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SUMMARY

The principal goal of this program is to demonstrate coherent |
optical adaptive technique (COAT) phase control concepts that can be ;J
applied to high-power laser systems, that are insensitive to target
dynamics and target surface effects, and that are effective in turbulence i
compensation. This goal has been demonstrated with a number of 1
COAT systems to be discussed in this report.

The work reported here was carried out during the second part
of this program. It is an experimental evaluation of three COAT sys- :
tems that differ primarily in their receiver configurations. The i
interim report, ! reflecting work carried out during the first part of
this program, contains a complete description of the three COAT

systems. These descriptions will be summarized in Section 1. The

interim report also contains a detailed discussion of the problems pro-

duced by isoplanatism and target effects, as well as an evaluation of i
the advantages and disadvantages of these systems when applied to high
power lasers. These discussions will not be repeated here. i3
The three systems studied all employ an 18-channel multidither i
COAT system to provide real-time phase control signals to a deform- ‘
able mirror. Two of the systems employ an imaging receiver which
works off of the coherent light return from the target. A field stop is
used at the receiver to limit the field of view. This image plane
aperture censoring technique (IMPACT) permits enhanced glint dis-
crimination capabilities and also enables these systems to converge on ]
completely featureless targets. The third system uses non-coherent
light return from the target to correct the target image; these phase
corrections are then impressed upon the transmitted high-power laser
beam to ensure convergence upon the target. Such systems, which may
or may not use multidither techniques are called "TRIM-COAT'" because
they combine transmitting and imaging COAT concepts.
Four of the five possible fundamental modes of operation of these
three systems were demonstrated and evaluated experimentally. The

fifth mode of operation could not be evaluated due to low signal-to-noise
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ratios in the target return. Their turbulence compensation performance
was evaluated using natural turbulence on a 120-m rooftop propagation
range. All three systems operating with single glints exhibited 60%

N Z2x yu~ % cm-2/3). The per-
formance of all three systems as a function of signal return and control

convergence in strong turbulence (C

channel signal-to-noise ratio was essentially identical whether operating
with glint or featureless targets. Low-turbulence convergence levels

of 90% or greater, convergence times of 2 msec or less, and peak

beam irradiance fluctuations of < 10% were obtained for S/N > 20.

The effectiveness of the IMPACT stop was evaluated with multi-
glint targets, where the glints were in relative translation or rotation.
Intruder glints up to 20 dB stronger than the reference glint were suc-
cessfully locked out at spacings of two beam diameters in strong
turbulence. IMPACT was also shown to be highly effective in preventing
glint hopping when the reference glint was partially destroyed.

Additional computer studies of isoplanatic effects on offset point-
ing and extended target referencing were originally envisioned for this
part of the program (they were not a part of the Statement of Work).

Due to time and financial limitations, however, they were not extended

beyond the point already summarized in the interim report.
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SECTION 1

INTRODUCTION

A. PROGRAM OBJECTIVES

The major goal of this program is to demonstrate and evaluate
COAT phase control concepts with three attributes: They must be
applicable to high-power laser systems, they must be insensitive to
target dynamics and surface effects; they must be effective in turbulence
compensation. To attain this goal, the program focuses on the follow-

ing three tasks or objectives:

b Demonstrate several COAT systems experimentally.
These must be systems that can effectively correct
for turbulence distortions with complex semidiffuse
targets. They must also be insensitive to glint and
target dynamics.

2. Analyze and compare the performance of these
COAT systems and assess their applicability to
high-power laser operations.

S Using computer simulation, evaluate the isoplanatic
patch size on the offset pointing and extended target
referencing.

A discussion of the problems produced by isoplanatism and target
effects appeared in the Interim Technical Report.1 The interested
reader is referred to the report for an introduction to these issues.

The Interim Report also included a complete description of the
three COAT systems to be investigated in this study and an evaluation
of their advantages and disadvantages when applied to highpower lasers.
The following outline of each system's receiver geometry and salient

operating characteristics is included as a brief review.
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B. COAT SYSTEMS TO BE EVALUATED

E, Annular Aperture IMPACT (Image Plane Aperture
Censoring Technique)

Annular aperture IMPACT is an outgoing-wave system that uses
an annular receiver mirror to image the target plane. The image is
formed from high-power laser light reflected off of the targct. The
annular mirror picks off the taroet return signal before it reaches the
deformable mirror (see Figure 1). Thus the return wave is not cor-
rected, anc under strong turbulence conditions the target image can be
degraded. A field stop (the IMPACT aperture) at the image plane is

used to limit the detector's field of view.

417549

COOLED

CORRECTOR
MIRROR RETURN WAVE

<+— FROM TARGET

COOLED
DITHER g
MIRROR

ADAPTIVE
ELECTRONICS e e

BEAM STEERING

ELECTRONICS
IMPACT STOP QUAD

=t=l DET

Figure 1. Annular aperture IMPACT system applied to high
power laser.
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While operating in the glint mode, the IMPACT stop is made

larger than the diffraction-limited glint image. The system then works
much like a standard outgoing-wave multidither system, but the IMPACT
stop permits rejection of the returns from nearby glints which might
otherwise cause the COAT system to initially converge on an unwanted
glint, or to break lock once convergence has been obtained.

While operating in the featureless target mode, the IMPACT stop
is made smaller than the image of the diffraction-limited laser beam
incident on the target. The COAT servo maximization of light through
the IMPACT stop then produces a diffraction-limited beam at the target.
If the target is completely diffuse and featureless no tilt-error informa-
tion is generated and thus an auxiliary tracking method is also required.
This is shown as a quadrant detector in Figure 1, although other methods
are applicable (see Interim Reportl).

Proper operation in both modes requires a good image. Since
the image degrades with increasing turbulence, one would expect the
glint discrimination capabilities and featureless target convergence to

degrade also.

2. Shared Aperture IMPACT

Shared-aperture IMPACT is an outgoing-wave — return-wave
system. It also employs reflected laser light for target imaging, with
the receiver sharing the transmitting optics used by the high-power
laser. This system uses a beamsplitter to pick off the return signal
after it reflects off of the deformable mirror (see Figure 2). The
return path is thereby corrected and the target image is not degraded
by the effects of turbulence.

The IMPACT stop permits glint mode and featureless target mode
operation much as in the case of the annular aperture system. An
auxiliary tracking control is also required here for featureless target
operation. Due to the image-correcting action of the deformable
mirror, one would expect the performance of the shared aperture sys-
tem to degrade less quickly with increasing turbulence than the annular

aperture system.
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Figure 2. Schematic of basic shared aperture IMPACT system.

B TRIM-COAT

TRIM-COAT is a pure return-wave system. It uses broad-band,
non-coherent light returns from the target to correct the phase of the
transmitted laser. The receiver configuration employs a beam splitter
to pick off the broad-band return signal after it reflects off of the
deformable mirror (see Figure 3). The COAT servo electronics is
used to correct the broad-band target image. Since the high-power
laser also reflects off of the image-correcting mirror, the proper con-
jugate phase information is imparted to the beam which causes it to
converge on the target.

The use of advanced detector systems (see Interim Report) using
multiple detectors as the receiver will enable the TRIM-COAT system
to operate with nearly featureless targets (limited by isoplanatism).
However, the laboratory demonstration carried out in this study, which
employs only a single pinhole and single detector (see Figure 3) requires

a fairly well-defined target highlight for proper convergence.
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Figure 3. A localized referencing TRIM-COAT system using a
single pinhole, single detector receiver. Many
system variations are possible; the illustrated sys-
tem is appropriate for a low power, visible wave-
length laboratory demonstration,

C. ORGANIZATION OF THIS REPORT

This report contains an experimental evaluation of the above
three COAT systems. Section 2 describes the experimental apparatus
used in this study. Section 3 evaluates the basic system operation of
the three COAT configurations using simple targets in various levels
of turbulence. Section 4 evaluates the performance of the three COAT
systems with complex and moving targets. Section 5 includes some
recommendations for future studies. An appendix is included at the

end of the report to summarize the S/N characteristics of the photo-

multiplier/preamp circuitry used for this study.




3 SECTION 2

E | EXPERIMENTAL APPARATUS

One of the requirements of the contract is that the contractor
utilize available experimental hardware; the contract is not intended to
be a hardware construction program. As a result of past and ongoing
Hughes IR&D and Government contract programs, we have available at

the Hughes Research Laboratories (HRL) all of the essential experi-

mental hardware: deformable mirror, COAT servo electronics, target
| and target motion equipment, propagation range, and turbulence moni-

toring equipment. These items are discussed in this section.

A. DEFORMABLE MIRROR

Since the systems we are studying employ imaging receivers,
and since one system operates on noncoherent light, it is necessary as

well as convenient to use a continuous-surface, deformable mirror for

the phase corrector element. The 37-actuator unit we are using is
pictured in Figures 4 and 5. The mirror uses a particularly simple
design2 that provides 0.5 pm of surface motion for 400 V of drive,
which is quite adequate for the visible-wavelength experiments being
conducted on this program. The influence function of the central actu-

ator is shown in Figure 6. Notice that the surface at the center of an

adjacent actuator moves only 2% of the peak motion. This 2% ''mechani-
cal' coupling results in an 18% coupling3 of the two servo channels,
however.

