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Various applications of lasers to electric propulsion problems have previously been made, and laser
techniques are potentially powerful means to address and resolve a range of current issues. Studies
with sufficiently high resolution and sensitivity to reveal the fine details of velocity, density, and
temperature distributions for trace species will be especially valuable. Continuous narrowband,
coherent, tunable laser radiation in the ultraviolet region of the spectrum is often required to gain
access to electronic transitions involving the ground state of the byproducts of thruster operation,
as well as for propellant species themselves, but typically is generated with experimental difficulty.
Means are presented to accomplish this task and enable the study of a large variety of previously
unstudied species. The capabilities and applicabilities of two relevant laser systems are discussed in
some detail. Previous applications of laser methods to electric thrusters are reviewed as well.
species can be found at low levels in the plume.
Electric thrusters tend to have this problem
because of high energy deposition per unit mass
flow and high voltage production of plasma that
attains substantial density levels, coupled with
local electric and magnetic fields that influence
ionized particle migration in the plume. Detectable
levels of Fe and Mo, from the discharge chamber
and extraction grids, respectively, can be found in
ion engine plumes. Detectable levels of the boron
atom are expected to be present in Hall thruster
plumes, produced by erosion of the boron nitride
insulator. Sputtered anode materials may also be
significant in the Hall thruster plume. Eroded
species are the major source of spacecraft
contamination for ion propulsion, and several
other electric thruster types as well.

Nomenclature
A
g
G
h
L
Q
T
V
λex
λf
ν
Ω

radiative transition rate
statistical weight of quantum state
photomultiplier gain
Planck’s constant
length of observation region
quantum efficiency of detector
transmission of optics
excitation or scattering volume
wavelength needed for excitation process
fluorescence wavelength
transition frequency
optical solid angle

Introduction

Metallic species are especially troublesome,
because in some cases a film as thin as 10 Å may
already produce unacceptable modification of
surface properties. When ionized, particles can
have a much higher probability of being found in

Erosion, coupled with external deposition of
highly divergent erosion products, is a common
problem during the operation of electric thrusters.
As a result of the erosion process, non-propellant
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the backflow region and impinging on the body of
the spacecraft, due to the local plume potential.

Review of Previous Work
A substantial number of laser-based studies of
electric thrusters have now been performed, with
the arcjet, ion engine, Hall thruster, and resistojet
having been the subject of at least one study each.

Lifetests conducted over periods of thousands of
hours, or even the use of witness plates in
hundred-hour exposures, are expensive and time
consuming. Results in some plume locations may
be spoiled by facility effects, since the tests are
conducted in ground facilities. While quartz
crystal microbalance detectors provide deposition
rate information much more quickly, they also
have issues in regard to facility effects and finer
details - uncertainty exists concerning species
identification and energy of impact, and there are
difficulties in mapping the entire plume.

For the Hall thruster, excited electronic levels of
Xe+ have been probed by non-resonant LIF in the
plume of SPT-100[1], SPT-140[2], and low power
models.[3,4] Information about the near-field ion
trajectories and velocity distributions was
obtained.
For the ion engine, the ground state of
molybdenum was probed by resonant LIF in the
plume of a 30-cm, twin-grid ring cusp thruster[5]
and of a 10-cm, triple-grid Kaufman-type
engine.[6] Information was obtained about the
density distribution and its dependence on
operating point. In addition, the density
distribution of Xe was measured in the plume of
the 10-cm engine, using 2-photon laser absorption
from the ground state and detection of
fluorescence.[7]

Laser spectroscopic techniques can avoid some of
the difficulties of lifetest, witness plate, and QCM
work. However, this approach can also become
labor intensive and expensive, with issues of
detection sensitivity, quantitative accuracy, and
the installation of optical components near the
thruster. Laser methods provide a high level of
detail about certain aspects of the problem but may
provide insufficient information in themselves
concerning macroscopic behavior. In practice, the
combination of two or even more diagnostics is
advisable. Of the various possible diagnostics, the
laser approach is the most complex and least
developed – possibly due to the experimental
difficulty combined with issues of facility and
thruster availability.

