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ABSTRACT

To produce the highest possible dengity in a hdicon discharge, two helicd
antennas were used to launch m = +1 waves colliding a the midplane. With 2 kW
of RF power on each antenna, a maximum plasma dengty of 8 ~ 10" cm® was
achieved, not much higher than with a single antenna. This density limit is explained
by gas depletion, and a method to avoid thisis suggested.

. INTRODUCTION

The suitability of helicon discharges for producing high densty plasmas for etching semicon-
ductor chips has been known for over a decade [1]. Pesk densities of order 10 cm® have been
reported in plasmas with only axial magnetic confinement [2, 3]. If another 21 order of magnitude
can be achieved, such plasmas would be useful for accelerator applications. Plasma accelerators [4]
in which eectrons surf on maximum-amplitude plasma waves have an acceleration gradient upto ~ 1
" (n eV/cm, where the éectron dengity nisincm?®. Thus 1 GeV/iemisthelimitif n = 10" cm?®, or
redigicaly, £100 MeV/cm if only a fraction of the wavebreaking limit can be atained. Still, thisis
much higher than possible conventiondly. The plasma must be uniform to about +1% both redidly
and axidly; these conditions have been given by Chen [5]. Beat-wave accelerators operate in this
regime, but so far plasmas only afew mm long are possible a such densties. Wakefidd accdera
tors [4], on the other hand, can operate at lower densities, requiring 1 m of 10™ cm® plasma for 300
MeV a 10% of wavebresking. Plasma lens concepts [4] aso require such plasmas. Conceptual
schemes for staged accelerators with a series of plasma sources have been given by Chen [5, 6].
The purpose of thiswork isto test the dengity limit in RF plasma sources.

Them = +1 (right-hand circularly polarized) mode of the helicon dispersion relation has been
found in numerous laboratories [7-11] to produce much higher dendties than the m = -1 or linearly
polarized modes. We therefore employ right-hand hdlica antennas to excite this mode preferentialy.
We have ds0 used other dengity-enhancing tricks, described below, though their effectivenessis not
completely understood. At these high dengties, probe tips have to be made of carbon, and the dis-
charge has to be pulsed to preserve the probes. The radia and axid scades of helicon dischargesin
long cylinders make it much easier to satify uniformity requirements than with laser ionization. How-
ever, we shdl find thet straightforward scaling of 10 cmi® discharges by incressing the RF power
cannot extend the density beyond about 10™ cni®. This celing, we believe, is due to gas depletion;
if true, higher dendties can be obtained by proper desgn of the vacuum system.

[I. APPARATUS

Experiments were performed in a 4.5-cm diam quartz tube 1.65 m long, as shown in Fig. 1,
pumped a one end. Argon gas could be fed ether at the pump end or near the midplane (norma
position) without affecting the results. For later experiments at 1200G, a carbon block was pos-
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tioned at the throat of the discharge tube at the pump end, obstructing about 80% of the cross sec-
tion. Previous experiments [12] have shown that this acts to reduce the ion-pump effect, increasing
the neutral gas supply to the discharge. Coils of radius 1.2 cm larger than the quartz tube produced
an axid magnetic fidd B, of up to 1200G. The discharge pulse duration was 50 msec, with a duty
cycle of about 1%.

Radiofrequency (RF) power was ddivered via ether one or two half-wavelength, helica
antennas, each of the proper hdlicity to launch m = +1 waves toward the midplane. Both antennas
were 10 cm long, an optima length found in previous tests [3, 13]. As shown in Fg. 1, a right-
helical antenna was positioned at the pump end, and a left-hdlical antenna at the oppodite end, with
By inthe +z direction (away from the pump). RF power was provided by two 2-kW, 27.12-MHz
amplifiers, each with its own matching circuit. The supplies could be fed separately to each antenna
or combined efficiently to couple 4 kW into a single antenna. Forward and reflected power were
monitored on each antenna, and the circuit was retuned for each measurement to maintain <0.5%
reflection. Fig. 2 shows the forward powersin atypica pulse. A current transformer was aso used
to monitor the RF current in the RH antenna. These RF diagnostics dlowed the caculation of resis-
tive antenna loading, as detailed in previous work [13]. Antennaloading was found to be insengitive
to the parameter range scanned in this experiment, staying between 1.8 and 2.0W. This was the
case despite doubling the power from 2 to 4 kW and varying the pressure between 10 and 160
mTorr. Given avacuum loading of 0.35W, the coupling efficiency (defined as the retio of power in-
put to the plasma to the avallable power from the amplifier) was about 80% for dl results to be pre-
sented.