The mirror frequency responese is shown in Figure 7. Since
it is usable up to about 20 kHz, the single mirror is used to apply both
the dither and correction signals. Note, however, that the mirror
induces a phase lag, which is compensated for by adjusting the phase of
the reference signal applied to the synchronous detector in the appro-

priate control channel.

17
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Figure 4.

(a)

Photograph of deformable mirror used to apply dither

and correction signals for experimental system
studies.
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Figure 5. Schematic diagram of deformable mirror showing
illumination aperture (enclosed by dotted line).
The shaded actuators have a control channel drive.
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Figure 6. Influence function of central actuator in mirror shown
in Figures 4 and 5.
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Frequency response characteristics of center actuator of
37-element deformable mirror. Response of other actuators
is very similar. The quality V(f) in (a) is the voltage neces-
sary to maintain a fixed surface deflection amplitude.
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Since only 18 channels of control electronics are available for
this program, the outer ring of 18 actuators is not used (not illumin-
ated) and one of the actuators in the second ring has no COAT control
channel applied to it. Only the 18 shaded actuators in Figure 5 are

servo-controlled.

B, CONTROL ELECTRONICS

A block diagram of the multidither control system is shown in
Figure 8. In all its essential features, it is identical to the DARPA/
RADC control system used on earlier programs.3' 4 The only addition
is the series injection transformer used for combining the dither and
control signals onto a single PZT mirror actuator. A photograph of
the electronics is shown in Figure 9.

The control system with the deformable mirror exhibits a
convergence time of 1.5 to 2.0 msec as illustrated in the traces in
Figure 10. This is the same as the DARPA/RADC system and is the
design goal of the system. The corresponding system bandwidth is

400 to 500 Hz, quite adequate for turbulence compensation.

C. OPTICAL SYSTEM

The COAT optical system is shown in schematic and picture
forms in Figures 11 and 12. A 1-W argon laser beam is expanded, by
a 7x microscope objective located in the spatial filter and by lens 14,
to fill the 9.5-cm aperture of the deformable mirror. The beam is
then reduced to 2.0 cm diameter and recollimated by lenses Ly and Ly
The 2.0-cm diameter is required for scaling this experiment to a
3.8-um, 4-km range equivalent (see Section 2.D).

The photomultiplier (PMT) detector may be positioned in one of
several locations, depending upon which COAT system is to be evalu-
ated. For TRIM-COAT and Shared-Aperture IMPACT studies, the
PMT is placed at position (1). For Annular Aperture IMPACT studies
it is located at position (2). The TRIM-COAT configuration is identical
to the Shared-Aperture IMPACT, with the addition of a 4880 A laser-reject

22




*sa1pnis swajshks ILVOD

-INTYL PU® ILDVJI I0J pasn wajsAs [0I3U0d I9YjIprj[nu jo weaderp yoolg | o2an31jg
HOL1V1110S0
H3HLIQ
- HINKG g ~
NOILI3rNI
H43HLIQ
L ﬁ isnrav
= / 3ISVHd
._|'r(<(| (130 HONAS)
AN H31NdILINW
——— " —— (43A1HQ 901VNV
HOLVNLOV — IVILN3Y3441Q) S39V1S HNO4
wosum1za 52, dWY 4] ¥3L 14 SSVaMO1
v 9 A 00V = vioL
eee 8| eee
>
431714
dWV NIVD SSVdHOIH 43AIHA 3NIT
318visnrav [ GNv 20V | anv3ud e YN0 SN e
41

Z-LTSS

B R . e

23

P 2




55627-10

)
Q
2z
)
1
-
(@)
w
et
L
=
g
o)
Q

LR
o
LR
L]
o
o
..
.
s
.
o
.
e
L
.
e
.
.

-

A
e

e
LR
LA
LA
o
.
L
.
.
.a
L
L
s
LA
L
s

L

.

LA

s
ree

LS
e
s
e

1S

.

v oan gnd

-
AW
e
e
.
L
‘oW
e
caw
e w
.
e
e
e
.
L
et
e
ek

so ¥
BRER

* 0% 00 00 * 9

0O00DO0OOO0ODDO

i

s ® ® o 0 0 4 ¢ 0o &

00000000

Electronics for 18-channel multidither

deformable mirror COAT system.

Figure 9.

24




e

6627-3

TIME, ms

5527-4

Figure 10. Two examples of 18-channel COAT system
convergence with the deformable mirror.
The scope sweep starts when the servo loop
is closed. The time scale is 1 msec per
major division in both pictures.
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Photograph of optical system used for COAT studies.
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filter in front of the PMT. A quarter-wave plate is inserted in the
output beam for use with the Shared-Aperture IMPACT system. This
plate, plus a polarizer in front of the PMT that is crossed with the
laser polarization, acts to discriminate against backscatter from the
optics. An enclosure is also placed around the PMT at position (1) to
prevent stray light from entering the detector.

As shown in Figure 11, the system also contains a beam splitter
(BS2) and a ''local-loop' detector. When the output of this detector is
fed to the COAT servo electronics, residual phase distortions in the
optics (primarily in the deformable mirror) are removed so that a near
diffraction-limited beam is propagated. Local-loop control usually
resulted in factor of 1.5 to 2.0 improvement in Strehl ratio over that
obtained with COAT off.

Much of the low-turbulence data reported in this study was
obtained by propagating the laser beam inside the laboratory rather
than across the turbulence range. In this case, beamsplitter BS2 was
replaced by a flat mirror and additional mirrors were placed at the
output of lens £ 3 to direct the beam around the turbulence-range
periscope to the target. For these indoor measurements the distance
between £3 and the target (=2.9 m) was chosen to produce a diffraction-
limited beam diameter equal to that obtained by propagation across the
range (7 mm). This was done so that the same targets and target-
monitoring arrangement could be used in both the indoor and outdoor
studies.

When using the indoor range setup, lenses 13 and lé become part
of the receiver optics. Their diameters were chosen to be large enough
so that they would not be the limiting elements in determining the
entrance pupil of the system. For both the indoor and range studies
the entrance pupil was determined either by the o.d. of the annular
mirror (7.1 cm with annular aperture IMPACT) or of the deformable
mirror mask (2.0 cm with TRIM-COAT and shared-aperture IMPACT).
~For the indoor measurements, the quarter-wave plate was positioned

at the output of lens 2.
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The target geometry and beam monitoring equipment are shown

schematically in Figure 13. A small portion of the laser beam that is
converged on the target is split off by an uncoated glass plate. The
plate is ground so that there is a 30° wedge between surfaces. Two
beams, propagating at slightly different angles, are thus produced.
These two beams are spatially separated by a lens and a flat mirror
located near the lens' focal point. One beam is sent to a silicon photo-
diode detector, the other to a milk-glass plate where it is monitored
by a black-and-white TV camera.

The iris in front of the silicon photodiode is small compared to
the beam diameter; it is positioned so that the detector views only the
central maximum of the beam. The photodiode is connected to a chart
recorder and oscilloscope. Peak target irradiance, beam convergence
time, and beam stability are read out on these instruments.

The black-and-white TV camera is coupled to a VP -8 image
analyzer which uses the video signal to generate two display outputs.
One display is a color TV monitor, with each color corresponding to a
different intensity level. The boundaries between colors are thus
isointensity contours. The second display is a 3-D beam profile that is

viewed on an oscilloscope.

D. PROPAGATION RANGE

Since isoplanatic effects play such an important role in the oper-
ation of imaging systems, we felt that the use of an extended, turbulent
propagation path was essential to achieving the goals of the contract.
We thus utilize an outdoor, rooftop propagation range at HRL, which
is connected to the laboratory by a periscope, as shown in Figure 14,
A folded path is used so that both the laser transceiver and the target
are located in the laboratory. The rooftop path is 100 m and the total
periscope path length is roughly 20 m. Atmospherically-induced
isoplanatic effects are thus always a part of our experiments and no
turbulence scale-size scaling is necessary such as that required with

isolated phase screens,
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Figure 13. Target geometry and beam monitoring.
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It is necessary, however, to scale the optical fresnel number,
Qs and the turbulence strength as measured by the parameter ag: In
addition, the target dimensions should be scaled so that the number of
diffraction-limited resolution elements, N, across a characteristic
dimension, T, is constant. These three requirements are stated

mathematically as

kD2
o = —5— = constant (1)
G = C2Nk7/6Z“/6 = constant (2)
N = T/S = constant (3)

where k = 27/ is the optical wavenumber, DT is the transmitter
diameter, Z is the target range, and CIZ\I is the atmospheric structure
constant (turbulence strength). The diffraction-limited focal-spot

size, S, is found from

. 1.22\Z

s
Dy

(4)

The requirement in Eq. (2) is equivalent to holding constant the

ratio ro/S, where ry is Fried's coherence length as defined by

2.2 \"3/5

id e 1.68(1( C z) (plane wave) ; (5)
o N

The results of performing the scaling exercise to obtain DT’ 5

and CZN for our visible-wavelength experiments are shown in Table 1.

