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I. SOLID STATE

1. SEMICONDUCTORS

• 1. 1 Pla~~mon-~~~onon Coup~ling in M1~~ed Ill-V Compound
cr y st a l s- -G a A s  

~~~~~~ 
and Ga~~~~Al~ As

(The Joint Services  Elec t ronics  P rog ram)

W. C. Sp ltzer and 0. K. Kim

Object ive Summary :  The importance of GaJ..~ Al~ As and GaA s
pseudo-b inary  sy s t ems  as mate r ia l s  for  LED (li gh t em itting diode) and
solid s ta te  laser  purposes is ~ ell  known. They ar e  al so  s y s t e m s  of
considerable in t r ins ic  in t e res t  and have  been the s ubj ec t  of n u mer o u s
s tudies .  It is t h e r e f o r e  somewhat s u r p r i s i n g  tha t  som e t y p e s  of phonon-
electron studies have  not ye~ been pe r fo rmed  sinc e a proper  unders tanding
of this s ubject  is of si gni f i c a n t  impor t ance .  To our  knowled ge th e r e  has
been no investi gation of p l a sm on-phon on coup ling in GaA s 1 ~~~~
Ga 1~~~Al As or , for  that  m a t t e r , of any mixed Ill-V c r y st a l sys tem . The
coupling e f fec t s  in a number of par t ia l l y pola r semico ndu c to rs  suc h as
GaA s , GaP , InSb , CdS, CdTe , etc . , have  been studied by a number  of
invest i gators ; however , the onl y r efe i ence to mixed c r y s t a l s  is found in
a few lines in a p aper  by Luc ovsk y and Chen [1].

Approach  Summary :  We a r e  s tudying  f r e e  c a r r i e r  ef fec ts  including
plasmon -phonon coup ling ef fec ts  in GaAs 1~~~P~ and Gai~~~Al~As by using
p rimarily optical techniques ( inf rared  s pectroscopy and Rama n sca t t e r ing )
supp lemented by electr ica l measurements .

Progress :

A. Ga Al As1 — x  x
Mos t of the e f fo r t  dur ing the f i r s t  few months  of the projec t was spent

on the growth of thick and uniform GaI..xAl xAs layers on GaA s s u b s t r a t e s
by a temperature gradient liq uid phase epitaxial g row th technique. After

g r o w t h , s ubs t rates were  lapped off and the remaining ep i - l av er s  w e r e
polished chemically on the f i r s t  grown sides. The composit ion (x) and i t s
depth profi le  were  evaluated for  each layer  by using an elec t ron micro-
probe. In depth of 120 ~im or more  composit iona l var ia t ion  in a g i v e n
layer  was less than 10%. Each growth run  reproduced the x values when
the same gr o w t h  c onditions were  used.

Infrared  ref lect ion spectra were  measured  in f requenc y range

— 1 —  

..—~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ .~~c



1000 cm ’ to ~0 eni ’ fo r  undoped and Te-doped Ga 1 ~
Al,~

A s .  The
lea st  squa re c u r ~ f i t t i n g  of r e f lec t ion  spec t r a  to a c lass ica l  d i e l ec t r i c
func t ion  has been done in t e rms  of tw o resona nc e osc i l la tors  and a p lasinon
w h e r e  the  com p lex suscep tib i l i t i e s  ar e  a s sumed  to be add i t ive . For
samp les w i t h  x 0. 14 , measu red  Hal l  data ag ree  v~it h  

~e obtained f rom
the  p lasma f r e q u e n c i e s  (u~~) to 15% if expec ted e f f e c t i v e  mass a r e  used.
For se ts  of samp les wi th  ~ii~ h er  x (x = 0.30 and x = 0. 4 5), p lasma te rm s
and Hall  data have  to be a n a l y z e d  on the basis  of con t r ibu t ion  of e lec t rons
i n two d i f f v rert t c onduct ion band s , (000) and (100) bands. So f a r , i t  seems
t h a t  due to low n i o b i l i t i e s  of e l ec t ron s  in 100 > band , p lasma t e rms  a r e
i n s e n s i t i v e  to som e deg ree  in the c u r v e  f i t t ing p rocedure  as w e l t  as I-jail
e t f e c t  n~ e a s ur e i n en L s .

R a m a n  s cat t e r i n g  m e a s u r e m e n t s  have  been made for  the six undoped
sam p les . Each sam p le h a s  a d i f fe ren t  composition f r o m the o t h e r s  and
the  s am p les a r e  the same pieces used in the i n f r a r e d  s tud y. The iO
modes c o n t r i b u t e  to the  R a r n a n  in t ensi ty  for  a ( 100) s u r f a c e  in the

• bac k s c a t t e r i n g  ~eo m ct r y  and the LO f r equenc ie s  in R a m a n  s c a t t e r i n g
found to be in good a~~reement  wi th  those obtained from i n f r a r e d  s p e c t r a
and dispers ion  ana lys i s . O t h e r  probabl y d i s o r d e r - induced R am an - a c t i ve
modes w e r e  a lso  obse rved .

B. GaAs 1 ~~~

Samples of GaA s 1_ x P,~ w e r e  grow n b y v apo r phase  ep i taxy  at
• E p1d~~~e , Inc . , in H a w t h o r n e , Ca l i f o r n i a .  C h a r a c t e r i z a t i o n  of the sample

‘s. as  do ne  ~~ith  a s c a n n i n g  e l e c t r o n  mic roscope  (SEM ) and Hall  e f f e c t
n e a su r e t u e nt s . No  s ig n i f i c an t  varia tion of compos i t ion  w a s  observed
t~~h e r  in depth or a c r o s s  the s u r f a ce  of ep ita x ial l a y e r s .  I n f r a r e d

• r~- t l e c t i o n  s p e c t r a  were  m ea s u r e d , and s t r u c t u re s  in the s p e c t ra  v~e r e
o b ser v e d  s imi l a r to  t h a t  in the  ea r l y wor k uv V e r l eu r  and Barke r [

~ 
1•

T~i e r d  1. .  Li ~ i t ~ h a s  been  t i t t e d  to a c l a s s i c a l  d ie lec t r i c func t ion  in t e  rms
th ry e  r d so nance  o sc i l l a t o r  pa r a me t e r s  and a plasmon , ins tead  of using

resona nc e osci l l a t o r s .  The  n a tu r e  of s t r u c tu r e , i. e. • the t h i r d
i l l a t o r  t e r m s , is u n d e r  i n v e s t i g a t i o n .

IZ e f e re n e cs :

1. G. Lu c o v s k y and N i .  F. Chen , Solid Sta te  C ommun. 8 , 1397 ( 1970).

11. \~~~. V e r l e u r  and A .  S. B a r k e r , J r . ,  Ph ys.  R e v .  149 , 7 1S  (1966) .

i_ ~ ~~~~ 
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1.2 E f f e c t  of Solute~~Vac a n c y Pa irs on the Ph y~ ical Properties of

Si-Doped GaA s and Oth e r Compound Semiconductor Systems

(The Ai r  Force Office of Scient i f i c Resea rch)

W. G. Spitzer , S. M. Cop ley,  C. H. Narayanan , and
R .  L. Chen

Objec t iv e  Summary:  A detailed and quantita tive stud y of the influence
of changes in specific defect concent ra t ions  on micros t ructure and
elec t r ica l , optical and mechanical p rope r t i e s  of Si-doped GaA s and a

‘ i  number of other  doped st~mic onductor c rys ta l  systems. Preliminary
evidenc e for  the GaAs:Si system indicates that defect  concentrations
and a diverse set of ph ysical  proper t ies  a re  indeed observed. The
objective of this resea rch is to obtain a more com plete understanding of
the defect s t ruc ture of Si-doped GaA s through quanti ta tive correlation of

• various ph ysical propert ies  and concentrations of Si-rela ted defects and
also to t rack the effect  of a sing le de fect  species ( e . g . ,  solute-vacancy
pairs) on several d i f ferent  properties .

4pproach Summary:  To achieve this goa l, it is proposed to sys temati-
call y inves t iga te  the effects of va ry ing concentrat ions of Si and thermal
treatments on the free carr ier  concentra t ions , inf rared  absorpti on ,
ph otoluminescence, crit ical resolved shear s t ress  and the defect  sub-
structure of Si-doped GaAs.  All s tudies will be conducted on samples
prepared f rom adjacent regions of the same crystal  ingot. It is f u r t h e r
proposed to extend these s tudies to include GaA s doped with  other
technologically important impurities s uch as Ge , Sn , S and Li and als o
other  compound semiconductor system s ( e . g . ,  other Ill-V and II-VI
compounds) to dete rmine the general i ty of the results .

Progress:  This research project  was initiated in May, 1976. The
• s tudy involves measurements of electrical , op tical, mechanical, and

micros t ructural properties. The f i r s t  s tage req ui red the growth and
ini tial characterization of two large ingots (seve ral hundred g rams)  of
sing le c ry s t a l  or large crys ta l l i te  hea vil y Si-doped GaAs. Each of these
ingots have supp lied samples of nearly identical Si concentrat ion for the
investigation of the influenc e of thermal  treatments on the va rious
ph ysical pr ope r t i e s . Two ingots have been g rown , one with a Si
concentration of ~.2  X i~~~9 cm 3 and the  o the r  1 X 10 19 cm 3 . Samples
f rom each ingot have been prepared fo r  the e lec t r ica l , optical , TEM , and
shea r measuremen t s  as a function of the rmal  h i s t o ry  (annealing c ondition).
The electrical , mechanical, and mos t of the optical measurements  have
been made. Most  of the TEM measurements  still  remain as does the
analysis. It Is our intent to correlate the changes in these properties with
changes in the Si -vacancy pair concentrat ion.  To our knowled ge , if
successful , this will be the first time that the changes in quantities such

-3-



i
i

as carr ier  density,  infrared abs orbtion, vacancy loop size and density,
yield s tress  and luminescence caused by changes in thermodynamic
conditions will be cor rela ted and all explained on the basis of a common
defect model.

1.3 Grow th of Epitaxial Layers of A1N on Sapphire by a

Novel Procedure

(National Science Foundation)

F. A. Kroger , U. Chen

Objec tive Summary:  Growing epi taxial fi lms of AIN on a sing le crys ta l
A12O3 substrate ; measurement  of p roper t ies  of the  formed films.

Approach Summary: Place a thin dish of A 12O3 in a Pt-Rh fu rnace  at
~ 1600°C with argon or argon +Al(Cl .13) 3 a t  one side and NH3 or N2 + H 2

• I at the o ther , and pass a cu r r en t  th rough the film with the aid of Pt
• electrodes (NH 3 side negative) .

Progress: This project was concluded at the end of 1977 wi thout
positive results . App lica tion of a voltage of 1 to 2 kV led to a cu r ren t

• 
• of ~ 1 m Amp. The orig inally clea r sapphire discs became milky. While

X - r a y  diffraction of the origina l sapph ire di sc s showed sharp  Laue spots ,
• d iffraction of the milk y material  showed deformed spots of o!-A12O3 (and no

si gn of spots of A 1N . IR reflec tion also is typical  of A 1203 r a the r  than of
AIN . Althoug h som e A1N may have been form ed , it was concluded that
the meth od is unsui table to form clear , even films. Therefore  the
project was dropped.

1.4 A Tran smission Elec tron Microscope Stud y of Radiat ion

Damage Induced by Ion-Implanta tion in GaAs Sing le Crys tals

(The Joint Services Electronics Prog ram)

G. H. Narayarian and B. Hughes

Objective Summary: The objective of this research program is to
investigate by using electron micros copy techniques the  micros tructura l
characte ristics of ion-impla nta tion induced damage in GaA s sing le
c rystals and thei r recovery during post-implantation annealing as a
func tion of implantation parameters such as the energy,  fluenc e and
mass of implanted ions , and subst ra te  tempe ra ture.

-4-
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~~pproach Surnma:~~~ ~ 110 >, < 100 > or < 111 > oriented w afe r s  of
sing le c ry s t a l GaAs will  be implanted at room tempera tures  and at  400 °C
with technologicall y impor tant  dopant ions such as Si+ , S+, Te~~, Be +, e t c . ,
having incident  ener?les of 100 , 200 , and 300 KeV at  total fluences in the
range of 10 13 to io 1~ ions/cm 2 . Implanted samples wi l l  be annealed at
t empera tures  in the range of 2 500 to 900°C using appropr ia te  annealing
ca ps to prevent  As loss. The cha rac t e r i z a t i on  of the radiation damage
will  be made by thin foil transmission electron mic roscopy ,  reflection
electron di f f rac t ion  and scanning electron microscope electron channeling
pa t t e rn  s tudies.

Pr ogress:  During this period , the investigations of the lattice damage
introduced by the implantation of 100 , 200 , and 300 KeV Z8Si + and 32S+
ions into ~ 110 > oriented GaA s wafers  at  to ta l  f luences  of 1013 , 10 14 ,
1015 and 10 1t) ions 1cm 2 were  cont inued.  As was indicated in the p rev ious
prog ress repor t , the depth d i s t r ibu t ion  of t h e  la t t ice  damage was assessed
by e lect ron channel ing patte rn ana lysis using a scanning electron
microscope  combined with  the success ive  rem oval of su r face  layers  of
known thickness by anodic oxidati on and s t r i pping technique [1]. The
quali ty of the  electron channeling pat terns  obtained by using the s tandard
detection systems of the SEM proved to be inadequate to quantif y the
degree of damage. Cons equently,  considerable e f fo r t  was spent  on
developing a s olid-state back scat tered electron detector  which produces
channe ling patte rns wi th better contrast image in tens i ty  and hig her
resoluti on. An annula r backscat tered electron detector was built by
using a simple Si solar cell. A suitable amplifier circui t was designed
and const ruc ted to interface between the de tec tor  and t h e  SEM .

Considerable ef for t  was also spent in developing a consis tent  method
for controlled removal of surface  layers of known thicknesses by anodic
oxidation and stripping techniques for dep th profiling of the damage. The
app lication of the well-established anodic oxidation procedure to our
implanted samples was rendered diff icult  b y the fact that the substrate
mate rial was semi-insulat ing.

Consequently,  an alte rnate chemical s tr ipping technique was
developed using a solution of H2SO4, 1~~ O~ and H2O in the ra ti o of 1: 1: 100
by volume. An etching rate of ~ 400 A7min was established by measur ing
the s tep hei ght  of masked regions by using inte r fe romet ry  and Dekta
sty lus . Using this chemical str ipping procedure com bined with the TEM
and SEM techniques , depth-profiling of the damage in Si + and S~ implanted
GaA s is being car r ied  out both in the As- implanted and annealed conditions.
Som e pre l iminary  results of this stud y were presented at  the JSEP T opical
Review held a t  Stanford Univers i ty  dur ing  Augus t 1977.

More recently, we also ini tiated a stud y of Be-implanted GaAs. This
is an interest ing system where conside rable changes in the dopa nt
distr ibuti on profile has been previous ly reported when heavil y implanted
(total fluence > 10 1

~~/cm 2 ). Samples a re  annealed above — 7 50°C [2].
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The profile a f te r  annealing show s a sha rp  build up of Be at  the sur face ,
with  a monotic decrease in concentration towa rds the implanted region
which is followed by an essentially flat  portion extending deep into the
bulk and having a sharp  step. In order to dete rmine the existence of
any possible correlat ion with the dopant proble and defect  dis t r ibut ion
profile , we have unde r t aken  a s tudy of GaAs implanted with 280 KeV
Be + at  a tota l  dose of 1 x 10 1 

~cm 2 following annealing at 800°C and at
600°C. The latte r tempe rature is such that no appreciable delocalization
of impla nted Be + ion profile is expected. Pre l iminary  stud y of the depth
dis t r ibut ion of defects  shows tha t  in the 800°C annealed sample , the major
defects  a re  in te r s t i t i a l  type pr ismatic  dislocation loops . In the 600°C
annealed samples in addi tion to the dislocation loops , the presence of
certain unidentified precipi tates was observed w ithin the imp lanted regions .
No definite correlation between dopant distribution profile and the defect
distribution could be established.

Publica tions:

1. “The Structu ral Characteristics of Radiation Damage Produced by
High Energy  (2. 7 MeV) Ion-Im planta tion in GaA s , ” (wi th W. G.
Spitzer) ,  accepted for publication In J. Mat. Sci.

2. “On Anneal ing-Induced Prismatic Dislocation Loops and Electrical
Changes in Heavil y Te-Doped GaA s , “ (with B. Hughes), Pays. Stat.
Sol. 46 (1978).

3. “T rans mission E lec t ron  Microscope Stud y of Implantat ion-Induced
Damage in GaAs , ” paper presented at the JSEP Topical Review on
Semiconductor Integrated Circuits , Devices and Materials , held at
S tanford  U n i v e r s i t y ,  A u g u s t  3 and 4 , 1977.

4. “An Investigation of ton-Imp lanta t ion  Induced Damage in GaA s
Sing le C r y s t a l , ” pape r presented at the 1978 WESTEC Technical
Conferenct held in Los Angeles , March  21 , 1978.

• ¶
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1. C’ Studi es of In te r face  Elec t ronic  Pr~~~~rtles of

T e t r ah e d r a l l ~ Coo rdina ted Semiconductors

(Office of Naval  R e s e a r c h )

A.  Madh u ka r , R.  N.  Nucho , N.  V. Dandeka r and W. Post

2~~
ecLive Summary : Th’~ objective s of this program are  (a) to under-

stand the electronic structure of UI-V com pound semiconductor  In ter faces ,
and (b) to underst .~nd the transport characteristic s of the Inversion layers
formed  in si l icon meta l -ox ide-semiconductor sandwiches .

Approach Summary:  The in terface  e lec t ron ic  struc ture is calcula ted
employ ing the Green ’s functi on t echn ique  to a tigh t binding desc rip tion of
the bulk and semi - in fin i t e  Ill-V compound semiconductors .  For the stud y
of the t rans port  cha r a c t e r i s t ic s  of i nve r s ion  l aye rs  we have  employed
many body techniques as well as the phenon-tenolog ical  Ferm i liqui d theory .

Pro1ect (A) :

We have succeeded in adapting the Green ’s func tion technique for
calcula tion s of the  in te r face  e lec t ronic  s t r u c t u r e  of t e t r ahedral l y bonded
semiconductors . Ini tial a t tempts  have  confined t he i r  ~ ttent 1on to
develop ing the theore t ica l  fo rmal i sm w i t h i n  the nea res t  neighbor t ight
binding model for  the bulk electroni c st r u c t u r e  of the semiconductors of
interest .  The Green ’s funct ion  techniq ue allows considerat ion of semi-
Infinite solids , unlike f ini te slab calcula t ions  forced  by the pract ica l
limitations of o the r  methods .

Resu l t s  for the GaAs and AlA s (110)  sur face  e lect ronic  s t r u c t u r e
as well  as the In t e r f ace  e lec t ronic  s t r u c t u r e  of the G a As/ A l A s (110)
in ter face  have been obtained w i t h i n  the nea res t  neighbor approximat ion.
The GaA s (1 10) su r f ace  shows the presenc e of su r f ace  states , while the
AlA s (110) su r face  does not. In terface  s ta tes  are  found to be present  a t
the G a A s / A l A s in te r face , which can be shown to be remnants  of the GaAs
s u r f a c e  states . While these resul ts  are  cons is ten t  wi th  previous  f indings
within  the n e a r e s t - n e i g h b o r  ~tp p r o x i ma t i on , the u n c e r t . i i n h i e s  of this a p p r o ~ i-
mation make these s tudies of importanc e onl y ins ofa r as the deve lopment
of Green ’s funct ion method is concerned . We a re  pre sent l y engaged in
general izing the method to include the second nearest neighbor
app roxim ation .

Studies of the lnA s/ GaSb euperla t ti ces  of th icknesses  up to eigh t
atomic layers  ea ch were  also performed , both wi th in  nea res t  and next
nearest  neighbor approxima tion. The supe r lat tice calcula t i on s a re  of
course performed using the standa rd supercel l  method . These studies in
themselves const i tu te  the fi rs t  at tempt to calculate the electronic st r u c t u r e
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of InAs/GaSb (001) super la t t ice  and show the change from semiconduc ting
• to meta l l i c  behavior  wi th  inc reasing thickness , as exper imenta l ly observed -

• r ecent l y by Esaki and coworke rs. While the abili ty to create superlat tices
of control led thic knesses by the use of molecula r beam epi taxy  meth ods
has made such s tudies  of g r e a t  impor tance , we are  a lso  in the unique
position of calc ulating the interface electronic s t r u c t u r e  for  semi-infini te
InA s agains t  s e m i - i n f i n i t e  GaSb by using the Green ’s func tion technique .
This is an i m p o r t a n t  limiting point for  a ch eck agains t  the convergence
behavior of f ini te  s lab  calcula tions .

An impor tan t  aspec t  of the inte r face electroni c s t r u c t u r e  is the is sue
of charge  t ransfe r a t t endan t  upon the format ion  of the inte rface.  Related
of course are  such quest ions as band edge disc ontinuit ies.  To il lus t ra te
the importance of s el f - cons i s t ency  in determina ti on of charge t ransfer ,
we considered a s imple two band semiconductor of CsC1 structure against
a sim ple cubic meta l , a sys tem for  which the Green ’s funct ions  can be
calculated ana lyt ical l y.  We have obtained a generalization of the  Friedel
sum rule req uired for  the t e t r ahed ra l  semiconduc tors . This sum rule
will be exp loi ted in in t roduc ing  se l f -cons is tency  via shor t  range Coulom b
inte rac t ions .

PrqJect (B) :

We have invest igated the influence of electron -phonon inte raction in
the e ffec t ively two-dimensional c a r r i e r  gas formed in the inversion layers.

• The first order vertex correction (l’i ) in two dimensions was calc ula ted
and found to go like r 1 — 

~ (c10 /E F)l/ z where A is the dimensionless
elec t ron-phonon coup ling cons tan t , a characteristic phonon frequency
and E the Fermi  energy .  The variation In E , attendant to the variat ion
in the carrier concentration (n5) in the range ~~

l 1 to 10 /cm can make
the r a t io  (Oo/EF)”2 of order uni ty fo r  the relevant phonons . Cons equentl y,  -

hig her  order  electron ph onon in terac t ion  e f f ec t s  are of order X and may not
be small , unless A i tself can be shown to be small.

• We have exp loited the Fermi l iquid t h e o r y  to ana lyze the Shubnikov
de-Haas and Cyc lotron resonance effect ive masses and show tha t  in
princip le these two a r e  sufficient  to provide uppe r and lower  bounds on the

• relative s t r eng ths  of the elec t ron-e lec t ron and electron -phonon interactions.
The uncertain status of the exper imenta l  results  has not allowed an
unambi guous est imate , but taken on face value , these  data sugges t  that

• the c-c interaction are at best twic e as big as the e-ph effects .  A ttempts
at microscopic theories are  unde rway .

We have als o investigated som e aspects  of e-ph inte raction at high
temperatures  viewed as a classical time dependent disorder .  Though the
one-dimensiona l tigh t binding model emp loyed by us is not a good repre-
senta tion of influence of d isorder  in inversion layers , it neverth eless
allowed us to explore the possibilities of the func tiona l deri vative technique
in problems involving disorder. A side benfit, though of consid erable
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L
importa nce , of the exact solution of the diffusion coefficient obtained by

us is its app licability to motion of charge and excitons in molecular solids ,
and diffusion of light  atom s in weak surface  potentials. This  resu l t  has
been us ed by us to suggest for the f irs t time the importance of off -
diagona l disorder in giving rise to the observed weak t empera tu re
dependence of mobili ties in molecula r s olids . Work towards the role of
localization due to sta tic disorder and the electron-phonon inte raction is
unde r progress .

Publications:

(A) Electronic Struc ture Studies

I.  D. N. Lowy a n d A .  Madhukar , “Stud y of the lnte r face  Electronic
St ruc ture  of a Model Metal -Semiconductor In terface , ” Phys.  Rev .  B ,

May 15, 1978.

2. R .  N. Nucho a n d A .  Madhuka r , “A Tigh t Binding Stud y of the
Electronic Struc ture of In.As/GaSb (001) Superlattice ” presented at

the V Annual  PCSI Confe renc e , January 1978 , (proceedings to appea r

in J. Vac. Sc. Tech . ) .

3. A.  Madhuka r , D. N. Lowy,  “A Stud y of the In te r face  Electronic
Structure of Model Schottky Barriers and UI-V Compound Semiconductor

Het e ro j urtc tions ,” presented at the V Annua l  PCSI Conference , January
1978 (Proceedings to appea r in J. Vac . Sc. Tech . ) .

4. A. Madhuka r and D. N.  Lowy, “A Green ’s Function Theory for  the

Surface and Inte rface Electronic S t ruc ture  of Ill-V Compound
Semiconductors , ” (in preparation).

5. A.  Madhuka r , N. V. Dandeka r and D. N. Lowy, “Electronic
S t ruc tu re  of Som e Model UI -V Compound Semiconductor Hetero-

j unctions ,” (in preparation).

6. R .  N. Nuch o and A.  Madh uka r , “Electronic S t r uc t u r e  of a -Quartz

and the Influence of Some Local Disorder: A Tight Binding Study, ”

presented at the Inte rnationa l Topical Conference on the Physics of

Si02 and Its Interfaces , Ma rch 1978 , (to appear in the proceedings).

(B) T ranspor t  Properties of Inversion Layers

1. A.  Madhuka r , “Coupled Electron-PhoflOfl  System in 2-Dimension s

and Its Implications for the Inversion Layers , ” Solid Sta te Comm.

24 , 11 (1977).
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2. A. Madhuka r , “Electron-Electron and Electron-Phonon Contributions
to the Carr ier  Effective Mass in n-Si (100) Inversion Layers , ”
presented at the Second International Conference on EP2DS ,
Berchtesgarden , W. Germany (September 1977). (Proceedings to
appea r in Surface Science.)

3. A. Madhuka r and W. Post, “Exact Solution for the Motion of a
Particle in a Medium with Site-Diagonal and Off-Diagonal Dynamic
Disorder , ” Physical Review Let ters  39, 1424 (1977).

4. A. Madhuka r , “A Stud y of the E lectron-Phononlnteract ion in
2-Dimensional Sys tems: App lications to the Inversion Layers , ”
in preparat ion.

1.6 Tra nsport Characterist ics of MOS Inversion Layers

(Air Force Office of Scientific Research )

• A .  Madh u ka r

Objec t ive Summary : To investigate the influence of va rious scattering
mechanisms on the carrier mobility in inversion layers.

~~~proach Summary: We have employed many bod y techniques , including
summation of diagram s and memory func tion method, to investigate the
contributions of electron-phonon and electron-electron interactions to the
Shubnikov-de Haas and cylotron resonance effective masses and scattering
time.

Progress: Since this work has been underway for only four months,
the calc ula tions are not yet com plete . We have succeeded , however , in
deriving an expression for the cyclotron effective mass in the simul-
taneous presence of electron-phonon and electron-electron interactions ,
valid for the metallic regime of the two dimensional electron gas.
Calculations of the amplitude of the oscillations in Shubnikov-de Haas
measurements are underway. Also underway are investigations of the
diele ctric sc reening function for impurity screening in the presence of
a magnetic field. All the calculations take full account of the Landau
quantization and cove r the classical as well as quantum regim es.

-10-
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1 7 A GaP on Si Integrated Optics Ch p

(The Joint Services Elect ronics  Prog ram)

M. Gershenzon , B . Tsui

Objective Summa~ y~ Thin epi taxia l  layers of GaP wil l  be grown on Si
(a nd conve rsel y) in an a t tempt  to develop an  a l ternat ive  system for
lntegratcd optics , wherein the GaP would be used b r  optical pr ocessing
(wave -guid ing ,  modula tion , mixing)  and the Si would serve for optical
detection and as a base for standa rd electronic integrated circuitry. The

light  genera tor  would be a hy brid.

A_pproach Surnmar_y± GaP and Si are chemically incompatible with each

other with must common semiconductor crystal grow th techniques (liquid

phase epi taxy ,  halide vapor t r a n s p o r t ) .  The mos t promising approach is
vapor g rowth using organom eta l t r an spo r t  which involves the pyrol ysis of
(CH 3

)3Ga in a H 2 gas stream c ontaining PH 3 .

Progress:

Since the init iat ion of this new projec t  In June 1977 , an  R F  induct ion-
heated vapor phase reactor has been designed and construc ted. The

system coflsists of a f l o w - c o n t r o l  manifold to del iver  mete red  volumes of
(CH

3
)
3
Ga, PH

3
, and doping and etching gases in a H2 

carrier stream to

the reactor , in which the Si substrate is set on a temperature-controlled ,

graphi te  susceptor  heated by the RF field . The system has been cal ibra ted
(flow rates , t e m p e r a t u r e )  and GaP c rys t a l s  have been deposited. The
prepa ra t ion  of th ick , pure , defect  and s t r a i n - fr e e  single c r y s t a l s  is
c u r r e n t l y being optimized wi th  respect  to g r o w t h  tempe r a t u r e , flow rates
and s ubs t ra te  orientat ion and su r f ace  c leaning , by s t u d y ing the earl y
stages of nuclea tion and g r o w t h , us ing  optical and scanning e lec t ron
mic roscopy and d i f fr a c t i o n  techniques .

1.8 LPE Growth of Qu a r t er n a r y  Semiconduc tors on InSb - -Fo r

Long Wave lB Plana r De tec to r s  and for  Hete r o st r u ct u r e  Lasers

(USC Sponsored)

M. Gershenzon and J. K. Abrokwah

Obj~~~tive Summaryj  The object ive of this p rogram is to g row and
electricall y and opticall y cha racte r ize m e t a l L u r g i c al l y sound , th in  s in g li
crys ta l Ill-V epi - layers  of compositi on in the reg ion of the ba nd gap v e r s u s

la ttice cons tan t  diag ran~ bounded by GaSb (E g 0 .72  eV , a0~ 6. 09~ 9
m A .  (0. 3 S eV , 6.0584 A)  and InS b (0. 18 eV , 6 .47937  ~

) on InSb s u b s t r a t e s .
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The app lications a r e  for  IR detec tors  and h e t e r o st r u ctu r e  lasers between
7 . 3  u and 12 ~i. The bandgap v e r s u s  la tt ice  cons tant  diagram of the terna ry
boundary InA szSb shows a minimum at composition x 0.6 with a
corresponding room t e m p e r a tu r e  ene rgy  ba ndgap of about 0. 1 eV .
Advantages  o these al loy epi - layers  would inc lude  hig h p u r i t y  s ince the
mat er ia ls  a r e  grown at  low tem pera tures  (<  52 5°C , mel t ing  point of
lnSb) . De tec to r s  of such materia l s  would have  s e l f - f il t e r i n g  cap abil i ty
by ta i lor ing the band gaps of the  layers  to obtain desired c u t - o n  and cut - off
wavelengths [~~1 .

Progress:  We have  set up an LPE sys tem consis t ing of a 20”  sIng le
zone gold-p la ted t ranspa rent  f u r n a c e  whose profi le  is f la t  to wi th in  1°C
over most  of a region o length 10 1/ 2 ” , where  a ho r i zon ta l  g raph i t e  slide r,
c onsisting of f ive melt  wells  and two bins f o r  a dumm y and majorj subst rate, is placed fo r  ep i-grow th . The t e m p e r a t u r e  of the f u r n a c e  is

• controlled to w i t h i n  0. 1°C by conventiona l electronics and a hom e made
tempera tu re  p r o g r a m m e r  enables us to cool the sys tem down at  var ious
c ooling ra tes , typical ly 0 .7  5°C/mm . Grow th is carried out below 52 5°C
in an u l t r a - p u r e  H 2 ambient  a f t e r  pum p dow n and f lushing with  u l t r a- p u r e
N 2 fo r  severa l minu tes .

We have in this earl y s tage t r ied two layer  growth  of InSb and Ini . . xGa xSb
and studi ed the morphologies using the  s upercooling grow th technique at
constant c ooling rate with and wi thout  dummy s u b s t r a t e  for  in i t ia l  mel t
sa tu rat i on  and also growth  at  a cons tan t  tempe r a t u r e  sligh t l y below the
mel t ing  points of the  al loys.  The mel t s  are  made from hi gh p u r i t y  (Six
nines)  In , Sb , und oped pol y c r y st a l l i n e  InSb (n -- 10 14/ cc ) ,  and undoped
polycrys tall ine  GaSb (n — 10 ’7 / c c ) .  The mate r i a l  has been selected and
ca re fu l l y prewei ghed so that we grow as clos e to InSb as possible. Cons tant
t e m p e r a t u r e  g row th w i t h o u t  dummy s u b s t r a t e  s a t u r a t i o n  r e s u l t s  in reg ions
of island growth that are non-uniform and probabl y sta rt a t  defects  on the
subs t r a t e .  T h e r e  a re  also regions o sh a r p - e d ged , t r i angu la  n y - s i d e d ,
planar - topped  blocks ind ica t ing  the 3- fo ld  s y m m e t r y  of the ( i l l )  p lane.
Growth  has  been on ( l l l ) B  InSb. T h e r e  is als o evidence of c o n s t i t u t i o n al
supercooling.  With dummy s u b s t r a t e  in i t i a l  s a t u r a tion of the n-t elts , the
rnorp holog ies a re  improved , but cons t i tu t iona l  sup ercoo l ing  is s t i ll
considerable. Average growth ra te under such constant temp condit ions
is about 0. 5 ~.i/min. The best epi - layer  grown has been by the s u p e r -
cooling technique , wi th init ial  dummy s u b s t r a t e  mel t  s a t u r a t i o n .  The
melts and the major  subs t r a te  w er e  b rough t t oge the r  w i t h i n  one degree  of
the mel t ing points while c ooling dow n the fu rnace  at a cons tan t  cooling r a t e
of —0. 5°C/mm ., and cooling continued for typicall y 2 m i n u t e s , be fo re
wipe - off . Growth rate for  thest ’ m a t e r i a l s  under  such con di t ion s is v e r y
hi gh -.15 u /mm and has yielded a f la t  morpho logy  with  a few non -un i fo rm
regions due to c onst i tu t ional sup ercoo l ing .  The top epi - l av er  has been
anal yzed by X - r a y  d i f f rac t ion  and also by FPM A in the SEM to contain
approximately 4 atomic percent Gallium .
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We hope to optimize the g r o w t h  condit ions and expand grow t~i to
h e t e r o s t r u c t u r es  of GaInSb/InAsSb and also InGaAsSb, al l  close to the
InSb corner of the phase diagram .

R e f e r e n c e s :

1. M. B. Par r i sh  and M. Ilegem s in “Progress  in Solid State C h e m i s t r y , ”
Vol . 7 , p. 39 , H. Reiss and J. D. McCaldin , E di tor s , Pe ngamon
Press, New York (1972).

2. J. T. Longo , et at . , IEEE Trans . on Elec t ron  Devi es , Vol .  E D - 2 5 ,
No. 2 , p. 213 , Feb. 1978.

1 .9  Evaluat ion of Gallium Ni t r ide  for A ct i v e  Mic rowave  Devices

(The Office of Naval  R e s e a r c h )

M. Gershenzon , H. Sankur , L. Anne , D. Wang

Objec t ive /Approach  Summarl : This con t rac t  is aimed prima ri l y a t
measur ing the saturated electron d r i f t  veloci ty in GaN , but incidental l y to
investigate crystal growth , p e r f e c t i o n, pu r i ty , doping , ele c t r ica l
propert ies  and device processing param e ters  of GaN , a di rec t , wide
bandgap (3. 3 eV), In-V  semicon ductor , l i t t le exp lored , p r imar i ly because
it apparent l y cannot be doped p- type.

Recen t  Progress:

1. CVD Grown Crystals

Thick crystals , grown rapidly on R-p lane sapphire substrates by
chenical vapor  deposition at 1050° from GaC1 and NH 3 in a H 2 c a r r i e r
s t ream (see last  repor t )  exh ibi t cracks if they  a re  g reater  than 200 im
t h i c k .  The c r acks  a re  due to dif ferent ia l  thermal  contract i on between the
GaN and the subs t ra t e  on c ooldow n from the g rowth  tempe r a t u r e  and the
c racks orig inate a t  microvoids present  in these thick c r y s t a l s . GaN grown
h ornoepitaxiall y on GaN s ubstra tes do not c rack .  The voids are genera ted
dur ing  grow tn because the surface  morphology is non-p lanar , consist ing
of both fast  and s low-growing planes. One of the la t ter  is a re -en t ran t
surface, which under rapid growth conditions , but with geometrically
induced local gas stagna tion, som etimes leads to the growing c rys ta l
closing imperfect ly around such a sur face  leaving a small void. During
continued g rowth , decomposition inside the  void results in the precipitation
of Ga. The voids and the resultant cracks can be eliminated by growing at
a slower rate . The only defects observed in such c r y s t a l s  by transmission
electron microscopy are basal plane stacking faults and som e edge
dislocations.
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2. Defects and Pur i ty

The c rys t a l s  were  cha racterized by resis tivi ty , Hall e f fec t , ertiission
spectrog raph y, mass spec t rom et ry ,  e lectron probe microana lysis and by
low tempe ra ture (4. 2°K) photoluminescence nea r the ba nd edge. By using
u l t r a - p u r e  s t a rk ing  mate r ial s  and minimizing conta rr~nati~.n d u r i n g  g rowth
(mos tl y Si , C and 0), the c ry s t a l s  a re  rout inel y grown with chemical  defect
densi t ies  below 10 18 cm 3 , yet the g rown  c ry s t a l s  a r e  a lways n - t y p e  with
a n a t i v e sha l low donor concen tra ti on between io l8 and 10 19 cm 3 . This
donor  is easi l y m o n i t or e d  beca use i t p roduces a s t r ong , shal low bound
exciton emission line in low tem p era tu re  phot olurninescence.  We have
at t e m p t e d  to cha rac t e r i ze  the expected shallow donors and accep to r s  in
CaN and especiall y t o sea rch f or a good sha ll ow acce pt or to com pen sate
the na tive donor by i on - implant ing GaN wi th  C , S . Mg,  Be and S (Ar as
a con t ro l )  w i t h  a pos t - implan ta t ion  anneal a t  900-1100° for  1-3 h r s . in
flowing NH 3. Bound exciton and donor - accep to r  emission clear l y
ident i f ies  Si as a shal low donor and C and S a re  relat ively dee p levels.
No shallow accep to rs  have ye t  been clear l y identif ied , but  our  search  is
continuing .

