
6

PHYSICAL REVIEW A JUNE 1997VOLUME 55, NUMBER 6
Forward-scattered light: Spectral broadening and temporal coherence
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Fabry-Pe´rot spectroscopy was used to observe a spectral broadening of 1.360.2 MHz in laser light forward
scattered through a colloidal solution. Light from a single-mode argon-ion laser was collected after scattering
through water to which measured amounts of diatomaceous earth or 0.08-mm-diam polystyrene spheres were
successively added. The broadening is attributed to coupling between fluctuations in particle concentration and
spontaneous thermal fluctuations. Though spontaneous fluctuations exist in all pure fluids, they are very weak
in water. However, the presence of the particles induces temperature gradients in the fluid, which in turn induce
fluctuations in particle concentration.@S1050-2947~97!03906-1#

PACS number~s!: 42.55.2f
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I. INTRODUCTION

Through a series of serendipitous coincidences, a spe
broadening of light forward scattered through colloidal so
tions was discovered. For several years, it has been kn
that laser radiation in an ambient light background can
detected using interferometric techniques to distinguish
light by its coherence length@1#. It was proposed that a re
lated interferometric technique might be useful to distingu
between laser light that has been scattered and that which
not been scattered. The suggestion was that the characte
frequency of the scattered light would be broadened by
ergy exchange with the surrounding medium. If an interf
ometer could be set to reject the broadened frequencies
retain the unscattered light, then the image thus form
would be composed of only unscattered light. Upon meas
ing the spectra of 514.5-nm laser light forward scatte
through water as a function of added colloidal particles~typi-
cally polystyrene spheres or diatomaceous earth! it was
found that in some cases the unscattered 1.5-MHz linew
was broadened by a factor of 2.

Light-scattering experiments involving colloidal particle
are typically considered quasielastic experiments. The do
nant scattering signal is from the index of refraction fluctu
tions, which do not change the magnitude of the light’s wa
vector, but do change the direction. Inelastic-scattering
periments involve the creation or annihilation of phonons
the medium. High-energy phonons~optical modes in semi-
conductors, vibrational or rotational modes in molecules! are
studied by Raman scattering. We did not study Raman s
tering in our system. Lower-energy phonons~acoustic modes
in semiconductors or propagating density waves in flui!
are studied by Brilluoin scattering. The two Brillouin pea
are centered atv5ck6csk, wherec is the speed of light,
k is the wave number of the laser, andcs is the adiabatic
sound velocity in the fluid. In addition to Brillouin peaks, th
Rayleigh peak is centered atv05ck. The Rayleigh mode is
associated with diffusive thermal relaxations@2–4#.

In typical Rayleigh scattering experiments, the broad
ing of the Rayleigh peak upon scattering from a single s
cies is observed at a scattering angle of 90° relative to
551050-2947/97/55~6!/4501~10!/$10.00
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transmitted beam. In those systems it is clear that all c
lected light is scattered. For forward-scattered light, wh
the scattering angleu>0, the collected light may or may no
have been scattered. The magnitude of the frequency sh
proportional to sin2(u/2). Thus Rayleigh scattering theor
predicts zero broadening in the frequency spectrum
forward-scattered light.

The relative intensity of the Rayleigh peak to the Br
louin peaks is proportional to 12cv /cp . In watercp'cv ;
therefore the broadening of the central peak due to scatte
from thermal fluctuations is expected to be very weak@5,6#.
The width of the Rayleigh scattered light has been sho
@7,8# to be proportional tok/r0cp , wherek is the thermal
conductivity,r0 is the equilibrium number density, andcp is
the specific heat at constant pressure of the fluid. This bro
ening in pure fluids is essentially associated with tempera
fluctuations at constant pressure and their associated d
sive damping.

With the addition of particles, the system becomes sign
cantly more complex. By relating the theory of scatteri
from binary fluid mixtures to our observations, we are able
understand the broadening observed as being due to
fluctuations in particle concentration coupling to fluctuatio
in the thermal phonon distribution in the fluid. Much wor
has been done using quasielastic light-scattering spec
copy ~QELSS! to measure diffusional broadening due to t
collective fluctuations of colloidal polystyrene spheres
aqueous solutions@7,9#. Though new correlators can respon
fast enough, QELSS generally probes much slower proce
than are measured in this experiment. Recently, the the
for the spectral broadening associated with particle diffus
coupling to the transverse viscous modes in externally dri
systems was developed by Schmitz@10#. The calculated con-
tribution of the viscous modes to the diffusional broaden
is similar in magnitude to the diffusional broadening itse
Both are well below the resolution of the Fabry-Pe´rot spec-
trometer used in our experiment. Also, nonequilibrium flu
tuations induced by applying a temperature gradient t
sample have been shown to result in the viscous modes
pling to the thermal modes@11#. The broadening associate
with these viscous modes is similar in magnitude to the th
4501 © 1997 The American Physical Society
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4502 55N. L. SWANSON AND D. H. Van WINKLE
mal fluctuation broadening. The relative intensity is prop
tional to the temperature difference across the sample.
measurements reported here do not have a viscous m
component since thermal gradients were insignificant.

