:)' (B)

If the resonance points ere located close to each other,
i.e. in the vicinity of the extreme Z» of the function g (),
then we get

4 w
Tr¢
gel> - 4% Asuts hauw-),
TRESR g Emn il g”(e,..J) /‘{ue /WCP(——_) (9)
with 3 w_nm_“—s,..nﬁc;g(fn)
3/69! ’tacu. Tl c?”(z )
-7
/\.1 =A’ni['r¢#l?”(3m)j
b j[*—‘5 L B1(Zn)) i
5_:_4,, it s (10)

U" Lx ”(3 )] 5 ;"-’[&' ) )

CP is the Airy function.

When A1 2, 3«.1 (which corresponds to the amall difference
Jed—ney,, (fm)j, long-wave range and negligible effect of the B,
component), we can write

” %
<ReI >, = [1¥ys) [V5 L][Vr/enn % g (2n)] (1)

In the short-wave range ( A,>>1) for ) 3¢¢1 we have
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- L
CReI >, = (43/L)] Ur VT 16 g ) Emn i ] "k (3),
where
K(;):/erxp[—[t%;)f]) 3= [T [ Ep N, /g//\/z/rﬂ,yﬂl
° (13)
For $ —+-oo ,as was expected, eq.(12) is transformed into eq.(B).
Finally consider the case when the component has a pro-
nounced effect on the wave damping. E.g., when/,‘.a/)/lala.nd )1»1

(12)

we obtain _ 4, 7 e
<Je&f>3‘ V4 /E/xﬂgll/;"ﬂ.q‘.) K(f}?a)) (14)
where 772
KGp)=Vore [dtespf-p(1+Vimas sy sint)*2, (.,
-F/1
Bt 5 g7enst
“&hs | AEg, BY (BLEITE (16)

For [) 1/<«1y [Aoj«1 end /\3»1 , corresponding to the small differ-
ence ( w—di.; ) and long-wave range of oscillations, we have

<£ef>z=-7}'2”f450/45ﬁr ’7“"’_};5/‘5;(%)/- (17)
Thus the demping coefficient of FMSW acquires the highest value
at W —>n W, (2) In the short-wave case it exceeds the value(8)
by & factor of (Uhlu;‘.)”z. A 8till larger damping might occur in
the long-wave rsnge. Note if the effect of the B2 component is
appreciable, the damping increases by a factor ofUE/Ur‘. as com-
pared with the value (8), otherwise the demping increases by
a factor of (&m L//Q-)T/B.
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SEL¥-FOCUSING OF RBLATIVISTIC INTENSE
ELECTROMAGNETIC BEAMS IN AN INHOKODENEOUS PLAGM

D.P,Garuchava, Z4,I,Rostomashvili, N,L.Tsintsadze

Institute of Physics, Academy of Bciences of
the Georgian SS5R, Tbilisi, USSR

The paper presents an investigation of the nonli-

near stationary refraction of relativistic intense (T =

;f%ﬁ%L;A~ﬂcircularly polerized electronasnetic Gaus-
ainn‘bé‘ in an inhomogeneous plesma, The dynanics of
tho wave propagation is strongly affected by the relati~
vistic effect of electron mass oscillation in the HF pum-
plng wave field end the electron striction, due to this
effect, as well. The characteristic time of the self-fo—
cusing is small and the ions cen be considered statlconary.
The electron density is determined from the equation

s W (L oS /ize o) @
where Langmuir eleotron frequency la o, c<wl W)
is the plasma inhomogeneity profile. Then tho egquation
desoeribing the nonlinear wave propagation in plasma is
a8 followa

- - / i Vi g
AE+ we F s wiel = 4 AV AT 5

B e Jles e @
Yi#T Vvi+I
E:EO(E,VL\{;{cos‘_{*qp{,;s'm‘fn‘v‘ )
, 3 )
' i1 1
far): JwEdy Kol
"_'-T i,‘\ - _YJ.-E.
T =T.()ezp| ﬁz] (5

Zo{%® is the field intensity on the beem akis, l"&\ - is
%he front uu;'vature, \{a\ - is the dimnn.a.tonlesu width
of the beam, V7= i\ .

in the sberrationless parraxial ray approximsation
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(Y&I <e a*{*) we obtaln the set of equations:

r_:_—_h’zf_,.é-—_i__‘ﬂs%“/ﬁﬂi_
CS: 0 i +T, ¢ Yi+T,
J__d
-_2 oy &_i— (-K.UL)
{ Is { Tltsrg 1 .
k..? g “;l TE Gy ORIy i

042 Q+I)3i a‘&“@*l)
$ 49 (4aT) - w [gﬁ- £ (89) 3=0 _JCG)

The boundary conditions are

To (220)=Ts, 'S(*“’):i ?(3:9): Bo ”
In the th:u-d e uation of the set (6), the term

“ie‘f 0:&1 o causod %-i (tl:thselativmtio
effect, whereas the term a‘-&“ @*Iu)l is due to
nonlinear striction of electrons, Both of them determine
the force of the nonlinear refraction and promote the
self-focusing of the beam. For narrow (o~ 10+ 1007 )
beams (that occurs in the most of experiments with ultre-
high power lasers) those are terms of the same order of
the megnitude and both of them, like ths differential
term, affect the dynamics of beam propagation and the
self=focusing length, In the area of the focus the stric-
tional term becomes a dominating one, For wide beams
(a%> 100 A ) the self-socusing length is mainly determi-
ned by the relstivistic effect, but in this casey as well
as in the case of narrow beams, for determation of the
minipum transverse sizes of the formed channels one must
teke into the consideration the effect of striction. In
ths ca.se of the self-focusing to the sizes Y. = 15—*;
Lo B&a solf~-trapping channel is produced and’ the

Vi g £
beam, propagating in it can pensetrated the ultradense

plasma. We consider the cese when L.l ¢! o Self=fo-
cusing and channel formation occur before the critical
density. A diffracting ring with the intensity lower
then critical is formed from the peripheral part of the
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of the dubomogonedty (he beom boging to defocus. Uith
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increose of the inhorogenaity erd then grow es the length
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$ivistlc ones (‘E p—— l/m,’;a&}_

48 1t is soon from Fiz.2, ths porcalized oolf-foco-
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decrpaces with ths dcoreaaa of ks inliinl bom visth,
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tho boca fntonalty ond the dnhonaoonelty PROELLEy
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STUDIES OF STELLARATOR MAGNETIC
CONFIGURATIONS USING A STATIONARY ELECTRON SOURCE