3. Hig h P r e s s u r e - H i gh Tempe ra tu re  Anneal ing  and G r o w t h

It is c onjec tured  tha t  th e  domina ting na t ive  shallow donor is due e i the r
to the  low tempe ra tu re  dur ing  grow th a n d / o r  to the  use of NH 3 instead of
N 2 to avoid the  hig h p r e s su re s  needed for  g r o w t h  f rom N 2 .  Hence we a re
a t tempt ing  to equi l ibra te  previousl y grown c r y s t a l s  under va rious p re s su res
of N 2 at hig h tem pe r a t u r e s , and a lso  to grow c r y s t a l s  by l iqu id phase
epi taxy under  s uch c onditi ons . Two hi gh p r e s s u r e  i n t e n s i f i e r s  (14 , 000 a b-n
and 3 , 000 atm capabi l i t ies ) and th ree hi gh - p r e s s u r e  hi gh - t e m p e r a t u r e
vessels  w e r e  ins ta l led and su r rounded  wi th  s a f e t y  shields. Two of the
vessels a re  in te rna l l y heated and should be capable of at taining 1400°C at
10 , 000 atm of N 2 , the t h i r d  is exte rnall y h eated , w i t h  a ra t ing of 1100 °C
at 3 , 000 atm . Various  t ime-cons uming problems re lated to shi pp ing
damage , ope rational reliabil i ty , gas cleanl iness , et c . ,  were  solved.
Pre l iminary  resu l t s  indicate that  c rystals can be g rown  rapidl y from
Ga - rich mel ts .

4. Lasers  from Elec t ron-Hole -L iqu id  Recom bi na tion in CaN

Opticall y pumped lasers were  fabricated b y c l e av i n g  undoped GaN
crys ta l s  and exciting wi th  a N2 laser.  The GaN emission is in the ultra-
violet 0. 36 ~m and the exc i ta t ion  length  and power dens i ty  dependence of
the stimulated emission and the Fabry-Pero t  mode s t r u c t u r e  were
invest i gated to obtain the optical gain (as hi gh as 10 Scm~~1), and the
cavity tosses ( 75 cm ’). By ana lyzing the spectral  and tempe ra tu re
dependence of such data , we conclude that  the t ransi t ion is due to
elect ron-hole- l iquid  rec ombi nation, identified here  [2] for  the fi r s t  time

• in GaN , a rela tivel y polar semiconductor.  A binding energy  of 10 meV ,
a very  hig h c r i t i ca l  t empera tu re  of 81°K , and a low tempera tu re  liquid
density of 4. 4 X 10 18 cm 3 are  deduced and provide s t rong evidence for
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the  proposed mechanism of this t r a n s i t i o n .

R e f e r e n c e s :

1. L.  Anne and M.  Gcr sh enzon , E l ec t ron i c  M ate  r ials  C o n f e r e n c e ,
TMS-AIM E , June 1978.

2 . D. Wang and M. Gershenz on , M a n u s c r i p t  in preparat ion .

1.10 Fundamentals of Sput te red  Ion Mass Spectroscopy

(The Nat i onal Science Foundation)

D. B. W i t t r y ,  F. Guo , and S. Yin

Objective Summary :  T o deve lop bette r meth ods of quan t i t a t i ve
seconda ry  ion mass spect ron-ietry  s t a r t i n g  f rom ex i s t ing  models based on
local the rm odynamic equi l ibr ium or exis t ing models based on non-
equi l ibr ium p rocesses .

Approach  S u m m a r y :  In this w o r k , we will be using both posit ive and
negative secondary ion spect ra  from the sam e specimens under  simila r
c onditions of bomba rdm ent .  We also plan to add a second detect ion
system (for  e lectrons and - ions when + ions a re  being anal yzed) .  This
dua l detection sys tem is expected to provide use fu l  info rmati on for be t te r
quanti ta tive ana l ys is .

Progress :

a) A comprehensive  bibliog ra ph y on quanti ta tive SIMS has been
prepared.

b) A new scanning system for  the IMMA i n s t r u m e n t  was designed
and cons t ruc ted. This sytem provides  f o r  electronic a p e r t u r i n g  t o r
be t te r  a c c u r a c y  in obtaining depth prof i les  with  our ins t rum ent. It a l so
provides the  possibil i ty of evalua ting som e of the ins t rum ental pa r a m e t e r s
in quan t i t a t ive  SIMS.

c) An ion counting sys tem was purchased  and instal led on our SIM S
ins t rumen t .  The sweep d r ive r  for  the secondary magnet  was modifi ed
to provide optimum scanning , i. e . ,  a cons tan t  dwell time per peak over
the ent i re  range .

d) A new dual pola r i ty  secondary ion de tec tor  was designed and
construc tion initiated.

e) A secondary ion extracti on geometry for dua l si gnal  de tec t ion  h a s
been desi gne d and a compute r prog ram is being prepared to evalua te the
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perforn -~anc e of this desi gn.

f) E n e r g y  d i s t r i bu t ions  we re  measured  for secondary  ions of group
II I and g r o u p  V f rom semiconduc to r s , us ing the quadrupole  i n s t r u m e n t  a t
A p p lied Resea rch  Labora to r ies .

Publications:

1. D. B. W i t t r y ,  “Optimization of Recording  Secondary Ion Mass
Spec t ra , “ to be presented at the 13th Annual  Confe rence  of the
Microbeam Ana l ysis Soc ie ty ,  A n n  Arbo r , Michi gan , June 19-23 , 1978.

~~. D. B. W i t t r y  and T. A.  Wha t l ey ,  “Ene rgy  Dis t r ibu t i on of Positive
Ions of Group  Ifl and G r o u p  V Elements  Spu t t e r ed  f r o m  Semicond uctors ,”
to be presented at  the 13t h Annua l C onference of the Microbea mn
A n a l ys i s  Soc ie ty ,  Ann A r b o r , Michi gan , June 19-23 , 1978 .

3. J. C. Potosk y and D. B. W i t t r y ,  “The Secondary Ion Optics of a
Quadrupole Ion Microprobe , ” to be p r e s e n t e d  at the 13th Annual
Conference of the Microbeam Anal ysis Society,  A n n  A r b o r , Michi gan ,
June 19-23 , 1978 .

4. F. Guo and D. B. W i t t r y ,  “Use of Specimen C u r r e n t  In t eg ra t ion  in
SIMS , ” to be presented at  the 13th Annual  Conference  of the M i c r o —
beam Ana lysis Society, Ann  A r b o r , Michi gan , June 19-23 , 1978.

1. 11 Semiconductor Proper ties Nea r Interfaces

(The Ai r  Force Office of Scientif ic  Rese a rch )

D. B. W i t t r y ,  F. Guo , C. H. Liang , C. 3. Wu

Objective Summary:  To stud y the composition of semiconduc tors near
interfaces  using cath odoluminescenc e , e lec t ron probe x - ray  microana lysis
and secondary ion mass s p e c t r o m e t r y  and to co r re l a t e  these resu l t s  with
measurements  of the electrical  propert ies  and the energy  levels of
impuri t ies  in the band gap.

Approach Summary:  In this w o r k  we a r e  collaborating w i t h  other
invest igator s at  the Naval  Ocean Sys tems Cen te r  (Dr.  H a r r y  Wider) ,
at the Univers i ty  of Colorado (Dr.  Russe l  Hayes) ,  at  USC (Dr. James
Whelan),  at  C r y s t a l  Specialties (Wor th  A l i r e d ) ,  and at the Air  Force
Materials Resea rch Labora tory  (Joh n Blasingame).  In som e cases , the
electronic proper t ies  of the specimens-- inc luding hea t - t r ea t ed  GaAs , as-
grown GaA s , and anodicall y grown oxides of GaA s , prepared  under  var ious
conditions are being studied b y our c ollaborators and ~ e a re  making wi th
the composition and cathodoluminescenc e measurements . In other cases ,

LL- - - - 
• 

-1 6-



we a r e  evaluat ing the electronic p rope r t i e s  t ha t  can be s tudied b y e l ec t ron
beam induced cu r r en t s  and cath odolurn inescence.  For example , M r .  Wu has
recentl y com p leted work  on evalua tion of d i f fus ion  length s in GaAs using
electron bedm induced cu r r en t s  at Schottk y b a r r i e r s .

Progress:

a) A bibliog raph y on ESI layers (Ep i taxial-Semiconduc tor Interface
layers) has been prepared.

b) P re l iminary  tests of our SIMS i n s t r u men t  were  made; spectra
of GaAs , Si , Al , and KBr were  recorded using negative oxygen p r imary
ions .

c) Our low t empe ra ture  cath odoluminescence sys tem was put  back
into opera ti on , a new photomul tipl ier  tube wi th  InAs-Ga~” s photocathode
and a new the rmoelectr icall y cooled hous ing  was ordered and an adapte r
flange was designed for  use wi th  this  housi ’~ig .

d) Depth profiles w e r e  obtained by SIMS f o r  oxides anodicall y
g rown  on GaAs by Dr.  Whelan ’s group.

Publications:

1. C. J. Wu and D. B. W i t t r y ,  “Investi gation of Minor i ty  Car r ier

Diffusion Length s by Electron Bomba rdment of Schottky B a rr i e r s , ”

J. App l. Ph ys. , May 1978 , 2827-2837.

1.12 Electr ical  Techniques  for  Mater ials  Characterizati on

(The Joint Services Electronics Prog ram)

C. R. CroweU

Objective Summary : To develop non-des t ruc tive electrical techniques

which aid in semiconductor mate rials and device charact er izat i rn . Of

special in te res t  a re :  ( 1) a development of the understa nding of capacit ive

evalua ti on of deep impur i ty  levels f rom the f requenc y dependenc e of

junct ion impedance; (2) to com plement (1) with a stud y of different ial

deep level  t rans ien t  spect roscopy,  DDLTS; (3) an ana lysis of multi ple

level sys tems and sam ple inhom ogeneity by Hall measu iements ; and

(4) charge effects associated with current transport in insulators. I -,

Approach Summary:  ( 1) Investigation of a two-level  impuri t y  (Au in n 
• 

-

and p type Si) is proposed using high and low ba r r i e r  Schottk y con tac ts .

This will pe rmit  a more  unequivocal measurement  of the deep level pa ram-

eters than  previous investi gations using p-n junc t io ns .  A theoret ical

analy tic technique tha t uses an appropriate simplif icat ion is also being
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deve lop ed  ~~~ t h e  .i ~~ of n i a j  o r i t y  c a r r i e  t t r aps . This Is being used to
i n v e st i g a t e  the t a  ptu t~~’ t - ros s — s e c t i o n  t u r  holes in In doped p - t y p e  SI. A
st u d y ot th a l i i  urn in s i ll  on is a Iso propo sed .

(2 ) A s tnd t’ ot the’ lln~lt a t % o~~ ot DDLTS wil l  ~~
. u n d er t ak en  I rum th e

pot i t t  ot ~l e tv ~ t t he  I t . i t t i 1 t u tu t s on r e so lu t ion  .i ml s e n s i t i v i t y  of th t
meth od.

( I )  Techn iques  te ’r  me a n i ng fu l  p r e se n t at i o n  ot H a l l  m e as u r e men t s  on
m u lt ip le lev e l  v s  t enis  w i l l  be exp lored as well  as methods  f or  t ’ n— line
a iLi  I ~ si s ot s tue -h da Li

(4) A u tumb e  i. ot t e a t  or e s  ot ext  s t ing  Li ta ci ’ Ia ted  to i Ii.i  r ~e t rans po r
a nd s t o u . t g e  iii s i t i c~~n n i t r i d e  wi l t  be b -ivesti ga t - ’d .

~t~~~i - i t t v t  I v a l u a t t o n  ot Deep ~~cvel~
i ) u r i n g  t h i s  pe t- tod C. i t .  I l i n i ng  [ 1]  ha s  comp leted an ix t e n s i v t  t hes is

on the  C_ i  p _ ic  t ut e I - v  a I t i . i t  ion ol Dee p 1 cv eLs . S out e of t h e  in a~ or t e a t  t i c  ~~
iii  t h i s  . i n a l v a i ~. w t ’r e  p r e se n te d  a t  t h e  JSL ’ P r o p i c i t  R e v i c ~v c t St a nt t . r d ,
.- \ t i g u s t  4 , 1 ~ . i~ e~~cn t  iLi  ta ‘it t h e  m o re  t i g h t l y c om p en s a t e d  s am p les
ot In dope d ~~i h .i v i  v i e  lded  xc c l ient  or cc t.i U on b et w e e n  the  cx pe’ r im enta I
cLi (a and t h e  Ut co re t  i i  .11 in ode ill ng in w h i ch  Ut e In ca pt u r  e’ c ’ 1. 0$ S se c t  ion .
d t i p t n ~ c one cu t  r .t t i  OU and oth i- r spe c i e dop ing  c unt ’eu t t  r ati ons we m e found .
We cu r  t e n t L r  a me c ofl ip i e i i ng  . t i t  er r o r  anal y si s  ut (h i ’ pa maine  te rs we

i t~~ t ’ cL . The  ~i m t i l  v a is I S .1 n ov e r  de t e  mmm cd out ’ t h a t  Is ntos I a pp llc. tble
to i -a $ t’8 wit c r c  th e ’ dee ’ p I e t c 1  s pee Ic a is ot h i g h  c t i n e -e l i  t r a t i o n  ri’ Li t ive  to
the  sh a l l ow  e lc ipa n t .  Th i s  t y p e  ut  s t ’s t e i u  is nut  easi ly  ~u t i t - n , e b le to  ~i
1) 1 TS a r oat it .

~u rs a tid Dl) I US

• We’ h a v e  unde ’ cLe ken a st ud y  ci t the utodulat ion t echniqu es  tha t w i l l
y i e l d  an o p t t m t t t u i  d e s i gn ot 1) 1 TS s~~st e t t i s . Our  s t u d y  shows  t h a t  unde r

• 
i t  t a  i t y  e I t - c t i tus  t . i  ti c -c a t h e  di fit ’ me ’ n t  ia 1 de~ p l ev e l t cans i ent spec t i-use opy
( t ) D L l S )  n o t  o n ly  p r o v i d e s  a p~i t i a l  as ~v c l l  as c i t e  r i~e t i c - p r o t i l e s  ot deep
l e v e ls  bu t  I or c ompa v~i bit’ ~i u c a t y s e’s is a ct u a l ly  fl tcu- c- e’ tUe  lent  Uniewise

We- ha v i ’ . i ls  o sit owe- d th~i t the ’ p rt ’s ence  ot a i~i ccc Ia btt ’ cone cit I r at i o ns ot
dee 1u  l e e  is t e ’ l . i  t i v e  to the  s hal l o w  lev e l  nut kes the t ma ns lent  a peel r ose - opv
iic inllnt ’ .t r I i i  a ens i t  i c - i t  y and  a it e rs th ~‘ a ppa r en t  e ’t i i i  a si on t ime  c~ unit ta nIt of
t h e  d eep le’ \ ’e l $  .

A t n c~t s i i t ~ei-n cut s y s  t e n t  ha sed on guidellnt ’s f ron t thi. w ci t - k is being
planned p r e s t - t t t l v

I . Due to  p r e ssu r e s  cii t ime and personnel , the Hal l  E f f e c t  An alysis .
Poote-Frenkel Anal ysis , and Sola r Cell Ana lysis were t e m p o r a r i l y set
as Ide ’ .
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Publ ica t ions /References:

1. C. H. Huang , Ph.D. Thesis , January 1978.

2. C. H .  Crowell , “Electr ical  Techniques for Semiconductor Charac-
ter izat ion , ” JSEP Topical R ev i e w , Stanford Univ. , Aug . 4 , 1977.

1. 13 Non-Local ized Impact Ion ization in Semiconductors and

Impact Ionization and Hot C a r r i e r  Transpor t  in
Semiconductors (Continuation)

(U.S. Arm y Resea rch Office)

C. H. Crowell, C. W. Kao , P. Chwang , T. Griffin

Objective Summary: This work is intended to clarif y the theoretical
description of the t r anspor t  process  leading to electron or hole ini t ia ted
electron-hole pair production and to make experimental measurements
which can be in te rpre ted  in the light  of the subsequent l y impr oved

• modeling.

Pr ogress :  Basic guidelines as set  fo r th  by Chwang and Crowel l  [1-4]
have provided a formula t ion  for quant i ta t ive m odelling of the ionization
process for  c ovalent semiconductors.  During th e pa st yea r we have
modified some of the analytic results to provide an extrapolation of the
predictions into a more nearly Wolff [5] reg ime tha t  appears  to apply to InP.
We h a v e  obtained som e excellent  measurements  of mult iplicati on for both
hole and electron initiated ionization itt Pt on p - t y p e  tnP Schottk y ba r r i e r s .
The results  indicate a hole i onization coeff ic ient  about an order of magni-
tude hig he r  than the electron ioni.tation coeff icient .  We are c u rr e n t l y
ana lyzing these data in more detail  using guidelines derived from our
ea rlier work  [6]. Our earlier at tempts to ma ke corresponding measure-
ments  on GaA s were  pa r tiall y f r u s t r a t e d  b y an extraneous mod e of
ca r r i e r  in ject ion t ha t  appears  to be mate r ia l  rela ted.

We have also initiated some theoretical studies of c u r r e n t - v o l t a g e
characteristics of punch through s t r u c t u r e s  where  we give carefu l  a t tent ion

• to the role of the injecting contact. This problem belongs in the category
of mathemat ica l ly sti ff systems , but  we have at ta ined some pre l iminary
success .

We a re  cons t ruc t i ng gua rd ring Schottk y ba r r ie r s  on 2 x 10 16 cm 3

doped n - t y p e  GaAs with  electrol yt ical ly g rown oxide format ion.  The
bar r ie rs  exhibi t typical n values of 1.03 and nomina l bulk breakdown.

The use of the Schottk y ba r r i e r  permits photoinject ion of onl y m a j o r i t y
ca r r i e r s  when the light quantum lies between the b a r r i e r  heig ht  and the
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band gap. Since the f ield dependenc e of the photoinjection determines the
base line from which ionization coeff ic ients  a r e  measured , w e  have
com pleted a e- a r e f u l  characte riza ti on of this  process including ef fec ts  of
image fo rce  ph onon scat ter ing and quan tum-mechan ica l  tunnel ing [5] and
app lied at  v e r y  successfu l ly to m e a s u r e m e n t s  on the Pt , SI-SI system [6].

Pub l i ca tions /Refe rences :

• 1. P. Chwang and C. P . Crowell , “Normalized Theory  of Im pact
Ionization and Veloci ty  Sa tura t ion in Nonpola r Semiconduc tors via a
Markov Chain Approach , “ Solid State Electron. , to be published.

~~. R .  Chwang and C. P. Crowell , “Effective Th reshold Ene rgy  for
P a i r  Pr oduction in Non-pola r Semiconductors , ” Solid State Comm. .!0 ,
l 6 9 - 1 7 -~ (1976).

• 3. P. Chwang and C. P. Crowell , ‘Thterrelationshi p Between Impact
Ionization, Velocity Saturat ion , and Cascade Process in N onpola r

• 
• Semiconductors ,” Presented at the In ternat ional  Confe renc e on Hot

Electrons in Semiconductors , Denton , Texas , Jul y 1977.

4. H .  Chwang,  Ph.D. Thesis , U . S . C . ,  Apr i l  1977.

5. P. Wolff , Phys. Rev. 95 , 1415 (1954) .

6. C. W. Kao , C. L. Anderson , and C. P .  Crowell , “Photoinjection a t
Metal-Semiconductor Inte rfaces , “ invited pa pe r presented at the
4th Annual Conference on Physics of Compound Semiconductor
Inte rfaces , Princeton , New Je rsey,  February  1977 , manusc r ip t  in
preparation.

7. C. L. Anderson , Ph.D.  Thesis , U.S .C . ,  March 1973.
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2. DEVICES

H 2.1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Based on Cd_T~~

F (Subcontract f ront Monosola r , prim e cont rac t  from
Department  of Ene rgy)

F. A.  Kroger , M . P . R .  Panicker , K. Lehovec ,
A.  Fedotowak y, P. Assa tour ian

Objective Summa!.yj To make CdTe photovoltaic solar cells of
reasona ble energy eff iciency by art economic fabrication process
(efficienc y goa l :  10%).

~ pproach Summary: Deposit  cathodicall y n - t ype  CdTe: In and p - t~~pc

CdTe: As f rom aq ueous solution of CdSO4 and Te02 on a t r a n s p a r e n t
conduc tir~, base.

Progress:

A. Technology

Films were deposited on g lass covered with  a thin film of n - t ype
semiconduc ting In2O3: Sn (so-called ITO) with a re s is tance  of 10 to 20
0/ 0. Various types of cells were  made , v i z . ,

I
n ITO / n CdTe: In / p CdTe: As / p Te (1)

I
n ITO / n CdTe: In / p Te (2)

/
n ITO / p CdTe: As / p Te (3)

An arrow indicates the expected position of the act ive junc tion . The’ open
c i rcu i t  voltage , V0~~, and shor t  c i rcu i t  c u r r e n t , ~~~~ of the cells depend
sensi tivel y on the  ITO sur face  and the conditions of plating for CdTe and
Te.

Sometimes glass as received has an ITO film with a prope r su r face .
In other cases the as received g lass gives low efficienc y cells . The

• surface of such oxide films can be improved by an anneal for 1 hour at
• 300 to 400°C in oxygen-free argon or nitrogen. Wet hydrogen is not a

good ambient for  the anneal. Cur ren t  density and pH are  i m p o r t a n t
pa rameters  for depos ition of both CdTe and Te (as jud ged from I~~~ and
V0~ 

of the completed cells).

A pH of 3.2 + 0 2  and current densities <0. 5 mA/cm
2 give the best

cells . For cell efficienc y measurements, cells of l imited area are
necessary.  Such cells can be made on ITO covered glass when part  of
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the ITO surface i8 bloc ked by photores ist  or lacquer. They cannot be
made by etching away part  of the depos i ted CdT e by acid. Such etching -

•

leaves a film of Te a t  the sur face  and at  the ed ges of the remaining fi lm
which shorts the cells.

B. Physical  Proper t ies

Small a . c .  signal susceptanc es and conduc tanc es of elec tr oplated
CdTe sola r cells were measured as functions of frequenc y and d.c. bias
voltage , with and without illumination . It was found necessa ry  to res t r ic t
the CdT e fi lm late rall y beyond the top electrode to prevent  presence of
a distr ibuted R - C  ne twork  result ing from top sheet conductance , junc tion

- capaci tance, and junc ti on shunt resistance.  Presenc e of this ne twork
introduces added variables which make It diff icul t  to in te rpre t the results .

The observed f requency  de pendencies of the capacita nc e and of the
equivalent parallel c onductance over angular  f requency,  com ply in

- • essential features with those calculated for a network comprising a
• capacitor C shunted by a resistor P 2 and in series with  a resistor P 1.

In particular , the low f requenc y capacitanc e is nearl y f requency  indepen—
dent (but not a lways in illumina ted samp les) and the low f requenc y G / w
decreases inversely with w. The r e s i s t anc e R 2 pa ra l le l  to the capaci tance
depends s t rong ly on fo rwa rd bias voltage , while the ser ies  res is tance H 1
is rather insensitive to the d.c. bias.

Publications:

1. M . P .R . Pa nicker , M. Knaste r and F. A. Kroger , “Ca th odic
Deposition of CdTe from Aque ous Electrol ytes , ” J. Electrochem .
Soc . 125 [4] 566 (1978).

2. K. Leh ovee - and A.  Fedotowsky, “Degradation of Solar Cell
Efficienc y by Sheet R e s i s t a n c e, ” Solid-Sta te E lec t ron ics , 70 ,
pp. 725-726 (1977).

3. K. Lehovec and A. Fedotowsky, “Degradation of Solar Cell
Effi cienc y by Sheet Resistance , “ Sola r Energy ,  in p r in t .
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2 .2 Investi~~~ti on of Junc ti on Field Effect  Transistors

(The’ Nationa l Science Foundation)

K. Lehovec and S-T. Liii

Objective Summa ry~ To stud y field e f fec t  t rans is tor s with emphasis
on effects involving the interface between a semiconducting channel and
an Ins ula ting subs t r a t e .

Progress:

A. Electron-Hole  Gene ra tion at  the Silicon-Sapphire Interface

- • Previousl y repor ted  exper iments  on t rans ient  cu r ren t s  of silicon
MOS-capacitors on sapph i r e  subs t ra t e  [1] have been augmented by I-V
measurements on gated P+~I~N

+ SOS diodes , and on enhancement mod e
p-channel and dep letion mode n-channel  SOS devices. The latte r
exper iments  have shown the fol lowing:

(1) Elect ron-hole  pai r generat ion at the sapphire  in te r face  in
deep-depleted MOS capacitors is suppressed by electron
bu i ld -up  at  the sapph i re  interface , i . e . , inversion charge
build-up arises under the gate rim and spreads from t h er e
over the silicon surface  under the gate.

- 
(ii) The empirical t ransient  MOS-diode cu r r en t  can be derived

f rom the empirical gated diode stead y s ta te  I -V  charac ter i s t ics .

(iii) The transient MOS c u r r e n t  decay exhibits a hump which is
at t r ibuted to the fact  that electron s emitted from Shockley-
Reed-Hall states at the sapphire interface fi rst  create  only
immobile positively charged traps which later promote hole
emission to the valence band. The mobile holes thus
generated t ransfer  to the s i l icon/si l icon oxide in te r face

• causing an added current component responsible for the hump.

B. High-Speed GaAs E-JFET Log ic

A theoretical analysis show s the  t rans i s tor  operates during the
switching t ransient  in the saturat ion reg ime [2] no twi ths tand ing  s tead y
state operation in the linea r reg ime. When the t r ans i s to r  is switched off ,
the t ransient  response is governed by the loa d resistance and the input
capacitance of the s ubsequent s tage.
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Publ icat ions/References:

1. K. Lehovec and P. Miller , “Invest igation of the Sa pphi re  In te r face
by Transient  Cu r r en t  Anal ysis , ” Trans .  m t .  Electron. Device
Meeting, Washin~ ton , D.C., pp. 283-286 (1976).

2. K. Lehovec in cooperation with  R .  Zuleeg and J. K. Notthoff of
the McDonnell Doug las Ast ronaut ics  Com pany, “Fenito-Joule , Hi gh-
Speed Planar GaA s E-JFET Logic , “ IEEE Trans . Elect ron . Devices ,
v. E D -2 5 , N.  6 , p. 628 , June  1978 .

- I 2. 3 Charge Motion in Dual Dielectric MNOS Struc tures

(The A r m y  Research  Off ice)

K. Lehovec , A. Fedotowsky and C-H. Chen

O~jective Summary :  To s tud y the memory charge d i s t r ibu t ion  in the
dual dielec tric oxide-nitride , the charge retention and the fatigue effects
associated with ma ny al ternately w r i t e/ e r a s e  pulses.

Progress: A simple ana lytical expression was derived [1] for charge
retention in MNOS memory devices assuming that retention loss is
lim ited by Frenkel-Poole release from monoenergetic t raps.  This
model show s that charge  retention becom es eventually independent of
the ini tial charge distribution. Experimental  data obtained at elevated
temperatu res confirm this model and provide a trap depth of 1. 5 eV ,

• Frenkel-Poole coefficient of about 6 x i0~~ cm l / 2 V _ 1/ 2  eV , and effect ive
escape attempt rate factor  of 1.2 x ~~~ sec~~~.

A new method for dete rmination of the charge vs .  centroid relation-
ship was developed [2]: A sequenc e of identical vol tage pulses is applied ,
the memory  device is re turned  to f la t  band condition after  each pulse , and
the subsequent pulse is supe rimposed on the flat band voltage corres-
ponding to the accumula ted memory charge distr ibut ion resul t ing from
the preceding pulses. Stai rcase  patte rns of accumulated charge  and of
device voltage are analyzed , and effec ts ari s ing  f r o m  back tunnelling and
leakage cur ren t s  are identified. Comparison of the initial injection
curren t  during a voltage puls e with  the steady sta te c u r r e n t  indicates
that hole injection from the gate does not contribute significantly to the
steady state oxide tunnel cu r ren t .
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Publications :

1. K. Lehovec and A. Fedotowsky, “Charge Re ten t i on  of MNOS Devices
Limited by Frenkel-Poole Detrappung,  App l. Ph y s . L e t t .  32 ,
No. 5, March 1, 1978 , pp. 335-338. 

I

2. K. Leh ovec , C-H. Chen and A.  Fedotowaky, “MNOS Charge vs.
• Centroid Dete rmination by Staircase Charging , ” IEEE Trans .

Elec t ron . Devices , (in pr int ) .

2. 4 Electrooptic Materials and Optical Image Storage Devices

(The Joint Services Electronics Program)

A. B. Tangtzay, Jr.

Objective Summary:  (1) To fully character ize the ph ysical processes
inherent in the operation of Pockels Ef fec t  and Photorefract ive Image
Storage Devices, and to establish the rela tionship between the relevant
mate rial properties and opdmumdevice design parameters. These image
storage devices are current ly of in teres t  for applications in inc oherent-
to-coherent  conversion and coherent optical processing. (2) To f u r t h e r
develop the Czochralski grow th technique for the production of large sing le
crystals of optical quality bismuth silicon oxide (Bi 12SiO20 ), at  present  the
mos t promising candidate for the active electrooptic element of both
Pockels Effect and Photorefractive Image Storage Devices.

• Approach Summary: (1) Continue optimization of Czochralski g rowth
parameters for produc tion of opticall y and electrically uniform , strain
free , highly transparent, non -photochromic bismuth silicon oxide
(Bi 12SiO20) single crys tals. (2) Fabricate and evaluate both Poc kels
Effect  and Photorefractive Image Storage Devices based on bismuth s ilicon
oxide and bismuth ~~rmanium oxide . (3) Investigate and evaluate alternative
materials for the photoconduc tive electroopti c crysta l, dielectric ins ula ting

• layers , and trans parent conducting electrodes to improve device
performance.

Progress: This work unit was initiated as an unprograrnm ed change on
• 1 September 177. Work effort to date has focused on modification of

labora tory facilities and assembl y of equipment and apparatus in
preparation for initiation of the resea rch prog ram described herein.

We propos e to modif y both an existing RF  induction heated
Czochralski puller and a two zone resistance heated Czoch ralski  puller
for the growth of bismuth silicon oxide (BSO), bismuth germanium oxide •(BGO), and related compounds . Growth parameters necessary  for the
produc tion of optically uniform , strain free single c rys ta l s  of intermediate
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size (2-3 cm diameter)  will be esta blished , including pull ra te , rotation
rate , radial and axial tempera ture  gradients , and pur i ty  of s tar t ing
material .

Concurrent with the g rowth  pa rametrization effor t , investigations of
the impur i ty- induced photochromic effects  in BSO and its isomorphs will
be con tinued. In particular , the hypothesis [3] that  the remarkable
optical sensitivity of BSO to trace impurities results f r o m  incorporation
of t ransi t ion metal ions on Si sites with tetrahedral symmetry will be
tested.  This will be accomplished b y grow th and select ive doping of all
three know n phases of the Bi2O3-SIO 2 sys tem (Bi 12S1O20 ; Bi4Si3O 12;
Bi 2SiO 9 [7]). The Si site s ymmetry  is tetrahedra l in the 6:1 and 2:3
phases, but not in the 1:3 phase [73, So that  measurements  of rela t ive
phot ochromic sens i t iv i ty  to particular  dopants can be expec ted to reveal
the effects of incorporat ion symmetry  differences in similar ch emical
environments . Continued selective doping experiments in concer t  wi th
thermal annealing/transient optical exposure and optical absorption
spectroscopy will be employed to confirm and extend the list of known
low-level photochromic-inducing impurities in BSO and BGO. Doping
experiments with rare  earth ions will  be under taken to evaluate BSO as
a prospective solid state laser host.

Measurement  of fundamental  optical and electrooptical charac te r i s t i cs
of BSO and its isomorphs (notably BGO and BTIO) will be extended. The
pola rization eigens tate technique [4] will  be employed to determine the
waveleng th dispersion of the electrooptic coefficient for  BGO and BTiO.

• This entails accurate  determinations of the wavelength dispersions of both
the index of ref ract ion and the optical ro ta to ry  power.

Pockels Readout  Optical Memory devices will be fabricated by vapor
deposition of pary lene insulat ing layers and electron beam deposition of
t r anspa ren t  conduc tive electrodes on highl y polished sur faces  àf BSO
sing le c rys t a l wafers .  The device performance will be evaluated to
determine the effects of mate rial parameters  on fundamental operational
l imitat ions ( resolut ion, cycle  tim e , sens i t iv i ty ,  lineari ty , e t c . ) .  The
uniformity  of charge storage decay will be examined to inves t iga te  possible
corre la t ions  be tween the observed cha racte ristic anisotropies in optical
density [1 ,2] and anisotropies in bulk resistivity.  Such anisotropies would
be expected to incur  undesirable time -dependent e r r o r s  in the optical
t r ans fe r  func tion . The symmetry  of expos u re / resolut ion charac te r i s t i cs
under c onditions of opposite initial applied bias will be investigated
electrically and electrooptically in hopes of unders tanding the field-induced
cha rge transfer behavior  of the device. The effects of optical activity on
the device optical  t ransfe r func tion [6] will be studied by carefu l  charac-
teriza tion of devices with widely vary ing design paramete rs .  The
possibilities of extending the optical exposure sensi t ivi ty  of the device
from the blue end of the spectrum f u r t h e r  into the visible region , and of
providing electrical e r a su re  capability in addition to the present  optical
il lumination method will be examined from the point of view of possible •
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heterostructures and doping techniques.

Photorefractive image storage devices util izing BSO and Its isomorph s
will be fabr ica ted  and evaluated.  The effec ts of large na tural  optical
activity on the rela tionship between diff ract ion efficienc y and space charge
modula tion will be exam ined both theoret ical ly and experimentall y. The
possibility of subs tituting bismuth t i tanium oxide (which has a much
smaller optical rotatory power than bismuth silicon oxide) as the ac t ive
element in such a device will be inves t iga ted .

References :

1. A. B. Tanguay,  Jr. , S. Mroczkowski , and P. C. Barker , “The
Czochralski Grow th of Optical Qua li ty Bismuth  Silicon Oxide
(Bi 12SiO20 ), ” Proc . Fifth Interna tiona l Confe rence on Crys t a l
Grow th , Bos ton (1977).

2. A. P. Tanguay, Jr., S. Mroczkowski, and P. C. Barker, “Th e

Czoch ralski Growth of Optical Qua l i t y  Bismuth  Silicon Oxide
(Bi 12SiO 20, “ accepted for publication in Jou rnal of C r y s t a l  Gr o w t h
(1978).

3. A.  H .  Tanguay ,  Jr . , S. Mr oczkow sk i , and H. C. Barker, ‘Impurity
Induced Photochromic  Behavior  in Bismuth  Silicon Oxide (Bi 12 SiO20 ), ”
to be published (1978).

• 4 . A.  P. Tanguay, Jr.,and P. C. Barke r, “Polarization Eigenstate

Measurement Scheme fo r  the Discr iminat ion of Concur ren t  Optical
Activi ty and Electr ic  Field Induced Bi ref r ingen ce , ” to be published ,
(1978).

5. A. H. Tanguay, Jr., and P. C. Barker , “Electrooptical Properties

of Bismuth Silicon Oxide (Bi 12S1Q20 ), ” t o  be published (1978).

6. A. H.  Tanguay,  Jr., and P. C. Barker , “Implications of Concurrent

Optical A c t i v i t y  and Electr ic  Field Induced B i re f r ingenc e for  Pockels
Readout Optical Memory  Performance , ” to be published (1978).