Axid dengty n,, temperature T,, and floating potentid Vs profilesat r = 0 were built up on a
shot-to-shot basis usng a fully RF-compensated axid dogleg Langmuir probe of previoudy pub-
lished design [14]. The probe voltage was linearly swept over a 5-msec period. Andysis of the |-V
characteristic was redtricted to the region around the floating potentia. At these high densties, the
ion saturation current could be assumed to be flat, giving leest squares errors of less than 0.5 eV.
However, for positions under the antennas, distortion of the probe characterigtic by the intense RF
fiddsthereincreased the errorsto £1 eV.

[1l. RESULTS
A. Singleantennaresults

To edtablish a basis for comparison, measurements were first made with a sngle antenna at
the pump end of the machine. Axid dengty profiles a 800 G and 20 mTorr are shown in Fig. 3 for
2 and 4 kW of RF power. For these reaults, there was no carbon block in the device, and the end-
coil currents were set for uniform magnetic fiddd. The two-fold increase in power gave only a modest
increase in maximum dengty, with dmost no change in the vicinity of the antenna. The ion saturation
currents in Fig. 3a show a more marked difference, but this appears to be due to the temperature
increase at 4kW, shown in Fig. 3b. This saturation of the density at 5~ 10" cm® is condstent with
thevaueof 8~ 10" cm® observed previoudy [3] at 1200 G and higher pressures. The result can
be understood in terms of the well known helicon dispersion in its Smplest form:

w :dkz+k,2i”2n‘ﬁ'—er'fb, ®
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where k~ and k;; are the perpendicular and paralldl wavenumbers, B the magnetic fidd, and n the
electron dengity. If oneassumesthat k) isset by the length of the antennaand k» by the tube ra-
dius, then agiven vaue of B determines n, regardless of RF power. An increase of power, then, can
be accommodated only by an increasein T, or a broadening of the dendity profile.  Though n was
normally measured only a r = 0, a few radid sweeps made by rotating the dogleg probe showed
little deviation from the dengty profile, measured a 2 kW, shown in Fg. 4. Thus, the saturation in
dengty is conggtent, to lowest order, with Eq. (1), but further experiments with dua antennas con-
tradict such asmple explanation.

B. Dual antennaresultsat 800 G

With two antennas, one at each end of the machine, it was anticipated that higher peak den-
Sties could be achieved by overlapping the downstream high-density regions produced by each a+
tenna  Fgure 5 compares the performance of a twin antenna system with that of a sngle antenna.
The 4-kW, single-antenna result of Fig. 3 is reproduced, together with the case of two antennas,
each a 2 kW, separated by 95 cm. This is the maximum possible separation for magnetic fields
uniform through the antennas. The loading of each antenna was only weekly affected by the existence
of the other antenna, and only dight retuning of the matching circuits was necessary. The dud-
antenna dengity profiles exhibit higher pesk dendties, aswdl asa higher axidly integrated dengty.
For the single antenna the temperature pesks 20 cm  from the antenna center, while the densty
peaks 60 cm from the center. For the two-antenna case, the temperature peaks have similar axia
offsets from the antennas, but the density Omaxima are closer to the respective antennas. Rather than
overlgpping to double the dengty, the dendty maxima move gpart to maintain a reaive minimum at
the midplane.

