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Beam-width-dependent filtering properties of strong

volume holographic gratings

Hung-Te Hsieh, Wenhai Liu, Frank Havermeyer, Christophe Moser, and Demetri Psaltis

The finite dimension of the incident beam used to read out volume holographic gratings has interesting
effects on their filtering properties. As the readout beam gets narrower, there is more deviation from the
ideal response predicted for monochromatic plane waves. In this paper we experimentally explore
beam-width-dependent phenomena such as wavelength selectivities, angular selectivities, and diffracted
beam profiles. Volume gratings in both reflection and transmission geometries are investigated near
1550 nm. Numerical simulations utilizing the technique of Fourier decomposition provide a satisfactory
explanation and confirm that the spread of spatial harmonics is the main contributing factor. © 2006

Optical Society of America
OCIS codes:

1. Introduction

A volume holographic grating (VHG) consists of a pe-
riodically modulated refractive index pattern im-
printed within a bulk recording material, e.g., glasses,!
photorefractive crystals,2 and photosensitive poly-
mers.3 Without loss of generality, such a grating can be
represented as

n(ry=n+Ancos K-r, (1)

where K is the grating vector, n is the (average) re-
fractive index of the medium, and An stands for the
index modulation depth as a result of the recording
process.

Plane waves are the eigenmodes in an unper-
turbed, homogeneous medium and VHGs are capable
of efficiently coupling plane waves with different
wave vectors when energy and momentum are con-
served. The maximum coupling strength is achieved
between the incident and the diffracted waves when
the Bragg condition

K:ki_kd (2)
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is satisfied, where k; and k, are the wave vectors of
the incident and diffracted waves, respectively. The
principle of optical filtering by a VHG is therefore
based on the distinction between optical fields that
satisfy the Bragg condition and those that do not.
Operation with free space optics further renders it an
extremely versatile tool for optical information pro-
cessing.

The coupling effects between plane waves medi-
ated by VHGs have been treated rigorously with
various theoretical approaches, e.g., coupled-mode
analysis*5 and the matrix method.¢ We will use these
well-established results as given for our numerical
simulations.

Unlike thin gratings, VHGs are very sensitive to
phase mismatch because of less ambiguity allowed in
the momentum space. Thanks to its excellent selec-
tivity, VHGs have become an ideal candidate for var-
ious promising technological applications such as
neural networks,” optical correlators,® and holo-
graphic data storage.?1° VHGs also prove useful in
telecommunications; essentially a one-dimensional
photonic crystal when An is appreciable (An =
10™%), holographic gratings in the reflection geometry
can serve as superior filters'!.12 for wavelength divi-
sion multiplexing (WDM) thanks to their low cross
talk and readily engineered bandwidths.

The versatility of VHGs provides the motivation
behind our work presented here. In this paper we
show the experimentally measured beam-width de-
pendence of the wavelength selectivity, angular se-
lectivity, and diffracted beam profiles of VHGs in
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both the reflection and the transmission geometries
for s-polarized fields. With the help of Fourier anal-
ysis, we can satisfactorily explain the interesting dis-
crepancies between the experimental data and the
ideal results predicted for plane waves.

2. Theoretical Consideration

In Fig. 1, we consider how a VHG affects a mono-
chromatic incident optical field whose complex am-
plitude is E,(x,y,z). VHGg ¢ represents a volume
holographic grating in the reflection—transmission
geometry. The grating length measures L along the z
axis and its x—y cross section (much larger than the
beam area) can be regarded as infinite for all practi-
cal cases. With the knowledge of fix,y) = E(x,y, z
= 0), the complex amplitude of the incident beam
E.(x, v, z) can be uniquely determined by the diffrac-
tion integral in the case of propagation in a homoge-
neous medium:

