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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) 11] to observe missiles in flight above the atmosphere. TheI UVPI is a sr," 1 , plume-tracking instrument flown on the Naval Research Laboratory's Low-power
Atmospheric Compensation 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 trajectory1 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, imageI intensifiers, and charge-coupled devices (CCD) to observe sources in the ultraviolet (UV). The
primary function of the tracker camera, viewing over a relatively wide field (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 camera. The plume camera has a narrow field of view (0.1800 by 0.1350) and observes
sources through any of fouu filters with passbands of 195 to 295 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 Plrad,
and that of the plume camera about 90 llrad, equivalent at 500-km range to 115 m and 45 m,S~ respectively.

A three-stage sounding rocket (called Black Brant X) was used for the test. The first andI- second stages of the three-stage rocket fired only at low altitude (below 40 kin). 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 fronr a range of 448 to 463 km.

The Nihka plume was successfully tracked for 3.23 s, and 96 1/3oth-s images of plume dala
were acquired by using the plume-camera filter in the 220 to 320-nm range, termed the PC-I filterSband. The image quality and tracking accuracy were of sufficient quality' to permit the superposition
of images for plume radiance determination. Image superposition to enhance the signal level is
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 nearly 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-I filter appeared to show an excess relative to that expected from the

reference spectrum normalized to the broadband tracker-camera signal. This apparent UV excess
relative to the reference spectrum is consistent with data gathered on the Strypi flight 121, which alsoI showed an apparent excess in the far UV relative to the reference spectrum. The Nihka data did show
an identifiab~e UV bright muter region of the olume similar to the UV luminous outer region seen on
the Strypi flight 12]. As in the case of the Strypi flight, the luminous outer region appeared to bc the
primary source of the excess UV emission.

I

t i- I II I II I I



I

The time dependence of the plume central-region radiant intensity measured in PC-I in the I
plume camera showed no pronounced trends or variations for the Nihka stage. Hlowever, the outer-
region signal showed a pronounced upward ramp for the same period.

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

Two anomalous events were observed during the UVPI Nihka observation period. The first
event was a bright flash, possibly associated with a second-stage burnout "chuffing" event. The second
was a bright object appearing in one frame of the plume camera near the end or 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 radiomnetric data will be a foundation for further analysis to provide 3
refined interpretations and evaluation. Comparison with models and with data from sensors on other
platforms and with daa from other test flights will also yield improved iadionietric results and an
enhanced phenomenological understanding of UV emission by solid rocket motors in the upper

Iatmosphere.
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UVPI 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 Atmospheric
Compensation Experiment (LACE) satellite launched in February 1990 was designed to collect
rocket 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 data 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 (UVPI) is carried aboard the Low-power Atmospheric
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, cities, and stars. A detailed description of UVPI can be found in the UVPI description
and data methodology report [1] and in the Strypi plume report 121.

The UVPI sensor head assembly 13,41 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 carnera, 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 50' halt-angle cone around the
nadir. In addition, UVPI contains a second plane 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. I and 2; characteristics of the UVPI have been
previously reported 14,5].

The tracker camera is an intensified charged-coupled device (CCD) camera, which is sensitive
over a wide wavelength rang: extending from 255 to 450 nm. Figure I shows the overall response of
the tracker camera as a function of wa,'elength, 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 total field of view of 1.97' by 2.620; images over this full field of view can be
It:oiUCU at a ,) 1-1 inL age ratc. T'h ,.,..r cal.er. can a.o. be ,-crr t-. in :! fli .w ehore the
transmitted field of view is restricted to the central 17% of the full field of view, and the image rate is
increased 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.
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The plume camera is also an intensified CCI) camera operating in 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 0.1800 bh 0.135C with a correspondingly higher I
resolution than can be achieved by the tracker camera. Plume camera images can be recorded or
transmitted at either 5 or 30 Hz, depending on the desired field of view. The intensifier gain can be
controlled to provide a radiometric dynamic range greater than 106. Table I summarites the
instrument characteristics and telemetry rates.
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IACEAJUVP), Nihka 3

Table I - Inst-ument Characteristics

Parameter Trce Cmr Plume Camera

Shared telescope type Maksutov Cassegrain Maksutov Cassegrain
_Lclc~cope diameter 10 Cm 10 cm

FoLal length 160 cm 600 cm
Field of view 2.62' x 197' 1 l180* x .1350
Field of regard I1000 x 97ý L 1000 x 970
Field of view per pixel 182 x 143 Jiradian 12.5 x 9.8 p~rAdian
Pixel footprint @ 50km j91 x72 m 6.2x 4.9m

ISystem resolution (FWHM) 220 to 250 tiradian 80 to 100 gradian
gi~on 255-450 nm 195-350 nm

Number of filters 1 4
Photocathode material n/ala ___s__ ___________

Timne for -olter change _______ ____.__ 7_______s __

__iqLan8 bits/piXei 8 bits~pixel
.__ ________________ data__rate__2.5_______ 2.5 kMbps

Image rate: normal t5 per second }5 per second
____________zoom*________ 30 pt~r second j30_pci second

Pixels: normal 251 x 240 251 x 240
zoom j 91 x 112 4 91 x 112

__PiXel exosRe 5ýLLtimc ___ 0. 16 to 33.3 ms 33 ms

Frame% irne rated n/a - ____

_ExpoSure rainge > 106.06 _____

1 .3 Scientific Objectives for IJYPI

The primary goal of the Nihka mission 16] for UVPI was to collect spatially resolved,
radiomretric UV plume data. This was to be accomplished for the third, or Nihka, stage of the Black
Brant X rockci 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 I (which has a band pass in the mid-UVU band' 'cicause ihese data can be obtained only from a space-based sensor, and this band of emission
has theý best potential for high signal-to-background contrast. Pointing accuracy was optimized
because this simplifies registration of images wheýn superposed, a necessary procedure for improving
statistics

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

wohl provide useful information.

The specific objectives of the mission, related to UVPI data, are given in the followingI ubscciion,. They revolve around a numnber of questions concerning plume radiance, spatial extent,
temrporal variabil'ity, and spectral shape of ihe UV emissions 17-91. The objectives are grouped under
head~ngs reflecting these subject,.,

1.3.1 Radiomnctrrr.s

The following objective. are basic to those listed ire the subsequent stubsections'.
Obtain isoradiance contours from the plume camera for the Nihka-stage plume.
Obtiin radiani intensity measurctmcnts from the plumne camiera for the Nihka-stage plume

on the entire field of ,-ie~k of the plume camera and onl a subregion corresponding
approximately to at plumec 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. 3
1.3.2 Spatial Featuwes

• Obtain the length 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. 3
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 I
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. I

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

1.3.4 Spectral 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 tracker 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 thre,--stage, suborbital rocket called Black Brant X. Its three stages
were a Terrier booster, a Black Brant second stage. and a Nihka third stage. In addition, a Star 6B I
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
UVPI.

The Nihka third stage, xhich was the target ol this UVP1 observation, is a 12,000-lb thrust

class, solid-fueled rocket moter manufactured by Bristol Aerospace Limited of Winnipeg, Manitoba,
Canada. The solid propellait is 6 9 .5% ammonium perchlorate, 18% aluminum powder, and 12.5%
hydroxl terminated poly outadiene (HTPB) binder. The Nihka rocket motor is 56.6 in. long, 17.3 in.
in diameter, and weighs approximately 900 lb. 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-
phenolic composite exit cone. The nozzle has a 27.9 expansion ratio, 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 lb per square in., absolute.

The Black Brant X rocket was scheduled for launch on 25 August 1990 at 07:04:10 GNMT
from Wallops Island, Virginia. The launch time was requested by the UVPI obser~ation team to match
the time of the t.ACtE satellite's overflight.

The IlanimlCd -Lqucncc of cvcnt:s ca!cd for the !..paraticn of the !hird. or Niht-a, .anpe and
payload from the second stage about 24 s after the second-stage burnout. Eleven seconds later the
payload, known as the probe, was to he separated from the Nihka stage and drift away. About 30 s
later the Star 6B motor on the probe was to fire to move the probe into position. The Star 6B \%as to
burn for about 7 s. About 9 s after the Star 6B burnout, the probe was to reorient by 180' and find 3

I



LAC&'U VPI: Nih1k 5

m 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.II
Nose Cone

Probe-

Star 6B Motor -U
Nihka

alack Brant----o

Terrier

Fig. 3 - Black Brant X rocket

1.4.2 Radiometrics

The Nihka rocket-motor propellant is a composite consis'ing of an oxidizer, powdered
aluminum, and a small amount of hydrocarbon binder. The combustion products for such rocket
motors are A120 3 particles, H20, CO, CO 2, and other gases. The temperature inside the rocket motorI ch-mber is typically 3200 K, which is hot enough to melt the A120 3 (melting point = 2320 K) but
not hot c iough to vaporize it (boiling point approximately = 3700 K). As the exhaust exits the
rocket nozzle it cools, and the A1 20 3 begins to solidify. The temperature of the exhaust decreases5 further as it moves away from the rocket 17).

In the ultraviolet, the emission from the plume central regions of solid-fuel rocket motors
with aluminum is expected to be dominated by therm .1 ,.mission fromn hot particles of Al20i. In aI simplified model, the temperature of the A120 3 particl., is taken to be constant at the solidification
tcmperature of 2320 K be,'use the la'tent he.a of fusion causes the temperature of the particles to
pause momentarily at this 1,,Int as they cool. In the outer region, other thermophysical processes can
produce emission bands arising from exhaust gases or atmospheric constituents, and these will
contribute to the spectrum.

Umm
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Even in the simplified model, in which the A120 3 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 plume 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 I
as the plvme. Second, the A120 3 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 A120 3
is considered typical of particles in the plume. This is further discussed in Section 3.

The rocket's emission was estimated for the PC-I bandpass by using a modified version of
the CHARM 1.3 code. This result, together with the tracker camera prediction, is given in Table 2.
This information was used for planning the mission.

Table 2 - Expected Intensities for Nihka

Filter I Aspect An=le W/sr I Photoevents/Frame I I
[ PC- I 60 '6 16.0 20.7

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 lcated at Vandenberg Air Force Base (VAFB), California. 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 view projected on the surface of Earth. The ground
site at VAFB was in contact with the LACE spacecraft 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 I
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. I

50 4 pccrf 01

Sunrise 5
5 - ch sie237:07:10.08

Site AOS 5-

237:0701:42 07ý:11:4

237070:4. The UV ca ve

30the Is ch pad -30

20 5- communicalon 2040, =horizon

10 10

-120 -110 -100 -90 -80 -70 -60 -50

Fig 4 - Ground tracc of th i.ACE satcllitc on NihkU plume (ihscrN'anion pass

U
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Wallops Is.
S••Liunch •acility

3 UVPI Tracker
Camera FOV on

Earth's Surface

Fig. 5 - Ground trace of rocket and projected field of view of UVP| 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 1.10 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. WhenI 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-plume
frames at a ratio of 2:8. The plan was to have the entire observation taken by using plume-camera
filter number I 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 2.6I krrds. 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. F;gure 7 shows the UVPI-to-target range,
which is about 448 km at Nihka burnout. Aspect angle duiing the Nihka burn is shown in Fig. 8 dild
is about 560 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 is 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 is -590 at Nihka burnout. The orientation angle is the
angle of the longitudinal axis of the rocket, as viewed in the UVPI tracker camera's field of view,
where 0' is horizontal pointing to the right and +90' is pointing up.

I
Table 3 - Sequence of Events During Nihka Observation Pass

Time (GMT) Event 3
7:01:54 LACE signal reception begins
7:01:55 Start tape recorder
7:01:55 Point to az = +5+5, el = 4.7
7:02:00 Point to az, el = 1.6
7:02:05 Point to star, it Ilorolgii
7:04:10 Black Brant X launch
7:04:54 2nd stage burnout
7:05:25 Tape recorder reels 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 ignition, plahnne
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 p ume -camera
7:07: 15.3- UVPi commanded to zoom mode
7:07:18.74 UVPI commanded to 2:8 tracker:pluime

ratio I
7:07:22.61 Nihka burnout, observed
7:08:25 Sl top tape recordcr
7:09:31 Park gimbaled mirror
7:09:34_ Close door
7:10:19 -Move o filter #4
7:10:24 LACE enters suiMlig ht
7:11:53 LACE signal lost

U
I
U
U
U
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2.2 Tracking and Pointing Performance Data

2.2.1 Mode Sequencing Overview

The tracker was commanded to the mass/intensity centroid track mode throughout the Nihka
observation. Figure 12 shows the sequencing of the various mission modes during the observation.

U7
L|Mass & Intensitr i........

5 _4.... i .... . ... Z....... ......... .e .

I~~ ~ ~~~~~~~~ ~ _4 -..... ..-.-........... ....-...L.--- ..... .. .-.•... ...-...:.... .: ... •. .-...-. .. . .
VI I

11,400 11,500 116800 11,700 11,8O0 11,900

Frame

SFig. 12.- Track and mission modes vs frame

The Nihka rocket burned for approximately 17 s. The POINT mode was used to scan for the3 Nihka until it was within the tracker camera's field of view, at which time the ACQUIRE mode was
commanded from the ground station. The tracker then locked onto the target in less than 0.1333 s
and tracked for approximately 11 s. Therefore, approximately 6 s were required before the target

i appeared and was recognized in the tracker camera's field of view and TRACK mode could be
achieved. The important events are tabulated in Table 4.

Table 4 - Sequence of Tracking E~ents During Nihka Burn

S. . . . ... .. . . . . . .... ... . ..

II

1492 T'....

11,2 -ACQUIR- 0.1

01F3rtacmle

11493 TRACK ' 0-33 i tic il ....
Fig. . 1 - k1 1667 achange track gate

..... • i 1.6667 I change track gate mode was

acivd Th motnvnt r auae in Taute 4.e

Tal 161 4.-6 Seuec ofTaknt~n uigN aBrnc

1 TRAK 140 0.0333
I 1 52 I� E-XR-APO-ATE - -. 1.1)67 1 to.i,, track lock I

The time column in Table 4 is arbitrarily chosen to support the servo response analy,,Is that
will be provided later in this section. For this observation, the linear equation for time is: TIMF =

il
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(FRAME- 11489)/30. Note that there is 1/30th of a second between frames. Figure 13 is a graph
showing the relationship between time and frame number.

11, O 50

11,800
11,8 . ................ . ....... . .

11,50 FRAME 11489 +30 TIME ...........................

11,700 4

(2 11,650

11.600 the ..... number. .in.e thth is a Me tth romamnh htd

during........ Sh pengme t T e a i u h g m a an e w si i t oal loo ige the ad o h ae lt n a

I11.550 ........

11,500 £ .

-2 0 2 4 6 8 10 1 2

Time (s) l

Fig. 1 3 -Frame % s time

Figures 14 and 15 show the azimuth and elevation gimbal angles, respectively, as a function
of the frame number. Since the satellite's ground track was approximately toward the northeast and
the rocket trajectory was approximateky due east, the elevation gimbal angle only varied by about I

during the engagement. The azimuth gimbal angle was initially looking ahead of the satellite and waslooking behind the satellite at the end of the encounter. The azimuth angle varied about 9' during !he
encounter. The azimuth and elevation gimbal rates were calculated as 0.7v/s and 0.1T/s, respectively,
which were well within the tracker's capability. The dashed lines in these plots represent the SC-I
commanded gimbal angles. At the beginning of the encounter, while operating in the POINT and
ACQUIRE modes, the SC-i commanded the gimbal angles. When the tracker locked onto the target
image, the mode was set to TRACK and the tracker controlled the gimbal angles. Note that the SC-I
commanded gimbal angles remained fixed to the last commanded value. There was a noticeable
transient as the tracker brought the track errors to zero. At the end of the encounter when the tracker
lost the target image and went into the EXTRAPOLATE mode, the SC-I extrapolated the
immediately previous gimbal angles according to their respective rates. Also, note that the gimbal
motion at this time exhibited a transient that was a result of the extrapolation function
implementation. The windowing logic, shown in block form in Fig- 16, shows that the track gate size
goes thiough fixed steps at 1.0, 1 .5, and 4.0 s alter initial tracker locknri.

2 L RESOLVER ANGLE
SC-1 COMMANDED ANGLE

0

< 2 t3...
6 -L . .. . . .-. • . . . .. . .... 4 -i.. ' •....•..