A.V. Georgievskij, Yu.V. Gutarev, A.G. Dikij, V.M. Zalkind,
V.I. Kurnosov, 0.S. Pavlichenko, V.,K. Pashnev, D.P. Pogozhev,
E.I. Skibenko, V.T. Tolok and V.M. Tonkopryad

¥harkov Institute of Physics and Technology, Ukrainian S3R
Acedemy of Sciences, 310108 Kharkov, USSR

1. In the case of stellarator magnetic traps with the vac-
uum magnetic configuration created by external conductors it is
important to know the parameters of the magnetic configuration,
viz. the outermost magnetic surface radius and rotetional trans-
form. The experimental technique most widely used to derive
this information is to study the trajectories of electrons in-
jected into the trﬂp[1]. To this end, electrons with U, > u;
(transgit electrons) are injected into the trap, their energy
and pulse duration being chosen such that the electron bunch
Jength is smaller than the stellerator axial length. By measur-
ing the location of successive pesses of the electron bunch
through the cross section under study we can obtain the particle
surface mapped out by the electron bunch and associated magnetic
gurfaces as well es the number of times the bunch circuited
the stellarator and the rotational transform. However, these
measurenents are rather complicated.

Clearly, a stationary electron source driven across
the magnetic configuration would reaspond to the verying electron
cenfinement with varied emission current due to the distributed
space charge potential of the electron cloud accumulasted in
the trap, This idea wes verified in experiments on the URAGAN 2
stellarator with the magnetic configuration already lmown [2]
and used to study the magnetic surfeces in the URAGAN 3 torse-
tron [3].

2. The experiments were performed with a minieture spiral
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tungsten cathode (area=1 mmz) mounted on an isolated support
of 3 mm diameter., The cathode could be moved horizontally within
the straight section of the vacuum chamber in the URAGAN 2
ptellarator, while in the URAGAN 3 torsatron it could be placed
at any point in the space enclosed with the helical winding.
Between the cathode and the vacuum chamber a d,c. voltage or
a d.c. current source was switched on. The values to be measured
(emission current Jem or "cathode-wall" voltage Uw ) were reg-
istered together with a signal proportional to the radiel cath-
ode shift by means of an X-Y recorder.
During the experiments the pressure in the vacuum chambers
wes Iin the range 3 x 107 t0 1 x 10'6Torr and the confining
, megnetic field was 60044500 Oe,
‘ 3. The most notable effect,
} i.e. strong suppression of
emission from the cathode driven
! to the region of closed magnetic
| surfaces i1s illustrated in fig.1,
| a) for the comstant "cathode-
! wall" voltage in the URAGAN 2
| stellarator. The difference in
. | the emission currents outside
) ; the confinement region and near
-0 -7 5 o] 57 W« | the magnetic axis amounted to

Z,om | three orders of magnitude.
Fig. 1 With the constant emission

current the current source responds to the cathode being moved
to the confinement region with the increased "cathode-wall"
voltage (fig.1, curve b)), A step in the curve (arrowed) cor-
responds to the cathode crossing the outermost undestroyed mag-
netic surface and can be used to determine its position and size.
A qualitative explanation of the data obtained (fig.1,s)
and b)) can be the following., When the electron source is placed
on the closed magnetic surface in the stellarator, the electrons
with (J, > U, occupy the drift surface rapidly if 2fR«Aen«L(Ris
the major radius of the torus, Aenis the mean free path of elec-
trons, and L is the length of filed lines until they reach
the wall), Purther electron motion across and along the magnetic

8

8
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field lines is similar to the diffusion due to collisions with
residuel gos molecules. For the steady state spatial distribu-
tions of the electron density and space potential the emission
current Jem compensates for the electron losses across (J; )
end along ( J, ) the magnetic field.

Jem=JL'Ju: (£

The quantitative theory of electron emission in closed mag.

netic traps is still under development, nevertheless from the dj.
mensionel enalysis we can estimate J, and J, :
E,Ven
Ji= Eﬁ?f,:”'R ' (2a)
En n .2

J”ﬁm-en.z.—‘a’ (2b)
where Ei and E,, are,respectively, the perpendicular and parallel
component of the electron energy, n and Ven are the electron
dersity and electron-neutral collision frequency, respectively,
and @ is the radius of the electron confinemeni region. It is
seen from the above expressions that on driving the source to
the regicn where the field lines have e shorter length 4 ,
the emission current would increase, and for the emission cur-
rent to be kept constant while driving the source to the region
with & longer L one has to incresse ,viz. the voltege ap-
plied to the source.
4, It cen be shown for 2JR€den®
that the surfaces of the constant
emission current from the elec-
tron source coincide with the mag
netic surfaces (more specifically,
with the drift surfaces). In fact
when Aen>»29R , the electrons
emitted from the source placed on
the irrationel surface occupy
this surface uniformly whatever
the emitter position thereon.
Thus the conatant distribution
of the electron density and space

potential is realized,end hence,
Fig, 2 that of the emission current.
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In fig.2 the emlssion current isolines measured in the URA-
CAN 3 torsatron are shown for the magnetic field of 0.15 T and
residual gas pressure of 3 x 10'7Torr. Dashed lines correspond
to the computed megnetic surfaces of which the outermost one
has an average diameter of 8.5 cm and rotational transform t =
0.25,

One can see that the isolines Jem= const resemble in shape
the magnetic surfaces in the center where the condition MA
is satisfied, and observe considerable disturbance of the pe-
ripheral region,

The studies of the magnetic configuration in the URAGAN 3
torsatron will be described elsewhere. The object of this paper
is to present a rather eimple and fast technique for examining
the stellarator magnetic surfaces which permits complete auto-
mation of the experiment.
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TIME AND SPACE RESOLVED X-RAY MEASUREMENTS
ON A GAS-PUFF Z-PINCH

C.D.Challis, P.Choi, A.E.Dangor and M.G.Halnes
The Blackett Laboratory
Imperial College, Prince Consort Road, London 5W7 2BZ

