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In Situ Plume Radiance Measurements from the Bow Shock
Ultraviolet 2 Rocket Flight
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The ultraviolet spectrum (200—-400 nm) of the plumes generated by the second- and third-stage engines of a
Strypi XI rocket and of the Mach 17 re-entry bow shock were obtained by a sounding rocket experiment launched
from the Barking Sands Research Range (Kauai, Hawaii) on February 18, 1991, at 14:30 GMT. The re-entry
optical data were obtained as the payload descended from 120 to 65 km with a vehicle velocity of 5.1 km/s. The
intensities of the vacuum ultraviolet resonance radiation emitted by atomic oxygen and hydrogen in the bow
shock at 130.4 and 121.5 nm, respectively, were also measured. Complementary Langmuir probe measurements
provided data on the total plasma density and electron temperature in the boundary layer.

Introduction

HE bow shock ultraviolet rocket experiment 2 was the

second in a series of flight experiments'? designed to
measure radiation produced by hypersonic vehicles. This ar-
ticle deals primarily with the design of the UV diagnostics
experiment (UVDE) payload and with the optical data ob-
tained from the second- and third-stage motor plume mea-
surements during the Strypi XI flight. The UVDE was launched
on February 18, 1991 at 14:30 GMT from the Barking Sands
Research Range on Kauai, Hawaii. Figure 1 shows the rocket
velocity and altitude as well as staging and hardware deploy-
ment events for the entire mission. The Castor I booster lifted
the payload to an altitude of 120 km. An attitude control
system was then used to orient the payload nearly horizontal
during the Antares II second-stage and Star-27 third-stage
engine burns which accelerated the payload to the re-entry
velocity of 5.1 km/s. Figure 2 shows the rocket velocity and
altitude as a function of time after launch (TALO) during the
Antares and Star motor burns, the portion of the trajectory
for which data will be presented here. Note that the altitude
variation during these stages is small; but the velocity in-
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creases substantially during the last stage. The re-entry data
from this flight will be presented at a later date.

Payload Instrument Description

The instrumentation on the payload included a forward-
viewing section consisting of a rapid scan spectrometer, eight
quartz fiber optic photometers, an electron density micro-
probe, and two vacuum ultraviolet (VUV) photometers. The
plume observations were performed with an aft-observing in-
strumentation section that consisted of a scanning spectrom-
eter and eight photometers. These instruments viewed the
Antares and Star-27 plumes through three periscopes that
were erected after the Castor motor burnout and nose cone
ejection. The periscopes were ultimately jettisoned a few sec-
onds after the third-stage Star-27 motor burnout, and the aft
instrumentation then observed radially to the payload axis
during re-entry. Numerous temperature monitors also pro-
vided support information for total re-entry heating. Figure
3 shows the arrangement of the instrumentation in the pay-
load.

6
‘ \séoWSQ“ gurost
I
28 7 580
........... 2T
5 -
g 4 \
@B
~
Gy
£ 39 5:%
< 3 St
z N\a“’;_\ \grt©
8 b ]
o o™ | f
22 i I
Gasto! Burn
586+ mova\
SO [t AR e’ LTI SO _ Es‘moudl“e l
= S "
3% pe('\s‘:"pe.-" prtares
ion 10588 Yyt g6 58S
il T oep™ | g
0 T t 1 t t t 1
0 10 20 30 40 50 60 70 80 90 100 110 120
Altitude (km)

Fig. 1 Entire mission profile for bow shock 2.
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The rapid scanning spectrometers covered the 190—400-nm
wavelength range in a 1.0-s scan. These instruments were a
modified Fastie-Ebert design of 150-mm focal length, with a
10-deg (total angle) field of view (FOV) for the forward-
viewing instrument and a 2 X 8-deg FOV for the aft plume
spectrometer. Each spectrometer was fitted with two exit slits—
each with its own photomultiplier detector. Equal width, curved
slits were selected to give 1-nm resolution (at 400 nm) as a
reasonable compromise between throughput and resolution.
Optics were all Al-MgF, overcoated Zerodur, superpolished
for reduced scattering. The grating was from a new 1800-g/
mm classically ruled master made by Hyperfine, Inc. This was
a very low noise, highly efficient grating that considerably
enhanced the effectiveness of this instrument. Each photo-
multiplier detector had completely separate high-voltage sup-
plies and data systems, each with its own pulse counting sys-
tem which also operated in parallel with an electrometer
channel. This analog channel was designed to handle very
high signal levels when counting rates would be well beyond
those which could be accommodated by a pulse counting sys-
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Fig. 2 Rocket velocity and altitude during Antares and Star motor
burns. Note that the rocket altitude is essentially constant.
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tem alone. This was required during both the plume mea-
surements and the late part of the re-entry period. The analog
signals were digitized by fast 16-bit A/D converters before
transmission by the telemetry system. The high-speed stepper
motor wavelength drive system made a 0.2-nm wavelength
step every 1.28 ms, in synchronization with the data system.
This short integration time demanded very high instrument
throughput in order to yield a statistically significant number
of counts per channel—which become shot noise limited even
at very high counting rates.

