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Abstract. We present a study of the grating detuning effect on the trans-
mission and reflection holographic memories recorded in a photopolymer
material. By using the Bragg matching condition, we analyze the angular
shift and the degradation of the diffraction efficiency of the reconstructed
images. Based on these results, a method for precompensating the de-
tuning effect has been proposed. © 2001 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1402125]
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1 Introduction

Holographic data storage has been considered as one o
next-generation information storage technologies beca
of its potential in high storage capacity (;1012bits/cm3)
and fast readout speed (;1011bits/sec).1–3 Suitable record-
ing material is a key to the success of holographic mem
ries. So far, the most popular materials for this applicat
are photorefractive crystals and photopolymers. Photo
fractive crystals have been the traditional experimen
choice because of their excellent optical quality. Howev
it suffers from small dynamic range and low photosensit
ity. Photopolymer materials are especially interested
cause these materials have large refractive index con
(Dn;0.01) and high photosensitivity (10;104 J/m2), and
they can be easily synthesized to have differ
compositions.4,5 However, the major disadvantage for usin
photopolymer materials is the grating detuning effect. T
effect comes from the dimensional changes~shrinkage or
expansion! induced by the chemical reactions during t
holographic recording procedure, such that the recorded
fractive index grating has different grating spacing fro
that of the light interference fringes. As a result, the Bra
condition for volume holograms is mismatched and the
corded information cannot be readout completely.6,7 There-
fore, it is important to know how the grating detuning e
fect influences the reconstructed image and how to allev
this problem.8–10

We present a study of the grating detuning effect
holographic data storage using photopolymer recording
terial. By using the Bragg matching condition, we analy
the angular shift and the degradation of diffraction e
ciency of the reconstructed beam. The distortion of
readout page is described, and a method for precompe
tion by deviating the incident angles of the reading be
from the original writing beam is proposed.

This paper is a revision of a paper presented at the SPIE conferenc
Optical Storage and Optical Information Processing, July 2000, Tai
Taiwan. The paper presented there appears~unrefereed! in SPIE Proceed-
ings Vol. 4081.
Opt. Eng. 40(10) 2125–2133 (October 2001) 0091-3286/2001/$15.00
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2 Theoretical Analysis

2.1 Transmission Holograms

2.1.1 Angular shift of the reconstructed beam

We first derive equations for the shift of Bragg angle due
shrinkage of the recording material for the transmission
logram. The schematic diagram of the geometry for reco
ing a transmission hologram is shown in Fig. 1~a!. In the
figure, the surface of the sample is on thex-y plane and the
surface normal is along thez axis. Geometrical dimension
d and l are the thickness and the transverse length of
photopolymer sample before optical exposure, respectiv
andn is the refractive index. Anglesu1a andu2a represent
the incident angles of the reference and the object be
with respect to thez axis, respectively. All the angles ar
measured outside the medium. During optical recordi
the interference pattern is recorded in the medium. T
grating vector can be written as11:

KY 5kY22kY15
2p

L
~2cosu0x̂2sinu0ẑ!, ~1!

where x̂ and ẑ are unit vectors along thex and z axis, u0

5(u12u2)/2, andL is the grating spacing, given by

L5
l

2n sinS u11u2

2 D , ~2!

wherel is the optical wavelength in free space,u1 andu2
are the incident angles of the reference and object be
inside the medium, respectively. According to Snell’s la
u1 and u2 can be written asu15cos21@cos(u1a)/n# and u2

5cos21@cos(u2a)/n#.
Assume that because of the shrinkage effect, after o

cal exposure, the thickness and the transverse dimens
of the recording medium are changed to (11ad)•d and
(11a l)• l , wheread anda l are the fraction of the materia

n
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shrinkage along the corresponding directions. Furtherm
assume that the refractive index of the material has chan
to (11an)•n, where an is the fractional change in the
refractive index. Then, the recorded grating vector
changed to

KY 85
2p

L S 2
1

11a l
cosu0x̂2

1

11ad
sinu0ẑD . ~3!

