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1. SOLID STATE

1.1 SEMICONDUCTORS

1.1.1 1ocalized Vibrational Mode Absorption of Icn

Implanted Silicon in GaAs

GK-10633, National Science Foundation

F19628-68-C-0169, Air Force Cambridge Research
Laboratories

AFOSR-71-2075%, Air Force Office of Scientific Research
F44620-71-C-0067, Joint Services Electronics Program

W. G. Spitzer, L. H. Skolnik, A. Kahan', and
R. G. Hunsperger*:p

Introduction

Recent infrared absorption studies have reported localized

vibrational modes (LVM) for ion implanted species in semiconductors.

In particular, the vibrational modes of oxygen and carbon implanted
into silicon (refs. 1 and 2) and of aluminum and phosphorus implanted
into GaAs (ref. 3) have been observed. In the p":'esent discussion we
present some results for GaAs implanted with Si. This case is of
interest not only because of the technological importance of GaAs: Si,
but also because of the variety of point defects in which Si impurities
in GaAs are known to participate. Vibrational modes have been

, Si

previously identified for Si substitutional on a Ga site SiGa

substitutional on an As site Si o’ Si Q" SiAS nearest neighbor pairs,

A G

ats

" Air Force Cambridge Research Laboratories, Bedford, Massachusetts.

teats
W

Hughes Research Laboratory, Malibu, California.
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and SlGa- CuGa and S1Ga- LlGa second.ne1ghbor pairs (refs. 4, 5,6). \

When .GaAs:Si is grown from a near-stoichiometric melt,
the resulting material is alwayo n- type, however, the carncr concen-
tration saturates at 5-10x 101 m whﬂe the solid solub111ty of Si is
1-2x 1020 cm (ref 7). This electmcal behavmr is explained in terms
of three defect species: SlGa which is a donor, S1As an acceptor, ard

SiGa- SiAs pairs of unknown but probably neutral e€lectrical behavior. \
\ ¢ ! i

!
. i '
Experimental Results and Discussion ‘ . }

' Liguid nitrogen temperature infrared absorption spectra of
several Si implarnted GaAs samples have been measured. The techniques
of implantgtio\;xm and measurement have been discussed previously
(ref. 3). Figure l sho;rvs reprt?sentative liquid nitrogen temperature
spectra for a samplc implanted with a fluence of 4.2 X 10]‘6 Si/cm2 on
each side at rcom temperaﬁ‘ure and at an energy of l: 5MeV. The
sample was annealed for 1 hr. periods at 10006‘3 intervals from 200 to
500°C, at 50‘ C intervals to 800°C, and at 900°C. Infra.réld absorpt:ion\=
measuremenls were made after each anneal. Similar results were

obtained for a 1.0 MeV implant. The product of the ébsorption coeffi-

cient and implant layer thickness is given as a fun:tion of frequency,

\Y‘here the absorption of the GaAs lattice has been subtracted. Therefore,

the bands are those produced by the Si implantation alone. The
. \

integrated intensity, r (¢x)dv of each band Shown in Fig. 1is

proporuonal to the areal concentration of the particular species

respon31b1e for that band \

H L
)
t

After the 400°C anneal stag'e the saméle was éncapsulated

with a 1000 & Si0, layer at 425°C to inhibit the loss of As hpon higher

2

temperature annealing and also to ,reduce the possibility of Si out-

\
o) '
diffusion, The 1000 A Si"O2 layer is sufficiently thin that its absorption

“In the spectral r)egion of interest is negligible (ref, 9) axd infrared

absorption measlurements could be made without removing the layer, '

-2~
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Figure 1:

(Si,-Si,) Si,.
b

-

500°C

[}
]
¥

400°C

as implanted
-1393 397 40! 405 . .

vem

~ Selected liquid nitrogen temperature absorption s;laeqtra of

GaAs implanted at room temperature with 4,2x101° Si/cm?

" on each side.of 1.5 MeV, All anneals were for one hour and

and at ternperaturazs as described in the text, The Siga, i\As,
and Siga-Sip g pair) bands are-seen at 384 cn\x‘l, 399 cm=" 'and
393 cm~! respectivelv, The ax scale on the lowest spectrum applies
equally to all the spectra.
-3-
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It had previously been established on phosphorus implanted samples
that any Si contamination from the film was below our optical detection
limits, The SiO2 layer was grown in a silane gas oxidation system with
a SiH4: 02 ratio of 1:100. Thus an excess of free Si included in the
layer is not expected. Furthermore, growth of undoped GaAs in quartz

boats produces muterial with low [ Si] and therefore, no significant Si

contamination of the sample was expected from the SiOZ film.

Before annealing above room temperature, two bands are

observed, one at ~384 cm~! previously attributed to the Si_, domor

Ga
defect and the other near 399 cm™! from the SiAs acceptor species
(refs. 4,5,6). Both bands grow with anneal temperature to 400°C

1

where a weak band near 393 cmm™ " is first detected. Th~ 393 cm'1 band

is due to the doubly degenerate out-of-phase transverse vibration of the

(S SiAs) pair defect which has C , Symmetry (ref. 6). The bands

i, -
co:l‘:;ilnue to increase with anneal t:em:;erature until 500-550°C and
decreases with further increases in anneal temperature until ~650°C.
A similar behavior is noted for the SiAs band at 399 cm™ ! which peaks
at ~550°C and shows a sharp decrease in intensity after 600°C
annealing, The (SiGa- SiAS) pair band, however, shows no such large
decrease but rather remains nearly constant in strength between the
500 to 600°C annealing stages. Upon annealing at temperatures above
~6SOOC, the integrated absorption of all three bands are seen to
increase.

These results are shown quantitatively in Fig. 2 for each of
the bands of Fig. 1. The scale on the right side of the graph giving the
SiGa and SiAs areal concentrations was obtained from the reported
absorption cross section measurements on melt grown GaAs:Si of
known [Si) (ref. 6). From these absorption cross sections, one finds
[axdv = 1,7x10717 N (5i), where N(Si) is either the Si_ or Si

Ga As

areal concentration and the integration is over the SiGa or SiAs LVM

band. Unfortunately, there are no reliable cross section measurements

-4-
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Figure 2: Integrated ox of the localized mode bands and Si defect
concentrations as a function of anneal temperature for the
sample whose spectra are shown in Figure 1.
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for the (SiGa- SiAs) pair band, znd one cannot therefore quartitatively
relate the sum of the integrated absorptions to the total silicon concen-
tration. If the spatial distribution of the implanted Si is assumed to be
approximately Gaussian, then based on the LSS model (ref. 10) one
estimates an average [Si] of ~1x 1021 m-3. Therefore, under these

implant conditions, the Si solubility in melt grown crystals has

prcbably been exceeded.

There are several points of interest in the results shown
in Figs. 1 and 2. The increase with temperature up to ~5006C of
j'ozx dv for k:oth the SiGa and SiAs band is presumably related to
annealing of lattice disorder introduced by the implantation. Both the
384 cm™ ! and 399 cm™! bands are the An = 1 transitions from the
vibrational ground state of the SiGa and SiAs species, where each has
tetrahedral (T ) point group symmetry. The first excited state of the
Td oscillator is triply degenerate ( r ) and the degeneracy can be split
by perturbations which lower the point group symmetry. Although the
observed line widths in Fig. 1 are larger than those observed in grown
samples (see Fig. 3), the bands are well resolved with no measurable
evidence for fine structure. Therefore, it appears reasonable to
conclude that the annealing of disorder increases the nu.iper of Si
species which reside in srbstitutional sites of nearly tetrahedral
symmetry., This result is similar to that of the PP and A% in GaAs
(ref, 3) and is in qualitative agreement with previous electrical studies
of GaAs implanted with Si (ref. 8). The decrease in the SiGa and SiAS
concentrations for anneal temperatures above ~ 550°C is not well
understood. Clearly the decrease is not the result of direct formation

of pairs by a S1 +S1 - <S1 - A J process since the 393 cm-1

pair band shows little change from 500°C to 600°C. Similar annealing
effects were observed in the other Si-implanted samples all of which
were implanted with energies and fluences within a factor of two of the

sample in Fig., 1 and 2,
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Because of these results, the room temperature carrier
concentration of melt grown, heavily Si-doped GaAs ([Sil =~ 1019- 1020
cm-3) was measured by using the plasma resonance method through a
set of anneals similar to those of Fig. 1. Preliminary results indicate
that n, = [ SiGa} - [SiAS] decreases substantially in the 400- 6060°C
range, a result which is qualitatively consistent with the data of Fig. 1
and 2. The recovery in n, predicted by Fig. 2 for annealing at TA >
650°C is also observed in grown samples. This annealing effect on n,
is not observed in samples for which [si] < 1-2 ){1018 em-3. The
similarity of the results for the melt doped and ion implanted samples
suggests that the mechanism responsible for the SiGa and SiAS decrease
is not directly related to the implantation processs but is rather a

general result for heavily Si-doped GaAs.

The changes in line widths of Fig. 1 are also of interest.
In Fig. 3 we reproduced the 650°C and 900°C curves of Fig. 1 along

2 -
0cm 3,

with the spectrum of a melt doped sample where the [si] ~ 10
The thickness used for the grown sample was chosen such that the value
of ax (peak) at 384 cm“1 is the same as the 900°C anneal curve. The
line narrowing of the 384 band between 650 and 900°C anneal is clear.
The 399 and particularly the 393 cm~! bands are both broader than the
same bands in the grown material. The details of line shape in the
implant spectra should, however, be viewed with considerable reserva-
tion as the measured absorption is small and the possible errors quite
large (see error bars in Fig. 2). These results are also similar to
those reported for P and A4 implants in GaAs (ref. 3). For the case of
P in GaAs, crude calculations indicate that line broadening from
inhomogeneous elastic strain fields as well as frequency shifts arising
from macroscopic variations in local [PJ] cannot account for the
observed increases. Further, calculations of the splitting of the

triply degenerate mode due PAS- PAs second neighbors indicated
frequency shifts an order of magnitude larger than the observed line
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Cyclical annealing experiment for the Si implanted GaAs
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width increases (ref. 3). Similar conclusions are expected to apply to
the Si implants. The most likely source for the increased line widths
is therefore residual radiation damage in the vicinity of the implanted
Si {e.g., vacancies or other defects) causing distortions in tetrahedral
bonding symmetry. These defects can result in changes in effective
first neighbor force constants of the Si thus producing changes in line

width and shifts in the central local mode frequency {ref. 11).

Figure 3 also shows the data for the Si implant of Figs. 1

and 2 Whep reannealed at 650°C for 43 hours after the 1 hr. annezal at

-

900°C. The SiAs (399 cmhl) band shows liitle measurable change.

The large increase in strength of the (Si_, -Si s) pair band indicates

Ga A
that we are probably far from equilibrium for pair formation even after
the 1 hr. anneal at 900°C. Moreover, since the SiAs band shows only

little change while the Si | band increases after the 900°C anneal, it

Ga
would appear that the [(SiGa— SiAS) pair] is increasing via a net change
in Si species which is not yet identifiable as isolated Si_, or Si, . The

Ga As
apparent reversibility of the line width of the 384 cm  band is also of

interest as it indicates that the defects responsible for the increased line
width of this band at 650°C may not have their origin in the damage from
the implantation. This result along with the decrease in J' (ax)dv for
this band between 500° and 650°C, and the annealing effects on n, of the
heavily Si-doped melt g: own GaAs are suggestive of a pairing mechanism
between SiGa and some thermally generated defects. These defects
paired on 1st or possibly 2nd neighbor sets can introduce large frequency
shifts in the SiGa 1VM frequency and hence these paired species are lost
from the 384 band. Point defects on more distant sites produce
broadening effects. A similar vacancy pairing process has been

offered to explain annealing effecte in heavily Te-doped GaAs (ref. 12).
Another possible explanation for the changes in f (ax)dv and n, is Si

precipitation. This would require precipitation at ~500°C and would

not afford any simple explanation of line width changes. However, some

-9.
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Si mobility at temperzatures as low as T ~ 400 C may be inferred from

the formation and growth of the (5i , -Si As) pair band. Further

Ga
experiments are needed before one can do more than speculate on

these pessible mechanisms.

From Fig. 2 the difference between the Si__ and Si, area
16 Ga As

concentrations after the SOOOC anneal is ~1.4 % 10 cm"z. If this

density of excess donors is assumed to be distributed over the Si
penetration depth of ~1 micron, then an n_~ 1020cm-3 would be
expected. With this carrier concentration, the plasma frequency, \)p,
is ~2000 crn~! (ref. 13) and the sample should be nearly totally
reflecting in the region v ~ 300-400 cm_1 where the present optical
measurements are made. However, it is observed that the carrier

concentration is not given by [ Si a] - [SiAs] . In several cases sheet

resistance was measured and caliier concentrations were obtained from
Hall measurements (van der Pauw method). In the high energy, high
fluence implant cases studied here the electrical properties do not show
the same annealing behavior as those samples of ref. 8 mentioned
previously. Indeed, although the [SiGa] is always greater than [SiAs]
in the present work, (see Fig. 2) the layers frequently show p-type
conductivity even after the high temperature annealing. Moreover,
while the LVM bands do not show any measurable dependence upon
whether or not the sample is encapsulated with SiOz during annealing,
the electrical properties of samples with similar annealing histories
often show considerable variation between the encapsulated and non-
encapsulated cases. The electrical data and concentrations of different
Si species have no apparent correlation. While difficulties such as poor
electrical isolation of the substrate, substrate annealing effects, and the
variation in [ Si] with depth make electrical data quantitatively uncertain,
it appears likely that the conductivity is controlled by residual damage

in the layer rather than the implanted species themselves,

It is known that the damage caused by implanting GaAs with
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a dose of ions large enough to create an amorphous layer does not
ccmpletely anneal out at 900°C, (ref. 14) although this residual damage
has not been observed to strongly affect the electrical characteristics
of the implanted layer. Thermally induced damage, produced by
annealing GaAs in vacuum at 600°C without a protective SiO2 coating,
has been observed to result in conversion of conductivity type from

ntop (ref. 15),

Although much of the quantitative results presented here
should be regarded as tentative, this study provides additional evidence
of the importance of the localized vibrational mode technique for

investigating some implanted ions in semiconductors.
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Solids and single crystals play an important role in many

aspects of modern technology. For example, modern electronics would

k2 impossible without single crystal semiconductors. Crystallization

is involved in the hurnan body, both in bone and teeth formation and in

conditions such as gouty arthritis and urinary stones. Much is

unknown about crystallization and about the relation of properties to

crystallization conditiouns,

The cbjectives of the materials preparation program are:

-12-




(1) To investigate crystal growth phenomena; (2) To develop new crystal
growth techniques; (3) To relate properties of solids to preparative

conditions; and (4) To study dissolution of solids.

Present Status of Research

1.1.2.1 Crystai Growih of Semiconductors
W. Allred, L. Skolnik, V. Yip, C. Chang
and W. R. Wilcox

All operational problems with our new Czochralski technique

for growth of bulk GaAs crystals have been solved. Single crystaic of

low dislocation density are now grown routinely. We are having purity prob-

lems with the crystals, but attribute these to the impure boron oxide employed

and to the crucible. High purity boron oxide and different crucibles will be tried.

The apparatus for liquid encapsulation floating zone melting
has been constructed. The technique has been tried on GaAs, and looks

promising.

An improved drying technique has been developed for the
boron oxide to be used for the above growth methods. The boron oxide
is slowly heated in a vacuum oven and then melted in a dry nitrogen
atmosphere. Nitrogen gas is bubbled through the me'.t from about 800°C
to 1300°C. The rate of removal of moisture from th- melt was found
to decrease exponentially, as expected. (1) At room temperature the
rate of pickup of moisture from the air at first decreased with the
square root of time and then became constant. This corresponds to
formation and then breakup of a. surface film, as observed under the
microscope. The film is boric acid. This surface moisture is removed
in a vacuum at room temperature with two rate constants, one rapid and
oune slow.

The travelling heater method of growing bulk crystals from

solution is under investigation, Gallium arsenide crystals are being

-13-
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grown under a variety of conditions. An organic analog is also being
studied because of the lower temperature of operation and its trans-
parency. We have found that the solution zone is displaced upward
from the heater because of free convection effects. Because of this the
upper intexface f:ends to be concave while the lower interface tends to

be flat, which is probably the desirable growth condition.

1.1.,2.2 Silicon Nitride
W. L. Paterson

Silicon nitride films have been deposited by chemical vapor
deposition onto silicon substrates. Apparatus has been constructed for
me:.suring the electrical properties of these films. Transients in
leakage current are being studied as a function of stored charge, film
thickness, and temperature in an attempt to elucidate the charge storage
and conductic: inechanisms in silicon nitride and to relate these to
applications as computer memories. The theories of conducticn and of
thermally-stimulated currents (glow curves) are being studied to enable
interpretation of experimental data. A computer program is being
written to pe rmit transtormation of glow curves to information on

charge traps.

1.1,2,3 Crystallization of Sodium Urate
A, Khalaf, M. Lin and W, R. Wilcox

Sodium urate crystallization is necessary for development
of gouty arthritis. Previously proposed mechanisms for a severe gout
attack have invoked the concept that the solubility of sodium urate

(2)

decreases as pH falls, We have shown tneoretically, however, that
the svlubility of sodium urate actually increases as the pH falls. G) This
has been confirmed experimentally in all details by workers at the UCLA
Medical School. In Reference 3 all prior data for equilibria involving

uric acid and sodium urate has been rationalized, including activity

-14-
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coefficient corrections.

As mentioned in the previous progress report, nucleation of
sodium urate is being studied with a programming microscope hot stage.
The supersaturation ratio necessary for nucleation at 37°C was unaffected
by additions of synovial fluids from a gout patient, but was greatly
increased by synovial fluid from a rheumatoid patient. This indicates the
presence of a nucleation inhibitor in the rheumatoid patient, which
corresponds-with the clinic observatio. that patients with rheumatoid
arthritis rarely if ever develop gout even when excess sodium urate is
present in their bodies. Alcohol slightly increased the supersaturation

ratio required for nucleation,

X -ray powder patterns of sodium urate have been taken as
a function of c'rystallization rate. The size of the peaks diminished as
the crystallization rate increased, with a rapidly crystallized powder
showing no peaks, This confirms previous observations of "amorphous"
sodium urate. We are attempting to discern the true nature of amorphous
sodium urate, which has been found to rarely cause inflammation when
injected into points and tissues, unlike crystalline sodium urate. We are
also attempting to grow num size crystals of sodium urate to permit
determination of its crystal structure in cooperation with Dr. Bau of

the chemistry department.

1,1.2.4 Pushing of Foreign Particles by a Solidifying Interface
V. Kuo and W, R, Wilcox

The goal of this project is to develop methods for removing

particles from materials and for separating particle mixtures.

The presence of bubkles was found to greatly increase
trapping of particles by freezing organics. This could be avoided by a
vacuum treatment before solidification. Convex interfaces led to

enhancement of trapping between the interface and the container. Some
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dependence of trapping on crysial orientation was observed. A mixture
",, \' .
g of two materials was successfully separated into bands by solidifying

with an increasing rate while the pa‘-irticles rested ou the horizontal \
i

!

iﬁ%erface. Stirring has been found to enhance particle pushing. The

influence of stirring conditions is being studied in detail. The dependence

of int,erfacia\‘temperature gradient on‘crystal dimensions has been

. ) . (4) - \
determined theoretically. " | . .
];. 1.2.5 Movement of Solven? Inclusions in a Temperature

Gradient ! .

K. Chen and W, R. Wilcox i -

- Thermal gradien‘tt induced movement of inclusio.:> of water
i

and of watev-alcohoﬂ mixtures in alkali halides was studied above 'IOOOC.

H \ Under some counditions 'boiling occurred on the hoﬁ side of the inclusion

P )
wﬂ:ll conden\Fatmn on the cool side, generally resulting in movement o
' away from the heat source. Movement rates and directions are being
studied as a function of inclusion, crystal, and temperature level,

\ . :

:

¥ !

A \ 1,1.2,6 The Influence of Ozone on Corrosion

. I . . } i

N. Brovko and.W. R. Wilcox ' .
‘

. In order to determine its influence on metallic corrosion, stainless

. g . . -
Ozone arises from photochemical processes in polluted airg

N steel, aluminum and copper were exposed to sea water and te 2% HZSO4

both in the absence and in the presence of ozonated air. The most

\flramatic effect was obtainled with aluminum in 2‘7? HZSO4.

were formed ‘ﬁ{ith ozone while no pits were formed without ozone. The

Deep pits

A
———

weight loss was over 300% larger with ozone, The corro}sion rate in

other cases was'only slightly higher in the presence of ozone,

|
|
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1.1.2.7 Theory of Crysial Growth )
W, R. Wilcox ' )

pond

) If one regards the crystal surface as stationary, then
crystal grov*:th generates a flow through the crystal-fluid intt.arfac?.

The flow velocit'y'in the crysta_l. is th'e growth rate. The correspo'nding.

velocity in the fluid at the interface we call the crysta\:llization flow,

- (5) 'The exact relationship
between grovdth rate and crystallization flow depends on whether the
diffusion flux is referred to the mass average velocity, the mole {
average velocity, or the volume average velocity. These results have
been.applied to calculation of growth rate,'segregation and constitutional
supercooling in solution ané vapor g|rowth as well as in high puirity melt

‘_grow[;h. | l

1.1.2.8 Géneral Structure Theox),y
P. J. Shlichta !

J——
)

As reported previously, Hadamard matri\ces (orthogonal

matrices having only +1 and ;1 elements) hé've been generalized to three

and four dimensions (6)

Hadamardianif 22 P P, = m"$
i=lj=1 ija ijb a

. Thus the m X m X m matrix |P| is

b whexie iand jare any two

! 3 .
coordinate axes of the \matrix. It can be shown that any m™ matrix is
k

Hadamardiah if either (a) all m2 layers in one direction are Hadamardian

and mutually orthogonal, (b) all m " layers in vwo directio\ns are |
Hadamardian, or. (c) the matcix is a tensor product ot: two smaller
Hadama}'d matrices, Since all row-permutations of a‘ Hadamard mat-ix
are; mutually orthogonal, it follows frorp (a) that every m‘2 Hadamard
matrix“generates at least one m3 Hadamard matrix. Sim‘ilar‘ rules
obtain for the generation of four-dimensional Hadamard matrices. It,
therefore, seems reasonable to assume that the number of Hadamard

. v . . '
'matz;u':es increases with dimensionality. \

\
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Hadamard matrices bear an intersting relation to random
binary matrices in that the only definable property of the former is that
the correlation between any two rows or columns of the former (i.e.,
zero) is erqual to the mean expectation value of the correlation between
any two rows or columns of the latter. Thus a Hadamard matrix is a
paradigm of a random binary matrix. Therefore, it should be possible
to develop an iterative search program for refining any random binary

matrix into a Hadamard matrix.

