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PREFACE 

This quarterly report was prepared by Hughes Research 

Laboratories,  Malibu,  California under Contract F30602-75-C-0001.    It 

describes work performed from 1 Octrber 1974 LO 31 December 1974.    The 

principal investigator and principal scientist is Dr. James E. Pearson. 

The project is part of the adaptive optics program at the Hughes Research 

Laboratories under the management of Dr. Joe A. Jenney. 
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SUMMARY 

The objectives of this research program are twofold:   (1) study the 

ability of a multidither COAT system to compensate for thermal blooming 

and turbulence,  particularly when it operates against complex multiple glint 

targets; (2) use a compu.er simulation to cross-check the experimental 

results and to derive design guidelines for high power COAT systems.    This 

report summarizes the work performed during the second quarter of the 

contract from 1 October 1974 to 31 December 1974. 

We have experimentally studied compensation for forced-convection 

thermal blooming using an 18-element COAT system which operates at 

0.488 ^im.    Operating against a single stationary glint target through an 

absorbing gas cell with a transverse wind,  the COAT system has so far pro- 

duced only small improvements in target Jrradiance.    The experimental data, 

however,  do not agree rmantitatively with theory,  partly because of buoyancy 

effects in the gas cell.    We have modified the apparatus to minimize these 
effects for future experiments. 

Computer simulations of COAT blooming compensation have been 

made using a phase conjugate correction algorithm.    These simulations show 

a factor of 2 improvement in peak target irradiance when the transmitted 

beam has an untruncated Gaussian intensity profile.    When the transmitted 

beam is a truncated Gaussian,   however,  the observed improvement is only 

20%, in qualitative agreement with experiment. 

Preliminary complex target studies have used moving multiple glint 

and moving diffuse targets.    Normal operation of the COAT system is ob- 

served even when the receiver has only l/3 the spatial resolution of the 

transmitter.    The only exception is with a small receiver and a moving 

diffuse target, but this result is ambiguous because of a very low COAT 

system signal-to-noise ratio in the experiment. 

Adaptive tracking and focus controls have been designed for the 

18-element COAT system and are now under construction.    These controls 

are also being incorporated into the computer simulation.    Two designs for 

producing calibrated laboratory turbulence are being built.    Both designs are 

simple phase screens; one screen design is fabricated by sputtering random 

Preceding pa^e blank 9 
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patches of Si02 onto quartz,  and the other uses a photograph of a 

computer-generated phase screen. 

Work during the next quarter will be in four areas:   (1) completing 

modifications to the experimental apparatus,  such as adaptive tracking and 

focus and turbulence generation; (2) additional thermal blooming studies 

aimed at better quantitative agreement with theory; (3) complex,  moving 

glint target studies with blooming and turbulence; and (4) ongoing computer 
simulation work. 

10 
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I. INTRODUCTION 

A. Program Objectives 

There are two primary objectives of this program.    The first 

objective is to determine the performance limits of multidither coherent 

optical adaptive techniques (COAT) by performing scaled laboratory experi- 

ments which are designed to produce quantitative data on the nature of 

thermal blooming and turbulence and on the ability of multidither COAT to 

correct for these distortions,  particularly when th,^ target has many moving, 

time-varying glints.    The second objective is to use computer simulation as 

a cross check on the experiments and as an analytical tool to derive design 

parameters for high power COAT systems. 

B. Research Program Plan 

The performance of multidither COAT has already been proved with 

an 18-element visible wavelength system developed and tested on DARPA/ 

RADC Contract F30602-73-C-0248 which was concluded in July 1974.    This 

same system is used for the laboratory experiments in this program.    The 

computer simulation codes for atmospheric turbulence, thermal blooming, 

and the COAT system are being developed on DARPA/NOL Contract N60921- 

74-C-0249.    The previous DARPA/RADC COAT contract also supplied a 

design for a gas absorption cell which will be used to simulate convection- 

dominated thermal bloorring in the atmosphere. 

The research program for this contract,  illustrated in Fig.  1,   runs 

from 2 July 1974 through 30 June 1975.    The required oral presentation was 

made on 3 December 1974 as part of the DARPA/NOL Adaptive Optics 

Symposium held at Lincoln Laboratories.     A contract amendment nego- 

tiated during the second contract quarter provides for the addition of auto- 

tracking and autofocus controls to both the RADC/COAT hardware and the 

Naval Ordnance Laboratories computer code.    These additions should not 

interfere with other scheduled work, and so will take place from December 

1974 through February 1975. 

11 

mm mammmmM .     .— !-.■,. -K..^_1^ A 



i  JJVPI   in i),    IRI    ■1^1  IV n^^FPffVUmmi^mflCHIM .11 «pi.1  iiUliiJAi«J ■.imwijimi m^*^m^^*T     itmrmii""W»m • 

3684-3 

1974 1975 
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J A S 0 N D J F M A M J 

STATIC MOVING 

BLOOMING 
ONLY 7 

BLOOMING 
AND 

TURBULENCE 
TURBULENCE 

ONLY 

TASK 1: 
GAS CELL 

CONSTRUCTION TASK 2: 
SINGLE GLINT 

BLOOMING 
MEASUREMENTS 

TASK 3: 
COMPLEX TARGET 

STUDIES 

TASK 4: 
COMPUTER 

SIMULATION 
STUDIES 

TASK 5: 
FINAL REPORT 

AND HIGH POWER 
DESIGN GUIDELINES 

PREPARATION 

Fig.   1,    Research program plan showing COAT tasks and 
scheduling. 
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n. TECHNICAL ACCOMPLISHMENTS 

A. Thermal Blooming — Experimental Studies 

During this quarter we have concentrated on CCAT measurements 

using a single fixed-glint target.    All of the quantitative measurements were 

made using the forced-convection gas cell simulator discussed in the previ- 
2 

ous report.     We have also made some observations using a flowing liquid 

cell,   but have not yet c uantified these measurements. 

