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The characteristics of an interferometric system based on two-wave mixing at 1.06 mm in photorefractive
InP:Fe under an applied field for the detection of ultrasonic motion of a scattering surface are described. A
theoretical analysis of possible configurations for the detection of small phase modulation in the undepleted-
pump approximation is presented. Experimental assessment of the device for both cw and pulse regimes is
performed: The sensitivity, the étendue, the response time, and the behavior under ambient vibrations or
moving inspected samples are provided. This adaptive device presents many features appropriate for indus-
trial inspection and compares advantageously with the passive confocal Fabry–Perot device that is now widely
used. © 1997 Optical Society of America [S0740-3224(97)00507-9]
1. INTRODUCTION
The optical detection of transient surface motion has
many practical applications that include, in particular,
the vibration monitoring of engineering structures (air-
craft, power plants, etc.) and the detection of ultrasound
produced by piezoelectric transducers or by pulsed-laser
excitation. The last-named application, usually called la-
ser ultrasonics, in which ultrasound is generated and de-
tected by lasers, presents many advantages over conven-
tional piezoelectric-based methods.1,2 First, laser
ultrasonics is a remote-sensing technique. Consequently
it can be used, for example, for inspecting hot materials
and products moving on a production line. Second, sur-
faces of complex shape can also be probed easily. For
many applications these advantages compensate for the
usually lower sensitivity of the laser-based technique
compared with piezoelectric transduction.
One detects an ultrasonic wave or vibration by sending

a probe beam onto the surface in motion. This ultrasonic
motion induces in turn a phase variation on the beam
scattered by the surface. The device used for the detec-
tion of ultrasound should be designed to convert this
0740-3224/97/0701723-12$10.00 ©
phase variation into an amplitude variation, i.e., to per-
form phase demodulation on the scattered beam. This
task has been usually performed by passive interferom-
eters, the most useful being the confocal Fabry–Perot in-
terferometer operated in a transmission or reflection
mode.3

Passive interferometers for the detection of surface
motion can be advantageously replaced by active or adap-
tive interferometers based on two-wave mixing (TWM)
in photorefractive crystals. The use of photorefractive
crystals in adaptive interferometers for telecommunica-
tion coherent homodyne receiving4 and for the detection
of the ultrasonic motion of scattering surfaces is now
well known.5–9 The approaches used are based on
the classical setup of two-beam coupling in photorefrac-
tive crystals. In this scheme two beams, a pump beam
and a probe beam, which carries the ultrasonic informa-
tion in the form of a small phase modulation, interfere
in the crystal and create through the photorefractive
effect an index grating that reproduces the illumination
pattern. The two beams are then diffracted by the
grating that they have created. Thus, in the direction
1997 Optical Society of America
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of the probe beam, we have creation of a local-oscillator
beam that has the same spatial structure as the
probe beam, independently of its speckle structure.
Therefore this TWM approach can also be seen as
real-time holography. Finally, the probe beam transmit-
ted by the crystal interferes on the detector with the
local-oscillator beam to perform phase demodulation
and to give a signal proportional to the surface displace-
ment. A useful property of this approach is its large
throughput or étendue, which can be defined as the prod-
uct of the effective cross section of the beam on the crystal
by the solid angle subtended by the rays of maximum in-
clination with respect to the axis.10 This large étendue
originates from the adaptive wave-front properties of the
TWM.
For a photorefractive interferometer to be used for ul-

trasonic detection in most industrial conditions, the grat-
ing buildup time should meet the following conditions.
First, it should be sufficiently long to generate the refer-
ence beam properly, and it should be short enough to
limit the sensitivity of the interferometer to low-
frequency ambient vibrations and adapt itself to the rapid
change in the speckle pattern when the inspected product
is moving or the inspected location is changed. An addi-
tional reason for a short response time is to permit the
use of a pulsed laser. The high peak power of pulsed la-
sers usually compensate for the losses associated with the
scattering and absorbing surfaces. In practice these re-
quirements mean a value of the response time of
;10 ms. The first crystals to be employed, BaTiO3,
quickly showed the limitations of their slow response
times that render the devices highly sensitive to
vibrations.5 Consequently, to improve response time,
setups that use photorefractive semiconductors were
developed.6 However, these semiconductor crystals have
low values for their electro-optic coefficients, which re-
sults in weak photorefractive two-beam coupling gain. A
known method to increase photorefractive coupling is to
apply an external electric field to the crystal.11 The im-
possibility of applying a uniform electric field to a GaAs
crystal, because of the field-enhanced recombination on
the EL2 defect,12–14 led us to use another kind of III–V
photorefractive material, semi-insulating iron-doped in-
dium phosphide (InP:Fe), upon which a uniform dc field
can be applied, resulting in an enhancement of the photo-
refractive effect. We note that a photorefractive beam
mixer based on the use of InP under an applied electric
field has already been considered.15 However, the appli-
cation and the requirements were quite different from
ours.
The principle of the technique, as well as the photore-

fractive parameters of the InP:Fe crystal used and the re-
sults obtained with a basic experimental setup, is pre-
sented in Section 2. We show that the experimental
results are in excellent agreement with the theoretical
predictions and confirm the potential of our approach. In
Section 3 we discuss various possible configurations for
the device and compare their respective advantages and
drawbacks for optical detection of ultrasound. Finally, in
Section 4 we present the implementation of our approach
in a practical system, which satisfies the requirements for
industrial use.
2. PHASE DEMODULATION BASED ON
PHOTOREFRACTIVE InP:Fe
A. Principle of Phase Demodulation
The demodulation of the phase information encoding an
optical beam is based on the TWM mechanism. Two
beams, a phase-modulated signal beam @Ed(0, t)# and a
pump beam, interfere in a photorefractive crystal (Fig. 1).
They create an index of refraction grating through the
photorefractive effect that is a replica of the illumination
pattern. The two beams are then diffracted by this grat-
ing, leading to the creation, in the direction of the trans-
mitted signal beam, of an unmodulated local oscillator
(diffracted pump beam) that has the same phase struc-
ture as the signal beam and interferes with it. We are
then in the usual configuration of homodyne detection, ex-
cept that in this case the incident beam (signal beam) can
have any structure and the field of view of this setup is
not limited by the antenna theorem.16 When the period
or the duration of the phase modulation is much smaller
than the response time of the photorefractive effect, the
photorefractive grating can be considered stationary and
the phase of the local oscillator considered constant.
Then the amplitude of the transmitted signal beam can be
written, in the undepleted-pump approximation,17 as

