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ABSTRACT

The guiding of waves in interferometrically produced waveguides is in-
analysis was developed. Computer
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SUMMARY AND ACCOMPLISHMENTS

During the course of this contract, we pursued the following objectives,
as stated in our plan of work in our initial proposal:

1. We will adapt the techniques of volume holography to the devel-
opment of multichannel optical waveguiding 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
interfacing 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.

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

i, On the basis of what our studies indicate is realiziable, we
will explore the feasibility of various forms of optical pro-
cessing devices.

Some of these proved quite attainable, whereas others were found to be
difficult and success was only partial. In addition, various new ideas, not
anticipated in the original statement, but broadly falling within its scope,
were conceived.

We list our various accomplishments, as they relate to the four items of
our work plan.

Our principle effort was directed toward item 1. Our investigation of
applying the techniques of volume holography to the develcpment of multichannel
guiding structures was done mostly on an analysis basis.

A major problem, recognized at the outset, was to find a theory to aid in
the analysis of guiding in closely spaced channels having index profiles of
the sort attainable with interferometric construction. Since the channels =zre
to be constructed by recording interterence fringes, and since the intensity
profile is normally sinusoidal, we expect that the resulting channels will ex-
hibit a sinusoidal index profile. The analysis of the waveguiding properties
of such channels is not easy, and we felt that the conventional means were not
very satisfactory. To this end, we developed a new and essentially different
approach, which is highly versatile and quite simple to apply. This is the
thin grating decomposition technique (hereafter, TGD) developed originally for

analysis ot diffraction from volume gratings, but readily adapted to the multi-
channel waveguide problem. This technique, as it applies to waveguiding, is
described in appended paper No., 1, by Leith, et al.

We desired a theory which would, without more than a change of parameters,




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 transition region, when partial guiding ef-
fects are observed, and which 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 1974 - March 1975)
we used the TGD 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 re-
sults of that paper as follows: We assumed a sinusoidal index profile
throughout, and we generally assumed the input energy to have a shape, in the
direction transverse to the channel, of one cycle of a sinusoid. We found
that the index modulation required of the guiding structure to rise rapidly
with decreasing channel spacing, being roughly quadratic in the region of 50-
150 channel/mm, and to rise much more rapidly above 150/mm, so that as a
practical matter channel densities above about 200/mm are not feasible.

We examined the guiding characteristics of various pulse prcfiles, other
than the sinusoidal one previously noted. One interesting observation is
that, regardless of the spatial width or shape of the input pulse, the out-
put pulse tended to converge toone of sinusoidal profile matching in scale to
that of the guiding channel, that is, if the channel profile is of the form

X

n = n. ta o8 2x =

0 1 d
where n0 averaged refractive index
n. = maximum deviation from no

d = channel periodicity

then the pulse profile, as a function propagation distance, tends to converge

to
X X
T(x) = (l cos 2n T)ITCt(;)
This interesting phenomenon can be explained in terms of the basic mode equa-
tions for the sinusoidally profiled waveguide,

These are a few examples of results from our extensive study of guiding
characteristies using the TuGD method,

In addition to the theoretical study, we carried out a2 continuous experi-
mental investigation of materials, We first used polymethyl methacrylate and
various photopolymers, then tried dichromated gelatin. The latter is desir-
1ble because of the large refractive index changes that can be induced in it,




at least 10 X that inducible in polymethyl methacrylate. Dichromated gelatin,
however, has its own special problem, the principle one being that samples of
thickness greater than 90 to 100 microns are not feasible.

We first explored commercial plates which came in thicknesses of 15 to %0
microns. These were Kodak 649 photographic plates, and we prepared them for
our purpose by removing the silver and sensitizing the gelatin with ammonium
dichromate. This is a standard procedure. We then proceeded to prepare our
own plates by mixing 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, sensitizing 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 dry-
ing.

Our goals were to try to form dichromated gelatin plates as thick as pos-
sible, while still achieving index modulation sufficient to produce waveguides,
We succeeded in achieving thicknesses of about 90 microns while still achieving
the required index modulation. This thickness is adequate for some of cur pur-
poses, but not for others.

The advancement of dichromated gelatin technology is a long-term project
which is important tc many of the activities of our laboratory. We expect our
research efforts in this area to continue, with progress being rather gradu=al.
Similarly, progress elsewhere is continuing, with gradual improvement in the
technology.

Our effort on item 2 of the work plan was also extensive, although re-
stricted to single channels,

Principally, we developed the concept of modular opties, which, while
falling within the scope of that item, is we believe a worthwhile concept in
its own right and goes beyond the scope of the work statement. This concept,
stated briefly, is that one may form (in our case, interferometrically) opti-
cal elements of various sorts which can be attached by index-matching fluid
coupling to a slab waveguide whereupon a guided wave is pulled out of the slab,
is operated upon by the modular element, and then in its modified form is
coupled back into the waveguide.

The modular element can be a beam splitter, a lens, a mode converter, or
any other element that can be fabricated as an integrated optics structure.
[n this manner optical systems can be constructed that are in fact integrated
optics systems, having the ruggedness, stability, and compactness of such sys-
tems, but also having the adjustability of conventional optical systems.

This concept has been disclosed in a patent application, and at present,
four papers have been published or submitted on various aspects of this con-
cept. To date, we have constructed a modular optiecs interferometer, and a
iouble mode coupler.




On the third item of the work plan, the coupling into the guides, we made
considerable progress. Of course, the mcdular 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-
ture using the TGD method, and found from computer analyses that the coupling
efficiency could be high, nearly 100%. This work is described in the appended
paper by Wang & Dilaura, submitted to Applied Optics.

At the basis of all of our analysis is the TGD 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 of non-linear grating,
and distributed feedback lasers where the modulation index cf the active me-
dium varies sinusoidally rather than in discrete steps.

Finally, much of our device analysis falls within the scope of item L,

the final item, of our work plan,

A total of 11 papers were proposed for publication from work supported
either entirely or in part by this grant. Five of these are now in print and
the remaining six are pending. In addition, two doctoral dissertations (G.
Kung and W. Wang) were supported by this work. The papers are presented in
the Appendix.

The principle obstacle to the fullest realization of our objectives is
the materials problem; materials having the ideal characteristics (i.e., very
thick, high transmittance before development for the exposed stage) and high
index modulation are not available, We therefore (a) worked within the mate-
rials limitation; (b) performed, on a modest scale, materials development; and
(c) carried out analysis and design on the basis of material characteristics
not yet available. In addition, some of our results (i.e., the TGD analysis
and the modular optics technique) have, we believe, import well beyond the
scope of our grant objectives.

L
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THICK GRATING ANALYSIS OF INTERFEROMETRICALLY PRODUCED WAVEGUIDES
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The thin-grating decomposition method of thick grating analysis is used to analyze guiding effects in thick phase

gratings having sinusoidal refractive index modulation.

Interferometrically-produced phase gratings can
be used as wave-guiding structures, as demonstrated
by Rosenberg and Chandross [1]. Rosenberg gives an
analysis of this phenomenon by ray tracing methods
[2]. We note that the structure that produces Bragg
diffraction is the same one that produces guiding, ex-
cept that for guiding to be manifested, both the thick-
ness and index modulation must be relatively large.
We also note that the basic Bragg diffraction equation
and the basic equation describing guiding in a slab
waveguide are similar. We have therefore sought a
single analysis, preferably a grating analysis based on
physical optics, that describes both phenomena, and
that will give insight into the transition region, when,
with increasing refractive index modulation, the Bragg
diffraction process produces confinement.

In the diffraction process, a plane wave impinges
on the thick grating at the Bragg angle (fig. 1). When
the wave enters the structure, a diffracted wave is
formed: as the two wu‘:/cs propagate through the
structure, there is a continuing exchange of energy
between them. Continuing with this heuristic ap-
proach, we expect that when most or all of the ener-
gy in a plane wave is reflected from the first Bragg
plane encountered, energy initially contained between
two Bragg planes is confined between these planes
until the wave emerges from the structure. Unfortu-
nately, the usual analyses for diffraction from thick
gratings assume uniform plane waves. The analyses
predict the intensity of the emerging waves, but give
no insight into the paths that the light traveled. In
addition, the closed-form solutions are restrictive:

\
%

I'ig. 1. Sinusoidal thick grating, showing incident and dif-

fracted waves.
Sy
> ~
! d
]

[———"1

I'ig. 2. Spatial light pulse incident on grating surface.

Kogelnik’s coupled wave analysis 3], for example,
allows for only two plane waves, and these must each
be at or near the Bragg angles. We require an analysis
that enables us to propagate a small spot of light (a
spatial pulse) through the structure.

Alferness [4] has described an extremely general
method, which allows the plane waves to be incident
at any angle. It is, however, a plane-wave analysis,
but it can be modified for our requirement. This

method is called the thin grating decomposition meth-

od, and is conceptually quite simple, yet in all tests
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that have been made, both by way ol expermment
and by comparison with special cases that can be
analysed by other methods, the Alferness method
has proved accurate. The method involves decom-
posing a thick grating into a stack of thin gratings.
cach of which is sufficiently thin that thin grating
theory holds. Each thin grating diffracts the incident
planc waves into various orders, depending on the
grating structure. These diffracted waves are the in-
put for the next thin layer. Typically, the decom-
position involves about 30 to 100 thin gratings: thus.,
the analysis requires a computer.

In our procedure (fig. 2), a spatial pulse impinges
on the source-side surface of the grating. The pulse
is Fourier-decomposed into a spectrum of plane
waves at various angles. The Alferness theory per-
mits us to propagate each one through the structure,
and to combine all of the emerging waves, both
direct and diffracted, to find the resultant intensity
distribution.

Since for calculational purposes we are restricted
to a finite number of plane waves, we should choose
an amplitude profile for the pulse which is not only
realistic, but which can also be described without
an excessive number of components. A suitable
waveform is

f(x)=(3 + 35 cos 2mx/d) rect x/d (1)

where d is the grating period, and rect x/d =1 for
|x] < ; d, and is zero otherwise. This wavetorm has
the advantage that not only is it confined between
the limits x| = % d, but also that its spatial-frequen-
¢y spectrum

F(f) =5 dsincdf, +gdsincd(f, +1/d)
tadsincd(f,  1/d) (2)

is very nearly confined between the values f, = 2/d.
[Note that sinc x = (sin 7x)/mx].

We sample this spectrum at intervals 1/Pd, giving
4P 1 samples between the limits *2/d (fig. 3),
giving a sampiced spectrum

F(f) = F( ) comb Pdf, (3)

where combaf, =X 6(f,  n/a)and 6 is the Dirac
delta function. The sampling results in a modified
mput function

230
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=2y 2

d B '
IFig. 3. Spatial frequency spectrum of pulse, Only the
envelope is shown: 63 discrete frequencies reside under the
envelope.

fUx) = [(5 +3 cos 2nx/d) rect x/d]| * comb x/Pd

2P
= E a, cos 2mnx/d . (4)
2P

This function, being composed of a finite number of
harmonically-related spatial frequencies. thus physi-
cally corresponds to a set of 4P 1 plane waves. with
incidence angles 0 = sin ' n\/d. These we propaga‘e
through the grating structure, using the Alferness
method. Some of these components satisfy nearly o
exactly the Bragg condition and produce ditfracted
waves at the output: others do not. At the output
plane, or exiting surface, all incident components,
along with the new components generated by ditfrac-
tion, are combined, thus forming the output wave-
form.

Some precautions should be observed in designing
the experiment. The sampling process forms a periodic
function f( from the single pulse /- thus, the input is
a sequence of pulses of the form /. separated by inter-
vals Pd. We should choose P sufficiently large. i.e .
take sufficient samples, that, over the propagation
distance, the pulse spreading due to diffraction does
not result in an overlap of adjacent pulses. The greater
the number of samples. 4P - 1, the greater the separa-
tion distance between pulses.

The calculated results are shown in fig. 4. We have
assumed a grating with a sinusoidal variation of re-
fractive index, with index variation along the x direc-
tion only (the unslanted tringe case). The pertinent
parameters are: grating spacing d = 1/100 mm, grating
thickness = 0.54 mm. wavelength X = 6328 A, and
refractive index of 1.50. The program broke this into
18 thin gratings of thickness 0.03 mm: such gratings
satisty Kogelnik's Q-factor criterion for a thin grating
|3]. The output pulse is shown in a to d for various
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Fig. 4. Intensity distribution at output surface, for various values of An: (a) an = 0 (no grating): (b) An = 10%:(c) an=2%x10"%

(d) an =6 X 107%; (¢) pulse incident at input surface.

index variations. Curve e shows, for comparison, the
incident pulse. Curve a shows the output pulse for
An = 0; this is just the diffraction spreading that
occurs in the absence of a grating. Curve b, ¢, and d
show the output for increasing values of An; as An
increases, the pulse becomes increasingly confined.
However, the greatest confinement appears to be of
the energy that, in the absence of the grating struc-
ture, falls in the middle regions of the spread-out
pulse. The energy in the outer portions, corresponding
to the most oblique plane wave components, shows a
lesser tendency to confinement.

