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FOREWORD

This Quarterly Technical Report is submitied %o the
Rome Air Develomment Center in partial fulfillment
of the requirements of Contract "30602-72-C-0k17,
"coherent Optical Adaptive Techaniques". The progranm
was initiated on 20 March 1972.

The work described in this report was performed by
the Lascrs and Advanced Radiation Systems (Group,
Research and Technolosy Division, Electronics Group
of North Amerlcan Rockwell, 337C Miralona Avenue,
Anaheim, California 92803.

Major contributors to this effort are:

Principal Irvestisator: C. L. Hayes

Contributors: R. A. Brandevie
W. C. Davis
G. E. Mevers
J. F. Soollco
J. N. Yamemoto
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I. INTRODUCTICH

The first quarterly progrescs report for this program described
in detail the design of the optical and electronic systems required for
performance testing of the COAT (Coherent Optical Adaptive Technigues)
concept. This report is directed .owards the results of component tests
and initial cystem operational datz. Before preserting these datas,
however, a brief statement of th: program gocls and tes{ procecdures is
appropriate.

Propagation of coherent rudiation through the atmosphere is
significantly affected by meterolcgical phenomena and turbulence condi-
tions. Induced wavefront distorticn limits the 2bility of a system to
bring such radiation to & focus as m2y be required in future systems.
The COAT contract is a program directed towards the design, construction,
and experimental demcnstration of & multi-aperiure optical system which
can effectively compensate fcr such atmospherically induced aberraticns.
Employing the phase conjugation principle for wavefront contrcl, a six-
element linear array is being fabriecated for uperation at a wavelength
of 10.€ umeters. Detailed tests will be conducted to evaluate perfor-
mance with respect to the following primary ot jectives:

1. Compensate for atmosphere propagation effects at

10.6 Ymeters and provide improved focusing capa-

bility at the target;

-
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2. In a multiglint target scenario, establish the
ability cf system to lock onto a single glint point;
3. Acquire and track a glint poiit which micves across

the array field of view.

e ———— N

The last task indicates that correction for atmospheric ef'fects
is not the only benefit to be derived from the COAT system. The
ability to provide automa*ic pointing and tracking is inherent to the
system and within the diffruction 1limit of an array element, the system
will acquire and track a target.

To evaluate the performance of this system, tests will be con- 1
ducted over two ranges --- 1 km and 10 lm. These ranges correcpond %0
near field and far field operation of the array. Full meterological
instrumentation is provided t5 characterize atmospheric parameters and

deta vill be taken in ovoth the adapted and unadepied modes tor compari-

son with analytical results derived rrom corputer simulation.

P T

iy —




I1. SUME RY
Propagatlion of coherent radistion through the aimosphere is
siguificantly atrected by neterclogical phenomenz and turbulence condi-
tions. Thermal "blooming" of high energy beams is also known to present
propagation provlems. That is, induced wavefront distortion limitis the
ability of e system to tring such radiation to an optimem focus as may be
required for some applications. Theoretical calculations show that

the ability of a fixed focus system to concenirate energy does nct

-

improve with increasing aperture size us classical theory predicts due
to these effects. Previous contraciusl efforts --- both theorcticul end
experimental ---have shcwn thét coherent optical cdartive techniques
(COAT) can be used Lo compensate for these propsgaiion difficulties.

‘ , The wavefront correction required is accomplished ihrough the use o
phase controlled multi-gperture arrays to correct the éistortion ---
naturally occurring or induced. In sadition, other ben i'its are cerived
from segzenting the aperture in that smaller, lesc ezpensive optical
components can be used with an sssociated relaxation in vointing reguire-
ments, rounting and pointing hardware.

The first quarterly report furnished in detail the design
which, when implemeuted, can accomplish the compersation task aud
provide Tocusing at the target. Table II-1 iists some of the pertinent
\
design parameters. This report presents some Or the results of comporent

evaluation tests for devices o be used in the system.

1I-1




L ABLE II-1

CONDENSED TASLE OF COAT PARAMETERS

OPIICS

Number of Apertures 6

Power pcr Channel 0.3 watts

P .

Size of Apertures 2.5 cm

Linear (1 x 6)
Variable Width 1
(Nomirally 3 om)

Array Geometry

Polarization Discrimination
Pransmitter - Vertical
Receiver - Horizont2l

Scatter Suppression

T .

