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Laser Induced Fluorescence Measurements of Flow Velocity in
High-Power Arcjet Thruster Plumes
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The flow velocity of atomic hydrogen in the plume of an ammonia-propelled arcjet thruster was measured
using laser-induced fluorescence (LIF). The velocity was obtained by the Doppler shift of the absorption peak
of the Balmer « spectral line. Measurements were made at the nozzle exit, varying the distance from the plume
centerline. Results are presented for arcjet operating conditions 13, 20, and 27 kW with a mass flow of 0.31
g/s. The on-axis H flow velocity varies from 14 to 28 km/s over this range of input power. The axial velocity as
a function of the distance from the axis is sharply peaked, dropping to almost zero at a radius of less than

5 mm.

Introduction

HIS work presents measurements of axial plume velocity
profiles in high-power arcjet thrusters. Arcjets are pres-
ently experiencing a revival of interest, as they are expected
to play a major role in numerous proposed space missions.! ¢

However, quantitative understanding of arcjet operation is

presently quite limited, although recent work on engine sim-
ulation has been reported.”

Active research on thermal arcjet thrusters began during
the late 1950s and proceeded vigorously until the mid-1960s.5?
Engines requiring from 1 kW to greater than 200 kW of input
power were examined. Engine operation on a variety of pro-
pellant gases was investigated and included H,, He, Li, N,,
NH,, N,H,, Ne, and Ar. Work on arcjet engines stopped
during the late 1960s because development work on suitable

power sources had ceased. The recent vigorous renewal of !

development of high-power space power systems, both solar
and nuclear, has stimulated interest in using electric propul-
sion for primary propulsion functions and has led to the re-
newed development of arcjet engines.

An arcjet engine is one of the simplest electric propulsion
devices to build and operate. A schematic of a typical arcjet
engine is shown in Fig. 1. The propellant gas is fed into the
plenum chamber tangentially, through the chamber wall, and
is heated by passing through and around an arc discharge.

After the engine is started, a constricted arc in the form of a

laminar column extends from the conical tip of the cathode
through the constrictor throat, and attaches to the small end
of the nozzle. The arc is blown downstream through the con-
strictor channel by the propellant gas pressure in the plenum
chamber. The bulk of the thermal energy is added to the
propellant in a thin cylinder along the center line of the device.

‘As a result, the radial distributions of enthalpy and axial
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velocity are highly peaked at the nozzle exit. Measurements
of the radial distribution of mass flux'® show a minimum on
the axis and an increase to a peak at the nozzle edge, with
the increase being roughly 10-50% depending on operating
power. As noted below, however, these measurements are
suspect due to probe intrusion into the flow.

Detailed knowledge of the velocity field produced by an
arcjet will provide a greatly improved understanding of engine
operation and possibly enable better engine design. Flowfield
knowledge, coupled with the mass flux, can yield the ineffi-
ciency due to flow nonuniformity. In addition, the frozen-
flow loss, i.e., the energy loss due to dissociation, excitation,
and ionization of the propellant gas, also requires evaluation
to improve understanding of the energy deposition processes
at work in an arcjet.

In previous work, impact pressure probes, mass flux probes,
and Langmuir probes have been used to measure plume prop-
erties in the vicinity of the nozzle opening.!%-!! Such techniques
intrude into the flow and consequently cannot be relied upon
to provide accurate values. Spectroscopic studies have been
performed,'? but these involve the analysis of emission and
precise point-by-point data are difficult to obtain due to dif-
ficulties in calibration and data inversion in the highly non-
uniform emission produced by arcjets. As will be seen, these
difficulties are largely removed by the use of laser-induced
fluorescence (LIF).

This report presents results of the first application of LIF
to high-power ammonia arject plumes. Radial profiles of the
axial velocity of atomic hydrogen are given for engine oper-
ation between 12 and 27 kW with a propellant flow rate of
0.3 g/s.

Description of Experiments

Arcjet Facility

The experiments were performed in the JPL Arcjet Testing
Facility (ATF). The engine is mounted in a cylindrical, water-
cooled stainless steel vacuum tank 1.2 m in diameter and 2.1
m long. The exhaust plume of the arcjet is collected by a 0.16-
m diameter diffuser and pumped by a high-capacity vacuum
pumping plant based on a 6.3-m%s Roots blower. The back-
ground tank pressure can be maintained at approximately 0.06
torr during engine operation. The arcjet is mounted on a
thrust stand to monitor engine performance during testing.
Engine performance and the state of the facility are contin-
uously monitored by a computer-controlled data acquisition
system.
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Fig. 1 Arcjet engine operation.

