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Visualization of ultrasonic wave fronts using holographic

interferometry

Yoshihiro Oshida, Koichi Iwata, Ryo Nagata, and Masahiro Ueda

Holographic interferometry with a phase-modulated reference beam is used to visualize a progressive ultra-
sonic wave in the interior of a transparent medium. The medium is illuminated with sheetlike light, and
the light scattered from the plane of the light sheet is recorded in the hologram. The ultrasonic field on the
plane is obtained from the reconstructed image, which provides the equiphase positions of the wave, i.e.,
wave {ronts. Experiments were performed at 200-kHz frequency. The effect of flow in the medium is esti-
mated. An analysis of the optical system suggests that this method is applicable to ultrasonic waves with

frequencies up to ~6 MHz.

I. Introduction

Phase and amplitude of a small vibration on a rough
surface can be detected by a technique in holographic
interferometry with a sinusoidal phase-modulated
reference beam.!~ A progressive ultrasonic wave is a
kind of vibration that usually has slow spatial variation
of amplitude but rapid and continuous variation of
phase. Thus, applying the above method for the pro-
gressive ultrasonic wave, we can expect to have recon-
structed fringes indicating equiphase positions of the
wave.* The pattern obtained in this case shows the
wave fronts of the wave.

To apply this method to the ultrasonic wave propa-
gated in the interior of the medium, a substitute for the
rough surface is necessary. For this purpose we can use
the method adopted for measuring the flow velocity in
aliquid® fine particles are suspended in the medium,
and they are illuminated by sheetlike light obtained
with cylindrical lenses. The plane illuminated by the
sheetlike light plays the role of the rough surface.

To visualize the wave fronts of an ultrasonic wave, the
schlieren technique can be used.® The pattern obtained
by this method, however, is the result of addition of
information gained along the light propagation path.
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The schlieren technique, therefore, can only be applied
to a 2-D wave field in which both amplitude and phase
are constant along the light path. In contrast, by using
the present holographic method with sheetlike light, we
can obtain the information on the plane illuminated
with sheetlike light. Three-dimensional information
can be obtained by varying the position of the light
sheet.

This method has been proposed, and a primary ex-
perimental result has been reported.* The result,
however, was not satisfactory in that a light beam was
used instead of a light sheet. In this paper we shall
explain the method in some detail and demonstrate
those experimental results that visualize the progressive
ultrasonic wave using the light sheet. We shall also give
some analyses of the effect of flow in the medium and
the frequency range of applicable ultrasound.

il. Theory

Consider the vibration in the form of a progressive
wave as illustrated in Fig. 1. Figure 1(a) shows the
spatial forms of the wave at times tgand to + At. The
solid line means the wave position at time t¢, and this
wave travels to the position of the broken line for time
interval At. Figures 1(b), 1(c), and 1(d) show the
temporal variations of the vibrations at three positions
P1, Ps, and P3 in Fig. 1(a), respectively. As seen from
(b)—(d), the initial phase of the vibration at each posi-
tion varies continuously in the direction of the wave
propagation. This continuous variation of phase is a
difference of a progressive wave from a stationary wave
whose phase changes discretely by 7 in space. In a
number of papers!-2 the sinusoidal phase-modulated
reference beam technique was applied to phase detec-



tion of the stationary wave. However, phase detection
of the progressive wave has been demonstrated in only
a few papers.3*

Figure 2 gives a schematic description of this method.
Consider the visualization of the progressive ultrasonic
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Fig. 1. Schematic illustration of the progressive wave: (a) spatial
variation; (b) temporal variation at Py; (¢) temporal variation at Pg;
(d) temporal variation at Ps.
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Fig. 2. Schematic description for phase-modulating holographic

interferometry.

wave radiated in the interior of the transparent medium
by the transducer. The hologram is recorded with the
light scattered on the light sheet and the phase-modu-
lated reference beam. In Fig. 2, s;(r) is a unit vector in
the propagation direction of the sheetlike light, and
Sy (r) is a unit vector in the observation direction; s: and
s, are unit vectors in the propagation direction of the
light illuminating the vibrating mirror to modulate the
reference beam and in the observation direction, re-
spectively.

