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VELOCITY SENSITIVITY OF LASER-SPECKLE VELOCIMETERS

S. KOMATSU, K. OSATO ¥ and H, OHZU

Department of Applied Physics, School of Science and Engineering, Waseda University,
3-4-1 Ohkubo, Shinjuku-ku, Tokyo 160, Japan

Received 23 June 1981

The method of increasing sensitivity in laser speckle velocimetry is studied theoretically and experimentally. The sensi-
tivity of the velocimeters is shown to have a fairly strong dependence on the optical configurations, such as the diameter of
the incident laser beam-waist, or its position relative to the moving diffuse object to be measured. It is pointed out that the
minimal sensitivity appears in the configuration where the converging incident light beam produces its beam waist at the
position of a detecting pinhole. In some cases when using image speckles to obtain finite spatial resolution in the object
plane, an optimum condition exists which gives the maximal sensitivity. The sensitivity of a laser speckle velocimeter using
a spatial filter and two point cross-correlation technique is also discussed.

1. Introduction

Many studies on the application of dynamic laser
speckles to velocity measurements are recently Teport-
ed. Although new techniques for processing speckle

-signals and new designs of optical arrangement are
proposed, these utilize basically the intensity fluctua-
tions due to the dynamic properties of the laser
speckles, i.e., their lateral translation and/or temporal
structural change. Concerning the speckles produced
in the diffraction field of the moving diffuse object, a
rather weak dependence of the intensity fluctuations
on the diameter of the illuminated region is reported
by Pusey [1], and Takai et al. [2].

In actual velocity measurements, especially in the
biological applications, the rate of fluctuations should
preferable be rapid, because then more accurate data
could be obtained in shorter measuring time. In this
paper we discuss the rate of intensity fluctuation more
precisely for the speckles produced in both the diffrac-
tion and the image field. It is then shown that there
can be a fairly strong dependence of the rate on some
parameters such as the object distance from the beam
waist of the illuminating laser beam and the diameter
of the beam waist. Methods for obtaining a high fluc-

" Present address: Sony Corporation, 6-7-35 Kitashinigawa,
Shinagawa-ku, Tokyo 141, Japan.
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tuating rate of speckle signals are proposed and the re-
sult is confirmed by experiments.

2. Rate of temporal change in speckle signals

We analyze the rate of temporal change of the in-
tensity fluctuation A/(#) caused by speckles in the
pinhole plane in fig. 1. A moving diffuse object of
velocity v, which produces speckles, is illuminated by
a gaussian laser beam whose amplitude distribution
U(r) in the object plane is expressed as [3]

Ury=4 exp(—rrrz/b?-) exp(jﬂrz/)\R), (1)

where R is the radius of curvature of the wavefront
and b denotes the extent of the illuminated region.

v T A Aperture
Iy i
1 l
‘_l—/g ! C £ ()
Hi 1t
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R iy
1l
z dg dy =
Beam Moving Imaging Pinhole
Waist Rough Lens
Surface

Fig. 1. Schematic diagram of laser speckle velocimeters.
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Using the radius of the beam waist b, and its distance
z to the object, b and R are expressed as

b =b,[(z/zg)* + 11112, )

R =z[(zR/z)2 +1],

where zp denotes the Rayleigh range and is equal to
b%v/?\. In the general case, an imaging lens is placed in
the plane at distance d(; from the object and is used to
limit the contributing object region in order to meas-
ure the spatial distribution of the velocity. For simplic-
ity we assume that this limiting function can be ex-
pressed as exp(—rz/a2). In the limiting case of g = o,
the arrangement in fig. 1 reduces to the diffraction
system where the detecting pinhole Q would be placed
in the aperture plane £. The extent of the diffuse ob-
ject is also assumed to be a gaussian form as

exp (= 2 /c?).

Assuming that the light disturbance at the detecting
pinhole plane is a complex gaussian random process
and using the Huygens—Fresnel approximation to the
light propagation, the temporal autocorrelation func-
tion [4] C,;(7) of the intensity tluctuation is shown
to be

CA] (T)

2
_{i+i+ R T 1) }449
a2 b2 N2(1/a?+1/b2+1/c?)

