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ABSTRACT

This report summarizes progress on projects carried

out at the Electronics Research Center at The University of

Texas at Austin and which were supported by the Joint Services

Electronics Program. In the area of Information Electronics

progress is reported for projects involving (1) nonlinear

filtering and estimation , (2) electronic multi-dimensional

signal processing, (3) electronic control systems, (4) elec-

tronic computer system design and analysis and (5) electronic

computer software systems .

In the Solid State Electronics area recent findings

in (1) basic solid state materials research and (2) research

on instabilities and transport near surfaces and interfaces

of solids are described .

In the area of Quantum Electronics progress is pre-

sented for the following projects: (1) nonlinear wave phe-

nomena , (2) atomic and molecular electronic processes and

(3) high power laser systems .
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Research Unit 1E8-l. NONLINEAR FILTERING AND ESTIMATION
- : Principal Investigators : Professor S.I. Marcus (471—3265)

Professor T.J. Wagner (471—3183)
Professor G.L. Wise (471—3356)

Research Associate: Dr. L.P. Devroye

Graduate Students: N. Baqherzadeh , D . Halverson , K.
Hsu , C. Liu , and D. Minoo-Hamedani

A. PROGRESS : Historically, significant results in the area
of nonlinear systems with random inputs have come forth spar-
ingly and in a sporad ic manner . Nevertheless , nonl inear sys-
tems are attractive in their promise of increased performance
capabilities. This research r roaram was ori ented towa rd the
investigation of certain statistical aspects of some forms
of nonlinear sys tems. Spec if icall y, the design and analysis
of nonlinear estimators , the desian nf a nonlinear system

• for signal detection in dependent non-Gaussian noise , the
stochastic stability of systems with multi p licative state
noise , and the convergence of  non-i arametric estimation pro-

• cedures have been investigated . A more detailed description
of this progress follows .

Nonlinear Estimation: The problem of nonlinear state estima-
tion involves the extraction of information about the state
of a stochastic system from nonl inear noisy measurements.
This is accomplished by passing the mri surements through a
nonlinear filter , the output of which is t h -  state estimate .
The particular objective of this research has been the design,
analysis, and implementation n f  high-performance optima l and
suboptima l estima tors which coerate recursively in real time .

As is well known , it is not possible in general to
recursively generate the optimal minimum variance estimate
(the conditional mean) of the state o f a nonlinear stochastic
system , given the past observations, for thi s would requ i re
the recursive computation of the entire conditional density .
However in [1] and [21 we have investigated the state estima-
tion problem for certain special classes of nonlinear stochas-
tic systems , described either by Volterra series expansions
or by bil inear differential equations with a particular Lie
algebraic structure. For these classes of systems , in both
continuous and discrete time , we have shown that the opt imal
conditional mean estimator is recursive and of fixed finite
dimension ; we have also shown how the estimator can be imp le-

3

-V--V ~
-V1



INFORMATION ELECTRONICS

mented on—line in real time. These results represent virtu—
ally the only known finite dimensional optimal nonlinear es-
timators for systems in which both the state and observations
are corrupted by Gaussian white noise. The discrete time es-
timators of [2] display the interesting phenomenon of contain-
ing polynomials in the innovations process; this result con-
cerning the structure of optima l discrete time estimators
has potential significance in the design of suboptimal dis-
crete time estimators.

Recent results in martingale theory have been ap-
plied to discrete time nonlinear recursive estimation prob-
lems in [3]; the observations are assumed to take values in
a countable space . General methods for constructing system
models and deriving optima l estimators are presented , and
previously obtained estimation equations are exhibited as
special cases. Real time recursive estimators are derived
and constructed fo r systems in wh ich the state is a finite
state Markov process.

Also , an investigation of a d iscrete time nonlinear
Wiener filter was begun . The filter was constrained to be
composed of a memoryles s nonlinearity followed by a linear
filter. The study was concerned wi th de termining how to
specify the memoryless nonlinearity. Once the nonlinearity
is known , the linear filter can be determined with standard
techniques. The results of this effort are given in [4) and
[ 5 ] , where several method s for determin ing the nonlinear sys-
tem are investigated. It is shown that in many cases a non-
linear sys tem of this form can significantly outperform the
optimal linear system .

• The investigation of nonlinear estimators is con-
tinuing . The research in this area was complemented by the
Grant ENG 76-11106 from the National Science Foundation and
by the Grant AFOSR-76-3062 from the Air Force Office of Scien-
tific Research.

Signal Detection: The objective of the work in signal detec-
tion was the design of a discrete time detector to detect a
signal in dependent non-Gaussian noise . That is , a sequence
of observations is taken , y1, y2, . . .,  y .  If the signal is
present, the i-th observation is given by y~ = S

1 
+ 

~~~ 
for

all i, and if the signal is absent, it is given by y. = N ,

where {s 1 } represents the signal and ~N 1~ 
represents the noise.

From a knowledge of y1, y2, . . .,  y
~~

, it is desired to announce
whether or not a signal is present. Historically, much work
in this area assumes either that the noise is a Gaussian pro-
cess or that the noise observations are mutually independent.4
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However , frequently the noise is non-Gaussian and fre9uently
the waveform is sampled at such a high rate that the indepen-
dence assumption is invalid.

It is known that if the noise is independent , then
4 the best detection strategy, for a wide variety of perform-

ance criteria, is to form the statistic

t = g~~(y~~)

where g• ( - S ) is a function determined by the probability den-
sity fu?iction of the noise , and then compare this sta tistic
to a threshold, which is selected by the performance specifi-
ca tions of the detec t ion system. If the threshold is exceeded ,
it is announced that the signal is present. This detection
sys tem is eas i ly implemented by use of a memoryless nonlin-
earIty , an accumulator , and a threshold comparator.

If the noise sequence is not independent , then in
general a much more complicated statistic must he formulated.
Unfor tunate ly , the structure of this statistic is determined
by the n-dimensional distribution of the noise , which is
rarely known in practical situations.

The approach taken in this research was to constrain
the structure of the detection system to be that which results
when the noise is independent (i.e. memoryless nonlinearity,
accumulator , threshold comparator) and then to account for
the dependency in the noise by aDpropriately choosinci the
memoryless nonlinearity. The asymptotic performance (i.e.
as n becomes large) of the ci~ tector was then optimized . Such
optimization required only the bivariate density of the noise ,
as opposed to the n-dimensional density as mentioned above .
The noise was modeled as a -~-mix inq pr cess. Such processes
require a “decrease ” in dependency as samples are more widely
separated in time , but the rit e of u ecr e a s e  may be reasonably
arbitrary, and thus a great amount of flexibility for model-
ing is ava i lable. Resul ts of th is investigat ion are given
in [61 and 17 1 .

The investigation of signal detection is being con-
tinued. The research in this area was complemented by the
Grant AFOSR—76—30 62 from the Air Force Office of Scientific
Research.

Stochastic Stabi1±:~~~ The objective of the work in stochas-
tf~ stabili ty was a tractable method to determine the sto-
chastic stability of linear systems with multiplicative noise ,
that is , systems described by equat ions of the form

- ——--V—a J
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X (t) = [A f 

~~~ 

B~ f. (t)] X (t)

where the f.(t) are random processes. Notice that the noise
is multiplicative instead of addi~~ive , accountinq for the
nonlinear structure of the system. Such systems are popular
models for many practical problems , such as circuits with
random parameters and the effect of sw itc hi n: jitter on sam-
pled data system performance. In the case that the noise pro-
cesses are jump process es , such models find application in
model ing faulty sys tems , or systems subject to abrupt random
changes. A major concern is the stability of such systems .
The objective of this work was the establishment of useful
method s for determ inin i when the statistical moments of the
state components tend to zero .

A new method for inv esti qit~~n~ the stochastic sta-
bility of the above form of systen- was introduced . It is
based upon the use of the characteristic functional of a ran-
dom process. That is, if X( t ) is - ì random process , its char-
acteristic functional ~s uiven by

where u is a suitably restricted qencralized measure . It was
shown that for certain types of bilinear systems , the charac-
teristic functiona l afforded a convenient me thod for investi-
gation of stochas~ ~c stability. In partic u lar , this method
was particularly anuro~~riate for situations where the noise
processes were filtered Poisson processes. This form of
noise provides a good model for a w ide var iety of phenomena
such as shot no i se , ELF and VLF atmo~-u-heric noises , and other
random sporadic events such as the no i se -n-ne ratod by a faulty
component. The results of this research are given in 18],
where several examples are presented.

The invest iaation of stochastic stability is being
continued . The research in this ar -a was complemented by
the Grant ENG 76-1110E from the National Science Foundation .

Nonparametric Estimation: In the usual estimation problem
one observes a random ‘~‘~-ctor X and wants to estimate the
random variable -- . - If the joint distribution of (X ,f

~) is
known , then taking , th.~ estimat ( of ~~~, as E (e~~X ) , the
condi t ional expect at ion o f - gi ven X , i s the usual. choice
in that the mean-squared--error of the estimate is minimized .

6
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If knowledge of the joint distribution of tX ,O )  is replaced
by data (x1~8)  , • . . ,  (X~~~O )  , a samp le of size n draw n f rom
the distribution of (X ,O), then one has the nonpararnetric
estimation problem where the es t imate

2
-- now is a function of

both X and the data. If L=E~( -E(f~~X)) denotes the mean-squared-
error for the best estimate of ~ when the distribution of
(X ,O) is known and i f L

n 
= E~ ~~~~~~~~~ 

2 (X
1

,8
1

) , . . . , (X ,8 )

~enotes the mean-squared-error of the nonparametric estimate
8 given the dat a, then we were interested in when and how L
converged to L as n tends to -

~~ assuming only that E~~
If K is a bounded Borel function defined on ~ (d

is the dimens ion of X), and if h is a sequen~ e of pos i t ive
numbers , then

~~~~~

is the kernel estimate of ~~~. In [n], mild conditions on K
and h~ were given which insure that

n • -Ln —4 L in probability . (1)

This result nicely complements the tirst result of this type
for nearest neighbor estimates die to Stone 1 1 0 1 .  If one
replaces the kernel estimate by

• § =

~~~l 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

then this new estimate has a recursive flavor if one fixes X
and the data un folds in n . In this case , only the sums

~~~~
O ±

KUX_X
~
)/h

~
) and

~~~~~
K((X_X

~~
)/h

~~
) need to be updated as n

increases , thus eliminating the need for storing the data.
(It should be noted , however , that one is no longer treating
the data symmetrically.) The nearest neighbo r rules of Stone
[10]  do not have this recursive property. In Ill) recursive
versions of nearest neighbor rul es , which retained the prop-
erty (1) . were given.

The research in nonparametric estimation and dis-
crimination was complemented by Grants 1\FOSR-77-3~~85 and
AFOSR 76-3062 from the Air Force office of Scientific Research

.7
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Research Unit IE8—2 ELECTRONIC M~’I 1I— D1MPN ~~ioNAP SIGNAL
PROCESS I Nd

Principal Investigator: Professor JJ-~. -\- :-ri rwtl (471—1369)

G r a du a t e  S t u d e n t s :  N .  C. Huan- luLl H. ‘han g

A. PROGRESS: Techniques for :rocessiu : ‘w -  and multi-
dimensional signals are under i r t v e s t i a t t . --r us~ u : both re-
cursive and nonrecursive di~~i t i 1 t u t o r s .  ~ta- cur~ k-n t and
proposed research focuses on th t synthesis , ~: ement ition
and stabilization of two— and mu l ti— d i ” en s ion - iI recursive
di~~ital filters. A program of researoL h i s aLso b een  under—
taken concerning the anal ysis and synthes :s of shif t -variant
digital filters which have r-otential arp licat Ions t Seismic
data , shift-variant images , radar and sonar sio’- als , and many
other areas. Prouress has been achieved is follows.

The desi :n of two— ied n - u t i — L l i r c - n s i o n a l  r ecurs ive
digital filters with arbitrary f r e q uen c y  characterist ics has
been d i f f i c u l t  due to he abs - n c i -  o f  he  F u n d a r e n ta l  Theorem

• of Algebra  in  two— and m u l t i - d i m e n s io n s .  A n o t he r  difficulty
w i t h  the synth - -sis of two—dimensional (2D) recursive dicital
filters is ~he l a c k  of a stabilization orocedure. In \‘iCW
of these diff i cu lties , our research has been directed toward
the issues of stabiliz at ion , synthesis and im-hmo ntation of
the ~icnera1 class of 2D recursive di cit al filters. Specific-
ally, we int r~ duce a more -n r.eral class of PLSI (olanar least
squarc- inverse) ~o (ynerria1s , termed P 1 5 1  polynomials of semi—
causal form , in an attemrt~ to overcome these di t ficulties
with 2D recursive t i 1 ~~ - rs. A new procedure has been developed
in 1 1 , 3] fnr the design of semicausal ciiuiti l filters by util—
17~~flO the ;eneraliz,-d class of P1 S T polynomials. The new
prn cedire r e c l i  res only a sinole o per at  ion of finding the PLSI
polynomials of serr :causal form , which is much simpler and
mo re a cc - ;r i t e  than previous methods.

k -cent l y, the st - ibu li zat ton rohl er i  of two—dimensional
recursive di~~ital filters has received considerable attention.
On the basis of the spectral factoriza~ ion capability of PLSI
po lynom ia ls of sem i caus a l fo rm , w~ present a new stabilization
procedure in 12) , wh ich offers an effective means for stabil-
izing 2D instable di ci ita l filters. It does not involve an
intermediate PLEI polynomial since stabilization of an un-
stable filter is directly obtained from its autocorrelation
function . The new procedure offers a r emed y f or f l aws in
Shanks ’ original procedure for s~ abi1ization . Also , we pro-
posed i new measure of ~h -  amplit ude dist ortion due to sta—

11 
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bilization . This measure helps in judg ing the acceptability
of the a m p li t u d e  response of the resulting filter.

The paper HI published in the book edited by J.K.
Aggarwal reviews r e cen t  developmen ts of 2D recurs ive  di gi t a l
f i l t e r s  in t e r m s  of semicausality and factorization , and thus
establishes a fundamen~ -i1 t h e o r y  of r e c u r s i v e  f i l t e r s .  The
discussions involve stability , stability testinq algorithms ,
the discrete Hilb t -r t transform , spectral factorization , sta-
bilization and design techniques. Specifically, various fea-
tures of stability have  been discussed in the paper for both
causal and semicausal filters. In addition , the ma gn i t u d e
and phase relationships for the Fourier transtorm of a 2D
semicausa l  sequence ar e  der ived  v i a  the discrete Hilbert
transform . Furthermore , a variety of techniques for the ~e—
sign of 2D recursive filters are also reviewed with special
emphasis on the design procedure which produces a 2D seml-
causal filter.

