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In present communication analytical and numerical investigations of electromagnetic waves with frequency near
electron cyclotron frequency propagation in axisymmetrical magnetic trap are presented taking into account variation of
magnetic field direction using ray tracing formalism. Influence of magnetic field inhomogeneity on efficiency on
electron cyclotron resonance heating of plasma in axisymmetrical magnetic trap is investigated. Obtained analytical
results can explain numbers of experimental phenomena in electron cyclotron discharge in axisymmetrical magnetic

traps experiments.
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1. INTRODUCTION

In axisymmetrical magnetic traps inhomogenity of
magnetic field intensity and magnetic field direction are
closely related to each other. These two types of
inhomogeneities essentially change the structure of
electromagnetic wave beams with frequencies of the order
of electron cyclotron frequency. For example it was
numerically shown [1] that inhomogeneity of magnetic
field direction could be responsible for strong refraction
of electromagnetic waves in axisymmetrical magnetic
traps when plasma density higher than the critical one.
Such refraction decreases the heating efficiency for quasi-
longitudinal launch of rf power. This effect is related to
peculiarities of the dependence of wave’s group velocity
on the direction of magnetic field near electron cyclotron
resonance (ECR) region.

In this paper we present analytical investigation of
electromagnetic waves propagation near ECR region of
axisymmetrical magnetic trap with taking into account
inhomogeneity of both magnetic field value and of its
direction. Results are compared with well known
analytical solution of Hamiltonian equations for ray
propagation near ECR region under assumption that the
direction of magnetic field is constant [2] (Note,
nevertheless, that such magnetic field does not satisfy the
Maxwell equationdivB =0). Conditions for ray
concentration near the trap axis in the vicinity of ECR
region are discussed which assumes effective wave
absorption in the trap.

2. ANALITICAL MODEL OF WAVE
PROPAGATION NEAR ECR REGION
AXISYMMETRICAL MAGNETIC FIELD

Magnetic field in axisymmetrical system outside the
region of its sources is determined from Maxwell
equations:

L2 (8,)--2(8)

Solution of these equations in paraxial approximation
may be presented as:

B, = J{r%)F(z)
B, :—Jl(rng(z),

where BZ(O,Z)= F(Z)is an arbitrary function, J,, are

Bessel functions presented as power series. Near ECR-
surface magnetic field takes the form:
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with & :(+ —%J In the expression for B we take
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into account first non-zero terms over both coordinates z
and r . Correspondingly terms in power series for B, and

B, resulting in the next order corrections into the value

of B are omitted.

For description of wave propagation we use ray-
tracing technique in the cold plasma approximation. In
present communication we don’t discuss applicability of
this approximation in detail (detail discussion can be find
in [2,3]). We only note that ray trajectories near ECR
resonance surfaces are characteristic of wave
equation [2, 4].

Near ECR region it is convenient to use ray
Hamiltonian in form which do not include terms which
tend to infinity at cyclotron frequency in spite of the fact,
that some of dielectric tensor components possess such
property. For example, such ray Hamiltonian for near
longitudinal propagation of ECR waves may be written

ror oz n * [1]:
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N, =N,cosa—N,sina,
tga =B, /B,.
It can be shown, that in the vicinity of ECR region for
quasi-longitudinal propagation direction of group velocity
is determined only by sign of N, . Using this fact one can

N, =N,sina+N,cosa,

see that the ray geometry depends only on the sign of
oN, /or,

ON,  ogN; (

or ®p

or for paraxial approximation (2) on the sign of the
expression
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1 . .
If g”[f—gj <0, rays are “attracting” to the axis of

magnetic system. If & [f —%j > 0, rays are pushed out of

the system in radial direction. Near ECR surface
longitudinal propagated waves are strongly absorbed [3].
As result efficiency of ECR heating can be estimated as
numbers of rays which attained ECR surface. And energy
distribution profile can be estimated using transverse
coordinates of rays. So, the condition

5[5_%}0 ®)

may be considered as a condition of effective wave
absorption near the trap axis.

1 . .
In case 8(5 ——] ~ 0 terms which were neglected in
2

(2), become of importance. It can be shown that if these
terms are taken into account, additional critical points are
arriving. For plasma with density lower than the critical
one they are stable nodes. For plasma with density higher
than the critical one they are «saddle» points. These
points divide rays tending to the axis of a system and rays
escaping in radial direction. It differs significantly from
what takes place in the approximation of constant
magnetic field direction, where governing parameter
instead of (6) was & & [2]. For the traditional magnetic

trap configuration parameter ¢ increases from borders to
o 1

central part of the trap, and condition 5(5 ——j:O
2

separates regions where effective ECR heating can, or
can’t be realized. For undercritical plasmas where &, >0

region of effective ECR heating is situated near board of
magnetic trap, this result can explain low efficiency of
ECR heating in experiments where resonance surface was
situated in central part of the magnetic trap [5]. For
overcritical plasmas where & <0 over way region of

effective ECR heating is situated in central part of the
trap.
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3. NUMERICAL MODELING