As can be seen, at the short wavelength and range, very small values

of r are found for strong turbulence.
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E. TURBULENCE MONITOR

! The atmospheric structure constant (Ci‘) is monitored during all
outdoor range experiments by means of an optical scintillometer. 5 The g
device consists of a He-Ne laser, a silicon photodiode with a restricted "

field of view, and an electronics signal processing package. The He-Ne

laser is propagated over the turbulence range directly adjacent to the
argon beam and illuminates the silicon photodiode. The turbulence

encountered along the beam path causes the He-Ne laser beam to - ‘ J
scintillate, and these fluctuations are sensed by the photodiode. The

| electronics package generates an output voltage which is proportional

to the root mean square of the log of the fluctuations. CZN is proportional
to the square of this output voltage, with the constant of proportionality

being determined by the geometry of the system and known properties
5,6,7

of the electronics. Measurements obtained with the scintillometer
have shown fair agreement with microthermometer measurements of
CZN, (Ref. 5) and the turbulence data reported in this study are believed

to be accurate to within 50%.
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SECTION 3

BASIC OPERATION OF THE THREE COAT SYSTEMS

A, INTRODUCTION

In this section we evaluate the performance of the three COAT
systems in various levels of turbulence using simple targets. Four
out of the possible five modes of operation described in Section | are
investigated: (1) Annular Aperture IMPACT, glint operation; (2) Annular
Aperture IMPACT, featureless target operation; (3) Shared Aperture
IMPACT, glint operation; and (4) TRIM-COAT. Strehl ratio, converg-
ence time, and beam stability are determined as a function of target
return signal level and signal-to-noise ratio. The performance of these
systems is compared one to another and also to a ""standard' multi-
dither COAT configuration where the receiver is located at the target.

In the standard system there is no turbulent return path, therefore the
performance of this configuration represents the best that can be
expected with the present COAT servo electronics.

As discussed in more detail below, we were unable to obtain
proper operation of the Shared Aperture IMPACT system with feature-
less targets. This was due primarily to poor S/N caused by small
signal return from our semi-diffuse featureless targets (Scotchlite).

The experiments reported in this section fall into two categories:
(1) detailed low turbulence (CIZ\I <1077 cm'z/3

periods (~1 hr) of reproducible conditions that were carried out inside

) studies requiring long

the laboratory, and (2) quickly-executed experiments, conducted over a
-17 _ .2 -14 Cm-2/3)
- tl

wide range of turbulence levels (4 x 10 Cl<4x10
that were carried out with the outdoor propagation range. The indoor

N
experiments were not planned originally, since long _eriods of repro-
ducible low turbulence are readily obtained over the outdoor range after
sundown. However, variable weather conditions present in Malibu

during this fall and winter made it virtually impossible to obtain extensive
sets of comparative data after dark. Humid onshore winds and cool

temperatures produced both dense fog and water condensation on the
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range mirrors. These caused factor-of-10 variations in the transmitted
beam intensity over periods of minutes, and occasionally caused com-
plete beam attenuation. Rather than spend excessive time waiting for
the weather to improve, it was decided to move the more complex low-

turbulence experiments indoors.

B. BASIC LOW-TURBULENCE SYSTEMS PERFORMANCE

Measurements of peak target irradiance, convergence time, and
beam stability, as well as TV display photographs of the beam profile,
were obtained as a function of return signal level and S/N ratio., These
data were obtained using the indoor range. Specific details of the

experimental configurations are as follows:

Ve Experimental Details

a. Annular Aperture IMPACT (glint operation)

A single cats-eye (lens with mirror at its focal point) was
used as a glint in these experiments. It had an effective diameter of
~1 mm, considerably less than the ~7 mm diameter of the fully con-
verged argon beam. Lens £, (see Figure 11) was a 10x microscope
objective (16 mm focal length). This produced an image of the glint
~0.15 mm in diameter at the IMPACT stop. The IMPACT stop was
located 20 cm from lz and was opened to a diameter of 2 mm (much

larger than glint image size).

b. Annular Aperture IMPACT (featureless target
operation

The target in this configuration was an 8- by 8-cm flat

section of Schotchlite, a semi-diffuse scatterer of relatively high
reflectivity. Lens L, was again a 10x microscope objective spaced

20 cm from the IMPACT stop. The image size of the converged 7 mm
diameter argon beam was ~0.75 mm at the IMPACT stop location. The
IMPACT stop was chosen to be ~0.25 mm in diameter (approximately
1/3 of the image size) for these measurements. Stops up to ~1/2 of

the image diameter were found to prcduce similar performance.
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C. Shared Aperture IMPACT (glint operation)

The glint in this configuration was chosen to be a flat mirror
with a 2 mm diameter iris in front of it. The cats-eye glint produced
results similar to the above glint, but was not used here due to the
smaller (~1/10) return from it, which limited the range of return sig-
nals to be studied.

Lens ll was a 10x microscope objective and was spaced 45 cm
from the IMPACT stop. This produced an image of ~0.5 mm diameter.
The IMPACT stop diameter was chosen fairly small (1 mm) in order to
reduce the backscatter reaching the PMT. The return from the glint
was large enough so that an ND 1.5 (15 dB) neutral density filter was
also placed in front of the PMT to further reduce backscatter. The
ratio of dc return signal to backscatter signal was approximately

3000:1 (35 dB) for these studies.
d. TRIM-COAT

It was originally intended to employ white light or He-Ne
laser illumination of a highly réflective target in these studies. How-
ever, both of these illumination schemes failed to produce a detectable
signal at the PMT (i.e., signals were <1 mV at the output of the
preamp/line driver). Shining strong white light sources directly into
the optical system did produce easily observable signals, but the
signals did not have sufficiently high S/N to ensure good system opera-
tion. For example, shining a high intensity microscope illumination
lamp with a 2-mm aperture in front of it directly into £, from the
target position produced ~8 mV of signal and S/N ~12. As will be
demonstrated, this is sufficient for partial convergence but allows no
leeway for varying the signal levels upward to determine the point of
Strehl ratio saturation.

To obtain the necessary range in signal strength, we used a
He-Ne laser to simulate the TRIM-COAT target highlight, The laser
was placed at the target position and directed toward 13. A 19-cm
focal length lens placed directly in front of the He-Ne laser diverged

the initially ~1-mm beam to a size of ~2.5 cm at L. This served to
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decrease the power received by the PMT to tolerable levels (additional

3 filters at the PMT were required for further signal reduction) and to
. ensure that the 0.47 mm entrance pupil of the optical system was uni-
formly illuminated. For all practical purposes the He-Ne laser thus
appeared to the optical system to be a 6328 A glint that was radiating
isotropically at the target plane.

A 20x (9-mm focal length) microscope objective was used for £y
{ This produced a ~1.3-mm diameter spot at the IMPACT stop which was

45 cm away. Several stop sizes in the range 20%to 40% of the spot

size were tried with equally good results. For these measurements a

0.51-mm diameter IMPACT stop was employed (~40% of the spot size).

2. Data Obtained on Indoor Range

Figures 15 through 18 are plots of peak target irradiance as a

function of dc signal return level. The curves represent the long-term E

248, 9 removed. The

average peak power in the beam with all 2Nn states
transmitter optics have been defocused to give a COAT -off peak irradi-
ance which is 10 to 15% of full beam convergence. This was done in
order to give the COAT system a significant error to correct in low
turbulence and to make any degradation with lowered signal returns
more noticeable.

| The dc signal levels were measured at the output of the
preamplifier/line driver which directly follows the PMT (see Figure 8).
The signal levels were varied by placing neutral density filters in front
of the PMT. Also shown along the x axes of these figures are average
S/N values presented to each of the control channels. This S/N is

defined as the ratio of the rms dither return signal for a typical control

channel to the rms noise in the 400-Hz control channel bandwidth. It
is defined for the unconverged beam (COAT off). The dominant noise . ‘
in our system at the signal levels studied here is PMT shot noise. |
Thus, the S/N ratio varies as the square root of the return signal.
The S/N was not measured directly during these experiments, but was
inferred from S/N versus dc signal return calibration measurements

which are described in the Appendix.
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Figure 15. Glint mode operation of Annular Aperture IMPACT
showing effect of signal return level upon peak
target irradiance.
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Figure 16. Featureless target operation of Annular Aperture
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Figure 17. Peak target irradiance as a function of return signal
for Shared Aperture IMPACT operating with simple
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Figures 15 through 18 indicate that all four configurations perform
roughly the same. At COAT-off signal-return levels of several tenths
of multivolts (S/N ~2-3) essentially no COAT correction occurs. Eighty
percent convergence occurs at 4 to 8 mV (S/N ~8-12), 90% convergence
occurs at 10 to 20 mV (S/N ~14-20), while full convergence is produced
by 50 to 150 mV (S/N ~30-50).

For signals over 150 mV (S/N >50) all four configurations reach
saturation and produce identical Strehl ratios. This is the same as the
saturation Strehl ratio produced by the standard COAT system (receiver
at target). These relationships were determined by direct side-by-side
comparisons with the standard system and by comparisons between the
other four configurations. System comparisons that were employed in
Figures 15 through 18 to determine the peak target irradiance =1 nor -
malization are indicated by square data points.

