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injection locking of oscillators, demonstrating mi llimeter—w ave
modulation of injection lasers through mode locking, reducing AM and
FM noise in solid—state oscillators by optical Illumination , and develop-
ing new optical and microwave devices  with optima l opt  ic;i l —microwave
In t e r a c t i o n  charac te ris t i c s .
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tion locking process is discussed . Possible methods  ot obt aining suit—
able opt ical  sou rces for suhharmon ic op t ica l  i nj e c t i o n  l o . k i n g  of
mi l l imet er—wave  DIPATT osci l la tors  are suggested . The e x p e r i m e n t a l
resul ts  of opt ical  in jec t ion  locking of X— ha nd Si IMPATT o s c i l l a t o r s
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phase locked to a signal generator tuned to “2.9 CH~... Substaut m l  I r e—
que ncy noise  reduc t ion due to o p t I c a l  I l l u mi n a t i o n  ; ‘ fl~\i i l l  t’ ’~ t I~~fl 1 o . k  I iig
was also observed. Pre l iminary  results on the s tudy  of \~ i I t  I V I  modt ’ lock
Ing of CaA 1As semiconductor I n j e c t i o n  lasers is given. ~lii c i  t t ’~’ ts  ( t t

lase r mediu m di spe r s ion , re laxat . Ion ose i l l  at  ion , and t. lie b p~’c t r.~ I h ro.id—
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SECTION 1

INTRODUCTION AND SU~~1ARY

The use of an optical signal to  control solid—stat e microwave

devices has attracted the attention of many researchers . It is ~i p r o —

m l s in g  me thod of p rovid ing  h ig h—speed control ( s w i t c h i ng ,  locking, gen—

era t ion , etc .) of mi crowave signals at high power I eve is • ihere ire

two approaches to accomp i I slu ng optic al control : illuminat e the pas—

~e elements in the circuit or Illuminat e the ac t i Vt ’ ci ement s • An

example of the first approach is the optoe lt ’ct ron ! c switc h ing of micro -

waves in silicon to generate short bursts of microwave s i g n a l s  with com-

plica ted waveforms. 
1 Examp les of the  second approach i re  t h e  reduc-

tion of the turn—on phase jitter of TRAPATT osci 1 l at or s , t h e  oln I t ’, t l

switching of GaAs IMPATT oscillators ,’~ and the optical injection locki ng

of microwave transistor oscillaors.
5

This program is designed to study the phvs I cs of nuicrow.iv .’ and

m i l l i m e t e r — w a v e  semiconductor devices tinder optica l illumi nat ion with

the specific goals of achieving opt ical m eet Ion locking of o sc i l  I a —

tors , demonstrating millimeter—wave modulat ion of ~nje ’c t  ion lasers

through mode—locking , optical lv controlling the AN and FM noise ot

oscillators , and developing new devices with optimal optical—mic rowa v e

int eraction characteristics.

During the f i r st quar ter , we studicd the feas~ b il it v ~ f opti cal

I
, i n ice t ion locking of millimeter—wave IMPATT osc l i la t ors and began a

s t u d y  of at ’ t ive mode—locking of GaA1A s i n i e c  t i  on la st  rs . Exper fluent s

• on the optical inj ect ion l ock i n g  ot  X—hand SI TMPA’I’i’ oscillator s were

carried out also.

~~~pt ical in~ ect ion locking of usc ii liters in pr inc  inle i s  i d e nt  ica 1

to elect ci cal inject ion I ock ing . l’he on I c d i f f e r e n c e  i s  in  t lit ’ L I V  t l i t ’

locking si gna l is in t roduced  i n to  the osc .i i la t or  ci rc tii t • In the opt i—

ca l  approach , the  key is to oh t a In ef f Ic  lent laser  moth I a t  ion  a n~1 i ’l l  —

ci cut  opt I cal coup 1 in g  I n t o  the act i V t  e I ement of the usc I 1 l i t  ui . I. ’

6
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phase lock a m i l l i m e t e r — w a v e  o s c i l l a t o r  r eq u i re s  us ing  subb a rmon i c

locking s ince a m i l l i m e t e r — w a v e  modu la t ed  o p t i c a l  source is not avail-

able. Therefore , the nonlinearit y of IMPATT diodes is an important fac-

t or  in d e t e r m i n i n g  the  e f f i c i e n c y  of the overall locking process. O p t !—

• cal injection locking of a Si IMPATT osc i l l a to r  to  I t s  t h i r d  subharmonic

s ignal  was achieved.  A r educ t ion  In o s c i l l a t o r  noise throug h optical

• illumina tion and injection locking was observed . We have begun a s t u dy

of ac t ive mode—locking of semiocnduc tor l a ser s  to d e t e r m i ne  t h e  el f e e t s

of laser medium d i spe r s ion , laser rt ’ laxa t  ion oscillation , re 1.1 t I vt

photon and e lec t r o n  l i f e t i m e s , and the  spec t r a l  b r o a d e n i n g  mechanism on

the success of the mode—locking  process.

_ _ _ _ _ _ _ _ _ _ _ _ _. .
~~~~~~~~~~~~~~ - . .
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SECTION 2

STUDY OF SUBRARMONIC OPTICAL INJECTION LOCKING OF OSCILLATORS

Optical injection locking of transistor oscillators has been

demons trated at low microwave frequencies with both fundamental and sub—

harmonic locking. To extend this technique to the millimeter—wave fre-

quency region, subharmonic lock ing will have to be used since no

millimeter—wave modulated optical source exists.

The phenomenon of injection locking of oscillators has been under
study for several decades. In principle, optical injection locking is

exac tly the same as electrical injection locking except for the way the

locking signal is introduced into the oscillator circuit . The basic

equation describing the injection—locking process is6

= AW
L 

— tan 0 , (1)

where a is the relative phase angle be tween the in j ect ed signal and the

oscillator output signal; 0 is the phase ang le of the respons e f unc t ion
of the ac tive nonlinear element in the oscillator; 

~ 
is the external

quality factor of the resonant circuit; &u is the oscillator output fre-

quency; and AW
L 

= W
L
/n — w , where n is the order of harmonics , and

W
L 

is the frequency of the injected signal. In gener ’l, tan 0 is a

function of a.

