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plasmas for which the code can be used. ASDEX (R = 165 cm. , a = 40 cm) lies close 
to it. We have s imulated a minority heating shot with s imultaneous NB heat.ing (4% 
H+ in D+, B c> = 2.24 T., 1 = 380 kA, ne(O) = 410 13 cm- 3, Te = 1.5 keY, T, = 2 
keY, f = 33.5 Mhz) in which the H-regime was transiently reached. We have run the 
toroidal modes = 0, 10,20 and 30, which span well the radiated spectrum, using 64 
poloidal modes. Convergence, checked by inspection of the poloidal modes amplitude 
at several radii, was poor for n ,p = 0, acceptable for n,p = 10, and good for n</l = 20 
and 30. Tests in a smaller plasma indicate that incomplete convergence causes some 
aliasing in the BW pattern (shown in Fig. 1 for n,p = 10), but hardly affects the power 
deposition profiles as long as BW do not spill over to the wrong side of the resonance; 
even the = 0 case did satisfy this criterion well. 

The power radiated by the antenna « I· E » and the total power deposited in 
the plasma agreed within 7%, 2%, 1% and 0.1% respectively. Modes = 0 and 10 
are in the mode convers ion regime, and show large amplitude BW on the h.m.f. side 
of the resonance. Modes = 20 and 30 are in the minority regime, dominated by H+ 
cyclotron damping. The global power balance is summarized here (efr. also Fig. 2) : 

n 0 10 20 30 total 
Power fraction 0.489 0.283 0.169 0.059 1.00 
H cycl. damping 60.44% 80.89% 82.04% 84.05% 71.30% 
D harm. damping 17.96% 13.46% 10.50% 5.80% 14.71% 
electron TTMP < 0.01% 1.60% 6.04% 8.78% 2.00% 
electron Landau d . 0.42% 0.39% 0.45% 1.37% 0.47% 
stoch. BW damping 14.02% 5.85% 2.39% 0.18% 9.05% 

The sum of the last two lines gives the efficiency of mode convers ion. These figures 
agree wel! with ray t racing estimates. A rough estimate of the antenna resistance gives 
5.2 O. The weighted sum of the power deposition profiles in the minority ions is shown 
in Fig. 3. The contribution from n 4> = 0 is modulated by standing waves; those from 
higher are localised near the equatorial plane and Doppler broadened. 

For = 0 odd poloidal modes are more excited than even ones, in spite of the fact 
that the antenna is symmetric in 0; there is also evidence of a relatively large standing 
wave ratio of the FW to the h.mJ. side of the resonance. For higher the FW field 
pattern ressembles more closely the one predicted by ray t racing. BW are dominated 
by modes such that w/kJlvte » 1, so that electron Landau damping is weaker than 
usually assumed, and extends to larger radii. They are manifestly backward waves, 
and their wavefronts tend to align with constant IEI surfaces. 

/ 1/ M. Brambilla, Camp. Phy,. Rep. 4 (1986) 71. 
/ 2/ L. ViIlard et al, Camp. Phy, . Rep. 4 (1986) 95. 
/ 3/ A. Fukuyama et ai., Camp. P hy, . Rep. 4 (1986) 137. 
/ 4/ D.G. Swanson, 3d Int . Symp. on Heating in Toroidal Plasmas, 1982, Vol 1, 

p. 285; P.L. Colestock, R.J. Kashuba, Nucl. Fusion 23 (1983) 763. 
/ 5/ M. Brambilla, M. Ottaviani, Plasma Phys. Contr. Fus. 27 (1985) 919. 
/ 6/ M. Brambilla, Repart !PP 5/ 10, Mai 1986. 
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Fig. 1 - Electric fie ld pattern (n. = 10): a) whole plasma; b) Bernstein waves. 
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Fig. 2 - Power deposition profiles (integrated over 0 and summed over n.,ll ). 
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Fig . 3 - Power deposition in the minority ions (summed over n., ). 
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SIMPLIFIED MODEL FOR le RH POWER DEPOSITION IN LARGE TOKtMAKS 

T. Hellsten and L. Vtllard* 

JET .Jol nt Underta king. Abingdon, Oxon . OX 14 3EA, UK 
l eRP? Ecole Poly technique , FederaIe de Lausanne , Switzerland 

1 . Introduc t ion - To calculate the power deposition during ion 
cyclotron heating (ICRH) In tokamak plasmas , ray tracing codes and global 
wave code:3 have been developed . The basic problem to solve is c. campI icated 
wave equ<ltlon in a non-trivial geometry having only one Ignorable coordin
ate . Both methods require long computational t imes making them less 
suitable for implementation in transport codes and data interpretation . In 
this report we presen t a simplified formu1.a for tile flux surface aveJ'aged 
power depositlon which is based on calculatlons with the global wave code 
LION [1 J. The formula relates the power deposi tion to the damping 
coeff i cient, the variation of the absorption coefficient along the 
cyclotron resonance and the Doppler width of the cyclotron resonance . The 
formula agrees well with the calculations with the LION code, but it is 
restricted to the case where the absorption occurs along a s1n61e ion 
cyclotron resonance going through the magnetic a)(is and to a particular 
equilibrium . However , the formula is found to be not too sensltl ve to 
small Variations in aspect ratio or cross section . 

For large power densities the velocity distribution of the heated ions 
develops a high enel'gy tail which in its turn may modify the absorption 
coefficient . A change 1n the absorption coefficient will then lead to a 
corresponding change in the power deposition. Thus the power deposition 
becomes a non-linear function of the launched power . This is particularly 
important for heating at the first harmonic cyclotron resonance where the 
absorption coefficient can be substantially enhanced . In section 3 the 
power deposition and the velocity d i stribution Is ~olved In a self 
consistent way by iterati ve calculations by using the above mer.tloned 
formula . 