For the resistojet, measurements of H2 velocity
distribution were made at precise locations inside
the nozzle, using the coherent anti-Stokes Raman
(CARS) technique.[8]
The largest body of laser-based work has been
performed on arcjets, principally using the
hydrogen atom as probe species. H atom velocity
distribution in the lowest excited state was
measured in high-power ammonia and low-power
hydrogen arcjet plumes using a cw LIF
technique.[9,10] A density measurement of the H
atom ground state was performed in low-power
ammonia and hydrogen arcjets via the absorption
of pulsed xuv laser radiation.[11] A cw LIF study
of H atoms was also conducted inside a hydrogen
arcjet nozzle.[12] Two-photon studies of density
and velocity distributions for H atom were
performed in the plumes of hydrogen[13] and
simulated hydrazine arcjets.[14] The H2 molecule
has been studied, with limited success, using a
Raman technique. The density, velocity, and
internal temperature distributions – rotational and
vibrational - of the NH molecule (electronic
ground state) have been studied via pulsed LIF in

Means to probe a wide variety of plume species
using laser-induced fluorescence (LIF) are
described in this report. These are based on the
generation and use of tunable, narrowband laser
radiation primarily in the ultraviolet region of the
spectrum, 200-400 nanometers. Methods of
generating and applying such radiation, and the
two laser systems being put into use in the author's
laboratory are discussed. The longest wavelength
absorption involving the electronic ground state
occurs in the uv, for most of the species of interest.
By monitoring the transition, usually by laserinduced fluorescence, relative density and velocity
maps can in principle be made for individual
species. These include Mo, B, Fe, Ta, Ba, Ti, C,
W, and even Xe+ and Mo+. In addition, flow fields
and other properties can be determined.
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the first measurement of Xe+ density, a difficult
proposition due to the high energy of the lowest
excited state (excited state Xe+ density profiles are
unlikely to mirror the total density profile),.

simulated hydrazine[15] and ammonia[16] arcjet
plumes. A few other arcjet studies have been
performed as well on N atom and rare gas species.
Metastable helium atoms were studied in
absorption in the plume of a helium arcjet, using a
near-infrared diode laser source.[17]

Ion-pumped ring laser system (cw)
A Coherent Sabre Ar+ laser provides the pumping
source for a Coherent 899-21 tunable ring laser.
The Sabre has a dual Brewster-window
configuration, with specified output power of 25
W all-lines visible or 7 W all-lines ultraviolet. The
ring laser can use either a fluorescent dye or a
titanium-doped sapphire (Ti:Sa) crystal as its gain
medium. Using a birefringent filter as the sole
tuning element the linewidth is typically below 10
GHz and the wavelength resettability is better than
0.1 nm (0.01 nm if using a wavemeter). With the
intracavity etalons in place, active stabilization on,
and with the frequency locked to an external
reference cavity, the laser linewidth is ≤ 500 kHz
and frequency drift is also low. The continuous
scanning range goes up to approximately 1 cm-1, at
which point a manual reset is required in order to
scan a new segment.

Each laser-based study of an electric thruster has
produced highly specific information concerning
plume properties. The overall result is best when
such data are combined with other measurements
made by various techniques, and incorporated into
a high quality model of the system.

Apparatus
YAG-pumped dye laser system (pulsed)
A Spectra Physics Nd:YAG laser, model PRO-270
operating at 20 Hz, provides the pumping source
for a Sirah Precision Scan-DA tunable pulsed dye
laser. The dye laser utilizes dual 2400 line, 90 mm
gratings for high resolution, and a second main
amplifier for high pulse energy. Typical linewidth
is below 0.04 cm-1. For harmonic generation of the
YAG fundamental to make 532 and 355 nm
pulses, the output energy normally exceeds 600
and 350 mJ, respectively. Dye laser conversion
efficiency is typically 13-22 % for the various
dyes using 355 nm pumping, and 18-30% for 532
nm pumping.

