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Abstract. To produce the highest possible density in a helicon discharge, two
helical antennas were used to launch m = +1 waves colliding at the midplane.

With 2 kW of RF power on each antenna, a maximum plasma density of

8 x 10 cm~2 was achieved, not much higher than with a single antenna. This
density limit is explained by gas depletion, and a method to avoid this is suggested.

1. Introduction '
radial dc magnetic
quartz tube Langmuir probes coils

The suitability of helicon discharges for producing high
density plasmas for etching semiconductor chips has been T S e S
known for over a decade [1]. Peak densities of order

10" ¢cm~3 have been reported in plasmas with only axial =—eeleae | .= SS8
magnetic confinement [2, 3]. If another half to one order of to pump antenna 1 825 feed
magnitude can be achieved, such plasmas would be useful axial

for accelerator applications. Plasma accelerators [4] in Langmuir probe

which electrons surf on maximum-amplitude plasma waves
have an acceleration gradient up+ta /n eV cnt, where
the electron density is in cn3. Thus, 1 GeV cm? is the
limit if n = 10" cm™3, or realistically,<100 MeV cn1? if
only a fraction of the wavebreaking limit can be attained.
Still, this is much higher than possible conventionally. The
plasma must be uniform to aboutl% both radially and
axially; these conditions have been given by Chen [5].
Beat-wave accelerators operate in this regime, but so far
plasmas only a few mm long are possible at such densities.2. Apparatus
Wakefield accelerators [4], on the other hand, can operate
at lower densities, requirgnl m of 13° cm=3 plasma for ~ Experiments were performed in a 4.5 cm diameter quartz
300 MeV at 10% of wavebreaking. Plasma lens conceptstube 1.65 m long, as shown in figure 1, pumped at one
[4] also require such plasmas. Conceptual schemes forend. Argon gas could be fed either at the pump end or
staged accelerators with a series of plasma sources havéear the midplane (normal position) without affecting the
been given by Chen [5, 6]. The purpose of this work is to results. For later experiments at 1200 G, a carbon block was
test the density limit in RF plasma sources. positioned at the throat of the discharge tube at the pump
Them = +1 (right-hand circularly polarized) mode of end, obstructing about 80% of the cross section. Previous
the helicon dispersion relation has been found in numerousexperiments [12] have shown that this acts to reduce the
laboratories [7—11] to produce much higher densities than ion-pump effect, increasing the neutral gas supply to the
them = —1 or linearly polarized modes. We therefore discharge. Coils of radius 1.2 cm larger than the quartz
employ right-hand helical antennas to excite this mode tube produced an axial magnetic fieh of up to 1200 G.
preferentially. We have also used other density-enhancingThe discharge pulse duration was 50 ms, with a duty cycle
tricks, described below, though their effectiveness is not of about 1%.
completely understood. At these high densities, probe  Radiofrequency (RF) power was delivered via either
tips have to be made of carbon, and the discharge haspne or two half-wavelength, helical antennas, each of the
to be pulsed to preserve the probes. The radial and axialproper helicity to launchm = +1 waves toward the
scales of helicon discharges in long cylinders make it much mjgplane. Both antennas were 10 c¢cm long, an optimal
easier to satisfy uniformity requirements than with laser |ength found in previous tests [3, 13]. As shown in figure 1,
ionization. However, we shall find that straightforward 5 right-helical antenna was positioned at the pump end, and
scaling of 18° cm™2 discharges by increasing the RF power 4 |eft-helical antenna at the opposite end, within the +z

t Presentaddress: Research School of Physical Sciences and Engineeringliréction (away from the pump)._ .RF power was PrOVided
Australian National University, Canberra, ACT 0200, Australia. by two 2 kW, 27.12 MHz amplifiers, each with its own

Figure 1. Diagram of the apparatus.

cannot extend the density beyond about*1€m=3. This
ceiling, we believe, is due to gas depletion; if true, higher
densities can be obtained by proper design of the vacuum
system.
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Figure 2. Time evolution of forward power to each antenna.