To complete documentation of the system's performance at low
turbulence levels we present a fairly extensive set of beam profile and
oscilloscope photographs corresponding to representative locations
along each of the curves shown in Figures 15 through 18. These photo-
graphs are shown in Figures 19 through 22. Each column of three
photographs corresponds to a fixed signal return and S/N level. These
are indicated at the bottom of each column. The photographs in the top
row are beam profiles (side view) taken from the TV display. Those in
the middle row show the convergence time of the beam (peak irradi-
ance) as measured at the target by the silicon detector shown in Fig-
ure 13. The photographs in the bottom row show the stability of the
peak beam irradiance over a 2-sec time interval.

The beam profiles are included primarily for qualitative com-
parison. Due to nonlinearities in the TV camera response, the peak
heights of the profiles are not related directly to the peak irradiance
measured by the silicon detector. For beam profiles of ~6 major
divisions in height a factor-of-4 decrease in laser beam intensity
results in a factor-of-~3 decrease in profile height. The sidelobe
structure is thus enhanced somewhat in the profile photographs, and
the peak beam irradiance appears to fall off with decreasing return

signal strength more slowly than it actually does.
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Figure 19(a). Annular Aperture IMPACT (glint mode) performance
Beam profiles (top row), convergence time (center) and
beam stability (bottom) are shown.



DC SIGNAL = 100 mV S/N =45 DC SIGNAL = 1000 mV S/N =140

Figure 19(b).

Annular Aperture IMPACT (glint mode) perfor:

(continued).
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DC SIGNAL = 1 mV S/IN=4 DC SIGNAL =4 mV S/N=9

Figure 20(a). Annular Aperture IMPACT (featureless target mode)

performance. Beam profiles (top row), convergence

time (center) and beam stability (bottom) are shown.
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Figure 20(b). Annular Aperture IMPACT (featureless target mode)
performance (continued).
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Figure 21(a). Shared Aperture IMPACT (glint mode) performance.
Beam profiles (top row), convergence time (center)
and beam stability (bottom) are shown.
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DC SIGNAL =20 mV S/N=19 DC SIGNAL =500 mV S/N =95

Figure 21(b). Shared Aperture IMPACT (glint mode) performance
(continued).
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Figure 22(a). TRIM-COAT performance. Beam profiles (top row),

convergence time (center), and beam stability (bottom)
are shown.
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Figure 22(b). TRIM-COAT performance (continued).
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The convergence time and beam stability traces are linear and
may be used for quantitative comparisons. The high-frequency ''noise"
superimposed upon these traces is the dither modulation. The lower-
frequency, overall deflections in these traces represent the actual beam
variations. Minor variations in the saturation (plateau) value of peak
target irradiance are evident in these photographs from one COAT sys-
tem to the next. This is attributable to the data being taken on different
days.

Variations of £ 109% in the maximum peak target irradiance
attainable occurred from day to day. These variations were observed
with the standard system also, and correlated well from system to
system when side-by-side comparisons were made. They are thus not
related to any fundamental difference in the COAT systems studied, but
rather to the normal variations encountered in any experimental setup.

Careful inspection of Figures 19 through 22 indicates that the
four COAT configurations perform quite similarly. For dc signal
levels greater than ~25 mV (S/N Y 20), well-formed beams with only
minor sidelobe structures are formed. Convergence times of ~2 msec
or less are observed, and beam stability is good with fluctuations
limited to less than +5 or 10%. The convergence-time photographs
show that for this range of signal levels, the beam converges to only
~807% of its long-term average during the initial rise. This 80% level
is apparently a 2ZNw state. Convergence to this level is nearly always
observed. To remove the system from this state required an external
perturbation, such as jiggling lens £, or passing an object through the
beam.

At dc signal levels of 4 to 5 mV (S/N ~8-10) marked sidelobe
structures have appeared. The convergence times have slowed to
3 to 5 msec and the beam fluctuations are now roughly + 10 to 20%. At
lower dc return levels of ~1 mV (S/N ~4), almost no improvement in
the beam profile is noticeable with the COAT system on. The rise
time has slowed to >10 msec and beam fluctuations are now of the same

magnitude as the average beam intensity.
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The main conclusion to be drawn from the data presented in
Figures 15 through 22 is that for proper system operation, return sig-
nal levels of >25 mV (S/N >20) are required for the four COAT con-
figurations studied. Under these conditions we obtain: (1) peak beam
irradiances of >90% of the saturation value, (2) convergence times of
2 msec or less, and (3) beam irradiance fluctuations of <109 of the

average value.

3. Featureless Target Operation of the Shared Aperture
IMPACT System

As noted in the introduction, we were unable to demonstrate
proper operation of the Shared Aperture IMPACT System in the feature-
less target mode. Several attempts were made throughout the study,
both over the propagation range and indoors. We were never success-
ful, primarily due to the fact that at most only 1 to 2 mV of dc signal
return was ever observed. (This observation was made on the indoor
range, with a Scotchlite target, 20x microscope objective for ¢ 1’
0.51 mm IMPACT stop spaced 45 cm from ¢ 1» ho attenuation filter in
front of the PMT, argon beam collimated.) As noted above, for proper
system operation >25 mV of signal are required for the other four
COAT configurations. We would expect this system to have similar
behavior.

In the above configuration, about 3 to 5 mV of backscatter from
the optics reached the PMT. When the COAT servo loop was closed
the total signal at the PMT (return signal plus backscatter) would
increase by approximately a factor of two, but no improvement in the
beam quality was observed. The COAT system apparently was maxi-
mizing the backscatter through the IMPACT stop.

There are several approaches that could have been employed to
increase the signal return and thus enhance the probability of demon-
strating this system: (1) Find a semi-diffuse reflector that returns
more light than the Scotchlite employed here; (2) use a receiver larger
than the 2 cm diameter employed here; (3) use a more powerful argon

laser (1 W used here). Approach (3) is made somewhat suspect by the
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fact that increasing the laser power will also increase the backscatter.
Use of this approach would thus also require revamping of the optical
system to produce further backscatter reductions. This is a major
system change and is beyond the scope of the contract. Approach (2)
also requires a major system change and in addition would violate the
scaling of this experiment to a 4 km, 3.8 um scenario using our present
120 m turbulence range (see Section 2.D). Regarding approach (1), we
have been looking for an improved semi-diffuse reflector but have not
found one.

Further experimentation on the Shared Aperture IMPACT system
operating with featureless targets was therefore abandoned. This
demonstration should be tried again in the future, probably through the
use of Approach (2), above.

€. BASIC SYSTEM OPERATION IN TURBULENCE

In this section we investigate the turbulence-compensating abili-
ties of the four COAT configurations using simple targets. Peak target
irradiance, convergence time and beam stability were obtained as a
function of turbulence level. The outdoor range was employed for these
measurements. We first present a series of representative side-by-
side comparisons and then follow this with a summary plot of turbulence-

compensation capabilities as a function of turbulence level.

B Some Representative Data

The optical configurations and targets employed here are basically
the same as those described previously (Sections 2.C and 3.B). Since
the turbulence produced severe distortions of the laser beam, it was not
necessary to defocus the transmitting optics to give the COAT system
an error to correct, An approximately collimated beam was used for
all measurements. The average signal return was maintained at
>100 mV (S/N >40) so that each system was operating on the flat portion

of the curves shown in Figures 15 through 18.




a. Annular Aperture IMPACT (glint operation)

Figure 23 shows a side-by-side comparison of this
configuration and several other modes of operation in strong turbulence.
The top trace shows the peak target irradiance as a function of time,
the lower curve shows the simultaneously-recorded atmospheric struc-
ture constant (CZN). The beam irradiance detector and scintillometer
circuitry were both adjusted to have a response/integration time of
~1 sec. The dashed line across the top of the irradiance trace repre-

sents the best low-turbulence (C?\I >~ 4 x 10"17 cm'z/3

) performance
obtained over the outdoor range with the COAT receiver located at the
target.

Four modes of operation are investigated in this series: glint
operation of Annular Aperture IMPACT, the ''standard' system with
the receiver at the target, COAT off (beam manually steered to target),
and local loop operation (beam steered manually). The standard sys-
tem represents COAT operation with no return path turbulence to
degrade performance. The local loop (see Section 2.C) is used to
remove residual distortions in the transmitter optics so that an approxi-
mate diffraction-limited beam is sent out onto the turbulence range.
The difference between the dashed line and local loop irradiance levels
thus represents the degradation to an approximate diffraction-limited
beam caused by the turbulence. In this case, the degradation is almost
a factor of five.

The performance of the Annular Aperture (glint) system is seen
to be equal to that of the standard system: peak target irradiance for
both are 60 to 70% of their low turbulence values and the COAT on/local
loop improvement is 2,5,

e cm"z/3 (strong

The average C%\I during the run was 2 x 10~
turbulence) and varied by typically +50% over periods ot ~10 sec,
although larger variations are evident near the end of the ruu. The
smaller excursions in the lower trace are due primarily to the statis-
tical nature of turbulence and the l-sec integration time employed
here. However, the larger, longer-term fluctuations correlate well

with changes in wind velocity over the roof. An increase in wind
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Figure 23. Performance of Annular Aperture IMPACT (glint mode)
in high turbulence.




velocity produces lower turbulence and vice-versa. This is apparently

due to the turbulent air which rises from the roof surface being blown
out of the path of the beam before it can rise to the 1-m height of the
optics. Wind velocity during this run ranged from 0 to 5 mph.

