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Kinetic models of magnetized current-carrying plasma have been developed to study the influence of magnetic
drift effects on the wave-particle interactions in tokamaks and cylindrical plasma columns. The drift-kinetic equa-
tions are derived for the perturbed distribution functions of trapped and untrapped particles in a two-dimensional
axisymmetric toroidal plasma, taking into account their bounce oscillations and the finite orbit-widths of their

banana trajectories.
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INTRODUCTION

To study the influence of finite Larmor radius ef-
fects on the resonant wave-particle interactions in mag-
netized plasmas one should use the kinetic dielectric
tensor accounting for the particle drifts from the mag-
netic surfaces under their moving along the magnetic
field lines. Corresponding kinetic wave theory [1, 2]
should be based on the solution of the linearized Vlasov
equations or the drift-kinetic equations [3 - 6] for the
perturbed distribution functions of ions and electrons.

Usually, the response of a collisionless plasma to
global electromagnetic perturbations of an axisymmetric
toroidal equilibrium is described by the perturbed distri-
bution functions of charged particles expressed in terms
of their linearized guiding center Littlejohn Lagrangian
[4, 5], adopting a variational formulation for the guiding
center motion and drift effects.

In this work, the drift-kinetic equation is derived di-
rectly from the Vlasov equation using the Fourier ex-
pansion of the perturbed distribution functions of plas-
ma particles over the polar angle (gyration angle) in
velocity space for low-frequency wave processes in
axisymmetric tokamaks with circular magnetic surfaces
and large aspect ratio, up to first-order corrections in the
magnetization parameters.

1. PLASMA MODEL

To describe the stationary magnetic field H, in an
axisymmetric tokamak with a circular cross-section, we
use the system of quasi-toroidal coordinates (r,8,¢),
associated with cylindrical (p, ¢, z) as follows:

=R,+rcosl, ¢=¢, z=-rsind, (1)
where R; is the large radius of the torus, Fig. 1, deter-
mined by the radius of the magnetic axis; r is the radius
of a magnetic surface (magnetic surface equation:
r =const, 0<r <a, ais the small plasma radius); &
is the poloidal angle, measured by small azimuth in the
cross-section of the torus, 0<0<2x; ¢ is the toroidal
angle measured along the major azimuth in the horizon-
tal section of the torus, 0< @ <2x.

In an axisymmetric 2D tokamak, the plasma config-
uration is homogeneous in ¢ . As a result, the equilibri-
um field H, and other steady-state plasma-field param-

eters do not depend on ¢ . Moreover, for this reason,
the single-mode harmonic approximation is valid for the
perturbations, ~ exp(ing), where integer n is the toroi-
dal mode number. In contrast to the usual notation, the
angle @ is measured from the outer side of the torus,
shorting the formulas related to trapped particles. The
components of the equilibrium magnetic field

H, {Ho,,Hog,H } for the considered plasma model
are determined from the conditions of the absence of
magnetic charges V-H, =0, and have the form:
M :M )
1+¢cos@® % 1+ecosf’
where £ =r/R, is the inverse aspect ratio of a consid-

ered toroidal magnetic surface r = const; and H,(r),

HOr :0' Hoez

I—_|0¢(r) are the amplitude values of poloidal and toroi-
dal magnetic fields there (at 6=7/2).

b
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Fig. 1. Cylindrical (p,¢,z) and quasi-toroidal (r,8,¢)

coordinates, describing an axisymmetric tokamak
with circular magnetic surfaces

In this case, the unit vector along the H, field does
not depend on the poloidal angle and has projections:

H, ={0,h,.h,} { : H"‘ﬂ_z }(3)

[Ho| Rz HOH NG
When describing the plasma particle distribution

functions in velocity space F,(t,r,V), it is convenient

to use the orthogonal normal, binormal, and parallel
velocity components:

h=

ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. N2 4(146) 27



v=yn+ub+uvh=v coson+uv sincb+yh, (4)
where n is the unit vector normal (radial) to a magnetic
surface, b=hxn is the binormal to n and h, Fig. 1;
v, and v, are the parallel and perpendicular velocity
components, respectively; o is the gyration angle (or the
polar angle in velocity space).

