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Forward-scattered light: Spectral broadening and temporal coherence
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Fabry-Peot spectroscopy was used to observe a spectral broadening-0®.2.3/Hz 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 op@8am 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 concentratiof51050-294@7)03906-1

PACS numbegp): 42.55~f

[. INTRODUCTION transmitted beam. In those systems it is clear that all col-
lected light is scattered. For forward-scattered light, where
Through a series of serendipitous coincidences, a spectriie scattering anglé=0, the collected light may or may not
broadening of light forward scattered through colloidal solu-have been scattered. The magnitude of the frequency shift is
tions was discovered. For several years, it has been knowproportional to siA(#/2). Thus Rayleigh scattering theory
that laser radiation in an ambient light background can beredicts zero broadening in the frequency spectrum for
detected using interferometric techniques to distinguish théorward-scattered light.
light by its coherence lengtfL]. It was proposed that a re- The relative intensity of the Rayleigh peak to the Bril-
lated interferometric technique might be useful to distinguishiouin peaks is proportional to-tc,/c,. In waterc,~c, ;
between laser light that has been scattered and that which hawerefore the broadening of the central peak due to scattering
not been scattered. The suggestion was that the characteristiom thermal fluctuations is expected to be very wgaj6).
frequency of the scattered light would be broadened by enfhe width of the Rayleigh scattered light has been shown
ergy exchange with the surrounding medium. If an interfer{7,8] to be proportional ta</poC,, Wherex is the thermal
ometer could be set to reject the broadened frequencies amdnductivity,p, is the equilibrium number density, aieg is
retain the unscattered light, then the image thus formedhe specific heat at constant pressure of the fluid. This broad-
would be composed of only unscattered light. Upon measurening in pure fluids is essentially associated with temperature
ing the spectra of 514.5-nm laser light forward scatteredluctuations at constant pressure and their associated diffu-

through water as a function of added colloidal parti¢tgpi-  sive damping.

cally polystyrene spheres or diatomaceous eaithwas With the addition of particles, the system becomes signifi-
found that in some cases the unscattered 1.5-MHz linewidtieantly more complex. By relating the theory of scattering
was broadened by a factor of 2. from binary fluid mixtures to our observations, we are able to

Light-scattering experiments involving colloidal particles understand the broadening observed as being due to local
are typically considered quasielastic experiments. The domifluctuations in particle concentration coupling to fluctuations
nant scattering signal is from the index of refraction fluctua-in the thermal phonon distribution in the fluid. Much work
tions, which do not change the magnitude of the light's wavehas been done using quasielastic light-scattering spectros-
vector, but do change the direction. Inelastic-scattering exeopy (QELSS to measure diffusional broadening due to the
periments involve the creation or annihilation of phonons incollective fluctuations of colloidal polystyrene spheres in
the medium. High-energy phonoifsptical modes in semi- aqueous solution¥,9]. Though new correlators can respond
conductors, vibrational or rotational modes in molecuee  fast enough, QELSS generally probes much slower processes
studied by Raman scattering. We did not study Raman scathan are measured in this experiment. Recently, the theory
tering in our system. Lower-energy phondasoustic modes for the spectral broadening associated with particle diffusion
in semiconductors or propagating density waves in fluidscoupling to the transverse viscous modes in externally driven
are studied by Brilluoin scattering. The two Brillouin peaks systems was developed by Schnjitg]. The calculated con-
are centered ab=ck=*ck, wherec is the speed of light, tribution of the viscous modes to the diffusional broadening
k is the wave number of the laser, angdis the adiabatic is similar in magnitude to the diffusional broadening itself.
sound velocity in the fluid. In addition to Brillouin peaks, the Both are well below the resolution of the Fabryr®tespec-
Rayleigh peak is centered a,=ck. The Rayleigh mode is trometer used in our experiment. Also, nonequilibrium fluc-
associated with diffusive thermal relaxatidis-4]. tuations induced by applying a temperature gradient to a

In typical Rayleigh scattering experiments, the broadensample have been shown to result in the viscous modes cou-
ing of the Rayleigh peak upon scattering from a single spepling to the thermal modelsl1]. The broadening associated
cies is observed at a scattering angle of 90° relative to thith these viscous modes is similar in magnitude to the ther-
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mal fluctuation broadening. The relative intensity is propor-particle size arises from the use of the dipole approximation
tional to the temperature difference across the sample. THd 3,14 in the calculation of the scattered field. If the struc-
measurements reported here do not have a viscous modére function governing the scattering is known, the power
component since thermal gradients were insignificant. spectrum can be calculated from E§).