Important information about the injection—locking process can he

derived directly from Eq. 1. For ins tance , under stable in jec t ion

lock ing ,

da 
-

which  leads to

= — Ian fl . ( 2 )

8
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1h’ r e fo r e  , t he l o c k i n g  r an ge  is  g i v  cii 1w

(.\uç ) — — •0 I tan ( ~~ ) , ~ I)
t . max .Q

and , w i t  h E n  t h e ’ l ocking h ind , Eq. ‘ g i~~’e’s , t or , i  g i v e n  I r t ’q u l t ’nc v  dcv i . i —

t ion be’ twen u’ and ,.~1
/n , the’ p hase ’ ang le a f t  t ’r locking .

So the problem of ana l v~ ing i i i  i C  t ion— locked i ’s t  ii 1.1 t ur s  ht ’ t ’ e, me’s

that of f Intl Ing tan ~ for the g i v e n  noni  i n t ’.ir , i t ’ t ly e  clement in the

~‘sc I I lator circuit • The non l i n e a r i ty  of the ’ ,it t l v i ’ e l  e’me ’n t  can l’~’

a p p r ox i m a t e d  by a p o l v i i o m i . i  I of ’ the I ol  l o w i n g  I o rm :

l — f ( ~’ l = a  + . I v + ,u ,v~~~+ , u v
1

+ ,,. + , u v ~
o I I iii

where in should be at  l e a s t  equa l to  t he order  o t t h e ’ req ii i red lock i uig

The total input to the  n o n l i n e a r  e’ I ement Is  t h e  sum of t li t ’ usc  i l l  . it  or

out put feedback and the tui j cc t ed locking s I goal • I I ~. ,iiiel .1  re ’

assumed to h~’ harmonie’allv related , t hen

v = V cos ~ct + v ~‘os n (~ I + ~~ 1 . ~ 
‘
I

in 0 1.

ilv s u b s t i t u t i n g  Eq. ~ In to  Eq. 4 , lie p lt.ust ’ aug It ’ ~ el I \ it f

que’ncv ~. can he c a l c u l a t e d .

For Iund.unue ’nt .11 l o c k i n g ,  set  n equa l t o  1:

s i n  a
(tan 1 1  

I — ~~ l~ ~
•

+ t:os~ ~\ 
‘

where

“ 1.
x —

ci

+ 1k 1 ( 1  + x~~) / 4

‘I 
— 

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

—.- - 
i~~

_” x
+ 1k ( I  + x )/ .~

— .i . v ’
I I t ’  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~ — - -
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We have al so  assumed t h a t  k
1 ~‘~~‘ k.~ , k 3 and t h a t  k = 0 or I ‘

~ 3.

For subharmonic l o c k i n g ,  n is  a t r a c t  ion , and ( t a n  o) can h c i i —

L’ulat ed t o  he ’

( t an 01 A - - - ~~-~~~~- - ~- “- 
, (7)n n I + A cus

U

wher e ’

“1/’ 
— (for n = l / 2 ~

+ 
,
. k

1 
(I + 2 x )

I Ik x
4 3

A 111 
= ( I ~~~’ r ’  U 1!~~ . ( ( 1 1

+ 
,
~ 

k 1 ( I  + 2x )

To ca l cu l a t e  the locking range , we net ’ei ( t a n  ~) • 1)1 f f~’r~’nt i a t i ng

Eq s .6  and 7 y ields

:1 x( t a n  ~ I = * —
~~~~

— - - —  ( f o r  f u n d a m e n t a l  lo c k  imax ~~~~ 

and

A
( t a il  ‘.~ 

) — —
~~~

--—-——- I, for suhh ai -mo n I c  lock i n ’,~’1
max

For a sma 11 i nj  cc t lu g si g n a l  (x c.. 1) . we have

( tan t.1 I ‘ X ( f u r  U = I ‘
I

I ,max

and

(tan 01 ‘ A (for n = 1/.’. I~ ~In,max U

10
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— ‘/2 . l’hus , t he  re’ l , i t . i on  be t We ’e’u t l ie ’ l e e k  i n g  i ,tngi ’ , i i i d  1 o* ’ k i ng

c,s in c i !  0 5 1’ ii Liters is quite ~‘omp 1 i cat  i ’d. For q i u t l i t  i t  a t  iv ~’ ~‘v , i  I u at  i on ,

n u mer i c a l  cue  I t i e tents a 
I 

a , anti  ,i ne~t ’d t o  he d~’t ‘ t i ’ ~ i t ied . l i t e s t ’ , , i j i

be o n t a  i ned front a I .irgc—s i gii5i I au.t I vs is of t h e  I~ l l ’ .\ i i ’  d i  ‘ ,L . or  t l i t ’~’

• c an he n.’,isn red e’xpe ’ r [men t a l l  v

i t flc ~~~~~ I cm t ’t l c o u r l t  e ’r ~’d s i t  ii o u t  i c ,i  1 i n  i c c  t ion  lo~ k i n g  is  t h a t  t i l t ’

i e i e’nev of opt tea I a l ’so rpt  i ot t  u!  t l i t ’ I ~f I ’ .\ I I ’  di edt ’ is ~s ’s ’ F.  C o i t v e t i —

t ~on ,t l  d i o d e  p~iek~ig Ing  is  no t  suit abl e ’ t o t ’  thi s p u r p o s e ’ l’ i ’~ . i t l 5 t ’ i t  is

dl f f ten it t o oh t a m  nut f o r m  i l l  urn i n a t  ion * ‘vi ’ F I l i t ’ cu t  i l - c .1  t e a  ,i t  t lie

diode. Tvp Lea I Iv , t he d i  odt ’ w O n !  d l i , i v ~ ’ a dl ,irne’t i i  o f  ~~~ . • m d  op t i —

cal r ,m diat ion 1 ru n t  a ew g,tAIAs l.i ~ cr (lt .~~ . at i i i  s , m ~ ’ e ’ l e n e I  i i )  s ’o t i l e l  h~ vc

,mtt ,mhs ot p t [c’ii cs it ’It Ic lent 01 .1 t)O1) i ’m 
I 

s I I I con . I h e t , ’ F , . l o t ’

I ( ~ n of  t r a v e l i n g  d i s t , m n c t ’ , t h e  oi’ ic a l 1 m it ensi tv i. i l I d r o p  t o

