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During the course of eight � ight � rings of the ESEX 26-kW arcjet in March and April 1999, optical observations
from onboard and ground-based sensors were obtained. Images of the thruster plume at 656 nm con� rm expecta-
tions that the plume luminescence in the space environment is more compact than that from a thruster operated in
the laboratory at higher background pressure. Observations using a ground-based telescope reveal blackbody and
line emission spectrum over the range 325–675 nm. The spectral features are consistent with ground tests. Line
ratios observed in � ight show a moderately higher degree of excitation than ground tests, which is consistent both
with the higher speci� c power and the less collisional plume expansion of the � ight test compared to ground tests.

Introduction

A MAJOR goal of the U.S. Air Force Electric Propulsion Space
Experiment (ESEX)1 was to explore integration and perfor-

mance issues by making measurements on a high-power arcjet in
� ight.ESEX was launchedon23February1999as oneof nineexper-
iments aboard the U.S. Air Force’s Advanced Research and Global
Observation Satellite (ARGOS), in a sun-synchronous, low Earth
orbitof approximately840-kmaltitudeand99-deginclination.2 Two
opticalemission diagnosticswere successfullyappliedduring � ight
� rings in March and April 1999. An onboard charge-coupled de-
vice (CCD) camera was employed to providevisual con� rmation of
proper operation of the arcjet and qualitatively observe plume and
nozzle heating phenomena during � rings. A ground-basedspectro-
graph and telescope were used to gather emission spectra, proving
the concept of ground-basedspectroscopyof spacecraft and allow-
ing for comparisonof � ight data to ground-testdata.Other diagnos-
tic sensors sensitive to optical signals aboard the spacecraft include
two instrumented solar cells and four radiometers. Because these
sensors were intended as contamination monitors, descriptions and
results are given for them in the associated ESEX contamination
papers by Spanjers et al.3 and Schilling et al.4
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Video Camera
The video still camera consists of an optical train to focus and

� lter light from the arcjet, a CCD focal plane to capture the image,
and associated electronics to control the camera and readout. The
optical train consists of a heat-blocking � lter and a narrowband
interference � lter centered at 656 nm, which is the wavelength of
the 3p-2s Balmer-alpha(H®) transitionof excited atomic hydrogen.
Laboratory studies of ammonia arcjets show that this wavelength
dominates the visible plume.5 Although excited atomic hydrogen
is a minor plume constituent, no other emission line in the CCD
range of sensitivity yields more information, and the Balmer-alpha
line has been well studied in laboratory tests. The camera � eld of
view is shown in Fig. 1. The focal plane consists of a 758 £ 486
conventionalCCD. An electronicshuttercontrols theCCD exposure
to arcjet light; ground commanding is available to program each
frame’s exposureover the range from1/60 to 1/10,000s. The camera
electronicsunit reads and temporarily stores frames from the CCD.
A maximum of 22 frames of video data may be stored in the camera
electronics before readout, which functionally serves as a limit to
the number of exposures possible during an arcjet � ring.

Spectrograph/Telescope
The ground-based optical instruments integrated speci� cally for

ESEX consist of a spectrograph and CCD detector fed by one of
the Air Force’s telescopeson Maui. The telescopebelongs to a joint
Air Force Research Laboratory/Air Force Space Command unit and
was made available on a visiting experimenterbasis. The telescope
is located on Haleakala Crater, Maui [Maui Space SurveillanceSite
(MSSS)] at an altitude of 3048 ft. The pertinent optical elements
consist of a 1.6-m-diam aluminized parabolic primary mirror and
a hyperbolic secondary mirror feeding a conventional Cassegrain
focus of =16 approximately76 cm beyonda rear mounting surface.
The mount has three axes of control, consisting of a conventional
polar/declination astronomical arrangement mounted on top of an
azimuth table. The facility is described in publications of the U.S.
Air Force Research Laboratory.6

The ESEX instrumentpackage,mounted to the rear surface, con-
sists of auxiliary optics, the spectrograph, a slit tracking camera,
the CCD at the focal plane of the spectrograph, and associated
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Fig. 1 ESEX thruster and video still camera � eld of view.