As another approach to overcome the difficulties
associated w i t h  spec t r a l  f a c t o r i z a ti on  and s ti bi l~~ty  in 2~
recurs ive  f i l t e r s, we have developed a desi- :n technique for
approximatinci nonseparable frequency characteristics by sums
and products  of s er a r ab le  t r a n s fe r  f u n c i l o n s .  This  approxi-
mation is called “piecewise sepirable ” - i ecn - n p- o s it i o n  of the
characteristic. In [~~,7) th- desired f i l t r w i t h  h a l f — p lane
symmetry is ob ta ined  by shi f t  m a  a prototype low—pass  char-
a c t e r i s t i c  in the : reguency domain , and then combining these
shifted characteristics with four-:aa cirant sy ’-inotry filters.
Although the overall trans ter function is a com ;licated one ,
the repeated s t r u c t u re  w i t h i n  the rarisfer function red uces

• this complexity. The advantage of this technigue is that
the difficulties of st -ib i l itv associated with the nonsepar—
able characteristic do not ariSe in ‘he uresent technique.
This is a major point n favo r of the ou-esent method as com-
pared to earlier atten~ ts at the synthesis of nonseparable
characteristics.

Nonrecursive 2D di g ita l filters are also widely
used in multi—dimensional signal processini , because they
bypass the stability problem which is inherent in recursive
filters and because they can achieve a strictly linear phase ,
which is a desirable feature for the distortionless processinc:
of images. However , if the impulse response array has the
desired f requency character i st ic , the array dimensions may
be large and the implementation may he time consuming. In
this respec t , we have r -r oposed  a new technique for the design
of 2D nonrecursivo digit al filters in 18 1 . To speed up the
convolu tion operation , a high-order impulse response array
of a filter may be optimally t r u nc a~~*- d  to iive a low—order

12
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impulse response a r r a y .  Gene rall y speak i n g ,  such op t ima l
filters have impulse responses with non-rectangular arrays
(NA) . The superior performance of NA filters is apparent
from several examples in [ 8] .  Fin al l y , we in troduced and
demonstrated an efficient convolution alqorithm for NA fil-
ters.

This report is a brief summary of our accomplish-
ments conducted under the Joint Services Electronics Program
in the past year. In addition to the work documented above ,
th ree of ou r previous  pape rs hav e been republ i shed in  the
book edited by M i t r a  and Eks t rom L i - i l l . .  Also , two papers
[12 ,13 ] w i l l  be pre sented in  fo rthcom ing conf erence s. The
f i r s t  of these two papers  [ 1 2 ]  p r o v i d e s  a s t a r t i n g  point  and
a framework for study ing linear shift—variant d i gi t a l  filters
which are more effective than linear shift-invariant dig ital
f i l t e r s  in some app lications . The present research effort
on mul ti-dimensional signal p r ec es s i na  w i l l  be c o n t i n u e d .
We plan to generalize and improve some of the results we have
achieved in ( 1 ,2 ,7 , 12 , 1 3 ] as well as investigate more research
problems in this area.
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Research Unit  1E8-3 .  ELECTRONIC CONTR U L SYSTEMS
Principal Investigators: Professor R.H. Flake (471—1014)

Professor S.1. Marcus (471—3265)
Professor S.F. Womack (471—3732)

Graduate Students : - H .N. Brady ind K . Ilsu

A. PROGRESS: General theories b r  the analysis and design
of control systems are diffi cult to obtain and to apply to
practical systems. A more promi sin approach in many cases
is to explicitly take into account the system structure ,
thus deducing more powerful anal y sis and d es i an  techni ques
which are applicable to a particular class of systems . The
final year of this research Unit has b - en oriented toward
implementing this approach tor con’ rol systems consisting
of subsystems with a particu lar interconnection structure ,
and for systems in which the state is constrained -to evolve
on a compact surface.

1. Stochastic Systems. An impui t ant op o n en t  in  the sub—
optimal contro l of a stochastic system is a state estimator ,
particularly it the “separation principle ” is invoked. A
major effort was undertaken to 1~~y es f i c ia t e  t he  use o~ the
inherent structure of particular subciasses o~ nonlinear
stochastic systems in order t o  desian hlah—i :&-rfo rmance ,
easily implementable suboptirral est o~~i t rs for these systems .
In pa rt i cu lar , the tools of harmonic in i l  sis on Lie groups
and homogeneous spaces have been used to (leslan suboptimal
estimators for nonlinear systems whose state evolves on a
compact Lie qroup or homogeneous space , such as the n—sphere

- 
. [1-2). These models have applications in phase tracking and

demodul at ion , satellite trackino , and  n a i l body orientation
estimation. The performance if estimators designed by these
techniques has been evaluated by me-Ins of Monte Carlo digital
computer simulations , and the results have been favorable.
These estimators in many cases performed better than other
es timators , such as the phase-lock loop and extended Kalman
filter , and with comparable or fewer computations. More
specifically , estimation on the sphere is considered in [1].
This problem is motivated by the desire to track a satellite
in a spherical orbi t about a celestial body , where it is
assumed that the orbit is perturbed by random effects which
can be modeled by Gaussian white noise . A suboptima l estima-
tor is designed; it performs it least as well , under a variety
of parametric condi tions , as the extended Kalman filter and
the Gustafson—Speyer state-dependent noise filter , and w i th
comparable or fewer computations.

15
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Similar methods are successfully applied to an opti-
cal phase tracking problem in [ 2 ] .  In this problem , the state
of the system is the phase 0 ( t ) , and sin 0(t) is used to
modulate the intensity of a coherent li ght source , such as
~a laser , which is pointed at a remote receiver. As opposed
to the previous problem in which the observations consisted
of nonlinear functions of the state corrupted by additive
white noise, the observation in this problem consists of the
output of a photodetector-—a doubly stochastic Poisson process
with rate modula ted by sin r (t). The objective is to esti-
mate 0(t) given the past observations of the photodetector.
Monte Carlo computer simulations have shown that an estima-
tor designed by our technique per forms comparably or be t te r ,
over a wide range of frequencies and noise variances , than
the previously used “quasi-optimum ” estimator of Snyder for
this  problem .
2. Interconnected Sy~~~ems. Several problems in the analysis
and des ign of interconnected systems were addressed . Levins ’
Loop Analysis method was developed for investigating the be-
havior of distributed , interconnected systems in which the
interactions are not known well enough to be completely
modeled quanti tatively I 3 ]. The presence or absence and the
51c:n5 of the interactions between the subsystems may be all
that is assumed in the model structure. Previous analysis
focused on the qu alita tive stab i li ty ,  in the small , of the
equilibrium points of the system , as well as the possible
first order shifts in these equilibrium points due to the
influence of constant disturbances. In 1 3 ] ,  the loop method
was extended to the qualitative analysis of the transient and

• long term tracking behavior of stable systems experiencing
time—dependent and periodic disturbances .

In [4], a study was macic of vari ous types of dynam ic
multiple—connected subsystems which mi gh t be pl aced under
direct digital control by a microprocessor. A circular-polar
configura tion was selected for experimentation. The effects
of parameter var iations on sys tem stabi li ty , sys tem outputs ,
and performance indices were determined . A control program ,
suitable for use on a mic roprocesso r , was developed . The
program minimized produc tion cos t for an experimental system
model. A study was made of improvements in control methodology
made poss ible by developing hardware and software technology .
This work was extended in [5], where a set of fully intercon-
nected n-th order discrete-time subsystems was considered .
The subsystem errors were minimized with respect to the coup-
ling, feedback and forward gain parameters , us ing nonlinear
programming. It was demonstrated that the error functions for
subsystems of third orde r and higher are independent of the
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coupling gains and some of the feedback gains . Increasing
the number of subsystems tends to increase the t-rror cost
function. These results demonstrate that a judicious choice
of coupling, feedback , and forward path parameter gains can
substantially reduce the errors in all of the interconnec ted
subsystems .

In further work related to the coupling of subsys-
tems , sens i t i v i t y  functions were appliedi to the decoupling
problem in [ 6 ] . Mu ltiple input/ mu ltiple output sys tems were
considered , and classes of decouplable systems were identi-
fied . In addition , this research resulted in the develop—
ment of design methods which utilize sensitivity functions
to minimize the coupling to first order i n  the parameter
variations.

All projects in this unit have been successfully
concluded. Follow—on projects in the areas of nonlinear
estimation and modeling of sto chastic systems are being
initiated and continued under the Nonlinear Filtering and
Estimation Research Unit and National Science Foundation
Grant ENG 76—11106.
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Research Unit 1E8-4. ELECTRONIC COMPUTER SYSTEM DESIGN AND
ANALYSIS

Principal Investigators : Professor S.A. Szygenda (471—7365)
Professor E.W. Thompson (471—1114)
Pr o f e ssor G .J .  L ipov~ ki (471—1952)
Professor T.K.M. Agerwala

Graduate Students: M. d’Abreu , E. Pacas-Skewes , B. Rathi ,
D. Ross , P. Uppaluru and R. Von Blucher

A. OBJECTIVES AND PROGRESS

1. Design, Simulation and Testino of Digital S~-s tems .  The
research objec tives for this ~~Tt. included the f o l l o w i n g :

L (a) Increase the capabilities of d ig it a l  1 Lq i c  s i m u l a t i o n :
both simulation of the fault free network f c  logic verifi-
cation and t iming analys is , and simulation of the faulty
networks for verification of test sets~ (b) Increase the
capabi l i t ies  fo r simul ating large networks in a cost effec-
tive manner , while maintaining the level of accuracy re-
quired ; (c ) Investigate built-in—test techniques for testing
of functional modules.

Signi ficant progress has been made toward achieving
the stated objectives. The most significant results include
advances in the area of concurrent s i m u l a t i o n  t echn iques
[1],  mappings and algorithms for precise delay gate models
[2] , and built— in-tests for I/O controllers [3]

The concurrent simulat ion exper imental work [1]
centered around the development of techniques for simulating
at the func tional level , with minimal sacrifice in accuracy.
This work concen tra ted on being able to simu la te f u n ctional
modules , utiliz ing minimum-maximum delays , and hence propa-
gating ambiguity areas through the network. The algorithms
and data structure developed and imp lemented , support mul-
tiple input/output, memory/no memory elements as well as gates.
The s imulator was des igned to handle any nu mber of signal
values ; the number of signal values comes into play when
modeling an element or device.

Since , in concurrent simula tion , a fault is han-
dled in the same manner as a good element , accurate t iming
analysis can be performed to detec t s pikes caused by the
presence of faults. Also , the accuracy of simulating a fault
is the same as the accuracy of simulating the non-fault model .
The simulator structure supports modeling of any user defined
noriclassical faults , such as : (a) functional behav ior faults ,
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(b) technology dependent shorted signal faults , (c) timing
faults , i . e . , faults that effect propagation delays and
operational timing parameters like setup/hold times , pulse
widths , etc. However , in the expe rimen tal version of the
simulator only stuck-at-faults and timing faults were imple-
rnented.

In the s i m u l a t o r , f u n c t i o n a l  e lements  are modeled
independent of tb: dev ice ’s inter 31 qute configuration .
Therefore , they simulate the device ’s functional behavior.
A J—K fl ip—flop is an example of a very basic functional
element , when modeled b~- its functional behavior rather than
i ts i n t e r n a l  q at e  c i r c u i t r y .  The f l i p- t lot - models have the
capab i l i ty  of u s i n g  d i f f e r en t  p r o p a g a t i o n a l  de lays , based on
the input that is active and operational timing parameters ,
such as setup/hold times and pulse widths. Checks for viola-
tion of the operating timina parameters can be performed for
both the good element as well as the faulty element. To
accomplish th is , tne  data  s t r u c t u r e  that defines a fault ,
as well as an element , incorporates the necessary timing
i n f o r m a t i o n .

The area of mappings and algorithms for precise
delay models represents an attempt at establishing some
mathematical formalisms in the area of di g ital logic simula-
tion [2]. Precious little mathematical formalism has been
achieved in the past , with respect ~o parallel fault simula-
tion , model ing , and diagnosis. It is felt that this area
has now empirically matured to an extent that permits these
for mal isms to be developed . It is toward th i s  end tha t t h i s
aspect of the research has been undertaken .

It is obvious that there are different degrees of
approximation to the signal values in di gital circuits. The
more signal states we use in d i g i t a l  simulation , the more
informa tion we can expec t from the s imu lated result. On the
other hand , the cost to desi gn and imp lemen t a dig ital simu-
lator will increase substantially as the number of states
increases. Also , it takes more computer time to complete a
simulation run in this case. Consequently one of the major
tasks in designin g a di gital simula to r  is to select the
proper number of signal values. It is usually adequate to
use a five-value signal  model in des ign ver i f ication and a
three—value signal model in fault simulation . A complete
analysis of these two models was undertaken . In addition ,
formal mathematical mappings and algorithms were synthesized
for these models.

The buil t-in-test effort [3] centered around the
design of a diagnosable and fault tolerant input/output ron-
troller. The approach used is to follow an initial design
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effort by a detailed analy sis of the organ ization of the
system and its environment. Based on this analysis , modifica-
tions were made on the system and its environment to get the
desired performance. For the interface controller under con-
sideration , it is shown that its diagnosability and fault-
tolerance can be improved si g n i f i c a n t ly by i n t r o d u c i n g  a minor
amount of redundancy into the system. The environment , which
in this case is predominantly a CPU or a channe l , is modified
only to the extent that a nominal amount of software is added
and the existing software modified. The overall effect of
these modif ications resulted in a system which achieves reli-
ability comparable to that of 100 percent duplication , utiliz-
ing redundancy of approximat ely 30 - :  cent.

2. Interconnection Techniuu .~~~ The use ot a ~3anvan Switch in
reconfigurable computers was re:c-rted [4] and has led to a
grant from NSF to stud-; t h e  archi tect u r al  -r o pe r t i e s  in
general , and a contract from Rome A~ r Development Cen te r  to
study applications to c o m m u n i c a t i o n  sostens . The proposed
work relevant to intelliqent discs has r e su l t e d  in analysis
of some unreported aspects of the earlier work done on the
CASSM system [5 ,6]. This work has been directed towards net-
works of intell igent discs and microprocessors. Due to con-
siderable funding from other agencies , thesc tci r~ics are not
being continued under the JSEP cont r a c t .

3. Petri Nets and Parallel Systems. The use of l iv e , s a f e
and persistent Petri nets in the design of di gital systems
has been investigated . Top down and bottom up techniques
for the synthesis of Petri nets have been developed . This
methodology is equall y applicable to hardware and software
systems and especi all y suited to systo s exhibiting con-
currency. A gate level implementation of t ransitions allows
the direct translation of nets into circuits. The resulting
circuits are speed independent. Design verification through
simulation requires only 3-valued unit delay simulators , thus
significantly reducino simulation problems found in conven-
tional synchronous circuits. Moreover , the c ircu its have
inherent fault detection capabilities. Most stuck—at faults
cause all operation to cease. This is an especially useful
property for circuits interfacing with weapons systems or
expensive peripherals. Other advantages of this methodology
accrue from the utilization of a sinale representation scheme
at various levels of abstraction: (a) use of a single simula-
tor for design verification at any stage of the design pro-
cess , (b) the possibility of performing functional as well
as gate level simula tion using the same simulator. The above
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work is reported in Refs. 7,8,9.
Significant results have also been obtained in the

area of “communication in parallel systems ” . Models have
been developed and communication measures obtained . The
importance of communication aspects has been clearly demon-
strated and factors affecting the nature and complexity of
communication in parallel systems identified . A design
methodology which includes both computation and communication
aspects has been developed. Except for the initial stages
[10] , this work has been supported primarily by a grant from
the National Science Foundation. The work on Petri nets
and parallel systems under JSEP fundin g has been terminated
since Professor Agerwala is now employed by the IBM Thomas
J. Watson Research Laboratory.
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Research Unit 1E8—5. ELECTRONIC COMPUTER SOFTWARE SYSTEMS

Principal Investi gators: Professor R.T. Yeh (471-4353)

Graduate Student: S. Koch

A. PROGRESS: We are continuing our efforts in research into
design methods for data base systems and software in general.
We have come to the conclusion tha t the disciplines of soft-
ware engineering and data base management can benefit
greatly from each other. In fact , we believe that a unified
design methodology can be achieved.

