TRW

DEFENSE AND SPACE SYSTEMS GROUP
ONE SPACE PARK * REDONDO BEACH, CALIFORNIA

FSCM NO. 11982

S

RADIOFREQUENCY FIELD ENHANCEMENT

NEAR ION GYRORESONANCE

Francis F. Chen

\ DATE 21 January 1981 NO.Task II-3552/

SUPERSEDING:

PREPARED BY: __feemen & Cluay

Francis F. Chen

APPROVAL SIGNATURES: UNCLASSIFIED: T-%: fw_—:—\
e

Authorized Denveirve  Classifier

DATE DATE

DATE" DATE

DATE DATE



Radiofrequency field enhancement near ion gyroresonance
a)

Francis F. Chen

TRW Defense and Space Systems Group, One Space Park, Redondo Beach, California 90278

(Received

In the near field of an antenna which induces an electric field component Ez
along §°, the rf field inside the plasma is enhanced through the buildup of
electrostatic charge. Analytic expressions for the enhancement factor are
given for slab geometry. Results for an infinite plasma with internal exci-
tation and for a finite plasma with external coils are qualitatively different.
In the latter case, it is found that the field enhancement is not diminished
at exact ion cyclotron resonance. Application is made to ion acceleration

and to rf plugging of magnetic mirrors and cusps.
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I. TINTRODUCTION

The extent to which rf fields near the ion cyclotron frequency can be
made to penetrate to the interior of a dense plasma from an external coil is
of importance both to cyclotron acceleration of different ion species1 and
to rf plugging of mirrors and cuspsz. In numerical computations3 of plasma
response to excitation by helical coils, it was noticed that the rf field not
only penetrated but was actually enhanced. This effect did not appear in
calculations4 where the induced electric field did not contain a component
Ez along the dc magnetic field Eo = Bog_and did not vary along £ with a wave-
number kz, nor was the effect seen in experiments5 where E was applied elec-
trostatically.

The origin of the enhancement effect was probably first pointed out
by J. M. Dawson6 and is illustrated in Fig. 1. The excitation current J flows
in a coil which contains segments periodic in z and lying in the é_direction.
The return current flows in segments which go around the plasma. As J oscil-
lates, it generates an oscillating field 21, as shown. This field, in turn,

induces an electric field E in the plasma, sﬁch that

fE-a=-[@r@-a, ¢H)

The line integral being taken along any path in the plasma such as the one
indicated by the dashed line. If the plasma is a good conductor, Ez must
vanish, so that E exists only on the perpendicular legs of the path. This
El is seen to be in the same direction as that induced by the current in the
perpendicular segments of the coil, and in this sense the rf field has been
enhanced. Electrons responding to the induced Ez move along Eo and, because

Ez is periodic in z, cause a periodic space charge p to build up on each line



of force. The magnitude of p is such that its electrostatic field Ez exactly
cancels the induced Ez due to the coil current Jz, making the total Ez zero.
It is this space charge that causes the enhanced E .

From this simple picture it is evident that p will be large if the coil
is long, and that the El caused by p will be large if the coil diameter is
small. Indeed, we show in this paper that the enhancement factor depends only
on the aspect ratio of the coil over a wide range of parameters. It is also
clear that the plasma cannot easily screen the E-field from its interior; for
to do so would require plasma currents large enough to cancel §1. Large, low-
frequency currents cannot flow along §° because of the accumulation of electron
space charge. Large ion currents perpendicular to B, might be possible at
cyclotron resonance, but these would be in the wrong direction to oppose 21.

The field enhancement effect has been observed in rf plugging experi-
ments at Nagoya2 using the so-called Type III coil, which induces an Ez. A

b

theory was given for this effect, which was called plasma paramagnetism7.

However, only the internal electromagnetic field §1 was caiculated, and only

the electromagnetic field was measured using magnetic probes. Since the main

enhancement is due to the electrostdtic field, it seems that previous workers

have missed the point. Comparison with the Nagoya results will be made in
Sec. V.

In actual experiments the antenna structures used--that is, the Type III
coil at Nagoya and helical coils at TRW--are not the same as that depicted in
Fig. 1. Rather than treat a realistic coil, in this paper we consider an
idealized slab model, so as to simplify the algebra and obtain parametric depen-
dences. If one were to use rf to plug the thin sheets of plasma escaping from
the line cusps of a cusp reactor, the excitation method considered here may

have direct applicability.



