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ABSTRACT

Electrostatic flow-driven instabilities have been predicted in the presheath region of low-temperature plasmas for both ion and electron rich
sheaths. The ion-acoustic fluctuations that arise from these instabilities can influence transport through an enhanced collision rate. In this
work, ion fluctuation spectra were measured using laser-induced fluorescence (LIF) in the presheath region for both sheath polarities. The
non-invasive nature of LIF compared to that of probes is particularly valuable for these measurements because the sheath and presheath
around a probe may generate their own flow-driven instabilities, which obscure the measurement. Measurements were made using a recently
implemented field programmable gate array-based system able to measure ion fluctuation spectra up to 1 MHz using a two-point correlation
function technique. Narrow bandwidth ion fluctuations were observed near 0.46f,; (460 kHz) for both sheath polarities, where f,; is the ion
plasma frequency. The observed fluctuations were significantly stronger in the electron sheath case and were observed over a larger volume
of plasma. Fluctuations were measured in the ion sheath case at locations far enough from the sheath that linear theory predicts stability, sug-
gesting that ion-acoustic instabilities generated in the relatively small unstable region near the boundary reflect from the sheath and perturb
a much larger volume of the plasma. This is expected to affect probes with both ion and electron rich sheaths, meaning any dc biased probe

may effectively act as an ion-acoustic wave antenna. These measurements are consistent with the recent theory and particle-in-cell results.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142014

I. INTRODUCTION

Sheaths play an important role in bounded plasmas by governing
the loss of charged particles from the system. Instabilities in the
boundary region are generally not considered; however, the presheath
is susceptible to ion-electron streaming instabilities that can influence
transport through instability-enhanced collisions.' * A modification to
the collision rate in the presheath is expected to impact many impor-
tant applications, such as modeling of steady-state plasma conditions
and plasma-surface interactions, as well as the interpretation of
Langmuir probe and other probe-based measurements.

Measurements of the fluctuations generated by these instabilities
have, until now, been limited to probe-based diagnostics’ and particle-
in-cell (PIC) simulations.”” Probe-based measurements of this kind
are not ideal because the sheath and presheath around a probe may
generate their own flow-driven instabilities, which obscure the mea-
surement. In this paper, non-perturbative measurements of these
fluctuations, collected using laser-induced fluorescence (LIF), are pre-
sented for the first time. Narrow bandwidth ion fluctuations were
observed near 0.46f,; (460kHz) for both ion and electron sheaths,
where f,; = (4mne*/ m;)"/? /27 is the ion plasma frequency.

In low-temperature plasmas, electrons generally have a greater
mobility than ions. As a result, most sheaths in these systems are ion
rich so that the sheath potential gradient repels most electrons, allow-
ing the bulk plasma to remain quasineutral. The sheath potential gra-
dient also produces an ion flow toward the boundary. At steady-state,
this flow must satisfy the Bohm criterion,’ which requires that ions
enter the sheath at the ion sound speed ¢; = /T./m;. To satisfy this
requirement, a quasineutral presheath region accelerates ions through
a small potential drop of approximately T./2e over a much larger-
scale region than the sheath, which is often associated with the ion-
neutral mean free path.”* Electrons in the presheath do not develop a
flow-shift and follow a Boltzmann density distribution.” Examples of
typical ion sheath and presheath potential profiles can be observed in
Fig. 3 for cases where the boundary potential ¢ is negative relative to
the plasma potential ¢,,.

The presheath is susceptible to streaming instabilities due to the
flow-shift between ion and electron velocity distributions in this
region. Instability-driven ion-acoustic fluctuations are predicted to
occur when the flow-shift V; exceeds a threshold value dependent on
the electron to ion temperature ratio and neutral gas pressure.' The
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ion-acoustic waves generated are predicted to propagate toward the
boundary at approximately the ion sound speed. The frequency of
observed plasma fluctuations and instability threshold may be pre-
dicted by evaluating the standard approximate dispersion relation for
flow-shifted Maxwellian ions and electrons in the ion plasma fre-
quency range; see, for example, Egs. (7) and (8) of Ref. 1. For our
experimental conditions where an ion rich sheath is present, this yields
a threshold flow-shift of approximately 0.5¢;, which is exceeded for
the last ~1 cm of the presheath up to the sheath edge.