1. Towards a Unified Design i~iethodology for Software and Data
Base Systems. We discuss a development methodology which
will emphasize the separation of concerns for modeling,
design , and implementation as well as evaluation at all phases
of development. We belie~-e that systems resulting from apply-
ing the proposed methodology will be more reliable, because
the desi gn is constantly bei~ q monitored and easier to modify.
This is due to the separation of concerns , wh ich a l lows the
system structure to faithfully reflect the problem structure
so that a small change in the environment will only affect a
correspondingly small change in the system .

a) Modeling . It was pointed out ~n [Yeh , et al , 1978] that
the process of engineering requirements involves three main
activities: problem recognition and description , problem
understanding, and solution space specification .

To achieve understanding in the absence of a system ,
analysis on formal models becomes necessary . It she ild be
noted tha t  m e n t a l  models about the problem always exist in
the minds of the users , analysts and designers. However , for
complex systEms , such implicit models are inadequate because
of the inherent complexity of the system as well as the fact
that mental models tend to be incomplete and ambiguous. It
is therefore necessary to construct an expl icit model from
the beginning and use it as a basis to facilitate a process
of integration , consolidation and refinement of different
internal models or views , as well as for ana lysis , to aid a
designer ’s understanding of the problem.

The modeling stage is a process triggered by the
recognition of certain needs. The analysts then analyze these
needs and map them into a conceptual model. In doing so,
they are supported by existing theoretical knowledge (e.g.,
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system theory, knowledge about the problem domain , etc.),
and t h e i r  own expe r i ence .

The modeling process is thus that collection of
activities (e.g., in f o i i t i o n  g a t h e r i n g , p r o b l e m  elabora t ion
and decomposition , etc.) which develops the model starting
w i t h  a g i v e n  set of “ needs s t a t emen t s. ” S ince  conceptual
m o d e l i n g  is p r i m a r i l y  used fo r  p rob lem u n d e r s t a n d i n g ,  we may
r e g a r d  a model as a complex  “ k n o w l e d g e  s t r u c t u r e ” wh ich  con-
sists of a h i g h l y  s t r u c t u r e d  c o l l e c t i o n  of concepts  and t h e i r
interrelationshi ps. As a consequence , an analyst , for example,
can gain understar’ding of the problem by “navi gating ” through
this knowledge structure. It should be noted that in order
to “design for change ,” the conceptual model not only needs
t e  model a s y s t em , but  also the environment in which the
system is embedded.

The conceptual model , being a result of consolidat-
i n g  many d i f f e r e n t  v i ews , may c on t a i n  a g re a t  amount  of re—
( lu n d a n t  i n f o r m a t io n .  While redundancy facilitates understand—
i n g ,  i t  may not be d e s i: ah l e  o r  S j & c i t i c i t i o n .  For example ,
the imsi el may contain ~ntormation concerning possible ways of
imp lement -m a a system which may co-nst rain a designer ’ s
freedom . Wt- view t h e n  ~ he sp e c i f i” a t i o n  as that minimal set
of essential information extracted from the  concep tua l  model

-~- ( i ~~ch can comple’ ely charact erize he system t o  be deve loped .
We may view it as 1 set of “valid projections ’ of the concep—

oil model in the same way hat an archi Lect  r e p r e s e n t s  a
propos -d 3— li m e ns i o n a l  b u i l d in g  ~i t e r m s  of 2 — d i m e n s i o n a l
views - top view , side view , cross sect ions , etc.

I i t  what needs to bt- modeled? Althoug h it is correct
and precise (H characterize a software- system as a “large

- )mp iiter ~~i egram ” arid to be concerned with problems ot e f f i —
ciency, perfo rnno - t - , resource al b e i t  ii , etc., software
syst e s  can al so be considered from -lnH th er point o~ view ,
namely, as “models of rea lity. ” i t , for instance , we cons ide r
an m t  ormat ion system for a hosp tal , or  a real — t  ime system
t h a t  co n t r ol s  c h emi c a l  l rocesses , or an operating system
that allocates and manaues computer resources , we see that
t hose systems , to a large extent , ref lect the environment
that they have to control and the policies or goals of the
o r g a niz a t i o n  to w h i c h  t hey be long .  In  t h i s  sense we say tha t
sottware systems are “models ot rea lity. ” Furthermore , these
systems do not exist in isolation but they are “embedded” in
orgdnizations.

A software system is part of a more g l obal man-
machine system , which we will call an Infor ma tion Processing
System (IPS) . The IPS is , in t u r n , one of the components of
an organization which is governed by a set of qoals. These
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goals (which can constitute a rather complex structure ,
ranging from very abstract goals t o hi gh l y  s p e c i f i c  po l ic ies )
provide a context b r  t he  i n te r ac t i o n  b e t - ~ eeii different com-
ponents of the organization a i s i  ( o r  t O e  i n t e r a c t i o n  between
he organization and  t he  e x t e r n a l  environment . The complex—

itv  o t  these r e l a t  ions m ak e s  r i - u a i  c ut  the d i v e r s i ty  of fo rces
t h a t  operate upon a software system bo rc in g it to enter in
a process of evolution t o  m a i n t a i n  i t s  a d g t a t i o n .

From this perspective it appears to be important
to reach a hi gh L-vel of u n d e !s t ao l i r ig  of the environment and
the set of goals  or j O b  i c i er  t h a t  c o n s t i t u t e  ‘h e  ( - ) n t e x t  of
t he  s o f t w a r e  s y s t o - b - - , an d  t h i s  is p b . : c i s ely  the r a t i o n a l e  for
the  dev el o o n e nt  ot  e x p l i cit  ~-~~n c c p ru a i  m odel s .  Once the idea
of conceptual m o d e l i n g  has L ~n a cce p t ed , t h e  i~~l 1o w i n q  q u e s —
(ions arise:

Wlii cr-i are  t b -  aspects of  t I c  ‘ -nv i r -~me~
-it “ t ha t  a re

r e l e va nt  to a sv s t e m .~
W h a t  k i r i : -  of  cha r  leS in the env i renmont “ m ay
at fect t h e  5 t  ~ctii e ot the so woi c- svi tem .’

h o w  does this- s t ru c t  ure o’ go a ls  and  p o l i c i e s  of
-in o r g a b i z a t  r - : - ~ a f  r e c t  a so ~i-~ar e  Svr t -rn?

N o t  cc t h a t  t h e  q u e s t  ior i s  h ave  beL-n as .i - -d in a -o :nera l  sense
aim~ nq ~i t  t h o s e  kinds ot p h -  o- o -n a  that are i - l ’ - v i : -.t for
ever -y  s o f t w a re  s y o cm.  ~c il lust rat e t h - s by an i  I y z i n i  one
asr ec t  of t h e  envi onment w h i c h  has  a d e p  e ft ect on • he
s t r u c t u r e  of a sys’ -r - .

The e nv i  r a n m e n t  of an y  s o ft  -~- i r e sys t  I ( ‘an be par  —

t~~i l l y c h a r a c ter i z e d  as rei~-c cons titu d by a set  o~ e n t it y
cl asses , each one w i t h  -ì well defined se ot i t t r i b u t - - s .
I n s tan c e s  of these c l a s s e s  - i r e  cha~ a- -t erii.ed Lv s:-ec~ f ic
va lues  of the  c o rr -spond ~~nq it~~rib-~t es. The- attr ibutes of
entity classes ar e  m t  . - r r el a t e d  by - I i  f t  - - r e n t  k ~nds of  r e l a t i o n-
s h i p s. For e - x a n p l e , an t t t r i i u t e  or  in ~- :i it y class may be
such that given a value or -  it a speci ti: 1 : is t a i i c e  or  set  o f
instances of a n o t h e r  e n t i t y  c l a s s  ma -  be ~ini giie ly i d en t i  f i e d .

Different systems and their environments have dis-
t i n c t  c h a r a c t e r i s t i c s .  In  o r der  to be able to describe
system and environment b - l I i s , i t  ~is i mport ant ~e extract from
a class of systems certain common characteristics which can
be u t i l i z e d  fo r  d e s c r i p t i v e  p u r i o s s. These c h a r a c t e r i s t i c s
may be axiomatized . We p ropo se  here the basic structure of
a model fo r  i n f o r m a t i o n  s y s te m .  T h i s  model  can be con si d e r e d
as a collection of un its of several type - s .  Th e units are
partitioned into three sections: e’nvir -nmcr , interface , and
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information system. Such a characterization can provide a
sc ien ti f i c  basi s for  an alyz ing the probl em space so tha t an
ana lys t  can qu ick ly  focus on d i f f e r e n t  aspects (both s ta t ic
and dynamic ) of the system , and that “design for change ” can
be facilitated. (N o t e  that data base design as practiced now
only models the information system and not its environment.)

To summarize , we have ex pressed prev iously that
conceptual modeling is concerned with two major tasks:
problem understanding and solution space specification . Thus,
research investigations should be dealing with the construc-
tion of complex “knowledge structures ” to aid our understand-
ing of the problem , and develop perhaps a “simpler ” model to
delineate the solution boundary. We must , of course, also
look into the transformation from one model to another. An
example of this two model approach in (static) data base
design is given in [Yeh , Chan u and Mohan , 1978]

We believe that the model for understanding basi-
cally consists of a hichly structured collection of concepts
and their interrelationships that havt three distinct aspects.

(1) A description (model) ot a proposed system
and its environment (perhaps at several levels
of abstraction)

(2) A descriot ion of t b -  decision orocess that led
to the construction of this model;

(3) Built—in knowledge ~ h i t  corresponds to the
concepts t h a t  c o n s t i t u t e -  the k n ow l e d g e  s t r u c t u r e .

The mode l that is used for specification should differ from
the understanding model in that it should contain only essen-
tial information , i.e. , minima l rcd~iio lancy should exist.

b) Design. Although much a t te n t i o n  has been paid to the
design issues in the last few years , many of the desi gn
techniques are still inadequate for the following reasons.

(1) Design is not ev al u a t e d  at all stages.

(2) There is no provision for documenting the
design process , e.g. , why a p a r t i c u l a r  dec i s ion
is made among many alternatives. Such a
documentation is important for developing
evolutionary or portable systems .

(3) Ther is no p r o v i s i o n  for  documen t ing  the
system structure. Althoug h it is generally
agreed that t h e  system is hierarchical in
s t r u c t u r e , many  h i e r a r c h i e s  may coexis t , each
representing a different relationship between
system components.
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To i~lleviate some of the design problems just men-
tioned , an enhanced methodolocy was proposed in [Yeh and
Baker , 1977; Chester and Ych , 1977]. In current practice
the des ign model can be considered as both a model of the
design structure , and (primaril y) as a model of the system
structure. In order to allow explicit documentation of the
des ign process , the  enhanced methodoloqy proposed the separa-
tion of des ign structure and system structure as well as
adding an evaluation model such that all three models are
r e f i n e d  together  d u r i n g  s o f t w a r e  development. Ihe  reader is
referred to the two papers  c i te d  above f o r  a more  detailed
description of this methodology.

The desiqn phase t h e re  b e g i n s  with a conceptual model
and ends with a sy s t e m  a r c h i t e c t u r e  ( S A ) .  The SA is i n t e n d e d
for  two purposes :  ( 1)  to serve as i blueprint for system
implementation . In this -;ense , it is a “coinp L-tely documented
abs t rac t  mach ine ” ; (2) to serve iIi a P1- - c k — u o  mode l  for users ’

- . f i n al check befo re implement it lun b - - c i n s .

c) Implementation . ~1r jo r advero -es in software methodology
hav e been made in imp l t - m e n t  at  ion t cohn : jUCS di: i rig the last
decade and we shall not elaborate -or this asp--ct here.

2. A Data Base System Desiqn~~tetho Iology . ‘
~n this section we

shal l  b r i e f l y  descr ibe  a desie : ’  me t i rodoha : ’  b r  d at a  base
systems as an examp le of the m e t  he lelo :y rel Se I in the
previous section.

A Data Base b~- st’- :~- (PBS) is a sot t- -arc system
— utilizing some data base m a n ag em e n t  s y i : e m  (DBbh~) func tions

as its building blocks. In tornit ion svr-’ ::s tha ~ do not
uti l ize  DBMS ’ s u s u a l l y  also re h u ~~re rar e :e:” -nt of some data
structures. A DBS desi tri methoholoay :~ho il d therefore be
easily extendal- l e to a r:s-t hodol - T for d e s  i gnin : general
information systems .

The design of a PbS includes two p u t s :  the design
of the data base and the desiqn of t h  ~ rograms utilizing the
data base. As is done t o d a y ,  both  i - a r t s  f t h e -  design are
artistic in nature and must depend on ‘h e  i n d i v i d u a l  exper ience
of des igners. Such design practices olten produce  inefficient ,
inflexible and inconsistent DBS ’ :; which ‘an ~- e t e n t i a 1 1y  be
disastrous to the en t er r r~ se e i - b ; - b o y  n t  t h em .

The design of d a t  a bases h o  1 - t i e r ,  addressed by the
researchers in the data base tield. r-ll r lie r eft o- t s were
mostly concentrated on the desian of r-ii ysi ca l st -ra re struc-
t u res  in da ta  bases.  Recent i y ,  much  work  was ( lone  in the
logical design a r e e .  ihowev -r , n a  com pr~’I i e n s  I ye methodology
has been developed.  M ost  of t o  r e s e a r c h  WaS aimin g at
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solving a small por tion of the des ign problem wi th some
restrictive assumptions.

The desi gn of programs in a DBS has not received
much attention . With the recent advances in the software
en gineering area , howeve r , we believe that it is possible to
include in a DBS design methodology the techniques for  DBS
program design.

Yeh [1978a; l978b] described our multi-level approach
to the DB design problem . The first step in the design is
to obtain a conceptual schema of the information structure;
then the conceptual schema is mapped into a log ical schema .
The details of physical storage structures are desi gned in
four more levels of mapping with each level introducing more
implementation decisions.