Previous results [10] have shown that the axid dendty variation can largely be explained by
electron pressure balance dong B; that is, as KT, decays away from the antenna, n increases so as
to keep nKT, gpproximately constant. To check this, we measured the axid variation of the floating
potentid V; and obtained, with the T, data, the space potential Vs for the angle and dud antenna
cases (Fig. 6). The pardléd forces -enE and -Np computed from this, shown in Fig. 7, indeed vary
in oppogite directions, but their magnitudes do not agree. The discrepancy is more pronounced for
the dual antenna case. Other mechanisms must be at play, as evidenced aso by the faster decay of
n between its peak and the midplane when a second antenna is added. These effects will be dis-
cussed in Sec. 1V.

C. Dual antennaresultsat 1200 G

At this point we made a number of changes in an attempt to increase the density above 10
cmi*: &) B was increased by 50% to 1200G, b) the antenna spacing was reduced by 20 cm to 75
cm; ¢) the magnetic field was flared in the antenna region; d) a carbon block was inserted into the
pump end of the tube behind the antenna; and €) higher pressures were scanned to find an optimum.
Previous experiments have shown that cusp fields and obstacles behind the antenna could increase
the pesk density by about a factor of two [12], but the effect was not entirely explained. In the pre-
sent experiment the cusp field decreased the density under the antenna but did not have any effect on
the downstream dengty.

Under these conditions, the discharge reached equilibrium only after atransent state. Over
most of the pressure range between 10 and 160 mTorr, a sharp trandition was observed early in the
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discharge. Before the trangtion, a transgent state (up to 10 msec long) was characterized by very
high axid nonuniformity, with high ion saturation current observed close to the antennas but dropping
sgnificantly between the antennas.  After the trangtion, a sable plasma was observed with higher
axid uniformity. Thetime evolution of ion saturation current & three axid locationsis shown in Fg. 8
for a pressure of 63 mTorr, a which the trangtion can be seen clearly. Axia profiles of plasma pa-
rameters corresponding to the transent and stable phases are shown in Fig. 9. For the trangent
phase the eectron temperatures were difficult to obtain accurately, owing to variationsin ion satura-
tion current over the duration of asweep. Neverthdess, the axid nonuniformity for this case is obwvi-
oudy very severe. The pesk level of ion saturation in the pre-trangition phase of the discharge could
be varied by changing the pressure. Lower pressures caused the transient phase to have a shorter
duration, but with a higher peak level. At low enough pressure (< 20 mTorr) the transent phase was
very short or non-exigtent, with the discharge settling quickly to itsfind equilibrium, asit did & 800 G
without the carbon block. At lower pressure ill, (< 5 mTorr), kilohertz ingtabilities in the plasma
column were very strong and precluded any serious measurements. At very high pressures (>120
mTorr) the trangtion was smeared into a gradua evolution, and a find equilibrium sate could be
reached only after lengthening the pulse.

The trangition observed appears to be a change in discharge equilibrium from a sate char-
acterized by gas depletion and large axia gradients to a relaxed state with small axid gradients and
forces, resulting in afilling-in of the hollow region between the antennas. The duration of the trangent
date is condgtent with that for a redigtribution of the neutra dengity. Helicon plasmas have been
found to be efficient ion pumps; that is, ionized neutrals do not flow to the pump a their norma ther-
mal speed but are accelerated by the pre-sheath potentid to the ion acoustic velocity, which is an
order of magnitude higher. Consequently, the presence of plasmaof densty >10" cmi® grestly re-
duces the neutrd dengity below its initid fill value. The ion pumping effect was & fird inferred indi-
rectly [10] but has since been measured [15]; it will be evaluated in Sec. V.

Compared to the results at 800 G, the decrease in antenna separation for this set of data had
the generd effect of increasing plasma uniformity, at least for the pogt-trangtion phase of the dis-
charge. At low pressure, after the trangtion, one broad density peak was produced between the
two antennas. By increasing the pressure, the density associated with this broad pesk was n+
creased. Past a certain critical pressure however, the single broad pesk split into two separate
pesks. This critica pressure was found to be 63 mTorr, corresponding to the results shown in Fig.
9. Increasing the pressure to 160 mTorr results in the data of Fig. 10, where the axid nonuniformity
isclearly evident. At this pressure, doubling the power with a second antenna increases not the peak
dengty, but only the temperature.

