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Interior Plasma Diagnostics of Arcjet Thrusters

Mark A. Cappelli* and P. Victor Stormt
Stanford University, Stanford, California 94305-3032

We review past experimental measurements of internal flow properties of arcjet thrusters. These mea-
surements are generally classified as either intrusive, requiring design changes to prototype thrusters, or
nonintrusive, and include measurements of cathode temperature, as well as static pressure, flow temper-
atures (vibrational, rotational, electronic, translational), electron density, and velocity throughout the
interior region extending to the exit plane. Comparisons are made to available model predictions. These
measurements, performed on a wide range of thrusters, and operating on variety of propellants, indicate
that the nozzle plasma flow may be removed from local thermodynamic equilibrium.

Nomenclature
tn A = coulomb logarithm
m = propellant mass flow rate, kg s"1

ne = electron number density, m~3

P = arcjet power, W
Pstag = stagnation pressure, Pa
Ahroat = throat static pressure, Pa
Tcat - cathode temperature, K
Te = electron translational temperature, K
reiec = electronic excitation temperature, K
rrot = rotational excitation temperature, K
^tran = heavy species translational temperature, K
rvib = vibrational excitation temperature, K
crSH = Sptizer—Harms electrical conductivity, fl"1 m"1

I. Introduction

A RCJET propulsion systems have been successfully em-
ployed in stationkeeping applications. To enable other ap-

plications such as repositioning or orbit transfer, the arcjet
must deliver 1000 s of specific impulse at 35-50% thrust ef-
ficiency.1 However, efficiencies approaching 50% at high spe-
cific impulse have not yet been achieved. The future design of
more efficient and reliable thrusters requires a better under-
standing of the physical processes governing arcjet operation.
This understanding can be obtained through a combination of
experimental diagnostics and analytical modeling. Many stud-
ies have been conducted to investigate arcjet performance un-
der different operating conditions, electrical configurations,
and geometries.2 Understanding the physical processes govern-
ing the arcjet operation requires a detailed knowledge of the
plasma properties everywhere in the flowfield. A great deal of
research has been conducted to measure the flow properties in
the plume of arcjet thrusters using electrical and optical
techniques.2"4 Much of this work was driven by the need to
understand the effect that the partially ionized and chemically
reacting plume may have on other spacecraft surfaces and
communications. As far back as the early sixties,5 mass flux
probes, impact probes, and enthalpy probes were implemented
as exit plane and plume diagnostics to better understand the
performance of these devices. More recently, advanced optical
diagnostics6'9 have been developed and implemented to mea-
sure the exit plane flow properties and to better understand the
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thermal and chemical nonequilibrium nature of arcjet flows.
Although much has been learned from these exit plane studies,
it is evident that little is known about the plasma properties
within the constrictor region and nozzle of the arcjet, yet it is
here where the plasma behavior controls the arcjet perfor-
mance.

In this article, we will review some past measurements made
by other researchers and our own recent measurements of flow
properties in the nozzle interior and constrictor (near-cathode)
region of arcjet thrusters. These measurements can be classi-
fied as either intrusive or nonintrusive, depending on whether
significant changes were made to the arcjet thruster to carry
out the diagnostic. The intrusive measurements reviewed here
include the static pressure measurements in both low-power
(1-kW) thrusters using simulated hydrazine decomposition
products as a propellant10; static pressure measurements in
high-power (30-kW) thrusters operating with nitrogen as a pro-
pellant11; current distribution and floating potential measure-
ments conducted using a segmented anode configuration in a
1-kW arcjet12; spectroscopic emission measurements of ne and
characteristic temperatures for rvib, relec, and rrot in the expan-
sion nozzle of 1-kW thrusters using simulated hydrazine de-
composition products as a propellant13; similar measurements
to those described in Ref. 13 in 26-kW thrusters using am-
monia as a propellant14; spectroscopic imaging of Te and relec
in a medium-power, water-cooled thruster using hydrogen as
a propellant15; and ne and relec in the constrictor region of a
low power (1-3-kW) arcjet operating with helium as the pro-
pellant.16 The nonintrusive measurements reviewed here in-
clude spectroscopic emission measurements of the near-cath-
ode region ne and Tcat in low and medium power (1- and 5-kW,
respectively) hydrogen arcjet thrusters17'18; and laser-induced
fluorescence (LIF) measurements of velocities in the nozzle of
a low-power hydrogen arcjet thruster.19 Despite the variations
in propellant and differences in operating conditions, there are
many common features in flow behavior associated with the
various thrusters studied, some of which are discussed in the
following sections.