B. REFERENCES 
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Research Unit SS8—l. BASIC SOLID STATE MATERIALS RESEARCH

Principal Investigators : Professor R.W. Bené (471—1225)
Professor R.M. Walser (471—5733)
Professor A.B. Buckman (471—1095)

G r a d u a t e  S t u d e n t s :  S. Chao , K.  Chen , J. Hu and G. Lee

A. OBJECTIVES AND PROGRESS

1. Solid State Reactions at Metal- :erniconductor Interfaces.
-)ne of our objectives is Lu develop physical model for the

~inetical1y selected reaction p aths and the thin film phases
F in solid state react ions  observed a t  m L t a l— s e m i c o n d u c t o r

interphases. An t h e r  o b j e c t i v e -  is to corn-l ate the time
development and prope it ies of • h~-se react i~ n paths with the
electronic and mechanical pr -p er  t ies of the resultant inter—
phase structures.

Previous lv , w e  - n ol. s rne pr  - ss in unders tan -i ing
part of the str: ,ct -aic - end basic mechanisms involved in the
interfacial reactron . T hi s  l t d  us postula t .- the formation
of a membrane phase 1 1 ,21 which : - - :  in-s t h e  formation of
the first cryst iline phase nud e- a ’ . - :  in l e - r  norm -il experi-
mental conditions. W e- h ivt- sh -wo hew ‘ h e -  i n t e r  p h a s e -  struc-
ture postulated is consis . ~:t w i h  Sche ’ t k y  t . e r r~~er  properties

par ticalarly in t erms of t h e  p11 r :n : O 5 , 0  e S  nt -ar the-
Fermi level in the -  in tt- rt a c iai r eerior . Final ly we have ob-
served the stru- - t- aral b ormat i -r- , t  u l r i ~~hin r ims of Ni and
Co sputtered on Si single (‘ryst el substrates in -ì t e chnical
vacuum . We — have fourii ‘he nm - c ’ ion as - i in - ’t ion of thick-
ness , consistent with our hvo thesis ot the formation of a
glassy state prior to first cn : lp~~u n i  t or : : - i t i  n .

In our experiments on u l t r i t h : n  nickel films rf
sputtered onto b o h  (100) an d  (ill) silicon , we have found
amorphous surface renions (:‘.~~ Traosmiss :on tIe -t ron Diffrac-
tion (TED)) in t he  equival -ot t h i c k n e s s  r I a r r e  10 t — 28R.
Auger electron spectroscopy (AES) measurements indicate no
contaminants in these thin layers. P.nnealinc lOA films at
4000C for one hour loos riO t alter the r~~~p pattern . At 1SA ,
however , the anneal produces polycrys t ch ine rin rs ot

— Ni~ Si. In unannealed samples , N i 2Si  polycrystalline 
-

rings are seen at a minimum deposite~-d r i - et a l  thickness of 30A
and AES measurements show - e splitt ina of the 92eV silicon
line previously reported for l-l i2Si. Both NiSj and Ni 2Si
polycrystals are seen via TED at 1 deposited thickness of
l2OX upon anneal at 300 C for 30 minutes. These measurements
also indicate that Ni 2Si is nucleated from an amorphous
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region whose structure (as indicated by TED) is independent
of the amount of Ni sputtered onto the substrate .

Our experiments on ultrathin films of Co deposited
on Si single crystal substrates have shown essentially the
same results. The thickness for Co2Si nucleation upondeposition at room temperature appears to be a little
thicker—— approximately 40k. This nucleation thickness is
a sensitive function of substrate preparation and cleanli-
ness. The thickness increased (at low rf sputtering voltages)
if the surface layer of oxygen on the Si was not backsputtered
o f f  prior to the deposition.

For the Co—Si system we have recently correlated
the thickness for which Co2Si riucleates out of the glassy
layer with the resistance properties of the layer. What we
have found is that the onset of first phase nucleation begins
at the semiconductor-metal transition in the glassy layer.

H (Determined by the thickness where ~~~~~~ 
-

~~ 0 .) The surface

resistance where this takes place is in the range of
io~ * l0~ C/o, thus ind ica ting tha t crys tall iza t ion  occurs
when the glassy layer obtains a region of two-dimensional
metallici ty [5 ]. We are working on possible models which
we have proposed involving cooperative , long range coupling
over the in terf ace of local atomic  modes vi a the  de loca l iz ing
electronic system. The coupl ing may be either via single
electrons or to a cooperative electronic system such as a
“Wig ner l i q u i d . ”

We are presently follow ing up this correlation with
meas uremen ts on other sys tems ( Ni - S i , Fe-Si , Pd-Si), and
are also mak ing noise measurements and magnetic measurements
(EPR) in order to determine more fully the properties of
intermediate structures along the reaction path , and the
approach to c r i t i c a l i t y  of these pa ramete r s  as we approach
a phase transition. In addition , optical experiments have
been begun as described below .

2. Optical Experiments for Surface Studies. Our objective
in this work is to determine the range of experimental para-
meters which yield the optimum information from elhipsometer
studies of interfaces. We have previously developed inter-
act ive graphics software for use in the elhipsometric
determination of optical constants of a thin film (known
thickness , known substra te) , and have tested it on both real
and “ar tificial” data . This work has allowed us to deter-
mine a priori the regions of N-K space and incident angles
which should be studied experi menta lly to get the best
physical information.
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The optical interface characterization study has
progressed from numerical simu lations to experimentation on
the problem of immediate i n t e r e s t ,  namel y the Co-Si i n t e r face
region. A combination of numerical simulation and preliminary
experiments has indi cated tha t a sa ti s f a ctory set of data can
be obtained by first obtaining curves of -

~~ and ~ versus
angle of incidence at about  ten evenly  spaced an gles , and
then obtaining many more data points in reg ions where struc-
ture (peaks , dips , etc.) is seen in the preliminary curves .
The reduction of experimental data is accomplished by a least—
squares curve— fitting program . Thus , the use of many data
points in regions where ~ and ~ vs angle of incidence
shows structure weights the curve—fit towards those regions .
Even for very small (<50A) deposits of Co , the expe r imen tal
differences between the Si substrate with only a thermal
oxide layer on the surface , and the same substrate with Co
deposited , are quite pronounced. For example , the pseudo—
Brewster angle , when -

~~ passes th i : o u - th  a minimum and L~
changes very rapidly with angle of inc idence , increases
sharply with the deposition of Co. For substrates with very
thin  sur face  f i l ms , it is oft r— n claimed that the pseudo—
Brewster angle trives a measure of the substrate refractive
index. In our experiments , this is true o n ly  for the Si
with just the oxide layer on t h e  surface , when the pseudo—
Brewster angle was found to co~ respond to a substrate refrac-
tive index of 3.88 at the 6328A measuring wavelength in good
agreement with other bulk Si data in the literature. With
even a very thin Co deposit , the substrate index one would
infer from this measurement increases to 4.80 , which is
obvious ly uncharacteristic of the bulk Si substrate .

We plan to in ompret , -:sina the curve—fitting
procedure described above , these results in terms of two
i n t e r f a c e  models:  f i r s t , a s ing le composite  l aye r  on a bulk
Si substrate ; and second , a S102 layer on a modified surface
layer on bulk Si. The optical properties of this surface
layer will be obtained for different substrate doping con-
ditions and Co deposit thicknesses , and correlated with
TEM and TED experiments on similar samples described else-
where in this report.

B. REFERENCES

1. R.W . Bené and R.M . Walser , “A Membrane Model for Inter—
phases ,” Proceedinci s of Symposium on Thin Film Phenomena:
Interfaces and [n t t - ma c t i o n s ,  pp. 21—28 (1978).

2. R.M. Walser and R.W . Bené , ibid., pp. 284—292.
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3. R.W. Bené and R.M. Walser , “Effect of a Glassy Membrane
on the Schottky Barrier between Silicon and Metallic
Su icides ,” Journal of Vacuum Science and Technology 14,
No. 4, 925—929 (July/August 1977) . -

4. W.J . Schaffer , R.W. Bené and R.M. Walser , “Structural
Studies of Thin  N ickel Films on Si l icon Sur faces ,” Journal -

of Vacuum Science and Technology 15 , No.  4 , 1325—1331 —

(July/August 1978) . 
-

5. R.W. Bené , R.M. Walser and James C. Hu , “Relationship of
Metal-Semiconductor Transition to First Compound Nucle-
ation at the Inte r f a c e  of a Th in  Fi lm Transition Metal 

-on a Si l icon Subs t ra te,” Physics of Semiconductors 1978,
pp. 773—776 , ( Institute of Phys i cs , 1979).
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R-~search Unit SS8-2. RESEARCU oN INSTABILITiES AND T}~~NSPOR T
N}-~AI-~ SLRFACES ANI) INITREACI-IS OF SOLIDS

Principal Investigators: Prc 1i-ss m R.~1 . Walser (471—5733)
Professor R.~~. Bend (471—1225)
P e - --tessor M.F. ite ~-cker (471—3628)
Pmof ’ssor J.P. Stark (471—1504)

Graduate Stud&-nts : F. M y, 3. Ambrose , M. Chonko and
D. Shena

A. PROGRESS: The broad obp- ct i v c  of the research described
in this unit is to gain an incrt-ased understanding of the
relationship between atom ic reum r-c:iqem -nts and electronic
instabilities at surfaces and int -r t ades of solids. Our
previous studies of compound nucleat :on and r e c r y s t a l l i z a t i o n
have led to the speculation t h a t  the thermal reaction path of
interfacial chemistry in solids may be determined by the
fluctuations of redrstribut .-d , or delocalized , bond charge .

At this in - oar work is aimed at 1) developing
experimental techniques for producin~: and characterizing
several model inter tactal systems , 2) studyin~ the thermally
and non—thermally driven reaction kinetics of these model
systems , and 3) developinu theoretical models f o r  the inter—
facial chemical kinetics. The t )l i o w i r : u  describes the
specific objectives ot our current research tasks and the
progress made thus far.

To inve sti-:a t c the effects of electric fields , we
are using the Pt/Si planar re -action couple. We are speci-
fically interested in investi oatinci the influence of electric
fields on the kinetic course 0 ’ t in suheutectic su icide—
forming reaction in ~~:is particular model system. Work on
this research has been di v ded ink-c both theor tical and
experimental investi gations. The theoretical investigation
has initiated the development of the understanding of the
influence of applied fields won second phase stability and
growth processes [1-5] . The research i nvolved a set of
s imul taneous  c o n t i n u it y  equa t ions  which  may be solved to
simulate the morpholog ical evolution of a second phase.
Recent emphasis has been on the understanding of flux dis-
continuities that arise at phase boundaries and at sample
end conditions [1 ,5]. Su ch flux discontinuities provide
positions where the solute correlation may significantly
depar t f rom equ i l ib r i u m  and lead to a d i f f u s i o n  k ine t ic basis
for precipitate growth (in contrast to a thermodynamic one).
Hence, it is found that solute solubil~~ty near a phase bound-
ary depends upon several factors , including a) distribution
of the second phase to act as a solute sink/source , b) f ield
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strength that is capable of rearranging the solute composi-
tion , and C) magnitude of the flux discontinuity. Although
progress to date has emphasized simple morphologies that can
be modeled ana ly tical ly , the above characterizations are
general and should apply independent of morphology. As a
consequence , the understanding of a simple planar interface
as found in the metallization of silico- has been implemented
by these investigations.

Experimental work has been confined to the planar
Pt/Si system . The long-range emphasis is to understand the
role of external electric fields upon the reaction at sub-
eutectic temperatures. The Pt/Si system was chosen to pro-
vide a transition metal that reacts well with silicon but
is not influenced by problems of oxidation. The initial
experiments were designed to determine the extent to which
platinum reacts with silicon at room temperature .0 W ith very
thin layers of platinum , in the range of 10 to 75A , we find
with TEM that the layer of platinum is amorphous upo n
deposition in thicknesses of up to 30A. The glassy film is
characterized as a semiconductor through measurements of sheet
resistance as a function of temperature. A transition to a
metallic compound is found at thicker layers of deposited
platinum (about 40R). The compound is identified as Pt2Si.
We have had extensive concern about the role of oxygen con-
tamination during preparation and have , therefore , standard—
ized the sample preparation procedure . Current experiments
indicate an increased stability of the glassy film as a con-
sequence of a decrease in oxygen during sample preparation.
We are confirming this using Auger electron spectroscopy .
Initial experiments on the effect of an applied electric
field during platinum deposition are inconclusive and reflect
sample preparation that did not conform to our current stan-
dard practice. In fact , the inconclusive nature of these
experiments provided the motivation for standardizing the
sample preparation . We are , therefore , in the process of
repeating the early experiments on electron injection during
platinum sputtering using the standardized sample preparation .
The work is continuinq .

The study of the effect of electric fields on inter-
facial chemical kinetics is expected to enhance our under-
standing of solid state electromigratiort and is one of our
two basic studies of non-thermally excited interfacial reac-
tions. In the other we are investigating the role of optical
excitation . At present we are trying to understand optical
selection rules for driving the well characterized 68°C
martensitic structural transformation in V02 thin fiims . We
expect that this type of cooperative , long-range , diffusion-
less transition may be important at interfaces , too.
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However , in spite of the ir eno rmous technological impo rtance
(e.g., in steelmaking) their physics is not yet well under-
stood .

Previously we had reported on our observation that
a unique non-equilibrium state could be induced in V02 by
41 psec and 22 nsec pulses of 1.18 cv photons at 34 1°K.  We
have subsequently found that this state decays by a complex
two-time constant process with the overall decay time in-
creasing from one ~csec to over one rnsec with increasing
ambient temperature and pulse energy [6 ,7]. It is important
to note that the thermal equilibrium state could not ,  be
accessed by short (

~~- 2 0 nsec) 1 .18 eV photon pulses of any
magnitude. Recently we - have speculated tha t  this result
indirectly confirms recent models which view this transfor-
mation as a Fermi surface-related soft phonon mode anomaly
driven by charge density excitations. In our experiments ,
we believe this instabi lity is oroempted by fast population
of alternative electronic states not related to the crystal-
line structure , i .e. , localized states.

More rece-~t- I y [8 ,9]  w~ h i v e  observed  ev idence  of
coherent excitation phenomena in the excited transmission
state response of the 702 films to ‘i 33 ps cc pulses from the
Nd :YAG laser. The initial transmissivity is observed to
increase for a time shorter than that of the pulse ultimately
decaying to the non-equilibrium state observed in the other
experiments. This SUL;~~~CStS that fast relaxinu coherently
prepared electronically excited states may he present , but
these are not necessarily directly involved in the structural
rearrangements , which are observed for considerably longer
( ‘i. 20 nsec) pulses.

We have also comp leted a study of the interface
resistance or V02 fu n-u-; of various thicknesses prepared by
CVD on single crystal quartz and sapphire substrates , to
f u r t h e r  inve sti gate the role of the transition layer on
their electronic stability [10 ,11]. We have not completed
the analysis of this data as yet; however , the results sup-
port our previous work showing that a transition reg ion of
anomalous resistivity exists at the sapphire interface
and controls the electro-thermal stability of these films .
It is quite remarkable that films thinner than l00$~ on
sapphire have undetectable resistance until the phase tran—
sition , where one sees t he expected jump in conductivity.
This line of research is expected to have profound implica-
tions for the electronic stability of electronic barriers ,
contacts and surface films .