Figure 24 shows photographs of the beam stability and convergence
times for the Annular Aperture (glint) system in strong turbulence
(CZN = 1.0 x 10714 cm-z/3
photograph, the peak target irradiance varied by ~+50% about the

). During the l-sec interval shown in the top

mean. Two examples of the system convergence time are shown in
the lower photographs: in one the beam converges to nearly the aver-
age level (~12 V in these photographs) in the usual time of ~2 msec, in
the other the beam converges to a 2Nt state initially, then finally after
~5 msec converges to approximately the average value. Convergence
to 2N states was usually observed. Full or nearly full convergence

was seen only ~10% of the time.

b. Shared Aperture IMPACT (glint operation)

Figure 25 shows side-by-side comparative performances of
the Shared Aperture, Standard and COAT OFF modes of operation.

bt cm'2/3. Initially the Shared Aperture

The average Clz\] is 1 x 10
system is seen to produce correction to about the 60% level. Upon
switching to the receiver-at-target mode the level drops to 40 to 50%.
At this point one might conclude that the Shared Aperture system works
better than the receiver-at-target configuration (an unlikely event).
However, upon switching back and forth repeatedly between the two
systems, we see that the two optical configurations actually perform
about the same. It is the overall ability of COAT to correct the tur-
bulence which is varying.

The approximately +25% variations observed here for a given
COAT system to correct a given level of turbulence were observed for
all the systems studied at one time or another. Its cause is not yet
understood. It may be something as simple as a transient defect in the
COAT electronics (such as a transient phase error in the dither or

receiver electronics), or it may be a fundamental problem (such as a
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Figure 24. Beam stability and convergence
time of Annular Aperture IMPACT
(glint mode).
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subtle change in the rate at which CIZ\I fluctuates inducing the system to

lock up in 2Nw states). The problem requires further investigation.
Figure 26 shows photographs of the beam stability and convergence

=14 cm-2/3. Beam fluctuations are

times. CZN here is about 2 x 10
again about + 50%. Convergence times are 2 msec as expected. The
same statements regarding 2Nw states found in the Annular Aperture

description apply here also.
Gir TRIM-COAT

For completeness we include data for the TRIM-COAT
system in Figures 27 and 28. The performance of this system is
essentially the same as glint operation of the Annular Aperture and
Shared Aperture configurations. Figure 27 shows that TRIM-COAT

10-14 cm'2/3, thereby

produces ~60% convergence with C%\I =2y
performing as well as the receiver-at-target mode. Figure 28 shows
that the beam fluctuations are again approximately + 50% and that con-
vergence times are ~2 msec. As before, convergence to ZNw states

occurs ~909% of the time.

Gle Annular Aperture IMPACT (featureless target)

As discussed previously in Section 1, featureless target
operation with the Annular Aperture IMPACT system requires an
auxiliary tilt control for maximum performance in turbulence. The
COAT system used in the study does not have provisions for this, and
as a result, the performance reported here is not as good as in the
previously described systems.

Figure 29 compares the featureless target performance of
Annular Aperture IMPACT with the standard configuration in inter-
mediate turbulence levels (Ci] = 5Rs 10'16 cm'2/3). The peak bore-
sight irradiance is only about 40% of the maximum possible, about
half of that obtained with the receiver at the target, and about twice
that obtained with COAT OFF. The local loop was removed for these
runs in order to eliminate backscatter from beamsplitter BS2 (see Fig-
ure 11); therefore a direct local-loop comparison is not possible. How-

ever, on runs with the other systems, the local-loop improvement
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at the target was usually 50 to 100% over the COAT OFF condition, so

that the featureless target performance shown here is probably roughly
comparable to the local-loop performance.

Still photographs of the beam profiles obtained with the feature-
less target configuration and the standard system are shown in Fig-
ure 30. Here G5 = 1.0x 107" A

graphed near their maximum peak irradiance excursions. For both

Both beams were photo-

beams the peak irradiance varied by roughly + 20%. The beam pro-
duced by the standard system is locked onto a glint located at the trans-
mitter boresight. It was observed to have essentially no tilt (side to
side) motion. The featureless target beam is seen from Figure 30 to
have a peak irradiance of roughly 75% of the standard beam. Although
its average side-to-side position was the transmitter boresight, errors
induced by the turbulent return path caused the beam to tilt from side
to side by roughly % 1/2 beam radius. A tilt error of about 1/2 beam
radius is shown in Figure 30.

From these observations it is fairly clear that if these tilt errors
could have been removed by an auxiliary tilt control, the boresight
irradiance of the featureless target beam would have been roughly 75%
of that obtained with the receiver at the target. Compensation of the
return path (as in the Shared Aperture IMPACT system) would pre-
sumably make the convergence level even higher. Evaluation of both
the Annular Aperture and Shared Aperture systems with an auxiliary
tilt control is an important project for future study.

Figure 31 shows beam stability and convergence time data for
this system at intermediate turbulence levels (CZN ~ 2 x 10-15 cm—2/3).
Beam fluctuations are roughly +25%. Convergence times are again
~2 msec as expected. Partial convergence to 2Nw states is observed
at roughly the same frequency (~90% of the time) as in the other sys-

tems studied.
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Figure 30. Comparison of beam profiles
obtained with Annular Aperture IMPACT
(featureless target mode) and the standard

system with the receiver located at the
target .
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2. Summary of Turbulence Performance with Simple Targets

- Figure 32 is a plot of peak target irradiance as a function of Ci].
Data for the three COAT systems (four modes of operation) as well as

for the standard (receiver-at-target) system, local loop and COAT off

o

modes are shown. Data points for the laboratory measurements are
also plotted in their approximate location (CiI estimated). The two
! straight lines in the figure indicate two groups of data points that behave
; roughly the same‘.’ /The units for Cf\J shown in the figure are cm—Z/S.
To convert to m™“/ 3 multiply by 22, To scale to the 4-km, 3.8-pm
scenarios described in Section 2.D, divide CZN by 59.
Annular Aperture IMPACT (glint operation), Shared Aperture
IMPACT (glint operation) and TRIM-COAT are observed to perform

equally well over the range 10718 = Cf\l 24z 10"'% cm'2/3. Their

performance is equal to that of having the receiver located at the target.

This is not unexpected since with single glints the image quality of the

I P TR TR S

glint is not important. With no other glint on the target, the process
of maximization of the total light return signal must converge the beam
on the glint whether the return path is corrected or not. Approximately

full convergence is maintained up to Cf\I ~ 5 x 10-1'7 Thereafter the

convergence level gradually degrades to about 60% of maximum at

CIZ\I T Te e cm'z/3
three improvement over the simple propagation of a diffraction-limited

(strong turbulence). This is about a factor-of-

beam across the range v(local loop mode), and about a factor-of-six

improvement over having the COAT system completely off. The 60%

E‘ convergence levels obtained here in high turbulence with a deformable
: mirror are the same as those obtained with the RADC phasor matrix

with tracking controls. i

Figure 32 shows that, over most of the range of CZN studied, the

targets is not as good as that of the other systems. While the same

:

E

g performance of Annular Aperture IMPACT operating with featureless
i

t peak boresight irradiance was obtained in the laboratory

| (Cx <107 e 21I), ot G2 = 5 x 107!7 the irradiance has fallen to
5 70%, and at c? ~2 x 1 e cm'z/3 the irradiance is little better than

:
F that obtained with the local loop in operation.
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This relatively poor performance is due primarily to the lack of
an auxiliary tracking control in the present optical system. As noted in
the previous section there is evidence that this modification would
improve the peak boresight irradiance by a factor of ~1.4 at CIEI =~ 5