In order to further understand the measured broadening, The extinction of a laser beam traversing an optical path
we quantitatively examine the associated loss in coherend8 water can be described by
length. In this paper we first outline the relationship between 1(2)=1,e ¢ (6)
the spectrum of a light source and its coherence length. Next ’
we present an outline of the theory of scattering from binarywherel(z) is the intensity at, |, is the intensity az=0,
fluid mixtures. We then describe the experimental procedurand ¢ is the extinction coefficient, also called the beam at-
and analyze the data approximating the colloidal-water mixtenuation coefficient. The extinction coefficient is equal to
ture as a binary fluid. A scattered spectrum was generatedie absorption coefficient plus the scattering coefficient, i.e.,
from the theoretical calculations and compared with the meaé=a+s. Itis therefore a measure of the number and type of

sured scattered spectrum. particles present in the water. Since polystyrene spheres and
diatomaceous earth do not absorb at optical frequencies, we
Il. THEORY assume thaf=s. The producttz, which we will designate

as theoptical density(OD), is the appropriate dependent
The coherence properties of a beam can be determinedariable for expressing the relative increase in scattering as
from the correlation functions of the electric fields. Spatialparticles are added to the water. Equat{6his sometimes
coherence is expressed in terms of the cross-correlation funiwitten | =1,10°1¢%, where &,o= £ logye. In this case the
tion (E} (t)Ex(t+ 7)), whereE; is the field measured at a Optical density is the produgtz. The attenuation measured
pointP; andE, is the field measured at poiR, in the wave  in this way is more common to describe optical properties of

field. Temporal coherence is determined from the autocorrelilters.

lation function Data were taken as colloidal particles were successively
added to clear water. Very few scattering events occur in
[(7)=(EX(1)E (t+7)). 1) clear water; therefore the assumption of single scattering re-
quired for applying the Rayleigh model is appropriate for
The normalizeddegree of coherence defined as low optical densities. As the OD,,,y) increases the single-

scattering assumption will break down. It is necessary to
~T(n) (E*(OE(t+1)) 5  determine the range of the applicability of the single-
7= ro  (EOP 2 scattering theory.
It is postulated that the transition to significant multiple
The coherence time is defing#l2] in terms of the degree of scattering occurs wheB,,=1. The mean free path of the
coherence photon is given by

* 1
Te= f |y(7)[?d7. ) Imtp="—— @)

—w po’

The coherence length is thég=cr.. The power spectrum Wherep is the particle density and is the scattering cross
I(w) is the Fourier transform of the correlation function S€ction. According to theptical theorenj15], the seattering

T'(7). By measuring the power spectrum, the degree of cohel€r0SS Section is

encey(7) can be obtained directly in a single measurement &
because =3 (8)
I'(r)= 1 fw 671 () daw 4) The mean free path is thligg,= 1/§. As particles are added
V27 J o ' to the water the mean free path,;, decreases. WheD

=£z=1, |, is equal taz, the optical path length. We there-
In the Rayleigh scattering model, it can be shol3] fore postulate that iD,,<1, the scattered light will have

that the scattered spectrum is given by been scattered only once. WhBn,>1 multiple-scattering
o 12 4 events will become more significant. Therefore, the single-
@?|Eq|?wocos b scattering assumption will break down whBr,>1.
l(w)=N c*R2? ), ) Normally colloidal solutions are described in terms of

particle diffusion. Pure water systems are described in terms
where S(w) is the structure functionN is the number of of thermal fluctuations. When the particles achieve high
particles in the scattering volume, is the particle polariz- enough density to interact with the thermal fluctuations in the
ability, E, is the incident field,wq is the frequency of the fluid, both descriptions break down. As a first step to under-
incident field, 65 is the scattering angle; is the speed of standing this physical system we assume the particle-water
light, andR is the distance from the scattering volume to thesolution is similar to a binary fluid.
point of observation. The assumptions used in this model are In a binary fluid mixture the two components interact in a
that R is much larger than the dimensions of the scatteringcomplicated way. In a pure fluid there exist spontaneous
volume, the light is plane polarized, the particle size is mucHluctuations in temperature and density at the microscopic
smaller than the wavelength, the particles are identical, antkvel. These fluctuations can be created and annihilated upon
there are single-scattering events only. The restriction on thimteraction with photons during scattering processes. Accord-
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ing to the Onsager regression hypoth¢Sisthe spontaneous where the concentration fluctuatioty = c(f,t) and the
fluctuations regress to equilibrium according to the same retemperature fluctuatioft’ = §T(r,t) are the first-order per-
laxation equations that describe the macroscopic relaxatiofurbations about the equilibrium valueg and T,. The re-
processes. It is therefore appropriate to describe this proceggaining terms in Eq(9) are as followsK;=c,c3(x/D) is
by the hydrodynamic equations, i.e., the continuity equationihe thermal diffusion ratioT is the temperaturey is the
the Navier-Stokes equation, and the energy transport equgnemical potential of the mixturd) is the mutual diffusion

ti(r)]n'aniS Is a set ?f nogl_inear, partial differential Fquatfns'coefﬁcient of the two components,is the thermal diffusiv-