II. Static Pressure Measurements
Static pressure measurements are useful in interpreting in-

ternal flow behavior in arcjets. In many cases, they can provide
insight into the losses associated with nonideal or viscous ef-
fects. In general, static pressure measurements reflect changes
in the flowfield characteristics, which are expected to influence
arcjet thruster performance and stability.20

Harris et al.11 presented a detailed study of the static pressure
variation in a 30-kW water-cooled arcjet thruster operating
with nitrogen as a propellant. In that study, the arcjet was
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instrumented with 16 equally spaced pressure taps located in
positions ranging from the arcjet plenum, through an extended
constrictor, nearly to the exit plane of the nozzle. Such mea-
surements can be classified as intrusive, in that it is not clear
how the presence of such features may perturb or alter the
internal flow characteristics. It is useful to examine here, none-
theless, some of the conclusions drawn from that study.

An arcjet flow, such as that investigated by Harris et al.,11

is expected to be far removed from ideal isentropic conditions,
and will experience imperfect gas effects. Despite this, it is
interesting to note that the ratio of axial static pressure to stag-
nation pressure (taken to be the pressure measured by the up-
stream tap in the plenum) is independent of m or P as expected
from a quasi-one-dimensional analysis, if the entire nozzle
flow is choked. For all arc powers and flow rates studied, their
measurements further indicated that the sonic point was lo-
cated beyond the end of the constrictor, suggesting that viscous
boundary-layer growth is significant within the constrictor. Up
to the sonic point, an ideal quasi-one-dimensional analysis
would indicate that the static pressure should increase with the
square root of temperature (for a constant m), reflecting the
drop in density with temperature and the choked condition at
the sonic point. If the radial pressure gradients are small, then
assuming that the plasma is significantly ionized in the arc
core, ne is expected to decrease with the square root of the
temperature. As is discussed later, recent measurements do not
reflect this trend, strongly indicating a departure from ideal
conditions.

Similar measurements have been performed by Talley et al.10

in a 1-kW laboratory arcjet thruster operating on mixtures of
hydrogen and nitrogen to simulate hydrazine decomposition
products.10 In their facility, five pressure taps were machined
into the anode housing, providing static pressure measurements
at locations of approximately 1.5 mm upstream of the throat,
at the throat, and three measurements distributed along the
expansion nozzle. Unlike the 30-kW arcjet of Harris et al.,11

there is no significant constrictor channel in these low-power
devices, and so it is more likely that the sonic point will co-
incide with the location of the throat. This is supported by the
critical pressure ratio (ratio of static pressure to /?stag under
choked conditions) of 0.52 measured in the throat for the arc-
ignited low-power thruster,10 unlike the 0.66-0.9 values mea-
sured in the constrictor region of the arc-ignited high-power
thrusters.11 Talley et al.10 report, however, that their cold-flow
Pthroat is significantly greater than the critical pressure ratio,
indicating that the sonic point under cold-flow conditions has
moved downstream of the throat. They attribute this behavior
to the strong swirl component of velocity in the cold-flow case
that is dampened out following arc ignition.

The throat static pressure measurements of Talley et al.10

combined with an estimate of the temperature in the arc core
of 20,000-40,000 K (not atypical for a constricted arc at high
pressures), allow an estimate of ne in the core of the arc near
the arcjet throat, provided we assume that the arc is in local
thermodynamic equilibrium. Using the static pressure mea-
surements of Ref. 10 (measured near the converging section
of the nozzle), which range from 20-50 psia for m = 35-
65 mg/s (Plm of 10-30 MJ/kg), and taking/?throat/pstag ~ 0.52,
we estimate throat electron number densities ranging from 6
X 1022-3 X 1023 m~3. Recently, Zube and Myers13 measured
ne from Stark broadening of hydrogen spectral lines in the
upstream region of the expansion nozzle of a nearly identical
arcjet thruster, also operating on simulated hydrazine decom-
position products, over a comparable range of Plm, albeit at
much higher m (100 mg/s). Despite these different operating
conditions, a comparison of the calculated ne to the measure-
ments of Zube and Myers,13 reported at a distance of 3 mm
downstream of the throat (~1021 m~3), indicates that signifi-
cant axial gradients in ne exist in the near vicinity of the cath-
ode and throat. Indeed, very strong axial number densities
were measured near the throat of a 26-kW ammonia arcjet by

A ne (Zube and Myers, 1990)
o ne (est. from Talley et al., 1992)
a ne(Hargusetal.,1994)
——— ne (Butler and King, 1992)

P (Butler and King, 1992)
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Fig. 1 Axial variation in ne in a 1-kW class arcjet. The solid and
dashed lines are the calculations for a low-power arcjet of Butler
and King,20*23 (see, e.g., Ref. 17) with hydrogen as a propellant.
The data points are for a low-power thruster operating on hydra-
zine decomposition products from Ref. 13 (triangles), a high-
power thruster operating on ammonia from Ref. 14 (squares),
and, as estimated in the text, from the static pressure measure-
ments of Ref. 10 (circles).