-16 __-2/3
x 10 cm

by the other systems. The use of the Shared Aperture system, which

, thereby giving ~759% of the peak irradiance produced

has a corrected return path, would presumably do even better.
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Figure 32. Convergence of the various COAT systems as a function
of turbulence level.
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SECTION 4

k- | INVESTIGATION OF TARGET EFFECTS

2. INTRODUCTION

In this section we investigate the sensitivity of each of the COAT
systems to glint and target dynamics, We present glint destruction and
glint "'pop-up'' demonstrations whick show the effectiveness of the IMPACT
stop at locking out an intruder glint when the intruder-to-reference-glint
strength ratio changes. The radius of effective guarding action for the
IMPACT stop is mapped out as a function of intruder-to-reference-glint
strength ratio, and the degradation of guarding action with turbulence is
determined, Convergence on a rotating multi-glint target and also on
the near-edge highlight of a rotating sphere are studied., The effects of i
glint size and the glint return signal to background return signal contrast

ratio are also investigated. i

B GLINT DISCRIMINATION

15 Glint Destruction and Glint ""Fop-Up'' Demonstrations

An important feature for COAT systems to exhibit is an intensitivity

for glint hopping when the glints on a complex target vary in strength or

PSS

position, ia this section we present visual demonstrations of the insensi-
tivity of Annular Aperture IMPACT and Shared Aperture IMPACT to the
partial destruction of the reference glint, and the insensitivity of TRIM-
COAT to the sudden appearance of an intruder glint, |
These experiments were carried out inside the laboratory using the ‘
apparatus described in Section 2. C. Higher-power microscope objectives

were used for lenses { 1 and £ 2 (see Figure 11) than were employed for :

this work in Section 3, in order to increase the image sizes at the PMT.
This permitted the use of variable-diameter irises as IMPACT stops.
Annular Aperture IMPACT and Shared Aperture IMPACT used 40 x
5 (5mm focal length) microscope objectives for £ 2 and ¢ 1 respectively, |
r. These produced images 50% of the target size, respectively, when

objective-to-IMPACT stop distances were 20 cm and 45 cm, respectively.
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TRIM-COAT employed a 20 X (9mm focal length) microscope objective
for ¢

were ~ 25Y% of the target size, Cats-eye glints were used for the two

1 which was spaced 45 cm from a 0, 25-mm pinhole. The images

IMPACT systems, and two defocused He-Ne lasers were used as glints
in the TRIM-COAT experiments, In order to give the COAT system

an error to correct in these indoor experiments, the transmitter optics
were defocused to reduce the COAT-off peak irradiance to ~15% of its

converged value. The experiments were carried out with return signal

levels >50 mV (S/N >30) to ensure full beam convergence.

a. Annular Aperture IMPACT System

Figure 33 shows a target acquisition and glint destruction
simulation using the Annular Aperture IMPACT system. The transmitter
boresight is initially steered midway between two glints which are spaced
1.5 beam radii apart. (One beam radius = 3,5 mm; the fully converged
beam diameter (at the base) is 7 mm.) The reference glint (R) is initially
2.5 times stronger than the intruder glint (I). The IMPACT stop diameter
(D) is initially set at 3.4 beam diameters (fully open). The following
sequence of events then takes place (refer to numbered photos in
Figure 33):

(1) With the IMPACT stop fully open, the COAT servo

loop is closed. Since R/I = 2.5, the COAT system
partially converges on the reference glint,

(2) The transmitter boresight is pointed at R and 2Nnw
lock-ups are removed,

(3) The IMPACT stop is closed to D = 1,0 beam diameter,
Target acquisition is now complete, with the IMPACT
stop obscuring the return from the intruder glint,

(4) The reference glint is now partially destroyed. The
return signal from R is decreased by a factor of 30
by quickly placing a neutral-density filter in front of
it. The intruder glint is now 12 times stronger than the
reference. Nevertheless, the system continues to
maintain its lock on R with essentially no decrease in
Strehl ratio,




| R 600424

1. IMPACT OPEN, COAT CONVERGES 4. DESTROY REFERENCE GLINT,
ON STRONGER GLINT,R=251 I = 12IR NOW
| R

R

-
2, STEER BORESIGHT TO R, REMOVE 5. DESTROY REFERENCE GLINT WITH

2N7 IMPACT OPEN, | =12 R
| R R

3. CLOSE IMPACT STOP 6. REMOVE 2Nm LOCK—UP FROM

TO 1.0 BEAM DIAMATER (5), BORESIGHT STILL ON R
Figure 33. Annular Aperture IMPACT used to prevent glint hopping
when reference glint is partially destroyed. Positions of
reference and intruder designated by R and I.
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\ (5) The same sequence as in (1), (2) and (4) is repeated,
but with the IMPACT stop fully open, Upon destruction
of the reference glint, the beam hops over to the

@ intruder., It is locked-up in a low-lying 2Nm state.

Y TR IR T e

(6) With the boresight still on R, the 2Nw lock-up is
removed,

b. Shared Aperture IMPACT system

A similar target acquisition and glint destruction scenario
is shown in Figure 34 using the Shared Aperture IMPACT system. Here
the reference and intruder glints are spaced 3 beam radii apart and
initially R/I = 2. 0. Referring to the numbered photos in Figure 34, the
following sequence is enacted:

(1) With the boresight pointed midway between the two

3 glints, the COAT servo look is closed, producing
partial convergence on the stronger reference glint,

(2) The boresight is tilted towards R, and 2Nw lock-ups
are removed,

1 (3) The IMPACT stop is closed to D = 0,5 beam diameter,
Target acquisition is now complete, with the IMPACT
stop obscuring the return from the intruder glint.

(4) The reference glint is partially destroyed by placing
a filter in front of R which decreases the signal
return from it by a factor of 23. The intruder glint
is now ~ 12 times stronger than the reference. Some
degradation in Strehl ratio is evident, but for the most
part lock-on is maintained,

(5) The events of (1), (2) and (4) are again repeated
as before, but the IMPACT stop is left fully open.
When the reference is destroyed, the beam jumps
over to the intruder glint, The beam is locked-up
in a low lying 2Nt state,

(6) Here the boresight has been pointed at the intruder
glint and 2N~ lock-ups have been removed,

c. TRIM-COAT System

The TRIM-COAT system is particularly interesting from the
viewpoint that the laser beam may be offset from the reference glint/

highlight and thus avoid the problems of glint destruction which were
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1. IMPACT OPEN, , COAT CONVERGES 4. DESTROY REFERENCE GLINT,
ON STRONGER GLINT, R=2.0 | 1=12 R NOW
R | R |
2. STEER BORESIGHT TO R, REMOVE 5. DESTROY REFERENCE FLINT
2N7 LOCK—UP WITH IMPACT OPEN, | =12 R
R | R |
3. CLOSE IMPACT STOP 6. TILT BORESIGHT TOR,
E TO 0.5 BEAM DIAMETER REMOVE 2N7 LOCK—UP

Figure 34. Shared Aperture IMPACT used to prevent glint hopping
when reference glint is partially destroyed.
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simulated above,.

However, the question still remains of how the

system reacts to an intruder glint appearing suddenly in the vicinity

of the reference,

a rotating target,

Such a situation can easily arise, for example, with

Although the ideal TRIM-COAT system will employ a more

complex receiver than the single pinhole detector used here, a simple

glint ""pop-up' demonstration will illustrate that the TRIM-COAT concept

does have glint discrimination capabilities, Figure 35 shows the simple

glint ""pop-up'' scenario. Two glints are spaced 3 beam radii apart

and adjusted to hve the ratio I/R = 5, The sequence of events is:

(1)

(2)

(3)

(4)

The intruder glint (I) is initially blocked., Photo shows
the COAT off beam and the positions of the two glints,

The COAT servo loop has been closed, producing
convergence on the reference glint, The 2Nw lock-ups
have been removed,

The intruder glint, which is 5 times stronger than the
reference, has been exposed. No noticeable degrada-
tion in Strehl ratio has occurred,

The transmitter and receiver optics have been
steered toward the intruder with the reference still
exposed, Upon removal of 2Nw lock-ups, full
convergence is now obtained on the intruder glint,

The beam is offset slightly to the left of the intruder,

The above demonstrations indicate that all these systems are

insensitive to glint reflectivity changes on multiple glint targets. They

were presented primarily as a basic illustration of the workings and

importance of the IMPACT stop, and as a means of visualizing what

actually happens to the beam during glint and IMPACT stop changes.

PA Radius of Effective Guarding Action

In this section we determine the effect of IMPACT stop size upon

the glint discrimination performance of the Annular Aperture IMPACT

and Shared Aperture IMPACT systems., Experiments were performed

both indoors and over the turbulence range using essentially the same

equipment employed in the preceding section, The intruder glint was

mounted on a translation stage so that it could be moved easily relative
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1. COAT OFF, INTRUDER 3. UNBLOCK INTRUDER GLINT,
GLINT BLOCKED I=5R
R | R |

2. COAT ON, CONVERGE 4, TILT OPTICS TOWARD |, CONVERGE,
ONR REMOVE 2Nm LOCK—UP.
BEAM IS OFFSET FROM I.

Figure 35. Demonstration of TRIM-COAT's insensitivity to glint hop-
ping when stronger glint suddenly appears next to reference
positions of reference and intruder designated by R and I.




to the stationary reference glint, Neutral density filters of various
strength were placed in front of the reference glint to vary the intruder-
to-reference (I/R) glint strength ratio.

The data indicate that both systems can be made quite insensitive
to glint dynamics with the proper choice of IMPACT stop diameter.

The major differences observered here between the two occur primarily
because of the higher resolution of the Annular Aperture system (a
secondary result of our experimental set-up) and because of the corrected
return path in the Shared Aperture system (a fundamental difference).

For a given I/R ratio and IMPACT stop size the radius of guarding
action was determined in the following way, With the intruder ~10 beam
radii from the reference, the COAT system was
converged on the reference and all 2N lockups were removed, For
indoor measurements the transmitter optics were defocused as before
to give the system an error to correct, This also made interference from
the intruder more easily detectable, For the outdoor turbulence measure-
ments an approximately-collimated beam was employed. The intruder
glint was then translated uniformly at ~1 beam radius/sec toward the
reference., The beam profile was observed on the TV display, and when
noticeable (~10%) degradation in Strehl ratio occurred the intruder
motion was halted, The distance between the intruder and reference
was taken as the radius of guarding action. This radius represents
the point at which glint hopping starts to occur for a given IMPACT stop
size and I/R ratio.

