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Increasingly long-duration space missions require a better understanding of the failure
mechanisms of hollow cathodes to enable prediction of lifetime. Energetic ions have been
measured in the plume of hollow cathodes but the energies are higher than can be explained
classically. One of the mechanisms that appears to be contributing to the ion heating is
ion acoustic turbulence (IAT), which has been investigated with plasma probes recently
at JPL. In this work the ion velocity distribution has been measured using laser-induced
fluorescence (LIF) at several high-current operating conditions on the centerline of a 100
A class hollow cathode at JPL. A retarding potential analyzer was (RPA) was used to
measure the ion energy profile in the far plume and a Langmuir probe was used to mea-
sure electron temperature and plasma potential fluctuations. RPA energies are shown to
correlate with the values measured by LIF. The ion temperature is shown to increase with
distance downstream of the cathode. A parametric study of the ion heating as a function
of discharge current and cathode flow rate was performed. It was found that for increasing
current the ion temperature evolution did not vary even though the wave IAT wave en-
ergy increased. The effect of flow rate was more pronounced, with higher values reducing
both ion temperature and wave energy linearly. These results indicate that IAT is at least
partially responsible for energetic ion production in the hollow cathode plume.
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m = Mass flow rate
Vin = lon-neutral collision frequency
w = Wave frequency
10} = Plasma potential
Ok = Potential amplitude of acoustic mode with wavenumber &
Cs = Jon acoustic speed
E = Electric field
Er = Total wave energy
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fs = Velocity distribution function of species
Ip = Discharge current

IAT = Jon acoustic turbulence

IEDF = Ion energy distribution function
IVDF = Ion velocity distribution function

LIF = Laser-induced fluorescence

my = Species mass

Ng = Species density

P, = Chamber background pressure

q = Fundamental charge

RPA = Retarding potential analyzer

Ts = Species temperature

Vb = Discharge voltage

Vs = Species drift velocity

W = Wave energy density for mode with wavenumber k
z = Axial distance from the keeper face

I. Introduction

ANY long-duration space missions (up to 50 kh) have been proposed over the past two decades that

would utilize ion propulsion,! and recently with the advent of magnetic shielding? Hall thrusters are
now also being considered for such missions.>* Hollow cathodes, which provide electrons for ionization
in both thruster concepts and provide charge neutralization in ion thrusters, must also be able to meet
these ambitious lifetime requirements. Recently a LaBg cathode designed for a 12.5 kW Hall thruster was
developed to have a lifetime of as long as 75 kh when considering emitter lifetime and orifice erosion rates.?
However, erosion of the keeper and discharge chamber of ion thrusters caused by energetic ion production
in the plume still needs evaluated for these long-duration missions. Additionally, as the power of electric
propulsion increases so too does the current needed from hollow cathodes. Recently a LaBg cathode was
developed for an 80 kW Hall thruster that can sustain a current of up to 300 A.® However, these high
currents resulted in significant erosion of the cathode keeper and orifice plate. High flow rate external gas
injection was needed reduce energetic ion production sufficiently to enable >10 kh missions. The duration
and cost of lifetime testing of thrusters and hollow cathodes could be much reduced if the mechanism
responsible for energetic ion production could be understood and modeled. However, as of now there is
still no comprehensive explanation for the mechanism by which ions gain the amount of energy measured.
The objective of this work is to utilize laser-induced fluorescence (LIF) to measure the spatial evolution
of the ion velocity distribution function (IVDF) in a 100 A hollow cathode plume to better understand
the mechanism responsible for energetic ion production. Centerline measurements were the focus of this
experimental campaign so as to compare to a 1D kinetic model that was developed.”