II. INFINITE PLASMA PROBLEM
Consider an infinite, uniform plasma in a uniform magnetic field Bog.

We wish to compute the plasma response to a periodic driving field

Eo = Eo[i— (ky/kz)é] exp [i(kxx+kyy+kzz -wt)]. )

This field is presumed to be induced by a similarly periodic current 10, which
is distributed throughout the plasma but does not interact with it. The direc-
tion of go has been chosen to satisfy V - Eo = 0. Although this is a common
formulation of the problem, the excitation mechanism is unrealistic; and we

shall show that the results are misleading. In gaussian units, the vacuum

field satisfies the equation

driw | 2
Vxweg -t iy ®
c
where k = w/c. 4)

o]

In the presence of plasma, the total field E satisfies

VXV xE==3 (4nj_ +g - E), )
. ,

where

E=E +E, (6)

and the plasma response Ep is of the form
Ep = (Ex§+ Eyz+ EZE) exp [1(kxx+kyy+kzz -uwt)]. (7)

Subtracting Eq. (5) from Eq. (3), we obtain

—_Yxlxg_p+kozg-E=k2(g—_§=)- (8)

For the dielectric tensor we take the cold-plasma elements in the notation of

Stix8:



e =l s o}, (9)
0 0 P
\
1 1
where S=§(R+L), D=5(R-L)
2
__“ps
R=1 - aloto ) > (10)
s
© 2
L =1 - —pPs
w(wyw )
S cs
" 2
=1 - _pbSs
p=1-3 &
< w
A

The sum is over species, the * stands for ions (top sign) or electrons (bottom
sign), and other symbols are standard.

We now make the basic approximation of infinite conductivity along §0.

5

This allows us to reduce Eq. (8) to two simultaneous equations for Ex and Ey

replacing the z equation with

E° =E_+E =0, B, = - E, = (/k) E. (11)

This approximation is almost always a good one physically, unless the coil is
exceedingly long. Setting E;Ot to zero means that we cannot expect the solu-
tion to converge to the vacuum solution as the density is reduced to zero,
because it takes some electrons to provide the conductivity. Though thié quirk
may cause havoc with computer programs, we shall turn it to an advantage in
Sec. III when an analytic expression is obtained. If finite conductivity or
electron inertia is important, the element €0 = P can be replaced with an

expression containing collisions, a fluid thermal term, or even a Landau term.



Eq. (8) must then be solved for three unknowns. The effect of finite temper-
ature on the other components of g would greatly complicate the problem, but
these finite Larmor radius effects are generally negligible in a uniform plasma.

Next we divide Ep into its transverse and longitudinal parts:

t
= - 12
E -E -9 (12)

(Omission of this step leads to the trivial solution EFOt = 0.) Defining the
index of refraction

n=ck/v = k/k , (13)

we can write Eq. (8) as

2

 Ef + ge®-v) = (g-o - (14)

E
=0
This contains four scalar unknowns, of which two can be eliminated by use of

Eq. (11) and the condition

veE =0 (15)

The resulting 2 x 2 matrix equation is

2, 2 2 t
(S—n )nz-knx(Snx—iDny) —iDnz-+ny(Snx—iDny) Ex

2 2, 2 t
iDnz-+nx(Sny-+ian) (S-n )nz-Fny(Sny-Fian) Ey

(16)

-iDn? + n (Sn - iDn )
z T Ty tiyT My

[
!
e ]

2
(S-l)nz + ny(Sny-kian)

The second column in the matrix on the left is identical to the vector on the

right except for the factor (S—nz), which occurs instead of (S-1). 1If n2 =1,



the solution would be the trivial one: Ext =0, E t. -E . Since n2 = czkz/w2

y o
is normally much larger than 1, the solution of Eq. (16) is non-trivial and is
easily found by considering the difference between the n2 = 1 and n2 > 1 cases.

Knowing Ext and Eyt, we can then calculate Ezt from Eq. (15) and ¢ from Eq. (11).