Thus, the podt-trangtion plasma of Fig. 9 gives the highest possible dengty with axia uni-
formity. The axid dengty variation is approximately 10% for the range z = 20-70 cm. This figure
takes into account shot-to-shot reproducibility as well as any red dendty gradients that may exit.
The dengty of 8 © 10" cm® obtained in Fig. 9, dthough very high by norma plasma processing
standards, may be too low by afactor of 5 or 10 for accelerator applications. It was not possible to
increase the density by raising the pressure and moving the antennas closer together in order to
overlap the densty maxima from each antenna. For pressures above the critica pressure of 63
mTorr, a dendgty minimum, rather than maximum, dways appeared a the midplane in the sable
phase.
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The dendity minimum suggests that some sort of destructive interference could be accurring
with dua antennas. Axid beet patterns of helicon waves have indeed been seen in the past with a
sngle antenna [16]. This explanation, however, fails on three counts: 1) the best patterns from each
antenna cannot interfere destructively, snce they are fluctuations in |B| without regard to phase; 2)
the wavelengths of the waves are much shorter than the scaeength of the density dip; and 3) down-
stream ionization has only aminor effect on the dendty in any case [10]. Asafurther check, the ex-
periment was repeated [17] with antennas powered from oscillators that were not phase-locked to
each other, asthey were for the above data. Fig. 11 shows the ion saturation current at 1200 G and
160 mTorr with two antennas driven by independent 1.4 kW power supplies at 27.12 and 13.56
MHz. A degp minimum is seen a the midplane; the minimum in dendity would be shdlower, but no
correction for T, variations was possble in this case. We bdlieve that the minimum can only be
caused by gas depletion.

V. ANALYSIS

The effect of the ion pumping mechanism can be estimated as follows. Firdt, we compute the
gasinlet rate go per mTorr of fill pressure py from the known pumping speed S of the pump. Thus,
before the discharge is turned on, the neutral density ny is given by

0o Po = S () - )

After a plasma of average dendity <n> is created over a cross sectional area A, the flow of ionsto
the pump (where they recombine and are pumped out) is given by <n>Ac, where ¢; is the ion sound
speed ¢; = (KT./ M )2, The remaining neutrals of density n, are pumped out at the rate S, Since
the input rate is unchanged, the neutral dengty in the presence of plasmais given by

Ny =(GoPo- <N>Ag)/S. 3)

We seethat n, is reduced to zero if the plasma dengity istoo high. Fig. 12a shows n, as a function
of <n> for variousfill pressures po.

The equilibrium plasma dendty n is reached when the ionization rate equds the loss rate,
Theionization rate Q isImMply <ne>N,<SV>j,, . Though the ionization probability <s v>i,, is afunc-
tionof T, for thisedimateit is sufficient to teke KT, = 3 eV, aswe did in computing c;. The function
Q (n) isshown in Fg. 12b. To edimate the loss rate in a Smple fashion, we must make some
physica assumptions. The electrons are assumed to follow the Boltzmann relation

Ne = Noexp(ef /KTy), 4

even in the presence of a magnetic field. Electrons are known to communicate across field lines in
devious ways in order to thermalize more rgpidly than classca theory would predict (Langmuir's
paradox). Because of this unpredictability, we do not attempt to compute the transverse diffusion
rate of the dectrons. Rather, we assume that the radid losses are controlled by the loss rate of the
nearly unmagnetized ions, and that the dectrons will follow the ionsin order to preserve quasineutra-
ity. In steady dtate, the radid component of the ion equation of motion is

enE, - g;KTn'- Mnn,yv, =0, (5)
where n¢=1n/ 1Ir, and E; isgiven by Eq. (4):
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Neglecting the T; contribution to cs, we obtain from Egs. (5) and (6)
2 1
vz s ™
Nig N

