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Broadband and High Power Infrared
Wave guide Modulators

1.0 SUMMARY

The objec tive of thi s program is to develop an efficient and reliable
uitra-wideband waveguide modulator for CO2 lasers that will be useful for high
r/solution imaging optical radars and high-data-rate optical communication
sFste::1o . Efficiency and reliability can be obtained by using integrated optics
t .:~dinolo~ j ,  which is an opt ical ana log of IC technolo~~r in electronics. Idie
ma~ or aov &nta~~: of thi s approach is der ived primarily from the fact that strong

i rid .~ii han 1 interaction between the laser and the microwave electric field ;an
Ce ~b Laine d within a thin waveguiding layer at a thickness of approximately one
~ : ici L wavele ngth .  however , the practicality and applicability of this approach
c i:: aine l to proven . Of most importance is the ability to demonstrate that
t U e  uLt i cat~ performance of an integrated-optic modulator can supersede that of
Lu ~c.nvcnt iona L bulk modulators.

.~inc : ir iLiCrated optics is a ~ew technolo~ r , it was recognized early in
t U L e  pro~;r rn that the development of an efficient. end reliable infrared wave-
;ul i. moderator was dependent on a number of Ttbreakthroughs?t . Therefore, this

~ r odr~~s ira: org ani zed in t o several phases of investigation, that were carried
out over a period of four years. The first year involved the investigation
(Refs . 1,) of various modulation te chniques which can be performed by using
thin-film waveguide modulators and the establishment of a figure of merit
ar:cng various modulation techniques. The second year was devoted to demon-
strating (Ref s .  3, )4)  microwave modulation of CO2 lasers in a thin-slab GaAs
waveguids. The third year effort was concerned with advancing (Refs . 5, 6 )
the waveguide modulator structure so as to have the required mechanical
strength , high power handling capability , arid nearly perfect optical trans-
mission characteristics . The fourth year was devoted to achieving (Ref .  7)
t~he r i id kLe: t  sideband power from a CO2 laser and the broadest modulation band-

~~. itA at rricr~eiave frequencies.

During the past two year period (Summer i97~4 to Summer 1976), this pro-
g r a n  has experienced an extraordinary growth . The progress can be measured

1 
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i~:4;ly by the enormous increase in our ability to generate the sideband power
at icrowav e fre iuencie:.  Table I summarizes the progress on the waveguide
‘:0 iu! a tor  p r i ’oriut nce

TAL3LR I. PROGRESS S1J~ 4ARY

diJ :Lan .~ 1 owe r <0.05 L~O 200
(mW )

~odulation Bandwidth 0.3 1.0 >8.0*
( i d z)

~Uot as flat  as predicted by theory

Resutt :  31’ aLL s I indicate that an improvement in sideband power delivery by
a :‘a:tor ot ~~~~ ha: be an obtained during the past two year period . This
r . r: ar;:a~ la :tchi ~sc~:ent is attributed mai~~~ to our persistent effort in
it w’. Lr:ci:lg our wavegu lis fabrication techniques. By investigating various
:~~eu~ tu ra l  conr±~ ur:ttion : , we found that for high power and broadband appli-
‘att n: , t’so- .ti’::en:ional tapered ridge wavegu.ides , which are fabricated by the

:~-becm: :ii1tir ~~ techn ique and bonded on copper substrates , are found to be
the L is t  s l ic ice . With a 15 ‘J CO 2 laser of a beam size < 1 mm in diameter , 78
p e r : : nt  power sou~~l. i~ g in and out of a tapered waveguide has been obtained
,;hiIe : :sping the ~le str ed ~ : loss to a minimum value of 0.05 cm -i- . Broadband
:so ii~~at~ on of a ~~ Jase r has been achieved with these devices at a bandwidth
which ts’cceds severa l .  gigahertz. The sideband power conversion efficiency
ira: :‘rea:urei to be 2.1 percent for the input microwave power of 60 11 at 16 GHz .
These bonded- awn GaAs thin-slab modulators on copper substrates , with typical
dimensions of 1 mis wide channel and 2 .8 cm interaction length and 25 ~m thick ,
are capab le of delivering microwave modulated infrared laser power exceeding
200 mW with good transmitted beam quality .

2 
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2.0 INTRODUCTION

Ei ’ : ’ t i e e f : t ic int eraction in bulk crystals , whose refractive indices can
Li’ var I :U upon a~ p 1i ’:ition of intense e lec t r ic  field , usually requires large
:c :u un ’~.: o~ cleat  :~ic pu rer . Thic modulation power increases rapidly with
ir : sr ? i t s i u g  taser w avelength , X , arid , as a rule , l’ollows a X3 functional
i ’ :  1. at i :~ship . Tbere i ’ore , it is e’.-:treme ly difficult to generate electrooptic
.‘l’fe:t at infrer .::- e ’ tve iengfdis. To overcome thi s difficulty, we have explored
the use of thin-film ;ruv : :uide devise: , which are fabricate t by using either
: :i t axiaLly  grown th in  fi lms (Pci: . 8,) ) or mechanically polished (Ref .  10)

and, ion-beam milled (Pci: . 11, 12) thin slabs. This report presents only the
irsirareci wavegui le structures that are suitable for high power laser system
applications . Cf p a r t i c ula r  interest is the performance of broadband modu.la-
tim t’or a high po~;er CU:, laser beam. This modulator has potential applica-
tions in optical imaging radar , high-data-rate communications and in high-
resolution spectrossopT where a narrow line width tunable over several
giga:.ert :  bandwidth is needed. thi best design approach for these applica-
tion: i: to generate a single sideband power from a adp laser carrier at
siLcrowa’,-s frequencies. In this case , broadband modulation can be obtained
by cirecpin ; the microwave frequency over a range of several gigahertz. This
design was first Jane - ted (Ref. 3) by interfacing a high power infrared
yaw e~uiJ~ with a ::ii:rowave ri-ige transmission line. In order to minimize the

~r-opagation loss of the modulation field at microwave frequencies , the elec-
t ro t s : must be ma de of copper and must be in direct contact with the wave-
gui lirig layer . This r’cciuircrnent rules out the use of epitaxial waveguide
structure: (Ref. 13) and hence necessitates the use of a thin dielectric slab
;rav ’~gidde configuration. The top electrode must be in the form of a very long
and narrow strip in order to provide the desired sideband conversion efficiency.
The use of a microstrip electrode can produce significant distortion of the
cutput Laser beam shape by spreading and deflecting the beam in the plane of
the waveguide . This beam distortion can be eliminated by using a wider elec-
trode such that, along the entire propagating path, laser power is confined
within the electrode width. However , widening of the electrode is not desir-
able because it reduces both the conversion efficiency and the modulation
bandwidth. An alternative technique for confining the laser beam within a
narrow and long propagation path is to use channel waveguid,es which can be
made by removing small amounts of material along the edges of the microstrip
electrode . With this technique we have obtained nearly perfect alignment of
the optical beam with the microwave field along a narrow (1 mm wide) micro-
strip electrode over a propagation length of L~ cm . Furthermore , the trans-
mitt, iii laser beam juaLity is not degraded from that of the incident beam.

3
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j O C  most ei’I’ics i~:ri t coup l r for an infrared laser beam to get in and out of
air optical wa’;e-;uiJc i: t l v :  rig:rt-ang ic: p r i sm ( R i .  114 ) .  by using two germanium

c ..: ‘it tJ:inrir.t ‘cupti n~ ~~~~~ 
WO nave obtains 1 it t ransmit ted l i tser  power of

‘1 t i r r ’o ugr: it 3 a: I urr~ —e~ i t r - J ’ :  I ~aA: thin—: lab wav�guida The coupling
I:. tel .: ‘:a:r, is 

~ 
er ’ :  ut t u r ’  the irg~’st eu~ p 1::r and 100 percent

i
_

c :‘ tie’ cut~ ut; coup- icr. itT! ;ui i i  11 c -  in  tLi s wore have [ C o n  sp ecially
- .id ,rie to ‘c :  ~or’c .o i a’.: to e:’ - of z ’ isrnii ~ ‘oup I - fr ’ s .  1 or bi~’h pci-Icr appli—

c:tt iun , I ~‘t5 Lii i—: itL . i ’f J ’ gu i  : - r ’ ,ust L c ii-~cd on a e c u  r ::ubstratw , whit-h
ml , :‘c wi -i:: ci: r~r c i s ..a r ’~/ strue tu~’aL : ‘ :-er .g t i .  to pe ’ ::it the use ‘sf prism

but al c imj ruv t h e  p owe r—: itr y: [Lug c i t r , ’d,i i it ~, . il i t t  prcper bonding
‘ir: : at — :ir J :i :sg ta’ac~ci rue s , ‘ps onu s l er iurie  :‘at - . chat the : d~’,: t h i n — s l a b  wave—

s [25 ~ i . thisa) sitri to operated at a e::hii~ 
- e~ ci uti .1i- ~ rnLcro,,ave power

t r y  L of up to U)’) 4 .

ili-cr’owave Lo:.:e: in the r :Jcrostr ip transmission line art input matching
late tire thin—slab L~: w ~v :guiL Ja have been investigat ~-s ( R e f : . 3,~~,6 ,7) in
es tall.  cy u :in~; s~ ra sr electrodes at thiclcne:s g rea t~ c than 10 ~m, the meas-

ur~~J ‘ i c r ’cia’:c loss in ths  l.ifle is cpproxi:’race gj U . 1  li / er . J-sar]gy perfect
I rim a: i sen achuiai’:d at r esonan t frequencies of the l ine b y using only a

(se e — st e input ti :r.: for’ ci ’ , Ln ’ ::c te I. at the renter of the i s rost r i p electrode .
With his ne twork this r a i a : u r ’ s i  fall width of the :iilehc.r r power is typically
1 ~~z, ar~J the Si le t arid p u . ’ :r ’  cor e rer s ion  efficLeric~i 1; f uns to increase
)Lrc arli.’ with irra:’ a irs) :-isreiliVfs input power. At an input of 60 11, the

e ’cr!ver s I c i  a f t ’i si nc~ is 2.1 percent. ~‘a’oaJer i r-p edance matching could
i i - :  Cd, l a l a s s  i ) using t~,o— cc t i c r : : - : c c c  t rnn:former:.  Analysis indicates that ,
i t  ‘.. r :  :ass of a t :j ’- e— c t e u  t ’a :c s formc r , a relativo flat—frequency response can
[cs obt i t ined  tn the :‘an~;’s from 12 to 2) In: .

~~~~~ -‘~~~~~~~~~~~~~~~~ -‘ -~~~~~~~~~~~~~~~~~~~~
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3 .s  L J i l - U  -WnJc lEt WAVEGUIDE MODIJLATOP, IJEVELORAEII T

3.1 Int roduction

I urn - 
~C O  I ) ’ t  s t 111 ’ year.: , eni i t a --J Le enn o l t -  t ie:  ::c ’:ear” :I U:nnte r  ha:

I Ii ’s. ‘:‘.r T c r ’ ct n r T  c- -it r’-: .  - cm I dev~ bc~r:.-r1 a’:~~: lii :Lw I toward toe
i n - t i  cT. Ic a 0: ,:n- ’ : ’ e c ’ o:’I:,u r -  : ‘s ’ s  lnt’riti’c’ I ‘ -i i’s en -

- I ’: r:o [uiator: -anler a work
c r ’  n - ~’ f r  ii: k L E t F ,\, .  Un l) .J’ !-, - : -ro n-air, was lirectel tj’ecri c - ~va n ’:lri r the state
of ‘U : - - a ct Of  t i n L S  - i ’ : ;t - ’ - i n :  the  “ntl-cr ’ aLiOtr of k ,I,~l,sst, si-i ear:i - sorri ec’ lom

‘U ‘it r,i :r’ r ’ ,- ; a , c  : r ’c : u - - r - b e s  w lt h  :,art;i -u l’Ln’ ‘ri an awis ‘i ti 1’) ‘Lc with
a 1 Ihs Ls ~ : Is-: ttt . i i  : ‘ t - -  U n ay  o:’ L i . ’ ‘I - s’-,’ice-  2: c~U caJ  no I by using

~r .’ ’ - - n-aL-: - : — t i -s t ,n~ U. . 2’ tO -cs.t ’ n:e cd’ optI c al an’) lrnIO1 ’Owa ’s ’s 005101’ in a
malt i r t c :~~ -t i on  ~‘c ,uor .  in L ’ s -  : ‘orrr~ cL ‘i t~n i ~~ ’, _ ’ILr:: rr ,edium at a, t:eL sJ-u .-sss of

al cut 25 ~~~~~ . - ‘ or ~~~
‘ l)~ - - ~,:.ar.-- ’~m-n:t :r: tI C CI -J , s-ir i-s - - L i r— -I’ ringence

a, :‘ n - t r of 1. n: ~~i - - a : , r  ~~.- : - . r ‘ - - n  c u d ’ : . ‘ ‘ir, be obt aLrnc ’-i hy this
unerva ’:, ‘sin - a r- , :‘rlt  at ’ :‘ - mc’~ ion i~, f t  I hi , - : I ’ rr ~ ’s t he  aorrz r rn~ innal bufl~ modu—
l :ct o r ’  tonfi,~Ur’ at I nc .. i i  C :‘ 1 : 1  Lu c--a Ll ’ -’ Lii:: a learn t age , an ‘ .frac’ cii waveguide

H it- . r ’ n L - ~’sor mu .,t  be ~e w- ~ ’o~ t c  - L I - -s -s ,~~anf  t: a’s it r:,’::t tra m:Ut both the opti—
‘i ‘ i i  La - ;  ml, - t n- -a -- Ic y” :- Ifl an . ‘.‘.‘;‘L- ’l~’Int r:.art ,- -~’. rJ ’;r the  isUk U’; program ,

W -s r i t7- :  : ‘ - s~~C - ~~~[ [ f r - n i - - I  , ‘c: ’~~ il-; r [’C:~L c rs ‘,: a,’. ‘c. t r an , : m t  a: nuci~ as
‘:3.5 ct t h e  -eat “Ti t ( y r ’ r ’  ursa about n j ’ of’ Li ‘r - c i ’ .ee flower through an
ir r t ar a t Lao paLo ler: :tc of ~ - tin . These result s ar - :  .- or ,J close to the theoreti—
sal tln.it: fo r  i> -: r C-s ~-t  case  2ii l’s:. idte 1if’~ ’; ron ::- - in power tran smission

b -s ta’~ on t h e  “ia’, c i  l~~: aol  bulk 1e- ,- i a ~~: I: almost Lrnsi. ‘~~if’icant in view of’ the
eri c r’r ou: gain in in: Ui tat tori I)cri’ o rman~ a .

[ho w-ct’,ns~~a i l e  mceluL ’Ler -ievelorio-1 unier  this program not only has demon-
st r a te l its eft’iaioit’::j hut also has proven its power-handling capability .
Several wave ,~~ LI e  :r,o ru l a t  or: have been tested with intense optical and micro-
wave ‘tel-i:. With a focused CO2 laser beam at 15 U’, which corresponds to a
power ‘lensity of’ 80 kW/ -:m’- , anti, a microwave power input of dO W, a single

~ilchand, power of 0..I ‘1 ha: been generated at frequencies in the neighborhood
of l~5 - ‘1h z off-se t  from any one of the vibrational-rotational CO2 laser lines.

wince the sideband power increases linearly with an increase in both the
optical and the mic rowave power and almost quadratically with an increase in
the  interaction length , a great emphasis has been placed on the fabrication of
extrao rdinarily long taU s electrooptic waveguides which are suitable for
high-power applications. To strive for perfection, submicron tolerances in the
fabricat ion of long optical and microwave circuits must be maintained . In this
section , the optical wave~e.iide structures and their  t ran smission characteris-
tic: will be presented and fabrication and processing techniques will be
,;ursn arized . L’icrowave mo-lulation of the CO2 laser and the waveguide modulator
performance and characteristics will also be detailed .

5
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3.2 Infrared Electrooptic Waveguides

-.1thor’ coitaxially growl ( i-ne t ’s. 13, 15, IL)  or mechanically polished
( I - -: ’ . 1~’) :!l

’rar’-:L w’ ce’:, ’d i - l - - ,: . :uitabie for ‘- lo”t r eoj j t i cs  modulation of’ laser
ra. I i , a t io r ;  ha’.- ’ -  c n n  i r r ’: ’ : , : t n ig a t ’r I  crn].y at ‘,‘ cry to:-; optical power levels. As
on ’ i :ai t ij :j ’C )in - -1 - a t  n e  i r ; :U t  pc ’s-ret’ an-,: th e  modulation fre ’:uency are increased ,
Ia .‘ I ‘ e i ’sgra lat Lo t :  :10::: c n l c - - :ti’ i :iti no ’,; - - in loss at high  I’re :uon’ni-;a , surface

- 1 - ’ ” n IT,at Ofl b y ci -t i - c d - s  ‘cr i i ,,~ in — i,niuc’;d biz’~ i’ r’ Ixc g ’snn ’:-s at the edges of
c i - - t i ’~~ i -  S ‘e n s  :tr’- :5—I!, a :  - -I b1n ’ -;: ’~’i:i, ClOs e at t i c i  edges of . L ’ .”t r od a s  as well

t lot, ,: ax : I taut si-hal -lelk- ’ ‘ts l ;0:OThe iric :r ’a :-,sirig~~ serious .
s - -n a : ’:  -‘:‘:alor’; I several cav’:nei-ic structures that may be su it ab le  for high—

c ’.- :ar laser sy :tor :.n- ’.crioii’r atior i.: . )1’ particular interest is the levico perfor-
miti , - : e  or ’ a ‘.-,i teba r,~n ‘:lc:’tr -copt in ’ modulator I ”:-r a bnI ~’l -power CI  lasc;r beam.
i’hi : :‘,c Iulntor bits noterrti-,cl ‘iaplirsatic’rr,; in eati’sal imag ing c-aStir , high—data—
rate  -:n orinmuni-s at ion s an- I in hsah-rer ;clution :;p’satro:: :omy where a marro w line
wi [tin tun able over a b’an-iu’i Lt:n , :r csater than several gigahert: : is needed . The
b- -~~t lesi on up pro aebr  n o r  these  applications is to generate single sideband power
t ine:: a. CO2 ta : ’- r - ‘irrior ct micr owav .- l’ r e’iuefl ’:ios. In this - s ~~5c: , bro~~iband
rae i raUt i t  ion ~ran be obtaimca-i by sweeping the microwave C re-~uenny over a range of
:e’j-rral ~-imainerts. This sio:i;~ i has been d~~ onstrated ( R e f .  ii) by interfacing

a inU’h -no ’s-ier infrared wa’.r :sguide with a microwave raicrostr ip  transmission line .

To minimize the propagation loss of’ the ::nodulatice n f ie ld at microwave
:‘ r-r j’,,~ r :-:~~e:, tu e electrode: mu st be made of copper itind must be i nd i r ec t  contact

n-n fl: the wave -~ai1ing layer. This requirement rules out the use of epitaxial
w’rso~,f,ii’ie structures air- I hence necessitates the use of a thin ‘dielectric slab
wa’-e eci ie configuration. l ir e  top electrode must be in the forri of a very long
ani narrow strip in order to provide the desired sideband conversion efficiency
aol  the modulation bandwidth . Use of a microstrip electrode causes difficulty
in beam alignment with respect to the strip line . We often ob served that a
sli ht misalignment of the laser beam can produce si~ iificant distortion of the
output laser beam shape by spreading and deflecting the beam in the plane of
the waveguicle. This lens-like effect during the quiescent phase is caused by
the  waveguide surface deformation along the edges of the electrode , which pro-
duces a localized stress-induced birefringence that is typically one order of

