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ABSTRACT Previous laser light-scattering studies of spermatozoon motility have been hampered by the large,
asymmetric shape of spermatozoa, which causes difficulties in the interpretation of intensity fluctuations in the light
scattered from a single laser beam. This paper describes an experimental arrangement for measuring the distribution of
transit times for swimming spermatozoa using two slightly separated, focused laser beams. The theory of operation of
the instrument is developed to enable the analysis of the experimentally obtained cross-correlation functions. The effects
of the pronounced spermatozoon asymmetry and associated intensity modulation in the scattered light are also
investigated and shown to be negligible for the twin beam experimental arrangement, provided that the swimming speed
distribution has a coefficient of variation (ff/v) > 0.1. Results obtained using this apparatus are presented for the
velocity distribution of spermatozoa from a variety of bulls.

INTRODUCTION

The study of the intensity fluctuations of laser light
scattered from swimming spermatozoa dates from the
early paper by Berge et al. 1967, in which it was shown that
the spectrum of these fluctuations was broader for motile
cells than for immotile cells (for a review of subsequent
work in this field see Cummins, 1977 and references
therein). This result is to be expected if the cells are
modeled as Doppler scatterers, and many studies have
attempted to extract the velocity distribution of the swim-
ming cells from the spectrum or autocorrelation function of
the scattered light intensity. The modeling of the sperm
cell as a point scattering center, however, is a gross
approximation with varying consequences that depend
upon the particular shape of the cells studied. In the case of
bull spermatozoa and other cells that are large and flat
(when compared with the wavelength of light) such an
analysis is completely inadequate because the scattered
light seen by the detector arises almost totally from the
cells swimming in a direction perpendicular to the scatter-
ing vector and the intensity fluctuations in the scattered
light depend only upon the rotational frequency of the
swimming cells (Craig et al., 1979. Harvey and Woolford,
1980). This phenomenon (which also occurs with other
mammalian cells, notably ram spermatozoa) enables the
rotational frequency of the cells to be extracted from the
spectrum of the intensity fluctuations if the swimming
motion is adequately modeled in the theory, and this may
well be a useful measure of the vigor of the swimming
population.
To ascertain whether the rotational frequency is a good

indication of the translational speed, a different method of

measuring the distribution of translational velocities is
required. Furthermore, it is desirable to measure this
distribution by laser light scattering because the method
promises rapid reliable analysis by a nonperturbative tech-
nique and has undergone considerable development in the
decade following its first application. This paper describes
a method of direct measurement of the velocity distribution
by use of scattered light from a twin beam laser apparatus,
the transit time laser velocimeter (TTLV). As an anemom-
eter this instrument has received considerable attention in
recent years as it offers a marked improvement in flare
reduction over the laser Doppler velocimeter (LDV) (see
for example Schodl, 1976; Lading, 1976; Kugler, 1979;
and Durrani and Greated, 1975). In the experiments
reported here the TTLV was preferred to the LDV because
of the difficulty in interpreting the intensity fluctuations in
light scattered from motile bull spermatozoa. For a popula-
tion of cells moving in random directions the transit time
velocimeter provides good velocity resolution, and in the
limit of very small beams it provides an unambiguous
measurement of the swimming speed distribution for a
sample whose scattered light can also be analyzed by the
common single-beam intensity fluctuation method, and it
may be used to investigate the shortcomings of this latter
method.

THEORY

The ideal transit time velocimeter consists of two infinitesimally narrow
parallel beams separated by a distance d. Light will be scattered from
particles as they traverse the beams; by separating the scattered light into
components originating in separate beams and cross-correlating their
intensities it is possible to recover the distribution of transit times of the
particles between the beams, p(r). Indeed, as shown by Durrani and
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Greated (1977) the cross-correlation between the intensities is

R(T) I 2 probability (ith scatterer arrives at the
first beam at time t and jth scatterer at

ijJ the second beam at t + T)

+ r2 probability (ith scatterer arrives at the° first beam at t and then at the second
beam at t + T)