Finally, we have recently designed and constructed
a low temperature tunnelinq spectrooL-ter wc th which we will
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search for molecular—like interface electronic states that
may be important to interface chemistry. We expect these to
be within a few tenths eV of the Fermi leve l and to be ac-
cessed by inelastic transitions of tunneling electrons. We
have recently evaluate d the sensitivity of this spectrometer
to changes In the intensity ot second derivative lines. This
is expected to be important in the detection of cooperative
interface transitions.

All of the research described abLe- c is in a partial
stage of completion and will be continued in the next JSEP
contractual period. There will be an increased perspective
to this research with a major emphasis on the investigation
of nonlinear spectroscop ic techniques tor probing and exciting
structure-determining states at transitions. New research on
computer simulation of stochastic reaction kinetic processes
at interfaces will be in itiat e - Li by Prof. 3.  L. Turner.
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Research Unit QE8-1 NONLINEAR WAVE PHENOMENA

Research Investigators: Professor M.F. Becker (47l—3~ 28)
Professor E.J. Powers (471—1430)
Dr. Y.C. Kim (471—4507)

Graduate Students: 3. Beall , K. Chung , J .  Hong, G.
Stevens , W . Wong, and S. Zwerne-
mann

A. Progress: This unit is concerned with anal y tical and
exper iment al studies of nonl in~ ar wave phenomena in physical
systems . The work is subdivided into the following two areas:
( 1)  developmen t of di gital time series  an a l y s i s  techniques
suitable for analyzinq and internretinq fluctuation data gen-
erated by ~:c’~~~~:~

- :r -us ‘ - -~ : s e s - - ’  ~-c’o~ n n various media, and
(2) ‘scn o - ’  in the infrared.

~~~~~~~~~ ~~~~ ~:tc ~~- - nu : The objective of this
work is to develop digital tim e series analysis techniques
that may be used to analyze and interpret experimental fluc-
tuation data associated with nonlinear wave phenomena. Dur-
ing the past year , our research has focused on utilizing
h ighe r  order sDectral concepts to accurately and completely
characterize the ‘nonlinear ” fluctuating signal. Nonlinear-
ities result in new spectral components beinc formed which
are phase coherent; furthermore , the detection of such phase
coherence may be carried out with the aid of hig her order
spectra. In particular , we have concentrated on the bispec—
trum , a function of two-frequency var~ ables , which is suit-
able for analyzina quadratic nonlinearities. (Higher order
nonlinearities will require hiqher dimensional spectra.)
Utilizing the results of regression analysis and least mean
square theory, we are ab1e~~ define a bicoherence spectrum
[1] which basicall y measures the dcqree of phase coherence
between three waves due to (quadratic) wave coupling. We
demonstra ted in Ref. [2 ] the usefulness of the bicoherence
spectrum to discrimina te between nonlinea rly coupled waves
and spontaneously excited independent wa’-es in a self-excited
fluctuation spectrum . In addition , it was shown in Refs.
[1,3] that the squared value of the bicoherence spectrum
measures the fraction of wave power present in a spectral
band centered at frequency ~ wh ich is due to wave-wave inter-actions of a quadratic nature .

We have also investigated important practical as-
pects of di ciital hispectral anal ysis , and in Ref . [1] report
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that the estimators are statistically stable when the inter-
acting waves are quadratically coherent and relatively unsta-
ble when the waves are quadratically incoherent. In such in-
coherent  cases , the variabili ty of the estimator can usually
be reduced by ensemble avera gi nq over an increased number of
realiza tions. Furthermore , the effects of noise on the bi-
coherence spectrum estimates have been examined. We found
that the value of bicoherence is reduco~d by a facto r of
1 (1 -s- a 

~~~~ 
(1 -

~
- a ( 1  + 

~ ~~ ~ ~~~ ~ 
where ~ (o) is the

reciprocal of the signal-to-noise ratio.
We have placed a great deal of effort in understand-

ing the relationship between the measi’red bispectral quanti-
ties and the physics of nonlinear wave interactions. As waves
propagate through a nonlinear dispersive medium , a temporal
and/or spatial variation (i.e., modulation) in the wave ’s
(complex) amplitude may result from competition between the
dispersiveness and the nonlinearity of the medium . Let (u)
be a Fourier amplitude measured at a spatial point. Then ,
(o) will satisfy

- ik(w) : ~~ = 
~ 12 ~~~ ~~~ 

( 1)
- - 
1 

- 
2 

=

where k(w) is a function of and describe s the dispersive-
ness of the medium , and V 12 is the coupling coefficient for
the nonlinear interaction of waves present at ~s-~ and (A)

2
.

From Eq. (1) , we made the following inte-restinq observations
for three—wave coupling [4]. For example , the biphase, the
phase of the bispectrum , is determined by the characteristic
scale lenqth of amplitude varia ion due to nonlinear coupling
and the phase of the coupling coefficient. Furthermore , when
the coupl ing÷coef f ic ien t is re al and posi tive , the sign of
the skewness , which is determined by the biphase , can be
explained in terms of nonlinear wave characteristics. That
is , if the wave ’s ampli tude is g rowing in the d i r ection of
propagation , a negative skewness results and if the ampli-
tude is decaying , a positive skewness results.

In addition , we have considered the power variation
of a wave in terms of the bis pect ral power t ra ns f e r  func t ion ,
which involves the coupling coefficient and the bispectrum .
When the coupling coefficient is known a priori , one can
expe r imen ta l ly determine the d i rect ion and the amount of
+
Skewness is d e f i n e d  as the mea n cube va lue  of a f l u c tuating

signal divided by the cube of its standard deviation .
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power transfer over a spectrum due to nonlinear wave coupling
by utilizing bispectral techniques.

In many exper i mental s i tuat ions , i t is of ten  des i rab le
to model the relation ship between two (or more ) physical
quantities. We have concentrated on developing techniques
and procedures whereby th i s  mode ll ing may be carri ed ou t in
terms of both linear ~o:~ quadraticall y nonlinear systems .
The approach is to model the relationship eithe r in terms of
linear and quadratic impulse responses in the time domain ,
or linear and quadratic transf ’-r functions in the frequency
domain .  For a noncausil case , tb~ frequency domain modellin g
is relatively straightforward . u s i n g  the r e s u l t s  of least
squares theory and multiple reqre~ on analysis , we showed
in Ref [5] the best (in a least mean square error sense)
linear ::! quadratic transfer functions may be expressed in
terms of a cross-power spectrum and a cross-bispoctrum (re-
spectively) between input and outpu t . We also demonstrated
that the cross bicoherence spectrum represents the fraction
of power present in the output at fre - lu encv ~ (or mean square
value) which can be acen - :nted for by the quadratic nature of
the system [5]. Contrary to the noncausal case , modellin g
a causal system in t h e -  frequency domain is not straightforward ,
since causality requires the impulse response to vanish for
the time interval before the impulse was switched on. Model-
ling a quadratic causal system by a Volterra series truncated
after t he  second—order term and utilizing an approach similar
to that associ ated with a linear Wiener filter , we obtained
the optimum quadratic i m p u l s e  response and quadratic trans-
f e r  f unc t ion [f ~].

From a basic scienti fic and research viewpoint , the
development of al - I ropriate diait a l time series analysis tech-
niques suitable f o r  analyzino and interpreting f l uctua tion
data associated with nonlinear wave phenomena is very import-
ant in its own right , since such techni ques o f f e r  ~x~’~~r’ ’~~ ’ sZ
insight into various aspects of  nonlinear phenomena which ,
in many cases , simply is not available using conventional
approaches. At the same time , however , we bel ieve these
same technique s, or variations of them , have a very high po-
tential to impact favorably in a number of important techno-
logical and/or scientific areas , for example , s igna tu re
analysis of both electromagnetic and acoustic radiation , cer-
tain nonlinear d i ffraction problem s, and nonlinear structural
transfer functions in certain i mportant classes of aerodynam-
ic problems . It should be stressed that these are merely
examples of potential applications and we , by no means , mean
to imply tha t the poten t ia l  appl ications are l im ited to these
areas. In fact , we are convinced these same techniques can
be fruitfully utilized whenever the basic underlying phys ica l
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phenomena can be modeled in terms of nonlinear wave or mode
interactions.

zr ’ ~ - t ~~ The objectives of the work in
nonlinear optics have been to study new types of molecular
nonlinearities in the infrared . We develop and test theories
for the new nonlineariti es and demonstrate , test , and optimize
dev ices based or~ the n ew l y  developed theor ies.

Over the previous roportinq period , we have continued
the stud y of high energy, resonant excitation in SF

6 
[7 ,8].

The saturation of the linear and nonlinear properties of SF
6

has now been observed under various conditions. In our lab-
oratory, we have made saturated absorption and third harmonic
generat ion measurement s on pure SF

6 
at low pressures where

collisional effects may be ignored .
The n o n l i n ear suscept ib il ity o f SF

6 
is strongly

affected by multiphoton resonances and by population redis-
tribution and depletion . The third harmonic generation spec-
trum for SF

6 was measured for intensities above and below
the molecular dissociation threshold. Experimental evidence
indicates the presence of several resonant mujtiphoton tran-
sitions in the discrete states below 3000 cm and one or
two photon transitions from the discrete states to the quasi—
continuum , dependi nq on the f r e q u e ncy of laser exci tat ion .
In this way we are able to probe the excitation of the SF

6molecules through the discrete states.
Preliminary third harmonic qeneration data has been

taken on a new system , NH
3 
gas. In NH

3 
the tr ip le resonance

is only approx imat e . One photon absorpti on is avo ided by
tun in g the exc ita ti on laser be tween disc rete abso rption l ines .
A two photon resonance is selected an d is nea r l y exact , while
the three photon resonance is detuned by as much as l0cm~~- .
The experiments show moderately low third harmonic conversion ,
as predicted by theory due to the small populat ion on the
resonant rotational energy leve l at room temperature .

We have successfull y completed [9] a study of third
harmonic generation in gas filled metal-dielectric wave-guides
with CO as a nonlinear media. The thir d harmon ic conversion
was enhanced in the waveguide because the focused area is in—
dependent of the interaction length. For unconfined , focused
laser beams these two parameters are inver sely proportional
and their effects cancel in the overall conversion efficiency.
In our work , the theory for third harmonic generation in wave-
guides was developed. The conversion efficiency was calcu-
lated , based on this theory , and measured experimentally .
The comparison was good considering the somewhat rough qual ity
of the optical waveguides and of the custom cylindrical focus-
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ing optics used . Measurements were also made usi ng unconfined ,
focused laser beams in order to demonstrate the enhancement
prov ided by the wavequide corifiquration .

Stud y of SF
6 

and NH
3 

will continue in the coming
y e a r .  Cryogen ic  e xp e r i me n t s  have been i n i t i a t e d  in order to
simplif y and concentrate the vibrational-rotational spectra
of these molecules. Much of this work , howeve r , will be con-
tinued under the support of AFOSR-78-37l2 “New Nonlinear Op-
tical Process in Molecules ~it infrared Frequencies ,” September
30 , 1978 to September 39 , 1980.
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Research Unit QE8-2. ATOMIC AND MOLECULAR ELECTRONIC
PROCESSES

Principal Investigators: Professor L. Frommhold (471—5100)
Professor M. Fink (471—5747)

r~iduate Students : W.S. Burns , M.H. Kelley

~ . RESEARCH OBJECTIVES : Whereas the scattering of light by
non— interacting atoms or molecules is well understood , scat-
tering and attenuation of liqht by gases at atmospheric or
higher density is less thoroughly known [1] . ~nder such con-
ditions transient quasi—molecular complexes occur , both
collisional complexes of f r e e  atoms and bound van—der—Waals
clusters , which  ~~~~~~~~~~~~~~~~~~~~~ incremental polariz—
ability [2 , 3]. This diatom potarizability is in excess of
the sum of the atomic polurizabilities a n d  gene -rates the
virial contributions to the light scattering properties of
real gases. Binary collisional complexes and van—der—Waals
dimers , the so—called “diatoms ” , scatter light with an in-
tensity that is proportional to the square of the gas density
[- .1 . At extremely high pressures , one will also find contri-
butions from complexes consistin : ot three , four , etc. atoms
(which may be bound or free) , each with an identifiable
intensity proportional to the third , fourth , etc., power of
density [5].

This research concerns the’ diatoms of the rare gases,
and of simple other gases (like h y d ro c e n  and the a tmospher i c
gases). It attempts to record their two Raman spectra: the
po la r i zed one , which is generated by the trace , the spher-
ically symmetric part of the diatom polarizahility tensor;
and the depolarized component due to the anisotropy . Each
spectrum consists of a continuum (i.e., the collision—
induced part) and a weak low-frequency rotational dimer band.
A ll spectra ar e obta ined with -a cal ib ra tion of the absolute
intens i t y .  In this  way , diatomic licht scattering cross sec-
tions are determined as functions of the frequency shift.
Hand in hand with this spectroscopic work , wave-mechanical
computations of the diatom spe ctr a are undertaken , f or a
d irect compa ri son wi th the e x p e r i m e n t .  Models o f the d ia tom
trace and anisotropy (which have been calculated ab initio
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for the case of helium [6], but must be somehow constructed
for the molecular and heavier rare gases) are used as input.
It is easy to judge by the quali ty of the fit , the accuracy
of the employed model , which can then be mod ified and
refined until the resulting theoretical spectra agree with

- - the experiment. This is an important goal of the work . Such
work makes use of the collision—induced spectra of the free
diatoms . The dimer spectra, on the other hand , are to be
used for the first direct measurement of the dimer concentra-
t ion in a si tuat ion of the rmal eq ui l ibri um. Furthermore , the
vibrational and rotational energy levels of the dimers can
be obtained from the Raman spectra. With such information ,
the currently best available semi—empirical interatomic
potentials [7) can be given their ultimate refinement.

We mention that the invariants of the diatom polar-
izability can be measured by only one alternative method .
The trace can be determined from a viri al expansion of the
dielectric Clausius—Mosotti function , and (at the frequencies
of light) of the analogous refrictive index [8]. The aniso—
tropy is related to the second virial Kerr coefficient 19] .
For any given temperature , both methods result in a simple
number , usually with a substantial error. Measurements of
these quan tit ies , where they exist , were made at only one
temperature , severely limiting the information available from
such measurements . In contrast , our spectroscopic method
yields a spectral distribution function on in absolute scale.
The shape of this function carries much retrievable addition-
al information , and measurements at a fixed temperature are
usually sufficient for a complete definition of the diatom
polarizability model. With regard to the refinements of the
interatomic potentials , we mention that essentially all alter—
native measurements have already been pushed to their limits
[71 . Thus , there exist , even among the most highly refined
potential functions , minor differences (especially of their
shapes) that cannot at present be resolved [7]. Energy
levels are known for some van-der—Waals dimers [10), but more
work to supplement and verify the existing data is needed.
If complete energy tables are obtained , the model potentials
can be adjusted to be consistent with this new information.
In this way the inherently high precision of spectroscopy
can be u ti l i zed  fo r the purpose.

