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In this experiment, hysteresis is observed in the floating potential of wall material samples
immersed in a low-temperature plasma as the energy of a prevalent non-thermal electron popula-
tion is varied from 30-180eV. It is indicated that the hysteresis is due to secondary electron emis-
sion from the wall material surface. Measurements are performed in a filament discharge in argon
gas pressure 10~ Torr of order 10’ cm~> plasma number density. The primary ionizing electrons
from the discharge filament make up 1%—10% of the overall plasma number density, depending on
discharge voltage. Immersed LaBg-coated steel and roughened boron nitride (BN) wall material
samples are mounted on the face of a radiative heater, and the wall temperature is controlled from
50—400°C such that thermionic emission from the LaBg-coated sample is not significant. The
energy of the primary plasma electrons from the discharge filament is varied and the floating poten-
tials of the material samples are monitored. The floating potentials are observed to transition to a
“collapsed” state as the primary electron energy is increased above 110 and 130eV for the LaBg
and rough BN, respectively. As primary electron energy is subsequently decreased, the floating
potentials do not “un-collapse” until lower energies of 80 and 100 eV, respectively. The hysteresis
behavior agrees with a kinetic model. The results may help explain observations of global hystere-
sis and mode transitions in bounded plasma devices with dielectric walls, significant secondary
electron emission, and departures of electron energy distribution function from a thermal

Maxwellian. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4943778]

I. INTRODUCTION

Hysteresis and mode-shifting behavior has been reported
in a wide variety of bounded plasma devices, including
thermionic filament discharges,' magnetized linear plas-
mas, > radio-frequency-driven discharges,*® and Hall effect
thrusters.”® A number of mechanisms for the observed
behavior have been theorized (see, e.g., Ref. 4), many having
to do with the electron power balance and energy flux to and
from the device walls, as mediated by the nonlinear plasma
sheath.

Experimental investigations by Takamura et al.? focused
on the plasma-wall interaction and sheath in high-heat-flux
plasmas revealed and explained a clear wall-dependent
mechanism for hysteresis in the wall floating potential driven
by thermionic electron emission from the wall. It is shown
that when the plasma heats the wall to a sufficient tempera-
ture, thermionic electron emission from the wall causes a
space-charge collapse of the magnitude of the sheath poten-
tial to the order of the electron temperature or lower/inverse,
as described originally by Hobbs and Wesson’ and recently
by Campanell'® and Sheehan.!' With the decrease in sheath
potential, the electron heat flux to the wall is increased,
thereby again increasing thermionic electron emission from
the wall. This creates a feedback mechanism and the sheath
floating potential and wall temperature shift to a new
“collapsed sheath” equilibrium. At a later time, if the heat
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flux from the plasma is then lowered, Takamura er al.
observe that the sheath often remains collapsed at lower val-
ues of the plasma heat flux than were required to collapse it
in the first place. Because the sheath potential has been col-
lapsed, the wall is still receiving elevated heat flux from the
plasma and generates enough thermionic electron emission
to keep the sheath collapsed. If the heat flux is lowered
below a threshold dependent on the wall material work func-
tion, the electron emission will become insufficient to main-
tain the collapsed sheath and the Debye sheath will be re-
established. This mechanism explains observed hysteresis in
plasmas where thermionic components are employed and
heat flux from the plasma is significant.

Several plasma devices that exhibit hysteresis employ
dielectric boundaries from which secondary electron emis-
sion (SEE) is significant. SEE was theorized to give rise to
multi-valued floating potentials of cosmic dust grains in a
work by Meyer-Vernet.'? In first experiments by Nam
et al.,"> abrupt jumps were observed in the floating potential
of Langmuir probes in a multidipole plasma, and inferred the
existence of multiple stable floating potentials of the probe.
Work by Walch er al."* observed sharp transitions in floating
potential of dust grains in response to an energetic electron
population. These results suggest that SEE may play an im-
portant role in mode-shifts and/or hysteresis in plasma devi-
ces as well.

In the current experiment, we monitor floating potential
of macroscopic wall material samples as the energy of a
beam-like electron population is either increased or
decreased. This allows us to observe full hysteresis curves of

© 2016 AIP Publishing LLC
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the sample floating potentials. We compare results with a ki-
netic model'® and find agreement with a nonlinear s-curve
shape prediction of floating potential, similar to the predic-
tions of Meyer-Vernet.'?