Operation using the Ti:Sa crystal is advantageous
in terms of output power and stability, but
disadvantageous in terms of system setup and
beam alignment since the laser beam is invisible
over most of the gain curve. Output power usually
exceeds 1W. This gain medium is limited
primarily to the 690 to 1050 nm range. If the Ti:Sa
output is frequency doubled (operated narrowband
so that linewidth is sub-MHz) wavelengths from
350 to 525 nm may be generated with conversion
efficiency on the order of 10% with ∼ 1W input,
using an external cavity doubler system. A model
MBD-200 doubler is used for this, also supplied
by Coherent.

The high energy output of the pulsed system
enables efficient doubling or tripling of its
frequency to generate tunable wavelengths as low
as 195 nm. This is accomplished in KDP and BBO
crystals tuned according to measured parameters
used to create a scan lookup table. High pulse
energy can be generated throughout the uv by this
means. As an example, in excess of 10 mJ can be
generated at 225 nm, the wavelength used
previously for the determination of xenon density
distribution in an ion engine plume by 2-photon
LIF. However, in that case available pulse energy
was only about 2 mJ. Since the signal depends on
pulse energy squared until saturation is
approached, a large enhancement of signal can be
expected for that measurement. The narrow laser
bandwidth can also be beneficial. A similar
situation applies to the 2-photon LIF study of H
atom with λex of 205 nm. High available pulse
energy also leads to the possibility of performing

The ring laser wavelength is halved by the
doubling process, extending its range down to 200
nm. In order to cover the full frequency range
available, numerous optics sets are required. Each
set is based on an LBO or BBO crystal. The
critical region 360-420 nm can be accessed either
by doubling the Ti:Sa output or through uv
pumping of Exalite dyes, which lase directly over
narrow segments within this region. Expected
conversion efficiency is ≤ 1% for production of
wavelengths in the 200-260 nm range, resulting in
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of condensed species can be generated in the gas
phase in abundance by pulsed laser vaporization.
The resultant atoms or molecules can then be
probed via laser-induced fluorescence or an
alternate technique. The experimental setup
employed in a frequency calibration for
molybdenum spectroscopy is illustrated in Fig. 1.
A 20 Hz Q-switched Nd:YAG laser was frequency
tripled, and about 30 mJ of the 355 nm pulse was
split off and focused on a molybdenum target
mounted in an evacuated cell. Tunable laser light
at about 390 nm was passed through the cell above
the target. Optics were placed as shown in Fig. 1
to collect any resonant fluorescence emitted while
the laser frequency was swept. The laser frequency
was approximately determined by a Burleigh WA4500 cw/pulsed wavemeter whose specified
accuracy is ± 0.02 cm-1 over the 400-1100 nm
range. Due to the optical dispersion below 400 nm
the wavemeter reading was incorrect by more than
10 cm-1. The fluorescence signal was collected and
monitored during a ∼10 µs window commencing ≥
1 µs following the laser pulse to reduce the
detected light scatter. Due to the broad velocity
distribution of the molybdenum atoms the
excitation spectral profile was broadened, and
dependent on the observation window.

≤ 1 mW after doubling. Frequency resolution of 1
MHz, a very small ∆ν in comparison to the
Doppler width, can be achieved even after
doubling.
The doubler is essentially a Fabry-Perot
enhancement cavity with an electronic control
system to lock the cavity at maximum intracavity
power. The Hansch-Couillaud locking technique is
utilized, involving use of a polarization analyzer to
monitor reflected light from the cavity. The
enhancement in conversion efficiency associated
with resonance vs. single pass is about three orders
of magnitude.
Frequency calibration of the laser source can be
difficult when the level of accuracy requires
setting the laser source to overlap with a weak
atomic or molecular probe transition. The
accuracy needed may be ≤ 0.02 cm-1, challenging
the accuracy limit of most commercial
wavemeters. Further difficulty may arise when the
transition occurs at a shorter wavelength than 400
nm, the cutoff for many wavemeters. With a
change of detector and optics some wavemeters
will work well beyond 400 nm. The Burleigh cw
models (WA-1000, WA-1500) fall into this
category. However, it was found that these
wavemeters read the ring laser wavelength when
operated on Exalite 392E (using the visible optics
and detector combination) with error bars of 0.1 to
200 cm-1, the range of fluctuation depending on
laser adjustment and noise in the dye jet.

