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£ EXECUTIVE SUMMARY

Missile tracking in the ultraviolet is advantageous because of extremely low Earth and solar
backgrounds; extremely sensitive photodetectors that do not require cryogenic cooling; and very
high optical resolution, which is possible with optics of relatively modest size. The Ultraviolet Plume
Instrument (UVPI) is a small, plume-tracking-instrument that was flown on the Naval Research
Laboratory's Low-power Atmospheric Compensation Experiment (LACE) satellite, which was
launched on 14 February 1990.

Thu UVPI system aperture is only 10 cm in diameter. However, it can detect and image
missile plumes at a 500-km range. The two cameras of the instrument use narrowband filters, image
intensifiers, and charged coupled device (CCD) detectors to observe sources in the ultraviolet. The
primary function of the tracker camera, viewing over a relatively wide field, (1.970 by 2.620) and
broad spectrum (255 to 450 rnm) is to locate and track a source for higher resolution observation by
the plume camera. The plume camera has a narrow field of view (0.1800 by 0.1350); it observes
sources through any of four filters with passbands of 195 to 295 nr,, 200 to 320 nm, 235 to 350 rim,
and 300 to 310 rim. The wavelengths shorter than 310 rim are essentially invisible from the ground
because of atmospheric absorption. The limiting resolution of the tracker camera is about 230
gtradians; that of the plume camera is about 90 pgradians. These are equivalent to 115 m and 45 m,
respectively, at a 500-kin range.

The Strypi XI was t&e fourth demonstration of the ability of the UVPI to observe missiles in
flight above the atmospnere. The Strypi was launched from the U.S. Navy Pacific Missile Range
Facility in Hawaii before sunrise on 18 February 1991. The launch time and trajectory were selected
to synchronize the flight with the LACE pass and permit ground observations from the AMOS site on
Maui.

The first stage of the three-stage Strypi fired only at low altitude, below 20 km. and was not
expected to be visible in the ultraviolet from space. The second (Antares) and the third (Star 27)
stages reached 110-kmn altitude and were successfully detected and tracked by the UVPI from a rangeof 450 to 550 kin.

5 The Antares plume was successfully tracked for about 30 seconds, and 480 1/30th-second
images of plume data were acquired by using the four plume-camera filters. The tracking of the
Antares plume was 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

II because of the small telescope aperture. The weaker plume from the Star 27 stage was also tracked,
and 304 images were acquired by using three plume-camera filters. However, the weak signal reduced
the quality of the superposed images.

The spectral radiance and spectral radiant intensities or the missile plumes were extracted
from these images. Absolute values are necessarily ottained 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 micron-sized alumina particles at their melting points. This spectral shape is simply termed the
reference model spectrum. A comparison of the results for the four UVPI filters indicates that the
reference spectral shape is not inaccurate, but the new data suggest a stronger component in the farSUV (X < 300 rim) than the reference model predicts.

The Images reveal not only a radiant plume but also an extensive outer region with a
passband-integrated radiant intensity comparable to that of the plume central region. The far UV
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component of this outer region appeared to be even stronger, relative to the near UV component,
than that of the central region. The mechanism of excitation of this outer region has not been
established. Although spectral radiant intensity values for the outer region were calculated based on
the reference spectral shape and a spectrally flat model, these values must be considered tentative until
a reliable spectral model is available.

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

"-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 band,
support the conclusion that the central region spectrum is quite close to the reference model, with a
relative enhancement of the emission in the far UV.

The third stage of the missile rose to a higher altitude than planned and burned out before
descending to altitudes where a bow shock might occur. The UVPI tracker lost track when the missile
ceased firing and, therefore, could not follow the tl,.ird stage to lower altitudes. Thus, the observation
did riot provide a test of the existence of a lhminous bow shock.

A very large, persistent cloud trail from the Antares stage was observed. This 43-kmn trail was
sufficiently bright and persistent: it briefly confused the UVPI tracker.

This base of UV radiometnc data is the foundation for further analysis to provide refined
interpretations and evaluation. Comparison with models and with data from sensors on other
platforms will also yield improved radiometric results and an enhanced pher'.omenological
understanding of UV emission by solid rocket motors in the upper atmosphere.
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UVPI IMAGING FROM THE LACE SATELLITE:
THE STRYPI ROCKET PLUME

I 1.0 INTRODUCTION

I 1.1 Bsckground

For 25 years or more, the military establishment has been interested in the infrared (IR)
exhaust plumes of rockets and jet airplanes because heat-seeking missiles can he built and used as5 counter-threat weapons. A great deal of time and money has been spent:

(a) developing these heat-seeking missiles and their sensors, and
(b) measuring and modeling the spe.ctral signatures of their exhaust plumes.

SFor example, the Standardized Infra-Red Radiation Model (SIRRM) and the Composite High A' "ude
Radiation Model (CHARM) [1] are software codes that can predict the size, shape, intensity, and other
pertinent par .ettes of mokt infrared rocket plumes (given the altitude, velocity, fuel type, thrust, and
nozzle characteristics). In short, (a) indicates that IR technology and phenomenology are mature
sciences, and (b) clarifies why Phase I of the Strategic Defense Initiative Organization's (SDIO)
program is dominated by IR instrumentation in most major areas. [A Glossary is located at end of£ report, following References.]

Other spectral regions, in particular the ultraviolet (UV), have not attracted as much attention
from the defense industry as IR. Neve-,theless, during the past few years, interest in the ultraviolet
emissions of plumes and tneir use in passive sensor applications has increcsed, partly as a result of
plume observation data obtained from sever.l micsions carrying UV senscrs. Lawrence Livermore
National Laboratorys PROBE [2] and the SDIO's Delta 180 [3) and 181 [4] missions are examples.
The new hope is that two items - the UV passive emissions from the plumes of the booster and
postboost velicle and the solar scattering from the plume and hardbody - can be used effectively in
addition to, or instead of, IR emissions. Signal contrast may be better in the UV because the
background sunlight reflected from Ea:th is severely reduced by the o.7ne layer. Also, because a
rocket plume is essentially a thermai radiator, only the hottest regions of the plume will tend to be
bright in the UV. Thus, the UV plume will tend to be more compact than the IR plume, so that
aimpoint and hardbody hand-off problems can be more easily solved with the UV plumes.

Another factor favoring the use of UV is less complex hardware. There is an increasing
awareness that infrared sensors are destined to require relatively large, cryogenically cooled foc~al
plane arrays. Small, high-quality, ultraviolet sensors, which do not require cryogenic cooling, are
currently mass producible at modest cost. Thus, a relatively small ultraviolet optical system can
achieve diffraction-limited resolution equivalent to that of a much larger IR optical system while
providing significant weight, volume, and cost savings. As a result, more SDIO missions are proposing
to use UV sensors [for example, the Brilliant Pebbles program and the Air Force Armament
Laboratory's ULTRASEEK (Ultraviolet Seeker) program]. In addition to these acquisition andIi itacking applications, boost-phase surveillance and tracking systems performing early warning,
identification, and initial trajectory determination functions are examining the potential that
ultraviolet may offer.

Manuscript approved Septemlx'r 8, 1992.
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Although the UV sensors arc available, there is a general shortage of information as to what to
expect in real flight situations for this relatively new UV technology. Additional data are needed to
facilitate the application of this technology. For example, additional data are needed for the selection
of wavebands best suited to the application, the design and evaluation of new flight systemns, and the
development of algorithms for tracking and hardbody handoff. Recently, an ad hoc subcommittee of
the SDIO Phenomenology Steering and Analysis Group (PSAG) was convened to determine the
current state of knowledge of plumes and backgrounds in the ultraviolet and visible portions of the
spectrum. After considerable evaluation of existing data and system requirements, the subcommittee
made recommendations regarding plume data requirements [51. The need for more UV data is
critical. Both plume and background data are needed; in-flight and ground-based measurements are
desired. Operational, solid-furled, upper-stage plumes in normal boost trajectories, both dark and
sunlit, are the third highest priority after liquid-fueled upper stages and post-boost vehicles at
operational velocities.

The Ultraviolet Plume Instrument (UVPI), carried aboard the Low-power Atmospheric
Compensation Experiment (LACE) satellite launched in February 1990, was designed to collect such
plume imagery. A moderately priced rocket was sought to serve as a dedicated target. A Strypi XI
three-stage rocket was selected. The overall objective of the observation was to gather data at high
altitude (above 100 kin) from space in the solar blind UV bands. These data were to enhance the
understanding of plume physics and chemistry and to help answer questions about riliancc, spatial
extent, and temporal variability of plume¢. A number of more specific objectives are listed in Section
2.0, which describes the Strypi mission plan.

1.2 Capability of UVPI

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.

The UVPI was assigned to the LACE spacecraft's experiment complement after the spacecraft
was designed and after its fabrication was started. Therefore, the UVPI was constrained in size, weight,
power consuri.ption, and telemetry to whatever margin remained on the LACE spacecraft. The
requirement that th-. UVPI be capable of high spatial resolution created a need for highly accurate
instrument pointing on a gravity-gradient-stabilized spacecraft. The instrument did not have direct
access to spacecraft attitude measurements. Subsequently, this led to the requirement for flexible
software to control the instrument,

The LACE satellite was launched on 14 February i990, into a circular orbit at an altitude of
292 nautical miles (nmi) and a 430 inclination. The UVPI is mounted within the satellite and looks
through an aperture in the Earth-oriented panel. A gimbaled mirror provides UVPI with a field of
regard of a 50*-half-angle cone about the satellite's nadir. When the UVPI is not in use, a door covers
the aperture. Attached to the inside of this door is a flat mirror that allows the UVPI cameras to view
celestial objects or the Earth's limb when the door is partially opened.

1.2.1 Description of UVPI

The UVPI sensor assembly [6,71 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; they are divcussed
briefly below. The two cameras share a fixed 10-cm diameter Cassegrain telescope, which uses a
gimbaled-plane-steering mirror to view a field of regard that is a 500-half-angle cone around the
nadir. In addition, UVPI contains a second plane mirror on the instrument door that can be set at an
angle of approximately 450 relative to nadir. It can be used in conjunction with the steering mirror to
view Earth's limb and stars near the limb. The configuration of the UVPI is described in detail in
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Appendix A, and the radiometric response of UVPI is discussed in Appendix B. The characteristics of
the UVPI have been previously reported 17,81.

The tracker camera is an intensified CCD camera. which is sensitive over a wide wavelength
range extending from 255 to 450 nm. 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, is shown in dctail in Fig. 1. This camera has a relatively wide
total field of view of 1.97 by 2.620 and images over this full field of view can be recorded at the 5 liz
image rate. The tracker camera can also be operated in a mcde where the 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 intcnsifier gain
and the exposure time of the camera can be controlled to provide a radiometric dynamic range
greater than 106.

C03
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Fig. I - Tracker camera: net quantum efficiency curve

The tracker camera has three primary functions that are important for UVPI operation. First,
the tracker carxiera, with its wide field of view and bright image, is used to acquire the object or image
of interest. Second. the tracker camera image can be processed on board UVPI, if desired; the result
can be used to control the gimbaled mirror so that UVPI autonomously tracks the object of interest.
Third, the tracker camera is calibrated so that it can acquire radiometric data within its bandpass.

The plume camera is also an intensified CCD camera that operates in the ultraviolet. The
plume camern optical train contains a filter wheel that has four selectable filters with bandpasses in the
195 to 350 nm range. 'The overall response of the plume camera for each of these four filters is
shown in detail in Fig. 2. Ihe plume camera has a total field of view of 0.180 by 0.1350, with a
correspondingly highcr resolution than can be achieved by the tracker camera. Images over the full
plume camcra field of view can be recorded at a 5 Hz image rate. Like the tracker camera, the plume
camera can also be operated in a mode where the 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 can be controlled to
provide a radiometric dynamic range greater than 106.

The primary function of the plume camera is to acquire images and radiometric data within
the four selectable wavelength bands. UVPI was not designed to use the plume camera for tracking
because of the rmlatively dim images expected in these wavelength bands.

In typical operation, the UVPI is programmed via ground command to point at the expected
location of the plume or other object of interest. UVPI then enters a selected scan pattern until the
desired object enters the field of view of the tracker camera. The tracker camera and control
electronics on board UVPI then track the object, and both cameras gather image and radiometric

/
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data. The plume camera filter can be changed as desired during this data collection to select
wavelength bandpasses. If the plume or object of interest is temporarily lost because of a coasting
phase between rocket stages or some other reason, UVPI can be commanded to enter various
extrapolation or search modes.
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Fig. 2 - Plume camera: net quantun efficiency curves

1.2.2 Description of LACE Satellite

The Low-power Atmospheric Compensation Experiment (LACE) satellite was designed and
built by the Naval Research Laboratory (NRL) in Washington, D.C. The satellite, Fig. 3, was launched
on February 14. 1990, into a circular orbit at an altitude of 292 nmi and a 41° inclination. The
spacecraft weighs 3175 lb. The body of the spacecraft is box-shaped, 4.5 ft oy 4.5 ft and 8 ft high.
Gravity gradient stabilization is provided by a 150-ft retractable boom with a 200-lb tip mass
emerging from the top of the spacecraft. The LACE satellite has no orbit adjustment capability.

Fig. 3 - Schematic of LACE satellite
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Thc satellite's primary purpose is to provide an orbiting ir•.iumented target board capable of
measuring the effects of active compensation of a ground-bascd laser beam propagated through the
atmosphere. The LACE spacecraft was designed to -,:pport this experiment for 30 months. NRL
operates three ground stations to communicate witlh and control the LACE satellite. Two of the three
ground stations are transportable. Each transportable ground station (TGS) (built by NRL) is
designed around two 18-ft truck trailers. One trailer houses the telemetry, command, and
communications equipment; th," other provides an uninterruptible power supply and work area. The
third ground station is permpnently located in Maryland. These stations provide all the command and
communication 'inks for the LACE spacecraft.

3_- 2.0 STRYPI NMSSION PLAN

2.1 Scientific Objectives for UVPI

The primary goal of the Strypi mission [9,10] for UVPI was to collect spatially resolved,

radiometric UV plume data for the second and third stages of the rocket. This was to be
accomplished by using UVPI's capabil'ties for tracking and imaging a moving target at long range.
'[he plume camera filters were cycled to vary the wavebands. Emphasis was placed on the solar-blind,
mid-UV bands because this data can be obtained only from a space-based sensor, and it has the best
potential for high signal-to-background contrast. Pointing accuracy was optimized because that
simplifies registration of images when superposed (a necessary procedure for improving statistics).
The UVPI observation was coordinated with ground observations that provided infrared and visible
band data as important supplements 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, and persistence of such phenomena
provide useful information.

* Another secondary goal was to observe the bow shock, if any, associated with reentry of the
5 Star 27 stage.

The specific cbjectives of the mission, related to UVPI data, are given in the following
su'wections. They revolve around a number of questions concerning plume radiance, spatial extent,temporal variability, and spectral shape of the UV emissions [5,10,11]. The objectives are grouped
under headings reflecting these subjects.

I 2.1.1 Radiometrics

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

_ • Obtain isoradiance contours for multiple plume camera bandpasses for the Antares and
Star 27 plumes.

* Obtain radiant intensity measurements in multiple plume camera bandpasses for the
Antares and Star 27 plumes based on the entire field of view of the plume camera and on
a subregion corresponding approximately to a plume core.

* Compare radiometric measurements for Antares and Star 27 plumes "Lh those generated
by the CHARM 1.3 computer code.

a Provide radiometric measurements for nonplume, transient phenomena, if any.

2.1.2 Spatial Features

0 Obtain the length of each of the Antares and Star 27 plume central regions and
investigate implications for cooling r.- and emissivity of particles.

a Determine the shape of the shock boundary/mixing layer for different velocities of the
rocket.

• Identify asymmetries in plume shape and investigate angle of attack and uneven burning
as possible causes.
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2.1.3 Temporal Features

SIdentify temporal trends in radiometrics and investigate possible dependence on rocket
velocity at fixed 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 at fixed altitude.

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

2.1.4 Spectral Features

* 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.

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

2.2 Strypi Description and Planned Trajectory

2.2.1 Strypi Description

A Strypi XI three-stage solid-propellant rocket system (Fig. 4) was chosen to be the target
vehicl: for this mission. Thrust, performance, cost, and quick availability were considerations in the
choice. Strypi is approximately 13 m (43 ft) long and 0.787 m (31 in.) in diameter. Table I provides
a summary of Strypi XI rocket motor characteristics.

The first stage was a Castor rocket motor. Its thrust was augmented by two strap-on Recruit
boosters. The Recruits burned for about two seconds and were jettisoned seconds later.

The second stage was an Antares II rocket motor. It used a double-base propellant with
20.6% aluminum as fuel. The profile and characteristics of the Antares II rocket motor are shown in

/ t Fig. 5.

The third stage thrust was provided by a Star 27 rocket motor. The Star 27 motor used an
aluminized composite propellant (ammonium perchlorate/aluminum). The profile and characteristics
of the Star 27 rocket motor are shown in Fig. 6.

Instrumentation for the bow shock experiment [12,13] was contained inside a jettisonable
shroud at the nose of the rocket. This instrumentation included 8 forward-viewing photometers, a
spectrometer, a 130.4-nm atomic oxygen experiment, an electron microprobe, and a 121.6-nm
hydrogen Lyman-a ionization chamber, all of which were mounted in the nose dome and took
measurements through quartz windows. There were also 8 aft-viewing photometers and a
spectrometcr, which viewed the rocket motor plumes through periscopes. After the Star 27 burn, the
periscopes were jettisoned, and these photometers viewed the bow shock directly through quartz
windows.

it.'"
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U EXIT SHROUDI/
ISHROUJD S17 STAR 27

3RD STAGE

a • ANTARES II
2ND STAGE3 ACS

IST STAGE 
SEP

=== XM.33 CASTOR
IST STAGE

3 3.L" DIA

XMI9
RECRUITS (2)

I
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*Figure reprinted from Ref. 14.

Table 1 - Strypi XI Rockan Motor Characteristics
Motor Stage bum fune(s) Avr. Thihu(t(b) ToW ~Impulse Totl Mass F Ma

(lb-s) (lb-m) lb-m)
Castor - .74 ,1,,900 8,-698 " ,328
TX-33-39 S/N 726
Recruit 1 2.16 34,800 (sl) 59,700 343 94

Antares 1I-A 2 35.00 21,050 (vac) 71,200 2,820 224X259-A6
S/N YJ-02=140
Star 27 3 41.35 5.900 (vac) 214.300 798 61
TE-M-616 S/N 42

Note: vac = vacuum, As sea 'evel. Based an informaion froumi Ref. 14.

Il

/ " \.V
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Antares II Motor

1) 3.79 -

Alunuum Ounffma85"zi

N0zzl Characteristicsw

Initial throat diameter 6.67 in.
Final throat diameter 7.08 in.
Exit plane diameter 27.01 in.

VExit cone half-angle 15.00
Expansion ratio 17.9

CYI-75 Propellant Constituents
(wt %)

Ammonium perchiorate (oxidizer) 7.5
Cyclotetramethylenetetranitramine (oxidizer) 15.0
Nitrocellulose (binder-plasticizer) 22.5
Nitroglycerin (oxidizer-plasticizer) 26.3
Aluminum (fuel) 20.6
Triacetin (plasticizer) 6.0
Resorcinol (stabilizer) 1.1
2-Nitrodiphenylamine (stabilizer) 1.0

Typical Exhaust Gas Composition
(nr~oles/100gm)

C0 2  0.0432
CO 1.3918
H20 0.1707
HCI 0.0604
H2  0.9848
N2  0.5132
H 0.0182
A1203 (solid) 0.3669

Fig. 5 - Antares [I rocket motor*

*Figure reprinted from Ref. 14.
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V Star 27 Motor

U Nozzle Characteristics
Initial throat diameter 2.74 in.
Final throat diameter 2.91 in.
Exit plane diameter 19.13 in.
Exit plane half-angle 15.00
Effective cone half-angle 17.20SExpansion ratio 45.94

TP-H-3135C Propellant Constituents
(wt %)

Ammonium perchlorate (oxidizer) 72.0ii Carboxy-terminated polybutadiene
(CTPB) (binder) (cured with

epoxy resin and MAPO) 12.03 Aluminum (fuel) 16.0

Typical Exhaust Gas Composition
(mole fractions)

C0 2  0.02621
CO 0.20851
H20 0.17211
Ha 0.16619
H 2  0.25477
N2  0.08471SA1 20 3 (solid) 0.08128
A10 ( Fig. 6 - Str 27 rocket motor*

*Figure reprinted from Ref. 14.

2.2.2 Planned Strypi Trajectory

The planned trajectory of the Strypi XI test vehicle called for a launch from the Kauai Test
Facility (KTI-) at the U.S. Navy Pacific Missile Range Facility (PMRF), Barking Sands, Kauai, Hawaii.
The Strypi trajectory was selected to provide maximum viewing time for UVPI and also for the
sensors located at the Air Force Maui Optical Site (AMOS). These requirements resulted in a
southbound trajectory running parallel to a descending LACE pass (Fig. 7). The nominal velocity
and altitude profiles of the Strypi trajectory are shown in Fig. 8. The planned sequence of events for
the Strypi flight is shown in Fig. 9.

I
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Fig. 9 - Planned sequence of events

"Another choice involved the selection of a high or a low trajectory. The high trajectory,
approximately 400-km peak, provided minimum range between UVPI and one of the three regions
of interest (Antares burn, Star 27 burn, or bow shock). The low trajectory, 120-km peak, provided
maximum viewing time for all three flight regions but at a greater range. The latter option was
sclected for its higher chance of success and the scientific community's desire to observe all three
flight regions.

To meet range safety requirements, Strypi had to be launched to the southwest on an azimuth
of approximately 208* to clear the Kauai area. Once the rocket was a safe distance from land, a dog-
leg turn in the trajectory put Strypi on the planned azimuth (approximately 1340) for the encounter.
Initially, this encounter portion of the trajectory ran parallel to the LACE orbit, but the resultant
impact point was too close to the island of Hawaii. The azimuth was increased slightly to allow a wider
safety margin at the impact point.
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The missile was stabilized by fins and was unguided during the firsL-stage bum. The Castor
fins were canted to 0.75* to impart a spin rate to the vehicle of approximately 2.4 revolutions per
second at Castor burnout.

After Castor burnout, Strypi coasted until it was exoatmospheric, approximately at 70-km
altitude. At this point, the expended Castor stage and the rose shroud were jettisoned. A cold-gas
attitude-control system was then activated, and Strypi wac reoriented to dhe proper attitude for Antares
ignition. The vehicle was stabilized during the second-stage bum by the spin imparted by the first-
stage fins.

Following Antares burnout, the attitude control system reoriented the vehicle for the firing of
the third stage. This attitude was selected to provide a 0* angle of attack at 100-kin altitude uuring
reentry. The spin rate was reduced to approximately 2 revolutions per second prior to Star 27
ignition in order to be within that motor's certification range. Just prior to third-stage ignition, the
expended second stage, which included the Antares rocket motor and the attitude control system, was
jettisoned. The velocity of the third stage was predicted to be about 5 km/s at burnout. Reentry was
expected to start about the time of third-stage burnout at an altitude of 100 kin.

2.3 Planned Plume Observation

The Strypi launch and UVPI encounter were designed around a descending LACE pass over
the TGS at Kihea, Maui. A brief summary of the planned encounter follows. The detailed plans are in
Appendix C.

Upon the launch of the Strypi missile, the actual launch time, the modified Antares ignition
time, and the trajectory type (i.e., nominal or dispersed) were to be incorporated into the real-time
computation of the Antares pointing function, which would then be transmitted to the UVPI. Prior to
Antares ignition, the UVPI was to point along the Strypi trajectory and attempt to acquire the rocket
by using a circular scan, as described in Appendix C. Upon acquisition, the UVPI was to switch to its
data acquisition mode. The four plume-camera filters were to be used in sequence during the 35-s
Antares bum. After Antares burnout, the UVPI was to point along the predicted trajectory and, after
Star 27 ignition, acquire this stage. Again, the UVPI was to switch to data acquisition mode, observing
through 3 of the 4 plume-camera filters during the 41-s burn. The planned filter change sequence
and filter observation durations are shown in Tables C2 and C3 in Appendix C.

The Strypi bow shock emission region was expected to start at the end of the Star 27 bum at
100-kin altitude and end at an altitude of about 40 km, about 60 s after burnout. The UVPI would
acquire data using plume-camera filters 2, 3, and 4. The tracking of the Strypi during the bow shock
phase was uncertain because of the absence of a rocket plume, so a reacquisition procedure
(described in Appendix C) was prescribed in the event of tracking loss.

2.4 Viewing Expectations

2.4.1 Expected Geometry and Pointing

As described in Appendix C, the launch time was selected to optimize the viewing geometry
between UVPI and Strypi during the critical flight regions. The highest priority was placed on
viewing the Antares bum.

For the selected launch time of 14:18:35 GMT, the range between UVPI and Strypi on a
nominal trajectory decreases from about 525 km to 450 km during the Antares burn, and the asp c:
angle between UVPI and the rocket spin axis decreases from 1080 to 840 during the same period. The
optimal aspect angle is 90'. During the Star 27 bum, the range increases from about 475 km to 550
kin, and the aspect angle decreases from 74* to 610. The range during the nominal bow shock
emission increases from 550 km to 650 km, and the aspect angle decreases from 610 to 540.
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2.4.2 Expected Radiometrics (CHARM 1.3 Predictions)

The propellant in the Antares is a modified double-base composition, basically nitroglycerin
and nitrocelluose, which has been enhanced with other additives including 7.5% ammonium
perchlorate oxidizer and 20.6% powdered aluminum. The Star 27 rocket motor propellant is a
composite with a composition of 72% ammonium perchorate oxidizer and 16% powdered aluminum,
with a small amount of hydrocarbon binder. The combustion products for both rocket motors are
A120 3 particles, H20, CO, C0 2, and other gases. The temperature inside the rocket motor chamber is
typically 3200 K, which is hot enough to melt the A120 3 (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 A120 3 begins to solidify. The temperature of the exhaust decreases further as it
moves away from the rocket [14].

SIn 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 A120 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 momentarily
at this point as they cool. In the outer region, other thermophysical processes can produce emission

Sbands 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
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 tctal
emission from the cloud is substantially less than would be the case from a solid object the same size
as the plume. Second, the A120 3 particles a.e typically a few microns in size and are inefficient
emitters of visible and longer wavelengths. The effective emissivity for 2.3-micrometer (4m) A120 3

* particles (as a function of wavelength) resulting from this effect is shown in Fig. 10.

0.1

0.2 0.3 0.4 0.5 0.6 0.7
Wavelength (microns)

Fig. 10 - Effective emissivity of a 2.3-1im alumina particle

Initially, a modified form of the code CHARM 1.2" was used to model the response of the
UVPI to the Antares and Star 27 rocket plumes to determine the relative risk of observation and to

* -estimate the signal-to-noise ratio of each plume in the tracker camera. [10]. As a result of this
"modeling, it was decided that the Antares plume would be the primary target because its stronger
signal would provide the better chance of a successful observation.

S" * The CHARM codes, CHARM 1.2 and CHARM 1.3 (a later version of the same code), are primarily infrared

simulation codes and must be modified to extend their predictions to the ultaviolet.
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g Each rocket's emission was also modeled for all four filter bandpasses of the UVPI's plume
camera. Ibis information was used to determine the desired sequence of the plume-camera filters for
the Antares and Star 27 bums. Filter PC-4 was selected to begin the observation of the Antares plume
because its wider bardpass would provide the brightest signature. Filter PC-4 responds to wavelengths
longer than 300 rum, which pass through the ozone layer, and its primary purpose would be 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 and, thus, 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 filter PC-2 would be collected to complete
the data set, even though PC-2 passes wavelengths that can be observed from the ground. Therefore,
the filter selection for the Antares bum should start with a few seconds of using filter PC-4, then
switch to PC-3 for several seconds, then switch to PC-2 for a brief data collection opportunity, and
-nd in PC-I for several seconds of data prior to, and including, the burnout.

The filter sequence for the Star 27 bum should emphasize the use of filters PC-i and PC-3
* that pass wavelengths that are invisible from the ground. Therefore, the Star 27 observation should

start with filter PC-I for several seconds, then collect data for a few seconds using PC-2, and then
switch to PC-3 and use that filter for the remainder of the Star 27 burn. This will allow collection of
data from the burnout of the Star 27 in a band thai is invisible to ground-based and airborne sensors.

A subsequent calculation of the radiometrics, (assuming a 500-kmn range) using CHARM 1.3
* (a presumably more accurate code than CHARM 1.2) yielded the results shewn in Tables 2 and 3 for

the expected intensities of each stage and filter combination in units or W/sr [15]. [Conversion of W/sr
to photoevents/frame was done by using the conversion factors for each filter shown in Table 171.

5 Table 2 - Expected Intensities for Antares Stage
Filter W/sr Photoevents/Frame

PC-l 66.7 70.1

PC-2 45.0 75.2
PC-3 17.4 13.9
PC-4 226.6 1.302.0
TC 1203.0 37.151.0

Table 3 - Expected Intensities for Star 27 Stage
Filter W/st Photoevents/Frane

PC-I 1_1.4 1_1.9

PC-2 7.5 12.5
PC-3 2.9 2.3
PC-4 36.2 208.03 it 181.3 5.613.0

The expected size and shape of the phumes, as predicted by CHARM 1.3, is given in more

I detail in Section 5.

3.0 STRYPI OBSERVATION

The Strypi XI vehicle was launched from Pad 1 at the Kauai Test Facility (KTF), which islocated on the U.S. Navy Pacific Missile Range Facility (PMR.F), Barking Sands, Kauai, Hawaii, at
14:18:35 GMT on 18 February 1991.

31 The weather at the time of launch was generally clear with scattered clouds. Neither LACE
nor Strypi was illuminated by the sun or the moon a: any time during the observation.

I
I
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Figure I I shows that the second-stage Antares rocket and the third-stage Star 27 rocket
ulclowed a southbound trajectory approximately parallel vi!h the LACE satcllite's descending pass
over hwaii. The sequence of events that occurred during the Strypi XI flight and the corresponding
UVPI frame numbers are given in Table 4. The events refer to Fig. 9. A description of ihe nominal
Sypi XI events iz presented in Section 2.0.

40 40

KH£1 51

3 20 n So20

Table4:4: SrpSquneoEvtsM*P

Point Ftm E Posts to STR Di

15700049:14:21:00 0. r ru14: i3:11 i o
Point ýo MYPI
Star 27 Stage

-1305804180 .17. -130 - Jet rc

Fig. 11 LACE ground track for orbit 5582 - 18 February 1991

Table 4 - Strypi Sequence of Events*

Event Fra3e GMT TALO4(s) Description

1 5700 14:18:35.0 0.0 Pi scop u
recruits ignition

2 5766 14:18:37.2 2.2 Recruits burnout

3 5790 14:18:30.3 3.0 Jettison recruits
4 6959 14:19:17.0 42.0 Castor bumps out
5 8101 14:19:55.1 80.1 Jettison castor

6 8131 14:19:56.1 81.1 Eject nose cone
7 9000 14:20:25.1 110.1 Periscopes up
8 10352 1 4:21 :10.2 155.2 Antares ignition

9 11425 14:21:46.0 191.0 Antares buo s out
10 12147 14:22:10.1 215.1 Jettison antares

0a 12525 14:22:22.7 227.7 Antares bumps Star 27

11 12867 14:21:34.1 239.1 Star 27 ignition

12 13994 14:23:11.7 276.7 Star 27 burnout

13 14159 14:23:17.2 282.2 Eet Periscopes

14 14183 14:23:18.0 283.0 Begin bow shock

The time of events was obtained from S,-ndia National . aboratories and is based on separation
monitors, SANDAC monitors, and fire module capacitor voltages.

S ,:. ., • .K
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3 3.1 Strypi Perrorrnancc

Strypi was launched on time and had closc. to nominal performance until the separation of the
third stage resulted in some problems. This stage contained thc Star 27 motor. Figure 12 shows the
actual velocity and altitude profiles of Strypi as determined from onboard telemetry. Detailed tablcsof the Stryj~i trajectory paramneter-- as a function of time are given in Appendix G. The first stage was
less than I off in azimuth at burrout, which was closer to the planned nominal trajectory than to any
of the preflight-defined dispersed trajectories. To compensate for ýirst-stage trajectory anomalies, the
Antares ignition time was changed from the nominal T+152 s to T+155.1 s. The onbo-ird active

taret oin fo igiton f te tirdstae.However, it is believed that the Antares second-stage casing
bume,'theSta 27stae jst rio totheStar 27 ignition. T-his caused a third-stage coning with

aourre at10 half-angle during the Sta', 27 burn and causea a lofting of the trajectory. Star 27 burnout
occrre atT+26.7seconds, when Strypi was at an altitude of 1 i2.3 km with a velocity of 5.04
km/s Th nomnalvalues for Star 27 burnout are T+^80 s, 99.4 kin, and 5.09 km/s. The difference in

altiudeis iportant; it is biclieved to be the prim~ary cause for failure to detect the bow shock
emsinwith VI

ISI

o so 1oo 1so 2o0 250 300 350

Secinds Afte Launch

Fig. 12 - Strypi altitude and velocity profiles

The Angle-of-attack and rocket motor c~hamber pressure profiles for the Antares and Star 27
burns, as determined from telemetry, are shown in Figs. 13 and 14, respectively.

ISO Prssr -0 - -0- 20

I 300- - 60 -o Anla 16

!5 250C- - 9-- 4

Atoac - 0 20E 4

1 0 10 170 180 190 200 230 240 250 260 270 280 290
Seconds After Launch Seconds After LaunchwIFig. 13 -Antares chamber press'are and angle of attack Fig. 14 - Star 27 chamber pressure and angle of attack
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3.2 UVPI Operations, Actual Scenario

The aclual UVPI events, delayed execution and real-time commands along with the
corresponding time and UVPI frame numbers, are shown in Table 5. Boldface type denotes UVPI
delayed execution commands, plain type denotes operator commands and ground events, and italic
type denotes outside events beyond UVPI control (TALO is time after liftoff). The main events of the
encounter are discussed in Section 2.2.2, Planned Strypi Trajectory.

Table 5 - Strypi Encounter List of Commands

Time TALO Frame UVFI Delayed-Execution Commands UVPI Real-Time Cc-,rrnands J
14:143.0 -225.0 Twol UVPI an

14:1525 -190.0 Tom relays KI, K2 on__

14:15:45 -170.0 Set tracker max gala to 10

14:15:50 -105.0 Initialize tracker

14:16.'00 -155.0 Set filter wbhel position to 4

14:16.01 -147.0 Lad MASS AND INTENSITY run block

14:16.39 -116.0 Tuon off AGC, set track and plume gains to 0

14:16:44 .111.0 Sd extrapolate tmeout to 5 _.

14:16:45 -110.0 Set f'ame ratio to 1:15 (Plume: Tracker)

14:16:51 .104.0 Opeadoo"to5l.24*

14:17:11 -44.0 Tern n AGC

14:17:12 -43.0 3212 Turn on tape recorder, tape unit A

14:17:13 -82.0 3242 Swing gimbal to left (Az=.S°., EI=+4.3)

14:17:15 -77.0 3392 Swing gimbal to right (Az=+$.00 , EJs+1.4*)

14:17:23 -72.0 3541 Turn off tape recorder

14:17"24 -71.0 3571 Point to star (gamma Velorum) using FIXED
STAR pointing function _

14:17.25 -70.0 3601 Set lost track function Wn FIXED STAR pointing Upload FIXED STAR pointing
function function (pred)

14:17:38 -57.0 3991 Point using FIXED STAR___________________________ function (pred)

14:17:45 -.50.0 4201 ICHFJ AOS 5

14:17:46 -49.0 4231 Open door one coarse step

14:17:55 -40.0 4501 Upload SCAN STAR function

14:1806 -27.0 4390 Point using SCAN STAR
_ _function

14:18:15 -20.0 5100 Upload ANTARES function

14:18:20 -15.0 5250 < GOINO-GODecisia >>>>
14:18:24 -11.0 5370 Upload ROCKET function

14:18:35 4.1 5700 <<<<<c<c<<<<'YPILAUNdH>>>>>>>>>i Point using FIXED STAR
_ _ _ _ _ _ _ _ _ function (pied)

14:18M52 17.0 6209 Upload FIXED STAR pointing
function (calc)

14:19:G4 29.0 6569 Point using FIXED STAR
functon (Cale)

14:19.11 36.0 6779 Acquire usntg FED STAR
_____________________________________________function

14:19:17 42.0 6959 S&y Castor•Brwnou Turn zoom on

14:19.21 46.0 7078 Plume: Tracker frame ratio
8:2

14:19;29 54.0 7318 Filber wheel position 3

14:19:47 72.0 7358 Filter wheel position 2
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Table 5 - Strypi Encounter List of Commands (Cont'd)

Time TALO Frame UVPI Deayed.Excation Commands UVPI Real- rimeC
GMTý Fu

14:19'57 82.0 8158 Update of Atares igniit time (14 j)

14:20.02 87.0 8307 Filter wheel position I

14:20:26 111.0 9027 Set filter wheel position to 4

1420.34 119.0 9267 Turn off zoom

14:20"35 120.0 9297 Set frame ratio to 2:8 (Plume:Tracker)

1420.36 121.0 9327 Point to gimbal potisos 0,0

14:201.37 122.0 9357 Opet door fully for Strypi Alewnng

1420&.38 123.0 9387 Initialize tracker

142042 127.0 9506 Upload ANTARES function

14124.47 132.0 9656 Load MASS AND INTENSITY run block

14:.2057 142.0 9956 Point to Slry using ANTARES function

14:20.58 143.0 9986 Set los track function to ANTARES function

14'21.00 145.0 10046 Acquire using ANTARES
funcnon

14121.02 147.0 10106 Turn on tape recorder, ape unitA

14:21:10 155.2 10352 SirypiAntareIgnition

14:21:14 159.0 10466 Turn zoom on, etc.

14:21.26 171.0 10825 Filter wheel position 2

14:21:35 180.0 11095 Filter wheel position I

14:21:46 191.0 11425 SrypiAnsaruBwnuI._

14:21:49 194.0 11515 Turn off zoom

14:21:50 195.0 11545 Set frame ratio to 2:8 (Plume:Tracker)

14:21.56 201.0 1V725 Turn off tape recorder

14.22:03 208.0 11934 Upload ROCKET futction

14:22:14 219.0 12264 Point using ROCKET function

14:22:24 229.0 12564 Turn on tape recorder, tape unit A

14"22:28 233.0 12684 Point to Strypi using ROCKET function

14122:29 234.0 12714 Set Iudtack functlon to ROCKET function Acquire using ROCKET
function

14:22:30 235.0 12744

14:22:34 239.1 12-67 Swy•" u 27 lnnitio.

1422:36 241.0 12924 Turn zoom on

14:22:41 246.0 13073 Plume:Tracker '.zne ratio 8:2
14:22:48 253.0 13283 Filter wheel position 2

14:22:56 261.0 13523 Filter wheel position 3

14:23:03 268.0 13733 Upload BOW SHOCK
function

14:23:10 275.0 13943 Set extrapolate timeout
to 10 a.,

14:23:10 275.0 13943 Set tracker max gala to U

14:23:11 276.0 13973 Point using BOW SHOCK
function

14:23:12 276.7 13994 StrypiStar27Burncn

14:23:18 283.0 14183 StrryBowvShockStart

14:23:22 287.0 14302 Turn zoom on

14:.2326 291.0 14422 Turn zoom off

-/
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Table 5 - Strypi Encounter List of Commands (Cont'd)

Tie(GO Frm UVPI Dlayed-Execution Commands UVPI Real-.Time CommadD

14"23.34 299.0 14662 Plume:Tracker frame ratio 2:8

14•23:A0 305.0 14842 GSIP froze

14'23:43 308.0 14932 Filter wheel position 4

14:23:48 313.0 15082 Activate joystick

14:24:13 338.0 15831 Strypi LOS (40 am)

14:24"23 348.0 16131 Turn off AGC

14:24:24 349.0 16161 Set track and plume MCP galns to 0

14"2424 349.0 16161 Park gimbal mirror

14.24:241 349.0 16161 Turn off tape recorder

14:24:25 3"0.0 16191 Clos door fully

14:24:55 380.0 17090 Start Dark Field Data Test

14:24:57 382.0 17150 Turn on tape recorder, tape unit A

14.25:18 403.0 17780 Turn off tape recorder

14:25:29 414.0 Command UVPI shutdown

14:27:26 531.0 Command UVl shutown

1 4:27"26 531.0 KHEJ LOSS5

Figure 15 correlates the telemetry frame numbers with the time after liftoff. The linear
equation for this is given as:

TALO (FRAME - 5700.1) / 29.975

17,000
..... t | i i i. . . . ..i i •

16.000 TIME 0.0 o .. ....

SOOO sm uI-oFF

14.000 ....- N T- . E- , I.......-.
13,000 -.... :- • - .. ,• ." ".;-;-i-....,i...;... .i,

! " . ST~AR 27 !li

12.000 ....- . . ... .... =..-.