Plasma fluctuations have been predicted to result in instability-
enhanced collisions.”'’ This may account for anomalous ion thermali-
zation sometimes observed in the sheath and presheath.'’ Evidence of
this effect has been observed in the ion presheath through measure-
ments of the thermalization of the ion velocity distribution function
(IVDF) using LIF.” These measurements agree well with the predicted
stability threshold for ion-acoustic instability as a function of neutral
pressure. However, they only provide indirect evidence for the exis-
tence of the instability. In this work, we provide direct evidence for
this instability through LIF measurements of ion fluctuation spectra.

While sheaths are typically ion rich, electron rich sheaths are also
possible, provided the boundary surface is biased positive with respect
to the plasma potential. Electron sheaths have an inverted potential
structure compared to ion sheaths, as can be seen in Fig. 3. This is
only possible near boundaries with a sufficiently small electron collec-
tion area compared to the area of other boundaries that collect ions."”
Electron sheaths are most commonly encountered on Langmuir
probes biased for electron saturation, but are also found in many other
applications such as scrape-off layer control surfaces in fusion devi-
ces,'" electron temperature control surfaces in laboratory plasmas,’”
and retarding field ion energy analyzers, which are utilized in a wide
range of applications, including fusion devices'®'” and plasma
processing, "’

Due to the comparative rarity of electron sheaths, they have not
been studied as thoroughly as their ion rich counterparts. Recent pub-
lications have suggested that the conventional theory for the electron
sheath is incomplete. The conventional theory implies that no pre-
sheath is necessary, since the electron sheath is assumed to collect a
random flux of boundary-directed electrons.'”* This results in a trun-
cated electron velocity distribution at the sheath edge that trivially
satisfies the electron sheath analog of the Bohm criterion.”** Recent

5,2

theoretical work” along with particle-in-cell simulations™”*" has sug-
gested that there is a presheath region through which the electrons
develop a flow-shift V., ultimately reaching the electron thermal speed
v = \/ Te/me at the sheath edge. The electron presheath is predicted
to be much longer than an ion presheath. In practice, the predicted
length often exceeds the dimensions of experimental devices, in which
case the presheath is expected to fill approximately half the experiment
length.”

Streaming instabilities are predicted in the modified electron
sheath theory, similar to those predicted in the ion presheath."”
However, in this case, it is the electrons that are flowing and the ions
do not develop any significant flow.”*** Fluctuations are expected to
become stronger and occur much farther from the boundary in the
electron presheath since it is predicted to generate much stronger
flow-shifts over longer spatial scales. The frequency of the observed
plasma fluctuations and instability threshold may be predicted by
evaluating the approximate dispersion relation for flow-shifted

ARTICLE scitation.org/journal/php

Maxwellian ions and electrons where the flow-shift is assumed to be
large compared to the ion sound speed V. > ¢; see Eq. (23) of Ref. 2.
In this case, the flow is predicted to be unstable throughout the major-
ity of the presheath, which is expected to fill much of the plasma vol-
ume in our experiment of ~20 cm. The ion-acoustic waves generated
are predicted to propagate toward the boundary at approximately the
ion sound speed. The additional distance over which waves propagate
along with the larger growth rate provides the opportunity for waves
to grow to larger amplitude in the electron presheath, although it is
likely that the wave amplitude saturates before reaching the boundary.”
As in the ion sheath case, the fluctuations are expected to result in
instability-enhanced collisions, which would likely be the dominant
collision mechanism for electrons in the presheath and could be the
process ultimately responsible for determining the presheath length
scale. Observation of ion-acoustic fluctuations in the electron pre-
sheath would provide evidence in favor of the modified electron sheath
theory since the random flux model of the conventional theory is pre-
dicted to be stable. Indeed, fluctuations are often associated with posi-
tively biased probes and have been observed in PIC simulations™” and
probe measurements.” These experimental measurements showed
fluctuations in the current collected by a positively biased electrode.
While non-invasive, this technique gives no spatial resolution within
the plasma and only involves electrons, which may not be representa-
tive of ion behavior. The spatially resolved LIF fluctuation measure-
ments of this work improve on these measurements and are a test for
the modified theory for the electron sheath.