Hargus et al.,14 using spectroscopic methods similar to those
of Zube and Myers.13 We speculate that such strong axial gra-
dients in ne contribute to the stability of a diffuse arc attach-
ment at the anode in this region of the nozzle. A lower ne and
cooler plasma will result in a correspondingly lower current
density for a given electric field strength. A transition from a
diffuse to constricted arc attachment at the anode has been
shown to be less favorable at lower attachment current den-
sities.21'22

The strong axial variation in ne in low-power arcjet thrusters
has been captured by recent single-fluid magnetohydrody-
namic (MHD) models developed by Butler and King.20'23 In
Fig. 1, we graph the model simulations for a (nominal) 1-kW
arcjet thruster operating with hydrogen as a propellant (m =
13.1 mg/s and Plm = 115 MJ/kg), as well as available experi-
mental data.10'13'14 Although the results of Refs. 10 and 13 are
for an entirely different propellant, and the results presented
in Ref. 14 are for much higher powers, we include them on
the graph for illustrative purposes. We see that in the hydrogen
arcjet thruster, the predicted axial variation in ne is in quali-
tative agreement with the observations in essentially the same
thruster operating on simulated hydrazine decomposition prod-
ucts, and with the measurements made in the 26-kW ammonia
engine.

III. Electrical Measurements
Until the recent electrical studies of Curran and Manzella,12

we could only speculate as to the mode and distribution of
current attachment along the anode surface in low-power
arcjets. In that study, an arcjet of identical geometry to those
baselined for use in communications satellites was instru-
mented with a segmented anode. Although inherently an in-
trusive diagnostic, this segmented anode design allowed them
to estimate the current distribution and floating (plasma) po-
tential as well as the anode fall voltage. In addition, they were
able to perturb the attachment (i.e., electrically isolate various
segments) to force current to a particular region along the an-
ode.

The anode described in Ref. 12 was divided into five seg-
ments. The first consisted of the converging section up to the
end of the constrictor/throat. The second, third, and fourth sec-
tions were centered approximately 1, 2.5, and 4 mm down-
stream of the throat, respectively. The last segment consisted
of the remaining section of the nozzle. Each segment was sep-
arated from the others by thin boron—nitride spacers.
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The most interesting finding is that under normal operation
(all segments connected together and connected to the power
supply) the current was nearly equally distributed to all but
the first segment (which collected little or no current under
steady operation). This finding indicates that the current den-
sity decreases significantly along the axial direction, consistent
with the measured drop in ne.13 The first segment, when elec-
trically isolated, barely influenced the current attachment at the
remaining four segments. This is an important result, in that it
indicates that little or no current is collected by this region of
the anode. Although the floating potential of this segment was
not measured while all others were connected, it was found to
be approximately 35 V (relative to the cathode) when the cur-
rent was forced to the fifth segment.12 Using 35 V as an esti-
mate of the voltage between the cathode and the end of the
constrictor (which is approximately 0.75-1.0 mm from the
cathode tip, depending on the gap spacing), we can estimate
the extent of arc constriction (arc diameter). To do this, we
need the electrical conductivity, which, if the arc core is fully
ionized, is given by the Spitzer-Harm expression24 (in MKS
units):

= 1.53 X 10~2(rf /€n A) (1)

Here, €n A depends (weakly) on both ne and Te. If we assume
Te = 30,000 K, ne = 1023 m~3, and that the arc core is highly
ionized, we estimate the electrical conductivity to be approx-
imately 16,000 IV1 m~!. Using a current of 11 A, we arrive at
an arc diameter of approximately 200 /mi. Comparing this to
the constrictor diameter of approximately 700 fjum indicates
that the arc is constricted to about 10% of the throat area. This
estimate is within a factor of 2 of what has been measured
based on Stark broadened axial line emission from a 1-kW
arcjet operating on hydrogen.17

