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EXECUTIVE SUMMARYI
The Ultraviolet Plume Instrument (UVPI) [1] is a small, 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 Low Cost Launch Vehicle (LCLV) was the
third demonstration of the ability of the UVPI to observe and track missiles in flight above the
atmosphere. The LCLV had been launched from Wallops Island, Virginia, on 6 February 1991. The3 launch time and trajectory were selected to synchronize the flight with the LACE satellite's pass.

Missile tracking in the ultraviolet is advantageous because of:

3 • extremely low Earth and solar backgrounds,
• extremely sensitive photodetectors that do not require cryogenic cooling, and
* very high optical resolution that is made possible by optics of relatively modest size.

U 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 narrowba.'d filters, i•-
intensifiers, and charge-coupled device (CCD) detectors to observe sources in the ultraviolet band.
The primary function of the tracker ,amera, which views over a relatively wide field (1.980 by 2.600)
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 (0.184' b) 0.1370) and observes
sources through any of four filters with passbands of 195 to 295 rm, 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
I radians (lirad) and that of the plume camera is about 90 grad; this is equivalent at a 500-km range
to 115 m and 45 m. respectively.

The first and second stages of the three-stage LCLV fired only at low altitude (below 40 kin)
and were not expected to be visible in the ultraviolet from space. The LCLV third stage used a
powerful solid-fuel rocket motor, the Aries, that contained aluminum i!, its fuel and was thus a good

candidate for observation. It reached a 117-km altitude and was successfully detected and tracked by3 the UVPI from a range of 500 to 480 km.

The third-stage plume was successfully tracked for about 40 s, and 385 images of plume data
(1/30th second each) were acquired by using the four plume-camera filters. 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 missile plume were extracted from
these images. Absolute values are necessarily obtained on the basis of an assumed spectral shape,
namely, one that is derived from a physical model of the plume as a nearly transparent stream of
several micron-sized alumina particles at their melting points. This spectral shape is termed simply the
reference model spectrum. A comparison of the results for the four UVPI filters indicates that the
reference spectral shape is an accurate representation of the LCLV third-stage plume spectrum,
However, the spectrum appeared to show an excess in the far UV, k < 300 nm, relative to that
expected from the reference spectrum. This apparent UV excess, relative to the reference spectrum, is
in agreement with data gathered on the Strypi flight [2], which also showed an apparent excess in the
far UV relative to the reference spectrum. The LCLV data did show a weak but identifiable UV bright
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outer region of the plume similar to the UV luminous outer region seen on the Strypi and otherflights.

The time dependence of the plume central-region radiant intensity within each filter interval
showed no pronounced trends or variations. Momentary, single-frame peaks that exceeded the range
of normal statistical variation were detected. Whether these can be correlated with missile engine
events or other sensors remains to be seen. A persistent cloud trail was seen in the tracker camera just
prior to burnout.

The tracker camera, within its relatively limited resolution, obtained radiant intensity data to
450-nm wavelength. These data, taken with the plume camera data in the 195 to 350-nm range,
support the conclusion that the central-region spectrum is quite close to the reference model, with
some relative excess in the far UV.

This base of UV LCLV radiometric data is a foundation for further analysis to yield refined
interpretations and evaluation. Comparison with models, with data from sensors on other platforms,
and with data from other test flights will also yield improved radiometric results and an enhanced
phenomenological understanding of UV emission by solid rocket motors in the upper atmosphere.
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UVPI IMAGING FROM THE LACE SATELLITE:
THE LOW COST LAUNCH VEHICLE (LCLV) ROCKET PLUME

3A 1.0 INTRODUCTION

1.1 Background

I 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. An LCLV three-stage solid-fuel rocket was selected for

-- one in a series of tests. The overall objective of the observation was to gather UV data at moderate
altitude, about 100 kin, 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. A number of more specific objectives are listed in Section 1.3. which describes the LCLV
mission plan.

3 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 already 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 is found in the UVPI description and
data methodology report (1] and in the Strypi plume report (2].

The UVPI sensor head assembly [3,4] contains two coaligned camera systems that are used in
concert to acquire the object of interest, control UVPI, and acquire UVPI images and radiometric
data. The two camera systems are the tracker camera and the plume camera; these 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, which is a 50°-half-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 Earth's limb and stars near the limb. The configuration of the UVPI and the
radiometric response of UVPI are discussed in Ref. I and 2; characteristics of the UVPI were
previously reported [4,5].

3 The tracker camera is an intensified charge-coupled device (CCD) camera that is sensitive
o'.er a wide wavelength range, extending from 255 to 450 nm. Figure 1 siiows the overall response of
the tracker camera as a function of wavelength, including the effects of the bandpass filter in the
camera system, the photocathode response, and the other optical elements. This camera has a
relatively wide total field of view (1.98' by 2.600) and images over this full field of view can be
recorded at a 5-Hz image rate. The tracker camera can also be operated in a mode where 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.

i Manuscript approved December 7. 1992.
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Fig. I - Tracker camera: net quantum
efficiency curve

The plume camera is also an intensified CCD camera operating in the ultraviolet. The plume-
camera optical train contains a filter wheel with four selectable filters that have bandpasses within the
range 195 to 350 nm. Figure 2 shows the overall response of the plume camera for each of these four I
filters. T'he plume camera has a total field of view of 0.184' by 0,137' with a correspondingly higher
resolution than can be arhieved 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.

0'015 I
o0.013 FIL~ll p18: 1

CL 0.012

4'a 0.0111I
-L3 0.010

0.008
(U 0.007I

CL0006

E0.005

4) I

"oo0.003
l 0.002
S0001 0\

0.0002
160 180 200220240 260280 300320340360 380

Wavelength (nm)

Fig. 2 - Plume camera: net quantum efficiency curves

Table I summarizes the instrument characteristics and telemetry rates. Note that the field of
vicWpum pcr pixcl values arc revisions of those listed in the, data methodology report [I I and in the Strypi
plume report [2].3
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3 Table I - Instrument Characteristics

Parameter Tracker Camera Plume Camera

Shared telescope t)Pe Maksuto CaMsegrain Maksutov "asscgrain

Teecp imir10 cm 10 Cm
Focal length 60 cm 600 cm
Field of regard ( WX) x 970 I100 X 97Y
Field of view (ma) 2.60 x 1,980 .184' x .137'
Field of ,icw per pixel i180.5 x 143.9 Prad 12.8 x 10.0 prad

Pixel footprint (d: 500 km 190 x 72 m 6.4 x 5.0 m
System resolution (FWHM) 220 to 250 prad 80 to I00 prad

Spectral region 255-450 nm l95-350 rm
Number of filters _ _1 4

Photocathode motcrial J Bialkali Cs Tc
Time for filter change J n/a 1.7 s
Digitization _ 8 bits/pixel 8 bits/pixcl
Digital data rate _ 2.5 Mhbs 2 5 Mhps
Image rate, not ma3 5 per second S per econd

700m* 30.per second I pr secondIPixetsý normial -1251 x 24!5 x 2401
70zoom 91 x 112 !_91 x 112

Pixcl ýcosurc time _ .16 to 33.3 ms 3 nms
Frames integrated In/a
Exposure range >>0 1>Or,

*Reduced field of view.

1.3 Scientific Objectises for UVPI

3 The primary goal of the LCLV mission 16,71 for UVPI was to collect spatially resolved,
radiometric UV plume data for the third stage of the rocket. This was to be accomplished by using
UVPI's capabilities for tracking and imaging a moving target at long range. The plume-camera filters
were cycled to vary the wavebands. Emphasis was placed on the mid-UV hands because these data
can be obtained only from a space-based sensor, and because the bands have the best potential for
high signal-to-background contrast. Pointing accuracy was optimized because this simplifies
registration of images when superposed, a necessary procedure for improving statistics. The UVPI
observation was coordinated with ground observations to provide infrared and visible band data as an
important supplement to the UV data.

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

Or would provide uscful information.

U Specific objectives of the mission related to UVPI data are given in the following subsections
They revolve around a number of questions concerning plume radiance, spatial extent, temporal
variability, and spectral shape of the UV emissions 18, 91. The objectives are grouped under headings
teflecting these subjects.

1.3.1 Specific Otjerctves Related to Radionerric.s

The following four objectives are basic to those listed in the subsequent subsections.

Obtain isoradiance contours for multiple plume-camera bandpasses for the LCLV third-
stage plume.

I
I



4 H. W. Smathcrx et ait.

" Obtain radiant intensity measurements in multiple plume-camera bandpasseý for the
LCI V third-stage plume based on the entire field of view of the plume camera and on a i
subiegion corresponding approximately to a plume core,

" Compare radiometric measurements for the LCLV third-stage plume with other
measurements or expectations.

" Provide radiometric measurements for nonplame, transient phenomena, if any.

1.3.2 Specific Objectives Related to Spatial Features i
Obtain the length of the LCLV third-stage plume core, and investigate implications for
cooling rate and emissivity of particles. I

• Obtain the shape of the shock boundary/mixing layer of the rocket.

SIdentify asymmetries in plume shape, and investigate angle-of-attack and uneven burning 3
as possible causes.

1.3.3 Specific Objectives Related to Temporal Features

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

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

" Identify changes with time in the shape of the plumes' outer regions, if any, and
investigate possible dependence on rocket velocity or altitude.

" Identify persistence and cumulative effects, if any, in plumes or nonplume phenomena.

1.3.4 Specific Objectives Related to Spectral Featu, s i
"* Compare the shape of the plume central region's emission spectrum from the multiple

bandpass measurements with a reference spectral shape and spectral shape determinations
based on other sensors.

"* Relate tracker-camera measurements to visible and infrared measurements made by other
sensors.

"* Characterize the emission spectrum for the plumes' outer regions, if any.

1.4 Experiment Concept 3
1.4.1 LCLV Trajectory and Description

The LCLV Developmental Launch Vehicle was a three-stage rocket with the Talos and
Sergeant as the first and second stage, respectively, and a high-energy Aries motor as the third stage
(Fig. 3). The Aries motor had an average thrust of about 17,000 lb. The propellant for the Aries was,7
a composite that included ammonium perchlorate, powdered aluminum, and rubber binder. The
propellant had an aluminum loading of roughly 20% and a flame temperature of approximately
3200 K. Table 2 summaries LCLV rocket motor characteristics. 3

The LCLV rocket was designed to give low-cost access to space at an altitude of about 120
km. The planned trajectory was high, with i, bua,,uui a'utludr for the last stagc of abouti 117 km. The
trajectory called for LCLV to be launched from Wallops Island, Virginia, fly in an east-northeast I
direction, and land in the Atlantic Ocean. The Talos and Sergeant stages were to burn out at 7 and 47s after launch, respectively, followed by a coast period of 23 s. The Aries stage was to burn 59 s-

l
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I

-0 3rd Stage
i Aries

Shroud

Interstage 2nd Stage
Sergeant

5Aft Sk 1 st Stage
Itrstage [Talos

I
Fig 3 - LCLV three-stage rocket

I Table 2 - Summary Of LCLV Flight

____ .... UVPULCLV Observation

Stage (Solids) Thrust (ib) " Ignition/Burnout lgniiionrBurnout -
T-- -Iime =s Altitude kn

Talos 104000 0-7 0(- 1.0
Sergeant 43000 I1 - 47 2.0 - 21.2

Aries 17000 70- 129 33.6 - 112.8

Stage Ignition/Burnout Ignition/Burnout Ignition/Burnout
i_ _ _ _Range (kin) As~ect Angle (deg) Velocity (knls)

Tabs 836 - 800 595 60.3 0.0-0.27
Se rgeant * 778 610 60.3 40.8 021- 0.6J

Aries 528 497 "2.8 -37.8 044 -? 6I Not observed

** Partially observed

3 Based on information from Ref. 7.

1.4.2 Radiometrics

The LCLV third stage, or Aries, rocket motor propellant is a composite with a composition of
approximately 70% oxidizer, 20% powdered aluminum, and a small amount of hydrocarbon binder.
The combustion products for the Aries rocket motor are A12 0 3 particles, 1120, CO' CO 2 . and other
gases. The temperature inside the rocket motor chamber is typically ,20n K, which is hot enough to
melt the A1901- (melting point 2320 K) but not hot enough to vaporize it (boiling point
approximately 3700 K). As the exhaust exits the rocket nozzle it cools, and the A1 2 0 3 begins to
solidify. The temperature of the exhaust decreases further as it moves away from the rocket 171.

U
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6 H,W. Smather3 et al.

In the ultraviolet, the emission from the plume central regions of these rocket motors is
expected to be dominated by thermal emission from hot particles of AI 20 3 . In a simplified model,
the temperature of the A120 3 particles is taken to be constant at the solidification temperature of
2320 K because the latent heat of fusion causes the temperature of the particles to pause at this point
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.

Even in the simplified model, in which the A120 3 particles in the plume are assumed to be at a 5
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 front the cloud is substantially less than would be the case from a solid object the same size
as the plume- Second, the A12 0 3 particles are typically a few microns in size and are inefficient m
emitters of visible and longer wavelengths.

The rocket's emission was estimated for all four filter bandpasses of the UVPI's plume camera 3
by using a modified version of the CHARM 1.4 code. The results are given in Table 3. This
information was used to determine the desired sequence of the plume-camera filters for the LCLV
obser, ation. 5

Table 3 - Expected Intensities for LCLV Third Stage

Filter I W/sr Photoevents/Frame
PC- I 120 129

PC-2 75.4 134
PC-3 31.7 26.6
PC-4 367 2100

Filter PC-4 was selected to begin the observation of the LCLV because its wider bandpass i
would provide the brightest signature. Filter PC-4 responds to wavelengths longer than 300 nm that
pass through the ozone layer. Its primary purpose is to obtain a few seconds of data for comparison
with that from ground-based and airborne sensors. Filters PC-I and PC-3 observe wavelengths that do
not pass through the ozone layer. Thus, they cannot be observed from the ground. Use of these filters
would provide unique data. Since the UVPI plume camera filters must be cycled in sequence, a few
seconds of data using f'lter PC-2 would be collected to complete the data set, even though PC-2
passes wavelengths that can be observed from the ground.

2.0 LCLV OBSERVATION AND INSTRUMENT PERFORMANCE

2.1 Observation Scenario

The LCLV plume observation by UVPI was highly successful because of a well coordinated
effort by the LACE team and the cooperative effort by the LCLV launch team. I

The following is the sequence of events during this observation. Figure 4 shows the LACE
ground track during the encounter. U

The LCIV launch occurred only 1.2 s later than the requested launch time of 07:29:20
GMT. After the launch time was announced by launch control, a new latest rocket pointing function I
was computed and transmitted to the spacecraft. UVPI pointed .o the LCLV trajectory during the
sccond-;tagc burn. A brigt target appeared in the tracker camera's FOV using a gain of 9 The
acquire command was ,ent immediately, and UVPI was able to track the second stage for about 10 s
before it burned out (review of the data indicated no noticeable signal in the plume camera with the I
PC-4 filter in place). Then, before the third-stage ignition, the acquire command was sent and UVPI U

I
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50 1 UVPI off

t LCLV

40 - I 40

I ta Centauri 037:07:33:00

30 - 30Recorder Start LCLV

037.07.29:50 3rd Stage
-- Ground Track

20 037:07:21:30 20

-110 -100 -90 -80 -70 -60 -503 Fig. 4 - Ground track of LACE satcllite during LCLV flight

acquired the target almost instantly at ignition. At the third-stage ignition, launch control gave the
count-up sequence over the communications network. This count-up sequence guided the en -iunter

manager to instruct the console operator to cycle through the filter sequence of 4, 3, 2, and I in a
timely rmianner. Data in the plume camera were collected with a nominal gain of 9, !3, 12, and It5 corresponding to the filters 4, 3, 2, and i, respectively. The tracker camera, on the other hand, showed
a gain of 5.

After the third-stage burnout, a noticeably bright, elongated source appeared in the tracker
camera. The slender shaped source spanned almost the entire tracker camera FOV in the horizontal
direction. The bright source was ideritified as a persistent cloud trail from the LCLV thirrd stage
enhanced by moonlight.

I The timeline in UVPI mission time (UMT) for the obervation is shown in Table 4.

Figure 5 graphs time vs frame number. Time in Fig. 5 is chosen such that zero time corre-
sponds to the LCLV .ocket liftoff time. 07:29:20.3 GMT. For this observation, the linear equation for
time is: TIME = ( FRAME - 13213 ) / 29.877. Note that there is 1/30th of a second between frames.

3 2.2 LCLV Performance Summary

The overall performance of tLe LCLV rocket was nominal. Appendix A provides flight
telemetry data for the LCLV trajectory. Figure 6 shows the thrust profile of the second and third
stages of the LCLV flight. Figure 7 shows the altitude and velocity for the LCLV trajectory. Figure 8
shows the angie of attack of the LCLV during the later portion of the flight.

3 2.3 Encounter Geometry

From the post-launch telemetry data for the LCLV vehicle's position and attitude, the range.
and aspect anL vs time after launch were computed (Fig. 9). The aspect angle is defined as the angle
between the line-of-sight vector from UVPI to the target point and the longitudinal axis of the rocket.
Zero degree aspect angle means looking "nose on" and 180' means looking up the nozzle. The best3I range/aspect angle combination occurred toward the end of the third--stage hurn.

I=
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Table 4 - Timeline of LCLV Observation I
TimelTne Frame Event

_ _ _ _ _ _I

07:22:18 545 Begin dark field data collecjon
07:22:38 1126 End dark field data collection
07:25:29 6256 Begin beta Centauri observation
07:27:34 10006 Begin beta Centauri data collection
07:28:20 11396 End beta Centauri data collection
07:29:36 13658 End beta Centauri observation
07:29:52 14138 Begin Stage 2 observation
07:30:05 14541 End Stage 2 observation
07:30:33 15364 Begin Stage 3 observation
07:30:43 15647 - Be_ in Stage 3 data collection m
07:3 1:30 17067 End Stage 3 data collection
07:31:30 17067 End Stage 3 observation
07:32:11 18301 Begin zeta Centauri observation
07:32:32 18944 Begin zeta Centauri data collectb'n
07:33:32 20721 End zera Centauri data, ollectioq
07:34:21 22198 End zeta Centauri observatiun
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Fig. 5 - Telemetry frame vs time after liftoff
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Figure 10 shows the percent vignetting and the orientation angle of the rocket body in the
tracker camera's FOV. At the LCLV third-stage ignition, the plume intensity signal was essentially i
clear of vignetting and remained so throughout the data collection period. The orientation angle in
Fig. 10 is used to assist with the radiometric analysis of the plume. This angle is defined as the angle
between the trackei camera's horizontal axis and the projection of the rocket body onto the focal I
plane of the tracker camera.