Ed~x, t ! 5 expS 2
ax
2 DEd~0, 0!$@exp~gx ! 2 1#

1 exp@iw~t !#%, (1)

where the incident signal beam amplitude is Ed(0, t)
5 Ed(0, 0)exp@iw (t)#. In this expression a is the absorp-
tion of the crystal, x is the thickness of the crystal, and g
is the photorefractive amplitude gain.11,17 The first of
the two terms in braces in Eq. (1) represents the dif-
fracted pump (the local oscillator). The second term is
the transmitted signal beam. Note that in general g is a
complex quantity, the modulus of which represents the
strength of the diffraction grating, whereas its phase is
associated with the spatial phase shift between the index-
of-refraction grating and the illumination grating. For
example, in the case of a photorefractive grating in the
diffusion regime11 the photorefractive gain g is purely

Fig. 1. Principle of phase demodulation by TWM in a photore-
fractive crystal: a phase-modulated signal beam Ed(0, t) and a
pump beam Ip interfere inside the photorefractive crystal to pro-
duce an index-of-refraction grating: a local oscillator beam (LO)
is diffracted by this grating and interferes with the transmitted
phase-modulated signal beam to give a demodulated signal.
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real and corresponds to a p/2 phase shift between the in-
dex grating and the illumination grating.
In the limit of a low value of phase modulation

w(t) ! p/2 $i.e., cos@w (t)# ' 1 and sin@w (t)# ' w (t)%, Eq. (1)
allows us to calculate the intensity of the signal beam af-
ter the crystal:

Id~x, t ! 5 exp~2ax !Id~0, 0!@exp~2g8x !

1 2 exp~g8x !sin~g9x !w~t !#, (2)

where g 5 g8 1 ig9. We can see from Eq. (2) that the
photorefractive effect in the diffusion regime (which cor-
responds to g9 5 0) results in a local oscillator in phase
with the signal beam and zero sensitivity to small-
amplitude phase modulation. As in the case of any inter-
ferometer, linear and maximum sensitivity is obtained
when the local oscillator and the signal beams are in
quadrature. In the drift regime, i.e., with an applied
field, the phase between the local oscillator and the signal
beam is naturally near or in quadrature. In addition, the
use of an applied electric field increases the coupling con-
stant, which results in a more intense local oscillator.

B. Photorefractive InP:Fe under a dc Field
Indium phosphide is a III–V material that is made semi-
insulating by iron doping. Its photorefractive properties
are now well known, even if particular aspects are still
subjects of discussion.18–21 The sample that we used in
these experiments is of the same origin and has the same
characteristics as the one we previously characterized.20

The iron total concentration is ;1017 cm23. The dimen-
sions of the crystal are 7.52 mm 3 4.56 mm 3 4.93 mm
along directions [110], [001], and [1̄10], respectively, and
the interaction length is 4.93 mm. The absorption of the
sample is a 5 2.13 cm21, and the dark resistivity is
5 3 107 V cm. We measured an intensity photorefrac-
tive gain in the diffusion regime G 5 0.24 cm21 for a grat-
ing spacing L 5 0.78 mm. To describe its photorefrac-
tive behavior we used the model that takes into account
the excited state of Fe21,20 using the same parameters as
those of the crystal studied previously (i.e.,
[Fe21] 5 3.2 3 1015 cm23).

C. Experimental Setup
We implement the two-beam coupling setup described in
Fig. 1. The two beams are obtained from a 500-mW
single-mode cw diode-pumped Nd:YAG laser emitting
at 1.064 mm. In the signal beam pathway we introduce
an electro-optic modulator that creates the phase modu-
lation. In most experiments the phase modulation
is sinusoidal with frequency n and with amplitude
w0 5 135 mrad. A high voltage is applied to silver-
painted electrodes on the [001] faces of the crystal. The
strong pump beam is expanded for uniform illumination
of the crystal and a uniform electric field inside the crys-
tal. Both beams enter the crystal by the [1̄10] face. The
incident illumination is 1.6 W cm22. The signal is de-
tected by a silicon photodiode, which has a quantum effi-
ciency h 5 0.3.
The angle between the two beams is 11°, which corre-

sponds to a grating spacing L 5 5.5 mm. This spacing
does not correspond to an optimum value to maximize the
photorefractive gain. Indeed, the angle between the
beams should be rather small to maximize the gain,
whereas a large angle gives the large étendue that is nec-
essary when one is working with beams affected by
speckle, which is the case for the practical applications
that we are considering. The angle that we have chosen
actually results from a compromise between these two re-
quirements.
The last experimental issue is the application of the dc

voltage. The photoconductivity of InP:Fe is important,
and with high illumination levels a high current is pro-
duced, causing crystal heating. The main effect of this
heating is to increase the conductivity, which in turn in-
creases the current, accelerating heating until destruc-
tion of the crystal occurs. To reduce heating of the crys-
tal we apply the high voltage only during the small period
of time during which we make the measurement. The
typical duration used for field application is ;10 ms at a
repetition rate of 1 Hz. This duration is sufficiently long
compared with the crystal response time, so steady state
is reached before the end of the electrical pulse. This ap-
proach was found successful, and no measurable heating
of the crystal was observed during application of an elec-
tric field. This approach is also justified by the fact that
ultrasound is generally detected by laser pulses of small
duration (a few tens of microseconds) and low repetition
rates (1–100 Hz), so it is quite appropriate to apply the
electric field only during the time needed for detection.
The applied voltage varies between 0 and 3200 V, which
corresponds to electric fields up to 7 kV cm21.