The plane waves satisfying the Bragg condition are
represented by the spatial frequency components
+1/2d, which is only 3 of the maximum spatial fre-
quency 2/d. Also, we note that the value of An re-
ported by Rosenberg and Chandross in their experi-
ments was 6.4 X 104 this is close to the value of
An (6 X 10-4) for which our curves show nearly
complete wave confinement. Finally, we observe

that thinner structures, such as dichromated gelatin,
produce refractive index changes up to two orders of
magnitude greater than those considered here. Thus,
when spatial frequencies on the order of a few hun-
dred cycles/mm are recorded, the guiding conditions
are generally satisfied, even though the guiding effects
are not observable, since the propagation distances
are too short to reveal this phenomenon.

We thank the Office of Naval Research for their
support of this work (contract number N 00014-67-
A-0181-0058).
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P.ojzagation of spatial pulses in interferomerricaliy

produced guiding structures

G. C. Kung and E. N. Leith

Image transfer properties of interferometrically produced dielectric light guides are investigated. A gener

al technique of analysis i< developed

Computer caleulations based on this approach are used 1o study the

hehavior of pulees traversing the guiding structures for various values of refractive index Experimental

results are obtaimed using photosensitized polymethyvl methacrvlate as the recording material Computer

results are compared with existing theory and found to be in close agreement.

Introduction

Optical wave confinement in dielectric slabs haor-
dered by materials of lower refractive index has been
widely treated. The general treatment of optical
slab waveguides is usually based on the assumption
that the cladding, the material of lower refractive
index, extends to infinity. 1f several slab wavesuides
are placed parallel to one another in space, the a--
sumption is usually made that the cladding is suffi-
cientlv thick that the presence of one guide does not
distort the field of others, and there is thus no inter-
action between the waveguides. This is the treat-
ment introduced by Tien.! However. in many prac-
tical cases, the assumption that parallel slab wave-
guides are independent of one another cannot be
made: such waveguides must be considered to he cou-
pled. This is the case when the slab waveguides are
in close proximity and especially when there exists no
diserete boundary between adjacent waveguides, as
occurs when they are formed by recording of interfer-
ence fringes in a thick dielectric medium. The cou-
pled wave equations for this case become s¢ unman-
ageably complicated that a different approach is in
order” A ray optics approach was used by Rosen-
berg in his analysis of the interferometrically pro-
duced fiber optics structures produced by Rosenberg
and Chandross 4

Fvidently, an arrav of slab waveguides formed in
this manner can equally well be regarded as a volume
phase grating, and we should expect that the various
analyses that have been given for diffraction from
volume gratings produced by recording interference

The authors are with the University of Michigan, Ann Arbor.
Michigan 48107 d
Recewed 3 June 1975
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fringes should also describe image transfer effects
manifested by these gratings. We aim to develop a
general theory that could. by no more than a change
of parameters, describe Bragg diffraction, the image
transfer effects that occur with sufficiently high
index modulation, and the transition case where,
with increasing index modulation, the Bragg diffrac
tion effect becomes an image transfer or guiding ef
fect.

Method of Analysis

We have adapted the thin-grating decomposition
method of Alferness to the analysis of guiding in in-
terferometrically formed slab waveguides ™ This
method is conceptually quite simple, vet it gives re-
sults that agree exactly with those of more complex
theories such as given by Burckhardt,” Kogelnik
and Kaspar.® The method consists of decomposing a
thick grating into a stacked arrav of thin gratings and
treating each thin grating component in terms of the
well known thin phase grating theorv. The diffract -
ed orders of the (th thin grating forms the incident
waves of the 1 4 1th thin grating.  This process is
continued until we reach the final plane, where the
various plane wiaves emerge as the diffracted orders
of the thick grating.  These waves are just the ones
that satisty the Bragy angles, although no Bragg dif-
fraction considerations werc explicitly inserted into
the theory.  The various diffracted orders that do
not satisfy the Bragg condition simply average to
values near zero.

We have maodified the Alferness methaod hy using a
narrow distribution of light (a spatial pulse) as the
incident field (Fig. 1). We decompose this pulse into
a spectrum of plane waves and propagate each one
independently through the structure: each wave gen
erates various diffracted orders.  All waves are then




a €
Fig 1. Propagation of a pulse of light through a thick grating:
ta) shows the grating structure, with spacing d: (h) shows the input
pulse: and (¢) shows the pulse emerging from the other surtace.

summed at the output surface to vield the resultant
intensity distribution. The theory as used here in-
volves the same assumptions and conditions as im-
posed by Alferness. The polarization is with the £
vector parallel to the surface of the recording materi-
al, and the diffracted waves are summed coherently
at each successive thin grating, with the assumption
of no polarization changes, following the earlier treat-
ments of Burckhardt and Kogelnik. The intensity at
the exiting plane is calculated without regard to
propagation direction.

Although the method is not restricted to any spe-
cific profile of input pulse, we have assumed one with
amplitude of the form

) = 500 v cos2r vVad) reety od, (1

where « is the grating period (10 “ mm in this
paper), and a is a constant that adjusts the width of
the mput pulse.  Not only is this pulse spatially
hounded, its spatial frequency spectrum is also near-
Iy bounded.  For computational purposes, we trun-
cate the speetrum at f, = £2/+d, thus ignoring the
small secondary lobes Iving outside this bound. This
leads to only very small errors in the results because
the secondary lobes are of the order of 1077 that of
the peak, as shown in Fig. 2. Ircour analysis, we rep-
resent f(x) by a Fourier series; each term of the series
represents a plane wave that we can propagate
through the grating. This Fourier series representa-
tion results in additional pulses fix — nl’), where P is
the period of the tundameittal component of the Fou-
rier series. We must choose I’ sufficiently large, i.e.,
take many samples of the spectrum of /(v) so that
the various input pulses remain sulficiently sepa-
rated that they do not interact as they travel through
the grating.

Acomputer program developed by Alf:rness for
his thin grating decomposition analvsis was modified
for the study of image transfer effects. The comput -
er program, which assumes un<lanted fringes and a
sinusoidal variation of refractive index, allows for ad-
justment of input pulse width and grating thickness,
lateral positioning of the input pulse, selection of re-
fractive index modulation n, and adjustment of the
grating period. The pulse spectrum is computed and *

5
i

sampled; each sample represents a plane wave. We
can select the number of samples; the more we
choose, the greater the separation of adjacent inci-
dent pulses and the thicker the grating that can be
treated without errors from interaction between adja-
cent pulses. We can also choose the number of thin
gratings into which the thick grating ie deconosed
We follow two general guidelines i choosing the
number of plane wave samples: the thickness of the
thin gratings and the number of diffracted orders to
be retained from each thin grating. First, the pres-
ence of fine oscillation patterns at the edges of the
spreadout pulse indicates that adjacent pulses are in-
terfering with cach other, and therefore more plane
wave samples are needed. The beginning of such
overlap is evident in Fig. 3, curve a. Second, the
total energy at the input and output planes should he
conserved; conservation failure indicates that thinner
sections are needed or that more diffracted orders
should be kept. Throughout our analysis. we keep
five diffracted orders (0, £1. £2 orders) and use a
thin grating thickness of 0.03 mm. These values are
generally adequate for index modulation n; up to
0.0015.

Computed Results

Using the theory thus developed, we have comput-
ed the behavior of pulses traversing the guiding
structure. Figure 3 shows, for a representative con-
figuration, the result of increasing the index modula-

> 2/ ¢
/a c/d Ty

Fig. 2. Spatial frequency spectrum of the pulse. [ is irradiance

Wl \ o
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DISTANCE N MM
Fig 30 Intenaty distribution at output surface for varnous values
of me: any =0y =10 n;=2X 10°%(d) ny =6 X
104 (e) pulse mardent at imput surtace. Grating thickness = 0.54

mm
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Fig. 4 Same as Fig. 3, except for a pulse width of 0.03 mm: (a)
shows the incident pulse; (b) shows (he output pulse for ) = 0.
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Fiz o0 Continuation of Fig 4, chowing output pulse for various

(ayny = 10°% thhag =3 X 10°% (¢) ny =6 X 10—%
(d) ny =10-%,

values of ny:

tion. As the index increases, the pulse width at the
output approaches in width the input pulse, and the
energy in adjacent channels diminishes. In Fig. 3, as
well as in succeeding figures, the regions of maximum
index are at 0, £0.01 mm, etc.

Repeating the same experiment with increased
pulse width produces the results shown in Figs. 4 and
5. The pulse width is now 0.03 mm, so that a portion
of the pulse extends over the boundaries into adja-
cent channels. As n; increases, the output pulse is
reshaped, dividing into several pulses occupying sev-
eral adjacent channels, much as if the pulse, like an
incompressible fluid, were being pressed into a mold,
although it is seen that the reshaped energy distribu-
tion does not exactlv conform to the mold. We note
that the energy distribution in the various channels is
not alwavs centered at the center of the channel,

—~which we take to be the points of maximum index,

occurring at 0, 0.01,0.02, ... mm: such asymmetry is
related to the asymmetry of the impressed irradiance
across each channel input.  Finally, we note that, de-
spite the over-all confinement of energy to those
channels upon which the energy was incident, there
is, with increasing n, an increasing amount of energy
in the outer channels, whereas, for n;, = 0, lhgre is
negligible energy in this region.
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Next we try a pulse of 0.005-mm width, which is
half of the width of the guiding channels. Figure 6
shows the sequence at the output as a function of nj.
For sufficiently large n,, the pulse width converges
again, as in Fig. 3, to that of the input pulse. This
result is representative of our findings; for a pulse
narrower than a channel width, the output pulse
width converges, with increasing n;, to that of the
input.

If the pulse is introduced at a position displaced
from the center of a channel, the confinement de-
creases; the losses are greatest when the pulse is cen-
tered at a point of minimum index (Fig. 7). The dy-
namics of the off-centered pulse are further shown in
Fig. 8, which traces the course of such a pulse. The
pulse, as it progresses through the guiding structure,
oscillates from one side of the channel to the other.
As the pulse swings to one extreme, some energy sur-
ges across the refractive index barrier into the adja-
cent channel; this energy produces in that channel a
propagating, laterally oscillating pulse, which in turn
impels some of its energy into the next adjacent
channel. '
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Fig. 6. Same as Fig. 4, except for a pulse width of 0.005 nm: (a)
np=0,(b)n; =107 () n; =2X10 S(din, =4 %10 *(e)n, =
8% 107% )y = 2% W2,
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Fig. 7. Effect of introducing the pulse at an off-centered position:
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Fig. 9. Energy transter between channels.  The lower curve

cshows the percent decrease in energy in various channels with

propagation distance:  (a) is for channel 0 (the channel where the

pulze was intraduced); (b) is for the 41 channel; and (¢) is for the

~1 channel. Shown at the top. for reference, is the deviation of
the pulse from the channel center

The curves of Fig. 9 show that the greatest rate of
energy flow into the adjacent channels occurs bhe-
tween the positions when the pulse has crossed the
center of the channel and when the pulse reaches its
maximum off-center displacement. The energy flow
into the two channels adjacent to the Oth channel
(the one where the pulse was introduced) is asym-
metrigal.  Most notably, the energy buildup in the
chafinel opposite to the direction of initial pulse dis-
placement (the —1 channel) receives a bigger initial
surge of energy than does the other (the +1 channel),
evidently because the surge of energy into the +1
channel is aborted by the introduction of the pulse at
a phase (maximum displacement) just past the posi-
tion of maximum energy flow. Figure 10 shows the
energy {low into other channels. In general, the pat-

tern is the same as for the flow into the +1 channels,
and the previous observations apply. For compari-
son, we plot (Fig. 11) the energy flow out of the Oth
channel for the case where the pulse is introduced at
the channel center, the refractive index maximum.
As expected, the energy loss is less oscillatory, al-
though a transient occurs at the beginning.  Also, the
energy leakage is significantly lower.