7 7

110 .4 , 11 .5.. 1. .600 F am) . 700 1. 180 1 .90

Fig 14 - /: : uth gimbal a ic i: r : :

I -2 I, .. I...
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-16.I

.......................r
..... . .. . .

9 t'' .9 9 . ..'

3 1...... .. ..

SC.. COMMANDED ANGLE.
-18

11,400 11,500 11,600 11,700 11,800 11,900

Frame3 Fig. 15 - Elevation gimbal angles vs frame

At 1 .5 s after Track Lockon
Set Window to Size 2

GTSIZX = 200
GTSIZY = 100

At 4.0 s after Track Lockonii ~ ~~SetAW=(at Window to Sizing)
GTSIZX = 200I GSZ

II GTSIZY = SRATIO * TGSIZY

SRATIO = 3

F ig. 16 -Block diagramn of tracking sequence

Figures 17 and 18 present the tracking window (or track gate) size, and target size a% a
function of the frame number. The initial track gate size Is set to 2046 in X and 1022 i'n Y, which is
equivalent to a fully open track gate equal to the total field of view.

3The target size remained within the track gate at all tnmes during the time that the tracker was,
locked onto the Nihka rocket.



14 H.W. Smathers er al
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2.2.2 Tracker Servo Response I
Figure 19 shows the error gain corrections for converting the focal plane tracker errors into

gimbal commands. A comparison with the actual equations shows that these curves agree with the
error gain equations given below:

-1 -tan(O) lan(OD)]
[A B][2  COS(O)

L 2 2 so((D)

- ! I
L•Ej L oI
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The tracker errors are plotted as a function of time In Fig. 20. Table 5 shows the tracker scrvoI response determined from this plot.
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.. 2.3 Tracker JitterU

The tracker jitter is determined between framies 11550 and 11800. Figure 21 shows the
tracking errors plotted as pixels or television lines vs the framne numbers, Fig. 22 plots thc tracking
error in X vs the tracking error in Y. These two different perspectives show% that the tracket is hiased
approximiately half a pixel in Y with an elongated scattering in the X direction that oscillates between
±i pixel. Statistics on this set of data arc shown in Table 6.

--~TRKERkRX (pixol&) ..........

_ _+ I
a .~0 . Z . *..... .~... .

Trake Err.r. (p.....els)..

hg 1 .n \IF~~ rame Tracckr Erroorli)v X ( rpixels

Table 6 - Tracker Jitter Statistics _______

ITRKERRX1 TRIKERRY TRKERRX 1TRIKERRYI
____________ xeh~) (TV line) InM I________

%tinirnunl -0.5(0 -0.2 -30.0 1 -8973
Max.. 0.72~ ~ -02414 -35.7

1743.54 -1575.75
4-- --- -- -4

Sum ' 12.44 105765 1757

P~oints . 251- 251. 1 251. I 251.

Mean ()i05o -0.44 2.97/ -62.91,
Meia0.W 1 (047 ' 1.86-70

R NiS 0.22 0.44 13.12 6I So5

Std Deviation 021 01)68 12.81 I 9.7,7

Variance 0.0)46 0(1047 I6.795 4

A miore represetart tie picture is, shown iM Figs. 23 and 24 whelire the pixels and televis~ion lines
have been convert e d to numt-rakd ianrs. The staiist ical re sul ts from dthese plots arc ailso showNn in Table
6. The conversion I ron) -pixels to inicroradiams is 61) prad per pi sel the conversion from -i line,,
to niicroradian s is 143 jir d per TV Ifinc. Note that the Hias Mn the Y direct ion is appromm iatel% -03
p.rad. The standard de ' i tion is thle RNIS \i1111e aboutI tile me1Can1. Hence, the X' and Y' tracker RN'IS

jitter specification of' 15 p~r d RNIS.



LACFYUVPI: Nihk6 17

600

so .... •....... ........ ....... ........ ....... + .......I -v- TFP K]E R . o0 - ... '

................ ..... ..... ....... ...... ... ................~ii30 , . .... .. ........ . . . . -O-V FER + • ... Y....... .... ".. ....... ... ...20 ~~~~ ~ ~ ' 6 .• .i... ... ..... .. . ...i....-I ....... : ........ • ........ .......... ;......... ........ ........ ......... ........ ........

20 .. ... 0

10 . ..... .. ....... ...... .. ........... 0 ..... i.> 2 • .......... T..... ...... ....... -..... ............................ ÷ X ..... .
1 0 3 6..1 6 .... 6 0 " 0

S3 
U 2 0 .... -".... ..... •......:..... •...... .... ......... 

:. . ... • .... .

"W -20 ... .. . . ...... .... .... .. .... .i....... 
: - .c• :, :• ! .

..... ........ ........ ..... .-...... ......... .. .. ... .... . ...... :. ....... .. ....... . ......l l ~ ~ ~ o'°~ . .. ..... ....... ... i ........ "......... ........ ...... I 1
-6o0i _ ..

e 
.. .. .. .. 6 0 L • ' .... .. .. .. ..... .... .. .. .......

l2 3 4 5 6 7 8 9 10 1 1 12-100 -60 -210 20 60 100

Time (s) TRKERRX (prad)
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3.0 EXTRACTION OF RADIOMETRIC QUANTITIES

".,:e levels of data reducton are useful for any radiometric experiment. At the first level,
,e ly reduced to instrument readings or counts at the image plane; at the second level,
:adings are converted by instrument-specific factors, which may be approximate, into

,hate measures of physical quantities, e.g., radiance, with no assumed spectral shape for the
c.•_..,e b_,1r ! used; and, at the third level of reduction, a spectral shape is assumed to reduce data and

present it.

It i., necessary to assume a spectral shape because instrument efficiency is a function of
wavLlength within each band. Therefore, the spectral distribution of incident photons is needed to
provide the appropriate weighting at each wavelength within the passband of integrated response.
Since the spectral shape is not known from the data, a spectral shape must be assumed to determin.
this weighted distribution. Once, a spectral shape has been assumed, the number of photoevent

measured is used to infer the amplitude or intensity of the emission with that spectral shape.

3.1 Data Calibration Procedure

The raw image data transmitted from the satellite are in the form of arrays of 8-bit binary
numbers Qk, which represent the intensity of light falling on the kth pixel of the CCD. From Qk, art
estimate of the number of photoevents Pk occurriitg at the corresponding photocathode pixel during
the image frame can be obtained by using:

Pk = (Qk - Dk)I(UkGg) (1)

where G9 is the gain conversion factor for gain step g, i.e., the value of Qk for a single photoevent,

assumed to be the same for all pixels k;

DA, is the dark value for the kth pixel; and

Uk is the gain nonuniformity correction factor for the kth pixel.

The pulse height distribution of the image intensifier will cau3e noninteger values for Pk. The
conversion of CCD re-pns- peaks to integral photoevent counts is possible only on the weakest
images itcause of the overlap of photoevent images. Hence, Pk values are treated as continuous
variables. The (G, Dk and Uk factors are discussed in detail with the data calibration procedure in
Section 2.0 of the UVPI data reduction methodology report I I].

I
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3.1.1 Statistical Discrimination Of Photoevents i
When a single photoevent is generated in the microchannel plate (MCP) of the UVPI plume

camera, it is registered as a spatial distribution of charge in the CCD focal plane array (FPA). In
general, a photoevent gets registered within a 3 x 3 pixel region with the largest FPA response at the
center pixel. Note that the blurring of a single photoevent over the 3 x 3 pixel region is a relatively
small component of the overall system point spread function.

When UVPI is looking at a source that is dim compared to the instrument sensitivity, the
instrument gain is automatically set l.igh, for example, gain 13. At these high gains the calibration
procedure, i.e., the estimation of photoevents from the measured digital number (DN), is sensitive to U
any mismatch between the estimated dark field level used for calibration and the actual dark field
level. Although a small bias error in the dark field estimate would have a small impact on the
photoevent estimate foi a single pixel, it could have a large impact on the results when summing the
contribution of groups of pixels. Hence for dim signal levels, such as the Nihka rocket plume, a I
statistical discrimination scheme was developed that fixes the probability of false alarm for every
pixel. In the context of calibrating UVPI data, a false alarm occurs when the noise in a pixel that
contains no target is large enough to be considered part of a photoevent. 3

Working with the already calibrated images, the discrimination scheme consists of estimating
a statistical decision threshold for each image. The threshold is given in terms of background mean,
standard deviation, and accepted probability of false alarm. Estimates for each image of the
background mean and variance are made b% using 4 image blocks located at each corner of the
image and with dimensions of 8 by 8 pixels. The estimated threshold will exactly correspond to a
probability of false alarm of PF if the following assumptions hold 1101]:

"* the local mean and local variance background statistics are the same over the whole
FPA, and

"* the density function of the background follows a Gaussian distribution.

Mathematically the decision threshoid is given by:
t' = lU + Cr. t',

where
Pe is the estimated background mean,
a is the estimated background standard deviation, and
t must satisfy the integral equation 3

PF = eifc (t).

where the standard complementary error function is used 1101.

All the plume camera images used in this report to estimate radiance or radiant intensities
were subjected to the above discrimination scheme by using a probability of false alarm of 0.0001.
False alarms were, in fact, observed in approximately I out of every 10000 pixels, indicating that the
two assumptions stated abo, e are generally representative of these data. Because a photoevent may
sprei-d over a 3 x 3 pixel region, i, ncdiate neighbors were also included as possible signal
contributors for all those pixels where a photoevent took place. A new estimate for the number of
photoevents from the kth pixel was computed based on the following rule,

Pk = max (0, Pk -A.) if condition (A) holds, or
Pk = 0, otherwise.

In the abov:e, condition (A) st~iw, that if an-, pixel In the local neighborhood of the kth pixel exceeds
r' then the value at the kth pixel is adjusted to be the maximum of zero or Pk- . Thus, pixels
containing no photoevent contribution are set to exactly zero, eliminating the possibility of an"erroneous" contribution resulting from uncertainties in the dark field estimate for that pixel. This
adjustment can be significant when large numbers of pixe!s contain no photoevents, i.e., few
photoevents per image.

I
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U Figure 25 is a composite image created with no statistical discrimination; Fig. 26 is one
created by using statistical discrimination.I

F.:, 25.- -C m o ite im g sno sttsia dici into

I
U
I

I

L

Fig' 26 Composite image using nostatistical discrimination

I
mI

II

I -._ j _ -l• - - ..

i Fig 26 Composite image using statistical discrimination
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3.2 Relation of Photoevents to Source Radiance

Presumably, the photoevents at the image plane are a result of a radiation source in the field
of view. If the radiation source is isotropic and uniform over an emitting region of area A.. then an
expression for the photon flux Oin incident on the face of the telescope in photons/second is:

Oin = (As fs/hc) J L(k)dX, (2)

where
L(.) is source spectral radiance in W/m 2-nm-sr,
A, is area of emitting region,
Qs is solid angle of emission subtended by the telescope,
h is Planck's constant, and
c is speed of light. 5
The factor X/hc converts the spectral radiance L(X) to a photon radiance (photons/s-m 2-nm-sr).i

By setting the size of the emitting region equal to the footprint area of a pixel, the following
reciprocity relation results:

As 92s = A, A,/R 2 = AcQP

where
Ac is system aperture area,
UP is pixel field of view, and

is range from the detector to the emitting region.

The general expression for the number of photoevents Pk in pixel k at the image plane that 3
result from an emitting source of spectral radiance L(X) filling the pixel field of view is then given by

PI = (A2pSt/hc) J kQ(X)L(X• dA, (3) I
where

w t is exposure time and,
Q(0) is wavelength-dependent photoelectronic conversion efficiency, or net quantum

efficiency, of the optics and detector. I

In general, the exposure time t is 1/30th s for the plume camera and variable to a maximum of
1/30th s for the tracker camera. The pixel field of view UP is 12.5 by 9.8 girad = 1.22 x 10-10 sr for
the plume camera, and 182 by 143 gtrad = 2.6 x 10-8 sr for the tracker camera. At the typical range
of 500 km, these pixel fields of view correspond to 6.2 by 4.9 m and 91 by 72 m, respectively.

For further insight into the relationship of photoevents to source radiance, several forms of
approximation can be helpful. Eq. (3) can be rearranged as follows: I

f XQ(XI)L (k) dA = (Pk/t)(hc/Acfp). (4)

Now note that the integral on the left is similar to the source radiance integral, J L(k) dX, I
except for the X and QC(A) tactors. One quick and simple approximation involves ,,ubstituiiig _oriistanlt
values for X and Q(X), allowing them to come, out from under the integral and move to the right side.
For example, Xo = (XI + X2)/2 and Q, = Qmax/2 provide estimated "average" values that allow I

II
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reduction of the integral to an approximate radiance. The sensitivity of this approximate radiance to
X and Q(X) for various assumed spectra is discussed in Section 4.6 of Ref. 1. A more frequently used
approximation (the peak normalized radiance) is discussed in the nex.t section.

3.3 Peak Normalized Radiance Approximation

The second level of data reduction involves manipulation of instrument-specific factors to

obtain approximate measures of radiance and other similar quantities. In one common method, peak
normalization, both sides of Eq. (4) are divided by the quantities km and Q(Xm). The definition of Xm
"is the wavelength of peak net quantum efficiency; that of Q(Xm) is the peak net quantum efficiency.SThe result is the peak normalized radiance Lpn, which is defined as:

Lpn J XQ(X)L(X) dA/XmQ(m). (5)

I In practice, the evaluation of Lpn is based on the measured Pk, using:

Lpn = (Pk/T) (hc/Xm)/[AcpQ(X.m). (6)

Table 7 gives the values of Xr,. Q(k,Q) and ?,,, Q(k,,) for each of the filters and the quantity

hc/Acfip = 2.07 x 10-8 J-nm/cm 2 -sr.

Table 7 - Plume Camera Filter, k-m, and Peak Quantum Efficiency

~m X ?'.mQ(Xm)1I Filter (nni) I (r(nm)

Plume PC-II 270 ] .00606 1.64
Plume PC-2 305 M .00182 0.555

Plume PC-3 ! 250 .00284 0.710
Plume PC-4 280 .0131 1.67

Tracker 355 .0200 7.10

Although Eq. (5) is an exact expression, it is not a true radiance because the integral contains
_erms other than L(X). Lp, approaches the true radiance as [Q(X)/KQ(.m)] approaches 1. For UVPI,
f/X, is usually about equal to I, but Q(X.)IQ(Xm) << I for efficiency curves like PC-I and PC-3 withI long, low wings. On the other hand, efficiency curves for PC-2 and the tracker camera arc more box-

like, and Q(X)IQ(Xm) is close to one. This is discussed further in Ref. I.

Table 8 presents peak normalized radiance values and reference spectrum values obtained
from an observation of the Nihka rocket by using estimated Pk from the brightest pixel only. The
ratio of the two radiances is included in the last column. For PC-i, the peak normalized
approximation underestimates the reference spectrum result by almost a factor of 10 because of theI low efficiency wings.

Table 8 - ITT and Lp, for Brightest Pixel

Pk/t Lp 1 L,
Filter (photocvents/s) (pNW/sr-cm 2) (PiW/sr-cin2,t lpnl

Plume PC-I 5.29 __j 6.698 x 10-2 5.47 x 10- 0.12

I Thus, the peak normalized radiance is an approximate measure of the total radiance in the
passband of the filter A corrected iddiance can be obtained if the true spectrum is used to evaluatc

i the integral [II]. In particular, the peak radiance approximation is exact onlyI for a line spectrum

I
I
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peaked at Xm [121. To gain a better estimate of the true in-band radiance, the approximate shape of

the plume spectrum must be known.

3.4 Reference Spectrum for Aluminum-Loaded Propellants I
The third level of data reduction requires the assumption of a spectrum of the emitting

region. Tne amplitL.de of the assumed spectrum plays no role, but the shape acts as a weighting I
function within the passband to determine the distribution of photons as a function of wavelength.
This is important because the instrument efficiency is different at each wavelength within a passband
and, thus, the implied photon flux at the telescope face for a fixed measurement of photoevents Pk
will depend on how the photons are distributed across that wavelength interval. What is needed is the U
spectral shape. Such a spectral shape is not pr,,,ided by the instrument. Fortunately, previous
measurements and theoretical predictions can aid i making the assumption, as explained below. The
sensitivity of the resulting radiometric numbers ': secial different spectral shapes is discussed in
Section 4.5 of Ref. 1.