Adding EFand V¢ to Eo’ we obtain for the total field

tot -1 2
Ex =D Eo(n —l)(iD—nxny)
tot -1 2 2 2
Ey =D Eo(n -1)(S—ny -n, ) (17)
E;Ot = 0 (by assumption),
where
D= nz(S—nzz) + Snzz - RL (18)
and the identity 82 - D2 = RL has been used. The circularly polarized compo-
nents
N T (19)
x Ty
then can be written
R,_R__ -1,2 2 2 _ .
E /Eo =D (n"-1) (L ny n, 1nxny)
(20)

EL/E L= ]D_l(nz—l)(R—n 2—n 2+in n).
o y z Xy

This solution has the same behavior as that found by previous workersz’7.
The field in the plasma is large when the determinant I vanishes and the dis-
persion relation for waves in the plasma is satisfied; namely, when

RL-Snz2 ‘
n =-——— -n “-n . (21)

For low frequencies @ << W.e» Eq. (10) reduces to



o 2 a %o 2?2
S = 1_————11——, RL ={1+-2 ¢ 1-+—1L———- =8, (22)
2 2 N+ w Q -
w —Qc c [

where Qp’ Qc are the plasma and cyclotron frequencies of a single ion species.

Eq. (21) then becomes

2
]
n2=S—n2—n2=l-—E— —n2—n 2. (23)
X y z 2 2 y z
w -
c
To recover the Nagoya results, we set nxz = ny2 = 0 and neglect the "1",
obtaining
2 ch
wos 2,2 2. ° (24)
+(Q “/ck. D)
P z

This is identical with Eq. (1) of Ref. 7 except for our neglect of a small
thermal correction kxzcs2 in the numerator, which represents an electrostatic
ion cyclotron wave. It is clear that real n requires w2 less than the criti-
cal value given in Eq. (24); this feature is in general agreement with
experimental results7.

Here the resemblance ends. Consider an excitation field with Ax==Ay=
AZ/S ¥ 10 cm. Then for average plasma parameters the condition n2 >> ISI >> 1
is satisfied away from exact cyclotron resonance. Eq. (20) then gives an

enhancement factor

2 2 2
R,L n 4+n *inn n
E’ z _ xy|l .5y (23)
L = 2 = 35,
E ™ 2 2 .
n n
o z z

This field enhancement is a result of the electrostatic plasma field and does

not occur if ky is zero. At exact resonance @ = QC, L goes to » and S to L/2,

while R remains finite. Eq. (20) then shows that EL goes to zero while ER

8



remains finite. The fact that the plasma shields itself against cyclotron
fields rotating in the same direction as the jon Larmor gyration seems reason-
able at first, but it is a spurious result stemming from the unphysical assump-
tion that the driving field is distributed throughout the plasma by a system

of non-interacting currents.

III. FINITE PLASMA SLAB PROBLEM

A. Description of Problem

The configuration treated is shown in Fig. 2. A uniform plasma is
infinite in the y and z directions and has width 2a in the x direction. The
uniform magnetic field Eo is in the z direction. At x = +b there are sheet
currents 50 which are periodic in y and z and are antisymmetric about x = 0.
Only the lowest Fourier modes in y and z are treated. The currents flow in

space and are not attached to conductors. Perfectly conducting boundaries

are assumed at x = *d, outside the current sheets. Let 50 at x =*b have
the form
K = +K. e_iwt(ﬁ|n I_]'sin |k |y cos |k |z-2 |n |_1'cos lx_|y sin [k_| z)
25 =8 y y y y z z y YA )

(24)
This is the sum over four waves of the form
- A i(n_y+n z-wt)
K =+K <JL - JL.) e y z (25)
—o o ny nz

with ny taking on the values i|ny| and n, and values i|nz|. Here y and 2z
- 1]
are in units of k L. c/w, and K = -iK /4.
o o 0
The vacuum field induced by the latter,E.0 has the form

A 3 i(n y+nzz-wt)
E = [+ -2)e 7 sinh n_x, (26)
—0 o n n X

y z



where

_ 2 2 _.\5
n = (ny 4-nz 1)°. (27)

It is tempting to substitute this Eo into Eq. (14), expand the solution in
sinh n_x and cosh n_x terms, and obtain a matrix equation of the form of

Eq. (16). However, when this is done carefully with displacement current
retained, there is an exact cancellation: the second column on the left-hand
side of Eq. (16) becomes identical with the vector on the right-hand side.

tot

This leads to the trivial solution Ep = E = (0. There is also a non-

_Eo’
trivial solution in the sense that the equation f" = —a2f has both a trivial
solution f = 0 and a non-trivial solution f = exp(*iax). That the non-trivial
solution cannot be found in this manner is not surprising, since we are deal-
ing now with a boundary-value problem rather than an infinite plasma. However,
a nearly correct answer for the enhancement factor can be obtained by this
shortcut method if the transverse plasma fieldg._t is neglected and only the

longitudinal field -V¢ is retained. This fact confirms our intuition that

the vacuum field Eo cannot easily be shielded out by plasma currents.