;rgeue;lrj?tlitgesnélgé athemgigur:ig(rtlu(re?qlrjzctlilgrr]ezssc\r/ilgi%é gcs)ﬁlty, ¢, andc, are the concentrations of two components, and
. . ) c, is the specific heat of the mixture at constant pressure.

centration fluctuations for a two-component fllits]. The P P P

equations are linearized by assuming small fluctuations abOlWhen ¢ appears without a subscript, it represents the con-

equilibrium in the thermodynamic variablésressure, den- centration of component 1. The.concentration is defined as
sity, temperature, momentum, entropy, and concentratiorc1=M1/M, whereM=M;+M; is the total mass of the
and retaining only first-order fluctuation terms. For our MXture. , _

analysis the shifted Brillouin peaks are not of interest. We 12aking the Fourier-Laplace transform of H§) gives
therefore assume a uniform pressure so that the fluctuations
in pressure and velocity vanish from the equations. This is a
special case of no sound modes and therefore no Brillouin KD
doublets. The continuity equation and the longitudinal ~ T \=, . P
Navier-Stokes equation become trivial. Following the devel- (s+9?D)c’(4,5)+0? T_O)T (.5)=¢(4.0),
opment by Berne and Pecdi@l, the linearized diffusion and (10
energy transport equations are then functions of only the

concentration and thermal fluctuations,

_S<ﬁ)(a_ﬂ) T'(G,9)+(s+xa)T'(G,9)
p

Cp/ldc) ;
ac’ K ~ K [d
W:D(vzch—Tva'], =T'<d,0>—C—T(a—’:) ¢'(6,0),
° 9 P P.T
a1’ K1 (4 ac’
2 T (_’“) — = V2T, whereq is the scattering vector. This set of linear equations
gt Cp\dc) 5 dt is solved by matrix methods to obtain

2
_ (s+xq?) +0? g)(i—“) —qZ(KTD)
(E’(d@) _ 1 Colol 1 9C oy To (c’(ﬁ,O)) (1D)
T'(d,s)) de(M) KD\ /[ du T'(4,0))
N2 = D 2
Al e
Cp o
|
whereM is the initial matrix given by where &e is the fluctuation in the dielectric constant. By ex-
plicitly writing the solutions forc ’'(g,s) and T'(g,s) and
K-D taking the inverse Laplace transform, the fluctuation in the
s+q°D 92l — ) dielectric constant can be written in terms of the concentra-
M= To (12 tion and temperature fluctuations

KT (9/1/ 2
1, -

The structure function is given by

e

aT

5s(d,t) (—&8) "(G.1) +
e(q,1)= c (q,
ac p,T

) T'(qy. (@14
p.c

Substituting the concentration and thermal fluctuations from

" = - - Eqg.(11) into Eq.(14) and taking the Fourier transform in Eq.
— wt
S(q,w)—f e 1*(0e™(6,0) 0= (q.1))dt, 13 (13) yields the structure function
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S(q,0) 2kgT (ag)z (ao) (z_.—Dg?z, 12
d,0)= = |5 T
z.—z, \oc) \ou| ;| o*+2% il
(z,—Dg?z_ o de de >
w472 ac) \aT g 08
p.T p.C g
K:Dqg? [ z_ z ge\? S o6t
x- 3 e e B et i
CopV |0°+2° wt+Zz) aT =
P E oa4f
E o
T ((Dg*-z,)z. (Dg*-z )z_ 2
CppV w’+ Zi w?’+7* ' 02t
(15) 0
-6.144 0 6.144

from which the power spectrum and correlation function
may be calculated. The spectrum is the superposition of two

Lorentzian bands FIG. 1. Power spectrum for scattering from a binary fluid with
equal parts particle and thermal diffusion.

Frequency (MHz)

z, z_
0’ +72 0?+Z% st A Dg? s Y2 20
where " 0T (00?2 T WP (xad?)
2 2
q kT [du
- — = where
2275 [XJFD 1+Tcp(ac)
p,T
k2 (aﬂ) 12 B (as) {(as) (ac) (as) C1Cy
A=2kgT| — — — -2|=
+ +D|1+—|— —4xD| |. (16 B '
([X Te, lac) L] T (16 ac) \oc) Nom| o VGT] copV
The particle diffusion spectrurtassociated witlD) and the (21
entropy fluctuation spectruiassociated withy) are coupled
in a complicated way. In nonequilibrium thermodynamics _ 2kgT | de T de 5 de
this coupling is known as the Dufour effe@oncentration - cppV aT aT + 9 T01C2 .
p p.c p,

gradient inducing heat flowand the Soret effedtempera-
ture gradient inducing diffusion flg{17].