Pulsed laser vaporization coupled with laserinduced fluorescence has previously been applied
to barium.[18] The density was high enough to
permit use of planar LIF to image the expanding
plume. It does not appear that similar studies have
been performed on most of the other species
discussed here. The velocity and particle mass
distributions resulting from laser vaporization or
ion sputtering from material surfaces used in
thrusters are of interest in their own right.

Hollow cathode discharge lamps are readily
available with a wide variety of cathode elements.
In addition, a suitable gas fill can be selected to
support frequency calibration requirements. To
provide a frequency calibration source for a metal
atom, a hollow cathode lamp would simply be
utilized with that metal constituting the cathode
material. Detection of an atomic line depends on
the optogalvanic effect. A change in the discharge
parameters may be more difficult to detect with a
cw laser source, particularly if at low power level.
In addition, the discharge sensitivity to the various
atomic transitions varies substantially, and not all
are detectable.

Techniques and Applications
A partial list of laser-based techniques includes
CARS, Raman, Rayleigh Scattering, MPI (MultiPhoton-Ionization), Absorption Spectroscopy
(XUV, cavity ring-down, and more conventional
approaches), degenerate four-wave mixing, and
laser-induced fluorescence. Only a few of these
are appropriate for electric thruster measurements.
Additional discussion has appeared elsewhere
[19].

When neither a wavemeter or hollow cathode
lamp are sufficient for the task at hand, a variety
4

For species present in an electric thruster plume at
very low density, 105 to 108 cm-3, LIF is virtually
the only convenient means of detection. Other
techniques have sensitivity problems because of
the low density and noisy environment. For
example, the MPI detection limit can be as low as
1 cm-3 under ideal circumstances, but the plasma
background and inability to efficiently extract ions
formed by the laser pulse (at least not without
disturbing thruster operation) greatly reduce the
sensitivity of the method. In addition to its
sensitivity advantage, LIF also has very good
spatial

P23max =

hν 23
g2
A23 NV
ΩGTQ
g1 + g 2
4π

(1)

After the detection system is calibrated from the
intensity of collected Rayleigh scattering, the
absolute density of the fluorescing species can be
determined. This approach cannot be used with cw
LIF, however.
YAG-pumped dye laser system (pulsed)
The pulsed approach has already been utilized to
study many of the plume species of interest that it
is suitable for: H atom, NH molecule, Xe atom,
and H2 molecule (see discussion of previous
work). A pulsed system is not as amenable as a cw
laser to the study of trace species.

355 nm
pulses

390 nm filter
slit

moly
plate

N2 Neither H2 or N2 has been studied in operating
electric thruster plumes. These molecules are
particularly
important
for
improving
understanding of arcjet operation. Means to
characterize these species are of interest in science
and engineering in general, but this is an
especially difficult proposition for N2. Although
nitrogen has been successfully studied in some
environments by 2-photon LIF of the a 1Πg ← X
1 +
Σ band, the 140 µs lifetime of the upper state

PMT
fluorescence
collection lens

Ring Dye Laser

Argon Ion Laser

g

Figure 1. Schematic diagram of experimental
setup for frequency calibration on a molybdenum
transition.

results in prominent fluorescence quenching
effects in arcjet plumes.[21] The solution seems to
be a more elaborate LIF setup involving the
generation of tunable xuv pulses to excite a shortlived upper state by one-photon absorption.

resolution. A comparison of continuous (cw) and
pulsed LIF methods indicates that the cw approach
is usually preferable on the basis of sensitivity and
spectral resolution considerations. The difference
in duty factor accounts for the fact that cw
sensitivity is usually higher. When sensitivity is
not an issue, the pulsed system may be preferred
due to generally better spectral coverage with less
effort required.