I60 6

s4o .; . . . . .... . • 20 •
SO 20 5t0'0

Z 40 -. ... / . .- . : .: ..o..
C-2 0 )

30 - . .60 1
2020 -100 n

W 2nd S 1J S1 "a St t
0. 2"d St 130 ',9 uA 0

10 . . •, -140

0 . 180
0 20 40 60 80 100 120 140

Percnvt,,I TALO (S) 1 Oria,,on An le 3
Fig. 10 - UVPI-LCLV encounter: percent vignetting

and image orientatiot, angle

I
3.0 EXTRACTION OF RADIOMETRIC QUANTITIES

Three levels of data reduction are useful for any radiometric experiment. At the first level,
data are merely reduced to instrument readings or counts at the image plane; at the second level,
instrument readings .re converted by manipulating instrument-specific factors, which may be
approximate, into approximate measures of physical quantities, e.g., radiance, with no assumed
spectral shape for the source being used; at the third level of reduction, a spectral shape is assumed to
reduce data and present it.

A spectral shape must be assumed because instrument efficiency is a function of wavelength i
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 determine this I
weighted distribution. Once a spectral shape has been assumed, the number of photoevents measured
is used to infer the amplitude or intensity of the emission with that spectral shape.

3.1 Data Calibration Procedure I
The raw image data transmitted from the satellite are in the form of arrays of 8-bit binary

numbers Qk representing the intensity of light falling on the kth pixel of the CCD. From Qk, an l
estimate of the number of photoevents Pk occurring at the corresponding photocathode pixel during
the image frame can be obtained by using

P. = (0, - D!, ) AU G,)

where 3
Gg is the gain conversion factor for gain step g, i.e., the value of QA for a single photoevent,

assumed to be the same for all pixels L;.
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3 Dk is the measured dark value for the kth pixel; and

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

The pulse height distribution of the image intensifier will cause noninteger values for Pk. The

conversion of CCD response peaks to integral photoevent counts is possible only on the weakest
images because of the overlap of photoevent images. Hence, Pk values are treated as continuous
variables. The Gg, Dk, and Uk factors are discussed in detail with the data calibration procedure in

Section 2.0 of Ref. 1.

33.1.1 Discrimination of Photoevents

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. In general, a photoevent is
registered within a 3 x 3 pixel region and the largest response is at the center pixel. Note that the
blurring of a single photoevent is a relatively small component of the overall system point spread
function.

I When UVPI is looking at a dim source, compared to the instrument sensitivity, the instrument
gain is automatically set high, 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 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 for a single pixel, it could have a large impact on the results when summing the contribution
from large groups of pixels. Hence, for dim signal levels such as the LCLV rocket plume, a 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 target5 is large enough to be considered part of a photoevent.

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 the background
mean, standard deviation, and the accepted probability of false alarm. Estimates for each image of the
background mean and variance are made by using 4 image blocks located at each corner of the
image and with dimensions of 8 x 8 pixels. The estimated threshold will exactly correspond to a3 probability of false alarm PF if the following assumptions hold [10]:

0 the local mean and local variance background statistics are the same over the whole focal
plan array, andI the density function of the background follows a Gaussian distribution.

Mathematically the decision threshold is given by

w' =he + Cr 1e
where: u is the estimated background 

mean,

(o is the estimated background standard deviation, and

I' must satisfy the integral equation

P I1 - cic (,').

where the standard complementary error function was used 110].Il
il
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All the plume camera images that were used in this report to estimate radiance or radiant
intensities were subjected to the above discrimination scheme 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 above are generally representative of this data. Recalling that a
photoevent may spread over a 3 x 3 pixel region; immediate neighbors are also included as possible I
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 = Pk - .t if Pk > t' or 0, otherwise.

The rule states that if any pixel in the local neighborhood of the kth pixel exceeds r' then the value at I
the kth pixel is adjusted to be the maximum of zero or Pk - p. Thus, pixels containing no photoevent
contribution are set to exactly zero, thereby 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 pixels contain no photoevents, i.e., few photoevents per image.

Figures 1 I and 12 show a composite image ,reated with no statistical discrimination and a
composite image created by using statistical discrimination.

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 i
of view. If the radiation source is isotropic and uniform over an emitting region of area A5, then an
expression for the photon flux Oin, incident on the face of the telescope in photons/second, is

where 0i =(Asa,2 hc)J A.L(() d2, (2)

L(,) is source spectral radiance in W/m 2-nm-sr, 3
As is area of emitting region,

as is solid angle of emission SLbtended by the telescope,

h is Planck's constant,

c is speed of light.

The factor X/hc converts the spectral radiance L(X), to a photon radiance (photons/s-m 2-nm- i
sr).

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

Asl 5Q = AsAc/R 2 -= Acp 3
where 3

A, is system aperture area,

0,, is pixel field of view, 3
R is range from the detector to the emitting region.

I
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The general expression for the number of photoevents Pk in pixel k at the image plane due to
an emitting source of spectral radiance L(Q.) filling the pixel field of view is then given by jI ll:

where

"r is exposure time, and

Q(X) is wavelength-dependent photoelectronic conversion efficiency, or net quantum
efficiency, of the optics and detector.

In general, the exposure time r 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 QP is 12.8 by 10.0 prad = 1.28 x 10-10 sr
for the plume came-i and 180.5 by 143.9 prad = 2.60 x 10-8 sr for the tracker camera. At the
typical range of 500 km, these pixel fields of view correspond to 6.4 by 5.0 m and 90 by 72 m,
respectively. 5

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

Now note that the integral on the left is similar to the source radiance integral j L(W) d. except
for the k and Q(X) factors. One quick and simple approximation involves substituting constant values
for X and Q(X) and allowing them to come out from under the integral and move to the right side.
For example, -o = (X1 + ?, 2)/2 and Q0 = Qmax/ 2 provide estimated "average" values that allow
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. i. A more frequently used
approximation (the peak normalized radiance) is discussed in the next section.

3.3 The 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. One common method is called
peak normalization in which both sides of Eq. (4) are divided by the quantities km and Q(Xm). X•m is
defined as the wavelength of peak net quantum efficiency and Q(X,) is the peak net quantum
efficiency. The result is called the peak normalized radiance Lpn, which is defined as

Lp. = JAQ(A)L(A)dAL /[A, Q( 1)]. (5) I
In practice, the evaluation of Lp, is based on the measured Pk, using: 5

L =(Pk!Tr)(hCi').m)/[AQQ(;L .)]I (6)3

Table 5 gives the values of Xm. Q(.m), and %.m Q(X.m) for each of the filters; the quantity
= 1.98 x 10-8 J-nm/cm 2-sr.

I
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3 Table 5 - Plume Camera Filter, Xm, and Peak Quantum Efficiency

Filter Xm(Cm'r QO(m) XmQ(Xm)
I_ _ __ __ _

Plume PC- i 270 .00606 1.64
Plume PC-2 305 .00182 0.555
Plume PC-3 250 .00284 0.710
Plume PC-4 280 .0131 3.67

Tracker 355 .0200 7.10

UEven though Eq. (5) is an exact expression, it is not a true radiance because the integral
contains terms other than L(X). Lpn approaches the true radiance as [XQ(X)•XmQ(.m)] approaches I.
For UVPI, XI.lm is usually about equal to 1, but Q(X)IQ(Xm) << I for some of the bell-shaped
efficiency curves like PC-I and PC-3 with extended, low-efficiency wings. On the other hand,
efficiency curves for PC-2 and the tracker camera are more box-like and Q/Q(Xm) is close to one.
This is discussed further in Ref. 1.

Tr.ble 6 presents peak normalized radiance values and reference spectrum values obtained
from an observation of the LCLV third-stage rocket by using measured Pk from the brightest pixel
only. The ratio of the two radiances is included in the last column. The peak normalized
approximation underestimates the reference spectrum result by a factor of 5 or more for filters PC-I
and PC-3 because of the low-efficiency wings. On the other hand, Lpn is only low by about a factor
of two for PC-2.

Table 6 - Pk/Xr and Lpn for Brightest Pixel

Filter PkI'T Lpn J) LpnILe
(Photoevents/s) (ItWs-c2 (lgW/sr-cm2

Plume PC-I 2.19 x 101 2.65 x 10-1 2.17 __ 0.12,__
Plume PC-2 1.70 x 101 6.09 x 10-1 1.06 0.58
Plume PC-3 8.19 2.29 x 10-1 1.07 0.21
Plume PC-4 2.02 x 102 1.09 3.65 0.30

Thus, the peak normalized radiance is an approximate measure of the total radiance in the
passband of the filter. A corrected radiance can be obtained if the true spectrum is used to evaluate
the integral [12]. To better estimate the true in-band radiance, the approximate shape of the plume
spectrum must be known.

3 3.4 Reference Spectrum for Aluminum-Loaded Propellants

The third level of data reduction requires the assumption of a spectrum of the emitting
region. The amplitude of the assumed spectrum plays no role, but the shape acts as a weighting
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.
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
spectral shape. Such a spectral shape is not provided by the instrument. Fortunately, previous
measurements and theoretical predictions can aid in making the assumption, as explained below. The
sensitivity of the resulting radiometric numbers to several different spectral shapes is discussed in
Section 4.5 of Ref. 1.I
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The solid rocket motor under consideration contains powdered aluminum in its propellant.
This aluminum is oxidized and emerges as an incandescent mist in the rocket exhaust. It is this mist i
of 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. Since the
heat of fusion for aluminum oxide is very high and the rate of cooling for micron-sized particles is I
relatively low, the particles remain at their melting temperature roughly throughout the length of the
plume. 'Ihus, most of the light in the plume will be from this nearly transparent cloud of micron-
sized A120 3 particles at their melting point, 2320 K.

The assumed spectral shape used is that of a 2300 K blackbody times an emissivity function
EAI(O), shown in Fig. 13 1131. This emissivity curve is basically characteristic of hot alumina particles

I
of the size round in rocket exhaust plumes 11

LL

0.01
0 0.3 0.4 005 0.6 0.7

Wavelength (jitr)i

Fig. 13 - Emissivity cur,,c for aluminum
particles in rocket plumes

The resulting normalized spectral shape is fairly generic to all solid-fueled boosters with
aluminum-loaded fuel and is termed the reference spectrum R(4,) Mathematically,

where LBB(%L) Is the 2300 K blackbody spectrum. The reference spectrum, compared to a blackbody
spectrum, is shown in Fig. 14. I

The spectral shape is a good approximation to actual rocket plume spectra as verified by on-
board spectrometers looking back into rocket plumes 114]. i

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!I

equivalent to saying that I.(k) and R(k.) are related by a scaling constant ct, whlich is independent of ý,:

a -- L(A)/ R(;L).- (8)

An expression for the scaling factor otk for a pixel can be obtainedl by first caicuiating the i
number of photoevents expected for the unscaled reference spectrum Pk. by using the expression: I

P.=(,P/hf AQ( I)ROLdA (9)

I
II
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Fig. 14 - Assumed reference spectrum

where the calculated value is the same for all k (i.e., k is superfluous). Then, deriving an expression
for a(k using the ratio of Eq. (3) to Eq. (9), namely:

- - _ =JQ(A)L(k)dA aJAQ(.)R(A)d (10)

In practice, ok is estimated for each passband and for each pixel by comparing the measuredI value Pk to the calculated value Pj:

ak = P (1)

__ which gives an ir,-band, effective value of ak for that pixel. Actually, these plumes are optically thin
and ak, in some sense, provides a measure of the optical thinness or density of emitters along the line
of sight of that pixel.

After a value for ca is known, a source spectral radiance function L(X) can be calculated by
using Eq. (8) and, in turn, used to calculate in-band total radiance for the plume data in various filter
bandpasses. Ail the radiometric values presented in this report can be obtained from the source
function L(k) defined by Eqs. (8) and (11). Table 7 gives values for Pk IT and P1 Ir, obtained as an
average for the brightest pixel over several frames for the LCLV third-stage plume in the various3- filter bands.

Table 7 - Photoevents Per Second fromn LCLV Third-Stage Plume and Reference
Spectrom Model for Brightest Pixel and Ratios of These Values

Filter Pk / T Pj / T ck
(Plume) (PE/s) (PE/s)

PC- 1 2.19 x 10' 1.89 x 103 1.16 x 10.2
PC-2 ]I.70nx 10 1.95 x 103 8.72 x 10-3

3 PC-3 8.19 3.71 x 102 2.21 x 10-2

PC-4 2.02 x 102 2.84 x 104 7.11 x 10- 3
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3.6 Centroid Wavelength Determination 3

The procedure above yields a function L(X) describing the amplitude of the spectral shape
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. IThis is I
evident in Figs. 17, 18, and 19 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(K) of Eq. (8) at a specific characteristic wavelength ;-. for each I
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 due to the spectrally varying source. A response
centroid wavelength, weighted by the reference spectral function, was defined: 3

A,=J'(LQAd/k(kQ,~A (12) I"

This describes the wavelength of average contribution to the UVPI response for each filter.
These centroid wavelengths were computed for various spectral shapes and are shown in Table 8. The
integrals of Eq. (12) were evaluated for Table 8 as discrete summations over the range of
nonnegligible Q(X). The numbers in parentheses under the exact reference spectrum values arc the
rounded values that are actually used throughout the report.

Table 8 - Centroid Wavelength, Xc, for Various Spectra

PC-3 PC- 1 Pc-2 PC-4 Traccer
(nm) (nm) /_nn) _(nm) _nn

1800 K Rlackhodv 270.4 f 282.4 310.0 314.1 416'2
2300 K Fihckbody 265.8 79 9. I 309.7 ' 308 . 400.'"7

Reference Spectrum 265.8 279. 309.6 I 306.4 389.4
(Roundedl (265) (280) (310) (305) (390)
Flat Spectrim 248.1 270.7 309.0 i 287.3 369,5
Peak 25.0 280.0__________ _____Normalized 25" 270.0 I 310.0 I 280.0 355.0

This 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 could have been used to select a reference wavelength for describing the spectral
radiance function. For example, the central wavelength for each filter could have been used and the
numerical value of the fit function cited at those wavelengths. This would yield different values for !
the nominal spectral radiances, without changing the function L(k.) at all. In short, these single
numerical values for the rapidly varying spectral radiometric parameters must be treated with caution.

3.7 Calculations of Radiance and Radiant Intensity I
After the spectral radiance is known, the spectral integrals can be evaluated to obtain values

for the radiance:

")t. q.L,~ fL(A) )d)AJRo )dA. (.13)

I

I
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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. ( 3) does not
include the response function Q(X), and therefore does not become small outside the filter passbands.
The values obtained for L, will depend very strongly on the limits of integration.

Conversion to radiant intensity Lan be achieved from the preceding expressions by
multiplying by R2U P. where R is the range to the source and Up is the pixel field of view. This is then
summed over the pixels containing signal. This is equivalent to summing the .apparent radiance or
spectral radiance over the projected pixel area and attributing it to a point so,4rce sithin the field of
view of the pixel. The spectral radiant intensity 1(X.) and the radiant intensity 1,. can be obtained
directly from the corresponding expressions for the spectral radiance and radiance, Eq,. (8) and (1 3),
respectively:

1i) = R2k pL(A) = R2 -caR(A) (14)

and

/(•) d = R L. (15)

I The units of I(%) are (power)/(spectral bandwidth)(solid angle), or W/nm-sr, and the units of ,.
are (power)/(solid angle), or W/sr. As with the radiance, the radiant 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 would be obtained for the full spectrum radiant intensity and will also be very sensitive
to the limits of integration chosen for Eq. (15).

3 3.8 Summary of Radiometric Conversion Constants

Table 9 summarizes the definitions of conversion constants most often encountered in
calculating one radiometric quantity from another. Table 10 gives the specific 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 I I lists the radiometric values
corresponding to I photoevent/s. The radiant intensity values refer to a range of 50W kim. The spectral
radiance L(%,) and the radiance L, values are based on a single photoevent/s 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 spectral radiant intensity 1(X,)
and radiant intensity le values are per pixel, even though these terms more often refer to the total
number of photoevents measured in the entire plume image.

Note that the conversion constants associated with 1(k,.) and L(X,.) use the rounded reference
spectrum centroid wavelength values shown in parentheses in Table 8.

£ 4.0 PLUME DATA

This section presents observed plume data. The data intervals used are defined in Section 4.1,
and an overview of the intensity history for each camera is given in 4.2, Examples of single plunme-
camera images are given in 4.3. Composite images with corresponding contour plots for the defined
data intervals for the plume and tracker cameras are presented in 4.4 and 4.5, respectively. Subsection
4.6 discusses the error in the radiometric observations. The concluding subsection. 4.7, discusses the

m ,,ui',c-e .ui ..... .. . f-- the UVPI-

I

I
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Table 9 - Summar, of Formulas Defining Conversion Constants

From J To Op Formula

PkSir (photoeventsls) 4m (photons/s) x Cf _ 1 '.A
__ _ __ _ _I

__________________ 
AJ4RV2Q(A)dA

Oi, (photons/s) Pi, (W) X C2  hcf R(J d).i

P" (W) le (W/sr) *C3 C / = A,./R 2

Le (W/sr-cm 2 ) L(-c) (W/cm 2"sr-nm) +C 4  .aL(,A)dA

le (W/sr) I(k,) (W/sr-nm) C4  L(,.)
Ie (W/sr) Le (W/cm 2-sr) I-C5  C5  R2 QP
I(kc) (W/sr-nm) L(k,.) (W/cm 2 -sr-nm) I

Table 10 - Conversion Constants for the Reference Spectrum

Constant Units PC-3 PC-I PC-2 PC-4 Tracker
(kc =1265 (.(k = 280 (kc - 310 (kc = A305 (kc = 390nm_ nm) L(nm nm) nrn)

C1  photons/photoevent 1840 1510 1 976 294 - 66.2
C 2  joules/photon 7.11 x 10-19 6.61 x 10619 .641 x 10"19 6.19x10.19 5.11 x 1019
C3 steradians 1 3.12 x 10"14  3.12 x 10-141 3.12 x 10-14 3 12 x 10t14 1 3.12 x 10-14

c_ 104. 150.2 32.0 10 10 o5. 5 125.2
c5 C, .i 32.0 x ion 320 xx 2 10_4_ 32.0_ x104 6493 x 104

Table I I - Radiometric Values for One Photoevent Per Second

Units PC-3 PC-I PC-2 PC-4 ' Tracker
I (k=265nrn) (Xc=280nm) (Xc=310nm) (c-=305nm) p e(Xc=390nm)

Pkjt (photoevents/s) F _______T I -' I
0j, (photons/s) 1840 1510 976 294 66.2
Pin,(W) - [ 131 x 10-S. 9.95 x 10.16 6.26 x 10.16 1.82 x 10-16 3.38 x ()-17
le (W/sr) 4.16 x 10-2 t317 x 10• 1.99 x 10-2 5_8o x 10- . 0 3 0x 10-3
,(k ) (W /sr-nm) 3.96 x 10- 2.11 X. 10-x 10" 9.76_x_ 10"4 5.50 .X o_ _- .60_ x 10-6 1

Le (W/sr-cm 2) 1 1.30 x 10-7 7 9.91 x 10- 6.22 x 10-8 i 1.81 x I0, 1.66 x 10-11
L(Xc) (W/sr-cin2-nm) [ 1.24 x 10-9 1 6.59 x 10-10 3.05 x 10-9 [ 72 x W-.i0 1.32 x , 0-13 1

4.1 Data Intervals

4.1.1 Description of Intervals

Table 12 summarizes the LCLV third-stage data intervals used in this report and the number
of plume-camera images and tracker-camera images analyzed in each interval. Table 13 reports
important calibration parameters associated with the intervals. The UVPI-LCLV 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
television lines in the image display. This parameter is relevant to the spatial analysis presented in
Section 5.0.

