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High current hollow cathodes used for electric propulsion have been found to have en-
ergetic ions in the plume caused by a mechanism still not fully understood. These anoma-
lously energetic ions have been shown to erode cathode keepers and pose a risk to cathodes
used for long-duration missions. This work builds on previous work investigating the effects
of ion acoustic turbulence (IAT) in the plume and its effects on the ion population. Laser-
induced fluorescence (LIF) and plasma probes were used to measure several steady-state
and fluctuating plasma properties related to ion acoustic waves. A preliminary analysis of
these data show the ion distribution function along the the centerline to be heated primar-
ily in the axial direction resulting in ion temperature anisotropy. A bimodal ion velocity
distribution function was observed with the axial LIF beam near the anode, consisting of
slow and fast populations. It was not possible to detect two distinct populations using the
radial LIF measurements. The fast population was found to accelerate with distance from
the keeper orifice whereas the slow ion population remained nearly stationary, and is be-
lieved to be caused by ion generation in the plume through ionization or charge-exchange
collisions. Wave energy and the ion acoustic wave direction were measured and show an
increase in wave energy downstream, highly concentrated along the centerline. The ion
acoustic waves were found to propagate outward from the orifice and are approximately
collinear with the drift direction of the fast ion population.
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Nomenclature

= amplitude of oscillation
= Wavenumber

= Laser frequency

= Speed of light

= Boltzmann’s constant
= Area, m?

= Mass, kg

= Current, A

= Wave growth rate

= Angular frequency [rad/s]
= Energy

= Velocity

= Potential

= Ion acoustic speed

= Frequency [Hz|

= Velocity distribution function
= Drift velocity

= Fundamental charge

= Density

= Temperature

= Axial distance

= Radial distance
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I. Introduction

ong-duration space missions using electric propulsion typically use hollow cathodes for ionization and
Lneutralization. Proposed missions are now exceeding 50 kh of cathode operation, so to reduce development
cost and duration, cathode plume models are increasingly being relied upon for lifetime prediction. Two
aspects of hollow cathode plume physics not fully understood include anomalous resistivity and energetic
ion production. The former has shown to be related to scattering of electrons off of electric field fluctuations
caused by ion acoustic turbulence (IAT),! resulting in the anomalously high plasma potential measured in the
near field of the plume. The latter issue is the motivation of this work, which seeks to provide experimental
measurements of near plume plasma properties to better understand mechanisms that could cause ions to
exceed energies possible due to electrostatic acceleration or pressure gradients.

Energetic ion production was first observed during high current cathode experiments in ion thruster
discharges in the late 1980’s, and have since been characterized by many authors. Several mechanisms
have been proposed for their formation, one of which is IAT. Recent work at JPL has shown a correlation
between IAT wave energy and ion temperature along the centerline for several operating conditions.? In
regions where the IAT had fully developed this correlation was on the order of that predicted by Jorns.?
This work expands upon the research in Refs. 2 and 4 by presenting measurements of axial and radial ion
velocity distribution functions (IVDF’s) using laser-induced fluorescence (LIF). Additionally, the wave energy
propagation direction was measured using an array of ion saturation probes. The findings are presented as
follows. In Sec. II the basics of ion acoustic turbulence is discussed. Section III covers the experimental
diagnostics used. Section IV presents preliminary results of the experimental campaign along with discussion.

II. Ion Acoustic Turbulence Theory

A. TIon Acoustic Waves and Turbulence

Ton acoustic waves are produced when the velocity of the electrons in the reference frame of the ions exceeds
the ion acoustic speed,® ¢y = +/(T. + v;T;)/m;, where T, and T; are the electron and ion temperatures,
respectively, in eV, m; is ion mass, 7; = 3 (corresponding to longitudinal compressions), the electrons are
assumed to be isothermal, and it is assumed that Landau damping from ions is small. These waves are
unstable and develop into IAT which exchanges momentum with the ions and electrons. The source of free
energy in IAT is the relative drift velocity of the electrons relative to the ions, and energy is transferred
to the wave through inverse electron Landau damping. Scattering of the electrons on the waves results in
anomalous resistivity (in that it can greatly exceed the classical resistivity caused by Coulomb collisions) and
Joule heating of the electron population. The ions interact with the waves through ion Landau damping,
which extracts energy from the waves to heat the ions. The turbulent waves exist as a cone-shaped spectrum
of vectors pointing in the direction of the relative electron drift velocity.® In the following we ignore the
oblique components of the waves since maximum growth is in the direction of the relative drift between the
electrons and ions, \_/:3 — I_/;