~~~~~ sud e larger than the microwave field-induced birefringence at the power
levels of interest . When microwave power is applied, beam distortion is
enhanced as a result of thermal-induced birefringence. Beam distortion can be
eliminated by using a wider electrode such that along the entire propagating
path laser power is confined within the electrode width. In an experiment with
a wider electrode , we observed no beam distortion either with or without the
applicat ion of a microwav e field . However , widening of the electrode is not
desi rable , because it reduces both the conversion efficiency and the modulation
bandwidth . An alternative techn ique for confining the laser beam within a
narrow and long propagation path , is to use channel wav eguides which can be

6
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made icy i’erSOVIIig small airlr isint s (n t ’ r ’ cL :ni a], along tIe~ e-lges of the microstrip
elo’:trode . With tins a t’,’ n : l ~~~n i  u- - a-c hav e obt.nciri e ,l n early por! ’ - : t  alignment of’
tee Oi)t iaal  beam ~i iti, tL: : 1 x ~ — - ‘ c ’,’ - - !‘i.sid along a r urru ’,-; (1 mc. wide) micro—
s t r ip  :lns :t, roie U’S -: !’ ‘1, p r u ;n ’ c~Li. lor~ l’, ’:n , ’tii of’ 3 ‘it . n u ,rtharr ,ore , the tr ax’i s—
tai t t e  laser’ bear : ~uah it .  i, :, f h- ’t’a Ic I fi’on ; thtit  of ’ the  I i i ’ s  i leot beam .

f - x- cn’ L o i n s  ::tu ii. , (Pet ’s. 5,  ‘ i’) rciU’ti te ’i fi,ut ‘ pt i r - i t l  t i - -s , n- - ’ ::z cr ,  through
Lii ’ :  -,-s-c, - ’ - - ,’i:I I - ’ , via pr ism ‘ i u ~ l- i’ . i s  ‘ n ’naui y ‘s iLOU i , t a t : Lit::- t a t  of’ ,-rat—
it ,- ’ ‘c) U t ) l - ’i ’S . T h i s  lana- - - h i , t ’ : ” : r~~ - : n  :- - in ‘:1501:1 :- ’ ’ “ ‘i  ;: U : I a, - - -a lly
s ’.cus c ’  1 ha. dale :aatn :c ’s  ; t h e  1),, :t’ :uuu l l r i , ’ :f, r”a n ’ t i  01’ t t :~ - - r’ , 1 :~~ - en I tei:

S c t ”: L t l O I : a’ -.-rncc r gy in t o  :- . ,~Lt l n j i - - l i : ’ :’ x ’a - ’Lc l  t e : e a n :  w , , :t :  t , b~ - c - P h , , - ‘cucier
I . :a: :‘ t l nermcr  - , a r c ’; eauiae i~t pc t h e -  - thor::: n : ’ c ’; : :, ua: , f l ” ti’d’s  I’ ‘ :i’ - derious

- - t h e - t i n ,  Ofl t i c - s p’ r ’:’c:nt : a c t , ’ - -  of ,’ ,o ’a ti t i , ‘ ‘‘cnn : 1 1’ , : .  ‘ c  th ’ -~~~ — i t ,  n , t,, a ; ‘4it~f , ~
c ’fle -: ,5 ’,, C ’ C ’ L U I ” ,- !r a,, 1 C r 0  - i -:- rn: Tn ’: i  spe’si[’ i a-il, : t u ’ -, : - : ar::n,c ,tat - t : ’no  ‘,i::e 01’ ari.:r!,:

it, ‘ ‘ - :‘iplai-s.

r’ea-.l-titn I :: :ct i c : ’ of ml ‘row-a’,’ - axe- n - s r  l r n t c  a ‘ a,fs t }nLI: — 5i’: ‘ . ‘ .‘,‘ ‘ ‘tJ, 1’: car.
Ui ’ -:i ’f L-r  “t ,t l e ‘sun-I r’ - ’-er ’ cdu -ib ly ‘c ’ i : ,Le , -”:I if ’ th e :  t t , c t :  I thcC bettor:  “ (, : .-ner
C 15’:t!’o-i-S ,t t a ’ ,’—: t , ~ ’k ~, ’ r ~~si’s 2 1-1 sri . Inn  r:rn’ Lu ~ -~ : ; i t- . I t ,  tb-a ,:tr-~ - ‘:‘sral
i t ’ - ‘:‘lty of f - , :  ‘ -n a’. -s ,nni ie , it is rreee::ary to i ct ,  I t he  me ta l -  sl tc : I :  Id!:,-
:1-cl- Li ti f l a t  :‘a : oar  i - lock .  A i o n  1’; 1 :‘,‘a’.-a , : i[- ’ also ar uvId ~~s d i , ’ -  :.e - -::stiry
:tc’t:’f ‘r, ’-al .: , r - : t n ’ t,  to :j ’sn:’u,t tin’s use of prism Cr ~’Ufl], ’s1’5. 1- u rti -d- rc o c’ e , use of
t i n e  ‘L O~1-J e I— [uric , t cc, tu r~ aeor’e’;cs t In e power—inurnilinia e~: ability. bit :,

c - n :  nang ti: : i : a - t i t  — i t ~~~,L r :  d - r 5 c i t S L  i_ LIe s , wis I -it’:: : i’c x - t , etr’ ’i’n ’:- .i t::at the:’:’ a,- s I, tilt —
slat ‘c:c - ’TJi ’tez (25 ~ssn ti:iek ) can be operate-I at a -‘s -u rcni I~~ic1 opt1cal ‘cn,L micro —
~“1,’ ow-sr 1-swel of up to 100 [- 1 .

Te - -hnisu-: s Inav e  be en h,rj siou-:’ J to produce the bonded ‘ircis metal-cladded
Li-, tn-slab wave~ ai-lc- ,; w i t h the ~spez’i . ’i ’.’ation s ll:te-i in Table II.

Table II Infrare  I, nlaveguinie bpeaif icat ions

Thickr ,es- :  25 ~zn 1 art (modulation region)
1’: pin ‘ i pin (coupling region)

l engt h > I~ cm

>~~Channel Depth -) pin

Curt ’ace Pinish Mirror like

1-licrostri p : ieatt ’ n ’I - s  1 mm x 2 . ’~ -am - d c
’
: sm LI:ick~

::‘-onai, Lng lay’~r < 2 u r n

Copper - Iub :;trat ce i)p t i , - ” sc l i l - c ’, -c .  : :a:’nll,’l to 2 ccc
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A typi’sal bonded ~I.A s thin slab waveguide is shown in Figure 1. The structure
i i  i’ -:. :t ing  oh two ni l i ’I i t g w- .-Ig” s which are use-I t in control the air—gap for
l’r~~~rn ~‘cuo1er,; I cy  : - n ” sn ’ s i n , ’, the top of’ the two prism s against a cover plate.

.1 all:: of t h i s  bonded thin-slab wavegu l- I s :no-iulator is shown in Figure 2.
[Inc o~~t i c ’:ci ~o,l i .’ c t i , t i p  :‘i , .:tun” w i t h  precision arn,1,ilat r adjustments , tiS sho~m
Lti 11:1.: 1’! - ‘life , s.;  V ’s 1’s’ ii:: cu rdan L tool -hiring the init ial stage of ‘,-on:’ae gui,de
h a n : i c ”n t io r , w h i r l :  n-n h be : ‘ ssc ’rib’:’ i in d c - t a il  II: C”:at ion 3.3. The th irn-slab
wa- ,’ :,nn i i_ c ’ :t :: ‘ CI ’ :  cL 1:1 ;fI - s’- : n s ist l’.’lt y c’~~~ l () ’

~ i — cm~ C’r — ’lopi a,1: material and
Cl’ ; n P s I  n- , 1 t I n  Th ‘~~n f b i  ‘k :oIno-nr nrT: yti’~ d ‘:t 01: both  t i _ c top and the bottom

- - n c ; .  hlni ~ Yte ’, ‘si i— ; ’ia,lIe r thin—slab is i cnnile ’i on an optically polished
Conne r , :‘ s n l c ,n t  r a t - -  U/ :-c 2 pr.. thick loan vi see ::i ,f ’ j  c IioKy .

- lgu r s  3 is ti 010 . oh t i r e  ‘,-na v-s 1 ocidc t in i s k I n d .;s vs t i te  me hal index ~/k for
t i - ’  ‘La t ao- i ’ ; , ;  of’ the 4

~k:J ,ri— n;j,’ib , :Lru’sture with a r e fr a c t i v e  f . c -n~ n 2.2 75 at
1 - . ,~j :: . !‘hi;s t’ :j ’ t’:i:’ti’j e i, m n  Ic , -: -f ’ t i n e  r: :e-Iia “cUO~ n: and is - .:low Lb’s n:laL- is taken
to U- ~ n o t i f y .  W i t h  r:n ’:trc l.-cLad .l  t r ig ,  the absorption loss in cr ea ses  rapidly with
‘b’ ’ r -’i,h :’ - a’av s pt ,L ie t l l ukness .  Pr’evious calculat ions (bet ’ . 13) indicated

a a, ‘t ;1~ :la h i - n i  slab a,’avc’~azi -le at a thickness oh 25 as’; has air attenuation
:soef’ :’l - i-s a t on ’ 0.355 - -n ;~~ a n l  0. d 2  cm~~ for th~ TE() mod ; and Tb 1 modes , respec-
t t ’ , l~, - ct 15- ~~:, t h e  ‘c t t’-r iuat i u’a so’;f fiL ’ien t  i nar cases  to 0.25 cm-i and 1.0

t a r  these mo le:. ~-,lso , the r :i s r o a n a ’.’e loss increases rapidly with
i c : ~ec. ; I : : , I ‘.a . -s g’ei’Ie t iniwiJn es :;. t i :e ’r - s:’ore , use of long ~,-a . ’ ie-nni-Ie - lev i ’sos with

t i _ I  ‘tar , ,,s-:, : ::nu, - h :  b e tew 25 run ],e rc’Is to ‘scppr a- ’ - L a L l - :  PI OPit rI ’tt~ Ofl lOSScS.

pL :a1, :;cn ;, 1 [r ;g l- :penls an si- ally on both phase an ’I ‘;p-:rture matching
1k) ct t , ’, las-sr h~a nna, :-;tth a guided-wave mode. At a phase-matched angle ,

t lne - -., , : :iir: - e f f i s  i-creep 5 for a uniform input beam is given by (inC. Ji-~)

= ( 2 / a Z )  (1 — e °~ )
2 C i )

2 1: the  input b r cs aun liameter , and. ~ is the coUpli!n f parameter, which
lCpcrr: ins in a :omp i i c a t r r - l  way (Ref . 1:1) on the waveguiti e thickness, refract ive
irriox ‘u i  I gap-spac ing 5 b’-s t aieen the pri sm base and the  surface of’ the thin-slab.
lining tb-s formulations of Tien and Ulrich ( R e f .  18), we found that ‘fl is a slowly
Va ryIng ,,‘un-:tion of and does not change more than l5-7~ for 8 values between
::sro ‘intO 0.1 pin. In practise , S can easily be confined within this range . We
hav e ‘s’ai- :ui ’ite-l the coupling efficiency of TE0 and TF ’1 mode,s for a laser beam
si r e � 1 risc. Pern ,n it s  of’ this calculation are shown in Figure 1~. as a function
ot ’ t i n e  t h i n - s La b  ;-aivegui-ie thickness for 8 = 0.1 pin and 2 = 1 nsa. For 2 <  1 san,
tin s t,is’ck:; of’ the se curi e ,; sh i ft  slightly toward smaller waveguide thickness
v a i n — s  w i t h  very l i t t le  ah i u s l e  in their shape:. It is desirable to use small
L-: es; size: because it is e-’isisr  t o  obtain a broader modulation bandwidth with
a narrowe r c i ’  ‘t ro  he- . ‘tfl, t ;  a narrow electrode width , the - : i n ”cnructer is t ic
juno— 1- in ’: -: of tie: ‘;i’ein ’gu i:le modulator can be rai ls-:- I to a value where a broadband
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matching can be easily realized (Ref. 3).  Result s of Figure )~ indicate that
for t > 20 pm, the most efficient coupling is obtainable for TE1 m odes, or the
higher-order modes . To obtain efficient coupling of TE

~ modes , the thickness
‘ I in the coupling region must be reduced to less than 15 pin. I/oat of our experi-

mental studies, particularly on the electi’ooptic interaction, have been made
with the planar wane -n ile stnjcture. However, we have successfully fabricated
ae-veral slowly tapered waveguides, as shown in Figure 5. Structural configura-
t i c i r t  of these taper-cl waveguides -‘ar-  similar to that of the planar waveguides
ax sep t  that tie: regions nis -ir the ends cC the slab , where optical coupling
oaaurn , is thinner than the central region . T~rpical thickness of the coupling
re-~aion varies from 12 to l~ pm, and Lb0 thickness of the electrooptic inter-
:o’tjon region is about twice that of the coupling region. The transition occurs
gradually between tIes two regions over a length greater than 1 nan. In this way
tins modal character is not deteriorated to a siguificant extent. We have
studied the optical transmission characteristics of these waveguides in detail,
and have found that the optical power transmission through these tapered
waveguides is greatly increased from that through planar waveguides as a result
of the reduction in propagation losses.