II
I
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Table 12 - Definitions of Data Intervals

Data GMT TALO Plume- Telemetry No. of No. of
Interval (s) Camera Frame Plume Tracker

I_ Filter Range Images Images
1 7:30.41.82- 91.52- PC-4 15645- 140 36

7:30:47.66 87.36 15820

2 7:30:54.50- 94.20- PC-3 16025- 61 16
7:30:57.67 97.37 16120

3 7:31:03.25- 102.95- PC-2 16287- 96 23
7:31:07.18 106.88 16405 -

4 7:31:20.59- 120.29- PC-1 16807- 88 21
"7:31:24.19 123.89 16915

i _ - -_

Table 13 - Parameters Associated with Data Intervals

Data Plume " Bandpass Plume to 1 UVP!-LCLV Image Angle
Interval Camera (nm) Tracker Range VariationL___ BFilter I RaI o (kin) B (degi)

235-350 I 8:2 501 14.8

2 PC-3~ 195-295 8:2 489 9.9

3 P-2 300-3 2 0 [ 8:2 483 LA.
4 PC-] 220-320 " 8:2 493 7

I The L.CLV third-stage plume was first observed in the plume camera around frame 15364.
Because of gain changes and ensuing transients in the plume camera, data analysis was limited to
intervals I through 4 of Table 12. Approximately 5.8 s of filter 4 data, 3.2 s of filter 3 data, 3.9 s of
filter 2 data, and 3.6 s of filter I data were collected during this time. Analysis of tracker-camera data
is restricted to these same intervals.

4.1.2 Calibration Parameters Associated with Intervals

Appendix B provides basic camera parameters pertinent to the radiometric calibration of the
data for all frames during which the LCLV third stage was observed. Parameters piovided include
time, telemetry frame number, gain level for both cameras, and exposure time for both cameras.
Changes in gain levels are indicated as are other comments. The plume camera has a constant 1/30th
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 15 shows the camera gain levels for both
tracker and plume cameras. Figure 16 shows exposure time for both cameras as a function of
telemetry frame number. In these figures, the data intervals are depicted as horizontal, bold, solidlines.

4.2 Intensity History Overview

As a quick overview, Figs. 17 and 18 show plume-camera long-term trends in the central
region and total spectral diant intensity, respectively. The values plotted were derived assuming the
rcfcrcncc s;pcctral shapc. ft.gure 19 !:ho;.,s similar results for the tracker-camera total spectral radiant
intensity in a 19 by 19 pixel region containing the plume camera field of view. Notice that the
tracker-camera mean changes from interval to interval. Consequently, part of the difference among
measurements taken with the four filters of the plume camera is attributable to long-term temporal

variations rather than to spectral differences.

I!
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Fig. 15 - Tracker and plume camera gain
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Fig, 16 - Tracker and plume camera exposure times
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Fig. 17 - Spectral ,adiant intensity, plume camera, central region- U
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Fig. 18 - Spectral radiant intensity, plume camera, total
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Fig. 19 - Spectral radiant inten-ity, tracker camera

For these figures, all curves specify spectral radiant intensity at the reference centroid

5 wavelength for each interval.

4.3 Single Images

This subsection presents raw plume image data. Given the characteristics of the 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 counted3 as isolated events. In this respect, UVPI can be used as a photon-counting instrument.

Figure 20 shows single images, in zoom image transmission rate, of 1he LCLV third-stage
burn for the different filters. The image in the upper left corner is frame 15647, PC-4; the upper
right corner is frame 16027, PC-3; the lower left comer is frame 16287. PC-2; and the lower right
corner is frame 16808, PC-I. 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 the3 plume central region and outer region are not necessarily clearly delineated in a single frame.
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3 Fig. 21 - Single image of the LCLV third-stage plume

maximum of the point source response in the phtme camera is about 9 pixels, or about 90 l4rad,
which is equivalent to 40 m at a 450-km range. Figure 22 shows a plume-camera image of the
beacon on the same scale as the plume images that follow. This is representative of the plume-
camera's point spread function. Figure 23 shows the contour plot for the ground beacon, a point
source, on the same scale as Figs. 25, 27, 29, and 31 discussed below. This figure indicates the
resolution of the plume-camera contour plots due to the point spread function.

Figures 24, 26, 28, and 30 show the calibrated composite images for the four data intervals. In
these images 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 of each
image. A histogram of the image intensity values is shown above the color bar in the form of dark
dots.

Figures 25, 27, 29, and 31 show the contour plots for the four data intervals, starting with
filter 4 and ending with filter 1. Table 14 contains the value of the maximum apparent pixel radiance
measured for the brightest pixel for the plume camera as a function of data interval. The black, blue,
and red contours represent, respectively, plume radiance contours at 95%, 50%. and 9.5% of the
maximum radiance in the image. The radiance units are W/steradian per square centimeter, and the
horizontal and vertical axes are scaled in meters. With each picture or plot a companion summary
table provides relevant information for the quantitative interpretation of the image or plot. The3 parameters presented in these tables are described in Table 15.

Table 14 - Plume Camera Apparent Peak Radiometric Values
Interval Filter Apparent Apparent Peak Centroid

Peak Radiance Spectral Radiance Wavelength
(gtW/sr-cm 2 ) (O.tW/sr-cm22_.tn J (nm)

_ _ _ PC-4 3.65 3.46 x 10 305
2 PC-3 J 1.07 1.02 .. 101 265
3 PR-2 1.06 5.19 X 1o1 310

C4 -I 2.17 1.45 1o0 j 280

I
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Observing sensor: UVPI
Target observed: UVPI gRound-based beacon

Orbit number: 1173
Range of frames used: 12778-12778

Camera: PlumeU
Displayed Image size (pixels): 112(vertcal ,t91 (horizontal)

Average range (km): 450

Fig. 22 - Plurne camera image of ground-based beacon illustrating the point spread functionI
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Observing sensor: UVPI
Target observed: UVPI ground-based beacon

Orbit: 1173
Range of frames used: 12778-12778

Camera: Plume
Average range (km): 450

Fig. 23 - Plume camera contour plot for ground-based beacon



I LACE/U VPI: LCLV 29

I
,

I

I -

3 Observing sensor: UVPI (6 Feb. 1991)
Target observed: LCLV, Stage 3

Range of frames used: 15645-15820
Number of superposed Imarges: 140

Camera: Plume
Spectral band (nm): 235-350 (PC-4)

Displayed Imalte size (pizels): 112 (vertical) x 91 (horizontal)
Average ranle (kin): 501

Pixel footprint (m) @ range: 5.01 (vertical) x 6.42 (horizontal)
Aspect angle (del): 27.2

*Total photoevents/s: 1.46 x 104

*Total radiant Intensity (W/sr): 8.51 x 10 !
*Total spectral radiant Intensity

@ 305 um (W/sr-tm): 8.06 x 102

*Error (%): 13.5
"Por full image.3 Fig. 24 - Composite plume camera image for interval I
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I Observing sensor: UVPI (6 Feb. 1991)

Target observed: LCLV. Stage 3
Range of frames used: 15645-15820

Number of superposed images: 140
Camera: Plume

Spectral bond (nm): 235-350 (P-4)

Displayed Image size {pixels): 79.8 $vcrtical) x 62.3 (horizontal)IAverage ranite (kin): 501

Pixel footprint (In) 0 range: 5.01 (vertical) x 6.42 (horizontal)
Aspect angle (deg): 27.2

*Photoevents/s: 2.02 x 102IApparent peak radiance (jLW/sr-cm 2 ): 3.65

*Apparent peak spectral radiance
I *For brightst pixl.W/sr-cm2m): 3.46 x iO

Fig. 25 - Plume camera contour plot for interval I
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ObevnUesr VI( e.191

Spcta bad(m: I9-95'C

IAverage rangte (kmn): 489
Pixel footprint (ma) @ rangte: 4.89 (vertical) x 6.26 (horizontal)

Aspect angle (dgi): 24.4
*Total photoevents/s: 5.81x10

*Total radiant intensity (W/sr): 2.31 x 101____
*Total spectral radiant Intensity

@ 265 am (W/sr-pmn): 2.21 x 102
*Error (%): 10.8

*For full image.
Fig. 26 - Composite plume camera image foF interval 2
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Observinn sensor: UVPI (6 Feb. 1991)
Target observed: LCLV, Stage 3

Range of frames used: 16025-16120
Number of superposed Images: 61

Camera: Plume
Spectral band (urm): 195-295 (PC-3)

DIsplayed Image size (pixels): 81.8 (vertical).Y 6' q (hlrizontal)
Average ranze (km): 489

Pixel footprint (im) 0 range: 4.89 (vertical) x 6.26 (horizontal)
Aspect angle (deZ): 24.4

OPhotoevents/s: 8.19

*Apparent peak radiance (tJW/sr-cm2): 1.07
*Apparent peak spectral radiance

0 265 rnm tWtsr cm 2 4tm): 1.02 x 101S*Por brightest pixel. F ig 27 - Plur-cr a cotu x f0i
Fig 27 - Plume camera contour plot (or interval 2I
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Observing sensor: UVPI (6 Feb. 1991)
Target observed: LCLV, Stage 3

Rangie of frames used: 16287-16405
Number of superposed Images: 96

Camera: Plume
Spectral band (nm): 300-320(C2 -2

Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 485

Pixel footprint (m) @ range: 4.85 (vertical) x 6.21 (horizontal)
"Aspect angle (del): 25.6

*Total photoeventsis: .32 x 1i03
*Total radiant intensity (W/sr): 2.48 x 101

*Total spectral radiant Intensity
i 310 nai (W/sr-ILm): 1.22 x 103

*Error (%): 16.0
*For full image-

Fig. 28 - Composite plume camera image for intcrval 3
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I Observin sensor: UPI (6Feb. 1991)
Tape et observed: LCLVa Stara 3d

Range of frames used: 16287-l"405

Number of surerposed Imagesp 96
Fg9-lCamera: Plume

Spectral band (am)__ 300-320 (PC.2)
S. . .. Displayed Image _size (pixels): 82.4 (vertical) x 64.4 (horizontal)

I Average range (kin): 485

Pixel footprint (m) 0 roinge- 4.85 (vertical) x, 6.21 (horizontal)
Aspect angle (dea): 25.6

i*Photoeventsls: !,70 x 101
"*Apparent peak radiance _(IW/sr-cm2)i 1.06

*Apparent peak spectral radiance
0 310 am (j.LW/sr-cm2-p~m).. 5.19 x 101

*Fig. 29 - Plume camera contour pIot for interval 3
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Observing sensor: UVPI (6Feb. 1991)
Target observed: LCLV, Stage 3

Range of frames used: 16807-16915
Number of superposed imaltes: 88

Camera: Plume
Spectral band (nm): 220-320 (PC-I)

Displayed Image size (pixels): . 112 (vcr•ical) x 91 (horizontal)

Average range (km): 493
Pixel footprint (m) Q range: 4.93 (vertical) x 6.31 (horiwntal)

Aspect angle (deg): 34.1

*Total photoevents/s: 2.27 x 103
*Total radiant intensity (W/sr): 7.00 x 101

• TotaI spectral radiant Intensity

Q 280 nm (W/sr-gm): 4.67 x 102
"Error (%): 1 10.8

'gFor fuml image.
i Fig. 30 - Composite plurnc camera image for interval 4
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Observing sensor: UVPI (6 Feb. 1991)
Target observed: LCLV, Stage 3

Range of frames used: 16807-16915
Number of superposed Imagtes: 88

Camera; Plume
Spectral band (um): 220-320 (PC-I)

Displayed Image size (pixels): 81.2 (vertical) x 63.4 (horizontal)
Average range (km): 493

Pixel footprint (m) @ range: 4.93 (vcrucal) x 6.31 (horizontal)
Aspect angle (delt): 34.1

*Pbotoevents/s: 2.19 x 101

*Apparent peak radiance (ILW/sr-cm 2): 2.17
*Apparent peak spectral radiance

@ 280 nam (jW/sr-cm 2-jm): 1.45 x 101I *For brightest pixel.
Fig. 31 - Plume camera contour plot for interval 4
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Table 15 - Description of Basic Parameters
AAngle, in degrees, between the line of sight and the rocket body longitudinal

Aspect Angle vector.__ I
Average Range Average distance, in kilometers, betweeni 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.

Numbe. of 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

Superposed Images number of frames in the rangve _ _ _1

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

Range of frames containing the set of tracker or plume camera images
Range of Frames Used rposed.

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

Target Observed LCLV Stage 3

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

Total Radiant Radiant intensity associated with the total photoevents per second.

Intensity (W/sr)

Total Spectral Radiant Spectral radiant intensity at the specified centroid wavelength associated with

Intensity (W/sr-Lm) the total photoevents/s.

Ap n PApparent radiance measured at the brightest pixel in an image. Because of theApparent Peak size and structure of UVPI's point spread function, the value given is likelyRadiance not to be a good measure of the true peak radiance at the source. The value is

(giW/sr-cm 2 ) useful for rough comparisons and order of magnitude estimates.
Apparent spectral radiance at the specified centroid wavelength measured at

Apparent Peak the brightest pixel in an image. Because of the size and structure of UVPI's
Spectral Radiance point spread function, the value given is likely not to be a good measure of
(pW/sr-cm 2 -nin) the true peak spectral radiance at the source. The value is useful for rough

comparisons and order of magnitud! estimates.

Ero Total error associated with the above radiometric values. This error includes
Error (%) gain conversion factor error and error attributable to photon shot noise andes

detector noise. Error estimate is based on the total number of images I
superposed. See Section 4.6 for in-depth discussion.

I

I

I



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.

Table 14 also shows apparent peak spectral radiance reported at the specified centroid
wavelength. Because of the size and structure of UVPI's point spread function, the values given are
primarily useful for rough comparisons and order-of-magnitude estimates. Estimates of true source
peak radiance requires further analysis. A comparison of UVPI apparent peak radiance
measurements with CHARM 1.4 code predictions is presented in Section 5.3.

Note that the number of images superposed in each data interval can be significantly
different. For example, only 61 images were used for interval 2 and 140 were used for interval 1. For
each interval, as many images as possible were superposed.

Because of the relatively long observation time, the appatent rocket velocity vector changes
from interval to interval. The velocity is directed out of the page toward ihe viewer at an angle that is
the complement of the aspect angle shown in Fig. 9. Over the period of observation, the direction of
the rocket velocity vector projected on the image plane changes significantly. Table 16 summarizes
the direction of the velocity vector projected on the image plane.

Table 16 - Apparent Velocity Vector Direction for Each Interval

Interval Filter Direction of MotionI Relative to Tracker Camera
I I JX Axis (deg)

I T PC-4 1 -56.7
2 PC-3 -89.1
3 PC-2 -117.1
4 PC-] -159.9

4.5 Calibrated Tracker-Camera Images

While the plume camera gathered rocket plume images, the tracker camera gathered images at
a lower rate because of the plume-to-tracker image ratio. The tracker camera's exposure time varied
over the data intervals, as shown in Table 17.

Table 17 - Thacker Camera Exposure Time
Data Tracker Camera

Interval Exposure Timej (Ms)

1 . .12.2
2 12.2
3 12.2
4 15.4

The limiting resolution of the UVPI cameras is described by the point spread function.
Observation of the ground-based beacon, a source less than 5 m across, shows that the full-width-half-
maximum of the point source response in the tracker camera is about 1.5 pixels, or about 230 prad.
This is equivalent to 104 m at 450-kmn range. Figure 32 is a tracker-camera contour plot ot the
ground-based beacon. This is representative of the tracker camera's point spread function and can be
compared with the interval 3 tracker-camera contour plt shown in Fig. 33. Figure 34 shows a
tracker-camera image of the ground-based beacon on the same scale as the LCLV tracker-camera
images that follow. The corresponding composite tracker-camera images for each of the four data
intervals are shown in Figs. 35 through 38.
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Observing sensor: t'VPI
Target observed: UVPI •xound-bascd beacon

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

Camera: Tracker 1
Displayed image size (pixels.. 112 (vertical) x 91 (horizontal)

Avrage range (km): 450
Fig. 32 - Trckcr-camcfa contour plot for ground-based beacon 3
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_ Observing sensor: UVPI (6 Feb. 1991)
STarget observed: LCLV Stage 3

-Range of frames rused: 16287-16405

Number of mupromed lma ems:_ 23
-Camera: Trakcer

-Spectral band nrm)"_ 255 - 450
Displayed ima e size (kc-,:. _2 (vertical) x 2 (horizontal)

Average range (kin): 485
Pixel footprint (in) @ range: .69.9 (vek•.al) x87.6 (horizontal)

Aspect angle (delg): 25.6
•Photoevents/s: 9.94 x 104

Apparent pak radiance •uW/sr-cni 2 : I .65

*Apparent peak spectral radianceI@ 390 nm (j.W/sr-cm2-pm•): 1.32 x 101
*For brightest pixel.

I Fig. 33 - Tracker-camera contour plot for interval 3
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Observing sensor: UVPI
Target observed: UVPI ground-based beacon

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

Camera: Tracker
Displayed image size (pixels): 112 (verfical) x 91 (horizontal)

Average range (km): 4503 Fig. 34 - Tracker-camera image of ground-based beacon illustrating thc point spread function
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Observing sensor: UVP! (6 Feb. 199 1
Target observed: LCLV, Stage 3

Range of frames used: 15645-15820
Number of superposed imagtes: 36SCamera: Tracker

Spectral band (am): 255- 450
_Displayeed imagle size (pixels): 112 (vertical) x 91 (horizontal)

-- Average range (km): 501
_ Pixel footprint (m) @ ranu~e: 72.1 (vertical) x 90.5 (horizontal)

Aspect anlgle (deg): 27.2
S*Total photoeventa/s: 5.06 x 105

S*Total radiant intensit• (W/sr): 5.49 x 102
*Total spectral radiant Intensity

0 390 nm (W/sr-ILm): 4.38 x 103

"*For central 19 x 19 pixels.*Err() 1.

i Fig. 35 - Composite tracker-camera image for interval I
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iObserving sensor: UVPI (6 Feb. 1991)

Target observed: LCLV, Sta( e 3

Range of frames used: 16025-16120
Number of superposed Images: 16

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Averane range (kin): 489

Pixel footprint (m) @ range: 70.4 (vertical) x 88.2 (horizontal)
Aspect angle (deg): 24.4

*Total photoevents/s: 6.19 x 105
*Total radiant intensity (W/sr): 6.38 x 102

*Total spectral radiant Intensity

@ 390 nm (W/sr-4m): 5.09 x 103
*0"-ror (%): Ž15.6

*For central 19 x 19 pixels.
i Fig. 36 - Cor,'posite tracker-camera image for interval 2

i
I



L4CFAJ VP!: LCLV 55

ObevnIesr Vl(Fb 91
Tagtosre:ICV tg

RagIffae sd 27460
Nubro1uepoe mle: 2

Obsevangl sdenso: 25.I 6 Fb 9
* Toal htobervedt/: 7.51, x tg 30

*Ttlradante of frames us/ed: l27.t63 02

*Tta spectral badand Inten2sity45

Pxel fotrnt (an) 0range: 69.09 (vria)x 876103zotl
*sE rro 2ntl (d1)5.6

*For~~~7.3 ceta 10 9 ies

Fig. 37 - Composite tuacker-camnera im~age for interval 3
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Range of frames used: 168M7-16915
iNumber of super~posed imnages: 21

Comers: Tracker
Spectral band (am): 255- 450

Dispilaed Image size (pixels): 112 (vertical) x 91 (horizontal)
i Aversale ranae (kin): 493

Pixel footprint (ra) (D range: 70.9 (vertical) x 89.0 (horizonWa)
Aspect anale (dez): 34.1

i*Total pbotoeventsls: 6.34 x 105

* Total radiant Intensity (W/sr): 6.64 x 102
•*Total spectral radiant Intensity

Q390 nms (W/ir-jim): 5.30 x 103

e £ro ((: .