7. B. C. Gra bmeier , “A New Compound in the Bismuth-Oxide
Germanium -Dioxide System , ” Fifth Inte rnationa l Conferenc e on
Crys ta l  Grow th , Bos ton ( 1977).
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2 . 5 Other  Projects

The following projects are not reported in this edition:

1. Sur face  Acous ti c Wave Resonator Fundamental Stud y
(A rm y Resea rch Office)

2 . Grwoth  and Cha racte rization of Epi taxial Piezoelectric and
Semiconductor  Films (The Office of Scientific R e s e a r c h )

3. Piezoelectric Transducers  (R ockwell , International) .
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3. S U P E RC O NDU C T OP S

~~. 1 High Field S u p e r c o n d u c t i v i t y

(The Nat iona l  Science Foundation)

Y .  B. Kim , H. M. Kim , I -H.  Choi

Obj e c t i v e  S u m m a r y:  E x p e r i men t a l  i nv e st i g a t i on  of s u r f a ce  l .s s  in the
hi gh h eld superconduc tors , es pec ial l y Nb 3Ge 

~~~ 
.~3°K) . The f lu x

e n t r y  f ield p r o f i l e  a r e  being s t u d i e d  by m i c r o w a v e  t e c h n i q u e  and its
c o r r e lation wi th  m e t a l l u rg i c a l  t rea tment  of the s u r f a c e  by l a s e r  g lazing.

• ~~pproach Summary :  Flux e nt r y  p r o f i l e  and t h e i r  c o r r e l a t i o n  ~~ith th e
sample s u r f a c e  p rope r t i e s  m e t a l lu r g i cal l y t r e a t e d  b y l a s e r  g laz ing  ca n

• be s t u d i e d  by a m i c r o w a v e  r e s o n a t o r  of h igh d i ele c t r i c  c on s t a n t  which
reduces  the c a v i ty  s i ze  conside rab l y and enables  one s tud y in local  s u r f a c e  -

p r o p e r t i e s  in the :lux e n t r y .

Nb 3Ge foil or t h i n  f i lm is p repa red  b y we l l -con t ro l l ed  and hi ghl y
reproducible  chemical  vapor  deposit ion p rocess .

Progress :  Nb 3Ge samples are  readi l y prepa red wi th  va r ious  p a r a met er s
under con trol in the chemica l  va por depos i t i on process . Following t h e
s t r o n g  e f f e c t  of the heig h t  of the  s u r f a c e  p r o t r u s i o n  [i]  in the p rev ious
inves t iga t ion  the fla t s u r f a c e  of the samp le a re  p repa red  b y l a s e r
g l a z i n g  [2].  Sy s t e m s  of m e a s u r i n g  a c c u r a te  T~ and s u r f a c e  f lux
en t r y  m e a s u r e m e n t s  a re  es tabl ished.  V a r i o u s  R u t i l e  r e s o n a t o r s
[3] are  de signed to opt imize i ts  probing f u n c t i o n  in the f lux
en t ry m e a s u r em ent .

R e f e r e n c e s :

1. Y.  B. Kim and K. S. Kim , “Reduc t i on of AC Losses in Hig h
Tem pera tu re  Superconductors , ” Resea rch R e p o r t , EPRI TD- 136 ,
Apr i l  1976.

2. B. H. Kea r and C. M. Bana s , “Processing Mater ia l  with L a s e r s ,
Physic s Today, Nov. 1976.

3. A. Okaya, L. F. Ba rash , “The Dielectr ic  M i c r o w a v e  Resona tor , ”
Proc . IRE , 50, 2081, 1 962.
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4. ALLOYS ,  CERAMICS AND METALS

4. 1 Deform a tion Mechanisms in Superplast ic i ty

(The Nat i ona l Science Foundat ion)

F. Abdi , M .M . I .  Ahmed , D. G. Bhat , S. S ipe r s t e in ,
D. A .  Mil ler , F. A .  Mohamed and T. G. Lang don

4

Object ive  S u m m a r y:  This p rog ram is desi gned s p edf i c al l y to c o n t r i b u t e
toward  an u n d e r s t a n d i n g  of the d e f o r m a t i o n  m e c h a n i sms  o c c u r r i n g  d u r i n g
s u p e r p last i c i ty .

Approach Summary:  Tests  will be c a r r i e d  out to eva lua te  the mechan i ca l
charac te r i s t i c s  of mater ia ls  deforming .  both wi th in  and outside of the
superp la s tic region.

Progress :  Mechanica l  tes ts  w e r e  c onducted on Z n -2 2 %  Al , Pb-62% Sn ,
and tw o coppe r d is pers ion a ll oys , us ing both cons t an t  s t ress  and constant
s t r a in  rate conditi ons. Dens i ty  measurements  indicate t ha t  cavi t ies  a r e
nucleated in the mate r ia l s  at  ve ry  low s t r e s s  levels.  Under optimum
condi tions , s t r a ins  of up to 48 50% may be achieved in Pb-62% Sn.

Publicati ons ( 1 9 7 7 / 7 8 ) :

• 1. H. I shikawa , D. G. Eha t , F. A.  Mohamed and T. G. Lang dori ,
“Evidence for CaviLti on in the Supe rp lastic Zn-22  Pct Al  Eutectoid , ”

• Met. Trans., 8A , 523-52 5, 1977.

2 . T.  G. Langdon and F. A .  Mohamed , ‘Ducti l i ty and F r a c t u r e  in a
Su p e r p lastic A l loy ,  “ i n  F r a c t u r e  1977 (D . M .B .  Tapl in , ed. ) ,
U n i v e r s i t y  of Water loo  Press , Watç rloo , Onta ri o, 1977 , Vol. 2 ,

• pp. 525- 531.

3. F. A .  Mohamed , M .M .I .  Ahmed and T. G. Lang don , “Fac to r s
Inf luencing Duc t i l i t y  in the Supe rp lastic Zn-22 Pct Al Eut ec to id , ”
Met .  T r a n s . ,  8A , 933-938 , 1977.

4. T . G. Lang don and F. A.  Mohamed , “The Act i vati on Energ ies for
Superplasticity, “ Scri pta Met.  , 11 , 575-57 9, 1977.

5. M . M . I .  Ahrned and T. G. Langdon , “Exceptional Duc tility in the
Superplastic Pb-62 Pct Sn Eutecti c , “ Met. T rans . ,  8A , 1832-1833 , •

1977.
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6. T. G. Lang don , “The Conditions Requ i red fo r  Superp lasticity in

Metal s , ’ in Proceedings of the  Fifth N ew Zealand Science of
Mater ia ls  Conference , Well ington , New Zealand , 1977 , pp. 11-15.

7. T. G. Lang don and D.M.  B. Tap lin , “R u p t u r e  of S t r a i n - R a te
Sensitive Alloys ,” Solid Mechanics A rchieves , 2, 329-368, 1977.

8. T. G. Lang don , “The Re la t i onsh ip  Between S t ra in  Pate S e ns i t i v i t y
and Duc t i l i t y  in Superp lastic Mater ia l s , ” Scr ip ta  M e t . ,  11 , 997 -
1000 , 1977.

9. S. Si pers te In , “An Eva’uation of Methods of Dete rmining the Strain
Rate  Sens i t iv i ty  in Superp las t ic i ty , ” M . S. Thesis , Un ive r s i t y  of
Sou the rn  California , 1977.

4 10. S-A . Shei and T. G. Langdon , “The Mechanical  Proper t ies  of a
Supe rp lastic Quasi-Sing le Phase Coppe r Al loy , ” Acta . Met. , 26 ,
639-646 , 1978.

11. S-A.  Shei and T. G. Lang don , “The Fr a c t u r e  Cha rac te r i s t i c s  of a
Superp lastic Sing le Phase Coppe r A l loy , ” 3. Mater .  Sci. 13 , 1O84 -lO9Z , 1978 .

• 12. S-A . Shei and T. G. Lang don , “The Act iva t ion  Energies  for  Plastic
Flow in a Superp lastic Coppe r Alloy, ” Acta . Met.  (in press) .

13. T. G. Lang don , “A Microscopic Examination of Void Format i on in
Superp lastic Materials , ” 3. M i c r o s c o p y  (submit ted  f o r
publication).

4 . 2  Grain Boundary Sliding and Deformation Mechanisms During

Hig h Tempera ture  Creep

(Departm ent of Ene r g y )

• B. Singh , S. S. Vagara l i , R .  B. Vas tava , P. Yava ri ,
D. A. Miller , F. A.  Mohamed and T. G. Lang don

Objective Summary: This re search program is designed to i n v e s t i g a t e
the deformat ion mechanisms in var ious  pure  metals , me ta l l i c  al loys  and
ceramics under high -tempe rature creep conditions .

A pproach Summary: Creep tests will  be ca r r i ed  out under  a wide
range of t emperatures  and s t ress  levels , to dete rmine both the magn i tude

of grain boundary sliding and the precise  de format ion  processes .
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• P rogress :  Creep  tests were  c onduc ted on high-purity aluminum and
• magnesium , s e v e r a l  metallic solid solution al loys , and KBr sing le

c rys t a l s . The role of grain bounda ry sliding dur ing hig h tempe ra ture
• fa ti gue of lead was inves t igated as a func t ion  of ampli tude and f r equency .

Deformation mechanism maps w e r e  developed for  ceramics , incorpora ting
ambipola r d i f fus ion .

Publications (1977 /78) :

1. P. Yava ri and T. G. Lang don , “The Trans i t ion  from Nabarro-
H e r r i n g  to H a r p e r - D o r n  Creep  at Low Stress  Levels , “ S c r i p t a  Met . ,
11 , 863-866 , 1977.

2. F. A.  Mohamed and T. G. Lang don , “Recen t  Developments in
Deformat ion Mechanism Maps fo r  Ceramics , ” in Ceramic

• M i e r o s t r u c tu res  ‘76 (P.  M. Ful ra th  and 3. A. Pask , eds. ),
Westv iew Press , Boulder , Colorado , 1977 , pp. 763-773.

3. T. G. Lang don and F. A .  Mohamed , “The Cha racte ristics of
Independen t and Sequential Creep  Processes , ” 3. Aus t r al -

• asian In st .  Meta l s , 22 , 189- 199 , 1977.

4. T. G. Lang don and F. A.  Mohamed , “A New Type of Deforma tion
Mechanism Map for  High Tempera tu re  Creep , ” Mater .  S d .  Eng . ,
32 , 103-112 , 1978.

5. T. G. Lang don and F. A. Mohamed , “The Incorpora tion of
Ambipola r Diffus ion in Deformation Mechanism Maps for  Ceramics , ”
J. Mater .  Sci. 13 , 473-482 , 1978.

6. T. G. Lang don and F. A.  Mohamed , “A Simple Method of
Cons t ruc t ing  an Ashb y-Type  Defo rmation Mechanism Map, ”
3. Mater .  Sci., 13 , 1282- 1290 , 1978 .

1 7. T. G. Lang don , “Recent Developments in Deforma ti on Mechanism
I Maps , ” Metals Forum (in p ress ) .

I 8. T. C. Lang don and B . C. Gifkins , “Observations on the Ana l ysis
of Interdependent  Creep Processes , “ 3. Mater. Sci. (in press).

9. H . C. Gifkins and T. G. Lang don , “Comments on Theor ies  of
S t ruc tura l  Superp last ici ty,  “ M a t e r .  Sci. Eng . (submit ted  for
publication).

10. D. A. Miller and T. G. Lang don , “Evidenc e for Cavi tation in
• Superp lastic Zn -2Z  Pct Al  of Very  Hig h Pu r i t y ,  “ Met .  T r an s .

• (submitted f o r  publication).

I
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4. 3 E l e c t r i c a l  and M e c h a n i c a l  P ropert i es  of Oxide Ce ramics

(Depa rtment of E n e r g y )

F. A.  Kr oger , S. K. Tiku , L. 1). Ho , i i .  A .  Wang

~~~~ective ’ Summary :  Dete rmine  the e f f e - t  of g ra in  boundar ies  on the
proper t ies  of oxide ceramics , in pa r t i cu la r , A12O3.

• ~~pproach Summary :  Prepa ra t ion  of densv  pol y cr s ta l l i ne  A h 03 wi th
var ious  dopants and grain sizes and m e a s u r e  In these  hig h t empera tu re

• ionic and eU’ctronic conduc t iv i ty  and c o mp r e s s i ve  c r eep  rate , all  as a
funct ion of oxygen p r e ss u r e  and t e m p e r a t u r e .

• P rog res s .  Dense ma ter ial  of g ra in  size between 1 and 200 urn w er e
prepa r ed by ho t  p ress ing  and sin t er ing  f rom oxide  powde r made  f rom
re agen t  grade  A l - s u l phate ~I) and f rom Al-p ropox ide  UI) .  As  dopants
i ron  and ti t an ium w e r e  used. Undoped samples I w er e  found to be

• acceptor dominated , with Mg as the pi- e~ba ble ac cep to r ;  the ~ undue t i v i  t y
• is largel y by holes at high p

0 
and by ions a t  low p02 2

The hole conduc t iv i ty  decreases  wi th  i n c re a s i n g  g r a i n  size , i n d i ca t i n g
cons idera ble g r a i n  boundary  conduct ion . The ionic c o n d u c t i v i t y  show s
the opposite behav io r , ind ica t ing  conduct ion  b y a bu lk process , g r a i n
bou nda r ie s  h inder ing  r a t h e r  than  promot ing  the  Ion ic  c onduct ion . Iron -
doped samp les showed ionic c onduct ion independent  of g r ain s i z e  -

e l imina t ing  t h e  possibil i ty of cons ider ab le  ionic  g r a i n  bo nnd .erv  c o n d u c t i o n .
Ac t iva t ion  energies  of ionic conduct ion a re  in the range  ~. 4 to 4 . 4 c v .
Creep  is by N a b a r r o - H e rr i ng  mechanism at  smal l  rain s i zes , s i ~~.tl l
stresses , and by a dislocation mechanism at l a r g e  g r a i n  s i / c s  and s t re s se s .

The act i vat ion energies  for the N - H  c reep  are in th e’ range 1.8 to
H 6. ~ , al l  l a rge r  than the ’ ac t iva t ion  energ ies f o r  ionic c ond u ct i o n . A v a l u e

of ti . ~ eV was  found f o r  the  d i s loca t ion  mechan i sm.  The a c t iv a t i o n
ener gies of N - H  c reep  ar e  the same at  low and h i g h p0 when II IS

- I r e s p e c t i v e l y > and < 1. Y e t  this  doe s no t  ru l e  out a t i t b i pola r
• ‘ d i f f u s i o n  of ions and holes as a lim i t ing  p r oce ss  f o r  c re e p ,

• because creep ra te m a y  be l imi ted  b y an Al  species  the
c ond u c t i v i t y  of which , o~ may  rema in  < a t  all  p0 . Thus  f a s t

d i f fu s ion  of 0 by neutral atom s or molecules  is s t i ll  poss ib le .

• A beginning has been made with  the  pre pa rat ion of sam ples of type II
(made from propoxide) .  These samp les a r e  found to be p u r e r , but  t h e i r

• properties are  st i l l  acceptor -dom i nated.  For undoped mater ia l , again c~
inc reases with inc reasing g ra in  s ize and the same behavior  ~ as found
for  Ti-doped samples. So also for donor-dominated sam ples t h e r e  Is no
appreciable  ionic g ra in  boundary conduc tion. Model ca l cul a t i ons  for the
va riation wi th  g r a i n  size of the d i s t r i bu t ion  of dopants and nat ive defects
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ove r grain  boundaries , subgraln boundaries (space charge region) and
bulk in order to see whether  a change in g rain size exponent of c reep  so
far a t t r ibuted  to a change from bulk diffusion limitation to gra in  bounda ry
l imitat ion can be explained on this basis . A paper “Conduc tivi ty  and
C reep of Acceptor-Dominated Polycrys ta ll ine  A12O3 1’ was w r i t t e n  and
subm it ted to 3. MaterIals Science.

4.4 Other Projects

The fol lowing projects  are  not reported in this  edit ion:

1. Optical  and Mechanical  Proper t ies  of IR Mate r i a l s  (The
Office of Scient i f ic  R e s e a r c h )

• 2 . Ph ysical  M e t a lu r g y of Beta Ti tan ium Alloys  (The Off ice
of Scient i f ic  Resea rch)

3. Hydrogen  Effects  in Alloys (Hydri l  Company)

4 . Lase r  Ass i s t ed  Hot Spot Machining (The Office of Naval
Resea rch)

5. So l id i f i c a t i on of Melts Produced b y Laser  I rradiat ion (The
Na tiona l Science Founda tion)

6. L a s e r  Heat  T reating (R oc kwell , In ternat ional) .

-34-
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II. QUANT UM ELECTRONCS

1. Low Frequenc y Dispers ion  of the Nonlinea r Index of

R tion

• (The Joint Services Electronics  Prog ram)

M. D. Levenson , J. J. Song, 3. H. Lee

~~~~ective Surnm a~~~j  To observe and p ar ame t r i z e  the contributi ons to
the nonlinea r index of re f rac t ion  due to d ynamica l processes in ions or
molecules inte racting with an intense laser field .

Approach Summary:  The nonlinea r Index of ref ract ion can be related
to a th i rd  order  optical nonl inear i ty :

12P (3)
n2 (w) = —

~~
--- x ( -w , w , w , -w)

(3)
and x (- w2, w1, -w 1, w2 ) can be studied by f r e q u e n cy  mixing techniques . We
are stud ying this quantity using the  Baman induced Ker r  e f fec t  and other
polarization spectroscopy techniques. Orienta tional motion of non-
abs orbing m olec ul es and th e dynamics of absorbing species mani fes t
themselves as a resonant enhancement  of the pola rization spec t roscopy
signa l n ear  W 1 We = 0. From the observed lineshape , we de r ive  the
values of the va rious relaxation rates.

Progress :  Exper iments  in the past year have  focussed ott the dynamics
of the absorption processes  In dyes used as passive Q- sw i t ches  and mode
lockers. The dynamics are  best described in the densi ty  ma t r i x
formalism. We have found that the dominant population relaxation times
in these dyes is in the picosecond range , while the coherenc e decay occurs
on a femto second t ime scale.  This resu l t  j u s t i f i e s  the u sua l rate
equa tion treatment of sa tura ble absorption.

Publications:

1. J. 3. Song and M. D. Levere son , “Electron i c and Orienta tional
Contributi ons to the Optical Ker r  Cons tant  Dete rmined by Coherent
Rarnan Techniques , ” J. App l. Phys. 48 , 3496-350 1 (1977).

2 . C. L. Eeal ey ,  M. D. Levenson , W. M. Tolles , “Optical Heterod yne
Detection of Coherent  Raman Sig nals , ” 3. Quant. F l eet .  Q. F. -14 ,
45-49 (1978).
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3. 3. J. Song , 3. H. Lee , and M. D. Levenson , “Picosecond Relaxa tion
Measurements by Polarization Spec troscopy in Condensed Phases,”
Ph ys. R e v .  A (Apri l  1978).

2. Development of Bistable Optical Devices

(The Joint Services Electronics  Prog ram )

J. H. Marburge r , E. Garmire , M. D. Levenson , and
H. Winful

Objective Summary:  To demonstrate  bistable operation of a variety of
optical devices emp loying e lec t ronic  feedback to enhanc e the intensi ty
dependence of the index of refract ion and to investigate , experimentally
and theoretica lly,  ways in which suc h bista ble optical devices can be
developed into useful logic elements .

Approach Summary:  In many crys tals , the Pockels e f fec t  causes app lied
d .c .  electric fields to al ter  the index of refraction. Such crystals  a re
us ed , for example , in Pockels cell switches. If this d.c. field is
controlled by a photodetector, an electronically enhanced nonlinear index
of refraction resul ts . Such feedback controlled Pockels cells are capable
of bi s table ope ration without the need for  a delicately aligned Fabry Perot
resonator. A related device employs the electric field dependenc e of
the c oherence leng th of a second ha rmonic gene ration c r y s t a l .

Progress: Bis table operati on has been demonstrated in both proposed
devices. Unfortunately,  theoret ical  analysis presently indicates that  all
such devices operate too slowl y when consuming little power and too
inefficiently when adjus ted  for maximum switching speed. A paper
describing these results will be presented at the Ninth Inte rnational
Quantum Electronics Conference , May 29 , 1978.

3. Nonlinea r Mixing Spectroscopy of Solids

(The National Science Foundation)

M. D. Levens on , J. J. Song , G. L. Eesley,  and J. H. Lee

Objective Summa ry : To develop f requency mixing spec t roscopy
techniques and apply them to fundamen tal pr oblems in the ph ysics of
condensed phases.
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A pproach Surnrna~~ j  Coheren t  Ran-ian and other nonlinea r spectroscopi c
techniques have been applied to c rysta ls  showing soft  phonon modes ,
excitons , and absorbing impuri t ies .  The underl y ing dynamics is reflected
more exp licit l y in the nonlinear spectra  than in conventiona l optical
techniqu es .

Progress:  The Raman induced K e r r  e f fec t  has been extended to the
study of b i re f r ingent  c rys ta ls , and m a t e r i a l s  a t  c r y og e n i c  tem p e r a t u r e s .
A na r row spec t ra l  f e a t u r e  of the polarization spec t rum of f i l t e r  glass has
also been observed.

Resonant BIKES spectra have been detected in diph eny l oc t a te t r aene ,
but mos t absorbing samples sh ow a strong non-Raman signal due to
excited s t a t e  absorption or sa tura t ion  of the absorption.

The second order  Rama n spec trum of diamond has a l so  been r e so lved
• by optical hete r odyne detected Haman induced Kerr  e f f ec t  spect roscopy.

Doing so required suppress ing strong background signals f rom bire fr ing-
• ence and the nonlinear background su sc~~pt ib i l ity .  The coherent  R a m a n

spectra  confi rm previous resul ts  obtained by spontat ’eous s ca t t e r ing .

4. Hi gh Resolu t ion  M ultiphon Spectroscopy

(The Office of Naval R e s e a r c h )

• M. D. Levenson, I. C. Khoo , C. Chan, G. L. Eesley

• Objective Summary:  To s tud y mult iq uan tum absorp t ion  and m u l t i -
• quantum ionization of alkali atom s using nar rowbare d  sing le’ mod e pulsed

Ia S e r 5.

App~ oach Summary:  A xenon ion laser or Nd: YAG l a se r  second

• ha rmonic beam was us ed to pum p a long pulse tuneable d ye l ase r  which
was then focussed into an a tomic beam of s odium or potassium . Ions

created as the resul t  of two or th ree  photon absorpt i on were  d e t e c t e d , and
the ion signals plotted as a funct ion of laser i n t e n s i t y ,  pola rization , and
frequency.

Progress:  The collapse of th e x enon pum p laser necessitated the
development of a unique long pulse Q-swi tch  YAG sys tem.  While that

• was being debugged , mult iquantum ionization experiments were  under-
taken in s odium and potassium using a ni trogen pumped d ye laser c.t pable
only of reduced resolution. Nevertheless, two photon resonant  th ree
photon ionization was observed in both atoms. In the  case  of s odium , it
was possible to saturate the two photon transition even with this broad-

band laser source. The phenomenlogy observed and the unde rlying theory
was the subject of one publication. In potassium , the two quantum
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transition was much weaker , but the excited level could be ionized with
unit probability . This fact  resulted in s eemingly anomalous values for
the ratio of ion signals produced with ci rcula r and linear polarization.
The phenomenlogy and explanation was the subjec t of a second paper.
More recently, the narrow band laser system has been made ope rational,
and off resonant ionization si gnals have been sough t  using much improved

L resolution.

Publications:

1. P. Agostini , A.  T. Georges , S. E. Wheatley,  P. Lambropoulos
and M. D. Levens on , “Saturation Effects  in Resonant  Three Photon
Ioniza tion of Sodium with a Nonmonochromatic Field , ” 3. Ph ys. B.
(to be published).

2. S. E. Wheatley,  P. Agost in i, S. N. Dixit , and M. D. Levenson ,
• “Saturation Effects  in Resonant  Th ree Photon Ionization of

Potassium, ” Ph ysica Scri pta (to be published).

5. Integrated Optics Laser Components

(U.S . Navy - Naval Training Equipment Center)

E. Ga rmire , M. Chang , and H. Stoll

Objective Summary :  To develop a hi gh brightness GaA s laser for use
• as a triining device. The goa l is 1 watt , 200 nsec puls es , low duty cycle

with 1 mrad beam divergenc e , using integrated op tics.

A pproach Summary:  An integrated optics circ uit  has been desi gned
• which includes a 450 gra ting as a beam expande r and a gra t ing  output

coupler. High power is obtained by locking together  several lase rs to
oscillate at the same f requency .  This project is a joint  e f for t  between
USC and the Aerospace  Corpora tion , the la tter unde r s ubcontrac t to USC.

• Progress:  Th e probl em of developing this complex device has been
broken down into seve ral manageable chunks which will proceed
simultaneously. This includes sepa ra te development of the locking of
lasers , the output coupler , the beam expander , and the developm ent of
fabrication techniques.

Transverse  locking between two adjacent lasers has been demon-
strated and a theory  developed to exp lain the results . Publicati on awaits
the obtaining of sepa ratel y contacted lasers.

An output coupler has been demonstrated which has a 1 m rad beam 
•

divergence.

-38-
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• The 450 
g r a t i ng beam expander  has been demons t rat ed  both

t h e o ret i c a l l y and expe r imen ta l ly ,  •~~f i rm n i n g  the concept  of beam expan-
sion using a 45° g r a t i n g .

Fabr i ca t ion  techniques have been developed which involve epi taxial
growth , ion beam mill ing and select ive chemical  etch.

S:

1. H. Stol l , Proc . SPIE , Washing ton  D . C . ,  March  1978.

6. Waveguide Beam Expansion for  Fibre Optics Sources and

• Optical Information Processing

(The Air  Force System s Command - RA D C )

E. Garmn i re , S. D. Allen , A. Chen , and H. Stoll

Objec tive Summary: To develop integrated optics techniques for
c oupling to and f rom mnu lti mnode f ibers  using g ra t ing  beam expanders  and

F output  couplers .  To develop multin-iode in t eg ra t ed  opt ics  swi tches  which
a re  compa ti ble with mnultirnode fiber opt ics .

Approach Summary:  The gra t i ng beam expander will be developed in
LiNbO3 with ca re fu l  at tention to grat ing  profi le  to obtain e f f i c i en t  coup ling
to fibe rs . The g ra t i ng  will als o be used to ma ke a pola r izat ion ana ly z e r .
This projec t  involves a research  sub c o n t r a c t  with the Aeros pace
Corporation.

Progress: Beam expansion has been demonstrated theoretically ~1] and
expe rimentally.  It has been dem ons t r a t e d  t ha t  over lapping with  meta l
inc reased the coup ling e f f i c i ency .

Calculat i ons have  been p e r f o r m e d  on a l t e r n at i v e  m ~~ns of bea m
expansion using a negat ive wavegu ide  lens .

Publications:

1. H. Stoll, A ppl. Optics , to be publ ished .

2. E. Ga rmire , S. D. Allen , J. M a r b u r g e r , Optics  Comm. ,  to be
published .
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7. Bistable Optical Devices

(This is a USC supported follow - on project  related to work
performed under the JSEP Project reported in the preceding
item #2)

E. Garmire , S. D. Allen , H. Winful , and J. Marburge r

Objective Summary :  Development of incoherent , mi r rorless , bistable
optical switch using hybrid electrical/optical feedback.

Approach Summary :  By detecting the output  of an e lect ro-opt ic  modu-
lator and feeding it back  as a voltage onto the modulator , the device can
be made bis table , demons traing an optical  memory ,  d i f ferent ia l  gain ,

L an optical limite r , and a number  of other  optical functions .

Pr og ress: We have demonstrated the device in a bulk LiNbO3 modulator
and in a waveguide modulator , using a CdS detector as the de tector  and
feeding the signal back  onto the modulator .  Bistability was observed and
good agreement was seen between experiment and theory.

Publications:

1. E.  Ga rmire , S. D. Al len , J. Marburger, Appl. Phys. LeEt. 32,
320 (1978).

2. E. Ga rmi re , 3. M a r b u r g e r , S. D. Al len , Proc . SPIE , Washington ,
D.C. , March 1978.

3. E. Garmire , Bistable Optical Device Conferenc e , A R O , Philadel phia ,
Nov. 1977.

8. Coherent Propagation £f fec ts  in Dye Solutions

(The Nationa l Science Foundation)

3. C. Diels and E. Van S t r y land

Objective Summary :  To measure  the u l t r a sh o r t  ( f r ac t i on  of a pico-
second) phase relaxati on tim e in liquid d ye solut ions by means of c oherent
propagation effects . Al l  previous knowled ge of th i s  relaxation time
results from in te rpre ta t ion  of f r e q u e n c y  measurements .  The fi rs t

• measurement  in the time domain of the sub picosecond ph ase  relaxation •

time will be made. In addition , coherent  propagation e f fec t s  will be used
to shape and compress pulses to less than 0. 1 ps.
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Aporach  Summary:  The basic experiment  involves sending a sequence
of two picosecond pulses separated by a fraction of a picosecond th rough
a d ye sol u ti on , and to m e a su r e  the ene rgy  t ran smiss ion f ac t o r .  Sinc e un Iv
the ene rg y of the t w o  pulse  sequenc e has to be measu red , th e  new m eth od

• r equires  only detec t i on time resolut ion in the nanosecond r a n ge .  • A
trans ien t  coh e rent  in terac t ion  is seen if the  t r a n s m i s s i o n  is dependent
upon the relative phase of the two-pulse  seq uence.  The phase ’ relaxat ion
tim e T , can be deduced from the anomalousl y high t r ansmiss ion  f a c t o r
of the 180 0 out of phase sequences called “zer o a rca pulse ”.

• Prog ress:

A source of picosecond pulses has been developed,  by  modif ica tion
of the  cav i ty  of a CW argon laser pumped dye laser , and i nc lus ion  of a
passive mode locker  pulse dura t ion  of 2 5 ps , ps and 0 .2  ps ~‘~t -r e
genera ted .  These pulses were  sent  th rough  a Michelson type  inter-
ferometer developed to meet the  following c h a r a c t e r i s t i c s .

1) Creates a pulse sequence with any p rede te rmined  time
• separation between 0 ( a c c u r a cy  of the ze ro :  ± 0. 03 ps)

and 150 ps .

2) The phase relat ionship between the two pulses can be set to
any value between 0 and ii , or scanned continuous l y.

3) The intensi ty  ratio of the two pulses is adjusta ble.

4) The accuracy  of the aforementi oned set t ing s ( 1 , 2 and 3)
is such that  com plete extinc tion of the full  a p e r t u r e  of the
expanded (beam ( 10 Mm) can be maintained even with  the
shor tes t  pulses.

5) The zero  area  pulse shaper gives two com pl e m e n t a r y
outputs , providing easy m onitoring of the signal being sent

• throug h a d ye solution.

• Publications :

1. J. C. Diels , E. van Stry land , G. Benedict , CLEOS , paper TuIT S,
San Diego , Feb rua ry  1978.

2. 3. C. Diets , E. van Stry land , D. G old , Topical Meet ing on Pico-
second Phenomena , Paper WC9, Hilton Head , S. C . ,  June 1978.

3. J. C. Diels , E. van Stry land , 10th m t .  Quantum Electronic s C onf. ,
pape r J8 , Atlanta , June 1978.

4. 3. C. Diets , E. van Stry land , G. Benedict , Optics Comm. 25 , 9~ ,
1978.
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9. Intens e Phase Matched Picosec ond Thi rd  Harmonic  Genera t ion,

Using Coheren t  Propagation and Two-Photon  Resonance

Enhanc ement

(The Joint Services Elec t ronics  Program )

J. C. Die s and A.  T. Georges

Object ive  Summary:  To demonstra te  a new method of t h i rd  h a r m o n i c
ge nera t ion , which would generate  picosecond p~ lses of GW peak power in
the wavel eng th range  between 1800 -~~~ and 2000 A.  Such a source  would
have app licat ions in:

a) tim e resolved spect r oscopy ,  measu remen t s  of s h o r t  relaxa tion
times;

b) meteorological  and atmospher ic  s tudies (remote p r e s s u r e
measurements; remote study of a tmospher ic  cons t i tuen t s  by
Raman spec t roscopy);

c) plasma diagnos t ics.

Approach Summary:  To u t i l i ze  resul ts  of computer  simulation of the
propaga t i on of picosecond pulses f rom a mode- locked Rhodamine G l a s e r
th rough l i t h i u m  va por.  These ca lcula t ions  predic t a rang e of p u l s e
f r equenc i e s , t empora l  shapes and i n t ens i t i e s  fo r  which ex t r eme ly hi gh
conve r s ion  e f f i c i e n c y  to th i rd  ha rmonic  can be expected. This occurs
because  of a combi na t i on of the fol lowing f a c t o r s :

a )  a l a rge  t h i rd  o rder  s u s c e p t i b i l i t y  r e su l t i ng  f rom using a
fundamen ta l  fr e q u en c y which is at resonanc e wi th  a tw o - p h o t o n
t ra ns i t ion ;

b) the  use  of a phase  m a t c h a b l e  m i x t u r e  of M g and Li vapo r s ;

c)  low loss propaga tion fo r  the s e lec t e d  pu lse  shapes , and the
absence  of s a t u ra tion e f f e c t s  for  these pulses  when  t h e i r
durat ions  a r e  s h o r t e r  than  the col l is ion time in the vapor ’
mixture.

Prog r ess:

.-\ theoretica l analysis of the propa gation and tripp ling of Rh b G  laser
pulses in l i t h i u m  vap o r , under  c ondit ions of two photon r e s o n a n c e , was
u~ad e. The’ c t”~\ e r si o n  e f f i c i e n c y can exceed  8~~ . The’ l a t t e r t i g ur e
pe r t a in s  to the tr i pp li n g of a 70 ps dura ti on ( F W H M ) ,  80 m J / cm ~ ene rgy

d e n s i t y  “90° phase  s h if t e d  pu lse ” + in a 1 m cell containing li th i um v a p o r
at  a p r e s s u r e  of 1 t o r r .  An a b s t r a c t  has  been s ubmi t t ed  to  the  M ul t i photon

+ A 1190
0 phase  s h i f t e d  pu lse ’ is made of a suc cess ion  of two pulses wi th a

rela t ive phase  d i f f e r e n c e  of )Ø 0
•
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R ochester  Conferenc e [1]. The fol lowing e f fec t s  ~ ere  taken into account
in anal yzing the in teract ion and propagat ion :

1) a la rge population r e d i s t r i b u t i o n  f rom the g round  (Z s)  to the
4s level  of l i t h ium ;

2) a Dopp le r  broadening  of the same o r d e r  of m a g n i tu d e  as the
pulse Rabi f requency,  and s l ight l y d i f fe rent  fo r  each of the
two isotopes of l i thium ;

• 3) a t ime dependent nonlinea r sucep t ib il i ty  a t  the fundamen tal
f requenc y associated with  populati on exchanges be tween the

:~ 
Zs and 4s levels and with the re sonant  two-p ho to  t r ans i t i on ;

4) a time dependent  nonlinea r suscep t ib i l i t y  at the th ird
• harmonic  f requenc y due to the sam e p~~)u la t ion r ed i s t r ibu t ion ;

• 5) a t r ans i en t  Stark shi f t  wh i ch amounts to several  Dopp ler
wid ths ;

6) phase and ene rgy  relaxation of the “ induced dipoles ” ;

7) photoionization.

• Compute r calc ulations showed that the third harmonic  generated b y the
90 0 phase  sh i f ted  pulse ” is a smooth , unmodula ted  bell shaped p u l s e .

In cont r a s t , in condi t ions  of “ t w o  photon s el f - i n d u c e d  t r a n s p a rency ” [a],
a wildl y modulated (in phase and a m p l i t ude )  t h i r d  ha rmon ic  pulse  is

• genera ted .  A l t h o u g h the e n e r g y  of the inpu t  pulse in the  la t te r scheme
j S 130 mJ as against  50 mJ for the 90 0 

phase  sh i f ted  pulse , the high e s t

conversion efficienc y is onl y 2%.

The pulse shaper  t ha t  generate s 90° phase  sh i f t ed  pulses  [3] p rov ides

two com pl e m e n t a r y  outputs . More  recent  ca lcula t ions  show that  the
second output  can be used for  p a r a m e t r i c  com plicati on of the th i rd
ha rmony created by the f i r s t  one , yielding still hi ghe r  conver s ions  than
the area  reported above. Eff ic ienc y of the harmonic  genera t ion  or 115 nm
also occurs in this process and is c u r r e n t l y under  inves t igat ion.

The resul ts  of this theory a re  s u m m a r i z e d  in a l e t t e r  [~~ 1 and de ta iled

in a manusc r ip t  in prepara t ion  E~~1.
The theore t ica l  work  has now con toured  f a i r ly  a c c u r a t e l y th e phy s ica l

parameters  requi red for  the experimenta l demonst ra t ion . The l a s e r
source should include:

1) an oscillator gene rat ing pulses s h o r t e r  than 50 ps ;

2) ampl i f i e r s  s tages  to reach an energy  of at  leas t  10 mi/ p u l s e ;

3) a device forming a “phase  shif ted pulse ”.

Items (1) and (3) have now been success fu l l y developed. The laser
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ampl i f i e r s  wi l l  be b u i l t  in the coming  yea r .

A h e at  pipe ov en to produce an hom ogeneous mix ture  of Mg and Li
h as been c on s t r uc ted , t oge the r  with  a pump sta tion.

Publ i ca t ion s/R  e tc  r ences:

1. J. C. Diets  and A.  T.  Georges , I n t e r n a t i o n a l C onference on Multi-
phonon Processes , U n i v e r s i t y  oi R o c h e s t e r , June 6-9 , 1977 .

• 2 . J. C. Diets , Optical and Quantum Elec t ron ics  8 , 513 (1976).

3. J. C. Diels  and A. T. Georges , Optics Le t te r s , 1 , 158 ( 1977).

4. J. C. Diels and A.  T. Georges , 10th m t .  Quantum Et e c t r .  Conf .,
paper L5 , At lanta , June 1978.

5. J. C. Diets and A .  T . Georges , m a n u s c r i p t  in prepa ration.

10. Laser  Devices and A p p l i ca t ions

(Th e Joint Services  E lec t ron ic s  Program )

C. P. Chr i s t ensen  and W. H. St eier

Objective Summa~~y: To i n v e s t i g a t e  t e c h n i q u e s  for  improv ing  t r ansve r se
mode qua l i ty  and inc reas ing  the  lasing pulse width of r a re  gas halide
excimer lasers .  

-

Approach Summary:  Small bore c a p i l l ar y  d i scharges  have  been shown
to be much more s table  than convent iona l , uncon fined d i scharges  at h i gh
gas p r e s s u r e s .  They  also typical l y exhibi t a cy lind r i c a l  s y m m e t r y  tha t
is conducive to format ion of l o w - o r der  optical modes .  We have  inves t i -
gated the app licat ion of this  t y p e  of d i s c h a r g e  to e xc i ta t ion  of ra re gas
hal ide laser sys t ems .

Progress:

The ma jo r i ty of the exper iments  have  ut i l i zed  cap i l l a ry  bores  in the
range 0. 5 mm to 2.  0 mm.  These dev ices  r e q u i r e  about  10 k V / c m  to
achieve breakdown of a one a tmosph e r e  m i x t u r e  of He , Xe , and a ha lide
compound . S in c e  2 0 to 50 c e n t i m e ter s  of ac t ive  length  ar c  des i  rable ’ f o r
laser  operat ion i t  is n e c e s sar y  to d iv ide  the ’ d i s c h a rg e - i n to  one to  t h r e e
centimete r segments  in order  to avoid e x t r e m e l y hi gh operating voltages.

Using t r ansmiss ion  line techn ique s we have  developed a method for
uniform l y and s imul ta neous l y ex i c i t i n g  a large numbe r -~1 discharge

segments and have ’ ach ieve d  laser operat i on in Xe F  and X cC1 in a 2 cm
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~ 1 mcci -api lhi r y  device . Diffraction lunitcd output was obt., ine~ from
this d e v i c e  with onl y a minimal am ount of jut r i  c .ev i  t y a p er t  ii r i n g  ,
indicating a t en d e n c y  toward  low — t  r .c n sve  rse —nioje’ oiw ration iii this
dcvi cc ’

• 1) i sch . i  i-ge stabilit y ~~. is  i n v e s t ig a t e d  in s e ver a l  c a p i l l a r y  ‘ O f l h i L ~u l . t
t i c ’I S I ) V .1 p~~I v m e :  .c cur r ent  put  Se of long d nra lion and ob~ c i v ing the
t c m p w- .e l t ceh , ,~ - c r c t  the c ’x c i i n er  f lu o r c s c e ’n - e . Althoug h . i s l i g h t l y
ex t en d e d  t 1 n. e re  sc cue e duratj ofl w.i s 01)5 C i veil ~~ 0cc sm.i 11cr I ~, re ’ dcvi c e s
eve  r v di s lea ~~ e s teidi e’d d c ’ge ice r i  t ed  in t o  .i Vt . I i • ( iii odt ’ w i t h i n  100 h a  no —

seconds a f t e r  i n i t i a t i o n . T h e o r e t i c a l  c - s t i i i c a t e s  s u gg e s t  t h a t  bore
d i . ir ne t e ’  r~ ‘f le s s  t han  0. 1 n in i  . t r , -  n ece’s sa  r v  b r  e f f e c t i v e  s t . , h i lj z a tj o n
and we p hi n a n  cx t en s  c on ut o u r  f l u o  res  c d c c  S bid n’s I o c a  ,n 1 Ia r i t ’ s et
e x t r e me ly sn -c a l l  b or e .

1 1 .  ~~ea s ib i htj~~Stu ~~~~of D ev i ce Sy n t h c s i s of Non - L i c c e a r F c l t e r s

• (The  A i r  Fo rce  O ff i c e  of S c i e n t i f i c  R c s e . i r c h )

W. U .  S tc i cr , H .  S. Bu c y ,  C. P. Chr i st ense ’n ,
A .  Saw c huk , and H .  Jo i n e r

Object ive  Summa ry :  T h i s  e - o u lr a c t  is  -oneerzwd wi th  d e v i e s y n t he s i s
of ,i n c) p t i  i n t l  ph ,is e dern oduhi toi- . On the  b a si s  of ex t en s i v e ’  d ig i t a l
c-onc pute  r’ st  udi ~‘s [1 , 2 1 i t  h a s  becom e c lea r t h a t  non — sta ndard  in eth ods
ai’e  ieee  C’ S 5.1 i’y ( C )  im p lem en t  the -Onvo lu t i  O’~ t.i sk  secti on øf th lO Of) that
r e ,c  Ii -ze s t he  n o u l in e a  r f i l t e r  in o rde r  to obtain (a s t  and i n e x p e n s  ly e
sy n t h e s i s .

A p p r o a c h  Sui -nn ia  ry :  Our r esea  rcb  has been two—pronged; analog and
d ig i t a l  ni eth o’Is f o r  c onvolut ion .  On the a n.e log side i n c o h e ren t  opti ca l
n e t ’  th ods h. c y e  been s d e c  ted and on t h e’ dig ita l side a spec i a l  purpos e
a t -r a  pr oc - i s so r h a s  been se lec t e d  f o r  s t u d y.

PFO L:  r L ’ss~
Tb e i’v.t i i inc  re ’ e Ii ~ .e tion of the non — Ii nea r Ii lte r h i  s p rog re s s ccl in

i v .  o i r e .t s : - i l l  di g i t a l re ’.el iza( ion and h y b rid o p t i c a l — d i g i t a l  reali za t ion .
Tb e i l l  di gi t . c l  f i l i  ~‘ r is now read y for rea l time ’ on— l ine  u se  for  2 — D
p r o b l e ms  and h i s  m e t  a l l  of the ’  i n it i , i  1 ob jec tIves .  The key  dev e l op m e n t

h as  hee’n the  inc lus ion  of the A P— 120fl A r  ray  P rocess  or in lb e S ys  tern
We k is now unde’ rwa y on the 3 — D p rob lem. The  h y b r id s ys tern uses  c i t

inc oh ~‘r en t  h l’~D — C C  1) opti c - .i I co nvolve r inte rfiee - e’d with a di g it,c I s ys tern.

l i i i  I Le t T 1  e.e s i t  reni  ent s  of ( l ie ,  optical sys tern ifl~i) LilS e re S ~~OflS e and t h e
ov ~‘ ra 11 s ys  tern ii nv .t  ri ty cr c  i n c l u de d  and sh ow t h e  sy  st e’n~ w o r k i n g  up to
ex pee ta t i  ons . The desi gn ~ f t h e  data  .c eq cci si (ion sy s t e i n  f o r  .cc c u i’ . c e - y
m e a s u r e m ents  on t h e  convoluti on i s  u n d e r w a y .
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Publications:

1. Feasibility Stud y of Device Synthesis of Non-Linear Filters , Annual
R e p o r t  3 / 1 / 7 7  - 2/28/78.

2. W. H. Steier , D. Drake , C. P. Christensen , H . Joiner , H. Barr ,
“A Hig h Accu racy  2 -D Optical Signal Processor , 1978 IEEE/OSA
Conference on Laser and Electro-Optical  System s , San Diego ,
February  7-9 , 1978.

H eferences:

1. B . S. Bucy,  K. D. Senne , “Digital Synthesis of Nonlinear Filters ,”
Automa tica , 7 , N o. 3 , 1971 , pp. 287 -289.

2. B . S. Bucy ,  “Nonlinear Filtering with  Pipeline and Ar ra y Processors , ”
Proceeding s IEEE Conference on Decision and Control , New Orleans ,
1977.

3. H.  S. Bucy,  “Nonlinea r Filtering with Pipeline and A r r a y
Processors , ” Proceedings IEEE Conference on Decision and
Control , New Orleans , 1977.

12. Mod e Locke d Hi gh Ene rgy  Ultraviolet  Lasers

(The Nationa l Science Foundation)

C. P. Christensen and W. H. Steier

Resea rch Objective:  To invest igate  techniques for shor t  pulse generation
in the nea r u l t rav i ole t using rare  gas halide lasers.

Approa ch  Summary:  Al thoug h the rare  gas halide systems are  capable
of ef f ic ient , hig h - p o w e r  ope ration in the  nea r UV shor t  pulse generat ion
using conventiona l active modeloc king techniques is com plicated by the
extremel y shor t  durat ion of optical gain ( “20 ns) .  Passive rnodelocking
techniques are  expected to be more sui table but have not been explored
due to the lack of we l l - cha rac te rized saturable absorbe rs . We have
t h e r e f o r e  init iated a program for ident i f icat ion and charac te r iza t ion  of
saturable absorbers  for use in the ultraviolet .  In additi on , we are  stud ying
shor t  pulse amplification in rare gas halide sys tems  and are  investigating
a new type of d ischarge  which shows promise for extending the gain
duration in rare gas halide discharge devices.

Absorbe r Characterization. The pr imary parameters  of in teres t  in the
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c h a r a c t e r i z a ti on of sat u r a b l e  abso rbe r s  arc ’  the ’ ab so rp t ion  c r o s s - s e c t i on
an d the r e - over y r a t e .  It is d e s i r a b l e  for  modelocki ng app lications t h a t
the c ro s s - sec t i on  be l a r g e  and the r e c o v e r y  rapid. We have  ident i f ied
severa l organic  d yes which absorb  in the ~00-350 nm range , which
ex hibi t la rge  c ro s s - se ct i ons , a nd which  are expected to have  re la t ive ly
shor t  r e c o v e r y  l i f e t i m e s . We have cons t ruc ted a modelocked , f requency-
t r i p led Nd: YA 1O3 laser  which p rov ides  hi gh - p o w e r  pulses  of 10 psec
dura ti on at  355 urn.  Th i s  devices is being used to accura tel y m e a s u r e
the r e c o v e r y  time of the selected d yes using an excite and probe technique .

Shor t  Pulse A m p l i f i ca t ion .  Linea r amp lif icat i on of sub-nanosecond
pulses in a r a r e  gas hal ide  sy s t em has  been dem onst ra ted , but to date
th e r e  have  been no s tudies  of s h o r t  pulse  ene rgy extract ion in these  media .
We have cons t ruc ted a ra re gas halide osc i l l a to r -am p li f ier  system which

• wi l l  be used to s t u d y  non l inea r  e f f e c t s  in s h o r t  pu l se  amp l i f i c a t i o n .
Expe rim entall y the osci l la tor  output  is passed th rough a f a s t  e lec t ro-opt ic

- 

- shu t t e r of var iab le  a p e r t u r e  t ime. Gain sa tu ra t ion  e ffec t s  a re  then
• s tudied as a f unc t i on of pulse  dura t ion .  The resu l t s  of these  exper iments

should provide  some’ insi gh t  in to  the k ine t i c  processes  in the amp lif y ing
medi urn.

Ex tens ion  of Gain Dura tion. The temporal  dura ti on of optical  gain in
the r a re  gas halide sys tems  is in t imatel y re la ted  to the  s tabi l i ty  of the
d ischarge .  We have invest i gated t r a n s v e r s e  e lec t rodeless  d i scha rges
as a means for  obtaining inc reased  gain dura t ion  in excimer  lasers , and
we find tha t d ischarges  which a r e  s table  fo r  period s of microseconds c-an
be obtained with this configuration. To date observati ons have been

• c onfined to a bell j a r  appara tus , b u t a l a s e r  based on th ese p ri nci ples
is unde r cons t ruc t ion .

13. Engineer ing  Desi gn of Repe t i t i ve l y Q-Switched Solid Sta te

Lasers  for  Precision Hang ing

(Na tional Aeronaut ics  and Space A d m i n i s t r a t i o n )

L.  G. DeShazer , J. C. Sl iney,  J r . ,  a n d T .  S. Lomheim

Objective Sum m a ry j  Lase r  eng inee r ing  desi gn of Nd in YAG and B eL will

be studi ed by spec t roscopy  and a r g o n - l a s e r  pumping of Nd l a ser s .

Appr~~ ch Summary: Determining the spectroscop ic parameters necessary
to anal yze  the laser per formance ’ , suc h as l i fet i m e  and q u a n t u m  e f f i c i e u e - y .
Operation of a Nd laser by argon-laser pum ping to check  the sp e ct r o s c o p ic
predict i ons .
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Progress:

The repe t i t i v e l y Q- swi t ched  pe r fo rmance  of x -ax is  Nd:B eL was
com pared to t ha t  of N d : Y A G . In identical  test  a r r a n g e m e n t s , Q-swit ched
outputs  of N d : B eL  w e r e  observed to b e 3  times tha t  obtained from N d : Y A G .
This resu l t s  f rom th e’ h i g h e r  energ y s torage  of Nd:BeL and is an intrinsic
property of this l a se r  c r y s t a l .  Subs tant ia l l y hig h e r  f lash l amp  pum p
ene rg y was r equ i r ed  for  Nd :BeL com pared to N d : Y A G  to obtain the g r e a t e r
Q-swi t ched  output .  The Q-swi tched  pe r fo rmanc e exhibited good corre la tion
with  the s t imulated emission c ross - sec t ions . D e t e r m i n a t i o n  of the c r o s s -
sect ions for  x -~ x i s and y - a x i s  N d : B e L  yielded 0. 9 x 10 ’  19