Ion fluctuations were observed for both ion and electron sheaths
under low-temperature plasma conditions using a newly developed
LIF diagnostic system. The fluctuation strength was observed to
increase for electrode biases above the plasma potential, corresponding
to the transition from ion to electron sheath. In addition, spatially
resolved measurements of the electron presheath region show that the
fluctuation amplitude decreases slowly over the measurement range.
These measurements are consistent with the modified theory for the
electron sheath, which predicts the presence of a long-range electron
presheath on the scale of the experiment dimensions.” The fluctuations
observed are consistent with ion-acoustic fluctuations and were at a
frequency near 0.46f,; for each configuration, consistent with predic-
tions from the dispersion relations. In the ion sheath case, fluctuations
were observed outside of the predicted unstable region, suggesting that
wave reflection may play a significant role. Reflection suggests that
instabilities excited near the electrode, which were previously assumed
to be a local phenomenon, actually influence a much larger volume of
the plasma surrounding the electrode. Finally, a comparison between
fluctuation measurements made using LIF and the current collected
by the electrode shows similar trends but quantitatively very different
behavior (a factor of ~10 difference in the fluctuation power).

Il. EXPERIMENT DESCRIPTION

Argon plasma was produced in a multidipole chamber through
impact ionization by primary electrons emitted from a hot cathode
biased near —110V with respect to the grounded chamber walls (see
Fig. 1). The cathode consisted of a sintered lanthanum-hexaboride
(LaBg) ring segment that was heated resistively and was located on one
of the chamber end-caps, approximately 30 cm from the biased elec-
trode at the center of the chamber. The multidipole confinement con-
sisted of a magnet cage with 16 rows of magnets with alternating poles
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FIG. 1. Experimental schematic showing the LIF system and a side view of the multidipole chamber. The hot cathode plasma source (not shown) was located on one of the
chamber end-caps, near the center of the chamber radially (~30 cm from the electrode). Modulated laser light was injected through a window on top of the chamber onto the
biased electrode. Fixed LIF optics collected light from a volume of plasma above the electrode surface near the center of the chamber. The electrode surface, biased to a
potential ¢ with respect to the plasma potential ¢, was translated up and down to vary the separation Zg between the electrode and the viewing volume. An array of 32
photomultiplier tube (PMT) detectors observed the collected fluorescence. The collected signals were demodulated and summed up by the FPGA before being sent to the data

computer for analysis.

covering all inside walls of the chamber and was electrically connected
to the grounded chamber walls. The inner dimensions of the magnet
cage were 73 cm long x 49 cm diameter. The maximum field strength
was approximately 1000 G near the surface of the magnets and 2 G in
the measurement region. Measurements were made near a 1.9cm
diameter stainless steel electrode on a translatable shaft inserted from
the bottom of the chamber. The electrode surface was made from a
thin razor blade stack that acted as a beam dump for the laser. The
sides of the electrode were also conductive in order to minimize flows
generated by ion sheaths associated with a dielectric material that may
perturb measurements.”* The neutral pressure in the chamber was reg-
ulated using a mass flow controller set to 0.30 sccm of argon, resulting
in a constant pressure of 1.4 x 107> Torr. The system base pressure
was less than 107° Torr.

The shape of the fluctuation peak on the power spectrum was
found to be sensitive to the specific conditions of the discharge, such
as neutral pressure and primary electron energy and current.
Numerous peak shapes were observed using the spectrum analyzer,
including narrow, broad, double, as well as peaks that were not station-
ary. However, to produce the best LIF measurements so that the total
fluctuation power could be compared between electrode configura-
tions, the heating current and emission bias on the plasma source were
adjusted slightly (<5%) between each configuration to produce a
strong instability with a narrow bandwidth at 460 kHz. This specific
peak frequency and neutral pressure were chosen because they were
found to give a consistent and strong peak shape over a wide range of
electrode biases and positions. The frequency of the instability peak

was observed to be proportional to the ion plasma frequency (Fig. 2),
as predicted by the theory.

The principal controls for adjusting the discharge parameters
were the current and energy of the primary electrons from the hot
cathode source. The product of the primary electron current and the
primary electron potential relative to the plasma potential is the total
discharge power. The discharge power was nearly constant between
configurations; however, small changes were made for two purposes.
First, the effective loss area for the plasma was modified slightly as the
electrode bias and position were changed. Thus, the discharge power
was slightly changed to maintain a constant plasma density. Second,
since the instability bandwidth was approximately 2kHz when the
peak frequency was 460 kHz, the density needed to remain constant in
time throughout the LIF acquisition to within 1% to keep the instabil-
ity frequency from shifting by more than the fluctuation bandwidth.
Since the experiment does not have this level of stability over the
course of hours, active feedback was applied to the plasma source heat-
ing and bias to hold the instability peak at a constant 460 = 2 kHz.
Still, this did result in broadening of the LIF spectra, but is expected to
be consistent between runs and to not affect the integrated fluctuation
power.