B. General Solution
To solve the boundary-value problem requires matching the solutions

in the three regions at the interfaces x = *a and x = +b. Since Ey = Ez =0

at x =d and V + E = 0, the exterior field Eé between x = b and x = d has

the form
e e ¥
Ey = Ay e {1-—exp[2nx(d—x)]}
n x

e _,e X .. (28)
Ez = Az e " {1 exp[2nx(d—x)]}

e -1 e e nxx
EX = -in_ (nyAy-FnzAz) e {14—exp[2nx(d—x)]},

10



where n_ satisfies Eq. (27).
We again make the basic approximation that Ez vanishes in the plasma.
The solution in the middle region, Em, must have E: = 0 at x = a. We there-

fore take Em to have the form

Asinh £+ Bcosh £

E =
X
EI; = Csinh £+Dcosh £ (29)
E" = Esinh £ £=n_(x-a)
. s s =n_(x-a).
Em is matched to

Two of the coefficients can be determined from v. _E_m =0
= b and by the jump in

Ee by the continuity of all three components of E at x
B_ and B_ caused by K .
z —o

The interior solution must have E; antisymmetric in x the way Eo is;

but E;, which is due entirely to space charge, can be seen from Figs. 1 and
Thus we take the interior solution for x < a to be

2 to be symmetric in x.

of the form
E- = Ai cosh gx
X X
i i
E = A" sinh gx (30)
y y 8
i
E = 0.
4
Furthermore, El satisfies the homogeneous equation
VE' - v@ - EY + g-El =0, (31)
leading to the dispersion relation [cf. Eq. (21)]
2
Sn_"-RL
g2=n2+nzz+——z . (32)
Y S—nz

11



The tangential components of E and B are continuous across x = a, but Ex is
not necessarily so because of the jump in E.

The matching procedure yields the following general solution:

2
Ei_ hai 5(2 1+nj sinh gx
y c n 2/ Nn_sinh ga+Mgcosh ga
y n, X

(33)

gl _4m KZO 1-gn_ (M/N)ctnh ga cosh gx

x c 2 cosh ga

n, M n +gnx(M/N)ctnh ga
where

M = cosh nx(b—a) + sinh nx(b—a) ctnh nx(d—b)

(34)

N = sinh nx(b—a) + cosh nx(b—a) ctnh nx(d-—b),

and g and n  follow Eqs. (32) and (27), respectively. Here Ko is defined by
Eq. (25), and the oscillating factor has been omitted.

The vacuum field Es cannot be found by taking the limit mlz) -+ 0 in
Eq. (32), because the E: = 0 approximation breaks down in this limit. A

boundary matching procedure yields

El =0
ox
K -n b
Ei=4—“i— o e ¥ sinh n_x (35)
oy c nn x
Xy
K -n b
Ei =—§li ° e sinh n x
oz C nn X

C. The Enhancement Factor
- To simplify the algebra, let us discuss the case d - ©, a = b, where

the excitation currents are right next to the plasma. Then M = N = 1, and

12



Eq. (33) reduces to

. . K n 2 .
el = 4dni o 1 4 Y sinh g x
y ¢ ny nz2 nxsinh gat+ g cosh ga
(36)
E]._=-£&1K0 1—gnxctnh ga cosh gx
X c ’

n 2 nx2+ gn ctnh ga cosh ga

with E: = 0. Here g follows the dispersion relation, Eq. (32), with S and RL

given by Eq. (22). At sufficiently low density, the condition

n %> |s|, [r], |L] (37)

F4

is obeyed except in the vicinity of w = Qc. In that case, Eq. (33) becomes,

with Eq. (27),

g *n " +n = n . (38)