The microstrip electrode on the waveguide surface always distorts the
trar.~ nitted beam because of a stress-induced lens-like effect. To compensate
the .hiCference in refractive index at the edges of the electrode, we remove a
small amount of -da1ru material to form a simple ch annel wav eguide, as shown in
i’igure- 4a . For a. 25 lam thick waveguide, a channel depth of 5 pin is more than
sub’Ci-:ient to produce the desired beam confinement within a long and narrow
propagation channel. To combine the features of both the channel and tapered
waveguides, we have fabricated a slowly tapered raised-ridge waveguide, as shown
in Figure 6b. The advantages of using such a type of str~icture are: (1)
Lmnproved coupling efficiency for the TE~ mode with small input beam sizes, (2)
rc;luction of’ the propagation loss, (3) increase in the microwave driving power
density by narrowing the ridge width , and most import ant , (I i )  elixn.ination of
the beam distortion caused by the top electrode in a stripe geometry . At a
thickness of 25 pm , the power loss due to the absorption of the 2.8 cm long
electrodes for the TE0 mode is only about l3~(. However, the waveguide thickness
in the coupling region must be decreased to about 12 pm in order to excite
the TE0 mode efficiently.

3.3 Fabrication and Processing Techniques

All waveguides uned in this work are made of high resistivity Cr-doped GaA s
material which has been carefully selected and characterized from commercially
available ingots of large size. These ingots are sliced into thin wafers at the

13 

‘-

~~~~~~~~~~~~~~_~~~~~~~~~~~~~~~~~~~~ _~~~~~~~~~ ~~~~~~~~~~ 
, :~~~~~~~~~~~~~.-- - ---—

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

~~~~~~



~~~~‘,
-. 

~~~.— •~ _~a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FIG. 5

w
I— \~~~..

. A

0 S ’

~~~~~~~~~~~~~~~
’ - ,‘\

- \ t~
”
~

I— S

n

C,, 
~~~~~~~~~~~~ \~~,

5 ‘N!~- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~1’w -

> \ -

‘
.

- -.

5

’

ow ..

Lii ,

_ ,/ 
~1

0.

h

ii
_ _ _  - -‘  - — — -  -



FIG . 6

C

N
C

C/)w
0
5

w
>

\~:0wz V-‘ z .
~;-~~~ 
C a)
C 0.~~~I 2

(
~
) 4,

— ~~a J C
E _ •

~~~.CCl) ( / ) i~~~~~~C)

pII
15

L~ ~~~~ - --- --
~~~~~~~~~~~~~~~~~~

=- - 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-w._.___ ~~~~~~,.~~~~~— ,~‘w ~~~~~~~~~~~ 
— ‘ - -

R76 — ~)W1~ ~
—‘14 1—

eri ”r~tat’.ion (100) plane. ‘rh : t h i a k r , -n” of t, lc:’~ s a w — c E n t wafers  is typically
a t  15 r n u l r . Tb - ~ .-ipical  ~e t ’ ’r - r ’ iz e is 1ar ~ie cnou~’i: to yi eld 3 (1 crc x 14 .5 cm)
~n’c t ~‘- i e - ’ i t I r  w~Iv~—~ n i  l~- ’ *

- t ’ir r-~ 
- - -p in  lee 1’ -d:n’i --c~ lee . prsc :l ~rc I t o lap - i i i poll n - i .  -er i e  face

t -a l e—inO l t i i - *  -1 ’aA s ~~~~~ ‘a L i c k n e e r :  ‘,be - O’. 5 sill : by 1in- ini ~ a pr’--n i H cr~
ne il i~ j~ -~ ~~~r ci i  1 c i a : :  plat e w~ t in 3 ~ nr . platelet. alesh r~-i , ~b0 t~i~a’ ws f’e-r I::
t h , ~ - r ,  -h - rn — : e n - e-~. ’~r i j  c ’a i l -~’ pc i  I rh - f I c--v ‘~ Sir ig  a a c1’~ p- i :n~ nr ~’t  0 1 si tb a solution

‘C I - c  ml 1 i : : t, l i l ~~- I e ’ s~’ -
~~ (a mi. 0’ “ i

’ n’c-l i’ari h, ,~p~ cjhlori4 ‘:. A m r ’r~- r — i I K e
f i n n .  sle is  t ’~ ne l wh er  ‘an ise -  i x l r n a i t : —ly 10 pin 1’ (hi _r r 1 -‘ r eran - -‘ . At thi st age
t i r e ~;‘n t ’ -n r  i s  - 1el’,’ O l  l i n t : a 14 .5 cnn x 1.0 crc ‘.-I’a ’I ’ev- i i l - -  c e m n I ’ O e r - ’ Hr ~ -‘n - 1 i~
t’ur l’ h -r - t~~~~n~j n - J by a e-o l l im’ i r€-- l  h our, of A r + u 0~~r ct a c-nr y ’ - rn. - 1 - - r i s ity  — n - f 1.0
ses./cm i :rt i i 25 pm of nr:aherill i s  remu -i-~ 1 . F b i :  thinning st op is -Jury i:c.por~ arnt

u se  in, r-’-nrr n-yes -all m e - c - F an I c-al pr a c e e n - — m Inced -I -irn ’uz is s to t b ,  m ’ a t -~-r ial .

The- : c - n - c -~~~n n i l e - I  c-:rf’n- ns - . i an  elect roplat e-i w i t h  ‘a 10 pin thick capper
Cii::, eh i ci. f ” r m :  t he  e-roun- 1 plane of the wavegiiide -nod l i t e r .  The n -re fer  i s  then

to ‘IP ep t i c a l i - r polished copper block with  -a low v i s c o s i t y  r e s i n
( . ‘ t - ; ~~~~~~ -t l?l’l’). Typic-cl t h i ckness  of a un i fo rm bonding  lI fer  IS about 2 pm ,

b~.- -- ~~p l y i n c  a ‘u n i f o r m l y -Ii at i - i hu t - u l  w e igh t  -luring  the  e-erir .g cycle.
t iC  a C - ,‘ t h ~ t h i c k n e s s  of tb- s GaA s wafer  is abe-ut  ~ n il : .  The we’re-gu i Ic is

~~. - - nu 1- op- I ,ntil cppr-awima teiy 2 m i l a n  of GaA s is i - one - a v e-I .  The surface is  then
c h - u n n - c i -’ rcha:, icq l ly  p - ; i i ’h e - I  in - - - a rnr rr )r-lik- ’ fini el~. D~ ring the processing , the
~ hi -~ n r ~~~~ -G~~\ an ~‘ - ‘cin i H is  r n , ’asurod a ’ s e - v — s - i p -n - i n t ; : along the 14.5 cm
I~ n- -~h -nY ii a h e r - ’ i i’ -: l m n r  lId -1. t-Rl FR S p e ct ccph c t c ne te r  i n  the  reflectance mode .
fl he- t -sHinn-~ e s s - a t r O f l a n  h e t e r m i n e - 1  by the IR cp- - ’ctn- n ’cph otomc 1:er gives an
‘ton i -n-s r lees of’ the ‘-neig h r ; ,; i i ,  t h e -  haA s, wafer  aril-i . W i t h  tie - above described

~h i r n r ” I  p r ” s ~~cnc , w e - i c i ng i n n  c nn -t im ely found tn be 1-c’s than 2 pin along the 14.5
-c I -~n -H , cC the 5 nil H ic-i. : w a v e - g u i d e .  The iR sp sa :rophot omet r ic  measurement s

e - —~’ - ‘i~~-’r h e -  c om p ar e - I  w H i r  the- r n e - -m s-aremerrts ~f the H - icr ~ I r’~~b~~, which is a precision
i- c a- r e - stin g a i r  a i - u r - ~ i n - ; n t r - ’ -: sr t (Am ens-Mercer). In cyn’ne-r~-i , very good agree-
inen t : :-: i ’r ts  h-n - ” w n e m r  ‘n h - s e e -  t -~cr i n - i - -p eru -Ic -nt  measurement s, chi c-h implies that the
snDp r cr- em s lp im- ’ ’inl t -nhi r .e - lien are- essentially wedgefree. If any wedging
-In c-s ch an t  ~ t’ leis point it car. be compensated by using the angular adjustment s
wi-ic-h are incorporated in the polishing fixture. At a 2. 14 mu thickness , a chemo-
rn - a -h airni~ al polish is performed . Ppectrophotometer scans are taken again of the
Ga\: i-, b i e l c r i r s :  prior to the final ion beam thinning .

Ta improve th e - optical transmission characteristics , it is -lesirable to
m a i n t a i n  the th i c n-n rme - sm ,’ ’f ’ th : interaction region thicker than that of the input
as I t he  j u t  p n n F~ -:u - :p iing r e-ion . The transition bet-w- -~n the two regions should
-i c  a length not loans than about 1 mm. To g n er --u t- e- the required configuration ,

a, li -i I an’; mask ~,,f alumi num oxi-i r wa: made as shown In t’ i f ’ n - : r e  7a. Alum inum oxide
n-ic .: selec t - I b e -cau ; :e  of its slow ion mi l l ing  r e t e.  The a l u i law mask (2.77 cm long
‘c -0 . ’ cnn n-il Ic ) is  placed r a in  top of a chemo-ra ‘ch airui c a l ly  po lisher l wafer .  The
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+ - an’ n - a - - ; ‘t ep is t”c rnn~ - l h i  I -en b eam mnwi c n b i n i r ~g at . a current I~:nn’ i~ y of o.~i‘a-’- ‘rn ’ ‘it n n e r m a l  c- ‘am inc- i  I- r n - c e - .  Flu ’ rate of ~ -~~ e removal is ‘n pm/hr.  The
n-I c -ga l I- ’ I :  mach i n -  I un t il 13 ~,n.Ifl of material s r are -s.c I f r a n :  tl~ n- unmasked
a n  -

~~ * F igu s- .’ n - n - - ; 1: ~w . t Fn ~’ reml 1,ing w-n -v eg m u 1 ira Ii rn- - n - -i a r i a  a f ter -  performing
n. - ‘nul l  11 n . pm - e r a s . ‘i i -  ‘ca t ” - ‘ -  I a Car t h e r  tI  i n a n e  1 by t i e  I or — n  ~am wi tI,out

- P ne” Ic. -; mnn - n - k :r , 1L t in - : bn- : ’i  i -c- I t r n i - n a r i s n : : in  eb t a i ne l . [a. i s  process
‘m l rn;’ -:’ , I sn , :- n’s ns 4 lee t ’nk ’ : r m t r e -  :ruad r t a i n  the  roost  rat e t c - n p - n a t u r e  helo’.-i

‘ I  Y . ~ ~.‘ S f u  un i  ha t t i n e nl i 1’ er”srnce inn uii :cmnn l expansion b -t’,, ie-~’- Ga ’~nr ~nnd
- :  i~ er- . -, ‘r re. inm’l p in r u n  c--i n c - c a u s e -  cleavage in C —aj~,s w a f e r s  if’ the  t empr r r e s , . re

±‘ tb- c ‘ , rat-s is not c-n~~ral1ed . A water cooling fixture wa.- ifin’+.ailt:d into
a - S .  h4 i ca ’a -  s t a l e  Fi y :t, - , ’uu .  ui ,  ‘,-i-ee i -n - s i t -n e—I speci ally l’a r  t he -  rns~’-i~~i m u g  ~oiu1er

n ,, rn -n - i n , 4 ‘ a i r  a 1 ew t -n ec- r o t a t e (
~ 53’~ ) u r n - l e n ’  1 on i —h om bar -hue r u e e ” -  r exte-r i ic—I

- - a ’ _ 1 an - ui I m u  a

n - H  a - i  c at i  u r n  of a microwav e n-Ia-r ae -ui  Ic mo -I-a l an  or is completed after a
~h ee- 1-h i c k  c - u p p e r  f i lm ira t i c  f e r n - u  of a m i c r ost r i p  si~ ctrodc is applied  to
‘ n , ’ t ar ’  a , rl ”e- of tb-c GaA~s t h in slab . This in- acc-ompl in-hed by stan-lard photo-
I Y  h - c -gr ’ap li c u I ei n - o t r , s m s l a t i a u g  t e-e-hn i q ’n-e an . The f ;,r o~ -i, ; m n— ’ , ,sionai cl an s-a l  or
n - a t  - cr1- r i  1 g m  wa’~’re - :au i-Ic is  p r -n -  I n - e e l  by ion—milling a bonded GaA s wn:;eusui-le

e n - j  cs - cnn I the I a - a r :  af t h e  micro strip electrode .

n- ~) L ‘ tO ic-cl Ta - an em i  s n - t r a i n  F l h a r c ” t  - ‘ r i  n - t i c - a r

p ti -n-n l r a r ,n’n ir’ : i o n  a - n c r - g n u  ent .s were made with C5~~, laser s  ~ power levels
op t o  1~ W .  Fo~ :ne - :  -n-xp m i m e - m a t s , t npnui l aser  p own -r t -