Fig. 2 Schematic diagram of spectrograph, detector, and slit camera.

electronics.An optical schematic is presented in Fig. 2. On the way
to the entrance of the spectrograph, light from the telescope passes
througha � lter wheel. This � lter wheel holds a ground glass square,
which is rotated into the spectrograph � eld of view and illuminated
by mercury and neon emission lamps for wavelength calibration.
After the � lter wheel, the =16 converging beam passes through
a doublet achromatic lens of 200-mm focal length to -number
match the beam to the =7 spectrograph. Focusing of the telescope
secondary is used to bring the image into focus on the entrance slit
of the spectrograph.

The spectrograph entrance is a custom assembly consisting of a
slit piercing a � at, mirrored surface, which is angled 20 deg about
an axis parallel to the slit length. Consequently, light not entering
the spectrograph is re� ected at 40 deg from the entrance axis to
a reimaging lens consisting of a 50-mm focal length microscope
objective. The converging beam leaving the microscope objective
transitsa fold mirrorand fallson an intensi�ed video-rateCCD. This
slit tracking camera is used with the telescope pointing controls
to direct the very small image of the spacecraft into the slit. A
typical image of a calibration star or spacecraft on the spectrograph
entrance slit is approximately 50 ¹m in extent, corresponding to
less than 1 arc-s. The extra control afforded compensates for errors
in the spacecraftorbital elements used to point the telescopeand for
image drift from atmospheric refraction.

An aperture is used at the spectrographentrance for intensity cal-
ibration,which does not requirehigh wavelength resolution.Rather,
the intent is to capturean entirestar image for the totaldurationof the
calibration exposure. A 600-¹m aperture (approximately 10 arc-s)
was used; an aperture is preferred over a slit to reduce background
light. On the other hand, observationsof the arcjet plume do require
good wavelength resolution, and so a slit 50 ¹m wide by about
10 mm high was employed, which proved to be a good balance
between throughput and resolution. The narrow slit required the
telescope operators’ best efforts to direct the wavering image con-
tinually into the slit by making small adjustments to the telescope
tracking.

The slit width also determines the spatial resolution at the target.
At a minimumrangeof 840 km, the 50-¹m entranceslit corresponds

to approximately 3 m. Because the light emitting part of the ESEX
plume is observed in ground test7 to be approximately 1 m in size,
emission from the full extent of the plume, as well as the nozzle
radiation, is collected in a measured spectrum.

The spectrograph itself consists of an Acton SP-500 nonimag-
ing spectrometer. The spectrograph was modi� ed to optimize the
integration,but the factory con� guration of the principal optical el-
ements is satisfactoryforoperationin any orientation,even inverted.
The modi� cations consist of addition of an internal electronically
controlled mechanical shutter just inside the entrance slit, addition
of mounting holes in the base, and a tie-down for the swinging exit
fold mirror. The spectrographwas also purged continually with dry
gaseous nitrogen to prevent condensation.

The detector consists of a Princeton Instruments back-
illuminated, VISAR-coated, liquid nitrogen-cooledslow scan CCD
with all-orientationdewar. The CCD format is 330 pixels along the
slit axis by 1100 pixels along the wavelength axis; the pixel size
is 25 ¹m. This CCD affords good sensitivity, on-chip binning, and
very low noise. Performance trades indicated that this LN liquid
nitrogen CCD would provide better signal to noise ratio than an
intensi� ed CCD for ESEX observations.The detector controller is
mounted on the telescope adjacent to the spectrograph and passes
CCD data over a serial interface to the remotely located data ac-
quisition computer located approximately 30 m from the telescope.
Several other displays are provided to the observer at the computer
location, including video displays of mount parameters, � nder tele-
scope image, and slit tracking camera image.