Now if the holographic grating is reconstructed by th
original reference beam, the Bragg matching condition w
no longer be satisfied. We assume that the grating is infi
in thex direction so that the Bragg mismatch is along thez
axis, as required by the boundary condition. We descr
the conservation of the momentum by thek diagram, which
is shown in Fig. 1~b!. The amount of the phase mismatc
DK can be derived as

Fig. 1 (a) Schematic diagram for recording transmission hologram
and (b) K diagram for the transmission hologram.
2126 Optical Engineering, Vol. 40 No. 10, October 2001
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DK5k1z8 1Kz82kdz

5
2p

l S 2$@~11an!n#22sin2 u1a%
1/22

1

11ad

3@~n22sin2 u2a!1/22~n22sin2 u1a!1/2#

1H @~11an!n#2

2Fsinu1a2
1

11a l
~sinu1a1sinu2a!G2J 1/2D , ~4!

wherek1z8 is the wave vector of the reading beam along t
z axis andkdz is the wave vector of the reconstructed bea
along thez axis. The value of the diffracted wave vector
equal to 2pn(11an)/l. In Fig. 1~b!, kdx5k1x8 1Kx8 ; con-
sequently, we can obtain the wave vector of the diffrac
beam along thez axis, i.e., kdz52$@2pn(11an)/l#2

2(kdx)
2%1/2. Thus, the diffracted angle of the reconstruct

beam is deviated from the original direction. It can be d
rived as

Dud5u2a8 2u2a

5sin21F 1

11a l
~sinu1a1sinu2a!2sinu1aG2u2a , ~5!

whereu2a8 is the diffracted direction. According Eq.~5!, the
shift of the diffracted angle depends on the recording ang
u1a , u2a , anda l , the dimensional shrinkage along thex
axis. If a l50, thenDud50, i.e., the angular shift is zero
and the diffracted beam is along the original direction
the object beam. In other words, the diffracted angle w
remain unchanged if there is no shrinkage along the tra
verse dimension of the recording material.

We have performed a numerical calculation withd
5100mm, l5514 nm, n51.5285, a l521%, ad

521%, andan51%. In this case the diffracted angle
are affected. The simulation results~as shown in Fig. 2!
indicate that the angular shift of the diffracted beam
creases with increasing incident anglesu1a and u2a . The

Fig. 2 Simulation results of the shift of the diffracted angle Dud as a
function of the incident angles u1a and u2a . u1a is the incident angle
of the reference beam, and u2a is the incident angle of the object
beam.
erms of Use: http://spiedl.org/terms
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angular shifts are less than 0.98 deg when the record
angles are less than 40 deg, and the shift can be larger
3 deg when bothu1a andu2a are larger than 60 deg.

2.1.2 Degradation of the diffraction efficiency

The normalized diffraction efficiency of a mismatched vo
ume holographic grating can be written as11

h5sinc2S DK•d

2p D . ~6!

Equation~6! shows that in all cases of shrinkage, the d
fraction efficiency will be degraded. Combining Eqs.~4!
and~6! we see that the diffraction efficiency depends on
recording anglesu1a and u2a . We have performed a nu
merical calculation. The simulation result is shown in F
3~a!. The parameters used for this simulation ared
5100mm, l5514 nm,n51.5285,a l50, ad521%, and
an51%. The simulation results show that when the in

Fig. 3 (a) Simulation results of the diffraction efficiency h as a func-
tion of the incident angles u1a and u2a . u1a is the incident angle of
the reference beam, and u2a is the incident angle of the object
beam. (b) Simulation results of the diffraction efficiency h as a func-
tion of the incident angles u1a and u2a .
oaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
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dent angles of the two recording beams are symmetric, t
the diffraction efficiency will remain unaffected.

Figure 3~b! considers a similar example except witha l

521%. Now the diffraction efficiency is degraded eve
when the incident angles of the recording beams are s
metric with respect to the surface normal. It also shows t
the diffraction efficiency decreases significantly from 1
0.012 when both the incident angles of the reference be
(u1a) and the object beam (u2a) are increased from 0 to 70
deg. When the object beam is normally incident onto
recording material (u2a50 deg) and the incident angle o
the reference beam is less than 40 deg, the diffraction e
ciency is above 0.897. Thus, in this case, the refere
beam with smaller incident angles can provide higher d
fraction efficiency.