‘ the ;-ia’r- sgn-rr i lean is in
th e  s’anee-: t ’rsm 3 to 5 n-i in a l’crn -n us”-i beam spot of’ ~ 1 mm i ui Ii C,~n- ”An- “r . ~crralts
r e -r H -n - I lee r -n - n-Ic-re aht ’a i r n ’  I b r  r i s i n g  tw o r i g h t r _ a n g l r -  g ’n -m’m-an:iiarn pri am :— with a
bas s ‘c— c --i of 5 mm x mm. -\ -ene—met car-rarlius reflect ~ t i t ’ m n - tm re ar i nn - ‘rn -u-I to f - u r ~n - rs
the c a r — s i a m  i n n - n u t  be am H op p r ax i n n i- -ly 1 mm in si e-e (1/-e l oa ~ m- p —awrs r point:
at t h e  input  p r i s m ) .  Thro es-In the length of the wavcgan-il: the t ransverse beam
sornI ’ia’irl±ior is e’:cmut i ally confocal , as shown in [icr - nra ~~~. In the absence of
t h e  top -e-1’~-~t r e - i c , -a, be--ut . t i-si t is nearly identical to that of’ the input beam c-air
be obt-n,i rn-a - n1 in t h a ,m f a r - f i e l d  n-f the output pri sm for wavcguides having a thickness
s n o i f o r m i t y  better than 5~ . Wh en a top inicrostrip electrode (1 mm wide x 2.8 cm
lor :g ) is I c -p orn it t - I on the surf-ace c-f a bonded thin-slab GaA s waveguide , the
t ransmltt ’e:I las-sr b -cnn - i  eh’ snrn - is severely distorted , ann shown in Figure 8, for an
Ln’n i 1 -‘r~ beam n - 1 z - u  ad’ :- 0.7 c-n propagat ing u n le r ne a th  the  electrode . However ,
th e -  c : n t’ _coupl ‘1 angle - b e a n  r a n , ’ c.pn :ar to be affect ul . The output beam quality is
r’n ,~tare -r1 if the propagation p c t P  i n - c  r t . s i d e  the - ‘lect,roIe region . The elliptical
o u t p n i t  b e comes  asymmet r ic  if  t i n ”  a-arnie -cal b-~’-c- ,i i s ‘A ightly misaligned with respect
to  t b —  elect,rale. Tb ; e l l ip t ic-a l  l i : - ~n o m - t i a m n  Irn - i r ” - - s ’ S t’urth--r ‘-n ith appli ed
m icr:ca -’o pacer. We ‘att riha -t.e the scuns e c f  t F ~~a cOn v ’ ‘b :-ar ’i”I lena-like effect
to ‘1 ‘ t ; r e ’ : — i m i  n - ca l b i  s - a t  a- i ms g on c ’a “1 ‘aue - t~ n - 1  e liy - 0’ t in- - - i - c ’ r o le .  Recause of
ti-,o I ‘ c - t r a I n -  e- cm -n -br’ ! , I ’  i n n  ver  I i  t ’ C i r n ’ n l ’ to a Thi ”’ ‘ -n - p rf ‘ct - n - l e a - r n - n c - n t ,.
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A I if ’t ’ r’ -me -~ i ce -a -limi t ‘ -I be-ruin can only be collimated within thu r u a r r on - 1  mic rost r ip
with jt s wi I’ a . to I ‘ ‘:g 4 I r’t t i - c , -L/ I , ,  at’ i ven by (itf. 19)

� ‘ ) ( l i n- /n~~) (2 )

n-ri -_ a” : , 
‘ a m , a c m ’ - - -. - i o n  - a- - ‘a n - - I - - n a -t b  ‘ a m u l a- la-active ir iex , rm::p- - ’ cln i’i-al’’ . I-or

‘a vi -: ‘ 1 nn , ‘ l n  - “ n ,  I n n  n e - ca  ‘ a ’ I’ in c - :  ‘I t - h  o .  ( 2 )  cannot - ‘xe-on - I 3 cm.

c r  n- -~ I len ’ air leans— like uffe-c-t, C-in -n be e l iminated  h-v
i n c a - - - ’ma ’ h n .  1n  - ‘:1’’:’ a - I ‘ I ’ , ;, n m ’  a n n 1 acm to 2 sin ai ~‘o: an l i m p e t  b e - -n - ia n -n s ize  sf 1 mm.

a ’ on t a n  i ’d - a -  a ’ I - n ’  ‘ i a - a,  p n - i  -0 . a ’ ‘ r i -cc  thi us 1 1 1c c - c a n e  is n:,t desirable because
‘inn I ‘‘i r~’n-~~5C I n . Ci” a- a le c r - n - a  c ’c , : ’c -n- both am i n c r e a se  in the : Iev ic— a capacitance 

‘ on- i n -  - :s ’ - a-i. ~~~ ‘c i m m u p ’ r b n ,m a c e )  ‘n- r a ’l a rr ,n --Ioct ion inn -  “h e  modulation
b an .  1, -i V a. o n , I F - a -  I a r n s i ’,’ . - ‘a more l en - i r a b l e  approach in to compensate  the
1 1 f f  a- r u e - .- i n n  ,‘ - - - f r ” s~~i ’ i - ’  i n .  hex a t the  e - I~~es of the  electrode by removing a small

nan ca- i t cC u~n~.’ n ’ n-c 4 +n - r r al ~~ , f - j r - n - n  s imple channel w-m v c c r n i --i ’e , a s  shown in Figure 6a.
W I  ~h .- n n c i , a n-~over~~i i n - , W ’ , r h-tv ’s con f i n e-I the  bc-cm to a 1 mm channel path in the
p r - c - c e -m a c - a  - f ’  ‘a a n - i s  ‘~~ri p el- ’cf , me i - n ’ . The t r ansmi t tea l  l a ser  bc -run shapes through
n a t - a -m .d c-a - i - a - i  Ic w i t h  a c i ianro ; ’ i le-pI of 5 ~ ni are shown in Figure 9. Figure
?n 1-sp i c t s  t in-n -  i a -p  -

- b an - an-n ale -n -p c ;  J i g ’ore 9b show n the ou t p u t  beam shap e when a

i -r i- ne - I c  i s  l a u n c h - c -ui from p a i n t  ‘u ‘in- i r u — i l c a t  c - I ia-n Figure E s i. Two f in i te  st eps
is .  t i n e ;‘l ’ - ’,’ - - g ei-l ’c- -ni ’s ni —A, rn- - n - u n - -n a - 1 i : e — :rnable beam l i st ar t  t o n  but only cause a slight

- i r , an i s e  t ro n n : m i t ’ , -s-:1 pe-’c n-r ~~nr compared c i t i n  t hat t ransmit ted  through the
cn n - e r a :1. [ i n n r c -  9c n-h-ow : tin ’- - output beam shape when a TE

1 
mode in -  launched from

point  - , an- In lie— I -n- -I in F ig u r e  n - Ta , which is b c-at e-cl in the center of the channel
- -a l a- i - , i t s  t n-n -p :‘:rfou ’-e coat ed n - i i ’ h  a 10 i,inm th ick  copper f i lm.  In t h i s  case , the

if ’ t i :  ‘i u t - r n - n m u p II ecIl b -earn inn n l i f f r a ct i on - l i mj t e d  by the widt h of’ the channel
h n - t  I , ” m u ‘tff - :c~ e’I by th~ n - n i c r o s~ove power.  If the laser is incident at point B ,
w h i  r at  i s  - n - n a - -  I ‘A th e  “ Is n ’ - ,a un - f  the  channel , t h u  output~ splits into tw o beam s as
a n h a u r .  In - i’ ic,n - r e  ~~I . ~ru t h i s  c a n - c , a sp l i t t i ng  into  a m u l t i ple n-pot can also occur
if t h e -  i r - ’ n -~ ion of p r - ;p’ag-it ,ion i s  not in perfect alignment wi th  the edge.

F- cn-r - ,- r  t m - - n . ’mi .r: Ion ac e -a an ar rcme n t  ma for var ious gal Ic- - I-wave modes through a
t 1rpic a ’, p l ’ a r , ’ r  ~hir 1-:1ab ;-r n ’regn -n i r i e (F igu re  1) wi thou t  the top mi crostrip electrode
ar e - plct’Hn l n :  a m r u n c t i o n  of coupling angle wi th  ran - n p -n - - c t  t o wavegmide normal in

f e - U S a  1’). Ti,is xp -ri-c n - ru ’ was performed with can i a -p et  Ilc:’er power at 3.5 W .
I’l - ” i : ur - -m ’n t n - of ’  I’ i a - a n r — ’  10 ;-; -e-r e made wi th  a g a r : : i  a n :  c a r p ’  i~ laser  beam (a = 0.75 mmL
The I i n m t , a,n c n -  bet wan-en th e  two pri sm ne -anpier s  v a n ’  3 am .  Because of i n su f f i c i e n t
‘o’np i i nue - l engt h , tin - ’ ran- en sured power + n ra r a . .r~n, , .  i ~~~‘ of t~~’~-r 

~
[ ‘

~~ 
n-role (not shown in

i - - r e io) was only ‘n -h- c -ut 18% . The power sr -n -n m n - a l  - me was l u i g i i e n n a t  for the  TE1
me - Ic at ~~~~~~ These p un - i t r a n sm i a: t or i  aceaau r u n - rn~- a 5 are  v er y  r ’pr odn-r cible for a
number n - f  s i m i l a r  - -ia:z cg ’u i I - ’ :  cvalu ’a t n e l  -it : variuvu s i - .p A po war  levels up to 15 W.
The  var ia t ion in  powr-r t r ansm i a - n - i o t a  is less 4 han b”~- in’l i s  l i m i t ed primarily by

20
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~ I- n- a--apr c - -la n a - i hi l i ty  c - f ’  -cp a r r t  n a - v—match ed input laser beam shapes. a-in c-c t h e
crc - p l i r -ng ‘ f i l c h -r ac y  ar t - i  t a- a n n - m i  t ,in ecl beam quality depends critically on the
j uoli~. ’i -nA ’ t i n - a  w ’n -’.~ r a -u iu i e r  cii i the couplers , result s obtained from these optical

- 
- t e:L: ’ i n d i c a t e t hat a h i ~ ’i: degree of structure un i formity has been achieved with

anhese  w o - r e g a i n i d s u ’ . The bases of the coupling pri nrmma are opt I c-ally flat and no
ot ’  -u’mp ± wan- mai n - t o  crea t e a v am - lr i r la  coupling s t rew-tb  by ac- n -iri s of -a tapered
gap spacing (Ref . 114). f ter -nai ’ore , t n -he  maximum t h e -o r e -t i c-al t r ansmiss ion  in our
cane is 81%, assuming a perfect (102%) output coupler . Furthermore, the gap-
:paCina’ for coupling of evanescent w-tves is always k ept with in  0.1 p m .

T i n ’  a - en -r n - i t s of Figun --e 10 show that, the t ransmiss ion  for th higher-order
mo-I s (Ti- ,1, - n O n - c . )  for which nearly perfect apertanre-matching, c-s r- n be achieved ,
I :  f a r -  b -ala ’,-.’ ~ ln ’s optimum theoretical v-clue of ~3l;’ . The n-harp reduction in
I r n n n - ’m i t . f -s, l  ie e-w e -r  for tnhe higher order modes is e a r n - n e d  p r imar i ly  by electrode
ab a-n -n rc -  r a n  at a -h a metallic ground plane. To evaluat e the p en- a- n u t- los s at the
-nal n - c t r cs  Ia ’ , a t sp  electrode (2 . F cm long) in o microstrip con f igu r a t i o n  w n n a
, - r b  n - , ’4 n v n n t ,ls Ic-pa n- t an -c l on the  surface ~f the w ave -n - -n - - i  ‘Ic. The measured t ransmission
f -e r the ‘T- 1 mo-Ic is re-laced from 2c6~ to 33~1’~ From t h e -u s c  two power transmission

we obtain a vc . l ’ t m n- of 0.214 cm~~ for  t ine ab scrn+ i c mn coeff icient  of
he t,w:e elect  r n -  Ic -n - - for  t i n e  T- -~ mode.  a- I n a i la r l e  we r h t n  I a  a v~ la,ue of 0.05 cm’ ~

for  u i , , Ta- 0 mo l e .  Th ese r a n ’ ,las ma or e -  in excelleru a , a - ~--eemer t . n-ait .h t ie’ previously
calculated vib es ( R e f . 13). , - t . iu t h e n -c  m e - - n- ’Ln rp r r u .-’n a . -- ‘-m e c - - mr  est i ma t e  the input
coupling coef f ici  c a n t  fr ” - rmn t i n i a , r or i smi  a:’ ca n aexpr er ’ ” r n  n.n - giver  n y

J T = O.~
’n- e~~~~~ - ~ (3 )

squat ion ( 3)  has toisen jute cc-c’aaunt . ‘inn a;:: lea - n - - u- s . a-niacin’ (1) the loss at two
AR coated i r e p n i t  and c r A n e - n t  prism f -n - c c -n -, o~~eh of n - ; in ~ c-is refl ect s the  laser power
by about Ii~~, (2) t h e  loss nO. t ‘m e i a ip u t  p:’ i s r a a w i ~ ”is coupliana’ coefficient ~ (in
all c-rises the output prism i n -  o s sa n m- -1 t - c- be -n- r- n - f - - c t  coupler), (3) the loss in
a single electrode witI: an ‘t:.s, m- na n n - r c-c- u e o c a f l ’i c ’ en ’ ~~~, , anal (14) th-— GaA s material
absorption coefficient 

~
n- at a l a n a - -rn v a l u e  of 0. 01 c-~ . e-ran -

~
. ( 3 )  we obtain

an value of 22% and i’ ” fu r t h e  Tn - a nra - o de and a- a’ - ‘-— Ic , r c -ap ’e -c t , iv ’n - ly. These
van-len -es agree ‘iery well with t h e  c’elc nl at c -d  vc.lm u-e n- ( V m e-ur ,~ 1 4 ) .

The measured power t r ” -nsmiss ion  result s t lmn - ’o u u On a, t’. c.perca-I o-ovegrtide are
plotted in Figure 11 as a function of the couplirn e “eagle with r rm r p .:-cn to f-he
w-aveo ’u ide normal . The total mrcr aa— e-On - i en length -i a’ 2. 1 cm , of which a 2.1 cm long
section of this waveguide is r-~ n, thickness of 25 tin . A length of -arpr ax imn + cly

3 mm is n u n - c - r i  for makina- the t”no tapered trannnit-ion r and the r eniahr n n-i c- ’ is used for
the in and out coupling . Tb- -- thickness of the cnupi’i air  region is 13 ~n. Because
of the reduction of w avc -gu i —V’ t . h i c a -- n e n - s  in the coupling r egion , the model li-per -ion
of the tapered waveguide is much a-renter than that- n-f the  plan - a r  w c v -~a T p u i , i :

23
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( i - i ’ - , r - -  10). The coupliria - angler for va r ious  modes of t h i s  tapered wraveinui cl e n a ,
• n , - m- un - -n i m orn t r - u n ,  mi sc i o n  -‘n-re fo r - a n  I to be consistent wIth the calculated ~/k v a i m n e s
on - n -wa ,  in  F i r r en r e  3, n an - I provide the identification of these modes. The me~ 
p - m a - n ’ m - o n s m i s n - i o n  for  t h e  TI ) m o l e  is  63.5 and th a t  for the TE1 mode ir 29.
in- -n - u s l n .a- 

~~
. ( 3 )  with  the know n l oa n s values, the actual coupling efficiency i

- - a .  - ‘ m e -’ ‘a7 . ~ i c -a -  ‘me- Tl-10 mo le and ~~ )I .6% for the Ta-1 mode. These result s
a r -  irs - - a-r n- - 1 h - s a n ~ ogr ec ’rn te n t  with the calculated values plotted in Figure 14 for a

t , i c k n a n , ’s of 13 ~tin. The highest transmitted laser power is 9.5 W
n - ca n e r .  - n - ’ n ’ a ’ -- p - c r u i a  t o  a power Isnasity of 80 kW/cm2 at the input coupling region . 

a- - sn’ i a - s  : r,  -c perfect condition after several hours of continuen-n e-
5 - - n ’’ - ’ n - n- n t - 1 . 15  p a sw- - r  i’e’iel .

3.5 I- ~icr -owave Modulation of CO2 Lasers

I t  w a n - r e n a - r u i n - e d  ‘ n - -a n y  in this program that the best approach for obtaining
he rn- - i , 4 “ f i ’i c i e n t  -ansi broadband modulation of the high-power CO2 laser is to

e x c l ’ ’u n a - I  o ’r : - f i r n e  both the  optical -and microwave power in a common waveguide of
the I i r a : ’ : m n n ’ ion n- 25 pm thick , 1 mm wide and several centimeters long. With a
pa - c - p-n - a -  l ’ sn i aT’n ef the optical and microwave circuits , a large fraction of the
ba t- s n-n --sn - ’~- -r can be efficiently converted into the first sidebands which are

aol down-sh i f t -sd ~~1-, microwave frequencies by phase modulation (Ref. 9) of
‘is -- 10 pm lan-er carrier.