=exp

where [ = 7v and the object moves by this amount in
time period 7. For a large object (¢ = =), the value of
! which gives C, ;(7) = (} is denoted by

log 1/Cy\1/2 2/ ~1/2
A e
m €2 )\2 do R
where
1/e2 = 1/a? + 1/b2, (5)
and
R=z +z}2{/z, (6)

The inverse of /; can be used as the measure of the
velocity sensitivity of the speckle velocimeter. Using
the set of variables z and R, eq. (4) can be rewritten as:
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log 1/Cy 172
10:( m )

{ a*(z? +z§ +a22R/)\) (z? +z%{) 12

z2 +z%{ +alzg [N+ (a2 /dy)? (22 +dz +z%2)2
(M

Especially for the case of speckles in the diffrac-
tion field, we set ¢ = o0 and obtain

(log l/CO)l/2

Iy = -
22 + 2% V12
{zR/)\+ (I/\zgd2) (22 +dyz +23 2 ®)
Differentiating eq. (8) by z and equating it to zero
gives
@ +dy)(t+25)* =0. ©)

Therefore I/l has only one minimum value at z = —d,
in other words, when the position of the beam-waist

bw=Tum, do=5mm

(a) bw=10um, do=lmm

(103 mm )

bw=tmm, do=5mm

P—

bw=10pm, do=5mm

171

-5 0 5 10
Z (mm)

a=1mm, bw=10um

(102 mmit)

a=.2mm, bw=10um

/1

1
~

a=.1mm, bw=10pm

a=.1mm, bw=20um

-5 o é 16
2  (mm)
Fig. 2. Sensitivity of laser speckle velocimeters calculated for

the speckles produced in the diffraction field (a), and the im-
age field (b).
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of the converging laser beam coincides with the pin-
hole. For ({; = 0.5 the inverse of eq. (8) is plotted in
fig.2 (a) as a function of z for some sets of other pa-
rameters by, and dj).

For ((; = 0.5 and d(; = 5 mm the inverse of eq. (7)
is plotted in fig. 2 (b) as a function of the variable z
and the parametersa and b,. It is seen from fig. 2 (b)
‘that the set of parameters of 2 =0.1 mm and b, = 10
um gives a clear peak of [/l around z = 0.5 mm.

3. Experimental verification

Using an experimental set-up similar to fig. 1, we
have confirmed the above relations between the sensi-
tivity I/l and the distance z of the beam waist.

A collimated beam from a He-Ne laser is focused by
a microscope objective lens so as to produce a beam

. waist. Its diameter measured by the conventional meth-
od of sliding knife-edge is 6.5 um. All experiments
have been done in the diffraction field and, instead of

800+
700} bw=6-5um
—a— QA=om, do=6mm

__ 00}
T —ao-— A=, do=10mm
£
~ sook —o0— a=.1mm, do=6mm
_
~
— 400

300
L.
200

100
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the imaging lens, a pinhole aperture of 0.1 mm diam-
eter is placed closely adjacent to the moving diffuse
object in order to fimit the contributing object area.

The experimental results shown in fig. 3 have a
peak around z =0 and are fairly similar, at least quali-
tatively, to the theoretical values represented by the
corresponding broken line.

Experimental results for the cases without a field
aperture also well coincide with the calculated values
except the neighborhood of z = 0 and the region where
the sensitivity /], takes values smaller than the predict-
ed ones. The depletion of the sensitivity around z =0
is studied more precisely using two kinds of diffusing
objects, whose r.m.s. roughness are 0.92 um and 7.5
um, under the condition of by, =0.5 um,a =, dy=7
mm. The result in fig. 4 shows that the depth of the
depletion depends on the r.m.s. roughness of the dif-
fusing surface and takes a large value for the rougher
surface.

The saturation of the sensitivity observed in the re-
gion of large I/l seems to be mainly to the finite di-
ameter (1 um ¢) of the detecting pinhole.

(mm )

Fig. 3. Velocity sensitivity obtained experimentally for the diffraction speckles produced by the diffuse object without any field
aperture (— 24 —dg = 6 mm, — 0 — dg = 10 mm) and with a field aperture of 0.1 mm ¢ (— © — dg = 6 mm). The radius by
of the beam waist is chosen as 6.5 um. The broken lines show the theoretical results obtained in fig. 2 (a) and (b).
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700}
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=
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I'ig. 4. Depletion of the sensitivity appearing around z =0 un-
der the condition of by =65 um,a = anddy =7 mm. Two
kinds of diffuser are used whose r.m.s. roughness are 0.92 um
(—a—)and 7.5 um (— o —).