Design considerations required 1) that the spectrometer
have high intrinsic dynamic range (10 orders of magnitude
from maximum tolerable signal to a signal/dark count noise
ratio of unity); 2) that it acquire individual spectra rapidly,
and 3) that the instrument have very low scattered light levels.
The design requirements were dictated by the model predic-
tions of large variation in signal intensity with wavelength for
the plume measurements and that the signal levels on re-entry
would increase to very high levels, hence, good altitude res-
olution and total dynamic range were important for a suc-
cessful measurement. The relatively long motor burn times
(30 s) and the shallow re-entry angle only required a modest
scan speed of 1 s/scan to give sufficient temporal and spatial
resolution. In the previous bow shock 1 flight,! the instrument
scanned at four times this rate.

The spectral range between the short wavelength cutoff of
quartz at 190 and 400 nm was covered by two separate de-
tectors with different photocathodes, one CsTe and the other
Bialkali. The Bialkali detector was blocked to radiation be-
yond 420 nm and wavelengths shorter than 240 nm by a Schott
black glass filter. This strategy reduced any concern about a
longer wavelength source of scattered light and it eliminated
any second-order contamination from strong short wavelength
radiation. One detector nominally covered the first hundred
nanometers of the scan and the second detector covered the
remainder. However, these detectors and their exit slit spac-
ings were chosen to provide ~50-nm overlap in wavelength
coverage for redundancy in case of the failure of one detector,
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Fig. 3 Simplified schematic diagram showing the location of the optical instrumentation and microprobe on the UVDE payload.
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and as a check on the independent calibrations of each channel
and its data system. Excellent agreement between the two
detectors was found in the reduced data, confirming that each
performed nominally.

The forward-viewing spectrometer was used to measure the
bow shock ultraviolet radiance— primarily from the nitric ox-
ide gamma band system. The aft spectrometer was to view
the rocket motor plumes until the end of the Star-27 burn
when the periscopes were ejected. It then viewed in the di-
rection perpendicular to the vehicle’s longitudinal axis.

The instrument package also included 16-UYV filtered pho-
tometers. These were located on inner decks in the payload,
and were coupled to the forward and aft windows with quartz
fiber optics. At the exit of this fiber, a lens focused on the
small diameter fiber formed a parallel beam incident on an
interference filter and then onto the photomultiplier. The
photocathodes were selected according to the spectral feature
of interest.

The photometers were designed in two groups of eight: one
group dedicated to viewing forward and the other aft through
the periscopes. These photometer groups were constructed
as two banks of four detectors, each with its own high-voltage
supply. The individual detectors also had both an analog elec-
trometer channel and a digital pulse counting channel in order
to increase the total dynamic range to approximately eight
orders of magnitude. The analog channels were digitized with
a 16-bit A/D converter before transmission over the telemetry
system with a sample rate of 548 samples/s. The total angle
of the entrance FOV of each forward photometer was ~25
deg, and the aft-viewing photometers had the same 2 X 8-
deg FOV as the aft spectrometer.

Design considerations required that the forward-viewing
photometers achieve the highest temporal resolution possible
within the constraints of instrument size, sensitivity, and data
rate. Along with the measurement of the motor plumes’ ra-
diance and the bow shock ultraviolet radiance as a function
of altitude and velocity, the variations in intensity with po-
sition from the stagnation point were also measured by this
system of separate photometers with viewing angles of 0, 30,
and 50 deg from the vehicle centerline. Re-entry data obtained
from the instruments will be presented at a later time. For
completeness, Table 1 shows the molecular spectral feature
and wavelength characteristics associated with these instru-
ments.