Another interesting result of the Curran and Manzella
study12 is that when the last segment is isolated from the power
supply (and its current is shifted to the next upstream seg-
ment), the voltage on the last segment can be used to estimate
the anode fall voltage at the next upstream segment. It is found
that when isolated, the voltage of the fifth segment (relative to
the cathode) was roughly equal to the voltage on all of the
remaining connected segments. If we can assume that this last
segment acts as an emissive probe, then it will measure the
local plasma potential. This suggests that the anode fall voltage
in the distant nozzle may be negligible. This result is not sur-
prising if one considers that the field near the anode consists
of both a resistive component balanced by an ambipolar com-
ponent that is associated with gradients in plasma density:

E « (J/o) - (kTle)(Vnelne) (2)

We see that, at sufficiently low current densities, the plasma
potential can in fact be greater than the anode potential (giving
rise to a negative fall). In the case at hand, it appears that the
current densities are sufficiently low near the end of the nozzle
that the anode fall is small. Another interesting experiment
described in the study of Curran and Manzella12 involved forc-
ing the current to attach to the first (furthest upstream) segment
by isolating the remaining four. The floating potential of the
remaining four segments, when compared to the potential dif-
ference between the cathode and the first segment, affords an
estimate of the anode fall voltage at the first segment. Under
these conditions, a high current density ensues and we would
therefore expect the anode fall to increase significantly. Indeed
this was the case,12 with the anode fall voltage increasing to
approximately 40 V.

IV. Optical Emission Measurements
Much has been learned about the internal flow characteris-

tics of arcjet thrusters by studying the intrinsic plasma emis-
sion. One of the first and most thorough investigations of the

nozzle flow of a prototype thruster was performed by Zube
and Myers13 using optical emission spectroscopy. In that study,
a set of holes were drilled into the anode (nozzle) of a 1-kW
arcjet thruster at three axial positions, approximately 3, 6, and
9 mm from the throat of a nozzle that had a maximum area
ratio of 225:1. A set of holes were also drilled at various radial
positions, approximately 9 mm from the throat of a nozzle
similar to that described earlier, and at 9 and 12 mm from the
throat of a nozzle of equal half-angle (30 deg), but extended
to an area ratio of 400:1. Like the static pressure measure-
ments, these measurements can be considered to be intrusive,
in that it is not clear how the presence of such holes perturb
or alter the internal flow characteristics. The research presented
in Ref. 13 was motivated by the need to better understand the
nonequilibrium processes in the nozzle of an arcjet thruster
operating on mixtures of hydrogen and nitrogen to simulate
hydrazine decomposition products. These nonequilibrium pro-
cesses include vibrational, rotational, and electronic excitation,
as well as finite rate recombination. Hargus et al.14 extended
the Zube and Myers spectroscopic method13 to the study of a
26-kW ammonia arcjet thruster. Optical access holes were
drilled into the sides of the nozzle at distances of 2.5, 12.7,
and 22.9 mm downstream of the 2.5-mm constrictor. Their
nozzle had an area ratio of 100:1 and a half-angle of 19 deg.
The electron number density was measured from the line-of-
sight-integrated spectral (primarily Stark broadened) linewidth
of the Hp transition in atomic hydrogen. Their measured axial
variation in ne is compared to single-fluid calculations for the
1-kW arcjet (albeit at slightly different operating conditions
and for hydrogen as a propellant) in Fig. 1. The differences
between model predictions and measurements are within a fac-
tor of 2—10, and might be accounted for by the slight differ-
ences in operating conditions.

An interesting result of the Zube and Myers study13 is that
extending the nozzle clearly perturbs the upstream current and
plasma properties. They found that the ne that was measured
9 mm from the throat of an arcjet, having a 12-mm-long noz-
zle, was significantly less (by some 40% or so) than that at
the same location in an extended nozzle (15 mm) of equal
expansion angle. This result reveals the influence that the noz-
zle geometry may have on arc behavior. More importantly, it
suggests that a nonnegligible fraction of the current extends
down into the low-density region of the flow, consistent with
the electrical measurements and findings of Curran and Man-
zella.12