2 . Ana ly s i s of the Power Depos ition Profile s - The presence of cavity 
resonance3 leads to spatial fluc t uations of the power deposition depending 
on the pos1tion of maxima and mi nima of the wave fIeld . Por heating 
scenarios with at least a moderately strong damping , the antennae couple to 
a large number of eigenmodes such that these fluctuations become less 
important . For such situations one does not need to know the exact field 
but it is sufficient to know the mean value . The correspondi ns power 
deposition In the poloidal cross-section is then characterised by its 
vertical and horizontal extension . The hOrizontal extension is determined 
by the Doppler broadening of the cyclotron resonance . The vertical 
extension 1s determined by the focusing of the wave field whict: depends on 
the geometry and strength of the damping . 

We have freused our study to typical JET equll ibria having an 
ellipticity of 1 . ~ , a triangularity of 0 . 19 and an aspect ratio of 2 . 6 , and 
for which the absorption o.::curs through a single ion cyclotron resonance 
passing through the magnetic axis . To analyse the power depoSition it is 
more convenient to study the Poynting flux integrated over the magnetic 
surfaces, P(s), where s denotes a parameter such that s '" ~ and s '" 0 at 
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the magnetic axis and 1 at the plasma boundary . The nux surface averaged 
power density is obtained by differentiating P with respect to t he enclosed 
volume . 

We first analyse strongly and weakly damped scenarios . For :>trongly 
damped scenarios the wave is focused to the centre of the plasma . As an 
ansatz for the flux surface averaged Poynting flux we take 

The half width, so' is related both to the geometry and the Doppler 
broadening of the cyclotron resonance . The Doppler broadening is 
proportional to 2ni<v~>/wnR , where n is the toroidal mode number , <v~) is 
the averaged parallel velocity squared of the heated ions, w/2lT i s the wave 
frequency and lIR is the horizontal extension of the cross-section. The 
relation between soand 2niv~>/wnR is obtained with the LION code (Fig.1) . 

I n the C2.se of weakly damped scenarios the structure of the wave field 
varies considerably for small changes of t he equilibri um paraneters 
depending on which eigenmodes the an t ennae couple to. We have not found 
any correlation between the toroida l mode number or coupling resistance 
with the power deposition . We then take the mean value of the flux surface 
averaged Poynting flux for some randomly chosen toroidal modes . We define 
this mean value, P~(s) as the expected Poynting flux . The power deposition 
is given by dPdds , which is proportional to the flux surface averaged 
absorption ccefficient a(s) . We define a function f(s) such that 

a (s) f (s) .. 
1 

f a(s) f(s) ds 
ds 0 

(2) 

f(s) is related to the averaged amplitude of the electric fie l d along the 
cyclotron resonance and to the geometry . In Fig.2 we show f(s) for a few 
different de ns i ty profiles . By varying a(s) along the cyclotron resonance , 
we found tha t f(s) stays rougllly constant as expected. 

For the general case of a medi urn strong absorption we decompose the 
flux surface averaged Poynting flux , P , into p, and p~ such that 

(3) 

In Fig . 3 we compare Cl with a damping coefficient , a IS ' as calculated with 
the ISMENE ccde [2] . This coefficient is related to the damping 
coefficient for a single pass , as' as ~ 1 - 11 --- -aIS . The power absorbed 
at the first pass , Ps ' is g iven by Ps " (1 - 11 - a IS ) a IS I, where I is 
the incidenting Poynting flu x . Psi! is a good approximation to a(a I S ) ' 
These calcul2.tions have been done for heating scenarios having consta.nt 
density and temperature to make a(s) constant. The absorption coefficient 
is var'ied by val'ying the concentration . 

As a forrr_ula for the integrated Poynting f'lux , P, we llse Eq . (3) where 
p, is defined by Eq . (l) and P~ by Eq . (2) and Cl " a IS (l - 11 -- a -IS)' This 
model has beEn compared with the LION code and good agreement is obtained . 
In fig . 1! we show the comparison for the followin g Ileating scenarios ; ru ~ 

wCH in lHe w~ere a IS ~ 0 · 35 , w m WCH · n D ~~ere a IS - 0.90. 
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3. Iterative Calculations of the Power Deposit i on Profile - tlhen the 
absorption coefficient is modified due to tail formation of the heated 
species, the power deposition and the velocity distribution have t he n to be 
calculated self consistently . This can be done by iterations . The damping 
coeff icient cf a Maxwellian plasma is calculated with the ISMENE code. For 
first harmonic heating a(s) a kinRTR a ne nRTR where R stands for the 
resonating ion species and e for electro ns . The enhancement of the 
absorption , Y for a steady state distribution compared to what a Maxwellian 
one absorbs f or the s ame electric field is calculated with a Fokker-Planck 
code [3] . The modif i ed absorption coeffi cient is calculated from a-I -
exp (-a* Y) where a* is defined by a* .. -tn (I-aM) and aM is U:e absorption 
coefficient for a Maxwe l llan velocity distribution . The iterations are 
then performed in t he following way . The power deposition is first 
calculat ed f or a Maxwellian velocity distribution. The enhancemen t factor y 
is then calculated for t he previously obt ained power density . The next 
power deposl tion is then calculated with the previously obtained 
absorption coefficients etc . The flux surface averaged Poynting flux 
obtai ned for a Maxwellian velocity distributlon and a steady stat e veloci t y 
distribution is compared in Fig . 5 for the case of w • 2wCT ' nO· n T .. 
2·10"cm J , B· 3. lIT and 10H'fllaunched power . For thi s case Y varies from 
10 in the centre to 1 at the boundary . 
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