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FOREWORD 

This quarterly report was prepared by Hughes Research Laboratories, 

Malibu,  California, under Contract F30602-73-C-0248.    It describes work 

performed from 27 March 1974 to 30 June 1974.    The principal investigator 

is Dr.  James E.  Pearson and the principal scientist is   }.-.  William B. 

Bridges. 
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SUMMARY 

This report covers the fifth and final quarter of the contract from 

27 March 1974 to 30 June 1974.    The entire quarter has been devoted to per- 

forming and analyzing outdoor range measurements with the 18-element 
visible COAT system built on this contract. 

The system hardware and the 100 m rooftop propagation range remain 
the same as reported during previous quarters.    The target has been modi- 

fied slightly to simplify the data analysis and presentation.    The beam inci- 

dent on ehe target is now viewed ahead of the target motion mechanism so the 

beam appears stationary with respect to the moving glints.    A calibrated, 
lirear TV camera is now used to view this beam. 

The range measurements program includes a careful characterization 
of the turbulence levels on the propagation range.    The atmospheric structure 

constant,  CN,  is determined using two microthermometers,  and a scintillo- 

meter which propagates a 0. 6328 [xm beam along the  entire 100 m path.    The 

instruments indicate that the range is very uniform in its turbulence charac- 

teristics and that the turbulence levels cover exactly the range desired for 

the COAT system tests.    That is, the atmospheric correlation length varies 

from larger than the transmitter diameter to smaller than the width of a 

single transmitter element.    The scintillometer and micr©thermometer 

readings correlate very well,  but obey a relationship given by CM(opt) 
1.5 C-j (thermal). 

The range measurements with the COAT system use single and 

multiple-glint targets in high and low turbulence.    The system performance 

is nearly independent of the target configuration and the turbulence level. 

The observed convergence times are 1. 5 to 3. 0 ms.    The COAT-formed beam 

has a diffraction-limited beamwidth and a peak intensity which is 60% of the 

diffraction limit.    Convergence stability is excellent within the limits imposed 

by atmospheric beam steering effects.    The system will lock onto and track 

the strongest glint in a multiple glint target at rates up to 14 mrad/s.   At 

higher glint velocities, there is a gradual loss in the peak power formed on 

the glint.    Receiver aperture size or shape has no significant effect on 

system performance until it becomes too small for sufficient signal-to-nöise. 

Preceding page blank 
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For good multiple glint discrimination,  one glint must be at least 

2 to 3 dB stronger than any other.    With a two-glint target, the beam power 

will switch between the glints if they do not differ by 2 to 3 dB in net reflec- 

tivity.    Under very car^iully controlled conditions and with two equal glints 

(within 1 dB),  we have observed power sharing:   the COAT system forms the 

beam on two resolved glints simultaneously.    This effect is observed even 

with large receiver apertures.    Any change in glint position,  roladve glint 

strength,  or receiver size or position,  however, will cause the COAT 

system to pick one glint while ignoring the other. 

Spectral analyses of the COAT-generated phase correction signals 

show that significant errors (larger than one-tenth wave) are present only at 

frequencies below 50 Hz.    This observation is valid for stationary targets in 

any level of turbulence.    At very low frequencies (2 to 5 Hz), peak-to-peak 

phase errors of 1. 3 wavelengths are observed.    The fast response of the 

RADC/COAT system is thus not essential here except for achieving rapid 

convergence.    For situations which involve moving targets,   slewing beams, 

or strong transverse winds, however, the 500 Hz response of this system 

will be required.    The experimental phase error spectra agree well with 

theoretical calculations which use a Von Karman refractive index spectrum. 

A gas absorption cell design is presented.    The cell is to be used with 

the 18-element RADC/COAT system in laboratory-scaled studies of COAT 

correction for thermal blooming.    The design has a stationary cell and uses 

a single moving mirror to produce a transverse "wind" (motion of the optical 

beam relative to the gas).    The design is such that the output beam is always 

stationary so the beam analysis and target arrangement are simplified. 

On the basis of this measurement program and work performed 

earlier on this contract, the principal conclusions of our work are as follows: 

1. A multidither COAT system can produce a nearly diffraction- 

limited beam even for propagation through very strong turbu- 

lence.    Residual errors in the optical system are also removed 

without affecting the turbuler.ee compensation performance. 

The servo electronics for such a COAT system are relatively 

simple and can be compact and all solid-state. 

2. The turbulence correction performance is not degraded by 

moving, multiple glint targets. 

10 
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3. Moving targets can be tracked at rates exceeding 10 mrad/s. 

4. Correction band-widths of 50 Hz are sufficient for turbulence 

correction with static targets.    Bandwidths up to the 500 Hz 

limit of the RADC/COAT system will be necessary for moving 

targets and slewing beams. 

5. Peak-to-peak phase errors on the order of 1.3 wavelengths are 

present in strong turbulence for a 15 mm diameter beam trans- 

mitted across a 100 m path. 

6. Adaptive xy-pointing control is desirable to remove atmospheric 

beam steering which cannot be removed by transmitter phase 
control. 

7. Offset-pointing is straightforward to implement with this tvpe 

of COAT system using sample-and-hold circuitry in the servo 

electronics.    Pointing can be done either mechanically with 

microslewing mirrors or electronically using preprogrammed 

phase control of the transmit aperture. 

8. Since the transmitter diameter,  range,  and turbulence levels 

can be scaled to scenarios of interest at 10. 6 (jtm and 3. 8 urn, 

all of the conclusions presented here based on visible wavelength 

results also apply to the infrared wavelengths. 

• ■ 
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I. INTRODUCTION 

This document is the fifth quarterly report on Contract F30602-73-C-024r 
and also serves as the final contract report.    Follow-on Contract 

F30602-75-C-0001 beginning 2 July 1974 is a direct continuation of the work 

completed under the present contract and uses the 0. 488 ^m,   18-element 

multidither COAT system built and developed under this program 

■ 

■ 

, 

A' Program Objectivpa 

There are two primary objectives of <ai8 program.    The lirst obiec- 

fve i, to determine the performance limits of coherent optical adaptive tech- 

mques through operation of an experimental,  visible prototype multidither 

COAT system through a representative turbulent atmosphere against a com- 

P ex dynamic target.   The second objective is to determine the best methods 

of employing COAT in high power laser systems and to assess the status of 
necessary key high power components. 

B' Organization of This Report 

This report covers the range measurements phase of the contract 

durmg which detailed studies were made on COAT compensation for atmos- 

Phertc turbulence using the 18-eleme„t visible system developed earlier in 

the contract.   The report is written in the form of a fin., report to provide 
an overall summary of the contract work. 

action II summarizes the final configurations of the 18.element COAT 

system optics and electronics and of the target and propagation range.    Some 

comments are made on the good and bad features of the hardware with some 
suggestions for future improvements. 

Section III presents the results and analysis of the range measurements. 

The performance of the three atmospheric monitoring instruments, a scintil- 

lometer and two microthermometers,  is di3cussed in detail.    The COAT 

system performance under high and low turbulence conditions is presented 

with single and multiple glint targets,  both stationary and moving 

Preceding page blank 
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Section IV contains the design for a gas absorbtion cell to be used in 

studies of scaled, conveAion-dominated thermal blooming. A novel method 

of wind generation p'ovides a simple cell construction and facilitates output 

beam analysis. 
Section V s'-unmarizes the important conclusions about COAT correc- 

tion lor turbulence based on the range measurements data.    The report con- 

cludes with Section VI outlining suggestions for future work using the visible, 

18-element RADC COAT system and the computer simulations developed on 

this contract and on other contracts. 

Two addendums are part of this report.    The first is a 16 mm movie 

and its associated script.    The movie contains sequences from the range data 

showing the dynamic rature of the COAT system turbulence compensation. 

The second addendum is a report covering Task 3 of the contract statement 

of work:   an assessment of high power COAT systems and a   : ociated key 

high power components.    This Task 3 report will be published in a separate 

volume,  and will contain Hughes Aircraft proprietary material. 

14 
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II. SYSTEM HARDWARE SUMMARY 

-- 

Most of the important features of the hardware involved in the RADC/ 

COAT system have been presented in the lour previous quarterly reports.1"4 

The block diagram shown in Fig.   I illustrates the principal parts of the sys- 

tem,  including the 18-element output array pattern.    A few changes were 

implemented as we gained experience in using the system on range.    This 

section summarizes the current configuration of various parts of the system 

Suggestions for possible future changes or additions are also presented. 

A. Target 

The original target design2 allowed for simultaneous viewing of the 

target plane and the beam profile incident on the target.    This arrangement 

proved to be undesirable for a number of reasons.    First, the target and 

beam images were reversed with respect to each other so that some mental 

correction was necessary to interpret the video presentation.    Second, the 

usable camera magnification was limited by the target geometry leading to 

undesirably small images of the beam incident on the target.    Third, the 

glints appeared stationary at all times.    For stationary single or multiple 

ghnt runs, the split image thus provided no information which was useful on 

a continuous basis; a few video frames would be sufficient to record the 

glint positions although they were immediately obvious from observing where 

the COAT system formed the beam.    For moving glints, the light beam 

appeared to move while the glints remained stationary.    Although no detri- 

ment to analyzing system performance,  this type of display is unappealing 

for visual presentation and much of the impact of the  effective way the sys- 
tem can tracK a moving glint is lost. 

The target configuration used for most of our tests employed a beam 

splitter ahead of the moving mirror as phown schematically in Fig.  2.    The 

technique of achieving glim motion is similar to that discussed previously2 

and the physical layout is similar to that illustrated in the last report.4 but 

with the beam splitter now placed ahead of the turning mirrors    the TV 

camera sees the stationary beam as it arrives at the target after transmis- 

ston by the COAT system.    The glint position information is not recorded 

15 
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with the video data.    Figure 3 illustrates a typical data sequence of one 

glint moving along an elliptical track with respect to one fixed glint.    The 

pictures are taken directly off the black and white TV monitor which is fed 

by the target beam camera.    The video data are much easier to interpret and 

the action of the COAT system is much more striking.    The added complexity 

necessary to simultaneously view the glint plane has been removed since the 

information is of marginal value and can be conveniently recorded in a data 

notebook.    The TV camera can now be adjusted so that the element pattern 

nearly fills the viewing screen. 
If further improvement on this target is desired for any future work, 

the fixed and nutating mirrors could be replaced by a 50% beam splitter. 

One beam would be directed onto stationary glints a.id the other onto moving 

glints.    Glint motion could be accomplished by any one of three methods: 

(I) moving the glints,    (2^ moving the beam splitter (provides linear glint 

motion),  (3) moving a secondary mirror (simple angular scan for linear 

motion or nutating scan for elliptical motion).    This arrangement has the 

advantage that two glints can be put in any relative position,  even on top of 

each other,    Also;   since linear glint motion is easier to put in a computer 

program,  it is more desirable for comparisons with computer simulation 

results. 

3,4 

B. Target Analysis Equipment 

The target analysis equipment has also been described earlier. 

The high opeed motion picture camera discussed in earlier reports has not 

been used because the light levels avilable were too low for the fast frame 

rate even when using 1600 ASA film.    The principal equipment used is listed 

in Table I,    The equipment has proved to be adequate for recording and 

analyzing all the desired system performance data.    Minor future improve- 

ments which would make data acquisition more convenient would include 

pause and single-frame controls on the video tape recorder and a low- 

frequency spectrum analyzer to replace the slower wave analyzer for spec- 

tral data.    A video screen splitter together with a second TV camera could 

be used to simultaneously record the target configuration when desired. 

18 
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TABLE I 

Target Analysis Equipment Used in Range Measurements 

Flat field,  linear response black and white TV camera for monitoring 
formed beam at target (Cohu model 6954) 

Black and white TV monitor (Concord model MR-700) 

Image analyzer (color quantizer).    (Interpretation Systems Inc.  model 
VP-8) 

Color TV monitor (Sony KV1710,   17 in.   screen) 

Cassette video tape recorder for permanent "ideo records (Sony model 
VO-1600) 

Photodetectors behind each glint for monitoring power on target 

Oscilloscope displays (regular and stored mode) for observing power on 
glints and profile outputs from the color quantizer 

Wave analyzer (Quan-Tech model 304DTL) for spectral data on glint 
power,  receiver signals,   control voltages,   etc. 

Multichannel instrumentation recorder (Ampex model FR1300A) for 
real-time records of control voltages,  glint powt r, etc. 

Polaroid and 35 mm still and super 8 motion cameras for pemanent 
records 

The image analyzer or "color quantizer" is a device which slices the 

black and white video signal into eight discrete and adjustable levels and 

then assigns a color lo each level.    Wh^n the output of this device is viewed 

on a color TV monitor, the result is a color display with each color corre- 

sponding to a different intensity level (actually, the borders between colors 

are the isointensity contours of the video frame).    If a black and white moni- 

tor is used,  the result is similar, but with an 8-level gray scale.    Figure 4 

shows two views of the COAT-formed beam pattern for a glint on the bore- 

sight axis.    Figure 4(a) is a black and white photograph taken off a color 

monitor, and Fig.  4(b) is the same scene photographed off a black and white 

monitor.    The image analyzer also has yz or xz, and xyz displays (x and y 

are target plane coordinates and z is intensity).    Figure 5(a) is an example 
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of the xz display corresponding to the same case as Fig.   4 with the cut taken 

along the horizontal cursor shown in Fig.  4; Fig.   5(b) is the corresponding 
xyz display. 

C. Propagation Range 

Thr propnßntion range is located at the Hughes Ground SyslemH 

Croup (GSG) facility in Fullerton,  California.    It consists of a 6 m path in 

the laboratory where the COAT transmitter/receiver is located,   10 m in a 

penscope which connects the laboratory to the rooftop range,  and 92 m 

across a white rock roof at a height of 1 m.    A number of precautions were 

taken to ensure negligible turbulence in the periscope.4   A view of the range 

looking from the periscope toward the target enclosure is shown in Fig.   6. 

The range has been very satisfact. ;y for our tests.    The uniformity of the 

path made it easy to characterize the turbulence in terms of the atmospheric 

structure constant.  CN and sufficient turbulence was produced on sunny days 

to significantly degrade a non-COAT-corrected beam. 

The uniformity of the propagation path was checked by using two dif- 

ferential microthermometer instruments2 (AT units) to simultaneously 

measure CN at two locations.    One unit was placed at midrange and the other 

one either near the periscope or near the target.    Figure 7 shows typical 

results of these measurements and the excellent correction between different 

insc-.üments.    Figure 7(a) plots the values of C^ measured at the target as a 

function of CN measured at midrange and Fig.  7(b) compares CN measured 

by the two instruments when they are both at the midrange location.    The 

straight line fit to the data was obtained by a linear regression analysis. 

The square of the linear correlation coefficient,   p measures the amount 

of variation in y that can be attributed to a variation in x according to the 

relation Y = Ax + B.    The coefficient is defined by the following expression5; 

Pxy = ± 
explained variation in y 
total variation in y 

1/2 2     ^Z2 
<(Y - <y>)S 

 _ 
<(y - <y» > 

(i) 

where the data points are (x..  y.) and the brackets indicate an ensemble 
average given by 
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Fig. 7. 
Comparison of CN measured 
simultaneously at different 
locations along the rooftop 
propagation path with two 
separate differential micro- 
thermometers (AT units). 
(a) CM measured near the 
target versus CN at midrange. 
(b) CN as measured by the two 
different AT units placed at 
the same location.  The cor- 
relation coefficient, pxv, 
is defined in the text. 
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<u> =i S ui (2) 

i = l 

The value of p       ranges from 0 for completely uncorrelated data to ± 1 for r xy 
linearly correlated data which exactly obey the relationship y = Ax + B. 

The data in Fig.   7(b) indicate that the two T units are nearly identical 

since they track very closely when both are measuring C.. at the same loca- 

tion (the probe pairs were within 10 cm of each other).    The large correlation 

coefficient of the data in Fig.   7(a) indicates that the propagation path is homo- 

geneous to within 17% which is essentially the same as  the 16% tracking error 

between the two AT units.    This result provides us with some confidence in 

using a point measurement technique to derive an integrated-path quantity 

like C   .    More detailed discussions of the atmospheric measurements are 
N 

given in Section III of this report. 

D. Optics 

1. System in General 

The schematic diagram of the complete RADC/COAT trans- 

mitter/receiver shown in Fig.   8 illustrates the relative arrangement of the 

various optical components.    A photograph of the system in the range 

laboratory (Fig.  9) shows the system and the periscope which connects the 

lab to the range.    As discussed in earlier reports,  every effort was made to 

use low loss, high quality optics throughout the system.    All surfaces of 

mirrors and beam splitters are l/4-wave or better,  but no special coatings 

for antireflection or enhanced reflection were employed.    The result is an 

optical system of low distortion,  but fairly high loss.    Table II lists the 

measured losses from the laser output through each optical element to the 

final system output.    For 500 mW out of the laser (its maximum), we can put 

approximately 18 mW into the periscope,   12 mW onto the target, and 

7 x 10      mW onto the glint detector (located behind an N. D.   = 2. 0 filter). 

