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SECTION I

INTRODUCTION

The major progress under the previous contract , con trac t number

F33615—75—C—1O99 , was development of the ability to grow crack—free

Bismuth—substituted rare—earth iron garnet films by liquid phase epitaxy.

This progress was made possible by the development of two—dimension x—ray

diffraction analysis capable of measuring in—plane lattice diffe~~ aces as

well as normal lattice differences.

Under the present contract major progress was made in several areas.

On~ of these areas is crystal measurements and evaluation. Included in

this area is the development of a useful method of measuring optical

absorption and the development of a computer—controlled crystal calibration

system for measuring pointing accuracy and other characteristics. A second

area of major pr ogress was in the ar ea of sys tems an alysis which is devel—

oping the capability of specifying defl ector properties for various appli-

cations . A third area of major progress tha t occurred during the contract

period was the growth of low—absorption films by means of calcium doping.
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SECTION II

OPTICAL ABSORPTION MEASUREMENTS

A. Introduction

The problems in measuring optical absorption were a major obstacle in

the development of high quality garnet films . The progress achieved in

this area during this contract allows absorption measurements with suffi—

cient accuracy for evaluation of experimental film development.

At the end of the previous contract period the error in measuring
I

optical absorption was in the range of ± 200 db/cin . This estimate is based

on the fact that calculated absorption coefficients were frequmtly nega-

tive . The optical absorption calculations were based on transmission

coe f f ic ien ts measured on a spec tropho tome ter , refractive index measured by

the Brewster ’s angle method at discrete wavelengths , and thi cknes s f r om JR
fringe spacing as measured on a spectrophotorneter. The transmission

measurement suffered from instrumentation errors which were not even known

to exist at the time . The Brewster ’s angle measurements were subject to

errors due to multireflections in the films . The fringe—spacing thickness

measurements suffered from an estimated refractive index extrapolated from

poor data in the visible.

During  the interim period between contracts , the optical absorption

problem was studied under a Univac IR&D program . Several methods of

measuring optical absorption were considered. The method selected for =

• development  was a spectrophotometer measurement of the transmission

coefficient (T), the reflection coefficient (R), and the interference

fringe spac ing ( t i A ) .  To obtain the refractive index (n), the absorption

coeff icients (n), and the f i lm  thickness ( t ) combina ti ons o f n and k were
tested in a programmeti calculation until the measured values of T and R

were obtained. A reflection attachment was fabricated for the Beckman DK2A

spectrophotometer to facilitate reflection measurements.

2
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The initial effort in this technique had a number of problems. The

lack of a reference n.irror was serious since the technique only compared

the reflections. c-f surfaces. In addition , errors due to absorptions and

multiple reflection from two quartz—prism deflectors were difficult to over—

overcome . In the data calculation , the n , n combination search was done

manually and was very time consuming .

B. Progress

The preliminary results from the T, R , ~A technique were sufficiently

encouraging so that , when the present contract work started , the T , R , ~A

method was selected for further development .

1. Reflection Fixture

A new reflection fixture was made for the Beckman DK2A spectrophoto—

meter and is shown in Figure 1. This fixture is interchangeable with the

fixture used to measure liquid samples. In this picture the fixture is

configured for the transmission measurement. The film sample is attached

to the exit aperture of the fixture with double sided tape. Tht~ reference

mirror is mounted on top in the reflection position . Two front surface

mirrors near the center of the fixture deflect the beam to the reflection

aperture. The sample Is removed to make the reference curve measurement.

The sample replaces the reference mirror for the reflection measurement.

2. Mirror Calibration Fixture

A cal ibrated reference mirror is required for the reflection fixture.

A decision was made to develop an in—house mirror calibration capability.