~~~~
2 and

1. 4 x  10 19 cm respect ive l y.

Bulk damage thresholds w e r e  m e a s u r e d  for Nd :BeL , N d : Y A G ,
N d : Y L F , Nd :YVO 4 and Nd:GGG; su r f ace  damage thresholds  w er e  deter-
mined for  Nd:BeL , Nd:YAG and N d : Y V O 4 . The bulk and s u r f a c e  damage
thresholds for  Nd :BeL  (approximate l y 10 G W/ c m 2 and 9 G W / c m 2
res pect ivel y)  w e r e  v e r y  close to those of N d : Y A G .  This  r e su l t  can be
considered favorab le  for  Nd:BeL in hi gh peak power app lications sinc e
la rge diamete r boules c-an be readil y g rown.

Publications:

• 1. J. C. Sliney, Jr. and L. G. DeShazer , “Temperature and Concert-
tration Dependence of Laser Bulk Damage to Neodymium Glass , ‘~ in
Laser  Induced Damage in Optical  Mater ia l s :  1977, edited by
A .  J. Glass and A.  H. Guen the r  (N BS Special  Publicat i on).

.~~. T. S. Lomheim and L. C. DeShazer , “New Procedure  of Determining
• Neodymium Fluorescence Branching Ratios as App lied to 2S Crys tal

and Glass Hosts , “ Opt.  Comm. 24 , 89 (1978).

3. T. S. L on-eheim and L. G. DeShazer , “Optical  Absorp t ion  In t ens i t i e s
of Trivalent Neodymium in the Uniaxial Crys ta l Y t t r i u m  Or thov anada te , ”
to be publ ished in J. A p p i. Ph ys .  , Aug . 1978 .

4. T. S. Lomhcim and L. G. DeShazer , ‘Dete rmination of Opt ica l
Cross-Sections by the M e a s u r e m e n t  of Satura t ion Flux Using Laser-
Pum ped Laser Oscillators ,” submitted to J. Opt. Soc . Am.
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14. Theory of Electromagnetic Scatte r ing Processes at

• Resonance and wi th Intens e Fields

(The Joint Services Electronics Program)

• B . W. Hellwarth

Objective Sumnm~ty~ To be able to i n t e rp re t  and predic t  the na tu re  of
the e lec t romagnet ic  radia tion that is sca t t e red  b y matte r from a strong
incident monochromatic wave whos e f requency  is at  or near a resonance
of the sca t te r ing  m edium . The problems to be attacked include those

-c’ t ha t  a r i se  in mode-loc king,  sa turable  abso rp t ion , sa tu ra t ion  spec t roscopy ,
h igh-energy  optical amplifiers , in f ra red - l a se r  window fai lure , and
optical image and f requency  conver te r s ,

Approach Summary:  Our approach will be mainl y theoret ical  and
direc ted towa rd the nees of exper imenters  c u r r e n tl y utilizing resonant
laser-matte r interactions (tunable and hi gh-power  laser sources , detec tors ,
etc . ).

Progress:

Task A: Two-Photon Amplifiers and Two-Photon Inte ractions

In order to evaluate the th i rd  order non-li near suscept ibi l i ty  for
h y drogen-l ike a tom s , we sought  an anal ytical  form for  a t r ip le sum over
continuum and discrete  s ta tes  of a produc t of hy drogeni c matr ix  elements
and energy denominators. We have proceeded along lines suggested by
Schwartz  and Tiemann [ Annals of Physics :  2 , 178-187 , 1959] where  a

• par t  of the sum is removed by the introduction of a function defined by a
separa te  diffe rential equation. By use of a Laplace transform technique ,
we obtained a closed form integ ral solution to this equation which may be
solved numerical ly. However , resul t s  of this method were  found to be
inconsistent with previously published limiting values , and in some cases
do not seem to be physically rea l i s t ic .  We have  begun a d i f f e ren t  approach
to th is calc ula tion , using instead a Green ’s function method following that
of Karule (J. Phys. B 4 , 267 , 1971), which , howeve r , appears  to requi re
more  leng th y numerical  evaluations .

We obtained prel iminary experimental veri f icat ion (using borrowed
apparatus)  of the concept of an ene rgy - r e se rvo i r  level to supp l y population
to a level from which stimulated two-photon emission is possible.
Experiments monitored the non-exponential fluorescent decay from the
13s level of potassium vapor excited b y 2-ph oton absorpt ion f rom ,c
tunable dye laser,

H 
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Task B: Theory of Ultra-Hi gh Optical Field Interactions

1. N o n l i n e a r  Counte r -Propaga t ing  Pulses (NCP) . The fi rs t por t i on
of our proposed projec t studying chimp compensation with counter-
propaga ting pulses has been com pleted.  A repor t  of the w o r k  has been
accepted for  publication as an App lied Ph ysics Let te r [2]. In this s tud y ,
only plane wave situa tions were analyzed. The result of our stud y is that
forwa rd chirp developed by pulse propaga tion in a nonlinea r medium can• be removed nea r the pulse pea k b y al lowing the puls e to over lap  wi th  a
backward pulse  a t  the exit of the medium . Deta i l s  of the ca lcu la t ion  a r e

• reported in ref. [2].

Beams of finite aperture tend to self-focus in non-linea r medium , and
this  a l t e r s  the s e l f -phase  modulat ion process .  We have developed
approximate equations to describe counter-propagating pulses of finite ’

• aperture and are designing a computer c-od e for their numerical solution .
Some ana l ysis  is possible for  s tead y s tate counterpropaga t ing bea ms , but
even in this case com plete solution s requ i re  nurn e’ri ca l anal y s i s .

2. Self-Trapped Propaga tion Excita tions. The nonlinea r Maxwell
eq uat ions  which govern  propagat ion of e l ec t romagne tic waves  at  hi gh
intensiti es in p lasma we r e  examined f o r  so lu t ions  wh ich  a r e  s e l f - t ra p pe d
balls of energy in three dim ensions. Such solutions w e r e  found to e x i s t ,
but at tield s t r e n g ths beyond those presentl y obtainable in laser beams.
A computa ti onal al gorithm for their differential equa tion has been found
for  monochromat ic  sta t ionary  exci tat ions of sp h e r i c a l  s y m m e t r y .  By
com p u t e r  ana l yses  we ha ve established that the number of such solutions

• (in the c lass ica l  reg ime) is a funct ion  of the d i f f e r e n c e  be tween  the p lasma
f r e q u e n cy  and c-rn wave  f r equency .  It remains to d e t e r m i n e  if  thes e
solut ions ,t r e  stable to c e n t e r - o f - m a s s  motion and angula r va r i a t i ons .

3. P o l a r i z at i o n  Spc’c t r o s c o py .  A s tud y of t h e  r e l a t i v e  me rits of
seve ra l  l a s e r - s p e c t r o s c op y  technique s for  plasma d iagnos t i cs  c ; .ts
c o n t i n u e d .  The  fi r s t  r e s u l t s  h a v e  show n t h a t  the  R a m a n -j n d c i c c ’d K er r
e f f e c t  ( d i s cove red  p r e v i o u s ly  in th i s  p r oj e c t )  has  unique  advan tage- s [1].
The re ’s t i l t s  a re b t - i n ~ used by e xp e r i mc ’nta l i s t s  e l sewhere .

-1. ~~ia se - C o n j u n c tion and Beam R e s t o r a t i o n  b y St imu late ’d S cat t e r i n g .
Fi-orn r ecen t  expe r iment s  b y Nosach et al.  [41 and Zl’ lovich et al.  151 i t  is
appa ren t  t ha t  both st im u l a t e d  I~rillouin s c a t t e r i ng  (S BS) and s t i m u l a ted
Raman s c a t t e r i ng  (SRS) in the  b a c k w a r d  d i rec t ion  can p roduce w a v e s  that
a re re n~a rkabt y c los e to being “ph ase - C onj uga te ” to the pum p beam , - m d
t he  r e ’t or e  to being c t i m e —  r ev er s e d  rep lica of i t .  Such a r ep l i ca  can
back—tr ack th roug h ,i d i s t o r t i n g  m edi um to eti~e rg e’ r e s t o r e d  to the  condi t ion
of the e m i t e  r in g  porn  p b e - m m .  We’ comple ted  the fi r s t  t h e o r y  of Ut e deg ree
to which stimula ted w a ve s  ar e  phase -con juga te s  u n der  v a r i o u s  experimenta l

• conditions , a ml the  p o w e r s  i’equi red for  e f f i c i en t  g e n e r a t i on  of rep lica wav es -
b y t h i s  p ro c ess H i .  The c o n d i t i o n s  under  ~~iich s t i m u l a t e d  sc a t t e ri n g  can
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usefully produce a phase-conjuga te  wave are  found to be very wide.

Public a tions l B  efe rence s:

— 

1. B. W. Hellwarth , “Nonlinear Optical Effects for Plasma Diagnostics ,”
Appl. Ph ys .  11 , 147 (1976).

2. 3. M a r b u r g e r , B. Shockley, “Nonresonant Chirp Compensation with
Counterpropagat ing Optical Pulses , ” App l. Phys. Le t te r s  30 , 441
(1977).

3. A. T. Georges , P. Lambropoulos , 3. M a r b u r g e r , “Theory of Third
Harmonic Generation in Metal  Vapor s  Under Two-Photon Resonance
Conditions ,” Ph ys. Rev. A 1 5 , 300 (1 977).

• 4. 0. Nosach , V. Popovichev , V. Ragu l ’skii , and F. Faisullov ,
“Cancellation of Phase Distort ions in an Amp lif ying Medium with a
‘Brillouin Mir ror ’ , ” Soy . Phys .  JET P Lett .  15 , 109 (1972).

5. B. Ya. Zel’lovi ch , N. Mel’nikov , N. Pilipetskii , and V. Tagul skii ,
“Observation of Wavefront  Inversion in Stimulated Raman Scattering
of Light , ” Soy. Phys. JETP Lett. 25, 36 (1977).

6. B. Hellwarth, “Theory of Phase Conjugation by Stimulated Scattering
in a Waveguide , ” t o  be publish ed in Jul y 1978 , in Journ.  Opt. Soc.
Am.

1 5. Studies of Optical-Beam Phase C onj uncti on b y

Nonlinea r Refrac t ion

(The Air Force Office of Scientific Research)

B. W. Hel lwarth , J. Feinberg and S. M . Jens en

Objective Summary:  Thi s project  aims to exp lore the na tu re  of the
process of the generation of t ime-r eve r sed  rep licas , or “phase-conjuga tes ”
of image bea ring optical beams. App lications to bean-i r e s to ra t ion  wi l l  be
explored.

Approach Summary:  The approach will  be both theore t i cal  and
experimental.

We have seen the f i r s t  generation of the tim e reversed
replica of an optical beam b y coup ling it into a waveguide where it
interacts with counter-propagating pump waves in a nonlinear m edium
(liquid CS2 ). This conf iguration requires lower pump powers and is much
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less sensi t ive  to beam ali gnm ent than is the corresponding process with
unguided waves .

Publications:

1. S. M. Jensen and B. W. Hellwarth, “Generation of Time Reversed
Waves by Nonlinea r Refract ion in a Waveguide , ” to be published in
Appl. Phys. Letters.

- ;
- 

16. Ram an-Induced Kerr Effect Studies

(U.S. Army Research Office)

B. W. Hellwarth, D. Heiman , G. Martin and C. Harper

Objective Summary:  To extend and exhibi t spectroscop ic app lications
of the Raman-induced Kerr  ef fec t  (RIKE), which was conceived [1, 2], and
recently demonstrated in this laboratory- .

Approach Summary: To use tunable lasers to observe RIKE spectra in
various media , and to make theoret ical  estimates of these and other
spectra.

Progress: A repetitivel y pulsed , Q-switched , and frequency-doubled
Nd: YAG laser -and-amplifier was constructed to serve as pump source
for tunable dye lasers. T unable d ye lasers were construc ted. Preliminary
experiments were per fo rmed .  The theory of BIKE in plasma was
completed [4].

References/Publications:

1. B. W. Hel lwar th , “Thi rd-Order  Optical Suscep tibil i t ies of Liquids

- 

• and Solids , ” (Pergarrion Press , Oxford , to be published).

2. B. W. Hellwarth , “Raman-Induced Kerr Effect, A Nonlinear
Spec troscopic Tool,” in Proc. of II Internati onal Conferenc e on
Inte raction of Electrons with Strong Electromagnetic Field ,
Budapest , 1975.

3. D. Heiman, R. Hellwa rth, M. Levenson , and G. Mar t in , “Raman-
Induced Kerr  Ef fec t , ” Ph ys.  R e v .  Lett .  36 , 189 (1976) .

4. B. W. Hellwarth , “N onlinear Optical Ef fec t s  for  Plasma Diagnostics , ”
App l. Ph ys. 11, 147 (1976).
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17. In f ra red  Microscopy Emp loyinLN onhinear Optical

Techniques

(The National Science Foundation)

B. W. Hellwa rth , P. Christensen , and S. Jense’n

Obj ec t ive Summary:  To be able to see and s tudy  micros  t r u c t u r e  of
mater ials  t ha t  is invisible to , or diff icul t  to examine’ b y,  conventional
mic roscopes.

~~p_proach Summary: Our approach is to generate optical in— mage ’ s , f o r
rnagnif ic4t ion and viewing , using the inh orn ogeneit-ies in the ’ nonl inear
refractive indices of a material.

Progress:  The cont rac t  was  awarded in Novembe r 1975 f o r  r e s ear c h
intended to expand the preliminary observations made with a novel
nonlinea r opt ical  mic roscope  and reported in r e f e r e n c e s  111 and {~~

].

Dur ing  this period we assembled a rub y l a se r  to use as a nonlinea r
mic roscope i l luminator , we com pleted the theory  of a new nonlinea r
e f f e c t  which y ields microscopic images of nonlinear index var i a t i ons  in
media of any symmetry [3], and achieved the first expe rimenta l verifica-
tion of this e f fec t  b y observing the t ime- reve r sed  waves tha t  i t  can
produce.

• Re fe rences /Pub l i ca t ions:

1. B. Hel lwar th  and P. Chr i s tens en , “Nonlinea r Optical Mic roscope
Examina tion of S t ruc tu re  in Pol ycrys tal l ine  ZnSe , ” Op tics
Communications 12 , 318 (1974).

2. B. Hellwarth and P. Christensen , “Nonlinear Optical Microscope
Using Second Harmoni c Generation , ” App l. Optics 14 , 247 (1975).

3. R.  W. Hellwarth , “Gene ra tion of Time-Reve rsed Wave Fronts by
Nonlinea r Refraction , “ J. Opt. Soc. Am.  67 , 1 (1977) .
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18. Characterization of Self -Focusing Mechanisms in

Laser Materials

(Law rence Livermore Laboratory)

B. W. Hel lwar th , J. Cherlow , and D. Heiman

• Objective Summary:  To dete rmine certain pa rameters  relevant  to
predicting beam di s tor tions in hi gh - e n e r g y  laser-puls e amplifier  chains.

Approach /Progress :  We a re  pursuing theoretical  and exper imental
s tudies to determine and predic t the nonlinear refract ive  indices of laser
materials. In this pe riod , nonlinea r indices , Pockels ’ coefficients , and
elasto-optic coefficients were measured for a wide spectrum of glasses
[ ii .  A new t r ip le-pass Fabry-Perot  inte r fe rometer  facil i ty was
assembled for studying low frequency excitations.

Publications:

1. B. W. Hellwarth and D. Heiman , “Character izat ion of Self-Focusing
Mechanisms in Laser  Materials , ” Progress  R e p o r t , Lawrence
Livermore  Labora tory ,  subcontrac t  7509105 , October 1976; and
to be published.

2. J. M. Cherlow , T. T. Yang , and B.  W. Hellwarth , “Nonlinea r
Optical Susceptibilities of Solvents ,” IEEE Journ. Quant. Elect .  12 ,
644 (1976).

19. Studies of Py r o el e c t r i c i ty  in Ex t remely Thin Samples f o r

Improved  Hi gh Speed Infrared Detectors

(The U. S. A r m y  Resea rch  Off ice)

M . Simhouy,  M . Bass , and E. Tenescu

Obj ec tive Summary: The objectives of this program are to under s t a nd
the phenomenon of p y r o e l e c t r i c i t y  in ext remel y thin samples and to
identif y means to prepare  long lived hi gh speed infrared  detec tors .

• Approach Summary:  The approach is to examine new mater ia ls,
electrode configurations and poling techniques to obtain maximum si gnal
with minimum r ise  time. The detectors  will be tested using a pulsed
CO2 TEA laser. •

Proj~~~~ss : A new means for stacking ultrathin detector elements to add

- 54-

- —- - -• .-- -- -
-
~~~~~~ - -  ----- 

-
— -~~

-
~~:L L  J1~ T~~’ - -- -- ~~ • -~~~~~~~~~~~~~~ - - - -  Li4



- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

their electrical outputs with minim um additional capacitance has been
developed. Studies of PLZ T pyroe lec t r i c  devices have been ini t iated.

20. Flexible Waveguides  for  Infra  red Ene rgy  Lransmiss ion

(The National  Science Foundation)

E. Ga rmi r e , M. Bass and T. McMah on

Objective Summary :  We a re  developing a flexible waveguide  for use  at
10. 6 ,.tm as a convenient  means of de l ive r ing  power f rom a CO2 la s e r  to 1

t a rge t  in such app lications as welding and s u r g e r y,

Approach Summary:  In view of the linea r pola r iza t ion  avai lable  f rom
CO2 lasers we have confined our wa~-e gu ide  des igns  to th ose of rec tangular
c ross-sect i ons wi th  metallic walls . Our ana l ysis of waveguide  losses
treats the me tal  walls as imperfec t  conduc to r s  wi th a c o’rm p iex conduc t i v i t y .

- - Furthermore, in arriving at the overall dimensions of our p r e s e n t  desi gns , -

we have considered the bala nc e tha t  m u s t  be maintained between inherent
straight guide losses and additi onal losses broug ht about by bending the
waveguides.

Progress:

1. T ransmission of 200 W with 80% t r a n s m is s iv it y  has been
demonstrated in a FIT waveguide having aluminum wal ls .  The sam ple
was 1.2 m long and contained a 90° bend during this test. The input
light was focused into the guide with a cylindrical lens .

2. Studies of multimode propa gation in FIT waveguides  w e r e  init iated
using a rigid guide with nearly perfect walls. These studies were begun
usin g both HeNe and CO2 lasers .  Th eoretical ana lyses a r e  a lso  in
progress .

3. Twist losses were measured. A 9Q0 twis t  ove r 80 cm in t roduces
onl y 15% additiona l loss. In addition, the twisted waveguide was demon-
s t ra ted to be an excellent inf rared  pola ri za tion ro ta tor .

Publications :

I. E. Garmire, T. McMahon, M. Bass , “Los Loss Opt ica l  T r a n s m i s s i o n
Th rough Bent Hollow Metal Waveguides , ” submitted to App lied
Ph ysics  Le t te r s .

2. T. McMahon , E. Garmire , M. Bass , “Flexible I n f r a r e d  T r a n sm i s s iv e ’
Wavegulde s at 10 .6 ~m , “ A b s tr a c t , Meet ing of the O pt i c a l  Society of
America , October 1976 , J. Opt. Soc . Am,  b6 , 1102 (l~~7 7).
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21. lB Molecula r Lasers Pumped by Electronic-Vibra tional

Energy Transfer

(The A r m y Resea rch  Office)

C. Witti g,  C. P. Ch ris tensen, A. Har i r i  and H. Be i s l e r

Objective Summary:  The object ives of this resea rch are two-fold .
Fi rs t , we have  a s a  goal the developm ent of lB molecula r lasers  that a re
excited by e lect ronic  to vibrat ional  (E -~ V) energy transfer. Second , we
are engaged in a s tud y of the fundamenta l processes involved in F -. V
energ y t r a n s f e r .

Approach Summary: The approach is experim ental. Laser expe riments
are  per formed using flash photol ysis excitation in order  to produce
electronically excited Br atom s in the 42 P1/2 sta te. These atoms,
hereaf te r  r e f e r r ed  to as Br *, then excite small molecules , via F V
t rans fe r , in a mod e select ive  manner .  The molecules  then undergo
stimula ted emission . Diagnostic experim ents are of the laser induced
fluorescence type . A dye laser is used to crea te an instantenous popu-
lation of Br * at t 0. The subs equent  molecular exci ta t ion via F — V
trans fe r is monitored by the lB emission of the molecula r species and/o r
Br *. The t ime record of this fluorescence then allows a di rec t  deter-
mination of the rates of the fundamental processes involved.

Progress:  The progress  to date is considera ble , and is descr ibed  in
detai l in a number of publicat i ons.  Br ief l y ,  in the laser experiments ,
we have obtained stimulated emission from CO2, N20, NO, H 20, C2H 2,
and HCN when these species a r e  excited by t rans fe r from Br * [1-3]. The
wavelength range covered is 3.85 - 17 ~m. These lasers  a r e  a l l  pulsed ,
but we have also demons t ra ted  cw gain in the case of CO2 . As an exam ple
of the ut i l ity  of such a pum ping scheme we have recentl y cons t ruc ted  a
Br * pum pe d CO2 laser operating at a p re s su re  of 14 atm . Because of the
fla shlam p pumping of the laser , it  is s t r a i g h t f o r w a rd  to opera te  such a
device at  these high pressures , where the rotationa l band components
overla p giving a bandwidth of 1O’ s of cm -1 . In the d iagnos t ic  exper iments ,
we have measured many re levant  energy  t r ans fe r rates and these data a re
available in p r ep r in t  and r epr in t  f o r m  [4-6] .

R e f e r e n c e s :

1. A .  B. Pe tersen , C. Witt i g, and S. B.  Leone , App I . P-iys. Lett. 27,
305 (1975).

2. A. B. Petersen , C. Wittig , and S. B. Leone , J. App l. Phys. 47, 1051
(1976).
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3. A. B. Petersen , L.W. Braverina n, and C. Wittig, 3. App i. Phys .  48 ,
230 (1977).

4. A.  Ha r i r i , A .  B. Peteresen , and C. Witt ig,  J. Chem . Ph ys.  65 , 1872

(1976).

5. A. Harir i  and C. Wittig, “Electronic to Vibrational E n e r g y  T ransfer
f r o m  Br(4 2 P 1/2 )  to C02, COS , and CS2, ” 3. Chem . Ph ys . ,  submitted.

6. A.  Har i r i  and C. Witt ig ,  “Electronic to Vib ra tional Ene rgy T r a n sf e r

from Br (4 2 P1,j 2 )  to 
~~~~~~~~~~ 

and Deactivat ion of H2O ( 0 0 1) ’  in preparat ion.

22. Basic Studies of Gas Phase F - V  Energy  Trans fe r

(Am erican Ch emical Society)

C. W i t t i g ,  J. Camp bell , A. Har i r i , and H. Beis ler

p~ j ec t ive  Summary:  To stud y and unders tand the physics  of E -V energy
t rans fe r .