The ATF is unique in its optical access, with both side-on
and end-on windows, as shown in Fig. 2 (The tank is shown
with the LIF diagnostic setup installed, which will be discussed
below). The end window, possible because of the 90-deg bend
in the diffuser, enables direct viewing of the arc while the
engine is operating, a capability unmatched elsewhere. More-
over, it allows a laser beam to be admitted parallel to the
engine axis, enabling measurement of the plume axial velocity
distributions as described later.

The D-1E 30-kW-class ammonia arcjet was used for these
tests; it is shown in Fig. 3. This engine is described in detail
in Ref. 13. The engine design parameters and essential di-
mensions are given in Table 1; the important engine features
are summarized below. The engine consists of a single-piece
plenum chamber/constrictor/expansion nozzle machined from
2% thoriated tungsten. The constrictor is nominally 1.08 cm
long by 0.5 cm in diameter with a nominally 50-deg half-angle
cone at its inlet. (The constrictor inlet was recently rema-
chined to a double taper. This is not shown in Fig. 3.)
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Fig. 2 Arcjet vacuum facility, with the LIF setup installed.
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Fig. 3 D-IE arcjet engine.

Table 1 Design parameters and essential dimensions
of arcjet engine used

D-1E
Parameter Engine
Constrictor length, cm : 1.08
Constrictor diameter, cm 0.50
Nozzle exit diameter, cm 2.93
Exit area ratio? 33
Nozzle type Bell
Outer nozzle surface material w
Plenum chamber diameter, cm 2.03
Plenum half-angle taper at constrictor end, deg 49.5
Cathode diameter, cm - 0.95
Cathode tip included angle, deg 60
Cathode tip radius, cm 0.15
Electrode gap,® cm 0.21
Propellant injection angle from axis, deg 60
Nominal engine diameter, cm 5.08
Nominal engine length, cm 15.0

2Ratio of nozzle exit area to constrictor area.
bAxial gap between the cathode cone and the corner of the constrictor
entrance.

The nozzle is bell-shaped with an area ratio of 33. A boron
nitride insulator between the cathode and anode also serves
as the injector. The propellant is injected, with a downstream
inclination 60 deg from the axis, at the back of the plenum
chamber through four 0.15-cm diameter injection holes. The
cathode, made from 2% thoriated tungsten, has a 60-deg
included-angle cone-shaped tip out to its 0.95-cm diameter.

The performance of the arcjet is given in Table 2. Data are
given for the three power levels at which velocities were meas-
ured. The specific impulse I, is given in km/s to facilitate
comparison with the measured velocities.

LIF Measurement Technique

Arcjet plumes present excellent conditions for measuring
particle velocities using Doppler shifts. As will be seen, ve-
locities may be measured with a precision of about 1 km/s.
In our case, since ammonia is the propellant, excited states
of atomic hdyrogen are present, which may be observed in
emission or probed using LIF. The density is thought to be
sufficiently low that atomic transition lines are not signifi-
cantly broadened by collisions with particles other than elec-
trons. The plume is believed to be field-free, so that there is
no DC Stark splitting. The transitions are thus affected only
by Doppler shift and by Doppler and Stark (electron colli-
sional) broadening.

This work employed LIF to measure the radial profiles of
the arcjet plume axial velocity at the nozzie exit. Each mo-
lecular species in the plume has a different velocity; this work
deals specifically with the velocity of atomic hydrogen. The
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Table 2 Summary of operating conditions for presented results

Power, Current, Voltage, Mass flow, Thrust, I,
kw A v g/s g km/s
27.1 249 109 0.315 225 7.00
20.2 181 111 0.315 200 6.22
13.1 124 106 0.315 143 4.45

velocity was obtained by measuring the Doppler shift of the
broadened atomic hydrogen Balmer « spectral line in ab-
sorption. .