Using the small perturbation method, the plasma
particle distribution functions can be found as
F,(tr,v)=F,(r,v)+f,(trV), (5)
where F (r,v) and f (t,r,v) are the steady-state and
the perturbed distribution functions of ions and/or elec-
trons (a=i,e), respectively, under the condition:
f_(t,r,v) << F,(r,v). The steady-state functions F,(r,v)
must take into account the presence of a stationary equi-
librium current in tokamaks, J, = jo,€, + Jo,€,, dia-
magnetic currents and be self-consistent with the con-
fining magnetic field, H, =H,,e, + He, . In the gen-

eral case, F,(r,v) can be defined in the velocity space
(y,v,,0) by the Fourier expansion

Erv)=F.(nopo,.00)= 3 F.(ro.po,u) €' (6)

(=—c0

The harmonics F,,(r,8,¢,0,,y,) allow us to define

the main contribution of plasma particles to the field-
aligned stationary current (parallel to H,),

Joy=Jo-h= 2ﬂzqaJ.OOULdULI:UHFOa(UL'U”)dU” - (N

Whereas the harmonics F.,,(r,6,p,0,,1)) are neces-

sary to describe the diamagnetic currents, connected
with the Larmor radius gyration of plasma particles
along the helical magnetic field lines and the gradients
of their density and temperature.

Further, we consider the simplest pressureless plas-
ma model of a 2D tokamak, where the equilibrium
current must be force-free, i.e., the current density must
be parallel to the magnetic field: j, || H, or j,xH, =0.

Describing such plasma models, it is assumed that the
steady-state current is created by electrons having the
velocity v, =v,, whereas v, =0 for heavy ions. In
this case, according to Ampere’s law,

Ar

(V xH ) h= Jon c — Moy 8
where
x,H,C
U, = _ 2 07 (9)
4rzny.e
Here n,, is the electron density, e is the elementary

charge, and the magnetic field parameter «, is equal to
2

h, d rk,h, o)
r dri h,(R, +rcos®)

h, and h, are the poloidal and toroidal projections of

unit vector h along a helical Ho-field line, Eq. (3).

The steady-state distribution functions for such 2D
current-carrying toroidal plasma can be done by the
following harmonics, satisfying the Vlasov equation:

, =

2 (0 —u P
F, = ;g“ —exp it (14\2 o) ~ FMQ(1+ ZL)‘";U'J , (11)
72- L)Tll UTll

a

h2 h’u
F,—F,, =i P 50 2i e e A o5 0F,,
Qa ar rQ UT OaUTa
oF o
F,+F, =— YL T oy Y.L, sindF,,, (12
rQ, 90 RO, U
where

a

_ qa \“:'fiﬂ_{_':'gg _ QOa 2 _ZTi (13)
"M lrscos@ ltscosd ¢ M

are the cyclotron (Larmor) frequency and the squared
thermal velocity of species a=i,e plasma particles with
the mass M, charge ¢, , and temperature T, . Further,
we assume that the drift-current velocity is much less
than the thermal velocity, v,, <<uvy, .

2. DRIFT-KINETIC EQUATION
The linearized Vlasov equation [7, 8] for the per-
turbed plasma particle  distribution  functions
f,(tr,0,0,u,0,,0) in the considered tokamak plasma

model can be rewritten in the explicit form as

o oot byl oafh), 3R,
ot do 2 | "or{h, ] r(R,+rcosd)

hv, sind - Mﬁ+ h,u, ﬁ+
2(R, +rcosb) r 060 R,+rcosdop
husing .

sinc ho, of hyo, 8f+ WMSING
06 R, +rcosé op R,+rcoséd

hou! N hiv, N hZv, cos@ ﬂ N
ro, r R, +rcoséd

a

of

oo

(14)

hu? cos@
v, (R, +rcosé)

