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We describe both theoretically and experimentally a polarization independent interferometric
adaptive photodetector based on photorefractive two-wave mixing. The configuration is based on
the simultaneous recording of two independent gratings in a single photorefractive crystal. Applied
to the detection of ultrasonic signals, this interferometric photodetector operates with depolarized
beams issued from multimode fibers and gives a detection limit close to the ultimate. ©1999
American Institute of Physics.@S0003-6951~99!01021-9#
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Adaptive interferometric photodetectors have been st
ied for almost ten years1 and applied to the detection o
phase modulated beams in fields as different as free s
communications2 and detection of ultrasonic vibrations.3–5

For these applications the main advantage of adaptive in
ferometric photodetectors is that the constraints on w
front structure and alignment of the signal beam that car
the phase modulation information are considerably rela
compared to a classical homodyne detection scheme. S
an adaptive interferometric photodetector can be based
two-beam coupling in a photorefractive crystal.1–5 Several
configurations of this adaptive photodetector have been s
ied to perform efficient linear detection of the phase mo
lation imprinted on a signal beam5 ~isotropic or anisotropic
diffraction with or without electric field applied to the crys
tal!. For all these configurations, the best sensitivity is
tained for signal and pump beams having linear and para
polarization. When the signal beam is transmitted by a m
timode fiber, it is completely depolarized. Hence, half of t
incident energy is lost by polarizing the signal beam and
detection limit is degraded by a factor ofA2. To operate with
the whole signal beam intensity, independently of its pol
ization state, a setup with two crystals, one for each perp
dicular polarization component, can be used.6,7 This setup is
rather cumbersome, since it requires in particular the us
two pump beams. In this letter, we propose a configura
based on a single crystal that allows a direct measureme
the phase modulation imprinted on a depolarized beam
uses the whole power of the signal beam.

We consider the two-wave mixing ultrasound detect
setup we have developed5 and in which the signal beam i
carried from the tested sample to the photorefractive cry
by a multimode fiber. The beam issued from the multimo

a!Electronic mail: philippe.delaye@iota.u-psud.fr
3080003-6951/99/74(21)/3087/3/$15.00
-

ce

r-
e
s
d
ch
on

d-
-

-
el
l-

e

-
n-

of
n
of

nd

al
e

fiber is depolarized, which means that each individual gr
of the output speckled structure has a definite polariza
state that is completely random compared to the polariza
of its neighbors. When the output of such a multimode fib
is sent onto a polarizing beamsplitter, the power is equa
split ~we suppose that the fiber length is sufficient to assu
complete depolarization of the beam! over each port of the
beamsplitter~whatever its orientation!, in two uncorrelated
speckled structures. The beam issued from the fiber can
be considered as the spatially incoherent superposition
two speckled structures with orthogonal polarizations, wh
are mixed in the photorefractive crystal with a tempora
coherent pump beam.

If the pump beam is linearly polarized, only the comp
nent of the signal beam with the same polarization state c
tributes to the formation of the interference illumination pa
tern and gives rise to the photorefractive grating. To use
the power of the signal beam, both polarization compone
have to interfere with the pump beam. Thus we need a pu
beam that contains both polarization components and th
able to write in the photorefractive crystal two independe
holograms, each one associated to each polarization com
nent. The two polarization components have to be spati
incoherent, while being both temporally coherent with t
signal beam. The simplest way to fulfill this condition is
have a speckled depolarized pump beam, i.e., a pump b
issued from a multimode fiber as for the signal beam.

So the system we designed is based on two depolar
signal and pump beams, which are issued from multimo
fibers~Fig. 1!. The configuration used is identical to the o
which makes use of anisotropic diffraction and was pre
ously described.8,5 In the case of a 4̄3 m crystal, such as
CdTe, the two beams propagate along the~1̄10! direction,
writing a grating vector along~110!. The crystal is followed
by a 45° polarizing beamsplitter of axes along the directio
a and b. The eigenaxes of the photorefractive crystal are
7 © 1999 American Institute of Physics
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along a and b, so we make all the calculations in the~a,b!
axes system~Fig. 1!. Signal and pump beams polarized alo
the a axis write a grating characterized by a given photo
fractive gain, whereas the polarization components along
b axis see a gain of the same amplitude but with oppo
sign. If we now consider the two depolarized pumpEp(x,t)
and signalEs(x,t) beams~having intensitiesI p(x,t) and
I s(x,t), respectively!, they can both be considered as
incoherent sum of two uncorrelated beams crossed polar
along directions a and b,Ep(s)a(x,t) andEp(s)b(x,t), respec-
tively. Each polarized component of the signal beam int
feres with the corresponding component of the pump be
and thus two holograms are written in the photorefract
crystal. Each pump beam component~a! or ~b! can only read
the hologram it wrote and not the other one, as in the cas
a phase encoded holographic memory system.9