At present, an investigation is being initiated into the
application of higher-dimensional Hadamard matrices to error-correcting

data transmission, secure coding, and error-free matrix switches.

1.1.2.9 Control Growth in Centrifugal and Graviational

Fields

It has been shown that, when a saturated solution of relatively
dense ions is spun iu an ultracentrifuge, the resultant concentration
gradient is sufficient to cause crystal growth or even spontaneous
nucleation”). A program has been initiated to apply this technique to
the measurement of the critical supersaturation for homogeneous
nucleation. A nuclei-free solution is spun in an analytical ultracentrifuge
aud its schlieren pattern is observed up to the onset of nuclieation.
Similar observations are made on a seeded solution so as to determine
the equilibrium saturation as a function of centrifugation-induced hydro-
static pressure. Preliminary results, using average values for the
hydrostatic component of index-of-refraction gradient, indicate that a
KBr solution can sustain long-term supersaturations of over 6%.

Present efforts are being directed to refining the data analysis,

During this investigation it was noted that tetramethylammonium

chloride solutions showed virtually no equilibrium concentration gradient

-18-
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in a ceuntrifugal field. Since such a system should be immune to
concentration-difference convection currents, it should be virtually
unaffected by gravity and might be regarded as a simulation of crystal
growth under zero-gravity conditions. Preliminary experiments on the
growth of tetramethylammonium chloride crystals, by solvent evapora-

tion or by slow cooling of saturated solutions, do indeed exhibit many of

the phenomena predicted for zero-gravity conditions.
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1.1.3 Experimental Analysis of Impurity Energy Levels

in Semiconductors

DA-ARO-D-31-124-71-634, U.S. Army Research

Office - Durham

C. R. Crowell, C. L., Anderson, M. Beguwala,
and K. Nakano

We are attempting to demonstrate the extent to which
capacitance-voltage studies of Schottky diodes can be used to show the
presence of deep-lying impurities and to measure the properties which
are important in characterizing semiconductor materials and devices
(namely the energy levels, capture cross-sections and concentrations
of each speci¢s of impurity or defect), One of the great advanta.ges of
the Schottky barrier approach is that the level characterization should

be virt;.xally independent of bulk doping.

The theoretical work of Crowell and Nakano has been
completed and accepted for publication. This work provides a simple
model which outlines how the capacitance makes the transition between
the low and high frequency asymptotes and shows the depth of information
which is present in the capacitance-frequency relationship at a single
temperature. At the same time, however, the model stylizes behavior
in the low frequency region and is unable to treat the case of extremely
high frequencies when the deep level and free electron responses are
comparable. These limitations arose primarily because we attempted
to orthogonalize capacitive and conductive effects. Beguwala and
Crovell are developing an improved theory which overcomes all the
above limitations and provides added insight. In this approach the
contributions of all impurities to the complex impedance of a Schottky
barrier can be expressed in a simple differential equation in which it is

shown that the effects (both capacitive and conductive) of the deepest
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levels are determined in part by all the shallower levels. At appreciable
reverse bias a single deep level plus shallow ionized levels can best be
characterized by a bias dependent and frequency independent capacitance
in series with a parallel R-C combination which is bias independent and
only slightly frequency dependent., This result shows great promise of
providing an excellent correlation with experimental results which have
never successfully been interpreted in terms of a two element model

which is applicable to both the high and low frequency asymptote.

The capacitance measuring system being developed by
Anderson and Crowell is nearing completion. The C-V relationship can
now be scanned automatically for either capacitance or conductance or
impurity profile and point-by-point C-w measurements have been done.
The Princeton Applied Research Model 124 phase-sensitive detector was

found to need factory adjustment and selection of components (now

completed) before being able to be swept in frequency without appreciable

phase error. Frequency scanning, a remote access probe ard improved

data presentation are planned for the future,

Sample surface preparation facilities have been improved
and In doped S° acquired from two sources. We plan to use Pt-n-type Si :
barriers for the In study. In addition, we plan to verify the work of
Saxena (who found a . 90 eV hole barriers for the Hf-p type Si) so that

the parameters of hole traps in Si may be determined.

During the reporting period two manuscripts (see references)

were prepared for journal publication,
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1.1.4 Avalanche Multiplication in Semiconductors

AF-AFOSR 69-1622, Joint Services Electronics Prograra

C. R. Crowell, C. 1. Anderson and Y. Okato

Carrier multiplication through impact ionization of electron-
hole pairs is an essential mechanism in the operation of many semi-
conductor devices. The widespread use of avalanche multiplication as
an amplification process in the rapidly expanding solid state microwave

amplifier field makes a thorough understanding of this process essential.

Our theoretical work has suggested that much of the existing
published data are in error by an order of magnitude at high electric
fields. This is the range in which IMPATT diodes must operate for
higher frequency operation. If correct, the theoretical estimates
suggest that avalanche multiplication in this field range is a sufficiently
slowly varying function of field that the turn-on feature in the IMPATT
diode will be progressively less efficient as the frequency increases.

At the same time the increasing stability in multiplication rates should
make high-gain stable multiplication possible. This research is intended
to provided direct guidelines for device applications of multiplication at
high fields. The use of Schottky barrier structures in this work will also
provide a unique separation of the effects of electron and hole multiplica-

tion rates.

(1,2)

Anderson and Crowell have determined the threshold
energy for impact ionization whick is applicable to any semiconductor
for which impact ionization which is applicable w0 any semiconductor for
which energy band data are available. Previous estimates of threshold
energies, based on free electron model, were simply three-halves the
band gap. In most instances the true minimum threshold is much closer

to the bandgap energy. A manuscript on this work has been written and

revised during the past six months and will be published shortly.
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Okuto and Crowell(s) nave investigated the widely used
Baraff theoretical calculations of ionization coefficient and have shown
that these curves exhibit an anromalous non-monotonicity of energy
utilization in the high field regime. They have also examined the
available experimental data for silicon, germanium, gallium arsenide,
and gallium phosphide in a format which allews comparison of the
e~verimental data with theoretical curves which exhibit asymptotically
correct energy utilization in the high and low field ranges. For gallium
phosphide a re-examination of (4) shows good agreement between them,
and experiment (cf. Fig. 1 and Fig. 1, p. 42 of previous report). In the
case of silicon in the high field asymptote existing experimental data
are clearly in error since it appears that about 90% of the energy gained

from the field is unaccounted for in the experimental results.

Experimental facilities for the investigation of avalanche
multiplication in silicon are nearly complete. In recent months Anderson
has developed nearly complete facilities for the preparation of silicon
samples for avalanche multiplication studies. These facilities include
a sample polishing and grinding apparztus and an oxide furnace for wet
or dry oxidation of silicon slices for surface passivation techniques.

In addition, Anderson and Crowell have designed and have partially
completed a variable frequency capacitance-voltage assembly which will
allow direct plotting of impurity densities within the silicon substrates.
This will provide the accurate knowledge of impurity profiles necessary
for determination of the electric field distributions in the devices. The
construction of a vacuum insulated high voltage optical dewar has been
completed. It will Le used with the existing Spex spectrometer for
selective photo-excitation of electrons or holes in avalanche Schottky

barrier structures at temperatures from 779K to 300°K.

We are undertaking to investigate avalanche multiplication in
high resistivity n and p layers in a punched-through (essentially depleted

of free charge carriers) Schottky barrier configuration. These devices

-23-

J

e S S

e s sy,

e

—




7
O =T T T 1Tl I
— >
= amax(Eg)/4//E-
— _
5///_/
lO"_":/ 3 0
— amax(—z— -
= B _
£ 4+ —
e E =
3 B H _
]03_: e GaP —
- —
- / —
- / =
-/ —
|/ —
IOI cl bl |
30
3 € (10°v/em)

Figure 1:
Ionization rate, o, as a function of the electric field, ¢, for electrons

(e} and holes (h} in selected semiconductors at 300°K.

Legend: ————— experimental = --------- theoretical fit,
+ point used to determine mean free path fitting parameter

o (Eg) - theoretical maximum
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o imposed by energy conservation
3
o (2 Eg)
-------- theoretical maximum o for threshold ionization

energy of % Eg .
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should provide a much more accurately defined electric field configuration
than p-n junction structures. The analysis photoinjection of carriers into
the Schottky structures is presently under investigation. Crowell and
Sze(s) have analyzed the problem of quantum mechanical refiection at the
Schottky barrier including the eifects of image force in the semiconductor
and dielectric shielding in the metal. Crowell and Anderson are extending
this analysis to include the eifect of transverse momentum conservation
at the metal-semiconductor interface. Computation of the theoretical

results is presently in progress and experimental verification of this

analysis will be undertake by Anderson.

References
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(Abstract only).
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1.1.5 Radiative Recombination in Semiconductors

F44620-71-C-0067, Joint Services Electronics Program

DA-ARO-D-31-124-70-G 15, U,S. Army Research
Office - Durham

GK 12796, National Science Foundation

M. Gershenzon, W. Hawk, E. S. Johnson, K. Kosai,
J. Liu, F. Selim, G. Turner, and H. Wang

Introduction

It is desirable to obtain efficient luminescence covering a
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wide spectral range from semiconductor host materials in order to
develop LED devices and semiconductor lasers with improved figures
of merit, particularly in the visible spectrum. Therefore, we are
examining light emission from relatively new semiconductors (GaN,
AIN, AlP), as well as optimizing radiative recombination in some well-
established semiconductors (CdS, Si) and semiconductor alloys (InxGa p,

Al Ga, P).
X

l-x
l1-x

Present Status of Work

1.1.5.1 GaN, AIN

M. Gershenzon, E. S. Johason, F. Selim

Gallium nitride is a very wide gap (3.4 eV) semiconductor,
which has shown efficient photoluminescence in both the ultra-violet and

visible ranges. Because of the extremely high N pressures required

2
for direct growth from the elements, it has been grown by a quasi-

equilibrium vapor method, reacting GaCl at ~1000°C with NH The

single crystal films grown on sapphire substrates are extremjly heavily
doped (1018- 1020 cm-3) with native donors. Attempts to produce p-type
conductivity have not been successful. There is evidence that the
incorporation of the native donors is associated with lattice strain due

to the use of the sapphire substrate. Therefore, we are trying to grow
GaN on other substrates, AIN, in particular, is isostructural with GaN,
has almost the same latticc constant as GaN and is more stable than
GaN.

AIN single crystal films, ~2v thick, were grown epitaxially
on sapphire substrates by the pyrollysis of Ga(CH3)3 in the presence of
NH3. GaN was then grown on this film by our standard halide vapor
phase technique. However, the resulting crystals have not yet shown

any improvement in resistivity over those grown directly on sapphire.

In addition, we have fried to grow mixed Alea xN on

1-
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sapphire by the same vapor technique. To date the crystals have shown

no evidence that any Al was being incorporated both through resistivity

and absorption edge measurements.

1.1.5.2 AlP
M. Gershenzon, J K. Liu, H. I.. Wang

Aluminum phosphide, a wide-gap III-V semiconductor, has
a bandgap of ~ 2.5 €V and is therefore capable of emitting visible light
including blue. Solution growth of A1P is possible but only produces

(1) The vapor growth technique which is simpler and

@)

smail crystals.

more versatile has been chosen as our approach.

Construction and calibration of a system for the growth of

AlP by halide vapor phase transport has been completed. The system

consists of a 3-zone independently controlled furnace and an all-alumina

reaction tube and associated gas pressure, flow and mixing controls. So

far we have been able to grow whiskers, platelets and small crystals

nucleated on silicon or sapphire substrates. X-ray measurements

o
showed that the lattice constant of the whiskers was about 5.46 A.
However, the crystals were too small to allow well-defined electrical

and optical measurements. We will try to produce better single crystal

AlP epi-layers of reasonable thickness, so that these various electrical

and optical measurements can be made. Next, we will try to dope the

AlP to produce bolh n and P type material, as well as P-N junctions.

References

1. S. Z. Beer, Trans. Met. Soc. AIME, 242, 424, 428 (1968).

2, D. Richman, J. Electrochem. Soc. 115, 945 (1968).
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1.1.5.2 Iuminescence Associated with Native Defects in CdS

M. Gershenzon and G. Turner

Cadmium sulfide is potentially a very useful light emitter
because it has a direct band gap in the visible energy region. When the
purest material obtainable is photo-excited at low temperatures, many
sharp luminescence lines occur, some of which are due to unintentional
impurities. CdS also contains native defects, however, which should
effect the luminescence. F. A. Kroger and co-workers have recently
shown that sulfur vacancies predominate at high temperatures and
high cadmium pressures and have given an equation for predicting their
concentrations. Our research is aimed at making samples with controlled
concentrations of this defect and relating the luminescence to the

concentration.

A preliminary experiment has demonstrated the feasibility
of the approach. A series of samples, cut from the same boule were
annealed at high temperature and cadmium pressure, and rapidly
quenched. Some of these were then re-annealed at lower temperature
and pressure and one was annealed a third time at high temperature and
pressure.

All samples were photoluminescent at low temperature and
the luminescence changed greatly with preparation conditions. The
last sample, after undergoing the cor nlete cycle, was almost identical
to the first, indicating a reproducibl. ¢xperiment. An angle-lapped

sample showed that the quenching was rapid enough.

1.1.5.4 Novel Radiative Recombination Centers in Si

M. Gershenzon, K. Kosai and E. S, Johnson

Silicon as the most technologically useful semiconductor has
been extensively studied and is well understood, Radiative recombination

processes, however, have received little attention, mainly because the
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radiation is in the infrared and often inefficient. We are investigating
the possible existence of radiative processes in silicon similar tc those
mechanisms which are known to be responsible for efficient emission in
GaP, a compound very similar to Si in band structure. Two impurity
systems, the Li-In and Li-Au nearest neighbor pairs, are being studied
currently as possible isoelectronic traps, in analogy to the efficient

1
Zn-0 complex in GaP. (1)

Li-In Pairs. A crystal of float-zone Si has been grown with
In concontrations from 8 x 1014 to 2 X 1016 In/cm3. Absorption measure-
ments give an oscillator strength for the exciton bound to neutral In in
good agreement with that previously reported. (@) Photoluminescence
due to excitons bound to neutral In(3) has been observed in these samples
near liquid helium temperature. Before lithium diffusing the In-doped
samples, we are studying the photoluminescence due to Li which has
been diffused into 600 ohm-cm float-zone grown Si. Samples containing
from 2 xlO14 to 4 x 10161_ilcm3 show two series of sharp lines beginning
at 1.1327 eV and 1.0931 eV and decreasing in energy. We have tenta-
tively identified these series as involving emisson of TA and TO momen-
tum conserving phonons, respectively. The exact recombination

mechanism remains to be established.

Li-Au Pairs. Au-doped samples in the concentration range

1014 to 1016 Au/cm3 were prepared from 600 chm-cm float zone silicon
using high temperature diffusion techniques. The intrinsic silicon photo-
luminescence was quenched by the presence of gold and no new
luminescence was introduced. A sample with a Au concentration of

3% 1016/cm3 was diffused with Li to a concentration of 4 X 1017/cm3.
Photoluminescence measurements taken near liquid helium temperature
reveal a new radiative center dependent on the presence of both Li and
Au. Emission from this new center consists of sharp bands occuring

at 0.7653 aad 0, 7580 eV accompanied by considerable phonon replication

at lower energies. The general form of the new spectrum resembles
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both that of the Bi isoelectronic trap in Gap(s) and ghaj: of the svr(‘n

radiative centers introduced into sﬂxcon by high-enérgy particle bombard-
1

m_ént.( ) . ! -
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1.1.5.5 Ralliative Recombination in Ga In P and \ ‘

" ‘ (1- ) . \
Ga Al Alloys _ . ‘

M. Gershenzon\and W. Hawk

—

The III-V allovy Gal_xlnxP is being studied in this laboratory
in order to better understand its luminesceace properties and their
variation with the paramet:r x. Previously we haV\e grown alloys and
mea§ured the photolluminescence of samples for values of x between 0% 3
and 3%. In this region, the well-known spectra of GaP shifted, V.

broadened, and decreased in efficiency as x is increased.
. !
Rl
Our present objeclive is to extend our present photoluminescence

data to higher indium dopings where shifts from the GaP spectra should be
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more easily measurable-than they are in our present data.

A a #

Individual spectr:ll lines in our samples ran he followed in
{”i"'iiil;’n doping oniy out to 3% indium for edge emission lines and t‘p 1%

mdmm for the donor-acceptor pair spectra. A different growth tech-

nique and a different ph r.oluminescence m°\55 urement- method were tried

in order to extend the data to larger x.

\ By g}:rowing Ga, In P epitaxially on GaP substrates, we
r.ave been able to observ donor -acceptor épectral lines in alloys greater
than 1% indium. This improvement seems to be. due to a decrease of
st1ain in the cry.ata.l epitaxial grqwth is done at a much slow er growth
re ce than that for solution growth so that stresses due to non- ethbnum
i4 ¢he growth process are reduced, and, fap1ta(x1a1 growth results in '

smaller gradients in indium concentration in the alloy-~thus reducing

stresses due {0 a gradient in crystal lattice constant.

Another‘means of enhancing donor-acceptor pair spectra is
to p‘erform the photoluminesﬂcence at slightly higher tempera’tug:es. At
4.29K the 1ur§ninescence of our allo;rs is dc!mina)te'd by excitons'bound to
donor irﬁpurities., By increasing the temperature, the bound excitons

should be ionized and therefore fem‘oved as luminesce_nce centers, thus
increasing the relative efficiency of the competing donor-acceptor pair

I

lines.
. . 1 .
Using a helium gas flow dewar to perform measurements in

‘the region of ZOOK, we have been able to observe donor-acceptor lines

\ which werL not observable at 4.2°K in our alloy samples. Usirig these:

%

methods, we now intend to carry our luminescence measurements out as
L]

\

ar as possible in indium dopings.
ping

l

" hope to compare its luiminescencé with that for Ga1 xInxP'

In additioni, we have now growri the alloy Gal_‘{Ale and we
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1.1.6 Electron Microprobe ‘Laboratory
D. B. Wittry, K. Y. Chiu, R. E. Gauldin, P. A. Sullivan,
H. C. Marciniak, W. Lin, T. S. Rao-Sahib

L. 1.1.6.1 Selected Area Electron Spectrometry

DAHC 15-71-G6, Advanced Research Projects Agency
F 44620-71-C-007, Joint Services Electronics Program

D. B. Wittry and R. E. Gauldin

In this work, an electron spectrometer is being used below
the camera chamber of the transmission electron microscope to obtain
information from selected areas of the electron microscope image. The
electron spectrometer has been installed on the reconditioned Hitachi
HU-10 electron microscope and preliminary tests indicate that the

microscope and the spectrometer are operating satisfactorily.

With suitable modification of the high voltage power supply,
it will be possible to perform the electron spectrometry experiments
with the HU-10 instrument as well as with the HU-125, A system is
being designed to modulate the accelerating voltage of the HU-10 in
order to provide the energy sweep for the spectrometer. While the
HU-10 does not employ a feedback regulated high voltage power supply
it seems feasible to use a voltage programmable 2KV power supply in
series with the high voltage supply. This auxilliary supply will be
programmed by the analog output signal of the digital signal averager.
Thus, the energy sweep will be proportional to the digital address of
the signal averager. By using this auxilliary power supply it will also
be possible to provide feedback controlled voltage regulation of the
electron accelerating voltage over a limited dynamic range. The
accelerating voltage as sensed by a voltage divider can be compared

with a reference and the error signal can be applied at the input of the
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operational amplifier of the auxilliary power supply. This additional
voltage regulation should provide the required stability of the electron

accelerating voltage.

1t is planned to use this system to investigate concentration

inhomogeneities in III-V semiconductors

1.1.6.2 Scanning Electron Mirror Microscopy

F 44620-71-C-~0067, Joint Services Electronics Program

P, A. Sullivan and D. B. Wittry

As described in previous reports, an electron probe micro-
analyzer has been modified for use as a scanning electron mirror micros-
cope. Axial alignment of the electron-optical column was retained by
inserting a deflection bridge between the condenser and objective lenses
to separate the incident and reflected electron beams. The reflected
beam is accelerated toward a scintillation detector which provides a

video signal as the beam is scanned over the sample surface.

The new deflection bridge, described in the last report, has
been tested., A strong reflected electron signal was detected by the
scintillation detector. However, there is still a problem in obtaining
good resolution. Careful alignment of the bridge and the use of a
stigmator may improve the resolution and work on these points is in

progress.

A dual 10 amp constant current power supply was constructed
for excitation of the coils in the deflection bridge but requires modifica-
tion to prevent oscillation. An octapole stigmator was fabricated and an
appropriate current supply was built. A new high véltage cable to the
sample stage was installed and insulated sample holders were fabricated.
An aperture assembly was constructed and inctalled below the condenser

lens. Itallows external selection of one of three apertures.
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Future work will concentrate on obtaining a well-focused
beam with proper alignment of the deflection bridge. When good scanning

electron mirror pictures can be obtained then surface potentials of

several II-VI cornpound semiconductors will be investigated.

1.1.6.3 The X-Ray Continuum from Thick Target
GK 3904, National Science Foundation (expired)

T S. Rao-Sahib and D. B. Wittry

In X-ray analysis with the electron probe microanalyzer,
the X-ray continuum can contribute significantly to the total X-ray
intensity. In addition, calculation of corrections due to excitation of

characteristic X-ray lines by the continuum depend greatly upon a

knowledge of the continuum intensity as a function of depth, atomic
number, excitation potential and photon energy. The present work is
concerned with theoretical and experimental determination of the intensity

of the X-ray continuum as a function ~f atomic number.

The intensity of the X-ray continuum from thick targets has

(1)

been generally believed to obey Kramers' equation

1 = 1.46% 10"3
\Y)

2 Z(Eo— E\)) ergs/electron (1)
where 1\) is the energy per unit frequency interval, Z is the atomic
number of the target, Eo and E\) are the incident electron and photon
energies, respectively, in KeV. This 2quation was based on a classical
calculation of the scattering cross-section, and the Thomson- Whiddington
law for the retardation of the incident electrons in the target. It predicts
that the X-ray continuum intensity should be proportional to the atomic
number Z of the target. Howewver, investigations in this laboratory have

not confirmed this simple proportionality. In general, intensity was found
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range from 1.2 - 1,37,

A new calculation was made for the continuum intensity from
thick targets using the quantum-mechanical Sommerfeld cross-section(z)
and the Bethe retardation law, with the continuous slowing down approxi-
mation. The Sommerfeld cross-section was used in its equivalent
empirical function form as given by Kirkpatrick and Wiedmann(3). The
empirical function was modified to provide a better fit to the values :
calculated from the full Sommerfeld equation. The continuum intensity
calculated was found to describe experimental observations more
accurately than Kramers equation. The results of this calculation and

experimental confirmations are discussed in greater detail in ref. (4).

