ELECTRON LANDAU DAMPING OF RADIO-FREQUENCY WAVES IN A
TOROIDAL PLASMA WITH SOLOV’EV EQUILIBRIUM
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Longitudinal permittivity elements are derived for RF waves in a toroidal plasma with Solov’ev type equilibrium by
solving the drift-kinetic equation for untrapped and trapped particles. Our dielectric characteristics are suitable to
estimate the wave dissipation by electron Landau damping in the frequency range of the Alfvén and fast magnetosonic
waves, for both the large and low aspect ratio tokamaks with circular, elliptic and D-shaped magnetic surfaces.
Contributions of the untrapped and usual trapped electrons to the imaginary part of the longitudinal permittivity are
computed for a spherical tokamak plasma in the wide range of wave frequencies at the different magnetic surfaces.
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1. INTRODUCTION

Kinetic wave theory in tokamaks and stellarators
should be based on the solution of Vlasov-Maxwell's
equations [1-3]. However, this problem is not simple even
in the scope of the linear theory since to solve the
differential wave equations one should use the
complicated integral dielectric characteristics valid in the
given frequency range for realistic two- or three-
dimensional plasma models. The form of the dielectric
tensor components depends substantially on the geometry
of an equilibrium magnetic field. In this paper, we
analyze the contributions of untrapped and usual trapped
particles to the imaginary part of the longitudinal
permittivity elements for RF waves in an axisymmetric
D-shaped toroidal plasma with Solov’ev type equilibrium
under the condition when the additional groups of the so-
called d-trapped particles are absent in the plasma
volume, using an approach developed* for low aspect
ratio tokamaks with concentric circular, elliptic and D-
shaped magnetic surfaces.

2. PLASMA MODEL

The D-shaped transverse magnetic surface cross-
sections corresponding to Solov’ev equilibrium® are not
concentric and can be plotted by the following parametric
equations for cylindrical (R,@Z) and quasi-toroidal
coordinates (0,6,¢):
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\/le -0+ 2aR p cos ’
where R, is the radius of the main magnetic axis; R; is the
major radius of the external magnetic surface; a is the
(minor) plasma radius; b/a is the elongation; d/a is the
triangularity; o is the non-dimensional radius of a local
magnetic surface (0< p <1); @ is the poloidal angle (
-m £ § <1 ); and the additional definitions are
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In this case, the module of an equilibrium magnetic
field is
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H,=H,G(p.,6)= H, (1)

where py, Hy, and B, = 81p, /H(fq, are, respectively, the

plasma pressure, toroidal magnetic field and central beta-
value on the main magnetic axis (R=R,or p=0); and
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After solving the drift-kinetic equation for the
perturbed distribution functions

f(p.,0,v,v,)= 2 J.(p.0,v,)exp(-iwt + ing) = (2)

parallel current density components can be calculated as
S (P9, v, i )dpdv
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where v = \/v; + vl , U=

3. LONGITUDIONAL PERMITTIVITY

To evaluate the longitudinal permittivity elements we
use the Fourier expansions of the current density and

electric field over § (new poloidal angle where the H,
field lines are straight):
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As aresult,
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and the contributions of wu-untrapped and usual ¢-trapped

particles to EH"’""' are
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0, R q,d1+ 2 1+ R -0 Note, Egs. (5,6) describe the contributions of any kind
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corresponding expressions for electrons and ions can be
obtained from (5,6) by replacing the temperature 7,

o M

XZf_zBpo 1+ 20 + 2iNm V)

7~ P density N, mass M, charge e by the electron 7., N,, me., e.
Here we have used the following definitions: and ion T, N;, M, e; parameters, respectively.