II. Previous Work

A. FErosion Observations and RPA Measurements

The initial observations of erosion of surfaces exposed to high current hollow cathode plumes was in 1988
(verify this): Rawlin® while testing a 10 kW xenon thruster and Brophy? while testing a 100-150 A cathode
using either xenon or argon, which indicated the existence of a "cathode jet" of ions in both axial and radial
directions. It was believed that the jet must have energies in excess of the discharge voltage to explain the
erosion rates seen based on the plasma densities present and assuming the maximum ion energy to be that
of the cathode-to-anode potential (<30 V). Since that time many researchers have measured the ion energy
distribution function (IEDF) using retarding potential analyzers (RPA’s) in hollow cathode plumes.” 1917
While results vary based on many factors, many of the studies show energies well in excess of the discharge
voltage. Chu and Goebel'® 16 have shown that the energy content can be reduced by introducing neutral
gas flow in the near plume region, which reduce the amplitude of ionization instabilities (by decreasing
the ionization fraction) and ion acoustic waves (by increasing ion-neutral damping and lowering electron
temperature). Ho’s recent measurements of erosion of the keeper face of a 100 A LaBg cathode show that
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erosion rates are higher than can be explained by ions falling through the sheath potential alone.!®

B. IAT Measurements

Recent work at the NASA Jet Propulsion Laboratory (JPL) has attempted to explain the formation of these
energetic ions by accounting for turbulent energy transfer in the cathode plume. Mikellides claimed that ion
acoustic turbulence (IAT), caused by a high electron Mach number and electron to ion temperature ratio,!?
could exist in the cathode plume. Experiments by Jorns confirmed the existence of IAT in the plume of a
hollow cathode and noted that the IAT wave energy increased increasing discharge current or decreasing flow
rate.2022 Theoretical and experimental work by Jorns indicated that the wave energy was sufficient to cause
the formation of a hot ion tail, and RPA measurements showed qualitative agreement to a 1D kinetic model
ion heating on the cathode centerline.” However, in that study no measurements of the axial IVDF were
obtained and the radial IVDF was measured only at a single location, 10 cm from the cathode centerline
(compared to a plume diameter of 2 cm). While these results indicate IAT has a role in ion heating, high
spatial resolution maps of the IVDF in the cathode plume are needed to validate this theory.

C. LIF Measurements

Another way to measure the IEDF is using LIF, which provides velocity information based on the measured
Doppler shift of an electronic state transition in singly-charged ions. The first use of LIF on hollow cathode
plumes was by Williams,?® who investigated ion temperature and drift velocities of a low current (<20 A)
cathode in both plume and spot modes of operation. Axial ion temperature generally decreased with distance
downstream, the opposite of what would be expected for AT heating. Still, he did observe ion energies in
excess of the discharge voltage as well 15-20 €V ions streaming back towards the cathode at certain locations
off-axis. More recent centerline LIF measurements were taken by Georgin,?* also for low discharge currents
(<20 A) using a time-resolved LIF technique. He measured a similar behavior of drift velocity as Williams
but found ion temperature to increase with distance downstream up to 1 eV.

III. Experimental Setup

A. Facility

The experiments were performed at JPL’s 2.6 m x 5.2 m long High Bay vacuum chamber facility, shown
in Fig. 1. A Stokes Microvac/1700 Series roughing/booster pump combination is used for roughing, and
a combination of LNy shrouds and cryogenic pumps, with a total xenon pumping speed of 40 kL/s, is
used to reach a base pressure of ~10~" Torr. The facility was recently upgraded to include electrical noise
isolation of low-speed diagnostics via an optical relay board by Opto-22. Control of the cathode position,
power supplies, and mass flow controllers is provided by LabVIEW, as is data acquisition. Convection and
ionization gauges provide pressure information. The cathode is powered by Sorensen power supplies: two
DLM series for the heater and keeper, and a single DHP series for the discharge up to 330 A. Propellant flow
control is provided by an Apex flow controller up to 50 sccm; calibration was performed on-site, yielding 1%
error in flow rate. A needle valve on a bypass leg allows for increasing the background pressure. Research
grade xenon gas was used for all testing.

