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EXECUTIVE SUMMARY

The observation of the Nihka rocket plume was the first demonstration of the ability of the
Ultraviolet Plume Instrument (UVPI) [1] to observe missiles in flight above the atmosphere. The
UVPl is a sr.2'l, plume-tracking instrument flown on the Naval Research Laboratory's Low-power
Atmospheric Compenﬁatlon Experiment (LACE) satellite, which was launched on 14 February 1990.
The Nihka rocket was launched from the Wallops Island Launch Facility in Virginia. The launch time
and trajectory were selected to synchronize the flight with a LACE pass.

Missile tracking in the ultraviolet is advantageous because of extremely low Earth and solar
backgrounds, extremely sensitive photodetectors that do not require cryogenic cooling, and very high
optical resolution, which is possible with optics of relatively modest size.

The UVPI system aperture is only 10 cm in diameter. However, it can detect and image
missile plumes at a 500-km range. The two cameras of the instrument use narrowband filters, image
intensifiers, and charge-coupled devices (CCD) to observe sources in the ultraviolet (UV). The
primary function of the tracker camera, vicwing over a relatively wide ficld (1.97° by 2.62°) and
broad spectrum (255 to 450 nm), is to locate and track a source for higher resolution observation by
the plume camecra. The plume camera has a narrow field of view (0.180° by 0.135°) and observes
sources through any of fout filters with passbands of 195 to 298 nm, 220 to 320 nm, 235 to 350 nm,
and 300 to 320 nm. The wavelengths shorter than 310 nm are essentially invisible from the ground
because of atmospheric absorption. The limiting resolution of the tracker camera is about 230 urad,
and that of the plume camera about 90 prad, equivalent at 500-km range to 115 m and 45 m,
respectively.

A three-stage sounding rocket (called Black Brant X) was used for the test. The first and
second stages of the three-stage rocket fired only at low altitude (below 40 km). They were not
expected to be visible in the ultraviolet from space. The third stage, or Nihka, which used an
aluminized solid-fuel motor reached 190-km altitude and was successfully detected and tracked by
the UVPI fron: a range of 448 to 463 km.

The Nihka plume was successfully tracked for 3.23 5, and 96 1/20th-s images of plume data
were acquired by using the plume-camera filter in the 220 to 320-nm range, termed the PC-1 filter
band. The image quality and tracking accuracy were of sufficient quality to permmit the superposition
of images for plume radiance determination. Image superposition 10 enhance the signal level 1s
needed for accurate radiometry because of the small telescope aperture.

The spectral radiance and spectral radiant intensities of the Nihka plume were extracted from
these images. Absolute values were obtained from an assumed spectral shape, namely, one derived
from a physical model of the plume as a ncarly transparent stream of micron-sized alumina particles
at their melting points. This spectral shape serves as the reference model spectrum. The UV signal
detected by using the PC-1 filter appeared to show an excess relative to that expected from the
reference spectrum normalized to the broadband tracker-camera signai. This apparent UV excess
relative to the reference spectrum 1s consistent with data gathered on the Strypi flight {2], which also
showed an apparent excess in the far UV relative to the reference spectrum. The Nihka data did show
an dentifizble UV bright outer region of the plume similar to the UV luminous outer region seen on
the Stryp flight [2]. As in the case of the Strypi flight, the luminous outer region appeared to be the
primary source of the excess UV emission.
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The time dependence of the plume centrai-region radiant intensity measured in PC-1 in the
plume camera showed no pronounced trends or vartations for the Nihka stage. However, the outer-
region signal showed a pronounced upward ramp for the same penod.

The tracker camera, within its relatively limited resolution, obtained radiant intensity data to
450-nm wavclength. These data, with the plume-camera data in the 220 to 320-nm band, support the
conclusions that the UV luminous outer region of the Nihka plume became more radiant with time.

Two anomalous events were observed during the UVP] Nihka observation period. The first
event was a bright flash, possibly associated with a second-stage burnout "chuffing” cvent. The sccond
was a bright object appearing in onc frame of the plume camera near the end of the Nihka third-stage
burn. This object was brighter than the Nihka plume itself and somewhat removed from its flight
path.

This base of UV Nihka radiometric data will be a foundation for further analysis to provide

refined interpretations and evaluation. Comparison with models and with data from sensors on other

platforms and with da.a from other test fhights will also yield improved 1adiometric results and an
enhanced phenomenological understanding of UV cmission by solid rocket motors in the upper
atmosphere.




