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Coherent Laser Radiometric Measurements of LEO Satellites

PL-LT 94-28

David G. Voelz. William Richard, Douglas B. Rider, David H. Stone (USAF Phillips
Laboratory), Kathy J. Schulze (Rockwell Power Systems), David Dean (Hughes Aircraft)

Introduction
The US Air Force Phillips Laboratory recently completed the Floodbeam Experiment,

recording the first ever coherent laser returns from non-augmented, low earth orbit satellites.
Tlumination was performed during terminator periods (the satellite was sunlit while the experiment
site was in darkness). This allowed use of a visible tracking system for good performance against
distant and dim targets.

A coherent, pulsed, near-infrared laser was used to illuminate 35 different satellites at the
Starfire Optical Range (SOR), near Albuquerque, NM. The 1 meter clear aperture Starfire Beam
Director (SBD) was used to transmit pulses at a 1/7 Hz repetition rate. A low-noise IR camera
collected speckle returns at a re-imaged pupil plane of the Starfire 1.5 meter telescope. Results
include first ever resolved satellite whole-body speckles. Radiometric data are consistent with
calculations, and exhibit occasional glinting. Depolarization data were obtained by comparing
energy in the returns corresponding to the outgoing linear polarization in addition to the cross
polarization. Depolarization data represent losses to a coherent imaging systen.

Laser Illuminator
Laser illuminator requirements included substantial energy per pulse, excellent beam
quality, and superb coherence. A 1.3 micron wavelength, photolytic (flashlamp pumped) iodine
Jaser was developed in-house at the Phillips Laboratory that met the requirements. Coherence
_length was demonstrated to be greater than 45 meters using Mach-Zehnder interferometry. The
" coherence length had to be substantially longer than the greatest dimension of a typical target so
that a fully developed speckle pattern would be produced by reflections from all observable points
on a target. :
Laser pulse energy exceeded 50 Joules on a routine basis. More energy was available, but
the pulse shape deteriorated due to development of an initial gain-switched spike. Additionally,
flashlamps would fail as they were driven to excessive voltages. Energy was also somewhat
resfricted by the necessity to extract useful energy in a minimal pulse length. Many hardware
modifications were performed to reduce the pulse length to 7 microseconds. Satellite orbital
veloci.ies inherently produce speckle smearing, reducing the quality of the captured speckle
patterns. Even at7 microseconds, our data show these effects.

The laser's pulse repetition rate was 1/7 Hertz. The longitudinal flow design restricts
higher repetition rates without severe degradation in beam quality. At 1/7 Hertz, the laser beam
quality was better than 1.5 times diffraction-limited. This repetition rate still allowed typically 15
to 20 shots per engagement. ‘

Transmitter/Tracker System :

The transmitter system was required to accurately track satellites as dim as 10th visual
magnitude My = 10) and place the illumination beam on the target with less than 5 prad rms 5
boresight and jitter error. The system also had to preserve the excellent beam quality and linear
polarization of the high power beam. A large variety of satellites and rocket bodies were
illuminated during the experiment. In all cases the objects were classified as “dead” and T -
appropriate permission was obtained from the USSPCM Laser Clearing House.

A schematic of the experiment is shown in Figure 1. The 1.3 micron laser beam was -
directed to the satellite using the Starfire Beam Director. Although the director has a 1 meter clear
aperture, tracking and lumination was limited to a 28 cm diameter aperture. The
transmitter/tracker system used three different wavelength bands for propagation, tracking, and  __|
alignment. The near-infrared band is used for transmitting the high power beam. Care was taken
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to maintain the high degree of linear polarization of the outgoing beam through the use of (1) a
fully reflective path at near normal incidence, and (2) polarization preserving coatings on the
optics.

P Sunlight reflected from the target in the wavelength band between 600 nm and 900 nm was
used for target fine tracking. The track sensor employed a Gen 10T intensifier and a Hamamatsu
position-sensitive photomultiplier tube (PMT). The signals from the PMT closed the tracker loop
around the beam steering mirror (BSM). Three track bandwidths were utilized: 3 Hz for very dim
targets, 17 Hz for normal operation, and 75 Hz for bright targets. The target set ranged from
approximately My = 4 at the brightest, to less than My = 10 (which were not trackable).
Individual objects varied in brightness over the course of a pass and from night to night due to
changing viewing geomeltry, variable weather conditions, and changing aspect angles.

System alignment, boresight and point-ahead were achieved using a 458 nm wavelength
alignment beam that was injected into the “odine laser cavity to mimic the high power beam mode.
The alignment beam regurgitated from the cavity was then sensed to estimate the position and
pointing of the high power beam. The point-ahead angle necessary to hit the satellite was
calculated from the orbit trajectory and digitally added to the point-ahead control loop. The
alignment system was oneé of the limiting factors in determining the laser repetition rate.
- Approximately five to seven seconds were required for the laser cavity to settle after each laser
pulse before the alignment laser was stable enough to accurately predict the path of the high power
beam.