* For central 19 x 19 pixels. *Err() 1.

i Fig. 38 - Composite tracker-camera image for interval 4
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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 15. 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 I
the plume camera. This field of view contains plume central region and a portion of the outer region.
Therefore, it 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 I
spectral energy distribution assumptions are reported for the tracker camera observations. These
results have been reduced by 16.3% to account for red leakage in the tracker-camera filter.

Note that the number of images superposed in each data interval can be significantly
different. For example, only 16 images were used for interval 2, and 36 were used for interval I. For
each interval, as many images as possible were superposed.

4.6 Error Analysis for Radiometric Observations

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 components:
(a) measurement noise, summarized in 4.6.1, which includes photon shot noise and other intrinsic
sensor noise sources, and (b) calibration error, summarized in 4.6.2, which is the error contained in
the gain conversion factor. Section 4.6.3 summarizes the calculation of the total error based on the I
error components presented in 4.6.1 and 4.6.2. Reference I provides detailed discussions of error
estimates. 3
4.6.1 Due to Measurement Noise

Because of photon shot noise, the error in the calculated number of photoevents changes as a I
function of the plume radiant intensity, which could change as a function of time. This error 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 could be U
used 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: 3
M is number of images in data interval,
N is number of images used within the window, 3
/.ti is local mean over N images around ith image,

a2  is local standard deviation around ith image,

I i is 3.1a' + !i detection threshold,

E is o/mti local error around the ith image,
Gg is gain conversion factor for gain step g, in units of sensor output per photoevent, 5
£1/G is error in IIGg,

EN is average local error in the measured number, 3
E= -- (.s (16)

M P
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I is upper bound error in the measured number for the

case of M averaged images,

S~max (e1)Uu = max (-•-, 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
is high enough for the radiant intensity fluctuations to be modeled by a gaussian distribution, the
probability of exceeding the above defined threshold ti is no more than 0.001.

Table 18 lists M, the number of images averaged in each data interval, and EN, the error due to
measurement in the values averaged over the window that consists of N images. The three columns of
EN values correspond to plume-camera central region measurements, plume-camera central region
plus outer region, and tracker-camera 19 by 19 pixel field of view. The central region and outer
region as used in this report are uefined in Section 5.1. Because of the small number of tracker
camera frames available for analysis in each interval, an accurate measurement of frame-to-frame
variation was not possible for the tracker camera.

Table 18 - Percent Error Per Image Due to Measurement Noise EN

Interval Images Plume-Camera Plume-Camera Tracker
(M) Central Region Central Region Camera

I I - - - I+ Outer Region 19 x 19
1 140 6.51 7.11 -

2 61 28.6 24.8 -
3 96 20.3 15.9 -
4 88 18.6 17.5-

4.6.2 In Gain Conversion Factor

The gain conversion factor Gg, derived from on-orbit calibration [I], is based on calibration
star measurements. Based on measurements of several calibration stars over the full set of UVPI
camera gains, an estimate of error associated with G9 can be obtained for each camera configuration
by calculating the deviations of individual calibration star measurements about a mean calibration3 curve.

Table 19 tabulates the error associated with the gain conversion factor for the plume and
tracker cameras. The average deviation is a good error estimate; the maximum deviation gives a
worst-case estimate.

Table 19 - Error in 1/Gg for Tracker and Plume Cameras

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

Calibration Curve(%) Curve(%)
Tracker 15.6 17.3
Plume. PC-I 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

I
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4.6.3 Calculation of Total Error

The estimated total calibration error depends on the number of images averaged together. M.
In this report we define the total error 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 I
reported by UVPI for a calibration star and the gain conversion factor G. arc uncorrelated, or weakly
correlated, then the total error per image - can be obtained from 115]:

2 ý2 2 2
Ep __ E1/G + EN+ CuG (8

where EN is the average local error in the number of measured photoevents presented in Table 18, 3
and EUIIG is the error in the gain conversion factor tabulated in Table 19.

For the case of M, an upper bound estimate of the total error is given by: 3
22 2 2

ET = \!u " C1/G +- Fu +•-fG . (19)

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

Table 20 summarizes the overall error analysis results for the plume central region radiant 3
intensities for each of the data intervals. The first column identifies the data interval. The second
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.,

S(20)

Under the assumption thiat the signal is not changing rapidly in time, K relates the measured 3
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 fourth and fifth columns show, respectively, the total percent error on an image-by-
image basis and the total percent error resulting after averaging all M images available within the 3
appropriate data interval.

Similar to Table 20, Table 21 shows, the radiant intensity errors for the total plume-camera
field of view.

Because of the small number of tracker-camera frames available for analysis, an accurate
measurement of these values for the tracker camera was not possible Consequently, the gain
conversion factor error EllG is given as a lower bound for ET in Table 22.

Table 23 lists ET for each of the four data intervals for the plume camera observing the central 3
region only. the plume camera observing the central region and the outer region, and the 19 by 19
pixel field in the tracker camera that corresponds to the full plume-camera field of view.

I
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I
Table 20 - Plumc t'entral Region Radiometric

Percent Errors for Plume Camera
I'nterval M K F E•T

_ _1 140 1.28_ _ 15.0 13.5
2 61 1.10 30.4 10.8

3 96 _ _1.05 26.0 ! 5.9
I4 -88 -1 1.44 21.4 1 10.9 _

I able 21 - Central Region Plus Outer Region Radiometric

Percent Errors for Plume Camera

j Interval M ) K FT ]11 140 1"1.57 15.3 13.5
2 _ 61 1.07 26.9 10.8
3 [ 96 .05 22.6 16.0
4 88 j 1.53 1 20.5 10.8

I Table 22 - Radiometric Percent Errors: Tracker
Camera Over 19 x 19 Pixel Window

Interval IM K K ' EF ET__

1 36 - - Ž15-6
2 16 - - >15.6

S23 - - j _ 15.6
4 21 - Ž15.6

I
Table 23 - Total Radiometric Percent Errors FT

Interval Plume-Camera Plume-Camera Tracker
Central region Central region Camera

+ Outer region 19 x 19

1 13.5 13.5 > 15.6
2 2" 10.8 10.,) > 15.6F _

|_3 , 15.9 16.0 > 15.6
_ 10.9 10.8 2t 15

I

I
I,
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4.7 Noise Equivalent Radiance 3
Following the noise equivalent radiance (NER) definition given in the Infrared Handbook

L16], the UVPI NER is defined as the source radiance level that will result in a signal-to-noise ratio
(SNR) of I at the output of a single pixel. The NER can be interpreted as the sensitivity limit for an l
imaging system. For UVPI, a single NER number does not fully characterize the sensitivity of the
system since this is a function of integration time, spectral filter, carwera gain level, number of images
superposed, and the assumed source spectrum. I

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 U
UVPI. A single pixel in the plume or tracker camera can be treated as a photoevent counting device.
The SNR definition from - "lich the empirical UVPI NER is derived is:

(SNR)2 =.M2.s2/(M 2 + M-N2 (21)

where: 3
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 noise standard deviation, in a pixel during the integration time,
expressed in photoevents/pixel-image. Based on extensive measurements made onUVPI data, the signal-dependent noise can be expressed in terms of the mean number i
of signal related photoevents by using the following equation:

NS =2SI/ 2 . (22) 3
Note that this is two times higher than the photon shot noise prediction.

From the SNR expression above, the mean number of signal-related photoevents/pixel-image 3
in a pixel that will result in a SNR of I is

S'=2[l+(I+M.N2/4)1M. (23)3

Notice that for the case of only one superposed image, M = 1, 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[ I+(I + M. N2/4)']/M. (24) 3
where K is the radiometric calibration constant that converts from photoevents/pxel-image to lpW/sr-
cm 2 . K is a function of the spectrai filter used, the single image exposure tiiie, and the assumed
source spectrum.

The radiomctric scnsitivity could also be improved by performing mp amial averaging at the
expense of a lower spatial resolution.

I
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Table 24 summarizes the estimated NERs, or sensitivity levels, for the four data intervals of

the plume camera, under the assumption of the reference spectrum. Since, for the plume camera, the
signal-independent noise is negligible cornpared to the signal-dependent noise, image superposition
provides an increase in sensitivity that is Il*ear with the number of superposed images.

Table 24 - Plume Camera NER per Pixel for Data Intervals

Data Fifter UVPI NER for Number of NER for Data

Interval Gain Single Image Images Interval

I Step (W/sr-cm 2 ) Superposed (W/sr-cm 2 )

L - PC-4 9 2.3x 10-6  140 i.8x10-8
2 PC-3 13 1.6 x 10-5  61 2.7 x 10-7

I 3 PC-2 12 7-8 x 10-6 96 8.1 x 10.8
4 PC-I 12 1.2 x 10-5 88 1.4 x 10-7

Table 25 summarizes the estimated NERs, or sensitivity levels, for the four data intervals 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 data, for the tracker camera and its
lower gain settings the signal-independent noise is not negligible and the improvement in sensitivity is
not linear with the number of images superposed.

Table 25 - Tracker Camera NER Per Pixel for Data Intervals

Data NER for Number of UVPI NER for Minimum Detectable
Interval Single Image Images Gain Data Number ofn (W/sr-cm 2)* Superposed Step Interval Photoevents/s for

(W/sr-cm 2)* Superposed Images*

I I.8 x 10-8 36 6 2.5 x 10-9 152[ 2 2.8x10.8- 16 6 3.89x 09 I 231
3 1.8 x 10.8 23 6 3.2 x 10-9 192
4-1 2.4x10-8  21 5 10.9 I 4. 9293

* Not redleak corrected

5.0 SPATIAL FEATURES

This section concentrates on the ',patial characterization of the measured plumes. First,
definitions for the plume central region and outer region are presented. Se,. ond, the plume's spatial
extent is discussed with consideration for the UVPI's point spread function (PSF). Finally, the3 observed plume is compared to the CHARM 1.4 model predictions.

5.1 Delineation of Plume Central and Outer Regions

5 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 for each of the four3 intervals.

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. 39. The images on the left
are the composite images; in the images on the right, the corresponding central region is overlaid as a
completely white region. Figure 39 shows the four intervals for the LCLV third-stage burn.
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5 Table 26 summarizes the central region extent in pixels for each of the four data intervals
considered.

Table 26 - Central Region Extent in Plume Camera

Central Central
Interval Filter Region Extent Region Extent

(pixels) (mi2 )

I FPC-4 205 6595
2 PC-3 192 5873
3 PC-2 166 5006

4 PC-I 246 7646

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 contain 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. 40 shows the number of photoevents per image in the
central and outer regions as a function of central region size for data interval 1. A vertical dashed line
is used to illustrate the central region size used in this report. This plot can be used to scale the results
presented here if a different central region size is desired.

5 485

Pholoeverrll in central region

(D388 7%
Z9 -1

CI PCenrrial region size used In saltysis194 It

9 " P'holoevents in outer rn•go0

0 350 700 1050 1400
Number ot pixels in core

Fig. 40 - Photoevents as a function of defined central
region size, LCLV third stage interval I

Although these figures show that the outer region contributes somewhat to the total signal
measured during each interval, the composite images clearly show that the outer region signal is only
weakly localized to the area behind the rocket. For this reason, it is concluded that: (a) the outer
region component of the total signal is only weakly attributable to plume induced far-field emissions.
and (b) central region results most accurate~y represent the true plume radiance.

5.2 Plume Extent and Point Spread function

The effective UVPI point spiead 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 plumeI

I
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camera's PSF is critical in establishing the maximum size of the observed LCLV third-stage plume.
Table 27 summarizes the estimated plume central region axial length, as defined from peak to either I
50% or 10% of peak brightness, for each data interval during the third-stage bum. These plume
length estimates do not incorporate corrections for the aspect angle or for the plume camera's PSF.

Table 27 - Observed Axial Length of Plume Central Region

Interval Filter Peak to 50% Peak to 10%
Maximum Maximum

I I (m) (m) I
I PC-4 " 30 90
2 PC-3 14 39
3 PC-2 1 16 38
4 PC- I 45 84

Based on UVPI data from many observations, one may conclude that 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, Observation
of the LCLV third-stage plume did not use the door-mounted mirror. The existing data for point
sources indicate that the PSF is less circularly symmet-ic when using the door-mounted mirror. This
could be the result of jitter in the door mirror.

Figure 22 shows a plume camera image of a ground-based beacon. A scaled version of the
plume camera's PSF for the beacon is presented in Ref. 1. Figure 41 shows a three-dimensional plot
of the PSF that results from observation ef 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. 42. The full-width-half-maximum length is about 40 m. •

Figures 43 through 46 show profiles of the radiance along the major axis of the plume,
measured by the plume camera, for each of the data intervals. The horizontal line in Figs. 44 through
46 corresponds to the NER sensitivity limit after image superposition. The NER sensitivity limit for
data interval I is not distinguishable from the abscissa in Fig. 43. It is evident from these figures that,
after image superposition, a good SNR was achieved for all intervals.

Figure 34 shows a tracker-camera image of a giound-based beacon. A scaled version of the 3
tracker camera's PSF for the beacon is presented Ref. 1. Figure 47 shows a three-dimensional plot of
the PSF that results from observation of the ground-based beacon; Fig. 48 is an axial profile of the
beacon as seen by the tracker camera. 3
5.3 Comparison of Results to CHARM 1.4 Predictions

This subsection compares the UVPI measurements to the predictions provided by a I
theoretical plume model. The Institute for Defense Analyses (IDA) generated a number of CHARM
1.4 runs in which the LCLV third stage was modeled by using each of the UVPI's plume-camera filter
bandpasses [ 18]. The following parameters were common to all the runs: I

Model: CHARM 1.4
Object modeled: Intrinsic Core
Aspect for four data intervals: 27.2, 24.4, 25.6, 34.1
Horizontal resolution: 5.0 m
Vertical resolution: 5.0 m

I
I



I LACFIUVP: LCLV 67

I
I 1.000-.

.6667~ I .

z o1

* 0.000

9.131.00

20.01 
19.60 31.0 0

i14.1 % 3. 0 •oM 6.0 12.40 ,0

Fig. 41 - Plume camera PSF for ground-based beacon
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In all of IDA's runs, a 5 by 5 m pixel resolution was used. To compare the CHARM 1.4
predictions with the UVPI measurement, the CHARM 1.4 predictions were convclved with an estimate
of the UVPI's PSF. A normalized version of the ground beacon image, Frame 12778, Orbit 1173, was
used as the best UVPI plume-camera PSF estimate.

Figures 49 and 50 show an example of the CHARM 1.4 prediction convolved with the UVPI
point spread function (PSF). The left image in Fig. 49 shows a false-color CHARM 1.4 image
prediction with 5-m resolution for the third-stage motor, assuming it is being observed with PC-4.

The right image shows the same CHARM 1.4 prediction, except that it is convolved with the UVPI
point spread function. Figure 50 is the corresponding contour plot for the image prediction, again
assuming UVPI PC-4 and convolution with UVPI PSF.

Figures 51 through 54 show: (a) the CHARM 1.4 high-resolution prediction of the plume
radiance as a function of axial distance, (b) the CHARM 1.4 prediction convolved with the UVPI
plume camera PSF, and (c) a horizontal line depicting the single image noise equivalent radiance
(NER) of the plume camera, for the various filter bandpasses. The interval NER values are given in
the upper right-hand corner.

The peak radiance and the plume length for the CHARM 1.4 image predictions are lsted in
Tables 28 and 29.

6.0 TEMPORAL FEATURES

This section presents calibrated photoevents per image and radiant intensity values for each of
the four data intervals. The calibration procedure 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 1.4 code. The
bandpasses of each of the plume camera filters are also given in Section 1.2. Section 6.1 presents theSplume-camera observations; Section 6.2 presents the tracker-camera observations.

6.1 Plume Camera Intensity Plots

I This section presents the number of photoevents observed in the plume camera, both central
region and total, for each image of the four analyzed data intervals. Table 30 lists the figures
contained in this section.

The separation of plume central region from total FOV is described in Section 5.1L During
the telemetry frame ranges depicted in each plot, the plume-to-tracker image ratio was primarily 8:2.
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
average of the intensity, 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. Scction
4.6 provides a more complete discussion of the computations of local statistics.

Figures 55 through 62 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
showing the intensity variation over both the plume central region and the total plume.

I-
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U



LACFAUVPIh LCLV 77

I

1 250 L -, ,
Interval NER - 00177 PWlcm 2 -ar

200 r

150

S100
V;5

SLIBlurred with UVPE PSF

-100 0 100 200 300

Axial Distance (m)
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Table 28 - Peak Radiance Comparison

Interval Filter CHARM 1.4 CHARM 1.4 UVPI Measured
@ 5-M Convolved Peak Radiance

Resolution Peak Radiance (j.W/sr-cm 2)
Peak Radiance (ILW/sr-cm 2)
(tW/sr-cm 2)

i PC-4 _ 2.48 x 102 1.69 x 101 3.65
2 PC-3 2.19 x 101 1.54 1.07
3 PC-2 4.76 x 101 3.50 1.06
4 PC-1I 7.88 x 101 j 5.42 2.17

Table 29 - Comparison of Measured to Predicted Plume Length

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

Interval Filter CHARM 1.4 CHARM 1.4 UVPI
@ 5-M Using UVPI's Measured

Resolution PSF

=. 5o 1 10% 50% 1I 0% 50% 10%

I PC-4 5 15 30 60 30 90
2 PC-3 5 10 30 55 14 39

_3 PC-2 5 15 30 60 16 38
4 PC- 1 5 15 30 65 45 84

Table 30 - Radiant Intensity Figures

I 1 Central
Interval Total Region

1 55 56
_2_ 57 ELI

59 60

4 61 62I
I
I

I
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Figures 57, 59, and 60 show instances in whicl" the measured number of photoevents exceed

the local mean by more than 3.1 standard deviations. The probability of such an event is less than
0.001. 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 major number of photoevents exceeded the threshold. I

Table 31 summarizes the average radiant intensities (ARI) for the plume-camera observations
over the four data intervals. The average radiant intensity reported for each of the data intervals is
based on the reference spectral energy distribution assumption. It represents the average of all images
in the interval. Table 31 includes reference spectrum predictions of ARI for the sake of completeness.
It is not obvious how to compare the predictions to the experimentally determined values because of
different fields of view and complexities with regard to central and outer region mechanisms.

