Copyright © 1991, by the author(s).
All rights reserved.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation

on the first page. To copy otherwise, to republish, to post on servers or to redistribute to
lists, requires prior specific permission.



SELF-CONSISTENT ELECTRON CYCLOTRON
RESONANCE ABSORPTION IN A PLASMA WITH
VARYING PARAMETERS

by

M. C. Williamson, A. J. Lichtenberg, and M. A. Lieberman

Memorandum No. UCB/ERL M91/114

18 December 1991



SELF-CONSISTENT ELECTRON CYCLOTRON
RESONANCE ABSORPTION IN A PLASMA WITH
VARYING PARAMETERS

by

M. C. Williamson, A. J. Lichtenberg, and M. A. Lieberman

Memorandum No. UCB/ERL M91/114

18 December 1991

ELECTRONICS RESEARCH LABORATORY

College of Engineering
University of California, Berkeley
94720



SELF-CONSISTENT ELECTRON CYCLOTRON
RESONANCE ABSORPTION IN A PLASMA WITH
VARYING PARAMETERS

by

M. C. Williamson, A. J. Lichtenberg, and M. A. Lieberman

Memorandum No. UCB/ERL M91/114
18 December 1991



SELF-CONSISTENT ELECTRON CYCLOTRON
RESONANCE ABSORPTION IN A PLASMA WITH
VARYING PARAMETERS

by

M. C. Williamson, A. J. Lichtenberg, and M. A. Lieberman

Memorandum No. UCB/ERL M91/114

18 December 1991

ELECTRONICS RESEARCH LABORATORY

College of Engineering
University of California, Berkeley
94720



1 Introduction

Electron cyclotron resonance (ECR) sources have been applied to plasma etching and depo-
sition of thin films in the past several years. As the"use of ECR reactors has become more
widespread, much research has focused on operating characteristics, which has revealed op-
erating behavior not yet fully understood. One general configuration for plasma heating is
to transmit the microwave power through a window into the microwave heating chamber, in
which there is a decreasing magnetic field, with we(z) > w at the window, where w,, is the
local cyclotron radian frequency and w is the applied radian frequency. Within the plasma
chamber, the fundamental components of the wave, for propagation parallel to the magnetic
field By and with a plasma present, are the right hand polarized (RHP) wave and left hand
polarized (LHP) wave. For significant plasma density, the LHP wave is usually cutoff, while
the RHP wave propagates and can be 5,bsorbed on a “magnetic beach” in the neighborhood
of the cyclotron resonance wee(zres) = w. The absorption of the RHP wave has application to
many physical problems. It was studied by Budden [1] in connection with wave propagation
and absorption in the ionosphere, and by Stix [3] in connection with the heating of fusion
plasmas.

We briefly review the Budden theory of wave absorption. We begin with the wave equa-

tion for the electric field in one dimension for an RHP wave with collisional losses:



d? w?(z) _
[ S £ "

where we.(z) = eB(z)/m, w?(z) = e?ny(z)/meo is the square of the plasma frequency, »(2) is
the collision frequency, and kg = w/c is the free space wavenumber. If w, and » are constants

independent of -z, then linearizing w,.. about the resonance point we obtain

d? w? jwea
FE + [s + jv/ca

+1]E=0 (2)

where we have normalized z by s = ko(z — zres) and a = By~'(dB/dz), _,, where By is B at

r

resonance. This corresponds to the form investigated by Budden

%E+[;1%+1]E=o (3)
with 7 = w:/wca and v = u/éa. The dielectric function has a pole and a zero, with the
pole, in the absence of collisions, occurring at s = 0 (z = z,.,) and the zero at s = —7. In
the approximation of (3) Budden obtained solutions for waves traveling in either direction.