11,Foo 1 - T f

.00
140 160 180 200 220 240 260 280 300 320 340

Tm (300)

Fig. 15 - Telemnetry frame vs time after liftoff

3.2.1 UVPI Pre-Encounter Activities

When Maui TGS acquired the telemetry signal at 14:17:19 GMT, UVPI's status was nominal.
The target star, gamma Velorum, appeared to be in a good position, so UVPI was declared ready for
Strypi launch at 14:18:03, 17 s before the required time. The target star was then used to compute the
yaw attitude of the spacecraft The computed yaw appeared to give better results than the predicted
yaw, so the computed yaw value was selected for subsequent use.
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After yaw determination and verification were completed, gamma Velorum was acquired.

Calibration data were then collected for this star in all four plume-camera filter positions.

3.2.2 Antares Plume Observation

At 14:18:35.0 GMT, Strypi was launched, and the launch time was announced and
confirmed.

At 14:20:10, the revised Antares ignition time (155.1 s) and Strypi trajectory type (nominal)
were announced, verified, and incorporated into the real-time software. The trajectory was actually
dispersed slightly left of nominal, but a nominal trajectory was called in accordance with guidelines
set before the mission.

About 23 s prior to Antares ignition, the new Antares pointing function was successfully
transmitted. UVPI started scanning along the nominal trajectory with a 0.650 radius circle at
14:20:57. The acquire command was sent about 10 s prior to Antares ignition, which occurred atabout 14:21:11.

About I s after Antares ignition, part of the rocket plume was seen on the top edge of the
tracker camera screen on the left side. The plume central region was just out of view. The tracker
immediately centered and locked onto the Antares plume at 14:21:14, about 2 s after the initial
sighting of the plume. Immediately after acquisition, the command was sent to initiate the sequence to
select zoom image transmission rate, change the plume-to-tracker image ratio to 8:2, and change to
filter PC-3. Filter PC-3 was in place at 14:21:19, about 2 s later than planned. Durir.g the change of
the filter wheel from PC-4 to PC-3, the tracker momentarily lost lock for about 2 s but then
reacquired and kept steady lock for the remainder of the bum. Filter PC-2 was commanded and in
place at 14:21:31, about 2 s later than planned, and the switch to filter PC-I oc:urred at 14:21:40.
about 6 s late. The tracker camera gain was 7 during most of the Antares bum but changed to a value
of 6 about 5 s prior to burnout.

After Antares burnout, which occurred at 14:21:46, zoom image transmission rate was turned
off by a delayed execution command. At that time, a large, persistent plume trail was seen by the
tracker camera. The tracker acquired this trail and -iked back along the trail io near the Antares
ignition point. It held lock there at a tracker camera gain of 10 for about 30 s until it was
commanded by the ground station, at 14:22:18, to point back to Strypi in readiness for the Star 27
burn.

3.2.3 Star 27 Plume Observation

At 14:22:29 GMT, 5 s prior to Star 27 ignition, the acquire command was sent. Star 27
ignition occurred at 14:22:34, and the rocket plume appeared a second later close above the radar
cursor on the tracker-camera screen. Within a second, the tracker locked onto the Star 27 plume.
UVPI was commanded to zoom image transmission rate, and the plume-to-tracker image ratio was
changed to 8:2. The planned filter sequence was commanded. Filter PC-2 took effect at 14:22:53,
about 2 s late, and filter PC-3 was in place at 14:23:01, about 2 s early. The tracker camera gain was
limited to a maximum of 10 through most of the Star 27 burn until the maximum was raised to 11near the end.

The burnout of Star 27 occurred at 14:23:12, about 3 s earlier than expected. There is a 3-s

trailoff included in the burn time, so the burnout actually started at the time observed.

3.2.4 Bow Shock Observation

Just preceding Star 27 burnout, a dim trail was seen by the tracker camera for a few frames.
An image of this dim trail can be seen at the end of Section 8. The commands to point with the bow
shock pointing function, turn zoom image transmission rate off, switch to a plume-to-tracker image
ratio of 2:8, switch to filter PC-4, and activate the joystick were given at this time.

'it. .J "U'f/t"
\ .... -



20 H.W. Smazhers et al.

When zoom image transmission rate was turned off, nothing identifiable was seen by the
tracker camera; the radar cursor indicated that Strypi was out of the field of view off the top edge of
the screen. At 14:23:40, about 8 s before the command to activate the joystick was sent, a ground
station computer failed and had to be restarted. Although the ground station was still able to receive
camera images and send commands by using the control keyboard, the UVPI data screen was not
being updated; also, joystick commands could not be sent. By the time the computer was restarted,
the bow shock peiod was over.

One reason that UVPI was unable to observe the bow shock is that Strypi had deviated several
kilometers from its nominal trajectory. By the end of the Star 27 burn, its altitude was too high for
the bow shock emission to start. By the time the bow shock emission started, at 100-kmn altitude, UVPI
had autom2tically reverted to pointing to the nominal trajectory, which put Strypi out of the tracker
camera's field of view.

The command to turn off UVPI was sent on time at 14:26:13 GMT.

3.3 Encounter Geometry

The range and aspect angles between UVPI and Strypi (Fig. 16) were calculated by using the
position and attitude of Strypi as determined from the processed Strypi telemetry data. The aspect
angle is defined as the angle between the line-of-sight (LOS) vector from UVPI to the target point
and the longitudinal axis of the rocket. Zero degree aspect angle means UVPI is looking at the
rocket's nose, and 180' means looking up the nozzle. The oscillations in aspect angle, starting just
prior to the Star 27 ignition, are due to the coning of Strypi.

Antares Star 27 Bow Shock
700 - 4- - ' - 120

I \I1\ I- ... 100

500O- 80S

400 60~

Hi J

100 150 200 250 300 350
Seconds After Launch

Fig. 16 - Sw/pi/UVPl encounter geometry

The range for the Antares bum was from about 512 krn at ignition to about 450 km at
burnout. The range for the Star 27 burn was from about 475 km at ignition to about 540 km at
burnout. The minimum range, 446 km, occurred during the coast period shortly after Antares
burnout. This was the result of a compromise in the encounter design to obtain the best possible
geometry for both rocket bums but with more emphasis on the Antares bum.

Figure 17 shows the percent vignetting of the UVPI image and the orientation angle of the
rocket body in the tracker camera's field of view. At Antares ignition, there was only 2% vignetting
that decreased to 0% by the time UVP! had locked onto it. It remained at 0% for the remainder of the
bum. The vignetting stayed at 0% for the first 12 s of the Star 27 burn then increased to a maximum
of about 5.2% by burnout.
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Antares Star 27 Bow Shock
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Fig. 17 - Sypi/UVPI image factors

The orientation angle shown in Fig. 17 is used to assist with the radiometric analysis of the
plume. This angle is defined as the angle between the tracker camera's horizontal axis and the
projection of the rocket body onto the focal plane of the tracker camera, with counter-clockwisepositive.

3.4 Pointing and Tracking Overview

3.4.1 Mode Sequence

The tracker was commanded to the Mass and Intensity Centroid track mode throughout the
Strypi XI observation. Figure 18 shows the timing of the various mission modes during the
observations. The Antares rocket burned for 45 s. The acquisition sequence moved the gimbals in the
POINT mode until the target was in the field of view and then transitioned to the ACQUIRE mode.
When the tracker locked onto the target, the mission mode transitioned to the TRACK mode. The
initial acquisition of the Antares rocket lost track because the rocket plume was at the edge of the
tracker camera's field of view. This resulted in the tracker jumping between the TRACK and the
ACQUIRE modes. During the Antares bum, the tracker momentarily lost track because of changes in
the size and intensity of the rocket plume. After the Antares rocket burned out, the tracker locked .
onto the trailing cloud left behind the Antares rocket. At the start of the Star 27 bum, the acquisition
sequence was repeated by sequencing through the POINT, ACQUIRE, and TRACK mission modes.
The Star 27 rocket burned for 41 s.

ANTARES .. . lii T I " i
Emrapceam '144 t*59
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*j CLU ... . L. i l": ".

140 160 110 200 220 240 260 210 300 320 340 '

llmu (sa)

Fig. 18.- Mission mode vs time aIte lhnch
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3.4.2 Gimbal Angles
Figures 19 and 20 show the azimuth and elevation gimbal angles, respectively, as a function

of time. The LACE satelli:e's ground track was descending in a southeast direction and paralleled the
Antares and Star 27 rocket bums. The Strypi XI trajectory was to the left of the spacecraft, thereby
resulting in a slightly positive elevation gimbal angle. Initially, the Antares was in front of the
spacecraft, as shown by a negative azimuth gimbal angle. By the end of the Star 27 bum, the
spacecraft was in front of the Star 27 rocket, thereby resulting in a positive azimuth gimbal angle.
The elevation gimbal angle remained between 13° and 15° throughout the encounter, while the
azimuth gimbal angle moved from -200 to +20'. The azimuth and elevation gimbal rates are
calculated to be 2.60/s and 0.1*/s, respectively, which are well within specifications. The dashed lines in
these plots represent the SC-I computer-commanded gimbal angles. At the beginning of the
encounter, the SC-I commanded the gimbal angles while the mission mode was set to the POINT
mode or the ACQUIRE mode. This continued until the tracker locked onto the target image. At that
time, the mission mode was set to TRACK. Note that the SC-I-commanded gimbal angles remain
fixed to the last commanded value. There was a noticeable transient as tle tracker brought the
tracking errors to zero. This t.ransient response is discussed in Appendix D, Section D.1.0 where it is
shown to be consistent with earlier laboratory tests and other encounters. When the tracker loses the
target, the SC-1 extrapolates the previous gimbal angles according to their previous gimbal rates. The
gimbal motion then exhibits a transient that is a result of the extrapolation function implementation.

30 20~l~lF1'1'l'l
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Fig. 20. Elevation gimbal angles vs time after launch

3.5 Tracker Performance Summary

Table 6 shows the seven data intervals for which the performance of the tracker was analyzed.

These intervals do not include initial acquisition of the Antares or Star 27, Antares momentary loss of

track, or the Antares cloud. Rather, these intervals are representative of the nominal tracking while

collecting plume signatures in the plume camera.

Table 6 - Antares and Star 27 Tracking Analysis Intervals

Data j Telemetry TALL) Rocket Stage

Interval j Frames J(a) ___________
1 10,536 - 10549 161.3 . '161.8 .Antares

2 10.656 - 10,913 165.3 - 173.9 Antares

3 10.963 - 11,190 175.6 - 183.2 Antares

4 11,286 - 11,413 186.4 - 190.6 Antares

5 13.142 - 13.239 248.3 - 251.5 Star 27

6 13,419 - 13,599 259.8 - 263.5 Star 27

7 13,677 - 13,928 266.1 - 274.5 Star 27

I t r a F r m e I S
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_I 3.5.1 Tracking Jitter During Antares Burn

Data intervals I through 4 from Table 6 were chosen for analysis of tracker performance
during the Antares bum. Appendix D.2.1 provides a detailed analyzis of the tracking errors during
these intervals. Table 7 summarizes the statistics associated with Lr king errors for each of these
intervals. The standard deviation is the RMS value about the mean. nence, the x RMS tracking errcr
varies between 7 and 10 microradians (wad) while the y RMS tracking error varies between 6 and 13
grad. These jitter values are within the tracker specification of 15 wad RMS.

Table 7 - Tracking Error Statistics During Antares Bum
Interval T yPaTleter Tracking Error X Tracking Error Y

Frames (Wd) (Wad)

SMin~num -20.6 -58.1110.536 Maximum 5.6 -35.8
to Mean -3.4 -47.6

10,549 Std deviation* 7.2 6.0
-- _ _Points 14 14

Minimum .43.1 .80.5
10,656 Maximum 18.8 -35.8

2 to Mean -0.4 -55.2
10.913 Std deviation* 9.1 9.7

Points 257 257
Minimum -24.4 -71.5

10963 Maximum 31.9 .35.8
3 to Mean 3.3 .48.2

11,190 Std deviation* 10.3 7.23Points 228 228
Minimum -28.1 -143

11,286 Maximum 30 -40.2
4 to Mean -2.0 -62.1

11,413 Std deviation* 7.1 12.9
1 Points 130 1303 *RMS Jitter

3.5.2 Tracking Jitter During Star 27 Burn

SInteivals 5, 6, and 7 were chosen for analysis of tracker performance during the Star 27 bum.
Appendix D.2.2 provides a detailed analysis of the tracking errors during these intervals. Table 8
summarizes the statistics associated with tracking errors for each of these intervals. Note that the x
RMS tracking error varies between 16 and 187 Wad and the y RMS tracking error varies between 18
and 167 grad. These jitter values are larger than the tracker specification of 15 uad RMS. Hence, the
tracker did not track the Star 27 rocket within the design specifications, and the operation resulted in
larger-than-expected jitter in the plume camera. The poor tracking results are primarily attributed to
the wealk signal from the Star 27. See Appendix D for details.

3.5.3 Coparison with Previous Encounters

T ab comparison with tracking er'ors for previous encounters, Nihka and Starbird, is given in
Table 9.

I
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Table 8 - Tracking Error Statistics During Sta 27 Bum
Telemetry Tracking Error X Tracking Error Y

Interval ParameterFram'es (ýirad) (pxad)

Minimum -556.9 -370.94
13,142 Maximum 103.1 169.9

5 to Mean -19.9 -50.8
13,239 Std deviation* 83.4 61.0

Points 105 105

Minimum -43.1 -93.8
13,489 Ma..mum 37.5 -4.4

6 to Mr.an -2.9 -45.5
13.599 Std deviation* 15.9 17.9

Points 112 112

Minimum -1455 -670.4
13.677 Maximum 1241.3 1707.1

to Mean -1.0 -54.3
13,928 Std deviation* 187.3 166.6

Points 252 252

*RMS Jitter

Table 9 - Tracking Error Comparison

Mean Tracking Error RMS Jitter

Rocket Encounter A Y X 'Y~ .(grad) (grad) (.rad) (prad)

Antares -3 to 3 -47 to -62 7 to 10 6 to 13
Star 27 -1 to -19 -45 to -54 16 to 187 18 to 167
Nilika 2 -67 13 10
Starbird Third Stage -15 67 13 7
Starbird Fourth Stage -15 67 13 7

This table shows that the tracking jitter has remained consistent and within specifications for
the Nihka, Starbird, and Antares observations. These exhibited approximately 100% peak video
value. The one exception is the tracking of the Star 27 rocket. It did nut track within jitter
specifications, less than 15 grad RMS, because the tracker camera gain level was held to a low limit.
This resulted in a low percentage of peak video value in the presence of a weak plume signature and
yielded poor tracking stability.

4.0 PLUME IMAGES

In this section the observed plume image data are presented. The data intervals used in this
report are defined in 4.1, and a discussion of the calibration procedure is presented in 4.2. Examples
of single plume camera images are. given in 4.3, and the averages of images over 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 subsectior, 4.7, discusses the
noise-equivalent radiance for the UVPI.

4.1 Definition of Data Intervals

4.1.1 Camera Parameters

Table 10 summarizes the Antares and Star 27 data intervals used in this report, along with the
number of plume-camera images and tracker-camera images analyzed in each interval. Table 11
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Ireports important calibration parameters associated with the intervals. The UVPI-Strypi range is usedto determine source radiant intensity, as discussed in 4.2. The image angle variation associated with a
sequence of frames is a measure of the variation in plume image axis orientation with respect to TV
lines in the image display. This parameter is relevant to the spatial analysis presented in Section 5.0.
The data intervals listed in Table 10 are identical to those used in the UVPI tracking analysis and
listed in Table 6.

f Table 10 - Definitions of Data Intervals
[Data sypi GMT TALO H'ne I Teemwrtry I of

Interval Stage (5) Camera Fnme INlne Tracker
S I Fte Range Imges Iages

1 Antares 14.21:16.33 - .61.3 - PC-4 10536- 12 2
14:21:16.76 151.8 10549

2 Antares 14:21:20.33 - 165.2 - PC-3 10656- 207 50

14:21:28.91 173.9 10913

3 Antares 14:21:30.58 175.6 PC-2 10963- 157 40
14:21:38.14 183.2 11190

4 Antares 14:21:41.34 - 186.4 PC-I 11286- 104 26

14:21:45.59 190.6 11413
S Star 27 14:22:43.27 - 248.3 - PC-I 13142- 44 31

14:22:46.51 251.5 13239
6 Star 27 14:22:54.84 - 259.8 - PC-2 13489- 89 23

14:22:58.52 263.5 13599
7 Star 27 14:23:01.12 - 266.1 - I PC-3 13677. 171 41

14:23:09.49 274.5 I 13928

Table 11 - Parameters Associated with Data Intervals

Data Strypi Plum Bandpass Plume-to- uvPI-strypi Image
Interval Stage Camera (nm) Tracker i Range (kmn) Angle V °in,

1______ Filter I I Ratio I____ I_ (dep'1
1 Antares PC-4 235-350 2:8 496 0

2 Antares PC-3 195-295 8:2 477 3.4

3 Antares PC.2 3C0-320 3:2 462 2.9

4 Antares PC-1 220-320 8:2 452 0.6

5 Star 27 PC-I 220-320 2:8 & 8:2 495 12.6

6 Star 27 PC-2 300-320 8:2 515 8.6

7 Star 27 PC-3 195-295 8:2 529 6.4I
Appendix E provides basic camera parameters pertinent to the radiometric calibration of the

data for all frames during which the Antares and Star 27 stages wer observed. Parameters provided
include time, telemetry frame number, gain level for both camer-ýs, and exposure time for both
cameras. Changes in gain levels are indicated along with other comments. The plume camera has a
constant '3oth of a second exposure time for each frame. The tracker camera has an electronic gate
that can vary the exposure time to a maximum of i/3oth of a second. Figure 21 shows the camera gain

_- levels for both tracker and plume cameras. Figure 22 shows exposure time for both cameras as a
function of telemetry frame number. In these figures, the data intervals are depicted as horizontal,Iq bold, solid lines.

The Antares plume was first observed in the plumr camera arodnd frame 10457. Because of
gain changes and ensuing transients in the plume camera, data analysis was limited to intervals II through 4 of Table 10. Approximately 0.5 s of filter 4 data, 8.6 s of filter 3 data, 6.5 s of filter 2 data,

i
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and 4.3 s of filter I data were collected during this time. Analysis of tracker camera data is restricted
to these same intervals.

2 4 6o
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Fig. 21 -Tracker and plume camera gain Fig. 22 - Tracker and plume camera exposure times

The Star 27 plume was first observed in the plume camera around frame 12987. Because of
gain changes and ensuing transients in the plume camera, analysis of both tracker and plume camera
data was limited to intervals 5 through 7 of Table 10. Approximately 7.1 s of filter 3 data, 3.7 s of
filter 2 data, and 2.4 s of filter 1 data were collected during this time.

In addition to the Antares and Star 27 plumes, a large cloud trail was observed. The cloud was
initially observed in the tracker camera in frames 10438 through 10564, approximate GMT interval
14:21:13.0 through 14:21:17.3. This initial cloud was associated with Antares stage ignition. The
cloud was again observed in the tracker camera in frames 11490 through 12344 (approximate time
range 14:21:48.1 through 14:22:16.6) after the Antares stage had burned out. The cloud is 4escribed
in detail in Section 8.

4.2 UVPI Data Analysis Methodology

The data analysis procedure for the UVPI cameras can be divided into two stages:i the data
values reported by the CCD array electronics are converted to photoevent counts, and the photoevent
counts must be translated into radiometric quantities. In addition, the point spread function of the
individual cameras must be considered when interpreting the data. The following sections deal with
each of these in turn.

4.2.1 Photoevent Calculation

The raw imLge data tran,;mitted from the satellite is in the form of arrays of 8-bit binary
numbers Qk representing the intensity of light falling on the kth pixel of the CCD. These Qk are
converted into the number of photoevents Pk occurring at the corresponding photocathode location
during the image frame:

P, = (V/G,)(Qk - Dk )/U,.(1

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

photoevent, assumed to be the same for all pixels k;
Dk is the dark value for the kth pixel; and

A.
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Uk is the 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 summarized in Appendix B. An additional processing step,
in which a statistical decision threshold is determined for each calibrated image, is discussed in the
addendum at the end of this report.

4.2.2 Extraction of Radiometric Quantities

Three levels of data reduction are useful for aniy radiometric experiment. In the first level,
data merely are reduced to instrument readings or counts; in the second level, instrument readings are
converted by instrument-specific conversion factors into approximate measures of physical quantities
with no assumed spectral nodel of the phenomenon being measured; and in the third level of
reduction, a spectral model of the phenomenon is used to reduce data and present it. In reducing the
data for the Strypi, one must begin by understanding the meaning of the instrument readings. The
UVPI gives readings in the form of photoevents.

4,2.2.1 Relation of Photoevents to Spectral Radiance

The general expression [16] for the number of photoevents Pk. at pixel k due to an extended
source of spectral radiance L(X), with units of, e.g., W/cm 2-jLm-sr, is given by:

Pk = (Afrhhc)f AQ(2.)L(A)dA., (2)

where
w Ac is system aperture area,

C1 is pixel field of view,
t is exposure time,
h is Planck's constant, .. ,•,

c is speed of light, and
Q(,%) is wavelength-dependent photoelectronic conversion efficiency, or net

quantuma efficiency, of the optics and detector.

The factor Xlhc in Eq. (2) is required to convert Q(%) to the optical efficiency ordinarily
incorporated in the optical transfer equation, or equivalently, to convert the spectral radiance L(X) to a
photon radiance [photons/s-cm 2-. tm-sr]. The system aperture area is 78 cm 2. The exposure time r is
1/30th second for the plume camera and variable to a maximum of 1/30th second for the tracker
camera. The pixel field of view £2 is 12.5 x 9.8 gtrad = 1.22 x 10-10 sr for the plume camera and 182
x 143 ptrad = 2.6 x 10-8 sr for the tracker camera. At the typical range of 500 kin, these pixel fields
of view correspond to 6.2 by 4.9 m and 91 by 72 m, respectively.

Some information about the spectral distribution function must be known to extract accurate
values for the source radiometric parameters. Given a model spectral distribution function R(X) of
some arbitrary amplitude, the photoevent count Pk" that would be observed from a source with this -

distribution is

Pk'= (A,?/hc)fAQ(A)R(A,)dA. (3)

" -K.... ..... ......
-, ,..... A•- .. . , ,..' '-! -



28 H.W. Smawhers e! al.

If we assume that L(X) and R(X) are related by a multiplicative constant a over one of the
filter bands, then the estimated spectral radiance within that band can be written as

L(A) = aR(c) (4)

or, more specifically,

L(A) = (P/P,')R(A). (5)

The second level of data reduction assumes little or no knowledge about the source spectrum,

whereas in the third level an approximate model for the spectrum is assumed to exist.

4.2.2.2 Peak Normalized Radiance

The second level of data reduction is to use the instrument and filter acceptance band-specific
conversion factors to obtain measures of physical quantities. This process is begun by defining the
integral of spectral radiance oer the detector passband in terms of Pk,

JQ(;,)L(;,)d• = Phc / (A,!Q-r) (6)

To define a measure of in-band radiance, the wavelength of peak net cuantum efficiency is
defined as Xm, and the integral is normalized over the detector passband to define a peak normalized
radiance, in accord with standard practice:

L,= JALQ(AI)L(.)dt / A.Q(9.) (7)

or, in terms of the data in Pk

Lm= (Pt rz)(hc / (AM Q(;.))) (8)

where the quantity hc/ A = 2.11 * 10-4 J -nm m 2 - sr.

The values of Xm and Q(Xm) for each of the filters are given in Table 12.

Table 12 - Camera Filter, Wavelength of Peak Quantum Efficiency,
and Peak Quantum Efficiency

Filter Ain Q(Xm) 1 mQ(I n)

(nim) (nm)

Plume PC-I 270 .00606 1.64
Plume PC-2 305 .00182 .555
Plume PC-3 250 .00284 .710
Plume PC-4 280 .0131 3.67
Tracker 355 .0200 7.10

For the brightest pixel Pk, the peak normalized radiance measured for each filter is given in
Table 13. These values are for the Antares motor.

• , /
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Table 13 - PhotoevenLs 7er Second and Pcak Normalized Radiance
for the Brightest Pixel In the Plume Camera Filter Bands
Fite PAI-C Lp. ..
* Filter (photoevents/s) piW/s,.cM2

Plume PC-I 26.3 .17
Plume PC-2 10.6 _277
Plume PC-3 6.79 188
Plume PC-4 158

SThe peak normalized spectral radiance is merely an approximate measurs of the total
- radiance in the passband of the filter. It would only give the true radiance if the plume spectrum were

a narrow line spectrum peaking at Xm for each filter. Thus, the peak normaliz:d "pectrum is
mathematically equivalent to the choice of a model spectral distribution functiori R(7,) that is a
"monochromatic source that peaks at Xm,

R(A) = R,6.( - A,,). (9)

"This is, of course, nat a good approximation to the spectra of the Strypi plumes seen by
UVPI. These spectra are actually broad continuum spectra roughly resembling blackbody spectra. To
find any better estimates of spectral radiance in-band and total radiance in-band, there must be a --. '
reliable model for the shape of the spectrum of the plume. 7.

4.2.2.3 Formulation and Comparison of a Model Plume Spectrum W

The third level of data reduction requires a reliable model of the phenomenon being
measured to use as a reference. In the case of Strypi radiometric data, a model spectral shape is
needed. Such a spectral shape can be found by considering the physics of UV emission from solid-
fuel rocket plumes.

Both the rocket motors for the Antares and the Star 27 contain powdered aluminum in their
propellant. This aluinz.urm oxidizes and emerges as an incandescent mist in the rocket exhaust. It is
this mist of oxidized aluminum particles :'aat emits much of the UV radiation seen by UVPI in to
plume central region. The mist is optically thin, that is, when one sees the plume one is not seeing..
solid object tat mostly empty space. The plumes are thus nearly transparent. The spectrum produced
by the plume central region ir' the UV is typically that of a nearly transparent cloud of micron-sized
A120 3 particles at the melting point, 2320 K. This resembles a scaled blackbody curve for
wavelengths below 300 nim but is much depressed below a blackbody at longer wavelengths. Because
the heat of fusion for alumina is very high, the particles should remain at roughly this temperature
throughout the plume as it expands and dims. That is, most of the light in the plume will be from
isothermal alumina at 2320 K. This means that most of the bright plume particles will have the same
spectrum throughout the detector field of view.

The spectrum that is used to model the brightest parts of the plume [17] is that zf a
blackbody times an emissivity function eAI(.) (Fig. 10). This emissivity curve is basically
characteristic of hot alumina particles found in rocket exhaust plumes. The spectral shape cormpared
to a blackbody spectral shape is shown in Fig. 23. (The bandpasses of the tracker camera ana the
four plume-camera filters are also indicated in Fig. 23).

-~ U .,s..
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2320 K Bdlkbody - .

I,
10.50.1 0t I... .

0.29 0.39 0.49 0.59 0.69

Wavelength (An) I
Fig. 23 - Spectral shape function based on reference specrnum model

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

R(A) e=j (A)L 5(). ((A

where LBB is the 2320 K blackbody spectrum. I
The simplest comparison of R(X) to the actual plume spectrum data is to calculate Pk' by

using Eq. (3): I
P ' = (Afr/• I ) I .XQ(,)R(;,)d;L,.

then, dividing Eq. (2) by Eq. (1!) and using Eq. (4) to get:

PL= IJ Q(2)L(A)d = aoIQG (L)R(A)d;l= a.(

P4
6' I Q(A,)R(A.)dA. JA.Q(;A)R(A),a

Therefore, a can be calculated for each passband and for each pixel by calculating Pkt and
comparing it to the measured value of Pk. The values of PJt/ and Pk0t obtained as average for the
brightest pixel over several images for thb' Antares plume in the various filter bands are given in Table
14. The ratio. of Pk to Pk" are all within a factor of 4. The reference spectrum varies over more than
3 orders of magnitude in the region of the filter bands. This agreement in the value of a for the four
filter bandpasses is quite good. This suggests that the referc;.ce sptctrum is an acceptable
approximation to the actual plume spectrum.

Since the reference spectral shape should be generic to rockets with aluminum-loaded fuel,
the Star 27 spectrum should also have this approximate shape because it also contains aluminum.
Hence, the reference spectrum can be used for radiometric interpretation of plume data for both
rockets.I
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A Table 14 - Photoevents Per Second from Antares Plume and Reference
Spectrum Model For Brightest PixeA and Ratios of These Values

Filter PttP ) "% P lP.k"
Plume PC-I 26.3 1864 .0141
Plume PC-2 10.6 1950 .0054
Plume PC-3 6.79 365.7 .0186
Plume PC-4 158 27930. .0057

E 4.2.3 Specific Radiometric Values

All the radiometric values to be presented in the data summary can be obtained from the
scaled sourcc function L(k) equal to c.R(X;).

4.2.3.1 Spectral Radiance

The procedure above yields a function L(X) that describes the amplitude of the spectral shape
corresponding to the observed number of photoevents. Describing this function with a single
numerical value is difficult because of the extremely rapid variation of the spectral radiances evident
in Fig. 23. Despite this rapid variation, single numerical values of plume spectral radiance and
spectral radiant intensity can be obtained. These values were obtained by taking L(,%) at a specific
characteristic wavelength kc for each filter passband. This might have been selected to be the center
of each filter passband, but this choice would neglect the shift in the effective response that results
from the spectrally varying source. A response centroid wavelength, weighted by the reference
spectral function, was defined:

A, r. JV2R(; )QC• )d;L / JA2R(A )QC• )d;. (13)

This describes the wavelength of average contribution to the UVPI response for each filter.
These centroid wavelengths were computed for the reference spectral shape and are shown in Table
15. In this table, the integrals of Eq. (13) have been evaluated as discrete summadons over the range
of nonnegligible Q(X).

This is simply a means of selecting a nominal, characteristic wavelength for describing the
outcome of the fitting of the spectral shape to the instrument measurement as single numerical values.
Other procedures might have been used to select a reference wavelength describing the spectral
radiance function. One might, for example, have takea the central wavelength for each filter and cited
the numerical value of the fit function at those wavelengths. This would yield different values for the
nominal spectral radiances without changing the function L(k) at all. In short, these single numerical
values for the rapidly varying spectral ihadiometric parameters must be treated with caution.

Table 15 - Plume Camera Filter Bandpass Limits, Full-Width-Half-Maximum,
Central Wavelength, and Reference Spectrum-Weighted Centroid Wavelength

Cameru/ Nominal FWHM Central X Centroid X
Filter Bandpas Bandpass (run) Reference

Spectrum

Plume PC-I 220-320 25 270 280

Plume PC-2 300-320 10 305 310
Plume PC-3 195-295 50 250 265
Plume PC-4 235-350 56 280 305

Tracker 255-450 150 355 390

I

I.. ... \
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4.2.3.2 Raliance I
Once the spectral radiance is known, t.e spectral integrals can be evaluated to obtain values

for the radiance: U
L, u L(N •A = L(kt,),u R(GL)dZ I R(AL,). (14)

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. (14) does notinclude the response function Q(X) and, therefore, does not become small outside the filter passbands.1The values obtained for L, will depend very strongly on the limits of integration.

4.2.3.3 Radiant Intensity and Spectral Radiant Intensity

Radiance and spectral radiance are most useful for comparing the observed signals with
backgrounds of distributed emission, e.g., airglow, scattered sunlight, or scattered moonlight. For I
some purposes, such as model prediction comparison, the radiant intensity and spectral radiant
intensity are useful. In the case of the tracker camera, only the latter values are meaningful since this
instrument cannot resolve the plume, and the source must be treated as a point source rather than as a
distributed source. I

This conversion can be achieved from the preceding expressions by multiplying by the
projected area of the detector R2 f2, where R is the range to the source and K2 is the detector field of
view. This is equivalent to summing the apparent radiance and spectral radiance over the projected I
pixel area and attributing it to a point source within 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, Eqs. (5) and (14), respectively: I

IGL) = (-P.)R(LR2fl = R2
0L(;L), (15)

and I
I. f =R (16)

The units of I(X) are (power)/(spect:.l bandwidth)(solid angle), or W/nrm-sr, and the units of le
are (power)/(solid angle), or W/sr. As before, the radiant intensity in this sense 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 fill-spectrum radiant intensity and will also be very censitive I
to the range of integration chosen for Eq. (16).

4.2.4 Point Spread Function Effects I
The full-width-half-maximum (FWHM) of the plume camera point spread function is about

90 gtrad (9 pixels). That of the tracker camera is about 230 grad (1.5 pixels). The plume length is
expected to be 30 m or less, which corresponds to 67 Brad at a 450-kmn range. The effect of tile point 1
spread is to blur a small source image over an increased image area, reducing its apparent sourceradiance as well as increasing its apparent dimensions.

The amount of the reduction of the apparent source radiance depends on the true dimensions I
of the source. The ratio of the true radiance to the apparent radiance is on the order of the ratio of
the area of the point spread function to the true source area. For example, if the true plume length is i

I
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30 m, and the 9-pixel diameter at a 450-kin range amounts to 40 m, then this reduction in the
apparent source radiance will be about 2.8:1 for the plume camera and 12:1 for the tracker camera.
This effect may therefore be significant in a comparison of the apparent radiance values presented in
the image and contodr plots with predicted plume values. In the absence of independent
determination of the source dimensions, the apparent radiance values cannot be corrected for this
effect.

4.2.5 Radiometric Data Analysis Summary and Conversion Values

The essence of the data analysis procedure is the determination of the amplitude of the
reference spectrii silape th..- wc-i "':-• th-t ,,itt,, . hrnevent count. Should some emission
phenomenon be discovered that features a different emission spectral shape, the anaiyse• ..,,ld
necessarily change, yielding different values for the nominal spectral radiance of the source. This is a
well-known and unavoidable problem in the interpretation of radiance measurements.

The principal result of the analysis is the source spectral radiance function L(X) and the
spectral radiant intensity function I(X). These functions may vary rapidly with wavelength.

Nominal spectral radiance values needed for displays of the measurements are obtained by
specifying a reference wavelength for each filter, taken to be the centroid wavelength in this report,
and calculating the spectral radiance at that wavelength with the scaled spectral shape function.
Changing the reference wavelengths would change the nominal values, without changing the radiance
source.

Radiance and radiant intensity values are obtained by integrating the scaled source spectral
shape function between specified limits. Those chosen here are the zero-response limits of the various
filters. Any change in these limits will correspondingly change the values, even though the source
spectrum and strength are unchanged. These numbers are very sensitive to the limits of integration
and can be compared to any other numbers only if the other values are based on identical spectral
limits.

Finally, the specific conversion coefficients for photoevents to radiometric values may be
useful. Any revised spectral shape assumption will lead to a different set of conversion coefficients.
Table 16 lists the radiometric values for single photoevents. All values assume an exposure time of
1/30th second; the radiant intensity values refer to a range of 500 kmn. The spectral radiance L(Ac)
and the radiance Le values are applied to single photoevents per pixel. That is, the 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 !(Ac) and radiant
intensity I values are normally applied to the total number of photoevents measured in the plume
image.

Table 16 - Radiometric Values Corresponding to Single Photoevents

L(X,) L I(k)
Filter (LW/n 2-nm-sr) (W/mn2-sr) (W/nm-sr) (W/i')

PC-1 2.07x10 2  3.11 x10-2  6.34x10-3  9.51x10".

PC-2 9.55x10 2  1.95x 10-2  2.93x10.2  5.98x10-1

PC-3 3.91x102  4.08x 10-2  1. 19x 10-2  1.25x10 0

PC-4 5.38x10 1  5.68x10-3  1.65x10"3  1.74x10"1

TR 3.96xi0"2  4.96x10- 2.58xl0"4 3.23x10"2

I\



rI
34 H.W. Smathers et al.

4.3 Examples of Single Plume Camera Images I
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 ofI
photoevents that are registered within the focal plane array of a camera can be individually countedas isolated events. In this respect, UVPI can be used as a photon-counting instrument.

Figure 24 shows single images, in zoom image transmission rate, of the Antares bum for the I
different filters. The image in the upper left comer is frame 10542, PC-4; the upper right comer is
frame 10671, PC-3; the lower left comer is frame 10987, PC-2; and the lower right comer is frame
11307, PC-1. Pixel radiance is encoded as image brighmess, where dark and bright are, respectively,
relatively smaller and larger radiance. The images show that the shape of the plume central region
and outer region is not necessarily clearly delineated in a single frame.

Every bright spot on the image corresponds to one or more plotoevents that pile up at that
particular pixel during the exposure time of the camera. Figure 25 illustrates the number of
photoevents per second measured at each pixel location in the center 64 by 64 pixels of the lower-
left-comer image shown in Fig. 24. The z axis corresponds to the number of photoevents per second
while the x and y axes correspond to row and column indices. The actual procedure used to computeo
the number of photoevents from the measured digital number in the UVPI telemetry stream was
discussed in the previous subsection. Figure 25 is also representative of single images during the Star
27 bum. I
4.4 Calibrated Plume Camera Images

In this subsection calibrated plume camera images are presented that show the spatial
distribution of the time-averaged plume radiance. The calibrated images are composite images
formed while observing the Antares or Star 27 stages during the seven data intervals listed in Table
10. As explained in Section 4.2, the reference emission spectrum is assumed to convert UVPI
measurements into units of radiance (Watts/sr-cm 2) for both the Antares and the Star 27 data. Within
each interval the plume-to-tracker image ratio is primarily 8:2, and the exposure time for each
individual plume camera image is 1/30th of a second. Many individual images are superposed to
form each composite image.

The limiting resolution of the UVPI cameras is described by the point spread function.
Observation of a ground-based beacon, a source less than 5-m across, shows that the full-width-half- I
maximum of the point source response in the plume camera is abo!it 9 pixels, or about 90 grad, I
which is equivalent to 40 in at a 450-kin range. Figure 26 shows a plume-camera image of the
beacon on the same scale as the Strypi plume images, which follow. This is representative of the
plume camera's point spread function. I

The Antares stage was observed with the four plume-camera filters; the Star 27 was observed
with only three of the four filters. Figures 27 through 33 show the resulting calibrated composite
images for the seven data intervals. In these images the radiant intensity has been mapped to a false I
color scale, with black representing the highest intensity, yellow 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 comer of each image. A histogram of the image intensiy values is shown
above the color bar in the form of %hite dots.

With each picture or plot a companion summary table provides relevant information for the
quantitative interpretation of the image or plot. 'Me parameters presented in these tables are described
in Table 17.

I
I
I
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Fig. 25 - Single image of Antares plume

I
Table 17 - Description of Basic Parameters

Aspect angle Angle, in degrees, between the LOS mid the rocket body longitudinal vector I
Average range Average distance, in kilometers, between UVPI and the plume target

Camera Camera used. either tracker or plume

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

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

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

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

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

Target observed Either the Antares or the Star 27 stage

Total photouevets/s Sum of all photuevent-per-second pixel values over the specified region of the focal plane

Total radiant intesity (W/sr) Radiant intensity associated with the total photoevents per second I
Total spectral radiant Spectral radiant intensity at the specified centroid wavelength associated with the total photoevents
Intensity (W/sr-pm) per second

Apparent peak radiance Apparent radiance measured at the brightest pixel in an image. Because of the size and structure of
(&W/sr.m2) UVPI's point spread function, the value given is not likely to be a good measure of the true peakradiance at the source. The value is useful for rough comparisons and order-of-magnitude estimates.

Apparent peak spectral Apparent spectral radiance at the specified centroid wavelength measured at the brightest pixel in an
radiance (tW/sr-cn 2 -tnm) image. Because of the size and structure of UVPrs point spread function, the value given is not likely

to be a good measure of the true peak spectral radiance at the source. The value is useful for rough
camparisons and order-of-magnitude estimates.