1. Gas Cell 

2 As indicated in the previous report,     the gas cell uses a small 

amount jf NO-, to absorb the 0.488 jim radiation transmitted by the COAT 

system and a second (buffer) gas at one atmosphere of pressure to produce 

the thermal blooming.    This technique relies on efficient transfer of energy 

absorbed bv the N02 to translational (heat) energy in the buffer gas in a time 

short compared to a convection time (for convection-dominated heat trans- 

fer).    Based on estimated energy transfer rates and a calculated figure of 

merit,     we identified SF^ and Xe as the best buffer gas candidates.    Because 

of its significantly lower cost,   SF, was tried first. 

Much to our surprise and continuing puzzlement,  the SF,-filled gas 

cell produced an order of magnitude less blooming than expected.    After con- 

vincing ourselves that there was no error in our calculations and that the 

SF6 and N02 were thoroughly mixed,  wa abandoned the use of SF, and filled 

the cell with Xe (one fill requires about 4 liters of gas at one atmosphere). 

The Xe-N02 cell produced significant blooming with the available optical 

power but,  as discussed below,   still less than calculated. 

All measurements were made using the arrangement sJiown in Fig. 2. 

The details of this setup have been previously discussed.     The first test was 

performed with no transverse wind to compare with earlier data taken with a 
2 

thin static liquid cell.     The observed beam profiles are shown in Fig. 3. 

Note that at low power the far field patterns of the beams in each path are the 

same,   indicating the identical optical quality of the two paths.    The profiles 

shown in Fig. 3 are "A-scope" presentations.    That is,  the intensity distri- 

bution of the entire beam is shown in profile,  not just a single trace through 

the center of the beam.    Thus,  all of the beam sidelobes can be seen. 

13 
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MATRIX 
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l>1 

BEAMSPLITTER     U 

PATH NO. 1 

FOCAL PLANE 
OF f. 

MICROSLEWING 
MIRRORS 

18 ELEMENT 
PHASOR MATRIX 
OUTPUT ARRAY 

1ST I   «! 
REDUCING 
TELESCOPE 
<3.2XI 

PATH NO. 2 
(UNPERTURBED 
BEAM PATH) 

 -KH-- 
2ND REDUCING 
TELESCOPE 
(30X) 

TWO  LENSES, f„IN PATH   NO  I 
FORM   II   IMAGING PAIR 

COAT RECEIVER 
(PRIMARY LOCATION) 

SHUTTERS 

Fig. 2, Schematic of laboratory optics. Path No. 1 through 
the blooming cell and path No. 2 outside the cell are 
optically identical when the cell is not filled. 
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The observed blooming and COAT correction at higher powers is 

very similar to that observed with the static liquid cell (compare Fig.  3 to 

Fig.  9 of the previous report).    Quantitatively,  the observed COAT 

correction with the static gas cell is nearly identical to that with the liquid 

cell (see Fig.  11 of Ref. 2); that is,  the COAT system increases the peak 

power by about a factor of 4 at the highest power level shown in Fig.  3,  but 

achieves only 50% of the unbloomed peak intensity.    This result is somewhat 

unexpected because of the different geometries in the two experiments.    The 

gas cell is a distributed disturbance and extends from the near field to the 

focus of the beam.    The static liquid cell was very thin compared to the 

beam confocal parameter and was placed in the near field of the transmitter. 

The cases of greatest practical interest are those which simulate 

forced convection-dominated blooming.    A series of tests were made using 

the parameters shown in Table i.    The observed beam profiles through the 

cell are shown in Figs.  4 and 5.    The profiles in Fig. 4 are A-scope pre- 

sentations which show the entire beam in profile; the main lobe as well as 

the sidelobes can be seen.    Note that the vertical scale is logarithmic.    The 

photographs in Fig.  5 are black-and-white photographs from a level- 
3 

quantized color display    with 1.5 dB per color level and correspond to the 

profiles shown in Fig.  4. 

There are three principal features of these data.    First,  the ex- 

pected crescent-shaped beam distortion is observed in Fig.  5(c) and the 

beam is shifted into the wind as shown in Figs. 4(c) and 5(c).    Note that the 

crescent is also shifted toward the top of the photograph in Fig.  5(c); the 

possible significance of this is discussed below.    Second,  when the COAT 

correction is applied,  the beam maximum is maintained on the boresight 

Table 1.    Single Glint Thermal Blooming Parameters 

V = Transverse wind velocity = 6.4 cm/sec 

uL = Absorption coefficient = 1.22 (ceil transmission = 30%) 

Drp = Beam diameter at cell input = 0.26 cm 

D,  = Beam diameter (diffraction-limited) at cell output 
(beam focus) =  0.022 cm 

T1580 
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axi. where the glint i, located.   Fi„ally,  comparing Fig,. 4(b) to 4(e) and 

^fr«« t0 4(f, indiCat" n° iPParent im>"0-™"' '" P«» inteneity when 
tHe COAT correction is applied. 