UVP1 IMAGING FROM THE LACE SATELLITE
THE NIKHA ROCKET PLUME

1.0 INTRODUCTION
1.1 Background

The Ultraviolet Plume Instrument (UVPI) carried aboard the Low-power Aumospheric
Comgensation Experiment (LACE) satellite launched in February 1990 was designed to collect
rockel plume imagery in the ultraviolet band. A Nihka solid-fuel rocket motor, which was the third
stage of a Black Brant X sounding rocket, was selected for the first in a series of rocket-plume
observation tests. The overall objective of the observation was to gather Jdata at moderate altitude
(around 100 km) from space to enhance the current level of understanding of plume physics and
chemistry and to help answer questions about radiance, spatial extent, and temporal variability of
plumes. More specific objectives are listed in Section 1.3, which describes the Nihka mission plan. A
Glossary is located at the end of this report.

1.2 UVPI Capability

The Ultraviolet Plume Instrument (UUVPI) is carried aboard the Low-power Aumospheric
Compensation Experiment (LACE) spacecraft. The UVPI's mission is to collect images of rocket
plumes in the ultraviolet waveband and to collect background image data on Earth, Earth’s limb, and
celestial objects. Background object imagery collected with the UVPI includes the day and night
Earth limb air glow, aurora, sunlit and moonlit clouds, solid Earth scenes with varying solar
illumination, citics, and stars. A detailed description of UVPI can be found in the UVP] description
and data methodology report [1] and in the Strypi plume report (2].

The UVPI sensor head assembly [3,4] contains two coaligned camera systems that are used in
concert to acquire the object of interest, control UVPI, and acquire UVPI images and radiometric
data. The two camera systems are the tracker camera and the plume camera, which are discussed
briefly below. The two cameras share a fixed 10-cm diameter Cassegrain telescope that uses a
gimbaled plane steering mirror to view a field of regard that is a 5S0° halt-angle cone around the
nadir. In addition, UVPI contains a second planc mirror on the instrument door. The mirror can be
set at an angle of approximately 45¢ relative to the nadir and used in conjunction with the steering
mirror to view the Earth limb and stars near the limb. The configuration of the UVPI and the
radiometric response of UVPI are discussed in Refs. 1 and 2; characteristics of the UVPI have been
previously reported [4,5].

The tracker camera is an intensificd charged-coupled device (CCD) camera, which is sensitive
over a wide wavelength range extending tfrom 255 to 450 nm. Figure | shows the overall response of
the tracker camera as a function of wavelength, including the effects of the bandpass filter in the
camera system, the photocathode response, and the other optical elements. This camera has a
relatively wide totai field of view of 1.97° by 2.62°; images over this full field of view can be
tecurded at a 5 1iz image rate. The tracker camera can algo be operated in o mode where the
transmitted field of view is restricted to the central 17% of the full field of view, and the image rate is
incrcased to 30 Hz. The intensifier gain and the exposure time of the camera can be controlled to
provide a radiometric dynamic range greater than 106.

Manuscript approved November 9, 1992.




2 HW. Smathers et al.

The plume camera is also an intensified CCD camera onerating 1n the ultraviolet. The plume-
camera optical train contains a filter wheel with four selectable filters that have bandpasses within the
195 to 350 nm range. Figure 2 shows the overall response of the plume camera for each of these four
filters. The plume camera has a total field of view of 0.180° by 0.135° with a correspondingly higher
resolution than can be achieved by the tracker camera, Plume camera mages can be recorded or
transmitted at cither § or 30 Hz, depending on the desired field of view. The intensifier gain can be
controlled to provide a radiometric dynamic range greater than 100, Table 1 summarizes the
instrument characteristics and telemetry rates.
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LACE/UVP!: Nihka

Table t - Instrument Characteristics

Parameter

Shared telescope type

Tracker Camera

Maksutov Tassegrain

Plume Camera

Maksutov Cassegrain

Telescope diameter

10 cm

10 cm

Focal length 60 cm 600 cm
Ficld of view 2.62° x 1.97° .180° x .135°
Field of regard 100° x 97° 100° x 97°
Field of view per pixel 182 x 143 pradian 12.5 x 9.8 pradian
Pixel footprint @ 530 km 91 x 72 m 6.2 x49 m 4
System resolution (FWHM) 220 to 2350 pradian 80 to 100 pradian
__Spectral region 255-450 nm 195-350 nm
__Number of filters | 4
Photocathode matcrial i Bialkali Cs Te
Tirme Tor {ilter change 1 nia 1.7 s ]
| __Digitization 8 bits/pixel 8§ bits/pixel
__Digital data rate 2.5 Mbps 2.5 Mbps
Image rate:  normal ] S per second 5 per sccond
zoom* | 30 per second 30 pet second
Pixels: normal 251 x 240 251 x 240
e zoom 91 x 112 91 x 112
_Pixcl exposure time ! 01610 333 ms 33 ms
| _Frames integrated Y 1-6 ‘1
_ Exposure ange —' >106 »100