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

I
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No:e that the number of images superposed in each data interval can be significantly
different. For example, only 12 images were used for interval 1, and 207 were used for interval 2. For
each interval, as many images as possible were superposed.

A During the Antares stage, the outer region is more evident in the last three filter wheel
positions, i.e., PC-3, PC-2, and PC-I. This may be because there were only 12 superposed images of
PC-4 data, compared with more than 100 images for each of the other filters.

Because of the relatively long observation time, the apparent rocket velocity vector changes
from interval to interval. The velocity is directed out of the page towards the viewer at an iingle that is
the complement of the aspect angle shown in Fig. 16. Over the period of observation, the direction of
the rocket velocity vector projected on the image plane changes significantly. Table 18 summarizes
the direction of the velocity vector projected on the image plane.

I Table 18 - Apparent Velocity Vector Direction for Each Interval
Direction of Motion Relative

Interval Stage Filter to Tracker Camera
X Axis (deg)

1 Antares PC-4 16.3
2 Antares PC-3 13.6
3 Antares PC-2 9.1
4 Antares PC-I 6.1

5 Star 27 PC-I -29.1
6 Star 27 PC-2 -31.7
7 Star 27 PC-3 -33.4

During the Star 27 stage, the number of images superposed for filters 1, 2, and 3, are
respectively, 44, 89, 171. For this stage, the plume shape is not as clearly defined as for the Antares
stage. This is the result of a weaker signal, which affected the tracking performance.