In order to further understand the measured broaden
we quantitatively examine the associated loss in cohere
length. In this paper we first outline the relationship betwe
the spectrum of a light source and its coherence length. N
we present an outline of the theory of scattering from bin
fluid mixtures. We then describe the experimental proced
and analyze the data approximating the colloidal-water m
ture as a binary fluid. A scattered spectrum was gener
from the theoretical calculations and compared with the m
sured scattered spectrum.

II. THEORY

The coherence properties of a beam can be determ
from the correlation functions of the electric fields. Spat
coherence is expressed in terms of the cross-correlation f
tion ^E1* (t)E2(t1t)&, whereE1 is the field measured at
pointP1 andE2 is the field measured at pointP2 in the wave
field. Temporal coherence is determined from the autoco
lation function

G~t!5^E1* ~ t !E1~ t1t!&. ~1!

The normalizeddegree of coherenceis defined as

g~t!5
G~t!

G~0!
5

^E* ~ t !E~ t1t!&

^uE~ t !u2&
. ~2!

The coherence time is defined@12# in terms of the degree o
coherence

tc5E
2`

`

ug~t!u2dt. ~3!

The coherence length is thenl c5ctc . The power spectrum
I (v) is the Fourier transform of the correlation functio
G~t!. By measuring the power spectrum, the degree of co
enceg~t! can be obtained directly in a single measurem
because

G~t!5
1

A2p
E

2`

`

eivtI ~v!dv. ~4!

In the Rayleigh scattering model, it can be shown@13#
that the scattered spectrum is given by

I ~v!5N
a2uE0u2v0

4cos2us
c4R2 S~v!, ~5!

whereS(v) is the structure function,N is the number of
particles in the scattering volume,a is the particle polariz-
ability, E0 is the incident field,v0 is the frequency of the
incident field,us is the scattering angle,c is the speed of
light, andR is the distance from the scattering volume to t
point of observation. The assumptions used in this model
thatR is much larger than the dimensions of the scatter
volume, the light is plane polarized, the particle size is mu
smaller than the wavelength, the particles are identical,
there are single-scattering events only. The restriction on
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particle size arises from the use of the dipole approximat
@13,14# in the calculation of the scattered field. If the stru
ture function governing the scattering is known, the pow
spectrum can be calculated from Eq.~5!.

The extinction of a laser beam traversing an optical p
in water can be described by

I ~z!5I 0e
2jz, ~6!

where I (z) is the intensity atz, I 0 is the intensity atz50,
and j is the extinction coefficient, also called the beam
tenuation coefficient. The extinction coefficient is equal
the absorption coefficient plus the scattering coefficient, i
j5a1s. It is therefore a measure of the number and type
particles present in the water. Since polystyrene spheres
diatomaceous earth do not absorb at optical frequencies
assume thatj>s. The productjz, which we will designate
as theoptical density~OD!, is the appropriate dependen
variable for expressing the relative increase in scattering
particles are added to the water. Equation~6! is sometimes
written I5I 010

j10z, where j105j log10e. In this case the
optical density is the productj10z. The attenuation measure
in this way is more common to describe optical properties
filters.

Data were taken as colloidal particles were successiv
added to clear water. Very few scattering events occur
clear water; therefore the assumption of single scattering
quired for applying the Rayleigh model is appropriate f
low optical densities. As the OD (Dopt) increases the single
scattering assumption will break down. It is necessary
determine the range of the applicability of the sing
scattering theory.

It is postulated that the transition to significant multip
scattering occurs whenDopt>1. The mean free path of th
photon is given by

lmfp5
1

rs
, ~7!

wherer is the particle density ands is the scattering cross
section. According to theoptical theorem@15#, the seattering
cross section is

s5
j

r
. ~8!

The mean free path is thuslmfp51/j. As particles are added
to the water the mean free path,lmfp decreases. WhenDopt
5jz51, lmfp is equal toz, the optical path length. We there
fore postulate that ifDopt,1, the scattered light will have
been scattered only once. WhenDopt.1 multiple-scattering
events will become more significant. Therefore, the sing
scattering assumption will break down whenDopt.1.

Normally colloidal solutions are described in terms
particle diffusion. Pure water systems are described in te
of thermal fluctuations. When the particles achieve h
enough density to interact with the thermal fluctuations in
fluid, both descriptions break down. As a first step to und
standing this physical system we assume the particle-w
solution is similar to a binary fluid.