matching circuit. The supplies could be fed separately of the antenna. The ion saturation currents in figure 3(a)
to each antenna or combined efficiently to couple 4 kW show a more marked difference, but this appears to be due
into a single antenna. Forward and reflected power wereto the temperature increase at 4 kW, shown in figure 3(b).
monitored on each antenna, and the circuit was retuned forThis saturation of the density at&10' cm2 is consistent
each measurement to maintai©.5% reflection. Figure 2  with the value of 8< 10'% cm2 observed previously [3] at
shows the forward powers in a typical pulse. A current 1200 G and higher pressures. The result can be understood
transformer was also used to monitor the RF current in the in terms of the well known helicon dispersion in its simplest
RH antenna. These RF diagnostics allowed the calculationform:
of resistive antenna loading, as detailed in previous work =k + kﬁ) (1)
[13]. Antenna loading was found to be insensitive to
the parameter range scanned in this experiment, stayingwhere k; and k; are the perpendicular and parallel
between 1.8 and.@ ©2. This was the case despite doubling wavenumbers,B the magnetic field and: the electron
the power from 2 to 4 kW and varying the pressure between density. If one assumes thaf is set by the length of
10 and 160 mTorr. Given a vacuum loading d83®¢2, the the antenna and, by the tube radius, then a given value
coupling efficiency (defined as the ratio of power input to of B determines:, regardless of RF power. An increase
the plasma to the available power from the amplifier) was of power, then, can be accommodated only by an increase
about 80% for all results to be presented. in T, or a broadening of the density profile. Though
Axial densityn,., temperaturel, and floating potential ~ was normally measured only at= 0, a few radial sweeps
V, profiles atr = 0 were built up on a shot-to-shot basis made by rotating the dogleg probe showed little deviation
using a fully RF-compensated axial dogleg Langmuir probe from the density profile, measured at 2 kW, shown in
of previously published design [14]. The probe voltage figure 4. Thus, the saturation in density is consistent, to
was linearly swept owea 5 msperiod. Analysis of the  lowest order, with equation (1), but further experiments
I-V characteristic was restricted to the region around the with dual antennas contradict such a simple explanation.
floating potential. At these high densities, the ion saturation
current could be assumed to be flat, giving least squares3 2 pual-antenna results at 800 G
errors of less than 0.5 eV. However, for positions under
the antennas, distortion of the probe characteristic by the With two antennas, one at each end of the machine, it was
intense RF fields there increased the errors-ioeV. anticipated that higher peak densities could be achieved by
overlapping the downstream high-density regions produced
by each antenna. Figure 5 compares the performance
of a twin-antenna system with that of a single antenna.
The 4 kW, single-antenna result of figure 3 is reproduced,
together with the case of two antennas, each at 2 kW,
To establish a basis for comparison, measurements wereseparated by 95 cm. This is the maximum possible
first made with a single antenna at the pump end of the separation for magnetic fields uniform through the antennas.
machine. Axial density profiles at 800 G and 20 mTorr are The loading of each antenna was only weakly affected by
shown in figure 3 for 2 and 4 kW of RF power. For these the existence of the other antenna, and only slight retuning
results, there was no carbon block in the device, and theof the matching circuits was necessary. The dual-antenna
end-coil currents were set for uniform magnetic field. The density profiles exhibit higher peak densities, as well as a
twofold increase in power gave only a modest increase in higher axially integrated density. For the single antenna the
maximum density, with almost no change in the vicinity temperature peaks 20 cm from the antenna centre, while the

1/2 kl\ B

3. Results

3.1. Single-antenna results
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Figure 3. Comparison of plasma parameters for single antenna excitation at 800 G (uniform field) and 20 mTorr, for RF
powers of 2 and 4 kW: (&) ion saturation current; (b) electron temperature; (c) plasma density. The ends of the antenna are
indicated by the vertical bars.

density peaks 60 cm from the centre. For the two-antennacomputed from this, shown in figure 7, indeed vary in
case, the temperature peaks have similar axial offsets fromopposite directions, but their magnitudes do not agree. The
the antennas, but the density maxima are closer to thediscrepancy is more pronounced for the dual-antenna case.
respective antennas. Rather than overlapping to doubleOther mechanisms must be at play, as evidenced also by the
the density, the density maxima move apart to maintain faster decay of: between its peak and the midplane when
a relative minimum at the midplane. a second antenna is added. These effects will be discussed
Previous results [10] have shown that the axial density in section 4.
variation can largely be explained by electron pressure
balance alongB; that is, asK7, decays away from the
antenna,n increases so as to keepK 7, approximately
constant. To check this, we measured the axial variation of At this point we made a number of changes in an attempt to