The spectral characteristics and the payload location of each
of the aft-viewing photometers is shown in Table 2. One group

Table 1 Forward-viewing photometers

Center wavelength,  Filter width,  Location,
Spectral feature nm nm deg
NO 215 6 0
NO 230 51 0, 30, 50
N3 391.4 2.5 0
OH 309 8 0, 30, 50

Table 2 Aft plume-viewing photometer characteristics

Center wavelength, Filter width,
nm nm

Minimum signal,
Wicm? pmsr

Intrinsic core viewing (4 deg)

230 51 1.0 x 10~
309 8 1.1 x 1077
422 10 2.7 x 1078

Far-field viewing (25 deg)

230 51 7.3 x 1071
309 8 7.0 x 10~#
39 25 7.8 x 1078
422 10 3.6 x 1078
471 10 1.5 x 10-8

of four aft-viewing photometers observed at an angle of 4 deg
to the vehicle axis, the same as the aft spectrometer. These
are also referred to as the “intrinsic core” photometers. The
other four aft-viewing photometers observed at an angle of
25 deg to the vehicle axis (outside the intrinsic core of the
plume). These are designated as the “far-field”” photometers.
The two aft-viewing geometries were chosen to study two
different regions of the plume: e.g., the 4-deg geometry viewed
a spatial region known to contain molten alumina particulates
vs a spatial region that is less influenced by the particulates
(i.e., 25 deg). The companion theory article discusses these
spatial regions in detail.> The 230-nm photometers were con-
figured to obtain the highest signal sensitivity.

Absolute calibrations for both the spectrometer and the
photometer channels were performed with a deuterium arc
lamp. This UV continuum source was calibrated for irradiance
with National Bureau of Standards traceable standards. A
white diffuse reflectance screen of Halon, large enough to fill
the FOV of the respective instrument being calibrated, was
illuminated by the lamp and then observed with the instru-
ment. Cross calibrations between the spectrometers and pho-
tometers were also performed in the field just before launch
under identical conditions in order to minimize the systematic
errors. Separate transmission calibrations of the quartz view-
ing windows in the dome were performed on the actual flight
windows. Finally, a calibration was performed with the fully
assembled payload through the flight data systems and the
telemetry system as an end to end system check. No vacuum
system was employed, therefore, it was not possible to prop-
erly calibrate the spectrometer data acquired below 200 nm.

Several spectral line sources with known, identifiable,
wavelength standards were used to properly locate the spec-
trometer wavelength scan and establish the wavelength in-
terval. The bandpass of each interference filter used in the
photometers was verified by laboratory measurements with a
scanning spectrometer and continuum light sources.

The entire payload was hermetically sealed and remained
pressurized during the flight. Before launch, the payload was
vigorously purged and then positively pressurized with dry
Argon. This gas then continued to flow out the small viewing
ports used for the VUV measurements, thereby reducing the
absorption of that radiation as well as insuring the stability
of the calibration of the other instruments by eliminating water
vapor or particulate contamination of the optics inside the
payload.

As aresult of these calibration efforts, the absolute accuracy
of the visible and UV optical measurements is generally within
20%. However, for the spectrometers the calibration accuracy
at wavelengths between 210 and 200 nm decreases to ap-
proximately 30% due to the uncertainty in the relative at-
mospheric absorption during the course of the calibration and
in flight. Also, beginning at the wavelength of ~390 nm, the
accuracy of the spectrometer calibration steadily degrades to
approximately 50% at 400 nm in the analog mode of opera-
tion. This is a result of the decreasing sensitivity of the in-
strument and the decreasing flux of the deuterium calibration
lamp at the longest wavelengths—the combination of which
makes the calibration excessively sensitive to the A/D con-
verter offset. The digital mode is unaffected by this problem,
but the high fluxes observed in the plume measurements re-
quired the use of the analog mode at the longest wavelengths.

Data

Figure 4 shows the data obtained from the 230-, 309-, and
422-nm photometers observing the ‘“‘near field” intrinsic core
of the motor plumes (~4 deg from the vehicle axis). The
signal decay observed in the 230-nm photometer after the
Antares motor shutoff (which is above the sensitivity limit of
the instrument) was not initially understood. Similar behavior
was observed after Star-27 motor burnout as well. The signal
decays to the stellar background limit which has been mea-
sured to be about 7.8 X 10~ W/cm? usr.*
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Fig. 5 Radiance as a function of TALO from far-field-viewing pho-
tometers. Data is averaged over a time interval of 0.5 s.