.For a wave traveling into a decreasing n;agnetic field (the magnetic beach) he calculates the

transmission (tunneling) and reflection factors

T = eim (4)



R =0 (5)

where T =| Eirans/Efwd | and R =| E,ct/ Efuwd |- Since there is no reflected wave, the ratio

of absorbed to forward power is given by

Paba/wad =1-T?=1—-e"™, (6)

For a wave traveling into an increasing magnetic field the solution gives both transmission

and reflection

lﬂ
]

e~tm™ : (7

R =1-e", (8)

Since T? 4+ R? < 1 there is absorption in this case.a.lso. When the normalized distance g
between the pole and the zero is large compared to a wavelength far from resonance, no
tunheling occurs and the reflection or absorption of the. wave is determined by whether it
encounters the pole or the zero first. When the pole-zero seéa.ration is small compared to a
free space wavelength, significant tunneling occurs.

Considering the wave incident on a magnetic beach, the Budden theory predicts that

most of the power will be absorbed for n > 1. Using the definition of 7 in (3) and taking a



typical case for which Ao = 27/ko = o™, we find that 7 = 1 corresponds to w?/w? ~1 2%,
Thus we expect the power to be absorbed at a density significantly below the critical density
Wp = W. -

Clearly, the Budden theory is too idealized for application to a physical system in a
number of respects. The reflections in a plasma chamber generate interference of waves
that can significantly affect the absorption. The variation of axial plasma density causes
initial upstream power reflection not included in the Budden theory. The collisionality is
strongly locally enhanced by nonlinear absorption of power in the resonance zone. These
effects can be taken into account in a one-dimensional model by numerical integration of the
fundamental equation (1). Boundary conditions may be imposed at each end of the chamber,
with reflections modeled by a movable short at the chamber end (E-field null) and linearly
polarized waves injected at the microwave source end (left-and right-hand polarized waves
of equal magnitude and phase at the entrance window).

In addition, the waves are not propagating parallel to the magnetic field due to a nonzero
transverse separation constant in a finite diameter cylindrical ECR chamber. This couples
the fundamental RHP and LHP waves together, as well as with their extraordinary and
ordinary wave counterparts for propagation perpendicular to B. Once the RHP wave is
significantly absorbed, the density rises such that for the usual power inputs w, > w. For

this condition it has been shown [2, 4] that mode conversion at w, = w for a small but finite
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transverse separation constant can give significant absorption of the LHP wave, which can
lead to an adﬂitiona.l increase in density by up to a factor of two for an incident linearly
polarized wave, with a relatively small fraction of incident power being reflected. In this
work we concentrate on the effects of an incident RHP wave alone, by considering only
propagation parallel to B.

In Section 2 we present the numerical solution of a propagating wave of more general
axial variation which can be compared with the analytic results. More realistic situations
are then treated, including the effects of downstream reflections. In Section 3 we investigate
the relationship between linear and nonlinear absorption to construct an effective collision
frequency v.s7(z) localized in the nonlinear resonance zone. This is used, together with
a model density distribution, to determine field patterns and absorption. In Section 4,
we describe simple ECR equilibrium dynamics, self-consistently treating the system power
balance including ex;ergy gain by electrons in the resonance zone and energy losses to the

walls. In Section 5, we present our conclusions.



2 Spatially Varying Wave Equafion

We use the basic wave equation for a RHP wave propagating in an unbounded plasma with
axially varying magnetic field and plasma density -;o obtain the complete wave solution
for the propagating wave. From the resulting field solution the power and power derivative
(absorption) are also obtained. The basic wave equation (1) with spatially varying coefficients
is solved numerically by separating into real and imaginary parts. Defining G = dE/ds and

taking E = Ep + ¢E; and G = Gg + iG|, we obtain four first-order ordinary differential

equations:

dEr/ds = Gg (9)
dEijds = Gy (10)
dGrlds = (n*),Er - (n?)zEr (11)
dGr/ds = —(n?)zE[— (n®),Er (12)

First we consider the normalized propagation constant n = k/k obtained by linearization

of B about resonance at constant density, as given in (3), to obtain

(n)r = 1+




(n?); = _sz_’i?_‘y-z. (14)

Far from the resonance zone we can use the analytic solution, obtained by Budden (1}, for

the field, after propagation through resonance from the high magnetic field side:

E = exp{is + i-g—log | s | +i-'g—log2 - w—f—} (15)

Equation (15) can be expanded in terms of real and imaginary parts of E and its derivative