D. Experimental Results
The application of a dc field causes two effects on the pho-
torefractive gain; first, it increases the modulus of the
gain, and second, it shifts the space-charge field grating
back toward the illumination grating. For high fields
(however, not too high, to avoid being in the trap satura-
tion regime) this results in an index grating that is in
phase with the illumination grating. The real part of g is
responsible for a small energy transfer as expressed by
the first term of Eq. (2), whereas the imaginary part of g
is responsible for the transformation of the phase modu-
lation into an intensity modulation, as indicated by the
second term of Eq. (2). Therefore, by measuring at the
same time the values of the energy transfer and of the
modulation amplitude, one can determine the real and
the imaginary parts of the photorefractive gain. The re-
sults are shown in Fig. 2, where we show the rapid in-
crease of the imaginary part of g and the smaller increase
of the real part.
Another important characteristic of the present device

is its frequency response, which corresponds to that of a
high-pass filter with a cutoff frequency linked to the time
constant t0 of the photorefractive effect. Measurements
were performed for three values of the applied electric
field, and the results are presented in Fig. 3. The in-
crease of t0 with the applied dc field causes the observed
shift of the frequency cutoff. Furthermore, we see on the
curve corresponding to the highest field a small overshoot
in the frequency response curve near 2 kHz. This over-
shoot decreases at lower fields. To confirm that the fre-
quency response is dependent on the photorefractive time
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constant, we obtained this time constant by measuring
the energy transfer kinetics. Without phase modulation
applied to the signal beam, we measured the transient
variation of the output signal intensity when the pump
was rapidly cut off. The results are plotted in Fig. 4. To
describe the kinetic behavior we use a model of photore-
fractive two-beam coupling in presence of absorption17

that provides the following expression for the variation of
the amplitude of the transmitted signal beam (the grating
begins to be written at time t 5 0):

Ed~x, t ! 5 expS 2
ax
2 D exp~gx !Ed~0, 0!

3 F t0H~x, t ! 1 E
0

t

H~x, T !dTG , (3)

with

H~x, t ! 5
exp~gx !

t0

3 expS 2
t
t0

D 1F1H g

a
, 1,Fexp~ax ! 2 1

exp~ax ! G t
t0

J ,

Fig. 2. Photorefractive gain amplitude (j, real part; d, imagi-
nary part) as a function of the applied electric field.

Fig. 3. Frequency response of the photorefractive beam mixer
for three different applied electric fields: (d, 2.3 kV cm21; .,
4.6 kV cm21; j, 7 kV cm21). The experimental curves are nor-
malized to their high-frequency values.
where 1F1(a, b, z) is the confluent hypergeometric func-
tion. We fitted this expression to the data of Fig. 4 by us-
ing the gain value previously measured, g 5 (20.08
2 0.58i) cm21. From this fit we found for the time con-
stant the value t0 5 (31 1 48i) ms.
With this determination of the time constant all the pa-

rameters are now known, so we can calculate theoreti-
cally the frequency response of the photorefractive de-
modulation device. We use the model mentioned above,
which takes into account the absorption of the crystal17 to
derive the amplitude at the output of the crystal:

Ed~x, t ! 5 expS 2
ax
2 D exp~gx !$Ed~0, 0!

1 E
0

tFt0
]Ed

]t
~0, T ! 1 Ed~0, T !

2 Ed~0, 0!#H~x, t 2 T !dT% ,
(4)

where Ed(0, t) 5 Ed(0, 0)exp@2iw0 sin(2pnt)# is the
phase-modulated amplitude at the input of the crystal.
Using Eq. (4) and the values of t0 and g previously deter-
mined, we can readily calculate the frequency response of
the device, which is plotted in Fig. 5 with experimental
data. The agreement between the experimental and the
calculated curves is good. All the features observed ex-
perimentally are well predicted by the model, including
the cutoff frequency and the position and height of the
overshoot. The agreement is not so good at low frequen-
cies, but this range corresponds to values at which the
signal is low and the steady-state value is not completely
reached because the electric field is applied only during
limited time intervals.
The values of the gain and of the time constant deter-

mined in our experiments are also in good agreement
with the theoretical values determined by the model of
the photorefractive effect in InP:Fe that takes into ac-
count the excited state of Fe21.20 Using this model and
the parameters given in Ref. 20, we determine, for a grat-
ing spacing of 5.5 mm, an illumination of 1.14 W cm22

(corrected for reflection losses at the entrance of the crys-
tal) and a field of 7 kV cm21, a gain gth 5 (20.35
2 0.84i) cm21, and a time constant t0th 5 (29

Fig. 4. Kinetics of the transient energy transfer (solid curve)
with its theoretical fit (dashed curve).
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1 65i) ms. These values are in reasonable agreement
with the values that we have measured, i.e., gexp
5 (20.08 2 0.58i) cm21 and t0 exp 5 (31 1 48i) ms.

E. Sensitivity of the Device
To characterize our system fully we have to determine its
responsiveness and the smallest phase amplitude that it
can detect. We measure first the standard deviation of
the received signal as a function of the phase-modulation
amplitude (Fig. 6). The signal is sinusoidally phase
modulated at a frequency of 5 MHz, the intensity incident
upon the detector is 0.3 mW, and the electrical signal is
filtered with a filter bandwidth of 15.5 MHz centered at 8
MHz. The crystal is used in the same condition as indi-
cated above, with an applied electric field of 7 kV cm21.
We see from Fig. 6 that the signal varies linearly with the
phase-modulation amplitude and that at low values of the
phase-modulation amplitude the observed signal becomes
dominated by noise, which is essentially of photonic origin
in the experimental conditions of the measurement.
From these data we estimate the smallest detectable dis-
placement (displacement that is due to an ultrasonic mo-
tion that would give a signal equivalent to the photonic

Fig. 5. Theoretical (curve) and experimental (j) frequency-
response curves for an applied electric field of 7 kV cm21.

Fig. 6. Demodulated signal standard deviation (j) as a function
of the amplitude of the phase modulation; the straight line is a
guide for the eye.
noise) to be 35 pm (rms value). Taking into account the
absorption of the crystal, we estimate the intensity inci-
dent upon the crystal to be 0.9 mW (the reflection losses
are not taken into account, as they can be eliminated by
antireflection coatings). So, for a normalized intensity (1
W) and a normalized bandwidth (1 Hz), we obtain a limit
of detection: d l 5 2.7 3 1027 nmAW/Hz for the ultra-
sonic displacement.
This limit can also be calculated theoretically from Eq.

