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The radio frequency forces, affecting electrons, have been obtained on many occasions
in plasma cylinders, axially-symmetric tokamaks and in closed magnetic traps'. Now,
the theory of Alfvén and fast wave (AW and FW) forces, affecting electrons in toroidal
devices, can be supposed to be well-elaborated and understood. The interest to radio
frequency forces, affecting ions in toroidal devices, has appeared in the connection with
the possibility of the transport barrier formation in tokamaks? by Alfvén waves!. Trans-
port barriers were observed not only in tokamaks but also in stellarators. That is why
it is in particular interesting to consider the problem of the transport barrier formation
by Alfvén and fast waves in magnetic traps with closed magnetic surfaces. In this paper,
general expressions for time- and surface-averaged radio frequency forces, affecting ions
in closed toroidal devices, are obtained.

Summing hydrodynamic equations for electrons and ions, after the time averaging,
we have
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V> Pao— D> (V- Fap)y + p [jo x Bo] + F" =0, (1)

where j = > eanaVa, wﬁa = 4mtnge? /M, is the particle Langmuir frequency,
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We employ coordinates r, 8, (, where r is any magnetic surface function, the angles
0 and ( are chosen so that magnetic field lines are straight in these coordinates By =
{Bg; B; Bg} = {0; x'; ¢'} /2m\/g, where x and ¢ are perpendicular and parallel
magnetic fluxes, respectively. We find the 6 and ( covariant components of Eq. (1)
Opo . g . Opo N o
(v wa)y LiBS =0, T (v )+ LB 4 R =0 (3)

Using the ambipolarity condition (53), = (\/gi5)/(/3) = 0, (-..) = [5™ Jg™(...)d0d( /4n?,
we obtain from Eq.(3)
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In Eqgs.(4) and (5) we used the conditions By, < Bep By = 8mpo/BE < 1, where By,
and B, are the ”physical” poloidal and toroidal components of the equilibrium magnetic
field, respectively, and py = pio + peo is the isotropic plasma pressure. Viscous forces
should be calculated for the proper magnetic trap, using the time-averaged drift kinetic
equation for ions.

In Eqgs.(4) and (5) one should eliminate the terms containing the derivatives of the
isotropic plasma pressure. For this purpose, we obtain from Eq.(1)

0 0\ /. . . 3 0 d ~ BhoFh
<% + q(‘?—() (po + 7Ti0||) 9 lﬂiou (@ + q8_§> In Bo} — Fy —qF; =0, (6)

where A= A — (A).

Eq.(6) can easily be solved at least in two cases: 1) for conventional axially-symmetric
tokamaks with arbitrary cross-section and spheromaks, and 2) for large aspect ratio
devices with circular cross-section and with the curvature and torsion of magnetic axis
depending on the angle ¢ [some kinds of stellarators and the facility ” Dracon” (” Dragon”)].
In the first case, when 0/0¢ = 0, one obtains from Eq.(6)

Bhs = 2o T o+ gty = (o~ () =0 -

Combining Eqgs.(6) and (7), one obtains
3 [ o, dln B d1n By - -
] {<W°”>g (250~ (mn >g} D, D alB, =0

The terms in braces are the viscous forces affecting ions in axially symmetric tokamaks
and spheromaks. The third term in braces in Eq.(8) can be substantial in spheromaks,
and the terms (F}!)+q(F"), can be important for the TAE investigation. In large aspect
ratio tokamak, we have the well-known expression for the viscous forces.

In the second case above, the quantities which oscillate with the angles 6§ and ( can
be written in the form & = (Z) y, + [Z exp (if)) + c.c.], where & is any oscillating function,
(%)) = J&™#df/2m. As a radial coordinate r, in the following we employ the parallel
magnetic flux ¢. In this case, the following relations hold,

VG = (R/27Bo) {1 — (¢/mBo)""* [K exp (i) + c.c.]}.

Here, K = kexp (ih), h is a periodic function of ¢, which can be found from the
equation O0h/0( = —R (k — ko), k and k are the magnetic axis curvature and torsion,
respectively, kg is the averaged of k over {, R is the magnetic axis length divided by 2.

