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Abstract.  The characteristics of a holographic interferometer, which 
is based on the interaction of counterpropagating light waves on 
reflective holograms in cubic photorefractive sillenite crystals of 
the (100) cut and designed for measuring surface vibration spectra 
from specularly reflecting objects, have been theoretically analysed 
and experimentally studied. The experiments showed that an inter-
ferometer of this type, based on an Bi12TiO20 : Fe,Cu crystal, makes 
it possible to measure vibrations with an amplitude of 5 pm. An 
analysis performed with allowance for the shot and thermal noise 
of the photodetector showed that vibrations with an amplitude below 
1 pm can be measured. A model is proposed to describe the experi-
mentally found strong temperature dependence of the light interac-
tion on reflection holograms in a Bi12TiO20 : Ca crystal. This model 
takes into account the influence of temperature on the photoinduced 
charge redistribution over deep donor and shallow trap centres, as 
well as the drift of the interference pattern in the crystal due to the 
thermooptical effect and linear expansion of the crystal.

Keywords: cubic photorefractive crystals, reflection holograms, 
thermooptical effect.

1. Introduction 

Laser interferometers, which transform phase modulation of 
light into modulation of light intensity, make it possible to 
measure mechanical vibrations of reflecting surfaces with a 
high accuracy. The limiting sensitivity of a classical interfer-
ometer to the vibration amplitude is determined by the shot 
noise of the photodetector and estimated to be 10–15 m Hz–1/2 
for a 633-nm laser with a power of 1 mW [1]. However, such 
a high sensitivity may have a negative effect on real devices: 
an interferometric measuring system becomes affected by the 
environmental parameters (temperature, mechanical vibra-
tions, pressure, etc.). In addition, the average phase shift 
between the signal and reference waves in interferometers 
must be maintained constant to provide a linear relationship 
between the detected signal and the vibration amplitude.

The concept of using holograms in photorefractive crystals 
for interferometric transformation of phase modulation into 

amplitude one [2] was developed in numerous studies (see, for 
example, [3 – 10]). The dynamic character of photorefractive 
holograms and finite operating speed of the medium during 
their rerecording allow one to perform adaptive processing of 
time-dependent light-field patterns in laser interferometers, 
providing both efficient phase demodulation and compensa-
tion for the low-frequency modulation caused by changes in 
the external conditions.

The wave interaction according to Denisiuk’s scheme in 
cubic photorefractive crystals of sillenite family, during which 
efficient reflection holograms are formed due to the diffusion 
in the absence of applied external electric fields [10 – 12], is 
promising for these applications [6, 7, 9, 10]. The impurity 
optical absorption observed in sillenite crystals and its photo-
induced changes depend on temperature [13]. These effects 
are related to thermally initiated processes of charge carrier 
redistribution over photoactive centres, which may lead to a 
change in the efficiency of reflection holograms with a change 
in temperature and affect the characteristics of dynamic holo
graphy devices.

In this paper we report the results of studying, both theo-
retically and experimentally, the amplitude characteristic of 
adaptive interferometer, which is based on dynamic reflection 
holograms formed in cubic photorefractive sillenite crystals 
(which possess gyrotropic properties) and is designed for 
measuring the vibration spectra of specularly reflecting objects. 
The experiments and analysis, aimed at revealing the effect of 
temperature on the dynamics of formation of reflection holo-
grams and interaction of light beams on them, were performed 
for (100)-cut Bi12TiO20 : Ca crystal.