(or  i~
’ ’  I of  it s in it ia I v . m I  t i c . l’lius , ,m i t  h ou g l i  l i t ’ i t t  i i i  .‘~I t  on ~~t op t  i—

ca l  power  is Fl0t’ t ’ e’f I i c t en t  w i t  It e d ge’ i I I un i nat i , ’it , t he’ I I inn I oat o i l

nonun  t orni . St l onge r ahsorpt ion  ne’, m t ’  I i  t h y  i . e  t ’e lc e  m i g ht  ~‘ t ’1iei ’,lt e ’

m i c r o p I msm ~m [0 t li ~ ’~~~’ r eg i o n s , t i  i gger los ’,mI i : t ’si .mv ,i l. iti, iis ’ ~~ t
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‘l ’he ’ s t t h s t ~~ , m t t ’ c a n  ht’ t h i n n e d  to less t li , i ’ i tO  at . It . i  i’ i n g  , ‘~‘n t  l e t  IS

used on t h e  substrat e ’ side’ of the  d i o d e  • we s’ i I I h,ivc a Iii e, i~’ i ~I, ’s

f o r  illumiti.m t ion .  A l t  boug h ~ t ) ”  of t i me ’ l i g h t  w i l l  he . t i i i o t ~~t ’d by t i t t ~

subs Irate’ * the ove ’ F.m I I ill nut i n at  i on  o f  t i t e ’ mc t I ye  r i g  i o n  i~’ i i t  h5 ‘ ‘ .n i i e ’li

i nu r e ’ u n i f o r m .  l ’i t i s  ne , mt i s  t h a t t h e  use  i i  l , i t o r  is’ I l l  o~’et , t t  e ’ n s ’ t  C t il t  l t ’t lv

• and v i i  I t l i e t ’ e ’ t  ~r e  h~’ more , t t  t t a c t  l y e ’ f or our  p u r pose . A l  so , t lie I i g l i t

,i l s s5 r’h~ ’ d 1w t h e ’ .~tibst t a t  t ’ i s  no t  ~‘omp i t ’ t c lv  w . t s t  ~‘d n . e  o t t  i c m l  I I 1 in n i —

~~~~~~ i on  can t’ t ’O U i ’ t ’ t h e  r e ’s i s t  i v  i t  V o f  t i le ’ ~ n i ’ ttt F i t s ’ .nt d li e ’ r i m p r o v e  I h5 ’

O\’ t ’ t ’ .l ii t ’ t Ic I t ilt ’ V u t  the d I o~l t ’ .

Fe r st i h h a  m o n  c lock  t u g t 0 50 r k • I he ’ t o n 1 l I l t ’ i F  I t  V of  I he ’ i i ’ I I V , ’

de’vit ’t’ s hou l d  h e ’ ri ’,msott.ml ’ i v l a r g e , is ev i d e n t  I rout I’ *~s. S ,n ’d L) Ih~’

non I t n e ’~ir i t \ ’  0 1’ t h e ’ IMPA’l”l’ d (od e ’ slt~petid s on it s h i t s  i ng , m n d  I lie ’ f i t ’ —

t~ t t ’i i c v  u t’ usc  I I  L it  i o n .  h v  ad t i s t  i n g  t i t t ’s c t wo p a r arn e t •‘rs , i t  u i  ‘ i t t  i c
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To achieve optical injection locking , there are two basi c’ ;mpproaches .

Figure 1(n) illustrates one of these , in w h i c h  the ’ opt  i c z m  I signal mothi —

lated at some suitable millimeter—wave frequency is guided direct I v  into

the active reg ion of the IMPATT ose ’ Illit tor. ‘I’Ii e IMPA’l”l’ d lode’ a c t s  as

the optical detector , the harmoni c ’ c o n v e r t e r , and t h e  millime t er—wave

oscillator. The merit of this approach is its simp li t ’itv ; its disadvan-

tage is that poor optical coup ling and tioni inear upconversion can he

expected to cause efficiency t o  he low. Figure 1(h) illustrates the

second approach , in wh I cli , to improve the c oup ling and conve’r i on  e lf  I —

ciencies, the optical signal is not used to i l l u m i n a t e ’  ( lie IMI ’A TT

diode d irect ly. A separate opt i ca 1 de tec  to r and i i  ha rm ot t  Ic c on v e r t  t’r

are used In front of the IMPATT diode t o  die tee t t lie opt i cii i si gun 1 an d

upconvert it to the TMPATT’s fundamental frequency. Then fundamental

electrical in jec t ion  locking is used to achieve’ the’ Ie)cking. ‘I’h e titer it

of this approach is tha t each single step can he optimized for its spec ’ i —

fin function , with the tradeoff being the comp lexity . However , t i te

se cond approach can eventually evolve into a new type of r n i l l i r n e ’ t e r — w a v e

source in which  all the components are i n t eg ra t ed  into a single c h i p

package w i t h  compactness and min ima l coup ling loss between stages.

The efficiency of i n j e c t i on  lock ing  of oscillators det ’rt’ascs its

the order of the subharmonic increases. Thus, It Is i m p o r t  tint to have’

millImeter—wave modulated optical sources and keep the sub hitmrrn onic order

low. It has been shown both thoeret lcally and e x p e r i m e n t a l  I v  t t i n t

direct modulation of injection lasers has a practical u nt il of less

than 10 GHz . Therefore , a different approach is needed t o  mo eheml at e ’

t i t e ’  i n j  et’t ion laser o u t p u t  at  low m i l l i m e t e r — w a v e  f reque ’n c  i cs • t )ne

p r o m i s i n g  metho d  is through mode l ocking. It m i g u t  he ~ O55 111 1 e ’ ( C )  oht  a i n

)0—p~ ec ’ pulses at zi 10—Gil” repetition rat e l)y mo dul ating a taA I As I ,lst ’r

in  an e x ter n a l cay I ty c o n f i g u r a t i o n .

Once a l0—GHz repet  i t  ion rat t’ of 20—p sec pulses i s  ac i t  I e’ve’d , wave’

sp l i t t i n g  and recombin ing  techniques (‘an be used t. ci ob t a  i i i  o p t  i cii i

pulse  t r a ins  w i t h  r e p e t i t i o n  r at  c’s equa l ‘ o mu 1 t i p ies  of ’ It ) GILt (~ms

shown In F I g i t  r e ’ 2) . For nu t  op t  i c ~~i 1 PUls e t i t t  i t t  w i t  Ii a t ’e ’p e ’  I i t  h ii t at t ’

k.; 
- .=.~==,-“, ~_ -~~~~~~ 1~ 

‘
~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~

-
~-~~

- ‘
~
‘ ‘~~~~

‘—‘ —“‘-‘ r —  — 
-. . .



“‘ r”w ~~~’~
’ ‘

~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~
‘•

~
“ ‘~~“~‘T”~ 

‘
~~
“