H2 H2 can be studied via 2-photon LIF using the
E 1Σg+ ← X 1Σg+ (0-0) band. Only the 0-0 band
mirrors the ground state rotational population.[22]
Fortunately, this band is centered at λex ∼ 201 nm,
within the convenient range where frequency
conversion can be accomplished in a BBO crystal.
The upper state fluoresces to the B 1Σu+ state in the
near infrared. Except for minor changes in the
excitation and fluorescence wavelengths, the
experimental setup for H2 2-photon LIF would be
similar to that previously used for H atom (see Fig.
2).

For a three level system involving absorption from
level 1 to 2, and fluorescence from 2 to 3, if the
upper level 2 is saturated by a laser pulse the
fluorescence signal will be independent of the
laser intensity. The peak fluorescence signal
power is then related to the concentration of the
particle species, in the absence of collisional
quenching, by[20]

Xe+ Excitation from the ground state of singly
ionized Xe+ for LIF has not been performed in any
5

system, electric thruster or otherwise. Due to the
high
excited
state
energies
and
the
incompatibilities for 2-photon absorption in
accessible wavelength regions, the best candidates
for population of a fluorescing excited state appear
to involve 3-photon excitation. One scheme
involves the transition 5s25p4(1S)6s 2S1/2 ← 5s25p5
2
P3/2o with λex = 232.11 nm (see Fig. 3). The upper
state is given in LS notation, but JK coupling
could also be used since the upper state
composition is highly mixed. Because xenon is a
large atom the common selection rules involving,
for example, no change in spin multiplicity, are
not rigorous. Due to this fact and lack of work on
this species, there is uncertainty concerning what
is the optimal approach for a practical Xe+ LIF
scheme. For the transition given above, a good
candidate for fluorescence monitoring is the
572.86 nm line, which involves a transition to
5s25p4(3P)6p 4P3/2o. Because the excitation involves
3-photon absorption, high density coupled with
high pulse energy and tight focusing is mandatory.
The technique can be developed in a dense plasma
environment, then transitioned if feasible to the
study of an ion thruster. The discharge channel of
a high power Hall thruster contains Xe+ ions in
considerable abundance, therefore this is a
promising location for first application. If
successful, detailed information concerning
density and velocity mappings can be generated.
Obviously, however, a much easier way to obtain
velocity information is through cw LIF involving
metastable Xe+, as previously performed.[1-4]

= 319.49 nm (upper state y 7P2o) and fluorescence
to the a 5S2 state with λf = 487.05 nm.
205 nm pulses

vacuum chamber
window

PMT

window

lens1

1/8 meter
monochromator

lens2

energy
meter
656 nm filter

beam
skimmers

vacuum chamber
window
arcjet

fluorescence
collection lens

Figure 2. Schematic diagram of optical setup for
2-photon LIF study of H atom.
2S

1/2
4P

3/2

o

λex = 232.11 nm

Ion-pumped ring laser system (cw)
H atoms and molybdenum atoms are the species
previously studied in thruster plumes using a ring
laser, but there are many other candidate species.

2P o
3/2

Figure 3.
Schematic diagram indicating a
proposed 3-photon LIF approach for Xe+
detection.

Mo In both of the previous studies, resonant LIF
was performed on the z 7P2o ← a 7S3 transition at
390.41 nm. The effects of accelerator grid voltage
and propellant utilization were examined in
particular. The laser resolution was on the order of
1 cm-1, which lowers sensitivity in comparison to
the high resolution case and did not allow the
study of spectral profiles. As a result, velocity
distribution and kinetic temperature were not
obtained. Other LIF schemes could be used on
Mo, for example a non-resonant approach with λex

Fundamental information concerning the ion and
neutral relative abundance produced as a function
of Xe+ impingement energy on Mo, and the energy
distributions of the sputtered species, is not
available. This fact points to the need for a study
of energy distribution and ionization fraction
resulting from Mo sputtering in an idealized
system, in addition to a high resolution ion engine
plume study.
6