Ei(x7 Y, Z) = JJF(ka’ kiy)exp[_j(kixx +kiyy

dky, dks,
*kiz)] 2w 2w’ @)
where k; = |k;| = (k> + k> + k.>)"? is the wave-

number of the monochromatic radiation and F(&,,, k,,)
is the 2D Fourier transform of f(x, y). Each F(&,,, k,,)
represents a constituent plane-wave (or angular)
component of E;(x, v, z). Basic Fourier-transform re-
lationships dictate that the narrower the incident
beam is, the more spread out its angular components
will be. The wavefront nonuniformity of E;(x,y, z)
can be thought of as a natural manifestation of the li-
near combination of all its plane-wave elements
F(ky, kiye kT For an obliquely incident optical field
(tilted by 6), such as E;'(x,y, z) in Fig. 1, a simple
change of variable can be used to simplify the math-

Fig. 1. Theoretical configuration. The volume holographic grating
has a transfer function H(k;; kq). VHGg_r is a volume holographic
grating in the reflection—transmission geometry.

H(k; kq) provides the opportunity for some of the
incident plane-wave components F(&;,, kiy)e’fk"‘" in the
incident field to be diffracted and gives rise to the
(diffracted) plane-wave components:

F(ki, kiy)H(ki; ka)e <™.

Since this is a linear system, the diffracted beam will
be the integral sum of all diffracted plane waves

kg dk,
Eqx, y, 2) = | | F(kis kiy)H (ki3 ka)e ™5 5 -

(4)

Placing a detector (e.g., D4y in the experimental
setup as depicted in Fig. 2) at the output plane >, to
measure the diffracted field intensity, the diffraction
efficiency m can be calculated from the diffracted and
transmitted field intensities:

The derivation of the appropriate transfer function

2o

ff |Ea(x, ¥, 2)|2d2,

n=

ff |Eix, s 2 :L)Izdx'derff |Ea(x, v, 2)|*d2,

(5)

o

ematical expressions

!

x'=xcos0+2zsin0, z'=—xsin6+z cos .

The angle of incidence 6 is the angle between the
beam propagation direction and the normal of the
input face z = 0. Unless noted otherwise, 6 is mea-
sured inside the VHG.

The presence of the VHG with frequency response

H(k; ky) of a VHG has been treated by an abundance
of literature*-6 and will be used as given in our sim-
ulations.

3. Numerical Simulations and Experimental Results

Here we present the experimental results and nu-
merical simulations of VHGs in the reflection and
transmission geometries separately. In all cases the
electric fields are perpendicular to the plane of inci-
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Fig. 2. Experimental setup: TL, tunable laser source (from 1520
to 1600 nm); EXP(5X); beam expander; VHGy_p, volume holo-
graphic grating in the reflection—transmission geometry; Dg;, de-
tector for the transmitted—diffracted beam; RS, rotational stage:
RB, razor blade controlled by a translation stage for measurement
of the diffracted beam profile.

dence (s polarized). For each geometry we first de-
scribe the experimental setup and then compare the
measurements and theoretical predictions for two dif-
ferent beam widths. All VHGs used were provided by
Ondax Incorporated and recorded on photosensitive
glass plates. The absorption of the glass is negligible.

A. Reflection Geometry

In telecommunications, WDM filters are needed to
select and/or manipulate a desired wavelength from
a bank of available channels. In reconfigurable com-
munication systems, tunable optical filters play an
increasingly important part. Examples include tun-
able arrayed waveguide gratings (AWGs),13 wave-
length tuning based on varying temperature,4 and
the application of stress.15 Tunable filters have also
been realized in reflection-geometry VHGs by means
of angular tuning.1¢ To appreciate and efficiently uti-
lize this filtering configuration, it is important to
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know how oblique incidence impacts the filtering
properties.