(2). The standard deviation of the signal is then given by

S 5
hAId0
hn

~2w!exp~2ax !exp~g8x !sin g9x, (5)

whereas photon noise is given by the following expres-
sion:

N 5 F2 hAId0
hn

Df exp~2ax !exp~2g8x !G1/2, (6)

which gives a signal-to-noise ratio of

S/N 5 S 2 hAId0
hnDf

w D 1/2 expS 2ax
2 D sin g9x. (7)

In Eqs. (5)–(7), h is the quantum efficiency of the detector,
A is the area of the detector, AId0 5 AId(0, 0) is the
power incident upon the crystal, Df is the electronic band-
width, the photorefractive gain is still g 5 g8 1 ig9, and
w is the measured rms value of the phase modulation. In
the case of the detection of ultrasonic motion, this phase
modulation is linked to the rms value of the ultrasonic
displacement d by w 5 (4pd)/l, hn is the photon energy,
and l is the wavelength of the beams.
The limit of detection, which corresponds to a signal-to-

noise ratio of 1 and which is normalized to an electronic
bandwidth of 1 Hz and an incident power of 1 W, is given
by the following expression deduced from Eq. (7):

d l 5
l

4p S hn

2h D 1/2 expS
ax
2 D

sin g9x
. (8)

Using the parameters of the experiment, we then calcu-
late d lth 5 2.8 3 1027 nm AW/Hz which is found to be in
excellent agreement with the experimental value.

F. Conclusion
We have shown in this study that a photorefractive
InP:Fe crystal under an applied dc field can be used as a
phase demodulator. Good sensitivity was obtained, even
though the crystal parameters and the applied voltage
were not optimum. The use of a crystal with lower ab-
sorption would lead to even better sensitivity. It is an-
ticipated that the use of another type of crystal with a
higher electro-optic coefficient, such as photorefractive
CdTe:V, would permit higher values of g9 and conse-
quently increased sensitivity to be obtained.

3. CONFIGURATIONS FOR
PHOTOREFRACTIVE PHASE
DEMODULATION
In the direct scheme used above we showed that, in the
case of an index grating that is not p/2 phase shifted, it is
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possible after square-law detection by an optical detector
at the output of the crystal to transform the phase modu-
lation into an intensity modulation. We now present dif-
ferent configurations of the setup that work with p/2
phase-shifted gratings or more generally with any phase-
shifted grating, discuss their performances, advantages,
and drawbacks, and use this analysis to compare GaAs
and InP:Fe as phase demodulators.

A. Direct Detection
We have shown that when a phase-modulated signal
beam is used in a two-beam coupling setup, the transmis-
sion of the signal beam through the photorefractive crys-
tal is given by Eq. (2). The signal-to-noise ratio of the de-
modulated output is then

S/N 5 S 2hAId0
hnDf D 1/2w expS 2

ax
2 D sin g9x. (9)

Equation (9) shows that the grating has to be at least
partly local (in the sense of not shifted toward the illumi-
nation grating) to perform phase demodulation. In the
case of a photorefractive material this occurs only with an
applied dc electric field (or eventually in presence of the
photovoltaic effect, a case that does not occur with semi-
conductors). From Eq. (9) we see that the value of the
signal-to-noise ratio is maximum in this case for a mod-
erate value of the gain (g9x 5 p/2). This setup is then
advantageous and simple to implement if a local grating
of moderate efficiency can be obtained.

B. Isotropic Diffraction Setup
The isotropic diffraction setup was first described in Ref.
5. It uses the two-beam coupling scheme and two polar-
ization components (Fig. 7). In front of the crystal, a
half-wave plate (HWP) rotates the incident s-polarized
signal beam polarization by 45° and creates s- and
p-polarized phase-modulated components of equal inten-
sity. The s-polarized component interferes with the
s-polarized pump beam to create a photorefractive grat-
ing upon which the two s-polarized components diffract to
generate the two-beam coupling energy transfer [accord-
ing to Eq. (1)]. At the same time the p-polarized compo-
nent is transmitted undisturbed (except by absorption of
the crystal). On leaving the crystal, the signal beam goes
through a phase plate (phase shift wL) with neutral axes
along the s and p directions. The two phase-shifted com-
ponents are then combined by a polarizing beam splitter
(PBS) oriented at 45° to the s and p directions and sent
onto two detectors, yielding two signals, Sx and Sy , that
are finally electronically subtracted by a differential am-

Fig. 7. Schematic of the isotropic diffraction setup: BSC,
Babinet–Soleil compensator.
plifier. The value of the difference signal S 5 Sx 2 Sy is
given by the following expression [when w(t) ! p/2]:

S 5 exp~2ax !Id~0, 0!$exp~g8x !cos~wL 2 g9x ! 1 w~t !

3@sin wL 2 exp~g8x !sin~wL 2 g9x !#%, (10)

where g 5 g8 1 ig9 is still the photorefractive gain. The
wave-plate phase shift wL can be chosen to optimize the
factor of w(t). This optimized value is wL 5 (p/2)
1 Arg@exp(gx) 2 1#, and then we have in this case

S 5 exp~2ax !Id~0, 0!@cos~wL! 1 uexp~gx ! 2 1uw~t !#.
(11)

In the case of a pure photorefractive gain (g9 5 0), the
maximum value of S is obtained for wL 5 p/2 and is given
by S 5 exp(2ax)Id(0, 0)@exp(gx) 2 1#w(t). We have then
linear phase demodulation in the case of the pure photo-
refractive grating. In the general case it is always pos-
sible to find a wave-plate phase shift that optimizes the
amplitude of the demodulated signal, but there will al-
ways remain a dc component that unbalances the differ-
ential detection.
We now consider the case where g9 5 0 to calculate the

signal-to-noise ratio. The unmodulated component of the
signal on each detector, which is used for the calculation
of the noise, is

S0 5 exp~2ax !
Id~0, 0!

4
@exp~2gx ! 1 1#.

The signal-to-noise ratio is then given by

S/N 5 S hAId0

hnDf D
1/2

w expS 2
ax

2 D exp~gx ! 2 1

@exp~2gx ! 1 1#1/2
.

(12)

If we remember that the photorefractive two-beam cou-
pling intensity gain is G 5 2g we obtain the expression
derived by Blouin and Monchalin in Ref. 6. We see from
this expression that the maximum signal-to-noise ratio
(obtained in this case for large values of g) is lower by a
factor of A2 than that for the direct-detection scheme.
The reason for this can be traced to the fact that only half
of the intensity of the signal is used to create the photo-
refractive grating.
This configuration has the advantages of permitting

linear detection for a pure photorefractive grating and of
providing a differential output. In the case of a grating
with any phase shift we lose the differential output fea-
ture but maintain the setup’s linear detection. The
maximum signal-to-noise ratio is lower than that ob-
tained with the direct-detection scheme. All the advan-
tages of both approaches are brought together by a third
approach that uses the phenomenon of anisotropic diffrac-
tion that exists in photorefractive crystals.