Let us consider a practical example. We consider
recording and reading of a Fourier hologram. Assume t
the center of the object beam is normally incident onto
recording material, and the size of the input spatial lig
modulator~SLM! is 13.2 mm. The pixel size of the SLM i
33 mm and there are 400 pixels in each dimension. T
focal length of the lens is 40 cm. Thus, the range of
incident angles is from20.87 to 0.87 deg. The recon
structed beam is inverse transformed and imaged on
CCD by a lens of 20-cm focal length. The pixel size of t
CCD detector is 15mm. We used DuPont HRF-8003071
photopolymer as the recording material. The thickness
this material isd520mm. The refractive index and the
fractional change in refractive index are measured by
Abbe refractometer to ben51.5285 andan50.27%. By
comparing the phase change between two arms in a M
Zehnder interformeter after and before optical exposure,
fractional change of the thickness is obtained asad

521.5%. The details of the measurements are descr
in Sec. 3. By using Eqs.~5! and ~6!, the position shift and
the diffraction efficiency of the reconstructed image as
function of the pixel positions are shown in Figs. 4~a! and
4~b!, respectively. Figure 4~a! shows that the shift of outpu
image decreases with smaller recording angles. Figure~b!
shows that the distribution of the diffraction efficienc
across the output image is more uniform with large reco
ing angles. In addition, the diffraction efficiency is high
by using reference beams with larger recording ang
Note that the latter characteristic has a tendency opposi
that in Fig. 3~b! because the parameters of the photopo
mers for these two cases are different. Hence, the par
eters of the photopolymer are very important in consider
the detuning effect of the holographic storage. Furthermo
by considering the detuning effects shown in Figs. 4~a! and
4~b!, a compromise between the pixel shift and the diffra
tion efficiency can be achieved by appropriately choos
the recording angles.

2.1.3 Precompensation by angular shift of the
reading beam

From the discussion in the previous paragraph, we kn
that because of the shrinkage effect during the record
procedure, a phase mismatch will be induced if the read
beam is incident at the original incident angle of the ref
ence beam. To reconstruct the volume grating at the Br
matching condition, the reading beam should be devia
2127Optical Engineering, Vol. 40 No. 10, October 2001
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from the original incident angles. This is called the preco
pensation process. By using the condition of conserva
of the grating momentum, the required angular shift of
reading beam from the reference beam can be given a

Du r5u1a8 2u1a

5sin21H ~11an!n•sinFsin21S l

2~11an!nL8D
1tan21S 11a l

11ad
tanu0D G J 2u1a , ~7!

whereL8 is the grating spacing with shrinkage and it c
be described by

L85
L

F S 1

11ad
sinu0D 2

1S 1

11a l
cosu0D 2G1/2. ~8!

Fig. 4 (a) The position shift of the reconstructed image as a function
of the image pixels with different incident angles u1a580, 60, and 30
deg. (b) The diffraction efficiency of the reconstructed image as a
function of the image pixels with different incident angles u1a580,
60, and 30 deg.
2128 Optical Engineering, Vol. 40 No. 10, October 2001
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Under this situation, the diffracted angle is changed and
shift of the diffracted angle can be derived as

Dud5ud2u2a

5sin21H ~11an!n•sinFsin21S l

2~ I 1an!nL8D
2tan21S 11a l

11ad
tanu0D G J 2u2a , ~9!

whereud is the diffracted angle of the reconstructed bea
From Eq.~7!, it is apparent that either the refractive inde
or dimension shrinkage of the recording material leads t
shift in the Bragg angleDu r . The Bragg shift is dependen
on the incident angles of the recording beamsu1a andu2a .
Here, we assume the parameters of the recording mat
as follows: a l50, ad521.5%, an50.27%, and d
520mm. The Bragg angular shiftDu r as a function of the
incident anglesu1a andu2a is shown in Fig. 5. The maxi-
mum Bragg angular shift is about 0.8 deg in air when t
incident angles areu2a50 andu1a560 deg. Our simula-
tion results also show that when the recording geometry
symmetric~i.e., u1a5u2a!, the Bragg angular shift is zero
despite the shrinkage effect along thez axis. Thus, to avoid
the Bragg angular shift produced by the thickness shri
age, we can record the grating by using symmetric reco
ing beams. In addition, the angular shift of the diffracte
beam can be obtained by using Eq.~9!. Thus, the CCD can
be preshifted to the position such that the reconstruc
data from holograms are detected correctly.