One of the main mechanisms of the RF plasma
A" J cosD(m tn q)H M)- (p+ ng)2n =12 M) ) ’ heating is the electron Landau damping of waves due to
) T, D the Cherenkov resonance interaction of E; with the
H H trapped and untrapped electrons. As a result, after
W(z)-= exp(- ) 1+ —I exp( )dt averaging in time and poloidal angle, the wave power

H \/_ H absorbed by the trapped and untrapped electrons,

(,7 )0 P=Re(E j/)/2 can be estimated by the expression
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o O untrapped and #-trapped electrons to the imaginary part of
Bop* £ Imsﬁ”m z Imsu'ﬁ;’"' + Imfu"”,""'. It means, under the
q(p)= 4, Ri(1+07) X same wave frequency and the electric field amplitude the
142 ar, 0 1+ 2aR,p wave dissipation by the untrapped and ¢-trapped electrons
R; R;-3 is differed by their different contributions to Ime ™"
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Now, let us consider the contributions of untrapped

q, = q(0)= _aRlta® ’ and usual #-trapped electrons to Imeé " and Imeé 7™ in
\/E R, \/Rg -0 the spherical tokamak with a=50cm, b=90cm,
ﬂ(fM,K):j" df d=15cm, R =70cm, R,=86cm, Hy, =06T,
" 1= 4 sin? 1- « sin% N(p)=300"/1- p> em?®,  T(p)= 2000y/1- p* eV
H@ 4aR,p 4aR,p H Under these conditions (small elongation b/a=1.8 and
_ Hz Ry +2aRyp \R; -0 +2aRp B, =0.067), the additional groups of the d-trapped
6@)=n ’ particles are absent in the plasma volume. Computations
Hn Aak,p / 4aRp H of the diagonal elements of the longitudinal permittivity
HZ R} + 2aRp 6+ 2aR,p H elements are carried out for waves with poloidal and

8 G(p.n) dn toroidal mode numbers m=m =1 and n=2.
T(@):J' 2aR,p The dependence Ime¢ ;"™ and Imé "™ on w are
P VL= uG(p,n) 1+ R _1 5 cosf presented in Fig. 1 for RF waves in our plasma model at
0 the magnetic surfaces: @) p=0.2, b) p=0.5 and ¢) p=0.8,
1- 2 aRy 0 respectively. As shown in these plots, the waves (usually,
) R; the low-frequency waves) interact effectively with the
H, = 'WE H 5 uR H ) trapped electrons at the external magnetic surfaces, see
I+ =—L—+q 2%1- 2—1 E e.g. Fig. 1c, where the fraction of the trapped particles
1+a HRO R H increases and the fraction of untrapped particles decreases
aR, (and tends to zero in the spherical tokamaks if a/R; - 1)
1+2-5p . By this reason, the effective heating of the trapped
p, = ; : , electrons is possible in tokamaks using the Alfvén waves,
1+ Bop HL+ a ZH“ QLRIP HH when the local Alfvén resonance condition is realized
l+a? HR; o H near the plasma boundary or in the region of the moderate

m,m

radii. By comparing Im¢ " and Imé ;" in Figure, we
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see that the fast waves with a high phase velocity,
Vo = WRyq,T, /[277 (m+ nq)] > vy, dissipate mainly due to CONCLUSIONS

their transit-time resonant interaction with untrapped electrons. It
means, using the fast waves, the favorable conditions can be
created to transform the wave momentum into the momentum of
the untrapped electrons leading the non-inductive current drive.

Parallel permittivity elements are derived for RF
waves in a 2D toroidal plasma with Solov’ev equilibrium
and valid for both the large and low aspect ratio tokamaks
in the wide range of the wave frequencies, mode numbers,
and plasma parameters. Imaginary parts of the parallel
permittivity are necessary to estimate the wave power
absorbed by electron Landau damping, e.g., during the
plasma heating and current drive generation.

m,m'
Il

m,m'

The computations of Imé and Imée /™ are

carried out for RF waves in the D-shaped spherical
tokamak plasma under the conditions when the d-trapped
particles are absent in the plasma volume. In particular, it
is shown that the main mechanism of the wave dissipation
under the Alfvén wave heating is the bounce-resonance
interaction of the RF waves with the trapped electrons.
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Contributions of untrapped and t-trapped electrons to
Ime " and 1Tm& " versus wat the different magnetic

surfaces: a) p=0.2,b) p=0.5,¢) p=0.8
3ATYXAHUE JAHAAY PAJTMOYACTOTHBIX BOJIH HA 9JIEKTPOHAX
B TOPOI/I)IAJII)HOFI IMJIABME C PABHOBECHEM I10 COJIOBBEBY