II
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Obevn senor UVPIi';.2

~~~~r i nu b r "1173'>, ='2 •

If.

C; I

Observing sensor: UVPI
Target observed: UVPI Ground-Based Beacon i

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

Camera: Plume

Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (kin): 450

Fig. 26 - Plume camera image of ground-based beacon illustrating the point spread function



LACE/UVPI: Strypi 39

I
I
I

I
I

SObserving sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, Antares stage

Range of frames used: 10536-10549
Number of superposed Images: 12

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

Displayed Image size (pixe's): 112 (vertical) x 91 (horizontal)
Average range (km): 496

: Pixel footprint (m) @. range: 4.86 (vertical) x 6.20 (horizontal)
Aspect angle (deg): 100

*Total photoevents/s: 1.46 X 104

*Total radiant intensity (W/sr): 8.31 x 101
*Total spectral radiant intensity

@ 305 nm (W/sr-.iim): 7.87 x 102

*Error (%): At least 13.5 (more frames needed)

I*For full image.

Fig. 27 - Composite plume camera image for interval I

.I ._ .. .. . . . .. . .. . . . . . . . . .. .
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I 12I

Observing sensor: UVPI (Feb. 18, 1991) [""'
Targeýt observed: Strypi, Antares stage

Range of frames used: 10.556.10913
Number of superposed images: 207

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (kin): 477

Pixel footprint (m) @ range: 4.67 (vertical) x 5.96 (horizontal)
Aspect angle (deg): 94

* Total photoevents/s: 9.75 x !02

* Total radiant intensity (W./sr): 3.69 x 101
•*Total spectral radiant Intensity

@ 265 nm (W/sr-p~m): 3.53 x 102

* Error (%): 10.3
*For full image.

Fig. 28 - Composite plume camera image for interval 2
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477-II4

W I

IObserving sensor: lJVP1 (Feb 18, 1991l)
Target observed: Strypi, Anwares stage

Range of frames used: 10963-1119()INumber of superposed images: 157
Camera: Plume

Spectral hand (om): 300-320 (PC-2)
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)

Average range (kmn): 462IPixel footprint (in) @ rar,-'e: 4.53 (%crtical) x 5.78 (horizontal)
Aspect ang~le (deg): 90

*Total photoevents/s: 1.91 X 103
*Total radiant intensity (W/sr): 3.24 x 10'

*Total spectral radiant intensity
@ 310 nm (IV/sr-pm): 1.59 x 103

*Error (%)- 16.0I *For full image.

Fig. 29 -Composite plume camera image foi interval 3
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1 .1

Caea Plu;Ae

Ospervlibnd senmor: 22032 (PC-I, 99)
Displayedi arget osi e r(pield: 112i (vetial)s st1ahoigntl

Avecragl range (kn): 422030(C1

Pixel footprint (in) @ range: 4.43 (vertical) x 5.65 (horizontal)
Aspect angle (deg): 81

*Total photoevý-nts/s: 3.52 x 103
*Total radiant intensity (W/sr): 9.11 x lot

*Total spectral radiant Intensity 1.
@280 unm (W/sr-gm): 6.07 x 102

*Error(%:1.

*For full image.

Fig. 30 Composite plume camera image for interval 4
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"" P

Target observed: Strypi, Star 27 stage
Range of frames used: 13142-13239

Number of superposed images: 44
Camera: Plume

Spectral band (nm): 220-320 (PC-I)
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)

Average range (kin): 495
Pixel footprint (in) @ range: 4.85 (vertical) x 7.19 (horizontal)

Aspect angle (deg): 56
*Total photoevents/s: 4.58 x 102

*Total radiant intensity (W/sr): 1.42 x 101
*Total spectral radiant Intensity

@ 280 am (W/sr-gm): 9.49 x 101

*For full image.Ero (%:1.

Fig. 31 Composite plume camera image for interval 5
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Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, Star 27 stage

Range of frames used: 13489-13599
Number of superposed images: 89

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (kin): 515

Pixel footprint (m) @ range: 5.05 (vertical) x 6.43 (horizontal)
Aspect angle (deg): 53

Total photoevents/s: 2.17 x 102
•Total radiant Intensity (W/sr): 4 59

*Total spectral radiant intensity

@ 310 nm (W/sr-jim): 2.25 x 10.
•Frror (,): 17.7

For full image.

Fig. 32 Composite plume camera image for interval 6
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Obevn esr VI (Fb 1,191

Targt oberve: Srypi Sta 27 tag

RagIffa e sd 137- 132Nube of suepsdimgs 71a ea lmSpcrlbnIn ): 1525(C3

Dispaye Imae sze (ixes): 12 vertcal x 9 (hrizotal

Observing seentsor: 2.76 (Feb 18.191

*Ttl radange ofn raensit used: 1.297x-1301

*Ttlspectral badand (in):e9nsityP-3
Dispaye I mae sz (pixesr- ): 1123( tcl x 910(orzntl

Av Erae rang (%i): 5293

Fig 33ta p Ctral pra ia tepuecmriagfo intensit7
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1 4.4.1 Registration of Plume Camera Images

The composite images presented in this report are formed by adding values for
corresponding pihels over all the images in the data interval. This has the effect of increasing the
signal-to-noise ratio (SNR). The impact of superposing the plume camera images with no frame
registration was assessed by computing the average centroid position and the standard deviation of
the centroid position ove, all the images in an interval. Table 19 summarizes the centroid position for
the plume camera for each of the data intervals. The intensity centroid for each image was computed
after setting to zero all those pixels with amplitude below 5% of the peak pixel amplitude. The data
indicate that maximum RMS jitter for the Antares intervals was 7.1 pixels; for the Star 27 intervals it3 was 13.8 pixels.

Table 19 - Centroid Statistics for Plume-Camera Images

Data Images Angle Centrold Average Centrold
Interval Superposed Variation RMS Jitter Position

(deg.) (pixels) (row, col)
1l 12 0 1.1 (55.6,41.2)

2 207 3.4 7.1 (48.8,40.4)
3 157 2.9 6.8 (52.5,42.5)

4 104 0.6 3. 1 (52.8,42.4)

5 44 12.6 10.1 (49.8.47.3)

6 89 8.6 3.2 k45.6,47.0)
7 171 6.5 13.8 (45.1,48.8)

Although the superposed images presented in this report do not take into consideration frame
registration, preliminary analysis indicates that the improvement obtained by using frame registration
is not highly noticeable. For example, Fig. 34 illustrates the effect of frame registration for interval 2.
The left image is obtained by using direct superposition, while the right image is the result using
frame registration. Given the image aspect angle and the centroid position for an interval, frame
registration was done by rotating the consecutive images around the centroid point before they weresuperposed. The amount of rotation used wzs obtained from the same source used to generate Fig.
16. Similarly, Fig. 35 illustrates the effects of frame registration for data interval 5.

It -0
I"•I! gat

Fig. 34 - Comparison of image superposition methods for data interval 2.

Left image uses direct superposition; right image uses frame registration
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k "_, 1A

IU

Fig. 35 - Comparison of image superposition me4,|ods for data interval 5.
Left image uses direct superposition; right image uses frame registration

4.5 Calibrated Tracker-Camera Images

While the plume camea gathered rocket plume inages, the tracker camera gathered plume
images at a lower rate because of the plume-to-tracker image ratio. The tracker camera's exposure
time varied over the data intervals (Table 20).

Table 20 - Tracker Camera Exposure Time

Data Tracker Camera
In.erval Exposure Time (ms)

1 15.40

2 9.66
3 9.66
4 15.40

I 5 8.60

6 8.60
7 8.60

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, showed that the full-width-
half-maximum of the point source response in the tracker camera is about 1.5 pixels, or about 230grad. This is equivalent to 104 m at a 450-km range. Figure 36 shows a tracker-camera image of the
ground-based beacon on the same scale as the Strypi tracker-camera images that follow. This is
representative of the tracker camera's point spread function.

The corresponding composite tracker camera images for each of the seven data intervals are
shown in Figs. 37 - 43. In this section the pseudo-color scale used for mapping the radiant intensity
into colors was inverted to allow the subtle outer region to be observed. The outer region in the
tracker camera was more evident during the Antares stage, especially during intervals 1 and 4. The
Star 27 stage did not show much evidence of an outer region in the tracker camera.

I

I/I
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A -r

Observing sensor: IVPI
Target observed: UVPI Ground-Based Beaicon

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

Camera: Tracker
Displayed image size (pixels): 112 (vertical' x 91 (hor,nntal)

Average range (kin): 450

Fig. 36 - Tracker-camiera image of ground-based beacon illustrating the point Npread function
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Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi. Antares stage

N be ofsproe ImgsRange of frames used: 10536 - 10549 W
Camera: Tra~cker

Spectral band (am): 255 -450
Displayed Image size (pixels): 112 (vertical) x 91 (horizontai)

Average range (kmn): 496
Pixel footprint (mn) @ range. 70.9 (vertical) x 90.2 (horizontal)

Aspect angle (deg): 100
*Total photoevents/s: 2.76 x 105

*Total radiant Intensity (W/sr): 2.93 x 102
*Total spectral radiant Intensity

0 390 urn (W/sr-;Lm): 2.34 x 103
'Error (%): 15.6

'For central 19 x 19 pixels.

Fig. 37 - Composite tracker camera image for interval I
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Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi. Antares stage

Range of frames used: 10656 -10913
Number of superposed Images: 50

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal) "
Average range (kin): 477

Pixel footprint (in) @ range: 68.2 (vertical) x 86.8 (horizontal)
Aspect angle (deg): 94

*Total photoevents/s: 5,13 x 10-5
*Total radiant intensity (W/sr): 5.04 x 102

*Total spectral radiant Intensity
* 390 nm (W/sr-pim): 4.02 x 103

*Error (%): 15.6
*For central 19 x 19 pixels.

Fig. 38 - Composite tracker-camera image for interval 2
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Observing sensor: UVPI (Feb. 18, 1991) F-"
Target observed: Str.pi, Antares stage

Range of frames used: 10963 - 11190
Numnber of superposed Images: 40

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (kin): 462

Pixel footprint (m) 0 range: 6,5.0 (vertical) x 84 (horizontal)
Aspect angle (deg): 90

*Total pbotoevents/s: 5.78 x 105
*Total radiant intensity (W/ot): 5.32 x 102

*Total opectrai radiant Intensity
@ 390 an d (W/sr-irm): 4.24 x 103

*Error (%): 15.6

*Fr c9pixels. fFig. 39 - Composite tracker-camera image for nerval 3
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Observing sensor: UVPi (Feb. 18, 1991)
Target obs.-rved: Strypi, Antares stage

Range of frames used: 11286 - 11411
Number of superposed images: 26

._Camera: Tracker
- -Spectral band (nm): 255 - 450

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
- Average range (kin): 452

Pixel footprint (m) @ rang-!: 64.6 (vertical) x 82.2 (horizontal)
Aspect angle (deg): 81\

*Total photoeventsls: 4.22 x 105 •
*Total radiant Intensity (W/sr): 3.71 x 102 \

*Total spectral radiant Intensity10
@ 39" nm (W/sr-Itm): 2.96 x10

*Error (%): 15.6

*Forcenral19 19pixls.Fig. 40 - Composite tracker-camera image for interval 4
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Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi. Star 27 stage

Range or frames used: 13142 - 13239
Number of superposed Images: 31

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

Displayed Image size (pixel:,: 112 (vertical) x 91 (horizontal)
Average range (km): 495

Pixel footprint (m) @ range: 70.7 (vertical) x 90.0 (horizontal)
Aspect angle (deg): 56

*Total photoevents/s: 5.32 x 10
4

*Total radiant Intensity (W/sr): 5.62 x 10'
*Total spectral radiant Intensity

@ 390 nm (W/sr-.Lm): 4.48 x 102

*Error % : 15.6

*For central 19 x 19 pixels.

Fig. 41 - Composite tracker-camera image for interval 5
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Ob'serving sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, Star 27 stage N~

Range oi frames used: 13489 - 13599
Number of superposed images: 23

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

Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (kin): 515

Pixel footprint (in) @ range: 73.6 (vertical) x 93.7 (horizontal)
Aspect aingle (deg): 53

*Totai photoevents/s: 5.37 x 0

*Total radiant Intensity (W/sr): 6.14 x 101
*Total spectral radiant intensity

0 390 nin (W/sr-gm): 4.90 x 1)
*Error (%): 15.6

*For central 19 x 19 pixels.

Fig. 42 - Composite tracker-camcra image for interval 6
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L4CLUVP: Strypi 71

Observing sensor: UVPl (Feb. 18, 1991)
Target observed: Strypi, "-.r 27 stage

Range of frames used: 13677 - 13928
Number of superposed images: 41

Camera: Tracker
Spectral band (nm): 255 - .',0

Displayed Image size (pixels): 112 (ý_-rtical) x 91 (horizontal)
Average range (kin): 529

Pixel footprint (m) @ range: 75.6 (vertical) x 96.2 (horizontal) •

Aspect angle (deg): 50
*Total photoevent.sbs: 4.57x 104

*Total radiant intensity (W/sr): 5.52x10t
*Total spectral radiant intensity

@ 390 am (W/sr-ptm): 4.40x 102

*Error (%): 15.6

*For central 19 x 19 pixeis.

Fig. 43 - Composite tracker-camera image for interval 7
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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 17. 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 4---
the plume camera. This field of view cont-dns plume central region and a portion of the outer region.I it
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
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.I /

Note that the number of images superposed in each data inter-,al can be significantly
different. For example, only 2 images were used for interval 1, and 50 w.re used for interval 2. For
each interval, as many images as possible were superposed.

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

numbers reported by the UVPI cameras observing a rocket plume is composed of two components:
measurement noise, addressed in Section 4.6.1, which includes photon shot noise and other intrinsic
sensor noise sources, and calibration error, discussed in Section 4.6.2, which is the error contained in
the gain conversion factor. Section 4.6.3 discusses the calculation of the total error based on the error
components presented in 4.6.1 and 4.6.2. I.

4.6.1 Error Due to M suremenm NoLse '

Because of photon shot noise, the error in the calculated number of photoevents changes as a
function of the plume radiant intensity, which could change as a function of time. Since the Antares U.
and Star 27 thrust curves have a slow variation with time (Figs. 13 and 14), the plume radiance was
assumed to be locally constant. That is, 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-I5
camera data, and a window of 9 consecutive images was selected for the tracker-camera analysis. A -
larger time window could be 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: I
M is number of iraages in data interval,
N is number of images used within the window,
;,i is local mean over N images around '*h image,
Ii is local standard deviation around ith image,

ti is 3.lai + ItL/, detection threshold, i
e, is oipi, local error around the ith image,
GS is gain conversion factor for gain ste-p g, in units of

sensor output per photoevent, I
ejG is error in lG,,
eN is average local error in the measured number,

'i ), an\.7

e is upper bound error in the measured number for the I
cas of M averaged images,

m,= 4M ,overalli. (18) ,

-. 'A.//.
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To prevent extieme 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 computing
the local mean and local standard deviation. 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 21 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. There are three
columns of eN values corresponding to plume-camera central region measurements, plume-camera
central region plus outer region, and tracker-camera 19 by 19 pixel field of view. The 19 by 19
tracker-camera pixels approximately cover the full field of view of the plume camera. The central
region and outer region as used in this report are defined in Section 5.1.

Table 21 - Percent Error per Image Due to Measurement Noise, eN

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

+ Outer Region (19 x 19)
1 12 -- -- --- i

2 207 33.8 24.8 3.4
3 157 28.3 18.4 4.5
4 104 17.4 17.4 6.3
3 44 44.7 32.9 6.0

6 89 87.1 55.5 6.2
7 171 58.6 48.9 6.0

4.6.2 Error In Gain Conversion Factor

The gain conversion factor G., derived from on-orbit calibration as discussed in Appendix
B.4.0, is based on calibration star measurements. The mean and standard deviation of Gg, based on
measurements of several calibration stars over the full set of UVPI camera gains, can be obtained for
each camera configuration by calculating the deviations of individual calibration star measurements
about a mean calibration curve.Ii

Table 22 tabulates the errer associated with the gain conversion factor for the plume and
tracker cameras. The values reported are the average deviations of calibration star measurements
about the mean calibration curve.

Table 22 - Average Error in IIG, for Tracker ana Plume Cameras

Average Deviation K
Ca__era/Fil__ _ fyora Mean Calibration Curve (%)

[ Tracker 15.6
Plume. PC-I 10.5

Plume, PC-2 15.9
Plume., PC-3 9.9
Plume, PC4 13.5

4.6.3 Calculation of Total Error

The estimated total calibration error depends on the number of images averaged together, M.
In this report, the total error is defined as the ratio of the standard deviations of the number of

photoevents to the mean value of the number of photoevents. Assuming that the digital number

I•
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reported by UVPI for a calibration star and the gain conversion factor G. are uncorrelated, or weakly I
correlated, then the total error per image EF can be obtained [18] from:

2r = ' IV + elx + PVw, (19) U
where aN is the average local error in the number of measured photoevents presented in Table 21, and
1ElG is the error in the gain conversion factor tabulated in Table 22.

For the case of M-averaged images, an upper bound estimate of the total error is given by

V1Go + te + 62VG. (20)

Notice that e7, can never be smaller thn ellG no matter how many images are averaged together. I
Table 23 summarizes the overall error analysis results for the plume central region radiant

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 tunder 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.,

N='• i (7 . (21)

Table 23 - Plume Central Region Radiometric Percent Errors for Plume Camera

Interval M K UF ET
1 12

2 207 1.381 35.4 10.7

3 157 1.465 32.8 16.2
4 104 1.468 20.4 11.1

5 44 1.302 46.2 13.4

6 89 1.370 89.6 20.6
7 171 1.445 59.7 12.2

Under the assumption that the signal is not changing rapidly in time, K relates the measured I
noise to the theoretical performance of a background limited system, where the dominant source of
noise is shot noise. A ratio of K=1 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 appropriate
data interval. Data interval number 1 did not have enough images to compute EN.

Similar to Table 23, Tables 24 and 25 show, respectively, the radiant intensity errors for the I
total plume-camera field of view and those for the 19 by 19 tracker-camera pixels that overlay the
plume-camera field of view.

I
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Table 24 - Central Region Plus Outer Region Radiometric rt!n Errors for Plume Camera

Interval M K EF
1 12 -- ---

2 207 1.40 26.8 10.3
3 157 1.45 24.5 16.0
4 104 1.89 20.4 11.1
5 44 1.24 34.7 12.2
6 89 1.44 58.4 17.7
7 171 1.43 50.2 11.3

Table 25 - Radiometric Percent Errors: Tracker Camera Over 19 x 19 Pixel Window

Interval M K EF Er
1 2 -- - -

2 50 2.59 16.0 15.6
3 40 3.64 16.3 15.6
4 26 5.54 16.8 15.6
5 31 1.39 16.7 15.6
6 23 1.45 16.8 15.6
7 41 1.30 16.7 15.6

Table 26 lists e. for each of the seven data intervals: the plume camera observing the central
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 cormsponds to the full plume-camera field of view.

Table 26 - Total Radiometric Percent Errors, er.

Interval Plume Camera Plume Camera Tracker Camera
Central Region Central Region + 19 x 19

Outer Region

2 10.7 10.3 15.6

3 16.2 16.0 15.6
4 11.1 11.1 15.6

5 13.4 12.2 15.6

6 20.6 17.7 15.6
7 12.2 11.3 15.6

4.7 Noise Equivalent Radiance

Following the noise equivalent radiance (NER) definition given in the Infrared Handbook
[19], the UVPI NER i defined as the source radiance level that will result in a signal-to-noise ratio of
1 at the output of a single pixel. The NER can be interpreted as the sensitivity limit for an imaging
system. For UVPI, a single NER number does not fully characterize the sensitivity of the system since
this is a function of integration time, spectral filter, camera gain level, number of images superposed,
and the assumed source spectrum.
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The following discussion is based on empirical estimates of the signal and noise within the I
UVPI cameras as oppuoed to a theoretical discussion. A theoretical expression for the signal power to
noise power ratio applicable to the microchannel plate image intensifier of the UVPI can be found in
Ref. 20. A single pixel in the plume or tracker camera can be treated as a photoevent counting 1
device. The signal-to-noise ratio (SNR) definition from which the empirical UVPI NER is derived is

(SNR) 2 = M2 . S2 (M . N2 + M . N,) (22)

where

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

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

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

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

Ns = 2S1/2  (23)

Note that this is two times higher than the photon shot noise prediction. I.
From the SNR expression above, the mean number of signal-related photoevents/image in a

pixel that will result in a S1,R of 1 is

S'=2[l+(l+M.N 2 /4)1/2 IM. (24) I
Notice that for the case of only one superposed image, M = 1, and a negligible level of sensornoise N, the resulting sensitivity limit is 4 photoevents/image. The NER is related to S' by amultiplicative constant K, i.e.,

NER= K S'= 2K[1 + (I + M N 2 1 4)" 2]M, (25)

where K is the radiometric calibration constant that converts from photoevent,/image to gtW/sr-cm 2. K I
is a function of the spectral filter used, the single-image exposure time, and the assumed source i
spectrum.

The radiometric sensitivity could also be improved by performing spatial averaging at the
expense of a lower spatial resolution. I

Table 27 summarizes the estimated NERs, or sensitivity levels, for the seven data intervals for
the plume camera, under the assumption of the reference spectrum. Since, for the plume camera, the 1
signal-independent noise is negligible compared to the signal-dependent noise, image superposition
provides an increase in sensitivity that is linear with the number of superposed images.

I •

iU



I.LACEIUVPI: Strypi 77

Table 27 - Plume Camera NER Per Pixel for Data Intervals

Data Stage Filter UVPI NER for Single Number of Images NER for Data
Interval Gain Image Superposed Interval

Step (W/sr-cm2) (W/sr-cm2)
I Antares PC.4 10 2.3 x 10-6 12 1.9 x 10-7

2 Antares PC-3 12 1.6 x 10-5 207 7.9 x 10-8

3 Antares PC-2 11 7.8 x 10.6 157 5.0 x 10'
4 Antares PC-i 11 1.2 x 10-5 104 1.2 x 10.7

5 Star 27 PC-i 12 1.2 x 10-5 44 2.8 x 10-7

6 Star 27 PC-2 13 7.8 x 10.6 89 8.8 x 10-9
7 Star 27 PC-3 13 1.6 x 10" 171 9.5 x 1O0"

Table 28 summarizes the estimated NERs, or sensitivity levels, for the seven data intervals for
the tracker camera under the assumption of the refererce spectrum. The last column expresses the
sensitivity level in photoevents/s. As opposed to the plume camera, in the tracker camera the signal-
independent noise is not negligible, and the improvement in sensitivity is not linear with the number
of images superposed.

Table 28 - Tracker Camera NER Per Pixel for Data Intervals

Data Stage NER for S;ngle Number of Images UVPI NER for Data Minimum
Interval Image Superposed Gain Interval Detectable Number

(Wlsr-cm 2) Step (W/sr-cm 2) of Photoevents/S
for Superposed

Images

1 Antares 1.1 x 108 2 7 7.3 x 10. 9  44

2 Antares 1.8 X 10"- 50 7 2.0 x I0-9 120

3 Antares 1.8 x 10- 40 7 2.3 x 10-9 140

4 Antares 1.8 x 10.1 26 6 3.2 x 10-9 190

5 Star 27 8.2 x 10.9 31 10 4.9 x 10.10 29

6 Star 27 8.2 x 10- 9  23 10 6.0 x 10.10 36
7 Star 27 8.2 x 10-9 41 10 4.'. x 10-1 1  24

5.0 SPATIAL FEATURES

This section concentrates on the spatial characterization of the measured plumes. First,
definitions for the plume central region and outer region are presented. Second, contour plots for
each of the seven data intervals are presented for the plume camrer. followed by contour plots for the
tracker camera. Third, the plume's spatial extent is discussed with consideration for the UVPI's point
spread function (PSF). Finally, the observed plume is compared to the CHARM 1.3 model
predictions.

5.1 Delineation of Plume Central and Outer Regions

Because of the generally low signal statistics in a single image, an accurate delineation of t.eplume central or outer region is not possible from a single image. Hence, an average of si:perposed
images (a composite image) is used to define the plume central region extent for each of the seven

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
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expanded further by performing a dilation with a square window of 5 by 5 pixels. By using this U
criterion, the region defiring the plume central region is depicted in Figs. 44 and 45. The iniages on
the left are the composite images, and in the images on the right, the corresponding central region is
overlaid as a completely white region. Figure 44 shows th e four intervals for the Antares bum, and
Fig. 45 shows the three intervals for the Star 27 bum.

Table 29 summarizes the central region extent in pixels for each of the seven data intervals
considered. Figure 45 shows that for the Star 27 stage during filter positions 1 and 3, intervals 5 and I
7, the resulting central region is not contiguous and includes a large number of pixels. This is the
result of the weak signal that affected the tracker performance, compounded by the coning that took
place during the Star 27 stage. Therefore, no values for central region extent are reported for these
two intervals.

For the tracker camera, the central region is 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 I
central region, additional consecutive dilation operations were performed to force the defined central
region to become larger. Figures 46 through 49 show the number of photeevents per image Xn the
central and outer regions as a function of central region size for the Antares stage data intervals. Avertical dashed line is used to illustrate the central region size used in this report. These plots can be Iused to scale the results presented in the report if a different central region size is desired.

5.2 Calibrated Plume Contours

Figure 50 shows the contour plot for the ground beacon, a point source, on the same scale as
Figs. 51 through 57, discussed below. This figure indicates the resolution of the plume-camera
contour plots due to the point spread function.

Figures 51 through 57 show the contour plots for the seven data 'intervals, starting with filter 4
in the Antares stage and ending with tilter 3 in the Star 27 stage. With each picture or plot acompanion summary table provides relevant information for the quantitative interpretation of the Iimage or plot. The parameters presented in these tables are described inTable 17.

The black, blue, and red contours represent, respectively, plume radiance contours at 0.95,
0.5, and 0.095 of the maximum radiance in the image. The radiance units are watts per steradian per
square centimeter, and the horizontal and vertical axes are scaled in meters.

Because of the UVPI's dynamic range of 256 levels in the analog to digital converter, it is I
difficult to get well defined plume contoars at levels below 0.095 of the maximum radiance unless a
large number of images are superposed.

Table 30 contains the value of the maximum apparent pixel radiance measumud for the
brightest pixel for the plume camera as a function of data interval. The table also shows apparent
peak spectral radiance reported at the specified centroid wavelength As expected, the Star 27 stage
results in weaker radiance values than the Antares stage. The PC-I and PC-3 peak radiance values Iduring the Star 27 stage are uncertain becaust. of the low signal-to-noise ratio. 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 require
further analysis. A comparison of UVPI apparent peak radiance measurements with referenceI
spectrum predictions is presented in Section 5.5. U

I
I
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Table 30 - Plume Camera Apparent Peak Radiometric Value

Interval Stage Filter Appuent Peak Apparent Peak
Radiance Spectral Radiance Cenuoid

I(W/$t-cM2) (JIW/sr-cm 2-.±m) Wavelength
(nTm)

I Anates P -4 2.99 2.83x10' 305
2 Antares PC.3 9.23x10"' 8.84 265
3 Antares PC-2 6.92x10" 3.39x10' 310
4 Antares PC-I 2.72 l.81x101 280
5 Sta 27 PC-I - - 280

6 Str 27 PC-2 1.79xl0 .. 8.77 310
7 Star 27 PC-3 - - 265

5.3 Calibrated Tracker-Camera Spatial Features

The resolution of the tracker camera, as limited by the point spread function, is
approximately 230 grad. At a 450 to 500-kim range, this is equivalent to about 110 m. Since the
Antares and Star 27 plumes are expected to be only 15 to 40 m long, the tracker camera cann'c't
resolve the plume. Likewise, the tracker camera cannot resolve the luminous structure within the
plume. This is consistent with the primary role of the tracker camera as a plume acquisition and
tracking instrument in support of the higher resolution plume camera.

However, the tracker camera is a radiometrically calibrated instrument and is, within its
resolution limits, capable of quantitative plume radiometric measurements. Some examples of the
images obtained by the tracker camera and the apparent radiarces of the plume sources are given.
Since the plumes are well below the camera resolution limit, the images essentially show the point
spread function of the tracker camera.

Figure 58 shows the tracker-camera contour plot for the ground beacon, a point source. This
figure indicates the resolution of the tracker-camera contour plots resulting from the point spread
function. Figures 59 and 60 are tracker-camera contour plots for the Antares and Star 27 burns,
respectively. The contour plots for other intervals are essentially the sante.

The apparent radiance values correspond to spreading the plume source over the area defined
by the tracker-camera's resolution limit, Since this area is as mdch as 85 times the plume area, the
apparent radiance values are well below the true plume radiances. Furthermore, since the true plume
area is not well known, it is not possible to adjust these apparent radiance values for the limited
camera resolution. The apparent radiance values listed with the plume images are shown only as
indications of the tracker camera results and are not to be taken as valid measures of the plume
radiance.

The Antares and Star 27 plumes, at these ranges, must be treated as point sources that yield
radiant intensity values. The radiant intensity measurements by the tracker camera are shown in
Section 6.
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Fig 59 -Tracker-camera contour plot tor interval 3
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Even though the plume central region looked like a point source to the tracker camera, a low-
intensity trail, extending beyond the field of view of the tracker camera, was obseried in the tracker
camera during the Antares stage.

For example, Fig. 61 shows a three-dimensional plot of the superposed image that results
from data interval I during the Antares bum. The z axis corresponds to the plume source amplitude,
in photoevents/s, as a function of position over a 64 by 64 pixel region. A reduced pseudo-color
image of the same region is overlaid on the upper right-hand comer of this figure. Notice the
presence of a faint trail to the left of the central region. Figure 62 is identical to Fig. 61, except that
the data were clipped to 20% oi" the peak amplitude in Fig. 61 This was done to emphasize the
presence of the trail. The radiometric values of the trail are higher than the minimum detectable
number of photoevents/second, reported in Section 4.7, for the tracker camera during interval 1.
Hence, the trail is believed to be real. Figures 63 - 68 show similar results for intervals 2, 3, and 4.

During the Star 27 bum, no extended trail was observed in the tracker camera. Notice, from
Figs. 69 and 70, that the Star 27 peak signal level on PC-i, interval 5, is about an order of magnitude
smaller than the Antares peak signal level on PC-I, interval 4. On the other hand, the minimum
detectable number of photoevents/s during interval 5 is about 15 times smaller than the
corresponding value during interval 4. Hence, one can conclude that during the Star 27 bum no
detectable trail was observed even though the relative sensitivity was better. The trail was not observed
in data intervals 6 or 7 either.

The trail observed in the tracker camera during the Antares bum is the same cloud that the

UVPI tracked after the Antares burnout, which is discussed in Section 8.
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5.4 Plume Extent and Point Spread Function I
The effective UVPI point spread fanction (PSF) is defined as the response of the instrument

to a point source, e.g., a star or a ground-based beacon. An understanding of the UVPI plume !
camera's PSF is critical in establishing the maximum size of the observed Antares and Star 27 plumes. U
Table 31 summarizes the estimated plume central region axial length for each data interval during the
Antares bum. The observed plume length during the Antares and Star 27 bums, from peak to 50% of
peak, is about 35 m. These plume length estimates do not incorporate corrections for the aspect angle I
or for the plume camera's PSF. The plume length observed during the Star 27 bum is not shown
because of the significant amount of tracking jitter that took place during this bum

Table 31 - Observed Axial Length of Plume Central Region

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

(m) (m)

I Antares PC-4 35 100
2 Antares PC-3 38 105
3 Antares PC-2 35 105

4 Antares PC-i 35 93

Based on review of UVPI data from many observations, one may conclude that the plume
camera's PSF depends on the observation modality, i.e., downward looking versus sideward looking.
Sideward looking observations use the door-mounted mirror but downward looking observations do
not. The observation of the Antares and Star 27 plumes did not use the door-mounted mirror. The
existing data for point sources indicate that the PSF is less circularly symmetric when using the door- I
mounted mirror. This could be the result of jitter in the door mirror.

Figure 26 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 Table E6. The intensity values were scaled such I
that the brightest pixel will map to 1. Figure 75 shows a three-dimensional plot of the PSF that results
from observation of the ground-based beacon. For the ground-based beacon, the axial length of the
PSF from peak to 50% of the peak along the major axis is about 20 m at a range of 450 km, as I
shown in Fig. 76. The FWHM is about 40 m. In conjunction with the discussion in Section 5.5, this
suggests that the actual axial length of the Antares plume, as measured by peak to 50% of maximum
(in the data waveband), is no more than 15 m. This is in agreement with CHARM 1.3 predictions (see
Section 5.5).
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Fig. 75 - Plume-camera PSF for g ound-based beacon Fig. 76 - Axial profile through plume-camera PSF for
ground-based beacon i
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Figures "77 through 83 show profiles of the radiance along the major axis of the plume,
measured by the plume camera, for each of the data intervals. The rioizontal line in each figure
corresponds to the NER sensitivity limit after image superposition. it ... evident from these figures
that, after image superposition, a good SNR was achieved for all filter's during the Antares bum, and a
marginal SNR was achieved during the Star 27 bum.

Figure 36 shows a tracker-camera image of a ground-based beacon. A scaled version of the
tracker camera's PSF for the beacon is presented in Table E7. The intensity values were scaled such
that the brightest pixel will map to 1. Figure 84 shows a three-dimensional plo, of the PSF that results
from observation of the ground-based beacon, and Fig. 85 is an axial profile of the beacon as seen
by the tracker camera.
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Fig. 77 Axial profile along plume central region for data interval I, plume camera
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Fig. 84 -Tracker-camera PSF for ground-based beacon Fig. 85 - Axial profile through tracker-camera PSF for

ground-based beacon j.
5.5 Comparison of Results to CHARM 1.3 Predictions

This subsection compares the UVPI measurements to the predictions provided by a
theoretical plume model. The Institute for Defense Analyses (IDA) generated a number of CHARM
1.3 runs in which both the Antares and Star 27 stagcs were modeled [10,15], using each of the UVPI's
plume-camera filter bandpasses. The following parameters were common to all the runs:

Model: CHARM 1.3
Object modeled: Intrinsic core I
Aspect: 900
Horizontal resolution: 5.0 m
Vertical resolution: 5.0 m

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

Figures 86 and 87 show an example of the CHARM 1.3 prediction convolved with the UVPI
point spread function (PSF). The left image in Fig. 86 shows a false-color CHARM 1.3 image
prediction with 5-m resolution for the Antares stage, assuming it is being observed with PC-4. The
right image shows the same CHARM 1.3 prediction, except that it is convolved with the UVPI point
spread function. Figure 87 is the corresponding contour plot for the image prediction, again
assuming UVPI PC-4 and convolution with UVPI PSF. The CHARM 1.3 Antares plume predictions
and contonr plots for the other UVFi filter positions, as well as those for the Star 27 stage, are I
qualitativeiy similzr" to those shown in Figs. 86 and 87.

For each of the seven data Intervals, Figs. 88 through 04 show: the CHARM 1.3 high-
resolution prediction of the plume radiance. as a function of axial distance; the CHARM 1.3I
prediction convolved with the UVPI plume camera PSF; and a horizontal line depicting the noise
equivalent radiance (NER) of the plume camera. For the Antares stage, intervals 1 through 4, the data
interval NER, i.e., the NER obtained after image superposiion, is too low to appear on the graph. For
the Star 27 stage, the predicted plume signal is marginally over the data interval NER and wel below
the single-image NER. This explains the spatially nonhomogeneous aspect of the processed images
for the Star 27 stage.
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An effe.zt of the UVPI PSF is to reduce the peak signal level. Based on the prediction shown
in Fig. 88, one may note that even after introducing the effect of the UVPI PSF, a single image in
interral 1, using PC-4, could provide a strong signal well above the UVPI radiometric sensitivity. This
is in strong agreement with the observation. On the other hand, the single-image radiance in interval
2, PC-3, would be below LWPIs radiometric sensitivity level. However, since more than 200 images
were averaged in interval 2, the eA :ective sensitivity was lowered to the point where high SNR per pixel
was achieved. Table 32 provides a qualitative estimate, based on CHARM 1.3 and convolution with
the UVPI PSF, of the data quality in each interval.

Table 32 - Strypi Data Quality Estimate

Data Interval Single Image Superoxe Imaes SNR Comment

1 Good (above NER) Excellent High

2 Poor (below NER) Good Good after processirg

3 Marginal Good Good after processing
4 Marginal Good Good atrer processing

5 very poor Marginally useful Marginal after processing

6 Very poor Useful Marginal after processing -. "

7 Very poor Marginally useful Marginal after processing

The close agreement between data quality estimates and the observations suggests that the
high-resolution CHARM 1.3 predictions and the UVPI sensor characterization information can be
used in planning an observation to guarantee adequate SNR.

The peak radiances and the plume lengths for the CHARM 1.3 image predictions are listed in
Tables 33 and 34. Thesm tables list computed results for both the Antares and Star 27 stages and for
UVPI filters used for the observation of these stages.

In Table 34 measured plume lengths are not reported for the Star 27 stage. A reliable
estimate of the plume length of the Star 27 could not be made because of inadequate tracking and
signal level during its burn. However, one may observe that the predicted CHARM 1.3 plume length
is independent of the spectral band being modeled. The resulting CHARM 1.3 predicted length
modified by UVPI's PSF for the Antares stage is in good agreement with the observcd Antares plume
length.
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Table 33 - Peak Radiance Comparison _

Intrval Stage Filter CHARM 1.3 CHARM 1.3 UVPI
@ 5-m Convolved Measured

Resolution Peak Radiance Peak Radiance
Peak Radiance (;W/s-cm2) (jiW/sr-cm2)
(jW/•r-CM2) ..

I Antares PC.4 61.50 6.3 2.99 -

2 Antares PC-3 5.28 0.52 0.92
3 Antares PC.2 11.98 1.3 0.69

4 Antares !•-1 18.9 2.0 2.72 I
5 iStar 27 PC-I 2.21 0.36

6 Star 27 1C-2 1.42 0.73 0.1S
7 Star 27 PC-3 0.583 0.09 -

Table 34 - Comparison of Measured to Predicted Plume Length .
Plume Length (m)

Peak to 50% and Pcatk to 10%
Interv- Stage Filter CHARM 13 CHARM 1e 3 UVPI

@ 5-m Using UVPI's Measured
S Resolution PSF 13/

50% 10% 50% 10% 50% 10%
1 Antares !C-4 8.5 63 52 110 35 100
2 Antares PC-3 8.5 63 52 110 38 105

2 Antares PC-2 8.5 63 52 110 38 105
3 Antares PC2 85 63 52 110 35 105
4 Antares PCi 8.5 63 52 110 35 93
5 Star 27 PCI 30 78 44 100 - -

6 Star 27 PC-2 30 78 44 100
7 Star 27 PC-3 30 78 44 100 - -

The data for interval 6 and the false-color image of the plume imply a compact plume of 5
approximately 15 m from peak to 50% of maximum. This is smaller than the point spread function
of the plume camera. This result can be explained by comparing the detectability threshold with the
CHARM 1.3 prediction of axial length. 3

Figure 93 shows: the CHARM 1.3 high-resolution prediction of the plume intensity as a
function of axial distance; the CHARM 1.3 prediction convolved with the UVPI plume camera point
spread function; and a horizontal line at the noise-equivalent radiance based on the superposed 5
images. Only a small portion of the plume is above the detectability threshold because of the low
signal level; therefore, the measured plume length is reduced.

6.0 TEMPORAL FEATURES I
This section presents calibrated photoevents per image and radiant intensity values for each of

the seven data intervals selected. The calibration procedure used is described in Section 4.2. The
conversion to radiant intensity is performed by using a reference emission spectrum for incandescent 5
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
1.3 code. The bandpasses of each of the plume camera filters are also shown in Appendix B. Section I
6.1 presents the plume camera observations, and 6.2 presents the tracker-camera observations.

I.
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As a quick overview, Figs. 95 and 96 show plume-camera long-term trends in the centrai
region spectral radiant intensity for the Antares and Star 27 stages, respectively. The values plotted
were derived by assuming the reference spectral shape. Figures 97 and 98 show similar results for the
tracker camera's Antares and Star 27 observations, respectively. In Figs. 97 and 98, each interval
shows two curves, one assuming a reference spectral shape and the other assumihg a flat spectral
shape. Although the actual spectral shape is certainly variable over the 19 by 19 pixel region reported
for the tracker camera, one can assume that the mean spectral radiant intensity falls somewhere in the
range spanned by the two curves. Notice that the tracker-camera mean changes from interval to
interval. Consequently, par. 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.

-2500 200 ,

~2OOO ~1602000 •10

1500 C 120

ca r

So ccb 40
500 PC2PC

10500 11000 11500 13120 13535 13950

Frame Number Frame Number

Fig. 95 - Mean central region spectral radiant intensity. Fig. 96 - Mean central region spectral radiant intensity.
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Fig. 97 - Mean spectral radiant intensity, tracker camera, Fig. 98 - Mean spectral radiant intensity, tracker camera,

Antares stage Star 27 stage

Figures 99 and 100 show outer region results for the Antares and Star 27 stages, respectively.
The curves shown for each interval correspond to two spectral shape assumptions: flat and reference.
Although the actual spectral shape of outer region emissions is not knlown, it can be assumed that the
actual spectral radiant intensity falls somewhere in the range spanned by the two curves. Note that, in
general, the centroid wavelength at which spectr2l radiant intensity is normally reported depends on

I -" '



132 H.W. Smahers cj al.

the spectral shape assumption made. For these figures, all curves specify spectral radiant intensity at
the reference centroid wavelength for each interval.
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Fig. 99 - Mean outer region spectral radiant intensity, plume Fig. 100 - Mean outer region spectral radiant intensity,

camera, Antares stage plume camera, Star 27 stage

6.1 Plume Camera Radiant Latensity Plots i
This section presents the number of photoevents observed in the plume camera for each

image of the seven analyzed data intervals. Table 35 lists the figures contained in this section. For
intervals 1 through 4, in addition to the total number of photoevents per image, there are plots of the a
number of photoevents per image in the central and outer regions. The poor quality of the Star 27
tracking did not allow separation into central and outer regions for the Star 27 stage images.

Table 35 - Radiant Intensity Figures

Region I Region I

1 Antares 100 101 102
2 Antares 103 104 105
3 Antares 106 107 108
4 Antares 109 110 111
5 Star 27 112 - -

6 Star 27 113 -

7 Star 27 114 --

The plume central region figures also report radiant intensity that is calculated by using a
reference source spectral shape. Because of the difficulty of selecting an accurate source spectral
shape for the outer region, the conversion of photoevents to radiant intensity was carried out for the
outer region component by using two different spectral shapes. The values are reported in Tables 36
and 37 but are not included in the figures. i

The separation into plume central and outer regions is described in Section 5.1. 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 that consist 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 g

U
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outer region plots, which arc computed as the difference between the total and the central region. do
not have the threshold. The local statistics are computed by using a running window of 15 frames for
plume-camera data. A more complete discussion of the computations of local statistics is contained in
Section 4.6.

Figures 101 through 115 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;
"• obtaining a 1:1 comparison between number of photoevents/image and

W/sr/i'nage under the assumption of a reference model; and
"• showing the intensity variation over both the plume central region and the

plume outer region.
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& 700 400
E 600 .4

So 50 300 II I4,00 ! 1
3 00 200

'200 4 100

100 10 1 y ,

10538 10541 10544 10547 10550 10535 10538 10541 10544 10547 10550

Te mte ry Frame Number Teh worry Frame Number

Fig. 101 Antares, plume camera, total intensity Fig. 102 - Antares, plume camera, central region intensity
for in~erval 1 for interval I

350 ..... 0................. "120
0) Locl MGM FWP 3

300 E-100 .~Local Thresholl

r. 250-
80

200
= -- 0 0 I

4150 -.,
" 100 o 40

so 20_50 F 2I~=.
10535 0538 04 0544 1054

10535etr 10538 1054r 110650 10717 10784 10851 10918

Telemetry Frame Number

Fig. 103 - Antares, plume camera, outer region intensity for Fig. 104 - Antares, plume camera, total intensity

interval 1 for interval 2



134 H.W. Smau'zers ea al.

LAO enFWP -3 FWP .3
;,60 070

E . 60
1 50 

2~ 40J3

14 I YI ~ 50
I 140 4

2C4 
30

ItI~E 20

Z 10 10 ell

10650 10717 10784 10851 10918 10650 10717 10784 10851 10918

Teemty160 ume Telemetry Frame Number .

Fig. 105 - Antares, plume camera, central region intensity Fig. 106 - Antares, plume camera, outer region intensity

112 20 JR-

K~~ 2-

10950 11000 11050 11100 11150 11200 10950 11000 11050 11100 11150 11200
Te~otr FrmeNumber TlmtyFaeNme

Fig. 107 -Antares. plume camera, total inesr Fig. 108 - Antares. plumpe camera, central region intensity
fo nevl3for interval 3

140 ............. 330

ji120 L=W Mom FWP.2 -- LUMM" FWP..I

1165 A6li0
40 82.5~iii

zC20[

10950 11000 11050 11100 11150 11200 11280 11315 11350 1138m1142

Teelemetr Frame Number

Fig. 109 - Antares. plume camera. outer region intensity Fig. 110.- Antares, plume camera, total intensity
for iteflal 3for interval 4



LACEIUVPI: Strypi 135

200 -.. . , 140 , ,

a160 Mn FWP.1i 120 -fl FWP.I

100

8120 80

E .....jj•Uj2jj..!L 20

0 20

11280 11315 11350 11385 11420 11280 11315 11350 11385 11420

Teliemetry Frame Number Telemetry Frame Number

Fig. 111 - Antares, plhte camera, central region intensity Fig. 112 - Antares, plume camera. oater region intensi.t for
for interval 4 interval 4

50 .. . * , , , , I , , , I , , , 35

-- ~~~oa Moe~e W. . ojean FWP 22
40 ~t~elh~ge~id30 L~ocal Thr"eolE ...... .. ... ..

E -- ~25 81
S30

30o I . I *. -

012 ""'""0 I .r: . ..

E13140 1310 13180 13200 13220 13240 13480 13510 13540 13570 13600

Telemery Frame Number Telemetry Frame Number

Fig. 113 - Star 27, plume camera. total intensity for Fig. 114 - Star 27. plume camera, total intensity for

interval 5 interval 6

so . . . . . ,

•'40 Local TNOR,•

I 30 a %!'"
-- .. , I.. I

.1*O *.., -_g~;*JA20 III-

13670 13736 13802 13868 13934
Telemetry Frame Numb.•

Fig. 115 - Star 27, plume camera. total intensity for interval 7



136 H.W. Smathers et al.

The first data interval, depicted by Figs. 101 through 103, did not have enough sample points U
to compute the local mean as a function of frame number.

Figure 104 shows two instances in which the measured number of photoevents exceeds the
local mean by more than 3.1 standard deviations. The probability of such an event is less than 0.001.
Therefore, all instances in which the measured number of photoevents exceeded the threshold -were
ir.vestigated in great detail. No reason was found to disregard any of these data points.

Tables 36 and 37 summarize the average radiant intensities (ARI) for the plume-camera
observations over the seven data intervals. The central region 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. The outer region ARI values reported in Table 36
are based on the reference spectral energy distribution assumption; the outer region ARI values
reported in Table 37 are based on the flat spectral energy distribution. Table 36 includes reference
spectrum predictions of ARI for the sake of completeness. How to compare the predictions to the
experimentally determined values is not obvious because of different fields of view and complexities
with regard to central and outer region mechanisms. Values of toLal spectral radiant intensity were
not computed for Table 37, where the central and outer regions are analyzed by using different
spectral shapes. For Star 27, no values are reported because a flat spectral assumption for the central
region is completely unjustified. The totals are computed as the sum of certral and outer region.

Table 36 - Summary of Plume Camera Average Radiant Intensities Using Reference Spectral Response U
Measured ARI* Measured ASRI** Reference

model -

Interval Filter Band Central Outer Total X Centroid Total Spectral Predicted
Region Region (W/sr) Wavelength Radiant ARI

IARI ARI (i) Intensity (W/sr)

(W/sr) (W/Ir) (W/sr-p.In)

I PC-4 235-350 48.2 34.9 83.1 305 787 226.6

2 PC-3 195-295 19.4 17.5 36.9 265 353 17.4

3 PC-2 300-320 13.9 18.5 32.4 310 1588 45.0
4 PC-1 220-320 55.4 35.7 91.1 280 607 66.7

5 PC-I 220-320 - - 14.2 280 95.9 11.45
6 PC-2 300-320 - - 4.59 310 225 7.5
7 PC-3 195-295 - - 12.9 265 123 2.9

*ARI - Average radiant intensity

**ASRI - Average spectral radiant intensity

Table 37 - Summary of Plume Camera Average Radiant Intensities
Using Flat Spectral Response for the Outer Region

Measured ARI*

Interval Filer Band Central Outer Total
(0m) Region Region (W/sr) 1

ARIt ARI
(Vltr) (WIar) J

I PC-4 235-350 48.2 22.0 70.2 i-/
2 PC-3 195-295 19.4 9.09 28.5 /

3 PC-2 300-320 13.9 17.6 31.5
4 PC-I 220-320 55.4 16.6 72.0
ARI - Average radiant intensity

t Central regio, calculation assumes reference spectral response I
I.,.
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Recall that the quoted central region radiant intensity values during the Star 27 stage are
questionable because of the tracking performance.

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

6.2 Tracker Camera Intensity Plots

Figures 116 through 122 present total photoevents per image for the seven data intervals
analyzed throughout thi-2 rep~-:-. The figures in this section are based on a 19 oy 19 pixel section of
the tracker camiera, wnicn 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 and, therefore,
cannot reliably be converted to radiant intensity. However, to provide an estimate of the average
radiant intensity, values based on reference spectral energy disuibution assumptions are reported in

Table 38 for the tracker-came n observations. These results have been reduced by 16.3% to account

for red leakage in the tracker-camera filter.

Figures 116 through 122 are primarily intended to show image-to-image variations in the
number of photoevents per image. Although temporal increases and decreases in the mean number
of photoevents per image are evident in the figures, these trends are shown much more clearly in
Figs. 97 and 98.
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Table 38 - Summary of Tracker-Camera Average Radiant Intensities
-- Interval Stage. Filter Band A* in ASRI** in 19 x 19

(m) 19 x 19 Pixel Pixel Region

Region (W/sr) @ 390 run (W/sr-mn)J
r-- 25545U 293 2340

2 Antares K-3 255-450 504 4020

3 Atares FC-2 255-450 532 4240
4 ntareas 255-450 371 2960

5 ta7 2- .55-450 56.2 448

6 Star 27 PC.2 255-450 61.4 490
7 Star V PC-3 255-450 55.2 440

• Average radiant intensity
C Average rpectral ras:-nt intensity

The separation into plume central region and outer region is described in Section 5.1. For 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 two consecutive tracker-camera imagesfollowed by a gap where the eight plume-camera images occurred.

I.
\ ":/• t•' i .'" '
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In addition to the intensities, the figures include: the estimated local mc.an, 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 .001) based on the local statistics. The
local statistics are computed by using a running window of 9 frames for tracker camera data. A more
complete dissission of the computations of local statistics is contained in Section 4.6. The greater
than 3.1 standard deviation events appear uncorrelated between the plume and tracker cameras,
suggesting that if they represent real events they last less than '3oth of a second.

'7.0 SPECTRAL ANALYSIS OF PLUMIFS

This section presents the spectral analysis of the total emission from the plume central region
and from the outer region. As discussed in Section 2, the UVPI plume and tracker cameras observed
the Antares and Star 27 stages at a range of approximately 500 km by using a sequence of
bandpasses. The figuies and tables in this section show. the computed spectral radiant intensity in
W/sr-pmn of the plume central region of the Antares stagc and the spectral radiant intensity measured
over the entire plume-camera field of view for both the Antares and Star 27 stages. The results from
the UVPI observations of the central region of the Antares plume show that the ratio of the spectral
radiant intensity at the longer wa.-elengths, relative to the spectral -adiant intensity at the shorter
wavelengths, is •maller than predicted by the reference spectrum. The resuitz fcr the entire plume-
camera field of view for both stages show a similar relative deficit at the longer wavelengths.

7.1 Observed Spectral Radiant Intensities

The conversion of the plume and tracker camera data to radiorr.etric values reqt~res the
assumption of a source spectrum, as described in Section 4.2. The reference spectral shape has beenused in the analysis of the camera data p~resented in this section. The wavelength for which the
spectral radiant inten. ity is reported for each filter bandpass is the centroid wavelength when the
assumed source spectrum is convolved with the UVPI net quantum efficiency functioti, as described
in Section 4.2.

7.1.1 Antares Observation

The plume camera observations of the Antres stage were made between 162 and 191 s after
liftoff. The range from UVPI to the rocket was between 452 and 496 km over this time leriod. The
spectral radiant intensities of the plume central region, as measured by UVP1 in the plume-camera
bands, are plotted in Fig. 123. In addition, Fig. 123 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 listed in Table 39.

g 10'.

'10g

S 102

200 250 300 350 400 450
W*V*Vngth (nm)

Fig. 123 - Measued gpectral radiant intensity for the Antares central region
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Table 39 - Measured and Scaled Spectral Radiant Intensity in Units of W/sr-P.m for Antares
Wavelength Filter Observed j Piwne-Camera Scaled Reference

(nm) Central Region Field of View Comparison

265 PC-3 1.86 x 102 3.53 x 12 7.64 x 101

280 PC-l 3.69 x 102 6.07 x 102 2.06% 102

305 PC-4 4.56 x 102 7.87 x 102 8.00 x 102

310 PC-2 6.81 x 102 1.59 x 103 9.84 x 102
390 TC -3.39 x 103 4.63 x 103

Figure 123 shows that the ratio of the spectral radiant intensity measured by UVPI for theAntares central region at the shorter wavelengths, relative to that at the longer wavelengths, is larger

than predicted by the reference spectral shape. The relative intensity increase for the 265- and 280-
an data points is a factor of three to five, well beyond the instrument uncertainty.

The spectral radiant intensity measured by UVPI over the entire plume camera field of view is
shown in Fig. 124. These measurements were made by the plume camera operating in the plume-
camera bands and by the tracker camera. Note that the tracker camera pixels analyzed in this section I
correspond to the full field of view of the plume camera. Figure 124 also shows the same reference
spectral shape and blackbody spectrum use" in Fig. 123. The data and scaled reference based values
am listed in Table 40. _

•104 .

101

10° I

200 250 300 350 400 450
Wave.4sqh Inm)

Fig. 124 - Measured spectral radiant intensity for
the plume camera field of view for Antares

Figure 124 shows that the reference spectral shape is in good agreement with the 305 to 390-
run trend. It also shows that the reference model predicts a more rapid decrease with decreasing
wavelength below 300 run than the data show. These results are similar to those found for the Antares
plume central region analysis.

7.1.2 Star 27 Observation

The third stage of Strypi, a Star 27 rocket motor, was also observed by the plume and tracker
cameras. In the plume camera, only filters PC-i. PC-2, and PC-3 were used for the observation. These
observations were made between 249 and 275 s after liftoff, during whirh time the range to the Star
27 was between 495 and 549 km. The. spectral radiant intensities of the total field of view of the
plume camera were measured by UVPI, and these results are presented in Fig. 125. Figure 125 also
shows the reference spectral shape and a blackbody spectrum chosen to coincide with the reference
prediction at short wavelengths. The data and reference based values am in Table 40. Note that values
for the plume central region alone are not given for the Star 27 stage because of the relatively poor
tracking of this stage.

As in the Antares stage, the spectral radiant intensities computed from the UVPI Star 27 data
show an excess at the shorter wavelengths, relative to the longer wavelengths, than predicted by the
reference spectrum.

"S :, •/ ,-
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Table 40 - Measured and Scaled Spectral Radiant Intensity in Units of W/sr ,Lm for Star 27
Wavelength iilter Plm-amera ScaedRfrne.

Wave) .g.. Field of View Comparison

265 ' _ __C-3 1.23 x 102 7.64

_ 80 _ _-I 9.49 x 101 2_P x 10
1

310 225 x 102 9.84 x 101

390 4.59 x 102 4.63 x 10
2

104 t n 00 1
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Fig. 125 - Measured spcctral radiant intensity for
the plume camera field uf view for Star 27

7.2 Discussion

The reference model hypothesizes that the principal source of UV radiation is thermal
emission from alumina particles at the fusion temperature of alumina, 2320 K. The spectral shape
departs from that of a blackbody because of the decreasing effective emissivity of the particles with
increasing wavelength. No obvious modification to this model will yield the UV enhancement 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., NOy bands are possible sources.

8.0 TRAILING CLOUD OBSERVATIONS

8.1 Initial Transient

Just prior to Antares ignition, the UVPI gimbals were directed in a scan pattern designed to

compensate for uncertainties in the Antares trajecLory. At Antares ignition, the Antares rocket plume
was on the edge of the tracker camera's field of view. In addition, Fig. 126 shows that the target was
extremely large. Poor tracking occurred until about 158 s when the target reduced to a reasonable
si?.e in the tracker camera's focal plane. Ground-based cameras trackin,, the Antares ignition showed
a huge cloud expelled from the Antares nozzle. Initial UVPI tracking locked onto this cloud.
However, since the tracker was in the Mass and Intensity Centroid mode, the bright signal of the
rocket plume near the engine nozzle dominated the tracking centroid after the cloud began to
dissipate.

8.1.1 Size and Radiometrics of Initial Cloud

Figure 127 shows a tracker camera image of the initial cloud at 158.9 s. The cloud is at a
range of 496 km and is approximately 3 x 106 m2 in projected area. For comparison, the plume
central region has a projected area of approximately 5.4 x 103 M2 . By using the reference spectral
shape assumption, the apparent peak radiance (that measured at the brightest pixel in the tracker-
camera cloud image) is calculated to be 2.3 x 10-8 W/sr-cm2 The cloud radiance in the plume

//
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camera PC-4 passband is well below t~he single-frame noise-equivalent radiance of 2.3 x 10-6 W/sr-
cm 2.
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8.2 Antares Cloud Trail

During the Antares bum, a large trailing cloud formed behind the rocket. Figure 128 is a
sequence of images of this trailing cloud as seen by the tracker camera. The top image was made
immediately after the Antares burned out. Initially, the tracker locked onto the tip of the cloud for 2
to 3 s. Then the tracking centroid shifted to the point shown by a cross within a circle. Note that it is
biased to the left side of the camera's focal plane. The middle image shows how the cloud looked to
the tracker camera pointed toward the midpoint of the cloud. Again, the centroid is biased to the left.
The bottom image shows the end of the Antares cloud trail, which corresponds to the ignition point
of the Antares motor. The tracker continued to track this spot until commanded to point for the Star
27 ignition.

• Tracker Frame 11601

at 197.3 seconds
10) .............. : .............. secon d............. Li.3.seconds

150 .20.... : :

2W0 ............. ............... z...... . ..... -............... ..............

240 e o

501 ....... ............... Tracker Frame 11757I 100at 203.1 secondsI f

150 ..........

15 ................... .

200 ............. : .............. ............................ z" ..............

240

50 100 150 200 250

50 ............................ F. ......e ....... Tracker Frame 1s775:1| ~at 203.1 seconds

1 0 ........... . ....... .............!•.: _ .........°° ,, ,, , °• ° °° ° ,• •

IM0 .............. • . . . . . .......... ..... "- • • • • ' ' .. -...........

20 ................. .........~50 100 150 200..'

Relative Frame Coordinates

Fig. 128 - Tracker camcra images of Antares cloud trail
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8.2.1 Size and Radiometrics of the Cloud Trail U
Figure 129 is a pseudocolor mosaic of three tracker camera images, 11565, 11757, and

11799, close in time to the three shown in Fig. 128. Figure 130 shows a profile generated by
summing along columns using the same three images. This profile shows that during the 6.4 s
between acquisition of images 11565 and 11757, the radiant intensity of the cloud segment shown in
11565 dropped by approximately a factor of two, suggesting rapid cooling. This temporal change in
radiant intensity is not reflected in the mosaic because the three images were scaled to approximatelyU
match each other at the boundaries in the pseudocolor representation.

Ig

.:! .: ' : ; , : .......... ... ..... ..I II

Fig. 129 - Color mosaic of Antares cloud trail
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Fig. 130 - Antares cloud trail profile
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By using absolute pcsition vectors for the Antares ignition and burnout, the cloud length is

calculated to be approximately 42.9 km. Based on an analysis of UVPI gimbal angles, it is clear that
the end of the cloud trail shown in the mosaic is: at the same position as the initial cloud discussed in
Section 8.1, and has grown to approximately 16 times the projected area of the initial cloud. The
brightest portion of the cloud trail at tOhc time of tracker camera image 11799 is shown in Fig. 129
within the indicated rectangular region. It has an apparent peak radiance of -1.7 x 10-8 W/sr-cm 2 ,
which is 70% of the apparent peak radiance measured in the tracker-camera passband for the initial -.

cloud immediately following Antares ignition. This suggests that there may be a very long time

constant associated with the processes, producing radiance in the brightest region of the cloud trail.
For comparison, the apparent peak radiance measured in the tracker-camera passband at the tip of the
cloud trail imaged during frame 11565 is approximately 2.5 x 10-8 W/sr-cm 2 . During the time the
cloud trail was being tracked, the radiance measured by the plume camera in the PC-I passband was
well below the single-frame noise-equivalent radiance of 1.2 x 10-5 W/sr-cm 2 .

8.3 The Star 27 Dim Trail

Four frames of UVPI tracker camera data show a dim trail behind the Star 27 stage within the
last second prior to burnout. There is no indication of a Star 27 trail prior to these images, and there
is no evidence of the trail in the plume-camera images. One of the tracker images, frame number
14000, can be seen in Fig. 131.

Fig. 131 - Star 27 dim trail

I.
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9.0 SUMMARY AND CONCLUSIONS

9.1 Summary

The goal of the Strypi mission was the acquisition from space of radiometric UV plume data
by using the UVPI on board the LACE satellite. The UVPI plume camera is an imaging radiometer
with four filters, centered at 250, 270, 280, and 305 nm (Table 12). This instrument was designed to
obtain radiometric data in a spectral region that is especially favorable for missile detection because U
of the very low solar background. Operation from space is necessary because the atmosphere is
practically opaque to wavelengths below 300 nim. From a 500-km range, the plume camera has a
resolution of approximately 45 m.

The Strypi XI, a three-stage solid-propellant missile system, was obtained for this observation.
The first stage, a Castor motor with two Recruit boosters, operated at too low an altitude to be
observed from space. The mission was designed for observing the second (Antares) and third (Star