This last observation is quantified in Fig. 6.   Also shown in Fig    6 

is the power through an aperture the width of which equals the full-width at 

half-maximum of the unbloomed beam.    A small improvement in this -power 

U. a bucket" is seen with COAT correction at the highest input power.    Both 

the peak irradiance.  Ip, and the aperture power    P     a™ th- m     • , ^ r* ••v*ie puwer, t» , are the maximum in 
the beam, no matter where it occurred.   For the COAT-corrected ca.es 

the beam wa, al.o manually ateered (uaually only horizontally) to maximize 

        3751    341. 
60 

LU h 
x < 
< 

a-    POWER THROUGH APERTURE 
DIAMETER = FWHM OF 
DIFFRACTION - LIMITED BEAM 

Ip:    PEAK BEAM IRRADIAMCE 

DIFFRACTION-LIMIT 

Pa, COAT 

Pa, NO COAT 

Ip, COAT OR 
NO COAT - 

20 30 40 50 

POWER INTO CELL, mW 

80 

_i_ _L 
0 W 100 ^T ^o 

SCALED 10.6Mm POWER, kW, FOR L = 2 km, DT ■ 70 cm 

Fig. 6. Quantitative blooming data with and without COAT 
correctron. The peak irradiance is the maxitnum 
in the beam no matter where it occurs.    The power 

maT/r Wh' n1"^6' Pa' i8 al80 the -xim^ no matter where it occursf 
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Ip and P .    Without this steering, tie COAT-corrected curves would fall 

below the "NO COAT" curves.    Tnere is thus a significant wedge in the 

blooming distortion,  which the segmented aperture phase correction in our 

system cannot adequately remove.    An automatic pointing control (discussed 

in Section D) thus appears to be very desirabln for coping with thermal 

blooming. 
The data in Fig. 6 has two other noteworthy features.    First,  the 

amount of blooming calculated using the Naval Ordnance Laboratories (NOL) 

propagation code is indicated by the curve marked "theory".    When scaled 

to a 2 km path and a 70 cm diameter transmitter at 10.6 jj.m,  the 10.6 |im 

transmitter power is given by the scale at the bottom of the figure.    The 

feature to notice is that the observed power reduction caused by blooming is 

only half that predicted by theory. 

The second important feature of the   >xperimental data is the absence 

of a well-defined "critical power" (Pcrit in Fig.  6) above which the target 

irradiance decreases with increasing transmitter power.    Although not the 

same numerically,  the experimental and theoretical curves in Fig. 6 have 

nearly the same shape up to P    ..,  but above this power the experimental 

curves flatten out or saturate.    This behavior has been observed by others 

in a different type of exporiment    where the saturation was attributed to 

natural convection (buoyancy).    The shift of the "crescent" in Fig. 5(c) is 

also indicative of convection effects (the top of the photographs in Fig.  5 

correspond to the lower edge of the actual beam).    This shift,  the "satura- 

tion" of the observed blooming,  and the lower than theoretical blooming 

levels lead us to conclude that buoyancy effects were present in our experi- 

ments.    The easiest solution to the buoyancy problem is to mount the cell so 

that the laser beam propagates vertically.    Tiis is easily done and the 

resulting se*"af; ;-S shown in Fig.  7. 

There is one other possible problem in our experiment.    The ratio of 

the diffusion time across the beam to the forced convection transfer time is 

given by the Peclet number defined as 

Vr 
P   =—2 

e        D (1) 

20 
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proper heat transfer characteristics along the entire beam path. 

Unfortunately, we will not be able to produce significant blooming with such 

wind velocities because of limited las.jr power (the bljoming strength varies 

a*; V"1).    We may be able to increase V by a factor of 2 or 3, however, 

•/hich should improve the agreement between theory and experiment. 

The system convergence time was measured for the no wind case at 

the three blooming levels shown in Fig. 3.   A convergence time of 1.5 to 

2.0 msec was observed at all three power levels; the blooming appears to 

have r-  effect on the system convergence time. 

2, Liquid Cell 

The previous report    pr  sented results of blooming studies 

which used a thin static liquid cell.    The observed COAT performance was 

similar to the data in Fig. 3.   We recently tested,  on the HRL IR&D pro- 

gram,  a flowing liquid cell which uses methanol with a small amount of 

iodine dissolved in it.   The cell is 20 cm long and was used in the same posi- 

tion as the 50 cm gas cell as indicated in Fig. 2; the beam focus occurred 

near the cell output. 
The advantage of the liquid cell is that significantly more blooming 

can be produced for a given optical input power to the cell; it is thus some- 

what easier to eliminate convection problems.    A disadvantage of the liquid 

cell is that the difference in fluid dynamics between an incompressible liquid 

and a compressible gas makes it more difficult to interpret the results in 

terms of a scaled-up atmospheric experiment. 

We have had a limited amount of time to observe the COAT system 

performance with this cell.   Qualitatively, the performance is the same ?.s 

with the gas cell:   some blooming compensation, but not as much as hoped 

for.    We plan to obtain more quantitative data during the next quarter. 

22 
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B. Thermal BloominK - Computer Simulation Studies 

Although most of the computer code development is now complete, 

there are several subprograms which are still being implemented.    These 

include finite extent,    noving glints for the target simulator and auto focusing 

and auto tracking simulators.    The linear and nonlinear propagation simu- 

lators and the multidither servo simulators are essentially complete,  and 

mirror simulations have been developed for 37.   57. and 97 actuator de- 

formable and segmented mirrors.    A remaining problem is to combine all of 

these subprograms into an efficient master adaptive optical system simula- 

tor.    This integration work has now started with the acquisition of remote- 

terminal batch processing lines to the computer facilities at the Lawrence 

Berkeley Laboratory and at the University of Southern California. 

1. Computational Results 

To date,  we have investigated COAT system performance only 

with a phase conjugate correction algorithm for economy in computer time. 

The correction mirror is "ideal" in that the number of actuators equals the 

number of calculational mesh points.    The target is a single,   stationary 

Gaussian glint,  and turbulence as well as thermal blooming effects have been 

studied separately and together.   Both pulsed and cw propagation cases have 

been studied.   In this report, however, we discuss only cw cases.   Figures 8 

and 9 show the effects of turbulence and blooming on a 70 cm diameter beam 

focused at a distance of 2 km.    Both figures are for stationary beams (no 

slewing) with no COAT correction.    Figure 8 is computed for \ = 3.8 jxm and 

shows the dominance of turbulence effects at this wavelength.    With no tur- 

bulence (Cjjj = 0). the maximum flux on target is 53 kW/cm   at a critical 

transmitter power of 100 kW.    With only moderate turbulence,  the target 

flux at 100 kW transmitted drops by a factor of 4.1 to 13 kW/cm  . 