We now consider the two-beam coupling setup in
normal regime of operation of the ultrasonic sensor,5 which
means a signal beam phase modulated with an ampli
much smaller thanp and at a frequency much greater th
the inverse of the response time of the photorefractive eff
We assume that the angular spread of the speckle bea
sufficiently small, so that the photorefractive gain does
vary significantly with the incident direction, which mean
that the e´tendue or throughput10 of the whole system is lim-
ited by the e´tendue of the multimode fiber. In these cond
tions, the diffraction equations of both components of
signal beam are written as follows:

]Esa

]x
51

2g

Esc
E1a~x!Epa1S ibE2

a

2 DEsa, ~1!

]Esb

]x
52

2g

Esc
E1b~x!Epb2

a

2
Esb, ~2!

whereEsc is the strength of the space charge field,a is the
absorption of the crystal, andbE is a Pockels phase shi
between the eigenpolarization components that may eve
ally exist when an electric field is applied,g is the photore-
fractive gain in amplitude which would exist if only on
grating was present. The diffraction terms~first term on the
right-hand side!contain only the phase matched partE1a(b)

FIG. 1. Setup for the implementation of the polarization independent c
figuration. The setup uses a Nd:YAG laser~l51.06 mm!, a Pockels cell
~PC! as a phase modulator, and multimode fibers~MMF! to depolarize the
beams. A half wave plate~l/2! and a polarizing beamsplitter~PBS!simulate
the 45° PBS. A voltageU is applied to the photorefractive crystal~PRC!.
The signal is received by two identical detectors~D!. The orientations of the
PBS and of the PRC are shown in the inset.
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of the steady-state space charge field gratingE1, ~instead of
the same term (E1a1E1b) for both components in the aniso
tropic diffraction configuration!. In the undepleted pump a
proximation,I s!I p , we have

E1a~b!~x!5
Esc

2

Epa~b!
* ~x,0!Esa~b!~x,0!

I p~x,0!
. ~3!

Although independent, both space charge field gratings
affected by the orthogonal component of the pump be
which is seen as a uniform illumination of the crystal. This
illustrated in expression~3! by the presence of the total pum
beam illuminationI p(x,0) in the denominator. If each com
ponent was present alone, the denominator would be
placed by I pa(x,0)5I pb(x,0)5I p(x,0)/2. Hence, the avail-
able gain of each hologram is reduced by a factor of 2 wh
compared to a single polarization setup.

This setup is equivalent to two independent two-wa
mixing experiments, perfectly uncorrelated, for each pol
ization component, and with a photorefractive gaing that is
equally shared between the two components. After the c
tal, both components are sent onto a polarizing beamspl
oriented along a and b axes that directs them onto two
tectors, which measure

I sa~b!5e2axI sa~b!~0,0!Fe6g8x22e6g8x/2 sinS 6
g9x

2 Dw~ t !G ,
~4!

where w(t) is the phase modulation@54pd(t)/l, if in-
duced, as in the case of ultrasound detection, by a sur
displacementd(t)# and g5g81 ig9, the 6 sign depending
on the axis a or b.

If we make the difference of signals given by the tw
detectors we obtain@as I sa(0,0)5I sb(0,0)5I s/2]

S~x,t !5e2axI sFshg8x22 chS g8x

2 D sinS g9x

2 Dw~ t !G . ~5!

The modulated part of the signalS @Eq. ~5!# and the
constant part ofI sa and I sb @Eq. ~4!# allow to calculate the
signal-to-noise ratio~SNR!,5 from which we deduce the nor
malized limit of detectiond1 ~which is the smallest displace
ment amplitude giving a SNR of 1 with an electronic me
surement bandwidth of 1 Hz and an incident power of 1!
and the relative detection limitd rel ~relative to the ultimate
limit of interferometric detection!

d15
l

4p
Ahn

2h
eax/2

A11th2 g8x/2

sing9x/2
5

l

4p
Ahn

2h
d rel , ~6!

