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ABSTRACT 

Two-wave mixing adaptive interferometers based on photorefractive crystals allow for precise remote detection of small 
displacements. Using dynamic holograms, they compensate for ambient disturbances in factory environments and can 
process speckled beams with complicated wavefronts. Linear phase-to-intensity conversion with maximum sensitivity is 
achieved when the response becomes local when a dc-field is applied to the photorefractive crystal. In the present work 
we study experimentally the change of the shape of the amplification spectrum induced by a dc field in the two-wave 
mixing geometry. The shape of the spectrum is used for identification of the type of response (local or nonlocal). High 
sensitivity for detection of surface displacements is demonstrated for a two-wave mixing interferometer with a dc-biased 
CdTe:Ge crystal.   

Keywords: Laser ultrasonics, dynamic holography, photorefractive effect, two-wave mixing, adaptive interferometer, 
photorefractive semiconductor, cadmium telluride 
 
 

1. INTRODUCTION  
 
Laser ultrasonics is a totally remote technique for nondestructive testing, flaw detection, and thickness measurements. It 
provides the sensitivity of the conventional ultrasonic technique with the flexibility of optical systems. A pulsed laser is 
used for ultrasonics generation, as is shown in Fig. 1a. An ultrasonic wave is excited in the sample under inspection, 
when a pulse from a high peak power pulsed laser is absorbed at the surface. A laser ultrasonic receiver is used for 
detection of ultrasonic echoes at the surface of the material by interferometry. A probe, usually continuous-wave, beam 
is sent to the surface. The reflected light wave becomes phase modulated because of the displacement of the surface. The 
phase modulation is converted into intensity modulation by the interferometer. 
  
Conventional interferometers cannot process speckled beams reflected from rough surfaces. In addition, they require 
precise path-length stabilization for effective operation in the quadrature condition. Adaptive interferometers based on 
two-wave mixing (TWM) may overcome these disadvantages. In such interferometers a conventional beam-splitter is 
replaced by a dynamic hologram recorded usually in a photorefractive crystal (see Fig. 1b). The signal wave scattered 
from the vibrating surface of an object under inspection and a separate reference wave interfere in the crystal and record 
a photorefractive grating. The grating serves as a holographic beam-splitter1-3. The holographic property enables 
effective processing of complicated wavefronts of the speckled object beam. As the hologram is dynamic, it adapts to 
slow wavefront variations of the signal wave with a response time of the grating, ensuring continuous compensation for 
temporal disturbances in the environment. At the same time, ultrasonic vibrations are much faster than the grating 
response time. That is why the hologram may be considered as fixed grating for the fast phase variations related to the 
ultrasound. Thus, conversion of the phase modulation to intensity modulation becomes possible at ultrasonic frequencies. 
In addition, operation in quadrature conditions may be maintained automatically in many configurations of the nonlinear 
interaction, for example, when an external electric field is applied to the crystal. 
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Figure 1.  Schematic representations: (a) – laser ultrasonics technique, (b) – two-wave mixing adaptive interferometer. 

In the present work we study a TWM adaptive interferometer using the semi-insulating CdTe:Ge. The type of crystal 
response (local or nonlocal) is determined from the spectra of the coupling constant in two-beam coupling with non-
degenerate frequencies and with zero or a finite external dc field applied to the crystal. The performance of 
interferometer is compared under different experimental conditions when the nonlocal or local component of the grating 
dominates. 
 
 

2. PHASE-TO-INTENSITY CONVERSION IN AN ADAPTIVE INTERFEROMETER  
 
The linear conversion of phase modulation to intensity modulation with maximum sensitivity is achieved in an 
interferometer when the waves are in quadrature, i.e., when the phase shift between interfering waves is ±π /2. Let us 
consider the case of an adaptive interferometer with a dynamic grating. The signal beam and the reference (pump) beam 
interfere in the photorefractive crystal as shown in Fig. 1b. This results in the recording of a refractive index grating. The 
grating recorded by diffusion charge transport is ±π /2 shifted with respect to the interference pattern. The pump beam 
diffracts from the grating with a diffraction efficiency η and its diffracted part interferes with the transmitted part of the 
signal wave. For low diffraction efficiency η << 1 the amplitude of the signal wave behind the crystal may be presented 