Optical Material for Lenses neCl
and Beamsplitters _

Acousto-Optic Bragg Cell

. Phase Modulator
’ Center Frequency - 18 Miz

-~

Quarter Wave Plates 5/, Cadmium Sulfide

LASER
10.6ym CO, - Single Mcde 60 watts (max)

DETECTORS

PbSnTe (TTOK) lHeterodyne Mode Receiver }

FLECTRONICS ]
!
Post Detection Amplilier Current Mode Cperation !

!

Processing I-F L.5 MHz 1

Servo Control Phase Lock

3
Phase Detector Renge Y o redians | B
Pracking & Acquisition pandwidth 50 Kiiz

For a Transit Time of T.0 usS

e s R s
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Section IIT includes the test results Tor ihe Ireyiency
modulator, detector, laser and electronics sutsystems. The ey element,
frequency modulater, has Seen thorougily vegtc with performance mestiing
theoretically defined specifications. Fell ication of these devi
been delayed due to the inatility of o vendor 10 mr vide the required
material (properly oviented germanium erystals). However, recent éelivery
of sufficient Ge boules to cumplete fabriceticn ussures tolal sysien 1
implementation. PbSnTe delectors are nov teing used for heterodyre
receivers and have replaced Ge:Cu devices with tleir attendani reguire-
ment for liquid helium.

Initial system test resulis ere given in Section IV along with

a system modification wiich has been made. Performance is close to
predicted values and signal-to-noise evaluation for the 1 xm range indi-
cates that plenty of margin for operation &l a runge of 10 ru is present.

Using & previously develoned cemputer similation routine, =
theoretical evaluation of how the erray should perform has been completed.
These results are presented in Cection V and show the autamatic acquisi-
tion capability of the system as well as the concentration of power on
the target.

With the corpletion of freguency modulator febricaticn, sysioa
tests of the srray will be started and the power buildup on tarzet will

be :ieasured at the target for comparison with compuled values.
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ITII. COMNPONENT EVALUATICHN

A. ACOUSTO-OPTIC FREQUINCY MODULATCR

The key clement in the adaptive system to compensate for wave-
front aberrations is the freguency modulator which functions as a phase
correcting device. Details of design arc given in the first quarterly
report and are only briefly presented here.

It is well known that Bragg scattering of light and sound in
a crystal that is transparent to both can be utilized to shift the fre-
quency of the iight. The scattering is a maximum when the laser beam
is incident upon the acoustic wavefront at the Bragg angle. The scattered
laser beam is separated from the incident laser heam by twice the Bragg
angle and is Doppler-shifted in freguency by an amount equal to the fre-
quency of the tra#eling acoustic wave. By controlling the acoustic fre-

quency in an appropriazte mauner, the light is then frequency modulated.

- Bince freguency modulation is tantamcounl to phasec modulation, the neces-

Ty T

sary phase corrcction capability is available wiih this approach.

The modulator is essentially composed of a germanium substrate
with a LiNbO3 transducer bonded to one end of the substrate and with an
acoustic absorver attached to the other end (see Figure III-1l). Since
germanium is transperent to the CO2 laser only if the crystal tcumpera-

ture is not tco far above room temperature, a simple tut effective cooling

system has been constructed for maintaining the erystal below room tempera-

ITI-1
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ture during operastion. .n general, the modulator is simple to operate
and effective even for a relatively high-powered laser havirng s large
beam diameter {~ 1 cm). Figure IY1I-2 is an assembly drswing illustrating
the ad justable mount along with the cooling apparatus. .

With the acoustic propagation in the [100] dfxzction of the
germanium crystal, and the incident laser beam at Breagg angle to the
ecoustic vavefro~t, ve have experimentally obtained a conversion eificiency
of aboui 4O% with 15 watts of electrical pu~er applied ‘o the LiNbO3
transducer. The conversion efficiency is defined as the ratic of opticel
pover in the deflected beam to that in the incident beam. Tu accordance
witl the theoretical prediction for this particular direction of acoustic
propagation, the nbserved conversion erficiency is rearly irdependent of
the incident laser polurization direction. It should Ye pointed out that
a conversion efficiency of L40Y can also be obteined witr only atout 5 watts
of electrical power, providing thAat both the acoustic propagation and the
laser polarization directions are confined to the [111)] direction of the
germanium crystal. A disadvantage of the [111] configuration is that the
conversion efficlency decreases very rapidly as the polarization direction
deviates frem the [111] direction. For our applications it is required
that the conversion efficiency should not e very sensitive to the direc-
tion of the laser polarization, and therefore we have confined our effort

to the case in which the acoustic propegaticn is in the [100] direction

of the germanium substrate.