These low powers have caused no difficulty with our measurements 

except that we were unable to use the high speed motion picture camera for 

recording time resolved convergence sequences.    In fact, the usual operating 

condition was with minimum laser power (~50 mW) which provided the system 
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TABLE II 

RADC/COAT SYSTEM OPTICAL LOSSES 

Element 

Transmitter 

Complete spatial filter   (includes 
pinhole and objective) 

Ccllimating lens 

Turning mirrors (2) 

Phasor matrix mirrors (4) 

Phasor matrix beam splitters (17) 

Local alignment beam splitter 

Height adjusting mirrors (2) 

Microslewing mirrors (2) 

Output turning mirror 

Truncation and central obscuration 
(20x magnification of laser output) 

Total 

Transmission 

0.71 

(0.87) 

(0.97)17 

(0.91)    = 

(0.87)' 

Periscope 

Mirrors (2) 

Windows (2, AR one side) 

Total 

Target 

Turning mirror 

45    beam splitter 

Glint turning mirror 

Glint lens 

Total 

0 93 

0 71 

0 57 

0. 60 

0, 96 

0. 83 

0. 76 

0. 85 

0. 44 

0. 037 

(0.85)' = 0.72 

(0.95)2 = 0.90 

0.65 

0, 85 

0. 90 

0. 85 

(0. 96)2 = 0; 92 

0. 60 

Power Loss,  dB 

1.42 

0.32 

1.42 

2.44 

2.22 

0. 18 

0.81 

1.19 

0.70 

3.56 

14.26 

1.42 

0.46 

1.88 

0.70 

0.46 

0.70 

0.36 

2.22 

T1459 ' 
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with ample signal-to-noise,  was sufficient for the target TV monitor,  and 

minimized troubles with the laser.    For future work involving thermal 

blooming studies,  however,  antireflection and enhanced reflector coatings on 

the optics will be required to minimize the system losses. 

An impo:tant feature of the RADC/COAT system optics is Ü.« ver- 

satility and flexibility which is available in the system.    The heart of the 

transmitter is the phasor matrix which forms the transmitter array pattern 

and applies the correction signals and dither modulation.    The details of the 
1   2 

design have been discussed elsewhere,   '     but we want to emphasize here 

that any array pattern containing up to 18 elements can be formed with this 

design by merely producing the appropriate reflecting patches on the beam 

splitter/combiner plates.    Different array patterns can be put into the 

system and aligned in less than an hour as we have demonstrated using an 

8-element linear array and an 18-element 0-6-12 annular array.    Other ele- 

ments of flexibility in the system listed in Table III j rovide the operating 

convenience necessary for a prototype research system. 

The one element in the system optics which has not worked as well as 

we had hoped is the PZT bimorph used for the phase correction.    Its sensi- 

tivity is adequate but,  as noted in an earlier report,     the bimorphs do not 

always move perpendicular to the plane of the phase shifter.    The element 

patterns are thus steered as the dc voltage level on the bimorph changes.    A 

change of ± 120 V can steer some element patterns by as much as 1/2 of an 

element null-null beamwidth.    All the units are not this bad, however.    We 

have devised a technique    for overcoming this problem,  but its implementation 

would involve a major redesign of the phasor matrix.    Such a change is not 

warranted on this system now,  but mighr be considered for a future 
irii^i ..•ovement, 

2. Propagation Paths 

There are two propagation paths,   each of which can be used to 

obtain the focused far-field transmitter diffraction pattern.    The first,  of 

course,  is the propagation range which includes the periscope and the target. 

The second is referred to as the "local loop" and consists of an inverted 

telescope and a pinhole detector.    The two paths are shown schematically in 

Fig.   10 (see also Fig.   8).    Either path can be used to obtain the phasing 
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Fig.   10.     Schematic of  the  two  propagation  paths,  each of which 
can  be used  to obtain phasing   information  for  the 
COAT  system. 
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information for the COAT system,   so if the two paths both have diffraction- 

limited optics and no turbulence,  a diffraction-limited beam will be formed at 

both the target plane and the local "glint plane"   /hen the servo loop is closed 

around a glint placed in either path. 

Unfortunately, no special effort was made to use high quality optics 

in the periscope.    The windows are just plate glass which are AR-coated on 

one side and flat to only a few wavelengths per inch,.    The mirrors are front- 

surface reflectors, but also have poor flatness of a few waveKngths per inch. 

The quality of the target mirrors and target beam splitter are less important 

since the propagation paths in the target are short; the surfaces there were 

also flat to no better than a few wavelengths per inch.    The imperfect peri- 

scope and target optics have no effect on the beam formed by the COAT system 

at the target, however,   since the system can completely correct for static 

errors as long as the rms errors across the transmit elements do not exceed 

1/6 of a wave.    In our system the rms errors across an element did not exceed 

1/3 wave so most (but not all) of the static errors will be removed by the 

COAT system. 

TABLE III 

Flexibility Designed into RADC/COAT System 

Any transmit array configuration containing up to 18 elements 

Alignment adjustments on each individual element 

Electrically-controlled shutter on each element for removing elements 
from output array 

Adjustable output beam height 

Output beam steerable in two dimensions by manual mirror or 
galvanometer-driven microslewing mirrors 

Output telescope for adjusting diameter o; output beam 

Adjustable beam expander/collimator for varying the intensity taper 
across the transmit beam diameter 
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The optics in the local loop path were nearly diffraction-limited for 

the small beam sizes used.    The 1 m focal length lens is an air-spaced 

achromat and the beam splitter has   \/l0 surfaces.    The poorest quality 

element is probably the microscope objective. 

Small residual errors in the local loop path and the more substantial 

errors in the periscope optics caused some problem when the local loop 

path was used to phase the system with the hope of obtaining a nearly 

diffraction-limited beam at the range target.    The effect of the propagation 

distortions is shown in Fig.   11 where the observed beams in each path are 

compared under conditions of very low turbulence (nighttime    C2 < 
,„-16        -2/3 '     N = 

5x10        cm ).    The fact that there are different distortions in the two 

paths is immediately obvious (one beam is well formed,  the other is not). 

The whole purpose of the local alignment loop was to provide a means 

of propagating a beam down the range which,  in the absence of any turbulence, 

would form a diffraction-limited intensity pattern on the target.    The degrada- 

tion caused by the atmosphere could then be measured as could the improve- 

ment effected by the COAT system.    This distortions shown in Fig.   11 make 

this scheme impractical.    We have, however, devised another way to form a 

nearly diffraction-limited beam at the target.    The technique uses the sample- 

and-hold (S&H) circuitry built into the COAT electronics for use in offset 
pointing. 

The technique usea the COAT system to initially form the beam so that 

all static distortions in the propagation path are removed.    The correction 

signals are then held for a fixed time before a new sample of the propagation 

path is taken to update the correction signals.    Since the convergence time 

of the system is 2 to 4 ms (see Ref.  4 and Section III of this report),  a sample 

time of 10 ms is chosen.    With very low nighttime turbulence conditions, a 

hold time is chosen which is as long as possible consistent with no appreciable 

degradation of the power on target.    The results of such a test are shown in 

Fig..   12 where the power on the target glint is shown for various hold times, 

TH.    A value for T H between 200 ms and 400 ms appears to be the best choice 

and is long enough for even moderate atmospheric turbulence to degrade the 
,2     ,      ..-14       -2/3 beam (only 20 to 30 ms required in strong turbulence - C2 = 1 x 10"14cm 

The comparison between (a) and (b) of Fig.   12 shows the imperfection in the 

S&H circuitry; occasional transients increase the power fluctuations and 
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reduce the average pow?r by 3-10%.    In later sections of this report the 

term "No COAT Correction" will be employed whenever this S&H technique 

is used for phasing the array and "COAT OFF" will be used when the servo 
loop is opened. 

E. Electroni   s 

All of the electronics for the RADC/COAT system were designed and 

built at the Hughes Research Laboratories (HRL),    The total cost of the 

electronics was $20K for parts and $60K for labor,  including design.    Addi- 

tional element control channels would ^ost about $2. 3K parts and labor. 

The functional block diagram of the system in Fig,   13(a) shows that the 

receiver is a single photomultiplier and that the signal conditioning consists 

of a preamp, an AGC, a phase reversal switch, a clipper, and a loop gain 

adjustment.    A loop break switch is also provided for "COAT OFF" opera- 

tion.    The available controls on each channel as shown in Fig.   13(b) include 

various monitor and input points distributed throughout the 5 low-pass filter 

stages.    A photograph of all the all-solid-state electronics including power 

supplies and two different AGC networks is shown in Fig.   14.    Figure 15 is 

a photograph of 3 two-channel control modules which fit in a standard 19 in. 

wide rack panel.    If desired,  it would be a simple matter to significantly 

reduce the size of the control electronics at the expense of some of the 

versatility built into this system.    Most of the test points and controls shown 

in Figs.   13 and 15, for example, were put in only for experimental 
convenience. 

One improvement in the servo electronics would be useful.    The 

multipliers used in the synchronous detectors have sufficient thermal drift 

that substantial dc offsets occur after the dc gain in the low-pass filter.    The 

dc offset is detrimental since it reduces the dynamic range of the correction 

and can even drive the output amplifiers into saturation. 

We attempted to alleviate the offset drift problem by reducing the dc 

gain following the multipliers. *   The decrease in loop gain was then made up 

with ac gain ahead of the multipliers.    This scheme did not work very well 

mainly because of high noise levels in the amplified signal ahead of the mul- 

tipliers which caused clipping of the signal.    Future designs should include 
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Fig. 15.  Photograph of a 6-channel COAT electronics 
panel. The 18-channel system uses three such 
panels. 
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temperature compensation in all of the synchronous detector and low-pass 

filter stages and video level operation wherever possible. 

Since the RADC/ COAT system was built as a research tool and not 

as an operational prototype for a practical COAT system,  we designed a 

great deal of flexibility and versatility into the electronics as well as the 

optics.    Figures 13 and 15 show the numerous test points and controls in the 

system.     The system also has two types of AGC which give comparable per- 
4 

formance.      We have fhe capability of selecting three operating modes for 
2 

the dither frequencies   :   one frequency per channel,  2 channels for each fre- 

quency (sine/cosine), and three channels per frequency (triphase).    The 

phase of each dither frequency can also be independently adjusted.    Only the 

first mode of operation has been experimentally studied in detail using the 

frequencies shown in Table IV although we have demonstrated sine/cosine 

operation with the 18-element system.    Time has not allowed a test of tri- 

phase performance except by computer simulation. 

n 

- 

a 

TABLE IV 

Tagger Frequencies for 18-Channel COAT System 

fl = 8. 2 kHz   1 10 = 20. 8 kHz 

f2 
= 9.6 kHz   i 

11 = 22. 2 kHz 

f3 
s 11.0 kHz   i 

12 = 23.6 kHz 

4 
s 12.4 kHz   J 

13 
t: 25,0 kHz 

f5 = 13.8 kHz   j 14 
= 26.4 kHz 

f6 = 15.2 kHz   1 15 
= 27.8 kHz 

f7 
= 16.6 kHz   i T6 

= 29.2 kHz 

f8 = 18. 0 kHz   1 :17 = 30.6 kHz 

£9 
= 19.4 kHz   i [18 = 32.0 kHz 

T1117 
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The design of the Sfirvo electronics was optimized using a computer 
2   3 of 

simulation. The parameters studied included the number and corner 

frequency locations of high-pass and low-pass filters,  dither frequencies 

and spacings,  minimum signal-to-noisi> ratio,  open loop gain,  and dither 

amplitude.    The final values used include a five-stage low pass filter as 
listed in Tables IV and V. 

The simulation also provided other information about the COAT servo, 

some of which was surprising.    In studying the dither frequencies and rela- 

tive phases,  we found that many channels could be driven with one frequency 

if the relative phases were chosen correctly.    At first,  this result seemed 

to indicate that many channels could be accommodated in a small dither band. 

Further investigation revealed,  however,   that for comparable system per- 

formance no real saving in dither bandw du. results from using more than 2 

channels per dither frequency (sine/cosine); sine/cosine operation gives 

optimum performance for a fixed total dither bandwidth.    We did find, how- 

ever,  that the two channels on one frequency do not have to be exactly 90% 

out of phase,  but could have relative phases from 70° to 110° with no detri- 

ment to the system performance.    The implication is that the servo channels 

can be coupled rather strongly without affecting the performance of the COAT 

system.    This conclusion may take on greater significance in systems which 

have actuator nonlinearities (such as hysteresis4) or mechanical element 
couplings (deformable mirrors). 

■ 

2. 

3. 

4. 

5. 

TABLE V 

COAT Servo Design Values 

Minimum dither frequency spacing, Af = 1.4 kHz.    Smaller Af re- 
quires lower loop gain for stability; lower gain gives slower 
response. 

Low-pass filter:    1 stage at f = 10 Hz, 4 stages at f = 5 kHz. 

High-pass fUter:    1 stage at f = 1 kHz,  1 stage at f = 170 Hz. 

Dither amplitude =   ± 20°. 

Maximum open loop gain = 38 dB. 
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F. Conclusions 

The outstanding feature of the RADC/COAT system is that it works 

beautifully.    Not only does it perform the adaptive phase corrections 

extremely well as shown in earlier reports   '     and discussed later in this 

report,  but it does the job reliably and reproducibly.    To date,  the elec- 

tronics have been 100% reliable,  requiring no servicing or adjustments since 

the first installation in the system (this record includes a shipment from 

HRL. at Malibu to the Hughes GSG propagation range at Fullerton).    The op- 

tics,   including the laser, have a similar record although the laser output 

window requires cleaning about once a month and the phasor matrix requires 

a minor daily alignment to boresight all the elements.    The reliability and 

accuracy of the design and the effectiveness of the system as a research tool 

has been conclusively proved by our experiments.    The conclusions result- 

ing from the experiments performed on this contract and from additional 

planned experiments with the system should lead to valid design guidelines 

and data for future practical COAT systems. 
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III. RANGE MEASUREMENTS 

Measurcniont ol tho port"orinaiu-o ol thr KAIH'   l'lV\ l" svsiciw in 

compensating tor real atmospheru- 'urluili,iKi% is Ihr scioiul ol' llu- llvrn' 

major tasks on this conlracl.    Tin-    irst task was Ihr ilosign,  COLHI rtnl IOI\I 

and laboratory test of the System and .'.•(' Ihirtl task is a h\^U power design 

study to assess key component status and to derive design guidelines for 

turbulence compensation in high energy Laser systems.    The first four tech- 
1-4 nical reports on this contract have covered the first task requirements 

and Task 3 will be discussed in a separate proprietary addendum to this report. 

This chapter presents the results of our 3-1/2 month measurements program 

using the RADC/COAT system on the IOC m outdoor propagation range at the 

Hughes Ground Systems Group (GSG) facility in Fullerton,  California, 

A. Atmospheric Data  —   Range Characterization 

1, In strumentation 

Three instruments have been used to characterize the atmos- 

phere in terms of C*.,  the atmospheric structure constant.    These instru- 

ments are a scintillometer and two differential microthermometers (AT) 

units which are placed at two locations along the propagation path.    The 

scintillometer is an integrated path measure of C,. while a AT measurement 

samples the turbulence at only one point along the propagation path.    The 

rooftop range is very uniform and flat with no  hot air sources such as vents 

or blowers nearby (see Fig,  6) and the periscope has negligible turbulence. 

This fact plus the good agreement between AT units spaced 50 m apart (see 

Fig.   7) means the point measurement should be a? reliable as the integrated 

path measurement. 

The instruments have performed reliably although each one has its 

own peculiar problems.    The AT unit sensors have two probes which use 

3 W tungsten light bulbs with their glass envelopes removed.       Each of these 

probes is connected to one arm of a bridge circuit,  the output of which is 

amplified before the rms value is taken.      Since dR/dT of tungaten is known 

H We are grateful to G, R.  Ochs of NOAA for suggesting this technique. 
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the units are calibrated daily by switching into one arm of the bridge a 

resistance equivalent to a 1. 0   C difference in temperature at the probes. 

A 100 s averaging time is normally used during data collection and a 

0. 1 Hz low frequency cutoff is built into the instrument. 

The light bulbs are inexpensive and convenient tö use.  but they 

become noisy after being used for 2 to 5 days and must be replaced.    The 

noise is apparently caused by oxidation at the contacts.    We have used silver 

paint and conductive epoxy to improve the probe lifetime,  but usually new 

bulbs are required after one week of use.    The light bulb filaments are also 

fairly large (40 to 60 ^m) and thus have long response times whi vh limit 

their frequency response to 30 to 50 Hz.    After discussions with G.R.   Ochs 

of NOAA,  we initially felt this response would be sufficient for measuring 

C_, to get C^..    As discussed in the next section,  however,  the spectrum of 

the turbulence on the rooitop range may exceed 150 Hz.    Any future work 

with these instruments on this kind of range should thus use 2 to 4 fim diam- 
7 

eter, fast response filaments. 