= 2 + I2Npp(,r)
where Np is the mean number of arrivals per second.
Under suitable experimental conditions it is possible to recover the

distribution of swimming speeds from the distribution of transit times. It
is necessary to restrict the motion of the particles to a direction perpendic-
ular to the beam axes. This restriction can be satisfied for dust particles
suspended in a laminar flow by suitably directing the flow while it can be
achieved for motile spermatozoa by suitably designing the experimental
apparatus (see Methods). Those particles that traverse both beams will
then have travelled the same distance d between beam encounters, and
the distribution of swimming speeds, p(v), can thereby be found using
Eq. 1 (see Papoulis, 1965):

p(v) = d p(T)dv

d

(2)

that are very much narrower than the distance between the beam centers.
Any real transit-time laser velocimeter, however, must consist of beams of
appreciable width. Consequently the correlation function of Eq. 1 will be
homogeneously broadened as a result of the particles' finite passage time
across the beams and inhomogeneously broadened, with a bias towards
shorter transit times, as a consequence of those particles whose trajecto-
ries are inclined at an angle to the direct path between the beam centers.
These effects are considered in detail in the following sections. The
cross-correlation function is evaluated first for a point scatterer travelling

(1 ) between laser beams of finite width and Gaussian intensity profile.

Single-Particle Cross-Correlation Function
The intensity distributions of two parallel beams from a laser operating in
its fundamental mode are

2Poi 2 d 2
Ii(x) = 2 exp -2-| x ± , i = 1, 2

r2 2

where r is the beam radius to the 1 /e2 points of beam intensity and Po0 is
the ith beam power.

Suppose that a point scatterer passes close to the beams in a plane
perpendicular to the beam axes with velocity v and trajectory x = vt + ro
(see Fig. 1). Then the intensities scattered by it are:

2J'O. 2d2
Ii (t) a I,[x(t)I = ) exp - vt + ro ± , i = 1, 2.

The cross-correlation between the scattered intensities is therefore

Eq. 2 is exact in the case of point scatterers which move through beams Rpointf(T)= (dII,r(t)2I2+T(t + 7) )

(:X ,4 Xdt exp - ,2 [|Vt + rO + 2 + |v(t + T) + rO - -

=23exp - [Iv - dI2 + 4r sin24]

= 2T3?exp- 2 [(VT - dcosO)2 + d2 sin2 + 4ro sin24]

where 0 is the angle between v and d and X is the angle between v and ro.
xo = ro cos X is therefore the initial distance of the particle from its point of
closest approach to the beams' center and yo = ro sin O is the distance of
closest approach to the beams' center. The distances of closest approach to
each individual beam center are d sin 0 ± ro sin 4. Clearly those particles
passing closer to the beam centers will give rise to larger cross-correlations
and this is expressed in the factor exp (d2 sin2 + 4r02 sin2 4)/r2.

The cross correlation function from a single particle thus takes the form
of a Gaussian centred at

Tpeak

FIGURE 1 (a) Top view of the transit-time laser velocimeter. Particle
trajectories are confined to the plane that is perpendicular to the beam
axes and passes through the beam waists. (b) End view of the transit-time
laser velocimeter showing a typical particle trajectory. The origin of the
coordinate system is taken to be the centre between the beam waists.

beam separation in direction of v

speed

d cos 0

v

The transit time is greatest for the particles that move directly through
the beam centers and falls off as their direction (0) becomes more oblique.
Furthermore, the magnitude of the cross-correlation function diminishes
as increases.
The effect of the finite beam width is to broaden the cross-correlation

peak by an amount r/v. This is analogous to the so-called Doppler
broadening that occurs in LDV.
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Many Particle Cross-Correlation Function
Suppose that an ensemble of motile micro-organisms of negligible size
and varying velocity passes through the TTLV. The cross-correlation
function of the scattered light will be an average of Eq. 3 over velocity, v,
and initial position, ro = (xo,yo) = ro(cos X, sin o):

(RP0i1(r) ) = y,3 JfJfdro dv p(v) - exp-r
[IvT- d2 + 4r2sin24]

fdr3 p(v) dxo J dyo- exp -

[IVT - d12 + 4Y2]
w 1 212

=2i- fdv p(v) exp - VTr - dl (5)

wT (~ 2v

2r2 JO JO vdv dOp(v)p(O) exp

- 2 (V2T2 - 2vdTcosO + d2). (6)

where p(v) is the distribution of particle speeds, p(O) is the distribution of
directions and T is the duration of the experiment.

