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ABSTRACT

The guiding of waves in interierometricallY produced wa .reguides is in-

vestigated . A very general technique of analysis was developed . Computer

calculations based on this approach were used to study leakage from guiding

channels and the effect of pulse shape . Experimental devices were construc-

ted . A new concept, m odular optics, was conceived .
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SUMMA RY AND ACCOMPLISHMENT S

During the course of this contract, we pursued the fol lowing object ives ,
as stated in our plan of work in our ini t ial  proposal :

1. We wil l  adapt the techniques of volume holography to the devel-
opment of multichannel optical wnveguiding structures . We will
experiment with a number of the most successful materials , such
as dichromated gelatin , thick plastics (e.g., polymethyl metha-
crylate, and various photopolymers.

2. We will develop methods for controlling the characteristics of
these guiding channels through appropriate modulations of the
interfac ing beams . In particular , we will form cylindrical
lenses within these channels, and will explore methods to per-
mit these lenses to have focal lengths different for each chan-
nel.

~~~. We will develop methods for efficient coupling of’ light beams
into these channels .

~~~. On the basis of ’ wha t  our s tudies  in d ic a t e  is r eal iz i able , we
w / l l  explore the feas ib i l i ty  of ver ous forms of optical pro-
cessing devices .

Some of these pr ved quite attainable , whereas others were found to be
lifficult und success was nly partiol. In addition , vari us new ideas, not
anticipated in the original statement, but broadly falling within its scope ,
were conceived .

~ e list our varic- is accomplishments , as they relate to the four items af
our work plan.

Our principle efThrt was directed toward item 1. Our i nvestigation cf
applying the techniques of volume holography to the development of multichannel
guiding structures was dune mostly on an analysis basis.

A maj r problem , recognized at the outset, was to f:nd a theory ~o ai~ in
the tnnlys h~ of guiding ~r closely spaced channels having ~roiex prof i les of
the sort attainable with interferometric construction. S~nce the channols ~re
t .> be constructed by reco”Iing interference fringes , and since the intensity
profile is normal Ly sinusoidal , we expect that the resulting channels will ex-
hibit a sinusoidal in1~ .< profile. The analysis of the waveguiding properties
of ouch channels is n t  e isv , and we felt that the conventional means were oat
ver;; sati sfactor~ . To this end , we level ped a new and essentially fl t t ’crei .t
approach , which is highly versatile and quite simple to apply . This is the
thi n ~rt i n g  decomposition t.~ chniq ue (he e~iS t.er, TG~~ level pe 1 originally for
analysis oL’ l i l t r r m c l i ~ n f rom volume gratings , but readily adapted to the multi -
channel w vegu i le prub l uo . This technique , as it applies to wa~-rguili n~ , is

• ~escr bed in ~ijpe nde ~ iprr Do. 1, by Leith , el al.

~~r p ieo i re d  a theo”~ w h i c h  would , w i t h n mt more than a change of p arameters,
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describe both Bragg diffraction from thin gratings, and the guiding effects
that occur with thick materials and high index modulations . We desired a
theory that would describe the t ransi t ion region , when part ial  guiding ef-
fects are observed , and w h i c h  would also describe all the effects of the
various elements that we wish to introduce into the guiding channels.

The TGD method fulfills all of these requirements , and we have used it
extensively .

in our first report (Report No. 1, Annual Report , April l97 L~ - March lT~~)
we used the TOD method to examine leakage between channels and pulse shaping .
The bulk of this work was published in Applied Optics; the paper is appended
as paper No. 2.

This work has been continued , resulting in another paper , submitted for
publication in Applied Optics (appended paper No. 

~~~
) .  We summarize the r~--

suits or that paper as follows:  We assumed a sinusoidal i nde x profile
throughout , and we generally assumed the input energo to hove a shape , in the
di r ec t i on  t r ansverse  to the channel ,  of one cycle of a s inusoid . We foun d
that  t h e  index  modulation required of the g u i d i n g  s tructure to rise rapidly
w i t h  decreasing channel spac ng, being roughly q u a d rat i c  in  the region of 0-
150 channel/mm , and to r i s e  muc h more rapidly above ~HO/mm , so tha t  as a
practical matter chann~l densities above about 200/mm are rot  feasible.

‘p examined the gut ling characteri stics of van us pulse profiles , othe ’
than the sinusoi al 201- prevo’usl:i o, ted . One interesting observation is
t hat , regardless of the sp at i a l  w i d t h  or shape of the ~n r u t  au1 re , ~ hu out-
put t u b e ended to converge to one - f  Si fl IlS O i thl pr file matching in scale t

that  of ’  t h e  ~r u i l i n g  ch ’ r~n e l  , tha~ t- , i f  the channe l  r r ’ t i  be is  of t he  form

T i  = n -+ n cos 2m ~ -
~1 I

where m i  = ver’ane re t  r ”ict , v~’ in  ~~

n = maximwr~ ~e,’ i t . i n  fT -ott

= O~~o t O e  I per t i c i t:

then the p~i o~ p r .  f i l e , an a f t n c t  ion r r  t o r a t i  r~ I i  st ree . t end s ~~ Cc n . ’eror

T ( x )  (i c s  .~~ t -
~
) c T ( ~~~)

[‘h i s  j n t e r , t -.~~‘ p}u fln ’. ’ f l u n can  he e . r l a : r .u i n  l rrr: a t  + u 0  b a s i c  mode e i u o —
t i n s  a’ t i t ~ ’ s i ots o l ( 1  1:: j r l ~~l et  w’i .’’ oo t e .

. h r :a ‘i S e  a few P~~~I i i 5  l e o  ot r e su l t s  a our  ey t . en ~ i . e  st , t i . of g u i  : r g
ah a  r ” c t , e r i  s t l c r  or ing  ‘e F S meth I .

fn ~ t i a n  L the theoretical slo t i::, we carrie ut. a cont i nuous experi—
r et ! 1 ri . es l  ~a t. i on  01 m a l e  r a is. We fi rot used p’ 1 .vmul.h : .  I n~u t h n c r yi at . e art
:n r S  i i  hut . p l :. ’mr ’r s , t u r n  t t ’ i r  l i c l i r  ~o l e  ~ e 1 a l i r .  The l a t t er  is  r s i r —
able b e c a u o ’  01’ the  1 a t o e  r a c t i  ‘c j n l e ~: chan ges  t h at ,  can he nd u ce i i n  i t ,
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at least 10 X that induc ible in polymethyl methacrylate. liebromated gelatin ,
however , has its own special problem , the principle one being that  samples of
thickness greater than 50 to 100 microns are not feasible.

We first explored commercial plates which came in thicknesses of 15 to ~0
microns . These were Kodak 61u9 photographic plates, and we prepared them for
our purpose by removing the silver and sensitizing the gelatin with arnmonium
dichr’omate. Thi s is a s tandard procedure. We then proceeded to prepare our
own plates by mi xing our own emulsion and applying it to glass  plates . We
could thus make gelatin films of any thickness we chose. This became a com-
plicated experimental program ; we had to cope with many problems , such as bond-
ing of the gelatin to the substrate ; drying of the gelatin without cracking or
peeling, sens itizing the gelatin uniformly throughout its depth , and prepara-
tion of specimens which would remain bonded to the glass substrate throughout
the entire procedure , including sensitization , development , washing , and d ry-
1 ng.

Our g als were to try to form I ichromated  ge la t in  plates as t h i c k  as pos-
sible , while still achieving index modulation sufficient t 0  produce w a v e g u i ies .
We succeeded in ach iev ing  th icknesses  of about  50 microns w h i l e  s t i l l  a c h i e o in o
the required index modulation. This thickness is adequate  for srme f :or our -
po s e s, but not for others .

‘I’he ad vancement ol ’  lichromated ge la t in  technology is a long-term rro,jeot
which  i s  important  to many of the ac t i v i t i e s  of’ our laboratory . We expe ct  -or
research ef for ts  in thi s area to cont inue , w i th  progress being ra ther  gra i x al .
S is t i l a r ly , progress elsewhere is cont inuing , w i th  gradual imt ro.-ement in the
technology .

Our e f f o r t  on item 2 of the work plan was also extensive , a l though re-
s t r i c t ed  to single channels .

Pri ror pall’~’ , we developed the concept  of modular  opt ic s , which , whi le
1’a l li n~ w i t h i n  the sc p of that it e tn , is we believe a wor thwhi l e  conc ept a
i ts  own r i gh t  a n t  goes beyond the  scope of the work statement . This concept ,
st n t . e l  b r i e f ’ ly , is that  one may form (in our case , inter ferometrically ) pt~-
cal elements a t  v ar i o u s  sorts which  can be attached by inlex -s ato h int~ fluid
c u p L i n g  to a slab  w t t v e g u i i e  whereupon a guide-i wave i s  polled out of the sThb ,
is operatc u U I - n by the n o i u l a r  element , and then in its r a t i f i ed form is
coupled back into  the wru v g u i l e .

l i e  m u  l o l o m ’  e lrmne: l can be a c uss spi i t ter , a lens , a m o t e  c ’nver ter , or
any other  element that  can be f a b r i c a te d  as an in tegra te  I ‘p t icr  s t r u c tu r e .
In I i i  S mous er  p t ,i c’i 1 systems cart  be cons t ruc ted  tha t  are  i n  f r i . in 4 eg rat  c i
pt,H.s s .is~ enns , hav ing the ruggedness , s t a b i l i t y , and com p actness  of such s’,- s —

i ro ns , but  a Is havi mi r ‘he a t ,~ u r t a b i l i t , ’; of convent ional  optical  system s.

h i  ~n c p i h an  m oon . I i  sc loset  in  a n a t , e n t  - pj  i i  c t  n , as i at pres . ’nt
fou r p ip e r s  have been p u b l i s h e d  or s ub m i t  ( 1  on -.‘ario~ts. aspects of t h i s  con-
Ce; t , .  To l a t e , WI h a l  e ostructed a rr h n l ’  r optics mn ferf er ‘net.er , a n t  a

I ‘tb Ic mo le ct ’iu-ler 

- . -- ~~~~ .. _ . _1~ ~~~~~~~~~~~~ ~~~~



Ft 
~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

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

On the third item of the work plan, the coupling into the guides , we rnaie
cons iderable progress. Of’ course , the modular optics devices just cited , come
under this item also. In addition, we conceived a technique for producing a
high efficiency grating coupler within the waveguide. We analyzed this struc-
loire using the TGD method , and found from computer analyses that the coupling
efficiency could be high , nearly 100%. This work is described in the appem-ole l *

paper by Wang & DiLaura, submitted to Applied Optics.

At the basbs of all of our analysis is the TIP method . Developed by Alfer-
ness to analyze third transmission gratings, the scope of its applicability has
subsequently been enlarged , having been used to analyze grating couplers, re-
flection gratings, diffraction at the third Bragg angle f non_linear gratir.g,
and distributed feedback lasers where the modulation m dc:- of the active n. e -

h u m  varies sinusoidally rather than in discrete steps.

Finally , much of’ our device analysis falls.. within the score of tern

the final item , of’ our work plan .

A total of 11 papers were proposed for publication ft an ~: n- soti-pcrte I

either entirely or in part by this grant. Five of these are now in r m i r t  a r t
the remaining six are pending. In adrliti n , two i~ ctoral hissertati rn (
Kong and W. Wang) were supported by this work. The pap ers are  ~ r e s € r ~~~ j r
the Append ix .

The principle obstacle to the fullest realizati n of ~m r nbjecti :~ s. is
the materials problem ; materials having the ideal cha racteri st ics. (i. .~~

thick, high transmittance before development for the exp 7s.e l stage ) an i high
index modulation are not available . We therefore (a) worSod within the mate-
rials limitation ; (b) performed , on a modest scale , materials development ; - n i
(c) carried out -analysis and design on the basis of material characteristics
not yet available . In addition , some of our results (i.e., the P15 analysis.
and the modular optics technique) have , we believe , i mpc r~ well beyond the
scope of our gra nt objectives. 
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THICK GRATING ANALYSIS OF INTERF EROMETR I CALLY PRODUCED WAVECU IDES

I .  L IiI T II , G. KI.JNG , R. ALF E R NE SS and B. HANSCHE
Dep t. of / : !e - tr ual and L~~mp . Engineering, f n n er xg tt -  of Michigan, Ann Arbor , Michigan , S I

Rcc ~ ised I K I chr ua ry 197 5 .  rc v i- .ed ma nuscr ipt rcLeivc d II) April 1975

f he th uil -g ra t ing decomp si t ion  m eth o d ut t hick gr ating analysis is used to analyze guiding e ffects in thick phas e
gxa t ings having ~t nuso i d-at retr - j~ t iv e in dex modulation.

Interferometrica ll y-produced phase gratings can \
be used as wave-g u iding structures , as demonstrated
by Rosenberg and Chandross I I]. Rosenberg g lves an
ana lysis of this phenomenon by ray tracing methods
[21. We note that the structure that produces Bragg
d iffraction is the same one that produces guiding, cx-
cep t that for guiding to be manifested , both the thick-
ness and index modulation must be relativel y large .
We also not e that the basic Bragg diffraction equation 1 1 g. I. Sinu soidal thick g rat in~,, s howing incident and di f -
and the basic equation describing guiding in a slab tr a ct e d waves .

waveguide are similar. We have therefore sought a
single anal ysis , preferabl y a grating anal ysis based on
physical optics , t hat describes both phenomena , and
t hat will glve insight into the transition re~ on, when. — ~~

wit h increasing refractive index modulation , t he Bragg
diffraction process produces confinement. d

In the diffraction process , a plane wave impinges
on t he thick grating at the Bnagg angle (fi g. I). When
t he wave enters the structure , a diffracted wave is
formed: as t he two wayes propagate through the F ig. 2. Spatial li ght pul se inc ident on ~s at ing surface.
stru c ture , t here is a continuing exchange of energy
between them. Continuing with this heuristic ap- Kogelnik’s coupled wave analysis 131. for example.
proach . we expect t hat when most or all of the ener- allows for only two plane waves , and these must each
gs in a plane wave is reflected front t he first Bragg be at or near the Bragg angles. We require an at ual ysis
plat te encountered , energy initia lly contained between that enables us to propagate a small spot of light (a
two Bragg planes is confined between these planes spatial pulse f t hrough the structure.
until the wave emerges from t Ine structure . Unfurtu- Alferness 141 has described at ) extr eme!~ general
t ta t c lv ,  the usual anal yses ui di t t ’raction t r u tt u t  thick met hod, which allows the plane wav es to he incident
gratings assume unifo rttt plat te w av es. The anal yses at any angle. It is . however , a plane’wave analysis.
predict t he in tens lty of the cmcrglng waves , but give but it can be modif ied for out requirement. This
no insight into the paths that t h e  light traveled. Jo m ethod is called the thin grating decompos ition met h’
addition . the closed-form so lutions are restr ict ive : od, an d is concep tt ia Il~ quite simple , yet in all t csts

‘
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l i m i t  h av e hi.’cmi mo d e . t io t l i  t )y  ss.t ~ m t e x l l e t m m i i L ’ m i t  /
7

amid by ctm mmmp a m is o m i wi th special cases t h a t  can he
anal ysed by other tuet Itods , the Altertiess inmethod
has proved accurate. TIme method involves decoimi- /

/

posi mig a thick grating into a stack ot thin gratings.
eac h of w h ich is suff icientl y t lm it i that thin gta t i i tg — ——  ______________

— theory holds. Each I hirt grat itig diffracts the iticideti t — 2 ~~
plat e waves into various ordets . dependtt ig on t he i ,  3. Spatial tr cq ucncs s pec trun i It pulse. OriI~ the
grating str t tc tu re.  These diffracted waves arc the in- cnvctope is shown. 63 discrete trequ e ncmcs rcs dc under th e
put liii t lie next t hin layer. Typ icall y, t I e  decon i— enrelo pe .
posit iou i t t  vol yes ab mi tt 30 to 1 00 t hin gratings thus ,
ti me at ia l ysis rec ltiires a cot nputet . J5 (x ) I( + cos 2irx / d) cci x ’d l  * conib .v Pd

Iii our procedure (ti g. 2) . a spatial pulse itnpituges 2P
on I lie so utee ~~tdc surface of t h e  grating. The pulse = ~ 2 rr , iv  ci - (4 )

is l ourier-dceoiii posed into a spectrum of platt e 2P
waves at va r im ins angles. The Al f e rmiess theory per— ihis t u n e  lion being coniposed ot a fiti i te ii tit nibe r t i t

u n its ( is t o  p r m m j ~igate each one t h rough mI te s t ruc lu i r ,  harmot i ically .ielated spatial fre q ue nc ies. thus physi—
and to  cott ihit uc all mit t h e  emcrgtng wave s . both ciul l y corres ponds to set 1it 4P I plane s~.iv r ’~ . ss t i l t
direct amid d i f i ta c ted . to find the t e s u l la iu i  i n temis i t y  i t i c idet i ce ang l es 0 simi l i iA 11. These we prsi paga e

distit huti o n. t hrough t h e  gr al i t t g s t ru c ture , us kig the Alf erne ss
S imm ee for cal c it l at iona l purposes we ate  restr icted method. Som e of these cottiponenis satisf ~ rt ea rlv II

t im a t i t t i t e  t i u t i thet  of platt e wav es , we should choose exactl y the Bragg condition and ~noduce dif fra cted
an cu t tn p hi t i t d e pt ci t i lc for the pulse which is ito l onl y waves at the out put; o t h ie t s  dsi t o t ,  At the o u t p u t

rea l is t i c ,  bitt  which cati at s o be described withou t pla t t e. ot exiti ng s u r f a c e _ a l l  incident cumpr it iem ins .
excessive inutuher c i t  eonnponemits. A suitable -along with the new com pot let nts generated h~ dit f t

w~u s e f  c i t  lion . are combined , thus forming the stutput wa s c-
form.

. 1 ( . u = (
~ + 2 cos 2 ir.v ci )  tect  .~j c l  - ( I )  Some precautions should he observed in desi gn ing

where ii is t h e  grat ing period , an d reel x c i  I for t he experimen t . The samp l im ug pro c ess fort in s a periodic

d , and is tero otherwise. This wave to rt ii has fut iction I~ t ro tn the single pulse J thus , the input t~

t ine advantage t ( tat tot onl y is it coin fined bet ween a sequemice of pulses of I lie form .1. se pa rated h Inter-
the hit u its is - I d, hut a lso thaI its spatial - fre quen- vals Pd. We should choose P sot fi c ieti t h y Ia t ge. i.e -

cs spectru m take sufficient samp les . t h at . siver the propaga liot i
distance , the pulse spreading due to dif f ractiomi does

i’ (i , ) = ci s i t i C  uiJ~ + ~ ~ ~nc c1(i ~ + I not resu lt in an overlap of adjacent pulses. Tine gt ea tc t

+ ,~ ci s i t i e  tI( I i l  1 2 1  the un t i t in her of samp les . 4/’ I . tIne great c i rite sep.cia -
I t io mn distat ice between pulses .

is u c t \  t iea r l~ co nt itied hetweemi tine va ir mesJ ,. 2 / c l .  The calculated results .Ite shown in fig. 4 . \~e base
Note that  sot ~ v = (sin i r x ) / i r x~. as suu t inc d a gta ling with 2 si ,tusoida l var ia O ti ot re.

We satt ipk’ this s pe c trtmnt at i t i t e rv a k I ‘I ’d . givitig t ouc t ive index , wit h itndex var iat ion alotig t h e  u
4/’ t samp les belssc ’c -iu the h muni t s i 2/ c / ( t u g .  3) . tio t i onl y ( t ine uu t islat i ted f r i t ige ea se ) .  The pert iti rl it
ovit ig .t s;mtt ipk’ d s pce tr ui t i t  parameter s are : gia l itu g s paci t igc /  1/100 tnt i i _ gi _ I t lu ig

- , t hitckt iess = 0.~4 toni. ~ascl e mi g t h A (s328 \ . an d a
/ t ~ - )  = “If 5 ) c_ ott il) L// - ( 3 )  - -- ref i1 t c mi v e it idex c u t  I .~ 0. [l ie prog ta t t t  broke thus it i t o
w l iete ~c~t ni h o f ,  = 

~
. i~~~/ , i/ cit and h is the I) it a~ l~ Iliuti gratings of th i c k i ic - ’s u 0 3  mauL suc h g ta tn ug s

delt a ( u i t nc t i o n. Ihe samp ling es u lt s mi 2 i t im idif ied s , t t t s f~ kogr ’ l i t u k s  Q . ta c i cm c t i t e t u c i i i  c i t  a th tt i gta l i t t g
ut tp u i m l iu tn ~-t io t 3 1. Tla- ci utplil pulse us sh io ~ i t  nu ,u to d lot 521 1111 ’
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Fi g. 4. Intensity distribution at output surface , lor various values of ~n: (a) ~n = O(no grating): (h I ~n = I O ~~;(c) ~~ii = 2 X l()~~.
(d l  ~n = 6 X I O~~; (e) pulsi’ incident at input sur face .

index variations. Curve e shows , for comparison , the that thinner structures , suc h as dtchrornated gelatu n.

incident pulse . Curve a shows the output pulse for produce refracti ve index ch ange s up to two ordeus i t t

= 0: this is just the diffraction spreading that magnitude greater titan those considered here. Thus,
occurs in the absence of a grating. Curve b, c, and d when spatial frequencies on t he order of a few hun-
show the output for increasing values of ~~n: as ~~n dred cycles/ mm are recorded , t he guiding conditions
increases , t he pulse becomes increasingly confined. are generall y satust ied , even though line guuding ef fects

i-however , the greatest confinement appears to be of arc not observable , since tine propagation distances
the energy that , in the absence of the grating struc- are too  short to reveal th is phenomenon.

lure , falls in the middle reg ho ns of the spread -out
pulse. The energy in the outer portions , corresponding We t hank the Office utf Naval Research for their

to the most oblique plane wave components , shows a support of this wo rk (contract number N 000 14-67-

lesser tendency to confinement. A-0181-0058).
The plane waves satisf ying the Bragg condition are

represented by the spa tial frequency compon ents
± h / 2 d . which is only ~ of the maximum spa tial fre- References
quenc y 2/d . Also , we not e that the value of ~~,t re-
ported by Rosenberg and Chandross in their exper i - (II R.L. Rosenberg and 1 . -S . ( ha nOro ’.s . Appl. On. JO

ments was 64  x io n : this is close to the value of 1197 1) 1986.

~ n (6 X 10 4 ) for which our curves show nearly 12 1 R.1. . Rosenberg. J . Opt . Soc. Am. 62 11 972 )  I t

- 13 1 II. Kogelnuk . Belt. S., st 1 cs h n. J , 48 ( 1 9 6 9 )  2 Q i / 9 .
connp lete wave ciinlunenient - Finall y ,  we observe l~ I 
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P~3~ agation of spatial pulses in interfer omeuica Uy
produced guiding structures

G. C. Kung and E. N. Leith

11 2g.- I r ; ,c i ~ t .- r pr . p m - r t c - ~ if l i o c r i c r l l n c c t r c ,  iH v tiri d - I  I ll  r i  t i g h t  ic idc~ cc ro i c s i ~~r i g c i .I A e m - o r
ml i l l  ) I i i I r ~ IIi- - /  m c I - i -  i - l h l - c ( - I . l r c i  ( c r c p o i m - r  • II Lii t~’t i ~ ll~c — ll l I t  t hN  il l l t l r i l . l l  I i  c c  r i s c - c f  i ‘. t c c . i - ,
lii I i i \ i~ r .1 l ) i i - . t r i l l  r .c rc r  t i c ,  C l u i n g - t r i i 7 I  I n - -  l u r  s c l r c c i i l s  ~~m l i t i - ’. cut  r c I r i i t c s u  u n f i x I x j u .  r i n n , u ’ l I
tu . icI (r i- uI ) n l c u c c - u t  ll~-l uig l u l c c , i ~~~~c u ~ c 1 c , r I t s l ~ nn(-t li vl ucum ’ hcIl ( cc c i t ,  c .  mli i  rc - c- cu r u j u c c g  m u l t i - n I) I uu nnn ~u c I ,
r i s c ) -. c r 1  c c c r i u t u t r e c i  sc-tilt i - X c s t i t l g  t t u i c c r v  s u c h  h r iu t t c t  or I , -  in dccsi  c ,’ ni € - u u n , - i u i  —

Introduction t rut ngi s s hmi t i l d i I - . u u  dc - sc r i be  image t r a n s f i - r  eff e~~t
Opt ical  svase c-onfi ia-t t ieni in d i c - l ec t r i c -  slabs hior t i ia t ni f i ’ s t u - c i hm y th ese g rati t i gs . \Vc- a m  to  develop ri

dc -red by t t i r i ter i t ls c i  Ic lwe r ref r r tc t  ivi- index hrts lneen general t h e o r y  that  ct iuld . liv no more m b r im a (‘harlgi’
svuleiv t r e r i t c - d  ‘l he gc-n - r r u i  t re a l ne u t t  c l  ill I ll  of parameters . rlu-- — c r ihc— Rrctgg d i t t r rne i i cc n . the mr /c l-
sha h u~c iv egt ndes is us t i t l l v  hnn - . c- d omn the r c s s c u m n p t i o u i  I roo ster e f f e c t s  th a t  uiccur w i th  s iu f f i c i e t i t l  high
I hat the ela ddi mng , m It e materia l cit  in iw e r ret r .uc - t is. undu ’x modt t la t io t n , amid the t r ans it  c c x l  c -a~ c - where ,
index . c -x t i -nds  I l l  i n f i t t i t y .  If 5i -vm ’ ral s i c h  w ; i s m - c c u j d . - — - a i th  u u - re rc - . n u g inde x t ini it iulation , the Hr;cci~ d if fr ruc-

c r c -  p laced paral lel t i c  c c i t t -  an o t h e r  in shon e . thu :m— - ilit i i f f ( ( I  inecturii ( i :um i it nilige t ransf e r  ic r g u ic h ut ng i- f
s t u t t i h i t i o t i  is t i — c i ru I l v  t t nrn dp t h a t  t ine cladding is -. iffi - be t
cu i - n t lv  t h t 5 -k th a t th i-  presi ’ t nc c- of mine guide d u i-s  not Method of Analysis( u i s t  c i r t  (t i. I cel ( l uf iii ba rs , am id I h im - re i .  t i n t is  ti l l t i n t e r —
m c I  ion h e t x v c - c • i t  the wmns i - g l u m/ l i - s .  ‘l’h i~ is the I r i - l i  ‘A.  hay ;ncha h nte d t in e t h m n — g r m n t t n~ ( h I - / o t m i pi/—a t iou
macnt i t m l r c d c t c -u - d  liv ‘ I’ ieu n. ’ Hc av ,-v t - r . in m m m i v  Itral - i t u - t  nod mi t  .-\ I te rm iess  t i c  the rnnalvs is of g i t t i h u n g  i t i i n-
t i ed  as s - s . th i-  ;u~s u imn pt imc u n t h a t  pa rcnl leh sI~ ln way .- ler f t ’ r c i t i i e l ru tm n l l v  f c i r t ae d  sl ain svci v i -g t u ide5 ~ i’bi i— .
gil ti l t - — a r m- i n t l • p i - i n d c - i i i  of t it le mm n i c t  her ( m c  t n n u m t ha ’ t t t i - l  m u d  is (- u mu nc -e l)t t in Ily quit me s itup h- . v i i  it give s ri-
mn;o ie: s/u i -I c waveg inr h u s  nnm tst  he c- o t ts idered f l u  he ( t u u i —  s_ l i l t — . t h u  c ugr ee e x r u c t l v  wi th t hnos _ i -  c f  mon u c u t v c l n l e \
pled Thu—c is t hu i t s _ c w l t emn t ine sha h w ruv t -g i i i d e- c n r c  bnc- l ru i - s s ic-h us g is t -m i  icy h- t o r c kh mc rdt , K c c g e h u n i k ,

tn ( 10.1- prc \ i r t u i v  amid i - p u-ci a l iv  whme u t i c - r i -  e x i s t s  t i i ’  ru ui n Ivaspar ‘I’he nnu-thi uid c o n s u s i s  of d i l i c c r l t l d u c - c n t l ; :  1
m u st - n t . -  hc i , t i t i u inn r v  hne tw i- e t  oi j mtc ’ e tut  w a veg m m id c- s . uS th ic k gr a m lung i t it o  :c -.1 :i ked . t r r nu v  (If t h i n  c r ; u t  r g ~ ci nc h
cl c u l i r- .  sv h m i n ha-v r un- t c c r n ~~ il by record ing of i i m f e r f u r -  I r i-at m u g  er ic- I t  I bi t t  g r i t  ti c c c c t mn p lc n e t i t  in I c  rio- . c c l  I hi’
ence f r i nge , in a th ic k di c ’ hm ’ t ’ t  rn tm te d j tu tn i  ‘Fine ( l i i i —  wel l  kn ccwmn 1 m m  luh u - .c ’  g r r u t t r n g  t hec r~ ‘ l i i  c h i l i

ph .d ssa v e  eqi uc u t  t i ns f i r  I hi - c s i - a -  Inec ucl ne su ’ i u mnmni r n m n — ed cl rd r- rs cc l  liii ’ t i n  th in g r i t  m g  u r n -. lii.’ t t ic ideui i
ncg i - : c l c lv s - c cuun ph i t - m n t c d  t hat a u h r f f e r i - n t  :cpprm inuu -h is in ~~~~~ ni t t hu i + liii thin grat ing Thus p r i r c m - s ~ is

ordm ’ r . A U n i v  I l l ut  ui-s ; l l u b n n u i Ii s5 , c ’  i t s _ e d  ‘ Iv b i l s i O n —  n — m i tu i  um nt u- d mmi i i  1 c x i -  c c c li the  t un ;u I  p int - . w ho- r i -  liii-
I c c - r g  mu h uc s  ; i t c . u l v - .u- c i  fbi . ’  i m u t e r t i - r i u r t o - f r i u ’ m i h l v  