The solid rocket motors under consideration contain powdered aluminum in their propellant.
This aluminum oxidizes and emerges as an incandescent mist in the rocket exhaust. It is this mist of U
oxidized aluminum particles or droplets that emits much of the UV radiation seen by UVPI in the
plume central region. This mist is optically thin. The plumes are, thus, partially transparent. Because
the heat of fusion for aluminum oxide is very high, and the rate of cooling for micron-sized particles
is relatively low, the particles remain at roughly their melting temperature throughout the length of I
the plume. Thus, most of the light in the plume will be from this nearly transparent cloud of micron-
sized A1203 particles at their melting point, 2320 K.

The assumed spectral shape used is that of a 2300 K blackbody times an emissivity function I
CAI(A), shown in Fig. 27 [131. This emissivity curve is babically characteristic of hot alumina particles
of the size found in rocket exhaust plumes [91.

| I I

S0.1I

0.01 I I
0.2 0.3 0.4 0.5 0.6 0.7

Wavelength (pin)

Fig. 27 - [-missikity curve Ix iturninuin particles in rocket plumes U
The resulting normalized spec:ra! shap(- o, fairly generic to all sclid-fueled boosters %ith

aluminum-loaded fuel and is termed the reference ,cctrum R(4). Mathematically,
HO;'.) = A.J) r14 (1t), '7

where LBqn(X) is the 2300 K blackbody spectrum. Figure 28 shovws the reference spectrum compared
to a blackbody spectrum.

I
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Fig. 28 - Assumed reference spectrum

The spectral shape is a good approximation to actual rocket plume spectra as verified by on-

board spectrometers looking back into rocket plumes 114].

3.5 Use of the Reference Spectrum to Calculate a Scaling Constant

Assuming that the reference spectrum R(X) gives the proper spectral shape for L(X) is
equivalent to saying that L(X) and R(X) are related by a scaling constant (x, which is independent of X:

a = L(X)/R(X). (8)

The scaling factor a for a pixel can be obtained by first calculating the number of
photoevents expected for the unscaled reference spectrum Pk' by using the expression

P3' = (Ac f~pi/hc) f X Q(X) R(X)dX, (9)

where the calculated value is the same for all k (i.e., k is supcrfluous). Then, by ubing the ratio of Eq.
(3) to Eq. (9), nam ely, f AQ (t.)L(a )d X = afA Q9 X)R(A )(

Pk fAQ(A)R(2L)d, fJAQ(A)R(X)dA

Therefore, o~k can be estimated for each passband and for each pixel by comparing the
measured value of Pk to the calculated value, Pk':

k = PkPk'(11)

which gives an in-band, effectivc value of ctk for that pixel. Actually, these plumes are optically thin,
and Qk, in rome sense, provides a measure of the thinness or density of emitters along the line of sight
of that pixel.

After (x is known, the source spectral radiance function L(X) can be calculated by using Eq.
(8) and this, in turn, is used to calculate in-band total radiance for the plume data in various filter
bandpasses. All the radiometric values presented in this paper can be obtained from the source
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function L(X) defined by Eqs. (8) and (11). The values for Pk/T and PO't, obtained as an average for n
the brightest pixel over several frames for the Nihka plume, are given in Table 9.

Table 9 - Photoevents per Second from Nihka Plume and Reference
Spectrum Model for Brightest Pixel and Ratios of These Values

Filter PklT PkOT k
(PFJs) (PE/s) I

FPlume PC-I 5.29 1.81 x 103 2.92 x 10-3 1

3.6 Centroid Wavelength Determination

The procedure above yields a function L(X) describing the amplitude of the spectral shape i
that corresponds to the observed number of photoevents. Describing this function with a single
numerical value is difficult because of the extremely rapid variation of the spectral radiances evident
in Figs. 31, 32, and 33 (found in Section 4). It is sometimes desirable to provide single numerical
values of plume spectral radiance and spectral radiant intensity despite this rapid variation. This is
achieved simply by taking L(%) of Eq. (8) at a specific characteristic wavelength X,- for each filter
passband. This might have been selected to be the center of each filter passband, but this choice
would neglect the shift in the effective response resulting from the spectrally varying source. A I
response centroid wavelength, weighted by the reference spectral function, was defined:

X, = I X2R(L)Q(%)d? / f XR(k)Q(X)dX. (12) I

This describes the wavclength of average contribution to the ITVPl response for each filter.
These centroid wavelengths were computed for various spectral shapes and are shown in Table 10.
The integrals of Eq. (12) have been evaluated as discrete summations over the range of Q(Xý) that is I
not negligible. The numbers in parentheses :under the exact reference spectrum values are the
rounded values that are actually used throughout this report.

Table 10 - Centroid Wavelength, X., for Various Spectra I
_________________ 7P- Tracker

(_ ) I (n__ M
1800 K Blackbodv_, 282.4 416.2
2300 K Blackbodl 279.2 409.7
Reerernce spctruim 279,1 389.4 3
_(founded)________390I
Flat spectrum 270.7 369 5
Peak normalized _270.0 355 0

Defining Xc is simply a means of selecting a nominal characteristic wavelength for describing
the result of the fitting of the spectral shape to the instrument measurement as single numerical
values. Other procedures might have been used for selecting a reference wavelength to describe the
spectral radiance function. One might, for example, have taken the central wavelength for each filter I
and cited the numerical value of the fit function at those wavelengths. This would yield different
values for the nominal spectral radiances without changing the function L0.) at all. In short, these
single numerical values foi the i-pidly var.ing spectral radiometric parameters must be treated with I
caution.

I
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I 3.7 Calculations of Radiance and Radiant Intensity

After the spectral radiance is known, the spectral integrals can be evaluated to obtain values
for the radiance:

L f L(X)d= afR(A)dk. (13)
AL AL

The units of Le are (power)/(area)(solid angle), or W/m 2-sr. The evaluation of these integrals is
limited to the nominal bandwidth of the pertinent filter. Note that the integrand of Eq. (13) does not
include thc rcsponse function Q(X) and, therefore, does not become small outside the filter passbands.
The values obtained for Le depcnd very strongly on the limits of integration.

Conversion to radiant intensity can be achieved from the preceding expressions by
multiplying by R2C~p, where R is the range to the source and Q,, is the pixel field of view. This is then
summed over the pixels containing signal. The result is equivalent to summing the apparent radiance
or spectral radiance over the projected pixel area and attributing it to a point source within the field
of view of the pixel. The spectral radiant intensity 1(k) and the radiant intensity 1,' can be obtained
directly from the corresponding expressions for the spectral radiance and radiance, Eq. (8) and Eq.
(13), respectively:

1i())= R2•p~L(XK) = R2•'IpaR(X.), (14)

and
At,

I f 1I(),)d).= R 20,L. (1.5"

The units of /(X) are (power)/(spectral bandwidth)(solid angle), or W/nm-sr, and the units of le
are (power)/(solid angle), or W/sr. As with the radiance, the radiaint intensity is an integral across a
limited portion of the spectrum defined by the nominal filter edges. The value so obtained is far
smaller than that for the full-spectrum radiant intensity. It will also be very sensitive to the limits of
integration chosen for Eq. (15).

3.8 Summary of Radiometric Conversion Constants

Table II summarizes the definitions of conversion constants most often encountered in
calculating one radiometric quantity from another. Table 12 gives the spzcific values for the
conversion constants based on the assumed reference spectrum. Any revised spectral shape
assumption will lead to a different set of conversion constants. Table 13 lists the radiometric vahles
corresponding to one photoevent per second. The radiant intensity values refer to a range of 500 km.
The values of the spectral radiance L(X.) and the radiance L, are based on a single photoevent per
second per pixel. Any' arbitrary number of photoevents measured in a particular pixel is multiplied
by the value in the table to determine the radiance of the source in that pixel's field of view. The
values of the spectral radiant intensity 1(k,) and radiant intensity I1 are per pixel, even though these
terms are used more often to refer to the total number of photoevents measured in the entire plume
image.

Note that the conversion constants associated with /(?,.c) and LO(,) use the rounded reference
spectrum ce;,'.'id wavelength values shown in parentheses in Table 10.

I
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Table 11- Summary of Formulas Defining Conversion Constants I
From To TOperation Formula "

Pk/lt (photoevents/s) 4 n(photons/s) *CI C' AR(CK(I~dA

*1in (photons/s) Pin (W) *C2 hc fJR(,)d,

Pin (W) 1e (W/sr) +C3  C3 A,/R 2

Le (,V/sr-cm 2) L(•c) (W/cm 2-sr-nm) ' "L(")dI
le (W/sr) I(Xc) (W/sr-nm) +C4  C 4  L()d

le (W/sr) Le (W/cm 2-sr)
I(Xc) (W/sr-nm) L(Xc) (W/cm 2 -sr-nm) +C 5  C5  R2.Q/1

Table 12 - Conversion Constants for the Reference Spectrum I
Constant Units PC-I 1 Tracker

II_(kc = 280 nm) j(c = 390 nm)
CI photons/PE 1510 66.2
C 2  joules/photon 6.61 x 10-19 5.11 x 10-19

C3  steradians 3.12 x 10-14 3.12 x 10-14
C 4  m nin 150.2 125.2
C5  cm2  30.6x 104 6507x 104

Table 13 - Radiometric Values for One Photoevent Per Second

Units PC- I Tracker

PgI (X,.= 280 nm) (Xc 390 nm)
Pk/_ (photoevents/s. i I I
Oin (photons/s) 1510 66.2
Pin (W) _ t 9.95 x 10"16 "3.38 x 10-17

le (w/sr) 3.17 x 10-2 1.08 x 10-3

I(Xc) (W/sr-nm) 2.11 x 10-4 8.60 x 10-6

Le (W/sr-cm 2) 1.04 x 10-7 1.66 x 10- 1
L(X%) (W/sr-cm 2-nm) 6.90 x 10-10 1 1.32 x 10-13

4.0 PLUME DATA I
In this section the observed plume data are presented. The data interval used i1 this report is

defined in 4.1, and an overview of the intensity history for each camera is given in 4.2. Examples of
single-plume camera images are given in 4.3. Composite images with corresponding contour plots
for the defined data interval for the plume and tracker cameras arc presented in 4.4 and 4.5,
respectively. Subsection 4.6 discusses the error in the radiometri'- observations. The concluding
subsection, 4.7, discusses the noise-equivalent radiance for the UVPI.

I
I
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4.1 Data Collection Interval

4.1.1 Description

Table 14 summarizes the Nihka data collection interval used in this report. Also included arc
the number of plume camera images and tracker camera images analyzed. Table 15 reports
important calibration parameters associated with the interval. The UVPI-Nihka range is used to
determine source radiant intensity, as discussed in 4.2. The image angle variation associated with a

sequence of frames is a measure of the variation in plume image axis orientation with respect to TV
lines in the image display. This parameter is relevant to the spatial analysis presented in Section 5.0.

Table 14 - Definition of the Data Interval

1 (S) Filter Frame Range |Plume Images Tracker Images

7:07:15.03- 185.0-- PC-I 111603- 96 40
7:07:22.24 192.9. 11810

Table 15 - Parameters Associated with the Data Interval

Pltme Camera Bandpass Plume to UVPI- Nihka Image Angle
Filter (nm) Tracker Ratio Range Variation

I (km) J (den

PC-I 220-320 8:2 1 450.7 12.1

The Nihka plume was first observed in the plume camera around frame 11500. Because of
gain changes and ensuing transients in the plume camera, data analysis was limited to the interval
summarized in Table 14. Approximately 3.2 s of filter I data were collected during this time.
Analysis of tracker-camera data was restricted to the same interval.

4.1.2 Calibration Parameters Associated with the Data Interval

Appendix B provides basic camera parameters pertinent to the radiomnetric calibration of the
data for all frames during which the Nihka was observed. Parameters provided include time, telemetry
frame number, gain level for both cameras, and exposure time for both cameras. The piume camera
has a constant 1/3oth of a second exposure time for each frame. The tracker camera has an electronic
gate that can vary the exposure time to a maximum of 1/30th of a second. Figure 29 shows the camera
gain levels for both tracker and plume cameras. Figure 30 shows exposure time for both cameras as a
function of telemetry frame number. Reference I provides additional information used for

radiometric calibration.

4.2 Intensity History Overview

As a quick overview, Figs. 31 and 32 show plume-camera long-term trends in the central
region and total spectral radiant intensity, respectively. The values plotted were derived by assuming
the reference spectral shape. Figure 33 shows similar results for the tracker-camera total spectral
radiant intensity in a 19 by 19 pixel region containing the plume-camera field of view. For these
figures, all curves specify spectral radiant intensity at the reference centrold wavelength fi'l each
interval. Note that both the plume and the tracker camera total radiant intenkities show pronounced
upward trends. This trend is much less pronounced in the plume central region spectral radiant
intensity. The fact that thv upwaid liend i., greater in the plume camera than in the trackeer ,:,mer:i total spectral radiant intensity, roughly 50% vs 20%. can be interpreted to mean that the increasing
emission is peaked in the far-UV rather than the near-UV or visible.

-I
I
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I 4.3 Single Images

This subsection presents raW plume image data. Given tile characteristics of thie UVPI
cameras, e.g., exposure time, optics aperture, and the rocket plume radiant intensity, the number of
photoevents that are registered within the focal plane array of a camera can be individually countedas isolated events. In this respect, UVPI can be used as a photon-counting instrument.

Figure 34 shows single images, in zoom image transmission rate, of the Nihka burn. Pixel
radiance is encoded as image brightness, where dark and bright are, respectively, relatively smaller
and larger radiance. The images demonstrate that the shapes of the plume central region and outer
region are not necessarily clearly delineated in a single frame.

U

I -
I

I
i
I
II

I

I Fig. 34 - Singie unprocessed plume camcra images of the Nihka plume

Exery bright spot on the image corresponds to one or more photoevents that pile up a- that
particular pixel during the exposure time of the camera. Figure 35 illustrates the number of
photoevents per second measured at each pixel location in the center 64 by 64 pixels of the lower-
left-corner image shown in Fig. 34. The z axis corresponds to the number of photoevents per second
while the x and ,'v axes correspond to row and column indices. I he actual procedure used to compute
the number of photoevents from the measured digital number in the UVPI telemetry stream was
d~scumzd in Section 3 and in Ref. 1.

I
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Fig. 35 Single image of the Nihka plume 3
4.4 Composite Plume Camera Images and Contour Plots

In this subsection a composite plume-camera image and its corresponding contour plot are 3
presented, showing the spatial distribution of the time-averaged plume radiance. The composite
image is made from calibrated versions of images formed while observing the Nihka during the data
interval summarized in Table 14 of Section 4. As explained in Section 3, the reference emission
spectrum is assumed to convert UVPI measurements into units of radiance, i.e., W/sr-cm 2. The plume-
to-tracker image ratio is 8:2, and the exposure time for iidividual plume camera images is 1/30th of asecond. Many individual images are superposed to form the composite image. 3

The limiting resolution of the UVPI cameras is described by the point spread function.
Observation of a ground-based beacon, a source less than 5 m across, shows that the full-width-half-
maximum of the point source response in the plume camera is about 9 pixels, or about 90 ýirad,
which is equivalent to 40 m at a 450-km range. Figure 36 shows a plume-camera image of the
beacon on the same scale as the plume image that follows. This is representative of the plume
camera's point spread function. Figure 37 shows the contour plot for the ground beacon, a point
source, on the same scale as Fig. 38 Figure 37 shows the resolution of the plume camera contour iplots that result from the point spread function.

Figure 38 shows the calibrated plume-camera PC-I composite image acquired during the
interval defined in Table 14 of Section 4. In this image the radiant intensity has been mapped to a
false-color scale, with black representing the highest intensity, light blue the middle intensity, and
white the lowest intensity. A horizontal color bar depicting the mapping of radiant intensity into
colors is shown on the lower left corner. A histogram of the image intensity values is shown above the
color bar in the form of dark dots.

