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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 crvogenic cooling; ard very
high opticzl 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.

The UVPI system aperture is only 10 cm in diameter. However, it can detect and image
missile plumes at a 500-km range. The two cameras of the instrument use narrowband filters, image
intensifiers, and charged coupled device (CCD) detectors to observe sources in the ultraviolet. The
primary function of the tracker camera, viewing over a relatively wide field, (1.97° by 2.62°) and
broad spectrum (255 to 450 nm) is to locate and track a source for higher resolution observation by
the plume camera. The plume camera has a narrow field of view (0.180° by 0.135°); it observes
sources through any of four filters with passbands of 195 io 295 nm, 200 to 320 nm, 235 to 350 nm,
and 300 to 320 nm. The wavelengths shorter than 310 nm are essentially invisible from the ground
because of atmospheric absorption. The limiting resolution of the tracker camera is about 230
pradians; that of the plume camera is about 90 pradians. These are equivalent to 115 m and 45 m,
respectively, at a 500-km range.

The Strypi XI was the fourth demonstration of the ability of the UVPI to observe missiles in
flight above the atmospacre. Tue 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)
sltggcs'i) reacshseg klx:lo-km alitude and were successfully detected and tracked by the UVPI from a range
0 to .

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
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 werc extracted
from these images. Absolute values are necessarily ohtained 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 far
UV (A < 300 nm) 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 ncar UV component,
than that of the central region. The mechanism of excitation of this outer region has not bcen
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 entative 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, singie-frame peaks exceeding the range of
normal statistical variation were detected. Whether these can be correlated with missiie 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 aliitude 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 third stage to lower altitudes. Thus, the observation
did not provide a test of the existence of a luminous bow shock. ,

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

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

1.0 INTRODUCTION
1.1 Background

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

(a) developing these heat-secking missiles and their sensors, and
(b) measuring and modcling the spactral signatures of their exhaust plumes.

-For example, the Standardized Infra-Red Radiation Model (SIRRM) and the Ccmpesite High A. “ude
Radiation Model (CHARM) [1] are software co«es that can predict the size, shape, intensity, and other
pertinent par “eters of mo:t 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 rmgions, in particular the ultraviolet (UV), have not attracted as much attention
from the defense industry as IR. Nevenheless, during the past few years, interest in the ultraviolet
emissions of plumes and their use in passive sensor applications has increzsed, partly as a result of
plume observation data obtairied from seversl missions carrying UV senscrs. Lawrence Livermore
Mational Laboratory's 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 vehicle 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 Dbecause the
backgronnd sunlight reflected from Ea:th is severely reduced by the orone layer. Also, because a
rocket plume is essentially a thermai radiator, oniy the hottcst 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. Thsre is an increasing
awareness that infrared sensors are destined to require relatively large, cryogenically cooled focal
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 SDIQ 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 and
t.acking applications, boost-phase surveillance and trucking sysiems performing early waming,
identification, and initial trajectory determination functions are examining the potential that
ultraviolet may offer.

Manuscript approved September 8, 1992,
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Although the UV sensors arc available, there is a general shontage of information as to what to
expect in real Qight situations for this relatively new UV technology. Additional data arc nceded to
facilitate the application of this technology. For example, additional data are nceded for the selection
of wavebands best suited to the application, the design and evaluation of new flight systeins, 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 convencd to determine the
current state of knowledge of plumes and backgrounds in the cltraviolet and visible portions of the
spectrum. After considerabie evaluation of existing data and system requirements, the subcommittee
made recommendations regarding plume data requireinents [S]. The need for more UV data is
critical. Both plume and background data are needed; in-fliight and ground-based measurements are
desired. Operational, solid-fueled, 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 modecrately priced rocket was sought to serve as a dedicated target, A Strypi X1
three-stage rocket was selected. The overall objective of the observation was to gather data at high
altitude (above 100 km) 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 radiance, spatial
extent, and temporal variability of plumes. 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 coliect background imnage 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 sccnes 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 consun.ption, and telemetry to whatever margin remained on the LACE spacecraft. The
requirement that th2 UVPI be capable of high spatial resolution created a need for highly accurate
instrument pointing on a gravity-gradicnt-stabilized spacecraft. The instrument did not have direct
access to spacecraft attitude measurements. Subsequently, this led to the requircment for flexible
software to control the instrument,

The LACE satellite was launched on 14 February 1990, into a circular orbit at an altitude of
292 nautical miles (nmi) and a 43° inclination. The UVPI is mounted within the satellite and looks
through an apernwure in the Earth-oriented panel. A gimbaled mirror provides UVPI with a iield 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 objecis or the Earth's limb when the door is partially opened.

1.2.1 Description of UVPI

The UVPI sensor assembly {6,7] 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 discussed
bricfly below. The two cameras share a fixed 10-cm diameter Cassegrain telescope, which uses a
girmbaled-plane-stcering mirror to view a field of regard that is a 50°-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 45° relative to nadir. It can be used in conjunction with the steering mirror to
view Earth’s limb and stars near the Jimb. 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 {7,8].

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 detail in Fig. 1. This camera has a relatively wide
total ficld of view of 1.97 by 2.62° and images over this full field of view can be recorded at the 5 }iz
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 intensifier gain
and the exposure timc of the camera can be controlled to provide a radiometric dynamic rangc

greater than 106,
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Fig. 1 - Tracker camera: net quantum efficiency curve

The *racker camera has thrce primary functions that are important for UVPI opcration. First,
the tracker car.aera, 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 ihe 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 camera 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. The plume camera has a total field of view of 0.180 by 0.135°, with a
correspondingly higher resolution than can be achieved by the tracker camera. Images over the full
plume camcra field of view can be recorded at a § Hz image rate. Like the tracker camera, the plume
camera can alsc be operated in a mode where the ficld of view is resiricted to the central 17% of the
full field of view, and the image rate 1s 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 relatively 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 intcrest is temporarily lost because of a coasting
phase between rocket stages or some other reason, UVPI can be commanded to enter various
extrapolation or scarch modes.
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Fig.. 2 - Plume camera: net quanturn efficiency curves

1.2.2 Description of LACE Satellite

The Low-power Atmospheric Compensation Experitnent (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 43° inclination. The
spacecraft weighs 3175 1b. The body of the spacecraft is box-shaped, 4.5 ft by 4.5 ft and 8 ft high.
Gravity gradient stabilization is provided by a 150-ft retractable boom with a 200-1b 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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The satellite’s primary purpose is to provide an orbiting irstiumented target board capable of
measuring the effects of active compensation of a ground-bascd laser beamn propagated through the
atmosphere. The LACE spacecraft was designed to <:ppon this experiment for 30 months. NRL -
operates three ground stations to communicate with and control the LACE satellite. Two of the three
ground stations arc transportable. Each transportable ground station (TGS) (built by NRL) is
designed around two 18-ft truck truilers. One trailer houses the telemetry, command, and
communications equipment; the other provides an uninterruptible power supply and work area. The
third ground station is permanently located in Maryland. These stations provide all the command and
communication links for the LACE spacecraft.

2.0 STRYPI MISSION 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 capabilities for tracking and imaging a moving target at long range.
The piume 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 procedurc for improving statistics).
The UVPI obscrvation was coordinated with ground observations that proviced infrared and visible
band data as impontant 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
Star 27 stage.

The specific cbjectives of the mission, related to UVPI data, are given in the following
suteections. They revolve around a number of questions conceming plume radiance, spatial extent,
temporai variability, and spectral shape of the UV emissions [5,10,11). The objectives are grouped
under headings reflecting these subjects. ‘

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 with those generated
by the CHARM 1.3 computer code.

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

2.1.2 Spatial Features

+ Obtain the length of each of the Antares and Star 27 plume central regions and
investigate implications for cooling rz * and emissivity of particles.

. Detlg(:rmine 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 buming
as possible causes.
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2.1.3 Temporal Features

* ldentify 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 measurcments with a refercnce speciral shape and spectral shape determinations
based on other sensors.

* Relate tracker camera measurcments to visible and infrared measurements made by other

Sensors.
¢ 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
vehiclz 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 1 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 bumed for about two seconds and were jettisoned seconds later.

The second stage was an Antares I rocket motor. It used a double-base propellant with
%0.6% aluminum as fuel. The profile and characteristics of the Antares II rocket motor are shown in
ig. 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-o 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 bum, the
pe_rigcopes were jettisoned, and these photometers viewed the bow shock directly through quartz
windows.
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EXIT SHROUD

SHROUD SEP STAR 27
3RD STAGE

b  ANTARLS I
2ND STAGE

1ST STAGE SEP |

XM-33 CASTOR
1ST STAGE

3Lo" DIA S

XM19
RECRUITS (2)

Fig. 4 - Strypi XI rocket*

*Figure reprinted from Ref. 14,

Table 1 - Strypi XI Rocket Motor Characteristics

Motor Stage Bum Time (s) Avg Thrust (lb) Toual Impulse ~ Total Mass tuel Mass
(b-s) (ib-m) (b-m)

"Castor 1 40.74 61,750 (vac) 1,900,900 8,678 1,328
TX-33-39 S/N 726
Recruit 1 216 34,800 (s) 59,700 343 94
Antares [I-A 2 35.00 21,050 (vac) 71,200 2,820 224
X259-A6
S/N Y1-02/0140
Star 27 3 41.35 5,900 (vac) 214300 798 3]
TE-M-616 S/N 42 o

Note: vac = vacuum, sl = sea level.

Based on information from Ref. 14.
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Antares Il Motor

113.79"

lgniter Chamber Ingulator Nozle
_ Exit Cone
Nozzle Characteristics
Initial throat diameter 6.67 in.
Final throat diameter 7.08 in.
Exit plane diameter 27.01 in.
Exit cone half-angle 15.0°
Expansion ratio ‘ 17.9
CYI1-75 Propellant Constituents

(wt %)
Ammonium perchlorate (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
(nioles/100gm)

CO, 0.0432
(60) 1.3918
H,0 0.1707
HCl 0.0604
H, 0.9848
N2 0.5132
H 0.0182
Al;03 (solid) 0.3669

Fig. S - Antares I rocket motor*

*Figure reprinted from Ref. 14,

29.32"
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Star 27 Motor

—

19474 Max

_— : 0]

bl e——  43,718" Max

Nozzle Characteristics

Initial throat diameter 2.74 in,
Final throat diameter 2.9] in,
Exit plane diameter 19.13 in.
Exit plane half-angle 15.0°
Effective cone half-angle 17.2°
Expansion ratio 45.94
TP-H-3135C Propellant Constituents
(W1 %)

Ammonium perchlorate (oxidizer) 72.0
Carboxy-terminated polybutadiene

(CTPB) (binder) (cured with

epoxy resin and MAPO) 12.0
Aluminum (fuel) 16.0

Typical Exhaust Gas Composition
(mole fractions)

CO, 0.02621
Cco 0.20851
H,0 0.17211
HG 0.16619
Hz 0.25477
N, 0.08471
Al,03 (solid) 0.08128

Fig. 6 - Star 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 (KT} 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.
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Fig. 7 - LACE trajectory relative to Strypi trajectory Fig. 8 - Strypi nominal altimde and velocity profiles
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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 bumn, Star 27 bum, or bow shock). The low trajectory, 120-km peak, provided
maximum viewing time for all three flight regions but at a grcater 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 tum in the trajectory put Strypi on the planned azimuth (approximately 134°) for the encounter.
Initially, this encounter portion of the trajectory ran paraliel to the LACE orbit, but the resultant
impact point was 100 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 firsi-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 ccld-gas
attitude-control system was then activated, and Strypi was reoriented to the proper attitude for Antares
ignitic;_n. The vehicle was stabilized during the second-stage burn by the spin imparted by the first-
stage fins,

Following Antares bumout, 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-km altitude wuring
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 km.

2.3 Planned Plume Observation

The Sirypi launch and UVPI encounter were designed around a descending LACE pass over
the TGS at Kihea, Maui. A brief summzry 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
dme, 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 te 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 daring the 35-s
Antares burn. After Antares bumout, 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 bum. 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 burmn at
100-km altitude and end at an altitude of about 40 km, about 60 s after bumout. 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 \
24.1 Expected Geometry and Pointing \

As described in Appendix C, the launch time was selected to optimize the viewing geomLtry
between UVPI and Strypi during the critical flight regions. The highest priority was placedion
viewing the Antares bumn.

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 aspect
angle between UVPI and the rocket spin axis decreases from 108° to 84° during the same period. The
optimal aspect angle is 90°. During the Star 27 bum, the range increases from about 475 km to 550
km, and the aspect angle decreases from 74° to 61°, The range during the nominal bow shock
emission increases from 550 km to 650 km, and ths aspect angle decreases from 61° to 54°.
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2.4.2 Expected Radiometrics (CHARM 1.3 Predictiors)

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
Al,04 particles, H;0, CO, CO,, and other gases. The temperatute inside the rocket motor chamber is
typically 3200 K, which is hot enough to melt the Al,04 (melting point = 2320 K) but not hot
enough to vaporize it (boiling point = approximately 3700 K). As the exhaust exits the rocket nozzle
it cools, and the A1,04 begins to solidify. The temperature of the exhaust decreases further as it

moves away from the rocket [14].

In the ultraviolet, the emission from the plume central regioné of these rocket motors is
expected to be dominated by thermal emission from hot particles of Al,04. In a simplified model,
the temperature of the Al,04 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
bands arising from exhaust gases or atmospheric constituents, and these will contribute to the
spectrum,

|

Even in the simplified model, in which the Al,04 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 Al,O3 particles are typically a few microns in size and are inefficient
emitters of visible and longer wavelengths. The effective emissivity for 2.3-micrometer (um) Al,O,
particles (as a function of wavelength) resulting from this effect is shown in Fig. 10.

1

0.1

Emissivity

abl s s aptmt 1 2z tisg

001 de A i L
0.2 0.3 0.4 0.5 0.6 0.7

Wavelength (microns)

Fig. 10 - Effective emissivity of a 2.3-um alumina pmicle'

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.

* 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 ultraviolet.
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Each rocket’s emission was also modeled for all four filier bandpasses of the UVPI's plume
camera. This information was used to determine the desired sequence of the plume-camera filters for
the Antares and Star 27 bums. Filter PC4 was selected to begin the observation of the Antares plume
because its wider bandpass would provide the brightest signature. Filter PC-4 responds to wavelengths
longer than 300 nm, 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-1
and PC-3 observe wavelengths that do not pass through the ozone layer and, thus, cannot be observed
from the ground. Use of these filiers 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 bumn 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-1 for several seconds of data prior to, and including, the burnout.

The filier sequence for the Star 27 bumn should emphasize the use of filters PC-1 and PC-3
that pass wavelengths that are invisible from the ground. Therefore, the Star 27 observation should
start with filter PC-1 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 bumout of the Star 27 in a band thai is invisible to ground-based and airtorne sensors.

A subsequent calculation of the radiometrics, (assuming a 500-km 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 0 W/sr [15]. [Conversion of W/st
to photoevents/irame was done by using the conversion factors for each filter shown in Table 17].

Table 2 - Expected Intensities for Antares Stage

Filter W/sr Photoevents/Frame
PC-1 66.7 70.1
PC-2 45.0 75.2
PC.3 17.4 13.9
PC-4 226.6 1.302.0
TC 1200.0 37,151.0

Table 3 - Expected Intensities for Star 27 Stage

Filter W/sy Photoevents/Frame
PC-1 11.4 11.9
PC-2 7.5 12.5
PC-3 2.9 2.3
PC-4 36.2 208.0
TC 181.3 5.613.0

The expected size and shape of the plumes, as predicted by CHARM 1.3, is given in more
detail in Section §.

3.0 STRYPI OBSERVATION

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

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 at any time during the observation.
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Figure 11 shows that the second-stage Antares rocket and the third-stage Star 27 rocket
fellowed a southbound trajectory approximately paralici “vith the LACE satcllite's descending pass
over hewaii. 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 nominai '

Suypi X1 events ic presented in Seciion 2.0.

40 T T T T T 49

k14 -430
3 Portto STRPIE | A
g 20 Bowshock
; - iy, . j049:14:23:11

STRYPI
© g 049:14:22:14 I I
Using 18 FEB 1991 OLES
° 1 1 | i 1

-180 A 180 150 140
Longiude (depraes)

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

Table 4 - Strypi Sequence of Events*

Event Frame GMT TALO (s) Description

1 5700 14:18:35.0 0.0 Lifioff—castor &

. TecTuits 1gnition

2 5766 14:18:37.2 2.2 Recruits burnout

3 5790 14:18:38.3 3.0 Jettison recruits

4 6959 14:19:17.0 42.0 Castor burns 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 14:21:10.2 155.2 Antares ignition

9 11425 14:21:46.0 191.0 Antares burns out
10 12147 14:22:10.1 215.1 Jettison antares
10a 12525 14:22:22.7 227.7 Antares bumps Star 27
11 12867 14:27:34.1 239.1 Star 27 ignition
12 13994 14:23:11.7 276.7 Star 27 burnout
13 14159 14:23:17.2 282.2 Eject periscopes
14 14183 14:23:18.0 283.0 Begin bow shock

*The time of events was obtained from Sendia National Laboratories and is based on separation
monitors, SANDAC monitors, and fire module capacitor voltages.
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3.1 Strypi Performance

Strypi was launched on time and had close te nominal performance until the separation of the
third stage resulted in some problems. This stage contained the Star 27 motor. Figure 12 shows the
actual velocity and altitude proriles of Strypi as determined from onboard telemetry. Detailed tables
of the SLrygi trajectory parameters as a function of time are given in Appendix G. The first stage was
less than 1° off in azimuth at burrout, which was closer to the planned niominal trajectory than to any
of the preflight-lefined dispersed trajectories. To compensate for Jfirst-stage trajectory anomalies, the
Antares ignition time was changed from the nominal T+152 s (0 T+155.1 s. The onboard active
guidance and control system of the second stage brought Strypi within about 2.5 km of the nominu
target point for igrition of the third stage. However, it is believed that the Antares second-stage casing
bumpe~ the Star 27 stage just prior to the Star 27 ignition. This caused a third-stage coning with
about a 10° half-angle during the Star 27 burn and causcu a lofting of the trajectory. Star 27 burnout
occurred at 'T+276.7 seconds, when Strypi was at an altitude of 112.3 km with a velocity of 5.04
km/s. The nominal values for Star 27 bumout are T+280 s, 99.4 kin, and 5.09 km/s. The differenze in
altitude is important; it is bclieved to be the primary cause for failure to detect the bow shock
emission with UVPL '
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Fig. 12 - Strypi altitude and velocity profiles

The angle-of-attack and rocket motor chamber pressure profiles for the Antares and Star 27
burns, as determined from telemetry, are shown in Figs. 13 and 14, respectively.
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Fig. 13 - Antares chamber pressiure 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 aciual 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 opsrator 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

g‘m TALO Frame UVPI Delsyed-Execution Commands UVPI Real-Time Commands I
14:14:50 -225.0 Tura UVPl on
14:15:25 -190.0 Turn relays K1, K2 on
14:15:45 -170.0 Set tracker max galn to 10
14:15:50 -165.0 Initislize tracker
14:16:00 -155.0 Set fiiter wheel position to 4
14:16:08 -147.0 Load MASS AND INTENSITY run block
14:16.39 -116.0 Turn off AGC, set track and plume gains to 0
14:16:44 -111.0 Set extrapolate timeout to 5 5.
14:16:45 -110.0 Set {>ame ratio to 1:15 (Plume: Tracker)
14:16:51 -104.0 Open door to 5124*
14:17:11 -84.0 Turnon AGC
14.17:12 -83.0 3212 Tura on tape recorder, tape unit A
14:17:13 -82.0 3242 Swing gimbal to left (Az=.5.5° El=+4.3%)
©14:17:18 770 3392 Swing gimbal to right (Az=+5.0° El=+1.4%)
141723 720 3541 Turn off tape recorder
14:17:24 -71.0 ki) Point to star (garama Velorum) using FIXED
STAR pcinting function
14:17:25 <70.0 3608 Set lost track function to FIXED STAR pointing Upload FIXED STAR pointing
function function (pred)
14:17:38 -57.0 3 Point using FIXED STAR
: function {(pred)
14:17:45 -50.0 4201 XHEI AOS S*
14:17:46 -49.0 4231 Open door one coarse step
14:17:55 -40.0 4501 l Upload SCAN STAR function
14:18:08 210 4890 \ Point using SCAN STAR
! function
14:18:15 -20.0 5100 \ Upload ANTARES function
14:18:20 -15.0 5250 <<<< GOINO-GO Decision >>>> :
14:13:24 -11.0 5370 i Upload ROCKET function
14:18:35 00 5700 <<<<<<<<<<STRYPILAUNCH>>>>>>>>>> Paint using FIXED STAR
| function (pred)
14:18:52 17.0 6209 \ Upload FIXED STAR pointing
function (calc)
14:19:C4 290 6569 \ Point using FIXED STAR
function (calc)
14:19:11 360 6779 J Acquire using FIXED STAR
function
14:19:17 42.0 6959 Strypi Castor Burncwt Tum zoom on
14:19:21 46.0 7078 Plume: Tracker frame ratio
8:2
14:1929 54.0 7318 Filter wheel position 3
14:19:47 720 7858 Filter wheel position 2
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Table § - Strypi Encounter List of Commands (Cont'd)

é‘m T?-lio Frame UVPI Delayed-Execution Commands UVPI Real- lime Commands I
——

14:19:57 820 8158 Update of Antares ignition time (24 3)

14:20:2 87.0 8307 Filter whee! position 1

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

14:20:34 119.0 9267 Turn off zoom

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

14:20:36 121.0 9327 Polnt to gimbal positioa 0,0

14:20:37 1220 9357 Open door fully for Strypi viewing

14:20:38 123.0 9387 Initialize tracker

14:20:42 121.0 9506 Upload ANTARES function T

14:20:47 1320 9656 Load MASS AND INTENSITY run block

14:20:57 142.0 9956 Point to Strypl using ANTARES function

14:20:58 143.0 9986 Set lost track function to ANTARES function

14:21:00 145.0 10046 Acquire using ANTARES
function

14:21:2 147.0 10106 Turn on tape recorder, tape unit A 1

14:21:10 155.2 10352 Strypi Aniares Ignition

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

142126 171.0 10825 Filter wheel position 2 1

142135 180.0 11095 Filter wheel posiion 1|

14:21:46 191.0 11425 | Strypi Antares Burnow 7

1421:49 1940 11515 | Turn off zoom ]

14:21:50 195.¢ 11545 Set frame ratio to 2:8 (Plume:Tracker) -

1421:56 201.0 11725 | Turn off tape recorder ]

14:22:03 208.0 11934 Upload ROCKET function

14:22:14 219.0 12264 Point using ROCKET function

14:22:24 290 12564 Turn on tape recorder, tape unit A

14:22:28 2330 12684 Point to Strypl using ROCKET function

14.22.9 2840 12714 Set lost track function to ROCKET function ?cquue using ROCKET
unction

14:22:30 235.0 12744

1422:34 239.1 12867 | Serypi Swar 27 Ignition

14:22:36 241.0 12924 Tum zoom on

14:22:41 46.0 13073 Plume:Tracker {izme 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 Umeout

10108,

14:23:10 2150 13943 Set tracker max gain to 11

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

14:23:12 276.7 13994 | Strypi Star 27 Burnows

14:23:18 283.0 14183 Strypi Bow Shock Siart

1423:2 287.0 14302 Tum zoom on

14:23:26 291.0 14422 Tum zoom off
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Table 5 - Strypi Encounter List of Commands (Cont’d)

I (('l;"imc TA‘I;O | Frame UVPI Delayed-Execution Commands I UVPI Rcal-Tixnc Commands
14:23:34 299.0 14662 Plume:Tracker frame ratio 2:8
14:23:40 305.0 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 kom)

14:24:3 348.0 16131 Turn off AGC

14:24:248 349.0 16161 Set track and plume MCP gains to 0

14:24:24 349.0 16161 Park gimbal mirror

142424 349.0 16161 Turn off tape recorder

14:24:25 3500 16191 Close 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 $31.0 Command UVPI shutdown '
14:27:26 531.0 KHEILOS 5°

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 E.r,. T T T T T T T T T T T
16,000 TIME « 0.0 -
is the //
15,000 STRYPI UFT-OFF .
Y o 4
14,000 .
3 E 3
§ 13,000 | fed) ]
“ E »a STAR 27 :
12,000 E G o 3
3 N ANTARES CLOUD 3
11,000 E g 5
10,000 E v‘munes ;

E {1
9,000 E. A .i;i.l; adadadataiated i i i 1, j
140 160 180 200 220 240 260 280 300 320 340

Time (sec)

Fig. 15 - Telemetry 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 detcrmination 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 0.65° radius circle at
14:20:57. The acquire command was sent about 10 s prior to Antares ignition, which occurred at
about 14:21:11.

About 1 s after Antares ignition, part of the rockst 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 ir place at 14:21:19, about 2 s later than planned. Durirg 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-1 occurred at 14:21:40.
about 6 s late. The tracker camera gain was 7 during most of the Antares burn but changed to a value
of 6 about 5 s prior to bumnout. :

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 lked 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, § 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
limitetg to ad maximum of 10 through most of the Star 27 burn until the maximum was raised to 11
near 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 bumout, 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 fpointing 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.
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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, ioystick commands could not be sent. By the time the computer was restarted,
the bow shock pe.iod 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 bum, its altitude was too high for
the bow shock emission to start. By the time the bow shock emission started, at 100-km altitude, UVPI
had automatically 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 ang.e between the line-of-sight (LOS) vector from UVPI to the target point
and the jongitudinal axis of the rocket. Zero degree aspect angle mecans UVPI is looking at the
rocket's nose, and 180" means looking up the rozzle. The oscillaticiis in aspect angle, starting just
prior to the Star 27 ignition, are due to the coning of Strypi.
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Fig. 16 - Strypi/UVPI encounter geometry

The range for the Antares burn was from about 512 km 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 -

bumout. The minimum range, 446 km, occurred during the coast period shonly after Antares
burnout. This was the result of a compromise in the encounter design to obtain the best possible
geometry for both rocket burns but with more emphasis on the Antares bumn.

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
bumn. The vignetting stayed at 0% for the first 12 s of the Star 27 bum then increased to a2 maximum
of about 5.2% by burmout.
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Fig. 17 - Surypi/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-clockwise
positive.

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 bumned 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 bumn, the tracker momentarily lost track because of changes in
the size and intensity of the rocket plume. After the Antares rocket bumed out, the tracker locked
onto the trailing cloud left behind the Antares rocket. At the start of the Star 27 bumn, the acquisition
sequence was repeated by sequencing through the POINT, ACQUIRE and TRACK mission modes.
The Star 27 rocket bumed for 41 s.

Extrapolase i

Track -..S ;
i

§ Acquire = /i

Point ANTARES]
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7 STAR 22

Park

140 160 180 200 220 240 260 280 300 320 340
Timer (sec)
Fig. 18 - Mission mode vs time after launch
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3.42 Gimbal Angles

Figures 19 and 20 show the azimuth and elevation gimbal angles, respectively, as a function
of time. The LACE satellize'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 -20° to +20°. The azimuth and elevation gimbal rates are
calculated to be 2.6°/s and 0.1°/s, respectively, which are well within specifications. The dashed lines in
these plots represent the SC-1 computer-commanded gimbal angles. At the beginning of the
encounter, the SC-1 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-1-commanded gimbal angles remain
fixed to the last commanded value. There was a noticeable transient as the tracker brought the
tracking errors to zero. This transient 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.
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Fig. 19 - Azimuth gimbal angles vs time after launch . . . .
8 g 8 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 Telemetry TALO Rocket Stage
Interval Frames (s)
1 10,536 - 10,549 161.3 - 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 13,489 - 13,599 259.8 - 263.5 Star 27
7 13,677 - 13,928 266.1 - 274.5 Star 27
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3.5.1 Tracking Jitter During Antares Burn

Data intervals 1 through 4 from Table 6 were chosen for analysis of tracker performance
during the Antares bum. Appendix D.2.1 provides a detailed analysis of the tracking errors during
these intervals, Table 7 summarizes the statistics associated with ir - king errors for each of these
intervals. The standard deviation is the RMS value about the mean. nence, the x RMS tracking errer
varies between 7 and 10 microradians (urad) while the y RMS tracking error varies between 6 and 13
prad. These jitier values are within the tracker specification of 15 prad RMS.

Table 7 - Tracking Error Statistics During Antares Bumn

Interval Telemetry Paameter Tracking Error X §  Tracking Error Y

Frames (prad) (urad)
Minimum -20.6 -58.1
10,536 Maximum 5.6 -35.8
1 to Mean 3.4 -47.6
10,549 Sud 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
10063 Maximum 31.9 .35.8
3 to Mean 33 .48.2
11,190 Std deviation* 10.3 7.2

Points 228 228

Minimum -28.1 -143
11,286 Maximum 30 -40.2
4 to Mean -2.0 -62.1
11,413 Sid deviation® 71 12.9

Points 130 130

*RMS lJitter

3.5.2 Tracking Jitter During Star 27 Burn

\ Intesvals S, 6, and 7 were chosen for analysis of tracker performance during the Star 27 burn,
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 t‘{’acking error varies between 16 and 187 prad and the y RMS tracking error varies between 18
and 167 prad. These jitter values are larger than the tracker specification of 15 prad 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 arc primarily attributed to
the weak signal from the Star 27. See Appendix D for details.

3.5.3 Comparison with Previous Encounters

comparison with tracking ervors for previous encounters, Nihka and Starbird, is given in
Table 9.