G to obtain

Ep = exp{—%ﬂ}cos{s + glog | 2s |} (16)
E = exp{—’r—ﬂ}sin{s+-'§-log | 2s |} (17)
Gr = -{1+|2 l}Et (18)
G = {1+ 2 |}ER (19)

Equations (9)-(14) can be solved numerically, together with (16)-(19). The numerical
integration scheme is a standard fourth-order Runge-Kutta algorithm with an intelligently
varying step size according to error tolerance requirements. The results for the transmission
coeflicient versus density are compared with the analytic result from (4) for » < w where the
analytic results are accurate, in Fig. 1, giving excellent agreement. We thus have confidence
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to apply the numerical technique to obtain the variation of the field and transmitted i)ower "
as a function of z, and to extend the method to general variations of n,(z), B(z), and v(z).
Keeping in mind that w, = w for n, = 7.4 x 10'° cm™ at a typical microwave frequency of
f =w/27 = 2.45GHz and that v = 10%s~! is quite large compared to the typical background
collisionality in a normal ECR processing discharge (v = 5.3 x 10”7 s™! at p = 10 mTorr), we
plot the magnitude of the power as a function of normalized z with n, as a parameter at
v = 10°s~!, and with v as a parameter at n, = 10'° cm~3 in Fig. 2a and b, respectively.
The results clearly show that at high density or high collisionality, the transmitted power
falls well before reaching the resonance position. As we shall see in Section 3, this result is

. consistent with a nonlinear ca.lcula.tioﬁ of power absorption at ECR resonance.

The field variation through the resonance region depends not only on the power absorp-
tion but also on the variation of the local wave impedance. This field has been calculated
analytically by Stix (3] for the simplified case of a single pole (no zero) for vanishingly small
col]ifiona.lity. In Fig. 3 we compare the numerical results with the analytic calculation,
in the neighborhood of the resonance, with collisionality as a parameter. As expected, we
find excellent agreement for low collisionality but increasing deviation as the collisionality is
increased.

We now consider a more realistic magnetic field and plasma profile, and the effect of wave
solutions in which there are reflections and therefore RHP waves traveling in both direction.s
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are present. Starting again with the wave equation (1) we choose a model in which

wee(z) = w(l+ tanh (az)) (20)
wi(z) = wh(l+ tanh(az)) (21)
vz) = 1+ 42.2’;(Az)2 (22)

where as before, « = B,™'(dB /dz), . The density variation through the resonance zone
follows the magnetic field strength variation, consistent with particles streaming along field
lines. The axial profile of the collisionality parameter has. been chosen to be a Lorentzian,
which is large near the resonance zone, to correspond to the nonlinear absorption, with vy,

and the scale length (Az) obtained from the nonlinear absorption calculation in Section 3.

The new values of (n?), and (n?), in (9)-(12) are

. ‘ 2 ptanh (xs)(1 + tanh (xs))
(n )R = 1+ tanh? (Xs) + a.z(s) (23)
2y _ _o(s)p(1 + tanh (xs)) -
= Tk ) + () )

where p = wi/w?, x = ac/w, and o(s) = v(s)/w.
Initial conditions are found by taking tanh (xs) to its limit, either -1 for negative s or

+1 for positive s, and then finding the real and imaginary parts of the dielectric constant.
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For large negative s the factor 1 + tanh (xs) goes to zero, and the solution is a simple

uniform plane wave propagating in the vacuum (w, = 0). For large positive s, (w? = 2w%)),

the dielectric function has both real and imaginary parts, and the solution is a uniform plane

wave with a spatially decaying exponential factor. The initial conditions for integrating from

negative s to positive s are therefore

= COss

sin 8

= —sins=—E;

coss = Ep,

and the initial conditions for integrating from positive s to negative s are

. En
E;
Gr
G
where

exp{n;s} cos{nps}
—exp{nss}sin{ngs}
niEp + npE;

niE; —nrEp
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(29)
(30)
(31)

(32)



np = 'nocosqS (33)

ny ngsin ¢ (34)

and

no = |1+ hplp = 3)) *
° w?(9w? + v?)
1 tan

2

_o,.2
-1( - 2‘:"" . ) (36)
w3 4 wr —Gwpw

This second set of initial conditions is complicated by the non-zero plasma frequency wy,. If

(35)

wp is set to zero in the above expressions for n and ¢, the second set of initial conditions
reduces to a simple form comparable to the first set.