~~~
‘ 

~

‘

~~
‘
~~
‘
~

-•• 

~~~~~ :~~~
‘
~
—‘

~~~~~‘ ~~~~ 

—

“)

Itt) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ 

iii 11 (
~~OI~ ~

H A R M O N I C

CONVI Hit H

F U N D A M E N T A L  E L E C T R I C A L
INJECT ION LOCIcING —~

I
’ 

I M PA T I

1,
~~~~ I L LA TOR

ii

I i  ~
_‘.I I t  I’ I • IS , ’ 1 ‘ ‘ I  ‘ ‘. I ,  i t , ’’ I ‘ ‘ ‘ ‘  i , ,  i 1 0  I ’ ’ ’ I ‘ t i  h i ’.

‘ I  ‘ I t  I I  t i ’ i , ’ t ’ ’ I i , , ’ \ ,  ‘‘ ‘ \ i  I ,‘ h 1 , 1 1 ~~~1 . .

.,_ .

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ~~~~~~~~~~ ‘~~~~~ ‘



‘
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

‘
~=~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ ‘

~~~~

-i

F , t i l e ’ t j ute ’  l ap se ’  bctw~~~’it 1w, ’ t ’oltse , tt t lye I ’ l l  isi s i s  I / F .  I , ’ i i i  t , i ’ ’ ’

t i l e ’ ~~U i s e  i ’ m  t e ’ ‘v a I’ m , ’ 1 01’ t ’  I in i~’ , ’ t t  I d  i t ’t i ti l i e ’ ni p~ I u ’s ‘ ‘‘ ‘t i nt op I I •

5e 1’, I ‘‘ i t  ed !tv , t  c l i  ot m e t ’ d g i v e n  ‘v

I I 1
eI~~~~ c >. , t’.I iii ,

F e , ’  F = i t )  (~h i , . nid mu — .‘ , ml = 0. i’ ’ i ’m. i 1 t  ‘n i t ,  , i t ,  ‘p t  t ‘ I i i i  I

is’ i c l t  It s i l e n t  t e l  he’ tu a F i ’ois’ ce n t t p t i t ’ t ’ sl t e e  t lu t t’ i , ’ l e e r  l o c h  I (ti l l .

‘l’he ’re ’ • m r t ’  ,i t~~~ i~ v ar  i . m t  i s ’t t ”  , ‘l  f l i t ’ has  i~ s, ’ I t , ’i ’i , ’ s l u ’ s t t  I i i  I i

t h at  , ‘ , t n be’ m t s t ’ ,l ~~ j u te  t’ e ’t i se ’ t l I e ’ P° I Sc ’ I ’ t m t  c ’ * s t t s ’ I t  , i  o p I i s i t  I t se t  ,h ~ ’ I a ’,

I t i l t ’s . m t i d  h i t  e ’ g r t u t  eel c~~e (  ( c i i  ‘‘ I  i’ ’ ’ m m i  t ;  i t s  l u g e ’ h , t u t i t e ’ I  i~’ i ~~ , ’ g I i  ( he ’ c h i t , ’ , ’ —

10 11 .1  I , ‘ , ‘ i t ~’ It ’ I ’ S .  t I l e ’ , ’ . t I ’ i ’  1 0 . 1,  li t ’s i t , ’ t ’ t i ~~~~c t ’ I i i  I I v u t ~, ’ I u I I I i i , ’ , ‘ ,  I 
~
. I t i n  I

C e p I  ( e ’ . t  I p i t  It .e l t ’ I t e ’ t i t  l ’ e n  m’ . m t  e ’ i s  hi g i t  e ’ i t c ’ i l g lt  ‘ ‘ I  i i  I i t t  t i ,  i , ’\ I I I l t t ’’~ l i t —

~‘,‘h ~, tI tic s n t . m  i i .  I i i  t l i e ’  h i t  eg i m i  e e l  op t  ‘‘ i l  c ’ h i t ’ i i l I i p i ’ t c s t ~~I t , I i i , ’

.ipp l ’u xim ti t . e’ e’ i  t’ , ’ t i l t t a n  in’ I , t h t ’ i c , i t  eel ,‘n .m n i,iNk~ stih es t i i ) , ’ i ’’~ ‘h o t  ,‘—

I i t  i, ’i’,i , t 1 t i t v  wit i l ’  ( t i c ’ I l i t e ’ t i t i l  ing Is done ’ t i s  I I i i ~ I l i t ’ ,‘ I c c l  m o o l l i  I ,  t ’~~

7~ 72.6

I 
_ _ _

~~~~~~~~

d

+ \
d 

_ _ __ _

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

I _ _ _

F ( g t i t ’e .‘ . Wave  ~p t i t t  l i t t ’ mu tt t , , ’unii ’ l i t in~ I ,‘t ’ im t t  ( t i t l e ’s t , ~~t ‘ n i ll I ‘t \ t u g
e~~

i( I en I P t I ~i t ’ t e ’~ ’~ I I I i ’ l l  I I t  C ’

~~
~ S

— - -  — 
~~~~~~~~~~~~~~~~~~ 

-~ ~~~~~~~~~~~~~~~ 
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ k’