For isotropic swimmers moving in random directions p (0) = (27r)-) and
hence

irT -
(Rpoint(T) randon - f dvp(v)vexp

{v22 + d2f de(I exp (2vdrcos 0)

= 2.24 dvp(v)v exp - V T + d21 (2i )

=R.,.& (T) (7)

where IO(x) is the zeroth-order modified Bessel function of the first kind.
In comparison, those particles that are suspended in a flow have

trajectories that follow the flow direction so that p (0) = 6(0) and hence

(Rpoint(T) )flow = 22r dvp(v)vexp - 2(VT- d)2.

= Rfl0W (T). (8)

AVt o
FIGURE 2 (a) R..&. (T/TO) for an ensemble of swimmers of constant
speed [p(v) = 6(v - vo)] and beam-radius-to-beam-spacing ratios, r/d =
0.125, 0.25, 0.375, and 0.5. (b) Comparison between R,..&.(T/ro) Rn0,
(TITO), and p(T/To) for a population of swimmers with a normal distribu-
tion of speeds; v/v = 0.1 and r/d = 0.25.

however, has the disadvantage of sampling fewer particles. The resolution
therefore has to be compromised to ensure that satisfactory statistics are
achieved by sampling large numbers of particles with reasonably sized
beams. In the experiments described here a value of r/d = 0.25 is used,
and at this value the difference between Rran&om(r) and Rf-.,(r) is very
small. Both cross-correlation functions are noticeably broader than p(T),
however, as a result of the appreciable beam passage time. Fig. 2b
compares p(r), R.,&.(r) and Rflo.(r) for this value of r/d = 0.25 and a
rms spread in speeds equal to one-tenth of the mean value. The difference
in particle trajectories for flow and random motion is only just apparent in
the slight bias of R.| (X) towards the origin, compared with R,,.(T).
The transit-time distribution and cross-correlation functions of Fig. 2b

were calculated under the assumption that speeds of the particles were
normally distributed, i.e.

To judge the effectiveness of the TTLV in measuring the speeds of a
population of random swimmers, Rm,,,(T) may be evaluated for a
collection of swimmers with the same speed, vo [i.e., p (v) = 6(v -vo):

7rTvo 1 2_22 __JRrandom(T) = 2 exp --j(VOT2 + d (9)

Figure 2a shows R,,,d,,(T) calculated from Eq. 9 for r/d ratios in the
range 0.1 to 0.5. A bias of the cross-correlation function is evident towards
values of X < dlvo. This biasing is less pronounced with the smaller beams
because of their improved resolution, and as r/d is reduced Rm.&.,, (T)
simplifies to Rf,..,(r), which is symmetrical for laminar flows. For r/d <
0.1, R,,,,.d,,(r) is almost indistinguishable from Rf,,O(r). Furthermore, if
the beam radius is reduced until the beam passage time is negligible
compared with the transit time between the beams, Rfk(r) and hence
Rm.,,,,,(r) reduce to the transit time distribution, p(r).

Improving the resolution of the TTLV by reducing the beam sizes,

p(v) = IJ(1 +erf X)

exp 2 2 (V V)2 for v 2 0

= 0.

(10)

for v <0

Rikmenspoel and Herpen (1957) found that this distribution gave
reasonable agreement with their observations of the motion of bull sperm.
The functional forms of the cross-correlation functions for this distribu-
tion of speeds are given by

Rrandom(T) = KO J v exp

- ((V- V) + (V r + d2)]1O(2 dv (11)
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RflW(r) = K0J vexp - (v -V)2 + I(r -d()2 dv

(12)

where

Ko T IT2 (1+ erf -i--

R.iom(T) was evaluated numerically using a Gaussian-type formula with
zeroes and weights calculated from the associated Laguerre polynomials.
Rfb.(r) can be evaluated analytically to yield:

Rs 2w(T)=L^( + erf yf)[(1 + erf y ) exp

- 1(r -I) + exp-(.2+ 2)] (13)

where

O = -'(7) = + -2 2andy(r) =dT (1 -v r T
d \2+ ( 2 T2 r

Typically (d/r)2 + (v2/2o2) . 5, hence, as a very good approximation

Rf50w(T) = 2 7' (1+erf X )'(1+erf +2)