Ti Titanium has generated considerable interest
as a grid material. Like Mo, Ti has transitions in
the near ultraviolet that originate from the ground
electronic state. Several candidate transitions for
resonant LIF from the 3F2 ground state are at λex =
501.6, 395.0, and 390.0 nm (lifetimes of
approximately
165,
16,
and
15
ns,
respectively).[23] There are others at shorter
excitation wavelengths. The excited state y 3F3o
has a radiative lifetime of 17 ns and fluoresces
non-resonantly at 735 nm, with an accessible
transition from the ground state at 396.4 nm.[24]
A number of transitions may therefore be suitable
for laser-induced fluorescence monitoring in a
gridded ion engine plume. Recently, LIF imaging
of Ti and Ti+ has been performed by absorption
and LIF, respectively, at nearly identical
wavelengths (∼335 nm) and in the same plume of
laser-vaporized material, to generate contour
density maps.[25]

(see Table 1 and Ref. [27]), which may be suitable
for monitoring this species.
Ba Barium is a critical species for the proper
operation of most hollow cathodes used in ion
engines. Like Ta, there has not been any laserbased study of plume barium in an electric thruster
or component device. A brief mention of the
detection of barium in a hollow cathode plume has
appeared in the literature, but this was done in the
far-field using a mass spectroscopic method.[28]
Several approaches have been used successfully to
monitor Ba in other systems. One approach is to
observe resonance fluorescence at 553.5 nm, a
transition with very high oscillator strength.[29]
Observation with λex = λf = 350.1 nm can also be

Table 2. Various laser-induced fluorescence
schemes involving the 6s2 1S0 barium ground
electronic state.
Upper
Level
6s 6p 1P1
5d 6p 1P1
6s 7p 1P1
5d 6p 1P1

Ta Tantalum is frequently used in components
where low sputter yield is required. One of these
components is the hollow cathode, a device used
in Hall-effect thrusters and gridded ion engines.
These hollow cathodes are prone to single-point
failures of the thruster system, and their operation
is still poorly understood. Tantalum has never
been monitored in a hollow cathode or electric
thruster plume (there has been an LIF study of
excited-state neutral Xe in a hollow cathode
plume, however, see Ref. [26]). With a suitable
laser
spectroscopic
technique,
near-field
monitoring could be very valuable in the scientific
study of hollow cathodes.

λex (nm)
271.55
340.79
355.44
372.22
391.96
472.42
540.40

λf (nm)

553.5
350.1
307.2
350.1

553.5
350.1/582.6
472.8
582.6

performed. A third approach utilizes λex = 307.2
nm and λf = 472.8 nm.[18] Finally, an approach
which may produce the highest signal to noise
ratio involves excitation at 350.1 nm and
observation of fluorescence at 582.6 nm.[30]
Table 2 summarizes these approaches.
B The boron atom is expected to be a prominent
constituent in Hall thruster plumes, stemming
from the ion sputtering of its boron nitride
insulator material. BN molecules will also be
produced in this process. Neither species has been
detected in a Hall thruster plume by any direct
means, although the monitoring of deposition
products which include boron has been performed
through the collection of deposition materials on
witness plates, with subsequent removal and study
by standard elemental analysis methods.
Throughout most of the Hall thruster plume
erosion dominates deposition, so that boron is
removed as fast as it deposits. This fact increases
the utility of direct boron detection within the
plume as a diagnostic of thruster operation. The
longest wavelength for an allowed electronic

Table 1. Selected tantalum transitions involving
the ground electronic state.
Upper
Level
y 4Go5/2 ?
z 4Po5/2 ?
y 4Do5/2
z 4Po1/2 ?
y 4Do1/2
z 4Do5/2
z 4Do1/2

λex (nm)