1. Experimental Setup

The experimental setup is schematically shown in
Fig. 2; a reflection-geometry VGH, VGH;, whose
grating period A is approximately 532 nm (the Bragg
wavelength at normal incidence is approximately
1581 nm) is mounted on a rotational stage for precise
angular control. The light from a tunable laser source
(tuning range 1520-1600 nm) is channeled through a
fiber collimator (Newport Model f-col-9-15) and used
to conduct measurements. The interaction length at
normal incidence L is 14 mm. The output laser beam
profile from the collimator is Gaussian with a diam-
eter Wof 0.5 mm, which is the spatial width across its
intensity profile where it drops to 1/e® of the peak
value. A beam expander (5X) consisting of two cylin-
drical lenses (a negative lens with a focal length of
—15 mm and a positive lens with a focal length of
75 mm) can be moved in to widen the incident beam.
The angular spread of the (un-)expanded beam is
calculated to be =~(0.15°)0.03° inside the glass, corre-
sponding to ~(0.225°)0.045° in the air.

For each incident angle 6 and wavelength \ of inter-
est, the power of both the transmitted and the dif-
fracted beams are monitored, from which the
diffraction efficiency can be calculated. A razor blade
that is motion controlled by a translation stage can be
moved across the diffracted beam to measure its in-
tensity profile. The distance between the razor blade
and the output face is approximately 50 mm.

2. Wavelength Selectivity

To measure wavelength selectivity curves, incident an-
gle 0 is first set to one of a series of predetermined
values, from 0° to 13.3°, and then a wavelength scan is
carried out. Figure 3(a) shows the results obtained
with the narrow, unexpanded beam B, (W
= 0.5 mm); the transmittance (=1 — m) curves are
plotted in decibels. Each valleylike feature corre-
sponds to strong coupling of the incident beam to the

-5 P | -
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=25
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(b)

Fig. 3. Wavelength selectivity curves from normal to oblique incidence in the reflection geometry. The 20 measured curves in (a) and (b)
correspond, from right to left, to incident angles 0°, 1°, 2°, . . ., 19° outside the glass sample (=0°-13.3° inside the glass).
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Fig. 4. Summary of the wavelength selectivity measurements
and the comparison with numerical simulations. The increasing
transmission of the narrow beam at oblique incidence contrasts
strongly with the transmission of the expanded beam, which does
not increase much at oblique incidence.

diffracted beam and the wavelength of its transmis-
sion minimum, defined as the Bragg wavelength g,
satisfies the relationship

g = 2nA cos 0. (6)

The same set of measurements performed for the
wide, expanded beam By(W = 2.5 mm) is summa-
rized in Fig. 3(b). As we can see, the almost constant
transmittance for By at oblique incidence contrasts
strongly with the increasing transmittance of By,
which is predicted by numerical simulations. The
transfer function H = E,x',y,2’ = 0)/
E(x',y,z' = 0) used for all reflection-geometry sim-
ulations is
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—Jjk sinh sL
H= A , (7)

s cosh sL —j ?B sinh sL

where we have set K = K, AR = 2k cos 6 — K, and the

coupling constant k = wAn/(\ cos 0). Parameter s is
defined as

S}

The quantitative comparison is further summarized
in Fig. 4; the numerical simulations (calculated with
an index modulation An = 4.7 X 10™*) agree well with
the experimental data.

3. Angular Selectivity

To measure the angular selectivity curves, the inci-
dent angle is first set to one of a series of predeter-
mined values. With the wavelength tuned to the
appropriate Bragg wavelength Az according to Eq.
(6), an angular scan is then performed. Figures 5(a)
and 5(b) show the measured angular selectivities for
By and By, respectively. The 0.5 dB angular band-
widths Abgy are summarized in Fig. 6 along with the
numerically simulated results.

Again the minimum transmittance increases much
more rapidly for By than for By as we tilt the beam
from normal to oblique incidence. An interesting fea-
ture common to both By and By is the dramatic de-
crease of the angular bandwidth A6gy at oblique
incidence.