The 10.6 jxm case in Fig. 9 shows the dominance of thermal blooming 

at this wavelength (the atmospheric absorption is 10 times stronger than at 

'AH of the computer simulation results P^sented in thxs report were 
obtained as part of DARPA/NOL Contract No. N60921-74.C-0249.    The 
results have been previously discussed in other presentations   ^      They 
are presented here because of the relevance of the results to the experi- 
mental work accomplished on this contract. 
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Fig.  8.    Turbulence and thermal blooming effects at 3.8 \xm 
with no beam slewing (J2 = 0) and no COAT cor- 
rection.    The triangular points are found from a 
mean square combination of turbulence and bloom- 
ing when considered separately (eq. (5)).    Note the 
dominance of turbulence effects. 
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Turbulence and thermal blooming effects 
at 10.6 ^im v/it'.i no beam slewing (    = 0) 
and no COAT correction.    The triangular 
points are found from a mean square com- 
bination of turbulence and blooming when 
considered separately (eq.  (5)).    Note the 
dominance of blooming effects (compare 
vertical scale to Fig.  8). 
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3.8 ^m).    With no turbulence, the maximum flux on target is only 

2.2 kW/cmZ at P      ,. = 54 kW.    The triangular points in Figs.  8 and 9 are 
cnt 

found from a mean square summation of the effects of turbulence and bloom- 

ing considered separately.    That is,  for each type of distortion, we can 

define an effective distortion-induced divergence angle Og or eT such that the 

peak intensity on the target is given by 

blooming only (3) 

or 

peak 
I o 1 + 

turbulence only (4) 

where 8    is the divergence angle for free space which produces an intensity 
0 2 

I   .    An identical formulation was used in the previous report    to analyze 
o 

blooming in a liquid cell.    The combined effect of turbulence and blooming is 

then approximated by 

(5) 

As can be seen from the figures,  this method gives results which are very 

close to the calculation which considers the two effects simultaneously. 
2 

We have previously demonstrated both experimentally   and through 

compute,  simulation    that a COAT system can remove 90 to 95% of tur- 

bulence distortions.    COAT correction for thermal blooming in the presence 

of beam slewing has been studied with two scenarios.    First,  using a phase 

conjugate algorithm,   the correction is applied to an infinite Gaussian beam 

across the entire computational screen at every mesh point.    This 
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corresponds to a system with a very large,  perfectly deformable mirror with 

effectively an infinite number of actuators.    The results of this type of cal- 

culation for \ = 10.6 ^m are shown in Fig.  10 for a beam slew rate of 

20 mrad/sec.    The COAT correction increases P^ by a factor of 2.  and 

increases the maximum flux on target by a factor of 2. 9.    Note also the sub- 

stantial increase in target irradiance for a slewed beam over that for a 
stationary beam (Fig.  9). 

The more realistic case,  however,   is for a truncated Gaussian beam. 

Figure 11 gives the results at 10.6 jxm for a Gaussian beam truncated so that 

90% of the original beam energy is tran«mitted.    Again,  phase conjugate cor- 

rection is used but only over th. finite transmitter beam.    The first thing to 

notice is that the truncation reduces the diffraction-limited peak intensity by 

a factor of 2 from the infinite Gaussian case.    Second,  in the absence of 

turbulence,  the COAT correction has almost no effect no P        and increases 

the maximum target intercity by only 15%.    Since this resuh'is consistent 

3719  « 

-* ■  10.6  /xm 
INF. GAUSSIAN 

■  70 cm 

2 x 10'2 rad/sec 

0, f = 2 k m 

320 
—I 

400 4% 560 640 

LASER POWER, kW 

Fig.  10.   Phase c ase conjugate COAT correction for thermal blooming 
10.6 u,m for an "infinitp" slp^wof^ K^rv, ,„ i_._. J 6 at 

in the text. 
infinite" slewed beam as explained 
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Fig.  11.    Phase conjugate COAT correction for thermal blooming 
at 10.6 ^m for a truncated Gaussian beam with beam 
slewing.    Cases with and without turbulence are 
shown. 

with our multidither experimental results,  we have no reason to suspect that 

the use of a multidither algorithm in the simulation will give any better COAT 

correction.    With both blooming and'turbulence present,   substantially more 

correction is observed; COAT correction removes most of the turbulence 

distortions. 
Figure 12 shows the effect of COAT correction at 3.8 jim for a trun- 

cated Gaussian beam.    The transmitter diameter and slew rate are the same 

as in Fig.  U, but the focal distance and turbulence are different.    Again, 

most of the turbulence distortions are removed,  but little correction for 

thermal blooming is observed. 

2. Discussion 

Although the results presented above are still somewhat pre- 

liminary,  it appears reasonable to draw two tentative conclusions.    First,  a 

COAT system which provides phase control at the transmitter aperture can 

28 

mam . ,  



rypm i m.i^m*irmmimmmm* >.fi ■ "«•immimmmi&fm***W*mim*""'''*'i "■ .«»^T»w»p^w^iwfp»i(p«5w»W!iw«i^www«ii«iiip^^»w«^^!»w^B»pw" -mmmm 

~       I -1 r 
X = 3.8/xm 
TRUNCATED GAUSSIAN 

um m 

f 
= 70 cm 
4 km 

CN
2 = 5 x  IQ"16 cm-2/3 

ß= 0.02 rad/sec 

THERMAL BLOOMING & TURBULENCE - WITH COAT 

s 
r THERMAL BLOOMING & TURBULENCE - NO COAT 

Fig. 