Their measured relec (from the B aimer transition series of
atomic hydrogen), Trot and Tvib (from the C3IIM - B3Ug elec-
tronic transition of molecular nitrogen) are displayed in Fig.
2. Also displayed in the figure is the translational temperature
computed using the arcjet model of King and Butler20'23 (see
for example Ref. 17) for a similar low-power arcjet operating
on hydrogen. Like ne, the temperatures drop in the expansion
zone (beyond an area ratio of about 10), most noticeably for
relec, which is argued to be close to Te because of rapid ther-
malization between the free and bound electrons in the high-
lying electronic levels.13 The electron-proton and proton-
atomic hydrogen translational energy relaxation times are es-
timated to be less than the residence times within the expan-
sion nozzle, which is comparable to the hydrogen-molecular
nitrogen relaxation time; therefore, Zube and Myers13 argue
that reiec should also reflect the heavy species translational tem-
perature (7^). This is seen to be supported by the model cal-
culations for the comparable power hydrogen arcjet only very
near the throat. It is apparent that translational energy
exchange is less efficient downstream where ne drops signifi-
cantly. It is also apparent from Fig. 2 that Trot and rvib are less
than relec and 7 .̂ At first, one may conclude the presence of
a substantial departure from local thermodynamic equilibrium
for these internal energy modes, as suggested by Zube and
Myers.13 However, we remind the reader that these measure-
ments are based on line-of-sight averages of emission, and so
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Fig. 2 Comparison of axial variation in temperatures in the ex-
panding nozzle of a low-power arcjet thruster. The dashed lines
are the calculations for a low-power arcjet of Butler20*23 (see, e.g.,
Ref. 17) with hydrogen as a propellant. The data points are for a
low-power thruster operating on hydrazine decomposition prod-
ucts from Ref. 13 (triangles), and a high-power thruster operating
on ammonia from Ref. 14 (squares).

the signal from any emitting species reflects the local proper-
ties in the region where the density of the emitting species is
greatest. Because of the high centerline temperatures, it is pos-
sible that molecular emission originates from the cooler bound-
ary region within the nozzle and indicates a lower Tlot and rvib.

The measurements of Zube and Myers13 were limited to po-
sitions 3 mm from the throat of the arcjet. Machining holes
closer to the constrictor would be more difficult in such a small
device. However, prior to the Zube and Myers study,13 Ishi and
Kuriki16 successfully modified the constrictor region to accom-
modate optical access into a low-power arcjet operating on
helium propellant. In that study, they positioned optical view-
ports at four locations within the constrictor, which was 8 mm
in length for their design. Their results clearly revealed an
internal (constrictor) flow that was far removed from ioniza-
tional equilibrium, with the plasma seemingly overdense with
respect to Saha equilibrium. The departure from Sana equilib-
rium was found to be more pronounced farther downstream of
the entrance to the constrictor. Although no direct measure-
ments of the departure from ionizational equilibrium have been
made in the constrictor or nozzle region of a low-power hy-
drogen arcjet, it is expected that a similar result would ensue.
We would expect that the plasma is near ionization equilibrium
in the throat or constrictor, and that the departure from Saha
equilibrium would be more pronounced in the diverging region
of the nozzle, since electron-atom collisions become less fre-
quent as densities fall.

In an attempt to better understand the constrictor flow region
of a 6-12-kW water-cooled hydrogen arcjet, Glocker and Au-
weter-Kurtz15 machined optical access into the constrictor,
which allowed the imaging of the arc plasma emission onto
an intensified charge coupled device (CCD) video camera. Ra-
dial profiles of reiec and Te were obtained from the Abel-in-
verted intensities of continuum emission (at 600 nm), and rel-
ative spectral line emission from the Ha and H$ atomic
transitions. The measured peak (centerline) temperatures are
in agreement, suggesting that the constrictor plasma is in near
local thermodynamic equilibrium. However, both methods
give peak temperatures in the range of 10,000-13,000 K,
which are below their own numerical predictions of approxi-
mately 20,000 K,15 and substantially below the constrictor tem-
peratures predicted in low-power and medium-power radia-
tion-cooled hydrogen arcjets.17'18 The images captured in Ref.
15 allow for an estimate of the arc diameter within the con-
strictor. The arc core does not appear to fill the constrictor,

and has a diameter that is roughly one-third of that of the
constrictor. This result is consistent with the constrictor arc
diameter estimated earlier, and that measured in a medium-
power, radiation-cooled hydrogen arcjet.18

Recent experimental measurements of ne were made in the
near-cathode region of 1- and 5-kW arcjets by Storm and Cap-
pelli.17'18 No modifications to the prototype arcjets were made,
and so these measurements are nonintrusive. Using hydrogen
as propellant, the centerline axial emission spectrum was mea-
sured and the near-cathode axial line-of-sight (LOS) electron
number density was obtained from the Stark broadening of the
wings of the Ha line. Radiative transfer effects on the spectral
line are localized to near line-center, whereas the linewings are
determined by the properties within approximately 1 mm of
the cathode tip.17 The thoriated tungsten cathode temperature
was also measured by the broadband emission away from the
Baimer lines, accounting for molecular hydrogen and contin-
uum emission, as necessary.