3.3. Dual antenna results at 1200 G

the floating potentialV, and obtained, with the, data, increase the density above't@m=3: (a) B was increased
the space potential; for the single- and dual-antenna by 50% to 1200 G, (b) the antenna spacing was reduced
cases (figure 6). The parallel forcesenE and —Vp by 20 cm to 75 cm; (c) the magnetic field was flared
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Figure 4. Radial electron density profile at z = 23.5 cm for single antenna excitation, with the same parameters as in
figure 3; Py =2 kW, B =800 G, p =20 mTorr.

in the antenna region; (d) a carbon block was inserted depletion and large axial gradients to a relaxed state with
into the pump end of the tube behind the antenna andsmall axial gradients and forces, resulting in a filling-in of
(e) higher pressures were scanned to find an optimum.the hollow region between the antennas. The duration of the
Previous experiments have shown that cusp fields andtransient state is consistent with that for a redistribution of
obstacles behind the antenna could increase the peak densitshe neutral density. Helicon plasmas have been found to be
by about a factor of two [12], but the effect was not efficient ion pumps; that is, ionized neutrals do not flow to
entirely explained. In the present experiment the cusp field the pump at their normal thermal speed but are accelerated
decreased the density under the antenna but did not havayy the pre-sheath potential to the ion acoustic velocity,
any effect on the downstream density. which is an order of magnitude higher. Consequently, the
Under these conditions, the discharge reached equilib- presence of plasma of densityl0'2 cm~3 greatly reduces
rium only after a transient state. Over most of the pressurethe neutral density below its initial fill value. The ion
range between 10 and 160 mTorr, a sharp transition waspmping effect was at first inferred indirectly [10] but has
observed early in the discharge. Before the transition, agjnce heen measured [15]; it will be evaluated in section 4.
transient state (up to 10 ms long) was characterized by very Compared to the results at 800 G, the decrease in
high axial nonuniformity, with high ion saturation current .o \na separation for this set of data had the general
observed close to the antennas but dropping significantlyefrect of increasing plasma uniformity, at least for the

between the ant_enna_s. After_the tr_ansiti_on, a Sta?"e IOI‘E‘sm"’bost-transition phase of the discharge. At low pressure,

was observeq with hlgh_er axial uniformity. The time €VO- atter the transition, one broad density peak was produced
lution of the ion saturation current at three axial locations between the two antennas. By increasing the pressure, the
Is shown in figure 8 for a pressure of 63 mTorr, at which density associated with this broad peak was increased. Past

the transition can be seen clearly. Axial profiles of plasma . " .
. . a certain critical pressure however, the single broad peak
parameters corresponding to the transient and stable phases

are shown in figure 9. For the transient phase the electronSIOIIt Into two separate peaks. This critical pressure was

temperatures were difficult to obtain accurately, owing to fouf_nd to ge ?3 mTo_rr, ct(;lrrespondlng tto f:seo res_IEJIts shovI\f[n
variations in ion saturation current over the duration of a !n Igure 5. Increasing the pressure to milorr resuits

sweep. Nevertheless, the axial nonuniformity for this case in the dat_a of figure _10’ where the axu_al nonuniformity _'S
is obviously very severe. The peak level of ion satura- clearly evident. At this pressure, doubling the power with

tion in the pre-transition phase of the discharge could be & S€cond antenna increases not the peak density, but only

varied by changing the pressure. Lower pressures causedh® temperature. N _ _
the transient phase to have a shorter duration, but with a _ Thus, the post-transition plasma of figure 9 gives the
higher peak level. At low enough pressure2Q mTorr) highest possible density with axial uniformity. The axial
the transient phase was very short or non-existent, with thedensity variation is approximately 10% for the range-
discharge settling quickly to its final equilibrium, as it did 20-70 c¢cm. This figure takes into account shot-to-shot
at 800 G without the carbon block. At lower pressure still reproducibility as well as any real density gradients that
(<5 mTorr), kilohertz instabilities in the plasma column may exist. The density of & 10" cm™3 obtained in
were very strong and precluded any serious measurementsfigure 9, although very high by normal plasma processing
At very high pressures>(120 mTorr) the transition was Standards, may be too low by a factor of 5 or 10 for
smeared into a gradual evolution, and a final equilibrium accelerator applications. It was not possible to increase
state could be reached only after lengthening the pulse. the density by raising the pressure and moving the antennas
The transition observed appears to be a change incloser together in order to overlap the density maxima from
discharge equilibrium from a state characterized by gaseach antenna. For pressures above the critical pressure
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Figure 5. Comparison of plasma parameters for single- and dual-antenna excitation at 800 G (uniform field), 20 mTorr and
4 kW (total): (a) ion saturation current; (b) electron temperature; (c) plasma density.