2. Principle of holographic interferometry 
upon interaction of counterpropagating waves 
in a cubic photorefractive crystal 			 
of the (100) cut

Interaction of initial laser beams Is0 and Ip0 (Fig. 1) in a photo
refractive crystal leads to the formation of a dynamic hologram 
in it, with their simultaneous self-diffraction on it [2 – 12]. Here, 
we deal with the interference of each transmitted beam with one 
of the diffracted beams, i.e., the reference beam Ip interferes 
with Is1, and Is interferes with Ip1. The intensity of the signal 
beam transmitted through the crystal can be written as

I = I0(1 + m cos Dj),	 (1)

where m = 2 I I 1s p /I0 is the interference contrast, I0 is the total 
intensity of the beams Is and Ip1, and Dj is the phase shift 
between them. If the input signal beam Is0 is obtained as a 
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result of the reflection from an object vibrating with a fre-
quency W, it is phase-modulated:

Dj = j0 + jm cos Wt,	 (2)

and its output intensity after the interaction with the stationary 
reference beam on the hologram will be amplitude-modulated 
at multiple frequencies nW with a distribution of the modula-
tion depth M(n)(j0) dependent on j0. At j0 = 0 or p the first 
harmonic is absent in the spectrum (M(1) = 0), and quadratic 
phase demodulation is observed, with a maximum at the fre-
quency 2W [3]. Linear phase demodulation, which is imple-
mented at j0 = p/2 at the fundamental frequency W, is pre-
ferred for applications [3 – 9]. In this case, m ~ jm at small 
phase modulation amplitudes.

The phase shift j0 for the diffracted field, which is the sum 
of the phase difference between the photorefractive grating 
and interference pattern and the additional shift for the dif-
fraction from the phase grating, is determined by the mecha-
nism of hologram recording. For the diffusion mechanism (in 
the absence of external electric field) and diffraction without 
a change in the polarisation state, the total phase shift is zero 
or p, which corresponds to quadratic phase demodulation. In 
the case of drift recording, when a dc electric field is applied 
to a crystal, and the same diffraction mode, linear phase 
demodulation is implemented on the phase hologram, due 
to  the phase shift by p/2 or –p/2 [3]. However, a strong dc 
electric field applied to a crystal overheats the latter.

In the case of anisotropic diffraction of a light wave from 
a dynamic hologram, when the polarisation state of the dif-
fracted field changes to orthogonal with respect to the initial, 
the linear transformation of the phase modulation of a signal 
wave into a change in its power may also occur for diffusion 
recording [6 – 9]. This transformation is implemented as a 
result of mixing of two waves with polarisations of different 
types: one wave must be linearly polarised, while the other 
must have either elliptical or circular polarisation. Linear 
demodulation is provided by the following: the internal phase 
difference (p/2) between the orthogonal components of the 
elliptically polarised wave is transferred into the interference 
of the transmitted signal wave and the diffracted field of the 
reference wave, thus providing a necessary additional phase 
shift between them.

The counterpropagating two-wave interaction of a circu-
larly polarised stationary reference wave with a phase-modu-
lated linearly polarised signal wave in sillenite crystals of the 
(100) cut was analysed in [14]. The following expressions were 
obtained for its intensity at the output of the crystal and for 

the intensity modulation depth at the zero, first, and second 
signal harmonics:

Is(–d, t) = [M(0)(–d) + M(1)(–d) sin Wt

	 + M (2)(–d) cos 2Wt + ...] (1 – R2)Is0 exp(–ad),	 (3)
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where R is the Fresnel reflection coefficient for the crystal 
faces; qs0 is the angle between the [010] crystallographic direc-
tion and the polarisation vector of the signal beam in the crys-
tal at its input face; d is the crystal thickness; r is the specific 
optical rotation of the crystal; a is the light absorption coef-
ficient; GI is the gain, which characterises the beam interaction 
efficiency; and Jn is the nth-order Bessel function.

The advantage of the interferometer scheme under consider-
ation is that, having chosen an appropriate input polarisation 
angle qs0, one can implement both linear (at qs0 = rd/2 – pp/2, 
where p is the an integer) and quadratic phase demodulation.