• Approach Summary:  A pulsed d ye laser  is used to p rod uc e exc i ted

atom s or molecules on a time scale which is shor t  compared to tha t  of the
subsequent  kineti c processes.  The tim e evolution of the excited species
is detected b y kine tic spect roscopy.  The resul ts  of ab ini ti o calculations

using simple potentials a re  com pared to experimenta l re sul t s .

Progress:  The progress  during the past year is best s ummarized in the
following :

Abs t rac t

In this paper , we repor t  a s tud y of the quenching of Br(4 2 p1/2) by

Ca 2, COS , and CS2. Laser  photol ysis of gas samples containing Br 2 and

the molecula r species of interest produces Br (4 2 Pj~~2)~ and the subsequent

quenching of this species results in vibrational excitation of the molecule

of in te res t .  By monitoring the tirre resolved lB f luorescence  from

Br (42 Pj/~~) and the (001) states of CO2, COS , and CS2, we are abl e to
measure the quenching rate coefficients for these species as well as rate

coeff ic ients  for  these  species as well as rate coefficients for  a number
of V-V , T , R processes . By compa ring the intensities of the Br( 4 2 P112)
and (001) state f luorescences , we measure  direct l y the rate coefficients
for electronic to vibrational (F -. V) energy  t r ans fe r  into the product
sta te s that contain at least one quantum of vib ration.



Publications:

1. A.  Har i r i , A .  B. Peters  -n , and C. Wit t i g, J. Chern . Ph ys .  65 ,
1872 (1 976).

.~~. A. H a r i r i  and C. Wit t i g ,  “E lec t ron ic  to Vibra ti ona l Ene rg y T r a n s f e r
from Br(42 P1/2) to CO2 , COS , and CS2, ” 3. Chem . Phys.
s u b m i t t e d .

3. A. Ha r i r i  and C. Wit t i g ,  “E lec t ron ic  to V i b r a t i o n a l  E n e r g y  T r a n s f e r
from Br(42 P l/~ ) and Deactivation of H20 (001),” in prepa ra t i on .

23 . I n f r a r e d  Molec ula r L a s e r s  Sui table  for  Photochemical

A pp l ica t ions

(The D e p a r t m e n t  of E n e r g y )

C. Wi t t ig ,  J. Cam pbel l , 3. Tiee , and M. Yu

Objective Summary:  This resea rch is conc e rned with the development
and use of molecula r l ase rs  which a r e  suitable for  doing photochemical
expe r iments . The exper iments  include isotope separa t ion , l ase r  i nduced
ch emic a l reac t ions , and also the select ive excitat ion of specif ic  energy
s tates for  the purpose of s tud y i ng subsequen t  kinetic processes .

Approach  Summary:  The research is exper imenta l  in na tu re .  FIR
lasers a r e  pumped b y optical  pumping techniques using convent iona l COZ
and HF lasers . Kinetic p rocesses  a re  m onitored by time resolved k ine t ic
s p e c t r o s c o p y  us ing  lB and d ye lasers  as the sources  of excita tion.  A
wide range of lB and vis ible  detectors  a re  used in o rder  to m o n i t o r  the
kinet ics  of the var ious  in te rna l  energ y s ta tes  of the atoms and molecules
under  considera tion.

Progress :  Dur ing  the pas t  year , we have made v e r y  r e spec t ab l e  p r ogress
along the di rections mentioned above. Several pa pers h a v e  been submit ted
fo r  pub l ica t i on and severa l  o the r s  a r e  in p repa ra tion. A b s t r a c t s  from t h r ee
such r e p r e s e n t a t i v e  p ape r s  a r e  listed here , and detai ls  can be obtained
f rom t h e  r e f e r e n c e s  cited below .

A b s t r a c t

A la rge  numbe r of laser t ransi t ions  in the 11-17 ~im re gion have
been obtained by optically pumping CF4, NOd , CF 3I , and NH 3 with a
sing le , l ine- tunable  CO2 TEA lase r .  These lasers  have respectable
conversion ef f ic iency ,  and can be scaled to hi gh energ ies in a spec t ra l
reg ion w h e r e  the se lec t ive  exc i t a t i on  of molecules  is p r e r e q u i s i t e  to
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pe r fo rming  select ive photodissociat ion and laser induced c h e m i s tr y
exper iments . With the observat ion of laser oscillati on in the CF4 Q-
branch at 631 cm 1 , the CF4 la se r  off e r s  c o n s i d e r a b le  potent ia l  as a
source for  the laser  i sotope separat i on of u r a n i u m  via UF 6 phot odisso-
ciation.

Abs t rac t

Time resolved measu remen t s  of HF spontaneous  emission, following
the i r rad ia t ion  of SF6 /H 2 mix tu re s  wi th the focused output  f rom a CO2
TEA laser , a re  re ported.  Our resul t s  indicate  that  F atoms are  produced
d i r e c t l y b y th e ph otodissociati on p r o c e s s , and that  these  a tom s have a
recoil ene rg y which is -c 500 cm- ’ , a nd var ies onl y slightl y with the
radiation in t ens i ty .  F u r t h e r , our  res ults  show a l inear dependence of
f luorescence  in t ens i ty  with laser  ene rgy ,  indica t ing  th a t  processes oth er
than d i rec t  photodissociation may  p la y a si gnif icant  role in the  u l t imate
fa te of spec i es ex cit ed b y LB collisionless mul t ip le photon absorpt ion.

A bs t r ac t  
- .

~ 

-

We have obtained s t imulate d emission in the 16 pm reg ion from CF4
and NOC 1 with an optical pumping sch em e which uses a sing le CO2 TEA
laser  as the excita tion source .  Measured  l a se r  energ ies from CF4 and
NOC 1 a re  4 and 3 mJ respec t ivel y,  which  r ep re sen t s  an o rder  of magni tude
improvem ent over  exis t ing molecula r l a se r s  oscil la t ing in this reg ion .  - :  -

Th e r e  appea r to be no fundamenta l  l imitat ions to scaling these lasers  to
energies  > 1 J. Th ese lasers  o f fe r  cons iderable  promise for  the laser
iso tope sepa ration of uranium .

Publications:

1. 3. 3. Tiee and C. Wi t t ig ,  “CF4 and NOC 1 Molecula r Lase r s  Operat i ng
in 16 pm R e g ion , ” A ppi. Ph ys. Le t t .  30 , 420 (1977) .

2. 3. 3. Tiee and C. Wit t ig ,  “Opticall y Pumped Molecula r l a s e r s  in
the 11-17 pn Reg ion , ” 3. App i. Ph~~s . ,  subm itted.

3. A. B. Petersen, Ph.D. Thesis , U.S.C., Nov. 1976.

4. C. B.  Quick , J r . ,  and C. W i t t i g ,  “Time Resolved HF Vibra tional -
~~~~

Fluorescence  f rom the LB Photodissociat ion of SF 6 / H M ix t u r e s , ”
Chem . Ph ys.  Le t t . , in p r e s s .

5. A. B. Pe te r sen , 3. T iee , and C. Wi t t i g ,  “T r a n s i e n t  Molecu la r
Absorp t ions  Induc ed b y the A b s o r p t i o n  of CO2 Lase r  Rad ia t ion , ”
Opt. Commun. 17 , 259 (1976).
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24 . Diagnos tic Techniques for  Molecular  Multi ple Photon

Abs ption

(The National Scienc e Foundation)

C. Witti g ,  3. Campbell , C.R. Quick, Jr. , and M.H. Yu
1.’

— Objective Summary:  The objec tives of this researc h are  to: ( 1) s tud y
the physics  of collisionless m u l t i ple photon absorpti on (CM PA), (2) develop
diagnostic technique s toward the end of app ly ing these techniques to the
stud y of CMPA , and (3) s tud y and develop applications in a reas  of applied
ph ysics and chemis t ry  using the CMPA excitation of molec ules.

Approach  S u m m a r y:  The exper imenta l  approach is based on the  inter-
action of radia tion with  ma tt e r . Collisionless processes are s tudied using
one and two laser techniques.  In the one laser technique , m olecu les are
photodissociated with the output  f rom a hi gh energy pulsed lB laser , and

- 

- the vibra tionall y exc i ted products  a re  monitored b y LB kinetic spectors-
copy,  with discrete  vibra tional s t a t e s  moni to red  b y thin f luorescences .

- I In the two laser  experiments , photof ragments  a re  moni to red  via laser
induced f luorescence  using a tunable d ye laser .  Many  f r e e  radicals which
are m products  of CMPA have absorptions in the visible and near  UV and
can the re fo re  be conveniently detected using this technique . Examples of
s uch photofragments a re  C2, CN , NH 2, CH , and NO2. The power of the
two laser techniq ue s lies in the use of s epa ra te  laser beams to excite and

- • probe the medium with the high sensi t iv i ty  of PMT detection. For
example , we can obtain v e r y  respectable  si gnals with onl y 1 pm Hg of
parent  species p resen t  in the sample chamber .  For a pump laser pulse
dura tion of 100 nsec , this situation correspond s to approximatel y one
collision ever y 100 psec , and for  a pump lase r  d u r a t i on of 500 n sec , we
are  clearl y able to probe the unimolecula r d ynamics  under  collisionless
conditions . - 

-

Progress:  We have app lied the one laser technique to a number  of
problems , and our  pre l imina ry  r e su l t s  a re  s ummarized below :

1. By using F+ H 2 HF + + H as a sensi tive tim e resolved
diagnostic of CMPA , we are  able to photdissociate species
for  which no data exist  due to the di f f icul ty  of using
s ta ndard ana l yses (NF 3, CF4 , SeF6 , . . . ) .

2. In the case of SF6 photodissocia tion , we w e r e  ab le to ext rac t
considerable information conc e rning the d ynamics of SF~
SF 5-f F. Information about this  sys tem is availa ble as
per  the r e f e r e n c e s .

3. Unimolecula r decay has  been s tudi ed by moni tor ing  the
vibra tional l y excited produc ts of decomposi t ion. We have
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app lied this technique to the detection of produc ts f rom the
unimolecula r decay of CF 3NO , C2H 3 F , C2H 3 CL , and
C2H2F2 (1 , 1). We were able to est imate the ini tial
vibrat i onal d is t r ibut ion  and c o m p a re  this  to models  invok ing
sta ti s tical and d ynamic ( t r a j e c t o r i e s )  a rg ument s .

The t w o — l a s  &‘ r t e chnique  is a bit more  in v o l v e d  exp e r im en t a l l v  , and th is
e x p e r i m e n t  is jus t now nea ring com p letion. The dye and CO2 lasers  a r e
com plete and i t  r emains to s ynch ron ize  the se  sou rces  in t ime and space
and to iron out a few difficulties in the detec t i ondec t ron i c s .

Publication s;

1. C. B. Quick , J r . ,  and C. Witt ig , “Timt.’ Resolved HF Vibrational

Fluorescence  from the lB Photodissociation of SF 6 / H ,  M i x tu r e s , ”
Chem. Phys. Let t .  , in p re s s .

2. C. B. Quick , J r . ,  and C. Wit t ig ,  “An LB Kineti c Sp e ct r o s c o p y
Stud y of CMPA , “ presented at  the In t l .  Corif . on Mul t i pho ton
Processes , Roches t e r , N . Y . ,  June 1977; available in the proceed-
ings of this  meet ing.

- 
- 3. C. B .  Quick , J r . ,  and C. W i t t i g ,  ‘ P roduct  Vibrat ional  State

D i s t r i b u t i o n  f rom the CO2 Laser  CMPA Photodissociation of Viny l
Fl uo r ide , ” in p r e p a r a t i o n .

~ 5. D ynamic Processes in Chemicall y and Collisionall y Pumped

Lase r s

(The Jo in t  Se rvices Electronic s Program )

C. Wi t t i g

Obj ect ive S u m m a r y:  To develop and s tud y molecula r lasers  which may
be use fu l  in technolog ical l y im por tan t  app licati ons . These lasers  may  be
exc i ted  d i r e c t l y b y -i chemical  r eac t ion  o r  by some ene rgy  t r a n s f e r process
fol lowing a chemical  react ion.  The ro les of the va rious fundamenta l
processes  in these  sys tem s wil l  be evaluated and the potent ial  of these
la se r s  as use fu l  devices  will be a ssessed .  The laser  s y s t e m s  under
considerat ion have the potentia l for hi gh power  and e f f i c ie n t  op er a t i o n  at
wavelength s tha t  a r e  use ful  f o r  many  app licati ons.

Approach S u m m a r y:  The proposed r e sea rch  is e x p e r i men t a l in n a t u r e .
A non—equilibrium distribution of gas phase spec ies  wil l  be p r e p ar e d  b~
op t i c a l  pump ing , chemical  reaction , e n e r g y  t r a n s f er , e t c .  The r e t u r n  to
equ i l i b r ium will  be monitored as per the dia~’nos tic t e c h n ique s descr ibed
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below, thereby allowing the rate coefficient(s) for the process under
consideration to be obtained in a s t ra i ghtforwa rd manner .  These
dia gnostics are absolutel y necessary  In order to monitor the fundamental
pr ocesses of In te res t  af te r initia tion. Diagnostics are  mainl y resonance
processes of in te res t  a f te r Initiation. Diagnostics a re  mainl y resonan ce
absorpti on spec t roscopy and laser excited f luorescence .  Laser  devices
are usual l y const ructed  at  the earliest convenience and relevant data from
these device s goes in to an overall  appraisal  of the laser sys tem .

Progress:  During this period , p rogress  was made along two f ro~ ts .
F i rs t , research  was com pleted on the  t ransfe r of energy  from HF to
HCN. Rate coefficients were measured for the fundamenta l  processes
that  would be i m p o r t a n t  to the ope ra tion of an H F / H C N  chemicall y pum ped
t rans fe r l ase r  [1 , 2 ] .  Calcula tions car r ied  out in pa rallel with the
expe rimental e f fo r t  confi rmed tha t  lon g range forces  are  responsible fo r
the ene rgy  exchange [1 , 2] .  The resul ts  of this work leads us to believe
that  an H F / H C N  t rans fe r l a se r  is indeed possible , but that such a device
would suf fe r severe l y from fundamenta l  cons t ra in ts  and would not be a
ser ious  compet i tor  to o t h e r  chemical l y pumped laser devices.  F u r t h e r
research  on this  problem is not recommended.

At the same time , we h a v e  been in the process of red i rec t ing  the k ine t ics
exp e r iments toward  the s tud y of visible and UV molecula r lasers  [3].
Toward  this end , we have made the fol lowing progress :

( 1)  We have  sing led out HgC 1 as our  f i r s t  candidate for  these
ex p e r i m e n t s .  This  species lases under e lectron beam
excitat ion [4 , 5] and the emission wave leng ths lie in the
v is ib le  por t ion of the s p e c t r u m . The sy st e m  appea r s
p romis ing  on the basis of a few simple considerat ions , but
th e r e  e x i s t  no k ine t i c  da ta conce rn ing  the var ious  s t a t e s
involved in the gene ral laser scheme.

(.~) A n  N pumped dye laser has  been c o n s t r u c t e d , which  ~~ill
s e r v e  as a pum p s o u r c e  in the  laser  induced f l u o r e s c e n c e
m e a s u r e men t s . This  dev ice  ~~i 1l be descr ibed  in deta i l
e l sew h e r e .

( I )  Seve ra l  schemes for  genera t ing  HgCI h a v e  been p u r s u e d
(on pa p e r )  and we wi l l  beg in c o n s t r u c t i o n  of the flow
a ppa ra tus  s h o r t l y.

P u b l i c a t i o n s / R e f e r e n c e s :

1. D. Shim , “ V i b r a t i o n a l  E n e r g y  T r a n s f e r  in the H F / H C N  Sy s t em , ”
Ph .D.  T he s i s , U n i v e r s i t y  of S o u t h e r n  Cal i fornia , Fall 1977.

2. 1) , Shim and C. W i tt h ~, m a n u s c r i pt in prepa rat ion.
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3. C. P. Ch r i s tensen , L. W. B r a v e r m an , W .  H. Steier , and -

C. W i t t i g ,  A p p i. Phys . Le t t .  29 ,  424 (1 976).

4. 3. H. Parks , Appi. Phys. Lett. 31 , 192 (1977).

5. In the future , it is expected that other mercury monohalides and

other excitation procedures v~i1i b ecome  a v a i l a b l e , as has been the

case vdth other excirner laser systems.
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III . INFORMATI ON SYSTEM S

1. COMPUTERS

1. 1 Design of Easil y Maintainable Digital  Systems

(The Joint Services Electronics Program )

— J. P. Hay-es , A.  Goundan

Objective Summary:  To develop methods for  desi gning di gita l systems
in which fa ults can be easily detected and located. To develop desi gn
techniques fo r  cost-effect ive fau l t - to le ran t  sys tems.

Approach Summary:  Va rious logic models a re  used to r eoresen t  the
struc ture and fai lure modes of dig ita l sys tems .  The use of special
control circuits  to improve diagnosability is considered , as well  as
unconventiona l techniques for processing test  response data.

Progress:

The usual concept of faul t  eq uivalence has been extended to
combinationa l logic modules of a r b i t r a r y  com plexity [1 , 2 , 3]. We have
developed systematic  methods for designing totall y fau l t  locatable
(TFL) networks in which equivalent faults  can be confin ed to a small
portion of the network. These design methods use at mos t one control
input line . Relat ionships be tween the path s t r u c t u r e  of a logic ne twork
and its test  r equ i rements  w e r e  also obtained [4].

An inves t iga t ion  of check sum testing method s [7 , 8] was com pleted —

with the developm en t of optimal al gor i thms  for  generat ing t ransi t ion
count test sequences [5].

Many digital system desi gn problems involve inc reas ing  the size
or numbe r of the operands processed by system components. We have
show n that  systema tic operand expansion al gorithms exis t  for alm os t all
standard design components at all com plexity levels [6]. A classification
method for expansion al gor i thms has been developed , and the proper t ies
of some basic algor i thms have been s tudied [6].

Publications:

1. A.  Gounda n , “Fault  Equivalence in Log ic Networks , ” P h . D .
Dissertation, Dept. of E lec t r ica l  Eng ineer ing ,  U n i v e r s i t y  of Sou the rn
California , Feb. 1978.
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2. A. Goundan and 3. P. Hayes , “Design of Total ly Fault  Locatable
Log ic Networks ,” in preparation.

3. A. Goun dan and J. P. Hayes , “Ident if icat ion of Equivalent  Faults
in Logic Ne tworks , ” in prepa ration.

4. J. P. Hayes , “Pa th Com plexity of Log ic N e t w o r k s , “ IEEE Trans .
Computers , vol. C-27 , May 1978 , to appear .

5. J. P. Hayes , “Generation of Optimal Trans i t ion  Count  Tests , ” IEEE
Trans .  Computers , vol. C-27 , pp. 36-48 , Jan. 1978.

6. 3. P. Hayes , “C omponent Ex pansion Techniques in Compute r Design , ”
March 1978 , submitted for  publication.

Refe rences:

7. J. P. Hayes , “Transition Count Tes t ing  of Com binational Logi c
Ne tworks , “ IEEE Trans . Computers , vol . C- 2 5 , pp. 6 13-620 ,
June 1976.

8. J. P. Hayes , “Check Sum Methods for  Tes t  Data Compression , ”
Journ .  of Desi gn Automat ion  and Fault Toleran t  Comput ing , vo l. 1,
pp. 3- 17 , Oct. 1976.

1.2 Anal ysis and Design of Fault_Tolerant  Computer  Sys tems

(The Air Force Office of Scientif ic R e s e a r c h )

3. P. Hayes , 3. Shen , T. Sridha r

Object ive Summary:  To stud y the design of f a u l t  to lerant  sy s t ems , with

em phasis on the i r  reconf igura t ion  and r ec ove ry  mechan i sms .  To develop
efficient methods for designing and t e s t ing  sys tem s containing large
numbers of mic roprocesso r s .

Approach  Summary:  Faul t - to le rant sys tems a r e  modeled b y fac i l i ty  —

gra phs .  Dynamic methods are  used to imp lement faul t  diagnosis ,
reconf igura tion and r ecove ry  in the event  of f a i l u r e s .

Progress:

The facili ty graph model introduced in [4] has been extended to

include the concept to mu l t l8 tep  r e c o v e r y  in d is t r ibuted  s y s t e ms .

Neces sa ry  and su f f i c i en t  condit ions for a sys tem to be optimall y t - st e p

recoverable were obtained [1]. A s u r v e y  of in t e rc onnection s t r u c t ur e s
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for mul t i -microprocessor  systems was carried out [2] and some
propert ies of the n-cube interconnection structure [5] were  obtained.
Severa l problems related to the design and testing oi bit-sliced micro-
processors were  investigated [3].

Publications:

1. 3. P. Hayes and B. Yanney,  “Fault Recove ry  in Mult iprocessor
Networks ,” Proc. 1978 Intnl. Sy-rrip. on Fault-Tolerant  Computing
(FTCS -8), Toulouse, France, June 1978, to appear.

2. J. Shen , “Fault-Tolerant Mult i -Microcomputer  Systems , ” Ph.D.
Disser ta t ion Proposal , Univers i ty  of Southern Californi a , January
1978.

3. J. P. Hayes , “Component Expansion Techniques in Computer

Desi gn , “ M a rch 1978 , s ubmitted for  publication.

• Other References:

4. 3. P. Hayes , “A Graph  Model for  Fault  Tolerant  Computing Systems , ”
IEEE Trans . Computers, vol . C-25 , pp. 875-884 , Sept. 1976.

5. M. C. Pease, “The Indirec t Binary n-Cube Mic roprocessor

Array ,  “ IEEE Trans . Computers , vol. C-26 , pp. 4 58-473 , May
1977.

1.3 Design Automa ti on of Digital Systems

(The National Science Foundation)

M . A. Br euer , P. Argawa l , H. Car ter

Object ive Summary:  We are  developi ng new algorithmic tools for
design automation problems , such as placement and routing , b y
invest igating the use of the c oncept of inc rementa l processing.

Approach  Summary :  The basic concept behind inc remental processing
is to solve an alread y solved problem fo r  a new set of data by using the
previous solution and the “difference ” in data between the two problems.

Progress:  We have app lied the concept of incremental  processing to
several  design automa tion problems. In the area of simula ti on , the new
da ta is the next  input , and an event-directed simulator is natu rally an
incremental process. We have als o successfu l l y applied this conc ept to
placement and routing problems. In the area of placement, we have
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been able to achieve a s ignif icant  speed up in the Steinberg placement
algori thm by proper  order ing the unc onnected se ts .  We have modified the
M uuk r e s ’ a ss ignment  al gor i thm so that  i t  can process  a new problem
which v a r i e s  f rom the p r e v i o u s  one b y a change  in onl y one row or column
in the ass ignment  mat r ix .

We have also developed severa l new procedures  for routing nets on
a unidirect i ona l line. We employ a graph model , and a re  able to solve
problems related to fix densities as well  as allow new wi re s  to “shove ”
aside old wi res .

Publications :

1. P. Agrawa l , “Rout ing  of Printed C i r c u i t  Cards :  Densi ty  Anal ysis
and Rout ing  Al gor i thms, ” USC-ESL-EF R e p o r t  #49 5 , June 1977.

2 . M. Breuer , ‘~M in -Cut  Placement , ” Journa l Design Automa tion and
Fault Tolerant Com puting , Novembe r 1977 , pp. 343-362 . —

1.4 Automata,  Formal La~~~~~~ es, and Grammar  The~~~y

(The Na tiona l Science Foundation )

B. Fleming , S. Ginsburg,  B. H offman , G. Mu les , and
3. Polajna r

Objective_~ummary~ To develop suitable models of compute r devices
and sof tware  languages , and to use the mathematical  models to answer
questions of in teres t  to computer science.

Approach Summary: The method consists of stud ying various families

of devices , families of lang uages , and fo rms  for  describing families of
g ramma rs.

Pr~~ ress: During the r epor t  per iod , th ree papers  [1-3] were published
and three  [4-6] w r i t t e n .  The new repor t s  c onc e rn the fol lowing : In [4!,
a s tud y is made of c on f l i c - f r eenes s  in ~~r amma r f o r m s .  Ch a r a c te r i zat i on s
on a fo rm are  pre sen ted  in o rder  for  a l l  i t s  i nt e r p r e t a t i o n s  of pa r t i cula r
ki nd s to be conf l ic t  f r e e .  Cha r a c t e r i z a t i o n s  on a form a r e  t h en  g iven  in
order for i t  to have  a s t rong l y e q u i v a l e n t  (of p a r t i c u l a r k i n d s )  c o n f l i c t - f r e e
form . In [5], s t r i c t  i n t e r p r et a tions of g r a m m a r  fo r m s  a r e  s tudied  wi th
respect  to p a r s i n g ,  a m b i g u i t y ,  a nd dec i dab i l -, t v  t o r  i n t e r s e c tion and -

con ta inmemt.  In [6], s u b s e t - s t r i ~ t i n t e r p r e t a t i o n s  of g ram m a r  for ms
are  c onsidered.  Subsets et te r m i n a l s  ot a gr a i l T i l a r  C for  wh i ch s u b s et -  — -

s t r i c t  i n t e r p re t a t i o n  i n h e r i t  s t r u c t u r a l p r o p e r t i e s  ot G related to
unarnb igui ty  a re  c h a r a c t e r i z e d .  T h e se  cha r i c t e r i z a t i o f l s  p rov ide  a
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unified means of: (i) s tud ying the effect  of ma rkers  or puctua tion upon
unambigui ty ,  and (ii) producing la rge classes of unambi guous lang uages
and g rammars .

Publica tions:

1. S. Ginsburg and H. M a u r e r , “On Quas i -In te rpre ta t ions  of Grammar
Form s,” Computing, Vol. 19 , (1977),  pp. 141-147.

2. A.  B. Cremers , S. Ginsburg , and F. H. Spanier , “The Struc ture  of
Contex t -Free  Gramma tical Families , ” Journal of Compute r and
System Sciences , Vol . 15 , (1977),  pp. 262-2 79.

3. S. Ginsburg  and E. R ounds , “Dynamic Syntax Specification Using —

Gramma r Forms , “ IEEE Transac t i ons on Software  Enginee ring,
Vol. SE-4 , (1978), pp. 44-4S.

4. S. Ginsburg  and D. Wood , “Simple Precidence R elations in G ramma r
Form s ”.

5. S. Ginsburg ,  B. Leong , 0. Mayer , and D. Wotschke , “Str ict
Interpretations of Grammar Forms ”.

6. C. Miles , “Subset S t r ic t  In te rp re ta t ions  and Unambigui ty, ” Ph.D.
Dissertat ion.

1. 5 A Prog ramming Lang uage for the Design of Highl y

Reliable Concu r r en t  Processing Systems

(The National Science Foundation)

P. Br inch-Har isen  and W. Fran zen

Objective Summary :  To adapt the programming language Concur ren t
Pascal to the PDP 11/5 5 m i n i - c o m p u t e r  a t  USC.

Approach Summary :  The com plex i ty  and unre l iabil i ty  of p re sent

computer  prog rams seriousl y limits our abil i ty to use computer
technology for indus t r ia l  process  control , c ommunication ne tworks , and
terminal  sys tems .  These a r e  all real - t ime app lications in which a
compute r mus t per form severa l  ac t iv i t ies  s imul taneous ly.

The inveet igator  has developed the fi rs t s ecu re  p r o g r a m m i n g  lang uage
for rea l - t ime apphcat-i ons. The new language Concur ren t  Pascal makes it
posøible to build a large concur ren t  prog ram out of small modules tha t  can
be prog rammed and tested one a t  a time. Som e of these modules a r e
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c o n c u r r e n t  processes  that  are  executed s imul taneous ly ; o thers  a r e
monitors  tha t  synchronize  processes and t r ansm i t  data between them .

When concur ren t  prog rams are w r i t t e n  inexist ing prog ramming
languages , the sli gh tes t  mi s t ake  can cause  obscure  prog ramming e r r o r s
that  a r e  impossible to find by tes t ing . This  can m a ke  a r e a l - t i m e
computer  system extremely unreliable.  Mos t of these  obscure  program-
ming e r r o r s  are detected automatical ly by the C o n c u r r e n t  Pascal
compiler before a concur ren t  program is even tested.

Progress:  A new sys t em kernel  has been w r it t e n  in a readabl e assembl y
language.  A com piler for  this language is now being i m p lemen ted .

1.6  Ver i f ica t ion  of Opera t ing  ~ystem s W r i t t e n  in

Concur ren t  Pascal

(The Nationa l Science Founda tion)

P. B r i n c h - H a n s e n  and J. S t a u n s t r u p

Objective Summary:  To develop ver i f ica t ion  rules for  the p r ogrammin~
language Concur ren t  Pascal and verif y par t s  of the Solo operat ing system
written in the language.

Approach Summa rli It is now possible to p rove  m a t h e m a t ica l l y that
small computer  prog ram s are  co r rec t .  This ve r i f i ca t ion  can e i t h er  be
done manuall y or semi-automatical ly on a compute r .  Formal  v e r i f i c a t i o n
is still  limited to p rograms of about one page or less.

Sinc e a C o n c u r r e n t  Pascal program can be di vided into modules  of
one page each , t he re  is reason to believe tha t  the ver i f ica t ion  techniques
for  sequential  programs can be extended to c o n c u r r e n t  prog rams as well .

The verification techniques developed should be useful to both
prog rammers and theoreticians.

Progress: We have invented a new specification language for  c oncur ren t
prog rams and have used it to specif y the proper l ies  of major pa r t s  of the
solo operating system .

Publications:

1. P. B r i n c h - H a n s e n  and 3. S t a u n s t r u p,  “Specif ica t ion and Imp lem ent a t ion
of M u t u a l Exc lus ion , “ to appea r in IEEE T r a n s ac t i o n s  ‘n S o f t w a r e
Eng inee r ing .
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2. J. Sta uns trup ,  “Specification , Verifica tion , and Implementation of
Concurrent  Prog rams, ” Ph.D. dissertation, Computer Science
Depa r tment, Univers i ty  of Southern California , Los Angeles , Ca. ,
May 1978.

1. 7 Modula r Design of Operating Systems Using Abstrac t

Data Types

(The Army Research  Office)

P. Br inch -Hansen  and 3. Fellows

Object ive  Summa ry : To use the programming language Concurrent
Pascal to design a mult ite rminal operating sys tem for the PDP 11/55
computer.  The main goal will be to establish sta ndards for the specifi-
cation , design , and doc umentati on of nontrivia l concurrent  programs.

Approach Summary:  The new prog ramming language Concurrent
Pascal has been used to wr i te  three model ope rating systems fo r  the
PDP 11/55 minicomputer:

A sing le -user  operating system , called Solo , supports the develop-
ment of Pascal and Concurrent  Pascal prog rams on the minicom puter
using a disk filing sys t em and a sing le terminal.  Solo is the f i r s t  major
example of a hierarchical  c oncur ren t  program made of processes and
monitors.

A job-s t ream sys tem compiles and executes a s t ream of shor~t Pascal
programs input  from a card reader and output on a line printer. nput ,
execution, and output take place s imu l t aneous ly u s i n g  la rge  b u f f e r s
stored on disk.

A real - t im e schedule r controls  indus t r ia l  app lications in which a
fixed number of c o n c u r r e n t  tasks are carr ied out periodically with
f r equenc ie s  chos en by an ope ra tor .

These concu r r en t  prog rams w e r e  developed at a f rac t ion  of the cost
of wr i t ing  them in machine language and have been used dail y f or more
than a yea r wi thou t  program fai lure .

Prog ress: The major  decisions concerning the sys tem funct i ons and
the s t ruc ture  of the filing system have been made . Pa r t s  of the sys tem
are now being prog rammed.

Publications:

L

I .  P. Br i n c h - H a n s e n , “Reproduc ib l e  Tes t ing  of Mon i to r s , ” s u b m i tt e d
f o r  publ icat ion.
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1.8 Desi gn of Prog ramming Languages and Machine

A r c h it e c t u r e s  for  Reliable Mic roprocessor  Networks

(Th e Office of Naval Resea rch , following projec t initiation
under  the Joint Services Elec t ron ics  Prog ram)

P. B r i n c h -H a n s e n  and C. H a y den

Objective Summarl : Mic roprocesso r  technolo~.y has now reduced
ha rdware  costs  to the point w h e r e  all f u t u r e  computer  app lications soon
will be dominated by s of tware  cos ts .  Based on the so f tware  experience
with la rger  compute r during the last two decades it is safe to predic t  t ha t
a com parable reduction of prog ramming cos ts onl y can be achieved by
using machine- independent  programming la nguages  which hide the de ta i l s
of mic roprocessor  components  and by desi gning mic ro p r o c e s s o r
a rch i t ec tu res  which make the compilation and execut ion of these  lang uages
strai gh t fo rward  and eff ic ient .

Sinc e the ha rdware  technology makes mul t ip rocess ing  ve ry economic ,
one should look f o r  c o n c u r r e n t  prog ramming languages  which s u p p o r t
s imul taneous  execution of many  subtasks . The p r o gr a m m i ng  lang uages
and a rch i t ec tu res  of pr ese n t mic r o p r o c e s s or s seem v er y inadeq uate f o r
the  job (being more  than a decade behind the state of the a r t ) .

We feel tha t  som e of the necessa ry  prog ramming methodology al read y
exis t s on some min icom put ers and ca n be t ra nsf e r r e d  to m i c r op rocessor
ne tworks  if the a r ch i t e c tu r e  of m i c r o p r o c e s s o r s  is designed to s u p p o r t
the best  existing programming languages .  Of par t icula r i n t e re s t  a re
the languages Pascal and C o n c u r r e n t  Pascal  which a l read y have reduc ed
the s oftware costs  of som e compilers and operat ing sys t ems  for  mini-
computers by an order of magni tude and have made them more reliable
than the h a r d w a r e  on which they  run .

Approach  Summary:

(1) Review exis t ing mi c rop roces so r s  and networks of them from
the point of view of making  lang uage imp lementat ion and c o n c u r r e n t  pro-
g ramming simple.

(2) Make the prog ramming languages  Pascal  and C o n c u r r e n t  Pascal
available on sing le m i c r oprocessors  and mic r oprocessor  n e t w o r k s .

(3) Wri te  and test  rea l - t ime prog rams in C o n c u r r e n t  Pasca l  on a
PDP 11 / 55 min icomputer  and t r ans fe r them to a ne twork  of commerc ia ll y
available mic roprocesso r s .

(4) Des ign  and build new m i c r o p r o c e s s or  a r c h i t e c t u r e s  and n e t w o r k s
of them tha t wi l l  s u p p o r t  a c on c u r r e n t  p rog ramming  language direc tl y.
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Progress: We have invented a new language concept , called
Distributed Processes , for microprocessor networks and have proposed
a mul t ip rocesso r  a r c h i t e c t u r e  for  the prog ramming language Concur ren t
Pascal. In addition , we have compared the eff iciency of exist ing 16-bit
microcomputers.

Publ icat ions:

1. P. B r i n c h - H a n s e n , “N e t w o r k  - A M u l t i p r o c e s s o r  Prog ram , “ IEEE
Transac tions on Sof tware  Engineer ing ,  May 1978.

2. P. B r i n c h -H a n s e n , “D i s t r i b u t e d  Processes  - A C o n c u r r e n t
P r o g r a m m i n g  C o n c e p t , “ to appea r in Communicat ions  of the ACM .

3. P. B r i n c h - H a n s e n  and C. Hay den , ‘~Mic roc ompute r C o m p a r i s o n,
submitted to the IEEE C on-ipSac 78 C onference.

4. P. Brinch-Hansen , “Mult i p r o c e s s o r  A r c h i t e c t u r e s  fo r  C o n c u r r e n t
Programs , ” s ubmitted to the ACM 78 Conference.

1 .9  Check point R e c o v e r y  in Computer  System s

(The Joint Services Electronics  Pr ogram )

D. L. R u s s e l l

Object ive Summa ry : Investigate check point r e c o v e r y  in sing l e - p r o c e s s o r
and dis t r ibuted  sys tems .  Develop flexible recovery  methodolog ies that
minimize overhead .

~~pp roach Summary:  R e c e n t  work  b y Chand y will be extended to the case
of mul t iple - pa r t  da:a bases.  Language approaches  to process backup will
be invest igated.

Back ground:  When a data base sys tem or an operating sys tem is in
opera t ion  fo r  a long per iod of t ime , i t  is almos t inev i tab le  tha t e r ro r s
occur.  These e r r o r s  may  be either of hardware or software ori gin .
When these  e r r o r s  a re  found , i t  mus t be possible to r e t u r n  to a s t a t e  of
execution that existed before the e r r o r  occurred.  This is normall y done
by ta king a check point of the sys tem data at regula r in terva ls .  When a
system e r r o r  is detected , the sy s t em can be res to red  to the mos t  recent
check point .  If the e r r o r  is detected immediately after its occurrence , a
“la tency d i f fe renc e ” (tim e of d e t e c t i o n - t i m e  of o c c u r r e n c e )  of z e ro  is
said to occur .  If the la tency d i f f e r e n c e  is posit ive , then  the e r r o r  may —

have occu r red  before the  most  recen t  check point was taken. In this case ,
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r e s t o r i n g  the  sys tem to the mos t  r e c e n t  check point  wil l  not allow the
sys tem to r ecover  f rom the e r r o r ;  i t  is n e c e s s a ry  to r e s t o r e  the sys tem
to a n even ear l ie r  checkpointed s ta te .

Chand y e t  i ii .  [3] and Young [4] both d i scuss  the case of imrr— h a te
detection (i. e . ,  z e r o  la tency di f f e r e n c e )  and find optim um check poi nt
in tervals  when  res to ra t ion  to the mos t recen t  checkpoint  is succes s fu l .
Pre l iminary resul ts extending this w o r k  to latenc y d i s t r ibutions for
sys tems where  de tec t ion  is not  immedia t e  have  been obtained by R u s s e l l
and Babu [5].  Similar w o r k  has been repor ted  b y Gelenbe [6] .  Other
authors  have  found optimal s t ra teg ies  for  the p lacement of ch eck p oin ts
under d i f f e r e n t  a s s u m p t i o n s  [7 , 8 , 9]. Lohrnan and M u c k s ta d t  have show n
that  many check point ing and da ta base reorganization schemes have  similar
fo rmu la t i ons  as i n v e n t o ry  control  problems [10].

Progress :  Optir’ium check poi n t in ter vals f o r  sy s t em s wi th n o n - z e r o
e r ro r  la tencies  and where  e r r o r s  may be de tec ted  d u r i n g  chec kp oi nt or
recovery  ha v~- been obtained [1], extending the p r e l i m i n a r y  resul t s  of
is]. Delayed  de tec t ion  of e r r o r s  d ras t i ca l ly increases  the opt im um
c h e c k point  i n t e r v a l  and the  run - time overhead,  in pa rt i cu l a r , when  e r r o r
la tencies a r e  v e ry  l a rge , a “ repeated r e t r i a l ”  approach to r e c o v e r y  -

~~~

becomes imprac t ica l  and be tter  diagnosis  is neces sa ry .  It has proved
v e r y  d i f f i c u l t  to obtain closed fo rm so lu t ions , p ar t i c u l a rl y w ith more
real is t ic  extensions of the model of [1 , 5]. A l t e r n a t e  models  h a ve
therefore been examined with the hope of rea l iz ing  m o r e  t r ac t ab le
ana lyses .  Som e success has been obtained wi th  a lang u a g e - d i r e c t e d
model of s t a te  res to ra tion and backup liz]. The n~ode l d& -~~-:r ibes recovery
in mu l t i p rog r~’mming sys tems ;  the re’ o v e r y  a c t i v i t y  unde rgone  by the
sys tem is shown to be direc tl y related to the sys tem i n t e r c onnec t ions  and
interna l process  s t r u c t u r e s .