~~~ 
V ; c r u c c n s  pl a t t e  \ s ; c \ i - s  i - c l c - r : ; 1 -  cs th u u I ! f f r ; i c i i  d i nc u r—

u h t i u m ’ d  t d ,c r m u h c t u m  -, t r u i i i l u r m - s  pr uudmn-e c l  by i~i . i - Ic l c e r g  m i t  t hm - I l i u m -k gra m / t u g  ‘I h i u - . i -  5v;uv l -s  n u n- l ist t ine l u l l - s
n u t O l  ( I n : c n n c b r u u — - _ t ha t  sa t i s f y  t int’ Ur :c r: : ui ir: Ic - -., m n lth ic igh t i c  l~t - c ~ c dif-

b~~ c u l u - t n t h v .  i t t  mu rr m u v uI s _ h ub ,  c x n i v i g u i i d . - s .  f . r t u c e u l  n l r r l l I i l l m l  c t c m l - . t d b c - r n u t l u m -. \si r m ’xp l t i i t l v  u m u s c r i c u l  i n t c u
t h i s  m n u c n i i c i - r  c c  - t ; l c . c i l v  x’. i- lI h. rl m;n l r ( h ( - u i  . i — ~~i ‘s m i h t i t tn ( ’  t h i-  t hec r~ l b  s l r i l i uu s  I l l r m u n ’ t u ’ c b  . r ch i - r - — t hmn t  ( i c r

r u t  t i c ,  mmi i i  a- i — i t i l m u l d  i s p c - c  I l i i i  liii- v c n i i i i u -  t ai l  sat  c- .t s  t i n , -  U rmm g g c - m u m n u l u t c i n  sct t tn l n h\ r u \ c - r n n g i -  t i c
ncmi : u lv- .c -s  t h m m u t  ln;uvo 1mm- e n g ivem n f i r  u l i I f r n c c t iou frc c mn i  v ,ul iues tea r / m ’ rc l
v o l c i m c i . -  gr .ut mug . produced tv m u - c - m iu - h i tm g i t i t i - r t u - r m - i m m m -  ‘A c -  l n ruvu- t n u i n d u f u m — d  the \ l t e r m i i - s - . t ta - t hnu c u i Its usimic

i i ; l r r c m xv du - . t  r i h t m u i i m , m n  cl h i g int In u s h nn t t i a l  ho i l - a t Is t in e
ml c u t  f ie ld I l” ug I )  \Ve l i i i .  ltn n ln l .se I i t i c  j m u  i l—i -  itlI

H- m l i i  i n  un s t i t l i  mi i i -  I c c ~ u c — i n s  c i \i mi . \ i n  \ n t - r  . u SI i r m u t m n  ‘ f  h i la mn e ss . i s i - .  mind hlr - l o l c _ d t c -  i - . d l l l iii

107 cd - t m u - i t i h i - t i t  Iv t in r i d  c~ h the s t r i c t -I uu ri : c - i  it wave c m - i t
I i  l c d .- 1 1 T h  i - r o t c - s v run m l im i s  c m l  l i - c l  m d  t m r nic ’ rs _ A l l  a c v i -— _ c r 1 -  th i - mi
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clumose , t ine gru m u t u ’ r  t h i .  s i ’h i cu r mut  j o lt  c i l  ad t muu - ( ’ t i l  imnc ’i -
dciii 1)11151--c amid tIn e t in i c -k t - r  h a -  g r m ut  u t i g  I i n c m t  m a u l  Ill ’
treate d without erro rs I rm ito mi t t  u - m a t  i u iun  h u t  w m ’ m ’ t m muc h  j a -

— ce tit pu lse-s . ‘Ac  c . c m l  n t I s _ l i  c l n m m m c e I h° n m u t n u h c - r  c c l  I h i m i c
grat ings i m n t m c  s c l u m c - i n t I m . ’  u r i c -k g r i t  i l l :- is . ! . - u  - . j c s m 2

-
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~ We Ic ih lc iw two general g,iideliuues ii. i c c .  ..iuig tint ’
inutinber uif plane way.’ sc uunip lu’s: Line t h l c k m n u - s s  ~if the
thin g r mu t i t u gs  anti I hi- m ncuumnh. - r  u if d i f f rac ted  mc rmie rs  t i m

0 C lie reta ima’d frulmii enu -h n t l ni m n grating. First . I Inc pres-
I l r - . p c g ; c t s u m t  c i  ci g i c ls m ’  id u g h ? m l m r u . c u g lr , c  th i c k g r ; i t c m ig ;  utm mnce of line uus cil iat i i u t t  p a t t e n m i s  mit the ed ge-c (If the

i d - . l ci rsc -. t hc -  g r c l l iuug  — t r i l l  t o r i - . w i t h  -.p;c~ n n c g  d . Id - . In u , cc s t hu un p in spre a c l u i mi t  pu lse i n c h i c a t e s  that mud j r ict ’ t i t  p i m Isu- -. are umi -

t uki- ~ a m id 0 - /  s Ic , -cs ~ t l c - c c , I s e  u ’ uu i . - n g c i u e  f nc. m i i m l mm - cc ml i m - r  s ic ni ace. tu-r t e ni i n g wit Ii u ’ m u c i n ( I t  her . atii h I h e r ef c tn t— nn ,c rm - i m l m u mi e
w m n x e sn nnnj ) Im-s mnre tni- -du ’uI. ‘l iii- be ’g itn m nitng m u f  c.t tc h
overla p is es i ( hu m mnl im i Fig t . ctirv e a. S-a-u - m u d , t ine

- Icuta l einergv at the im n h I lm f  n u tnc l  .inI 1)111 pbanes shm c mi l d  he
summed at t li&’ t i n t  i ) mmt  si irf nnu’u m t i c  y ie ld t ine rest iltam it (- uu its er ve ( i; (-cli nsrprsaI o m u  fa i lure ind icat ,-s I limit th i t i m er
imitensi tv d i s t r i in t i f i ucn ,  ‘l’Iie t hc ’ icr ~’ c - c i t s _ e d here i t t -  s e ct ic , m ns mnre mne’ed u-d m r  t hat Inli ne ( h i f f ra i - t ec l orders
solves the satiie assUi iih)t uitns ann i (‘/10/I it icins as inn — sii~ uId he kept ‘l ii rc i i u gh cccm t  d i m  analys is , we  kee p
pccse d it A lferness. ‘l’he po la nui mnt ion is xx ’ if Ii the 1’, fix-c di f f racted order- . 10, ± I. ±2 u i rdc- r s  I and use a
v e ctor i n,n ra ll el t cc  the s i irt nnce c nf t he recc lrding t f l ate n i— t hin gmnntin cr I hic kt i t - - cs c f  ( i( i~ mm. ‘I ’hese values are
nil , ami d t lie di f f racted xx ares are sunnnit-d coine remit is’ irenera l lv adeq / imit e t i n  i nuiex nicndtilat iot i mi tip to
at  each sim ct -e ssi s - e I h ut gnat im ng . w i t  Ii tine assu umpt iou o oOi 5. 

-

ci t m d  iat larizatinn chianges , fuchit ics - i t ig I he ear l me n t reat  —

merits mcf Hc t rck hardt and Kmigel milk - ‘h’ine m t  u’nsit V at Computed Results
the ex it m u g  l ) l iitid m is calculat ed wit hu nt regard to i ~~~~~~~~ the t heory t hmis devellilied . we hn uu v u - c - ,c ni pum t -
pnmlp a L ’ u t  tout ( lu re s -I mclii. ed (lie hehas- iut r of pu Is_~s I rcnvc- rs itic t h e  gui d imig

Alt  hnctg h the niet htcd i -c not ri-st nii ’ted to an spe- -.~ r l m c t  tire. Fi g i mr e :~ s ii ic ws , f i r  nn re lcr es c - . m i t  mit xe  (- mlmn-
u - i f i m.’ pr t i le ccf  i i l . m u t  pu lse , we hirnve assume d mine with t i g u ra t im t mn . t hiu~ resu m t t of iu n c - nc -m cs imng the index mn u c duilun-
amp hit uult’ c c l  I he Imirrn

~~ it  c - c ‘ / 1  t I  I ,  ni , 1

xv h m- re i! i .  I lit nrc I tri g 1 1, -nc  c l  c ~it ‘ tnnt n n in thi s
paperi . ami d a 5 1 c c i n s t . i n l t  I h a t mnd j m u s t - . I lie width ill
the ’ tmn p l mf  h nu I - . i -  ~\ c u t  h u h ’ ., e. b i t s  l .ni l se -. Ic _ u t i a l l v
h. m mu m mur lu -c l , i t ,  s i n ; i tu mn l  t n t - i 1 i n -mu  v s _~iu-i i r l t t t i  us m ul— , im t m ,- ~cr-
lv hi mtm imc h -u h .  I”c m r i i mt ni l m u i f  nil j m i t n m l  l t c i r p .  u — c - - . , Wi ’  I n u u i m —  —

c ; n t t ’  t hu -.i a - i t r m m m i i  ut / ,  +2 -n i , h i t -  ig m m o n c m i g  t h e  ,- 
Is t t nm n l l  -,u-c c m n d mu r v Itch e s Iv it im’ m m t c i s c u l u -  t h u s  h mi mmt i c i . This /

- _ _emiCis t in i i tn lv s-c ry sini mu l b e r r cc rs  iii f l i t -  n i - s c u l l - c  beu - , im isi -  
- —t in- . c - c  ic t id ary I c - i n c - s  r u n -  uit ’ the murder of III t hat of - — - c- - - -

th e pc-ak . us s hc msx mu imn Fig. 2. lt ~ l i / m r  m immm i l ~ ’sis , cv i’ r i p -  h - i c  -
, 

~ l o t c .u l  n ~ i c n  i s - p l i ’ c t r u iu nc  cl lii- pcu ~~c I u - .  i n r i c i  n r c  I- —

ri sc - i l l  t i l  h’s’ a F, lun i l - r  s c r i c : -ncn - hu tu-nm ii u t ’ th e - c - r u -s
r c - p r i - s e m i i  . a pbam n e ’ sm. c vc t h r u m s’s-c u - / i t t  J m rdi ~lmu gm uI i .
thrm im mgh t u e  gr m m t i c c .  i’ l iu-c F m , m t r c , - r  s m - n i t - . nc ’p re se m r tn i - 

‘ 

-

I u u m t  nc - . i c l t s  u n  ,—i ddt;  cu ria1 bnul .-ces / i  s — i t ! ’ ) , wl t i-t i - f~ I— .
I he pt ’nc iid iii the hmtn r l am i i t - t t f a l  cldim n i n llmnu’I m I m t  I lie’ i” u u — - 

~rm e r s e r l i - -.. We t m i t i s t  c i n c u c i s t -  I’ - m it i u i . t n l l v  larg e - . i i ’ ., ‘

Icuke tm n :u tn v  smu t o l l l u s of I Ia’ s pc ’u t n u m m m n  m i  / i  c l  s i m I hal - -

liii’ ‘ s n i r i l u l i s  mm n pu f  i n i t l— _ i- .. r u - m m n c l n t u  —. n u l l i c i t - t n t l y  - cu ’~m nu— -~~

r mtt  cd  t l t ; u t  I int ’y c i i i  mnui f  t m n te rmm c t  c - c I l mt ’ v I rmn ’.’el I bin ucug in —
~ 

~ —the g rmnt ummg.
s \ c ~

i u t m i F I t u I  I r  ~1r lc g r mmmnm ( iev (- l u l l c u ’ d l  by A l t  -m ’ tn t - s- .  1 c m  
~~ I \~ 

\
_ _s_

~~~ - . _
~~~ 

-

hi t h m i c n  gra t ing d c - c - i l t n j c c l s i l u , n  ; u t i : u l v s m s  ‘ sx rus  rniuiiiiu’ul ‘ 
- c ’\ j 

. T ~~~
_- ~~

— — 
—

f r u r  11w - . t l d c l \ ’  u mf  I ti iruge t rmuu is f u ’ r c - I l l - I t s  ‘ I’ he ( - m u m i m p t m t -  - ~~~~~ —~T - - —~~
. 

~ — - — ~~~ i — —  —t
i- n pmmig rntu n l , ‘s’s lniu - h ; u ss l umn c-c  i ut i- -. l ; u m mt t ’ d  f r i mug m- s  m ntn rl  mu (I 

~. -;

simii l sl u i l l , c b  V uu t ’j ;ut iOu cdl r m’t m m u c-t i vt— talc- s . m m lhitws l c c r  ad — a i  c r .-, — , ~_ ‘, ‘. ‘ — -

jm i s t mn t emi t  of iui h it i t  i n m i h — . -  x x id th  m nt nd grat ing fh ni c ktn ess , I- :1 I m tmm ’ mm — i iv h i - .t n n h l l c t o . m u  it u . i l i l s i i  ‘, l c n i c c c u -  l I l t  s r i - - i c - .  s. tIt i ,- —la ter _ nI  Iams it i ot i i mn L’ mn f t i n t —  i i tpu tt l Is t - . st - Ic c -I ti nt of r e— , I o - - n c  ‘ i i  = 11 m l  = icc c~ a ~ 
- ,  • i i  l~ I i = 0

f r m ic - I  ms- i - i nr ic — x modt ml nmt i / I l l  Pt t .  iu t nu i  1(1 p n - .t I n c - i t t  n it  liii’ d i  , / C d u r , I — d -  d i l c iili i t t  Ii lmlpmc t  — i c r i . c u  c H r _ c n n . I h c m k t i m ’ s i - i

grating Pe-ri ucd ‘I’he I)(ilse slan t n iu tmn  I - .  c - i m nt l i c t t ( m d and mimi
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Next we t ry  a pulse of 0005-mm width , wh uich is
half of the width of th e - guiding channels , Fi gure 6
slno ws the sequeui(’e at t i ne out pel t as a f um nct iofl of ,u~ -

For su f f ic ient l y  lm nrg e li t ,  t he pulse w idth converges
again , as in F’ig 3 , to I hat of the in l u uu t  Pu ls e ’ . Th is

- result is rehlresentat lvi’ of o u r  t ind im n g - . :  f i  In mu I) tmISe
- \ \ 

narrower than a e - ham im n u ’ l wid t in , the nut put 1)11 IseL 
\ ~ width converges , wit h i inc re iusi ng si t ,  t in t hat of the

-
. a 

\ ~~~ input.  
— - - - 

~~ -~~~~~
_
~~~~ e--— -- - - - - If the pulse i-c in t r mddhum ( ’ u ’d mit a po iti omi disp laced

I) i c)~ ’ 04 from the center ~if a cha nmnei , t int’ - u u ii f i tn emetnt de-
0 IS T~~ ~. ci  r ~u creases: the losses are great est when t ine pulse is cen-

tered at a poiitt of nii m n i rnuunn i uidex (Fi g. 7) . ‘I’he dv-
F c ~ 4 S.dmiie cm . F c g .  1, e~ c m- F d I  (cit a Ii c I~m - n ici th imt  0.03 mnm ~ cii i m iam ic s of the cmff - -e m ite red I)ulse run e- f imrt  lien sh nwn in

sh c ,ws the mmcc cdemm m pnc Ice; I c c  ‘ h i m cs- . ( him ’ c m i i  t l i nt pu ts_ u’ fmmr m m 1  = It . 
Fig - l’~, s’s-h ich t mace s I he u-mu l l rse’ of sm iu - li u I) ui —c ‘Fh e
pulse , as it progresses f hrco ig h the guiding s_ I r uu ct o re ,
oscillates front tote side of the channel Iii the other,
As the pulse swings to  cne ext re-me , slIme eiiergv — d i r -
g us  across the refract is -e ind ex h arrier m I d  th e adj a-

— cem it channel: this energy l)roducu-s in I hmn t channel a
propagating, la tera l l y  osci l lat ing pulse , which in t u r n

~:j \\ imiipehs some of its energy imiRu the next ad jacentN channel, -

2

- s~ - — _ -

~~ 

-- ----_- - - - —~~ --  

~~~~~~~~~~~~~~~~~~~~~~~~~~~
U 0 02 0 4

D i S T ~~~~~C r  :~~ ‘~~‘.i 9

I m n ’ ~. (‘ c , f l t l m c d i I i t c i i m c  u1f F c ~ i s ) m u m w / n c g  c . u i t t m u i t  1nitse f ldr v c m ni cc l c s  c -- 
- -

c l / u - s  .1 c~ c mi = tcc - l~ ~t c  ~~ , = :/ 1’ I I  m l u  I mm 1 i’i X i l l  1
; ,‘ - - - _ _ _ _ N

l mh l ri = t t Y - 1 . I) ’ - - n - ~~
— -

9 - -
- 
— -

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

~~
---- - 

-
~ I i - \  ~~~~~- ~~~~~~~~~~~~~~~~~~~~~~ 

- -

~~~~~~ r 1 Th-1~~~~~~-
- ‘ 00  04 08tucin , As the index increases , the pu lse width nit the DI ~ -~. ~ F , ~ - ,( mi t t put appr ccmn i’ hes in widt ii the i m i p u it pu lse , and the - - -

energy in a(lJacent c hm imiinel s dirnii mi ishes , in Fig. 3. as F’i g. ii ~ a une as t ’ c g  -h , u ’ s _ c I - t n t  Ion ci j u Ice width c u t  I) i Itli rim: Ia)
well as in suic- -e ’em hmig figt t res . t he reg ions of maxinium ‘ mc (1; c h t i n i = ~~ 1 It )  ii i = 2 X Ii) ‘n / d c  it 1 = • i cc  d ; ) e i n n
in dex are at I). ±11.01 mmii , d c - , .5 X I / /  1 : 111  11 / = 2 icI l

Re- peat iun g the same exp t ’ r i rne - tn t  xx ’it Ii im t crea sed
ulse wid th prc id ime’es t he results shi mwm u in Figs. 4 am id

In . ‘ I’he pu lse widt hi is nc,w 0,03 mitt , sci t hat a port ion
/ uf  the pu lse exte nds over the hult t ndarie s into adja- ~ *ccitt ch a nmi ,- ls _ . As ru~ ini r ( ’ m n - c e— , the ( nu tt pt t t  pu lse is
res h aped . d ividimig i m n t u .  s ev e ral pt i lscs tm (’ci mpying - ccv -  - I -

t ’ rmu l adjnu -i ’nt chnnntiels , muuc hn mis if the pulse, like ruin 
~~~~~~~~~~~~~~~~~~~~ 

‘ 4 - — —~~ 2.~~~ -~- — -

i tic - i  Inn rmr es si  lnle I Imi Id , were’ being pressed int tn a mold , — 08 0 08 O8 0 09

a ltho tgh it is se en I hat th e rc - clnnn j t ed em n u-rgv (list mu l ti — 0 b
timi n (Idles to ut exact Is’ c m tm n t m i rn i  Iii the mohc i. We ruuite 

~ T —

tha t the t’ti.-rg v th is t  r i b t i t  iim n in tine’ s’m ur i m mu u s chmnuine ls is 4.
nu l l always n - i- m i t ered ni t the (‘ t ’ t n t , ’ r  m u t the e - l n ni nn el , 4 

-

~ 
, .,

15- ht ( - Jn wu ’ t ; mku -  t c t  Inc t I n e ’ I l umints  mi t  uinrtxim iittni it idex , -
~~ -~ 

./~
Ill c - c u r r u m i g  at 0, f tu i l , l c . ) m m m i; smut-hi nusvmii niet rs ’ is 4 —+ .~ ~~~~~~~~ ‘ 4 - + - ~~~~~~ ~~~~ K