The Balmer « line, of wavelength A, = 6563 A, joins the
n = 2 and n = 3 energy levels of the H-atom. The ammonia
arcjet plume appears red to the eye, largely due to this line.
In the present LIF technique, absorption of light from a pulsed
tunable dye laser (pulse length ~10 ns) increases the popu-
lation density N; of atoms in the n = 3 level. This increase
causes a momentary increase in the Balmer a emission, which
is the LIF signal. The excess density decays to its original
value through radiation and through collisional excitation/
de-excitation to other levels. This is expressed by the rate
equation

dN. A2
_(—it_s = (N,B,; — N3B32)I§g()\)

- (N3 - Ng) (2 Sy + Ap + A3l> (1)

The first pair of parentheses on the right contains the terms
that are due to laser action. These are the absorption (pump-
ing) and stimulated emission rates, 2 — 3 and 3 — 2, re-
spectively. B,; and B;, are the Einstein coefficients of ab-
sorption and stimulated emission,* [ is the laser intensity
(assumed monochromatic with wavelength \), c is the speed
of light, and g(\) is the lineshape of the 2 — 3 transition,
area-normalized to unity (fg(A)d\ = 1). The terms following
the pumping term give the rate of decay of the difference
between N, and its steady-state (pre- and postlaser irradia-
tion) value NY. S, gives the rate for collisional transition to
a state i. Ay, = 4.4 X 107 s~! is the Einstein spontaneous
emission coefficient for 3 — 2 (Balmer «) radiation, and A,
is the coefficient for emission to the ground state.

In this work, only the peak wavelength of the transition is
of interest, rather than the magnitude of the LIF signal. The
values of the collisional terms S, therefore do not affect these
results, nor does reabsorption of 3 — 1 emission. Moreover,
the light collection system need not be calibrated except to
assure linearity.

The lineshape g(\) contains the effects of collisions (pri-
marily with electrons) and of Doppler shifts due to random
atomic motion (thermal or turbulent) in the width and shape
of the profile; the effect of bulk atomic velocity is a shift of
the peak of the line from its zero-velocity value \,. In cases
where either collisional (Stark) broadening or Doppler broad-
ening is clearly dominant over the other, the linewidth can
provide a measure of either electron density or translational
temperature. In the present case, both broadening mecha-
nisms contribute. The results given here, however, are af-
fected additionally by power broadening,'* so the observed
linewidth is considerably greater than that which would be
observed in emission. For this reason, we do not present
analysis based on the linewidth but consider only the peak
positions.

The random motion and the flow velocity enter through
the Doppler shift of the absorption profile, so only the velocity
components in the direction of the laser beam (parallel to the
engine axis in this work) enter in. In this experiment, the
atomic velocity perpendicular to the laser beam does not play
arole, as the wavelength dependence of the LIF emission is
not monitored.
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The laser wavelength is scanned across the Balmer « tran-
sition to obtain the LIF signal as a function of wavelength.
The atomic hydrogen flow velocity is obtained from the shift
of the peak of the LIF signal from \, by

V= — 2)

where AN is the shift of the profile peak with respect to \,,.
Thus a peak shift of 0.1 A corresponds to a flow velocity of
4.6 km/s for Balmer o pumping. (The flow is toward the laser
source, so the shift is in the direction of increasing wave-
length.) Arcjet plume velocities are very high, of order 20
km/s, corresponding to a transition lineshift of order 0.4 A.

LIF has been performed using the Balmer lines in a variety
of applications.*~20 Electron densities have been measured?!
in hydrogen thyratrons using weakly pumped LIF to obtain
the Stark linewidth®?* of Balmer 8 (A = 4861 A), whose
dependence on electron density is well known??; there, the
shift of the line was not measured, as the plasma was confined
and no bulk high-speed flow was possible. The present work
employed the Balmer « line, rather than the Balmer 8 line,
to maximize the experimental sensitivity, shown by Eq. (2)
to be proportional to the wavelength.

To measure the axial flow velocity as a function of radius
(distance from the plume axis), the variation of the LIF signal
with wavelength was obtained as described above, for various
radial positions of the laser beam. During each scan of the
laser wavelength, the fluorescence from a small volume along
the beam was collected and recorded. (See Fig. 2.) Since the
plume conditions remain generally constant on a time scale
of hours, the requirements on the speed of the scan are not
stringent.