C. Anisotropic Diffraction Setup
In the anisotropic diffraction configuration, which is close
to the one that we have just discussed, the s- and
p-polarized beams at the output of the crystal are the
transmitted and the diffracted beams, respectively. In
this case there is no need for a half-wave plate before the
crystal to produce the p-polarized beam as in the isotropic
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diffraction setup. This effect of diffraction with perpen-
dicular polarization, called anisotropic diffraction, is pos-
sible in photorefractive materials because of the tensorial
properties of the electro-optic effect.22 For example, in
4̄3m semiconductors such as InP and GaAs, anisotropic
diffraction occurs when [1̄10] is the input face, [001] is the
incidence plane, and the signal and the pump beams are s
polarized along [001].23 The grating vector is then ori-
ented along the [110] direction and the diffracted beam is
p polarized in the [001] plane.22,24 This anisotropic dif-
fraction configuration, as shown below, permits linear
phase demodulation and a differential output for any
phase shift of the grating.
In the approximation of low diffraction efficiency

(undepleted-pump approximation), the amplitudes of the
two components in the direction of the transmitted signal
beam are

EdS~x, t ! 5 Ed~0, 0!exp@iw~t !#expS 2
ax
2 D ,

EdP~x, t ! 5 gxEd~0, 0!expS 2
ax
2 D . (13)

The s-polarized transmitted beam EdS(x, t) is phase
modulated, whereas the p-polarized diffracted beam
EdP(x, t) is not. After the crystal, the setup is the same
as in the case of isotropic diffraction, and the same type of
calculation gives, for the differential output,

S 5 22 exp~2ax !Id~0, 0!$ugux cos@w~t ! 1 wL 2 wg#%,
(14)

where here g 5 uguexp(iwg) is the photorefractive gain.
The optimum phase shift for linear detection is such that
uwL 2 wgu 5 p/2. In this case S is equal to

S 5 2 exp~2ax !Id~0, 0!uguxw~t !. (15)

Equation (15) shows that it is always possible to adjust
the phase plate to get, at the same time, optimum sensi-
tivity and a balanced differential output, independently of
the grating phase shift. In the case of a pure photore-
fractive grating the optimum phase shift is wL 5 p/2 and
could be given by a quarter-wave plate. In the case of a
local grating the optimum phase shift is 0, and there is no
need for a wave plate.
In the general case, the unmodulated part of the signal

incident upon each detector is

S0 5 exp~2ax !
Id~0, 0!

2
~ ugu2x2 1 1 !

which gives for the signal-to-noise ratio6

S/N 5 S 2hAId0

hnDf D 1/2w expS 2
ax

2 D ugux

~ ugu2x2 1 1 !1/2
.

(16)

The maximum value of the signal-to-noise ratio that can
be obtained is then the same as in the case of direct de-
tection, but it is obtained in the limit of high values of the
modulus of the photorefractive gain. The advantage of
the anisotropic diffraction scheme is that the signal-to-
noise ratio depends on the gain’s modulus and not only on
its imaginary part. Furthermore, this detection scheme
allows for differential detection independently of the grat-
ing phase shift, which is advantageous when one is work-
ing with high-power pulses, as we explain below.
The previous calculation assumed that the crystal was

isotropic, which is the case for 4̄3m crystals when no elec-
tric field is applied. When an electric field is applied in
the direction of the grating vector along the [110] axis the
medium becomes birefringent, with axes oriented at
645° to the [110] direction and indices along these axes
n0 6 Dn/2 (with Dn 5 n0

3r41E0 , where E0 is the applied
electric field). It then follows that the calculation per-
formed previously is not valid anymore. We perform a
new calculation by first projecting the light fields onto
these new axes. By taking into account the phase shift
introduced by the birefringence wE 5 (2pDnx)/l and
noting that there are two waves polarized along the new
axes that are diffracted with opposite photorefractive gain
6g, we obtain for the amplitudes of two components in
the direction of the transmitted signal beam the following
expressions:

EdS~x, t ! 5
Ed~0, 0!

2
expS 2

ax
2 D

3 (2$gx 2 exp@iw~t !#%exp~iwE!

1 $gx 1 exp@iw~t !#%),

EdP~x, t ! 5
Ed~0, 0!

2
expS 2

ax
2 D

3 ($gx 2 exp@iw~t !#%exp~iwE!

1 $gx 1 exp@iw~t !#%), (17)

Then, performing the same calculation as in the case of
anisotropic diffraction without an applied electric field,
we obtain the differential output:

S 5 2Id~0, 0!exp~2ax !(~ ugu2x2 2 1 !sin wE

3 sin wL 1 2ugux$cos wL cos@w~t ! 2 wg#

2 sin wL3 sin@w~t ! 2 wg#cos wE%), (18)

which gives, in the limit of small displacements,

S 5 2Id~0, 0!exp~2ax !@~ ugu2x2 2 1 !sin wE

3 sin wL 1 2ugux~cos wL cos wg 1 sin wL

3 sin wg cos wE! 1 2uguxw~t !~cos wL sin wg

2 sin wL cos wg cos wE!#. (19)

The optimum phase shift of the variable phase plate wL is
chosen to maximize the amplitude of the w(t) factor,
which yields the relation

tan wL 5 2cos wE cot wg . (20)

In this case S is given by

S 5 2Id~0, 0!exp~2ax !Fsin wE

3 sin wL~ ugu2x2 2 1 2 2ugux tan wE sin wg!

1 2uguxw~t !
sin wg

cos wL
G . (21)
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Equation (21) shows that in general a dc level is left.
Furthermore, the maximum of the signal is reduced with
respect to the case without birefringence. Nevertheless,
in the case of a local grating, as often occurs under an ap-
plied electric field, this expression is further simplified.
In this case wg 5 p/2, which results in tan wL 5 0, wL
5 0, and the following expression for S:

S 5 22Id~0, 0!exp~2ax !uguxw~t !, (22)

which is the expression without dc offset found previously
in the case of no birefringence [Eq. (15)]. Therefore in
this case of an applied electric field the birefringence in-
duced by the Pockels effect does not usually decrease the
performance of the anisotropic diffraction configuration.