Table 31 - Summary of Plume-Camera Average Radiant Intensities

Measured ARI* Measured ASRI** Reference
Model

Interval Filter Band Central Total Centroid Total Predicted(nm) Region ARI Wave- ASRI ARI

ARI OV/sr) length (W/sr-gim) (W/sr)
(W/sr) _ (nm) I _i_

I PC-4 235-350 67.9 85.1 305 806 806
2 "PC-3 195-295 17.1 23.1 265 221 77.2
3 PC-2 300-320 15.0 24.8 310 1217 987
4 PC-r 220-320- 55.3 70.0 280 467 207

*average radiant intensity
**average spectral radiant intensity 3

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

image.

6.2 Tracker-Camera Intensity Plots

Figures 63 through 66 present total photoevents per image for the four data intervals. Th. i
figures in this scction are based on a 19 by 19 pixel section of the tracker camera, which corresponds
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. To provide an estimate of the average radiant I
intensity, values based on reference spectral energy distribution assumptions are reported in Table 32
for the tracker-camera observations. These results have been reduced by 16.3% to account for red
leakage in the tracker-camera filter.

Figures 63 through 66 are primarily intended to show image-to-image variations in the
number of photoevents per image after redleak correction. For the telemetry fiame ranges depicted
in each plot, the plume-to-tracker image ratio was 8:2. Consequently, the plots show repeated groups I
consisting of two consecutive tracker-camera images followed by a gap where the eight plume camera
images occurred. Because of the small number of images in each data interval, an estimated local
mean and a low probability threshold could not be meaningfully computed. I

I
I
i



LACFIUVPI. LCLV 85

9000 " ' "

6750I i
S4500

I -o•2250 I

0
15640 15686 15732 15778 15824

Telemetry Frame Number

Fig. 63 - Tracker camera total intensity for interval I

9000

• 6750

0

0I. 4500

z 2250

0 f
16020 16046 16072 16098 16124

Telemetry Frame Number

Fig. 64 - Tracker camera total intensity for interval 2

I

I
I



86 H.W. Smarhers et al.

I
S~I

11000 j

E 8250 I I
2
S5500
0.-I II
E 2750

0 - • ' "" - ' - ,~- -

16284 16316 16348 16380 16412

Telemetry Frame Number I
Fig. 65 - Tracker camera total intensity for interval 3 I

14000 1 . I I I I I I I I .

® 120002 I
o10000o

8000

. 6000
0o1

"E 4000

2000
0 - T *'

16808 16836 16864 16892 16920 I
Telemetry Frame Number

Fig. 66 - Tracker camera total intensity for interval 4 3

I
I
I
I



LACEUVPI: LCLV 87

Table 32 - Summary of Tracker-Camera Average Radiant Intensities
Band ARI* in ASRI** in

Interval Filter (nm) 19 x 19 19 x 19 Pixel

Pixel Region Region @
(W/sr) 390 nm

-- __ _ (W/sr-4m)

I PC-4 255-450 549 4380

2 PC-3 255-450 638 5090
3 PC-2 255-450 763 6090

4 PC- 1 255-450 664 5300

"average radiant intensity
**average spectral radiant intensity

7.0 SPECTRAL ANALYSIS OF PLUMES

This section presents the spectral analysis of the emission from the LCLV third-stage plume
central region and from the outer region. As discussed in Section 2, the UVPI plume and tracker
cameras observed the stage at a range of approximately 492 km by using a sequence of bandpasses.
The figures and tables in this section show the computed spectral radiant intensity in W/sr-ttm of the
plume central region and the srzctral radiant intensity measured over the entire plume-camera field
of view. The UVPI observations of the central region show that the ratio of the spectral radiant
intensity at the longer wavelengths, relative to the spectral radiant intensity at the shorter wavelengths,
is smaller than predicted by the reference spectrum. The results for the entire plume-camera field of
view show a similar relative excess at the shorter wavelengths.

7.1 Obscrv'cd Spectral Radiant Intensities

The conversion of the plume and tracker camera data to radiometric values requires the
assumption of a source spectrum, as described in Section 3.5. The reference spectral shape was used
in the analysis of the camera data presented in this section. The wavelength for which the spectral
radiant intensity is reported for each flter bandpass is the centroid wavelength when the assumed
source spectrum is convolved with the UVPI net quantum efficiency function, as described in Section
3.6.
3.. In selecting the reference spectrum scaling factor, an effort was made to find a good fit for all

bands. This method is less sensitive to single band signals but instead compares overall spectral
shapes.

The plume-camera observations were made between 81 and 124 s after liftoff. The range
from UVPI to the rocket was between 492 and 501 km over this time period. The spectral radiant
intensities of the plume central region, as measured by UVPI in the four plurrmc-camera bands, are
plotted in Fig. 67. In addition, Fig. 67 shows the reference spectral shape, scaled arbitrarily to pass
through the data points, and for comparison shows a blackbody spectrum chosen to coincide with the
reference spectral shape at short wavelengths. The data and scaled reference based values are also
listed in Table 33. Note that the average radiant intensities of the plume changed with time during the
four data intervals. Consequently, the relative spectral intensities must be compared with caution.

Figure 67 shows that the ratio of the spectral radiant intensity measured by UVPI for the
central region at the shorter wavelengths, relative to that at the longer wavelengths, is larger than that
predicted by th': reference spectral shape. The relative intensity increase for the 265-nm data point is
a fnctor of almost three, well beyond the instrument uncertainty discussed in Section 4.6.

The spectral radiant intensity measured by UVPI over the entire plume camera field of view is
shown in Fig. 68. These measurements were made by the plume camera operating in the four plume

I
I
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Table 33 - Measured and Scaled Spectral Radiant Intensity in Units of W/sr-Am

Wavelength Filter Observed Prlue Camera Central Region: I
(nm) Central Field of View Scaled Reference I

._ • Region Comparison U
265 PC-3 r 1.63 x 102. 2.21 x 102 7.72 x 101

280 PC-1 3.69 x 102 4.67 x 102 2.07 x 102

305 PC-4 6.43 x 102 8.06 x 102 8.06 x 102

310 PC-2 7.36 x 102 1.22 x 103  9.7 x 102
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camera bands and by the tracker camera. Note that the tracker camera pixels analyzed in this section

correspond to the full field of view of the plume camera. Figure 68 also shows a scaled reference
spectral shape and blackbody spectrum. The plume camera data are also listed in Table 33.

Figure 68 shows that the reference spectral shape is in good agreement with the 275 to 390-
nm trend. It also shows that the reference model predicts a more rapid decrease with decreasing
wavelength below 275 nm than the data show. These results are similar to those tound for the plume
central region analysis. Note that the LCLV total and central region spectra data are almost identical,
both showing the short wavelength excess.

I 7.2 Discussion

The reference model hypothesizes that the principal source of UV radi;.tion is thermal
emission from alumina particles at the fusion temperature of alumina, 2320 K. The spctra: shape
departs from that of a blackbody because of the decreasing effective emissivitý of the particles with
increasing wavelength. No obvious modification to this model wijl yield the far-UV exce-js 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 NOy bands ace possible soucces.

I 8.0 PERSISTENT CLOUDS OR TRAILS

The interval 4 tracker-camera composite image presented in Section 4, Fg. 38, clearly shows
a faint cloud trail forming behind the rocket. Although gain change7s and ensuing transient,
following data interval 4 (fram.z 16915, TALO 123.9 s) -endered the data urreliable for inclusion in
the analysis, images were collected until UVPI lost track on tle L'LV third stage (frame 17306,
TALO 136.9 s). These images showed a very prominent cloud trao! that exhibited unusual behavio-.

Figure 69 shows a composite tracker camera image formed from frames 17055 and 17056,
around TALO 128.6 s. The brightest pixel in the central region of the plume registers approximately
9400 photoevents/s, which is more than a factor of 10 lower than the value measured during data
interval 4. Consequently, the cloud is much more conspicuous, relative to the centrai region, in Fig.
69 than in Fig. 38 of Section 4.

The cloud began to change in appearance around frame 17135, TALO 131.2 s, immediately
following a brief loss of track. Figure 70 shows a composite image fornmed from frames 17135 and
17136. The aspect angle and angle of attack for the third stage is no different than that associated
with Fig. 69, but an extension of the cloud trail, apparently to the side or front of the rocket, is clearly
evident. This cloud extension seems to be correlated with a loss of thrust that occurred at
approximately the same time.

9.0 COMPARISON OF LCLV WITH OTHER TEST FLIGHTS

In this chapter the LCLV data is discussed in comparison with other test flights. In all, UVPI
observations were made for four rocket launches: Nihka 119), Starbird 1201, LCLV, and Strypi 121 in
that order. Two features of the data appeared common to most flights and are worthy of comment.

I The first common feature is the apparent excess in the far UV, X < 300 nm, relative to that
expected from the reference spectrum. This UV excess is described in section 9.1 as it appears in the
various tests. The second feature is the presence. in three tests, cf a UV luminous outer region beyond
the brightest part of the plume. This outer region is discussed in Section 9.2.

I
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9.1 The Far-UV Excess I
The UVPI data from the LCLV and the other plumes were analyzed by using the reference

spectral shape (Fig. 71), and discussed in detail in Section 3.4. Backward-looking spectrometers U
flying on the Strypi rocket made direct measurements of the plume central region and showed
spectra for the Antares and Star 27 motors that matched the reference spectrum well 1141. as can be
seen by comparing Fig. 72 with Fig. 71. However, comparison of UVPI total field of view spectral I
radiance plots for Nihka (Fig. 73), Starbird stages 3 and 4 (rip. 74), LCLV stage 3 (Fig. 75), and
Strypi stages 3 and 4 (Figs. 76 and 77) show that a far-UV excess appears in all data sets. This UV
excess appears to be a generic feature of aluminized solid-fuel ocket motor plumes, since the rocket
motors varied in size, performance, and detailed fuel composition. The cause of the UV excess may I
be UV luminous gases such as excited NO and CO with line emissions that outshine the incandescent
alumina particles in the far UV. Such an effect was predicted in preflight analysis of the rocket test
series [71. I
9.2 Luminous Plume Outer Region

It was useful for spatial analysis of the rocket plumes to divide the plume into a central and I
outer region. The central region, approximately defined in Section 5.1 as the pixels within 25% or
greater of the maximum pixel brightness, was thought to primarily consist of incandescent alumina
particles. The outer region might contain major contributions from molecular luminescence I
occurring in shock or mixing layers.

Evidence of outer region luminescence was strongly present in two tests: Nihka and Strypi
(Figs. 78 and 79). It was weakly present in LCtV (Fig. 80), and was not seen in Starbird (Fig. 81).
The luminous outer region was most piominent in either PC-I or PC-3, which measure far-UV rather
than mid- or near-UV. This might suggest that the outer region owed some of its luminosity to
molecular radiance in shock or mixing layers. The outer region was most strongly present at higher I
altitudes. Thus, the source may consist of UV luminous gases in the plume that may expand outward
at high altitudes but be confined in the plume core at low altitudes. This correlation between altitude
and apparent UV luminous outer regions can be seen in Fig. 82, which shows the altitude range I
during observation for each flight.
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.0.0 SUMMARY AND CONCTISIONS i
10.1 Summary

The goal of the LCLV mission was the acquisition from space of radiometric UV plume data, i
using the UVPI onboard the LACE satellite. The UVPI plume camera is an imaging radiometer with
four filters, centered at 250, 270, 280, and 305 nm (Table 5). This instrument was designed to obtain
radiometric data in a spectra. region that is especially favorable for missile detection because of the U
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 LCLV, a three-stage solid-propellant missile system, was used for this observation. The
first stage (a Tales motor) and the second stage (a Sergeant motor) operated at Koo. low an altitude to
be observed from space. The mission was designed for the observation of the third-stage plume, I
which was produced by a powerful Aries rocket motor. The rocket trajectory was selected to permit
observation from the LACE satellite during its orbit.

The LCLV was launched from Wallops Island, Virginia, before sunrise on 6 Feb.-uary 1991. I
The third stage was successfully tracked by the UVPI camera from a range of 500 to 480 km. The
third-stage plu:-ie was tracked for about 40 s, and plume data were acquired with all four plume-
camera filters. The observation intervals are summarized in Tables 12 and 13. The 385 images of the I
third-stage plume from the plume camera were of sufficient quality and tracking accuracy to permit
the superposition of images for increased radiometric accuracy. ,

The -uperposed images were analyzed to obtain 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 required a model spectral snape, for which a reference
model was taken. Section 3 describes this analysis procedure. The spectral values were also integrated
over the nominal filter bandwidths to obtain radiance and radiant intensity values. 1
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The even-numbered Figs. 24 through 30 are false-color maps of the spatial distributions of
the time-averaged radiant intensities of the third-stage plumes. Contour plots of the plume radiance
were also generated from the superposed images and are presented in the odd-numbered Figs. 25

* through 31.

Figure 22 shows the image and Fig. 23 the 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 rocket plume, measured in
terms of a brightness variation, observed during this mission is less than or comparable to the 45-m
resolution limit (Table 27). The consequent smearing of the source over an increased effective area
significantly reduces the observed peak radiance of the plumes. The observed radiances are, hence,
denoted "apparent" values to distinguish between the observed radiance values and those that would
be obtained from an instrument with higher spatial resolution. Adjusting the CHARM 1.4 predicted
peak radiances for this effect yields approximately factor-of-four agreement between prediction and
observation (Table 28).

Radiant intensity values, 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 region was
defined for these computations as the region in which the radiance exceeded 25% of the peak
apparent value, with the addition of the area defined by a 5 by 5 pixel dilation of this region. The
projected area of the central region so defined was approximately 5000 to 7600 m2 (Table 26). The
remainder of the plume camera images is denoted the outer region.

The outer region data from the LCLV showed weak radiances and suffered from poor signal-
to-noise ratio. This phenomenon may be related to the extreme brightness of the Aries motor plume.
The plume brightness caused the camera gain to decrease to where it could no longer detect a radiant

far field. However, like the Strypi test at higher altitude, an identifiable shock or mixing layer
structure could be found in the toCLV outer region data. Thus, the outer region radiance could be
causally connected to the LCLV third stage. The central region and total radiant intensities measured
by the plume camera are summarized in Table 31. Figures 17 and 18 show the temporal behavior of
the plume central region and total spectral radiant intensities measured by the plume camera.

The UVPI tracker camera provides wideband (255 to 450 nm) data that may complement the
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 x 19 pixel region of the tracker camera
images, matching the total field of view of the plume camera, was taken for computing radiant
intensities. The values so obtained are summarized in Table 32, and the spectral radiant intensity time3 dependence is illustrated in Fig. 19.

The spectral radiant intensities deduced from the UVPI observations can be compared to the
reference model of plume emission. The plume central region spectral radiant intensities show
r:ference-like dependencies over the 250 to 300-nm range. The data suggest that the 250 to 270-nm
values are higher. relative to the 280 to 300-nm values, than the reference predicts (Fig. 67). The
spectral radiant intensities summed over the plume camera field of view show similar ultraviolet
excess. The full field values from the plume camera can be complemented by the tracker-camera data
over the same area (Fig. 68). The 390-nm value so obtained adds support to the tentative conclusion
that the decrease in plume spectral radiant intensity, as the wavelength decreases below 300 nm, is less
than expected on the basis of the reference model. This is similar to trends in data seen in the Strypi
and other plume data, as shown in Section 9.

The LCLV vehicle carried an Aries solid-fuel motor to power its third stage. The Aries motor
performed nominally, causing the rocket to reach a 117-km altitude at burnout. This performance
was reflected in the plume radiance measured by the UVPI, which detected and tracked the third

I
I
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stage. The results suggest that the technique for observing phenomena in the UV is effective in
detecting and tracking high-energy upper stages at an early point in their flights.i

10.2 Achievement of Objectives 5
The results of the UVPI observation of the LCLV missile can be compared to the objectives

listed in Section 1.3. 1
10.2.1 General Objectives

"Obtain isoradiance contours for the third stage plume. Spatially resolved images of the
third-stage plume were obtained for four data intervals corresponding to the four plume
camera filters. These images were scaled to radiance maps and contours (Sections 4 and
5).n

"Obtain radiant intensity measurements based on the entire field of view of the plume
camera and on a subregion corresponding approximately to a plume core. Radiant
intensity measurements for the plume camera FOV and for a plume central region i
defined in Section 5.1 were extracted from the images for the four data intervals (Section
6).

" Compare radiometric measurementF for the third-stage plume with those generated by the i
CHARM computer codes. The preliminary comparison undertaken here suggests that the
UVPI data present a spectrai shape somewhat different from that of the reference
spectrum. The experimental resufts indicate that the emission at wavelengths shorter than I
300 nm is greater, relative to the emissioni at longer wavelengths, ihan is predicted by the
reference model. These results are described in Section 7. The detailed comparison of
CHARM predictions to the UVPI observations is a task for the modelers. 3
Provide radiometric measurements for non-plume, transient phenomena, if any. A
persistent cloud trail could Ix seen in the third stage of the LCLV test. The cloud at one
point appeared to extend botn' before and behind the Aries stage, possibly indicating a
case burn-through.

10.2.2 Specific Objectives Related to Spatial Feaiures 5
" Obtain the length of the zhird-5tage phume core. The resolution limit of the PSF-correctcd

UVPI corresponds. at this range, to about 40 m, which is comparable to the expected
plume length. Thus, a close measurement of the plume length was not possible, but (as
described in Section ",.3) the observations are consistent with the predicted plume length.

" Determine the shape of the shock boundary/mixing layer for different rocket velocities. A 5
weak radiance in the outer region and the presence of an apparent shock or mixing layer
structure in the images suggests that, like the Strypi and Nihka tests, a UV luminous outer
region was formed as a result of the LCLV.

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

l
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10.2.3 Specific Objectives Related to Temporal Features

" Identify temporal trends in radiometrics and investigate possible dependence on rocket
velocity. The time behavior of the radiant intensity of the third-stage plume is described
in Section 6. No obvious correlation with rocket velocity was observed.

"" Investigate radiometric fluctuations to determine whether short-term variations in
brightness are observed. The statistics of the variations in plume radiani intensity are
described in Section 6. Several peaks beyond the range of statistical likelihood were

observed. The data were carefully analyzed and no reason was found to reject them.

U * Identify changes with time in the shape of the plume's outer region . The weak outer
region seen in PC-3 was not seen clearly in PC-i, indicating that it may have faded with

* time.

"* IdertiAf persistence and cumulative effects, if any, in plumes or nonplume phenomena. A
cloud or trail was observed in the LCLV test. It apparently was an exhaust trail from the
Aries late in its burn.