Figure 39 shows the contour plot for the data interval. The black, blue, and red contours
represent, respectively, plume radiance contours at 95%7c, 50%, and 9.5c% of the maximum radiance in I
the image. The radiance units are watts per steradian per square centimeter, and the horizontal and

vertical axes are scaled in meters.
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Observing sensor: 4v5I
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Fig. 36 - Plume camera image of ground-based beacon illustiating the point spread function
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Fig. 37 - Plume camera contour plot for ground-based beacon
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ObservIng sensor: ULVPI (Aug. 25, 1990)
Target observed: Nihka

Range of frames used: 11603-11810
Number of superposed images: 96

Camera: Plume
Spectral band (am): 220-320 (PC-))

Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 450.7

Pixel footprint (m) @ range: 4.42 (vertical) x 5.63 (horizontal)
Aspect angle (del): 56.7

*Total photoevents/s: 1.35 x 103
*Total radiant Intensity (W/sr): 34.6

*Total spectral radiant intensity
1i@ I' nm (W/sr-pm): 231.0

*Error (%): 11.5%
*For ft l image.

Fig. 38 - Composite plume-camera image
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Observing sensor: UTVPI (Aug. 25, 1990)
Target observed: Nihka

Range of frames used: 11603-11810
Number of superposed Images: 96

Camera: Plume
Spectral hand (nm): 220-320 (PC- 1)

Displayed image size (pixels): 90.6 (vertical) x 7 1.0 (horizontal)
Average-range (kmn): 450.7

Pixel footprint (mn) @ range: 4.42 (vertical) x 5.63 (horizontal)
Aspect angle (delt): ±56.7

*Photoevents/s: 5 5.29
*Apparent peak radiance (i±W/sr.cm 2): 5.47 x 10-1

*Apparent peak spectral radiance I
@ 280 nin (gLW/sr-cm 24Lin): j3.63

For brightest pixel.I Fig. 39 - Plume camera contoui plot
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Because of the UVPI's dynamic range of 256 levels in the analog-to-digital converter, it is
difficult to get well-defined plume contours at levels below 9.5% of the maximum radiance unless a
large number of images are superposed. With each picture or plot, a companion summary table
provides relevant information for the quantitative interpretation of the image or plot. The parameters
presented in these tables are described in Table 16.

Table 16 - Basic Parameters
Aspect angle Angle, in degrees, between the line of sight and the rocket body longitudinal vector.

Average range Average distance, in kilometers. between UVPI and the plume target.

Camera Camera used, either tracker or plume.

Displayed image size Size in pixels (picture elements) of the image being displayed.

Number of superposed images Number of images averaged together to generate the composite image. Because of the tracker-
to-plume image ratio, this number is not equal to the number of frames in the range.

Pixel footpnrnt Projected pixel dimensions, in meters, at target range. This number does not account for any
spreading introduced by the optics or jitter since it incorporates only the instantaneous field of
view.

Range of frames used Range of frames containing the set of tracker or plume camera images superposed.

Spectral band Spectral band. in nanometers, covered by all images within the set. This band includes more
than 99% of the net quantum efficiency response curve.

Target observed Nihka

Total photoevents/s Sum of all photoevent-per-second pixel values over the specified region of the focal plane.

Total radiant intensity (W/sr) Radiant intensity associated with total photoevents per second.

Total spectral radiant intensity Spectral radiant intensity at the specified centroid wavelength associated with the total
(W/sr-pm) photocvents per second.

Apparent peak radiance Apparent radiance measured: at the brightest pixel in an image. Because of the size and 1
(;tW/sr-cm2) structure of UVPI'b point spread function, the value given is no, likely to be a good measure ofthe true peak radiance at the source. The value is useful for rough comparisons and order-of-

magnutude estimates.

Apparent peak spectral Apparent spectral radiance at the specified centroid wavelength measured at the brightest pixel

radiance (ptW/sr-cm 2 -lim) in an image. Because of the size and structure of UVPI's point spread function, the value given
is lik-ly not to be a good measure of the true peak spectral radiance at the source. The value is
useful for rough comparisons and order-of-magnitude estimates.

Error (%) Total error associated with the above radiometric values. This error includes gain conversion
factor error and the errnr attributable to photon shot noise and detector noise. The error I
estimate is based on the total number of images superposed. See Section 4.6 for in-depth

discussion. i
Table 17 shows the maximum apparent pixel radiance measured for the brightest pixel and

also the apparent peak spectral radiance reported at the specified centroid wavelength. The values
given are primarily useful for rough comparisons and order-of-magnitude estimates due to the size I
and structure of UVPI's point spread function. Estimates of true source peak radiance require further
analysis. A comparison of UVPI apparent radiance measurements with CHARM 1.3 code predictions
is presented in Section 5.3.

Table 17 - Plume Camera Apparent Peak Radiometric Values

F Fil-ter Apparent Peak] Apparent Peak Spectral Centroid WavelengthI itrI (r-r~ IApC n m)i avlnt I 1,(gaWi~sr-m2.) (ýlW/sr-cm2-1rm)_

PC-I 5.47 x 10-1 3.65 280 3
During the data interval the apparent rocket velocity vector changes slightly. The velocity is

directed out of the page towards the viewer at an angle that is the complement of the aspect angle
shown in Fig. 8. Over the observation period, the direction of the rocket velocity vector projected on I
the image plane changed by 12.07'. The mean direction of the motion is given in Table 18.

I
Ii
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Table 18 - Apparent Velocity Vector Direction During Observation