The LIF signal at each radial position and laser wavelength
was averaged over 100 samples to suppress noise due to laser
power fluctuation. The signal consisted of a constant offset
due to the background plume emission and to directly scat-
tered laser light as well as the wavelength-dependent LIF
signal; since the pump and signal transitions are the same,
differentiation between LIF and scattered laser photons is
impossible. The resulting intensity-vs-wavelength profile, with
the offset subtracted, is the absorption lineshape if the laser
pumping is sufficiently weak. This condition was checked by
repeating a scan with larger laser powers; an increase by a
factor of 4 in the laser pulse energy led to a broadening of
about 10%. The measured profiles thus contain some power
broadening. Laser pulse energies used were generally about
0.1 mJ.

The position of the profile peak was obtained by fitting the
data points with an assumed profile, Gaussian, Lorentzian,
or polynomial. (This will be discussed in detail below.) The
flow velocity corresponding to a peak position is given by Eq.
(2). Note that the experiment provides no absolute reference
of wavelength, so that zero velocity must be inferred by the
peak position at the edge of the plume.

The flow velocity is obtained at a variety of radial positions
by moving the laser beam horizontally as described. This could
be done with a precision of an estimated 0.5 mm. Thus the
velocity-vs-radius data points are characterized by a random
horizontal error of 0.5 mm. In addition, the resulting profile
must be considered to be convolved with an instrument func-
tion of full width approximately 0.6 mm due to the laser beam
size.

Experimental Setup

The velocity component of primary interest is the stream-
wise (axial) one, requiring the laser beam to be parallel to
the axis of the arcjet, as shown in Fig. 2. The laser beam
enters through the port at the downstream end of the tank;
its displacement from the axis is controlled by the orientation
of the scanning prism, which was mounted on a motor-driven
rotation stage so that the beam could be translated horizon-
tally across the plume.
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The laser used was a Quanta-Ray PDL-1 side-pumped,
grating-tuned, pulsed dye laser, whose output linewidth was
about 0.04 A. The dye laser was pumped by a frequency-
doubled Quanta-Ray DCR-1 flashlamp-pumped Nd:YAG
laser. Output pulse energies of order 100 mJ in 10 ns at 6563
A could be obtained, but as already discussed, much lower
energies were appropriate for this experiment. The pulse-to-
pulse energy stability was poor, the fluctuations ranging as
high as 30%.

The laser beam was apertured to a diameter of 2 mm at
the exit of the dye laser; a two-lens telescope was used to give
a spot size of about 0.6 mm at the engine nozzle. Light from
the nozzle area was collected using a positive lens at the inlet
of the collimator. The resulting cone of light was apertured
by the clearance between the nozzle exit and the diffuser,
which was about 6 mm. Thus LIF signal was obtained from
a cylinder approximately 0.6 mm in diameter and 6 mm in
length. Non-Balmer « light was rejected by a narrow-band
interference filter (Melles Griot, A = 6560 A, AN = 100 A).
In order to avoid detector saturation, two or so orders of
neutral density filters were used.

Light was detected by an EMI 9789-QB photomultiplier,
thermoelectrically cooled to 5°C, supplying current to a box-
car averager (Stanford Research) with a 50-ohm terminating
resistor in place. The boxcar operated in the toggle (back-
ground subtract) mode, triggering at twice the laser pulse
frequency of 10 Hz. Timing for the experiment was based on
the lamp-firing pulse of the laser. The first data were taken
with the laser Q-switch internally triggered, which gave a large
pulse jitter and drift; this required the boxcar gate to be wide
(200 ns) and centered on the apparent mean pulse time. Later,
external triggering of the Nd: YAG laser Q-switch suppressed
the pulse jitter to less than 2 ns, allowing a lower gate width
to be used. A gate width of 50—100 ns was found optimal.

Results and Discussion

We present results for a number of different engine oper-
ating conditions. These are summarized in Table 2. Results
are presented in Figs. 4-7 for operating conditions of 13, 20,
and 27 kW. Both raw data (typical intensity-vs-wavelength
profiles) and the corresponding velocity profiles are presented.
Profiles are given for several values of the distance r from the
plume centerline. The data points are shown along with least-
squares best-fit Gaussian and Lorentzian profiles. Random
vertical errors result from laser pulse energy variation, which
causes fluctuations in both the LIF signal and the directly
scattered laser light. In addition, a slight error arises from
timing jitter. The signal level is high enough that shot noise
and dark-current noise are not significant compared to the
other sources of error. The random error in the wavelength is
assumed negligible, but the absolute wavelength must be de-
termined as discussed previously by the position of the profile
at the plume edge. The linewidth of the laser was about 0.04
A, so that the measured profiles are convolved with a profile
of that width; the effect of this on the peak positions, and
hence on the velocity results, is insignificant since the profiles
are close to symmetric. It should also be noted that the meas-
ured profiles are axial averages over the 6-mm nozzle-diffuser
spacing.