A typical axial emission spectrum in the visible region is
shown in Fig. 3. The broadband background is a combination
of thermal radiation from the cathode and continuum emission
from the plasma electrons. Molecular hydrogen emission was
negligible because of the use of very slow optics.18 Using axial
variations of ne and Te that were computed using the single-
fluid arcjet model of Butler and King20 for a 5-kW hydrogen
arcjet, the continuum emission in the axial direction was cal-
culated with a one-dimensional radiation transfer model. This
continuum emission is shown for comparison (dashed line) in
Fig. 3. The background continuum is well approximated by
the cathode and continuum emission assuming a rcat of 3730
K. In this manner, Tcat was varied in the model so as to repro-
duce the measured continuum emission over a range of Plm
values, and the results, shown in Fig. 4, indicate that Tc&t is
very near or above the melting point of pure tungsten (3690
K) and increases with Plm. These results are consistent with
well-documented cathode erosion measurements that infer the
presence of a molten pool of tungsten at the cathode tip.25 The
increase in Tcat with Plm predicts an increase in arc current
density at the arc attachment, consistent with the measured
increase in conductivity, or ne9 as discussed next. Note that
when the electron number densities computed by the model
are artificially increased by about a factor of 3, the measured
spectrum agree very well with that simulated on the basis of
the other computed variables (dotted line in Fig. 3).

For comparison, Zhou et al.26 measured the temperatures of
thoriated tungsten cathodes in a stationary argon discharge us-
ing both single- and two-color pyrometry. They recorded tip
temperatures between 3500-3800 K, depending on the cath-
ode diameter and increasing with arc current, and hence, P.
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Fig. 3 Axial emission spectrum of a 5-kW hydrogen arcjet (solid
line) and the calculated cathode/continuum emission (dashed line)
corresponding to a cathode temperature of 3730 K.
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Fig. 4 Measured cathode temperature in 1- (circles) and 5-kW
(triangles) arcjets operating on hydrogen propellant.
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Fig. 5 Axial emission spectra of the Ha line at various specific
energy for the 5-kW hydrogen arcjet showing the blue-shifted
reabsorption dip near line center.

Although these experiments were performed at much higher
currents, the current densities are comparable to those in the
hydrogen arcjets, and the cathode temperatures are in good
agreement with those measured in the arcjet.

Storm and Cappelli17'18 measured the near-cathode ne by the
Stark broadening of the linewings of the Ha line. Their analysis
is limited to the far wings of the line because the line core is
expected to experience significant distortion because of self-
absorption. Sample Ha emission spectra from the 5-kW arcjet
are shown in Fig. 5. The line is broadened considerably be-
cause of the large ne upstream of the constrictor, and the central
dip is caused by reabsorption by the relatively cool plasma in
the downstream expansion region and plume.17'18 Based on the
relative Doppler shift between the emitting plasma near the
constrictor and the absorbing plasma in the plume, one would
expect the central dip to be red-shifted by a small fraction of
the width of the linewings, if, in accordance, with the linear
Stark theory, the hydrogen lines are unshifted and symmetric.
However, the exact opposite is observed in Fig. 5. The large
blue-shift in the central dip can be accounted for by the asym-
metry in the Stark broadening of Ha, which results in an ap-
parent red-shift of the line at large ne.27 For ne - 2 X 1023 rrT3,
a typical value near the cathode (see Fig. 1), the asymmetric
Stark red-shift of Ha linewings is approximately 0.12 nm,
which is large compared to a Doppler blue-shift of approxi-
mately 0.03 nm. Unfortunately, because of the relatively small
size of the Doppler shift and the uncertainty in determining

the precise spectral line center, the axial velocity in the con-
strictor region could not be determined.

The width of the linewings, however, could be measured
accurately, and from the Stark-broadened fullwidth at half-
maximum (FWHM), the near-cathode region ne was deter-
mined.18 Most previous measurements involving Stark broad-
ening of the Balmer lines of hydrogen (including Ref. 17) have
made use of the Stark broadening tables compiled by Vidal,
Cooper, and Smith (VCS)28 in the early 1970s, which assumed
perturbations to the atomic energy levels by electron collisions
while the ions remained static. Recent Monte Carlo simulations
by Kelleher et al.,29 taking into account dynamic ions, have
shown that the VCS tables underpredict the linewidths of Ha
by a factor of approximately 2 at electron densities typical of
the near-cathode region, and as much as a factor of 30 at lower
densities. Use of the VCS tables would then result in greatly
overestimated ne from Ha. The present ne measurements were
made using the recent Monte Carlo simulations, whose
FWHMs are compared to those of the VCS tables in Fig. 6.
However, as these simulations were only performed up to
ne = 1023 m~3, electron densities larger than this were obtained
by extrapolation.