H.U. I'puwanos, H.A. A3apenxoe

DeMEHTHI HpO}lOHBHOﬁ }II/IaﬂeKTpH‘IeCKOﬁ MPOHHUITACMOCTH MOJIYUYCHBI JJIA paJu0o9aCTOTHBIX BOJIH B TOpOH}I&J’[LHOﬁ
Jj1a3Me ¢ paBHOBCCHUEM 110 COHOBLeBy Ha OCHOBAaHWU PCHICHUA Hpeﬁ(l)OBO-KHHeTquCKOFO YpaBHECHHUA UIA MPOJICTHBIX
M 3arepTeIX YaCTHIL. Harmm AUDJICKTPUYICCKUE XAPAKTCPUCTUKHU MOTYT OBITh HCIIOJB30BaHBI TIpU  BBIYUCIICHUN
NOIJIOIICHUS BOJIH 3a CYET DJJICKTPOHHOI'O 3aTyXaHUs J'IaHz[ay B JHaIla3soHC 4acToT aJ'IB(bBeHOBCKI/IX u 6I)ICTpLIX
MAarHuTO3BYKOBBIX BOJIH B TOKaMakKax C KpPYIOBbIMHU, OSJUIMOTUYCCKUMU, D-O6p33HBIM CCUCHUAIMHN MAarHUTHBIX
HOBerHOCTeﬁ 1 MPOU3BOJIBHBIM AaCIICKTHBIM OTHOLICHUEM. Bknan MPOJICTHBIX U OOBIYHBIX 3alCPThIX BJICKTPOHOB B
MHUMYIO 4aCTb HpOZ[OHLHOﬁ MMPOHUIIAEMOCTHU MMPOAHAJIM3UPOBAH YHUCIICHHO B HIMPOKOM AHANA30HC YaCTOT Ha Pa3HbIX
MAarHviTHBIX ITOBEPXHOCTAX B IJIa3M€ Cd)epPI‘{eCKOFO TOKaMaka.

3ATACAHHS JIAHAAY PAJIOYACTOTHUX XBNJIb HA EJIEKTPOHAX
B TOPOIIAJILHIN IJIA3MI 3 PIBHOBATOIO 3A COJIOBOBUM

M.I. I'puwanos, M.O. A3apenkos

EsleMeHTH MOB310BXKHBOI JiIENEKTPUYHOI IPOHUKIMBOCTI OTPUMAaHI JUIs PajiodyacTOTHUX XBWJIb y TOPOiaibHIN
a3Mi B yMoBax piBHoBari 3a ColOBHOBMM Ha OCHOBI pO3B’SI3aHHS ApeH(OBO-KIHETUYHOTO PIBHAHHS ISl YACTHHOK,
IO TpodiTaloTh abo 3amepTi. JlieNeKTpUYHI XapaKTEPUCTUKH, SIKI OTPUMaHi, MOXYTb OYTH BHKOPUCTaHI MpH
po3paxyHKax MOTJIMHAaHHS XBHJIb 32 PaXyHOK €JIEKTPOHHOTrO 3aracaHHs Jlannay B Jiana3oHi 4acToT alib()BEHOBCKUX Ta
OIBUAKUX MAarHiTO 3BYKOBHX XBWJIb B TOKaMakax 3 MEpepi3oM MAarHiTHUX IOBEPXOHb Yy BHUIJLIAI KOJa, eIimcCy,
D-06pa3HuM Ta TOBITFHIM aCIEKTHUM CITiBBITHOIIEHHSM. BHECOK eJIeKTpOHiB, IO MPOJiTaloTh abo 3amepTi, B YABHY
YaCTHHY MOB3J0BXXHBOI MPOHUKIIMBOCTI MPOAHANI30BaHO YHMCEIbHHMMH METOJaMM B INMPOKOMY Hiama3oHi YacTOT Ha
PI3HHX MarHITHHUX IOBEPXHSX B IIa3Mi cpepraHOro TOKaMaKy.
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