¥
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Table 8 - Tracking Error Statistics Duriﬁg Star 27 Bum

Teleme Tracking Error X Tracking Error Y
Interval Framc:y Parameter (urad) (urad)
Minimum -556.9 -370.94
13,142 Maximum 103.1 169.9
5 to Mean -19.9 -50.8
13,239 Siud deviation®* 83.4 61.0
Points 105 105
Minimum -43.1 .-93.8
13,489 Masimum 7.5 4.4
[ to Mcan -2.9 -45.5
© 13,599 Std deviation® 15.9 17.9
Points 112 112
Minimum -145S5 -670.4
13,677 Maximum 1241.3 1707.1
7 to Mean -1.0 -54.3
13,928 Sid deviation® 187.3 166.6
Points. 252 252

*RMS Jitter _
Table 9 - Tracking Error Comparison

Mean Tracking Error RMS Jitter
X Y X Y
Rocket Encounterl (urad) (urad) (urad) (urad)
m D

Antares 3w3 47 10 -62 71010 61013
Sur 27 -1 -19 45 1 -54 16 10 187 18 10 167
Nihka 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 not track within jitter
specifications, less than 15 purad 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 giver 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 UVPL

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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reports important calibration parameters associated with the intervals. The UVPI-Strypi range is used
to determine scurce radiant intensity, as discussed in 4.2. The image angle variation associated with a
scquence of frames is 2 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 analvsis and
listed in Table 6.

Table 10 - Definitions of Data Intervals

Data Strypt OMT TALO Piume “iclemetry No. of No. ot
Interval Suge (s) Camen Frume Plume Tracker
— Filter Range Images Images
1 Antares 14:21:16.33 - .61.3 - PC4 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 - 175.0 - PC-2 10963- 157 40
14:21:38.14 183.2 11190
4 Antares 14:21:41.34 - 186.4 . PC-1 11286- 104 26
14:21:45.59 190.6 11413
5 Star 27 14:22:43.27 - 248.3 - PC-1 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
? Star 27 14:23:01.12 - 266.1 - I PC3 13677. 171 41
14:23:09.49 | 2745 | 13928

Table 11 - Parameters Associated with Data Intervals

Strypi Plume Plume-to- . i Image
hlt)::.] Stage Camen B.(I:\dé:;“ Tracker gmcs(lgnp; Angle Variation
Filter Ratio (dep)

SN
1 Antarcs PC4 235-350 2:8 496 0
2 Antares PC-3 195-295 8:2 477 34
3 Antares PC-2 3C0-320 é:2 462 2.9
4 Antares PC-1 220-320 8:2 452 0.6
5 Star 27 PC-1 220-320 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 6.4

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 werz observed. Parameters provided
include time, telemetry frame number, gain level for both camer:s, and exposure time for both
cameras. Changes in gain levels are indicated along with other comments. The plume camera has a
constant !/sth 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 !/»th 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
furllctionI gf telemetry frame number. In these figures, the data intervals are depicted as horizontal,
bold, solid lines.

The Antares plume was first observed in the plume camera around frame 10457. Because of
gain changes and ensuing transients in the plume camera, data analysis was limited to intervals 1
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,
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and 4.3 s of filter 1 data were collected during this time. Analysis of tracker camera data is restricted
to these same intervals.
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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 boih 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 rlumes, 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 described
in detail in Section 8. : ;

4.2 UVPI Data Analysis Methodology 5

( .
The data analysis procedure for the UVPI cameras can be divided into two stages: 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 um. =

4.2.1 Photcevent Calculation

The raw imzge data transmitted from the satellite is in the form of arrays of 8-bit binary
numbers Qj representing the intensity of light falling on the kth pixel of the CCD. These Qy are
converted into the number of photoevents Py occurring at the corresponding photocathode location
during the image frame:

P, =(1/G,)(Q. - D,)/U,. 1)

G, is gain conversion factor for gain step g, i.e., the value of Q for a single
photoeveri, assumed to be the same for all pixels &;

D, is the dark value for the kth pixel; and
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U, is the gain nonuniformity correction factor for the kth pixel.

The pulse height distribution of the image intensifier v:ill cause noninteger values for Py, The
conversion of CCD response peaks to integral photocvent counts is possible only on the weakest
images, because of the overlap of photoevent images. Hence, P values are trcated as continuous
variables. The G, Dy, and U 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 repcnt.

4.2.2 Extraction of Radiometric Quantities

Three levels of data reduction are useful for any radiometric experiment. In the first level,
data merely are reduced to instrument readings or counts; in the second level, instrument readings are
conveited by instrument-specific conversion factors into approximate measures of physical quantities
with no assumed spectral mnodel of the phenomenon being measured; and in the third level of
reduction, a spectral model of the phenomenon is used to reduce data and gresent 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 P, at pixel k due to an extended
source of spectral radiance L(A), with units of, e.g., W/cm2-um-sr, is given by:

P, =(AQ7/hc)[ AQ(A)L(A)dA., @)

A, is system aperture area,
Q is pixel field of view,

1 is exposure time,
h is Planck’s constant,
c is speed of light, and

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

The factor A/hc in Eq. (2) is required to convert Q(A) to the optical efficiency ordinarily
incorporated in the optical transfer equation, or equivalently, to convert the spectral radiance L(A) to a

photon radiance [photons/s-cm2-pum-sr]. The system aperture area is 78 cm2. The exposure time T 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 Q is 12.5 x 9.8 prad = 1.22 x 10-10 sr for the plume camera and 182

x 143 prad = 2.6 x 108 sr for the tracker camera. At the typical range of 500 km, these pixel fields
of view correspond to 6.2 by 4.9 m and 91 by 72 m, respectively.

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(A) of
some arbitrary amplitude, the phctoevent count P, that would be observed from a source with this
distribution is

P, =(AQ1/hc)|AQ(A)R(A)dA . 3)




ot S

Sy § e

28 H.W. Smathers e! al.

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

L(A)=aR(A) @)

or, more specifically,
’ _
L(3)= (P./ P JR(2). | ®
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 over the detector passband in terms of Py,

I;.Q(A)L(z)da=P,hc/(A,nr) | o (6)

To define a measure of in-band radiance, the wavelength of peak net cuantum efficiency is
defined as A,,, and the integral is normalized over the detector passband to define a peak normahzed

radiance, in accord with standard practice:

L, =]20(A)L(A)dA | 2,Q(A.) )
or, in terms of the data in P,

L, =(P,/ t)(hc / (A.QA,0(2,))) (®)

where the quantity hc/ AQ=2.11010"J —nm [ m* —sr.
The values of A,, and Q(A,,,) for each of the filters are given in Table 12.

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

Filter Am OAm) AmCC n)
(nm) (nmy
Piume PC-1 270 00606 1.64
Plume PC-2 305 00182 .555
Piume PC-3 250 00284 710
Plume PC-4 280 0131 3.67
Tracker 355 0200 7.10

For the hrightest pixel P;, the peak normalized radiance measured for each filter is ngen in
Table 13. These values are for the Antares motor.
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Table 13 - Photoevents Per Second and Pcak Normalized Radiance
for the Brightest Pixzl In the Plume Camera Filter Bands

P/J’C Lpn
Fiiter (photoevents/s) HW/sicmn?
Plume PC-1 26.3 | =17
Plume PC-2 10.6 217
Plume PC-3 6.79 ... 188
Plume PC-4 158 6.

The 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 A, for each filter. Thus, the peak nommaliz:d spectrum is
mathematically equivalent to the choice of a model spectral distribution function R(A) that is a
monochromatic source that peaks at Ay,

R(A)=R,86(A-1,). )

This is, of course, not a good approximation to the spectra of the Strypi plumes seen by
UVPL These spectra are actually broad continuum spectra roughly resemb’ing 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.

4.2.2.3 Formulation and Comparison of a Model Plume Spectrum

The third level of data reduction requires a reliable modecl of the phenomenon being
measured to use as a reference. In the case of Strypi radiometric data, a model spectral shape ic

needed. Such a spectral shape can be found by considering the physics of UV emission from soliG-

fuel rocket plumes.

Both the rocket motors for the Antares and the Star 27 contain powdered aluminum in their
propellant. This aluminum oxidizes and emerges as an incandescent mist in the rocket exhaust. It is
this mist of oxidized aluminum particles 1at emits much of the UV radiation seen by UVPI in 1+
plume central region. The mist is optically thin, that is, when one sees the plume one is not seeing o
solid object tut 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
Al,03 particles at the melting point, 2320 K. This rescmbles a scaled blackbody curve for

" wavelengths below 300 nm but is much depressed below a blackbody at longer wavelengths. Because

the heat of fusior: 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 pluine 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 of a
blackbody times an emissivity function eqi(A) (Fig. 10). This emissivity curve is basically
characteristic of hot alumina particles found in rocket exhaust plumes. The spectral shape coripared
to a blackbody spectral shape is shown ia Fig. 23. (The bandpasses of the tracker camera and the
four plume-camera filters are also indicated in Fig. 23).
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Fig. 23 - Spectral shape function based on reference spectrum model

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

R(}')'—-eu(l)Ln(A), (am

where Lpp is the 2320 K blackbody spectrum.

The simplest comparison of R(A) to the actual plume spectrum data is to calculate P;” by
using Eq. (3): '

P,=(AQt/ hc)] AQ(A)R(A)dA, (1n
then, dividing Eq. (2) by Eq. (11) and using Eq. (4) to get:

P, _[20A)L)dA _ alA0(A)R(A)dA _
P, JAQA)R(A)A ~ JAQ(A)R(A)dA

(12)

Therefore, @ can be calculated for each passband and for each pixel by calculating Pg” and
comparing it to the measured value of Pi. The values of P/t and P,"/t obtained as average for the
brightest pixel over scveral images for th» Antares plume in the various filter bands are given in Table
14. The ratio. of P, to P,” 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 suggssts that the referciice spactrum 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.
Herlx:cc. the reference spectzum can be used for radiometric interpretation of plume data for both
rockets.
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Table 14 - Photoevents Per Secund from Antares Plume and Reference
Spectrum Model For Brightest Pixei and Ratios of These Values

Filter P Pyt PPy
hanwn
Plume PC-1 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

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(A) equal to aR(A).

4.2.3.1 Spectral Radiance

The procedure above yields a function L(A) 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(A) at a specific
characteristic wavelength A; 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 respose centroid wavelength, weighted by the reference
spectral function, was defined:

A, =[*R(A)Q(A)dA / [AR(A)Q(A)dA. (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(A).

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(A) at all. in short, these single numerical
values for the rapidly varying spectral vadiometric 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

Camera/ Nominal FWHM Central A Centroid A

Filter Bandpass Bandpass (nm) Reference

' Spectrum
Plume PC-1 220-320 25 270 280
Plume PC-2 300-320 10 305 310
Plume PC-3 195-295 50 250 265
Plume PC4 235-350 56 280 305
Tracker 255-450 150 355 390

ok
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4.2.3.2 Radiance

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

o [ ra 14
L,-LL L{A)A = L( ‘)LL R(A)dA [ R(R,). (14)

The units of L, are (power)/(area)(solid angle), or W/m2-sr. The evaluation of these integrals is
limited to the nominal bandwidth of the pertinent filter. Note that the integrand of Eq. (14) does not
include the response function Q(A) and, therefore, does not become small outside the filter passbands.
The 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
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. '

This conversion can be achieved from the preceding expressions by multiplying by the
projected area of the detector R2Q, where R is the range to the source and Q is the detector field of
view. This is equivalent to summing the apparent radiance and spectral radiance over the projected
pixel area and attributing it to a point source within the field of view of the pixel. The spectral radiant
intensity /(A) and the radiant intensity /, can be obtained directly from the corresponding expressions
for the spectral radiance and radiance, Eqs. (5) and (14), respectively:

I(A)= (TI:-&;)R(J.)R’Q = R2QL(A), (15)
&k
and
1,=["10)da = R*QL, (16)

The units of I(A) are (power)/(spectral bandwidth)(solid angle), or W/nm-sr, and the units of I,
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 full-spectrum radiant intensity and will also be very <ensitive
te the range of integration chosen for Eq. (16).

4.2.4 Point Spread Function Effects

The full-width-half-maximum (FWHM) of the plume camera point spread function is about
90 prad (9 pixels). That of the tracker camera is about 230 prad (1.5 pixels). The plume length is
expected to be 30 m or less, which corresponds to 67 prad at a 450-km range. The effect of the point
spread is to blur a small source image over an increased image area, reducing its apparent source
radiance as well as increasing its apparent dimensions.

The amount of the reduction of the apparent source radiance depends on the true dimensions
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
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30 m, and the 9-pixel diameter at a 450-km 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 contour plots with predicted plume values. In the absence of independent
dgftennination of the source dimensions, the apparent radiance values cannot be corrected for this
effect.

4.2.5 Radiometric Data /nalysis Summary and Conversion Values

The essence of the data analys:s procedure is the determination of the amplitude of the
reference spectrai shiape thai wou's yizld the oheerved nhatnevent count. Should some emission
phenomenon be discovered that features a difierent emission spectral shape, the anatyses ...ald
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(A) and the
spectral radiant intensity function /(A). 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 km. The spectral radiance L(A,)

and the radiance L, 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 /(A,) and radiant

intensity /, values are nommally applied to the total number of photoevents measured in the plume
image.

Table 16 - Radiometric Values Corresponding to Single Photoevents

L(A,) L, 1) 1,
Filter (UW/m2-nm-sr) (W/mZ.sr) (Wnm-sr) (W/st)
PC-1 2.07x102 3.11x10°2 6.34x10°3 9.51x10-!
PC-2 9.55x102 1.95x10°2 2.93x102 5.98x10-1
PC-3 3.91x102 4.08x102 1.19x102 1.25x100
PC4 5.38x10! 5.68x103 1.65x103 1.74x10°!
TR 3.96x10-2 4.96x106 2.58x104 3.23x102
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4.3 Examples of Single Plume Camera Images

This subsection presents raw plume image data. Given the characteristics of the UVPI
cameras, €.g., exposure time, optics aperture, and the rocket plume radiant intensity, the number of
photoevents that are registered within the focal plane array of a camera can be individually counted
as 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 burn for the
different filters. The image in the upper left comer is frame 10542, PC-4; the upper right corner is
frame 10671, PC-3; the lower left comner is frame 10987, PC-2; and the lower right comer is frame
11307, PC-1. Pixel radiance is encoded as image brightness, 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 ptotoevents 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 compute
the number of photoevants 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 burn.

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 cbserving 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?) 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-
maximum of the point source response in the plume camera is about 9 pixels, or about 30 prad,
which is equivalent to 40 m at a 450-km 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.

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
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 1:ft comer of each image. A histogram of the image intensity values is shown
above the color bar in the form of white dots.

With each picture or plot a companion summary table provides relevant information for the
qua.lx_n:)tlzm:g interpretation of the image or plot. The parameters presented in these tables are described
in Table 17,
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Fig. 24 - Single unprocessed plume camera images of Antares plume
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Fig. 25 - Single image of Antares plume
Table 17 - Description of Basic Parameters
Aspect angle Angle, in degrees, between the LOS and the rocket body longitudinal vector
Avernsge range Avenage distance, in kilometers, between UVPI and the plume target
Camers Camers used, either tracker or plume
Displayed image size Size in pixels (picture elements) of the image being displayed
Number of superposed images Number of images sveraged together to genenate the composite imsge. Due 1o the tracker-to-plume
P 8 image ratio, this number l;l naw:qunl w the number of frmz‘x”in the range a
Pixel footprint Projected pixel dimensions, in meters, at target range. This number does not account for any
spreading introduced by the optics or jitter since it incorporates only the instantaneous field of view
Range of frames used Range of frames containing the set of tracker or plume camera images superpoied
Spectral band ggeeml band, in nanometers, covered by all images within the set. This band includes more than
% of the net quantum efficiency response curve
Target obterved Either the Antares or the Star 27 stage
Toual photoevents/s Sum of all photoevent-per-second pixel values over the specified region of the focal plane
Total radiant intensity (W/er) || Radians intensity associaied with the total photocvents per second
[ Tol spectral radiant Spectral radiant intensity at the specified centroid wavelength associated with the total photoevents
Intensity (W/sr-jm) per second
Apparent peak radiance A radi m d at the brightest pixel in an image. Because of the size and structure of
‘ (uW/lt-cmz) uVrrs point spread function, the value yiven is not likely 1o be a good measure of the true peak

radiance at the source. The value is useful for rough comparisons and order-of-magnitude estimates,

Apparent peak spectral
radiance (uWIn-anz-;un)

Apparent spectral radiance at the specified centroid wavelength measured at the brightest pixel in an
image. Because of the size and structure of UVPI's point spread function, the value given is not likely
10 be a good measure of the true peak ral radiance at the source. The value is useful for rough
comparisons and order-of-magnitude esumates.

Error (%) Total error associated with the above radiometric values. This error includes gain conversion factor
error and the error attiributable 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.

- s ~
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Note 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 supcrposed.

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-1. 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 angle that is
the complement of the aspect angle shown in Fig. 16. Over the period of observation, the dircction 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.

Table 18 - Apparent Velocity Vector Direction for Each Interval

Direction of Motion Relative
Interval Stage Filter o Tracker Camera
X Axis (deg)
1 Antares PC4 16.3
2 " Antares PC-3 13.6
3 Antares PC-2 9.1
4 Antares PC-1 6.1
5 Star 27 PC-1 -29.1
6 Star 27 PC-2 -31.7
7 Star 27 PC-3 -334

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 Antarcs
stage. This is the result of a weaker signal, which affected the tracking performance.
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Observing sensor: UVPI
Target observed: UVPI Ground-Based Beacon
Orbit number: 1173
Range of frames used: 12778-12778
Camera: Plume
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 450

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

Number of superposed images:
Camera:

Spectral band (nm):

Displayed image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

*Total photoevents/s:

*Total radiant intensity (W/sr):
*Total spectral radiant intensity
@ 305 nm (W/sr-pm):

*Error (%):

Observing sensor:
Target observed:

UVPI (Feb. 18, 1991)

Strypi, Antares stage
10536-10549

12

Plume

235-350 (PC-4)

112 (vertical) x 91 (horizontal)
496

4.86 (vertical) x 6.20 (horizontal)
100

1.46 x 10*

8.31 x 10!

7.87 x 102
At least 13.5 (morc frames necded)

*For full image.

Fig. 27 - Composite plume camera image for interval 1
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Observing sensor:

Targat observed:

Range of frames used:

Number of superposed images:
Camera:

Spectral band (nm):

Displayed image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

*Total photoevents/s:

*Total radiant intensity (W/sr):
*Total spectral radiant intensity
@ 265 nm (W/sr-pm):

*Error (%):

UVPI (Feb. 18, 1991)

Strypi, Antares stage
1055610913

207

Plume

195-295 (PC-3)

112 (vertical) x 91 (horizontal)
477

4.67 (vertical) x 5.96 (horizontal)
94

9.75 x 10?

3.69 x 10!

3.53 x 102
10.3

*For full image.

Fig. 28 - Composite plume camera image for intcrval 2
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Observing sensor: 1JVPI (Feb 18, 1991) -
Target observed: Strypi, Aniares stage [- ‘\.—l
) Range of frames used: 10963-11190 \,l
ﬁ Number of superposed images: 157 "
Camera: Plume

Spectral band (nm): 2300-320 (PC-2)
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
l Average range (km): 462
Pixel footprint (m) @ rar-e: 4.53 (vertical) x 5.78 (horizontal)
Aspect angle (deg): 90

*Total photoevents/s: (9] x 103
*Total radiant intensity (W/sr): 3.24 x 10!
*Total spectral radiant intensity

@ 310 nm (W/sr-pm): 1.59 x 103
a *Ercor (%): 16.0

*For full image.

Fig. 29 - Composite plume camera image for interval 3




44

H.W. Smathers et al.

mems Ausw maa mae Eewh SEEE S ses




LACE/UVPI: Strypi

45

Observing sensor:

Target observed:

Range of frames used:

Number of superposed images:
Camera:

Spectral band (nm):

Displayed image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

UVPI (Feb 18, 1991)

Strypi, Antares stage
11284-11413

104

Plume

220-320 (PC-1)

112 (vertical) x 91 (horizontal)
452

4.43 (vertical) x 5.65 (horizontal)
81

*Total photoevants/s: 352 x 103
*Total radiant intensity (W/sr): 9.11 x 10!
*Total spectral radiant intensity
@ 280 nm (W/sr-um): 6.07 x 102
*Error (%): 11.1

*For full image.

Fig. 30 - Composite plume camera image for interval 4
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Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, Star 27 stage /
Range of frames used: 13142-13239 v -

Number of superposed images: 44
Camera: Plume
Spectral band (nm): 220-320 (PC-1)
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 495
Pixel footprint (m) @ range: 4.85 (vertical) x 7.19 (horizontal)
Aspect angle (deg): 56 .
*Total photoevents/s: 458 x 102
*Total radiant intensity (W/sr): 142 x 10!
*Total spectral radiant intensity
@ 280 om (W/sr-pm): 9.49 x 10}
*Error (%): 12.2

*For full image.
Fig. 31 - Composite plume camera image for interval 5
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Observing sensor:

Target observed:

Range of frames used:
Number of superposed images:
Camera:

Spectral band (nm):

Displayed image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

UVPI (Feb. 18, 1991)

Strypi, Star 27 stage
13489-13599

89

Plume

300-320 (PC-2)

112 (vertical) x 91 (horizontal)
515

5.05 (vertical) x 6.43 (horizontal)
53

*Total photoevents/s: 217 x 10?2
*Total radiant intensity (W/sr): 4 59
*Total spectral radiant intensity
@ 310 nm (W/sr-pm): 2.25 x 107
*Error (%): 17.7

For full image.

Fig. 32 - Composite plume camera image for interval 6
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Observing sensor:

Target observed:

Range of frames used:

Number of superposed images:
Camera:

Spectral band (am):

Displayed Image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

*Total photoevents/s:

*Total radiant intensity (W/sr):
*Total spectral radiant intensity
@ 265 nm (W/sr-pm):

*Error (%):

UVPI (Feb. 18, 1991)

Strypi. Star 27 stage
13677-13928

171

Plume

195-295 (PC-3)

112 (vertical) x 91 (horizontal)
529 :

5.18 (vertical) x 6 61 (horizontal)
50

2.76 x 102

129 x 10!

123 x 102
11.3

*For full image.

Fig 33 - Composite plume camera image for interval 7
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4.4.1 Registration of Plume Camera Images

The composite images presented in this report are formed by adding values for
corresponding pisels 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 it
was 13.8 pixels.

Table 19 - Centroid Statistics for Plume-Camera Images

Data Images Angle Centrold Average Centrold
Interval Superposed Variation RMS Jltter - Position
(deg.) (pixels) (row, col)

| e —

1 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 {45.6,47.0)
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 were
superposed. The amount of rotation used wus obtained from the same source used to generate Fig.
16. Similarly, Fig. 35 illustrates the effects of frame registration for data interval 5.

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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Fig. 35 - Comparison of image superposition mewiods for data interval 5.
Left image uses direct superposition; right image uses frame registration

4.5 Calibrated Tracker-Camera Images

While the plume came:a gathered rocket plume imnages, 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
9.66
9.66
15.40
8.60
8.60
8.60

Nl la|wien

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 230
urad. 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 cach 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.
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57

Observing sensor: UVPI
Target cbserved: UVPI Ground-Based Beacon
Orbit number: 1173
Range of frames used: 12772-12772
Camera: Tracker
Displayed image size (pixels): 112 (verticald x 91 (horizontal)
Average range (km): 450

Fig. 36 - Tracker-camera image of ground-based bezcon iHlustrating the point spread function
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LACE/UVPI: Strypi

Observing sensor:

Target observed:

Range of [rames used:

Number of superposed images:
Camers:

Spectral band (nm):

Displayed Image size (pixels):
Average range (km):

Pixel footprint (m) @ range:
Aspect angle (deg):

UVPI (Feb. 18, 1991)
Strypi. Antares stage
10536 - 10549

2
Tracker
255 - 450

112 (vertical) x 91 (horizontal)
496

70.9 (vertical) x 90.2 (horizontal)
100

*Total photoevents/s: 276 x 10°
*Total radiant Intensity (W/sr): 293 x 102
*Total spectral radlant intensity
@ 390 nm (W/sr-pm): 234 x 10}
*Error (%): 15.6

*For central 19 x 19 pixels.

Fig. 37 - Composite tracker camera image for interval |
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AR

34

Observing sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, Antares stage —
Range of frames used: 10656 - 10913 v

Number of superposed images: 50
Camera: Tracker
Spectral band (nm): 255 - 450
Displayed Image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 477
Pixel footprint (m) @ range: 68.2 (vertical) x 86.8 (horizontal)
Aspect angle (deg): 94
*Total photoevents/s: 513 x 10°
*Total radiant intensity (W/sr): 504 x 102
*Total spectral radiant intensity
@ 390 nm (W/sr-pm): 4.02 x 10°
*Error (%): 15.6

*For central 19 x 19 pixels.
Fig. 38 - Composite tracker-camera image for interval 2
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Observing sensor:
Target observed:
Range of frames used:

Number of superposed images:

Camera:
Spectral band (nm):

Displayed Image size (pixels):

Average range (kin):

Pixel footprint (m) @ range:

Aspect angle (deg):
*Total photoevents/s:

*Total radiant intensity (W/sr):
*Total 3pectral radiant intensity

@ 390 nm (W/sr-um):
*Error (%):

UVPI (Feb. 18, 1991)

Strypi, Antares stage

10963 - 11190

40

Tracker

255 - 450

112 (vertical) x 91 (horizontal)
462

65.0 (vertical) x 84 (horizontal)
90 .

5.78 x 10° :

5.32 x 10? \

424 x 103
15.6 |

*For central 19 x 19 pixels.

Fig. 39 - Composite tracker-camera image for interval 3
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*Total
*Total

Observing sensor:
Target obs:rved:
Range of frames used:

Number of superposed Iimages:

Camera:
Spectral band (nm):

Displayed image size (pixels):

Average range (km):

Pixel footprint (m) @ range:

Aspect angle (deg):
*Total photoevents/s:
radiant Intensity (W/sr):
spectral radfant intensity
@ 390 om (Wisr-gm):
*Error (%):

UVPI (Feb. 18, 1991)

Stryoi, Antares stage

11286 - 11413

26

Tracker

255 - 450

112 (vertical) x 91 (horizontal)
452

64.6 (vertical) x 82.2 (horizontal)
81

422 x 10°

3.71 x 102

296 x 107
15.6

*For central 19 x 19 pixels.

Fig. 40 - Composite tracker-camera image for interval 4
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LACE/UVPI: Strypi

Observing sensor:

Target observed:

Range of frames used:
Number of superposed images:
Camera:

Spectral band (nm):
image size (pixels):
Average range (km):
Pixel footprint (m) @ range:
Aspect angle (deg):

Displayed

UVPI (Feb. 18, 1991)

Strypi, Star 27 stage

13142 - 13239

31

Tracker

255 - 450

112 (vertical) x 91 (horizontal)
495

70.7 (vertical) x 90.0 (horizontal)
56

*Total photoevents/s: 532 x [0*
*Total radiant intensity (W/sr): 5.62 x 10’
*Total spectral radiant intensity
@ 390 nm (W/sr-pm): 4.48 x 10?
*Error (%): 15.6

*For central 19 x 19 pixels.

Fig. 41 - Composite tracker-camera image for interval 5
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‘LACE/UVPL: Strypi

Displayed

Pixel fcotprint (m) @ range:

UVPI (Feo. 18, 1991)
Strypi, Star 27 stage
13489 - 13599

Observing sensor:
Target observed:
Range of frames used:

Number of superposed images: 23

Tracker
255 - 450

Camera:
Spectral band (nm):
Image size (pixels):
Average range (km): 515

Aspect angle (deg): 53

*Total photoevents/s: 537 x 10*
*Total radiant intensity (W/sr): 6.14 x 10
*Total spectral radiant intensity

@ 390 am (W/sr-pm): 4.90 x 102

*Error (%): 15.6

112 (vertical) x 91 (horizontal)

73.6 (vertical) x 93.7 (horizontal)

*For central 19 x 19 pixels.

Fig. 42 - Composite tracker-camera image for interva! 6
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Ubserving sensor: UVPI (Feb. 18, 1991)
Target observed: Strypi, "°or 27 stage N
Range of frames used: 13677 - 13928 V),
Number of superposed images: 41
Cumera: Tracker
Speciral band (nm): 255 - <50
Displayed image size (pixels): 112 (vertical) x 91 (horizontal)
Average range (km): 529
Pixel footprint (m) @ range: 75.6 (vertical) x 96.2 (horizontal)
Aspect angle (deg): 50
*Total photoeven’s/s: 4 .57x104
*Total radiant intensity (W/sr): 35.52x10!
*Total spectral radiant intensity
@ 390 nm (W/sr-pm): 4.40x10?
*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
the plume camera. This field of view contrins plume central region and a portion of the outer region.
Therefore, it cannot reliably be converted to radiant intensity or spectral radiant intensity. However, to
provide estimates of the radiant intensity and spectral radiant intensity, values based on reference
spectral energy distribution assumptions are reported for the tracker camera observations, These
results have been reduced by 16.3% to account for red leakage in the tracker camera filter,

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

4.6 Error Analysis for Radiometric Observations

Thke 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 ermror, 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.
4.6.1 Error Due to Measurement Noise

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. Sincc the Antares
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-
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 mvahd

Given the m.mbcr of photoevents as a function of image, the following quantities are defined:

M is number of irages in data interval,

N is number of images used within the window,

M; is local mean over N images arcund .*h image,

o; is local standard deviation around ith image,

7 is 3.10; + u;, detection threshold,

&; is o/i;, iocal error around the ith image,

G, is gain conversion factor for gain step g, in units of

sensor output per photoevent,
ey isemorin 1/G,,

ey is average local error in the measured number,

> (#‘ ) | an

& is upper bound error in the measured number for the
case of M averaged images,

M. overalll (18)

E. = M

e )
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To prevent extieme values from affecting the local statistics, the maximum and minimum
values within the ¥ window samples were rejected. That is, only N-2 images were uscd 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, ¢;, is no more than 0.001.