Z 2
coso Ulg_h e _ h,u, cos& i h i ’sing
o r R, +rcosé R0+rcose
sin2o ho,| h alh | h,R, Vi + hysind  af N
2 " Par(h, ) r(R,+rcosé) R, +rcosd oo

cos2o0 | h sing Vf—hq, h afh, _
2 |R,+rcosd 7 Ferlh, r(R +rc050) 6cr

- °lg F s coso E1ﬁ+i\7lf+i E,+ U”H oF
M 6" ov, ¢ v, oo

Ha P ing| g, O Pije L[ U, |

c 0o é‘uL c v, c oo

Here the differential operator

- of of
Vf=v, —-y—
oy, ov,
has been used in velocity space to shorten the kinetic
equations; the index a=i,e of particle species is omitted
in Egs. (14), (15). The connection between the projec-

tions of vector values A:{E,H,v,j} in the quasi-

(15)

toroidal coordinates (A,A;,A,) and their projections
(A=A, A=A A =A) on the orts of an orthogo-

nal trihedron generated by a magnetic field H,, i.e. into
the unit vectors n, b, h (see Fig. 1), is given by the for-
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mulas

A=An=A, A, =A-b=h A -hA,
A;=A-h=hA +hA,. (16)
The linearized Vlasov equation, Eq. (14), is suitable
for studying a wide class of electrodynamic problems in
2D tokamaks with circular magnetic surfaces, provided
that the particle Larmor radius vy, /€ is the smallest
among all the characteristic dimensions-scales of the
problem in the direction perpendicular to the equilibri-
um magnetic field, using the periodicity of distribution
functions on the polar angle o in velocity space. In this
case, as for other axisymmetric plasma models in the
cylindrical current-carrying plasmas [9 - 11] or elongat-
ed tokamaks [12, 13], the perturbed distribution func-

tions can be expanded into the Fourier series in o:
f,tr.0ovyv, o)= IR P (A Vi,V ) exp(—iat +ing —ilo).
As a result, Eq. (14) can be reduced to the set of

coupled equations for harmonics  f (r,0,v,v,),
fla(r,0,v,v,) and f,(rov,v,):
h v
Siof, vicof, vie2 | Ol SRy
2| Yor h,) r(R,+rcoso) |
__hpsing 5 hy o, o, ihynf,
2(R,+rcosf) ' r 00 R,+rcosd
_j h¢UL 8( fz+1 — f,é—l) _ hHULn( f/:+1 — ff,-l) +
2r 00 2(R, +rcosé)
WL hju +h{juL hiu; cosé . hjv, cosé
2 ry, r v /(Ry+rcosd) R,+rcosé
ih,ysing .
C+)f,, —((-DFf, ] —2 0 V(f,,—f,
X[( +) +1 ( ) —1] 2(R0+I‘COSH) ( (+1 ,—1)+
v, O(f,, +f_ h2v
Lo S o) o AV (f,+ )+ an
h2u, cos & V(fi+f)+ ihvf sin@
2(R, +rcosb) ) 2v, (R, +rcos€)
h,v, sin@

X[([ +Df,,+(0-1 f{—l] + \i( fo+f,)+

4(R, +rcosd)

h,y, o[ h h,R
+H—~Lt h —| 2 | —-—— 22— \[(t+2)f,,+((-2)f,_,]-
4 {“’ar[hJ r(R0+rcose)}[( Vioz (=]

h ~
ity Ofh | hR V(f,,—f,,)-
4 | %or h, ) r(R,+rcosd)

h,v,sin@
_L[(C"‘Z)fuz_(f_z)fz—z]:
4(R, +rcosd)
o(F,,+F, n
-_& Esﬁ_‘_iw iv(p/+1+pl_1)_
oy 2 ov, 2c
e s D [ yF L, -DF L]
2v, c
o(F, ) n
H3 F - E M iV(Ful—FH)"'
2 ov, 2c

N ] (-
JFZIJL(E1 CHZ][(Hl)F,+1 (t 1)F,1]}.