Low energy e l a s t i c  e lec t ron sca t tering in the energy
range of 10 eV—l000 eV is a research tool used to study the
dynamic response of an atom or molecule to an incoming elec-
tron. If the electron is very slow , then the induced distor-
tion in the charge density is adiabatic [1 1 ]. The consequence
for the cross sections is a strong enhancement at small
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angles , due to the long range - dipole field , which the targets
produce to shield themselves f rom the perturbing field gener-
ated by the incoming el e ctron. When the e lec t ron  energy is
increased the overall an-ale cross section decreases , indicat-
ing a dy n a m i c  response of the molecule [12] . At very high
incident en c i u iy  the electron c loud is too slow to adjust to
the incoming perturbat ion , and the cross section reflects
the static potential. I t  is the -  l a t t e r  process we have
utilized heavily and were able to exploit to such an extent
that we could d- ’t e i m in e  the st it ic distributio n of the elec-
trons involved in the molecular bend forming process [13].
(This research is now supported P1 NSF.) It is now our intent
to ext e-lO I our research to the m e d i u m  and low energy range.

Electrons which int eract with atoms and molecules
in the 10 eV—l000 oV ener lv range have- a high probadility
of exchanging ener cy with the target. This process has its
analog in the opti c- il domain in the Raman spectra. The
lites in the inelastic el ec tion scatterinc spectrum corre-
spond to f-~t okes lines, while those in the super—elastic
spectrum c o ri e s pn n c  to a n t i — ~~tokes lines . There are two
important chstinctions bete-;e-en the two methods: the cross
sections are 8 to 10 orders of magnitude different to the
advantage o~ e l e c ti on  scat tori n- ;; and spin flip reactions
are impossible to si u l y by opt  ical spec troscopy . While the
cross sections d i i  ference c-an ice d c - c r e ased  by a couple of
m a g n i t u d e s  by resort in - ; to resonant R iman scat terine , the
second arcument remains true .

The following ~m n a l o - ~ jr- s can be established :

a b s o r pt i on  s p e ctr  c)SCOj)y inelas ’ ic electron scattering

emission sp~-c L r e s c o py  = sup-ciolastic electron scattering

Develop in t h e  i ‘ld o f  sap -i elas t ic e~ ic- ct ron s c a t t e r i n g  is
eq u ivalent to a row f i e l d  o f  ap e ct r o s c o pv  in which the high
resolvirr- i power of -p t  i c i .1 spe ’-ctroscopy is utilized in the
e x c i t a t ion  of a s p e c i f i c  molecu la r  s t a te  by resonance absorp-
tion. At t he same t im e  the dc--excitation via electron scat-
te ring opens the opportunity to study singlet—triplet conver-
sions , vibrational mode cc u p l i nj and potential curve crossings
due to the selection rules as they apply t o s c a t t e r i ng
processes. This technolooy h-is been successrully tested - n
N i  and Ba vapors -and there tni~ - looks very promising f o r  the
e-xtens ion to molecular cla ses [ I . , 1 ~ ]
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B. PROGRESS: The field of c ol l i s ion — i ndu c e d  li gh t  scattering
came into existence eleven years -ego , B’~- the pioneering work
of Birnbaum and McTague 

~~~~~~~ 
W ith the ~~- - -iew article on- of

the principal investig ato rs is pre - sc U t  ly c o mp i l i n g , the r~ ijor
bulk ot such work is c c rre r t ly brou- :ht to a s-o-cc-ssful coa—
clusion [lh] .

More sp e- cLt lca lly, -~e men
t i n  ~ha~ -collision—induced

spectroscopy was relat ively ea sy ~c d o in h~- h i -~hly polariz—
able gases (Ar , Kr , Xe ’ , , of  - 

. - i -  } 1  - per  iv opt m u  Zino
the apparatus , it is possible ) ( - ‘ i i i .  in  s ach  i S e S sig nals
amount ing to h - and  eds ot co-u ts p~ se- cons: , ~t ~as de nsities
low enough t o  suppress ~ l 1 i i i  e c e ’ - I - -  dy cc n t - -~~ ons . A p a r t
from determining the li -~ht scat er un c: ss st~c’ i us o~ p~ 1rs
of atoms , one derives ru m sc- -h r .u~so  ~-r ’ -~ -rc :- - .-Jels o: the
anisotropy of the amatom p - i ~ e r i ~~~e i t i i ty .  ~~ . -o:a t td y ,
since precise H a r t L e e - —~- - c k  t ~~~~ r~or~ ~ ct~i~ 

p
, . .  U~ ‘ h e  Jia ’ ms

are p re sen t ly  not p o s s i b l e  f o r  t u e s~ - ~ao .S , Ci Sc m ~d~-ls
cannot be compared W i t h  ab ini ° i i  c i l c . 1  o~~~~:. s o: th ’- diatom
polarizability . Ab ini’ m - - p l a r i z i i - i 1 ~~t~ - H a  h] exists
only for helium at present . I’ W e ;  O~~ ~~~‘ t h ’ c - : h , W~~ -V c - i ,

that the experime nt in heliu r- is 114 ‘so 1 ’  1,
the si gnals ire expected t - b ’  t o u t  orde rs o ma ~i; i. i - ic ’ less
intense  than , for example , in  er-a -U . It w. -vie , by de ve lop ing
and p e r f e c t  in g  a -V ) n u p ; i t e r — c o n t r o ~ -d R~e en ~~ ep p a r a t  us , -~~~

tha t  s p e c i f i c  purpose , we W i  e ab l e  t~- ‘ - - n o  he1~ um spe c t ra
[ 1 8 — 2 0 1 .  Ab solute  cross sect  o n e  f o r  sc~~t t  t i  m i  of  l i g h t  by
co l l i s i ona l  p a i r s  of h e l i u m  atoms w e - r e -  e-~ i i i -  ~. by compar—
ing the two Raman spec ra , ru ’ w i t h ‘ h -  j -l a t e: -et ion ct the
inc ident  beam pe r p e n d i c u l a r  t -  d i rc c~~ion of the observa-
tion , the other parallel , W e -  wcn e -  ab le ’  ‘ sh- -w that in helium
we have both a p e l a r i  z€-d and a dop e1  ~~~m i i u- d  spect - e m . This
c o n s t i t u t e s  the f i r s t  o b s e r - :e t i o n  o: a p 1 e r i . ’ -d collision-
induced Raman spectrum in any  gas [19 .20], e~~d a new (the
second ) measurement of the t ~~ece . (The first meas u rem en t
of the helium diatom trace was bas ed on the virial expansion
of the dielectric f unction [8]; i t  is consistent with the
present new measurement.) At the same time , the first
measurement of the helium areisotropy is obtained [18 ,20].
The comparison of these polari zability invariants with their
ab initio calculations is generally satisfactory after cer-
tain frequency (“dynamic ”) cortectic’- .~ have been made .
Already our work has stimulated new mel more sophisticated
ab initio calculations of the dynamic d i a t o m  p o l a r i z a b i l i t y
(the first such celc-alations tor helium)

The neon di a tc ; - -  L ec tur e s e c o l l i s i o n — i n d u c e d  spec-
trum which is also ext e~~ t -1 ~ ’ weak. nly one othe r measure-
ment of the neon depolarized spectrum ~-xisted [12]. With
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the computer—controlled system jr-vol pc-d for helium , it is
not too difficult to also record t h e -  neon Raman spectra  [ 2 1 ) .
We were able to verif y, and to e- x~ end to higher f requencies ,
the e ar l i e r  measureme-i; ’ of the  d ej ’ - I a r i z e d  spec t rum , a n d to
ob t a i n  fo r  t he  f i r s t  t ime tte ~- polarized ne on s p e c t r u m . At
the same time , the light scatter m n -r cross section of neon
diatoms is determined . Em piri -i 1 I c c u r a t  e mode l s  of trace
and anisotropy we -re’ obtained and cool — e re -d with theoretical
models , which were shown to b~ in adequa te [21 ] . (This is
not too surprisina , since t h e  n eon di-itom is a 20 electron
system and too big for accurat ‘ - co:nput it lon i 1 work.)

Since previous work in argon [22 ,23], krypton [2~~),
and xenon [2. 1 (and in a molecular cC IS , me thane [25)) was
successfull y cceniple - tod , we have now essentially concluded
the ti e - Li of binary collision—induced ld-:ht scattering , and
the- me asurement of t h -  i nv-eriants of t h -  -ciatomic polariz—
ability . A ’ t h e  t ime o f  t h i s  w r i t in  , w -  are prepari : c; to

- 
- 

lfle’-is ure  c o l l i s i o n — in : - ;  - i  scat’ -r in - ; in Ho , t he r a r e iso t ope
of he l ium . ~e >: t we p l an  t - - dc t h e  exp - -r i m e n t  in hydrogen
(a nd p c ’ t h q  s in  a - -~ t - r i u m )  . F i n a l l y ,  m i x  -ares of gases and
the at m e s t h r i o  : 1st -s  w i l l  be t r i ed . A l l  of t h i s  w i l l
p robab ly  be n c - p l - ’ - e d  by M -P i l , l t 8 0 .  Th e r e a f ter , the
emphas  is w i l l  b~’ o:. * spec ’ rosc c-py of t h e  l i met :  and the
a s s o c ii t e o i re ’ i n - o r - n t  o~ t h e  o u t  er - if -mic p- tc-ntials.

t h e -  ~ - t l ]s f ic elect -n sc a t e  ering__experiment is
developed a ic- i • iOe-5 . Or. t fi r- ~rue si de - ~ 

- aevelop the
electron sc i’ ‘ - in iou 1’ y , an d  or . he o t he r  side the laser
s y s t e m  has - i c  so ’ :;p. Pur ina rio - last year the electron
a n a l y z e r  ( 1 2 7 ° t y 1  - - h a s  been r e t  m e d  t o  100 my r eso lu t ion
with 300 eV i n - i d e  n ’ en’ - :  y .  A seq ;ence of  beam s p e c t r a
has been r o c t r l e d  i S  1 u:ct jo: ot t h e  e-lectron optical pa—
ramaters in the .: in. the se -arch is still anderway to find
the combinatu n c t  dimensions , which al’ cw~ us to circumvent
the “BOERSCH” e f f e c t , and thus - - produce the most intense
and monochromatic electron beam allowed by thermodynamic
princi pl es. our s -co:;d poin ’ of attent io n is devoted to our
new argon ion p u n -p c i , o de-locked dye laser system . The
laser table (5000 lb qranite f loating on NRC pneumatic sup-
ports) and the laser were instilled in January 1979. Since
then we have been building the d i e -inostic accessories , which
cannot be purchased , ard We-V are modifyin: the system to
extend th e- spectral r e n :e of the lase r systems into the
2300 )\ ; I o n i e i n .  F u r t her m o r e , p r e l i m i n a r y  tests  are  be inc:
performed to ant icipat e which pewc-r and t u n a b i l i t y  can be
expected in the optical p;lmp i n :  of the molecular jets. To
this end we measured the powe r dependance of t ac’ doubling
efficiency of seve’ral crystals. According to our preliminary
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results we can exp ect one w et  t peek p owe r at 2 3 0 0  A , whi ch
will be enough to sat ;;rate- h~- e l e ctronic transitions to be
studied in SO2. Furth e-r :e;orc- , in order ta measure the pulse
shape of several p m c o s e c o n - J s  We are building a new type of
cor re l a to r  based on a r o t a ti n- :  L eSS l~LIte. A cavity dumper
uperatin i in the blue. s~- - -ct tel ran -ac - h i s been or dc-red (t und -d
by U.T. at $16 ,000) , ere -~ this will further increase our dou-
bling efticiency but requires coop-ate-c controlled tuning
mechanisms .

As ment ioned  above , wi th th e en- of the current
f u n d in -a  per iod (March 31 , 1980) , w- will h~ive: completed
the work concernin ; th~- ~~~~ troscopv of binary collisions.
Continued work concerns th e- - r elat e d s n c ~~r-oscapy of dimers
and wril be proposed -u n d er  t h i s  unit numbe r .

our work in h h _ener -v electron scatterina was
sponsored several years by the- f - lI P p r c - a r e r u . H awe- :er , l as t
year the NSF has p i e -k r -  up the u : u d i n ;  of t h a t  w- r k  a n 1  the
papers [26—30 ] , are thc- resuli s based l i i  :e - ~~l’ on terrier data
and therefore the contribu ’ u u r  o~ ‘he JSiI l pr~ rram lees been
acknowled~;ed. There w i l l  be t hr ee o n four more papers coming
in the future in this area bc-f - re : we hav e  taken c-ire of all
resul ts accumulated p reciously . A~~ter the NbI~ h as come in
to help support our w iF , a sew d u r e c t i - :  of research was
proposed to J SEP.  D u r i n g  t h e -  n ex t  yea r  or two we hope to
build up a new facility which centers aroun-~i ‘The s tudie s
of the electronic excite d state’s of molecul e s by superelastic
electron scatterir; :. -rhis t --cn:- -u l - - ~:y will be v e r y  p o w e r f u l
because it is app licai-l -c ’ to very divers if io-d qu estions ran ;-
ing from air polu ro-a; to h i - r h  : - w - i od lasers. In the near
f u t u r e  our main  i n t e r est  will fcc-as on sma L , relatively well
kn o w n  molecules , such as ~L 2, Nd 2 - u 

~~~ 
where expe riment and

theory can meanin : iy coop 1 m ont each  o t h er : . We have to
recognize that Tue Uiiversit:y - f Texas at ;~ustin has gener-
ously helped to open t:u is new e-s’-arch avenue? with a $58 ,000
e’qu rp n .-n t grant, and a pi ep o s ul  for m o r e  inte rnal money is
pendin ea .

