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Abstract

An energy analyzer with the capability of making fast time-resol\
measurements of the instantaneous electron current in a radiofrequency plasma h
designed and constructed. This current is then reconstructed into the instantane:
characteristic at opposite phases of the RF cycle. Results are shown for the helicc
discharge under various conditions. From the first derivative of the I-V characteristic
observed that there is a lack of high energy electrons characteristic of strong L
damping, suggesting that some other mechanism is responsible for the discharge

ionization efficiency.

PACS numbers 52.50.Dg, 52.70.Ds, 52.80.Pi



that the energy of the tail could be controlled by changing the RF frequency. Molvik et al
[7,8] recently used an electron energy analyzer to detect a 20 eV pulsed electron bear
which was consistent with the measured phase velocity of their helicon wave. Most
recently, Chen and Hershkowitz [9] measured multiple electron beams in a helicon
plasma which had qualitative agreement with the measured spectrum of phase velocity.

The one common element that these experiments share is that all of the important
data was obtained using electrostatic probes or similar diagnostics. Unfortunately,
measurements done with such tools are often mistakenly regarded as simple anc
straightforward. In actuality there are often many complications that can arise which are
not easily detectable which can lead to a misinterpretation of results. This is especially
true for the helicon discharge, where there may exist RF fluctuations in the temperature,
density, and potential. The averaging of these changes can lead to a distorted
characteristic (figure 2) which looks very much like the expected result from Landau
damping distortion. In the aforementioned experiments these problems are only lightly
addressed; the design of diagnostics and acquisition of data is only briefly touched upor
in comparison to its interpretation.

In our experience we have found the design to be the more important concern .
The first attempt at a solution was the design of a narrow band high impedance probe
[10]. The high impedance circuit acts as a voltage divider between the fluctuating sheath
voltage and the rest of the probe circuit as shown in figure 3 (a). The probe will follow

the voltage oscillations by satisfying the condition

1 Zs

KT, Zgy#Z, et ©)



with Zg, the sheath impedancg, the probe circuit impedance, andlj,sma the RF

fluctuating part of the plasma potential. As seen in figure 3 (b), this "compensated"” probe
gives very different results from an ordinary probe. On cursory analysis, the normal
probe characteristic would seem to indicate a large population of fast electrons.

Although this probe was a great improvement over the simple uncompensated
design, it still only addressed one problem, that of fluctuating potential. Any fluctuations
in the distribution function itself would still be averaged or masked altogether. This
became a greater concern after the experiments of Ellingboe et al. [11], where a stron
RF modulation of an Afr emission line was observed. The intensity peak was also
observed to propagate along the magnetic field with a velocity close to the helicon wave
phase velocity. This seemed to indicate a population of energetic electrons moving
through the plasma which are accelerated during a specific phase of the wave anc
traveling at the wave phase velocity. To further investigate this possibility, it would be
necessary to measure the instantaneous distribution function at specific phases in the R
cycle. It is to this end that we designed an energy analyzer capable of such a

measurement.

Energy Analyzer Design
In a plasma with a time varying distribution function and potential, the
instantaneous current to a flat surface biased at potential V with respect to the plasme

potential can be written as
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where, is the potential at timé=t,, andy;, andv, are the parallel and perpendicular

components of the velocity with respect to the surface normal. The second term in this
expression is due to the capacitive current generated by the time varying plasma sheatt
The sheath capacitance can be derived by approximating an ion sheath thickness from tr

Child-Langmuir law. This capacitance is approximately [12]
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with Ay, being the sheath area afdthe ion flux through the sheath, which in general is

also a function of potential. When a probe measurement is performed, there is no mean
by which the observer can separate these two currents, which can have disastrous resu
when the second term becomes comparable to the first. Figure 4 shows a comparison ¢
this capacitive current with the electron current in a Maxwellian plasma. The small
currents from higher energy electrons are in some instances smaller than the capacitiv
current. It is therefore crucial to reduce this capacitive current to as small a value as
possible, otherwise it could be mistaken for current from hyperthermal electrons. If it
were not for this capacitive current, the instantaneous EEDF could be obtained using ar
ordinary Langmuir probe. The key function of the energy analyzer is to separate the
electron current from this unwanted signal; in fact, this isotilg way to do this with a
probe-based diagnostic.

The principal difference between a gridded analyzer and a Langmuir probe is that
the surface which actually collects the electrons in an analyzer has no plasma sheat

around it. The sheath is instead formed around a discriminator grid set in front of a



collector. Since there is no sheath, the capacitive current to the collector will be reducec
to the capacitive current between itself and this grid.