As is well known, by the plasma particle distribution
functions one can estimate, in the scope of kinetic wave

theory, the perturbations of particle densities and current
density components involved in Maxwell’s equations

for the perturbed electromagnetic fields (E,H) in a

considered plasma model. However, we have no exact
solution for Eq. (17) in the general case. It is necessary
to apply the approximation methods using the small
parameters (e.g., the smallness of the Larmor radius of
plasma particles or magnetization parameters) and the
restrictions on the wave frequencies w.

As for the magnetization parameters, all of them, as
usual, are inversely proportional to the cyclotron fre-

quency, &y,v, /€, <<1, where xy, characterize the
spatial scales of the inhomogeneity of particle density
K., =0In(n,,)/or, temperature iy, =0In(T,,)/or,
wave numbers k,, k,=m/r, k =n/R;, where m and

n are the poloidal and toroidal eigenmode numbers,
respectively. It should be noted that, in contrast to the
case of a straight equilibrium magnetic field (Ho=Hqe,,

where k=ke, +0e +ke,) in a current-carrying
plasma confined by a helical magnetic field, the wave
vector kK=kn+kb+kh always has three compo-
nents, where the parallel k; and binormal k, projections
of k are defined as

h,n h m

k= hym _ and kbzﬂ’__M_
r R0 r R

Moreover, evaluating the main contribution of plas-

ma particles to the perturbed longitudinal ( j,) and

transverse (j,, j,) current density components, there is
enough to find the harmonics f; , and f
h=lv=in=]gy+iy,

Jo=Jo =1-b=iljy — iyl (19)

hb=l=jh=2x ’quaj’uduljfotlu do, ,

(18)

+1a'

E|1|

=7 2 i} q de‘If/aULduL, 0=+1.

In our previous papers [9 - 12] we have solved the
Vlasov equations for harmonics f,, and f,  in the

simplest case, i.e., in the zeroth-order over the magneti-
zation parameters, neglecting the drift effects propor-

tional to Larmor radius vy, /Q, . In this case, the har-
monics f,, and f,  become independent of each oth-
er, satisfying first-order differential equations with three
partial derivates with respectto 6, v, and yj:

-iof, +irQ,f, + =1 o Ly
r |oé

nq +& 4+¢c0sf

1+ecosd 2 \1+ecosd

_roag flo_hesind e o o4, (20)
qor 2R, (1+&cos6)

where g is the tokamak safety factor, see Eq. (22),
e=r/R,,and Q, terms for the equilibrium (Maxwel-
lian) distribution functions are equal to
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g q :
QOZT_E3UHFM’ :T_(E1i|E2)U¢FMI (21)
0 0
n u? +0? rh
Fy = —2—exp| ————= |, =—=. (22
M (ﬁU—?)LS p( U-? q Rohg ( )

Egs. (20)-(22) are suitable to study the wave-particle
interaction accounting for the Cherenkov, cyclotron, and
bounce resonances for both the trapped and untrapped
particles in 2D axisymmetric tokamaks.

In this paper, we derive the drift-kinetic equation for

f,  inthe first order over the magnetization parameters

for the low-frequency perturbations, o <<, .
After substituting ¢=0 in Eq. (17), the equation for
fy can be rewritten in the form
hy of,  ihynf, ho sind -

ofg+——2+ - Vi, —
r 06 R,+rcosé 2(R,+rcosé)

iy hv, o(f,—f,) B ho.n(f,—f.)
2r 06 2(R, +rcosb)
hiv,

hZ 2 2
LY 4w, c0s0 (f,+f,)-
2\ ro, r o /(Ry+rcosd) R,+rcoséd
ih,ysing .

h?
B V(- )+ Lo o(f,+1,) hy
2(R, +rcos6) 2 or 2r

0,a

(23)

