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We present a combined wavelength-polarization selector made of holographic polarization
beamsplitting cubes in series. Each unit cube comprises a pair of prisms and a transmission-type
phase volume hologram. The assembled selector, when examined with an intensity modulated beam
of known polarization state, demonstrated our designated target. ©1997 American Institute of
Physics.@S0003-6951~97!03014-3#
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A polarization-selective element is essential in opti
information processing, magneto-optical pickup, and opt
switching.1–6 A conventional polarization-selective eleme
is made of birefringence crystals or a pair of right-ang
prisms sandwiched with a special multilayer dielectric fil
Several holographic polarization-selective elements w
proposed in recent years.3–7 Kostuk et al. proposed a
substrate-mode guiding holographic polarization-selec
element using a transmission-type phase volume holog
with large diffraction angle.6 The element requires an add
tional input coupling hologram which, in turn, needs t
same diffraction efficiencies for different polarization stat
making the element difficult to fabricate. The Katoet al.3

and Huang7 groups presented holographic polarizatio
selective element with a smaller diffraction angle which c
be used in multichannel optical switching systems. We h
also introduced yet another type of polarization-selective
ement made of substrate-mode stacked polarization-sele
holograms that can be used as a four channel polariza
and wavelength separation element.8 In this letter, we further
propose a design of using holographic polarization bea
splitting cubes in series for wavelength and polarization
lection in optical communications.

The structure of a unit holographic polarization bea
splitting cube is shown in Fig. 1~a!. It consists of a pair of
right-angle prisms and a transmission-type phase volume
logram ~H!. The normal incident beam travels in the fir
prism without changing direction and strikes the sandwich
hologram at 45°. According to Kogelnik’s coupled-wav
theory,9 the diffraction efficiencies of a transmission-typ
phase volume hologram for thes- and thep-polarization
states near Bragg condition are

h5
sin2~An21j2!

~11j2/n2!
, ~1!

where

n5ng5
pn1d

lAucosu r1cosu r2u
for s polarization, ~2a!

a!Electronic mail: t7503@cc.nctu.edu.tw
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n5np5ng cos~u r12u r2! for p polarization ~2b!

and

j5
2DlK2d

8pn cosu r2
, ~3!

respectively, wheren is the coupling coefficient,j is the
detuning factor,l is the reconstruction wavelength,Dl is the
wavelength shift with respect to the central wavelengthl, K
is the grating vector,d is the grating thickness,n1 is the
amplitude of the index modulation, andu r1 andu r2 are, re-
spectively, the reconstruction and the diffraction angles
the phase volume hologram. From Eq.~2!, it is seen that
there is no diffracted light ofp-polarization state since (u r1
2u r2)56p/2. Based on the last6p/2 condition, if the
grating vectorK @Fig. 1~b!# recorded on the hologram is suc
that its Bragg angle isu r1545°, then the direction of the
diffracted beamS will be perpendicular to that of the recon
struction beamR in the emulsion as is shown in Fig. 1~b!.
Consequently, thes-polarization state is 90° diffracted sinc
thep-polarization state passes through the hologram with
changing direction.

In this letter, two types of holograms were purpose
developed for the readily available 632.8 nm He–Ne la
line and 780 nm GaAs/GaAlAs diode laser line. These
called H1 andH2, respectively. The holograms were r
corded on laboratory-made dichromated gelatin~DCG! using
He–Cd laser 441.6 nm line and the technique of the lon
wavelength reconstruction with the shorter wavelength
cording. The final thickness of the fixed emulsion layer is
mm ~a-step measurement!, and its averaged refractive inde
(n) is 1.52. Their index modulation strengths for high pola
ization extinction ratio are chosen to be 0.0186 and 0.02
respectively. These holograms were cemented between
hypotenuse faces of two right-angleBK7 prisms (n
51.517) with Norland 65 UV curing optical cement (n
51.52). The wavelength and polarization selective char
teristics ofH1 andH2 cubes were investigated with pre
pared polarization states of the two wavelengths~632.8 and
780 nm!. The diffraction efficiency is affected by the Brag
detuning factor. And the results of the diffraction efficien
versus wavelength of these two holograms are shown in
180505/3/$10.00 © 1997 American Institute of Physics
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2. The circles and dots represent the experimental data o
s and thep polarizations, respectively. The full width at ha
maximum~FWHM! of 632.8 and 780 nm peaks are, respe
tively, ;30 and;40 nm. The continuous lines markedH1
andH2 are the theoretical diffraction efficiency curves f
the s and thep polarization from Eqs.~1! and ~2!. The the-
oretical diffraction efficiency curves for thep polarization

FIG. 1. ~a! The structure of a holographic polarization beamsplitting cu
CP stands for the coupling prism,s andp thes and thep-polarization states,
and H the hologram.~b! Reconstruction geometry in the emulsion of
volume phase hologram. R and S represent the reconstruction and th
fraction beams,u r1 ,andu r2 the reconstruction and diffraction angles, andK
the grating vector.

FIG. 2. Experimental diffraction efficiencies ofH1 andH2 vs wavelength.
S polarizations are shown in open circle andp polarizations in dots. The
smooth curves show the theoretical predictions of Eqs.~1! and ~2!.
1806 Appl. Phys. Lett., Vol. 70, No. 14, 7 April 1997
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are nearly zero and hence are close to the ordinate and h
seen in Fig. 2. These curves are qualitatively comparabl
the experimental data. Therefore, theseH1and H2 holo-
graphic cubes can serve as a wavelength depen
polarization-selective element. Holographic polarizati
beamsplitting cubes for other wavelengths~such as those
used in fiber communications! can be possibly made with th
same techniques.

In order to demonstrate the overall performance of th
holographic cubes as a wavelength and polarization sele
we assembled twoH1 and twoH2 holographic cubes in
series. The structure is shown in Fig. 3. The hologram pla

.

dif-

FIG. 3. The experimental setup for wavelength and polarization selectiv
of the assembly using holographic polarization cubes in series. C stand
the chopper, FLC the ferroelectric liquid crystal, andH1 andH2 the holo-
grams.

FIG. 4. ~a! Oscilloscope readout for each channel of the assembly us
632.8 nm input beam.~b! The channel readout for the 780 nm input bea
Chang, Su, and Huang
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 This a
of incidence of the first twoH1 cubes were arranged to b
perpendicular to each other. The hologram planes of the
lowing twoH2 cubes were also perpendicular to each oth
It demonstrated that different wavelength input beams w
diffracted selectively with the specific polarization states
the individual channel in the assembly. In Fig. 3, the inp
laser signals were incident from the left to the assembly
chopper~C! and a ferroelectric liquid crystal~FLC! were
inserted between the laser and the assembly for the ca
signal intensity and polarization modulation. The outp
from each channel of the assembly were monitored by
oscilloscope. Figure 4~a! shows those for the 632.8 nm inpu
beam. The carrier signals produced by the chopper ac
enveloped by the FLC in alternating phases only appeare
channels 1 and 2, consistent with the character ofH1 cubes.
There were no signal outputs in channels 3 and 4 as
expected. Figure 4~b! shows the signal outputs of the 780 n
input beam in channels 3 and 4, reflecting the proper fu
tioning of H2 cubes. There were no signal outputs in cha
nels 1 and 2.
Appl. Phys. Lett., Vol. 70, No. 14, 7 April 1997
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In summary, it is clear that the assembly of our ho
graphic polarization beamsplitting cubes in series is a pr
tical wavelength-polarization selector that can be usefu
optical communication.
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