3. Amplitude characteristic of the adaptive 
interferometer based on counterpropagating 
interaction in a Bi12TiO20 : Fe,Cu crystal 
of the (100) cut

Figure 2 shows a schematic diagram of the holographic inter-
ferometer under study, which is designed for measuring the 
vibration spectra of specularly reflecting objects. A He – Ne 
laser ( l = 633 nm, power 20 mW) or a single-frequency solid-
state laser (532 nm, 50 mW) were used as radiation sources. 
A beam-splitting cube ( 2 ) was used to split laser radiation into 
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Figure 1.  Holographic interferometer based on counterpropagating inter-
action of light beams on a photorefractive reflection hologram.
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Figure 2.  Schematic of a holographic interferometer based on counter-
propagating interaction of waves with different polarisations: ( 1 ) laser, 
( 2 ) optical splitter, ( 3 ) immobile mirror, ( 4 ) vibrating mirror, ( 5 ) quarter-
wave plate, ( 6 ) photorefractive Bi12TiO20 : Fe,Cu crystal of the (100) cut, 
( 7 ) polariser, ( 8 ) photodiode, and ( 9 ) selective voltmeter.
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reference and signal waves, and a quarter-wave plate ( 5 ) and 
a polariser ( 7 ) made it possible to set the optimal polarisation 
parameters of the signal and reference waves for linear phase 
demodulation. Phase modulation of the signal wave was per-
formed using a mirror glued to a piezoceramic cylinder; the 
modulation frequency varied from 300 Hz to 10 kHz. An 
electric signal from a sound generator was applied to the 
piezoelectric ceramic through a matching transformer, and its 
amplitude on the cylinder was varied in limits allowing one to 
set the vibration amplitude of mirror ( 4 ) (vibrating object) 
from 0.005 to 300 nm. The signal wave reflected from mirror 
( 4 ) had a much lower intensity than the reference one. After 
the polariser ( 7 ) the signal wave passed through a crystal ( 6 ) 
(Bi12TiO20 : Fe,Cu, (100) cut) and arrived at a photodetector ( 8 ) 
(FD-24K photodiode, load resistance RL = 8.8 kW, bias 12 V). 
The phase demodulation signal was selected at the first-har-
monic frequency by a selective voltmeter ( 9 ) (selectivity 40 dB).

The characteristic experimental dependences of the relative 
amplitudes of harmonics М(1) and М(2) of the mirror vibration 
amplitude l = jm l/(4p) at a modulation frequency of 1.15 kHz 
and left circular polarisation of the pump beam (l = 532 nm) 
are shown by circles in Fig. 3. The calculated dependences 
(curves in Fig. 3), which were found from relations (3), (5), 
and (6) at GI = 12 cm–1 and r = 9 deg mm–1, are in good agree-

ment with the experimental data. As follows from these plots, 
in the case of counterpropagating interaction of a circularly 
polarised stationary reference wave with a linearly polarised 
signal wave in sillenite crystals of the (100) orientation, one 
can set both linear and quadratic regime of phase demodula-
tion by changing the polarisation vector of the signal wave.

The experiments showed that the sensitivity of the inter-
ferometer based on counterpropagating wave interaction in a 
Bi12TiO20 : Fe,Cu crystal of the (100) cut to the mirror vibra-
tion amplitude is independent of the vibration frequency in the 
frequency range under study (from 300 to 104 Hz). The typi-
cal experimental dependences of the amplitude of the electric 
demodulation signal (measured by the selective voltmeter on 
the load resistance of the photodetector) on the mirror vibration 
amplitude l ( f = 1.15 kHz), obtained at the laser wavelengths 
l = 532 nm (filled circles) and l = 633 nm (empty circles), are 
shown in Fig. 4. One can see that the use of radiation with 
l = 532 nm made it possible to measure the reflecting surface 
vibrations with an amplitude of 0.005 nm.