The ion density and electron temperature were measured using a
6 mm diameter Tantalum disk-shaped Langmuir probe located 8 cm
from the LIF viewing volume and approximately 10-20 cm from the
biased electrode (see Fig. 1). The plasma potential was measured with
an emissive probe using the floating point in the limit of a high emis-
sion technique.”” The sheath structure was measured for each
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FIG. 2. Peak instability frequency plotted as a function of the ion plasma frequency.
Measurements were made using a spectrum analyzer that observed the current
collected by a positively biased electrode as the plasma density was adjusted from
6.1 x 108 cm= to 1.1 x 10°cm=3. The density was measured using a Langmuir
probe approximately 15cm from the electrode surface. The data follow a linear
trend with a slope of —2.16 x 10" and a y-intercept of 0.70. The plotted data do
not contain points from the fluctuation measurements that are the focus of this
work, since those were collected under different experimental conditions.
Nevertheless, those measurements are in good agreement, with instability frequen-
cies near 0.46 f, for ion plasma frequency near 1 MHz.

electrode bias using the emissive probe at the center of the chamber.
The plasma potential was measured as a function of distance from the
electrode surface as the electrode was retracted from the chamber. The
emissive probe was retracted during LIF measurements so as to not
perturb the measurement region. Spatially resolved plasma potential
measurements are shown in Fig. 3. Plasma density, potential, and elec-
tron temperature are given in Table I for each configuration tested.

LIF fluctuation measurements were collected with the electrode
in 11 different configurations outlined in Table I. These consisted of
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FIG. 3. Emissive probe measurements of plasma potential as a function of distance
from the electrode surface for each electrode bias tested. Measurements extend to
15.cm, but are flat beyond ~2 cm. All potentials in this figure are relative to the bulk
plasma potential, which is ¢, ~ —7 V relative to ground. An error bar is shown
indicating the accuracy of the measurement ~T, /e ~ 4.8 V. The precision of the
measurement is much better at ~0.2 V.

seven electrode bias values with the center of the LIF observation vol-
ume held 6 cm from the electrode surface, as well as three additional
electrode positions with the bias held 9V above the plasma potential,
and one final configuration with the electrode electrically floating and
withdrawn as far from the LIF observation volume as possible
(16.2cm from the viewing volume). In addition to the LIF measure-
ments, power spectra of the current collected by the electrode were
recorded using a TELEDYNE LECROY HDO 4104 oscilloscope oper-
ating as a spectrum analyzer, which observed the voltage across a 50 Q
resistor in series with the electrode bias power supply.

TABLE I. Experimental configurations tested. The separation Zg between the center of the LIF observation volume and the electrode surface, the potential ¢, of the electrode
surface, plasma potential ¢, ion density n, electron temperature T, and the velocity of ions resonant with the laser Vp (relative to the IVDF center) are given. In configuration
11, the electrode was electrically floating, corresponding to a potential of approximately —30V relative to the plasma potential. The laser wavelength was chosen to excite ions

with velocities in the direction of the boundary.

Published under license by AIP Publishing

Configuration Zg (cm) ¢ with respect to qSP V) ¢P wrt dyan (V) n (cm™3) T. (eV) Vb (vry)
1 6.0 13.9 —6.6 8.8 x10% 4.9 1.05
2 6.0 9.2 —6.8 8.9 x10% 4.9 1.08
3 3.0 9.2 —6.8 8.9 x108 4.9 1.01
4 1.5 9.1 —6.8 9.1 x108 4.9 1.01
5 12.0 8.9 —6.8 8.9 x108 4.8 1.09
6 6.0 4.6 —7.3 9.2 x108 4.7 0.85
7 6.0 —1.1 —7.6 9.4 %108 4.8 0.87
8 6.0 —5.1 —7.9 9.3 x108 4.8 0.99
9 6.0 —10.1 —8.0 9.5 x10% 4.7 1.04
10 6.0 —70.4 —8.1 8.7 x108 4.9 0.94
11 16.2 Floating Not measured 9.7 x10% 4.6 1.09
Phys. Plasmas 27, 053509 (2020); doi: 10.1063/1.5142014 27, 053509-4
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I1l. LIF DIAGNOSTIC