to Tracker Camera X Axis
~~~Filter Mean Direction of Motion Relative Change in Direction~t rce aeaXAi

IPC- I -53.50 12.07'

4.5 Calibrated Tracker Camera Images

While the plume camera ga0 -ocket plume images, the tracker camera gathered images at
a lower rate because of the plur" ker image ratio. The tracker camera's exposure time was
9.66 ms during the data interv?

The limiting resolution of t.i UVPI cameras is described by the point spread function.
Observation of the ground-based beacon, a source less than 5 m across, showed that the full-width-
half-maximum of the point source response in the tracker camera is about 1.5 pixels, or about 230
g.trad. This is equivalent to 104 m at 450-km range. Figure 40 is a tracker camera contour plot of the
ground-based beacon. This is representative of the tracker camera's point spread function and can be
compared with the tracker camera contour plot shown in Fig. 41. Figure 42 shows a tracker camera
image of the ground-based beacon on the same scale as the composite tracker-camera image shown
in Fig. 43.
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I Observing sensor: UJVPI
Target observed: UVPI ground-based beacon

Orbit number: 1173
Range of frames used: 12772-12772

Camera: Tracker
Displayed image size (pixels): 112 (venical) x 91 Chlri/ultal)

I Average range (kin): 450

Fig. 40 - Tracker camera contour plot for ground-based beacon
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SObserving sensor: UVPI Aug. 25, 1990)
Target observed: Nihka

Range of frames used: 11603-11810
Number of superposed images: 40

Camera: Tracker
Spectral band (nm): 255450

Displayed image size (km): 2 (vertica x 2 (horizontal)
Average range (kin): 450.7

Pixel footprint (m) @ range: 64.4 (vertical) x 82.0 (horizontal)
-Aspect angle (deg): 56.7

*Photoevents/s: 2.44 x 104
*Apparent peak radiance (i±W/sr-cm 2 ): 4.04 x 10-1

*Apparent peak spectral radiance

@ 390.nm n tW/sr-cm 2 -qimn: 3.22
*For brightest pixel.

I Fig 41 -Tracker camera contoum plot
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Observing sensor: UVFI
Target observed: UVPI ground-based beacon

Orbit uumber: 1173
Range of frames used: 12772-12772

Camera: Tracker
Dislaed imae size (pixels): _ 12(vertical) x 91(horizontal)

Average range (km): 450

Fig. 42 - Tracker camera image of ground-based beacon illustrating the point spread function
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Observing sensor: UVPI (Aug. 25, 1990)
STarget observed: Nihka

Range of frames used: 11603-11810
Number of superposed images: 40

Camera: Tracker
Spectral band (urn): 255-450

Displayed ii m~a size -(pixels): 112 (vertical) x 91 (horizontal)
• Averagte range (kin): 450.7

IPixel footprint (m) @ range: 64.4 (vertical) x 82.0 (horizontal)

Aspect angle (deg): 56.7
*To~tal photoeveuts/s: 1.97 x 105

I*Total radiant Intensity (W/sr): 1 72 x 102

*Total spectral radiant Intensity
@390-um (W/s~r-Itm): 1.37 x 103

I ~ ~~~*For central 19 x '_9 pixels. *ro %: 1.

Fig. 43 - Composite tracker camera image
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With each picture or plot a companion summary table provides relevant information for I
quantitative interpretation. The parameters presented in these tables are described in Table 16.
Radiometric values reported in the table accompanying each figure are for the central 19 by 19
pixels of the tracker camera. This field of view approximately matches the total field of view of the
plume caieria. It contains the plume central region and a portion of the outer region. Therefore, it I
cannot reliably be converted to radiant intensity or spectral radiant intensity. However, to provide
estimates of the radiant intensity and spectral radiant intensity, values based on reference spectral
energy distribution assumptionis are reported for the tracker camera observations. These results have I
been reduced by 16.3% to account for redi leakage in the tracker-camera filter.

4.6 Error Analysis for Radiometric Observations I
The complete estimate of the error in determining radiometric values from the digital

numbers reported by the UVPI cameras observing a rocket plume is composed of two ..Ufnponents:
measurement noise, summarized in 4.6.1, which includes photon shot noise and other intrinsic sensor
noise sources; and calibration error (summarized in 4.6.2), which is the error contained in the gain
conversion factor. Section ,•.6.3 summarizes the calculation of the total error based on the error
components presented in 4.6.1 and 4.6.2. Detailed discussions of error estimates are found in Ref. 1.

4.6.1 Error Resulting from Measurement Noise

As a result of photon shot noise, the error in the calculated number of photoevents changes as
a function of the plume radiant intensity, which could change as a function of time. This error I
analysis assumes that the radiant intensity statistics are not affected by a small shift in time. A window
size of 15 consecutive images was selected for the statistical analysis of the plume-camera data, and a
window of 15 consecutive images was selected for the tracker-camera analysis. A larger time window I
could be used but with the risk of making the locally constant assumption invalid.

Given the number of photoevents as a function of image, the following quantities are defined:

M - number of images in data interval,

N - number of images used within the window,
ti - local mean over N images around ith image,
ci - local standard deviation around ith image,

ti - 3.1 a + ii, detection threshold, f
Ci - a i /gi, local error around the ith image,
Gg - gain conversion factor for gain step g, in units of sensor output per photoevent,

EI/cG - error in I1Gg,
EN - average local error in the measured number,

EN = ), (16)

eu upper bound error in the measured number for the case of M averaged images, 3
max (-i)

E•u - , over all i. (17)

To prevent extreme values from affecting the local statistics, the maximum and minimum
values within the N window samples were rejected. That is, only N-2 images were used for the local
mean and local standard deviation computation. Under the assumption that the mean radiant intensity

I
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is high enough for the radiant intensity fluctuations to be modeled by a gaussian distribution, the
probability of exceeding the threshold ti is no more than 0.001.

Table 19 lists M, the number of itvagt- averaged, and EN, the error caused by measurement in
the values averaged over the window that consists of N images. There are three columns of EN values
corresponding to plume-camera central reg'on measurements, plume camera central region plus
outer region, and tracker camera 19 by 19 pixel field of view. The '9 by 19 tracker-camera pixels
approximately cover the full field of view of the plume camera. The central region and outer regionas used in this report are defined in Section 5.1.

Table 19 - Percent Error per Image Resulting from Measurement Noise, EN

Images 1 Plume Camera Plume Camera Central Tracker Camera
( I) Central Region Region + Outer Region 19 x 19
96 34.3 20.0 6.28

4.6.2 Error in Gain Conversion Factor

The gain conversion factor G8 derived from on-orbit calibration (1], is based on calibration
star measurements. On the La'is of measurements of several calibration stars over the full set of UVPI
camera gains, an estimate of error associat(ed with Gg can be obtained for each camera configuration
by calculating the deviations of individual calhbit'ion star metburements about a mean calibration
curve.

Table 20 tabulates the error associated with the gain conversion factor for the plumc and
tracker cameras. The average deviation is a good error estimate, the maximum deviation gives a
worst-case estimate.

Table 20 - Error in l/Gg for Tracker and Plume Cameras

Camera/Filter Average Deviation- Maximum Deviation
from Mean from Mean

Calibration Curve ()Calibration Curve(%

Tracker 15.6 17.3
Plume, PC-1 10.5 33.3
Plume, PC-2 15.9 25.2
Plume, PC-3 9.9 24.7
Plume, PC-4 13.5 26.0

4.6.3 Calculation of Total Error

The estimated total calibration error depends on the number of images averaged together, M.
In this report the total error is defined as the ratio of the standard deviations of the number of
photoevents to the mean value of the number of photoevents. Assuming that the digital number
reported by UVPI for a calibration star and the gain conversion factor G. are uncorrelated, or weakly
correlated, then the total error per image EFcan be obtained from the relation 115]:

EF = NI1E2N'E21/G+E2N+E21/G, (18)

bI
iI



U
48 H.W. Smathers er al,

where FN is the average local error in the number of measured photoevents presented in Table 19 and

EI/G is the error in the gain conversion factor tabulated in Table 20.

I-or the case of M averaged images, an upper bound estimate of the total error is given by i
ET = C2E 2 £211G+ E 2 u+ 2 1/G. (19) 1

Notice that ET can never be smaller than e1/G no matter how many images are averaged together.

Table 21 summarizes the overall error analysis results for the plume central region radiant l
intensities. The first column contains the number of images within the data interval. The column
under the K heading contains the ratio of the average standard deviation of photoevents to the square
root of the average number of photoevents, i.e., 1

K E, - (20)N jg

Table 21 - Plume Central Region Radiometric Percent Errors for Plume Camera

M K TF ET

96 36.1 I 11.5 I

Under the assumption that the signal is not changing rapidly in time, K relates the measured
noise to the theoretical performance of a background-limited system, where the dominant source of
noise is shot noise. A ratio of K = I implies pure background-limited performance. Hence, the values
obtained indicate that although UVPI is close to background-limited performance, other sources of
sensor noise are present.

The third and fourth columns show, respectively, the total percent error on an image-by-
image basis and the total percent error resulting after averaging all M images. I

Similar to Table 21, Tables 22 and 23 show, respectively, the radiant intensity errors for the
total plume camera field of view and those for the 19 by 19 tracker camera pixels that overlay the I
plume camera field of view.

Table 22 - Central Region Plus Outer Region Radiometric Percent Errors for Plume Camera 3
M I K C Fi

L 96 i 1.25 22.7 11.5 3
Table 23 - Radiometric Percent Errors: Tracker Camera Over 19 x 19 Pixel Window

M KI I CF* FT*
40  1 2.96 I 16.8 15.8 71

"Not redcak-corrccied

Table 24 lists zT for the plume camera observing the centra! region only, for the plume
camera observing the central region and the outer region, and for the 19 by 19 pixel field in the
tracker camera that corresponds to the full plume-camera field of view. 3

I
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Table 24 - Total Radiometric Percent Errors, cT

I Plume Camera Plume Camera Central Tracker Camera I
Central Region Region + Outer Region 19 x 19* I

11.5 11.5 15.8
"Not redleak-corrected

4.7 Noise-Equivalent Radiance

Following the noise-equivalent radiance (NER) definition given in the Infrared Handbook
[16], the UVPI NER is defined as the source radiance level that will result in a signal-to-noise ratio of
I at the output of a single pixel. The NER can be interpreted as the sensitivity limit for an imaging
system. For UVPI, a single NER number does not fully characterize the sensitivity of the system since
.his is a function of integration time, spectral filter, camera gain level, number of images superposed,
and the assumed source spectrum.

The following discussion is based on empirical estimates of the signal and noise within the
UVPI cameras as opposed to a theoretical discussion. Reference 17 provides a theoretical expression
for the signal-power to noise-power ratio applicable to the microchannel plate image intensifier of the
UVPI. A single pixel in the plume or tracker camera can be treated as a photoevent counting device.
The signal-to-noise ratio (SNR) definition from which the empirical UVPI NER is derived is

(SNR) 2 = M7 - S2 /(M.N2+M.Ns2 ), (21)

where
M is the number of images superposed. This affects the effective integration time.
S is the mean number of signal-related photoevents collected in a pixel during the

integration time.
N is the signal-independent noise standard deviation for a single pixel in a single image

expressed in photoevents/pixel-image. This noise source is constant. When expressed in
photoevents/pixel-image, its level depends on the camera gain setting used.

NS is the signal-dependent photon shot noise standard deviation in a pixel during the
integration time expressed in photoevents/pixel-image. Based on extensive
measurements made on UVPI data, the signal-dependent noise can be expressed in
terms of the mean number of signal related photoevents by using the equation:

N5 = 2SI/2. (22)

Note that this is two times higher than the photon shot noise prediction.

From Eq. (21) above, the mean number of signal-related photoevents/pixel-image in a pixel
that will result in a SNR of I is

S' = 2 [1+(+M°N2/4)11 2]I/M. (23)

Notice that for the case of only one superposed image, M=l, and a negligible level of sensor
noise N, the resulting sensitivity limit is 4 photoevents/pixel-image. The NER is related to S' by a
multiplicative constant K, i.e.,

NER = K°S'= 2K il+(l+M.N2!4)1121/M, (24)

where K is the radiometric calibration constant that converts from photoevents/pixel-image to ýtW/sr-
cm 2 . K is a function of the spectral filter used, the single image exposure time, and the assumed
source spectrum.
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The radiometric sensitivity could also be improved by performing spatial averaging at the
expense of a lower spatial resolution.

Table 25 summarizes the estimated NER, or sensitivity level, for the plume ,.aiera under the I
assumption of the reference spectrum. Since, for the plume camera, the signal-independent noise is
negligible compared to the signal-dependent noise, image superposition provides an increase in
sensitivity that is linear with the number of superposed images. 3

Table 25 - Plume Camera NER Per Pixel for Data Interval
Filter NER for Single Image Number of Images NER for Data IntervalI (W/sr-cm 2) Superos ( c
PC--I 1.24 x 10-5 96 1.30 x 10-7 -

Table 26 summarizes the estimated or sensitivity level, for the tracker camera under the
assumption of the reference spectrum. The last column expresses the sensitivity level in photoevents/s.
As opposed to the plume camera, the tracker camera signal-independent noise is not negligible, and
the improvement in sensitivity is not linear with the number of images superposed.

Table 26 - Tracker Camera NER Per Pixel
N•ER for Single Number of Images NER for Data Minimum Detectable Number I

Image (W/sr-cm2)* Superposed Interval (W/sr-cm2)* of Photoevents/s for
Superposed Images*

9.1 ix 10-8 1 40 jI4.6x 1010 48.6
*Not redleak-corrected

5.0 SPATIAL FEATURES I
This section concentrates on the spatial characterization of the measured plumes. First,

definitions for the plume central region and outer region are presented. Second, the plume's spatial
extent is discussed with consideration for the UVPI's point spread function (PSF). Finally, the I
observed plume is compared to CHARM 1.3 model predictions.

5.1 Delineation of Plume Central and Outer Regions I
Because of the generally low signal statistics in a single image, an accurate delineation of the

plume central or outer region is not possible from a single image. Hence, an average of superposed
images (a composite image) is used to define the plume central region extent. I

Definition of the central region was begun by selecting all pixels in the composite image for
which the radiance was at least 25% of the brightest pixel radiance. The resulting region was
expanded further by performing a dilation with a square window of 5 by 5 pixels. By using this
criterion, the region defining the plume central region is depicted in Fig. 44. The image on the left is
the composite image; in the image on the right, the corresponding central region is overlaid as a
completely white region.

Table 27 summarizes the central region extent in pixels for the data interval.

Table 27 - Central Region Extent in Plume Camera I
Filter Central Re ion Extent (pixels) Central Region Extent (m2)

I PC-I 1 30-1 I 7563 1
I
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Fig. 44 Highlighted plume central region for Nihka

For the tracker camera, the central region was defined as all those pixels that overlap the
plume camera field of view. Hence, in this report, the central region for the tracker camera is not
defined over the same area as for the plume camera.

From the point of view of phenomenology, an argument can be made that the central region
definition above does not fully contairn the plume core. To validate the definition of the plume
central region, additional consecutive dilation operations were performed to force the defined central
region to become larger. As an example, Fig. 45 shows the number of -1hotoevents per image in the
central and outer regions as a function of central region size. A vertical dashed line illustrates the
central region size used in this report. This plot can be used to scale the results presented in this
report If a different central region size is desired
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Fig. 45 -Phccvents as a function of defined central region size
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5.2 Plume Extent and Point Spread Function I
The effective UVPI point spread function (PSF) is defined as the response of the instrument

to a point source, e.g., a star or a ground-based beacon. An understanding of the UVPI plume
camera's PSF is critical in establishing the maximum size of the observed Nihka plume. Table 2S
summarizes the estimated plume central region axial length, as defined from peak to either 50% or
10% of peak brightness. These plume length estimates do not incorporate corrections for the aspect
angle or for the plume camera's PSF.

Table 28 - Observed Axial Length of Plume Central Region

U(.. m) .. . - _ m)
PC-I 1 40.4 1 86.5

Based on UVPI data from many observations, the plume camera's PSF depends on the
observation modality, i.e., downward-looking vs sideward-looking. Sideward-looking observations
use the door-mounted mirror but downward-looking observations do not. The observation of the
Nihka plume did not use the door-mounted mirror. The existing data for point sources indicate that I
the PSF is less circularly symmetric when using the door-mounted mirror. This could be the result of
jitter in the door mirror. II