ABSTRACT

Time and aspace resolved X-ray images of the plasma in a gas-puff Z-pinch
tn  argen wshow the presence of short lived (5-10ns) localized hot spota on
the axis. The hot espota appear to be related to a source of energetic
(T10keV) electrons which lead to X-ray emission from the anode. At the
time of pinch formation a harder X-ray burst (Cu K lines) appears at the
copper anode. The spatially resclved X-ray spectrum from a curved crystal
spectrometer indicates that the main constituent of the hot spot is helium
like argon (Ar XVII) but tgi hgilun satellite line ratios indicate an
electron density of " and the ratio of the
hydregen-1like to hellun-lik: resonance lines indicates an electron
temperature of 500 eV. Inner shell transitions are observed at the same
location of the hot spots consistent with the presence of energetic
electron beams rather than a thermal process. i

INTRODUCTION

Previous measurements on gas-puff Z-pinches (1,2) showed that the x-rays
emitted originated from several hot spots, 1.e. localised regions of high
density &nd high temperature plasma with a tvpical dimension of 200um or
less. Energetic electron beams were also measured through direct Faraday
cup meagurementa (3), inference from cbaervation of inner shell ionisation
of the plasma (4,5) and from observation of hard X-rays originating from
the anede (1). Here we present an experiment on time and space resclved
measurements of X-ray emisgsions from a gas-puff Z-pinch using double
tmage, filtered X-ray streak photography.

EXPERIMENTAL DESCRIPTION

In & gas-puff Z-pinch a cylindrical hollow shell of geas is imploded
electromagnetically by an qxtal Turren:. The collapaing shell acquires a
high radial velocity (~ 10 em.s and the stagnation of the radial
kinetic energy on axis results in a plasma with high energy density.

In this experiment the initial hollow gas shell of |5mwm radius, S5wm
thicknese, 1is produced between two electrodees 20mm apart.The gas is
injected oty & fast acting valve visa an annular supersonic nozzle through a
copper plate electrode. The other electrode 1s a high aspect ratio steel
honeycomb. The discharge i{n enerpgised by a 9uf capacitor bank, charged to
28V (3kd). To observe the sffect of the electron beams, the device te
normally operated with the ®solid copper electrode as an anode.

The clircuit  inductsnce with & shorted load is 60nH, the peak discharge
current is 300kA, and the gquerter-period of the circuit fe l.l5us. The
mage of the gae-shell (7100ug) can be adjusted by altering the plenum
presaure (typically Satma.) or the discharge time relative to gase
1njection. The mass of the gas-shell is 'optimised wsuch that the
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stagnation on axis occurs at peak current.

Time-resolved X-rays abservations are made by a filtered, dual pin-hole

.camera with a scincillating detector viewing Che pinch radially to resolve

the axial structure. The recording is made by a Hadland 6735 high speed,
optical streak camera. A schematic of the set up is shown in fig.l. Time
correlacion s achieved by pulsing a fast LED in the field of view of the
streak camera, and simultaneocusly displaying the electrical pulses on
oscilliscope traces of current and X-ray emigsion. Both pin~holes are
100um diameter in copper and are separated by 9.5mm in the axial
direccion. Aluminium, Beryllium, Kimfoil, Cobalt and Nickel filterws are
paired and wmounted behind the pin-holes with 30nm of Aluminium deposited
on the scintillater for 1light tightness. The Nickeal and Cobalt pair is
chcsen such that their transmission is similar except in the region of the
Copper K-line emission. This gives an energy diagnostic for the anode
emission. During each shot time integrated messurements are made with a
bare eluminium cathode X-ray diode (XRD) and a separate double pinhole
X-ray camera using calibrated X-ray film. These measurements allow us to
obtain a calibration on the X-ray streak r=cord.

Time integrated spectra is recorded on Kodak DEF X-ray film using a convex
curved PET cryscal spectrometer. The spectral region observed is between
3.5-4.54. A lmm slit located between the plasma and the spectrometer
provides a limited axial resolution while permitting sepectra to be
recorded in a single shot.

OBSERVATIONS

From time-integrated X-ray pin-hole photography it is known that the
gas-puff Z-pinch produces a plasma column between the szlectrocdes within
which exist samall, intense X-ray emitting regions.(2) Copious X-ray
emission 1s also observed from the ancde and this has been attributed teo
suprathermal electrons.(l)

Time-resolved X-ray diode measurements show that the hard X-rays are
emitted in very short (10ns) duracion pulees, (fig.2) repeaced several
times over a period of 400ns. Softer X-rays are produced throughout this
pericd.

|
g —

=
i e STREAK
e CAMERA

PINHOLES |
SCINTILLATCR
FIG. 1




Recordings made with the X-ray pin-hole streak camera show that the pinch
is charscterised by 2 or 3 bursts of electron beams, each lasting for
30-100n= and causing the anode to light up (fig.3). The time between each
burst ranges from 20ns to [50ns. Ac the time of the stagnation of the
plasrma shell on axis, the presence of & high energy electron beam (-ZOkeV)
i# inferred from the hard X-ray K lines emission from the anode which
typically lasts for 10ns. Subsequent burast of electrons are inferred to
be less energetic and mcre intense.

Associated with the anode emission 1s intense localised plasma emission.
These localised hot-spots do not occur during the first high energy beam,
but are common during the subsequent lower energy bursts. Hot spots are
always observed to be accompanied by anode emission. The radial extent of
these reglons are measured {rom time-integrated X-ray pin-hole photographs
to be <200um.

Using Kimfoil filters which let through scfter X-rays the streak recording
(fig.4) shows the existence of a cool emitting plasma in the region
between the eliectrodes, present st all times between bursts of electron
beams . Plasma emigsion is first observed from near the electrode opposite
to the nozzle. The emisslion then sweeps up towards the nozzle, indicating
the occurence of a "zipper' effect. Vhen the polarity of the discharge is
reversed, the zipper effect and the hot spot emisaion is unafifected.
Emission from the solid copper e=lectrode, which 18 now the cathode, 18 no
longer observed.(fig.5) It can alec be seen that hot spots appearing at
different time and originating from similar axial positions are related to
the same colder, longer lasting plasma.