2, 2
h«,U” cosé

— WV (f+f)+

|h U 2sing

V(f, + f —
(h+f)+ 2v, (R, +rcos€)(

. hiu, cos@
2(R, +rcoso)

ino h
ML UL A S L e | P )
4(R, +rcosd) 2 | "or(h,

f)+

h,R, h,y sin@
— () -
r(R, +rcosé) 2(R, +rcosé)

h R
—j UL h i & _L V(f,-f,)=
4 | "or(h, ) r(R,+rcos6)

- j Ei EM‘Fi\i(liﬁ‘FA)‘F
M| oy 2 v 2

(f ffz)_

1
+
2v

L

E, o(F _F_1)+

1%
E,——H, |(R+F,)-i—222
[1 c 2](1 2) 2 ov,

2; (EZ +';"H1](|:1 - F_l)}.

The influence of drift effects on the plasma particle
distribution functions is described by the harmonics
fa(r,0,v,v,) and f,(r,0,v,v ), connected with

fo(r,0,v,v,) in first-order magnetization parameters as
h2y, . h%p, N
o Py Tt f, —i —2— cos Vf, +
Q or rQ R,€2,
. gE, oF,
MQ ov,
uihw %+
rQ o6
_GE, ok
MQ ov,

+|?—V(F1—F_1)—

f,—f,

2 C:\:'ZgLUZO Fol

h N
j f,— 9 sin Nf, -
ROQO ROQO

aH,v, b,
McQo? °

f+f,=-

fof, =i h,v, sin 9\%0’

24
AR,Q, @

h N
bty mmien O PR g
4Q “or(h, ) r(R,+rcosb)

As one can see the exact drift-kinetic equation for
f,, after substituting Eqgs. (24) into Eq. (23), is compli-
cated, having four partial derivatives in r,0,v,,v,

00 of, .0 orof, ov| o, of,
iofy+——+i—nf,———-—|v —-y—|=
00 ot ot or ot oy, v,
=Q(E,E, Ey), (25)
where
20 _hwyy 0N o

h cosé
— V) —2L—— (202 +0°
ariey (2 ) g g (2 )
6£: h,y, . v 57h€+ hg(Zth)"z+h;Uf) .
ot Ry+rcosd 2RQ, or  2r(R,+rcosd)Q,
N h, cosO( 20 +07)
2R,Q, (R, +rcosd) ’
h, sin@
a9 g v02),
a 2RQ,
oV hp, sing hhuu”sinH
ot 2(R +rcosé) 2r(R +rcosf)Q,

szq(:;_z%) FMEs_qFM ’(n_KT[B_ULJrzU J x
U MQ 2 U

ot r

(26)

6(2h20? + h?v?
e —MFMEZ— 27)
c MrQuo;
= 2
_ GcosHF, ( et + h;UiJrUi)EZ_QULFMZ@_
MRQ UT M()l)T or
gh, sin6 h i
_L'Z(ZUHZ RE + GuiFy (N, 0B, ihnE, )
MR Q07 MQUT r 06 R,+rcosd

It should be noted that the right-hand side of
Eq. (25) is written in Eq. (27) for the case when the in-
fluence of the equilibrium current on the magnetic drift
effects (proportional to Q') can be neglected. In con-
trast with initial Vlasov equations, where the plasma
particle distribution functions depend on the three ve-
locity variables (y,v,,0), the drift-kinetic equations

are written for the particle distribution functions aver-
aged over the gyrophase angle o in velocity space,
depending only the v, and v, velocities relative to Ho.

As a result, the drift-kinetic equations are simpler and
more convenient for solutions in the low-frequency
range.

3. TRAJECTORIES OF UNTRAPPED
AND TRAPPED PARTICLES

The number of partial derivatives in Eq. (25) can be
reduced after introducing the new conventional varia-
bles associated with the corresponding invariants of
motion of charged particles in a considered plasma
model. As usual, the conservation integrals (the motion
invariants) should be connected with the particle energy

(yf +vf =const ), magnetic moment (v? / H, = const),
and, so-called, longitudinal invariant.