B. Cathode Assembly

The testing discussed in this paper was performed using a 100 A class LaBg hollow cathode, shown in
Fig. 2(a). Both the cathode tube and 30 mm. dia. keeper are made of PICO graphite, and the 3 mm diameter
cathode orifice is made of tungsten. The 100 mm diameter, copper anode is located 30 mm downstream
and aligned concentrically with the cathode. The high power capability of the cathode necessitates water
cooling through a copper tube brazed onto the anode. Tungsten sheets line the inside of the anode to
minimize sputtering onto the cathode. No magnetic field was used in this test series. The cathode assembly
is mounted to two orthogonal stages that provide axial and lateral translation of the assembly, while probe
and optical diagnostics remained fixed. Stage position is monitored via stringpots. Resistance heaters were
required to prevent binding due to the low temperatures caused by the LNy shrouds. The entire setup is
mounted at the aft end of the vacuum chamber with the anode approximately at the chamber centerline
to minimize facility interactions, as shown in Fig. 2(b). The anode is biased with respect to the cathode
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(a) Vacuum Chamber (b) Control Rack

Figure 1: High Bay Vacuum facility

via the copper tubing which are isolated from the chamber through a non-conducting sleeve and, at the
instrumentation port, through ceramic fittings. The copper tubing is connected externally to the cathode
power supply in the control rack. The cathode is kept at ground potential. Both the keeper and anode float
relative to the cathode.

(a) 1/2" LaBg Hollow Cathode (b) Cathode Assembly

Figure 2: Cathode assembly and electrical configuration.

C. Laser Diagnostics

LIF is used to measure the Doppler shift of an absorption line of singly-ionized xenon and thereby deduce
the velocity distribution. Due to its high transition probability and accessibility using easy-to-operate diode
lasers, the Xell 5d*F7/, — 6d3/? transition is excited using 834.72 nm, resulting in fluorescence at 541.92 nm
(both air wavelengths). LIF is preferred to an RPA because it does not perturb the plasma, measures only a
single species at a time, has a high spatial resolution, and does not require knowledge of a sheath potential
drop. A schematic of the laser optics table is shown in Fig. 3(a). The laser consists of a continuous-wave
TLB-6700 Velocity diode seed laser coupled into a TA-7616 tapered amplifier, both by New Focus. Maximum
power out is typically 550 mW. Wavelength measurement is provided by a High Finesse WS7 wavelength
meter (60 MHz resolution). The injection beam is modulated at 3 kHz using an optical chopper and coupled
to a 50 pm optical fiber.

Inside the chamber a 62.5 pm fiber was coupled to 25 mm injection optics that provided a 2 mm spot
size at a 1 m working distance, with a maximum estimated power of 120 mW. Figure 3(b) shows optical
configuration at the cathode assembly. The collection optics consist of two 25 mm dia. lenses with 75-125
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mm focal lengths. The upstream-facing lens is used to observe from the keeper face to 15 mm downstream,
whereas the downstream-facing lens provided access from 15-60 mm, downstream of the entrance plane of
the anode. The spot sizes were 0.6-1.2 mm. The fluoresced light was focused to a 600 pm fiber which led
to a Hamamatsu H10721-01 photo-multiplier tube (PMT). Wavelength filtering was provided by a bandpass
filter centered at 543 nm with 22 nm FWHM acceptance. Current output from the PMT was directed to a
Keithley Model 427 current amplifier, which output voltage to a Stanford Research Systems SR830 lock-in
amplifier. The optical chopper was also connected to the SR830, which output the phase-sensitive detection
amplified PMT signal to a LabVIEW DAQ card.
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SM Fiber %
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. Anode

Cathode .
Tapered Amplifier Fiber :
Launch —
Wavelength Meter i . Axial Injection
90%/10% > ! Beam
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Figure 3: JPL cathode LIF system.

D. Probe Diagnostics

An RPA was used to measure the IEDF and a Langmuir probe was used to measure electron temperature
and wave energy. This section briefly describes the operation of each as well as assumptions made in the
data analysis.

1. Retarding Potential Analyzer

The RPA used was a four-grid type and was located on the cathode centerline at 300 mm downstream of
the keeper face, approximately at the end of the anode. The first grid of the RPA was allowed to float;
the second, electron-repelling grid was biased to -10 V with respect to ground; the third grid had a variable
bias voltage applied to discriminate ion energies; the fourth grid was grounded through a Keithly 427 high
impedance current amplifier. The output voltage from the amplifier provided a signal proportional to ion
current to the collector with energies greater than the discriminator bias voltage. Because it is not possible
to discern between singly- and multiply-charged ions it was assumed that singly-charged ions dominated the
plasma at the RPA location. The discriminator voltage was provided by a DC power supply swept at 1
V increments from 0 to 60 V and measuring the time-averaged voltage at each step. From Sommers'” the
collector current is determined as follows:

en; A,

el T (1)

eVay

I.(Vay) =

where I.is the collector current, Vg, is the discriminator bias, e is the electron charge, n; is ion density, A,
is collector area, M; is the ion mass, and f; .(E) is the IEDF at the collector. Differentiating, we get:

dar ezniAc
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where the constants were ignored since we are seeking the normalized IEDF. If the collector plate is exposed
to a plasma that is at a positive potential relative to ground, ions will gain energy in falling through the
sheath to the plate. To determine the IEDF in the plasma prior to the sheath, f;, we correct for the local
plasma potential, V;:

fi(E) = fi.e(Ee = eVp). 3)

The value for V,,; at the location of the RPA was not measured in these experiments, so it was approxi-
mated to be equal to the time-averaged discharge voltage, V;. These differentiated data were boxcar-averaged
using <10 points, then normalized such that fooo fi(E)dE = 1. Because it is possible that Vj; < V4, especially
at the end of the anode, the energies calculated could be slightly higher than reported here. Also, we assume
that the collector current consists primarily of singly-charged ions.

2. Langmuir Probe

The background electron temperature was measured with a 2 mm long, 0.51 mm dia. cylindrical tungsten
Langmuir probe. The probe was fixed and mounted vertically. The plume location was determined by
moving the cathode on its translation stages. The voltage source was a Kepco bipolar operational power
supply swept from -70 V to +10 V relative to ground. The sweep was provided by a Wavetek 178 waveform
synthesizer (swept at 30 Hz) isolated from the Kepco supply with an operational amplifier. Current was
measured through a 50 €2 resistor by an oscilloscope, averaging the trace over 50 sweeps. The electron
temperature was inferred from an exponential fit to the probe IV trace. Because of the high densities near
the cathode orifice, probe measurements were taken no closer than 4 mm downstream of the keeper face. The
+10 V maximum bias voltage was chosen to avoid excessive electron current (caused by densities exceeding
10 m~3) that could make the probe emissive. Because data was only taken over the low voltage portion
of the characteristic curve it was not possible to obtain measurements of plasma potential.

3. Ion Saturation Probe

The same probe used for electron temperature was also used as an ion saturation probe by biasing it to
-30 V relative to ground to measure the ion saturation current. Measurements of the upstream voltage of
a 50  resistor were taken with an oscilloscope, which output the power spectrum up to 3.25 MHz and the
time-averaged DC voltage. The bias voltage was supplied by a battery to avoid any low-impedance paths
to ground that could exist in a power supply. Following the approach of Jorns,?" for electrostatic modes,
fluctuations in plasma potential, ¢, are related to density fluctuations as follows:
Te ﬁz

onEik @
where 7n; is the fluctuating ion density and 7n; is the time-averaged ion density. If ion density is proportional
to ion saturation current and if it is assumed electron temperature perturbations are small compared to
density perturbations, we get the following:

E lsat

5
q Z.sat ( )

We can then determine the total wave energy at each axial location, E7, by summing the across all wavenum-
bers, k.

o~

o\ lagn)?
Er = Ek: T’“ (6)

where ¢ is the potential amplitude of acoustic mode with wavenumber k.

IV. Results

To evaluate the energy transferred to ions by IAT, it is desired to decouple this mechanism from others
that might also add energy to the ions. Based on wave energy spectra taken in hollow cathode plumes
operating at high current-to-flow rate ratios the dominant mode appears to be one that has most of its energy
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content in the <100 kHz frequency range. This is generally associated with ionization instability fluctuations
that can reach large amplitudes. To isolate the effects of IAT it was decided to perform measurements at
currents 70 A and above. Discharge current and cathode flow rate were parametrically studied for three
operating conditions each to evaluate their effect on ion heating. As was shown by Jorns,” the discharge
voltage is correlated to IAT wave energy and, therefore, ion temperature. With this in mind, the discharge
current-discharge voltage (IV) curves for this cathode were obtained prior to any other probing. This section
will first discuss these IV curves for a few flow rates that provided the information leading to the decision of
which conditions to test. We then will present and discuss the measurements taken both by LIF and probes
along the centerline for these operating conditions.