-1T 2

ep62 '°-l

Furthermore, for the region of interest, 1/2 s r/r0 s 2, there is a very
weak variation (<6%) in -y(r) with r. Hence, as a reasonable approxima-
tion,

Rfl, )7rvTrT)o) exp I( T )2. (14)
2d26(r)2 6r2ro-

The Effect of Particle Assymetry
The discussion has so far concerned swimmers of negligible size. Most
motile micro-organisms, however, are of appreciable size and have an
asymmetrical shape. In particular, bull sperm have large flat heads and
are visible only if they swim in or near the plane perpendicular to the
scattering vector (Harvey and Woolford, 1980). As they are also
constrained to swim in a plane perpendicular to the incident beams in our
apparatus, the bull sperm will be visible only in a small range of
directions, 0, on either side of the line that is the intersection of this plane
with the plane perpendicular to the scattering vector. Bull sperm are
therefore intermediate between the two cases already outlined: randomly
swimming point scatterers and point scatterers suspended in a flow. As
discussed by Harvey and Woolford (1980), the range of directions over
which the cell is visible decreases as the scattering angle increases. To
simplify the analysis of the data, a scattering angle of 150 was chosen for
these experiments so that the cells would only be visible for directions 0 <
200. The data can therefore be expected to be well described by Rfk,(r) as
given in Eq. 14. With the choice of beam radius and separation used here,
Rf(,,r() and Rrl&(T) are virtually indistinguishable, and either may be
used to analyze the data.

In addition to the variation in scattered intensity with the direction of
an asymmetric swimmer, there is a dependence upon the orientation of
the cell about its center-of-mass. Temporal fluctuations in the scattered
intensity may thereby arise should the cell possess internal degrees of
freedom, and these can be expected to alter the form of the cross-

correlation function from that derived for point scatterers. In the case of
bull sperm, rotation of the head produces a predominant periodic
modulation of the scattered intensity at twice the cell's rotational
frequency (Harvey and Woolford, 1980). If the rotational and transla-
tional speeds of the cell are correlated, as suggested by Rikmenspoel et al.
(1960), then the frequency of the intensity fluctuations will be propor-
tional to the speed of the cell and a strong modulation of the cross-
correlation function can be expected for an ensemble of cells with a
narrow distribution of speeds.
To evaluate the exact form of the cross-correlation function it would be

necessary to deduce the precise dependence of the scattered intensity upon
the orientation of the cell. This dependence can be expected to be complex
because of the large dimensions and asymmetrical shape of the cell. The
scattering, however, is dominated by specular reflections from the flat
surface of the head, and the temporal dependence of the reflected flash
from a rotating cell may be modeled conveniently by the following
expression:

If(t) = C0 exp sin2 (2irft + 4)

where ,B determines the angular flash width seen at the detector,f is the
rotational frequency, and 4t the initial orientation of the cell at t = 0.
Assuming that the rotational frequency is equal to the translation speed
divided by the pitch length of the cell's helical trajectory, 1, i.e.,f = v/l
(Rikmenspoel et al., 1960) then

I(t) = CO exp (-32 sin2 (27r I + 4)]. (15)

The intensity of the light scattered by a bull spermatozoon moving
through the two beams of the TTLV is therefore

his(t) eXp- p sin2 4)
vt Xo-

where i = 1, 2. The cross-correlation between the intensities is

Rspcrm(T) = f dtI,s(t)I2s(t + T)

r X rt T
r2v J*d{lsfv- r2v JA'i 2

(16)

XO) 2vs + v
-

-2vr exp -{Ivr - d12 + 4y0}

d~et~h( )rO (f 2r~ r xoft dt e-42frt_7I , I r + 7 _ o

= 0(.r)C2=Rpoin(tC i j dt exp

-{2 - _2cos 2[4' + l(r- 2xo)] cos(l) (17)

In the above integration the following change of variable (from t to k) has
been made: t = (rk - yr - 2xo)/(2v). The many-sperm cross-correlation
function is an average of Eq. 17 over velocity v, initial position ro and
initial observation 4':

(Rsperm(T) ) = ; dro d dv p(v) Rpont(r) J_ dt exp

i r i12COS 2 [{ + Z (r - cos lJ2irvr{2 jCos2[#+-(rt 2xo)J Cos
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C2-1,02 f vT 1 1Coe- vT dyo ex
1