2.2 Reflection Holograms

2.2.1 Angular shift of the reconstructed beam

A schematic diagram of the geometry for the reflection h
lographic recording is shown in Fig. 6~a!. In the figure, the
angles are measured outside the medium.u1a and u2a are
the angles between the reference beam and object b
with respect to the surface of the sample, respectively.
fore optical recording, the original thickness and the tra
verse dimension of the recording material ared and l, re-
spectively. l is the wavelength for the recording an
reading light, andn is the refractive index of the sampl

Fig. 5 Simulation results of the precompensation angular shift Du r

as a function of the incident angles u1a and u2a .
erms of Use: http://spiedl.org/terms
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during recording. Two recording beams were incident o
the medium and the interference pattern is recorded.
grating wave vector can be written as11:

KY 5kY22kY15
2p

L
~sinu0x̂1cosu0ẑ!, ~10!

where u05(u12u2)/2. L is the grating spacing and i
given by

L5
l

2n sinS u11u2

2 D , ~11!

whereu1 and u2 are the incident angles of the referen
beam and object beam inside the medium, respectively.
cording to Snell’s law, they can be written asu1

5cos21@cos(u1a)/n# andu25cos21@cos(u2a)/n#.
We assume that after the holographic recording pro

dure is complete, because of the shrinkage effect, the
terial dimensions have changed to (11ad)•d and (1

Fig. 6 Schematic diagram for recording reflection holograms, and
(b) K diagram for the reflection hologram.
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1al)•l, and the refractive index of the material has chang
to (11an)•n. Then, the grating vector will be changed

K̄85
2p

L S 1

11a l
sinu0x̂1

1

11ad
cosu0ẑD . ~12!

Thus, the Bragg matching condition will be changed. If t
reading beam is incident at an angle identical to that of
recording beam, then thek diagram is shown in Fig. 6~b!.
There is a phase mismatchDK along thez axis, which can
be written as:

DK5k1z8 1Kz82kdz

5
2p

l S 2$@~11an!n#22cos2 u1a%
1/22

n

11ad

3@sinu11sinu2#2H @~11an!n#2

2Fcosu1a1
1

11a l
~cosu2a2cosu1a!G2J 1/2D , ~13!

where k1z8 is the wave vector of the reading beam alo
the z axis. kdz is the wave vector of the reconstructe
beam along thez axis and kdz52$@2pn(11an)/l#2

2(kdx)
2%1/2, wherekdx5k1x8 1Kx8 . The angular shift of the

diffracted beam is given by:

Dud5u2a8 2u2a

5cos21Fcosu1a1
1

11a l
~cosu2a2cosu1a!G2u2a ,

~14!

where u2a8 is the diffracted direction after the shrinkag
Equation ~14! indicates that the diffracted angle depen
only on a l and the recording angles. Ifa l50, the shift of
the diffracted angle is equal to zero. On the other hand
there is shrinkage along the lateral dimension of the reco
ing material, i.e.,a lÞ0, then the diffracted angles are a
fected. The computer simulation results for the case ofa l

521%, ad521%, an521%, and d5100mm, are
shown in Fig. 7. The diffracted beam can deviate sign
cantly ~the angular shift can be as large as27.15 deg!
especially when the incident angle of the object beam
large (u2a'0 deg) and that of the reference beam is sm
(u1a'80 deg). In this case, if the positions of the CC
pixels are not adjusted to appropriate positions, then
diffracted pattern will not be detected correctly by the co
responding pixels. Therefore, we should either select ap
priate incident angles of the recording beams to reduce
shrinkage effect, or shift the photodetector pixel to a su
able position to obtain a correct data detection.

2.2.2 Degradation of the diffraction efficiency

The diffraction efficiency for a Bragg-mismatched volum
grating can be expressed as11
2129Optical Engineering, Vol. 40 No. 10, October 2001
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h5
uku2sinh2~s•t !

s2 cosh2~s•t !1S DK

2 D 2

sinh2~s•t !