Assume that a point at position vector r on the light
sheet is vibrating sinusoidally at angular frequency {2.
Then the displacement of this point at time t, d(r,t), can
be expressed as

d(r,t) = a(r) cos[Q + u(r)], (1)

where a(r) is the ultrasonic vibration amplitude, and
u(r) is the initial phase of the ultrasonic vibration.
Amplitude a(r) varies slowly in space compared to
phase u(r). Similarly, the vibration of the mirror,
which sinusoidally modulates the phase of the reference
beam at the same angular frequency as that of the ul-
trasonic wave, is expressed as

&’(¢t) = b cos(§2t + ), (2)

where b is the vibration amplitude, and ¢ is the vibra-
tion phase of the mirror.

In such circumstances, the irradiance I(r) of the re-
constructed image of point r can be written as?

I(r) = Ly (r) = J§

%\IC(HI ) (3)

where
¢X(r) = pX(r) + ¢% — 2p(r)q cos[ulr) — ¢]
plr) = [s,(r) —s;i(r})] - a(r) .
g=(s,—s):b (4)

I, (r) is the reconstructed irradiance obtained without
the ultrasonic wave and the reference beam modulation,
Jg is the zero-order Bessel function of the first kind, and
A is the wavelength of light. The quantities concerned
with the reference beam modulation, i.e., the amplitude
g and the phase ¢, are constant in space.

The working point determined by the modulation
amplitude of the reference beam is illustrated in Fig. 3.
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Fig. 3. Working peint by reference phase modulation.
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For an ordinary ultrasonic wave the vibration amplitude
is much smaller than the wavelength of light and the
modulation amplitude, i.e., p(r) < Aand p(r) < g. In
such circumstances we may expand /(r) as a power se-
ries in p(r)/\. Neglecting the quadratic and higher-
order terms in p(r)/\, we obtain
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A
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where o/, is the first-order Bessel function of the first
kind. To measure small vibrations, the working point
is normally selected at the steepest region of J,
where

. [2
I(r) = L(r) {Jé ("{L q] cos[uir) — ¢}

2w 1 2T
Jz(— ]=v, J (* ]=0.477.
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Then Eq. (3) becomes
Ir) = %Ist(r} ‘l - S‘Aﬂp(r) cos[u(r) — @}] . (5)

Next, consider the meaning of the irradiance distri-
bution of the reconstructed image. For an ultrasonic
wave the vibration amplitude varies slowly in space
compared with the phase. Therefore, the reconstructed
irradiance depends on the vibration phase alone. Since
the vibration phase of the ultrasonic wave varies by 2m
every wavelength, the same state of the vibration re-
peats at intervals of the wavelength. Hence, recon-
structed irradiance I(r) has the same value at those
places whose intervals are the wavelength. These
places, having the same intensity, correspond to the
wave fronts. Since the illumination exists only on the
light sheet, we can observe the reconstructed fringes at
the intersections of the wave fronts with the plane of the
light sheet as illustrated in Fig. 4. Altering the position
of the plane illuminated by the light sheet, we can obtain
a 3-D ultrasonic field.

{li. Experimental Setup and Results

The optical arrangement used for the experiments is
shown in Fig. 5. An ultrasonic wave field is formed in
the glass vessel by transducer Td ;. The sheetlike light
formed through cylindrical lenses Ly and L3 illuminates
the medium in the glass vessel. The vibration fre-
quency is 200 kHz. The other transducer Tds, which
modulates the reference beam, is driven by the same
oscillator as transducer Td;.

Mirror M5, beam splitter BSs, and transducer T'ds
constitute the Twyman-Green interferometer. This
interferometer is used for measuring the vibration
amplitude of transducer Tds. Visibility V of the fringes
is related to the vibration amplitude of Tds through the
zero-order Bessel function of the first kind, that is,

2T I
V=1Jal— .
i"{)\ql

The vibration amplitude is adjusted so that g ~ A\/5,
corresponding to
Jh {?E q] =

A 2

The first example is the visualization of the ultrasonic
wave propagated in water. The glass vessel is filled with
water-suspended fine alumina particles. The Ar laser
has a A = 514.5 nm.

