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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 ultimat&99®
American Institute of Physic§S0003-6951(99)01021-9]

Adaptive interferometric photodetectors have been studfiber is depolarized, which means that each individual grain
ied for almost ten yeatsand applied to the detection of of the output speckled structure has a definite polarization
phase modulated beams in fields as different as free spastate that is completely random compared to the polarization
communications and detection of ultrasonic vibratiods®  of its neighbors. When the output of such a multimode fiber
For these applications the main advantage of adaptive intefs sent onto a polarizing beamsplitter, the power is equally
ferometric photodetectors is that the constraints on wavéplit (we suppose that the fiber length is sufficient to assure a
front structure and alignment of the signal beam that carrie§omplete depolarization of the beamver each port of the
the phase modulation information are considerably relaxe®eamsplitter(whatever its orientation in two uncorrelated
compared to a classical homodyne detection scheme. sud&eckled structures. The beam issued from the fiber can thus
an adaptive interferometric photodetector can be based dif considered as the spatially incoherent superposition of
two-beam coupling in a photorefractive crystal. Several WO speckled structures with orthogonal polarizations, which
configurations of this adaptive photodetector have been stud® mixed in the photorefractive crystal with a temporally

ied to perform efficient linear detection of the phase modu-coherent pump beam.

lation imprinted on a signal beanisotropic or anisotropic If the pump beam is |ihearly polarized, qnly_the compo-
diffraction with or without electric field applied to the crys- N€nt of the signal beam with the same polarization state con-

tal). For all these configurations, the best sensitivity is oplributes to the formation of the interference illumination pat-

tained for signal and pump beams having linear and paralletfem and gives rise_ to the photorefractive_grgting. To use all
polarization. When the signal beam is transmitted by a mutthe power of the S|_gnal beam, both polarization components
timode fiber, it is completely depolarized. Hence, half of '[hehave to mterfere.wnh the pump bgam. Thus we need a pump
incident energy is lost by polarizing the signal beam and thé)eam that contains both polarization components and that is

detection limit is degraded by a factor ¢8. To operate with able to write in the photorefractive crystal two independent

the whole signal beam intensity, independently of its polar_holograms, each one a;souated to each polarization compo-
L . nent. The two polarization components have to be spatially
ization state, a setup with two crystals, one for each perpen-

dicular polarization component, can be ué&dhis setup is incoherent, while being both temporally coherent with the

) . o . §ignal beam. The simplest way to fulfill this condition is to
rather cumbersome, since it requires in particular the use Qnave a speckled depolarized pump beam, i.e., a pump beam

two pump beams. In this letter, we propose a Conflguratlori]?sued from a multimode fiber as for the signal beam.

based on a single crystal that allows a direct measurement o So the system we designed is based on two depolarized

the phase modulation imprinte.d on a depolarized beam an&gnal and pump beams, which are issued from multimode

use?Nthe whq(lje p(t)r\]/vetr of the S'g”f""_ bearirtm d detecti fibers(Fig. 1). The configuration used is identical to the one
€ consider the two-wave mixing ultrasound Getection, i makes use of anisotropic diffraction and was previ-

setup we have developednd in which the signal beam is ously describedS In the case of a @ m crystal, such as

carried from the tested sample to the photorefractive crystghqrea the two beams propagate along (@&0) direction

by a multimode fiber. The beam issued from the mult|modewrmng a grating vector along110). The crystal is followed

by a 45° polarizing beamsplitter of axes along the directions

2Electronic mail: philippe.delaye@iota.u-psud.fr a and b. The eigenaxes of the photorefractive crystal are also
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of the steady-state space charge field grakng(instead of
f Do the same termKE,,+ E,,) for both components in the aniso-
-, - tropic diffraction configuration). In the undepleted pump ap-
M2 proximation,l <1, we have
A S
I PRC PBS I b Eqc E;a(b)(xao) Esa(b)(xyo)
45° PBS Eiram(X)=—- : (3
2 I5(x,0)
PRC ¢(001) ) ) .
x I Although independent, both space charge field gratings are
’; ‘a\/g_(lio) affected by the orthogonal component of the pump beam
0 ®(110) which is seen as a uniform illumination of the crystal. This is
5 illustrated in expressiofB) by the presence of the total pump