According to Egs. (26), in the zeroth approximation
in Larmor radius corrections, we can introduce the new
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variables v and u (nondimensional magnetic moment)
instead of v, and v, as
ﬁ(l'ﬁ‘ & CO0S 9) s

Y AR -
v=\y tv, u=
y; o]

where ¢ =r/R, is the inverse aspect ratio of a torus.
Since the tokamak magnetic field H, is nonuniform
and has a minimum, all plasma particles should be sepa-
rated into two groups of, so-called, untrapped and
trapped particles. Such a separation [8, 12, 13] can be
done by the inequalities for and 6
0<u<l-g, —n<6<rm —untrapped particles,

l-e<u<l+e, -6,<6<06, —trapped particles,

(28)

analyzing the condition u,; =sv\1-u(l—&cosé) =0,

where s==1 distinguishing the positive and negative
parallel velocity relative to Hy. Here the stop (reflection,
turning) points of trapped particles are defined as

6, = iarccos(”—_l] .
&

However, in the first approximation in the Larmor ra-
dius corrections, we should take into account that the
toroidal drift of charged particles leads to the deflection
of their trajectories from magnetic surfaces. By the char-
acteristical equations for 06/ ¢t and or /ot in Egs. (26)
we can define the radial coordinate of untrapped and
trapped particles, moving along the Hq-field lines, respec-
tively, as I, =r+f (r,0) and 1, =r+F(r,0). Here ris

the radius of the considered magnetic surface,

(29)

> q(r) ¢ s (rim)+0,507(r, 77)

(ro)=— dy, (30
U o) e e ALY
N R LA RGN
fo(r.0) = 0,0 ) o) sinpdn, (31)
where, under & <<1,

v (r,m)=sv /1',U[1_RLC0577J , (32)
vi(r,m) = uv’ [1—RLCOSUJ. (33)

Projections of the typical guiding-center trajectories
of untrapped and trapped particles on the transverse
cross-section of the moderate magnetic surfaces in
tokamaks, r=const (dashed circle lines, r = 0.7a), are
plotted in Figs. 2 and 3, respectively.

1

05

-05

-1 —IO_‘E [} OI_‘E 1
Fig. 2. The trajectories of the untrapped particles in an
axisymmetric tokamak with circular magnetic surfaces

As for positively charged untrapped particles (ions),
moving along the Hy-field lines, with s=+1, due to mag-
netic drift they are shifted (red line) to a region of a
weaker magnetic field (i.e., outward from the magnetic
surface). While ions moving against a Hy-field, with
s=-1, drift to a region of a stronger magnetic field (i.e.,
inside the magnetic surface, green line). Both trajecto-
ries in Fig. 2 are plotted for untrapped ions, starting at
the inner part of the magnetic surface, r=const, under
£=0.18, £ =0.5 and Larmor radius v /€, =0.04 cm.

The main feature of the drift deflections of both the
untrapped and trapped particles is that they are deter-
mined by the particle Larmor rotation in the poloidal

magnetic field H,,(r), since Qe/q=9Q,,, where
Q,, = ql—_log /(Mc) is the Larmor (cyclotron) frequency
of charged particles in the H,, -field, that depends sig-
nificantly on r. After integration in Eq. (30):

[£—1+Lcosej\/1—y£l—Lcose) -
R, R,

4 r r
1w 1‘“(“?0}]' .

As a result, the maximal deflection of untrapped par-
ticles should take place, in our notation, at the external
part of the considered magnetic surface, i.e.,at =0

Sv 4 r r

o, [[;‘“R—J 1“‘(1?0]‘
4 r r

—[;—l‘R—J [E]] )

It should be noted that the features of the drift trajec-
tories of negatively charged untrapped electrons are
opposite with respect to ions, i.e., the field-aligned elec-
trons, with s=+1, drift into the inner part of the magnetic
surfaces and vice versa.