If the ultrasonic wave is propagated in the liquid, flow
is caused by the radiation pressure. To eliminate the
influence of this flow, exposure time must be short, as
discussed below. However, fo expose the photographic
plate sufficiently the time must be longer than a certain
value: 1/250 sec in our experiment, Therefore, the
exposure time was divided into two parts of 1/500 sec
each.
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Fig. 5. Experimental setup: L, lens; M, mirror; BS, beam splitter;

Hm, hologram; Td, transducer.



The reconstructed image is shown in Fig. 6. The
ultrasonic wave is traveling from right to left. The
broad bright and dark fringes indicate the wave fronts.
The interval of the fringes is ~7 mm, which agrees with
the wavelength calculated with 1448-m/sec propagation
velocity (at 10°C) and 200-kHz frequency.

The next example is the wave in gelatin in the gel
state. In this case no flow is caused by the ultrasonic
wave, so that exposure time may belong. The hologram
plate was exposed for 60 sec with light from a He-Ne
laser with A = 632.8 nm.

Fig. 6. Reconstructed image in water.
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Fig. 7. Reconstructed images in gelatin: (a) illuminating directions of the light sheet; (b) image on Sy; (c) image on Sy; (d) image on Sg; ()
image on S,.
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The reconstructed images are shown in Fig. 7. The
illuminating directions of the light sheet are illustrated
in Fig. 7(a). Figures 7(b), 7(c), 7(d), and 7(e) are the
reconstructed images at four sections Sy, Ss, S, and Sy,
respectively. The ultrasonic wave is traveling from
right to left in Fig. 7(b), and it is traveling perpendicular
to the figure plane in Figs. 7(c), 7(d), and 7(e).

As seen from Fig. 7(b), the ultrasonic wave radiated
from the transducer is propagated in the form of a
spherical wave, and the wave is reflected at the upper
surface of the medium and the bottom of the vessel.
Figure 7(e) shows the ultrasonic field of the cross section
in front of the transducer. Since a spherical wave is
radiated, the resultant fringes are concentric circles.
Figures 7(c) and 7(d) are the cross sections farthest from
the transducer. The reconstructed images consist of
checkered patterns, resulting from interference of the
waves propagated directly and reflected at the upper
surface, bottom, and both side walls.

IV. Discussion

A. Influence of the Flow

For an ultrasonic wave propagated in liquid, flow is
caused by radiation pressure. It disturbs the recon-
structed image. We shall explain the influence of flow
quantitatively in this section.
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Consider that the object at position r moves straight
at velocity v(r) and in addition vibrates sinusoidally as
expressed in Eq. (1). Then displacement d, (r,t) at time
t and initial position r is written as

d,(r,t) = alr) cos[Q + uir)] + vir)t. (6)

The reconstructed irradiance I(r) obtained by
time-averaged holography with the object beam
phase-modulated by Eqg. (6) and the reference beam
modulated by Eq. (2) is expressed as

1 2 2w ,
1) = L) j'_%:expc Tle(e) cos[Qt + 9] +umtlde, ()
where
Y(r) = u(r) —sin™! {_q_ sin{p(r) — .1,]]}
clr) '
(8)

v'lr) = [so(r) — si(r)] + vir)

and T is the exposure time. If there are many cycles of
ultrasonic vibration during exposure time and the dis-
placement due to the velocity v(r) during the vibra-
tional period is much smaller than the wavelength of
light, i.e.,

2r 27u’(r)

T>»—. — K A, (9)
Q Q

Eq. (7) can be calculated as

2
; (10)

I{e) = L(r) J2 lg—“ em] [Si“”(”
A ulr)

where

u(r) = %u’{r)T, (11)

Equation (10) indicates that the reconstructed image
consists of the superposition of two kinds of fringes, one
of which gives information about ultrasonic vibration
and the other about transfer velocity. The formeris a
term of the Bessel function, and the latter is a term of
the sinc function. Since the fringes caused by flow
disturb the visualization of the ultrasonic field, u(r)
must be small enough that the term of the velocity
component in Eq. (10) can be regarded as unity.