Our calculations have shown that the observed Z dependence
of the intensity is primarily due to the influence of the mean ionization
potential J. This fact suggests that careful measurement of the X-ray
continuum would enable a choice to be made between the multitude of J

values currently being used in the Bethe retardation law.

Nineteen elements, ranging in atomic number from 6 to 92,
were examined. The continuum intensity was measured and corrections
were applied for absorption and the atomic number efiect as described
in previous progress reports. Intensities were measured at 1. 128 ?\
with beam voltages of 20 KV, 30 KV, and 50 KV and at 1. 998 & with
beam voltages of 10 KV, 30 KV, and 50 KV, The corrected intensities

were compared with theoretical intensities calculated using the Sommerfeld

e v

cross-section, Bethe retardation law and (1) Duncumb-da Casa J values;
(2) Berger-Seltzer J values; (3) J = 11, 5Z, In general, it was found that
the use of Duncumb-da Casa J values gave intensities which are too large
for Z > 40, The best overall fit was obtained by the Berger-Seltzer J

values and by J = 11,5 Z, the latter formula proving somewhat superior

in the range 12 < Z < 22, Our results for carbon (Z = 6) are inconclusive, :

5

and are subject to reinterpretation in the light of a possible density effect.
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The continuum at 1.128 & and 1. 998 & was also measured as
a function of (Eo- E\)) for selected elements, and compared with the
theoretical voltage dependence curves calculated using the various sets of
J values. Agreement between theory and experiment was not as good as
in the case of the Z-dependence of intensity, but the results support the

previous conclusions regarding the J-values. -

The generally good agreement between theory and experiment
shows the validity of the absorption and atomic number corrections. At
1.998 2 and 50 KV, f(x) goes as low as 0.44 (for Sb, Z = 51) and 0.35
(for U, Z = 92). The good agreement obtained even in this case shows that
the same absorption correction function applies quite well to both charac-
teristic radiation and the continuum. Additional work which has been
done on continuum intensities up to 9.671 ?X also indicates that the spatial
distribution of characteristic radiation and the continuum is nearly the

(6)

same. The irregular behavior which was previously reported’ ' in the
) )

range 4A - 8 A can be attributed to sources of additional intencity; e. g.,

radiation from the optical instrumentation caused by backscattered

electrons, and fluorescence from the X-ray diffracting crystals.

As would be expected from the difference in cross-section,
the atomic number correction for the continuum is different from that
for characteristic radiation. The differencé can amount to about 6% for
Eo/Ev = 2 and high values of Z. Because of this factor and also
absorption effects, it is important in X-ray analysis that the peak

intensity and background be measured on the same specimen,

Since previous calculations of fluorescence excited by the
continuum have been based on Kramers' equation it appears that these .
calculations will have to be modified. The efficiency ci production of
the continuum may be expected to depend on Z and Eo in a more
complicated manner than the simple proportionality to the product Z(EO—E\))

as predicted by the Kramers theory.
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1.1.6.4 Cathodoluminescence of Semiconductors

DAHC 15-71-G6, Advanced Research Projects Agency

H. C. Marciniak and D. B. Wittry

This project has been concerned with the understanding of
radiative recombination mecha~isms in semiconductors by observing
cathodoluminescence spectra at low temperatures and by studying the

temperature dependence of various peaks in the spectrum.

The investigations are being made with the aid of a clean
1
vacuum electron beam columnf ) After factory rework of the Joule
Thompson refrigerator and by using a thermocouple soldered to the

. . o
specimen holder, specimen temperatures of 27 K were recovded.

Some results obtained on GaP at 270K with an accelerating
voltage of 50 KV, a beam current of 5 nA and a spot size of 10 UM are

shown in Fig. 1,

It was expected that donor-acceptor pair recombination as

()

reported by Thomas, et al., atl, 6°K might be observed between
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Figure 1.  Cathodoluminescence Spectrum of GaP at 27°K




2.2 eV and 2.3 eV. However, donor-acceptor pair recombination
showing spectra of resolved peaks in GaP has not yet been reported
above 20°K. Shown in the figure is the ‘A’ line due to the nitrogen bound
exciton and the C bound-exciton line due to neutral sulfur donors. )
The F line is due to recombination at pairs of isoslectronic nitrogen

()

traps. The other peaks could be phonon-replicas of the A line as

(4)

discussed by Dean and Thomas.

We are now attempting to study recombination mechanisms
in GanAs1 « a'loys and are using the electron probe microanalyzer to

determine the exact composition of these alloys.
References
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1.1.6.5 Stimulated Emission of Recombination Radiation
with Electron Beam Kxcitation

DAHC-15-71-Gb6, Advanced Research Projects Agency

W. N. Lin and D. B. Wittry

In this work attempts are being made to observe stimulated
emission by electron beam excitation without feedback from a resonant

cavity structure,

New crystals of heavily doped n-type GaAs have been tried.
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At room temperature the radiation observed {within a cone perpendicular
to the surface) gave no indication of super-radiance similar to that

. . 1 . .
reported by Casey and Kalser( )< We are now trying to determine

1
1) were influenced by the

whether the results of Casey and Kaiser
emergence angle of the photons by using tilted specimens having similar

doping level as the specimens used by Casey arnd Kaiser.

The construction of a sample cooling system has been completed.
With liguid nitrogen cooling, the lowest sample temperature obtained
was about 93°K. Investigations of stimulated emission effects will be

made at this temperature as well as at room temperature.

Reference

1. H. C. Casey, Jr., and R. H. Kaiser, Appl. Phys. Letters 8, 113
(1966). -

1.1.6.6 Electron and Photon Interactions at Semiconductor
Surfaces

F 44620-71-C-007, Joint Services Electronics Program

K. Y. Chiu and D. B. Wittry

In this work, an electron spectrometer is being used in the
EMX for studying semiconductor surface photovoltaic effects. As
indicated in last semiannucl report, the construction of the electron
spectrometer has now been completed. Preliminary experiments are

being made on a special sample for calibration of the energy scale.

The collector-voltage characteristic is usually nonlinear
and difficult to define since it depends to some extent on the potential
distributica on the specimen as well as on the voltages. It is hard to
deduce the voltage of the specimen from observation of collector output.

(1)

An experimental technique ' based on the use of a control loop will be
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used to provide better linearity in the determination of surface voltages.
Reference
1. J. P. Flamming, J.Sci. Instrum, Ser. 2, 4, 1179-1182, 1968.

: =
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1.2 QUANTUM ELECTRONICS AND LASERS

1.2.1 Coherent Optical Devices

F 44620-71-C-006, Joint Services Electronics Program
NGL -05-018-044, National Aeronautics and Space

Administration

W. H. Steier, C. T. Wittig, S. Nieh, D. Gonzales,
R. Basu, and R. Joiner
Introduction

The purpose of this work is the development and study of
devices for the control and modulation of visible and infrared coherent

energy. The work currently in progress is outlined below.

I..iNl:oO3 Parametric Oscillator

A pulse pumped Nd-YAG laser is under construction for use
as the pumping source for the parametric osciliator. The output power
of the CW pumped laser was not sufficient to achieve threshold for the
singly resonant oscillator. The CW pumped laser had only a few percent
gain per pass and hence the insertion of the intracavity I_iIO3 doubler
significantly reduced the output power. The severe thermal gradients
in the laser rod during CW pumping also caused a distortion in the output

beam so that a pure TEMoo mode could not be obtained. Both of the

problems should be overcome by the use of pulse pumping.

The pulse pumped laser is shown in Figure 1. High
pressure krypton lamps in a single ellipse cavity are used. These
lamps efficiently match the absorption bands of Nd-YAG, Resonant
charging techniques are used in the lamp circuits to reduce the DC
wvoltage requirements on the power supply. The acousto-optic Q switch

has a 35° cut I_iNbO3 transducer bonded to the quartz prism. The
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additional prism in the cavity'allows for better line seléction in the \
- ] "

laser and is needed because of the bigh gain of th\le Jpulsed system. The
prism is also used to conveniently couple the green power from the

cavity by making use of the dispersion of quaXrtz. Lhe prisms also serve

to linearly polarize the 1.06 energy.

The laser rod has a measured 3 db gain at 1, 06 with a 6 joule
input to the lamp. ‘The 1amps can be pulsediat rates up to 100 Hz. ] The
Q switch has a measured déflection eff1c1enc\y of 90% at 6328 with an
input of 10 wetts at 28 MH'z'. This will ::orrespond to 32% deflection
" efficiency at .1. 06u. ‘ ‘
"
Theoretical Study of the‘\ Limits of Angle Tuning .

We have exthded our studies o§ the tunin’% band and the

= oscillators by taking into

threshold increase of angle tuned parametri
account double refraction in the near field limit, An expression for the
thres}:‘lld increase due to a non-colinezr interactic\'m is derived\and this
result is relafed to thé bandwidth of angle tuning of a singly resonant
parametnc osc 111a‘or. We have considered ang}e tuning in two cases:

i) at 90° to the optic axis where double refractmq is negligible, and ii) at
43° to the optic axis where double refractmn is important. Two methods
of angle tuning have been considered for a singly resonant oscillatox

with }_iNbO3 as a nonlinear crystal. In a) the nonlinear crystal is

rotated and the mirrors remain fixed and in b) the cyvstal and mirrorél

. | I
rotate as a unit. \ i !

Cur calculation predicts the following: 1) angle tun\ir‘xg is
not attraﬁ:tive‘for operation at 900 to the optic axis because of the limited
band widéhs possible. The bandwidth is eithexl limited by the threshold
increase ;;r the crystal aperture. Voltage tunir‘lg is more a'ttract;.ve in
this case and a wideband fast tuning system mi:zht consist of a combina-

tion of step temperature tuning and voltage fine tuning between the steps.
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.- 3 W;eebandsa.ngle tuning is poss1b1e around an axis which is not along

o m—

one. of the crystal axes, - The preferred oscillator design would have

. .one curved mirror and ¢ne flat mirror and tune by rotation of the cryst:algi
only, This oscille,t\or ‘deéi§;1 has a vety small threshold iLcrease and '
..consequently the bandwidth'is limited by either the crystal aperture or

the bandwidth of the mirror reflectivity, - \’

Pulsg_d Ion Lasers ‘ \

The puls%d Xe ion laser was descr1bed 1? the previous report.
By asing an intra- cav1ty quartz prism ueverl.l md1v1dual lines could be
szlected wit ich spanned most of the visible spectrum. The power output
.in a single lme ranged from 4 few hundred watts to 2 KW, The laser'was
found to have very high gain on most transistior.}s and intre-cav'ity,elements

‘had a small effict on the power output. \
\

Measurement of the angular divergence of the output beam -
showed a large number of transverse modes oscillating. EAn iris inside
the cavity reduced the mode structure but greatly reduced‘the output ‘
power because of the indfiicient nie of the plasma volume. No S1gn1f1eant
_ improverk‘x ent in the output beam could be achieved with different miirror
cox'.-abinations. This rn;ﬂt:i- transverse mode outl')ut beam makes the
pulsed icn laser a poor source for pumping of parametric oscillators.
Only the power in the lowest order mode, is useful for pumping and this
wg.s found to be not sufficient to achieve 1hreshold in the parametric

oscillator, The pulse pumped Nd-YAG laser described Jbove will be

used.as the pump. _ ' .

A seriés of low signal gain measurements have been made
in pulsed Xe and Ar. A separate plasma tube Was used as a probe .
oseiuator for measuring the gain in the larger bore amplifier tube.
The gain was measured as a function o. radial position, and time from
the initiation of the discharge. IMeasurements were made on several

transitions in both Ar and Xe, 1
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1.2.2 Study of Laser-Irradiated Thin Films
F19628-71-C-0220, Air Force Cambridge Research

Laboratories

L. G. DeShazer, £. A. Maunders, B. E. Newnam
and H. R. Owen

During this report period we measured the damage thresholds

of several 'state-of-the-art' dielectric thin film coatings supplied by

Spectra-Physics and Bausch & Lomb/Herron Optical, and the results are
of great interest. The laser damage at 6943 ?\ to these high-quality
coatings clearly showed that the damage was strongly dependent on the
radial gradient of the power density in the laser beam and not on the
peak power density. This conclusion was derived from measurements
of the thresholds as the diameter of the laser beam was varied.
Heretofore, experiments to determine this beam-size dependence have
resisted analysis due to a large variety of difficulties at the high powers
(above one gigawatt/cmz) necessary for laser damage. Now we seemed
to have overcome these difficulties by obtaining and thoroughly charac-
terizing a 20 MW TEM00 ruby laser beam, and by acquiring the best

coatings available.

Both reflecting and anti-reflecting coatings were tested.
Spectra-Physics Corp. supplied two 99% reflecting (at 6943 X) coatings
on glass substrates and Herron Optical Co. supplied three anti-reflecting
vee-coatings on glass substrates, The results of the tests are shown
in Figure 1. The solid curve is drawn through the data for the best
anti-reflection coating. The dashed curve follows the highest threshold
99% reflector. Both the enormous threshold values and the increase
in threshold as the laser beam spot size was increased should be noted.
Additionaily, we found that a ''baked' AR coating damaged at lower

powers, by about 20%, at the same spot sizes (black square on figure).
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Figure 1. Peak Intensity Damage Thresholds Versus Laser Beam
Spot Size for Dielectric Thin Film Coatings.
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We are presently obtaining additional data points to more thoroughly

determine the curves.

The data obtained to date does show that the damage was
strongly dependent on the radial gradient of the laser power density and
.not on the peak power density. Two possible physical mechanisms which

predict an intensity gradient stress in the coatings are electrostriction
and thermostriction., Electrostrictive forces result from the gradient

of the electric-field-squared (intensity), and thermostrictive forces

from temperature gradients. Because our laser beam had a near
Gaussian radial dependence, calculation of the relative magnitudes of
electro- and thermo-strictive forces is possible. We are collecting the
various physical constants cf the coafing materials with which to perform

these calculations.

Our results indicate that caution must be exercised in quoting
the breakdown limits of coatings in terms of peak intensity (GW/cmZ) or
energy density (joules/cmz) alone, because it is not the pertinent beam
parameter te specify damage initiation. We believe that the intensity
gradients in the laser beam will be that pertinent parameter; in the
present tests, intensity gradients of the order of 250 GW/cm3 caused
damage.

It should be indicated that this is a new point-of-view towards
thin film damage, and accounts for some past anomalies and confusions
in laser work. Thus the present coatings can take enormous powers,
exceeding 10 GW/cmZ, if the intensity gradients are kept to a low level,
On the other hand, the analysis indicates that the same coatings will
damage at low powers (100 MW/cmZ) if the gradients a *e large. Most
users of lasers do not measure the intensity gradients in their laser
beams so at present this measure of damage, even though proper, might
be difficult to be related to a particular laser apparatus. For instance,
multimode performance of a laser is known to give '"hot spots' and hence

large intensity gradients in the beam.
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1.2.3 Transient Behavior of Transverse Modes in High-Power

DPyised lasers

AFQSR-71-2066, Air Force Office of Scientific Research

L. G. DeShazer and B, E. Newnam

We are investigating theoretically and experimentally the
transient behavior of transverse modes in high-power Q-switched laser
oscillators. This research will cover an important deficiency in the
present characterization of ''single-mode' pulsed lasers emitting high
powers, a characterization that is urgently needed in order to achieve
the total capability of giant-pulse lasers in optical systems. During the
tenure of this program, a computer analysis will derive for high-power
Q-switched lasers the transverse patterns, which will be compared to

experimental patterns of a giant-pulse ruby laser.

Initial experiments have been performed for cavity Fresnel
numbers from 0.3 to 3.4. These experiments were conductea in order
to develop the necessary diagnostic tools, and measured the oscillator
output at specified distances in the near and far fields of diffraction. At
each Fresnel number and distance, a pinhole aperture (0.09 mm diameter)
was translated in the plane perpendicular to the incident laser beam to
obtain a point-by-point mapping of the spatial distribution of intensity.
The energy passing through the pinhole was detected by a very fast
photodiode and displayed on a fast oscilloscope (Tektronix 519) as power
versus time., A portion of the laser beam is deflected before reaching
the pinhole and is displayed on the same oscillogram as the reference.
Therefore, the relationship of a small spatial portion of the laser beam

is compared to the total output.

From these experiments we have been able to suggest good
criteria which will delineate the existence of the transient behavior of

transverse modes in high power pulsed lasers. One such criterion
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that had been proposed by us is that the transient behavior will be
negligible when the product of initial gain and Fresnel number is less
than a certain dimensionless number of the order of 20. This criterion
has been qdifficult to assess since the initial gain of the high-power pulsed
laser is difficult to accurately determine. Now, a better criterion has
been demonstrated. It is that the transient behavior will be negligible
when the product of the pulsewidth (FWHM) and the inverse of the Fresnel
number is greater than 25 nanoseconds. This criterion is now being

fully explored.

1.2.4 Advanced Nonlinear Absorption Devices for Laser

Systems
NGIL-05-018-044, National Aeronautics and Space

Administration

L. G. DeShazer and J. W. Austin

Even though saturable absorbers have been used in laser
systems as passive switches and modulators since 1964, the operation
of these absorbers in conjunction with optical resonators has not been
adequately described before., The features of this problem are
succinctly contained in the problem of a Fabry-Perot resonator
containing a saturable absorber. Such a device is called a saturable
resonator. Previous treatments of saturable resonators have neglected
the optical resonance effects and have used unsuitable models for the
saturable absorbers, Now, a general steady-state solution to the
performance of the saturable resonator has been vLi.ined and applied to
several experimental configurations. This solution was accomplished
by first considering a Fabry-Perot interferometer containing an
unsaturable absorber. The transmittance, reflectance and absorptance

for this case were determined as a function of the phase difference
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arising from round trip cavity transits. These quantities are
parametrized by the mirror reflectivity and the transmittance of the
absorber. Next, the 2bsorber was considered to be saturable and was
realistically characterized by the model of Huff and DeShazer1 with some
modifications. Most saturable absorbers exhibit a residual absorption
and this residual absorption must be included in any model chosen for a
saturable absorber. It was just this neglect of the residual absorption
that made most previous treatments of the problem in error. The
behavior of a saturable absorber was characterized by two parameters
which are functions of the transition rates and absorption cross-sections.
One of these parameters controls the residual absorptivity and shape of
the saturation curve while the other determines the intensity range of
saturation. Since the transmittance of the saturable absorber is a
complicated transcendental function of the incident intensity, the solution
must be done numerically with the aid of a computer. The results of
these calculations show the existence of the bistable operation of a
saturable resonator under certain conditions. The criteria for bistable
operation were obtained and found to be dependent on mirror reflectivity,
weak-signal absorber transmittance and the absorber parameter involved
with the residual absorption. It was determined that this parameter

had to be greater than 8.5 in order to get bistable operation.

A single mode giant pulse ruby laser was used to determine
the characteristics of several saturable resonators. A search was also
conducted to find saturable absorbers which meet the criteria for bistable
operation while at the same time obeying the steady-state assumptior.
The change of the transmission with incident intensity was measured for
the oxganic dyes cryptocyanine and 1, 1'-Diethyl-2, 2'-Dicarbocyanine
Iodide (DDI) dissolved in various organic solvenfs, as well as a Cd:Se:S
glass, For the organic dye it was found that the parameters were highly
dependent on the solvent. Those absorbers which met the bistable

criteria were the semiconductor glass, and both DDI and cryptocyanine

~-51-

SR R T e e sy Ny

o W e,

S amn s e e e e i et S bt e A e o 73 AR, b St




dissolved in either acetone or acetonitrile. Experimental results

follow the theory but on-resonance matching difficulties have hindered

observation of bistable operation for those saturable absorbers which

were found to meet the criteria, however, very noticeable pulse shaping

was obtained in many cases. The saturable resonator was also tried as

a laser cavity dumping device but here large residual absorption and

resonance matching problems limited its usefulness.

References

1. L. Huff and L. G. DeShazer, '"Saturation of Optical Transitions in
Organic Compounds by Laser Flux," J. Opt. Soc. Am. ég, 157
(1970).

2, J. W. Austin, "Laser Saturable Resonators and Criteria for Their
Bistable Operation, " Ph.D. dissertation, Univ. So. Calif., 1971.

1.2.5 ZLaser and Spectral Properties of Rare Earth Crystals

AF-AFOSR-69-1622A, Joint Services Electronics Program
Union Carbide Corporation (Partial Support)

L. G. DeShazer, J. K. Guha, and 1., M, Hobrock

Rare earth ions in crystalline or glass hosts are
commonly used as a laser active media but only a few of these ions have
an energy level structure that provides a natnral population inversion in
a four level system at room temperature. The significant characteristics
of such a system are a predominantly radiative decay of the initial level
and a rapid depletion of the final level by nonradiative processes. For
such a system to be of use as a room temperature continuous laser it
is further required that the final level be many kT ai:ove the ground state
and thus have a negligible thermal population. The rare earth ion with
a four level system most commonly used to obtain laser action is triply

3+
ionized neodymium (Nd3 ) which lases in the near infrared, 1,06 microns.
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Another rare earth ion that exhibits all the requirements for a four

+
level system is thulium (Tm3 ) in yttrium orthocaluminate (YA103) which
provides laser energy at 2.34 microns. At present this is the only room

temperature four level solid state laser in the middle infrared.

The complete energy level diagram of 1% at. Tm+3: YAlO3
was determined spectroscopically up to 27, 900 cm-l. The site
symmetry of (Tm3+) was identified as Cs and such a low symmetry
electrostatic field splits the levels into 2J + 1 sublevels. YAlO3 is a
distorted perovskite and it is shown that the splittings of the sublevels

can be derived from an Oh symmetry, as an ideal perovskite, with a

C s distortion.

To obtain sufficient pumping of (Tm3 +) for laser action the
crystal was co-doped with chromium (Cr3+). When Cr3+ is doped in
yttrium aluminum garnet (YAG) the 2E level is approximately at 14,400
cm-1 which is near to the 3F level of thulium, but in (YAIOS) the 2

3
3+ -
level of Cr  is shifted down to approximately 13,800 cm ! and .ies very

- +
close to the 3F level at 12,800 cm 1. With the 2E level in Cr3 so nearly

4

: +
matched in energy with the initial laser level (3F4) in Tm3 excellent

energy transfer is obtained. Time resolved fluorescence measurements

were used to determine the fluorescence lifetimes of the 3F4, 3H4, and

+
1G4 levels of Tm3 : YAIO3 and from this data it was determined that

the aforementioned energy transfer was nonradiative. The measured
lifetimes are 630y sec., 4.7 m sec., and 261y sec. for the 3F4, 3H4

and 1G4 levels respectively. These results were compared with values
predicted from the Judd-Ofeit theory and the agreement between experi-

ment and theory is extremely good.