300 400 500 600 

LASER POWER, kW 

700 800 

12'    P}!fle ?.OI?jUgate COAT correction for thermal blooming 
and turbulence at 3. 8 (im for a truncated Gaussian 
beam with beam slewing. 

provide some compensation for thermal blooming but the amount of correc- 

tion is small.    The apparent factor of 4 correction seen in Fig. 3 (no wind) 

may be caused by turbulence-like effects produced by strong convection 

currents set up in the gas (observe the greatly diffused beam in Fig.  3(c)). 

The COAT system may just be removing the turbulence distortions. 

We do not yet fully understand why COAT correction when applied to 

an "infinite- beam is so much better than when it is used with a truncated 

beam.       We think,   however, that it is in part caused by the fact that the d^s- 

tortions associated with the fields outside the truncation circle are more 

easily corrected by a phase conjugate COAT system than those inside this 

region,  because the degree of distortion decreases as the distance from 

beam center increases; i.e.,  the fields near the beam center pass through 

the most severely distorted portions of the medium.    We plan to explore this 

phenomenon further during the next two quarters. 

The second conclusion based on this early work is that automatic 

pointing and tracking is important in optimizing target irradiance in the 

presence of thermal blooming.    This conclusion is based on our qualitative 
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experimental observation that it was necessary to steer the beam to maxi- 

mize the irradiance on a single glint after the COAT phase control had con- 

verged to its maximum level.   That is, part of the blooming distortion is an 

effective wedge which our stepwise aperture phase control cannot remove (a 

deformable mirror would automatically do so, however).   In effect, without 

any pointing correction,  the COAT phase control maximizes the target ir- 

radiance.  but on an "off-axis" glint; the pointing correction then removes the 

tilt component of the distortion.   More detailed data to support this conclu- 

sion will be available after we have completed the addition of multidither 

pointing and focus controls to the RADC/COAT system. 

It is worth noting that our observations of little COAT compensation 

for blooming for truncated beams do not agree with studies,   both experi- 

mental and theoretical,  made at Lincoln Laboratories.7, 8   This work con- 

sidered the introduction of optimized amounts of classical aberrations (tilt, 

focus,  astigmatism,   coma,   etc.) to overcome bloomi.ig.    Theoretically,8 

factors of 2 to 4 improvement were seen.   Experimentally,7 using only astig- 

matism and refocus, a factor of 2 increase in target irradiance was observed 
for P « 1.5 P    ... cnt 

This discrepancy with our work suggests two things:   (1) We have 

some hidden error in both our experiment and simulation, or (2) we have not 

yet optimized the correction scheme for thermal blooming.    We feel that the 

second item is the more likely explanation.    The Lincoln Laboratories theo- 

retical results were obtained using a predictive scheme based on the com- 

puted phase error across a bloomed beam.   The various aberrations through 

fifth order were then fitted to this error and applied to the transmitted beam. 

Experimentally,  the amount of astigmatism was varied until maximum target 

irradiance was achieved and then a small refocus correction was made. 

Both of these procedures can be considered equivalent to a slow,   large 

amplitude dither algorithm which evaluates the effect of a correction before 

deciding on the next step.   It may be that the multidimensional correction 

space for blooming has one or more local maxima which are not the global 

optimum.    A "slow, " high-amplitude correction scheme may be able to con- 

verge on the global optimum while the fast,  low-amplitude multidither (or 

phase conjugate) technique hangs up on one of the local maxima. 
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This explanation is. of course, very speculative and needs much more 

study.   We hope to address, in future work, the problem of identifying other 

correction algorithms for blooming compensation as  well as for other 
applications. 

C' Complex Target Studies 

We are just starting to investigate the effects of moving multiple 

glint or diffuse targets on the operation of multidither COAT systems      We 

have looked briefly at two-glint and multiple-glint scotchlite targets,  where 

the ghnts are not resolved by the transmitter.    Diffuse targets made of 

curved plastic or curved scotchlit. have also been observed.    These diffuse 

targets were usually cylindrical in shape and larger than the formed array 

beamwidth.    No blooming or turbulence has been introduced in any of our 
tests to date. 

One of the important parameters in this target study is ratio of the 

effeccive receiver resolution to the transmitter resolution. This ratio can 
be expressed as 

v       .RT     DR 
YRT-R^XD^ (6) 

wh3re RT(R   , is the range from the target to the transmitter (receiver) and 

DT(DR) xs the largest dimension of the transmitter (receiver)     As y 

approaches unity,   speckle patterns from complex, moving targets ma^ 

cause amplitude modulations in the COAT receiver. 9   If these modulations 

have significant frequency components at a dither frequency,  that servo 

channel might be disabled as long as the modulations persist. 

Three types of targets have been investigated so far.    The first tar- 

ge   had two scotchlite glints located so both were within an array beamwidth 

and one was oscillated along the beam p.th at frequencies ranging from 10 HZ 

to 10 kHz.    The maximum motion was varied from about 0.2 mm to 2 mm. 