Fig. & 1is a microdensitometer trace of an X-ray spectrum taken with the
spectrometer. The dominant lines are He-like and H-like resconance lines
and satellices. There are also inner shell transition lines from
partially sctripped ions. A steady state model for K-Shell spectroscopy(é)
is wused to compare with the spectra. Frem the He-like to H-li1ke resonance
line ratio, en electron temperature of ~500eV 13 ohtained. From the ratio
of Lithium 1like 53:55!1535 of the He-like resonance line, an electron
density of l(]22 107 %e

maxwellian electron velocity distribution. Within the limited spatial
resolution of the spectrometer, inner shell transitions are observed to
originate from the same axial position as the hot, dense plasma exhibiting
the helium 1like complex. 1t is inferred that the hot spot 15 a result of
the interaction between a highly energetic electron beam and a relacively
cold plasma rather than a thermal process.

is inferred. Thas model Assumes a
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“ODIFICATION OF THE DISRUPTIVE DENSITY LIMIT BY ECRH AND
$=3 HELICAL WINDINGS
T § Todd, D C Robinson, B Lloyd, T Edlington, B J Parham, P R Collins
J Riley, D Atkinson, S Hall, F Ma M 0'Brien and J Ellis
Culham Laboratory, Abingdon 0X14 308, WK
(Euratom/UKAEA Fusion Association)

INTRODUCT I1GH

The ubigquitous density 1imit disruption of tokamak discharges (at I/N <
1.5 x 10-14Am, where N=nabﬁe) is widely believed to be primarily a consequence
of peripheral losses eroding the current density profile to the point where a
steep current-density gradient appears just inside the @2 surface. The
disruption follows the ensuing destabilisation of the 2,1 mode, either
directly as en ideal kink or via the overlap of islands of this and higher
order tearing modes subsequently evolved.

Thus the density limit should be raised by any technique which permits
fiigher peripheral losses while maintaining the stability of the 2,1 surface,
eg (i} increasing the power arriving there (core or local heating), (ii)
directly affecting the current gradient (local current drive, externally
induced islands [1]) or (iii) adding vacuum rotational transform, 1 e
Methods (i} and (iii1) are addressed by this paper. It should be noted that the
close thick shell and powerful feedback systems of CLED make it very rare
for hard disruptions to fully quench the plasma current.

RESULTS WITH ECRH

This study was performed with 60 GHz second harmonic (Zucei heating
using @ TE;, wmode launched inwards along a midplane major radius. X-mode
absorption dominates, and has a cut-off density of 2.2 x 1019/md,
corresponding to critical n_ of < 1.6 x 10192 /m3 for core heating with
moderately peaked profiles. Thus for interestingly low values of I/N in CLED
(a=0.13m, circular) the plasma current has to be < 11 kA. At the resonant
field of 1.07T this corresponds to a high q (10 at 10 kA for example), and
hience a tendency towards rather narrow temperature profiles. For strong
absorption XM 2u ECRH requires an initial electron temparature > 150 ey
which is unlikely to be achieved in CLEQ in the vicinity of the q=2~surface
close to the high density limit. Accordingly, the best I/N limits were found
with the resonance placed at or near the hot core of the plasma {~ 350 eV
unger Od only) although ray tracing calculations show that refractive effects
displace the heating zone as n_is increased. Such an ECRH assisted shot is
compared with its OH equivalent in Fig 1. Since the initial effect of the
ECRH is to cause a drop in n (probably mostly due to profile flattening),
downward step in plasma current was programmed to facilitate the fall in I/N
«nile the density was forced back up.




b

When the plasma current was programmed to fall below ~ 7 kA (ie q > 14)
then both OH and ECRH discharges would evolve without major disruptions to
cool, quiescent plasmas which were of very low I/N but were not considered
relevant to conventional tokamak operation. One interpretation is that there
"is some critical poloidal Lundquist number (~ 103 here) below which MHD
activity is suppressed (as is evidenced by decreasing Mirnov signals). Some
ECRH assisted shots testing the density limit transferred to this regime at a
plasma current ~ 9 kA (at which the OH cases would only disrupt) consistent
with suppression of the m=2 mode during the critical part of the density rise.

RESULTS WITH HELICAL WINDINGS

Another technique which should affect the density limit is to modify the
profile of ‘-to , making it difficult for the gq=2 (i = 0.5) surface to be close
to any significant current density gradient. This approach has been
demonstrated on essentially shearless 1=2 stellarators already [2] and is
found to be capable of a pronounced effect in our strongly sheared g=3
machine. However unlike those earlier results, on CLEQ the disruption is not
eliminated in this manner, only shifted to a different I/N ratio. In addition
there generally exists an upper limit to the amount of strongly sheared ;vac
that can be added before the profile of ;t ¢ 1s unstable at any density [3].

To compare easily with the ECRH assisted cases above the 1,ac WS added
to a servo-controlled 9 kA discharge at various toroidal fields. ODuring this
period the normal tokamak density limit was ~ 4.8 x 10!8/m? for this current
(wall conditions were not as good as during the ECRH assisted sequence
described above). Thz usual CLEQ behaviour is a rapid sequence of disruptions
progressively cooling the plasma and thus raising the OH input power. As
indicated in the introduction any technique which raises the net power input
should raise the density limit. Figure 2 shows the result of programming a
slow density rise in a simple CLEO tokamak. The plasma current servo
increases the mean loop voltage as the sequence of disruptions occurs, thus
progressively raising the OH input power. This sequence starts disrupting at
~ 4.8 x 1018/m3 at ~ 20 kW OH and eventually reaches ~ 7.5 x 10!8/m3 at ~ 54
kW.

At low toroidal field values (and hence low q) adding significant
helical field was found to make the plasma MHD unstable even at very low
density. However at toroidal fields of around 9.5 kG the densi"ty limit was
raised substantially by increasing the helical winding current, 1 , to ~ 6 kA,
above which no further improvement was seen. Discharge waveforms for an
optimum case with I_ are shown in Fig 3, which can be directly compared with
Fig 2. A few small %‘isruptions can be seen in the SXR activity but the loop
voltage stays low until a large disruption occurs (which is considered to
define the density limit). The variation of critical density with Il for
various values of B¢ is shown in Fig 4.




CONCLUSIONS

Raising the total power input
to a conventicnal tokamak discharge
(here by ECRH or by achieving a low
conductivity temperature) allows
the density 1imit to be sub-
stantially increased, while the
nature of the disruption is
unchanged. The operational I/N
1imit was lowered from 1.7x10-1% to
 1.0x107'%“Am. Adding highly sheared
vacuum rotational transform to a
low q tokamak plasma only adversely
affects its stability, but when
added to a high q tokamak allows a
much higher, but still disruptive,
density 1imit to be achieved. In
this (slightly dirty) case the
operational limit was lowered from
3.8x10-1% to ~ 2.0x10-1%Am.