Pub lications:

1. D. L. Russe l l  and K. B. Babu , “Optimum Check poi nt In t e rval s
w i t h  Delayed E r r o r  Detection , ’ T in p r e p a r a t i o n .

2 . D. L. Russe l l , “Process Backup in Pr oducer -Consumer  Sy stems , ”
Proc. Sixth Symposium on Opera t ing  Systems Pr incip les , Purdue ,
November  16- 18 , 1977 , pp. 151-157 .

Other References:

3. K. M. Chand y, J. C. Brow ne , C. W. Dissl y and W. B . Uh r ig ,
“Anal ytic Models for  R ollback and R e c o v e r y  Stra tegies  in Data
Base Sys tems , ” IEEE Trans .  on Sof tware  Eng i n e e r i n g  SE- i
(March 1975), 100-110.
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4 . J . W . Young , “A F i r s t - O r d e r  A pprox imat ion  to the Optimum
Check point In terva l , ” Comm . ACM 17 , 9 (Sept. 1974), 530-531.

5. D. L.  Ru s s el l  and K. H .  l~abu , “Optimum Inter—Ch eckpoint
In t e rva l s , ” (unpubl ished no te s) ,  A u g u s t  1976.

b. E. Gt - Ienb e , “A Model of Rol lback  R e c o v e r y  wi th  M u l t i p le
Checkpoin t s , ” Proc . Second Internat ional  Confe rence on So f twa re
Eng ineer ing , San F r a n c i s c o , Oct .  13- 15 , 1q76 , 

~~~~
. 2 5 1 - 2 5 5 .

7. K. M. Chand y and C. V. Ramamoor th y ,  “R ollback and R e c o v e r y
S t r a te g ies for  Computer  Programs , “ IEEE Trans .  Comput .  C-2 1, t ’
( June l Q 7~~), ~46-5 56 .

8. K. M. Chand y,  “A S u r v ey  of Ana l y t ic  Models of Rollback and
R e c o v e r y  St r a t e g i e s , “ Com put er  8 , 5 (May 1975),  4 0 - 4 7 .

‘) . W . Wa r r en - A n ge lu c c i , “The Optimal Placement  of Dynamic R e c o v e r y
Check poi nts  in R e c o v e r a b l e  Computer  Systems , ” Ph .D.  Thesis ,
TB ~~~~ Di gita l Sys tems L a b o r a t o r y ,  S tanford  U n i v e r s i t y ,
D e c e m be r  1976.

10. G. M. Lohman and 3. A. M u c k s t a d t, “Optimal Polic y f or Batc h
Opera t ions  Backup,  Check pointing,  Reo rgan iza t i on , and Up da t ing ,
Proc . In te rna t iona l Confe renc e on the Management  of Data , Toron to ,
Onta r io , Canada , Aug . 3 -5 , 1977.

1. 10 E n h a n c e m e n t  of Comput ing  Sys tem R e l i a b i l i t y  th r ough

F a u l t -  T o l e r a n t  Prog ramming  and M u l t i p roc t - sso r  S v s tern

A r c h i t e c t u r e

(Th t - Joint  Se rv i ces  E l e c t r o n i c s  Prog r a m

K. H. Kim

Objec t i v t -  Suninia  ry  : The ob 1 e c t iv e  of th i s  1) 1- e l ec t  is  t o  f in d  e f f e c t i v e
ni eth od S of u s i n g  p rog r . ,  m r e d u n d a n cy  for  the purpose  of t olt ’ r a t i n g  both
cc sj  ii ~,a 1 p ,-  og ra in  e r r o  rs and ha rdwa r t- t a t ilts in rca  I — t ime app li c i t  iO n S
It s pe c i t  i i-a Il y a m i s  -~ t t h e  deve  loprn ent  i t t  c urn put ing  s ~ s t e rn  a r ch  i t  ~~ t u ye s
cap a ble of - t t i c i c i t t l v  t - x e c u t  i n g  prog r a i n s  c o n t a i n i ng  r edund~~nc v and  at  the
developn i en t of s t ’ f tw a  r e  too l s  a id ing  s t r , ic  t u red  i n c o rp or a  ti on ot
r e d t i n d a  i i i  v i n to  a p i -  ‘,~ - t m .

A p pr o ac h_ Sti t n t n . i r v :  The ba s i c  a p p  ro~i ch of th is  p ro j e c t  to t h e  e f f i c i e n t
t - x e c ut i o n  ~ t p rog r am s  c on t . t i n in g  r edundancy ,  h c r c  c a l l e d  f au l t  — t ol e  rant
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p r u ~~rat ns , i s  to  n i a x i n i , l l ~ t u e  I - l ap  the  m a i n  s t r e a m  c o m p u ta t i o n  ~~ith
~- on ipu t . t  t i o n  (r e l a  ted to  e r r o r  d e t e t - t i o n  and r e c o v e r \ ’ ) .

l- ’ xp loit .itjon t ’t  t h i s  p a r~i l l ~ - l i ~’in t a n  be m a d t - t t - a i l H p.i r en t  to the  pi - i gr a n i m er
an d  a u tun i a  t i c~i ll y ha ndled by a m ul  t i p  roe t~s s o c  5 VS tern . An ap pr o a c h

adopted i n  t h i s  project to the ci ti e i e i i t  de s i gn ot Ia tilt — t o l e r an t  p r o g r am
is to deve lop  a nd  use  h i gh — L e v i -I l - l n g u a g e  t i ’n s t r u t t s  w h i t -h s i m p lif y
s t  r u e  tu red i nt -o cpu r a t i on  of p r u g  r a n i  r edund anc v i n t o  a p rog ram

P r ogr ess :

1. A m o n g  t h e  ct -s u l t s  t bt . t  m e d  c i i i  r i n g  the  L i s t  r e p o r t i n g  pe n o d  w e r e
( 1 )  a pd ralh-l (d ua l p l -o i - e s s u ! - )  sy s t e m  s t r u c t u r e  co n ta i n i n g  a novel  m en i , t r v

o r g a n i z a t i on , t e r m e d  .t du p h-x  n w mo r y  , fo r  c it  i ci en t  execu t ion  of t a u l t  —

tolt ’ ra nt p r o g m -~t i n s  • and (2 )  Lb ~ e v a l u a t i o n  of the  p e r f o r m a n c e  gain by a
pa ral lel sys tem uv e  i- a s e q u e n t i . t l  s y s t i - t i )  ( t h a t  pe r fo rm s the m a i n — s t r e a m

c omp u t a  L i on and th e v - i  l i da t i  on ir ~ non — ov e r l a p p e d  mode) .  These  re- s tilts
w e r e  s l i gh t l y r e f ined  and p res eu t -d d u r i n g  t h e  pi - r j od cove red  in thi s
r e p o r t  [ 1 , 2] .

2 .  An app l i c a t i o n of th e p a r a l l e l  e x e c u t i o n  ap p r o a c h  to  the system s

which  e s t a b l i s h  chei -k p oin ts  a t  r e g ul a r i n t e r v a l s  in a m a n ne r  t r a ns parent
to the  p rog  ram d e s i g n e r , ~ as  st u d i e d .  Th is  st u d y p r o d u c e d  a new r ol iba  ~k

and re t r y  scheme , te rn-i ed a two-lev el r o l l b a c k , which  i~5 ta bu shes  t w e
type s of c h e c k p o in t s  for reduction of both t i n) , ’  u v e  rh ead and rollback
distance. The s che-rne e s tab l i s h e s  one t y p e  of check poi n t s  w it h hi gh
Ireq uenc v but with neg li g ible t i i i - Le  ov e r h  cad by utili .ing the 1~ 1ral l ~-l
execution c o n c e p t  and establishes the oth i~ i~ t y p e  of ch e c k p o in t s  l e s s

frequen tl y (and t hus  with less time o v e r h e a d)  than  c h e c k p o i n t s  in e x i s t i n g
s y s t e m s .  I t  t hus  leads to bot h a reduced  r o l l l x t c k  d i s t a nc e and a r educed
time o v e r he ad .  Sorn e t im e s  a m u l t i  — st ep  r c l l b~t c k , i . e. , b a c k i n g  up p~i s t

the mos t r e c e n t  c h ec k po in t , is exet -u t e d  t o  r e c o v e r  f r o m  a lon g la t ent
e r r o r .  A n  a na lv t i c  iii odd of t h i s  s cheme was a l s o  deve loped  to  Ia c i l i t a  t e
the dete rm i na t ion  of t i i  opt imal  c h e c k poin t  int i ’ r ca  1 and an op t ima l  m u l t i  —

s te p rol lback s t r a t e g y .  ‘ihest - r e s u l t s  a r e  s u n i ma r iz e d  in [ 1.

3. F f f i c i  ent  r o l l b a c k  and r e t ry  in r e a l —  t ime  m u l t i prog r a inmed sy s t t - i ’ i s
wa s  s tudied .  T h i s  s t u d y  a in-ted a t op t ima l  -h cc k point i  ng , I • e • , m m m i i  i -i  —

tion of the tim e overhead  i n c u r r e d  by c h e c k poin t  es ta blis hrn ent , t inder  t h e
cons t r a i n t  th~t t one v a n  e r r o r  is de tee ted , the s ubs equent  ro l lback  and
re t  t-y m u s t  be done w i t h i n  a g ive n t ime l i m i t .  We a t t e m p t e d  t o  cx t e n d  th -

a pp roa di developed  by ( h .t ndv and R a m a n i & ’t ’r t h  [rEEF  T ca ns • on
C o m p u t e r s , June 1 ~7 !1 f o r  u n i p r o g r amm ed  s i t ua ti ons so that  it may be
app licabl e to rn u 1 ti p r  og r i m n i l i  e d s i t  ti.t i i  ons . T h is  req ui red the  dcv el opmen
of a new m e  r - pr  oct-s  s c omm un i ca Li on pr ocol . It w a s  then  li-a m e d  t b - i t
t r u l y opt ima l check p oin t ing  in ge n e r a l  m u l t i p cog r an~mt -d s i tu a t i o n s  is  not
t e a  si b le . Va ri otis t~la s s  i-s of s y si  ems in w h i c h  t ’p t i in a  I ch  ci - kp o in t  in g
becomes f e a s i b l e , h a v e  been i d e n t i f i e d .  TINt ’ S O  r e s  t i l t s  w i l l  be s ui-nm•i r i .
mn [41.
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4. A s u r v e y  of ret ent developments  in the a rea  of f au l t - to le rant
s o f t w a r e  w a s  c a r ri e d  out and i ts  results are summarized in [5].

Publ icat ions:

1. K. H. Kim and C. V. R am a m o o r t h y ,  “ S t r u c t u r e  of an Ef f i c i en t
• Dup lex M em o r y  fo r  Process ing  F a u l t - T o l e r a n t  Program s , “ Proc.

the 5th Annual Sympos ium on C o m p u t e r  A rc h i t e c t u re , A p r i l  1978 ,
pp. 1 3 1 — 1 3 8 .

2. K. H. Kim and M. J. Jenson , “Per fo rmance  Evalua t ion  of a
Pa ral le l  System Process ing F a u l t - T ole r a n t  Prog ram , “ Proc . 1977
I n t e r n a t i o n a l Confe rence  on Parallel  Process ing ,  A u g u s t  1977 ,
pp. 131-138.

3. K. H. Kit-n , “A Two-Level Rollback Scheme and Its Opt imiza t ion , ”
to be submitted for pub l i ca t ion .

4. N.  Dn ouk , “ E r r o r  R e c o v e r y  Among Communicat ing Processes , ”
Ph .D.  d i s se r ta tion , in prepara t ion .

S . K. H. Kim , D. L. Russe l l , and C• V. R a m am o o r t h y ,  “S o f t w a r e  Faul t
Tolerance’  Throug h Program Redundancy ,  “ to be s ubmit ted fo r
p ublicati on .

1.11 Meth odolog ies and Tools f o r  Developing R o b u s t  FTSC

Sof tware

(The A i r  Force  Sys tems  Command - SAMSO)

K. H. Kim

O bj e c t i v e  Summa ry :  The objectives of this p r o j e c t  a r e  ( 1)  to i d e n t i t y
good s t r u c t u r e s  and desi gn s t r a t eg i e s  f o r  the’ s o f t w a r e  that cont ro ls
re covery  from h a r d w a r e  f a u l t s  and (2 )  to t in d  e f f e c t i v e  ~~ays of usi ng
desi gn! prog rat-n redundancy  in dev e l o p m e n t  and m a i n t e n a n c e  of r ea l -  t ime ’
software.

Approach Summa ry : As a means of ident i f y ing problem ar e a s  and
expe r imen t ing  wi th  va r ious  po ten t i a l  so lu t i ons , the  desi gn ~f a r e c o v e ry

prog rain of the FISC (Fa ult—To le ran t  Spa ceborn i ’  C urn pute  r , dcv  i-I oped h~
U .S.  A i r  Force - SAMSO) was  c h o s e n .  A )- t-cuv t- ry p r o g r a m  is cntere-d
after ha rdwi red fault d e t e c t o r s  r i -p o r t  de i c c  Lion of I~tu lts and is r e- s  ponsible
for rec ove r ing an ope r •t ti ona 1 s v s  tern e~ on fi g ura t ion and res u r r e e - t i n g  the
i nte r r u p t e d  computa t ion .  A ccc tree r~’ p ro g  ram u , s  c e c t i s i d e  r i - ti to be an

______  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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ideal subject of a fa u l t - t o l e r a n t  p r o g r a m m i n g  expe r imen t  due to its
re lat i vel y small prog ram size and unusua l  inpu t , i. e. , a t a u l t y  machine
whos e behav io r  is d i f f i cu l t  to anal yze. The expe r imen ta l  desi gn was
organized as a f o u r - s t e p process :  (1) modeling of the  FTSC , (2) identi-
f i c a t i on of t i - i s i ble -cc ove ry  s t r a t e g i e s , (~~~~) 

s p e c i f i c a t i o n  of a reco ve ry
p r o g r a m  in PASCAL , and (4) c oding of se lec ted  sec t ions  of a r e c o v e r y
pr og r a m  in ~in assembly lang uage.

P rog re s s :

1. Severa l  basic design rules that  have been found to be use fu l  in
ob ta in ing  an easi l y u n d e r s t a nd a b l e  r e c o v e r y  p r o g r a m  of the’ FTSC bu t  m a y
als~ be useful in development  of r e c o v e ry  prog ram s of other com pute r s ,
were ’  obtained . A s y s t e m a t i c  r e c ov e r y  s t r a t e g y  has  r e s u l t e d  f rom the
ap p l i ca t i on  of those  rules  and has  been i n c o r p o r a t e d  in at-i FTSC r e c u v e r ~’
prog r am.  R e c o g n i z i n g  the ’ d i f f i c u l ty of obtaining i s ing le  p er f e c t  r e c o v e r y
s t r a t egy , a p rov i s ion  was  made in the r e c o v e r y  p rogram for  us ing  an
a l t e r n a t e  r e c o v e r y  s t r a t e g y  when  the p r i m ar y  s t r a t e g y  is not  e f f e c t i v e
and  f o r  determining the a c c e p ta b i l i t y  of th e’ re s  u lts  of a s t r a t e gy .  The ’~ e
r e - s  u l ts  i re s urn in a r iz e d  in [ 1].

2 . The r ecove r y  bloc k is a la ng uage  c o n s t r u c t  deve loped  b y H or n i n g
et  i i .  [ L e c t u r e  N o t e s  in Compute r Science , vol . 16 , Sp r i n g e r - Ver l a g l  to
s u p p o r t  s t r u c t u r e d  i n c o r p or a t i on of progra m redundancy .  In o rder  to
facilitate’ the stud y c - I l  the use of d e s i g n / p r o gr a m  redundancy ,  o t t e n  cal led
f a u l t — t o l e  r an t  prog ramining , a so f t w a r e  t h a t  t r a n s l a t es  a p rog i-am w r i t t e n
in PASCAL au g m e n t ed  wi th  the r e c o v e r y  block in to  an e q u i v a l e n t  p r o g r a m
in o r d i n a ry  PASCAL , has  been de-velo ped. The  t r a n s l a t o r  i t s e l f  is  w r i t t e n
in PASCAL and documented  in [2].

3. Ro l lback  and r e t r y  in d i s t r ibu ted  sys t em s (or s y s t e ms  of
coopera ting pa ral lel  p roce s ses )  was s tudied.  Each of the coopera t ing
processes  m a y  be capable  of e r r o r  detec tion , rollback , and r et r y,  and

the r e c o v e r y  points  of t h e’ processes m u s t  be p rope r l y coordinated to
p r e v e n t  a d i sas t rous  ava lanche  of p rocess  ro l lbacks . In c o n t r a s t  to the
pr e - v i o u s l v  s tud ied approaches  tha t  r equ i re  the p r o gr a m  desi g ner  to
coordina te the r e c o v e r y  point spec i f i ca t ions  of p rocesses , in  a p p r o a ch

of re l i ev ing  th e’ prog ram designer  of tha t  burden  was dcv i-loped . The new
t p p r o i c h  re l i es  upon an in te l l igent  p ro t -e s so r  sys t em (that  reins p r o c e s se - s )
capable of e s tab l i sh ing  and d i sca rd ing  r ecove ry  points of c o op er a t i n g
p r o c e s se s  in a we l l -coordina ted manne r such tha t  (1) a p rocess  n ev e r
makes  two c onsecut ive  rollbacks w i t h o u t  making  a r e t r y  b e t w e e n  the two , —

and (2) e v e r y  process  rol lback becomes a min imum-di s t ance’ r o l l b a c k .

Tb r ec basic rules  of r educ ing  s torage ’  and time’ overh ead in such  a
processor sys tem were  a l so  developed. These r e s u l t s  w e r e  repor ted  in
[1,4] .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — -
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Publications:

1. K. H. Kim , H. Hecht , J. Huang,  and M . Nag hibzadeh , “S t ruc tu red
— Design of a Fault-Tolerant Recovery Program of the FTSC ,” to be

presented at COM PSAC 78, Nov. 1970.

2 . K. H. Kim and T. A r s h i , “A Trans la tor  of PASCA L A u g m e n te d  w i t h
R e c o v e r y  Block , ” in prepa r at ion.

3. K. H. Kim , “ P r o g r a m m e r - T r a n s par e n t  Coord ina t ion  of R e c o v e r i n g
Pa rallel Processes , “ Tech. Memo. PETP- 5, Elect ronics  Sciences
Lab. , USC , March 1978 . (Also IEEE Computer  Society Repos i t o ry
P78 -59) .

4. K. H. Kim , “ P r o g r a m m e r - T r a n s p a rent Coordinati on of R e c o v e r i n g
Parallel  Processes :  Philosoph y  and Ru le s  for  E f f i c i en t  Imp lementa-
tion , ” s ubmi t ted  to IEEE Trans . on Softwa re Engineer ing . (A sho r t
vers ion to be presented at  the 1978 Int ’l C onf . on Parallel  Process ing) .

1. 12 S o f t w a r e ’ Re l iab i l i ty  and the A p p lication of Axi omati c

Data Structure Specifications

(The Joint Se rvices  E lec t ron ics  Prog ram and
The ’ Na t iona l  Se- ience Founda tion)

J. Gu tt a g  and E. F lorowi tz

Objec t ive  Summa ry : To inves t i gat e  the app lication of the  tx i o n i a t i c
s p e - c i t i c a t i o n of da t a  s t r u c t u re s  to enhance s o f t w a r e  r e l i a b i l i t y .  We’ hope
to demons t rate that f o r m a l  p r o g r a m  v e r i f i c a t i o n  t e c h n i q u e s can  be
e f f e c t i v e l y  com bined wi th  t e s t i ng  pr o c e d u r e s  in th e- d e v e l op m e n t  of
rel iable s o f t w a r e .

Approach  S u m m a r y:  Our a p p r o a c h  is to extend in a p r a c t i c a l  d i r c - c t i o n
som e recen t  w o r k  on the- axioma tic specif icat ion of ab s t r ac t  da ta types .
The emph a s i s  will be on the’ implementa tion and app l ica t ion  of t echn iques
that have been dese-r ibe d and d iscussed  but  neve r  t ested .

P r o g r e s s :  A p r i m a r y  goa l was to s tud y the  m at h en i at i c a l -fvundati ons
of this  f o r m a l i s m  with re - s pect  to de te rmin ing  com pleteness  and c o n s i s t e n cy .
This  w o r k  was begun e a n l i e m -  and was f u r t h e r  expanded d u r i n g  the g rant
pe riod in (4). Based upon this  work  a com ple teness  “c h e c k e r ” f o r  al gebra ic
ax i o m s  has been implemented by D. il e ke r , a g rad ua t e - s t u d e n t s uppor ted
by the e -u r r e n t  g r a n t .  Th i s  p iece of s o f t w a r e  wil l  be- u sed  in co n j u n ct i o n
w ith  th e’ D a t ~ T ype Ve r i f i c i t i o n  Sys tem (DTVS) which we - ar e  bui lding
jointl y w i t h  Dr s . R a l ph l ondon and David Mu s s e r  at  USC ’ s I n f o r m at i o n
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Sciences Ins t i tut e  (ISZ).

A n o t h e r  research goa l was to inves t iga te  how one m i ’h t  use an
algebraic axiomatizat ion of a da ta type to participate in the  ver i f ica t ion
of its implementa tion. This was the major t h r u s t  of (2). In that work
i t  is show n how to ta ke (i) an al gebraical ly axiomatized da ta type ;
(ii) an implementa tion of the da ta type; and (iii) an eq ualit y in te rpre ta t ion,
and to use these to cons t ruc t  a proof of the validity of the implementation.
The proof proceeds as a series of subs titutions. Though the redunctions
can becom e tedious they are  simple in na ture  and a re  readil y susceptible
to machine aids .

This led us to an au tomated  data type v e r i f i c a t i o n  sys tem
which we have now implemented in INTE RLI SP on a PDP/ 10. This
system serves  dual purposes :  test ing and ver i f icat ion.  The input to
DTVS is a collection of al gebraicall y axiomatized data types and an
a r b i t r a r y  LISP-like prog ram which make s use of any s ubset  of these  data
types. DTVS wil l  permit  the prog ram to be executed despite the fact that
these data types have not been implemented. An implementa tion is
automa tically devised which uses  the axioms as the semantics of th e
operations. Thoug h the autom a tic i m p lem enta tion may be inef f ic ient ,
its v i r tue  is that tes t ing  of a v e r y  hi gh level design of a sof tware  sys tem
is possible wi thout  the e f fo r t  of imp lementing possibl y com plex data
types. Once the testing phase has been com pleted at-i implementati on of
one or more data types can be supp lied to DTVS. The system will th en
au tomat ica l ly genera te  the verification conditions which need to be
established for correctness. It will then a t tempt  to prove each one in
tu rn , using the reduct ion process exp lained in (2).

The development of DTVS and its underl y ing theory led to other
questi ons of m o r e  p rac t i ca l  s igni f icance .  One such q u e s t i o n  was how to
specif y e r ro r  c onditi ons. This was dealt with in (3). A final area of
investigation was the question of how to combine the use of al gebra i c
axiom s with the use  of Floyd-Hoare like specif icat ions  of p rograms .

Publications:

1. 3. V. Gutt ag,  “Abstract  Data T ypes and the Development  of Data
S t ruc tu res , ” Communications of the ACM (June 1977) .

2. J. V. Gut tag,  E. Horowi tz , and D. P. Musser , “Abstract Data
Types and Software  Validation , ” (to appear  Communications of the
ACM) .

3. 3. V. Gut tag ,  E. Horowitz , and D. B . Musser , “Some Extensions to
Algebraic  Axiom s , ” Proceedings of an ACM Confe r ence on Lai -i g u a g e ’
Design for Reliable Software (March 1977).

4. 3. V. Gut tag  and 3. J. Horning,  “Th e Al gebraic  Specificat ion of
Abstract Data Types ,” (to appear Acta  Infort -n at ica) .
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2 . COMMUNICATIONS A N D  SIGNAL PROCESSING

2. 1 Development of Optimal Coheren t  Rece ive r s  and The i r

Performance  for  QPS K, Staggered QPSK and MSK

Signa l Foremats

(USC Sponsored)

C. L. Weber

Objective Summary:  The objective of this research  is to determine
rece iver  block diag rams of optimal coheren t  rece ivers  for  QPS K ,
s taggered QPS K (SQPSK), and MSK si gnal forema ts based on diffe rent
optimali ty c r i t e r i a . The pe r fo rmance  of these rece ivers  is then
determined so that a system compa rison can be made.

Approach Summary:  The f i r s t  approach is to use the same guidel ines
which were used to develop optimal coheren t  r ece ive rs  for the PSK
signal forema t , and extend the resu l t s  to QPS K , SQPS K , and MSK. This
approa ch leads to the 4th power loop and the 4-phase Costa s loops.

The criterion of fo rc ing  all available signa l power  t o be des pre ad
and employed to gene ra te the t r ack  e r r o r  si gnal resul t s  in the  “Demod-
Remod ” tracking loop concept.

A final c r i t e rion is to emp loy the genera l  t heo ry  of nonlinea r
estimation theory ,  f rom which bette r pe r fo rmanc e is expected than those
previously considered.

Progress: A demod-remod coherent tracking loop for QPSK, and
SQPSK has been ana l yzed and i ts  pe r fo rmance  de te rmined .  This type
receiver is very a t t r a c t i v e  since all of the avai lable si gna l power  is
deve l oped and u sed to g en era t e th e tra cki ng loop er r o r  si gnal . A ll
system pa rameters  p e r t i nen t  to sys tem per formanc e h a v e  been
enumera ted .  The e f f e c t s  of the IF as wel l  as the arm fi l t e r s  on the ’
s t a t i s t i cs  of the noise and QPSK signal have been dete rmined. The r e su l t s
of performance of computations have been evalua ted.

— 
Publications:

1. C. L. Weber , “Design of a Quadriphase Beceiver Ope ration in a
B u r s t  Da ta SSTDMA Envi ronment , AIAA 6th Communica t ion  Satel l i te
Sy s t e m s  Confe r ence , M o n t r e a l , Canada .

2. C. L. Weber , “Candidate Receiv ers for  Unbalanced QPS K , ‘

Proceedings of the Inte rna t iona l  T e l e m e t r y  Conferenc e , Vol. XU ,
pp. 4 55-464 .
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3. C. L. Weber , Satellite Communica t i ons  F u t u r e  Sy s t e m s ,  C h a p t e r s
ent i t led , “Design of a Demod rRemod R e c e i v e -r Ope r a t i o n  on B u r s t
QPSK Data , Ai-nerican Institute of Ac ron.e u t i c S  and  As tromia titics ,
N e~ Y o r k , 1 977.

4. C. L. Weber  and W . K. Alem , “Dem od-R em od Cohe ’ rent  T rack ing
Rece ive r  for  QPS K and SQ PSK , “ IEEE Transac t i ons  on Cornmunica-
tions (submitted).

2 . 2  N e t w o r k  S~~nchroniza tion and Digital Signal Process ing  in

Advanced  C ommunica t ion R e ce i v e r s

(USC Sponsored)

W. C. Lindsey

Objec tiv ~~~~ummar~ j  To develop models  for  s tud y ing the prob lem ot
ne twork  synchron iza t ion  and p e r f o r m  ana ly sis to s tud y per fo rmanc e of
such ne tworks . To develop ma th m o d e l s / c o m p u t e r  simula tions of
di g itall y implemen ted co n t ro l a lgo r i t hms  f o r  advanced communica t ion
r e c e i v e r s . The r e search  ou tpu t  is di r e ct l y a p pl icable to d e f i n i n g  sa tel l i t e
com munica tion s ys t e m s  a r c h i t e c t u r e  and t he i r  i n t e r c o n n e c t i o n s  to f o r m

n e t w o r k s .

Approach  Summa:~~~ The sta t is t ical  behavior  of a se t  of i n t e r c o n n e c t e d
communica t ion  nodes to be mutual l y s ynch ronized  in a tim in g n e t w o r k

can be modeled mathemat ica l ly. For var ious  conf igu ra t ions  t h e s e  models
wil l  be anal yze d and pe r fo rmance  developed so tha t e ng i n e e r i n g  t r a d e o f f s
can be made.  Desi g n an d developm en t of opt imal si g na l p rocess i n g

al g o r i t h ms  requi red  in the  implementa t ion  of an all di gi t a l  c ommunicat ions
receive r c re to be pos tu la ted  and opt imized.

Pro~~r ess:

Mathemat i ca l models for stud y ing m u t u a l a n d / or  m a s t e i -  s l ave
synch r oni zation of N phase controlled osc i l l a to r s  e-o nnec ted  to form a
Time T ra n s f e r N e t w o r k  ( [1] ,  [a],  a nd [3]) ,  h a v e ’ been deve lo ped.
Network models are pre’sented in the  form of nonlinea r , s toe -h a s t ic ,
in t eg r o -d i f f e r e n t i a l  m a t r i x  equations in which n e t w o r k  i n t e r c on n e c t i o n
m a t r i c es  are manifested. Usin g these matrices the  topo logical  s t r u c t u r e
of the time t r a n s f e r  ne twork  is manifes ted  f rom which g r ap h th e o ry  c-an
be app li ed to stud y connec t iv i ty ,  re lia b i l i t y  and s ur v i v a b i l i t y .  Two
equ ival en t  math ematical  models for  the n e t w o r k  h av e  been d e-ve loped , v i i .,
(1 )  the Tota l Phase Model in which the total phases  ot the ou tpu t  of nodal
oscil lators cha r a c t e r i z e  the d ynamic behavior of the n e t w o r k , and
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(2) the Phase E r ro r  Model which uses the nodal phase e r ro r s  as ne twork
error variables .

Each model is useful  in characterizing performanc e measures  of a
Time Transfe r N e t w o r k  pr ior  to and a f t e r  the network of oscil lators
(clocks) begins to functi on in unison as a single unit. The phase error
model is more useful when one wants to characterize noda l performance.
Some results on steady state network frequency are presented along with
a method for com pensation of mean “path delay ” components .

References :

1. W. C. Lindsey and A.  V. Kantak , “Network Synchronizat ion by
Means of a Returnable Timing System , “ IEEE Trans . Corn . Soc. ,
June 1978 .

a. W. C. Lindsey and A.  V. Kanta k , “Mathematical  Models for  Time
Transfe r  Ne tworks , ” to be presented at  International  Comm unicati on
Conference, Toronto, Canada , June 1978.

3. W. C. Lindsey and A.  V. Kanta k , “Mutua l Synchroniza tion of
Coup led Oscillators , “IEE E  Trans . Corn. Soc. ,  May 1977.

2 , 3  Image understanding Research

(The Advanced Resea rch Projects  Agency,  monitored by
The Ai r  Force Sys tems Command , ASD/WPAFB)

H. C. Andrews  (Director) ,  N. E. Nahi , B .  Nevatia ,
W. K. Pratt, K. E. Price, A. A. Sawchuk, and T. C. Strand

Objective Summary:  Resea rch  in the USC Image Processing Ins t i tute
(USCIPI ) is conducted in th ree  areas:  Image Understanding Pro jec t s ,
Image Processing Pr ojects , and Smart  Sensor Projects .  The detai ls  of
p rog re s s  and re su l t s  a r e  reported to A R P A  semiannually, the  mos t
recently being USCIPI Report 800, March 3 1 , 1978. These and other
USCIPI reports should be available through the DDC or NTIS. The
following p r o j e c t  area summaries are taken f rom the recen t  r epor t  (as
wel l  as the l i s t  of publications).

Progress :

A. Im ag e Unde r standing Projects

The pro jec t s  reported here in  describe progress on a va riety of
fronts  in our image unde rstanding effor ts . Segment matching is discussed
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in som e deta i l  fol l owed by symbolic  ma tch ing  of images w i t h  s u b s t a n t i a l
changes  in o r ien ta tion. R e s u l t s  in both these  a reas a re  e n c o u r a g i n g  as
the reader  w i l l  See if l  r eading  these  c o n t r i b u t i o n s .  A t e c h n i q u e  is nex t
pres ented f o r  l oca t i ng  s t r u ct u r e s  in a e r i a l  images fol lowed by the
presentation of a new edge f i t t i ng  al g o r i t h m .  A q u a n t i t a t i v e  ana lys i s  tool
is developed t o m o r e  a c c u r a t e l y d e f i n e  w h a t  and w h e r e  an ed ge is . These
con t r ibu t ions  a r e  fo l lowed by a d i s c u s s i o n  on s t ochas t i c t e x t u r e  ana l y s i s
in which some previousl y accepted perceptua l moment assumpti ons are
cha llenged .  Final l y the sec t ion  c T e ’~es w i t h  a d i s cus s ion  on s ingula r value
decomposi t ion image  f e a t u r e  e x t r a c t i o n  as a u s e f ul  tool for  obtaining
f e a t u r e s  in an image u n d e r s t a n d i n g  scena rio.

B. Image_Processing Projec ts

The image processing projec ts  r ep resen t  a broad va r i e ty  of research
topics in which more fundamental  signal process i ng pr inc ip les a r e
utilized. The first contribution pre sen t s  a new way of genera t ing  binary
ph a s e  ho lograms  via the d igi tal  c o m p u t e r . Such holog rams are  then
recorded on ha rdc opy dev ices  (see Sect ion 5) and a f t e r  f i lm deve lopment
are played back in the Institute optical laboratories. The second
contr ibut ion in this sec t ion  p resen t s  ra ther  enc ourag ing resul t s  on the
blind deconvolu t ion  p rocess  of a p o s i c - r i o r i  r e s t o r a t i o n .  This p r o j e c t  is
c u r r e n t ly coming to f u it i on with q u i t e  i m p r o v e d  r e s u l t s  fo r  a r b i t r a r y
space invar ian t  d is tor t ions . A rada r imag ing task is nex t p r e s e n t e d  in
which multi-frequency rada r returns a r e  c o h e r e n tl y p r oc e s s e d  to fo rm
images of a i r c r a f t  mounted  on a turntable. Previous r e p o r t s  included
the ana lys is  assoc ia ted  wi th  this  theory  and this  r e p o r t  pre sen t s  the
images resu l t ing  f rom such p rocess ing . This  sec t ion closes wi th  a b r i e f
su m m a r y  of pe rcep tua l  model color image c oding. R e s u l t s  a r e  p r e s e n t ed
in which 24: 1 , 48: 1 , and 96:1 compress ions  a re  obtained wi th  good visual
color qual i ty  maintained.

C. Smar t  Sensor Projects

This section repor ts  on the succes ses  of the s m a r t  s enso r  CCD chip
development under  con t rac t  a t  the Hug hes R esea rch L a b o ra t o r i e s .  E a r l i e r
repor t s  p resen ted  descr ipt ion s  of two c i r c u i t s  unde r  developmen t , the
Sobel c i r cu i t  and Ci rcu i t II which inc l uded cons ide rab ly  m o r e  com plex
processes .  Both c i r cu i t s  have been d e m o n s t r a ted  to p r o d u c e ’ prope r
process ing r e su l t s .  These pas t  six month s h a v e  Seen  the imp l e m e n tat i o n
of Circui t II in real time TV (2 MHz reduced h o r i z o n t a l  bandwidth ) w i t h
succes s fu l  r esu l t s . It is ant ici pated that  m i n or  redesi gn ~~ill  a c h i e ve  the ’
nom i na l 10 MHz r ea l  t ime TV ban dwid th .  In addi t ion , p r o g r e s s  is  b e ing
made on other  f ron t s . New c i r c u i t  desi gns ar e  in p r o c e s s  and a t w o - v e ’ar
plan is p resen ted  in the last c o n t r i b u t i o n  to this sec t ion .
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2 . 4 Image Process ing  E r r o r  C r i t e r i o n

(U.S. Air Force - AFSC/ASD)

H. C. A n d r e w s

Objec t ive  S u m m a r y:  The p u r p o s e  of this p r o j e c t  is to deve lop  c o m p u t e r
m e t h o ds f o r  Cos in e  t r a n s f o r m  coding al g o r i t h m s  which  a r e  c u r r e n t l y
being implemented  to compress image data in the nonlinear perceptua l
space , u t i l i z i n g  the h u m a n  visua l p er c e p t u a l  sy s t e m  in d e f i n i n g  q u a n t i t a t i v e’
image  q u al i t y  m e a s u r e s  f o r  d ig i t a l  image  bandwidth c o m p r e s s i o n .

Approach  S u m m a r y:  The m e t h o d  cons is t s  of u t i l i z i ng  a nonlinea r c o l o r
model of t h e  h u m a n  p e r c ep t u al  sys tem to t r a n s f o r m  im ag e r y  to a nonl inea r
space which  is both spa t ia l l y and p e r c e p t u al l y more  a pp r o p r i at e  f o r
e f f i c i e n t  image  c oding . R a t e  d i s to r t i on m e a s u r e s  wil l  be u t i l i z e d  in
eva lua t ing  the e f f ic ienc y of this app roach  to the s o u r c e  coding of co lo r
i m a g e r y .

P r ogr e s s :  S imple m a t h e m a t i c a l  models a r e  developed  f r o m  the
ph ysiolog ical and p sychophys i ca l  t r a i t s  of the human v i s u a l  sy s t e m .
E x p r e s s i o n s  fo r  the s t a t i s t i c a l  c h a r a c t e r i z at i o n  of t he se  models a r e
obta ined.  When  used as a p r e p r o c e s s o r , the models a r e  show n to p roduc e
images  wh ich  a r e  sta t i s t i c al ly  com pa t ib le  w i th  the u n d e r l y ing a s s u m p t i o n s
n e c e s s a r y  to solve the p a r am e t r~c r a t e  d i s to r t i o n  e q u a t i o n s .  T h e  de r ived
power  s p e c t r u m  equat ions  w e r e  us ed to code b lack  and wh i t e  and color
images  w i t h  a q u a l i t y  s up e r i or  to p r e v i o u s  r e s u l t s .  In addi ti on , i t  is
shown tha t  the p r e p r o c e s s o r  p r o d u c e s  a “p e r c e p t u a l  s p a c e ” in “h i ch
normal ized  mean ai u a r e  e r r o r  is an e f fe c t ive i m ag e  q u al i ty  m e a s u r e .

2 . 5 P rac t i c a l  A p p l i c at io ns of N u m b e r e d  G r a phs

(The A r m y R e s e a r c h  O f f i c e )

S. W. Golom b

Object ive S u m m a r y:  By a numbered  g raph we mean  a g r a p h f o r  ~~h i c h
nun - negat ive  i n t e g e r s  a re  a s s igned  to the nodes , and f o r  which  each ed ge
is then a s s i gned the  n u m b e r  which  is the  a b so l u t e  v a l u e  of the d i ff e r e n c e
of the nod e n u m b e r s  a t  i ts  end points . Gra ph s which  a r e  n u m b e r e d  in th i s
s e n s e  have  been the  s u bj e c t  of s e v e r a l  r e c e n t  t h e o r e t i c a l  papers  and m a ny
in te r e s t i n g  m a t h e m a t i c a l  r e su l t s  h a v e  been obtained.  M o r e o v e r , th is
v i e wp o i n t  has  been u s e fu l  in ident i f ying a wide v an - ty  of seemingl y
u n r e l a ted  p r a c t i c a l  ap p l i c a t i o n s  f o r  wh ich  th e - no t ion  of a num bered gr a ph
p r o v i d e s  the u n d e r l ying m a t h e m a t i c a l  mode l .
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Pro&ress: In rada r and sonar signal design, one recognizes that the
distance to the target correspond s to an a priori unknown time delay,
and the velocity of the target  produces (by the Doppler effect) an
a priori unknown frequency shift. In many noise environments , the
maximum likelihood detector for the returning signal is a correlation
detector; and thus the signal design problem reduces to finding tra ns-
mitted pa tterns with optim um “ambiguity functions , ” where the ambiguity
functio n is the correla tion between transmitted and received signal as a
func tion of both time shift and frequency shift.

One signal design which has been proposed (see E l] )  involves trans-
mitting n adjacent frequencies , f f2 , . . .  

~~ 
in some permuted order ,

duri ng n consecutive time interva’ls , t 1, t2 , .  .. , t~ , where the permutation
is to be picked so as to optimize the ambiguity functi on , i. e . ,  so as to
minimize the autocorrelati on against all phase shifts in both time and
frequency.  CombinatoriaUy, the optimum configurations correspond to
n x n  permutation matrices (i.e. , matrices of l’ s and 0’ s , with exactl y one
1 in each row and in each column), with the added cons t raint that any
translation of the matrix a gainst itself prod uces at  mos t one coincidence
of a I with a 1. Equivalentl y, if the (~~

) line segments are drawn between
the centers of all the cells co ntaining l’ s, then all of these segments
represent dis tinc t “vectors ”. (That is , no two agree in both length and
slope.) No method was known to Dr. J. Costa s in [1], other than trial
and error (inherently li mited to very small values of n ) for finding such
optim um configura tions . We have succeeded in finding seve ral cons truc-
tions which work for infinite classes of values of n. In particula r , if p
is any prime , then constructions are known for all n = p-i , all n =
and those n = p-3 such that 2 is a primitive root modulo p. Moreover ,
if q is any power of any prim e, then there is an optimum cons truction
for n = q-2. All of these constructions are based on the properties of
primitive roots in finite fi elds . These problems are a natural generaliza-
tion to two dimensions of the one-dimensional “rule r p roblems ” described
in t2], which were discussed in the context of puls e radar pat te rns for

t resolving time but not frequency ambigui ties.

Refe rences IPublications :

1. J. P. Costa s , “Medium Constraints on Sona r Design and Performance, ”
EASCON 197 5 Convention Record , pp. 68A-68L.

2. G. S. Bloom and S. W. Golomb , “A pplications of Numbered
Undirected Graphs , ” Proceedings of the IEEE, vol. 65, no. 4, April
1977.

3. S. W. Golomb and A. Lempel , “Second Order Polynomial Recrusion s , ”
SIAM .1. Appi. Math. , vol. 33 , no. 4 , Decembe r 1977 , pp. 587-592 .

4. H. Taylor , “Odd Path Sum s In an Edge-Labeled Tree , “ Mathematics
Magazine, vol. 50, no. 5, Novembe r 1977 , pp. 258-259.

-87-



_________________ 
— 

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

5. S. W. Colomb and G. S. Bloom , “Multifa rious App licati ons of
Numbered Graph s , ” Proceedings of the Second Caribbean Conferenc e
on Combinatorics and Computing . Unive rsity of the West Indies ,
Cave Hill , Ba rbados , 1977, pp. 82-96 .

6. C. S. Bloom and S. W. Golomb , “Sets of Interchangeable , Efficient
Rulers ,” Proceeding. of the Second Caribbean Conference on
Combinatorics and Computing, University of West Indies , Cave Hill.
Ba rbados , 1977 , pp. 63-81.

2.6 Fast Di gital Correlation and Transforms Usin_g Finite
Field Tec hniques

(The Air Force Office of Scientific Resea rch)

I. S. Reed and S. W. Golomb

Objective Summary: Techniques using the structure and properties of
finite fields can be used In a variety of ways for the computation of fast
digital correlations and c onvolutions, and for a number of other fast
digital transforms. In pa rticular s tudies are made of an appropriate
choic e of finite fields in which fast transform s involving complex numbe rs
can be performed.

A~pproach Summary: The properties of finite fields are studi ed, with
particula r emphasis on real and complex fast transform. over finite fields.
Now fast dec oding algorithms of Reed-Solomon codec , using transform s
over finite fields are also developed.

Progress: During the current study, we have undertaken to develop the
detailed relationships between the properties of finite fields and their
utilization in fast digital correla tions and transforms. These result.
have immediate application to the design of ha rdware and software for the
fast optimum detection of communication and rada r signals In practical
military systems , to two dimensional image processing, to recursive
realization of finite impulse filters and ior s yndrome calculations of t r ro r
correcting codes.

Publications :

1. K. ‘1. Liu, “Efficient Digital Transfo rm Algorithms and Architectu res
• for Signa l Processing and Error-Correc ting Codes ,” Ph.D.

Dissertation, University of Southern California , June 1977.

2. H. Murakami , “Theory and Application of Digital Signal Processing
Ove r a Finite Ring ,” Ph.D. Dissertation, Unive rsity of Southern
California, June 1977.
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5. :. S. R eed, R. A. Scholtz, T. K. Truong and L. R. Welch, “The
~‘a~ : Decoding of Reed-Solomon Codes Using Ftrmat Theoretic
‘ran~ forms and Continued Fractions ,” IEEE Trans. Information

• 6. ~~~~. Y.  Liu, I. S. Reed and T. K. Truong, “High-Radix Transforms
for R-S Codes Over Fermat Primes ,” IEEE Trans . Information
Theory, Vol. IT-23 , No. 6, November 1977.

7. K. Y. Liu, I. S. Reed and T. K. Truong, “Fast Algorithms for
Cor~ plex Integer Transforms ,” IEEE Trans . on Acoust ics , Speec h,
and Signal Processing, Vol. ASSP-25 , No. 5, October 19 77.

8. H. Murakami , I. S. Reed and L. R. Welc h, “A Transform Decoder
fo?  Reed-Solom on Codes in Multiple-Use: Comm~~ ication Systems ,
IEEE Trans .  Information Theory, Vol. IT-23 , No. 6, November 1977.
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halftone screen used and the selection of va rious diffraction orders in
the sys tem.

Pa rticula r nonlinearities that have been achieved include both
smooth and discontinuous function such as exponentiatl on, loga rithms,
level slicing, analog- to-digital conversion, quantization, and pseudo-
coloring of brigh tness. Mos t significantly, the technique shows the
promise of real-time application with the use of an optical input trans-
ducer having a threshold characteristic. Many types of real-time devices
with linear characteristics are now available (such as the liquid crystal