The profiles measured here have full widths at half maxi-
mum (FWHMs) ranging from 1.1 to 1.7 A, increasing with
power level. Observation of the Balmer « line in emission,
under similar arcjet plume conditions (power 20 kW, mass
flow 0.25 g/s),"? gave linewidths of about 0.5 A. In the majority
of cases, the x? measure of least-squares best fit** slightly
favored the Gaussian over the Lorentzian shape, but the dif-
ferences are not significant.

The velocity results presented assume a Gaussian fit to the
LIF profiles; this choice is rather arbitrary, as Figs. 4—6 show.
The differences between these results and those obtained with
the other fitting methods are small, falling well within the
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Fig. 4 Raw LIF data taken during operation at 13 kW. Solid curve,
best-fit Gaussian; dashed curve, best-fit Lorentzian.
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Fig. 5 Raw LIF data taken during operation at 20 kW. Solid curve,
best-fit Gaussian; dashed curve, best-fit Lorentzian.

error bars representing the uncertainties of the Gaussian peak
positions (see below).

The engine configuration was constant during the acquisi-
tion of these data; in fact, the data were taken continuously,
with the only variation being the power level. The highest
power data were taken first to minimize the effect of electrode
erosion, which would cause a drift in the results. Examination
of the engine following the runs did not show significant ero-
sion. Because of this, these data accurately characterize the
variation of plume velocity and shape with operating power.

In Fig. 7, the horizontal error bars represent the repro-
ducibility error of the beam turning prism rotator, estimated
to be 0.5 mm in the nozzle exit plane. The vertical error bars
correspond to the uncertainty in the peak positions of the
Gaussian fits to the LIF profiles. This uncertainty was ob-
tained from the covariance matrix® of the least-squares fit,
assuming normally distributed scatter in the raw data.

Figure 7 shows a rapid increase in peak velocity with power.
In fact, for this mass flow rate, the relation 1 km/s per kilowatt
describes the data fairly well. Moreover, the high-speed core
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Fig. 6 Raw LIF data taken during operation at 27 kW. Solid curve,
best-fit Gaussian; dashed curve, best-fit Lorentzian.
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Fig. 7 Velocity vs distance from plume centerline, for operation at
13, 20, and 27 kW.

of the plume broadens with increasing power, though the
variation is not linear and appears to flatten at high power.
This is consistent with the measured thrust (Table 2) which
shows a much greater increase between 13 and 20 kW than
between 20 and 27 kW.

In all cases, the peak velocities are considerably higher than
the average velocities obtained from thrust measurements (the
average velocities are given as [, in Table 2). It must be re-
emphasized that the measured velocities are of atomic hy-
drogen only. There is an unknown, but probably significant,
difference between the H velocity and those of heavier spe-
cies. Moreover, the high-speed core of the plume carries an
unknown fraction of the total mass flux. A logical extension
of the present work would measure the velocity of atomic
nitrogen, retaining ammonia as the propellant; another would
be the measurement of the flow velocity of a single-species
propellant such as helium. In any case, the development of
a nonintrusive technique to measure mass flux per unit area
across the nozzle exit {species-specific in the case of a mo-
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lecular propellant) is needed, along with the present tech-
nique, to fully address this problem.

Conclusions

The ability of LIF to produce good-quality (= 1 km/s),
nonintrusive plume velocity measurements in high-power arc-
jet plumes has been demonstrated. Axial atomic hydrogen
velocities obtained using LIF exhibit much lower error bars
than earlier measurements, as well as much better spatial
resolution.

A self-consistent study (identical engine configuration
throughout) of the variation of plume shape and velocity with
operating power shows a close-to-linear increase in centerline
velocity with power. However, the thrust does not increase
linearly. The data presented here indicate that, for this engine
at least, specific impulse does increase with power, but that
this benefit is partially offset by increasing flow nonuniformity
at high power. A full treatment of this problem will require
further work as outlined at the end of the previous section.
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