-‘ ‘~~~ 
.
~~~~~~~~~~~~ ‘ ‘ 

~~~
‘:
~~~~ ~

“- : ~~~~~— - ~~~
-

~~
-- --

~~~
- - 

~~~~~~~~ ‘T’~~~~~~~~~,v—i~-r,

11

SECTION 3

OPTICAL INJEC I’ION LOCKING OF Si I~~ ATT OSCILLATORS

Opt ical inject ion locking of Si t r ans i s to r  o s c i l l a t o r s  and GaAs FET
oscillators has been demons tra ted wi th bo th f undamen tal and suhharmonic
injecting signals; switching of GaAs IMPATT oscillators with optical

pulses has also been achieved .
4’5 However , opt ical inject ion locking of

IMPATT oscillators had not previously been attempted. This section

repor ts the successful locking of X—band Si IMPATT oscillators by opti-

cal injection .

The IMPATT diodes used in this experiment were packaged commercial

devices from Hewlett—Packard (HP 5082—0435). The frequency of operation

was 8 to 12 GHz with an operating voltage of ~ 90 V and operating cur-

rent of ~ 3O mA. The diodes were mounted in a microwave package , as shown
in Figure 3. The devices were hermetically sealed in a ceramic sleeve

with metallic contact on each end. To expose the diode chi p for illumi-

nat ion, we cut a small groove in the ceramic sleeve using a wire saw.

The diode package was then mounted in an X—band microwave cavity with

a waveguide tuning short on one side and an output coup ling probe on

the  o the r  side. A small hole was dr i l led  in the side of the cavity such

th at an optical fiber could be fed through the cavity wall to allow the

output of a modulated injection laser to be coupled to the IMPATT chi p.

The experimental setup is sketched in Figure 3. The opti cal coupling

ie I lie iency to the IMPAT ’I’ diode wtms poor due’ to  a protect (ve~ e’oat lug that ‘

surrounds the chip to prevent edge leakage and breakdown . Nevertheless ,

third suhharntonic injection locking was observed with this arr~ ngemcnt.

Figure 4(a) shows the source signal at 2.918 GHz and —2 dBm ; t h i s

signa l is used to modulate a GaAIA s laser. Figure 4(b) is the spectrum

a nt i  I ~‘t t e r  d Isp lav of the TMPATT use ii lator output at 8.754 CHz and

I ’ -’ dBm . in our experiment , the’ IMPATT output spectrum was monitored

w i t h i ( t i c ’ spectrum analyzer whi it’ the laser modulation f re’quc’ltev was

i I l t t ’ et I I I , t t i ( t . l  I I v  . i I ’t ’ ( i i l el 2.° IM t : I s ,  . t’i g i m t c ’  ‘(h) shows t l ie’ IMI’A’t’’I’ use ’ (I lator

1 ‘
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Figure 7 shows three output spectra from the  same IMPAIT eise ’ i l l at e i r .

F i g u r e  7 ( a )  is the  f r e e — r u n n i n g  O S e’ illatcu r output at 8.11 3 GHz and

1 4  dBm . Figure 7(b) is the spectrum of the same osci I l ;m t o r  under  opt I—

cal illumination with constant intensity. There i s  an upward f requ e n e ’v

s h i f t  ot 80 kllz and a s u b s t a n t i a l  f requency  noise ’ re’duction (“8 dB)

,ir eund the osc I l a t  ion f r e q u e n c y .  F igure  7 ( c)  Is t h e ’  ou t p u t  Spe ’c t rum of

the  os c i l l a t o r  phase locked to a s ignal  source at  2 .704  GHz . The’re is a

f u r t h e r  reduct ion  of FM noise by about S dB . Thus , an ove ra l l  f r e q u e n cy

noise improvemen t of i i  dB is accomplished by the optical i n j e c t i o n

locking proc ’ t ’ss In the  IMPATT o s c i l l a t o r  o u t p u t .

As a compar ison , we.’ a iso examined the  behav ior  of a Si t t’ i i i is  i stor

oscillator under similar conditions . Figure 8(a) shows t h e  fret’ r u n n i n g

05e ’ i i I at ei r output , w h I c h  has a frequency cli i rp in g of ;ibomi t ( ‘m l ) k l lz  ,i t

about  2. 6 GHz. Figure 8(h) shows the  spee ’t rum of t I l e ’ sam~’ use iH  a t  t i F

when illumin ated h’, a fe’w ml I liwat ts of opt i cal power .  Thtt’ use ii h at I t in

frequency sh i f ted downward by about 15 MHz, anci the’ frcquent ’v c h i r p i ng

was enhanced to about 190 kHz. The f r e q u e n cy  no i se  incre’ase’d by rotig ltlv

10 dB. FIgure 8(c) shows the  spec t rum of t he  locked o s c i l l a t o r  ( l u n d a —

mental locking). The f requency  c’h ir p ing was quenched s in e ’t’ t h e ’ lock i i t g

band in t h i s  case was abou t 2 MHz. The frequency purit y of t li t ’ , is t ’i  I—

I t m  t o r  was s u b s t a n t i a l  iy improved over the  f r e e  r m i n n  I t t g  ease’ , c’s pe ’c ’ in l i v

within 100 kHz of the  o s c i l l a t i o n  f re qu e n s ’v .

The ci ifferent behavior between the  IMP \1’T oSe’ i l l  a t t i r  and 1 l i e ’ Si

transistor eisc’ i I lator under opt lent i ll uminat Ion is n ot  v e ’ t  c omp l ete ’ lv

understood. Howev~ r, it is believed that th e’ r e i I t ’  t i t t ’ t ’ m h o t  u e’eirrt ’nt

p l ay s  is dif  f e ren t  in these two dev i t ’cs. 1’lt is s t t i dv  w i l l  cent  i nue

d uring the next quarter.

,‘O
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STUDY OF MODE I~0CK IN ~ OF I N ,  F m ,’ L I O N  LA S 1IRS

The goal of t h i s  s t u d y  is to  ac h i e v e  mode’ 1o~ king of t,, m ,\ I ,\~

double—heterostructure (DH) i n j e ’~’t ion l aser s  t o  u b t a  i n  a i. u-n i n  ~‘I ultr a—

shor t  op t i ca l  pulses .  Our a p p ro a ch  ~‘ons i s ts  01’ ( 1 ,~ t L i c ’or~’t i c’,m I ~it eidv

on the  u l t i m a t e  l imi t  of pulse ’ w i d t h  and p u l s e ’ r e’p e t i t i s t n F , i t e  anti

(2 )  an exper imenta l  a t t e m p t  te l mod e l ock  a ( ,tAlAs  l aser  in  t~ i c ’ e ’ x t  ~‘t ’ntm l

c a v i t y  c o n f i gu r a t i o n .

The’ f e e l  lowing problems are b e i n g  e o n si der ~ d in our h e or c ’t I ~‘ , m I

s t u dy :

• Effect of laser  medium d i s p e ’rs ion

• Effec t of laser re I .mxa t ion usc I l l  at  I on

• Effec t of the ra t  ~e of p ho t on i i  f~’t ime’ to ~‘nFr icr
i i  l et  lute’

• The nature of the l ine b ro aden ins~ mechanism and i t s
r e l a t i o n  to  mode locking.

Previous investigators have felt that semiconductor l,i - ’rs ,‘,tiit ’is ’t he ’

easi lv ~toJe locked due to the  mat  e ’r ia l  d i  St~t’1’S on near  t he’ S’, l~~’ t ’ I e’iic, t It

o f l t m s e ’r emission. ’ ,8 This was bas ed on re’sults u s i n g  i t s ’ 5’ t t i i c’t t i ’s

I . l S c ’ r s a t  7 7 °K. The’ d isp e’rs it’Cn c ’ 1 feet is gr e a te r  a t  7 7 ”  C t b an at  I H m , ’i ” K .

whe’rc most cu r r e n t  die ’’,’ I ce ’S e’mpe’ t •a t e’ • ‘1’ht’ d i s pu r n  ion  r e ’du ~’ e ’s t he’ eons h u g

s’iet ’fl long t iduinal modes and le ’ads to t lie ’ l o c k  u t 5  u on l  v a t e ’ts mode ’s

T h i s  in turn broadens the p u l s e ’ ts’j cl t hi of  t i ; s ~ mode ’— l c ’c ’ke ’d 1 , ms ~’r . How—

e’ve ’r , in .i recent  exper iment , 9 
t i l e ’ e f f ec t  u t  t h i S p t ’r si ~ ’n du~’n t o t  i i ’ s’ s’

t o  he s i g n i f i c a n t  (a t  least in the ’ t ’ xt  c’u ’n , m I i ’ ,iV i t  ‘ i i  t t i , m t  i c ’t t ~ , I I ’ m S !  i’ rs ’l~~
,ii’ Iv  is no worse ’ than the effe ct o t t h e  pt I srn i n  i’s’5!, ’ — I 5 ’~’kt ’d t h Ve ’ I . i Se ’ I ’ S .

‘Fbi ’ ~‘f f e e t  of d i s p e rs i o n  ~‘ , mui  he re’duced f ir t  her i t ’ ,  u s i n g  ,m l , m t ’ gt ’ , ‘ ; ‘ t  i—

c a l  cii’,’ i t v  ( I , O C )  st  r u et t i r e ’ • 
10, 11 In an l O C  1 . m ~~e ’ F , t t ie ’ I r an sve ’r se c’ ‘t i

f i n e ’mt ’nt f ; i e ’ t e i i ’  i n  lower.  T h i s  l e a d s  te ’ an op t  b e ; m l  t tts ~d ’ t h a t  t u  ,‘‘‘ mg ,i t c’s

~‘ C i I ’ i , t F h  l ’~ Iii .i l , t ’ , e ’m’ ( i , m ’ e ’ ing  h i t t  h~ - t it .m t i ’l t , i l t l l s i ’ i ’ i  “ i , ’ t  i t  t l m ~’ i , m n t i t g