Tb - n - - phase modulated carrier field can be expressed in a power expansion of
Bess -mn - - ’: - ,m n - c n i o n s , as given by (Ref. 20):

is = ~~~ (J 0(~~~) sin ( nu 0
t + Oo~ 

+ J1 
(
~

) c-os (w0t ~ ~~ t + ~
) + . . .~ ( 1 4 )

~ ~~ ~o are the amplitude, angular frequency, and, phase of the carrier ,

~ is ‘ i n -  m i c r o w av e  frequency and ~~ is the phase shift caused by the optical—
nr , T

~cr wa y -a interaction in an electroopthc waveguide. For LiØ < 1, the amplitude
of ~ ‘mi ’ first upper and lower sidebands can be expressed by the approximation:

j
1 

(
~ Ø) ~~~~~ ( 5 i

The — p 4 i c - n i  phase-shif t , ~ Ø in P4. 5,  is directly proportional to  the change of
r e f ra c t i v e  index  ~n of the  waveguide as giv~ n by:

= (~~~)anit ~ ri (6)
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w a - a -  - k  i n -  a L f ’ l ’ -: r- . ’r i t t -al I m t  - - i -n e - n -. I a- rn l e ngt h  and ~ - is the laser wavelength. For
ic -mn - l n c - - a - a - ‘ an 1- rn n t lu I’ H n - -ce~ a- : , ’ to ac-count for the differences in phase
‘,‘ e--Jac -i + ; is’ ’ - ,-: - - - a n  t i -  -p ’ c- - I b - -n -rn “ ann - I ~he micr -ow- - ’i-- - n- ‘ann also, in particular ,
u i n - - a  mr : I  n - n -  uw n -’ - at: - - ‘n u n - n- iu r ~.

The-’ -sh a r e r - - c- f’ t- - f r a m a - i - - c -  i n - l o x  for  a T i - I  mode pnopagating along either the
(-Til) a’- (- -ii) rix in - e - m , I - a’ a m  - n - a r ’ - a-n -ni a ’ i - ’dI • p  appli- - -- I along the  (100) axis is
a-k’- a b :. :

= 
(~
/~)n

3 
r141 lI p (7)

- a - - - 1.2 r-: i i_ l, nn a m/a - , ‘-r i I-~~ in - - l e t - e rmine  I by the  circuit  parameters and
h- m n - i n r e - - m - ’,’ - -  p - -n e - a - .

a- r io -  ‘ i s -  n n i c r : w : ’, ’~ c i r c n n i t  i n -  an mc onv ent , iona l  in size compared to those
ra ornm: sm:lv a n u s - - I  F a r  m i ca-c a  ‘-on- compo n e n t s , it, wan- necessary to determine experimentally
+ h- :  atm n- i- .‘

~~ par arn al era inc-i--Hug t, l n - n  character i s t i c  impedance, Z9,  the dielectric
en -nm. ‘ a n , ’ € , an, -l t,he r i t t - n - t i n  n -a t ion coeffi  cient , ~~~. Param etric studies have been
ma -I c F- n-- h a i h fh e  mm- i rA - a - -n -p  r i - I c e  waveguides (R ef ’ ;. 2 , 3, ~4) and the microstrip
t r - a n s m i s n i o n n  l ines (R an - f : - . ~, 1). R~’sults (Refs . 1 ) , 11) indicate that both

ba- , c-~ o r - n - n -’ havc -  n -an y i I- -antic -al charac-teri an t ic-s . In general, we found that the
m i c a - - n - n-- n- rip circenit is n :iau :niderably better than th e- ridge structure in both
r-n - p n - -e -i n c ibili t - i n ai l i- ’1 i a b ~ 1i tv.  Th-~r c -  advant age--s -are derived basically from
a an n - or- - pc -ee l  no  cont rol in f a b n i c ~n t i o n  of structural tolerances. The only di s-
a-dv am nt” - - -a -f a - s i ng  r n i c r — s F,r i p t r a n s m i s s i o n  l ine i s  its lower power handling capacity
en-pec in.lly the matching network at itn- input port . The results indicated , however ,
t k a t  a, smal l coriacial input line cnn -anne -ct e:1 to the microstrip circuit c-an handle
rniera’,- -a ’,-- -a power m up b - a a r ia-  80 W .  For continuou s operation over a long time period
-
~~~ ‘m i o h e r  power lee--el , a ri l e - -  w a v e - a - u i — i c -  would be the best choice.

Tn - n - c -  camp l - s t e  m i c r o w a v e  m i c r os-t r i p  c i r cu i t  i s  shown in detail in Figure 12.
The m i c r o w a v e  power is  c-~r at er - f - - -i ‘ hrough an input impedance t ransforme” from a
coax ia l  n a n - i c - r e s t  r i p  i - c n n - n c - i n - e r  art -I t he  ‘ - n - i s  are open cir c u it ed. The launcher , a
stac-n- ’ la r l  de s ign , ‘.-‘a.s modified to have a longer center condu ctor extension with
a a’~micir cu la r  ah i e - l r f l rnp’ . The longer ext ension allowed the contact pressure to
b -n-- l i -n - - a- i rs- ted -n - v er  a wHier’ an - - c a  on the  GaAs thin-slab without causing material
j j l n i’ tOc - .  The larger contact arc-a  for t h e  microwaves also provided slight adjustments
for H np r c ’-’Ing the input Hip -l ance matching . With the c-enter-feed excitation of
t h e -  m i c r o n -t r i p  br -n a ru sm i sn i on  l i n e , only the wave that is in synchronous with the
l a s - s  b -n - am modulates t h e  a--c- i -l cd optical wave. At, the center frequency the electrical

-

‘ ~Iis f an n -c-v s are f~
a egral r i n n r n h - -r - , ’ of half wavelengths from the feedpoint to the open

c i r cu i t an - - I u r I s .  A l b h a n a n -”h the configuration may r-~em narrow band , this is not
n .:ce :’usn - r il ,’ the case. If. ica ru s out t hat if the feed line from a matched generator
is wall matched to the net a- i nr arl n e r i stic impedance of the two lines in parallel ,
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the amplitudes of the synchronous components of the standing wave are independent
of frequency (Ref. 7). Therefore , a relatively broadban d operation can be
accomplished by placing a microwave circulator at the input port that not only

a protects the modulator driver but also produces a circuit almost equivalent to
t hat of a two port modulator. The most efficient modulation condition , of course ,
occurs when the net input resistance Is transformed so that an impedance match
exist s at the input port of the modulator. Under these matched conditions, the
power in the first sidebands is given , from Eq. 5,  as:

2
= ~~~~ P0 (8)

in which the phase shift 
~Ø 

is given by the expression (Ref. 3) (withthe assumption
that bot h the optical and the microwave fi elds are In synchroni sm)

= r~~ n~ (2P
~~L) 

1/2

where P0 and P~ are the laser and microwave power , respectively . w is the width
of the microstrip line , ~ = -~i7~= 377/3.5 ohm , ~ i s th e microwave attenuation
( in  nepers per unit length),  and other symbols as previously defined.

Figure 13 is a photograph of a standing-wave waveguide modulator . As shown
in this picture, the input impedance transformer is made of a one-quarter-wave-long
microstr ip line with a selected impedance value . The transformer ratio commonly
used in our work is about l~ to 1 for the matching of a 50 ohm generator impedance
down to about 12 ohm , which is the input impedance of the resonant microstrip
line. The characteristic impedance of the modulator is 2.7 ohm .

The measurements of sideband power as a function of microwave frequency are
shown in Figure ll~. The measured modulation bandwidth and conversion efficiency
are nominally 700 MlFtz and 0.7%, respectively, for a 2.78 cm long ~~~ 5 X~ ) modulator
at an Input microwave power of 20 W. These measur~~ent s are consi stent with the
calculated result s by assuming a total loss of 2 dB in the microstrip tran smission
line.

Because of the length of the microstrip line there should exist a series of
resonances. By using another 2.8 cm long micros-t rip modulator with a center-
feed input impedance transformer designed for 15 GHz , we have obtai ned the side-
band power at various resonant frequencie s , 9.9 GHz , 12.3 GHz, 15.0 GHz and 17.8
GHz , which correspond to 3 X~ , 1L X~ , 5 and 6 X

1~, 
rer3pectively . The measurement s

of the relative sideband power at each resonance are shown in Figure 15. It is
interesting to nGt e that the measured sideband power is higher at 12.3 GHz than

28 
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that at 15 GHz , which is the design frequency. This suggests t-hat the circuit
loss at 12.5 GI-{z is about 0.14 d,B/cm an- compared with 0.7 dB/crn at 15 GHz. The
ro ll-off in sideband power —a t the two e--x±reme po int s  i —n expected because the
length (X/14) of the input t ransformer is selected to favor the 15 GHz resonance.

Although most of our modulation experinents were carried out at a laser
carrier power of about 14 W an i  an applied mic-row-tv - power of 20 W , the structure
has been operated at 15 W of laser power and 80 ~4 of microwave power. The side-
ban-I signals are di sp l ay -n - - I  by using an electronically scanning Fabry-Perot filter.
A tn --p lc -al  signal from the  n-canning filter is shown in Figure 16. The spacing
between the two peak s corresponds to 32 0Hz and the full sc-an is 50 GHz.

With a high power micr ’m--ave i’WT amplifi ’r , wv have obtained optical sideband
po-~-~-r conversion efficn- un-nc -,’ ama high an- 2.lZ by in-ar e-rn -sing the microwave power
to (0 W. Figure 17 is a plot of t b - n  ran-~u a s ur e e -  cna ’~’ n- r s ion efficiency as a function
of the microwave power . Resu lts clearly i r v i l c - - a t -  t ha t  a linear dependence of the
n - i  leb-ara d conversion effici ency on t b - n  microwave power np to (0 W is obtainable
with  t h i s  waveguide modulator. Above ~0 W , an r-] n-c-trica l breakdown occurred at
the narrowest section of the microstrip step 4 , r rae - : : f-~rmer (

~ 13 mu wide). Ar-
mnent ione-I before , -a ri cla ~on- wa ’-e -gui -I e must  be un - u -I as tb input lire for operation
at high power levels. Eased upon th e  present state-of-the-art , it i n now
possthle to obtain as high as 0.3 W of single sideband power --f 16 0Hz with a
20 y a -— 0 laser and 6 0 w  microwave source as the i nputs to -a GaA s t,hin- n’lab wave-
guide modulatr-r .

Because of the moderate loss in the 25 WIn thick and one millimeter wide
mic-rostrip circuit , the use of narrow-band standi ng-wave modulator structure
does not appear to offer much enhancement in conversion efficiency than that
expect ed from a broadband traveling-wave design . A theoretical design of a
broadband wavegulde modulator is present ed in the following paragraphs. However ,
the important problems which remain to be determined are in the implementation
an--I in the fabrication of the desired circuit . At microwave frequencies broad-
band impedance transformers are realized by connecting in tandem a series of
transmission lines which are one-quarter wavelength long at the center frequency
and which have a prescribed set of values for c-h’ rac-teristic impedance. A
similar techniqu e is used for AR coating in optical. devices; however , there is
more flexibility with microwave t ransmission lines because the t ransverse dimensions
of the lines are adjustable parameters. Thu s , a continuum of values for
c-haract eri n:t,ic impedance within practical limits c - mn be achieved .

For the broadband modulator de.ign , the modulator characteristl-a impedance
must be known . For a one mil thick and 1 mm wide metallic strip, the charac-
term -tic impedance has been determined to be 2.7 ohm and its attenuation has been
-lu t ermined t.o b~ 0.11 dB per wavelength at 16 GHz . An effective index of refraction
w a s  found to be 3.5. Because the thickness of t i n i s  microstrip trans-nission line
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ly one mu , whi ch is y r  small as compar-- -l  ~i th  4 hu - mi crowave wavelength,
- -xD~- n i m e n ~ a1 procedures for -le~ -arrnining the above characteri stics become very
- l i ff l cu l~ . The measurement - I - n - m n - n r d s  upon f at r i  c a t i o n  t ech rn i qmn - es  and the inter-
an - - Ii a ~ e Circuit c-omponenf.s which are required to make t h e  transition from the
--x~ r--mu-lv sn-a-ill modulator dimensions t o  standard microwave component s of
s - - l e t  i . ’o1y large s i z e s .

A rm a rm-a1~~m a i  has been made of the f requency charact er is t ics  of the broadband
n n - : s r : v a ’.- -~ not -l a t e r  using a theoretical  model wi th  tn-he assumption that small
• u n s  i on  m ar a s i t i c  roac~ asi c-n-s c-an be accounted for by small correction s in the
m a n - ic - a l  ~ - - r u - 4 h s  of t b -n -  ac-utal elements. The microwave circuit model of the
a l n n l a t o r  i n -  k et ch ed  in I- i ~~~r - 18. This model , a t ravel ing wave configuration ,
c - ’ r n s i : ~~: -f t h e  rrra in t r a m n s m i n - s i o r .  l ine  of length  L and two identical impedance
t m - - m a t n - - na n- r n -  at each e n i .  Fach t s- n r n a : f o r r s n r  conta ins  th ree  one-qu art er wave—
1 -t m st - -ps w t t  in -np -c I t racu  i-i .1 on-n - s -n--l i -ste-i  to give a maximally flat response .
The se  t - ‘- mn - s 5j 4 i c r -s i nvolve n - ov- -r -Ll L ran- -n- rnsional changes in tn- in- a microstrip config-
‘ n s a t i  --n -~r. a - I n - l i t  i ou -a .L c - ea t on -n -n t, ,  RL = 10,000 ab a -a , was added at the c-enter of
t h e  U n - a  as a mathema tica l  1 € - v i c e  to permit the  calculation of the voltage
across  t I n e  l ine .  The r elat i v e l y  large value of R 1 makes its effect negligible
e l— ct r i c a l l - -- . U n d e r  t h e  a n - s - n m p ± i on that a synchronous condition exi st s between
t h e  m i c r o w a v e  and t b - n  IR r - a - I i - a t i an , the  degree of modulation depends only upon
t h e  - i I s t r i b - ~~ ion of syocln -ron-ous a- -av e  amplitude along the modulator. Thus , the
‘-o1~ ag- ti n- n- t h e  midpoin t  of the ll r.e c-an be used to approximate the average
amt l i t-ude  of tb - a s -mcb r on-o -m n n  wave -over the frequency range of int erest . Since

~ tne power generat ed in  the  optic-al sidebands is proportional to power carried
by the  . -:rn chr - ; rn -o l . ;s component -of the microwaves , the  modulator performance is
protur~ iona1 to the ratio of the synchronous ales wave power to that available
f r o m  the  microwave power source at the input e~~n- -i n a i s  of the  modulator .

The detailed calcsnl-l t ion s of the  frequency response of the modulator are
fairly tedious because each section of transmission must be handled separately
t h ro ug h the well known microwave transmission lire equations which involve sum s
c-f h:;perholic func t ions  wi th  complex argument s and coeff ic ients .  The calculations
are f ur t h e r  complicated by the attenuation coefficients which varies noticeably
- T i n - nb  frequency. A general computer program designed for microwave circuits, which
is an ad-- -arn-c-ed form of one d-n-aaigne-1 by P. E. Green (Ref . 21), has been applied
to this modulator prabl-—n . Ira the calculations, the power delivered to RL was
f i r s t  calculated at each frequency and then converted to the equivalent power
- ‘alan -s for -a synchronous v-ave  that w-oul - -I produce the same voltage, V~ -at the mid-
point . The results are plotted i.n F igu r e 19 for an active modulator length
of 2.7~ cm (5 waveleng ths -at 16 11Hz), for -a , f r e q n -~n --nc y r ange-  ‘-xt ending from 6 to
26 GHz . The useful range is the 8 a-Hz band i relicated by the solid section of
the curve drawn in Figure 19. The Il-Cn -he-I sections of the curve are not useful
regions of operation because --f rapid variaticans . The useful range is shown in
F i g u r e  20 on an ~axp amadcsi f r e t m - n - r m cm ; n - - c - a l e .  The calculated results as given I-v a
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: a , a n i  es of p a l  m i t -  d e f ine - m e i i r v - -  v i  l i n  mn -an y  ripples wh i ch in themselves are not
C Mnp l - - - - -1- . - - tn t  i v :  Of the asnpl i t n - I - a  response of 4 ’ he  synchronous wave.
Fh~- ‘ na - - n -  ho- I If  o ni  -J a ’ i -n -rn I - lb -  I a hove- I I Q ~55 nat . d i n - t i r n - g ui  n-h between the

- ‘ t a r n - s f r - - m n- t i - -  n - m c l n r - a r c - n s  n - l a i n - c  - ar id from a a -mall reflected wave. The
v -n v - be mr -  s i n e - -  t h e  impedance transformers at the ends are

a x -un  en- 4 t o m -. - at tt~ calculated dab - . . points in Figure 20 shows
a - a  - La p~-r i  - M c i -  a- is - pu- -

~ 
- - a ~ 1:,’ 2 GHz ‘iaiu - , whi ch i s  of the right order

- - t - m a - - ’nm i~~a n L  r - r - - n -p ,- n n r l i u  t o  a ’ a - - - - n - t l n - m. s from two - l i sc o n ti nu itj e s  spaced 5
ama -

~~ ii a - l i z , t a m -  - 1-  s i g r~ fr -aqniiammc y . A representative variation of the
-inm n p il I’  a i nat  t h e  Tn :m Cb r c nn om s wa-;~a n - - i L l  f seqnosn cy i n -  t h u s  obtained by averaging
-out t h e s e  ri pples.  The total v - i r i a ~ inn  i n  t he  r at i o  of synchronous power to
1 m n - r i  I -  a .  ow -c i n  the  u n - n f m n l  to -- is 1- - n - s  t han  0.5 IF w i t h  lower values falling

- i n C  h i  g i n  end of tb  - f r~ qu ’ -- ,-- - .‘ n - - a ss - -  b e -ca n i-c — -f r i - a - -r  ‘ I t n - ofl n a i t i o n  there. The
aa ie r ar. m v- a l  of approximately -1.25 -IF is conn-ictr-nm ith the microwave attenuation
being a t a t  n - i  of 2 1,1- f m -  5 w a y - a l - -n , ’-’ in - s  en - . l’ Cbs - .

xp en inn ent a l l - i  via h-ivy obi m i - - I  -a L-r o tb - e r  I - n - - n i  no of a ~-O~ laser
o m 4’ I m a a n o n n - l v  c - n - n :r  a n p -  - n ~n-~ - - n J i - - n - s e  1’ n - -~~-’ ~ -ta -z to 18 a-Hz , by u s in g  a traveling—
w ave  w a v o g a n i  Ic m o d u i n -t o r  as m-~~-n- - -n- in tigure a-l. T in -s optical structure of’ this
mn - - a i amla to r  is simil-ar + n-i s h ot .  --f t h e  :-

~~ n - r i l i n g — w o v e  aa ro1ai l ~atorc , except that the
microwave p ower j i n - - i  f r an - man one - --n I -t ~h’- m a n i c - s - n : r ip  elec-tro-le , which has a three—
s t - p  ± , r nsi )a -mer at it s  i m a m ) a . i t - - m ’n - n i  m n - n  . Tee t r ans former  network i- a made by
com ,ne c~ 1mg -a 12 rn -i l  thica f l e A m -  slab I . i th e  1 mU (J am-A s wave-gu ide .  At the transition ,
t l n - -  m l  c ros ’ n - - i p - --1 -c-ta ’- I -  - conf l ~~ n r - n ~ inn of t h i s  f ir s t  experimental model has not
b-a- ama me l - n  precise -in -a -as :n - - c i f i e d  by n - }~ n - i a - n , m -averthelesc , it allows a
rea sonable - n m - n - - mr - t  n--f m i e~ c-’- ; -an - ’ - - input power to be lcd into the mic ron-t r i p  trans-

ar - i n - n - i o n  line ow- -ar t he  an t is- - F n n - - b~~n I .  Wi th  thi s modulator , we have measured the
—:p4’ical sideband power -a- n- funct ion of the modulation frequency. Figure  22
n - r ows the  normal i ze -a l  f r -aqn -ne r n c’ .- response of th is  f i r st , t r ’iveUng-wav~’ waveguide
r n n d , nT ’n - to r .  The result s 1mm - l i c - a t e  t hat  continuc-a s I n - f l i n g  of a CO2 laser  over very
b . - I fr eq’ n enc-i range i s -n-hi -n - i n - an - bi n w it h  a trove-l i ng-wa’ie w-aveguide modulator and
+ l ~ ; max imaur  sideband power i s  about one-third that of the standing-wave case.
Tb -n- ~e r i - a s  of resonant peak s seen in F i gure 22 is caused primarily by the
i m p - a r f ’ -~cf ion of t h e  t h r e e - -n - tn- cap t ransformer , and can- ri be eliminated by further improve-
mer .n- of fabr icat i on t - n - chn i q’ -n - n - - .

~1i)

- 

I 

—



- -  - --- ‘-— ‘-‘~~~~i~~~~~~a - -  ,~~~~~

FIG 21

CD

U) A

4) CD

— —

.2- ~
. . 

.

~~ 
!

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

r

.~~~ 

.

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i~~~~~~

I 

/

~\~~~~_

w c ~>>
I- A-

\

l. t,

Ml
—Il)

i__

~

_ _ _ _ _,_ -- —— ——‘--~~~~~~
—--‘-- _ - - - -‘