*Reduced ficld of view

1.3 Scientific Objectives tor UYPI

The primary goal of the Nihka mission [6] for UVPI was to collect spatially resolved,
radiometric UV plume data. This was to be accomplished for the third, or Nihka, stage of the Black
Brant X rockei by using UVPI's capabilities for tracking and imaging a moving target at long range.
The one plume-camera filter chosen to take data was filter 1 (which has a band pass in the mid-UV
band; because these data can be obtained only from a space-based sensor, and this band of emission
has the best potential for high signal-to-background contrast. Pointing accuracy was optimized
because this simplifies registration of 1images wh=n superposed, a necessary procedure for improving
staustics

A secondary goal was to observe any serendipitous special events such as transients, puffs,
chuffing, clouds, or contrails. The brightness, size, frequency, and persistence of such phcnomena
would provide useful information.

The specific objectives of the mission, related to UVPI data, arc given in the following
subscciions. They revolve around a number of questions concerning plume radiance, spatial extent,
te mporal vartability, and spectral shape of the UV emissions |7-9). The objectives are grouped under
headings reflecting these subjects.

1.3.1 Radiometrics

The following objectives are basic to those hsted i the subsequent subsections:

+  Obtain isoradiance contours from the plume camera for the Nihka-stage plume.

¢ Obtain radiant intensity measurcments from the plume camera for the Nihka-stage plume
baced on the enure field of view of the plume camera and on a subregion corresponding
approximately to a plume core.
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+ Compare radiometric measurements for the Nihka-stage plume with other measurements or
expectations.
* Provide radiometric measurements for non-plume, transient phenomena, if any.

1.3.2 Spatial Features
¢ Obtain the 'ength of the Nihka plume and investigate implications for cooling rate and
emissivity of particles.
* Obtain the shape of the shock boundary/mixing layer of the rocket.
* Identify asymmetries in plume shape and investigate angle-of-attack and uneven burning as
possible causes.

1.3.3 Temporal Features

¢ Identify temporal trends in radiometrics and investigate possible dependence on rocket
velocity and altitude.

* Investigate radiometric fluctuations to determine whether short-term variations in brightness
are observed.

+ Identify changes with time in the shape of the plume’s outer regions, if any, and investigate
possible dependence on rocket velocity and altitude.

* Identify persistence and cumulative effects, if any, in plume or nonplume phenomena.

1.3.4 Specrral Features
¢« Compare the plume central region’s emission within a filter bandpass with a reference
spectral shape prediction normalized to the tracker camera measured emissions.
¢ Relate wracker camera measurements to visible and infrared measurements made by other
Sensors.
«  Gather data on the emission spectrum for the plume’s outer regions, if any.

1.4 Experiment Concept
1.4.1 Nihka Description and Launch Plan

The target vehicle was a threz-stage, suborbital rocket called Black Brant X. lis three stages
were a Terrier booster, a Black Brant second stage. and a Nihka third stage. In addition, a Star 6B
solid-fueled rocket mounted in the payload was to be fired before the third stage ignited to separate
the payload from the third stage. Figure 3 is a schematic of the vehicle. The third stage had two 150-
W quartz-halogen bulbs that supported the payload’s mission but were not expected to be seen by the
UVPL

The Nihka third stage, which was the target ol this UVPI observation, is a 12,000-1b thrust
class, solid-fueled rocket motcr manufactured by Bristo] Acrospace Limited of Winnipeg, Manitoba,
Canada. The solid propellant is 69.5% ammonium perchlorate, 18% aluminum powder, and 12.5%
hydroxl terminated poly vutadiene (HTPB) binder. The Nihka rocket motor 1s 56.6 1n. long, 17.3 in.
in diameter, and weighs approximately 900 Ib. The motor case is welded steel sheet with forged steel
end domes. The nozzle is steel, with a throat insert of graphite-phenolic composite and a silica-
phenoiic composite exit cone. The nozzle has a 27.9 cxpansion ratin, a 19.6° divergence and an exit
diameter of 15 in. Nominal burning time for the Nihka is 17.8 s; nominal pressure during burning is
910 Ib per square in., absolute.

The Black Brant X rocket was scheduled for launch on 25 August 1990 at 07:04:10 GMT
from Wallops Island, Virginia. The launch time was requested by the UVPL observation team to match
the time of the LACE satelhte’s overflight.