In a binary fluid mixture the two components interact in
complicated way. In a pure fluid there exist spontaneo
fluctuations in temperature and density at the microsco
level. These fluctuations can be created and annihilated u
interaction with photons during scattering processes. Acco
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55 4503FORWARD-SCATTERED LIGHT: SPECTRAL . . .
ing to the Onsager regression hypothesis@9#, the spontaneous
fluctuations regress to equilibrium according to the same
laxation equations that describe the macroscopic relaxa
processes. It is therefore appropriate to describe this pro
by the hydrodynamic equations, i.e., the continuity equati
the Navier-Stokes equation, and the energy transport e
tion. This is a set of nonlinear, partial differential equation
The full treatment for a binary mixture requires solving the
three equations plus the diffusion equation describing c
centration fluctuations for a two-component fluid@16#. The
equations are linearized by assuming small fluctuations a
equilibrium in the thermodynamic variables~pressure, den-
sity, temperature, momentum, entropy, and concentrat!
and retaining only first-order fluctuation terms. For o
analysis the shifted Brillouin peaks are not of interest. W
therefore assume a uniform pressure so that the fluctua
in pressure and velocity vanish from the equations. This
special case of no sound modes and therefore no Brillo
doublets. The continuity equation and the longitudin
Navier-Stokes equation become trivial. Following the dev
opment by Berne and Pecora@9#, the linearized diffusion and
energy transport equations are then functions of only
concentration and thermal fluctuations,

]c8

]t
5DH ¹2c81

KT

T0
¹2T8J ,

~9!

]T8

]t
2
KT

cp
S ]m

]c D
p,T

]c8

]t
5x¹2T8,
e-
n
ss
,
a-
.
e
-

ut

n
r
e
ns
a
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l
l-

e

where the concentration fluctuationc85dc(rW,t) and the
temperature fluctuationT85dT(rW,t) are the first-order per-
turbations about the equilibrium valuesc0 andT0 . The re-
maining terms in Eq.~9! are as follows:KT[c1c3(x/D) is
the thermal diffusion ratio,T is the temperature,m is the
chemical potential of the mixture,D is the mutual diffusion
coefficient of the two components,x is the thermal diffusiv-
ity, c1 andc2 are the concentrations of two components, a
cp is the specific heat of the mixture at constant pressu
When c appears without a subscript, it represents the c
centration of component 1. The concentration is defined
c15M1 /M , whereM5M11M2 is the total mass of the
mixture.

Taking the Fourier-Laplace transform of Eq.~9! gives

~s1q2D !c̃ 8~qW ,s!1q2SKTD

T0
D T̃8~qW ,s!5c8~qW ,0!,

~10!

2sSKT

cp
D S ]m

]c D
p,T

c̃ 8~qW ,s!1~s1xq2!T̃8~qW ,s!

5T̃8~qW ,0!2
KT

cp
S ]m

]c D
p,T

c8~qW ,0!,

whereq is the scattering vector. This set of linear equatio
is solved by matrix methods to obtain
S c̃ 8~qW ,s!

T̃8~qW ,s! D5
1

det~M ! S ~s1xq2!1q2SKT
2D

cpT0
D S ]m

]c D
p,T

2q2SKTD

T0
D

2q2SKTD

cp
D S ]m

]c D
p,T

s1Dq2
D S c8~qW ,0!

T8~qW ,0! D , ~11!
x-

the
tra-

om
.

whereM is the initial matrix given by

M5S s1q2D q2SKTD

T0
D

2sSKT

cp
D S ]m

]c D
p,T

s1q2x
D . ~12!

The structure function is given by

S~qW ,v!5E e2 ivt^d«* ~qW ,0!d«~qW ,t !&dt, ~13!
whered« is the fluctuation in the dielectric constant. By e
plicitly writing the solutions forc̃ 8(qW ,s) and T̃8(qW ,s) and
taking the inverse Laplace transform, the fluctuation in
dielectric constant can be written in terms of the concen
tion and temperature fluctuations

d«~qW ,t !5S ]«

]cD
p,T

c8~qW ,t !1S ]«

]TD
p,c

T8~qW ,t !. ~14!

Substituting the concentration and thermal fluctuations fr
Eq. ~11! into Eq.~14! and taking the Fourier transform in Eq
~13! yields the structure function
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S~q,v!5
2kBT

z22z1
S ]«

]cD
p,T

2 S ]c

]m D
p,T

H ~z22Dq2!z1

v21z1
2

2
~z12Dq2!z2

v21z2
2 J 12S ]«

]cD
p,T

S ]«

]TD
p,c

3
KTDq

2

cprV
H z2

v21z2
2 2

z1

v21z1
2 J 1S ]«

]TD
p,c

2

3
T

cprV
H ~Dq22z1!z1

v21z1
2 2

~Dq22z2!z2

v21z2
2 J ,

~15!

from which the power spectrum and correlation functi
may be calculated. The spectrum is the superposition of
Lorentzian bands

z1

v21z1
2 ,

z2

v21z2
2 ,

where

z65
q2

2
FH x1DF11

kT
2

Tcp
S ]m

]c D
p,T

G J
6XH x1DF11

kT
2

Tcp
S ]m

]c D
p,T

G J 24xDC1/2G. ~16!

The particle diffusion spectrum~associated withD! and the
entropy fluctuation spectrum~associated withx! are coupled
in a complicated way. In nonequilibrium thermodynami
this coupling is known as the Dufour effect~concentration
gradient inducing heat flow! and the Soret effect~tempera-
ture gradient inducing diffusion flux! @17#.