The magnetic field takes the form By = B; {1 + (1/2) (¢/7Bo)"/* [K exp (i) + c.c.]},
where B, is the magnetic field on the magnetic trap axis. Introducing the quantities

X=K/By* Y=Lj'X, Ly=1/q—id/o, (9)

where the operator f)[l is the inverse of operator I:”, one finds from Eq.(4)-(7)

+c.c.)— (10)
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— (m/$)"'* (1/Bo (F}) o) T X L7 (/g + BE) = | + c.c) =0,
%%0“(%% 81;1CB0> n (Fé‘)(%o) _ <Bi0 (F) o) =0 (11)
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Here is the symbol of the complex conjugating. The terms in Egs. (10),(11), contain-
ing the ion parallel viscosity 7|, are the viscous forces affecting ions in toroidal devices
with circular cross-sections.

Thus, to find the rf forces, affecting ions in magnetic traps, one should in particular
calculate the quantities in Eq.(8)

Fly = (Fp) —q ((F)g — (F0)) (12)

in axially-symmetric tokamaks, and the terms

Fh — (g) v (B% (Fﬁ)@) + (X~ lﬁnl (%th + Fg) - Fg] +c.c.), (13)
R = (P — < [t (B o) — Fg0)] (14

in toroidal devices with circular cross-sections. As in Egs.(10) and (11) the viscous forces
are present, we can include the time-averaged force F; in these forces. Nevertheless, the
input of the time-averaged force F, into the viscous forces is usually small. Thus, we
can calculate viscous forces without the rf terms. That is why we can only consider the
time-averaged force

F"~F, +F;+Fg, (15)

and, consequently, the forces
<F0h>g = <Fn0>g + <Fj9>g + <FR9>g> <F£L>g = <FnC>g + <FjC>g + <FRC>g- (16)

Using the covariant derivatives

. 0ji
ijz = 8.Tk szjﬂw (17)
where I']} are the Cristoffel’s symbols, we simplify the rf forces
i 1 0 0 2miw 0
FP= S0 —_— (\/gELj* EY — |ja |? —cec 18
P oS o (Vi) - g T P e 09
where i
s=0,¢, Ef=E+—""j. (19)
po
As it follows from Egs.(13)and (14), we need to calculate the quantities
' 1 0 0
Fh ~ L - Y Eef *k\ ~*I€_E6f o 20
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and
(B = o S GBI — (VA Bl (21)
s19 dw(\/9) & | or Easla “0s @

1295



26" EPSCCFPP 1999 ; V.STsypin et al.: Radio Frequency Forces, Affecting lonsin Closed Magnetic Traps

2miw g .
+ 2 (\/ga | ja |?) — c.c.}.

Note that Eqgs.(13)-(21) are mainly supposed to be used to calculate AW forces, af-
fecting ions, in toroidal devices with the complicated geometry of the magnetic field. In
particular, these equations can be used to find AW forces connected with TAE. This is a
very cumbersome and, therefore, separate problem. It is implied to be fulfilled later, and
the proper analysis of AW forces will be done there.

To find radio frequency (rf) forces, affecting ions in magnetic traps with closed mag-
netic surfaces, it is convenient to use the magnetohydrodynamic description, when rf
currents are given by the expressions

jaw = jan_ + jaw”hO- (22)
For the case w < wg; and k p; < 1, where k, is the characteristic perpendicular wave
number and p; = vp;/w; is the ion Larmour radius, we have
2

Jewl & e [E.1 X hg] + Bio [ho X {VJ_pewJ_ + (pew” *PewL) V.ln BOH : (23)

AT Wee

w2.

Jiwl = Wm_wg) {wei [Buwi x ho] — iwE,, }. (24)
In Egs.(23) and (24), we neglect thermal effects, except the anisotropic electron pres-
sure where one should take into account only parts containing the collisional or Landau
damping, depending on collisional or collisionless plasmas is under consideration. The
rf parallel ion current j, is supposed to be equal to zero, and the rf parallel electron
current and the electron anisotropic pressure should be found from the definitions

. 1
Jew| = ee/dV’U||f6w, Pew| = Me/deﬁfewa Pewl = §Me/dej2_few- (25)

Thus, this is one of advantages of the magnetohydrodynamic approximation to the prob-
lem of the determination of AW and FW forces, affecting ions, that one should calculate
only three scalar quantities je,|, Pew|s PewL, to find the absorption of these waves in mag-
netic traps with closed magnetic surfaces. The perturbed electron distribution function
can be found from the drift kinetic equation.
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