~~~~~~ 1 e’ti gt  t .

— . .—.- . . ~
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‘rho p rob lem of r e l a x a t i o n  u se  i i  lat  ions  in r e f er e ’ne ’ t ’ t t ’ mod e ’ — I~’~ k i t ig

ha s  i’e’e ’:i t r e a t e d  by Mohn 
12 • 1 1 

and Haus . H aus  sus~5t’s t t ’d t h a t  i i ,  c xi  n~

I e ’ I i s ’ t ’ of re’ 1 ,ix , i  t ion usc i i  t a t  i O t t  ,‘an suppress mode l i ’~’ k I n g  i t  the ’ p e r i o d

u t  the ,“ s c i  1 m t  ion is t oo  short t o  allow for t he  i ’ t t i  I d — t i p  5 ’t  the ’ ~i, ’~l~’—

I Os ’ ke’d p u l S e ’S s i  t h i n  one eve it ’ of t lit ’ osc I l l  a t  100 • l’ 5~’ F e ’ . i F t ’ Se ’Vt ’l ’.l I

puss bit’ ways to  circumvent this problem . Foi ’ CX il t11~ I c , ,m I an t i ’ w i t  it

reduced relax .m t ion ose i lin t ion s  s’OU itl be u~~e’d . Sei~’hi l a ser s  i n c  I tide ’ t i c ’

channeled s u b s t r a t e’ p ianar  st rite t cu r t ’ laser  (CSP) . 
I 

t I l e ’ ‘ i i  F I e’tl l i e ’ t e i, ’—

structure laser (BH~ ,
16 and t h ~’ t r a n s v e r s e  j u i t et  io n  s t r i p e ’ l , m s ~’ u ’ ( 1 , 1 5) .

Another approach  would he’ to cisc .iit e’Xt  e’rna I c a v i l  V t 0 1 OSt ’ r I t t ’ F t  I , i  ~a—

t ion oscillati on frequent’v. The f r e ’qu~’ncv c ’f r e’ I . t x t m t  i on  ~‘n e i  I L i t  i s ’s i n

given by

- / 1 \1/2 (
~ 

h / ~
ii -

~ 

— I

\ P 5 /  \ t Im

where is the  cay it v  lifetime’ (photon II le t  jm~’
’) 

• I i s  t 1 t ~ sI~0tit .1St ’—

~,‘us r ecomblna ti on t ime , 
~~ 

is the laser thr e sh-id current • and I i s

the laser d r i v i n g  current. T i s  t v p ic ;i I I v  1 t o  I nss’c , and t u e  c t i \ ’ i t v

l i f e t i m e  T is given by
p

‘ p ‘C
0

• where C is the speed of 1 I gi’ t In ~‘ ;t~’ t u t ,iut • n is l’mt~ I tid ex 0 i t ’ 1 1 , 1 , 1 00

of t he  a c t i v e  reg ion , is the ’ l e n g t h  of t h e  l i s t s . mu d i s  t h e ’
• t i ’ita 1 t ip t i c a l  m t  cu t s  i t  v l o ss  pe’ r pas s. T h e ’ re’ O F t ’ , t 0 t • t ’ si t t i ’ 0 ~‘ • ‘i t t ’

e’,I f l  t i se ’ , in e’xte’rna l t’avltv such t h a t  t I l e ’  I o t a  I e nv i t  v l t ’ i i ~~ ii 15