To introduce the analogy, we propose that the partic
comprise component 1 above. The mutual diffusion coe
cientD expresses the coupled diffusion of the two comp
nents. The concentration of particles is small and the p
ticles are much larger than the fluid molecules, thusD
reduces to the particle diffusion coefficient. For most liqu
it is usually the case that the thermal diffusivity, given by

x5
k

rcp
, ~17!

wherer is the fluid density, is much greater than the parti
diffusionD. For water,x50.0214 cm2/s. The particle diffu-
sion coefficient is

D5
kBT

6phr
, ~18!

whereh is the sheer viscosity of the fluid andr is the radius
of the particles. For the 0.08-mm spheres D55.35
31028 cm2/s. Values for the constants were obtained fro
the CRC handbook@23#. Thus the limitx@D is satisfied, in
which case

z1→xq2, z2→Dq2. ~19!

The structure function in Eq.~15! then simplifies to
o

s
-
-
r-

s

S~k,v!'HA Dq2

v21~Dq2!2
1B

xq2

v21~xq2!2J , ~20!

where

A52kBTS ]«

]cD
p,T

F S ]«

]cD
p,T

S ]c

]m D
p,T

22S ]«

]TD
p,c

c1c2
cprVG ,

~21!

B5
2kBT

cprV
S ]«

]TD
p,c

FTS ]«

]TD
p,c

12S ]«

]cD
p,T

c1c2G .
When there are no particles present in the mixturec1→0, in
which caseA50 and the second term on the right-hand s
of the equation forB also goes to zero. Then Eq.~20! re-
duces to the structure function for the thermal fluctuations
a pure fluid.

The spectrum in Eq.~20! is the sum of two Lorentzian
spectra, one due to particle diffusion and the other to ther
diffusion. The fluctuation in the dielectric constant with r
spect to fluctuations in concentration can be related to fl
tuations in the refractive index of the mixture. Informatio
on the derivatives in Eq.~21! for water-diatomaceous eart
or water-polystyrene mixtures was unavailable. For illust
tive purposes, we assumeA5B50.5 andu50.08 rad. That
is, the particle diffusion and the thermal fluctuations contr
ute equally to the scattered spectrum. The structure func
in Eq. ~20! was calculated for these values and the resul
graphed in Fig. 1. The particle diffusion component is
sharp, narrow peak sitting on top of a much broader p
arising from thermal diffusivity.

III. EXPERIMENT

Experiments were carried out using an argon-ion la
operating at 40 mW. Incorporated in this laser is an ad
tional etalon resulting in a single-mode spectral output wit
width of approximately 0.5 MHz. In all experiments th

FIG. 1. Power spectrum for scattering from a binary fluid w
equal parts particle and thermal diffusion.
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55 4505FORWARD-SCATTERED LIGHT: SPECTRAL . . .
514.5-nm green line was used. Figure 2 shows the basic
perimental setup. The beam was expanded and pa
through a 5.5-cm aperture. After the light passed through
tank, it was collected with an inverse beam expander~tele-
scope! and input to a Fabry-Pe´rot spectrometer@18#. The
collection lens was 10 cm in diameter. The pinhole~spatial
filter! was removed from the inverse telescope becaus
would have blocked the scattered light.

The dimensions of the tank were 1.2130.3130.74 m3.
For each experiment, the tank was initially filled with ta
water filtered and deionized~18 MV! by a filtration system
with an additional 0.2-mm filter at the output. Successiv
spectral data were taken between adding measured am
of either diatomaceous earth or polystyrene spheres to
water. Because the density of diatomaceous earth is gre
than the density of water, magnetic stirrers were used to k
the particles in suspension. The magnets were 7.62 cm
length, rotating at 90 rpm inside the tank.

The optical path length was fixed by the length of the ta
L51.21 m. The properties of the beam attenuation coe
cient j depend on the number and type of suspended
ticles in the water and the wavelength of the light. The pro
uct jL, which we have defined as the OD, is a dimensionl
quantity that gives the overall extinction of the beam. A
data were taken as a function of the OD by simultaneou
measuring the beam attenuation coefficientj with a trans-
missometer operating at 510 nm.

The bandwidth of the Fabry-Pe´rot spectrometer was mea
sured at 514 nm and found to be 1.38 MHz. Thefree spectral
range was 300 MHz. The output of the spectrometer w
detected by a photodiode and the signal from the photod
fed to a controller. The controller provides a ramped h
voltage signal to the piezoelectric crystal for scanning
spectrum. It also amplifies the signal from the photodio
and provides a trigger for display on an oscilloscope. T
signal from the controller was then input to an oscillosco
and the digitized trace was transferred to a portable comp
via a GPIB-IEEE interface. Thirty-one spectral traces w
recorded for each concentration of colloidal particles. T
spectra shown in all of the figures represent the averag
the 31 traces.