1 T T T

Fs(r.0)=

3QO 0

rmsax (r) = ru,s(rlo) =

-051

£=0.18

_1 1 1 1
-1 -03 0 03 1

Fig. 3. The trajectories of the trapped particles in an
axisymmetric tokamak with circular magnetic surfaces

In contrast to untrapped particles, the trajectories of
the trapped particles have the ‘banana’-forms. Oscillat-
ing between the stop-points, both the positively and
negatively charged trapped particles change the sign of
parallel velocity, s==1, during one bounce period. As a
result, the banana-orbit widths of the trapped ions and
electrons are doubled due to their drift both inward from
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the surface for s=+1 and outward for s=-1.

The deflection of trapped particles from the magnet-
ic surface can be determined by a simple expression
after integration in Eq. (31):

i [i—1+Lcos¢9j 1—;{1—Lj. (36)
3Q, \ 1 Ro Ro

Thus, the maximal deflection of the trapped particles
R (r)=",(r,0) (i.e., half of their maximum orbit-
width in the equatorial plane of the torus, at =0) is

estimated by
sv (4 r r
——1+— | l-pull-——|. (37)
3Q, [/“ Roj ( Ro]

The banana trajectories of trapped particles in Fig. 3
are plotted at different levels of the nondimensional
magnetic moment g for particles starting at stop-points

on the magnetic surface, shown as a dashed line. The
banana sizes and the values of the stop-points of trapped
particles depend substantially on g, according to

Eq. (29). As can be seen, strongly trapped particles (un-
der large u ) have smaller sizes and orbit-widths.

CONCLUSIONS

The pressureless 2D toroidal current-carrying plas-
ma model has been described to develop the kinetic
theory of low-frequency oscillations in axisymmetric
tokamaks with circular magnetic surfaces and large
aspect ratios. The steady-state distribution function of
plasma electrons and equilibrium magnetic field are
self-consistent, satisfying Maxwell’s equations.

If the toroidal magnetic field is changed to longitu-

dinal cylindrical z-projection, I-_|0¢ —H,,, h, —>h,,

Fs(r.0)=

re(r) =

and R, =00, our 2D toroidal model is transformed

into a cylindrical magnetized current-carrying plasma
model in the helical magnetic field.

The drift-kinetic equations for the perturbed distri-
bution functions of the trapped and untrapped (passing,
circulating) particles are derived accounting for the
magnetic drift effects in the first-order over the magnet-
ization parameters, proportional to the Larmor radius
gyration of ions and electrons moving along the equilib-
rium magnetic field lines.

The characteristical equations in the drift-kinetic
equations allow us to estimate the finite orbit-widths of
the ‘banana’-trajectories of both the trapped and
untrapped particles. Analytical expressions are derived
for the particle deflections from the magnetic surfaces.

Since the toroidal drift deflections of untrapped and
trapped particles are defined by the poloidal magnetic

field, the corresponding orbit-widths are much larger
than their Larmor radius in Hy-field.
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JPEN®OBO-KIHETHYHI PIBHSIHHSI Y 3AMATHIUEHIN IJIAZMI 31 CTPYMOM
M.I I'puwmanos, M.O. Azapenkos

KinetnuHi Mozeni 3aMarHi4eHoi Iuia3Mu 31 CTPyMOM po3poOIeHi /IS BUBYEHHS BIUIMBY €()eKTiB MarHiTHOTO
JIpeidy Ha B3aEMOJII0 XBIWIISI-YACTHHKA Y TOKaMaKax Ta MWJIIHAPUIHHUX IJIA3MOBUX CUCTEMAaX i3 TBUHTOBHM MarHi-
THUM niosieM. OTpuMaHO ApeiioBO-KIHETHYHI PIBHAHHSA A7 30ypeHuX (YHKLINH pO3MOAUTY 3aXOIUICHHX 1 MPOJIiT-
HHUX YaCTUHOK y JBOBUMIpHIH OCECUMETPHYHIN TOPOiNanbHil I1a3Mi 3 ypaxyBaHHIM ix OayHC-KOJIMBaHb i KiHIEBOT

HIAPUHY OpOIT IXHIX OaHAHOBUX TPAEKTOPIH.
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