Experimental Results

Experimental data supporting in a qualitative way
some of the calculated results were obtained by pre-
paring polymethylmethacrylate (PMM) casting sen-
sitized with p-benzo quinone: at present we do not
have sufficient control over the experimental process
to produce quantitative results. Using the 0.488-um
line of the argon laser, unslanted fringes of 100-1/mm
spatial frequency were recorded in 0.5-mm thick
specimens. To demonstrate image transfer charac-
teristics, scratches approximately parallel to the
fringes were made on one face. The PMM was then
illuminated with a green light of about 500 A in spec-
tral width, with the light impinging on the scratched

B ! i

(o] 10 20 30 40 50 60
THICKNESS

Fig 10 Energy flow into ather channels, showing energy in each

channel as percent of incident energy:  (a) is 42 channel; (b) is =2
channel: (¢)is +3 channel; (d) is =3 channel.
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Fig 11 Energv loss when the input pulse is introduced at the

channel center: (a) shows the percent energy loss from channel 0;
th) shows the energy in the 41 or =1 channels
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Fig. 12. 0 is the
object, a PMM grating with scratches inscribed on the left surface.
L is a light beam, introduced obliquely so that no direct light prop-
I is the image of the PMM, and M is a
microscope, which can be focused onto any part of the image.

Optical setup for observing guiding effects

agates through the system

Fig. 13
scratch at the incident surface

The microscope is focused on a

Experimental results.

The upper portion of the photo-
graph shows the scratch in sharp focus; in this region, no grating is
recorded on the PMNM.

focus due to the presence of the grating waveguide.

In the lower portion, the seratch is out of
In the center,
the microscope was focused on the exiting surface; here, in the re-
gion of the recorded grating, the pulse is sharply focused, thus
At the

image, overexposed so as to emphasize the side-lobes, i.e., the ener-

demonstrating a strong guiding effect right is the same

gy that has crept into other channels,

surface. This illumination was introduced obliquely,
so that only scattered light entered the imaging sys-
tem (Fig. 12). The recording camera could be fo-
cused on either the source or the observer side of the
PMM. Results are shown in Fig. 13 (which is
cropped to show only one scratch). At the left, the
.camera was focused on the source side. The record-
ed fringes are confined to the lower portion; thus, at
the top, the scratches are clearly observed. In the
center is shown the same image, but with the focus on
the surface toward the observer, where a strong guid-
ing effect is evident. The intensity irregularities re-
sult from nonuniformity of the scratch. At the right
is the same image, using greater exposure on the re-
cording film so as to emphasize the secondary or side-
lobe structure of the image. The lobing region is of
the same width as the unfocused beam, with the
outer lobes being somewhat more intense than the
inner ones.

Since the scratch is not accurately parallel to the
recorded fringes, there is a continuous displacement
as a function of the vertical coordinate befaveen the
input pulse and the guiding channels; this causes the
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pulse periodically to shift channels. This effect is
shown in more detail in the magnified image of Fig.
14. Note that beginning at the center and continu-
ing downward somewhat, the beam evidently falls in
a region of lowest index (i.e., straddles the channels),
and the light at the output is split hetween the two
adjacent channels. The results of Fig, 11 were pro-
duced by imaging, using a He- Ne laser, a narrow slit
onto the source-side surface of the PMM, and the re-
cording camera focusing on the surface toward the
observer. The result is essentially no different from
the scratch method used for the previous results.

Comparison with Previous Results

Rosenberg, using a ray tracing analysis, has com-
puted the efficiency of image transfer in interferome-
trically produced fiber optics structures.® Figure 4
of Ref. 3 shows guiding efficiency as a function of
vertex angles of incident cones of light. However,
there are two major differences between his case and
ours. First, we treat only one-dimensional guiding
structures, i.e., guiding slabs, whereas Rosenberg an-
alyzes the properties of guiding columns. Second,
our incident irradiance is a narrow pulse, having most
of its energy concentrated at the middle of the guid-

Guiding of a <lit image focused onto the PMM surface
with the

Fig. 14

The slit image i< slightly nonparalle} grating fringes

Somewhat below the middle, the pulse criwses over the channel

boundary and is spht into two nearly equal . ortions
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Fig. 15 Optical system for observing diffraction splitting. [, and
I, are the broadened first order diffracted images. /', is the source
plane. Source is imaged onto P, and finally onto P4

ing channel. where the guiding efficiency is highest,
whereas Rosenberg considers rays of equal intensity
in various directions. We define guiding efficiency
as the percent of incident light that remains in the
Oth channel after propagating through the guiding
structure. For comparison of our results with Rosen-
berg's, we choose parameters identical to those of
Rosenberg; we choose An (= 2n,) = 0.0006, thickness
of the guiding structure = 1.1 mm, and fringe spatial
frequency = 100 I/mm.

From our computer result, we find that the guiding
efficiency of a 0.01-mm wide pulse in the form of Eq.
(1) is 42%. Since the spectral distribution of our
pulse is not uniform, we cannot directly compare our
result to that of Rosenberg. From the spectrum of
our input pulse, we determine that 12% of the total
energy lies between a wedge of 0.3°, 11.5% more lies
within 0.6°, 11.2% more within 0.9°, 10.6% more
within 1.2° and so on. From the guiding efficiency
curve of Rosenberg, we can estimate the guiding effi-
ciency for the input irradiance lying within the vari-
ous wedges. Multiplying these efficiencies by the per-
cent of total input energy, we estimate the over-all
guiding efficiency to be 45%, which is in close agree-
ment with the result predicted by our analysis.

Diffracted Order Splitting

Another verification of the validity of the thin
grating decomposition analysis is its success in pre-
dicting a phenomenon that is the optical counterpart
of a well-known x-ray diffraction effect predicted by
Kato'"; namely, a plane wave incident at or near the
Bragg angle of a sinusoidally stratified structure
splits into four plane waves. We report some addi-
tional observations. Instead of using a narrow heam
incident at the Bragg angle, as Forshaw!'! did, we illu-
minated the PMM sample by a spatially incoherent
slit source with a beam divergence such as to include
rays satisfying the Bragg condition for both first or-
ders. The slit image was formed about 1 mm in front
of the PMM surface. We then made observations on
the sliTtimage

The experimental setup is shown in Fig. 15. The
slit source was produced by a He Ne laser beam
passing through a rotating ground glass placed in
front of a slit aligned parallel to the grating fringes.
A unity magnification imaging system consisting of a
lens pair L, L., was used to image the slit into the vi-
cinity of the PMM. A second lens pair Ly,L4 reim-

aged the PMM and slit image, and this final image
was observed with a microscope, which could be fo-
cused on any plane in the vicinity of the PMM and
slit images.

We illuminated first an area of the PMM sample
on which interference fringes of low index modula-
tion were recorded and which produced weak diffrac
tion. We observed that the first order diltracted
beams, as observed in the plane of the slit image, ap-
peared as two uniform bands of light. As we changed
the distance between the PMM plate and the slit
image, while keeping the microscope focused on the
slit image, the form of the light distribution remained
the same, except for the increase in distance between
the diffracted orders. For small source-plate dis-
tances, the orders overlapped; our observations here
apply to distances sulficiently large that the orders
are distinctly separated.

A simple model that explains the observed effects
is shown in Fig. 16. The rays that satisfy the Bragg
angle produce diffraction as they propagate through
the plate. Rays diffracted at different planes in
depth produce diffraction with different displace-
ments from the zero order. For the weak diffraction
exhibited by this exposure, the zero order is negligi-
bly attenuated as it propagates through the plate,
and subsequent diffraction produced by the diffract-
ed waves is also negligible. These assumptions imply
a uniform intensity distribution across the diffracted
order, just as is observed. The width and position of
the diffracted orders were measured and found to be
just as predicted by this simple model.

-

Fig. 16 Model for describing broadening of diffracted orders

Ky and R are the ravs at the Bragg angle, £y and [, are the first

diffracted orders. S is the plane of the source image, ¢/ is the
w prating
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Fig 17, Light distribution at the plane of Fraunhofer diffraction
(P of Fig. 15), showing zero order (left) and one first order.
Curves a to d represent increasing index modulation; e is a com-

puter calculation for ny = 0.0007,

[luminating regions of the PMM having larger
index modulations, we observed that the images of
the diffracted orders developed peaks at the edges
(Fig. 17); also. a band of light appeared in the vicinity
of the zero orders. These are the effects predicted by
Kato. The latter can be explained as being produced
by a secondary diffraction, whereby the light in the
first order is rediffracted back into the zero order.
The migration of first order light to the edges of the
pattern is less easily explained in terms of an intui-
tive approach.

The computer analysis predicts exactly these re-
sults. The computer results also predict the width
and position of the diffracted orders. However, the
computer predicts symmetry about the center of the
grating, whereas experimental results show an asym-
metry that we presume is due to the absorption in
the PMM; the absorption loss is about 30%. We find
it quite interesting that an analysis based on nothing
more than a continuing iteration of the quite simple
thin grating diffraction theory should so readily pre-
dict these rather subtle effects.

If we observe planes other than the source plane,
we find that the spreadout zero order contains two
dark bands; these correspond to propagation direc-
tions that satisfy the Bragg condition, and the miss-
ing light is thus that which forms the first orders.
Also, as we move from the source plane, the first
order diffracted waves hecome broader and the edges
less sharp: this is expected, since it is an angular
band of light that satisfies the Bragg condition, the
angle being determined by the Bragg angular selec-
tivity, which depends on the grating thickness.

Simplified Approach

We suggest that approximate and useful, results
can be obtained for the sinusoidally profiled array of
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guides by comparing it, on a quite simplified basis,
with the volume grating of sinusoidal profile. De-
spite the sinusoidal structure, we assume that in the
RBragg diffraction process, all rays are reflected from
discrete locations in the fringe contours; we take
these locations to be at or near the regions of mini-
mum refractive index; we assume one rellection per
fringe period. A ray entering the material is thus
partially reflected from each recorded fringe (Bragg
surface) it encounters. Such a simplification has
precedent, being the usual way of describing the
Lippman method of color photography and a com-
mon way of describing holograms made by Den-
isyuk's method.

Confinement of ravs between adjacent fringes oc-
curs when an incident ray is entirely reflected from
the first Bragg surface encountered. The depth of
index modulation n; required to produce this condi-
tion can be obtained from the relation

LIy costiy No/ 2 (2)

as given by Kogelnik* where T' is the grating thick-
ness, A is the free space wavelength of the light, n; is
the magnitude of index variation (2n, = Ny
Nin). and f#y is the angle of the incident beam. mea-
sured within the material, assuming the Bragg condi-
tion is satisfied. When Eq. (2) is satisfied, the dif-
fraction efficiency is 100%, that is, all the incident
light appears in the diffracted wave. We consider a
grating of thickness 7T, such that each ray encounters
only one Bragg surface in traversing the material;
from simple geometry we find that

T, = d/tanf, = d/8,. (3)

Combining this relation with the Bragg diffraction
law 2d sinfly = A\/n yields

r gt/ Ap. (4)

"

where ng is the bulk index of the material.  For guid-
ing, we require 100% diffraction efficiency for the
thickness T, that is, a single Bragg reflection placing
all the incident light into the diffracted order. Thus,
we combine Egs. (2) and (4) and taking cosfl, = 1, we
obtain

iy (1 4u,)n, AP T (5)

as the minimum refractive index modulation re-
quired for guiding, where the third member of the
equation is readily obtained from the second hy ap-
plication of the Bragg diffraction law. The reason-
ableness of this result is demonstrated by comparison
with the comparable condition for guiding in slabs
with sharp boundaries. At the boundary between an
index no = ny and a higher index n. 4+ n,, total re-
flection occurs for the condition

" Pt (6)

a relation readily derived from Snell's law and a
small angle approximation. The two relations are
nearly identical; the factor 4 between them suggests
that the required index change is greater for sinusoi-
dal variations than for discrete boundaries.
Substituting into I5q. (5) the values assumed in the




computed curves (ng = 1.49, Ao = 0.6328 um, and d =
0.01 mm), we obtain n; = 6.7 X 10™*, which is indeed
about tle value for which substantial wave confine-
ment occurs (Fig. 3). Clearly, at one fourth this
value, at which confinement occurs for the square-
wave profile, there is decidedly incomplete confine-
ment in the sinusoidal case.

We thank R. Alferness, J. Upatnieks, S. Case, and
B. Hansche for their helpful suggestions. We also
acknowledge the assistance of R. Zech, who so freely
and patiently advised us on many technical aspects
of this work. We thank the Office of Naval Research
for its support of this work.
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Nonlinear holographic waveguide coupler

B. J. Chang and S. K. Case

We have shown experimentally that for high exposure, higher order Bragg diffraction by volume holograms
is dominated by the nonlinear refractive index modulation and proposed the application of nonlinear modu-
lation to the construction of a high frequency volume-grating waveguide coupler.