A. Discharge Voltage Trends

IV curves obtained for 8, 10, and 15 sccm flowrates are shown in Fig. 4. It was desired to match the
plasma conditions previously performed on this cathode design at JPL7 since the plasma properties were
extensively measured, so the IV curves for that study are also shown, which were taken with a background
pressure of 2 x 10™* Torr. Because of the higher pumping capacity of the current chamber a background
pressure of 1 x 107 Torr was obtained with all pumps on. It was found that for the 8 and 10 sccm cases
the lower background pressure caused a significant deviation in discharge voltage compared to the higher
pressure cases, and the maximum current before strong discharge instabilities occurred was much lower.
Although not shown, the IV curves for 1 x 1075 Torr were essentially the same as the 1 x 10~¢ Torr curves.
To reach 2 x 10~* Torr xenon was bled through a leak valve and only a single cryo pump was operated.
The offset between the previous and current I-V curves for the higher pressure case is possibly due to the
location and calibration of the ion pressure gauges used, or could be due a higher conductivity to the anode,
but the overall trends are the same. All experiments reported here occurred with 2 x 10~* Torr background
pressure.
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Figure 4: Discharge voltage as a function of discharge current for various flow rates and background pressures.

These results show that the overall resistivity of the discharge appears to be very sensitive to the back-
ground pressure for flowrates <15 sccm when the background pressure is below 2 x 10~* Torr. This might
be explained by the fact that anomalous resistivity is reduced as the ion-neutral collision frequency increases
as it would for increasing background pressure. Likewise, with lower background pressure the resistivity and
TIAT wave energy increases, which could lead to more energy transfer to the ions. Although the results are
not presented here, RPA measurements of the radial IEDF’s showed an increase in the maximum ion energy
as background pressure was reduced for a given discharge current and flow rate. Further investigation of this
sensitivity to background pressure is planned, but these preliminary results underscore the importance of the
neutral gas density in the cathode plume as it relates to overall resistivity and the production of energetic
ions.
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B. Far Plume Ion Energy Distribution

Based on the IV measurements, operating conditions for the discharge current parametric study were chosen
to be 70, 100, and 130 A (at 10 sccmn flow rate), and for the flow rate parametric study flow rates were chosen
to be 10, 15, and 20 sccm (at 130 A discharge current). The IEDF’s obtained are shown in Fig. 5(a) for
variable current and Fig. 5(b) for variable flow rate. The change from 70 A to 100 A at 10 sccm produced
no appreciable change to the IEDF, but increasing current to 130 A resulted in an increase in maximum
energy by ~10 eV, with the most probable energy relatively unchanged. All cases showed maximum energies
greater than the ~20 V discharge voltage. The effect of increasing flow rate at 130 A was more apparent,
having the opposite effect to increasing current: the mean energy decreases as does the maximum. This
makes intuitive sense based on the theory that the IAT growth rate is dampened by ion-neutral collisions,
which effectively cools the ion population.

0.1 : - - 0.1 . -
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Figure 5: Axial ion energy distribution measurements taken by RPA. Note that the sheath potential drop
has not been subtraced from these energies.

C. LIF - Data Analysis Approach
The ion velocity distribution function (IVDF) can be calculated using the using the Doppler-shift equation:

Av
v = e (7)
where v; is ion velocity, Av is the difference between the laser frequency and the frequency of the absorption
transition in the rest frame of the ions, vy, and ¢ is the speed of light. The signal was smoothed using
a boxcar averaging of <10 points and normalized such that ffooo f()dv = 1. The IEDF were calculated
directly from the IVDF using E(eV) = mwv?/2e. Finally, the primary metric of energy transfer from IAT to
the ions is temperature, T;, which we calculate as follows:

% ffooo (Ui - Ui,mp)zdv
ffooo fi(v)dv ’
where kp is Boltzmann’s constant and v; ,,,p is the most probably ion velocity.
Figure 6 shows an example of the results obtained by LIF for the 130 A, 10 sccm operating condition.
At the keeper orifice center (z = 0 mm) the IVDF is nearly Maxwellian although it is fairly hot already (>1
eV), indicating that some heating has occurred between the cathode orifice and keeper orifice since the ion
temperature is estimated to be <1 eV inside the cathode orifice. The ion temperature and maximum velocity
increase with distance downstream for nearly all cases tested. The degree to which this heating occurred,
maximum energy, and the location of peak drift velocity varied, however, with operating condition.