2r3 f dv p(v) T dxo dy0 rxp-2

* (IvT-dIl2+ 4YO)fuIdtf,1dl, exp

- {42 _-2 COS 2 o+ (r - 2x0)] c 2v}

-CO -/d f dvp(v) expd-p -dp2

/2 1 22vr)

*Iotd2 cs 2 r(Z-2o o

Coir2 e- I #2 T Ir

r e"2 T

vdvp(v)
f 2i dOq(O) exp

r2 | r d 5 Io (a cos Z )(18)

where p(v) is the distribution of sperm speeds and q(O) is the apparent
distribution of directions.

In the case of an ensemble of sperm cells with a very narrow
distribution of speeds, i.e., p(v) = 6(v - vo)

COIr2 e 1,62 Tv0 I 27rvoo
(Rsperm(T) ) r2 IO Vi COS r )

JX dOq(O) exp (V2T2 - 2vdr cos 0 + d2)

- Cg 27re h/Io (k COS I2 ) (Rpoi.t(Tr) (19)

(Rspe,,(r) ) is thus equal to the point-scatterer cross-correlation function
strongly modulated at the flash frequency 2vo/l.

In practice all sperm samples show a relatively large spread in speeds.
For a sample with normally distributed speeds (i.e. p(v) as given in Eq.
10)

(Rsperm(r)) = KJ vdv IO(I Cos 27rv)

exp - { 2 (v _ v)2 + +(vY ± d2)}

f 2 2vdr Os 0
Jo dOq(O) exp r2

and

IX 27rvr
Rsperm,flow(T) = K vdv0IO 2cos rv exp

V(V - V) + -k (yT - d)2J

2Kd 6 (r) I 27vr
-irv3T Rflw1(r) vdvIo (½ cos )

* exp - at2(r) (- - )) (22)

where Rf,,r() is the point scatterer cross-correlation function (Eq. 14)
and

a(r) == ITOi(r)
rT-2or, -

R,p,,n,,,1(T) is equal to the point-scatterer cross-correlation function
modulated at the flash frequency 2v/l. The modulation decays rapidly at
a rate determined by the spread in speeds. Fig. 3 shows R,,,l,^,(r) for a
range of values of a/v- between 0 and 0.1 and a value of f8 = 1/6. Almost
identical graphs are outlined for Rspenn.ranuom(r). Typically sperm samples
have an rms spread in speeds >10%o of the mean value. At this level of
dispersion, the modulation of the correlation function becomes undetect-
able and hence the flashing phenomenon characteristic of swimming bull
sperm can be expected to have no effect on the TTLV technique.

METHODS

The transit-time laser velocimeter described in the previous section has
been built in a variety of configurations, shown schematically in Fig. 4.
The simplest configuration is depicted in Fig. 4a. Two identical, intersect-
ing beams were formed by splitting the output beam of a 3 mW HeNe
laser with a beam-splitting cube. The beam cross-over was at the focal
point of a converging lens (f - 5 cm). The beams emerged from the lens
convergent and parallel, separated by <0.1 mm in the horizontal plane.
The scattering cell was positioned over the beam waists and surrounded
by a heated waterjacket. The beam separation and waist sizes were

(20)

where

K C Ur2Te / f 2f-a

As discussed earlier, the apparent directional distribution, q(0), for bull
sperm is intermediate between the limitsp,..d,(0) = l/(2ir) and pfk(O) =
6(0). The experimentally determined cross-correlation must therefore be
intermediate between the limits:

IX 27rvTr 2vd-r
Rsperm,mndom(r) = K £ vdvIo (i COS r IO r2

exp-| (2(VV) + I (V22+ d2)} (21)

FIGURE 3 Rspe,, fnO(,r/To) for a population of bull sperm with normal
distributions of speed; ratio of beam-radius-to-beam-spacing, r/d = 0.25;
ratio of beam-radius-to-pitch length of sperms' helical trajectory, r/l = 1;
relative rms spread in speeds, a/v, = 0.0 (a), 0.025 (b), 0.05 (c), 0.1 (d);
flash width (i = 1/6 (see text).
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(a)

lb)~~~~~~~~~~~~~~~~~~~w
(b)

(c)

