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THERMONUCLEAR FUSION. COLLECTIVE PROCESSES 
CYCLOTRON WAVE ABSORPTION IN LARGE ASPECT RATIO 

ELONGATED TOKAMAKS  
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Transverse dielectric susceptibility elements are derived for radio frequency waves in a large aspect ratio toroidal 
plasma with elliptic magnetic surfaces by solving the Vlasov equation for untrapped, t-trapped and d-trapped parti-
cles. These dielectric characteristics are suitable for estimating the wave absorption by the fundamental cyclotron 
resonance damping in the frequency range of ion-cyclotron and electron cyclotron resonances.  
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INTRODUCTION  
Tokamaks represent a promising route to controlled 

thermonuclear fusion. In order to achieve the fusion 
conditions in these devices an additional plasma heating 
must be employed. Effective schemes of heating and 
current drive in tokamak plasmas can be realised by the 
wave dissipation in the frequency range of ion-cyclotron 
(ICR) and/or electron-cyclotron (ECR) resonances. As 
is known, kinetic wave theory of high-temperature 
plasmas should be based on the solution of Vlasov-
Maxwell's equations. However, this problem is not sim-
ple even in the scope of linear theory since to solve the 
wave equations it is necessary to use the suitable dielec-
tric tensor valid in the given frequency range for a real-
istic plasma model. In this paper the transverse suscep-
tibility elements are derived for radio frequency waves 
in a two-dimensional (2D) axisymmetric large aspect 
ratio tokamak with elliptic magnetic surfaces using an 
approach developed in Refs. [1, 2].   

1. REDUCED VLASOV EQUATION  
To describe a 2D axisymmetric tokamak with ellip-

tic magnetic surfaces we use the quasi-toroidal coordi-
nates ),,( φθr  connected with cylindrical ones ),,( zφρ  
as θρ cos0 rR += , θsin)/( rabz −= , φφ = . Here 0R  
is the large torus radius, r is the small plasma radius, θ  
is the poloidal angle, φ  is the toroidal angle; b and a − 
large and small semiaxis of the external elliptic tokamak 
cross-section. In this case, the stationary magnetic field 
components, { }φθρ 0000 ,, HHH=H , are  
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To evaluate the transverse susceptibility elements 
for waves in such plasma we should resolve the Vlasov 
equation for the first, 1±=l , harmonics of the per-
turbed distribution functions of ions and electrons: 
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using the coordinates ),,( φϑr  with the "straight" mag-
netic field lines and new variables in velocity space  
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Here the index of particle species is omitted; by 
1±=s  for s

lf  we distinguish the particles with positive 
and negative parallel velocities, ),( -1|| ϑμ rgsvv ⋅= , 
respectively to Н0. In this case, the Vlasov equation for 

sf 1±  harmonics can be rewritten as 
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bnl ilEEE −=  is the combination of the normal and 
binormal (respectively to Н0) electric field projections; 
equilibrium distribution function F0 is maxwellian with 
the particle density N0, temperature T0, charge e, mass 
M.  Describing the wave-particle interaction in elongated 
tokamaks we should separate all particles (in the general 
case if ελ > ) on the three groups of untrapped, t-
trapped and d-trapped particles. Such separation can be 
done in dependence of μ and ϑ  by inequalities:  

uμμ ≤≤0      πϑπ ≤≤−   − untrapped particles,  

tu μμμ ≤≤   tt θϑθ ≤≤−   − t-trapped particles,   
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dt μμμ ≤≤   dt θϑθ −≤≤−  − d-trapped particles,  

dt μμμ ≤≤     td θϑθ ≤≤  − d-trapped particles,  
analyzing the condition 0),(|| =ϑμv . Here 
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stop points tθ±  and dθ±  for t- and d-trapped particles 
on the considered magnetic surface are 
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To find the perturbed distribution functions of the 
untrapped s

ulf , , t-trapped s
tlf ,  and d-trapped s

dlf ,  parti-
cles we should resolve Eq, (1) using the corresponding 
boundary conditions: the periodicity of s