To determine the vibration amplitude detection limit, we 
will take into account the photodiode shot and thermal noise. 
Using the well-known relations for the photodiode detection 
mode [15] and formulas (3) – (5), which determine the constant 
component of the signal beam intensity and its first harmonic, 
the voltage on the selective voltmeter (to which both the signal 
UW(l) and noise USN contribute) can be written as
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where e is the elementary charge; Sph and Id are, respectively, 
the current monochromatic sensitivity and the dark current of 

0.4

0.3

0.2

0.1

0 50 100 150 200 250 l/nm

|M (1)|
(rel. units)

1

1

2

2

3

3

0.20

0.15

0.10

0.05

0 50 100 150 200 250 l/nm

|M (2)|
(rel. units)

a

b

qs0 = 0
qs0 = 30°
qs0 = 45°

qs0 = 0
qs0 = 30°
qs0 = 45°

Figure 3.  Dependences of the relative amplitudes of the (a) first and (b) 
second harmonics in the intensity modulation spectrum for a linearly polar-
ised signal beam upon counterpropagating interaction in a Bi12TiO20 : Fe,Cu 
crystal of the (100) cut with a circularly polarised pump wave on the re-
flector vibration amplitude. The input polarisation angle is qs0 = ( 1 ) 0, 
( 2 ) 30°, and ( 3 ) 45°; the vibration frequency is f = 1.15 kHz (circles and 
lines show the experimental and calculated results, respectively).

10–1

U/V

10–2

10–3

10–4

10–5

10–6

10–7

10–8

10–4 10–3 10–2 10–1 100 101 l/nm

USN

Ugr

Ured

Figure 4.  Dependences of the output voltage amplitude on the reflector 
vibration amplitude for the holographic interferometer operating with 
532-nm (Ugr) and 633-nm (Ured) lasers. USN is the total noise voltage; 
f = 1.15 kHz (circles and lines show the experimental and calculated 
results, respectively).
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the photodiode; kB is the Boltzmann constant; T is tempe
rature; k = 2p/l; Ps = Is0 (1 – R2)2 exp (–ad)S; S is the area 
of the crystal transverse cross section; and Df is the detected 
frequency band.

Figure 4 shows also the calculated [from formula (7)] 
dependences of the measured voltage for the holographic inter-
ferometer based on lasers with l = 532 nm (dotted line) and l = 
633 nm (solid line), as well as the dependence áUSN(l)ñ (dashed 
line). The calculations were performed using the reference data 
for the FD-24K photodiode (Sph = 0.4 A W–1, Id = 1.2 mA 
[16]) and the parameters of the working crystal (R = 0.19, d = 
1.15 mm); the experimental values r = 9 deg mm–1, GI = 12 cm–1, 
and a = 10 cm–1 (for l = 532 nm) and r = 6.34 deg mm–1, GI = 
2.04 cm–1, and a = 1 cm–1 ( l = 633 nm); and the angles set in 
the experiments: qs0 = 0 ( l = 532 nm) and qs0 = 8° ( l = 633 nm). 
For the 532-nm laser the signal input power Ps0 = Is0S was 
estimated to be 0.2 mW, whereas for the helium – neon laser 
it was ~0.04 mW. As can be seen in Fig. 4, the holographic 
interferometer under study can be used to analyse vibrations 
with an amplitude of 1 pm or less.

4. Influence of temperature on the formation 
of reflective holograms in sillenite crystals

Due to the high sensitivity of the interferometer to the signal 
beam phase variations, the crystal temperature may affect sig-
nificantly the device characteristics. The influence of the tem-
perature of bismuth titanate crystal on the formation of 
reflection holograms in it was analysed on an experimental 
setup similar to that used in [17]; it was supplemented with a 
Peltier heater and a temperature control unit [13].