, ~15!

wheres5@ uku22(DK/2)2#1/2 anduku5pDn/2l sinu1. It is
seen that the diffraction efficiency will always be degrad
even if a l50, depending on the recording anglesu1a and
u2a . The simulation results are shown in Fig. 8. The p
rameters of the material that we used for this calculation
the following: a l50, ad521%, an51%, and d
5100mm. Figure 8 shows that the diffraction efficienc
could be degraded significantly if the recording ang
(u1a ,u2a) are less than 70 deg. Hence, to obtain high a
uniform diffraction efficiency, we should choose large r
cording angles.

Let us perform a practical calculation. Assume that
center of the object beam is normally incident onto t
recording material (u2a'90 deg), and the size of the inpu
SLM is 13.2 mm. The pixel size of the input device is 3
mm and each row has 400 pixels. The focal length of
Fourier lens is 40 cm. This means that the range of
incident angles is from 89.13 to 90.87 deg. The focal len
of the inverse Fourier lens is 20 cm. The pixel size of t
CCD detector is 15mm. The parameters of the DuPo
HRF-8003071 photopolymer are the following:n

Fig. 7 Simulation results of the diffracted angle shift Dud as a func-
tion of the incident angles u1a and u2a .

Fig. 8 Simulation results of the diffraction efficiency h as a function
of the incident angles u1a and u2a .
2130 Optical Engineering, Vol. 40 No. 10, October 2001
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51.5285,an50.27%, d520mm, and ad521.5%. The
position shift and the diffraction efficiency of the reco
structed pixels are shown in Fig. 9. Both the two quantit
depend on the incident angles of the reference beam. Fi
9~a! shows that the shift of output image is smaller wi
small reference angles (u1a580 deg). These simulation re
sults have a tendency to be opposite the results of Fig
because of the different parameters of the photopolym
materials. In principle, for a given photopolymer, w
should use Eqs.~14! and~15! to find the suitable recording
conditions of the holographic system to achieve the m
mum detuning effect. Note that the diffraction efficiency
reflection holograms is very low at the Bragg mismatc
This problem can be alleviated by a precompensat
method through adjusting the incident angle of the read
beam. The required angular shift of the reading beam
the Bragg matching condition is described in the followi
section.

2.2.3 Precompensation by angular-shift of the
reading beam

Reconstruction of the volume grating at the Bragg mat
ing condition can be achieved by a precompensation p

Fig. 9 (a) The position shift of the reconstructed image as a function
of the image pixels with different incident angles u1a580, 60, and 30
deg. (b) The diffraction efficiency of the reconstructed image as a
function of the image pixels with different incident angles u1a580,
60, and 30 deg.
erms of Use: http://spiedl.org/terms
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cess in which the incident angle of the reading beam
adjusted such that the phase mismatchDK is equal to zero.
According to the condition of conservation of grating m
mentum, the angular shift of the precompensated read
beam can be derived as

Du r5u1a8 2u1a

5cos21H ~11an!n•cosFsin21S l

2~11an!nL8D
1tan21S 11ad

11a l
tanu0D G J 2u1a , ~16!

whereu1a8 is the reading angle for the Bragg matching co
dition, u1a is the recording angle, andL8 is the grating
spacing after optical recording.L8 can be expressed as:

L85
L

F S 1

11a l
sinu0D 2

1S 1

11ad
cosu0D 2G1/2. ~17!

Now the reading beam satisfies the Bragg condition, he
the maximum diffraction efficiency can be achieved. On
other hand, the diffracted angle will be deviated from t
object beam direction, and the shift of the diffracted an
can be derived as

Dud5ud2u2a

5cos21H ~11an!n cosFsin21S l

2~11an!nL8D
2tan21S 11ad

11a l
tanu0D G J 2u2a , ~18!

whereud is the diffracted angle of the reconstructed bea
By using Eq.~16!, the angular shift of the precompensat
reading beam can be plotted as a function of the record
angles, as shown in Fig. 10. The parameters of the mat
that we used for calculation are the following:a150, ad