A great simplification results from the low-density approximation g = n_;

that is, the wavelength in the plasma is approximately the vacuum wavelength,
As will be shown in Sec. IV, this approximation is valid over a wide parameter

range. 1In the low-density limit, Eq. (36) becomes

i 4oi Ko n ? @
E-=——2 [14+ -X_ e sinh n x
v C n.n 2 b4
X'y n
(39)
K -n a '
i_ 4qv 0 2 x
EX == - 7 5 (nx -~ tanh nxa) e cosh n_x
X 'z

Since a = b has been assumed, division by the vacuum field of Eq. (35) gives

the enhancement factor

13



E n
Q= ~—%f-= 1 +-X§ . (40)
E n
oy z

Note that this is not unity, because the assumption Ei = 0 does not allow

Eq. (36) to converge to the vacuum solution as the density is reduced to zero.
Eq. (40) shows that the enhancement factor in the low-density limit depends
only on the geometry of the coil. Furthermore, the factor Q does not vanish at
w = Qc. At resonance, L approaches ©, and S approaches L/2. Eq. (32) then

becomes

In 2—2RL
z

. (41)
L-2n
z

Since nx2 >> nzz, the approximation g Hy is still valid, and Q is still
approximated correctly by Eq. (40). This result confirms the intuitive argu-
ment that the divergenceless induced field cannot be shielded out by elec-
trostatic fields and that transverse plasma currents large enough to buck
out the coil currents cannot flow in a strong magnetic field.

Besides the y component, Eq. (39) gives an x component of E which
did not exist in vacuum. Ex and Ey can be combined to give the circularly
polarized components EL and ER. It is found that cancellation between E and
Ey causes EL and E to peak on opposite sides of the plasma. This circum-
stance is caused by the use of Eq. (25) for Ko instead of Eq. (24). We must
add four solutions with ny = tlnyl, n = t]nz, to obtain a result pertinent
to a physical coil. The interior field, which is mostly electrostatic, ié
then found to be linearly polarized, so that computation of EL and ER is not

necessary; the left- and right-hand components have identical enhancement

factors. The result is

14



2

i _ 4mi Ké My? nz
Ey = _27_1;;?TT e 1+ 5 sinh n_x sinlnyly coslnzlz
X'y n,
(42)
. K' -n_a
E1 = --ili-——il——— e X (n 2- tanh n_a) cosh n_x cosln Iy cosln lz.
X X X X y z

c 2
In_n_|
X'y

When K; is in A/cm and E is in V/cm, the coefficient 47mi/c is to be replaced
by 120mi. The enhancement factor for the y component is again given by Eq. (40).

The additional enhancement due to the x component is

i

E |n_|
? = - —J (n 2 _ tanh n _a) ctnh n x ctn ln Iy. (43)
i 2 X X X y

E nn

oy X z

This becomes infinite at x = 0 because Eoy vanishes while Ei is finite there.
At the plasma edge, ctnh na = 1. The y dependence is due to 90° shift in

phase. The coefficient in front is, from Eq. (27),

1
nxn _I;lx n‘ 2 2 1 n 2
—-12 = |= 1+—L2 z§+—L2 . (44)
n Z n n
z zZ z

Thus, for ny2 >> nzz, E; contributes almost as much to Q as does Ei.

IV. APPLICATION TO BDN ACCELERAT ION

In the last section we showed that the low-density approximation g = n_
permits the rf field enhancement to be reduced to very simple form. We now
illustrate the range of validity of this approximation by specifying the set
of experimental parameters appropriate to ion acceleration at cyclotron
resonancel. Consider a plasma slab with half-thickness a = 10 cm, confined

by a 20 kG magnetic field. The Xe ions have M = 129 My and Z = 1. The excita-

15



tion currents have ky = 20T cm and Az = 601 cm, so that ky/kz = 3, For w==Qc,

k, is 5.44 x 1072 cm'l, so that ng = 1.84 x 10°

1.94 x 103, and kxa = 1.055. To study the behavior of g(w) near w = Qc’ we

» n_ = 6.13 x 102, n_ =
z X

define
A = (w—QC)/QC
~ 2 2
Az1+ (k“/k“) =10 (45)
y z
2 2
- /. “.
Y = Qp Qc

Substituting the low-frequency dielectric elements of Eq. (22) into Eq. (32),

we obtain

2 9 nzz—Y n 2(A.+1+2An 2A/y)—y
g = An ° + x Z z (46)