beam illuminationl ,(x,0) in the denominator. If each com-
FIG. 1. Setup for the implementation of the polarization independent conponent was present alone, the denominator would be re-

figuration. The setup uses a Nd:YAG lag@=1.06 um), a Pockels cell _ _ i
(PC) as a phase modulator, and multimode fib@®/F) to depolarize the placed byl pa(X,O) IPb(X’O) IP(X’O)/z' Hence, the avalil

beams. A half wave platé\/2) and a polarizing beamsplittéPBS)simulate  @ble gain of each hologram is reduced by a factor of 2 when
the 45° PBS. A voltagd) is applied to the photorefractive cryst®RC).  compared to a single polarization setup.

The signal is received by two identical detectts. The orientations of the This setup is equivalent to two independent two-wave
PBS and of the PRC are shown in the inset. mixing experiments, perfectly uncorrelated, for each polar-
_ _ ization component, and with a photorefractive gaithat is
along a and b, so we make all the calculations in @®)  equally shared between the two components. After the crys-
axes systenfFig. 1). Signal and pump beams polarized alongtal, both components are sent onto a polarizing beamsplitter

the a axis write a grating characterized by a given photoregriented along a and b axes that directs them onto two de-
fractive gain, whereas the polarization components along th&ctors, which measure

b axis see a gain of the same amplitude but with opposite

sign. If we now consider the two depolarized puBag(x,t) =€ ™1 5 (0,0) e+7'x—2e+7"</23in< N ,yrrx) gp(t)}
and signalE(x,t) beams(having intensitiesl (x,t) and > s4b) 2
Is(x,t), respectively), they can both be considered as the (4)

incoherent sum of two uncorrelated beams crossed polarizaghere ¢(t) is the phase modulatioh=4m5(t)/\, if in-

along directions a and g s)a(X,t) andEpg)n(X,t), respec-  duced, as in the case of ultrasound detection, by a surface
tively. Each polarized component of the signal beam interdisplacemen®(t)] and y=y' +iy”, the = sign depending
feres with the corresponding component of the pump bearan the axis a or b.

and thus two holograms are written in the photorefractive  |f we make the difference of signals given by the two

crystal. Each pump beam componeator (b) can only read  detectors we obtaifas | {0,0)=1¢{0,0)=1/2]
the hologram it wrote and not the other one, as in the case of

a phase encoded holographic memory system. S(x,t)=e" %I shy'x—2 C}( ﬁ) sin( ﬂ) o(t)]. (5)
We now consider the two-beam coupling setup in the ’ * 2 2
normal regime of operation of the ultrasonic sensamich The modulated part of the sign&l [Eq. (5)] and the

means a signal beam phase modulated with an amplitudg,stant part of ., and I, [Eq. (4)] allow to calculate the
much smaller thanr and at a frequency much greater than gjgna|-to-noise ratiéSNR) from which we deduce the nor-

the inverse of the response time of the photorefractive effecbalized limit of detections, (which is the smallest displace-
We assume that the angular spread of the speckle beam {gent amplitude giving a SNR of 1 with an electronic mea-
sufficiently small, so that the photorefractive gain does noty,.ement bandwidth of 1 Hz and an incident power of 1 W

vary significantly with the incident direction, which means 5 the relative detection limif, (relative to the ultimate
that the éendue or throughptft of the whole system is lim- limit of interferometric detection)

ited by the ‘éendue of the multimode fiber. In these condi-

tions, the diffraction equations of both components of the N fhe NIt y'x2 N [he
signal beam are written as follows: axz N2y~ siny'xi2 4x N 25 6)
JEsa 2y . a \ being the wavelength of the photoris; their energy, and
ox JrE_SCEla(x)Epa+ |Pe— E) Esa (1) 5 the quantum efficiency of the detectors. Even if we obtain
here the same kind of expression as B).in Ref. 5, there
JEgp 2y a is, however, a difference. In Ref. 5 we considered polarized
e _E_SCElb(X)pr_ 5 Esp (2)  beams, whereas here we consider depolarized beams. Con-