III-3
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T1lustration of the Accusto-Uptical Modulstor

Figure ITI-2.




In order to achieve high conversion efficiency, relatively

large amounts of clectrical pover must be coupled intvo the transducer.

The R-F generator-network combination of Flgure III-3 is used for

coupling purposes to deliver power o the transducer as represented by

the cquivalent circuit of Figure ITI-1. The values of Rp and Cp ior a r

typical transducer are as shown in Figure TII1-4. With this confijuration i

a power level of 35 watis at 18 MHz can be applied.

Experimental testing to date has verified the validity of

design. The conversion efficiency as & function of acoustic power has 1 §
been determined from the measured optical ar.d electrical povers. Figure |
ITI-5 illustrates the test results and indicates that the device perfor-
mance is satisfactory for the particulsr application being considered.
The packaged device tested and to be used in the system is r

shown in Figure III-6. Included is the R-F power stage and VCO unit ]
‘

whieh is situated on top of the cooling jacket and positioning mount.
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B. DETECTORS

The COAT configuration presently being employed utilizes a
heterodyne receiver in each channel (erray element) as part of the
processing to determire the relative phase betveen each channel. As
originally conceived, Ge:Cu detectors were to be used In this capacity.
However, since that time the Ilorth American Rockwell Science Center has
been able to furnish PbSnTe detectors for use on this program. There
are several distinct advaniages to be gained tlrough use of these devices.
First, the requirement for cperation et liquid He tempereture (4°K) is
relaxed to operation at liquid N2 temperature (77°K) and the inherent
advantege from & cryogenic standpoint is obvious. GSecond, the photo-
voltairs mode of operation yields a 3 db improvement in the guantum-limited
signal-to-noise ratio when compared to the photoconductive Ge:Cu material.
Third, the post-detection preamplifier can now be operated in the current
mode to obtain an imprcvement in frequency response through proper imped-
ance metching technigues. Thus, from & system standpoint, these devices
arec very ¢~sirable and will be used ou this program.

The six detectors to be used in this effort have been mourted
in dewars as shown in Figure III-7. The optical system has been designed
to permit the placement of two detectors in each of three dewars. Tests
have been run to evaluate freguency response of these devices when coupled

with a current mode amplifier and are given in Figure III-8. Two different

ITI-10
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types of detectors of gifferent dimensions (6 and 15 mil diameters)

were tested. The tests were performed using an amplifier having a

bandwidth of | MHz and &n electro-optic modulator to amplitude modulate
41 a 10.6 um laser. The relative response curves indicate successful opera-
tion is to be expected over & large bandwidth.

To facilitate the usec of the larger device, a system change
has heen introduced to take advantage of the better response in the
lower frequency range. Several other benefits accrue from this approach

and will be described in detail in Secticn IV.

ITI-13




C. ELIECTRONICS

As described in detzil in the first quarterly report, the COAT
system can be characterized as a multiple channel heterodyne transceiver
employing common traunsmit/receive optics for each channel. Adaptive
compensation is achicved through electroric processing of the received
signals within & closed loop to generate a transmitted wavefront which
is the conjugate of the received wave. At the seme time, isolation from
noise sources and phase perturbations must be prcvided. For referénce,
the simplified configuration of Figure III-9 which accomplishes these
tasks is presented. The detector, i-f amplifier, phasc detector, voltage
controlled oscillator, and fréquency mcdulater provide the closed loop
servo control. This is done by sampling the relative phase difference
between each chennel and a reference and using this signal to control
the frequency modulator through the voltage controlled oscilletor which
then provides automatic compensation of the transmitted wave.

Each functioa of the loog has been designed, fabricated and
tested. The post-detection preaxplilier cperates in the ~urrent node to
provide a virtual ground to tne detector. A bandwidth of 7O IMiz hes been
designed into this unit to facilitate testing procedures. In operation,

the bandwidth is limited by the i-I amplifier to approximately 20C KH:.