or Pockels readout modulator (PROM)); now that there is a demonstrated
need for thresholding, there should be motivation to continue development
of the devices with the required cha rac te ris tics.

The entire process has been studied in some detail from practical
and theoretical viewpoints , and the effects of non-ideal input media have
been considered. It is also possible to precompensa te for some of these
deficiencies and improve the overall accuracy of the nonlinear function.
A number of refinements and extensions of nonlinea r processing have
been c onsidered in the most recent work. A mathematical technique has
been found to predict perfo rmance degradation for input media (e.g. , film
or a rea l-time optical transducer) with any given characte ristic curve ,
rather than for an approximate characteris tic. Following from this work
should be improvements in preco mpen sa tion and fi nall y, a determina ti on
of all the ultimate limita tions . Recent work has also been performed to
examine nonlinear processing without the use of a halftone screen or
intermediate step. Obviously, the range of functions achievable will
strongly depend on the input medium characteristics and on the optical
filte ring sys tem, but it appears that many useful functions can be achieved.
Of particular Interest are electro-optic effects in certain crystals and

• variable phase grating effects in liquid crystals which migh t be utilized for
nonlinear processing . The results of this project , especially those involving
halftone processing, are s umma rized in several publications [1-7].

Publications/References:

1. A. A. Sawchuk and S. R. Dashiell, “Nomnonotonic Nonlinearities in
Optical Processing,” Proceedings IEEE 197 5 International Optical
Computing Conferenc e, Washington, D.C. , pp. 73-76 , A pril 1975.

2. S. R. Dashiell , “Nonlinear Optical Image Processing with Halftone
Screens ,” Ph.D. Dissertation, Department of Electrical Engineering,
Unive rsity of Southern California , Los Angeles, Ca. 90007 , June 1976.

3. T. C. Strand, “Techniques and Applications of Nonlinea r Processing
with Halftone s ,” Proc . Society of Photo-optical Instrum entation
Engineers Tech . Symp. : Optical Information Processing, San Diego,
August 1976.
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1~~. 1. S. Iteed, I . K. t ruong , C. M. Uiang ar~d Y .  S. Kwoh, “3-1)
Reconstruct ion fur 1)iverging X-Ray Beams ,” to be published
in IEEE T raf ls .  nil Nuclear Scienc e, .lurie 19/ 8 .

t~~. I. S. Reed, W . V . Glenn, C. M. Chang , T. K. Truong and Y. S.
i<w-~h, “Dose Reduction in X-Ray Computed Tomo.~raphy Using a
Generalized Filter ,” submitted to IEEE Trans. on Nuclear Science.

2. 7 Nonlinear Operations in Optical Information Processing

(The Joint Services Electronics Prog ram)

A. A. Sawchuk, T. C. Strand, A.  A rmand

Object ive Summary? T o accura tely synthesize wide classes of general
non-monotonic nonlinea r multi-dimensional functions in optical signal
process ing systems. To extend and determine the limi ts of dynamic range ,
s pace-bandwidth product, flexibility and real-time implementa tion for
applications in signal filtering and estimation.

Approach Summar1: Monotonic and nonmonotonic nonlinear functions
are achieved by a puls e width modulation preprocessing step involving
spe c ial optical filters and a high contrast (thresholding) optical input
device (halftoning). Another filter in a simple optical sys tem produces
the multidimensional output instantaneously. The flexibility and gne rality
of the technique includes application in real—time signal process ing when
used with a suitable coherent or incoherent optical real-time input
transducer.

Progress:

A number of refinements ar~I extensions to the halftone technique
of nonlinear optical processing have been considered in this period. The
nonlinear processing method studied in detail in this project achieves very
general types of two-dimensional point nonlinea r functions In an optical
parallel processor. The techniq ue is extremely gene ral in c oncept and

• application. The method involves a preprocessing of the two-dim ensional
cuntinuous level input data to convert it to an ideally binary pulse-width
modulated input. T’~e pulse-width modulation step is accomplished by a
variation of the halftone process used in ordinary photoreproduction . An
ideally binary input medium is used together with a halftone screen filter
to produce an input composed of dots or linear gratings. This input is
then used in a standard coherent optical processing system , where simple
spa tial filtering produces the output. The system output also Is a
desampled, continuous level signal, and It can then be displayed or
processed further. The nonlinearities achieved depend on the particula r
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II. 4. T. C. Strand, “Non-monotonic Non-linear Image Processing Using
Halftone Techniques ,” Optics Communications , vol. 15, pp. 60-65 ,
(Septembe r 1975).

5. S. R. Dashiell and A. A. Sawchuk, “Nonlinear Optical Processing:
Analysis and Synthesis, ”App lied Optics, Vol. 16, pp. 1009-102 5,
April 1977.

6. S. R. Dashiell and A. A. Sawchuk , “Nonlinear Optical Processing:
• Non-monotonic Halftone Cells and Phase Halftones, “App lied Optics ,

Vol. 16, pp. 1936-194 3, July 1977.

7. S. R. Dashiell and A. A. Sawchuk, “Nonlinear Optical Processing :
Effects of Input Medium and Precompensation,” Applied Optics .
Vol. 16, pp. 2279-2287 , Aug ust 1977.

2.8 incoherent Optical Computing with Synthetic Holograms

(The National Scienc e Foundation)

A. A. Sawc huk, T. C. Strand, and C-K. Hsueh

Objective Summary: To extend the advantages of incoherent optical
signal processing by combining it with the flexibility of synthetic or

• computer-generated holograms.

Approach Summar1~ This work includes the use of existing synthetic
holograms In incoherent processors and the development of new types of

i i  s ynthetic holograms. Problems of hologram phase c oding, dynamic range
and quantization have been considered via theoretical analysis and
computer simulation. Several types of high-accuracy, high space-
bandwidth filters using existing and new techniques are being fabricated.
The theoretical and experimental use of s ynthetic holograms for inc oherent
interpolation and filtering is being studied.

A s tudy of several techniques for fabricating high space-
bandwidth optical spatial filters has begun. Both a high resolution plotting
microdensito~neter and a CRT film recorder with 40 96x 4096 resolvable
points are being used.

Some work on phase coding for interpolating incoherent impulse
responses has been underway. The objective is to synthesize a good
polynomial interpolating func tion suc h as a B-sp line using a phase-only
spatial frequency plane filter. Preliminary results indicate that a very
good approximation is possible [3].

Several methods for encoding complex amplitude and phase information
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in a holog ram have been studied . Complex func tions on col.or film using
the ROACH technique [1] are being considcrtd ~ur cer ta in types of
incoherent processors. Th ese devides operate on axis and thus reduc e
s patial f requency bandwidth requi rements.

A major cffort has been devoted to the developn ’i t.nt of Double Phase
Holog rams ” (DPH). This is a new method of computer generating binary
holograms based on the decomposition of a ct’m plt.x va lue into two  phase
quantities. Each Fourier transform cell is divided into subcells and
phase quantities .~re encoded by the detou r phase technique . A com plete
analysis w ith many experimental examples is being pubLish ed [2], and
an ana L ysis of the noise due to the displacement of the subcells and the
phase c od1n~ has been made. Methods of suppressing this noise ha ve also
been developed.

PubUcationa/ Reference8

1. D. C. Chu, J. B. Fienup and J. W. Goodman , “Multiemulsion
Or~-Ax ia Computer Gene rated Hologram,” Appi. Opt. , 1.~, pp. 1386-
1388 (1973).

2. C. K. Hsueh and A.  A.  Sawchuk , “Computer Gene rated Double Phase
Holog rams ,” to appear in Appl. Opt.

• 3. A. A. Sawchuk and C. K. Hsueh, “Optical Filters for Image
Reconstruction,” Semiannual Technical Report 740 , USCIPI,
Los Angeles , 31 March 1977.

2.9 Nonlinear Real-Time Oytical Si~ nat Processing

(Air Force Office of Scientif ic Research)

A. A.  Sa wchuk , T. C. Strand , A. B. Tanguay, Jr.,
A. A rmand, D. Drake , and J. Michaelson

Ob~~~tive Summary: To perform general nonlinea r operati ons in coherent
and incoherent optical signa l processing sys tems in real-time using va rious
type s of optical input transducers.

~2proach Summ~~ y: Three major techniques applicable to Liquid-crystal
light valves (LCLV’ s) Pockels readout modulators (PROM ’s) and other
type, of real-time devices have been studied. They are: (a) real-time
extensions of halftone nonlinear processing with a binary input transducer;
(b) use of the inherent nonlinea r characte ristics of rea l-time devices to
directl y achieve certain functions; and (c) use of the va ria ble grating mode
oi LCLV devices in a coherent processor.
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Progress:

Because of the recent emergence of the two technologies of nonlinear
processing and real-time input transducers , there is no s ingle meth~ J or
com bination of methods that is clearly superior , and several alternatives
have been explored during the first yea r ’s wor k. Some short te rm goals
have been to work with existing LCLV devices [1-2] or with devices
having very elementary modifications in orde r to demonstrate the feasi-
bility of the concept. The longer term aspects are those involving new
methods of achieving optical nonlinearities and ex t ensive device
development. The parts of this project involving LCLV devices have
been pursued jointly wi th Hughes Resea rch Laboratories (HRL) of
Malibu, California.

To effec tively use the well-developed halftone method of nonlinear
processing , a binary hand-clipping rec ording medium is needed for the
preprocessing step. Although mos t existing real-time devices do not have
this threshold characte ristic , simulations showed that smooth nonlinea r
functions s uch as loga rithms and exponentials might be ach ieved with a
non- threshold device if a precornpensated halftone screen could be used
[3-5] .  Detailed device measurements on a 45° twisted nematic LCLV
were made and a precompensated screen for a log func tion was fabricated.
The resulting transfer function of the screen-LCLV real- time system was
logar ithmic over two decades with less than 10% error. In another
experime nt , two crossed multiplicatively combined Ronchi ceilings were
used as the input. The difference in Fourier s pectra betw . ‘nultiplica-
tively and additively combined rulings could be distinguishe . In
c onnec tion with real-time halftone processing, a new study ot ~.. g
effects and precompensation has been made [8-10]. The degradh sects
of real-time devices with a rbitrary characteristic curves can be predicted
simply and accurately by means of this technique . The predic tion results
have been used v.ith compute r models and itera tive solutions of som e
differential-difference equations to design the best precompensated
halftone screens.

New methods of halftone screen fabrication have been reasonably
successful [10]. A Dicomed image recorder has been used to make
4” x4” screens on Kodak SO-U5 film with good accuracy. Another
technique uses a shifted grating with a low duty cycle to repeatedly
exposure a high resolution pla te. A desired screen profile can be
approximated by repeated translation and variable exposure.

A technique of incoherent optical feedback around a LCLV has been
explored for achieving threshold (high gamma) operation in the halftone
method. The control side of a LCLV is used as a positive summing
junc tion to provide positive feedback. When a small input signal is fed
to the LCLV input, the large readout signal is fed back and summed
to quickly drive the LCLV to saturation. Very high effective gammas
have been noted by this method.
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The technique of direc t nonlinear processing with halftone s has been
• studied. This method has the advantage that it could be perform ed without

cohe rent light and the problems of speckle , phase nonuniformities , and
the need for a laser source. It should also require less spatial resolution
than halftoning since sha rp edges of binary dots are not involved. Many
existing types of real-time devices have a periodic sinusoidal output as a
func tion of applied input li ght due to their electro-optic effect opera tion.
Based on this principle , a paral lel optical analog-to-digital converte r has
been conceived which can simultaneously extrac t bit plane s f rom an
incoherent input. The system uses the electro-optic effect of a real-time
devic e along with simple parallel electronic thresholding and electronic
readout with a photodetector array. An experimental test of the system
is underway.

A third method of real - time nonlinea r optical process ing currentl y
unde r study involves the conversion of different input levels to a local
phase-modula ted input whos e spatial frequenc y is a function o~ the
brightness. When the va riable grating is placed in the front focal plane

of a coherent Fourie r transform processor , the differenc e in local spa tial
frequency should caus e different input levels to be effectively placed at
differ ent points in the transform plane. By selective filtering and
recombination of the transform components , var ious nonlinearities should
be possible. Although this method has not yet been experimentally
demonstrated, the liquid crystal component of certain liquid crysta l  light
valve (LCLV) real-time devices has shown the variable grating mode in
exper iments [8-103. Some theoretical analysis o~ this technique has been
undertaken, and an overall effort to compare fundamental limits of
reso lution, accuracy, and dynamic ranges of these three major techniques
is in progress.

Publications/References:

1. T. D. Beard, W . P. Bleha , S- Y.  Wong , “AC Liquid/Crystal Light
Valve ,” A ppl. Phys. Lett. , vol. 22 , pp. 90-92 , 1974 .

2. J. Grinbe rg, et al., “A New Real-time Non-Coherent to Coherent
Light Image Converte r, “ Optical Engineering, vol. 14, pp. 2 17-22 5 ,
1975.

• 3. S. B. Dashiell and A.  A .  Sawchuk , “Nonlinear Optical Processing :
Analysis and Synthesis ,” Applied Optics, vol . 16 , pp. 1009-1025 ,
1977.

4. S. B. Dashiell and A.  A. Sawchuk , “Nonlinea r Optical Processing :
Nonmonotonic Halftone Cells and Phase Halftones , “ Applied Optics ,
vol. 16, pp. 1936-194 3 , 1977.
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Effects of Input Medium and Precompens a tion, “ Applied Optics ,
vol. 16 , pp. .~279- 2Z87 , 1977.

. H. Kato .ind J. W . Goodman, “Nonlinear Transforma tions and
Logarithmic Filtering in Coherent Optical Systems ,” Optics
Communications, vol. 8 , pp. 378-3 8 1, 1973.

7. H. Kato and 3. W. Goodman, “Nonlinea r Filtering in Coherent Optical
System s Through Halftone Screen Processes ,” A ppl id  Optics , vol. 14 ,
pp. 18 13-1824 , 1975.

8. A. Armand , D. Boswe ll , A. A .  Sawc huk, B. H. Soffer and T. C.
Strand , “Real-Time Nonlinea r Optical Processing with Liquid
Crystal Devices ,” Proceedings 1978 International Optical Computing
Confe rence , London, (September 1978).

9. A. A rmand, D. Boswe ll , A .  A. Sawchuk , B. H. Softer and
T. C. Strand , “Approa ches to Nonli nea r Optical Processing in
Real-Time ,” Proceedings Interna tional Commission for Optics
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10. A. A. Sawchuk , et al., “Nonlinear Real-Time Optical Signal
Processing,” AFOSH Annual Technical Report , April 1977-April 1- ~78 ,
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2. 10 Research in Communicati on Theory

(A rmy Researc h Office)

B. A.  Scholtz , L. B. We lch , N. Beki r, K. Leung
and 3. Olsen

Objective Summary: To s tudy c ommunication problems in the areas
of synchronization, signal design, coding , and channels with memory.

Approa ch Summa1~y: Five basic problems are currentl y under
investigation and are descr ibed separatel y below .

Prog ress:

1. Spread S~~ ctrum Signal Desi gn

Spread spectrum techniques basically provide meth od f o r  reduc ing
the effect s of certa in type s of interference in radio c ommunications .
Well-designed spread spectrum signal Sets thus are a basis for the
design of code-division multiple-access (CDMA) communication systems
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which operate with seve ra l  users in the sam e t requency band. J. D. Olsen
dissertat ion [0 ]  develops the best know n d i rec t -sequence spread-spect rum
signa l set  desi gn (at tea st in the open l i t e r a t u r e ) .  We ex ~~’e - e t  that t h i s  new
design will ho d imm edia t e app l ication in the mili tary communication f ie ld .

Abs t ract

This dis S e  rLt tion develops a class of bina r v  sequences which
as ymptot ica i v achieve Welch s lower bound e’n s it o  ultarteous c ros ~ —

correlat ion and a tth~ or re lation magni tud~ s . The s e~ ucnc t’s a i-c

co nst ructed by anpiv ing nonlinea r feed-fo r~~a rd fun ctions on an n s t a g e
Ixunum - length linea r - teedbac k shift re gis te - r generator  in the Galois

conf iguration. This technique has an additiona l at t r ibute tor many
applications be~ aust ’ the i- c - su iting s ee’ uc O c t s  a re nonlinea r in that the
order of the linea r diffe rence equation sat isf ied by the ~ equence - can
be o rders of magnitude Ia rgt ’  r than the numbe r ~ t mem or v elem ents in
the gene rator .

A novel approach is taken to sequence design by analv.~ing  corre la-
tion p r o p e r t i e s  in a t r an s l or m  domain. The fa rm of the transt ,rm
domain correla tion bounds leads to t’~ o sepa rate problems;  f ind in g  si .e

subsets of the GF(Z n ) which have minimum in te rsect i on und e r a
“rota tion ” permutation , and fi nding functiuns such that the transform
c oe l t i c - ients have uniform ma~ nitude. The ana lyt ical techniques
emp loyed a re app licable fur all n, however , a lgebraic code const rue tie-os
can only be given for the c a s e  n even.

The optimum codes are obtained when n O  (mod 4) and are called
aff ine subs pace codes. The’ period of the codes is ~~~~~ they are
ba lanced and have 3 valued c ross -co r re la t i on  functions and 3 value
out of phase auto-correlat ion. The correlat ion magnitudes are

2fl/~ + 1, a factor  of /1 bet te r  than Gold codes . The hardw are
com plexity of these nonlinea r generators is .tpproximnate l y the same as
that of a Gold code generator.  One of these ge ne ra to rs  can easil y
produc e m any nea rly or thogonal sequences simul taneousl y, w i th little
additional hardware. The size of this class is at  least

The feed- fo rward  logic consists of a rank n/ .~ linear transformation
providing the inputs to a “bent ” function of n/.~ binary variables.
Finally, using .i shift theorem of the transform , a phase shift on the
output of the bent [unction shifts the Fourier spec t rum in the tra nsform
doma in. A bent function is the cha racter is t ic  function o a Hadamard
differenc e set , and resu lts in the nonzero Fourie r coefficients having
uniform magnitudes. In this case the Fourier coefficients of the’ sequence
are zero except for those on a specified aifine subs pace.

A large c lass of nonlinear codes , ca lled linear subspace codes , is

also deve loped. These codes are also best  when n 0  (mod 4) b
have correla tion magnitudes off by a factor of 4 from Welch ’s bound.
The size of this class is at least
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Experimental results are included which agree with the theory in
every detail. A partial per iod correlation function was computed for
one exam ple sequence and found to be B lightly bette r than that of a
randomly chosen code.

2. Partia l-Period Correlation Distributions

One of the major obstacles to the accurate performance analysis
H of a spread spectrum c ommunication system is the lack of knowledge

about the correlation propert ies of spread spectrum signals when the
corre lation time is less than the period of the signal. We have
deve loped a method for determining upper and lower bounds on the
distribution of partial-period correlations and have applied it to several

¶ signals, including PN sequences of lengths up to 2 2 3 _ i  for correlation
times up to 100 bits. The work is reported in N. E. Beki r ’s thesis [5 1.

Abs t ract

This disserta tion presents a sys tematic procedure for obtaining
bounds on the distribution F(z) of partial-period correlation values of
sets of periodic sequences. The ability to carry out the procedure
depends on the development of a linea r c ode 13 from the sequenc e set.
Using the Mac Wil liams-Pless identities , moments of F(z) can be re lated
to the wei ght distribution of the dual code 31, Bounds on F(z) are then
calculated using the theory developed to solve the classical moment
problem . The above techniques are applied to two  well-known classes
of sequences , namely PN and Gold sequences .

3. Gene ralized Interleaving

When codes are interleaved to counteract error bursts , a los s in
effective channel capacity occur when each of the interleaved codes is
decoded sepa rately. Our recent researc h has developed two techniques
for mutual decoding of inter leaved codes , one for convolutional codes
based on the work of J. B. B. de Marca , reported in 1977 , and one for
block codes based on the work of K. S. Leung [7].

Abstract

This thesis deals with the problem of c ommunicati ng in burst-error
channels. Burst-error  channels are used to represent a large class of
modern communication media ; and the problem of c ommunicating reliably
through such media has received much s tudy. Existing tec hnique s include
two-way c ommunication sc heme that involve error-detection and
retransmission, and one-way sc heme that utilizes error correcting codes
in code interleaving. The error-detection and retransmission scheme
is simp le but its app licability is restricted to limited environments . On
the other hand, the concept of code interleaving has proved to be a very
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versatile and effective technique for dealing with burst-error channels.
In the code inte rleaving scheme , code symbols from a number of
component codes are inte rleaved befo re being ‘sent through the channel.
This meth od effe c tivel y d istributes the error  detec t ion and correcti on
burden amongst the com ponent c odes and thus lowers the overall redun-
dancy requirement. However , the memory characte ristics of the burst-
error channel have not been made use of. This prompts the investigation
presented in this thesis to take advantage of s uch inherent information
embedded in the ~ude interleaving schem e when used with burst-error
channels. Two ideas to accom plish this goal are exp lored, namely,

- 
- mutua l decoding and generalized c o de interleaving .

Mutual decoding is aimed at utilizing informa tion obtained in decoding
the f i r s t  component code to aid in locating errors  for the second component
code. It is found that the average burs t length of the channel, the depth
of interleaving, the symbol depths and the word lengths of the component
c odes are determining pa rameters contr ibuting to improved performanc e
of the channel. The proper relationships between these parameters also
suggest some useful coding and decoding stra tegies.

In the generalized code interleaving scheme , attempts are made to
alter error cha racterist ics of the channel by incorporating matched
pre- and post-processing of the channel bit sequence. By re-distributing
the error locations , it was hoped that the first component code can be
designed to be principall y an error-correct ing code with the subsequent
codes basicall y erasure cQdes . Unfortunately, this method is found to
be ineffective for the class of code-channel combinations under
investigation.

Performance crite ria are set up to facilita te performanc e evalua tion.
Theoretical formulations are also devised to predict code performance
and their validity is verified using computer simulations . Performanc e
is also compa red with the theoretically achievable capacities of the
channels involved.

Publica tions / References:
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Fast Decoding of Reed-Solom on Codes Using Continued Fractions ,”
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Computations for PN Sequences ,” to appea r in the Proceedings
of the 1978 National Telecommunications Conference.

5. N. E. Bekir , ‘sounds on the Distribution of Partial Correlation for
PN and Gold Sequences~’ Ph.D. Disserta tion, Electrical Enginee ring
Dept. , University of Southern California , January 1978.

6. J. D. Olsen, “Nonlinea r Binary Sequences with Asymptotically
Optimum Periodic Cross-Correlation,” Ph.D. Dissertation,
University of Southern California , December 1977.

7. K. S. Leung , “Mutual Decoding and Generalized Code Interleaving
in Burst- Error Channels ,” Ph.D. Dissertation, Unive rsity of
Southern California , June 1978.

2. ii Coherent Multi~ le_ Frequency Sys tems

(The Joint Services Electronic s Program)

B. A. Scholtz

Objective Summary: To develop a digital comn-iunication system
• configura tion using constant energy signals which are linear com binations

of severa l free-running oscillators , having the property tha t (a) perform-
ance is comparable to coherent communications using the sam e da ta rate ,
and (b) spread-spectrum processing gain is developed to provide
immunity to various types of interference including signals from other
similar sys tems.

Approach Summary: Develop dec ision-di rected techniques for locking
a receiver oscillator to an intermittentl y observed transmitter osc illator
which may be bi-phase modulated. If this can be done for each of the
transmitte r ’s free-running oscillators , coherent detection of the received
signal is possible. By increasing the number of oscillators used and
lowering each oscillator ’s usage , a s pread-spectrum processing gain
should be achievable.

Bac kground: When digital signals which are constructed from linear
combinations of free-running oscillators (tones) are detected with no
a priori information concerning the oscillators ’ phases , a considerable
loss [1] in communication sys tem capacity occurs in comparison to

• coherent detection. This los s grow s exponentially with the number of
oscilla tors which are linearly combined simultaneously to generate the
signals , and makes multiple-tone signals unatt ractive for c ommunication.

In an effort to overc ome this type of problem , conside rable research
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effort (2-4) has been spent on continuous -phase phase-shift-keyed
(CPFSK) systems in which the transmitted waveform is continuouS at the
instant when a switch from one frequenc y to another is made. Such
systems , however , transmit  onl y one tone at any given time , and hence
the potentia l saving s in CPFSK are not as la rge as  the potential saving s
in systems using multiple tone si gnals.

The approa ch proposed here is to gene rate synchronous rep licas of
the transmitter ’ s free-running oscillators at the receiver.  This will
require some type of phase-locked loop operating only on unpredic tabl y
intermittent obse rvat ions of the tone to which the loop is to be locked .
A large lite rature including well-referenced books [5 ,t ] on phase-
locked loops exists , but no discussion of the intermittent observation
problem is known to this author. Decision-directed techniq ues , which
should hel p s o lv e  this problem , have been used t o  overcome the e f fec ts
of bi-phase modulation on continuous signals [5].

Frequency- hopping spread spectrum systems have been discussed
in the litera ture [7-91 , though not in c onjunction with the multitone
modulat ion under c onsiderati on here. Good t requeni-y hopping c odes for

- - multiple-user  spread-spectrum systems ha v e  been found 1.10, 111 and
would undoubtedl y be considered for multiple user applicati ons of the
system cons idered here. These codes provide dis t inct ive frequenc y
pa tterns , whic h may be superimpos ed on the data multi-tone si gnals ,
to provide distinctive receiver addresses.

Prog ress :  (April 1977 through April 1978) Af te r arrang ing  for a
rest ’a rc h . issj s ta rit and familiarizing him with the problem , our resea rch
prog ram began in earnest about mid- June, 1977. To date we have:

(a ) cha ra t- ter ized the stat ist ical properties of an intermittent
tone obs e rved in Gauss ian noise ,

(b) deve loped the maximum likelihood estimator of the tone ’s
phase dur ing a fixed observation interval,

(c) configured the decision-directed loop which e f fec t i ve l y
mec hanizes a serial search for the maxim um likelihood
es tim a t o r,

(d) generalized the results to allow tone duration and
proba bility of occurrenc e to be variables in the desi gn ,

(e) c reate d an open loop 9imulatlon of the system to determine
stat ist ica l propert ies of the phase detector , and

(1) made com parisons with continuous-tone-tracking phase-
locked loops .

At  this point we arc  attempting to configure a coherent spread-spectrum
frequency- hopping system using several such phase tracking devices.
Efforts were  hampered by the fact that Dr. Scholtz was on sabba tical
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leave beginning February 1978. Continued funding after March 1978
was not available and the resea rch assistant returned to Hughes Aircraft
Co. to work. Work on the problem may proceed in the fall of 1978 if

- - 
alternate sources of funds can be found.

References:

1. U. A. von der Embse , B. A. Scholtz , and C.L. Weber , “Signal
Design for Totally Phase-Incoherent Communications , “ IEEE
Transactions on Communications , vol. COM-23 , no. 2, Feb. 1975.

2. B. de Buda, “Coherent Demodulation of Frequency-Shift Keying with
Low Deviation Ratio,” IEEE Transactions on Communications , vol.
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7. B. C. Dixon, Spread Spectrum Systems , W iley, 1976.
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3 . CONTROLS

3 . 1 Estimati on and Identification for Modeling Dynamic Systems

(Air Force Office of Scientific Research)

J. M. Mendel (P.1.), N. E. Nahi, H. D. Washburn,
F. A. Habibi , J. S. Lee , A. M. Yu, M. Chan, F. Aminzadeh

Objective Summary: This study has been aimed at two problem a reas:
multis tage modeling, estimation, and identification algorithms for
dynamical systems , and s ta te estimation and pa ramete r identification
for a new c lass of models--causal func tional equations--which describe
wave propaga tion in loss less layered media sys tems.

~~pproach Summary: The fi rs t problem is c oncerned with developing
estimation algor ithms both for parameter and sta te estimation that are
recurs ive in the dimension of the pa ramete r vector or state vector.
Such algorithms will find utility in system modeling work , where model
dimension is often a variable.

The second problem is c oncerned with developing whole new theories
of state estimation and parameter identification for a new class of
equations which we refe r to as causal functiona l equations. These
equations are continuous-time linea r, time-invariant with multiple time
delays . They do not c ontain deriva tives or integrals , and no literature
apparently ecists for them. Causal functional equations are applicable
to diverse areas such as reflection seismology, transmission tines ,
speech processing, optical thin coatings and EM problems.

Progress:

1. Washbu rn (2] has gene ralized Firedland’ s [A ]  bias estimation
te chnique to partitioned dynamical systems. In the general case , the
calculations are of the dimension of the overall system , so tha t , except
for some special but important cases , there are no computa tional
advantages to the multistage approach. Those special cases , where
there does appea r to be computa tional advantages for the multis tage
approach are: colored noise and weak coupling between the partitioned
s ys tems.

The gene ral results are important In themselves , sinc e they provide
the theory for a particular decomposition of the optimal State estimator
for a sys tem of possibly la rge dimension (I.e., a large scale sys tem).
This decomposition gives added insight into the structure and performance
of the minimum va rianc e unbiased estimator. In addition, the methodology
of proof for this multistage decomposition provides a means for investi-
ga ting other decompositions of intere8t.
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Under the present grant we have com pleted our s tudy into the
development of multistage KalmanT~ ucy filters for linear lumpe~~
paramete r dynamical systems.

2. We have continued to develop state space models for lossless
layered media sys tems (3] and have proven the validi ty of our inte r-
c onnection of state space models which result in a Bremrner Series
dec omposition of a seismogram [4]. We have made connections [5]

I - be tween our state space models and the integral equations given by
Bremmer [B].

3. We have developed [6] a general theory for describing reinforced
events between multiple reflections in lossless layered media , which are
described by the wave equation and boundary conditions (e.g., horizontally
stratified nonabsorptive earth with vertically traveling plane compressional
waves).

Reinforcem ents occur whenever two or more multiple reflections
from different paths inside the media arrive at the surface at the same

- - time so that they add (positively or negatively) tog ether. Thos e reinforce-
ments occur rega rdless of what the travel time is in each layer , and
distort the appea ranc e of a seismog ram; for , they lead one to believe
that a significant event has occurred by the appea rance of a la rge
amplitude segment of the seismog ram, wherea8 , in reality, that la rge
event is a awn of (many) smalle r events .

Our general theory is applicable to a K-layer media sys tem with
non-uniform travel times and gives information about the exact location
in time, numbe r, and amplitude of reinforced events for n-aries (i. e.,
seconda ries , tertiaries , etc .), where n = 1,2,3 The starting point
for the development of this theory is Mendel’ s Bremmer series decom-
position [4) and the operator description of state space models of
layered media [7] by means of which n-ary reflections (where n = 1,2,
3 ,...) are gene rated and analyzed sepa rately and related to each other.
The two mos t significant multiple reflections, seconda ries , and tertiaries ,
have been studied extensively. We have demonstrated that not only do
reinforcements occur between the same kind of multiple reflections
(e.g. , between seconda ries), but that reinforcements als o occur acros s
different kinds of multiple reflections (e. g., between seconda ries and

F tertiaries).

4. Because our causal func tional state space models for a layered
media system represent a new class of equations, we have had to s tudy
the computer simulation of these equations. Two computational methods
have been c onsidered [8]. In the first approach, we discretized the time
axis and inserted states of intermediate delays, to arr ive at a set of
standard finite-difference equations . For our particular sys tem , matrix
multiplications can be reduced to simple scala r multiplications . In the
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second approach, we defined mapping rules for the transformation of
states at an interface, and kept a state reference table for look -up and
branching. The procedure is simila r to ray-tracing. Several expe ri-
ments have been performed to show the trade-off between storage requi re-
ment and CPU time-spent for the two metho~is.

5. We have developed a procedure for extracting reflection
coe fficients from noise data (9] which we feel is a s ubstantial gene rali-
zat ion of simila r procedures which have been reported in the literature
([ C] for example). Associated w ith these earlier procedu res are
Standard Assumpt ions and Steps which include requirements that the
da ta be noise free and that the observed seismic da ta be deconvolved.
Our procedu re avoids these restr ict ive requirements. Furthermore,
our procedure totall y avoids the c oncepts of z-transforms , minimum
phase, spectral factoriza tlon. forwar d and ceve rse polynomial rnanipula-
tions , etc. , w hich appea r in the l iterature on this s ubject.

Publications:

1. H. D. Washburn , “Multis tage Estimation and State Space Layered
Media Models,” Ph.D. Disserta tion, March 1977.

2. H. D. Wash burn and J. M. Mendel, “Multistage Estima tion of
Dynamical and Weakl y Coupled State s in Continuous-Time Linear
Systems,” submitted tor publication.

3. J. M. Mendel, N. E. Nahi and M. Chat-t , “Synthetic Seismog ram Using 
—

the State Space Approach , ‘ submitted for publication.

4. 3. M. Mendel, “Bremmer Se ries Decom position of Solutions to the —

Lossless Wave Equa tion in Layered Media ,” IEEE Trans . on
Geos cience Elec t ronics , Spec ial Issue on Seismic Da ta Processing ,
April 1978.

5. 3. M. Mendel and F. Aminzadeh , ‘On the Brenimer Series
Decomposition of Solutions to the Lossless Wave Equation in Layered
Media .” submitted for publication.

6. 3. M. Mendel and J. S. Lee , “Reinforcement of Reflections ,”
presented at the 47th Annual International Meeting of the Society
of Exploration Geophys icists , Calga ry, Canada , September 1977.

7. J. M. Mendel, N. E. Nahi , L. M. Silverman, and H. D. Washburn ,
“State Space Models for Loasless Layered Media ,” presented at 1977
Joint  A utomatic Control Con fe renc e , San Francisco, California,
June 1977.
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8. W. M. Chan, N. E. Nahi, and S. M. Mendel, “Computational
Soltitlona to a Non-Uniform Time-Delay Linea r System ,” presen ted
at Symposium on Applications of Computer Methods in Engineering,
University of Southern California, Los Angeles , California , A ugus t
1977.

9. N. E. Nahi , J. M. Mendel and L. M. Silverman, “Recursive
Derivation of Reflection Coefficients from Noisy Seismic Data,”
presented at 1978 IEEE Int ’l. Conf. on Acous tics , Speech , and
Signal Processing , Tulsa , Oklahoma, A pril 1978.

References:

[A] B. Friedland , “Treatment of Bias in Recursive Filte ring, ” IEEE
Trans . on A utomatic Control, Vol. AC- 14 , August 1969, pp. 359-
367.

[B] H. Bremmer , “The WKB Approximation as the First Term of a
Geometric-Optical Series ,” The Theory of Electroma gnetic Waves ,
A Symposlum, Intereclenc e Publishers , New York , pp. 169- 179.
1951.

[C] E. A.  Robinson and S. Treitel , “The Spectral Function of a Layered
System and the Determina tion of the Wavefo rms at Depth,”
Geophysical ProspectIng , 1977.

3. 2 Information Processing for Oil and Gas Exploration

(Chevron Oil Field Resea rch Co.)

J. M. Mendel (P.!.), N. E. NahI, 3. Kormylo, F. Aminzadeh,
3. S. Lee , A. Yu, M. Chan, H. D. Washburn

Objective Summary: Our research activities have been ii~ the following
areas: deconvolution by means of Kalman filtering and smoothing
tec hnology, one-dimensiona l sta te apace models of lossless layered
media , inverse problems , and minimum-variance estimation for uniform
causa l functional equations .

~~pproach Summary: We hav e applied Kalman filter and smoothing
technology to an Important nons tationary geophysical si gnal processing
procedure in which we simultaneously c orrec t for spherical divergence
and perform dec onvolution. We have also continued our development of
a new class of state apace model. for layered media systems and have
s tudied state estimation and parameter identification In the context of
these new models.
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Progress:

1. We have shown that our optimal smoother [1,2,3], which is
based on Kaln-tan filtering , can handle the nonstationarity associated
with spherical divergence easil y. It com bines gain correction and
deconvolution into one process , to produce optimally smoothed estimates
of the plane wave reflection coefficient sequence directl y from raw data
[4].

