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Abstract. The results of a study of laser-induced fluores-
cence velocimetry of neutral and singly ionized xenon in the
plume and interior portions of the acceleration channel of
a Hall thruster plasma discharge operating at powers ranging
from 250 to 725 W are described. Axial ion and neutral vel-
ocity profiles for four discharge voltage conditions (100 V,
160 V, 200 V, 250 V) are measured as are radial ion vel-
ocity profiles in the near-field plume. Ion velocity measure-
ments of axial velocity both inside and outside the thruster
as well as radial velocity measurements outside the thruster
are performed using laser-induced fluorescence with nonres-
onant signal detection on the xenon ion 5d[4]7/2–6p[3]5/2
excitation transition while monitoring the signal from the
6s[2]3/2–6p[3]5/2 transition. Neutral axial velocity measure-
ments are similarly performed in the interior of the Hall
thruster using the 6s[3/2]0

2–6p[3/2]2 transition with reson-
ance fluorescence collection. Optical access to the interior of
the Hall thruster is provided by a 1-mm-wide axial slot in
the insulator outer wall. While the majority of the ion vel-
ocity measurements used partially saturated fluorescence to
improve the signal-to-noise ratio, one radial trace of the ion
transition was taken in the linear fluorescence region and
yields a xenon ion translational temperature between 400 and
800 K at a location 13 mm into the plume.

PACS: 52.70.Kz; 52.75.Di; 52.80.Vp

Due to their high specific impulse and high thrust efficiencies,
Hall thrusters are now being considered for use on commer-
cial, research, and military spacecraft. This technology pro-
vides economic advantages for a number of missions and its
use can be translated into lower launch mass, longer time on
station, or larger payloads [1]. In order to extend the perform-
ance and operating envelope of Hall thrusters, there is a need
for increased understanding of the complex phenomena that
control propellant ionization and acceleration within the dis-
charge. In order to more fully understand the physics in these

∗Corresponding author.
Now located at Air Force Research Laboratory, Spacecraft Propulsion
Branch, Edwards AFB, CA 93534, USA

discharges, several laboratory-model Hall thrusters have been
constructed at Stanford University. These thrusters serve as
test articles for model development and advanced plasma di-
agnostics, including laser-induced fluorescence (LIF), probes
of various types, and thrust measurements [2–5].

Laser-based techniques have been developed to nonintru-
sively probe neutral and ionized xenon [2, 5]. Such measure-
ments in the plumes of Hall and other types of ion thrusters
provide important information on the expansion of the plasma
plume and its potential effect on satellite propulsion design
and integration. Laser-based diagnostic measurements have
been previously employed to examine plume plasma prop-
erties in other electric propulsion devices. For example, the
hydrogen arcjet has been extensively studied using lasers to
measure velocity, temperature, and electron number dens-
ity [6]. However, few measurements (especially optical meas-
urements) have been made within the interior discharge of
these devices. The high spatial resolution of single-point LIF
is essential in probing nonuniform plasma environments such
as those inside Hall thrusters and other electric propulsion
devices.

Ion velocity measurements of axial velocity, both in-
side and outside the thruster as well as radial velocity
measurements outside the thruster, are performed using LIF
with nonresonant signal detection exciting the xenon ion
5d[4]7/2–6p[3]5/2 electronic transition while monitoring the
signal from the 6s[2]3/2–6p[3]5/2. Neutral axial velocity
measurements are similarly performed in the interior of the
Hall thruster using the 6s[3/2]0

2–6p[3/2]2 transition with res-
onance fluorescence collection. The majority of the velocity
measurements use partially saturated fluorescence to improve
the signal-to-noise ratio.

1 Theory

1.1 Laser-induced fluorescence

Laser-induced flourescence is used to detect velocity-induced
shifts in the spectral absortpion of xenon atoms and ions. The
fluorescence is monitored as a continuous-wave laser is tuned
in frequency over the transition of interest, of energy hν12.
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Measurements can be made with high spatial resolution, de-
termined by the intersection of the probe laser beam with the
fluorescence optical collection volume.

In laser-induced fluorescence velocimetry, an atom or ion
moving with a velocity component u relative to the direc-
tion of the incoming laser will absorb the light at a frequency
shifted from that of stationary absorbers due to the Doppler
effect. The magnitude of this frequency shift δν12 is

δν12 = ν12
u

c
. (1)

The measured fluorescence signal is given by [7–9]:

sf = ηdαchν12 A21 N2 , (2)

where ηd is the efficiency of the detection system, αc ac-
counts for geometric factors involving the collection system,
and A21 is the Einstein coefficient for spontaneous emission
of the relevant transition. For low laser intensities, rate equa-
tion analysis indicates that the upper level population N2,
and therefore the fluorescence signal, is linearly dependent on
laser intensity at steady state, i.e.