Observing runs consist of equipment checks, mount positioncal-
ibration, wavelength calibration, focus adjustment, and data acqui-
sition runs for either star intensity calibrations or arcjet � rings. For
star tracks, the catalog position of the calibration star is input to the
mount computer, the mount is set to follow the siderealmotion, and
the star is identi� ed on the 30 arc-min � nder telescope display. The
star image does not usually appear immediately on the slit tracking
camera, and so the mount position is then biased while continuing
to track sidereally, to direct the image onto the tracking camera and
then into the slit. For satellite tracks, the mount computer reads a
two-line spacecraft element set (a snapshot of position and veloc-
ity at a single time), predicts a corresponding ballistic trajectory,
and points the mount accordingly. Both tracking modes continu-
ously improve their automated tracking using real-time operator
bias input. For satellite tracks, the azimuth table of the telescope is
generally rotated so that the telescope’s polar axis is more or less
perpendicularto the satellite’s path. This allows the trackingmotion
to be principally in the polar axis, which mimics the astronomical
tracking for which the mount structure and stability is optimized.

For arcjet � ring observations,a dry run of the mount trackingmo-
tion was performedbefore the event, and for some runs, background
sky data were acquiredduring this dry run pass. For other tracks, the
mount positionscorrespondingto the acquisitiontimes of good data
� les were recorded,and then the mount was directedto the same po-
sitions soon after the satellite track was complete for backgrounds.
A communicationsnet was maintained among the ESEX operators
at Kirtland Air Force Base and the telescope/spectrographoperators
at MSSS. This net allowed operators to be certain the arcjet was on
when tracks were being attempted and facilitated inter- and intrasite
operations.

Observations
The onboard camera revealed plume emission at H® and heated

nozzle glow as expected.A representativeseries of images acquired
as the arcjet heated up is provided in Fig. 3. No radiance calibration
data are available for the camera. Qualitatively, the distribution of
radiation intensity observed on the nozzle is similar to that from
photographs of the thruster operating in ground tests; however, the
plume in ground tests is larger and more con� ned to the thrust axis
than in � ight. The � ight plume appears to be symmetric as well.

During the spring of 1999, for ARGOS descending node passes
at night, the sun did not illuminate the spacecraftas it rose at MSSS.
Further, operational constraints prevented arcjet starts before rise,
for the available passes; thus, the telescope track either had to be
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Fig. 3 Series of images acquired from the onboardvideocamera show-
ing the ramp to full power.

started in theblindorwith assistancefromanAir Force radarnearby.
Both radar tracking and blind tracking worked well in practice, but
blind trackingrequiredcarefulselectionof recentspacecraftelement
sets.

Maui weather that spring also proved to be problematic. Most
nights during the available operations interval were unsatisfactory
by MSSS standards, due to cloud layers above the observatory,
and for many nights, the observatory was shrouded in fog. The
small number of clear nights and the arcjet battery charging-cycle
schedule1 together limited the observation opportunities consider-
ably. Star calibrationswere performedduring the clear nights when
the arcjet was not availableand during arcjet � ring nights, as appro-
priate, when not preparing for the track.

Preliminary star calibration data for the wavelength range 320–

670 nm using a 150 line/mm grating were obtained using the star
Feige 110. The calibration so derived does compensate for spectro-
graph and detector variations and atmospheric losses as a function
of wavelength, but not as a function of elevation angle; this pre-
liminary calibration is accurate to §15%. An approximately 10£
loss in sensitivity toward the UV, where the NH (A–X) spectrum is
located, is approximately half due to grating blaze and half due to
greater atmospheric attenuation in the UV.

Unfortunately, the weather and battery problems1 combined to
preclude four of � ve plannedobservationsof the arcjet � ring. How-
ever, the � fth � ring was successfully observed at approximately
0250 hrs local time on 26 March, which was a night with thin high
clouds.Absorptionfrom thesecloudsprecludesan accurateabsolute
radiance analysis, but because thin clouds typically absorb equally
at different wavelengths,6 a relative intensity calibration could be
done.For thispass, the three-quartermoonwas settingat about1-deg
elevation at 288 deg in the northwest. The pass geometry involved
a maximum elevation of about 83 deg at 286 deg azimuth, so that
the includedangle between vectors to the moon and spacecraft from
Maui was about 82 deg. This geometry unfortunately allowed the
moon to illuminate the high clouds, producing a signi� cant back-
ground in the observations.