 ( )( )0 01 expS S PA ηA i i t ηAϕ⎡ ⎤= − Φ + +⎣ ⎦ , (1) 

where AS
0 and AP

0 are amplitudes of the interfering waves at the crystal input, Φ is the phase shift between interference 
fringes and refractive index grating and ϕ (t) models the fast phase modulation induced by the ultrasonic surface 
displacement, ϕ(t) = Δϕ sin(2π f t) with low amplitude (Δϕ << π /2) and high frequency (2π f >> 1/τSC, τSC is response 
time of the grating). This yields the intensity of the transmitted signal beam 

 ( ) ( ) ( ) ( )( )0 0 0 01 2 1 sinS S P S PI t η I ηI η η I I tϕ= − + + − Φ +  (2) 

with IS
0 and IP

0 being the intensities of the signal and pump beams at the crystal input. Thus, the amplitude of the output 
intensity modulation is given by 

 ( )sinSI ϕΔ ∝ Φ + Δ . (3) 

For the photorefractive grating Φ = ±π /2 and therefore sin(Φ + Δϕ) ≈ 1. The alternative component of intensity, intensity 
modulation, is negligible for small Δϕ, and the sensitivity of the photorefractive grating to the phase modulation 
detection is very low.  
 
In order to overcome this drawback various innovative techniques have been demonstrated for increasing the sensitivity 
by imposing quadrature conditions for adaptive interferometers with nonlocal photorefractive holograms. These are the 
use of anisotropic diffraction2 including mixing of waves with linear and elliptic polarizations4, differential light power 
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detection3, step-like translation of the interference pattern using external phase modulation of one of the recording 
beams5, combinations of different techniques, etc.  
 
For a local grating with Φ = 0,π  the quadrature conditions are fulfilled automatically. The intensity modulation linearly 
depends on the phase modulation I ϕΔ ∝ Δ , as is confirmed by Eq. (3). Thus, the local response is of particular interest 
for adaptive interferometers. That is why the capability of local gratings in liquid crystal light valves6 and in gain media7 
have been studied. Also, the operation of digital holography with electronic processing and control of the phase shift 
between interference pattern and index grating has been demonstrated8.  
 
On the other hand, the grating shift can be modified in photorefractive crystal by application of a dc field9. The grating 
becomes local when drift transport of the photoexcited charge carriers dominates diffusion, while the drift length is much 
smaller than the grating period9 Λ. In addition, an external field results in an enhancement of the photorefractive effect. 
That is why the dc-field technique is very promising for applications10. 
 
 
3. TWO-WAVE MIXING GAIN SPECTRA FOR NONLOCAL AND LOCAL RESPONSE  

 
The coupling constant, which is generally complex, γ = γ ' + iγ ", describes TWM using a dynamic hologram. It connects 
the amplitudes of the input and transmitted waves. γ ' = 0 for the local grating, while γ " = 0 for the nonlocal grating. The 
nonlocal grating gives rise to the unidirectional energy transfer from one beam to another. The gain factor for intensities 
is used commonly for characterization of this energy transfer. The intensity of the transmitted signal is described with it 
as IS = IS

0exp(Γd) in the undepleted pump approximation, where d is the interaction length.  
 
The spectrum of the TWM signal may be obtained for the nondegenerate frequency interaction when the frequency 
detuning Ω is introduced in one of the recording waves. For a photorefractive grating the spectrum of the coupling 
constant has a Lorentzian shape11  

 ( )2 2
0 1 SCτΓ = Γ +Ω , (4) 

where Γ0  = 2γ ' is the maximum gain factor, which is observed at Ω = 0, and τSC is the grating response time. The local 
grating does not enable energy transfer in the steady state, as the nonlocal grating does. However, the energy transfer 
may appear when frequency detuning is introduced: The nonlocal component of the grating occurs when the running 
hologram follows the interference pattern with a delay defined by the response time. This nonlocal component enables 
energy transfer. Therefore, the spectrum of the gain factor can be considered for the local gratings, too. It has the 
dispersion-like shape 

 ( )2 2
0 1SC SCτ τΓ = Γ Ω +Ω , (5) 

where Γ0  = 2|γ "| now.  
 