Figure 46 shows a plume-camera image of a gronad-based beacon. Reference I gives a
scaled version of the plume camera's PSF for the beacon. Figure 46 shows a three-dimensional plot
of thc PSF that results from observation of the ground-based beacon. For the ground-based beacon, I
the axial length of the PSF from peak to 50% of the peak along the major axis is about 4 pixels or 20
m at a range of 450 km, as shown in Fig. 47. The full-width-half-maximnm length is about 40 m.
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Fig. 46 - Plume camera PSF for ground-based beacon
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Fig. 47 - Axial profile throv'gh plume camera PSF for ground-based beacon

Figure 48 is a profile of the' radiance along the major axis of the plume, measured by the
plume camera. The horizontal line corresponds to the NER sensitivity limit after image superposition.
It is evident from this figure that, after image superposition, good SNR was achieved.
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Figure 42 is a tracker camera image of a ground-based beacon. Reference I gives a scaled I
version of the tracker camera's PSF for the beacon. Figure 49 shows a three-dimensional plot of the
PSF that results from observation of the ground-based beacon, and Fig. 50 is an axial profile of the
beacon as seen by the tracker camera.
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Fig. 40 - Tracker camera PSF for ground-based beacon
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Fig. 50 - Axial profile through tracker camera PSF for ground-based beacon

5.3 Comparison of Results to CHARM 1.3 Predictions I
This subsection compares the UVPI measurements to the predictions provided by a

theoretical plume model. Research Support Instruments (RSI) (Alexandria, Virginia) generated a
CHARM i.3 run in which the Nihka stage was modeled and emission in the PC-I waveband was
summed, by using input parameters provided by Grumman Corp. 118]. The CHARM 1.3 input deck
is included as Appends,: C. The following basic parameters were used for the rin:

Model: CHARM 1.3
Object modeled: Intrinsic Core

Aspect angle for data interval: 560
Horizontal resolution: 5.0 m

Vertical resolution: 5.0 m I
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In RSI's run, a 5 by 5 m pixel resolution was used. To get a comparison between the CHARM
1.3 prcdictions and the UVPI measurement, the CHARM 1.3 predictions were convolved with an
estimate of the UVPI's PSF. A normalized version of the ground-beacon image, Frame 12778, Orbit
1173, was ,ised as the best UVPI plume-camera PSF estimate.

Figures 51 and 52 show an example of the CHARM 1.3 prediction convolved with the UVPI
point spread function (PSF). The left image in Fig. 51 shows a false-color CHARM 1.3 image
prediction with 5-m resolution for the Nihka motor, assuming it is being observed wvith PC-I. The
right image shows the same CHARM 1.3 prediction, except that it is convolved with the UVPI point
spread function. Figure 52 is the corresponding contour plot for the image prediction, again
assuming UTVPI PC-I and convolution with UVP1 PSF. For the Nihka data interval, Fig. 53 shows: theCHARM 1.3 high-resolution prediction of the plume radiance as a function of axial distance: the

CHARM 1.3 prediction convolved with the UVPI plume camera PSF; and a horizontal line depicting
the interval noise-equivalent radiance (NER) of the plume camera.

The peak radiances and the plume lengths for the CHARM 1.3 image predictions are listed in
Tables 29 and 30.

CHRAlI.3 Prediction CHARM 1.3 Prediction
Using 5 Meter Resolution Using UUPI's PSF

MO dop

max=4.48 uW/sr-cm.
I =4.095ftax I =8,50tax I =0,955max

Fig 51 - CHARM 1.3 image prediction foi PC-1 before and after smearing
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Table 29 - Peak Radiance Comparison I
CHARM 1.3 @ 5-rn CHARM 1.3 Convolved L.VPl Measured Peak

Filter Resolution Peak Radiance Peak Radiance Radiance
(iiW/sr-cm 2) (p.W/sr-cm 2 ) (4W/sr-cm 2 ) I

"PC-I 4.48 6.82 x 10-1 5.47 x 10-1 I
Table 30 - Comparison of Measured to Predicted Plume Length

Plume Length (m)
Peak to 50% and Peak to 10%

Filter CHARM 1.3 CHARM 1.3 UVPI
@ 5-m Resolution Using UVPI's Measured

PSFI
50% 10% 50% 10% 50% 10%

PC-I1 25 50 50 80 404 8

6.0 TEMPORAL FEATURES

This section presents calibrated photoevents per image and radiant intensity values for the 3
Nihka data interval. The calibratioia piocedlurc used is described in Section 3. The conversion to
radiant intensity is performed by using a reference emission spectrum for incandescent alumina
particles that is typical of the emission spectrum produced by solid-fuel rocket motors containing
ammonium perchlorate/aluminum. The latter is similar to the model used in the CHARM 1.2 code I
and its later versions CHARM 1.3 and 1.4. Section 6.1 presents the plume-camera observations and
6.2 presents the tracker camera observations.

6.1 Plume Camera Intensity Plots

This section presents the number of photoevents observed in the plume camera, Soth central
region and total, for each image during the data interval. i

The separation of plume central region from total FOV is described in Section 5.1. During
the telemetry frame range depicted in each plot, the plume-to-tracker image ratio was 8:2. I
Consequently, the plots show repeated groups consisting of eight consecutive plume camera images
followed by a gap where the two tracker camera images occurred.

In addition to the intensities, the figures include: the estimated local mean, which is a running I
average of the iniensity; and a threshold of 3.1 standard deviations above the local mean, which flags
intensity values that are highly unlikely (probability less than 0.001) based on local statistics. The
local statistics are computed by using a running window of 15 frames for plume camera data. Section
4.6 gives a more complete discussion of the computations of local statistics.

Figures 54 and 55 convey information useful for indexing those frames or times at which a
significant statistical deviation in the intensity is observed, based on the local statistics, and for 1
showing the intensity variation over both the plume central region and the total plume.

Figure 54 shows two instances in which the measured number of photoevents exceeds the
local mean by more than 3.1 standard deviations. The probability of such an event is less than 0.001. I
Therefore, all instances in which the measured number of photoevents exceeded the threshold were
investigated in great detail. No significant difference was observed in the composite images after
disregarding the images where the measured number of photoevents exceeded the threshold. As can I
be seen from Figs. 54 and 55, the number of photoevents for the total plume-camera field of view

I
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increases with time whereas the number of photoevents for the central region is fairly constant. This
was seen in the plots of spectral radiant intensity depicted in Figs. 31 and 32.

S120 ( 60
O -.- Local Mean . Local Mean FWP= 1.90 • oalMa FWP =1 E 5o,100 -Local Threshold E 50 .... Local Threshol

It 80 ------------- ,(D 40 ,.,-. .... .....--- -I
>' > ,,, ,sV (D"0 80 .4 30

0 - ( -Z 40 B 20IDIo .......... o 0

Mo 20 .0 10

E E).0

Z 0 Z 0
11600 11654 11708 11762 11816 11600 11654 11708 11762 11816

Telemetry Frame Number Telemetry Frame Number

Fig. 54 - Nihka, plume camera, total field-of-view Fig. 55 - Nihka, plume camera, central region intensity
intensily

Table 31 summarizes the average radiant intensity (ARI) and average spectral radiant
intensity (ASRI) for the plume-camera observation. The average radiant intensity reported is based
on the reference spectral energy distribution assumption. It represents the average of all images in theIinterval.

Table 31 - Summary of Plume Camera Average Radiant Intensity

Measured ARI* Measured ASRI**

Band Central Region ARI Total ARI Centroid Total ASRI
(nm) (W/sr) (W/sR) Wavelength (W/sr-lAm)

SR Im)(nm)
2203 12.3 34.6 280 231.0
• Average Radiant Intensity

• • Average Spectral Radiant Intensity

When operating in the zoom image transmission rate, each telemetry frame contains one

image.

6.2 Tracker Camera Intensity Plots

Figure 56 presents total photoevents per image for the 19 by 19 pixel section of the tracker
camera, corresponding approximately to the total field of view of the plume camera. This field of
view contains plume central region and a portion of the outer region. Figure 56 is primarily intended
to show image-to-image variations in the number of photoevents per image after redleak correction.
To provide an estimate of the average radiant intensity, values based on reference spectral energy
distribution assumptions are reported in Table 32 for the tracker-camera observation. These results
have been reduced by 16.3% to account for red leakage in the tracker-camera filter. As can be seen
in Fig. 56, a slight ramp up in photoevents occurs during •lic buiii. lilowcvcr, this i.; not as strong a-; is
seen in the total plume camera field of view in Fig. 54.

In addition to the intensities, the figure includes: the estimated local mean, which is a running
average of the intensity; and a threshold of 3.1 standard deviations above the local mean, which flags
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intensity values that are highly unlikely (probability less than 0.001) based on the local statistics. The
local statistics are computed by using a running window of 15 frames for tracker camera data.
Section 4.6 provides a more complete discussion of the computations of local statistics.

4500 t
Loca! Mean

E Local Threshlold
,- 3375
( * ', ...- . ..

C

o2 2250 j . ... .. . .

"1125

ES0 U
zZ 0

11600 11654 11708 11762 11816 I
Telemetry Frame Number

Fig. 56 - Nihka, tracker camera 3
Table 32 - Summary of Tracker Camera Average Radiant Intensity

Filter Band ARI* in 19 x 19 Pixel ASRI** in 19 x 19 Pixel]
(nm) Region Region @ 390 nm

0(V/st) (W/sr-Ltm) I
PC-I 255-450 1.72 x H02 1.37 x 103
Average Radiant Intensity I

* Average Spectral Radiant Intensity

7.0 SPECTRAL ANALYSIS OF PLUMES i

This section presents the spectral analysis of the emission from the Nihka stage plume. As
summarized in Table 15, the UVPI plume and tracker cameras observed the Nihka stage at a range of
approximately 451 km. The figures and tables in this section show: the computed spectral radiant
intensity in W/sr-ptm of the plume central region, and the spectral radiant intensity measured over the
entire plume camera fPeld of view. 3
7.1 Observed Spectral Radiant Intensities

The conversion of the plume and tracker camera data to radiometric values requires the 3
assumption of a source spectrum, as described in Section 3.5. The reference spectral shape has been
used in the analysis of the camera data presented in this section. The wavelength for which the
spectral radiant intensity is reported is the centroid wavelength when the assumed source spectrum is
convolved with the UVPI net quantum efficiency function, as described in Section 3.6.

In selecting the reference spectrum scaling factor, an effort was made to find a good arbitrary
fit to the PC-I and tracker-camera data points. I

The plume-camera observation ot the Nihka waas made between 185.0 and i91.9 after
liftoff. The range from UVPI to the rocket was approximately 450 km during this time period. The
spectral radiant intensity of the plume central region, as measured by UVPI using the PC-I spectral I
filter and the tracker camera, is listed in Table 33.

I
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Table 33 - Measured Spectral Radiant Intensity

Wavelength Filter Observed Central Plume Camera Field
(nn.) Region (W/sr-lum) of View (W/sr-jlm)

280 PC- 1 82.1 231.0
390 Tracker - 1370

The spectral radiant intensity for the Nihka stage, measured by UVPI over the entire plume
camera field of view, is shown in Fig. 57. Note that the tracker-camera pixels analyzed in this section
corresponded to the full field of view of the plume camera. Figure 57 also shows a scaled referenceI pectral shape and blackbody spectrum. The data are also listed in Table 33. The scaling of the
reference spectrum, relative to the plume and tracker camera measurements, is arbitrary and is
intended to give a measure of relative spectral radiant intensities compared to that predicted by the
reference spectrum.

•101
C

1IO-1

-- Scaled 2300 K BB
M *.-----Scaled Ref. Spectrum

-qr i 3  I *Nihka total10.3

u 150 200 250 300 350 400 450
Wavelength (nm)

Fig. 57 - Measured spectral radiant intensity for the Nihka, plume. camera field of view

7.2 Discussion

The reference model hypothesizes that the principal source of UV radiation is thermal
emission from alumina particles at the fusion temperature of alumina, 2320 K. The spectral shape
departs from that of a blackbody because of the decreasing effective emissivity of the particles with
increasing wavelength. The plume camera data in the far UV are significantly higher than would be
expected based on a reference spectrum scaled to match the tracker-camera signal. No obvious
modification to the reference spectrum will yield the far UV excess evident in the UVPI data. A
plausible hypothesis is that an additional emission mechanism is producing the excess UV emission.
Spectral line emission by exhaust gases and by the mesospheric atmosphere disturbed by the rocket,
e.g., CO cameron and NO gamma bands, are possible sources. The possibility of a far-UV excess
caused by luminous gases was discussed briefly in the Orbus preflight document [7].

8.0 ANOMALOUS EVENTS

8.1 Possible Earlier Explosion

At about 152 s after the launch of the Black Brant X and about 24 s before the Nihka
ignition, the UVPI tracker camera recorded a !arge flish in the lower central portion of the field of
view. From the intensity contours and circular symmetry of this image, it appears that the central
portion of this flash may not be contained in the tracker camera's field of view, but is below the field
of view. The plume-to-tracker camera frame interleaving ratio was 2:8 during this portion of the

observation and the previous frame was a plume-camera frame that shows no unusual activity. The
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following seven frames are tracker-camera frames with the first two of the seven showing no unusual a
activity. The third of the seven shows an image in the form of a short streak aligned with the central
region of the previous flash. The next fiame shows what appears to be the beginning of a similar
streak at the upper edge of the field of view and extending outside the field of view. Figure 58 is a I
composite of the three frames showing the flash and the two streaks.

The MCP was on for the entire duration of the image integration, which was 1/3oth of a 5
second. The length of the streak is measured to be 2 +9.3 microradians, and the distance from the
beginning of the first streak to the beginning of the second streak is 11 +0.3 microradians. The time
between two frames is 0.2 s. Assuming that the streaks are both caused by a luminous object moving
with respect to the field of view, the length of the streak and the distance between the two streaks are U
both consistent with a speed of about 55 microradians/s Using this velocity and measuring the
direction in a straight line connecting the end points of the two streaks places the object within the
flash seen two frames earlier. 3
8.2 Nihka Burnout Anomaly

Near the end of the Nihka bum a bright object appeared on one plume-camera frame, 11810.
Figure 59 is a composite of frame 11810 and several previous frames showing the Nihka plume and
the bright object. This object is brighter than and quite distant from the rocket plume. The
immediately previous and subsequent frames were both from the plume camera, and neither frame,
nor any other, showed a similar object. The tracker electronics had solid lock throughout the Nihka U
bum until the time of burnout. abcut •ix frames later.

The assumption that this object is incandescent material ejected from the rocket nozzle cannot
be convincingly supported from the observed data. The time between successive frames is 1/30th U
second, the ,ange from the UVPI to the Nihka at burnout is about 448 kin, and the aspect angle is
about 56'. The distance from the center of the rocket plume to the center of the bright object is about
576 microradians as measured in the plume camera image. From this, the speed of the material can U
be estimated as:

V= 448 km*576 4Lrad(sin(56°)*1/30 s)

and is 9.3 km/s. Since the integration time of a plume camera image is 1/3oth second, the length of the
bright object in this image because of its speed would be more than 500 g.trad, but the measured
length is only about 100 lgrad. This could be explained only if the time of burning of the
incandescent material is about (1/30th s)*(I/5c)=1/15Oth s. The orientation of the longitudinal axis of 1
the rocket plume as measured in the UVPI plume camera is -44' from the horizontal of the camera

image. The bright object is about -33' from the horizontal, which is not in line with the observed
thrust direction of the Nihka plume.

Since this object was quite bright and appeared quite distant from the rocket plume, tracker
electronics data related to the target size and centroid error were examined to determine if it would
correlate with such an object. Figures 60 and 61 show plots of target size and centroid error during U
the time of stable Nihka tracking. The target size shows an increase predominantly in the x direction
and the centroid error is growing in the x direction at the same time. Although both curves show
some increase beginning about 2 s before Nihka burnout, neither shows any umiusual behavior during
the last few frames of valid tracking when the bright obJect appears in the plume camera.

I
U
I
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-- 9.0 SUMMARY AND CONCLUSIONS

l 9.1 Summary

The goal of the Nihka mission was the acquisition from space of radiometric UV plume data
by using the UVPI onboard the LACE satellite. The UVPI plume camera is an imaging radiometer
with tour filters, centered at 250, 270, 280, and 305 nm. This instrument was designed to obtain
radiometric data in a spectral region that is especially favorable for missile detection because of the
very low solar background. Operation from space is necessary because the atmosphere is practically
opaque to wavelengths below 300 nm. From 500-km range, the plume camera has a resolution of
approximately 45 m.

The Black Brant X, a three-stage solid-propellant missile system, was obtained for this