During the arcjet � ring, 14 exposures of the pass were obtained;
of these, the � rst 10 show structureassociatedwith arcjet operation.
Early in the pass, the arcjet, located on the ram surface of ARGOS,
is visible, but later in the pass, the spacecraft structureprogressively
obscures the arcjet nozzle and then the plume. The last four ex-
posures occurred when the nozzle and plume were obscured. The
spectrographwas set to recorda 320–670 nm wavelengthrangewith
a 150 line/mm grating blazed at 500 nm. The signal observedduring
the � ring consists of continuum radiation from the hot-nozzlebody
peaking to the red of 670 nm along with discrete emission lines
observed from 325 to 650 nm. Exposures where arcjet signals were
unambiguouslyrecordedare shown in Figs. 4 and 5, and a summary
of pertinent arcjet parameters for this � ring is shown in Fig. 6. The

Fig. 4 ESEX arcjet emission spectra, with time during the observation
pass increasing from top to bottom.

Fig. 5 Isolated plume spectrum.

Fig. 6 Arcjet parameters for � ring 5; second line shows when obser-
vations from spectrograph were obtained.
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arcjet was operating stably by the time the � rst emission data were
obtained, and as the pass progressed, the signal stayed about the
same until the emission became obscured by the spacecraft body.
In Fig. 5, late in the pass, the spacecraft has obscured the nozzle
emission, but not yet the plume, so that only the plume emission
lines are observed. The vertical scale in Figs. 4–6 is relative energy,
from a relative, rather than absolute applicationof the star intensity
calibration.

Analysis
The principal emission lines observed correspond to the atomic

hydrogen Balmer series and the NH (A–X) molecular electronic
transition and to some smaller, less distinct structures. The results
show many of the same features as high-power ammonia arcjet
emission spectra taken in ground tests.7;8

The Balmer series is visible up to n D 9, and no other transitions
are seen in the Balmer limit region. The series terms become less
intense as the excitation increases, which is consistent with previ-
ous observations of high- and low-power arcjets.9;10 These � ight
data may be compared with ground-test emission measurements
gathered under the ESEX program by Olin/Rocket Research Cor-
poration (RRC) (now General Dynamics Corporation), the arcjet
manufacturer.6 The ground-test data were obtained operating the
arcjet into a chamber pressure above 10 mtorr, and the observations
imaged a 0.02-in. wide region 0.11 in. downstream of the arcjet
exit plane, transverse to the � ow. These ground-test data were ob-
tained using a developmental arcjet geometry similar to ESEX.11

For ground-test measurements above 385 nm, arcjet constrictor
(3.8 mm), cathode gap (6.1 mm), and � ow rate (240 mg/s) matched
ESEX. For ground-testmeasurementsbelow 385 nm, the arcjet had
a slightly different nozzle constrictor (5.1 mm) and cathode gap
(6.6 mm) and used 300 mg/s of ammonia. The � ow rate change
for UV measurements thus represents a 20% reduction in speci� c
power. The relative strengths of the emission features are presented
in Table 1 for the ground and � ight tests. The two tests show similar
results in that the H® and H¯ lines dominate in both. Differences
in NH and H7–H9 emissions can be accounted to differences be-
tween � ight and ground tests. However, relativedifferencesin ratios
between H® and H¯–H6 appear to be real, which is interesting.

Previous collisional radiative modeling7;9 of arcjet Balmer series
emission indicated that higher-order terms are in better equilibrium
with the (hot) ionizedfractionof the plume,whereas the populations
of lower terms follow the H atom density and temperature. In these
models, radiation trapping and nonequilibrium effects reduce H®,
H¯ , and H° emission as H atom and electron density decrease, but
do not affect higher terms. This would lead to relatively stronger
high-lying terms in the more rare� ed plume expansionof the � ight
experiment, consistent with the observations. It is also likely that
emission from the � ight plume is less affected by downstream col-
lisional effects and is, thus, more representative of conditions near
the hot-plasma arc.