10.2.4 Specific Objectives Related to Spectral Features

U *Compare the shape of the plume central region's emission spectrum with the reference
spectral shape, which is that of micron-sized alumina particles at their melting point, andI spectral shape determinations based on other sensors. As described in Section 7, the
UVPI data indicate that the decrease in spectral radiance and radiant intensity, as the
wavelength decreases below 300 nm, is less thani indicated by the reference model. This is
similar to data from the other tests. A comparison of the UVPI data with spectral data5 from other tests is discussed in Section 9.

Relate tracker.camera measurement to visible and infrared measurements made by other
sensors. The UVPI acquired plume radiometric data to 450-nm wavelength. These radiant
intensity values can be compared to data at longer wavelengths from other sensors as
those data become available.

ICharacterize the emission spectrum for the plume's outer regions, if any. A weak

identifiable outer region was found in the LCLV test data. emission was apparently
strongest in the UV with X < 300 nm

It Is clear from the above that most of the task objectives were achieved. However. the instrumental
limitations in resolution, as well as the uncertainty in the reference spectral shape, complicate the

I extraction of precise values.

10.3 Conclusions

The UVPI observation of the LCLV launch again denmonstrates the capability of the
instrument for tracking and imaging missiles in flight fiom 500-km range. The bright plume of the
Aries third stage was successfully tracked throughout its burr.. The Aries was a high-energy upper
stage, and !he large detected signal level and steady tra'king of the Aries by the UVPI indicate that
observation in the UV can be used to detect and track solid-fuel boosters above the atmosphere.

I
I
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The third stage was tracked for approximately 40 s. and 385 plume-camera images,
distributed over all four UVPI filters, were collected and analyzed. The spectral radiance and spectral I
radiant intensities were extracted from these images. Absolute values were necessarily obtained on the
basis of an assumed spectral shape. namely the reference spectrum, which is the spectrum of micron-
sized alumina particles at their mel,;ng point of 2320 K. A comparison of the results for the four I
UVPI filters indicates that the reference shape is not inaccurate, but the new data indicate a stronger
component in the far UV, X < 300 nm, than the model predicts. This result is similar to that obtained
in the other tests, as discussed in Section 9.

Like the Nihka and Strypi tests, 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 outer region radiances that are measured are generally weak compared to the plume
central region and exhibit only a slight shock-wave structure near the rocket. Weak shock or mixing
layer radiance seems to correlate with the intermediate altitude of the LCLV compared to the strong
outer regions seen in the Strypi and Nihka tests at high altitude and the absence of an outer region in I
the Starbird test at lower altitude. This correlation is discussed in Section 9.

The time-dependence of the third-stage plume central region radiant intensity within each
filter interval showed no pronounced trends or variations. Momentary, single-frame peaks exceeding I
the range of normal statistical variation were detected. Whether these can be correlated with missile
engine events or other sensors remains to be seen. 3

The LCLV data gathered by UVPI form a basis for continued analysis and evaluation-
Comparison with models and with data from sensors on other platforms and UVPI data from other
tests will also yield improved radiometric results and an enhanced phenomenological understanding I
of UV emission by solid rocke, motors in the upper atmosphere.
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Appendix A

LCLV TRAJECTORY PARAMETERS

Various LCLV trajectory-related parameters are given as a function of time. The first columnI in each table is TALO (time after liftoff,) in seconds. Table Al shows the rocket's position in Earth
center-fixed (ECF) coordinates and the rocket's speed. Table A2 shows the aspect angle, the angle of
attack, and the distance between the satellite and the rocket. The aspect angle is defined as the angle
between the line-of-sight (LOS) vector from the satellite to the target point and the longitudinal axisof the rocket. The angle of attack is defined as the angle between the longitudinal axis of the rocketand its velocity vector. Table A3 shows the rocket's altitude, geodetic latitude, and longitude.

3 Table Al - Rocket Position and Speed in ECF Coordinates

TALO XPOS YPOS ZPOS SPEED
(s) (km) (kin) (km) (km/s)
3 1264.992 -4S8M 588 3892.326 u.149
4 1265.048 -4881.700 3892.408 0.207
5 1265.119 -4881.868 3892.506 0.253
6 1265.191 -4882.075 3892.633 0.270
7 1265.274 4882.292 3892.770 0.261
8 1265.357 -4882.506 3892.892 0.247
9 1265.428 -4882.708 3893.015 0.238
10 1265.506 -4882.905 3893.123 0.223
11 1265.572 4883.089 3893.231 0.220

12 1265.645 -4883.268 3893.338 0.234
13 1265.723 4883.462 3893.443 0.258
14 1265.815 4883.677 3893.552 0.280

15 1265.913 -4883.914 3893.665 0.300
16 1266.015 -4884.167 3893.791 0.321
17 1266.122 -4884.440 3893.919 0.342
18 1266.252 4884.729 3894.049 0.356
19 1266.376 -4885.032 3894.189 0.374
20 1266.512 -4885.346 3894.339 0.392
21 1266.653 -4885.679 3894.490 0.408
22 1266.797 -4886.025 3894.652 0.424
23 1266.952 -4886.376 3894.833 0.446
24 1267.112 -4886.749 3895.018 0.463
25 1267.268 -4887.139 3895.215 0.484
26 1267.434 -4887.537 3895.434 0.505
27 1267.597 -4887.954 3895.667 0.526
28 1267.763 -4888.382 3895.923 0.550
29 1267.934 -4888.830 3896.194 0.577
30 1268.110 -4889.298 3896.482 0.603
31 1268.290 -4889.781 3896.795 0.635
32 1268.478 -4890.294 3897.119 0.665
33 1268.670 -4890.824 3897.471 0.700I __ ___ ____ __ _ _ _ _ _ ___ ___ _ __ _ _

34 1268.879 -4891.385 3897.835 0.733
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Table AI - Rocket Position and Speed in ECF Coordinates (Cont'd)

TALO XPOS YPOS ZPOS SPEED
(s) (km) (kin)m) (k)n/s)

35 1269.101 -4891.962 3898.227 0.756
36 1269.320 -4892.560 3898.635 0.756
37 1269.531 -4893.161 3899.043 0.756

38 1269.750 -4893.759 3899.450 0.759
39 1269.976 -4894.351 38999869 0.754
40 1270.202 -4894.938 3900.284 0,739

41 1270.416 -4895.517 3900.690 0.731

42 1270.621 -4896.098 3901-082 0.720
43 1270.832 -4896.662 3901.477 0.710

44 1271.040 -4897.219 3901.866 0.699 1
45 1271.246 -4897.767 3902.247 0.688

46 1271.450 -4898.306 3902.622 0.675
47 1271.651 -4898.835 3902.988 0.664

48 1271.850 -4899.356 3903.348 0.650
49 1272.038 -4899.869 3903.700 0.641
50 1272.233 -4900.373 3904.045 0.628
51 1272.423 -4900.860 3904.393 0.618
52 1272.613 -4901.346 3904.724 0.607
53 1272.793 -4901.826 3905.049 0.595
54 1272.977 -4902.288 3905.376 0.585
55 1273.160 -4902.749 3905.687 0.574

56 1273.342 -4903.200 3905.991 0.563

57 1273.512 -4903,647 3906.289 0.552
58 1273.688 -4904.075 3906.589 0.544
59 1273.863 -4904.503 3906.875 0.531

60 1274.027 -4904.925 3907.153 0.522
61 1274.197 -4905.331 3907.434 0.513
62 1274.366 -4905.736 3907.700 0.502
63 1274.531 -4906.126 3907.970 0.492
64 1274687 -4906.517 3909223 0.482
65 1274.849 -4906.892 3908.480 __ 0.472_•

66 1275.010 -4907.265 3908.721 0.464
67 1275.169 -4907.631 3908.956 0.450
68 1275.316 -4907.984 3909.194 0.443

69 1275.471 -4908.335 3909.417 0.432
70 1275.622 -4908.671 3909.643 0.433
71 1275.775 -4909.014 3909.859 0.445
72 1275.931 -4909.366 3910M083 0.464

73 1276.090 -4909.732 3910.319 0.483
7,1 1276.261 -4910.110 3910-.565 0.506
75 1276.447 -4910.508 3910.816 0.526 3
76 1276.627 -4910.91) 391 1.089 0.555

77 1276.825 -4911.362 3911.361 0.577
78 1277.023 -4911.810 3911.666 0.605

79 1277.238 -4912.282 3911.978 0635
80 1277.451 -4912.787 3912.299 0.661 I
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Table Al - Rocket Position and Speed in ECF Coordinates (Cont'd)ITALO J XPOS J YPOS 1 ZPOS 1 PE
(s) (km) (km) I (k n) (kn/s)

81 1277.669 -4913.305 3912.646 0.690

82 1277.892 -4913846 3913-011 0.718

83 1278.129 -4914.406 3913.393 0.743

84 1278.371 -4914.985 3913.790 0.767

85 1278.611 -4915.591 3914.193 0.789

86 1278.863 -4916.206 3914.619 0.813

87 1279.120 -49i6.845 3915.050 0.835
88 1279.383 -4917.502 3915.495 0.859

89 1279.648 -4918.170 3915.964 0.886
90 1279.929 -4918.863 3916.440 0.912
91 1280.209 -4919.585 3916.923 0.940

92 1280.501 -4920.319 3917.433 0.970

93 1280.801 -4921.083 3917.951 0.999
94 1281.104 -4921.862 3918.497 1.031

95 1281.416 -4922.673 3919.053 1.065

96 1281.735 -4923.509 3919.629 1.100

97 1282.062 -4924.379 3920.219 1.138
98 1292.406 -4925.274 3920.830) 1.1743 1282.756 -4926.198 3921.465 1.216

100 1283.115 -4927.154 3922.125 1.256

101 1283.491 -4928.139 3922.809 1.297

102 1283.868 -4929.163 3923.510 1-341

103 1284.262 -4930.218 3924.237 ,.386

104 1284.667 -4931.314 3924.982 1.430

105 1285.090 -4932.441 3925.754 1.476

106 1285.513 -4933.606 3926.555 1.524

107 1285.954 -4934.805 3927.385 1.571

108 1286.406 -4936.047 3928.23h 1620

109 1286.877 -4937.323 3929.114 1.666
110 1287.350 -4938.644 3930.012 1.714

I11 1287.841 -4939.999 3930940 1.761

112 1288351 -4941.387 3931.896 1.812
113 1288.863 -4942.823 3932.875 1.862

114 1289.395 -4944.295 3933.884 1.914

115 1289.936 .+945.807 3934.924 1.968
116 1290.499 -4947.364 3935.989 2.022

117 1291.065 -4948.965 3937.086 2.080

119 1291.660 -4950.611 3938.210 2.138
119 1292.257 -4952.299 3939.378 2.200

120 1292.879 -4954.(44 3940.565 2.263

121 1293.513 -4955.836 3941.792 2.327
122 1294.169 -4957.676 3943.057 2.399

123 1294.841 -4959.578 3944.356 2.463

124 1295.534 -4961.525 3945.695 2516
125 1296.230 -4963.516 3947.067 " 2.568

126 1296.955 -4965.547 3948.460 2.606

I
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Table AI - Rocket Position and Speed in ECF Coordinates (Cont'd) 3
TA TLO XPOS YPS POS SPEED 1

(s) (kim) ,(km) (km) (kmV's) i

127 1297.679 -4967.611 3949.877 2.640
128 1298.421 -4969.705 3951.304 2.651
129 1299.154 -4971.803 3952.749 2.655
130 1299.899 -4973.908 3954.186 2.647
131 1300.641 -4976.001 3955.627 2.638
132 1301.372 -4978.089 3957.063 2.631

Table A2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite

TALO Aspect Attack Target 3
(s) Angle (deg) Angle (deg) Range (km)
3 S9.84 4.09 820.989
4 59.75 2.3'5 815.603i

5 58.11 1.86 8 10.325
6 57.21 1-28 804.975

7 56.85 1'.43 799.6.47m

8 56.76 1.45 794.348

9 56.59 1.81 789.076
10 5b.45 "1.38 783.8-43i

1 I 56.55 0.86 778.639
1 2 56,66 0.77"7 773.471I

13 56.55 1'.32 768.321 -

14 56.39 0.99 763.192

15 56.32 0.6"8 758.0"76-

16 56.27 0.92 752.9'77

17 56.23 1.71 747.894

18 56.'17 03.61 742.84"2i

19 56.'07 0>.67 7/37.8"03
20 55.84 0.40 732 .-7-9-

21 55.415 0.48 727.7-96i

22 55.01, 1 64 72218"23
23 54.5 ""0 2;8 717.-8-77

24 53.78 0.83 '71I2 .-94"9
2)5 52.91 0.95 708.0"35
26 52.04 0.574 703.1"46"

27 51.18 0.87 699-17

28 50.35 0.41 693.412
29 49.6 TIT 0.07 6W 5. 72

30 49.03 0.88 683.748

31 48.51 0.41 678 941

32 48 12 0.74 074 149

33 47 74 0.37 669 3(,9
'A4 47-.35 0.72 -664.60)9
35 46.88 '•0.42 659.869

36 46 1 0.59 655.144

3 7 45.54 0.29 650'.451I
38 4...0.69 x()64 6

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table A2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd)

TALO Aspect 1 Attack Target
_(s)_ Angle (deg) Angle (deg) Range (kmi)

39 45.43 0.21 641.204

40 44.92 0.27 636.649

41 44.21 0.95 632.142

42 43.81 0.19 627.681
43 43.48 0.13 623.278

44 43.16 0.1 618.93

45 42.79 0.14 614.638
46 42.41 0.22 610.403

47 42.02 0.25 606.229

48 41.64 0.55 602.115
49 41.25 0.33 598.057

50 40.88 0.91 594.067

51 40.58 0.42 590.14
52 40.29 0.78 586.279
53 39.93 0.66 582.479

54 39.53 0.53 578.751

55 39.16 0.50 575.093
56 38.8 0.68 571.504

57 38.43 0.83 567.982

58 38.09 0.56 564.537

59 37.76 0.74 561.165

60 37.44 0.76 557.865

61 37.16 0.68 554.643

62 36.86 0.75 551.5

63 36.57 0.96 548.435

64 36.28 0.70 545.447

65 36 075 542.543

66 35.71 0.74 S39.724

67 35.43 1.05 536.987

68 35.16 0.83 534.332

69 34.9 0.72 531.768

70 34.59 0.75 529.29
71 34.31 0.34 526.894
72 34.04 0.54 524.567

73 33.69 0 30 522.306
74 33.33 0.91 520.114

75 32.88 1.13 517.99

76 32.35 1.09 515.926

77 31.72 1.29 513.93
78 30.93 0.53 511.993

79 30.22 0.83 510.123

80 29.49 0.40 508.312
Cl ~ ~ ~ 1 0 O l4 Cl C

82 28.22 0.38 504.875

83 27.67 0.38 503.254

84 27.19 0.67 501.701i
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Table A2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd) 3
TALO Aspect Attack Target

(s)2 _ Angle deZ Angle (deg) Range (kin)

85 26.75 0.50 500.217
86 26-34 0.25 498.804

87 25.96 0.21 497.465
88 25.63 0.67 496.199
89 25.25 0.32 495.002

90 25.1 0.64 493.88
91 24.89 0.31 492.83 3
92 24.71 0.28 491.85

93 24.56 0.51 490.941
94 24.43 0.12 490.(b 9n

95 24.33 0.24 489.33
96 24.29 0.42 488.627

97 24.3 0.17 487.994
98 24.33 0.03 487.427
99 24.42 0.20 486.926

100 24.54 0.35 486.48o

101 24.68 0.26 486.11
102 24.85 0.10 485.802
103 25.05 0.24 485.555

- 104 25.3"1 0.21 485.373

105 25.59 0.26 485.253
106 25.87 0.19 485.193

" 107 26.22 0.121 485.193
108 26.63 0. 17 485.257

109 27.03 0.30 485.382 5
I_ 1 27.44 0.05 485.574 3
11 I 27.87 0.21 485.826
1 _ 12 28.3"6 0.21 486.141 "

1 13 28.85 0.02 486.52
1 -114 293'6 "0.13 486.96

1 115 29.9"9 0.14 4871.459

1 6 30.45 0.22 4 88. 02

117 31.01 0.23 498.642

1 18 31.58 0.33 489.323
1 19 32ý18 0.16 490.056
12(0 32½.79 0.08 "" 490.851

12! 33,4 0 10 491.701

122 34,05 0.06 492.601

123 34,7 0 12 493.555

124 35.33 0.21 494,561

-125 3-98 0.17 " 495.635

126 36.65 0.11 496.776
V7 'I 37 A• Is .107 QQ7

1 28 38.07 0.16 499.304

12'9 38.76 0 16 500.706

11o0 19 43 0 12 502.217____ _ _ ____ _ _ ___ __ _ ___ __

!!
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Table A2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd)

I TALO Aspect Attack Targect
(s) An&ie (deg) Angle (deg) Range kW)

I 131! 40.14 0.15 503.837
132_ 40.85 0.19 505.572

Table A3 -- Rocket Altitude, Geodetic Latitude, and Longitude
TALO AL=TITDE I LONGITUDE LATITUDE

I (s_(___(__ •e3 0.141 284.528 37.849

4 0.288 284.528 37.849
S5 0.491 284.528 37.849

6 0.741 284.529 37.849

7 1.007 284.529 37.848
S8 1.263 284 529 37.848

9 1.507 284.529 37.848

10 1.739 284 530 37.847

SII 1.959 284.530 37.847

12 2.175 284.-30 37.847

13 2.404 284 531 37.846

14 2.654 284.531 37.846

15 2.924 284.531 37.845

16 3.214 284.532 37.844

17 3.523 284.532 37.844
18 3.849 284.533 37.843

19 4.191 284.533 37.842

20 4.550 284.534 37.841

21 4.925 284.534 37.840

22 5.317 284.535 37.840

23 5.728 284.536 37.839

24 6.158 284.536 37.838

25 6.608 284.537 37.837

26 7.080 284.538 37.816

27 7.574 284.538 37.835

28 8.091 284.539 37.835

29 8.633 284.540 37.834

30 9.203 284.540 37.833

31 9.800 284.541 37.833

32 10.428 284 541 37.832

33 11.087 284.542 37.831

34 11.780 284.543 37.831
35 12.507 284.543 37.830

36 13.257 284.544 37.829

37 14008 284.545 37.829

38 14.759 284.545 37.828

39 15.513 284 546 37.828

40 16.262 284.547 37.827

41 16 995 284 548 378273 42 17 721 284 548 37826

U
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Table A3 - Rocket Altitude, Geodetic Latitude, and Longitude (Cont'd)

TALO ALTITUMDk LONGITUDE IA1TnUDE

43 18.436 284.549 37.826
44 19.141 284.550 37.825

45 19.835 284.,50 37.825

46 20,517 284.551 37.824

47 21.187 284.552 37.824
48 21845 284.553 37.823

49 22.491 284.553 37.823

50 23.126 284-554 37.822

51 2 3. 750 284.555 37.822
32 24.363 284.555 37.821

53 24.964 294.556 37.821
4 25.555 284.557 37.820

55 26.133 284.557 37.820 3
56 26.702 284.558 37.819
57 27.2.5- 284.559 37.819
58 27.806 284.559 37.818 3
59 28.343 284.560 37.818
60 28 869 284.561 - 3T.817
61 29.385 284.561 37.817"