N2 ∼ Iν B12φν , (3)

where Iν is the spectral irradiance at frequency ν, B12 is
the Einstein stimulated absorption coefficient, and φν is the
transition‘s spectral line shape, which accounts for the varia-
tion of the absorption or laser excitation with frequency. The
line shape is determined by the environment of the absorbing
atoms, so an accurate measurement of the line shape function
can lead to the determination of various plasma parameters.
However, for velocity measurements, partially saturated fluo-
rescence with a distorted line shape can still provide an ade-
quate measure of the mean velocity. This was experimentally
verified with several saturation studies which also examine
the Doppler shift. The variation of the resultant velocities was
found, in this study, to be less than the experimental uncer-
tainty for the ions (±500 m/s), or for the neutrals (±60 m/s).

Several factors affect the line shape and give rise to broad-
ening and/or a shift of the spectral line. In high-temperature
plasmas, the most significant is Doppler broadening due
to the absorber‘s random thermal motion, characterized by
the molecular kinetic temperature, Tkin. When the absorb-
ing species velocity distribution is Maxwellian in shape, the
Doppler broadening results in a Gaussian line shape. Colli-
sional interactions between the absorbers and other species
in the plasma give rise to spectral line shapes that are of-
ten Lorentzian. This includes interactions with charged par-
ticles (Stark broadening) and uncharged particles (van der
Waals broadening). If both Doppler broadening and colli-
sional broadening are important and independent, the result-
ing line shape is a convolution of the Gaussian and Lorentzian
line shape into a Voigt line shape [9].

The absorption line shape is an intrinsic property of the
absorbers, whereas the fluorescence excitation line shape is
the variation in the detected fluorescence signal with fre-
quency as the laser is tuned across the absorption line feature.
If the laser excitation significantly perturbs the populations of
the coupled levels, it is said to be saturating the transition and
the fluorescence signal is then a nonlinear function of laser
intensity. In cases where the laser intensity is significantly

below the saturation level and the laser linewidth is small
compared to the measured linewidth, the fluorescence excita-
tion line shape reflects the spectral absorption line shape as
given by (2) and (3). When the laser intensity is sufficiently
high to saturate the transition, the fluorescence excitation line
shape is broader than the spectral line shape and the fluo-
rescence intensity is less than it would be if it were linear
with the laser intensity Iν. The saturation intensity, defined
as that intensity which produces a fluorescence signal half
of what it would be if the fluorescence was linear with Iν,
depends inversely on the line strength of the particular tran-
sition. Stronger transitions have a smaller saturation intensity
and thus a larger saturation effect for a given laser intensity.

1.2 Hyperfine structure

The nine isotopes of xenon, the propellant most commonly
used in Hall plasma thrusters, each have a slight difference
in their electron transition energies due to their differences in
mass [10]. The odd mass isotopes are further spin split due
to nuclear magnetic dipole and electric quadrapole moments.
Nuclei which have an odd number of protons and/or an odd
number of neutrons possess an intrinsic nuclear spin Ih/2π,
where I is integral or half-integral depending on if the atomic
mass is even or odd, respectively [11]. For nuclei with non-
zero nuclear spin (angular momentum), the interaction of the
nucleus with the bound electrons lead to the splitting of lev-
els with angular momentum J into a number of components,
each corresponding to a specific value of the total angular
momentum F = I + J [12]. As a result of this interaction, F
is a conserved quantity while I and J individually are not.
The interaction is weak, allowing the hyperfine splitting of
each level to be taken independently of the other levels. The
number of nuclear spin split hyperfine components is 2I +1
if J ≥ 1 and 2J + 1 if J < 1, with F taking on the values
F = J + I, J + I −1, ..., |J − I | [12, 13] while satisfying the
selection rules imposed on F, i.e. ∆F = 0,±1, unless F = 0,
in which case ∆F �= 0.