(1)

Pulsed room temperature laser action was obtained™ ' in the
. . . + ‘s . 3+

middle infrared with 1% at 'J'.‘m3 :YA103 sensitized with 0.09% at Cr™ .

The laser spectra was obtained and it revealed that laser action occurred

on two transitions at 2,349 and 2.346 microns. From fluorescence and
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absorption spectra these transitions were identified and it was determined
3
that both emissions initiated from the lowest sublevel of the F4 and

terminated on the two lowest sublevels of the 3H5 level.

Reference

1. L. M. Hobrock, Ph.D. Dissertation, University of Southern
Californta, 1971.

1.2.6 Optical Experiments with Laser Sources

DAHC 04-69-C-0003, U.S. Army Research Office,

Durham, N.C.

W. L. Faust

I. Introduction

Work proceeded under the above title and contract for the
three year period beginning Aug. 20, 1968 and terminating Aug. 19, 1971.
In this report the final phases of the project effort are described as well
as some measures of reorientation of our work, to accommodate

objectives of a new research program being formulated.

II. Light Scattering Associated with Impurities in Semiconductors

(with D. T. Hon)

As discussed in the previcus report, we have worked on
two cntirely distinct types of excitation which give Raman scattering,
apart from the pure-crystal phonons. These are local-mode vibrational
scattering from isoelectronic substituent impurities, and effects on the
Raman spectrum arising from free carriers (due to nov  delectronic

impurities).

Our earliest studies of local modes(l) were done with a

visible laser source, in the transparent III-V semiconductor GaP. In

-54.

e




the previous report we described successful extension of the method to
the host GaAs. This host required use of a 1.06 py laser source. With
the methodology now established, this effort is in the process of being
shifted into Prof. Spitzer's research effort. The next development will
be study of ion-implanted samples, for which this seems to be a very

appropriate analytical technique.

In first-order Raman scattering from lattice vibrations
and/or from free carriers, only small R-vector excitations need be
considered. The carriers may then be treated as a spatially-continuous
plasma contributing to the linear dielectric properties, and in principle
to the nonlinear ones also. In the previous report we sketched a simple
approximate treatment (valid for small damping) which predicted inter-
action between the LO phonons and the plasmons. Mooradian(z) had
shown previously that this led to repulsion between the modes, and
presumptively to mixed-modes exchanging character with increasing
carrier concentration. We indicated roughly how, for a highly damped
plasma, the plasma resonance might not be observable. We have now
completed and are preparing for publication an analysis of this theoretical
problem: calculation of the full spectrum of scattered intensity I1(w)
(where w is the Raman shift), and the structure of the mixed-"modes".
The method, which involves repeated use of Nyquist's theorem in several
contexts, is valid for arbitrarily large damping. Using carrier concen-
tration and damping constant values consistent with determinations from
independent Hall and resistivity measurements, we can fit the I(w) for
various GaP samples. All the fieatures due to the large damping in GaP

are explained,

III. 992 Laser, Apparatus Development (with E. Vasconcellos)

In previous reports we described construction and operation
of a non-Q-switched laser and of a Q-switched laser (respectively NQS

and QS), and of a local-mode resonance experiment performed with
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these lasers. For future work we need only a single source. Therefore,
we have adapted one laser for either QS or NQS operation, with easy
changeover; and the second laser_ is subsequently to be applied as an
amplifier. Without amplification, the first laser presently generates
either i) 2 cw 30 watt single frequency beam (this requires a custom-
built copper-subst-ate diffraction grating for line selection; a conventional
grating would be destroyed immediately) or ii) a 360 pulse/sec., 20
kilowatt, 300 nanosecond beam, also grating tuned. For a third mode

of operation, iii) we are presently fabricating a special pyramidal
spinning-mirror device for high repetition-rate Q-switching. " In
conventional systems, Q-switching at feasible repetition rates entails a.
loss of average power by a factor of twenty. We hope to obtain perhaps

half the cw power by pulsing at ~3 kHz.

All work on the transversely-excited CO2 laser system has

been abandoned.

1IV. Materials Study .

A. Measurement of Low-Level Absorption by Calorimetry

We are instrumenting to apply the 30 watt cw CO2 beam
described in Section III to a study of wavelength-structure in the
absorption due to multiple-phonon generation in various materials

attractive as 10Uy windows.

B. Observation of L irge-R Phonon Populations by Sidebands

on Visible Fluorescence (with M. Gundersen)

l. We are continuing our work to observe phonons produced
in GaP by an HZO laser. Thus far we have been able to produce exciton
fluorescence with considerable phonon sideband structure, similar to .
spectra obtained by prior workers. However, we have not yet attempted
the ‘ull experiment with the infrared laser beam as well as the visible

beam to excite fluorescence,
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2, We intend to seek evidence for specific phonons

produced in BaF_ by a Q-switched CO, laser beam, through multiphonon

generation. Thezﬂuorescent impurityZSm++ will be used for phonon

side bands. It will be excited by the same pulsed visible ion laser which
we have placed in operation for the experiment immediately above. This
work, together with item A above, is of interest for 10z window

development for ultra-high power CO2 laser sources.

References

1. D. T. Hon, W. L. Faust, W. G. Spitzer, and P. F. Williams,
Phys. Rev. Letters g_g, 1184 (1970).

2. A. Mooradian and G. B. Wright, Phys. Rev. Letters 16, 999 (1966);
ibid., 19, 849 (1967).

1.2.7 Theory of Infrared Absorption in Low Absorption

Materials

R. W. Hellwarth

Background

A major block to scaling up the output power of existing
types of high-power infrared lasers is the lack of any window that will
pass a large (10-100 cm diam. ) output beam without warping so badly
from thermal distortions that it distorts the beam phase front unaccept-
ably. The origin of the small infrared absorption that causes the
thermal distortion is not yet understood in those materials (alkali halide
crystals, certain II-VI crystals, certain chalcogenide glasses, and high
resistivity germanium) which, so far, are believed to be the best for
windows in the 10,6 and 2-5 micron regions of greatest importance.

Cne mechanism widely mentioned as likely to be responsible for the low

absorption is multi-phonon absorption. However, theoretical predictions
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on this basis canno'it yet be madé well enough to see if}it accounts for
N > I -

observed absorption values. Since these values seem lately [fo be

changin~ as crystal preparation techniques change, theoreti»::‘al inter- ]
pretations must be made warily. \
Objectives ’ \ \

\
| : : |
The purpose of this project is to calculate what each of

several physical mechanisms will ciontribute to inf‘rared ab's?rption in

the aforementioned materidls that azre most 1ij<e1y to exhibit the small
absorption \fér given material\strength and cost. We will try to interpret
observed absorption values by our theory, and, if that effort is u?s:uccess-
f_ul, to at least place a limit on how low absorption could possiblyjbe in

an ideal crystal in which only these mechanisms operated.
‘ .

. !
App{'oach i ! \'
. ' |
The research will be theoretical, applying iaxist'mg theories
of some abso1ption mechanisms, developmg r.ew theories where requ1redf

and calculating numerical prédmtlons frcim these tl\eorles. !

Present Status ofy Work

I
\ 'T‘hls progect has just been initiated ln September Y 1971%.

We are presently performing a review of the problem, 1solat1 g posL1b1y

AN
important absorption mecha~i11sms, and tfmdmg which materials seem

most promising as high power infrared windows.
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1.\2. 8 Laser Studies of Relaxation Processes

J. H. Parks - '
\ \ \

This report discusses \.ork progressing in three areas:

1} molecular relaxatlon, 2‘ laser induced damage, aAd 3) the study of

e.m. wave propagatlon in a laser amplifier.

1,2.8.1 Molecular Relaxation in Gases and Liquids

AF-AFOSR, Joint Services Electronics Program

Frederick Gardner Cottrell Grant ' !
|

J. H. Parks, N. Alyas%ini, T. Pacala, A. Scalabrin,

L. Singer, R. Brown ‘

L]

1.2.8.1.1 Decay of N, Triplet Metastablles

2

\‘ The nadiative and diffusion relaxatlon rates of N molecules
in

the first excited triplet metastable state A 2 are not knoxx'zn to within

(1)

an ordex of magnitude. This is primarily due to the fact that the

\
molecular symmetzy r\ules oct the use of direct rad1at1ve processes t:o

|state. These relaxation rates are

important to obtain since these excited states (6 e.v.) can exist for
-3 - .
i0 7 to 10 1 sec. and may be directly involved in chemical reactions

in the atm o;s phere. - ‘ . ‘]
i

The excited triplet A Eu is the lower electronic state of |

many pulsed laser transitions in the first positive bands of N (@) In

2°
\
this experiment these"laser transitions will be used to optically pump

discharge cell

the A3Eu metastable pOpulati%mv produced in a second N2
‘ ]

placed within the laser cavity. The side emission from the absorbing

N2 cell is monitored as the laser pulse probes the cell at different times
after the cell discharge terminates. The variation of the sp!ontaneous

emission intensity will be diz ectly proportional to the decay of the A3Zu

! -59-
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(1)

(ii)

systems,

population.

field N2 discharge

This experiment takes advantage of an indirect radiactive

process to obtain the various relaxation rates.

In the initial experiments we are concentrating on the

following measurements.

The lifetime of NZ molecules in the vibrational level
.A3Eu (v = 0) ir determined primarily by diffusion since

the radiative decay is TR~ 0.1 sec. The laser lines

in the vibrational band B3ng (v=2)= A3'r:u (v =0) at
7700 Ao will be used to measure the diffusion of v = 0

molecules.

Molecules in A3Eu (v = 1) can undergo vibrational energy
transfer to v = 0 during collisions. Probing the popula-
tion with the laser lines in the band B3n (v=3)~

A3Y3u (v = 1) at ~ 7600 A° will allow a diiect radiative

measurement of vibrational relaxation.

These laser transitions have been produced in a crossed-

(3)

and measurements are presently underway.

1.2.8.1.2 Time Resolved Spectroscopy of Benzophenone

The N, amplifier is suitable for observing fast relaxation

2

processes in manf large molecules. A technique developed to obtain

the individual fluorescence and phosphorescence spectra has been applied
to the radiative decay of Benzophenone (C6H5COC36H 5). This molecule is
often employed to probe photochemical processes because intersystem
crossing to the lowest triplet state occurs with close to unit probability.
For this reason it is used as a triplet sensitizer and quencher, and as

a method of determining intersystem crossing efficiencies in other

(4)(5)

The results of these studies have clai.fied earlier
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. (6 . .
observatlons( )7 concerning the time delayed component of the
fluorescent spectrum. It is believed that these experimental techniques

represent the first direct observation of the processes producing this

delayed fluorescence.

1.2.8.1.3 Tuneable Ultraviolet Lasers

At present tuneable laser sources do not extend below
~ 3500 A°. The possibilities in materials studies and gas phase
spectroscopy which will become available when lasers having )\L< 3000 A°
are developed, are exciting many efforts towards these shorter wave-
lengths. Our particular interest is the study of nonradiative relaxation
processes in molecules such as Benzene and Napthalene. A project is
presently underway to generate a tuneable ultraviolet laser source in the
2400 A° - 2700 A® wavelength range by using a ruby laser and a dye laser

to produce a tuneable sum frequency.

When the intense radiation from a Q-switched ruby laser at
frequency u)R is combined with the output of 2 dye laser at wR in an ADP
crystal, the resulting nonlinear interaction will produce radiation at the
s;um fx;eque.r;cy u)S= u)R+ 0y The wave vector phase matching condition
K, =K_+K_ will be satisfied by temperature tuning the indices of

reSfractiI:m. 1S‘?ince this can be accomplished in ADP for collinear propa-
gation of ER and IZD, longer crystals can be used to achieve more
efficient conversion to the sum frequency. Using the data available for
ADP, we calculate that a coumarine dye laser tuned through the spectral
range 4000 -5000 A° will generate ultraviolet radiation 2400 - 2700 A°,
Phase matching can be maintained by varying the ADP crystal tempera-

ture between OOC - 75°C.

A Korad K-15 ruby laser has been redesigned to produce
~ 200 MW peak powers and we convert approximately 10% of this to the

second harmonic for use as a dye laser pump source, The ADP oven
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is completed and provides a uniform temperature over the crystal iength

to within + 0. 05°C. We are presently constructing the tuneable dye
laser source which will then allow the first experiments in sum-frequency

generation.

1.2.8.2 Laser Induced Damage Studies
F19628-71-C-0220, Air Force Cambridge Research

Laboratories

J. H. Parks, R. Owens, N. Alyassini, A, Scalabrin,
T. Colbert ‘

1.2.8.2.1 Damage in Thin Dielectric Films

This laboratory is undertaking the characterization of ultra-
violet laser damage as part of a joint effort to investigate the physical
processes leading to structural and optical damage in thin dielectric

(8)

films. This research is an integral part of a general emphasis on
ultraviolet physics presently underway and bears upon the need for
damage resistance in ultraviolet dielectric reflectors., In particular,
we are concerned with the deterioration of the optical properties of
dielectric thin films as well as structural damage, both of which are

induced by laser irradiation.

An experiment is in progress to measure the threshold of
structural damage at 3472 X and determine if it differs significantly
from the damage threshold at 6943 ?\. This provides a careful study
of laser induced damage at an ultraviolet wavelength, and also may
indicate the dispersive behavior of a damage mechanism. The experi-
mental optics will allow the ruby and ultraviolet beams to be separated
after emerging from the KDP doubling crystal and then simultaneously
focused upon different areas of the sample. This allows the damage

resulting from both wavelengths to occur durirg a single Q-switched
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light pulse. Each wavelength is independently attenuated and the spatial
or temporal characteristics observed to measure any increased non-
uniformity caused by the nonlinear doubling process. The optical components

for this experiment are being assembled and a study of damage in ZnS

films is expected to begin shortly. The electronics to monitor the pulse

peak power will include an ITT FW114 photodiode and a Tektrorix 519
oscilloscope.

In addition to the ultraviolet damage studies, we are
extending our capability to investigate these processes in the 5 micron
region. This is particularly important in view of the fact that a strong
effort is-underway to produce high power CO lasers at these wavelengths.
Studies to indicate the utility of various materials for dielectric mirrors
and optical windows would be useful to this laser development. We are
planning to generate difference frequencies in the 54 region with an
experimental arrangement similar to that described in section (1.2.8.1.3).
In this case, however, the nonlinear materials being cunsidered are
Pronstite and Lithium lodate (1_103) which have better transmission

characteristics at these infrared wavelengths.

1.2.8.2.2 Damage at the Surface of Bulk Materials

It has been observed(g) in studies of bulk damage in glasses
and other transparent dielectric materials that surface damage usually
occurs only on the exit surface of the sample. Although this has lead to
much speculation on the specific process involved, attention has not been
directed to more detailed studies of this experimental observation, Since
this type of damage is involved when high peak power radiation is passed
through lenses and optical windows, we are investigating the physics of
this damage behavior,

The experiment consists of reflecting a 6328 A° He/Ne laser

from the exit face of a fused silicia or glass disk (1" dia x 1/4" thk) as

a Q-switched ruby laser pulse is passing through the disk. By
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monitoring the change in reflected 6328 A laser power, we have been
able to observe power changes which are related to a decrease in the
refractive index. The possibilities of thermal heating or sound wave

propagation are being investigated. This technique is also being applied

to thin film damage processes.

1.2.8.3 Electromagnetic Wave Propagation in Laser Amplifiers

AF-AFOSR 69-1622, Joint Services Electronics Program

J. H. Parks, D. Chen, A. Scalabrin

1.2.8.3.1 Frequency Coupling in High Gain Amplifiers

The current development of extremely high gain optical
amplifiers may find important application in laser communication tech-
nology. These devices, operating on visible and near infrared transitions,
could be useful as multi-channel amplifiers for a set of frequencies
lying within the radiative linewidth. This possibility requires an under-
standing of electromagnetic wave propagation thr ough high gain optical
frequency amplifiers. Theory indicates that the problem of crosstalk,
familia1 at radio frequencies, has an optical analog which arises through
the nonlinear interaction between waves of different carrier frequencies
traveling through the high gain medium. The following experimental
technique is designed to observe this frequency coupling as a function
of the amplifier gain. Since this research can lead to an assignment of
carrier frequencies which minimizes crosstalk, this study can provide

useful design parameters for laser communication systems.

Emphasis is being placed on dye laser amplifiers since they pro-

duce very high gains, are inherently broadband (~100~500Ao), and saturate
at high power levels. Consider a continuous Argon laser at frequency
®w, which is being amplified by a dye laser amplifier. If a dye laser at

A
frequency 0y is also passed through the amplifier and tuned through wA.
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the Argon laser amplification will show a modulation when both w A and

wy are within the homogeneous linewidth. The frequency range, Aw =

(mD- w A), over which modulation is observed determines this linewidth

and also provides the range within which frequency coupling can occur
in the amplifier. This measurement is particularly important in the
liquid phase organic systems because long range (~ 100 Ao) dipole-dipole

(10)

interactions have been observed to be an essential interaction i

mechanism between these large molecules. These interactions which

determine the homogenecus linewidth have not been measured before with as
much sensitivity as the above technique will provide. This experfiment is
presently underway as a study of the saturated absorption of Perylene.

We are choosing to develop this technique with this absorbing molecule

and then proceed to studies in amplifying media.

1.2.8.3.2 Amplification of a Broadband E, M, Fizld
(11)

In this study a semi-classical theery has been derived
which describes the amplification and saturation behavior of a broad band
electromagnetic field as it propagates through a high gain gas amplifier.
This case is of particular interest because an adequate theoretical
description has not been developed which treats the nonlinear coupling
among the components of a broad band field as it builds up from radiative

(12)

noise. A recent paper which considers the broad band amplifier
concentrates on the variation of the field bandwidth with intensity but
neglects the detailed behavior of these coupling processes., This theory
relates to the optical amplifier problem since a high gain broadband
device will necessarily generate a significant amplified spontaneous
emission field internally. Itis important to understand how these

internally generated fields will couple energy away from the signal we

wish to amplify.

The theory is formulated in terms of the density-matrix

equations of motion and is applied to both an inhomogeneous and a
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homogeneous amplifier lineiwdth. The electromagnetic field and the
induced polarization are represented zs Fourier integrals and equations
for the amplitude and phase are written assuming the quasi-Fourier
components are varying slowly as the field is amplified. The full
expression for the polarization, including amplitudes and phases, is
calculated to third order in the field. The linear polarization treats
each field component independently and leads to a gain induc.ed narrowing
of the field bandwidth. As the field strength increases, the nonlinear
interaction reduces the gain available for each field component and, in
addition, introduces amplitude and phase coupling among these components.
The extent of this interaction between field components is determined

by the atomic homogeneous linewidth. When the amplifying transition
has a Doppler broadened linewidth, computer solutions indicate that

the power spectrum broadens in the presence of these saturation effects
even when the phases are assumed to be randomly distributed. The
amplitude coupling, which still remains in this approximation, reduces the
saturation of individual broad band field components by diffusing the
energy througl.out the field bandwidth. An amplifier with a homogeneous,
collision broadened linewidth continues to gain narrow the field bandwidth
in the saturation regior, when the phases remain randomly distributed.
However, the general expression for the nonlinear polarization including
phase terms contains a frequency dependence related to saturation

rebroadening.

1.2.8.3.3 Propagation of Two Vector Waves in a Laser

Amplifier

The interaction between two fields which are not propagating
along parallel directions is another process related to e.m. propagation
in a high gain gas amplifier. The interaction between two parallel travel-
ling waves has been extensively studied for the case when the frequencies

of both waves lie within the natural width of the amplifying transition.
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However, similar interactions can occur even when the frequency difference

Sl

is greater than the natural width if these waves are travelling at ar angle

Y

4 with respect to one another. This suggests a new frequency coupling
between waves within the broad Doppler bandwidth which has not been

suggested or studied previously,

The calculation prerently underway rollows the theoretical
guidelines described abeve in Section (1.2.8.3.2). The total field is
assumed to be a sum of two monochromatic fields El (wl, Tcl) and

1° Wa and wave vectors El and k2. In the

nonlinear regime we have been able to relate the results to simple,

E2 (wz, kz) having frequencies w

clear physical mechanisms although the mathematical forms are somewhat
complex. We have observed that there are resonant interactions with the

atomic high gain medium which lead to two interesting parametric

processes, One of the terms arising from these nonlinear interactions describes

thke generation of a third field which propagates at an angle different from El and

—

K,. Another term allows for the transformation cf energy in E directly to E2

2 1
even when the frequencies W, and w, are widely spaced compared to the
natural linewidth. It is possible that these terms are important in
transverse mode-locking phenomena and also the spatial distribution of

light emitted from a high gain noise amplifier.

L X
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1.3 MAGNETISM

1.3.1 Paramagnetic Impurities in Antiferromagnetic Crystals

F 44620-71-C-0067, Joint Services Electronics Program

J. P. Hurrell, U. Ranon and D. Bozinus

I. Introductien

Rare earth ions can affect the properties of magnetic materials

because they interact appreciably with iron group elements and relax

) B ) N “
Bt e e LN, Ve T T R
AR w2
BN

strongly to the lattice. When present in small quantities they can be used
as probes to investigate the microscopic behavior of magnetics near
defect locations. In higher concentrations they modify the magnetic

anisotropy. This is particularly relevant to the present status of bubble

devices.
The objectives of our research program are to study recent

advances in the observation of interactions between rare earth ions and
lattices, and to pursue the properties of paramagnetic ions in magnetic
materials. In our research approach we are using the techniques of

electron spin resonance, Electron Nuclear DOuble Resonance, fluores-

cence and Raman scattering. Progress along three major directions is

discussed below.

II. Present Status of Work

A) MnFZ: Er were chosen for an ENDOR study of a para-

magnetic impurity in an antiferromagnet. Many different samples with
spin resonance and fluorescence were studied, A severe materials )
problems has been encountered in this work but finally we have acquired
good samples, with high enough impurity concentrations and narrow
lines, grown by a liquid phase epitaxy modification of the Bridgeman-

Stockbarger method. Further annealing is required to dispose adequately

the charge compensation.
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B) Recent observations of Jahn-Teller effects in rare earth

ions prompted us to investigate the YVO, : Dy system with spin resonance

4
techniques. Both the ground and first excited states were detected with

g-values close to those expected in DyVO4. Hence the dilute system
mirrors the concentrated DyVO

. 4
the understanding of the phase transition at low temperatures in the latter.

system and can be used to supplement

The effects of static strains (which are the manifestation in the dilute
system of the Jahn-Teller distortion in DyVO4) were observed in the
perpendicular plare where they cause a and b directions to become
inequivalent: g-value shifts of 10% were observed. In addition, the
system possesses peculiar relaxation properties. The g-values in the
ground and excited states can be made equal allowing material narrowing
to occur which can be inhibited by depopulating the excited state. These
relaxation effects as a function of temperature are currently being

[

monitored.