(dd

FIGURE 4 Various versions of the transit time apparatus used for

measuring the velocity of spermatozoa. (a) Identical beams with a single
detector (top view): HeNe laser, cube beamsplitter, lens (f = 5 cm) and

scattering cell. (b) Identical beams with two detectors (side view): HeNe
laser, cube beamsplitter, lens, scattering cell, and detectors. (c) Orthogo-

nally polarized beams with two detectors (top view): HeNe laser,
Wollaston prism, mirror, lens, and scattering cell. (d) Differently colored
beams with two detectors (top view): argon ion laser, dispersion prism,
mirrors, and beamsplitter, lens, and scattering cell.

variable, typical values were 55,um for the beam separation and 25,m for
the beam diameter. The optimum choice of beam size and separation is a

compromise between large beam size and small separation (to ensure

good statistics and shorter data collection times) and small beam size and

large separation (to ensure good collimation of the particles' trajecto-
ries).
A single detector was used with this configuration to collect the light

scattered by cells as they passed through the beams. The detector was

oriented at a scattering angle of 80 vertically; vertical alignment was

desirable to minimize the light intensity received from sedimenting dead
spermatozoa (Harvey and Woolford, 1980).
The detected signal was autocorrelated in a HP3721 correlator (Hew-

lett-Packard Co., Palo Alto, CA). The major component of the autocorre-

lation function was a single beam passage component centred at r = 0.
The other component arose from those cells whose trajectories passed

through both beams (the cross-correlation component).
A refinement of this apparatus incorporating a second detector is

shown in Fig. 4b. The two detectors were oriented in the vertical plane on

opposite sides of the beams at equal scattering angles of 150. With two

such detectors it is possible, in principle, to obtain the cross-correlation
peak without the single-beam passage component. This was achieved by

placing pinholes in the image plane of the lens in each of the detectors to

ensure that each detector received scattered light from only one of the

beams. The two signals formed in this manner were then cross-correlated
in the HP3721 correlator. With the aid of a second correlator two

cross-correlation functions were collected simultaneously from different
groups of cells moving in opposite directions.
The above system was further improved by the use of orthogonally

polarized beams. As shown in Fig. 4c this was achieved by splitting the
output beam of a HeNe laser with a Wollaston prism. Polarizers were
incorporated into the detection system to improve the discrimination
between light scattered from the two beams.
The fourth experimental arrangement involving beams of different

wavelengths is shown in Fig. 4d. The output beam of a 4 W Argon ion
laser was split by a dispersion prism into its various component wave-
lengths, two of which (488 and 514.5 nm) were selected to form the
TTLV. Interference filters were used in the detection system in this case
to distinguish between the beams.
The correlator typically took twenty minutes to form each correlation

function. The correlator was interfaced to a Computer Automation LSI-2
mini-computer (Computer Automation Inc., Irvine, CA), for data storage
and analysis.
The mean speed and standard deviation can be deduced from the

cross-correlation functions provided that the beam separation and waist
size are known. These were measured using a rotating chopper to
interrupt the twin beams while they were incident on a light-sensitive
diode. Using the correlator in signal recovery mode, the eclipsed light
intensity as a function of time was recorded and transferred to the
computer for analysis.
To operate the chopper it was necessary to remove the scattering

chamber and waterbath and measure the beam separation and radii in
air. Because the beams are parallel, their separation measured in this
manner is equal to their separation when in water. Refraction of the beam
wave-fronts at the interface between the two media, however, causes a

change in the size and position of the beam waists. If d is the distance
from the interface to the beam waist in water, r is the beam waist in water,
andda and r, are the same quantities in the air, then it can be shown (see
Appendix) that

d.[ ( da)2] Xd) 2]-I
d= I++(2)] '

andr2 = r.(nd)/da). In these experiments (Xd.)2/(7rr)2>> 1, hence d
nd,, the apparent depth correlation for paraxial rays, and r nr,.
The transit-time technique requires that cells swim only in a direction

perpendicular to that of the beams. This was accomplished by taking
advantage of the pronounced preference of the spermatozoa for swim-
ming next to the walls of the glasscuvettes (Rothschild, 1963). The

scattering cell used in these experiments was designed to optimize this
effect, and is similar in design to the short pathlength cell described by
Woolford(1981).
Semen was obtained from the New Zealand Dairy Board Artificial

Breeding Centre at Newstead. Bulls were of Jersey of Freisan breeds.
Sample handling has been discussed elsewhere (Woolford, 1981).
Semen diluted with Caprogen extender was supplied at a concentration

of10l sperm/ml. Subsequent dilution immediately before the experi-
ments, againi with the extender, reduced the concentration to107 sperm/
ml. Experiments were usually performed within 8 h of sperm collection.