4. Improvement of the velocity sensitivity

Using the equations and figures presented in the
last section, we derive some conditions for raising the
velocity sensitivity. It may be concluded from eq. (4)
and fig. 2 that smaller values of dy and b, make the
sensitivity ///q higher. Further, from eq. (8) and fig. 2,
larger value of |z — dy| gives higher sensitivity.

Fig. 5 demonstrates the dependence of the sensitiv-
ity on z, which is obtained experimentally for various
values of the beam waist radius b, . Because the val-
ues of bev shown in fig. 5 are estimated by the diverging
angle of the illuminating beam, it must be notices that
the real radii may be larger than the given values of
b(\)V in fig. 5 by the aberrations of the focusing lens, es-
pecially for smaller values of b . It can be seen from
fig. 5 that the difference of the experimental sensitiv-
ity from the calculated values shown by the dotted
lines is large for the region that gives high sensitivity.

Especially, under the condition of equal extent of
the contributing object area, i.e., e2 = constant, eq. (4)
shows that the shorter R gives the higher sensitivity. It
is also seen from eq. (2) that the value of R takes the

minimum value 2z under the condition of z=zp = bvzv/)\.
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Fig. 5. Velocity sensitivity obtained experimentally for various
values of the radius bgv of the beam waist. Calculated values
from eq. (8) are shown in dotted lines.

5. The sensitivity of the velocimeters using a spatial
filter [5] or cross correlation technique

The sensitivity discussed in the above sections be-
longs to the velocimeters represented by fig. 1 which
utilize both lateral translation and temporal change in
the structure of the speckles produced in the detecting
plane.

There are other types of speckle velocimeters whose
signals are due to the lateral translation only, such as
the velocimeters using a spatial filter or two point
cross correlation technique.

In those cases, the sensitivity could be defined by
the inverse of the object displacement /; producing
the lateral shift of the speckles, the amounts of which
corresponds to the period of the spatial filter or the
distance of the two detecting points, which are used
to take the cross correlation. Because the velocity of
the speckle translation is (1 + d/R) times of object
velocity, and the value of s could be chosen as the
average size of speckles 2Ad/b, the displacement is

represented by



Volume 39, number 6

Mdy  2dg[Azg (@2 +23)]1?

= 0%y R 2 (10)

z2 tdgz tz

and its inverse gives the sensitivity.

- 6. Conclusions

The sensitivity of the speckles velocimeters shown
in fig. 1 is studied and the following conclusions are
obtained.

(1) The sensitivity has a fairly strong dependence

on some parameters of the optical set-up configuration.

In general, the condition of large |z - dy |, small values
of b, and short dy gives high sensitivity.

(2) The sensitivity is minimal when z = —d. That
is, when the position of the illuminating laser beam
waist coincides with the detecting pinhole.

(3) If the contributing area of the object is limited
by an imaging lens or a field aperture, there appears a
maximal sensitivity for a value of z in some cases.

(4) Under the condition of equal spatial resolution
in the object plane, the sensitivity becomes maximal
whenz =zp.

OPTICS COMMUNICATIONS

15 November 1981

(5) The depletion of the sensitivity arises around
z=0and its magnitude depends on the roughness of
the object surface.

The sensitivity of the velocimeter using a spatial
filter or two point cross correlation technique is also
discussed.
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TuR3. Evaluation of Optical Systems Using Dynamic Laser
Speckles. S. KOMATSU, T. MORIOKA, AND H. OHZU, Department
of Applied Physics, Waseda University, 3-4-1 Okubo, Shinjuku-ku,
Tokyo 160, Japan.—The lens-evaluation method based on the dy-
namic properties of laser-produced speckles is investigated and de-
veloped to a real-time modulation-transfer-function measuring sys-
tem controlled by a microprocessor. The principle of the present
method depends on the fact that the light-intensity fluctuations that
are due to laser speckles contain the information about the aberration
of the optical system, and the autocorrelation of the system corre-
sponds to the absolute square of the optical transfer function. One
of the most important advantages of this method is the redundancy
that permits rough adjustment of the light detecting point within the
focal plane. This method is applied to a pick-up lens for an optical
video disk and some graded-index-rod lenses with high numerical
apertures as well as to an ordinary type of camera lens, and reasonable
experimental results are obtained. A fast-Fourier-transform algo-
rithm is adopted to calculate the autocorrelation to shorten the
measuring time. Some methods to find the best focal position are
also studied experimentally, and the zero-cross distribution along the
optical axis is found to be most effective. Infrared speckles produced
by a diode laser are also shown to be useful. (13 min.)
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