Table 21 lists M, the number of images averaged in each data interval, and gy , the error due
to measurement in the values averaged over the window that consists of N irmages. There are three

. columns of gy 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, ey

Interval Images Plume -Camera Plume-Camera Tracker
M) Central Region Central Region Camena
» | + Outer Region (19 x 19)
1 12 — — —

2 207 33.8 24.8 3.4

3 157 28.3 18.4 4.5

4 104 17.4 17.4 6.3

5 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 G, based on
measurements of scveral 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.

Table 22 tabulates the errcr associated with the gain conversion factor for the plume and
tracker cameras. The values reported are the average deviations cf calibration star mcasurements
ahout the mean calibration curve.

Table 22 - Average Error in 1/G, for Tracker and Plume Cameras

Average Deviation

CamerafFilier from Mean Calibration Curve (%)
P TN
| Tracker 15.6

Plume, PC-1 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 repont, the total error is defined as the ratio of the standard deviations of the number of
phoioevents to the mean value of the number of photoevents. Assuming that the digital number

e < 0 B AR TR R GO 5] SNSRI SRR it § 3T i R R
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reported by UVPI for a calibration star and the gain conversion factor G, are uncorrelated, or weakly
correlated, then the total error per image € can be obtained [18] from:

£ =\ Exyc + € + Eya, (19)

where gy is the average local error in the number of measured photoevents presented in Table 21, and
€y 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

£ = €N ElyG + 5+ EG . | (20)

Notice that &7 can never be smaller than g, /G o matter how many images are averaged together.

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 pumber of images within the data interval. The column under the X heading
contains the ratio of the average standard deviation of photoevents to the square root of the average

number of phptoevents. ie.,
1 o,
k==Y S| @1)
N 2 (JM‘]

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

Interval M K Ep £

1 12 - - -

2 207 1.381 354 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 1M 1.445 59.7 12.2

Under the assumption that the signal is not changing rapidly in time, K relates the measured
noise to the theoretical performance of a background iimited 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 availahle within the appropriate
data interval. Data interval number 1 did not have enough images to compute ey.

Similar to Table 23, Tables 24 and 25 show, respectively, the radiant intensity errors for the
total plume-camera field of view and those for the 19 by 19 tracker-camera pixels that overlay the
plume-camera field of view.
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Table 24 - Central Region Plus Outer Region Radiometric ™xvent Errors for Plume Camera

Interval M K € &
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
b} 44 1.24 347 12.2
6 89 1.44 584 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 € €
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 ey 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 corresponds to the full plume-camera field of view.

Table 26 - Total Radiometric Percent Errors, &,

Interval Plume Camera Plume Camera Tracker Camera
Central Region Central Region + 19x19
Outer Region

1 — — —

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 Handbock
(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 UVP], 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.

i i

ik e
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The following discussion is based on empirical estimates of the signal and noise within the
UVPI cameras as oppused 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
device. The signal-to-noise ratio (SNR) definition from which the empirical UVPI NER is derived is

(SNR)? =M?«S§* | (M +N*+ M +N?), (22)

where
M s the number of images superposed. This affects the effective integration time.

S is the mean number of signal-related photoevents collected in a pixel during the
integration time.

N is the signal independent noise standard deviation for a single pixel expressed in
photoevents/image. This noise source is constant. When expressed in photoevents/image,
its level depends on the camera gain setting used.

.Ng 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 mcan number of signal-related
photoevents by using

N, =25" : (23)

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

From the SNR expression above, the mean number of signal-related photoevents/fimage in a
pixel that will result in a SWNR of 1 is :

§'=2A14+(+M+N*[4)7)/ M. | e

Notice that for the case of only one superposed image, M = 1, and a negligible level of sensor
noise N, the resulting sensitivity limit is 4 photoevents/image. The NER is related to S” by a
multiplicative constant X, i.e.,

NER=K+§ =2K[1+(1+M +N?/4)"*IM, ©(25)

where X is the radiometric calibration constant that converts from photoevents/image to RW/sr-cm2. K
is a function of the spectral filter used, the single-image exposure time, and the assumed source
spectrum.

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

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
signal-independent noise is negligible compared to the signal-dependent noise, image superposition
provides an increass in sensitivity that is linear with the number of superposed images.
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Table 27 - Plume Camera NER Per Pixel for Data Intervals

Data Stage Filter UvPl NER for Single Number of Images NER for Data

Interval Gain Image Superposed Interval
Step (W/sr-cm?) (W/st-cm?)

1 Antares PC4 10 23 x10¢ 12 19 x 10”7

2 Antares PC-3 12 1.6 x 105 207 79 x 10°¢

3 Antares PC-2 11 7.8 x 10°6 157 50x 108

4 Antares PC-1 1n 1.2 x 103 104 1.2 x 107

5 Star 27 PC-1 12 1.2 x 10°3 44 2.8 x 1077

6 Star 27 PC-2 13 7.8 x 106 89 88 x 108

7 Star 27 PC-3 13 1.6 x 10°3 171 95 x 108

Table 28 summarizes the estimated NERs, or sensitivity levels, for the seven data intervals for
the tracker camera under the assumption of the refercnce 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 lincar with the number
of images superposed.

Table 28 - Tracker Camera NER Per Pixel for Data Intervals

Data Stage NER for Single | Number of Images } UVPI NER for Data Minimum
Interval Image Superposed Gain Interval Detectable Number
(W/sr-cm?) Step (W/sr-cm?) of Photoevents/S
for Superposed
Images
1 Antares 1.1 x 104 2 7 7.3 x 1079 44
2 Antares 1.8 x 103 50 7 2.0 x 109 120
3 Antares 1.8 x 104 40 7 23 x 10° 140
4 Antares 1.8 x 108 26 6 32 x 107 190
5 Star 27 82 x 107 31 10 49 x 1010 29
6 Star 27 8.2 x 10°° 23 10 6.0 x 10°10 36
7 Star 27 82x 109 4) 10 4. x 1011 24

5.0 SPATIAL FEATURES

This section concentrates on the spatial characterization of the measured piumes. First,
definitions for the plume central region an¢ outer region are presented. Second, contour plots for
each of the sevcn data intervals are presented for the plume camer.. 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 the
plume central or outer region is not possivle from a single image. Hence, an average of s: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
criterion, the region defining the plume central region is depicted in Figs. 44 and 45. The in.ages 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 burn, and
Fig. 45 shows the three intervals for the Star 27 bumn. ‘

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

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
central region, acditional consecutive dilation operations were performed to force the defined central
region to become larger. Figures 46 through 49 show the number of photcevents per image in the
central and outer regions as a function of central region size for the Antares stage data intervals. A
vertical dashed line is used to illustrate the central region size used in this report. These plots can be
used 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, nn 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. j

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 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.

’ |
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
ditficult to get well defined plume contours 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 radiar.ce measurzd for the
brightest pixel for the piume 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-1 and PC-3 peuk radiance values
during the Star 27 stage are uncertain because 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 UVP! apparent peak radiance measurements with reference
spectram predictions is presented in Section 5.5.
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Fig. 44 - Highlighted plume central regions for Antares
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Fig. 45 - Highlighted plume central regions for Star 27

Table 29 - Central Region Extent in Plume Camera

Interval Stage Filter Central Region Central Region
Extent (pixels) Extent (m?)

Anares T FCa 132 3935

2 Antares PC-3 265 7336

3 Antarcs PC-2 272 1112

4 Antares PC-1 268 6/07

5 Star 27 PC-1 — —

6 Star 27 PC-2 172 5588

7 Star 27 PC- — — N
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Fig. 50 Plume-camera contour plot for ground-based beacon
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Fig. 51 - Plume-camera contour plot for interval 1

iy e B

S

§
3



H.W. Smathers et al.

86




LACE/UVPL: Strypi 87

300 0.

~— T

w225 o

L'

@

>

@

= -

< 130 0.

m * [ 4

— }

b 4

I

=3 ’S 00

(@)

(0%
0 000 .

L] T ¥
0 .000 S 00 150 0 225. 0 200 0

nax:ﬂ.92uﬂ/sr-cn2CO lumn Axis(meter sd
=8.095kmax 1 0.50Inax Qatﬂ.%*nax

A

Observing sensor: | UVPI (Feb. 18, 1991)
Target observed: | Strypi, Antares stapc
Range of frames used: | 10656-10913
Number of superposed {mages: | 207
. Camera: | Plume
Spectral band (nm): | 195-295 (PC-3)
Displayed image size (pixels): | 42.82 (vertical) x 33.56 (horisontal)
Average range (km): | 477
Pixel footprint  (m) @ range: | 4.67 (ventical) x 596 (horizontal)
Aspect angle (dep): | 94
*Photoevents/s: | 6.79
*Apparent pesk radiance (WW/sr-cin?): | 9.23 x 10!
*Apparent peak spectral radiance
@ 265 nm (WW/sr-cm3.um): | 8.84

*For brightest pixcl
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Fig. 53 - Plume-camcra contour plot for interval 3
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Fig. 55 - Plume-camera contour plot for interval §
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Fig. 56 - Plume-camera contour plot for interval 6
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Table 30 - Flume Camncra Apparent Peak Radiometric Value

Interval Stage Filter Appuent Peak Apparent Peak A
Radiance Spectra! Radiance Centroid
(#W/sr-cm?) (BW/st-cmZ-um) Wavelength
(rim)

T Antares PC-4 2.99 2.83x10! 305
2 Antares PC.3 9.23x10°¢ ¥.84 265

3 Antares PC-2 6.92x10"! 3.39x10! 310

4 Antares PC-1 2.7 1.81x10! 280

5 Star 27 PC-1 — — 280

6 Star 27 PC-2 1.79x10°} 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 prad. At a 450 to 500-km 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 cannat
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 camcra 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 radiances 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-camcra contour plots for the Antares and Star 27 bums,
respectively. The contour plots for other intervals are essentially the sarue. '

The apparent radiance values correspond to spreading the plume source over the arca defined
by the tracker-camera’s resolution limit, Since this areca is as much as 85 times the plume arca, the
apparcat radiance values are well below the true plume radiances. Furthermore, since the true plume
arca is not well known, it is not possible to adjust these apparent radiance values for the limited
came:a resolution. The apparent radiance values listed with the plume images are shown only as
ing‘gcalions 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 yicld
radiant intensity values. The radiant intensity measurcments by the tracker camera are shown in
Section 6.
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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 cbserved 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 1 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 pscudo-color
image of the same region is overlaid on the upper right-hand corner 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-1, interval 5, is about an order of magnitude
smaller than the Antares peak signal level on PC-1, 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 obscrved
in data intervals 6 or 7 either.

The trail observed in the tracker camcra during the Antarcs burn is the same cloud that the
UVPI tracked after the Antares bumout, which is discusscd in Section 8.

"
§
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Fig. 67 - Tracker -camera response over a 64 by 64 pixel regior, intcrval 4
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5.4 Plume Extent and Point Spread Function

The effective UVPI point spread function (PSF) is defined as the response of the instrument
to a point source, e.g., a star or a ground-based beacon. An understanding of the UVPI plume
camera's PSF is critical in establishing the maximum size of the observed Antares and Star 27 plumes.
Table 31 summarizes the estimated plume central region axial length for each data interval during the
Antares burn. The observed plume length during the Antares and Star 27 burns, from peak to 50% of
peak, is about 35 m. These plume length estimates do not incorporate corrections for the aspect angle
or for the plume camera's PSF. The plume length observed during the Star 27 bumn is not shown
because of the significant amount of iracking jitter that took place during this burn

Table 31 - Observed Axial Length of Plume Central Region

Interval Stage Filter Peak to 50% Peak to 10%
Maximum Maximum
(m) (m)
1 Aniares PC4 35 100
2 Antares PC-3 38 105
3 Antares PC-2 35 105
4 Antares PC-1 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 PS¥F is less circularly symmetric when using the door-
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
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 pcak along the major axis is about 20 m at a range of 450 km, as
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
(Sin the dzsita)wavcband). is no more than 15 m. This is in agreement with CHARM 1.3 predictions (sec

ection 5.5).
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Figurcs 77 through 83 show profiles of the radiance along the major axis of the plume,
measured by the plume camera, for cach of the data intervals. The twortizontal line in cach figure
corresponds to the NER sensitivity limit after image superposition. n .. evident from these figures
that, after image supcrposition, a good SNR was achicved for all filters during the Antares burn, and a

marginal SNR was achicved during the Star 27 bum.

Figure 36 shows a tracker-camcra 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 &+ shows a three-dimensional plos of the PSF that results
from obscrvation of the ground-based beacon, and Fig. 85 is an axial profile of the beacon as scen

by the tracker camera.
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Fig. 84 - Tracker-camera PSF for ground-based beacon

5.5 Comparison of Results to CHARM 1.3 Predictions

This subsection compares the UVPI measurcments 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 stages 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
pect: 90°
Horizontal resolution: 50m
Vertical resolution: 50m

. 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 bcacon image, Frame 12778,
Orbit 1173, was used as the best UVPI plume-camera PSF estimate. g

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 Antarcs plume predictions
and contonr plots for the other UVEi filter positions, as well as those for the Star 27 stage, are
qualitatively similar to those shown in Figs. 86 and 87.

For each of the seven data intervals, Figs. 88 through 24 show: the CHARM 1.3 high-

resolution prediction of the plume radiance as a function of axial distance; the CHARM 1.3

prediction convolved with the UVPI plume camera PSF; and a horizontal line depicting the noise
equivalent radiance (NER) of the plume camera. For the Antares stage, intervals 1 through 4, the data
interval NER, i.c., the NER obtzined after image superposition, 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 well below
the single-image NER. This explains the spatially nonhomogeneous aspect of the processed images
for the Star 27 stage. v
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An effect of the UVPI PSF is to reduce the peak signal level. Based on the prediction shown
in Fig. 88, one may note that even aiter introducing the effect of the UVPI PSF, a single image in
interval 1, using PC4, 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 UVPI's radiometric sensitivity level. However, since more than 200 images
were averaged in interval 2, the ei.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 Superposed Images SNR Comment
o 1 Good (above NER) Excelient High
2 Poor (below NER) Good Good sfter processirg
3 Marginal Good Good after processing
4 Marginal Good Good after 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 abservation 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. These 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 arc 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 iength
modified by UVPI's PSF for the Antares stage is in good agreement with the observed Antares plume

length.
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Table 33 - Peak Radiance Comparison

Inturval Stage Filter I CHARM 13 CHARM 13 )%
i @S-m Convolved Measured
Resolution Peak Radiance Peak Radiance
Peak Radiance uW/sr-cm?) (WW/st-cm?)
(WW/sr-cm?)
I R e Sy P e e e —————yeervaed
1 Antares PC4 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 PC-1 12.9 2.0 2.72
5 Star 27 PC-1 2.21 0.36 —
6 Star 27 PC.2 1.42 0.23 0.18
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 Peak to 10%
Interval Stage Filter CHARM 13 CHARM 1.3 UVPI
@ 5-m Using UVPI's Measured
- Resolution PSF
50% 10% 50% 10% 50% 10%
1 Antares PC4 8.5 63 52 110 35 100
2 Antares PC-3 8.5 63 52 110 38 105
3 Antares PC-2 8.5 63 52 110 35 105
4 Antares PC-1 8.5 63 52 110 35 93
5 Star 27 PC-1 39 78 44 100 e —
6 Star 27 PC-2 30 78 44 100 _— —
1 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
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,

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
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

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
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
6.1 presents the plume camera observations, and 6.2 presents the tracker-camera observations.

o
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As a quick overview, Figs. 95 and 96 show plume-camera long-term trends in the central
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 assuming a flat spectral
shape. Although the actual spectral shape is centainly 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, part of the difference among measurements taken with the four filters of the
plume camera is attributable to long-term temporal variations rather than to spectral differences.
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Antares 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 known, 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 spectrel radiant intensity is normally reported depends on
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the spectral shape assumption made. For these figures, all curves specify spectral radiant intensity at
the reference centroid wavelength for each interval.

E 1500 [vr=—v-vyreyymppy [ Yy p—y——y 5300 N LI LI LI :
% g 3 3
5 : | s
o -
Z 1000 £ 200 F . >
c A, c : = o
] a ] p L
- £ 3 L] 3
z Pes g 3
g & 3 3
g SOF, PC2 PC1 3 190 £ oy s
& ' e ¢t ' 3
% - = ; - pe2 =
[ . o« 24
E OB anader =% = S A
§. [ ) SN ¢ L s s s a E. 0 Sy ;& PUNE (R T TS S U S Y 1 P N9
@ 10500 11000 11500 € 13120 13535 13950

Frame Number Frame Number
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6.1 Plume Camera Radiant Litensity Plots

- 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
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

Interval Stage Total Central Outer
Region Region

1 Antsres 100 101 102

2 Antsres 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 specctral
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.

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

*
%
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outer region plots, which are 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 usefu! 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 photoeventsfimage and
V//sr/fimage 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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The first data interval, depicted by Figs. 101 through 103, did not have enough sample points
to compute the local mean as a function of frame number.

. e l/.l
Figure 104 shows two instances in which the measured number of photoevents exceeds the Eé i
local mean by more than 3.1 standard deviations. The probability of such an event is less than 0.001. P
Therefore, all instances in which the measured number of photoevents exceeded the threshold ‘were S
investigated 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 fie'ds of view and complexities
with regard to central and outer region mechanisms. Values of toial 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 assumptinn for the central
region is completely unjustified. The totals are computed as the sum of ceraral and outer regio.
Table 36 - Summary of Plume Camera Average Radiant Intensities Using Reference Spectral Response /
Measured ARI* Measured ASRI** Reference .
Model N
Interval Filter Band Central OQuter Total ACentroid | Toul Spectral | Predicted
(nm) Region Region (Wisr) Wavelength Radiant ARI
ARI ARI (nm) Intensity (W/sr)
(W/sr) (W/sr) (W/sr-um)
S A A T
1 PC4 | 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-1 220-320 —_ — 142 . 280 95.9 11.4
6 PC-2 300-320 — _— 4.59 310 225 1.5
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 Cuter Region
Measured ARI*
Interval Filter Band Central Outer Total a~
(nm) Region Region (Wisr) ,
ARt ARI
(W/1r) (Wiar) ,
1 PC4 235-350 48.2 22.0 70.2 . .
2 PC-3 195-295 19.4 9.09 28.5 . ’/
3 PC-2 | 300-320 13.9 17.6 31.5 -
4 PC-1 220-320 55.4 16.6 72.0 d j'
*  ARI - Average radiant intensity A
+ Central region calculation assumes reference spectral response E
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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

Figurcs 116 through 122 present total photoevents per image for the seven data intervals
aralyzed throughout thiz repst. The figures in this section are based on a 19 oy 19 pixel section of
the tracher camera, wmchn corresponds approximatety 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
radiare intensity, values bascd on reference spectral energy disuibution assumptions are reported in
Table 38 for the tracker-camera observations. These results nave been reduced by 16.3% to account
for red leakage in the tracker-camera filter.

Figures 116 through 122 are primarily intcnded 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 ARI* in ASRI** in 19 x 19
' (nm) 19 x 19 Pixel Pixel Region
Region (W/sr) @ 390 nm (W/sr-um)
1 Antarcs g 235450 3 2340
2 Antares PC3 255-450 504 4020
3 Antares [=o) 755450 532 2390
r nures PC-1 255450 371 2960
3 Sar 27 281 TS5T30 LY i
5 Sur2l =) 755450 14 a0
7 Sar27 3 255-450 552 @0

* Average rad’ant intensity

** Average rpectral rad‘ant intensity

The separation into plume central region and outer region is described in Section 5.1. For the
telemetry frame ranges depicted in =ach plot, the plume-to-tracker image ratio was primarily §:2.
Consequently, the plots show repeated groups consisting of two consecutive tracker-camera images
followed by a gap where the cight plume-camera images occurred.
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In addition to the intensities, the figures includs: the estimated local mean, which is 2 running
average of the intensity, and a threshold of 3.1 standard deviations atove 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 inore
complete discussion 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 !/th of a second.

7.0 SPECTRAL ANALYSIS OF PLUMFS

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 cbserved
the Antares and Star 27 stages at a range of approximately 500 km by using a sequence of
bandpasses. The figures and tables in this section show. the computed spectral radiant intensity in
W/sr-um of the plume central region of the Antares stage 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.etengths, relative to the spectral radiant intensity at the shorter
wavelengths, is smaller than predicted by the reference spectrum. The resuits for the entire plume-
camera field of view for both stages show a similar relative Aeficit at the longer wavelengths,

7.1 Observed Spectral Radiant Intensities

The conversion of the plume and tracker camera data to radiometric values requires the
assumption of a source spectrum, as described in Section 4.2. The reference spectral shape has been:
used in the analysis of the camera data presented in this section. The wavelength for which the
spectral radiant inten. ity is reported for each filter bandpass is the centroid wavelength when the
assgmed sou;ce spectrum is convolved with the UVPI net quantum efficiency function, as described
in Section 4.2,

7.1.1 Antares Observation

The plume camera observations of the Antares stage were made between 162 and 91 s after
liftoff. The range from UVPI w the rocket was between 452 and 496 km over this time period. The
spectral radiant intensities of the plume central region, as measured by UVPI in the plume-camera
bands, are plotied 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 hlackbody spectrum choszn to
coincide with the reference spectral shape at short wavelengths. The data and scaled reference based
values are listed in Table 39.
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Fig. 123 - Measured spectral radiant intensity for the Antares central region
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Table 39 - Measured and Scaled Spectral Radiant Intensity in Units of W/sr-um for Antares

Wavelengih Filter Observed Plume-Camera Scaled Reference
(&) S— L — e COmparisen
265 PC-3 1.86x162 | 353 x102 7.64 x 10
280 PC-1 3.69 x 102 6.07 x 102 2.06 = 102
305 PC4 4.56 x 102 7.87 x 102 8.00 x 102
310 PC-2 6.31 x 102 159 x 103 9.84 x 102
390 TC — 339 x 103 4.63 x 103

Figure 123 shows that the ratio of the spectral radiant intensity measured by UVPI for the
Antares 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-
nm 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
correspond to the full field of view of the plume camera. Figure 124 also shows the same reference
spectral shape and blackbody spectrum usei” in Fig. 123. The data and scaled reference based values

-
(-]
-
1

are listed in Table 40.
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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-
nm trend. It also shows that the reference model predicts a more rapid decrease with decreasing ‘
wavelength below 300 nm than the data show. These results are similar to those found for the Antares
plume central region analysis.

7.1.2 Star 27 Observation ; X

The third stage of Strypi, a Star 27 rocket motor, was also observed by the plume and tracker

cameras. In the plume camera, onlg filters PC-1, PC-Z, and PC-3 were used for the observation. These l

observations were made between 249 and 275 s after liftoff, during which time the range to the Star P
27 was between 495 and 549 km. The spectral radiant intensities of the total field of view of the
plume camera were measured by UVP!, 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 are in Tabls 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 intersities 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., }
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Table 40 - Measured and Scaled Spectral Radiant Intensity in Units of W/sr-pm for Star 27

Wavelength Filter Plume-Camera Scaled Reference
(nm1) Field of View ] Comp;a_ri_son |
3 K 1,23 x 10 7.64
480 -] 9.49 x 10! 2.05x 10
310 P2 225 x 102 9.84x 10}
350 IC 4.59 x 102 4.63x 102
'gw‘ R e R
£ 10° T 7~ +
il Zan N
2 3 b4 4
£ 102 _E (] ./ +
d o' d o = s0uled 2300K B8. 1
w E' comms Scaled Refersncs Spec. 5
i 3 ®  TomlFOV :
10° N AP arurarr i —
200 250 300 350 400 450
Wavelength (nm)

Fig. 125 - Measured spectral radiant intensity for
the plume camera field of 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 trajeciory. At Antarcs 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
size in the tracker camera's focal plane. Ground-based cameras tracking 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
(riockct plume near the engine nozzle dominated the tracking centroid after the cloud began to

issipate.

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 refercnce 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 the single-frame noise-equivalent radiance of 2.3 x 10-6 W/sr-
. cm2.
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Fig. 127 - Initial cloud imaged ty tracker cumera at 152.9 seconds
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8.2 Antares Cloud Trail

During the Antares burn, 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
imivediately after the Antares bumed 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 thar 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 bottem image shows the end of the Antares cloud trail, which corresponds to the ignition point
gf the Antares motor. The tracker continued to track this spot until commanded to point for the Star

7 ignition.
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Fig. 128 - Tracker camera imeges of Antares cloud trail
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8.2.1 Size and Radiometrics of the Cloud Trail

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 gencrated 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 approximatcly
match each other at the boundaries in the pseudocolor representation.

Fig. 129 - Color mosaic of Antares cloud trail
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By using absolute pcsition vectors for the Antarcs ignition and burnout, the cloud length is
calculated to be approximately 42.9 km. Bascd 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
Scction 8.1, and has grown to approximately 16 times the projected arca of the initial cloud. The
brightest portion of the cloud trail at the 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-cm2,
which is 70% of the apparent pcak 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 ctoud trail.
For comparison, the apparent pcak 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-cm2. During the time the
cloud trail was being tracked, the radiance measured by the plume camera in the PC 1 passband was

well below the single-frame noise-cquivalent 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 sccond prior to burnoutl. 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, framc number
14000, can be scen in Fig. 131,

Fig. 131 - Star 27 dim trail
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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
of the very low solar background. Operation from space is necessary because the atmesphere is
practically opaque to wavelengths below 300 nm. From a 50G-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 t0 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 Air
Force 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
a spatially resolved source, and thie 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-km range. The lengths of the rocket plumes
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
instrument having higher spatial resclution. An adjustment of the CHARM predicted peak radiances
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 arca of

the central region so defined was approximately 6500 m2 (Table 29). The remainder of the plume-

SR
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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 region radiant intensitics 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 thmugh 115,

The radiant intensity (the total radiated power) of the observed outer region is comparable io
that of the plume central region. The outer region’s radiance is low compared to the plumz 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 been 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 3C0-nm range. The cdata suggest that the 250 to
270-nm values are higher relative to the 280 to 300-nm values than the reference spectrum predicts
(Fig. 123). The spectral radiant intensitics summed over the plume-camera field of view show a
similar ultraviolet excess. The full ficld values from the plume camera can be complemented by the
tracker-camera data over the same area. The 390-nm 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 Stryri 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 burn 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-
km 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 Antarcs 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.ction 2.1,

9.2.1 General Objectives

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 three 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 S.

. Obzain 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
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plume central region defined in Section 5.1 were extracted from the images for
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 13 computer code. The preliminary
compariycn 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
nm is greater, relative to the emission at longer wavelengths, than is predicted by
the reference model. These results are described in Section 7. The detailed
compariscn 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 boundaryimixing 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
evident from Figs. 44 (Antares) and 45 (Star 27) and may be correlated with the
rocket velocity (Fig. 12), which varied from 0.5 to 5.0 km/s.

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

6.2.3 Temporal Features .

. ldentify temporal trends in radiometrics and ir.. estigate possible dependence on
rocket velocity. The time "~havio: of the raciant intensity of the Antares and
Star 27 plumes is describ. s in Sertion 6. N¢ cbvious cerrelation with rocket
velocity was gbserved.

. Investigate radiometric fluctuations to derer.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
reason was found to reject them.

. Identify changes with time in the shape of the plumes’ outer region. The shape

22 the outer regions, and the variation with time, can be observed in Figs. 44 and

. 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
on~: following Antares burnout. The apparent peak radiance of the portion of
the clcud observed immediately after ignition was seen to 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 spectrai 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 spectral
radiance and radiant intensity as the wavelength decreases below 300 nm is less
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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 infrarsd 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. Quter
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, A < 300 nm, 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-km range. The brighter plume of the Antares
stage was successfully tracked throughout its burn, 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 spcctral 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, A<
300 nm, 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 the 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 be correlated with missile-engine events
or other sensors remains to be seen.

The tracker camera obtained radiant intensity data in the 255 to 450-nm wavelength range.
These data, taken with the plume camera data in the 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 bumed 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.

$
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A very large, persistent cloud trail from the Antares stage was observed. This 43-km 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 ULTRAVICLET 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 asscmbly. The total weight is about 170 1b, and the
operating power consumption averages about 170 W,
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i P FElectronle Data
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Fig. Al - UVPI biock diagram

There are two intensified charge-coupled-device (ICCD) cameras, the tracker carr\Xcra and the
plume camera, which are boresighted and share a commen optical tclescope. The tracker camera is
used to locate, acquire. and track a target; the plume camera col'ects target images in the rear and
mid-ultraviolet wavelengths. The camera images are digitized and transmitted to the ground or are
recorded onboard for later transmissicn. Figure A2 is a diagram of the flow of commaids and data
within the UVPL. |

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 allews a 30 Hz image rate while using
the same bandwidth. The normal image transmission fate is S Hz. The photometric range and
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sensitivity of the UVPI cameras were selected for nighttime operations. That is, the UVPI was
designed 1o view and track relatively bright targets against a dark background.
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| Fig. A2 - Command and dsta flow within the UVP]

i 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-angie 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.

A.1.1 Sensor Head Assembly

The sensor head assembly shown in Fig. A3 houses the UVPI 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 lamp, tracker and plume cameras, power regulator,
filter wheel for the plume Camer, filter drive motor, plume-camera folding mirror, relay optics, beam
splitter, and the filter for the tracker camera. The optical bench is attached to the gimbal frame that
also accommodates the gimbals and resolvers, gimbaled mirror, gimbal caging mechanism,
calibration mirror, the door, and the door drive motor.