T; = (8)
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Also of note is the appearance of a second, non-drifting, nearly Maxwellian ion population which begins
at 15 mm downstream for this operating condition. It appeared in nearly every case evaluated but the
location of its appearance and temperature also varied. This population could be interpreted as either one
formed by ionization or charge-exchange collisions in the plume. Future work will attempt to identify the
source of this non-drifting population.

The focus on this paper is on the heating of the drifting population since energy transfer will be higher for
ions closer to the phase velocity of the ion acoustic waves and because the drifting population would result
in energetic ions which is the focus of this work. The IVDF curves have been deconvolved into two Gaussian
fits and all analysis is performed on the Gaussian fit to the drifting population. Note that this interpretation
of the data could underestimate the ion temperature of the drifting population if in fact the non-drifting
population is not Gaussian, but without knowing more about that population the extent of this uncertainty
is unknown. Additionally, not all of the IVDF’s could be fit well to Gaussian distributions. Evaluation of
the sensitivity of the ion temperature calculations to curve fitting technique is ongoing.
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Figure 6: Evolution of ion velocity and energy distributions for the 130 A, 10 sccm operating condition.

D. LIF - Energy and Temperature

To compare ion heating, Figure 7 shows the IEDF’s for the two trends at 24 mm downstream of the keeper
for location for all cases, since this corresponds to an IEDF that is no longer growing for all but the 130
A, 20 sccm case, which continues to grow downstream. For consistency, however, it too is evaluated at
24 mm. Figure 8 shows the same trends evaluated only for the Gaussian-fitted drifting population. Note
that the Gaussian fit and raw IEDF’s show similar trends, but the spreading of the IEDF is more clearly
apparent. The most probably energy location is shifted slightly for the fitted data, and the maximum energy
is decreased slightly, likely due to the elimination of signal at high energies corresponding to low signal-to-
noise. These trends show the IEDF to be relatively insensitive to discharge current. However ion energy
does seem to be sensitive to flow rate: lower flow rates have higher mean and maximum energies, and higher

9 of 15

American Institute of Aeronautics and Astronautics



flow rates have lower mean and maximum energies. This follows the same trend as the axial RPA results of
IV. B, and the mean and maximum energies are similar in value using both techniques.
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Figure 7: IEDF at peak heating location downstream for two different trends. A representative IEDF at the

orifice location is present for reference.
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Figure 8: IEDF at peak heating location downstream for two different trends, caluculated using Gaussian
fits to the drifting population. A representative IEDF at the orifice location is present for reference.

Using Eq. 8, ion temperature was calculated for all cases and results for the two trends are shown below
in Figure 9. Again we observe that ion heating is weakly dependent on current but strongly dependent on
flow rate. All cases at 10 sccm show increasing temperature with distance downstream, plateauing near the
anode entrance plane. It should be noted that inside the anode the signal-to-noise of the drifting population
was low compared to that of the non-drifting population, making it difficult to deconvolve the two. This
puts the plateau in ion temperature in question. For the case of increasing flow rate the temperature growth
is suppressed and nearly flat for the 20 sccm case.

The most probably ion velocities for each case are shown in Fig. 10. All cases show an increase in drift
velocity followed by a decrease past the anode entrance. Also due to questionable data quality and curve
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fitting uncertainty, the values inside of the anode have large errors.
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Figure 9: Ton temperature as a function of distance downstream.
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Figure 10: Most probable ion velocity as a function of distance downstream, assuming Gaussian curve-fit.

E. Electron Temperature

Electron temperature is needed to determine TAT wave energy per Egs. 5 and 6. Results from Langmuir probe
sweeps for the two trends are shown in Fig. 11. As found by Jorns,” electron temperature values between 2
and 3 eV were common generally remained constant with distance from the keeper. This consistency stems
from the fact that T, decreases with decreasing plasma density but increases with decreasing neutral gas
density, both of which are occurring along the centerline with distance downstream and so the two effects
nearly cancel out. T, was found to increase with discharge current, likely due to an increase in electron-
electron collision frequency, and to decrease with increasing flow rate due to depletion of electrons with
sufficient energy to cause ionization.
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Figure 11: Electron temperature as a function of location for the five conditions studied.