C) Raman scattering in some concentrated systems is also
being investigated. We have found a slight optical window in the green
region in rare earth chromites which may afford an opportunity to
observe electronic Raman scattering by the rare earth ions and monitor
their exchange interactions with the chromium system. Backward light
scattering experiments exhibit some Raman peaks, but thei. detailed
interpretation has yet to be completed. To investigate some of the
scattering capabilities of iron group systems, some Raman experiments
on Cs3Co Cl5 have also been initiated. The tetrahedral cobalt ion
presents a unique opportunity to observe strong electronic scattering

together with interesting effects on the intensity of the phonon scattering.

Our preliminary results are very encouraging.
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1,4 DEFECT CHEMISTRY AND SOLID STATE ELECTROCHEMISTRY

1.4.1 Defect Chemistry of CdS

No Contract Support

1.4.1.1 High-Temperature Hall Effect Measurements
F. A. Kroger and H. R. Vydyanath’

Measurements have been carried out on iodine and
silver doped crystals. The former were obtained by growing course
polycrystalline CdS by chemical vapor transport, using iodine as the
carrier, followed by slow sublimation; crystals of 10 x 10 X 3 mm were
obtained. Silver doped crystals were made by diffusion of Ag into pure

CdS single crystals,

Hall effect measurements on CdS-Ag at 1 atm > ps2 > 0.01

-3 with

atm showed an electron concentration of the order of 1016cm

[e'] « pé/dz, independent of the silver concentration for [Ag] from

1-5% 1018cm=-3. This indicates a compensation mechanism

[Ag'] ~ [Ag'] under the condition of the experiment, and supports

the expected amphoteric behavior of the silver. ¥or the iodine doped

crystals a defirllite pressure dependence was not found. It is probable
1/4

that [ e'] « Peg’ the electron concentration increases with increasing

temperature.

1.4.1.2 Chemical Diffusion Involved in Establishing
Non-Stoichiometry by Heating in Svifur Vapor

Knowledge of the relaxation time T of the variation of

the electronic conductivity of CdS-In brought about by a change in sulfur

pressure should make it possible to estimate the concentration of neutral

S}; defects.

Efforts to measure T have so far been unsuccessful as a result

of unwanted temperature variations accompanying any pressure changes.
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\ 1.4.2 Defect Chemistry of C‘h’l’e_

No Contract Support ’ \

1.4.2.1 Self-Diffusion Studies in Ind‘ium Doped Cdfe
F. A. Kroger and S, S. Chérn i

CdTe crystals containing +4 X 1017 indium cm-3, (i.e.,
more than the cryétals originally used, which contained 10].'7In crn"3) ]

were made by in-diffusion-of In in Te2 vapor at-7?0°C for 11 week.

)

The cadmium self- dlffuclion coefficient DCd of thése crysta’s at 700°

and 800°C in Cd-vapor was =~ 2 XE smaller than for the more weakly
'@mduﬁmm.TMsmuumemmanmnnnﬁmmcq<ucﬁ‘m}
the major C‘d -carrying species under these conditions. In sulfur vapozl

at 800° C, DCd is the same as in the weakly doped crystals. At 700°C,”

at pS2 =1 atm, D\I*

|
Cd is somewhat larger than in CdTe « 1017 1. 7his

l \
fits t}“ne model Wlﬂ" hoth Vl('Jd and Cdi oerd{ : contributing to the \‘|diffusion
\

of Cd, with the former slighitly in excess .
1

B )
These results supposrt our contention that the independence

of D reported by. other workers results from the superposii’ n

Ca ° Peq
of 2 mechanisms involving chafged defects w1th opposite Pcg dependence.
Attempts alre being made to make eéven more stronjgly doped

crystals, using In, Ga or Al as the dopant.
\

L&ﬂ'wkuCMmRUydAb% !

NOO14- 67A 0269 0007, Officel of Naval Research

1.4.3.1 EMF Measurements on A1203+ Cc or Mg

i F. A, Kroger}and J.(Yee
’ i

Attempts to repeat earlier emf measurements on pure

A1,0,, using cells of the type :
i {
-72- |
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‘have been unsuccessiul fue to the occurrence of spurious signals.
. \ \

2

1.4.3.2 ) Valency Variation gf Cobalt in A1,0

!

3
- ¥
F. A, Kroger and B. V. Dutt

¥

! Reduction of green A1203\- C0203 cxl‘ystals with hydrogen

at 1500°C proceeds to completion in a few hours (crystal dimensions

3 x3x3 mm3 or 10 x5 x & mm3) leading to crystals with a brown
precipitate. Observation after 1 hour shows a reduction front marked
by the presence of a prown precipitate in the layer\:near the surface:'
There is n}arked anis’otropy"of the rate of penetratioh, dufifsion " ¢ faster
than diffusion _l_ c. ({Similarly as has been found for conducticn).
Oxidation in 02 or air of complg}:ely reciuced‘crystals haiving a brown
preciﬁpitate throughout proceeds!much more slowly than reduction,
complete oxidation requiring ';*-_ 1 week. This indicates that the rate
deterr;mining step is d‘z',fferent in the two processes. onssible mech%misms

. i :
are as folléws: )

In reduction, the rate is probably governed by the diffusion

of hydrogen into the crystal as Hi{ or H1 + e'; electrons areltrapped at
¥
34 2+ a 3+ :
Co t:o form Co? whenever a Co is met; as a result a layer with

reduced Co-ions forms near the surface and, since the solubility of
Co2+ << that of Co3+, a precipitate is formed. The ratz of oxidgation,
on the other hand, may be governed by the release of electrons from®
‘C02+, thus're-forming Co3+. This may happen all o‘ver the crystal.
Out-diffusioﬁ of H:: or H1 +e' being rapid, we should expect no front;
the hydrog%en and electrons concentration is reduced throughout the

crystal, and bleaching cccurs everywhere at the same time.

Experimental results are still cé)ntradictory; a front was

3
kobserved in the initial stage of the oxidation, while the precipitates are

]

Y
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being dissolved. No front was found in the final stages, although the
overall absorption ¢olor was blue, i.e., not yet the green color of pure

2+
Co

.

1,4.4 Electrochemical Pressure Gauges and Pumps

—

1.4.4.1 Electrochemical Oxygen Pump
NG014-67-0269-0007, Office of Naval Research

F. A. Kroger and B. V. Dutt

Stabilized zirconia normally used as a solid electrolyte
in oxygen pumps and sensors have the disadvantage of mechanical

instability in heating and cooling cycles.
We are attempting to remedy this by using porous alumina
5" YZO

electrolyte in the pores by alternately soaking of the alumina in a

tubes which have good mechanical stability, forming the ZrO 3

solution of Zr + Y salts and heating in air.

In order to be able to have pump and/or monitor sections
in an otherwise impervious A1203 tube, a 96% AIZO3 tube is chosen,
and the 4% additional silicate is removed locally by etching withHF.

Initial attempts were successful.

1.4.4.2 An Electrochemical Hydrogen Pump
No Contract Support

F. A. Kroger and A. Schrey

Potassium dihydrophosphate (KDP, KHZPO4) is a
proton conductor. Applicatic.: of a voltage over the cell
. +
Pt, H, | xH,PO, | Pt, H,
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must be expected to remove hydrogen from the + side, evolving it on
the - side, i.e., the ceil works as a hydrogen pump. A proton current

can no longer be sustained if H, is no longer presen: at the + side; a

2
+ [4 ) ,
K current can also nof flow. Therefore, any resi current must be

electronic in nature.

A similar polarization experiment with K metal present at

+
the anode may reveal a small ionic K current.
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1,5 METALS, ALL1OYS, AND LOW TEMPERATURE PHYSICS

1.5.1 Experimental Studies of Fermi Surface Topology

in Metals

F44620-71-C-006, Joint Services Electronics Program

M. H. Halloran, J. H. Brewer, and R. D. Parker

Introduction

Since the electronic structure of the pure, metallic elements
is now well understood in most cases, we have begun to extend certain
techniques which were successful in thos: studies to the study of inter~
metallic compounds. The spectrum of compounds presents a much
broader area of study and includes many materials which have inter-
esting thermal, electronic, elastic or magnetic properties which make
them useful but which can only be properly understood if their electronic
band structure is known. In addition, we have been able to obtain very
pure samples of the transition element vanadiuin, which is one of the
few elements for which fairly complete experimental results have not

already been attained but now appear possible.

The specific goals of the present research are to determine
the Fermi surface topology and electron effective masses for inter-
metallic compounds AuGaz, 2
The research is carried out utilizing the deHaas-van Alphen (dH-vA)

AuInz, and MgZn_ as well as vanadium.

effect at temperatures down to 1. 1°K and magnetic fields up to 100 kOe
(10T). Measurements of sample magnetization, conductivity and
temperature are made using lock-in, phase sensitive detection and the
analog results are converted to digital information on magnetic tape and
analyzed on the IBM 320 at the University Computer Center, The
magnetic fields are obtained with a superconducting solenoid. The

research is divided into three areas in the discussion below--the
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compounds AuGa, and Auln,, which are part of an isoelectronic sequence

2
but which have strikingly different magnetic properties at low tempera-

tures; the compound MgZn,, which is very important as a hardening

2
agent in aluminum alloys but which is not well understood; and vanadium,
the group V transition element which has properties similar to tantalum
and mobium and which is expected to have very similar electronc

structure.

Present Status of Research

1. AuGa, and Auln_,. The results on AuGa
(1) 2 2 : 2

at the time of the last report. However, not all the results

were essentially

completed
are yet understood. In order to help the understanding, two types of
experiment were planned--one to study AuGa, under uniaxial stresz and

2

one to study the isoelectronic partner Auln At this time the latter

exneriment has been the most productive. 2The first accomplishment
was to produce samples with a resistance ratio (R293K/R4. ZK) of

~ 1000, an order of magnitude better than previously nbtainable and
comparable to the best AuGaZ. This was achieved with a horizontal
Bridgman growth process, starting with .3 - .5% excess indium. The
firet experimental results on these samples are now being analyzed and

detailed comparison with AuGa., should be possible., It is apparent

2
already that these better samples have dH-vA signals of magnitude

comparable to the best AuGa., samples and the results should have

2
comparable completeness. At least two previously unreported Fermi
surface sections have been identified, The apparatus for the pressure
experiments has neen modified and those experiments will also be
completed soon. By the next progress report it is hoped that this

project will be complete.

2, Manz. This research is in the very early stages, but
we have succeeded in obtaining samples with resistance ratios of ~150

using standard Bridgman techniques, and this is twice the highest
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(2)

Oriented samples are being prepared for experiments and results should

(3)

be obtained soon for comparison with recent band calculations.

3. Vanadium. Using material obtained from Materials
Research Corporation, we had been purifying samples with an electron-
beam zone-refiner, with the best samples yielding resistance ratios of
~ 150, and barely observable dHvA oscillations. Earlier this year we
received samples from the Bureau of Mines as well as some of their
very high purity bulk material. The former consist of dendritic crystals
and have enabled us to observe reasonably strong dHvA oscillations and

(4)

map two sections of the Fermi surface. These preliminary results
are shown in Fig. 1. We are now zone-refining the bulk material to see
if even better samples can be produced. The dendrites have a high
density of occlusions and structural defects such as dislocations,
vacancies, etc., are probably also of high density. The zone-refining
process should eliminate that at the risk of introducing excessive carbon
and/or oxygen. The results obtained thus far with the dendrites are in

(5)

good agreement with those of other observers

(6)

and indicate close

similarities with the Fermi surfaces of tantalum and niobium.

References
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1.5.2 Fundamental Studies of Nucleation and the Effects of

a Magnetic Field on Nucleation and Growth of Vapor-

Deposited Metal Films

AT (04-3)-11i3, Project #22, Atomic Energy Commission

L. E. Murr, H. P. Singh, O. T. Inal, K. P. Standhammer,
and G. Wong

This research program is seeking to determine the effects of
electric and magnetic fields on the growth of vapor deposited thin films;

and is especially concerned with the nucleation of these films.

During the current report period, investigations of the atomic
features of film growth as observed in the field-ion microscope were
concluded(l’ 2). The kinetics of nucleation of Sn and In films was
continued with some very interesting revelations. By combining obser-
vations of nucleation in the scanning electron microscope with those
obtained in the transmission electron microscope, it has been possible
to clearly distinguish nucleation growth phase sequences as a function of
substrate temperature. Nucleation of the vapor-liquid type has been
shown to consist of three distribution modes of particle sizes characterized
by primary, secondary, and tertiary nucleation. These features are
clearly illustrated in Figs. 1 and 2. The variation of size distribution
for nucleation zt steps on the substrate have also been clearly observed

in the scanning electron microscope as shown in Fig. 3.

Some preliminary investigations of the nucleation, growth,
and ex-solution of immiscible metal thin-film systems has also been
carried out as discussed in ref. (3); and the comparison of nucleation

(4)

characteristics in single-component thin film systems has been continued' ’,

Apparatus for the deposition of ferromagnetic single-component

films of Ni, Co, and Fe in the presence of a magnetic field in the plane

of the substrate (and perpendicular to the vapor stream) has been constructed
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Tin nuclei corresponding to Fig. 1 as observed at an
oblique angle on the NaCl substrate in the scanning
electron microscope. Magnification 50,000 X.
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Fig. 3 Tin nuclei on a thin gleavage section on an NaCl crystal
surface. Note the size distributions on the section surface
and ledge-face. Scanning electron micrograph.
Magnification 20,000 X.
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and calibrated. A field strength of approximately 2 Kilogauss maximum

can be obtained.

References
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3. K. P. Staudhammer and L. E. Murr, Proc. Electron Microscopy
Society of America, p. 218 (1971).

4. H. P. Singh and L. E. Murr, ibid., p. 216.

1.5.3 Measurement of Interfacial Free Energies in Solid

Metals and Alloys
NOO0014-67-A-0269-0010, NR 031-735, Office of Naval

Research

I. E. Murr, R. J. Horylev, O. T. Inal and G. Wong

Aside from the direct measurement of grain boundary and
related interfacial free energies, this research program has sought to
investigate the general structure and properties of interfaces, including
their stability, etc. The concept of interfacial torque as originally

(1)

described by Murr, Horylev, and Lin" ' has also been investigated as

this relates to interfacial structure and energetics.

A transmission electron microscopy study of 304 stainless
steel films has been undertaken to systematically study the interrelation-
ships of the degrees of freedom characterizing a grain boundary. From
this study a configurational theory has been developed whirh is useful in
explaining the existence of interfacial torques at twin-grain boundary

intersections. The grain bow-dary misorientation (@) is defined as the
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relative rotation of the < 110 > directions in the adjacent grains of
identical (110) orientation. The two remaining degrees of freedom are
represented by the tilt or inclination (€) and the asymmetry () of the
grain boundary plane. Torques arise becausz of a difference in grain
boundary energy with a change in misorientation crc tilt. 90° twin
configurations (twin plane along a <112 > direction) are essentially
high-torque situations, as a result of the change in misorientations (48)
between the twinned grain and its neighboring grain. 35° twins (twin
plane along a < 110 > direction} are low-torque configurations, but can
exhibit high torque anomalies when there is a sufficient variation in tilt
across the intersection, A6. Misorientation, ®, appears to be the dominant
torque producing parameter for high-torque configurations, and dominates
the variations in grain boundary free energy. Also, a functional relation-
ship between A8 and A% is cbserved for both high-torque occurrences.
Spreads in the histograms for twin boundary-grain energy ratios for the
two high-torque configurations were found to be due to torque terms,
whereas the residuval spread observed for the low-torque configuration
data was attributed to variations in grain boundary energy with changes

in grain boundary parameters.

The optimum mean value of the twin boundary to grain
boundary energy ratio in 304 stainless steel has been computed from
low-torque configuration systems to be 0.0235. The high-torque
configuration data yielded a mean absolute torque equal to 84.8% of the
average grain boundary energy, while absolute torque values for the
anomalous high-torque and low-torque configurations were 179.8% ard
4,2% respectively, The mean values for the torque contributing
parameters A®, A6, and A® were 33.20, 3.3% and 26. 00, respectively,
for the high-torque configurations. The anomalous high-torque configura-
tion twins had mean values of 8.6° and 9.4° for A6 and A®, while the

low-torque configuration twins had mean values of 2.3°% and 5.2° for AB

and A$, respectively.
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This study, completed as the Ph.D. thesis by R. J. Horylev
during the current report period should be useful in describing several
structural and energetic features of interfaces in metallic systems.

(2)

A receiit study of phase transformations by Perkn.s and Massalski

has, in fact, utilized this concept as originally developed in ref. (1).

Several other areas of this study have also been summarized

in references (3-5).

We are presently involved in the systematic measurement of
the rhanges in surface and grain boundary free energy of 304 stainless
steel as a function of temperature in the range 1000 - 1400°C. In
addition, the formation of annealing twins and their energetics in

aluminum is being pursued.
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(1971..
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1.5.4 Fundament!al Studies of Explosive Shock Loading and

High-Rate Forming
N00014-67-£-0269-0010, NR 031-735, Office of Naval

Research

AF-AFOSR 69-1622A, Joint Services Electronics Program

I. E. Murr and J. A. Korbonski

The purpose of this research program is the investigation
of residual microstructures of metals and alloys following explosive
shock deformation or high-rate forming using the electron microscope.
During the current report period, the necessary designs for modifying
a gas gun for strain-rate measurements on thin sheets have been
completed. In this experiment, stainless steel sheets will be formed
to 2 pre-determined hemispherical shape by a projectile. The system
design affords a wide range of velocities (strain rates) with which to
form the constant strain). The formed samples will then be examined

by transmission électron microscopy.

Future investigations will also examine the thermal recovery.
of the residual as-formed microstructures. Preliminary analysis of the
range of microstructures anticipated over a strain-rate range of roughly

-2 -1
10 - 105 sec has been performed as discussed, for example, in an

abstracted form in ref. (1).

* References

1. J. A, Korbonski and L, E., Murr, "The Effects of Plastic Strain
and Strain Rates on the Mechanical Properties and Thermal Recovery
of 304 Stainless Steel, ' Metals Engr. Quart., Vol. 11, 47-48 (1971),

-87-

.

52

A ———— - ———— .

e e e




TR

10.

1. E. Murr
Publications for the Report Period
Marc: - October 1971

"Comparison of Residual v+ <fect Siructures and Hardness in Inconrel
600 Following Deformation by Explosive Shock Loading, Cylindrical
(Explosive) Expansion, and Cold Reduction, with G. Wong and

J. V. Foltz, Mat. Sci. Engr., Vol. 7, pp. 278-285 (1971).

""Comparison of Recovery, Recrystallization, and Grain-Growth
Characteristics in Shock-1 >aded, Explosively Expanded, and Cold-
Rolled Inconel 600, " with B. H. Maddala, Mat. Sci. Engr., Vol. 7,
pp. 286-295 (1971). ’

"Interpretation of Some Field-Ion Micrograph Features from SEM
Observations, ' with O. T. Inal and N. M. Hodgkin, Proc. Fourth
Annual Scanning Electron Microscope Symposium, ed. O. Johari,
IIT Research Institute, Chicago, April (1971), pp. 193-200.

"Measurement of Absolute Interfacial Free Energies in a NiCr
Alloy, " with R, J. Horylev and G. Wong, Surface Sci., Vol. 26,
pp. 184-196 (1971).

"Field-Ion Microscopy of Graphite Fibers, " with O. T. Inal, J. Appl.
Phys., Vol. 42, pp. 3487-3493 (1971).

"Deformation Substructures and Terminal Properties of Explosively-
L oaded Thin-Walled Stainless Steel Cylinders, " with J. V. Foltz and
F. D. Altman, Phil. Mag., Vol. 23, pp. 1011-1028 (1971).

""The Role of Transmission Electron Microscopy in Characterizing
the Nature and Behavior of Grain Boundaries,'" Proc. Electron
Microscopy Soc. America, ed. C. J. Arceneaus, Claitor's
Publishing Division, Baton Rouge, La., pp. 102-103 (1971).

"Electron Microscopy of Thin Film Immiscible-Miscible Systems, "
with K, P, Staudhammer, ibid., pp. 218-219 (1971).

"Nucleation and Epitaxial Growth of Vapor-Deposited Films:
Electron Transmission and Field-Ion Microscopy Studies, " with
O. T. Inal and H. P. Singh, ibid., pp. 214-215 (1971).

"Electroun Diffraction Effects in Multi-Layered (Overlapping)
Palladium Single-Crystal Films,' with G. I. Wong and H. P. Singh,
ibid., pp. 190-191 (1971).
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11, "Nucleation and Growth Characteristics of Thin Metal Films, "
with H. P. Singh, ibid., pp. 216-217 (1971).

12, *“The Effects of Interfacial Torque on the Ceometry of Twin-Grain
Boundary Intersections, ' with R. J. Horylev, ibid., pp. 220-2&°

(1971).

- 13, "Scanning Electron Microscopy of Earthquake-Induced Rail
Fractures, ' with N. M. Hodgkin and B. V. Lowe, Metallogra 1y,

in the press.

14, "A Field-lIon Microscope Study of Vapor-Deposited Platinurm, ~ with
O. T. Inal and H. P. Singh, Thin Solid Films, in the press

% et

15, "Effects of Plastic Strain and Strain Rates on the Mechaniz.al
Properties and Thermal Recovery of Type 304 Stainless Steel, ' with
J. A. Korbonski, Metals Engr. Quarterly, Vol. 11, pp. 47-48 (1971).

16. "Applications of the TEM, SEM, and FIM in the Analysis of
Structure and Energy of Metal Interfaces,’ with O. T. Inal and
G. I. Wong, in The Structure and Properties of Materials -
Techniques and Applications of Electron Microscopy (Proc. 5th
International Materials Symposium, Berkeley, 1971).
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1.5.5 Materials Research on High-Field Superconductors

AT(04-3)-113, Project #23, Atomic Energy Commission

Y. B. Kim, R. Wang, J. Savage

This research project entails an investigation of the
metallurgical microstructure in relation to the superconducting properties

of high-field superconductors. During the past six months our investiga-

tion has been concentrating on the superconducting properties of NbSSn
sintered in copper matrix.