Because of the interest in effepts caused by various reflections in an ECR system, the
calculation was performed with a short at a variable position beyond the resonance zone
(past the ;ero). First, the usual calculation was made for RHP waves traveling in" the left
and right directions under the same conditions. Then the two solutions were matched at
the short position by requiring that the transverse electric field go to zero at that point. To

accomplish this, one of the solutions was scaled by a complex constant factor (magnitude

and phase shift) so that the two solutions would add to zero at the short position. The sum
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of the two solutions then yields a single profile for a wave entering the system, passing the
pole and then the zero, reflecting from the short, and then returning through the resonance
zone. This was done over a half-wavelength range -of short positions to see the effects of
moving the short position on absorption. If such a short is placed in a position which results
in a field null at the resonance zone, the reduced field strength at the resonance results in
lower absorption.

The magnitude of the electric field is plotted versus s = koz, for three different short
positions, in Figs. 4a-c. The calculations in these figures use values of @ = 10.8 m™!,
wpo = 1.5 x 101° ra.d/séc, Vm = 4.01 x 108 sec™!, and Az = 0.495 cm. In each of these three
figures, waves enter from the right, pass through the resonance zone at s = 0, continue to
the left where they reflect off the short, and return through the resonance zone moving back
to tbe right. The short position is past the left edge of the scale in each of the three figures,
but the sharp field nulls which result from it are visible in the left half of each figure. The
density and axial magnetic field strength follow a hyperbolic tangent shape [see Egs. (20)
and (21)], ;tarting at low values on the left side, increasing through the resonance zone, and
leveling off at high values on the ﬁght side of the figures. It is important to note that due to
the change in density from low to high in going from the left sjde to the right side, waves of
equal power will ha.veAa. larger electric field magnitude on the left, where the density is low,

than on the right, where the density is much higher. Since
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P x Ez/zp; Zy, = v Ho/€ps (37)

and

w2

. € = €o (1+———L—), _ ‘ (38)

W(Wee — w)
for fixed power P we find E « ¢; 1/4, The dielectric function is larger where the density is
higher, so the electric field strength is smaller by the above relation.

In the progression from Fig. 4a to Fig. 4c, the short position moves toward the left
in small steps, s = —15.3, —15.8, and —16.1, respectively. The positions of the field
nulls, where the left-traveling and right-traveling waves most strongly cancel each other, are
determined by the position of the reflecting short, where the field is zero. The field nulls
occur at half-wavelength steps away from the short, and as the short position moves, the
field nulls move with it. Hence the electric field minimum near the resonance zc')ne moves
toward theleft from Fig. 4a to Fig. dc. In Fig. 4a the electric field strength is larger on the
right side, indicating that absorption is taking place in the resonance zone. In Fig. 4b, the
short has moved to the left, in turn moving the electric field minimumn closer to the resonance
zone. Absorption still takes place, but the electric field strength is larger on the left than on

the right, due to the dielectric effect discussed above. This progression continues into Fig.
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4c, where the field null is very close to exact resonance, and the electric field strength ;)n thé
left is even larger.

The field pattern on the right in each figure can be understood as a wave moving to the
left which has the same strength in each of the three figures, and a weaker wave moving to
the right. The strength of this tight-tra.ve-z]ing wave increases from Fig. 4a to Fig. 4c as less
power is absorbed, resulting in more power being reﬂecte.d back toward the source on the
right. It can be seen that the average value of the field strength on the right is constant
through the three figures, but that the voltage standing wave ratio (VSWR) is increasing
from Fig. 4a to Fig. 4c, indicating that a higher percentage of power is being reflected
as the field null moves closer to resonance. Thus, with a field null near the resonance, the ‘
absorption decreases significantly.