The scintillometer should be the best measure of turbulence along 

the propagation path since it samples almost the identical path as the COAT 

transmitter beam.    We have used a single pass down the 100 m range rather 
4 

than the 200 m double-pass arrangement discussed previously.      This short 
a 

path Length is close to the minimum /alue    for the validity of the theory 
'* 9   10 

which relates C''  to scintillation.    ' The discrepancy between theory and 

what is measured by the instrument at this range can become qaite large if 

the turbulence inner scale size exceeds 1 mm. The 100 m path was 

forced on us,  however,  by vibrations and thermal drift in the retromirror 
4 

mount and in the periscope mirror mounts.      For all our measurements, 

the 0.6328 [am He-Ne scintillometer beam used the same periscope mirrors 

as the COAT transmitter.    The 3 mW He-Ne laser was mounted on an I-beam 

bolted to the building sidewall just behind the target enclosure (see Fig.  6K 

The natural laser divergence of 0.75 mrad was used to produce a beam diam- 

eter of about 8 cm incident on the 1 mm receiver aperture. 
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One other annoying problem with the scintillometer is excessive 60 

cycle pickup and noise in the electronics.    This noise produces an offset in 

the rrns output of the device which depends  on the light level at the detector. 

The amount of the offset is shown in Fig.   16.    An alignment adjustment is 

required two or three times daily to keep the noise level within the noted 

region.    Note that the offset error in C     at the center of the operating region 

is  1 x 10       cm     '     which can be as much as 50% of the minimum value of 

C     observed during low turbulence periods.    11 is also obvious from Fig.   16 

why a larger divergence was not added to the scintillometer laser.    Even a 

factor of two increase in the beam divergence would lower the power at the 

detector by a factor of four and increase the offset error in C     to 6 x 10 
-1/3 N 

cm .    For reference purposes,  the log-amp output voltage for zero light 

onto the scintillometer detector is -11.2 V. 

2. Measurements 

The value of C     was computed from the rms temperature fluc- 

tuations measured with the AT units using the following relationship     : 

'N ^^WT)2>!/2 

ave (3) 

■ 

where r   is the spacing of the two probes,  P is the atmospheric pressure in 

millibars,   T is the ambient temperature in    K, X  is the optical wavelength of 
2   1 /2 

interest,  and<(AT) >  '      is the rms temperature difference between the 
ci V c 

probes.     For our values of   \   = 0.6328 [im and r = 10 cm. 

CN = 1.703 x 10' 

(*) 
(AT) cm 

rms 
1/3 

(4) 

Both the pressure and temperature were recorded continuously on a drum 

recorder. 

The value of C^ determined from scintillation measurements is cal- 

culated using the expression 
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N 

C( (0) 
C^O) 

C,(0) 

0.124 k  ' v   R 7/6 „11/6 (5) 

where R is the range from source to receiver and k = ZTX/K .    The quantity 

C. (0)/C. (0) is a correction factor for finite apertures calculated by Fried 
13 and Seidman. 

The quantity Cp(0) is known as the log-amplitude variance and is 
defined as 

C^O) =  < |ln(E) - <ln(E)>|2> (6) 

where E is the time-varying received light amplitude (square root of irradi- 
1/2 

ance,  E = I       ) and the brackets,   < >,  denote a time average.    Assuming a 

log-normal d;stribution of irradiance,  eq,   (6) can be written as 

C^O) = l/4<[lnl - <lnl>]2>    . (7) 

When the circuit shown in Fig.   17 is used,  the output of the true rms unit is 

V rms 2.303 < Inl :ini>]2> 
1/2 

(8) 

For our 100 m range and 0.62 mm beam diameter at \   = 0.6328 fjm, 

Cl{0)/Ct(0) = 0.95,   so that combining eqs.   (5),   (7),  and (8) gives 

(M 

N 1.97xlO"13V2        cm'2/3 

rms (9) 

A typical 24 hour data record of all three atmospheric instruments is 

shown in Fig.   18.    All three instruments use a 100 s averaging time and have 

a 0. 1 Hz low frequency cutoff.    Also illustrated in Fig.   18 is the air temper- 

ature for the same period showing the strong correlation between C2 and 

temperature.    The correlation between the two T units for these data is 

shown in Fig.   7 and Fig.   19 illustrates the correlation between the AT units 

and the scintillometer.    The correlation coefficient p      was defined in 
xy 

Section II,  eq.   (1).       Since there is no a priori reason for choosing one   aT 
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unit over the other,   the. combined data in Fig.   19(c) ar     taken as the most 

representative.    The agreement between the instruments is very good al- 

though the  slope of the  filled oirves  in  Fig.    I')  is  nol   fully  imderslood (see 

discussion below). 

The qualitative  behavior of CJ^ is the same as observed by others. 

The particular features to note are as follows: 

1. Peak in Cj^ near mid-day when the sun is r^erhead 
(largest heat transfer to roof). 

2 
2. Minimum in C^. just after sunset and just after sun- 

rise (heat transfer direction reverses,   effect most 
pronounced in AT values). 

3. Low levels of turbulence at night,  but reasonably 
large fluctuations in Cr.. 

We have also noticed that the turbulence level measured by both the 

AT and scintillometer units is very sensitive to cloud cover.    If a cloud 
2 

obscures the sun,  the measured value of C     will drop by nearly a factor of 

2 in  10 to 15 min. 

The slope of the straight line fit in Fig.   19(c) should ideally be unity 

if the AT and scintillometer units are really measuring the same thing. 

Dowling and Livingston       have reported results similar to ours although 

their fitted line has a slope of only 1. 14 compared with the 1.45 slope in 

Fig.   19.    (This slope has been observed by us to vary from 1.02 to 1.70 

depending on the day and the location of the AT unit. )    Dowling and 

Livingston speculate that the higher optical C     could be caused by several 

sources,  individually or collectively.    These sources are: 

1. Integral-path versus point-measurement statistics, 
i.e. ,  inherent differences in the statistics of what 
the scintillometer measures and what the AT unit 
senses. 

2. Contributions from humidity which affect C   (opt) 
but not CN (thermal). N 

3. Variations of the turbulence inner scale size, I   . 
o 

To these we would add the following. 

4. Path inhomogen iities (temperature ,  wind,   speed, 
and wind direction). 
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5. Response time of the instruments causing the 
scintillomcter and AT units to measure different 
power spectra. 

Items (1) and (4) are related in that they arc both deficiencies in a 

point measurement versus an integrated path measurement.    Item   (1)    how- 
ever,  is a fundamental limitation while item (4) is a function of the weither 

condition and the range geometry.    Humidity (item (2)) could have affected 

our readings since on a typical sunny day (18 June,   e.g.),  the humidity 

varied from 30% dming the day to 70% at night.    The  nature and magnitude 

of the effect humidity has on CN measurements is still unclear,  however. 

Variations of the turbulence inner scale could have an important 

effect on the scintillometer readings on our short range.    The Fresnel   zone 

size is df = (X R) = 0. 7 cm which is not much larger than the 0. 1 cm 

receiver aperture.     The short range will tend to decrease the value of C 

determined from the scintillation.    Livingston11 has shown that for a 100^ 

range,  the inner scale must be less than 1. 2 mm if the observed scintillation 

is to agree within 90% of Tartaski's predictions.    The usual choice for t    in 

well developed turbulence is 1 mm which will give 92% agreement with   0 

Tartaski for a 100 m range.    Since we have no measure of t   , all we can 

say is that the effect of larger ^ will be to decrease the value of C     as 

determined from scintillation measurements.    Any correction for this 

decrease would further increase the slope of the straight line in Fig.   19. 

As noted earlier,  the response time of the AT units is only 30 to ' 

50 H*.    The scintillometer.  however,  is limited only by the photodetector 

and log-amp frequency response and can easily measure variations at 

rates up to 1 to 2 kHz.    Our initial supposition of the atmospheric fluctuation 

spectrum being less than 50 Hz appears to be contradicted by some of our 

measurements.    Figure 20 shows the frequency spectra of both the tempera- 

ture difference.  AT.  measured by one of the microthermometer units and 
the high-pass filtered output of the scintillometer log-amp: 

1   + ac 
xdc 

«0.868 ac 

Mc 
Logamp voltage (filtered) = V„ = 2 los 

S b10 

for small I^/l^.    The total output of the scintillomete/detector J 

h - 'ac + ldc     The scintillometer is clearly measuring turbulence frequency 
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components out to much higher frequencies than the AT unit.    In t'ac:,  the 

roll-off of the AT spectrum is very likely Just the response of the probes. 

The larger spectrum of fluctuations present in the seinlillomcter eouKl 

account in part for the higher optical C.   values. 

It is important to consider saturation effects when using a scintillom- 

eter to measure CN.    A measure of the scintillation amplitude variance is 
the quantity 

rf   =4^11/6 (10) 

where k = ZTT/K   is the optical wave number and R is the range.    It has been 
15-17 .,    .  ,        2> observed experimentally' that for o-   ,^1,  the amplitude fluctuations do 

not increase with increasing path length,  R,   or with increasing turbulence 

strength; i.e. ,  the scintillation saturates.    Thus C^  values found from 

scintillometer measuremer cs corresponding to cr    on the order of unity may 

be in error.    For our 100 m range and 0.6328 [an scintillometer source, 

the condition cr^ > 1 corresponds to cj^ ~ 7 x 10'14 cm"   /3.    Occasionally 

we have observed values of CN(opt) as large as this for about one hour a day. 

It is interesting to note, however    that we have also observed scintillometer 

values of CN as large as 1 x 10'13 cm'2/3.    A true limiting type of satura- 

tion apparently did not occur during our measurements,  but the values of 

C    will be suspect above about 7 x 10        cm-2'3, N 

3. Analysis 

It will be useful when interpreting some of the COAT system 

performance results to know the atmospheric correlation length,  p ,    This 

length is defined as the distance perpendicular to the beam path over which 

index fluctuations are correlated.    The reciprocal of p   is also a measure 

of the highest significant spatial frequency present in the index fluctuations. 

In order for the COAT system to adequately correct for the fuctuations,  the 

turbulence must not have spatial frequencies which are comparable to the 

size of an element in the COAT transmitter.    In other words, if the atmos- 

phere is worse than a sixth-wave across an element,  then there will be some 

beam degradation that even a perfect COAT system cannot remove (except 

by reducing the element size).    On the other hand, if the atmosphere is a 
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sixth-wave or better across the entire transmitter aperture,  the COAT 

system has almost nothing to correct for except residual static errors in 

the optics.    These requirements can be stated mathematically as 

1 

I ' c t« 
(11 

whore  D     is the transmitter diameter and D    is the element diameter. 
T 0 2 

The correlation length can be calculated from CT   using the following r^ 
relations   : 

K^y = 2.91  C,  k2RcJTp
5^3 

ave 1 N  c 
12) 

& 

where k is the optical wave number of interest,   R is the propagation dis- 

tance,  and <(})   > is the rms phase fluctuation across the aperture.    The 

constant C.  is equal to 1 for plane waves and to 3/8 for spherical waves.     ' 

Noting that <(b   > ä   1 for l/6 wave fluctuations and assuming spherical 0 ave 
wave propagation for our  100 m range and   X = 0.488 r 

X2 WS 
p     =0. 1051 

.c      7   -3/5 
= 2.79x 10      (O   V0 

RC 
N' 

cm (13) 

N> 

Equation (13) is plotted in Fig,     i.    Also indicated in the figure are 

the element and transmitter diam^     rs used for most of our measurements. 

Clearly the 3 mm element diarr   ..er is sufficient to meet the requirement 

p    >   D    for all but the highes,, turbulence measurement conditions.    For 

CM~ 3 x 10"      cm"   '    ,  however,  the turbulence distortions will be negligi- 

ble on a 1.5 cm diametev beam so minimal COAT corrections are required. 

Much of the long range interest in COAT is for turbulence compensa- 

tion at the infrared wavelengths 3.8 ^m and 10.6 fim.    It is appropriate, 

therefore,  to ask how the range,  turbulence, and aperture sizes used in our 

measurements scale to 3,8 |j.m and 10,6 \ixn cases. 

The scaling rules for turbulence were discussed in the proposal for 

this contract. The requirements are that the Fresnel number,  a^,,  of the 

propagating beam and the scintillation parameter,  a    ,  be held constant. 

These two parameters are defined in the following way: 
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Fig.   21 as   a   func Atmospheric   correlation   length, 
tion   of   CN   for   conditions   appropriate   to   the 
RADC/COAT   range  measurements   (eg.   (13)). 

•„:. 
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V  =  -R1 (14) 

a      =   C^k^R11/6    . (15) 
s N 

2 2 
The requirement previously stated in eq.   (11) can be written a3 pd >   De = 

(D   /N)    where N is the number of element diameters across tne transmit 

aperture.    Using eqs.   (13) through (15) to state this requirement in terms 

of <!„ and a    gives 
r S 

14   0   a6/5<   1    . (16) 
N2       F   S 

This result is identical to the result in Ref.   20 except for the constant.    Note 

that for all other conditions fixed,  eq.   (16) sets a minimum number of ele- 

ments across the transmitter diameter for effective COAT operation. 

Table VI presents the scaling of our visible wavelength experiment to 
2-14 

two different ranges at 10.6 |i.m and 3.8 \ixn.    The value CN = 4 x 10 is 

taken as representativs for the high turbulence data to be discussed later in 

this report.    Note from Fig.   21 that for this level of turbulence,   pc,  is 

nearly equal to the element size used in our experiments.    The experimental 

system will not be able to fully compensate for the distortions present at 

higher levels of turbulence unless the transmitter diameter is reduced or 

the number of elements across the transmit aperture is increased, 

B. Single Glint Measurements 

Except where otherwise noted,  all of the range measurements dis- 

cussed in this report were made using an 18-element,   15 mm diameter 

transmitted beam.    The near-field pattern of this beam has dark lines in it 

corresponding to element diffraction as shown in   Fig.   22.    The intensity 

distribution across this aperture has a gaussian taper which falls to 50% of 
4 

the center peak value at the outer edge of the transmit aperture, 

A limited number of measurements were made using 7. 5 mm diam- 

eter and 30 mm diameter beams.    Before each measurement was made, the 

alignment of each of the 18 elements was checked to ensure that all elements 

were    entered on a common boresight axis.    This alignment was 
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Fig. 22 Near-field phasor matrix outputs showing the 18- 
element array output (right) and the input beam 
after the array pattern and alignment marks are 
removed (1 eft). 
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accomplished by centering each element pattern on a target glint down 

range.    Except where otherwise noted,  the servo loop gain was set approxi- 

matoly   ? dB below the oscillation point. 

1 • Convt'i-geiu-e Pe rlo rmaiu-t- 

S-veral techniques were used to measure Lho COAT syKlem's 

ability to form a diffraction-limited beam.    First, a computer simulation2"4 

which models the experimental hardware has shown that the system should 

converge the beam on a single glint to within 95% of the diffraction limit 

(1. 03 x diffraction-limited); the 5% loss is caused by the ± 20° of dither. 3 

Figure 23 compares the computer-generated boresight beam pattern to the 

experimentally observed beam pattern.    The intensity contours are 1.5 dB 

apart in Fig.   23.    A similar comparison is shown in Fig. 2 4 for the glint 

displaced from the boresight axis.    Qualitatively,  the experimental and 

theoretical patterns are the same.    Quantitatively,  however,  they are not 
identical. 

The simulation predicts nearly diffraction-limited performance. 

That is,  the COAT-formed beam has a peak, intensity which is nearly 18 

times larger than that which would result from coherent addition of 18 ran- 

domly phased elements.    Mathematically, this comparison can be expressed 
as 

R    _      ^COAT-formed beam 
18 '  (17) 

1 
m = l 

m 

where^I is the light irradiance (power density) and Im is the irradiance of 

the m     element.    For a diffraction-limited beam. R = R    =18; the computer 

simulation predicts R = 17. 1.    A convenient measure of Convergence is to 
compare R to R   : 

o 

N2= -2 N R 
11 
R (18) 

The quantity N is thus a measure of the factor by which the COAT-formed 

beam quality exceeds the diffraction limit (N = 1. 03' for the computer 
simulation). 
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COMPUTER SIMULATION 

EXPERIMENT 

Fig.   23. 
Experimental   and   theoretical   COAT- 
formed   beam   for  a   single  glint  on 
boresight. 
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COMPUTER SIMULATION 

EXPERIMENT 

Fig. 24. 
f^rimunta and theoret1cal COAT- 
formed beam for a single glint off 
the boreslght axis.     9 
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The quantity- N has been measured for three experimental cases: 

(1) laboratory convergence,   no turbulence,   (2) range convergence,   low tur- 

bulence,  (3) range convergence,  high turbulence.    In each case,  the time- 

avoraged power on a borcsight glint (20  s averaging time) was measured for 

each individual element, and then for the COAT-converged 18-clcment beam. 