The fixture designed for this purpose is shown in Figure 2. The fixture

holds four  mirrors  which def lec t the l igh t beam in a double “Z” path. The

angle of incidence is approxima tely 7
~~~
5
0~~ The mirror calibra t ion f ix ture

is used to measure the average reflection coefficient of four mirrors. The

reflec tions of the individual mirrors are compared using the reflection

fixt ure to obtain the reflection spectrum of an individual mirror,

3 
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Figure 1. New Reflec t ion Fixture for the Beckma n D K 2 A  S p c c t r o p h o t om e t e r

/

Figure 2. Mirror Calibration Fixture
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3. Substrate Transmission — Reflection Measurements

The new reflection fixture was first used to measure substrates. This

was done because the gadolinium gallium garnet substrates have known opti-

cal charac teristics which could be used to check system calibration . In

addition , it was anticipated that information on substrate quality would be

obtained . The results of measurements on a large number of substrates was

very disturbing . There were large differences between substrates with many

subst~ at e s  hav ing  combina t ions  of t r an smi s s ion  and r e f l e c t i o n  exceeding

100%. It became imperatLve to find the cause of these large errors.

Concurrent measurements were being made on the substrates for stress

birefringence and parallelism of faces. It was found tha t there was strong

correlation between the transmission—reflection measurements and the

parallelism measurements. Prompted by this correlation , an exper iment  was

conducted on two substrates in which the substrate was measured in several

orientations rotated about an axis normal to the film. The transmission

and reflection varied in a regular manner with the average value corres-

ponding with the expected published values. One remedy to this error is to

use substrate with very parallel faces. Another solution would he to use a

spectrophototneter with reduced sensitivity to small beam deflections.

4.  S u b s t r a te  R e f e r e n c e  T e c h n i q u e

Two experimental methods have been developed for compensating the

parallelism error. In one method the substrate transmission—reflection

curves are measured before the fIlm is grown . The r a t i o s  be tween  the mea-

sured and expected coefficients are then used as correction factors for the

data taken on the subsequently grown films . Care must he taken so that the

same orientation is used for both sets of measurements . The orientation

error is one of several problems with this technique . A second problem is

i n s t r u m e n t  d r i f t  and i n s t r u m e n t  c o n f i g u r a t i o n  changes  t h a t  can occur  d u r i n g

the time between measurements when the film is being gr=~~n. Another

5 
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problem is the excessive substrate handling which is incompatible with the

clean s u r f a c e  r equ i r emen t s  fo r  growth of h igh q u a l i t y ,  low— d e f e c t  f i l m s .

Th eref ore , this technique was discontinued .

5. In—Plane Angle Averag ing Technique

The techn ique which Is presently in use Is similar to the substrate

measurement used to verif y the parallelism error. Transmission—reflectio n

measurements are made every 45° for a total of 8 sets of data. Approxi-

mately one day is required for these measurements. In the substrate

measurements each set of data was analyzed and then the results were

averaged . This required approximately one week ’s t ime of data—reduction

and calculation. In order to reduce this time requirement , transmission—

retlection coefficients are examined at three wavelengths (1.0, 1.5 and

2.Oj.im) and the transmission and reflection curves which come closest to the

average are then compensated to this average and used in the data reduction.

This reduces data-reduction and calculation t ime to about one day. The

error using this technique is estima ted to be about 20 db/cm.

The development of this absorption measurement technique was a major

accomp lishment of this program . Without a suitable absorption measurement ,

it would be impossible to evaluate experimental techni ques in the develop-

ment of high qualit y garnet films. An example of this importance can he

seen in a doping experiment in which a series of bismuth lutetium iron

garnet films were grown with calcium added in increments of 5% of the

lutetium component of the melt. Using the new absorpti~ n measurement

techniques , calcium doping was shown to have significant effects on optical

properties. Figure 3 shows the a b s o r p t i o n  c o e f f i c i e n t  a t  a wavelength of

l . Ob ij m as a f u n c t i o n  of me l t  c a l c i u m  c o n t e n t .  The r e s u l t s  show tha t a

calcium c o n t e n t  of 10% d r a m a t i c a l l y  improves  the o p t i c a l  t r a n s m i s s i o n  at

1.O61J m by about a factor of 5 better than any previously grown film.

6
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6. Opt ical Calculations

The transmission , re f l ec tion , and f r inge spacing da ta f rom the
spectrophotometer measurements are used to calculate the refractive index ,

the absorption coefficient , and the film thickness. The calculation canno t

be done in a st raigh t forward  manner . A combination of refractive index

and abso rp t ion  c o e f f i c i e n t  are used to ca l cu la t e  the  t ransmiss ion  and

reflection coefficients which are then compared to the experimental results.

The c a l c u l a t i o n  fo r  f i l m s  on both sides of the substrate assumes equal film

thickness. The transmission and reflection of each film is calculated

first assuming complete coherence. Then the results of the two films are

combined assuming incoherence.

W i t h  f i l m s  on both sides of the substrate there are 4 interfaces.

The film bounded by interfaces 1 & 2 is designated film a and the film

bounded by interfaces 3 & 4 is designated film b. The Fresnel coefficients

for the interfaces are given by

1 — n
= 1 1

1 
= 2

l + n
1 

l + n
1

n n 2 n
‘2 

1 —  2 1
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where ?I
l 
and are the complex refractive index of the film and substrate

and are given by

“1 
— 

~
‘l 

— ik1

“2 
— n

2 
— ik

2

Combining the r e f l ec t ed  and t r ansmi t t ed  waves for  f i l m  a by coherent addi—
tion to obtain the amplitud e of the reflected and transmitted waves we

have:

R — 
r
~ 

(cos 6 + i sin IS) + p
2 ~~~ — 

1
1

t 4) (cos 6 — I sin 6)
a 

(cos 6 + I sin 6) + ( cos  6 - i sin 6)

T = 
-- 

t
1

t 7

(cos 6 + i sin 6) + r
1
r
2 

(co s 6 — i sin 6)

And sim i lar l y f or f ilm b

— —r (cos 6 + i sin 6) — r 
~
, 2 — ~~~~~~ ) (cos 6 — i sin ~)R —  2 1 2b —~~~--- --

(cos IS + I sin •S)  + r
1
r 2 (cos 6 — i sin IS)

T
b 3 4  

_ _ _ _ _ _ _ _ _ _ _ _

(cos 6 + I sin .i) + r r1 (cos 6 — i s i n  6)

where IS = 2~td 1 
n
1

/ A

and wher e d
1 

is the f ilm thickness and A is the wavelength. The film thick-

ness Is an unknown but is related to the refractive index n
1 

by

= — (z l A /2) 2
2 n

1 ~A —
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where ~A is the Interference fringe spacing . The energy reflection and

transmission coefficients are obtained by multiplying the ampli tude by the
complex conjugate and adjusting for the change in the refractive index .

The reflec tion and transmission coefficients for the two films are there-

fore given by

* *R R R  T n  T Ta a a a 2 a a

* 1 *R R R  T — T Tb b b  b ii - b b

£he reflection and t r ansmiss ion  c o e f f i c i e n t s  of the  two f i l m s  are added

incoherent ly  to o b t a i n  the f i n a l  r e f l e c t i o n  and t r a n s m i s s i o n  c o e f f i c i e n t s

— 2’t k d / \
R = R + ~~~l T

b R
b e 2 2

2 —4 i~k d / Ai _ R
b 

e 2 2

T T
1 a  b

2 —4~tk d I A
e 2 2

where d ) is the  s u b s t rat e  t h i cknes s  and k
2 is the  s u b s t r a t e  e x t i n c t i o n

coet tic ient.

A computer program to determine film refractive index , f i l m  absorp tion ,

and I i lm thickness operates by searching for the combination of refractive

Index and absorption coefficient which results in the experimentally

determined crystal transmission and absorption coefficients. The computer

program is diagrammed in Figure 4. The inputs for the calculation are

wavelengt h , in te r f e r ence  f r inge spacing , substrate refractive index , sub-

strate extinction coefficient , subs tra te thickness , est imated film refrac—

tive index , and estimated film extinction coefficient .

I
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In the first cycle through the calculations the increment step is

skipped so that the estimated inputs for n and k are used . In the next

step of the calculation , the interface optical coefficients are calculated

using the present values of n
1 

and k
1. The film thickness is calculated

using the present value of n
1 
and the input values of the fringe spacing

• and wave length. The two films one either side of the substrate are

assumed to be of equal thickness . Since the transmission and reflection

coefficients (T&R) are calculated assuming comple te coherence separa tely
in the two films on either side of the substrate , the resulting T & R are

therefore  in terfer ence dependen t and canno t be d ir ectly compared to the

input values of T & R which are average envelope values .  There fo re  a

proced ure Is necessary to calculate these average values.

The proced ure for  de term ining the average val ues is imp lemen ted using

the r e f l ec t ion  calcula t ion. The first part of the procedure is to locate

a maximum in R. This is done by first calculating R at three wavelengths.

These wavelengths are the input wavelength , the input wavelength less 1/4

of the f r inge spac ing, and the input wavelength plus 1/4 of the fringe

spac ing as shown in Figure 5 (a) where A
0 

is the input wavelength. The

next step is to check the three associated reflection c o e ff i c i e n t s  to deter-

mine if they span a maximum . This condition is met If the middle value of

R is not the smallest. In the example in Figure 5 (a) the middle value of

R is the smallest and therefore a maximum is not spanned . In this case a

shift is executed ; either up wavelength or down , by dropp ing the end wave-

length associated with the lower value of R and adding a wavelength at the

other end shifted by 1/4 of the fringe spacing . In our example the sh if t

is a down shift as shown in Figure 5 (b).

The next part of the procedure is to zero in on the maximum by

dropp ing the lowest value of R and add ing a wavelength midway between the

two remaining wavelengths. Seven cycles are allowed in this procedure;

three cycles steps are shown in Figure 5 (b). The wavelength for this 
•
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resulting maximum in R is labeled A
A 

in Figure 5 ( n ) .  The wavelength fo r

the next max imum in R and the next two minimums in R are calculated by

decreas ing the number of wavelengths in the film by increments of 1/4

waves. The resulting wavelengths (A
5
, A , A

D
) and the corresponding val ues

of R are shown in Figure 5 (c).

These resulting values of R are used in a linear interpolation (or

extrapolation) to obtain the envelope values at A as shown in Figure 5

(c). The average of the envelope values of both R and T are compared to

the inp ut values of R and T. If both coefficients are within the specified

error limits (presently set at ± 0.0001) the calculation is terminated . If

not n
1 

and k
1 

are Increm en ted and the calcula t ion is rep ea ted as shown in
Figure 4.

The value of k 1 is incremented on every cycle  a f t e r  the orig inal cycle .

The d irection of the k1 increment is determined by combining R and T to

f ind the total energy loss. The value of k
1 

is incr eased to increase the

total energy loss and decreased to decrease the total energy loss. The

magnitude of the i n i t i a l  increment  f o r  k
1 

is 0.0001 . When the k
1 

increment

is r equired to change sign its magnitude is decreased by a factor of 5.

The r e f r act ive index (n
1
) is incremented only if one of the coeffi-

cients (R and T) is too large and the other coefficient is too small. The

d irection of the increment is determined from R. If the calculated value

of R is too small , n is increased . The initial increment for n
1 

is 0.01

and as w ith k
1
, when the increment is required to change sign its magnitude

is decreased by a fac tor of 5. At present a total of 20 cycles is allowed

for  the n
1
, k

1 
search. In this process 260 to 280 sets of R and T are

calculated . If the calculation has not converged in 20 cycles , a new se t

of n
1
, k

1 
estimates can be entered and the calculation repeated .
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R

A 1 ~2
I I I

A

Figure 5(a). R Calculated at Three Wavelengths

R~~~~~~~~ ,$3~

A 1 A~ A3
I I

AA0
Figure 5(b). Lowest Value of R Dropped ; Wavelength Added (3 Cycle Steps)

R

- 
RMAX L. _ — — -F—- —

RMIN X B

A0

• Figure 5(c). Number of Wavelengths in the Film Decreased
by Incremen ts of 1/4 Waves
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In addition to giving a value for the reflection and transmission

coeff icien ts, the calculation also gives a value for film thickness as a

function of wavelength. Since film thickness is independent of wavelength ,

its consistency is a check on the validity of the exper imen tal da ta and

calculation technique . After a first set of calculations the calculations

are repeated using a fixed value for film thickness obtained by averaging

the original results over a range of wavelengths.

At the beginning of the contract period the iteration of refractive

index and absorp tion was done ma nually and was very time consuming . An

iteration process has been programmed into the calculation resulting in

considerable savings in calculation time . The iteration process has limits

of ± .0001 on the transmission and reflection coefficients. The calcula—

tion converges rap idl y and usually wit h in 20 cycles wh ich is an arb itra ry

limit used in the program . The time presently required for data reduction

f rom the spectrophotometer plots and computer calculations is approximately

one d a y .

7. Fr inge Spacing Modulation

Spectrop hotometer curves frequently exhibit amplitude modulation of

the interference fringes . The probable source of this modulation is

difference in the two film thicknesses. Attempts to incorporate this

v a r i a b l e  in to  the  c a l c u l a t i o n  have thus  far been unsuccessful because it

appears  t h a t  the  r e l a t i o n  between the  modu la t i on  and f i l m  t h i cknes s

d ifferences is very complex. However , it. appears tha t the transmission and

• reflection are not strongly dependent on small thickness differences so

that neglecting this modulation will not introduce significant errors.

• 8. Diffraction and Scattering

Op t i ca l  m e a s u r e m e n t s  were made on a f i l m  to e s t a b l i s h  losses due to

diffraction and scattering. Diffraction measurements were made at l.O6pm

and extrapolated to other wavelengths. The first order diffraction loss

15
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at l.06i.im was measured to be 0.0015 which reduces the calculated absorp-

tion factor of 150 db/cm by 4 db/cm. At .75pm the absorption coefficient

was 285 db/cm and the extrapolated diffraction loss reduction is 41 db/cm.

At l.Oiim the absorpt ion coefficient was 50 db/cm and the extrapolated

d i f f r a c t ion loss reduc tion is 1 db/ cm.  For this f i l m , which is f a i r l y
typical , the diffraction loss correction does not appear to significantly
e f f e c t  the calculated absorption coefficient.

Scattering losses on the same film were estimated by using pit

density distribution count from scanning electron micrographs and an

estimated range of scattering cross sections. This particular film was

moderately pitted and does not represent typical high surface quality films.

The es t imated  correct ion ranged f rom 2 to 14 db/cm and was relatively

independent of wavelength .  It is t h e r e f o r e  concluded tha t scattering

losses do not appear to significantly affect the calculated absorption

coeff icient.

C. Conclusions

The development of an effective method of measuring optical absorption

is one of the major accomp l ishments  of the l igh t  d e f l e c t o r  program . W i t h —

out this measurement it would be ext remely  d i f f i c u l t  to evaluate c r y s t a l

growing techniques which would result in high—quality, high—efficiency

light deflectors.
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SECTION I l l

FILM 1IEA SU REMENTS

A. Anisotropy

The t r i a x i a l  c rys t a l l i ne  a n i s o t r o p y  in garne t def lec tors opposes
attempts to rotate a stripe domain grating . Instead of rotating as a

rigid unit the grating breaks up into short batches of stri pes which tend

to point along the  p r e f e r e n t i a l  axes.  In the past this has been countered

H by first erasing the stripes with a saturating in—p lane f i e ld , r o t a t i n g  the

magnetization in the plane as a single domain , and then , reinstating the

stripes along the desired direction. Unfortunately , the rather large

saturating fields require tha t drive currents be switched in short time

• intervals. This demands a considerable amount of power and hand—width from

the delivery electronics , and although electronic circuitry can be designed

to be extremely flexible it is more important in the long run to seek an

understanding of the grating limitations at the crystal level. With this

L in mind a company sponsored IR&D program was launched for the purpose of

investigating the physics of the triaxial in—plane anisotropy . Both

theoretical and experimental avenues are to be pursued in an attemp t to

understand and ultimatel y control this anisotropy.

The first step in the experimental direction was the design and con-