l ie ’ c,iv i t  v lifetime ’ heccime s

I , + I~ , n — 1 - 1
T
p i t

I

‘- ‘4 

$
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For  
~~~

= 350 ~m , n 3. 5 , r = 0.7, and L = 15 cm , we I t . ive  T = ‘~.5 ‘sc ’ s ’

, m nd T 0.72 nsec. Thus, in this e’xamp lm ,’ , the re1~mx .tt ion c ’sci  I I , m t  ion

I r c q u c u s ’ v  is improved by a factor of 11 b y us i t t ,~ 15 cm u l  t xtt ’rt’ma I c i’,’ i t  v

‘lu ~5’d5’ lock a laser , t hi s ’ app i it’d f F c ’ 5 l l c ’i I s ’~ 5 i 1 modtt Lit  ~i ’Ii f lh l i s t

1 S V  t h e  c ’ e ) t i d l t ion

mC
=

where  m is an i n t eg e r  g r e a t e r  t i t an  or equa l  to  one .  F c r  a l , m s e r  w i t h o u t

an ex t e r n a l  c a v i ty  and w i t h  L = 1 mm , f is  about  4 ,1 C H z ;  for a l a s e r

wi th an external cavity and with L = 15 cm , f i s  u n i v  abou t  1 CHz .  One

obvious requirement is that the  pu l se  w i d t h  of  the  m o d e — l o c k e d  pulse

he less  t han  the  period of oscillation I/f. In t he ’ case of no e’xtert ’tal

m i r r o r  and L = 1m m , t < 24 psec i s r e q u i r e d .  T h e  e’x t t ,’r n , m l  c , u v i t vpulse
case requires T < 1 nsec.pulse

The ore t ical l y,  for an inhomogeneouslv broadened system , t h e  m i n i -

mum pulse width ‘t is determined by t h e  spectra l width ~~~ s i t ’ them m
5 i~~~~1 ’ 11 1, 1 t i05 modes. For many inj e’e t ion l a s e r’ s , t h e’ Spie s ’ t ra 1 s ’id t i m  i s

° 15abou t  2( 1 A , w h i c h  corresponds to  a T . of 1.4 pst’e. Eat’ I icr w or k er s ,
mm

obtained much wider  pu l se s , pr ob :i b tv  he’ s’n tuse ’  of incenip l ete ’

mode l ock ing .

In  t he previous calcu I ,m t ion  of t he’ Nt I se’s’ i51 t i t  d c t r  j o g  mode l o t ’ k j t i e ~

we as num cd tha t  the  s e m i c o n d u c t o r  laser  W~~~S i t i i i s’i 5 ’i ( ’ 55’fls ’o d u S  1 Y i s i

But ~ s’ti1~ Iflve ’st i ga tors  have f e l t  t h a t  th e’ semi  ,‘ s ’sd t ie  t o t ’  lass’ i’ is hot-to—

g ’:1c ’~’t t5  iv  broadened when the materi al i s  u n i f u ~~~. Seve ’r , m I g r omh i ’m5
1 ) 1 7

l t , I V s ’ recentl y ob tained sing le long i t u d i n a l  mode op e r a t i o n  over  a wide

rang e o l curren t when using s truc tu r es w i t h  w e l l  s t a b i l i z e d  L i t e ra l

• i t  is kn own t h a t  one p r o p e r ty  of a homogene’ous Iv hro ade’ned

laser sy s t em is sing le—long itudinal mode op e r a t i o n  tinder st t’;t !v — s t a t  e

cxci tation. W i t h  these thoughts ill mind , it is w o r t h w h  i It ’ t o  e x a m i ne ’

mode locking based on the assumption of a homogeneous ly  broadened svs—

tern. This problem is not as intuitive as the  p r e v i o u s ease  s 111cc ’ mode

k i i iu ~ wt ’Cu Id  not  he’ e’Xpe’c t t’d l i i  be prese’n I . ‘ X i s ’ F t flte ’fl I S r c ’ \ e ’ , i  I t h a t

me i e le ’ 1 ui king e’an be’ obtained much  as in thi s’ I nh ome geti  s c si  s I V ii i’ s t , i s l ( ’tie ’dl

25  
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n v n  t e ’ni . s\t ’ t ’ e i r c h  l ag  t ci Yar i v , 
19 t It o p r e ’se ’t t c ’ e ’ c i t  i ut t e ’t ’ I t . I  I inocht i  1.i t l e i t i  le t,

to a e ’e t t i t itiue)Us t r : i n s t ’er r ln g  c i t  pelwe’r from this ’  h I gh — g . m i t i  mode ’ t t i  I c t ’ i s’ e ’ t ’ —

g , i  in  moche ’s ( I  • e’ • , mode ’s t h a t  w o u l d  not  norma I I v usc ’ I I  L i t  e’ ) . ‘Fit i n (iowe ’ I’

s ’ ; lh i  he ’ V I e’we’d as that of th i s ’  s ideb~it i ds a t  ( , ‘ i t ,  ) o t  I h i t ’  US i tI e’ u
i t  ru t c t

0 t ’ e ’ , t  ted h~’ modi,u I at  ton at ‘ . Thus , t h e  p h ivs  i c ’~t I p i i e t u e m u 1 i e ~ t t c i u 1 I S  t t t i t  mode ’
Itt

l o ck  i t t 5  h u t  rather Is me de’ g e ner a l  t e rn . ‘liii’ n e t  t ’ t ’s t l  it i s  t h e ’ t X  1st e lt , ’e ’

u t  ii I a rge’ number  i t  f use ’ III a t  log mode’s wi thi t’q uil I I l’e’qtR ’mt e ’ V ~~~~ c ’ r ig  nui d

I ixe ’d p h ase’s , as In this ’ inh i c i me ge ’ne ’omis c ase ’ .

The ’ psi ( so  w I d t It E n t h i s  ease’ I s  g I v en  by

(2 i n  2) 1/  (? g \ ( ~ ~i / 2

~, m t  185’ Ii 2 
~ A~’

e \ a x ia l

wiie ’re ’

g -
~ 
) 2. ( ‘y Is I l it ’ I ie ’ .mk g:I f i t , ~

‘ i s  ( h u e  I cr15 1 ii
0 max max

ci I this ’ I ast’r med I urn)

dS :
, amp I i t title’ c i i  I ciss m o e icm Lit I it o