It was also determined that if the intruder was backed up ~1-2 mm
(0.3-0, 6 beam radius) from the guarding action radius the system would
fully converge on the reference from the COAT off state, Thus by adding
this amount to the guarding radius, the curves to be presented may be
used to estimate how well the systems will converge on a weak glint in
the presence of a stronger one,

The data for the Annular Aperture IMPACT system are shown
in Figure 36, In this figure we plot I/R as a function of guarding radius
(RG) for various size IMPACT stop radii (RI)' Both are expressed

in terms of converged-beam radii (1 beam radius = 3.5 mm at the target).
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Figure 36. Glint discrimination capabilities of Annular Aperture
IMPACT.
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RG is also shown in units of millimeters on a separate scale. The

square data points represent measurements obtained in strong turbulence

(CIZ\I 22210 % e 2/3 ). The others were obtained inside the lab.

To the right of and below each R, *» constant line, glints may

move around or vary the i/R ratio without causing glint hopping. To the
left of and above each of these lines glint hopping will occur, Perform-
ance improvement is marked by Rs becoming smaller, The closer that
the intruder glint may be moved to the reference without causing inter-
ference, the better the system performs,
The glint discrimination capabilities shown in Figure 36 are quite
, impressive. For example, in low turbulence an intruder that is
1000 times (30 dB) stronger than the reference may be effectively locked
out for glint spacings as small as ~ 2,5 beam radii with the use of
=g, 25 or 0.50 IMPACT stops. In strong turbulence (C2 2x10

I
cm_2 ), an intruder that is 100 times (20 dB) stronger tha.n the refer-

14

ence may be locked out, for spacings as small as 4 beam radii, with
the use of an RI = 1.0 IMPACT stop.

The performance improvement due to the IMPACT stop may
be expressed in two ways, With the first technique we compare how
much closer two glints of a given I/R may be moved as we decrease
the IMPACT stop size. In the second method we determine how the
I/R ratio that may be effectively locked out increases with decreasing
stop size for a fixed glint spacing. Both of these characterizations
may be determined from the data of Figure 36,

Using the first approach, if we choose I/R = 100 we see that with
the stop fully open (RI = 3. 4) the guarding action is effective down to
spacings of only 5 beam radii, For RI = 1,0, 0.5 and 0, 25 the guarding
action becomes effective down to spacings of 2,3, 1.5 and 1.3 beam
radii, respectively, Thus, for example, a 20-dB-stronger glint may
approach 5.0/1.3 = 3,9 times closer by changing the stop from full open
to nearly closed. Different values for this ratio will be determined for
each I/R.

Using the second method, if we choose the spacing to be 3 beam
radii, we see from Figure 36 that an 1/R ratio of only 2 can be dis-

criminated against with the stop fully open, Closing the stop through
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sizes R| = 1.0, 0.5, and 0,25, increases I/R to 450, 3500, and 6500,

respectively, Thus, for example, with a spacing of 3 beam radii an

improvement in I/R of 6500/2 = 3250 (35 dB) is obtained by closing the

stop from fully open to nearly closed, An interesting point to note is

that since this is a semi-log plot and the RI = constant lines are roughly
; parallel, the improvement in I/R due to changing the IMPACT stop by

a fixed amount is roughly the same for all spacings.

The degradation due to turbulence can be found from Figure 36

by comparing the two R_ = 1.0 curves that were determined during

low- and high-turbulencle conditions, The lines are roughly parallel,
The reduction in I/R due to an increase in turbulence from CZ < 10—17
-2/3 2 Uk, <23 ; : oA
cm to Cy = 2x10 cm for a fixed glint spacing is roughly
a factor of 100 for the range of glint spacing studied. This reduction
is quite large, and is due primarily to the glint images being degraded
by the turbulence. The turbulence tends to smear out the images and
cause the intruder glint diffraction pattern to have a larger spatial
extent, Light return from the intruder (particularly side-lobe structure)
can thus more easily leak through the IMPACT stop and cause inter-
ference, In a system which corrects the return wave (such as Shared
Aperture IMPACT), the degradation observed here would not be as great.
The glint discrimination data for the Shared Aperture IMPACT
system are shown in Figure 37. Due to the lower light-gathering
capability of the experimental setup used here, the range of the I/R
values that could be studied was more limited than in Figure 36.
(Recall that I/R is varied by decreasing the return signal from the
reference.) Two low-turbulence curves were obtained for R_ = 1,0 and

| |
= cm’ 2/3 was also determined

3.4, and one data point for CIZ\I =2x10
for RI = 4 beam radii,

The high-turbulence data point was obtained using corner cube
reflectors with 2-mm apertures as the glints, The cats-eye glints

did not provide sufficient S/N (>30) required for a good lock-on.

Unfortunately the corner cubes could not be moved closer than 4 beam
radii due to their size, and above I/R = 4 the S/N fell below 20, There-

fore we obtained only one data point,
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Figure 37. Glint discrimination capabilities of Shared Aperture
IMPACT.
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The data in Figure 37 show that the glint discrimination performance

of the Shared Aperture IMPACT system is also quite good. For example,
in low turbulence an intruder that is ~25 times (14 dB) stronger than the
reference can be discriminated against for spacings as small as ~3 beam
radii by using an RI = 1.0 IMPACT stop. In strong turbulence, an

I/R ratio of 4 (6 dB) can be discriminated against down to glint spacings
of 4 beam radii, Holding I/R = 10, we see that by closing the IMPACT
stop from fully open (RI = 3.4)toR_= 1,0, the intruder may be more than a
factor of (RG = G e (RG

before interference occurs (This ratio changes depending upon the value

I
=2.3) =1, 6 times closer to the intruder

of I/R chosen), For a fixed glint spacing, the I/R ratio is seen to improve
by a factor of ~6 (8 dB) by closing the IMPACT stop from fully open
(R, = 3.4) to RI = 1.0,
The degradation due to turbulence can be estimated by extending
the R} = 1.0 curve out to RG = 4, This produces I/R = 80 at R, = 4,

G
Comparing this with the high turbulence data point we see that the

I

turbulence has degraded the I/R ratio that can be discriminated against
by a factor of 80/4 = 20. This is less of a degradation than the factor
of ~100 seen in the Annular Aperture IMPACT system,

The smaller degradation in I/R with turbulence seen with Shared
Aperture IMPACT is probably due to the corrected image this
system provides. However, due to the limited data available a
firm conclusion is not possible. The most we can say with con-
fidence is that the data tend to support the contention.

In absolute terms the glint discrimination capabilities of Annular
Aperture IMPACT appear from Figures 36 , and 37 to be superior to
Shared Aperture IMPACT. This is not unexpected since, due to the
way our optics are set up, the Annular Aperture system has a 3.6
times better resolution than the Shared Aperture configuration (The
annular receiver mirror is 7.2 cm in diameter, the Shared Aperture

IMPACT receiver is 2.0 cm in diameter).
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The role of resolution in helping to determine glint discrimination
performance is illustrated schematically in Figure 38. The top figure
shows the intruder glint image produced by an optical receiver of
diameter D, ' The central lobe of the diffraction pattern is fairly small
and the sidelobes fall off in intensity to very low values by the time
the position of the reference glint is reached., Very little energy from
the intruder glint will find its way through the IMPACT stop to the
detector,

The lower figure shows the intruder glint image produced by
a receiver with a 3, 6 times lower resolution., The central lobe as
well as sidelobes are spread out farther than before, The energy from
the intruder that passes through the IMPACT stop i< much greater in
this case,

Due to the larger spatial intent of the image, the poorer resolu-
tion system will thus exhibit a greater tendency to be confused by the
intruder., We believe this is what is occurring in Figures 36 and 37,

A meaningful théoretical analysis of the problem would require a fairly
detailed model of the sidelobe structure of the intruder glint image,
receiver optics aberrations, and the power disfribution in the argon
laser beam at the target. Such an analysis is oeyond the scope of the

present study.

C. ROTATING TARGETS

1, Use of IMPACT to Elimina.e Glint Hopping

In this experiment, Annular Aperture IMPACT was employed
to lock out an intruder glint that was 10 times stronger than the
reference, Both glints were placed on a disc that could be rotated at
from 0 to 1.5 Hz., The target geometry is shown in Figure 39, Scotch-
lite glints with area ratios of 10:1 were used. Insufficient signal return
was obtained to carry out this experiment with the Shared Aperture
IMPACT system.,

The experimental results are shown in Figure 40. The photos
show the peak irradiance on the reference glint for several center-to-

center glint spacings, The rotation speed here is 1 Hz. In the left
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Figure 40. Peak irradiance on reference glint stabilized with use
of IMPACT stop.
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column the IMPACT stop is fully open, The power on the reference
glint is observed to fall to zero each time the intruder reaches a
certain angular position and causes the COAT system to converge on

it, This angular sensitivity to glint hopping was encouraged by steering
the COAT off laser boresight slightly to one side of the reference glint,
When the intruder approached this side, the beam would hop over and
then track the intruder for ~1/2 to ~3/4 of the way around,

As the photos indicate, this behavior was readily eliminated by
closing down the IMPACT stop to the values shown, Beam stability
nearly equal to that obtained for a non-rotating reference glint was
observed. The beam instability seen in the lower right photo is due
primarily to the IMPACT stop partially obscuring the reference glint
image, The signal was reduced and an unfavorable S/N resulted.