The summary presented in Table VII shows that the system works well, 

but not perfectly. 

A second way to measure convergence is to compare the power on 

the glint for "COAT on" and "COAT off" (open loop) conditions.    The "COAT 

off" condition should represent a randomly phased array.     This type of test 

has produced on/off ratios ranging between 11 and 15 for various levels of 

turbulence.    If we assume "COAT off" corresponds to a randomly phased 

array and that 18 is the ideal ratio for a diffraction-limited beam compared 

with a randomly phased array,  then the observations are equivalent to 

values of N ranging from 1. 26 to 1. 10.    These values are consistent with those 

in Table VII.    It is not clear why there should be any disagreement between 

simulation and experiment on final convergence level,  but we feel that the 

following factors contribute to the larger experimental F values: 

1. Unequal channel loop gains resulting in a net system 
gain below optimum. 

2. Elemental beam steering caused by the bimorph 
phase shifters.    The element patterns do not 
remain boresighted as the dc correction voltage 
level changes. 

3. Elemental beam steering caused by strong turbu- 
lence so that all elements do not share a common 
boresight axis at all times. 

Item (1) has the least effect, degrading the system performance to no more 

than about N = 1. 05 from the theoretical simulation maximum of N = 1. 03. 

This conclusion is b^scd on an observed 20% variation in open loop gain 

between some channels.    The second and third causes have quite different 

origins,  but produce the same effect.    If the combined effect of (2) and (3) 

is an rms steering of only l/6 of an element null-null beamwidth,  the result 

is a reduction in the peak intensity by 0. 71 which when combined with the 

pain and dither reduction of 0.9 gives a total reduction of 0,64,    This is 
equivalent to N = 1.25. 
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TABLE VII 

RADC/COAT Convergence Performance 

Date Measurement Conditions N(cq.    IK) 

3/18/74 Laboratory,  no turbulence 1. 14 

8/6/74 Range,  low turoulence,  C^   = 4 x 10         cm"2'3 
1.30 

6/18/74 Range,  high turbulence,  C^   = 2 x 10'14 cm'2/3 1.22 

T1401 

We have observed element beam steering of up to one-half of an ele- 

ment null-null beamwidth for dc voltage changes of 125 V.    Under high tur- 

bulence conditions,  peak-peak voltage swings of 40 V have been seen which 

could produce l/6 of an element width steering.    Atmospheric element beam 

steering of l/3 of an element width has also been seen for heavy turbulence 
14 •2/3 

(C     > 3 x 10 cm     ,   ).   Although not conclusive,  these numbe.s give us 

confidence in attributing at least part of the nonideal performance shown in 

Table VII to the three causes l.'sted above.    More detailed investigation as 

well as some improvements in th«? hardware wiL be necessary before the 

precise cause of the discrepancy can be found and eliminated. 

One other measure of convergence performance is the a7 ray beam- 

width compared with the element beamwidth.    Figure 25 presents this type 
16 2/3, of comparison for very low turbulence (CN(opt) ~ 2.6 x '.0'       cm     '    ).    The 

observed ratio of element-to-array FWHM is 5. 1 ±  0,4 compared with a 

theoretical maxiirum cf 5. 0.    The 10% uncertainty in the ratio is caused by 

the difficulty in accurately determining the element beamwidth from data like 

that in Fig.   25.    This apparently ideal beamwidth is also consistent with 
3 4 earlier measurements using 6 and 18 element arrays.   ' 

Comparable performance to that shown in Fig.   25 has also been 

observed under very high turbulence conditions.    Figure 26 shows a COAT 

on/COAT off picture pair of CN(opt)   » 6. 1 x 10'    * cm'  /    as measured by 

the scintillometer.    The horizontal scale is the same in Figs.   25 and 26, 

so Fig.   26(b) can be compared with Fig.   25(a) to give a ratio of the FWHM 

beamwidths of 5.4 ± 0.4.    The COAT-formed beamwidth is thus equal to the 

diffraction-limited beamwidth within our experimental error. 
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3489-94 

FWHM = 2.8 ±0.2 

(0) 

5489-99 

FWHM - 0.55 

(b) 

6 AUGUST 1974 
2340 h 

Fig. 25. 
Comparison of (a) element full width at 
half-maximum (FWHM) to (b) the formed 18- 
element FWHM.  Ratio is 5.1 ± 0.3. 
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21 JUNE 
1430 h 

974 

Fig.   26. ] 
COAT convergence in high turbulence 
/1?ur!.£on*a.ins.t!1ree traces, 30 ms 

compared 
ratio of 

COAT off.  (b) COAT on; array 
to element 
5.4 ± 0.4. 

Each 
apart, 

beamwidth 
width in Fig. 25(a) gives 
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The data presented above have answered the question of how well 

this RADC/COAT system performs compared with a theoretically ideal 

system.     The formed beam has a diffraction-limited width,  and roughly 60% 

of the diffraction limited peak intensity.    The 60% number appears to be a 

hardware rather than a fundamental limitation since our computer simula- 

tions  show convergence to 95% of the diffraction limit.    We have not,   how- 

ever,  addressed the question of what the beam quality would be with no 

COAT system but with high quality optics.    Once we answer this question, 

then the amount of turbulence compensation effected by the COAT system 

can be determined.    The technique for making this type of comparison using 

the sample-and-hold circuitry was discussed in Section II-D-2. 

Figure 27 and Table VIII summarize the results of our measurements 
16 •2/3. of turbulence compensation for very low (C-Jopt) = 1 x 10 cm     '    ) and 

very high (CN(opt) = 5. 8 x 10 cm     '    ) turbulence conditions using the 

sample-and-hold circuitry.    The strong atmospheric turbulence degrades 

the heam by a factor of 6. 7 and the COAT system effects a factor of 2. 85 

improvement.    The remaining factor of 2. 35 for which this COAT system 

cannot correct can be explained by two factors.    First,  Fig.   21 indicates 

that the turbulence level is so high that the coherence length is not larger 

than the transmitter element diameter.    Thus there are distortions present 

which require smaller element 3izes to correct.    Second, there are large 

flunnations (± 50% of the average glint power) which are caused by steering 

of the entire beam as well as by steering of the individual elements.    Addi- 

tional evidence of this steering will be presented later, but the fact that the 

peaks in Fig.   27(c) are equ 1 to the peaks in Fig.  27(a) is one indication of 

steering.    A COAT system which has servo channels to correct for gross 

beam steering should significantly reduce the glint power fluctuations while 

increasing the average power on the glint. 

2. Convergence Time, T a c 
4 

The previous contract report    quoted single glint convergence 

times of 3 to 5 ms and speculated on problems with loop gain as the cause of 
3 

the increase in T    over previously reported values    of 1 to 2 ms.    The reso- 

lution of the problem is shown in Fig.   28 where the glint detector output 

voltage and the photomultiplier (PMT) output voltage are shown for a single 
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S4M-«9 3489-70 

ZERO- 

fvmifty^ 

COAT   ON 

Pg = 3.15 

(Q) 30   JULY  1974 

0030 h 

C2
M(0PT) = 1.0 x IO-|6cm-2/3 

NO   COAT   CORRECTION 

Pg = 2.85 

lb) 

3489-7I 3489-72 

COAT   ON NO   COAT   CORRECTION 
Pg = 1.34 Pg = 0.47 

(c) 30   JULY   1974 (d) 

1400 h 

C2
N (OPT) = 5.9 xlO"14 cm"2/5 

Fig. 27.  Power on glint with and without COAT correction.  The 
large positive and negative periodic spikes are 
microwave radar interference.  The total transmitted 
power is the same for all four cases. 

69 

riM 



J489-9I 

v     a p VPMT  " "GLINT 

Fig.  28. 
COAT convergence time showing PMT voltage and 
power on the downrange glint. Note the slower 
response of the glint signal. 
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loop closing.    The scope traces begin when the servo loop is closed.    The 

PMT signal rises to .ts maximum value in 1. 5 to 2.0 ms while the glint 

signal takes 3. 5 to 5.0 ms to reach its maximum.    Tho fluctuations in the 

glint power after convergence are caused by heavy turbulence and are dis- 

cussed further in Section II-B-4. 

The glint detector/line driver combination used in our measurements 

does not have sufficient frequency response to follow the rapid increase in 

glint power during convergence after the servo loop is closed.    Recent mea- 

surements have shown that the glint detector/amplifier combination has a 

simple RC rolloff with a -3 dB voltage corner frequency of 160 Hz.    The 

effect of this low frequency response on measured values of T    is illustrated 
c 

in Fig.   29.    The simulation-produced convergence runs (servo simulation 

only) are for optimum loop gain and for two different power-on-glint detec- 

tor time constants:    100 kHz and 160 Hz.    The effect of the 160 Hz corner is 

obvious,  increasing the apparent value of T    to 4. 8 ms from the actual value 

of 2. 0 ms.    The agreement between the 160 Hz theoretical curve and the 

measured experimental convergence time (low turbulence) is quite good, 

qualitatively and quantitativel/.    Figure 30 shows 5 consecutive loop clos- 

ings under conditions identical to Fig.   29(b) to illustrate the 20 to 40% fluc- 

tuations in the observed values of T    from run to run. c 

TABLE VIII 

COAT Turbulence Compensation Performance 

  
Experimental Condition 

(Arbitrary Units) UPg). Low Turbulence)/P J/    g 

Low turbulence,   COAT on 3. 15 1.00 

Low turbulence,  no COAT correction 2.85 1. 10 

High turbulence,   COAT on 1. 34 2. 35 Ratio = 2. 85 

High turbulence,  no COAT correction 0.47 6.70 = COAT correction 
factor 

T1462 
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3489-76 

7 AUGUST 1974 
0045 h 

CN(OPT): 4.2« I0'l6cm 2/J 

Fig.   30. 
Five consecutive loop closings showing the 
variations in convergence time T. The 
actual TC is less 
Figs. 29 and 31) 

than that indicated (see 
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Unfortunate .y,  all of our convergence time measurements were 

made with the slow glint detectors.    Results similar to Fig.   29,  however, 

can be used to convert the observed values of T    to the actual system per- 

formance.     The solid points in Fig.   31 were found using the COAT servo 

simulation and a  160 Hz corner on the glint power detector response; the 

curves are smooth lines drawn through these points.    Curves for two differ- 

ent definitions of rise time are shown. 

Numerous results similar to those shown in Figs.   29 and 30 indicate 

that with near optimum gain settings,  the system ha." a convergence plus 

setting time (initial level to final level) of 1, 5 to 3. It ms for all levels of 

turbulence.    Our data indicate that the strength of turbulence has no sigiJfi- 

cant effect on convergence time.    The results also provide a strong verifica- 

tion of the accuracy of the computer simulation and verify the servo design 

produced by using this simulation. 

Two interesting features of the fast detector convergence process 

shown in Fig.   29 are the sharp rise and nearly constant convergence rate 

once convergence begins,  and the almost-square corner when the maximum 

convergence level is reached.    There is no overshoot and little slowing of 

the convergence process as the maximum level is approached.    This is not 

too surprising a result since the effective incremental loop gain increases as 

the convergence process proceeds and is maximum at maximum convergence. 

3, Convergence Stability 

The computer simulation run r' own in Fig.   29 shows excellent 

stability of the glint power after convergence.    This stability was one of the 

design criteria used in arriving at the final servo parameters.    The small 

residual fluctuations in power are caused by the dithers.    The simulation 

does not have any atmospheric effects, however,  and if these effects include 

beam and element steering,  the fluctuations can be increased significantly. 

In a previous section we have attributed part of the COAT system's 

departure from diffraction-limited performance to beam steering effects. 

Figure 27 shows the great difference in fluctuations observed under high and 

low turbulence conditions.    In Fig.   27(a),  the fluctuations are ±10% of the 

average value or only 20% peak-to-peak.    In Fig.   27(c), however, the fluc- 

tuations are comparable to the average level:    +100%,   -7 5% of the average 
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caused by slow (i 1 int detector response (160 
Hz -3 dB volt.nie corner frequency).  Two dif- 
ferent definitions for  , are shown. 
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value or peak-peak fluctuations 1.75 times the average value. We attribute 

these fluctuations to atmospheric disturbances which cannot be compensated 

for by only a stepwise phase correction across the transmitter aperture. 

Figure 32 shows another example of the fluctuations observed on a 

faster time scale under high and low turbulence conditions.    The surprising 

feature in these data is the rapidity of the fluctuations.    The factor of 2 fluc- 

tuations occur in as little as 10 ms which is comparable to the system con- 

vergence time of 2 to 3 ms.    If the power fluctuations are indeed caused by 

overall beam steering,  they could be reduced by using xy microslewing 

mirrors controlled by COAT servo loops.    The response time of these loops 

would need to be on the order cf 100 Hz for complete correction,  but sub- 

stantial improvement could be obtained with only 20 to 40 Hz response.    This 
21 conclusion is consistent with the results of Chase       who considered the 

improvement for a heterodyne system when tracking is employed. 

As Chase points out,  a first order estimate of the tracking bandwidth 

can be found by assuming the steering is caused by a wind blowing large 

scale eddies across the beam.    Since overall beam steering will be produced 

by eddies larger than the transmitter diameter,   the required tracking band- 

width in Hertz, is 

Af > V 
TTD. (19) 

wlerr V is the transverse wind velocity and D     is the transmitter diameter. 

There is a maximum useful value of Af,  however,  given by 

(Af) 
max (20) 

where t    is the turbulence inner scale.    Bandwidths larger than (Af) will 0 o »     'max 
have little effect since there are almost no turbulence-induced index fluctua- 

tions with scales smaller than f   .    A typical value for the wine during our 

tests is 2 m/s.    For this wind with a 1. 5 cm diameter transmitter,  eq.   (19) 

gives Af^   40 Hz.     This value is in reasonable agreement with our conclu- 

sions based on the results in Fig.   32. 

It is apparent from eq.   (19) that increasing D     will reduce the band- 

width requirements on the tracking system.    If a slewing beam is used. 
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ry^V^/A^' 
a) 

20 JUNE 1974 

0020 h 

d. (OPT) =2 OxlO"'9cm-2/3 

N 

lb) 

50 ms 

3489-74 

lb JUNE 1974 

1240 h 

C^, (OPT) =6.1 xl0"^cnrz/s 

N 

(O 

A 
V^V7V     > 

18 JULY 1974 

1245 h 

C^(0PT)--4.2xl0-,4cm-z/3 

20 ms 

Fig. 32.  Fluctuations in the power on a single bore- 
sight glint for various turbulence ccrHi- 
tions. 
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however,  the effective value of V can be much larger than the wind speed. 

The net result of all these considerations is that a tracking system to com- 

pensate for turbulence beam steering will need a bandwidth on the order of 

50 Hz if it is to be effective under all possible conditions, 

Two tests were  run to try to measure the extent of beam  steering. 

First,  the transmit aperture fize was halved from 1 5 to 7. 5 mm usin^ a 

reducing telescope.    This change should reduce the effects of atmospheric 

phase distortions vhile leaving the steering fluctuations essentially 

unchanged.    The results of this test are illustrated in Fig.   33.    For the 

smaller transmitter,  the reduction in the average glint power,  P      is less 

for stronger turbulence.    The ratio of the peak-to-peak fluctuations to the 

average power are comparable for both apertures with slightly smaller fluc- 

tuations for the smaller aperture (notice the different vertical scales in the 

figures).    Video observations of the beam intensity confirm this conclusion: 

for "no COAT correction" with the smaller aperture,  the atmosphere affects 

the beam formation much less,  but. the steering of the beam is not signifi- 

cantly reduced. 
The second test was to look at the steering of two individual element 

patterns.    Two horizontal elements (numbers 7 and 13) on opposite sides of 

the outer ring of elements were selected and steered apart vertically so they 

were separated by about I. 5 times the element null-null beamwidth.    This 

arrangement allowed sampling of both horizontal and vertical steering 

effects.    A glint detector was centered on each element pattern to record the 

power fluctuations and the patterns were observed with the target TV 

camera.    Figure 34 schematically illustrates the test.    If the elements move 

together (correlated motion), then the fluctuations in the difference of the 

irradiance seen by each detector should be less than the sum of the fluctua- 

tions on each detector and the frequency spectrum of the different fluctua- 

tions should have a lower amplitude than the spectrum of the individual detec- 

tor outputs.    For completely uncorrelated element steering, the spectrum of 

the difference should be the same as that of the individual detector outputs 

and the peak-peak difference fluctuations will equal the sum of the peak-peak 

fluctuations out of each detector. 
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TARGET   PLANE   AS  SEEN BY TV CAMERA 
J48S-77 

DETECTOR S ELEMENT NO. 7 
INTENSITY 
PATTERN 

S ELEMENT NO. 13 
INTENSITY 
PATTtLRN 

DETECTOR ^        V y 
/ 

Fig. 34.  Schematic of test setup using two element pat- 
terms to measure beam steering effects. 
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The results of this test are shown in Figs.   35 and 36 for low and 

high turbulence conditions.    Illustrated in Fig.   35 is the power on each 

glint and the difference between these powers.    Again,  note the different 

vertical scaL-s in the high and low turbulence cases.     The frequency spec- 

trum of one detector output,  P7,  and the difference,   (P.,  - P^).  is shown in 
Fig.   36. 