LIF is typically used to make non-perturbative measurements of
the IVDF by observing the magnitude of the fluorescence signal as a
laser is tuned across the Doppler-broadened metastable ion transition,
allowing time-averaged fluid moments to be computed (density, flow,
temperature, and so on).”® However, LIF also enables non-
perturbative measurements of ion fluctuation spectra by recording a
time resolved fluorescence signal.”” *’ For these measurements, the
laser wavelength is typically fixed so that ions with velocities near the
ion thermal speed vy = +/Ti/m; are selected. This is where the fluctu-
ation signal is the largest (for ion-acoustic waves) and corresponds to
the inflection point on the IVDF for Maxwellian velocity distributions.
This technique provides clear benefits over probe-based measurements
due to its non-perturbative nature. However, ion fluctuation spectra
are challenging to obtain using LIF due to two major sources of pho-
ton statistics noise inherent to the diagnostic. The first is the fluctuat-
ing background light that makes up approximately 99% of the light
collected. This is caused by plasma light, primarily collisionally-
induced fluorescence, near the wavelength of the LIF transition pass-
ing through the optical filters in the collection system. The second
source of noise is due to the limited LIF photon count rate resulting
from the low metastable state density, finite observation volume, and
the desire to avoid optical pumping at high laser power.”’

These sources of noise are addressed using the traditional LIF
technique of laser amplitude modulation along with a two-point corre-
lation technique. Rapidly modulating the laser amplitude between
“ON” and “OFF” reduces noise by enabling the background light level
to be subtracted while providing time resolved measurements at a rate
limited to the modulation frequency. We utilize a two-point correla-
tion technique between two overlapping diagnostic volumes. The
ensemble averaging utilized in this correlation technique suppresses
the photon statistic noise floor since the photon statistic fluctuations
are uncorrelated between the separate detection paths. This technique
has been utilized in numerous experiments to measure ion fluctuation
spectra using LIF with a spectral bandwidth of up to 50 kHz.”” > In
this work, we measure fluctuations with frequencies near 500 kHz,
requiring some changes to the LIF collection system so that measure-
ments can be made relatively quickly while obtaining a useful signal to
noise ratio. This was done through the implementation of a field pro-
grammable gate array (FPGA)-based demodulation system™’ and effi-
cient collection optics described below.

A schematic of the LIF system is shown in Fig. 1. A TOPTICA
TA 100 amplified tunable diode laser was modulated using a
Conoptics 390-2P electro-optic modulator. The laser excited metasta-
ble Ar II ions from state 3s*3p*(*P)3d*F,/, (17.70€V above the
ground state) to state 3s?3p* (3P)4§)4D‘5’ /> (19.55¢V) using 668 nm
light, which decayed to state 3s*3p*(*P)4s* P, (16.75 eV) resulting in
442 nm fluorescence.”” The laser power density was approximately
30 mW /cm? in the observation volume. To reduce photon statistics
noise to a manageable level, a relatively large collection volume was
observed near the center of the chamber, approximately 1.2cm
% 1.2cm x 1.9 cm. This was done using efficient low f-number collec-
tion optics that resulted in a photon count rate of approximately
200 MHz. To handle the high rate of photon pulses, the system
was parallelized by splitting the incoming light between a pair of 16
element photomultiplier tube detectors with discriminators for each
channel to reduce the chance of missed counts caused by overlapping
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pulses. The laser was modulated at 2 MHz giving a spectral bandwidth
of 1MHz. An FPGA-based demodulation system developed by
Mattingly and Skiff"” was used to perform the background subtraction
in real-time as the data were acquired using an up/down counting
technique. The FPGA is particularly useful due to its flexibility and
speed. It has been configured with 32 digital inputs and a phase adjust-
able 2 MHz output to control the laser modulation. The signal was
transferred to a computer where the time resolved arrays were time-
cross-correlated and integrated into a running average. For the mea-
surements presented, 300 000 16 ms long acquisitions were averaged
for each of the 11 electrode configurations tested. Cross-correlations
were convolved with a 1 ms wide Gaussian windowing function to
remove uncorrelated noise from the data and then Fourier trans-
formed to give the power spectral density (PSD).