Similar results were obtained over the entire rotation range 0 to
1.5 Hz. Speckle return was observed, but was not a dominant part of
the received signal. Undoubtedly the relatively large-diameter annular
mirror employed here helped in averaging out the speckle

modulations, 1,12

2. Convergence on a Rotating Spherical Target

In this experiment Annular Aperture IMPACT is used in the glint
mode to converge on the near-edge highlight of a rotating ball., The
ball was roughly spherical (a silver Christmas tree ornament) with a
diameter of 6,7 cm, Scaling this to the 4 km, 3,8 um scenario of
Section 2, D, this would correspond to a target diameter of 1. 10 meters.
The rotation rate could be varied over the range of 0 to 1.5 Hz, System
performance was investigated in both low and high turbulence. The low
turbulence behavior is shown in Figure 41 for both a stationary (left)
and rotating (right) target, The rotation rate used here was 1 Hz.
Performance at other rotation rates was substantially the same. Beam
profiles and convergence times are unaffected by the rotation. The

beam stability is affected somewhat,
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In the lower right photo of Figure 41 a large part of the beam

instability is due to the target not being perfectly spherical, Due to the J
slightly irregular surface, the position of the near-edge highlight ‘§
shifts from side to side slightly as the ball rotates, The beam follows . 1
the highlight and also shifts around. Since the beam irradiance is

measured by a stationary detector with a small entrance aperture (see

Figure 13), the peak of the beam is not always centered on the detector,

The larger fluctuations that have a period of ~1 sec are due to this

effect., The smaller fluctuations are result of dither signal modulations

and perhaps a slight amount of instability due to speckle return, A very

small speckle return signal was observed, but its spectrum was not

measured, As in the previous experiment, the large annular mirror

employed here served to average out much of the speckle modulations. there

Performance in strong turbulence (CIZ\I ~1.0x 10-14 cm’ 2/%

) is
shown in Figure 42, The beam stability and convergence time are
unaffected by the target rotation. As was the case in Figure 41, the
performance achieved by this system using a rotating sphere for a
target is essentially the same as that obtained in Section 3 using a

simple stationary glint,

D, GLINT SIZE AND CONTRAST RATIO EFFECTS

¥, Strehl Ratio as a Function of Glint Size

The Annular Aperture IMPACT system operating in the glint
mode is used here to determine how the peak beam irradiance varies
as the size of the glint is increased. The experiment was performed
indoors under low-turbulence conditions. The target was a large piece
of Scotchlite with a variable-diameter iris placed in front of it. The

COAT off dc signal return level was maintained constant at 50 mV

(S/N = 30) during the glint diameter variations by placing various

netural-density filters in front of the PMT, As in previous indoor
experiments the transmitter optics were defocused to give the COAT

system an error to correct,
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Figure 42. Convergence of Annular Aperture IMPACT on
spherical target in high turbulence. Top: beam
stability; bottom: convergence time.
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Figure 43 shows the effects of glint size upon the power incident
upon the center of the glint, The fully converged beam diameter is
7 mm. For glint diameters up to 5 mm (70% of beam diameter) there
is no change in power at the glint center. For glint diameters larger
than this, the power decreases fairly rapidly, falling to 65% convergence
when the glint diameter is 7 mm, Although insufficient return was
obtained from this target to repeat the experiment with the Shared

Aperture IMPACT system, we would expect behavior to be similar,

2. Performance as a Function of Glint to Background Contrast Ratic

Here we investigate how bright a glint must be with respect to
its surroundings in order to be recognized as a glint by the COAT
system, The target configuration used is shown in Figure 44. A
Scotchlite glint of dimensions 3 x 3 mm2 is glued to the center of a
neutral density filter (approximately 5 x 5 cmz). By using different
neutral density filters, the effective reflectivity of the background
Scotchlite can be varied, The filter-glint combination is then placed
in front of a larger piece of Scotchlite and convergence on the small
glint is investigated,

The results of such a variation using the Annular Aperture IMPACT
system indoors are shown in Figure 45. The background and glint
return signals were measured with COAT off, The glint return signal
was held constant at the value shown, Numbers beside each data point
indicate the ratio of effective glint reflectivity to background reflectivity,
calculated from the known attenuation of the neutral density filters,

Convergence of 90% or better is obtained for background to glint
returns ratios < 6.5, That is, as long as the return from the glint
is greater than ~ 13% of the total return the COAT system will converge
to nearly the full value, For this glint size, 90% convergence occurs
when the reflectivity of the glint is roughly nine times the reflectivity
of the background., Since the COAT system works on return signal
rather than reflectivity, smaller glints would have to be more

reflective than this, and vice versa,
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SECTION 5

! RECOMMENDATIONS FOR FUTURE STUDIES

As noted in Section 3 and 4 there are several areas in which
further investigation would prove particularly fruitful, The first of
these would be the addition of an auxiliary tracking control to the
Annular Aperture IMPACT system so that featureless target operation
could be evaluated more meaningfully. The second area involves
. featureless target operation of the Shared Aperture IMPACT system,
! which was not demonstrated in the study due to low signal return levels,
In order to increase the signal level, a larger receiver could be employed.
Backscatter could be reduced by a more comprehensive analysis and a
more sophisticated design of the optical system than was possible on this
contract,
Beyond these fundamental system demonstrations, there are more
sophisticated COAT configurations that show great promise for practical
high-power laser applications. One of the most promising is the concept

of hot-spot tracking, where the COAT system locks onto the light emitted

by the laser-produced plasma. There are important questions to be
answered regarding the best method for acquiring the initial target
lock-on and then transferring it to the hot-spot tracking mode once the
plasma is formed. An experimental investigation of several possible
scenarios, including a realistic hot-spot simulation, would be a signifi-

cant advancement in this area,
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APPENDIX A

DETERMINATION OF CONTROL SYSTEM S/N

During all experiments the received signals were monitored at
the output of the preamplifier/line driver, This location was chosen
since the signal voltages were of readily measurable magnitudes here
(amplified by a factor of 20), and since any thermal noise which might
be introduced by the preamp could also be observed.

An RCA type 4840 photomultiplier with S-9 response was used in
all experiments, It was biased at 600 volts, a value which gave maximum
S/N for the range of target return signals obtained in the study. The
sensitivity of this PMT was measured with a UDT model 40X "opto-
meter'' power meter and was found to be ~4 x 10—12 watt/mV at 4880 A
and ~6 x 10-12 watt/mV at 6328 A with the normally-used 4880-A and
6328-A pass filters in place, The voltages referred to here were
measured at the output of the preamp/line driver.

The rms noise (N) at the preamp output as a function of dc return
signal voltage (So) is shown in the lower curve of Figure A-1, The
bandwidth was limited to the range 3 to 30 kHz for these measurements
so that the noise values would approximate the noise actually present
in the 4- to 20-kHz dither band. The data are plotted as a function of
the square root of the dc return signal (x axis is non-linear) and the
good straight-line fit indicates that N « Sol 2. The system is thus
predominantly shot-noise limited at these signal levels,

Due to the design of the COAT servo electronics, only noise
within a 400-Hz bandwidth around each dither frequency is actually
coupled into the corresponding control channel. Since shot noise has a
white-noise frequency spectrum, the noise present in a typical control
channel can be calculated by multiplying the measured broad-band
(Af = 27 kHz) noise curve (lower curve Figure A-1) by the ratio
400/27,000. This 400-Hz noise plot is shown in the upper curve in
Figure A-1,

The dc component of the return signal is lost upon passage through
the AGC/high pass filter and only the ac dither return (8¢) at each dither
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Figure A-1. Receiver noise as function of dc signal return.
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frequency is coupled to the control channels, Rather than measuring

18 values of Sf/N each time the operating conditions are changed, it is

much more convenient to determine an average dither signal return

(call it S) for representative operating conditions and then to relate S

to the easily-measured dc signal return So' The unconverged (COAT off)

state is the most meaningful condition upon which to base a measure of

S/N, since this is the starting point for the convergence process,

To make this measurement, the Annular Aperture IMPACT system

was employed inside the lab. A silicon photodiode was put in place of
the PMT (IMPACT stop open) and a flat mirror (no apertures) was
placed at the target position and aligned to reflect the laser light back
into the receiver optics. The Ar laser beam was approximately
collimated., With the servo loop open, one dither was turned on at a
time and the ratio of the rms dither return to dc return was measured

for each of the 18 channels. On the average it was found that
S¢/S, = 0.0263 + 0,0184

where the error is one standard deviation.
We now define S = 0, 0263 So' If we now divide this expression
at each dc signal by the 400-Hz noise curve (upper) of Figure A-1, we

obtain an '"average'' S/N as a function of So. This is shown in
Figure A-2,

To reiterate, the S/N shown in this figure and referred to
throughout this report is defined as the ratio of (the average single

channel rms dither return with COAT off) to (the rms noise in a typical
400 Hz control channel bandwidth),
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