Broadening was initially observed in a sample where
atomaceous earth was incrementally added to the water
atomaceous earth is composed of diatoms and fragment
compassing a large range of shapes and sizes~10 nm–10
mm!. The experiment was repeated using polystyre
spheres of diameters 0.08, 0.54, and 5.17mm. These sizes

FIG. 2. Experimental setup.
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were chosen because they are less than, approximately e
to, and greater than the 0.514-mm wavelength of the laser
The asymmetric shape of the diatomaceous earth part
can cause a depolarized broadening in the central Rayl
peak due to orientational relaxation@19,20#. Broadening due
to orientational relaxation can also occur for materials t
exhibit intrinsic optical anisotropy, e.g., uniaxial materia
With the spherically symmetric particles, any measur
broadening would rule out this anisotropic broadening.

We observed no change in the measured spectra for
periments performed using the two larger sizes of sphe
Only the smallest 0.08-mm spheres exhibited any measurab
change in bandwidth. The results for the diatomaceous e
and the 0.08-mm spheres were nearly identical. Plots of t
scattered spectra for the 0.08-mm spheres are shown in Fig
3. The narrow spectrum is the laser in clear water atDopt
50.048. It has a width of 2.06 MHz. The broadened sp
trum was taken of the laser scattered through water14.6 ml
of spheres at 8.4% solids (2.6931014 spheres/ml). The mea
suredDopt51.07 and the width is 3.46 MHz for a change
1.40 MHz. The change in the bandwidth for the diatom
ceous earth experiment is 1.23 MHz.

The spectra have been normalized for comparison.
actual intensity of the spectrum measured through very
bid water was orders of magnitude less than that meas
through clear water. We believe the apparent substructur
the spectra measured through turbid water is due to ad
electronic noise when the gain is increased. The substruc
has a frequency of approximately 0.2 MHz, which is f
below the resolution of the instrument. Furthermore, the
trace when the beam was blocked also had this 0.5-M
noise at high gain.

The coherence length was calculated and plotted aga
the OD as shown in Fig. 4. The coherence length starts a
m and drops to;52 m. There does not appear to be a
additional drop in the coherence length as particles are
ther added to the mixture beyondDopt'1. Since the results
for the diatomaceous earth and the 0.08-mm spheres were
statistically indistinguishable, any contributions to the broa
ening from rotational effects can be eliminated. Thus

FIG. 3. Power spectra of the laser through clear water and w
plus 0.08-mm spheres. The narrow spectrum is the measurem
through clear water and the broadened spectrum was meas
through water with spheres added.
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4506 55N. L. SWANSON AND D. H. Van WINKLE
Rayleigh model is appropriate to describe the scatte
since spectral broadening was observed only when the
ticles were smaller than the wavelength of the laser.

The error inl c was obtained from the standard deviati
of the mean for 31 measurements. The calculated valu
l c , based on the measured spectrum, is substantially affe
by the spectrometer’s instrumental bandwidth. It is theref
not an absolute measurement of the coherence length o
laser. Only the change inl c is of interest. The spectral profil
for a resonant cavity~both the laser and the Fabry-Pe´rot éta-
lon! is dependent on the reflectivity, parallelism, and flatn
of the mirrors@21#. It is usually a Voigt function, i.e., the
convolution of a Gaussian function with a Lorentzian fun
tion. Further, the measured signal is the convolution of
laser spectrum with the instrument response function.
ideal situation is when the width of the laser spectrum
much greater than the width of the spectrometer respo
function. The spectrometer response can then be consid
a d function ~by comparison! and the convolution~measure-
ment! returns the spectral profile of the laser. This was
the case in these experiments and as a result the spectro
is operating very near its limits causing fluctuations in t
spectral traces. This is why 31 traces were recorded and
eraged for each measurement. The error in the OD is
transmissometer instrumental error65%. Systematic errors
in the value of the OD may result from imperfect mixing
the diatomaceous earth and thus the actual OD may
smaller or larger than the average measured by the trans
someter.

It should be noted that the spectrometer must be realig
between measurements taken in air and with water in
tank. Adding water to the tank causes a lateral offset in
collected beam if the tank is not perfectly perpendicular
the beam. This causes misalignment of the spectrom
Theoretically, this could be compensated. However, si
the laser spectrum is narrow compared to the instrumen
sponse function, the alignment is critical. A minute misalig
ment can lead to different results, especially when trying
fit the spectra to Lorentzian, Gaussian, or Voigt functio
This makes it impossible to directly compare the spectra
the laser measured in air with those measured through w
The spectrum for the beam passing through the empty
~laser in air! was nearly identical to that for clear water. F
these reasons, the spectrum measured through turbid wa
compared with the measurement made through clear, filte
water and not air.