- r r l tmt ed t o t in t -  n i - .\ iii int ’ l n ’s m uf t itt ’ innl) rt ’sst -d irmar l ia mice - 09 0 08 08 0 09

across e’ac hi ciim u miunel inpu t - Fimi nlly , sxe tni i t , -  flint . ti t ’ - C d
s p i l t— t i m e ( u s er -m i l l  i - uimi t im ue -n ie in t  of .‘ m n .-rg ’ s - to I hums e 

~~~ 1: 1 -m m iii 1 , 11 r u u i h i m l j f l C  t ue l ul ls. at cmi - u / I  m e m i t l - r .  I )  c c - .  h O c - ne- hnuntieis uipuin s ’ s - m uc h t Int ’ em tc rg v s’s- mis im ici detn t . lInen i c c — I c c i i h i b n  = cc u / i  = ul t i c  I n t i s _ k r  c m . i  nmm n. t i c —
is , wi th  in c r e—nt- . tm t g  m m . a m t m ncr en u - c imi g n t t i i u um t i t  of eune rgv m l.  d i l d I s l I  t t , - h i i  d c n c l . - r  c _ i c Ii Ito il I/c U iiii,i, d c l  I l / i / c :  mcm iii ; m i d
in I he- , m u ut t ’ r  - h ia m n nels . s ’s - I i u ’ remns , f u r  mm 1 0, I ln~ ru— is id  l cd ’1 mmcmi ,  \ - n i c i  m i — c  m l ,  r l , - m ~ h , l , - i I  m u. r  i , / coo l m l  i V l - r l i c - al  c rate s
uiu’g ligii,Ie t— mi , ’ rg \ ’ i i i  I it in - c reg itm il . cu d - r i — d c - h i m . r i i u m m i l c m t  d u e  d i  i n ~ i u i n - r  l i - _ j u l i . u i n c c - n i t  mm mml i i i
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I T f cn n  is t lne~ same as f cur I m e timi w imnt em t he ± I chaunt ie ls ,
+ ;n mi m i t lie previo u s oh mst- rs n i t  i(luis aI)plv. l”e mr cota pari -

+ _J~ 
sm iii , we plot ( Fig. 11) t lie et me rg v fins’s em ut of I lie 0th

—I 
J 

)~s_, 
- hiaminel fur the cast- sv hut ’ re t u e  pulse is itit roduiced at

4- —— ~~~~ time ’  c h nut t mn e l  c t - u t t e r , t Ime- re i ram ’tiv e- uitd u’x nn n ux i m nimu n i .
-.08 0 0  .08 -O i l  0 08  . -

a b A s exp ected , t lie e t / u - r l : v  loss is less t us - m l la t  cr y , al-
t h u u ig lu a t ra m i s mt-u i t  u uc - u - u c r s  n i l  t ime l)egi tnu nit ng . ,‘\ I ,c i , t ime

I I I energy leakage is si gni f icantl y lo wer.

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

.

~

. Experimental Results

x t ,_A~/ 
1Vs_.~,. Experimental data suppulrt itng in a q uua litat is-c way

—— - —--c 4 1 -—
~~

——
~~~~

——/ . -

- 08 0 0 08  - .09 0 08  summine id t Ine ’ ca It ’uulaf t-mi res uml t s were obtained imv pre-

C d i)m i r : ’  I) ldl y mm le t lny lme ’f lmno - r~ l c u fe ( P~s1M) casting semi —
si t  ic- t i  wit  ii p -he m / cu q/ i im ii mile : at I) resc ’unt we dmi not

F i cn. -, I r . c i  m u i d ~ miii -‘ Il - t- , - i i im - r  i d d j c / i t  c i i — ,  i i n n m . i d / n ) d  l u,’ ~ u i / l t i c i g hcive s im f i ic ie ’ u i t  c l u m m t  n i l  (us -er the e mx permmei t ta l  process
m h i . m h u im l - l .  I lc pI,uc - m mc r i m c i  8/ nci l l u’ mi m - i - , l i / l i / i  mi t i l u , j c dc l d c -  c i l Ihi l i  f t .  pr u id u mc e q u m n t i t i t m i t  l y e  res u lts . I si m ng the 0—1MM— pm
(u _ / i t  fl i l im . nO = , 1/I  I is m u m i m - t i s i t y .  d Is i h i s _ t i t ;c c u .mmt m ’ iii in mmii. l i m e  of ’ t ine argo mn laser . utis lanted fringes of 1(10—I / mm
I)u’jIth am i i h dr er v c ,u i i d m m i iroce us (m m ) 0. ( t i c  1/ 1 8  ti u mmi . It -) i / a )  unuiL li t ) s pat ia l freq u mene -v were ret-m inded in 0.Fi—m un thick

I I  ~u i mtiiil. s pec inie t is. Ill denull nst rate image tra m nsfe r charac-
erist ics , scra li -Iies a p~dr el xi nmate l v  parallel I o the

fr inges were niade tin t i mie face. The PMM was then
illumniinated wit Ii a gre e tm mt light of about 500 A in spec-

2 tral  width , with the light imp inging on the scratched

~~~~~~~~~~~~~~~~~~~~~~~~ t l i  

%~~~

~ U? 20 30 :0 5 0  6 0  2 

Ic c ( . r c , t n l d n u . i d - r  hlt- isve ’m’ni d - h i 1 m m l m i u - l s . I Ice lIuwe n C id tV 8  0 / 0  20  30 40 50 C O
— ( n~- c s  bc -  t i c - r u m  dl i  ( I i i  r.~1—r lid . rl i’r c v in c n m n n l c t m - . c l i 1u m l t lm - Is  a d m I t  — —~ / C S -~ E S S
p r - 1 1 1 1 1  u - r u  dm n - t . c r u i m -  c i  c s i~ ,r i l mam n m um ’ l  I d  i t  c l -  l - t r , t m i m m u - t  cs - h c nm - ibm -

p rc lsu ’  cc c - . c m c m r u ’ c l l d i -e ’ i t i . / h d /  u~ t i - n  t hue + I ch ~mi mrc i ’h; adot c c l  I-’ t u u r  th ie 1 1mm Ii F u n c - r ,_ s l t u u m i  m m m c m  u . t l l c r u ) c . c r n u i u . l . . d l i l lddu u i /  l - i m l r c-c  in e~ c h
— t c-h am m n <- L ~ t ic rw mi ci iht mc c 1 l , tilt rm’ter ,’uii u’ , us ibm’ d h pv l i l t l l ,n ci t c ) c , c r c c r i - l  1. ml ~d c - I l l  ui i m i u i d l d d i n  - d m 1 - a c  I c m /  is +2 - h icm i i te l ;  / c l  cc —2

n i u c -  t h u lc u’ t r c i m i  lbs m-h nin t n iel c e mut u ’ n  rh amimim - l ;  a / c ’ ‘ : , ) ln mm ln i - l ;  I i )  / iS —3

‘t h e  cu r ’ s - u- s iii Fig. U show that I Ite gre-nut est rate cut
en e r l tm v  t i c i s ’ s ’  i un t m m t i nt ’ ad lmu(’ent t ’ h mnm ntn e - l s occur-. lie—

- 0
55 c ci i t u p  p u m t  l i I f lS wh -m t the I nt l- ct ’  has c rossed I hi’ 8c

c m- i i le ’ r .uf l iii- chan uiel aiid w h en I he Imm i lse rem uci ies i f s
tm m nm x im m im nn l I f t — p e t t Ie r  di s l nl m ie ’em nem i f - ‘l’hie e ’mm e rgy t l i iw
i mn t i i  the Is’s- i, ch annels adjac ent t i n  the (li ii channel ‘

~

( t i n e  m l i i i ’  w i i ( ’ re’ th e i n i th n ~e’ wn ns im t l r u m mhu ic- e d I is nusVlfl - ‘‘ 
-

nui l r~~~I. MIdst  I numt nuh m i \ . the emne rg v hiuu i ld i up u n  Iht ’
e l i niTc it.-l o l d l dc is i te  to thu ehi r t ’ et u ,tn u m t mi l l  m mii  pu lse ( lu - c -  2C ~~~~~~~~~~~~ _~~~ ‘—~~

I u i a m e m n d cm~t I i t  he — I chan ine’h) r’n’ems’es ,-i Inigger in i t ia l  ,‘—~~~~~
—-——_.~~ _ — — 

- —
su i rg i ’ u.f .ia-rgv t bn;nti does the ot lte’r f t  he + I clinit ittel ( . 

~
- 1 a -~~ 

-
-

t’s’ ideu nt Iv li t ’cun cu se the su rge of etit’rgv mu it i t  tIne -4- 1 - .~ 
- c s s 

—

(‘ hnitmt t el t - . nihai rte d iw the it i t rod i t t - I  1 m m  of the- pu il s_ t at
a hu h/use (nnnxini uirn di s 1n lctce met it I j im - c l  pm n- c t I hi’ 1 c c d s O  I’i~ I i  V u u . - r ~~v I -- ., cc In - u n ) , - c n c p u m n  r u ) —  c - . i m h t n m mlu im - m’ c ) m u ihi’
I mc mi (.1 nmcixi m tn t i m u’mlc rgv flow . i”ig m m re 10 shows the’ - ) . c l , d c d - i  - i - s _ r i - n  c c i  s I c -c l — i ’ c c ) 1  n,  - n i t  - m I d a s  li i- .- . f r , ’ m ld  I r . i r u , i c  /1

s’tnergv flow into ot h er c inmmnne -I s . 1mm geu me ’r mnl , the pat’  ~ 1 11/ ,hu m s _c s i ) r m  i - I ~ l - t d\ u~n i bm ’ 4 i mmn — I m b m,u i l d i l - l - .

- 
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~~~ 

pulse perimmdic allv to shift t ’h im it iu iels. This ef fect  is

/ 14 . N ute that beginning at the center and contunu-
/ 

U 

shios’s- in in mmm c detail in the nnagu ified i niage of Ftg.

/ ing downward s m mmewh at , the beam evidentl y falls in
M a reg ion of lowest index (i.e., stra ddles the chantwls) ,

L 
/ and t he light at the nut putt is split lie-f ‘s’sneemi the two

I ad j ace imt cl im m nmi c Is . Time nes c i l ts cu t Fig, ii svt ’re pro-
- duced by imag ing, us imng ml He Ne h is_ e r , a narrow slit

2. (ip t l c m i t  s c u d / Il f ccr d u hs t ’ rvdh ig giclihiuig u- fle e ts. 0 is the (into the source-side surface t u f the PMM , and the re-
cit cje ct , c l -’~ct~ct g r cdi cm i g wi th  du - r u i i c h - s  dmiScn, IdCd m c mi the- lu’tt sd /cf/ ic e. cording camera focusing on the surface toward the
1. us c l i g ht (ut -an t . mn t r c l dccc - eu I  d d h l c i t c c e I V  s iu that f l u  i hc r l - i t  tcgh m p n hu J d-  observer. The result is essent m l iv  no different from
a g / d c -  u ) u r c n mg )n the s v-uu- i l i .  I us the- cm .c ge ccl the I’~c t \ t . mud Jul c s _ a  t he scratch method used for the previous results .mcc - nc sccc pe, which c nm n hue I uccdm-.E- u I c i m i t  c i any parm cf m lie- image.

Comparison with Previous Results

_________ 

Ros enberg. using a ray tracing ana lysi s , has corn-

~~~~~~~~ 

puted the effi c iem icy of image I rnimm sf er in int -nferonie-
- tnically produced fi hmer d ipt lu~s st ruct t ires ~ Figur e 4

- 
of Ref . :~ ShlcW S gimi ding efficiem ic- v as a function (mf

-, 
- ver tex angles of im cidemit cones of ’ light. However ,

__________ 
there are two mnnu ~cir di l f - ne m - c -s  between his case and
ours. Firs t , we I neat omil ’s’ one-dimensinnnnl geu idiuig
structures , i.e., guid itng slabs , where as Rosenberg nun-

- 
alvzes the prcip ert ies emf guiding columns. Second ,
our incidemit irradinince is a narrow pulse , having most

n of its energy concentrated at the middle of the guid-

- t 1 l ’s  ) d l ’  ( r nflsn mii i r~ .UII t’hin niicnc usc u u j n c  us focnc—e d c m i  a
st nitu Ii di Ihi’ ‘ u i  Ic iii sidr / d l  Fhe mu t up d ’ r  I mud rt ic imi  cc f  the t l h l id/ c n-
grap h s hcc n ,cs the — c r  c i c h  in sh,m nt i fmum / /  ii/ t h u s  ni-pudti . mmcl gnIct i i ig /s  ______________

rc - - r It-mi - cc the I \t’mI t im i l/I hu mc c c n plunt ic ln , Ihe -. r-ctch is u - u d m  u cf
I cc /c - . (h/it’ I 11c m I rd ’m’ s e m it e - / iht gr c t u m / g  - .caceg u i mte .  Iii t h e  cei i tm ’ n , -

tht - nut , r c u l ls cc Is f c , c u m — c  1 i,n Oil- e x i m c m n ,, i~rf-iue , hi ru- , imi tIm e r i -  _____________

gi l -m t - - I  t idc-  ru Ccc r ( hemf gr c t i t m g .  the m i i i  I / -  s) u u r i d l \  fc ,c ‘ c—eLI . thd is - ___________

cit - r id - - s t r a t u n g  cm s i n u c n~, gduld h in n g I / / c d t  A t  the n r r g h i  is t h e  rio
umnage , ‘‘5 m rI s_ 1ui ~— u ul ic c — e- m1dh,I n/ u Ibm’ sIde lunl ut -. i.e. , thnm ’ u- m ien— -

gv ihat Icuc s crept m d11 c c t h t - n  channe ls . u 
- ______________

r ’ *

surt nict- . This illuuni imi nnt imu t n svnu s lint roduced uihhi que’l v ,
5d I t hat dlt i I’m’ scat tered lighl ente red flit’ imiiagimig s n - c -  ‘ 

-

Ic -mn I I.’ui,n . I ‘.~ I - ‘l’he recu irdi mn g came-r n ( ‘ ud iml d he t i m-  
-

cumsed m m u-u t  hm- r the c c u lc t rc t -  c~r t ine mm hse rv er side’ mc f the
PM M. RI- s t i l t s  a re s hmdw n ii Fig. I :~ is’s-hich is 

- ____________croppe d I / I  shm iw uim ily u due sc ratch I. .-\ f  fb i -  left . I he - _____________

.cn nmera was f m uc ui s e ’ d cnn I lie s m lu irce side. ‘I’Iie recicrci-
ed f nimi g i- -. are cu u tn fc mied t m c  the low em r t~~m rt i umt : thi ns , at  - - 

___________

the t Im 1 ) , t ine— s crn mtch i t ’ s  are (‘leanly dd Id- ,c ’ rv c d.  In the ‘

c e n t e r  i shuc wn thc ’ saline it ilmigi ’ , hm mi t  with the t’cc cu is mun .
lit’ sumrf no-e Ii c’ss -~crd I he- d l i l s d - r s - c - r . where a st ru ng g m u id - - 

~, ~~ -‘ j
itig ef t i - c - f  i i— es id c -m i t  - ‘l’hc- mu i len - c t l v irregul~uri t ic-c re- 

~~ ~~~~,c ~~ 
__________s u it fn cmn m i c u m i / u m i i f d d r m m n i t v  c i t  t h -  scr atch . . -\ l the ri ght (~~ ‘~~~~ 

~
j .  ‘ 

-Is _ f i n d -  s au l / c ’  iflingu- , u s _ lu g g r ea t e r  c - x p n s dmrc— miii th m ’ re— -
~~

—
~~ 

,
m - ~~~~~~ 

~~

c t cn d um ig film S/I  m u - c t i c  m’mn l , h ;msui c- I he st ’ cuu m idmu rv or side- . 
- ‘ -, -

l mi im t ’  s t r u m m -tur t -  c cf time image . The hum hing r i-g u m 5 of
t in.- -- . nc t / n u -  w idt h mis the umrt tuhc ’ uu ’~ecI beam , w it b n the - ‘ - _________

t in t e r  hum b l es in.’ i rm g so minew hnut more’ iiit (’uise I himit i the - __________im ini-r d t i c - s  _______ 

- _______

Mi i it - u- I lie — i - r ; i f  c- h is nc ut acc dmr n mlu - i \ -  pn m rm n l le - l  tu i  t h c -  
t u g  I I  ( ; u u m i u r r ~ c t  c u s l um uitn,uca ’ m n ,  n u , u  II m ild th u l’\l’cl s / i t / l u-r , - c - i r r dc m l  t r c n g t - - c , there— us m i u - c i mi t i t i c imi u s  (ht p lnuce ’ mn )t-n t ‘1- l id- — l i i  mmii l,~m’ u- . s l i  - h i  c mm up cr  cPu  cc In i ) nc  c ra t i ng  m m m c i - -.

u s mu fem n ct iuuun cit tint’ st - r I Ic - nil c n did r ch im n nu l e ime’ ~~’s-i-em i tine- 
~ , ‘ n ic c mi t t  c i  cu ll cc ihu.’ i n u d m l u l l i  ‘ Im i  -umIsu -  I r~~

_ —m - s m d l ’ ? ’  f rI C t i d t r n r m - l
input jmct l— .u - nitid ti t c gu tim hn g c h;nm nmic ’l’ ,; I m i s  ca i ms i c I be t l c ’ u t t i d l  mr s  muud h  u — st - l i t  u r n  ‘ i - . d l l  f lU. i r l V l d ( d c , l l  ‘ - ‘ n t i um ic s

2616 APPI /1- C) OPTICS / Vo1 t4 . N~ 1 1 /  Novemhu-r 1975

- - -



aged the PNIM and sl i t  intm uge . amid this final image
was observed ‘sculhi a rim ic rtc st - dl pe , which could (me fo.
eum sed cmii any plauie iii I he vicinity m f  the PM M and
slit images.

\V€ m illurnuinated f i rst  an nnr ea tif tine I’M M samp le
c m w hie’h interferenc e fr i  mnges of Imiw index mm mdi i  ha-

P L c L
~ ~ L , thin were record - i l m u t im i  cc I m i u Im I) rm idt ie ’ed wi ’c uk c l i I t ~ m it ’ -

t i imn . W e cu imse r ’s-ed f l im i t  t ine f i r s t  .irder dit tr c u c- t t -e IFm~ I , Opt cit c s _ c t ,  ni fcir dusets _ mn~ c l c hf r met 11 1/ sp h idi mm n~ 1~ inct he urns ~s cnb ers ed in line platte of the slit  ut ~ c~~t iillI- arc ’ thu Icrcu ade m ied f i rst  ddrdm-r  c hu f f rc i t - t t ’ d  im mim i g e s . I’n is i ti m ’ s c d c c n c d - - -
- - . peared as I ‘s’s’o unuf m urrn hmiuids of lmg h n t - As we chmungedp t a rce. Sou nc-e is imaged din tu l I ‘~ ami d ft na Ilv 11111,1 Pc. -t he ci us tnn m n e ’e betwe en tine P~-1M I)Iate and t he slut

itinage , w hile keeping tine rnicrmc scope focused on the
s lit innnnge , t ine— f i rm c u t ’ f i n d .  light distri but u . n  retnnaiuned

lung channe l. w here the guiding ettie ’ ieuicv is highest , t ine same— , except fm m r I hit - im icrea se in dist nu imce ime t ween
where as Rosenberg considers rays of equal intensity tine d i f f rac ted  murders . For small s mure ’e- plate clis-
in various directions. ~Ve define guiding effic iency tane ’es , t he cinders c ms ’eni ajmp e ’d; our ohservat ic it is here
as t he percent of incident light (m at remains iii the app ly to distant-es ncn t t i m ’ient ly large t h a t  the orders
0t h channel after propagating thruiu mgh tin e guuiding nine dist iuictly separated.
structure. For comparison of our re ci l t s with Rcnsen’ A simp le unu)dei that u-xp h a i ns the muhserve d t - t t ’ects
lmerg ’s, s’s-c choose parameters idemut icn nl 1 m m  those (i~ is shciwuu in Fi g. 10 . ‘l’lie rays t hat sat istv  the Hrnugg
Remsenherg : sve chec t use ~ n I 2n m l  = O.OI)tt0 , t liickn &mss auig le prcmduce dif f rae ’tic mmn a~ t hey pr(dpagate through
tif th e guiding structure = 1.1 mm. ami d fnimige spatial t lie’ i) lnite . Rnuys d i f f r ac ted  at d if lererit plnunes in
frequency 100 I/mm. depth pruidsuce chif fr niu’t icin wit Ii d it1 ere — t nt displace-

From our computer result , we I’itol t l imi t t he’ g uu iditig u mi eu mt f r i  i n n  the zero trd t ’ r . Ftur tine s ’sem n k d i I tr mncl ion
ef ficiency of a 0.1)1 -mm ‘sv ide puls e iii t ine t um rni  uf Eq. e’xh ihmited it’,’ th is ex pos/ur e , the ‘i.ertn mnrdu - r is negligi-
(I) is 42~~. Since the spectral dist n ib u it imi mi of m,ur hlv attenuated as it pnuipagates throug h the plate .
pulse is not uniform , we cannot d irectly e’c lmnpare our and subsequent c l i f f r ac t icn  produced by (he difi’ract-
resu lt to that of Rnsi-inberg. Frm,m the s ine/ I rmim of ed waves is nnlso miegl i gilile. ‘l’ inemse nnss unmptiot is imp ly
c ain input pulse , we’ determine thn ut 12 111 c i f  t ine t t m t a i  a uuiifmu nnt inR-ns itv distn ihet t mmiii m ie n/I -c s the di f f racted
energy lies bets’s’een a wed ge of 0,20 , II .~~‘‘ - c  niore lies or der , j u st as is muh )serv ed . l’hie w idth and l) m ms it i c m n c c f
w i th i n 0.0° , 11 .2’~c~ ten ure w it bin 0.90 , 1 t ) .6% innore tine di f f ra c ted orders w e-re uneatctinu ,-d and found to be
within 1.2° , and so on. From the’ guidi img e f f i c ie ncy  just as predicted by this s imp le model.
curs-c of Rosenberg, we cain est imate the g u  t idin g ef fi-
cie’ncy f u r  the input irradiance lying w i th i t i  the ‘sari-
mis wedges. Mcilti plving these etf i c iemicies by the per- 

—
cent of tota l in pu t -m nergv, we esl i m mmate t ine over-a l l  i~i

gc i iding ell’ic ienc v l i t be -l -’Y~- , which is in c l m ise  agree—
meri t with the result predicted id\’ mu o n analys is.