The measured near-cathode ne for the 1- and 5-kW arcjets
are shown as a function of Plm in Fig. 7. The 1-kW results
differ from those of Ref. 17 because of the improved Stark
broadening calculations and line wing fits. The relatively large

10
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Fig. 6 Stark broadened FWHM for Ha showing the discrepancy
between the computations by VCS28 and the recent Monte Carlo
simulations.
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Fig. 7 Measured near-cathode ne in the 1- (circles) and 5-kW
(triangles) arcjets, compared to the MHD 1-kW arcjet model of
Butler and King20*23 (see, e.g., Ref. 17) (dashed line).
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uncertainties in these measurements are primarily because of
the uncertainty in determining precisely which parts of the
spectra of Fig. 5 constitute the linewings. In other words, the
uncertainty reflects the very nature of these measurements be-
ing axial LOS averages within approximately 1 mm of the
cathode tip. Nevertheless, despite the large uncertainties, the
increase in ne, and therefore, plasma conductivity, with P is
apparent. This is consistent with the measured increase in Tcat
with P. Furthermore, the results for the 1-kW arcjet display
reasonably good agreement to peak near-cathode ne predicted
by the MHD arcjet model simulations by Butler and King20'23

(e.g., Ref. 18). The measured densities are somewhat lower
than the calculated peak densities because of the fact that they
are LOS averages over a small region.

V. LIF Measurements of Velocity
The first measurements of flow velocity in the nozzle inte-

rior were recently made using laser-induced fluorescence by
Storm and Cappelli.19 In that study, axial velocity components
in a 1-kW hydrogen arcjet were measured from the Doppler
shift of the hydrogen B aimer- a line from an unshifted station-
ary reference. To obtain optical access to the nozzle interior,
the laser excitation beam was directed into the arcjet axially,
while the fluorescence was collected broadband at an angle of
16 deg to the arcjet centerline. Since this angle was smaller
than the 20-deg divergence half-angle of the nozzle expansion,
the plasma could be probed everywhere downstream of the
arcjet throat. The drawback to this technique, however, was
the considerable background signal created by scattered laser
light in the nozzle. This signal noise was the limiting factor in
restricting the physical domain of the measurements to near
the arcjet centerline where the LIF signal was the greatest.
Despite this background noise, measurements were obtained
along the axis of the nozzle from the exit plane to within 1.5
mm of the throat, and radial scans were obtained at three dif-
ferent axial positions.

The measured axial velocities are given in Figs. 8 and 9. As
no other measurements of velocity have been made in the
arcjet nozzle interior, the results can only be compared to sim-
ulations of the 1-kW hydrogen arcjet using the model of Butler
and King.20'23 The most recent model results of the centerline
axial velocity, given as a function of area ratio in Fig. 8, are
in very good agreement with the measurements. The centerline
velocity is seen to drop monotonically from a peak of approx-
imately 17.5 km/s at 1.3 mm downstream of the throat (area
ratio of approximately 6) to around 12 km/s at the exit plane
(area ratio of 225). This apparent axial drop in velocity is
contrary to what one would expect in a supersonic diverging

u (Storm and Cappelli, 1995)
u (Butler and King, 1992)

200

Fig. 8 Measured axial velocity along the arcjet centerline, com-
pared to the MHD 1-kW arcjet mode of Butler and King20"23 (see
also Ref. 19). Typical errors are shown.

• 2 - 1 0 1 2 3 4

Radial Position [mm]

Fig. 9 Radial profiles of axial velocity at three axial locations
within the arcjet nozzle. The errors are typically ±0.6 km/s. The
dashed lines are results of the Butler and King20*23 arcjet model
(Ref. 19) at the same axial locations as the measurements.

nozzle; however, as the centerline temperature drops rapidly
in the axial direction (Fig. 2), the Mach number increases as
expected. Since the expansion converts thermal energy into
kinetic energy, the mass-average velocity must necessarily in-
crease in the downstream axial direction. The observed drop
in centerline velocity must therefore be a result of viscous
transport of axial momentum in the radial direction, indicating
the importance of viscosity in this flowfield.