To introduce the analogy, we propose that the particle¥Vhen there are no particles present in the mixtyre>0, in
comprise component 1 above. The mutual diffusion coeffiwhich caseA=0 and the second term on the right-hand side
cient D expresses the coupled diffusion of the two compo-of the equation foB also goes to zero. Then E(RO) re-
nents. The concentration of particles is small and the pardUCGS to the structure function for the thermal fluctuations in
ticles are much larger than the fluid molecules, tins @ pure fluid.
reduces to the particle diffusion coefficient. For most liquids The spectrum in Eq(20) is the sum of two Lorentzian
it is usually the case that the thermal diffusivity, given by Spectra, one due to particle diffusion and the other to thermal

diffusion. The fluctuation in the dielectric constant with re-
K spect to fluctuations in concentration can be related to fluc-
X= pC,y’ (17 tyations in the refractive index of the mixture. Information
on the derivatives in Eq21) for water-diatomaceous earth
wherep is the fluid density, is much greater than the particleor water-polystyrene mixtures was unavailable. For illustra-
diffusion D. For water,y=0.0214 cri/s. The particle diffu- tive purposes, we assunde=B=0.5 and6=0.08 rad. That

sion coefficient is is, the particle diffusion and the thermal fluctuations contrib-
ute equally to the scattered spectrum. The structure function

_ kT (18) in Eq. (20) was calculated for these values and the result is

6myr’ graphed in Fig. 1. The particle diffusion component is a

) ) _ _ ) sharp, narrow peak sitting on top of a much broader peak
where is the sheer viscosity of the fluid amds the radius  grising from thermal diffusivity.

of the particles. For the 0.08m spheres D=5.35
% 108 cn/s. Values for the constants were obtained from
the CRC handbook23]. Thus the limity>D is satisfied, in . EXPERIMENT

which case . . . .
Experiments were carried out using an argon-ion laser

z.—x9?, z_—Ddg% (190  operating at 40 mW. Incorporated in this laser is an addi-
tional etalon resulting in a single-mode spectral output with a
The structure function in Eq15) then simplifies to width of approximately 0.5 MHz. In all experiments the
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514.5-nm green line was used. Figure 2 shows the basic ex Frequency (MHz)

perimental setup. The beam was expanded and passed
through a 5.5-cm aperture. After the light passed through the FIG. 3. Power spectra of the laser through c_Iear water and water
tank, it was collected with an inverse beam expar(tiele- pr:us O.hOS;qle spheres. 'I('jhehnatr)rowdspec(:jtrum is the measurement
SCOpQ and input to a Fabry-'FPet spectromete[lB]. The t rougn clear W.ater and the broadene spectrum was measured
. R . . through water with spheres added.
collection lens was 10 cm in diameter. The pinh@patial
filter) was removed from the inverse telescope because it
would have blocked the scattered light. were chosen because they are less than, approximately equal
The dimensions of the tank were 1;20.31x0.74 n¥. to, and greater than the 0.51#n wavelength of the laser.
For each experiment, the tank was initially filled with tap The asymmetric shape of the diatomaceous earth particles
water filtered and deionized 8 MQ) by a filtration system can cause a depolarized broadening in the central Rayleigh
with an additional 0.22m filter at the output. Successive peak due to orientational relaxatiph9,20. Broadening due
spectral data were taken between adding measured amout@sorientational relaxation can also occur for materials that
of either diatomaceous earth or polystyrene spheres to thexhibit intrinsic optical anisotropy, e.g., uniaxial materials.
water. Because the density of diatomaceous earth is greaté¥ith the spherically symmetric particles, any measured
than the density of water, magnetic stirrers were used to kedproadening would rule out this anisotropic broadening.
the particles in suspension. The magnets were 7.62 cm in We observed no change in the measured spectra for ex-
length, rotating at 90 rpm inside the tank. periments performed using the two larger sizes of spheres.
The optical path length was fixed by the length of the tankOnly the smallest 0.08m spheres exhibited any measurable
L=1.21 m. The properties of the beam attenuation coeffichange in bandwidth. The results for the diatomaceous earth
cient £ depend on the number and type of suspended pa@nd the 0.08tm spheres were nearly identical. Plots of the
ticles in the water and the wavelength of the light. The prod-scattered spectra for the 0.@8n spheres are shown in Fig.
uct £L, which we have defined as the OD, is a dimensionles$. The narrow spectrum is the laser in clear wateDgf;
quantity that gives the overall extinction of the beam. All =0.048. It has a width of 2.06 MHz. The broadened spec-
data were taken as a function of the OD by simultaneouslyrum was taken of the laser scattered through waé6 ml
measuring the beam attenuation coefficiénvith a trans-  of spheres at 8.4% solids (2.84.0' spheres/ml). The mea-
missometer operating at 510 nm. suredD ,,=1.07 and the width is 3.46 MHz for a change of
The bandwidth of the Fabry-Rat spectrometer was mea- 1.40 MHz. The change in the bandwidth for the diatoma-
sured at 514 nm and found to be 1.38 MHz. Tie® spectral ceous earth experiment is 1.23 MHz.
range was 300 MHz. The output of the spectrometer was The spectra have been normalized for comparison. The
detected by a photodiode and the signal from the photodiodactual intensity of the spectrum measured through very tur-
fed to a controller. The controller provides a ramped highbid water was orders of magnitude less than that measured
voltage signal to the piezoelectric crystal for scanning thehrough clear water. We believe the apparent substructure in
spectrum. It also amplifies the signal from the photodiodethe spectra measured through turbid water is due to added
and provides a trigger for display on an oscilloscope. Theelectronic noise when the gain is increased. The substructure
signal from the controller was then input to an oscilloscopehas a frequency of approximately 0.2 MHz, which is far
and the digitized trace was transferred to a portable computdrelow the resolution of the instrument. Furthermore, the flat
via a GPIB-IEEE interface. Thirty-one spectral traces wereirace when the beam was blocked also had this 0.5-MHz
recorded for each concentration of colloidal particles. Thenoise at high gain.
spectra shown in all of the figures represent the average of The coherence length was calculated and plotted against
the 31 traces. the OD as shown in Fig. 4. The coherence length starts at 68
Broadening was initially observed in a sample where di-m and drops to~52 m. There does not appear to be any
atomaceous earth was incrementally added to the water. Dadditional drop in the coherence length as particles are fur-
atomaceous earth is composed of diatoms and fragments etier added to the mixture beyori,,~ 1. Since the results
compassing a large range of shapes and sijz6snm-10 for the diatomaceous earth and the 0/8- spheres were
um). The experiment was repeated using polystyrenestatistically indistinguishable, any contributions to the broad-
spheres of diameters 0.08, 0.54, and 5.ii. These sizes ening from rotational effects can be eliminated. Thus the
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FIG. 4. Coherence length vs optical density for measurement: Tank Fabry-Pefot etalon
taken through water with 0.08m spheres added. -—— 12m ———