F. Wave Energy

Figure 12(a) below shows a contour plot of the wave amplitude spectrum for the 70 A, 10 sccm operating
condition, and Fig 12(b) shows the same for the 130 A, 10 sccm condition. Both are plotted the same
scales. These show clearly the increase in wave energy due to the higher current. They both also show that
high-frequency energy content associated with TAT increases with distance downstream to a maximum then
gradually decreases afterwards. Figure 12(c) shows an example raw amplitude spectrum taken for the 130
A, 10 sccm operating condition, 10 mm downstream of the keeper. This plot illustrates the inverse cascade
of wave energy to a maximum below 500 kHz, with decreasing energy content at both ends of the spectrum
which is typical of plasma turbulence.

To make use of the wave amplitude spectra, we must calculate the total wave energy at each location
and compare to the ion heating from LIF measurements. Because of the sometimes large amount of energy
in the low-frequency end of the spectrum associated with ionization instabilities (which we want to ignore
here), a cutoff of 100 kHz was used above which the wave amplitude is integrated. The wave energies for the
two trends are shown in Fig. 13. They show similar results to the ion temperature measurements: increasing
current for a given flow rate increases the wave energy and moves the location of peak wave energy upstream,
with similar trends for decreasing flow rate.

22 -10
20 s S
18 -12 § -12 § pE
o o
g 16 a S
-14 3 -14 g >
@ 14 = g
: 8 <t
o]
3 12 -16 € 10°
S 10
8 -18 i
6
4 -20
0 1 2 3 0 0.5 1 15 2 25 3
Frequency, MHz Frequency MHz Frequency, MHz
(a) 70 A, 10 sccm (b) 130 A, 10 sccm (c) 130 A, 10 sccm, 10 mm downstream

Figure 12: Amplitude spectrum for 70 A and 130 A, 10 sccm cases, with an example of the raw amplitude
spectrum.

To more clearly illustrate the correlation of ion temperature with IAT wave energy, Figure 14 shows both
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Figure 13: Wave energy for the two trends.

with respect to distance downstream of the keeper for each operating condition, all to the same scale. Note
that since the ions havea finite temperature at the keeper orifice this temperature was subtracted tocompare
explicitly to wave energy available for heating. These plots show that for the three cases at 130 A there is
a linear relationship between T; and Ep. However, as discussed above, this is not true for the 70 and 100 A
cases.

V. Conclusion

This work has provided useful data on the evolution of the IVDF in the near plume of a high current
hollow cathode at current levels not before probed using LIF. The correlations of IEDF data between LIF
and RPA follow similar trends and, for the most part, result in similar maximum ion energies. The IEDF
profiles, ion temperature calculations, and wave energy measurements all appear much more sensitive to flow
rate than discharge current at the conditions examined. Why this is the case remains for future investigation.
Also unknown is why the ion temperature does not scale linearly with wave energy for the 70 and 100 A (both
10 sccm) operating conditions as it does for all three 130 A conditions. Possible causes include curve-fitting
techniques or the assumptions used in calculating wave energy. However, the parametric study of flow rate
shows clear, intuitive trends. Perhaps a more appropriate choice of operating conditions will shed light on
discharge current sensitivity. Another result from this work was to show the sensitivity of the overall plasma
resistivity to background pressures below 2 x 10* Torr. This could be important in the life-testing of hollow
cathodes in which erosion from energetic ion production is being evaluated.

Future work planned includes the following: performing 2D maps with LIF and the probes used in this
study, as well as a 2D wave vector probe, for several operating conditions; comparing the results of this
study to a 1D model for IVDF evolution on the centerline; and taking centerline measurements of a 300 A
cathode to better understand the dependence of energetic ion production on discharge current. These results
should improve our understanding of energetic ion production and will be valuable for validating models in
development at JPL that seek to self-consistently predict IAT-driven anomalous resistivity and energetic ion
production in hollow cathode plumes.?>
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