As a result of the radial transport of momentum away from
the nozzle centerline, the axial velocity far from the centerline
should increase with downstream position. This is evident in
Fig. 9, which shows radial profiles of the axial velocity mea-
sured at three axial positions within the nozzle. (The LIF signal
intensity drops off quickly with radial position, indicating a
rapid radial decrease in the n = 2 excited state number density
of atomic hydrogen. This loss in signal restricted the measure-
ment domain to within approximately 2 mm of the nozzle cen-
terline.) The dashed lines in the figure are the model results at
the same axial locations as the measurements. The measure-
ments and the model show remarkably good agreement, how-
ever, the modeled velocities are somewhat lower than the
measurements away from the arcjet centerline. As predicted,
the velocities away from the centerline increase with axially
position. Since most of the mass convection occurs in this
outer region, the total kinetic energy of the flow is increasing
downstream, as expected.

VI. Summary
In this article, we have reviewed past measurements of flow

properties in the nozzle interior and constrictor (near-cathode)
region of arcjet thrusters. Many of the measurements reveal
flow behavior that is consistent with recent arcjet simulations.
These measurements include static pressure, anode current dis-
tribution, plasma density, velocity and temperatures, and cath-
ode temperature. Advances have been made in the use of non-
intrusive optical diagnostics to measure arcjet flow properties
in the near-cathode and anode throat region, where the arc is
greatly constricted and strongly contributes to heat transfer and
device performance.

Static pressure measurements in low power arcjets indicate
that the sonic point is very near the constrictor, in contrast to
similar measurements in higher-power arcjets, where higher
aspect-ratio constrictors give rise to boundary-layer growth
that moves the sonic point downstream of the constrictor exit.
Electron number densities based on static pressure measure-
ments compare favorably to those computed on the basis of
resistive MHD simulations. Optical emission measurements in-
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dicate that ne drops downstream of the throat, suggesting a
concomitant decrease in the current densities. It is suspected
that the drop in current density strongly favors diffuse attach-
ment along the anode.

Electrical measurements using a segmented anode configu-
ration support the notion that the anode arc attachment is dif-
fuse as opposed to constricted. In low-power arcjets, the cur-
rent appears to be distributed across the anode in a way that
is consistent with the observed decrease in plasma density
(and, hence, plasma conductivity). Measurements of floating
potential permit an estimate of the electric field strength in the
throat. From this, we have estimated the extent of arc constric-
tion and have found that the arc cross-sectional area is ap-
proximately one-tenth of the constrictor area, consistent with
recent estimates based on Stark-broadened axial line emission.
It is also apparent, from floating potential measurements, that
the anode fall voltage varies dramatically along the anode, be-
ing near zero in the region of attachment near the exit plane
and close to 40 V at the attachment near the throat.

A range of spectroscopic studies, implemented by collecting
plasma emission side-on through holes in the anode, and end
on by collecting light axially, support the conjecture that the
nozzle flow is removed from thermal equilibrium. The depar-
ture from thermal equilibrium is evidenced by an elevated reiec,
and is less severe in the upstream plasma near the throat. This
is expected, since the higher pressures and plasma densities in
that region give rise to a plasma that is close to Sana equilib-
rium. The expansion process creates an overdense plasma and
subsequently overpopulates excited electronic levels.

Near-cathode electron number densities are found to be only
weakly dependent on Plm. This trend is captured by the MHD
simulations. An increase in static pressure is therefore expected
to reflect an increase in throat temperatures, a result that has
yet to be verified by experimental observations. For the first
time, direct and nonintrusive measurements of Tcat have been
made in 1- and 5-kW hydrogen arcjet thrusters. These mea-
surements indicate that cathode temperatures apparently ex-
ceed the melting point of tungsten at modest Plm (200 MJ/kg)
and are apparently below the melting point at lower Plm.

Measurement of plasma velocities in the nozzle expansion
flowfield indicate a viscous diffusion of axial momentum away
from the arcjet axis and a corresponding decrease in axial ve-
locity. This observation is also seen in the MHD simulations
and is an indication of the highly viscous nature of the plasma
flow within the arcjet nozzle.

Despite the progress that has been made in diagnostics of
the internal flow, many issues related to performance efficiency
and lifetime are still unresolved. Although existing models do
well at predicting the exit plane plasma conditions, they seem
to still overpredict thrust efficiency. It is the combined effort
of modeling and experimental measurements of internal flow
properties that will lead to a better understanding of plasma
flow behavior, and hence, models with better predictive ca-
pabilities.
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