observation. The first stage (a Terrier motor) and the second stage (a Black Brant motor) operated atI too low an altitude to be observed from -,)ace. The mission was designed for the observation of the
third-stage plume produced by the Nihka rocket motor. The rocket trajectory was selected to permit
observation from the LACE satellite during its pass near the Wallops Island launch site.

The Black Brant X was launched from Wallops Island, Virginia, before sunrise on 25 August
1990. The Nihka stage was successfully tracked by the UVP! camera from an average range of 451
km. The Nihka plume was tracked for 3.23 s, and plume data were acquired with one plume camera
filter, PC-I, which spans the 220 to 320 nm band.

The 96 images of the Nihka plume from the plume camera were of sufficient quality and
tracking accuracy to permit the superposition of images for increased radiometric accuracy.

The superposed images were analyzed to ohtain the spectral radiance (evaluating the plume as
a spatially resolved source) and the spectral radiant intensity (summing over space to treat the plume
as a point source). The radiometric analysis requires a model spectral shape for which a reference
spectrum of fusing aluminum particles was taken. The analysis procedure is described in Section 3.
The spectral values were also integrated over the nominal filter bandvidth to obtain radiance and5 radiant intensity values.

Figure 38 is a false-color map of the spatial distribution of the time-averaged radiant
intensities of the Nihka plume from the plume camera. A contour plot of the plume radiance was also
generated from the superposed images and is presented in Fig. 39.

Figure 36 shows the plume camera image, and Fig. 37 shows the associated contour plot of
the NRL ground-based UV beacon, which well represents a point source under these conditions. This
image indicates the resolution limit of the instrument at 500-km range. The length of the rocketplume observed during this mission is less than or comparable to the 45-m resolution limit (Table

28), and the consequent smearing of the source over an increased effective area reduces the observed
peak radiance of the plume. The observed radiance is denoted "apparent" to distinguish between theI observed radiance values and these which would be obtained from an instrument with higher spatial
resolution. An adjustment of the CHARM predicted peak radiance for this effect yields reasonable
agreement between prediction and observation (Table 29).

Radiant inteinsity valuLs, obtained by summing over the plume central region and over the
plume-camera field of view, are not affected by this resolution effect. The plume central reg:on was
defined for these computations as the region in which the radiance exceeded 25% of the peakI apparent value, with the addition of -he area defined by a 5 by 5 pixel dilation of this region. The
prcjected area of the cent.ral region •o defined was approximately 7500 m2 (Table 27). The
remainder of the plume-camera image is denoted the outer region.

IP
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The outr region data from the Nihka showed strong far-UV radiance that increased in time.
Like the cttL,, i' t lowei altitude 12], an identifiable shock or mixing layer structure could be
found i, N N ter region data and, thus, the outer region radiance can be causally connected
to the Nit... " i.- central region and total radiant intensities measured by the plume camera are U
summarized it 1V. 31. The temporal behavior of the plume central region and total spectral radiant
intensity . -asu the plume camera are shown in Figs. 31 and 32. The plume camera saw a total
field of view st . ..iat increased strongly in time whereas, the plume central region signal did not
change very much. This indicates that a UV luminous outer region existed around the plume and ngrew brighter with time.

The UVPI tracker camera provides wideband (255 to 450 rim) data that may complement the 3
plume camera data. The wide field of view of the tracker camera clearly prevents resolution of the
plume, but radiant intensity values can be obtained. A 19 by 19 pixel region of the tracker camera
images;, matching the total field of view of the plume camera, was taken for computation of radiant
intensities. The values so obtained are summarized in Table 32, and the spectral radiant intensity time I
dependence is illustrated in Fig. 33.

The tracker camera saw only a weak increase over tii-fe for the total plume radiance. This
suggests that the increasing luminosity seen in the plume camera total field of view was concentrated i
in the far to mid-UV rather than being a broadband spectrum such as the reference spectrum. If the
luminosity at longer wavcw,.ngths detected by the tracker camera had grown by the same degree as the
luminosity seen by the plume camera at shorter wavelengths, then the plume and tracker camera I
spectral radiant intensity p' -, shown in Fgs. 32 and 33 respectively, would have shown the same
percentage increase. Since they do not, it apptars the growing luminosity was concentrated in the mid
and far UV. g

The bpectral radiant intensities deduced from the UVP! observations can be compared to the
reference model of plume emission by comparing the predicted ratio of PC-I to tracker-camera
measured emissions. The plume spectral radiant intensities, summed over the plume camera field of
view, are roughly consistent with the reference spectrum prediction. However, the 220 to 320-nm
values are higher, relative to the 255 to 450-nm values, than the reference spectrum predicts (Fig. 57).
The spectral radiant intensities summed over the plume camera field of view appear to show an
ultraviolet excess that grew with time. The data supports the tentative conclusion that the decrease in a
plume spectral radiant intensity a, the wavelength decreases below 300 nm is less than expected on
the basis of the reference moce Tfhis is similar to trends seen in the Strypi plume data [2].

The Nihka vehicle rose to higher altitudes than other vehicles. Thi, allowed much greater 3
expansion of exhaust gases into the plume outer region and also caused the Nihka to encounter areas
where atomic oxygen was a major component of the atmosphere. Taken with the Strypi 121 and
Starbird 1191 data, the increasing UV luminosity of the Nihka plume outer region suggests that high-
altitude rocket plumes may owe some of their UV luminosity to reactions of plume constituents with
atomic oxygen, UV gases in the plume itself, or both.

9.2 Achievement of Objectives i
The results of the UVPI observation of the Nihka missile can be compared to the objectives

listed in Section 1.3. U
9.2.1 General Objectives

0 Obtain i.soradiance contour.s for the Nihka stage. Spatially resolved imagcs of the Nihka stage
plume were obtained by using the PC-I plume-camera filter. These images were scaled to l
radiance maps and contours, as illustrated in Sections 4 and 5.

t Obtatz radian! .. ,,, measitre,nmerr hwseul tn the entire field of view of the plume camera
and on a .ldbr(,gion corresponding approximately to a plume core. Radiant intensity
measurements for the plume camera FOV and for a plume central region defined in Section I
5.1 were extracted from the images. These results arc presented in Section 6.

S(Comare' tadiotnctriu mea.sitremenits for the Nihka-stage plume with those generated by the
('I/ARM (ornfiuter (odv.e. The prelinunary comparison undertaken here suggests that the

I1
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UVPI Nihka data presents a spectral shape somewhat different from that of the reference

spectrum. The experimental results indicate that the emission at wavelengths in the 220-320-
nm range are greater, relative to the emission at longer wavelengths seen with the tracker
camera, than is predicted by the reference model. These results are described in Section 7.
The detailed comparison of reference predictions to the UVPI observations is a task for the
modelers.
Provide radiometric measurements for nonplume, transient phe,:oinena, if any. Transients
were seen in the Nihka data but were too short-lived or loosely correlated to the plume itself
to allow measurement.

3 9.2.2 Spatial Features
" Obtain the length of the Nihka plume central regions. The resolution limit of the PSF-

corrected UVPI corresponds, at this range, to about 40 m, which is comparable to the
expected plume length. Thus, an accurate measurement of the plume length was not possible,
but (as described in Section 5.3) the observations are consistent with the predicted plume
length.

"" Determine the shape of the shock boundary/mixing layer for different rocket velocities. The
profile of the radiance of the outer region appears consistent with a shock or mixing layer
structure in the radiance and suggests that, as in the Strypi tests, a UV luminous outer region
formed during the Nihka bum.

"" Identify asymmetries in plume shape and investigate possible causes. No 'lume shape
asymmetries were observed. The resolution limit of the UVPI at this range is such that only
large asymmetries could have been detected.

9.2.3 Temporal Features
I Identify temporal trends in radiometrics and investigate possible dependence on rocket
velocity and altitude. The time behavic.r of the radiant intensity of the Nihka plume is
described in Section 6. Radiance in the PC-I band was observed to rise in the outer region as
rocket altitude and velocity were increasing.
Investigate radiometric fluctuations to determine whether short-term variations in brightness
are observed. The statistics of the variations in plume radiant intensity are described in
Section 6. Two peaks beyond the range of statistical likelihood were observed. The data were
carefully analyzed, and no reason was found to reject them.
Identify changes with time in the shape of the plume's outer region. The radiance profile

remained fairly consistent during the Nihka burn.
Identify persistence and cumulative effects, if any, in plumes or nonplume phenomena. No
clouds or trails were obse, ,.ied in the Nihka test.

9.2.4 Spectral Features
Compare the shape of the plume central region's emission spectrum within a filter bandpass
with the reference spectral shape normalized to the tracker camera's measured emission

values. As described in Section 7, the UVPI data indicate that the decrease in spectral radiance
and radiant intensity in the 220 to 320-nm band, relative to the tracker measured emission in
the 255 to 450-nm band, is less than indicated by the reference model. This is similar to data
from the Strypi and Starbird tests. A comparison of the UVPI data with data acquired by
other sensors is currently in progress.
Relate tracker-camera measurement to visible and infrared measurements made by other
sensors. The UVPI acquired plume radiornetric data to 450-nm wavelength. These radiant
intensity values can be compared to data at longcr wavelengths from other sensors as those
data hbcomne available.
Charactert. - the emission spectrum for the plume's outer regions, if any. A UV luminous
outer rgion v"as found in the Nihka test data, as in the Stryp. tieqt As fr the Strypi, the outer
region seemed to be luminous in the far UV rather than the near UV, or visible as seen by the3 tracker camera.

It is clear from , "ibove that most of the objectives were achieved- However. the instrumental
limitations in resolution, as well as the uncertainty in the referenrice spcctral shape, complicate the
extraction of precise values.

I!
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9.3 Conclusions I

The UVPI observation of the Nihka plume was the first demonstration of the capability of the
instrument for tracking and imaging missiles in flight from 450-km range. The bright plume of the
Nihka stage was successfully tracked throughout its burn.

The Nihka stage was acquired for a total of 96 plume-camera images by using one UVPI
filter. The spectral radiance and spectral radiant intensities were extracted from these images. i
Absolute values are necessarily obtained on the basis of an assumed spectral shape, namely, the
reference spectrum, which is the spectrum of micron-sized alumina particles near their melting point
of 2320 K. The results indicate that the reference shape is not iiaccurate, but the new data suggest a I
stronger component in the far UV, X < 320 nm, than the model predicts This was especially true for
the total plume radiance, which indicates a UV luminous outer ,egion. This result is similar to that
obtained in the Strypi test. 3

Like the Strypi test, the images reveal a radiant plume with an identifiable outer region of UV
radiance such as might be associated with a shock or mixing layer produced by the plume. The
measured outer region radiance is strong in the far-UV and weaker in the near-UV and visible.

The time-dependence of the Nihka plume central region radiant intensity showed no
pronounced trends or variations. The outer region, however, showed an upward ramp in time from
ignition. This could correlate with either increasing rocket velocity or altitude or both.

The tracker camera obtained radiant intensity data in the 255 to 450-nm wavelength range.
These data, taken with the plume camera data in the 220 to 320-nm range, support the conclusion
that the central region spectrum is quite close to the reference model. A UV enhancement over the
reference spectrum was seen in the total plume-camera field of view. This indicated a UV luminous
outer region corresponding to a shock or mixing layer associated with the Nihka plume. A similar
enhancement was seen in the Strypi data and was also associated with the outer region. It has been I
suggested that the Nihka's higher altitude allows great expansion of gaseous plume products into the
far field where they can radiate in the far-UV, or they can react with atomic oxygen at high altitudes
and produce the excess UV emissions.

This base of UV radiometric data is the foundation for further analysis to provide refined
interpretations and evaluation. Comparison with models, with data from sensors on other platforms,
and UVPI data from other tests will also yield improved radiometric results and an enhanced
phenomenological unde:standing of UV emission by solid rocket motors in the upper atmosphere.
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during the observation, and the transmission of the data stored in the UVFI's memory. Data
processing personnel then verified the quality of the transmitted data and prepared it for the image Iprocessing tcam. Particular mention must be made of the efforts of Kenneth 1). Fields and Vincent G.
Hickey. John E. Ivory and Dean Bakeris made accurate predictions of the attitude of the LACE
satellite for use in the UVPI pointing function generation. 3

Joseph Nicholas of The Analytic Sciences Corporation served as the S[I)O Science Manager
for this observation. As such, he interacted with the Black Brant X launch and payload teams,
identitied the SDIO's objectives for this UVPI observation, and helped the UVPI Encounter Manager U!
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specify the command sequence to achieve the SDIO's objectives. The management of the Black Brant
X payload team held their launch for several minutes until the LACE satellite could get into position
for the UVPI to observe the Nihka plume. The Navy Space Surveillance Center made a special
calculation of the precision ephemeris for the LACE satellite needed for successful pointing of the
UVPI. William Jeffrey, then with the Institute for Defense Analyses, provided CHARM code-
generated predictions of the expected radiant intensity and radiance foi comparisor. with the UVPI
measurements.

In addition to these acknowledgments which are specific to the Nihka observation, some
general acknowledgments are also in order. The Directed Energy Directorate of the Strategic Defense
Initiative Organization (SDIO/TND) sponsored the NRL LACE Program, including the UVPI, in its
entirety. Specific mention must be made of the supportive efforts of Col. Thomas Meyer, USAF, Col.
William Browning, USAF, and Maj. David Dimiduk, USAF. Loral Electro Optical Systems designed
and built the UVPI for NRL. Finally, acknowledgment is due to the outstanding efforts of many NRL
and contractor personnel who designed, built, and tested the LACE satellite. Although so many were
involved in the LACE satellite effort they cannot all be mentioned by name, Robert E. Palma,
Program Manager for the NRL LACE Program, must be mentioned. Robert E. Palma has provided
noteworthy management and sound technical guidance since the start of the program in 1985 and
unwavering patience and moral support as the U\vPI and its supporting data-processing capability
slowly matured.
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- Appendix A
NIHKA TRAJECTORY PARAMETERS

The following tables present various Nihka trajectory ýlatcd parameters as a function of
time. The first column in each table is TALO, time after lift-c '. in seconds. Table Ai shows theI rocket's position in Earth center-fixed (ECF) coordinates and the rocket's speed. Table A2 shows the
aspect angle and the distance between the satellite and the rocket. Th- aspect angle is defined as the
angle between the line-of-sight (LOS) vector from the satellite to tP 'irget point and the longitudinal

" axis of the rocket. Table A3 shows the rocket's altitude, geodetic la•;,, J,:. and longitude.

Table At - Rocket Position and Speed in ECF Coordinate'

TALO J S YPOS ZPOS SPLEE
(s) (k.1 (km) (kin) (km/s)

120.0 1358.162 -4963.924 3956.009 1.246
121.0 1359.095 -4964.609 3956.463 1.239
122.0 1360.019 -4965.264 3956.965 0.988
123.0 1360.872 -4965.654 3957.277 0.916
124.0 1361.700 -4965.956 3957.525 1.121
125.0 1362-590 -4966.483 3957.956 1.202
126.0 1363.507 -4967.107 3958.419 0.983
127.0 1364.363 -4967.509 3958.687 0.915
128.0 1365.193 -4967.815 3958.921 1.120
129.0 1366.084 -4968.342 3959.347 1.197
130.0 1366.996 -4968.944 3959-837 0.976
131.0 1367.845 -4969.316 3960.145 0,918
132.0 1368.679 -4969.633 3960.361 1.126
133.0 1369.578 -4970.187 3960.752 0.957
134.0 1370.423 -4970.543 3961.026 0.907
135.0 1371.249 .4970.833 3961.262 0.892
136.0 1372.070 -4971.100 3961.484 0.886
137.0 1372.889 -4971.360 3961.703 1.113
138.0 1373.783 -4971.895 3962.094 0.959
139.0 1374.633 -4972.266 3962.338 0.932
140.0 1375.491 -4972.552 3962.564 1.124

141.0 13776.393 -4973.072 3962.987 0.957
142.0 1377.239 -4973.416 3963.272 0.908

S143.0 1378.067 -4973.701 3963.511 0.874

144.0 1378.866 -4973.997 3963.705 0.887

145.0 1379.684 1 -4974.288 3963.884 0.885
146.0 1380.503 -4974.555 3964.087 0.885
147.0 1381.322 -4974.814 3964.299 0.885
148.0 1382.141 -4975.070 3964.514 0.890
149.0 1382.966 -4975.348 3964.700 0.893
150.0 1383.794 -4975.633 3964.876 0.887