Diffracted Order Splitting II
Another su ’nificat inti of t ime va l id i ty  mit  the t l i i mn

gnat lung (k’connposit itin aun nnlvsis i- c its sumc c i-ss iii pre’’ 
—

dicti ing /1 p he’ii mni emn mm m n t hat is the opt icnul u um um ti t  erp nurt en1
etf ’ a well-k now n x- ra y (lift rnnction e t t u - c ’t t l r ec l ie’ te d by ‘ 

—
> 

— 

— — — —

K a t c c  dl . namiie lv , mu IlImifle ’ cc - u s _ - u— i t t c ’id i’mil nu t i It’ near the ,.m. ‘
_

Bragg ang le cuf a inusemida llv sl rat ifted st m e t  tuner — 
— — — ~~~—‘

sp li t - c  u nto four plane wn us’es . W e re—port .ime addi. — — 

— 
-

I mmuna l uhservcnt ions. t i n - c t cad of u i - c uin g a tinnnr em w beam 
— — — 

— — — —

inciden t at the I3ragg angle , as Forshnnw 1 did , we 111 m m- 
— — — — 

— —

nnitnate d the PMM samii pii— by nu -jo u l  int l ’ s i m n c cch e rent 
— — — —

slit source wi th  mu beam dive rgemn ce su ic ’ ln i d - c  t i m  include — —

rays sat  i s tvum ng the Rragg c-u iuid il ico n tiur m i l l ii f i r s t  i c r -
deru.. The’ s I m I iniage w: t -c f cu rnne-m h a l u tuuu l  I n ntun i t t  f rmm m nf
c i t  the }~,\l~~t s ui r t n u t - e- . ‘~%‘ m - I hert rn/ n ( i e— i uh is t m r s ’ n u t  icins ott
the

‘I’he ex pt ’ r t t in e t ita h se -I di l l is sinmiwim itt Fig. I :‘~ ‘l ine
s lit s u c u i r t - ,’ ‘s ’s n c s  pr c m d mu ceml  liv a Him Ni- Lu- c u r lneam t i
~Ic nssi ng thrm i m i gh a re u tnnt u tmg gro cum n i l g lass plai - u’d in
fruint of a silt ,ul i gmn e d para lhi’ I tmm line grati tng Inutige’s. F i g Id  \b ,c itm-I I d r  c l , -. r u l u u m n c m  h d r , , d d l ,  u i d , i g  - d ( c l / r u ,  i . )  ‘ r u tu ns
A unit y m mu g r ni f i cat i c u n irt u inging —. ‘s s I t ’ t t i  c u c t i s i s t  itig Of 8 /?~ cm t it  /i~~.,n u the n i c —  ai i / i d  I I r c m:g .‘umtgk ’ . II uuii l 1-  cr , t I c , - i c r s m
lens pair i—i ,  1.! wa s mused I c c  image’ liii ’ sl i t  u n I t .  t i te  vi ’ u I c I I r : i c - t . - ct , r u l c - r s  ‘c c s t t u , -  il 1cm ’ c m l  i t im ’ 5, ,  s_n ,  u c r m d . f l d - , ( , d u/ t m ’
d ot ty  of the PMM. A second h~ tt s pair L c . 1- -u re— inn - ~ c r . d i u d i c z
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I, gc uic li .’s htm’ ( ‘ i m u n m l ua r i l n g it , on a qu ite s inu p l i f nc- d  basis ,
a s _ s i t u  t ine su lci tine ’ grat m mig mn f sinusoidal t ) re it i  Ic . Dc-

s l u i t e  tine s m u i u i sum i m ln n l  .1 nu ict u ure ’ , s_s c’ as su um ne ’  t h at  in tine
Rrmtg g m l if f rn im- t immun p rcm / t’ss , mil l  rays arc ’ reflect ed fru im

b disc-r i te l u l c a l i d u i n s  iii thu ’  f r i nge— c m t t i t u c i i r s ;  we ’ take
t h e - / C lu m( ’8t icmtui ,  Ii. he’ mit i c r  m n e nur t i m e -  rm ‘ u m l t l - c  c d t  nnn i nn u—
miiunu re— f mmd i s _ c  index ; ‘s’s-c as noimnie curie ru-I k’ct ion per

c friunge period. A ray entering the nmate nial is t bus
partially reflected f reun u each recorded fringe (Bragg
surf nuce) it e-imcoi mtiters. Such a simp lif ic m i t icu n inns

- precedeunt . being tine usual way mmf descri lning the
I~ippman met hiud cit / - cd lu i r  pinuctographv aund a co rn—
intent sv nu’m cf descnibiung holcigrauns nnade by I)en-

K 

isvuk’ s met hmtd.
(‘unmifinemen t of ray s between adjn u ce m nt f ’ n mmi ges oc-

cu rs svhen an inci dem nt ray is entirely reflected fre im
- 

~~~~~~~~~~~~~~~~~ t he first Bragg s um rfm u c e e— nc miu untered , The (Iept h c i f

iundex mmuduiat ii un H t requi re(l to pnmmd uce this cc uind i—
F c g  i7 t .c g (ci c h i c m n / ! d c i m d m m m c mm uh,’ l imo - i I’ n u m u c c l h l , m I c -  n m h i I T n , i d i u m d i d  t h In can he obtained t rum the re lnnti uuun
I l ’ . cc l  I’ cg . Ir ,c. —. hm ’ ’ wm uig 1 , - r u c  mcn uh m ’ r  d i m - I l l  m u t t  m c m m m  i c r - . i  c ind e r. /

~ii~ 
(- / m S d ~~ , - 2  (2 )

a i iu  It r m ’ J i rm --s ’ mi m u m l c - n i - —nici m l g i t c h - - c  uu ic i c lm c t am ui c i i n  e is ci c cmi i m - - . - . - -
Iliu m- n m , c h t - i c t a t i m m n  fm cn = d l l i lT mu - c guveun by Koge lmt ik , s’s- here I is fl i t— g rn ut u tn g I i n t c k —

nm-ss . X 11 us the f r i—c space ss ’ave leui g l ii muf the lig h t  , ri m is
t he- magtiutudo of index ‘,-nnrim n( i/nut I 2mm t = n ,,,~, 

—

it ~). amtd (III is thu— n u ing I c cut  the iui (’ id (’mit i t t-am, m ica-
t l leum mi i u i nu t  i t m i l re’~’ioui~ ct  t ine I’M Ni has - lung Inurger s e ined within the nnmute nia l , assunn i uig I lie i3nagg conch-

i tnd ex m o d m i lnu t i uumms , we euli se ’ rv e m i t l n ; nt the i u m inn— ’ c -s umf I i i u i t  is sati sf i ed. W hcm n Eq. (2) is usnn ti sf ’ied, tine dit ’-
l ine di l t rm ut - t i—d m m r e ler s de’ve’ lui pecl t i t -nu ks at Iher edges trmuct u ut u i  e f t i c ’ ie mu it ’ i-c ~~~~~ that  is , mi ll the- t tn c id e utt
I l” i g. 17) : mulso , a h a  m d  ctf light appeared in line s _ ’ j c ’ i i i i t  u_- light appears iii tine ml if t ra c ted wave. V’se (‘I dmi su der ml

m i f the zero t crd e rs . ‘I’t ie e  are- t ine ef fe c ts pre(hicted lny gn;ut ung ci f t hickuness 7’,, soc- h hat c/nt h rniv ( ‘m d c ’ m duu t i l c ’ns

Kn u t m i . ‘l’he la t ter  (- miii hi’ exp la itned as being prcnduced miti hv utne i3nagg su intmn ce in I ras ’ersm tm g the nnater ial:
h a sem ’ m cmn da ry diffract itin , svliene’bv the ligh t in the f ru m nn s imple gc— o metrv s_y e t imid tiinn t
first orde r is re-ti it ’t ’n m uctec i hack um i tum tine zerct order. T, mi i/ ut /c ’ , (I (3 1
‘ l’he ni l d i rat im u mi mit t ’inst murder l i m ’ht t ( I  the edges u t’ t ine - ‘ . .  - - -

- . - - . - ( uimbinumng thi n-. re’ lnut mc mii wit  ii the i3nnu u’g duf  t r m uctuonpm ut ter m us I t - sc  easily exp lained t in t e rms  of am im i t u im -  - - -
- 

- las ’s - 2d S it i O cr = A 1, 1 11,1 yields
I c ’~u’ apprucach. -

‘Fhe c - t c t n pm i te r  atial y n-c is pred c - tn ~ e x a c t  l’s’ t h ese’ re- / , - 2 uinu tl - 4

su its, ‘Fbi— ct d m in l ue u t er results al - cut I)nedict the sc’idt In s ’ s - lit— ne ’ F l u  h5 t he i m um hk imi chu .’x cu f t ine rnn nt e ’ ni nm l . I”ur gtt id-
m ut id pu c ~’ u t  mimi u c t  t ine ~h i t t  mn nc-Ie d cinde r-c . Humsvever , t ine l u g, ‘s ’s -e requ ui re 11 11 1 mm ,, d i f t r a c t i m t m i  ( ‘ f l i e ’ ieuieV for tine’
(‘ uuun n ! m u mter  PredI c ts  s ’n mi u ie t  r y al t u iuul  the e ’e u iter cci  tine t ini - k u ie --c -c 7’~, t linit is , mu ‘. itng ie ’ l~rnugg rc ’ I lc ’e -t ic im n plat ’itig
grm nt m ng. s_ s- h ie reni s expi ’ nmt nn e mi fnn l res ults shc cw au nc yi in- 

~nli tine ine ’i mhi - m n l lig hnt im n l um t ine d i t t ’rnn u- te d icrde ’ r. ‘I’lnuis .nne-t r I lint sc e’ pres tumn e 5 du ne to I lie ahsc .nptim in ~ ~~~ cuitni hiute E0s . 121 n um nd 1-1 ) autd takimig t’ dl -c n - I. , = 1 ,
liii- PM NI; tIne m n ic s m unp t m uum i lm s _ c —c in - . mu lm um u ut  ;)fl uc~~, V’s e lund (ll)t ’uj n 

-

it qu i te i mit c-n u ’ u. l ing t lnnnn mut t m nm nnu l v n - , is base d on mn m m th u mn g - —

more t hm itm mn cumu i liu iuii i ng i lc —rni t icm t n mtf tine quite sitlilnic ii i (I 4n (I’ - -  fl c i I’ -

I bin grating di f f ’ r n ne - t  iu nn theeu r ’~’ s li t nil d so readil y lmi’ - mis (hi- n ni m nimi ummmm n r u ’ frm ut -l i s _ c-  index m ni mi dci l at to m n re-
duct th ese ’ rather suu l m f l e  e’ l ’fe ’ c - t n . m i u i ine m l  f u r  g uu i ( I i mmg .  where tine t i n i rd uu i e ’ mmu lt , ’ r cif t int ’

If ’ s’s-c- t c bserve phm uni ’s c i t  her I h u mnun t ime source It lmim ni ’ , eq u umn t i u iun  us rea m l u lv m uint m ui t t e d t rm inn I hi- s t ’ c m c m m cl  by ap—
we t~mn d that th. - sprenidu it it len t order u t t i i l a i t i s  I Wc m pl im-ation (If the B n n m gu, di fl rac t ic ut i  law. ‘l’hi- re m n s e mi n-
(I/I rk Iinuiimls ; the- -.,- c m u r n i ’ s l tmm u md Ii prcup uugn nt iu m u i d i re —c — n i lm lem nt ’ ’ -,s mi t t  ink nt- -cu lt is deutnot is t ra te c i  in s ’ (‘ u cmtn par is mu m n
t h i n s  t h:ut sn u l u s t y  thu F3m n ug g c u i m i d c l i i m m n , and t i ne -  ln i is s— with tine ’ e’ mit ii t u ; i r ; c l i le ’  c m uu nm l m l iu t n  t m m r  g i u id i t u n  it t  chubs
i r tg lig ht us t h t ms li m it s_s ink-li tcu m nn s the tmr n - .t o rder- c . w it h sharp h muc u i i nd , u n i , - s . At  t ine hu m iumi ( lm ur v  b etwu ’ e mi nun
.- \ l ucm c , mi s ‘s’s’ ,m m ni mnv i ’  f r iu rn the  s c u m u r c c ’  lml ai i e . liii ’ f i r s t  t n c l . ’ x  tI m ,  — itm i :umn m l  a inighm - r h id.-’, mm,,  + pm 1, t c c t m u l  re
m , r d i’n m i t t  / r , m e - t u ’ d  ss’ n u s’e -c i it u ’cc nt i ’ i d r c d n i d e - r  mi nd t h m c ’  edg es t h u - I  i m m n  um e ’ c c i r s  I c u r  t Im . ’ c ’ m u i n e l i t  mul t i
I,-s~ si t mi r p: th i s  is c ’ x i um -u -It ’ d , — m m l i i’ it u- c m u t t  a m u g u i lm nr 

- I ,, ( 1hmit id Ill lig ht linmi l s m u t  s l i t ’ s lIne ’ Hn. ign ~ e ’ c m mt e h i t i o t n . l iii ’ 
c . ,, , 6

m u ing le im e ’ i u ng d c ’ t u ’ r t m t u t n u ’ d h tv liii ’ l~ ragg atig u i lm u r -.,- h’c’ — mu re lm ut iu uun re ’ m ucl u l v m u - ru ’ s  i-m i I rmcunn Sti e l l ’ s mi s_ s and a
l u ’ s - i t ’ s- , which i l u ’ ç n i ’ t i c l — c  m c m l  11 m m ’  g r u m i m i g  t i i i e ’k t t i - — .--. ‘- . mncmu l l  mnm mg lt’ n u l i l t r m l x t m u u m i l u u c n i .  ‘l ’hv t ’ s c c i  r t ’ i n u t i m d u m s  nu n -

u m i ’ i n l v  uc hi’uil tm - ni l; I ite ’  l . u i - t m m r  t I u u ’ l we u t t  I l ne ’ m mm s iu g~’esIs
Sin -npl ifi ed A pproach l im it the r i ’ i 1 i t u n , ’ c i  u n i t -s  m - lt ,unge ’ u gr t ’ . u l c - r t m m r  s u t m e i s u t i —

“s~~P , m / /.L /.~ - ’cI I u n it ; m i u l ) r m u x m t t n m u l , ’  t u it d ut ’ c ’ It i~ re-s u I t ’ . dm i l t r i a l  mut t - c  l in,it i f u r  ( i c - c m - r u - t i ’  fu , tm m m i c l m , r c u - s .
u - mu t t  i ue’ , m l t t m u i n e c l  for  liii ’ - c m m u c i u u t c  m u  I is’ 1) rmm t led mu nra ’s u ‘ I St i l t - c t  it i t t  m tn g  hi n t .  I I’~m i . ( t I  I lie s ’uuhmue ’ s i sui t i n , ’ mi in tine ’
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computed curves (no = 1.49 , ~ = 0.6328 ~m, and d = References
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Nonlinear holographic waveguide coupler

B. J. Chang and S. K. Case

W e have sluc mwn exper imenta l l y that t mcr  hi gh t - x pmm s ure , hm ght ’ n ui nd en Hnagg d i t f r a -ui mmn Ity s’ u c lum n m e - h m mlm c grain
du mm i flat cml liv m he nm m nline an retract ye I unc les mc md uul am m mm ii a oct pr mp mm se ’ d i he apiul it -aiim mn ml mu mn l i nea r mu dim-

tat mm m ii u mm u hi’ c m , u c c l  nuc -ti m un m it a high i req u mei t e’s - s- c i l u u m c -gr nm m im i g w avu ’g c uc m li ’ c - cm uc p ter.

Introduction Althoug h higher order Bragg diffraction is therefe re
Ft is well kmnm,wn that first -order Bragg recetnstruc ticm n t he summation of all possible diffracted orders propa-

mut  s-o ltime phase hologram gratings ( in which the di - gating at the appropriate angle, in the hi gh exposure
e lectric’ cct nstant is spatially miidulmnted in accordance range the cont r ibu t ion  o f  lower order gratings is small;
w ith the exposure inteuis ity distribution) can give dif’- thus the Bragg diffraction efficiency t?~ of thehth trder
trac t ie)fl etlj cieuncies apprunac hing h~~~ iic . i Higher order can he approximated hy~
Bragg re(’clnstruct ion of volume holograms is a lesser- sin 2l~n’sd/ IA, cctstl 5 lJ .  ( I Iknown phemnomenon , however. We have obtained fl ’s =

strc mng secuond order diffraction . comparable in efficiency where A ,- is the recmrnst ruct ie im n wavelengt h. d is the
tc i t he first circler clif ’f’ract iutn . trc nm dic ’hrctmated gelatin thickness cif the heilogram, 0h ~ t he refract is’e index
hmt lctgra mns. In this paper , we briefly discuss the rncudu latic un c)f the Imth harmuunk- grating whe mn the re-
mec hanism itt ’ higher cnrder Bragg rece)nst ruct ictn and fract ive index prcutile ctf ’ t he hetimigram cain he expressed
pretp ose a un ique v u m lum nne phase gratiing cmn up ler whose as either a Fourier sine series or a Fourier cosine series .
c on s truc’t i ctn is simp lified over that mnf other grating and (‘,~ 

is the Bragg angle cuf the / nth cnrder , determined
cmnip lers. h)y

Higher Order Bragg Diffraction ilc~ = ~‘ii i ~l h im A , - 2 ) , . 2 1

Rcsse and l”riesem observed stre tng higher murder Bragg where f m is t he tunda ri ie- r itm u l spatial t ’requemncv of the
di f ’ f ’ractio m i f ’ rc in n dichromated gelatin holograms.2 We hedogram grating. Equatimun Ill is an accurate ap-
t’miun d experimentally that for high exposure , higher proximation ‘sunder cer tmui mi eemnditi ctns :c : ot herwise , this
t r der Bragg reco nstr uc-tie un is dmim inated hv ncnnlinear is only a rough app n mmx i n im utumu n , .A detailed discusc ictn
mi idtm lat io n cu f tine retract is-c luidex , miii mths ervatic uu i that of the mechanism respu muts ible f m r  higher mnrder Bragg
is in agreem emit wi th  the predictim tns made liv Su and chif ’f’racti mnn is he mind the scope mit ’  t his paper.
( muy lmtrd 1 iii their  ex t  ens io n u mt cmtu p led was-e t heetry t uc  ‘i’ mt s_- er ify experi me—tit mul lv that  higher • unde r Hrmugg

ncmsinusm,idal grat ings mind lii higher murder Bragg ming les. diffrae’tienn is dmt mnni nm ntecl by hmnrnnumnic grmlting dl it Irm uc ’ I i umu i
Higher murder Bragg diff ’ rae- t i mmt n c’ iun arise fr tu nm twit we recmir ded plane- s _ vm us e htdcm grmims in dichruim niated

s ct t trt - es : f irst tirder dit ’fractic un from harmc umn ie’ gratings gelat in derived from t~49F I) lates , B’5’ slightly modifying
cre ’ate’d by t he nonhimnear resputnsi - ct f the’ re’ceirding t he— prmicessing proc’e’duune’s .t s’s-c were able tem vary the
materia l to the expc isuu re interl’eret m- t puiltern mind higher munm c nn nt m uf iicunlini’arilv iii the hctle gram. If higiner order
tire le’r (jiff ract ion front the fmtndame-ttt m u1 arid u t  her Imuwer c l i f f  ra( ’t io t n by the f tmmncl a m nme-t n t a h grating is doniitiamit . we

order grat iungs . would expect an appriuxi tt i ate lv cot is lamm l secound murder
d i f f ract  ion ef t ic ’ u e m i c trui mi n hmn lm ig rams wi th d if fe ’ re’ nt
am miunts of nemlu neanitv mntn c l the same first-order dit-
trac t ion eff ’ ie’ ietiey . Wi’ mm hiserved , hcuwes’er , that u nder
t hese cctnd itiounc . second -m i rdu ’ n (litfra(’t ion efj ic’iene’y
‘s- mi r ies civer .u wide range. i mi tact , wit h the appreipriau’
unmun linear modulat icon . s’ c t lutme phase hi ulograrns. ma i n

It -l c Iu;irug is with Emu s- ir ,m nt nu’ uulc , l R,’~ m -;mn i -h I u u s t i l u i m m - i m t Mmm - h igctit , dif fract nearly all Ihe itim - ide’nt light intcu any desired
\ n , m ‘e r t , , , r , \ t c i  Iuig. mi i  i s / I C  ~ K ( n m s m ’ is wi th  t l, ’I lanu menu ,,~ 

u t rder.
Elm’. - t r i m - mi t Eu mg m u u m ’ t - r mum g . I m iis m ’ r -. it ‘s m it \I cm Iui ~n , umi , ‘ mu t t A nti . mn . ‘51 ic Iui gami The- angular bandwidth cuf the h t h d i f f rac ted murder
us u cc- I  m i t m i volume grating having a sinuseddal index minmidula-

H.- ’ c ive uf / 7 - i m m u u m . t r s _  / ‘17u I icOn is appr oxima l-e lv I)ropo rt iona l to 1 / In times the rat ju l
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~~~~~~ of the fringe spacing and the hologram thickness; thisis r 1st Order is evident from an examinati on (If the coupled-wave

~ 80 )c 
= 0.5 1.06 j ,tm theory and k-vec t c t r d iagraw , t Therefore the angular

bandwidth of the /n th t it fra cte d etrder is approximatel y
0 

“

~~~~~~

- 

~~~~~ 
- - - - t he same whether it I:. the f i rs t- c u rder d il fr act ic ,n frctm

I 

“s. m 
- 

. 
* t he hth harmc ,nic grating or the corresponding hi gher

- 
‘ \,‘ ‘ s c rder diffraction from the fundamental and tither lower

40~ ‘m / harmonic gratings , i .e.,  the angular bandwidth c f  hth
- 

-~~ m 
~~2nd Orde r “ di f fracted order is appreixima tel y 1/h times that u I  the

~ 20~ , A 0 .514 pm  - first order c )f the fundamental grating.
-
, , . - .,

~~~~ ~ 
‘ C 

- In Fig. I , we show d i f t ’ract icm n efficiency ctnrs-es cml the

~ ~~~~~~~ - - - - f irst and second o rders reeminst ructed at th eir apprc i-
100 200 300 400 500 600 700 800 pr iate Bragg angles; the holmigrams were rectmrded at a

EXPOSURE ( m j / c m 2 ) wavelength mit’ 0.514 pm and monitor ed at twit wave-
lengths. The diffract icm n efficiency eif the secc umnd order

Fig. I. ( c mnip a rms mun hemw een dif t rac ’ t i mun et t im - memim v mit fir ma umrder at resulting from a large refractive index mctdulatietn c f  the
‘s . = i. ms ;~~m mind ‘se m’m un d m u rd e ra l A = m ui ’i 14 em. harmonic grating e’an apprm t ach that of the f i rs t  cn rder ;

indeed, we have nneasuired efficiencies that , c’t irrecte d
l’mnr ref lection h iss , mire iii excess of mc, .

100 Figure 2 shc nws experimental curves indicating the
angular bandwidth of the first diffracted order at a re-1st Order construct ion wavelength of LOG pm ari d c f  the secondA c 1.06 pm diffracted order at a wavelength of (1 , 514 pm. These

! diffracted etrder s have apprc uximate l\ ’ the same Bragg
angle. The angular bandwidth of the first diffracted
cnrder at a wavelength m it ’ 0.514 pm is m)f ( ‘muUr se similar tc i

I — 2nd Order t hat of the first diffracted curder at a wave letn gt h muf 1.06

/ A 0.5 14 pm pm , but the Bragg angles are different (assuming a
Z C (‘enns tant ratic u e uf ref ra(’timtn index mcd ’ st l a t  ion h 1 and

- rea dc ut wavelengt h A , I. In Fig. 2. we see that the se e-

I ~ 
ct n d -order curve is apprc x i mm nte lv half’ cif the width of

- ‘m the f irst-order curs’e.
- rj ! 

-

z - Nonlinear Grating Coupler
Q u 

/
- j Kogelnik and Sosn uuwsk i describe a vmdume hub-

- graphic coup ler as mu ec imiveniet it means tc i  feed light intcu

~ i I a thin optical film,A F’. in the e’c t ns truct i mur n of this s -m il ume
I hctlographic c ’cuui pler . t hey u s e  a prismnn e’cnup ler Ii. i ntrcn —
F - 

j duce the construct itu mi bea m s at aun amig le greater than
- ,.1 - - the critical angle f ’m u r the ’ was’eguide , Fu r sc nme nnater iais

- . and devices , it may he undesirable to place a prism andDiffracted Light - u - . - 
- -

Trapped Ins ide I index matchi ng fluid on cmu u nta ct w i th et t  her the phctt uu -
Emu lsion 1 se ns tttve layer or t he- s ’sths trm nte. \s  e alleviate this

prm)hlemnn hv expos iung t ine— film with mine pair mcI exter n al
plane waves and using a nctn limnear film nespmtnse tc i

0 .1 ~~~~~~~~~~~ _ _  - - - - - - ge — tnt—rate a hartm nui mni i - grmnt imng tmur  s ’s -lilt - li mute c i t  t he read.
10 8 —6 4 -2 0 2 4 6 8 10 u m t t l  wave ’s w ill lie’ mu g uu ic l e—d s’s’mns’e,
BRA GG—ANGLE D E V I A T I O N  (deg ) .-\~ shmtw m’u in I”ig. :l, e ’x pm us ’ s m ne wit h pla t t e ’ w m uve ’ s 4 and

B muf wmive- lengt in ~\ t uurm rm s a grmut iitg chmnr ac ’ter i-zc-d by the
Fig 2. I , u t m t u m i n m s , m r u  Iut’mwee n am i g u m lmm r s i - lu -u  u t ’ , m l l i Nt - curd u ’ r m I u l -  grmnl l u g  vectiur K 1. wh ic h is perpendicular t i m  the fr i n ge
I r I m i l m u m  am \ = I h i m  urn and that  i mf se e - mun d- mmr cl m ’ r uI i t f r am- t  i i i  at \ = 

~t l a u te —s amid hm is mu mm u g m i il m mdc Is’ = 2u m~- I. w here’ I is the
c m  u i  t7- ‘5 mm the -.m utmct muid I t nu cku-m i Im mue - s are t It.’ he-st i t - s  mm )  ,‘xpi ’ ri nlu ’nt ~ f r  i t t  ge’ s.f )mi i- i mig m i t  I he — f t  i t t  dmi tin cii t mi I g r un I in g ‘I’ he U rmiggc u ta 

c-c i ’ sia t. i iuu n ti l t  hi- It th d i t t rm u e ’ t m ’ d mmrc ler i- s t bu tt g is u-mi liv

= I s ,  = u i.

s’s-bert ’ ~ ‘~~ ti , m -  .\ u —. l iii- prumpmn g mnl i mumi c’ uum i s tmit i t  itn the ’
- I rt’c-u ,rcl iung un- m e ’ d m m u t m n , 11i, g us ’ Pmt h is lm~q- I 2 ( i’ - the mu tn g le iii t he’

- ‘ ri— cm urc l in g nne-d it mm ii . at oh m m c c  is I he in tl 1k v etrm ie-1 i su ’ u index
u lb mu t t  hi’ rem -min d imig m n l t - ( l i m mtnn .