Theion-neutra collison frequency is given by nio = &Mm where m= 1.2~ 10%p, cnf/sec/V is the
measured mohility of Ar* in Ar [18]. The plasma loss rate is given by the integra of nv, over the
cylindrical surfaceat r = a. We may neglect the axid losses, which dso scade as KT, but with a
much longer scaldength. To evauate Eq. (7), we approximate the profile of Fig. 4 with the parabola

r2
n=rnpyl- —y. (8
w

with a®w? = 0.8; thisyidds a value <n> = 0.6n, for usein Eq. (3). Since Eq. (7) diverges as nj, ®
0, in principle aflux limiter should be used when the mean free path becomes too long a low neutra
dengdties. However, for our parameters this point is barely reached at equilibrium. The computed
loss rates are shown in Fig. 12b and intersect the ionization rate curves at <n> » 4~ 10" cm® for
160 mTorr and »1.5~ 10" cm?® for 63 mTorr, in excelent agresment with the observed density
limits consdering the smplicity of this zero-dimensiond caculation.

Apparently what happens in high-intendity, high-pressure, dua antenna helicon discharges is
the complete depletion of neutrds at the midplane. The ionized neutrds are driven a the acoustic
velocity to the endplates (one of which is the carbon block), where they recombine and flow back
into the discharge. However, these refluxing neutra's cannot reach the midplane because their mean
free path againgt ionization by a 10™ cni® plasmais only »2 cm. Thus a high neutral density builds
up in the antenna region, increasing the rate of ionization there by coupled helicon/Trive piece-Gould
waves [19]. Plasma produced in this highly collisond region is logt radidly before it can reach the
midplane. Downstream ionization does not occur because of the absence of neutras and because
the damping length of H/TG wavesislikdy to be short in the high-density region. This picture would
explain why the dengity peaks occur closer to the antenna at higher pressures and why a density
minimum can occur & the midplane.

V. CONCLUSIONS AND PROJECTIONS

By applying 2 kW of RF power to each of two helica antennas separated by 75 cm, a
plasmaof 8~ 10" cm® density, uniform to +5% over 50 cm, has been generated in 63 mTorr of
argon with a 1.2 kG magnetic field. Attempts to increase the dendgty by increasing the pressure
faled because a dengty minimum appeared a the midplane, and the separated dengty maxima did
not exceed the dendty achievable with a sngle antenna.  This behavior was explained by the deple-
tion of neutra gas between the antennas due to the ion pumping effect at these high dengities. These
results suggest that higher dengities can be achieved with better gas feed. For instance, gas puffing
can be used, or alarge plenum [6] can be built around the plasma column so that stored gas can be
fed radidly into the plasma during the pulse. With axialy uniform neutral fuding, the high degree of
ionization in these devices assures that no large axid gradients in either potentia or density can occur,
and axid scaldengths of the order of meters should be routingly achievable. Since the radii of such
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discharges is of the order of centimeters, the radid scaeengths should be much larger than those
obtained with laser ionization.

The possibility of exceeding the density limit of »10™ cmi®, however, leads to surprising con-
clusons. Congder alarge cylindricad chamber (Fig. 13) of radius R (»20 cm) and length L (»1 m)
with helicon sources of radius a (»1 cm) a each end injecting m = +1 waves toward the midplane.
The chamber isfilled initidly with po mTorr of argon at 25°C, and the stored gas flows radidly into
the plasma of radius a » 1 cm when the discharge is pulsed on. lonized neutrds are ion-pumped
through the smdl tubes into large pumping stations, where the recombined neutrds are removed, to
be consarvative, we assume no refluxing of the gas. The acoudtic trandt time across R is of order
0.6 msec, S0 that trandent dengity gradients will have decayed a few milliseconds &fter the plasmalis
fired, and the gas will flow inward in steedy, shear-free molecular flow with a mean free path of »1
cmat 5 mTorr. Asaneutra atom enters the plasma, its mean free path | ,, agang ionization varies
from 18t0 0.2 cm as T, variesfrom 2 to 4 eV, for ne » 10™ cmi®. Consider first the smple case of
Te<3eV,when| ,, isnot << a and n, can be consdered to be distributed throughout the plasma.