151.0 1384.616 -4975.898 3965.078 0.886
152.0 1385.436 -4976.155 3965.290 0.885
153.0 1386.256 -4076 4l1 IQA5 504 0.891
154.0 1387.082 -4976.688 3965.690 0.893
155.0 1387.910 -4976.972 3965.866 0.888
156.0 1388.733 -4977.236 3966.068 0.886
157.0 1389.554 -4977.494 3966.279 0.885
158.0 1390.374 -4977.749 3966.494 0.885

U| 71
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Table Al - Rocket Position and Speed in ECF Coordinates (Cont'd) I
TALO XPOS YPOS ZPOS SPEED

(s) (kin) (kin) (kin) (km/s)

159.0 1391.195 -4978.002 3966.709 0.867
160.0 1391.992 -4978.287 3966.895 0.749
161.0 1392.740 -4978.318 3966.867 0.827
162.0 1393.537 -4978.498 3967.001 0.840
163.0 1394.320 -4978.735 3967.190 0.901
164.0 1395.164 -4978.997 3967.367 0.921
165.0 1396.027 -4979.267 3967.540 0.764
166.0 1396.791 -4979.271 3967.537 0.806
167.0 1397.564 -4979.449 3967.680 0.833
168.0 1398.340 -4979.685 3967.872 0.735
169.0 1399.075 -4979.678 3967.876 0.829 3
170.0 1399.873 -4979.866 3967.991 0.872
171.0 1400.693 -4980.120 3968.143 0.750
172.0 1401.443 -4980.118 3968.134 0.827
173.0 1402.240 -4980.286 3968.274 0.846
174.0 1403.031 -4980.540 396&.435 0.747
175.0 1403.777 -4980.561 3968.398 0.879
176.0 1404.632 -4980.719 3968.530 0.964
177.0 1405.558 -4980.938 3968.688 1.019
178.0 1406.536 -4981.167 3968.854 0.960
179.0 1407.446 -4981.425 3969.023 1.122
180.0 1408.535 -4981.635 3969.193 1.342
181.0 1409.859 -4981.780 3969.363 1.367
182.0 1411.209 -4981.941 3969.504 1.579
183.0 1412.697 -4982.346 3969.838 1.683
184.0 1414.262 -4982.822 3970.236 1.798
185.0 1415.945 -4983.320 3970.626 1.887
186.0 1417.726 -4983.808 3971.013 1.968
187.0 1419.598 -4984.276 3971.399 2.073
188.0 1421.587 -4984.712 3971.785 2.334
189.0 1423.747 -4985.374 3972.374 2.504
190.0 1426.057 -4986.108 3973.001 2.462
191.0 1428.432 -4986.586 3973.437 2.674
192.0 1430.967 -4987.239 3973.982 2.771
193.0 1433.584 -4987.940 3974.564 2.830
194.0 1436.259 -4988,648 3975.158 2.850
195.0 1438.954 -4989.357 3975.756 2.831
196.0 1441.626 -4990,074 3976.355 2.825
197.0 1444.292 -4990.793 3976.954 2.824
198.0 1446.957 -4991.512 3977.553 2.824
199.0 1449.621 -4992.230 3978.152 2.662
200.0 1452.213 -4992.692 3978.548 2.767
201.0 1454.854 -4993.323 3979.079 2.775
202.0 1457.478 -4993.996 3979.685 2.655
203.0 1460.060 -4994.561 3979.932 2.771
204.0 1462.707 -4995.245 3980.383 2.785
205.0 1465.337 -4995.835 3981.083 2.812
!) 6O 1467.994 -4996.504 3981.715 2.823
207.0 1470.662 -4997.199 3982.324 2.665
208.0 1473.258 -4997.647 3982.723 2.771
209.0 1475.906 .4998.266 3983.254 2.784
210.0 1478.543 -4998.950 3983.829 2.627
211.0 1481.101 -4999.401 3984 216 2.492
212.0 1483.588 -4999.512 3984.336 1.522
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Table Al - Rocket Position and Speed in ECF Coordinates (Cont'd)

TALO I XPOS vYPOS ZPOS D(s) (kin) (kin) (kin) (kms)

214.0 1485.518 -4999.389 3984.299 3,194
215.0 1488.536 -5000.118 3985.048 4.341

Table A2 - Rocket Aspect Angle and Range from Satellite

TALO Aspect Target
(S) Angle Range

(deg) (km)
120.0 83.000 640.638
121.0 82.730 635.848
122.0 82.460 631.072
123.0 82.180 626.325

124.0 81.820 622.223
125.0 81.540 617.539
126.0 81.250 612.885
127.0 80.950 608.281
128.0 80.580 604.323
129.0 80.280 599.770
130.0 79.980 595.252
131.0 79.670 590.767
132.0 79.290 586.966
133.0 78.980 582.578
134.0 78.660 578.207
135.0 78.260 574.534
136.0 77.940 570.243

S137.0 77.530 566.661
138.0 77.200 562.454

139.0 76.860 558.315
140.0 76.440 554.875
141.0 76.110 550.863
142.0 75.750 546.772
143.0 75.330 543.542
144.0 74.960 539.548
145.0 74.530 536.394

146.0 74.170 532.562
147.0 71.230 529.490
15480 73.360 525.762
149.0 72.910 522.805
150.0 72.530 519.220
151.0 72.070 516.382
152.0 76 .690 512.878
153,0 71.230 510.164

154.0 706830 506.778
155.0 70.370 504.229
156.0 69.970 500.967
157.0 69.500 498,514
158.0 69.090 405 "47R
159.0 68.630 4 93.062

160.0 68.220 490.058
161.0 67.730 487.878

162.0 67.250 485.824
163.0 66.830 482.984
164.0 66.350 481.031
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Table A2 - Rocket Aspect Angle and Range from Satellite (Cort'd) I
[TALO Aspect Target

(s) Angle Range
(deg) (kin)

165.0 65.940 478.471
166.0 65.460 476.669
167.0 64.970 474.947
168.0 64.540 472.480
169.0 64.050 470.915
170.0 63.560 469.432

1 171.0 63-150 467.292

172.0 62.670 465.972
173.0 62.190 464.736
174,0 61.770 462.788
175.0 61.290 461,740
176.0 60.820 460M791
177.0 60.420 459,126
178.0 59.970 458.431
179.0 59,580 456.961
180.0 59.120 456.349
181.0 58,800 455.238
182.0 58,390 454.953
183.0 58.070 453.993
184.0 57.760 453.108
185.0 57.460 452.321
186.0 57.180 451.715
187.0 56.910 451.117
188.0 56.660 450.693
189.0 56.420 450.292
190.0 56.270 449.245
191.0 56.079 449.093

192.0 55.890 449.019
193.0 55.790 448.299
194.0 55.640 448.360
195.0 55.560 447.779
196.0 55.410 447.957
197.0 55.340 447.489
198.0 55.200 447.785
199.0 55.150 447.443
200.0 55.020 447.857
201.0 54.900 448.402
202.0 54.860 448.174

203.0 54.750 448.757
204.0 54.690 449.856
205.0 54.630 449.514
206.0 54 540 450.278
207.0 54.540 450.438
208.0 54.460 451.318
209.0 54.400 452.332
210.0 14 400 452.599

211.0 54.350 453.729
212.0 54.300 454.734
213.0 54.180 456.784
214.0 53.850 458.485
215.0 53.550 46C.360 -

U
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Table A3 - Rocket Altitude, Geodetic Latitude and Longitude

TALO Altitude Longitude Latitude
(S) . (kmn) (deg) .(deg)

120.0 120.987 285.302 37.732
121.0 121.987 285.310 37.730
122.0 122.987 285.318 37.729
123.0 123.654 285.326 37.728
124.0 124.209 285.334 37.727
125.0 125.061 285.342 37.726
126.0 126.012 285.350 37.725
127.0 126.662 285.358 37.723
128.0 127.212 285.366 37.722
129.0 128.062 285.374 37.721
130.0 129.012 285.382 37.720
131.0 129.662 285.390 37.719
132.0 130.211 285.398 37.718
133.0 131.061 285.406 37.716
134.0 131.678 285.414 37.715
135.0 132.217 285.422 37.714
IWO. 132.730 285.430 37.713
137.0 133.235 285.438 37.712

138.0 134.069 285.446 37.711
139.0 134.681 285.454 37.709
140.0 135.218 285.462 37.708
141.0 136.064 285.470 37.707
142.0 136.679 285.479 37.706
143.0 137.218 285.487 37.705
144.0 137.730 285.494 37.704
145.0 138.235 285.502 37.702
146.0 138.736 285.510 37.701

i 147.0 _ 139.236 285.518 37.700
148.0 139.737 285.526 37.699
149.0 140.237 285.534 37.698

__150.0 140.737 285.542 37.696
151.0 141.237 285.550 37.695
152.0 141.737 285.558 37.694
153.0 142.237 285.566 37.693
154.0 142.737 285.574 37.692
155.0 143.237 285.582 37.690
156.0 143.737 285.590 37.689
157.0 144.237 285.598 37.688
158.0 144.737 285.606 37.687
159.0 145.237 285.614 37.686
160.0 145.737 285.622 37.685
161.0 145.9e3 285.630 37,683
162.0 146.292 285.638 37.682
163.0 146.755 285.645 37.681

"' 164.0 147.243 285.653 37.680
165.0 147.739 285.662 37.678
166.0 147.904 285.670 37.677
167.0 148.293 285.678 37.676
16.U. 14h.755 285.685 37.675
169.0 148.910 285.693 37.674
170.0 149.294 285.701 37.673
171.0 149.756 285.709 37.671
172.0 149.910 285.717 37.670
173.0 150.295 285.725 37.669
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Table A3 Rocket Altitude, Geodetic Latitude and Longitude (Cont'd) I
TALO Altitude Longitude Latitude

(S) -I (km) (deg) (deg) I
174.0 150.756 285.733 37.668

175.0 150,910 285.741 37.666
176.0 . 151.295 285.749 37.665
177.0 151.756 285.758 37.664

178.0 . 152.243 285.768 37.662
179.0 152.739 285.777 37.661 I
180.0 153.237 285.788 37.659181.0 '" 153.737 - 285.802 37.658
182.0 154.237 285.816 37.656

183.0 155.070 285.830 37.654
184.0 116.015 285.845 37.652
185.0 156.996 285.862 37.650
186.0 157.990 285.879 37.647
187.0 158.988 285.898 37.645
188.0 159.987 285,918 37.642
189.0 161.320 285.939 37.640
190.0 162.765 285.961 37.637
191.0 163.912 285.985 37.634
192.0 165.295 286.010 37.631
193.0 166.756 286.035 37.627
194.0 168.243 286.061 37.624
195.0 169.739 286.088 37.620
196.0 171.237 286.114 37.617
197.0 172.737 286.140 37.613
198.0 174.237 286.166 37.610
199.0 175.736 286.192 37.606
200.0 176.903 286.218 37.603
201.0 178.292 286.244 37.599
202.0 179.755 286.270 37.596
203.0 180.909 286.295 37.591
204.0 182.294 286.321 37.587
205.0 183.756 286.347 _ 37.585
206.0 185.243 286.373 37.582
207.0 186.739 286.399 37.578
208.0 187.904 286.425 37.575
209.0 189.292 286.451 37.571
210.0 190.755 286.477 37.568
211.0 191.909 286.502 37.564
212.0 192.628 286.528 37.561
213.0 192.867 286.544 37.559
214.0 192.947 286.549 37.558
215.0 194.639 286.578 37.535 I

i
i
I
I
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Appendix B

TELEMETRY FRAMES AND CAMERA PARAMETERS

iJMT Telemetry Filter Tracker - Plume Tracker Plume
Frame Exp. Time Exp. Time Gain Step Gain Step

(ms) (ms)
7:07:15.33 11603T 0 9.663 33.3 8 13
7:07:15.37 11604T 0 9.663 33.3 8 13
7:07:15.40 11605P 1 9.663 33.3 8 13
7:07:15.43 11606P I 9.663 33.3 8 13
7:07:15.47 11607T 0 9.663 33.3 8 13
7:07:15.50 11608T 0 9.663 33.3 8 13
7:07:15-53 11609P 0 9.663 33.3 88 13
7:07:15.57 11610P 1 9.663 33.3 8 13

7:07:15.60 1161 IT 0 9.663 33.3 8 13
7:07.15.63 11612T 0 9.663 33.3 8 13
7:07:15.67 11613P 1 9.663 33.3 8 13

7:07:15.70 - 11614P 1 9.663 33.3 8 13
7:07:15.73 11615T U 9.663 33.3 8 13
7:07:15.77 11616T 0 9.663 33.3 8 13
7:07:15.80 11617P 1 9.663 33.3 8 13
7:07:15.83 11618P 1 9.663 33.3 ,. . 8 13

7:07:15.87 11619T 0 9.663 33.3 a 13
7:07:15.90 11620T 0 9.663 33.3 8 13
7:07:15.93 11621P 1 9.663 33.3 8 13
7:07:15.97 11622P 1 9.663 33.3 8 13
7:07:16.00 11623T 0 9.663 33.3 8 13
7:07:16.03 11624T 0 9.663 33.3 8 13
7:07:16.07 11625P 1 9.663 33.3 8 13
7:07:16.10 1 1626P 1 9.663 33.3 _, _8 13
7:07:16.13 11627T 0 9,663 33.3 8 13
7:07:16.17 11628T 0 9.663 33.3 8 13
7:07:16.20 11629P 1 9.663 33.3 8 13
7:07:16.2.3 1_ 630P 1 9.663 33.3 8 13
7:07:16.27 11631T 0 9.663 33.3 8 13"
7:07:16.30 11632T 0 9.663 33.3 8 13
7:07:16.33 11633P 1 9.663 33.3 g 13
7:07 16.37 11634P 1 9.663 33.3 8 13
7-07-16.40 11635T 0 9.663 33.3 8 13
7:07:16.43 11636T 0 9.663 33.3 8 13
7:07:16.47 11637P 1 9.663 33.3 8 !
7:07:16.50 11638P 1 9.663 33.3 8 13
7:07:16.53 11639T 0 9.663 33.3 9 13
7:07:16.57 11640T 0 9.663 33.3 8 13
7:07-16 60 11641P I 9.663 33.3
7:07:19.04 11714P 1 9.663 33.3 8 12
7:07:19.07 11715P 1 9.663 3373 8 12
"7:07:19.10 11716P 1 9 663 33.3 8 12
7:07:19.14 11717T 0 9.663 33.3 1 8 12
7:07:19.1ý7 11718T 0 - 9.663 33.3 8 12

7:07:19.20 11719P 1 9.663 33.3 8 12

I7 7
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r UNIT Telemetry jFilter j Tracker Plume [Tracker I PlmeFrame Exp. Time Exp. Time Gain Step Gai Step i

7:07:19.24 11720P I 9.663 33.3 8 12
7:07:19.27 11721P 1 9.663 33.3 8 12

_ _ _ _ _ _ _ _ _ 1
7:07:19.30 11722P 1 9.663 33.3 8 12
7:07:19.34 11723P I 9.663 33.3 8 12
7:07:19.37 11724P I 9.663 33.3 8 12
7.07:19.40 11725P 1 9.663 33.3 8 12
7:07:19.44 11726P 0 1 9.663 33.3 8 12
7:07:19.50 117281 0 9.663 33.3 8 12
7:07:19.54 11729P 0 9.663 33.3 8 12
7:07:19.50 11720P 0 9.663 33.3 8 12

7:07:19.60 11731P 1 9.663 33.3 8 127:07:19.64 11732P 1 9.663 33.3 8 12
7:07:19.67 11733P I 9.663 33.3 8 12
7:07:19.7 11734P 1 9.663 33.3 8 127:07:19670 11734P I_ 9.663 33.3 8 1 2

7:07:i9.74 11735P I 9.663 33.3 8 12

7:07:19.77 11736P 1 9 f-11 33,3 8 12 I
7:07:19.8"0 117 37T 0 9 663 33.3 8 1 2

7:07:19.84 11738T 0 9.663 33.3 9 I12"7:07:19.67 11739P 1 9.663 33.3 8 12
7:07' 19.90 11740P I 9.663 33.3 8 12

7:07:19.94 1 1741P 1 9.663 33.3 8 12
7:07:10.97 11742P 1 9 663 33.3 8 12
7:07:20.00 11743P 0 9.663 33.3 8 12"7:07:20.04 11744P 0 9.663 33.3 8 12

7:07:20.07 11745P 1 9.663 33.3 8 12
7:07:20.10 11746P I 9.663 33.3 8 12

7:07:20.14 11747T 0 9.663 33.3 8 12

7:07:2017 11748r 0 9.663 33.3 8 12
7:07:20.20 11749P 1 9.663 33.3 8 12
7:07:20.24 11750P 1 9.663 33.3 8 12
7:07:20.27 11751P 1 9.663 33.3 8 12
7:07:20.30 11752P 1 9.663 33.3 8 12

707:20.134 11753P 1 9 663 33.3 8 12
7:07:20.37 11754P 0 9.663 33.3 8 12
7:07:20.40 : ,755P 1 9.663 33.3 8 12
7:07:20.44 11756P 1 9.663 33.3 8 12

7:07:20.47 11757T 0 9.663 33.3 8 12

7.07:20.50 11758T 0 9.663 33 3 8 127:07:20.54 11759P 1 9.663 33.3 8 12

7:07:20.57 11760P 1 9.663 33.3 8 12
7:07:20.60 1) 7617 P 1 9.663 33.3 8 12
7:07:20.64 11762P 1 9.663 33.3 8 127:07:20.67 1 1763P 1 9.663 33.3 8 127:07:20.70 117764P 1 9.663 33.3 8 12

7:07-20.74 11765P 1 9.663 33.3 8 12
7:07:20.77 11766P I 9.663 33.3 8 12

7:07:20.80 11767T 0 9 663 33.3 8 12
7:07:20.84 I1768 0 9.663 33.3 2
7:07:20.87 11769P I 9.663 33.3 8 12
7:07:20.90 11770P 1 9.663 33.3 8 12

7:07:20.94 I i771P 1 9.663 33.3 8 12
7:07:20.97 11772P I 9.663 33.3 8 127:07:21 00 11773P 1 9.663 333 8 12

7:7:0.4 i75P1 _______ 3. 81

____ ___ __ _ ___ _ __ ___ ___ ___ __ ____ ___ ____ _ _ __
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UA I Telemetry Filter Tracker Plume Tracker Plume
i Frame Exp. Time Exp. Time Gain Step Gain Step

l I I- s 
-

7,07:21.04 11774P 1 9.663 33.3 8 12
7:07:21.07 11775P 1 9.663 33.3 8 12
7:07:21.10 11776P 1 9.663 33.3 8 12
7:07:2 4 __ 0 __ _ _ _
7:07:21.14 11777T 0 9.663 33.3 8 12
7:07:21.17 11778T 0 9.663 33.3 8 12
7:07:21.21 11779P 1 9.663 33.3 8 12

7:07:21.24 11780P 1 9.663 33.3 8 127:07:21.23 11781P 1 9.663 33.3 8 12
7:07:21.31 11782P 1 9.663 33.3 8 12
7:07:21.34 11783P 1 9.663 33.3 1 8 12

i 11 85 in 96 333_ _1

7:07:21.37 11784P 1 9.663 33.3 8 12
7:07:21.41 11785P I 9.663 33.3 8 12
7:07:21.44 11786P 1 9.663 33.3 8 12
7:07:21.47 11787T 0 9.663 33.3 8 12
7:07:21.51 11788T 0 9.663 33.3 8 12
7:07:21.54 11789P 1 9.663 33.3 8 12
7:07:21.57 11790P 1 9.663 33.3 8 12
7:07:21.61 11791P 1 9.663 33.3 8 12
7:07:21.64 11792P 1 9.663 33.3 8 12

7:07 2 1.7 11_ _ _ -1 Q.6 3 . 12
7:07:21.67 11793P I 9.663 33.3 8 12

7:07:21.71 11797P 1 9.663 33.3 8 12

7:07:21.77 1796P8 9.663 33.3 8 12

7:07:21.81 11797T 0 9.663 33.3 8 12
7:07:21.84 11798T, 0 9.663 33.3 8 12
7:07:21.94 11801P 1 9.663 33.3 8 12
7:07:21.97 11802P 1 9.663 33.3 8 12

7:07:22.1 911803OP 1 9.663 33.3 8 12
7:07:21.94 1!1801P I 9.663 33.3 8 12

7:07:21297 11802P 1 9.663 33.3 8 12
7:07:22.01 11803P I 9.663 33.3 8 12
7:07:22.04 11 804t 1 9.663 33.3 8 12S7:07:22.07 1 1805P 1 9.663 33.3 8 !___ 2

7:07':22.1I1 i 1806P 1 9.663 33.3 8 1 2
7:07:22.14 11 I807T 0 9,663 33.3 8 1 2

7:07:22.17 1 i808T 0 9.663 33.3 8 12
7:07:22.21 I 1.809P 1 9,663 33.3 8 12
7:07:22.24 11810P 1 9.663 33.3 8 12

L

Im

I
!1
ii



Appendix C
CHARM INPUT FILE FOR NIHKA

*** charm run identification :
* path name to library & *.dft files (a70)
* header line (a80)

DUBO:[CHARM.REV13]
charm revl.3 NIHKA (orig charm.par)

** * run options:
* include radiance transport calculations (0 or 1)
* include pixel map output:
* 0=no, l=radiance, 2=transmission, 3=both (0, 1, 2, 3)
* monte carlo cpu time limit (seconds)

1 10
** * code selection:
* intrinsic core - charm-ic (0, 1, 2)
* continuum shock layer - charm-sl (0, 1, 2)
* 2d transitional farfield - tramp (0, 1, 2)
* 3d transitional farfield - chimera (0, 1, 2)
* free-molecular farfield - hapair (0, 1, 2)
* missile body (0,1,2)

100000
** * hard-body specifications
* number of hard-body segments (none)
* last segment spherical cap? 0=no, l=yes (none)
* beginning temperature of segment i (k)
* ending temperature of segment i (k)
* emissivity of segment i (none)
* length of segment i (meters)
* radius of segment i (meters)
* half-angle of segment i (degrees)

0
** * engine/nozzle configuration
* engine library id number (none)
* number of nozzles (none)
* throat area (m**2)
* area ratio (none)
* nozzle lip angle (degrees)
* nozzle divergence angle (degrees)
* nozzle throat radius of curvature (non-dimensional:rc/rt)
* nozzle throat to exit length (non-dimensional:ze/rt)

0 1 0.00413 27.26 19.61 19.61 1.0 11.85
* ** one-dimensional nozzle gas dynamics
* throat gas temperature (k)
* throat gas pressure (atm)
* throat gas velocity (m/s)
* throat gas specific heat ratio (none)

exit gas temperature (k)
exit gas prcssure (atm) Best Availlabe Copy
"c:"it r as velocity (m/s)
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3253.8 29.2 1045.9 1.1712 1734.5 0.207 2835.2
* ** one-dimensional nozzle chemistry:
* specie name (none)
* specie conc. at throat (mole fraction)
* specie conc. at area ratio = 2.0 (mole fraction)
* specie conc. at exit (mole fraction)

H20 0.119696 0.123183 0.120896
C02 0.012345 0.014207 0.017509
CO 0.227552 0.228606 0.226241
OH 0.005164 0.001736 0.000222
HCL 0.133173 0.138700 0.142045
HF 0.000000 0.000000 0.000000
02 0.000093 0.000094 0.000094
H2 0.288700 0.297685 0.304112
N2 0.077808 0.078772 0.079078
H 0.031052 0.016157 0.010187
O 0.000336 0.000061 0.000006
AL203 0.081829 0.082825 0.083146

*** particulate conditions :
* # particle bins (1- 10)
* particle radius in each bin (microns)
* particle concentration in each bin (mass fraction)

5 1.0 2.0 3.0 4.0 5.0 .227 .36 .24 .113 .060
** * trajectory conditions
* trajectory id (1 - 99)
* altitude (km)
* velocity (m/sec)
* angle of attack (degrees)
* more trajectories (1 or O)

1 155.0 1000. 0.0 0
** * atmospheric conditions for each trajectory condition
* atmospheric id number (>0 if table lookup)
* ambient temperature (k)
* ambient pressure (atm)
* ambient density (kg/m**3)
* ambient specie concentrations (mole fraction)
* for n2, o2, o, he, h, ar

*** sensor configuration for each trajectory condition
* bandpass - beginning (microns)
* bandpass - ending (microns)
* x sun position (none)
* y sun position (none)
* z sun position (none)
* x earth position (none)
* y earth position (none)
* z earth position (none)
* azimuth angle (degrees)
* elevation angle (degrees)
* image rotation angle (clockwise) (degrees)

x pixel resolution (W)

y pixel resolution (i)
11 pixcls in horizontal direction (none)
" pixf ls in vertical direction (none)
I pim+l% left of origin (none)

1'k l'lw or~il'i (none)
,i:im hirmry or ascii (I or 0) 3 a' C cy,

(I or 0)I
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1 0.2770.320 000 000 56.0005.5. 100100105001
0.2450.277 000 000 56.0005.5. 100100105001
0.2200.245 000 000 56.0005.5. 100100 105000
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Glossary 3
ABBREVIATIONS AND ACRONYMS

AOS acquisition of signal
ARI average radiant intensity
ASRI average spectral radiant intensity
CCD charge-coupled device
CHARM Composite High Altitude Radiation Model S
DN digital number
FOV field of view
FPA focal plane array I
FWHM full-width-half-maximumr
GMT Greenwich Mean Time
HTPB hydroxyl terminated polybutadiene
Hz Hertz l
K degrees Kelvin
LACE Low-power Atmospheric Compensation Experiment
LOS loss of signal; line of sight
Mbps megabits per second
MCP microchannel plate
MHz rnegaHz
NER noise-equivalent radiance
NQE net quantum efficiency
NRL Naval Research Laboratory
PC-N Plume camera filter, N = 1, 2, 3, 4
PE photoevent S
PSF point spread function
RF radio frequency
RMS root mean square
RSI Research Support InstrumentsSDIO Strategic Defense Initiative Organization

SR steradian
TALO time after lift-off
UlM'f UVPI mission time
UV ultraviolet
UVPI Ultriviolet Plume instrument
VAFIB Vandenberg Air Force Base
W Watt

I
I
I
I-