l being the wavelength of the photons,hn their energy, and
h the quantum efficiency of the detectors. Even if we obt
here the same kind of expression as Eq.~8! in Ref. 5, there
is, however, a difference. In Ref. 5 we considered polariz
beams, whereas here we consider depolarized beams.
figurations described in Ref. 5 used with depolarized bea
rather than with polarized ones would yield to a SNR
duced by a factor ofA2 resulting from the energy loss from
the polarizer. Such a reduction is not present in the n
configuration. On the other hand, the photorefractive gain
less efficiently used, but a value ofd rel close to one can,
nevertheless, be obtained, by increasingg9 using a higher
applied electric field, for example.
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We now present the experimental demonstration of
polarization independent detection. We use a typical tw
beam coupling setup, with large core multimode fibers of
m length to couple the signal and the pump beams on
CdTe:V crystal~Fig. 1!.

In a first set of experiments using a low power contin
ous wave~CW! laser, two measurements were performed
first one with depolarized beams and a second one with
tically polarized beams. In both cases, we measure the a
age signalĪ s on the detector and its modulated partDI s . We
deduced from this data the relative detection limit assum
that the dominating noise is the photon noise~which was, in
fact, not the case due to the large laser intensity noise in
frequency region of our measurement, only partially elim
nated by our differential setup!. The results were normalize
to the power of the signal beam at the output of the fib
Corrections for the reflection losses at the faces of the cry
were made. The experimental results for both configurati
are compared in Fig. 2, as a function of the applied elec
field U/d.

Another set of experiments was performed in a sligh
different way with a setup and a procedure previously
scribed and discussed in detail in Ref. 5. We use a h
power pulsed laser, and make a true SNR measurement~i.e.,
we measure the rms value of the signal and the rms valu
the noise that was mostly photon noise, see Ref. 5 for de
of the measurement!, with the same photorefractive cryst
and depolarized beams. High power pulsed lasers are
quired when working with strongly scattering surfaces w
low reflecting properties or when short photorefractive
sponse time is required to compensate for ambient vibrat
or movements of the inspected parts. The experime
points~black squares!are shown in Fig. 2. It is noted that th
experimental results obtained in both experiments are sim
despite the very different experimental conditions.

In order to compare the experimental results with
theoretical predictions, we used the experimental value

FIG. 2. Comparison of experimental and theoretical values ofd rel as a
function of U/d, for depolarized beams and anisotropic diffraction. Due
the absorption of the crystal,11 the minimum relative detection limit is 3.
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the gain (g8and g9) obtained with the same crystal~noted
B.V-4T3.9!11 in expression~6! for the depolarized beam con
figuration and into the corresponding expression ofd rel

5A2 eax/2A11ugu2x2/g9ux that can be calculated for an an
isotropic diffraction configuration.5 There is a good agree
ment between experimental results and theoretical curves
obtain this agreement we had to introduce a supplemen
0.67 screening factor to the previously obtained result11

This effect is not explained at this time but is probably link
to the electrical breakdown problems previously encounte
with this crystal. These electrical problems also prevented
from using electric fields higher than 6 kV cm21.

The theory predicts that at the optimum of each config
ration, the polarization independent configuration should
A2 better than other configurations~used on depolarized
beams!. This is shown in the theoretical curves~Fig. 2,
U/d.5 kV cm21! but not clearly observed experimentall
due to the electrical problems seen in our crystal.

We have theoretically and experimentally demonstra
a configuration of the photorefractive two-beam coupling
trasound detector that allows measurements with both si
and pump beams coupled with large core optical fibers
this configuration both beams are depolarized. This confi
ration uses only one photorefractive crystal and is very e
to implement. It is based on the creation of independent g
ings inside the crystal. The performance of this polarizat
independent configuration is at least as good as the con
tional setup using one polarization component of the bea
It could reach a detection limit close to the ultimate detect
limit ~reached with zero absorption!. Furthermore, this setup
is not limited to a two-beam coupling arrangement. It c
also be used with a photoemf sensor.1,7 by measuring the
transient current circulating in a photorefractive crystal ill
minated by two depolarized beams issued from multimo
fibers.

This polarization independent configuration is importa
for the development of the ultrasound detection system a
allows to carry the beams with multimode fibers and th
gives the possibility to implement a system with a depor
measurement head.

The authors want to acknowledge J. C. Launay~Action
Aquitaine de Recherche en Apesanteur, Bordeaux Fra
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