struction of a magneto—optic hysteresigraph , capabl e of p inpointing the

value of the anisotropy field at any direction in the plane of the film.

Figure 6 is a block diagram of the apparatus. Polarized visible light

• tha t passes throug h the crystal is captured by the microscope , is opticall y

analyzed , and then is brought to convergence in the focal plane of a photo—

diode. The photodiode signal is amplified and then taken to the numerator

input of a precision analog divider. Denominator information is acquired

f rom a second photodiode tha t monitors the instantaneous intensity of the

l ight source. This mathematical processing insures tha t low level magneto—

optic signals are not masked by fluctuations in the light source.

17
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Two magnetic f ie ld s are present in the sample plane . A large f i e ld

along the optic axis of the assembly provides for saturation normal to the

sample while a smaller field is used for in—plane saturation. The sample

can be rotated 3600 about the op t ic  axis so tha t  in—plane  f i e ld s  can be

placed along any d i r ec t ion  in the sample. Ca l ib ra t ion  cons tan t s  t r an s f e r

the f ie ld  magni tudes  to the disp lay . In this way continuous recording of

the da ta  is possible.

Figure 7 is a photograp h of the magneto—optic hysteresigraph apparatus .

B. Stress Birefrimgence and Parallelism Measurements

Stress and surface parallelism measurements were made on substrates

to investigate their importance in growing high—quality garnet films. Many

of the films which we polished in our laboratories showed pa tterns of

residual stress. Sufficient data was not collected to determine the

effects of these stresses. High quality substrates which were purchased

later in the program did not exhibit stress birefringent patterns. There-

fore , residual substrate stress is not deemed a serious problem .

Surface parallelism measurements on C
3 

substrates led to the discovery

of a serious error in the absorption measurements. The development of the

absorption measurement to compensate for non parallelism has eliminated the

requ i rement  to make routine parallelism measuremen ts on substrates . How-

ever , a h igh  degree  of p a r a l l e l i s m  mig ht  becone advan tag eous  f or  d e f l e c t o r

crystals inserted into a laser cavity.
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SECTION IV

FILM GROWT H AND FACILITIES

A. Introduction

C r y s t a l  p r o d u c t i o n  under  t h i s  program was pr~~ncip al 1y d i rec ted  towards

prov iding experimental samp les nece ssary for the development and utiliza-

t i o n  of measurement  t e c h n i ques impor t an t  in de t e rmin ing  the present  s t a te

of B i — g a r n e t  l i g h t  d o t  l e c to r  p r o d u c t i o n .  Al l  of the  samples produced were

bismuth—substituted l u t e t i u m  i ron  garnet  c r y s t a l s  grown f rom PbO—B i 203
f l u x e s .  In the process of s t u d y i n g  d e f l e c t o r  c r y s t a l s , w h i l e  develop ing

measurement capabilities and determining deflector performance limits,

techniques or experiments which might provide materials development advance-

ment  became a p p a r e n t . These avenues  of improvement  were i nco rpo rat ed  in to

the sample p r o d u c t i o n  work  whenever  poss ib le  — i.e. the  bas ic  sample pro-

d u c t i o n  work would not be i n t e r f er e d  w i t h  or l e n g t h e n e d . The r e su l t  is

tha t deflec tor performance has been s i g n i f i c a n t l y  improved in terms of both

resolution and efticienc y compared to the early contract period . Bi—garnet

crystals grown prior to and in the earl y stages of t h i s  p rogram were of

h i gh mechanical qualit y . Spe cifically, the crystals were uncracked ,

r strain—free , ep itaxi al samples with excellent surface smoothness (naked eye)

and good thickness uniformity. Deflector performance , however , was signi-

ficantly degraded by thousand s of defects per square cent imeter and by high

optic al absorption.

B . D e t e c t P r ob l e m

A first stud y involved determining defect types and densities and

revealing defect causos. Initi a l S i — L u — F e  gar n e t  c r y s t a l s  were grown in a

med i um purity 3—9 ’s to 4—9 ’s me lt in an unfiltered environment on CCC

substrates obtained from the Sperry Research Center (polished at Univac).

This r ep r e s e n te d  t y p i ca l  * I t  not Identical , conditions for most previous

dt t lecta*r c r y s t a l s  produced ( i  f ew  e x c e p t i o n s  be ing  grown in h ighe r  p u r i t y

m e l t s ) .  A r e p r e s e n t a t i v e  samp le with the r e q u i s i t e  h igh  m e c h a n i c a l  q u a l i t y

2 1
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was selected for detailed study. This crystal was etched in 180°C

phosphor c ac id to r eveal the defec ts for  scann ing elec tron microscop e

pho tography . Photos  1, 2 and 3 were made af ter this str ain selec t ive

etch ing and a Au—Pd deposition to prevent charge build—up . The photos

show the three defect types located ; 1) pene t ra t ing  d e f e c t s , 2) non—

penetrating defects and 3) clusters of pene tra tir~g defects. It is believed

that the penetrating type defect is generated by point defects in the

substrate and that the clusters of penetrating defects are generated by

subs t r a t e  inclusion disloca t ions . The non—penetrating defect type is

associated with either environmental dirt or spontaneous nucleation at the

substrate surface or trapped as an inclusion when growing the epitaxial

layer.

C. Defec t  Reduct ion
. 4

Subsequent  c rys t a l  samp le product ion  incorporates refinements which

improves or lower d e f e c t  dens i t i es . The improvement  is a d i r e c t  r e s u l t  of

low d e f e c t — d e n s i t y  subs t r a t e s , c a r e f u l  c leaning procedur~~s , h igh  melt

p u r i t y , and an improved envi ronment  due to a laminar  f l o w  h o o d — f u r n a c e

sys tem which was cons t ruc t ed .

Allied chemical low defect density substrates with less than 1 defect!

cm
2 
are being cleaned in a class 100 facility. The cleaning procedure

s p e c i f i c a l l y  involves:

1) an acknowledgement  r a t h e r  than  a repeat  of t he  H
3

P0
2 + 11

2
50
4

• acid etch and cleaning performed by Allied .

2) removing accumulated dust or dirt by spinning the substrate at

10,000 r.p.m. while spray ing it with high—pressure deionized

water.

22
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PHOTO 1: Penetrating Defect

PHO TO .~ : Non—ponet r i  t ing Do 1.-ct
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PHOTO 3: Cluster of Penetrating Defects
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3) removing remaining deionized water by continuing to spin the

substrate at 10,000 r.p.m. when the spray is stopped .

4) transferal of the clean substrate to the growth facility in a

sealed and me ticulously cleaned container .

Optical observations indicate that this procedure is effective and pro-

vides a much improved surface suitable for epitaxial growth.

Table 1 shows a typ ical high purity melt (6—9’s) used as a means of

r e d u c i n g  the  number of d e f e c t s .

Table 1

Compound m moles grams mole percent

Bi
2
0
3 708.30 330.06 25.57

PbO 179.0  400 .00 6 4 . 7 0

Fe
2
0
3 

2 5 5 . 7 8  40.846 9.24

Lu
2
0
3 

13.650 5.396 .49

An improvement in starting purity has been found to extend the metastable

region slightly. This extension reduces the level of spontaneous nuclea-

tion in the melt and thereby aid s in preventing inclusion—type defects

caused by entrapment of the nucleation. Additionally , high purity melts

were desirable for the calcium—doping charge compensation growth experi—

• mentS.

The laminar flow hood—furnace system allows the previous improvements

to be implemented . High quality substrates and cleaning procedures pro-

v ide minima l impr oveme nt in de fec t coun t if d ir t canno t be e f f e c t ively kept
off the epi—surface. Room dust is also an effective and non—neglig ible
means of melt contamination or uncontrolled melt doping — the laminar

system reduces this.
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The improvement in crystal quality is apparent in beam deflection

observations. The best results indicate a beam divergence of l-l.25m

radians. Add itionally, this performance can be obtained quite consis-

tently as different areas of the crystal are used . The improvement

implies , min imally,  an increase in the number of resolvable spo ts by a
factor of 5 over the best previously grown sample and a factor of 15 over

typical previously grown samples.

D. Doping E x p e r i m e n t s

With the successful development of an optical absorption measuring

technique it became feasible to study the effects of doping in the bismuth

lutetium iron garnet. A fresh , high—purity melt was constructed , charac—

ter ized , and used to produce “con trol” samples. Using a representative

sample , Corbino disc—modif ied See beck measurements were conducted to

determine excess carrier type. This indicated “n” type behavior for

crystals produced with the specific melt impurit y concentrations present

dur ing  the con t ro l p r o d u c t i o n  period . For a general  m e l t , s p e c i f i c

impurity concentrations depend on starting chemic~il impurities , environment

contributed impurities with their respective time dependencies , dissolution

• with thermal cycling of the platinum crucible , and differential removal

from growing or volitization activities. Based on the “n” type determ ina-

tion from the experimental melt , a series of cryst als was produced with

incremental additions of CaO to the melt. To minimize the environmental

dissolution and drift effects , the series was produced as rapidly as

possible with a minimum in melt high—temperature soaking . CaO was added in

incremen ts of 5% of the Lu
2
0
3 

present in the melt . An addition was made

after each sample produced with the final cumulative addition reaching

50% of the Lu
2
0
3
. As discussed in the Opti cal Absorption section , this

not only provided a definitive test sequence for the absorption measurement

but resulted in significantly improved deflector crystals. Crystal number

GLN286 included in Table 2 represents the best diffraction ever produced ;
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1.06 pm wavelength absorp tion of 21 db/cm , Farad ay rotation of approxi—

mately 200°/pm , and beam divergence of approximately 1.2 niiluvadian

E. Mesas

Tapered— edge mesas were produced on three bismuth lutetium garnets.

Several appr oximately one—millimeter apertures with no defects were formed .

Defect—free regions of the sample were selected by observing the crystal in

an optical microscope us ing an illuminating light beam smaller than the

field of view . When an appropriate defect—free region of the crystal was

observed in the illuminated area , the upper portion of the microscope was

detached leaving the exposed defect—free region pin pointed by the light

beam. It was then possible to accurately place the epoxy mask over the

defect-free region. With the epoxy mask formed , ion—machining was used to

remove surrounding crystal material leaving a tapered edge mesa .

After the mesas were formed , optical studies were undertaken. Initial

o b s e r v a t i o n s  wer e ot beam d e f l e c t i o n  resolution comparing the mesa area to

the orig inal “complete ” epitaxial layer. Surprisingl y , the defect—free

aperture , combined with the tapered edge to irnp rovl vert ex domain behavior

and domain nucleation , had poorer resolution than the original layer. To

determine wh y ,  the domain patterns were observed . It was found tha t

because of crystal edge—domain interactions the grating was distorted is

exaggerated in Figure 8. To alleviate this distortion , two ~lu—me ta l

keeper structures were studied . The first structure was simpl y Mu—metal

much thicker than the crystal mesa with a hole drilled in it of a d i a m e t e r

matching tha t of the mesa . This structure was placed around the mesa and

the domains  again viewed atter magnetic tields were applied . This time the

domains showed the opposite distortion as exaggerated in Figure 9. This

was explained by the formation of magnetic poles at the keeper edge

surrounding the mesa because ot the thickness of the keeper . The resulting

field would he perpendicular to the edge resulting in the observed grating

distortion. A second keeper structure was constructed with a square hole,
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Figure 8. Distorted Grating

KEEPER H APPL I ED
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Figure 9. Domains Show Opposite Distortio n
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Figure 10. Second Keeper Structure with Square Hole
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as in Figure 10. Repeating the observations showed tha t with the applied

m a g n e t i c  f i e l d  norma l to a pair of the squares ’ edges , a straight domain

grating was formed . The explanation in this case is not as certain but

believed to be dependent on the magnetic poles formed along the keeper and

keeper th ickness related to the mesa .

The observations performed in this section demonstrate tha t both edge

effects and keepe r structures can significantl y affect grating uniformity.

More detailed stud i~-s of these effects will be required when larger dia—

m e t e r  d e f e c t — f r e e  a p e r t u r e s  are  a v ai l a b l e .

F. Crystal Production

Table 2 lists all of the crystals produced under this contract. The

samples fall into four general categories. (1) GL N 2 5 5  to BHOO2 are samples

grown on high—defect density substrates without special cleaning procedures

or a laminar hood environment . These samples were used primarily in study-

ing the defect—t ype detect—s our ce problem . (II) GLN273 to CLN284 are

samp les on both hi gh and low-defect density substrates without the laminar

hood environment . These samples were produced to aid in crystal mesa

activities. (III) GLN28S to BH079 were grown primarily on low—defec t

density substrates with special cleaning procedures and utilizing the

laminar hood furnace constructed during the contract period . These samples

~ere produced to determine minimum beam divergence s obtainable within the

cost—time constraints of the program . (IV) BH084 to BH1O7 were produced

with low—defect density substrates and cleaning procedures but without

• using the laminar hood furnace. This series of crystals was produced with

the calcium dop ing for charge compensation study and utilization of the

developed optical absorption measurement procedure.

C. Antireflec tion and Mirror Coatings

In the very early stages of the program a number of crystals had the

films removed from one side of the substrate and antireflection and mirror
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TABLE 2

~ k Y ~~1AL MELT a Tg t g  IN T H I S . S - N E S S  LOW DEFECT ITI N A C E  1 06p M
N~~-ii ER NLFlFER [N ~ 15°C M I N U T E S  IN - N SI BSTRAT E ? A E s o R P r l o N ( d b / c m )

CI N~~N S  M U S  0 737 2 1 N O LARGE
: L N 7 ~~Q M 17 5 5 P  .0 1 7  7 2 3  10 NO LARGE
- I \2~ 1 M 1 7 5 H P  . 009 7 2 1  S N )  l .A R G E

N~~~ 7 ‘1175HP .0 10 721 7 N O L A R G E
Gi.~ ~~~ 3 Ml 7SHP 0 710 4 NO L A R C E
- 1  \~~~~-~ Ml 7 5 HP * 7 2 1  4 N O LARGE
1.1 N~~~S N 1 7 5 H P  * 7 2 3  7 NO L A R G E
I t N 67  M I 7 5 H P  * 715 7 No LARGE

: I : ~:68 M 1 J 5 H P  * 7 15 11 NO LARGE
( I N .7 t, Q M 1 7 5 H P  007 711 20 NO L A R G E
GL~~2 7 O  M I 7 5 H P  ~ 710 2 2  NO LARGE

— N 2 7 1  ‘ 1 1 7 5 H P  N M 710 20 NO LARGE
Ci . N 2 7 2  M 1 7 5 H P  NM 710 20 7 . 7  NO LARGE 13 7

51100 1 M I 7 S H P  N M 738 20 NO LARGE
811002 M l  751W N N 738 20 9 .8 N O L A R G E  44

cLN ~ 73 F l  75G 0 699 N O ~ NA L L
‘ - I N . ‘1  75C 0 706 9 NO SMALL
:\ : 75 M 1 7 5 0  . 021  721  10 NO SMAI.L

- - 1  \ 7~ ~h 1  75G .018  70° 1 ~ so
- I \ 2 7 7  M l  750 0 7 1 5  5 NO N N A I 1.

N 7 8  I-11 75G 0 715 21  YES OM A I.1.
N:81 ‘~~75~ * 7 18 10 YES ~NA1 .L
52 83  N 1 7 S G  NM 7 15 18 YES SMAI. L

-I N 28 . .  M 1 7 5 G  * 716 20 YES
Cl . N 2 ~~S M1~~3 ~~~0 20 NO L A M I N A R

BIlO ~~N M 1 9 3  .006 I~~54 15 N v l A M I N A R
~O5 O ~~. 7 M 1 9 3  0 690 14 l A N I N A R
155 10 I, II ‘1193 .007 ~ °4 15 YES
5 1 5 ) 7 1  M 1 9 3  0 690 10 YES l A M I  N A N
8 ) 5 0 7 5  ~~l Q 3  .007  689 12  YES I A N
5 5 5 0 : 7  MI 93 N i-i ~ 77 10 YES T A N I  N A N
~‘ S o - 9 M I 9 3  — .006 70 1 10 YES C A F I I N A R
055 0 84  M 193  - .007 716 5 YES LARGE
80087  ‘1 193  - .002 719 6 YES LARGE
BlI 0 0’~ M 1 Q 3  - .002 72 0  6 3 . 3  YES LARGE 100

~~S O° M 1Q3 NM 7 15  jq 11.3 YES 1.ARCE
. 1 , 5 2 5 5  ‘1193 NM 7 2 1  20 1 9 . 1  YES 1.ARGE
0 5 0 9 3  14193 si-i 720 20 1 2 . 1  YES 1.ARCE 104

0 N .’86 14 103  NM 7 2 3  2 3  1 1. 1  Y E S  LARGE 21
F - S  ‘~ S M 1 93  NM 7 2 1  20 1 2 . 2  YES LARGE
800 06 M 19 3  NM 720 20 1 1 . 7  Y E S  LARGE 68
5 - 0 ( 08 ‘1193 NM 2 7 5  20 1 3 . 0  YES 1.AR CE 70
515100 M 193  NM 7 2 1  20 YES 1.AR GE
8 15101 ‘1193 N M 7 2 2  20 YES L A R G E
8 15 103 ‘1193 NM 725  20 YES LARGE
315 105 M 1Q 3  N M 7 2 7  20 YES LARGE
8H 107 M 1 93  NM 717  20 YES LARGE

1- l O l l -  2 l i s t  C r v - ~t i i  ~ Pr oduced  
- _____________

* — ‘II . 1 - o l r c n l l - t 1 t was ma de hut • ht c .1 I I ~ ~~~~~~- f  I~r l ~- t l )  t e m p e r a t u r e  c en t  r e l  p rob lems ,
l a t t i c e  m i - o n . I t - h  l~~ a c o n t i n u u m  r I t I l o r  than a s p e c i f i c  va l ue .

Ni-’ — N t  ‘-II .1 -. I I r - d :  X — r a y  nI(-1- ~u r e m ( .n t  f r e q u e n t  l v  ~-a~ not  made I f  t h e  0 m i sma t ch
t e m p e r a t u r e  h-i d been - i l I - r m tn€ - d f r  the sp ec ifi c melt w i t h i n  i t s  rece n t
l p I  r — It In g  pas t  ( i . e .  vol it I z~1t  ion  I S I  I t s  s t i l l  m i n i m !  zed)

30

- — —. 5— —~~~~- — —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -  ____



- 

,.
~~~