These considerations affect the design in two essential ways. First, the grid
spacing must be small enough to shield out any plasma from passing through it. This car
be guaranteed by making< A, with | the grid spacing and, the plasma Debye
length. The grid for our analyzer was made of 2000 Ipi nickel mesh, which gives a grid
spacing of about one micron. With the highest density plasmas we could produce, on the
order of 1@3 cnt3, this would be about three Debye lengths at a temperature of 3 eV; but
even under these conditions, we could expect that, in the retardation region at least, th
grid would sufficiently block any plasma from reaching the collector. Second, the spacing
between the grid and the collector must be less than any electron collision length to
ensure that the electrons which pass through the grid reach the collector unimpeded, an
that no ionizing collisions occur in the region between the two. This was a much easier
condition to satisfy, since for our parameters all the collision lengths were a centimeter or
more, while the spacing between the grid and collector was only 2 mm. The physical
layout of the analyzer is shown in figure 5 (a).

The fact that the analyzer would be working in an RF environment and collecting
high frequency signals required additional modifications. The discriminator grid was
shunted to the grounded stainless steel housing of the analyzer with a 10 nF capacito

(Cy) to hold it at a fixed potential. This capacitor forms an impedance divider between

the plasma and collector plate to suppress the capacitive current signal. This is effective
for values ofC, >>C,, whereC, is the plasma sheath capacitance. This was satisfied
for all experimental conditions. The collector and grid were wired to the biasing and
measurement circuitry with 50Q micro coax, and the signal from the collector was
terminated in a matched load. We found from past experience that this type of

transmission and measurement setup gave the best frequency response. All shields we



grounded at a single point at the output of the matching circuit. Figure 5 (b) shows the

electrical schematic of the analyzer.

Experimental Procedure and Results

The experimental apparatus used is the 10 cm diameter helicon plasma source
which has been described in detail elsewhere [13]. It consists of a 10 cm diam cylindrical
pyrex chamber 100 cm long surrounded by eight large magnetic field coils, which can
supply a magnetic field in the range 350-1000 G. The RF antenna strapped to the outsidt
of the chamber can be placed at various positions along its length. The energy analyze
was in all cases oriented with the grid perpendicular to the magnetic field. A drawing of
the experimental setup is shown in figure 6.

To test the accuracy of the analyzer, an electron gun was built. The gun (fig 7 (a))
consisted of a heated tantalum filament wound in a 3 cm diam spiral and negatively
biased to act as a cathode. A tungsten screen was positioned 3 mm in front of it to act a
an anode. Figure 7(b) shows the electron emittance curve of the gun with the anode
grounded, where the electron beam current closely follows the Child-Langmuir law. The
anode was then capacitively coupled to a function generator so that the intensity anc
energy of the electron beam could be modulated. This apparatus was mounted on one er
of the discharge chamber, with the analyzer facing it through a vacuum feedthrough from
the opposite end. The discriminator grid voltage was set with a variable power supply
while the collector was biased with a +300 V battery to collect electrons and repel ions.

Figure 8 shows a representative DC vacuum characteristic of the beam as
measured by the analyzer. With the capacitive current eliminated, in the electron
retardation region, the first derivative of this current is related to the EEDF from equation
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Thus for an isotropic plasma this derivative represents the actual distribution of electron
energy as shown in figure 8. When this beam is fired into argon gas, it creates a plasm:
with a distribution function similar to those previously observed for the helicon discharge
[4,5,9]. Figures 9 and 10 show the evolution of this distribution function over pressure
and distance of propagation from the gun. This gave us a firsthand reference for the
characteristic features we would later be looking for in the helicon plasma.

With the analyzer working satisfactorily on our simple DC plasmas, the next task
was to evaluate its performance in a time varying situation. A 13.56 MHz modulation
signal was applied to the anode, which simulated the effect of a rapidly changing
distribution function. As the anode voltage is varied, the energy and amount of electrons
emitted from the filament changes. When the beam is fired into argon, the resulting
plasma also has its potential modulated. We can then simulate a plasma with a changin
distribution function and a changing potential. As these parameters change, the collecto
current will be a nonlinear mapping of the anode voltage. Figure 11(a) shows the
instantaneous electron current in a weakly ionized electron gun produced plasma with the
anode modulated. By varying the analyzer's grid voltage, we can record this signal at

specific phase in the RF to reconstruct the current voltage characteristic at a specific time



or equivalently, at a specific distribution function and plasma potential. Essentially we
would be taking a "snapshot” of the rapidly changing characteristic. This is a logical,
more detailed extension of the measurements reported on by Molvik et al [7,8], where the
instantaneous current signal at one fixed grid voltage was measured.