The TWM gain spectra for the nonlocal and local gratings calculated from Eqs. (4,5) are presented in Fig. 2a,b, 
respectively, in dimensionless coordinates Γ/Γ0 = f(ΩτSC). They have very different shapes. That is why we use in what 
follows the shapes of the gain spectra measured at different experimental conditions as indicators of the type of response.  
 
 

4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
The studied CdTe:Ge crystal was grown in Chernivtsy National University, Ukraine. The input faces parallel to (110) 
plane are optically polished while silver-paste electrodes are deposited on the side faces parallel to (111) plane. An 
external dc voltage is applied to the electrodes, forming an electric field E0 along the [111] axis. The interaction length of 
the rectangular sample d = 0.7 cm, while the interelectrode distance l = 0.4 cm. 
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Figure 2.  Spectral profiles of the gain factor in TWM with (a) – nonlocal and (b) – local response. 

The experimental setup is shown in Fig. 3. A single-frequency cw laser operating at λ = 1064 nm with a total output 
power P = 500 mW serves as the light source. The output laser beam is divided by a beam splitter into two beams IS

0 and 
IP

0 with intensity ratio β ≈ 1:10. Both beams are expanded to ensure homogeneous illumination over the crystal cross-
section. The total light intensity on the crystal input face is I = 30 mW/cm2. The beams polarized in the plane of 
incidence enter the sample through the (110) face and record a grating with grating vector parallel to [111] axis. Such a 
recording geometry ensures the largest effective electro-optic coefficient for transmission gratings in the cubic CdTe 
crystal12. A calibrated electro-optic modulator EOM introduces frequency detuning Ω into the weak signal wave. The 
intensity of the signal is measured with and without the pump beam for evaluation of the gain factor. 

 
Figure 3.  Experimental setup; BS – beam-splitter, EOM – electro-optic modulator. 

The spectrum of the gain factor measured without electric field at a grating spacing Λ = 1 μm is shown by squares in Fig. 
4a. The profile is symmetrical with maximum gain at zero frequency detuning, as is expected for the local grating. 
However, the shape of the spectrum is narrower than the Lorenzian one expected from Eq. (4). Such narrowing can be 
explained by the intensity change along the propagation path due to absorption13. The time constant changes also in the 
crystal and an overall response becomes more complicated. The complex space charge formation in CdTe:Ge14 with 
different time constants for participating processes15 is probably important, too. 
 
To test the ability of the set-up for ultrasound detection the EOM is set to introduces a fast small phase modulation ϕ(t) = 
Δϕ sin(2π f t) with Δϕ = 0.15 rad and f = 50 kHz (2π f t  >> 1/τSC) instead of the frequency detuning Ω. A small intensity 
modulation with SNR < 1 is observed at the doubled frequency 2f, as is expected from Eq. (3) for a nonlocal grating. The 
amplitude of the intensity modulation ΔIS/IS

mean < 0.5%. So, the type of response should be changed and this change 
should manifest itself in the shape of the spectrum. The photorefractive gratings give many different possibilities for the 
change of the spectral response. For example, two gratings formed by waves with different frequency detunings may 
form a two-maxima gain profile, which can be used for gravitational waves detection16. We use an electric field to 
change the type of response.  
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Figure 4.  Spectral profiles of the gain factor in TWM measured at (a) – Λ = 1 μm with no field (squares) and with dc field 

E0 = 4 kV/cm (circles); (b) – at Λ = 125 μm with dc field E0 = 4 kV/cm. 

The spectrum measured with a dc field E0 = 4 kV/cm at the same grating spacing Λ = 1 μm is shown by circles in Fig. 
4a. The spectrum is changed under a dc field and the maximum gain factor increases nearly two times, but the shape of 
the spectrum remains closer to the Lorenzian than to the dispersion-like profile. This is because the nonlocal component 
of the grating still dominates. Such behavior is expected until the drift length becomes much smaller than the grating 
spacing17. At the same time the local component of the grating is quite significant even at this grating spacing. It is 
confirmed by a much larger intensity modulation ΔIS/IS

mean ≈ 6.5%, which is now at the same frequency f as the input 
phase modulation.  
 