Because of the difficulties associated with instabilities and

ac losses, the present trend of superconducting technology is to tabricate

’? - 13 - 3 . -
i conductor configurations in which the superconducting material is dis-

3‘ persed as finely as possible in a matrix of high conductivity normal metal.
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In fact, with the latest technical development ductile superconducting
alleys embedded in copper have been drawn to continuous superconducting
filaments of only 0,002" in diamecter. This technique is, however, not

directly applicable to the high T, but brittle intermetallic compound type

C

451, V;Ga, Nb-Al-Ge. This situation led us

to explore the possibility of attaining practical conductor configurations

superconductors, e.g., Nb

by sintering Nb_Sn powder in copper matrix. This approach is viable

3

provided that in the sintered material (a) Nb,Sn particles are in good

3
metallic bond with the background matrix, and (b) the matrix of normal

metal retains the high conductivity of copper.

Powder compacts were made by pressing the powder mixture
of Nb3Sn and Cu under 100,000 psi pressure. After a series of tests
involving optical investigation and powder x-ray analysis, we found
sintering in purified argon atmosphere at various temperatures does not
sompletely eliminate Cu-Sn alloy phase. While alternative sintering

techniques are being tested for Nb_,Sn, we are also working with Nb-Ti-C

3
system for which Cu alloy phase is not expected to form. Tests for
superconducting properties of these sintered materials are being carried

out simultaneously,

1.5.6 Interaction of Kondo Systems

GP-29031, National Science Foundation

M. D. Daybell and Y. K. Yeo

The spin dependent interaction of the conduction electrons of
a metal with an isolated magnetic ion dissolved in the metal gradually
auenches the moment of the magnetic impurity below a temperature Tk’
sharacteristic of each magnetic ion-host metal combination. A very
strong conduction electron scattering also appears below Tk’ the so-called

"Kondo temperature', In materials such as a few parts per million of
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chromium or iron in copper or gold, the low temperature quasi-bound
state formed by the interaction has been infensively studied in recent
years, (1,2) so that it is now feasible to investigate interactions between
two or more of these "Kondo 'state's” by examining the concentration

dependence of various properties of these dilute magnetic alloys.

The theory of the interaction between Kondo systems is not
as highly developed as that of the Kondo state itself. We have chosen to
measure first the concentration dependence of the one property on which
the best theoretical work is available, G) the electrical resistivity as a
function of témperature. Since it is important that the impurity-impurity
interaction be strong enough to b: seen, but weak enough not to completely
obliterate the XKondo state, the choice of material is critical. Chromium
in copper has proven to be nearly ideal, and we have seen for the first
time all of the effects predicted by Suhl's theory. In addition, we have
measured the average interaction energy between chromium impurities
dissolved in copper. Outside the present problem, these results will be
useful not only in the understanding of a class of non-dilute magretic
alloys, but also in rernoving some of the existing confusion about which
of the properties of very dilute alloys should be ascribed to single
impurity effects, and which should be ascribed to interactions between
impurities.

We have measured the resistivity of copper-chromium alloys
as a function of concentration c and temperature T from the dilute limit
up to the limit of solubility and from 40 milliKelvin up to 77 Kelvin, using
a dilution refrigerator and an a.c. bridge utilizing eddy current losses.
The behavior observed for the electrical resistivity is essentially as

predicted by Suhl. )

In the single impurity, or zero concentration limit, the Kondo
effect leads to a divergence in conduction electron scattering as T is
decreased below Tk' with the scattering finally saturating at a high value

as T approaches absolute zero. As the concentration increases, impurity-
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impurity interactions cause this divergence to be arrested at higher and
higher temperatures, in fact, the increase of resistivity Ap with decreasing

T ceases below a temperature such that k_T is about equal to Ac, where

B
A is a constant equivalent to 37 Kelvin per per cent chromium (kB is
Boltzmann's constant). As a result, th> resistivity of a single impurity
(Ap/c as ¢ = 0) as a function of tempevature and the low temperature limit

of our new data (Ap/c as T — 0) as a function of concentration look very

similar (Fig. 1), In particular, the proportionality of _A(_:_p_ to log T over
two or more decades in T when c is small is reflected in a proportionality
of %E- to log c when T is small. In short, the low temperature, low
concentration Kondo state is destroyed in almost the same way by thermal
energy or by the energy of interaction with its neighbors, which is known
to depend nearly linearly on concentration. () Magnetic field Zeeman
eneréy, uBH, has a similar effect (uB is the Bohr Magneton).

Suhl has predicted that é-c‘—)- should vary as a universal function

' 2
F(y) of the parameter y, where yz = (kBT) + (cA)Z. In the presence of
an external magnetic field, H, y should be given by Y2= (kBT)2+ (cA)2+

2
(uBH) . We have verified this result (approximately) for the zero magnetic

(5)

field-case, and for the zero concentration case. Measurements now
under way seek to test the behavior of the resistivity at finite concentra-
tions in a magnetic field. In particular, it is expected that A may be a

function of H.
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1. 5.7 Influence of Stress on Precipitation and Coarsening

in Alloys
AFOSR-T71-2087, Air Force Office of Scientific Research

S. M. Copley

This is a new project just recently initiated. The objective
of this research is a more complete understanding of the effect of stress
on solid state processes and its concomitant effect on microstructure
and properties. Specifically, we are investigating the influence of both
applied and residual stresses on precipitation and coarsening in alloys.
Our approach involves the application of a uniaxial stress to alloys as
they are cooled through their solvus temperature or are annealed at
temperatures suitable for coarsening. Electron microscopy is being
employed as a tool to determine stress-induced microstructural changes.
The observed changes are being interpreted by thermodynamic arguments
based on continuum elastic models. Particular attention is being given
to the possibility of utilizing stress as a means of producing alloys with

novel microstructures and properties.

1.5.8 Rare Tarth Metastable Solid Solutions

¥44620-71-C-006, Joint Services Electronics Program

R. Wang and S. K. Hsiung

Introduction

It has long been known that direci quenching from liquid state
can yield an extensive increase of solid solubility but yet, no principles
have been found to describe the solubility limit. Based upon a step reduc-
tion of the atomic sizes_of the rare earth elements and their similar

chemical properties, a systematic study of the rare earth metastable
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solid solutions shall contribute information for the metastable solubility
limits.

Our research objective is to investigate rare earth metastable
hcp solid solutions with Group IV elements and study the solubility limits
and structural stabilities so that some controlling factors for governing

the formation and the stability of the hcp solid solution can be determined.

Present Status of Work

In our previous reports, we have shown that the investigation
of rare earth metastable solid solutions with Group IV elements has
yielded interesting results. We have prepared continuous solid solutions
by rapid quenching of alloys from the liquid state and the solubility limits
were able to be correlated to the c/a ratios of the hcp rare earth metals.
Yet, there are two basic questions about those solid solutions ctiil
remaining unclear: (1) What are the stabilities of those metastable
solid solutions; and (2) Are the metastable hcp solid solutions really
different from ordinary supersaturated solid solutions ? In order to
provide enough evidence to tackle these problems, we are studying the
decomposition mechanism of the metastable solid solutions by selecting

Er-Zr systems as a typical representative.

Our studies involving electric resistivity measurements,
transmission electron microscopy and x-ray diffraction of the as
quenched and aged alloys have provided sufficient results to show that the
Er-Zr metastable solid solutions are unique in both formation as well as

decomposition mechanisms.

From all the characterization methods used here, there are
consistent agreements among the observations for the existence of a
ready decomposition mechanism occured in as quenched alloys at
composition range from ~40 at % Zr to 70 at % Zr. From the
measurement of the temperature coefficient, the ordering by the

formation of clusterings in this composition range is revealed. With
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the reduction in resistivity, it is possible to conclude that between the

Na=gs

composition of 40~ 70 at % Zr, a pre-precipitation phenomena occurs

in as quenched alloys. The activation energy obtained from the experi-
mental results was found to be close to the energy of formation of
vacancies. This suggests that the pre-precipitation process is associated

viith a migration of vacancies.

As the decomposition is carried on 2t elevated temperatures, -
the metastable solid solution has reformed precipitates through the
nucleation and growth mechanism. The decomposed solid sclutions,
therefore, have solid solubilities corresponding to equilibrium values.
Because the decomposition has to be carried through nucleation and
growth mechanism, it is possible to explain why the metastable solid

soluiions exhibit high thermal stability { < 350°C).

It is obvious that metastable hcp solid solutions formed by
rapid quenching from liquid state are unique compared to the super-
saturated solid solutions prepared at solid state. As illustrated in -
Fig. 1, the formation theory for non-equilibrium phases is much more
complex than f r equilibrium phases. We have demonstrated that the -
c/a ratios of the rare earth clements have played zn important role in

the formation ¥ rare earth metastable hcp solid solutions.

1.5.9 Thermoelectric Properties of New Materials in

Metastable Crystalline and Amorphous State

F44620-71-C-006, Joint Services Electronics Program

R. Wang and S. K. Hsiung

Introduction

1n the past four years there has not been much progress in

developing thermoelectric materials. Continuous improvement in the
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thermoelectric cooling or heating technique is important for the |
development of modern technology especially as appliesl to weapon
'dev'elopment and space programs. Qur research approach .is to
investigate the synthesis of new metastable cr;}stalline phases and
_amorphous solids i?y rapid quenching from liquid state, Measuréments'
of the th-errpoelectric properties and figure of merits are carried out for

- L
' the structure-sensitive properties.

' |
| | 1
The recently initiated material research program contains

Preseht Status of Work

the synthesis of new materials by rapid quenching alloys from the liquid
state, characterization of thg pha?e stability énd homogeneity by k-ray
diffraction and electron microscopy followed by the measuremeht of their
tﬁermoelectric properties. In the past few months, we have co:.'xcentrated
on the sym:hesw of single-phase metastable alloys and a specimen
preparation tqchmque. 1The optimum composition ranges for the prepara-

tion of single-phase materials have been studled for anov systems of

In-Sb In-Te, Pb-Sbh and Ge-Sb. We have fdund that the composnlon

: ranges for single-phase materials are much narrower than the reported

(1)

values. The metastable materials were first tested for thermal

stabilities; Measurements of their thermoelectric properties and figure

of merits are currently in process. Detailed results would be r?ported,
after completing more measurcments. In ge\neral, compared to the same
\

alloys in equilibrium conditions, the metastable phases have much

higher figure of merits.

\ . : : A

Reference b ‘ \ n

. \ )

‘1. B. C. Giessen, '"Constitution of Non-eq\%ilibrium‘"Alloys After Rapid
Quenching from the Melt, " in '"Developmenis in the Structural
Chemistry of Alkoy Phases, ' Giessen, ed,, Plenum Press,

New Yc\>rk (1969), pp. 227.

!
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1.& SOi¥D STATE DEVICES

1.6.1 Micromzve Acorstics and Solid State Devices

AF-AFQOSR, Joint Services Electronics Program
GK-53751., Nationzl Scierce Foondation
N@@@M-G‘i—A—g?.é?-@OlS, Office of Naval Research

X M. Iakip, W. Bradford, D. Penunuri, K. Wareg

Introdoction

The study of microwave acoustics arnd related solid state
devices involves sound gemeration ard propagatior in the VHF to micro-
wave fregurency ranges where the zconstic wavelengths are measured in
microzs. One area cf microwave acorstics which has recenfly attracted
much interesf is that related to the surfa-e or Rayleigh mode of elastic
wave propagation ard various modes which exist when layered thin film

structures are present.

The research work here at USC involves theoretical and
experimental investigations related to elastic wave propagation in piezo-
electric and non-piezoelectric materials as well as layered structures,
new devices and device configurations, materials evaluation for surface

wave devices, and acoustoelectric interactions which give rise to

traveling wave amplification. :

A. Propagation Studies, Numerical Calculations

K. M. 1Lakin, D. Penunuri

The boundary value problem associated with surface wave
and layered wave propagation has been solved using numerical techniques.

These techniques have been applied to several crystals of interest for

aelay line and surface wave amplifier considerations. Figure 1 shows

the results for the (OT 12)‘§plane of sapphire. Similar results have been
!
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Figure 1: Numerically calculated surface wave velocity and powe:
flow angle versus direction in (0 1 1 2) piane of sapphire.
Similar results are obtained for the (0 1 T 2) plane.
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obtained for the (O1T2) piane except that "l2aky™ surface waves have
been found. Alcny the [ O1TT] direction “he normal surface wave mode
is found.

The layered structure of ZnO on (O1T2) sapphire has also
been studied in some detzail and shows the expected dispersive wave

propagation of a low velocity material on high velocity substrate.

B. Epitaxial Film Growth
K. M. fakin, XK. Wang

Epitaxial films of AIN on sapphire, AIN on Si and Si on
sapphire have been grown by the chemical vapor phase process. The
cornmercial vertical reactor was modified to accept low temperature
reaction gases in the AIN growth system. Figure 2 shows the orientation

relations for the epitaxial layers aud sappkire substrates.

The AIN filhas are grown at a deposition temperature of
1250°G using the trimethylaluminurn ammonia process. Growth rates
of 0.5 ym/min have been obtained for films up to 5um thick on sapphire.
Grown on (171) Si gives a [ 0001] AIN orientation with crocked surfaces
for films greater than 0.5 um thickness. The AlN/A1203 films showed

strong piezoelectric coupling and were of single crystal structure as

observed by reflection electron diffraction.

Work will continue on the epitaxial film growth with efforts

directed toward improved surface finish.

C. Non-linear Space Charge Waves

A general approach to the problem of non-linear space charge
waves resulted in a Fourier analysis approach to solve the non-linear
differcntial equations. The results of this analysis are still being evaluated

and more economical (computer time) methods are being sought.
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Figure 2: Orientational relationships for AIN or ZnO film and sapphire
substrate; a) AIN or 7Zn0 relative to sapphire, b (01 12}
plane definition in sapphire.
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2. PILASMAS AND APPIIED EIECTROMAGNETICS

2.1 Analytic Studies of Reflector Antennas (Radar Cross-Section of

Truncated Paraboloid)

¥44620-71-C-0067, Joint Services Electronics Program

W.¥.T. Rusch, Fu-12i Chu

Introduction

a. Background: The radar signroure of 2 paraboloidal
reflector is useful for remote sensing applications. This interesting
and valuable result is currently within the state of numerical techniques
of diffraction theory although it has apparently not been reported in the

literature.

b. Objective: To obtain the radar cross-section of a para-

boloidal reflector using the methods of physical optics.

c. Approach: Numerical integration of the scattering integral
using physical optics to approximate the currents induced by the incident

wWave.

Present Status of Work

The back-scattered field from a paraboloid immersed in an

incident, linearly polarized wave which is polarized in the plane of scan

is:
Eoe.JkR m j2kp cos a cos B° p 2
= .3 [ - 1 i ! —
Ese jem RS {cos a]ee Jo(kasma sin@ )()\>
L/ o
T j2kp cos acos 6! ' pz
sin8'dg’ - jsin @ [ e J,(2kpsina¢sin ') cot (—)(-—)sin e'de'}
4y 1 2 A
o (1)
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where p is the polar distance from the origin (focus) to the paraboloidal

reflector and « is the angle of incidence (sce Figure 1). The efiects of
aperture blocking or feed reflectivity have not been included. An
idenfical result is obtzired for the backscattered component Es<9 when

the incident field is polarized perpendicular to the plane of scan. The

corresponding radar cross-section is then -
2
E
2 -
g = 4R l ——-Se ‘ (2)
Ee

In the special case of normal incidence the back-scattered

field from physical optics becomes

_jkz .l_(l_(
E = B ; e fe -JZkf [1 _ 8
s oy =z

| O

K
7

(3)

(1)

Using special edge diffraction coefficients of Ufintsev' ° the field due to

the localized edge currents is

_ _ -jkz _ ) 2 - .
E = Ea S g K, ( [1 - 1+ = )
edge oy =z 16 f

Superimposing these two fields yields the total back-scattered field at

nose-on incidence

-jkz .
— - - e -jekt {
= - +
ET OTAL any = fe 1 1

kf
EALCO N

This result is identical to the results obtained by Laxpati, Smith, and
2 -
Uslenghi( ).
The normalized radar cross-section of the reflection is

plotted in Figure 2 as a function of the angle of incidence for three
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Fig. 1: Geometry of H-scan
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different diameter/wavelength ratios and an /D value of 3.433. The
backscattering is approximately isotropic until about 30-degrees incidence,
beyond which the cross section decreases monotonically. (it should be
noted that the rear of the reflector was not illuminated for the angles of
incidence showr.) The cross-tiection appears to be the superposifion

of the geometric, or specular returr, wkich drops to zexo =t 300 for

F/D = 0.433, and two or more edge rays.

References

»

1. P, Ia. Ufimtsev, "Approximate Computation of the Diffraction of
Plane Electromagnetic Waves at Certain Metal Rodies, " Sorret
Physics, Part 2, July-Dec. 1957, pp. 1708-1718.

2. S. R, ifaxpati, T. M. Smith, and P.L.E, Vsienghi, "The Radar
Cross Section of a Parabolic Dish, " URSI Symposium Digest, GCLA,
21-23 te.ptember 1971, pp. €5-66.
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3. INFORMATION SCIENCES

3.1 CONTROL SYSTEMS

3.1.1 Stochastic Control

AF-AFOSR 69-1622, Jcint Services Electronics Program

D. §. Sworder

Many large industrial systems have several different modes

of possible operation. The dynamic characterization of such a system at

any specific point in time will depend upon the operaticnal status of a
numbc- of individual components or subsystems. For example, the
efficiency and stability of electrical generation and distribution system
may change radically when an important generating station is lost from

services because of an unexpected failure.

An initial study of problems of this type was that of Ratner
and I_uen‘oerger(1 ). A linear system subject to sudden stochastic
parameter changes was considered. These changes were thought of as
failures in elements within the system. The authors of Ref. (1) sought
to find the optitnal control and the best time to repair the failures when

the number of repair units was limited. This combined control and

repair problem proved to be rather intractable.

In Ref. (2) the policy of immediate repair or replacement
was investigated. Conditions which guarantee optimality were derived

and the corresponding optimal control policy was deduced.

In these references a number of assumptions were made to
simplify the analysis. It was supposed that repair took place

instantaneously and that there was always a work crew available to do
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the work. The initizl inventory was specified and no possibility of
restoring a depleted stock of replacement units was admitted. Neither
the cost cf the repair crews nor the storage costs assncizated with the

inventory were included in the perfcrmance index.

When some of these structnral assumptions are reiaxed, new
problems are introduced. If repair cae teke consicderable time to
accomplish, severzl different failures can occur before any repairs
are completed. The number of available work crews will then determine
the speed with which repair can be accomplished. The workers are
useful only if there are sufficient rerewzl units in invertory to permit
them to begin repair when a £2ilure occurs. The inveantory description
used in References (1) and (2) will pot be adequate if time interval over
which control is exercised is long, for in this event the number of
replacement units would too soon be exhausted. This suggests thata

policy ef restocking the inventory must also be specified for the system.

The criterion funcdoral for z system as described above
must be made more complicated to account for the varioas costs
associated with different d-«cisions. There are costs related to the
dynamic response of the controlled system. The wage rates of the
repairmen determine the labor cost. There are costs for each replace-
ment unit which are incurred when a purchase order is placed, and there
are storage costs associated with the replacement unit in the interval
betwzen the time of delivery to the purchaser and "he time of use in
system.

The engineer in charge of suck 2 system must not only
determine the best contrcller to use, but he must also select the correct
number of repairmen and the best inventory policy. Because the costs
associated with each decision depend fundamentaily on the other decisions,
system design decisions are often made on the basis of "trade-offs.”
Thus, more repair crews improve dynamic performance by reducing

"down-tirne, '’ but cost more money in labor charges.
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In the past reporting peridd an algorithm has been derived
for finding the optimal control, repair, and inventory policies for a
linear system. Costs are assigned to dynamic performance, labor,
inventory storage, and purchase of parts. Both finite planning horizon
and infinite planning horizon problems are considered. When the system
has certain stationarity properties the latter class of problems is

relatively easy to solve.

To test computational feasibility of the algorithm, a simple
linear system was considered. It was assumed that labor and inventory
costs are proportional to a normalized base labor wage rate: ‘For a
specified purchase price for renewal units, it was shown that optimal
policy is a piecewise constant function of the wage rate. For wage rates
below an easily determined limit several work crews are used. As
wages are increased a point is reached where certain workers are
eliminated. If wage rates exceed a certain bound, it is expedient to
simply operate the system in a degraded mode and eliminate all costs

associated with repair.

References

1. R. S. Ratner and D. G. Luenberger, '""Performance-Adaptive
Renewal Policies for Linear Systems, ' IEEE Trans. Automatic
Cont., Vol. AC-14, pp. 344-351, August 1969.

2, D. D. Sworder, l"Uniform Performance-Adaptive Renewal
Policies for Linear Systems, ' IEEE Trans. Automatic Cont.,
Vol. AC-15, pp. 581-583, October 1970.
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3.1.2 Traffic Responsive Control Systems

GK-24 520,' National Science Foundation
N. Nahi and H. J. Payne

3.1.2.1 Freeway Traffic Control and Surveillance

H. J. Payne and L. Isaksen

Freeway traffic can be regulated by controlling the traffic
entering the freeway through on-ramps. The development of effective
ramp control procedures depends upon the development of adequately
descriptive models of freeway traffic and the determination of rational
objectives. One traffic control problem, that of regulating traffic to
mailiain conditions near some set of nominal conditions, can be
formulated as a linear system, quadratic cost problem. A design
technique based on this approach has been developed and was reported

(1)

at a conference. Further details of a design for a segment of the

San Diego Freeway in Los Angeles are available in reference (2).

Present efforts are concerned with (1) a second detailed
design for a segment of the Hollywood Freeway in 1L os Angeles which
will be implemented in an experimental project in cooperation with
personnel of the California Division of Highways; and (2) identification
of parameters of the freeway traffic model based on digitized aerial

freeway data.

References

1. Payne, H. J. and L. Isaksen, '"Systems Problems in Freeway
Traffic Control and Surveillance, '’ presented at the 1971 ASME-
ASCE National Transportation Meeting, July 25-30, Seattle,
Washington.

2. 1Isaksen, L., '"Suboptimal Control of Large Scale Systems with
Application to Freeway Traffic Regulation, ' unpublished Ph.D,
dissertation, Department of Electrical Engineering, University of
Southern California, 1971, '
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3.3.2.2 Sclxtionm of Larpe Order L yapoor Equaticns
G .G L. Meyer and H. J. Pagne

"

The somerical solction of the Lyaperow equation
PA # BP = C )

- $

for kzrpe order matrices remains as a difficolt problem. Presently
axaiizEla :ac&:ﬁ:guesn) are gererally limited te matr. “es of order less
tE2m 20 x 20.