The flow of neutrasinto the plasmaatr = ais
G,=2paL nVv/4, 9

where V » 4" 10%cm/ sec is the argon therma velocity a 300K. The rate a which neutrds are
consumed is

Goss = fPA*L" MR, (10)

where P, = <sv>j,, is the ionization probability and f is a form factor accounting for the mild radia
gradientin n,. Equating (9) and (10), we find that n, cannot be found this way, while n. is given by

n.=v/2aRf (11)

regardlessof po. Fora=1cm,andP; =2 10™° cn/sec (argon a KT, =3 eV), and f » 1, the
density isfixed a ne » 10™ cm®. This density apparently suffices to ionize completely any number of
neutrals that may be injected. The plasmaradius a cannot be reduced further because of diffusion,
and vV can be increased only by using alighter gas or by heating it. 1t would be counterproductive to
increase the RF power, since that would lead to higher T, , and thus higher P;. To increase n, be-
yond 10™ cmi®, one would have to use agas with a lower vaue of P; and dlow T, to decay away
from the antennas to decrease P; further.

The cdculation above can be made more redigtic by accounting for refluxing of the neutras.
For 1 m long discharges, the dominant ion lossisin the radid direction, but this does not represent a
loss of neutras, Since the escaping ions flow to the end walls of the gas plenum and recombine there
to replenish n,. Theions escaping dong Bo, however, recombine in a pumping chamber, where the
neutrals are removed. Assuming that the ion dengity a the sheath edge is about ni/2, we can write
theion lossrate as

G, =2pa’” ¥, (12
where ¢ istheion acoudtic velocity. Equating thisto G, in Eq. (9), we obtain

- 22%, @o14n (13)

M LV
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for our illustrative parameters. Thus a pressure of less than 1 mTorr is required a a dengity of 10*
cm®, as far as neutral balance is concerned. lon balance, however, is more stringent. The number
of ions created per second is equd to the rate of ionization given in Eq. (10). The loss of ions by
radid diffuson agang neutrdsis

G =2paLnv,, nv, =-D,,dn/dr » D n/¥%aA, (14)
where Dj, = Ti(eV)m Setting Egs. (10) and (14) equa to each other yields
pd =14~ 10T / fa’R. (15)

ForT;=0.1eV,a =1cm,P,=2" 10™ cn?/sec (T. = 3 eV), and f = 0.7, the required pressure
iSpo » 10 mTorr, regardless of n.

At densitieswell above 10" cmi®, the neutrals will be ionized in a skin layer before reaching
the axis, and the plasma created near the surface will diffuse both inward and outward from there.
lons diffusng outward will flow to the end wals of the plenum and recombine there; as before, this
flow does not represent aloss of neutrds.  1ons diffusing inward will form a squarish, dightly hollow
densty profile and will be lost by axid flow into the pumping sections. The neutral dendty n, forr <
a now fdlsinward from the outsde vaue n,© ny(a), as described by the continuity equation

%%hrnnvr g =- nnneR . (16)

Here, v, isthe fluid velocity, which we assume to be constant and approximately equal to -v /4. The
solution of Eq. (16) is

rn, = an,e @ N (17)
Wwhere d, =—Y (18)
4n.R
isthe ionization skin depth. The tota ionization rateis given by
% = L[*n,n R 2prdr = 2paLnaneFi’did1- e /|, (19)

Here we have used Eq. (17) and assumed uniform n.. Equating this to the axid loss rate given by
Eq. (12), we can solve for the required neutral density n,

V2
ac ac T a
n,=———= 2—75ne = ﬁSp —eé —DN,, (20)

where Ty, is the neutrd temperature. Note that the use of Eq. (18) has caused the sengtive function
Pi(Te) tocancd out. Fora=1cm,L=1m, and T, = 3 eV, we find that a pressure of 10 mTorr
will provide neutral balanceupto 2~ 10™ cm®.  For ion balance, we can use Egs. (19) and (18)
for the ion creation rate and Eq. (14) for the ion loss rate, except that the density scadength a/2
should bereplaced by di or something of that order. These equations then give

pe =36 10 °T Pn?, (21)