The interferometer sensitivity to temperature variations 
increases with an increase in the crystal thickness. Therefore, 
we will describe the experiments where a reflection hologram 
was formed in a Bi12TiO20 : Ca crystal [(100) cut, thickness 
d = 5.9 mm] by the interference pattern of the pump light beam 
(He– Ne laser, l = 633 nm) passing through the crystal and 
the signal beam reflected from the crystal output face (with 
the coordinate x = 0). In this case, the phase difference of the 
interfering beams for x = 0 remains constant when external 
conditions (including crystal temperature) change. Measure
ment of the time dependences of the intensities of the pump 
beam, Ip(t), and the signal beam transmitted through the input 
face (x = –d) in the direction close to counterpropagating, 
Is(t), allowed us to calculate the evolution of the gain GI(t) for 
the reflection hologram from the known relations [6, 12].

In the experiments aimed at forming a reflection photo
refractive hologram at a fixed temperature the crystal was 
heated in darkness to a specified temperature and then main-
tained at this temperature with an error of ±1 °С. Further
more we switched on the pump beam and recorded the changes 
in the intensities Ip(t) and Is(t) with time, which were caused 
by the hologram formation and photoinduced changes in the 
light absorption in the crystal.

The time dependences of the gain, GI(t), at crystal tem-
peratures of 25 and 40 °C, calculated from the experimental 
data, are shown in Fig. 5. The fluctuations of the reflection 
hologram efficiency, whose relative amplitude increases with 
an increase in the crystal temperature, are due to the opera-
tion of the control unit, which alternately switches the Peltier 
module off and on to maintain the specified temperature. With 
an increase in the crystal temperature to 40 °C the dependence 
of the average gain becomes nonmonotonic, and its maximum 
value decreases. This behaviour indicates a strong influence 

of temperature on the counterpropagating interaction of light 
beams on reflection holograms in bismuth titanate.

To exclude the influence of the Peltier module switching 
on the temperature characteristics of the interaction under 
study, we performed experiments in which the crystal was first 
heated in darkness to a specified temperature, then heating 
was stopped, and the pump beam was switched on to form a 
dynamic hologram. The time dependence of the gain, GI(t), of 
the reflection hologram upon cooling the crystal preliminarily 
heated to 40 °C, which was calculated based on the experi-
mental data, is shown in Fig. 6. An analysis of the behaviour 
of the two-beam interaction efficiency on a reflection grating 
with a change in temperature (Figs 5, 6) shows that one must 
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Figure 5.  Time dependences of the gain during the formation of a re-
flection photorefractive hologram in a Вi12ТiО20 : Ca crystal of the (100) 
cut for crystal temperatures of (a) 25 and (b) 40 °C.
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Figure 6.  Time dependence of the gain during the formation of a reflec-
tion photorefractive hologram in a Вi12ТiО20 : Ca crystal of the (100) cut 
upon cooling the crystal from 40 °C. 
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take into account the influence of the crystal temperature on 
both the processes of charge redistribution over defects and 
the drift of the interference pattern in the crystal due to the 
thermooptical effect and linear expansion.

The influence of temperature on the charge redistribution 
over defects will be analysed within the band transport model. 
This model assumes that both deep donor – trap pairs [13] 
(which provide only photoexcitation of electrons to the con-
duction band) and shallow traps (occupied as a result of the 
recombination of these electrons from the conduction band) 
are present in sillenite crystals. The occupation of traps and, 
correspondingly, the increase in the effective number of trap 
centres [18], lead to expansion of the effective space-charge 
field of the hologram. The establishment of equilibrium for 
the thermal and optical excitation of electrons from shallow 
traps to the conduction band may be responsible for the 
increase in the effective number of trap centres with a decrease 
in temperature.

The redistribution of electrons over donor and trap centres 
was described using the kinetic equations [13, 18]. When ana-
lysing the first harmonic of the space-charge field, which 
contributes to the counterpropagating interaction under con-
sideration, the first factor that must be taken into account is 
that the change in the crystal temperature T due to the thermo
optical effect changes its refractive index n0 [19]:

( ) ( ),
d
d

n t n
T
n

T t0 0
0 T= + 	 (8)

(note that the coefficient dn0/dT > 0 for sillenite-family crys-
tals). As a result, the spatial period of the interference pattern 
depends on time:
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where K is the photorefractive-grating vector (directed along 
the x axis).