He note that very high g (>
14) tokamaks in CLEO do not exhibit
density 1imit disruptions but
merely cool smoothly to quiescence.
The critical density for rf acces-
sibility combined with the aim of
producing interesting 1/N wvalues
provides a lower limit to g. The
resulting window in gq would be
widened by increasing the critical
density for accessibility, for
example by raising the ECRH fre-
quency or changing to X-mode fund-
amental heating.
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A CATASTROPHIC STUDY OF THE ENERGY BALANCE
OF PLASMA IN TOKAMAK

YU,GUO-YANG
THE INSTITUTE OF PLASMA PHYSICS, ACADEMIA SINICA
P.0.BOX 26, HEFEI,CHINA

ABSTRACT. THE ENERQGY BALANCE OF PLASMA IN TOKAMAK IS STU-
DIED.SCALINGS ABOUT THE PARAMETRIC EFFECTS OF THE DENSITY
LIMIT CF THERMAL EQUILIBRIUM, FOR BOTH DELAY AND MAXWELL
CONVENTION IN CATASTROPHE THEORY, ARE DEDUCED, IT IS SHOWN
THAT THE RADIATION DUE TO HEAVY IMPURITY AFFECTS THE DENSITY
THRESHOLD SIGNIFICANTLY. MAXWELL CONVENTION OFFERS A MORE
SEVERE LIMITATION ON THE ATTAINABLE DENSITY. AN AMPLITUDE OF
THE FLUCTUATION IN PLASMA ENERGY AND ITS RATE OF VARIATION,
WHICH IS NECESSARY TO CAUSE MAXWELL CONVENTION, IS ALSO
GIVEN,

I. INTRODUCTION

MAJOR DISRUPTION IS BELIEVED TO BE OF IMPORTANCE IN TOKAMAK
RESEARCH AND MUCH EFFORTS BCOTH THEORITICALLY AND EXPERIMENTALLY
HAVE BEEN DONE ON THE TOPIC. /1,2/

THEORITICALLY, BESIDES THE MHD APPROACH, THE ABSENCE OF THE
ENERGY BALANCE IN PLASMA IS PROPOSED TO BE ANOTHER APPROACH CAU-
SING DISRUPTION. IT IS REVEALED /1/ THAT THERE EXISTS A DENSITY
LIMIT IN PLASMA BEYONG WHICH NO THERMAL EQUILIBRIUM EXISTS. THUS
THE DENSITY LIMIT OF DISRUPTION IS ADDRESSED. LATER AN 1-D
NUMERICAL STUDY OF THE THERMAL EQUILIBRIUM IN PLASMA SHOWED:/2/
(1) THERE ARE THREE TYPES OF THERMAL EQUILIBRIA DIFFERING IN BOUN-
DARY TEMPERATURE AND PERFORMIMG DIFFERENT TE(DENSITY) BEHAVIOR,
NAMELY, MONOTINIC, CATASTROPHIC AND INTERCHANQABLE; (2)THE CUSP
CATASTROPHIC STRUCTURE OF TE UPON CONTROL PARAMETERS (SUCH AS
THE APPLIED TOROIDAL FIELD, THE LOOP VOLTAGE, THE GEOMETRY OF
PLASMA AND THE BOUNDARY TEMPERATURE) INDICATES THAT DISRUPTION,
IN THE STUDY, IS PARAMETRICALLY CONTROLLABLE AND REMOVABLE.

ALL THE RESULTS MENSIONED ABOVE ARE OBTAINED BY USING A MODEL:
(A) THE ENERGY PROCESSES CONSIDFRED ARE THERMAL CONDUCTION, OHMIC
EEATING AND E-I EQUILIBRATION; (B)DELAY CONVENTION IN ELEMENTARY
CATASTROPHE THEORY IS APPLIED ONLY.

HOWEVER MORE ENERGY PROCESSES. SUCH AS RADIATION LOSSES AND
AUXILIARY HEATING, SHOULD BE INCLUDED. FROM A VIEW OF CATASTRO-
PHE THEORY, IN ADDITION TC DELAY CONVENTION, MAXWELL ONE IS ALSO
INTERESTING TO STUDY. THESE ARE THE PURPOSE OF THIS PAPER.

THE BASICS ARE IN SECTION II. RESULTS IN A FORM OF SCALING OF
THE PARAMETRIC EFFECTS OF THE CRITICAL DENSITY AND THE CONDITION
CAUSING MAXWELL CONVENTION ARE GIVEN IN SECTION III.

II, THE BASICS
THE ELECTRON"S ENERGY BALANCE IS CONSIDERED ONLY AND THE EQUA-
TION NORMALIZED AS IN /2/ IS:




- B1 =

;?T'_"'T' Peowp, + Powrt. + PEX + Puny + P P
ON THE RIGHT HAND SIDE ARE THE CONTRIBUTIONS DUE TO THERMAL CON=-
DUCTION, OHMIC HEATING, E-I EQUILIBRATION, LOSS TERM INCLUDING
BREMSSTRAHLUNG, CYCLOTRON EMISSION, LIGHT AND HEAVY IMPURITIES
RADIATION, AS WELL AS NBI HEATING.LIKE IN /1-3/, THE ELECTRON's
THERMAL CONDUCTIVITY IS TAKEN TO BE ANORMALOUS DUE TO MAGNETIC
FLUCTUATION/U/

F“""“",;‘,;Fczr% l‘i%‘? (2)
THE REST ARE AS FOLLOWS: /1-3, 5-9/
Pours. = €3 Vi TR ] (3)
PEx = (Te-Te)/TeHa 4)
Ploss = Pper.+ Peyc. + Pamp. + Prppy (5)
Paart, = G RITR

Peye = & B2 Ta (1t W20d)

Prrw =g Ap fr (T Te)

Paryet.=Cz L N e (B, Ta)

Prag » Py« H- 6 (6)

WHERE TE AND TI ARE ELECTRON“AND ION” TEMPERATURE RESPECTIVELY;
Z,2L AND ZH THE CHARGE NUMBERS OF THE BULX IONS, THE LIGHT IM-
PURITY IONS AND THE HEAVY IMPURITY IONS WHILE N, NL AND NH THE
CORRESPOUNDING DENSITIES; P(NB),H AND G ARE THE INJECTED POWER,
THE SPATIAL DISTRIBUTION OF FAST IONS AND THE SPECIE® DISTRIBU-
TION OF THE POWER ABSORBED, ALL C°S IN EQUATIONS ARE CONSTANTS.