2 2 2 2 2
1 (nz /Qp )(Qc -0“) l+2nz Aly

Here we have neglected the "1" in S, R, and L and have set w + QC = 2QC.
As we have already seen, g2 is well behaved at A = 0; however, it becomes
infinite at A = - %‘-y/nz2 and zero at approximately (A+1)/A = 1.1 times this
value. The last y in the numerator is negligible at all densities of interest,
so that gz/nz2 is * A+l at A=0 and is ¥ A far from resonance, where the A
terms dominate. the behavior of gz/nz2 with A is shown in Fig. 3.
2 2 2 2 2 . .
Since An " = n "4+ n “=n “+1=n » we see that the approximation
z y z X X
g=n is valid except in a very narrow region. The width of this region is
of the order of the distance between the zero and the infinity of g, which
is 8A = y/2Anzz. In this example, this width is only 0.08% of Qc. Since
magnetic fields are not uniform to this degree of accuracy in practice, one
would not expect to observe any effect of large g2 (rapid evanescence) or

of negative g2 (wave propagation). In multi-species plasmas, let there be

a minority species with a different mass, say M, = 128 . The gz/n 2 curve
2 z

16



will have a second resonance near QC of the second species; this resonance
will be narrower because y is smaller. Since the Qc's differ by 0.8% while
the resonance zone is only 0.16% wide, the resonances do not overlap, and
the low density approximation is valid also in this two-ion plasma. Fig. 4
shows the radial variation of Ex’ Ey’ and Eoy for this example. These fields
vary sinusoidally in y and z; only the peak field is shown.

We next show the density dependence of the enhancement factor qQ,

1
defined as (Ex2 + Eyz)ﬁlEoy. This ratio varies with x and Y, so we have

taken x a and tan lnyly 1. A two-ion plasma is assumed, with M2/M =

1
0.992, n2/n1 = 0.1, and » = Qz exactly. The low-density approximation is

not made. An equation analogous to Eq. (46) with A = 0 is used to compute

g for the two-ion case; namely,

2

n Q

g2 = n Z(av1) - 142y R2_ (47)
z n 2
1 ol

Ex and Ey are then computed from Eq. (36). The result is shown in Fig. 5,

where Q is plotted against the density n, of the major species. 1In this

4 -3

case the low density approximation is seen to be good up to n, = 3 x 101 cm

where g2 becomes negative.

In experiments on cylindrical plasmas, it is convenient to use a
helical excitation coil, like the m = 1 bifilar winding shown in Fig. 6.
Though our slab geometry results are applicable to such a coil as far as
field enhancement and penetration are concerned, some modifications are
needed to account for differences in the relative phase of Ex and Ey' In
slab geometry, Eq. (42) shows that both Ei and E; vary as cos kzz, so that
g} vanishes althogether for some positions along z. 1In the cylindrical case,

the electrostatic charges maximize on a helical line between the windings,

17
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giving rise to a linearly polarized E-field whose magnitude on axis is con-
stant with 2z but whose plane of polarization rotates with z. The helical
coil fills the plasma volume with rf field more effectively than the purely
antisymmetric planar coils. To make ion heating more efficient, a second
bifilar winding can be added in the spaces between the wires of the first coil
to give an electrostatic field perpendicular to that of the first coil. When
the two windings are driven 90° out of phase, a left-hand rotating E-field

can be produced at each z. However, the phase of this field varies with Z, SO

that parallel motions of ions will Doppler shift their cyclotron resonances.

V. APPLICATION TO RF PLUGGING

Although the internal rf field has been measured5 in the case where
it is applied electrostatically at the ends of the lines of force, there has
not yet been a direct confirmation of the field enhancement factor for induced
cyclotron fields. An exception to this is the work on rf plugging of cusps
done at Nagoyaz’7. Unfortunately, their experiments and calculations have
sufficiently different geometry from ours that a direct comparison is not
enlightening.

In Ref. 2, the plasma slab is finite in both the x and z directions,
and the excitation current, in the z direction only, does not vary in the y
direction; since ky = 0, our theory would predict no enhancement in that case
unless a propagating wave is excited. 1In Ref. 7, periodic coils such as ours
are assumed, but they lie in the x-z plane rather than the y-z plane. Since
the plasma is infinite in the y direction, the coils must pass through the
plasma (at least in the simulation). 1In both papers the enhancement in
oscillating magnetic field is calculated and measured with magnetic probes.