- 
- --—‘—

~~~‘ 
— 

Fig :1 I” x i m ,, - _ m i r c -  m , l  t i tmti F un It t int ’ t u t u  hmis m t t u u u m l u t i u - u r  nu ’’ .- p umtm ’ -- t - l i t  t i l t -  itic ide’tnt
-
. 

— - g l is - - u i l u t n ; m i , -  liv t c immu m ’  ~~~~~~~~ ~-l 
u h h u t u t u i t u m u l t m m n  ut hi g h ex iamsuir i’ l u -v u - I - s . mu - s i - c - i — m i m i u c r d t ’ r

m u im i ii grmut umng K 7iK u mit  t ss’ m e ’c’ t hi ’ f uur t d mu r t i c ’ t t l  o h - s I t m u l  i i  I t n.
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e~tiency w ill be t’ctrmed wi thin the emulsion, The K-
s-ect et r diagram in Fig. 4 , for ce rrect construction ge-

eumetry mind readout with wave A ’ , indicates how we A
produce mu Bragg diffracted wave B’ a t an ang le greater
t han the critical angle f ’mir the guide (i.e., a trapped P
was-el, Since the gelatin and the glass substrate have /apprc x imately the same refractive index, t he trapped
svave is guided in hctth the film and the substrate, Since
t he substrate thickness t >~ A , our guide is multimode. C / ~In murder ten ver i f y  the above theory, we ccnnstructe d - - 

/

a grating -cu up ler as shown in Fig. 3 wit h plane waves - ,

incident mit 36° and 70° externa l angles with respect to G
t he film narmal. The polarization c)f light f’ct r hmnth -

cut unstr uct icin amid readmtut is perpendicular to the plane -

mit imnc idene’e, The readmtut gec)metry of this grating is (~~ ) (b
sht wn in Fig. 5(a). A cct lhimated beam of coherent light
incident frmim the upper right passes through a 0.3-cm
X 2-cm mnperture and illuminates the 1-cm X 1-cm cou-
pler grating, Light diffracted by the grating is removed
from the incideint beam while the undiffracted light falls - :
e m a piece mif grcmund glass , Figure 5( h) shciws the s s -
ten n with the cct c ip len rmttated away frmim the Bragg angle,
s mu t hat there is nm) diffraction, Figure 5(( - ( shiuws the
grating ~it i ts secc ind-c rder Bragg angle and nearly 1O(~ 6
coup ling efficiency, as is evident h the depletion c f  the
incident s’s-ave in the ccmup ler reg ic mm n . In this figure ,
hmmwever . t he guided wave again strikes the coupler
gnat ing after i t - s first guided hmtunce and, since it is at the
e’mtmp lementarv Bragg angle fmr  the ccmpler grating, is —

uncoup led witb nearly 111 ( 1 1 ,, efficiency. If the grating
translated - s i  that the guided wave will miss the con-

pl€ - r gnat lung after i ts f irst bcmunnce. the light can he seen (c ) ( d ) —

in this time ex posure because the gelatin cml the film 
-
‘

- (-mutters ~I small mnmm munt c ut ’ light. Remewal c f ’ t he gelatin j ” j 7 . ~u . ( a ) ‘5 i- ic l l i rnated tue-tm m m / m - m lm , r , -m t l idit m m-csS u - — ulin migh i;’
f r u um mire—as cit the guide wh ere there is nd (‘cntip ler d im— u-n tu cn m- .4 and ill urnim iates the’ - m m u m t ml l ’ n  gna iimig I . v ,hie h is s m i m i , , r t u . m t

m ates t his m ’ mm tte- r  loss. liv mc I— mm lhic- k ~l c ~ — s mm l m s t r c t i -  P. ‘t’he u nu i i suu mmt u m ’ c l  light i l l m i t im i u i i tm ’ s

This cmt iu pler . cml c— m ium rs e , (‘ctu ld alse m be used in c ’mun — gnumumn d gbi~ ’. ( . I Iii I l luurn i u m t lu c c n  t i n  fr ucm ii  t h u ltr~c~ m .cm m ~ l,- - -l , - mm i u l i - r

ju nict ictn ss- it h a thin film guide fc m r single mode opera— gr i t  ing I . I m l  Hn igg m mmm lc-  c l lu i rn umi a l mm -n mum- _mr t hi- ,u’nt i- n - mI t /i 

t im m n . hut by hmnving the thick guide, we have ga ined ‘I/mi imic - iden ut IV IVI- is c m ml i l l lm ’ d im i ium a n d / k m l -I I ,  ~~ ,,),- 1 1 , - n

c ’m u u ip l i t ug e— tf lc i e n ncv um and have greatl y re laxed the re— Iuuu uinm ’m’ . (dl Itr~cii iZ c m m - .m l m -  i l l u u m u i u u i a t i m u u m  c u - a r  m m -  u -m i , I t h m - , . . u c l t l u . r

m 1tu ire-nuiem nt mini the sharpness cnf the grating cctup ler edge. mr , m i m m m  c - - i  gium ci ’ c i  ls ,l’ ,m-

The- mummthm u rs thmink F’~. \ . Leith and IV. S. (‘c ilhtm nn for
h- l ptui l ci i t- t i s si u ut us dt uning the cc ,t trse c u t this wcu rk. \Ve-
batik t he- -Ii r Fcunc ’e Avimm nics Labcuratmtrv , t he— Office utf

Nmnshmn l R —se ’are h . and the Nat ii uui~u I Science Focindal ic m n
I ~n mumn t (;K -1 : 11 t i~( f u r  their gemne nu te is slippuirt.
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A double -exposur e thiek.hoIo g rahiC~~rat ing wavcg uude ccm u pt er is descr ib ed in ~ li ich l~~mu w av eg uide mc i dcs can be

esLut e d with a si ng le inc ident beam , Sing Ie~~rat ifl g d c cc c up lcni are ~ so design ed to s e leclm v e ly remove one of th e coupled

wav es -

I. Introduction principle to construct a two-mode waveguide coupler
as in hg. I. A dichromated gelatin film is exposed

Present coup lers for integrated opticaf circuits Iii through a prism first with plane waves A and B, and

have been restricted to coup ling one external wave then with p lane waves A and C. After development.

into one guided wave. We concern ourselves in this re~ readout with common wave A’ will produc e both

port with a thick holograp hic gra ting coup ler designed guided waves B’ and C
tm ( fig . 2) so that we can simul-

to provide simultane ous exci tat ion of more than one taneousl y excite two modes in the guide with a single

guided mode when illuminated by a single external incident beam.

beam , Once the guided waves have been processed We have also constructed two sung le .grat imi g de-

within the gu ide . we will want to selectively decoup le coup lers by exposing a piece of film through the 
. 

-u

one of the guided modes without per turbing the other . prism with beams A and B. and by exposing another

A single grating decoupler is designed for this purpose . piece of film with beams A and C. Each single-grating

decoup ler is exposed and develope d on its own 1 mm

thick glass substra te and can now be mounted on a

2. Double-grating coupler waveguide to coup le or decoup le beams of light. By
choosing the construc tion waves B and C suffic iently

We have shown earlier [2J that  it is possible to far apart (in angle). we can construct the sing le grating

double expose a thic k grating such that it acts like a decoup lers such that  they act independently on either

double beam splitter to diffract 50% of the incident of the two guided waves P1-

energy into each of two diffracted orders. We use this In fig. 3a . we shcm w a dm iuh l e -g ratu n g coup ler mount -

ed on top of a ~ 
~‘ Kodak Mic roflat glass guide (emul ’

siOfl removed) using xy lene as an index match ing

_ _  

/

I - ig. I - (‘ mt ns tr ui - tm l u f l  of a dou ble g rmm t ing c i u ic pler  A . B. (‘arc

un c ctc ’nt p l m m n e wav es , F is the dichrotnaied getatun eutiutsimin
u n substrate S; P is an a h s c m r l mt ive  hae k iu mg plate . Xy lene is I- mg.  2. Rcad,,ut ci t mI l e dum uhl e~~r atm f l g e c m u pler with wave A ’

used as an indes m atc hing tluid between the component s , produces g utd ed wa ves B’ and C’ in guide G.

21
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decoup ler to the bottom of the guide. This grating

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

trapped. In  fig 3c - we place the single grating con-
~~~~~~~~~~

, structed w i t i t  waves A mind B on top of the guide.
This uiow dc-coup les the cuue rg~ from the retnaining
guided wmcvmm B ’ t u t c m  t he unguided wave A ’ . The out -

I a  ) 
put beams can he d utlr: u cted in either an upward or
downward direction hm, a suitable rotation of the de-

- 5v’cufm coup ler gratings.

~~ 

3 . Extensions of the principle

I 
‘ 

Thus tiiethod of double-grating coup ler construc-
- tiot i (wit h com m on reference wave A) requires that

‘ --c ’ the construction and readout wavelengths he the same
so that ih: two grati n gs 

coupkr to b used a t a
waveletig th differettt than that of constructioui, t hen
the geotiietu~ of the constructiom i beams unust be ad- - -

~

I _________________ 
_ _ _ _ luced sui that they ext rac t  ligh t over a very narrow

— - . 

arig umu r ra mige - Iii this w mc v , I lie in t ilt I —u rtode coup ler

— ~~~~~~~~ 
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Modular opt ics mode converter guide , This grating has index modulation such that half the
incident energy in wave B is diffracted into wave C. This

Steven K, Case and Robert A, Russell element could serve as a beam splitter for use as the first ele-
University of Michigan, ~ epar t ment o f Electrical Engi- ment of an intrawaveguide interfer o mete r,
neerir,g. Ann Arbor , Michigan 48104 , It should be noted that we have used a very thick optical
Received 4 -June 1976. waveguide (6-mm thic k Kodak Microflat glass I. Since the

guide is thick and the surfaces produce a small amount ofWe advance here the concept of modular optics and its scattere d light , we can observe the paths of individual guidedapplication to waveguide optical systems. We describe a was-es (see the bright spots within the guide in Fig 2/ Formodular optical element as an element constructed on it ,s (mWfl 
this thick guide demitnstration we a lsc u dim n u t  have t ic  wul rrvsmall, thin substrat& and capable of being selectivel y attached about waveguide modes4 or substrate thickne”- cut the moduleto the surface of an optical waveguide and later remuuved. Our modules have been constructed in thick d cc hr ui matedThese optical elements can he mass produced and individually gelatin films obtained from Kitdak 6-lu I-’ plates - - Thus , thetested before use in an optical circuit, In addition, if the el- emulsion and the glass substrate 11 mm thick)  mt thi s filmements are holographically formed , they do not have to he cmcmprise the module, Similar devices -cuu ld be built for thindeveloped while attached tuc the waveguide , thus saving the wavegu idesguide from possible chemical attack , The modular optics princi ple can he extended in a nnmherWe previously used thick hctlogram optical modules to 
cd ways. In addition to cmmti st ruc t i ng the u i i mud i, le s with ex-coup le and decouple waves selectivel y from a thick wave- ternal laser beams as in Fi g 1 , we can al sc u i m m u ns tr t uc t modulesguide.2 After a coupler module was attached to the guide to liv exposing a piece of ss’nsitized film Iwh ic h has been ternexcite two guided waves within the waveguide , thick emulsion p(irari lv attached to a guide) at the im nters - m t immut p mmint tf themodular decoupler gratings were selective ly- attached to the guided outputs from t w u u iuther nniiduk’s We a l sic riced n u tguide at positions where we wished to sample one of the guided restrict imursels-es t i m plane wave devi ces , ,i~ mc idular lemnses andwaves , In a similar manner , We u and Tan’1 have developed m mt her elements can easily be cuinstrut-ted Act ive eleme mnts

a thin p lastic grating coupler that can be fixed to a guide and can be included t c u  bu ild lit) muidulatuiN and switchinglater remuuved , assemblies, By placing a s ’rues (tf different modular elementsIn F’ig. 1 , we show a (‘ clnstr ucti(un geometry f u r  a holographic (in a wavegu ide. entire optical circuits (-an he assembledoptica l modufe , ‘s V as e A in Fig. I is near ly normal to the Each elemin ent may he repositi ccn ed and adjusted lii optimizeemulsion E of the module, Wave s B and C are at angles such the performance cf the entire waveguide optical circuit . Thet hat they w ill produce guided waves, We first construct a
-outt ler grating by exposing a film module with waves A and
B. Readout cif this module with wave .4 will produce a guided 

Awave B. We also construct a mode (- (cnv e rti - r by exposing
anot her piece of film with waves B and C’ . ‘s~’hen placed on
a guide, this module will allow diffractive coup lin g between
wav es B and ~~

‘ B
After devel cup ment , the cmiup ler module is mounted on tutp

u t  a t ula nar gl ass guide using xy lene as an index mat -hing fluid. C
It, Fig 2laI  the beam incident fr om the upper left is diffracted
iti t u c  guided wave B by our couc p lu’r muud u le , Wave A is la t e r  ___________________

decoupled by a prism and s t r i k c - - , a cuird held at grazing m ci- 
~ I 

-

(1€~ O t t’ . 
_____________________________________

In Fig 2(b) we attam - h a mode cu inverter unodule t uu the sur’ P L - - - - - -
~~~~~~~~ ‘ - 

~~~~
-

f a c e  m t  the waveguide. As wav e B strikes the module , i t is
i c t v - r tu ’ d i n tu c w ave C’, us can he seen in the decitupled (tutput. ~ ig I A m u u u m ~ t r I Iu - mu ,, ui  tu ’ m - l u c u u q u c m -  I m m r  n i c c m t m m l . u r  m c p t c m - m m l u’ l , ’ uuu u ’ mtt s . 1.

‘I’h us mode ci m v - r u  er ss-mis exp icsed so the mud ule is 11)11’s, ef- 11. cui td ( - arm ’ tmtm - ud t ’ mmt mli i i , ’  v ,avu’s; E c~ i hi- t hi 1 Ic di Im r u um at e u ( c r u - l u m u cmi
fu c ient  in converting wave B unto (.‘. m’tii i m l s u m m u c  cumi thu . mri u idmu le —.i u lts t rat,’ N I’ s cm i ihsu ur lt l sm ’  bmi chm uig i i l a i m

In Fig, 2 (c ) we place a different cuunverter module on the \vle ne us ui— m it c s m u m  untIes mc mt i -hu ng f l i mm i l  It , ’ tw,- i -u i  th u  i’l m m l i uum i t ’ t ni . ,
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elements may then be fixed in place. As it is presently diffi-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ cult to construct an entire optical circuit via an integrated
opt ics approach , the mttdular optics building-block concept

u ‘
~Z’~ 

4 appears to be quite useful.
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Directional Coupling Px’op~ r ties of Interf’erol-ie tric ~avoguides

by

G. C. Kung and W. Y. ~sang

Oit~actioiSai coueling proper ties of sinusoidal grating

wavegui.des are investigated. Our computer analysis which

based solely on the diff raction theory of thin gratings

predict,s results tha t are in good agreement with those calculated

in terms of coupled mode theory. The relationships between

directional coupling efficiency and some parameters such as

gra ting period , input puis~ shape and guiding channel langth

are discusscd. Our ana ly~ ia pr~u dict.s tha t ~-ie can subs Lant ially

swi tch  the input energy to ad jacent c~ a nneis wi th the proper

choice of pa rameters.

When t h i s  work was done. all authors were with the University of

i-:ichigan,Electl’ical and Compute r Eng ineering Department , Ann

Arbor, Mi J48lOLt4 G.C. Kung is currently with General  Dynamics ,

Pomona Division, Pomona , Ca 91766.
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Introduction

The thin grating decomposition (TGD) method , developed

by Alferness’ and adapted to the analysis of guided wave

propogation in parallel-channel planar waveguides2’3 (Leith

et al , Kung & Leith), has provided a very usual , intuitive ,

and simple basis for examining the propagation of spatial

pulses of arbitrary shape optical waveguides of any arbi-

trary index cross-sectional profile . Insights are provided

in situation where other techniques either are inapplicable

or extremely difficult to apply.

These guides can alternatively be regarded as volume

phase gratings of various index perturbation; the wave is

guided along the contours of maximum refractive index. We

consider grating of sinusoidal cross section, of the form

T(x,z) = exp [jk cos2-rrx/dJ 1 + jk cos2ux/d (1)

where d is the grating period .

The ability to confine energy within each guiding

channel , or equivalently, the susceptibility to the cou-

pling of light energy into adjacent channels is one of the

most important characteristics of the array. We use the

term guiding efficiency 
~~~ 

to mean the fraction of energy

that remains in the input channel after an input pulse of

energy propagates through the structure , and the term cou-

pling efficiency (I’ll) to mean the fraction of energy that



is coupled from the 1th to the ~th channel over the inter-

action distance.

We consider the propagation of parallel-channel guides

of sinusoidal profile, and we consider pulses primarily of

the form of a simple cycle of a sinusoid . We report various

observation which show the power of the technique in analogy

a situation not easily treated other methods , and therefore

not studied .

Effect of Guide Spacing

We examined the guiding and coupling efficiencies of

guides with sinusoidal index variation spacing . The input

pulse was introduced centered at a region of maximum index

and has the form

f(x) = cos2(~~ ) rect (x/d) (2)

where d is the pulse width . This pulse thus has the same

shape and width as the guide .

The results are shown in Figures 1-3 , we note as ex-

pected , that the guiding efficiency (fl 0 ) in the input

channel decreases monotonically with increasing quadrature ,

as plotted in Ref. 3.

Figure 2 shows the same informations plotted with

guiding efficiency as a function of index modulation for

various grating frequencies. In all cases, the input pulse

is adjusted so as to be of the same width as the guide .

~
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Fi g. i Gu id ing  e f f i c i e n c y  ver sus g r a tin g
f requency  f o r  a s inuso ida l  g r a tin g

• waveguide . Thickness = 0.54 m m .  Input
pulses are as wide as the grating
periods . (a) n1 = .0012 ; (b) n~ = . 0 0 0 C ;
Cc) n1 = . 0 0 0 6 .
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Fig. ~ Guiding efficiency versus ~-ndex modulationfor sinusoidal grating waveguides ~ f
various spatial freauencie~~: (a) 100 1/mm ;
(b) 125 1/~r.m ; ( C)  143 1/mm; (d) 167 1/mat ;
Ce ) 200  l/~~m .  Gr at i n g  th i c k nes s  0 . 5 4  mm.
Input p u is o  w i u l I  l in er e equal  to g’ at i n g
period .
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Also, we show (Fig. 3) the coupling efficiency rl~, is a

function of n1.

When there is little coupling to non-adjacent channels ,

the increase of energy confinement in the input channel with

increasing n1 corresponds to the continuous decrease of

energy coupled to adjacent channels (curves a and b of Fig .

3). However, for higher frequency gratings such as curves

c, d and e of Fig. 3, n 1, actually increases with n1 in the

region of low index modulation , this occurs because a sig-

nificant amount of energy in a grating waveguide of high

spatial frequency is coupled to the non—adjacent channels

when the index modulation is small. With increasing n1, the

coupling to non-adjacent channels decreases. Therefore

results in less leakage from the input channel.

Effect of Input Pulse Shape

The Alferness thin grating decomnosition analysis is

not restricted to any specific profile of input pulse. We

have chosen , for simplicity , a sinusoidal pusle , as given by

Eq.  2. Although sinusoidal grating waveguides cannot pre-

serve the phase information (and hence the shape) of the

input signal, we find that if the input pulse width is less

than or equal to the grating period , then, with increasing

ri1, the output pulse width converges to that of the input

pulse . This phenomenon can be understood by consideration

of the mode structure of the sinusoidal grating waveguides. 

~~~~~~ ~~~~~~~~~~~~~~~~ ,,, , ~~~~ - . ,. - ,~~~ ,‘5 am_ ., . ~~~~~~~
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fl 1 ( x  g~~-3 )

Fi g . 3 Coupling e f f i c i e ncy to ad jacen t  channel
vs .  index modulation for sinusoidal grating
waveguides of va rious spatial  frequencic n :
(a) 100 1/rr,m; (b )  125 1/mm ; (c) 143 1/mn ;

• C d) 167 1/mm ; ( e )  200  1/mm . Gr a t i n g  thick-
ness = 0 . 5 4  nmi . I n p u t  pu l se  w i d t h s  are
equal to gr i t . i t m g  p e riod . 
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In general , when a signal is launched into a waveguide ,

it is coupled to the waveguide modes, some which are guided

modes but most are not. The transmission of the input pulse

depends entirely on the guided modes which are excited by

the input field. What we observe at the output is a field

distribution which is a superposition of the fields in the

various guided modes; in most instances this distribution

bears no resemblance to the shape of the input signal. Of

course , the input coupling is most efficient when the input

signal is matched with one of the guided mode distributions;

otherwise , a part of the energy either becomes evanescent or

simply propagates through the structure unguided .

For a sinusoidal grating , the solution of the wave

equation for the TE modes has the form

E~~(x 1z )  = exp(—j~~ z) F(x) (3)

with F(x) satisfying

2
+ (a - 2q cos2w)F = 0 (4)

dw

where

w = ‘lTfx ( 5 )

a (1 )2 (n0
2k0

2 
— ~2) (6)

1 2  2q = — (~ -~m) n0n1k0 (7)

Eq. 4 is a Mathieu ’s equation whose solution may be ex-

pressed in the form

F (w) = exp (Pw~~~~~B~exp (j2hw) (8) 
—

32 
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where p is a constant. We consider a specific example of a

grating with n0 
= 1.49 and n1 

= .6 x l0~~ . From Eq. 7 q is

found to be -0.893 when A 0 is chosen to be 0.6328 
pm. The

relation between a, q, and p can be illustrated in the form

of a stability diagram (Fig. 4), following the standard

treatment of Mathieu ’s equation.4 The a-q plane is divided

into various stable and unstable regions; the unstable

solutions correspond to complex values of p, which, are the

guided modes of the structure . The operating line , q =

-0.893 passes through several unstable regions. From the

corresponding values of a and with the aid of Eq. 5, we can

determine the z-directed propagation constant ~ of the

guided modes whose transverse distributions have the form of

Eq. 8.

From the a-q diagram , it is evident that for a fixed

value of q, there are many continuous sets of “a” which

correspond to many continuous sets of guided modes. How-

ever , for small values of q, the ranges of the guided modes

are rather narrow. For the present case of q = -0.893 , the

values of “a” which give rise to guided modes lie in the

following ranges: a < —0.369 , 0.018 < a < 1.802, 3.934 <

a < 4.304, 9.039 < a < 9.061 and so on. The corresponding

ranges of ~~, obtained from Eq. 5 are: $ ‘ 14.7959 , 14.7944

> ~ > 14.7885, 14.7814 > ~ >14.7801, 14.7643 > > 14.7642

and so on. Thus, even though the guided modes in theory

form many continuous sets, the ranges of g, for small

17
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values of q, are so narrow that the modes of an interfero-

metrically formed waveguide with index modulation typically

in the order of l0~~ can be considered to be almost discrete.

This would explain why the results of our computer analysis

of a sinusoidal grating waveguide are in good agreement with

those obtained from the conventional analysis of single mode

coupled waveguides (i.e., those with discrete boundaries).

Pursuing the question of why a sinusoidal grating wave-

guide can preserve the shape of an input pulse of the form

of Eq. 1, we consider a specific example by arbitrarily

choosing a guided mode with a value of a = 1.5; resulting in

a p value of approximately ±0.3345 + j. The transverse dis-

tribution of this mode consequently has the form

F(x) = exp(-O .33451Tfx\
~~~~

Bhexp (j2’nfhx)

= exp (_0.l05x)
k~ O 2Bkcos2’rrfkx (9)

which is a set of slowly damped standing waves. For an in-

put pulse with the form of Eq. 9 and equal in width to the

grating period , i.e., d = 1/f, we immediately see that the

input pulse matches closely the fundamental space harmonic

of the guided mode except for the slowly damped function ,

exp(-0.lO5x). Consequently, this is the mode which is prin-

cipally excited • what we observe at the output plane is

nothing more than this mode distribution; hence , the output

pulse converges in shape to the input pulse . To further

illustrate this point , we propagate a spatial pulse of a

quite arbitrary profile through a sinusoidal grating of

—— — - -

~
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thickness 0.54 mm. The distributions of the input and out-

put pulses are shown in Fig.5.  From these results and also

those shown in Fig . 5 of Ref. 3 for an input pulse extended

over three channels , it is quite evident that the output

pulse distribution always has a nearly co-sinusoidal form

within the guiding channels, regardless of what form the in-

put pulse takes.

Effect of Channel Length

The continuous exchange of energy among guiding

channels is illustrated in Fig. 6. An input pulse of 3.01

mm width is placed at the center of a guiding channel of the

same width. The refractive index modulation of this thick

grating is arbitrarily chosen to be 6 x ~~~~ As the pulse

propagates through the structure , energy of the pulse is

continuously coupled to the adjacent channels. The results

shown in Fig. 6 are in qualitative agreement with that ob-

tained from an optical discretely bounded single mode di-

rectional coupler. rising the quantity guiding efficiency

and the same parameters as before, we plot the fraction of

energy in the 0 and +1 channels against propagation depths .

The results (Fig. 7) show energy continuously leaking out to

the adjacent channels. The close resemblance between inter-

channelized waveguides and directional couplers suggests a

quantitative comparison of the two; although there are

differences: one is a single mode device and the other is

~~~— _.L. -



1 ,6

1.2 -

I—.