Second, the thermal extension of the crystal along the x 
axis shifts the charge gratings formed in it with respect to this 
dynamic interference pattern. In the case under consideration 
(the intensity distribution for the light field formed as a result 
of the interference of the pump beam with the signal beam 
reflected from the face x = 0), this face can be considered as 
‘fixed’ with respect to the origin of coordinates. Here, the cur-
rent coordinate x' along the x direction, which determines the 
instantaneous charge on the defects at some local crystal 
point, is a function of time:

x’ = [1 + atDT(t)]x,	 (10)

where at is the linear expansion coefficient.
In the approximation of small contrasts of the interfer-

ence pattern that forms a hologram, the system of equations 
corresponding to the model analysed here is linearised by 
expanding the unknown functions F in the Fourier series, 
taking into account the thermooptical effect and shift of charge 
gratings due to linear expansion of the crystal:

F(x’, t) = F0(t) + 
( )F t
2
1  exp{i2k0n0(t)x’ /[1 + atDT(t)]}

	 + 
( )F t
2
1
*

 exp{– i2k0n0(t)x’ /[1 + atDT(t)]}.	 (11)

Using the well-known technique (see, for example, [3, 20]), 
we obtained a closed system of equations for zero spatial har-
monics and solved it numerically. To analyse the dynamics 
of the first spatial harmonics of the charge gratings and the 
space-charge field Е(1)(t), we developed a technique modelling 
the change in temperature. The characteristic time dependence 
for Е(1)(t), which assumes that the crystal temperature was main-
tained at the level T = 341±1 K up to the instant t = 3000 s 
and decreased according to the exponential law at t > 3000 s, 
is shown in Fig. 7. At t = 2000 s the pump beam was switched 
on simultaneously with the signal beam, which allowed us to 
model the formation of a reflection grating and calculate the 
dependence Е(1)(t) at a specified mode of crystal temperature 
evolution.

As follows from the comparison of Figs 5 – 7, the theo-
retical model proposed here describes qualitatively the experi
mentally observed behaviour of the gain GI(t) ! Е (1)(t) with 
a change in the temperature of the bismuth titanate crystal.

5. Conclusions 

It was demonstrated experimentally that the holographic 
interferometer based on counterpropagating interaction of 
light waves on reflection holograms in a cubic photorefrac-
tive Bi12TiO20 : Fe,Cu crystal of the (100) cut can be used to 
measure vibrations with an amplitude of 5 pm at frequencies 
from 300 Hz to 10 kHz. An analysis of the amplitude charac-
teristics of this interferometer, which was performed taking 
into account the shot and thermal noise of the photodetector, 
showed that vibrations with amplitudes less than 1 pm can be 
measured.

A strong temperature dependence of the efficiency of coun-
terpropagating light wave interaction on reflection holograms 
in a Bi12TiO20 : Ca crystal of the (100) cut is experimentally 
found. A theoretical model is proposed, which takes into 
account the influence of temperature on the photoinduced 
charge redistribution over deep donor – trap and shallow trap 
centres, as well as the drift of the interference pattern in the 
crystal due to the thermooptical effect and linear expansion.

|E (1)|/104 V m–1

3

2

1

0 1000 3000 4000 5000 t/s

4

5

2000

Figure 7.  Time dependence of the modulus of the first-harmonic ampli-
tude for the space-charge field |E(1)(t)| of a reflection hologram in a 
bismuth titanate crystal upon changing temperature. In the time interval 
0 < t < 2000 s the crystal is heated to the temperature T = 341±1 K in 
the absence of a light beam, at t = 2000 s a light beam is switched on to 
form a reflection hologram, in the interval 2000 < t < 3000 s the tem-
perature is maintained at the level T = 341±1 K, and at t > 3000 s the 
crystal temperature decreases exponentially.
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