With these selection rules on the quantum numbers for
a particular electronic transition, and with knowledge of the
hyperfine structure constants which characterize the magnetic
dipole and electric quadrupole moments of the nucleus [11],
the hyperfine energy shifts from the position of the energy
for the unshifted level with angular momentum J can be
easily calculated [13]. The relative intesities of transitions
between these levels is derived assuming Russel–Saunders
coupling [13], allowing the complete construction of the flu-
orescence lineshape. Of course, the intensities of the isotope
shifted transitions are proportional to each isotope‘s relative
abundance [11, 14, 15]. The relative intensities of the nuclear
spin split hyperfine splitting are governed by two summation
rules [12]. First, the sum of the intensities of all the lines of
the hyperfine structure of a transition J → J ′(the prime refers
to the upper level involved in the transition) originating from
a component F of the level J is proportional to the statis-
tical weight of this component, 2F +1. Second, the sum of
the intensities of all the lines of the hyperfine structure, the
transition J → J ′ ending on the component F′ of the level
J ′ is proportional to the statistical weight of this component,
(2F′ +1). With these two sum rules, a system of linear equa-
tions is solved for the relative intensities of the nuclear spin
split components of each isotope.
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1.3 Xenon spectroscopy

For the results reported here, we probed the 823.2 nm and
834.7 nm electronic transitions of neutral and singly ion-
ized xenon, respectively. The isotopic and nuclear-spin ef-
fects contributing to the hyperfine structure of the 6s[3/2]0

2–
6p[3/2]2 neutral xenon transition at 823.2 nm produced
21 spectral lines, 15 of which are shown in the transition
schematic in Fig. 1a (the other six are of the same transition
shown for the even isotopes). Similarly, the 5d[4]7/2–6p[3]5/2
xenon ion transition at 834.7 nm has a total of 19 isotopic
and spin split components, 13 of which are shown in Fig. 1b
(again, the other six are of the same transition shown for
the even isotopes). The hyperfine splitting constants are only
known for a limited set of energy levels [16–20]. While
isotope shifts and all of the hyperfine splitting constants
are available for the upper and lower levels of the neu-
tral 823.2 nm transition, the 834.7 nm xenon ion transition
only has data on the nuclear spin splitting constants of the
upper state, and no information is available on the transition-
dependent isotope shifts. For LIF measurements primarily
aimed at determining velocities within the plasma flow, it
is often convenient to probe more accessible transitions for
which there is incomplete knowledge of the isotopic and
nuclear spin splitting constants. Manzella has shown that
the 5d[4]7/2–6p[3]5/2 xenon ion transition at 834.7 nm may
be used to make velocity measurements in a Hall thruster
plume [21]. A convenient feature of this transition is the pres-
ence of a relatively strong line originating from the same
upper state (6s[2]3/2–6p[3]5/2 transition at 541.9 nm) which
allows for nonresonant fluorescence collection [22]. A non-
resonant fluorescence scheme is preferred where there is the
possibility of laser scattering from internal surfaces of the
discharge.
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Fig. 1a,b. Nuclear spin splitting of the a neutral xenon 6s[3/2]0
2–6p[3/2]2

and b singly ionized xenon 5d[4]7/2–6p[3]5/2 transitions

2 Experiment

2.1 Test facility

The test facility consists of a non-magnetic cylindrical
stainless-steel vacuum vessel 1 m in diameter and 1.5 m in
length, pumped by two 50-cm diffusion pumps (backed by
a 425 l/s mechanical pump) mounted at each end. Figure 2
shows a schematic of the facility. The base pressure with
no flow is approximately 10−6 Torr as measured by an ion-
ization gauge calibrated for nitrogen. Chamber pressures
during discharge operation result in pressures of approxi-
mately 10−4 Torr (3×10−5 Torr on xenon, ±50%). Gas flow
to the Hall thruster anode and cathode is throttled by two
Unit Instruments 1200 series mass flow controllers, factory-
calibrated for xenon. The gas (propellant) used in this study
was research grade (99.995%) xenon.

The thruster is mounted on a two-axis translation sys-
tem having a vertical range of travel of 30 cm and axial
(horizontal) range of 8 cm, each with a resolution of about
10 µm. Although the repeatability is considerably courser, it
is still significantly less than the dimensions of the laser probe
volume in the axial dimension. For internal LIF measure-
ments, the thruster is mounted on a platform that provides
optical access through a slot machined into the acceleration
channel wall (described below). The view of the thruster
mounting scheme is also shown in Fig. 2.

