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On the base of the numerical model, taking into account the strong transverse and longitudinal dispersion of
plasma, the absorption and dispersion of the Fast Mode of fast magnetosonic wave (FW) near ICR harmonics

o =N, at the quasiperpendicular propagation regime were investigated. It was shown that in the region of small

longitudinal refractive index values N, there appears the additional absorption that provides the value of optical

thickness 7 being constant in the entire region of additional absorption. At first and second harmonics the
additional absorption can be interesting for FW plasma heating in the reactor-size devices. For higher harmonics it
can be important for HF diagnostic purposes and for investigation of astrophysical plasmas.

PACS: 52.27.Ny

INTRODUCTION

Relativistic effects, associated with fast electrons
mass increasing, have an appreciable influence on the
absorption and dispersion of plasma waves in the ECR
frequency range, even at relatively low electron
temperatures (T, ~1kev) [1]. It is convenient to divide

these effects into two groups in accordance with the
method of their theoretical description.

The first method involves the use of the relativistic
generalization of the Vlasov kinetic equation to describe
the motion of electrons and the relativistic Maxwellian
distribution of background electrons in this equation to
derive the plasma dielectric tensor [2]. The evaluation
of this tensor leads to the use of a fully relativistic
plasma dispersion functions (PDFs). These PDFs
describe the longitudinal (with respect to magnetic
field) movement of electrons, i.e., the longitudinal
spatial plasma dispersion, in part, the relativistic effects
associated with the longitudinal Doppler broadening of
the cyclotron zones and shift of those zones into the
"red" side relatively to the corresponding resonances
[3]. These longitudinal effects are particularly strong at
the regime of propagation almost perpendicular to the
magnetic field (at the quasi-perpendicular propagation
regime), that corresponds to the direction of the most
effective synchrotron radiation of fast plasma electrons.

The second method involves the use of Maxwell's
equations (or the dispersion equation for the case of
homogeneous plasma) in addition to the plasma
dielectric tensor. In accordance with the Lorentz
transform these equations describes relativistic effects
associated with the transverse motion of the plasma
particles, i.e. the effects of transverse spatial dispersion.
These effects are particularly strong in the regimes with
high wave harmonics, since the higher harmonic
number, the faster electron moves in order to maintain
the conditions of cyclotron resonance.

Influence of relativistic effects on the motion of
more inert ions on the properties of plasma waves in the
ICR frequency range seems much more exotic
phenomenon, since the main relativistic parameter
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u=c*/V? = ¢®my/T (m,— the rest mass of plasma
particles) is very high for the ions. Indeed,
w1, ~2-10° and, therefore, for ions relativistic

effects should be on three orders smaller than for
electrons. This argument is usually used to neglect the
ions emission in comparison with the electrons emission
when the total plasma synchrotron radiation is
estimated.

However even for ions, relativistic effects may
appear for FW at the fundamental ion cyclotron
resonance in the regime of oblique propagation in
plasma with temperature, typical for tokamak JET [4].
Accurate description of the FW absorption and
dispersion in this case requires a more accurate taking
into account the effects of strong transverse spatial
dispersion, namely FLR4-approximation (approximation
in the finite Larmor radius up to the 4th order). Analysis
in the framework of this approach showed that the
absorption of FW at this cyclotron resonance has two-
peak structure, if it is represented as a function of the
angle of propagation. An additional peak at small angles
of propagation is well described in the
FLR,-approximation, while commonly used
FLR,-approximation in the region of this peak gives
unphysical effects such as, for example, the negative
dissipation of energy. Effect of the appearance of the
additional peak in the absorption of the fundamental ion
cyclotron resonance is determined by the anti-Hermitian
part of the dispersion equation for FW or, more
precisely, by the structure of the elements of the plasma
dielectric tensor. But the structure of these elements is
similar for any of harmonic number, n>0. Therefore,
this effect can occur at higher cyclotron resonances in
the corresponding FLRyn.)-approximation as well.
However calculations, accounting only the effects of
strong transverse spatial dispersion, for higher
harmonics in the quasi-perpendicular propagation
regime may not be accurate enough because they also
require accurate taking into account the longitudinal
spatial dispersion.
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The main purpose of this work is to perform
accurate calculations, taking into account both strong
transverse and strong longitudinal spatial dispersions,
for FW absorption and dispersion near the fundamental
and higher harmonics in the quasi-perpendicular
propagation regime.