27) stage plumes, as well as the possible bow shock from the reentry of the third stage. The rocket
trajectory was selected to permit simultaneous observation from the LACE satellite and from the AirForce Maui Optical Site (AMOS).

The Strypi was launched from the U.S. Navy Pacific Missile Range Facility before sunrise on
18 February 1991. The Antares and Star 27 stages were successfully tracked by the UVPI camera
from a range of 450 to 550 km. The Antares plume was tracked for about 30 s, and plume data were
acquired with all four plume-camera filters. The weaker plume from the Star 27 stage was tracked,
but this was accompanied by a large amount of jitter that was attributed to the weaker rocket plume.
The jitter prevented stable imaging of this stage with the plume-camera. Plume data of variable
quality were obtained with three of the four plume-camera filters. The observation intervals are
summarized in Tables 10 and 11.

The 480 images of the Antares plume were of sufficient quality and tracking accuracy to
permit the superposition of images for increased radiometric accuracy. The weak signal of the Star -
27 stage yielded radiometry of significantly lower reliability.

The superposed images were analyzed to obtain the spectral radiance, evaluating the plume as I
a spatially resolved source, and tle spectral radiant intensity, summing over space to treat the plume "
as a point source. The radiometric analysis requires a model spectral shape, for which a reference
model was taken. The analysis procedure is described in Section 4.2. The spectral values were also
integrated over the nominal filter bandwidths to obtain radiance and radiant intensity values.

Figures 27 through 33 are false-color maps of the spatial distributions of the time-averaged
radiant intensities of the Antares and Star 27 plumes. Contour plots of the plume radiance were also
generated from the superposed images, and are presented in Figs. 51 through 57.

Figure 26 shows the image and Fig. 50 the contour plot of the NRL ground-based UV
beacon. A point source is well represented by the contour plots under these conditions. This image
indicates the resolution limit of the instrument at a 450-kmi range. The lengths of the rocket plumes I
observed during this mission are less than or comparable to the 45-m resolution limit (Table 34). The
consequent smearing of the source over an increased effective area significantly reduces the observed
peak radiance of the plumes. The observed radiances are denoted "apparent" values. This is to
distinguish between the observed radiance values and those that would be obtained from an I
ins .ment- h, hiher s W1 r l in. An adjustment of the CH ,•A rD pW, -ra,-,,,nces
for this effect yields factor-of-two agreement between prediction and observation (Table 33).

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 plus the area defined by a 5 by 5 pixel dilation of this region. The projected area of I
the central region so defined was approximately 6500 m2 (Table 29). The remainder of the plume-

I +°
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camera images is denoted the outer region. The reference spectral shape is unlikely to be an accurate
model for the radiometry of the outer region. This region was analyzed by using a flat spectral shape
as well as the reference spectral shape to obtain reasonable bounds for the true radiometric values.
The central region and outer r-gion radiant intensities are summarized in Tables 36 and 37. The
temporal behavior of the plume central region, outer region, and total radiant intensities is shown in
Figs. 101 through 115.

The radiant intensity (the twtal radiated power) of the observed outer region is comparable to
that of the plume central region. The outer region's radiance is low compared to the plunr. central
region but it's area is much greater. A comparison of the outer region images with other nadir
images, e.g., the plume-camera images of the ground beacon, show no such radiance in the outer
region. The outer region emission is clearly associated with the missile. However, the mechanism of
the outer region radiance has not Deen established.

The UVPI tracker camera provides wideband data, 255 to 450 nm, 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 by 19 pixel region of the tracker camera
images, matching the total field of view of the plume camera, was used for computing radiant
intensities. The values so obtained are summarized in Table 38, and the time variations illustrated in

Figs. 116 through 122.

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 a
reference-spectrum-like dependence 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-nim values than the reference spectrum predicts
(Fig. 123). The spectral radiant intensities summed over the plume-camera field of view show a
similar ultraviolet excess. The full field values from the plume camera can be complemented by the
tracker-camera data over the same area. The 390-nrm value 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 (Fig. 124).

The Strypi trajectory was planned in coordination with the LACE orbit to permit a search for
evidence of bow shock photoemission. However, the Antares and Star 27 stages apparently collided at
separation, causing the Star 27 to loft above its planned altitude and bum out at 112 km instead of 99
km. This delayed the onset of the putative bow shock, which was not expected to be seen above 100-
kin altitude. The burnout of the plume terminated automatic plume tracking, and the Star 27 stage
was lost from the instrument field of view before it reached bow shock altitude.

A very large cloud of bright material was observed just prior to Antares ignition. The
apparent area of this initial cloud was several hundred times the area of the Antares plume. The cloud
was observed again following the Antares motor bum (Fig. 128) and was sufficiently bright to
interfere with tracking of the missile stages. The cloud occurred behind the missile stage and is not
believed to be responsible for the outer region emission observed to the sides of the missile.

9.2 Achievement of Objectives

The results of the UVPI observation of the Strypi missile can be compared to the objectives
listed in Sr.:tion 2.1.

9.2.1 General Objectives
0 Obtain isoradiance contours for the Antares and Star 27 plumes. Spatially

resolved images of the Antares and Star 27 plumes were obtained for seven data
intervals. These corresponded to imaging with all four plume-camera filters for
the Antares and thrce of the four filters for the Star 27 stage. These images were
scaled to spectral radiance maps and contours, as illustrated in Sections 4 and 5.

0 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

I,,
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plume central region defined in Section 5.1 were extracted from the images for I
the seven data intervals. These results are presented in Section 6.
Compare radiometric measurements for the Antares and Star 27 plumes with
those generated by the CHARM 1.3 computer code. The preliminary I
compariL n undertaken here suggests that the UVPI data represent a spectral
shape somewhat different from that of the reference spectrum. The
experimental results indicate that the emission at wavelengths shorter than 300
rim is greater, relative to the emission at longer wavelengths, than is predicted by I
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.
Provide radiometric measurements for nonplume, transient phenomena, if any.
An initial cloud at Antares ignition was observed, and its radiance was measured
with the tracker camera. The cloud, which was seen to extend behind the plume,
was again observed by the tracker camera following Antares stage burnout.
These observations are described in Section 8.

9.2.2 Spatial Features
"* Obtain the length of the Antares and Star 27 plume central regions. The

resolution limit of the UVPI corresponds, at this range, to about 45 m, which is
comparable to the expected plume length. Thus, a close measurement of the
plume length was not possible, hut (as described in Section 5.5) the observations
are consistent with the predicted plume length.

"* Determine the shape of the shock boundary/mixing layer for different rocket
velocities. Despite the very weak radiance of the outer region, the boundary
layer was detectable from the multiple-image superpositions. The shape is a.
evident from Figs. 44 (Antares) and 45 (Star 27) and may be correlated with the
rocket velocity (Fig. 12), which varied from 0.. to 5.0 km/s.

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

9.2.3 Temporal Features
* Identify temporal trends in radiometrics and it.. estigate possible dependence on

rocket velocity. The time 1--havio: of the raci'int intensity of the Antares and
Star 27 plumes is describ i in Ser-tion 6. Nc obvious ccrrelation with rocket
velocity was observed. I

• Investigate radiometric fluctuations to detee.nine whether short-term variations
in brightness are observed. The statistics of the variations in plume radiant
intensity are described in Section 6. Several peaks beyond the range of
statistical likelihood were observed. The data were carefully analyzed and no I
reason was found to reject them.

"* Identify changes with time in the shape of the plumes' outer region. The shape
of the outer regions, and the variation with time, can be observed in Figs. 44 and
45. 1

"* Identify persistence and cumulative effects, if any, in plumes or nonplume
phenomena. A large cloud was observed behind the Antares plume (Section 8).
The cloud was observed twice, once immediately following Antares ignition and I
once following Antares burnout. The apparent peak radiance of the portion of
the cloud observed immediately after ignition was seen tW decrease by only 30%
during the period of Antares bum.

9.2.4 Spectral Features
* 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 the
melting point, and spectral shape determinations based on other sensors. As
described in Section 7, the UVPI data indicate that the decrease in spectralradiance and radiant intensity as the wavelength decreases below 300 nm is less I

I
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than indicated by the reference model. A comparison of the UVPI data with

data acquired by other sensors is currently in progress.
"* Relate tracker camera measurement to visible and infrared measurements made

by other sensors. The UVPI acquired plume 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.

"* Characterize the emission spectrum for the plumes' outer regions, if any. Outer
region spectral shape information can be extracted from the central region and
total image data, by using the values tabulated in Secticn 7. However, the result

is subject to large uncertainties because of the imprecision in distinguishing
between central region and outer region, compounded by the uncertainties in
the determination of the central region radiometric values. The data suggest a
stronger far UV, X < 300 run, component in the outer region radiance than is
seen in the central region.

It is clear from the above that most of the task objectives were achieved, but the instrumental
limitations in resolution and signal strength, as well as the uncertainty in the reference spectral shape,
complicate the extraction of precise values.

9.3 Conclusions

The UVPI observation of the Strypi launch demonstrates the capability of the instrument for
tracking and imaging missiles in flight from a 500-kin range. The brighter plume of the Antares
stage was successfully tracked throughout its bum, despite the interference of an ignition cloud. The

fainter plume of the Star 27 stage was tracked with a relatively large amount of jitter.

The Antares stage was acquired for a total of 480 camera images distributed over all four
UVPI filters. The Star 27 was tracked for a total of 304 images, and data were obtained for three of
the four filters. The spectral radiance and spectral radiant intensities were extracted from these

images. Absolute values are necessarily obtained on the basis of an assumed spectral shape; namely,
the reference spectrum. A comparison of the results for the four UVPI filters indicates that the
reference shape is not inaccurate, but the new data indicate a stronger component in the far UV, X <
300 rim, than the model predicts.

The images reveal not only a radiant plume but an extensive outer region with a passband-
integrated radiant intensity comparable to that of the plume central region. The far-UV component
of this outer region appeared to be even stronger, relative to the near-UV component, than that of the
central region. The mechanism of excitation of this outer region has not been established. Although
spectral radiant intensity values for the outer region were estimated by calculations based on both the
reference spectral shape and a spectrally flat model, these values must be considered tentative until a
reliable spectral model for tne outer region is available.

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

The tracker camera obtained rndiant intensity data in the 255 to 450-nm wavelength range.
These data, taken with the plume camera data in the 195 to 350-nm range, support the following
conclusion: The central region spectrum is quite close to the reference model with an enhancement of
the emission in the far-UV between 250 and 280 nm.

The third stage of the missile rose to a higher altitude than planned and burned out before
descending to altitudes where a bow shock might occur. The tracker lost track when the missile
ceased firing and could not follow the third stage to lower altitudes. Thus the experiment did not
yield a test of the existence of a luminous bow shock.



ISO H.W. Smathers et al.

A very large, persistent cloud trail from the Antares stage was observed. This 43-kmi trail was
sufficiently bright and persistent that it did briefly confuse the UVPI tracker.

The data base of UV radiometric information, yielding refined interpretations and
evaluations, will be a foundation for further analysis. Comparison with models and with data from
sensors on other platforms will also yield improved radiometric results and an enhanced
phenomenological understanding of UV emission by solid-fuel rocket motors in the upper
atmosphere.
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Appendix A
THE ULTRAVIOLET PLUME INSTRUMENT

A.1.0 UVPI DESCRIPTION AND BLOCK DIAGRAM

The Ultraviolet Plume Instrument (UVPI), designed and buil: by Loral Electro Optical
Systems [6,7], comprises six subassemblies (Fig. Al) ranging in size from 4.4 to 0.3 ft3. The six
subassemblies are sensor head assembly, electronics interface assembly, camera frame controller,
digital tape reco, der, power supply, and tracker assembly. The total weight is about 170 lb, and the
operating power consumption averages about 170 W.

.<Emergenc~y
Door Close

Sensor Head Assembly I
GFIr FilterCMD

Track;ng Tracker

Mirror " CO Tracker

Cameras. im Elctronlc! inage
bCmea interfacee Dt

Telescope rme-L ±. Assembly

Plume Digital Eng.
Beam Splitter CCD Tape Data
& Relay Lens Comers Recorder (Low

.... .... .. . T LIM )Lamp Whoa

A/R Power 28 VDC

Ilbration Mirror -SoftDust I a~l•~m T urn-On

Dut Cover Door.1
Optical h.1put

Fig. Al - UVPI b;ock diagram

There are two intensified charge-coupled-device (ICCD) cameras, the tracker camera and the
plume camera, which are boresighted and share a commcn optical telescope. The tracker camera is
used to locate, acquire. and track a target; the plume camera col'acts target images in the rear and
mid-ultraviolet wavelengths. 'The camera imv•ges are digitized and transmitted to the ground or are
recorded onboard for later transmissicn. Figure A2 is a diagram of the flow of commauidl and data
within the UVPI.

The instrument was designed to transmit or store images in a selectable normal or high image
rate mode because of the limited telemetry data rate, 3.125 Mbps. In the high image rate, or zoom
mode, only the central portion of the image is retained. This allows a 30 Hz image rate while usiog
the same bandwidth. The normal image trarsmission rate is 5 Hz. The photometric range and
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sensitivity of the UVPJ cameras were selected for nighttime operations. That is, the UVPI was
designed to view and track relatively bright targets against a dark background.
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The UVPi is moo ti e telescope a llite and looks through an aperture in pte Ear-orientedpanel. A gimbaled mirror provides UVPl with a field of regard of a 500 half-angle cone about the
satterian's nadir. When the UVPl is not in use, a door covers the aperture. Attached to the inside oftha
this door is a fcat mirror that allows the UVPl cameras to view celestial objects or the Earth's limb
when the door is partially opened.
A.1.1 Sensor Head Assemnbly :

The sensor head assembly shown in Fig. A3 houses the UVPr optical components and the two
intensified video cameras. The two major sections are the optical bench and the gimbal frame. The
optical bench contains the telescope, calibration lampu tracker and plume cameras, power regulator,filter wheel for the plume ,;amera. filter drive motor. plurne-camera folding mirror, relay optics, beam • .

splitter, and the net qoanhe tracker camera. Trep o ptei A endix The foal lengnmb frc te thatcealso accommodates the gimbals and resolvers, gimbaled mirror, gimbal caging mechanism,
calibration mirror. the door. mid the door drive motor.

The telescope shown in Fig, A4 is a Cassegri configuration with refractor corrector plate.
The circular aperture is 10 cm in diameter, yielding a 78 CM2 gross collecting area. A beam splitter
allows the two cameras to share the beam, and the forward telescope optics, The effective collecting
ares, which accounts for beam reduction caused by central blocking and the beam splitter, is used in
calculating the net quantum efficiency reported in Appendix E. The focal length for the tracker •

-t
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camera is 60 cm, which gives an f number of 6 and a field ef view of 2.620 by 1.970 The plume
camera uses a relay lens of magnification 10.3, which provides a focal length of 600 cm, anf number
of 60, and a field of view of .180* by .135*.
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The intensified cameras shown in Fig. A5 ,consis: of an image intensifier followed by a fiber-

I optic reducer and a CCD tele',isior1 camera. The intensifiers, which were made by iTT, convert

incon'.!ig ultraviolet photons into "rutgoirag grecn photons, giving a large increase in intensity while
preserving the spatial characteristics of the imnorc.
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The intensifier is a vacuum-sealed cylinder containing circular quartz windows in front and
back. The photocathode material, which converts incoming ultraviolet photons to electrons, is a semi-
transparent coating on the inside of the front window. The P20 phosphor, which converts electrons to
green photons, is a coating on the inside of the back window. The electrons are multiplied as they
pass from front to back through a dual-chevron microchannel plate (MCP) that has electron gains of
approximately 105 at high gain settings. The electron energy is increased by the phosphor's anode
potential. The overall net gain provides about I07 green photons per ultraviolet photon.

The tapered fiber optic provides a size reduction of the image to match the intensifier output
to the CCD chip input. The CCD chip is a Texas Instrument 241C with a well-transfer function of 1.2
microvolts/electron.

A.1.2 Camera Frame Controller

The prim~ary function of the UVPI Camera Frame Controller (CFC) is to receive RS-170 I
video signals from the plume and tracker cameras, digitize them, and supply them to the electronics
interface assembly. The received analog video signals are restored, multiplexed, digitized, and
summed by internal CFC circuits. The tracker camera's video signal is buffered and made available to
the tracker electronics for target centroid calculations and for determination of the gimbaled mirror I
pointing commands. Camera telemetry data from the CFC and engineering telemetry data from the
electroniz.s interface assembly are added to the digitized video frames and telemetered by the LACE
spacecraft for later analysis.

The secondary ftinctions of the CFC are automatic gain control of the exposure of each
camera, normal/zoom image rate selection, plume-to-tracker ratio selection, camera telemetry data
generation for post-mission reconstruction of the acquired images, filter wheel control, door position I
control, calibration lamp on/off control, gimbal cage/uncage control, and providing telemetry status
data to the electronics interface assembly.

Horizontal and vertical control signals are supplied to both cameras by the CFC for
synchronization. An on-board microcontroller allows communication with the electronics interface
assembly for receiving commands and periodically sending status information. I

I
/
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•The CFC camera frame and field definitions are shown in Fig. A6. The focal plane for each
camera is an array of 754 vertical by 480 hoiizontal pixels. Each video frame is composed of two
754 by 240 pixel fields. The fields from the tracker camera aie r ;t to the tracker electronics at a 60
Hz rate. To form plume- or tracker-camera images for telemetering or onboard storag2, three pixels
are averaged to form a s'ipcrpixel, and two fields are then averaged. The result is the 251 vertical by
240 horizontal array of pixels at 30 Hz.
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IT~nL'•.•m'30 3n~mpel• mmL,+

40 410 47__Ho • '

TTracker Camer WOnean Telemetry/30

r"--, , -- Tracker Electronicsrnt......A
Operates on a Fdite th Fie! A ogr F vramed daafombt

(1/60 S) sst Telever y Sends l *240 TVL
T h toh Aih C crame cf Superpixels I

c754 Pixels r, 251 Suerpoixelse 1 to
T0.0h rd ptn} l s (T t i251, a

10,11'-';41 1 0,120] +y sl uper i

-- +Y [ W3 ,0 1- - ,125 .0 1] 125.01

S1o.41411I,.•

Tracker Camera Wideband Telemetry
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A.b .3 Electronics Interface Assembly

PTe electronics interface assembly (EIA) is the UVPI system controller. Its function is to
receive commands and timing information from the spaceoraft and distribute reformatted command
and timing to the UVPI subsystems. In addition, the EIA collects video camera data from both
cameras and status information from the subsystems for delivery to the high and low speed telemetryspacecraft ports.

The heart of the EIA is the SC-I control computer, also referred to as the instrument control
computer (ICC). This is an environmentally ruggedized, general-purpose, 16-bit computer based on a
common 8086-type processor. The computer is fabricated in CMOS, and operates at a 5 MHz clock
rate.

The SC-I provides two main on-board input and ok:tput links. The first is a serial data
channel, RS-232 format, which communicates with the tracker electronics. This interface is software
configurable and operates at a 9600-baud data rate. 'Me second link is 'M extension of the main CPU
bus of the SC-? I and is used for communication within the electronics interface assembly.

Pointing the gimbaled mirror is possible in either open-lot~p Or closed-loop modes. In the
open-loop mode, the SC-I computer uses a pointing function to c',:culatc a sequence of desired
azimuth and elevation angles for the gimbals. 'Me gimbal servo then adjusts the gimbal until the
gimbal angle readouts match the desired angles. T1he pointing function, which calculates the desired
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angles, consists of two segmented polynomials, each of the same order ranging from three to six. Up -
to 255 pointing functions can be transmitted and stored in the SC-1 computer, and the desired
function can be selected by command.

In the closed-'oop mode, the tracker electronics determine the tracking error by measuring
the angular displacement between a target centroid and the center of the tracker-camera's field of
view. The gimbaled mirror is then mnoved under control of the tracker electronics to bring the target
centroid to the center of the tracker camera's field of view.

The open-loop pointing is used in the POINT mission mode shown in Fig. A7. This mode is
used to move the mirror through a scan pattern in order to find the target if it is beyond the tracker-
camera's field of view. Once the target is seen in the tracker came~ra by the ground station operator,
the ACQUIRE mode is commanded. This enables the tracker to take control after it has locked onto
the target. When this occurs, the mission mode is changed to TRACK. If the target image is lost while
it is being tracked, the tracker electronics will enter the EXTRAPOLATE mission mode. Accordingly,
the SC-1 computer will point the gimbaled mirror by using a second-order polynomial extrapolation
function based on the recent gimbal angle history. If the target reappears during the extrapolated
pointing, the tracker electronics will go back into the TRACK mode and regai" control of the gimbal.

Gkmbal Agies 9 Tine ut
Outside Software 0 (No Funwil 9

Limts d)

POINT 0
(MM4-2) ACQUIRE Track Lock 0

Ls Track

EXTRAPOLATE
(MM-5)

UMIssson Mode - •M - 1,2,3,4,5

Fig. A7 - Allowable mission mode transitions

A.I.4 Power Subsystem

The power subsystem provides all of the input pow,.r needed by the UVPI at various voltage
levels and provides electromagnetic interference protection for the UVPI. To aid LACE's tight power
budget, the power subsystem is designed so that lower power levels can be used when mission I
requirements warrant. This would occur, for\ example, when only commands are being loaded or
when only the tape recorder playback function! needs to be actuated. Primary power is received from
the LACE spacecraft at 28 volts DC. Maximumý power used by the UVPI is 218 W (normal is 157 W).

A.1.5 Digital Tape Recorder

The digital tape recorder is a NASA standard magnetic tape recorder used for storing
digitized video and engineering data. The unit, designed and manufactured by RCA, can store
approximately 7 min. of data at 2.7 Mbps.
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A. 1.6 UVPI Tracking Subsystem

A.1.6.1 Tracker Camera

The UVPI is mounted wiiudn the .satellite and looks through an aperture in the Earth-oriented
panel. By using a gir-, Aed mirror, the UVPI has a field of regard (FOR) of a 500 half-angle cone
about the satellite's nadir (Fig. A8). The tracker camera's field of view (FOV) is 2.62* by 1.970,
which corresponds to approximatly 22 kin by 16 km on the ground at nadir. The tracker camera
characteristics are shown in Table Al. The tracking subsystem specification requirements and

performance are shown in Table A2.

Plum AZlIjlh £Jt~s Farajiel to the V-AxIs
IGimbaled X

Mirror

Iz _

NADIR /
.... IPOINTING/ §

• - ) ,/ . •

X(SOUTH)M ~ '

Fig. AS -T-aker-esatera FOV and FOR

Table Al - Plume and Tracker Carr-ra C•iaamcterisdics

Parameter Tracktf Ca'Tsra Plume Camera

Spectral region 255-450 rnr~ 195-350 rnm
Nuwmber offilters 1 4__________

Time for riter•change n/a 1.7 x
Image rate: Normal 5s/a 5/5

Zoom* 30/s 30/s
Pixels: NorrTn 251 x 240 251 x 20

Zoom 91 x 112 91 x 112
Digitization 8 bit/pixel 8 bits/pixel
Image data rate 2.5 Mbps 2.5 Mbps

Field of view- 2.62 x 1.97 de5 .I1l x .AlO Aeg

Field of regard 100 x 97 deg 100 x 97 deg
Pixel footprint 182 x 143 prad 12.5 x 9.8 prad
System resolution 220 to 250 irad 80 to 100 prad

Pixel exposure time 0.16 to 33.3 ms 33 m5
Frames inte'giv-d n/a 1-6
Expoisaire tsuige >106 >I.
Noise equivalent radiance See Section 4.7 for detailed discussion. NER depends on gain

setthing and filter selectid.

'Reduced field of view.
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Table A2 - Tracking Subsystem Requirements and Performance

Specificadions - Requirements Measured Performance

Position loop bsrdwidLh 5 Hz 5 HZ
PointinS eror 4W00 Lrad RMS 96 prad RMS

Tracking velocity Ideg/s 7 dcg/s

Tracingacclertion0.0 de/s 2 5 deg/s2

A. 1.6.2 Tracker Electronics

Figure A9 shows the functions of the tracker electronics. The tracker carnera's video signal is
received from U~e camera frame controller on a RS-170 BPIk al 60 fields per second. The video signal
is first passed wirough the spot remover tial removes the effects of senssor blemishes and optical
systemn obstructions, and removes background clutter on a field-to-field basis. The spot remover
contains two video memories to map spot locations. One memrnoy stores the short-term map for
background clutter subtraction, and the other memory stores the map of longer lasting blemishes.
The correction for blemishes is achieved by substituting a predetermined video level for the
blemished location.

RS -170 From Camera Frame ControllerI

Tracker Electronics'. a Rmve

Trackntol Processor DA R-

Sev Massroncsnri

Fig.~~ ~~ Edg - ucinf T rack lconsI

Afte pasing hrouh th spo remvertheideostignalensty enrs hcideopoesr h ie

synchonizaionaddat sap ing. ThCvd o mproesrulodt rmnste Trrget size
A trckig widow or rac gat, bundsthesubafay of iestataeinifdasprto

track~ ~ ~~~~ ~Fg ga9 siin porctions ofth tracker electronics a ai ihtetre ie

Aftr assngthoug te potreovr, hevieo igal ntrsthevieoproesor Th vde
proesor ls reeies hehorzotalan vetialconro sinas ad clcksigalto onro
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The data from the vixels within the tracking window are sent to the centroid processor, which
can use one of several algorithms to determine the location of the target in the tracker camera's focal
plane.

Algorithm choices include mass centroid, which spatialy averages all pixels above threshold
with equfn weighting; intensity centroid, which weights cach pixel by the intensity 'f its response; and

mass and intensity centroid. For mass and intensity centroid tracking, the intensity centroiO algorithm
is used to determine the target position within the field of view and the mass centroid algorithm is
used to calculate the target size and target validity.

Figure AI0 shows the definitions associated with the tracker camera's focal plane that the
tracker electronics use in determining the target location in the focal plane. The tracking error -s used
to command the gimbal servo electronics to drive the tracking error to zero as described in Appendix
D. The gimbal commands are convened to analog signals and transmitted to the gimbal servo
electronics at 60 Hz. The tracker electronics transmits data to the SC-1 computer in a command-
response sequence except during the TRACK mode, when the output data are transmitted at 30 Hz.

__PIXELS

L10.01 _ _ _(7__ _4__01

Track Gat* 10.1141

r GTSIZX -1

-I nvoid of .rgot

[GTPOSX, GTPOSY) [ ERROFX EFM"

LU 1-35,01 36~5.01 +

m' tOSPX. LOS"Y

LOS RIKI P W

S I |0414

0, 20-o0 1754.240 1

Fig. AIO - Definitions associuze with tracker-camiera's focal plane

I\,
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Appendix B
UVPI CHARACTERIZATION AND CALIBRATION

This appendix discusses the characterization and calibration of the UVPI plume and tracker
cameras. Section B.1.0 discusses the spectral response of !he cameras and the conversion from
inciden, photons to photoevents detected by the UVPI. Section 13.2.0 details the conversion from
photoevents to the digital number reported in the UVPI data stream. The method for converting
UVPI data to radiant intensity and spectral radiant intensity units is deta;Jed in Section B.3.0. Section
B.4.0 shows the results of on-orbit calibration of the instrument by observ'ng known stars.

3B.1.0 UVPI SPECTRAL RESPONSE

The UVPI plume and tracker cameras are described in detail in Appendix A. The optical
paths for both the plume and tracker cameras can be divided into two parts. The first part of each
camera system consists of the telescope, a bandpass filter to select the observation wavelength, and the
photocathode of a micruchannel plate (MCP) image intensifier. For the plume camera, one of four
bandpass filters can be selected, and the phctocathode materizi is CTe. For the tcacker camera, only
one bandpass filter is available, and the photocathode material is bialkali. The second part of each
camera system consists of the remaining elements of the image intensifier, the CCD imager, and the
CCD control electronics that convert the pixel response to a digital number. The gain of each image
intensifier is selectable, and the exposure time of the tracker camera is selectable by strobing the
intensifier high voltage. The response of the UVPI cameras can be divided into the gains of the twoparts described above.

The first component of the response for each camera is the net quantwn efiiency, which is
the probability that a photon incident on the UVPI telescope will produce a photomvent (PE). A
photoevent is defined as a photoelectron at the photocathode that is collected and amplified by the
MCP. This component of the response is wavelength-dependent. It corresponds primarily to the filterbandpasses but also includes the wavelength dependence of the optics and photocathodes. The
collection efficiency of the MCP is incorporated into this component.

The second component cf the response for each camera is the conversion ratio between
photoevents and the digital number reported by the CCD control electronics. This digital number is
the one that is reported for each pixel in the telemetry stream. This component is not wavelength
dependent; it takes into account MCP gain and phosphor and CCD efficiencies.

The net quantum efficiencies for the plume and tracker cameras are shown in this section.
The conversion of photoevents per pixel to a digital number in ielcmetry is discussed in Section
B.2.0.

B.I.A Ultraviolet Response

The response of the UVPI plume and tracker cameras as a function of wavelength in the
ultraviolet was carefully measured before launch. The net quantum efficiency of the plume camera
for each of the four bandpass filters is shown in Fig. B1. The net quantum efficiency of the tracker
camera is shown in Fig. B2. The values' of net quantum efficiency plotted in these figures are
tabulated in Appendix E.
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Fig. B1 - Phume camera net quantum efficiency curves F-g. B2 - Tracker camera net quantum efficiency curve

B.1.2 UVPI Extended Response I
Some sources observed by the UVPI, such as rocket plumes, are much brighter in the visible

and near-infrared wavelengths than in the ultraviolet. Therefore, even a strongly attenuated response
of UVPI to these wavelengths could significantly affect the data. A combination of very conservative -
estimates and laboratory measurements were made to characterize the response of the UVPI into the
visible and near-infrared; the results are shown in this section. It should be emphasized that the
readings presented here are worst-case values and represent an upper bound on the long-wavelength
response of UVPI. Tests and analysis are in progress !o better characterize the long-wvvelength
response.

Analysis shows that only the plume camera with filter 4 and the tracker camera have the

possibility of significant response to long wavelengths when observing a source such as a plume. *The I
plume camera with filters 1, 2, or 3 does not have significant long-wavelength response. The
estimated worst-case net quantum efficiency extended to long wavelengths for the plume camera is
shown in Figs. B3 through B6. Similarly, the estimated worst-case net quantum efficiency for the
tracker camera is shown in Fig. B7.

a 10.,2 1.-2

.9 1 10"_

0 1

o o. I

S10"-2 • 10.12' !

0 400 800 1200 1600 2000 0 400 800 1200 1600 2000

Wavelength (nm) Wavelength (rmn) I
Fig. B3 - Plume camera extended net quantum efficiency, Fig. B4 - Plume camera extended net quantum efficiency,

filter 1 filter 2
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Fig. B7 - Trwker camera extended net quantum effiiency

To estimate the possible effects of long-wavelength response when observing a thermal
source, analysis was carred out to determine the percentage of photoevents detected by UVPI that
would arise from out-of-band radiation with wavelengths longer than the nominal bandpasses shown
in Figs. BI and B2. This analys.s assumes the worst-case estimates for long-wavelength UVPI
response shown in Figs. B3 through B7, and a thermal source with the reference spectral shape. By
using these conservative assumptions, the analysis shows that less than one percent of the photoevents
recorded by the plume camera arise from long-wavelcngth radiation. Because the potential effect of
the long-uavelength response is negligible, the plume camera data reported in this document have not
\been adjusted for the potential long-wavelength response. The analysis for the tracker camera, using
the sane assumptioas, shows that no more than 14% of the photoevents reported by the tracker
camera arise from photons with wavelengths longer than the nominal tracker bandpass. The data
epxrned in this document for the tracker camera have been adjusted to account for this effect by

dividing the total numbe.r of photoevents recorded by the tmacker camera by 1.14.

B.2.0 CONVERSION FROM DIGITAL ,Ul.,IBER TO PI1OTOEVEN4TS PER PIXEL

B.2.1 Gain Conversion Factor Gg

It is assumed that the net quantum efficiency curves shown in Section B.1.0 remain constant
under 211 measurement conditions. Therefore. vatiations in the responsiveness of the instrument are
taken into account in the gain conversion factr Gr for the gth gain si,-p. The values of Gg are not
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dependent on wavelength but are dependent primarily on microchannel plate gain step. To a lesser I
extent, the G9 values depend on phosphor efficiency, CCD efficiency, sensor temperature, and
possibly pass-specific parameters. The values of Go are shown for the tracker camera in Fig. B8, and
for thh. plume camera in Fig. B9. The values of d'8 for both cameras are tabulated in Appendix E. 1
The units for G. P're digital number per photoevent.

1000 1000 1

r 0.1 0' l 410' 12' 141i ' '' 4

"a 9 100

•'•0 100"•"1- ii ,o U
"z Iu • o..1

0 2 4 6 8 10 1214 0 2 4 6 8 1012 14
I" Gain Step Gain Step

Fig. B9 - G, vs gain step for plume camera
Fig. B8 - G. vs gain step for tracker camera I
The values of G9 for all gain steps were measured before launch. In addition, the value for

gain step 15 was determined by using sparse-field data for which single, isolated photoeventr, are
generated from dark-noise or illumination. The values for all pixels associated with each isolated 1
photoevent arc summed, and the resulting sum is the G. value for this step. Finnlly, on-orbit

calibrations for all plume and tracker camera bandpasses were performed. These art. discussed in
Section B.4. The on-orbit calibratiois agreed well with the laboratory calibrations and are used as the
primary instrument calibration.

B.2.2 Dark Field

Dark field images are collected with the UVPI door closed. The pixel b-ightness results from
two sources: dark ;urrent in the photocathode, microchannel plate, and charge-coupled device; and a
fixed bias voltage on the readout line. The dark current component has fixed pattern spatialvariatiors that can be determined accurately by averaging a large number of frames. The bias voltage Icomponent contrtbutes some spatially and temporally random noise.

The dark field average used for calibration of the Strypi data was generated from data
collected during the Strypi observation pars immediately following the plume observation. This
allowed generation of Dk, the dark value for the kth pixel. Frevious analysis showed that, as expected,
average dark field values do not depend on microchannel plate gain step. However, at high gain steps,
occasional responses due to cosmic rays or thermally generated electrons from the photocathode are 1present

For the tracker camera, 139 dark field images were averaged. The spatial mean of the
temporal mean pixel values is 19.6, and the spatial ntean of the temporal standard deviation in p:xel
values is 1.6. For the plume camera, 27 images were averaged. The spatial mean of the temporal
mean pixel values is 9.3, and the spatial mean of the temporal standard deviation in pixel values is
1.0.

I
I

-, .... I
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B.2.3 Spatial Nonuniformity

Tracker and plume camera nonuniformity matrices were generated by using several images
lookirtg down at the ocean. This allovked generation of Uk, the gain nonuniformity correction factor
for the kth pixel. For the tracker camera, the images of sm-ll moving ciud.; were removed ýy
selecting the minimum value in a temporal sequence of images on a pixel-by-pixel basis. For the
plume camera, a sequence of images (taken with filter 4, 235 to 350 nm bandpass), were averaged.
No clouds crossed the plume camera's field ef view during the sequence.

For the central 91 by 112 pixels transmitted by using the zoom image transmission rate,
overall nonuniformity is less than 5%.

B.3.0 UVPI DATA ANALYSIS METHODOLOGY

B.3.1 An Example

The derivation of radiometric values from the observed photoevent numbers was described in
Section 4.2. An example here iliustratcs the procedure and clarifies the significance of the values
presented in the body of the report.

Some reference spectral function must be assumed to convert the photoevett counts to
radiometric values. The reference function R(X) is generally taken here to be the most likely
representation of the plume emission available. The amplitude of the reference function is arbitrary
and is conveniently set by tying the function to the Planck blackbody function below 300 nm. The
essence of the radiometric analysis is the determination of the amplitude of this reference function
that will yield the cbserved photoevent counts.

Suppose, for this example, that the observed photoevent cotunt is 1.0 for a single plume-
camera pixel with plume-camera filter 4. Then the amplitude of the reference. function is calculated
by integrating the assumed rek.rence function across the instrument response curve, according to Eq.
(3) in Section 4.2.2.1, such that this photoevent count would be observed. Figs. B10 shows this
amplitude-scaled reference function with the UVPI instrument response using filter 4 with center
wavelength 280 nrn, full-width-half-maximum 56 rim, and nominal full bandpass 235 to 350 nm.

C entraid • ....

| 
"

C1e0"- 0.012
Filter 4 Czt

, sIn peg rat lon

10"' 0.00o

0.2 0.25 0.3 0.35 0.4 0.45

Fig RIO - Scaled refCerCi.e fun'tion L(.) and c,.ntroid location assuming reference spcctrun

This scaled reference curve is essentially the complete answer, LMZ), to the question of the
radiometric value of the source. This curve cannot unambiguously be specified as a single number, as
is needed for tabulation and for graphing against other variables, e.g., time. A simple means of
specifying the curve is to specify its value at a selec:ed wavelength. The most representative
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wavelength was taken to b: "he centroid of the instrument response as weighted by the refcrence
shape, according to Eq. (13) in Section 4.2.i.1. The reference shape is so strongly variable in
wavelength that this centroid differs sbsutiaiAlly from the center wavelength of the instrument
response, as illustrated in Fig. B10. One could choose a different wavelength for specification of Jie
reference function and thereby change the Uwbuia"d spectral radiance without changing the solution
function L(k) at all. If one chose to specify the spectral radiance at the filter peak instead of the
response centroid, for exemple, the nominal spectral radiasce would be changcd by almost a factor of
two. This change would be a matter of numcric specification, not a real cha-ge to the spectral
radiance solution.

Some users have requested that the observations be stated as r-,,diAces, rather than as spectral
radiaitces. Radiance values are obtained by integrating across the porticn of the reference fiunction
specified by the full width of tCe instrument response (the full width integration shown in Fig. B10).
Again, one could justifiably redefirn the spectral width of the integration, such as taking the full-
width-half-maximum points instead of the full-width endpoints, and Ahange the quoted radiance
value substantially. Such a change would be an artifact of the radiance definition and would not
imply any real change to the reference function determined from the data. Compari.sons of radiance
numbers must be based on id-,ndcJl integration ranges to be valid. Similar considerations apply to
spectral radiant intensity and radiant intensity calculations.

Thi foundation of tlh data anlysis is the assumed source spectral shape R(X). A change in
the assumed source speetral shape will necessarily change all the numerical results. This is an
unavoidable and well-known difficulty in the analysis of radiometric data from practical instruments.

B.4.0 ON-ORBFr CALIBRATION OF UVPI

The radiometric calibration constants for the UVPI have been confirmed on orbit. This was P.
done by measuring the sensor output for a star and comparing it with the predicted number of
photoevents based on the star's spectrum and brightness. The ratio of these two quantities is the gain
conversion factor G9 for the gain step used in the measurement. The predictions of the number of
photoevene; from a star are based on measured stellar emission spectra obtained by the International
Ultraviolet Explorer (IUE) and Orbiting Astarophysical Observatory (OAO) satellites [21,22]. Spectral
information spanning the Balmer discontinuity and extending to longer wavelengths was obtained
from atmosphere-corrected ground-based measurements [23).

Figures BII and B12 show calibration i,.sults for the plume camera and tracker camera,
respectively. Figure BI 1 shows calibration points for all four plume-camera filters. The solid curve
shown in each figure is very close to that measured before launch, and these star measurements are
the primary calibration for the UVPI. The stars used for calibration are mostly type B stars cf
sufficiently high temperature that they are strong emitters in the ultraviolet and make any long-
wavelength response of the UVPI insignificant. The on-orbit calibration measurements indicate that
the UVP.! responsiveness has remained constant during the first year following launch. Section 4.6
addresses the error in the gain conversion factor and the sources of errr that affect the data analyses.

.... ,'
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Append ix C
PRE FLIGHT PLANNING

Pteflight planning consisted of determiining the cptimal launch window and developing the
kdetails of the encounter scenario. These- are discussed in dcail in sections C. 1.0 and C.2.0 below.

C.1.0 LAUNCH WINDOW AND LAUNCH TIME SELECTION

Based on the prcdicted Strypi trajectory, the launch window was calculated to provideI' favorable georretry for UVPI viewing of the Strypi flight aad to meet the constraints of the various
experiments. These constraints included: darkness on both the LACE spacecraft and the S.;rypi
vehicle, and the moon not appearing within view of the bow shock sensors within the nose of thc
missile.

Figure Cl shows the trajectory visibility plot for the obccrvation on 18 February 1991, based
on the planned nominial Strypi trajectory and LACE ortital elements used during the observation.
The x axis of the plot shows the possible launch time, in seconds, after the reference GMIT of
14:15:00. The y axis shows the time into the trajcctory after launch. A visibility envelope is defined
by the triangle marked (Time First Seen) mnd square marked (Time Last Seen) lines. A point within
the envelope means that if Strypi was launched at the time corresponding to the x axis value, then
Strypi is visible to UVPI at the time in the trajectory denoted by the y axis value. The visibility limit
was based on the 500 from nadir field of regard for UVPI.

DATE: February 18, 1991 REF. GMT: 14:15:00

Bow i '
Shoc 300.±~-4 300

:Star 27 )At+ 4

ITAntare 18

120 120

0 60

Thme First 0J 60 120 100 240 300 360 420 480
wTimm L&MGe Launch Time after Ref. GMT (s)

Fig. C1 - Strypi trajectory visibility plot

The* following is an examnple based on Fig. Cl. If Surypi was launched at 14:18:00, 180 s after
the reference GMT, then UVPI would first be able to view Strypi at 154 s ai *'r liftoff, which is just
after the nominal Ant-qres ignition time of 152 s. UVPI would be able to keep 3rLrypi in view at least
until 338 s after launckx. which is the point where the planning trajeccory ended.

] 171
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An acceptable launch window must meet the mission requirements of viewing the Antares and i
Star 27 bums and the bow shock region. By using Fig. Cl, the launch window was determined to bc
from about 185 s to 240 s after the Reference GMT, i.e., from 14:18:05 to 14:19:00.

Within the launch window, a launch time was selected to optimize viewing geometry of the
highest priority portions of the flight in terms of range between UVPI and Stryp;, aspcct angle, and
vignetting of the UVPI camera image. The selected launch time was then checked to ensure that it fit l
in with the UVPI encounter activities without jeopardizing a successful observation. This was
especially important for the launch opportunity on 18 February 1991, since there were only a few
seconds between expected acquisition of signal from LACE and the deadline for stopping the launch.
The optimum launch time was determined to be 14:18:35 GMT based upon the aforementioned
factors. The nominal encounter geometry for this selected launch time is shown in Fig. C2.

700 "'"', .. 13.
A.t.,'. 3i;W21 Bow Shoc U

g. 550 .--- 2  r - 1ooi6i00 11 90

450 -- ----- 80 0 I

300 so50
"100 150 200 250 300 350

Seconds After Launch 8 -

Fig. C2 - Strypi/UVPI planned encounter geomety for launch at 14:18:35 GMT on 18 February 1991 -

C.2.0 ENCOUNTER PREPARATIONS

Preparations for the UVPI-Strypi encounter required development of a detailed sequence of
delayed-execution commands to be transmitted to the spacecraft prior to the encounter. Since the
encounter time was so short, most of the commands had to be preloaded to operate the instrument
automatically with only a few select commands left to be sent by the ground crew in real time.
Preparations also involved verification of the command sequence through both ground simulation U
and flight rehearsals. Initial command sequence verification was done by testing the delayed-
execution commands along with the real-time commands and pointing functions by using the LACE
Operational Test Bed (LOTB), a complete simulator includirg a preprogrammed target trajectory. I
Finally, to test the entire system and encounter timeline in actual operation, three rehearsals were
conducted with the spacecraft observing UV ground beacons as simulated plume targets at the
appropriate time of day on each of several days just prior to launch.

C.2.1 Planned Plume Observation Scenario

ttis is the detailed scenario as planned for the encounter. Table Cl is the timefine of events
for the Strypi-UVPI encounter. Boldface denotes UVPI delayed-execution commands, plain text
denotes real-time commands or ground events, and italics denote outside events beyond UVPIcontrol.

U
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I
Table Cl - Timeline of Event:, for t SLtrypi Observation
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14:17:45 4.W50 KiEI AOS 5 Open door I step. Lf req.

Upload KX STAR 198

Point FIX STAR 198
(pred)
Ufload SCAN STAR

14:1 8.20 -4.W0: 15 <4.<< GO/NO-GO Decuiio >>>> Point SCAN ST'AR 118

UMT-G4JT Jpload ANTARES 28I___ _ stamr dctermine y-. Upload ROCKET 18

Upload FIX STAR 198

Point FIX STAR198

Acqu.r FIX STAR 198

P.':T ratio 8.2
7.=W On

UMT - GMT

• g'-•f'-- :OO:•O < << < < < ,•< < < 7R.P]LAI i

14:19;5 -•.40 STRYTI CasuBO 86

, , ,| . . .
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I
Table C1 - Timeline of Events for the Strypi Observation (Cont'd)

Time Time-I aunch Dclayed Execution Ground Operations Rem-Tin ue
___rr Conmanlds J j Cont,v'nds

14:19:57 0:0122 Upu Assoreas iWo.ziom tus e (.±#,) • e W

14a&-26 7 =1" Set fliter to 4

14:20:34 0:01:59 Tuara off zoom

14a.2C-35 0:02.00 Get frame rateo to 2:8 (p:t)

14"241.36 0;02.•I vin#a to 0,10

14.20:37 0:2:02 Opea dox fulUy for STRYPI vie-ing

1420:.38 0:C2.-3 ]Altallat trAcler

14W.20:47 0:212 Load MASS AND INTENSI a block

ConpWue 18 (1 deg) UiIoad"ANTARES inf

14:20:57 0:02-22 Point to SMVY PI using INFUNC 28

14:20".58 2 §3 Set kit track FUNC 28

14.21.102 0.02.27 Turn e tonL recorder, tape unit A

14:21:03 Tune Filter Acquire ANTARES w/
inns8

14:21.07 0:02:32 STRYPI A",au ignmion 0 • 4 4 Zoom On

6•16 3 PI:Tk 82

18-23 2 Filter sequence

14:21:42 0.0.07 TRYPI A•areu BO 23-end 1

14:21:47 0:03:12 Turn off zoom

14:21:48 _W. 1=I S4t frame ratio to 2:8 (P T) Compute BOWSHK 28 Upload ROCKETinf 18

14"21S52 0:03:17 Turn off tape recorder

14:22:24 0:03:49 Turn on tup. recorder, taUe unit A

14= 3 Point to STRYPI sng INWUNCI

14=22129 0:03:54 Set k* trac• FUNIC 18 Acquire ROCKET w/ird

1422:30 0:03 .5 Tune Filter 1

14:22:34 0:03.59 "STRYPI Star 27 4"ii 0.1 I 1 zoom or,

17-27 2 P:T ratio 8:2

29 - end 3 Filmr Sequence
14:23.10 0:04"35 Set CtraPotAte to 10 A. 0-3 3

14:23:10 0:04.35 Set tracker mm ga& to 1i 5-8 4 I
14:23:15 0:04:4*0 "IWiYfI6S7 r2P2O 10-13 3 U,1oi4d BOW SHOCK

"14:D15 ---- SRMYPI Bow shoAk str 15-18 2 Point BOW.CISM =

14:24:13 05:38 STRYPI WS (400b) 20- end 3 Activate joystick

14.24:23 0:05:48 Turi of AGC -

14"2414 0:3:49 S trackanp4ume MCP Uga`• to _0
S14.24".24 0.05:49 Park &"imbdmirra"I.

14"24"24 0-3:49 TraU C41 taper er
14":24".2S 0.05-_35 C 'lose doer

14"24:55 0:06-0 Start DarkField Dasa T1

14:2457 0106:22 Turn am tape recovrdw, tpe unakA
1 :1 fr- 0:0(43 Turn 9o4 tape recorder

1
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Table C1 - Timeline of Events for the Strypi Obeivation (Cont'd)I Tme T~e-;Lnc Dayed Execution Ground Uperations Real-Time
(GM) JCominfnds 1conmBJwl m

14:293 T 0:08.21 command UVPI
______ I________ _________shutdowni

14.27.26 008.51 Conmand UV•?I shutdowni

14:.2f:26 "-8:51 Mki ELO 5

C2.1.1 Pre-Encounter Activity

Three minutes prior to acquisition of signal (AOS) by the ground station, the UVPI is turned
on. Two minutes later the UVPI door is opened and two star patterns are observed and recorded on
the UVPI tape recorder. These star observations provide an independent set of data to confirm the
attitude of UVPI during nost-pass analysis. UVPI then pcints to the main target star, gamma Veloruni,
with a slow scan pattern in the yaw direction to determine the yaw attitude of the spacecraft.

At Kihei, the UVPI health and status is checked by the LACE enginccr. If the UVPI status is
in any way deemed unacceptab•f, the encounter manager will declare a Strypi NO-LAUNCH
condition. Because of time limitations, initial pointing must be done by using predicted attitudes. The
fixed star function based on the mcst recent predicted attitude will be transmitted and used to locate
the main target star, gamma Velorum. If the target star cannot be located, which means the prcdicted
attitude cannot be verified, a NO-LAUNCH condition is declared.

On the other hand, if the experiment status is acceptable and the predicted attitude is
reasonable, the encounter manager will announce UVPI as GO FOR LAUNCH. The predicted
scanning function is thi.n transmitted and the star yaw scan starts. While UVPI is scanning, pointing
functions for the Antares and Star 27 stages based on nominal conditions and the predicted attitude
am transmitted.

UVPI is commanded to point to gamma Velorum by using the fixed star function based on
the predicted attitude. A new fixed star function is generated by the ground software based cn the
yaw computed from the slow scan, and UVPI is pointed at the refererce star using this function. The
encounter manager will then select the better yaw value, computed or predicted, for computing the
rocket pointing functions.

Gamma Velorum is acquired to collect star calibration data and to test the keypad commands
for zoom rate transmission of images, plume-to-tracker ratio, and filter wheel changes. An equal
amount of data is collected at each of the four plume-camera filter wheel positions.

C.2.1.2 Anta-es Plume Observation

After the star calibration data activities are completed, the delayed-execution commands reset
UVPI in preparation for viewing the Antares rocket olul-e.

After Strypi is launched, the actual launch time is incorporated into the real-time
computations of the Antares and Star 27 rocket pointing functions. About 80 s after launch, the
modified Antz.res ignition time and trajectory type, i.e. nominal or left, right, high or low dispersed, is
incorporated into the real-time computation of the Antares pointing function, which is then
transmitted.

The UVPI door will open fully for viewing Strypi; aboit 10 s before Antares ignition is
expected, UVPI starts pointing at the expected Strypi trajectory by using a 0.650 radius circular scan
with a 16-s period. The scan radius was selected to ensure that Strypi would appear in the tracker
camera FOV at least during some portion of the circular scan, even with 3-signia dispersion of the
trajectory and expected spacecraft attitude errors.
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Appro•imately 5 s before ignition, the command to acquire is sent. This ensures the
minimum possible delay between ignition and lock-on by UVPI. If the Antares bum is not seen
within about 10 s after expected ignition, a new pointing function with a 1.00 circular scan radius is
transmitted and implemented.

After the Antares bum is seen and the tracker is in the process of locking onto it, the
commard to start the data-gathering sequence is sent. This single command starts the sequence of
delayed-execution commands configuring UVPI for collecting data.

The planned filter sequence is commanded in real-time during the Antares plume
observation. The fiter change sequence, according to the Strypi Experiment Requirements Document U
(ERD) [10], is shown in Table C2. The Antares stage is expected to burn "or approximately 35 s.

Table C2 - Planned Plume-Camera Filter Sequence for Antares Plume Observation

Data Interval Time Afte Antares Ignition Filter Wheel
(s) Position /

0- 4 PM-4
6-16 PC-3

3 18-23 P'C-2
4 25 - end of bum 7

C.2.1.3 Star 27 Piwne Observation

After Antares burnout, the delayed-execution commands reset UVPI to normal image
transmission rate and a plume-to-tracker image ratio of 2:8. The newly computed pointing function
for viewing the Star 27 bum is transmitted between Antares burnout and Star 27 ignition. At least 6 s
prior to Star 27 ignition, UVPI is commanded, either by real-time or delayed-execution command, to I
point at Strypi using a 0.50 radius circular scan with a period of 16 s. At about 5 s before Star 27
ignition, the command to acquire is sent. If the Star 27 burn is not seen within about 10 s after
expected ignition, a new pointing furction with a 1.00 circular scan radius is transmitted and
executed.

After acquisition of the Star 27 plume, the commands to configure UVPI for viewing the
plume are sent. During the Star 27 plume observation, the planned filter sequence is commanded in
real-time. The filter change sequence, according to the ERD [10], is shown in Table C3.

Table C3 - Planned Plume Camera Filter Sequence for Star 27 Plume Observation

Dam Interval Time After Star 27 Ignition Filter Wheel
9(s) I Position

6 17-27 PC-2
7 29-cendof bum VC-3

During the Star 27 bum, the UVPI pointing function to observe the bow shock portion of the
trajectory is computed. The new bow shock pointing function is transmitted during the burn, I
immediately after the last filter change command. The Star 27 stage is expected to burn for
approximately 41 s.

C.2.1.4 Bow Shock Observation

The Strypi bow shock region is expected to start at the end of the Star 27 burn. If UVPI
keeps lock on Strypi during this portion of the trajectory, then the sequence of filters shown in Table I
C4 would be commanded as specified in the ERD [10]. I

I
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Table C4 - Planned Plume Camera Filter Sequence for Bow Shock Observation

de o ande Time Apuoi St 27 Bte out n (s) a intg b heel Pofusition

9 3-8 tKC-4
10 IM0-3 PC-3 .
11 ] 15-18 PIC-2

12 20-t-ad ci burn iC-3

If the tracker would have lost lock on Sutrpi, then the following actions would be taken:
UVPI would be commanded to point with the nonscanning bow shock function.; normal image
transmission rate would be selected; the plume-to-t'acker image ratio would be changed to 2:8; the
filter changed to PC-4; and the joystick would be activated. The joystick operator would then attempt
to bring Strypi into the plume-camera's field of view. Radar data would be used to aid the joystick
operator. The filter changes vould be commanded from the joystick when the image is observed in
the plume camera.

The predicted Strypi bow shock period is expected to last approximately 100 s and end at
about 40-km altitude.

After the bow shock observation period, delayed-execution commands reset UJVPI, close the
door, and perform a dark field data test. The UVP1 is turned off either by real-time command or by
delayed-execution command.

C.2.2 LOTB Testing

Testing on the LOTB of the commaads and pointing functions used during this encounter
was successfully completed on 17 February 1991. The delayed-execution commands and pointing
functions were. transmitted to the spacecraft from the Vandenberg TGS during LACE pass 5577 at
about 06:01 GMT on 18 February 1991.

C.2.3 Rehearsals with Ground Beacons

Five live rehearsals were held (13 - 17 February 1991). The last two were unscheduled and
occurred because the launch attempts on those days were canceled. The rehearsals were scheduled for
passes that had similar geometry and occurred at about tlhe same time of day as the launch p:iss. Each
rehearsal was designed to follow as closely as passible the tin.eline of the actual encounter pass. This
provided the UVPI encounter team with practice in completing their activites in the time required to
successfully observe Strypi during the actual encounter. The rehearsils also provided opportunities to
test the radar support to the joystick operator and the range radar data link with the Sandia National
Laboratories team at Kauai.

Ground beacons were used to simulate a plume target for the rehearsa-s. For the first two and
the last rehearsals, a ground beacon located at the TGS site on Maui was used as a target to verify the
attitude determination and pointing functions used. On the third aad fourth rehearsals, the beacon
was located near the launch site on Kauai. The ground beacen at each site consisted of two 6000-W
metal halide bulbs. The beacons were switched on and off tu coincide with the ignitioa and burnout
of the Antares, Star 27, and bow shoAk stages of the Strypi trajectory relative to the simulated launch
time.

Software, hardware, and operational problems were encountered in the rehearsals and were
resolved in time to ensure a successful observation of Strypi on 18 February 1991.
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Appendix D
TRACKER PERFORMANCE

D.1.0 SERVO PERFORMANCE

T.e tracker commands to the gimbal servo electronics, to compensate for Uacking error, are
calculated as a function of: the target position (x and y tracker errors) on thn tracker camera focal
plane, and an error gain correction. This function transfoims the gimbal position to the appropriate
gimbal commands necessary Wo position the gimbal mirror such that the tracking errors are driven to
zero. In the following expression. the gain coefficients C and F are nominally set to zero. The
equation is:

[D] [ABIX TRKERR1+F[C1
a eJ [DEj Y TRKERR F

where w e , is azimut'
E, is elevation,

and DE 0
DE 0 • J

Figure Dl shows the plot of the error gain corrections for converting the focal p!ane tracking
errors into gimbal engles. A comparison of the values of the coefficients A, B, D, and E, with their
calculated values based on the gimbal angles and racker errors, confirms that these equations
correctly describe the servo mechanism.

-- • ..... o---4. ...4--.'...*.. .. 4..;-. 4.,. ..... ...

-0~. . ... . . .... .... ... ..... ..... .. .................

.0.4

-o e *4'.'.L.'i.i.411- .i.i.i~~~~~~~~,
140 160 1SO 200 220 240 260 260 300' 12 3'0

TWE OW

Fig. DI - Gain coeffi:ients vs time

D.1.1 Antares Acquisition

The tracking errors for the acquisition of the Antares rocket are plotted as a function of time
in Fig. D2. The t.ackcr servo response is determined frorm this plot as:

179
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I
X TRKERR YTRKERR

Rise tirne < 0.2 s < 0.43 s
% Overshoot - 171% - 24% ISettling time < 1.2 s < 1.2 s

6.000 1...T . . .,. .

913.04A miamad 15a.2 so
... q --. 2 .7 3 9 .13 1 c ,a g 1 5 8 7 , e

• I
.... ..........

-1 .0 .... . . ....... :: .... .. ..... ....................... ... .. .... ........ . .... ........ .... .................... . .

40- -13,347."2 , m d cr al 168.2 -c

-16.000 
" . . .. . I . . . .

Is$ 169 140
l •_I | l S S ~ T UW E * x41 5 oI

Fig. D2 - Antares acquisitiont tracking error vs time

These results compare favorably with the prior laboratory tests and trackelr simulation results.
The large overshoot is attributed to the "type 3" servo implementation, which provides zero steadystate tracking error when tracking an accelerating target.

D.1.2 Star 27 Acquisition

The tracking errors for the acquisition of the Star 27 rocket are plotted as a f, nction of time
in Fig. D3. The tracker servo response is determined from this plot as:

X TRKERR YTRKERR
Rise time < 0.17 s < 0.54 s

% Overshoot - 65% - 13%
Settling time < 1.2 s < 1.2 s

10,000 . . . .

".9,13 ,37t, l k. ad 23W .7,

0 I
.5 o0 0 .......... .......................I ........ ............. ......

-. 0,000 ... - ... . .

239.6 240.0 240.5 241.0 241.5 242.3

Fig. D3 - Star 27 acquisition tracking error vs time

!,I - I
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"Ihese results compare favorably with the prior laboratory te: s mnd tracker siraulation results.
The large overshoot is attributed to the "type 3" servo implcren-atiýu, which provides zero steady
state tracking error when trackirg ; -i accelerating target.

D.1.3 Corr-parison With Previous Encounters

h The comparison of servo responses from previous encounters, rTihka and Starbird, is given in
Tabh; Dl. This table shows that the servo response has remained co-asistznt throughout all the
encounters.

Tabie D1 - Comparison of Servo Responses

Overshoot Risc Time Setting Time
(%) (s) (s)

X Tracklng Error
r4 .2 n=It400.2

'S• ir 'te 1W_-___ Z __ 1 2

Ant Are s 1710.1.

Star 21 65 U. I17 1-7

Y Tracking Errar
Nil.17 - i 28 0.2 1.0"

Suirbird 3rd Stage I 3h 0 5 1.2
SuibiThe 712T 1.2
Antares 24 0 43 1.2
Str 27 i 054 1.2

D.2.0 i iACKING ERRORS

D.2.1 Tracking Errors Duriag Antares Burn

The four intervals chosen fer analyzing the tracker performance during the Antares bum are
approximately centered at 1f? 170, 180, and 188 s after Strypi launch. Figures D4 and D5 present
the tracking error and video signal for the complete Antares bum. Comparing Figs. D4 and 05
indicates that when a strong video signal is present, that is, when the peak video is almost fuU scak
and the average signal is approximately 10% of full scale, tracking errors are near zero.

The four intervals are identified in Table D2 and their tracking errors are plotted in Figs. D6
through D13. The conversion from x-pixels to microradians is 60 microradians per pixel and the
conversion from y-TV lines to microradians is 143 micror:dians per TV line. Note that the ias in the
y-direcdion (Y TRKERR) is approximately -0.5 pixel and the er,'or in the x-direction (A TRKERR) is
±1 pixel in the tracker-camera focal plane. The target size is nominally 600 g±rad in both the x-
direction (10 pixel3) and the y-direction (4 pixels) on the tracker-camera focal plane. Occasionally,
the ta•get size jumps to double the nominal size. This is attributed to transients and does not affect the
tracker performance.

Table D2 - Antares Data Intervals and Figure Numbers
Interval FramCs Figire Parameter

T& _ __M _ _ _ T747_4_ =
D, T7r~ Sin's

7 1 0,'656 to G10,913 Ds
D9 X'YT !et Size3 &...ý6•3.to I11.1'Z _ D..110 X.Y ITriarHw? Error

DI1 • Y Tprr, t Size4 11,2'M Uo 11,1 0111 X,Y "[rac-0-i-Trror

D13 Y.Y Txraet Stye

4
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20,000 .

1. 5 ,0 0 0 -- * ..... .. ... ......... ... ... ................ .....

-1 0 0 .. ...... 44 -

>- -15,000 ---.LL.... 17 18 8 9
150 155 160 165 lk7Q 7 8 8 9

TIM (Sec)
S20,000 .'- . .'' .' r- ' ~ ' ~ r ' -