62 219.8 92 284.562 "•37.817 I
63 30.388 284.563 37.816

64 30.873 284.563 37.816

65 31.349 284.564 37.815
06 11.814 284.565 37.815

67 32.271 284.565 37.814

68 32.715 284.566 37.814
69 33.151 284.567 37.013
70 33.576 284.567 37.81-4

71 34.001 284.568 37.812
72 34.439 284 569 37.812

73 34.995 284.569 37.811
74 35.369 284.570 37.811

75 35.864 284.571 376810
76 36.382 284.5-2 37.810

77 36.926 284.573 37.809

78 37 475 284.574 37 809

79 34.490 284.575 37.908
80 39.716 284.570 37.8o7

1 429.328 284.577 37807
82 40.050 284ý577 37.8006
83 40ý758 284.578 37,806n

84 41.493 284.579 37.905 i

R 5 42.251 284.580 37,804

86 43.033 284.581 37,804_i

87 43.837 284.582 37.903

88 44.664 284.583 37.802 l
I
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Table A3 - Rocket Althtudc, Gi'odetic Latitude, and Longitude (Cont'd)

I AOALTITUDE LONGITUDE LATITUI)E
S(s) _ (km) I (dcg) (deg)

89 45.515 284.584 37.802
90 46.392 281.585 37.901

91 47.296 284.586 37.800

92 48.228 284.588 37.799

93 49.189 284.589 37.71;9
94 50.180 284.590 37.798

95 51.203 284.591 37.797
96 52.260 284.592 3 7.796
97 53.351 284.593 37.795

98 54.479 Z84.594 7795
99 55.644 284.595 37.794
100 56 851 284.597 37.793
I101 58.098 284.598 37.792

102 59.386 284.599 37 791
103 60.717 284.600 37.790
104 62092 284.602 37 789
105 63.512 284.603 37.788
106 64.978 284.004 37.787

107 66.491 284.606 37.785

108 68.051 284.607 37.784
109 69.660 284.609 37 783

110 71.314 284.610 37.782

III 73.017 284.612 37.780

112 74.766 284 613 37.779

113 76.566 284.615 37.778

114 78.416 284.616 37.776

115 80.318 284.618 37.775

116 82.273 284.620 37.773

117 84.283 284.621 37.772
118 86.349 284.623 37.770

1 19 88.474 284.6125 3 ,.7t(9

120 90.660 284.627 37 767

121 92.909 284.628 37.765
122 95.223 284.630 37.764

123 97.607 284.632 37.762

124 100.055 284 634 37 7(,0

125 102.556 284.636 37 758

126 105.108 284.638 37 756
127 107.700 284.640 37 755

128 110.323 284 642 37.75"
129 11960 284 644 37 751

130 1 15 599 284.646 3-7 741)

I 1 I1 R230 284 648 7 7.7173 132 120.852 284.650 37.745

I
I
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Appendix B

UVPI PARAMETERS

I Table B I is a list of all frames used for this report for the four data intervals. The time, in
UVPI mission time (UMT), and frame number are recorded in the first two columns. Note that the
frame number carries a trailing P if it is a plume-camera frame and a trailing T if it is a tracker-
camera frame. The third column lists the filter wheel position if it is a plume-camera frame. A filter-
wheel position of 0 denotes a tracker-camera frame. The next two columns provide the exposure time
for the frame. For the plume camera this is fixed at 1/30th of a second, but for the tracker camera it is
variable, with a maximum allowed value of 1/30th of a second. The next two columns pro% ide the
tracker-camera and the plume-camera gain steps. For the 30 Hz zoom image transmission rate. each
telemetry frame carries one image. For the 5 Hz normal image transmission rate, six telemetry frames
carry one image. UVPI mission time is related to GM f" for the LCLV data intervals by the equation:

I UMT = GMT + 10.27 + (Fr .me ) (7.8 x 10-6)1 seconds.

3 Table BI - Telemetry Frames and Camera Parameters

U l Telemetry Filter 1Tracker Exp. Plutime IXP Tracker Plume Comments
"rFrame Time ms Time (ms) Gain Gain

7 :30:42.2 1 156431' 0 I12.2 33.3 6 9 Bgndt
7:30:42 25 15646T 0 12.2 33 3 6 9 interval 1

7:30:42.28 15647P 4 12.2 33.3 6 9 PC-4
7:30:42.31 15648P 4 12.2 33.3 6 9
7:30:42.35 15649P 4 12.2 33.3 6 9
7:30:42.38 15650P 4 12.2 33.3 6 9
7:30:42.41 15,51P 4 12.2 33.3 6 9
7:30:42.45 I 5052P 4 12.2 33.3 6 9
7:30:42.48 15653P 4 12.2 33.3 () 9

7:30:42.51 15654P 4 12.2 33.3 6 9
_ _-7:30:42.55 1565T 04 12.2 33.3 6 9

7 _30:42.58 15656T 0 12.2 33.3 6 9
_7:30:42.61 15657P 4 12.2 33.3 6 9
7:30:42.65 15658P 4 12.2 33.3 6 9

_ _7:30:42.68 15659P 4 12.2 33.3 6 9
7:30:42.7_1 15660P 4 12.2 33.3 6 9
7:30:42.75 15661P 4 12.2 33.3 6 9
7:30.42.78 15662P 4 12.2 33.3 6 9
7:30-42.8 1 15663P 4 I12.2 33.3 6 9
7:30:42.85 15664P 4 12.2 33.3 f6 9 1

7:30:42.88 15665T 0 12.2 33.3 6 9
7:30:42.91 15666T 0 12.2 33.3 6 9
7:30:4295 15667P 4 12.2 33.3 6 9
7:30:42.98 15668P 4 12.2 33.3 6 9
7:30:43.01 15669P 4 12.2 33.3 6 9

7 30:43.05 15670P 4 12.2 33.3 6 9

7:30:43.08 15671P 4 12.2 33.3 6 9 2.
7:30:43.1 I 15672P 4 -12.2 33.3 6 9

7.30:43.15 15673P 4 12.2 33.3 6 9
7:30:43.18 15674P 4 12.2 33.3 6 9
7:30:43.21 15675T 0 12.2 33.3 6 _

119
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Table B I -Telemetry Frames and Camera Parameters WCont'd)

I iMT Telcricirv Filter lracker Eixp. Plunme [I\p. Trockcr Plume Comiuinni
L~ ii j: C1. c Tim1nw (I n c'",

7:30:43.2S 15(,761' o 12 2 33.1 69
730o43.- 2W t77p 4 12.2 33.369I
7.3o.41. 32 1 5fi7 81 4 12 2 33 3 6 ______

7.30ý43 I. 1509QP 4 12.2 133 ___

7 30-43421 I56K1P 4 12 2 331 (169
7.13:433 1.4S 5(,21 4 12.2 33.6
7: 30:43.45 - 156X2I 4 12 2 13.3 6 9 ______

v10:43.52 1~5(,4P 422336 9

7:3043) 1S92P 4 12 22 33.369

.310 43.S5 156m94P o 12.2 33. 3 9

7 130:43.92 15097P' 0 12.2 3.3 (I 6t)

7:30:43.65 1 s 6 ssp 4 12. 2 13.3 (16 9 _______

7.10A41.(18 I ',695P .1 12 2 33.3 6 9

7.304402 I shg9p 4 12.2 1333 6 9

730.44.92 157061, 1 12 2 33.3 6 9

730:43.925 1 ý67 1 4 12.2 33. 6 ( _______

7 3 0:41.95 9 1 709P 4 12.2 33.3 (1 9 ______

7_ _ _ _ _ 304402 I.()9 1 .ý6t

7.30.44.(72 I1 ~7001 4 12.2 33.3 6

7 :0:44.75 IS021P 4 12.2 33.3 69

7:3 A4 1 _ _ _ 1_ _ _7_4P 4_ _ 12' .

7:30. 4.2025 S7305 o___ 12.2 33.3 ___1__ 9 ______

7.04. S706T 4 12 2 33.3 167 1044.8 1 s 707 p12.
1 4 333 (1 9
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Table B I -Telemetry Frames and Camera Parameters (Cont'd)

'MT Telemetry Filter Tracker Etp. Plume Exp. Tracker 1 Plume Commen• s
Frame Ti Time (ms) G Gain

| -_________ _____ _____7 30:45.08 1573!P 4 12.2 33.3 6 9
-,30 45 12 15712P 4 12.2 33.3 6 9
7:30:45.15 1573T3P 1 2.2 33.3 6 9
7 30:45 18 15734P 4 12.2 33.3 6 9
7:30:45.32 1573ST 4 12.2 33.3 6 9
7 301:45 25 15736T 0 12.2 33.3 6 9
7.30:4 5.28 15737P 4 12.2 33.3 6 9
7:30 45.32 15734P 4 12.2 33.3 6 9
7 if)45 35 15739P 4 12 2 33.3 6 9
7 _it)_ 5 is 15740P 4 12.2 33 3 6 9
7 30.45.42 15741P 4 12.2 33 3 6 9
7 30145.45 15742P 4 12.2 33 3 6 _ _

7 10 45 4M 15743P 4 12.2 33.3 6 9
7 30l 45 52 15744P 4 12.2 33.3 6 9)
7 30 45 57, 1S7450 0 12.2 33.3 6 9
7 310 45 5 15746T 0' 12.2 3313 6 9
7 Io -I.7 I2 15747P 4 12 2 31 3 6 9
7 •1045 685 15749P 4 12.2 33.3 1 69

7.1041 ,X 15749P 4 12.2 33.3 6 9
7 30 4S 72 IS750P 4 12.2 33.3 6 9

10 45 7i 571 I '- 2 33.3 6 9

7 'Ao 45 7x 15752P 4 12_2 33.3 6 9
"7 10 45 92 1 S 7 S I P -4 12.2 33.3 6 9
"7 I I 4i iS 5 1 7 4|f, 4, 12.2 33.3 6 9
7 30 45SK i• 5755T1' 12.,2 33.3 6 9

107 4 92 157ý6 1' !) 12.2 33 3 6 9
1 011 4I 25 157917P 4 12.2 33. 3 6 9

7 30 425 1575XP 4 12 2 33.3 6 9
7 10 4h 02 IS7579P 4 12.2 33.3 6 9
7 • 0 463 5 15761P 4 12 2 33.3 6 9
7 In 4f. 3 I 5770P 4 12.2 33.3 6 9

" (; 46 10 2 157t211 4 12.2 33 3 6 9
7 10 46 15 15761P 4 12 2 33.3 6 9
7 10146 1, 15764P 4 12.2 33.3 6 9
7 I0 4h 22 15761,1' 4) 12.2 33.3 6 9

I oI 46( 29 1S787P 4 12 2 33.3 6 9
7 10 46 12 157691, 4 12 2 33.3 9

1 Th 46 I2 157W9P 4 12 2 33.3 6 19

7 46 19 157701' 4 12 2 33.3 6 9
3(" 46 442 15771P 4 12 2 33 3 6 9
0 V, 4 • 5,01772P 4 12.2 33.3 6 9

7 •0 46751) 157 All 4 12 2 1.3.3 6 9
1`4)ifS' I ,, 1741P 4 12 2 33 3 6 9

7 Aii 4c, 31' S ,74 I( 12 2 33.3 6 9
16 59 IS17761 12 2 13 3 6 9

10q J(, 62 1,7 771; 4 1 12 2 31 31 6

A ll .1,6 S 1' S4 12 2 13.3 b 9
"7 lo4 4f, , 1 7911 4 12 2 .'3 1"Al~i 4( '2 IsS7 o)I 4 12 2 33.1 6 9
Io V ~ 1, 7•, 1M78P 4 12 2 -11 1 6 9

107, q 46, 71) 157192P 4 12.2 33"• t 9

7 al 1 .o 6x 1•7K Ill 4 12 2 11 3 9
"-7 11) 4 , )ý 1 I 7K41' -1 12.2 31 1 6 9)

16 hl 1€, i 15,"'l,• I i2-1 2 33 3 €,9
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Table B) - Telemetry Frames and Camera Parameters (Cont'd)

UMT Telemetry Filter Tracker EAp. Plume Exp. Tracker Plume Commet
SFrame Time ýmsL Time ýmsI Gain Gain

7:30:46.92 15786T 0 12,2 33.3 6 9
7:30:46.95 15787P 4 12,2 33.3 6 9 _

7:30:46.99 15788P 4 12.2 33.3 6 9
7:30:47.02 15789P 4 12.2 33.3 6 9
7:30:47.05 15790P 4 12.2 33 3 6 9 I
7:30:47.09 15791P 4 12.2 33.3 6 9

7:30:47.12 15792P 4 12.2 33.3 6 9

7:30.47.15 15793P 4 12-2 33.3 6 9
7:30:47.19 15794P 4 12.2 33.3 6 9
7:30:47.22 15795T 0 12.2 33.3 6 9
7:30:47.25 15796T 0 12.2 33.3 6 9
7:30:47.29 15797P 4 12.2 33.3 6 9 _ I_
7:30:47.32 15798P 4 12.2 33.3 6 9
7:30:47.35 15799P 4 12.2 33.3 6 9
7:30:47.39 15800P 4 12.2 33.3 6 9 _ _

7:30:47.4 1580P 4 1 2 3
7:30:47.42 15801P 4 12.2 33.3 6 9
7:30:47.45 15802P 4 12.2 33.3 6 9
7:30:47.49 15803P 4 12.2 33.3 6 97:30:47.52 15..804 P 4 12•2 33.3 6 9 _______

__7:30:47.55 15805T 0 12.2 33.3 6 9
7:30:47.59 15806T 0 122 33.3 6"
7.30:47.62 15807P 4 12.2 33.3 6 9
7:30:47.65 15808P 4 12.2 33.3 6 9
"7.30.47.69 15809P 4 12.2 33.3 6 9 _. •
7:30:47.72 15810P 4 12.2 33.3 6 9 _ _

7:30:47.75 15810P 4 12.2 33.3 6 9
7:30:47.79 15812lP 4 1 2. 33. 6 9
7:30:47.79 15812P 4 12.2 33 3 6 9 II7:30:47.82 15813P 4 12-2 33.3 6 9
7:30:47.85 15814P 4 12.2 33.3 6 9
7:30:47.89 15815T 0 12.2 33.3 6 9 •
7:30:47.92 15816T 0 12.2 33.3 6 9 ______

7:30:47.95 15817P 4 12.2 33.3 6 9
7:30:47.99 15818P 4 12.2 33.3 6 9
7:30:48.02 15819P 4 12.2 3.3 6 9 End data
7:30:48.05 15820P 4 12.2 33.3 6 9 interval I

7:30:54.89 16025T 0 12.2 33.3 6 13 Begin data
7:30:54.93 16026T 0 12.2 33.3 6 13 interval_2 I2
"7:30:54.96 16027P 3 12.2 33.3 6 I3 PC-3
7:30:54.99 16028P 3 12.2 33.3 6 13
7:30:55.03 16029P 3 12.2 33.3 6 13 __ _

7:30:55.06 16030P 3 12.2 33.3 6 13
7:30:55.09 16031P 3 12.2 333 6 13
7:30:55.13 16032P 3 12.2 33.3 6 13 _

7:30:55.13 16033P 3 12.2 33.3 13
7:30:55.16 16033P 3 12.2 33.3 6 13
7:30:55.20 16034P 3 12.2 33.3 6 13
7:30:55.23 16035T 0 12.2 33.3 6 13
7:30:55.26 16036T 0 12.2 33.3 6 13 _

7:30:55.30 16037P 3 12.2 33.3 6 137:30:55 33 16031P 3 "1'2.2 - 33.3 6 13 ______

1:30:15.3b i6039P 3 1 , 22 .33.3 6 ,3
7:30:55.40 16040P 3 12.2 33.3 6 13 •
7:30:5 5.43 16041_P 3 12.2 33.3 6 1_3, I
7:30 55 46 16042P 3 12.2 33.3 6 13

7.30:55.50 16043P 12.2 33 3 6 13 1
_ _ _ _ - -
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3 Table B I - Telemetry Frames and Camera Parameters (Cont'd)

UMT Telemetry Filter Tracker Exp. Plume Exp- Tracker Plume CmentsFrame Time ms_ Time ýmsý Gain Gain f
7:30:55.53 16044P 3 12.2 33.3 6 13

7:30:55.56 16045T 0 12.2 33.3 6 1 3
7:30:55.60 16046T 0 12.2 33.3 6 I 3
7:30:55.63 16047P 3 12.2 33.3 6 13

7:30:55.66 16048P 3 12.2 33.3 6 13

7:30:55.70 16049P 3 12.2 33.3 6 13

7:30:55.73 16050P 3 12.2 33.3 6 13

7:30:55.76 16051P 3 12.2 33.3 6 13

7:30:55.80 16052P 3 12.2 33.3 6 13

7:30:55.83 16053P 3 12.2 33.3 6 13
7:30:55.86 16054P 3 12.2 33.3 6 13
7:30:55.90 16055T 0 12.2 33.3 6 13

7:30:55.93 16056T 0 12.2 33.3 6 13
7:30:55.96 16057P 3 12.2 33.3 6 13

7:30:56.00 16058P 3 12.2 33.3 6 13
7:30:56.03 16059P 3 12.2 33.3 6 13 _
7:30:56.06 16060P 3 12.2 33.3 6 13
7:30:56.73 16080P 3 12.2 33.3 6 13

7:30:56.76 16081P 3 12.2 33.3 6 13 .. ..
7:30:56.80 16082P 3 12.2 33.3 6 13
7:30:56.83 16083P 3 12.2 33_.3 6 1_3
7:30:56.86 16084P 3 12.2 33.3 6 13

7:30:56.90 16085T 0 12.2 33.3 6 13

7:30:56.93 16086T 0 12.2 33 .3 6 1 3
7:30:56.96 16087P 3 12.2 33.3 6 13
7:30:57.00 16088P 3 12.2 33.3 6 13

7:30:57.03 16089P 3 12.2 33.3 6 13
7:30:57.06 16090P 3 12.2 23.3 6 1 '-
7:30:57.10 16091P 3 12.2 33.3 6 13
7:30:57.13 16092P 3 12.2 33.3 6 13

7:30:57.16 16093P 3 12.2 33.3 6 13
7:30:57 20 16094P 3 12.2 33.3 6 13
7:30:57.23 16095T 0 12.2 33.3 6 13

7:30:57.26 16096T 0 12.2 33.3 6 13
7:30:57.30 16097P 3 12.2 33.3 6 13
7:30:57.33 16098P 3 12._ 2 33.3 6 13
7:30:57.36 16099P 3 12.2 33.3 6 13

7:30:57.40 16100P 3 12.2 33.3 6 13

7:30:57.43 16101lP 3 12-2 33.3 6 1 3
7:30:57.46 16102P 3 12.2 33.3 6 13
7:30:57.50 16103P 3 12.2 33.3 6 13
7:30:57.53 16104P 3 12.2 33.3 6 13