B. Rl - ;F 1- - - :Nch: :

1. I.L. Fabelinskii , “ ‘- f- -l ecula:- S - e t t c ’ r i n a  of Liaht ,” Plenum
Press (New York) 1q68.

2. L. Silbersteir ,. Phil. Mao . 33 , 521 (l~917)

3. A.D. Buckingham , Trans. Far adayo-:. 52 , 1035 (1956)

4. J .P .  ~- fcte r e  and C. Birnbaum , Phys. Rev. Letters 21 , 661
(1968) 

- -  - -



_________________ 
— - - - V - ---V— --V— - - -  - 

--V —-V-V- -V —
- V-V- -V - - ---- -- 

cL’AN’PUM ELECTRONICS

5. J.P. Mc l’ eque , W .D. Ellenson and L.h. Hall , J. Phys.,
Radium 33 , C—l , 2-U (1972)

6. P.J. Fortune and P.R. Certain , J. Chem . Phys. 61 , 2620
(1974).

7. E.B. Smith , Physic-i 73 , 211 ( 1 9 7 5 )

8. R.H. Orcutt and R.-!i. Cole , J. Chem . Phys. 46, 697 (1967).

9 . A. D . iOu-cF iniham cud I - . A. !)uninu n , T r an s  . Faraday Soc . (4
1776 ( 1 9 6 8 )

10. 1. Tanaka and K.  ~oshinc , J. Them. P hy s .  53 , 2012  ( 1 9 7 0 ) .
i i . N. Fink , K. Just and L). Uerrmar;n , Ptuvs . Rev. A 12 , 1374—

1382 (1975) -

12. ‘1. Fink , K . Jost aru i P. iicrrmann, J. them. Phys. 64,
l q 8 5 — l 9 8 7  ( l f ) 7 5 )

13. M. Fink , D. dreelo r\- c r u d  P .C.  N~ ar e , P hys  . Rev . L c - t t .  37 ,
15— 18 ( t - ) 7 e 1 )

14.  I . V .  i i ’- r t e l  and  W .  u -L o l l , J .  hy s . B 7 , 5 8 3  ( 1 9 7 4 ) .

15. D . F .  l~e - : I st e ’ , 0 .  Tr-i ~m i r , S.W . Je-rsen and R. T.  Poe ,
Ph y s .  11ev . t e t t .  i l , 7 4 q  ( l ~~ 7 S )

1 e~ L. F rcunmhe ) id , Adv e  sees  Ch u rn - P ) u v  s . , in p r - -~ c r i  t ion .
17 .  N .  B e r ar d  a r i d  1 .  t e l l e r - e n d , ‘1 l ee .  I h y s .  14 , 251 ( 1 9 7 7 )

18. N . H .  P ro :  I itt and I .  F r ; : rh e l e i , J .  Ch ers . l’hvs., ( N a c  15 ,
19791

19. N.H. Proftitt and L. F r ommh o l d , P h v s .  R e - -: . L e t t e r s , ( May 28 ,
1979)

20. N . H .  Pro f f i tt end L . Frommhol d , ~1 . Oluc ’i :i . ‘h ys , a n  p ress .
2 1. L. Fr o m mh o i - d  and N . H .  P ro :  f i t  , Phys. Rev ., in press.

22. L. Frommhold , N .H . Hona a n d  N .h .  Prof titt , N-ic c. Phys. 35,
665 (1978)

23. L. Frommhold , N .H . h one and N .H. Prof fitt , Mole ’c. Phys. 35,
681 ( 19 7 8 ) .

24. L. Frommhold , K .11 . Hong and ‘1.fI. l’ r o t  t itt , M e l  ec. Phys.
35 , 691 (1978).

25. N . H. ~ j~~ f f i t  t an d  1,. F ro m r nh-  - I d , Oh -rn . Ph ys . , 197 ( 1 9 7 9) .
2(,. N . Fink , P.C. M oore  and D .  C re’- r ’ry , ‘ . Chem . P h y s .  71 ,

( 1 9 7 9 )

59

- 
? _ _~~~~~~~~~~~~~ _ - - - - -~~~~~~~~~~~~~~ - - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- - -~~~~~ -— - - - -



- J”fl .~ - - - T-~ ..~~~~~~~ - - — -—-—-—--.—. - __________

QUANTUM ELECTRONICS

27. M. Fink , C.W. Schmiedekamp and D. Gregory , J. Chem . Phys .

71 , (1979) -

28. M. Fink and C. Schmiedekamp , J Chem . Ph y s .  7 1, (1979).

29. B. Miller and M. Fink , J. Mci . Struct. 48 , 363— 372 (1978).

30. B. Miller and N . Fink , J. Mel. Struct. 48, 373— 380 (1978).

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -~~~~~~~~~~ 

- 
-



— - --- - - V— —- —--V--V - - - V —-V - --------- —-- - - - V  — - ------—-- --- ,—-- -—-V-

~- L. - \ N l U M  1- :LF:CTRON 1CS

Research (nit 2h8— 3 . U I i ;hi Ic e(~~ .R I A O 1  P SYO -J 1-:t-l u-;

I’rm ncip a L Inv e ’sti - ;a ’ - r s :  Pro f essor J. Keto (471—4151)
I r e f  e s sor  N .F’ . he cker (47l—Th28)

C raduat e- S t-ad~-r~ i : C . Puo

A . PROGRESS

1. h1 n e~~~~~~F r d n s t e - r L n I ,2I Ser 0~~stems . One- o b j e c t i v e  of t h i s
u n i t  is the u S e -  of time depe-ni ent spe’ctroScopic techniques
t o i - d en t  i t  y t h e  prirna r y t ner rv trans c-n processes in high—
enen ry laser syst ~~~~~ initial r e s e a r c h  h-cs conce-ntrated
on S t  u - d i e s O f  c l e c t  r on  be~cr; pumped mixture- ;; of oxides and
r a r e  gases. This work is sew concluded. New experiments
h a v e  he c - r u  c - i  i roe- t er ) at s t u i l  ~ es cc I r e - c- -on ; } e j  n et  a on rates in
high—densit y nine -ni s c - i i s c h a r - : e s .  Th i s  i n f o r m a t i o n  is per—
t i nc -n t  t o  r u e a m l y  ~c i 1 t vpe’s of h i c r h — p e e we -c excimer lasers
w h i c h d C S e  - u -ire gases as a bu t - - r in the- c-r e r ay  absorption
process. We h av e  new - - b t  n i n e  d very cxci t i n ;  p r e l i m i n a r y
d a t a  on recomb ina~ i -r u  p rocesse s at h ieh  eh-nsities.

i )  Recombinat ion in P i T h  Dens it -~ Argo n
B ior ud i [ 1 has  r e c e n t  l y s ’ u - l i e - e l  dissoci~ct ive  re—

combinat ion of elect rons in I A r~ l i n t  ernie ions in an ion
dischar :er; a t  lOT and sh ewn h - c e  ‘ h e  :ineon 3p C 1p s t a t e s
result f rom lis soece t lye r(-cc er ;b inat ion

* 1 * - - C

~c - r 2 + e — Ai  ( 1p 4p) - * An

and that the decay of these s t a t -s a c c u r a te l y  f o l l o w s  the
ion density.

h e r  ar -ron pressures on t he  o r d e r  of ten atmospheres
the excit,ction volumes ire too small f o r  reliable electron
density me asurements -us ing microwave init er t erom e try; hence
we have measured the recombi ri atme en rates by measuring the
time dependent t luoresc (-nce o f  t hese  s t a t e s  in the t r a n s i t i o n

* 
h- . *Ar ~ (3~ 4p) —-~~

- Ar  ( 3 p  4 s )

If the decay is dominated by repop ;;laf ion from recombination
channels we expec ’ tb - decay te e be described by
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1 
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~~~~

]tne 1 - ( .
~

. k..P + 
~ 

k~~ P + 
~ 

A. k)n. (1)

where 
~~ 

is the branching fraction for the recombination
reaction to the 1th atomic state , a is the dissociative
recombjnatjon rate , n

~ is the state population , 
~e 

is
the electron density , k~~1 and kik are respectively
the intramulti plet and intermulti plet collisional quenching
rates , and Aik is the spontaneous emission rate .

We show elsewhere [2] that if the inverse square
roo t of  the intensi ty  is p l o tted as a f u n c tion of  time , the
data should lie on a straight line with slope

(
~~~

P
~ik + 

~ 
k~~ :+ 

~~i 
ki

P)½ 
(
~~~

i)

½ 
(2)

and in te rcep t

b. = 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~ (~~~~ 

k~~~P +  
~~~~

i -
~~
) 

½ 
-

Since recombination is a non—line-ar process we have measured
the radiative emission rates in absolute intensity per unit
volume . If we sum over ~cl1 si- :nifican~ produc t states the
effect of both the branchine fractions and intramultiplet
col l ision ra tes ~cre eliminated , enabling the measurement of
the total electron ion recornbination coefficient ~.

Our measurements of the decay of these states in the
late afterglow confirm Biondi’s observation that they are
repopula ted  by d i s s o c i a t i v e  recombina t ion . In F i g .  1 we
pl9t the inverse square root of the intensity for the

sta te obs erved at 826 . 4  nm.  The same decay is
observed at 696.5 nm and 712.3 nm. By measuring the slope
and intercept as a f u n c t i o n  of beam current and argon pressure
f o r  a l l  p r oducts of  d i s s o cia ti ve recomb inat ion , the branch-
ing f ract ions , recombination coefficients , and elec tron
densities were determined as a function of pressure and elec-
tron density. We have obtained three significant results [2]:

( 1)  The branch ing f rac tion fo r the 
~~~~~~~ 1 state

at high densities is nearly 0.9.
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(2) The recombination coefficient at intermediate
pressures (lOOT) is a function of electron
dens i ty.

This electron density le -pendc-nce of the recombination
rate is n e t  an e t t e c t  of  the e l oct re e ru temperature. The mea-
sure r a t e s  shown in  F l - i .  1 W e r e -  o b t a i n e d  f o r  t ime scales
long with r e sp e - c t  t o  l c5e c ( 5 ; i s e - c  p e r  p o i n t )  . Calculations
indicate that the el e- -tron distrilei tion thermalizes in less
than Lsec f o r  p r e s su re s  ab ov e - l O O T .  We believe the observed
variation in recombinati rate with ele ctron density supports
the idea t h a t .  i n t e r m e d i a t e  r n ’ l e - c u i e r  states play an important
role in dissociative r e ’ c m b m n a t i o r u

** *Ar 2 + a Ar ) Ar  + Ar

This intermediat - S k a t e , beir u - ; n e - I n  the i o n i za t i -n con t inuum ,
can be i o n i-iod

* +Ar 2 + e A r ~ + 2 ; -

as well as dc -- ex cited by electron impact. Ionization process-
es have the ef fect of r e - - u - - i n: t h -  r e com b i n a t i o n  r a t e , w h i l e
dc—excitation increases i t .  As a res-il’ , t h e ;  n e -combina t ion
r a t e  becomes dope - sOc --nt a p e — n  the o l e- ct r en Je - us i t  v

3) The rec (~~ b I n e t  ion ce-  - t a c i e  nt  at constant elec—
trori densi ty is const -e:i ’ t rom lOOT — 500T and
then incn . o ises slowly tor pressures up to 3000T.
This  r e s u l t  is  sh - e w n i  i n  F ie .  2.

The observed i n c r e a s e  in r e c o n eb i n c t  ion r a t e  a t  h i g h e r  densi-
t ies  can be a t t r i b u te d  t O  t h e ’ con er sio n  of ( l i a t o mi c  to
triatomic ions at highe r de nsi t ies.

Ar + ~ e\r .~ Ar~ + Ar

Using d at a  we are now obtaining at  higher pressures , we
expect to determine- the recombinat ion coefficient f e e r
Ar~ I n t e r m e d ia t e  t o  cci i obt r i n i nq  t h e ’ above data we had
to measure the collisional deact i vation rates indicated in
r-;q. 1. we have studied these- by observing the decay fre-
quencies from the A~.(3p

54p) states foll owinq electron
impact excitation [1 ] . When usin i electron beam excitation ,
one must . carefully extract possible cascade processes to
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obtain a c c ur a t e - ; e - ~esuren ;e -nt S of the lifetimes. h i l t  C er t un a t e l y
the s t a t e -  l i f e t  l m e -s and t h e  cas c a d e  l j t e ’ t  i m e - s  t u r n e d  out  t o
be ne - a rly c -g a il ; h i s  ties limi t o h  t h~ - - c  - - 

- iracy of our mea—
su r o m e n t  s or  t h e -  - ~~r ; - h i :u ~ t t r u S t - i r t S ,  l ie W - e i  t o r
pres surc--s rorr 11 ,o tilT , Oe* ser [ -‘ I his r e e c - st  1 measu red
the col u s  ion ci c-le e xcit c t  i - - n  r a t  c - C ;  f o t  a r - r c a  3p 54p states
produced sele’ - t  i v e - l y by  1 cse r e x e ’ i  i t  l e S .  :- -- e - t s e r  ‘ s dat a
aqree w i t h  o u r s  an;-I ~t i  o more a- -cu r e t c  be~~~- i u so t h e  s e l e c t i v e
excitation el  i n i r O c-S  h . o f f  oct of C iscade .

- 
tar d et. c 1 0 1  Ito c isc t b  ~e a  cy ~~~~i. ri-s . shown in

Fig . 3, indicates ~i11 st a t e -s d I e ’ p - p ulat e - : by - -~escade fromAr ( 3p 54p states. Su n p r is i:u - ;l y , t h e - - 4 p ’ state is selec-
tively popul ate -eu by c iscaw- f rom an u : u i d - :’~t i f i e e h  l en ;— l i v e d
state. This re - suit is si - ;ni f ie~int be - i -u se ’  i t  is t h i s  s t a t e
which has the l ar — ; e- I n anc hin - : t n cct iOn f o r  r c - c u r n b in a t i o n  at
h ig h d e n s i t y .

I n add i t  -: ; ‘ e - C ~~~ a s u n  i n- ; r - - - - e n ; h i  n e t i o r  rates at
higher densities we a r. - : ; - -w a t  I e - r n l - t  in - n f e -  i d e n t  f y and s tudy
the  in te -rr ;e-~l i 31 c- S - a - s in c - l i  sse c i at  a e -  rc- c~ ;rla m n a t i o n .  Ini-
t i a l e x p e r i m e n t s  h iv e  L f l l l e ’-O ec-I w -  c m  m e a s u r e  the l i f e t i m e
of these st etes . I o n spe’ c t  re - s - c - p - i c  l i - - n i t  11 icat1~-n of these
states , we are pl innin tw - e C u :  t h r e e  ph - - t i :’. excitation
5tuO i e5 of hi -da— n y a l e e - ;  mol e; c - S .  c - i  this purpose we have
con st r uc t ed  a c-l y e  l c s e - r  5 5 ’ e - i  1 - ; r n I - e -~ l wits a h i - r h  power
n i t r u c n e ~n l a s e r  : . In; c d d i ’  ion we p lan t e re-pe at measure-
ments  of e x c itj n  l i f e t i m e s i i ;  sol id xenon  ( 8 ]  u s i n g  m u l t i —
pho ton  e> : c i t at i o n .

b)  Product ion of 0 100) in lllect r o n  R e - ~un ; Pumped A r c - r o n
Depe: i w i t h  -xv re- n

P r o :  no c is lv  we have repor e- cl tha t signi ficant amounts
of 0(150) are pr - - ~ice~eh in electron be-er ; p -ump e l ar -ron doped
with oxygen. We have f o u n c - i  from t h e ’ beam current dependence
that the primary p r o e l ;u c t  i o n  is through churue t ransfer