In Figs. 1-4 results of numerical ray tracing modeling
near ECR surface are presented, for different parameters
of magnetic field distribution (for modeling we use
expression for magnetic field components including all
terms of paraxial expansion), and different values of
plasma density, which is assumed to be homogeneous.
Ray trajectories are shown by solid lines, ECR surface is
denoted by the dashed line. Results of numerical
simulations fully confirm the resume of analytical

. L 1 .
investigation. When 5(5—5]< 0 rays tend to axis of

. 1 e
magnetic system, for 5[5 —5) >0 rays tends to infinity

in radial direction, and in case 5(5—%) ~ (0 additional

critical points are presented.

a o b
Fig. 1. Ray trajectories for £ =1:a) v=0.8,b) v=2

a b

Fig. 3. Ray trajectories for £=-0.3:a)v=0.8,b) v =2



For constant magnetic field direction approximation ray
trajectories are appreciably different as compared to the
case of real magnetic field distribution.

In present communication analytical and numerical
investigations of electromagnetic waves propagation near
electron cyclotron resonance surface are presented taking
into account variation of both magnetic field and
magnetic field direction. Differences with analytical
solution for constant magnetic field direction are

. S % _ 4. CONCLUSION

a demonstrated.
Fig. 4. Ray trajectories for £=0.5:a)v=0.8,b) v=2
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BJIMSHUE HEOJHOPOJHOCTHU HAIIPABJIEHUA MATHUTHOTI'O IIOJISI HA
PACITPOCTPAHEHUE BOJIHOBBIX ITYUYKOB B ITPAAMbBIX MAT'THUTHBIX JIOBYIIIKAX

E. /1. I'ocnoouuxkos, O.b. Cmonakosa, E.B. Cysopos

AHaJIUTHYECKH U YUCIICHHO HCCIICOA0OBaHbI 0COOCHHOCTH pacupoCTpaHCHUA IJICKTPOMArHUTHBIX BOJIH 3JICKTPOHHOT'O
HUKJIIOTPOHHOT'O  JUaria3oHa 4YaCcTOT B AKCHAJIbHO-CMMMETPUYHBIX MArHUTHBIX JIOBYHIKax C Y4YCTOM Kak
HCOJHOPOAHOCTU MOAYJIA MArHUTHOIO IOJIA, TaK U COOTBeTCTByIOH.[efI er HCOJHOPOAHOCTU HAIIPABJICHUSA MAarHUTHOI'O
T10JI4. HpO[[eMOHCTpPIpOBaHO, YTO HCOJHOPOAHOCTH HAIPaBJICHHUA MArHUTHOI'O MOJIsI MOXET Ka4YE€CTBECHHO U3MCHHUTH
KapTHHY paclnpoOCTpaHCHHA BOJIH U 3aMETHO CKa3aTbCd Ha 3(1)(1)CKTI/IBHOCTI/I QJICKTPOHHOI'0 HHUKJIOTPOHHOI'O HArpeBa
IIa3MBI B HpﬂMOﬁ MarHUTHOH JIOBYLIKE.

BIIJIMB HEOJJHOPITHOCTI HATIPAAMKY MAT'HITHOI'O ITOJISAA HA IIOINUPEHHSA XBNJIBOBUX
IIYUYKIB Y IPAMUX MATHITHHUX ITACTKAX

€./1. I'ocnoouukos, O.b. Cmonaxoea, €.B. Cysopos

AHAQJIITHYHO Ta YHMCEIBHO MOCIIIKEHO OCOOJHBOCTI IOIIMPEHHS EJIEKTPOMArHITHUX XBHJIb EJICKTPOHHOTO
LIUKJIOTPOHHOTO Jiana30Hy YacTOT B aKCialbHO-CUMETPHYHHX MArHITHHUX IaCTKax MPH B3ATHX JI0 yBarW SK
HEOTHOPITHOCTI MOJYJIsl MarHiTHOTO MOJIsA, TaK 1 BIIMOBIAHOI J0 Hei HEOJHOPIMHOCTI HAMPSIMKY MArHiTHOTO TOJIS.
[IpogeMOHCTPOBAaHO, IO HEOMHOPIAHICTH HANPSIMKY MArHITHOTO TIOJIE MOXE SKICHO 3MIHHTH KapTHHY
PO3TOBCIOKEHHS XBIJIb Ta MIOMITHO TTO3HAYUTHUCS HA €(PEKTHUBHOCTI EIEKTPOHHOTO IIUKJIIOTPOHHOTO HATPIBY IUIA3MHU B
MpsIMii MarHiTHIA TACTII.
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