2.2 Hall thruster

The thruster used in this study has been described in detail
extensively elsewhere [4]. It has four outer magnetic wind-
ings and a single inner winding generating the magnetic field,
which is a maximum near the discharge exit plane. The insu-
lator is constructed from two sections of cast alumina tubing
84 mm in length cemented to a machinable alumina back
plate. The anode, which also serves as the gas distributer, is
positioned at the back of the discharge channel constructed
from the coaxial assembly of the alumina tubes. The channel
has an outer diameter of 95 mm and a 12 mm width. A cross-
sectional view of the assembled discharge thruster is shown in
Fig. 3. Not shown in Fig. 3 is the external hollow cathode (ion
Tech HCN-252), positioned with its orifice 20 mm beyond the

Fig. 2. Stanford high-vacuum facility, collection optics, and LIF probe beam
access for axial velocimetry with a cutaway view showing mounted Hall
thruster
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A B
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B

D

Fig. 3. Cross-section of the Stanford Hall thruster. A Central iron core.
B Outer iron cores. C Anode and propellant distribution system. D Alumina
insulator

thruster exit plane, used to neutralize the ion beam and sustain
the anode discharge.

For the LIF studies within the discharge chamber, a slot
parallel to the axis 1 mm wide was machined into the outer
insulator. The slot width was selected to be less than the
local electron Larmor radius to minimize its influence on the
discharge properties. The slot provides optical access to the
interior of the Hall thruster, and operation with the slot did
not differ significantly from the operation with the unslotted
insulator (identical current–voltage characteristics). Despite
the presence of the slot, optical access to the interior is still
limited near the exit plane by the front plate of the magnetic
circuit, precluding optical measurements very near the exit
plane. The front iron plate is not cut since this would modify
the local magnetic field.

2.3 Laser-induced fluorescence

The experimental apparatus used for the LIF measurements
includes a tunable Coherent 899-21 single-frequency titanium
sapphire laser, actively stabilized to provide linewidths on the
order of 1 MHz with near zero frequency drift. The titanium
sapphire laser is pumped by a Coherent Nd:YAG solid-state
Verdi pump laser, which provides 5 W of single mode pump
power at 532 nm. The tunable laser wavelength is monitored
by a Burleigh Instruments WA-1000 scanning Michelson in-
terferometer wavemeter with a resolution of 0.01 cm−1.

The laser beam is chopped to allow for phase-sensitive de-
tection and directed into the Hall thruster plume by a series
of mirrors. For axial velocimetry measurements, the slightly
divergent beam (1.7 mrad full angle) is focused to a sub-
millimeter beam waist by a 50-mm-diameter 1.5-m-focal-
length lens, as shown in Fig. 2. For radial velocimetry meas-
urements, the beam enters through a side window and is
focused by a 50-mm-diameter, 50-cm-focal length lens, as
shown in Fig. 4. The collection optics for both radial and
axial velocity measurements consist of a 75-mm-diameter
60-cm-focal-length collimating lens. The collected light is
then focused on to the entrance slit of a 0.5-m Ebert–Fastie
monochromator with a 50-mm-diameter 30-cm-focal-length
lens. An optical field stop is placed between the two lenses to
match the F/# of the optical train with that of the monochro-
mator. The monochromator is used in the collection optical
train as a narrow-band optical filter so that only light from
the transition of interest is collected. With entrance and exit

Fig. 4. LIF probe beam access for radial velocimetry

slits fully open (425 µm), the 600 groove/mm plane grat-
ing (blazed for 600 nm) within the monochromator allows
the exit slit mounted Hamamatsu R928 photomultiplier tube
(PMT) to sample a wavelength interval of approximately
1 nm. The orientation of the monochromator allows the slit
aperture to define the length of the probe beam along which
the fluorescence is collected. The sample volume for the axial
data presented in this work is approximately 100 µm in diam-
eter and 2 mm in length. Similarly, the sample volume of the
radial data is approximately 100 µm in diameter and 1 mm
in length. For neutral xenon LIF velocimetry measurements,
a portion of the probe beam is split from the main beam,
passed through a xenon glow discharge tube, and used as
a stationary absorption reference. A silicon photodiode moni-
tors the absorption signal. This use of the glow discharge tube
is only possible for neutral xenon. The glow discharge does
not support a sufficient population of excited state ions. How-
ever, the unshifted ion transition line center was confirmed to
correspond to that taken from the literature by the observa-
tion of very slow moving ions near the anode, and by radial
measurements near the acceleration channel center.