The other large signalobserved in the � ight data is the NH (A–X)
complex whose central peak and wings constitute electronic tran-
sitions among vibrational and rotational states. In ground tests, the
NH manifold has been compared to equilibrium conditions using

Table 1 Arcjet relative emission

Feature Wavelength, nm Flight test, % Ground test, %

NH (A–X) 327–345 5.9 1.9a

N2 , NC
2 348–360 0.5

H9 377 0.11
H8 380 0.18

)
1.3a

H7 384 0.25
H6 389 0.38 0.11
H" 397 0.57 0.22
H± 410 1.5 0.48
H° 434 2.2 1.5
H¯ 486 9.5 7.0
H® 656 78.9 87.5

aNon-ESEX arcjet con� guration; see text.

Boltzmann temperatureanalysis(see Refs. 5 and 12–14). These pre-
vious analyses concluded that although the NH manifold exhibits
a poorly de� ned equilibrium shape, best-� t Boltzmann rotational
and vibrational temperatures can be used to indicate the relative
amount of excitation. In particular, previous analysis found an A
state vibrational temperature of about 2500 K (Refs. 5 and 14)
in reasonable agreement with an X state vibrational temperature
of 2200 K determined by laser-induced � uorescence.13 Previous
workers also found an A state rotational temperature of 5000 K
(Ref. 12), signi� cantly higher than the X state temperature, also
measuredusing laser-induced� uorescence,13 of 1650K. The higher
A state rotational temperature is attributed to resonance reabsorp-
tion of upstream hot NH emission.13 The ESEX � ight data were
analyzed by synthesizing a Boltzmann equilibrium spectrum and
� tting the Boltzmann temperature to the observations. In common
with ground-test results, the ESEX � ight spectra exhibit nonequi-
librium features, and in particular show no contribution form v D 2
states, whereas the ratio of v D 0–1 in the Q branch is best � t by a
vibrational temperature of 5000 K. This higher temperature,

Fig. 7 Flight data and simlated NH spectrum for Tv = 5000 K and
Tr = 6000 K, using v = 0, 1, and 2.

Fig. 8 Blackbody � t to arcjet nozzle emission � ight data.
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compared to previous studies, is a likely result of the plume expan-
sion in space being less collisional than in the laboratory.Therefore,
less vibrational relaxation is expected, and the temperature re� ects
the hotter conditions near the arc where the NH excited states are
produced. For the rotational states, the best � t to the data is for ap-
proximately6000K, in reasonableagreementwith previouswork.13

The � ight data and equilibrium prediction, through v D 2, is shown
in Fig. 7. In Fig. 7, the v D 2 Q-branch contributioncauses the equi-
librium prediction to lie above the � ight data for 338–342 nm.

The small featuresobservedin the � ight data around 355 nm have
not been identi� ed, although some similar, though not identical,
lines associated with N2(C–B) and NC

2 (B–X) are associated with
this region and are present in arcjet ground-test data.7

An analysis was done to scale the nozzle continuum radiation
to a blackbody energy distribution using temperature as a variable
parameter. The results of this � t are shown in Fig. 8 for the expo-
sure with the best statistics.The best-� t temperatureis 1850§ 50 K;
this can be compared to a measured maximum nozzle temperature
in ground test of 2100 K and a predicted thermal model temper-
ature of 1550 K (Ref. 15). Estimated uncertainties in the relative
intensitycalibrationcannotaccountfor the discrepancybetween the
ground and space measurements; rather, it is likely that the � ight
measurements show more ef� cient radiative cooling to the space
environment. No attempt can be made to establish the emissivity
of the radiating surface because the unquanti�able absorption of
the clouds in the � ight observationsprecludes an absolute radiance
calibration.

Summary
Optical emission diagnostics, both onboard and remotely based,

were applied to the � ight of the ESEX arcjet. The onboard imag-
ing camera con� rmed operation of the arcjet and showed that the
emitting plume in space is smaller than in ground test. The remote
spectroscopic measurements proved the concept of ground-based
measurements of low-� ow advanced thruster plumes. The spec-
troscopic data generally show a higher degree of excitation com-
pared to ground test, which is likely related to both the high speci� c
power of the � ight arcjet and to the reducednumber of thermalizing
collisions in the � ight plume expansion compared to ground-test
conditions.
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