Since the measured broadening is small and all meas
ments are taken very close to the limits of the Fabry-Pe´rot

FIG. 4. Coherence length vs optical density for measurem
taken through water with 0.08-mm spheres added.
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spectrometer, we decided to set up an experiment repea
the measurements of the spectra through water and diato
ceous earth while simultaneously taking measurements o
laser in air. This ensures that the broadening effect is real
not a consequence of changes in the Fabry-Pe´rot over time
~e.g., temperature!. Figure 5 is a diagram of the experiment
setup. The beam is split at the first beam splitter BS1 a
recombined at BS2. The tank was filled with filtered wat
The beam in air was blocked, while the first measurem
was taken in clear water. The beam from the tank was t
blocked and a measurement was taken of the laser in
This process was repeated as particles were added to
water throughout the entire experiment. Every time a m
surement was taken of the laser through the water mixtur
subsequent measurement of the laser in air was also tak

Results of this confirming experiment are shown in Fig.
It is clear from these data that the coherence length of
laser in air does not change, whilel c through the water mix-
ture changes as before. The coherence length for the las
air appearsto be less than that through water. This is b
cause the two beams were not perfectly coaxial and
alignment was much better for the beam passing through
tank than for the beam through air. This also illustrates h
crucial the alignment is to the experimental results.

ts

FIG. 5. Experimental setup for simultaneously measuring
power spectra of the laser through air and through water with
atomaceous earth added.

FIG. 6. Coherence length vs optical density for simultaneo
measurement of the laser through water with diatomaceous e
~DE! and the laser through air.
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55 4507FORWARD-SCATTERED LIGHT: SPECTRAL . . .
In an attempt to determine whether the size of the rece
aperture affects the spectral broadening, the experiment
repeated for two apertures. One aperture was 10 cm in d
eter and the other aperture diameter was 3.8 cm. For
smaller aperture we placed a piece of black cardboard wi
3.8-cm hole in front of the collection lens. Results are sho
in Fig. 7. While best-fit curves would place the larg
aperture data below the small-aperture data, the two data
are not significantly different. We expected a greater cha
in the coherence length for the large aperture because i
lows more scattered light into the detector. The data confi
this, though the change is not as great as expected.

Another experiment was performed to determine whet
the polarization states of the light influenced the broaden
The output from the laser is linearly polarized in the vertic
sense. An optical isolator was used to transform the line
polarized laser output to a circularly polarized beam. T
coherence lengths for the two polarization states are grap
versus the OD in Fig. 8. The circularly polarized data ha
consistently smaller coherence lengths~more broadening!
than the linearly polarized data. This is not surprising sin
the linearly polarized light is constrained to scatter in t

FIG. 7. Coherence length vs optical density for laser in wa
with diatomaceous earth added for two aperture sizes: 10 and
cm.

FIG. 8. Coherence length vs optical density for laser in wa
with 0.08-mm spheres added for circular and linear polarizat
states.
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plane perpendicular to the polarization. That is, the inten
distribution for plane-polarized Rayleigh scattering is pr
portional to cos2us. Vertically polarized light will not induce
a dipole in the horizontal plane; therefore light will not b
scattered in the vertical direction. Circularly polarized lig
can induce a dipole in any direction and therefore the sm
angle scattering into the solid angle subtended by the de
tor is more uniform.

The magnetic stirrers were originally implemented
keep the diatomaceous earth in suspension. Since the de
of diatomaceous earth is greater than that of water, it ev
tually settles on the bottom of the tank. The spheres h
nearly the same density as water (1.055 g/cm3), so they stay
in suspension and the stirrers are~in principle! not needed.
The stirrers set up currents and eddies, which may affect
broadening. In an effort to determine whether the stirr
affect the broadening, the experiment was repeated with
magnetic stirrers turned off. A consequence of turning
stirrers off was that the system had to be in equilibrium b
fore measurements could be made. This took about 45
per measurement~notice there are only a few data points!.
With the stirrers on, a homogeneous distribution of partic
is attained very quickly after adding the spheres. Results
graphed in Fig. 9. Since the coherence length drops in
same manner as with the stirrers on, we conclude that
drop is not associated with macroscopic eddies and cur
flow.

A final experiment was performed with a dilute solutio
of spheres. The purpose was to more clearly define thel c vs
OD curve when the coherence length~spectral broadening!
first starts to change. The polystyrene sphere solution
diluted and added one drop at a time as successive mea
ments were taken. The OD was not recorded for this exp
ment because the increments were too fine for the trans
someter to distinguish. Figure 10 is a graph of the cohere
length versus density of spheres. The coherence length
not begin to decrease until nine drops have been added
comparison to previous data, this corresponds roughly
Dopt50.16. The average distance between spheres at
point is 9.3mm. There were a total of 26 drops of dilute
spheres added throughout the experiment, which roug
corresponds to an OD of 0.25. These data provide a fi
analysis of the dependence of coherence length on densi
spheres added.

If the distance between spheres is a significant param
affectingl c , then it is not surprising that larger spheres yie
a null result. For the 0.08-mm spheres, thel c begins to drop
when the average distance between spheres is 9.3mm. For

r
.8

r

FIG. 9. Coherence length vs optical density for laser in wa
with 0.08-mm spheres added for the magnetic stirrers turned of
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4508 55N. L. SWANSON AND D. H. Van WINKLE
the 5.17-mm spheres, the beam was extinguished~no signal
from the detector! after the addition of 71 drops. This corre
sponds to an average distance between spheres of 338mm.
The beam was extinguished for the 0.54-mm spheres after 13
drops were added, corresponding to a mean distance bet
spheres of 74mm. If the broadening is associated with th
separations between the spheres becoming comparable
wavelength of the light, then the separation of the lar
spheres never reaches this length scale before the bea
completely attenuated.