~~~~. 150 0......... -

S 5,000 . . .....

x- 0,00-

150' 160 170 11E(e)180 190 2100

Fig. D4 - X and Y tracking .. o. during Antares burm
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4- 0 .- .

170.0 175.... ... 0...

;:7- 60 ... . l..... ...f.... ....

950170.0 175.0
TIME (sec)1

20g 18 1 X aI I Irkn eros inera 2I

800 ....*..-......... ..................-- . ..--.... -. --. -i- .......... ....... I.....
60..............................u

1,20 . -. ... ... .. ................ ........ .......... ............ ..............

a~w 1,00 ... . .... ...... . -.. ............ ------------ -- -I--. ... ... ...........................

~ 40Q~6~ TIME (sec)170I

Fig. D8 - X and Y trackiget rosi , interval 2
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(Fig. D14) signal varied between 60 and 100% of full rangc. The low peak video level is attributed to
the weak Star 27 signature and the fact that the tracker camera gain was not allowed to exceed level10.

"_"...' 1 . I ... . I ... I .... I .... I I
1• I 0 0 .. . . .r ...... ... -............... ;........... .. . ........... ... ..................... -..................... ................. .

S...................... ......... ........... ...... . . . .......... ÷. . ............ .. ..................... •. .. .................. ...................-

..... .. ... -. ........ .. ......"6 8 0 ........................................ .* ..................... : .........I........... ................... ..................... ............... ...... !........
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3 6 0 . .... ............. .... ................ 4.------- * .......... . - -... .. . .. ... ....... ..................... .......... . .r. . . ..S~~ ~~~~.......... ' ....... .................. I ........... . .". .. .... ........... .......... ............ "....... . .'....... . .
O ..... ..I .......... ......... . . . .. .i. ................... ; ... ................ .................. ....... .

4 ......... . ..... ........ I............ ---- ..................- ..... ... ....... t .................... ........... .......... ......... ........ ... .... .. .
. ....... ..... i..... ............. . ............... . . ......... ... .. .............. ..................... • ............... i. ............

2 . ..... .... ........... .......... ..." ... .... .... .... ... .. .......... ........ .... ....... .... .... . .
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I IAt I
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6 0 .o ... '•i• ........ .......... ... ..... .. ... ..... ........ ................... .. .. i
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I Fig. D14 - Average and peak video during Star 27 bum

The three intervals are identified in Table D3 and their tracking errors are plotted in Figs.
D,5 through D20. The bias in the y-direction (Y TRKERR) is approximately -0.5 pixel, and the error
in the x-direction (X TRKERR) ranges from ±1 to ± .0 pixels in the tracker camera focal plane. This
large tracking error is more evident as the Star 27 nears burnout. The target size is nominally 25,000
lprad in both the x-direction (400 pixels) and the y-direction (175 pixels) on th': tracker-camera focal
plane. The large target size on the tracker-camera focal plane may be attributed to the fact that the
Star 27 was coning during its thrusting period and thereby spreading the plume over a larger area.

1 Table D3 - Star 27 Data Intervals and Figure Numbers
Interval ) Frames I Figure Parameter

5 13.142 to 13.239 DI5 X.Y Tracking Error
D16 X.Y Ttret Size

6 13,489 to 13,599 D17 XY Tracking Error
D18 X.Y Target Size

7 13.677 to 13,928 D19 XY Tracking Error
D20 XY Target Size
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Appendix E
UVPI PARAMETERS

This appehdix collects parameters and information tha! are useful for analyzing the data by
using different assumptions for the source spectrum. The average number of photoevents per second
for each of the intervals analyzed in this report is recorded in Table El. Table E2 lists the net
quantum efficiency in 5-nm steps for the tracker canera, and Table E3 lists plume-camera net
quantum efficiency for each of the four filters.

Table El - Average Number of Photoevcnts/Sccond
PlIne Camer Tracker Camera

Interval Stage Filter BaMdps- Photoevents/s Bardpass Photoevents/s*

- a01IM~r -- 1 - -1 Antares OC-4 235-350 1.46 x 104 "15-450 2.76 x 10'

2 Antares PC-3 195-295 9.75 x 102 255-450 5.13 x 105

3 Antares PC-2 300-320 1.91 x 103 255-450 5.78 x 105

4 Antares PC-I 220-320 3.52 x 103 255-450 4.22 x 10'
5 Star 27 PC-) 220-320 4.38 x 102 255-450 5.32 x 104
6 Star 27 PC-2 300-320 2.17 x 102 255-450 5.37 x 104

7 Star 27 PC-3 195-295 2.76 x 102 255-450 4.57 x 104
For cctral1 19x19 pixeis

Table E2 - Net Quantum Efficiency for Tracker Camera
Wavelenigth (nim) Tr~ke NQE Wavelenigth (rim) Tracker NQE

26) .000583 3460 '.08705
265 .001 •Il 365 .019083
270 .fU39•3 370 .018225
I275 .•0 8 373 .01797
289 .0073 3i_) .019615285 .008s58 39f0__ _ Oi8
290 .tJO895 390 .o18285
295 .l0o0948 395 .0M881
300 .01209 4,'0 .018833
305 .014025 ,__' __ .0786-5
310 .014nG" 410 .018".3
315 .012263 415 .016418
1320 .0142.8 420 .0V6418
325 .017858 425 .016148
330 .017355 430 .016148335 .0152-4"8 "'4M .013883

S340 .01 1235 44 .0o'Ai,• U

345 F¢14745 .... 4" 5 ... .O0179
350 -. 0 17145 1450 .0WO88

191



192 II.W. Smaters e al.

Tabje E3 - Net Quantum Efficiency for Plume Camera

Wavelength (nimn) PC-i ) PC-2 PC-3 ) PC-4 J
200 0 1 0 0.000129 0
205 0 0 0_ __I_'170

210 0 0 O.00(r.28 0
2153 6 F 0..•6

220 o.0 0 _o 0.0 5 t~71 6_
K0 (I X-38 0 _0000,079 0

230 OX.E(X.KT7 0 0.001547 0
235 0 __ 0 0.01M91 0.000119
240 O.)02 0 0.02A7 0.000676
245 "0 3• 5 0 OMT733 0.00198o

S00.00088 0 0.002342 0.003519
255 O.XO! 873 0 0.(Xrb96 0.(g)4923
260 0.00W379 0 0.01,24 1 0.00923,
265 0(.Xi5 0 ' O).164 0.007535
270 O.O{rAY53 0 0.GO 1124 0.009322

275 0.00 0 0.(X38 0.012336
280 0.003.80 0 ""0.12"15 0.013118
285 0.00211 0 0,0/)bI83 0.013089
290 0.001(128 0 0.000123 0.01192 -

295 0.000482 0. 0 TW11W
300 0.00208 0.000053 0 0.009051
305 0 CQ__95 _ 0.___I 0 0.007641310 Q0.)0O62 0.0014•97 0 0.0061 31i

315 0•001 . 0 0.004956
320 _0.0005 0.600021 0 0.003767

330 0 0 0 0.001745
335 0 0 0 0.0(_O 85 0
340 0 0 0.000412
345 0 o 0 0.M 0119
350 T 0 1 0 1.00O03

The digital number per photoevent is displayed in Figs. B8 and B9 foi the tracker and plume
cameras, respectively. Tables E4 and E5 list the values that make up those figures.

Table E4 - Gain Conversion Factor G. for Tracker Caaera

Gain Step S Giin Conversion Factor GI
(digital number per photoevent)o .. $29TIN

1 .00366

3 .016691
4 .U34S4
5 .0796516 .!4,93467 .2"/9667

g .61200
9 1.1948,08I
I 0 2.29M.68
121020811 4.87568112 10W.15084

13 2S.4305314 ~ 45.583(Y2
15 120.795 '

I
I
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ITable E5 - Gain Conversion Facznr G, for Plume Camera

Gain SpgGain Convcrion Factor G.
G :(di~itd n�umb per photeevent)

_ _3 .104575

4 .1(.v,-7

5 .3T77`48_- .95)453

2.938325,1299W54

9 10.80/77
10 D3.19 1r,7
I 1 39.75714

I ~ 12 "7.5T491-"

13 143.6387
14 ý22 13121
15 292-94"74

A scaled version of the beacon's point spread function (PSF) for the plume camera is
presented in Table E6 in the form of a 16 by 16 pixel array. The intensity values were Ecaled such
that the brightest pixel will map :o 1. A row of intensirt values represcntative of the fujU-width-h,-f-
maximum is highlighted in bold type. For the ground-based bcacon, the equivalent fall-width-ho.-
maximum of tlh PSF Along the major axis is about 40 m at a range of 450 ki. A similar array forI the tracker came.a', PSiF is presented in Table E7.

Tab!e E6 - Scaled Version of Plume-Camera PSF Based on Ground Beacon

0,1"6 0,151 0.125 0,116 1 0.11 0.122 CA. 1 0.134 0.14A 0.167 1 0134 0.111 0.102 0.09 0,074 OcMf0.091 0.111 0.002 0106 D.ril 0.1723 0O.9 0.14.0-20 0.237 0..2M 16 0.116 0.09 O.OF7 0069

S0.10 0.202 0.101 0.102 0.116 0.144 0.23I 0.213 0.U 0.3 024 0.191 0258 0.125 0.0O7 0079

01 0,09/7 0,091 0.11 0.120 0.167 0.241 0.312 0404 01.9 0%_36 02.1 ;200 0.116 0.102 0L69

C.120 0.102 O.Cr 0.120 0.144 ,.4 0,,3"7 0.325 0314 0.381 0A21 04•9 0.237 0.134 0.116 0097

0074 OJ•$ 0.097 0.111 0.I 1.M 0.241 0511 0.762 0.730 O J04 CAM0 0.613, .376 0.111 0.111 0. tMs3

i0.069 O9U 0.102 0.120 0.144 0.20 06712 0.4 OJM .AS •9 01 3 0 .062 0.261 0.144 0.19

i!0 O U9 002 ,, 6M I" &M "II t"i'3 M

0a063 Cf79 0.102 0.130 0.209 0 40 00 0 W I 01'4 b l' 04.4 001U7 0.309 0.120 0,097

0.079 f 0 .07 "01 0.120 0.172 0f11 0326 069 2.744 0,"9 5A4 0.17 0.209 0.148 0.111 0.106

0.06W 0G9 O.09"7 0.120 0.134 02.4 04_79 06A1 079 0.4C 1 0.'t '12.74 0.162 0.139 0.091 O.9

O,6O OX3 0.0"79 0.0M 0.116 0.146 0404O 0.441 0-2 0, 0.2W21 C.14 0.19 0.125 .0097 027J

0.079 0074 O.061 0.0" 0.106 0.141 0227 0.212 0il2 0..21 0167 0.148 026 o0or. 0o0o 0.69

0,074 0704 0.0"9 W00 0.07 0.111 0.167 0.144 0.7 0:1 Of 021.0 001 0.01 0.13 9 00=. iiO

_L_ _1._ -,- - A- - -,

0060 0OM 0.074 0074 0062 0.09 0.214 0.226 0.226 0.106 0.097 07 MS 0 6 0&M 0. 04 0063OI
0 am ,D O.W5 , 0.0"3 0 009 07 011 .009 Or? 01 O779 077 0 a" 0" 1 0'.06 30 9

n
~ I. __ -I--
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Table E7 - Scaled Vcr;ion of Tracker-Camera PSF Based on Ground Rcacon
6 0% lad 1 n t00 ooni 0 1 7 0v (Y"€ otvl amrr o 0 (vu Cou 0• MlO ot MA 0 o ta l 0 CA a

0012 0.015 0017 0057 ("A a /y4 0(I 0 0010 0colt 00 16 o0w1 05 a am 00142 00lU 0.071 00,25

0012? ~ t 001 ) H r, 01 1 0 02 4 17 00e4 0014, 0 079 0012I O0tW 01) 01021 r•004 0f105 0029,,, 007)

004 M41 001 0M1 rM1 ~i A2 00%14 f2171 0022 0011 (1 (As 4 (IOU 4 0DM 00al 7(7o 0012

0.044 004 0 0" 00a 2 0011 00:312 0 0014 O.O , 0,016 0017 1002• 002% 0061 0.07 0041

0,041 0011 0014 0 Ms 0029" 0041 0015 004 0r04 a10 14 009•2 0 07 0,042 MO1 0t116 00115

0.04 00"1 0061 0 "1 0• 01 009" 00?4 O 0l o0 00•1 004 0.1 0017 o004 00 a 0 11,145 0o%_

0016 Do"9 004) 0ow1 0041 0040 0074 0174 0104 0.041 07? 0 016 0 041 012 014 0011Dol

0,17 non2 A•01)1 0141 003 0 ,049 0.212 &.064 l 0.01 0 MA 00,, 1 . 0011 0 126 00"7 0011

00,0 o 0,011 0. 0 2 0017 Oft? 0727 1 1.044 946 O.092 006 07 04 0o116 0044 0.010 0010

00a 01117 0 00 4 o O.' 0 al " 0141 0041 04 T 010 a 0031 006? 0040 00 M? 01MI 09 0

0010 0O112 0012 0019 00V3 0049 0070 0071 0 01 0040 0019 0 M2 00ft 0014o 0P1 0012

0050 0e0m 0 0 0014 T 002 000 001 0041 0 M9 002.2 0W4 0.011 0017 0017 0op" 015(

0 .012 0 )s 0o ,4 01.M 0 0051 0 r 0 0t'9 002 0 00a" 0a42 0 1 003 052 f 4 0 41 00)( 0 7 0 m

0&D4 0 "114 0042 0062 On ,4? "1024 114 '1$ 00P36 0011 0 ,019 . Oil 0011 0 "29" 01,711 , 0 tdl

004) 1 a21' 0076 0023 00 a 0.041 0Q01 003 0wl C0,)7 0011 0035 0 011 O1 a 0013 01 00 O

0.042 0.i21 007 00% 00C1 0024 0041 007 0060 0015 0if 0: 00 0f2n 00Iev 00717 0011

Finally, Table E8 lists all frames recorded for this encounter. The time and frame number arc
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 whecl
position if it is a plume-camera frame. A filter wheel position of 0 denotes a tracker camera frame.
The next two columns indicate the exposure time for the frame. For the plume camera, this is fixed at
1/3oth of a second, but it is variable for the tracker-camera, with a maximum allowed value of I/3oth s.

The next two columns list the tracker camera and plume camera gain steps.

For the zoom image transmission rate, 30 Hz, each telemetry framne carries one image. For the
normal image transmission rate, 5 Hz, six telemetry frames carry one image.

UVPI mission time (UMT) is related to GMT for the Strypi observation pass by: g

UMT = GMT + (0.29 + Frame - 1.06 x 10-5) seconds.

Table E8 - Telemetry Fr.an-s and Camera Parameters
P Teleetr File Tru-k Ki. TM!mT E Tracker 1~ m =111"WngaS

F01,11. Ti~ne (oni) Thlme (m• Glin S•l, Gain Ste•
T~me (1'itutial 

cloud

1421 15.69 10505T 0 9.6633 33.3 11 ame 10457:

Antares eantle
S~pIumw canim PWV

'14 21 15.89 ILX1r IF. 4 9.6633 33.3 8 11 Huecmr U1421W4 &' 4 UM 3 -M -r

'14 2 1 16 1 3 10 30 T 15 1 3 3 .3 .__-7 10
14 Z1 I .Cl " I0531i " 0 lS, 1g .... 3 . ... 7ij
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Table ES - Telcmetry Frames and Camera Parameters (Cont'd)
I I JMT I i •-•y I rr T,, .p kipI, r Ti-...r M" I

S.... 1 211759 I 372 u 1574-u• 33.3 7 10i

1421 WA3 = == 15.• ' 1 S -7-n=
"1'421 1l67" 10531T 0- -'I 333 10
T714 21 ., ... 17n= 0 '3 IL.',I u 7

1421116.73 4 T 13.41 3 7 Beg inem daa uiwtrvi I,
PC-4

14 21 16t.76i I "I 4 15.4014 33.3 7 1_ _

"-TTr'"14D 9 IWs39F' 4 15,4 1s 33-3 7IO..

i 1421 1S 97 - LN 4 - 401 33.3 7 10

-- ''•$"• - I)q Jp 4 '4.06i 33.. 7 1 0
14!" 21•" i &IW 054.,T 4 I5.T| 33.3 "7 w

tracker FO-

14 21 17,0 0•, 4 15.44i17 33.3 7101'4 21 17.09 lIP 4 4 M = - I 1.0

1-42 1.1713 i34P .. 4 15.T01 33.3 7 10

14 21 17.16 5 4 1. 3.3 7 En Fd data irmerval 1,PC-4
142118.73 10596 ' 4 15.401 33-3 7 10

1421 19.7t, 0597P 4 15.4018 33.3 7 0
14 21 18.8 1315• -4 !.4.018 H337;G..
1421 18.83 599P 4 5 33.3 7 I0
1 '}4 21 18.93 10 p 4 15.4018 -- 33 7 10

14 21 i__.90 IMI1 4 15.4019 33- 7 11

1421 1&93 4 1T5.T1 33.3 7 12
"1'4 2f1' 1.96 ' 1U-3P 4 1 1Trz= 3 7 13

14 21 -9.M 1060,I - - 15.41 333. --- 7 - 13

iR 21 19.0 lItT 0 15.401 S 33-3 7 13

S'21 19.06 4 15.411& 3j.3 7 13

14 21 19.10 1UO07P 4 .333 13

14 2119.1 ..... TWi 4' 15.401 - 3. 7 13

II
1421 19.16 4 15.4018 333 713
1z 21 19.27) 01P 4 541 33.3 713
11 21 19.23 10611P7 -4T 15.4018 333 713 '

14 21 M'S2 10612.P 4-- 15.4018 33-3 7

14 2i 19.30 '" 0613P 4 15.4018 33.3 7 13 1
14 21 19.33 164 0 15.4018 33.3 7

14 21 19.3/6 1365 1.41)18 333713

-- ... ' 21 19.40 " 10616P 41.5.4018 3 71

14 21 j9.43 ....... 161P - 4 15.+J18 331 7 13

14IT 47j isa 061P 4 54 333 7 13

14 21 19.50 --- TMT,7 4 15.018 3 7 1

I,, ,

I/
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd) I

Ll ety iT :r T p. I une xp. racr. ei
I I Frame I I Time (mi) _ Time '-ni GainM S Gain S I

1471 19.53 TU P 4 15.418 33.3 7 ..... 13
1421 19,56 LXA21Y T -4 ... 15741s 331 7 13

14 21 19.60 1•2 4 1. 18 3 713 [
1421 9. . I 3P

1421 19.66 i,4T 0 15.4018 __333 71

14 21 19.70 15T = --- Tr1 -=. 7 20

1421 19.73 4 15.40r 373 7 1
14 21 19.16 102P 4' " 1540 33.3 72

S14 21 19.8i0 10628P 4 15.40 18 33.3 12 [J

14 21 Mal 1-0629 4 1.0r- 3 -- 7 121
14 21 19.86 4 15.4 . 7 3123

1T 21 19.90 634 715 3. 7 12

"14 2r1 19.93 -- TOM= 14 . 3-.3 7 - -
14 21 19M, 4 15.4018 33.3 7 12

14 21 2.0 10634T - T5.4018 33-3 7 12

14 21 .3 1TP 0 3 1 -9 33.3 7
14 21 2Q.M i•6 4 I2.1997= 33."J=1

1421 20.10 I•3 4 12.1997 - 33.3= 7 12 ]

14 21 2 -13 IU638P 4 12-19,71 33.3 7 12

14 21 N0.16 i0w9P 1 a2.1991 33.3 7 122

I1z 21 2 0&0P 4 .12.1997 33.3 7 12me-3

142 20.23 i XIP . 12.199 33.3 7 12
14•21 20.2 10)644P '4 12.1997 33.-M =1
14 21 20.7)3 106,43P 3 - 12.1997r 33.3712[I

1412.3 T TM- "~ U ~ f 9.& 7 T=

14 21 2A.33 MAS4T 0 9.6633 33.3 1 7 12

14 21 20.40 10646P- 3 9.6633 '33.3 7 12

S2170.46 3 9.6633 33.3 7 12

iB

14 21 M50.3 16 P 3 9.6633 33.3 712

14 21 2034 10650? i 9.6633 33.3 7 12 [

14 21 M056 1064P 3 9.6633 33-3 71

14 2120..60 3050 9.6633 33.3 71

14 21 20.563 1.• 3 9.6633 -- M.3 11

-T4MM9 216M 006 (x2 9.6633 33.-3712g

14 21 20.6 10653P 9.6633 33.3 7 12

14 21 20.6 I0658P 3 9.W63 33.3 7 12 [

14 21 20LI0 1055 9.6633 33.3 7 12

14 21 2a.'i6 1••P 3 9.6633 333712]i

14 21 20.t0IYSg 3 " 9.66L33 33712

,I4 21 2a.M 10%V9 3 9.77=133. 7 12



LACFJUVPJ: Strypi 
_______ _______ 197

--Table E8.- Tclcmctry, Frvmcs and Cajnicr,ý palamctcrs (Cont'd)
I mciniry 1-Tltr Trackcr Ex.-raiLinnn

'fnern)~ z Gallr Se Gain S,,

331.)4 2110tu963- 3-
33

14 2121lfI 
_ __1_1_1_1 

3 T )

3I
3 333-

-- r 
_ _ _ 

33:31

9 .1
I1

I42 2 37 5
1I1 14 -I 7 - 3Y W
1I2 i = 1071 -9

I-M,,r
A 

_

I33J
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______ Table E8 - Telcmeury Frames -and Camera Parameters (Cont'd)
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Table E8 -Tcleme,,try Frames and Camera Parameters (Contvd)U
U1.1cu I~ fracaer Lip. -- fw~ U-r~racker k ~ ~ CrxjFmmeJJ ! msý Titw.q nis' Gain.ai

3L
142
1421 3:5 .663 333
14 21 2 .5 = 9 .33 30
14' 9.663 - I
14 33 =

33-U

33=
3 33.T

3.D

J3.3
TU3U

7U9.a
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I Table E8 - Telemetry Fj aries and Camera Parameters (Cont'd)
TiTiemz' fre ( a in Stm Gain Stm I142 K ..............7

I4
14I 28
1422&7

1 
____ ______142IW

I41 u9
I-41270

'12
142 2 .91

I3 - 7
1 41 9 P3 31
1417
142- T rI 

1 <-

14 12.1 --o -T I; M -1
142
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

_42 9= -- M r 33. 12

14 r712.7 9. 663 333 7- 1~--7 ---T O --3 3 -7 --a
14~_ 

_ __ _ 10UT905. T

14~~_ 
__ _ 210U-TMT .3

14~~~_ 
__ _ _ 212. -U'C 

-1 393.
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14 2 29.= --TMT-i lLI14 2 29 = -- M W ---r r - 3 3 --7 1
14212 .54 108 OF -TJJ14 2 2& 189 9 ja
1 4 2 1 8 . 1 8 3 3 3 1
14 712&6M4 1059 F --- .6-u - - -3J -B
14 71 21 10 94T -M3T 33
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Table E8 - Tele netry Frames and 'Cainra Parameteri (ConE'd)
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Table E8 - Telemetry- Frames znd Camera Parameters (Cont'd)9

I I-elen_________ I
144.71-31 -arri- -i- r ~ -- ~- ,- ri-

14 21 - Z- - g 13-3 1 12-

1413. I~~r 3l 12

1421 3.04 i T33.3-77
I iG26_ _......... 1

14 21 3 . 11 27P 3 1
1 4 2 U . = --ff ý W -4 Y .W 3 --rI
1 4 2 1 3 7 9 .6 6 33 3 j -. 7 1
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Tab .le E8 - Telce~rny Frames and Camera Parameters (Cont'd)[
~ ~ Le~~cme~~ry Fu&.~~cr wkrLp xn r&c trn

Fra213me .gUTii 
3 ...... . ......

I01 2M
142 342-
14I-Tr --~r -T
14143- IM T
14143

I7
Vj

I- 14-M
zIA.

IT
I j 14 1

Ir
142IM I

I4
I3
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Table E8 - Telemetry Froanes aid Camera Parameters (Cont'd)

a M I T=neuy |h r I r#•rEp. P tp. . | T racxer ' hnc ] Caxn-•niu !

12 '35.51 111U"4P 2 9.6633. 11

1471i35.69 11104T1 0-D 9.73 -3. - -

1421 35.1 o 7 11
T,|,

14 2135.-15 1106P 2 .T or. 1

142135.73 11107 T TO 7 11
1421 2 .. Il '-- rl'0P - -- 9.06.33 33.3 71

142135.95 11 109P 2 963 3-= - =1

14'1 35.18 IIIoP 2 9. . 7

1421.35.91 111P 2 9 3 71

2= 35.95 III I=.
147.1 35.98 1113P 2 .T33333 1

14 2 &X02 111 14T 0 9.6633 33.3 7 11
14 2136.05 1115 i --0 .633= 33.371i

I-Tz~T=~ -Tn2= 2 -TST --- T

14-21 3r T111P 2 M = 3. 7

14 21 X 12 i i11P 2 9.W3 33.3 7 11
S14 21 3&2.12 lllP ... 29"T = 3. 7

R~T 2- = TrMY- -- ~T -7T W-rr

1421736.28 IInTf - -To -- m. -7- -Tr- -
14 21 T11T123 2 9.66.3 531 7 11

142136.35 11 1 7 11

14 2 1 ~ %7T I I_3 -V 3-

14 2136.45 11 127P 2 9 -.- 6033 33.3711. .

14 21 X".3 11128P 2 963 3371

1421366352 11129T 0 9.663Y3 33.3 71

'14 21 3.8 ... 11 130P09.• 33.3 7I

14 M13.= 116 2 ..03 33.3 -7
14 1 6.5 11127P 2 9.6633 33.3 71

14 21 I=.4 HEW• 2 97.•30r " 3.3M=1

14 21 3X =2 111351 2 9.63 33:3 71

14 21 36.5 1 1136P 2 9.6633 33.3 -7 - -- I =

U14 21 36678 il131PM - 29.6 3 33.3 1 11

14 Z1 I66 WE3P' 2 .- 3 33371

14 2f 36.5 11 139P 2 9.63 33.3 71

1421 36.689 11 140P .63 33.-3 7

14 21'67 MW 113iTrP 0 963 33.3 7II

14 21"968 11139r 2 9.6633 3337 1
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Table E8 - Telemctry Frames and Camera Paramctrs 'cnt'd)

Frime Ti "me (iii) | "ir.ie nl C: G~,S'm W Gw., "o

4 21"37.M5 IT11 -- 7 - 9.6633 33-V

-~in~--I w~

14 2137.i" 1114WP 2Y• 33" 1--

14 21 7IT4 2137.i 1 174P 2 9.6633 33.3 I 7 11

"Rd[ • F 2117423 2 9. Z 7, 33.3 '7 1

T1-42]3T7 2 11152P 2 9.633

14-2137.37 ---- 7 71421 37.35 1152 9.06,33 33.3 7lI

14 21237.38 11 13T 09. 3 . I I

SI2I3L2 II6P 2 .•3 3. 7 WlI 137.5 mD 1-7 =. 7 11

14 2137.4 - - fIgr 2 9.6-33 33.3 1

" mT u I 1159P r 2 9.6.3 33.3 71 11

14,213'1.62 " 1I.621 9.6o33 33.3 I1

1421 37.68 I16- .k3 - 3371

14 2137.72 i-rZ 115T 0 .6633 -- 7 = 7 11

14 21 37.75 A I16 I 9.,-&P3. 7 IT -
1421 37.79 1 7 2 93

7- i---r
14 2137.85 11 h',gP= 2 9.663 1337

1421137.99 11 170P 2 9.6t633 33-3 7 1

14 37.9rI 117P 2 9.66,33 33.3 --- 7 -- T
!4 21 37.95 11i 172P 2 .633.3711|

14 2137.98 HUY73 2 9.&433 3.

142 3.1 I174-. 0 9.mj3 33-371

14 21 38.dg 11176PIV 2 - g 9.6-I3 = 1

14 213.12 1T117P 9.6633 3 7 1

142138.15 2 rn .f= -1= 7- ---.- =
3 117P 2 .M 3 33= - - -

14 2138.22 n ~v 2 90.3 33...7 1[
14 21 38.25 i18P 2 9.6()33 3. 1

-- min= - -. M 7-n
14 T21' 38.32 111 - 9.7633 33.3 7 11

; • 7. 38.35 11i1841' .h33.



208 H.W. Smothers et al.

Table E8 - Tclcmetry Franmes and Camcra Parameters (Con'd) _ _

<• i~421193.4 l'lTF 9 .... . 1-3 " 33..3. . 7 if .. . i
-11l37rx J I=4 IImP 2 = 19, m p ' 31.3 7' '

1-4 -1305 111 , " .= 33.3 7 T Laid s uri J 3,7•T~2 17 ~ ~ ~ ~ -t - -
14IM wall 11 , ... 2 9.W/.3 33.3 7 . . . . ]i .. .. .. .

14 21 U 15 I l g . ..2. . , 33 . .... . .•. . . 1. .. .

14 21 40.29 11•24,-,7 2_ 9.03 33.3..

-- 1121,4U3,' I •jP 2 9TW3 33J 7 ..
14 24U i •35I " '' '0 , 9-.T6 =--333 1 ....=

"14 14 Z47 1124. k7. 7' 1- 133
1 2 1 M 1124 7a 0 2 9 .6 03 33.T "= 71i , . . . . .

14 71 Z14 IIZ"? 2 9.6M3 33-3 71

14 21 M12P 2 -Ttz 73•. ... T3 711 . . . .. I

1421 r i 2 .;U551 9 ' 6

"14 217 5,9 P'9. 33.3 .. . .. 7 .. .. 1..
14 21 = 7 I I ; , 6.6 1. . . 33.3' 7 ' 11
14 21 Q765 11 P.... 2' 9.66•33 33'3" 7 11 . ...

14 214. T • o 15.4019 333 , TF
1421407 11:351 ' 0 'o• g'' 3. 1

14214a75 1125& 2 15.4019 333 6 11

14 : ITgP ,T " 2 MAWR- 3.3 6 . 11

14 21 '- 1 22• 7 15.4013 33. 6 ..
1rr2i 1 •..i.01 331 3 - 6 ..
14'21 4,Q8l9' 11],b& 2. 15.,4014 33-3 6 .. .. 11

1421 4d92 1127r1? i2 ' r*fi.. 313,6 1421 4103 I• 1. 1 33.3 9 I.... .

:14 21 4a;; il'5i 2 ' 1'5.4014li 33'3 6 S .. 1..
14 2141]1 AUIi 1 " '5.40111 3313 6 1

S 14.-. Z17 FLS 12g 15.;4011 .. 33'3 . .. 6 1l

__J

J4r241N I12W 154018 6 " '1421i41.2, IZ P ... , 15=4 131 ' 33•2 6 . . 1 . . ...

14 it 1C.15 11273P ;t I f',,fO1 i 33'J.3 . . 6....1" '.l

14 2131.19 " l' 9pf 2 15.40181 33.3 6 1 ... .......

142141. % I= 11270l " 7 137418 33.3 .. .... 6• 1''•

14 21 41.33 17" 0 15.7011 MY.3... 6 11 .. l

13 2i41.39';2Y 0 15.4018 33- " 6 .... 11.....

i4 ~ ~ 2 I4 11Zi.i 1 15.419 ' 33:3 6 ... 11..... .

14 21 41.45 l lZ7iP 1 .. 15.4,19 33.3 6 1

S. o
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Tablc E8 - Tclemetry Frames and Cainera Paramctcrs (Cont'd)

L|4Frzre [ Tie (mz) *flmr m, Gim .nS"-p | Gain S

~~T2TI2r 7.F-~

14 1 1.4 127S I 15.d•33.3 6 11

"-"[1•']T'3T•'- lT7,.W F- 15.4 - 33T o 1

1421 415 -- 77 -T 15, - . - 1

14T2TZ, )7 1128 1413 --1- =. 6 1

1421 4177 11 1 15.4018 33.3 1

421"4.65 3 15.40-1

142141.69 2T - 1.6" 11 g dam interv
PC-!

142141.72 11 T 6 1
" 14 2I 4L7 11., i3 11 J33. 6 1

14 21 41.79 11287P 1 15.4015 33.3 6 11

14 '1 41.92 ll2"11 i 1.4 | 33.3' 6 11 ..

1421 41.95 112;V- i 1.,777733 r1

S...14 2141.99 11.1 MP -- T 152,d']' ---M. - -- 6 -1

14 97141.92 11291IP 1 15.4kj19 33.3 6 11

14 ',1- -19 1 P 1 15.44318 -- 3T = 61

14 21 42.0.2 11294"i 0 5.01 3.3U

14 21 42.W5 I I AIM] 0 13.4018 33.3 6 1
14 214".'19 11.196P 1 1. 18 33.3'61

14 2142.12 11297P =M 15408 M= 1[

14 '.142.16 iI129P 1--.-I 3. 61

14 21 42.19 1129p "1 ' 15.4018 33.3 6 1

14 21427.2 1 1w,• i- - 15.408 33.36M =

14 1 42.6 IIMIIP " I - =.01 33.3 0 1 i

14214229 11303P I 15.408 -- T = --- 11
14 2.17 2.31 3P 1..4018 33-3 61

142I4236 11304T 0 15.408 3. 6 ---

"--MF43- 11i30T 0 15.401s 33.3 6 1
14 27 Z2 1n•. ' 1-T= 3. 61

'14 21 47,.46"' 131 1.41 . 61

14 1,4.4 11O•, 1 15.4.0 i 8 33.3 6 1

'14 21 423,2 i |309P 1 15.4018 -- ,I = 1

'1421 42.56 11310P = 5.401H . 6 1

1 17142.59 11311P 1-"f =541 3-3"6 1

....1'421472.62 11312P 1 15.40183.361

14 21 i47-ZZ 11313P 1 15.4019 33.3 6 i

14 21 42-69 11314Tt -- 0 15.4T 1= -- M =... 6 1

'14 21 42.72 --- 15Tn -- U 15.4318 -- .= ---- r

14;114;..16 11316P 1 15.7,16 - 3.36 =

14 21 42.79 11317-I 1 15.4018 33-3 6 1
14 2142.92 11310P1 1541 33.3 6 1

S14 21 Q2-86 HAWI31.40IT

14 21 42.8; 1132•p I -a4•i~ 33.3 -6 11-Tr
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T4 ble E8 - Telemetry Frames and Camera Parameters (Cont'd)
r Iy I ume Traci e ..