Because the LIF signal is proportional to the density of metastable
ions at the Doppler-selected velocity, the strongest fluctuation signal is
observed when the laser is tuned to the part of the IVDF where the
slope is the greatest. This corresponds to ions moving at the thermal
speed v &~ 290 ms~!. LIF was used to measure the IVDF for each of
the 11 configurations tested before the LIF fluctuation measurements
to find the optimal laser tuning setting. In each case, ions were
observed to have a generally Maxwellian velocity distribution with a
temperature of 0.035+0.010 eV and small flow-shifts of <100 ms™".
The Doppler-selected ion velocities Vi, used for the fluctuation mea-
surements are given in Table .

IV. RESULTS AND DISCUSSION

Measurements of fluctuation power spectra are shown in Fig. 4
for each electrode configuration. Panels on the left correspond to LIF
measurements, while panels on the right show fluctuations in the cur-
rent collected by the biased electrode measured with the spectrum ana-
lyzer. The frequency axes are normalized to the ion plasma frequency
Joi = 1.0 MHz, calculated from the average plasma density measured
throughout the experiment. The vertical axes are normalized to the
peak fluctuation power for each column (note the change of scale in
the bottom four rows). Each spectrum analyzer trace is the average of
12 acquisitions collected between LIF measurements. The density, and
thus instability frequency, drifted slightly throughout the experiment
resulting in a broadening effect in the LIF and averaged spectrum
analyzer measurements. Individual spectrum analyzer traces (not
shown) indicate that the true fluctuation bandwidth was between 0.5
and 2.0kHz (5 x 107* < Af /f,i <2 x 107*) FWHM. Fluctuations
were observed in every configuration except 11, where the electrode
was electrically floating and positioned far from the viewing volume.

The observed frequency of the fluctuation peak was near 0.46f,;
for each configuration tested. This is consistent with the theoretical
prediction from the dispersion relation for each sheath polarity. For
the electron sheath case, the predicted fluctuation frequency was
between 0.5f;; and 0.6f;,; depending on the flow speed. The small dis-
crepancy may be caused by an error in the Langmuir probe density
measurements or the approximation of the velocity distribution func-
tions as Maxwellian in the dispersion relation. PIC simulations have
shown a loss-cone type truncation in the electron velocity distribution
function, which could influence the instability frequency prediction if
taken into account.”

The ion sheath case is more complicated to interpret since the
flow was not expected to be unstable at the location of the LIF
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FIG. 4. LIF power spectra (left) and FFTs of the current collected by the biased
electrode (right) are shown for each electrode configuration. The frequency axes
are normalized to the ion plasma frequency f; ~ 1.0 MHz. The vertical axes are
normalized to the peak fluctuation power for each column (note the change of scale
in the bottom four rows). The electrode was floating in configuration 11, so there
was no FFT measurement.
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measurements, since the ion flow was only measured to be approxi-
mately 100m s~ (V; = 0.03c¢;) in this location and the electrons are
not expected to have any flow in the ion presheath. However, the
observed fluctuations agree with the predicted frequency in the unsta-
ble region between 0.1f,; and 1.0f,; depending on the flow speed. The
best agreement corresponds to a flow-shift of approximately 0.7c;,
which gives a predicted instability frequency near the observed value
of 0.46f,;. A possible explanation is that the ion-acoustic waves gener-
ated in the unstable region near the electrode convect toward the
boundary, reflect off the sheath, and then propagate away from the
boundary. Short wavelength ion-acoustic waves are predicted to be
absorbed at an ion sheath;”” ” however, wave reflection is supported
by four pieces of evidence. First, the fluctuations were excited by the
electrode, since they were not observed in the control case of configu-
ration 11 when the electrode was absent. Second, the fluctuation fre-
quency that was observed is consistent with the predicted instability
near the sheath edge, where the flow would be approximately 0.7c;.
Third, the region near the sheath edge is the only location where the
flow is unstable. Fourth, the dispersion relation predicts that the unsta-
ble modes convect toward the boundary but may reflect. These waves
would propagate through the plasma but would no longer be growing
once they reflect since their wave vector is against the flow direction.

Side by side comparisons between LIF and spectrum analyzer
measurements show an agreement for the fluctuation frequency in
each case. In addition, the amplitudes of the fluctuation peaks mea-
sured with each diagnostic follow similar trends, becoming weaker in
the ion sheath cases and farther from the electrode, but are clearly not
in quantitative agreement. This is expected because LIF provides mea-
surements that are spatially resolved and only sensitive to the ions,
whereas the spectrum analyzer observes the net current collected by
the biased electrode, composed of a mixture of ions and electrons that
depend on the bias of the electrode.