The planned scquence of cvents called for the ceparatien of the third, or Nihka, <tape and
payload from the second stage about 24 s after the second-stage burnout. Eleven seconds later the
pavload, known as the probe, was to be separated from the Nihka stage and dnft away. About 30 s
later the Star 6B motor on the probe was to fire to move the probe into position. The Star 6B was to
burn for about 7 s. About 9 s after the Star 6B burnout, the probe was to reorient by 180° and find
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the quartz-halogen bulbs on the Nihka rocket. These events were to occur several tens of seconds
before the ignition of the Nihka stage and the UVPI observation of it.

Nose Cone—

Probe —ﬁl

Star 6B Motor —

Nihka—t

dlack Brant —

Terrier—"]

Fig. 3 - Black Brant X rocket

1.4.2 Radiometrics

The Nihka rocket-motor propellant is a composite consis**ng of an oxidizer, powdered
aluminum, and a small amount of hydrocarbon binder. The combustion products for such rocket
motors are Al;O3 particles, HyO, CO, COj, and other gases. The temperature inside the rocket motor
ch~mber is typically 3200 K, which is hot enough to melt the Al;03 (melting point = 2320 K) but
not hot ¢ iough to vaporize it (boiling point approximately = 3700 K). As the exhaust exits the
rocket nozzle it cools, and the A1203 begins to solidify. The temperature of the exhaust decreases
further as it moves away from the rocket [7].

In the ultraviolet, the emission from the plume central regions of solid-fuel rocket motors
with aluminurn is expected to be dominated by therm -1 <=mission from hot particles of Al;O1.Ina
simplified model, the temperature of the Al;03 particles 15 taken to be constant at the sohdification
tcmpcerature of 2320 K becruse the latent heat of fusion causes the temperature of the particles to
pause momentarily at this point as they cool. In the outer region, other thermophysical processes can
produce emission bands arising from exhaust gases or atmospheric constitucnts, and thesc will
contribute to the spectrum.
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Even in the simplified model, in which the Al;O3 particles in the plume are assumed to be at a
uniform temperature of 2320 K, the plume emission is different from a 2320 K blackbody for two
primary reasons. First, the piume consists of a rather transparent cloud of particles, and the total
emission from the cloud is substantially less than would be the case from a solid object the same size
as the plvme. Second, the Al;O5 particles are typically a few microns in size and are inefficient
emitters of visible and longer wavelengths. The effective emissivity for 2.3-micron particles of Al;03
is considered typical of particles in the plume. This is further discussed in Section 3.

The rocket’s emission was estimated for the PC-1 bandpass by using a modified version of

the CHARM 1.3 code. This result, together with the tracker camera prediction, 1s given in Table 2.
This information was used for planning the mission.

Table 2 - Expected Intensities for Nihka

Filter Aspect Angle W/sr | Photoevents/Frame

C_vpcor 1 & 16.0 1 207

2.0 NIHKA OBSERVATION

The UVPI and LACE delayed-execution commands and the associated pointing functions
were transmitted to the spacecraft and UVPI at about 13:45 GMT on 24 August from the LACE
ground site lccated at Vandenberg Air Force Base (VAFB), Califormia. The delayed-execution
commands turned the UVPI on, initialized its computer, and set its clock; these operations were done
prior to acquisition of the LACE spacecraft’s RF signal at the LACE ground site located in Maryland.
Figure 4 shows the ground trace of the LACE spacecraft. Figure 5 shows the ground trace of the
rocket and the UVPI tracker camera’s field of vicw projected on the surface of Earth. The ground
site at VAFB was in contact with the LACE spacccraft when the UVPI turned on and confirmed that
the UVPI was operating normally. At acquisition of the signal at the Maryland site, the UVPI was
executing a star scan. The purpose of this star scan was to measure the spacecraft’s yaw attitude
component. The roll and pitch attitude components that were used for this observation were
predictions based on data taken from the LACE attitude sensors earlier that day.