ulf ,  on ϑ , and 

continuity of s
tlf ,  and s

dlf ,  at the stop points tθ±  and 

dθ± , respectively. Moreover, we use the new variables 
instead of poloidal angle ϑ  by the first kind elliptic 
integrals: 
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In this case, the transit-time of untrapped particles 
and the bounce-periods of t-trapped and d-trapped parti-
cles are proportional to uT , tT  and dT , respectively:  
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2. TRANSVERSE SUSCEPTIBILITY 
Knowing s

ulf , , s
tlf ,  and s

dlf , , we can calculate the 
contribution of u-, t- and d-particles to the 2D transverse 
current density components by 
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To evaluate the transverse susceptibility elements 
we use the Fourier-expansions of the perturbed current 
density and electric field components on angle ϑ : 
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As a result, the m-th harmonic )(m
lj  of the transverse 

current density can be calculated by  
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,
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,
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dlχ  denote the independent 

contribution of the untrapped, t-trapped and d-trapped 
particles of any kind (electrons or ions) to the transverse 
susceptibility elements ',mm

lχ : 
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CONCLUSIONS 

In conclusion, let us summarized the main results of 
the paper. As is well known [3], the collisionless wave 
dissipation in the frequency range of ICR and ECR can 
be realized under the conditions if the plasma particles 
interact effectively with transverse electric field compo-
nents, bn iEЕ ± . The specific features of the wave-
particle interaction in tokomak geometry are due to that 

a) the resonance conditions for untrapped, t- and d-
trapped particles are different and b) all the harmonics 
of bn iEЕE ±=±1  contribute into the m-th harmonic of 
the transverse current density component, )(

1
mj± . The 

absorbed wave power under the HF plasma heating on 
the fundamental cyclotron harmonic, 

( )*
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sion  
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As was mentioned above, 1=l  corresponds to wave 
power absorbed under the ICR plasma heating, when 

ic ,~ Ωω  and the left-hand polarized waves bn iEЕ +  
interact effectively with the resonant ions. The case 

1−=l  should be considered under the ECR plasma 
heating when |~| ,еcΩω  and the right-hand polarized 
waves bn iEЕ −  interact with the electrons. Contribution 
of untrapped, t-trapped and d-trapped particles to the 
imaginary parts of the transverse susceptibility ele-
ments, ',

,Im mm
ulχ , ',

,Im mm
tlχ  and ',

,Im mm
dlχ , can be esti-

mated by Eqs. (2) using the well known Landau resi-
dues method.  
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ПОГЛОЩЕНИЕ ЦИКЛОТРОННЫХ ВОЛН В ВЫТЯНУТЫХ ТОКАМАКАХ С БОЛЬШИМ 
АСПЕКТНЫМ ОТНОШЕНИЕМ 
Н.И. Гришанов, Н.А. Азаренков 

Поперечные элементы диэлектрической восприимчивости получены для радиочастотных волн в торои-
дальной плазме с большим аспектным отношением и эллиптическим сечением магнитных поверхностей при 
решении уравнений Власова для пролетных, t-запертых и d-запертых частиц. Эти диэлектрические характе-
ристики применимы для оценки циклотронного поглощения электромагнитных волн (например, во время 
нагрева плазмы) в диапазоне частот ионно-циклотронного или электронно-циклотронного резонансов. 

ПОГЛИНАННЯ ЦИКЛОТРОННИХ ХВИЛЬ У ВИТЯГНУТИХ ТОКАМАКАХ З ВЕЛИКИМ 
АСПЕКТНИМ ВІДНОШЕННЯМ 
М.І. Гришанов, М.О. Азарєнков 

Поперечні елементи діелектричної сприйнятливості отримані для радіочастотних хвиль у тороідальній 
плазмі з великим аспектним відношенням та еліптичним перерізом магнітних поверхонь через розв'язок рів-
нянь Власова для пролітних, t-запертих та d-запертих частинок. Ці діелектричні характеристики застосовані  
для оцінки циклотронного поглинання електромагнітних хвиль (наприклад, під час нагріву плазми) у діапа-
зоні частот іонно-циклотронного або електронно-циклотронного резонансів. 