Since the largest enhancement is-due to the electrostatic field, the main

physical effect seems to have been overlooked.

18



The experimental parameters of the Nagoya work with the Type-3 coil

are approximately as follows7: B=5kG, M=1,67 x 10—24 £, Te = Ti = 4 eV,
a = 1013 - 10%° em 3, a = 2.5 cm, A, = 16 cm, w/Q_ = 0.8. These yield
QC = 4,79 x 107 sec—l, e, = 3.92 x 106 cm/sec, kz = 0.39 cm—l, and sz =

1.73 x 1019 n 3, where 4 is density in units of lO13 cm—3. The one point

of agreement is that something happens at a critical frequency given by

2 2. 2,2 2,2 2.-1
w "~ = (Qc *—cs /a )(l-FQp /c kz Y . (48)

This is the same as our Eq. (24) except for the addition of the thermal term

csz/az, which amounts to 10-3S2c2 in this case. At this frequency, waves

change from evanescence (w>wm) to propagation (“)SQEQ‘ The experiments
showed that the electromagnetic enhancement factor Qm has a peak value = 1,25

at approximately the frequency

1
—3

W= = Qc(l-+0.124 n, ) (49)

3

predicted by Eq. (48) and fell below unity for w > w - Analytic theory2

predicted 2 2 2 9
?y 1-w /(Qc +c "/a%)

= = . (50)
Qm Byo l--wz/wm2

which becomes infinite at w = w . This behavior, which does not agree well
with experiment, corresponds to g2 going negative in our Fig. 3, causing Q
to become infinite. The observed behavior has been reproduced in computer
simulation7, but only in a slab two ion gyro-diameters thick, with a mass
ratio of 20 and an electron temperature scaled to 20 keV,

In an attempt to fit the Nagoya measurements with our calculations,

we have computed the electromagnetic part of the internal field by taking the curl
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of El, as given in Eq. (36). The low-density approximation is not necessarily

valid here, and it has not been employed. The result is

i na
X .

X _ e sinh g x
Box sinh ga+ (g/nx)cosh ga sinh n_x
Bi n,a n_- tanh ga

Q = L =8 Bny & cosh gx (51)
m Boy g0 (nx/g)31nh ga + coshga cosh n_x
i 2, 2
+

B _ magn (ny /nz Ytanh ga cosh gx
AR
B, sinh ga+ (g/nx) cosh ga cosh n_x

The x and y components show enhancement factors of order unity when either

8 =n, (low-density approximation) or g = 0 and x = 0. The z component has
Qm > nx2 >> 1 in these limits, but only because BOZ is small compared with

B0 and Box' As expected, elimination of the electrostatic field has reduced
Qm to the order of unity.

To be more specific, we have computed Qm for n = 1013 cm;3, B = 5 kG,
a=2.5cm k =0.19 cn ., k, = 0, and x = 0, using Eq. (46) (with A = 1)
to find g and Eq. (51) to find Qm' Since w was varied over two orders of
magnitude, the variation of ko’ and hence n_, with w was taken into account.
[In Eq. (50), a is dimensionless, so that n_a does not depend on ko.] The
result is shomn in Fig. 7. The value of Qm below w = w is 1.3, in good
agreement with the observed value of 1.25. The sharp behavior of Qm near
© due to g becoming sucessively 0 and «, would hardly have been noticeable
in experiment, though thermal effects and inhomogeneities there could broaden

the resonance. The fact that our curve does not drop to unity at low fre-

quencies (it approaches Qm = 1.35) is probably due to the neglect of collisions.
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We conclude that the main features of the Nagoya measurements can be
obtained from this simplified calculation. Good agreement cannot be expected
because of differences in coil geometry and the neglect of density gradients,
finite Larmor radius effects, and collisions. The Te = 0 approximation, though
valid in regard to the neglect of kfci relative to Qc’ was only marginal here

in regard to electron Landau damping, since w/kzv = 0(1). The main field

the

enhancement due to the electrostatic field would have been much larger than

Qm but was missed in the Nagoya work. With a coil designed to give large
ky/kz, we believe that rf plugging can be much more effective than presently

thought.