Introduction

It is well known that first-order Bragg reconstruction
of volume phase hologram gratings (in which the di-
electric constant is spatially modulated in accordance
with the exposure intensity distribution) can give dif-
fraction efficiencies approaching 100%.! Higher order
Bragg reconstruction of volume holograms is a lesser-
known phenomenon, however. We have obtained
strong second order diffraction, comparable in efficiency
to the first order diffraction, from dichromated gelatin
holograms. In this paper, we briefly discuss the
mechanism of higher order Bragg reconstruction and
propose a unique volume phase grating coupler whose
construction is simplified over that of other grating
couplers.

Higher Order Bragg Diffraction

Rose and Friesem observed strong higher order Bragg
diffraction from dichromated gelatin holograms.? We
found experimentally that for high exposure, higher
order Bragg reconstruction is dominated by nonlinear
modulation of the refractive index, an observation that
is in agreement with the predictions made by Su and
Gaylord® in their extension of coupled wave theory to
nonsinusoidal gratings and to higher order Bragg angles.

Higher order Bragg diffraction can arise from two
sources: first order diffraction from harmonic gratings
created by the nonlinear response of the recording
material to the exposure interference pattern and higher
order diffraction from the fundamental and other lower
order gratings.
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Although higher order Bragg diffraction is therefore
the summation of all possible diffracted orders propa-
gating at the appropriate angle, in the high exposure
range the contribution of lower order gratings is small;
thus the Bragg diffraction efficiency n,, of the hth order
can be approximated by*

n, = sin’[xnpd/(N, cosp)], (1)

where \. is the reconstruction wavelength, d is the
thickness of the hologram, ny, is the refractive index
modulation of the hth harmonic grating when the re-
fractive index profile of the hologram can be expressed
as either a Fourier sine series or a Fourier cosine series,
and 6, is the Bragg angle of the hth order, determined
by

= sin~'"(hfi\./2), (2)

where f, is the fundamental spatial frequency of the
hologram grating. Equation (1) is an accurate ap-
proximation under certain conditions?; otherwise, this
is only a rough approximation. A detailed discussion
of the mechanism responsible for higher order Bragg
diffraction is bevond the scope of this paper.

To verify experimentally that higher order Bragg
diffraction is dominated by harmonic grating diffraction
we recorded plane wave holograms in dichromated
gelatin derived from 649F plates. By slightly modifying
the processing procedures,* we were able to vary the
amount of nonlinearity in the hologram. If higher order
diffraction by the fundamental grating is dominant, we
would expect an approximately constant second order
diffraction efficiency from holograms with different
amounts of nonlinearity and the same first-order dif-
fraction efficiency. We observed, however, that under
these conditions, second-order diffraction efficiency
varies over a wide range. In fact, with the appropriate
nonlinear modulation, volume phase holograms can
diffract nearly all the incident light into any desired
order.

The angular bandwidth of the hth diffracted order
of a volume grating having a sinusoidal index modula-
tion is approximately proportional to 1/h times the ratio
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of the fringe spacing and the hologram thickness; this
is evident from an examination of the coupled-wave
theory and k-vector diagram.! Therefore the angular
bandwidth of the hth diffracted order is approximately
the same whether it is the first-order diffraction from
the hth harmonic grating or the corresponding higher
order diffraction from the fundamental and other lower
harmonic gratings, i.e., the angular bandwidth of hth
diffracted order is approximately 1/h times that of the
first order of the fundamental grating.

In Fig. 1, we show diffraction efficiency curves of the
first and second orders reconstructed at their appro-
priate Bragg angles; the holograms were recorded at a
wavelength of 0.514 um and monitored at two wave-
lengths. The diffraction efficiency of the second order
resulting from a large refractive index modulation of the
harmonic grating can approach that of the first order;
indeed, we have measured efficiencies that, corrected
for reflection loss, are in excess of 95%.

Figure 2 shows experimental curves indicating the
angular bandwidth of the first diffracted order at a re-
construction wavelength of 1.06 um and of the second
diffracted order at a wavelength of 0.514 yum. These
diffracted orders have approximately the same Bragg
angle. The angular bandwidth of the first diffracted
order at a wavelength of 0.514 um is of course similar to
that of the first diffracted order at a wavelength of 1.06
um, but the Bragg angles are different (assuming a
constant ratio of refraction index modulation h; and
readout wavelength \.). In Fig. 2, we see that the sec-
ond-order curve is approximately half of the width of
the first-order curve.

Nonlinear Grating Coupler

Kogelnik and Sosnowski describe a volume holo-
graphic coupler as a convenient means to feed light into
a thin optical film.> For the construction of this volume
holographic coupler, they use a prism coupler to intro-
duce the construction beams at an angle greater than
the critical angle for the waveguide. For some materials
and devices, it may be undesirable to place a prism and
index matching fluid in contact with either the photo-
sensitive layer or the substrate. We alleviate this
problem by exposing the film with one pair of external
plane waves and using a nonlinear film response to
generate a harmonic grating for which one of the read-
out waves will be a guided wave.

As shown in Fig. 3. exposure with plane waves A and
B of wavelength \ forms a grating characterized by the
grating vector K, which is perpendicular to the fringe
planes and has a magnitude K| = 27/\, where A is the
fringe spacing of the fundamental grating. The Bragg
equation of the Ath diffracted order is then given by

20 sinfly, = Ky, = hKy, R

where 3 = 2xny/\ is the propagation constant in the
recording medium, 1, given by Eq. (2) is the angle in the
recording medium, and ny, is the bulk refractive index
of the recording medium.

If the film has a nonlinear response to the incident
illumination at high exposure levels, a second-order
grating K, = 2K of twice the fundamental spatial fre-
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quency will be formed within the emulsion. The K-
vector diagram in Fig. 4, for correct construction ge-
ometry and readout with wave A’, indicates how we
produce a Bragg diffracted wave B’ at an angle greater
than the critical angle for the guide (i.e., a trapped
wave). Since the gelatin and the glass substrate have
approximately the same refractive index, the trapped
wave is guided in both the film and the substrate. Since

the substrate thickness ¢t > X\, our guide is multimode.

In order to verify the above theory, we constructed
a grating coupler as shown in Fig. 3 with plane waves
incident at 36° and 70° external angles with respect to
the film normal. The polarization of light for both
construction and readout is perpendicular to the plane
of incidence. The readout geometry of this grating is
shown in Fig. 5(a). A collimated beam of coherent light
incident from the upper right passes through a 0.3-cm
X 2-c¢cm aperture and illuminates the 1-cm X 1-c¢cm cou-
pler grating. Light diffracted by the grating is removed
from the incident beam while the undiffracted light falls
on a piece of ground glass. Figure 5(b) shows the sys-
tem with the coupler rotated away from the Bragg angle,
so that there is no diffraction. Figure 5(c) shows the
grating at its second-order Bragg angle and nearly 100%
coupling efficiency, as is evident by the depletion of the
incident wave in the coupler region. In this figure,
however, the guided wave again strikes the coupler
grating after its first guided bounce and, since it is at the
complementary Bragg angle for the coupler grating, is
uncoupled with nearly 100% efficiency. If the grating
is translated so that the guided wave will miss the cou-
pler grating after its first bounce, the light can be seen
in this time exposure because the gelatin of the film
catters a small amount of light. Removal of the gelatin
from areas of the guide where there is no coupler elim-
inates this scatter loss.

This coupler, of course, could also be used in con-
junction with a thin film guide for single mode opera-
tion, but by having the thick guide, we have gained
coupling efficiency® and have greatly relaxed the re-
quirement on the sharpness of the grating coupler edge.

The authors thank E. N. Leith and W. S. Colburn for
helpful discussions during the course of this work. We
thank the Air Force Avionics Laboratory, the Office of
Naval Research, and the National Science Foundation
(grant GK 43148) for their generous support.

Fig. 4. Exposure with beams A and B produce fundamental grating
K, and harmonic grating K Readout at the second-order Bragg
angle with wave A’ produces guided wave B
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(d)

Fig. 5. (a) A collimated beam of coherent light passes through ap
erture A and illuminates the coupler grating €, which is supported
by a I-mm thick glass substrate P. The transmitted light illuminates
ground glass (7. (b) Illumination far from the Bragg angle of coupler
grating C. (¢) Bragg angle illumination near the center of the coupler
The incident wave is coupled into and back out of the guide after one
bounce. (d) Bragg angle illumination near the edge of the coupler

produces a guided wave
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A double-exposure thick-holograhicgrating waveguide coupler is described in which two waveguide modes can be
excited with a single incident beam. Singlegrating decouplers are also designed to selectively remove one of the coupled

waves.

1. Introduction

Present couplers for integrated optical circuits [1]
have been restricted to coupling one external wave
into one guided wave. We concern ourselves in this re-
port with a thick holographic grating coupler designed
to provide simultaneous excitation of more than one
guided mode when illuminated by a single external
beam. Once the guided waves have been processed
within the guide, we will want to selectively decouple

one of the guided modes without perturbing the other.
A single grating decoupler is designed for this purpose.

2. Doublegrating coupler

We have shown earlier [2] that it is possible to
double expose a thick grating such that it acts like a
double beam splitter to diffract 50% of the incident

energy into each of two diffracted orders. We use this

A
8
4—c

wm |

e e P

Fig. 1. Construction of a double grating coupler. A, B, Care
incident plane waves; E is the dichromated gelatin emulsion
on substrate S; P is an absorptive backing plate. Xylene is
used as an index matching fluid between the components.
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principle to construct a two-mode waveguide coupler
as in fig. 1. A dichromated gelatin film is exposed
through a prism first with plane waves A and B, and
then with plane waves A and C. After development,
readout with common wave A’ will produce both
guided waves B’ and C’' (fig. 2) so that we can simul-
taneously excite two modes in the guide with a single
incident beam.

We have also constructed two single-grating de-
couplers by exposing a piece of film through the
prism with beams A and B, and by exposing another
piece of film with beams A and C. Each single-grating
decoupler is exposed and developed on its own I mm
thick glass substrate and can now be mounted on a
waveguide to couple or decouple beams of light. By
choosing the construction waves B and C sufficiently
far apart (in angle), we can construct the single grating
decouplers such that they act independently on either
of the twa guided waves (3].

In fig. 3a, we show a double-grating coupler mount-
edontopofa 1" Kodak Microflat glass guide (emul-
sion removed) using xylene as an index matching

Fig. 2. Readout of the double-grating coupler with wave A’
produces guided waves B and C' in guide G.

el

|
|

|
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Fig. 3. Double-grating coupler: a) Two guided modes are
stmultancously excited in the waveguide. b) One of the

guided waves is decoupled by a singlesrating decoupler. ¢)
Both of the puided waves are decoupled by separate single-

grating decouplers

fluid. The collimated beam of light (beam A") incident
from the upper right is coupled with nearly 1007 ef-
ficiency into the guided beams B" and C" as observed
by the lack of transmitted light on the picce of ground
glass below the guide. The two guided modes can be
seen in this view after they have been uncoupled by a
prism and illuminate a piece of ground glass held at
grazing incidence. In fig. 3b, we attach a single-grating
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decoupler to the bottom of the guide. This grating
was constructed with waves A and C so that on read-
out, it will decouple guided wave C" and dif ract it
into the direction of wave A". Guided beam B’ is not
at the Bragg angle for this decoupler and remains
trapped. In fig. 3¢, we place the single grating con-
structed with waves A and B on top of the guide.
This now decouples the energy from the remaining
guided wave B’ into the unguided wave A". The out-
put beams can be diffracted in either an upward or
downward direction by a suitable rotation of the de-
coupler gratings.

3. Extensions of the principle

This method of double-grating coupler construc-
tion (with common reference wave A) requires that
the construction and readout wavelengths be the same
so that the two gratings will have a common Bragg
angle on readout. If the coupler is to be used at a
wavelength different than that of construction. then
the geometry of the construction beams must be ad-
justed so that the two gratings will have a common
Bragg angle at the readout wavelength.

By making the mode-selective decoupler gratings
sufficiently thick. their angular selectivity can be re-
luced so that they extract light over a very narrow
angular range. In this way. the multi-mode coupler
and decoupler system can be extended to include
mary more guided waves.
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Modular optics mode converter

Steven K. Case and Robert A. Russell

University of Michigan, Department of Electrical Engi-
neering, Ann Arbor, Michigan 48104.
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We advance here the concept of modular optics and its
application to waveguide cptical systems. We describe a
modular optical element as an element constructed on its own
small, thin substrate! and capable of being selectively attached
to the surface of an optical waveguide and later removed.
These optical elements can be mass produced and individually
tested before use in an optical circuit. In addition. if the el-
ements are holographically formed, they do not have to be
developed while attached to the waveguide, thus saving the
guide from possible chemical attack.