T ! T T
VAL
- pacecra
50 3] Sunrise ﬁ 39
ch site 237:07:10.08
I
20 Ground s 4 10
Site AOS 5° 5 r
}\ 237:07:01:42 237:07:11:45 !
The UVBEA can view
30 the layfich pad 30
ﬁ
)
5" communication
2 —
0 r © AN ehorizon 20
.i
10 - 10
1. A d 1 i L i
-120 -110 -100 -90 -80 =70 -60 -50
Fig 4 - Ground trace of the LLACE satellite on Nihka plurne obhservation pass
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UVP! Tracker
Camera FOV on—™
Earth’'s Surtace !
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Fig. 5 - Ground trace of rocket and projected field of view of UVPI tracker camera

Immediately after the rocket launch, the actual launch time was relayed to the UVPI
observation team by telephone from within the rocket launch facility. A final UVPI pointing function
was then computed based on the measured LACE yaw, the actual rocket launch time, and the high
precision orbital elements obtained just prior to the pass. This final rocket pointing function was
designed to point with a circular scan pattern having a radius of 1.1° and a period of 16 s about the
nominal rocket trajectory.

Table 3 lists the major and critical events that took place during this observation pass. When
the Nihka rocket plume was first visible in the UVPI tracker camera, a prepared sequence of
commands was transmitted to the UVPI. These commands had the UVPI acquire and track the rocket
plume target, begin using the zoom mode of image transmission, and interleave the tracker-to-piume
frames at a ratio of 2:8. The plan was to have the entire observation taken by using plume-camera
filter number 1 because of the short burn duration of the Nihka rocket stage.

The total flight time for the Black Brant X rocket lasted about 12 minutes; final stage burnout
occurred 192 s after liftoff.

2.1 Trajectory and Vehicle Performance Data

Figure 6 shows the Black Brant X rocket's altitude and velocity as a function of time based
on the trajectory that was used to generate the UVPI pointing function. Appendix A provides detailed
data on the Nihka trajectory. At Nihka burnout, altitude reached 180 km and velocity reached 2.6
km/s. The difference in location from the prelaunch trajectory and the actual location of the rocket
during the Nihka motor burn ranged from about 5 to 7 km. Figure 7 shows the UVPI-to-target range,
which 15 about 448 km at Nihka bumout. Aspect angle during the Nihka burn s shown in Fig. 8 and
is about 56° at Nihka burnout. The aspect angle is the angle between the line of sight of UVPI and
the longitudinal axis of the rocket. An aspect angle of 0° means that UVPI is looking directly at the
nose of the rocket. Figure 9 shows the angle of attack of the Nihka rocket during its burn. The angle
of attack 1s the angle between the rocket’s thrust and velocity directions. Figure 10 shows the Nihka
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thrust level, and Fig. 11 shows the orientation angle in the UVPI tracker camera during the time of
the Nihka motor burn. The orientation angle i1s -59° at Nihka bumout. The orientation angle is the
angle of the longitudinal axis of the rocket, as viewed in the UVPI tracker caiera’s field of view,
where 0° is horizontal pointing to the right and +90° is pointing up.

Table 3 - Sequence of Events During Nihka Observation Pass

Time (GMT) Event _
7:01:54 LACE signal reception begins '
7:01:55 Start tape recorder
7:01:55 Point to az = +5.5, el = 4.5
7:02:00 Point to az, el = 1.6
7:02:05 Point 1o star, y1 Horolgn
7:04:10 Black Brant X launch
7:04:54 2nd stage burnout
7:05:25 Tape recorder reeis change
7:05:32 Open door fully
7:06:00 Set lost track function
7:06:02 Point to Nihka along nominal trajectory
7:06:17 Star 6B ignition, planned
7.06:25 Star 6B burnout, planned
7:06:29 Nihka beacon on, planned
7:06:56 UVPI commanded to 2:2 tracker:plume

ratio
7:07:06 Nihka 1gnition, pianned
7:07:07.49 First indication of Nihka off camera
7:07:08.29 First sight of Nihka in tracker camera
7:07:12.3 Begin closed-loop track of Nihka
7:07:12.7 First image of Nihka in plume camera
7:07:15.33 UVPI commanded to zoorn mode
T7:07:18.74 UVPI commanded to 2:8 tracker:plume
ratio
7:07:22.61 Nihka burnout, observed
7:08:25 Stop tape recorder
7:09:31 Park gimbaled mirror
7:09:34 Close door

- 7:10:19 “Move to filter #4
7:10:24 LACE enters suulight
T:11:53 ILACE signal lost




LACE/UVPI: Nihka 9

200 3.00
180 | = Altitude 2.75
wuonw Velocity
L 2.50
160 J
b 2.25
140 J
L 2.00
! 120 4 I
— 1.75
' £
=
100 | L 1.50
Q
3
1.
| £ 80 | 25
< L 1.00
60 |
L 9.75
40 |
L 0.50
20 F [ 0.25
o . L L T Y LI | X 0.00
0 20 40 60 g0 100120 149160%80Y200

Seconds After Launch

Beginingiand end
of observation
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