Some of the angular selectivity curves, as traced
out by dashed curves in Figs. 5(a) and 5(b), near
normal incidence have a “twin-valley” (o) shape.
Each of them can be thought of as the “fusion” of two
normal, single-dip angular selectivity curves posi-
tioned close together. Owing to geometric degeneracy
at normal incidence, the effects caused by a positive 6
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Fig. 5. Angular selectivity curves from normal to oblique incidence in the reflection geometry. The 20 solid curves in (a) and (b)
correspond, from left to right, to incident angles 0°, 1°,2°, ..., 19° outside the glass sample (=0°-13.3° inside the glass). The dashed curves
in both plots are measured for an incident angle of 0.5° outside the glass.
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Fig. 6. Summary of the angular selectivity measurements. The
0.5 dB angular bandwidth, Afgy, is plotted against the angle of
incidence 6. Numerical simulations are seen to agree well with the
experimental data.

are equivalent to those caused by a negative one in
the reflection geometry; whenever 6 is small com-
pared with Afgy, such “fusion” will inevitably occur.
This is the reason why we observe the increase of
Abgyw prior to its drastic decrease.

The angular and wavelength selectivity curves do
not behave independently. The relationships between
them can be unraveled if we consider the spatial
harmonic components of the incident beam. At nor-
mal incidence, the VHG’s angular bandwidth A6gy is
wide and diffracts most spatial harmonics contained
within both By and By, therefore nj approaches 100%.
If we slightly tilt the incident beam away from the
normal, we effectively increase Afgyw and almost all
spatial harmonics remain strongly diffracted and the
wavelength selectivity curve does not change much.
Around normal incidence where we get the w-shaped
angular selectivity, the angular and wavelength se-
lectivity of By differs little from that of By. However,
as we tilt the incident beam past an angular thresh-

‘‘‘‘‘ 6=  0°(Sim)
-- 0= 5.38°(Sim) ]
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e
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P

o
w
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o
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old (=1° in our case), ABgy starts to decrease sharply
and a smaller and smaller portion of the spatial har-
monic content of By gets diffracted efficiently by the
grating. On the other hand, By is not affected as
much thanks to its narrower spatial frequency
spread. This is when By, starts to have a higher dif-
fraction efficiency because part of the energy of By
spills out of the Abgy angular stop band along with
the undiffracted spatial components. To put it suc-
cinctly, the product of a VHG’s angular selectivity
curve and the angular spectrum of the incident beam
determines the diffraction efficiency and filter shape
of the VHG.

4. Diffracted Beam Profiles

In Figs. 7(a) and 7(b), we show the experimentally
measured and numerically simulated diffracted
beam intensity profiles for By and By, respectively.
The legend in Fig. 7(a) applies to both plots. At
oblique incidence, we see that the diffracted beam of
By, is stretched out from its original Gaussian profile.
On the contrary, the diffracted beams of By maintain
their Gaussian-like profiles. This phenomenon is
again attributed to the strong angular filtering suf-
fered by By thanks to the VHG: its wider diffracted
beam profiles are the results of less diffracted spatial
harmonic components. This effect is not readily ob-
servable for By because most of its spatial harmonics
are still diffracted. Again the simulations can accu-
rately predict the measured data.

B. Transmission Geometry

1. Experimental Setup
For the measurements of a VHG in the transmission
geometry, we replace VHG with VHG in Fig. 2. The
only differences are the grating orientation and the
position of the detector for the diffraction beam. The
intensity profile of the diffracted beams is measured
50 mm from the output face.

The grating period A of VGH; is approximately
5.94 um, and the Bragg angle 6z at 1560 nm is
roughly 5°. The index modulation Arn is estimated to

Reflected Beam Profile

Fig. 7. Diffracted beam intensity profiles for three incident angles from normal to oblique incidence in the reflection geometry.
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Fig. 8. Wavelength selectivity curves at 6 ~ 5.1° in the transmis-
sion geometry for beam widths W = 0.5 and 2.5 mm.

be 4.7 X 10™* and the interaction length L at normal
incidence is 3 mm.