Rayleigh model is appropriate to describe the scattering FIG. 5. Experimental setup for simultaneously measuring the
since spectral broadening was observed only when the papower spectra of the laser through air and through water with di-
ticles were smaller than the wavelength of the laser. atomaceous earth added.

The error inl; was obtained from the standard deviation
of the mean for 31 measurements. The calculated value afpectrometer, we decided to set up an experiment repeating
I, based on the measured spectrum, is substantially affectede measurements of the spectra through water and diatoma-
by the spectrometer’s instrumental bandwidth. It is thereforeeous earth while simultaneously taking measurements of the
not an absolute measurement of the coherence length of thaser in air. This ensures that the broadening effect is real and
laser. Only the change in is of interest. The spectral profile not a consequence of changes in the FabmpPever time
for a resonant cavityboth the laser and the Fabry+Beda-  (e.g., temperatujeFigure 5 is a diagram of the experimental
lon) is dependent on the reflectivity, parallelism, and flathessetup. The beam is split at the first beam splitter BS1 and
of the mirrors[21]. It is usually a Voigt function, i.e., the recombined at BS2. The tank was filled with filtered water.
convolution of a Gaussian function with a Lorentzian func-The beam in air was blocked, while the first measurement
tion. Further, the measured signal is the convolution of thevas taken in clear water. The beam from the tank was then
laser spectrum with the instrument response function. Thélocked and a measurement was taken of the laser in air.
ideal situation is when the width of the laser spectrum isThis process was repeated as particles were added to the
much greater than the width of the spectrometer responssater throughout the entire experiment. Every time a mea-
function. The spectrometer response can then be considersdrement was taken of the laser through the water mixture, a
a ¢ function (by comparisopand the convolutioimeasure- subsequent measurement of the laser in air was also taken.
men) returns the spectral profile of the laser. This was not Results of this confirming experiment are shown in Fig. 6.
the case in these experiments and as a result the spectrométeis clear from these data that the coherence length of the
is operating very near its limits causing fluctuations in thelaser in air does not change, whilethrough the water mix-
spectral traces. This is why 31 traces were recorded and atdre changes as before. The coherence length for the laser in
eraged for each measurement. The error in the OD is thair appearsto be less than that through water. This is be-
transmissometer instrumental errtb%. Systematic errors cause the two beams were not perfectly coaxial and the
in the value of the OD may result from imperfect mixing of alignment was much better for the beam passing through the
the diatomaceous earth and thus the actual OD may bknk than for the beam through air. This also illustrates how
smaller or larger than the average measured by the transmisrucial the alignment is to the experimental results.
someter.

It should be noted that the spectrometer must be realignec 4
between measurements taken in air and with water in the
tank. Adding water to the tank causes a lateral offset in the 00 -
collected beam if the tank is not perfectly perpendicular to @ -
the beam. This causes misalignment of the spectrometets s - =
Theoretically, this could be compensated. However, since %D -_-
the laser spectrum is narrow compared to the instrumentre= 70 - -
sponse function, the alignment is critical. A minute misalign-
ment can lead to different results, especially when trying to
fit the spectra to Lorentzian, Gaussian, or Voigt functions.
This makes it impossible to directly compare the spectra of 50 ¢ -
the laser measured in air with those measured through wate!
The spectrum for the beam passing through the empty tanl o 03 ! s )
(laser in aiy was nearly identical to that for clear water. For Optical Density (+/- 5%)
these reasons, the spectrum measured through turbid water _ Water + DE . Air
compared with the measurement made through clear, filterea
water and not air. FIG. 6. Coherence length vs optical density for simultaneous

Since the measured broadening is small and all measureieasurement of the laser through water with diatomaceous earth
ments are taken very close to the limits of the FabrgePe (DE) and the laser through air.