RESULTS

Figs. 5, 6, and 7 show the results achieved with the versions
of the TTLV apparatus shown in Figs. 4a, b, and d,
respectively.
The autocorrelation function of the light scattered from

both beams into a single detector appears in Fig. 5. The
cross-correlation component occurs as a broad peak cen-
tred at r = 400 ms and corresponds to an average
translational velocity of 150 gm/s. Typically, the beam
radius is one-quarter of the beam spacing and only 15% of
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FIGURE 5 The auto-correlation function of the light scattered by bull
spermatozoa from identical beams into a single detector. This auto-
correlation function was collected using the apparatus of Fig. 4a; r = 13
zm, d = 60 ,m and v = 150 ,m/s, at a concentration of 107 cells/ml and a

temperature of 370C.

those cells swimming through one beam also swim through
the other. Consequently the auto-correlation function is
dominated by the single-beam passage component. The
persistence of this single-beam component, due to the dead
sperm, makes it difficult to recover the cross-correlation
component.
The presence of oscillations in the light scattered by

swimming bull spermatozoa is indicated by the small peak
at T = 0.06 s corresponding to an average rotational
frequency of 8.3 Hz (this assumes that the cells flash twice
per revolution).

Fig. 6 shows a typical cross-correlation function of the
light scattered from identical beams into separate detec-
tors. Although a marked improvement has been achieved

DLAY TIME ( Ms )

FIGURE 7 The average cross-correlation function of the light scattered
from differently colored beams by bull spermatozoa (x), together with
the best fit of R"O(,,(r) ( ). Associated error bars for each data point are

shown. This correlation function was obtained using the apparatus of Fig.
4d; r = 16.2 ,um, d = 90.1 ,um, v = 157 Mm/s, a = 33.0 Mm/s, at a

concentration of 107 cells/ml and a temperature of 390C.

by comparison with the results shown in Fig. 5 for a single
detector, a small, residual, single-beam component still
remains. This component is generated when stray light
from one beam enters the detection system of the other
beam. The amount of stray light can be minimized but not
completely eliminated because of the proximity of the two
beams and the size of the pinholes needed to obtain a

reasonable signal level (50 Aim in these experiments).
This problem was overcome when the beams were either

orthogonally polarized or differently colored. Results
achieved with the differently colored beams were essen-

tially the same as those achieved with the orthogonally
polarized beams. Partial depolarization of the light scat-
tered by bull spermatozoa, however, required the use of 50
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FIGURE 6 The cross-correlation function of the light scattered by bull
spermatozoa from identical beams into separate detectors ( .... ),
together with the best fit of RR.. (X) (-). This cross-correlation function
was obtained using the apparatus of Fig. 4b; r = 13.4 Am, d = 55.5 Mm,

v = 168 Mnm/s, ar = 40 Mm/s, at a concentration of 107 cells/ml and a

temperature of 420C.
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FIGURE 8 Mean speeds (0, x) and rms spreads in speed (A, V) for two
bulls, as determined by least-squares curve fitting, over a range of beam
spacings. Error bars for each measurement are indicated, as are the
average values of the mean speed and rms spread in speed (-).
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,um pinholes with the polarized beams apparatus. These
pinholes were unnecessary with the two-color apparatus,
and consequently the detection system was easier to align
in this case. A typical example of the results obtained with
the two-color apparatus of Fig. 4d is shown in Fig. 7
together with the best fit of Rflo,(r) as given by Eq. 14.

Comparison of the theoretical cross-correlation func-
tions of Eqs. 11 and 14 and the experimental data was
performed by least-squares curve fitting using the Gauss-
Newton algorithm on the CAI LSI-2 mini-computer.
Typical best fits are shown in Figs. 6 and 7. (An exponen-
tial background has been included in the fit of Fig. 6 to
allow for the residual single-beam passage component.)
This curve fitting procedure enabled the mean and stan-
dard deviation of the speed distribution to be extracted
from the experimental cross-correlation function.