The structure function given in Eq.~20! for the scattered
spectrum is a sum of two Lorentzian spectra. Since we w
to compare our measured spectra against this structure f
tion, we applied a curve fitting routine to our spectral da
The curve fitting routine compared the data with a nume
cally generated Voigt function. The composite Gaussian
Lorentzian width’s were adjusted and updated until the b
fit was found. The routine was applied to all data in the
for the polystyrene spheres in Figs. 3 and 4. The bes
Gaussian and Lorentzian half-widths are graphed in Fig.
The Lorentzian width remains constant for all ODs, wh
the Gaussian width increases and levels off at aboutDopt
51. This suggests that the broadening mechanism is g
erned by Gaussian rather than Lorentzian statistics. Th
discussed further in the next section.

The plots ofl c versus OD in Figs. 4 and 6–8 have a slig

FIG. 10. Coherence length vs optical density for laser in wa
with diluted 0.08-mm spheres added.
en
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rise atDopt'0.6. This rise corresponds to a slight dip in th
plots of the linewidth versus OD in Fig. 11. It was fir
thought that this was due to statistical fluctuations in
data; however this rise and dip showed up on every data
taken for diatomaceous earth and 0.08-mm spheres. Figure
12 shows plots of the curves ofl c versus OD for several dat
runs. The curves are offset to illustrate the slight rise in
data. This is not understood; we mention it only as a poin
interest.

IV. COMPARISON OF THEORY TO EXPERIMENT

The theoretical spectral intensity distribution function
Eq. ~15! was derived assuming monochromatic incide
light. Since the bandwidth of the measured spectrum of
laser in air~the convolution of the laser spectrum and t
instrumental response! is on the same order as the measur
broadening, it cannot be considered a monochromatic so
~a d function!. Since this ideal situation was not met in the
experiments, we must convolve the theoretical scatte
spectrum with the measured spectrum through clear w
and compare to the measured spectrum through turbid w

r

FIG. 11. Gaussian and Lorentzian half-widths vs optical den
for 0.08-mm-sphere measurements.
ity
rate
is
all
FIG. 12. Coherence length vs optical dens
offset curves. Each curve represents a sepa
data run. The value of the coherence length
offset to illustrate that each data run has a sm
peak atDopt;0.6.
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55 4509FORWARD-SCATTERED LIGHT: SPECTRAL . . .
In calculating the structure function in Fig. 1 we assum
50% scattering from particles and 50% scattering from th
mal fluctuations. A more realistic situation would be 90
95 % scattering from particles and 5–10 % scattering fr
thermal fluctuations, as has been measured for other type
binary mixtures@22#. In an effort to determine the effect o
the two types of scattered spectra on the structure func
we varied the coefficientsA andB in Eq. ~19!. The resulting
spectra were convolved with the measured spectrum in c
water (Dopt50.048) for the 0.08-mm sphere data from Fig
3. The resulting spectra for the various values ofA andB
were compared with each other and it was found that
convolved spectra were indistinguishable forB50.03–1.0.
Therefore, the width of the spectrum for scattering from
thermal fluctuations is so much greater than that for the p
ticle diffusion component that the scattering from the th
mal fluctuations need only be 3% or more for the measu
spectrum to be dominated by scattering from the ther
fluctuations. This can be seen from Fig. 1, where the sp
trum for scattering from the particles appears as ad function
with respect to the much broader~a few megahertz! spectrum
for thermal scattering. Thus our data suggest that more
3% of the scattering is from the thermal modes since sca
ing from particle diffusion would not have been resolvab
with this detector. Even light multiply scattered from partic
concentration fluctuations cannot give this much broaden
The maximum broadening for particle diffusion occurs wh
the scattering angle is 90°. The maximum change in
spectral width is thereforeDq25D$2k0 sin(u)%

253.2 kHz.
A photon shifted on the order of megahertz would have h
to undergo;300 scattering events, all additive at maximu
scattering angle, and still enter the detector. Since the m
free path is never less than 0.5 m in our experiments and
length of the tank is 1.2 m, this cannot possibly be realiz

Assuming that the scattering from the thermal modes
3% or greater, a curve was generated from Eq.~20!, using
only the thermal diffusion term. This was convolved with t
measured spectrum taken through clear water (Dopt
50.048) in Fig. 3. The results are plotted in Fig. 13 agai
the measured spectrum atDopt51.07 from Fig. 3. The results
are quite good around the peak and the widths are the s
Thus the thermal diffusion scattering gives the appropr

FIG. 13. Comparison of measured power spectrum with theo
ical power spectrum for scattering from a binary fluid.
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frequency shift. However, the measured spectrum diver
from the theoretical spectrum in the wings. This is beca
the spectrum in Eq.~20! is a Lorentzian distribution and th
data have been shown to have a greater Gaussian comp
after broadening~Fig. 11!. A characteristic of the Lorentzian
is to taper off slowly, whereas the Gaussian tapers off m
abruptly.