III-14
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.'i The phase detector which has been mechanized has the charac- 3
2
teristics shown in Figure III-10. The sensitivity (slope) has been 3

set at 1 mv/degree. When coupled with the VCO which has a frequency

sensitivity setatl KHz/mv, the overall tracking sensitivity is 1 KHz
per degree of phase error. This gain para- “ter has been set to this
value initially, but can readily be changed to provide optimum operation
if required. When operated in the frequency tracking mode, this system
can track to + 360 KHz with no ambiguicy and should provide adequate
acquisition margin for a moving target. |

The r-f power to drive the acousto-optic Bragg cell is fur-
nished by a power amplifier driven by the voltage controlled oscillator.

Py 4 Typically, u§ to 25 watts of power can be delivered to this device aﬁd

good conversion efficiency (40%) obtained.

o

F - . III-16
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Figure III-10. TFhase Detcctor Characteristics
ITI-17




D. LASIR

The COAT laser has been assembled and tests have been completed

P L P il WL il e e T

to assure that adequate power and stability will be provided for system
operation. The basic construction ccnsists of two plasma tubes in a
folded configuration to obtain the desired output power in a reasonable E
space (Figure ITI-11). Each tube has a bore of 1.1 cm and a gain length {
of 1.5% m. The cavity length is 3.5 m which yields & Fresnel number of
0.864. The TEM_ polarization direction is defined by means of four
intracavity Brewster windows of sodium chloride. These windows are mech-
anically aligned with the table surface and provide the reference polari-
zation for the COAT optical system.
b o In order to minimize amplitude fluctuetions in the output beam
the entire laser structure has been enclcsed in a plexiglass shield. This
shield isclates the intracavity spaces from room air currents which intro-
duce significant amplitude fluctuations. Also isolated are acoustic
coupled perturbations from the room environment. In addition, the enclo-
sure serves as a dust shield and reduces maintenance requirements on the
laser optics.

Performance tests have yielded a TEMOo measured output of €0

:
1

watts in the P(20) transition. Amplitude stability was measured with a
wide bandwidth PbSnTe detector and a variation of less than 1% was recorded

and is well within the acceptable limits.

¢ I11-18
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The self-compensating interferometer being used to implement
the optical assembly directs a portion of the output energy back towa:ds
the laser cavity. Without adequate isolation, the laser would exhibit
instabilities since an attempt would be made to lock onto this injected

signal. However, this instability occurs only #fier a 400 mv threshoid

G N

is met (the return polarization is orthogonal to the exiting polariza-

tion). Making use of a Ge Brewster window in the beem path to discrim-

TN sl

inate and reject the orthogonal polarization, interaction effecis of

L th's nature have been complctely eliwinated.

i
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IV. SYSTR! EVALUATION

A. SYSTRM MODIFICATION

One channel of the array has been constructed for performance

evaluation as shown in Figure IV-1. Of interest in these preliminary %

|

E

|

%% tests was the overall system sensitivity to signals received from the

{ one kilometer site. Measurements of signal-to-noise ratio, RFI, effects,

of detector responsivity, modulctor conversion efficiency, scatter sup-

f! pression, and quarter wave plate integrity were made. As a result of

* these tests, a system modificatica has been wade as shown by Figure IV-2.
Several sdvantages ure gained from this configuration without i

changing the phase conjugation principle of the system. The only change

o 2 which is made is the carrier frequency at which the information is

processed. Three reasons for making this modification are as follows:

L o ke e

1. Depending upon the type of detector used in the

system, freguency response characteristics indicate
that better perfrrmance can be obtained at the
lower frequencies. This includes the possible ;
phase delays which can be introduced by the 7
detector/amplifier combination as well as the
phase variance from unit to unit. In addition,

operation of the PtSnTe detector into a current {

mode amplifier is made easier by the higher ampli-
fier gains available.

Iv-1
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2. RFI introduced by the high power drivers for

; the frequency modulators no longer competes

1 with the received signal. Thét is, the driver

frequencies and second harmonic are at 18 MHz

i and 36 MHz, and the new carrier frequéncy is
at 4.5 MHz.