nic ide ’ s h a m ’ In g  I n  Hzax l i i i

ga In I I new l d t  h i In

l ’ s ’ t VP I cii I p ar a m e t e r s , is  I eiun el t o  h ’- pulse ’

r ü• ~~~~~~~ x i o~ Se ’ , ’ I mf l ’  ‘~ 1
• p ill se ’ e

1~1 ‘ —I .’
1 I . “m e  x I I )  s e , ’ l ot ‘~ 

( I . I
pci  I 5t ’

1 ‘i . ‘t ’ x 1(1 I 
s e e  t o t ’ ~ • 11 .1) 1

;‘m m i I se ’

From liii ’ dls e ’i t ss b i t  ,i l t eive ’ , i t  , m p h i e ’ i m i’s t l t i t  t u t t l e ’  l o c k  i t s ’ , oh  ( i i  ~c ’ e —

( c i i i  las ers In j ie i ss  lii Ic ’  t i s l t t g  n i t  e x t  c l i i i I ‘ m v  i t s ’ . i i i  I m i s  ‘ i l l  m i n t  (ci ii ,

t l t e ’ c I t e e l  e t t  r e ’ i . i > ~ r t  Liii  u sc i  I L i i  ci i i  aitd d l s p e ’ i ’ ~ h~~t m i ’ , ’ i e ’ c h i i t ’ e ’e i .  I I

h t e em e i ge ’uie ’m ’ u i s  i v  h i i ’ , , aei ‘n oe l 1 a,; m l ’ s’,’ s t e r n  i s  m i s e ’ e i  ( o t t ,  f t  an  I ’S ) ’ , I I , ‘ i  ‘I ’ S

i . i ’ e ’ r  ~; ) , t ilt i ’ , m n h t e e i ’  t pu 1 Se’s w I t  Ii  v , m r  I , i h i  h e ’ pi t I s,’s’ I ,h t h m c i i i  h e ’  ~e l - t  .11 i i e ’ , l .
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I i i  our  e’xp e ’r im e”n ta l  st udy , a set up s i m i l a r  I t ’ t hi:t t n l m t ’s ’uu ( i t  l ” h g c i r e ’  “1

w i l l  he ’ t i set i . ‘Fhi e t e t t a l  c a v i t y  ie ’ngth I, i s  ; ibeiu t  ‘ i ent , w h 1~’h eo r’i’ , ’n—
j i e i i t e l  s I i ’ .1 r e’qti I rt,’cI modu la t ion f r equene’v u t  ‘i ’  1 (11;.

• 7963 i
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}‘I~ANS FOR i ’ hIE  N h~x I ’

ittu r (rig t lie’ next quat’ t es , W e ’ W 11 I , ‘ c ’ i i t  ( t o u t  t I l e ’  opt  i c ’ ,i I i i i  c i t  ion

• I oek in g  expel’ Ime’n t wit ii Si IMI’A ’l ’’I ’ u s c ’ i i  l , i t  u i ’ s .  l’.uitjthias is  s ’i i  I h~’ on

i t i c ’ l ’ e ’ , i S  i t i g  I l it ’ e ’ t  I I c ’ h u e ’’, ’ c i t  1 i g h i t  c ’ e i t ip l I n g  t i ’ t lie’ ti ii ’cl e ’o ~it td  c m e x t  , ‘ ii , h — ’
• I iig t em Ii lg h i e ’r t t’eqtie’ne ’v bands. l I m e ’ I t ’,is  ( l i i I i t  ‘,‘ n t  t id y  c i t  I n  t o t  (emi t lock—

In~ a t r i l l  1 [me t e’r’—wa’,’e’ IMPA’I”I’ i ’sc ’ 11 l i l t  u i  op t  i c ’~ i lI v w i l l  lie c ’cil t i i i l e ’t eel , . i i i c l

t on , ’ I n s  ( c m i i  w i  I I he ’ mac h e ’ as t o  s’hc ’t hic ’i I h i i n  i s  , i  ‘,‘ 1 , i h ’ I e ’ app u’ ei , i e ’h t .

Woi’k on 0 5 c ’ I I I , i t  01 n o i s e  r ede m e ’ t ( c m i i , p hase ’ I i t t e r  re’siui ’ t ( , i i ~ • mit ~h I t c ’—

q uen c v  sI  • i h i  I I I ,‘i c t  Ion by op t  c a l  I 11  eutn i t i n t  ( o u t  w i l l  beg l i i  w i t  Ii X — Im ~ineI

I~t}’A’t’’i’ 05s ’ II I,i t c ’t’5. Act i’,’e’ t i ic t de ’ lo~’k t o g  s i t  (:,m .’\s lAs i ti l e ’,’ t i on  l , l s e ’Fs  i s

unclet’ h ive ’s 1 i g , i t  Ion .  in  t h e  nex t c i l I a  i ’t  e’r , we w I 1 1  ,i t t erupt  t ci I I iid I l i t ’

u l t i m a t ~’ l i m i t  01 mode ’— loe’ke’d p u l S e ’ w i t h  Ii and c m l  p u 1  Se ’ i’ e ’p e ’t I t  i on  r a t  e’ .

r in te n t  a I wtit’k wit Ii t I l e ’ e’Xt e’ rn lI I i a’,’ its ’ c c i i i  I I go t ’ ,i t ion  s i  1 1 ~~~ i i i  ( t i t l e ’

f l it ’ p u l s e ’ re pe ’t i t  ( e m i t  i’, i t e ’ w i l l  he’ , i h i e m l m t  I t h iz ,  . We ’ si I I ,m Iso  •mui , il ‘,‘ , ‘ ,‘ ( I i

de’t,i i I tire’ structure ’ ot a mo d if i e d (:. ls\n I ’l l’ l e t  f i n a l  i : c ’ t h t t ’ he ’ s I g u i • I n

l i i  5 l i e ’S’ st u’cie (tire ’, we’ propos e ’ t o  in  t r e m e l t i c  e ,~ : , m . ’\ I As I , t  ‘,‘ e ’ r lie ’ t S’t ’e ’it t l i e ’

5 , i , \~~; e ’h t , iii t ’, c ’ I Iav e ’r ,li t i l t i l e ’ s e n i i —  i t t s m i l ~it lug 5,mA ,; omuhin t i’ , i t  c ’ Sc ’ I hm , i t t h e ’

~~,i r \S  ~‘ lm , i i t r i e l l , m ’ , ’ e ’i ’ v i  h I nt ’l ’ ’,’c’ , ms  , i i i  op t  i e ~a I W , i \ ’ e ’gml  l i l t ’ . iii is Sitc i mm id

l ie ’ I~’ go i d e ’ t l i e ’ ( i i i ’ ( d en t  opt  I c ’ , m I si  5t L i  I I c i i ’  t U t t l e ’ e ’ t I I t ’ I e’ l i t ( l i t  e ’i’,it ’ I i on

h U t ’  , m t i . i  I ‘,‘s Is w i  I I t’c ’,’t i ~~ tin t I m e  e ’t  I ci t i t t  t hit ,; ;iel t l It i e m n a  I I , m ’ , ’ , ’i’ c ’ll

‘ I ’ 
~~

‘i ’  I ur m an e ’ c ’
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