The second target contained five small scotchlite glints all within an array 

beamwidth.    The ensemble was given a low amplitude oscillatory motioa 

about an axis perpendicular to the beam.    The third target was a scotchlite 

cyhnder rotated at various uncalibrated rates about an axis perpendicular to 
the beam, 
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Table 2.    Preliminary Moving Complex Target Study Results 

"^^•Target Two Glints, 
one mo\äng 

Multiple Glints, 
all moving 

Extended,   diffuse 
cylindrical target 

9 

0.33 

No effect; good 
COAT performance 

No effect; good 
COAT performance 

No effect 

No effect 

No effect 

COAT system 
breaks lock at 
slow rotation 
speeds 

T1599 

The results of our measurements are summarized in Table 2 for two 

different values of yRT.    For YRT = 9, there is significant averaging over 

the receiver aperture and,  as expected,   no target effects were observed with 

any of the targets; the COAT system maintained lock on the moving targets 

just as well as on a single stationary glint.    One qualification is necessary, 

however.    Even when the cylindrical target was stationary,  the beam formed 

by the COAT system tended to jump around a little because of the large 

effective glint area; the glint size is the same size as or larger than the 

formed array beamwidth.    This type of behavior has also been observed on a 

100 m outdoor range with this kind of target. 

With the small value of YpT = 0.33,  there was barely enough signal- 

to-noise (S/N) to maintain lock,   even with a single stationary glint.    Even 

with the low S/N,   however,   no target effects were observed except with the 

diffuse   -ylindrical target.   In that case,  the gystem did break lock when the 

cylinder rotated slowly; at faster rotation rates,  the COA1   .ystem could 

maintain lock on the cylinder.    We have not yet repeated this experiment in 

a quantitative fashion; in particular,  we have not observed whether the sys- 

tem broke lock because of induced receiver modulations at the dither fre- 

quencies or bpcause of the low S/N value.    It is apparent,   however,  that a 

much more detailed study of these effects is required. 

D. Hardware Modifications 

I. Improved Noise Performance 

Because of the low S/N values encountered in the target inter- 

action studies,  we are improving the preamplifier and line driver which 
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follows the COAT photomultiplier receiver.    This modification should result 

in lower noise and dc drift in this part of the system,  and hopefully will im- 
prove the overall loop S/N. 

2. Active Point/Tracking and Focus Controls 

Amendment No. 1 to this contr-.ct has provided $30K of addi- 

tional funds to add multidither pointing/tracking and focus controls to both 

the RADC/COAT system and the NOL computer simulation.   This work is now 

under way with the $30K split evenly between the hardware and the software 

modification tasks.   Figure 13 shows schematically how the new controls will 

be implemented in the hardware during the next quarter.   The additional sig- 

nal conditioning in the pointing/focus loop allows us to optimize the perform- 

ance of these channels without reducing the performance of the 18 phase 
control channels. 

The new signal conditioning block elements shown in Fig. 14 are 

similar to those in the phase control loop.   The multiplier automatic gain 

control (AGC) is the same one built and tested with the 18-element system. 

The dc amplifier preceding the AGC ensures operation within the dynamic 

range of the AGC and the following amplifier adjusts the overall loop gain. 

The phase reversal switch provides s-lection of the black hole tracking mode 

and the loop switch is for measuring convergence time.   The three bandpass 

filters perform the dual function of dc rejection and reduction of noise band- 

width.   The corner frequencies are chosen to be a factor of 10 above or below 

the nominal channel dither frequencies.    These values ensure minimal phase 

shift ar the dither frequencies and are consistent with a scaling of the phase 
control servo parameters. 

The servo control parameters were chosen by appropriately scaling 

the optimized parameters in the 1 kHz response phaFe control system.   The 

design goals for the new controls are 100 Hz response for the pointing and 

10 Hz for the focus.    There are two principal reasons for these choices. 

First, our turbulence range studies    have indicated that a 100 Hz pointing/ 

tracking response is desirable for turbulence compensation.   Second, the de- 

sired order of convergence is (1) phase, (2) pointing, and (3) focus.   Also, 

from a practica. standpoint, it is difficult to implement these controls at 

much faster rates.   The phase control parameters are thus scaled down by 10 

for the pointing/tracking controls and by 100 for vhe focus control as shown 
in Table 3. 
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Table 3.   Pointing/Tracking and Focus Servo Parameters 

Parameter 

Frequency 
Resporse (nominal 
desi0n goal) 

Dither frequencies 
loop 

High-Pass filter 

Low-Pass filter 

Phase Control 

1 kHz 

8.2 kHz to 32 kHz 
(Af = 1.4 kHz) 

1 corner at 1 kHz 

1 corner at 10 Hz, 
4 at 5 kHz 

Pointing/Tracking 

100 Hz 

1 kHz,  7 50 
(Af = 250 Hz) 

1 corner at 
100 Hz 

1 corner at 
I Hz,  4 at 500 Hz 

Focus 

10 Hz 

100 Hz 

1 corner at 
10 Hz 

1 corner at 
0.1 Hz,  4 
at 50 Hz 

T1600 

The pointing control will be implemented using galvanometer mxrrcr 

drivers and their companion amplifier/drivers built by General Scanning, 

toe      The galvanometers are series 300 units with an unloaded fundamental 

resonance of 1400 Hz.    The units will be placed along with the focus control 

mirror after the first reducing telescope in the laboratory optics (see 

Fig    2) so that small mirrors can be used.    With the pointing mirrors m 

this location, the dynamic range of the tracker will be limited by the optical 

system rather than by the galvanometer motion; at least ± 3 element wadths 

should be available.    The objective here,  however,   is to demonstrate the 

usefulness of adaptive pointing control coupled with phase control for bloom- 

ing and turbulence compensation rather than to make a wide dynamxc range 

^"^^he ampliKer/drivers for the galvanometers are the RAX-100 units 

used previously in the RADC/COAT system for offset pointing studxes.   Be- 

cause of the gain in these units,  only a small dc gain will be necessary to 

the pointing low-pass filter loops shown in Fig.  15(a).    The pointmg control 

has the capability of separate dither frequencies on the x and y mxrrors    but 

we intend to operate with the sine and cosine of 1 kHz unless some problem 

arises with the method.    With sine/cosine operation, the pointing control i. 

effectively a conical scan pointer/tracker. 
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Fi^,,   15.    Block diagram of servo control channels for 
pointing and focus functions,    (a) x or y 
pointing channel,   (b) focus channel. 