60 -

Coherence
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distribution for plane-polarized Rayleigh scattering is pro-
FIG. 7. Coherence length vs optical density for laser in waterPortional to co8d,. Vertically polarized light will not induce
with diatomaceous earth added for two aperture sizes: 10 and 3® dipole in the horizontal plane; therefore light will not be
cm. scattered in the vertical direction. Circularly polarized light
can induce a dipole in any direction and therefore the small-
In an attempt to determine whether the size of the receivefNdle scattering into the solid angle subtended by the detec-
aperture affects the spectral broadening, the experiment w8 iS more uniform.. » _
repeated for two apertures. One aperture was 10 cm in diam- 1he magnetic stirrers were originally implemented to
eter and the other aperture diameter was 3.8 cm. For th§eep the diatomaceous earth in suspension. Since the density
smaller aperture we placed a piece of black cardboard with 8f diatomaceous earth is greater than that of water, it even-
3.8-cm hole in front of the collection lens. Results are showrfually settles on the bottom of the tank. The spheres have
in Fig. 7. While best-fit curves would place the large- Nearly the same density as water (1.055 djcrao they stay
aperture data below the small-aperture data, the two data sefs Suspension and the stirrers di principle) not needed.
are not significantly different. We expected a greater changdhe stirrers set up currents and eddies, which may affect the
in the coherence length for the large aperture because it dfroadening. In an effort to determine whether the stirrers
lows more scattered light into the detector. The data confirn@ffect the broadening, the experiment was repeated with the
this, though the change is not as great as expected. magnetic stirrers turned off. A consequence of turning the
Another experiment was performed to determine whetheplirrers off was that the system had to be in equilibrium be-
the polarization states of the light influenced the broadeningforé measurements could be made. This took about 45 min
The output from the laser is linearly polarized in the verticalP® measuremerihotice there are only a few data points
sense. An optical isolator was used to transform the linearlyVith the stirrers on, a homogeneous distribution of particles
polarized laser output to a circularly polarized beam. The$ attained very quickly after adding the spheres. Results are
coherence lengths for the two polarization states are graphéd@phed in Fig. 9. Since the coherence length drops in the
versus the OD in Fig. 8. The circularly polarized data haveS@me manner as with the stirrers on, we conclude that the
consistently smaller coherence lengtfreore broadening drop is not associated with macroscopic eddies and current
than the linearly polarized data. This is not surprising sincdlow. . . ) ] ]
the linearly polarized light is constrained to scatter in the A final experiment was performed with a dilute solution
of spheres. The purpose was to more clearly definé the

05 OD curve when the coherence lend#pectral broadening
first starts to change. The polystyrene sphere solution was
% N diluted and added one drop at a time as successive measure-
85 - a ments were taken. The OD was not recorded for this experi-
go 80 | - ment because the increments were too fine for the transmis-
3 . | e someter to distinguish. Figure 10 is a graph of the coherence
Eé length versus density of spheres. The coherence length does
g r " ., X not begin to decrease until nine drops have been added. By
S 65 s ° fa Af s & 0 A comparison to previous data, this corresponds roughly to
© 60 - =t -7 . Dop=0.16. The average distance between spheres at this
| _ point is 9.3 um. There were a total of 26 drops of diluted
spheres added throughout the experiment, which roughly
0 03 ) s , i corresponds to an OD of 0.25. These data provide a finer
Optical Density (+/- 5%) analysis of the dependence of coherence length on density of
. Circular » Linear spheres added.

If the distance between spheres is a significant parameter
FIG. 8. Coherence length vs optical density for laser in wateraffectingl, then it is not surprising that larger spheres yield
with 0.08.um spheres added for circular and linear polarizationa null result. For the 0.0gsm spheres, thé, begins to drop
states. when the average distance between spheres igu3For
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the 5.17um spheres, the beam was extinguisiied signal

from the detectgrafter the addition of 71 drops. This corre-  F|G, 11. Gaussian and Lorentzian half-widths vs optical density

sponds to an average distance between spheres of888 for 0.08.um-sphere measurements.