1. DISPERSION EQUATION FOR FW

Dispersion equation for FW excited with the
frequency @ and longitudinal refractive index
N, =k,c/@ in the ICR frequency range can be

presented in the form

(811_Nﬁ)Ni_(811_N|?)(322_Nﬁ)_8122:0' 1)

where g, are components of a plasma dielectric tensor
in  FLR,—approximation, N, =k c/w is the
transverse refractive index. Neglecting by the electron
mass or connection with slow mode (SW) of fast
magneto-sonic wave can be justified in the same manner
as in the case of resonance w = w,; in [4]. Equation (1)

is a transcendental equation in a complex region for a
square of the transverse refractive index, N?, which can

be solved numerically. However, in the case of quasi-
transverse FW propagation it is also possible the
analytical approach based on the perturbation method in

the small parameters 2 =(k,p,)* and N, that allows
one to reduce the equation (1) to a polynomial of n+1
degree:

P..(N7) =0, @

where n is the number of the resonance harmonic. In
more detail, polynomial (2) can be represented as
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relativistic plasma dispersion function for ions [3],
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The equation (4) is the classical expression, which
was used in the lowest nonzero (“cold”) approximation
in the parameter A, for FW absorption and dispersion
(see, for example, [5]).

The roots of the equation (3) describe FW properties
and properties of ion Berstein waves (with less level of
accuracy) near resonances @ = na,; -

2. CORRECTIONS TO FW ABSORPTION
AND DISPERSION FOR QUASI-PERPENDI-
CULAR PROPAGATION AT THE
RESONANCES o = nao (n=1, 2, 3)

When n=1, 2, 3 equation (3) is bi-quadratic, bi-cubic
and bi-4th degree, respectively, and consequently it can
be solved analytically. The dependencies of Re(N?)
and Im(N?) versus N, are plotted in Figs. 1-3,
obtained from dispersion relation (3) for n=1, 2, 3 in the
deuterium plasma. The following plasma parameters
have been considered:B,=5T, n, =2.10"cm?,

T,=T_=40keV, which correspond to the ITER-

tokamak [6]. In those figures the solutions of the
equations (3) and (4) are presented for comparison.
Eq. (4) is the dispersion relation corresponding to the
lowest significant order approximation in the parameter
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Fig. 1. The dependencies of Re(N?) and Im(N?)
versus N, for n=1
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As it follows from these pictures, the solutions of
equations (3) and (4) coincide when N, >20 (for n=1),

N,>1 (for n=2) and N, >0.1 (for n=3). When the
value of N, decreases in the regions N, <20 (for n=1),
N, <1 (for n=2) and N, <0.1 (for n=3) the imaginary
part of the square of perpendicular index, Im(N?),

corresponding to the solution of equation (3), begins
first gradually and stronger and stronger to be higher in

comparison with the cold value of Re(N?), obtained

from equation (4). These curves achieve maximums at
the values N, =0.2 (for n=1), N, =0.02 (for n=2) and

N, =0.002 (for n=3), respectively. Im(N?) tends to O
for lower values of N, .

ISSN 1562-6016. BAHT. 2015. N21(95)



2000

0.1

0.08

T

1500

Z' 1000

500

0
0.0001

“)- Anal

""" Im(N *)- Anal

=Rc(N - Num

* T *" Im(N *)- Num

" Re(N *)- Cold

""" Im(N_“)- Cold
b ” e
AT Lo \\ " ;:.'.'

(LT
L o sl A4
0.001 0.01 0.1 1 10
N

Fig. 2. The dependencies of Re(N?) and Im(N?)
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1500

1000F

s00F

T vvvv""y'

)= Anul

) Anal,

“)- Num

Re(N %) Cold

Num

0,06
0.04f

0.02

T T T T T

= 1-hot

----- t-cold

-

0

adaal

0.0001

0.001

"

Fig. 6. The optical thickness versus N, for n=3
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Fig. 5. The optical thickness versus N, for n=2

ISSN 1562-6016. BAHT. 2015. Nel(95)

Fig. 8. The Doppler broadening for some values N,

The real parts of the squared perpendicular index,
Re(N?), obtained from equation (3) begin to differ
from the “cold” ones near the gap of values of N,
where Im(N?) present maximums. When N, tends to
0 Re(N?) sharply decreas and tend to 0 with Im(N?).

To estimate the enhancement of absorption, it is
useful to calculate the optical thickness ¢ = I Im(k, JAR
assuming that magnetic field changes as 1/R. In
Figs. 4-6 the dependencies of T on N, are presented for

n=1 (see Fig. 4), for n=2 (see Fig. 5) and for n=3 (see
Fig.6) for ITER tokamak (R,=8 and plasma

parameters correspond to Figs. 1-3).
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It can be seen in Figs. 4-6 that when N, <5 for n=1,
N, <0.7 for n=2 and N, <0.07 for n=3, the optical

thickness is given by additional absorption and takes the
values t=1.1, 1=0.14, 1=0.02, respectively. Thus, if the
longitudinal spatial dispersion is exactly taken into
account, i.e., instead non-relativistic PDF the exact
relativistic PDFs are used then optical thickness retains
these values at a constant level for all the values N, in

the entire region of localization of additional absorption.
In Figs. 7, 8 it is also given the Doppler broadening for
some N, -values in the cases of absorption at the

fundamental and third harmonics in order to clarify the
retaining these constant values of the optical thickness.
When N, >20 for n=1, N, >1 for n=2,and N, >0.1

for n=3 additional absorption is very small and optical
thickness will be given by the solutions of equation (4).
The calculations show that values of N, defining the

boundary for the apparition of additional absorption can
be obtained from the equation 2./a 2"z =1. It can be

also seen in Figs. 2, 4, 6 that, due to the existence of this
additional absorption, FW may totally be absorbed in
less than a single pass for n=1, in 7 passes for n=2 and
in 50 ones for n=3, for the corresponding values of N,.