A naiv   -nterpretation of the data in Fig.   36 will lead to a conclusion 

that the element steering u completely uncorrelated for both high and low 

turbulence since the differ  nee and single element spectra are nearly identi- 

cal.    This would be surprising since only large scale turbulence eddies are 

expected at low turbulence levels.    A straightforward analysis shows,   how- 

ever,  that the two detectors must be centered on identical portions of the 

element patterns if the difference spectrum is to differ from the individual 

element spectrum.    This alignment is very difficult to accomplish and main- 

tain so no firm conclusions can be based on comparing the nature of the ele- 

ment and element-difference spectra.    Notice in Fig.   36(a), cowever, that 

below 50 Hz the element spectrum is somewhat larger than the difference 

spectrum as expected.    One thing that can be concluded from the data in 

Fig.   36 is that the steering fluctuations are larger by a factoi cf 2 to 4 and 

contain much higher frequencies in high turbulence. 

We have also recorded the element pattern motions on video tape. 

Although the video data is very qualitaa/e,  wc conclude that for low turbu- 

lence the steering of the two elements is almost fully correlated but is only 

partially correlated in high turbulence.    That is,  in high turbulence both 

correlated and uncorrelated motion can be seen.    In addition, the element 

patterns do not appear io break up into "patches" or "blobs" while they are 

being steered.    These observations give us con^dence that we have done the 

wavelength scaling (10.6 \xm to visible) properb .    That is, for high tur- 

bulence there is very little correlation between elements across the trans- 

mit aperture,  but only small phase fluctuations across each element.    This 

conclusion also agrees well with the atmospheric correlation lengths plotted 
in Fig.   21. 

The data presented above lead us to conclude chat for turbulence 

compensation it is desirable to include xy-pointing control as part of the 

COAT servo system.    It appears that in high tvrbulence up to a factor of 2 
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FREQUENCY, Hz 
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600 

3489-68 

Fig.   36 

400 
FREQUENCY, Hz 

(b) 

600 

Frequency spectra of irradiance fluctuations 
shown in Fig. 35. Spectrum for one element, 
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is shown.  (a) Low turbulence.  (b) Hi 
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improvement in power density over pure phase control can be obtained by 

adding servo-controlled pointing.    It is also true that xy-pointing will 

increase the power densi'y on the  strongest glint,   whether stationary or 

moving,   by slooring the boresight axtH onto llu« glint.    This lochniqut' hau 

previously been  referred to as "aulobla/.ing. " 

4. Frequency Spectra 

In any evaluation of a COAT system's performance,  it is 

important to know the power spectra of such quantities as the applied error 

signals,  the received signal returns from the target,  and the power on the 

glint.    All of these parameters have been recorded simultaneously under 

both high and low turbulence conditions using a multichannel recorder. 

Table IX lists the parameters recorded during each data run.    A typical run 

lasted 10 min and a total of 11 data runs were made under various condi- 

tions.    Ai FM recorder was used so that frequencies near zero could be 

recorded,  but  only the glint power and photomultiplier signal were dc 

coupled.    The other signals had large dc offsets and so were coupled through 

high-pass filters and sometimes through attenuators to prevent overloading 

the FM recorder input. 

One of the first questions asked about COAT systems is "what are the 

magnitudes of the corrections applied?" Figure 37 shows the correction sig- 

nal applied to one bimorph phase shifter under very high turbulence condi- 

tions. The calibration for all our data is 11. 9 of phase shift per volt; that 

is, a correction voltage of one volt corresponds to an optical phase shift of 

11.9°. The peak-to-peak voltage change in Fig. 37 is rrughly 40 V corre- 

sponding l '6 or I. 32 wavelengths of phase shift at 0. 488 pm. This is a 

large phase shift, but it is typical of the variations observed in heavy turbu- 

lence. Note that the largest phase change takes about 100 ms and :.hat the 

measured correction signal has been dc coupled to .he scope. When using 

ac coupling, such large changes are not observed. Faster phase variations 

on the order of 10 to 50 ms are a factor of 2 to 10 lower in amplitude. This 

fact is further illustrated in the spectra preäeaced below. 

a. Phase Error Signals   —   The time-correlated signals 

listed in items A through D of Table IX are shown in Fig.   38 for low turbu- 

lence and in Fig.   39 for high turbulence.    The complete 18-element system 
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595° 
PHASE CHANGE 

|^— 100 ms 

Fig. 37.  Control voltage on channel 12 for high 
turbulence: 18 June 1974, 1200 h.  C^(opt) 
= 5.3 x 1 0" ' ^ cnrw J . " 
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4.e V=54.7C 

27 JUNE 1974 
0030 h 

C^l.0xl0"'scm"2/5 

3489-90 

GLINT VOLTAGE 

PMT VOLTAGE 

3489-51 

CHANNEL 3 

CHANNEL 6 

V^«vv#^Mr^¥^• 

3489-52 

CHANNEL 7 

..   ilJtb (VW*wA*^vvv^ CHANNEL 12 

(c) 3489-53 

^^V^^V^VH/^ CHANNEL 13 

v^^v^^HV^^ CHANNEL 15 

-►j     |<-50 ms 
(d) 

F1g.   38.     Simultaneous,   time-synchronized data 
from indicated  sources.     Low turbulence, 
27  June   1974,   0030  h.     c8(opt)   -   1   x 
lO"15  cm"2/3. 
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4.6 V  = 54.7 

(o) 

27   JUNE   1974 

li'OO h 

C7
N: 4.4 « I0"14 cm-2/3 

3409-46 

GLINT   VOLTAGE 

PMT   VOLTAGE 

5489-47 

CHANNEL   3 

CHANNEL   6 

3489-48 

CHANNEL   7 

CHANNEL   12 

(c) 

5489-49 

CHANNEL   13 

CHANNEL   15 

(d) 

Fig. 39. Simultaneous, time-synchronized data 
from indicated sources. Higb turbu- 
lence, 27.June 1974 1200 h Cfc(opt) = 
4.4 x IG"14 cm-2/3.       N 
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is locked on a single boresight glint.    The data were taken simultaneously 

using the multichannel  recorder (MCR) described previously.    The low tur- 

bulence pictures do not convey much information since there are almost no 

fluctuations.    The more inte»-isting data are in Fig.   39. 

The correlation  between the power on the glint and i.he PMT voltage 

is apparent in Fig.    J9(a).     Figures i9(b),  (c),  and (d) show the expected 

general trend of phase error fluctuations,  namely,  elements on the same 

side of the transmit aperture (3,   12, and 13 (see Fig.   1)) tend to vary 

together and 180    out of phase with elements on the opposite side (6,  7,  and 

15).    In particular,   notice the large 15 V "square-wave" variation near the 

center of each trace.    One explanation of this variation is that it is caused 

by atmospheric steering which moved the beam horizontally about l/8 of an 

element null-null beamwidth or 5/8 of an array beamwidth.    There is no way 

to verify this statement,  of course,  but it constitutes one more piece of evi- 

dence which points to strong atmospheric Fteering effects. 

Spectral data corresponding to Figs.   38 and 39 are shown in Fig.  40. 

The low turbulence spectrum is taken from a different data run ^han Fig,   38, 

but for the same low turbulence level.    Only the spectra for cnannel 3 error 

signals are presented because all channels exhibited the same time-averaged 

spectra.    Unless otherwise noted, all of our spectral data were taken using 

a Quan-Tech 304DTL wave analyzer with a 10 Hz averaging bandwidth.    Scan 

times of 50 aid 500 s for the 0 to 1000 Hz scans produced identical spectra 

so 50 s scans were normally used. 

TABLE IX 

Simultaneous Data Recorded on Multichannel FM Recorder 

A. Six control channel output voltages applied to phase shifters (chan- 
nels 3,  6,  7,   12,   13,  and 15 across the transmit aperture hori- 
zontal diameter) 

B. Scintillometer log-amp output 

C. Power on the largest glint 

D. Photomultiplier output 

E. Timing marks,   30 s apart 

F. Voice channel for data identification 
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The theoretical curve shown in Fig.   40 is found from the power 

spectrum.  S    ,  of the mean square phase fluctuations along the propagation 

path.     A Von Kannan spectrum is assumed for the index variations of the 

form 

A    (K)      (coi)slanl) x   | I   •   (K 'K   )' 
n " 

-I l/(. (I'M 

2TT/L   .  and L 
022 

is the outer scale of the turbulence.    The result for S^ is 

where K is the wave number of the index fluctuations,  K( 

S.  ii 

-4/3 

J<t> 
(constant) x 1 i^k) (20) 

where f is the frequency in Hertz and V is the transverse wind velocity. 

Since the experiment measures actual phase error rather than its square, 

the theoretical curve in Fig.   40 is 

1/2 S  '     = (constant) x 
9 

1 + (v >: 

,23 

Hi 
■2/3 

(7.1) 

The constant in eq.   (20) is related      to the path length,  the turbu- 

lence strength L    and V.    Since we have no measure of V or L^ and hence of 

the parameters in the constant factor,  these two quantities were adjusted to 

give the best fit to one experimental data set and then held fixed.    A value 

of V/L    = 6 was chosen which for Lo = 50 cm (one-half the beam height off 

the rooi) corresponds to V = 3 m/s -- 6.7 mph.    This wind speed is consis- 

tent with what was normally observed during the day on the rooftop range. 

The constant was set for each data run by matching the experiment and 

theory at an arbitrary point,  f = 200 Hz.    As can be seen,  the agreement 

between theory and experiment is very good for the data in Fig.   40 and the 

same theoretical curve with an amplitude change fits for both high and low 

turbulence experimental spectrs, as predicted by eq.   (21).    The rise in the 

spectrum amplitude around 70u Hz is observed only in heavy turbulence and 

is not understood at this time. 

Another example of this type of data is shown in Fig.   41 for a 

different day but nearly the same turbulence level.    The agreement between 

theory and experiment is even better than in Fig.  40.    To our knowledge, 
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13 

DATE    6-5-74 
TIME    1647-1652 
PHASE ERRORS ON CHANNEL 

CN
2 =3 5xlÖl4cm'2/3 

(SCINTILLOMETER) 

■MFOW>, .K(.\ MORGOROV TURBULENCE) 

'm*^^ 

_L J_ X 
iOO 200   300 400   500   600 

FREQUENCY, Hz 
700 800 900    979 

Fig.   41.     Frequency  spectra  of  control   channel   #13  voltage  for 
high  turbulence  condition  showing  excellent  agreement 
between  theory  and  experiment. 
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this is the first direct, measurement of atmospheric turbulence phase errors 
2,4 

and verification of the power spectrum in    q.   (21).    Other workers      have 

shown f'ood agreement between   heory and phase-difference spectra mea- 

sured using optical heterodyning and fast Fourier transform techniques. 

It is also interesting to compare the spectrum of a single element 

phase shift with the spectrum of the difference between two element phases. 

The individual element signals and the difference signals should have the 

same frequency spectrum except for an amplitude factor,  the difference 
23 

spectrum having a factor of   \2 or  1.5 dB larger amplitude. 

Figure 42 shows the spectrum of channel 15 control voltage (same as 

channel 3 in   rig.   40) compared with the difference spectrum of channels 12 

to 15.    Channels 12 and 15 are along a horizontal diameter and on the outer 

edge of the transmit aperture (see Fig.   1).    The difference spectrum does 

indeed have the same shape as the single element spectrum,  and about 

2. 5 dB larger amplitude.    As before,   the agreement with theory is good. 

The effect of transmitter diameter on the phase correction signal is 

shown in Figs.   43 to 46.    As expected,   the magnitude of the signals increases 

with increasing transmitter size. 

Figure 47 shows one final spectral compiirison f^r a single glint and 

high turbuleuce conditions.    The increase in amplitude below 150 Hz for the 

"COAT on" case is indicative of the turbulence spectrum to which the system 

is responding. 

The data shown in Figs.  40,   41,  and 47 lead us to conclude that the 

atmospheric phase errors are insignificant above 30 to 50 Hz ev^n in heavy 

turbulence.    That is,  a COAT system which can respond only at a 50 Hz rate 

wii' correct for all phase errors larger than one-tenth of a wave when work- 

ing with a stationary,   single glint target.    The high speed capabilities of the 

RADC/COAT system are necessary,   however,  for tracking rapidly moving 

glints and for providing a rapid convergence time.    In addition,  when COAT 

servo slewing controls are added the system will be able to track moving 

targets over a much greater angular rang" than with pure phase control. 

The resultant slewing beam is equivaler.v. to a transverse wind which can 

produce significant phase errors at rates up to a several hundred Hertz. 
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"1 

3499-34 3489-35 

J.S9    1h 3489   .17 

F1g. 43.  Effect of transmitter diameter Dj on the magnitude of 
the error signals for D. = 7.5 mm.  (a) and (b) Con- 
trol channel voltages, '(c) Beam profile, COAT off. 
(d) Beam profile, COAT on. 
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3469-JO 3489-5i 

100ms 

348»-32 

(C) 

COAT OFF 
(d) 

COAT ON 

Fig. 44.  Effect of transmitter diameter on the magnitude of the 
error signals for DT » 15 mm.  (a) and (b) Control 
channel voltages.  (c) Beam profile, COAT off. (d) Beam 
profile, COAT on. 
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A recent calculation by Fante25 has provided an estimate of the 

turbulence spectral width when there is a constant velocity wind transverse 

to the propagation direction.    His reault for the turbulence l/e aprttral 

width can be cast in lerms of the atmospheric correlation length defined in 

eq.   (12).    Again taking  ^t>2>ave =  1  in eq.   (12).  the spectral width of the 

phase fluctuations in Hertz is given by 

Af = 0,69   — (22) 

when- VT is the transverse wind velocity in centimeters per second and 

the values of p^ lor our experimental conditions arc found from eq.   (13) and 

F^g.   21.    According to Fante.25 eq.   (22) is strictly valid only for 
C

N~ 2 x 10 cm for our wavelength and propagation range. 

-2/3FOr tyPiCal ValUeS 0f VT = 200 Cm/S and pc = 0- 5 cm (C2  « 2 x lO-14 

cm  '      ),   Af = 276 Hz.    This bandwidth is about a factor of five larger than 

the bandwidth of our observed error signals which may indicate much lower 

tvansverse wind velocities than 2 m/s for the data in Figs.  40,  41,  and 47. 

Wind speeds of 5 to 10 m/s (10 to 20 mph) are commonly encountered near 

ground level in the atmosphere,  however, and eq.  (22) indicates large ph   ie 

fluctuation bandwidths will be encountered.    The high speed capabilities of 

this COAT system thus appear not only desirable,  but essential for effective 

turbulence compensation with moving targets in normal atmospheric wind 
conditions. 

b- Spectra of Other COAT System Quantities   -   Other 

spectra of interest are those obtained from the scintillometer, the receiver 

photomultiplitr (PMT),  and the glint power detector.    The PMT spectrum in 

Fig.  48 and glint power spectrum in Fig.  49 correspond to the data in 

Figs.   38 to 40.    The spectra are identical out to 200 Hz for high turbulence 

and have similar shapes but different relative amplitudes in low turbulence. 

The glint spectrum falls off faster above 200 Hz because of the slow detector 

response.    This result is not unexpected since the low frequency PMT flue- 

tuations are caused by the glint power fluctuations; scintillation effects on 

the return path are negligible because of spatial integration provided by the 

8 in.  diameter receiver aperture.    The theoretical curve used in previous 
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10' T 

PHOTOMULTIPLIER DATA 
27 JUNE, MCR DATA 

 RUN NO II,   CM
2: 4 4«IO'l4cm';!/3, I2C0 h 

 RUN NO   8.   C*- I i IO",9crp2/s, 0030 h 

-L -L 
200 400 600 

FRtOUENCY, Hz 

800 1000 

Fig. 48. 
Frequency spectrum of photoinu 1 t i pi i er outnut voltage for nigh 
and low turbulence conditions. 