The dispersion relation for ion acoustic waves along the centerline of a cathode plume is given in Ref. 6.
The real part of the dispersion relation, which is what is measured in this experiment, is given by:

wr = k(es + Vi), (1)

where w is wave frequency and k is wavenumber. It is assumed that the wavelength is long compared to the
Debye length and that the plasma is uniform locally (i.e. it varies slowly compared to the wavelength of the
wave).

III. Experimental Setup

The experiments were performed in a 2.6 m x 5.2 m long vacuum chamber facility at JPL with a pumping
speed of ~40 kL/s and a base pressure of ~10~7 Torr. The cathode discharge was powered by a 330 A
Sorensen power supply. Cathode flow control was provided by an Apex flow controller, and research grade
xenon gas was used for all testing. The cathode used for these experiments was designed for 100 A and
had a LaBg insert material, and is shown in Fig. 1(a). The cathode tube and keeper were made of graphite
and the orifice plate was made of tungsten. The anode consisted of a 100 mm diameter, 300 mm long,
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cylindrical copper tube that was located 30 mm downstream of the keeper. It was concentrically aligned
with the cathode and water cooled. The inside of the anode was lined with tungsten sheets to prevent
sputtered copper from the anode from depositing onto the cathode (since tungsten has a lower sputter yield
than copper). The cathode assembly was mounted to two stages that provided axial and lateral translation
of the assembly, while probe and optical diagnostics remained fixed, as shown in Fig. 1(b). The cathode was
kept at ground potential, and the anode was biased relative to cathode. No magnetic field was applied to the
plume region to minimize the number of modes present and simplify interpretation of probe measurements.

(a) 100 A, 1/2" LaBg Hollow Cathode (b) Cathode assembly and test configuration.

Figure 1. Cathode assembly.

A. Steady State Langmuir Probe Measurements

An array of cylindrical Langmuir probes (Fig. 2) was used for all probe measurements. For steady-state
measurements of plasma density, electron temperature, and plasma potential, only the corner probe of the
array was used and the other two probes were allowed to float. The measurement domain domain was
sampled with Ar=3 mm and Az=2 mm. This section will describe the interpretation of the Langmuir probe

measurements.
"

Figure 2. Langmuir probe array. The separation between orthogonal pairs is ~5 mm.

1.  Density

Biasing the probe sufficiently negative to repel a majority of the electrons allows the ion saturation current
to be measured which can be related to the background plasma density. Traditional Langmuir probe analysis
neglects ion drift and finite ion temperature. The Bohm sheath criterion states that the ions enter the sheath
at the ion acoustic speed, ¢; = \/ (T, + 7;1;/m;, where y; = 3 since the ion density compressions are assumed
to be one-dimensional. Under these assumptions, the ratio of ion density at the sheath boundary to the
bulk plasma is e~ /2 using the Boltzmann relation for electrons. The plasma density measurement from ion
saturation current is then given by ng = Isat/ et/ 2qAc,, where I, is the ion saturation current, g is the
fundamental charge, and A is the collection area of the sheath. In the cathode plume the ratio of the probe
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radius to the Debye length, 7,/Ap. ~ 300, allowing the use of the thin-sheath approximation” where the
sheath area is assumed to be equal to the probe area.