The telescope shown in Fig. A4 is a Cassegrain configuration with refractor corrector plate.
The circular aperture is 10 cm in diameter, yielding a 78 cm? gross collecting area, A beam splitter
allows the two cameras to share the beam and the forward telescope optics. The effective collecting
area, 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
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camera is 60 cm, which gives an f number of 6 2nd a field cf view of 2.62° by 1.97° The plume
camera uscs a relay lens of magnification 10.3, which provides a focal length of 600 cm, an f number
of 60, and a field of view of .180° by .135°.
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Fig. A3 - UVPI sensor head assembly diagrsm
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Fig. A4 - UVPI sensor head assembly optics

The intensified cameras shown in Fig. AS consist of an image intensifier followed by a fiber-
optic reducer and a CCD television camera. The intensifiers, which were made by ITT, convent
incom.'ng ultraviolet photons into sutgoing green photons, giving a large increace in intensity while
preserving the spatial characteristics of the image.
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Fig. AS - Schematic of intensified CCD camera

- The intensifier is a vacuum-sealed cylinder containing circular quarntz windows in front and
back. The photecathode 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 107 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 primary function of the UVP! Camera Frame Controller (CFC) is to receive RS-170
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 intemal 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
pointing commands. Camera telemetry data from the CFC and engineering telemetry data from the
electronics interface assembly are added to the digitized video frames and telemetered by the LACE
spacecraft for later analysis.

The secondary functions 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
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,
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The CFC camera frame ard 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 fraine is composed of two
754 by 240 pixel fields. The fields from the tracker camera are et to the tracker electronics at a 60
Hz rate. To form plume- or tracker-camera images for telemetering or onboard storag:, three pixels
are averaged to form a superpiael, and two ficlds are then averaged. The result is the 251 vertical by
240 horizontal array of pixels at 30 Hz.
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Tracker Camera Wideband Telemelry
Fig. A6 - UVPI camena frame and field definitions

A.1.3 Electronics Interface Assembly

The electronics interface assembly (EIA) is the UVPI system controller. Its function is to
receive commands and timing information from the spacecraft 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 telemetry
spacecraft ports.

The heart of the EIA is the SC-1 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-1 provides two main on-board input and output links. The first is a serial data
channel, RS-232 format, which communicates with the tracker clectronics. This interface is software
configurable and operates at a 9600-baud data rate. The second link is 1n extension of the main CPU
bus of the SC-1 and is used for communication within the electronics interface assembly.

Pointing the gimbaled mirror is possible in either open-locp or closed-loop modes. In the
open-loop mode, the SC-1 computer uses a pointing function to culculate a sequence of desired
azimuth and elevation angles for the gimbals. The gimbal servo then adjusts the gimbal until the
gimbal angle readouts match the desired angles. The 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-loop 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 moved 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 camera 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.
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Command Lost Trackem,

Fail Safe
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«MMa=12345
T AR Iy e
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Fig. A7 - Allowable mission mode transitions

A.14 Power Subsystem \

The power subsystem provides all of the input pow.r nesded by the UVPI at various voltage
levels and provides electromagnetic interference protection for the UVPL Te aid LACE's tight power
budget, the power subsystem is designed so that lower power levels can be used when mission
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. Maximum‘} power used by the UVPI is 218 W (normal is 157 W).

A.15 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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l A.1.6 UVPI Tracking Subsystzim
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A.1.6.1 Tracker Camzra

b =opa el

The UVPI is mounted wiiiin the satellite and looks through an aperture in the Earth-oriented

panel. By using a gimi aled mirror, the UVPI has a field of repard (FOR) of a 50° half-angle cone

about the sateliite’s nadir (Fig. A8). The tracker camera’s ficld of view (FOV) is 2.62° by 1.97°,

which corresponds to approximately 22 km by 16 km on the ground at nadir. The tracker camera

characteristics are shown in Tahle Al. The tracking subsystem specification requirements and
performance are shown in Table A2.

£ e Elevation Axis is
ol gireckery  Azimuth Axis  Faraliel o the Y-Axis

Gimbaled

—-nh>

nomr )0 £
POINTING /

Fig. A8 - Tracker-csmera ROV and FOR

l Table Al - Plume and Tracker Camcra Characteristics
Parameter Tracker Camers . Plume Camera
Spectral region 255-450 nun 195-350 nm
? Number of filters 1 4
Time for filter change s 17 s
Image rate: Normal 5/s ‘ 5/s
l Zoom* 30/s 30/
Pixels:  Normal 251 x 240 251 x 24C
Zoom 91 x 112 91 x 112
P Digitization 8 bits/pixel 8 bits/nixel
P Image dmmf_ : 2.5 Mbos 2.5 Mb]ls
Ficld of view 2.62 x 1.97 dag 1160 x 135 deg
!‘ Field of regard 100 x 97 deg 100 x 97 ceg
] Pixe! footprint 132 x 143 prad 125 x 9.8 prad
Sysiem resolution 220 to 250 prad 80 10 100 prad
’ ixcl exposure time 0.16 w0 33.3 ms Bms
Frames integratzd n/a 1-6
Exposure range _ >106 >108
! Noise zquivalent radiance See Section 4.7 for deniled discussion. NER depends on gain
! setting ard filter selected.

*Reduced ficld of view.

———
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Table A2 - Tracking Subsystem Requirements and Performance

Specifications Requirements Measured Performance
Position loop b;dwidzh SHz 5 Hz
Peinting error 400 prad RMS 96 urad RMS
Tracking jitter 15 prad RMS 6 prad RMS
Tracking velocity 1 deg/s 7 deg/s
Tracking scceleration 0.05 deg/s? 5 deg/s?

A.1.62 Tracker Eleétrom‘cs

Figure A9 shows the functions of the tracker electronics. The wacker camtera’s video signal is
received from the camera frame controller on a RS-170 link at 60 fields per second. The video signal
is first passed tirough the spot remover that removes the effects of sensor blemishes and optical
system obstructions, and removes background clutter on a field-to-ficld basis. The spot remover
contains two videv memories to map spot locations. One memory stores the shon-term map for
vackground clutter subtraction, and the other memory siores the map of longer lasting blemishes.
The correction for blemishes is achieved by substituting a predetermined video level for the

blemisned location.
RS -170 From Camera Frame Controlier
‘Tracker Electronics [Spot_Remover]

Y

Processoer | =~

Vidoo

Centrold Processor E—-=
» Mass Centroid
Display Ganerstor|—t3= .« intensity Centroid
T A ] - Edge Track
: ? R « Mass/Intensity Ceniroid

.

‘F{Track Gate Sizingf2== Compute Track Errors

=== _Track Quaity EJOutpul || Outpur | Input
E ' = W H to H from
= Track Processor == _D/A _HERs. 2axtns . 23

Mimor Gimoal | S ?‘T
Servo Electronics Computer

bel

Fig. A9 - Functions of tracker electronics

After passing through the spot remover, the video signal enters the video processor. The video
processor also receives the horizontal and vertical control signals and a clock signal to control
synchronization and data sampling. The video processor also determines the target size.

A tracking window, or track gate, bounds the subarray of pixels that are identified as part of
the target. The size of the tracking window can be directly controlled by the SC-1 computer or by the
track gate sizing portion of the tracker electronics as a ratio with the target size.
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The data from the pixels within the tracking window are sent to the centroid processor, which
can use onc of several algorithms to determine the location of the target in the tracker camera’s focal

plane.

Algorithm choices include mass centroid, which spatially averages all pixels above threshold
with equal weighting; intensity centroid, which weights cach pixel by the intensity of its response; and
mass and intensity centreid. For mass and intensity centroid tracking, the intensity centroid algorithm
is used to determinc the target position withdin the field of view and the mass centroid algorithm is
used to calculate the target size and target validity.

Fignre A10 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 is used
to command the gimbal servo elcctronics to drive the tracking errcr 10 zero as described in Appendix
D. The gimbal commands are converted to analog signals and transmitied 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 -
A 00} ‘oy {754,0})
Track Gats ' [C.114]
= GTSIZX = |
g Centoid of Targat
(o]
| I o) [TRKERAX TRKTRRY,
[GTPOSX, GTPOSY] | [ERROFLX, ERAORY)
g {-365,0) Z (365.0} | +*
> (0.0} {377,120} il L
& -~
N.OSPX, LOSPY]
-
I |
LOS Ratcle Position | | maemn.-era0R.Looe |
|
] 0-114)
V0.2« (754 200)

Fig. A10 - Definitions associated with tracker-camera’s focal plane
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~ Appendix B
UVPI CHARACTERIZATION AND CALIBRATION

This appendix discusses the characterization and calibration of the UVPI plume and tracker
camsras. Section B.1.0 discusses the spectral response of the cameras and the conversion from
incideri. photons to phoioevents detected by the UVPIL. Section B.2.Q details the conversion from
photoevents to the digital number reported in the UVPI data siream. The method for converting
UVPI data to radiant intensity and spectral radiant intensity units is detailed in Section B.3.0. Section
B.4.0 shows the results of on-orbit calibration of the instrument by observing known stars,

B.1.0 UVPI SPECTRAL RESPONSE

The UVPI plume and tracker cameras are described in detail in Appendix A. The optical
paths for bota the plume and tracker cameras can be divided into two parts. The first part of each
camera system censists of the telescope, a bandpass filter to select the observation wavelength, and the
photocathode of a micn.channel plate (MCP) image intensifier. For the plume camera, one of four
bandpass filters can be selected, and the phctocathode materizi is CsTe. For the tracker camera, only
one bandpass filter is available, and the photocathode material is bialkali. The second part of each
camera system consists of the remaining eiements 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 iracker camera is selectable by strobing the
intensifier high voltags. The response of the UVPI cameras can be divided into the gains of the two
parts described above.

The first component of the response for each camera is the net quantuin efuciency, which is
the probability that a photon incidcnt on the UVPI telescope will produce a photouvent (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. Jt corresponds primarily to the filter
bandpasses but also includes the wavelength dependence of the optics and photocathodes. The
collection efficiency of the MCP is incorporaicd into this component.

The second component of 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 cfficiencies for the plume and tracker cameras are shown in this section.
The conversion of photoevents per pixel to a digital number in ielemetry is discussed in Section
B.2.0.

B.1.1 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 cfficiency plotted in these figures are
tabulated in Appendix E.
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Fig. B1 - Plume camera net quanium efficiency curves Fig. B2 - Tracker camera net quantum efficiency curve

B.1.2 UVPi Extended Response

Some sources cbserved by the UVPI, such as rocket plumes, are much brighter in the visible
and near-infrare¢ 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 resulis are shown in this section. It should be emphasized that the
readings presented herc are worst-case values and represent an upper bound on the long-wavelength
response of UVPL Tests and analysis are in progress to better characterize the long-wavelength
response.

Analysis shows that only the plume camera with filter 4 and the tracker camera have the
possibility of significant respornse to long wavelengths when observing a source such as a plume. The
plume camera with filters 1, 2, or 3 does not have significant long-wavelength response. The
estimated worst-case ntet quantum efficiency extended to long wavzlengths for the plume camera is
shown in Figs. B3 through B6. Similarly, the estitnated worst-case net quantum efficiency for the
wracker camera is shown in Fig. B7.
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Fig. B7 - Tracker camera exterided net quantum efficiency

To estimate the possible effects of long-wavelength response when observing a thermal
source, analysis was carried out to determine the percentage of photoevents detected by UVPI that
would arise from out-of-band radiation with wavelengths lcnger than the nominal bandpasses shown

| in Figs. B1 and B2. This analysis assumes the worst-case estimates for long-wavclength UVPI
+ response shown in Figs. B3 through B7, and a thermal source with the reference spectral shape. By
‘\using these conservative assumpticns, the analysis shiows that less than one percent of the photoevents
\recorded by the plume camera arise from long-wavelength radiation. Because the potential effect of
'the long-wavelength response is negligible, the plume camera data reported in this document hzve not
\been adjusted ior the potential long-wavelength response. The analysis for the tracker camera, using
the saine assumptions, shows that no more than 14% of the photocvents reported by the tracker
camera arise from photons with wavelengths longer than the nominal tracker bandpass. The data
ported in this document for the tracker camera have been adjusted to account for this effect by
ividing the total numbzr of phoioevents recorded by the tracker camera by 1.14,

B.2.0 CONVERSIGN FROM DIGITAL NUMBER TO PHOTOEVENTS PER PIXEL
B.2.1 Gain Conversion Factor G
It is assumed that the net quantum efficiency curves shown in Section B.1.0 remain constant

under 21l measurernent conditions. Therefore, variations in the responsiveness of the instrument are
taken into account in the gain conversion factor G for the gth gain si:p. The values of G, are not
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dependent on wavelength but are dependent primarily on micrechannel plate gain step. To a lesser
extent, the G, values depend on phosphor efficiency, CCD efficiency, sensor temperature, and
possibly pass-specific parameters. The values of G, are shown for the tracker camera in Fig. B8, and
for the plume camera in Fig. B9. The values of G”g for both cameras are tabulated in Appendix E.
The units for G, 2re digital number per photoevent.
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Fig. B9 - G, vs gain step for plume camera
Fig. B8 - G, vs gain step for tracker camara

The values of G, for all gzin steps were measured before launch. In addition, the value for
gain step 15 was determined by using sparse-field data for which single, isolated photoevents are
generated from dark-noise or iliumination. The values for all pixels associated with each isolatcd
photoevent arc summed, and the resulting sum is the G, value for this step. Finzlly, on-orbit
calibrations for all plume and tracker camera bandpasses were performed. These are discussed in
Section B.4. The on-orbit calibrations agreed well with the laboratory calibrations and are used as the
primary instrument caiibration.

B.2.2 Dark Field

Dark field images are collected with the UVPI door closed. The pixel brightness results from
two sources: dark current in the photocathode, microchannel plate, and charge-coupled device; and a
fixed bizs voltage on the readout line. The dark current component has fixed pattern spatial
variations that can be determined accurately by averaging a large number of frames. The bias voltage
compouent contributes 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 pass immediately following the plume cbservation. This
allowed generation of Dy, the dark value for the kth pixel. Previous analysis showed that, as expected,
average dark field values do not depend on microchanrel plate gain step. However, at high gain steps,
occasional responses due to cosmic rays or thermally generated electrons from the photocathode are
present,

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 mean of the temporal standard deviaticn in p:xel
values is 1.6. For the plume camera, 27 images were averaged. The spatial mean of the temporal
m%an pixel values is 9.3, and the spatial mean of the temporal standard deviation in pixel values is
1.0.
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B.2.3 Spatial Nonuniformity

Tracker and plume camera nonuniformity matrices were generated by using several images
looking down at the ocean. This allowed generation of Uy, the gain nonuniformity correction factor
for the kth pixel. For the tracker camera, the images of small muving cleuds were removed Dy
selecting the minimum value in a temporal sequence of images on a pixel-by-pixel basts. For the
plume camerz, a sequence of images (taken with filter 4, 235 to 350 nm bandpass), were averaged.
No clouds crossed the plume camera's ficld of view during the sequence.

For the central 91 by 112 pixels trensmitted 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 pnotcevent numbers was described in
Section 4.2. An example here iliustratcs the procedure and clarifics the significance of the values
resented in the body of the report.

: Some reference spectral fuaction must be assumed to convert the photoevent counts to
radiometric values. The reference function R(A) is generally taken here to be the most likely
representation of the plume emission available. The amplitude of the reference furnction is arbitrary
and is conveniently set by tying the function to the Planck blackbody furction 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 couvnt 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 reicrence function across the instrument response curve, according to £q.
(3) in Section 4.2.2.1, such tha. 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 n, full-width-half-maximum 56 nm, and nomirai fuil bandpass 235 to 350 nm.
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Fig B10 - Scaled referer.ce fun~tion L(A) and cuntroid location assuming reference spectrum

_ This scaled reference curve is essentially the complete answer, L(A), to the question of the
radiometric value of the source. Thic curve cannot unambiguous'y be specificd as a single number, as
£

is nceded for tabulation and for graphing against other variables, e.g., time. A simple means of
specifying ihe curve is to specify its value at a selecied wavelength. The most representative
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wavelength was taken to bz the centroid of the instrument response as weighted by the reference
shape, according to Eg. (13) in Section 4.2.3.1. The reference shape is so strongly variable in
wavelength that this centroid differs sebstantiolly from the center wavelength of the instrument
response, as illustrated in Fig. B10. One could choose a different wavelength for specification of the
reference function and thercby change the tebuiated spectral radiance without changing the solution
function L(A) at all. If one chose to specify the spectral radiance at the filier peak instead of ihe
response centroid, for exzmple, the nominal spectral radiarce would be changed by almost a factor of
two. This change would be a matter of numcric specification, not a real change to the spectral
radiance solution. :

Some users have requested that the observations be stated as radiaices, rather than as spectral
radiances. Radiance values are obtaincd by integrating across the porticn of the reference function
specified by the full width of the instrument respoase (the full width integraticn shown in Fig. B10),
Again, one could justifiably redefine the spectral width of the integration, such as taking the fuli-
width-half-maximum peints instead of the full-width endpoints, and hange the quoted radiance
value substantially. Such a change would be an antifact of the radiance definiticn and would not
imply any real charge to the reference function determined from the data. Comparisons of radiance
numbers must be based on idzniiczl integration ranges to be valid. Similar considerations apply to
spectral radiant intensity and rzdiant intensity calculations. ' :

The foundation of the data analysis is the assumed source spectral shape R(A). A change in
the assumed source spectral 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-ORRIT CALIBRATION OF UVPI

The radiometric calibsation constants for the UVPI have been confirmed on osbit. This was
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 G, for the gain step used in the measurement. The predictions of the number of
photocvents from a star are based on measured stellar emission spectra obtained by the Intemational
Ultraviolet Explorer (IUE) and Orbiting Astrophysical 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 Bil and B12 show calibration 1.:sults for the plume camera and tracker camera,
respectively. Figure B11 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 UVPL 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 gyear following launch. Section 4.6
addresses the error in the gain conversion factor and the sources of error that affect the data analyscs.
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Appendix C
PREFLIGHT PLANNING

Preflight planning consisted of determining the cptimal launch window and developing the
details of the encounter scenario. These are discussed in detail in sections C.1.0 and C.2.0 below.

C.1.0 LAUNCH WINDOW AND LAUNCH TIME SELECTION

Based on the predicted Strypi trajectory, the launch window was calculated to provide

; favorable geometry for UVPI viewing of the Strypi flight and to meet the constraints of the various

experiments. These constraints included: darkness on both the LACE spacecraft and the Sirypi

vehicle, and the moon not appearing within view of the bow shock sensers within the nose of the
missile,

Figure C1 shows the trajectory visibility plot for the oxcervation on 18 February 1991, bised
on the planned nominal Strypi trujectory and LACE ortital elements used during the observaton.
The x axis of the plot shows the possible launch time, in seconds, after the reference GMT of
14:15:00. The y axis shows the time into the trajectory aiter launch. A visibility envelope is defined
by the triangle marked (Time First Seen) and square marked (Time Last Seen) lines. A point within
the envelope means that if Strypi was launched at the time comresponding to the x axis value, then
‘ Strypi is visible to UVP! at the time i the trajectory denoted by the y axis value. The visibility limit
was based on the 50° from nadir field of regard for UVPL

DATE: February 18, 1891 REF. GMT: 14:15:00
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Fig. C1 - Strypi trajectory visibility plot

The following is an ezample baced on Fig. Cl. If Strypi 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 Antares ignition tme of 152 s. UVPI would be able 10 keep Strypi in view at least
until 338 s after launica, which is the point where the planning trajeciory endzd.

m
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An acceptable launch window must meet the mission requirements of viewing the Aniares and
Star 27 bums and the bow shock region. By using Fig. Cl, the launch window was determined to be
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 Strypi, aspect angle, and
vignetting of the UVPI camera image. The selectzd launch time was then checked to ensure that it fit
in with the UVPI encounter activities without jeopardizing a successful observation. This was
especially imporant for the launch opportunity on 18 February 1991, since there were only a few
seccends 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.
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Fig. C2 - Strypi/UVPI planned encounter geometry for launch at 14:18:35 GMT on 18 February 1991

C.2.0 ENCOUNTER PREPARATIONS

Preparations for the UVPI-Strypi enccunter 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 tlaxough both ground simulation
and flight rehcarsals. 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.
Finally, to test the entire system and encounter timeline in actual opcration, three rehearsals were
conducted with the spacecraft observing UV ground beacons as simulated plume targets at the
appropriate time o1 day on each of several days just prior to launch.

C.2.1 Planned Plume Observation Scenario

‘this is the detailed scenario as planned for the encounter. Table C1 is the timeiine of events
for the Strypi-UVPI encounter. Boldface denotes UVPI delayed-execution commands, plain text
denotcls real-time commands or ground events, and italics denote outside events beyond UVPI
control,
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Table Cl1 - Timeline of Events for tic Strypi Obscrvation
Delayed Execution Ground Operations Real-Time
Comrm ands Commands
535 b “Prmary uﬂui ‘
@31 AT33 | PGSS5I6 Updai= KPY file Backup #1 uplocd
601 81735 | VAFB5571 Updats Yaw_ampi det Backup #2 upload; BSM
moniior
12:37 -1:41:38 KHEI5581 Prepare uvecs fle BSM moaitor
(Run
UVECS_ $582.COM)
14:14:50 0:03:45 Turn Uvilon
14:1528 0:03:10 Turn kl, k2 on
14:15:45 0:02:50 Set tracker max gain to 10
14:15:50 0:02:45 imitleiize racker
14:16:00 0:02:35 Se. fliter to 4
T416:08 OOZZT | Lrad WIASS AND IRTERSITY run Acavaie WIN_3362 i
ok
14:16:39 0136 | Tura off ogc, st (rach & plue Compute 118
mingta
14:16:44 -001:51 Set extrapiate to S8 Compute 198
l4:16:45 L:01:30 Sat frzine rodo to 1115 Campute 18
(Ptume: Trazker)
14:1631 e Upen door ta 51.24° (8dh) Campute 28
14:17:11 C0124 | Termom AGC
14:17:12 0:01:23 Jura co tepe recorder, tape unit a
14:17:13 0:01:22 S;ing gimbed to beft (Ax = -5.5°% El =
43%)
14:17:18 -0:01;17 Swing simbal to right (az = +5.6° El =
+1.4%
14:17:23 0:01:12 Turn off tape recorder
14:17:24 0:01:11 Point to star (gamma yelorum) using
INFUNC 118
141725 -0:01:19 Set loit irack function 198
14:17:45 0:00:50 KHET AOS 5° Open door | step, If req.
Upload FIX STAR 198
Point FIX STAR 198
{pred)
Uplosd” SCAN STAR
14:18:20 -0:00:15 << << GO/NO-GO Decision >>>> Point SCAN STAR 118
UMT-GMT Upload ANTARES 28
<scan star> determine y. & Upload ROCKET 18
Upioad FIX STAR 198
(calc)
Point FIX STAR198
(cale)
Acquie FIX STAR198
Pl:Tk mbio 8:2
Zoom On
"Filter Sequence 2,1
. UMT - GMT
14:18.35 00000  fec<<ccc<<< STRYH LAUNCH
>>>P>3>>2>
Counputs nf 18
14:19:35 Q:00:40 STRYFl Castor 8O
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Table C1 - Timeline of Events for the Sirypi Observation (Cont’d)

Time-1 sunch }

Time Delayed Execution Ground Operations ! Resl-Time
(GMT) Commaeands Commands
RTTEX z bbbt ey e L S e Pt e i
14:19:37 001:2 Update Antares ignition tume (24 2) Compare inf 28
142026 GO151 Set fliter (o 4
14:20:34 0:01:59 Turs off z00m
142038 0:02:00 Set frame ratio ko 2:8 (p:t)
1420:36 G.G2:01 Poloi to 4,0
14:220:37 02:02 Open door fuliy for STRYFI viewiny
14:20:38 00243 Inkiiniize tracker
1420:47 o212 Load MASS AND INTENSITY rua block
[Compute 18 (1 deg) ;}lrload ANTARES inf
14.20:57 G272 | Point to STRY P! using INFUNC 28
14:20:38 0:02:23 Set Just torsckz FUNG. 48
14:21:02 0:02.27 Turn on tzpe recorder, tape unit A ‘
THIEG) ‘ Tome — Filier Acquire ANTARES /
142107 0:02:32 STRYPI Ancares ignuion 0-4 4 Zoom On
6-16 3 Tk 82
18-23 2 Filier sequence
14:2]:42 0:03.07 SIRTPI Ancares BEO 23-end 1
14:21:47 0:03:12 Turn off zo0m
14:21:48 0.03:13 Set frame ratio to 2:8 (P:1) [Compute BOWSHK 28 Upload ROCKRET inf 18
14:21:52 0:03:17 Tura off txpe recorder
14:22:24 0:13:49 Tum o tspe recorder, tape unit A
1422:38 ¢:0333 Poiat to STRY Pl using INFUNC 13
14:22:29 0:03:54 Set lost track FUMNC 18 lAsoqmre ROCKET w/inf
14:22:30 (:03:55 Time  Filter
142234 003359 | STRYPI Star 27 ignision 0-15 1 Zoom Ore
17-27 2 B:T ratio 8:2
29-ed 3 Fikier Sequence
14:23:10 0:04:35 Set extrapoiate to 10 &, 0-3 3
14:23:10 0:04:35 Sel tracicer max gule to 11 5.8 4
14:223:15 0:04:40 STRYPI Star 27 50 10-13 3 Ugalow BOW SHOCK
1423:13 0:04:40 STRYPI Bow shock siart 15-18 2 ;mnt BOWEHOCK
14:24:13 0:05:38 STRYPI LOS (40km) 20.-end 3 Activate joystick
1424:23 0:05:48 Turn oft AGC
TADA24 G0349 [ 54 track and plumee MCP gaina 0 0
14:24:24 0:05:49 Perk gimbal wirvor
142424 00349 | Tuim off tape recorder
14:24:25 00330 Ciose door
T4J4:55 0:0850 | Start Dark Ficid Dais Tasf
14:24:57 0:06:22 Turs on tape recorder, tepe URit A
:18 :06:43 Turn olf tape recorder
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Table C1 - Timeline of Events for the Strypi Obzervation (Cont’d)

Time Tune-Lounch Delayed Execution Ground Operations Real-Time
(GMT) Commands Commair's
14:26:56 0:08:21 command UVP]

shutdown
14:27:26 0:08:51 Command UV 2[ shutdown
1427:26 0:08:51 KHEILOS 5°

C.2.1.1 Pre-Enccunter Activity

Three minutes prior to acquisition of signal (AOS) by the ground station, the UVPI is tumned
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 peints to the main target star, gamma Veloruni,
with a slow scan patiemn in the yaw dircction to determine the yaw attitude of the spacecraft.

At Kihei, the UVPI health and status is checked by the LACE engincer, If the UVPI status is
in any way deemed unacceptable, the encounter manager will declare a Sirypi 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 artitvde will be transmitted and used to locaie
the main target star, gamma Velorum. If the target star cannot be located, which ineans the predicted
attitude cannot be verified, a NO-LAUNCH condition is declared.

On the other hand, if the experiment status is acceptable and the predictad attitude is
reasonable, the encounter manager will announce UVPI as GO FCR LAUNCH. The predicted
scanning function is thrn 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
are 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 reference 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 acquirzd 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 Antaves Plume Observation

After the star calibration data activities are completed, the delayed-execution commands reset
UVPI in preparation for viewing the Antarcs rocket plume,

After Strypi is launched, the actual launch time is incorporatad into the real-time
computations of the Antares and Star 27 rocket pointing functions. About 80 s after launch, the
modified Artcres ignition time and trajectory type, 1.6. nominal or left, right, high or low dispersed, is
incorp?ra;ed into the real-time computation of the Antares perinting function, which is then
transmitted.

The UVPI door will open fully for viewing Strypi; about 10 s beforc Antares ignition is
expected, UVPI starts pointing at the expected Strypi trajectory by using a 0.65° radius circular scan
with a 16-s peried. The scan radius was sclected to ensure that Strypi would appear in the tracker
camera FOV at least during some portion of the circular scan, even with 3-sigma dispersion of the
trajectory and expected spacecraft attitude errors.
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Approximately 5 s before ignition, the command to acquire is sent. Tnis ensures the
minimum possitle delay between ignition and lock-on by UVPL If the Antares bum is not seen
within about 10 s after expected ignition, a new pointing function with a 1.0° circular scan radius is
transmitted and implemented.

After the Antares bumn is seen and the tracker is in the process of locking onto it, the
command 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 scquence is commanded in real-time during the Antares plume

observation. The rilter change sequence, according to the Strypi Experiment Requirements Document
(ERD) [10], is shown in Table C2. The Antares stage is expected to burn Jor approximately 35 s.