To see this effect more clearly, the corresponding percent power absorbed is plotted versus
short position in Fig. 5. It is seen that the absorption is strong over most short positions, but
that it dips sharply over narrow, spatially periodic ranges of short positions. This behavior is
explained by the occurrence of field ﬁulls at half-wavelength intervals from the short position,
as was seen in Figs. 4a-c. The corresponding points for each of Figs. 4a-c are noted in Fig.
5, showing that the percent power absorbed in f‘ig. 4c is half of that in Fig. 4a, a large
change in absorption over a small change in short position. It should also be noted that if
the short position is held fixed but the density is varied, field nulls will change position. This
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is due to the variation of the wavelength with density.

A second type of reflection in an ECR system arises from the transition from the mi-
crowave ﬁndow into the plasma. A relatively sharp rise in plasma density near the window
can cause a significant fraction of the incoming power to be reflected before it enters the
plasma. At low pressures this effect can be modeled as a plane ‘wave reflection at a planar
boundary between two regions of differing dielectric constants. To see the general effect we
consider a plane .wa.ve in a vacuum region (dielectric constant ¢ = €) normally incident on
a region of finite density and corresponding dielectric constant. The resulting transmission

coefficient at the window is

- = AE
Tw - Ptram/Pmc (\/-6: + 1)2 (39)

where

2

W
= = _Pr
&=¢leg=1+ T . (40)

is the relative dielectric constant for the RHP wave and w2, = e’n,/eom is the square of
the plasma frequency just beyond the window. Multiplying the transmission coefficient by
the Budden power absorption factor (6), we obtain a composite ratio P,y,/Pinc of absorbed

power to incident power. Defining a parameter K that is independent of the absolute density,
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2 -
K = cx wpw

(41)

(wcew - w) wﬁr
where w,, is the plasma frequency at the resonance,“we obtain a family of curves P,/ Pinc
versus 7 for various va.lﬁes of K, which are plotted on a logarithmic scale in Fig. 6. The
maximum of absorption is broad and lies near n = 1 for-a practical range of values of the
parameter K. From Fig. 6 it can be seen that the fractional power absorbed falls toward
small densities due to the Budden factor. For a given K the fraction of power absorbed falls
again toward higher densities as less power reaches the resonance zone due to the reflection
at the window.

An alternative situation at higher pressures is a gradual rise in plasma density from the
window to the central density. A density profile that can model this situation is
Mo

n(z) = 32 [1 + tanh (%)] , | (42)

where the parameter L is the scale length of the profile. Such a “transition layer” has been

analyzed by Ginzburg (2], with the transmission coefficient given by

sinh? (S [\/1_+_I‘- - 1])
sinh? (S [m + 1]) ’

where S = 72L/A, X is the free space wavelength and

-Ptrana/ Pinc =1-

(43)
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where w2, = e’n,/em, and n, is the density just l.).eyond the window. Equation (43) can
be used along with (6) to determine the variation of P,/ Pinc With density, for the gradual
transition, with L/) as a parameter, giving similar results to those shown in Fig. 6.

We emphasize that the preceding simple calculations are not meant to give absorptions for
actual devices, but rather to highlight the interaction between the tendency toward increased
ECR absorption at the higher densities and the counter-tendency of increased reflections at

the vacuum-plasma interface. In an actual device the complete matching problem, including

other discontinuities, must be considered.
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3 Nonlinear Absorption and Effective Collisionality

Near Resonance

Nonlinear Absorption. Electrons may enter the resonance zone from either the high field or

low field side. The average energy gain of a single electron traversing the resonance zone is

shown in Appendix A to be

1 (e 2
= -m|— 45
& = 5m(=Et.) (45)
where E is the RHP electric field amplitude in the resonance zone (assumed constant), t. is

the effective time spent in the resonance zone,

te = (27 [uzwa)? (46)

and u, is the parallel velocity at resonance, assumed constant over the resonance zone. An

effective zone width can then be defined as

1/2

Az = u,t, = (27u; /wa) (47)

The power per unit area is found by integrating (45) over the flux of electrons incident

on the zone:
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Pz = / €,us f(us)dus, (48)

where f is the electron velocity distribution. Using (45) in (48) yields

1 E? 21rw§
Pyu = 22 wea’

(49)

where Zy = (uo/ eo)ll ? is the free space impedance. A similar result, for u, turning in the
resonance zone, has been obtained by Jaeger et al (7], giving slightly different scaling.