of 63 mTorr, a density minimum, rather than maximum, phase locked to each other, as they were for the above data.

always appeared at the midplane in the stable phase. Figure 11 shows the ion saturation current at 1200 G and
The density minimum suggests that some sort of 160 mTorr with two antennas driven by independent 1.4 kW

destructive interference could be occurring with dual power supplies at 27.12 and 13.56 MHz. A deep minimum

antennas. Axial beat patterns of helicon waves have indeedis seen at the midplane; the minimum in density would be

been seen in the past with a single antenna [16]. This Shallower, but no correction fdf, variations was possible

explanation, however, fails on three counts: (1) the beat in this case. We believe that the minimum can only be

patterns from each antenna cannot interfere destructively,caused by gas depletion.

since they are fluctuations iB| without regard to phase;

(2) the wavelengths of the waves are much shorter thang  Analysis

the scalelength of the density dip and (3) downstream

ionization has only a minor effect on the density in any The effect of the ion pumping mechanism can be estimated

case [10]. As a further check, the experiment was repeatedas follows. First, we compute the gas inlet rajg per

[17] with antennas powered from oscillators that were not mTorr of fill pressurepy from the known pumping speefi
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Figure 6. Axial profiles for the floating potential and the space potential (computed from the measured temperature).
Operating conditions are as in figure 5.

of the pump. Thus, before the discharge is turned on, the The electrons are assumed to follow the Boltzmann relation
neutral density:,o is given by 1, = noexped/KT.) @
qopo = Snno(po). @) even in the presence of a magnetic field. Electrons
o are known to communicate across field lines in devious
After a plasma of average density) is created over a  avs in order to thermalize more rapidly than classical
Cross sectloqal ared, the flow of ions to _the_pump (where theory would predict (Langmuir's paradox). Because of
they recombine and are pumped out) is given(byAc;, this unpredictability, we do not attempt to compute the
wherec, is the ion sound speed = (KT./M)"2. The transverse diffusion rate of the electrons. Rather, we
remaining neutrals of density, are pumped out at the rate  3ssyme that the radial losses are controlled by the loss rate
S. Since the input rate is unchanged, the neutral density in of the nearly unmagnetized ions, and that the electrons will

the presence of plasma is given by follow the ions in order to preserve quasineutrality. In
steady state, the radial component of the ion equation of
n, = (qopo — (n)Acy)/S. 3 motion is
We see than, is reduced to zero if the plasma density is enE, — y;KT;n' — Mnv;ov, =0 (5)

too high. Figure 12(a) shows, as a function of(n) for
various fill pressuregyg.

The equilibrium plasma density is reached when the KT, n
ionization rate equals the loss rate. The ionization @te Er=- e n ©)
is simply (n,)n,{ov);,,. Though the ionization probability
(ov)i0n is a function ofT,, for this estimate it is sufficient to
take KT, = 3 eV, as we did in computing,. The function
Q(n) is shown in figure 12(b). To estimate the loss rate in a 2w
simple fashion, we must make some physical assumptions. = vion ™

wheren’ = dn/dr, and E, is given by equation (4):

Neglecting theT; contribution to ¢;, we obtain from
equations (5) and (6)
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Figure 7. Values of the two dominant terms in the axial force balance equation calculated from the data of figures 5 and 6,
for the cases of single- and dual-antenna excitation. The opposite signs of the electric and pressure gradient forces shows a
tendency toward electron pressure balance along B.
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Figure 8. Temporal evolution of the ion saturation current at 1200 G and 63 mTorr at three axial positions z: 12 cm (close to
antenna 1), 28 cm (close to the midplane) and 58 cm (close to antenna 2).

The ion—neutral collision frequency is given hy, = as KT, but with a much longer scalelength. To evaluate
e/Mu, whereu = 1.2 x 10/py cn? st V1 is the equation (7), we approximate the profile of figure 4 with
measured mobility of At in Ar [18]. The plasma loss rate  the parabola

is given by the integral ofv, over the cylindrical surface r?

atr = a. We may neglect the axial losses, which also scale n=no (l N ﬁ) ®)
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Figure 9. Axial profiles of (a) ion saturation current and (c) floating potential for the transient and stable phases of the
discharge at 1200 G and 63 mTorr, taken at t = 36 and 65 ms, respectively (figure 8). Axial profiles of electron temperature
and density in the stable phase are shown in (b) and (d).