A test of this reconstruction method was performed by first measuring the
characteristics at two DC operating points, set by adjusting the filament bias. The bias
was then set to the midpoint of these two voltages, and a 13.56 MHz sine wave
modulation signal was fed to the anode. The peak-to-peak amplitude of the anode signa
was adjusted to match the voltage difference between the two operating points. By
recording the current signal to the collector at the phases of the anode signal
corresponding to these extreme points and varying the grid voltage, we had snapshots th:
we could compare with the DC characteristics. Figure 11(b) shows that the curves
reconstructed from the modulated beam almost lie on top of the curves measured unde
DC conditions. The same procedure was duplicated using a moderate density plasmi
(n= 1011cm_3), the results of which are shown in figure 12. Again the reconstructed
curves showed excellent agreement with the DC curves. For comparative purposes
measurements of the time-averaged characteristic were taken using an RF compensate
Langmuir probe, as described earlier. As could be expected, this probe characteristic fel
approximately between the DC curves. The electron temperature measured was slightly
higher (40%); and figure 13 shows that, for a plasma with a pronounced high energy tail,
the RF modulation causes these fast electrons to be preferentially suppressed in the prok
characteristic. This in fact validates earlier arguments [14] that such compensated probe
were unreliable diagnostics under exactly the circumstances predicted.

With testing completed, the analyzer was then used to measure the characteristic:
of antenna-driven plasmas. A high-bandwidth digital storage scope was synchronized to

record the maximum and minimum of the current corresponding to the most negative and



most positive phases of the oscillating plasma potential, 180° apart. Positioned at the
midpoint of the chamber was a Nagoya Type Ill antenna, 20 cm in length, driven by a
13.56-MHz variable-output generator capable of supplying P < 1.8 kW. The plasma
density was set in the rangélz—lolscm_s. These are similar to the parameters used

in previous experiments in which accelerated electrons were reported [4-9] and also fell
below the expected breakeven density when the collisional damping frequency overtakes

the maximum Landau damping frequency calculated by Chen [1] as

ndcm™ %) = 1.63x 10", which at 13.56 MHz is abo@x 10%cm™°.

Each data point was averaged over several plasma pulses using LabVIEW
software. The entire characteristic was typically 500 points and required about an hour to
produce and record. The data curves were smoothed by least squares fitting consecutiv
intervals of the I-V characteristic to a third order polynomial. Each interval ranges over
11 data points, which was found by trial and error to be an optimum number. By shifting
the interval one data point at a time, the numerical noise is reduced sufficiently so that
meaningful curves of the first derivative are obtained. Figure 14(a) shows an example of
the analyzer characteristic at the two opposite phases in the RF cycle. Also shown in
comparison is the characteristic from a compensated Langmuir probe. All three curves
indicate exponential dependence over three decades of signal level, indicative of &
Maxwellian distribution with E between 3 and 3.5 eV.The first derivatives shown in
figure 14(b) also indicate a good exponential fit over three decades. There is a slight
difference (<20%) in the temperature that is obtained from these curves, which is within
the statistical error found in previous measurements with Langmuir probes. The analyzel
could resolve current densities down to better than O.lcmﬁ/ while the total bulk
electron current density under typical experimental conditions was several AThis

gives energy resolution over more than three decades and was more than capable «



detecting any non-Maxwellian beams which had been previously reported to have curreni
densities greater than 10 oAt [4,5].

Figure 15 shows the resulting curvesf(Ji”) vS. neutral gas pressure at 360 G

magnetic field and the maximum RF power of 1800 W. The average parallel electron

1 2 . :
energy calculated from the average valuebof émv” was unrealistically high, at

around 5 eV. This is most likely due to two factors. First, due to its finite size the probe is
not acting as an ideal planar probe, so that in fact a sampling of the perpendicular
energies is included, since the probe sheath probably has a convex rather than plan
shape. Second is the lack of digital bandwidth, or number of points sampled. Both of
these effects produce a rounding effect of the characteristic near the plasma potential an
subsequently can underestimate of the number of low energy electrb(lvﬁ) inFor our
purposes this is an unimportant point, since the high energy regions of the curves are
where our attention is focused; and it is a feature of the distribution function in these
regions, rather than the quantitave values of electron energy and density, with which we
are concerned. Nevertheless, an electron temperature can be estimated from a
exponential fit to the high energy portion t{Tv”), and the variation of pressure over a
decade causes a drop of only about 1 eV. More importantly, there is the absence of an'
abundant number of fast electrons, in contrast to results in our beam-produced plasmas
where some deviation from a monotonically decreasing function was sé(arﬂ)ireven

at high pressures and large distances from the gun.