. —— - -

coatings applied . The antireflection material was SiO and the mirror

material was aluminum . Both coatings were applied by vacuum deposition.

Spec trophotometer measurements were made before ~~d af ter the coatings were

appl ied . These measurements indicated that these coatings were very

effective in reducing first surface reflection and in providing a reflec—

tion device. However , at that time , the spectrophotometer measuremen t

technique had not been fully developed and accurate calculation could not

be made. Although additional coating experiments have not been made , no

undue d i f f i c u l t i e s  are expected in this area .
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SECTION V

DEFLECTOR PERFORMANCE ANALYSIS

A. Deflector Characterization

The ma turation of the crystal growth techniques has brought about the

need for an examina t ion of the garne t deflector as a system component. To

this end apparatus were designed and constructed to allow for automatic

determination of both the repeatability and the spatial resolvabili y of

stripe domain garnet deflec tors .

F i g u r e  11 is a block d iagram of the entire measurement console. I t

r e p r e s e n t s  the  m e r g i n g  of several  r a t h e r  independen t  t e c h n o l o g i e s  f o r  the

p u r p o s e  of c o n t r o l l i n g  and m o n i t o r i n g  the  l o c a t i o n  of a s t e e r a b l e  la s e r .

Current laser beam technology is u t i l i z e d  in c o n j u n c t i o n  w i t h  a s t r i p e

domain garnet c ry s t a l  to realize solid state deflection. A conventional

U n i v a c  U Y K I 2 O c om p u t e r  p rov ides  d i g it a l comm and s f o r  t he  c r v s l . S l ’ s m a g n e t i c

d r i v e r s  and a lso looks a t  the  d i g i t i z e d  v e r s i o n  of the actual position of

t h e  laser  beam.  In t h e  m i d d l e  stand s ana log  to d i g i t a l  and d i g it a l  to

ana log  e l e c t r o n i c  c i r c u i t ry  tha t i n t e r f a c e  the  c r y s t a l  w i t h  the  c o m p u t e r .

The s a l i e n t  m e a s u r e m e n t s  made  by t h i s  sys tem inc lude the two m a g n e t i c

co i l  c u r r e nt s  and e i t h e r  two or f o u r  s i g n a l s  t h a t  i r e  d e r i v e d  t r om  a f o u r

q u a d r a n t  c a r t e s i a n  pho tod iode  tha t is p l a c e d  in t h e  p a t h  of L I I  d e f l e c t e d

W i t h  r e f er e n c e  to F i g u r e  11 , t he m e a s u r e l o - n t s  a r t - acq u i r e d  by th0

1 0 1 1 1 -w i n g  p r o c e d u r e .  The t Y K / 2 0  c o m p u t e r  s e le c t s  t r - t t ) 1  m e m o r y  twO 16 b i t

d i g i t a l  words  tha t c o r r esp o n d  to the Polar  (R , 0)  c o o rd m a t e s  01 .1 s t I  o1

co i l  c u r r e n t s .  A s u b r o u t i n e  r a p i d l y t r o n s f o r m s  t he se  two words i n t o  d ig i  t , i i

ca r t e s i an  c o o r d i n a t e s  r e p r e s e n t i n g  f i r s t  t h e  c,i l c u l . ~ t e d  s~m t u r a t  i - . n  f i e l d

r e q u i r e d  to  p r o p e r l y i n i t i a l  ize the  d e f l e c  1-or  g r a t i n g  and s e c o n d ly  the  hold

t i e  Id  r e q u i r e d  to m o m e n t ar i l y  a im the  beam in ,i spr-c i f  ic o r i e n t al  ion .  At

t h i s  L ime t h e r e  is enough i n f o r m a t i o n  at  t he  o u t p u t  c h a n n e l s  v i  the  c o m p u t e r
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to imp lemen t  t h e  deflect ion mode. This is accomplished by first informing

t h e  0/A converters tha t a transfer is imniinept , then transferring the

saturation words , and finally, transferring the actua l position words.