An operations summary follows: Targets were selected during pre-mission planning.
Ephemeris data and predictive avoidance times were loaded into the mount control computer prior
to the pass. Rough pointing was accomplished by the mount controller. The target was normally
acquired in the wide field-of-view (FOV) camera which has a FOV of approximately 4
milliradians. The mount operator updated the object’s position to center it in the 300 microradian
narrow FOV camera. The tracker operator then centered the object in the 60x80.microradian

tracker FOV and closed the fine track loop. ' - ,

Laser firing was initiated once fine track was established and the safety system showed all
clear. The safety system consisted of many interlocks to make sure that the laser cannot fire unless
all systems are go and all the dangerous areas are clear. The final safety check was an aircraft

watch operator holding down a ready-to-fire button.

Receiver System

The receiver system was required to record a pupil-plane image of the returning speckle
patterns. The system had to adequately sample the pattern spatially, determine the amount of
depolarization of the light induced by the target, and allow accurate radiometry values to be
obtained from the data. The polarization measurement was important since depolarization

effectively amounts to a loss in returm signal when measuring a linearly polarized, coherent speckle
pattern. :
Referring to Figure 1, the feturning 1.3 micron photons were collected by the 1.5 m
telescope at the SOR and 2 low-noise IR camera recorded the speckle patterns. The receiver optical
system actually separated the linearly polarized light that was aligned with the transmit beam from
the light scattered into the cross polarization. The optical system also employed a zoom lens that
adjusted the pupil image magnification to ensure adequate spatial sampling of the return speckle
pattern by the camera. The zoom system allowed a 3:1 magnification range. Accurate radiometric
calibration of the receiver optical train and camera was completed in the laboratory before the
system was fielded.

Coarse pointing was accomplished with the mount control system using an ephemeris
model. The open-loop pointing of this mount was sufficient to keep the object within the FOV of
the pupil-plane camera. The visible light focal-plane camera viewed an image of the target which
was used by the mount operator to center and maintain the open-loop track on the target.




Results
The Floodbeam experiment was designed to demonstrate the technologies necessary to do

acquisition, pointing, tracking, and illumination of low earth orbit satellites. The primary goal of
the experiment was to collect accurate radiometric measurements of a set of approved satellites.
Additionally, an ambitious objective was to spatially sample the coherent returns to examine the
statistical properties of the backscattered coherent laser speckle.
Figure 2 shows an example of the radiometric measurement made on a single satellite pass.
The graph shows the total number of returned photons that reached the camera face. The collection
aperture was the full 1.5 m diameter. As can be seen, the return varies across the entire pass
showing the expected increase in return at the shortest ranges during the middle of the pass. The
graph also shows some dramatic pulse to pulse variations which are probably primarily due to
pointing and tracking jitter as well as changes in the target aspect.
An example of the speckle patterns collected for one of the larger targets 18 shown in Figure
3. The figure shows returns from five consecutive laser pulses near the middle of a particular
ass. The patterns are all scaled to a common reference shown on the right of the figure. A few of
the brightest speckles are slightly saturated in this display in an attempt to show the full detail of the
speckle patterns. Visually, the pupil images appear speckled as one would expect for a coherent
return. Initial analysis shows that the contrast in the patterns is also very high. The fringing
pattern discernible at approximately 45 degrees to the right of vertical indicates that this particular
satellite’s longest dimension was oriented along that axis. Althou gh not immediately obvious, the
patterns are slightly smeared, approximately 1/4 to 1/2 of a pixel, due to the velocity of the speckle
pattern and the 7 microsecond laser pulse. Analysis is currently underway to remove the effects of
smearing.
Figure 4 shows some initial radiometric results for several classes or types of targets. The
vertical axis is the total return reaching the camera face (as in Figure 2). Along the bottom axis,
targets are grouped in seven classes that were thought to have similar backscatter cross-sections.

" .The dark bars in the graph are average, maximum returns for a specific satellite. These values

were obtained by finding the maximum returmn (single laser shot) for each pass of the given object
and averaging these maximum values over all the engagements for that object. In other words, the
 dark bars represent the typical “hest” shot of a given pass. The lighter bars are values calculated
using a radiometric model that incorporates the system transmissions, estimated target cross-
sections, laser beam quality, etc. The figure shows that in most cases the “best” shot returns are
larger than the predicted returns, which is expected since the “best” shots may include glints or
other advantageous phenomena such as momentary good seeing conditions. Only class 6 targets
seern to show weaker returns than expected which suggests that the cross-sections of these targets

are smaller than those used in our model. Further radiometric data reduction is underway.

Conclusions
The experiment was extremely successful. Difficult problems were solved in establishing a

new experimental facility at the Starfire Optical Range, while conducting an ambitious field
experiment. Extensive radiometry and speckle pattern data will be useful in the development of
new imaging concepts, especially for the Phillips Laboratory’s Active Imaging Testbed, now under
development.
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