The probe laser beam is chopped, and the LIF signal is
collected using a Stanford Research Systems SRS-850 digi-
tal lock-in amplifier. Concurrently, the absorption signal from
the stationary reference is collected using an SRS-530 lock-in
amplifier. Data from the absorption signal, laser power out-
put, and the wavemeter are stored on the digital lock-in am-
plifier using three available analog inputs along with the LIF
signal. Typical tests consist of a 12–20 GHz scan of the probe
laser frequency over a 3-min period. The beam is chopped at
a frequency of 1.5 kHz, and both lock-in amplifiers use 1-s
time constants. Data is sampled at 8 Hz, producing four traces
of approximately 2000 points for each velocity data point.
Several unsaturated traces using lower laser intensities, 10-s
time constants, and 10-min scans were also collected.

3 Results and analysis

The Hall thruster is operated at four conditions for the work
reported here. At each condition, the peak magnetic field is
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Fig. 5. Coordinate system for referencing locations of measurements

125 G, the mass flow to the anode is 2 mg/s, and the mass
flow to the external hollow cathode is 0.3 mg/s. The test con-
ditions correspond to discharge voltages of 100, 160, 200, and
250 V. The anode currents for these conditions are 2.1, 2.4,
2.6, and 2.9 A, respectively. The total power consumed by the
cathode and magnet circuit is approximately 30 W. It should
be noted that the power dissipated in the ballast resistors on
the anode and cathode keeper lines (∼ 10 W) is not included
in these calculations.

All spatially resolved measurements are referenced to
a two-coordinate system shown in Fig. 5. The position in the
radial coordinate is referenced to the radial location corres-
ponding to the midpoint of the acceleration channel using the
variable D, defined as positive toward the thruster centerline.
The axial coordinate is given by Z which is the distance from
the thruster exit plane and is defined as positive along the
thrust vector.

3.1 Saturation study

The 5d[4]7/2–6p[3]5/2 xenon ion transition at 834.7 nm was
probed to extract local velocity data from the Doppler shift
of the measured fluorescence. Figure 6 shows the satura-
tion curve of the transition at a location 13 mm from the
exit plane at the center of the acceleration channel. Here, the
laser beam is propagating normal to the thrust vector and
the measurement is of the radial velocity component. A typ-
ical saturated trace (laser power of 20 mW) used to determine
the velocity in the probed volume is compared to an unsatu-
rated trace (laser power of 0.2 mW) from the same location in

Fig. 6. Saturation curve of radial xenon ion measurements for an anode dis-
charge voltage of 200 V at Z = 13 mm, D = 0 mm. Note the uncertainty
of these measurements is primarily due to the uncertainty of the optical
densities of the neutral density filters used for this measurement (±5%)

Fig. 7. Both traces are normalized in the figure to unity peak
signal.

Velocity measurements of the saturation curve data mak-
ing up Fig. 6 are shown in Fig. 8. The mean velocity for
these data points yields a value of −62 m/s with a standard
deviation of 65 m/s and a range of 127 m/s. The absolute
accuracy of the measurements is limited by the specified un-
certainty of the wavemeter reading, which is ±500 m/s at
this wavelength. The important conclusion that may be drawn
from this data is that the 5d[4]7/2–6p[3]5/2 xenon ion tran-
sition of xenon provides useful LIF velocimetry data even
when partially saturated. This allows the collection of par-
tially saturated fluorescence signals, maximizing the signal-
to-noise ratio and/or allowing for faster scans while still be-
ing able to extract velocity data from the fluorescence signal.
These measurements also serve as a confirmation of an im-
proved accuracy of the unshifted wavelength since a finite
radial velocity is not expected at this location. Similar re-
sults were also obtained in a neutral xenon LIF saturation
study.
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3.2 Xenon ion LIF velocimetry

The axial LIF velocimetry measurements consist of two data
sets for each operating condition. The first data set includes
ion velocity measurements taken externally extending from
the exit plane to approximately Z = 35 mm. The second data
set contains internal axial velocity measurements taken from
the exit plane to approximately Z = −75 mm. These ranges
are imposed by the limited travel of the translation stage that
provides axial motion to the Hall thruster. Axial velocime-
try measurements were taken every 2.5 mm with a sample
probe volume of 100 µm in diameter and 2 mm long. For
several of the test conditions examined, profiles of the axial
velocity across the coordinate D were also examined. Meas-
urements of near-plume radial ion velocities were also per-
formed. These measurements are limited to the plume due to
the limited optical access to the interior of the Hall thruster.