A pew iterative procedure whick copverges to the solution

cf (1) B=s Been developed which requires at each elementzl step approxi-

emziely 4o moltinlications for matrices of order nxn. Application to

)

Barepe order matrices, therefore, is atiractive. A paper’ ' is presently

in presaraticn. -

Referezces

1. BRethsciild, D., and A. jameson, "Comparison of four numerical
algorithms for solving the Liapunov matrix equation”, Int. J.

Ceontrol, Vol. 11, No. 2 {1970), pp. 181-198.

2. Meyer, G.G.1L. ard H. J. Payne, "An Iterative Methed of Solution
of the 1yzpunov Equation™. .

3.1.3 Bayesian Recursive Image Estimaticn

NGL 05-018-044, National Aeronautics and Space
Administration

"F08606-~72-C-0008, Advanced Resear¢h Projects Agericy

N. E. Nahi and T. Assefi . \

Certuin classes cf images are best characterized by

statistical procedur’gs, such as specifying the mean and correlation

1
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functions associated with the random process representing the
brightress level. A proacedure for fecurs.’ively es';imating such images,
when they are corrupted by additive noise, is introduced in this paper.

The image estimation here refers to the problem of image enhancement,

al. ..

- - p .
e CTe 3 T < H

l.l.--.
(X2 ~1¥74

smiinzte the additive noise from the noisy observa-
1

tion. The input to the estimator .is the output of a‘ horizontai line scanner

Nt

E‘n. to €r

with uniform spead. : The procedure is to first develop a dynamic model
possessing a response characteristic which matches that of the scanner
output in a statistical sense. These models will assume the fgrm of an
ordinary differentizl or difference equation with white noise input. Since
the image is a two-dimens‘iional object while the scanner output is only

i

one-dimeni:ional, the model must exhibit the vertical correlation of the
1

image. THis reveals itself in the oscillatory nature of the model responses.
! Although the image is assumed to have a statioilary (¢wo-dimensional)

autocorrelation function, the scanner output‘ is nonstationary due to the

scanner's periodic mov‘e‘rnent. In Ithis paps:;z, however, this edge eifect

is averaged out) resulting in a constant coefficient rr{odel. it is suspected

that this appr .ximation does not have significant effect on the optimality

of the estimator in most caées. Devlalopment of a nonstationary model

H
is currently 1lmder investigation.

After the appropriate model--a vector valued difference
equation with the solution representing a vector Markov process--is
y developed, the minimum mean square estimate of the image is obtained
by utilization of a Ikalman filter., Since th‘,e image estimation is an

interpolation problem, two successive runs over ‘he cbservation are

, !
i - performed in opposite directions and the resuliant estimates are

averaged. These results are reported in reference (1) wher\e examples

b ¥ are included for illustration, 1

Reference

1. ”Bayesian Recursive Image Estimation,' N, E. Nahi, T. Assefi,
Froceedings of Two Dimensional Digital Signal Processing Conference,
} Columbia, Missouri, Oct. 1971.\
\
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3.1.4 Decision-Directed Adaptive Recursive Istimators
NGi 05-018-044, National Aeronautics and Space

Administration

N. E. Nahi and B. M. Schaefer

In recent years, minimum-variance recursive estimators,
such as the Kalman filter, have been used successfully in many practical
applications. However, a common problem, known in the literature as
the divergence phenomenon, is often encountered in these applications.
Divergence is said to occur when the error covariance calculated by the

estimator becomes inconsistent with the actual error covariance.

Previous methods of dealing with this problem have involved
limited memorvy filtering or simultaneous estimation of random process
statistics. The method investigated under this study is different in that
the state model and siatistics are accepted as given; the form of the
optimal estimator is used, but a constant check is made on the consis-

(1), 2).

tency of the calculated and actual error covariances

The method is independent of the source of error, whether
it be inaccuracies in the system model, incorrect values of the a priori
and random process statistics, approximations required in the case of
nonlinear systems, or computational round-off. A test for inconsistency
and an adaptive decision-directed procedure for adjusting the calculated
covariance, shown to be optimal in a certain sense, are discussed.
Several simulated examples, in which inconsistencies in the calculated
and actual error covariances exist, show a significant improvement in
the performance of the estimator when the given procedure is appended.
References
1. ‘'Decision-Directed Adaptive Recursive Estimators; Divergence

Prevention,” N, E. Nahi, B. M. Schaefer, IEEE Transactions on
Automatic Control, Feb, 1972,
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2. "Adaptive Decision-Directed Recursive Estimators,’ N. E. Nahi,
B. M. Schaefer, Proceedings of 1971 Joint Automatic Control
Conference, St. Louis, Missouri, Aug. 1971.

3.1.5 Sequential Error Detection for Nonlinear Estimators

NGL-05-018-044, National Aercnautics and Space

Administration

N. E. Nahi and B. M. Schaefer

Most nonlinear estimators, such as the extended Kalman
filter, require approximation for the recursive computation of the error
covariance. Although these approximations often work quite well in
practice, they can cause the actual error covariance to become incon-
sistent with the calculated covariance. Unfortunately, an analysis of
the errors caused by such approximations is as untractable as solving
the original optimal problem itself, namely, deriving the complete
density function. It is important that the actual and calculated covari-
ances be as consistent as possible because the optimal weighting of
observations is dependent on the actual covariance, and also because
the calculated covariance is generally used as a measure of the quality
of the estimate. In this work a paper is introduced for sequentially
testing the consistency of the actual and calculated error covariances. (1)

It should be noted that this method is useful for linear filters as well,

where the inconsistency may be caused by modeling inaccuracies.

Reference
1. '"Sequential Error Detection for Nonlinear Estimators, ' N. E. Nahi,

B. M. Schaefer, Proceedings of Second Symposium on Nonlinear
Estimation Theory, San Diego, California, Sept. 1971.
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3.1.6 Design of Optimal Prcbing Signals for Vector Parameter

1 Estimation
NGL 05-018-044, National Aeronautics and Space

Administration

N. E. Nahi and G. A. Napjus

In the design of optimal estimators it is common to consider
some function of the error covariance matrix, usually the trace, as a
criterion of optimality. In the design of optimal inputs, or probing
signals, for parameter estimation it is more nataral to consider functions

of the Fisher information matrix instead.

The input which maximizes the Fisher information measure

for efficient estimation of a scalar parameter also provides the minimum
error variance. The information is thus a logical choice for the optimal-
ity criterion in scalar problems. No such obvious choice is apparent

for vector parameter estimation, however. In this paper we examine
and compare a number of performance measures and select a useful
criterion. The design of an optimal probing signal using this criterion

is shown to be equivalent to an optimal control problem in which certain
equality constraints must be satisfied. This problem may be solved by
conventional techniques of deterministic or stochastic optimal control.

The above results appear in reference (1).
Reference
1. "Design of Probing Signals for Vector Parameter Estimation, "

N. E. Nahi, G. A. Napjus, Proceedings of IEEE Decision and
Control Conference, Miami, Florida, Dec. 1971.

-116-




3.1.7 Bounding Filters in the Presence of Inexactly Known

Paramieters

NGL 05-018-044, National Aeronautics and Space

Administration

N. E. Nahi. I. M. Weiss

Kalmyan~-Bucy (K/B) filtering assumes that the linear
dynamic systera and corresponding noise statistics are exactly known.
When this information is only approximately known, an optimum bounding
filter can be designed for specific versions (steady state time-invariant
with scalar observations) of the K/B problem. A system is designed in
which the actual estimation error covariance is bounded by the covariance
calculated by the estimator. Therefore, the estimator obtains a bound
on the actual error covariance which is not available and also the apparent
divergence is prevented. The bounding filter can be'designed to be of
lower order than the original system, however, this results in a higher

error covariance. Conditions for ihe design of the optimum (minimum

mean square error) bounding filter within a permissible class are derived. -

Since the specific K/B problem is formulated s an equivalent
Wiener filtering problem, therefore, all the results are applicable to
the design of bounding filters for Wiener problems. The design of a

bounding filter is illustrated by an example. The above results appear

in ref. (1).
Reference

1. "Bounding Filters in the Presence of Inexactly Known Parameters,"
N. E. Nahi, I. M. Weiss, Proceeding of IEEE Decision and Control
Conference, Miami, Florida, Dec. 1971.
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3.1.8 Models of Human Driver Behavior in Car Following

NGR-05-G18-022, National Aeronautics a2rd Space

Administration

G. Burnham, G. A. Dekey and A. Phatak

This study is concerned with the human operator in one of
his most common and most hazardous quasi-compensatory, quasi-pursuit

tracking tasks: following the car ir front of him. The objective is to

determine the sensitivity of propagated disturbances in single-iane platoons

of automobiles and the major parameters of both driver and vehicle.

Mathematical models of hypothetical car-following situztions

(1 (@)

have been available since the work of Pipes' ' and Herman' . However,
previous studies have been concerned with problems of predicting traffic
flow, improving the man-machine system interface and automating the

driving task.

The car following model used in this project is based on the
hypothesis that the human operator, .while following a lead car, controls
the velocity of his vehicle by using only the car's accelerator, that is
the human operator output is accelerator position. The vehicle dynamics
are represented by a first order lag. The dynamics of the vehicle change
substantially when brakes are applied and for this reason braking has not

been included in our model so far., (It will be added later.)

The input to the human operator is assumed to be a weighted
sum of closing velocity difference and separation distance information,
between the operator's vehicle and the vehicle directly in front of him.
The human operator is represented by a gain, time delay and a first

order lag.

A number of identical blocks can be interconnected, thus

obtaining an n-car following model. The model is presently implemented
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using continuous system simulation langeages (MOBSSL on the IEM

360/44 and CSMP on the 360/65).

Prelimirary results obtzined from the model are encouraging.
Propagation of disturbances following an acceleration pulse have been
computed as well as their dependence on the parameters in the driver
model. Plans for model evaluation using expressway data will be

presented.

References

1. Pipes, L. A,, "Car-following Models and the Fundamental D
Diagram of Road Traffic," Transportation Research, v. 1,
pp- 21-29, 1967.

2. Herman, R. E., E. W. Montroll, R. B. Potts, and R. W. Rothery,
"Traffic Dynamics: Analysis of Stability in Car Follcw'ng, "
Operations Research, v. 7, pp. 86-106, 1959.
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(1)

(2)

3.2 COMMUNICATIONS SYSTEMS

3.2.1 Communication, Synchronization and Tracking Systems

F44620-71-C-0N67, Joint Services Electronics Program
DA-ARO-D-31-124-70-G51, U.S. Army Research
Office - Durham

I. S. Reed, R. A. Scholtz, and C. L. Weber

Theoretical studies of several difficult problems in commmnni-

cation system design are now underway.

Frequency Tracking

The study of frequency tracking in the presence of signal fading
and additive Gaussian noise, reported in the previous semiannual
progress report is almost completed. The final results are
approximately optimal MMSE and MAP estimators of the frequency
process, a linearized analysis of estimation error, and simulation
results for the estimation error of the general nonlinear estimator

(see Reference 1).

Multipath Channel Problems

A tenable receiver designed to operate in conjunction with the
random multipath channel has been proposed. When intersymbol
interference is present, the implementation of the optimal receiver
is impractical, These implementation difficulties are alleviated,
to a large extent, by employing the proposed suboptimal receiver,

which utilizes previous detector decisions in the receiver.

The transmitter contir.uously sends one of M equally likely signals
of finite duration through the multipath channel. The multipath
return is assumed to be sufficiently corrupt so that no direct attempt

is made to use it to enhance the decision making at the receiver.
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These decisions are made via the specular path. The decision
directed receiver is proposed to overcome the salieni drawbacks

associated with implementing the optimal receiver.

The exact performarnce of the decision-directed receiver is deter-
mined for the steady-state probability of correct decision. The
resulting performance of this type of receiver is far superior to the
standard correlation receiver when 20% or more of the transmitted

energy propagates via the extraceous paths {see Keference 2).

On-0Off Communications

With the increasing interest is optic..1 communications and with the
availability of low cost high power r.f. pulse scurces, it seems
logical that some attempt to definitively state the capabilities of

an on-off phase-incoherent communication system should be made.
Such a system may compete well with a coherent constant power
system when comp.exity or cost are taken into account. So far we
have determined error probability expressions for a PCM system,
and have programmed these as a function of basic system parameters.
Pres<ntly under consideration are methods fcr choosing the system
parameters, taking into consideration synchronization problems as

well as error probabilities.

References

T. M. Rodriguez, R. A. Scholtz, and C. L. Weber, "Frequency
Tracking Ioop Study, ' Fifth Hawaii International Conference on
System Sciences.

R. M. Fielding and C. L. Weber, "A Digital Decision-Directed
Receiver for the Multipats Channel, "' Fifth Hawaii International
Conference on System Sciences.
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: 3.2.2 DPerformance Measuores for Transform Dzta Codizg and

Muoltidimensionzl Rotztions for Feature Selection
GK 20258, Nationa?! Science Foundation
F 08606-72-C-0008, Advanced Research Projects Agency

. H. C. Apdrews

The rate distorticn function has been investigated for its
potential as a yardstick in comparing data compression and feature
selection mecharnisms * 2’. For a basis restricted assumption(s), the
rate distortion function can be evaluated for 2 mean square error fidelity
criterion and 2 Gauss Markov process. For two suck processes {Ist

order and specialized 2nd order) the curves are presented below. The

corresponding covariance matrices are given by

E(}1]=[plr-sl] 0<p<l

= |I-S| -
o, 1 = [—-—-————1'(2” ol* 5“2} 0<p<1

where r and s index the rows and columns respectively. The curves in
Figures 1 and 2 indicate that for such processes and such a fidelity
criterion, the Fourier, Walsh, Haar and identity transforms are
decreasingly efficient respectively compared to the optimum Karhunen-
Loeve transform for data compression and feature selection. For 2
given distortion quantitative values can be assigned each transform
process. The implicationus from the curves are that the Fourier and
Walsh transforms are not too poor a substitute for the optimum

decorrelating transform.
References
1. Andrews, H. C., "Some Unitary Transformations in Pattern

Recognition and Image Processing, " IFIP 1971 Congress, Ljubljana,
Yugoslavia (August, 1971).

-122-




(og2 8 N ‘g6 & d) 8eR30I AONIRN=8BVND
XepRO=1ed1d 10] BULIOJEURLY, BNOTITA X0) UORIXCIBYQ 0V '1 aynerd

— _ UOFIX 0181 g _o .

| . | 16£00
, 660 5 ¢ 1
. 0'ADOMT s UOUNYX VY] | +
1
| ) xopanog .m.gu. 1660
XNEP]

Lypvopr

16°¢

R br s o RS K A FraES S D b S UAD %S N o ¥ O RARIFL a e Aie o

L]

-123-

Y4 o,
TR PTY




(962 = N) $59201g AONIBRN-$S8NBD
I9pI0 PUODIS ' I0] SWIIOjSULI] SNOLIBA J0J UOIIX0ISIJ 33y 2 FENDII

uo13103s1g

_ | 16€60 °

"
Q

66"

2A90T ~uduUNYI e

191aNn0 g

-124-

L3n3udp]




2. Andrews, H. C., "An Experimental Comparison for Karhunen-
Loeve and Other Unitary Transforms for Feature Selection Using
RDT, " Fifth Hawaii International Conference on System Science,
(January, 1972), Honolulu, Hawaii.

3. Pearl, J., "Basis-Rest‘ricted Transformations and Performance
Measures for Spectral Representations,' PGIT, Vol. IT-17, No. 6,
pp. 751-753, (Nov., 1971).

*®
3.2.3 Data Enhancement of Sampled Images

GK-20258, National Science Foundation

H. C. Andrews, A. G. Tescner (USC & Aerospace)

Introduction

While the same problem is not easily tractable in mathe-
matical terms, it is usually a simple task for the human observer to
choose a preferred image represent:tion. Specifically, if the same
scene is represented in various modes, such as through different
filters and/or non-linear mapping, usually, the observer can easily
select what appears to him the best image. More importantly, if the
selection is made by a group of individuals, the variance in the expressed
preference is usually small. The phrase, human preference is used
here somewhat loosely. We do specify a better image representation
where the important image details are emphasized within the constraints
of the display medium. It should be noted, that the latter statement
implies that the optimum image will not be photémetrically accurate in

the general case.

The objective of the study reported here, is to develop and
analyze algorithms which can be applied for the enhancement of general

class of images utilizing some of their statistical parameters.

*Research results presented at ithe Optical Society of America meeting,
Ottawa, Canada, Oct., 1971.
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Mzcrssion

While the conclusions can %e generalized, the discussed study
is restricted to digitz! image processing. By assumption, the image is
rezdily availzble in gquantized form and the various statistical quantiiies
can be caicuizted as they are required. Basically, the general strategy

of the amalysis is to atilize most =fficiertly the available quantum levels
¥

SRR

of the display, for mono color presentation. ¥or full pseudo color display

the separate images, correspoading to the primary color$, are remapped
1

such that their covariance matrix becomes diagonal. Alternate inter-

pretations of the suggested approach are the maximum utilization of the

available degrees of freedom and maximization of image svurce entropy.

Optimizatior of the Intensity image

L
-

A general technique thet has been successfully used in many

o Y el

applications involves a non-linear intensity transform based on the first
oxrder probability density function of the image which is approximated
by its intensity nistogram. -The most "efficient' image is the one whose \

histogram is a2 constant.
- L}

J, Color Display Optimizé.iion

——— -

: A The histogram equalization principle can be extended to ‘ i
{ color display which involves the simultaneous display of t‘mg-ee images
in three different grimary colors. The pseudo color representation is
obtained by the decomposition of the original single color image into

three different images which are then properly combined into a signgle

display in which they represent the primary components.

» —on

Conclusions y \
In this report, we have discussed come conventiona‘l and
unconventional iprocescing of intensity and color imagery. While the
) results are pre!liminary, we feel that the general approach to péeudo i

color generation may result in a more efficient human interpretation.
s .




3.2.4. Digita’ “Tmage Enhancement T echniques

GK‘TZOZ58, National Science Foundation i
| ‘,
H. C. Andrews, A. Jain

*  The use of analyti\c continuation has often been suggested as

a means of extr.apolating the frequency domain of an image for enhance-

1
meéent via super-resolution. Often the use of the prolate spheroidal wave

functions plays a major role'in the implémentation of the analytic
. . ;

continuation concepts. For fmage application, two dimensional expan-
sions into these func&ions becomes necessary before effective extfapolation
can be achieved. In addition, a change in ba‘lndwidth‘suggests a novel
means of computing more accurate expansions. Thése and related
techniques are under inv\{astigatioh to determine the feasibility of

applying the theory to digital images on large scale computer image

- processing facilities.

b

3.2.5 Generalized Wiener Fi:ltering Computation Techniques

F44620-70-C-0113, Air Force Office of Scientific Research
F08606-72-C-0008, Advanced Research Projects Agency

‘W. K. Pratt

1

Wiener filtering is‘a classical technique of signal estimation
that has been applied, .primarily, to one dimensional, cc\?nt'muous signals,
with analysis afpd implementation based upon continuous Fourier signal
thedry. Itis possible, of course, to performl Wiener filtering operations
on time sampled signals, and extend the‘ technique to two dimensions,
Furthcimore‘, the xfiltering operation can be implemented by any
unitary transformétion, rather thgn the Fourier transform. Finally, it

is possible to significantly reduce the computational requirements

without se{‘rerely affecting pe}'formance by a technique of selective
!
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computation.

Figure 1 is a block diagram of a generalized one dimensional
Wiener filtering system. A zero mean, M element, data column vector,
f, composed of additive and uncorrelated zero mean signals, s, and
noise, n, components is the input to the system. The signal and noise
are assumed uncorrelated, A unitary transform operation is performed

on the input yielding

F = Af = As +An = S +N (i)

The Fourier, Hadamard, and Karhunen-Loeve transforms have been
studied for this application, Next, the transformed input vector is
multiplied by the filter matrix, G, and an inverse unitary transform

operation is performed. The resultant

§ = A"IGF = algas (2)

is considered the estimate of the signal, with the filter matrix, G,

chosen so that the mean square error
e = T_{ (s-§)(s-§)T} 3)

between the signal, s, and its estimate, §, is minimized. The expression
for the m.s.e, can be rewritten in terms of transform domain quantities

as

e = Tr (o '5-a" s A ts-a ot (4)

Making use of the fact that

ssT = ¢ = ac A¥T )
S s
NNT = G, = AC_A™T
N n
sNY = nsT = 0
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where Cs and Cn are the covariance matrices of the signal and noise

vectors, respectively, one obtains
= - + + '
e Tr { CS ZGCS GG(CS CN)} (5)

Now, a straightforward minimization of eq. (9) yields the optimum filter
matrix
-1
= +

G 0 CS(CS CN) (6)
Thus, the optimum filter matrix may be determined from the transform
spectral densities of the signal and noise vectors. Alternatively, the
optimum filier can be found by a two dimensional transformation

%T

GO = AgOA (7)

of a matrix
- -1 .
g5 = C,(C.+C) (®)

based upon the covariance matrices of the signal and noise. The matrix
o will be called the response matrix, in analogy with the impulse
response of a linear system.

Substitution of the optimum filter matrix in eq. (5) gives
the minimum m.s. e.

e i = Tr{CCL(CtC )L (9)
min STN"'S "N }

Alternatively, the m.s.e. can be written in terms of the data domain

covariance matrices as

_ -1
e . = Tr {cscn(cs+ c.) } (10)

Note that from eq. (10), the minimum m. s, e, is independent of the type

of unitary transform employed. However, the character of the filter
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matrix, G, is dependent upon the unitary transform. The conclusion
is that one is free to choose the transform that will m.:nimize the compu-

tational processes entailed in filter generation and filter operation,

Figure 2 contains magnitude displays of the Hadamard,
Karhunen-Loeve, and Identity Wiener filter matrices for a vector length
of sixteen elements, a Markov process signal with adjacent element
correlation of 0. § and white noise giving a signal-to-noise ratio of ten. .
Comparing “he filter planes, it is apparent that the filter characteristic
changes drastically for different unitary transforms. For the Karhunen-

Loeve transform, the filtering operation is a scalar multiplication, while
for the identity transform many of the elements of the filter matrix are
of relatively large magnitude. The Hadamard filter matrix contains
large magnitude terms along the diagonal and terms of decreasing

magnitude away from the diagonal.