Each 0/A converter outputs a current that d r i v e s  t h e  bipolar operational

powe r amplif i&rs which in t u r n  p r o v i d e  enoug h curren t to the deflec Lion

coils to saturate t i l e  deflector crystal and then reinstate the grating at

the desired orientation. This causes the laser beam to deflect in a

s p e c i t i c  d i r e c t i o n  in two space. A t  this point , while the deflected beam

is maintained in the specific orientation , the system enters the measure-

ment mode. The beam p o s i t i o n  is a n a l y z e d  by the  p h o t o  d iode  w h i c h  gener-

ates four output currents dependent on the  i n c i d e n t  ene rgy  c e n t ro i d

p o s i t i o n .  These f o u r  c u r r e n t s  pass  t h r o u g h i n s t r u m e n t a t i o n  a m p l i f i e r s

wit i c h i  p roduce  f o u r  volta ges — one sum and on e  d i f f e r e n c e  si g n a l  f o r  each

of t h e tw o  d e t e c t o r  a x e s .  P r o c e s s i n g  of t hese  f o u r  v o l t a g es  b y t he  ana log

d i v i d t - r s  r e s u l t s  in two a n a l o g  s i g n a l s  w h i c h  a r e  p r o p o r t  f o n a l  to bean

p o s i t  i n  ott t h e  det - o c t  or and ar t -  i n d e p e n d e n t  ot  beam i n t e n s i t y .  These

v o l t ag e s , a long  w i t h t h e  c o i l — c u r r e n t  s a m p l i n g  r e s i s t o r s  compr i se  one

ana log  p o i n t  in  the  t o u r  c o o r d i n a t e  m e a s u r e m e n t  s p a ce . Once a l l  the  ana log

s i g n a l s  s e t t l e  down to t h e i r  equilibr ium values , sequential digitizing

conf luences .  Under  compu t  -or co’nmand t h e  f i r s t  s i gna l  i s  passed t h r o u g h  the

m u l t i p lexer  ( M t X )  t o  the summing node of a s i m p l e  a d d i t i v e  a m p l i f i e r  (Z) .

The gain resistor R~ 1 
is selected so that in combina t ion w i t h  the  f e e d b a c k

resistor R
f 

the gain oi t i l t -  summ i t ip  amp i I fier is precisely tha t gain which

is needed to allow the ex trt -mt -s of signa l 1:1 to span the  range of the A/D

converter. In add it i o n , ti l t- summing amp l it icr accept s a reference level

tha t shifts the 0 point to ex . I c  t I v  t h e  middle v i ’ t h e  A/D ’s range. The

computer next instructs the lu st samp le and hold module to acquire the

scaled and level s h it  t ed  version of signal 01 and to release the original

signal from the output port of t h e multiplexer. At this point the digi-

tizing of signal Ill begins. This is done by the analog to dig ital con-

verter nodule operating in a sutcessive approximation mode. After the

conversion has occurred the contents of the A/D are dumped into temporary
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storage in the random access memory (RAN). In the same manner are pro-

cessed the re st of the analog signals so tha t the RAM even tuall y holds the
digi tized representation of each variable for one point in measurement

space. Finally, the RAN contents are transferred into the UYK/20 and the

cycle is complete. Thus , in just a few milliseconds the salient informa—

tion on the position of the laser beam is obtained .

Such a cl osed loop data tracker is a valuable asset for tabulating

the dynam ical characteristic s of stripe domain deflectors. Once the com-

puter has finished assembling the data necessary for evaluating the desired

deflector performance characteristics it can call up its calculating power

to make the evaluations and statistical reductions. Performance in criti-

cal areas like resolutio n , in—plane anistropy effects and repeatability are

examp les of important performance areas which can be studied . All of this

informa tion can then be stored in a computer file as a convenient , perma—

nent record oi the characteristics of one crystal. Subsequently the file

c m  be recalled for comparisons with files of other crystals.

Presently the system is capable of selecting sixty—five thousand

vector magnetic field values to orient the deflector . The pointing

accuracy of a crystal can be measured to 256 x 256 points resolution after

digitizing the p hoto  d iode  position data . However , if less than the full

f i e l d  of v iew of the  d e f l e c t o r  is s tud ied , the  256 x 256 resolution can

correspond to arbitraril y small deflection beam movements. If this becomes

a limitation , the system can be convenientl y expanded to 1000 x 1000

resolution points.

Figure 12 is a photograp h of the deflector characterization test

system . Figure 13 is a close—up photograph of the light deflector and

detector . Figure 14 is a photograph of the four quadrant cartesian photo—

d i o d e .
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Figure 13. Close—t i p of L ight Deflector and Detector
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Figure 14. The Four—Quadrant Cartesian
Photo-Diode
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Using the characterization system , the data in figure 15 was collected .

The measuremen t was made to determine deflector beam—a l~ning repeatability .

Each spot marks the angular position of the energy centroid of the de—

flec ted beam in a sequence of reaiming the beam at the “same” spot. The

process involved alternately erasing the grating with a saturation field

normal to the direction of the dashed line and then switching to a lower

dr ive field vector corresponding to the mid—graph position. The data

indicates very accurate repeatability normal to the deflection radial.

The standard deviation is 1/8 milli radian. Along the diffraction radial

(i.e., the beam path from saturation to the hold position) the repeatabil-

ity standard deviation is 2/3 milli radian. Because the beam divergence

of this crystal was 1 1/4 inilli radian , the data ind icates the deflector

“repeatability divergenc e” is much better than actual beam divergence.

This data has been significant in the applications modeling and also demon—

strates the type of measurements tha t are possible to make , now tha t this

system is completed .
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SECTION V I

SYSTEM ANALYSIS

A. Beam Divergence and Pointing Accurac y Analysis

1. Beam Divergence

Consider .m laser and deflector l o c a t e d  at some point 0 and a point T

th�~t is to be illuminated . The distance from 0 to I is the range R. Let

U T 
be the  laser  pu l se  e n e r g Y  and p be t u e  radial distance from the center

of the beam. If it is assumed tha t the energy distribution is gaussian ,

the energy density u at a distance p f r o m  the  center ot the beam will be

given by

U = (U
T

/ 2
~~

c
B

2
)e  

I 
2
/20

B
2 

e~~ A
R

where 0
8 

is the e ’ radius of the beam and is the atmospheric extinction

coef t ic ient.

This equation c a n  be rewritten as

u (2t
1I~~R 2 ó ) e  

_ (2O 2/6~ + o
A

R) 
(1)

where is the beam divergence angle and is equal to 20
B
/R and 0 is equal 

-

to p/R. If we wish the beam energy dens ity u to  exceed a threshold value

UTH~ 
then there will be a value of 0 (= 8TH~ 

at which u will be equal to

UT11

(2U T
/
~
R2ó2)e ~

20
TH 

2
,~~

2 
+ O

A
R) 

TH 
(2 )
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Solving equation (2) for 0TH we ge t

(2U TI u ~~~
R 2 6 2 ) e ~

20 TH 
2
ió

2 
+ O

A
R)

ln (2U
T/ t ~~H

1TR 2 6 2 ) 20~~~
2

/ 6
2 + O A

R

0TH
2 — (6 2/ 2 )  (l n (2U

T
/uTH1TR

2
6
2
) — O

A
R) (3)

To illuminate the largest cross section area at T, 0TH must be maximized .

To determine the value of 6 which w~ il maximize 0
TH 

the der ivative of

equation (3) is taken with respec t to 6.

~~~~~~~ 
(d6~~~~ / d 6)  = 6 ( ln  (2U T /u TH

iTR 2 5 2 ) — J
A

R _ i )

Using equation (3) to eliminate

1/2 2
~~~~ — 

2 (in (2t . ,r / U T}I
1TR 

~~~~~~ 
— 

A
1
~~~

’
~~ ( 4 )

do 
- 

( ln  (2 U
1/~~~11

uR 2 6 2 ) - O
A

R) ”2

Setting d~ 111
/d 1 = 0 for ~ =

in (2t
T
/t
~ H

iTR
2
6
l~~
) — o~ R — 1 = 0

2U
T / t

~~H~
R

~~~l
2 

= e~~
1 + O

A
R)

= (2Ll.
/U TH~TR

2)e 
-(1 + o

A
R) (5)
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OT}IMAX , the maximum value of 0TH is found by evaluating equation (3) at

6 = 6
l~~

- (6
1
2/ 2 )  ( in (2U

T
/ u TH uR

2
6
1
2
) - O

A
R)

Using equation (5) to eliminate 6, inside the ln expression

= (6
1
2/2) (1 + O

A
R — O

A
R)

or

e 2 = 6 
2/,

THMAX 1

1/2
= 5~ / 2  (6)

Therefore the d iameter of the maximum threshold area exceed s the d iameter
• 1/2

of the op t imum beam d i v e r g e n c e  by a f a c t o r  of 2

To find the beam divergenc e dependence of 0TH we will first rewrite

e q u a t i o n  ( 5 ) .

2U
T

/ U
TH

uR 2 
= O

1
2 e U + O

A
R) ( 7 )

Next rewriting equation (2)

2U
T

/tJ
TIl rR

2 
= 6

2
e 

(2O
TH

/ 6  + O
A~~~ ( 8 )

From e q u a t i o n s  ( 7 )  and (8)

6 2e (20
2

TH /,~
2 
+ O

A
R) 

6
1
2
e 

(1 ÷ O
A

R)
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or

6
2
/6,

2 
= e 

(1 - 20 2
TH / 6 2 )

2 In 6/ 6 1 1 5 -
~ TH ’6

0
Tfl

2 
= (6 2/2) (1-2 In 5/6

1
)

Using  equa t i on  (6)  t h i s  becomes

2 ‘

0TH = 
~I hiNAX ~~15)  (1—21n ~/ 6,) ( 9)

This can also be written in terms of ~ - w h i c h  i s  e q u a l  to O I R .

~~ TH 
= 

~~~~~~ 
( 1 / 5~~~ (l-21n

In Figure 16 equation (9) is used to p l o t  t h ì e  r a t i o  of the threshold angle

to optimum thresbio id m g I ° (d TH / uIft\x~ 
v s t h e r u t  in of - , - .~~:: d ivt -rgence