~~~~ 
- - -- — -

~~~~~
--- -‘--

~~~~~~~



________________________________________________________________ - ------ - -  -. ~~~~~~~~~~~~~~

FIG . 22

0)
>

0) ~~~~1~~

> 0
cI
~ —
a... C5

I— — C.)
I— U) C

1

~p JeMod pueqep is ~~~~~~

14j_

- --~~ - —  - --‘~~~ -- -~~~ ~~~~~~~~~~~~~~~~~~~ ‘- ~~~~~~~ - -‘-- —
~~~

- ‘ ~~~~~~~~~~ -



- ~~~~~~ .-~-~-‘_~ - -_,_ ~~.~~~~~ - -~~a ’-’-’ -- --‘----
~~

--- 
- 

~~~~~~~~~~~~~~~~~ -- ‘

R7~~~) 1 t ~

.0 COUCLu~iION3

i e - a m I m n i n l u - n : have h e -en -  iev~-1oped to produce reliably high power in frared
w~ - - a~ 

- sui able for broadband modulation of CC -, laser radiation. ~~tic-al
1-c -aI r ‘ r arn :- m i n - s i o n  t- }n -r ou -}i a 3 cm lcinn -l metal-cladded and tapered thin-slab
Wa-; - - -an-i I i -  a~ a n- Fnj ckr e-ss of f l 5  pm was found, to be greater than 60~ which is
or-ori-an-hins that expected from a bulk GaAs crystal of identical length. The
- i  n - f - - -r~ m nce  in optical power transmission between the waveguide and bulk modula-

- - r -Ic-vices is insignificant in comparison with the enhancement (—~ 20 dB gain)i n  - I n - c  e lectric- field s -n -r on -n i -  which c-an be generated by using the waveguide
e - v i - a c  im n ct e a c l  of a bulk device with the same amount of modulation power. With

a s ’ aa-i irag--wave wavegui cle structure , we have obtained 2.l~ power conversion
e * i n - i - a m l c - i  from the carrier to a single si -Iebanil by applying 60 W microwave
pea-f- -v - i- a 2 .8 cm long micros tr ip elect -rode. i h a  modulation ban dwidth of a
s an -n - ii n .~ wa-~- - structure is nominally 1 n~lln . By using a traveling-wave struc-
- n-ar- : with a three-step transformer network, a factor of ten increase in modu-
la- ion -a i-an-jdwj j .h has been achieved by sac-n fl-nm , - the conversion efficiency by

a. factor caP three.  I f ~ may be possible to increase the electrooptic
i - f : - o 4 a- p  using Cu Te as the waveguide mat erial. In this work , PaAs was used

~-r i n - aril ,- because hish quality , large-size ingots are readily available.
a - - - - :- v - h - - l en -n - , techniques developed for (J aA~ should also be applicable to CdTe.

he authors wish to thank W. Glueck and H . Rukus for technical assistance.
n - a ,- - r a srate-~’u1 

t~~ Dr. 1-I. White for helpful discussions.

_
~~
_

~~~~~~~~~~~~ - 
- -~~~—,-~ - -~ - - --— -- .‘~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



p —  — ~~~~~~~~ -~ a- -n -~~a- -‘-“- - 

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

‘- 
~~~~ ~~~~~ 

‘ - T ’ T ’ -  
~~~~~~~~~~~~~~

- -~ a- -
-

5.0 Rl-IFI-IREUCi- P

1. ‘l e e . I . K.: Investigation of Phin-Film Modulator for 10 Micron-Lasers .
a - FL m m ’ u ’rn - i mn echnical Report , !-i-9t1513-P , i-lam-a L 30 , 1973.

‘in - cc , . F .  , I , J i l - i ° n - n , n- . 1- . - lad -: an-i J. L. - w i n -~ al: a-i4 ra—W idebani d
i n l m n - i - ’ilxn Modulator for CO0 Lasers. UARL Semi-Annual Technical Report

1-1-9 151~~l4, September 30. l97 .

3. J}c-n , P . K ., i’I .  - i ln ’Ien , D. W . Fradin , and 1-~. W- n- a -~er :  Pic-rowave Modulation
a: ’ Pa - - Laser in a- ala s il i in-Film (antic -al Wavegui n -l es.  ALL him-i Pc-mi—Annual
,ec }un -ical  Pc-pert , - 151’- - - ’ , -larch 119 , 197k .

I~. lh~-e- . F. F -I l l - i on , I) . -I . Fradin , and H. W a n - -n cr : !-licrowave i- a’j eguide
lIe -  ula - orn- for CC- - Lasc-r n - .  UARL Fourth Pemi-Arinua l  Technical i-n-epart
1-1P 15l3-P , Peptember ~~5 l97~~.

5. ~hc-o, 1 . A ., D . P . Fradin , and H. Wagner : Microwave Wavesui le Modulators
: - ~r PC.  Lasers . l n iaRf, Fif ~~ii Pc-mi-Annual Technical Report R9P 15l3-lO ,
Tar n-n h 31, 1975 .

The-c- , i. l-~., I I . -a-il arm , and H. P-an--nor: infrared Wavegul-le I-io i~n-1ators at
-licrowave Frequencies. 1ThJ ixt h iaa emi Ax-mual leclinical ii~n -pcr t  P75 -c) 941-1,

en -n a - er  ‘-10 , 1975 .

7. ,Jhen . 1 . K . ,  D . P . i ra -n -in , il. n;j1den , ann-I P. n - - L-~n ’ar :  ill - li  i on-ncr infrared
-l-a’:c-s’oirl e l i c- lula t omma . ~T - ’iJ C f ew - sm i t h  Semi-Annual [echnical H- port

HP- -- ) ’  941-3, Parch i0 , 1)7- .

~Et . -Thee , 1 . K . :  Pulse Ampli tude  iJo-lulation of a CO~, Laser in an Electroopt-ic
‘b i n - i -j im  Waven--m i d e .  Appl . Phys . L e t t . ,  22 , dii (19T-~~.

). Ph -n --c , 1 . K . :  i - l r - ’n -n ’n -r on p t i c  F~’opertics of l~e~c rse~~Riased -;aA s Expitaxial
Li: ~‘i]on at 10. - ” n-ps . Appi. Phys . L eLt . . 2 - . ~‘-a--; (197° ) .

10. CL-n-c , F. K. and P . il-Icr: : 1 ln-Lomowavc Modula- i s i n  - - ,~ lP~ Laiers in (lain-n

le- i -n-al  Pave a-ul i cs .  Appi. i h s . be -t in -.. ~5, - 
- (1-~7l4)

II. a-hen . 1 . K. and P . i l - h - n - a : ill - -h Power ir i t e sr a t e -  I -a-p 4 i c  IR 1-lodulator at
Picrowave Frequencies. Appi. 1bps. Let’- .. 2). n- ’-

~ - ( 19 7 - ) .

1?. Cheo, P. K. and H . P - asne r :  infrared l-ic’e tronp ’ i - n Waveguides. J. Quant.
i.le-n- t,rc-rii cs , (to be publishe d).

~43

L
I 

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

-

~

-‘----- - - -‘- -

~

--—- - - -  



~~~~
-
~~~~~

- ---
~

-- --
~~

- 
~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ - _.-

~
--- —,-.-- — — -

R7~e--n -) t - ’ ‘141_ Li

R - - n -  - ‘ a P (~~~rr~’C)

11. n-a-ti eo , P. P .,  J . 1-i . -~~n- -ak . P. - n k I i u n - k - j , a r - i  -i ~ a - . :w l a al :  ( : - l~~al
W- - ;cr ui dun -  I lt ru o t ur - - ( a -  L an e -r n .  -a-~~n-~-1. Tn - n - .  . 500 (u ’~~) .

11. . , I e - n - a , P . IA . : Li~n - iV W a . - u -  r1 TI n- n - i n n  11_ an -n : an-~ i fn - n - -, ;m ~ai ’ - I i l : .  s j .
- p ics ,  10, 2395 ( 1-71).

15. - a- Lana- , 11 . S ., , N . . ‘ l~ ‘ :m ~ , L. l a n - n e - r i .  ~~. I a n  
I. Craford , i~- . i- n - i s a , P . 0 . ru -n -e s.  ann - i  I- r n - -  :

Pay- ‘ -wi Le Strucn--ura-n n-ia- ‘ . a ~j n - r -;.av :ler , n - - n - i  • - ic-n , IL , 157 (1 u P ) ) .

l~ . Ppears. P. L. , A . - - . l rn - rn -n’-’ 1~ -~~ gm n I r a I , 1. l-l ( a ln - .  i ’l l_a l n-n- . c :  

Ann - ’ en rat-sd (ann-ri c-s ‘mac n - n - .  n - P  - - n - - n , - - an - war-a 1 ~~~ 1)7- , I a n - - -  r -P - -

17. Lea -n -pc - i c -h, P . F .: f i n - : ,  1- - rg a al h e n - r e - u - n - ic a n - I a  — a  I a n -, - n - I d e
-iodulators for Infrared La :n-er . l - : n -  c- ins . [on- a .  - a-I ‘ hn- n , 1 , 1-’) ‘9 (19711-).

i n - .  n - len , I .  L I. and R. n -i r L a a : i h e- r :  of 1-~ l :a:m — - u r n  - u~ l- r an-i In -  i n - a — a -  l Ion-
L i rh a  - u i - i C s .  J. [r n .  P - n - . An - n - i . .  ~C , 1’, 5 (

~ 
•7 - ’ p) .

1?. Kaminow , I . P . and : . i t .  n- u - a. -r : - h-ca-ru 
~‘h Ic- Lirht  Po-iula - r n -  . Prr -n-

iFE1-I , 514 , 13714 (i- -n -  ) .

a-O. oi lman , 1.: i-~~-: -: u - a  c-n - A - 1 , _ a l c .  11- :u la 1 - - . a m - - a  1~ I c -  . 1 - lu - - n - clii - I.

Co., Chap. 5,  ( 1)14)) .