A stronger local component of the grating is observed in the presence of a dc field at larger grating spacing, as is 
expected17. Experimental results measured at Λ = 125 μm are shown in Fig. 4b. The spectrum has almost dispersion-like 
profile, which confirms the recording of the local grating.  
 
The narrow resonances in the vicinity of zero frequency detuning shown in Fig. 4a and the corresponding nonlinear 
dispersion are important for some spectacular phenomena like light pulse slowing down with photorefractive wave 
mixing18,19. The phase-to-intensity conversion is performed outside of these resonances at larger frequencies, where the 
index grating may be considered as a fixed grating. In other words, the phase-to-intensity conversion is a linear process. 
The nonlinear response of the dynamic grating with its response time is important for the adaptive capability of the 
TWM interferometer. The interferometer works as a high-pass filter, compensating for low frequency disturbances. To 
demonstrate the temporal adaptability of the grating in CdTe:Ge, the frequency response of the adaptive interferometer is 
studied. The normalized amplitude of the intensity modulation measured as a function of phase modulation frequency for 
a fixed phase modulation amplitude Δϕ = 0.15 rad is shown in Fig. 5 by squares. 
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Figure 5.  Normalized amplitude of intensity modulation as a function of phase modulation frequency measured at Λ = 125 
μm with a dc field E0 = 4 kV/cm. 
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The frequency response is characterized usually by the cutoff frequency measured at half-level of the maximum 
modulation amplitude. The cutoff frequency fC ≈ 600 Hz is estimated from the data of Fig. 5. The theory predicts that 

 
( )2

2

1 2
sat SC

S S

SC

fI I
f

π τ

π τ
Δ = Δ

+
, (6) 

where ΔIS
sat is the intensity modulation in saturation at high frequency. The solid line in Fig. 5 represents the best fit of 

Eq. (6) to the experimental data with τSC = 160 μs and a maximum modulation amplitude ΔIS
sat/IS

mean ≈ 0.22. The 
discrepancy between the experimental data and the theory may be explained again by the complicated space charge 
formation in CdTe:Ge and by the response time variation inside the crystal because of the linear absorption. The 
increased response of the interferometer at low frequency often is undesirable, but it may be suppressed considerably by 
temperature control of the crystal slightly above the room temperature20.   
 
The maximum modulation amplitude at high frequency characterizes the sensitivity of an adaptive interferometer for 
measurement of small displacements. It can be used for comparison of different systems. The relative detection limit δrel 
was introduced as the ratio of sensitivity of an adaptive interferometer to that of a classical plane-wave interferometer. 
For a local dynamic grating it can be found experimentally21 

 ( )
( )

exp 2
sin "rel

d
d

α
δ

γ
= . (7) 

Using the correspondence between input phase modulation and output intensity modulation10 ΔIS
sat/IS

mean = 2sin(γ "d)Δϕ 
and absorption constant α ≈ 1.2 cm-1, δrel ≈ 2.1 is estimated. This value is among the best values ever reported for 
adaptive interferometers operating at λ = 1064 nm.  
 
 

5. CONCLUSIONS 
 
Dramatic difference in the profiles of the amplification spectra in TWM on the local and nonlocal dynamic holograms 
can be used for identification of the type of response. The study of the TWM gain spectra in CdTe:Ge at different 
experimental conditions shows that an almost local response can be achieved in a dc-biased crystal at quite large grating 
spacing Λ > 100 μm because of the long drift length of the photoexcited charge carriers.  
 
The operation of an adaptive interferometer with photorefractive a CdTe:Ge crystal is compared for (1) a nonlocal 
response in the diffusion mode of grating recording and (2) a local response initiated by an external dc field. 
Fundamental improvement of the performance of TWM interferometer is demonstrated, when changing the dynamic 
hologram from a nonlocal to a local one. Excellent characteristics of the interferometer are demonstrated. The relative 
detection limit δrel ≈ 2.1, which is the best according to our knowledge for TWM interferometers operating at λ = 1064 
nm, is accompanied by high cutoff frequency fC ≈ 600 Hz at a low intensity I = 30 mW/cm2. The better detection limit is 
expected for a larger dc field, while the cutoff frequency may be increased with intensity increase.  
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