The approach outlined here, and the results presented in Sec. IV, assumes ion drifts are small relative to
their thermal speeds (i.e. M;, M, < 1), where M, is the Mach number. However, centerline Mach numbers
of 2-4 for ions? have been measured, indicating that drift effects on density measurements may be important.
An estimate for this effect can be performed based on the results of McMahon,® who performed simulations
of drifting plasmas incident on cylindrical probes. The result is that calculations for non-drifting ions tend
to overestimate plasma density by a factor of 2 along the plume centerline compared to drifting plasmas,
assuming ion temperature isotropy and a constant ratio of ion to electron temperature. However, as will be
shown in the Results section, ion temperature anisotropy, electron temperature, and plasma potential are all
varying throughout the plume. Because proper correction for flowing effects on density are outside the scope
of this paper, the results in Sec. IV should be viewed with the understanding that the corrected densities
could be lower than that shown.

2. Electron Temperature

The electron temperature was inferred from an exponential fit to the electron current-voltage trace” calcu-
lated assuming a linear fit to the ion saturation current portion, resulting in T, = ¢p;as/ In(l.). However,
this approach ignores the electron drift which, for a drifting Maxwellian electron population incident on a
probe, can result in a significant modification to the equation used for estimating T, if M, = V, /ve ¢, > 0.1.9
For a cylindrical probe oriented with the probe axis orthogonal to the electron drift direction the tra-
ditional analysis tends to overestimate T, and this correction factor scales with the drift magnitude as
Te.drifting/ e, stationary = el'12Me - Applying this correction and using the Mach numbers calculated by Jorns
for this operating condition in Ref. 4 (where M, ~ 1 — 2), the electron temperatures would be reduced by a
factor of 2-9.

The challenge in applying this correction is knowing the electron drift velocity. The approach by Jorns*
estimates the average electron drift by integrating the electron current density over an area at a fixed axial
position with a known total current., but this is valid only along the centerline and could be underestimating
the max drift due to averaging. Because it was not possible to measure or estimate the electron drift off-axis,
in this paper T, is calculated assuming a non-drifting Maxwellian electron population, with the understanding
that this approach may result in an overestimate of T, in regions of significant electron drift.

8. Plasma Potential

It was found that biasing the probe >10 V resulted in excessively high electron current and the probe became
emissive. This prevented electron current measurements near the electron saturation region of the I-V curve,
so it was not possible to determine plasma potential using the knee of the characteristic. Because of this,
plasma potential was approximated by equating the electron saturation current for slow, Maxwellian electrons
with the ion current for slow, isotropic ions entering the sheath at the Bohm velocity vpopm = +/Te/my,
resulting in the following relationship:”

(2)

¢y = ¢ — T.In {a %mﬂ,

m;
where ¢, is the plasma potential and ¢y is the floating potential. Note that the previous discussion of the

effects of drifts illustrate the significant uncertainty (not quantified here) inherent in this estimate of plasma
potential. Nevertheless, this treatment was used to show the qualitative structure of the plasma potential.

B. Fluctuation Measurements
1.  Wawve Energy Density

The total wave energy, using the dispersion relation of ion acoustic waves subject to the simplifying assump-

tions above, yields the following results for the energy of electrostatic waves:'®

Vi

zi
Cs

1+ =, (3)

R
Ep=) — "k
’ %TJH:&E/TE)
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where (;Nﬁk is the amplitude of the fluctuating plasma potential of acoustic mode with wavenumber k and
q is the fundamental charge. The potential amplitude spectrum can be measured using the cylindrical
Langmuir probe array discussed earlier by applying a negative bias voltage of -27 V and measuring the
voltage drop across a shunt resistor. The bias was applied using a set of batteries connected to ground
to avoid any low-impedance paths to ground that could exist in a power supply, which would affect high
frequency measurements. Fluctuation measurements used for wave energy calculations were only taken on
the upstream probe to avoid any potential wake effects due to particle flow.
To obtain the fluctuating plasma potential power spectrum, ¢, the following relationship holds for elec-
trostatic perturbations of small amplitude:
5=t (L), ()

q n;

where n; /m; = :at /Tsat. Note that this treatment does not account for electron or ion drifts, which we have
shown to be important for density and electron temperature calculations. Neglecting ion drift is justified in
this derivation because Eq. 3 accounts for the Doppler shift of the wave frequency.