Fig. 8 depicts the results of various measurements, at
different beam separations, of the mean speed and stan-
dard deviation in speed of bull spermatozoa from two
different animals. Following normal procedure the semen
samples were diluted with the Caprogen extender. Caf-
feine, at a concentration of one part in a thousand, was
added to the extender to stimulate motility in a uniform
manner. The sample was maintained at a temperature of
390C for the duration of the assay. At each beam spacing a
different fraction of one of the two ejaculates was used.
Beam separations in the range 55 to 120 Aim were found

to be satisfactory for the determination of the velocity
parameters. Longer delay times and consequently lengthy
data collection times were required if the beam separation
exceeded 120 gm. At separations of 50 ,um or less,
estimates of the mean speed were consistently below the
average. Cross-correlation functions collected at these
short beam separations appeared to contain an additional
component centered at r = 0, which may have been due to
particles larger than the beam separation sedimenting
through both beams simultaneously. Because the func-
tional form of this additional term was unknown, it was not
possible to incorporate it in the theoretical model and thus
obtain agreement with the data in all cases. At larger beam
separations this component was absent and no such diffi-
culties were encountered.
To conclude, the constancy of the mean speed and

standard deviation in speed for separations in the range
55-120 ,um indicates that bull spermatozoa swim in
straight trajectories for distances exceeding 120 jum.

DISCUSSION

The apparatus described here operates on the simple
principle of timing the transits of the cells that traverse two
laser beams in a direction perpendicular to the beam axes.
This technique can be applied to any collection of organ-
isms satisfying the requirement that the correlation func-
tion be formed only from light scattered by organisms
moving perpendicular to the beams. In the case of bull
spermatozoa this requirement is satisfied in two ways.

First, those cells that traverse both beams at an oblique
angle scatter very little light to the detector as a result of
the previously described orientational effect (Harvey and
Woolford, 1980). Second, as discussed earlier, bull sper-
matozoa show a strong tendency to swim on the walls of the
cuvette, and, in the geometry chosen here, the walls are
normal to the beams. The technique could thus be used to
study the motion of any organism that displays such
behavior, regardless of its shape. In addition, for cells
displaying a strong flashing effect, such as many types of
mammalian spermatozoa, the technique could be used in a
cuvette far from the walls. This would make comparison of
the swimming motion close to walls with that in the body of
the cuvette possible.

In conclusion, the TTLV provides a reliable method for
the direct measurement of the translational velocity distri-
bution of bull spermatozoa that, unlike the widely used
single-beam laser light-scattering techniques, is unaffected
by the rotational motion of the organism. The method thus
complements the single-beam technique for the study of
spermatozoan and microbial motility.

APPENDIX

Mode-Matching Laser Beams in Dielectric
Media of Different Refractive Indices

The propagation of a Gaussian laser beam is governed by the equations
for the beam radius

(Al)r2(z) = r2 [I + (r2

and the radius of curvature of the wavefront

(A2)

where ro is the minimum beam radius, i.e., beam radius at the waist. z is
the distance along axis of propagation from beam waist.

If such a beam with a waist ro, situated at d, passes from a dielectric
medium of refractive :ndex, nl, to another of refractive index, n2,
refraction of the beam wavefronts occurs at the interface. This will
change both the position and size of the beam waist (to d2 and rO2). The
change in radius of curvature of the beam wavefront at the interface is
given by

-R2(d2) -nR1(d1) = , where n =-.
n nI

From (Al) and (A2),

R(z) = X2Z

(A3)

(A4)

At the interface both beams must have equal radii, hence

r,2(d1) = r22(d2) (A5)

and from Eqs. A3 and A4

rOd dO2
di nd2' (A6)
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Hence, from Eqs. Al, A5, and A6

r022 "' r|1 + XTdl1 ] + (ndHl)
and

,[l+ ( Xd, )2] XAd,2 2-1

Typically, X = 633 nm, d = 1 cm, rol = 10 um. Thus (Xdj)/(irr2O) = 406 >>
1; hence r02 nrol and d2 ndl, which is the apparent depth correction.
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