We previously used thick hologram optical modules to
couple and decouple waves selectively from a thick wave-
guide.? After a coupler module was attached to the guide to
excite two guided waves within the waveguide, thick emulsion
modular decoupler gratings were selectively attached to the
guide at positions where we wished to sample one of the guided
waves. In a similar manner, Wei and Tan* have developed
a thin plastic grating coupler that can be fixed to a guide and
later removed.

In Fig. 1, we show a construction geometry for a holographic
optical module. Wave A in Fig. 1 is nearly normal to the
emulsion E of the module. Waves B and C are at angles such
that they will produce guided waves. We first construct a
coupler grating by exposing a film module with waves A and
B. Readout of this module with wave A will produce a guided
wave B. We also construct a mode converter by exposing
another piece of film with waves B and C. When placed on
a guide, this module will allow diffractive coupling between
waves B and C.

After development, the coupler module is mounted on top
of a planar glass guide using xylene as an index matching fluid.
In Fig. 2(a) the beam incident from the upper left is diffracted
into guided wave B by our coupler module. Wave B is later
decoupled by a prism and strikes a card held at grazing inci-
dence.

In Fig. 2(b) we attach a mode converter module to the sur-
face of the waveguide. As wave B strikes the module, it is
converted into wave (', as can be seen in the decoupled output.
This mode converter was exposed so the module is 100% ef-
ficient in converting wave B into (.

In Fig. 2(c) we plage a different converter module on the

23

guide. This grating has index modulation such that half the
incident energy in wave B is diffracted into wave C. This
element could serve as a beam splitter for use as the first ele-
ment of an intrawaveguide interferometer.

It should be noted that we have used a very thick optical
waveguide (6-mm thick Kodak Microflat glass). Since the
guide is thick and the surfaces produce a small amount of
scattered light, we can observe the paths of individual guided
waves (see the bright spots within the guide in Fig. 2). For
this thick guide demonstration we also do not have to worry
about waveguide modes* or substrate thickness of the module.
Our modules have been constructed in thick dichromated
gelatin films obtained from Kodak 649-F plates.” Thus, the
emulsion and the glass substrate (1 mm thick) of this film
comprise the module. Similar devices could be built for thin
waveguides.

The modular optics principle can be extended in a number
of ways. In addition to constructing the modules with ex-
ternal laser beams as in Fig. 1, we can also construct modules
by exposing a piece of sensitized film (which has been tem-
porarily attached to a guide) at the intersection point of the
guided outputs from two other modules. We also need not
restrict ourselves to plane wave devices, as modular lenses and
other elements can easily be constructed. Active elements
can be included to build up modulators and switching
assemblies. By placing a series of different modular elements
on a waveguide, entire optical circuits can be assembled.
Each element may be repositioned and adjusted to optimize
the performance of the entire waveguide optical circuit. The

A

Fig. 1. A construction technique for modular optical elements. A,
B, and (" are inaident plane waves; E is the thick dichromated gelatin
emulsion on the module substrate S, P2 is an absorptive backing plate
Xvlene 1s used as an index matching fluid between the components
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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
optics approach, the modular optics building-block concept
appears to be quite useful.

The authors wish to thank Emmett Leith for discussions
during the course of this work. The generous support of the
Office of Naval Research and the National Science Founda-
tion (Grant GK 43148) is appreciated.
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Fig. 2. Modular optical elements: (a) a coupler module is used to

excite guided wave B; (b) a mode converter module converts guided

wave B into guided wave (; (¢) a beam splitter module converts half
the energy in wave B into wave (.
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ABSTRACT

Directional Coupling Properties of Interferoretric Waveguides

by

G. C. Kung and W. Y. Wang

Directional coupling properties of sinusoicdal grating
waveguides are investigated, Our computer analysis which
based solely on the diffraction theory of thin gratings
predicts results that are in good agreement with those calculated
in terms of coupled mode theory. The relationships between
directional coupling efficiency and some paramecters such as
grating period, input pulsd shape and guiding channel length
are discussed., Our analysis predicts that we can substantially
switch the input energy to adjacent channels with the proper

choice of parameters,

Whan this work was done. éll authors were with the University of
Michigan,Electrical and Computer Engineering Department, Ann
hrbor, Mi LB10OLs 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

1

by Alferness™ and adapted to the analysis of guided wave

23 (Leith

propogation in parallel-channel planar waveguides
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,2) = exp [jk cos2mx/d] = 1 + jk cos2mx/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 (no) 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 (nl) to mean the fraction of energy that




h

th channel over the inter-

is coupled from the i to the jt
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

£(x) = cosz(gi) rect (x/4) (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 (no) 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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Fig. 1 Guiding efficiency versus grating

frequency for a sinusoidal grating
waveguide. Thickness = 0.54 mm. Input
pulses are as wide as the agrating
periods. (a) np; = .0012; (b) ny = .0008;
(c) n; = .0006.
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Fig. 2 Guiding efficiency versus iIndex modulation
for sinusoidal grating waveguicdes of
various spatial frequencies: (a) 100 1/mm;
(b) 125 1/mm; (c) 143 1l/mm; (d) 167 1l/mm;
(e) 200 1l/mwm. OGrating thickness = 0.54 mm.
Input pulsce widihs are egqual to grating
period. '
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Also, we show (Fig. 3) the coupling efficiency N is a
function of n, .

When there is little coupling to non-adjacent channels,
the increase of energy confinement in the input channel with
increasing ny 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, ny actually increases with ny 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 ny . the
coupling to non-adjacent channels decreases. Therefore ny

results in less leakage from the input channel.

Effect of Input Pulse Shape

The Alferness thin grating decomposition 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
n,. 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.
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Fig.3 Coupling efficiency to adjacent channel
vs. index modulation for sinusoidal grating
waveguides of various spatial frequencics:
(a) 100 1/mm; (b) 125 1/mm; (c) 143 1/mm;
(d) 167 1/mm; (e) 200 1l/mm. Grating thick-
ness = 0.54 nm. Input pulse widths are
equal to grating period.
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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,z) = exp(-3B z) F(x) (3)

with F(x) satisfying
2

d—g- + (a - 2q cos2w)F = 0 (4)
dw
where
w = nfx (5)
g 2. 2 2
a= (En? (ngk,? - 8% (6)
1
q= - ﬁ)znonlkoz (7)

Eg. 4 is a Mathieu's equation whose solution may be ex-

pressed in the form

F(w) = exp(pw) 3, B, exp (j2hw) (8)

Je




where p is a constant. We consider a specific example of a
grating with ny = 1.49 and n) = .6 x 107>, From Eq. 7 q is

found to be -0.893 when A, is chosen to be 0.6328 um. The

0
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-gq 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, gq =
-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 B of the
guided modes whose transverse distributions have the form of
Eg. 8.

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

value of g, there are many continuous sets of "a" which
correspond to many continuous sets of guided modes. How-
ever, for small values of g, the ranges of the guided modes
are rather narrow. For the present case of g = -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 R, obtained from Eg. 5 are: B8 > 14.7959, 14.7944
> R > 14.7885, 14.7814 > B >14.7801, 14.7643 > B > 14.7642

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

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




Ng. 4 Stability diagram of Mathieu's equation.
The shaded aveas are the stable rcgions.
The dotted line corresponds to q = =0.893.
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values of g, are so narrow that the modes of an interfero-
metrically formed waveguide with index modulation typically
in the order of 10-3 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 (-0.33457fx) ¥ B exp(j2nfhx)
=6 o} h

exp(-o.105x)k§0 2B, cos2mfkx (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(-0.105x). 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 shocwn 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 10_4. 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.5 Using 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




1.6

TNTENSITY

Fig. 5

X (mm)

Propagation of an input pulse of arbitrary
shape in a sinucoidal grating waveguide of
thickness €.54 wmm, frequency 100 1/mm, index
modulation .6 = 10°3, (a) shows the input
pulse; (L) shows the output pulso.
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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®
k g D
ak(z) = (-1) Jk(ZCz)exp(—jBk ) (10)
where J, is the Bessel function of the first kind, C is the

k

coupling coefficient, z is the propagation depth and k is an
integer denoting the channel numbers. The energy in various

channels is

E (z) = a?(z) « 32 (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 J02(.684z) and le(.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 il-

ustrating the phase relation of the energy between the




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 using 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
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mm

Phase relation between directionally
coupled modes in a sinusoidal grating
waveguide. To the left are sketchos
illustrating vavious input conditions.
The positions of the input pulsce are:
(a) 0.27 mm in fkront of the grating;

(b) 0.27 mm hehind the front surrace of
the grating; (c¢) on the front surface.
To the right are the correspeonding in-
tensity distributions at the output
plane. Thickness of grating is 2.16 mm,
grating frequency is 100 1/mm and index
modulation is 0.6 x 10-3.
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the 0th and 1lst channels, thus forming a simple, yet versa-
tile multi-mode switching device.
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S. K. Case*

Virginia Polytechnic Institute and State University
Blacksburg, Virginia 2L061

and

R. A. Russell

Department of Electrical Engineering
The University of Michigan
Ann Arbor, Michigan L8109

Abstract

A waveguide interferometer is assembled using holographi-
cally formed optical elements that are constructed as individual
components and can be selectively attached to an optical wave-

guide. The interferometer is very rugged and easy to align.

*Work performed at The University of Michigan.
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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
atéached to the surface of an optical waveguide.l’z’3 These
components can be individually adjusted to optimize system perfor-
mance. In this paper, we deécribe 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
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.l 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 angles such

that they will both be trapped within the guide G.

2. The Interferometer

Having constructed our grating modules, we assemble our in-
line interferometer by placing two of these modular gratings on the
surface of the thick glass optical waveguide as shown in Fig. 2.
Xylene is used as an index matching liquid between the modules and
the guide. The first element (on the left) is used as the waveguide

coupler 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

with a coherent beam of light from the upper left in Fig. 2. Since
the incident wave (A in Fig. 1) has a finite cross sectional area

(=71 cmz), the waveguide is thick (= 6 mm) and the waves B and C
propagate at greatly different angles (= 20° difference), the areas

at which the guided waves sf;ike 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 cf 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 sample, 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 combined, and are diffracted out of the guide.a
The combined waves leave the guide at approximately 45° as can be

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

ferometer.

g Experimental Results

The output of the interferometer is photographed by placing a
camera in place of the white card in Fig. 2. With nc sample in the
interferometer, we see straight fringes present on the output (Fig. 3).

The fringe frequency in Fig. 3 can easily be varied by small rotations




Fig. 3. The interferometer output showing straight
fringes when no test object is in the interferometer.

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 vertical axis in Fig. 1). Because
the angles between guided waves B and C are fixed during grating
construction and cannot get out of alignment, the only adjust-
meﬁt that ever needs.to'ﬂe 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 niece 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 interferometer we have demonstrated is easy to
adjust and is very rugged. Rapid changes in air temperature or
afr currents have little effect on the device.

The modular coupler elements can easily and quickly be
placed on any piece of glass which we would like to interfero-

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
grating 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.




1. Introduction

A physically intuitive method for analyzing wave propagation in thick
holographic transmission grating was developed by R. Alferness1 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 gratin,
offers, because of its conceptual simplicity and ease of implementation,
advantages over the theory given by Burckhart2 and Kasper3. 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.




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; incident at angle 61 (angle measured inside the emulsion)
with respect to the z-axis, and plane wave S of amplitude a, at 62 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) = TIO[l + r cos 2nf(z - Zx)] "

where f = no(cos 81 + cos 62)/k is defined as the spatial frequency in the

z-direction, A is the free space wavelength, z, = X tan 6, 6 = (91 - 82)/2

. . 2 2 " 2 2
is the slant of the fringes, Io al = a, s and Y Zalazl(a1 + a2). For
any plane x = constant with Az as the thickness of the thin slab, the

fringes are sinusoidally modulated with frequency f. However, because of

fringe slant (when the construction geometry is not symmetrical about the

eym—

x-axis) the fringes at z are shifted by z, relative to those at x = 0,

which introduce a relative phase shift of —Zﬂfzx,
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Fig. 1 Construction geometry of holographic reflection
grating by interfering two plane waves R and S,




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 thicknes; Az which must be sufficiently small. The proper
uéper limit on Az is that for a fixed readout wavelength and grating
frequency, Kogelnik's4Q factor (Q = 2nAAzf2/n0) 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, n = 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 91 is expanded according

to the method by Alfernessl:

TA(x,Z)
= exp ﬁ 2n[Po +n cos 2nf(z - zx)]}Az/Xcosei) (2)
and
40 g :
T (x,2) = =_m(j) J (®)  exp {J2maf(z - z )iy (3)

J
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where Jq(b) is the gq h order Bessel function b = (ZAAznl/\ cos Si)

= . 5 . _y
and zn=x tan 6. The n h thin grating can be represented by an infinite

superposition of amplitude gratings of spatial frequency gqf with diffrac-

tion amplitudes equal to the gth order Bessel function. The terms
with minus g portion in the summation sign correspond to the
reflected diffracted waves and the terms with positive q portion corres-
pond to the transmittéd diffracted wave. The exponential outside the
summation sign in Eq. 3 represents an unimportant common factor and
can thus be neglected. The qth frequency component is shifted in
phase by ~2gf x tan 6 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 backward 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 f=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 fi, amplitude Aif and phase ei at z = (n - 1)Az,
the field at z = nAz (i.e., out of the nth grating) 1is

T q
Z (3) Jq(b) exp (= Janfzn)

Af(x,nAz) = exp (J¢i) Ai .

f

: 21mo
: i — -
exp (inx) exp [} X V1 (Afi/no) A%]-

exp (j2nqfz) exp (jf, 2z) (&)

i Tk

P——

e




1

where f.
1q

fi - 2nqf tan 6 and

£,
iz

- 12
V1 [(A/no)fiq] ;

Similar results 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 nth slab generates a countable number of plane waves
with z-spatial frequency (fiz + gf). The amplitude of the qth wave is
the product of the input amplitude and the strength of the qth grating
frequency component.
The phase of each wave is given by three factors. The term
exp (-j2anzn) in Bg. 4, represents a phase shift resulting from the
3 th ; . th

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

of the fringe slant). The term

2{1/2

l-T
A 0

jn 27n Afi
) Az

exp

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

addition, because a phase material is used, there is the phase factor
PO | th : y

(j)*. Then each plane wave output from the n slab is an input to

the (n + 1) slab.