Collisional Absorption. We note that (49) is independent of u,. This suggests that we

can examine the u, — 0 limit in considering the effects of electron collisions. Adding a
collisional (friction) term to the force equation, letting E = Re {(z — j§)Ee™*}, and solving

for the transverse velocity amplitudes, we obtain

2eE 1
m Vm+ J(w—wee)

Uz0 + juyo = - (50)

where v, is the electron momentum transfer frequency. The power absorbed per electron is

1
PECR = E?Re{—eE,ou;o - eEgou;o} . (51)

Substituting (50) in (51) with E.o = E, Eyo = —j E, we find
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eEN? ' vn
=m|(— . 52
PECR ( m ) vi + (w— t.:.:c.,)2 (52)

To obtain the total heating power, we average (52) over the distribution of electrons near

the resonance zone. Using the linear expansion near resonance

wee(2) = w(l + az), (53)

in (52), we obtain

e2E? Um

m Vi +wla?z?

PECR = (54)

Multiplying (54) by n dz and integrating from z = —2; to z = 2o, we obtain

22 .
2e Eantan'l(wazo/ Ym)- (55)

Pgcr =

The total power absorbed is obtained by letting zo — co such that tan~! — 7/2 and (55)
reduces to (49). We see that the power absorbed is independent of ,, for constant electric
field, and the nonlinear and collisional power absorption correspond. However, recognizing
that most power is absorbed near the resonance zone, if we insert zy = Az, from (47), in

(55) we find that for v,, € waAz almost all of the power is absorbed in the resonance zone.
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Thus at low collisionality, the correspotween the collisional and the nonlinear power

absorption remains.

Effective Collisionality. We wish tcollisional formalism when the collisionality

is, in fact, described by an effective ceqquency from the nonlinear processes, rather
than from real collisions. To do this the ansatz that half of the total power is

absorbed in the resonant zone Az, sthere is an effective v,, in that region given,

from (55), by

(Az) (56)

where (Az) is an effective zone width averaging (47) over a Maxwellian

wiatm

(Az) = (06 (ﬁ—) . (57)

Substituting (57) in (56) we obtaintive collisionality at exact resonance

Um

- (58)

.Zasz) T
Taking typical values of w = 27 x 2.49 and T = 5 eV we find vy, = 4.01 x 108571,
and from (57), (Az) = 0.495 cm. We zhat (58) can be written as v, = 4.44(t.) 7",

where () is the effective time spent ixce, a physically appealing result.



In order to make the collision frequency local, we also add a shape factor such that the

collisionality falls off to half of its peak value over the range £(Az)/2

Vm

2 = At

(59)

We have used this form in (22) as the effective collision frequency for our numerical calcula-
tions presented in Figs. 4 and 5.

Comparison of Linear and Nonlinear Absorption. The nonlinear power absorption Py

in (49) can be compared with the linear absorption P in the weak absorption limit by

expanding (6) for small 7 to obtain

where we have substituted E?/Z; for Pjyq, where Ey is the incident electric field. Comparing
(49) and (60), we see that in the weak absorption limit the results agree if E/Ey = 1, thus
verifying the accuracy of the linear analysis.

For stronger absorption, the power absorbed saturates, as described by (6). For ;:on-
sistency in this case the resonant field must also decrease. For the high collisionality case
v = 10°s~! plotted in Fig. 2a, we see that this is exactly what happens; the power flow at

resonance for high absorption (n, = 10'® cm™3) is P, =~ 0.3P,q4. However, from Fig. 3 it is
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seen that this decrease in P, is a function of the comsionahty, with the large decreases only
occurring for large v (v ~ w). This has led us to consider an effective high collisionality in
the neighborhood of the resonance itself, given by (59).