When considering only the amount of computation required to
perform the Wiener filtering operation, as opposed to the computation -
requirements for the. filter generation, it is obvious that the bulk of the
computation for the Fourier, Hadamard, and identity transform systems .
can be attributed to the filter matrix multiplication operation. The
Karhunen-Loeve transform system only requires a scalar filter
multiplication, but entails two matrix multiplication operations for the
transformaticns, As a compromise, consideration has been given to the
development of filter matrices that contain a relatively large number of
zero entries, With such matrices the filter operation could be performed
with a reduced number of computations. The goal in the filter design,
of course, is to maintain the m.s.e. performance as close to the optimum

filter level as possible.

The generalized Wiener filtering technique has been applied
to the enhancement of images as a test of its validity, Figure 3a shows
an original image containing a toy tank, The image contaias 256 by 256

elements and 64 grey scales, In Figure 3b uniformly distributed noise
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has been added to the original to produce an image with a sigpal-to-noise
ration of unity. Figure 3c illustrated the effect of optimal Hadamard
- transform Wiener filtering in 16 by 16 blocks over the image surface.

There is an obvious improvement in image quality, however, the grid

pattern caused by the smali block size is noticeable. In Figure 3d the
filtering operation was performed with only the largest 25% of the filter

elements employed in the operation. There is no apparent difference in

A o, MO+ Ao, o i e e g 3
- e ety g s o o

the visual resuits for the optimal and suboptimal filtering examples.

The grid pattern in the filtered images can obviously be eliminated by
filtering over the entire image, but at the expense of computational
complexity. Alternatively, the grid pattern can be minimized by over-

lapping the filtering blocks or by spatial averaging at the interface between

blocks.

3.2.6 Nonparametric and Adaptive Techniques in Communication

T~14196, National Science Foundation
NGL-05-018-118, National Aeronautics and Space
Administration

NAS 5-21505, National Aeronautics and Space Administration

L. D. Davisson, H. C. Andrews, J. R. Velman, C. H. Tang,
D. Kazakos, J. K. Kim, P. Papantoni-Kazakos, M. Reichik

This research effort is directed toward the nonparametric
and/or adaptive theoretical solution and application of wide classes of

problems in detection, prediction and data compression. The research

may be summarized briefly as: !
!

1. Nonparametric Detection: Both existing and new schemes

for nonparametric detection are investigated; the systems include
non-ordered tests, rank tests, and mixtures of both, Particular interest

has centered on small sample, large signal tests and tests for continuous
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time observation.
2. Stochastic Approximation, Adaptive Prediction and
Filtering: Theoretical and experimental schemes for adaptive prediction
and filtering are considered. Such schemes have extensive application in
data compression, adaptive channel equalization, adaptive antenna .

arrays, and general communications.

3. Decision Directed Schemes: Methods of estimating unknown

signal and/or noise distribution parameters to minimize the error proba-
bility (or some other cost function) are investigated. Particular attentizs
is devoted to digital communications with signzi-is:5ignal transmission

dependencies.

-

4. Data Compression: Bounds are developed on the informa-

tion rates for a given source with respect to fidelity criteria. These
bounds are used to design efficient source coding techniques and to
analyze the effectiveness of various compression schemes, in particular
the relationships between time and transform methods. Applications are

made to "real' data, in particular, video data.

Nonparametric coding methods are being studied for data
compression, A real time data compression system is being developed
for transmissions between Wallops Island, Virginia, and Svitland,

Maryland.

Progress has been made in each of the preceding areas.
Some of the completed research tasks are reported in references 1-12.
Additional work is continuing on optimal small sample nonparametric
tests, the distribution of signal plus noise after limiting and filtering, on
the performance of adaptive algorithms and on the development of new
coding methods and the application of theoretical results to video source

coding,
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Symposium on Information Theory, Tsahkadsor, USSR, Sept., 1971.

12, J. K. Kim, Adaptive Estimation with Gradient Following Algorithm
for Stationary and M-Dependent Processes, U.5.C. Ph.D. Disserta-
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3.2.7 Tke Study of Syrchronization Techniques for Cotical

Communication Systems

NGR-065-018-164, Natiozal Aeronautics and Space

Administration

R. M. Gagliardi

Introduction

This study program is devoted to a2n investigation of
problems associzted with synchronizing 2n opticzl communication
system. The objective of the effort is to indicate design procedrures,
assess system performance, ard predict future areas of nceded stedy
in synthesizing and improving svstem operaticn. The organization and
guideline of the study, the particular problem areas, and their applica-
tions are covered in the first quarterly report, March, 1969 (submitted
to NASA). -

The research effort is primarily anaiytical in nature, and
is divided into two categories. The first involves tasks with direct
application to the synchronization problem, while the second involves
related areas also being studied under the grant. This document reports
technical progress during the fourth quarter, but detailed results will

be published in separate interim reports, and are omitted here.

Current Progress

During \he past quarter the following report has been com-

pleted and published.

The Effect of Timing Errors in
Optical Digital Systems

R. Gagliardi
Abstract

The use of digital transmission with narrow light pulses
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éppears attractive for data communications, but carries with it a
stringent requirement on system bit timing. In this paper we investigate
the effects of imperfect timing in direct detection (non-coherent) optical
binary systems using both PPM and on- off keying for bit transmission.
Particular emphasis is placed on specification of timing accuracy, and

an examination of system degradation when this accuracy is not attained.
Bit error probabilities are shown as a function of timing errors, from
which average error p.obabilities can be computed for specific synchroni-
zation methods. Of significant impor‘tzmce is the presence of a residual ,
or irreducible error probability in both systems, due entirely to the

timing system, that cannot be overcome by the data channel.

The material in the above report was presented as an invited
paper in Optical Communications Session 12 at the International Tele-

mgtering Conference, September 1971, Washington, D.C.

Present study work has been concentrated in the following
areas:

1) The Optical Power Allocation Problem (R. Gagliardi)

Earlier results (reported in the above document) have shown
that bit error probability in optical digital systems depends on both the
data signal count (signal power) and the synchronization signal count (sync
signal power). Since the total power for the two signals must originate ’
from the same transmitter, a power division among the two channels
must be made during the transmission of the bita. In this study effort
an investigation is being made to determine an optimum power split of
the transmitter power for data and sync. The straightforward procedure
is to attempt to find the power split that minimizes errc;r probability
(PE). Unfortunately, the analytical expression for PE is extremely
complicated, and not of a closed form, and such a minimization can
only be obtained via numerical computation. Alternative procedures
would involve minimization over ranges of PE where portions of the PE

curve can be approximated. The power allocation solution must also take
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into account the format of the synchronization system, i.e., whether the
sync channel involves a separate optical channel, a separate baseband
channel, or is obtained directly from the modulation. Although all these
methods are commonly used, solution of the power allocation problem

may iudicate an advantage of one of these formats over the others.

2) Optimal Synchronization of Optical Communication

System. (N. Mohanty)

The problem of obtaining timing information in an optimal
receiver is being investigated as a problem in optimal estimation theory.
The objective is to determine if the optimal mathematical solution tends
to suggest possible design procedures. Preliminary studies for the
optical channel governed by iaguerre counting statistics indicate a very
complicated solution for the optimal estimator, and suboptimal solutions
may have to be used. A similar situation occurs in the case of an additive
Gaussian channel {(microwave instead of optical systen:), and meaningful

design procedures were developed us:ing suboptimal estimation.

3) Channel Capacity of an Optical Communication Link,

(N. Mohanty, R. Gagliardi)

This area of study affords an information theoretic approach
to the assessment of performance in an 6ptical digital communication
system. Such an approach would help to understand the advantages of
using M level PPM as an encoding scheme. The notion of system
efficiency (energy per transmitted data bit) has been studied previously '
from this point of view, and the present study is intended to be an

extension of this work,

4) The study of optical communication systems that employ

RF demodulation following noncoherent intensity demodulation of the

-

optical beam. (R. Maag) .

Particular attention is devoted to the low power operation, in
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which case the count statistics must be properly accounted for. No

significant results have been reported during this quarter.
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3.3 SWITCHING, AUTOMAT A"'H"’)RYL COMPUTERS

3.3.1 Awutomatz 2nd Formal Language Theory

GJ 454, Nafioral Science Foundation

G;T 28787, National Science Foundation.

A Gabrielian, S. Gmsourg, J. Goldstme, T. N. H1§bbard
D Kiel, J. OLt\vater, and B. Rovan i

Background

.

During the past five years, a multitude of different types of
acceptors and the 1aing'uages they recognize have been introduced.
Recently; it was observed that most of these devices and languages could
De ‘subsurgled- and unified within the notions of an "abstract family of
acceptors’, abbreviated AFA, and an “zbstract family of lanéuages"',
abbreviated AFL. This has resulted in a flood of new questions and
results, hitherto unsuspected. Wht;;reas before the advent of AFA,
there was a surfeit of devices, after AFA there \.vas « sudden scar\‘city.
This situation arose because there‘ were not enough different types of
extant devices' to answer the new questions. ;

s
s
i

rogress

A report entitled, '"On AF1 Generators for Finitely Encoded
AFA," was written. In it, two languages, Iﬁ.',‘, and fﬁ'\,, are introduced
for each finitelv encoded AFA Ii‘ Theh two conditions on £~ are pre-
sentgd} each of which guarantees that T & and L, are generators for
the AFL defined by £ . Using IA_;E_ and 1-'.15' s ;generators are exhibited

for a number of wetl-known AF-L in computer science. \

A report entitled, "O‘n the Largest Full SubAFL of an AFL,"
was written and subsequently acc'epted for publication. The main result

is that each AFL with the language consisting of exactly the empty word
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conteins a largest full subAFL.

i A report entitled, "The Equivalence of Stack-Counter
:Acceptors :;.nd Quasi-Realtime Stack-Counter Acceptors, ' was written.
In.it, stack- counter acceptors are consr.dered i.e., stack acceptors
whose aux1ha.ry storage is over a one-letter a lphabet. It is proved that
each language accepted by a stack-—counter acceptor is a}ccepted by a

¥
stack-counter acceptor operating in quasi-realtime. :

\ The paper, "AFL with the Semilinear Property, " was
published.
' 1 \ !
The papers, "Multi’?ape AFA'" and “Substitution and Bounded

t‘ Languages, ' were accepted for publication.

Reterences

. I
1. S. Ginsburg and S. Greibach, "On AFL Generators for Finitely
Encoded AFA, " June 1971. \

.

2, S. Ginsburg and J. Goldstme, YOn the Largest Full SubAFI_ of an
AFL," to appdar in Math Systems Theory.

3. S. Girsburg and G. F. Rose, "The Equivalence of Stack-Counter
.Accepfors and Quasi-Realtime Stack-Counter Acceptors, ' QOctober 1,
1971.

4, S. Gixnsburg and E. H. Spanier, "AFL with the Semilinear Property,"
Journal of Computer and System Sciences, vol. 5 (1971), pp. 365-396.

\

5. S. Greibach and S. Ginsburg, "™Multitape AFA, " accepted for
publication in the Journal of the Association for Computing Machinery.

6. J. Goldstine, "Substituion and Bounded] Languages, " tc appear in
the Journal of Computer and System Sciences.

pram————
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3.3.2 Detection of Faults in Combinational and Sequential

Circuits

F44620-7:1-C-0067, Joint Services Electronics Program
GK-23886, National Science Foundation
NQ00014-67-A-0269-0019, Office of Naval Research

M. A. Breuer, S. Su, S. J. Chang, D. Ko

I. Introduction

In order to maintain digital equipment it is necessary to
he able to detect and locate faults. This is accomplished by testing the
circuits. Generating tests for large circuits is quite complex, and no
algorithms exist for generating self-tests, i.e., tests for systems which
test themselves. Our research deals with developing algorithms for
generating fault tests and in developing design techr;iques for adding

logic to aid in the automatic detection of faults.

II. Present Status of Work

A. Linear Networks

Work was completed on the problem of generating tests for

1
linear logic networks( ). The new results which were added to our first

draft of this paper are:

a) A linear tree network can be cgmpletely tested for all

stuck-at-faults using just three input patterns.
b) In a loop free linear circuit one can distinguish between

all single stuck at faults.

B. Test Generation Program

2),3), (4)

Three papers documenting our program for test

generation were revised and have been published. This research

was discussed in our previous annual report.
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C. Ywo-Way Input Finite State Machines

The analysis of finite state machines which read from their
input tape in two directions is being carried out by Mr. S. Chang. The
results tc date deal with three main areas, namely, the state reduction
of such devices; the testing of such devices when restricted to reading
in only one direction and when they are not strongly connected; the

general testing problem. A few results obtained so far are:

1} conditions to identify periodic operation of a 2-way

sequential machine;

2) the input and output languages to the finite state control

are context sensitive languages;

(7)

3) techniques for extending the testing strategy of Hennie

to machines which are not strongly connected;

4) necessary and sufficient conditions have been obtained
for determining when a simple experiment (rather than

a multiple one) exists for testing such a machine.

D. Hardware Error Detection

The problem of adding logic to aid in fault detection is
being investigated by Mr. D. Ko. The objective of this work is to append
to a logic network a checking circuit with output e so that ¢ = 1 iff a fault
exists which is producing an incorrect output. Parity checkers solve
this problem if an odd number of cutput lines are in error. The general
problem can be solved by duplicating the logic. The solution sought in
our research is one which will require less logic than the duplication

method,
Our results to date have been in the following areas:

1. Error Analysis

a. Circait topological conditions required for multiple

errors.
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b. Input conditions required for multiple errors.

c. A model for representing multiple errors and techniques

for their analysis.

2. Error Detection Strategy

Two major approaches have been studied which led to the

discovery of four distinct error checking methods as described below:

a. Forced-Parity Error Detection

Two methods have been developed in which additional
hardware is introduced to assure the correct generation of ODD error-
parity. In this case the parity checker alone is sufficient to detect all
output errors. This approach is not valid if the internal nodes of a
circuit are not accessible, however, it will serve as a design criterion

for initial layout of self-testing circuitry.

(1) Fanout Degenerating Method

This method can be considered as an iterative process and
can be expressed by the following set of equations:

9’d(t+1) = :)fd(t) -1, 0 <t <t

- n. L -
s’ .fa(O) ;2 and <F (t =1

o max

where 3a(t) is the fanout value of node « at time t during processing.
The objective of this process is to reduce the number of output line
errors (error-parity) due to a fault in o from EVEN to ODD under all
input conditions. In the mean time, new signals o', o¢'',--. are

successively built by duplicating the @ function.

(2) Fanout Enhancing Method

Contrary to the previous method, this method will not
require any duplication of the fanout signal. Instead, a tapping of the
fanout node along with some gating (§) circuitry is fed directly to the

parity checker. Similarly, this process can be expressed by the
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equaticns:

i

F(tH) = Fo(6) +1, 1, ¥
3 EH) = FO+l, 0<t<l, F(0)>2

b. Suppiemental Error Detection

Unless the Forced-Parity method is employed, the parity
checker alone will fail in case of an EVEN error-parity exists. One
way of attacking this problem is to have a supplemental error detection
circuit built locally to the line pair where double errors are unavoidable.
This method does not require any access to the internal nodes, but

rather, like partial duplicaticn, it duplicates what is needed on the

output functions.

(1) Unconditional Sensing Method

First of all, the double-error pattern of a line pair (i, j) has
to be determined. Based on this information, a minimal cost generating
function gij = g(fi,fj) is sought implemented in terms of the

_ input variables.

of the primary output (PO) line signals. A

comparison organ is used at the last stage to sense the error condition

éij = g(i,j) is also implemented in terms

and hence serves as a supplemental error detector for the parity
checker. Let eij be the error signal of (i, j), ep be the error signal

of the parity checker and ¢ be the overall error signal for the circuit

under consideration. Then

=4 = +
T B TR T %Sy

This method ignores the input conditions under which errors may occur.

(2) Conditional Sensing Method

In this method, the input conditions play an important role.
The true logic value of an arbitrary line of (i, j) is found under input

conditions when double errors can occur. Take line j for instance and
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call its value Vj(wij) € { 0,1} while under input conditions for which

w,.=1, Thus ¢, = w_{j ®V.(w.)).
1) 1} 13(J ; J( IJ)

E. Detection of Intermittent Faults

It is paradoxial that while almost all published papers deal
with solid logic failures, the majority of logic failures in many tech-
nologies are intermittent. We have recently made significant progress
on the problem of generating a fault detection test sequence for the
following model:

1. Clocked (synchronous) sequential circuits

2. Multiple faults (nen-redundant)

3. Intermittent faults.

Consider a clocked, synchronous sequential circuit. Assume

clocked pulses occur at times T = P ST ,tK =T'. We say thata

fault F is race free if when clock pulse t, occurs, k=1,2,...,K, the

k
circuit is stable, whether or not the fault is przsent. That is, if the

fault does occur between clock pulse tk—l and tk’ it occurs early enough

so that all signal changes caused due to the fault have stablized by time

tk. If F is present at time L we set 6k= 1, otherwise 6k= 0. The

occurrence of the fault ¥ can be represented by the fault pattern

&= (61,62,.. .y GK). i¥6=(,1,...,1) we say that F is 2 permanent
fault over the time interval [T,T']. If6 = (1,1,...,1})as T'- T ==,

we say that F is a permanent fault. If § = (0,0,...,0) we say that the

circuit is F fault free over the interval [T,T']. Let F be a fauit defined

by the fault pattern § = (61, ) GK) over the interval [T,T']. Then

2, oo 3
F is said to be an intermittent fault over the interval [T,T'] if and only

if the probability of a § occurring such that § # (1,1,...,1) or & #

(0,0,...,0) is non-zero.

We will denote the fault pattern &= (61, 62,. vy 6K) by the
decimal equivalent of the binary integer BKGK-I' oo 61. For example,
6(0) = (00 ...0), 8(1) = (1,0,0,...,0), &(2) = (0,1,90,0,...,0), and
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851 = (1,1,...,1), ;

There may be many causes for the occurrence of an
intermittent fault, such as loading (data dependent), temperature,
radiation, marginal power voltages, vibration, etc. For this discussion,
we will consider a very simple model for describing the occurrence of
a fault, namely, we assume that 5k= 1 with probability p. The occurrence ‘

of the fault during interval tk+ e<t< 1:k +1 is statistically independent of ;

its previous history of occurrence. In addition, we assume the fault is

race free.

!
Note that there are ZK possible fault patterns, each of which j
i

K 8(0) .

defines a circuit C—( ), t=0,1,...,27- 1, where C—' ' is the fault free

circuit. Let x =x _x_...x__ be an input sequence and Z—( ) be the response !

12 K
of C—( ) to x starting in initial state y—~ b(¢ ). Then x detects fault pattern
t
&8(t), t #0, if and only if éﬁ( ) # g‘_ﬁ( ). Fault pattern §(0) is non-

detectable. X is a fault detection test for intermittent fault F if and

B - 28 =12, 25
&30 00y -

only if Z—

Since errors due to faults may require many clock periods
to propagate to a primary output, we will consider only a specific sub-
class A(Q, K) of fault patterns having parameters Q,K. Thatis,
8= (6 se+93508 ) eh(Q,K)if and only if K=K'and 6§ =1 for some
2 K K_,K-Q 3
q<qQ. Therefore IA(Q, K)| =2 . We have found that for a
given intermittent fault F and parameter Q, for any value of K it is not

always possible to construct a fault test x. For this reason one must

consider the probability of detection.

Let |6| be the number of one elements in fault pai.ern §.

During any mterval [T, T'] the probability of fault pattern 6 occurring
b e k §(0
is p(s) = pl°| gy 181 () _ ,8(0)

k#0, 6(k)e A(Q, K)}. The probability P that x detects intermittent fault

. For a given X, let m(x) = {kl

FisP= PP, where p1 prob. 8(k)e A{Q,K) occurs for some k, and

P,~ prob. k £ m|6(k) eA(Q,K). Now P;= 1 - (l-p) and P,~ 1- & p(6(k)).
kem (x)
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The probability P, is called the miss value of x since it is the probability
that a fault pattern of interest occurred and was not detected. Ifxis
repeated R times, then the probability of detecting fault F is P(R), where
P(R) >1- (l-P)R, and where we have " > " due to the assumptior on the
initial conditions. Assume P(R)= 1 - (l—P)R. If we require a probability

of detection of P*, then we must select R such that

In (1-P%)
R2 taa-m

A few of the results obtained so far are:

1. Results indicating how the length of a test sequence varies

as a function of Q in order to obtain a given probability of detection P~.
2. Results concerning the properties and existence of tests

for intermittent fault patterns, such as

a. If a test exists for 6, then there exists a test for
60 E_ = (602 61’ 62:- --:GK);

b. The value of K-Q need only be as large as the memory
bound of the circuit;

c. Itis suificient to consider only the case Q = 1 for

seeking the existence of a test.

3. (Main Result). For a given value of Q and K, we have
developed an algorithm for generating a test x with the smallest miss
value, To solve this problem we employed three extensions of classical

testing techniques, namely:

a. Mapping of sequential circuits to iterative combinational

circuits (previously known).

b. Developed an algorithm for generating a test for a

multiple fault in a combinational circuit.

c. Developed an algorithm for generating a test for a
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set S of faults in 2 combipational circuit, i.e., x is a test for all faults

inS. (These fauvlts do not occur simultareonsly in Eme.}
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3.3.3 Compuier Teckniques of System Identification

AFOSR 71-2008

G. A. Bekey and J. Seo

The major objective of this research is to develop computa-
tionally efficient algorithms for determining unknown parametears in

mathematical r.odels of dynamic systems. Resulting techniques are of
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great importance in synthesizing such mathematical representations as
aircraft dynamics, human pilot behavior, .flight control systems, and
structural dynamics. During the past year major effort was devoted to
improving the efficiency of such techniques as the Fletcher-Powell

(1) (2)

method’ * and stochastic approximation’ . Results to date have demon-
strated that use of hybrid computer techniques in connection with the
Fletcher-Powell-Davidon algorithm may result in a reduction of compu-

(1)

tation time of the order of 100 to 1, as compared to all digital methods.

In the course of our work on system identification, a broad

survey of the field has recently been published(3).

Currently, attention is devoted to the problem of developing
an interactive and highly automated technique of constructing mathematical

rodels from system input-output data.
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3.3.4 Digital Simulation Techniques
AFOSR 71-2008

G. A. Bekey

A promising technique for improving the computer

processing of engineering data is in the development of digital simulation
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methods, particularly as these are combined with graphic oriented
interactive cumputer systems. In cooperation with personnel of the

Rand Corporation, computer techniques for dynamic systems simulation(l)
have been developed. An outcome has been a set of guidelines evaluating
new digital simulation languages termed ''natural simulation languages”(z).
It is our view that new simulation languages should use the capabilities

of modern computers not only to obtain numerical solutions to equations,
but to assist the user to understand the interrelationships between complex

subsystems.
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4, MATHEMATICAL BIOSCIENCES AND BIOMEDICAL ENGINEERING

(This sectipn is omitted from this edition.)
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