Table C2 - Planned Plume-Camera Filter Sequence for Antares Plume Observation

Data Interval Time After Antares Ignition Filter Wheel
- - (S) £y
FP i - O AT 3 ;
2 . 6-16 PC-3
3 18- Pe-d
4 &5 —end of tum PC-1

C.2.1.3 Star 27 Plume 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 burn is transmitted between Antares bumout and S:ar 27 ignition. At least 6 s
prior to Star 27 ignition, UVPI is commanded, either by real-time or delayed-execution command, to

int at Strypi using a 0.5° radius ciicular scan with a period of 16 s. At aboui 5 s before Star 27
ignition, the command to acquire is sent. If the Star 27 bum is not seen within about 10 s after
expcctcg ignition, a new pointing function with a 1.0° 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 Fil:er Sequence for Star 27 Plume Observation

Data Interval Time After Star 27 Ignition Filter Wheel
(s) Position
=15 -
6 17 -27 PC-2
7 29 - end of bum PC-3

During the Star 27 bumn, 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,
immediately after the last filter change command. The Star 27 stage is expected to bumn 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 bum. If UVPI
keeps lock on Strypi during this portion of the trajectory, then the sequence of filters shown in Table
C4 would be commanded as specified in the ERD [10].
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" Table C4 - Planned Plume Camera Filter Sequence for Bow Shock Observation

Data Interval Time Afuzr Star 27 Burnout (s) Filter Vheel Position ]
»oTRE .o e B

¥ U-3 (el

9 LX) PC-4

10 10-13 PC-3

11 15-18 PC-2

12 20-end cf bumn 1 C-3

If the tracker would have lost lock on Surypi, 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 sclected; the plume-to-tracker 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 inio the plume-camera’s field of view. Radar data would be used to aid the jeystick
‘ operator. The filter changes would 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-exccution commands reset UVPI, clese the
door, and perform a dark field data test. The UVPI is turned off either by real-time command or by
delayed-exccution 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 1691. 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 1591,

C.2.3 Rehearsals with Grourd Beacens

Five live rehearsals were held (13 - 17 February 1991). The last two were unschzduled and
occurred because the launch attempts on those days were canceled. The rehearsals weie scheculed for
passes that had similar geometry and occurred 2t about the same time of day as the launch piuss. Each
rehearsal was designed to follow as closely as possible the tireline of the actual encounter pass. This
provided the UVPI encounter team with practice in completing their activities in the time required o0
successfully observe Strypi during the actual encounter. The rehearsals also provided opportunities to
test the radar suppori to the joystick operator and the runge radar data link with the Sandia National
Laboratories team at Kauai.

Ground beacons were used to simulate a plume target for the rehearsals. For the first two and
the last rehearsals, a ground beacon located at the 1'GS site on Maui was used as a target to verify the
attitude determination and pointing functions used. On the third and fourth rchearsals, the beacon
was located near the launch site on Kauai. The ground beaccn at each site consisted of two 6000-W
metal halide bulbs. The beacons were switched on and off to coincide with the ignition and bumout
of the Antares, Star 27, and bow shock stages of the Strypi trajectory relative to the simulated launch
time.

Software, liardware, and operational problems were enccuntersd in the rchearsals and were
resolved in time to ensure a successful observaiion of Strypi on 18 February 1991,
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Appendix D
TRACKER PERFORMANCE

D.1.0 SERVO PERFCRMANCE

Thre tracker commands to the gimbal servo electronics, to compensate for tracking error, are
calculated as a functicn of: the target position (x and y tracker errors) on the tracker camera focal
plane, and an error gain correction. This function transfoims the gimbal position to the appropriate
gimbal commands nccessary (o 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:
[g]_ AB || X TRKERR +[_C]
o DE | Y TRKERR F

where
¢, isazimut',
O, iselevation,
and

AB zo;l’e —un(e)un!O!
[DE]' 0 =z |

Figure D1 shows the plot of the error gain corrections for converting the focal plane tracking
errors into gimbai 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 serve mechanism,

0.8 o T — X
[ .
0.4 f
0.2 |
- -
e g '
g [ n -—— A
-0.2 3 a8
g 9 —e—0
-0.4 »— E 1
.0.8 F el A EEREDTIIL L e
F— I P i ]
0.8 L i il adad i i adodai.

il
140 160 180 200 220 240 200 280 300 220 340 |
TWE pac)

Fig. D1 - Gain coefficients 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 tracker servo response is determined from this plet as:
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X TRKERR Y TRKERR
Rise time <02s <0435
% Overshoot ~1M% ~ 24%
Settling time <12s <1l2s
8.000 pe—— —r . T
913.044 microrad &t 158.2 sec i 1
- & 2733131 microrad at 153.7 sec 1
; S e ]
g [T T s ."_ ........... e, :‘e“ el Ly
g N
; 1173013 mécvond ot 158.5, sac ]
o -8.000 £ ]
) [ —3— XTRKEPR | ]
E [ - YTAKERR [ ]
. U I AL Y
E -10.000 ¥ .
% ‘ - 13,347,826 microrad a1 150.2 sec
.15.000 s ey
13 158 159 i30
E,; TINE (aac)
:
% Fig. D2 - Antares acquisition tracking error vs ame
P These results compare favorably with the prior laboratory tests and tracker simulation results.
b The large overshoot is attributed to the "type 3" servo implementation, which provides zero steady
state tracking error when tracking an accelerating target.
4
} D.1.2 Star 27 Acquisition
E i The tracking errors for the acquisition of the Star 27 rocket are plotted as a fanction of time
| in Fig. D3. The tracker servo response is deteimined from this plot as:
i !
; X TRKERR Y TRKERR -
i Rise time <0.17s <9.54s
' % Overshoot ~65% ~13%
H Settling time <1l2s <1l2s
10,000 ‘ T * R ama s ot
- ' ..H‘SSH microrad ;29.7 % 1
5,000 i ._ ]
g P 1 el 2572074 microrsd w 23,9 wae 1
3 L/ '\; ]
o L iy ) - . .
.g i Nle e )
5 ~ 1,177,328 micrond a1 240.2 sec )
£ ~4,142.442 microrad af 230.7 sec 1
-8,000 ~—&— XTRGERA |
! __I - YTREAR § ]
:m 4
_‘o'ooo T S SY A b P G Y A A i Ak ,'..
239.6 240.0 240.6 241.0 241.5 2422
TIME (sac)

Fig. D3 - Star 27 acquisiticn tracking error vs time
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These results compare favorably with the prior laboratory tec 5 2nd tracker siniulation results.
The large overshoot is zattribuied to the "type 3" servo implemenaiion, which provides zere steady
state tracking error when trackirg : 1 accelerating target.

D.1.3 Comparison With Previous Encounters

The comparison of servo responses from previous encounters, tfihka and Starbird, is given in
Table D1. This table shows that the servo response has remained cousisiznt throughout all the
encountcrs.

Tabie D1 - Comparison of Servo Responses

Qvershoot Risc Time Scitling Time

(%) (s) (s)

X Trucking Error
Ninka 40 0.2 R
Starbird drd Stane - 106 011 . 12
Surbird 4ih Otase 3 0.31 14
Antares 171 [O¥] .
Sur 2/ [3] DANE t.d

Y Tracking Error
Nihka pi C.2 1.0
Starbird 3rd Stage kL] 0.5 1.2
Starbird 4ih Stare 8 .31 1.2
Antares pX] 0.43 1.2
Sar 17 {3 0.3 12

D.2.0 1RACKING ERRORS
D.2.1 Tracking Errors During Antares Burn

The four intervals chosen fer analyzing the tracker performance during the Antares burn arc
approximately centered at 162 170, 180, and 188 s after Strypi launch. Figures D4 and DS present
the tracking error and video signal for the complete Antares burn. Comparing Figs. D4 and D35
indicates that when a strong video signal is present, that is, when the peak video is almost full scale
and the average signal is approximately 10% of full scale, tracking errors arc ncar zero.

The four intervals arc identificd 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 microradians per TV line. Note that the tias in the
y-direction (Y TRKERR) is approximately -0.5 pixel and the er.or in the x-direction (X TRKERR) is
%1 pixel in the tracker-camera focal plane. The target size is nominaily 600 prad in both the x-
direction (10 pixels) and the y-direction (4 pixels) on the tracker-camera focal plare. Occasionaily,
the target size jumps to doubdle the nomiral size. This is attributed to transients and does not affect the
tracker performance.

Table D2 - Antares Data Intervals and Figure Numbers

Interval Frames I Figure Parameter ]
T TR w 105y T3 X7 I racking Error
D7 XY Tarp=t Size
P 10,656 0 10913 J91 A.Y {racking brror
: D9 X.7 Target Size
3 W3 11150 D10 XY Tracknig Ervor
) D11 X Y Tercet Size
4 T12e010 11,413 DI A.Y Tuacking crror
D13 X.Y Tarpet Size
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Fig. D4 - X and Y tracking error during Antares burn
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Fig. D9 - X and Y target size, interval 2

g:ig - ) S— 1 T L T T T L] ] t |" T L} 1 T ; T g
S 5ot I nvf\s W\M\ 3
5-60 ; WMX”MPLMHY I 1 \‘lul " 1 t / ;
£-80 |
99650 170.0 175.0
TIME (sec)
g ?g ? T T T T ~—T" ‘I : vl :4 L§ ll 1" .f{i&\ T T ‘v J T -:::.
E o oA R A LR
= 3 ‘ ! Tyl UV
$.10 fo M% -y il LY '
c-20
§-30¢
£-40 F :
'-'5 E 1 1 1 i L i N 1 1 i 1 1 1 1 N i 1 3
96570 176.0 175.0
TIME (sec)
Fig. D8 - X and Y tracking errors, interval 2
g 1'100 : ¥ L] T Ll T L] T L L] t T 1 14 L L T T :
8 1,000 i
2 900 3 E
> 800 ¢ E
5 o0 M T I T
g 600 E-fbrommmmr oo R4 M LA 3
: 1 1 i 1 s 1 l 1 1 1 1 L 1 ] " 2
5004570 170.0 175.0
TIME (sec)
1'400 L L] T 1 v L3 L] T T T T T T 1 L) 1 4 T
] 5
8 1,200 | .
S 1,000 3
> o E
NS00 A
@ 600 E-- :
o s p
h 4°q . 5y ' 1 A A s 'y A 1 A L i i A A A
65.0 170.0 175.
TIME (sec) 5.0




LACEIUVPI: Sirypi 185

ououvnowm
T T T

T

TRKERRY (Microrad)
NUDDONA AG

nowm
YT

Eod a4 4 Lohede d dd b Ad AL F U . | JlxilLlll

176.0 177.0 178.0 179.0 180.0 181.0 182.0 183.0 184.0
TIME (soc)

Ty T e LIS S A § T T =TT YoreTrTY LIS BN B

ol

ek lllllllll ) S W .t lLlL=

4?76.0 177.0 178.0 179.0 180.0 181.0 182.0 183.0 184.0
TIME (sec)

- W a

.

N -
cooCoocoo
T TreT TY

TRKERRX (Microrad)

Fig. D10 - X and Y tracking errors, interval 3
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Fig. D13 - X and Y target size, interval 4

D.2.2 Tracking Errors During Star 27 Burn

The three intervals chosen for analyzing the tracker performance during the Star 27 burn are
approximately centered at 250, 262, ard 270 s after Strypi launch. During this bum, the peak viceo
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(Fig. D14) signal varicd between 60 and 100% of full range. The low peak video level is attributed to
the weak Star 27 signature and the fact that the tracker camcra gain was not allowed to exceed level

10.

AVG VIDEO (%)

PEAK VIDEO (%)
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Fig. D14 - Average and peak video during Star 27 bum
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The three intervals arc identified in Table D3 and their tracking errors are plotted in Figs.

Table D3 - Star 27 Data Intervals and Figurc Numbers

Di5 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 £ 20 pixels in the tracker camera focal plane. This
large tracking error is morc evident as the Star 27 nears bumout. The target size is nominally 25,000
prad in both the x-dircction (400 pixels) and the y-dircction (175 pixels) on the 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 sprcading the plume over a larger arca.

Interval Frames Figure Parameter
- e -
5 13,142 w 13,239 D15 X.Y Tracking Error
D16 X.Y Tuget Size
6 13,489 w0 13,599 D17 X.Y Tracking Ermror
D18 X.Y Target Size
7 13.677 o 13,928 D19 X.Y Tracking Error
D20 X.Y Target Size
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This appetdix collects paramcters and information that 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. Tabie E2 lists the net
quantum efficiency in 5-nm steps for the tracker camera, and Table E3 lists plume-camera net
quantum efficiency for each of the four filiers.

A
e
v

Table E1 - Average Number of Photoevents/Sccond

- S AR wEy . Y Ay A0 e -, - Wed - a3 022

E Plume Camers Tracker Camera
Interval Stage Filter Bandpass Photoevents/s Bardpass Photoevents/s* “‘
(nm) (nm)
3 AT LAY i NS BA: — . s %
3 1 Antares PC4 235-350 1.46 x 10* 255-450 2.76 x 10° i\
2 Antares | PC3 195.295 9.75 x 102 255450 S13 %10 i
. 3 Antares PC-2 300-320 1.91 x 10? 255450 5.78 x 10° g
4 Antares PC-1 220-320 3.52 x 10° 255-450 422 x 10° ;
5 Star 27 PC1 220.320 4,58 % 107 255450 532 x 10° 1
. 6 Sur 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 central 19 x 19 pixeis

Table E2 - Net Quantum Efficiency for Tracker Camerz

Rt AR

Wavelength (nm) Tracker NQE Wavelength (nm) l Tracker NCE

3355 00001 355 R

260) JG00538 30 018708
263 L0151 365 013683
" 270 03553 370 018228 N
273 005878 373 01797 *
: 280 0073 3R} 018613 4,
235 08558 353 015058 ¥
290 004895 390 018245 “
= 293 010598 395 01881 .
i 300 01209 0 018833 ¢ o
305 014125 405 017865 b
310 014778 410 018083 I
313 012263 413 016418 *
320 0l42% 320 0618 #
325 017358 425 016148 'y
330 017353 30 016148 ¥
335 015348 a8 CIIR83 &
340 011233 A<D ) 01598 <
343 14745 443 00179
350 17143 450 D043
?
;

191

o
.
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Tabie E3 - Net Quantum Efficiericy for Plume Camera

! Wavelength (nm) I PC-1 PC-2 °C-3 PC4
[ VYA T A

200 0 0 0.000129 0
203 0 0 00217 0
210 0 0 0.000°28 0
2135 0 0 000454 0
220 0.0000:5 0 0.00071 ¢
723 038 0 0.001079 0
30 0.0(KKV7 € 0 0.001547 0
235 0.C30092 [] 0.00%91 0.000119
A0 0.7 0 300247 0.000676
243 0.000353 [ 0.062733 0.U0198
250 0.0088 0 0002542 0.003519
255 0.C01873 0 0.002606 0.0049235
260 0.003798 0 0.02413 0.006023
265 0.00346 0 0.00168 0.00753%
270 0.006053 0 0.501124 0.009322
3 0.003303 0 B.0000 78 0.012336
280 0.003508 0 000037 0.013118
283 0.00211 0 0.000133 0.013089
290 0.C0108 0 0.000123 0.01192
293 000043 0 0.000031 0010634 |
300 0.000208 0.000033 0 0.00905
303 0 093 0.001816 0 0.00764
310 0.000052 0.001<97 0 0.00613
313 6.000013 0.000%08 0 0.004956
320 6.000003 0.000021 0 0.063767
325 0 [1] ) 0.06263
330 0 0 0 0.001745
335 0 0 0 0.00G985
340 0 0 0 0.000412
343 0 1 0 0.000119
350 0 0 0 0.000003

The digital number per photoevent is displayed in Figs. B8 and B9 fo: the tracker and plume

cameras, respectively. Tables E4 and ES list the values that make up those figures.

Table E4 - Gain Conversion Factor G, for Tracker Caraera

Gain Step g

Gain Conversion Factor G‘

(digital number per photoevent)

60366

L07905

016691

034548

079651

146340

219667

A12008

G100 <2 O WAL A ) o] e

1.194808

2.298668

4.875681

10.15054

2543053

4358302

wael e
MJ.IUN-O

120.795
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Table ES - Gain Conversion Facinr G, for Plume Camera

~ Gain Conversion Factor G
Gan 3:p g .. :
(digit\l number per photoevent)
1 Kesyatig)
2 Y
3 104575
4 164657
] 377368
6 551433
7 285832
8 5129954
9 10.80777
10 23.191c7
1 39.75714
12 7787451
13 143.6387
14 221.3121
. 15 2929474

A scaled version of the beacon's point spread function (PSF) for the pilume camera is
presented in Table E6 in the form of a 16 by 16 pixel array. The intensity values were scaled such
that the brightest pixel wiil map 0 1. A row of intensity values representative of the full-width-hrif-
maximum js highlighted in bold type. For the ground-based beacon, the equivalent full-width-he..-
maximum of th~ PSF along the major axis is about 40 m at a range of 450 k. A similar array for

the tracker came:a's FSF is presentzd in Table E7.

Table E6 - Scaled Version of Plume-Camera PSF Based on Ground Beacon

R T e

by

)

013 1 0153 0.128 0.118 0.111 0.128 c1yn 0.134 0.144 0.167 0134 0.111 0.102 0.093 0.074

FEIE gt

0.09) 0.111 0.102 0.106 0.111 0.125 0139 0.148 0200 0.237 0.20% 0.134 0118 0.097 0.097

0.104 | 0102 9.102 0.102 0.116 0.144 0.186 0.213 0.246 0.231 0241 0.193 0.138 0.128 0.0%7

0.1% 1 0097 0.093 0.111 0.120 0187 0241 0.315 OAN4 0.993 036 { 0.23) 9.200 0.116 0.102

€120 ] 0.102 .07 0.120 0.144 2. 204 0357 0523 03534 0.581 061 | 0468 0.2%7 0.134 0.116

04 | 0Ne3 0.097 0.111 0.134 0.241 031 0.762 0.7% 0.904 500 § 0.61) 0376 | 0.1%) 0.111

0.083 | 0088 0.102 0.120 0.144 0.260 0417 0904 [o2ed 0.958 0435 | 061 0.506 0.263 0.143

0.069 | 0093 0.097 0.120 | 0.1C1 §.344 073 4919 1.9%¢ 0994 4924 41720 4511 0.283 0.133

0.065 | Co79 0.102 0.130 | 0.209 0.400 0609 0373 0.529 Q.04 L8277 | 0680 0.357 0.208 0.120

6079 | 0079 0.003 0120 § 0172 0.316 0516 0.697 3.744 0.6 663 0437 0.209 | 0.143 0.111

0.065 | 0.00% 0.097 0.120 0.134 0.348 0A7Y 0.651 C479 0413 0.262 5174 0.162 | 0.139 0.093

0.050 § 003 0.079 0.088 0.116 0.136 0404 0.441 0239 0. 950 03123 | c1v4 0.139 0.128 . 0.097

0079 | 0074 0.083 0.079 0.106 0.142 0137 0.218 0218 0.181 0167 | 0.148 0.116 0.097 0.008

0074 § 0074 0.079 0.088 0.079 0.111 0.167 0144 0.167 0..5 0.1 0.130 0.083 0.089 éoa

0.060 1 OO0 0.074 0.074 0.088 0.097 0.134 0.116 0.116 0.108 0.0 [Leazd 0.003 0.069 0,053

0 016 0.063 0.083 0.06% .03 0.07% 0.083 0.003 0.7 .07 0.97% L liad 00™ ., 0079 0.063

0m4e 1
0.069 &)
X
0079 3
i
0.L69 z-
0.097 2‘
0083 %
3
0.111 bl
om? 4
%
0.097 n
bl
&
0.106 ;
m , '-?.1
ko
omf_. i
P
0.065 &
0.065 .
0069
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Table E7 - S_célcd Version of Tracker-Camera PSF Based on Ground Beacon

0.0% 0 0d1 0.0% 001 Llaad [ Kihed Dera 0 M 0 %0 00U 0 0% 0 0 0% 0 o 0 oM

0012 0.0%8 nm? G aon 0 00 nme 0.012 0 ore o8N 4 o 0043 0 000 00 00y

0047 O 0ie 0018 L U 04y DirM 0 0% kLA G022 ao1y 0 058 00w DA oms 00771 o MmM2

0.0M4 0N 00 0052 0.ms 002 ©.034 00K 0.0%4 0.018 0.7 0.092 0078 0 061 0.0%Y 0 0d1
0.043 o my 00 03 € o 0047 0013 0 (Wl 0.749 0 0% 0.082 O 0% 0042 oo 0068 0218 @

0.045 0 001 0.081 0o 0.063 003 0 0534 0.057 0.08) 0.0%6 0.081 9.017 0047 [ 120 €08 0.0%%

0.0% 0 038 0.043 0.060 0.047 0 N30 0 074 LAk 0 108 0.042 a0n 0 6 0.04) 0o 0 s a0

0.0%7 0o 0.0% 0041 0.033 048 0.212 §.98¢ s 0.081 0%y 0.051 0073 0 026 0077 0018

0 0% 0.Mm2 0.077 0092 00V 0087 [ Rzu 1.908 9.928 0.092 0076 0.0% 0n1e 0 04 0010 0.0%

0 93 0017 00 0077 0.mt 0 08t 0083 0.'4t 0104 0 033 0 067 0.040 0076 G 2 Lagd] 0097

0.010 0032 8.0%2 0.099 8028 Q.04 0 oo 0078 a.mne 0 040 0118 0.032 0 0% 0.0'45 8.0 0032

0.0%0 0.0 00 008 o0 0 03D 0 0 0oy 0 (1Y 0012 006 0.031 oMy 0m7 Llitad no1s

0.023 0018 0 0% 0.0 0 0%y amo © 039 002 00y 0 041 0.0%3 0082 00 0.043 0.043 0 M6

0.048 80 0042 D04 0.042 n s nnds LeXsal] 0 036 0.018 0.0% noit 0013 009 00Y1 | 04t

0.043 e 00 0023 0 044 0.041 0 0% 008 0 ong con 0033 0 033 0 0%y hasik] 0.0y 0 040

0.042 £m .07 0 056 0 DAL 00M 0 o8 oo ©.040 8013 0.040 0077 09 008 [ o7

St

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 wheel
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

1/30th of a second, but it is variable for the tracker-camera, with a maximum allowed value of 1/30th s.
The next two columns list the tracker camera and plume camera gain steps.

a3

For the zoom image transmission rate, 30 Hz, each telemetry fraine 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 obscrvation pass by:
UMT = GMT + (0.29 + Frame * 1.06 x 10-3) scconds.

Table E8 - Telemetry Fram=s and Camera Parameters

UMT “lelemetry ler Tracker Exp. § Plume Lxp. Tracker Plume Comsnents
- Frame Time (ms) Time (ms Gain Siep Gain Step
Trame Toa38:
inutial cloud
14211560 10505T 0 9.6633 13 ' 1 oy racker camera
Frame 10457:

Antares enterns
plume camers FOV

Ty ToTTY | L TeAK] 3 ] 1T s
[ TTRw TIT ) LEF 2 T ¥ T §§
TS TOST ) TS 9078 ™3 7 T0
TIEE T (] TS3OTE 3 T O £
TTITT83Y TS T 0 TSITS T T 0]
1L PIRISS) TOSIT U TSA0T8 T Y T0
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Table E8 - Telemetry Frames and Camcra Parameters (Cont'd)
UMT Teiometry s Ttscner bap Viame Lap Tracker i'wome Comments !
Frame Time (m1) Time (me} § CainSien I Guon Step t& :
TTIIEss T y 15 3I% 7 7 10 ] »
1L PR TOSI3T 1] MEHIES 3 ™ 10 N
TITTESH BT ) TS0 =313 v 10 4
TS TOSIST } TT0% Ty 7 b
TTITIETS JULBEoY ) TSIy 373 7 0 %&m qat vl 1,
TS TS+ 7T | TSI0T% 3 7 To 3
Iy plixtsy 1 T33O 333 7 15 L\;
TITRD TBRF T AW 3 7 “T0 q
TITTER Wor {4 5 133008 333 7 10 ;
B PRSI B 1 TTOTE 13 i ]
[~ [TITTE 10530 q ety — 333 7 10 2
" ITITER T33P r) T 4318 I 7 10 5
TIew TOSET— ] TCIITE b A B 7 1]
IEPIRYAD 103381 0 1AL )L 3 7 T0 Tl Cloud Teaves
tracker FOV .
RATE TS 7 T 73 7 T8 ,
" T TP 1 153078 3T 7 10 ‘ :
BRIy RYALS TSy 7 AR ‘o)t 33 ~7 ) %
ITITTTTS 10520 ? S N L 411 3 7 0 1;;& &ats inierval 1, .
TS TSP | TR "3 7 10 ;
TTITIETe TP 7 B 4L 173 7 T0
[~ 13T 1380 158 { TS 3018 33 T T
TTITTRES TC3S9P ] R I 7 T0
TTITIESS TG0P ] 54018 373 7 10 &
TTITTEW TSI T TS3TE 3 7 I E
TITTENS ToLIF 4 33018 33 7 T2 2
TR T&03P r| JLEN}E 313 ¥ I3 1 ,,
TITITW TOG04T b TS018 73 7 T3 i
RITH 13T ) T335TE 13 7 I3 r‘:,;;
1L 91 BLE (Y 1 TS18 kX&) 7 T3
TTITIT 0 oo T T5.30T8 3 7 T3 'fk
RIS TS {7y 3 3.0 3 7 I3
LYIREALS TP 3 XL 13 7 3
IS oty T TS30TY 33 T 13
LI L] TP | 133013 3 7 T3 3
TITT9% TSI 7 EE L T3 7 3
PNy ToTIP 7 TS30TE T3 U I3
TN TOST4T (1] 133018 3 7 T3 &
I CPARTAT T0G13T 0 L] I3 7 I3 ;
100 ALy | TS30TE 173 T 13 ﬂ
M CPINEE ] TP 3 TSI 3 7 T3 -
IR TRTLP T LR 73 T T3
RIS TP 3 TS30TE ka k) X T3 %
g
4
:
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Table E8 - Tclemetry Frames and Camera Parameters (Cont’d)

[ UMl ~lelemeuy  § ilier Tracker kxp. § Fiume Exp. Aracier Flume Comments
l Frame Time (m$) I Time ‘ns) | m(;.m Step Gun Stp
TN TP T 153018 3 7 T3
RIS TT s 1. 018 3 =7 1Y
1L PARLE: Y T | TS3018 33 7 T
I TP | IS%018 KEX) 7 T3 e
EPIRLES TRRT L] REX ) T3 7 T3
ITRiRt R ST 0 TS3018 53 X ¥
IS TOIoF 1 153018 KX k) i T2
BERLYAREN( T0RITP 7 54013 KER) 7 av3
1321 13.80 wkiy s 1530138 33 7 By
TSRS eivicty | TSa0TE k) T B v3
TITIYES TOSIOP r s 33018 T3 7 2
T TP 3 13530138 RkX] 7 T2
TIT 100y Too3 21 3 133018 33 7 T2
TR TO TP 3 TSZ018 KX ) T b3
I TOoRT ] TS018 N3 7 T2
BR3P 1T 0 T2 Y557 133 7 12
TTITIR 10T s TII537 333 7 T2
1321 20,10 05T s TS T%7 313 7 T2
I TOS35F s PRI 3 ~7 17
T8 TOI5P 1 12157 33 7 ¥
TS0 TP | 1pAL Y 3 7 T2
1L pi il TP | 1PALTH 133 =7 T2
) P IV 7 T R (12 14 T TITR7 KKk ) T T2
TTIT0.7S TOGA3P 3 TIT%7 33 7 2
)£ 20 o0 KX TooAT U T5033 3 —7 T2
TR TOSTST 0 T3 I3 7 12
1T3040 —105%P 3 36833 B3 T T2
TTIT 03T ~T03TP 3 EX2XK] 33 7 2
TITWE TOS3EP 3 T5833 T3 Xj 1 ¥)
ITI0 TOGI5P 3 55833 Kk Kk} 7 12
TTIT20ss TOG30 3 3563 33 7 T2
TTITI0 R TOSTP K} V6533 3 7 A
I 0.0 TOSSIP k] X ixk) 333 T T2
TITI08S TES3P k] LX) 3 i 17
RV TS T J.5833 113 7 T2
13IT00 TOS3ST 0 55833 33 7 T2
212073 TSP 3 X)) 33 7 2 Begin daia nierval 2
BRLYIV Y TETTP 3 X kK) 133 7 2 =
121080 TUSS3P Kt XS 33 7 T2
TaITIE T0G39P k| 5553 kk K] 7 12
TTIT 20568 1 3 35653 i3 7 )
1IN0 T3P 3 55533 53 T 12
T 2T 2053 T0002F 3 XXk ] kK] 7 2
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Table E8 - Telemetry Frames and Camera Daiameters (Cont'd)

P

UMI 'Icpfam&ry Tter “Tracker Cap, ]’ !,'di"'“' Lxp. Tracker Plume Cornments
rame Tx_g_g“(mn) ‘i’ffi.(«‘l’);m Gain Step Gain Step
14212056 ToeG3P 3 PR ) 333 7 12
12T TT0 10T 0 9.6033 333 7 iz
14217108 10685T [ 9.6033 333 7 13
REVIPARS 106n67 3 Y.6a53 333 7 ie
18212110 106679 3 Y.64633 333 i il
14212117 106C3P 3 §.0033 333 7 12
14212116 0GP 3 9.0033 3395 7 12
14213120 10670P 3 9.0633 333 7 R
4212183 10671P 3 9.6633 333 7 12 i
2110 10072F 3 y.0033 333 7 1l |
14277130 106/3¢P 3 9.0053 333 T 12
14213153 10674T 0 9.6633 333 7 12
4212137 106757 0 9.6033 433 7 | ¥4
14212140 106/6P 3 Y.6053 333 7 | ¥4
14212143 10677P 3 9.6033 333 7 12
14273137 10078pP k} 9.0033 353 7 1
1421120 106799 3 Y.0053 333 / 12
14212133 10050P 3 $.06033 33.3 7 12
182121357 10319 3 9.5033 353 k4 12
142171.80 10682P 3 9.6033 333 7 14
14212183 10083P 3 9.6033 33.3 7 1Y)
BEREY PIKy; TOTEAT Y =K 3 7 12
142710 10685T ] 9.6033 333 7 1l
1T 2143 10086F k) Y.0033 ek k) 7 ¥
14212177 10687P 3 9.0033 335 7 12
142172150 10688P J 9.6053 333 7 12
14212183 10635P 3 9.6043 333 7 2
1. 21 21ET 100%0¢ 3 Y.6053 333 7 12
14212150 106919 3 9.06043 333 7 ¥
1421 21.95 106929 3 5.6633 333 7 12
14 21 21.97 10653P k| 9.0633 333 7 12
14272700 106947 Y ¥.6633 333 7 12
14212203 106957 0 9.6633 333 7 12
14212207 106%6P 3 9.6033 333 K4 12
2T ZT0 10H7P 3 9.6633 333 Y 12
HITaTs UOJBP 3 35833 313 7 12
14 212017 105959 3 $.6033 333 7 12
14272 10700P 3 ¥.66535 333 7 12
14212223 10701P 3 9.66033 333 7 12
1420V 21T 1W0702P 3 9.6633 333 i 12
14212230 WP 3 %.6033 333 7 1z
14212233 10704T [1] 9.6633 333 7 ¥}
14212237 WinT 1] ¥.6a33 333 7 12