521.5%, an50.27%, andd520mm. Figure 10 shows

Fig. 10 Simulation results of the precompensation angular shift Du r

as a function of the incident angles u1a and u2a .
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that angular shift of the precompensated beam can be la
~as large as 15.87 deg! with large reference angles~when
u1a<10 deg!. By using Eq.~18!, the angular shift of the
diffracted beam as a function of the recording angles can
obtained, as shown in Fig. 11. The angular shift of t
diffracted beam depends on the incident angles of the
ject beam (u2a) and the reference angles (u1a). For holo-
graphic data storage by an angular multiplexing techniq
the incident angle of the object beam for all data pages
fixed at one angle (u2a), while the incident angles of the
reference beams (u1a) are different for each data page. I
this situation, the angle shift for each reconstructed d
page is different. Thus, the CCD can be preshifted to
position, such that the reconstructed data from all ho
grams are detected correctly. Thus, the detuning effect
photopolymer volume holographic memory can be co
pensated by deviating the reading beam to the precomp
sating angle and at the same time by moving the CCD ar
to the appropriate diffracted place.

3 Optical Experiment

We first measured the parameters of the DuPont HRF-
3071 photopolymer. The refractive indices~n and n8! of
the photopolymer before and after optical recording a
measured with an Abbe refractometer. The measured res
are n51.5285 andn851.5326. Therefore, the fractiona
change in refractive index can be evaluated asan5(n8
2n)/n50.27%. Next, by putting the photopolymer film in
one arm of the Mach-Zehnder interferometer, the opti
path difference of the photopolymer before and after opti
exposure can be obtained. Since the original thickness
the photopolymer film is known to be 20mm, the fractional
change in the path difference and thus the fractional cha
of the thickness can be obtained asad521.5%.

The schematic diagram for recording and readi
reflection-type holographic gratings is shown in Fig. 12. A
argon laser beam is expanded and split into two pla
waves. One~the reference beam! passes through a 4f sys
tem and the other one~the object beam! is incident directly
onto the photopolymer film. The two beams interfere in t
medium and the interference fringes are recorded in
photopolymer.

Fig. 11 Simulation results of the diffracted angle shift Du r as a func-
tion of the incident angles u1a and u2a .
2131Optical Engineering, Vol. 40 No. 10, October 2001
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We have recorded reflection gratings with a symmet
incident geometry, i.e.,u1a5u2a ~it meansu050 deg!. Ac-
cording to Eq.~17!, the grating spacing after optical record
ing only depends on the fraction of shrinkage of the ma
rial along thez-axis ad . Equation ~18! shows that this
arrangement has the advantage of eliminating the infue
of the dimensional shrinkage of material along thex axis.
After recording, the object beam is blocked and the ref
ence beam is used as the reading beam. A photodetect
put at the position corresponding to the object beam dir
tion for measuring the diffraction efficiency of the reco
structed beam. Because of the shrinkage effect, the Br
condition is no longer satisfied and the diffraction ef
ciency is decreased. To find the Bragg angle, we adjus
the incident angle of the reading beam by using the
system until the highest diffraction efficiency is obtaine
The deviation of the beam from the recording angle giv
the angular shift. We measured the shift of the Bragg an
as a function of the incident angles of the recording bea
The results are shown in Fig. 13.

In Fig. 13, the solid line is the simulation result by usin
Eq. ~18! and this curve is identical to the curve in Fig. 1
for the caseu1a5u2a . The circled points are the exper

Fig. 12 A schematic diagram for reflection type holographic stor-
age.

Fig. 13 A comparison of the numerical and the experimental re-
sults.
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g

mental results. The experimental results match well w
the computer simulation.

4 Conclusions

In summary, we have derived equations for the detun
effect on the Bragg angle and the diffraction efficiency
the reconstructed image for both transmission and refl
tion holograms. These equations can be used to estimat
grating detuning effect induced by the material shrinka
i.e., the shrinkage effect of photopolymer during optic
recording of holographic memories, and the temperatu
induced detuning effect in photorefractive crystals duri
the thermal fixing procedure. In addition, it can also
used to find appropriate recording and reading conditio
such that the accuracy of holographic data storage is m
tained. The grating detuning effect can be compensated
deviating the reading beam at a suitable angle, and the
corded data can be correctly retrieved by shifting the C
array to the appropriate place. An optical experiment
measuring the detuning effect on reflection holograms
been performed and demonstrated.
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