The total fluctuation power was calculated by integrating across
the peak of each power spectrum shown in Fig. 4 and subtracting off
the background level. The integrated fluctuation power is shown in
Fig. 5, plotted against the electrode potential relative to the plasma
potential in panel (a) and position in panel (b). Error bars were calcu-
lated as the standard deviation of data points divided by the square
root of the number of points.

Fluctuation strength was observed to increase significantly
when the electrode was biased above the plasma potential; see Fig.
5(a). This corresponds to the transition between ion and electron
sheaths on the biased electrode. This is consistent with the modified
electron sheath theory,” which predicts a significantly faster differ-
ential flow between ions and electrons in the presheath that drives
stronger fluctuations than in an ion presheath. The difference
between the fluctuation amplitude measured with LIF vs the spec-
trum analyzer in the ion sheath cases (configurations 7-10) is likely
associated with the measurement technique. This is likely a result
of the spectrum analyzer observing a mixture of ions and electrons,
depending on the electrode bias, compared to LIF, which is only
sensitive to ions. It is also noted that the two methods sample dif-
ferent volumes of plasma. In Fig. 5(a), the LIF viewing volume was
6 cm from the boundary, whereas the spectrum analyzer observed
the current collected at the boundary. LIF fluctuations are observed
to increase by a factor of approximately 4 when the electrode is
biased significantly above the plasma potential compared to an
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FIG. 5. Integrated fluctuation spectra are plotted showing the instability power as a
function of the electrode bias (panel a) and distance from the electrode (panel b).
Solid lines represent LIF measurements, and the dashed lines represent spectrum
analyzer measurements. Data points for each measurement technique are normal-
ized to the largest amplitude point from that technique.

increase by a factor of approximately 40 when measuring fluctua-
tions in the biased electrode current.

Spatially resolved measurements of ion fluctuations in the elec-
tron presheath are shown in Fig. 5(b). The fluctuation amplitude was
observed to change by less than a factor of 2 over the measurement
range. This suggests a long electron presheath region, since the insta-
bility has already developed 12 cm from the electrode in this case. For
reference, in the ion presheath, ions at 6 cm are observed to have a
flow of approximately 100 m s~ toward the electrode (V; = 0.03c).
This is consistent with the theoretical predictions of a long electron
presheath in the modified theory of the electron sheath.”

V. CONCLUSIONS

Ton and electron rich sheaths are both predicted to have pre-
sheath regions that are susceptible to electrostatic flow-driven

ARTICLE scitation.org/journal/php

instabilities that generate ion-acoustic fluctuations. These instabilities
have been predicted theoretically and shown in simulations; however,
experimental measurements using non-perturbative diagnostics have
only shown indirect evidence of these instabilities to date.” Our mea-
surements of ion fluctuation spectra using LIF provide the first direct
measurement of these instabilities using a non-perturbative diagnostic.
We find a general agreement with the theory; fluctuations were
observed in the range of frequencies predicted and have a spatial
dependence that is consistent with the modified theory for the electron
sheath.” An unexpected result was the observation of significant fluc-
tuation power at a location in the ion presheath that was far enough
from the electrode that no instability was predicted. Evidence suggests
that this may be caused by waves excited near the sheath edge, where
the flow is predicted to be unstable, reflecting from the sheath edge
and propagating into the bulk plasma. This is a potentially significant
result since it would mean that any biased probe could, in effect, act as
an antenna for jon-acoustic fluctuations. This would influence many
experiments and applications that are sensitive to the form of the
velocity distribution function such as in the modeling of steady-state
plasma conditions, plasma-surface interactions, and the interpretation
of many probe-based measurements, since fluctuations are predicted
to result in instability-enhanced collisions that thermalize the velocity
distribution. Our measurements underscore the importance of using
non-perturbative diagnostics such as LIF, since a probe may introduce
ion-acoustic waves that interfere with the measurement.

Future investigations may seek to analyze the effect of a loss-cone
in the electron velocity distribution function on the instability predic-
tion in the electron presheath, as suggested by PIC simulations.”
Future experiments may attempt to measure the group velocity of
instability generated ion-acoustic waves to determine if wave reflection
plays a significant role in the ion presheath.
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