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

z -spatial frequency fizand an amplitude Ri' We represent the amplitudes

of each of the possible plane waves that exit from the nth grating by

A = |s, , % integer 2 0 , (5)
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where Rl is the tntal amplituvde of the forward wave of z-spatial
frequency (fiz+ ¢f) while SE 1s the total amplitude of the backward
wave of spatial frequency [fi - (g + 1)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 = (n - 1)Az by

A = HA ‘ (6)
n n n-1

where the matrix of coupling coefficients nij determined from Eq. 2.19
describe the amplitude and phase shift effected by the nth thin slab

oo c ; .th ! th k
in diffracting the j plane wave into the k 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

’ (7)

\ / 0

the amplitude at z = nAz will be

A = B,...,BA (8)
n n 1 o

The amplitude of each of the plane waves at the exit plane z = D is
given by Eq. 8 for n = N = D/Az.

3. Results and Their Equivalence to Coupled Wave
Approach. For a grating with sufficiently high Q factor it is assumed
that only the zero and one diffracted order are significant for readout

about the first order Bragg angle. Because only two orders are
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important, the coupling matrix for the n - thin grating in Eq. 4

can be truncated to a 2 x 2 matrix:

ja +ja ! )
o ; 1 38 (n)
e Jo(bo) je Jl(bl)e
H = ’ (9)
3 Jja +ja
dsEo =36 (n) 1
je J_}(bo)e e Jo(bl)
where bE = ZnAznl/x cos 61'
a, = 21Az cos el/x.
§ = 27nfx tan 9,
com B, =L~ G 2™, =i, (10)
L 0 L
fo = fi = 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
n, = the index modulation of the grating.
To simplify we assume that the fringe slope angle g is zero (i.e.,
unslanted fringes). For typical values of index modulation and Az

arbitrarily small, we can approximate the Bessel functions by their

first order approximations,
Jo(x) « 1, Jl(x) = X/2 for % zz Lk .

The coupling matrix for each thin slab can therefore be written

as

j29
B -J co: Gl 2
2Tn 1
H exp ) —— Az cos 60 v (11)

Jr j2¢

el e

cos 6

L (¢}

61




where vy

rnlAz/) and

29

(2nn0AZ/A)(— cos 8 + cos 6.), (12)
c 1

in whichJ_l(x) =J_1 (x). All angles are internal,
29 = 2nn0Az/A or 2¢ = -ZnnOAz(AA) cos eo/x - (13)

If the amplitudes of the zero and first order at the nth thin slab are

expressed by the elements of a column vector

A(n) = Al . (14)
‘n
then the value of A at the exit plane of the emulsion, z = D is
N

A(N) = HA(0) , (15)

where N = D/Az and initial conditions
R

at z=D , R(0) =R , S(0) =0 -+ A(0) = [OJ (16)
and

atz=o,R(N)=1,s(N)=sN+A(N)=[;], (16)

N

can be obtained by performing the matrix multiplication of Eg.l15 in
the limit N » «», Az - O such that NAz = D.

As shown by the coupling matrix of Eq. 11 29 represents a
relative phase shift between the two forward and backward waves that
were produced by a thin slab when the reconstruction wave length or
angle differ from their construction values. It is this phase shift
that causes the decrease in diffraccion efficiency for readout waves
incident off the Bragg angle; ¢ ~orresponds to the dephasing parameter

of the coupled-wave theory.




The matrix multiplication of Eq. 15 is greatly simplified
when H is represented in a basis such that it is diagonal. The diagonal
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

2 1/2
Y = exp (j®) exp |+ |—L— - 42 ' (17)
1,2 [cc|
o1l
'
where we have used the limit Az -+ O to set sin? § = 82. Also, 6, = =8y

= cos eo. The associated eigenvector El' E2 are then

= (18)
. 4 yei20

where a; = J(Cl/y)(l ¢i)e -

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

R]. Therefore, in the

the initial condition in the E bkasis; E(0) = [R

diagonal representation,

wl: o {|R Rx \plf
E(N) = N = N . (19)
0 :pz R Rx ¥,

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:

o NARTe. FRE.
M = gyt W) (20)

and

N N
AO(N) l1 = R(azw2 - aiwl)/(a2 - al) . (21)




Thus,

. ; 1/2 5 1/2
202 -
it . : N7y 2252 i 2
A (N) = Rxe” x{j® sinh [ - ¢“N ] + ( - ¢ ] X
o ICocll ‘COC \
202 1/2 2 -1/2
N
cosh [—%%??T-- ¢2N2] x[—zgzr—-- @2] Sl
l 071 l 0 lI
2.2 L/2
: N7Y 2 2]
sinh [ - N9y
|C C I
A (N) = ijxY—-x i £22)
1 C 2 1/2 ’
e
COCI
From Alferness 5; we have NZYZ/COC1 + v2 and N%¢ » £ in Kogelnik's ?
notation, therefore
1/2
jé C0
AN = - (23)

172 o
Je/v + (1 - 829212 cotn (v2 - £2)Y/
which is identical to Kogelnik's formula. The diffraction efficiency is

.

[ 28
pEM) = = A M| = 11+ Q- g2 sinn? (2 - €27
0]

(24)

We have thus shown analytically the equivalence between the method of
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 program for solving any nonuniformly longitudinal

index modulation cases.
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ABSTRACT

We present an approach to the analysis of a holo-
graphically produced grating coupler, in which we sepa-
rate the ccupling problem into independent slab wave-
guide and diffraction grating problems. Considering the
guiding structure as a slab waveguide, we obtain the
paramenters of the propagating modes of the coupler
through conventional analysis. The diffraction ef-
ficiency of the orating orders are then caiculated by
using the thin grating decomposition methcd (TGD).
Utilizing the propagating mode angles of the waveguide
and the calculated diffraction efficiencies of the
grating , we are able to calculate the radiation loss
coefficient and therefore the coupling efficiency of

the holoaraphic waveguide coupler.




Introduction

The basic component of an integrated optical
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 waveguide. We suggest a
third waveguide coupler configuration in which the

grating is fabricated inside the waveguide structure.

We initially adapted the first-order perturbation
analysis of Ogawal to this structure but obtained an
excessively high radiation loss coefficient. Peng et.
al2 used the rigorous electromagnetic boundary problem
to analyze the holographic grating coupler above the
waveguide, but this method seems inapplicable to the
case where the grating is inside the waveguide. We

therefore develope a different approach, where we

separate the analysis into a diffraction grating analysis

and a slab waveguide analysis. We obtain guided and
radiation modes as solutions of the unperturbed wave-

guide structure using a conventional slab waveguide

e e e 0 g s
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analysis. We then use the thin grating decomposition
method of Alferness3 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.
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Problem Formulation

grating. As this diffracted wave propagates,

(0)

(0) (=1)

in P

waveqguide coupler.

Tl

The coupler problem to be solved is described

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

which satisfies the second Bragg condition for the

a por

orders thus producing a coupler loss mechanism.

reverse the process using the concept of optical

(represented in Fig.l by Poynting vector P ) is
' incident on the grating portion of the waveguide.
it travels it produces diffracted waves P(’l) and P

fore obtain the radiation loss coefficient and the

coupling efficiency which characterize the grating

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

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

tion

of its energy is diffracted into the first and second
I For purposes of analysis we find it convenient to

reciprocity. We assume that a guided, propagating wave

As
(-2)

By calculating the magnitude of these diffracted waves,
we can obtain the amount of incident light remaining

and lost into P and P<~2). We can there-
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Schematic diagram of grating waveguide configuration with
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From a geometrical optics viewpoint we solve the
planar waveguide problem for the mode reflection angle
(em), the effective guide width (wm) and the Poynting

vector (P(q)

) and alsodefine a mode bouncing rate Bm'
We assume that the guided wave with amplitude A is
reflected back and forth between the waveguide bounda-
ries at angles em and -em. The effective guide width
is obtained from the expression Wm =D ok p;I + p;I;
where P, and pg are the exponential decay rates for
mode m in the air and substrate regions with refrac-
tive indices n, and ns,respectively. The bounce rate

for mode m in terms of Gm and Wm becomes,

i =]
B, = [2Wmtan9m] . (1)

In Fig. 1 there are two diffracted wave orders with

e and P(_Z).

Poynting vectors P Using these Poynting
vectors, a diffraction efficiency can be defined as

the fractional amount of incident power diffracted

into the various orders. Defining these ratios of
power flow in the x direction in terms of amplitude

ratios,we obtain

Rigg K (2)




g diffraction efficiency of qth order

a

A(q) = amplitude of qth order wave after propagation
through grating

Ai = amplitude of incident wave on grating

Gm = angle of mth propagating mode

6éq) = external angle of diffracted qth order, where

Ao o) SEE e,
n951n8 = n851nee
fay _ . th

S = internal angle of diffracted q order

ng = 1index of external medium of qth order

ng = Dbulk index of grating

It should be noted that the diffraction efficiency of
a particular mode depends upon whether it remains in
the waveguide or escapes to the substrate or air.
This dependence is accounted for by setting ng equal
to the index of the material in to which the qth order
escapes or is trapped, ee being the external angle in
this medium. By using the TGD method we can determine
the amplitudes of the different Bragg diffraction
output orders (A(q)) for a given amplitude input (Ai).
The analysis of conventional bulk phase gratings
is applicable to the thin film grating coupler. The

basic difference between these two grating types is




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 coupled into transmitted radi-

ation modes via diffraction by the same grating orders
which coupled the light into that leaky cuided

mode.

The power lost over the length of the grating
coupler is characterized by the power loss coefficient,
dp or equivalently by the amplitude loss coefficient
M- Because this loss is caused by diffraction of
the guided wave by the grating,the loss coefficients
become directly proportional to the diffraction ef-
ficiency of each diffracted order. We proceed to
obtain the characteristic amplitude loss coefficient
in terms of the diffraction efficiencies by con-
sidering a single section of the grating parallel to
the x-axis. We then extend the results over the
entire length of the grating to obtain a radiation
(amplitude) loss coefficient and the coupling ef-

ficiency of the grating coupler.




Loss Mechanisms and the Coupling Coefficient

In the following approach we use the ray optics
method to obtain an expression for the amplitude of
the leaky guided mode and the radiation loss coef-
ficient. Referring to Fig.2 we divide the total
grating length into sections (2wmtan8m) over which
one bounce of the leaky guided mode occurs. We note
that this is the distance in the 2z direction separating
equi-phase points along the ray path. We qualify the
loss over this section as the decrease in incident
amplitude (Ai) diffracted out of the leaky guided
mode as it satisfies the Bragg diffraction condition
for the grating over one half of the section length.
Therefore the guided wave amplitude after propaga-

tion through one section is,

L/2
(2)] P (3)

. (1) _
N Heng T g i

We now consider the field at some plane z = QB;I.