For higher absorption, using the prescription for localized power absorption, we can also
find the power flow and the electric field at resonance. Equating the nonlinear and linear

power absorption from (49) and (6)

E? El -
Zn’ﬂ=72(1—e ’"') . (61)

we can solve for the ratio of the effective electric field at resonance E.;s to the incident

electric field Ey,

Eey _ (1=e)'/? |
o ( : ) . (62)

We can compare E.;; to the actual field at resonance, which m.ight reasonably approxi-
mate the value of the effective constant field that would be used in a nonlinear calculation.
This is done in Fig. 7 with the x’s the values of E.;; calculated from (62) and the o’s
the values of the electric field at reso;lance. The correspondence is within a factor of two

over much of the range, but fails at very hjgil densities where the power is. essentially all

absorbed before resonance. In this region it would be necessary to redefine (Az) and v,
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self-consistently with the decay of the field. However the assumption that the electric field is .
a constant over the region of nonlinear absorption, which is used in the nonlinear calculation,
is inappropriate in this high density regime, so the usefulness of such a calculation is not

clear.

4 Equilibrium Power Balance

To obtain a fully self-consistent equilibrium, the density must be obtained from power balance
in a particular physical system. A complete calculation would necessarily involve both the
RHP and LHP waves, reflections at discontinuities, and effects of the transverse boundaries.
Such a complete tréatment is beyond the scope of our investigation of the RHP absorp-
tion. Nevertheless, it is instructive to make a power balance calculation to understand the
qualitative features of the equilibrium.

Consider a given absorbed power P,;, per unit area. This power is lost through various
channels, including electron and ion kinetic energy loss to the walls, excitation energy, elastic
scattering collisional losses inside the plasma, and losses due to ionization, all of which

balance the input power at the equilibrium ion density. The power balance equation is

Py, = 2n;u;e€;, (63)
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where n;u; is the mean ion flux at the two end walls of the ECR discharge and e&p -is the
effective energy lost per electron-ion pair created within the region. £p (in volts) is the
sum of the collisional electron energy lost through the channels listed above and the kinetic
energy lost by electrons and ions at the end walls. £, is generally a function of the electron
temperature through the cross sections for collisional excitation and ionization processes and
because the electron and ion kinetic energies are functions of T.. For a typical processing
discharge in argon with electron temperatures near 5 eV, the energy loss £ is typically of

order 70 eV [5]. The characteristic ion loss velocity can be estimated to be the Bohm velocity

i) " (64)

v up = (2

Assuming all the power is in the RHP wave, we plot (6) and (63) to obtain a graph as
shown in Fig. 8. Both functions are shown as normalized to Py,q, which leaves (6) as a single
exponential curve, and (63) as a straight line whose slope depends on Pj,q. Three such “load
lines” are plotted, along with the corresponding values of the forward power. The equilibrium
density and power are given by the intersection of the two curves. Similarly, equating (6) and

(63) results in an expression for forward power as a function of the corresponding equilibrium

density:
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Cn,

wad = 1— e‘B"P

(65)

where C = 2u;e€;, and Bn, = 75. Equation (65) "gives, for a given density, the forward
power required to sustain that density in an equilibrium situation. Since (65) gives a finite
Psua = P* = C/B at zero density, the implication is that this minimum input power is
recjuin;d for a steady-state plasma equilibrium to exist. This is plotted as the leftmost load
‘line, which lies just tangent to the exponential curve at zero density.

From (65) and (39), for the reflection at the window, we can obtain a series of normalized
plots of density versus incident power for various values of the parameter K in (41). This is
equivalent to sweeping the forward power through a range of values, and so moving the load
line in Fig. 8 across the exponential absorption curve, and plotting the series of intersecting
points. When K = 0, there is no reflection at the window, and the forward power equals
the incident power. This is the top curve in Fig. 9, which displays the normalized density
parameter 7 versus the normalized incident power P;,./P* on logarithmic axes. The power

P* is the minimum power to sustain an equilibrium plasma:

P* = 2u;E weaegm [ we. ‘ (66)

Fig. 9 shows that as incident power is increased, the density first rises expouentially, and
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then rises nearly linearly, when the percent absorption is high. However, as the density at
the window is increased (increasing K') the rate of increase in density with incident power is

slowed due to reflection at the window. -
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5 Conclusions

ECR microwave power absorption depends not only on the local density within the chamber,
but also on the field strength at the resonance position. We have shown that the placement
of a field null near resonance can reduce absorption strongly. Such a field null could arise
somewhat unpredictably due to various reflections inside the chamber. Since the wavelength
is dependent on the local density of the plasma, interference nulls could also vary with the
density, which is in turn dependent on the strength of absorption. These interdependencies
make deterministic predictions difficult. This effect can be mitigated by designing an ECR
system with a resonance zone which is larger than a typical field null or by designing the
chamber to minimize reflections.