D. Comparison of the Various Configurations
All the expressions for the signal-to-noise ratio found for
the three configurations analyzed above can be put into
the form

S/N 5 S 2hAId0
hnDf D 1/2w expS 2

ax
2 DSF, (23)

where the sensitivity factor (SF) depends on the configu-
ration. We calculated the sensitivity factor for the three
configurations as a function of the photorefractive gain,
and the results are plotted in Fig. 8 for a crystal length of
1 cm. The three curves are plotted as a function of the
same gain parameter, which differs according to the con-
figuration used: the imaginary part of the gain for direct
detection, the real part of the gain for isotropic diffrac-
tion, and the modulus of the gain for anisotropic diffrac-
tion. Even if some caution is exercised in the interpreta-
tion of these results, they confirm that direct detection
has the highest SF. However, note that anisotropic dif-
fraction leads to a value of SF of approximately the same
magnitude as that obtained by direct detection and fur-
thermore has the advantage of a balanced differential
output. Another advantage of anisotropic diffraction
compared with the other configurations, which is not di-
rectly obvious from the curves of Fig. 8, is that its sensi-

Fig. 8. Sensitivity factor as a function of the gain (curves calcu-
lated for a crystal thickness of 1 cm) for the various configura-
tions: direct detection (solid curve), isotropic diffraction
(dotted–dashed curve), and anisotropic diffraction (dashed
curve).
tivity is proportional to the modulus of the gain, which is
obviously greater than both its imaginary and its real
parts. The anisotropic diffraction configuration conse-
quently uses the photorefractive gain more efficiently. It
should also be noted that the curves of Fig. 8 compare the
performances of a given crystal (of a given length and
given absorption) in different configurations for variable
gain. In practice, for a given crystal the absorption and
the gain are determined, the latter being fixed by the
grating period and the maximum electric field that could
be applied safely to the crystal. In this case there is an
optimum length that maximizes the signal-to-noise ratio
and beyond which a higher value of SF is canceled by a
higher value of the absorption factor [see Eq. (23)].
Therefore optimum use of a given crystal requires having
the crystal cut as closely as possible to its optimum
length.
We now use the anisotropic diffraction setup to com-

pare the performances of GaAs (in the diffusion regime)
that have been reported6 and of InP:Fe (in the drift re-
gime). Using the same InP:Fe crystal as before but now
with the electrodes on the [110] faces, we measure a limit
of detection equal to d l 5 5.5 3 1027 nm AW/Hz. This
value is two times lower than the value previously ob-
tained in the direct-detection setup, in part because of the
greater interelectrode distance in this configuration for
this crystal, which leads to a smaller value of the applied
electric field and consequently to a smaller value of the
gain (ugu 5 0.3 cm21). For this value of the gain we cal-
culate a theoretical value d lth 5 5.4 3 1027 nm AW/Hz in
excellent agreement with the experimental value. For
GaAs we are in the diffusion regime, so we use the same
setup with a greater angle between the beams to be at the
optimum grating spacing. The grating phase shift is
compensated for by a quarter-wave plate. We measured
a limit of detection equal to d l 5 4.7
3 1027 nm AW/Hz. The photorefractive gain in this
configuration is g8 5 0.27 cm21, the absorption
1.55 cm21, and the crystal thickness is 1 cm. The theo-
retical limit is then calculated as d lth 5 3.9
3 1027 nm AW/Hz, also in good agreement with the ex-
perimental value.
These results, which were obtained with an InP:Fe

crystal not optimized with respect to its absorption and
length, show that InP:Fe can provide a good performance,
matching that obtained with GaAs. The choice of a
better crystal with lower absorption and higher gain
will allow us to approach the ultimate sensitivity of this
kind of demodulator, d lth 5 (l/4p)Ahn/2h 5 4.7
3 1028 nm AW/Hz (at 1.06 mm and for a quantum effi-
ciency of the detector of 0.3). A factor of 5–10 improve-
ment in performance could therefore be achieved by the
choice of a better crystal. The experiment reported next,
in a pulsed regime, was performed with a crystal satisfy-
ing this requirement.

4. PULSED OPERATION OF THE PHASE
DEMODULATOR
All the experiments presented in Sections 2 and 3 were
performed in the cw regime and in ideal conditions, with
plane waves and with beams of sufficient power. How-
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ever, in practice these ideal conditions are rarely encoun-
tered; most of the inspected materials have scattering
surfaces with low reflecting properties, which means that
the returned beam (signal beam) is usually a low-power
speckled beam. Furthermore, to have high cutoff fre-
quency (near 10 kHz) we need a high-power pump (10–
100 times higher than the one used in the cw regime).
Both of these requirements mandate the use of high-
power pulse illumination. The photorefractive phase de-
modulator should therefore be analyzed in this regime,
and we should in particular verify that the performances
found previously can be extrapolated to high-power pulse
operation. In this section we present the results ob-
tained in this regime. In particular, we compare the per-
formance of our InP:Fe phase demodulator with that of
another known system now widely accepted, the confocal
Fabry–Perot demodulator (CFP). Finally, to test the ca-
pacity of the system to adapt rapidly to changes in the in-
coming wave front, we present measurements performed
to observe the effect of large and relatively fast surface
motions, which correspond to the case in which the tested
object is moving in the direction along the line of sight.

A. Experimental Setup
The laser is a single-mode Nd-YAG laser that delivers
50-ms FWHM pulses with an energy of 100 mJ at a rep-
etition rate of 1–20 Hz. In our system the laser power is
split into two beams. The first beam is transmitted to
the low-reflecting surface of the test object by a large-core
multimode fiber. Another large-core multimode fiber
(numerical aperture of 0.39 and core diameter of 1 mm,
and thus an étendue of 0.39 mm2 sr) is used to transmit
the collected scattered light to the phase demodulator.
The second beam is the pump beam of the TWM setup.
To ensure that there will be a few milliwatts of returned
power incident upon the photorefractive crystal, most of
the laser power is sent onto the inspected material, and
only a small part of this beam (less than 10%) is used in
the pump beam. The maximum incident peak power of
the pump beam is then near 100 W/cm2. Owing to the
pump power used and the sufficiently long pulse duration,
the photorefractive grating is fully built at the pulse
maximum, so we are in a quasi-steady-state regime at the
peak of the pulse, when the measurement is performed.
We apply the electric field only during the duration of