FOR SIMPLICITY, A ZERO-D MODEL IS USED SINCE WE ARE INTERESTED
IN THE QUALITATIVE BEHAVICRH.

ACCORDING TO THE ELEMENTARY CATASTROPHE THEORY,DELAY CONVEN-
TION OCCURS AT THE BIFURCATION SETS, I.E. WHEN THE LOCAL PQOTEN-
TIAL MINIMUM WHERE THE SYSTEM STAYS DISAPPEARS. BY MAXWELL CON-
VENTION ONE MEANS A TRANSITION OCCURING WITHEIN THE BIFURCATION
SPACE WHEN THE SYSTEM TENDS TO STAY IN THE GLOBAL MINIMUM OF THE
POTENTIAL. ITS OCCURENCE DEPENDS ON A FINITE-AMPLITUDE FLUCTUA-
TION OF THE GENERIZED POTENTIAL IN PLASMA WHEN THE CHARACTERISTIC
TIME OF THE FLUCTUATION IS SHORTER THAN THAT OF EITHER THE THER-
MAL EQUILIBRIUM OF THE SYSTEM OR THE VARIATION OF THE CONTROL PA-
RAMETER (PLASMA DENSITY IN OUR CASE).

III. RESULTS: SCALINGS AND CONDITION FOR MAXWELL CONVENTION

IN OUR STUDY, TWO OPERATING CONDITIONS ARE CONSIDERED: (1) THE
LOOP VOLTAGE IS FIXXED AS DENSITY VARIES; (2)THE PLASMA CURRENT
IS KEPT CONSTANT.

(1) VL=CT.
SHOWING IN FIG. 1-7, A SCALING IS DEDUCED

%
o = 81 AV /g2 7

(2) QA=CT. I.E. TP=GT. (PIG. B-1k)

ep, = By /(R By ~ B0 ( Vet (8)




= B2 .

WHICH IS CLOSE TO MURAKAMI SCALING /10/.

SCALINGS LISTED ABOVE ARE FOR DELAY CONVENTION. UNDER CERTAIN
CONDITIONS ABOVE-STATED IT IS INTERSTING TC CONSIDER MAXWELL
CONVENTION AS ANOTHER POSSIELE TRANSITION FOR THE STATE OF SYSTEy

IF A GRADIENT SYSTEM IS ASSUMED, WE CAN FIND THE POTENTIAL By
INTEGRATING EQUATIOK (1) W.R.T. TE AND BY APPLYING CLAUSIUS-
CLAPEYRON EQUATION/11/ TO FIND THE TRANSIT POINTS FOR MAXWELL
CONVENTION. THE PARAMETRIC EFFECTS ARE DRAWN IN ABOVE FIGURES
WITH AN INDEX "M". IT IS SEEN THAT MAXWELL CONVENTICN OFFERS A
MORE SEVERE LIMITATION ON PLASMA PARAMETERS. FURTHERMORE  THE
POTENTIAL BARRIER WHEN MAXWELL CONVENTICN OCCURS, WHICH EQUALS
THE MINIWMUM AMPLITUDE OF THE FLUCTUATION IN PLASMA ENERGY AND ITg
RATE OF VARIATION, CAN BE CALCULTED. A SAMPLE VALUE IS

a(rdf) =2 eilins (9

SOME PARAMETRIC EFFECT OF THE CRITICAL POTENTIAL BARRIER IS GQIVEN
IN THE FIGURES.
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The Generation of Reversed Field Configuration

by RF Driven Currents

M. Frank, A.Hardtke, M. Jogwich, M, Kihnapfel, K.Plennis
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Universitdt Essen - GHS, FB7/Physik, Universithtsstr. 5
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sccording to the "Rotamak" concept /1,2/ toroidal d.c. currents are
generated in a hydrogen plasma of spherical shape

4 rotating magnetic field is applied to the preheated and magnetized
plasma. This field is produced by r.f. currents through twmo coil psairs,
oriented orthogonally, with a phase shift of 98 degrees /3/.

The poxer 1is supplied by a tmo-channel transmitter of S5 HRK at a f(re-
quency of 1 MHz for a pulse duration of 1,5 msec.

During the entire discharge period a reversed field configuration can

be maintained.

Experimental arrangement:

A: Antenna for pre-ionasation
B: Coils for static magn. field
C: Spherical coll-assembly
for theta-pinch heating
D: D-Type coils for rotating
magnetic field

Fig.1: Schematic Disgram of the

Spheroask device




Using Hydrogen as working gas it ia difficult to produce a
plasma by electrical dischasrges at low pressures. In order
to achieve the flvoyabln initial conditions for an effective
interaction of the rotating magnetic [ield with the Plasma,
an electron eyclotron resonance (ECR) preionasation
(Fig.1,A) and a theta-pinch kind of preheating (Fig.1,0C) of
the plasma were included to our Spheromak device. A quasi-
static magnetic bias field (Fig.1,B) is used to fulfill the
ECR condition and as initial field for the reversed [field
configuration. The rotating field is applied by two coil
pairs (Fig.1, D).

The ECR preionasation:

For the Reneration of the plasma a magnetron with a pulse
power of # kW is used, radiating at a frequency of 2. 45 GHz.
As the magnetic bias field has a mirror configuration the
ECR condition is fulfilled first in the polar region of the
vessel and moves with increasing bias field through the
center to the wall in the equatorial plane.

Measurements with electrostatic probes indicate that for the
ignition of the discharge ECR is necessary but the plasma
can even be sustained during periods where the ECR condition
is no longer fulfilled.

The density of the ECR-Plasma is of the order of 1@'' cm™?
and the alectron temperature is about 18 eV. The ©pressure

limit for ignition is 5%18" " mbar

The theta-pinch preheating

Initial plasma heating is achieved by diacharging e %.3 kJ
capacitor bank over 17 coils surrounding the spherical die-
charge vesesel in horizontal planes (Fig.1,C). The ion tempe-
rature is determined by measuring the Doppler broadening of

impurity lines and of H. (Fig.2).
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Fig. 2: Ion temperatures evaluated of the Doppler broadening of

different ionasistion stages of Nitrogen iapurities

A1l observed ionisation states of the impurity lines show a
temperature of the same order of magnitude between 288 and
388 aVv. NII and NIII reach the temperature maximum later
than NIV due to their longer ener8y equipartition time with
Hydrogen. The ion temperature evaluated from H* is lower by
a factor of 4, since the Ha rediation of the hot plasma core
18 covered by the more intensive radiation of plasma in the
wall region of the vessel. The electron temperature has been
eatimated by the appearance of ionisation stages to be of

the order of 628 eV.