_ 1. ‘{c,urn- 1 , L. : .aasl-:s’ n - cr la.cc:~ I I iu :r mo , - c n - n - -o’ n,w- ‘: ~r - -w- — ‘ n a -n - - a’ n-u:~ , - rn a i r n .
P.R. - . rarn-n- . I-l I — IA 23n - n - l f 1 - ) .

-

~

- —~~~~~~~~~ - - -  - ~~~~~~~~~~~~~~~~~~~~~~ — -———~~~~~~~~~ - - - - ~___

_ :4

~~ 
______________________ --- - —— - -~~~~~~~~~~~-



-- ~~~~~~~~ -~~ ~~~~~~ “°‘~~ 
- ‘~~~~‘-~~~~‘ — --—ix--- —----—---- -n-z~~~~ ~~~~~~ 

-‘ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -

P I - 
— 

- 2,1 PUSIOl I L if’U - R7~ -)’  -

- n - -  a- - u n -  a.l 1-1 ,- n -  - -i n - - n - n 3 ‘ - p S  - -n
- I - n - n - n - a n -n - n -n- - n - C  u - tn - a a n - p
PJ. ’, u : :  Ph’jc I - a : :  ‘ i -  u .n 

n ,  - ~r - :n ia  P- ’lP

- n- un -n - a l : a n u a a r - nn La:., arainci ,’ 1 ‘cc
a -nar n , - ; m t  -f t h e  l aw’;
[a- - -n-n- : - u n - - s i c  I n - a l  I , 1a ~rar a
‘n--P an- i n - t n - , , ’” - n - m t .  1- . :11. 0375

-b- - n - -Ire-n - an-or of C a f e - r n - s e -  1 Copy
I- , - -c ur n - i n -  un - n I a - n - i r a  - - ‘r i m :

- n - .  f -mma ~n - - i~ ’ n a - f j  a- : L I  - rn -ur n- inr m , ,nch
-~~ n - i ’ a. -(  mm

P a ::hn -nt -:n - , 0. P. C’ Ti

:1. -,r -‘c - n - u rn -b - a - - i o  1 Cop-p
fax IT l t t A i-  a’. i n - r n -
- urb~. rJa Iau r -lini a 

i - - n - mn:: - n - - a P a n  -n - n- n - e r 12 Copies
lamer--n f ain -I an-
u i -n -r un ( n a . n - j r  - Lr , i a  - iLi

ln fc-rmn-n-a - i - n - mn - -c-,ai’n -n -jc Pe nt — a r 1 -lOin-IT
- 
~wt.-n - - 11n- n- -:an - cnnt ,n - J  i n ,n  i n - U _ a n - a

305 - ‘ i n - a ’  An - cn n -n -c a
lnlun -n ll ,uc , ‘ mil e- 5 - n - n -n i

tire -n -na -ar 1. -~-
‘°pa--

— l~a-i - n - n - n - a c-f I a n--al a c e-arch i3ranch f f i I - n - e -
- -Iowa -h  a-lark i _ a r e  e- tn-

“tn - ian - a g o , i l i m n - c i r a  - 1- 0 5

Jan -- ‘rn-n - n - n - a L c o a  Area ° 1 2 i - m e  1 Copy
O f f  ice n - f  a-n-al Research
7)0 1arke ’ . 1 _ a r - - a - . Room 5147
Imicn- ’ r-tri ’ajnn -n-o, all fern -n-ia )1n-1 n - n - -

n - j r - r n - -  a -’~ n - —n - of - ‘ - l € n - n - n - _ a i f i  m 1 - I n - ’ : - - a r emn I iu-p, ,-
- r n-u - n - - n a -  - a -  - i n °  a -j r

‘ ‘Is n - u I a, a - - n -n -n -  , I - • 
- . ‘ IC

1

- - -- -

~

-- -—

~

-—- _ _ _ _ _ _ _ _



—,.-~~~~c- rr .1,n-r ~~~~~~~~~~~~~~~~~~~ 
- - - __—_,_-_- - —— --- ‘a  - -~~~

R7 u— ’): I . Lii_ I n-

c fj,- ’ - -n-f fan-’ ul i-I mn- n-arch -‘rn-urn-~n - n - tn - n - n f r n-j cn - - 1 I ’ l l,’
A t t n - n - : Pr . iIe - ’ - o u r i n - n .  ‘-r
if IC i n - n -n - - i- - a  S - ‘- -  - -

- w a s . - - - r n - u , I d  I - r a , H. t i l l- -

n- 10 Ia  ( raa -p i 9  ‘e-i- ~ - n - n-
( - - ‘-  a ; - u1. n - ’ - , -~ n - ar cs
-n-AX) I I .  - - w i n - n - - ,- n - ’

in - n - n :’ o n - n -, - - In - n - r n - n - n -  II

n- n- - n - n - n e  - a - I i-i ’ c - - a r - a in -  n - i ’~~ i c - n - t n  -u - eri c . ’ - )  -
- ~~i en-n-n-

11n--Y W I  Icon -n  i n-ri .
m a c n -n-- on .  ‘a i r . d r , i - m. JIl T’)

A n ’  n - n - :  1- i n--c- n - n - e r , L an -e r  Dl .1 :100
r. P. Sian-f.

A in- - -1 ” 1 Con s
i - -Inn-a-n -on

I- - u n - i d a ” e - n - n . P . 1 . O H 1
,‘u n - ’;fl : -,, n - m n - ‘ n- , n - L r . (.~~-n -ic- ’ an-i A-iv an -ace-i  P / n - 4

~r rn - nn -) 1 Copy

a - a -Lee of ‘ H. [inn ‘ t I- - a r - _ a  ir s  cf n e - f e r n - s c ’  1 - Icp~-
-n n- cn n--n-i a-n- ic (, r  r -u , -~- ’Lc  I~~- -r u n - n - )

- n . , D. I. ‘2101
A’n - n - n :  ‘i. - r a il 2,~ I n - l i n - h n - - l c

II . P. n- ’iFTa , , n - Ic ‘ ‘ c - -A an-mid Pin - n - - un - - au, a- naCe11- n -n - ’~ 1 a -p a
1 -en ’ , of Ha t ’  1 I ’ .,  1-S-I ) n - 1 5 1

I n- -ton , a- . p
A _ a n - - r i :  )r. ‘I In - a r l ’ -n - n -  a - n - r n - k i n - n -

a n - mi-n - n - n f/’ i -P-n - n - -a-ai r -n - nh I - - ’ . - 1- n - -ran  - P - - n - n- a ’ s  1 ‘a p p
Division of i t i l i t au r n- n - i~~i ’i i  n c  i’ a n-
Wan in - i n -n -a - t a n, it . I .

i n -  ,icn-nal Aeroraa - - i n n - n - n -  art n- a n - n -  a- r n - i n :  j s  t r a i n - i o n - n  1 - 101 -Ic~
a -- n - i n - s  Pc-n e-a nn -n -h ‘S en -n - - - - - r
a-la-n - u - I an I, - -hi o ln- n- n-~ n-5
[ - t a - n :  Fr .  - Pn- hj ’i II . i’a n - a m m i i i n - - - , Jr.

( \ -n -r oap-a -ao Pc -c .  a . - i m n - - - - ’r ’)

h a ’ - La m -al  A - - r -  a - u n - - i  a n ’ ~ P pac ’- A - in - : :! n - - i s  - ru -ion 1 or ’ s
‘ Ire -jo RH , FOB la-a-
600 n - n P r - - n - H - - n - -  n-  - [t i  

i n - n -  ‘ t on . 0. ‘ . ‘ -P a - a - -

0

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



— 
—--

~~
-——‘ -

~~
‘- --- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
‘ p ”  .n-n-’ - 

~~~~~~~

C’7- - - -
~ 

- i n-I-

I l n - , u i n - j n - n - n a a l  ‘- . ‘ n- ’ n- t a n - t i  a , : ‘un - n - I ‘- j’a an - n- A - j r n - n - i r m i n - : ,ra - i - r n -
a -ann e . ; ken -’ - t m ’  n m :  - -n . ’ er
- I - - ” n- -n-’ n - n - - ‘i-a l , 

- ‘ - -di n~- r n , S  a ) I l n - )  -5
A- - n - i :  ‘ I n .  - - - -  a’” L. - I n - a le - a, - j e 1 ‘Ion :

‘r .  :1 - n - i f l n - n -’ , j n -  P . 111cm - u n - n -  1 a I n - p n - --

- a- : - - 

~r 
- - n - ,~- r an a - - - in - a -n-,j ’ a ,’ ’

- ~~~~~~ n o u n- ’ on -
‘ --n , , . ‘, 0 1-

1’ - n-i : P - - 1 - n- - i . -

1 n - a , ’

- - ‘I ‘ re-n , - - ‘-n - ’ - n- e- n--n- ‘ in - ’ : - I a::
- r - n -~ 

- In - c ’ ‘
- ‘n - - a - ‘i n - i n - n - n -  oC 1- - - ’

- - a’ a-n ’- -~ a u n -P i , n - - .- I n -  n-.: n - n
-‘ 1

- ‘a- ‘n:  a-a-,p — - - p

~aiu i i , a - P ,’ ‘ i n - , :i l c  J a n -  ‘ - i n - ” - n - - t a n - :  - a - T e e  ( I-h -i - )
- - n - n - n -  n - - n - n - - ,’- ‘ u i _ a i m  I n-~~.

- H :- - :. i i i .
.r ’LJ a . n - n - n - , , m r u n - I - ’, n

-

A - ‘ n - n - : Pr. -~‘i: • -r ’ - , u n - ’,,  - a ’ .

P . n-n--an - .- T n - n - i l  - b- n - n - n - n - - n - n - n - n -I A a--pies
i- l e c , n -  u n - a n - : , ann - - a - e el a” ’’ :  a- 5An - -’ i , : i n - - r n -
i I n - - : , : ’ n - - n - - ’ r a e - a n - a l , ~‘a- - - -e-si -15 , - n - I

An - n - n - :  ‘- rn - - n- “ i ’t:~~~u , - - - r In - n -  r :  IP- -r:-~ 

n - n - - a:, -:1 ’ IL Iop, i
: - a k  ~ L ’ : n - .  A r : -  n - t i ,
m n - k :niair’- l , i l l - u - i , - ;  - 1  Dl
- ‘a:’ m m :  - ‘A l - A l l —  PS~l , ‘‘ a’. -A . -J n-I-n - n I ir’ ,-- -