with a?/w? = 0.8; this yields a value(n) = 0.6ng However, for our parameters this point is barely reached
for use in equation (3). Since equation (7) diverges as at equilibrium. The computed loss rates are shown in
vio — 0, in principle a flux limiter should be used when the figure 12(b) and intersect the ionization rate curve@ats
mean free path becomes too long at low neutral densities.4 x 10 cm=2 for 160 mTorr and~1.5 x 10'® cm=2 for
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63 mTorr, in excellent agreement with the observed density
limits considering the simplicity of this zero-dimensional

100

Figure 10. Axial profiles of (a) ion saturation current, (b) electron temperature, (c) floating potential and (d) plasma density at
1200 G and 160 mTorr. This pressure is above the critical pressure for axial uniformity.

Apparently what happens in high-intensity, high-
pressure, dual-antenna helicon discharges is the complete

depletion of neutrals at the midplane. The ionized neutrals
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Figure 12. Computations of ion pumping effect: (a) neutral density against average plasma density at different filling
pressures; (b) ionization rate and ion loss rate per unit length against average plasma density at two pressures.

are driven at the acoustic velocity to the endplates (one because of the absence of neutrals and because the damping
of which is the carbon block), where they recombine and length of H/TG waves is likely to be short in the high-
flow back into the discharge. However, these refluxing density region. This picture would explain why the density
neutrals cannot reach the midplane because their mean fre@eaks occur closer to the antenna at higher pressures and
path against ionization by a ¥ocm 2 plasma is only ~ why a density minimum can occur at the midplane.

~2 cm. Thus a high neutral density builds up in the antenna

region, increasing the rate of ionization there by coupled 5. Conclusions and projections

helicon/Trivelpiece—Gould waves [19]. Plasma produced

in this highly collisional region is lost radially before it can By applying 2 kW of RF power to each of two helical
reach the midplane. Downstream ionization does not occurantennas separated by 75 cm, a plasma ef ' cm=3
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density, uniform tat-5% over 50 cm, has been generated in completely any number of neutrals that may be injected.
63 mTorr of argon with a 1.2 kG magnetic field. Attempts The plasma radius cannot be reduced further because of
to increase the density by increasing the pressure faileddiffusion, andv can be increased only by using a lighter gas
because a density minimum appeared at the midplane, andr by heating it. It would be counterproductive to increase
the separated density maxima did not exceed the densitythe RF power, since that would lead to highter and thus
achievable with a single antenna. This behaviour was higher P;. To increase:, beyond 16* cm=3, one would
explained by the depletion of neutral gas between the have to use a gas withlawer value of P, and allow7, to
antennas due to the ion pumping effect at these high decay away from the antennas to decreBséurther.
densities. These results suggest that higher densities can The calculation above can be made more realistic by
be achieved with better gas feed. For instance, gas puffingaccounting for refluxing of the neutrals. & m long
can be used, or a large plenum [6] can be built around the discharges, the dominant ion loss is in the radial direction,
plasma column so that stored gas can be fed radially intobut this does not represent a loss of neutrals, since the
the plasma during the pulse. With axially uniform neutral escaping ions flow to the end walls of the gas plenum and
fuelling, the high degree of ionization in these devices recombine there to replenish,. The ions escaping along
assures that no large axial gradients in either potential or By, however, recombine in a pumping chamber, where the
density can occur, and axial scalelengths of the order of neutrals are removed. Assuming that the ion density at the
metres should be routinely achievable. Since the radii of sheath edge is about/2, we can write the ion loss rate as
such discharges are of the order of centimetres, the radial
scalelengths should be much larger than those obtained with I, = 2na2%nics (12)
laser ionization.

The possibility of exceeding the density limit of Wherec is the ion acoustic velocity. Equating this Iy,
~10 cm 3, however, leads to surprising conclusions. in equation (9), we obtain
Consider a large cylindrical chamber (figure 13) of radius
R (=20 cm) and lengthl. (=1 m) with helicon sources ny = z“;f‘ni =~ 0.14n; (13)
of radiusa (=1 cm) at each end injecting = +1 waves Lv
toward the midplane. The chamber is filled initially with — for our illustrative parameters. Thus a pressure of less than
po mTorr of argon at 25C, and the stored gas flows 1 mTorr is required at a density of ¥0cm™3, as far as
radially into the plasma of radius ~ 1 cm when the  peytral balance is concerned. lon balance, however, is more
discharge is pulsed on. lonized neutrals are ion-pumpedgyringent. The number of ions created per second is equal