Il. EXPERIMENTS

Experiments are conducted in an open cylindrical multi-
dipole plasma device in the Vacuum Test Facility-2 at the
Georgia Institute of Technology. Fig. 1 shows a schematic of
the device and experimental layout. The discharge is oper-
ated at an argon gas pressure of 10~ Torr-Ar. The discharge
voltage is applied between the hot filaments and the electri-
cally grounded aluminum frame. The discharge current is
restrained to 10 mA by limiting the heating current and tem-
perature of the filaments, to attain a plasma density n. on the
order of 10’ cm~3 and a significant fraction of energetic elec-
trons 7, from the filament present in the plasma. The energy
of the energetic electrons from the filament is varied by
changing the discharge voltage, from 50-200V in this
experiment. The fraction of energetic electrons o = nep, / 7e
was measured using a planar Langmuir probe and the
method described in Ref. 16, shown in Fig. 2.

A. LaBg-coated steel material sample

Three-inch diameter wall material samples are mounted
on a 4.5 in.-side cube-shaped sample heater, suspended in
the plasma device opposite the discharge filaments. The
heater contains coils of heating wire wrapped around ce-
ramic tubing. The stainless steel body of the heater is electri-
cally isolated from the device frame by a ceramic standoff
on its mounting rod. The focus of this part of the experiment
was on a LaBg-coated steel wall material sample. The sam-
ple is stood off 1/8 in. from the heater face by ceramic stand-
offs and the perimeter gap is filled with ceramic adhesive. It
is thus electrically isolated from the heater body and can be
heated radiatively from the heating elements. A wire was
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FIG. 1. Schematic of the plasma device and experimental layout.
M = magnets, B =notional magnetic field, F= filament cathode, W = wall
material sample, H=heater volume, Vp =discharge power supply, and
Vy = filament heater power supply.
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FIG. 2. Measured fraction of energetic primary electrons o = nep / 1 in
plasma 100 mm from wall material sample vs. discharge voltage. Relative
uncertainty is less than 20%, absolute uncertainty is estimated at a factor
of two.

connected to the sample, and its floating potential was meas-
ured with a 10 MQ-impedance ADC channel.

The discharge voltage of the plasma device is varied
from 50 to 200V at a rate of approximately 1 V/s, while the
floating potential of the wall material sample is monitored,
as shown in Fig. 3. The plasma potential remains fairly con-
stant at —21 V, so the primary electron energy is offset from
the discharge voltage by this amount but scales linearly with
it. Fig. 4 plots the results of the floating potential of the wall
material sample vs discharge voltage. The discharge voltage
sweep from 50 to 200V is repeated for heater powers from
170 W to 560 W and resulting average wall temperatures
55°C to 390°C. The discharge voltages at which the abrupt
changes in floating voltage occur are plotted in Fig. 5, in
which it is observed that as the heater power and wall tem-
perature is increased, the hysteresis loop in wall floating
potential gradually shrinks and disappears. Concurrently
with the disappearance of the hysteresis in floating potential,
a glow is observed within the sample heater box, leading the
experimenters to infer that a plasma forms inside the box at
these conditions. Supporting this belief, it is observed that
the floating potential of the metal sample heater box and the
LaBg-coated steel sample under investigation become the
same at temperatures above 450°C, even if the sample is
electrically biased using the attached lead.
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FIG. 3. Floating potential of LaBg-coated steel wall material sample in
plasma and discharge voltage vs time as discharge voltage is varied. The
wall temperature is 50 °C.
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FIG. 4. Floating potential of LaBg-coated steel wall material sample vs. dis-
charge voltage. The wall temperature is 50 °C.

B. Boron nitride (BN) sample

Experiments are continued with a roughened BN ceramic
sample of equivalent dimensions. The sample had been uti-
lized in previous experiments to do with surface roughness
and had been prepared by sanding with 120-grit SiC paper to
an average roughness of 10 um. As the sample is not electri-
cally conductive, the floating potential could not be monitored
by a simple wire as previously. A small 1-mm half-loop elec-
trostatic probe was positioned on the surface of the device to
monitor the floating potential. The probe tip was 0.005 in. di-
ameter thoriated tungsten, and it was supported by a double-
bore alumina tube. As the probe formed a small amount of the
collecting area with a circle with radius equal to the plasma
Debye length (which varied from 7 to 9mm) on the sample
surface, it was reasoned that the floating potential of the probe
would be largely governed by the potential of the nearby BN
surface. To confirm this, the probe was positioned over the
LaBg sample, and the probe potential was monitored along
with that sample, as shown in Fig. 6.

Positioning the probe over the rough BN sample, the
floating potential of the probe was monitored in a similar
study to the LaB6 sample. The results are shown in Figs. 7
and 8.
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FIG. 5. Transition voltages in wall floating potential vs wall temperature.
Glow observed within heater volume concurrently with disappearance of
hysteresis.
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FIG. 6. Floating potential of LaBg-coated steel wall material sample and ad-
jacent probe vs. discharge voltage. The wall temperature is 50 °C.