• angle to the  opt  im um beam d ive rgt-Iu - e ang le (6/ . A~~ 
~~
‘
~~~l 

d t cr &- ,mst- s

decreases  w i t  t h e  m t  n - - i  ty at th k- beam center Inc re,Is i n g

rap idl y u s  t h e  t h r e s h o l d  .mn g l t -  eel  l a p se s .  As - /  -
~ 

i t i c  r e us e s  I rom I 

H ’~~’l Fh > L\X d e c r~ -~ms ~-s s l o w ly  a t  i i r — t  and t i R  d r o p s  rap id ly  t o  z t - r -  a t  j u s t

over  1 .64 where the  i n t e n s i t y  ~- t  t o -  c e n t  t -r  01 t i n -  i t - mm d rops  below t h e

t h r e s h o l d  v a l u e .

2 .  P o i n t i n g  Acc ur a c y

The p r o b a b i l i t y  0!  e x c e e d i n g  t b t  t h r e s h o l d  e n e r gy  a t  p o i n t  I depends

on the pointing accuracy. This Probability is given by

~ 25- I’) -
P 1 — e ‘lb 1 (10)

where 
~T 

is the pi inting m c c u r , m c v  r a d i u s .
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Th e m i s s  probabilit y is given by

-) 

~ 2 2 2
Q = 1-P = ~~~~~~~~~~ = e

_R 0
TH / 2 0 1 (11)

or 

2 2
Q = e 0TH ~~~ (12)

where  a =

Consider equation (2)

U
TH 

= (2U T /~~
R 2 6 2

)e  
O

AR 
e

20
TH

2
~~~

2

rewriting we get

I
’ 

UTH = (2 U
T
/~~R

2
6
2)e o R  

e
2(0TH

2/ 2
~
2
) (2 0 2 / 6 2 ) (13)

Using equa t i on  ( 1 2 ) ,  e q u a t i o n  (13) becomes

U = (2U
T
/
~

R 5 2
) e J

A
R 

Q
45- i / 5  (14)

Solving e q u a t i o n  (14)  fo r  Q we have

Q = (K6 2
) 

( 6 / )
2 /4  (15)

where

K = (u  ~R 2
/2U ) e 

I
A
R

We shall now determine the value ol the beam divergences (~
) which minimize

the  miss  p r o b a b i l i t y  (Q) .
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Taking the derivative of equation (15) with respect to 6 we have

( d Q / d O )  = (6/2 0 2 ) (K6 2 ) (~ / ) 2
/4 (1 + in K6 2 )

Setting the derivative equal to zero

2 —lK6
2 

= e where 6
2 
minimizes Q

or

(u TH
ITR

2/ 2U
T
) 6

2
2 

e
0
A
R 

= e 1 
(16)

Solving for 
~2 

we get

5
2
2 

= (2U
T

/ U
TI1

T R # )  + J
A

R) 
(17)

We see from equations (5) and (17) tha t t im - - of thit - d i vt - r g e i i c e  anglc -

(5 .~ ) that maximizes 0TH is equal to valu e o f  ti m e d iv er gt-i1Le ang l e (5~~)

that minimizes Q.

To find the minimum value of Q evaluate equati i (15) a t  S = ~

Q~11~ = (K 6
2

2 ) 
(6 / 1) 2 /4

or

2
— — ( 6  Ia )  /4 (18)

~~M U-~ 

— e 2

E q u a t i o n  (18) is p l o t t e d  in F i g u r e  17. I ’hc min imum miss  r a t i o  (Q \ 11\ )

is a p p r o x i m a t m - l  y 0 .1  at a divergence an g l e  to p o i n t i n g  a c c u r a cy  r a t i o

—4 (~I
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of 3 and decreases  very  rap idl y as 6 2 /a  inc reases .  Us ing  equa t i on  (16) to

e l i m i n a t e  K in e q u a t i o n  (15) we have

Q4 ( 0 / O )  
= ( 6 / 6

2
)
2 

e~~

or

= 

~~~~~ 

(6~~~~~2 / 2  
e

6/0)#/4

rewriting

Q = (6/ 6 2)
2 ( 6 / 6

2
) 5

2
1) 2 / 4 )  

e~~~ 2’~~~ 
6 2 ) 1-4 (19)

Using equation (18) to e l i m i n a t e  _ (
~~2

/~~
) 2 /~ e q uat i o n  (19) becomes

Q = ( 6 / 5 .~) 
-2 (5/ 62)

2 
in ~ (c/Z )

2 (20 )
-

Dividing both s ide s  o r  e q u a t i o n  (20) by ~~~~~~~~~ we have

Q/b~1~~ 
= ( 6 / S~~~ ) 

_ 2 ( ~~~/ 6 )
) #  in 

~~ilN 
~~M l N  

( 6 / 6 ,~~~~~-l (21)

Eq u a t io n  ( 2 1)  is p l o t t e d  in  F i g u r e  18 w i t h  t h e  d iv c r g e n c e  a n g le  to the

o p t i m u m  d i v e r g e n c e  ang le r a t i o  ( 6 / 6 , ) as  t h e  v a r i a b l e  and the  m i n i m u m  miss

r i  t i e  ~m s  t h e  p a r a m e t e r .  As the m i n i m u m  m i s s  r a t i o  decreases  the  mis s

r a t i o  becomes more  s e n s i t i v e  to vari at ion of 
~‘~~2 ~~~~

B. S ign a l to B a c k g r o u n d  N o i s e  in !,udi r Svst ems

C o n s i d e r  a l a s t - r  s y s t e m  as si-mown in 1- i g u r e  19. An exp re s s ion  fo r

s ig n a l  to  no i s e  w i l l  he used to d e t e r m i n e  t it .,- transmitted power r e q u i r eme n ts  
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b r  va r iomm ~ ta r~- t -t ci ~~ -
~~~‘~ t ions  and v a r i o u s  c l a s s e s  of r ece ivers .  The

transmitted power requim t iUt l i t  i~ pert inent for two reasons:

1) For m l i t  l i S t ! -, t o t  ,m vj oli jc .-. app lications are average power

l i m i t e d ; h i g h t - ! w- r g y  per  p u l s e  is traded for high pulse  r at e s

2)  The transmitted power requirement may he difficult to meet

b e c a u se  of t h e  l i m i t a t io n s  imposed by v a r i o u s  o p t i c a l  components

in ti -me t r a n s m i t t e r ;  specificall y , the deflector may not hand le

the power level ,

1. B ackground  Noise

One way to e s t i m a t e  t h e  noise in an optical signa l is to assume that

t he  c o l le c t o r  p a r t  ot t h e  r ece ive r  is l a rge  enough to make the solar radia-

tion scattered by the atmosphere the dominant source of noise , (as opposed

to detector or amplitier noise). In a pulsed laser system , the receiver

integrates the background noise for a certain period of time . For examp le

.m TV camera  opt - r , m t i n g  a t  30 frames/seconds integrates background noise fer

33 m i l l i s e c o n d s .  The value of background 1 .06 micrometer radiance can be

e s t i m a t e d  f r o n t  d a t a  in Low T r a n ,  Since the  s p e c t r a l  r a d i a n c e  depends on

t h e  pu s i t  ion or  the  sun , t i - me z e n i t h  v a l u e  ranges  f r o m  21 W m 2 sr 1 
urn 1

f o r  a 77 ° sun e l e v a t i o n  down to .04 7 ~ m 2 sr ’ urn 
1 f o r  a 15 ° sun eleva-

t i o n .  The h i g h e s t  v a l u e  21 W m 2 sr 1 pm 1 w i l l  he used s ince  i t  repre-

s e n t s  t h e  mos t  d i f t i c u l t  c o n d i t i o n  ot background no i se .  The AM 1 solar

c o n s t a n t , w h i c h  co r r e spond s t o  d i r e c t  suni  igh t , is 600 W m 2 pm~~ a t

1.06 pm w a v e l e n g t h .

Ti -me b ackground  noise  e n e r gy  e x p r e s s i o n  is

N = i’ - , A F 2~T
“ 0
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with

p = Background radiance , W m
2 

sr ’ urn
1

= Receiver  Field of v iew , sr
C

F = Spectral filter passband , pm

AT = I n t e g r a t i o n  t ime associated w i t h  the  r ece ive r

A = Col l ec to r  areac

The co l l ec to r  area drops  out  of the S/N expression. The value of 0

depends  on both t h e  t i e l d  of v i ew and the type of detector. For examp le ,

the  FOV could be 2 -  sr and the d e t e c t o r  could be a s ing le  pho t o d i o de ;  0

would then he 2~~. The d e t e c t o r  could be an nxn a r r a y  of pho tod iodes , and

then  ~ = 2r/n . Each diode in the array sees only i t s  small  po r t ion  of the

1-O\ . . Ti -me i n t e g r a t i o n  time , AT , also depends on the type of detector. The

f i l t e r  w i d t h  m u s t  be chosen to accommodate the doppler s h i f t s  due to target

mo t ion.  F ’ r  s m t e l l i t e s  and ICB M ’s F 2 0 .02  pm s ince t h e i r  relative veloc—

i t y  can be large . For , aircraft , F 5- 0 .002 pm is p r o b a b ly  a d e q u a t e .  Thus;

N 4 2  A A l  mJc c

2 .  Signal  Energy

The s igna l  t -n e r g y  depends  on the t r a n s m i t t e d  ene rgy  E , t r a n s m i t t e d

beam divergence , the atmospheric transmission characteristics , T. the

t a r g e t  cross s e c t i o n  o .  t h e  r e c e i v e r  cross  s e c t i o n  A , and t i m e  s e p a r a t i o n

( r a n g e )  R , of transmitter , receiver and target. An expression for signal

energy, 5, for small targets is

S = T 2 E A o
_ _
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T h i s  expression assumes negligible beam break—up due to atmospheric eft eets.

Ti-mis expression can be combined with the noise expression to o b t a i n  t u e

r a t i o  of s igna l  to noise :

S - 2E T a  ( 2 )

42C R AT R4
~ T

with R in meters , E in millijoules , and a in m 2 / s r .  It is assumed that

tile transmitted pulse width is much shorter than the integration time AT ,

so that in a time AT all of the target return energy is captured .

The required signal—to—noise for a tailwarning system or a target

designating system depends on the details such as false alarm rate and

probability of kill. Even though precise values for S/N are not known at

the t ime of this writing , let S/N � 10 fo r  d e f i n i t e n e s s .

Thus (2 )  becomes

~ T a
o ~‘ l 0  (3)

42~ AT R i~R T

with this condition E can be calculated for various ranges , target cross

sections , beam d ivergences and receivers . Note the atmospheric term T

can be w r i t t e n  T 2 
= e 2

~~ and a can be estimated from data in Low Tran.