F..... T. me .. . . Time (in: u Gain S
14 2!42.92 11321P 1 15.4018 33.3 6 11

14271 4Z=9 11322P 1 541 33-3JI

1 421 .= TM= -- = Slw 3 61

14 214 113N2T 0 .- . 6I
14 21 43.{kb 11325T- 0 15.4018 33.3 6 11

14 21 43.0 1132W 1 15.401 6S14 21 43.I 12P 1 1.. 33.3 611f

S14 21 4.1 11328P 1 1408 33-3 61

,1; 21 43.19 1 1329P 1 i 15.4018 33.36i

14 21 4= 1 .54w - -- - -T- -- 'MIX214 =1 4. 13T- 1 11 . 6 -114 21 43.29 11331P 1 .. 08 33.3 61

14 21 43.12 11I33 1 15.4018 333 614 2.1 =3.3 11333 0 15.40111 33.3 6 1

14 2143.39 - I 13T-r -- - 15, -l -7 = I--

14 21 43.3 -- T33MF - I --.- 1• 33.3 6-T --- T

14 21 431%4 1 11337P i 1-5.4015 i 33.3 1 6 11

1-R7T4 49 T133- -- = 15.4518 --. 3 6 11
14 21 4,T.=2 11339P i 1.08 3-

14 21 43.-5M 1134P 1 1.40pT 33.3 6 1

14 21 43..W 11341P 1 15.4018 33.3
14 21 4 .2 113 .42P S IM I0 83336

14 21 4. I133P 1 1..41 33.3 6 1 -
14 21 47M- 13TM3 0 ,41 3- 6 -

14 21 43. 1134.5TTTF 0 15.4018t 33.3 ' 6 11 _

14214 .76 1T3 15.4018 33Y -

142143.79 11347P 1 15.4018 33.3 - 1

14 21F43.M -r.401 3. -f - ---
14 213.1 11349P 1 15.401 33.3 6
14 21 43.89 11350OP 1 15.4018 '33.3 61

1R 21 Q3• 11--51 !=-r 1.5.40191 33.3 11r

14 21 43.• -- nn 1352 1 15.418 3=. 6 11=
14 2143.99 11353P= 1 1.5.4019 33-3 6 11

14 2144.U2 113.54T 0 .. 41 33.3 6 11

14 21 44.U 1135•5T 0 15.401D 3. 61

14 21 44. 113-56F 1 15.4018 3336iI

11421172.12 113.57P I 15.401s 33.3 .... 6 1

14 21 44.16 11!3.8P 1 1.5.4018 3. 6 1
14 2144.19 11359P 1 1.5.401 Z 33.3 6 1

14 21 44.2 1160P 1 15.4015 33.= 6 IIi

14 21 44=7. 11351P 1 1.5.4018 33.3 6 I
14 21 44.29 11362P 1 5.4018 33.3 6 1

14 21 44.32 11303P 1 15.4018 336 1
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

II Frame I ["lne (in.) flTme (mu) Ca Szai, Jeo Grin Sici J_______
1421 44.36 .... 113641- 0 15.4018 33.3 6 11

T T717017. 11365- 0 51. 3.3 6 11
14 2I 44.4 11366? 1 157M = 3. 6 1
14 2 44-;r1r67 1 15.4013 3. 61i\

1 1 . 11368P 1 15.4018 33-3 6 11

142144.52 1-m 9P -- = -1T5.1 33.3 6 II
142144..6 11370P 1 --- 4Trz - 3. -- 1-

142144.59 113711- 1 -1.m1- - -3 - 6
14 2144.62 11372P 1 15.4019 33.3 6 11

1421 44.66 ' 113T73P --- T=1 3. 6

142144.69 11374T 1 15.1s J: 36

142144.72 11375 0 15.4015 3-. 6- 1
S142144.76 117P1 15.4,0 18 33.3 6 11

142144.79 - 1Tm P 1- - --.TM = -- 3. 6 11

142144.92 11318P 1 15.4518 33.= 61

14;1144.96 11379? 1 15.T43- -- I 1
Mr--"[ ,[?lf- =Sil30 15.4k)18 33-3 6 1

1421 44.93 11381P 1 15.4018 3.

/•14 2144.36 ----TM = 1 15.-4018 33.36 1

14 I1 44.99 113837 1 15.40 1 h
t14 21 45.03 11384T 0 15.r4m18 33-3 6 1

14 214.5.0-6 11385T 0 15.4018 33.3 6 I11

14 21 45.09 11386P 1 15.4018 3.

14 21 45.13 118P1 1.5.4 1l83.361

!1421)45.16 1 1388P 1 15.4018 33.3T 6 i

14214.5.19 11•P 1 15.4018 33-3 6 1

[i 142145.2.3 1139,0P 1 1.408 3.. 6 1

14 2145.2.9 11392P 1 15.4019 33. 6 11

1421 45-33 11393P 1- 15.4018 33.3 6i1

"14'2145.36 11394T -- 0 15.4018 33."6 1

14 2145.39 1139TrM -0 1S.MI --. = 6 i 17r

14 21,A5.43 113%6P 1 15.4018 3. 6-r 11-7

14 2I 45.46 ' 1139-7p 1 -rz --- M= 3. 61

14 21 45.49 119P 1 15.4016 33.3 6 I11

14 2145..33 113A9P 19'.41 33.3 0 1l

14 2145..56 1 114",O 1 15.4019 33b1

14 21 45.59 " 11401P 1 15.018 33.3 1

14 21 45.66 11I"MP 1 15.4013 33.3 6 1

14 2145.69 --- 404T- 0 15.4018 33.3 6]1
, 14 2145.73 1140-T 0 157416 33.37 1

[ ~14 21 4.).760 114" 1 1..41 33.3 6 1 -

L; /

, / f-7
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
Teleetry titer i - r ume . racker L'ne ananLFrame I Tne (rri. TI re (m,'• Ga!n'¢• Gain st•

r... 1427148.06 l-n4'=.s 1 16.32.b9 - -33-.3 8 13

142148.26 - 1 16.3259 3.3 -7 13
14 2148.46 1 ---7P M =.. 1 6-.5 -3. =1

14 21 48.66 143, 1 2/.8 3391 ~ odIt]• r

r trcker camera FOV
14 214.86 11499T 0 -7.5823 33-3 10 13
14 2149.06 115051 I 2 7..5823 33.3' 10T 13

14 21 49.2,6 15IT 0 2.83 33.3 -0- 3

14 2149.46 1151T r 3 10 13

142149.66 115131 0 Z7.3823 33.3 10 13

14 2r1. 11529T 0 7.3 3, 10 13

14 21 5. 11535T51 13
14 21 50.26 11541T1 751 3. O1

14 2150.46 11547P 1 27-5823 33.3 - - 10- 13

14 21 59.66 1 53 1 2.83 3.01

14 21 50.8_ 115591T 0 Z7-5823 3.3 1013
14 21 51.07 155 7 83 3. 01

142151.27 0rT 0 27-5823 33.3 10 13
14 2151.47 115TIl1 0 "-2 3.101

142151.67 p11583T 0 75 33 10 1- -
14 21r51.7 11589T --- 2 33.31 -

14T2152.1 11595FT 0 Z7.5823 33.3 i1 13
14 2152..27 11601T 0 27.582= 33.3103

14 21 5,ý47 11TP 1 2.23 33 10 1

IIIH14 21 52.67 11613P1 .58333101

14 21 52..87 11619T o 27. -- -- r- -3--0-
14 21 53,07 11625T 0 27-5823 33-3 10 13

14 21 53.47 116317T0- -- 7.3 r= . 1

-- Tr"T7T- I IZPT -- C-- -- r -T TIT- DT

1421 53,7 11643T " " 7.5823 . -3 rr- 1-53

142153,97 116494- 0 277-5923 333 13
14 21 54.7 1165iT 0 27.5823 13 0 13

14 1 4,7r3 11661T o 27-5IT23 -- IT= 13

14 2154,4-7 11667? l-r VZ.823 33-3 l013

14 21 54,67 11673P i-r 2-777=2 33.3 --- 0J 13

14 21 54.87 11679T 0 27-d2.3 3. 01

14 21 51,07 11605T 0 Z7.582.3 33.3 10 13

14 21 55,2 11691T V 275823 33-3 10 13

14TMnr 2I I54 1677T 0 27r-q=2 -- 3.3 10 13

• " 11-031 0 27..58Z 3. 10 1

142155.87 33.3 10 13
14 21399.7 175" 0 27.5823 33.3 10--r 13

14 21 56.Z7 11721T 0 -273= Io 3-.--T= 1

14 2! -647 1112"1P 1 27.5623 - 3.- l=0 13
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
Time(ra) ITne (m G Gain Stew,

14 21 5&67 11733P I 27-/5823 33-3 10 E3

14 2156.61 179 0 232 3. 01

14 2157.(77 114T 0 273923 33 I 1

14215.2"7 11751T " 823 . 13
14 2157.47 IW1 i-/'I 0 V2-53823 33.3 10 13

142157.67 11763T -0 273923 33.3 10 13T
14-237.7 11769T --- U 2-7.5823 ---. = --- T= •--

14 21 58.07 -- 75- 0T= --- 2"7.583 33.3= 10 13'

14 2158.27 11781T 0 2"7.823 33.3 I0 13

14 21,58.;7 F17!7P 1 2732 33 1 1
14 2158.67 'J3P i 2783 3.I01

1421T5.87 7TT07T 0 1 3 I0 13
14 215M 11IBOT 0 17.3923 333 10 13
14 21 597. T liH IT 0 273873 33.3 10 13
142159'.4 11817T 0 273923 -33 - --- T
14 21 5;=6 33.3.3

14 21 59.88 11829T 0 273823 33.3 10 13 .•

14 008 11835T 0 27.5823 33.3103

14rr 22 194T --- U Z758 -- - -- 13

14 41 o 222 3. 10 131I4 22 O2

14 220. 1•4P185 0 / •27-3 •33.3 10 12

142210. 13PT 73 Z923 3 0
12.2 11879T - 27382.3 W 10 1-

14 22-U T= 12
tz 22 1.W8 118891 0 27..582Y3 33.3 10 12

14 22 1.2- f7=T 0 -7.523 33M= 10 T2-=

14 22 i.38 118MT 0-U 273823 33.3 10 12

14 222.48 1189M 783 3. 10 1

14 22 2.68 118913" 1 27.593 33.3 10 13 iP•

14 27 2TV- fl gr0T- - 77.5123 M3.3 10 12 T
14 22 3.M9 - 3.7 11 - 13-
14 22 3W- -- TOT= 1U- 27.59Z 33.3 10 13
14 2232.8 19193T 0 27/Z a 33-3 10 13'

14 27.3.W- 11943I 0 Z7.5873 33•.3 i0 13

141223.2 11931T 0F 27.5823 33.3 10 13 -=

14 22 4.M8 137 I Y-52 7.580 33.3 0 13

14 2243.2 11961T 0 2-1.5823 3313 10r 13
14224.8 11967P 1 7 7.5123 -- .3 10Tg 13

147224.2 11979T 77.5,123 3. 01

14 224.)AUN, 119419T 0 2"/•23 33. 10 1

14 225.28 11991T D0 V527.53 333 lO 13 13

14 225.4 19/" 0 783 3.10 13Fi,
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Table E8 - Telemetry Frames and Camera Pararieters (Cont'd)
L u,•I I "cl~emcfq I Li J,•'rEp. I H'e• ln•;c -c hip. C mcn u

I ~~Fm,,e I ! MI) ! "M m,? T L _ C.,2 _j.• s

14 22 SW 12003T 7 2I.3g2 33-3 10 1
I

13 7. . -T =-w - -7r--

14 22 &.38 12T009r F 0 - 27.5823 33.3= 10 13

14 22 6.28 !21T 0 2523 3. 0

14 12 6.2 f122T I 27.58C23 33.3 IO 13

14226.68 127P - 77.3'63 33.3 10 I3

142266 ",33 F 278, &M 10 13

14 ZZ 7.09 -- TNrT -- Z- -77= -- T= - 1- •,--
1422 728 12031T 0 27.5823 33.3 10 13
14 r1.48 - r-r- --- U- 2-r1=-3 -.-1--
14 227.6Z 12r 0 27I8AD 33.3 10 1
14 22 7.98s ioT 0 •. 3. o3
14272 8M2 12GS IT 0 27--59.3 33.3 IG 13

14728.49 12 P 2. 10 13
1422 8.69 --- MV 1 2'7_5813 33.3= 10 13

14 228.89 I--T 0 2.5-333 1 1

14 229.09 12105T 2-7.5.412 33.3 10 1

14 229.29 121 II/ 0 2.523 33.3 10 13

147729.49 121"' 0 -= N =83 333101

14229.69 12123T 0 = -- 7 17 33
14 229.89 12129T 0 27.5F,23 33310 13

14 17 10.1A 121351 752 331 13

14 2210.29 111 -/.523. 10 13

142210.49 1
14 2210.69 --- 153P I -- 27-83r -3.3l0 =

14 22 10.89 120159 0 Z7..5823 33.3 10 13

142211.09 1216ST 7 27-5823 - 3.T 10 13
14 2211.29 117T 0 2.3; 3.103

142211.,49 0 121723 33.3 IT - 13I
14 2,211.69 28T 0 .. 23 3.1013

147-2211.899 119 7383 3. 0

14 22 12.G9 Z29T 7.5823 333 10 1

14 2212729 122L1T 0 27-5823 33-3 10 1 -T

14 22 1-49 120P 1 2.•. 3310 1

14 22 13.J9 122T 0 2.833. 0 13

14 2213.29 121T 07.233.101

14 2213.49 12.137T 0 Z7..5923 33.3 10 13

14 22 13.09 2,3 ".633. 10 1

14 22 13.89 122Tf49T -- U -2733 -- 3T.3 -- M 13

14 22 4.09 1-7T0 73h= -3.-
142214.29 12261T 0 27.523 33.3 0 1
14 22 14.69 1227I3F 1 - M 27.82 33. 13

14 2214.89 122"91 0 -777=3 3.3101
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Table E8 - Tzlemetry Frames and Camera Parameters (Cont'd)
T eI•.• r rcr p. IIMiee Trcker I P Corae=

Frame hr(i Tie(i GinS GanS

14 22 15.09 12.285T b 2-.I•2 33.3 10 13

14 22-.2 B= 91 -- 27.582 33.3 l0 13
14 22 -.;;T 27303 33= 0-Tr-3

14 22 15=.9 12303T -- 7=g 33101

142215.89 17309T 0 Z7.5823 333 10 13
14 22 r6079 12315T- - -0 2.52 301

"R•t• 1231T" 0 2i2 33 10 T1 __ __ _

14 2216.49 1227 1 27r-%= 33-3 --- 7T13T

14 2216,69 12333P I 27M823 33-3 10 13

14 22 M=.• 127T339 7.5 33.3 -- In li

14 22 17= 17345T - -"7.T= . 10 1 Cloud trail dhsappears
from tracker camera

1 7.30 =FOV
14 M2 7.30 12351 0 27M823 33.3 10 13

14 72 7=7 12363T 7 "73I.23 M. 0 V=

S422-7T p 7 =3 33.3 -T = 1
1472 1Z72 r 2732 ---. 3 -- 0 --
14 27 1b.30 17.381T' 0 Z7.5823 33.3 10 13

14 22 18lr23T= 2 3 2 33 .3 10- - a3

14 22 &70 27.5873 33.3 10 13

14 22 18.9 12399-" -- 773r= -- 3-. 10 -1
14 2219.10 12405TI 0 2'7M23 33.= 10 13

14r22r19.90 12429T 0 27.8n -3I - 0 13
14 22 20.10 145T 0 282 33101

14 22 M03 241 732 33 01

14 22 20.50 12447P I 27.582 3.3.3 10 13

14 7.2 2.7 1-M =3 I Z73=2 -- 3.3 --- 13- -- r

14 22- 20.9D -24-T= 0 27.5=3 33.3 -7- 1

14 2221.10 12465TF 0 27q82 33.3 10 13-7

14 2221-30 12471T- -- U 1.5823 33.3 10 13 [

14 2221..50 124 Ur 0 2.52 33.3 10 1

14 2221.70 I2483T -- 5 /-- 2 33.3 --- 763

14 22 21.90 Trgn 12 '1 o 27.5r3 .... 'T. 10 1

14 22 221 245 7.5823 33.3 10 13

a

142222.30 12501T 0 27.587.3 33.3 ----0- 13/
14 2222.50 12507P 277.823 --. = 107 13 T7 /

14 2" 22.M0 --- 13 l "/ 823 3 .1013/4

14 22 22.90 12519T= 0F Z7.5823 33.3 10 13

14 2223.10 12.52B= 0-T 2-7r82. 3-T 10 13 7=

14 22 23.30 12331T 0-- 273823 33.3 10 13

14 2223.50 IZ5T 783 33.3 01

14 22 23.70 12543' 273823 33.3 10 13

i14 22 2.0 12549T 0 Z7.5823 33.3 10 1
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
IU1~~ m r~ hie 1kr, Iak~ hi,.I iunep ace. __r- I-.p_ I Pin E.CW C

14 22 24.10 12W51T 0 2758 23 33.3 10 13

14 22 243 123T v 2733 3. 10 13

1422 24.30 1 27M83 3 10 13
14 2224.70 !2.573P 1 2.$2 3• 01

14 22 74.9U 12.579-1 0 7u83 3. 10 ---

14 2225.10 12.585T1 0 2r.5823 33.3 10) 13

1422 25.30 123911T 0 1,7-ýsz3 33.3 10 13

14 U 25.50 12397T 0 7.53 3 10

14 22 25.70 1260.3T -- - 277 = . - - - 3-

147225.90 126T "77.823 33.3 10 13

S14 22 M11 M T 5 3 1- - 1-
14 22 2631 12621T 0 27.823 33.3 0 1

"14 22 251 12627p 27.5823 33.3 l0 1-
14 22 2&711 -- 2123=P 1 2. 33.l01

14 22 2.91 12539T a =.T 10 13
1432227.11 126451' o n7.T5b3 33.3 10 114 2M :Z7.31 12655 11 0 77-502 ---. = 10 13

14 2227.51 12657T1 0 -- 27.5T2 33. 10-T 13rs

1422 27,71 126631 0-- 27.583 3. 1 13

14 2227.91 126603T 0 2'7.58z7. 33.3 10 13

14 2228.11 126b75T 0 277=52 -- "1 10 137

m,14 2228.31 126817 27..5823 33.3M= 13

14 222St.51 12.68-/F 1 27.83 3. 013

14 2228.71 12b93P 1 27.5823 33-3 10 13

142229.11 127MT .

14 22 29.31 1271T 27.56Z.3 10 13
14 2229,51 1271T1• 0 2.53 3.310 03

14 22 29.71 12-12J-T u 27.5823 33-3" 1 13

14 2229.91 1--277;9T 0u ---82 333=0

14 2230,11 12735T1 752 33.3 10 13

14 22 -30,51 12747P 1 17b2 3 0 1

14 22 35.71 11153P 1T --. =23 33-3 10 13

....14 22 3(191 12T759T -- U -7.513= -- T= 1

M 4 2 " '1 1 " 12 7 6 5 T 02 . 8 33 3 .3 10 13

14 2231.31 12771 T 0 --..-82 1330 13

.l14 22 31.51 1 277r; 0 27-5823 33.3 1013

"'142231.'7'1 o2t3 27.5823 33:3 1013

14 a2 31.91 127891 Z 7.5623 33-3 10 1

S14 2232.11 12795T 0 27.5923 33310 13

14 M2 32-31 12801T 7.13 33 01

.. 1422 37-51 1280"7P 1 Z;..583 33-3 10 13

L 422 32.71 1=11 7.52 31.3 01
14 223291 12S 19T 0 75"3 3.' 10 1
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
anw y , w. JIr h I

FrameTme() Tme(a aiGanL

133.1 12825T 0 -- 3- 33.3 0 13 -5

14 2233.51 123T 0 2.8333103

14 2 2 3 3 .3 1 1 2 M T ' 02 - .5 6 2 .33 .311

14 2233.92 12849TF 0 Z27.3823 333101

14 22 34.1 12855T= 0 77.83= 33.3 1013

14 22 34= 12961Tr- - 27.52 M -33.- 10 13 a

14 22 34.31 12673P -- = 7.2 33.3= --- 13--r

142.3 = -- 7= 0 1- 5 10 13

12 35.2 u~r -- Tu = --37 .n

14 7.2 35.7. 12973 - C- 1 27 . 3 33.31

14 22 35.Y.4 1279WT 0 10.85T7 33.3l01 ]

14 22 X.512 129131 u IU.8.)TI 33.3 10 13

14 22 355 29"" 0 10.95 71 3-3-0-3

142 357 20T n : 081 33. 10 13i14 22 % = 12pPT -0.57 33. M10 -3
14 22 %=.12 125TI7 0 10.8577 33.3 l10T 13
14 Z2 3&.Y2 12991T 0 10.85T7 33.3 10 13

14 22 37.=2 12945P F 0085" 33.3-T3 107 13T- ---

14 22 37 1T239T 0 10.857 33.3 11477237.72 1--294 i" 1.85" -- M3 --- T =

142237.92 129691 0 1.85-"1 33.3 10 13

14 22 38.12 12975T 0 - 0. = 33.= 10 1=

14 Z2 3 =3 1298=T 0 -- T = --- T --- r =

14 2738.52 128P 1 1.57 3. 01 Star 27 plume enters
14 2 3892 1999 0 1.85/ 333 1 13 plwne camera FOV

14 2239.12 13005T 0 8.03 33.3 10 13

14 2239.52 131T 0.60333013]

1,122 39.95 100" 0 8063 3. 01

14 22 39.99 103T 0.6¢33.103

14 22 40.02 13032P 1 9.6003 33.3 10 13

14 22 400 303 .60 3T 01

14 22 40 .0 13 034T - - - r 8 .6 •03 33.3 10ff 13• "

14 22 40.12 13-03 )T- 0 - M -.6-.T= 33.3r0

14 27 M= 15 1305= 0 8.M=•0 33.3T --- M-•,.

14 22 4Q.19 13037T 0 .k 33.3 10 13
14 22402 03T 0.03 3.3013l

R4 22 4Q29 1304A 0r.60 33.3 1013

14 22 40.32 - 34T79 =.00 33.3 10 1

.4 22 40.35 134P 1 8.03 33 10 3 •

14 22.40.39- 303 1 8.6003 -- M 33.310r1
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
MII , . 11 . l I.. . .,iI I•M --nty | Fuu, | ira cr Lxp. I i'.uxr', Lxp. I'Irakc r I PIan om ~ .

I r iTime (ro Ti (moL G, nS.m L G-n S

14 2T.2 13044 F u 6. (W3 333 .0 13
14 2.2 4a.45 105 .0323 01

14224(149 T -. , 13

14 22 40.52 G34/[ 0 &G33 331 3-.

142 . T 0 4.55 3. -10- 13T
14 2.2 40.5A. 13049T 0 8 6W03 M:31 13

14 22 4132 13U501 .03 331 13

142240.65 137n T 7 . 3 - -

, 14=24(69 13(b2P 1 8.601 3 333 10 13

II142240.72 13a3P i - =j3 3 10 13

142240.16 13054T T 10
14 722 4.79 1-T3 =5 -- F= -.--Y = --- T=1 13

14 22 4a.82 - 3-T7 T 0 8.6W03 331 10 13

T14 22 4U66 13057T I -- 0- 33* 3

14 22 4.9 13058 0
.i14 22 =7.9 309'[ = .•3 331 13

R 72 4o.96 ' 130C [ 0 S.(f W3 33.3 1 1

14 22 40.A - 3- T p = 0- -733 -|--=
14 22- 41.02 = .36 = --I• ---3 - T3 -- _ _3

14 22 41.06 130K6:,e 1 .t 3 31013 1

142241.16 136Tg 0 .6(X)3 333 10 13
' 14 2241.19 1=6T . 3 " 330 13

14 22 41J2.- 130681T 0 9.6W.313
142241.26 1306TLZ o 8 .063 33 13

1422 41.29 1 7T 0 .03 33J 10 13 "'

14 2241-36 13M7=P I 8.6W3 33 10 13 ,:

S...14 2241.39 137P .-- 333 01=:

14 2241.42 IJ1304T 0 8.6023 33.3 113

14 22 41.46 I361" 0 -- 7 3.3 13

14 22,41.49 13.76T 0 -.6•= 3.103
14 2241-52 130M0 .03 3 0 [1

14 22 41.56 -- 3078T 0 8.&A 3 33.3 10 13

14 22 41.59 13-7TIM =.00 33.3 1T0 13

1472241.62 13•F 0 860 3. 01

14 2;ý 41.66 13081T 08.=03 -3.3 --- 1=

14 224,€1.69 3Z I •00 33.3 10 3

14 2241.72 1301/,3' =P 8.6GG 233 1 3 • .

14 22 41.T6 13084T 0 --. =~u 33-3 10 13

14 22 41._19 DOW'5 0 8rol33 l0 1

14 2.2 42J39 13103P I M.AD 33-3 IU 13

14 2242.49 13Ti05 8603 3.31 12

14 22 42.52 1310/1I 0 7.777f 33.3 10 12
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Table E8 - Telemetry Frmes and Camera Parameters (Cont'd)
U L" T T meinery ] Filtr ••Tiackev -F.| ••iurnt rtkr ] Pm, Cn•t

1 .... .I e Time•••jJ•_•)•I p ~ 3In Gsn
14 =: 4136 IT•r U9 -.- --D 1.. 10 12

14 Z.41-3 .... 13109"1 I .Mx --- i* 109 I z

1I,4:62 , f 0 76M= 331 10 12
14=4M 1311 IT - U•-- 12
14 22 42W 1311'F I 9.60W 33.3 X 12

1' 4.Z72r 13113P I R.M 33.3 w0 .14 22 47.70 13115-1 "--T ... .-6, 3 333 1"7 . . 2 '
14" Z. 13 116T 0 8.¢X03 3. 012 ...

14 2242.86 1 1T 0 .033310 12 '
1•4 22 WO• .... 81 0s B .,o3 10J 12 R
14 77, 2,92 ' 3"• t

•1412242.96 13120T 0 8.6M£3 33-3 W0 12
142242.99 " " 131211 0 8•.600 33.3 "10 127.... .

TT~T77= 11T0 Iz

I Ip

14 22 . 0.63 12

1 422 4371 "' J~r - o 321 8.6mY .. 3.3I 2 "R

1472 43.12 1u26 0 A6•O 33.3 l I,

1;422 4116 132"1 8.60W3 "3-3 .... a0 12 ...... .

R422 4 =. 13TT .6003 333 10 ... 12.142243.22 13128"T "0 6003 . ... T =3. --- I=... 2

R4 72 43.32" 131S•T" -- o - UW€3 33-10 ... 2=..

-"1'472243.36 13132.P 0 8.c)(03 33. I 12 ... [
1422 43.39 13131P 0 LAW.(• ' 33131 12 "

14122 41% 13134T I.. 0 ......8.03 33-3 10 ' 12'
S142243.46 ... 13133TP 0 .... .6IRM 33.3 10 ' 2 ... .....=

S1472243.42 1313316 0 ' 8•.6W• 3 .... 3 =.'' I ... 12 ..

I1Z 22 43.46 13133T- 0 • .600d3 --- 3 T = 1 .. 12 ...

R 2 3 .4 13136T .. . 0 8.6WJ 33-3 1012 ..... .... ]

14223.5 -- MT-ro1
14 22 4M.5 1 3139T 0 8.-bwj 333" " 0 toi
I14243.63 .... 13140T"n0 8.=(0 M•33" -- 2... ...
14 2243.69 13142P 1 86W03 -33.3 .10 '12 Iegin data interval 5.-

14 22 44.16 1315•61" 8.603 .... = ---- rr 1o2 '
14 2244.9 r '' 131 E•/ 8ZM,3 3- '= |0Ir 12 ....

'14 22 44.23 13158TY .... 9.6W3" " =.3 10 12 ]

-742244.26 13159T 8 .6001 ' -- 33.3 1o....... 12 '

...14 2244.29 131I0T 0-F 8.6GD3 33,3 10 "'12 ...

142244.33 X.03 - = 01
141• .. 0 ..... -- .g " •337 1o 12. ..

14 22;PI:39 13163P 1 's;• 33-3 10 12 •

14 2 4,43 i314P 8.003 33.3 10
. ... 333 10 _
1, [ , 7 p
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Table E8 - Telemetry Frarr.-s and Camera Parameters (Cont'd)

UM I 7 7i ,•,xn ,r I - ', F ra k r ,x. ki 'er "Lxp T Z riecker F vk itrerue1 7mi ...... .

F _ Ti Ti( Tim. (m "i 't~in S.zJa. n SIvn

I 424.4A9 ' 1 - 1 i 8-.UZY - 33.3 I 0T -

142244.53 13!7P 1 8.03 1014 22 ,t4.9V3 137P .&M 33-3 10 127

1422 T4.96 31&T o 8.6W03 33.3 1 ''"

14 22 ".99 1319!Tf 0 8.6W33 :33- 0 * 
-

14 22 45.03 112Y .•3 333 10 "-2

14 Z2 45.U6 1313P 1 3 10 -

147,245.09 1I P 1 86•331 2 !'-

45.13 3 5 1 5. 33ip 10

14 " 45.16 3 6 i .- 33.3 10 1

1 22 43.19 1317P 1 8.t63 10 13

14 2245.23 ý 13188P` 1 .633 3 10 13

-14 22 45.26 13S9 1 8.W333 1 13,

-14 7.2 4 0. 9 -13 190 0 S.6 Z3 33 .3 10 13 .=

14 2245-33 13191T 0 8.(AA3 33-3103

14 22 45M 1DT312 1--- T3 33.3 10 -

-TTT; --' T T13. - 10'

14 22 5.39 1393P I F.r . 1=

142245.43 1 - -. _3I 33.3 ---- 37, 1

142245.46 1319511 8.6O03 I

14R 22 45.53 13197P 1 .03331 13'

14 22453,6 7319911 -- T -77=0 33.3 1013,•

14 22 45.59 13199P- T 8.&W3 333 10 13"

14N 22 45.63 1--32.£0T 0 --- ,fi/33 33.3 i0 13

-1]422 45.66 13201"1' 0 8.6= = 33.3 10 13T

-- Tr14 "4.M3 123 -1 ••.' 33.3 ,013

JA MO4.3 36P 1 .,03 33.3 013

14 22 4.5.i93 13T2M=S I - 0== 33.3 10TU 13

147,2245.86 13207P I 8.6W03 33.3 10 13

14 22 45.896 132101 9.6005 33.3 10, 13

1422 45,.96 132101T 0 8.6W03 33. 13 "

14 22 4-&03 13212P I 8.6033F = ),*.3 10 IT -

1--4 -22 4 A 0 6 132 13 P -I 8 .6 W3 - -3 3 .3 10 1

- 1 4 2 2 4 6 .0 9 1 32T Z ,4 P - - T '.... 8 .T U3.3I 13

-14 22 4 6 ,13 13 2 15 P 3 3-.30- ---3 3 1 13

1J4 22 46616 13 16P 1 8.003 33 -3 10 13, '

1-4 22 46619 UZI1/F 1 83 £•3 33.3 10 13TT

14 2246.23 13218SP 1 8.6CC-3 33-3 10 13

14 22 4&.7h 1 19 1 .03 331 13 ...
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Table E8 - Telemetry Fr, anes and Camera Parameters (Cont'd)

Tim 1322I . wIJ3 Time Ii 13

R-1 2724 .9 I• Pa -. J333 - ID .. 13 ,
""14 I R • •=T. lo o
14::.;W,4 1322,,3 "- T~ -- S -,--337 - 13 --...
14 V2 4&.€ 1322smp- I= M.• 130 13

14 23.=4•3 I1ZI,4FP 1 .6cu3 33.3 --- T=

14 223M P .1. 33-3 10 13

TT4i" 1~32P ... r T.• 313iO 1

14 2,2 7M6 13=6p• 11' = 3 133. 1013

14 ,22 46,66 13231 0 .6 33.3 I0 1

"14' 1Mk= I I.M 33.3 13
14 7.2 6T 3• 1 9.600 33.3 10 13

14 22 4,76 MT 1-2-U.P-- I= -- "Y- 10 13
422 4&66 1,3231T --- 1- MIO 33.3 10 T

14M& . 123••T I 9.6TW3 33. 10 13
14 22 4,CL6 197' !GU3 333 ' 10 1

14 1332T' 1 ' g.i- 3f. 1- 1314 22 74.9 1323P i .• 3.] 1 3 ,dtat-va 
•

14 M ~ 4.9 M377 33.3 10 12
14 ~72 4& I1P-- - Mi 37u1

I•-I
14 2.2 46 0 8..10 11
14 22 47.W - 13241;F 0 8.6WW3 33.3 10 13
14 2247.M- 137N ,P I &.W=0 33.3 10 13
14 22 47.M- 1324P 1- l J3.• I3 1O 12

14 2247.1i0 134P i |t'0 33101i

14 22 47.1 13243P 1.6 3 33.3 1
14 22 47.1 1341a ..... i8.:0 33.3 101 ]

14 22 47.M0 i12"7" - IT.6t- -33.3 1011

14 2247.2 13249P 1. 1333.1 10 " 1

'14 2247.W - 1W-VIr 0 ' A M.0' 3.3 1
14 22 47.33- i3- -- V5 i 9 .6003 33:3 --- 12
14 M, 47.3 10 k• i I= I '.L 1-,n .2 •.
14 22 47.4U- 33Z3P 1.6wi3 33.3 10r 12

14 2247.4 132.54 I .W003 33.3 10 - 1
14 22 417.4 13255P 1 - TZN 33.3 1o01
14 22 47.5 13B 1 .60 33.3" 101
14 2247,.• . . 3.53 r 77 = - 7 .07 333 10 1
14 7Z 47.39... 132 -- iVJ 12AM •3.3 10 12
142 7L- -' 13259P 1 -- ,v4- 3 33.3 10 1;:

14 23 47.65- 137 .61T a 8 .w l" "M3'I01•

1,4 22 47.M/ l "= I,£• Alf.3 I 14
14 172 4773 M

14"2 47.• 13 63P II,~tia1 "33.310 1z
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Table ES - Telemetry Frames and Camnera parameter, (Cont'd)

ý")P-Timýt
14 1247"1
14 = 47.

1_22 tX- 171

14 22 713-I
14 ---T -L I

14 22 - 33
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

Time.,g tinie nit Gain•Sce, GafinSt - I

* -"tJJ'--, -- -• "n-- tl'-* ''"try ~ - --- -

T T "-tTp+ "-- • "s'- - -r'ri- --- Ty-

*~3 10~r+4 .
14Th 22X.0 13Mr- I -o~ 13

1 42249.7 -1 r7 --
14_____10

" "142249.83- 133 -33-"J--' - - -

14P 22 49.97 33.3 Ir-

10'