3. Operation of the processing electronics at a

lower carrier also tacilitates the phase detec-

tion process. By reducing the basic information

rate from 36 MHz to 4.5 MHz, almost an order of

Wy

magnitude improvement in any phase errors due to

AN
»

cabling and circuit layout effects has been
acéomplished.
In the new configuration, an additional frequency shifter has
" been inserted into the local oscillatcr arm of the system. The frequency

of this unit is set at 15.75 MHz. When combined with the return signal,
the information carrier is at 4.5 MHz. That is, 2 x (18.0 - 15.75) MHz.
A minor benefit gained from this approach is that the local oscillator
pover delivered to the detectors is now readily controlled by merely
adjusting the RF drive power to the frequency shifter. Thus, optimum

' t detector performance in the heterodyne mode is easlly obtained.




#8i,
X

B. 1 KM TEST RANGE

All testing to date has peen done over the 1 km test range to
a "point" target. Figure IV-3 shows the transmitting and receiving sites
for this range. Also shown is the instrumentation provided for charac-
terizing the atmospheric parameters. At each site, these instruments
have been located as near to the actual transmission path as 1s practical
and yet avoid any anomalous factors which might be introduced by being
too close to the buildings.

Powcer and instrumentation at the receiving site is provided by
a mobile van equipped for this purpose. Figure IV-4 shows this unit with
a diesel-powered generator and some of the instrumentation. All weather
paruaneters including data for determination of the integrated refractive
index structure constant over the transmission path will be recorded at

this site. All data from measurement of the power distribution at the

_target for both the adapted and unadapted modes will be recorded for

permanent storage.
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5 Figure IV-3. Transmitting and Receiving Sites for 1 KM Test Range
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C. TEST RESULTS

As statec previcusly, initizl tests of the system have beeu
dirccted towards an evaluatiorn system components along with deter-
mining performance factors such as signal-to-noise retio. With ilhe
system modification as shown in Flgure IV-2, L4oo mw of power was trans-
nitted to the terget frou one channel.. All components performed as pre-
dicted with a resuliant signal-to-noisc ratio of 60 d! using processing
electronics having a bandwidth compatible with the final system.

Experience on other prograns has shown that systems which
employ common transmit/receive optics can be hampered by cowponent
scatter from lens surfaces, mounts, ete., unless appropriate precauticns
are taken. To this end, a polsrization discrinination feature was
designed into this configuration to reduce these effects. While Llotal
discrimination is dependent upon naving iaeal components, our test
showed the scattered signal to be -59 db below the return signal level.
Thus, the system devised to aveid these problems is very eflective in
that comperable signals would be cxpected without such an approsck.

s

It should be pointed out that at this tire this Cystem has nol

n

been optimized. While €0 db of SlR provides plenty of signal margin for
both the 1 and 10 ku ranges, another 20 db improvement is to be expected.

The full array is now being assemhled Tfor complete system tests incor-

porating all of the features incorporated in ithe single channel.
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Y. COMPUTER SIMULATION ] ;
I

An important part of the COAT progream is menifested in being
able to predict not only the operational capatilities of present systems 1
but also the merits of advanced systems. Among the factors which must
be considered are the number of elements in the array, the array geowetry,
the element spacing, element pointing, the elerent size, curength of
atmospheric turbulence, moving targets, &nd noise perturbations, ete. A
computer routine has been developed previously to perform & simulation
while permitting any one or all of these factors to be changed. Some of
the results obtained for the present program are presented below.

#or the data presented here, the simulation was done for a
linear array of six elements heving apertures of 2.5 cm spaced 3.0 cm
on center. All transmitted beams are aligned so as to be parallel; that
is, individual pointing of +ve elements is not considered. The target,
located at & range of 1. km, is offset ircm the center of the array field
of view by 10 cm. This is done 1o demonstrate the fact that as long as
the target is in the field of view of the individual elements, the array
will deliver maximum energy automatically. This is tentamount to tracking

a target within the field of view.

V-1




Figure V-1 indicates what the initial distreibuticn of energy
at the target plane would be for an array having a Goussian distribution
of power across each element. The initial intensity at the target is
seen to be quite low. Upon completing the adaption process, the final

distribution of energy is that shown by Figure V-2 (four adaption locps).

That is, the distribution has stabilized with wraximum power on the

target. Figure V-3 indicates how this power buildup tock place as

a functlon of time and alsc indicates the improvement factor {o be
gained relatlive to the initial distribution. Fabrication of the array

and testing instrumentation to verify these conclusions are now proceeding

for full scale testis.
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