+ k 1 +A r
2 

~ 02 
—

~~~~~ c + 2Ar

which must compete- with dissociative recombination of Art .
In calculat in -i the O(1-S 0) intensity we must account for
the quenchinr of O(1-S 0 ) by the dissociat i-~n p r oduc ts O(3P)
an d 03 wh ich  are produced b - -  t b -  dischareie . We are now
finishing detai lei calculations for the dischar c-re which in-
clude thirteen reaction processes . The recombination data
rece ntly obtained for argon is bein -i used in these calcula-
tions to model t he  loss of arc-ron ions . By compar;n-u these
discharge calculations with experimental d a t a  we hope to
estimat e- t h e  rate — of char -re t r c n n -  r e r. To cie t  e we have
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obtained qualitative but not quantitative agreement with our
experiments. Our data suggests an additional mechanism for

dissoc ia t ion  is r e q u i r e d .  Resu l t s  on electron dissocia-
tion of H 2 ,  r ecen t ly  ob t a i n e d  by Phe lps  [ 6 ] ,  suggest  e lec t ron
d issoc ia t ion  of 

~ 2 s h o u l d  be rap id  above th resho ld .  Since
good cross sect ions f o r  e l e c t r o n  di s soc i a t i on  of 09 are not
ava i l ab le, we will have to model them with adjusta6le
paramete r s . Since the only other fitted parameter is the
charge transfer rate this :iiiqht be done with some sensitivity .
A publication on these results is in preparation [7].

2.  Laser System Components. A second objective of the re—
search in this unit is the characte -rization of optical com-
ponents used in high power lase r syste-ms . The need for Hi - r h
Energy Laser beam dia-ruostics such as amplitude and phase
distributions is well established . The gritin - : pair or -r r at-
ing rhomb is frequentl y used in such an application. Our
objective is to determine analytically the inherent aberra-
tions in g r a t i n g  nb i omh S y s t e m s . An op t imum or a i t e -n nat lve -
c o n f i g u r a t i o n  can then bc - dev e lo p e d .  In  a d d i t i o n , a dc-con—
v o l u t i o n  a lu o r i th m  shou ld  be d e v i s e d  w h i c h  can co r rec t  dati
already taken usinc; an arbitrary rhomb system ce ent a inin ~; ab—
e r r a t  ions .

At present we have successfull y analyzed the inherent
a ber r a t i o n s  in the c - J r 3 t i r i u  rhonib beam s a m p ler  [ 9 , 1 0 ] .  A l t h o u g h
plane wavefronts are sampled with out ah -rr :ction , spherical or
more complex wavef rents s-u fne r one dimensional phase and dis-
placement deviations . We have formulated an inverse filter
d e s c r i p t i o n  which  employs  the er -uj u l a r  spec t rum concept  for
the i n c i d e n t  and sampled  beams . An inverse- - filter is easily
synthesized an i may be- used to dc-convolute amplitude and phase
data from a typical grating rhorib beam samp ling system . In
addition , we’ pe rton rm- d an ciptimi icction analysis in order to
minimize the phase errors in the sampled beam . Some practi-
cal examples analyzed show t h a t  a phase deviation of 80
wavelengths over a cur vc-d wave -f ront bc- em can be optimized
to 1/10 wavelength ton the same - beam. If an optimized system
is used , dc-convolution of the sampled beam data is seldom
necessary.

Analysis and improvement of the gratin c-r rhomb beam
sampler will continue c I U ij ~~ - j  t h e ~ comin er  ve e r: in collaboration
with Dr. 3- -rome Knopp , MIT L i n c o l n  L a b o r a t o r y . A f u r t h e r
publi e ct iOn is presently in pr - p e r  ation (10 1
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Figure 1. Inverse square root of the intensity of the argon

(3p 5,4p ’
~~,~ 3p 5 1 4s~~~2) tra n s i t i o n  plotted as a

function of tim e .
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Figure 2. Recombination coefficient of ions and electrons in
argon plotted as a function of pressure. The error
bars shown represent relative errors.

68

II, -~~~~~~— . ---——-- —-V 

— 
— -~- - 

~~-c-_~~~~ m•.- - _4~~~~~~~~~~ 
—.--‘--‘.-—-- —---- -~~~~~~

--- -— - -- - - -- —- 
_ - — — - V  - -  -.----



~~ :- 
~~~~~~~~~~~~~~~~~~~~~~ 

-V - - -- - ---- 
~~~.— 

~“!

¶

4_J C)
C)) U) 0 -c-) Cl)

c - .-e U) C) 0oo .c -c— in
-- -~ ---

~ ~~

~~~~ N J O
- ,-e - -e c -U)

C)) U) C) 1~

1 1 1 1 1 1 1  I J I I I T T I  I 1 J I I I T I T I  I
- ui .~ v - < U

~i 4 J  Ire

- . 0 . __f l

- &~4U -‘ -

- - ~L C J ~~~ -0) 0
.1 . r’-i i-~ . J U ) r~— (~~~- - C ) uC ,

-

- -
~~~ 

O~~ .- U

-0- - s~ .c- . 
~~~ (i) r’~~~ O - —

- - L.
L. -‘~ c

- . 0 - C ~~C.).O O
w c

- -~~~- -

c i n c
C m!) .

~~~~
- - 0 C L)Ir-e U ) C ) U )
- 

~~~~~~~ 
Q~~ ~~~~~~~- - w

- 4 - E en~~~~~~ ,—~~~~~• -‘I ~~~~~~~~~~ 
- - LI... 0 c N U) U) U)

- - 0 0  Cl) U)
O~ 0 0 ) 0

- - (.1) C) $ 4 u >~0
~~~~~~~~ ,I n j .

- - 
(f) -~~ - O -

I ILI.)

- .
~~ 

-
~~~ö~~~~- ..- - - C~~ ~ ) 4 -.-,

- 4
• 0 -  - ~~~~} r ~~~ t U

- -c~~j r - - o~~-, F
•~~~ 

- c :-~ -~ —o
- 

~~~~~ — 0- C- ”

• —0- - It, —~---4 CJ 0cf’

~ E --- ~~1 C )
T. i n c

, i i t e l  I I l a i i t e i  a I I ii ii i i  c~~~~i -~ ~~~~U) ($) -’ —4
(Y) (~S~J
0 0 0
I- (ZH LO~)’~~~jV~ AVD~~G -O -‘-

~m a

a-.,

0
0

~e9

-a- _ __ _-V____ _ -V _ -~~~ - - - — -—--‘- -- - ------ —- - -“ - - -~ .-‘--~~.- - -—--------- V- V-- ---- -- —.------V—---- V—--V



RESEARCH GRANTS AND CONTRACTS

FEDERAL FUNDS

U.S. Air Force Office of Scientific Research , AFOSR 77—3190 ,
“Automat ic  Recogni t ion  and T r a c k i n g  of Objec ts , ” P ro fes so r
J.K. Aggarwal , Principal Investigator , December 1 , 1976 -

November 30 , 1978.
U.S. Air Force Office of S c i e n t i f i c  Research , AFOSR 7 7 — 3 4 0 9 ,
“An Integrated Methodology and Tools for Software Develop-
ment ,” Pr o f s .  Yeh , Chand y and Chester, Principal Investiga-
tors , Ju ly  1, 1978 — June 30 , 1979.

U . S .  Air Force Office of Scientific Research , AFO SR 7 9 — 0 0 2 5 ,
“Optimal and Suboptima l Estimation for Nonlinear Stochastic
Systems ,” Professor S.I. Marcus , Principal Investigator ,
December 1 , 1978 — Novembe r 30 , 1979 .

U . S .  Ai r  Force Of f ice of Scien ti f ic Research , AFOSR 77—3385 ,
“The Study of Nonp irame -tn ic Procedures for Discrimination
and C l u s t e r i n g  Problems , ” P r o f e s s o r  T . J .  W i e n e r , P r i n c i p a l
Investigator , Ju l y 1 , 1977 — July 31 , 1979.

U.S. Air Force Ot :ice of Scientific Research , AFOSR 76—3062 ,
“Bivariate Distributions and I’b-~ir Applications in Communi-
cation Theory, ” Professor Gary i .  Wise , Pr incipal Inves tiga-
tor , June 15 , l97( - June 30 , 1979.

U.S. Air Force O f f i c e  of S c i e n t i f i c  Research , AFOSR 76—3062 ,
“The Stud y of Certain Statis tic-cl Aspects of Discrimination ,
Clusterine , and Commun cation Theory, ” Professor Gary L. Wise ,
and Professor Terry 3. W a q n e r , C o - P r i n c i p a l  I n v e s t i g a t o r s,
Ju ly  1, 1979 — September 30 , 1980.

U.S. Air Force O f f i c e  of S c i e n t i f i c  R e s ea r c h , AFOSR 78-3712 ,
“New Nonlinear Optical Processes in M olecu le s  at I n f r a r e d
Frequencies ,” Professor M.F. Becker, Principal Investigator ,
October 1, 1978 — September 30 , 1980.

U.S. Army Research Office , D)\AG29-78—G-0L46 , “Quasi-optical
Techniques for Millimeter and Submilljmeter-wave Circuits, ”
Pro fessor T. Itoh , Principal Investigator , Ju ly 1, 1978 —

October 31 , 1980.

U.S. Army Research Office , DAFG 60—78-C-Ol6l , “Data Processing
Requiremen ts - Modellin g Technology ,” Professor R.T. Yeh ,
Pr incipal Investigate — n , October 1 , 1978 — September 30 , 1979.

Office of Naval Research Contract N 00011-75—C -- 091f- , Mod .
P0003 , “Acquisition of Dedicated SEM with Option for TED ,”
Professors R.W. Bc-ne ’ and R . M .  Walser , Principal Investiga-
tors , May 1, 1977 — April 30 , l~~78.

71 — — - - 
~~~~~

‘

G P~~~~E -L- ~~( .Nc T ~ ‘Ii ~~
- b~ D

-V — - - -V - --V



RESEARCH GRANTS AND CONTRACTS

Office of Naval Research Contract N000l4— 75—C—0753 , “Multiple
and/or Inhomogeneous Layers for Integrated Optical Coupling
and Modula t ion ,” Professor A .B. Buckman , Principal Investi-
gator , March 1 , 1978 — February 29 , 1980.

Office of Naval Research Contract N000l4-75—C—09l6 , “Synthesis
of Useful Electronic Structures Using Solid—Solid Phase Reac-
tions Near Surfaces ,” Professors R.W . Bc-ne ’ and R.M. Walser ,
Principal Investigators , May 1, 1975 — April 30 , 1979.

National Aeronautics and Space Administration , Lewis Research
Center Grant NSG 3089 , ‘- Development of a Plasma Fluctuation
Diagnostic Tool for the NASA Lewis Bumpy Torus Experiment ,”
Professor E. J . Power s, Principal Investiqator , November 15 ,
1975 — Decembor 31 , 1978.

Na t iona l  Science Founda tion , Mcs 78—07306 , “Computer Science
and Computer Engineering Research Equipment ,” Professo r R.T.
Yeh ,  P r i n c i p a l  I n v e s t i g a t o r, June 15 , 1978 — November 30 , 1979.

National Science Foundation , CUE 77-21548 , “Experimental
Termination of Charge Densities by Electron Diffusion ,”
Professor N . Fink , Principal Investigator , February 15 , 1978
through February 15 , 1980.

National Science Foundation , DMR 7~~~21O96 , “Micro:t~ uc tura l
Stability in Therma l Gradients ,” Professor J .P . Stark , Prin-
cipal Investigator , November 15 , 1976 — Decc-rtL-er 31 , 1979.

National Science Foundation , “A Reconfigurable Varistructure
Array Computer ,” Drofessor G.J. Lipovski , Principal Investi-
gator , April 1978 — April ~98l.

National Science Foundation , “Workshop on Future Directions
in Computer Arch~ tecture,” Professor G.J. Lipovski , Princi-
pal Investigator , october 1977 — April 1978.

National Science Foundation , !-~N- 78—00719 , “Experiments on
Nonlinear Interactions Durinq the Transition to Turbulence’,”
Professor R.W. Miksad and E .J. Powers , Princ i pal Investica-
tors , November 1, 1978 — October 31 , ~~~~~

National Science Founda~ ion MCS 77—03885 , “Parallel Arc~
tec tures and A1~ o ri thms ,” Professor T.K .M . Agerwal i , P~cipal Investigator , September 1 , 1977 — January 15 , 1~~ ’

National Sc ience Founda~ ion , l-~N ;h 74-03986 ,”Comput t- ’ Re- -

of Scenes Thro ugh Color and Motion ,” Professor J.~~. ~- . - ‘

Princi pal Invest igat or , April 1, 1974 — Sel f -mbe r

72 

- - - - — —— — - -  - ——~~~~~~~ - - - -— — — - - — - - -  - — — -V



AD A072 136 TEXAS UNIV AT AUSTIN ELECTRONICS RESEARCH CENTER F/s 9~5
AP*IUAL REPORT ON ELECTRONICS RESEARCH AT THE UNIVERSITY OF TEXA——ET C( U)
.JUL 79 E .J POWERS. S I MARCUS fl9620—77—c—oIo1

UNCLASSIFIED Nt

E U

p ~~~~

j l



10 ~ 2 8  ~~~~

I~ I~•’~ 
111112 2

I~~~ 3 5

~ 2 0IIIll’’ ~t~°
“11111.25 

~~~~~~



RESEARCH GRANTS AND CONTRACTS

National Science Foundation , ENG 76-11106, “Estimation and
Analysis of Nonlinear Stochastic Systems ,” Professor S.I.
Marcus , Principal Investigator , April 1, 1976 — February 28 ,
1981.

Department of Defense Joint Services Electronics Program
Research Contract F49620-77—C—OlOl , “Basic Research in
Electronics ,” Professor E.J. Powers , Principal Investigator
on behalf of the Faculty Affiliates of the Electronics
Research Center , April 1, 1978 - March 31, 1979.

OTHER THAN FEDERAL FUNDS

Bureau of Engineering Research , “Optimal Control Under Un-
certainty ,” Professor S.I. Marcus , Principal Investigator ,
September 1, 1977 — August 31, 1978.

Bureau of Engineering Research , “Control Issues in Distrib—
uted Computer Systems ,” Professor T.K.M. Agerwala , Princi-
pal Investigator , September 1, 1978 - August 31, 1979.

Research Corporation , “Study of the Chemical Kinetics Im-
portant to the Production and Loss of Excited Molecules in
Electron Beam Excited Gas Mixtures ,” Professor J.W. Keto ,
Principal Investigator , October 1976 — October 1979.

Robert A. Welch Foundation , F-600 , “Spectroscopy of van-der-
Waals Dimers and Collisional Complexes ,” Professor L.W.
Frommhold , Principal Investigator , June 1, 1975 - May 31,

• 1978.

Robert A. Welch Foundation , F-600, “Raman Spectroscopy of
van—der-Waals and Collisional Molecular Complexes ,” Pro-
fessor L.W. Frommhold , Principa l Investigator , June 1,
1978 — May 31 , 1980.

Robert A. Welch Foundation , F-534 , “Electron Scattering
From Alkali Halide Vapors ,” Professor M. Fink , Principal
Investigator , January 7, 1978 - January 7, 1979.

State of Texas Center for Energy Studies , “Electric Vehicle
Project ,” Professor B.F. Womack, Pr incipal Investigator,
September 1, 1977 — August 31, 1978.

Texas Atomic Energy Research Foundation , “Analysis and Inter-
pretation of Plasma Fluctuation Data Utilizing Digital Time
Series Analysis ,” Professor E.J. Powers , Principal Investi—

V 
gator , May 1, 1977 - April 30, 1980.
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