The rotating r.f. field:

The rotating magnetic field is produced by r.Ff. currents
passing throu8h two pairs of coils (Fig.1,D) with a phase
shift of 9@ degrees in space and time. The power is supplied
by a two-channel transmitter of 5 MW at a frequency of 1 MHz
for a pulse duration of 1.5 msec

At these experiments up to 1HW cen be coupled into the
plasma maintaining a stable reversed field configuration for
about 1.2 mamec (Fig. 3). Measurements of the radial distri-
bution of the magnetic field show plasma currents in the
order of ®some kA proportional to the magnetic bias Tfield

(Fig. s).
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Fig. 4.: Plasma current as a function of the bias magnetic field

Experiments are carried out to study the generation

of

rotating magnetic fields in a plasma by the Blevin-Thonemann

end effect /4/.
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ON THE INFLUENCE OF &£-PARTICLE CYCLOTRON
DAMPING ON THE LOWER HYBRID CURRENT DRIVE

L. Krlin, P, Pavlo, Z. Tluchor

Institute of FPlasma Physics, Czechoslovak Academy of Scilences
Pod voddrenskou véZi 4, 182 11 Prague 8, Czechoslovakia

Abstract

Some preliminary results on the influence of the cyclotron har-
monic damping of lower hybrid waves by thermonuclearly produced
alphe-paerticles are presented. Recently, the usefulness of the
lower hybrid current drive (LHCD) in reactor regime was doubted
in connection with this effect. The quasilinear change of the
8lope of the alpha-particle distribution function is taken inte
account, Anslytical estimetes are obtained showing that at a
sufficiently high weve energy density the power sbsorbed by al-
pha-particles saturates (in the approximatién used). For the
perameters of & hybrid resctor, the saturated power was found
mich lower than that computed from the linear theory. It seenms,
therefore, that, at least for hybrid reactor conditions, the
alphe-particles need not represent a serious obstacle to LHCD.
Come further aspects of this effect are discussed.

In recent peper of WONG and OW0 [1], the effect of thermonucle-
arly generated elpha-particles on LHCD has beexn investigated.
The authors estimated the ebsorption of LHW by the alpha-parzi-
cles component by means of the ion cyclotron demping in the li-
near regime. For usual reactor paraemeters, they found very
strong absorption (the effective absorption length Lx wea of
the order of 5 cm). Even for the parameters of the hybrid reac-
tor [2] (when their procedure yields Lx~0.5m), the sbsorption
is strong enough to make the usefulnesgof LHCD scheme questio-
nable. '

In this paper we try to extrepolate the mentioned cealculations
into the quasilinear regime. Here, the original eipha-particle
distribution function (determined by alpha-particles collisions
with elecirons and ions), which hes been used in the mentioned
paper, cbviously chenges its slopes and, consequently, also the
absorption rate. It can be expected that this effect wil reduce
the stirong absorption, obteined in the linear approximations.
As follows from our preliminery estimstions, the ebsorption of
LHW by the alpha-particle component really sufficiently decrea-
ses.

The estimation of WONG and ONO is based on the evaluation of the
space Landau decremeant
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For parameters of the hybrid reactor [2] , the basic influence gn
the absorption is expected to come from the derivative df/dv,
(since k,v,/w < 0. ﬁ. We _therefore investigated mainly the qua
silinear change of bf/bvj_ , elso due to the fact that the quasi-
linear diffusion in v; is predominants.

The quasilinear diffusion equation with the collisional term,
source term and the guasilinear diffusion in perpendicular velo-
cities has the form [ 3, 4]

1 2 af: 10 Bz 3
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Here {] x,6v means thg corrgsponding expression of v, , v, in
coordinated v =V—VL + v 2), X=7Vy /vy, Ts is the slowing-
-down time, v 1is the velocz_ty of born particles;y the veloeity
v, end the coefficient k are ziven as in [4] .
According to [3 , the quasilinear diffusion coefficient D, is
given : 2 2
o) T ey Ekz 2 N n 1 o kv,
3 Dy s (- < ! T e e} =
me u )2 /vy - vg/

vg being the group velocity.

The basgic problem arises from the complicated form of D,. To ob-
tain at least some qualitative results, we approxlmate the ex-
pression v, -D, by some average constant value Y v, D D. After
normalizing of all velocities to v , the equationm(E) can be
then rewriten into the form

{aaf} +LI2-L [(::3+a3)f1+
Xix
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where x; =v, /v , X = v/v,n , a = Vo/Va and 9 = .ﬁ'/v,x . Let us
further normalize f to fgu (Vv ), ﬁere fa is the unperturbed
distribution function of alpha-particles
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A 4
(5) fg= ;3:-&—3' 1 A=T,5,
and where S, is alpha-particle gource term.

Since all velocities are of the order of vg , X; and x are clo-
se to 1. Supposing that the dimensionless derivatives are of
roughly the same order, and under the condition

(6) H>» 1

we get for the zero order solution f; from (4) a simple relatim

2 f
(7 Q_ig.co, This condition imples the solution —= o(xx=v"),
dvy x dx
i.e, independent of x;. This value can be determined from boun-
dary conditions. Suppss%n that in the guasilinear region (ex-
tending from X;min, n %x;min) is considered negligible), the
redominant flux of particles in velocity space 1is in x,,
%bf/bxl)/xl i, can be determined by equating the fluxes of par-
ticles overm%ﬁe boundary x,nip between the collisional and qua-

silinear regions. In this caaez a
(8) of _ Zimin faWEnin B TR )
e '
dx, [%min D
where fix is '%he undisturbed distribution function for x,pin,
v, /Vg . In the approximation used for &, the condition reads
T
(9 0.05an—% 523 2a)n, LT 1 S
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where An is the number of harmonics, appearing in the interval
vy (0, V), Do is the average order of this harmonics, Tg is the
slowing-down time. Expressing the condition in terms of wave
energy dengsity Wy, we ?Btain for the parameters of the hybrid
reactor [o] Te =6.7x101%m=3, T, 4 = 11 keV, Bp=6 T, & = 1.5x
x1010gec~"!, X, = 84m~1 the condition

(0) W 31077 3 a2,

The value on RHS of eq. (10) corresponds roughly to 100 MW of
the input rf power in case of the hybrid reactor [_2 -

The flattening of the derivative 3f/dv, leads to the saturation
of the abgorbed_ power, analogously to the estimation of FISCH
[5] and KLIMA [ . Neglecting the component of the absorption
coming from df/0vy , the absorbed power is given by
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Supposing & rectangular form of Eklz (and therefore also W), it
is seen that Ptot does not depend on the wave energy density.




