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Abstract. The measurement of the phase shift ¢ between the transmited and difracted beams interfering along the same direc-
tion behind the hologram recorded in a photorefractive crystal is directly and accurately measured using a self-stabilized recording
technique. The measured phase shift as a function of the applied electric field allows computing the Debye screening lenght and
the eftectively applied field coefficient of an undoped Bi12TiOgg crystal. The result is in good agreement with the already available
information about this sample.

INTRODUCTION

The interference pattern of light projected onto a photorefractive material and the resulting volume hologram are
in general phase shifted by a quantity ¢ which on its turn produces a phase shift ¢ between the transmitted and the
diffracted beams behind the photorefractive crystal. Such phase shift provide with relevant information about the na-
ture of the recording mechanism and the sample under analysis [1, 2]. The phase shift ¢ is easier to measure than ¢
but in any case the measurement is always very noisy because of the high sensitivity of holographic setups to envi-
ronmental perturbations. It is nevertheless possible to considerably reduce such perturbations by using self-stabilized
recording techniques [2, 3]. Such a procedure imposes a value =0, 7 or =7 /2 depending on the way stabilization
is carried out. This ¢ is certainly not the unconstrained value we want to measure. It is however possible to stabilize
the recording pattern of fringes (and the holographic setup) on an external reference (for ex. the pattern of fringes
produced by the transmitted and reflected beams on a small glass plate placed close to the sample under analysis) as
already proposed elsewhere [2, 4]. The advantage of this technique is that the stabilization does not affect the record-
ing process on the photorefractive crystal sample so that the phase shift is free from constraints. The handicap is that
stabilization on an external reference is far less effective than self-stabilization on the sample itself.

In this paper we propose to use self-stabilization with arbitrarily selected phase shift [2, 5] for the measurement of
the unconstrainted value of . This technique is similar to the usual self-stabilization with the difference that, instead
of imposing either ¢ = 0, 7 or ¢ = +7/2, we are free to choose any value for  for stabilization. The details of this
technique are described elsewhere [2, 5] and the important fact here is that if the selected value of ¢ for stabilization is
not the unconstrained one, the holographic recording is not matching and because of that the hologram is continuously
being erased to be recorded somewhere else. The result is a continuously moving hologram which speed depends on
the difference between the unconstrained and the imposed value of ¢, besides other material and experimental param-
eters. Instead, if the selected value for ¢ is the same as the unconstrained one, the hologram will be a stationary non
running one and the whole recording process will be self-stabilized and the very stable setup will allow to accurately
measure . It is very simple to detect whether the hologram is running or not so that the desired value of ¢ can be
casily found out.

THEORY

The overall irradiance along the direction /g behind the sample, the phase shift ¢ and the diffraction efficiency are
respectively described by the expressions [6, 7]
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Here n is the sample’s refractive index, 7. is the effective eletro-optic coefficient, A is the wavelength of the recording
beams, F, is the applied eletric field, F'p the diffusion electric field, £ the effective-field coefficient [2], I the Debye
lenght and K the hologram vector value. Equations 2 and 3 are implicit functions of F, where the unknown param-
eters are [, and ¢ that can be found out form the theoretical fitting to the corresponding experimental data. The more
accurate  is measured the more accurate value for /; is obtained. That is why stabilized recording is important here.

EXPERIMENT

The experimental setup is shown in Fig.1 and the experiment consists in recording a hologram in self-stabilized
form with adjustable ¢ [5] with the difference that here ¢ is selected so as to produce a stationary (non moving)
hologram. The ¢ value fullfiling this condition is the unconstrained one we are looking for. We find out the experi-
mental ¢ vs F, in this way on an undoped Bi;; TiOog crystal (labeled BTO-013), produced in Brazil, with dimensions:
d=2.35mm, inter-clectrode distance {=6.95mm and ~=10.25mm height. The index of refraction and the effective
eletro-optic coefficient are n ~2.6 and r.z=5.6 10~ 12, respectively. Recording is carried out using the 514.5nm wave-
length laser line with 3% ~ 10 and K=9.3m~!. The holographic pattern of fringes is projected onto the (110) input
crystal plane with the [001]-axis parallel to the crystal dimension / and perpendicular to the hologram vector K. The
input beams polarization direction is chosen so that the diffracted and the transmitted beams behind the crystal are
parallel polarized [2, 8]. One of the recording beams is sinusoidally phase-modulated with frequency €2/ (27 )=1.6kHz
and phase amplitude ) ,=0.45rad, using a PZT-supported mirror, in order to produce the first and second harmonics
signals V§ and V2, respectively

V§ = AvJi(¥p)/I3T%/n(1 — n)sin(e) sin(Q) (6)
V32 = AsJo(vp)y/TeTh/n(1 — 1) cos(ip) cos(24t) @)

as measured in the overall irradiance behind the sample, where A, » is the overall amplification that depends on the
experimental settings and .J,, is the Bessel function of order ». The same mirror used for phase modulation is used
to operate the feedback stabilization loop. Silver-painted glue electrodes are used for applying the transverse electric
field F, to the sample. The second harmonic V2! is fed to one input of a two-phase 2-tuned lock-in amplifier. The
first harmonic V5! is frequency-doubled, amplified and phase-shifted to produce a new signal which we shall label
Ve