figurations described in Ref. 5 used with depolarized beams
whereEg. is the strength of the space charge fieldis the  rather than with polarized ones would yield to a SNR re-
absorption of the crystal, an@g is a Pockels phase shift duced by a factor of/2 resulting from the energy loss from
between the eigenpolarization components that may eventthe polarizer. Such a reduction is not present in the new
ally exist when an electric field is applieg,is the photore- configuration. On the other hand, the photorefractive gain is
fractive gain in amplitude which would exist if only one less efficiently used, but a value & close to one can,
grating was present. The diffraction terrfisst term on the nevertheless, be obtained, by increasiyfgusing a higher
right-hand sidecontain only the phase matched pBrt ) applied electric field, for example.
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ol i\ the gain ('and y") obtained with the same crystéioted
' Depolarized beams B.V-4T3.91 in expressior(6) for the depolarized beam con-
R © CWregime figuration and into the corresponding expression &f
L o m Pulse regime 12 "
% — Theory =2 e [1+]y|?x?/ y"|x that can be calculated for an an-
o Anisotropic diffraction isotropic diffraction configuration.There is a good agree-
. X CW regime . .
% ment between experimental results and theoretical curves. To
w 10 : obtain this agreement we had to introduce a supplementary
j— 0.67 screening factor to the previously obtained regtilts.
ol This effect is not explained at this time but is probably linked
5 to the electrical breakdown problems previously encountered
n with this crystal. These electrical problems also prevented us
from using electric fields higher than 6 kV crh

I R B L A The theory predicts that at the optimum of each configu-
ration, the polarization independent configuration should be
\J2 better than other configuratiorisised on depolarized
FIG. 2. Comparison of experimental and theoretical valuessgfas a  beams). This is shown in the theoretical curv&sg. 2,
function of U/d, for depolarized beams and anisotropic diffraction. Due to U/d>5 kV Cmfl) but not clearly observed experimentally,
the absorption of the crystd,the minimum relative detection limit is 3. due to the electrical problems seen in our crystal.
We have theoretically and experimentally demonstrated

We now present the experimental demonstration of thé configuration of the photorefractive two-beam coupling ul-
polarization independent detection. We use a typical twolrasound detector that allows measurements with both signal
beam coupling setup, with large core multimode fibers of 3g2Nd pump beams coupled with large core optical fibers. In
m length to couple the signal and the pump beams onto Hlis configuration both beams are depolarized. This configu-
CdTe:V crystal(Fig. 1). ration uses only one photorefractive crystal and is very easy

In a first set of experiments using a low power continu-{© imple_ment. It is based on the creation of indgpendept grat-
ous wave(CW) laser, two measurements were performed, dnds inside the crystal. .The_ performance of this polarization
first one with depolarized beams and a second one with vefndependent configuration is at least as good as the conven-
tically polarized beams. In both cases, we measure the avefional setup using one polarization component of the beams.
age signal_ on the detector and its modulated patt. We It could reach a detection limit close to the ultimate detection

S . - . . .

deduced from this data the relative detection limit assumindMit (reached with zero absorptiprFurthermore, this setup
that the dominating noise is the photon nofadich was, in 1S not limited to a two-beam coupling arrangement. It can

fact, not the case due to the large laser intensity noise in th@/SO be used with a photoemf sens6rby measuring the
frequency region of our measurement, only partially elimi-transient current circulating in a photorefractive crystal illu-

nated by our differential setipThe results were normalized Minated by two depolarized beams issued from multimode

to the power of the signal beam at the output of the fiber.f'bers'_ L , L
This polarization independent configuration is important

Corrections for the reflection losses at the faces of the crystal - ]
were made. The experimental results for both configurationr the development of the ultrasound detection system as it

are compared in Fig. 2, as a function of the applied electri@/0ws to carry the beams with multimode fibers and thus
field U/d. gives the possibility to implement a system with a deported

measurement head.

U/d (kV.cm™)
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