7:30:57.56 16105T 0 12.2 33.3 6 13
7:30:57.60 16106T 0 12.2 33.3 6 13
7:30:57.63 16107P 3 12.2 33.3 6 13

7:30:57.66 16108P 3 122 33.3 6 13
7:30:57.70 16109P 3 12.2 33.3 6 13
7:30:57.73 16107P 3 12.2 33.3 6 13

7:30:57.76 1611 IP 3 12.2 33.3 6 13
7:30:57.70 16112P 3 12.2 33.3 6 13
7:30:57 83 1611IP I 1 3 3A 6 13 I1
7:30:57.86 16114P 3 12.2 333. 6 13

7:30:57.90 1611T 0 3 12.2 33.3 6 13
7:30:57.93 16116T 0 12.2 33.3 6 13

7:30:57.96 16117P 3 12 2 j 3 3 6 13

I
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Table B I - Telemetry Frames and Camera Parameters (Cont'd)

UNT Telemetry 1Filter Tracker Exp. Plume Exp. Tracker Plume Comments
Frame i Time (ms I Time (ms) Gain Gain

7:30:58.00 16118P 3 12.2 33.3 6 137:30:58.03 16119P 3 12.2 ___ 33.3 6 __13 End data
7.30:58.06 i 6120P 3 12.2 33.3 6 13 interval 2

7:31: 3.64 16287P 2 12.2 33.3 6 12 Begin data
7:31: 3.67 16288P 2 12.2 33.3 6 12 interval 3
731: 3-370 16289P 2 12.2 33.3 6 12 PC-2
7:31: 374 16290P 2 12.2 33.3 6 12
7:3!: 3.77 16291P 2 12.2 33.3 6 12
7:31: 380 16292P 2 12.2 33.3 6 12
7.31: 3.84 16293P 2 12.2 33.3 6 12 •
T731: 3.87 16294P 2 12.2 33.3 6 12-
7.31: 3.90 16295T 0 12.2 33.3 6 12
7.31: 794 16296T 0 12.2 33.3 6 12
"7:31: 3.97 16297P 2 12.2 33.3 6 12 •
7:31: 4.00 16298P 2 12.2 33.3 6 12
7:31: 4.04 16299P 2 12.2 33.3 6 12 ,
7:31: 4.07 16300P 2 12.2 33.3 6 12
7:31: 4.11 16301"P 2 12.2 333 6 12
7:31: 4.14 16302P 2 12.2 _ 33.3 6 12
7:31: 4.17 16303P 2 12.2 33.3 6 12
7:31: 4.21 16304P 2 12.2 33.3 6 12
7:31: 4.24 16305T 0 12.2 33.3 6 12 _

7:31: 4.27 16306T 0 12.2 33.3 6 12
7:31: 4.31 16307P 2 12.2 33.3 6 12
7:31: 4.34 16308P 2 12.2 33.3 6 12

7:31 4.37 16309P 2 12.2 33.3 6 12
7.3 1: 4.41 16310OP 2 12.2 33.3 6 12 ______

7:31: 4.44 16-11 1P 2 12 2 33.3 6 12 _____

7:31: 4.47 163 12P 2 12.2 33.3 6 12 ! I
7:31: 4.51 16313P 2 12.2 33.3 6 , 12
7:31: 4.54 16314P 21 12.2 33.3 6 12 _

7:31. 4.57 , 16315T 20 .2 33.3 6 12
7:31: 4.61 16316T 0 122 33.3 6 12 1
7:31: 4.64 1631 7P 2 12.2 33.3 6 12
7:31: 4.67 16318P 2 12.2 33.3 6 12
7:31:_4.71 16319P 2 12.2 33.3 6 12
7:31: 4.74 16320P 2 12.2 33.3 6 12
7:31: 4.77 163,32 1P 2 12.2 33.3 6 12
7:31: 4.81 16322P 2 12.2 33.3 6 12 1
"7:31: 4.84 16323P 2 12.2 33.3 6 12
7 31- 487 16324P 2 12.2 33.3 6 12
7:31: 4.91 16325T 0 272 ? 33.3 6 12
7:31: 494 16326T 0 12.2 33.3 6 12 •
"7:31: 497 16327P 2 12.2 33'3 6 12
7:31: 5.01 16328P 2 12.2 33.3 6 12
7:31: 5.04 16329P 2 12. 2 33.3 6 12
7 31: 5.07 16330P 2 12.2 33.3 6 12
7:31-5"1! I 16331P 2 12.2 33.3 6 12
7:31: 5.14 16332P 2 12.2 33.3 6 12 _

7:31: 5.17 16333P 2 12.2 33.3 6 12
7:31: 521 16•34P 2 12.2 33.3 6 12
7:31: 5.24 16335T 0 12.2 33.3 6 12
S 7:3 1: 527 , 36 T 0 12.2 33.3 6 12
7:3: 5.31 16337P 2 j 12 2 33 3 6_ 12 _

I
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Table B I - Telemetry Frames and Camera Parameters (Cont'd)

rre 1 Time~ Ims Time ýms) Gan J Gain

7:31: 5.34 16338P 2 12.2 33.3 6 12

7:31. 5.37 16339P 2 12.2 33.3 6 12

7:31:5.41 16340P 2 12.2 33.3 6 12
7:31:5.44 16341P 2 12.2 33.3 6 12
7:31:5.47 16342P 2 12.2 33.3 6 12
7:31: 5.51 16343P 2 12.2 33.3 6 12
7:31: 5.54 16344P 2 12.2 33.3 6 12
7:31: 5.57 16345T 0 12.2 33.3 6 12

7:31: 5.61 16346T 0 12.2 33.3 6 12

7:3 1:5-64 1 6347P 2 12.2 33.3 6 12
S7:3 1: 5.67 1 6348P 2 12.2 33.3 6 12

7:31: 5.71 16349P 2 12.2 33.3 6 12
7:31: 5.74 16350P 2 12.2 33.3 6 12
7:31- 5.77 16351P 2 12.2 33.3 6 12
7:31: 5.81 16352P 2 12.2 33.3 6 12

7:31: 584 16353P 2 12.2 33.3 6 12
7331 5.87 16354P 2 12.2 33 3 6 12
7:31: 5.91 16355T 0 12.2 33.3 6 12
7:31: 5.94 16356T 0 12.2 33.3 6 12

7:31: 5.97 16357P 2 12.2 33.3 6 12
7:31: 6.01 16358P 0 1 12.2 33.3 6 12
7:31: 6.04 16359P 2 12.2 33.3 6 12

7:31: 6.07 16360P 2 12.2 33.3 6 12

7:31: 6.11 16361P 2 12.2 33.3 6 12

7:31: 6.14 16362P 2 12.2 33.3 6 12
7:31: 6.17 16363P 2 12.2 33.3 6 12

7:31: 6.21 16364P 2 12.2 33.3 6 12

7:31: 6.14 16365T 0 12.2 33.3 6 12
7:31: 6.27 16366T 0 12.2 33.3 6 12
7:31: 6.31 16367P 2 12.2 33.3 6 12

7:31: 634 1636TP 2 12.2 33.3 6 12
7:31: 6.37 16369P 2 12.2 33.3 6 127:31: 6.41 16370P 2 12.2 33.3 6 12

7:31: 6.44 16371P 2 12.2 33.3 6 12
7:31: 6.47 16372P 2 12.2 33.3 6 12

7:31: 6.51 16373P 2 12.2 33.3 6 12
7:31: 6.54 16374P 2 12.2 33.3 6 12
7:31: 6.57 16375r 2 12.2 33.3 6 12

7:31: .61 16376T 3 12.2 33.3 6 12
7:31: 6.64 16377P 12.2 33.3 6 12
7:31: 6.67 16378P 1 ! 2.2 33.3 6 12

7:31: 6.71 16379P 2 12.2 33.3 6 12

7:31: 6.74 16380P 2 12-2 31 3 6 127:31: 6.77 163H9P 2 12.2 33.3 6 12
7:31: 6.81 16382P 2 12.2 33.3 6 12

7:31. 6.84 16383P 2 12.2 33.3 6 12
7:31: 6.87 16384P 2 12.2 33.3 6 12
7:31 6.91 16385T 0 12.2 33.3 6 12

7:31: 6.94 16386T 0 12.2 33.3 6 12

7- 11 697 161,R7P 2 12.2 33 "3 127.31 97.01 16388P 2 12.2 33.3 6 12
7:1- 7.04 1_16389P 2 12 2 33.3 6 12

7 31: 7.09 1 6390P 2 12.2 33.3 6 12

7:31: 7.11 16391P 2 12.2 33.3 6 12
731 7.14 16392P 2 12 2 33.3 6 12

73 1 69P 2 12 ___ ___ _____
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Table B I - Telemetry Frames and Camera Parameters (Cont'd) 3LM Telemetry f itifTacker Exp. Plume Exp. Tracker Plume Comments
Frame Time (ms) Time ýms) Gain Gain

_ _ _ _ _ _ 2 ___ 33.. 6 I
7:31; 7.18 16393P 2 12.2 33.3 6 12
7:31: 7.21 16394P 2 12.2 33.3 6 12

7:31: 7.24 16395T 0 12.2 33.3 6 12
7:31: 7.28 16396T 0 12.2 33.3 6 12 _

7:31: 7.38 16397P 2 12.2 33.3 6 12
7:31: 7.34 16398P 2 12.2 33.3 6 12 _

7:31: 7.38 163991P 2 12.2 33.3 6 12
7:31:7.41 16400P 2 12.2 33.3 6 12 _

7:31 7.44 16401P 2 12.2 33.3 6 12731:7.48 164021' 2 12.2 33.3 6 .12 ______

73!:7.51 164031' 2 12.2 33.3. 6 12

7:31: 7.54 16404P 2 12.2 33.3 6 12 End data
7:31: 7.58 16405T 0 12.2 33.3 6 12 interval 3

7:3 1:20.99 16807P I 15.402 31.3 1 - I Begin data
7 31:21.02 16808P 1 15.402 33.3 5 ! 1 interval 4
7:31.21.06 16809P 1 15.402 33.3 5 I 1 PC-I
7.31:21.09 16810OP 1 15.402 33.3 5 1

7:31:21.12 16811P 1 15.402 33.3 5 1 1

7:3!:21.16 16812P 1 15.402 33,3 5 I1
7:31:2 . 19 16813P I 15.402 33.3 5 11

7: 31:21.22 16814P I 15.402 33.3 _ 5 II 1
7:31:21.26 16815T 0 15.402 33.3 5 1 11
7.31 21.29 16816T 0 15.402 33.3 5 I1I
7:31:21.32 16817P 1 15.402 33.3 5 1 I
7:31:21.36 16818P I 15.402 33.3 5 II 1

7:31:21.39 168199P 1 15.402 33.3 5 II
7:31:21.42 16820P I 15.402 33.3 5 I 1
7:31:21.46 16821P 1 15.402 33.3 5 1 I
7:31:21.49 16822P I 15.402 33.3 5 1I 1
7:31:21.52 16823P 1 15.402 33.3 5 1 I
7:31:21.56 16824P I 15.402 33.3 5 1 _

7:31:21.59 16825T 0 15.402 33.3 5 II 1
7.31:21.62 16826T 0 15.402 33.3 5 1 I
7:31:21.66 168271' 1 15.402 33.3 5 II
7:31:21.69 16828P I 15.402 33.3 5 II
7:3 1:21.72 16829P' 1 15.462 33.3 5 1 ______

7:31:2 i.76 16830P 1 15.402 33.3 5 1 1
7:31:21.79 168312P 1 15.402 33.3 5 1 I •
7:31:21.82 16832P 1 15.402 33.3 5 I1I
7:31:21.86 168331P I 15.402 33.3 5 1 !

-7:3 1:21.89 16834"P 1 15.402 33.3 5 1 1

7:3 1:21.96 16836T I 15.402 33.3 5 1 17:31:21.89 16834P I 15.402 33.3 5 1 1
7:31:21.93 16835T 0 15.402 33.3 5 I 1
7:3121.96 16836T 1 15.402 33.3 5 II
7:31:21.99 16837P 1 15.402 33.3 5 / 1 •
7:31:22.13 1684P _ 15.402 33.3 5 _ _ I
7:31:22.06 16838P 1 15.402 33.3 5 II
7 3 1:22.09 16843P 1 15.402 33.3 5 II
7:31:22.23 16841P 1 15.402 33.3 5 II

7:31:22.26 16842 0 15.402 33.3 s I I
"7:31:22.13 168411' 1 15.402 33.3 - I7 731:22.26 168424P 1 15,402 33.3 5 IIi

"731.22.26 16845T 0 15 402 33.3 5 II

7:31:22.29 16846T 0 15.40'2 33.3 5 II
7:31 22.33 16847P I 15402 33. 3 5 I1 1

I1



LACE/UVPI: LCLV 12"1SC Table B - Telemetry Frames and Camera Parameters (Cont'd)

Telemetry Filter Tracker Exp. f Plume Exp.1 Tracker j Plume Comments

I Frame Time (ms) Time (ms) Gain Gain

7:31:22.36 16848P 1 15A402 33.3 5 11

7:31:22.39 16849P 1 15.402 33.3 5 '1

7:31:22.43 16850P I 15.402 33.3 5 1 T -

7:31:22.46 16851P I 15.402 33.3 5 1I
7:31:22.49 16852P I 15.402 33.3 1 11

7:3 1:22.53 16853P 1 15.402 33.3 5 1 1
7:31:22.56 16854P I 15.402 33.3 5 II
7__:3 1:22.59 1 6855T 0 1.23
7:31:22.59 16855T 0 15.402 33.3 5 I 1
7:31:22.63 16856T 0 15.402 33-3 5 11
7:31:22.66 16857P I 15.402 33.3 5 II

7:31:22.69 16858P I . 15402 33.3 5 II
7:31:22.73 6859P I 15 402 33.3 5 II

7:31:22.76 16860P 1 p 15.402 33.3 5 II
7:31:22.79 16861P 1 15.402 33.3 II
7:31.22.83 16862P I 15.402 33.3 5 1 1

7:31:22.86 16863P I 15.402 33.3 5 II
7:31:22.89 16864P I 15.402 33 3 5 1 II
7:31:22.93 16865T 0 15.402 33 3 5 II

7:3 1:22.96 16866T 0 15.402 33.3 5 l 1
7:3 1:22.99 16867P 1 15.402 33.3 5 1 1

7:31:23.03 16868P I 15.402 33.3 5 II

7:31:23.06 16869P 1 15.402 33.3 5 I 1
7:31:23.09 16870P I 15.402 33.3 5 II 1
7:31:23.13 16871P I 15.402 33.3 5 II

7:31:23,16 16872P 1 15.402 33.3 5 1 1

7:31:23 19 16873P 1 15.402 33.3 5 11
7:31:23.23 16874P I 15.402 33.3 5 I 1
7:31:23.26 16875T 0 15.402 33.3 5 11
7:31:23.29 16876T 0 15.402 33.3 5 I 1

7:31:23.33 16877P I 15.402 33.3 5 II
7:31:23.36 16878P 1 15.402 33.3 5 II
7:31:23.39 16879P .I . 15.402 33.3 5 II
7:31.23.43 16880P 1 15.402 33.3 5 II
7.31:23.46 16881P I 15.402 33.3 5 II
7:31:23.49 16882P I 15.402 33.3 5 II
7:31:23.53 16883P I 15.402 33.3 5 I 1
7:31:23.-59 1685T 0 15.402 33.3 5 1
7:31:23.56 16886T 0 15.402 33.3 5 II
7:31:23.65 16886T 0 15.402 33.3 5 II

7:31:23.63 16888P 0 15.402 33.3 5 I 1

7:31:23.66 16889P I 15.402 33.3 5 II
7:31:23.76 16889P 1 15.402 33.3 5 I1
7:31:23.73 16890P I 15.402 33.3 5 II 1
7:31:23.76 16899 P I 15.402 33.3 5 i _1

7:31:23.86 16893P I 15.402 33.3 5 II 1
7:31:23.86 16893P 1 15.402 33.3 5 II ______

S7:31:23.89 16894P I 15.402 33.3 5 I 1

7:31:23.93 16895T 0 15 402 33.3 5 11

7:31:23.96 16896T 0 15.402 33.3 5 I 1
7:31:23.99 16897P I 15.402 33.3 5 11

7:31:24.03 16898P I 15.402 33.3 5 II
7:31:24.C6 16899P I 15.4(12 33.3 5 I 1
7:3 1:24.09 16900P I 15.402 33.3 5 1 1
7.331:24.13 16901P 1 15.402 33.3 5 I 1
7.31:24.16 16902P I 15.402 33.3 5 III!
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Table B I - Telemetry Frames and Camera Parameters (Cont'd) H

UMT Tclemetry Filter Tracker Exp. Plume Exp. Tracker Plume Comments
Frame Time (ms) Time =S) Gain Gain

7:31 24.19 16903P I 15.402 33.3 5 i I
"7 : 1:4.23 16904P 1 15.402 33.3 5 I1 '-
7-31:24.26 16905T 0 15.402 33.3 _ 11 1
7:31.24.29 16906T 0 15.402 33.3 5 II
7:31:24.33 16907P i 15.402 33.3 5 11
7:31:24.36 16908P I 15.402 33.3 5 1 1__
7:312:4.39 16909P 1 15.402 33.3 5 1I1
7:31:24.43 169"10P 1 15.402 33.3 5 II 1
7:.3 1:24.46 16911P I 15.402 33.3 5 1 I
7:31:24-49 16912P I 15.402 33.3 5 I 1 I
7*3 1 24.53 1 6913P 1 1 15.402 33.3 5 II
7:31:24056 16914P I 15.402 33.3 5 I1 End data7:3-1 :24-59 16915T 0 15.402 3 3. 3 5 "1 1 inera 1

I
I
I
I
I
I
I
I
I
I
U
I



I
I

GLOSSARY

I ARI average radiant intensity
ASRI average spectral radiant intensity
CCD charge-coupled device
CHARM Composite High Altitude Radiation Model
DN digital number
DN/PE digital number per photoevent
ECF Earth center-fixed
FOR field of regard
FOV Field of view
FWHM full-width-half-maximum
GMT Greenwich Mean Time
Hz Hertz
ICCD intensified charge-coupled device
IDA Institute for Defense Analyses
IR infrared
K degrees Kelvin
LACE Low-power Atmospheric Compensation Experiment
LCLV Low-cost launch vehicle
LOS line of sight
Mbps megabits per second
MCP microchannel plate
MHz megaHz
NER noise-equivalent radiance
NQE net quantum efficiency
NRL Naval Research Laboratory
PC-N plume camera filter, N = 1, 2, 3, 4
PE photoevent
PSF point spread function
RMS root mean square
SDIO Strategic Defense Initiative Organization
SNR signal-to-noise ratio
sr Steradian
TALO time after liftoff
UMT UVPI mission time
UV ultraviolet

UVPI Ultraviolet Plume Instrument
W watt

I
I
I
I
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