20 -
-30 - s
40 -
BN Wall -50 -
Probe
Floating ™V |
Voltage 70 -
4%
-80 -
90 - v ——Increasing V
—o=—Decreasing V
-100 \ ‘ i i ‘
0 50 100 150 200 250

Discharge Voltage (V)

FIG. 7. Floating potential of witness probe adjacent to BN sample vs. dis-
charge voltage. The wall temperature is 50 °C.

lll. DISCUSSION

At low discharge voltages, the wall floating voltage is
very close to the discharge voltage (Fig. 3). This is due to the
considerable prevalence of the energetic electrons in these
conditions (Fig. 2)—in order to satisfy the floating condition,
the wall must repel almost all of the energetic electrons to
equate their flux with the ion flux and thus must approxi-
mately match the discharge voltage. As the discharge
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FIG. 8. Transition voltages in floating potential of witness probe adjacent to
BN sample vs. wall temperature.
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voltage/primary electron energy increases, the prevalence
decreases and the wall is able to collect a larger fraction of
the energetic electrons, and as such the floating voltage
becomes increasingly separated from the discharge voltage.

As the discharge voltage is further increased, a sharp
change is observed in wall floating voltage. This change
indicates a space-charge sheath collapse, which is not unex-
pected as the wall had been collecting increased energetic
electron energy and flux. The wall temperature is always
well below that expected for significant thermionic emission
from LaBg, and the heat flux from the plasma is also low
given the order 107 em—3 density, so the electron emission
mechanism causing the collapse must be SEE rather than
thermionic emission. This collapse of the sheath potential
allows the energetic electrons to impact the wall with
increased energy, no longer slowed by the retarding sheath
voltage. This appears to be the root cause of the observed
hysteresis—once the sheath potential is collapsed, plasma
electrons are able to impact the wall with increased energy
and generate a greater secondary electron yield. The effect is
to create a feedback mechanism and hysteresis similar to that
observed by Takamura et al., so when the plasma electron
energy is again decreased, the sheath voltage is not restored
until the electron energy is decreased substantially below
that required to cause the collapse.

As the heater power is increased, a plasma is generated
inside the heater box, and it is observed that the size of the
hysteresis loop decreases and disappears. Although electri-
cally isolated in vacuum, the LaBg-coated wall material sam-
ple is uninsulated over most of its area facing the interior of
the heater, and is thus able to receive plasma flux from both
sides if there is plasma within the heater volume. The
observed impact on the floating potential agrees with the pre-
diction that a certain prevalence of energetic electrons is
required for the hysteresis to occur, reasoning that the ener-
gies of the electrons in the plasma interior to the box are
likely low and that as their number increases, the effective
energetic electron prevalence o experienced by the wall ma-
terial sample decreases.

To more explicitly evaluate the measured floating poten-
tials, the measured potentials of the BN wall are plotted
against predictions of the model from Ref. 15. Results are
shown in Fig. 9. Average experimental values of o =0.03
and T, =3 eV are used in input to the model (imperfect as
the experimental value of « changes as the discharge voltage
is varied, cf. Fig. 2), along with SEE data from literature
measurements of clean BN.'” It is observed that the sheath
collapses at higher voltages for the roughened BN sample, as
it obstructs SEE by geometric obstruction. Adjusting the
input SEE yield to the model, it is observed that the transi-
tion occurs at about the right voltages when the SEE yield is
70% of the literature value. This view also makes it apparent
that the physically observed behavior corresponds to “falling
off” the two stable branches of the s-curve solution, account-
ing for the observed abrupt changes in floating potential and
the hysteresis loop.

The full description of SEE yield with incident energy is
not linear; at much higher energies it begins to decrease with
incident energy.'® Outcomes in those higher energy regimes

J. Appl. Phys. 119, 113305 (2016)
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FIG. 9. Comparison between observed floating potentials of rough BN wall
and model of Ref. 15 using average experimental values of o = g /
n.=0.03and T, =3eV.

may be interesting to study and differ from the current
experiments, which are firmly within the regime where SEE
yield increases with incident energy.

IV. CONCLUSIONS

It is confirmed that a hysteresis in the plasma-wall inter-
action can occur in low-heat-flux plasmas when an energetic
electron population is present. The hysteresis is precipitated
by modification of the plasma electron energy distribution
function (EEDF) by the acceleration of an energetic electron
population. Distinct hysteresis curves have been measured
experimentally. The effect of non-thermal electron popula-
tions as a cause for hysteresis and mode-shifts in many devi-
ces has not been greatly explored, though non-thermal
EEDF’s have been identified or are suspected in many of the
devices in which mode-shifting behavior is observed.'?°
The mechanism identified in the current investigation may
play a role in explaining observed hysteresis and mode-
shifting behavior in plasma devices with dielectric walls and
significant SEE in cases where there is significant deviation
of the plasma EEDF from a thermal Maxwellian.
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