λf (nm)
543.68
R
581.27, R
R

There are several transitions in the uv and visible
region from the a 4F3/2 ground state of tantalum
7

transition originating from the 2p 2Po electronic
ground state is at 249.85 nm, with upper state 2s2
3s 2S1/2.[31] This transition is a doublet, so it has a
close neighbor. The excited state lifetime is just 4
ns due to the large oscillator strength of the
transition.[32] The fluorescence occurs at the
excitation wavelength.

considerable abundance of this material in the
plume. Tungsten has been the material of choice
for
the
cathode
of
arcjets
and
magnetoplasmadynamic (MPD) thrusters, and also
finds common use in the nozzle orifice of hollow
cathodes. It is therefore an important plume
constituent to be monitored.

Additional transitions occur near 209 nm and
below.[31] While it is advantageous to use a
higher frequency transition that produces
fluorescence at a second, lower frequency, use of a
cw laser at such short wavelengths is more
difficult. The short wavelengths are more
accessible using a pulsed laser system, but the
boron density is probably too low to make this a
feasible
approach.
Transitions
exist
at
approximately λex = 182 nm that conveniently
fluoresce in the visible, but production of the
excitation pulse requires the addition of a Raman
shifter.[32]

Tungsten and its singly ionized form have
previously been studied by pulsed LIF in vacuum
arc
plasmas.[34,35]
Relative
transition
probabilities are known in most cases.[36] One
potential scheme for cw LIF involves excitation to
the z 7D10 (21454 cm-1 or 465.987 nm) with
detection of fluorescence at 505 or 551 nm. The
upper state lifetime is approximately 275 ns, and
the oscillator strength is moderate for both
excitation and fluorescence.[37] A promising
alternative scheme could utilize 255.135 nm
excitation
and
non-resonant
fluorescence
detection, however this excitation wavelength is
considerably more difficult to generate.

Production of cw radiation near 250 nm is
accomplished using uv pumping of a suitable dye
such as coumarin 102 to generate wavelengths
near 500 nm, and doubling this output with the
MBD-200 external cavity doubler. Since the
coumarin 102 single frequency output is ≤ 150
mW, the doubling efficiency is ≤ 1% and
obtainable power at 250 nm is on the order of 1
mW or below.

Fe Iron is present in most thrusters, in discharge
chambers, magnetic pole pieces, and other
components. Iron can undergo laser-induced
fluorescence using a 248.327 nm wavelength, very
close to λex for boron, to excite atoms from the a
5
D4 ground state. Although this approach may not
have been tried previously for LIF, it is a
commonly used transition for atomic absorption.
A number of other LIF schemes have been
proposed or utilized, most involving pulsed LIF at
λex ∼ 300 nm.[38,39] The first direct measurement
of the velocity distribution of excited atoms
sputtered from a metal target was done on the a 5F5
metastable state of Fe at 0.86 eV.[40] The velocity
distribution was found to be much more broad and
peaked at higher energy for the excited atoms as
compared to ground-state species.

BN The BN molecule will also be produced during
the sputtering of condensed boron nitride. While
the boron atom may be easier to detect, the study
of BN can provide additional information. For
example, rotational, vibrational, and translational
energy distributions can reveal further information
about local temperature.

It is the A3Πi-X3Πi band of BN that is most
suitable for study in the Hall thruster plume. Most
of the 0-0 band falls within the region of 360 to
364 nm, with a very high density of
transitions.[33]

C Carbon atoms are often abundant in the plume
during ground testing because the beam stop
and/or test chamber wall is made from or lined
with carbon- containing materials. Carbon has
been detected via 2-photon excitation, with one
process using 246 nm pulsed radiation for
excitation followed by fluorescence detection at
476.7 nm.[41] This approach may not have
sufficient sensitivity for carbon at the typical
plume density of ion thrusters.

W Tungsten is found more sparingly in ion
thrusters, although it must be mentioned that the
use of a tungsten filament to neutralize the ion
beam is not uncommon and would result in a
8

wavelengths for the excitation and detection of
trace ions and the other species discussed are listed
together in Table 3.