C’)

Z 08 
-

ILl a
z

0.4 -  b

I \—__-———
_________ 

~~~
—

L \  t ~~~~~~~~~~~~ 1
o - .0 1  .0 2

X ( m m )

Fig. 
~ P ropaga t ion  of an i n p u t  pulse of a r b i t r a r y

shape in a ~ir : ‘c ida]. gr a t i n g  wav~~c~uide of
th ickn cs~ C . S I  i t , i re  en~ y 100 1~~:i~n , index
modula tion - I O~ - 

( - i)  ~~~~~~~~ the input
pulse ;  ( b )  ~ T t. ~~~; the output :  pul -‘

q .

• 
~~~~~ 

- - — - - --- -- - -—---- . ,
~~~~ 

__‘_— .l.IIà



L

I I
.8 .8 

-

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

I _ _ _ _

:~~~~~~~~~~~~ 

I - X 

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

(C) ( d )

Fi g . 6 Guided lic; IL ~ in L e n si t y  p r o f i le s  f o r
various ch ’~::n .~1. I ~ i t c jt h s : (a) 0 .  3 mat ;
(b )  1.08 ~~~~ ~c) 1 . G2  mm ; ( d )  2 . 1 G  mm.
Spat ia l  f~:: ;~~-~ncy of the t h i c k  gr ’ Ling
is 100 l in e s/m m ; n 1 6 x l0~~~.
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multi-mode and in one there are two guides in paralles,

whereas in the other there are many . The wave amplitudes,

ak(z). in various channels of the single mode coupled wave—

guide when the energy is incident on the k = 0 channel is 5

ak (z) = 
( . . l) k J ~~(2 C z ) e x p ( _ j f 3 k 2 ) ( 1 0 )

where is the Bessel function of the first kind , C is the

coupling coefficient, z is the propagation depth and k is an

integer denoting the channel numbers. The energy in various

channels is

Ek (z) = ak (z) (11)

which indicates that the energy in the 0th channel varies as

the square of a zero order Bessel function. We superimpose

on Fig. 7 the functions J0
2(.684z) and J1

2(.684z) . Note

that, except for a small region of z < 0.5 mm , the computed

results for the grating waveguides follow very closely the

two Bessel functions; the coupling coefficient , C, of the

grating waveguides is consequently found to be equal to

0.342.

Optical Directional Coupler Application

The results shown in Fig. 6, predict the directional

coupling properties of a sinusoidally stratified structure ;

these results agree qualitatively to those calculated in

terms of coupled mode theory. Some additional results ii-

ustrating the phase relation of the energy between the

- -  --
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coupled guides are shown in Fig. 8. By placing the input

pulse of 0.01 mm width in front of the entrance surface of

the guiding structure so that the pulse spreads over three

channels (Fig. 8a), the light entering into the side

channels suffers a time lag. Our analysis predicts (for

properly chosen parameters) constructive interference of the

light entering directly into the side channels and that

directionally coupled into the side channels from the

central one, because the directionally coupled light also

suffers a time lag.6 On the other hand , by placing the in-

put pulse sufficiently behind the entrance surface (Fig . 8b),

the interference in the side channels is destructive because

now the direct lights entering the side channels have a time

lead . Somekh has experimentally demonstrated such phenom-

enon. It is noteworthy that our analysis, which is based on

nothing more than a continuous iteration of the quite simple

thin grating diffraction theory, should so readily predict

these rather subtle effects.

Our analysis indicates that we can substantially shift

the input energy to adjacent channels of multichannel wave-

guides by using the proper choice of parameters. We can

envision various applications , such as incorporation of this

feature into an acousto-optical divice us±ng the modulated

medium as the guiding channels , which is possible provided

sufficient index modulation is achieved .

Since the index modulation can be controlled , it would

be possible to efficiently switch the input energy between

L I
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coup led modei; in a sinusoidal grating
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grating frequency is 100 1/mm and index
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the 0th and 1st channels , thus forming a simple, yet versa-

tile multi-mode switching device.
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Modular Optics Jinterferometer
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Abstract

A waveguide interferometer is assembled using holograph~-

calty formed optical elements that are constructed as i ni l vi d u a l

components and can be selectively attached to an optical wave-

~ui~ e. The ~nterfer- meter is -fery rugged an -I  ea sy t c ~ a l i g n.
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1. Modular Optical Elements

We describe modular optical elements as miniature optical

components that are individually constructed and can be selectively

attached to the surface of an optical waveguide)’2’3 These

components can be individually adjusted to optimize system perfor—

mance. In this paper , we describe the construction and use of

modular optical elements to form a waveguide interferometer.

Our optical modules consist of holographic optical elements

constructed in dichromated gelatin films that are coated on glass 
:1

substrates. Each element serves as both a grating waveguide—

coupler and a beam splitter , as shown in Fig. 1. The modular

gratings are constructed by incoherently superimposing two thick

gratings within a dichromated gelatin film such that the two grat-

ings have a common Bragg angle , A.1 Readout at the angle A will

produce two diffracted waves each of which contains half of the

incident energy .4 The two diffracted waves are at ang les such

that they will both be trapped within the guide G.

2. The Interferometer

Having constructed our grating modules , we assemble our in-

line interf~rometer by p lacing two of these modular gratings on the

surface of Lhe thick glass optical waveguide as shown in Fig. 2.

Xy lene is used as an index matching liquid between the modules and

the guide. The first element (on the left) is used as the waveguide

coup ler and beam splitter while the second element acts as a beam—

combiner and decoupler. 

________ - -_
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The interferometer is used by illuminating the coupler module

w i t h  a coherent beam of ligh t from the upper l e f t  in Fig.  2 .  Since

the incident wave (A in Fig.  1) has a f ini te  cross sectional area

(~ 1 cm 2 ) ,  the waveguide is thick (~ 6 nun ) and the waves B and C

propagate at greatly different angles (~ 200 difference), the areas

at which the guided waves strike the surface of the guide are

physically separated . Thus, we can insert a sample into the inter—

ferometer by laying it on the surface of the waveguide at a position

where only one ef the guided waves (e.g. wave C) strikes the surface .

An index matching liquid (in this case, xylene) is placed between the

sample and the guide. Thus, guided wave C leaves the guide , passes

through the samp le , and re—enters the guide as a modulated wave .

A short distance later , where waves B and C again overlap , the beam

combiner has been placed on the surface of the guide. This modular

element in identical in construction to the beam splitter element and

is merely rotated by 180° (about a vertical axis in Fig. 1) before

being placed on the guide. The two guided waves simultaneously enter

the final grating , are comb ined , and are diffracted out  of the guide. 4

The combined waves leave the guide at approximate ly 450 as can be

seen in Fig. 2 where they strike a white card after leaving the inter—

feromete r.

3. Exper imenta l  Resu l t s

The o u t p u t  of the in ter f e r o m e t e r  is phot ograp he b y p lac ing a

camera in p lace of the white card in F i g .  2.  Wi th  fl( samp le in the

interferometer , we see straight fringe s present on t h -  output ( F i g .  3 ) .

The f r inge  frequency in Fig. 3 can easily be varied by small rotati ons
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Fig . 3. The interferometer  output  showing s t ra ight
fringes when no test object is in the interf ero meter.
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Fig. 4. Interferometer output when a piece of thin
glass with a deep scratch is used as a test object.
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of the final grating (about a vert ical  axis in Fig .  1 ) .  Because

the ang les between guided waves B and C are fixed during grating

construct ion and canno t ge t ou t of alignment , the only adjus t-

ment that ever needs to be done is a slight rotation of the

gratings .

In Fig. 4, we see the output when an object has been insert-

ed into the interferometer . The test object is a small —~iece of

glass (microscope slide cover—glass) in which we have put a deep

scratch with a glass cutter . The scratch extends half way across

our test object and shows up as dislocated fringes on the left

side of the output.

4. Conclusions

The modular interferotneter we have demonstrated is easy to

adjust and is very rugged . Rapid changes in air temperature or

air currents have little effect on the device.

The modular coup ler elements can easily and q u i c k l y  be

p laced on any piece of glass which we would like to i n t e r f e r o —

metrically test for flatness or other optical properties .
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Analysis of Optical Propagation

in Thick Reflection Gratings

w. Y~ WANG
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Abstract

A method of analyzing optical propagation in thick holographic reflection

g r a t i n g  by decomposition of the thick grating into thin slabs is investigated .

The method is applicable to study higher order Bragg diffraction process in

thick reflection grating . The method is shown analytically to be equivalent

to the coupled—wave solution of Maxwell’s equations for a thick sinusoidal

reflection grating.
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1. Introduction

A physically intuitive method for analyzing wave propagation in thick

holographic transmission grating was developed by R. Alferness
1 

in which the

thick gratings are mathematically decomposed into a series of thin slabs, with

each acting as a thin grating . For a readout plane wave of arbitrary spatial

frequency , the total amplitude of the zero and dissracted orders is derived

from computing the succesive effect of each thin grating is determined solely

by thin grating theory . The thin grating decomposition method (TGD) for

transmission grating has been widely used to study higher order diffraction

and waveguide phenomenon . However, the coupling matrix does not apply to the

case of reflection gratings. Recently, the use of reflection gratings has

been considered for integrated , in such application as wavelength fibers and

distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers. In

this paper , the TGD coupling matrix method is extended to the reflection

grating case.

Our method for analyzing optical propagation in volume reflection gratil 2

offers , because of its conceptual simplicity and ease of implementation ,

advantages over the theory given by Burckhart2 and Kasper 3. Like the matrix

theory the method is numerical; It requires only matrix multiplication and

it proceeds to decompose the thick reflection grating into a series of thin

slabs, each of which acts simply as a thin grating .

_ _  _ _ _  _ _  ~~~~~~~~~~~~~
— 
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2. Description of the Method . We describe the method with a single re-

flection grating structure produced holographically , as shown in Fig. 1.

The film emulsion of thickness of D is perpendicular to the z—axis and is

assumed to be of infinite extent in the x and y directions . Plane wave R

of amplitude a
1 

inciden t at angle 0i (angle measured inside the emulsion)

with respect to the z—axis , and plane wave S of amplitude a2 at 02 interfere

to produce a grating throughout the volume of the emulsion . The exposure

E = IT ( I  is the total intensity and T is the exposure time) can be written as

E(x ,z) = TI [l + r cos 2rrf(z — z)}

where f n
0(cos 

Q
i 
+ cog 8

2
)/A is defined as the spatial frequency in the

z—direction , A is the free space wavelength, z = x tan 0, 0 = — 0
2
)/2

2 2 2is the slant of the f r inges , I = a
1 

+ a
2 , and y = 2a

1
a 2 / ( a~ + a2

). For

any plane x = constant wi th  Az as the thickness of the thin slab , the

f r i n g e s  are sinusoidally modu lated wi th  f requency  f .  However , because of

f r i n g e  slant (when the construct ion geometry  is not symmetrical about the

x—a x is)  the f r inges  at z are sh i f t ed  by z re lat ive to those at x 0 ,

which introduce a re la t ive  phase s h i f t  of —2 ir fz

__

- 

~~~~ --~~~~~~~~ -— - -“ ---~~~~~~ - -
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We examine the properties of optical propagation in the thick

reflection grating of Fig. 1 by decomposing it into a series of thin

slabs of thickness Az which must be sufficiently small. The proper

upper limit on Az is that for a fixed readout wavelength and grating

frequency, Kogelnik’s
4
Q factor (Q = 2irAA zf2/n

0
) for the thin grating

be less than one. Each of the thin gratings, therefore , exhibits no

Bragg effects and its angular distribution of diffracted light is cal—

culated based on the thin grating theory. We assume a pure phase

reflection hologram in which the diffraction process takes place dis-

cretely at the plane z = nAz, a = 1,2 We also assume a linear

relationship between the index of refraction and the exposure

E: n(x) = ME. Therefore, the amplitude transmittance as a result from

the exposure given by Eq. 1 for a plane wave at 0~ is expanded according

to the method by Alferness
1:

T
A 

(x , z)

= exp 2it[n + a
1 
cos 2 n f ( z  - z) }A z /X cos (2 )

and
i2lTrt Az -I-~ 

-

T
A
(x s

~~
) = exp [ 

~~~~~~~ 0
~~~

q=_
~~(i)~ J

q
(b) exp [j2nqf(z - z )i (3)

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



where J
q
(b) is the ~~~ order Bessel function b = (2A~~zn

1 /k 
cos 0 .)

and z=x  tan 0. The nth thin grating can be represented by an infinite

superposition of amplitude gratings of spatial frequency qf with diffrac-

tion amplitudes equal to the qth order Bessel function. The terms

with minus q portion in the summation sign correspond to the

reflected diffracted waves and the terms with positive q portion corres-

pond to the transmitted di ffracted wave. The exponential outside the

sununation sign in Eq. 3 represents an unimportant common factor and

can thus be neglected. The ~~~ frequency component is shifted in

phase by -2qf x tan B because of the fringe slant. This phase deter-

mines the Bragg angle in the slanted reflection grating .

To find the effect of the thin slab upon an incident, a forward

and a baci ward plane wave of arbitrary spatial frequency , we extend

the thin grating theory to include the propagation factors of both

forward and backward plane waves of arbitrary spatial frequency in the

thin slab. First, propagation ‘—ctors of the incident waves over the

interval can be described by the free space transfer function . Then ,

the separation of incident forward or backward waves into the various

diffracted waves at z = nAz is described by the amplitude transmittance

function in Eq. 3. Therefore , for  an input forward plane wave of

x—spatial frequency f ., amplitude A .~ and phase 0. at z = (n — l)Az ,

the field at z = nAz (i.e., ou t of the ~th grating ) is

A
f

(x D~~~z) = exp (i~~
) A~ f 

q~-~ 

(j)~~J
q
(b) exp C— j2iqfz )

2lT n 
__________

exp (jf . x) exp —
~~

----
~~

-- 
~
‘l — (~~f / n ) ~z]

exp ( j 2 - - q f’ z )  i - - : ~~ ( i f . -) , (4~



where f . = f . - 2ii q f tan ~ and
iq 1

f. = /1 - [(A/n )f ]2
iz 0 ~q

Similar resu lts can be obtained in an input backward plane wave except

for a minus sign in the directional cosine . Therefore , each plane wave

incident upon the n
th 

slab generates a countable number of plane waves

with z—spatial frequency (f. + qf). The amplitude of the ~~~ wave is

the product of the input amplitude and the strength of the ~th grating

frequency component. -

The phase of each wave is given by three factors . The term

exp (-j2lTqfz ) in Eq. 4. represents a phase shif t resulting f rom the

- th - - th
parallel shift of the ri grating relative to the (n - 1) (a result

of the fringe slant). The term

exp 

{

~no
2~ 

[1 
- 

[

A f
.)2]

/2 

Az}

gives the phase shift due to propagation through the distance Az. In

addition , because a phase material is used , there is the phase factor

(~~)
q Then each plane wave output from the ~

th 
slab is an input to

the (a + 1) slab.

The thick grating is illuminated at z = 0 with a plane wave of

z-spa.tial frequency f and an amplitude R . . We represent the amplitudes

of each of the possible plane waves that exit from the ~th grating by

H

S o

A = S , 2. integer ~ 0 , (5)
n I

H

s _
n

- L ~- - - ~~-~~~~~~~~~ -_  - -



where R is the t~~~~iI dmplit~ d~ of the forward wave of z—spat ia l

frequency (f .
7

f ~f) while S is the total amplitude of the backward

wave of spatial frequency [f . — (z  + l)f]. Because Eq. 4 is valid

for an input plane wave of arbitrary spatial frequency, we can relate

the total amplitude of each of the plane waves at z = nAz to its value

at z = (a - l)Az by

A HA , (6)
a n n-I

where the matrix of coupling coefficients 
n~kj 

determined from Eq. 2.19

describe the amplitude and phase shif t e f fected by the nth 
thin slab

in diffracting the ~~~ plane wave into the k
th 

plane wave . The coupling

matrix for the pure phase case appears in Appendix A.

If we use the initial condition at z = 0 to write

R0
S0

A = R , (7 )
S

~

1

O 

-

the amplitude at z = nAz wil l  be

A = H ,...,HA (8)
n n 1 o

The amplitude of each of the plan€~ waves at the exit plane z = D is

given by Eq. 8 for n = N = D/Az.

L Results and Their Equivalence to Coupled Wave

Approach. For a grating with sufficiently high Q factor it is assumed

tha t only the zero and one diffracted order are significant for readout

about th ~ - ~ i r : ; t  or~ c-r Bi~agg angle. Because only two or der . ; are

-I -~~~~~~~~ - - ~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



important , the coup l in g  matr ix  for the ~ th thin g ra t ing  in Eq. 4

can be truncated to a 2 x 2 matrix:

e .3 (b ) je

H =  (9)
jc& 

— 
-

—je °J (b )e jó~ n, e J (b_ i 0 0 1

where b = 2-TTAZn
1 /A cos O~~,

a
2. 

= 2,~~z cos

6 = 2lTnfx tan O,

- cos 0~ 
= [1 — (A/n

0
)2f~]

1
~
’2 

i = 0,1, ... , (10)

f = f . = the x—spatial frequency of the readout wave ,

A = the free space wavelength of the readout wave ,

= the slope of the fringes with respect to the x axis , and

a1 = the index modulation of the grating .

To simplify we assume that the fringe slope angle 0 is zero (i.e.,

unslanted fringes). For typical values of index modulation and ~z

arbi tr~trily small , we can approximate the Bessel functions by their 
—

first order approximations ,

J Cx) 1 , J (x) x/ 2 for x << 1
0 1

The coupling matrix for each thin slab can therefore be written —

as

— j Y e
j2
~cos O 12T T a

0
H = exp ~ Az cos 0~~ (11)

Jr j2~ecos B
C. J

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- -~~~~ ~~~- -



where ~ 
= T-n A z/ ~ an~ 

-

2~ = (2~ n0Az/A) (— cos B + cos 0
1
), (12)

in which J
1
(x) =J

1 (x). All angles are internal,

2~ = 2~Tn0
A z/ A or 2~ = —2iin A z(AA ) cos 0 / A  - (13)

If the amplitudes of the zero and first order at the n
th 

thin slab are

expressed by the elements of a column vector

A( n )  = {
~IL ‘ (14)

then the value of A at the exit plane of the emulsion , z = D is

A(N) = H
N
A(O) , (15)

where N = D/Az and initial conditions

at z = D , R(0) = H , S(0) = 0 + A (0) = {~J (16)

and I -

at z = 0 , R(N) 1 , S(N) = S
N 

-+ A(N) = 

[
~NJ 

(16)

can be obtained by performing the matrix multiplication of Eq.15 in

the limit N -
~ = , Az -

~ 0 such that NAz = D.

As shown by the coupling matrix of Eq. 11 2~ repr esen ts a - 

-

relative phase shif t between the two forward and nackwar d waves that

were produced by a thin slab when the reconstruction wave length or —

angle differ from their construct~on values. It is this phase shift

that causes the decrease in diffrac ion efficiency for readout waves

incident off the Bragg angle ; ~ corresponds to the dephasing parameter

of the coupled-wave theory .
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The mat r ix  mulc ip l ica t ion  of Eq. 15 is great ly  s impl i f i ed

when H is represented in a basis such tha t it is diagonal . The d iagonal

elements are just the eigenvalues of H and the basis vectors are the

associated eigenvectors. The eigenvalue of H can be easily shown to be

~l ,2 
= exp ( j~~~) exp [

~ [~c 
- ~2J /] , (17)

where we have used the limit AZ ~ 0 to set sin
2 0 = ~~ Also, C = —C —

0 1

= cos 0
o~ 

The associated eigenvector E
1
, E

2 
are then

E 1 a A
- 1 

= 
1 0 (18)

E2 
1 a

2 A 1

where a. = j ( C 1 / y ) ( l  — * e ~~
2’
~.

From Eq. 11 and the initial condition on k (Eq. 16) , we find

the initial condition in the E basis; E(0) = . Therefore , in the

diagonal representation,

0 H Rx
E ( N )  = 

N 
= 

N 
(19)

0 H R x  
~ 2

We then use the inverse of the transformation of Eq. 18 to transform

back to the original representation to find the amplitude of the

diffracted order:

A 1 (N) 
= 

-jr
- (~~i~~ 

- 
~~~~~ 

(20)

and -

A (N) = 1 = H(a~~~ — a~~~ )/(a2 
— a1

) . (21)



Thus,

- 2 2 1/2 1/2
A (N) = Rxe~~ x~ j~ sinh - ~2 N 2J + - ~2) x

cosh - ~2N2) /]x[
Y2 

- ~2 )/  =

( 2 2  1/2
N y 

~ — N 2’~
2

ry ~ ~ C~C1~
A
1 

(N) = Rxi x1~~—j x  
~ 2 

— 

. (22)

1C 0
C

1 1

From Al ferness ~~,- we have N2y 2/C0
C

1 
-* V 2 and N2~ 

-~- 
~ in Kogelnik’ s ~

notation , therefore

1/2
- ~~~ 

C
o

-je~-

A (N) = (23)
1 

~,
, -F u — ~2/~ 2)

1~
’2 coth (V 2 

— ~2)
h/2

which is identica l to Kogelnik’ s f ormula. The diffraction efficiency is

DE(N) = 
~~~~~ ~A1

(N)~~
2 = l/[l + (1 - ~

2/v 2)/sinh2 ( V 2 - ~2)
h/2

] -

(24)

We have thus shown analytically the equivalence between the method c~f

reflecting thin grating decomposition and Kogelnik’ s coupled-wave solu-

tion for wave propagation in a thick sinusoidal reflecting grating for

which the assumption of the latter theory are valid . It is easy to

write a computer progr~~ for solving any nonuniformly longitudinal

index modulation cases.
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ABSTRACT

We present an approach to the analysis of a halo-

g r a p h i c a l l y  produced qr a t i n g  coupler , in which we sepa-

ra te  the coupl ing  oroblem in to  independent  slab wave-

guide and d i f f r a c t i o n  g r a t i n g  problems . Consider ing  the

gu id ing  s t ruc tu re  as a slab wavequide . we obtain the

paramenters of the propagating modes of the coupler

through conventional analysis. The diffraction e f —

ficiency of the orating orders are then calculated by

using the thin grating decomposition methc~~ (TGD) .

Utilizing the propagating mode angles of the w&veguide

and the calculated diffraction efficiencies of the

grating , we are able to calculate  the rad ia t ion  loss

coefficient and therefore the coupling efficiency of

the holographic waveguide coupler.
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In t roduc t ion

The basic componen t of an in tegra ted  opt ica l

circuit is the thin—film dielectric waveguide upon

which a waveguide coupler is built. The waveguide

coupler can be used to convert an incident light

beam into a mode , or modes , of the waveguide .

Couplers which are integral components of the wave-

guide are either corrugated surface gratings or holo-

graphic gratings above the wavequide . We suggest a

third waveguide coupler configuration in which the

grating is fabricated inside the waveguide structure .

We initially adapted the first—order nerturbation

ana lys i s  of Ogawa 1 to th i s  s t ruc tu re  but obtained an

excessively high radiation loss coefficient. Peng et.

al 2 used the rigorous electromagnetic boundary problem

to analyze the holographic qrating coup ler above the

wavequide , but  th i s  method seems inappl icable  to the

case where the grating is inside the wavequide . We

t he r e fo re  d e v elo p e  a d i f f e r e n t  approach , where we

separate the analysis into a diffraction grating analysis

and a slab waveguide analysis. We obtain quided and

radiation modes as solutions of the unperturbed wave-

guide structure using a conventional slab wavequide 

— - - - - - - ----- - - .-_ -,
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analysis. We then use the thin grating decomposition

method of Alferness
3 
to analyze the grating diffrac-

tion process which produces an exchange of energy

among the guided and radiation modes as the guided

wave propagates through the thickness of the grating

waveguide . Combining the slab waveguide and dif-

fraction grating results we then determine the radi-

ation loss coefficient by accounting for the energy

lost through radiation modes. From such a description

of the waveguide coupler we then determine the cor-

responding coupling efficiency.

I-)
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Problem Formul at ion

The coupler problem to be solved is described

with reference to Fig.l. A plane wave (not shown)

impinges on the grating from its air side , at an angle

which satisfies the second Bragg condition for the

grating in the waveguide . The grating is constructed

so that the second diffracted order is a propagating

mode for the planar waveguide structure containing the

grating. As this diffracted wave propagates , a port ion

of its energy is diffracted into the first and second

orders thus producing a coupler loss mechanism .

For purposes of analysis we find it convenient to

reverse the process using the concept of optical

reciprocity. We assume t ha t  a guided , propagat ing wave

(represented in F i g . l  by Poynt ing  vector ~~( 0 ) ) is

incident on the g r a t i n g  po r t ion  of the waveguide . As

it travels it produces diffracted wave s and

By c a l c u l a t i n g  the magn i tude  of these d i f f r a c t e d  waves ,

we can obtain the amount of incident li ght remaininq

in  and lost  in to  ~~~~~~ and  ~~~~~~~ We can t h e r e —

for e obtain the radiation loss coefficient and the

couplin g efficiency which characterize the grating

waveguide coupler.

71
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F I G .  I

Schematic diagram of grating waveguide configuration with

guided mode ( z e r o t h  ‘rder)  P o ynt i nq  vector (P~~~~~) an d ra d i a t i o n

mode ( f ir s t  and second order)  Poyn t ing  vectors (P , P~~~
2
~~) .

I
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From a geometrical optics viewpoint we solve the

planar  waveguide problem for the mode reflection angle

the e f f ec t i ve  guide width (W m ) and the Poynt ing

vector (p~~~~ ) and a lsodefine a mode bouncing rate Bm •

We assume that  the guided wave wi th  ampli tude A is

ref lected back and forth between the waveguide bounda-

ries at angles 0m and — 0 .  The effective guide width

—l — lis obtained from the expression W ~ + 
~a 

+ p

where 
~a 

and p~ are the exponential decay rates for

mode m in the air and substrate regions w i t h  refrac-

tive indices 11a and n5,respect.ively . The bounce rate

for mode m in terms of 0 and W becomes ,m m

—lB = [2W t an8  I . (1)m m m

In F ig .  1 there are two d i f f r a c t e d  wave orders w i t h

Poynt ing  vectors and ~~~~~~~ Us ing  these Poyn t ing

vectors , a d i f f r a c t i o n  e f f i c i e n c y  can be d e f i n e d  as

the f ract ional  amoun t of incident powe r d i f f r a c t e d

into the various orders . Defining these ratios of

power flow in the x direction in terms of amplitude

rat ios ,we ob ta in

2
( q )  

— e

cos(-) I A.
1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- --~~~~~~~~~~
-- - - .