The focus control channel shown in Fig.   15(b) is functionally similar 

to the pointing control channel except that a 1000 V peak-to-peak amplifier is 

required to drive the piezoelectric focus control actuator.    The actuator is 

a 2.25 in. long,   3/8 in. diameter,  0.0875 in. wall    cylinder of PZT-5H. 

The effective spring constant for this cylinder is 4. 18 x 105 lb/in.    The unit 

when end mounted has an unloaded response of S    = 201 V/|jLm.    This actu- 

ator is used to change the radius of curvature of a long-radius spherical 

mirror as shown in Fig.   16.    The mirror is actually flat before mounting, 

but a preload and dc bias on the cylinder will be used to give it a slight out- 

ward (convex) curvature.    This allows the PZT actuator to work against the 

spring of the mirror and elirmnates the need for bonding the cylinder to the 
mirror back surface. 

Care must be taken to ensure that the mirror is not too stiff since the 
effective loaded PZT response,  S.,  is given by 

K 
SL - Su K    +K 

m 
(7) 
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Fig.   16.    Piezoelectrically-driven, 
variable-radius spherical 
mirror used for autofocus 
control. 
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where Kc and Km 
are the spring constants of the cylinder and mirror, 

spring Constant of an edge supported nürror with a uniform concentre 

annular load varies in the following manner: 

The 

K- i* 8fc) (8) 

wh.re t is tKe .nirror thicks,.  am is its dimeter, and d., I. tt. »*« 

If   h. eccentric circular ring ioad.    The function g involves only the ratio 

d   /d       For a constant dm/d0. Tahle 4 presents three examples of possible 

iTrro0: dLgns lor this £Jo,.   Since we want Km « K..  only cases 1 

ZZ should be considered ,KC • 418.000 lb/in.,   The dependence ol the 

required mirror excursion on dm will then mahe the linal cho.ee 
The required excursions of the mirror .cw.tor are found by con- 

.     u    ^^f^iamptpr D incident on » 
sidering an initially collimated Gauss.an beam of ^~»« ° "' 
lens of focal length f (the first lens marked I,   in F.g. 2.  for example^ 

The beam Fresne. number is .ben defined as F . f/D.    The "-ergence^ 

^ave front curvature R) of the input beam is then varied to move the foca, 

pine by AZ.    The quantities 8, and R are related for small 8, and large R 

by 

R • 
D 

26. 
i 

(9) 

Tahl. 4      Soring Constants for an Edge-Supported. 
^C^ncen^fcRing-Loaded Glass Mirror 

I II m 

Mirror Thickness,  t (cm) 0.318 0.318 0.191 

Mirror Diameter,  dm (cm) 2.54 1.27 1.27 

Load Diameter,  do (cm) 1   27 0.635 0.635 

Spring Constant,  Km (lb/in.) 120,950 483,800 104,500 

T160 
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For Sj << 1/F,  it is easy to show that the change in 0. required to 

produce a given AZ is 

1       IF (10) 

Now,   consider an initially flat mirror of aiameter  d      which is 

clamped at its perimeter.    A force applied to the center of this mirror will 

cause it to bow into an approximately spherical surface for small deflec- 

tions.    The center deflection required to produce a radius of curvature  R is 

6 = m 
8R (11) 

Assuming Q. ~ 0 initially,  A0. ■ 0. and eqs.  (7) to (9) can be combined to 

give 

6 = 
d2 AZ m 

(12) 

The fractional change in intensitv of a Gaussian beam near its focus 

is given by 

I    - I(z)              w^ 
Q___ i 2 

o w 
(13) 

where 

2 2 
w    = w 

o t &)' 

1/2 

(14) 

and I    is the intensity at the focus (Z = 0).    The minimum spot radius is 

w   and Z     = uw    /X..    For a given a, the required distance Z = AZ from the 

focus is 

AZ = Z, (rH) 
1/2 

(15) 
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Since w    occurs at the focus of a lens,  for diffraction-limited performance 

w = ZXF/TT.   Using this and the definition of ZR in eq. (13) gives 

AZ = 4XF    /    a    \ 
""T" \1 - a/ 

1/2 
(16) 

Putting eq.  (14) in eq.  (10) gives 

"ül   D   j     \1 - a/ 

1/2 
(17) 

It is interesting that the result in eq. (17) is independent of the lens 

focal length,  depending only on the input beam and mirror diameters.    For a 

given a.  d     should be as small as possible to minimize  6  and thus the re- 

quired drWe voltage.  V (5 = V SJ.    This requirement selects case III in 

Table 4 as the best mirror design.   Much smaller mirror diameters than 

0.5 in. are not practical,  because the mirror becomes too thin and because 

of the beam size incident on the mirror. 
For dithering,  a = 0.02 is sufficient.    For the mirror placed after 

the first telescope in the setup shown in Fig.2.   D = 0.46 cm and f = 91 cm 

so that F = 198.    Use of eq.  (15) for dm - 1.27 cm gives 6 = 0.17 „m for a 

2% peak amplitude change dither.    The loaded response of the PZT driver is 

250 vAxm so a voltage of 85 V peak-to-peak is required for the dither.    The 

maximum peak driver voltage of 500 V (1000 V peak-to-peak) provides 

5 = 2.0 ^m corresponding to a factor of 3.85 change in the intensity in the 

lens focal plane.    This change is produced by a peak motion of the focal plane 

of 4. 1 cm or 4. 5% of the 91 cm focal distance.    These values should be suf- 

ficient to observe any effect of defocusing on blooming correction. 