VI. SUMMARY

The conclusions of this work are two-fold: 1) enhancement of induc-
tively applied rf fields can be made large by properly designing the excita-
tion coil to favor the buildup of electrostatic charges inside the plasma;
and 2) solving the boundary value problem gives a qualitatively different
result from solving for the plasma response to a given driving field in an
infinite plasma. In the latter case, the left-hand circularly polarized
field E} vanishes at w = Qc’ presumably because the ion current is infinite
at w = Qc and can easily cancel the internal driving current that produces
Eo' When Eo is produced by an external coil, however, it can be cancelled
only by a surface current which is as large as the current in the coil. Such
a plasma current across Eo cannot arise in practice unless the ion Larmor
radius is extremely large, and we have legislated it out of the model by -
requiring that the tagential component of B be continuous across the plasma
surface. The result is that EF not only penetrates into the plasma but is
even enhanced over its vacuum value.

Our simple model was designed for the problem of ion acceleration
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and fits well with the parameters of that problem. It fits less well with

the parameters of the rf plugging experiments, but the qualitative results
should still be applicable. The question arises as to whether the near-

field effects treated here have any relevance to ICRF (ion-cyclotron-range-of -
frequencies) heating of tokamaks, where the emphasis has been on the propaga-
tion of waves in the far-field and their subsequent mode conversion and
damping. To clarify this point, we take the case A = 1 + (kyz/kzz) >> 1

and rewrite Eq. (46) in the form

2 _ 2 1+ (2A/0A) - a

& =% I+ (2n/ea) ¢ (52)
Here a = y/n 2, and we have assumed n z n 2 +n 2 _ 1= An 2 ~ 1= An 2.
X X y z z z

The parameter o is essentially the number of ion collisionless skin depths
c/SZp in a plasma radius:

w =it =@ aln < a2, (53)

2 2

for w==Qc. Since A >> 1, k.x = ky = m2/a2, where m/a is the cylindrical

equivalent of ky at r = a, Thus

Q
[

(Qp/c)z(a/m)2 . (54)

1]

When a << 1, Eq. (52) gives g2 nxz, which is the low-density approximation
made earlier. When o is not small, g2 is negative (and wave propagation
occurs) between the values A = l—A a(a-1), where the numerator of Eq. (52)

2
vanishes and the value A = - = Ao , where the denominator vanishes. Thus

N =

the narrow propagation region (g2< 0) in Fig. 3 becomes wide, with A =
(w—Qc)/Qc =0(1), for o > 2/A. This region is shown in Fig. 8, where density

n is plotted against a/m for a = 1 and 0.1. For heavy atoms it is seen that
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@ <.0l up to very high densities for laboratory-size plasmas. For hydorgen or
deuterium plasmas in rf plugging experiments, o = 0.1 can be achieved if

the density is kept below 1013 cm_3 and a/m below 2.5 cm. This may be pos-—
sible in reactor-size plasmas if the cusp region is kept thin. For tokamak

reactors with n > 1014 cm-3 and a/m > 20 cm, the near-field effects should

be negligible. - However, near-term rf heating experiments with n 5_1013 cm-3
and a < 20 cm can benefit from the field enhancement described here if m > 4,
Of course, if m is too large the vacuum field decays too rapidly away from
the coil.
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FIGURE CAPTIONS
Physical mechanism of rf field enhancement.
Geometry of the slab problem.

Variation of 'radial" attenuation coefficient g with frequency in
the neighborhood of w = Q.. Here A is (w—Qc)/QC and A is the off-

resonance amplification factor.

Radial variation of the vacuum field Eoy and the enhanced internal

fields Ex and Ey (in arbitrary units).

Dependence of the enhancement factor Q on density at cyclotron

resonance.
Space charge distribution under a helical coil.

The electromagnetic enhancement factor Qm evaluated for the para-

meters of the Nagoya Type-3 coil experiments.

Regime in which direct cyclotron acceleration in the near-field of
1
an antenna is feasible: the region a << 1. Here oz’5 =Q /ek is .
p X
essentially the number of ion collisionless skin depths in a plasma

radius a, n is the density, m is the azimuthal mode number of the

antenna, and Xe and D are xenon and deuterium.
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