The next logical parameter to change was magnetic field strength since according
to theory [1] and previous experiments [15-17] this has a dramatic effect on the wave
propagation, and consequently, on the distribution function due to wave coupling. Figure
16 shows the results of this variation of magnetic field over four values. There is a

decided drop in electron energy in going from the unmagnetized plasma to the helicon
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plasma, which is due to the fact that there is a large increase in plasma density and henc
collision rate. However, again none of the curves exhibit any pronounced deviation from
monotonically decreasing, quasi-Maxwellian distribution functions.

It is apparent from these sets of curves that we were not observing any significant
number of fast electrons. This negative result has the following physical implication.
With the detection limit of the analyzer at approximately3itimes the thermal electron

current, for a 3 eV Maxwellian plasma any hot electrons not seen would have to have
energy such that they satisfy the inequalﬁVzexp (—E/k‘|;)< 10~3. This has a

solution of E=25eV; electrons with this energy would only comprise approximately

.02% of the distribution function. Now higher energy electrons would have to have even
lower density in order to escape detection; in fact, the most that there could possibly be tc
remain undetected at any particular energy would.be 1073 xEY? withE being the
electron energy. Let us say that we have the maximum number of such fast electrons al
the way out to some unrealistic value such as say, 200 eV. The entire integrated
contribution of all of these electrons would only increase the ionization rate by a little
more than 10% over a simple Maxwellian distribution. Clearly, any Landau-accelerated,
wave trapped, or other high energy electrons have a negligible contribution to the

ionization rate.

Conclusions

The principal difference between this and priorkvis that the diagnostic used
was experimentally demonstrated to function reliably under conditions similar to the
helicon discharge. Although some authors do present convincing arguments as to why
their probes are trustworthy, there has been little if any empirical data to support these
claims. This is largely due to the limited amount of control the experimentalist has over

the discharge parameters, so that it is at least extremely difficult to empirically assess the
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performance of the probes and the effects of RF fields on them, i.e., there is no null tes
available since large RF fields are always present. By constructing an electron gun with &
modulated anode, we were able to bypass this problem, test, and debug the analyze
under controlled conditions. To the best of our knowledge, this procedure has not beer
carried out with any probe diagnostic in RF plasmas to date.

The second point of these measurements is that for the first time the characteristic
of a helicon plasma has been measured completely free of any possible distortion fromr
RF effects, either through changes in the probe-sheath voltage drop or changes in thi
distribution function itself. The curves we were able to construct are frozen snapshots of
the current-voltage characteristics. No inferences or speculations need be made about tt
electron energy since all of the information is contained in the curves. This presents us
with a much more complete picture of the thermal properties of the plasma than can be
made by integrating the high energy tail only [7] or by observing the ion emission [11].

Finally, using a new diagnostic and data acquisition method, we found that our
results disagreed with all previous experiments where fast electron bhesesbserved.

Our measurements with the energy analyzer described in this chapter do not confirm the
observations of previous experiments, nor do they lend credence to the notion of large
populations of hot, non-Maxwellian electrons being present in the helicon discharge.
There was also good agreement with the analyzer data and that obtained using R}
compensated Langmuir probes, which is not surprising, considering that no significant
change was observed in the analyzer characteristic at opposite phases of the RF cycl
Given the current resolution capabilities of the analyzer, any such hyperthermal electron
beam would comprise at mo&t4 x 10™* times the bulk electron population in our

discharge. Yet on the macroscopic level in terms of power efficiency, there is negligible
difference between this source and others where such beams have been reported ai

attributed to being the fundamental mechanism for such efficiency. In light of these
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facts,, the only reasonable conclusion is that the role of power absorption through Landat

damping has been exaggerated.
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Figure Captions

Figure 1. Computed curves showing an example of the effect of Landau damping on the
distribution function (a) and the corresponding probe characteristic (b). The dashed lines
show the curves from an ordinary maxwellian. A small distortion (2%) around 3<u<5 of

the distribution function ((a) inset) leads to a significant change in the measured current.

Figure 2. The mechanism and result of RF distortion: (a) illustrates how the swing in

voltage maps out a current with a non zero time average due to the changing functiona
dependence of the probe characteristic; (b) shows numerically computed characteristic:
for different amplitudes of RF voltage at the probe plasma junction, showing the severe

distortion caused by the time averaged currents collected at different voltages.