The complete axial velocity profiles for the four cases
examined are shown in Fig. 9. The error bars correspond
to the ±500 m/s uncertainty associated with the determin-
ation of the magnitude of the Doppler shift relative to the
unshifted line center. The axial velocity profiles exhibit the

Fig. 9. Axial internal and external xenon ion velocity measurements at D =
0 mm for discharge voltages of 100 V, 160 V, 200 V, and 250 V

expected behavior. The velocity is near zero near the anode
(Z = −78 mm), and begins to rise near Z = −10 mm at the
edge of the acceleration zone. The ions are rapidly acceler-
ated in the region of the exit plane and reach their full velocity
in the neighborhood of Z = 20 mm. This latter position cor-
responds to the location of the hollow cathode neutralizer
relative to the body of the thruster and is sometimes referred
to as the cathode plane in the literature [21].

The length of the acceleration region in all cases is in-
variant at 30 mm. Therefore, increases in the anode potential
result in a concomitant increase of the axial electric field com-
ponent within the thruster acceleration channel. The initial
acceleration is seen to begin at 10 mm within the thruster
where the magnetic field has a value of approximately 85% of
the centerline maximum. The propellant acceleration is com-
pleted 20 mm beyond the exit plane when the magnetic field
has a value of approximately 25% of the centerline maximum.

Significant acceleration of the ionized propellant occurs
outside the Hall thruster. This is consistent with the results
first identified in a Hall discharge with a much shorter acceler-
ation channel [2]. It is noteworthy that the velocity increment
imparted to the propellant outside the Hall thruster is essen-
tially constant, invariant to discharge voltage, with an average
value of 5000 m/s. Only for the 100 V case does the ma-
jority of the acceleration occur outside the thruster. Higher
discharge voltages appear to have a constant percentage of
the acceleration occurring externally. It is also equally inter-
esting to cast this result in terms of the kinetic energy of
the propellant. In the case of the 100-V discharge operation,
approximately 90% of the energy is deposited into the pro-
pellant between the exit and cathode planes. For the 250 V
case, the fraction of energy deposition beyond the exit plane
is nearer to 60%. It appears then that the majority of the
energy deposition into the Hall thruster propellant occurs out-
side the thruster. However, since the thrust is equivalent to the
momentum flux, the majority (65%) of the thrust is still gen-
erated within the thruster in all cases above 100 V. It is further
noteworthy that in all the cases approximately 60 eV is un-
accounted. This value is constant to within the uncertainties
of the velocity measurement and implies that the mechanism
responsible for this loss is invariant with the applied anode
potential. This energy loss may be a product of the anode and
cathode potential falls, or other mechanisms common to these
discharges (e.g. distribution of the ion production, or resistive
losses in regions of low ionization fractions). It is noted that
these measurements are limited to axial velocities and do not
account for losses due to plume divergence.

Several radial profiles of the axial ion velocity in Fig. 10
illustrate the radial variation of the measured axial veloci-
ties for a discharge voltage of 160 V at two locations in the
plume and one within the thruster for a discharge voltage
of 200 V. The width of the acceleration channel is 12 mm
(−6 mm < D < 6 mm). The axial velocity profile is nearly
flat which strongly implies lines of constant potential in the
radial direction. The slightly concave distribution inside the
channel (200-V case) is consistent with the expected equipo-
tential surfaces associated with the radial magnetic field.

Radial velocity measurements were also performed in the
plume. Combined with the above axial velocity measure-
ments and the observation that the axial velocity appears to
be independent of D, vector plots of the near plume may be
constructed. Figure 11 shows a vector plot constructed for
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Fig. 10. Profiles of axial xenon ion velocity measurements for several dis-
charge voltages and axial locations

Fig. 11. External xenon ion velocity field calculated from radial and axial
velocity measurements for a 200-V discharge voltage

a 200-V discharge voltage. In this case, radial velocities vary
linearly with D with near zero velocity at D = 0 mm and
peak at values above 6000 m/s as close as Z = 13 mm and
D = 8 mm. A prominent feature of a Hall thruster plume is
the luminous central cone originating at the thruster axis adja-
cent to the center pole piece. Although the propellant stream
exits the thruster in an annulus, an intense, optically emitting
conical feature extends a significant distance into the vac-
uum chamber (10–30 cm for our background pressures) and
is especially evident at higher discharge voltages. The inward
focus of the divergent propellant flow is likely a contributing
mechanism in the formation of this intriguing feature which is
not precisely understood.