In general, absorption increases with increasing density, but if the density near the win-
dow where power enters the chamber is large and rises sharply, significant power can be
reflected before entering the plasma. Because of these two competing effects, there is a
broad maximum near the density parameter 7 = 1 at which power is optimally absorbed by
the system. This is seen in the family of curves displayed in Fig. 6. |

We have shown that the nonlinear power absorption by an electron in the resonance zone’

and the collisional heating power can be brought into correspondence with each other at low

absorption. At higher absorption this correspondence can still be approximately achieved
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’

by choosing an axial variation of the effective collisional momentum transfer frequénci' that
has a pronounced maximum nea,.r resonance. The resulting decay of the electric field in the
neighborhood of the resonance achieves this a.pproximate' correspondence.

We have introduced an equilibrium model in which the power loss is proportional to the
density. Thus at low densities in which the ratio of absorbed to incident power is related
linearly to the density i:here is a minimum power required for a steady-state plasma to exist,
given in (66). |

The theoretical results that we have obtained agree qualitatively with some heretofore
puzzling experimental observations [8]. The downstream standing waves at low density
(weak absorption), which disappear at higher density (strong absorption), correspond ap-
proximately to the experimental observations. The sharp drop in density (and therefore
power absorption), at a particular value of input power, qualitatively agrees with the pre-
diction embodied in Fig. 8. However,’the value of density at which this occurs is not in
quantitative agreement with the experimental observation (8]. Also, the residual persisting
low density plasma at lower input power, observed experimentally, is not explained, although
some hint of an explanation may be found in the complex interaction between density and in-
ternal reflections. The effect of transverse wave numbers and the consequent coupling of the

RHP and LHP waves may also be important and indicates an area for further investigations.
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A Nonlinear and Collisional Power Absorption

The transverse energy gained by an electron in one pass through a resonance zone can be
calculated either for constant velocity in the zone [6] or for turning within the zone (7).
Although both types of trajectories occur for a collisional plasma with an isotropic velocity
distribution, the results for the constant parallel velocity are characteristic and we will outline

the derivation here. The complex force equation for the transverse velocity can be written

in the form

du,
dt

— Jwee(2)u, = --%Eej“", (67)

where E is the amplitude of the RHP wave with £ = Re {(2 — j§)Ee’**}. We expand the

magnetic field near resonance as

Wee(2) = w(1 + az) (68)

where z is the distance from exact resonance. We approximate z(t) = u.t, where u, is the

parallel velocity at resonance. Using (68) and substituting u, = u.oexp (jwt) into (67) we

obtain

durO

e — jwau tug = —%E. (69)
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Integrating (69) from ¢ = —T to ¢t = T, we obtain

. T -
Uro(T)e ) = u,o(=T)e™T) —{eE/m) / Tdt'e‘Ja(‘ ),

where

0(t) = wau,t?/2.

In the limit T 3> (27 /wau,)'/?, the integral in (70) is

T L
/ eI = (nfwou,) V(1 - j).

(70)

(72)

Inserting (72) into (70), multiplying (70) by its complex conjugate, and averaging over the

initial “random” phase §(—T'), we obtain

luro(T)I* = luro(=T)I* + (eE/m)* (2 /weru,).

The energy gain per pass is thus

where £, is the effective time in resonance
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(74)



te = (21 Jwau,)'?. (75)

The effective resonance width is

Az = u,t, = (2ru./wa)'?, (76)

We can understand the form of ¢, as follows: an electron passing through the zone coherently

gains energy for a time £, such that

[w — wee(uste)] te = 27 (77)

Inserting (68) into the preceding equation and solving for t., we obtain (75).
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