2. Wawve Dispersion

The signals on a pair of fixed probes can be analyzed to determine the dispersion relation, k(w), by using
the cross-phase of ion saturation current signals from two probes using the approach by Beall,!! which is
only briefly described here. For any two signals, the dispersion relation between them can be determined by
taking the Fourier transform F of each and using the following relationship:

_ b o [Im(Fea(t)] 77 [0 (1)])
Az Re(Flo2(0)]F*[or()]) |

where Ax is the probe separation distance, and the fluctuations in plasma potential are represented in the
Eikonal approximation as ¢(t) = d(w)eilk@r=wtl - To improve the correlation with noisy signals, the
Beall approach involves averaging over a number of time signals using a histogram technique, binning the &
values and weighting them according to the following:

(5)

1 < i v lip0) ()
S(w,k) = 57 > Ioanlk — K WS (w) + By ()], (6)
=1

where M is the number of time samples, j is the run number, Pl(j ) and P2(j ) are the power spectra of the
two signals. The function I(z) is used to ignore wavenumbers not discernible based on the probe separation
distance, and is defined as

1, |k—Fk(w)| <Ak

Ioap(z)=q "’ _ (7)
0, |k—K(w)> Ak

where Ak is the width of the bin. Performing this analysis on both sets of probes, oriented parallel and
perpendicular to the cathode axis, gives the dispersion relation in each direction. The phase velocity (vy, =
w/k)in the axial and radial directions are obtained from the slope of the dispersion relations. The wave
propagation direction is then obtained from the vector sum of the component phase velocities. For the
results shown here, the wave vectors were determined by manually identifying the portion of the dispersion
relation in which the dispersion relation was linear to obtain the slope. To verify that the plasma wake from
the upstream probe did not affect the fluctuation measurements of the downstream probe, the ion saturation
currents were compared along the centerline. It was found that the downstream probe measurement was
within 5% of the upstream probe for z > 5 mm, indicating that the wake of the upstream probe did not
affect at least the steady-state density measurements. An example of the axial dispersion plot obtained using
the Beall techniques is shown in Fig. 3, illustrating the linear dispersion characteristic of ion acoustic waves.
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Figure 3. Example Beall plot for axial dispersion.

C. Laser-Induced Fluorescence

LIF was used to measure the local evolution of the IVDF in the near field plume. This technique involves
measurinng the Doppler shift of an absorption line of singly-ionized xenon, using the relationship v; =
c¢Af/fo, where v; is ion velocity, Af is the difference between the laser frequency and the frequency of the
absorption transition in the rest frame of the ions, fy, and c is the speed of light. Due to its high transition
probability and accessibility using diode lasers, the Xell 5d2F7/2 — 6dg/ ® transition was excited using
834.953 nm (vacuum), resulting in fluorescence at 542.066 nm (vacuum).'>13 A 500 mW CW diode laser
(Fig. 4(a)) was coupled to the vacuum chamber via multimode fibers and focused to a spot size of ~2 mm to
either an axially- or radially-oriented injection optical assembly, fixed relative to the cathode (Fig. 4(b)). A
maximum of 130 mW average laser power was used to maximize signal-to-noise for the wings of the plume
and near the keeper, where the low density made it challenging to resolve the IVDF. The spot size of the
collection optics was ~1.2 mm, and the fluorescence light was fiber-coupled to a photomultiplier tube located
outside of the chamber. A bandpass filter centered at 543 nm was used to isolate the fluorescence signal
from other emission lines. A current amplifier and lock-in amplifier were used along with an optical chopper
for phase-sensitive detection. Measurements of axial IVDF’s were taken independently of radial IVDF’s to
maximize signal strength. Because there was no applied magnetic field, Zeeman splitting was assumed to be
negligible in the plume, eliminating the need for polarizers on the injection beams.