The beam was extinguished for the 0.6 spheres after 13

drops were added, corresponding to a mean distance betwegge atD ,~0.6. This rise corresponds to a slight dip in the

spheres of 74um. If the broadening is associated with the piots of the linewidth versus OD in Fig. 11. It was first

separations between the spheres becoming comparable to {igught that this was due to statistical fluctuations in the

wavelength of the light, then the separation of the largerjata; however this rise and dip showed up on every data run

completely attenuated. 12 shows plots of the curves bf versus OD for several data
The structure function given in E420) for the scattered ryns. The curves are offset to illustrate the slight rise in the

spectrum is a sum of two Lorentzian spectra. Since we Wisljata. This is not understood; we mention it only as a point of
to compare our measured spectra against this structure funggerest.

tion, we applied a curve fitting routine to our spectral data.
The curve fitting routine compared the data with a numeri-
cally generated Voigt function. The composite Gaussian and
Lorentzian width’'s were adjusted and updated until the best The theoretical spectral intensity distribution function in
fit was found. The routine was applied to all data in the seEq. (15 was derived assuming monochromatic incident
for the polystyrene spheres in Figs. 3 and 4. The best-filight. Since the bandwidth of the measured spectrum of the
Gaussian and Lorentzian half-widths are graphed in Fig. 1llaser in air(the convolution of the laser spectrum and the
The Lorentzian width remains constant for all ODs, whileinstrumental respongés on the same order as the measured
the Gaussian width increases and levels off at aliay  broadening, it cannot be considered a monochromatic source
=1. This suggests that the broadening mechanism is gova & function). Since this ideal situation was not met in these
erned by Gaussian rather than Lorentzian statistics. This isxperiments, we must convolve the theoretical scattered
discussed further in the next section. spectrum with the measured spectrum through clear water
The plots ofl . versus OD in Figs. 4 and 6—8 have a slight and compare to the measured spectrum through turbid water.

IV. COMPARISON OF THEORY TO EXPERIMENT
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12 frequency shift. However, the measured spectrum diverges
from the theoretical spectrum in the wings. This is because

1 b the spectrum in Eq.20) is a Lorentzian distribution and the
data have been shown to have a greater Gaussian component

>

2 08 - after broadeningFig. 11). A characteristic of the Lorentzian

£ is to taper off slowly, whereas the Gaussian tapers off more

= ol abruptly.

% The measured spectrum &,,=1.07 was chosen for

E o4l comparison. The measured spectra and their associated co-

2 herence lengths do not change appreciably for optical densi-
oz | ties greater than one. As discussed in Sec. IDgf=1 the

mean free path is equal to the optical path length. The optical
: . path length is the fixed length of the thank. Therefore, we
.10 5 0 5 10 postulate that foD,,>1 all of the collected light has scat-
Frequency (MHz) tered at least once. Multiple-scattering events occur for
larger values oD, but those photons have a high probabil-
FIG. 13. Comparison of measured power spectrum with theoretity of being scattered out of the beam. By choosing a scat-
ical power spectrum for scattering from a binary fluid. tered spectrum greater than but still clos®tg,=1 we hope
to satisfy the theoretical condition that all of the collected
In calculating the structure function in Fig. 1 we assumedight has been single scattered.
50% scattering from particles and 50% scattering from ther-
mal fluctuations. A more realistic situation would be 90— V. DISCUSSION

95 % scattering from particles and 5—-10 % scattering from The discrepancy between the theoretical spectrum and the
thermal fluctuations, as has been measured for other types of Id P ; y betw to be b ! f?h dl.Jﬁ ;
binary mixtureg22]. In an effort to determine the effect of measured spectrum seems 1o bé because ot € differences in

the two types of scattered spectra on the structure functioH1e type of distribution.functions. In this analy;is we have
we varieo)I/Ft)he coefficient& angB in Eqg. (19). The resulting assumed thag) all the light collected after passing through

spectra were convolved with the measured spectrum in clezﬁﬂear watter Dop=0.048) has not been scattergd) all the

_ : ht collected after passing through turbid wateD
water O qp=0.048) for the 0.0§:m sphere data from Fig. _g 0
3. The resulting spectra for the various valuesfofind B =1.07) has been scattered once, dndall the scattered

were compared with each other and it was found that th(lzight has been deflected through an ang#0.08 rad. Even

convolved spectra were indistinguishable #&+0.03—-1.0. It conditions (&) and (b) are met, conditior(c) is not. The

Therefore, the width of the spectrum for scattering from th angle §=0.08 rad was .USEd because it is the maximum a!-
thermal fluctuations is so much greater than that for the pa _owable_ anglt_a, determme_d by the geometry of the experi-
ticle diffusion component that the scattering from the ther—ment(F'g' 2, if the scattering event topk plaqe exactly in the
mal fluctuations need only be 3% or more for the measure |ddIe_ of t_he tank. The frequency d|str|but|<_3n of the scat-
spectrum to be dominated by scattering from the thermaereoI light is dependent, through the scattering vegioon

fluctuations. This can be seen from Fig. 1, where the specq' The Rayleigh phase function for unpolarizeu circularly