3.3 Ion line shape analysis

The hyperfine splitting constants for the xenon ion
5d[4]7/2–6p[3]5/2 transition at 834.7 nm are only known for
the upper 6p[3]5/2 state. The isotope shifts for this transi-
tion are also unknown. While this does not greatly impact
the accuracy to which velocities may be determined, it does
impact the ability to use this transition for accurate meas-
urements of the ion velocity distribution, or temperature. We
point out here that the notion of a temperature for the ions in
this flow is highly tenuous, as the ions may be treated kineti-
cally, do not suffer many collisions, and are born (created) at

distributed axial locations within the discharge. Furthermore,
a time-averaged broadening of the fluorescence excitation
spectra can arise due to oscillations in the zone of ioniza-
tion. King has shown by mass and resolved energy analysis
that the axial velocity of the ions has an energy distribution
of approximately 10 eV (in the far field) due in part to the
plasma oscillations within the Hall thruster [23]. The issue
of the distribution of ion velocities due to the axial location
where they were born is minimized by examining the fluores-
cence spectra in the radial direction. The spectra is taken from
the position with the minimum measured velocity, approxi-
mately 100 m/s (±500 m/s) at a location of D = 0 mm and
Z = 13 mm. In order for a temperature to be extracted from
the measured lineshape, the ion population is assumed to be
Maxwellian, or at least frozen in a close facsimile.

An estimate of the ion kinetic temperature with uncertain-
ties of 40%–70% is possible. A radial excitation unsaturated
fluorescence trace is shown in Fig. 12 and compared to a line
shape model developed by Cedolin [24]. The model uses the
5d[3]7/2 lower level hyperfine spin splitting and isotopic shift
data from the 605.1-nm transition and the measured splitting
data for the 6p[3]5/2 upper level. Lorentzian broadening is
neglected and only Doppler broadening is considered. The
best fit of this model predicts a kinetic temperature of ap-
proximately 450 K. The model does not completely predict
the outlying features, but this is expected since the spin split-
ting constants for the 5d[3]7/2 state are used for the lower
level rather than those for the 5d[4]7/2 state probed here. If
hyperfine splitting is ignored and only the isotope shifts cor-
responding to the values for the 605.1-nm transition are used,
the model predicts a kinetic temperature of approximately
800 K. Neglecting all hyperfine splitting mechanisms, includ-
ing isotopic and nuclear spin splitting, an upper bound on the
temperature of 1700 K is determined from the fluorescence
Doppler half-width. The uncertainty of this measurement is
in large part due to the uncertainties of the spectral data as
well as due to the noise in the fluorescence signal. A similar
measurement in the plume of a SPT-100 by Manzella yielded
a kinetic temperature of approximately 800 K [21]. It should
be noted that Manzella used an incorrect value of J for the
lower state which was first misidentified by Humphreys [25]
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Fig. 12. Model fit to unsaturated radial xenon ion laser-induced fluores-
cence trace at a discharge voltage of 200 V, at a location of D = 0 mm and
Z = 13 mm
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and propagated by Moore [26] before finally being corrected
by Hansen and Persson [22].

3.4 Neutral LIF velocimetry

Figure 13 shows the results of axial neutral xenon velocity
measurements within the acceleration channel. The four cases
examined show very similar behavior. The initial velocity
near the anode is very low. The neutral velocity slowly rises
until a position of approximately 20 mm within the thruster.
At this point, where the ion acceleration is also seen to be-
gin, the neutrals are accelerated at a higher rate until near the
exit plane where the acceleration appears to slow and even
possibly reverse when the thruster is operated at higher volt-
ages. The decrease in neutral xenon velocity is likely due to
thruster ingestion of background xenon. Since the effect ap-
pears to grow with increased discharge voltage, it is possible
that a portion of the propellant flow reflected from nearby
vacuum facility walls (now entirely consisting of neutrals) is
ingested by the thruster.

Fig. 13. Axial neutral velocity measurements at D = 0 mm for discharge
voltages of 100 V, 160 V, 200 V, and 250 V

Flow from the cathode may be eliminated as the source
of the apparent deceleration of the neutrals for a variety
of reasons. First, the flow from the cathode, although 15%
of the anode flow, is exiting from a 2-mm orifice approxi-
mately 12 cm above the sample volume. Flow from the cath-
ode should be sufficiently diffuse and not affect the neutral
velocity measurements in the sample volume. Second, the
cathode is 2 cm downstream of the exit plane and angled 30◦
from the front plate pointed along the thrust axis. It is dif-
ficult to envision the cathode affecting the neutral velocity
measurements within the acceleration channel. It is therefore
almost certain that random neutral flux from the chamber
background is responsible for the apparent drop in neutral
velocity seen near the exit plane in Fig. 13.