9
which has the opposite T, dependence and an n dependence compared with the lower density case.
For T; =0.1eV and T, = 3 eV, we then have for the required pressure

Py = 85n, mTorr, (22)
where ny, is plasma density in units of 10" cmi,

The plenum radius R affects only the pressure decay timet,. Since N, = pRLn, and G, is
given by Eq. (9), we have
2
tp » & = Zi , (23)
G, av
yidding atime of 20 msec for R =20 cm.  Thus, a pulse length of 5 msec or so would be long
enough for the pressure to come into equilibrium and yet short enough that n, does not change ap-
preciably during the pulse. Alternatively, one could design the plenum to have aradia acoustic reso-
nance in the kHz regime, so that the plasma can be pulsed in synchronism with pressure maxima at r
=a

Finally, we consider the RF power P;; needed to create a plasma of density 10™ cmi® with py
=85 mTorr. All the neutrds entering the plasma @ the rate G, [Eq. (9)] are ionized, amounting to
10* ionizations'sec for the parameters of our example. Accounting for indastic collisions, the aver-
age energy expended in creating each ion-electron pair is computed® to be about 50 eV at T = 3
eV. Thusa Py of 8 kW is required, or only about 16 kW even if we include a safety factor of 2.
This extrgpolation is highly conjecturd and is based on the belief that proper gas handling will over-
come the problems encountered in the present experiment. Sakawa et d. have achieved dengties
>10™ cm® in ageometry? simiilar to that proposed in Fig. 13, but the experiment was not pushed to
the 10" cmi® densities envisioned here.
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FIGURE CAPTIONS

Fig. 1. Diagram of the apparatus.
Fig. 2. Time evolution of forward power to each antenna.

Fig. 3. Comparison of plasma parameters for single antenna excitation a 800G (uniform field) and
20 mTorr, for RF powers of 2 and 4 kW: (@) ion saturation current; (b) electron temperature; (C)
plasmadengty. The ends of the antenna are indicated by the vertica bars.

Fg. 4. Radid eectron dengty profile a z = 23.5cm for single antenna excitation, with the same pa-
rametersasinfigure 3; Py = 2 kW, B = 800G, p = 20 mTorr.

Fg. 5. Comparison of plasma parameters for sngle and dud antenna excitation at 800G (uniform
fidd), 20 mTorr, and 4 kW (totd): () ion saturaion current; (b) eectron temperature; (C)
plasma dengty.

Fig. 6. Axid profiles for the floating potentid and the space potentia (computed from the measured
temperature). Operating conditionsare asin Fig. 5.

Fig. 7. Vaues of the two dominant termsin the axia force balance equation calculated from the data
of Figs. 5 and 6, for the cases of gngle and dud antenna excitation. The opposite signs of the
electric and pressure gradient forces shows a tendency toward electron pressure balance aong
B.

Fig. 8. Tempora evolution of the ion saturation current at 1200 G and 63 mTorr at three axid pos-
tionsz 12 cm (close to Antenna 1), 28 cm (close to the midplane), and 58 cm (close to Antenna
2).

Fg. 9. Axid profiles of (a) ion saturation current and (c) floating potentia for the trandent and stable
phases of the discharge at 1200 G and 63 mTorr, taken a t = 36 and 65 msec, respectively
(Fig. 8). Axid profiles of eectron temperature and dengity in the stable phase are shown in (b)
and (d).

Fg. 10. Axid profiles of (a) ion saturation current, (b) electron temperature, (c) floating potentid,
and (d) plasma dengity at 1200 G and 160 mTorr. This pressure is above the critica pressure
for axid uniformity.

Fig. 11. Axid dengty profile at 1200 G and 160 mTorr, with dua antennas driven at 1.4 KW each at
different frequencies (Ref. [17]).

Fg. 12. Computations of ion pumping effect: (a) neutra dengity vs. average plasmadensity at differ-
ent filling pressures; (b) ionization rate and ion loss rate per unit length vs. average plasma dengty
at two pressures.

Fig. 13. Conceptua sketch of an ultrahigh-density helicon source with a gas plenum.
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