BS (50:50 .
M M ( ) Radial Beam
Anode
Optical Fiber Coupler Cathode \
Chopper .
Fiber BS (90:10) M @} i Axial Injection
Coupler Beam
Tapered Fabry-Perot \
Amplifier Interferometer
Diode Laser Wavelength Meter Collection Optics
(a) Optical bench (M: mirror, BS: beam splitter, OF: optical fiber). (b) Chamber configuration.

Figure 4. Laser-induced fluorescence (LIF) system.
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IV. Experimental Results and Discussion

The results of this preliminary analysis were for the 160 A, 15 sccm operating condition with a background
pressure of 1x10~® Torr. The cathode discharge voltage was ~23 V. First the background plasma properties
will be discussed that are needed to calculate the ion acoustic wave energy, followd by presentation of the
LIF and wave measurements.

A. Background Plasma Properties

Figure 5 shows the calculated plasma density, electron temperature, and plasma potential in the plume. The
contour plots were generated using first order interpolation. The density shows a nearly collimated shape
within the keeper radius (5 mm). Electron temperatures of 2.5-3.5 €V are found throughout the majority of
the measurement domain but dropping significantly at the wings. The plasma potential shows a potential
trough caused by the large electron current in the main jet, with increasing potential towards the wings of
the plume. Along the centerline the potential gradient is negligible. Note also that the calculated plasma
potential near the wings exceeds that of the discharge voltage, indicating an error in this method of estimating
potential using the floating potential and electron temperature. It could also be due to electron temperature
uncertainty on the wings where the signal-to-noise ratio was poor. Since the steady-state plasma potential
measured using the Langmuir probe sweeps was not used for either ion or wave calculations, Fig. 5(c) is
presented only to show the qualitative behavior in the plume.

1 2 3 4 5 6 1.5 20 25 3.0 175 200 225 250 275 30.0 325
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20— 20—
v/ 4
E 15 g 157 ] =
g g
=) =) g
2 2 R
g 10 g 10f ] 5
S) S) 5]
— — —
3 3 |z
N
(| S —— (0 S ——— [ e ———
0 2 4 6 8 1012 14 0 2 4 6 8 1012 14 0 2 4 6 8 1012 14
Radial Location, mm Radial Location, mm Radial Location, mm
(a) Plasma density (x10'9m=3). (b) Electron temperature (eV). (c) Plasma potential (V).

Figure 5. Plasma properties for the 130 A, 15 sccm, 1x10~° Torr background pressure operating condition.

B. LIF Measurements

The ion properties in the plume discussed here were obtained using LIF. A retarding potential analyzer
(RPA) was used to obtain ion energy distribution function measurements along the centerline and in the
radial directions in the far plume as a check on the LIF results. Since past experiments? have shown the LIF
results to approximately converge to the RPA values in the far plume, the RPA results are not presented
here. The domain was sampled with Ar=3 mm and Az=4 mm. Figure 6 shows several of the axial IVDF’s
measured throughout the domain, along with the curve fit applied to the drifting component (in red). The
axial and radial locations are indicated in the upper corner of each box, respectively. The radial IVDF
profiles are not shown because they all could be fit by single Gaussian curve fits and showed no unexpected
peaks.

Several features can be seen in the axial IVDF plots worth discussing here. First, for regions outside
the cathode orifice but near the keeper (i.e. for r>3 mm and z<11 mm) a second, negative velocity peak
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was observed, with velocity opposite that of the positive-going peak but with varying amplitude. This is
believed to be due to reflection of the axial LIF injection beam off the tungsten orifice and off of tungsten
deposition on the keeper face, caused from sputtering of the anode liner, which was found to be significant
in the post-test examination of the keeper. Additionally, for regions farther into the plume (z>11 mm) a
second peak in the signal is found approximately centered at 0 km/s, and will be referred to here as the
slow population. To differentiate between the fast and slow populations, and between real and artificial
populations in the regions with laser reflections, a dual Gaussian distribution was used to fit the two peaks:

2 2

m;  _miv—Vo1) m; _mi(v—Vo2)
fi(v) =no1y [ =€ 2Ty 4+ ngey/ =———e€ 2Tz 8
l( ) 27TT2'1 27TTi2 ’ ( )

where subscripts V1 and Vg2 denote the most probable velocity of the slow and fast populations. One possible
explanation for the slow population is the generation of ions in the plume from electron-bombardment or
charge-exchange collisions, both of which have mean free paths on the order of the cathode-anode separation
distance. However, since ionization and charge-exchange are isotropic, slow peaks would be expected in the
radial IVDF’s but none were observed. However, it is possible that the radial velocity distribution functions
of the two populations were closely overlapped in velocity space. Reflections of fluorescence light off of
the tungsten liner was also ruled out as a potential cause of the slow peak by measuring the IVDF using
collection optics oriented such that the view path did not intersect the reflective anode tungsten liner. This
bimodal IVDF could affect the IAT energy balance as well as the interpretation of Langmuir probe data so
should be considered in future analysis of plume measurements.

(0 27) (6 27) (12 27)

s

km/s km/s km/s
-10 -5 0 5 10 -10 =5 0 5 10 -10 =5 0 5 10
(0 19) (6 19) (12 19)
km/s km/s JAMMA‘ km/s
-10 -5 0 5 10 -10 -5 0 5 10 -10 =5 0 5 10
(0 11) (6 11) (12 11)
s s MJMM&JL —
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
(0 3) (6 3) (12 3)
. . ses km/s km/s _“m“‘ km/s
-10 -5 0 5 10 -10 -5 0 5 10 -10 =5 0 5 10

Figure 6. Axial IVDF’s measured by LIF. The raw data is shown in black and the Gaussian fit to the fast
population is shown in red. The (z,r) coordinates in mm are indicated above each plot.

The results of for ion drift direction and magnitude for the fast population are shown in Figure 7(a),
using first order interpolation for the drift magnitude contour plot. The vectors are normalized to the net
drift speed. Both the axial and radial drift components increase with distance from the cathode orifice,
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beginning at ~2.5 km/s and increasing to nearly 5 km/s near the anode. The cause of this acceleration is
planned to be investigated further.

Figure 7(b) shows a representation of the variances of the Gaussian fits to the IVDF chords measured
using the axial and radial injection beams. The origin corresponds to the keeper orifice center, which shows
a nearly isotropic distribution with ~1 eV for both IVDF measurements. The length of the bars represents
temperature and the bars are aligned with the direction of the injected beam. Both the axial and radial
IVDEF’s obtained show an increase in the temperature with distance from the cathode orifice. Along the
centerline the ions start out isotropic with T;=1 eV, and evolve downstream to have an axial temperature of
~b eV with the radial temperature only increasing slightly. One proposed mechanism for the increasing ion
temperature is IAT, as discussed in Refs. 2,3. Analysis of the fluorescence response as a function of laser
intensity, along with calculations assuming a simplified two-level energy level model (neglecting hyperfine
splitting), indicates a moderate amount of saturation which could have broadened the IVDF by 10-20%.'4
Experiments at UCLA are planned to more accurately quantify the degree of saturation present and the
uncertainty in the temperature measurements.
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are normalized to their magnitude. jections of the IVDF. The length of each bar

corresponds to the temperature magnitude.
Figure 7. Ion drift direction, speed, and temperature components.

Using the 1D temperatures measured from the two injection beams, the ion temperature anisotropy along
the centerline is computed and shown in Fig. 8. Note that due to symmetry the plasma drift, ion acoustic
wave vectors, and all gradients are assumed to be directed along the axis. Neglecting mechanisms that might
cause the 2D IVDF to be skewed, we assume the 2D IVDF along the axis to consist of a bimodal Maxwellian
with slow and fast populations along the axis with a single radial velocity distribution function. Therefore
the anisotropy shown along the centerline can be used as an indication of that expected off-axis given that
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no magnetic field is present. Because the model used by McMahon® for correcting density estimates in a
flowing plasma are for isotropic ion temperature distributions, this result indicates that more precise density
estimates should incorporate a 2D IVDF as an input. Because of the possibility that IAW’s are heating
ions predominantly in the direction of propagation, it is not possible to use the measured IVDF’s from this
experiment to project the distribution along the direction of IAW propagation. This would require obtaining
the 2D IVDF along several angles and applying a tomographic reconstruction technique, which was not
possible with the current experimental configuration.