Figure 3: A simplified circuit diagram of the compensated probe (a) and its measured
characteristic compared with an undercompensated probe (b). Both curves were recorde
under the same plasma conditions. The solid line represents the poorly compensate:
probe characteristic, which on cursory inspection would seem to have a more energetic
population of electrons. Even with filters installed, it does not satisfy equation 3., and

thus suffers distortion due to the oscillating sheath potential.

Figure 4: Computed plot of the ratio of capacitive current from eq. 4 to electron current
for three plasma densities in units of &rfor an electron temperature of 3 eV. The

measurement of energetic electrons becomes increasingly more susceptible to error &
capacitive current from the oscillating sheath becomes comparable to the real electror

current with increasing sheath voltage.
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Figure 5. (a) Physical layout of the analyzer, shown at approximately 2X actual size. (b)
Electric circuit equivalent. The grid (1) is biased with variable DC power supply (5) and
shunted directly to the stainless steel housing through the capagi{8).d he collector

set 2 mm behind the grid is biased with a +300 V battery while another shunting
capacitor (6) offers a low impedance path for the high frequency signals. To insure good
shielding against unwanted stray signals and good frequency response, the collector an
grid are connected to their respective biasing circuitry through copper jacketed 50Q

micro-coax, with the collector current being measured with a 50Q scope termination.

Figure 6. Diagram of the experimental apparatus. The analyzer is positioned 20cm

downstream of the antenna for RF plasma measurements.

Fig. 7. (a) Electron gun setup with modulated anode. (b) The vacuum operating

characteristic of the gun in the space charge limited regime.

Figure 8. Energy analyzer collector current characteristic and the normalized first
derivative of the electron beam fired into vacuum. The gun is 50 cm away with a filament

bias of -52V while the DC magnetic field is 350 gauss.

Figure 9. Evolution of the beam-plasma distribution function with increasing neutral gas
pressure at a distance of 5 cm from the electron gun. The gun is DC biased at -80V witF
the anode removed. The beam electrons, characterized by the bump, become depleted |

ionizing collisions and to some extent heat the bulk plasma as pressure is increased.

Figure 10. Evolution of the beam-plasma distribution function with increasing distance
from the electron gun at a neutral gas pressure of 5 mTorr. The increasing distance
thermalizes the beam faster than the increasing pressure, and after 20 cm the distributio

function has gone from double humped to monotonically decreasing.
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Figure 11. (a) Instantaneous current to the energy analyzer due to fluctuations in plasmi
potential and density in a gun-produced plasma with the anode modulated. (b)
Reconstructed analyzer I-V curves of the RF modulated electron beam in vacuum 180°
apart in phase (solid lines), compared to the DC generated curves (dashed lines) witt

corresponding voltage difference.

Figure 12. Reconstructed I-V curves taken by the energy analyzer of the electron-gun-
produced plasma with the anode modulated, as compared with the DC characteristics
The center curve is the non-reconstructed, time-averaged curve obtained from an RF

compensated Langmuir probe.

Figure 13. The characteristic from a RF compensated Langmuir probe taken in a gun
produced plasma with a large percentage of fast electrons (dashed line). Modulating the
anode at 13.56 MHz causes the shape of the characteristic to change dramatically in th:
the thermal portion of the two curves still infers the same bulk temperature, but with the

anode modulated there appears to be a depletion of high energy electrons.

Figure 14 (a). I-V characteristics taken by the analyzer (solid lines) and a compenstaec
Langmuir probe (dashed line) in a helicon plasma at 2 mTorr Ar, 1 kW, 360G, and 20cm

from the antenna. The analyzer curves were reconstructed from signals at the maximun

and minimum of the RF fluctuationsg®® apart.

Figure 14(b) The first derivative of the analyzer curves shown in Figure 14(a) with the
voltage axis shifted to represent electron energy. The slight separation of the curves i
due to a small uncertainty in the plasma potential and is left in to make the curves

visually distinguishable.
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Figure 15. The first derivative of the analyzer I-V characteristic vs pressure in a helicon
plasma at 1800 W and 360G magnetic field 20 cm downstream from the antenna. In the
higher energy thermal region (E>5eV) and beyond we can calculate from the slope an
electron temperature in the range of 2-3 eV as the pressure is dropped from 60 to &

mTorr.

Figure 16. The first derivative of the analyzer |-V characteristic vs magnetic field

strength in a helicon plasma at 1800W and 2 mTorr Ar pressure 20 cm downstream from
the antenna. As previously observed [18], the electron temperature inferred from the
characteristic of the unmagnetized plasma gives a higher temperature, most likely due tc

the lower density and collision rate.
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