~~~~ ~~~~~~~~~~~~~~~ -~~—- -



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

where

(q )  . - - . th
= d i f f r a c t i o n  e f f i c i e n c y  of q order

= ampl i tude  of q th order wave a f t e r  propagat ion
through  g r a t i n g

A 1 
= ampl i tude  of i nc iden t  wave on g r a t i n g

0m angle  of m th propaga t ing  mode

= ex ternal angle of d i f f r a c t e d  q th order , where

~ 
~~~~~~~~ = n sino~~~g e e

8 (q)  
= i n t e r n a l  angle  of d i f f r ac t e d  ~ th order

= index of external medium of qth order

n g 
= bulk index of g r a t i n g

It should be noted tha t  the d i f f r a c t i o n  e f f i c i e n c y  of

a pa r t i cu la r  mode depends upon whe the r  i t  remains  in

the waveguide or escapes to the s u b s t r a t e  or a i r .

This  dependence is accounted for  by s e t t i n g  n equal

to the in dex of the  m a t e r i a l  in to w h i c h  the qth or der

escapes or is trapped , 0 e being the e x t e r n a l  a n g l e  in

th i s  med ium . By u s i n g  the  TGD method we can de t e rmine

the amp l i t udes  of the d i f f e r e n t  Bragg d i f f r a c t i o n

o u t p u t  o rders  (A ~~~~) fo r  a given a m p l i t u d e  i n p u t  (A 1) .

The a n a l y s i s  of conven t iona l  bu lk  phase g r a t i n g s

is applicable to the t h i n  f i l m  q ra t i nq  c o u p l e r .  The

b a s i c  d i f f e r e n c e  between these two gr a t i n g  types is

_ _ _ _ _  _  j
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that a bulk grating diffracts one free space propa-

gation beam into another , whereas the Bragg thin film

grating coupler transforms a free space propagation

mode into a leaky guided mode of the waveguide . The

leaky mode m is coup led into t r a n s m i t t e d  radi-

ation modes via diffraction by the same grating orders

which coupled the l i gh t  in to  tha t  leaky cuided

mode.

The power lost over the length  of the g r a t i n g

coupler is character ized by the power loss c o e f f i c i e n t,

-

~~~~ 

or equ iva l en t ly  by the ampl i tude  loss c o e f f i c i e n t

Because this loss is caused by diffraction of

the guided wave by the g ra t ing  ,the loss c o e f f i c i e n t s

become d i r e c t l y  propor t iona l  to the d i f f r a c t i o n  e f —  —

ficiency of each diffracted order. We proceed to

obtain the characteristic amplitude loss coeff icient

in terms of the d i f f r a c t i o n  e f f i c i e n c i e s  by con—

s ide r ing  a s ing le  section of the g r a t i n g  para l le l  to

the x—axis. We then extend the resu l t s  over the

en t i r e  l eng th  of the g r a t i n g  to obtain a r a d i a t i o n

(amplitude ) loss coefficient and the coupling ef—

f i c i e n c y  of the g r a t i n g  coupler .

ii
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Loss Mechanisms and the Coupl ing  C o e f f i c i e n t

In the following approach we use the ray optics

method to ob ta in  an express ion  for  the amplitude of

the leaky guided mode and the radiation loss coef-

ficient. R e f e r r i n g  to Fi g . 2  we divide the total  *1

g r a t i n g  length  into sections ( 2 W mtan o
m ) over which

one bounce of the  leaky guided mode occurs .  We note

t h a t  t h i s  is t he d i s t ance  in  the z d i r e c t i o n  s epa ra t i ng

equ i -phase  po in t s  a long  the  ray  p a t h .  We q u a l i f y  the

loss ove r t h i s  sect ion as the decrease in incident

a m p l i t u d e  (A 1
) d i f f r a c t e d  out of the leaky  guided

mode a s i t  s a t i sf ies the Bra gg d i f f r a c t i o n  cond i t ion

f o r  the  g r a t i n g  over one h a l f  of the sec t ion l e n g t h .

Therefore  the  guided wave ampl i tude  a f t e r  propaga-

t ion th rough  one sect ion is ,

1/2
A = [ l_ F ~~

U _ ( 2 ) ] A
~~

. (3)

We now consider  the f i e l d at  some p lane z = Q
~
Brn
1

Al lowing  the guided wave to propagate  through ~

sections of the g r a t i n g  coupler  and n o r m a l i z i n g  A0
to one , we ob t a i n  fo r  t he leaky g ui ded mo de a m p l i t u d e ,

A = 

~~~~~ 
— 0d 

‘
~

or , A exp [-(r~~~~+ ~
(2)

) ~ J ( 4 )

(1) (2)
+ 

z
= exp [-( 

~W tan O 
) ]  ( 5 )

2 m m

= exp[— -i z ]  (6) 
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One unit of the sectionalization of the grating structure ,
- 1 1 , 2 1,

i l lu s t r a tin c i  the decoupled energy , Ao(n d ) / 2 and A (r~~) 
/ 2 w i t h  the

rema in ing  coupled ene rgy .  Loss occurs onl y over one ha l f  of
the section where the guided mode satisfies the Bragg condition.
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where we have obtained an expression for  the leaky

guided mode ampli tude along the length of the coupler.

We def ine  the total  rad ia t ion  loss coe f f i c i en t

to be ,
(l)~~ ~2)

- — 

1
~d d

— 

4W tanO (7)
m m -~

The leaky mode ampli tude the re forc  decays as -

e x p (_ o
~a

z )  for  z > 0 . Since the energy lost in the

leaky guided mode must be gained by the radiation -
~

mode , the r a d i a t i o n  mode in the near f i e ld  ou t s ide

the waveguide must  have an exponent ia l  shape comple-

mentary to the guided leaky mode . The ampli tude of

the radiation mode can be calculated from the fact

tha t  for  a s e m i - i n f i n i t e l y  long g r a t i ng  the energy

of an incident guided mode at z = 0 must be equal to

the in t eg ra t ed  energy in the rad ia tion mode. The -

energy becomes , 
-

c 0 2  
-1 = f 0 E r ( z ) d x  ( 8) -

where we set the i n t e g r a l  equal to the i n i t i a l  norma l-

ized energy of one in the guided mode . The e l ec t r i c

f i e l d  of the  r a d i a t i o n  is then g iven by ,

E ( z ) = E
o
exp (_ cx

a
z) . ( 9 )  1

8 
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Subst ituting Eq~ 9 and evaluating Eq.8 gives ,

E ( z ~ = 

~
“
~~ a 

exp(_
~ a

z) . (10)

This equation describes the near f i e ld  d i r ec t l y  ad-

jacent to the grating waveguide . Using the optical

reciprocity. theorem we apply the above results, ob-

tained through ana lyz ing the decoupl ing process , to

the coupl ing  process to der ive the coupl ing  e f f i c i e n c y

of l i gh t  d i f f r a c t e d  in to  a guided mode .

For an i n f i n i t e l y  long output g ra t ing  wavequide

character ized  by cia ; a l l  the i n i t i a l l y  guided l ight  is

coupled into a r ad ia t ion  mode and has an ampl i tude

d i s t r i bu t i on  Er ( Z )  given by Eq.l0 . If the same gra t i ng

wave gu ide is used as an inpu t  coupler , a 100% coup l ing

efficiency can be obtained if the input amplitude dis-

t r ibu t ion  E~~(z ) has the f i e l d  d i s t r i but ion Er (Z) and

propagates in the opposite d i rec t ion . In most cases ,

E. (z) 
~ 

Er (Z) so that some incident energy is either

r e f l ec ted  or t r ansmitted . Therefore  th e d i f f r a c t i o n

e f f i c i e n c y  for  li ght  coupled into the waveguide  
~~~~

is equal  to tha t  f r ac t ion  of the i nc iden t  f i e l d  that

corresponds to E r ( Z ) •  The re fo re  , where L is the coupler

leng th ,

_
_ _  ~--=~~~~~~~~

-
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[f
L
E (z)E* (z)dz J

2

= 
O i  r 

. (11)
C 

~~ E~ E~ dzf~~ Er
E
~
dZ

Because the  decoupl ing second order  is the on ly  order

i l lumina ted  in coupl ing  into the waveguide , for  our coupler

the fac to r  ~~r~~~) should appear in E q . l l .  If  u is

cons tan t  and E1 (z ) is a u n i f o r m  plane wave wi th  length

L then Eq .l l  becomes ,

~(2 ) 
2= ( i ) +  ( 2 )  ~c t L  

[l_ e x p (_ c iaLfl ( 12)
0d ~d 

a

EcL~l2 ind ica tes  
~c 

has a broad maximum with a peak

value of approximate ly  81% for  ciaL = 1.25 and zero

first order e f f i c i e n c y .

ho

.

~

---

~ 
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Calculation of Distributed Diffraction Efficiency

A lf e r n e s s3 analyzed the wave propagat ion in thick

holographic g r a ti n g s  by decomposing a th ick  g ra t ing

into th in  q r a t i n g s .  Such a method can be extended to

ana lyze  the optical  propagation in the g r a t i ng  inside

the waveguide if we consider the mode of the waveguide

as cons i s t ing  of two plane waves p ropaga t ing  at angle

B or -0 [0  = s i n~~~~(n /n ) I .  The index p r o f i l e  of the
m m m m g

g r a t i n g  inside the waveguide  can be expressed as

n(z) = n
q

( z ) + n
1
cos ( 2 l T f ( z _ z

x
) ) + n

2 cos ( 4 T T f ( z _ z
x

) )  ( 1 3 )

where f is the frequency of the fringes in any constant

x p lane  (not tne inverse of the perpendicular

d i s t ance  between frinae planes), z = xtan(2) where

-
~ i s  the s l a nt  ang le of the f r i n g e s , and n 1 and n 2

a re  t h e  f u n d a m e n t a l  and second harmoni c index

modula tion , respect:~v e l y .

We examine the proper t ies  of the optical  propa-

aa t ion  in the waveguide of t h i ckness  D by decomposing

it i n t o  a series of th in  slabs of equal th ickness  A x ;

where  the m a g n it u d e  of Ax is s u f f i c i e n t l y  small  so

t h a t  each slab acts  as a t h i n  g r a t i ng . The ampl i tude

t r a n s m i t tance r e s u l t i n g  f r o m  a p l ane  wave in c i d e n t  at

9



0m wi th  input  spatial  f requency 
~~ 

= fl
g
5
~
fl (0

m
)/A is~

TA (z , x )  = exp(j2rn(z)Ax/Xcos0 )

= e x P ( J 2 l T n gAx /x c os o m
) 

q~~~~
(
~~

)
~’Jq (b i ) ( 1 4 )

x e x p [j 2 ~~q f ( z - z ) ]  E ( i ) ~~J ( b 2 )

x e x p [ j 4 - T r p f ( z — z  ) ] ex P [i2 n g~~
xcosi m/A I

where Jq (b )  is the q th order  Bessel func t ion ,

b. = 2TrAxn./Acos 0m (for i=l ,2 ) and z = nAxtan (~- ).

The f i n a l  exponent ia l  term is the propagator  term of the

incident  wave over the slab th ickness  A x .

As the plane wave propagates through the th i cknes s

Ax in the waveguide , it d i f f r a c t e s  into an i n f i n it e

set of plane waves of spat ial  f requency ( 2 p + q ) f  and

w i t h  ampl i tudes  qiven by the product of Bessel

f u nct ions of order q and p. Each diffracted wave

then becomes the incident wave of the next thin slab

and produces another  set of d i f f r a c t e d  waves according

to E q .14 , and so f o r t h .  The process is cont inued  u n t i l

we reach the o the r  boundary  of the wavegu.ide , where the

o r i g i n a l  guided-wave undergoes  to ta l  i n t e r n a l  re f lec -

t ion  w i t h  ang le  —
~~~ . Each d i f f r a c t e d  wave w i l l  r a d i a t em

ft~2 
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into the air  or subs t ra te  region at an angle  accord ing

to Snell’ s law.

Our appl icat ion of t h in  g r a t i n g  decomposit ion to

the ana lys i s  of a waveguide s t ruc tu re  c o n t a i n i n g  a

slanted g r a t i n g  assume s input  at the second order

Bragg ang le .  The output  ampli tudes  A C M )  r e s u l t i n g

from this initial condition are given by

rh
A(M) = H M ( 0 ( , ( 15)

L°
which is evaluated in the limit as Ax -. 0 and m -

~~

such that mAx = D , and where m is the number of thin

f i lm slices, the column vector is the i n i t i a l  input  vector ,

and N is a 3x3 unitary matrix that describes the coupling

between th ree plane wav~~s over a th in  slab of th ickness  .x .

tie are then required to pe r fo rm the m u l t i p l i c a t i o n

indicated by Eq.l5 with initial condi t ions  correspond-

in g to i l l umi na tion at the second order Bragg an q le.

R e f e r r i n g  to F i g . 3  we d e f i n e  C = cosO m and

Cq = coso q . By inspec t ion  of E q . l 4  the 3 X 3 coupling

matrix for each thin grat ing becomes ,

8’
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FIG. 3
The Bragg Diagram for the? second order diffraction in a slanted g r a t i n g

(r ep re sen ted  by gr a t i n g  vector  K )  which is cons t ruc ted  by i n t e r f e r e n c e
of p i ane waves A and B.
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1 j~-~- ~~~~~

e 1 
j~~~

-
~~

- ( 1 6 )

e l 
1

2r A x r i
where , 

~l 
= [C

1
—C

0
—A f tan~ ] 

~ 

_ g

— 

0 1
+ 0

2
2

(17)
= ~~( s inO 1—sin 0 2

)

-u n. Ax
= - 

1 (i  = 1,2 )
i A

with 81 and 0 2 being the g r a t i ng  const ruct ion angles

and n1 and n
2 being the fundamental and f i r s t  harmonic

index modulation. To facilitate the matrix multiplica-

tion of Eq.16 we transform the coupling matrix into a

diagonal matrix H’ such that the Mth power of H becomes
th

the M power of the diagonal elements of H’ . The

diagonal elements of H’ (o r
) are the eigenvalues of H

and satisfy the matrix equation ,

det(H—a I) = 0 . (18)
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For convenience we adopt the form of the eigenvalues

as , o
~ 

= l—ju~1~ 
e~~

’
~i (for small Ax) . The eigenvalue

problem is to find solutions u~
’
~ which satisfy

~P~~+ p ’~ j ’2 -t- q ’~p ’ + r ’ = 0 (19)

(a relationship derived from Eq. 16 and 18)

where , p ’ =

... ~~2 ~2
I — _ _ _  _ _ _  

1q — 

C 0C2 
— 

C 0C1 
— 
C1C2 

( 2 0 )

r ’ — 

2~~~ S 2 
— _____— 

C0C1
C
2 C

0
C
2

The solut ions  of Eq. l9  become ,

= U ’+ V ’+ P’/3 (21)

— 
(U~-v~ + (U LV) 

~ 222 2 — 3 — 3

• 
- 

- (U’-4-V) (U’-l/) 
~~~

_ 

232 2 3 3

where ,

~~

‘ — 
—

~~~~

‘

~~~~ 
b ’ 2 

+ a
’3 1/2 1/3— 2 ( 

~~
-
~~

--— ) 1 ( 2 4 )

V’ = [
~~~~

‘ - b ’
2 

a )l/2 ]1/3 (25)
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with,

a ’ = -~ (3q ’—p ’2) ( 2 6 )

b ’  = ~~~(2p ’
3—9p ’q ’ + 27r ’) .  (2 7)

The output  amplitudes of the grat ing in terms of the

diagonal matrix basis vectors become ,

re1~ 0 J M

E (M) = [H h ] ME ( O ) 
~ 

0 e~~~1 0 ~E ( 0 )  ( 2 8 )

L 0 0 e~~~J

0 01

0 e~ M1Pj 0 ~E ( 0 )

L 0 0

e~~’~’ O~ 0 0

= 0 e~~~O 0 E( 0) . ( 2 9 )

0 0 e~~~2

The associated eigenvectors E~~sa t i s fy ing  the ma t r ix

equation,

(H — a~~
I ) E .  = 0 (30)

can be found in terms of the original basis vectors to

be,

L _ _  __ _

~

k

~

-

~

-

~

- - - - -.- —-- -

~ —
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-

~~~

-

~~~~~

-

E
0 

1 
~~ ~~~

E
1 

= 1 Ill ~l I A l (31)

E
2 

1 

~~~~~

where ,

~~~~~~~~~ 
C
1 1/2

= 
~~~~~~~~~~~~~~~ 

( 

~~

-

~; 

) ( 3 2 )

_C2 
(~:i. +2~~.) 3~

p . y
1
y
2

) C
1

V .  = — + 
1 1 1 

~~~~~~~~~~~ 
— ) ( 3 3 )

1 C 0 y 1 1 y 3 y 2 . + 2 ~~1) C o
with,

— 

M S
1 — 

rrn
1
D

_ _ _  —

/C0
C
1 AVC0C1

M5 m D
Y = _ _  = )

/C
0
C
2 

x~’~~ç

M~~1 
TTn

1D

/C
1
C2 A V ’ç~~2

M~ 2 m Dn
= —~~-~~ - = [C

1
—C

0
—A f tan4} 

~
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in Eq.32 and 33 are obtained from Eq.2l-23

using Eq.24-27 by substituting p,q,r for n ’ ,q ’,r ’

where ,

p = Mp ’ = 2
~~l

q = M2q ’ = —y
~ 

—y
~ 

—y~ (35)

r = M3r = 2y 1y 2 y 3 -2y~~~1

Therefore in the diagonal representation of the

coupling mat rix  H , the total  amplitude a f t e r  the Mth

thin  g ra ting  is ,

rE0l ~~ ~~E ( M )  = E
1 

= 0 e J t P l 0 J I 1 I ( 3 6 )

[B2 L ° 0 e~~~2J  [1]

where the input column vector is the initial condition

in terms of the eigenvector basis , obtained by the

t r ans fo rma t ion  relat ion of Eq.3 l  using the i n it i a l

conditions of Eq. 15. The f i n a l  output  ampli tudes  are

obtained by transforming the output E(M) into the out-

— -~~~~~~
--
~~~~~

-
~~~

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ 
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put A (M) by using the inverse transformation from

Eq.30. This procedure results in the amplitude of

each d i f f r a c t ed  order as being g iven by,

r V E - V E y E -y E
A — 1 I ( 1 0  0 1  2 0  0 2

o — ik~ [ u0
y
1—u 1v0 

— 

ji
0

V
2

—~J
7

V~

A1 = ~ — [ ( V 1—v 2 ) E
0

+(v 2
—y

0 ) E
1

+ (y
0

—y
1) E

2
] ( 3 8 )

A
2 

= 
~~~

[ (
~~i

— u 2 ) E
~~

+ ( p 2 _u
o ) E

1+ (~~0
-~~1

) E
2 J ( 3 9 )

where ,

~ 
V ,— V V — V  1

R = I (  
0 

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

2 0  
) I  (4 0)0 

L ~ov1—~i~ o ~J 0
V 2 —I1

2
V 0 j

= p0 (v1—v 2) + ji
1

(y
2

—y
0

) + 

~ 2 
(~ 0 —v 1) (41)

p
2 

= v 0 (u 1-~~2
) + v

1
(~~2

-~~0
) + y

2
(~~0

—~~1
) . ( 4 2 )