5409    99 

ID1 
T 

GLINT POWER 
27 JUNE, MCR DATA 

 RUN NO II, CN
2 = 4 4 K IÖ'4cm'2/5, 1200 H 

 RUN NO 8, CM
2=   I i l(J,Bcm"2/3, 0030 H 

THEORY(KOLMOGOROV TURBULENCE) 

400 600 

FREQUENCY, Hi 

800 I00C 

'SO CYCLE HARMONICS 

Fig. 49. 
Frequency spectrum of the power on a boresight target glint 
for high and low turbulence conditions.  The Kolmogorov 
turbulence spectrum si.own is identical to that in Figs. 40 
and 41 . 
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1 
spectra is shown in Fig.   49 for reference and to emphasize the difference 

between the spectra in Figs,  48 and 49 and those of the control voltages 

(Figs,  40 and 41,  e.g, ), 

What is puzzling at first sight is the comparison of "COAT on" and 

"COAT off" glint and PMT spectra in high turbulence as shown in Fig.   50 

for the PMT (the glint spectra are the same).    The shapes of the curves for 

"COAT on" and "COAT off" are the same and the amplitudes differ by about 

a factor of 10 reflecting the lower average power on the target with the 

COAT loop open.    We initially expected the low frequency glint spectrum to 

be significantly reduced by the action of the COAT system.     Since such a 

reduction does not occur,   since the control voltages have a Komolgorov tur- 

bulence phase spectrum which is not observed on the glint power spectrum, 

and since the COAT-formed beam peak power and beamwidth are close to the 

diffraction-limited values, we are led to conclude that the spectra in Figs.  48 

to 50 contain signii -ant contributions from atmospheric beam-steering 

effects.    This conciasion will explain the data in Fig.   50 and is supported by 

other data presented earlier in this report (see Fig.   36(b), e.g.). 

One further bit of evidence for strong beam steering effects is shown 

in the scintilhuneter spectra of Fig.   51.    Only the low turbulence spectrum 

agrees with the theory.    Since the theory treats only average phase fluctua- 

tions, we attribute the larger low-frequency content of the high turbulence 

spectrum to steering of the scintillometer beam.    The drop in the experi- 

mental scintillometer spectrum below 20 Hz is caused by a high pass filter 

used in recording the data on the multichannel recorder. 

5. Single Moving Glint 

In order to measure the COAT system's ability to track a 

single moving glint, the following   '•st was conducted in high turbulence.    A 

single glint was positioned so that it moved through the boresight axis and 

out of the element pattern along an elliptical arc (see Fig.   3).    The power on 

the glint was then recordea as a function of time for different glint angular 

velocities relative to the transmitter.    The test results shown in Fig    52 

indicate that the system is doing a reasonable job of tracking at rates up to 

14 mrad/s.    The quality V /Vm in each figure is a measure of the peak 

glint power (V  ) relative to that observed at very low glint veUcities (V    ). 
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3419-I0Z 

*v 

10 

MVWM 

 1 1 1 
PHOTOMULTIPLIER 
31 MAY 1974, 1525 h 
C '(opt):8 7«IO',9cm-2/s 

T 

COAT OFF 

X 
200 400 600 

FREQUENCY, Hz 
800 1000 

Fig. 50. 
Comparison of photomultipiier spectrum for "COAT ON" and 
"COAT OFF" (open loop).  High turbulence. 

10' 
J«i»    100 

SCINTILLOMETER 
27 JUNE, MCR DATA 

— RUN NO 11, C^opt) =44. I0''4cm"»^ 1200 h 
 RUN NO  8. C^opl): li IO-,8cm-a/s

1 0030 h 

THEORY (KOLMOGOROV TURBULENCE) 

200 400 600 
FREQUENCY, Hz 

800 1000 

Fig. SI. 

Scintillometer spectra for high and low turbulence showing 
a Komogorov turbulence spectrum only for low turbulence. 
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COAT OFF -,0 = 14 mrod/t, — sO.35 

(a) 
3489-42 

V^- 

#•1.1 mrod/t, — s 1.0 

(b) 
3489-4« 

£"-24 mrod/»,—:0.77 

(c) 

0= 7.3 mrod/«, —=0 70 

(d) 

■ 'Im 

O s 14 mrad/( , 10.54 

(•) 

54M-4B 

S4M-4S 

Fig,   5. Power on a single moving glint for different glint 
angular velocities. Ö. The quantities V_ and V 
on each figure are discussed In the text: (a) 
■ 14 mrad/s, COAT loop open,  (b) COAT on, 6 - 
mrad/s.  (c) COAT on Ö » 2.4 mrad/s.  (d) COAT 
6 - 7.3 mrad/s.  (e) COAT on Ö « 14 mrad/s. 
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At 14 mrad/s,  the peak glint power has fallen to 54% of the maximum power 

on a stationary or slowly moving glint. 

C. Multiple Glint Measurements 

An essential requirement for any practical COAT system is that it 

must be able to converge the transmitted beam on the strongest glint 

present in a complex,  multiglint target.    We have run several tests to 

demonstrate the glint disc runination ability of the RADC/COAT system. 

Most of the tei.ts used two cats-eye glints,  but some involved multiple glints 

and Scotrhlite sheet as discussed below. 

I. Glint  Discrimination 

The previous report    indicated that for no turbulence,  two 

glints must differ by  1 to 2 dB in order lor the COAT system to completely 

ignore the weaker one.    The experimental data also showed,  however,  that 

for exactly equal glints the system could converge in such a way that equal 

power appeared on each glint.    This type of behavior has also been observed 

on the range if the glints are nearly equal in reflectivity (within 1 dB in low 

turbulence,  2. : dB in high turbulence). 

This power sharing is very disturbing since it was expected to occur 

only when using very small receiver apertures (smaller than the transmitter). 

The effect of using a small receiver aperture is shown in Fig.   53 for low 

turbulence and in Fig.   54 for high turbulence.    In Fig.   53 the target beam 

intensity profiles and contours are indicated in (a) through (f).    The power 

on each glint shown in Fig.   53(g) illustrates how well the power is divided 

between the two glints.    It should be noted, however, that the relative 

strength of the two glints had to be adjusted very carefully to produce the 

data in Fig.   53; a relative change of roughly 1 dB would cause the beam to 

form up as shown in Figs.   53(a) and (b) or (c) and (d).    Similar data for high 

turbulence in Fig.   54 also show power sharing although the power on each 

glint is not nearly as stable as it is for low turbulence.    Notice in Figs.   53(d) 

and (e) that the beam forms completely on the stronger glint when the glints 

have a 2:1 reflectivitv ratio.    This is true even though the receiver diameter 

is less than one-half that of the transmitter. 
" 
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GLINT   I 

(o) 

GLINT  2 

(c) 

GLINT   2    I 

(t) 

GLINT   NO   2 

BLOCKED 

(b) 

GLINT   NO.   I 

BLOCKED 

(d) 

2 GLINTS 

26  JUNE  1974 

1900 h 

C2
N{OPT) = 2.7«IO"l,cm_f/'3 

Fig.   53. Beam formation on two equal resolved glints», 
low turbulence and small receiver aperture (2 5 
mm).  Figures 53(a), (c). and (e) show scans 
through the center of the Intensity contours 
pictured In (b), (d), and (f). Figure (g) 
shows the power on each glint as a function 
of time. 
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3489-109 

I I 
GLINT I GLINT 2 

(o) 

Fig.   54. 

20  m» 

=S I 

(c) 

(b) 

20   ms 

(d) 
REDUCE R. ; —^ > 2 

R. (t) 

Beam formation on two resolved glints, high tur- 
bu ence and small receiver aperture (6.5 mm), 
(a), 9b)., and (c are for lU/R,  i. (d) and (e) 

ntenSlty contours.  c) Power on each glint, 
(d) Beam profile,  (e) Power on each glint. 
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Since the receiver apertures used for the data in Figs.   53 and 54 are 

much less than the transmitter,  it is not too surprising that power sharing 

occurs.    We note in passing that the smaller receiver apertures used (2. 5 

mm in low turbulence,  6. 5 mm in high turbulence) produced too small a 

siunal-lo-noisi'  ratio (or stable operation.     That   siuli small  r«t.ri\ «• rs couM 

be used at all,  however,  indicates an ample signal-to-noise ratio when using 

the full 8 in.   diameter aperture. 

What is surprising is the power sharing shown in Figs.   55 and 56, 

These data were obtained using one-fourth (one quadrant) of the full annular 

receiver aperture (8 in.  o. d. ,  2.5 in.   i. d. ),     Figure 55 shows data taken in 

low turbulence and Fig.   56 presents similar data for hi^h turbulence.    The 

relative strength of the two glints was very critical in these tests,  particu- 

larly in high turbulence.    The size and position of the receiver aperture 

mask was also very critical; small changes would cause the beam to lock 

stably onto one of the two glints.    Figure 56(a) shows,  in fact,  that the power 

sharing in high turbulence is not very stable; the system tends to lock onto 

one glint,  but switches from one to the other. 

At this time we do not understand why the system should try to divide 

power between two glints when a large receiver aperture is used,    A curious 

feature of the power sharing is that the peak power on a glint does not change 

much when the system tries to form the beam on both glints (compare (a), 

(c), and (e) in Figs.   53 and 55),     This is the same type of behavior observed 
4 

with an 8-element linear array in the laboratory.       The computer has never 

shown this type of behavior although a lesser degree of power sharing has 
4 

been observed    depending on the spacing of the two equal glints.    Further 

study and analysis will be required to determine if this behavior is a funda- 

mental property of this type of COAT system or,  as indicated by our compu- 

ter simulation results, it is related to the particular hardware configuration. 

The usual behavior of the system with the full receiver aperture in 

high turbulence is shown in Fig.   57.    The two glints are nearly equal in 

reflectivity.     Figure 57(a) shows that the beam is always formed on one 

glint or the other,  but not on both simultaneously.    Figures 57(b) and 55(c) 

compare the power on one glint when both glints are present to the photo- 

multiplier signal.    Notice that the total PMT signal does not follow the 

changes in the p-»wer on one glint.    Evidently the beam is being formed in 
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3489-112 

I     I 
GLINT 2    I 

(e) 

GLINT   NO.  2 

BLOCKED 

GLINT   NO.   i 

BLOCKED 

2 GLINTS 

  « I 

20 m* 

(f) 

26 Ji'Hl 1974 

1930 h 

C^
N(0PT):|.2Kl0"l9crt>■I/, 

Fig.   55. 

(9) 

Beam formation on two equal resolved glints, 
low turbulence and large receiver aperture 
(1/4 full aperture).  Figures (a), (c). and 
(e) show »cans through the center of the 
Intensity contours pictured In (b), (d), and 
(f).  Figure (g) shows the power on each 
glint as a function of time. 

108 

^mm^ 



^" 

(0) 

S4tl-lli 

20 ms 

(c) 

(d) 

t 
r 
Pf 

1 
GLINT  2 

(e) 

GLINT   NO   1   BLOCKED 

(f) 

GLINT 2 

(9) (h) 

2 GLINTS 

GLINT I 

d) 

27  JUNE 1974,  1350 h.   c'COPT) = 4 7 « IO-'4cnr,/s 

Fig. 56. Beam formation 
turbulence and 

on two equal resolved glints, high 
large receiver aperture (1/4 full 

aperture). The left column shows the Intensity 
contours for each glint and for the pair of gl 
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such a way that the total received signal is held nearly constant.    The 

switching between glints is very likely caused by atmospheric beam steering, 

2. Ore Moving and One Stationary Glint 

The previous section discussed the system behavior with two 

resolved stationary glints.    An interesting question is what happens n" on«- 

glint moves while the other remains fixed,   both glints at all times resol'ed 

by the transmit aperture      When the glints differ in reflectivity by at least 

3 dB (R2/R1>   Z),  the system will lock onto the glint with the strongest net 

return (reflectivity multiplied by the element amplitude envelope).    This type 

of behavior is shown in Fig.   58 for high turbulence for two different glint 

velocities; the moving glint has the larger reflectivity by a factor of 2.    The 

power is always on one glint or the other.    The high turbulence level does 

produce some switching from one glint to the other which is more pronounced 

at higher angular velocities (Fig.   58(b)).    It is probable that this switching 

is caused by beam steering in the strong turbulence. 

Since we have a computer code which models the complete RADC/ 

COAT system,  w-     in study these multiple glint scenarios in some detail. 

We have rece itly xound some instabilities in the computer code,  however, 

wnich occur with multiple glints when at least one is moving.    The problem 

does appear to be a numerical one; the instabilities are not indicative of 

probable behavior of a real COAT system.    We have not found the cause of 

the computational instability yet, but until it is corrected,  we must be very 

cautious about drawing genera), conclusions based on computer simulations 

of moving glint scenarios. 

The simulation results are interesting,  however,   so with the above 

warning in mind we have made several studies.    The first series of runs 

have the moving glint passing within one-half an array beamwidth* of a 5 dB 

smaller glint on the boresight axis.    The arrangement is shown in the inset 

to Fig.   59.    At its closest approach,  the moving glint (2) is * dB stronger 

in net reflectance.    The data in Fig.   59 indicate a good tracking performance 

at angular velocities up to 10 mrad/s,  the design goal of this system.    At 

higher velocities,  however,  the power rapidly drops toward the side lobe 

"Beamwidth" is defined here as the null-null beamwidth of the array formed 
on boresight. 
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Fig. 58. 
Power on each cf two glints when one is stationary and 
one is moving.  (a) Moving glint angular velocity is 
6 = 0.85 mrad/s.  (b) 6 = 1.4 mrad/s 18 June 1974. 
1430 h, Cg(opt) = 4.4 x lO"14 cm-2/3.  The moving glint 
is 3 dB larger in reflectivity. 
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VELOCITY   OF   GLINT  2, mrod/t 

50 60 

Fig, 59.  Computer simulation results showing maximum 
power density on a glint moving near a station- 
ary weaker glint.  The moving glint (2) has a 
5 dB larger reflectivity than the stationary 
boresight glint.  The experimental points *re 
plotted from the data shown in Fig. 52. 
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level of the array formed on the boresight glint,    A random initial phasing 

was used for all these tests so the COAT system will initially begin converg- 

ing the beam on the boresight glin^,  changing ..o the moving glint as it moves 

into the element patter-i. 

Rnuro (>0 s"^w<5 *hp same type of test as in  Fi^.   S(),   but  for a diffrr- 

ent glint arrangement.     The  stationary glint No.    1  is now oil the boresight 

axis; and at closest approach moving glint 2 is 8. 4 dB stronger.    Compared 

with the test in Fig.   59,  tracking of the moving glint is not quite as good at 

10 mrad/s,  but is substantially better at velocities above 30 mrad/s. 

The time required for the moving glint to go from the element pat- 

tern null to its closest approach to boresight is approximately 7 5/^ where 6 

is the angular velocity in milliradians per second.    Since the system has a 

) . 5 ms convergence time, at velocities above 50 mrad/s the glint will have 

moved halfway across the element pattern in one convergence time.    It is 

thus not surprising that the system has a poorer tracking performance at 

the higher glint velocities; the system barely has time to converge on the 

moving glint. 
Because of the selected target design,  we cannot produce linear glint 

motion.    With one glint fixed in position, we can cause a second glint to 

move close to it along an elliptical path as shown in Fig.   3.    Figure 61 shows 

the time-resolved power on the two glints for just such a scenario in strong 

turbulence.    In Fig.  61(a),  the moving glint has twice the reflectivity of 

the stationary glint.    The tracking is very good with the beam remaining 

formed on the moving glint once the - ystom acquires and converges on it. 

Only once,  during the last acquisition shown in Fig.   61(a),  does the system 

switch momentarily to the stationary glint after converging the beam on the 

moving glint.    This performance is similar to that shown in Fig.  58. 

In Figs.   61(b) and (c) the glints are nearly equal in reflectivity.    The 

"moving" glint has been positioned at its point of closest approach to the 

stationary glint in Fig.   61(b).    The system switches the beam convergence in 

a rapid and irregular manner between the two glints.    Notice, however, that 

the power is entirely on one glint or the other,  never shared equally between 

the two.    This is the more easily observed system behavior (see Fig.  57 

also) rather than the sharing indicated in Fig.   56. 
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Fig. 60.  Computer simulation results showing maximum 
power density on a moving glint for a different 
glint arragnement than in Fig. 59.  The experi- 
mental points are plotted from the data shown 
In Fig. 52. 
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Fig.   61. 
Power on each of two glints when one Is sta- 
tionary (1) and one is moving (2) at angular 
velocity e.  (a) Glint 2 is 3 dB stronger and 
moving at 6 = 3.6 mrad/s.  (b) Equal glint re 
flectivities, 9=0.  Glints at their closest 
approach.  No power sharing is observed, 
(c) Equal glint reflectivities 
High turbulence. 27 June 1974. w Cjjtopt) = 3.0 x 10 14 cm 
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With the same conditions as used to produce Fig.   M(b).  one ^lint is 

moved at 2.4 mrad   • to produce the data in Fin-   MU».    TU.' pr.-u-r.tu .- for 

the mov:.ng glint is not as regular or as complete as in  F»g.   (»1(a).   hnl Ihr 

power is always on only one glint as expected from the data in Fig. (»UM. 

Cases with sinvlar conditions to those in Fig.   bl  have been  run on 

the computer simulation using linear rather than elliptical glint motion. 