TR T S
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Table ES - Telemetry Frames and Camera Parameters (Cont'd)
UMl Taemetry Flier Tracker bxp. § Diune pxp, Tracker Phume Comments
Framne S Time (ms) l Time gn_!:“; ===lr(.'hin Step Gain Step S

T gy 3 TR Kk ) 7 12
1L Wik Berigsy k] Xtk ks K| 7 2
T TOTOSE 3 X 48) kK] 7 TS
1€ 3 et TOT0T k| X 33 7 T2
Ty ToTTOr kf 2k 313 T 2
T3 2237 0TI 3 LY kk) T3 7 T2
LRI Wrn:y) TOTZP k| Xk R T T2
L Y3 b xix TO7T3P T T3 Kk T T2
TOITeT TOT13T ] 3.6833 333 7 1)
1322278 TOTIST U Rk Kk} T T2
T4 Wik ToTTor 3 LEZ] 373 T 17
T2 (diny 3 .6833 KR 7 TZ
BB R 107T8r 3 35833 333 T TI
L iQyon:c TOTIOP 3 PXZxK] 333 7 12
T IT 28T TO720P 3 50533 kK] 7 1§)
TR oI x) ST 3 7 ¥3
EWARr iR izpiig 3 5T 3 7 T2
AIT 29T {1zp%) 3 Xtk 53 v 13
TTIT2T00 TOT5RT U 3533 3 7 i
1T 9] ki  rpLy ) T3 "3 7 T2
1T 107269 3 35533 3 7 T2
L PR N Ty 3 75533 i3 T TI
I TOTSRP 3 Pz k) T T 17
AITDIT L7p1) 3 X = k] ki 7 T
T TGT307 k| Xk Kk T T2
RO TOT3TP k| X% Kk &} b b3
QI 1337 0T3P 3 [ X1%) Kk K] T 2
IR Lok 3 X7k ek v g T2
1L 9) Wk k| TOTR3T 0 78833 Kk k] 7 2
IEE Wk ky) TOT35T ] Xk k) 7 J¥)
ITITT0 erkray 3 LK) 333 7 T2
EVIBF s erkyid k| 353 3 7 12
14312537 T0733p k] — 3.6833 Kk 7 T2
132130 o7 3 ) 3 7 ) p)
E VIR 107307 kS X7k T I
T3 10731 3 X% k] 7 T2
RITY T2y k| LY%t3) T T?
) Wk 07330 3 X k) 7 1P
11212587 10737 [ Xk 7 2
TTITITS 10735T ] 70513 T I
12 32wk ) 07450 3 TEYY 7 14
13T TO737P K] X5k 7 T2
BELLY A % B e 1177 ¢ K| T3 T 12
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Table ES - Telemetry Frames and Camera Parameters (Cont'd)
UMT Ti!cmclry i Fuer iscxer Exp. § Grame txp. Tracker rume Comments
nme . Time h:n Time (m1) Gnvn_f_»l_m Gun Siep
TITo 7P K] RPN KRS 7 7
TTITI3%T 107307 k| TIRT ™3 7 ¥3
CITITON0 o k] ATk o3 7 12 D
13212703 0757 k| T KRS 7 TZ
1T Y7 To7SI? 3 PR ™3 7 194
ITITI30 TO75T U T3 333 7 T2
13T T0TS3T U T3 333 7 T2
TCIT T OSSP kf X T3 7 T?
TEITI310 10737P 3 XS] 133 7 I
IEPIWERK]  fagd tyy k] .0503 BT 7 12
D) Ry TOTSIP k| 75533 ks Al T2
3TN0 107609 3 3833 333 7 T2
I3y 0TGP J L XANRS 353 7 T
RITRT 0752 k| TETT 333 7 T2
LR W2 K] lozrxry 3 9837 KXR) 7 T3
HITRR TOTRT [} o3 333 7 1p;
ITIT 07T ) LT XKS Kk 7 T2
1T3TI40 1073P k] 3553y 333 T ¢4
TR T075P 3 05537 333 7 T2
1E¥IWERY) TOTGRP I T50T 33 7 T
ITR3 T0755P k] X2 3 7 T2
ILPIRTRT! Crpiny k) 7.6033 33 7 12
I3 TOT7TP 3 LR 333 7 T2
LR IRr Y]  [iapiy 3 30533 Kk 7 T
RIS 10773 3 T6333 KK 7 14
T 2357 T0T73T U R X Kk 7 2
WITIA70 TOTR3T U Xty Kk} 7 T2
ICYARrws| T0T75P 3 7.5533 KN T T2
T 0777 3 L XZ A 177 bl ¢4
IERIWERN) TOT78P J &N 33 7 12
ICRARLE:rS T0775P 3 TETT 33 7 T2
T 2138 TO750P T T RI3T 3 7 1 ¢4
IR TO731P k! 7533 333 7 T2
TITI35T T0752P 3 7.6833 73 7 2
1SITZI7 TU753r 3 TS 5.3 7 194
BT T0783T U 98333 k% 7 17
1L A LY TOT83T 0] 38T 3 7 7
132307 TOTEEF 3 5T 333 7 T2 ]
[TITST0 TO/57P 3 XA 333 T T2
LR WL TOT8EP 3 ~ 5.0037 333 7 T2
TTITsTY TO7E0F 3 TE5Y kx 7 T2
[AITID TOTS0P k| T3S kS 7 12
TSR TO3TP 3 LR XR 73 T T2
S

PTI D e a
S L g .
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

I UMT ! Jelemetry tilier incxer Exp. ! Flume iz ! Tracker l Fine ! Cmnam l
- Fnr_ne - Time il:\wl Time (ma Gain ’ Gain Sy, F’
TRITTST ity 3 L Rxk) 73 7 )43 ij
RT3 i)y 3 7533 33 7 12
ITITB R 07T ) 3.8833 ki) 7 17 P
1L pagpity) 3T ) 75833 33 7 1¥]
I TO7Rr 3 T 73 4 17
IR Morin 3 38533 33 7 T2 §
L)) AR 1 TOT5EP kS TETS 3 T 2
T30 TO7%P 3 TRT3 Kk ) T TZ
I3 TSP K T3 k] T 12
1TIT3T ~ 1o 3 T ™3 vi 1y
TITSS TO502P K} LYk 3 7 12
R R [k 3 ET) Kk 7 b
L) pLx 10T ) 33533 333 7 12 :
WITETS TORST 4] X x| 733 7 T2 _
R T 3 35833 3 7 7
] ~ RS0/ 3 3503 13 7 12 .
TR TOS08P 3 LI AN 3 7 17
I CYIRLs: g - 3 3.5833 33 T 12
TRIT 587 3 T3 3 7 17
L4 L 17 B S (1191 3 X2 33 7 12 7
[L§3 prscy TOSTZP 3 X ok] ki ) 7 12
1T 03 vi 8o e 119 1 ;) oY KEXS T ¥ w
RITRW TORI3T 1) LXK S Kk ) 7 12
IR TORTST 1] X5 ) 3 4 12 %
TS2T 2507 103150 3 3557 3 7 12
RITED TCETTD 3 XN ke T 7
LI 7N T SaS G (133114 3 358533 ki) 7 12 T @
IR — TIBIOP b 3.5833 333 7 T2
RO BR 3 XXk 33 7 T2 - I '
IR . UV} 3 Yk 3 i 1y '
1921 5.7 R v 1Y 3 35573 333 7 12
RITZW 10k ) e e 3.5033% 33 7 2
14T2H TORI3T ] 0.0033 ki K| 7 7
IEPipIXy) 10837 [ 35633 Kk} 7 17
13T 80 108280 kf §.50T3 3 T e
ITITRR vy 3 5553 333 T 12
12T 1537 R8P 3 LX< Xx) ki A} 7 2
IRITLS0 B [9:94) 4 3 XX 33 7 12
1AITIER ~ 10830P 3 9.6833 a3 7 12
T 3T T IGE31P 3 Xk 13 7 ¢4
ITIT 5D 108329 K .6833 KX | 7 12
I3 oK)y 3 X%k 13 7 12
12T 5o " JORNT ] pEeAK) 3 7 2
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Table ES - Telemetry Fi :mes and Camera Parameters (Cont'd)
UMi Telanery riter Tracker bxp. ¥ Piume toap, Tracker Plume Comments
Frame Time (ms) Time (ms Gain Sten Grin Step

1 LPAWI%] TUESST ) s = T 17
RITETR TS8P k| RZX0] KE ) 7 I
IS TP k) 36533 KX 7 T2
I J(e:x5:94 kf Xk 3 7 T2
ITITIER TOS35P 3 XSk i3 T 12
T2 I8%Y TP k 3.5833 33 T T2
1LY T3P k| RS 73 7 bi
I8 R L% yi 3 T&RYT 33 7 T2
IR T3P 3 5.55) 333 T I~
ITITIT TO3HT ] 0.8533 33 7 I
TITITR 108437 U X XE] Kk T 12
1212707 (2R3 3 38533 33 7 T2
I T0337P 3 V&33 3 7 T2
RITITT TC348T k] XS 3 7 T?
T 2717 03P k] XXk 33 7 T2
1T Ple:sny k§ 9.5833 "3 7 T2
AT IR TGTP 3 LXK 3 7 17
RITITY [Vikpy K] TS 3 7 T2
T4 ITo R L:4%1Y 3 X 13 T T3
TITIIT TORAT ) EXSxS 33 7 T2
T ITIT — T0853T ] RS XkS 3 7 7
132074t TOSSoD 3 T 53 3 7 Y
RITIT TE37P 3 XX 3. 7 T2
ITET3Y TOR38P k] 36373 n3 7 T2
TTI27T8T [#i1y kf Y5833 333 T T3

1T TOS20T 3 Vo) ki T T2

I T03ZTP k] 3503 ki) 7 T3
L PARALI| {7y J R K] N3 7 12
IR 1GE5TP 3 T.5E33 I 7 T
TIT2787 1038 ] 58833 B33 7 12
T ~TOLSST ] X 3%) 733 7 s
TN T035EP k) X 7rxk] 33 7 T2
3T TG 7Y 3 V863 333 7 2
TEITITET TORGEP kf 35833 ki T 2
TEI2T8T "~ 10855P 3 3237 33 7 12
1431 278 TOST0P 3 35633 ek K 7 2
T T TG3TIP 3 XT3 kx k3 7 )p3
14212153 R epiy 3 3503 33 7 12
T33T 2757 TSP k1 55833 13 7 12
T 230 TOST3T U T&T3 313 7 ¥4
AT TOETST ] YE XK kx| 7 2
T80T 10E75P 3 XXk 333 7 12
TN TGP 3 T&Ess 333 7 T2
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Table E8 - Telemetry Frames and Camera Parameters (Cont’d) E
| o) Tclemetry hier “FTiacker Lap, | Pume g T Troerer Phime Commenis
Frume Time (ma) =|=P’I‘:me (ms) Gain Step Gain Step
[T 108750 3 70033 333 T 12 Tt
1321 2817 TCETOP 3 §.5553 333 7 [p)
WA i) TOSE0R 3 TRy Kk v/ T3
1TITIER TC53TP k3 36033 13 7 12 E
13T 28.27 pisict:yiy 3 LR TRk 333 7 1p)
T80 1058 3P 3 3.6033 313 7 1¥)
Y321 88,54 “TORBAT ] 55833 33 7 T2
1IR3 TORES T ) 55633 333 7 T2
13T IEAT ~TO8%EP k) LT Sxk] 333 7 12
IEYARLR ") T0E87P 3 05003 73 7 17 har
RITZEAT TORL3P 3 XK T3 7 T2 ‘
T4 283T TO35908 k) LX) 1353 7 12
0F B3 @ 7 TOS50P 3 J.0073 3 7 ¥
13212837 D 11::4') ) kf 5.5833 B3 7 1 p)
14212837 TO802P 3 J.6833 333 7 I3
1T 78R TC503P k$ 55073 33 7 ) pJ
13T 2887 TOS3T U X2 ex] 33.3 T 13
T2 TOR53T )] 56833 k) 7 12
ITIT R 105508 3 05033 kX X! 7 T2
I TGP 3 LYk 33 7 12
2T 8R! T0353P 3 35833 kk K] T 12
12002 )27 TO530F k] XX =3 7 T2
12T 2587 TOX0P — 17 X7k 353 7 12
) TSR TOTP T 33833 kkK] 7 ¥
I3 HE Y 3 35533 Kk} 7 193
2T 287 TGP 3 LXK T3 7 T?
133 3501 T0503T 0 LX) 13 7 T2
IEPIPI AN 00T 3 V5833 33 7 12
13213 TC30EP 3 75833 N3 7 2
TR To300P K} LT o2k 3 7 v
T3 1TOP T X ) 33 7 12 2 -
TTITOA TOTTP 3 T3 33 7 2
QIR 1y 3 3.6633 333 7 17 g
TR T3P k) T.0033 33 7 2 7
T3 L A TBTaT U L X xx] ki ) 7 2 End data interval T,
IO TREIP p3 T3 73 T 12 gg?n daia intcrval ¥, ?
TTIT 31T TRRT 0 35533 33 7 12 L
I ST T X ) 33 7 ) b
I 05GP 2 pEZ2k) ki 7 12 g
1423 TGP b3 XA k) 7 12
23114 TOGTP p) 3.%33 13 7 12 ]
TEIT3TTS T965P b1 9.5853 Rk X] 7 T2 #
\ i h B
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Table ES8 - Tele.netry Frames and Camera Parameters (Cont'd)

L emt “amey J s Rl GinSen | oo Hommenus
T ) I} TP b DR I3 T T2
. TRNT p) PR ki T )
 CPARI Wi TSP p) 56053 k] s 2
1T A% )| (Pippss p) Too33 KEN) T 19/
1421 31H WiaT [} 9.6633 333 i 12
1321 9138 13T J L RER! k35| T 7
14213147 5P pl .00 333 Y 12
IRLPIRIE S TR 7 X7 K] K 7 7
RIS 1&Ter p) 56037 133 T T2
T2 7P ps To003 3 7 )p;
1T9) 5) B THEP p) TE3 kXS T 7
BLYIRIRY TGTP p) 7003 3 i 12
REE) RIS TOS83r p) 55533 Kk 7 12
IR THEIY p) 75557 333 7 T2
T3S TBGT ] T o500 3 7 T2
TN RGBT ) 2 333 7 7
1T2153TR 1U56P pd 9.0633 333 7 1<
TR TRETP pi LAY 133 7 T2
1421 31.81 109%8P ps 9.66033 333 l 12
1421 3188 10939P pi ¥.6043 33.3 7 12
TS [Very p) To3T 3 7 T2
EIRIR TSP p) Too3y 3 7 I
RITIA (22pig 7 76033 Kk 7 7
I T0553P p) 75537 13 7 )
14 213201 105347 0 9.603 353 ki |94
421378 10995T [ 9.6043 333 7 12
B L33 e P TCRGP p) 35833 REA) 7 12
T3 TSP p3 T o0y 73 7 12
14213214 105987 P Y.6a13 334 i 12
TTIT3L18 %3P p) 7533 3 7 1¥]
203 v 4 TR y) T 5533 KX ) 7 1y
1421 3024 TT00TP ] Y.00d3 33.3 7 12
2050 ISP p) 75537 3313 T T2
14213237 110038 A 9.6633 33.3 7 | ¥4
14013034 TTO4T 1] 9.6053 333 7 12
LY RpAL TTRBT ] 7.5 Kk 7 12
1401 324] HUOOP pd 9.6G33 333 [ il
142131483 g7 b4 9.6633 3313 Ki iz
TR TIXIP p) 50533 153 7 2
T I8 TTGRP b3 T.0553 3 7 T2
18213254 HOICP pA 9.6053 333 7 12
AIT3038 TIOTIP 2 kX N3 7 T2
TTIT 331 TIoTY p) T ™3 7 17

< R RN PNy

T ¥ e T

NI - 2 sceegt

z

§ PIEAPWEL K ity g
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204 H.W. Smathers et al,
Table E8 - Telemetry Frames znd Camera Parameters (Cont*d)
UMt Telemetry ruier f Tiacver kxp. § oY X Tracker Youne Comments

Frame =t =__"_»'I:;;me (@_: Time (5\13 Gain Step Gein S

N CP) KX~ TIOT3P p) R 3 7 17
RITIT TI014T v X7k ] ko 7 ) p)
14T 32N TI013T U X%k 33 7 7
RIT3IN “1:01oF b3 0.6633 3 T 2
AT TIOTP b3 L&k s 3 7 17

L W3 IpA S| TIOTEP b3 T4 Kok 7 7

RCY IR yR " TIOTSP P K] ke Vg 7
BELLYARY A Rann e (171 - 2um p) 3553 T3 7 12
ITI0T TI0IP b} 35533 3 7 12

LY YRpR: TTOZP b, X%k Kk 7 T2

R LY R yA TIsP Y XXX 3 T 12 N

32030 TI0AT ] LRk B3 7 2

L PA xS TI05T (1] 35503 333 7 12
R 52 TusEr pi PE33 33 7 T2
13 21 351 TI02 7P ) 3.6¢33 T3 7 17
1921 53.13 TI0Z8P p) 9.6533 kY 7 12
TTITIT 1D {17 p) & 373 7 12
I3 TIGIOP p) LX) 33 7 T2
BRIk iR NEGIP b3 T 9.6533 33 7 12
ORI TP p) X2k 333 7 T2
1T 9 A Rk ) IO b} X ek n3 7 7
IS TTTIOST U 76533 3 7 T2
TITII TIOTST ] 73533 53 7 2
1321 33.41 R efay b3 LXK 333 7 7
13213343 18{1x¥) 4 b3 3.5533 3 7 2

1T ) Bixe TT0S3P p) XX K %) 7 2
13213531 TIGSOF 2 X205 I 333 7 12
I3 100 T 55533 RER) 7 17

1C ) X Bt TTRTP p) V&S 3 7 2
14213781 Ty y3 9.387% 13 7 2

T 3568 D (1) p) 56033 T3 7 17
T3 1033 ] D3y 3 7 T
I TIOST 0 XXX} 3 7 T2

TTI3TTS 11038y p) XX kxS 7 17 =~

T3 Qe T p) ek 153 7 7
132735381 TI033P ) 38633 33 7 2
SRLY LIk I I 1171 2 p) 7.5533 3 7 Y
TSIy TIROP p) 0E33 Kk K 7 T2
13213391 “TIBIP 2 LXK 13 7 12
IR L2 x5 TSy p) Yok k% 7 T2
13T 3338 TICS3P p3 T3 373 7 T2
13215301 TT053T ] 3.5078 kkK) 7 2

o RINs ™ mer i} X k] (ki 7T TT

M ity

»
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Table E8 - Telemeury Frames and Camera Param

eters (Cont'd)

i UM] lelemeiry Fier Tricker Exp. § reome txp. yraLxer tlume Conmuaenis
Lm_m:ulsf-'nme TyTp fmy} vT\m; {ms) Gein \‘f?“... Gain Stp
TITI0E TGS b PRSXES 33 7 TZ
mInT TS ps T3 Y 7 2
RIS TITSER b 50533 333 7 1)
T4IT33TE TIToP bj SIS kxS T TS
IR TIOoOPr pi XXX X} T I
RITa TICTP b1 3.6873 RE | 7 P4
421 33.28 T2 b3 95833 533 7 T2
LA i TIGRIP p) 75553 333 7 TZ
s TI053T U 56633 kK] 7 2
T 9d I P A TT583T 0 ~ 9.0003 333 7 2
T4IT 3731 TTOG3P b3 T&TT 333 7 12
I3 TG0 p) LX) 133 7 I
)22 T N1 TIOT0P ps &I 3 7 1
I8 TIC7TP VAREME %1k Kk ] 7 T
T4 ITI330 TT07P b Lk} 33 — T
1TIT5088 TIO7IP 7 T3 KN} 7 T
)E ) s TT073T ] XD 313 7 IT
I3 To7sT ) XXk ) Kk S 7 13
TIIr3s TI07eP y3 L X7exks k&) 7 1
L AT TIOTTP Z T3 KRS 7 1T
TTIT 333 TIOTEP 2 5.0533 k% 7 1
TP HEL R4 TTO7? ps X7 Akf 337 7 T
T4IT34%8 110800 7 Xk ke S 7 T
10130 X} S ¥ () 2 7 38533 T 7 )]
TTIrI3T8 ) (09 by VST KERS 7 TT
T3 P orkiy 7 Xk KER | 7 IT
13273301 TIo5TT o LY :2k) 373 7 1}
RIS ] T3 -V 7 T
TR TN 7 55037 33 7 1}
233N TP p) 36033 333 ¥/ I
14213518 ~11088¢ p) Pk S 333 7 1§
2T 318 TILESP z XXk 3Ty 7 1}
I35 T1050P p) V08353 ki 7 ]
R TP 7 LRI 3 4 1T
TTIT Y TIo2P p3 VST 3 7 194
TEZT 3331 T3P y) Xy KERS 7 I3
T3Sy TTFST J T303T B 7 T
TTITIST TIGST (] T oy KKK | 7 T
L"IT!T‘J'SM TIRY b3 3.6837 353 7 1T
1TIT 3T TS bl XXk Kk i 7 T
L AKX L TIOOEP 2z TE33 333 7 T
LA ER A TP b3 JEX: XX Tt et 7 7
421553 TITX? ) LX XX Sn aam v I 7 IT




UMT ‘ielemetry lier fracxker Lxp.
lm Frame i T:m(m:) _§ Time (
Rt PARS R TIOP z Pk 13 T 1T
TT2II581 T pi LR eks Kk} 7 11
[~ ITINTS TYIOSP 3 3.E503 Kk ) 7 T
T3 5.68 TR T Tk 533 7 11
TTIT I BT () T35 3 7 T
ERLYIESGE TP 7 55533 k] v 1T
BERLYARENL] ISP p3 X"k 3 T 11
1321 2.8l TTI08P Z 0.06033 B3 7 )}
14213085 111059 2 X ikk) 33 7 1T
TTIT 4558 TITICP p) LESX) 3 T T
TSIt TP p) PXxk k) 7 1T
1oy T 7 32553 ek T T
1321 3338 TITI3P p) V5033 i 7 TT
R 80L TITI3T U VT3 T3 ~7 1T
1421 368 37T ] 3.0053 153 i 11
13 21 3008 TITIEP p3 J.5053 3313 T 1}
TRIT BT 11104 z XX 3 7 1T
LY AR T3P 3 55833 T3 7 TT
TTIT5TE TP 7 3.6573 3 T 1T
TR TITIOP 7 VT3 T3 7 T
1321 305 TIT21P p) Y 21k) T3 7 T
ISR Ty y3 LY <itk) 73 7 9)
TTITS832 [Iabisy p3 X xR 5 7 i
R385 TITAT 0 LX) Kk 7 IT
TR TITST T ek ] Kk %) T 13
13213642 TP z Y533 Kk =7 )y
T 383 127 p) X ALk) 333 T IT
 EPARIX TP 7 R AK] Kk %] 7 TT
TTIT 3032 TITSP y3 X3k ] kX 7 1T
TTIT58338 TI30F p) 0.6033 Kk k] 7 1
TIT RS TSI p3 55833 33 7 TT
T2 082 [$3ky: p3 X2k Kk ) 7 1T
TS TSP b3 V833 B3 T 11
TTIT 1588 TITAT [} T.6513 3 7 T
TARTL TITST ] XXk k) T 1T
I 3875 TITIEP 2 T 9.6833 B3 7 1T
TA2T 3578 ISP p) X7t T3 7 T
TTIT I8 82 TITSEP gl V.33 K 7 T
T2 3065 TITRP p) (X 0%) 333 7 1T
TTITRR TP y) 95533 73 vi 11
1TIT3802 TP p3 35653 373 7 1)
13215033 TI132P b} X7 2K) 333 7 T
182 Jo.98 9Tk 7 DXL K 7 T
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Table E8 - Telemetry Frames and Camera Paramewers . ‘ont’d)

I e Il I e e e Il
= o e g P e sl
1T TTT&HT U T3 3T 7 1l
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
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Table E8 - Telemetry Frames and Camera Paramcters (Cont’d)
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Tuble E8 - Telemetry Frames and Camera Parameters (Cont'd)
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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)
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
. UMT Telemetry Tter Irazxer bxp. ] Flume kxp. Itacker Prume Commments
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1421 Y4 ~1147P 1 415843 333 10 13 -
1421 50.60 113559 1 215823 333 10 13 ]
1421 50.87 11597 0 4108283 333 10 13 ;‘
- 14215107 11565T v 2755203 353 10 17 1 1
14215127 15747 0 215823 133 10 13 k
142151.47 TIS7TTT [ 410823 333 W 13 5
1421 51.67 TI583T 0 215843 333 10 I3 i )
14 2151.87 T1589T 0 21583 33.3 v 13 4
14 21052.07 S TIS95T 0 275823 333 10 13 3
14215227 - 11601T 0 275883 333 10 13 -
14 215247 - 11607¢ 1 215883 333 10 13 : %
14 21 52.67 1iol3pP 1 27584 333 10 13 &
1421 52.87 11615T 0 2153 333 10 13 =
1421 53.07 He5T 0 215623 333 10 13 ,i;
1421 53.27 RCXINY 1] 475823 333 10 13 ‘
14215347 11637T 0 41.5843 333 10 13 -
14213367 116437 0 2713883 353 10 13 4 j
14 21 5367 116351 0 275843 333 10 13 x
- 14215407 TeooT [} 213823 333 10 13 F
14215427 116617 0 21583 333 10 13 '
- 1421 54.47 T1667¢ 1 &l o8l 333 i0 13
1421 54.67 11673P I 27563 333 I0 13 ;
1421 54.87 16797 0 275843 333 10 13
—TTITSSOT TISSST 0 y 41k} KER S ) & 9 !
142135527 T1691T 0 215843 333 10 13 -
142155.47 116977 0 21385 333 10 13
14215067 11700 T [} 413643 333 10 13
1421 55.87 117057 0 2715823 333 10 13
14215607 75T 0 2715823 333 10 13
1821 56.27 H7ErT 0 p1fa).yk] 333 10 13
14215647 11727p I 215803 333 10 i3 : -
.
»*




214 ‘ H.W. Smathers et al.

Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd) 3 1
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

— UMD Tlelemetry licr Tracker bxp. | Plume bExp. Tracker Plume Comuments o
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13222150 TI35T 1] 77383 3 10 T3 \
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

e T e i

{ UMT Teiemetr, Futer dracker Exp. [ Pleme kap. lracker Fiume Comments
l Frame Time (m1) Time (ms) Gain Step Gain Swep
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132218550 T8TT C T80 33 1O I3
1322 2231 123877 1 T3 733 0 17
TaZT 287 T253P T T80 313 T0 T3
1T T 8T ] pyit:pi) 13 0 &S
13222531 TZTIIT (] PRI Y] Kk | T T3
14225531 12777 0 pyRIPX] kK] 16 3
1LY ¥iN) 3T 0 775803 3 10 13
T3 ) papi! 0 PR Yi] 13 0 13
3223007 TIT33T [\ 27380 13 10 T3
17223031 17377 T RS N3 101} T3
TR0 127537 T Pyt pk] 173 10 T3
T4 3091 TI755T 1) pyft k] k] 10 T3
[ FIZITTT T273T ] 773823 333 0 kS
[ i) )| TZTT ] 7758 333 0 T3
“TTIOT3T I T b A1:P] 3 10 13
ERLY )N TI783T ] paRLpxS 33 T T3
TTZIITST “TI7EST 0] pIRT YA Kxk] O 13
TTIILT 127557 ] 11353 333 10 3
RLy Ry TZ50TT 0 275503 N3 10 1k
L yrkiall 128077 T 5353 T3 10 I3
T Yok ) T3P I 215803 333 10 I3
TT22 3201 TBIT 0 21533 333 10 T3
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

I UMT ! Ttgcmcuy lter Iiacker Exp. § Plume l-.x;; Tracker Plume Comments
rame S Time (ms) Time (ms Gain Sicp Gain St=p I
TN 12857 ] 21380 33 U] 13
T TI8ITT U 77383 13 10 T3
13223331 TZ537T (] 1380 13 10 13
13223301 TI343T ] pIRT Y] 53 Y 3
1323357 T80T ] 27583 33 10 kS
1422 34.11 25537 ) pgf1:vk) Kk k] 10 13
1322 34.31 128811 0 b1 VS Kk ] 0 T3
17223431 TZE5TT T TT583 I3 10 I3
4223472 125750 T Ltk 533 10 13
13 2233.92 TI875T U 108577 Kk 0 7
T332 TZ8E5T U TCES7T 33 10 3
1322 3532 T255TT U 10857 ki ] 1) T3
1822 35.72 T250TT ] 108377 Kk ) 10 I
TTITI5Y2 TI505T 4] 108377 T3 10 13
1422 36,12 TB13T ] 108377 kk k] 10 T3
I8 T2 0 T0.8577 3 10 T3
TTIIIR3S TX77P T 108377 3 0 3
Lok Yp) 1R33P T 3377 3 H) I3
TTIT3592 19591 ] TOES77 NI 10 3
3712 TI3sT ] 103377 13 10 kS
14223732 125377 ] 108377 33 10 3
13223772 TZ003T (] 105377 133 T0 3
RII3T92 T295T (] 108377 33 10 3
T8I, 129757 0 T0.8377 3 1) I3
)T g XcE: e ) TZO8IT U 10837 33 10 3
1322 3852 vy T 163377 3 U] T3 Sar 27 plume enters
plume camera FOV
1723892 TI55T ] TOES77 333 10 1K}
23512 T3003T 0 86003 B3 10 13
1423932 T3017T 0 55003 3 T0 3
— 11223935 T3030T ] B E03 ki) 0 T3
18 22 39.9 T303TT 0 8.5003 i3 10 3
ALY g 1Xi7) T3032P 1 T8 N3 0] 13
[ 1320 TI0.3P T &3 I3 0 13
1322 .05 T3034T ) 53003 133 10 3
TTMIL TI05T 0 B.&03 k) 10 3
T g B ] T3035T () &3 Kk K| 0 &}
2281 RIGYNY (1] 3.53007 13 10 3
[ YoX Vo) TI058T (] 3.6003 kik) ) I3
BERLY* L VA 130391 0 X YV4ES k) 10 13
13223059 T3030T (] X 03 10 3
1322 32 T3ORIT 0 L0k Joic X} 10 3
3224035 THRZIF T T3 3 ) )7
T 13223055 T3043P T B8003 333 1] 3
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

Uml ft}::lcx'nclry I Fier Tracker kxp. ¥ iume Exp. i tracker Plume Commants
nme Time (ms) Tirmz (ms) Gain Sten Gain Step

14224042 130447 U 8.C4R)3 333 10 [k)
1422 40.45 13045T U 8.004)3 333 10 13
14 22°40.49 130461 0 5.603 333 i0 i3
14224052 130477 U 8.6013 33.3 10 13
14224055 130487 0 8.6W3 333 10 13
1422 40.5% 13049T [4] 8 o3 333 10 13
1422 40.62 130507 [¢] 8.6003 333 [y 13
1427 40.65 13651T Y 8.6003 33.3 10 13
1422 4069 13052P 1 8.60U3 333 W 13
14204070 13055P 1 .03 33 10 i3
142740.76 130547 U 8.6403 33.3 10 13
14224019 13655T 0 8.60035 333 10 13
422408 130501 0 8.0003 333 10 13
[ TTZ AR TXSTT 0 X 373 0 3
1422 40,69 130381 1] 8.6003 33.3 10 13
14224092 HOYT [ 8.6003 3.3 10 13
14 22 40.90 130607 0 3.6U0J3 333 W 13
142240.99 13001T 0 8.0003 33.3 10 13
14204102 15027 i 80003 333 10 13
14224106 1306.P 1 O 8.0003 333 10 i3
14224116 13066T 0 8.6005 333 0 13
14224119 13067T 1] 8.6 33.5 10 13

14224102 13068T [ 8.6003 3.3 10 13 i
14224120 1300597 0 5,003 333 10 13
14224109 130,07 [} 8.0003 333 10 i3
14224152 15U7lT 1} 8.6003 333 1) 13
142241.36 130729 1 8.6003 333 10 13
14224135 13U75P 1 8.6003 333 10 13
14224).42 130741 0 8.64)3 333 10 13
142241.46 130757 0 8.6003 333 10 i3
14224149 13076T [} 8.6003 333 10 13
14254450 130777 [1] 8.6003 33.3 10 ]
14224156 130781 [4} 8.6003 33.3 10 13
1424159 130791 0 8.0003 33.3 10 13
1404164 130807 0 8.603 335 10 i3
142, 41.66 130817 0 8.603 333 10 13
14 20<l65 150529 1 3.6003 333 i l",'i
14224172 15083¢ 1 8.6005 233 10 13
1424178 T30AT 0 B.6l3 33 10 13
14224179 T3065T 0 [X¥ax) 353 i0 13
14224239 13105F 1 8.00U3 333 W 13
14224245 13106T 0 8.6003 333 10 12
14224250 131077 0 8.6003 333 10 12
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
UMT i ‘T%J::n::ry Fler T!I!ucfcu( ;::)p 7%\;:::(;’.5 (“_lf:i:‘cger ! G“Phxgc Commenus l
S = = e s——————
TS TITET T T ki 10 T2
LT TST0T U RF 0k 3 ) TZ
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L QrX YRS TIT ] TER03 kxX) ) T2
LY KX k)P T L1 kxK) b} TZ
| Ly X YN T33P T B803 ke 10 TZ
RLY RN T T 35003 333 10 T? @
RLY L sEvin T3I8T (g 36007 ke 0 T2
TR TSI 1) B.&003 33 10 TZ
LY LA TITTET T 5003 3 1] ¥4 a
! RIS IIRT T T500% T3 0 T
[T23I%0 131307 v o 3 10 17
, TITIT 3T2AT 0 3.00C3 73 10 ¥ h @
: TR TNIY I 50T 313 1O T ]
TN Pk} il T 3.6003 73 1) T
B0 TITAT (1] X0V 733 10 12 @
LY R R 3TBT ] 55 ik ] 10 1¥)
WEZOR T3T28T ] 3503 Kk} 10 ¥ '
BER L Y EXRL] TITZT ) T3 33 10 ﬁ
LYo K kWi TITET U T R007 kx| 10 T2
RETH 3TST ) X195 ik} 10 1§)
REZTD K3k T 35003 T3 0 TS
RZIZ TBOIT ] T.R03 o e 1) Ty
BLY R k" S 9 |- X3 ki) 0 (b1
TTRTN 1k} ki T 3503 ¥k ] (4] 1¥]
RT3 TITAT U B.G03 s ¢ 10 7
! RO 5.5 31337 (] &3 B3 10 193
T TIT3T ] 3300 T 10 T2
) CY X XAY) TS T LX) Kk ] 0] 1V
T8 T3TSET ) 55003 k& 10 o3
13224359 T3TRT U 35003 333 10 12
L @IE K] TIT30T ) .&003 kit 4] 12
RS KIEVI 1 B.6007 313 10 12 Begin daia mierval 3,
RITAIE TIRT 0 5.&K3 kK| 0 2 =
RIZRD 33T ) &0 ki % g 15 T2
LY oR 7 WK) TIT3ET /] T&0T 3 0 2
By v T3135T 1] 03 k) 10 2
CYoE %1 ] T3Te0T ) BT 73 0 7
R3] TIRIT ) X1 313 0 2
2430 ki T Z303 B3 0 ¥)
TR T3153P T 5503 T3 10 2
T3] TISAP T 03 B3 0
R T35 T3183P T 5.6003 ik 10 7
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

a >
L

Sogp s i -

kg

UMT lelemetry et tracker cxp. { Pivnz Exp. Tracker Frume - Commans
| | Frime Time (ms) Time (ms) zin St Gain Step
LY XL T3166F Y B&03 T3 10 T ]
422433 31077 1 503 333 — T 10 12
TT2ITT T3P T 3503 33 10 7
I prx 8 eptiag 0 A0 73 T
AW I8 ] §.&03 333 T 7T
R G0 )P T LX) 53 10 -1t
TR T3TE3P 1 5503 EXS 10 v
TTZBW T3153P 1 XS] 33 T0 7
T JEYERY 1 5503 333 10 I3
RL YR AR TITELP T X208 3 10 T3
T T3TEP T T.6003 113 0 T3
| EYPX i) TITEEP 1 T.8003 B3 To &}
ILPriv/ 3 T3159P 1 5.3 353 10 13
AT T3T50T Iy LRV M) 13 10 3
A28 T30IT b} — B3 53 10 kS
L H5% i§ 1 I LRTEIX) T3 10 17
A2 458 T33P T &3 173 IO 5
13214543 T3193P T B803 3 Y 1k}
T2 1D kI LB T 03 3 0 I
ICy PR LR )L T TE03 k5] 10 3
T35 3P T 36007 ki k) ] 13
T 4538 k3L T T&03 333 Y T3
T30 T3155P T B3 T3 10 T3
ITOqS 132507 0 B3.6003 3 10 13
RLY EEX) 132017 0 X 373 O 3
LYrR XN kY 00) I T T003 353 0] &)
T Yol ANk T3203P 1 B8N 333 ] 3
T3204P —1 56003 153 10 TS
AT 132057 T B.o003 T3 10) kS
1L prEity T3263P 1 303 53 0 3
[ YPX SR 3P T 503 Kk 10 13
5D 13037 T B.05 3 10 3 ]
1Ly rx $X%] TSZRP T B&03 333 IO 13
TR TI210T ] 85003 3 T 7
TR 52T (1 TE03 3 O T3
TZRT T3Z12PF I 3.6003 353 10 13
TOFW T3P T XV 133 10 T3
EprE Ay L kPAT)Y T T.GXT KXk ] T 3
TR  kPART T B.E003 k] Y 13
TR 4516 326 T 30003 T3 10 T3
TR 32177 T BT kx k) 10 &S
1422083 13218P T B3 333 0 I3
TRE R0 132197 T 35005 33 0 T3

p A
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Table E8 - Telemetry Fraines and Camera Parameters (Cont'd)
Ul leemetry Fuiey irscaer Lap. § Hume bap. Lracker Paine Comments
mec : Time {rru‘o ] “T“C @M mGn'n Su? Cixin Sten

TTHRD 1301 U BT Kk ] T 13
LprL e 32T 0]  ROKIL 3 0 3
TR BB b yiad T 36003 333 10 3
1 2T5Y kAT 1 T 503 1T Y T3
LT T 1 T30 X 1 T3
WTRBE K arket g T X2V Kk k] 10 I3
138D kpstt 1 B.5003 33 10 k!
T L3553  Evig)y T L2 133 10 13
B LY N Ry vt 1 To0s kI ) 17
DR LY~ B M kw514 T 5503 373 10 3
L PPE AT TIZRT ] BS003 e K S 0 3
PR X kpily) 1] T.53] Kk ) 10 13
T RIET YT IO T LR X Kk )k 0 13
TS T3P T o3 Kk 0 1k}
13233870 kv %14 T Bo00) I3 1) ) k§
BRIy XX T3E3P T TS00T 313 )] T3
L Lhes) Koty T TS 3 10 3
NTTER fkvk i) T TR k] ] T3
B LY LY Pk T TR 333 10 k]

L Yrg Ly T T R i k) 10 T3 }uc\dldau Tcival 3,
130T U o3 T3 10 17
T 1321T ¢ TS T3 0 13
By L L] kv P T o 3 10 3
1LYy LAV v Xry T BT 3 10 12
T4 24110 T354P T 1) 33 10 17
1Ty EYAK] T33P T 0] B3 0 17
1LP L IAT TIEE T - ¥7 Y] k¥ K] 1) T
RZ4.0 IR 1 | Xeve) 3 10 11
L YPE i) TIXEF 1 TSy 333 i) 11

BERLY L YA N . v 1 { F¥ir) X K 10 1

R LY L 1A TI0T Y F i 13 10 1T
1223733 T53TT )] g X2 ) B3 T0 2
TR ki, p2 - ) SX03 3 10 TZ
1213740 LN YAS LY 1 S.8003 13 10 ¥)
223743 | kvL7) 1 #.0003 333 10 17
BRIy T 1355P —1 X219 I3 0 T2
RN T3I55F 1 T3 133 10 12
14223733  iovieys T 5.ITT 133 10 12
TTIIT 132567 T o) N3 10} ) ¥)
LY SE X/ G 11357 T o003 33 T Ts
L E YL 32T ) B X5 333 0] 17
1230 Lk vivig 1 L4 25i) B3 10 17
2473 135357 1 | 24t} 113 0] 1¥)
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Table ES8 - Telemetry Frames and Camera Parameten (Cont'd)
l UMl Ti_lan:uy hiler Aracker Lxp. § Ti0me rap, Trackes lv—T'm Comments

reme I Time (ms) Time (ms Gn_:r_x_ﬁ‘g)w Gazin Step
IR prery T ToLT ke 10 I2
. IS0 T SROT 3 10 ¥4
TS T3555P T LX) 3 10 2
TR Kby T L #eveR T3 U ¥4
T 3T (1 X2Vt =3 1) &
LPori k] 3737 T 307 Kk ) 10 I3

L Ppog v 132077 T LX =YX kx| 0 ) & g
T30y 132757 I X2V E 33 0 I3
W3R 3207 1 88007 33 0 17
R0 380 (] o3 x| 0 T2
8T ) kpkiny ] &7 KX 0 Iz
WITER [k oRthiy T 30T ik} 10 T2
Ly e 3537 1 3.3 33 0 | p4
RIIEaT 13733y T ooy 333 T0 12
ROTE T3ISF T 503 373 10 7
LPrErE) JepRLay T o] 373 0 T2
RITIESY Kyl T 3303 T3 10 ) b

TR IT53P ] 5503 333 0 7 ]

TR TP T ¥ 773 11} 12
TRITE kpitssy U 5.0 333 0 T2
T8 % BT (1 3E0) Kk} 10 T2
RIS |k piip) T LY g KRk} 0 2
TR TP ] TS0 3 BY) 194
IS T3I03P ) To00) 313 10 T
TR IS Y 7P T3 10 12
R 32550 T .51 vk 33 0 13
TTIT3ER B35 T 55003 T13 0 I3
EPpIE RS 135007 (1] Ty 373 0 3
TIIW 13301T ) ) £712 kR 0 T3
[TIITI0 kkivery T 3.3003 333 )| 2
RZI0T3 135057 1 SE07 =3 10 1p4
TR 133558 T 3003 Kk % 0 12
[TOT kk!vp T 5.500Y 333 10 T2
YR i) T35P T L L7071 3 15 T2
R TSR%P T oY KX 10 7
TN ick Tz ] 3.8003 Kk ] (] T2
TS ITNT T 30003 3 0] 17
RIATR Kk} ) T 03 KX i ) ¢4
TXTD KkR) K T .33 33 0 17
BRIy LY 133137 T LErin B e 1 7
IR I3ITSE T sE0T iR 0 3
Epa iR ki fe | 3.5003 33 1 13
LYy ETRYS &1/ T X745z 3 10 T3
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Table ES - Telemetry Framres and Camera Parameters (Cont’d)

1015y elemelry Tiher _ Conmmants
1223537 k) 22 1 3
18 2240.50 15007 1 B3 3 10 3
LY rX x4 ik pit () 0] k) 0 3
Y22 X vs kv T 0 k) 10 T3
BRIy XN 13352p T B03 =3 10 I3
LYo Xi ] ik} T 36003 ki X 10 3
.7 T33230 T 35003 =3 10 3
DL 7 X" I kv 1 55003 Kk &) 10 3
LY X ¥k 133280 T .50 ki K] 10 1k}
I35 87 ikpy 1 LE0ix kic & 10 &}
14 2245.50 133 ) 07 1% B 13 10 13
13229033 kK1) e 1 35003 33 10 T3
LY X R ki1 T TN 333 10 I
TITOW  kxk)yy 0 36003 333 0 15
RN T 1 2.8003 3 10 T3
LY 3 e K ki1 T T 713 10 b
T2 3010 37337 1 X4 Vi 3 10 3
LY 3119 K] 137937 T 3.3 n3 0 T3
3017 137380 T T.6007 3 0] I3
Ly g i) kY A T LK) 33 10 &
R 1 LX) I3 1] 3
RT3 133 T 300 3 (1] I3
LprER) 3307 0 303 3 10 &}
X2 3003 T533TT 0 55003 =3 10 I
I 1325037 ity 1 s 3 10 13
SR TIEr— 1 X4 B3 10 3
LY EaT ) JKEEr) T 8.5003 ks 10 i}
Ly 8 iLy) TP T L ¥ri ki 10 3
Kk fis | T3 3 10 &S
BB LY 3 Xx e T L% ki 10 3
LY >3t kX 1 .50 3 0 3
BELLE# 31 T 5.3003 13 10 T3
223083 T (1] R Y: T3 10 13
TR0 T33TT ) 33003 33 10 13
RRLE 4 Y N N .y 1 03 k& %) 0 13
RN kilxid 1 55053 B3 0] 12
R TR Y L1V kK ) 0 2
RISy T .33 N3 10 12
TSR O8] T35 T 55003 T3 10 12
BRI Y E-+} 7 my v ¢y T 3.5003 3 10 12
BERLE 7 E0% I W v 19 2 1 03 i3 10 12
kXL T Yk 53 10 12
:'1721‘3&97 T35e0T ) Lzt B3 10 p)
— b N ) o T ,‘ \J‘l \
S - , ‘ ) o : | - \ .
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)
UMT Telemetry lier Tracker kxp. § Piume bxp. Tiacker rame
I ! Fr:\mf Time (ms) Time (ms) | 'cz(l.:.j:l-—:-iiom._ %ii.'-f’m
)£y e3 KN T53CTT 0 By 333 10 T2
T3 KKV T3 K5 0 7
14223107 115558 H 36503 353 10 2
LYY EIR(] T3P T B3 T3 10 193
RT3STYS TIIP T Ba003 i3 10 7
TT3TY 13008 T T Y ™ 7
1423120 173878 T B.o03 53 10 T3
1T73T 3 TGP T 55003 113 10 I3
T4 22 3137 13355P T LX) B3 10 3
"1 33707 0} T3 3 0 13
13225133 KAYINY ] 30003 T3 10 T3
T4 23137 135720 T VRS 33 10 I3
1T T3310P T o073 133 0 ) kf
BRIy 25 Y KEViigy ] T3 Kk} Mij 3
T2 TI32IT 0 T3 333 ) 3
IS T33P ) TE03 T3 1O T3
123307 ey y 1 55003 733 (] 3
[TI3310 T5133P T ¥.603 3 10 13
“13273313 TEET T T3 333 0 13
14273317 [k 79214 T T3 3 ] T3
53D 153279 T 5.8007 33.3 10 3
1TII3TR 13457 T o3 333 ) 6] 3
TTIISTT TP T TS0T 13 10 T3
[ 14223330 133307 0 L7 33 0 3
1T23TH 53T ] LR 1K) 3 10 T3
1323737 k2 Eyig T 03 333 TG 13
T30 133550 T 3.6003 13 T0 I3
TR TIT33P T | HviE) 3 10) 13
1323347  KKATY T 9 1) 3 T T3
13223350 T3336P T By T3 (Y I3
DL Y2 87! T3337P T TE03 33 10 3
TTII3I37 T3333P ) 941 ) B3 10 3
T30 T350F T 3.5003 3T ] 13
T2 553 T3330T ) 5600 I35 0 13
13225507 T334 11 BS03 33 T0 13
RO AT 1 5503 53 10 3
R C Y R LN T33P T TS0 3 ] 3
T4 2233.77 133337 T 55003 B3 10 13
I IRITW T333F 1 T3 3313 10 I3
ITYrEER] v ey 1 03 33 (] I3
) CYvEXR 1) 3377 T T3 33 10 T3
14 22 33.50 T3448P T 35603 k) ) kS
14225354 13%45P T 03 333 0 12
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Table E8 - Telemetry Frames and Cainera Parameters (Cont’d)

I - T oo | = ]
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~ITIIINT T3 ] TET 333 0 ¥4
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RLyAINL] 13538 1 5.3 NI 0 7
TSy ik ryto o -3 P03 T O ¥s
RXRE T35 T TE03 ) 34 7
TN 1333%P | 35003 33 0 T2
TIT3IT k%119 T 35003 333 10 T3
142233430 3367 7 L1 B3 0 T3
14 22 3333 3RIT ] 3.5003 333 0 I3
4223337 133520 T 3003 KEKS 10 T3
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| IR 1 1555P 3 To00% 3 TS 13
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IR3IT T5355P b 36003 k&) 10 13
QLY RLEY TI355P ps L4 (1) 33 9 T3
TSR 130T D 3403 Kk 3 1 11] 3
T IIT33T TRT ) 503 ke 1) I3
I3 7Y b} 56003 Kk 0 T3
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13 22 3497 T3 (o 3.5003 ki XS 10 13
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Table ES - Telemetry Frzmes and Camera Parameters {Cont'd)
UMT lelemenry hter Iracaer Exp. | Piome rap. Traczer Paume Commous
anz: Tv&c:gg% | _Time !;;5_' Gain S Gxiantep ot -
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) L¥PR v/ ] TI3TEP p) 35007 373 0 bk
PP RV T3157 y) EX2re;) 53 0 i3
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2383 TI522P b 3543 K2 o I3
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T RTsesr TI5I7P p) TRLT 133 10 13
TTII383T Rkixtid z T3 nr (1) 13
Y4 215854 KEXIYY y) o503 ™ 10 13
TR2I3897 TI530T 1 Rox S N3 0] 3
Ly RYE) 3T [/ 35003 3 10 i} 1
3T kL 2y) pi 5.503 k) 10 3
TR 53 ) 5003 & 10 3
1LYV EIA L T3534P b b 20t ] oy 0 T3
T IRISTIE | IR 7 RV T 10 3
RIT3TY7 13337 7z ETT 133 T0 T3
13223700 I3537P b 5.8.03 333 T0 3
TTIT3TA T7548P b3 3.803 33 10 3
13287 135457 b1 R iK] N3 ] 13
14223731 115507 (1] pRea) T3 0 3
LR YAL! T33351T (] B 3003 3 10 3
TX225737 JEALYiY z BS03 B 10 )k}
13225741 T5537F p) 5003 ki K] 10 3
RIT5T 8 135587 b B3 33 10 T3
Yo 2L STRT 13555F p) 3&53 % 10 T3
T IIST3T T35356P 7 5.60Y N3 10 17
T3 TI537P 4 VS n3 1] k)
SLTSTIT KALL1 A B.5003 nT 10 13
TII3Tel TI355P p) BR0T 3 15 13
RIS TI3%T ) B3 oY 10 17
TR2T373T TT35IT ) 3.3 33 1] T3
23T T332 7 3503 13 10 13
1373 TI%3P p3 o3 k) 0 T3
125777 “13564P z 55003 13 10 T3
TA22 3781 «13'585? 2 B3 ki & 10 k]
TSR T3P b3 -0k g g 10 Y
132237.87 {ﬁs&‘nf pj 8.6003 3.3 10 13
TTZL37oT 15583F V3 BS03 3 1] 13
TTTH 15569F z 26003 B3 10 13
TT2IST37 1557crr (] X5 $3 10 k]
1T 223501 13\\5711 ) X i) B3 10 Bk
L WP R 117 lSP‘lﬂ’ y3 03 73 10 13
T3 2I3ETT TITIF T L ) 3 10 13
T{ZI 381 T35TaP p) 30003 k) 10 13
TS84 Y5757 y 4 5.503 3 Hyj 13
1322 3517 T35768 T X275 153 1] k3
122380 ELYN/ 2 o003 ki k) 10 13
132238 135758 Z 55003 353 10 T

B
B




LACEIUVFI: Strypi 229 : F ’
Table E8 - Telemetry Frames and Camera Parameters (Cont'd) ‘
I UM Tcgn—n—euy huer Iracker Exp. § Fiume Exg, I' Iracker Flume Comments ¥
! W--«E‘me Time (ms) Time (ms Gain Strp Gain Step 1
TTIIYes KLY p) Te0T X 1o 13 ‘.
L poRtA) IS ) 3307 I3 ) kS ;
TR TSI ) TE0T Kk I1 1k
T3 KBty p; o003 73 T kS '
TTIT5EAT TTSE3P 7 THE03 173 1y T
RO R T3353p ) 7507 3 o 3
TTTER T35 p) T3 I3 0 3
TITI3E 3T TT555r p) T 507 kxS 0 k§
ToITH TI5E7P ) T503 3 o i
TTTTETE TISE5P p) 5007 T3 ) I3
[~ 1322 S%eT T3380P z 55003 Kk 10 kS
TR TIS5T ) T &03 3 o i
TRITER TT30TT —3 500 T3 IO T3
RIYvEIN) TS0 p) T Kk 1Y T3
TR k53 ) T03 53 (1] 3
IISITE 175037 p) T3 3 0 T3
T32I3E8T TT553F ) I3 733 O 13
LY LLTRTS REC7 ) 3003 T3 (1] K ‘
B LYV EL R TiS57P p) T03 3 TO T3 =
TTZI 83T TI558P p) T3 T3 0 3 ]
TSR TI553P ) F3003 T3 [ kS Egdzm Thicrval o, E \
T TSOT o T0T 3 ) T3 " a
TATI033 5 1 k) T 03 ;K 10 3 i r
T3 T3P k) T3 T3 o 1k} i
TTIT0% 30T ) eV T3 (1 13 i )
IO T33TT ) BT 3 0 T3 :
T0N T3&32P k| T T3 (1 T3 j
A0’ TP ;} T35 3 b 3 :
EYALIN T3 k] 201 Kk S 0 k]
T33! TSP k] 010k} KX RS 0 T7
TTT037 k<afag k) T 3 o K}
TT5038 TS 3 56003 33 (1 I
TT2T03T “TRSEP J T503 3 [ 13
3033 T5597 T .07 3 )01 3
ITD058 T350T ] 307 3 (1 I3
1323 IO 1383TT ) ey KRS 10 3
ROTR %2 3 T07 3 ) 3
[ 14 BT TRGIP k] 85003 53 10 3 ;
T TR k) B30Y I3 1O T3 =
L PXRNL] T3P k] T3 I3 o kS
TS RSP k| 33007 33 0] 3 .
IO T3P 3 75003 133 )Y ks 1
TR T353P k] 5503 113 104 k| B8
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Table ES - Telemetry Frames and Camera Parameters (Cont’d)
UM Telemeury Fjer fracker Plume Coraments
Frame e d o TETE (1 ime ( SainScp § Gain S
LYW ] K 3 36003 "3 10 3
T3 13T 138707 T baerve) kK 10 k]
3133 13871T 0 A1) 133 10 13 =]
JCh iRt TR 3 T3 £ 0 kf
TTTTAT TR7IY k| 33 ki 10 bk
ITBT3S T3873P k] 58003 kK] 0 13
1423148 T075P ki 55003 3 10 )k}
3 13T k(34 3 ¥o003 Kk 10 13
ITBIS T38T'E 3 55003 Kk K] (1) 3 l;l(c:g,:;n data mierval 7,
IT3T3% 135758 3 o003 33 ()
133141 =%r 3 3.5003 ki K] 1)
1378 TI3680T 0 3.5003 333 10
AT TICEIT ] LX) Kk 3 10
ToTh T3P ks 58007 Kk &} 10
Yl it D & k) ki LX) i 5 0
1S3 T3853F k| 5.300% 33 0
IS THT T3553P 3 53003 k] 15
T IT3TRS 135557 kS 55003 3 0
T3 T58 135878 3 L0 k| 10
1323 101 T3055P 3 S.5008 133 10
ITIT03 130898 3 5003 Kl 10
T8 13507 ) 3500 53 10
T30 13T i) 5.5003 3 10
RO T Tor— k§ 0T 33 1]
3538 3 b X4E 1) k| 0
| LYy XPAY] 1354P 3 F XV 0 33 15
ITTLTS T53P 3 503 3 0
TR kg T XV r) kk K § 10
LYkpm)| K77 3 L7 nT 0
R TTRE k§ T 3 U
C ROIETTTRR 3 .o003 3 10
137737 137067 ) 58003 Kk K} 10
RO II7OTT ] 1) 3 0
L pApx;:s iy 3 35003 n3 10
1337231 13703P k] 303 N3 10
TWIT TITRP 3 3.5007 i3 10
LYyt 13703P 3 55003 N3 10
1385031 jky(ay 3 3.5003 333 10
323y 370 ki 5503 13 1]
L Yxppis] 13703F 3 80003 333 10
153 281 T37EF k) LX<k 3 10
1S322 T3710T T 55003 33 10
1S3 kit 0 5303 3 10
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Table E8 - Telemetry Frames and Camera Parameters (Cont'd)

UMT Tclemetry hller Tracker kxp. f§ riw = Tracker Piame Comments
Frame —I l Time (ms) Time (ms) § _G__n‘i_n_“xeomr rGén Step
TN RyViy 3 L XZval 313 T 3
TS T37T3P 3 TS Kk S Hy) 3
ITBLTE I3T14F 3 3803 333 10 T3
T IET T3P 3 Vet 133 10 3
1T3285 T37TI8P 3 3.807 33 10 T3
L pXpRL] 3T7P 3 55003 T3 0 3
)£ YL PRY T37TEP 3 35003 Kk ) 10 T3
143193 37007 kS B5.5003 3 10 T3
43258 137207 ] 303 333 ) 13
TTI301 37217 ] 30003 133 10 T3
T4 23303 Jicyplly 3 5.6003 3 10 13
E pikEe 13725P 3 8603 33 10 13
1 EPEKRD ) Yy 3 T3 3 0 13
T3S  kPpaTy 3 T 00y 513 ] 3
13333.18 131560 3 E X0 Kk k) Y0 13
14530 kyPYIY 3 56003 333 10 &)
T  kypiity K} 55003 Kk 10 I3
I E kPl 137537 3 3.0003 33 10 3
1323337 137301 ) 00k ) 33 )1} 5
TT333S 37T () B &3 ™3 0 TS
L PRk 330 3 k] 33 (1) 3
TT3aT 13737 k| T6003 3 0} I3
ILPEEE )] T37T33P J 56003 Kk ) 10 T3
1T 343 T37355P 3 3.&33 333 10 I3
1323 331 57500 3 36003 KEk] 0 ) il
T35S 3377 3 35503 N3 T8 3
132333% 137367 T 56003 Kk K] 10 3
TT3ET 37357 3 T3 Kkk) 0 13
135388 3787 ] T80T T3 10 3
143383 I373TT ] Lo B3 1) 13
133N TSIZF 3 B.&03 kK 10 T3
13037 13733 3 B3 3 10 3
1S538 13743P 3 B3 333 10 3
1723531 T3745P 3 T3 333 10 3
TTII385 1373%P ki —3.5003 333 0 &1
AL 358 kyZyid 3 55003 i3 10 I3
EPLRE) 13738V T 3.5003 33 10 13
1423393 13735% 3 T3 3 0 I3
13233358 137507 0 3.803 313 10 3
133301 T378IT 0 X Vex) 313 10 3
R L YL 5] 1375ZF 3 TGS 333 10 3
T3 404 ) kYEK)Y 3 3.6003 ki K| 0 3
{3410 KYAT)Y k| 3o k) 10 13
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Parameters (Cont’d)