= 5] =

Rough comparison of this saturated absorbed power with Eha ps_
wer determined in the linear epproximation for W, = 107 Jm™
yields, for our parameters (Ak, = 0.2 ko) 2

-2
Paat ~ 10 1)l:h:L‘

The contribution to the absorbed power due to the neglected
term df/dv, may modify the relation. However, since in our case
this contribution represents approximately 1 % of P ins» it can
be concluded thet for parameters of the hybrid reactor, the po-
wer absorbed by aslpha-particles estimated from the quasilinear
theory may represent only a small fraction of the linear esti -
mate.

There are further effects associated with the strong absorption
by alpha-particles and with the quasilinear perturbation of the
alpha-particle digtribution function. Since the absorption in
alpha-particle component strongly increases with the alpha-par-
ticle density (exponentially dependent on the ion temperature),
the increase in the ion temperature will lead to the decrease
in the driven current. This may worsen the ion confinement.
Through this effect, an intrinsic negative feed-back might be
established to stabilize the thermal instability.

The quasilinear perturbation of the alpha-particle distribution
brings a possibility of a current drive by alpha-particles, ans-
logously to the ECR scheme. Further, the asymmeiry possibly ge-
nerates a new wave spectrum which can bhave an influence on the
total driven current.

Our results bear, of course, the character of rough estimates.
More precise results will be obtained from 2-D computer simula-
tions now under progress.

The authors are grateful to Drs. R. Xlima, V. A. PetrZilka and
J. Preinhaselter for valusable discussions.
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Comment on paper GO Fr 1130 s

"A Class of Special Toroidal MHD Eguilibria,

including Minimum-B" by C.M. Bishop and J.B. Taylor

D. Palumbo
EURATOM, Brussels, Belgium

As I have worked on this problem since many years (/1./
D. Palumbo, Il Nucve Cimento, X, B(1968) 507; /2./ D. Palumbo,
in "Instability and Confinement in Toroidal Plasmas" Varenna
Course 1971, page 91), I'm glad that Bishop and Taylor's paper
gives me the opportunity of making several comments and add some
details.

1 The generalisation of the isodynamic solution considered by
Bishop and Taylor by adding to the square of the toroidal field
the square of a vacuum toroidal field - k/R2 in their notations
- was already considered in /1/, and was the main reason for
publishing paper /2/. These extended solutions are no longer
isodynamic but still allow an arbitrary choice of the pressure
profile. There are some differences in the notations: Bishop
and Taylor's RZ, £ (qJ), A (411, and k correspond, respectively,
to X, T(W ),ﬂltyj, and C2 in my ref. /2./. I agree that apart
from pure relabelling these solutions are the only possible ones

which conserve the magnetic surfaces.

i In ref., /1/ I noted that the purely isodynamic equilibrium
is always unstable. 1In ref. /2/ I considered in more detail the
stability problem. On the basis of the fact that the toroidal
field of the purely isodynamic equilibrium is too low (g << 1),
I determined the k-values required for stability (C2 in my
notations) by imposing that the Mercier criterion be fulfilled
throughout the whele plasma volume, for different pressure
profiles. The average for Mercier (only) stable equilibria
are calculated, using
A ﬂrl'). 12
<p> ==L (L CTPdAr)T
p B:L ’U"a J
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the toroidal g factor is given as a function of 4)and Cz.

3: The search for equilibria with congruent drift- and
magnetic—- surfaces, now called omnigeneous equilibria, was the
starting point for Ref. /1/. There I have proved that iso-
dynamicity is, strictly speaking, a sufficient condition for
this property, the necessary condition being that the magnetic
lines are geodesics of the magnetic surfaces (geodesic configu-
ration). However, it should be noted that the distinction
between geodesic and isodynamic configurations is rather
academic, the only possible exception of any practical interest
being the Stellarator /2/, which in principle could have geodesic
but not necessarily isodynamic solutions.

4. I also had the curiosity of looking whether non-axisymmetric
isodynamic equilibria do exist. In ref. /2/ I searched by
cumbersome differential geometry for the existence of solutions
with weaker symmetry (plane of symmetry instead of axis of
symmetry), but with negative result. More recently (Acc. Sc.
Let. Art. Palermo, 1984, in press) by the same method, I have
shown the non-existence of the isodynamic Stellarator and,
finally, in collaboration with M. Balzano the non-existence of
non-axisymmetric toroidal isodynamic equilibria with continuous
scalar pressure (ibid in press). This last result can also be
deduced from more general considerations (see M. Bineau, Proc.
6th European Conference on controlled Fusion and Plasma Physics,
Moskow 1973, Vol. I, 221).

Finally, let me add a few remarks on possible areas for

future work.

The unique property of the generalized (Cz% 0) solutions -
the possibility of accommodating a variety of pressure profiles
for a fixed geometry - can be exploited in various problems:

Study of the specific influence of the P profiles on the
stability.




Heating, during which the P profiles will possibly change
(a few weeks ago at Erice 1 discussed a somewhat naive
example) .

" Dependence of P and J profiles from the temperature profile,
For instance, in the purely isodynamic case (C° = 0) the
dependence is so drastic, in inductive discharges, that
with realistic temperature profiles no interesting

equilibria can exist.

Another possible application is in the search for new exact
solutions of the Grad-Shafranov egquation. In fact, if we
consider the family of all possible configurations having a
given pressure profile, this family certainly contains the
isodynamic -solution. Along these lines, and making use of a
coordinate system with \/-t;~ = 1, in collakoration with
M. Balzano, we are looking for families of exact, and possibly

new, solutions.