2. Wavelength Selectivity

The procedure for measuring the wavelength selec-
tivity curves is as follows: we first rotate VGH,
such that 6 = 5.1° (which is the Bragg angle for \
= 1590 nm) and then the wavelength is scanned from
1520 to 1600 nm. The resulting selectivity curves for
By and By are shown together in Fig. 8. Along with
the measured data we also plot the numerically sim-
ulated curves. The selectivity curves are seen to be
quite wide. This is because of the very shallow inci-
dent angle (small value of 6). The transfer function
H = E,x',y,z2 = L)/E,(x',y,z’ = 0) used for all
transmission-geometry simulations is

mAn sin sL

Ap

H=-j exp(j o L) , (8)

NcosfB; s

where we have 6, = arcsin(K/k; — sin 0) and AR =

0.3
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k(cos 6 — cos 0,;), and the parameter s is defined as

s = \K + (AZB)Z

For plane waves, n = sin’(mAnL/\ cos 6) when the
Bragg condition is satisfied. We see that n reaches
100% when the parameter wAnL/\ cos 6 is equal to
0.5, 1.5, . . ., . In our experiments, this parameter
is =0.917 and therefore the maximum value of m
occurs when a phase mismatch is present instead of
when Bragg matched. This behavior transpires be-
cause part of the diffracted beam is coupled back into
the transmitted beam and v is reduced.

3. Angular Selectivity

The angular selectivity curves are measured by scan-
ning around the Bragg angle when the wavelength
is fixed at 1560 nm. The measured curves for By
and By along with the theoretically predicted re-
sponses are plotted in Figs. 9(a) and 9(b).

We do not get the maximum diffracted intensity at
the Bragg angle but at a certain amount of angular
detuning (A6 = 6 — 65 = +0.13°). As we increase the
absolute angular detuning | A8 | from 0°, our angular
selectivity curves are traced out almost symmetri-
cally around the Bragg angle 6. The numerical sim-
ulation matches the experimental data so well that
even the absence and/or presence of a local “bump” at
0y for By/By is accurately depicted.

4. Diffracted Beam Profiles

We plot two measured diffracted beam profiles for
both By and By in Fig. 10. The normalized intensity
profiles (a), (b), (¢), and (d) correspond to indices in
Roman numerals from I to IV as marked in Figs. 9(a)
and 9(b). While the diffracted beam profiles (b), (c),
and (d) remain Gaussian (as predicted by the simu-
lations), the beam profile (a) shows a dip in the cen-
ter. The explanation for this interesting phenomenon
is that the phase relationship between the constitu-
ent diffracted plane-wave components dictates de-
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Fig. 9. Angular selectivity curves in the transmission geometry around Bragg angle 65 ~ 5°.
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Fig. 10. Normalized diffracted intensity beam pro-
files in the transmission geometry around Bragg an-
gle 65 =~ 5% AB = 6 — 05 All beam profiles are
measured 50 mm from the output face. The circles

structive interference at the center of the diffracted
beam.

4. Conclusion

The angular selectivity of a volume holographic grat-
ing determines its beam-width-dependent behaviors.
Whenever the constituent plane-wave components of
the incident beam are selectively diffracted by the
volume grating, deviation from the ideal response
predicted by the plane-wave solution will take place,
especially for narrow optical beams.

Taking advantage of the technique of Fourier de-
composition combined with plane-wave solutions to
the VHGs proves to be extremely useful for accurately
characterizing and predicting the diffraction effects ex-
perienced by a finite incident beam owing to a VHG.
Such characterization will be useful for evaluating the
performance of optical systems employing VHGs, de-
termining the optimal parameters at the design phase,
and improving existing optical systems.

This work was supported by the NSF Engineering
Research Centers Program for Neuromorphic Sys-
tems Engineering under award EEC-9402726.
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