the pulse; typically we apply electric field pulses of 170-ms
duration and 3200-V amplitude that cover the entire du-
ration of the optical pulse. Although a high current flows
across the crystal (because of the high illumination and
the high applied voltage), we notice only a small increase
in the temperature of the crystal (of ;10 K) at the highest
pump peak power (for 100 W/cm2 and a 10-Hz repetition
rate). This increase in temperature is small enough that
we can extrapolate the results obtained at lower power to
this high-power range. The setup uses the anisotropic
diffraction configuration, using a Babinet compensator af-
ter the crystal to optimize the signal. The test specimen
is usually a carbon epoxy composite material with a rough
and black surface; the scattered light is collected by a
multimode fiber, as mentioned above. At the output of
this fiber we have a signal beam with a high numerical
aperture and a speckle structure. The mean grating
spacing is ;4 mm (close to the one used in the cw regime)
and corresponds to a mean angle between the two beams
of ;15°.
We use for these measurements another InP:Fe crystal

with a lower iron doping of 1–3 3 1016 cm23 to increase
the gain-to-absorption ratio. This leads to a crystal with
identical photorefractive performances but lower absorp-
tion, a 5 0.8 cm21. The dimensions of the crystal are
6.6 mm 3 6.6 mm 3 9.95 mm along directions [110],
[001], and [1̄10], respectively, and the optical thickness is
9.95 mm; the crystal has antireflection-coated input faces.
In the cw regime we measure a photorefractive gain
ugu 5 0.3 cm21 and a limit of detection d lth 5 2.7
3 1027 nm AW/Hz [which is in good agreement with the
theoretical value of d lth 5 2.5 3 1027 nm AW/Hz).
Therefore we verify that this crystal has a better perfor-
mance than the one used previously, as expected by its
higher gain-to-absorption ratio and its greater interaction
length.

B. Sensitivity in the Pulse Regime with a Speckled
Signal Beam
To measure the sensitivity of our setup we introduce into
the probe beam (before the coupling into the multimode
fiber) an electro-optic phase modulator, excited sinusoi-
dally, that produces a phase shift equivalent to a displace-
ment of 2.4 nm over the entire frequency range of inter-
est. For phase-modulated frequencies higher than the
low-frequency cutoff (;10 kHz), the photorefractive re-
sponse is predicted to be flat, without a high cutoff fre-
quency. We experimentally verified that the response is
flat up to 300 MHz, which is the limit of the optical detec-
tor used. For the experiments performed to evaluate the
sensitivity, we restrained the frequency range to a band-
width of 15.5 MHz, centered at 8 MHz, using an electronic
filter. The noise of the system was essentially photon
noise, although there was some residual electronic ther-
mal noise. We performed all the sensitivity measure-
ments by taking into account only the photon noise. For
each frequency we measured the signal-to-noise ratio,
from which we deduced the limit of detection by taking
into account the signal beam power incident upon the
crystal (taken after the input polarizer, used to polarize
vertically the depolarized beam emerging from the multi-
mode fiber). The result is shown in Fig. 9. As expected,
the sensitivity is constant over the whole frequency
range, with an absolute value of d lth 5 3.3
3 1027nm AW/Hz, which corresponds to the value ob-
tained in the cw regime with plane waves. This indicates
that there is no loss of the sensitivity as the result of use
of the multimode fiber. The performance of this photore-
fractive device was also compared with that of another
high-étendue device for ultrasound detection, the CFP
interferometer.3 For this purpose we sent the signal
beam into a 1-m-long CFP interferometer used in the
transmission mode (mirror reflectivity 85%) and mea-
sured the signal-to-noise ratio. The results are also
shown in Fig. 9. We see the minimum limit d lth 5 3
3 1027 nm AW/Hz is approximately the same as the
limit obtained with the photorefractive device. This
value is also in agreement with the theoretical value,
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d lth 5 2 3 1027 nm AW/Hz, obtained for an interferom-
eter stabilized at half-height.3 Figure 9 also shows that
the TWM photorefractive interferometer based on InP:Fe
under an applied electric field is superior to the CFP in-
terferometer over most of the frequency range under
study, reinforcing our interest in this new system. The
étendues of both systems are at least equivalent and are
limited by the multimode fiber étendue (0.39 mm2 sr).

C. Photorefractive Phase Demodulator with a Speckled
Pump Beam
All the experiments that we have performed so far used a
pump beam that is a plane wave. However, the photore-
fractive effect is not restricted to plane waves. To verify
this point we performed an experiment in which we used
a large-core multimode fiber (numerical aperture 0.16,
core diameter 0.4 mm) to transmit the pump beam. The
beam issued from the fiber had a top-hat energy spatial
distribution with a superimposed speckled structure, in
other words, a wave front very far from a plane wave,
with a mean power near 100 W/cm2. We then performed
the same sensitivity measurements as those previously
performed with a plane-wavelike pump beam. The re-
sults are shown in Fig. 9, and we can conclude that the
sensitivity of the TWM phase demodulator is the same in
both cases.
The use of a fiber to transmit the pump beam actually

has several advantages. First, the demodulator can be
set up remotely from the laser, the signal and pump
beams both being transmitted by fibers. Second, the top-
hat structure given by the fiber provides a more uniform
illumination of the crystal than the Gaussian beam, and
this is more appropriate when an electric field is applied,
as it is the case in our setup. Finally, fibers could permit
the use of shorter-coherence-length lasers by easily pro-
viding path equalization between interferometric arms.

D. Phase Demodulation from an Inspected Sample in
Motion
In several cases of practical interest the object probed by
ultrasound is affected by motion or vibrations of the

Fig. 9. Sensitivity (limit of detection) of the photorefractive
beam mixer based on InP:Fe with an applied electric field (j)
and with the CFP interferometer (.). The bold curve shows the
variation of the theoretical sensitivity of the CFP interferometer
adjusted to fit the experimental curve. The results obtained
with the photorefractive beam mixer where the pump beam is-
sued from a multimode fiber are also shown (l).
sample. For motion in a direction transverse to the line
of sight, the speckle structure of the signal beam is modi-
fied. For large enough velocity, the photorefractive grat-
ing is unable to follow or adapt itself to the modifications
of the speckle pattern, which results in both grating era-
sure and unmatched reference and signal beams. A de-
tailed analysis of the speckle decorrelation effect is be-
yond the scope of this paper. For motion in the direction
of the line of sight, the velocity causes a Doppler shift of
the received light and consequently a displacement of the
interference grating. If the response time of the photore-
fractive effect is sufficiently short, the photorefractive
grating will adapt to this displacement and there will be
no loss of sensitivity to ultrasonic motion.25 For longer
response time the response will be affected.
We perform the experiment by phase modulating the