This means that this effect can be interesting for FW
heating plasmas confined in a reactor size-device at first
and second harmonics. For higher harmonics, the
additional absorption is rather small but this effect can
be still important for HF diagnosis and for astrophysical
plasmas.

CONCLUSIONS

1. Taking into account the longitudinal relativistic
effects additionally to the transverse relativistic effects
is very important at the quasi-perpendicular FW
propagation since in the region of small N, there

appears additional absorption that provides the value 7
being constant in the entire region of additional
absorption.

2. The additional absorption due to the strong
longitudinal and transverse dispersion at first and
second harmonics can be interesting for FW plasma
heating in the reactor-size devices. For higher
harmonics, it can be still important for HF diagnostic
purposes and for astrophysical plasmas as well.
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PACIIPOCTPAHEHUE U MOIJIOIIEHUE BB B PEAKTOPHOI IVIA3BME B UIIP-TUATIA3OHE
YACTOT ITPU KBASUITEPIIEH/IUKYJIAPHOM PACITPOCTPAHEHUHN

C.C. Ilasnos

Jucrepcuss u morIomeHne OBICTPOH MOJABI OBICTpOW MarHWTO3BYKOBOH BonHBI (BB) B 00mactu HOHHBIX
LUKIOTPOHHBIX TapMOHUK () = N@, uccienoBaHbl Ha OCHOBE UYUCIECHHOW MOJENM, YYUTBHIBAIOLIEH CUIIBHYIO

MIPOJIOJILHYIO U TOMNEPEYHYI0 JAUCTepCHu Mia3Mbl. [lokazaHo, 4TO B 00JIACTH MajbIX MPOJOJBHBIX 3aMeIIeHHUI
MOSIBIISICTCS JIOTIOJTHUTEIBHOE TOTJIOIIEHHE, KOTOPOe 00ecTeYnBaeT MOCTOSHHOE 3HAUYEHHE ONTHYECKOI TONIIH BO
Bcel 00acTu MpOSBIEHUS TOTIOJHUTEIHHOTO MOTJoeHus. Ha nmepBoil 1 BTOPO TapMOHHMKAX TaKOe MOTJIONEHUE
MOXET OBITh MHTEPECHO I HarpeBa PEaKTOPHOW Iua3Mbl. J{is Goiee BBHICOKMX TapMOHHK OHO MOXET OBITh
BaXHBIM U1 BU-AMarHoCTHKH, a TakXkKe I UCCIEIOBAHUS acTPO(PU3MICCKOH IIIa3MBl.

MOIIMUPEHHS I NOTJIMHAHHS IIX Y PEAKTOPHOI IIJIA3MI B IIP-JIAITA3OHI YACTOT
ITPU KBASINEPIIEHAIKYJAPHOMY PO3ITIOBCIOA’KEHHI

C.C. Ilagsnos

Jucriepciss 1 TOTTMHAHHS IIBHAKOT MOAM IIBHIAKOI MarHiTo3BykoBoi xBwii (IIIX) B o6macti ioHHHX
IIMKJIOTPOHHUX TapMOHIK @ = N@,; 10CIi)KeH] HA OCHOBI YMCEIBbHOI MOJIEN, 1[0 BPaXOBYE CHUIIbHY IO3/I0BXKHIO i
nonepeyHy aucnepcii rasmu. [lokazano, mo B 007aCTi MaluX IO3JIOBXHIX YHOBUIBHEHb 3'SBISETHCS JT0ATKOBE
TIOTJIMHAHHSA, sKe 3a0e3ledye MOCTiHHE 3HA4YeHHS ONTHYHOI TOBII Yy BCiH oOyacTi NPOSBU JI0JIAaTKOBOTO
norauHaHHA. Ha mepumriit i apyri rapMoHikax Take INMOTJIMHAHHS MoOXKe OyTH I[iKaBMM JJIsI HarpiBy peakTOpHOI

mwra3mMu. Jlns OUTbII BHCOKHMX TapMOHIK BOHO MOXe OyTH BaxumBuM Uit BU-miarHOCTHKH, a TakKOX st
JIOCITIKEHHS acTPO(Di3UIHOT TUTa3MH.
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