For example, if we consider that

sinu(r)]'—’

ulr)

must be larger than 0.8,

%u’(r}T <0.74. (12)

If v’(xr) = 60 um/sec, the exposure time must be shorter
than 1/500 sec. On the other hand, from Eqgs. (9) and
(12) the relation

2

T () «0.74 (13)

fAS4

must be satisfied. Therefore, the permissible flow ve-
locity is limited by the frequency of the ultrasonic wave.
If Q/(27) = 200 kHz, v/(r) must be much smaller than
20 mm/sec.
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Fig. 8. Schematic diagram of top view of sheetlike light: S, slit of
width d; L, eylindrical lens of focal length f.

B. Limitation of the Frequency of the Observable
Ultrasonic Wave

To detect the vibrational phase of the ultrasonic
wave, the thickness of the light sheet should be much
less than that of the ultrasonic wavelength. Hence, the
detectable frequency range is limited by the thinnest
possible sheetlike light.

Consider the arrangement illustrated in Fig. 8, which
shows a cross section of the sheetlike light extending
perpendicular to the plane of the figure. The light is
excluded by slit S of width d placed against a cylindrical
lens of focal length f. Measure the z coordinate toward
the right from the focal plane of the lens L. The mea-
suring region occupies from z = —zy/2 to z = z¢/2; D(2)
indicates the thickness of the light sheet at position
z.

Thickness Dy at z = 0 is written, using the relation for
Fraunhofer diffraction,

Dy = 2fN/d. (14)
The thickness at position z far from the focal plane
is expressed by the boundary thickness of the geomet-
rical shadow, i.e.,
Diz) = (d/f)|z], (15)
but
D(z) = Dy, (16)

D(z) has the maximum value at positions z = & z4/2.

To detect the phase of the wave, the ultrasonic
wavelength A must be longer than the maximum
light-sheet thickness:

A =aD(+ z0/2), (17)

where « is a constant value much larger than unity.
The maximum thickness is given by Eq. (17) for a cer-
tain wavelength A. When D(%2,/2) = Do, measuring
region zp has a maximum value for a given maximum
thickness. Then from Egs. (14) and (17) f/d satisfies
the relation

Fld = A/{2a\). (18)

Substituting Eqs. (17) and (18) into Eq. (15), we obtain
the relation

2= A%/ (ha?). (19)



Equation (19) provides the maximum possible value of
the measuring region. The maximum number N of
fringes obtained within region z is given by dividing zo
by wavelength A;

N = (1/a2)/(A/N). (20)

Equation (20) indicates that the number of detectable
fringes is limited by the ratio of the acoustical wave-
length to the optical wavelength. Conversely, if the
desirable number of fringes is given, the detectable
wavelength of the wave is limited by Eq. (20). That
wave whose wavelength is less than the value obtained
from Eq. (20) is unmeasurable, i.e., A obtained from Eq.
(20) indicates the limitation of the wavelength of the
observable ultrasonic wave.

For example, consider the limitation of the ultrasonic
wave in water. The optical wavelength A of a He-Ne
laser is 475.8 nm in water. If N = 20 and « = 5, the
minimum value of the wavelength of an observable
acoustic wave is A = 0.24 mm. This wavelength cor-
responds to a frequency of 6 MHz.

V. Conclusion

A method of visualizing the ultrasonic field in the
interior of a transparent medium is presented. The

experimental results, which visualize ultrasonic waves
propagated in water and gelatin, are demonstrated. A
3-D ultrasonic field can be visualized by this method.
Analysis shows that the displacement caused by the flow
in the test fluid during an ultrasonic vibration period
must be much smaller than the wavelength of light.
The applicable frequency of the ultrasonic wave is
limited to ~6 MHz by the thinnest possible sheetlike
light.
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