trum for scattering from the particles appears asfanction polarized light 1S, .(3/16”).(1+.C0§6)' This can be consid-
with respect to the much broader few megahertzspectrum er_ed the probablllty_ _d|str|but|on for scattering at angle
for thermal scattering. Thus our data suggest that more thagjVen e,btht?Nprobablgty Erhgt the scattered photon has a fre-
3% of the scattering is from the thermal modes since scattefUeNcy beweew andw+dw IS

ing from particle diffusion would not have been resolvable

) . . . . 0
with this detector. Even light multiply scattered from particle 1 X4k§sin2 3
concentration fluctuations cannot give this much broadening. - _ =
; . - cer S(k,w)dw 5 dw. (22
The maximum broadening for particle diffusion occurs when ™ 2 26i2 0
the scattering angle is 90°. The maximum change in the @™+ | x4kgsi 2

spectral width is therefor®q?=D{2k, sin(§)}*=3.2 kHz.
A photon shifted on the order of megahertz would have hadquation(22) is the thermal diffusion term from Eq20)
to undergo~300 scattering events, all additive at maximum with the scattering vectar= 2k,sing/2. Any given photon is
scattering angle, and still enter the detector. Since the meastattered into an angle with a probability given by the Ray-
free path is never less than 0.5 m in our experiments and thieigh phase function and constrained by the geometry of the
length of the tank is 1.2 m, this cannot possibly be realizedexperiment. Since the scattering volume is large, the maxi-
Assuming that the scattering from the thermal modes isnum allowable angle is determined by the position in the
3% or greater, a curve was generated from €§), using tank where the scattering event took place. The scattered
only the thermal diffusion term. This was convolved with the photon then has a given frequency with probability given by
measured spectrum taken through clear waté®,,( Eq.(22). Each photon may be scattered through a different
=0.048) in Fig. 3. The results are plotted in Fig. 13 againstangle with each angle having an associated frequency distri-
the measured spectrum@t,=1.07 from Fig. 3. The results bution. This process may introduce enough randomness for
are quite good around the peak and the widths are the samitae overall frequency distribution to have a significant
Thus the thermal diffusion scattering gives the appropriatésaussian character.
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If each measured spectrum is a large random sample dforentzian component. Given the large scattering volume
the frequency of photons originating from events occurringand the corresponding range of acceptance angles, we invoke
throughout the scattering volume, then, by the central limithe central limit theorem to explain why the measured spec-
theorem, the measured frequency distribution will be Gausstra have a larger Gaussian component. This situation could
ian, regardless of the distributions of the individual eventsbe remedied by scattering from a small volume at a fixed,
The necessary conditions for the central limit theorem tcknown angle. Then the scattered spectrum should have a
hold are(i) the means of the distributions of the individual greater Lorentzian component and give better agreement
events are finite andi) the variances of the distributions of with the theoretical spectrum. A more difficult method of
the individual events are positive definite. There exist thregesolving the disparity between theory and experiment would
distinct random processes. The first process involves thbe to simulate the scattering with a Monte Carlo model. If
number of photons that scatter at a pginin the tank. The the distributions for each eveltscattering position, angle,
next process describes the number of photons scattenged atand frequency shiftare known, then a Monte Carlo simula-
into an angley, whered is less than the maximum detectable tion can be performed to obtain a resulting frequency distri-
angle. Finally, the last process, given by E2p), determines  bution. This distribution could then be compared to the spec-
the allowable frequencies for the photons scattered througtia measured through turbid water.
an angled. In all three cases their respective means are finite Spectral broadening was only observed for water-patrticle

and the variances are positive definite. mixtures when the particles were smaller than the wave-
length of the illuminating laser. There was no observed spec-
VI. CONCLUSION tral broadening when larger spheres were added. The data for

) . the dilute spheres, shown in Fig. 10, indicate that the spec-
An exhaustive study was undertaken to determine theym is not significantly broadened until the ninth drop of
cause of observed broadening in the spectrum of laser lighfpheres has been added. This corresponds to an average dis-
Scattered through water W|th CO||0ida| particleS added. It WaStance between partic'es Of 9,(,8“ The |arger Spheres never
found that the Only mechanism, ConSiS.tent W|th Observationapproach th|s Separation distance before the beam is extin_
that gives the correct order of magnitude for the spectrajyished. We postulate that the average distance between par-
width is the coupled concentration-thermal fluctuations. Intjcles must be small enough before the concentration gradi-

order to apply this theory we assumed the water-particlents of the particles interact significantly with the thermal
mixture can be described as a binary fluid mixture. fluctuations.

Though the concentration-thermal fluctuations give the
appropriate energy shifts for the measured broadening, the
spectral data diverge from the theory in the wirtg&. 13.

This is because the scattered spectrum for concentration- This work was supported under the internal Independent
thermal fluctuations is Lorentzian, while the best fit to theResearch program, funded by the Office of Naval Research,
data is a scattered spectrum with a larger Gaussian thaat the Coastal Systems Station.
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