For  low a l t i t u d e s , is dominated  by a~ rosois :  a = 8 .77  XlO 
2 1 fo r

clea r a ir and a = 4 . 4 7  X l0 1 km~~ f o r  hazy air. For simplicity, the samp le

calc u la tio ns wi ll use = 0.1 km 1
.
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Express ion (3) is then

—0 .2R/l0
3

E
0
a e 

~ 420 mj (4)
AT R4 12 T

Th is can be rewritten

E > 

~
420

~ T~ R 
AT) - R 4 0 . 2 R / l 0 3 

(5)

The first term on the right can be made small either by using a transmitted

beam w i t h  as sn-mall a d i v e r g e n c e  as p o s s i b le , or b y us ing  a nar row FOV

receiver (with many elements), or by using a fast receiver . The second

term is set more  or les s  by the specifics of the mission.

Consider  the t e rm

A l

The f i l t e r , F , w as  chosen  to m a t c h  t i m e  e x p e c t e d  d o pp l e r  s h i f t s  in  the  l ig ht

r e t u r n i n g  I ron ti -me t a r g e t :  F = 20 ~\, I f  t h e  t r a n s m i t t e d  l a s e r  pulse  i s

fo rmed  by s u p e r p o s i ng  v a r i o u s  l a s e r  modes w i t h  m o d e l o c k i n g  or o r h m i - r  tech-

ni ques , ve ry  sho r t  l a s e r  pu l s e s  can be f o r m e d . I m a g i n e  t i - m a t  a l l  or  t i m e

m o d e s  c u n t a  m e d  in  a p u l s e  so formed have  a w a v e l e n g t h  w i t h  i n  A k  = 5 01

some c e n t e r  w a v e l e n g t h .  Th~ r e t u r n  p u l se  w i l l  get  t h r o ug h t i - me  l i i  l t e r  .

w i d t h  o t  a pu l se  t i - ma t  can be t ermed u s i n g  t h e  modes w i  t h i n  ±5 i s  c i l c u —

lated by using

= A k
f
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The shortest pulse is about three picoseconds. Very few de tec tors can

respond in this time frame . Electronic streak cameras are one notable

excep tion; very sophisticated range gated systems are another . The laser

bandwidth appears to exceed the bandwidth of most detector—filter combina-

tions. Even with a detector with picosecond response time the data rate

may cause some interesting and unusual data processing problems .

Many detectors such as photovoltaic or photoconductive pn devices

exist which operate in nanoseconds. These speeds are commensurate with

nanosecond laser pulses (which are available from form fit lasers). Such

detectors can be used to give ranges to ± 10 cm or better. Range rates

can be calculated to reasonable accuracies from such range measurements.

The class of detectors w h i c h  image the field of view include CCD , CID
a r r a y s  and TV tubes. The serial d a t a  s t r e a m s  f r o m  these devices  g ives

rise to long integration times: tens of milliseconds. Consequently ,

large amounts of background noise energy accumulates unless range gating

is used . Range gating require s some knowledge of the target range to be

effective . However these detectors are useful for generating angular beam

control signals. Furthermore the noise energy is reduced by the small

p o r t i o n  of the  FOV that each element in the array sees. Thus the product

AT

is about the same for single element high speed detectors , ( lx lO 8 
sec),

—6 — )

and a r r a y s  (10 x lO s e c ) .

For this reason , we will consider the use of the d e f l e c t o r  as a part

of the receiver using the deflector to provide angular discrimination for a

hig h speed quadrant detector . This AT produc t with this combina t ion

ought to be 10 
6x10 8 10 14 

sec . which ought to offset insertion losses.
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This discussion , inc idently ,  has assumed uniform background noise. At

very  low backgr ound noise levels the pho tons arr ive in bunche s and th is
will require a more elaborate analysis. The assumotion of background noise

lunited operation is questionable when size limits are placed on the optic

apertures.

2
Cons id er as an examp le a a = 1 rn/sr target at a range of 10 km :

4 0.2R/10
3 16 2

R e  = 7.4x10 m

a

and so

E ~ 3x1019 

~T ~R 
AT millijoules (6)

Let O T
5- 10 8 

sr which co r re sponds  to diffraction limited beam divergence

w i t h  an exit aperture of 1.2 cm. It is also consistent with the magnitude
5- 

of RNS t r a c k i n g  e r ro r s  t h a t  may be encountered . With 
T 

= io 8 
sr

- 11 -E ? 3xlO s~ ~T m joules.
o R

The payoff in detector design is self ev ident.

C. Deflector Systems

If a sing le deflector could be used both for deflecting the transn iitted

laser beam and scann ing for t h e  return reflection , systems requirements

would be relieved the difficult task of coordinating two separate deflector

elements. A necessary characteristic of the deflector element to meet this

requirement is that the reflected beam is diffracted through the same angle

as the transmitted beam . It can reasonably he argued that this is the

expected behavior of grating diffraction. However , it was important that

this expectation be exper imentally verified . This experiment is diagrammed
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The overla pping radiation pattern insures detection in the blind spot . A processor
computes range and bear ing for the covntermeasure device and provides a disp lay
si gnal , transmitter control signal and deflec tor control signal .

Figure 19. Active Tail Warning System
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in Figure 20 .  In Figure 20a a laser beam , inc ident normal to the deflector

crystal , is deflected at an angle 01 with respect to the direction of time

incident beam . In the crystal used for this experiment the zero order beam

was not in the direc tion of the inc ident beam but was deflected slightl y

due to the prism effec t of non—parallel crystal surfaces. The diffraction

ang le 0
1 

hav ing been measured , the crystal is rotated so tha t the laser

beam is now incident on the original exit face and at tile orig~ ual diffra c—

tion ang le 0
1
. The laser beam is now diffracted at an angle 

~ 2 
which , as

expected , experimentally was found to be equal to 0
1
. Therefore , in a

• sy s t em , t r a n s m i t t e d  and reflected beams will be d i f f r a c t e d  t h r o u g h  t h e  same

angle.

An example of a sing le deflector element system is shown in Fi g u r e  21.
In ti-m is system a polarizing system is used f o r  s epa ra t ing  ti le t r a n s m i t t e d

and reflected beams . The laser beam is f i r s t  i nc iden t  on a p o l a r i z i n g  beam

s p l i t t e r . If the laser  beam is po l a r i z ed , t h e  beam sp l i t t e r is or i en ted so

t h i m t  tile polarized beam is undeflected . If ti -me laser beam is only partial—

ly polarized or unpolarized , tha t part of ti-me beam which is polarized

normal  to the  u n d e f l e c t e d  beam will be deflected away from the  d e t e c t o r .

The linearl y polarized beam (a) passes through a - u m r t e r  wave  p l a t e  whose

optical a x i s  is set so tha t the transmitted beam (b) is circularl y polar-

ized . The circularly polarized beam is then diffracted by ti-me stri pe—domain

lig ht deflector. Although it has not yet been experi m en tihiv verified , it

is expected that the f i r s t  o rder  d i f f r a c t i o n  ol c i r c u l a r ly  p o l a r i z e d  l i g h t

will maintain circular polarization of the same sense.

When the circularly polarized beam (c) is reflected from a target ,

the refl e cted beam (d) will remain circularly polarized but of opposite

r o t a t i o n .  When the  r e l l e c t e d  beam (d )  passes th rough  the  l i gh t  d e f l e c t o r ,

the diffracted angle will be the same as for the transmitted beam , so that

t h e  beam (e)  will be parallel to the transmitted beam .(h). Since the beam

is now of opposite rotation , linearization by the quarter—wave plate will
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y ield a beam ( t )  whose p lane ol polarization is normal to tha t of beam (a).

T h cr e t o r e , the return beam will be deflected by the polarizing beam split—

ter to the detector. Polarizing systems should also have the advantage of

-~ i n c r e a s i ng  the signal to background noise ratio .
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s i-:cr i O N  V I I

EuO

A s e a r c h  ot  t i m e  availa l-ite l i t e r a t u r e  has r e s u l t e d  in t h e  i d e n t i f i c a t i o n

o t at least one cand ida t e  m a t e r i a l  [or  3 . 8um  and l O .b u m . i h e  c a n d i d a t e  i s

c m i  i~~p o u s  oxide. S inc ~ t i - m i s  s u rvey  was conduc  ted t h e r e  h av e  been add it ional

exper  m ental, r e su l t s .  ~i m g n e t  Ic doma in studies h a v e  b een  c o n du c t e d  bn ’ u s i n g

- 

- 
~m il IR v id i c o n  and a J V  m o n i t o r  - the mm ’ ~,ne t ic do nm a ill s i x i m  i h i t  ~-d ap p r e c  i ab l  e

d i r e c t  i o i m , m  I i t  and were  e a s i l y m m n i p m a t e d  b~ m n  e x t e r n a l  lv  ap p i i~~d m m g m m t - t i c

ie ld  . S h a rp  d o m a i n  h o un d a r  u - s  w e r e  not o b s e r v e d  p o s s i b l y  due  to a c a n t i n g

01 l i m e  n m g m m e t  i c - m t  ion  w i t h  r e s pec t  to t i-me su r l m c e  of t h e  c r y s t a l .  Anomalous

absorp t ion of 1k r m ~h ia  t ion  a t  e x t  i on s -  ly l v  temper.m t um ’es c 20°K) was

ohs~- rved - This phenomenon is due to ti -me pl’ cs e l I c e  ~ t a donor level w i - m i  ch is

a bo v e  the conduc t ion band at low- t emp~ - r . m  nrc - but ct ’ -s ses hi-how - i t when  the

t e m p e r m t u r e  is increased to ~0
°K .  It i s  b e l i e v e d  t h i s  a i m s o r p t  i o n  c m n  be

H decreased by an n e a l  lug th e cics! ml m m  1’4 U i ~~C I c r  uu h o u r s  i n  an o x y g e n — r i c h

a t m o s p h e r e .  l ’hes t -  r~- s u i  Is  a n t - € - i i c o l l r . m g ,  h u g  I i ’ t i m e  , - v e n t m m i l  d e v t - l ~~pni ~- n t  o l

a E m u )  s t r i l L - — d o n s m i n  l i g h t  d - f l & - c t o r .
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SECT iON V i l I

C ONCLU ~4 l O N S  AND REC0~~- 1 E N D A T l O N S

A.  i n t r o d u c t i o n

It is the central important conclusio n of t h i s  program tha t t h e r e  is a

h igh probabilit y ti -mat large , high —qualit y , high—efficiency bismuth rare—

e a r t h  l i g h t  de t  h e c t o r  c ry s t a l s  can hi- deve loped  and t h a t  t i - mere  a re  v i ab l e

uses f o r  systems using ti -m is technology. It i s  o u r  r e c o m m e n d a t i o n  tha t

research and d e v e - l o p m t - i i t  f o r  t h i s  t e c h n o l o g y  he c o n t i n u e d  and expanded  so

t i-ma t the technology becomes a v a i l a b l e  in a t imel y m a n n e r .