~~~. Our work on state space models of lossless layered media has
been in five areas: (a) extensions of basic model , (b) understa nding the
bas ic model, (c) computa tion, (d) inverse problems , and (e) minimum -
variance state estimation for uniform causal functiona l equations (UCFE).

We ha¼ t extended our basic model, which is for a horizontally
s t r a t ified nonabsorptive earth with vertically trave ling pla ne compressio’-~al
w a v e s , w here both source and sensor are located at the surface to the case
of sourc e and sensor in the first layer [5]. This is important for marine
sei smograms wherein both source and sensor are in the water  layer. —

We have established the co r rec t  initial conditions for our causal
func tional state s pace models , both for the uniform and non- uniform travel
time cases.  We have developed a closed-form solution of a UCFE [6] and
h~ive made many connections [71 be tween our Bremmer series decomposi-
tion, which uses state spice models to generate primaries , seconda ries ,
etc . ,  and recurs ive integral equa tions given by Bremnier [A]. Finall y,
we have studied the reinforcement phenomenon, which can cause a large
component ~o appea r in a se ismog ram that is due to the supe rpositi on
(I. e ., reinforcement) of many smaller components that are time coinc i-
dent [8].

We have s tudied a number of different ways  of simulating causal
functional equations both for non- uniform travel times and uniform travel
times . We have developed a ray tracing technique and a finite-difference
technique for the non-uniform travel time case [5 , 91. A special pa ra llel
computa tion procedure has been developed for UCFE’ s [6].

We have developed a procedure [101 for extracting reflection
coe fficients from noisy data which we feel is a s ubstantial generalization
of simila r procedure8 that ha ve been reported in the literature. We
considered a K-layer sys tem with uniform tra v el times and normal
incident compressional waves.  An equation was derived for the wave
that goes down into the basem ent. “Least aqua res ” values of the
coe fficients of this equation were obtained In terms of seismic surface
da ta . Our solution led to a set of normal equa tions which were then
solved via the Levinson procedure.

We have derived [6] the minimum-varianc e state estimator for
UCFE
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x(t + 1.) A x(t) + B rn(t) + w(t)

and its associated measuremen t  equa tion

= H x(t) + n(t)

When a grid Is overla yed on the time axis with grid size equal to data
sam pling ra te , T , we obtain a finite number of Kalman filters which
operate in parallel.

Additional details on eleven projects that were completed and seven
that are underway can be found in [ii].

Publications:

1. J. M. Mendel and 3. Kormylo, “New Fast Optimal White-Noise
Estimators for Deconvolution ,” IEEE Trans . on Geoscience
Electronics , Vol. GE-15, pp. 32-41 , Janua ry 1977.

2. 3. M. Mendel, “White Noise Estimator for Seismic Data Processing
in Oil Explora tion , “ IEEE Trans . on Automatic Control, Vol. AC-22 ,
pp. 694-706, October 1977.

3. J. M. Mendel and 3. Kormylo, “Single-Channel White Noise
Estimators for Deconvoluti on,” Geophysics , Vol. 43 , pp. 102-124 ,
February 1978.

4. 3. Kormylo and J. M. Mendel, “On the Treatment of Spherical
Divergenc e for Kalman Filtering Deconvolution,” presented at the
47th Annual Meeting of the SEG, Calgary, A lberta , Canada ,
Septembe r 1977.

5. 3. M. Mendel, N. E. Nahi and M. Chan, “Synthetic Seismograms
Using the State Space Approach ,” submitted for publication.

6. H. D. Washburn and 3. M. Mendel, ‘~Minimurn-Variance State
Estimation for Uniform Causal Func tional Equations,” s ubmitted
for publication.

7. J. M. Mendel and F. Aminzadeh, “On the Bremmer Series
Decomposition of Solutions to the Loasless Wave Equa tion in Layered
Media,” s ubmitted to Geophysics.

8. J. M. Mendel and 3. 5. Lee , “Reinforcement of Reflections,”
presented at 47th Annual International Meeting of the Society of
Exploration Geophysicists, Calgary, Canada, September 1977.
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9. M. Chan, N. E. Nahi, and J. M. Mendel, “Computational Solution
to a Non-Uniform Time-Delay Linea r Sys tem,” presented at the
Symposium on Applications of Computer Methods in Enginee ring,
Univ. of Southern California , Los Angeles , Calif. , August 1977.

10. N. E. Nahi, 3. M. Mendel and L. M. Silverman, “Recursive
Derivation of Reflection Coefficients from Noisy Se ismic Data,”
presented at 1978 IEEE Int ’l Conf. on Acoust ics , Speec h, and
Signal Processing, Tulsa , Oklahoma , April 1978.

11. J. M. Mendel, “Information Processing for Oil and Gas Exploration,”
Progress Report May 1, 1977 to May 1, 1978 , USCE Report 500.

References: -
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Geometric-Optical Se ries ,” The Theory of Electromagnetic Waves ,
A Symposium, Interscience Publishers , New York , pp. 169-179,
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3.3 Problems in Parameter Estimation and Identification

(The National Science Foundation)

G. A .  Bekey (P.1. ), J. M. Mendel (P.1.), J. MacCalla ,
S. Y. Chang , and A. Andronikou

Obj ec tive Summa ry: Our attention in this continuing s tud y has been

directed at both theoretical and prac tical problems of pa ramete r est ima-
tion, with the overall obj ective of prov iding a firm foundation for the
solution of idenUfi c~ tion problems in engineering.

Approach Summary: The first problem is concerned with the
identification of discrete time systems with state dependent noise by
means of maximum-likelihood methods. A second problem has been to
develop a Kalman filtering approach to obtain optimal smoothed estimates
of the reflection coefficient sequence that characterizes a lossless laye red
media system . A third problem is c onc e rned with identification of large
numbers of pa rameters in nonlinea r dynamic system s by random search
methods. The fourth problem applies sensitivity anal ysis techniques to

the study of errors in parameter identification. Some application papers
have also been published.

Prog rca 5:

Problem I. Udenti hication of d iscrete- t ime sys tems). We have
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developed a technique for maxim um a poster ion likelihood IMAPL) state
and parameter estimation for a scala r discrete-time system with
multiplicative noise [1]. Our approach was to develop a MA PL function
and show that its maximization leads to paramete r estimation equations
which are coupled together with a nonlinear two-point boundary value
problem from which we obtain state estimates. We developed an ite ra-
tive procedure for obtaining MAPL estimates which decouples the state
and pa rameter estimates. }.~esults have been demonstrated via computer
simulations. Extensions have been made to multivariable sys tems [2].

Problem U. (Kalman filte ring). We have developed a Kalma n filtering
approach to obtaining optimal smoothed estimates of the so-called
reflection coefficient sequence ([3] through [5]). This sequence contains
important information about s ubsurface geometry, and appears in a
traditional convolution s ummation model associated with seismic data
process ing in oil exploration. We have shown that estimation of the
ref lection coefficient sequence is equivalent to estimation of white plant
noise in an equivalent state space representation of the convolution
simulation model. We have derived optimal smoothers ([3], [4], and [5])
for the reflection coefficient sequence and have compared them with an
ad hoc prediction error filte r , which has recently been reported on in the
geophysics literature . Our estimators perform bette r than the predic tion
error f ilter.

Problem LII. (Identification algor ithms using random search). We
have developed an adaptive random search algorithm which periodically
performs an explora tory search to determine the locally optimum step-
s ize variance [6]. The algorithm has been applied successfully to the
identification of 25 parameters in a model of a nonlinea r, 5 degree of
freedom mechanical sys tem. Attempts to repeat the results using a
c lassical g radient procedure (Davidon-Fletcher-Powell) have been
prohibitive in computer costs , but lead to an estima ted saving of a
facto r of 100 in com pute r time by using random sea rch.

Problem IV. (Sensitivity analysis ). A sys tematic analys is of errors
arising in parameter identification algorithms and their rela tion to
experimental errors , identifiability and sensitivity has been completed.
While applied to a specific biological sys tem , the methodology in the
study is of gene ra~ app licability . A unique feature of the s tudy was the
sepa rat ion of the parameters into two groups: those whos e value s are
assumed known a priori and those estimated by the algorithm in question.
The results showed that it was possible to form a hiera rchy of the
sens itivity coefficients of a system , thus demonstrating the dependence of
the parameter estimates on measurement errors , errors in assumed
values of “known” pa rameters , structural errors , and nume ric al er rors .
The firs t results were  presented at a symposium [7] and a detailed paper
has been submitted for publication [8].
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Systems ,” presented at the 4th IFAC Symposium on Identification and

Process Parameter Estimation (Tbihsi , USSR , Septembe r 1976) and

accepted for publication inAutomatica , 1978.

7. T . Grov e , G. A. Bekey, “Sensitivity Problems in the Identification

of Biological ‘system Parameters ,” Proc . Symp. on App lications

of Computer Methods in Engineering , Los Angeles (Aug. 1977) ,
pp. 625-634.

8. T. Grove , G. A . Bekey and 3. Hayward , “Analysis of Errors in

Parameter Estimation with Application to Physiological Systems ,”

submitted to Annals of Biomedical Engineering.
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3 . 4  Synthetic Sensory Feedback and Human Ba lance

(The National Aeronautics and Space Administration - JPL)

G. A. Be key andM. Momirov

Objective Summary: The purpose of this study is to determine whether
electrical s timulation of the skin can be used as an artific ial sensory
feedback signal to enhance the postural balance of parap legic persons.

Approach Sumn~ary : We propose to measure the deviation of the body
axis from the local vertical , process the signals , and use them to control

- 
- 

the amplitud e of electrical stimulation on the skin above the waist. A
mathematical model will be developed so that control system design can
be optimized.

Results: The experimental portion of this stud y is being conducted at
Pancho Los Amigos Hospital with the cooperation of the Jet Propulsion
Laboratory. An existing floor-mounted force plate has now been
instrumented by JPL to provide a direct measurement of the reaction
forces F

~
, F~ and F

~
, as well as the ratios F

~
/F

~ 
and F

~
/F

~
. Th e

force ratios provide the targets of the angle of deviation from the local
vertical in two axis. Two canes are currentl y being instrumented with
strain gauges to enable us to measure the corrective forces to be used
by the patient to restore the vertical position.

A first stage matherna~ical model has been constructed , using an
inverse pendulum to represented the pa tient in long rigid braces.
Preliminary stability anslyes are encouraging .

3. 5 Recursive Image Enhancement

(The National Science Foundation)

L. M. Silverman and N. E. Nahi

Objective Summa~ yj The development of recursive algorithms for
solution to a variety of image enhancement problems including restoration
of images with unknown blur and object boundaries in noisy images. V

V Approach Summa!yl State space modeling of image statistics, blur and
noise processes . Development of two-dimensional Kalrnan-Buc y filtering
techniques based on these models.

Progress: Extensions of previousl y developed techniques for blur
effect removal have been carried out [1-3] and work on blur identification
has been initiated [4, 5]. Work on image boundary estimation is

- 112-
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continuing. Successful experimentation was performed on na tural (not
computer genera ted) pictures. The results are reported in [6J .

V Publications : 
V

1. M. S. Murphy and L. M. Silverman, “Overview of Recent Image
Processing Tec hniques ,” Proceedings of the 20th Midwest Symposium
on Ci rc ui ts and Supplies, pp. 179-187, 1977 , Lubbock , Texas.

2. A. 0. Ab outalib and L. M. Silverman, “Recursive flestoration of
Astigmatism ,” Proc. 11th Asilotnar Conf. on Circuits and Systems ,

-~~~ 1977.

3. M. S. Murphy and L. M. Silve rman, “Image Model Representa tion and
Line-b y-Line Recursive Restoration , ’ to appea r in IEEE Trans . on
Automatic Control, Oct. 1978.

4. M. S. M urph y and L. M. Silverman , “Maximum Likelihood Parameter
Estimation Identif ying a Class of Unknown Image Blurs , “ submitted
to 1978 IEEE Conf. on Decision and Control.

5. E. J. Dragavon and L. M. Silverman , “A Pattern Recognition
Approach to Blur Identification,” submitted to 1978 IEEE Conf. on
Decision and Control .

6. N. E. Nahi and S. Lopez-Mora , “Estimation-Detection of Object
Boundaries in Noisy Images,” IEEE Transactions on Automatic
Control , 1978 .

3. 6 Structural ProbLems in Linea r Sys tem s with_Ap~~~~a tion

to Modeling, Control and Estimation

(The National Science Foundation)

L. M. Silverman

Obj~ c Live Summa~~ j  Input-output realization and identification algorithms.
Geometr ic struc ture and its relation to Riccati equatio~ s . Gene ral theory
of Riccati equati ons.

A pproach Summary1 Study and apply algebraic and geometric struc ture
V f linear systems to va rious contr ol and estimation problems. Emphasis

on numerically robus t  algorithms.

Prog ress: Prog ress has been made on relating geometric struc ture to
trans fer function struc ture. Several new algor ithms have emerged [1,2].

_ _ _ _ _  ________  — V~ ~~~~~~~~~ ~~~~
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Significant headway has been made on the s tudy of non-sign definite linear
quadratic control problems [ 1. Precise c ondi tions and algorithms for
establishing the non-existenc e of finite escape times have been developed.

Publications:

1. E. Erne and L. M. Silverman, “New Crite rion and System Theoretic
Interpretations for Relatively Prime Polynomial Matrices , “ IEEE
Trans. on Automa tic Control, April 1977.

2. L. M. Silverman and P. M. Van Dooren, “A Sys tem Theoretic

V 
Approach for GCD Extraction,” submitted to 1978 IEEE Conf. on

Decision and Control.

3. E. Jonckheere and L. M. Silverman, “Spectral Th eory of the Linear-
Quadratic Control Problem : Discrete-Time Single-Input Case ,” to
appea r in IEEE Transactions on Circuits and Systems.

3. 7 Properties of Structured Sys tems

(The Joint Services Electronics Program )

N. F. Nahi and L. M. Silve rman

Oj~ ect ive Summary: To achieve a better understanding of the structural
properties of systems that can be decomposed , in some sens e , into
seve ral modules with a specified inte rc onnection structure . Successful

development of this area of research should lead to new design c oncepts
which will allow a more thorough exploitation of the underlying inter-

connected structure for c ontrol, filte ring, and Identification purposes.
Physical systems to which the results would be applicable are , for
example , deformation sate llites and com par tmental systems.

App roach Summa~yj To set up an ana lytic theory or the design of
control , filtering and identifica tion schemes having good “robustness ”

properties. When this is app lied to intercoup led system s, the struc ture

of the underl ying inte rconnection becomes par ticularly relevant.

Progress: This research was initiated in [11 by F. Jonkheere, an
~~~ s upported by JSEP, where it was shown that weak observability of
the flexible modes of a deformable satellite was related to the structure
of the coup ling between the rigid body dynamics and the flexible body
dynamics.

Progress has been made in [Z] where robustness Is defined in the
fi ltering content and where i tS connection with weak obs e rvability is
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shown. The underlying inte rc onnected structure of the system becomes
particularly relevant when robustness is conderned .

Along the same lines , we have studied the problem of concentrating
almost all the energ y of the motion into one preassi gned rn~~d~~l t- of an
interconnected struc ture. This has led to procedures for synthesizing an
input signal which makes the behavior of an interconnected analog system
very sens itive to the pa rameter of the preassigned module [3]. This is
the analog counterpart of “path sensitization ” in digital systems. It is
useful for the detections of faults in analog systems.

Consider progress has been made in the stud y of the Riccati equations

which arise in control problems. In particula r severa l long outstanding

ques tions concerning a c lass of such equations have been resolved [4].

pubbcations/ References:

1. E. Jonckheere , “On the Observability of the Deformable Modes in a
Class of Non-Rigid Satellites ,” Proc . Symp. Dynamics and Control
of Non-Rigid Spacec rafts , Frascati , Italy, May 1976 , European
Space Agency, ESA SP-117 , pp. 251-262.

2. E. Jonckheere , “Robustness of Observers for Estimating the State
of a Deformable Satellite,” Conf. on Altitude and Orbit Control,
Noordwyk, The Netherland s, Octobe r 1977, European Space A gency,

ESA SP.128.

3. F. Jonckheere , N. F. Nahi and L. M. Silverman , “A Geometric
Approach to Subspace Ene rgizability in Linear Systems. Application
to Fault Detection and Paramete r Identification in Analog Sys tems ,”
Technical Report , Department of Electrical Engineering - Systems ,
University of Southern CaUfornia , to appear.

4. E. Jonckheere , “Spec tral Theor y of the Linear-Qua dratic Optimal
Control Problem ,” Ph.D. Dissertation, Universi ty of Southern
California , January 1978.
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IV. ELECTRIC POWER SYSTEMS

1. A Study of Insulator Flashover Under Contaminated and

HVDC Conditions

(Electric Power Resea rch Institute)

T. C. Cheng and Y. B. Kim

Objective Summary: The goal is to facilita te a reduc tion in the number
of contamination-caused flashovers on overhead DC tra nsmission lines.

A pproach Summary: The program will Involve a coo rdina ted plan of
field testing, laboratory simulation and f lashover theory formulation.
The mechanisms of DC contamination flashove r must be determined.
On-line testing at Sylmar will be used to establish and Isolate the salient
factors leading to flashover. These factors will then be studied Inten-
sively under labora tory c onditions . Theories will be developed to exp lain
the observations .

Progress:

The project was started In Augus t 1976 and consists of five major
parts :

(1) Collection of wea ther and flashove r data. An automatic weather
station was set up at the Sylma r Converter Station to record on ma gnetic
tapes all the relevant weather information at 15-minute intervals. The
weather data will then be correlated with the field operating data at
Sytma r to determine the Important pa rameters.

V 

(2) Field Tes ting at Sylmar. A test station consisting of 9 poles
• of insulators and 2 control poles was built at the Converter Station. The

poles are directly c onnected onto the Pacific Intertie at a voltage of
.j 400 Ky. Instrumentation was built to monitor continuously the
per formance of these Insulators and their Leakage currents , peak currents
and surges are all being recorded. Monthly washing of the Insulators
makes possible the dete rmination of the chemical nature of the contami-
nants. The rate of accumula tion of these diffe rent ions have been
co rrelated with weather pa rameters.

(3) Laboratory Testing. A HVDC power supply was built on campus
with the capability of reaching up to 40 KVDC. The power bus line feeds
a test chamber which is capable of gene rating a foggy condition closely
resembling that of a natural fog . Intensive and accelerated flashover
tests under artificial contamination are being carried out. Through these
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tes ts, a new mechanism In a f lashover process was discovered, namely,
the formation of clean zones by scintillations.

(4 ) Scintillation Studies. A sepa ra te test set-up was built to study
the initiation of discha rges and to record on high speed movies the
prog ress ion of those discha rges.

(5) Theory Formulation. Theoretical work has been com pleted on
the initiation of discharges from c ontaminated water drops resting on or
hanging from insulator surfaces.

Publications:

1. C. T. Wu and T. C. Cheng . “Forma tion Mechanism of Clean Zones
V During the Surface Flashover of Contaminated Insulators ,” IEEE

Transactions on Electrical Insulation, pp. 149-156 , June 1978.

2. Cable Dielectric Breakdown Studies

(Southern California Edison Co. )

T. C. Cheng

Objective Summa~yj To determine the sepa rate and combined effects of
electric field and elevated temperature upon the aging/dete riora tion rate
of extruded dielectrics and to attempt to provide a phys ical descri ption
of dete rioration mechanisms.

Approach Summary: Dielectric samples of known quality are tested at
var ious field Intensities and tempe ratures. Electro-optica l effects will
be utilized to aid in the observation. A theory will be formulated.

- 
- Progress: The project was initiated in July 1976. A high voltage testing

labora to ry  was com pleted with facilities for energizing samples up to
100 KVAC. Samples of known qualities of dielectrics were prepa red and
the prepa ra tion technique was perfected. Discha rge experiments were
then performed on these samples. Electro-optical effects were also
measured as a tool to aid in the observation of the behavior of the samples.
Significant discovery was made in the detection of an electro- optical effect
in PMMA under room tempera ture. Further work Indicated that the same

• effect could be detected in cross-linked polyethylene at elevated
tempe ra tures. The usefulnes s of using this technique for nondestructive
field mapping purposes is presently being inves tigated.
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Publications:

1. R. E. Coope r, T. C. Cheng, K. Kantak andA. Rein, “Kerr Type
Electro Optical Effects in Solid Dielectrics, 1~ 1977 Annual Repor t
on Electrical Insulation and Dielectric Phenomena, published by the
National Academy of Science.

3. Ins ulator Contamination Research at U.S.C.

(Southern California Edison Co. )

Y. B. Kim and T. C. Cheng

Objective Summa ry: For maximum expected wetting conditions in
Southern California, optimize the utilization of semiconductive glazed
suspension insula tors in the Edison service territory.

Approach Summary: The minimum required power dissipation for a
sus pension insulator to prevent flashover and/or determining an optimum
design for the semiconduc tive glazed suspension ins ulator will be s tudied.
In addition, a materials test program will be incorporated to develop a
methodology for eva luating the performance of high voltage insulating
mate rials in contaminated environments .

Progress: The withstand strength of contaminated ins ulators under
• practical field conditions depends on the type and distribution of

contaminants as well as their conductivity. We have investigated the
dependence of flashove r voltage on the chemical composition of multi-
component contaminants and have proposed a unique method to relate the
flashover voltage to the types of salts present. Although the distribution
of contaminants on the surface plays a significant role in the flashover , it

V 
was found that no one portion of the insulator tends to predominate in
importance and the uniform contamination distribution yields the minim um
flashover voltage.

Dew c ondensation can significantl y lower the flashover voltage of
outdoor suspension insulators. Sinc e semiconduc ting glaze insulators
have the potential of eliminating moisture condensation, a com prehensive
thermal model describing their ope rating characteristics is being
completed. A semiconducting glaze flat-plate ins ula tor is chosen as a
test case. The resultant energy exchange equations are solved by Finite
Element Method on a computer. The importance of radiative heat loss
in facilitating flashovers is demonstrated. The theoretical predictions
compare favorably with experimental data .
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Publications :

1. L. J. Williams , J. H. Kim, Y. B. Kim, N. A rai, 0. Shimoda and
• K. C. Holte, “Contaminated Insulators-Chemical Dependence of

Flash over Voltages and Salt Migration, “ IEEE Power Appa ratus
and Systems , Vol. 93 , #5 , pp. 1572-158 0, 1974.

2. K. C. Holte , J. H Kim, T. C. Cheng, Y .  B. Kim and Y . Nitta ,
“Dependence of Flashover Voltage on the Chemical Composition of
the Multicomponent Insulator Surface Contaminants ,” IEEE Power
Apparatus and Systems , “ Vol. 95, #2 , pp. 603-609, 1976.

3. T. Tong, “A Thermal Analysis of the Semiconducting Glaze
Sus pension Insulator Operating Under a Polluted Enviornment ,”
Ph.D. Thesis , Department of Electrical Engineering, USC ,
September 1977.
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V. PLASMAS AND ELECTROMAGNETICS

1. Nonlinear Effects on Plasma Resonance Cones

(The National Science Foundation)

H. H. Kuehl, K. Ko, W . S. Wang, M. Shouc ri

Objective Summary: To obtain an understanding of the nonlinear effects
on p lasma res onance cones .

Approach Summary: This theoretical study is based on the fluid
equations for the plasma with thermal and nonlinea r effects included.

Progress: We have derived the nonlinear equation which governs the I

electric field of the resonance cones. For the case of a circular ring
excite r , we are numericall y integrating this equation to obtain the c one
trajectory and the electric field.

V Publication:

1. K. Ko and H. H. Kuehi, “Korteweg-de Vries Soliton in a Slowly-
Va rying Medium,” Phys. Rev. Lett. 40,233 (1978).

2. Ion Resonance Heating Studies in a Tokamak

(The National Science Foundation)

D. G. Swanson

Objective Summary: To obtain more specific understanding of the
- I heating mechanisms in the resonances occurring nea r the ion cyclotron

frequency in a tokamak.

Approach Summa ry: Theoretical approaches are based on the
inhomogeneous mode conversion and tunneling equation with a sink term
to represent absorption. Experimental measurements are to be made on
both Microtor and Macrotor in collaboration with s taff at UCLA .

The Green ’s function for mode c onversion tunneling equation
has been obtained and applied to cyclotron harmonic heating and the
two-ion hybrid resonance. Preliminary measurements on cavity modes
have been made in Mic rotor , obtaining cavity mode numbe r and cavity Q.
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Diagnostic equipment for more detai led studies have been prepa red.

Publications:

1. D. C. Swanson, “Cyclotron Ha rmonic Absorption Via the Green ’s
Func tion for the Mode Conversion-Tunneling Equa tion,” to be
published in Physics of Fluids .

• 2 . D. G. Swans on, “Mode Conversion and Absorption in a Dente rlum
Plasma with a Hydrogen Impurity ,” Proceedings of 3rd Topical
Conference on RF Heating, Pasadena, Calif. (1978).

3. Gregorian Corrected Toroidal Scanning Antenna

(USC Sponsored)

V F. A.  Y oung and W .V .T .  Rue ch

Objective Summa ry~ To develop appropriate analytical techniques for
the analys is of the generalized Gregoria n corrected toroidal antennas , and
to carry out stu dies of this class of Scanning antenna system .

~ pproach Summary: To apply integral and asymptotic techniques
(physical and geometrical optics) for the analys is of this type of
antenna .

~~~~~~~ss:

V 
(a) A complete and coherent derivation of formulas for calculating

the caustic distances of the reflected wavef ront from an arbitrary surface
I. developed.

(b) A test computer program is developed to check the results of
the objective s oftware called TOR US.

(c) The computer program TORUS is tested and proven to be
adequate to take care of all design objectives.

(d) Parabolic , elliptic and spherical toroldal antennas with Gregorian
correcting subreflectors are designed and evaluated. It is shown that the
parabolic torus has superior performance.

Publications:

1. F. A. Y oung and W.V.T.  Rusch, “Analysis of Toroidal Dual-Reflector
Scanning Antennas ,” IEEE/A P-S Symposium USNC/URSI Spring
Meeting, Washington, D.C., May 15-19, 1978.
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4. Forward-Scattering from Cylinders of Triangular Cross-

Section

(USC Sponsored) V

W.V .T .  Rusch

Objec tive Summary: The induced-field-ratios (IFR ’s ) of conducting
cylinders of triangular cross-section have been calculated. When the
width of the cross-section is in the range of 1-2 wavelengths, the E-
polarization IFR ’s are s ubstantially less than the corresponding values
for squa re or circular cross-sect i ons. From the standpoint of RF
ape rture blocking of a reflec tor antenna , the triangula r cross-sect ion
thus offers an advantageous cross-sect ion for feed-support struts .

Approach Summary: To apply moment-me thod theory to calculate
currents on triangular cy linders induced by incident E-pola rization ?nd
H-polarization plane waves .  These currents then directly yield the IFR
values. 

V

Progress:

(a) A complete set of computational data has been genera ted using
the 360/44.

(b) A document describing the calcula tion, presenting the data , and
commenting on the significance of the results has been prepared, reviewed ,
rev ised, and accepted for publication.

Publications:

1. W . V . T .  Rusch , “Forwa rd-Scattering from Cylinders of Triangula r
Cross-Section, “ IEEE Transactions on Antennas and Propagation.
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