VR = Ay da(¢p) /1313 n(1 — n) sin(y) sin(20¢) ®)

to distinguish it from the direct second harmonic. This signal is fed to the other lock-in amplifier input. The signals
fed to both amplifier inputs are added and two demodulated signals result

Vi = 2V2J5(¢p)/TgTy/n(1 —n) sin(p — 0,) ©)
Vy = 2V305(4)y/TeT3/n(L = ) cos(p — 6,) (10)

where 6, the reference phase set in the lock-in amplifier. The signal Vx is chosen as error signal, imposing ¢ = 6,
and consequently cos(¢ — 65 ) = 1 and Vy becomes maximum.,
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FIGURE 1. Experimental setup: PZT: pizo-electric supported
mirror moving at frequency €2, D: photodetector, BP: band-pass FIGURE 2. Equilibrium phase (tany) as function of the ap-
filter (£2), OSC: oscilator, A: amplifier, PS: phase shifter, INT: plied eletrical field (F,) for BTO-013 sample. The solid curve
integrator, M: mirror, LA: Lock-in Amplifier tuned to 2€). is the best theorical fit that leads to § 0.4 and [; = 0.068m.

RESULTS AND DISCUSSIONS

In stationary conditions the mathematical relation between ¢, 7, I', v and the applied field are quite simple mainly
because it is not necessary to consider a varying response time along the sample thickness due to the exponential
distribution of light. In this case experimental data analysis is considerably simplified. The following measurements
were carried out on our BTO sample:

¢ Phase shift: By self-stabilized recording a hologram using Vx as error signal with #; =  such that a stationary
hologram is produced, we computed the unconstrained ¢ and plotted tan ¢ as a function of the applied F, as
shown in Fig.2. Fitting Eq.2 with Eqs.4-5 to these data we computed [, = 0.068,m and £ = 0.4 for the sample
under analysis.

¢ Harmonic Vy-: Once the self-stabilized hologram above is achieved, the corresponding value of Vy- is measured
and 7 is computed from Eq.10 where cos(¢ — 8,) = 1 and all other parameters in this equation being known.
In this way it is possible to plot 7 as a function of ¥/, as shown in Fig.3. Fitting Eq.3 with Eqs.4-5 to these data
allows also computing {; = 0.056m and § = 0.66.

¢ Energy exchange: Diffraction efficiency can be also obtained from energy transfer considerations. In fact, once
the hologram has been recorded, and at the moment beam /% is suddenly shut off, Eq.1 simplifies to

(Is)rg—o = Ig(1 —n) (11)
and from the expression in Eq.1 we obtain

Is = (Is)rg—0 P
To)rs T
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that allows computing 7 once 3 is known. Note that here one single beam measurement is involved and only
a photodetector with linear response is requied. Once 7 is computed in this way as a function of £, from a
self-stabilized stationary hologram, as represented in Fig.4, we should proceed as in the item above to compute
the parameters that turned out to be I, = 0.065m and § = 0.55.

Our results show that the parametres (mainly [) computed from the phase shift and energy exchange are in reasonably
good mutual agreement (less that +3% difference) whereas the value computed from the Vy is sensibly different. On
the other hand experimental data from energy exchange (see Fig.4) are far more dispersed than observed in the other
two experiments. This is due to the fact that energy exchange in sillenites is rather small and its measurement is there-
fore subject to large uncertainty. The V3 -term technique instead can be measured with high accuracy but the value
of the experimental parameters here involved (PZT linearity and response, phase modulation ¢ p, for example) are
difficult to be exactly evaluated, so that data are not much dispersed but the derived [, my be affected by a sistematic
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FIGURE 3. Ditraction efficiency (7)) as function of the applied =~ FIGURE 4. Difraction efficiency (1)) as function of the applied
eletrical field (F,) calculated by harmonic Vy. The solid eletrical field (F,) calculated by energy exchange. The solid
curves were obtained using the best fitting parameters that lead  curves were obtained using the best fitting parameters that lead

to £€=0.66 and [, = 0.055pm. to £=0.55 and [, = 0.065m.

error.
The mathematical model here involved is a very simple one just depending on one single material (/;) and one
experimental parameter to be found out from fitting to experimetal data. A simple equation to fit and a lower number
of parameters to be fitted certainly contribute to improve the reliability of the result. That is why we believe that the
result here obtained (I; = 0.068um) from the direct phase shift technique is highly reliable in spite of being sensibly
higher compared to those already reported for the same or similar samples using other techniques like the inicial phase
shift (I = 0.023pm) [6], running hologram [9] (15=0.036 um) and fringed-locked hologram [10] ({; = 0.048m).

CONCLUSIONS

We have reported the successful self-stabilized recording of stationary (non moving) photorefractive holograms
with arbitrary and unknown hologram phase shift. We have applied this technique, for the first time to our knowledge,
for accurately finding out the phase shift and using these data for material characterization. The mathematical descrip-
tion of stationary photorefractive holograms is much simpler than for nonstationary ones and therefore the fitting of
data is much simpler and more reliable too.
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