"--'''3---

" • '" 33 10 1 3•

13 ----"J T"- --".3 13
RIM 1333 • -S,-- ,-J.- o._

1420 TU3- 10
- -T~ w 10 1

+ ~~~= "i .... "•:i • + ... ..

144~: 222 
,QS - AM 33
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
UMT 12Cu7t~ Cl r-i k I k•'p. p 'm . TCc, er ICTU CAi

Time i(rnl Time(ms)

S14 22 51.LM 13Rt•.] ... 0 - ---- IfZ 1

14 22 51I.U7 136P =.,3 3.01

14 2251.10 173.4 ~ •) 3 01

137251.20 17 1
14 2251.23 1-• .t/ 3 01

14 22 51.77 13369P 1 10 13
S1472251.30 130 .O33. 01

14 2251.33 Will1 0 W.A, B 33.3 I0 1

14225137 133772P 1- --- Um = --- 103

14M22 5771 2131T9P 1 8.j 10 13
14 22 57-97 1---- f 0 iTwo 33 0

1422 33.00 134I N T 0 8.60r 3 --- I = 1 0 ...... ....

14 225•'3.04 13422P I g.6wgY 33.3 10 .......

14 2 53.U7/ 0742.3 I 7 3

14 22 53.10 173777= I S.M 3.3= 10 13
1422 53.R 12 T . 3
1R 22 53. 17 13426P 3 .6W£/3 33.3 10 1

14 =2 53.M0 147 -- T 8.6I,33 33T.3 --- 13

14 72 53.24 2;4• 1 8.iAA 3. 10 13 "

14 22 53.2 13429P= 1 .-- 33 =. --- 13- ---

14 22 3•3.3D0 1343T- , 0 8.6W03 33.3 i0 3

14 22 5T7I3. -- I3Tn 0 S.D3 - .30=
1472253.77 1342P r6[M= -3.- l0 13

14 22 53.40 1.3P i 8e033. 01

1422 53.44 13434P 9 .00W3 33.3101

14 2253.41 13435P I -- .6z•vt 33.3 --- TT -T

14 22 53.5D 33P ,O 33.3 10 13

14 2253.54 13437P I 7=00 331 13

14722,53.51 --- 43•7 -P 1 .I6053 --- .3 --- M 1- '\",

14 M2 53.6D 13439P 1 IgX3 33.3 103\

1Y4-2253.04 ' 134401 0 8.03 3310 13

14 2253.67 '-13441T o ./3 331 3"

TT~3T7r- 3P F.J
14 72.253:70 13444P 1 ---T. - 33.3 10 13
14 2253.80 1344bY 1 16• 33 01

14 22ý 53.54 13447e I &.6W3 33.3103

14 22 53.90 Iw48P 1 i60 33.3 10 1

1422.)3.94 1344VP I Izi35.31 2'
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Table ES - Telemetry Frames and Camera Parameters (Cont'd)
- i I erat r Ep. Tracer j s ij

14 223 -3w - 0 -8.r - 12-ro -

1 22 P . 33.3 10 12
1422. 5•4.04 ... 1• , 8.600 3--T = 10 1|2

14 ,.l M4M .2A 0434 1 &bW3, 33.3 10 " 12 .. • "

.1 T I-M - = -1 .-
142254.1 P ' I I .LIM= .33.3 10 12

11 2 4." 4 1•S[ 8.6W3 33.3 10 12

142254.27 134.9P 8.90 33.3 13

14Z 4 -TT4M TF- g.w 33 IJa

1427 3 4.37 1T4,TP m -. = 1 -0 - _

142254.40 1346T. 8.6M . .03 10 13

1422.3.4. 11746P 2 U. 33.3 1

14 2 R7 "2W -- r~ -- M 101

14 2254,1.50 3,3 2 5.6 333 10 13

1 4 225•4.54• 1 d346F 2' IR ---( 33. IV 3 e

14 2.2 ,.M.75746 2 8.6(u3 33.3 la 1

1 4 M, 5•4.-60 1369 2 -- "R l 3- 3...... 10 ' 13III+

14 22 54.59 1'•347•0T 0 I-a -- 3-T = ] Z "I

14 22 ý5,4.67 134711' 0 S.RM -- 17= 10 13

A42 AZ 4.7 IU 1342.Y 2 8.603 33.3 jo

V ,12 54.74 D4--Mr-6t' 33.3 Io- 13

i 14 Z2254.74 13476P l 2 1,6XS. 3 333• - T 1t3 .....

1J4 U.45 sI II • P•I .60 33.. II .. 0 13 .. .

14 2T! 5rrA 2 -- gr 10 13

14 22 37M.] 13479P 2 [ 1" 33.3 15 10 ...
ft•

S142254S.97 1.3wr 7, 9.6W,3 33.3 10 13t

14 72 333 1 ' i ••0 1 3 . ...

14 22 55.37 13w9P 2 8.60,03 33.3 MO 13
14 3..1 ..... .......6 0 33101
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Table E8 - Telemacry Frames and Camera Parameters (Cont'd)
Ttlemmc~y hIzr Tmracxr p.kuc jIa-e
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)F . I I II .• uk I
Fr m~-i- rr (-) (MI G -n- -Ei I

14 22 5&91 13538T 2 333 l.
12 22 -S.9z 13.35WP " 2 -.- T=3..3 ... .10 "' I

I =2 R 1.. 354T 0 3.p 33.. 1-. .
142237.01 13 0 S. M.3 1

14 2 7.2 3- IJ5437X 8.6=0 33.3 10 13

142257.11 13544P 2 U 3 33.3 10 13

142 7.145 2 8.6(_ ` .= 10

1727217 .2 M 31.3
.14237.21 13547P 13

14 72 77 1354P T -W 1-TJ -1 13-i-

R158 M' 57.313 33.3 -- ...... 3 .. .. •
1422,57.24-T =?11

142257.7 13549P 2 8.633 10 -3

1422 3 -. 13553P 2 .63 333 10 13

R4 Z2 7.3-'44 1353V 5 .=i• J3 ... 10 13 ' '

14257.47 i 2 .6003 333 "- -X- i3
14 22,731 35P. 2 .. 6 3 33.3 10 13

1i4 Z2 5-1 .. . • •• ......5 1,• ... .. •33: 10 .....-T ..
14 ZZ 3.57. " " 39P2....... .0 ..... 3.3111 10'3

147.237.61356 "" 2 .[0 33.3 "' 0 .... 3

14 22 3.M 15U 0 5.Twi 3.3 -o 13

1422317 1 IWF -- r- -I-TM -- M= 1 13

S...14 22 7.61 ... 1.339P 2 HIMi6 3... 33,3 1 13 j

-- 42.2,57.77 13564F 20 4.6(,U 3313 10 1 3 .. .. .

'14 2257/.1 13563T 2 SAMT 33.3 10 13 "_-

14 2237.84 13562 2 8.6m0 .. 3•.. 01

14 2 S7 Pý57 2 8.6W3

14 22 57.91 " ' 3.4P r - 1.60033. O 3...

147.2237.971 10013 5 2-U 4.6W3 " 33.3 1 0 13 ..

14 22 N 3 2 ..... . 8.6003 01

14 22 59.M ' ' 13• .... 2 9.. 3 33.3 10 13

14 22 3X7.9 11-'3P 2'....... iIWO3 33.3 10 --- T =
14 = 1 225 -4 132 ý3 .. . 3. . . 10 '' 13

14 72 5& 14 13575F , I.= 3•33 '' l 15

'14 2251 IM76 1P 2 8.ULM 3. 10 " 1

14 22 58&21 13B77P 2 86'03 33. 10 113V

1 4 '22 5&24 15 P' 2 '1•33.3 ... 0'3
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
i M £c"hinc.uy hi t r '- rac.kur Lxp. | klm Ewn . A Yra(er t I • n

=J -11t1T r(S)14T223 8.23 Ti-'gP 2 b.tW3 33.3 10 13
14 22 8301 135801"" 0 8.-U0 33.3 I013

14 22 5&41 13353F 2 8.OWT 33.3 10 13
1472259.44 13584P 2 .6I 3.310 13j

14 22 5&48 13585e 2 .-- T=3.3 i01

142253.51W 13584P 2 9.6U03 33.3 10 131422 38.54 13588P 27 8.6003= 33.3 i0-T 13-

14 22 5W.61 1597P 2 .6-73.3101

14M22 5T.64 ., 3. 10
-14 E2 A68 139 o 8.6W03 33.3 10 13

14 22 5&71 1359Z.P .,• 33i 13

14 22 58.74 13593P; I :.33. 01

14 2253•.78 154 .033. 01

14 22 5&91 13595P 2 8.6T3 33.3 10 13
14 22 59.84 135%OP 2= -.-0 3.310

14 22 5.89 13N97P -- rm 8. -"S= 33.3 1 =

14 22 50,1 13598P 2 . -"0 3.310=

14 22 5&94 13599P 2 8.6003 33-3 10 13 End data intervai 6,
PC-214 22 5&99 13MP1 0 8603 333101

14 230.58 IM0•P -- TM=0 --- 3 I 1

-TT=Z 13&lT -- "j3=
14 n3 0.64 16, " 0 .0 33103

14 230.6 13651T 0 8.6UQ3 33.3 10 13

147.30.71 1365.P 3 6.60U3 33.3 10 13
14 23 074FZ 13653P 3 g63 3. 01

14230.78 13654P --- row=D 33.3 10 13
R4 23 0.81 13655F 3 F.EW=' 33.3 10 13

14 23 b184 13656P"- 3 8.tm=Y -33. 10-rr 13-

14 7.3 .91 -1368P -.00
14 230.94 13659P 3 8.6CO3 33-3 10 13

14 23 ON9 13660T= 0 8603 3. 1

-''T=' ]"--131Tim=6•3 333| 13

14231.04 1 2P 3 8.6_03_

14231.08 13603P 3 T, 310 13

14 23m1.11 13664P T- .- n-3 33.3 l= 13

14231.14 13665P 9.600 33.3 0- 13
14 231.19 15666P 8-6G603 3. 01

14 231.24 13668P 3 S.6003 33.3 10 13
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Table E8 - Telemetry Frames and Camera Parmeters (Cont'd)
U=Wy ftm Idnu hc rackerI~p a l). c Urac I_ Var7 I ti eTime (ms) 1

trbm (ml (&an St G1 AM ~

CUM- 1W- -13

I,23 145 13674P 3 -1 M-1 - in-
14231.4 136753

14 23 13 13A61 
-- l lu 13__ _14 23 T3 - -rJV-- 33 Ju duin

*,v13678P

2W~~~1 T13 ~

0 S. a
1368T 8.W3 3 -Tg

142T .Zg 1397 p 1014 2 1.9 - - -TIM r -331-T -7
14 231.95 --rS~r-U
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Table E8 - Telemetry Frames and Camera Parameters (Con*'d)
I U T T cmm'y I ~tr 1rac•r i•p. II1~u: -. xp. !1 Tak.r | Pme I C• m

__!Fxe I I[ "m is Tte (ma) Cam 5•ep G O~nSSet J
14 B3 7.71i 31P 3 8 33-3 -= I0 13

14 232.75 3T71P = 8. 33

14 23 2.7 3l71 33-3

14232.83 13716F 3 8.6wi j33 10 13
14 237-91 1316 3 8.6O03 3. 01

14 Z3 7.95 3]T .6~T 3 01

14 221718 3 9.6003 333 10 13

14 2332.9017913 8603 33 13

142332.05 -137 =vl 3 8.6(X 33 01

14 23 3M 3 0

14 Ii 3.15 1 J 7-T-) 8."03 33.3 10 13
14 23 3.18 -- 7=7P 3 -. 0003- ---. 0

14 2332114 3

14 23 3.1 137/29? --- 7 8.60,(X3 33.3 10 13

14 233.318 13u 3 5.6U03 33 03

14 233.35 137311 3 8.071 3.3101

'14 233.3.5 13732iP 3 8.6•0 13310

14 233.241329 8.60.03 33.3 10 13

14 23 3.45 13734P 10 1T

14 233.48 13735T 0 663 3.310!

14 23 3.41 13736P 3 8t,3 3. 01

14 233.45 13"/34P 3 9.... O,3 33J 10 13

1423 3.8 13738P m T3 8"3 3

14 23 3.61 176 .•33. OI

14 23 3.33 13,- 7 38.t,0333 1 1

. 14 23 3. 13741P T 3 8.6003 33-3101

14233.1 13742P .03 33.3 10 13

14 23 3.75 134T8.6003 3. 01

14 2.13.79 1341 0 .6003-- 3. 0

1423 3.81 172' 3 8.6003 33-3 -----

14 23 3.75 1374P 3 860 3 01

14 2n7. = 3.874.03 10 13-- TT7 13-148 m

14 233.95 13749P 3 8.60,)3 313.101

1- T 3T. 13750T 3 8.6003 -- T33 10

14 234. 01 3r74 - 3-- 8. 33.3 10 13

14234.05 -7373= 8.60M

F1,14 234.418 13753P 3 -rum0 33.3 03

4 1 2 411 13 /.4k 3 8.6W3 33.3 u 01[I
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Table Eg - Telemetry Frames anld Camera Parameters (Cont'd)
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Table E8 - Telemetry Frames and Can'tcrn Pararmeters (Cont'd)
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
UNTr hiiacr rT~c inf f ~ i Iraco ln T IFrome ] Time (met) ITime (mg 01i • "•

S~~1123 7.M2 I411, ..... ,03. . 33.. '0 -- 13->

I;I / 2 .09 1384= H M s 33.3 oz
i14273 7.12 1IM4P 3 8.6W3 13-3. ' 10' ' T =

14 231.15 13845F 3 - .-7 33= 31. to .......

!/ 1427 7.19 13'846P 3 .... 5 8$ 3 '"33.3 1 ...... 13 •

142.3722 1197P 3 S.M --- T= .. "0 ' =

ZJ I. 1348 -To- -7= -

1123 7.29 34 3 .. .. ]6003 ... 33.3 --- TJ - 3
14279 . ... a -•9 ''.603 ' 33.3 1O 13

' 423 7.32 1-S3850T " ' 8= ..•o33.3 lO13• ,

1423-7.39 13851 7 7 8.6W 33.3 -l0TT --- T=
14 237.42 '3953P 38.&[}U3 3. 0 I 1 ....

1M237 .4.5 1-384 3 T 33.3 10 13
' 1423 7.49 - 139551P - 3 I.M=0 3-.3 M' IG 1.3......, "

1442317.)9 136 9.6Wf3 -33-3 l0 13 4 /74

14 21737.5 187 3 W. 3 31., --- T 13

1....4 23 -7. 13 Z = .= 13'

' 14 23 . 9 3 ' 8.00 . 333S~~1423 7.72 1381T ... 3 ... S60 33.3 .... 106 13 •

S , ~14 A3 7.-333 2 3 a.6• 33.3 it) ......l
14 237.79 IMP T 8.6W3 .... 10

i ] R 7.73 -. ,82 IM P 3 S.OGU3 3-3.3 13.l l ..

14- 23 -7.h 3 4.6 - 333- io 13
143*7.89 1367P 3 ..... -.. lo '13 -

14737.92 ... 3 i 3 96 33.. 3 ..-

14237.95 MP 8. 6W3 33-3 T0 13
14 237.99 13870T 0 a.6 3.. 31.3 ... 0i 13'

14 23 8.02 137T 0 --- MY 332 i
...14 23 8.05' ' W'1312? ' "100 3 ' O

MIN

' 14 23 8S09" 139,73P ' 3- 8.600 33.3 to 3

14 23 .12 13974P- 3 ["' .600Y3 '33.3 10 13 ..... ..

14 23 8.15 13gi 3 8.60(03 33-3 10 I

S' 14 2.38.19 !37J•8.6003j 33.3 03 .... . ..

14 23 8.7.2 1MT 3 8.6,03 ' 33.3 10O 13'

14 Zj S.Z3 •, 3 8.6m• 33-3 1O 3

,1423 8.29 " 3"• = 3 ' 8.6003 33.3 .. ... l . . .. 3- -

14 28.332 13,8,• 0 UM.•3 3. 0

147-39.3.5 3613•[T 0 -- r a 8.0 - -T =l 1 .. •

14 2 839 1388P 3 8.6W03 .. ..... 33.3 l{)- " " 1

...14 238.42 . .. 18 P.. .3 8.b(uw ji1-i .. 10I3 ",



LACFJUVPI: Strypi

235

u h Tablc E8 - Telemetry Frames and Camera Parameters (Cont'd)
Tcl=cuy---l rackc L P7,

T--ne (nis) xp ne 77 Cxuýiumcru
Eý

114 2733 8.45Y 4 xW
1423

147.3

33.3

J 131; 23

5 1 13

jj-

14 23 8.75-

b.tk 13

13
"U

13

14 23 9. 
0

3

1423 
33.3

1423-9.19

M 47393 33j--

14239.4 -M Pp
14 -Z9. 13 -- f

23

1423 SAAJl 13

14239.

I Z Z3 9.65
14 23 9W

14 11 Y. 11

14 M 9:15-

14 21

14 23 9.8Z

14 23 9--t
,ýJl IV
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Table ES --Telemety Frames WWd Camera Paramneters (Coni'd)

--n. 072F 1 -_.r=A -n-- 7= ~ - U ndds--nt

14w 23 97z~ IN- -a-- ay - -M 3331

-- T~r~r- 93 I 3~r --- T=- 10- i 1-

1123 IQ 12 YNT7 -3-- 333 -

1%23(11 10r T 1 2~r

14 2nlT 13936 mzw i33 --- Tr- 1

14i 23~ -n YM -u--rz --- -in-- 1 ir--

14231(12 ' r So - inVz -n--7 -i- - =-
iTaT Ti3 TM I~Y7 1399p- &W 3.0 1r-

14 1 TE32 MW --- U- -3 -z-33J-10 1-

11~ r 147 T3 7I77 I _ 33 101

14 3TI37--in4'- 3 1537 13Tr - r
1- -3 -U6 197 . 01

--TM IP 10 1
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Table E8 - Tclemetry Frames and Camera Parameters (Cont'd)
Tx [-ihJ.cr ] -=c.cr Lxp. i lurn. p. Tracer e LmF ) Tc'ru.!I

147 1 = 5 e7,T 0 1.3.' ) -333 0 13

14 2311.37 1ý972P 3 - 16.32.5 33-3I01

1423 11.42 -07rl~ = 1.3. 33-3 113

"'"14 23 I i.46 1D9741F... 3 16.32.59 33-3 10 13...

'•14 23 11'.4? 139"/PP -- "1- '32 33.3 --- 1 = 13

S...14 23 1li.37 -- 1737,7 3 -- 632.59 33.3 --- T0 -- 3T

14 23 1 ..W 1397oP 3 16.3:.59 333 10 13

14 23 1 I.5 1397i9P 3 16.3=.9 333 13:3

14 23 11.M6 0901399 10.5 3.3bT .....l --- I 1314T23T11.h6 13981T - U1. - 478 33.3 - 0 13

1T423 11-77r- 15 2P 3 T/.5a3 33.3 10 13

1423 11.i76 1T m 273Z23 Ml 10 ' = f14 2311.79 -T.3,77= 3 --. =a= 33.3 ,O13

14R= =7=18 lig 3 -7M=2 31.3 -- I 13

14 23 1 l.F,9 139SWP 3 7,•2 33.3 10 13

142T311.- 13775P 3 27.583 -37= 13

-T-T~ -- rFR- 33. 773-s -- 7

14 2311.99 13990T 0 Z7.3923 33.3 10 1

14 2312-06 13992P, 3 -/.582 ---- I F0 13

142TTT1T 19T93r 3 -7=3 - &a 27 burnout
1423 12-16 13993P 3 Z1.5h23 33.3 0 13 I I . .... /

142317.19 139P m 73 .013"

14 23 12.2 YTP 3 2.52 33.3 1013

14 23 12.2,5 193 3 232 3.3-13

14 231I.29 139P 3 27MZ2 33-3103

S....1423 12.32 1• ' 0 = 1.523 My-.... 10 1

14 Z3 I2.32 14WT I

~ t /

/
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Appendix F
STRYPI TRAJECTORY PARAMETERS

The following tables present various Strypi trajectory-related parameters as a function of
time. The first column in each table is TALO, time after liftoff, in seconds. Table Fl shows the
rocket's position in Earth center-fixed (ECF) coordinates and the rocket's speed. Table F2 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 axis of the rocket. The angle of attack is defined as the angle between Lhe
longitudinal axis of the rocket ,nd its velocity vector. Table F3 shows the rocket's altitude, geodetic
latitude, and longitude. These data were provided by Sandia Laboratories.

Table F1 - Rocket Position and Speed in ECF Coordinates

TALO (s) XPOS (km) 7 YOS (kn)0 ZPOS kn) SPEED 0kn0%)

150 -5657.022 -2069.442 2387.759 0.315

151 -5657.276 -2069.424 2387.575 0.311
152 -5657.524 -2069.402 2387.383 0.307
153 -5657.763 -2069.378 2387.197 0.303
154 -5657.993 -2069.350 2387.002 0.300
155 -5658.216 -2069.320 2386.804 0.302

156 -5658.433 -2069.299 2386.595 0.320
157 -5658.649 -2069.308 2386.360 0.340
158 -5658.864 -2069.348 2386.099 0.365

159 -5659.079 -2069.420 2385.813 0.396
160 -5659.294 -2069.526 2385.498 0.430
161 -5659.509 -2069.668 2385.154 0.467

162 -5659.725 -2069.847 2384.781 0.509
163 -5659.942 -2070.066 2384.376 0.553
164 -5660.161 -2070.326 2383.940 0.600
55 -5660.382 -2070.628 2383.471 0.650

166 -5660.606 -2070.972 2382.967 0.703
167 -5660.831 -2071.363 2382.429 0.757
168 -5661.060 -2071.800 2381.854 0.815

169 -5661.293 -2072.287 2381.243 0.874
170 -5661.529 -2072.823 2380.594 0.937

171 -5661.769 -2073.411 2379.905 1.000
172 -5662.014 -2074.050 2379.177 1.067
173 -5662.263 -2074.746 2378.407 1.134

174 -5662.518 -2075.496 2377.596 1.204
175 -5662.7'78 -2076.304 2376.742 1.276
176 -5663.043 -2077.170 2375.844 1.348
177 -5663.314 -2078.096 2374.902 1.423

178 -5663.591 -2079.082 2373.914 1.499
179 -5663.874 -2080.130 2372.880 1.578
180 -5664.164 -2081.242 23"'1.800 1.657

239

St(C



240 H.W. SPahers. et al.

Table F1 - Rocket Position and Speed in ECF Coordinates (Cont'd.)

TALL) (s) XPOS (kin) MI'S (kin) ZO kn PE kns

181 -5664.461 -2082.419 2370.671 1.740
182 -5664.765 -2083.664 2369.494 1.826
183 -5665.078 -2084.979 2368.265 1.915

184 -5665.399 -2086.366 2366.984 2.005
185 -5665.731 -2087.825 2365.649 2.098
186 .5666.071 -2089.359 2364.259 2.195
187 -5666.421 -2090.972 2362.812 2.292
188 -5666.782 -2092.663 2361.309 2.390
189 -5667.153 -2094.434 2?59.747 2.490
190 -5667.535 -2096.287 235h,127 2.575
191 -5667.924 -2098.208 2356.457 2.591
192 -5668.308 -2100.141 2714.774 2.593
193 -5668.6ý5 -2102.073 2353.087 2.592
194 .5669.053 -2104.003 2351.396 2.591

195 -5669.414 -2105.929 2349.701 2.590
196 -5669.767 -2107.852 2348.003 2.589
197 -5670.111 -2109.773 2346.301 2.588
198 .5670.449 -2111.690 2344.596 2.587
199 -5670.777 -2113.605 2342.887 2.58 _

200 -5671.099 -2115.517 2341.175 2.58b -
201 -5671.412 -2117.425 2339.459 2.585
202 -5671.716 -2119.331 2337.739 2.584
203 -5672.014 -2121.233 2336.017 2.583
204 -5672.303 -2123.132 2334.290 2.583
205 -5672.584 -2125.029 2332.561 2.581
206 -5672.857 -2126.922 2330.827 2.580
207 -5673.123 -2128.812 2329.091 2.580
208 -5673.379 -2130.700 2327.351 2.579
209 -5673.629 -2132.584 2325.607 2.578
210 -5673.870 -2134.464 2323.860 2.578
211 -5674.104 -2136.342 2322.110 2.577
212 -5674.329 -2138.217 2320.356 2.577
213 -5674.546 -2140.089 2318.599 2.576
214 -5674.756 -2141.957 2316.838 2.575
215 -5674.958 -2143.822 2315.074 2.575

216 -5675.151 -2145.684 2313.306 2.574
217 .5675.336 -2147.544 2311.535 2.574
218 -5675.514 -2149.399 2309.761 2.573
219 -5675.684 -2151.252 2307.983 2.573
220 -5675.845 -2153.102 2306.202 2.572
221 -5675.999 -2154.949 2304.418 2.572
222 -5676.144 -2156.792 2302.630 2.572
223 -5676.282 -2158.633 2300.838 2.571
224 -5676.412 -2160.470 2299.044 2.571
225 -5676.533 -2162.304 2297.246 2.571

226 -5676.647 -2164.134 2295.445 2.571
227 -5676.753 -2165.962 2293.640 2.571

• . . :
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Table F1 - Rocket Position and Speed in ECF Coordinates (Cont'd.)

TALO(s) (kin) YPOS (kin) I ZPOS (kin) SPEED (kin/s)

228 -5676.851 -2167.787 2291.832 2.570
229 -5676.941 -2169.608 2290.020 2.571
230 -5677.023 -2171.426 2288.2U5 2.570
231 -5677.097 -2173.241 2286.387 2.570
232 -5677.163 -2175.054 2284.566 2.570

233 -5677.221 -2176.863 2282.741 2.570
234 -5677.271 -2178.668 2280.912 2.571
235 -5677.313 -2180.471 2279.081 2.570
236 -5677.347 -2182.269 2277.246 2.570
237 -5677.373 -2184.066 1275.408 2.570
238 -5677.391 -2185.859 '273.566 2.571
239 -5677.401 -2187.649 2271.721 2.588

240 -5677.402 -2189.450 2269.862 2.632
241 -5677.399 -2191.282 2267.972 2.678
242 -5677.395 -2193.139 2266.043 2.726

243 -5677.378 -2195.022 22b4.072 2.775
244 -5677.352 -2196.940 2262.066 2.824

245 -5677.324 -2198.889 2260.024 2.872
246 -5677.291 -2200.864 2257.939 2.921

247 -5677.245 -2202.870 2255.816 2.969

248 -5677.192 -2204.909 2253.658 3.017
249 -5677.139 -2206W976 2251.462 3.065

250 -5677.076 -2209.070 2249.224 3.114

251 -5677.002 -2211.196 2246.950 3.163

252 -5676.925 -2213.355 2244.639 3.216
253 -5676.844 -2215.544 2242.285 3.270

254 -5676.752 -2217.765 2239.887 3.326
2. 5 -5676.653 -2220.024 2237.448 3.383
256 -5676.551 -2222.320 2234.965 3.443
257 -5676.443 -2224.651 2232.433 3.506
258 -5676.325 -2227.021 2229.852 3.570
259 -5676.200 -2229.434 2227.225 3.636

260 -5676.074 -2231.890 2224.545 3.706
261 -5675.940 -2234.386 2221.810 3.777
262 -5675.796 -2236.929 2219.021 3.850
263 -5675.648 -2239.522 2216.179 3.925
264 -5675.498 -2242.162 2213.278 4.003
265 -5675.340 -2244.848 2210.315 4.084
266 -5675.172 -2247.588 2207.2V1 4.167

267 -5675.001 -2250.385 2204.206 4.254
268 -5674.g27 -2253.237 2201.054 4.343
269 -5674.647 -2256.143 2197.832 4.438
270 -5674.458 -2259.112 2194.539 4.534
271 -5674.262 -2262.146 2191.176 4.632
272 -5674.066 -2265.245 2187.738 4.734
273 .5673.866 -2268.408 2184.222 4.835
274 -5673.659 -2271.635 2180.627 4.935



242 H.W. Smathers, et at.

Table Fl - Rocket Position and Speed in ECF Coordinates (Cont'd.)

TAXOS km) YPS (k) ZOS (kin) SPEED (km/)

275 -5673.443 -2274.929 2176.95b 5.011

276 -5673.222 -2278.273 2173.232 5.036
277 -5672.994 -22E .631 2169.486 5.044
278 -5672.759 -2284.991 2165.731 5.048
279 -5672.516 -22S8.350 2161.970 5.050
280 -5672.265 -2291.706 2158.205 5.052
281 -5672.007 -2295.060 2154.436 5.053
282 -5671.741 -2298.412 2150.664 5.053
283 -5671.467 -2301.759 2146.889 5.055
284 -5671.185 -2305.104 2143.110 5.055
285 -5S70.896 .2308.445 2139.328 5.056
286 .5670.599 -2311.784 2135.542 5.057
287 -5670.294 -2315.119 2131.753 5.058
288 -5669.981 -2318.451 2127.961 5.058
289 -5669.660 -2321.790 2124.166 5.060
290 -5669.332 -2325.106 2120.367 5.060
291 -5668.996 -2328.428 2116.565 5.061
292 -5668.652 -2331.748 2112.760 5.061
293 -5668.301 -2335.063 2108.952 5.063
294 -5667.941 -2338.376 2105.140 5.064
295 -5667.574 -2341.686 2101.325 5.064
296 -5667.199 -2344.992 2097.508 5.065
297 -5666.816 -2348.294 2093.687 5.066 fl VI
298 -5666.426 -2351.594 2089.863 5.067
299 -5666.028 -2354.890 2086.035 5.067
300 -5665.62' -2358.183 2082.205 5.068 0 f

Table F2- Rocket Aspect Angle, Attack Angle, and Range from Satellite

TALO ASPECT ANGLE ATTACK ANGLE RANGE FROM
(3) (deg) (deg) SATELLITE (Ian)

150 109.34 65.65 534.450
151 108.74 65.84 530.768
152 108.02 65.91 527.159
153 107.37 65.99 523.623
154 106.65 66.20 520.164

155 105.97 63.61 516.782
156 105.15 57.19 513.483
157 104.40 51.21 510.275

158 103.85 46.40 507.157
159 103.05 41.63 504.129
160 102.31 37.60 501.193

161 101.41 33.95 498.348
162 100.75 30.72 495.594
163 99.98 27.98 492.932

164 99.34 25.67 490.361
165 98.51 23.75 487.880

U
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Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd.)

TALO 1 ASPECT ANGLE ATrACK ANGLE RANGEFROM
(s) (dea) (dm) Sh E (_in)

166 97.80 21.80 485,488

167 97.02 20.32 483.186
168 9634 18.88 480.972

169 95.45 17.68 478.845
170 94.78 16.46 476.804

171 94.08 15.72 474,848

172 93.39 14.78 472.975
173 92.68 13.94 471.184
174 92.39 13.31 469.473
175 91.25 12.68 467.840
176 90.83 12.00 466.283
177 90.02 11.63 464.802
178 89.35 11.42 463.392
179 88.34 10.97 462.052
180 87.88 10.60 460.780

181 87.12 10.20 459.573

182 86.27 9.93 458.429

183 85.53 9.12 457.344

184 84.94 9.15 456.315
185 84.39 8.81 455.341

186 83.64 8.51 454.416
187 83.13 8.34 453.540
188 82.58 8.22 452.708

189 82.14 8.24 451.917
190 81.64 8.11 451.165
191 80.60 8.70 450.451

192 79.96 8.63 449.785

193 79.63 8.59 449.168
194 79.09 8.68 448.602
195 78.49 8.76 448.086
196 77.90 8.76 447.621
197 77.22 8.84 447.206
198 78.21 7.42 446.843
199 80.11 5.54 446.530
200 81.53 4.39 446.269
201 83.36 4.99 446.059
202 84.83 6.48 445.900
203 86.69 8.87 445.793

204 88.11 11.09 445.736
205 89.91 13.70 445.732
206 90.68 15.21 445.779

207 91.04 16.06 445.877
208 90.91 16.52 446.027
209 90.65 16.62 446.228
210 90.16 16.69 446.480

N --
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Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd.)

TALO ASPECT ANGLE ATrACK ANGLE I RANGEFROM
__(s) _(deSATELLITE(

211 89.66 16.53 446.783
212 89.09 16.48 447.138
213 88.50 16.20 447.543

214 87.95 16.12 447.999 u
215 87.26 15.72 448.506
216 86.69 15.62 449.063
217 86.14 15.42 449.670

218 85.72 15.33 450.328

219 84.87 14.85 451.035
220 84.44 14.86 451.791
221 83.88 14.63 452.597
222 83.19 14.36 453.452
223 82.88 14.53 454.356
224 82.69 14.53 455.308
225 81.68 13.81 456.308

226 80.97 13.65 457.357
227 80.85 13.87 458.452
228 80.11 12.49 459.595
229 63.22 9.42 460.784
230 59.11 12.21 462.020
231 76.24 13.53 463.302
232 73.82 '0.75 464.630

233 55.94 10.67 466.002
234 63.17 13 15 467.420

235 76.95 12.1 _ 468.882

236 64.98 10.23 470.388

237 52.86 12.27 471.938
238 68.46 1 177 473.530

239 73.51 10.56 475.166
240 56.07 11.23 476.836

241 54.59 12.19 478.524

242 69.95 9.64 480.226
243 65.60 8.59 481.949
244 51.31 11.02 483.688

245 59.04 10.00 485.435
246 68.36 6.89 487.191
247 57.27 9.10 488.963
248 51.00 10.37 490.742 0
249 62.55 6.95 492.524
250 63.36 5.99 494.315
251 51.32 9.63 496.113
252 53.84 8.57 497.911
253 62.76 4.02 499.706
254 57.25 6,79 501.503

255 49.20 9.36 503.296

0



LACE:UVPI Strypi 245

Tab!e F2 - Rocket Apcct Angle, Attack Angle, and Range from Satellite (Cont'd.)

TATO ASPECT ANGLEI 1T CK ANGLE RNEFO
(s) (de_)_ I SA(dw)EIkm)

256 55.92 6.19 505.079
257 60.21 2.53 506.852
258 53.13 7.13 508.617
259 49.35 8.19 510.367
260 55.87 4.07 512.096
261 57.16 2.64 513.807
262 50.75 7.14 515.499
263 49.27 7.32 517.165
264 54.63 3.06 518.800
265 55.03 2.60 520.408
266 50.09 6.49 521.986
267 48.54 6.81 523.527
268 52.36 3.50 525.026
269 53.56 1.81 526.484
270 50.46 5.32 527.900

271 47.72 6.65 529.267
272 49.33 5.06 530.581
273 51.71 2.34 531.840

274 51.45 3.08 533.046
275 48.75 5.52 534.20)

276 47.06 6.47 535.313

277 47.59 5.80 536.420
278 49.61 3.70 537.529
279 49.95 3.43 538.646
280 48.26 5.48 539.770
281 46.12 6.99 540.902
282 46.38 6.48 542.043
283 48.34 4.51 543.192
284 49.30 3.56 544.350
285 47.73 5.66 545.516
286 45.33 7.52 546.690
287 45.07 7.32 547.872
288 46.89 5.50 549.062
289 48.36 3.92 550.261
290 47.15 5.76 551.468
291 4.-179 7.77 552.682
292 43.87 8.11 553.905
293 45,59 6.36 555.136
294 47.25 4.57 556.374
295 46.60 5.83 557.620
296 44.20 8.05 558.874

297 42.88 8.7f 560.136
298 44.32 7.24 561.405
299 46.14 5.30 562.682
300 46.04 5.87 563.967
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m

Table F3 - Rocket Altitude, Geodetic Latitude and Longitude U

TAL.O AM VJTDE 1 LA1Tn'uD UNGUUDE
()j (kmn) j(deg) J(de g)

150 104.432 21.7532 200.0934

151 104.581 21.7509 200,0925

152 104.720 21.7487 200.0914

153 104.850 21.7464 200.0905
154 104.970 2..'?441 200.0894

155 105.081 21.7418 200.0885

156 105.186 21.7394 200.0876

157 105.291 21.7368 200.0869

158 105.395 21.7339 200.0866

159 105.499 21.7308 200.0865

160 105.603 21.7274 200.0868

161 105.709 21.7238 200.0873

162 105.817 21.7198 200.0882

163 105.927 21.7156 200.0895

164 106.039 21.7110 200.0911

165 106.155 21.7061 200.0930

166 106.273 21.7009 200.0954
167 106.396 21.6953 200.0982

168 106.523 21.6894 200.1013
169 106.656 21.6830 200.1049
170 106.793 21.6764 200.1089

171 106.936 21.6693 200.1134
172 107.085 21.6618 200.1183

173 107.241 21.6539 200.1237

174 107.404 21.6455 200.1295
175 107.574 21.6368 200.1359

176 107.752 21.6276 200.1427

177 107.938 21.6179 200.1501
178 108.132 21.6078 200.1580

179 108.334 21.5972 200.1664

180 108.546 21.5862 200.1754
181 108.768 21.5746 200.1849

182 109.000 21.5626 200.1950
183 109.244 21.5500 200.2057
184 109.500 21.5369 200.2170
185 109.768 21.5232 200.2289
186 110.049 21.5089 200.2414 0
187 110.344 21.4941 200.2546

188 110.653 21.4787 200.2685
189 110.977 21.4626 200.2830

190 111.315 21.4460 200.2982
191 111.665 21.4289 200.3140
192 112.011 21.4116 200.3300

193 112.349 21.3944 200.3459
194 112.679 21.3771 200.3618

- . , - , _
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Table F3 - Rocket Altitude, Geodetic Latitude and Longitude (Cont'd.)

TALO ALITI1JE LONGMD1I ~(k-) ) (deg)_________

195 113.001 21.3598 200.3777

196 113.314 2!1.3426 200.3936

197 113.620 21.3253 200.4096

198 113.918 21.3080 200.4255

199 114.207 1.98200.4414

200 114.488 21.2735 200.4573

201 114.761 21.2562 200.4731

202 115.025 21.2389 200.4890

203 115.282 21.2216 200.5049

204 115.53C' 21.2043 200.5208

205 115.771 21.1871 200.5367

206 116.003 21.1698 200.5525

207 116.226 21.1525 200.5684

208 116.441 21.1352 200.5842

209 116.649 211. 1179 200.6001

210 116.848 21.1006 200.6159

211 117.039 21.0833 200.6317

212 117.222 21.0661 200.6476

213 117.396 21.0488 200.6634

214 :17.563 21.0315 200.6792

215 117.721 21.0142 200.6950

216 117.871 20.9969 200.7108

217 118.013 20.9796 200.7266

218 118.146 20.9623 200.7424

219 118.271 20.9450 200.7582

220 118.389 20.9277 200.7740

221 118.498 20.9103 200.7398

222 118.598 20.8930 200.8055

223 118.691 20.8757 200.8213

224 118.775 20.8584 200.8371

225 118.852 20.8411 200.8528

226 118.920 20.8238 200.8686

227 118.980 20.8064 200.8843

228 119.031 20.7891 200.9001

229 119.075 20.7718 200.9158

230 119.110 20.7545 200.9315

231 119.138 20.7372 200.9473

232 ____119.157 20.7198 200.9630

233 119.168 20.7025 200.9787
234 ____119.170 20.6852 200.9944

235 119.165 20.6678 201.0102

236 119.150 20.6505 201.0259

237 ____119.129 20.6331 201.0416

238 119.099 20.6158 201.0573

239 119.060 20.5984 201.0730

240 119.013 20.5810 201.0888
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Table 13 - Rocket Altitude, Geodetic Latitude and Longitude (Cont'd.)

TALO i ALMTnUI LATMTUDE
(S) = k =) . (deg) I (eg) I
241 118.965 20.5632 201.1049 V-4

242 118.909 20.5452 201.1212

243 119.840 20.5267 201.1378

244 118.761 20.5080 201.1547

245 118.681 20,4389 201.1719

246 118.591 20.4695 201.1894

247 118.488 20.4498 201.2371

248 118.380 20.4297 201.2252

249 118.269 20.4093 201.2435

Z50 118.145 20.3885 201.2621

251 118.012 20.3674 201.2809
252 117.876 20.3460 201.3001

253 117.733 20.3242 201.3196

254 117.578 20.302. 201.3393

255 117.417 20.2795 201.3595
256 117.253 20.2566 201.3799

257 117.080 20.2332 201.4007
258 116.896 20.2094 201.4218

2Z9 116.708 20.1852 201.4433 w

260 116.517 20.1b05 201.4653 U
261 116.316 20.1353 201.4875
262 116.106 20.1097 201.5103

263 115.893 20.0835 201.5334
264 115.676 20.0568 201.5570

265 115.451 20.0296 201.5810
266 115.216 20.0018 201.6055
267 114.980 19.9734 201.6305

268 114741 19.9444 201.6560
269 114.495 19.9148 201.6819
270 114.240 19.8846 201.7085

271 113.983 19.8536 201.7356
272 113.725 19.8220 201.7633

273 113.463 19.7897 201.7915
274 113.194 19.7567 201,8203

275 112.919 19.7229 201.8497

276 112.642 19.6887 201.8796
277 112.361 19.6543 201.9096

27d 112.075 19.6198 201.9396

279 111.784 19.5853 201.9696
280 111.488 19.5507 201.9997
281 111.187 19.5162 202.0297
282 110.881 19.4816 202.0597

283 110.570 19.4471 202.0897
284 110.253 19.4125 202.1197

285 109.932 19.3779 202.1497
286 109.606 19.3433 202.1797 0

0

/
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Table F3 - Rocket Altitude, Geodcic Latitude and Longitude (Cont'd.)

TAOALiTIULDE 1 A 11flrrUD

787 109.275 19.3086 202.2097

288 108.938 19.2740 202.2396
289 108.596 19.2393 202.2696

290 108.250 19.2047 202.2995

291 107.898 19.1700 202.3294

292 107.541 19.1353 202.3594

293 107.79 19.1006 202.3893

294 106.813 19.0659 202.4192

295 106.441 19.0312 202.4491

296 106.064 18.9965 202.4789

297 105,681 18.9618 202.5088

298 105.294 If.9270 202.5387

299 104.902 18.8923 202.56C5

300 104.504 18.8575 202.5984
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ADDENDUM

Statistical Discrimination of Photoevents

When a single photoevent is generated in the microchannel plate (MCP) of the UVPI plume
camera, it Is registered as a patial distribution of charge in the CCD focal plane array (FPA). In
general, a photeevent gets registered within a 3 x 3 pixel region with the largest FPA response at the
center pixel. Note tat the blurring of a single phintoevent over the 3 x 3 pixel region is a relatively
small component of tVe overall sy:sem point sp;ead function.

When UVPI is looking at a dim source, comnared to the instrument sensitivity, the instrument
gain is automatically set high, for example, gain 11. At these high gains the calibration procedure,
i.e., :he estimation of photoevents from the mtastired DN, is sensitive to any mismatch between the
estimated dark ficld level used for calibration a.-id twe actual dark field level. Although a small bias
error in the dark field estimoate 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 of groups of pixels.
Hence, for dim signal levels, such as the Nihka rocket plume, a statistical discrimination scheme was
developed which fixes the probability of false alarm for every pixel. In the context of calibrating
UVPI data, a false alarm occurs when the noise in a pixel that contains no target is large enough to be
considered part of a photoevcnL

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 using 4 image blocks located at each comer of the imagc
and with dimensions of 8 by 8 pixels. The estimated threshold will exactly correspond to a
probability of false alarn of PF if the following assumptions hold [24]:

"* the local mean and local variance background statistics are the same over the whole FPA, and iJ
"* the density function of the backgiound follows a Gaussian distribution.

Mathematically the decision threshold is given by:

where

PL is the estimated background mean,

a is the estimated background standard deviation, and

t' Is must satisfy the following integrd equaton

PF= erfcQ'),

where the standard complementary error function was used.[24]

All the plume camera images which were used in tUis report to estimate radiance or radiant
intensities were subjected to the tbove 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 tvo assumptions stated above are generally representative of these data. Recalling that a

2S1
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photoevent may spread over a 3 x 3 pixel region, for all those pixels where a photoevent Zook place
immediate neighbors were also included as possible signal contributors. A new estimate for the
number ef photocvents from the kth pixel was computed based on the following rule,

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

In the above, condition (A) states that if any pixel in the local neighborhood of the kth pixel exceeds
t' then the value at the kth pixel is adjusted to be the maximum of zero or Pk - A . Thus, pixels
containing no photoevent contribution are set to exactly zero, eliminating the possibility of an"erroneous" contribution due to 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.
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GLOSSARY

ACS Attitude Control System
AMOS Air Force Maui Optical Site
AOS Acquisition of signal
ARI Average radiant intensity
CCD Chargc-coupled device
CFC Camera frame controller
CHARM Composite High Altitude Radiation Model
CMOS Complementary metal oxide semiconductor
CPU Central processing unit
DN Digital number
DN/PE Digital number per photocvent
ECF Earth center-fixed
EIA Electronics interface assembly
ERD Experiment requirements document
FOR Field of regard
FOV Field of view
FWIIM Full-width-half-maximum
GMT Greenwich Mean Time
Hz Hertz
ICC Instrument control cnmputer
ICCD Intersified charge-coupled device
IDA lstitute for Defense Analyses
IR Infrared
ITT International Telephore and Telegraph
WE Inmernational Ultraviolet Explorer
K Degrees Kelvin
KTF Kaual Test Facility
LACE Low-power Atmospheric Compensation Experiment
LOS Loss of signal: line of sight
LOTB LACE Operational Test Bed
Mbps Megabits per second
MCP Microchannel plate
MHz Megahertz
NER Noise-equivalent radiance
NQ=1 Net quantum efficiency
NRL Naval Research Laboratory
OAO Orbiting Astrophysical Obse'vatory
OLES One line element set
PC-N Plume camera filter, N = 1, 2. 3, 4
PE Photoevent
PMRF Pacific Missile Range Facility
PSAG Phenomenology Steering and Analysis Group
PSF Point spread function
RMS Root mean square
SDIO Strategic Defense Initiative Organization
SIRRM Standardized Infra-Red Radiation Model
SNR Signal-to-noise ratio
sr Steradian
TALO Time after liftoff
TGS Transportable ground station
ULTRASEEK Ultraviolet seeker
UMT UVPI mission time
UV Ultraviolet
UVPI Ultraviolet Plume Instrument
VAFB Vandenberg Air Force Base
W Watl
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