signal beam at a few megahertz with a low amplitude and
giving to it a Doppler frequency shift of known value by
mounting the probed sample upon a vibration shaker
(which simulates a target with a longitudinal speed vL).
We measure the amplitude of the demodulated signal as a
function of this frequency shift (Df 5 2vL /l). The fre-
quency shift has two effects on the index grating: It
shifts the grating from its steady-state position and it de-
creases the grating’s amplitude. Both effects contribute
to a decrease of the demodulated signal, the former effect
because the wave-plate phase shift wL is not optimum
anymore. To analyze these two effects separately we
perform two experiments: first, for each frequency shift
we compensate for the induced spatial phase shift by
changing the wave-plate phase shift wL ; second, we keep
the wave-plate phase shift at its initial value determined
without a Doppler shift. The first experiment identifies
the decrease in the amplitude of the demodulated signal
caused by the decrease in the amplitude of the grating
only (see Fig. 10), as well as the variation of the spatial
phase shift of the grating. The second experiment yields
the contributions of both effects (see Fig. 11). We see
from Fig. 10 that the compensated curve is symmetrical,
with an axis of symmetry not centered on the zero-
frequency shift. For the noncompensated curve (Fig. 11)

Fig. 10. Normalized amplitude (j) of the demodulated signal
and normalized measured phase shift (d) as a function of the
Doppler frequency shift, with compensation of the induced phase
shift for each Doppler shift. The curves are theoretical fits with
a time constant t 5 (1.1 2 0.8i)ms.
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the behavior is more complex. The amplitude of the de-
modulated signal goes to zero for a finite frequency shift;
moreover, the curves obtained for applied fields of oppo-
site polarities are symmetric with respect to the zero-
frequency-shift axis.
To explain these results we use a simple model. The

space-charge field’s amplitude is governed by a first-order
differential equation11:

]E1

]t
5 2

1
t0

E1 2 m
Esc

t0
, (24)

where Esc and t0 depend on material parameters and are
complex in the case when an electric field is
applied.11,20,26 For this calculation we assume that t0 is
constant throughout the crystal, which means that we ne-
glect the effects of absorption and of the pulse shape (this
assumption is quite reasonable because the measurement
is performed at the top of the pulse, where the illumina-
tion is fairly constant). We then illuminate the crystal
with a moving grating,27 i.e., a modulation term of the
form m(t) 5 m0 exp(iDv t) , where Dv 5 2pDf, so we are
looking for a field of the form E1(t) 5 E10 exp(iDv t). We
then have immediately

E10 5
2m0Esc

1 1 iDvt0
. (25)

When the phase shift of the grating is compensated for
each frequency shift, because the demodulated signal is
proportional to ugu [see Eq. (15)], we can conclude that the
demodulated signal varies as uE10u, i.e., as

uE10u 5
m0uEscu

H F12S Im t0

ut0u
D 2G 1 S Dv 2

Im t0

ut0u2
D 2ut0u2J 1/2 .

(26)

The variation of the signal with the Doppler shift is then
expected to be represented by a symmetrical curve cen-
tered on Im t0 /ut0u2, which corresponds to the results

Fig. 11. Normalized amplitude of the phase-demodulation sig-
nal as a function of the Doppler frequency shift, without compen-
sation of the induced phase shift, for positive (j) and negative
(d) applied electric fields. The curves represent theoretical fits
with a time constant t 5 (1.2 2 0.6i)ms.
shown in Fig. 10. The same analysis leads to the follow-
ing expression for the spatial phase shift of the grating:

wE10
~Dv! 2 wE10

~0 ! 5 2arctanS Dv Re t0
1 2 Dv Im t0

D ,
(27)

where E10 5 uE10uexp@iwE10
(Dv)# and that corresponds to

the variation observed in Fig. 10.
In the case when there is no compensation for the

phase shift, the demodulated signal is given by Eq. (14)
and is then proportional to A 5 uE10ucos@wE10

(Dv)
2 wE10

(0)#, where E10 5 uE10uexp@iwE10
(Dv)# (note that

the phase shift of the grating without the Doppler shift is
compensated for by the wave plate). We then obtain for
the dependence of the demodulated signal as a function of
the frequency shift

A 5 m0uEscu 5 F1 2 S Im t0

ut0u
D 2G

F1 2 S Im t0

ut0u
D 2G 1 S Dv 2

Im t0

ut0u2
D 2ut0u2

2

S Dv 2
Im t0

ut0u2
D Im t0

F1 2 S Im t0

ut0u
D 2G 1 S Dv 2

Im t0

ut0u2
D 2ut0u26 .

(28)

Equation (28) includes a symmetric part and an antisym-
metric part, both centered at Im t0 /ut0u2, in agreement
with the experimental results, as shown in Fig. 11. Data
for inverted polarity of the applied field are also plotted in
Fig. 11. Inversion of the field polarity simply results in a
change of the sign of the imaginary part of the time
constant.11,26

5. CONCLUSION
We have presented the characteristics of an interferom-
eter based on two-wave mixing in InP:Fe under an ap-
plied field for the detection of ultrasonic motion from a
scattering surface. The experimental results agree well
with the theoretical predictions. The measured charac-
teristics of this device confirm its potential for industrial
inspection. The device has also been compared with the
confocal Fabry–Perot demodulator that at present is
widely used for ultrasound detection. The sensitivities
and étendues of the two devices are nearly the same.
However, the TWM device is more compact and does not
require any external electronic stabilization system
against ambient vibrations or thermal drift. TWM also
operates in a differential detection scheme, which allows
us to eliminate the amplitude fluctuations of the laser or
the envelope of the pulse when we are working with a
pulsed laser. The TWM device presented a flat frequency
response, without notches, up to the cutoff frequency of
the detectors, which is particularly advantageous in the
region of low ultrasonic frequencies (below 2 MHz). In
spite of the improvements brought by TWM, the CFP still
has some advantages. In particular, it is not sensitive to
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the Doppler shift associated with the velocity of the
sample in the direction of the line of sight, as any self-
reference interferometer is. This behavior is linked to
the short response time of the CFP (typically 0.1 ms for a
1-m-long cavity with a finesse of 10), much shorter than
the response time of TWM in semiconductors. This
faster response time also results in a greater capacity of
adaptation of the CFP to the modification of the speckle
pattern collected from an inspected sample moving per-
pendicularly to the laser beams. This advantage is, how-
ever, associated with a higher low-frequency cutoff and a
reduced sensitivity to the detection of low ultrasonic fre-
quencies, as mentioned above.
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