Table ES - Telemetry Frames and Camera

Telerreuy ruwer Tracker Exp. § Hlume & .‘ Tracker riume Commenis
S Frame - Time (::g Gain Ste Gair: Step

IT33413 3753F 3 47 53.9 Y i}
I LPAT L kyAtay 3 3600 k] U 3
1425323 3778 k§ LR i Kk R 1] 3
NI P2 v\ s mm 0. 3 3500 3 10 T2
IR i) e 3 53 oy (¢} 17
1323337 3755t ] L4k 3 10 12
1TBTT 76T 0 L 33 10 ) p)
1323308 ey vy kS 56003 73 10 12
1923442 NPY &y (k). 3 B0 353 0 12
1R3443 Ry 3 35003 333 (1] 1z
T3 kYA 3 5E03 333 10 3
CPiY K] 1371550 3 38007 33 10 3
Ly Kt k| 8.8003 Kk} U 13
1TTTT3% 137027 k§ 35003 3 )] T3
LY i¥ K] 37595 3 3303 ki J Hyj T3
s e 3TI6T U B.503 333 10 T3
1323388 TST7TT ] 5o03 3 ) (1 T3
LY kT p) kit iy k} 5003 k) 0 &)
ITBTH 13775P ki 5008 133 10 I3
133837 13773P kS L4 4] 333 U] TT
1433382 131730 3 L] 133 1) 13
I EYLE R 137708 3 303 33 1) T3
TR TE 137777 kS TE0Y i3 10 T3
1323352 B 3 8.5003 33 Y 13
133 kyginny K} 8.8003 53 0 13
RO 0 T 5007 B3 10 7
423507 378IT (] 703 i ) i) T3
182338 kyiipiy k} L X 12 333 10 T3
137535 ki 507 3 10 I3

L ¥EERY) 137837 3 38003 335 10 13
333313 T373P 3 To03 313 10 kS
O3 37357 ki X1} 3 10 13
T8 T 3 35003 33 10 ¥)
1Tk EwL) T3735P 3 303 33 10 13
1T03 Rz am 3 §.2003 333 10 3
1T3332 157507 i 2.600% 333 10 k]
1T333Y 31T 11 B.6003 k) ] 13
1A5338 13732 3 L vx 13 1] I3
L pXRY) 13753P 3 8.6303 33 0 3
133333 137330 3 5.6003 333 10 I3
1327538 373P 3 LT A ki e 10 )
T332 kyirad 3 LK <v' 33 10 k|
34 23533 kyiorsd 3 3.5 333 10 7
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Table ES - Telemetry Frames and Canvera Parameters (Cont’d)

R N R R el IS T
R o e ———
TATT353% Y73 T TEIT k¥ | 0 3
EWLET v TITRY i T 73 10 T3
BERLYV:ETAN T3500T ) 35003 333 10 T3
IE Pigys TIRIT T Ly kK EK o b
T3] 350D K] o I3 1o 1k}
IEPLE WL TIa030 ki 38503 3 0 T3
RIViN; TGP K B.300% kX1 o 3
132382 T3E037 k) 55007 kK & Uy 1k
TO3R TIS0eP 3 35003 333 10 3
T3 5078 ki LRV ik] kiR 10 k)
IZYAR RS  Kifined k] 35007 313 10 T3
T3393 T3E5P k] L] 333 10 k]
T3 13307 [} B.507 113 0] 3
TTORTT TTSITT T LV 6k 173 1o k|
135303 TR kS B&03 Kk 1] 1k
B C AL TI813F k) 30003 173 ('R 3
Ly LLNY] TIN3P k| BT 2k 0 I3
I HiT N T3513P 3 3607 n3 o 1]
TH3TE TI8TCr k| 20T 2 Kk ky ) 3
€8T W) TIET7P k] B33 T3 O T
TR T381%P k| 56003 T3 104 3
)EPLT Wi TIEToP k) B.3003 373 0 3
T3 35T '} 55003 3 U T3
Ep LT %L1 T352T ] Y20 02 31T 10 1]
T8 kf:viay k| 5.5007 I3 D) 1T
TT33Y )k1:bk) 3 T3 313 10 I3
TR T33P k| LX) ke & 10 3
EYAL YL TROP k| 5507 333 1] T
TT3837 TITr T LRz 373 10 )k
[T333 T3EITP k] 3300 3 10 I3
TIesy T3R8y 3 3.003 nI 0 T3
1L ALY Y) TP k] L (x4 kK| 1y 3
T8 30T (] 5507 13 109 )&
TIITL TIETT 0 .03 73 10 T3
23877 ki:kpiy 3 303 3 ) T3
TT38T8 ik} k| 33007 ki) 103 I3
TT3CTE 78537 3 5607 ) T 3
T35 8T Ktk k| B0y 3 104 1]
TT553 T358P k] EX k) —513 0 13
1323633 ity 3 3.5007 3 10 3
173377 T3EI5P k] 5007 T3 0 T
T893 135599 3 5.o00T B3 0 3
TTe0Y T3830T (] T3 KE& 10) I3
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Table E8 - Telemetry Frames and Camera Parameters (Cont’d)

E: ey [ Toiemetry Toiter  § Irocker Bxp. § rlonc GAp. § lracker Phine Commants i
l Frame . Time {m1) l Time g_rz_ S ! Gain Stz_ ! Gain Sg ! l

BT TSEITT T TS0 143 0 13

T RBTE 138727 3 o3 13 )14} T3

TR g2kl T 1507 i3 1] T
RE VXYY 7553 3 TE0T "3 10 i
TTITTS TS S TE0T I By 3
ILFRRAL] TG k] 3.5003 Kk 10 T3
T TS k] X305 ™y ) 0] |
TS TI53ED k§ L5007 3 10 1k}

- 1ABT73 T3E0P 3 3003 133 0] K -
L yicy k) TS T BX0T k%) 10 i) g s
3237358 T355TT () T3 ik )01 T3 — e b
Cyiy K] iy T X 03 5 53 o
CYANK vi i T ~T30T 3 0 1k} Q
T3TT7aS D iciiiri T T50T KX iy T L
LIANL ) il T T80% 3 T 3
TAT3e TSy T Ty ™3 (1] k3 @ -
T3S TSP ) T3 3 1o T3 T
37139 k1:i 3 3.80% k) 7] T3 y Y
TR TIE55P T T5003 3 103 e \
RATTES TIEZ0T T TIT k) Bl 3 -~ ¢
TS TSIT ) T30 3 1) T3
TR YIS k) TE0T 3 20 3
RIS TIE5IP 3 T3 ) 10 &) '
RL YA NAL) T3363P 3 56003 333 10 3
1423 1.82 TI5ESP 3 75003 33 10 13
TTITTES TT5Z5D k) 503 KKK S 10 I3
T TT57P k| X263 3 10 k] E
 LYAWE S 35557 k) 5003 < 1) T3 &
TT733 TISF k] B5003 3 TS T3
T TIT0T (1 1T % 0] bk
TTTIE0L TSI ) “3 T ) 3

133808 TIRTIP 3 X V1) N3 10 13
L pidAl] ik ) 3303 3 01 T3
TTETT T3 3 10 K} 19 13 &
O 73 (] 33 3 1y T3 »
CPEERE] TN 3 LX:iz] kXS 1] k)
IR T5577P K] 3303 k) 0 T3
TS TR K} A kSN 104 13
IO TR 3 X1 T3 U] K} ' 4
TT3T: T30 ) 35503 3 )] §j -
OIS TTaRIT ) IR0T 3 Y T3
CpE K] 5880 g 55003 3 Y 1]
L YEXYS T3853P K 5003 3 0 K]
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Table ES - Telemetry Frames and Camem Parameters (Cont'd) ;1}
l- UMT Telemary kuter iracker Lxp. riume Lp. aracser Fhune - Commients : ,
Frame - T\'nc (ml) 'I’x,nc {m:) , Gain "(rg__ Gain Step S
CyeE iy 13553P 3 s.uuu Kk} 1o 3 ;
i mee Kty k¢ 5503 333 10 13
1T3337 T3553F 3 53003 533 10 3
T3 13587 kg BT 133 ] T3 =
T T5552P k) X1 kx) 10 T =
T2 135597 T A vt 3 0 3 3
135838 TIE50T ) XA 3 0 13 B
pLPEY-ReY T3E0T U L4003 kAR TS 3 = [
L PL¥ W) kidt)y 3 35003 KER) 10 I3 g
TGN 135557 k| ¥ rid) ks TG 13
T8 T3593P 3 30T kxiki 114] 13 :
IT8588 135558 ki 5.3 kRS ~ 10 k] =
T42T8.53 3557 k) 3.c003 — 433 0 15 3
EERLY:iLimm TSP ki LRV 3 o 13 =
1473832 135558 k) &0 ~ 353 10 1k}
TTIIT0S 135D 3 TS0y >33 10 )kf
TITDSH T300T 7 30T 3 1o k|
G0 IR (1} T3 3 o T3 _J j
M LY )2 - K1Y 3 — 3oy AR )is} i i
RV T0Tr kS XYk 333 1] T3 :
TTHoIT T3503P k| T503 333 10 |5 i
ITHTTS 13507P ki 3.o003 33 10 3 ‘ i”
1T35.1% 3P 3 X3 33 U 13 -
oTR 13307F 3 53003 B3 1] 13
TS T3X5F 3 XV 313 10 T3
T8N T3P k] TGT 33 10 13 -
125932 135101 ) LEAT 133 0 I3
T3 T39TTT ] S5T3 33 To k§
I EPREAY TSOTZP kf Y07 03 ) k|
1353942 T33P 3 T&03 ki) 0 T3
3933 T3T3P 3 TET 333 (1] T3
1353 TIOT3P ki Ly 3 333 1] T3
1323932 KIFTY 3 38003 13 0 T3
IT933 el i 307 33 )11] T3
1323537 T3P 3 55003 33 O I3
TDY32 K02y 3 38503 kK 10 kS
BLYeEIA 130207 v LX 40k 353 (] T3 ,
RO7& iy ) TS0 I3 O I3 y
BT T ) TT 73 10 1K) i 4
145375 lyiy 3 L v 333 Y I3 B
R L LN/ N e & 71 3 55003 73 o T3 2 ]
1T3582 kit7L3 3 38003 i3 15 I3 »
335 l 135550 3 8.000% 333 10 i 13 (3
b
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Table E8 - Telemeiry Frames and Camera Parameters (Cont'd)

owmary ] ket ] Tacker RAp. ﬂumclixg ¥ Phine Comments
l—_mwlw_l’m‘m m Time (my) Time (ms Gmg Sten Guin Siep ___“'3 .
1377 T YRS 13 10 ™
IOV  fitrndii kS B3 13 =70 7 Fnd data inierval 7,
BERLY*IAAL 100 T T oud 13 10 T3
moys T35 (] T3 Kk 10 ¥4
60 ToSIT ] X208 ) Kk ] 12
R T W< (41 S A & 155/ K § T NI 10 T2
TR 43 1005 ) R{kkYd K ) =3 10 17
A3 012 T3P 3 $.o0T8 3 10 12
 LpxpULNLN yRbANS 3 &0 By ) 12
TRIT0IY T35ee 3  ¥7vi] 113 10 12
RLYER{10rs TIOI7F 3 p.yria 3 10 2
SR LY R V] T3P x4 X9 KE k| )01} T2
RLyERUbL] TVRr | PG 53 18 T3
BLyiplikvs ST U VDY ki & 10 T3
TS TITT ] g Xt A )11) k|
BRIy ERt% TR k] 35003 k) 0 13
T Pryliey] TH3F k] b X1 ] ki ] 10 T3
TINR? T  FvoH] 73 10 i}
I LyaRtir:] T3aF T RT3 93 0 ¢]
R LYYty TREF 3 TEDY B3 10 3
TTONR Ty X1 L i I3 10 T3
LR TRGT k] L ¥ifeis k] 15 T
RO 0l T945P k 36003 3 10 3
1T 0SS 39307 4 ¥V 333 0 I3
RO T3S3IT U 30T ok 10 1
TE3 01T ek yid 3 3Ty Kk 10 &)
L0 NS G X 3 TS T3 10 1T
BER LYY T33P 3 ST kxX] 10 1§
140 TS53F 3 S50 T3 10 13
| Rt ’] TS k 185 k) 0 13
ST TR K} L ¥rri] 3 10 k)
T 135537 3 TRy kb & 10 1K)
OIS TS 3 R 1204 3 10 1]
Ly aR i THRT B S0 33 10 3
TTOTIW T3eTY 0 T3 k] ) Ty
ERLY<D 1 E" 2 k55 ;g 07 ki § 10 & ]
EERLY <R ) I R k5t kg B T3 15 T
TS T53¥ k] 7T Kk & 0 3
OIS TSP k] 168377 13 10 3
TTHINY ki T O3 3 0 k3
BT 155879 3 T kK] 10 T
RS X § x: Ly T3 O 7
OIS TS50P k| T 3 10 k3
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Table E8 - Telemetry Frames and Camera Parameters (Cont’d)

I UnMtl lcicmetry " haler irscacr Bap. § )iwme bap. iracker rame Comments '
L N wv{-}:me T_’u:f’_(’r_-\_lgw Time (ms Gr:_n_‘:{:l_r Gain SE u:J
14231512 RSN [4] 137000 333 10 13
1431138 PRI [Y 103257 333 ] 13
141159 15972P 3 103359 333 10 13
4231142 13975F 3 163459 333 10 13
143 1.0 1oyiar K 16355y 333 10 13
42311& 139750 3 163559 333 10 i3
1823 11.5¢ Iied 3 16325 333 )t 13
1423 11.56 YTy 3 163555 333 10 13
Sy 139150 3 163259 333 10 13
145 11.68 139:9P J 1632059 333 10 13
1423116 1351 0 &1.8478 3H3 1] 13
1431169 a3vsiT ) 21563 333 10 i3
14231171 %4 3 Py il 333 10 13
14231176 13583 3 2715843 333 10 13
1423117y vadpP 3 415843 333 10 13
14231182 T13YE5P 3 415503 333 10 13
14551160 155508 3 2735823 333 iy | ¥
1423118 13587¢ 3 215823 333 10 13
14 23 11.V2 15786P 3 419843 333 i0 13
1425 11.% TIESP 3 1IR3 333 | §4) 13
| SRR T3550T 0 pofthi} i3 1o &)
14 23 1.0 RELZNN 4] 27.5843 353 10 13
1423 120 13%52° 3 215883 333 10 13
1423120 13A5P 3 275523 - 333 10 13
14231012 13994P 3 275823 33.3 10 13 Star 2/ bumout
1423112106 RESEA 4 3 L1580 333 10 13
1451419 13560 3 21584 333 10 13
1423 124 13977 3 213823 333 10 13
L PR PN 13¥yaP 3 215613 333 10 13
T RSILE TIFRF 3 21553 13 10 13
14251232 TelRIOT [}] 2715813 333 10 13
14231032 13001T 4] 2715823 333 1 13
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Appendix F
STRYPI TRAJECTORY PARAMETERS

The following tables present various Strypi trajectory-related parameters as a funciion of
time. The first column in each table is TALO, time after liftoff, in seconds. Table F1 shows the ]
rocket's position in Earth center-fixed (ECF) coordinates and the rocket's speed. Table F2 shows the o
aspect angle, the angle of attack, and the distance between the satellite and the rocket. The aspect o
angle is defined as the angle between the line-of-sight (LOS) vector fiom the satellite to the target _
point and the longitudinal axis of the racket. The angle of attack is defined as the angle between the J
longitudinal axis of the rocket and its velocity vector. Tzble F3 shows the rocket's altitude, geodetic -5
latitude, and longitude. These data weie provided by Sandia Laboratories.

b

Table F1 - Rocket Position and Speed in ECF Coordinates

| TALO (s) XPOS (km) YPOS(km) |  ZPCS (iam) SPEED (km/s) §

150 -5657.022 -2069.442 2387.759 0315 | -
151 -5657.276 -2069.424 2387.575 0.311 -
152 -5657.524 -2069.402 2387.388 0.307 -
153 -5657.763 -2069.378 2327.197 0.303 E ]
154 -5657.953 -2069.350 2387.002 0.300 o
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 0340

158 -5658.864 -2069.348 2386.099 0.365

159 -5659.079 -2069.420 2335.813 0.396

160 -5659.294 -2069.526 2385.498 0.430

161 -5659.509 -2069.668 2385.154 0.467 ,
162 -5659.725 -20569.847 2384.781 0.509
163 -5659.942 -2070.066 2384.376 0.553 L
164 -5660.161 -2070.326 2383.940 0.600 .
- 55 -5660.382 -2070.628 2383.471 0.650 S
166 -5660.606 -2070.972 2382.967 0.703 b4
167 -5660.831 -2071.363 2382.429 0.757 o
168 -5661.060 -2071.800 2381.854 0.815 =
169 -5661.293 -2072.287 2381.243 0.374 o
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 g i
173 -5662.263 -2074.746 2378.407 1.134 4
174 -5662.518 -2075.496 2377.596 - 1.204 o
175 -5662.718 -2076.304 2376.742 1.276 =
176 -5663.043 -2077.170 2375.844 1.348 o
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 2371.800 1.657

239
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Table F1 - Rocket Position and Speed in ECF Coordinates (Cont’d.)

181 -3664.461 -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 2356.984 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 2259.747 2.490

190 -5667.535 -2096.287 235%.127 2.575

191 -5667.924 -2098.208 2336.457 2.591

192 -5668.308 -2100.141 22514774 2.593

193 -5668.655 -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 2348.0603 2.589

197 -5670.111 -2169.773 2346.301 2.588
198 -5670.449 -2111.690 2344.596 2.587 bl
199 -5670.777 -2113.605 2342.887 2.58< |

200 -5671.099 -2115.517 2341.175 2.580

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 Q
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 -3675.684 -2151.252 2307.983 2.573

220 -5675.845 -2153.102 2306.202 2.572

221 -§675.999 -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) | XPOSGm) | YPOS(km) § ZPOS(km) | SPEED (km/s) |
228 -5676.851 -2167.787 2291.832 2.570
229 -5676.941 -2169.608 2250.020 2.571
230 -5677.023 -2171.426 2288.205 2.570 :
231 -5677.097 -2173.241 2286.287 2.570 n
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 -5671.347 -2182.269 2277.246 2.570 =
237 -5671.373 -2184.065 7275.408 2.570 . 3
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 3
241 -5677.399 -2191.282 2267.972 2.678 40
242 -5677.395 -2193.139 2266.043 2.726 -3
243 -5677.378 -2195.022 2264.072 2.775 -
244 -5677.352 -2196.940 2262.066 2.824 =
245 -5677.324 -2198.889 22€0.024 2.872 \
246 -5677.291 -2200.864 2257.939 2.921 3
247 -5€77.245 -2202.870 2255816 2.969 -
248 -5677.192 -2204.909 2253.658 3.017 L]
249 -5677.139 -2206.976 2251.462 3.065 4
250 -5577.076 -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 3
260 -5676.074 -2231.850 2224.545 3,706 ¢
261 -5675.940 -2234.386 2221.810 3777 =
262 -5675.196 -2236.929 2219.021 3.850 =
263 -5675.648 -2239.522 2216.179 3.925 =i
264 -5675.498 -2242.162 2213.278 4.003 =
265 -5675.340 -2244 848 2210.315 4.084 -
[ 266 -5675.172 -2247.588 2207.261 4.167 '

267 -5675.001 -2250.385 2204.206 4.254
268 -5674.827 -2253.237 2201.054 4.343
269 -5674.647 -2256.143 2197.832 4.438
270 -5674.458 -2255.112 2194.539 4.534
271 -5674.262 -2262.146 2191.176 4.632 7
272 -5674.066 -2265.245 2187.738 4.734 o
273 -5673.866 -2268.408 2184.222 4.835 F ]
274 -5673.659 -2271.635 2180.627 4.935 =
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Table F1 - Rocket Position and Speed in ECF Coordinates (Cont’d.)

| TALO (s) I XPOS (km) I YroS am) ¥ 2rpoS(m) | SPEED (km/s)JJ

215 -5673.443 -2274.929 2176.956 5.011 . %
276 -5673.222 -2278.273 2173.232 5.036
277 -5672.994 -2297.631 2169.486 5.044
278 -5672.759 -2284.991 2165.731 5.048 » SN
279 -5672.516 -2258.350 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 2141.110 5.055 -
285 -5570.896 -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 -2321.730 2124.166 5.060
290 -5669.332 -2325.106 2120.367 5.060
291 -5668.996 1-2328.428 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 2161.325 5.064
296 -5667.199 -2344.992 2097.508 5.065
297 -5666.816 -2348.294 2093.687 5.066 o
298 -5666.426 -2351.594 2089.863 5.067 ] \
299 -5666.028 -2354.890 2086.035 5.067
300 -5665.622 -2358.183 2082.205 5.068
Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite
TALO ASPECT ANGLE ATTACK ANGLE RANGE FROM
(s) (deg) (deg) SATELLITE (km) ;
150 109.34 65.65 534.450
151 108.74 65.84 530.768 x
152 108.02 65.91 527.159 '
153 107.37 65.99 523.623 L
154 106.65 66.20 520.164 E
155 105.97 63.61 516.782 ‘
156 105.15 57.19 513.483
157 104.40 $1.21 510.275
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
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Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont’d.)

TALO ASPECT ANGLE ATTACK ANGLE RANGE FROM
(s) (der) (de) SATELLITE (km)
166 97.80 21.80 485,488
167 97.02 2032 483.186
168 96.34 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 92.99 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 456315
185 84.39 8.81 455.341
186 83.64 8.51 454.416
187 83.13 3.34 453.540
188 82.58 8.22 452.708
189 82.14 8.24 451917
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 3.87 445.793
204 88.11 11.09 445.736
205 89.91 13.70 245.732
206 90.68 15.21 445.779
207 91.04 16.06 445877
208 90.91 16.52 446.027
209 90.65 16.62 446.228
210 90.16 16.69 446.480
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Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont'd.)

TALO ASPECT ANGLE ATTACK ANGLE RANGE FROM

(s) (de) (de) SATELLITE (km)
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
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 10.75 464.630
233 55.94 10.67 466.002
234 63.17 13 15 467.420
235 76.95 12.0 % 468.882
236 64.98 10.23 470.388
237 52.86 12.27 471.938
238 68.46 1,77 473.530
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 8.59 431.949
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
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
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Table F2 - Rocket Aspect Angle, Attack Angle, and Range from Satellite (Cont’d.)

TALO ASPECT ANGLE ATTACK ANGLE RANGE FROM
- (s) (deg) (den) SATELLITE (km)
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 6.9% 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 3.02 550.261
290 47.15 3.76 551.468
291 44.79 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 8.05 555.874
297 42.88 8.7¢ 560.136
298 44.32 7.24 561.405
299 46.14 5.30 562.682
300 46.04 5.87 563.967




i B A AR

246 HW. Smathers et al. :

Table F3 - Rocket Altitude, Geodetic Latitude and Longitude

TALO ALTITUDE LATITUDE LONGITUDE
(s) (km) (deg) (deg)
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..7441 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 21.5618 200.1133 .
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
185 109.708 21.5232 200.2289
186 110.049 21.5089 200.2414
187 110.344 21.4941 200.2546
188 110.653 21.4787 200.2685
189 110977 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 ALTITUDE LATTTUDE LONGITUDE
N (s) (km) (deg) (deg)
195 113.001 21.3598 200.3777
196 113.314 21.3426 200.3936
197 113.620 21.3253 200.4096
198 113.918 21.3080 200.4255
199 114.207 21.2908 200.4414
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
204 115.530C 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 11€.441 21.1352 200.5842
209 116.649 21.1179 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
214 117.563 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 F3 - Rocket Altitude, Geodetic Latitude and Longitude (Cont’d.)

20.5632

201.1049

242 118.909 20,5452 201.1212
243 113.840 20.5267 201.1378
244 118.761 20.5080 201.1547
245 118.681 20.4389 2011719
246 118.591 20.4695 201.1894 ]
247 118.488 20.4498 201.2971
248 118.380 20.4297 201.2252
249 118.269 20.4093 201.2435
250 118.145 20.3885 201.2621
251 118.012 20.3674 201.2809
252 117.876 20.3460 2013001 |
253 117.733 20.3242 2013196
254 117.578 20.302; 2013393
255 117.417 20.2795 201.3595
256 117.253 20.2566 2013799
257 117.080 20.2332 201.4007
258 116.896 20.2094 201.4218
259 116.708 20,1852 201.4433
260 116.517 20.1605 201.4653
261 116.316 20.1353 201.4875
262 11€.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 20.0015 201.6055
267 _ 114.980 19.9734 201.6305
268 11474} 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 19.6837 201.8796
277 112.361 19.6543 201.9096
278 112.075 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
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Table F3 - Rocket Altitude, Geodetic Latitude and Longitude (Cont'd.) E ﬁj
TALO ALTITUDE LATITUDE LONGITUDE
() _(km) (de2) (deg)
287 109.275 19.3086 i 202.2097 |
288 108.938 19.2740 202.2396 :
289 108.596 19.2393 202.2696 A
290 108.250 19.2047 202.2995 ’
291 107.898 19.1700 202.3294
292 107.541 19.1253 202.2594
293 107.179 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 »
298 195.294 1{.9270 202.5387 B
299 104.902 18.8923 202.56¢5 -k
300 104.504 18.8575 202.5934 U
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ADDENDUM
Statistical Discrimination of Photocvents

When a singic photoevent is generated in the microchannel plate (MCP) of the UVPI plume
camera, it is registecred as a spatial distribuiion of charge in the CCD focal plane array (FPA). In
general, a photcevent gets registered within a 3 x 3 pixel region with the largest FPA response at the
center pixel. Note that the blurring of a single photoevent over the 3 x 3 pixel region is a relatively
small component of the overall system point spread function.

When UVPI is looking at a dim source, compared to the instrument sensitivity, the instrument
gain is automatically set high, for example, gain 13. At these high gains the calibration procedure,
i.e., the estimation of photocvents from the measurcd DN, is scnsitive to any mismatch between the
estimated dark ficld level uvsed for calibration aad the actual dark field level. Although a small bias
error in the dark ficld estimate would have a small impact on the photocvent estimate for a single
pixel, it could have a large imnact on the results when summing the contribution of groups of pixels.
Hence, for dim signal levels, such as the Nihka rocket pinme, 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 alarnn occurs when the noise in a pixel that contains no target is large enough to be
considered part of a photoeveat.

Working with the alrcady 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 image
and with dimensions of 8 by 8 pixels. The estimated threshold will exactly correspond to a
probability of false alarim of PF if the following assumptions hold [24]):

o the local mean and local variznce background statistics are the same over the whole FPA, and
» the density function of the backgiound follows a Gaussian distribution.

Mathematically the decision threshold is given by:
=u+o-t

B is the estimated background mean,
O is the estimated background standard deviation, and

t"  is must satisfy the fcllowing integral equation
PF = erfc (1),

where the standard complementary error function was used.[24]

All the plume camera images which were used in this report to estimate radiance or radiant
intensities were subjected to the above discrimination scheme using a probability of false alarm of
0.0001. False 2larms were, in fact, cbscrved in approximately 1 out of every 10000 pixels, indicating
that the yvvo assumptions stated above are generaily representative of these data. Recalling thai a
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‘ photoevent may spread over a 3 x 3 pixel region, for all those pixels where a photoevent iook placc
immediate neighbors were also included as possible signal contributors. A new estimate for the
number cf phowevcms from the kth pixel was computed bascd on the following rule,
Pp=max (0, Py -u) if condition (A) holds or Py = 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 Px— i . 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.




EIA
ERD
FOR
FOV
FWHM
GMT
Hz
ICC
ICCD
IDA
IR
ITT
IVE
K
KTF
LACE
LOS
LOTB
Mbps
MCP
MHz
NER
NQF
NRL
0AO
OLES
PC-N
PE
PMRF
PSAG
PSF
RMS
SDIO
SIRRM
SNR
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TALO

TGS
ULTRASEEK
UMT

uv

UVPI

VAFB
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GLOSSARY

Attitude Contrel Svstem
Air Force Maui Optical Site
Acquisition of signal
Average radiant intensity
Charge-coupled device
Camera frame controller
Cemposite High Altitude Radiation Model
Complementary metal oxide semicenductor
Central processing unit
Digital number
Digital number per photoevent
Earth center-fixed
Electronics interface assembly
Experiment requirements document
Field of regard
Field of view
Full-width-half-maximum
Greenwich Mcan Time
Hertz
Instrument control computer
Intensified charge-coupled device
Institute for Defense Analyses
Infrared
International Telephone and Telegraph
Inicmational Ultraviolet Explorer
Degrees Kelvin
Kauai Test Facility
Low-power Atmospheric Compensation Experiment
Loss of signal; line of sight
LACE Operational Test Bed
Megabits per secona
Microchannel plaie
Megaherntz
Noise-equivalent radiance
Net quantum efficiency
Naval Research Laboratory
Orbiting Astrophysical Observatory
One line element set
Plume camera filter, N= 1, 2, 3, 4
Photoevent
Pacific Missile Range Facility
Phenomenology Steering and Analysis Group
Point spread function
Root mean square
Strategic Defense Initiative Organization
Standardized Infra-Red Radiation Model
Signal-to-noise ratio
Steradian
Time after liftoff
Transportable ground station
Ultraviolet secker
UVPI mission time
Ultraviolet
Ultraviolet Plume Instrument
‘Vvandcnberg Air Force Base
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