Figure 5 shows similar data obtained from the 5 far-field
(~25 deg from the vehicle axis) photometers. In both Figs.
4 and 5 the data has been averaged over 0.5 s. Signal levels
are seen to be lower than those observed from the intrinsic
core (Fig. 4).

Figures 6 and 7 show the plume spectra obtained from the
aft-viewing spectrometer during the Antares II (TALO of 172
s) and Star-27 (TALO of 257 s) motor burns. Each of these
is a single scan of the spectrometer. These flight data show
that the UV emission from both motor plumes were nearly
continuous in character. The Planck blackbody formula al-
most accounts for the spectral distribution assuming the
alumina particle phase transition temperature of 2320 K. The
scaling factors reflect the particle density along the 4-deg FOV
of the spectrometer. The deviation from the scaled blackbody
curves at wavelengths greater than 300 nm is due to the optical
properties of the Al,O; particles. In the companion article?
the spectra are analyzed in greater detail. The spikes at the
short wavelength end of the spectrum are due to shot noise
at these low signal levels that can be reduced ultimately by
coherently summing several adjacent spectra (dozens of scans
were made of each motor burn). The notch that is clearly
present in Figs. 6 and 7 near 261 nm is due to absorption by
cool AICI in the plume gas.®

Figure 8 shows a comparison of the signal observed in the
4- and 25-deg 230-nm photometers as a function of TALO.
During the motor burns the difference in signal between the
two viewing angles is seen to be about two and a half orders
of magnitude. However, after engine shutoff (e.g., TALO of
190-230 s), the signal levels are much closer in both the 4-
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Fig. 6 Ultraviolet spectrum of the Antares plume and a 2320 K black-
body fit to the data at a temperature of 2320 K scaled by a factor of
10. Start of scan at 172-s TALO.
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Fig. 7 Ultraviolet spectrum of the Star-27 plume and a 2320 K black-
body fit to the data at a temperature of 2320 K scaled by a factor of
20. Start of scan at 257-s TALO.
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Fig. 8 Comparison of intrinsic core (4 deg) and far-field (25 deg)
radiance from the 230-nm photometers.

and 25-deg viewing photometers. This comparison suggests
that the spectral content of the measurements taken after
engine shutoff are different than those obtained during the
steady-state burns. The 230-nm photometers give a detailed
time history of the radiation; but, have poor spectral reso-
lution.

Figure 9 shows a spectrum taken after Antares motor
shutoff. In contrast with Figs. 6 and 7, this spectrum does not
show continuum particulate gray body emission. The molec-
ular emission that is observed is due to the CO Cameron band
transition, a spin forbidden transition from the Il to the
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X'+ state. Justification for this assignment and theoretical
interpretation of this data will be presented in the accom-
panying article.® This data represents the first in-flight veri-
fication of molecular emission in solid-propellant rocket mo-
tors.

The identification of molecular emission under conditions
where the radiation is not dominated by the particulates sug-
gests that molecular emission may also be present during the
steady-state burns in both the 4- and 25-deg photometers.
Due to inadequate preflight predictive capabilities of the sig-
nal levels that could be expected in the far field, a spectrom-
eter was not dedicated to that region. The far-field photom-
eters, centered at five distinct wavelengths, provide some
indication of the spectral behavior of that emission. Figure
10 shows a summary of photometer radiances taken during
the steady state Antares and Star-27 motor burns. The spectral
dependence of the two curves was found to be different than
the 2320 K gray body fit obtained for the data shown in Figs.
6 and 7. These data imply a significantly higher temperature
than could be attributed to particulate emission. However,
spectroscopic data on any future flights is required to un-
ambiguously understand the far-field plume regime.

Conclusions

All the payload instrumentation in both the forward- and
aft-viewing sections performed nominally throughout flight.
Spectra obtained during the motor burns show evidence of
gray body particulate emission and molecular absorption fea-
tures that have also been observed in ground-based chamber
measurements.’ Comparison with spectrometer and far-field
photometer data provided insight into the signal observed
after engine shutoff. The first identification of CO Cameron
band emission in a solid rocket motor propellant was ob-
tained. The companion article® discusses our understanding
of these observations at a fundamental level.
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