6_| T T T T T |
St Axial
4F m] ]
>
O.)'\ 3_ 4
2oy O
2F O ]
g [ ] u = [ ]
lrm m 8 Radial
O_ ) ) ) ) ) ) 4
0 5 10 15 20 25

Axial Location, mm

Figure 8. Axial and radial ion temperature components along the centerline.

C. Ion Acoustic Wave Measurements

The normalized wave vectors obtained using the vector sum of the orthogonally-measured phase velocity
components, overlaid on a contour plot of the wave energy density (Eq. 3), are shown in Fig. 9(a). The
domain was sampled with Ar=3 mm and Az=2 mm. The locations of the wave vectors used to generate
this correspond to the location of the corner probe shown in Fig. 2. The contour plot was generated using
first order interpolation. The vectors for some locations are not shown due to the low signal-to-noise ratio
in those regions. The wave energy grows with distance from the orifice and is strongest on the centerline,
and the waves propagate outward from the orifice. Since the energy source for IAT is the electron drift, and
the electrons carry the discharge current to the anode, it is reasonable for the waves to propagate outward
from the orifice in the direction of the anode.

The wave vectors are also compared to the normalized ion drift vectors (for the fast population only) in
Fig. 9(b), and it is found that the two are approximately collinear. As discussed in Sec. II, the wave energy is
highest in the direction of the relative drift between the electrons and ions. Given this assumption, Fig. 9(b)
indicates that the ions and electrons are drifting collinearly. This would be expected in a magnetic field-free
ambipolar plasma, but not necessarily in the cathode plume because of the large (predominantly electron)
current carried to the anode. It is possible that it is a coincidence that the vectors line up given that there is
uncertainty in vector directions, probe effects could be significant, there is ion temperature anisotropy, and
the fact that there are multiple ion populations. However, this observation warrants further investigation to
see if it is possible that wave-particle effects in the direction of the acoustic waves is causing the ion velocity
change. As mentioned in Sec. B, to establish a more direct correlation between TAT wave energy and ion
heating, more information about the 2D IVDF is needed.

V. Conclusion

LIF and ion acoustic wave measurements were taken in the plume of a high current hollow cathode.
Analysis of particle drifts found in this and previous experiments indicate that a more detailed accounting
of drift effects is needed to improve the accuracy of the steady-state plasma properties and calculations
derived from them. This is particularly the case for electron temperature which is linearly related to the ion
acoustic wave energy. A preliminary analysis shows the ion distribution function along the the centerline is
heated primarily in the axial direction, possibly by ion acoustic turbulence. The ion temperature anisotropy,
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Figure 9. Wave energy and drift properties.

if caused by ion acoustic turbulence, is expected to exist in the off-axis plume locations but cannot be
confirmed without more LIF measurements. A bimodal ion velocity distribution function was observed with
the axial LIF beam: the slow peak is believed to be caused by ion generation in the plume through ionization
or charge-exchange collisions, whereas the acceleration of the fast ion population is unexplained. Wave energy
and direction were calculated using measurements of the fluctuating ion saturation currents. It was found
that the wave energy increased with distance downstream and was concentrated along the centerline. The
ion acoustic waves were observed to propagate outward from the orifice in the direction of the drift of the
fast ion population. Future analysis will compare the results presented here to other operating conditions to
evaluate the effects that gas flow rate and discharge current have on the ion drift and temperature, and on
the propagation of ion acoustic waves in the plumes of high power hollow cathodes.
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