Trace Ions Trace species in electric thruster
plumes are usually produced by ion sputtering
from component surfaces. While neutral species
normally dominate, some fraction of the
population will be ionized. The neutrals have some
probability to become ionized in the plume, but
the majority of ions are expected to arise from the
sputtering process itself unless they originate in
the discharge chamber. An ion has a much higher
probability of being found at the largest angles
with respect to the thrust axis, given the same
initial velocity and density distributions at the
source. This is due to the presence of electric
fields that act to establish trajectories in radial and
upstream directions, enhancing ion flux levels in
the sideflow and backflow regions and ultimately
accounting for the majority of contaminant flux
backflowing to the spacecraft. The direct
monitoring of trace ions is therefore of
considerable interest, in addition to the neutrals.

Mo+ is considered to be the most important ion in
the plume of a gridded ion engine that uses
molybdenum ion optics. Fe+ may also be of
considerable importance, however, and Ti+ would
obviously be the target species if the grids were
constructed from titanium. For Hall thrusters, B+,
C+, Fe+, and La+ are possible ions of interest.
Only Fe+ has previously been detected in an
electric thruster plume, and this by a time-of-flight
mass spectroscopic method in the far-field. Many
of the ions discussed above may possibly be
detectable by LIF despite the low plume densities
that exist. The degree-of-difficulty is high,
however. Mo+ can be used as an example. The
longest wavelength for a transition originating
from the ground state is at 202.030 nm, a difficult
region for generating cw tunable laser output. The
most feasible approach is expected to be Ar+ uv
pumping of the appropriate Exalite dye combined
with frequency doubling in a BBO external cavity
doubler. The efficiency of this process is very low,
such that substantially less than 1 mW of tunable
output can be expected at 202 nm.

Suitable excitation wavelengths for ground state
ions are even further toward the blue end of the
spectrum than for ground state neutrals, due to the
higher electron binding energy. However, some
ions are nevertheless amenable to study by cw
LIF. While the velocity distributions of excited
state species in plume electric fields are probably a
reasonable approximation to the ground state
distributions, because of the reduced density of
ions those transitions involving the ground state
are again preferred on the basis of their
detectability, other factors being equal. Selected

The backflow region does have certain
advantages, however. In the first place, the low
plasma density and absence of high energy ions
allows placement of fluorescence collection optics

Table 3. Selected wavelengths for the laser-induced fluorescence study of thruster species.
Species
Mo
Mo+
Ta
Ti
W
Fe
Ba
Xe
Xe+
NH
H2
H
BN
B

Measurement Type
Resonant
Resonant
Res & non-res
Res & non-res
Non-resonant
Resonant
Res & non-res
2-photon
3-photon
Near-resonant
2-photon
2-photon
Near-resonant
Resonant

Excitation Wavelength, λex
390.41
203.91/ 202.10
391.96/540.40/472.42
396.4/390.0
255.135/465.987/384.86
248.327
553.5/350.1/307.2
225.51
232.11
330-342
201
205.14
360-364
249.85/249.75
9

Detection Wavelength, λf
390.41
203.91/202.10
R/581.27/R
735/390.0
Various
248.327
553.5/582.6/472.8
484.47
572.86
330-342
Near IR
656
360-364
249.85/249.75

very close to the interaction region. In addition
there is low emission background due to the
plasma. With painstaking care given to the
reduction of scattered light, resonant fluorescence
may be detectable at a density of ∼ 105 cm-3. Since
the Mo+ density cannot be orders of magnitude
above this, signal to noise ratio will be low. Nonlaser methods may be more appropriate for the
study of backflowing plume ions, although other
approaches will have their own difficulties.

6.

7.

8.

Concluding Remarks

9.

There is much potential for the use of laser-based
techniques,
particularly
laser-induced
fluorescence, to address critical issues of
spacecraft contamination, thruster lifetime, and
physics of thruster operation. The application of
the approaches described is difficult, however, due
to labor-intensive experimental setups and low
species densities within a non-ideal environment.

10.
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