Allowing the guided wave to propagate through £
sections of the grating coupler and normalizing AO

to one, we obtain for the leaky guided mode amplitude,

s Rt
A = Il—nél)— nézﬂ
or, A = exp[—(nél)+ néz))% ] (4)
T
2 m m
= exp(-qaz] (6)
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where we have obtained an expression for the leaky
guided mode amplitude along the length of the coupler.
We define the total radiation loss coefficient (aa)

1) 2)
a_ = i’ e éd

a 4W_tanb
m m

to be,

()

The leaky mode amplitude therefore decays as
exp(—aaz) for z > 0. Since the energy lost in the
leaky guided mode must be gained by the radiation
mode, the radiation mode in the near field outside
the waveguide must have an exponential shape comple-
mentary to the guided leaky mode. The amplitude of
the radiation mode can be calculated from the fact
that for a semi-infinitely long grating the energy
of an incident guided mode at z = 0 must be equal to
the integrated energy in the radiation mode. The

energy becomes,
1 = IOEr(z)dx (8)
where we set the integral equal to the initial normal-

ized energy of one in the guided mode. The electric

field of the radiation is then given by,

Er(z) = Eoexp(—aaz) . (9)

e




Substituting Eq.9 and evaluating Eq.8 gives,
Y= Yop =
E_(z) /?ua exp(-a_z) . (10)

This equation describes the near field directly ad-
jacent to the grating waveguide. Using the optical
reciprocity. theorem we aoply the above results, ob-
tained through analyzing the decoupling process, to

the coupling process to derive the coupling efficiency
(nc) of light diffracted intoc a guided mode.

For an infinitely long output grating waveguide
characterized by a s all the initially guided light is
coupled into a radiation mode and has an amplitude
distribution Er(z) given by Eq.10. If the same grating
waveguide is used as an input coupler, a 100% coupling
efficiency can be obtained if the input amplitude dis-
tribution Ei(z) has the field distribution Er(z) and
propagates in the opposite direction. In most cases,
Ei(z) # Er(Z) so that some incident energy is either
reflected or transmitted. Therefore the diffraction
efficiency for light coupled into the waveguide (nc)
is equal to that fraction of the incident field that

corresponds to Er(Z)' Therefore , where L is the coupler

length,




L
o

E.(z)E;(z)dZ]2
o i : (11)

c « * = *
fO EiEidzfQ ErErdz

Because the decoupling second order is the only order
illuminated in coupling into the waveguide, for our coupler
the factor ﬁé»(&élgg)should appear in Eg.l1l. If a is
constant and Ei(z) is a uniform plane wave with length

L then Eq.ll becomes,

() nél)+

n (2= [-exp (-a 1) 1% (12)

2
nd(2) aaL
Eg.12 indicates Ne has a broad maximum with a peak

value of approximately 81% for aaL = 1.25 and zero

first order efficiency.
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Calculation of Distributed Diffraction Efficiency

By TGD

Alferness3 analyzed the wave propagation in thick
holographic gratings by decomposing a thick grating
into thin gratings. Such a method can be extended to
analyze the optical propagation in the grating inside
the waveguide if we consider the mode of the waveguide
as consisting of two plane waves propagating at angle
6, or -9 [8m=sin-1(nm/nq)]. The index profile of the

m

grating inside the waveguide can be expressed as

nz) = nq(z)+n cos(2ﬂf(z-zx))+n

1 cos(4nf(z-zx)) CE3)

2

where f is the frequency of the fringes in any constant
x plane (not the inverse of the perpendicular

distance between frinae planes), B i xtan (¢) where

9 is the slant angle of the fringes, and ny and n,

are the fundamental and second harmonic index
modulation, respectively.

We examine the properties of the optical propa-
gation in the waveguide of thickness D by decomposing
it into a series of thin slabs of equal thickness Ax;
where the magnitude of Ax is sufficiently small so
that each slab acts as a thin grating. The amplitude

transmittance resulting from a plane wave incident at

\4'\]

o — , I‘v.



Gm with input spatial frequency fi = n951n(em)/x is,

TA(z,x) exp(jznn(z)Ax/kcosem)

o [e.o] & q
exp(32nngAx/Acosem) qE-Q(J) Jq(bl) (14)
N b i - p
x exp[j2nqgf (z zn)] pi_m(j) Jp(bZ)

X eXP[j4ﬂpf(z—zn)]exp[j2n Axcosem/xl

g

where Jq(b) is theqth order Bessel function,
bi - 2ﬂAxni/Acos em (for i=1,2) and 2, = nAxtan (¢) .
The final exponential term is the propagator term of the
incident wave over the slab thickness Ax.

As the plane wave propagates through the thickness
Ax in the waveguide, it diffractes into an infinite
set of plane waves of spatial frequency (2p+qg)f and
with amplitudes given by the product of Bessel
functions of order g and p. Each diffracted wave
then becomes the incident wave of the next thin slab
and produces another set of diffracted waves according
to Eg.14, and so forth. The process is continued until
we reach the other boundary of the waveguide, where the
original guided-wave undergoes total internal reflec-

tion with angle —Om. Each diffracted wave will radiate




into the air or substrate region at an angle according
to Snell's law.

Our application of thin grating decomposition to
the analysis of a waveguide structure containing a
slanted grating assumes input at the second order
Bragg angle. The output amplitudes A{M) resulting

from this initial condition are given by

M i
A(M) = H il - {150
0

which is evaluated in the limit as Ax - 0 and m » «
such that mAx = D, and where m is the number of thin
film slices, the column vector is the initial input vector,
and H is a 3x3 unitary matrix that describes the coupling
between three plane waves over a thin slab of thickness Ax.
We are then required to perform the multiplication
indicated by Eq.l5 with initial conditions correspond-
ing to illumination at the second order Bracg angle.
Referring to Fig.3 we define Co = cosGm and
c. = coqu. By inspection of Eq.14 the 3 X 3 coupling

q
matrix for each thin grating becomes,
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FIG. 3

The Bragg Diagram for the second order diffraction in a slanted grating

(represented by grating vector K) which is constructed by interference

of plane waves A and B.
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— l : N
E = A(51n81 51n62)

mn.Ax
i

(i = 1,2)
A

with 61 and 62 being the grating construction angles
and n, and n, being the fundamental and first 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
the Mthpower of the diagonal elements of H'. The
diagonal elements of H' (oi) are the eigenvalues of H

and satisfy the matrix equation,

det(H-ciI) =0 . (18)




—

For convenience we adopt the form of the eigenvalues

as, o, = 1-jy e” Wi (for small Ax). The eigenvalue

i
problem is to find solutions wa which satisfy

'3 L} '2 ' ! 1 —-—
Wi + P S gy, ' =0

(a relationship derived from Eg.1l6 and 18)

where, p' = @l
o2 2 2
et SRR R
Co2 S C6,
2
e 2&352 8%,
G, o

The solutions of Eq.19 become,

Vo = u'+ v'+ P'Y/3
' (U (u-v) ,—~ P'
s Tidec syl s o
' _ = (U%V) _(U~V) =— P'
- Salies e s Bl
where, 2 3
2 3
Y = ™D b' 178073
v [ 5 ( - ¥ Vi ]
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(23)
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e %(3q._p.2)

bl = _21_7(2pl

3

-9p'q' + 27r').

(26)

(27)

The output amplitudes of the grating in terms of the

diagonal matrix basis vectors become,

Al
e]wo

M = m'1ME(0)

U

0

0
I

—
eJMwO

0 0
s 1
adl¥y 0
0 v,
0 0 |
eJMwl 0
- 1]
o eiM} |
s
0 0
ejwo 0
0 v,

M

E(0)

E(0)

E(0)

(28)

(29)

The associated eigenvectors Eisatisfying the matrix

equation,

(H - oiI)Ei

=0

(30)

can be found in terms of the original basis vectors to

be,
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E = 1 My v A (31)

where,
by = -(Y3fiﬁriyf;€ ! P e
Tty VT eny 0
. _C2 (wi+2£i) (Y311Ji‘Y1Y2) Cl
el o e R
0 Rl Gl LR ] 0
with,
T Mél ! ﬂnlD
1
2,C; . RMCE:
M mn,D
v, = A (34)
/C,C, MCT
viie MGl i ﬂnlD
| -
7,0, MG,
Mo 27Dn
£ = —— = - -
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wi in Eqg.32 and 33 are obtained from Eg.21-23
using Eq.24-27 by substituting p,q,r for p',q',r'

where,

I
=
T
Il

P 28,

> SVCINEIE S B .
Y1 TY, 7Y, (35)

q

]
=
Q

2
E=Mgzr = 2Y1Y2Y3‘2Y2€1 .
Therefore in the diagonal representation of the
! . th
coupling matrix H , the total amplitude after the M

thin grating is,

eI¥ 0 0 1

E
e =[E | =] 0 eIV 0 3 . (36)
E 0 0 el¥2 1

-

where the input column vector is the initial condition
in terms of the eigenvector basis, obtained by the
transformation relation of Eq.31 using the initial
conditions of Eg.15. The final output amplitudes are

obtained by transforming the output E(M) into the out-




put A(M) by using the inverse transformation from
Eq.30. This procedure results in the amplitude of

each diffracted order as being given by,

2 =L b e, | Y2 ViR : L
0 Ry | Mgv17H1Vp HoV2~HaV

B, = [~ VB F v =0 VB £ (v FEL] (38)
1 Ry 17028 g Vg T egtty T Wyt kg

il
A2 = g[(ul-UZ)EU*’(Uz-Uo)El"' (UO‘Ul)Ezl (39)

where,
V.=V Va-V
1
R0=[(‘u—v—9uT‘)‘(t—%G—9—‘—v) (40)
0¥17"1Vo HgVa"HaVg
Rl = uo(vl-vz) + ul(v2—v0) + uz(v0~vl) (41)
R, = vo(ul—u?_) * "1(“2'“0) + "2(“0"“1) ” (42)

The amplitude of each diffracted order as given

by Eqs.37-39 can now be inserted into Eg.2 to obtain

(1) _(2)
d

the diffraction efficiency of each order(nd /N

)~
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The radiation loss coefficient (aa) can then be deter-

mined for use in Eq.12 giving the coupling efficiency

of our second Bragg order waveguide coupler.

-
osnd




Results and Discussion

Using the approach we have described we calcu-

lated the radiation loss coefficient for the following

four representative holographic grating couplers:

a

lo

Te)

| &

Slanted or unslanted holographic grating
(with same periodicity in the z-direction)
in the waveguide film utilizing the first
order Bragg effect.

Slanted or unslanted holographic grating on
top of the waveguide film utilizing the first
order Bragg effect which results from the
interaction between the evanescent wave of
the waveguide and the holographic grating.
Slanted holographic grating in the waveguide
film utilizing the pure double diffraction
process (n2=0), producing the second order
Bragg effect.

Nonlinear slanted holographic grating in the
waveguide film utilizing second order Bragg

effect (n2 # 0),

In case b the interaction product of the evan-

scent wave of the waveguide and the holographic

grating can be viewed as a plane wave incident with




mode angle 6m upon the holographic grating of thickness
Ax. Since thzs guided wave is incident upon a boundary
of the waveguide, the reflected wave shifts alon3y the
propagation direction with respect to the position that
one would expect from gecmetrical optics. Such a shift
is known as the Goos~Hanchen shift (6z). Thus we
should express the depth of the ray penetration

6z/

(evanscent tail) Ax = 2tan6m.

The diffraction efficiencies in cases a and b
were calculated with the numerical analysis (Eq.14)
and cases ¢ and d were calculated with the closed
form expressions (Eq.37-39). Comparing the radiated
loss coefficient of the four generalized coupler con-
figurations (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 largest RLC. Approximately the same
coefficient results for the unslanted grating of case
a and the gratings of cases b and ¢

In case a (Fig.4 and 5) the RLC is shown to be
strongly dependent on grating slant angle, and
the coefficient for the slanted grating is two orders
of magnitude higher than that of the unslanted grating.

We note thatin this unslanted grating (Fig.5) that the
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TE, mode has a lower loss coefficient than either the
TEO or TE2 modes. An examination of the electric
field pattern of the TEl mode reveals a 180° phase
shift 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 independent
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 wavequide film.
In case 4 (Fig.9) it is evident that an effective
second order Bragg effect coupler could be constructed
when a nonlinearity exists in the film (nz# 0).
Kogelnik and Sosnowski4 used a thick dichromated gelatin
holographic phase grating to achieve 70% coupling efficiency.

Such high 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 with a sufficiently high spatial frequency
and fringe slant to provide for first order Bragg
coupling we choose to employ the second order Bragg
effect.

Alferness5 has demonstrated that the second order
diffraction process can result from both double dif-
fraction tiirough the fundamental grating frequency
and single diffraction throught any existing second
harmonic grating frequency. If the second harmonic
component is negative relative to the fundamental,
the two diffraction processes add, giving the highest
level of second order diffraction. Utilizing this
second order Bragg effect, we could produce in an
optical waveguide a Bragg diffraction grating which
couples light through its second order diffraction
angle into a guided mode of the waveguide.