Figure 6?. shows the observed result when the moving glint is twice as strong 

as the stationary glint.    The beam initially converges on the stationary glint. 

As the stronger glint moves toward tl e center of the element pattern, there 

is actually some power sharing (t = 2 to t = 4 ms) and the power is not fully 

converged on the moving glint until t = 7 ms.    One* the system converges 

on glint 2, it tracks it very well with the intensity variation following the 

element pattern intensity contour across the target plane. 

As the moving glint 2 approaches the fixed glint 1 (t = 19 ms), the 

buildup of power on glint 1 is just the sidelobe power of the beam formed on 

glint 2.    At t = 20. 5 ms, the two glints are in the same position.    As glint 2 

moves further out,  the beam remains locked on glint 1; the system has 

switched convergence from 2 to 1.    We had initially expected the convergence 

and switching process to be more symmetric in time.    That is, the buildup 

of power on glint 2 near t = 2 ms would be rapid and resemble a normal 

single glint convergence cycle as the system switched from glint 1 to glint 

2.    This is roughly the behavior seen near the end of the run from t = 19 ms 

to t = 21 ms.    We have no adequate exp'anation for the much slower switch- 

ing process in the early parts of the run, but once again we must be careful 

about trusting the details of the computer runs until the previously men- 

tioned instability is corrected. 

For comparison purposes, we have run the same test as in Fig.  62, 

but with the stationary glint having a 10 dB higher reflectivity.    The power 

on the moving glint 2 in Fig.  63 thus traces out the sidelobe intensity con- 

tour when the beam is formed on glint 2.    Comparing Figs.  62 and 63 near 

t = 4 ms illustrates the amount of power sharing.    K the beam is fully 

formed on either glint, the other one would have only 5% of the boresight 

peak power density on it.    At t = 4 ms in Fig.  62,  both glints have 25% of 

the boresight peak,  which is very close to the diffraction-limited value of 

33% for an ideal array converged on glint 1. 
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Ignoring for the moment any errors in our simulation,  ihis result 

says that the COAT system can on a temporary basis put a diffraction- 

limited power density on two widely  separated points.    This srems to he a 

contradiction in terms,   but the key word is power density.     The integrat«Ml 

total power through an aperture one beamwidlh in diameter centered on each 

glint must be smaller (roughly one-half) than for a diffraction-limited beam 

formed completely on one glint. 

If the two glints are made equal in reflectivity,   the power sharing 

becomes even more pronounced.     Figure 64 shows what happens in this 

case.    Everything in the run is identical to the run in Fig.   62 except R2'Rl  ~ 

I  instead of 2.    For times between 3. 5 and 20. 5 ms,  the net reflectance of 

the moving glint 2 is larger than that of the stationary glint 1.    The COAT 

system should thus converge the beam fully on glint 2.    As can be seen, 

this does not occur until t = 13 ms, halfway through the run.    From t = 16 

ms to t = 24 ms,  the power on each glint is identical to that shown in Fig.  62. 

This latter behavior we expected; the behavior up to t = 1 3 ms we did not 

expect and have no tested explanation for.    As noted earlier,  however,  this 

unexpected behavior and power sharing may be a computational error in the 

simulation code. 
Three conclusions from all the multiple glint studies are as follows: 

(1) The COAT system can distinguish between resolved glints,  forming the 

beam on the strongest glint.    The glints must differ by at least 3 dB for this 

discrimination to be reliable.    (2) Under carefully adjusted and controlled 

conditions,  the system can get confused in a sense, and tries to put power 

on more than one glint.    There is always a definite convergence,  however, 

and the glints must be very close in net reflectance for power sharing to 

occur.    We do not feel this property would be a deficiency in a COAT system 

dealing with a real target having a complex, dynamic glint structure.    In 

fact,  the more readily observed behavior was power switching between equal 

glints rather than power sharing.    (3) The behavior with one moving and one 

fixed glint is the same as with two fixed glints; the system locks onto and 

tracks the stronger glint,   effectively ignoring the weaker one.    These con- 

clusons remain valid for both weak and strong turbulence. 
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3. Complex Targets 

Time on this contract did not permit extensive study of 

targets more complex than those discussed in the preceding sections.    We 

did look at three targets,  however,  which presented a much more complex 

and less well defined plint structure.    The first target was a large piece ol 

scotchlite.    When placed flat and perpendicular to the laser beam,  this tar- 

get acts like a diffuse scatterer with no clearly defined and resolved glints. 

As might be expected,  the COAT system could not lock up on this target. 

When the scotchlite was curled slightly,  however,  to form a cylindrical sur- 

face not unlike the side of an aircraft,  the COAT system could form the beam 

quite well even though the target was effectively a line glint. 

The second target was a cats-eye glint placed in front of a large flat 

piece of scotchlite.    This arrangement was used to measure what effect a 

large,   bright diffuse reflector containing a very fine glint structure would 

have on convergence.    The test showed that the system converges the beam 

on the cats-eye glint in an identical manner whether or not the scotchlite is 

present. 

The third target used was an array of small retroreflector corner 

cubes resembling a bicycle reflector.    The whole array was about as wide 

as an element null-null beamwidth at the target.    The individual corner 

cubes are small enough that about three would fit across a formed array cen- 

tral lobe pattern.    This target is thus a complex array of unresolved glints. 

One additional complicc-ting feature of the target is a smooth,  curved plastic 

cover which can act likt the glint from a spherical surface.    The COAT 

system was able to form the beam very well on this target,  usually selecting 

two or three points to track and switch between as the retro array was moved 

across the beam. 

For informational purposes, the relative returns from each of these 

targets is indicated by the photomultiplier signals shewn in Fig.   65.    As can 

be seen,  the total peak return from the retro array is roughly equal to that 

of the single glint in front of the scotchlite.    The scotchlite produced a sig- 

nal at the receiver only one-tenth as large as the single cats-eye glint. 

A true appreciation of this target can only be achieved by actually 

seeing it.    We have photographed both the return from ti, ; array and the 

COAT-formed beam pattern as the array is moved.    This sequence is in 

included in the movie which is an addendum to this report. 
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Fig. 65. PhototnultlpHer signals for three different 
targets,  (a) Returns from flat scotchllte 
and from a single cats-eye glint In front of 
the scotchllte.  (b) Return from an array of 
corner cubes as the COAT-formed laser beam 
Is scanned periodically across It. 
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From these very brief tests,  we may tentatively conclude that 

complex targets will not confuse this type of COAT system; it will select 

the brightest glint,  form the beam on it,  and track it.    It is Uear,   however, 

that a more sophisticated type of glint discrimination is required for com- 

plex,  moving targets if a beam is to In- locked onto the target and held there 

withoul  jusvping from K
1
"'»' '<» g'int .is tin- glint pattern » iiangi-s it) lime. 

4, Offset-Pointing 

The RADC/COAT system has two methods for offset pointing, 

mechanical using microslewing mirrors,  and electronic using a pre- 

programmed phase scan.    The mechanical scan has the advantage of being 

capable of large scan angles (many element beamwidths) but is relatively 

slow and subject to mechanical vibrations and bounce in the mirrors and 

drivers.    The electronic scan is inherently fast and bounce-free but is 

limited to one-half an element peak-null beamwidth in order to avoid signi- 

ficant power loss due to grating lobe formation. 

Both types of offset-pointing have been demonstrated in the labora- 

tory    with a 6-element linear array and no turbulence.    Near ideal per- 

formance was observed with both systems, indicating that the sample-and- 

hold circuitry is functioning properly.    When using electronic offsetting, 

sample times as low as 2 to 4 ms (one convergence cycle) are adequate. 

The mechanical scan, however,   requires a minimum sample time of 80 ms 

because of mirror bounce. 

Attempts to uemonstrate offset-pouiling on the outdoor range have 

met with limited success.    In high turbulence, the atmospheric dephasing 

time can become as short as 20 to 40 ms.   In addition, the atmospheric 

correlation length for our range can get as small as 3 mm (see Fig.  21) so 

that the maximum offset angle is limited to about 2 to 3 array beamwidths* 

in high turbulence.    This is no restriction for electronic scanning which is 

limited to l/2 an array beamwidth, but does limit the m«chanical offset. 

The real limitation in the RADC/COAT system on mechanical 

offset-pointing in high turbulence is the required 80 ms sample time.    If the 

The diffraction-limited null-to-null beamwidth at the target is defined ar 
] . 2 XR/O-j, where \  is the wavelength, R is the range, and DT is the 
transmitter diameter. i 
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hold (offset) time is set equal to one-half the atmospheric time constant, 

say 20 ms,  only 20% of the total energy can be delivered to the offset point. 

If longer hold times are used,  the beam will be severely degraded as we 
.   4 

have shown in the previous report. 
The electronic scanning is thus the only feasible method in high tur- 

bulence as long as there are troubles with bounce in the microslewing mir- 

rors.    With a 4 ms sample time and a 20 ms hold time. 83% of the energy 

can be delivered to the offset point.    Unfortunately,  we have experienced 

some difficulty in programming and maintaining the proper offset signals 

for the 18-element system.    The problem is caused by dc level drifts in the 

control channels which make it hard to properly set the offset voltage for 

each channel.     There is no fundamental reason,  however    why electronic 

offsetting with the IS-element system in high turbulence should not perform 

as well as with the 6-element system in the laboratory.      Contract time 

limitations prevented us from remedying the voltage programming problem 

and demonstrating this conclusion. 

D. Permanent Data Records 

The data from the range measurements have been recorded in 

several forms.    First, of course, there is the daily measurements log which 

includes system parameters and details of the measurements performed. 

Also included in this record are photographs of beam patterns and oscillo- 

scope traces and spectral recordings made using a wave analyzer. 

For later playback for display and analysis, we recorded the system 

performance on video tape and on a multichannel recorder (see Table IX). 

The video tape recordings contain the beam profiles as observed by the tar- 

get monitor TV camera.    A total data record of 180 min was xecorded.    The 

multichannel recorder records contain the data listed in Table IX for various 

turbulence conditions.    Approximately 120 min of data were recorded in this 

manner. 
Video and mulVLchannel recorder records were not made during all 

measurements.    Instead,  representative data for single and multiple glint 

cases in high and low turbulence were recorded.    These records have been 

further distilled and the most important and interesting video data trans- 

ferred to movie film.    These movies show much better than still photographs 
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how well the RADC/COAT system can compensate for atmospheric turbulence. 

Excerpts from these films have been sho'vn as part of several papers  0"'0 

which have discussed various aspects of this work. 

A 16 mm color movie is included as an addendum to this report. 

This movie is a compilation of all the important video data  reeords.    The 

movie was made by photographing a color monitor which is driven by the 

VP-8 image analyzer discussed in Section II-B of this report,    A complete 

script is included with the film and Table X summarizes the sequences on th^ 

film. 

TABLE X 

Movie Sequences Included as Addendum to this Report 

Single glint convergence,  low turbulence:    COAT-ON,  COAT-OFF,  no 
COAT correction 

Single glint convergence,  high turbulence:    COAT-ON,  COAT-OFF,  no 
COAT correction 

Tracking of a single moving glint,  high turbulence 

Tracking of a strong glint moving near a weaker glint,  high turbulence 

Convergence performance with a flat or a curved scotchlite sheet 
target 

Convergence performance with a corner cube retro array target 

Two displaced element patterns showing beam steering in high 
turbulence 
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IV. NONLINEAR GAS CELL DESIGN 

In anticipation of a follow-on contract to this program which would 

deal with thermal blooming,  the original statement of work was modified" 

to include the design of a nonlinear gas cell.    Th' cell is to simulate forced- 

convection thermal blooming and will be used in conjunction with the RADC/ 

COAT system in laboratory-scaled thermal blooming studies.    Thi -  section 

presents the results of this design study. 

A. Design Philosophy and Scaling Considerations 

The ideal experiment ',.0 test how well a COAT system can compen- 

sate for blooming would be to employ a high power infrared,  diffraction- 

limited source,  a high power COAT system,  and a 2 km or longer outdoor 

propagation path into which a controlled amount of absorbing gas could be 

introduced.    None of these items is available,  of course,  but all the impor- 

tant parameters can be scaled so that a laboratory-size expernaent using a 

visible wavelength can provide answers to many important questions about 

high power infrared systems.    In addition, the use of a visible laser in a 

controlled laboratory environment greatly simplifies the instrumentation of 

the measurements and allows unexpected effects and system behavior to be 

observed first hand at the site and in real time. 

For almost all atmospheric conditions of interest, heat transfer is 

dominated by convection rather than conduction.    This fact is equivalent to 

the statement that negligible energy is lost by a gas molecule in the time 

required for the molecule to move across the optical beam.    Mathematically, 

this condition can be written as 

v r 

(K/pCp) >>   1 (23) 

The quantity P    is called the "Peclet" number,  v is the transverse v/ind 

velocity, ?nd r    is the beam radius.    The thermal conductivity is K.   p  is 

the gas density, and C    is the heat capacity at constant pressure.    For a 

Change "A" dated 11 January 1974 to Contract F30602-73-C-0248. 
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L'iv.-n li**.  f-<\.   (23)  sv.is a minimum value for the quantity vi^. 

In a medium of refractive index n.  the wave equation for an optical 

field u can be written as 

i2k   1^    ♦    ^ + k2 (n2 -   I) (24) 

where k = 2ITA.   Z »» the propagation direction,  and V     is the Laplacian 

operator for the transverse coordinates.     Blooming phenomena are produced 

by the k  (n    -  1) term; the larger this term,  the greater the effect of bloom- 

ing on the optical beam      A convenient coordinate transfer involves the use 

of the dimensionless variables £   = z/L and 11   = X./r    where L is the propa- ^^     o 
gation path length and r    is the beam radius.    In these coordinates,  eq.   (24) 

becomes 

9 i      L     r2       ikL        2  .   ^ 

^        2    kr2      ^ 2 
u   =   0   . (25) 

The quantity (n     ■   I) in a gas at pressure p when eq.   (23) is satisfied 

is found from the following expression: 

• y (y - 1) kaL exp (-QL^)PT 

TM"2^-1! = irv r    V 
'    o    p -oo (26) 

The total absorption along the path is aL,  y    is the molecular polarizability, 

and y is the specific heat (y = C /C  ).    The total optical power at z = 0 is 

P     and cylindrical coordinates have been used.    The integration coordinate 

is in the direction of the transverse wind velocity,  v.    By defining the 

quantities 

.L(ft)    = 
y (y -  1) kaL exp (-aL^) 

TTV r    v T    o    p 

(27) 

1(4 

'1 

!> = [  NVl2< 
-oo 
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we can write eq.   (26) as 

kL    .   2 
T   (n 1) -aL(4J FTI(;1) (2H) 

■ 

Wavelength and power scaling can be achieved by maiiitaining 
a
L(^  = 1) •   Pj constant,   since !(£,) involves only dimensionless variables. 

Table XI presents a scaling example comparing 10.6 Mm propagation in the 

atmosphere to 0. 488 fjLm propagation in a 50 cm cell filled with SF, and NO  . 
6 2 

The reasons for SF,  and N02 are discussed in the following section.    As can 

ben seen from Table XI,  scaling to a 460 kW,   10.6 jxm blooming experiment 

can be achieved within the laboratory using resonable experimental 

parameters. 

A physical picture of the scaling requirements can be seen by noting 

that the scaling preserves the Fresnel number.    Thus,  the relative beam 

configuration and, hence the blooming effect as a function of path distance is 

preserved in the laboratory experiment.    This is illustrated in Fig.  66 for 

the example given in Table XI. 

TABLE XI 

Example of the Scaling Between a 10.6 ^m Atmospheric Blooming 
Experiment and a 0.488 ^un Laboratory Gas Cell Experiment 

Experiment 
Parameters 

10.6 ^m Atmospheric 
Experiment 

0.488 »im 
SF^ +  N02 Experiment 

Gas Pressure 1 atm 1 atm 

0L 0.5 0.5 

L 2 km 50 cm 

ro 0.35 m 0. 13 cm 

V 10 m/s 3 cm/s 

Pe (ec,.   23) 2 x 105 
12 

aL 
2.66 x 10"5 

122 

PT 4.6 x 105 W 0. 1 W 

ÖLPT 12.2 12.2 

T1224 
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X= 10.6^m 
S = FOCAL SPOT SIZE 

2km 

i 
_-_ ._^_ a~- 

* 

0.25 cm 

X= 0.488^ m 

50 cm 

Jt64   14 

L 
* 

S'= FOCAL 
SPOT 
SIZE 

Fig.  66, Scaling example.  By preserving the same Fresnel 
number F, the blooming effect as a function of path 
distance is preserved in tie laboratory experiment. 
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B. Blooming Medium 

Four requirements that determine the choice of a gas for blooming 

experiments are 

1. Sufficient optical absorption at ihr desired 
wavelength 

2. Maximum variation of index with respect to tempera- 
ture,  dn/dt,  which is proportional to y -  ^ (see eq.   (26)) 

3. Minimum thermal conductivity,  K 

4. Maximvun gas density,   p. 

The last two requirements are equivalent to minimizing the diffusivity 

D = K/pCp.    Equations (23) and (26) can be combined to show that for a 

given gas 

(n2 -  1)  <    ^ "  Ü    x   (constant) 
-       pDy (29) 

where p is the pressure. 