The ampl i tude  of each d i f f r a c t e d  order as given

by Eqs.37—39 can now be inserted into Eq.2 to obtain

( 1)  ( 2 )the d i f f r a c t i o n  e f f i c i e n c y  01 each order 
~~~ ‘~~d
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The radiation loss coefficient (ci ) can then be deter-

mined for use in Eq.12 giving the coupling efficiency

of our second Bragg order waveguide coupler.
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Resul ts  and Discussion

Using the approach we have described we calcu—

lated the radiation loss coefficient for the fol lowing

four representative holographic gra t ing  couplers:

a Slanted or unslanted holographic grating

(with  same per iodic i ty  in the z—di rec t ion )

in the waveguide f i l m  u t i l i z i n g  the f i r s t

order Bragg e f f e c t .

b Slanted or uns lan ted  holographic  g r a t i ng  on

top of the waveguide f i lm  u t i l i z i n g  the f i r s t

order Bragg e f f e c t  which resul ts  from the

in terac t ion  between the evanescent wave of

the waveguide and the holographic g r a t i n g .

C Slanted holographic g ra t ing  in the waveguide

film utilizing the pure double diffraction

process (n2=0), producing the second orde r

Bragg e f f e c t .

d N o n l i n e a r  s l an ted  ho log raph i c  g r a t i n g  in the

waveguide  f i l m  u t i l i z i n g  second order Bragg

e f f e c t  (n 2 # 0).

In case b the interaction product of the evan-

scent wave of the wavequ ide and the holographic

g r a t i n g  can be viewed as a plane wave inc ident  wi th



mode angle 0m upon the holograp lu ic  g r a t i n g  of th ickness

Ax. Since the guided wave is inc ident  upon a boundary

of the waveguide . the re f lec ted  wave s h i f t s  along the

propagation direct ion wi th  respect to the posit ion tha t

one would expect from geometrical opt ics .  Such a sh i f t

is known as the Go os—Hänchen s h i f t  (6z ). Thus we

should express the depth of the ray penetrat ion

6z/(evanscent tail) Ax 2tan0
in

The diffraction ef f iciencies in case s a and b

were ca lcu la ted  wi th  the numerical  anal ys i s  ( E q . 14 )

and cases c and d were calculated wi th  the closed

form expressions (Eq .3 7 - 3 9 ) .  Comparing the r ad i a t ed

loss c o e f f i c i ent of the four  genera l i zed  coupler con-

f i gurations (Fig.4—9) it is apparent that the slanted

grating of case a has the largest radiated loss co-

efficient (RLC) with the slanted coupler of case d

having  the next  l a rges t  RLC . A pnr o x i m a t e l y  the same

c o e f f i c i e n t  resul t s  for  the uns l an t ed  gr a t i n g  of case

a and the g r a t i n g s  of cases b and C

In case a (F i g . 4  and 5) the RLC is shown to be

s t rong ly  dependent  on g r a t i n g  s lant  a n g l e , and

the coefficient for the slanted grating is two orders

of m a g n i t u d e  h ighe r  than tha t  of the unslan ted  g r a t i n g .

~~ n~~ t~ -~ that in this unslanted grating (Fiq.5) that the

_ _ _ _ _ _ _ _ _ _  - -
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TE1 mode has a lower loss coefficient than either the

TE0 or TE2 modes. An examination of the electric

field pattern of the TE1 mode reveals a 
1900 phase

shif t and therefore a reduction in the diffracted

field strength as the wave propagates across the wave~

guide.

In case b the radiation loss coefficient is ob-

served to have a slight dependence on the grating

slant angle (Fig.6 and 7), due to the small pene-

tration depth of the evanscent tail into the grating .

If the grating thickness is larger than the evanescent

tail the radiated loss coefficient would be indeperx~ent

of the thickness.

In case ~~, (Fig.8) utilizing the double dif-

fraction process the second order Bragg effect coupler

can be constructed if the required index modulation

can be achieved inside the waveauide film .

In case d (Fiq.9) it is evident that an effective

second order Bragg effec t coupler could be constructed

when a nonlinearity exists in the film (n2~ 0).

Kogelnik and Sosnowski4 used a thick dichromated gelatin
holographic phase grating to achieve 70% couplinq efficiency.

Such hiqh coupling efficiency can be attributed to the
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first order Bragg diffraction process which redis-

tributes the energy from various diffracted beams into

the guided beam~ Because it is difficult to construct

a waveguide wi th a sufficien tly high spatial frequency

and fringe slant to provide for first order Bragg

coupling we choose to employ the second order Bragg

effect.

Alferness 5 has demonstrated that the second order

diffraction process can resul t from both double dif-

fraction tnrough the fundamen tal gratin g frequenc y

and single diffrac tion throught any exis ting second

harmonic grating frequency . If the second harmonic

componen t is negative rela tive to the fundamen tal,

the two diffraction process es add , givin g the highest

level of second order diffraction . Utilizing this

secon d or der Bragg effect , we coul d produce in an

optical wave guide a Bragg diffraction gratin g which

coup les li ght throu gh its secon d order diffrac tion

angle into a guided mode of the waveguide.

A prac tical and efficien t gratin g wave guide

coupler must: i) consist of a lossless and scatter—free

materi al, ii ) suppress unwan ted diffrac tion or ders

and iii) possess a highly spatially modulated re—
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fractive index to achieve strong waveguide coupling,

with a thin or moderately thick (2—lOi.tm) layer of

phase material acting as a waveguide ,our ~~ating wave—

guide could meet all of the grating coupler constraints.

This coupler would be fabricated with relative ease

because of the low grating frequencies require d for

the secon d order effects , is completely integrated

into the wave guide material and has the potential to

achieve high coupling efficiencies from air to wave-

guide modes.

In summary , a simple geometrical optics concept

is presen ted in which a grating wa~reguic~e coupler

analysis is divided into independent planar waveguide

and diffraction grating problems. The analysis of

the grating is accom plishe d wi th a close d form so-

lution of the diffraction efficiencies derived from

the thin grating decomposition method. Using the

conventional analysis of a planar waveguide the

distributed radiation loss coefficient of any grating

wavegui de coupler can be determine d from the separate

grating analyses. The results of our analysis are

comple tely compatible wi th those of the analyses

utilizing the perturbation approach1 and the elec tro-

magnetic boundary value approach 2. qowever, our

analysis has the advantages of being conceptually
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simple, physically intuitive, with results obtained

through minimal computation.
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Third order Bragg diffraction in a periodic medium

W. Y. Wang
University of Michigan

Department of Electrical and Computer Engineering
Ann Arbor , Michigan 48109

Abs tract

Algebraic experssions are derived for the diffraction

efficiency of the first, second and third orders of a holographic

grating recorded in a thick, pure phase material for readout

at the third—order Bragg angle. The results demonstrate the

importance of triple diffraction by the fundamental grating

as well as diffract ion by harmonic gratings . The method can

be extended to analyze the first order Bragg diffraction at the

first order Bragg angle with much greater accuracy. It is shown

that strong cross coupling can be obtained from triply—incoherently

constructed gratings.
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In recent years, the thick grating has been studied extensively

and a wide range of applications have been proposed , such as highly

efficient diffraction gratings, narrow—band optical filters, thick—

grating optical elements, grating deflectors and modulators, grating

couplers in integrated optics, and distributed—feedback lasers and

distributed Bragg—reflector lasers. The well—known applications of

thick holograms include high capacity information storage, color ho-

lography, and white—light—reconstruction holography. In essence, the

thick hologram can be regarded as recordings of a multiplicity of

thick gratings.

The diffraction of a plane wave by a thick sinusoidal grating at

or near Bragg incidence was studied by Kogelnik and by Burckhardt.

Kogelnik obtained a closed—form expression for the diffraction efficiency

at the first order Bragg angle by employing coupled—wave theory.1

Burckhart2 solved the exact electromagnetic boundary value problem and

obtained numerical results by using the computer to find the eigenvalues

of a matrix. His theory considered the energy exchange among higher

orders so that no assumption of strong higher order Bragg suppression

is required, which accoutns for it being used in gratings of arbitrary

thickness. However, the drawback of such a method lies in its dif-

ficult implementation and lengthy computation. Recently, Alferness3

introduced the thin grating decomposition method in a single grating

case, which offers conceptual simplicity , general applicability and

ease of implementation in the computer. His method has been used in

analyzing second order diffraction and guiding effects in thick gratings.

In this paper, his method is extended to analysis of third order
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diffraction of thick, high index, sinusoidally modulated gratings which

are assumed to be lossless. The surface reflections of such gratings

can be neglected in the derivation, because, in practice, they can be

eliminated by anti—reflection coatings. Even if there are surface

and internal reflections, the transmitted diffraction efficiency can

be corrected by a multiplicative transmittance factor .

Theory of Third Order Bragg Diffraction

Here we examine a grating constructed interferometrically in a

thick emulsion, as shown in Fig. 1. The propagation vectors of each

of the recording beams are in the xz plane and are symmetrical

about the z—axis. Therefore, the fringe planes are perpendicular to

the plate and there is no variation along the y axis. The thin

grating decomposition method is valid for the incident readout wave

polarized along the y axis. When we consider a pure phase material

and the possibility of a film—generated nonlinearity , the refractive

index inside the emulsion can be written as

n (x) = no + n1 cos2n fx + ~2 eos4wfx + n3 cos6nfx (1)

where n0 is the average bulk index and n1, n2 and n3 are respectively

the index modulations of the fundamental, second and third harmonics

of spatial frequency f. In the thin grating decomposition method , we

assume the thin vertical slab of the emulsion to be of thickness

Az. Since the fringe planes are along the z direction , the thin

slabs are identical . The spatial phase shift caused by each thin slab

io6
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~~~~1
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Figure 1. Construction geometry. P1 and P2 are plane waves
with propagation vectors in the xz plane and symmetrically
inclined about z axis. The fringe planes are out of the
paper and perpendicular to the plane of the plate. The
f undamental gra ting freq uency is f 2(n0IX)sinO and the
emulsion thickness is D.
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incident upon by a plane wave with direction cosine cosOi 
(angle

measured internally) is:

4 (x) = 2irn(x) Az/Acos8~ 
(2)

where A is the free—space wavelength of the readout wave. Since the

emulsion is a pure—phase material, the amplitude transmittance of

each slab can be written as

TA = exp(j~ (x)) (3)

The amplitude transmittance of each thin—grating slab for a wave

incident at can be expanded as

2nn1Az
T
A (x) =p 

~~~~~~~~~~~ 
) exp(j2~rp fx) x

2nn2Az
q~~o. ~~~~~~~~~~ 

) exp(j4itqfx) x

2,tn3Az
r2,~ 

(j)
rJ ( ) exp(j6itrfx) (4)

where we have dropped an unimportant common multiplicative constant.

• The total field emerging from the first thin slab, due to an incident
no

plane wave of spatial frequency f~ = ~—sin91 
(the component of spatial

frequency in the x direction), is the product of the input amplitude

Ai 
exp(j27tf

i
x) and the amplitude transmittance of the slab:

2rn1Az 2irn2Az
A
1~ pta. (i~~Jp

(xcose~ 
) x ~L (i)~ Jq (~~058 ) x

2ITn3Az A f
rL, (j)

rJ ~~~~~ 
) exp 

~ A 
Az[l — ( L) 2 ]1~’2

exp [t2n(f1 ÷ pf + 2qf + 3rf)xJ
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where we include the propagator of the incident wave over the slab thick-

ness Az.

In his coupled—wave analysis for readout near the first order

Bragg angle, Kogelnik assumed that, for gratings with a Q factor

greater than 10, EQ = ~~~~~~ only the zeroth (undiffracted) and one

first diffracted order are important. Bergstein and Kermish5 have

shown that in a pure sinusoidal grating with 4nOnh/(Af)2<<l , only the

zeroth and mth orders are significant for the readout at the nith order

Bragg angle; their condition implies that, in addition to a large Q

factor, a correspondingly low index modulation is required if only

two orders are to be significant. For typical gratings or special

grating profiles (such as square, triangular, sawtooth profile) with

a moderate Q factor, the necessary condition for only two orders

does not apply to the readout at the higher order Bragg angle.

Theref ore, when we analyze diffraction at the third Bragg angle, we

have to include four significant orders. For an incident wave at

z = 0 of spatial frequency f0, the spatial frequency of the first,

second , and third orders are f0 — f, f0 — 2f, and f0 — 3f. We

write the amplitude of each of these plane waves as one component

of a column vector:

A0
A— (6)

A 3
where the subscripts correspond to the order numbers. The result of 
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each thin—grating slab upon the propagating waves can be written as a

coupling matrix which describes the multiplicative amplitude and phase

change effected by the thin grating in diffracting the jth order into

the ith. The i, j matrix elements can be found from Eq. 5, by

choosing p, q, and r, such that,

= f~ + pf + 2qf + 3rf (7)

By inspection of Eq. 5, the coupling matrix of each thin—grating

slab can be written as

$5 3iao i~ oe j—e j—e
C 1 c1 c0

jczo ja1 jct1 Jao1—e e j—e
C0 c1 c0

jci1 jcL0j—e j—e e
c0 c1

$5 1
~~~~~~~ ~~~~~~~ j~~ e~~ 1 ejC

~0 (8)
Co co Cl

where

_ irn~Az/ A i 1, 2, 3 (9)

— ~rn0Az cosO
1

/X 1 — 0 , 1 (10)

c1 
— cos81 (11)

Since we can make Az arbitrarily small, we can use the first order

approximations of the Bessel functions, J0(x) 1; J 1 (x) x/2;

and Jq (X) 0, q ~ 2 for x<<l , and J 1 2is also neglected . We have

also used El — (.?~_ f )2]lI’2 — cosO 1 and J_ 1 (x) = —~1 (x). Since the

output from a thin—grating slab is incident upon the next slab, the

total amplitude after the Nth slab is
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A~~= H
NA (12)

Because the readout wave is a single plane wave of unit amplitude and

zero phase, we have

A = [
~
]0 (13)

Here we analytically carry out the matrix multiplication of Eq. 13

of the readout wave incident at the third Bragg angle in the limit

N + 
~~ , Az -

~~ 0, such that NAz = D , the emulsion thickness . The matrix

multiplication of Eq. 12 is greatly simplified by transforming it

to a basis in which H is diagonalized. The advantage of a diagonal

representation is that the Nth power of H becomes simply the Nth power

of eaCh of the diagonal elements. The diagonal elements of H in  this

representation are the eigenvalues of H and the basis vectors are the

associated eigenvectors. The eigenvalues a
~ 

of H satsify the matrix equation

det (H — iII) — 0 (14)

where I is the identity matrix. It is convenient to make the sub-

stitution

= -j (1 -

The solutions of Eq. 14 are:

-A ± ~fA 2 + 4B
‘P1 ,2 2 (15)

-c ± ,,~2 + 4D
— 2 (16)

where

~1 $53
(17)

c1 C0
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2
— 

— + 
~2 

+ c1’53$1 — 2.51t52 (18)

cod

c = •~ +~~!+~~! (19)
Cl

D = 
$51

2 — 
~i~3 + $5 22 — c1 $53~~+ 2$5162 (20)

cod

2wn~
~ (ci — c0) . (21)

Since we can make Az arbitrarily small, ‘Pi<<l , therefore, the eigen—

values are = 1 — exp (—j’P1
). The associated eigenvector E1

satisfies the matrix equation:

(H — a j I)E i 
= 0 (23)

and can be found in terms of the origina l basis.

c~ (4,~ — 4..) cI ( ’P i  —
E 0 1 - (

~ i - 

~2 
e (

~i - ~2) 
e i$i 

- 1 
A0

1 - (6 (6 —e~~~ - 1 A 1

E 2 

= 

- 
c l ( ’P3  

~~~ -i~~i 
~2) 

1 A 2 

( 24)

ci (’P~. ~~~~ ci(’P~. ~~~~ ~~ 1E3 1 — (
~i — ~2) 

e (
~ i — ‘~2) 

e A 3

From the initial condition of A (Eq . 13) and from the transformation

of Eq. 24 , the initial condition in the Ei basis is:

ri
I’E I i
Ll (25)
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Therefore, in the diagonal representation, the total amplitude after the

Nth grating is

e~~ 
‘P~

E(N) — L 
e i*2 

e i’P3 
]
~ 

fl~ e jN’Phl[ —j N ’ P21
— 

e_jN’P3 i

e_i*~] (~ij :_iN ~~j  (26)

To find the amplitude of the first, second and third order af ter the

Nth thin grating, we transform back to the original basis via the

inverse of the transformation in Eq. 24, thereby obtaining:

i *~E3(N) — ~P~E2(N) ~P2Eo(N) — ‘P1E1(N)
A0(N) = 

~~~~ (‘Ps — ‘Ph) ~ + ~ (‘P a — ‘Pi) 
(27)

j~ l 
—( ‘Pi — ‘P2)(E2(N) — E3(N)) — (‘P 3 — ‘Pk)(EO (N) — E1 (N) )

A 1(N) —— — a —E ] (28)
c1 2 ( ‘P3 — *L.)(’Pi — ‘P2)

j4l (‘Pi — 4’2)(E2(N) — E3(N)) + (*3 — ‘P~ )(E o(N) — E1(N))
A2(N) = —e —1 1 (29)

c1 2 (‘P3 — ‘P~)(’Pi 
— ‘P2)

1 ‘P3E3(N) — ‘P~E2(N) ‘P2Eo(N) — ‘PiEi (N)
A (N) = 

~~~~ ( ‘P3 — 4’~~) ~ 
— 

~ (‘Pa — ‘Pi) 
(30)

with NAz = D, we define

Ii = 1/2 — 1/2 (31)(cod ) A(c 0c 1)
tS 2N

12 — 1/2 (32)(cod )

$53N
13 (33)

CO
$5 1N d~ 1/2

Yi ’ — (~~~) Ii (34)

2irn0
— $1N — 

~ 
D(c 1 — c0) (35)
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x1~~~~~— y 1 1 + 13 (36)

X2~~~~~+ yl ’ ~3 
(37)

— (x1 2 + 
~yiI 

2)1/2 
P2 — (x22 + 4y ~ 2)1/2 (38)

Y i i  ‘Yl - 12; i n  — Yi + 12 ( 39)

x1’ (x1 — 213); x2’ (x2 + 213) (40)

Physically, Ii, Y2~ 13, 
are respectively, the total grating strength of

the fundamental, second harmonic and third harmonic, and ~ is the total

phase dispersion (difference in propagation factors) between the

second and the third order. The diffraction efficiency DE1 
— 
~~IAi I 2

of each order after grating thickness D can be found from Eq. 27

through Eq. 30 by using Eqs. 15, 16, and :

sinP~1cos~~ sin~ Zcos!2.’ 
sin21cos3~1~

’ 
sin2~2coa~ 2

’

D1 ,2 1~ 
2~ ( 

2 2 ± 2 2) + ~ 
2 2) ± ~ 

2 2)] (41)

D 3 ~ 
— ~ [( sin2 cos~~~— sin2~

2cos3 f )  + (cos2~ sin~-~ cos~~sin~~~ )]

+ I (2 sin sin —~ -sin%sin
2
~~~) + (cos9cos9- _cos~~

2 cog~~) j 
2 (42)

We readily f ind that

DE0 + DE 1 + DE 2 + DE 3 — 1 (43)

Therefore, the energy flow in the z direction is conserved——as indeed

it has to be, since for a pure—phase material the coupling matrix of

Eq. 8 is unitary.

PURE SINUSOIDAL GRATINC nZ n~3 0

In the case n2 — n3 — 0, all the energy in the third order Bragg

1114
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diffraction results from multiple diffraction through the fundamental

grating. An interesting property of the third order Bragg diffraction

of a pure sinusoidal grating is that its maximum diffraction effiency

is periodic with F. By inspection of Eq. 42, we can express the con-

ditions for 100% DE3 as either

p i I 2  mn m — 1, 2, 3 .

P2/i - (m+ l)1T

r~ ’/2 — n n = 1, 2 , 3 .

— (2m + l)ir/2n m ~ n (44)

or

Pi ’2 — mir in = 1, 2 , 3 .
02 /2  — (m + 2 ) i r

— (2n + 1) n = 1, 2 , 3 .

= 4(m + l) n / (2n + 1) m > n (45)

The condition imposed on ~ implies that for a fixed thickness and

readout wavelength, the third order diffraction efficiency can be

100% only for discrete grating frequencies. In Fig. 2, we plot DE3 vs

for several values of (c 0/c 1)
uI’2

, with 
~ 

The maximum value
1/2of DE3 can be made 100% for proper choice of Yi and the ratio (CO/cl)
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Figure 2. Diffraction efficiency of the third order at the

third—order Bragg angle due to triple diffraction
(n2 — n3 — 0) versus the fundamental grating strength
Ii 1Tn 1D/A (co/q)l/2 with ~ — Sit/2 for several values
of (c0/c1)112 .
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GENERAL CASE: fl2, n~~~ 0

In most cases of interferometrically constructed gratings of

pu re phase materials, the film response is nonlinear; therefore

we must include all the terms n1, n2, and n 3 The necessary

conditions for 100% diffraction efficiency in the third order

are:

x1 ’’ = 2fl,r Yi ’ + 13

p i /2 mit; P2~’2 
— (m + l)ii (46)

= 
(2ni + l),T2 ...4~ 1y2 m > n
[2n ir — 2 1 3 ] —

Because the condition on ~ include Yj ,  12 andy3, DE3 can be as

high as 100% for a fixed thickness and wavelength and for any

arbitrary choice of spatial frequencies by proper choice of

n2 and n3. In the case where n1, n2 are each zero, the result is

identical to the coupled wave result at the first Bragg Angle.
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RESULTS FOR yi/E, r~1~ << 1

The general results of Eqs. 40 and 42 can be simplified under

the assumption of index modulation small relative to (Af)2, or

<<1. The following small parameters are defined as:

= 
~~~~~~ 2n~nj / (A f )  2 << 1 (47.)

t2 = y
~

I
~ ~ 2n0n1/(Af)

2 << 1 (48)

t 3 = Y3/~ 2n0n1/(Af)2 1 (49)

t1 ’ ii ’/~ 
— ~~~~~~~~ 2n0n 1/ ( A f )  2 << 1 (so)

We see that DE 3 from Eq. 42 is simplified to:

DE 3 sin2[13 — 
21112 + (.c.ft)l/21).] (51)

The three terms in the bracket can be identified as three possible

modes for achieving third order diffraction through the three Fourier

components f, 2f , 31; they are (1) triple diffraction through first

harmonics, (2) combinations of diffraction through second harmonics

and first harmonics, (3) diffraction through third harmonics.

Eq! 51 shows the opposing effects of mode 2 against mode 1 and 3,

if 
~2 

and n3are positive relative to ni . Such results agree

with those of D. L. Jaggard6 in his extended coupled wave analysis of

higher order Bragg coupling in a periodic medium; also with those of

Su and Gaylord7 on higher order diffraction byutilizl’ng the Chu and

Tainir8 rigorous modal approach.
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EXTENSION OF ANALYTIC RESULTS FOR THE FIRST—ORDER REAI)OIJT:

We can increase the accuracy of the analytical results for

readout at the minus first Bragg Angle by including also the

positive first and minus second orders. This is especially

true for gratings of moderate Q factor or very high index modulation.

At the first Bragg angle, the dephasing term associated with the

conjugate first order is the same as that for the second order, and

in general, these orders can be of comparable importance. The

coupling matrix for the first order readout is the same as that for the

third order readout, except for the modification of the initial condition :

A = [
~
] (52 )

0

The minus first diffraction order of the results from the general four—

waves analysis can be calculated. From the results we can see that

as the Q factor increases, the first order diffraction efficiency

gets closer to 100% when 
~1 = rr/2 , which means that as the Q factor

increases, the higher orders can be neglected . The closed form

solutions for diffraction efficiency of first positive, zeroth, minus

first, and minus second orders can be obtained by changing the initial

condition to those of Eq. 52.

The diffrac tion eff iciency of such diffrac tion orders are :
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DE.4.1 ,—2 = [l2sin cos ± sin9.cos9.] 
2

+ [~~sina2.sin~~ ±~‘-sin2~-sink~
’
] 2

P2 2 2 p 1  2 ~ (53 )

DE 0 _~~~~~ ~ [_ (±~~1sin2~1sin~~~~+ ~ 2sin
2
~
2sin~

Z )
‘ 4 P~ 2 2 P 2 2 2

+ (cos9cos9- ± cos%cos~~~) 
2

+ [(~~sin2-~-cos~-~- ±
P1 2 2 P2 2 2

+ (cos~~sin9 
- cos - itr~-~~ ) 2

With small ~ , a grating can be considered as a thin grating :

there is no Bragg effect on the diffraction efficiency and the maximum

value of DE1 33% agrees very well with the first maximum of J1
2.

With an intermediate ~~, the diffraction efficiency is strongly

dependent on ~ and a rapid monotonic increase in DE_1 as the other

orders are suppressed. In cases of very large P~, DE_ 1 does not

depend entirely on higher harmonic grating frequencies. The dependence

of diffraction efficiency on higher harmonic grating frequencies is

quite significant as we can see from Figure 3, where Y
~ 

1.0,

12 — —0.5,and various 13. For large E , the dependence of

the diffraction efficiency on third harmonic grating frequencies is

reduced drastically——almost independent. From Figure 4, where y~ 
= 1.0,

13 — 0, and various 12, we see that even for large~~ at least a 10% increase

in diffraction efficiency can be expected when the value of 12 increases
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Figure 3. First order diffraction efficiency at the first
Bragg angle versus 13 with a fixed Yi 1. and

~ 2 = — .5 for several values of ~~~.
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Figure 4. First order diffraction efficinecy at the first
Bragg angle versus y2with a fixed ii 1. and
13 — 0. for several values of ~.
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from 0 to 0.5. Therefore, it is evident that even for the first order

diffraction it is necessary to include the higher order grating com-

ponents in order to obtain accurate results.

ANALOGY WITH MULTIPLE GRATING ~ - 0

Figure 5 is a construction geometry for triply incoherently

superimposed gratings. We first interfere plane waves P1 and P 2,

then P2 and P3, and finally P3 and Pk. The incident wave at the

Bragg angle of the first grating is strongly diffracted by it.

This diffracted wave is at the Bragg angle of the second grating and

is strongly diffracted again. And it finally is strongly diffracted

by the third grating. The cross—coupled order via such triple

diffractions is the same as the third order diffraction in the single

grating of n2 = n 3 — 0. It can be proved that the coupling matrix for

the multiple grating described above is identical to Eq. 8, except

that ~ — 0. The result for DE3 will be the triple diffraction for

a triple incoherently superimposed grating as illustrated in Fig. 5.

The triple diffraction results are shown in Fig. 6 for different

ratio of (.S.L1)~~’2
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Figure 5. Construction geometry for multiple gratings. For the
incoherent superposition, plane waves P1 and P2 are
interfered first, then P2 and P3, and finally P3 and
P14 .
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Figure 6. Diffraction efficiency of the cross—coupled order (P14)
versus the grating strength y~ 

irn1D/A(co/cj)1/2 for
readout at the noncon~ on Bragg angle (P 1) .
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