Due to the highly nonequilibrium nature of the Hall
thruster, it is important to understand the apparent acceler-
ation of the neutrals beginning 40 mm upstream of the exit
plane. The plasma within the Hall thruster is required to be
of low collisionality by the constraint that the magnetic field
limits the electron flux to the anode. The disparate velocities
of the ions and neutrals strongly suggest that the neutral and
ion populations are not coupled. As such, the apparent accel-
eration of the neutrals may actually be an artifact of the time
of flight of the neutrals through the volumetric zone of ioniza-
tion. Slower neutrals, or neutrals that travel a longer effective
path length due to collisions with the walls of the accelera-
tion channel, have a greater probability of being ionized than
do neutrals in the high-energy portion of the velocity distri-
bution. Therefore, neutrals from the high-energy range of the
velocity distribution are more likely to reach the upstream
portion of the acceleration channel. In this case, there is no
actual acceleration of the neutrals, but rather a depletion of
the slower moving neutrals by ionization.

The depletion of the slower neutral velocity classes ac-
counting for the apparent acceleration of the neutrals as seen
in Fig. 13 may be qualitatively explained by considering the
one-dimensional Boltzmann equation [27].

u
∂

∂z
[n f(u)] = −[n f(u)]neSi . (4)

Where n is the neutral number density, u is the neutral vel-
ocity class, z is the spatial coordinate, f(u) is the velocity
distribution function, ne is the local plasma electron number
density, and Si is the ionization rate coefficient. The general-
ized one-dimensional Boltzmann equation is simplified here
by assuming the process is steady with no external forces
and that the sole depletion mechanism for the neutral velocity
classes is electron collisional ionization. Implicit in these as-
sumptions is that the ions and neutrals do not significantly
interact.

Equation (4) may be easily integrated with respect to
n f(u) to produce an analytic solution if the ionization rate co-
efficient Si and the electron number density ne are assumed
to be constant. In this case, the population of the u velocity
class n f(u) exponentially decays with the spatial variable z
moderated by the value of u

n f(u) ∼ e−z/u . (5)

The qualitative conclusion drawn from this straightfor-
ward analysis of the one-dimensional Boltzmann equation is
that the neutral density in a model plasma is depleted along
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the Z-axis due to neutral–electron collisional ionization. This
relative depletion depends on the velocity class. Neutrals in
the lower velocity classes have a greater probability of be-
ing ionized when passing through the zone of ionization than
neutrals of higher velocity classes. Therefore, the apparent ac-
celeration of the neutrals in Fig. 13 is most likely the result
of the depletion of the slower moving neutrals rather than an
acceleration process.

4 Conclusions

Measurements of xenon ion and neutral velocities were per-
formed in the plume and into the interior of the thruster
through a 1-mm-wide slot in the outer insulator wall. From
these measurements, information on propellant energy de-
position, electric field strength, and flow divergence were
extracted. Xenon ion velocity measurements of axial vel-
ocity both inside and outside the thruster as well as radial
velocity measurements outside the thruster were performed
using LIF with nonresonant signal detection using the xenon
ion 5d[4]7/2–6p[3]5/2 electronic transition while monitoring
signal from the 6s[2]3/2–6p[3]5/2 transition. Neutral velocity
measurements were similarly performed in the interior of the
Hall thruster using the 6s[3/2]0

2–6p[3/2]2 transition with res-
onance fluorescence collection. Most velocity measurements
used partially saturated fluorescence to improve the signal-to-
noise ratio. One radial trace of the xenon ion transition was
taken in the linear fluorescence region and yielded a plume
ionic translational temperature between 400 and 800 K. How-
ever, since the hyperfine structure constants are not known
for the 5d[4]7/2 level, the constants for the 5d[3]7/2 level
were used instead. This result should therefore be viewed
with caution. An upper limit on the kinetic temperature using
only the full-width at half-maximum assuming no hyperfine
splitting yields a temperature of 1700 K. From the neutral
velocity measurements, the neutrals appear to be accelerated
within the thruster. Conclusions drawn from analysis of the
one-dimensional Boltzmann equation imply that neutrals are
depleted along the Z-axis due to neutral-electron collisional
ionization, and the relative depletion depends on the velocity
class of the neutral atom. This preferentially depletes the
lower velocity classes producing the apparent acceleration of
the neutrals.
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