For a fixed pressure, a blooming "figure of merit" can be defined as 

M   = Vo(V-  l) 

Dy (30) 

The larger the value of M, the greater the blooming at a given laser power. 

Note also that 

1 v    and  —   oc   p  oc p •o D 

so that for a given medium,  the amount of blooming is proportional to pres- 

sure if the total absorption is constant. 

The only readily available gases which have significant absorption at 

0.488 p.m are bromine, chlorine, and nitrogen diox'ae (NO?).    Of these 

three, NO;, has the strongest absorption, and so less of it is required for a 

desired attenuation.    Unfortunately,  none of these three gases is desirable 

for fulfilling the other three requirements listed above.    Consequently, a 

second gas must be chosen which fulfills requirements 2 through 4 and NO, 
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can be used for optical absorption.    The actual blooming is then done by this 

second or buffer gas after the NO? transfers its absorbed energy to it. 

The best candidates for a buffer gas are sulfur hexafluoride (SF,), 

xenon,   CO,,  argon,  and nitrogen (N?),   in that  jrder.    Table XII lists the 

important properties of these gases and of NO- along with the figure of merit 

M,   computed for a total pressure of 1 atm.    Sulfur hexafluoride is the best 

gas for maximum blooming,   being 1.2 times as effective as xenon,  and 4. 8 

times as effective as CO., in producing blooming.    Although xenon is com- 

parable to SF,  in producing blooming,  the much lower cost of SF,  makes it 

the logical choice. 

When using one gas to accomplish the absorption and another to per- 

form the blooming,  the relaxation rate of the absorbing gas must be con- 

sidered.    The absorbing gas,   NO^,  must transfer most of its t.dded energy 

to the buffer gas in a time small compared with the time required for an 

NO? molecule to move out of the  optical beam and before the energy is lost 

by spontaneous emission (fluorescence).    The absorption of 0.488 ^m light 

in NO? involves a transition from the moler^Jar ground staie into the first 

electronic state,  about seven vibrational 'evels irom the bottom of the band. Z9 

TABLE XII 

Gas Properties Important in Producing Thermal Blooming 

Proporty 

Vo*   ''■, "  " 
1), 

onWs 
n       Absorplinn 

CoiMic irnt at  0. 4HH [im Gamma 
M x 104 

(eq.   (i0)) Ga s 

SF6 
1. ^4 x  10" ' 0. Oil Nculiuihlf 1. M 119 

Xe 1. 42 x in"5 0.054 N'culi ui lilo 1.66 103 

co2 9 \  lü'4 0. OHf, N«'«lijiil.h' 1   U 25 

Ar ■M, x  U)"4 0. IHH Wnliijil.h- 1.67 12 

N'2 
5. 9 x  1C"4 0. 187 Nt-nlluil.lc 1.40 9 

N02 0. 01 cm'    at a partial 
(abiiorbcr only) preasuru of 4 1 orr 

T1463 
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The most recent measurement      of the collisionless lifetime of the 

first electronic state is 44 [is and the lifetime for a transition between vibra- 

tional levels in the same band is even longer.    With I atm of another gas 
+9    -1 prt'StMit,   say SF, ,  the collisional deactivation rate is roughly 1.4 x  10       8 

h i A goiirral  nil«1 of (liumh is that   10    lollisions arc   required to cause a 

molecule-like NO? to relax one vibrational level in a vibralional-translational 

(V-T) transition.    With roughly 21 V-T levels from the initial absorption 

level to the ground state,  the NO    will completely transfer its energy to the 

SF,  in 15 fis with only 0.7 [is between V-T level changes (NO- molecules can o c. 
make a radiationless transition from the first electronic state to an excited 

vibrational level of the ground state     ).   When compared with the time for a 

molecule to cross the beam because of "wind" (about 30 ms),  the transfer of 

energy from NO? to SF,  is effectively instantaneous.    In add-on,  the long 

collisionless lifetime and high deactivation rate ensures negl.  iljle energy 

loss by fluorescence.    The same conclusions also apply when xenon,   CO-, 
32 argon,  or nitrogen is used as the buffer gas. 

C. Cell Design 

1. Wind Generation 

Several designs      have been evaluated for producing the 

transverse wind required for convection-dominated blooming.    The design 

we have chosen is shown schematically in Fig.   67.    The design is a variant 

of those which employ a stationary cell and use beam motion to stimulate a 

transverse wind.    Only one moving mirror is used,  but four stationary mir- 

rors are placed so that the beam is brought to the back side of the moving 

mirror.    With thxs arrangement,  the output beam remains stationary, 

greatly simplifying the beam diagnostics.    The solid and dashed beam paths 

in Fig.   67 correspond to the mirror positions labeled 1 and 2,   respectively. 

The two lenses labeled f. and f- in 1'ig.   67 have the same focal length. 

Lens f. focuses the collimated input beam through the cell with the focal 

point occurring near the output window of the gas cell.    Lens f_ then 

reimages this focal point at infinity (recollimates the beam).    Additional 

optics are required at the input to f. to ensure proper scaling of the beam 

Fresnel number at the cell input and at the output of f. to obtain the far field 

of the beam within the laboratory (in effect,   reimaging and magnifying the 

focal plane of f.  which is.also the effective glint target plane). 

147 

i^ 



INPUT 
BEAM 

MOVING 
MIRROR 

^-y^ o a2|    {. 

GAS CELL 
3489   12? 

\ 

-&■ 

OUTPUT BEAM 

*FIXED MIRRORS 

Fig. 67.  "Wind generation apparatus.  The moving mirror causes 
the input beam to move relative to the g?s cell.  The 
fixed mirrors bring the moving beam to the back of the 
moving mirror so that the output beam is stationary. 
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This method of wind generation was chosen for three reasons.    First, 

it is very simple and requires moving only one small mirror.    Second,  the 

output beam appears stationary, just as it would if the gas were moved 

across a stationary beam.    Finally,  the gas cell construction is very simple. 

The design has two disadvantages, however.    The most   important is that the 

focal plane moves relative to the cell.    This should present no serious prob- 

lems in interpreting the results,  however,  as long as the focal plane remains 

inside the cell.    The second drawback of this design is the periodic nature of 

the "wind. -    The moving mirror is driven sinusoidally and so the wind direc- 

tion reverses periodically.    Also because of the sinusoidal mirror motion, 

only about one-third of the total excursion can be used if the wind velocity'is 

to be held constant.    This feature of the design is only a cosmetic deficiency, 

however,  and in no way complicates either the instrumentation or the inter- ' 
pretation of the data. 

2. Gas Cell Design 

There are two overriding considerations in the design of the 

blooming cell.    First,  it must be able to hold a reaonable vacuum of about 

0. 1 Torr so that fill gases can be accurately metered into it.    Second,  it 

must be able to withstand the corrosive nature of NCy    Since the "wind- 

generation is accomplished by external means,  both of there requirements 

are easily met by a stainless steel cylinder with glass windows on each end. 

The design is shown schematically in Fig.  68.    The 50 cm cell length was 

chosen for convenience:    long enough so large f-number lenses can be useH. 

and short enough to be convenient in the available laboratory space. 

Since N02 is highly toxic as well as corrosive it is metered in.o the 

cell through a precision needle valve.    A second needle valve at the NO    gas 

bottle is used to restrict the flow rate in the event of leaks or a line brelkage. 

For safety reasons, the line from the NO., bottle to the cell is kept as short 

as possible and the main valve on the N02 bottle is closed at all times except 
during a fill cycle. 

As indicated in Fig.  68. two vacuum gauges are used.    Since a pres- 

sure of only 4 Torr of N02 is required for 50% absorption along a 50 cm 

path,       a precision differential vacuum gauge is used tr       nitor the intro- 

duction of precise and reproducible amounts of NO.,.    A coarse pressure 
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©COARSE   PRESSURE 
GAUGE,  0-15 PSIO 

3489-120 

TO 
VACUUM   PUMP 

PRECISION LOW PRESSURE 
GAUGE , 0-20 Torr 

SHUTOFF   VALVE 

II cm 

(o) 

BK-7   WINDOW,   1/4" THICK 
AR-COATED   BOTH  SIDES 
CLEAR   APERTURE   OF 
3 cm  x  6 cm 

3489-121 

WINDOW CLAMP   SEATED   ON 
RECTANGULAR   O-RING 

(b) 

Fig. 68.  Gas cell schematic diaqram.  (a) Side view show- 
ing inlet and outlet ports, valves and pressure 
gauges,  (b) End view showing glass window mount 
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gauge is then monitored as SF,  is put into the cell up to a pressure of 

760 Torr (1 atmosphere).    When the cell is filled,  it is closed off and the 

gauges pumped out to prevent corrosion by the NO-. 

All of the parts and materials have been ordered for the cell,  for the 

gas and vacuum handling station,  and for the moving mirror.     Bccaucu' of 

the simplicity of the design,  no serious obstacles arc foreseen in the con- 

struction and implementation of this thermal blooming simulator.    We plan 

to use the cell in a horizontal configuration, assuming that the low total 

power absorption (50 mW or less) and the moving beam will prevent forma- 

tion of convection currents.    If convection currents do cause problems,  the 

cell can be mounted vertically without too much additional hardware. 
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v. CONCLUSIONS 

The performance data from this program and the conclusions drawn 

from the data arr contained in previous sections of this report.     The impact 

of these studios on the design of high power COAT systems and components 

is part of the addendum proprietary document which addresses "Task III" of 

the contract.    This section summarizes the conclusions about multidither 

COAT systems and their performance in turbulence compensation which can 

be drawn from the work performed on this contract.    Our conclusions are 

presented below. 

Multidither COAT Turbulence Compensation 

A multidither COAT system can produce a nearly 
diffraction-limited beam even for beams propagating 
through very strong atmospheric turbulence.    Resid- 
ual errors in the optical system are also removed 
without affecting the turbulence compensation per- 
formance.    An 18-element,   15 mm diameter trans- 
mitter proved sufficienc for the turbulence levels 
encountered on a 100 m range with a O.^.dS um opti- 
cal wavelength.    A larger number of elements may 
be required for larger transmitter diameters,  larger 
ranges, or higher turbulence levels at other wave- 
lengths.    The minimum number of COAT servo 
channels depends on all these parameters. 

The servo electronics for a multidither COAT sys- 
tem are relatively simple and compact and can be 
constructed using all ( olid-state off-the-shelf 
components. 

A correction bandwidth of 50 Hz is sufficient for 
atmospheric turbulence compensation with static 
♦■^rgets.    Bandwidths up to the 500 Hz limit of the 
RADC/COAT system will be necessary for moving 
targets and slewing beams and if a 2 ms conver- 
gence time is required. 

Peak-to-peak phase errors on the order of 1. 3 
wavelengths are present in strong turbulence for 
a 15 mm diameter beam transmitted across a 
100 m path.    A total phase correction capability in 
a COAT system of ±1 wavelength is thus sufficient 
for turbulence compensation.    A larger dynamic 
range of about ±2 wavelengths is desirable, how- 
ever, to allow for offset errors in the electronics 
and to allow electronic offset-pointing without 
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exceeding the maximum allowable phase excursion 
of the system. 

Turbuleno; correction performance is not degraded 
by moving,  multiple glint targets.    A multidither 
COAT system will select and lock onto the strongest 
glint in a mulfiglint target.    Glint discrimination 
is perfect if oie glint has at least 2 to 3 dB larger 
return than ar.y other single glint.     The presence of 
a large diffuse target has no effect on system per- 
formance as long as the target also contains a 
brightest glint. 

Moving targets can be tracked by a 500 Hz servo 
bandwidth COAT system at rates exceeding 10 mrad/s. 
More rapidly moving targets can also be tracked,  but 
the peak power density on the target is reduced. 
Servo system bandwidths in excess of 500 Hz wi'l be 
required for faster electronic tracking and slewing 
performance.    Tracking performance is not affected 
by a multiple glint target; the COAT system will con- 
verge on and track the strongest glint. 

Adaptive xy-pointing control is desirable to remove 
atmospheric beam steering which cannot be removed 
by transmitter phase control.    This type of active 
control can be implemented using a dithered servo 
system similar to the phase control system in the 
RADC/COAT system.   The control loop can be 
closed around the target utilizing the same intensity 
detector used for the phase control loops. 

Offset-pointing is straightforward to implement 
with this type of COAT system using sample-and- 
hold circu-'try in the servo electronics.    Pointing 
can be dene either mechanically with microslewing 
mirrors or electronically using preprogrammed 
phase control of th« transmit aperture.    When a 
sample-and-hold technique is used,   secondary 
glints in the beam offset region of the target are 
ignored by the COAT system. 

The measurements in this program were performed 
using a 0.488 (im laser wavelength.    The transmitter 
diameter,   range, and turbulence levels used, how- 
ever, are scalable to interesting scenarios at 
10.6 (im a.id 3.8 \im wavelengths.    All of the conclu- 
sions based on these visible wavelength studies will 
thus also apply to multidither COAT turbalence 
compensation at 10.6 \m\ or 3.8 \xm laser 
wavelengths. 
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VI. RECOMMENDATIONS FOR FUTURE WORK 

The work on this contract has demonstrated that multidither COAT 

can correct for beam distortions caused by atmospheric turublence.    A 

DARPA/RADC follow-on contract (No.   l-MOM^-TS-C-OOOl) is design.-.I |(, 

investigate COAT compensat.on lor thermal  bloomin8 distorUons.     Both of 

these contracts will also produce design guidelines for high power laser 

COAT systems.    When taken together,  this contract and the follow-on to it 

will demonstrate by experiment and analysis   (1) whether a multidither COAT 

system can simultaneously correct for optical system distortion's,  thermal 

blooming,  and turbulence,    (2) how well a given COAT system can compen- 

sate for various types and strengths of distortions.    (3) what effects,  if any, 

certain target glint structures have on the operation of a COAT system,  and 

(4) what the design tradeoffs are for implementing a COAT syßtem on a high 
power laser. 

With this rather complete data base, additional desirable investiga- 

tions fall into three broad areas:    (1) high power component development. 

(2) advanced system concepts demonstration, and (3) high power system 

demonstration.    In the area of high power components,  there are several key 

components which need further development.    These include cooled deform- 

able mirror surfaces vhich have the necessary resonance-free frequency 

response characteristics,  actuators for these mirrors,  and cooled high effi- 
ciency diffraction gratings, 

A multidither COAT system requires two types of deformable mirrors 

(or the acousto-optic or electro-optic equivalents).    Om high amplitude, 

relatively low frequency response unit for the phase erro.   correction and thl 

second is a low amplitude,  high frequency device for generating the dither 

modulations.    With current designs,  two separate units are beat employed to 

perform these functions.    Recent tests of Hughes cooled mirror designs indi- 

cate both types of mirror faceplates can be built. 

The IR&D program at the Research Laboratories has recently pro- 

duced some novel mirror actuator designs which appear very promising for 

driving both the corrector and dither mirrors.    Contract support is recom- 

mended to continue this development effort and,  in particular, to combine the 

' 
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new actuator designs with a deformable faceplate to obtain a wide bandwidth, 

continuous surface dither mirror with 50 or more actuators which will be 

suitable for high power applications. 

Several advanced COAT system concepts,  many of which are Hughes 

proprietary,  may offer certain advantages for particular applications.    These 

possible advantages include reduced deformable mirror requirements, 

reduced mirror actuator requirements,   reduced number of mirror actuators, 

and improved target tracking and glint discrimination.    Almost all of the 

advanced concepts can best be tested and verified under controlled laboratory 

conditions.    Developmental programs should be undertaken to identify any 

relative advantages of these concepts.    In addition, many questions remain 

unanswered about the interaction between a COAT system and a real moving 

target with a complex dyramic glint structure.    A laboratory-scaled experi- 

mental program to investigate these target effects in depth rmy he required 

after the initial studies that will be carried out under the DARFA/RADC 

follow-on contract. 
With the successful demonstration of compensation for turbulence and 

optical system distortion? and the anticipated reduction of thermal blooming, 

there is little remaining doubt that a COAT system can provide significant 

improvement in target power density.    Since the high power component 

development is also in a reasonably advanced state,  it appears to be a pro- 

pitious time to commit funds to a full hi^h power CO^T demonstration.    The 

proof of the usefulness of a COAT system will not occur until a demonstration 

is made on a high power laser such as the XLD-2.    The high level of confi- 

dence in multidither COAT operation and the state of component development 

indicate minimal risk in proceeding at the earliest date toward a high power 

COAT demonstration. 
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