a-- - a ’ ; a :n-j n- 1. ’ :‘f lc- r i Copy
.5. a-rn-n ,- h a - a  [ S j n - n -~’j - -P p r ’n -cn -n - : t ~ -Jn- I - rn -c- n

~~~
‘ . ~- L ; P  r , , ir  ‘ i n - m A n - .  - ‘ On - f

- n - :  “ ‘ n - f l  ~~‘ 

a. Pr 1 ‘ n- pp

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

I- 

- -‘ -—‘
~~~~
- - - —

~~~~
---—- -- —-~~~~—



— ~~~~~~~~~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -“ -

1)1 - -

‘ ‘ . 1 a I _ _ n’ s n-, 1 - f - c a n - n - : ’ ’ - - . ‘ , ‘ - n - ; c ’f”- n- - ‘ i n - r i o t ’ -  ‘ n-f - .1’ n - n - ’ - a

l ox  I a-
a - - -P / n - b a . :  ‘n- n - n - a

- . “a- n - a n - -i ’ n - l - - n - n - _ s n

A n - C - n - In - On -- - ‘ ,1n - - a -)
‘

n- a - a . :  ‘ n - .  a - c l . ‘ - n - -n -~’n - - - ~ n- ’2 ( a - r n -  b ’ — T - ‘ , , - -

C:’, . A - u-n-:, : ( : ‘ : ‘ , -~~) 
- -

- ‘ n- - - n - h u n - u  n- n - n - , ”a. ’
I’  . n- n- ’: -‘_ -

— ‘ ‘ , n n - i _ n- , - - n - n - n - _, ~a - a - ‘ -
- 

‘ - ‘ - ‘ - - - ‘ ‘ 
‘ - --,‘ - ‘ ‘  ; ‘ , _

A t” : n- a n - ”  ‘n n - ’n ” n - n a - f  ( p a - i n _ I

4 u- -n-
a-i . a- . A n - a. - i - n - n -  - I 

‘ , - a n- 1 1-I -n- ’ . - ‘m a

- a  C a  ‘ n -  : , i , f - J~ i r e ’ ‘ - ‘ n - n-” I .  ‘ 3n -
; ,t in -  n , - . i .oI ,er t  I - ‘ - C a - n - n - a” ‘n -

‘ -
- - . n-’ n - n - tW - \ b , ’ n- ri - ‘ — n - I

- ‘ . In- . , ‘- L “ n - a ’ - C Ion -

‘ -,, n - ’ - n - a : nn , n- ’n- .n t

. - I - a-n, ,

n-~_ a .  F , - n - n -’~ . - - n - n - ’ a ’  (e- -P
n- : _ a n - n - :  n - n  “ n - i ’ . r t - ’ c n- - . -e-~ 

- ‘ 1. ‘- ,n- r~-f

‘ - c a n - n u n - ’ dn - i ’ , - - a , - n- mn - n - I
‘
. P. -‘n- -n - ’ : ‘on-a : n - n - tn - --n! . ‘ - i n - n -, :, I

i - _ a . n - n - -’1~yOj ,- . V i e  ‘ i n - n i - n-
- ‘a - - t n . :  i D l e  n - t a r  o n -n- ct , b n - n- : : i] 0  i - l ’ V . It bor n - j

‘ n - O n - n - n : t n - , i -.n- n-’ 1 -I’ oa

3. A m ’:’ :- ’ ‘I ra ! - i n n - n- . n n - - i  a - --- ‘ ‘ a b a - n -  5 - - n - - n - r n - n - n -  I

- 
- 

_ -— -

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

* 
‘--

~~ 

“ - - ‘  --- ‘ 
-



_ _ _ _  

-
- 

-
- - 

“
~~ nn-~~~~~

’ T  ‘

~~

‘

- I n - _ b ,

‘u n - na n - a n - La - - r 1 -A r - p p
III . 5 , ‘n- r n - - n - mi n - i , ,  .n r o n - n - i n - :  ‘rn n- :a , an-, n - n -  I

Ft .  ‘- ‘ - - n - n - a n - a -_ i ’ I n - , - - n--i - I n -n - -, : - ‘ - -iD ’ ’ ” ’ ’- A
‘‘ a - n a - - n -  - - I I ~-L ,  - r . 11, I , an - n - - i ’  

c ” - :  i ’ Iarn - mi
‘ n - ’’ - - a”, - i r , - ’ - r . - ’’ n ‘ r n - ,  ‘ ‘a ’

n-u - ’, -I - n n- , - - a  - ‘ n a - - n - ‘ n - i  - n- -

- . ‘“u a n - - p - a ’  n- , ‘ ‘ t n ‘n - u , ’ - 0’

I n-u ’ I - - n - n - n - al - 
- n- n - -i a- ,’ - ‘,, ‘- -r n - - n  -

- 1 “
~:a -a ,  ‘ un - ’ i:un i t ’ 5 ~
‘- ‘n - ’ ‘i t

- neO n- ’ : - ‘ “  u n - - n- ‘ n - a . n - a - - n- ’ S n-n-n- - ru ’  - -- n - - u  I n - n - i n - n -’ C- - i-n- lu - n - - m a n -  a~ 
- , : 1 5 n - n - n -’

tI’n - . . ‘n-’ a nau n - n ’n - -,n- - - ‘ ‘ - n- - I n - C  n-n-i
‘ n -A- -n - n - :  n - a - a - : - -- -

a - n -  a’ n - c c - mi  ‘e n - -  I : .  - r n - ’ - n - n n - -L b , :ui - ’ ,’L’ , a I ci n- n-5

i n - ,  “ n - n - P  a a n-~ i ho in- v

‘I f lu : , -, 1 a -an -an -a 1’ - - 111

a - ’ ‘ -in -  ‘ ‘ a ’  
- ‘- In-v . F, - . n- ’ r ’)

- : ‘an -’ ’ n - e r , ’ a -
‘ t i n - -  c , 1 ‘Sojn - :

a- n- ’ - n -  n - : o ‘ ‘ lie I n - n - n - - n-’ n - n - ’ ’ I ’ , , ’,uIl. n - n - n - - r n - f  i ’ - m 3
. -‘s ’ n - u - - nn In- ” ’ -

hn - ’ n -,,; n- i nn - n- ’ on -m . 0. ‘
. -‘in- 1)1)

(-d a - -- n - ’’~ ’ n-

- ‘a - - - n -  - I - n -  i’m- i F,- ’- n - e a r -n - ’
r n - : [r. v ‘ n- li’ - 1 ‘e n - :

r. P. b- /hi’ .a 1 “cn-~
’,’

n- I a- nj -n-n- ’ , - a ’ - I - v -n - c, a-
a-on , I ’ :u ,;,n-an-In-uze~ ’ - :  -1) - ‘113

J - : - ar’ ’ :.’n- rn- , ’ , of ‘Jun -n - a-a - -p i An - n-a ’
‘ ‘p 1 ’ !  S I n - i n - - F  e n - ’ b a ,~~1 ‘iI,at r i - n - I .  ( f lr -;.~

I n - i n n -  - r n , 1 . ‘S .

ia t ’ a n - m  : ‘ In - - . A .  - a -n - -i l-- n- ’ I (‘.p~,p n-D3 ICl3 )

‘1 - ‘Seater 1 IoP,’/
‘ - i  n - n _ a  ISa n- . 1 , 1 1 t ’ r n I a

A n - -tn : P- -n , ‘I i bhn ( s - - n - - ‘I a-i

5

___________________ —~~~~ ‘ 
,__n -___ ,_ _; ~~~ _---_ _,__,,___,____ ___.,~~~~~~ —- - —



— -  
- -

a ” — - 1 n- II_ — n -n - -n-n-

I , :u :  ~1 Re.: ‘ - n - r a i n -  1 _ n - n - n - ,

‘~n -’. . . I . ?O “ n -
‘ n - n - :  ( -n- 550 —~~, - n - n -  -

‘

1 - S  VI ,n - n - ‘n - n - ’ ( n -n - n -  (c ’ - - - n- ,5p , n -j )  i ‘ - - n - - n- 4
a - . p . , ,: - I n -  : i ~ ‘a- t a A r ’ - : n - - ’ I 3~o) 1 up ,,-

- . ‘ a n - , n- m n - F - ’r ( - ‘- - I n- a - ’SO)  1 ( b - n- n - - ,-
a I) r ‘ In ‘ u n - n - f i n  ( s - n - - -  5a-’-Ol 1 1- : :

n- . ~cij n n- . i-l u l l - l i  ~ - n - a - c ’  Tn-O 3) i ‘ n- - n-

I - - n - a ’ - ! ’  ‘ , ann - a - - n - - - ‘
- n- a ’ ’ ‘ b r a n -: 1 -

‘ n - n - j
- - n- n-n- n - a n - u - n - n - - n : ’ ‘3 - - ‘ u r n-’

an- n-ul ~u , I ’ -,e - ’ n - n -n -’ n - an - :’
1-P n - n - n-, , I n - i  - - -

- u n -n - n - , - 
. 

- . ‘3’-; - . 0
n- n - n - : ‘n - u n - ’ . , n- - , ::. t in - o r , ,  ‘ , : - ,  ( l -~ n- , I _ i ,Q5 )

a- 
- r I ‘ n ‘n-n - - n - f ’  I -n -n - H ’

‘I n -A i n n - n -  r ’ n- n - U ’ ta - c - P

I I n - _ n- ,’n -  n-n- , ’ -J a-- n - n - n j  n-u n- -C -

a- - a , ‘, n - i. r ’a r ‘ ( n - - n - t . - i

Pa’,-’, a n - i - u t n - - n - ’ . n - - ’n - e - ’ l n - -- ’p- I . !  ‘n- ui n - n - - n - n -  n- ’ ,’i  n-e 1 A’ -~ -
n-

\I r ‘- rn - - I - a n - :  u — n - n - - n - a n - u . ( I l l - a- )
Ta ’ 1: n-n - . 1 ,- ” - n-

n- n- ‘ ‘ - a-: - n - -  ‘n - ‘ll ’n-

‘ a ::uI - ,n- ’ ‘ a a- ’ I-A a n - - -: ,:
“ -a

1 1’ m’ a n - ’ n , 
- 

‘ - ‘ i - n - I  n-n -n - , ‘ ‘-Da-)l~
)

, ‘n - t n - ’I . n -  T . n - - - m ‘
. 

- - JP r ‘1 ( n-se Ic - :10) 1 np-n-
In-’ . I’; . Cc -n - ’ - - ,’ n - a v i s  ( a - n - i c- “ n - i -  ‘1 1 Sopn-n-

- a - ‘.F,u n-; (-  Sn a-- 3 5 ! n - )  IL Sop- ,
. -T . ,,’im:a’ (f o  n - I n - 7) 1 ‘np-n-

U. P . n - u ’. ~t i  ia- an- u n - n - : :  ,‘u’n- n - ,t - ‘a ’
‘ ‘ i a n - n - u .ak , S’ n - S i n - I - r : n - ! ’ a 1 1 - n - -

tn- n- n - n - n - n -  ( ‘r -  a 5llC) 1 1o1n-1,r
- - “ n - n - I n - am ] , In - i  rn - a r ,’ 1 n-a]-:

a- ) n- ],’Ai” ( i:- ’/ i- n il’ - )  ~I n - a ’ ‘i n-n - n - n -
- -  ‘ n- . :: i n n- I ’ o n - n - .  - I , a-f’S ~O
A_ a ‘ n - n - :  L_ a . r - 1 ,  - ‘- . - , - a - n - i  n - n -~~

IC , I- l’ a-- ‘t’ -’Pn -’ i’b 1 An-pp
An - - n - - n - a ’  -- n- ’ , :

n - a - n -kin - ’ H ’~n- - - . “P PU I’ll
“ n -  ‘ n - n  : n- n- ’ - ,1’ . ‘

. Ca - I ‘- u n - m n -

- ~~~~~~~~~‘~~~
_ ‘ . -



n - A  

-

~~~~~~

[ n- b n-P’ ’ - - - ( - n- n - I n n - C ) 1 - a- n - n - n - i

n - n - - a r -  n - n -n- ‘n-la” -

P’ n - n - a n ]  n : , ’t nr , ,  I n - , ~~~ ‘Ii
- - - n-n - n- i n- a - - n - ;  . 1. ‘u n - a -in-” I

I - - - I - I - n - a - n - n - n - n - - n - n - n - n - ‘in-n- u-
‘ i n - I n -n .  n- n-n-n - a - ’ ’ , lien-’ : ‘ n- n - n - I n - ’ - -

AC C I n - n a -  - ‘ .,

n - a - n -  . 1 ‘ ‘ . ‘ - (
~~-n- -fl~ A ‘ a - n - n -  a-

~~~/“, ~~‘ -. ~a- “ n - ’ , a-b -- r i n - n - -nra ,’ in-n-n- al n - S e n - n - -v
- n-n- n-Cr ” n -o i n-~~~~

n- ‘ ‘n-i a- n - n - n - n a ‘S ” n - n-
A ’ n - n- C’ . n - ’a ’l ”,n - , a-r ’ ‘i i (I ’,1~ a -)

t ,e , ( “ - c )
“ ri ‘a -” I’ u ’~~ - ’- r n - - n -n- -

n - n - n - n - a ,: a’ . - . n - _ a r  n - t n - i n -  n-or- 1 ‘‘On-” :

l e n - n - n - .  r n - - ’ ‘ h-n- n-P a’ n-’
i n-’ - a’ n - -  i -n-a c - r i  n-~ - i a - . (.‘n - n -” iI  ‘11

ft ’ n- : - a ,  -a- - 
- 

1 , 1 0  t n - 5 t~~3~
A ” n - n - n - : ‘ n - : n - l .  l ’ u a l  ii’ - a ’  ( I V )  1 A-n - n - n - ’

An- n-’ - r ‘a- I n’ , i n - - a r  r e-up

ti- .i Aer u n - a n - t i n - u i  5m :, ::’ - n - n - a n - c I - i  : 1 — i n - n - n - i
f ,  - 

. n - u ,  - r n - n-- n - n A~ , 
- l i1~ n- ) n - 5 1P 1 ”

An - n- n - n - n - :  V a -~’ , - ‘ an - . , b L l ” n- ” -r’ i - n-”n-ii n - n -. n - t ;  i -Sop-n- -

‘n - In-  - nan -- a n -j r - - , n - - in -p r’ ., a , ’,, ‘n - n - n- a n- na ,  “n - n - n - - i
I n - ’  I ‘ I i  n- . :  n-n - i ’ l l

li- -a -n - a , n -n an- - - rb: 1 S n- n- I I ’S)
-u ’n- ’.r, : Ir. ±~ . r’ ‘ (osa - E)  1 ‘ b c - r n - ,

n -t n - n - - i ‘a ’, n - ’ - - a , i ’ .n- ‘- ‘ - n - n -un - n - n - n - n I - - I - . .  ( : p ~~)
p • :ann-- :n- :n-- -

‘ I -I ,
l e t n - ’  - n - ’ n- , I -b an -n , n an - a - n -’ n - , n - u~_a a- n- n - n - i 7  10

a- a - an - :  ‘ ‘ n - .  n - \ln -’i” ’ : n-’ r n - - n. (l’ C i’) 1
“ a: - , ‘ n-n - ’ , - - n -  ‘. - ‘ci - n - n - ’ ( ‘- R I )  1 “ O n -

- - - n - I n - r n -I n-al], ‘ 
I -n - ’  n - a ’ : 1 ‘- ‘a - ;

- i v  ~‘ ‘  r ‘ n-a ib o ’:k ’  a ‘r on - -n - n -  1,: i ‘ n - n -  [,an - i n-
II “ ‘a’ a CI” , ‘‘a t !  ‘- “  I a ‘H ~
n- ’a ’n - ’ - n a  : . ii. - i n - . ’ n-’ , . ,  ( I,i ’ I )  ! ‘

-~~ ‘ - - _ - - - r n -- ” ~~~~
--

”~~~~~~--



a--~~ ”n-~,’t~r ‘~~~ “~~~r-~~~ : ~~~~~~ 
~
“ ,n-~~ n --~ ’ ~~~~~~~~~~~~~~~~~ 

-“
~~~~~

“ ‘
~~~~~~~~~~~~~~~~~~

-‘a” 
-‘

‘ n- n - n - n - a n - I - - n - ’  1 ‘Son- p
P. ‘ a - u n -n -p a ’ n-.’ - - n - n ’- a ’ I n-, n -’ , - n - a - ‘A

I _ A ’  a - - . , ’ n - n - n - n - :,r I v ~~n - n - i ’a 1’)i ’ u’
‘ ‘ a ’, ‘ , i - , I n - n l  ‘a- I - n-n - n -  i” - ’n - — I’ ’ a-)

-i ‘U ,‘n- ~~

‘ n- n- n- - ‘ ‘ - A - n- C- - ‘n - n - ’ ”  a- n i  n - n - n :  T n - a n  1- ‘ I - n - :
I- “a, - , n- - n - a n -, A l -  - 01’ 1

n - a , :  ‘at . i n - l a ’ ‘- ‘on ( - ‘ ‘
~~

n - n o n - - ’. .  n- n- ’ I - a n - a - I  n ’ - -

- -n- n - - I  ‘ n - n - “S-: a . n - - n - ’ S o ’ ,n-T - I ’ r i , : i c a~
n - n - A  ‘I:: n- ’-.’ t ’ar -”n- n - n - n -’,:”t n , P i n - j o ~5~ C ’i
n - a - a n- I n - n - il l I ‘ n- j I

’ 1f

n - I  ‘ , ‘ ,, ‘
3~

’ ‘nt _ a a - a - l -  , P - r - - . : n - : a  0:113 - ‘ 
,
~~~

,

- ,n’:.a n - : , I a n - a _ a  O L ’ •n - } m i n -  ‘- I n - r b  n - -~n- ‘o r :  -

a l c o a - i  :‘‘ c \ ‘:1 ‘ - n - n  ( n-An-n- I n  n - — I

n- n - n - “ n - ’  , - . -Tb . 2n-”n-, -n - :n- -T A “ -n-r n -I , -’

a ‘ , - ‘ , in- . .i, ?P’5 3i1’n-
‘-P ‘ -n- n - :  La - .  -~S 3 ] ,  n- ’ . ‘n-A i’’n - ’ - n- na-lI -n-f l 1, n - - p

-a: ’o. a p a n - - n -  - ‘ ‘n - n-’ ‘ a ,  7 un-i n- , (n - a - I

a- h a ” a_ a  - “at’,e n - ’ a n - . A -’ i. 31” n - n - n -

a - n - _ a n: It .  al.  ‘ “ 'in -: 3’a-An - ’ 1 ‘ ‘p

fl u - - n - n - n - n - u n -  I n - i ; , - ’ I, 1, i - ”,n - m n - - n - nc A n - n - n  n - f
P ’ i , n - I . i a u n - ’ omn - , , I . n- . ~~.

- a - _ a _ a -n - :  ‘ n- - . a-’ - ,‘a n - . - ,> a i ’,’ - ‘n-’ic’r (a - ’ l ’ t in - )  i~ ‘ory

II~ rn - b  ‘ ‘,~ ‘- , . n - ,  n - .  1 ,Ic ’ n - ’v

i” 13 t , c e n - a n - n - ” in -” I’i ‘ S - n -

lati n- ‘ -1’ - : : : .  i n - ’ 0  an - i n - n - PS

A _ a _ a n - n - :  a- n - ’ . ,,n - ’ ) I i n - i  t n - n -  I

- ‘n - u , ’ n - ’ ) n-n- a ‘n - c e  ‘ea ’--
1’. . 

- --n - n - c - ‘2 51
to: A n - :- ’n- m , - n-’ , n - , ‘ ‘ , , , i~ ’ - n- ’ :~ na-CO - n -

‘ n -n - _ a n -n- : ‘ , ‘ , . 
‘- n- ,t n - i  n - n - n - - n -  1 ‘ -, n - n - ’~’

n--i

L~ ,,. i .:.. -. _ - ‘ . ‘~~~ — — _ ‘— --‘- --—‘--- ‘ 
-~~~~~~~~~ -~~~~~~~~~~~~

- -



~~IUI~ “ 
~ — .~~“- ‘~cn - -  n ’n-~~ —“- ,—,-- ,, 

~~~~~~~~~~~~~~~ l~ ” “ “ 
~~~~~~~~~~~~~~~~~~~~~ 

-

— ‘n - I a - I  ‘ I n - -

‘ n - n - - I ,  n- a - _ a t ,;’, I n - a n n -i t ’ ’ n’ - ’ ’ ” in- - ’- : ln -n o io - ’y

I I , ’ a .  ‘ n - t n - n -  l a :  — I . . i - n--n-’: ‘ (‘n- ’

‘ t n - n -:. - ‘‘n- a , ’’ n-, n - ’ I ’ n - : a , a L _ a ,’ - ‘ S - I n - i
n - n - ’ : : ‘ ‘ . n- h i ’, ‘ n - n - 1 n - 0 :  

‘S

• - . in n--,’ - n - n -’, : - o 1 I n - i t - n -
1 .  ‘ n - n - a ’- I a n- Ii n b a - I n - n - -

I

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