A practical and efficient grating waveguide
coupler must: i) consist of a lossless and scatter-free
material, ii) suppress unwanted diffraction orders

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 (2-10um) layer of

phase material acting as a waveguide,our grating wave-
gquide could meet all of the grating coupler constraints.
This coupler would be fabricated with relative ease
because of the low grating frequencies required for

the second order effects, is completely integrated

into the waveguide material and has the potential to
achieve high coupling efficiencies from air to wave-
guide modes.

In summary, a simple geometrical optics concept
is presented in which a grating waveguide coupler
analysis is divided into independent planar waveguide
and diffraction grating problems. The analysis of
the grating is accomplished with a closed 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
waveguide coupler can be determined from the separate
grating analyses. The results of our analysis are
completely compatible with those of the analyses
utilizing the perturbation approach1 and the electro-
magnetic boundary value approachz. However, 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
Abstract
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 diffraction 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.l
Burckhart? 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, Alferness’
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) = ng + n] cos2rfx + ny cos4nfx + n3 cosbnfx (1)
where ny is the average bulk index and n;, nj and n3 are respectively
the index modulations of the fundamental, second and third harmonics
of spatial frequency f. 1In 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
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Figure 1.

—>Z

=D —]

Construction geometry. P; and P, 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
fundamental grating frequency is f = 2(np/A)sin® and the
emulsion thickness is D.
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incident upon by a plane wave with direction cosine cosei (angle

measured internally) is:

¢(x) = 2rn(x) Az/lcosei (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

T, = exp(36(x)) 3)

The amplitude transmittance of each thin-grating slab for a wave

incident at 6, can be expanded as

i
2mnAz
T,(x) = = (J) J (Acosei ) exp(j2rpfx) x
2w z
5 4 (j)qu(ﬁggzz—i—) exp(j4rqfx) x
2rn3Az
raky ) s (723;§;~) exp (j6r rfx) (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 fi = X_31n91 (the component of spatial

frequency in the x direction), is the product of the input amplitude

Ain exp(janix) and the amplitude transmittance of the slab:

T o 2mn Az 4 2rn Az
Aout 3 Ain p=§m @ Jp()\cose1 ) x (j) Y (XCosei ) x
2rn3hz 2rng )‘f
+x r S e T s
r=§m &) Jr Acose P j————Az[l no )4 X
exp[j2n(f; + pf + 2qf + 3rf)x] (5)
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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,AKogelnik assumed that, for gratings with a Q factor
greater than 10, [Q = %%AfZD] only the zeroth (undiffracted) and one
first diffracted order are important. Bergstein and Kermish® have
shown that in a pure sinusoidal grating with 4ngn;/(Af)2<<1, only the
zeroth and mth orders are significant for the readout at the mth 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.
Therefore, 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 f, the spatial frequency of the first,
second, and third orders are fy - f, fo - 2f, and fo - 3f. We

write the amplitude of each of these plane waves as one component

of a column vector:

A= Ay (6)

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,

fi=fj+pf+2qf+3rf @)
By inspection of Eq. 5, the coupling matrix of each thin-grating

slab can be written as

- 5] 62 63 A
230 j jay j_ej j__ejuo
c1 c1 <co
8 (] )
j_eJO‘O ejal j—ejul j_ejﬂo
Co (5] Co
"y 82 1 81
j_‘e:lﬁto j jog jog j_ejao
Co c1 Co
83 §2 1
jag Joq Joy Jag
[ e U e ®
where
61 = nniAz/A SE i L P 9)
a; = 2rnghz cosGZ/)\ 1=0,1 (10)
¢, = coseZ (11)

Since we can make Az arbitrarily small, we can use the first order
approximations of the Bessel functions, Jgp(x) = 1; J;(x) = x/2;
and Jq(x) = 0, q 2 2 for x<<1, and leis also neglected. We have

12 - cos®, and Joy(x) = =J;(x). Since the

A
1 d [1-(—f))?2
also used [1 (no Z) ]
output from a thin-grating slab is incident upon the next slab, the

total amplitude after the Nth slab is




Ay = HA (12)
Because the readout wave is a single plane wave of unit amplitude and

zero phase, we have

[oNeNaN

(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 Hin this
representation are the eigenvalues of H and the basis vectors are the
associated eigenvectors. The eigenvalues 9y of H satsify the matrix equation
det (H - o,1) =0 (14)
where I is the identity matrix. It is convenient to make the sub-
stitution
by =« & = 0y)

The solutions of Eq. 14 are:

A+ /A2 + 4B

V1,2 =

2 (15)
_=C+ /c%2 + 4p
V3,4 2 (16)
where
61 83
AS® Yy = ol @17)
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T

B =

2
8§12 - 8183 + 83 + 1834 - 28,8,

coc1

[ §
C=¢1+_c_:_+c_o

D =

812 - 6163 + 892 - c1836 + 28182

coC1
2mng
¢1- )

(cy = cp)

(18)

(19)

(20)

(21)

Since we can make Az arbitrarily small, wi<<1, therefore, the eigen-

values are a9 - 1 - jwi = exp(-jwi). The associated eigenvector Ei

satisfies the matrix equation:

(H - oiI)Ei =0

and can be found in terms of the original basis.

ey - %%) +

- - 3 ; 91
o (8 - 682)
5
c1 (¥ - 329 30y
L ) = - 4
c1(ys + %3) =jd
E2 T (8 - 8
L T
[ Ly T =)

[
1 - Ty,

(67 - 85)

By~
C1WWz2 " 5 =i
(6, - 62)0_'e
c1{vs + %3) =iey
(87 = §5)
ey (by + %3) <3y

(81 - 82)

1]

(23)

Ay

A3 ]

(24)

From the initial condition of A (Eq. 13) and from the transformation

of Eq. 24, the initial condition in the E

(SRS

112

1 basis is:

(25)




Therefore, in the diagonal representation, the total amplitude after the

Nth grating is

e'JNwl
e-JNwz
-jNy3

E(N) = .
e-ijh (26)

[

.

<

w
e e

(]

To find the amplitude of the first, second and third order after the
Nth thin grating, we transform back to the original basis via the

inverse of the transformation in Eq. 24, thereby obtaining:

1. V3E3(M) - Y4Ex(N) Y2Eq(N) = v1E1(N)
LW =l e ey Y er L2t
81 o1 =Wy = ¥2) (Ea(N) = Eg(N)) = (¥3 = wy) (Eg(N) - E;(N))
Apens E;e .5[ (W3 = Y)Wy = ¥2) ]
8 (01 = V2) (E2(N) = E3(N)) + (¥3 = wy)(Eq(N) - Ej(N))

U
301
el ]

Aa(R) = PThe W3 = yy) (W1 - ¥2)

1 VY3E3(N) = yyEo(N) ¥ Eg(N) - $1E;(N)
AN ='5[( (b3 = ¥y) kS W2 - ¥1)

)] (30)

with NAz = D, we define

SN mn)D
Y1 = (coC1)1/2 = A(cccl)llz (31)
§oN
2% (cqgep)tf? (32)
§3N
\t B (33)
61N (s3] 1/2
Yi'= e = (E;) Y1 (34)
2mng
g = 1N = ——D(c; - cq) (35)
AL

(28)

(29)




B =E-n"*y (36)
xp*=E*yy’ =1 (37)
p1 = (x1 2+ 4yy, 2)1/2; pp = (x22 + 4y 222)1/2 (38)
NN T Ye*"H*R (39)
x1'= (x7 - 2v3); x2 = (xo+ 2v3) (40)

Physically, vy;, Y2, Y3, 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 DE, = 2—1|A1| .
of each order after grating thickness D can be found from Eq. 27

through Eq. 30 by using Eqs. 15, 16, and:

sinfleos™)’  sinflos®2  sinfleos™d’  sinfZeos®?
Dy, = Y12[( o1 E Sl o t (——p—z—)] (41)

Dyo =1 uglxsm%cos%'-gzzsmp—gmsﬁg') + (cosPZ sin®2'  cosPlsin®l’)]
+ [Loinfls1n® ] -2 210225105 2") + (cosPleos™} -cos™Z cos?D)] 2 (42)
We readily find that
DE; + DE; + DE, + DE3 = 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 GRATING np = n3 = 0

In the case ny = n3 = 0, all the energy in the third order Bragg
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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 £. By inspection of Eq. 42, we can express the con-

ditions for 100% DE3 as either

P1/2 = mm mos= P, 25 3. .
p2/2 = (m + 1)m
r;'/2 =n 18 (O i (LS
E=(2m+ 1)n/2n m>n (44)
or
p1/2 = mm m=1; 2, 3« « -
0,/2 = (m + 2)m
ry'/2 = (2n +1) n=1, 2, 3. ..
E=4(m + 1)/ (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

vy, for several values of (cO/cl)llz, with § = %1. The maximum value

of DE3 can be made 100% for proper choice of Y; and the ratio (co/cl)l/z.
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Figure 2. Diffraction efficiency of the third order at the
third-order Bragg angle due to triple diffraction
(ny = n3 = 0) versus the fundamental grating strength
Y, = nnﬁ/k}cdq)l/z with £ = 51/2 for several values
of (cg/cy)1l/2,
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GENERAL CASE: n, n3 £ 0

In most cases of interferometrically constructed gratings of
pure phase materials, the film response is nonlinear; therefore
we must include all the terms n,, nj, and n3. The necessary
conditions for 100% diffraction efficiency in the third order

are:

x1" = an\' = Yl' + ‘Y3

p1/2 = mm; py/2 = (m + 1)

= 2m + 1)7n2 - 4Y1Y2
[2nm - 2v3]

m > n

Because the condition on £ include Y1, Y2 and Y3 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 n,,
n, and n3. In the case where n,, n, are each zero, the result is

identical to the coupled wave result at the first Bragg Angle.
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RESULTS FOR Y /&, Yo/E << 1

The general results of Eqs. 40 and 42 can be simplified under
the assumption of index modulation small relative to (xf)z, or YI/E,

72/5 <<l. The following small parameters are defined as:

t; =v1/E =2ngn/(Af) 2 << 1 @7)

ty) = vJE =2ngn;/(Af)2 << 1 48)

ty =v3/E = 2ngn)/(Af)2 << 1 “9)

£ = 31 '/8 =‘/§% 2ngn)/ (M) 2 << 1 503
We see that DE, from Eq. 42 is simplified to:

DE; = sin?[y; - 21%12 + (ﬁfﬁllzgﬁi] G1)

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, 3{; 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 n and nzare positive relative to nj. Such results agree

with those of D. L. Jaggard® in his extended coupled wave analysis of
higher order Bragg coupling in a periodic medium; also with those of
Su and Gaylord’ on higher order diffraction byutilizing the Chu and

Tamir® rigorous modal approach.
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EXTENSION OF ANALYTIC RESULTS FOR THE FIRST-ORDER READOUT:

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:

(52)

OO O

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 Y; = 7/2, 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 diffraction efficiency of such diffraction orders are:
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' 2
- x 2
DE+) ,» [ﬂfsinggcos—% * gisinﬂécos 2]

1 \J
+ [X25inP251n%2 +XlginPlgyn® 12
P2 2 2 "py 2 2

(53)
DEg, 1= % [—(%i-sing—%sin%'+ ;izsinfi%sin%')
+ (cosPleos™)’ + cosPleos®2') ]2
+ [(-:%-sin-p-lz-cosl;-' - -:%sin%cos-’%')
¢ Cconrr — coaues 1 o

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 DE; = 33% agrees very well with the first maximum of J,2.

With an intermediate &, the diffraction efficiency is strongly

dependent on £ and a rapid monotonic increase in DE_; as the other

orders are suppressed. In cases of very large &, DE.; 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,

Y2 = =0.5,and various y3. For large £, the dependence of

the diffraction efficiency on third harmonic grating frequencies is

reduced drastically--almost independent. From Figure 4, where y; = 1.0,
y3 = 0, and various y,;, we see that even for largef at least a 10% increase

in diffraction efficiency can be expected when the value of Y, increases
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Figure 3.

First order diffraction efficiency at the first

Bragg angle versus y3z with a fixed y; = 1.
Y2 = -.5 for several values of &.
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Figure 4. First order diffraction efficinecy at the first
Bragg angle versus y , with a fixed y; = 1. and
v3 = 0. for several values of E.
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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
superinposed gratings. We first interfere plane waves P; and P,,
then P, and P3, and finally P3 and P,. 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 1s 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 nj ='n3 = 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 DEj 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 (%‘11) 1/2-
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Figure 5. Construction geometry for multiple gratings. For the
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versus the grating strength y; = mn;D/A(cg/cy)1/2 for
readout at the noncommon Bragg angle (P;).
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