B.  O pt  i c m l A b s o r p t i o n  ~i n - m s u r ements

A l t h o u g h  t i m e  p r e s e n t  a b s o r p t i o n  measuremen t  is s u f f i c i e n t  f o r  f i l m

e v a l u m l i o n  it is not useful b r  m e l t  d e v e l o p m e n t  or melt tuning. The

prob l em is t h e  e x c e s s i v m - t u r n — a r o u n d  t i m e  of 2 d ay s ;  one day for data

co lle ct i on  and one day tor data reduction and calculation. Crystals canno t

be grown w i t h  consistent c h a r m c t e r i s t i c s  at t h i s  low a r a t ~ due to  many

factors , one of which is m elt volatizat ion. Another problem which should

be addressed is experiment. ! 1 e r r o r s  caused by t i - m e  e x c m .- s s i v e  sample  h a n d l i n g

and mov ing w - h i i ~ Ii i s  r - -~u i r e d  in  t h e  p r e sen t  i m i - ; t r u m e n t a t i o n .  I n  view of

L n e s e problems W i-  reconmiend an imp r o v e nh t - n t  p r o g r m n i  for the o p t i c a l  abso rp—

t ion m e a s ur i - :nt - n t  which includes ni-w equ  i p n i - n t  and mod i f  ied p r o c e d u r e s .

The m n i p r - v e d  c i t  lea 1 mh so rpt ion mea s u r e m e n t  system would he based on

a dig ital out u t  ~pe~ I rop ~~t ma - t or - T h i s  would i ll ow direct output in to  a

c o m p u t e r  and  e l i m i n a t e  t o -  I ~-J i otis m n d t i m e — c o n s u m i n g  hand d a t a  r e d u c t  ion .

Th i s  w u l d  ~mls ,~ make pr i t i i l  m n a l y z  i ig o t i - m e r  v a r i a b l e s .  For example ,

p r o - ~e m l t  lv , I r i i . e . m m j ~ 1 i t u 1 e  is e x t . n o  ted dur ing  t h e  c o m p u t e r  c a l c u l a t i o n

h u t  is n o t  oht m med dur j i g  d a t a  r e d u c t i o n  b i - c m u s e  of t i m e  c o n s i d e r a t i o n s .

A d i g i t a l  s p i - c t t ’ ~~~u~~- t nu ~- t , - r  w i l  I i l l o w -  r a p id acq u i s i t i o n  01 a v e r a g e  t r ans -

m i s s i o n  and r i - I  l i - c t  i o n  c o o t  I ~ i en t s  a l o n g  w i t h  i n t e r f e r e n c e  t r i n g e
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n
amplitude , fringe spacing , fringe modulation amplitude , and fringe modula—

t ion spac ing , .m 1 1 as a function of wavelength .

Ano the r important advancement would he t i - me d e v e l o p m e n t  o f  a new sample

iolding fixture . One of the teatures of this fixture would he once—onl \

mountin g of ti -me garnet film sample. The fixture would incorporate a

r o t a t i n g  st m g & - f or  i n — p l a n i -  angle changes. Cl-manges hetween t h e  t r u m n s —

n - m i s s i o n , re f l e c t  i o u  , and r e f e r e n ce  coji t i g u rat i o n s  would also he done by

m o v a b l e  f i x t u r e s .  One ot t i - me a d v a n t a g e s  of t i - m i s  new f i x t u r e  w o u l d  be to

increase repem tab i.l i tv so tha t t i m e  present r e d u n d a n t  r e f e r e n c e  measurenmei l t

c o u l d  be eliminated . In a d d i t i o n , ti -me ro tu m t ing stage could he use d to

search f o r  time opt inmum i l l — p  lane m u g  I e , t h e r e by  i~l in i l - m a t  i ng  a p p r o x  i n m a t e  l v

$~~~~
‘
. of t i m e  r e q u i r e d  d a t a . A motorized r o t a t i n g  s ta g e  would  he u s e f u l  for

t h i s  p u r p o s e .  O t h e r  features w h i c h  m i g h t  be i n c l u d e d  a re  s a t u ra t  i ng  n ag—

ne t  Ic f lt~ld ci’ ii s to elimina t e and m e a s u r e  d if fraction loss , and t emper m t ur~-

i- o n t r o l  - It nmigh t also he po ssible , by inc orporation o f ’ the 1iroper polar—

i z er s  and m u m  1 ccl  5 , to o b t a  in 1-araday rota t ion  d a t i  f ron t i m is i n s t  r u n m e n —

t .mt ion.

A I o l~~; wi tim imp r~’’.’ ed instrument at ion a number of i mprovenmen t s you 1 d h~-

made in ~i a t m  reduc t ion and c a l  en l i t  i o i s  - O f p r i m a r y  im por t an ce  I or t m L i ng

ad v a n t a g e  of d i g i t m l o u t p u t s  for time—saving is time d e v e l o p m e n t  o f  i u i o —

gramm ing t o  do t h e  da t m  hand I ing and red iic t ion . Iii is should  red in- c time

t [me r e q u i r e m e n t s  by at hi- m s  t. 9 5A - in add i t  i on , p m o  gm 1mm ng could be

deve lop ed to - m u t o m a  Ic data pre sent at ion. It. is a 1 so cx pee t ~-d 1 1 m m  t I u p  i cy  c —

me l ts would he made in the calculation process. For e x a m p l e , deg r ee o f

cohi-renc i- could he incorporated i n t o  tile film multip le re flecti on c a l c u l a -

t i o n  mad e p o s s i b l e  by e a s i l y  and r ap i d l y  - m c 1u i r e d  f r i m ’ mgi - anmp l i t u d e  data.

l i m  i s  wou ld inc r m- m s i - the mc c u r , m i  v of the mb sorpt ion calculat ion  and g I ye

some m d  j e l l  ion of s u r f a c e  and t i l m — s i i b s t r a t e  i n t e r f a c e  q u a l i t y
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This recommended program simould reduce opt 1 c m  1 absorpti on turn—around

t ime to less t i t a n  two hours ti mer i hmv pernm i t t ing t inm el y development 01 il

q u a l i t y ,  high—ef ficienc y , garne t d o t hector f i l l S .

C. Film growth and facilities

Progress over t he  past  yea r s  has i n c l u d e d  F m r . m 1 m -  r o t m i  i t m  I n  r i - - ,

through bismuth substi ion , St r~m i n — I  roe growl h t i m i t el i mhui - m t .-d o r - . - - I  m i

cracking and peeling , eliminating I lmmx adim esii ’n pI~ - 1 - i c r n s , i i  !mn It m g f t  l o m i

a b s o r p t i o n , and increasing deflect or t , -- ~~- i m m t  i i i  t h u - i , - d~~t i - c t  r edim I j e m u ~~ .

Fu r t i i i -r  d e v e l o p m e n t  i s  p r i n m m r i l y  a r i - f m cneil! m~ t i V i t  v t m i g b u i v  i i - ; .  ‘ ~ I on

p r e c i s i - and flex ib le contro l of t hu. - turna~ ~~
- t- . : : . ~ i[ .tt ml mmmd ~~t’~ md t a u t  ~ -mu d a

d u s t  — t r 01 0 ~~ C r~m t ing ~ U V I ro nmeu m t - W it h t im i a Itm m m ttd . nm w t v - t 1 1 • m -
~~ m

f a c i l i t i e s  a re  b e i n g  p u r s u e d . P l a n ne d  i -  l isa l m m m  - -~ ~ u t h n. -~ -

c e ss or  controlled t l m r e i — z o t m ~- f u r n m c . - - - K i t  in~- n -  - m  -u  ~v i t  m i  - - 1 II -i

include:

- • 
1) more accurate te m pt - u In n ,- contr o l 1,1 . m l l t~~~ pi du n u u m ~ !li - - - -~~e

crys tals w - i t i m sp in_ i t t f d i g i t - m i  ei m. lI m~ t o t  I ’ m  i - n  -.tiidIt -~’.

2) be i mi g able to c ou t  N 1 and t a i l o r  l i m i t : m m  1 ~ t ad - i u t  s w m tim I h i t -  l u ! ,

zone I u r n aces to enable growing cr y s t a l s  in ti m . - - i . - - - n t  i - . i t s

w i t i m o u t  s p o n t a ne o u s f lue  I , - m t  i o n .  1 i m i s  w i l l  l - noVItf ~ 1 ’wi r 1.-! . -

d e n s i t i e s , f u r t h e r  i n c ri - - ms  m i g  J e t  l i e !  -n N - so  I mi t ion . l i t  m I low

longer growt h p e r io d s  permit t lug product Ion ‘f Ut i c ~~~-r  -. n u ~~l t - - -

3) us ing  t i m e  mass m e m o r y  c a p a h i l  i t v  of t in - !uuic r o ~’roeessor , i t  i- u rm t &-

therma l i m i s t o r y  01 e a c h  c r v s t m l  g r o w - t h u  cv cl ing and c-u - li m o - I t  •~
c u m u l a t i v e  therma l h i s to r v  to  p r ov i d e  l t i g i m e r  e xp e l  i m i t  m l  V l i - I d ,

consistency , and al l ow i - f t t - e t i v e  melt volitizat i o n  r e p l ~ - l i a i m m e n t .

Of p a r t i c u l a r  i m p o r t a n c e ,  r a p i d  d e t & - r n i n a t i o n  ol w ’imv c u e  C r V s t  m l

is b e t t e r  than  a n o t h e r  w i l  1 he s ign i  f i c a n t. lv -m i i  ~-d by the avail-

ability of  t i - m i s  t y p e  and detail of data.
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4) operating in the class 100 environment to furthe’ reduce def -ct

and beam divergence problems . TI-me increase in rose lut i tu m  u s i n g

4 the present laminar hood furnace indicates tha t t imi s is a v a l u a b l e

a p p lo um e h —

The overall strategy will be to constrain enough variables and e l imi numtt -

enough masking problems to allow measurement , stud y , mnd el imin~m t ion ol l i i i -

more subtle problems .
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