through the small tubes into large pumping stations, where i the rate of ionization given in equation (10). The loss of
the recombined neutrals are removed; to be conservative,ons py radial diffusion against neutrals is

we assume no refluxing of the gas. The acoustic transit

time acrossr is of order 0.6 ms, so that transient density 1, = 27aLnuv, nv, = —Djodn/dr ~ Dion/%a (14)
gradients will have decayed a few milliseconds after the

plasma is fired, and the gas will flow inward in steady, where D, = T; (eV)u. Setting equations (10) and (14)
shear-free molecular flow with a mean free path~df cm equal to each other yields

at 5 mTorr. As a neutral atom enters the plasma, its mean

free pathr,, against ionization varies from 18 to 0.2 cm as ps=14x10"T;/fa®P,. (15)
T, varies from 2 to 4 eV, fom, ~ 10 cm=3. Consider

first the simple case of, < 3 eV, whenk,, is not «a ForT; = 01eV,a=1cm P, =2x101%cm® s?
andn, can be considered to be distributed throughout the (7. = 3 €V) and f = 0.7, the required pressure is

plasma. po ~ 10 mTorr, regardless of.
The flow of neutrals into the plasma at= a is At densities well above 0 cm3, the neutrals will
be ionized in a skin layer before reaching the axis, and the
[y = 2mwaln,v/4 9 plasma created near the surface will diffuse both inward and

outward from there. lons diffusing outward will flow to the
whered ~ 4 x 10* cm s is the argon thermal velocity at  end walls of the plenum and recombine there; as before, this
300 K. The rate at which neutrals are consumed is flow does not represent a loss of neutrals. lons diffusing
inward will form a squarish, slightly hollow density profile
and will be lost by axial flow into the pumping sections.
The neutral density, for r < a now falls inward from the
outside valuen, = n,(a), as described by the continuity

Tioss = fﬂaannnePi (10)

where P; = (ov);,, is the ionization probability and is
a form factor accounting for the mild radial gradientin

Equating (9) and (10), we find that, cannot be found this equation 19
way, whilen, is given by 5y rnnvr) = —nane P (16)
ne=19/2aP; f (11) Here, v, is the fluid velocity, which we assume to be
constant and approximately equal t&/4. The solution
regardless opg. Fora = 1 cm, andP; = 2x101%cm? s of equation (16) is
(argon atk T, = 3 eV), andf ~ 1, the density is fixed at
n. x 10 cm=3. This density apparently suffices to ionize ri, = ang € @/ 17)
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Figure 13. Conceptual sketch of an ultrahigh-density helicon source with a gas plenum.

where _ to come into equilibrium and yet short enough thatdoes
L= v (18) not change appreciably during the pulse. Alternatively, one
4n, P; could design the plenum to have a radial acoustic resonance
is the ionization skin depth. The total ionization rate is in the kHz regime, so that the plasma can be pulsed in
given by synchronism with pressure maximara& a.
. Finally, we consider the RF powd¥.; needed to create
v _ L/ nane P.2r dr = 2waLngn, P8;(1 — e~9/%). a plasma of density £0cm=2 with po = 5 mTorr. All the
dr 0 neutrals entering the plasma at the ratg (equation (9))

19)
Here we have used equation (17) and assumed uni@@rm
Equating this to the axial loss rate given by equation (12),
we can solve for the required neutral density

are ionized, amounting to % ionizations s! for the
parameters of our example. Accounting for inelastic
collisions, the average energy expended in creating each
ion—electron pair is computed [20] to be about 50 eV at
ac, ac 7,\12 T, = 3 eV. Thus a}Prf of 8 kW is required, or only
= =2——n, = (871—) —n, (20) about 16 kW even if we include a safety factor of two.
2L Fid; Lv To L This extrapolation is highly conjectural and is based on the

where Ty is the neutral temperature. Note that the use of belief that proper gas handling will overcome the problems
equation (18) has caused the sensitive functRyT,) to encountered in the present experiment. Saketva have
cancel out. Foru = 1 cm, L = 1 m and7, = 3 eV, achieved densities- 10" cm2 in a geometry [21] similar
we find that a pressure of 10 mTorr will provide neutral to that proposed in figure 13, but the experiment was not
balance up to 2 10 cmr3. For ion balance, we can pushed to the 6 cm™ densities envisioned here.

use equations (19) and (18) for the ion creation rate and
equation (14) for the ion loss rate, except that the density
scalelengthu/2 should be replaced b§ or something of
that order. These equations then give

ng
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