3. Flowing Gas Cell 

The present design for the gas cell and wind generation 

mechanism2' 3 was chosen because it presented the fewest risks for suc- 

cessful implementation.    The design has performed as expected,  but it does 

suffer from three disadvantages; the wind direction reverses periodically, 

the beam must be blocked 50% of the time to ensure that the wind velocity is 

nearly uniform,  and the optical arrangement does not allow the blooming 
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medium to fill the entire region oetween the focal plane and the transmitter 

aperture.   The first two problems have so far been only inconveniences, but 

may become intolerable with moving targets.    The third feature is not seri- 

ous,   since the focal plane is in the blooming medium as is 60% of the trans- 

mitter to focal-plane path.    It does constitite a discrepancy between the 

computer simulation and the experiment,  he/ever,  and will take on greater 

importance with slewed beams. 

In order to correct these deficiencies, we have designed and are now 

building a flowing gas cell.    The design is shown schematically in Fig.  17. 

The cell will be mounted so the optical path is vertical to minimize buoyancy 

effects.    Sintered nickel baffles are used to produce turbulence-free laminar 

flow across the optical path.    The wind velocity is varied by a speed control 

on the centrifugal fan which has a capability of producing flow rates of 10 cfm 

against a pressure drop of 50 in,  of water.    This is more than sifficient for 

our application.    The wind velocity will be measured with a calibrated hot- 

vire anemometer built by Thermo-Systems, Inc.    We plan to complete con- 

struction, testing,  and calibration of this cell during the next quarter. 

4. Turbulence Generation 

Generating artificial turbulence in the laboratory is not diffi- 

cult,   but doing it in a calibrated fashion is.    We have decided to use a single 

phase screen which will be placed just ahead of the lens which focuses 

through the gas cell.    We have two designs for this screen indicated in 

Fig.   18,  each of which has its good and bad features. 

The phase screen shown in Fig.   18(a) is fabricated by sputtering 

patches of Si02 onto a fused quartz plate through a mask.    The mask is a 

thin metal plate with holes of four different sizes drilled in it in a random- 

ized fashion.    The hole diameters are arbitrarily chosen as 6,   4,   3, and 2 

times an element size,   so that the average "correlation distance" will be 

larger than the element diameter but smaller than the full transmit aperture. 

Two or three evaporations of about 1200 A of Si02 (\/4 at 4880 k) are made 

with the mask in three different positions.   In this way the plate is nearly 

covered with a random patch pattern and the phase variations range from 

zero to 3X./4.    Some experimentation will undoubtedly be necessary before 

an appropriate plate is obtained.    The plate is then rotated to produce time- 

varying phase distortions. 
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VALVE 

Fig.   17.    Schematic of flowing gas cell design for 
blooming studies,    (a) View with endplate 
removed showing sintered nickel diffuser 
plates,    (b) Connection of cell with blower. 
Cell is mounted with a vertical optical 
path to minimize buoyancy effects. 
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Fig.    18 

CLEAR DISK 
CONTAINING PHASE 
DISTORTIONS 

tel 

Phase screen for generating artificial turbulence 
effects,    (a) Evaporated random patches,   Si02 on a 
fused quartz substrate,    (b) Bleached photographic 
emulsion exposed using computer-generated phase 
screen,    (c) Motion of screen produced by method 
(a) or (b) to provide time-varying turbulence. 
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The advantage of this technique is that it is easily calibrated.    The 

optical thickness variations are known because of the controlled sputtering 

rate of SiO,.    They can also be easily measured with a Sloan Dektak,  an 
* o 

electronic heieht gauge with ±25 A resolution.    The disadvantage of this 

technique is that the phase fluctuations do not have the correct scale sizes to 

simulate atmospheric turbulence. 

The second method for producing the phase screen uses the NOL 

propagation code to generate an atmospheric phase screen.    This screen is 

displayed on a.i intensity modulated oscilloscope so that different phase 

amplitudes produce different intensities on the display.    Photographing this 

display and developing the plate produces a transmission-modulated plate; 

bleaching the silver from the emulsion leaves a transparent phase- 

modulation plate whose thickness variations are proportional to the original 

phase variations produced by the computer and displayed on the oscilloscope. 

Obviously, this technique produces a phase screen that when rotated 

at an appropriate speed can accurately simulate the spatial and temporal 

characteristics of atmospheric turbulence.    The difficulty arises with 

accurately calibrating the amplitude phf.zc variations.    Hopefully,  this cali- 

bration can be done by either using the Dektak instrument,  as with the 

evaporated plate or in an interferometer.    We intend to fabricate and cali- 

brate phase screens using both of these techniques during the next quarter. 
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III.   PLANS FOR THE NEXT QUARTER 

A. Experimental 

During the next quarter we will complete construction of the flowing 

gas cell,  the adaj^ve pointing and focus controls, and the artificial turbu- 

lence generators.    A single fixed or moving glint target will bo used to study 

COAT compensation using all of these devices in various combinatior.3.    For 

example,  we want to compare blooming compensation using both phase con- 

trol and pointing and focus control to that observed with only phase control 

or only pointing/focus control.    In addition to testing the flowing gas cell, 

we plan to repeat the single glint blooming measurements presented in this 

report,   but using a vertical optical path through the gas cell.    The goal of 

these measurements will be a better agreement with compute!  simulation 
results. 

Complex target studies during the next quarter will concentrate on 

multiple glint targets in various configurations and with different relative 

motions.    The effect of various receiver geometries on COAT compensation 

with these targets will be investigated.    If time permits we will also study 

some diffuse targets. 

B» Computer Simulation 

The adaptive pointing and focus subroutines will be completed during 

this next quarter and implemented into the complete COAT simulation code. 

Comparisons of phase conjugate and multidither COAT algorithms will be 

made.    Studies with moving glint targets will be started and compared to 

experimental results where practical. 
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