The measured spectrum atDopt51.07 was chosen for
comparison. The measured spectra and their associated
herence lengths do not change appreciably for optical de
ties greater than one. As discussed in Sec. II, atDopt51 the
mean free path is equal to the optical path length. The opt
path length is the fixed length of the thank. Therefore,
postulate that forDopt.1 all of the collected light has scat
tered at least once. Multiple-scattering events occur
larger values ofDopt, but those photons have a high probab
ity of being scattered out of the beam. By choosing a sc
tered spectrum greater than but still close toDopt51 we hope
to satisfy the theoretical condition that all of the collect
light has been single scattered.

V. DISCUSSION

The discrepancy between the theoretical spectrum and
measured spectrum seems to be because of the differenc
the type of distribution functions. In this analysis we ha
assumed that~a! all the light collected after passing throug
clear water (Dopt50.048) has not been scattered,~b! all the
light collected after passing through turbid water (Dopt
51.07) has been scattered once, and~c! all the scattered
light has been deflected through an angleu50.08 rad. Even
if conditions ~a! and ~b! are met, condition~c! is not. The
angleu50.08 rad was used because it is the maximum
lowable angle, determined by the geometry of the exp
ment~Fig. 2!, if the scattering event took place exactly in th
middle of the tank. The frequency distribution of the sc
tered light is dependent, through the scattering vectorq, on
u. The Rayleigh phase function for unpolarized~or circularly
polarized! light is, (3/16p)(11cos2u). This can be consid-
ered the probability distribution for scattering at angleu.
Given u, the probability that the scattered photon has a f
quency betweenv andv1dv is

1

p
S~k,v!dv5

1

p

x4k0
2sin2

u

2

v21S x4k0
2sin2

u

2D
2 dv. ~22!

Equation ~22! is the thermal diffusion term from Eq.~20!
with the scattering vectorq52k0sinu/2. Any given photon is
scattered into an angle with a probability given by the Ra
leigh phase function and constrained by the geometry of
experiment. Since the scattering volume is large, the m
mum allowable angle is determined by the position in t
tank where the scattering event took place. The scatte
photon then has a given frequency with probability given
Eq. ~22!. Each photon may be scattered through a differ
angle with each angle having an associated frequency di
bution. This process may introduce enough randomness
the overall frequency distribution to have a significa
Gaussian character.

t-
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4510 55N. L. SWANSON AND D. H. Van WINKLE
If each measured spectrum is a large random sampl
the frequency of photons originating from events occurr
throughout the scattering volume, then, by the central li
theorem, the measured frequency distribution will be Gau
ian, regardless of the distributions of the individual even
The necessary conditions for the central limit theorem
hold are~i! the means of the distributions of the individu
events are finite and~ii ! the variances of the distributions o
the individual events are positive definite. There exist th
distinct random processes. The first process involves
number of photons that scatter at a pointp in the tank. The
next process describes the number of photons scatteredp
into an angleu, whereu is less than the maximum detectab
angle. Finally, the last process, given by Eq.~22!, determines
the allowable frequencies for the photons scattered thro
an angleu. In all three cases their respective means are fi
and the variances are positive definite.

VI. CONCLUSION

An exhaustive study was undertaken to determine
cause of observed broadening in the spectrum of laser
scattered through water with colloidal particles added. It w
found that the only mechanism, consistent with observat
that gives the correct order of magnitude for the spec
width is the coupled concentration-thermal fluctuations.
order to apply this theory we assumed the water-part
mixture can be described as a binary fluid mixture.

Though the concentration-thermal fluctuations give
appropriate energy shifts for the measured broadening,
spectral data diverge from the theory in the wings~Fig. 13!.
This is because the scattered spectrum for concentra
thermal fluctuations is Lorentzian, while the best fit to t
data is a scattered spectrum with a larger Gaussian
s
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Lorentzian component. Given the large scattering volu
and the corresponding range of acceptance angles, we in
the central limit theorem to explain why the measured sp
tra have a larger Gaussian component. This situation co
be remedied by scattering from a small volume at a fix
known angle. Then the scattered spectrum should hav
greater Lorentzian component and give better agreem
with the theoretical spectrum. A more difficult method
resolving the disparity between theory and experiment wo
be to simulate the scattering with a Monte Carlo model.
the distributions for each event~scattering position, angle
and frequency shift! are known, then a Monte Carlo simula
tion can be performed to obtain a resulting frequency dis
bution. This distribution could then be compared to the sp
tra measured through turbid water.

Spectral broadening was only observed for water-part
mixtures when the particles were smaller than the wa
length of the illuminating laser. There was no observed sp
tral broadening when larger spheres were added. The dat
the dilute spheres, shown in Fig. 10, indicate that the sp
trum is not significantly broadened until the ninth drop
spheres has been added. This corresponds to an averag
tance between particles of 9.3mm. The larger spheres neve
approach this separation distance before the beam is e
guished. We postulate that the average distance between
ticles must be small enough before the concentration gr
ents of the particles interact significantly with the therm
fluctuations.
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