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CHAPTER I

I TRODUCTIO

Dynamic light scattering has proven to be a powerful tool in th study

of many dynamic processes. It has been used to probe fluctuations in systems

at thermal equilibrium[l] and also those in non-equilibrium steady states, such as

hydrodynamic fluctuations in laminar[2,3] and turbulent[4-7] flows. In the study

of turbulent and other self-similar flows, one is interested in measuring the ve

locity difference, Jv(r) = v(x) - v(x + r), over varying distances r in a flow field

v(x). As was demonstrated many years ago,[S-lOJ ov(r) is accessible by homodyne

correlation spectroscopy (RCS). With the HCS scheme, small seed particles in a

flowing fluid are used to scatter incident laser light. The scattered light intensity

I(t). which fluctuates because of the motion of the seed particles, contains beating

frt'quen ie' of all particle pair ill the scattering volume. For each particle pair

separated by a distance r (along the beam propagation direction), th ir Doppler

beating frequency is q . Jv(r), where q is the momentum transfer vector. The

magnitude of q is givC'n by q = (41Tn/ A) sin(e/2), where e is the scattering an

gle, n is the refractive index of the fluid, and A is the wavelength of the incident

light. Experimentally, the Doppler beating frequency is measured by the intensity

auto-correlation function[1]

( ) = (I(t + T)I(t)) = bG()
9 T (I(t))2 1 + T, (1)

where b is an instrumental constant, and the angle brackets represent a time average

over t. It has been shown that G(T) in Eq. (1) has the form [4]

1
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G(7) = Jo dr h(r) J -00 d8v P(6 )r) cos(q8 7), (2)

where 01' i the component of ov in th direction of q P(8v r) is th probability

density function (PDF) of 8v(r), and h(r)dr is the number fraction of parti Ie

pairs in the scattering volume. The weighted average over r is requir d b cau e

the phota-detector receives light from particle pairs having a range of separations

(0 < r < L). The function G(7) yields information about the velocity differences

in the direction of q and at various scales r up to L. With the HCS technique,

one measures the velocity differences directly without invoking Taylor's "frozen

turbulence" assumption[ll] to interpret the measurements.

In many previous experiments,[4-7} the length L of the scattering volume

viewed by a photo-detector was varied by changing the width S of a slit in the

collecting optics. With this "single slit" arrangement, the range of L which could

be varied in the experiment was rather limited. The lower cut-off for L is controlled

by the incident beam radius (J. In deriving Eq. (2), L has been assumed to be much

larger than (J, so that the integration over the beam radius can be neglected. When

L becomes smaller than (T, the decay of g(7) is dominated by the velocity difference

over (J rather than L, and therefore Eq. (2) is no longer valid. The upper cut-off for

L is determined by the "coherence distance" (or coherence area) at the detecting

surface of the photo-detector, over which the scattered electric fields are strongly

correlated in space. [1] When the slit width S becomes too large, the photo-detector

sees many temporally fluctuating "speckles" (or coherence areas), and consequently

fluctuations in the scattered intensity I(t) will be averaged out over a range of q

values (= qo±oq) spanned by the detecting area. For spatially uncorrelated particle

motions, such as Brownian diffusion, this spatial averaging over oq only affects the

signal-ta-noise ratio of the measured 9(7), but the decay rate of 9(7) remains

unchanged. [1] In turbulent and other self-similar flows, however, particle motions

at different spatial points are strongly correlated and the spatial averaging effect

changes both the signal-to-noise ratio and the functional form of 9(7).[2,12,13)
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In this paper we present a new double lit arrang m nt for th H S

technique, in which the Doppler shifted light from two different catt ring l' gion

separated by a distance L is mixed on the photocathode. Experimentally this

mixing is accomplished by using a fiber-optic coupler, which couples two single

mode polarization preserving fibers. With the I double slit" arrangem nt) one

can remove the upper limit for L based on coherence areas and extend it to the

coherence length of the laser to measure the velocity difference bv(L) directly for

any value of L (> a). In the study of turbulent flows) it is always desirable to

expand t hE' length scale range so that the scaling laws of 8v (L) over varying L can

be tl:'sted With high accuracy. [14] Furthermore, because fluctuation of the scattered

intensity in the "double slit" arrangement are dominated by the Doppler beating

frequency q. 8v(L), the weighted average over T in Eq. (2) is no longer needed.

Therefore) the measured G(T) becomes directly proportional to the Fourier cosine

transform of the velocity PDF P(8v, L), if the single detector collection areas are

sufficiently small.

The next section of this paper contains the theoretical calculation of the

intensity auto-correlation function g(T) in the "double slit" arrangement. Experi

mental details appear in Sec. 3 and the results are presented and analyzed in Sec.

4. Finally', the work is summarized in Sec. 5.



CHAPTER II

THEORY

Figure 1 shows the scattering geometry and the experimental s tup. The

two input optical fibers detect the scattered light from two different regions and

then mix them at the coupler. The electric fields detected by each fiber sum in the

coupler and consequently interfere. The intensity auto-correlation function g(T) is

then written as:

(T) = ([E1(t + T) + E2 (t + T)][E1 (t + T) + E2 (t + T)]*[E1(t) + E2 (t)][E l (t) + E2 (t)]*)
9 ([E1 (t) + E2(t))[E1(t) + E2 (t)]*)2 '

(3)

where E1 and E2 represent the electrical fields viewed by each of the input fibers

wit h the polarization directions assumed to be the same. The numerator on the

right hand side of the above equation contains 16 terms.[15] Eight of these terms

are of the form (E1E2E2E2 ) or (E2E1E1E1 ) with one field contributed from one

scattering volume and three from the other. Because the particles which scatter

the light are assumed to be independently positioned in the scattering volumes 1

and 2, the averaging over each volume maybe carried out independently to obtain

(E1 ) (E2 E2E2 ). Since a single field average (E1 ) is zero, all these eight terms

may be neglected. There are two more zero-value terms of the form (Ei(t +

T)E~(t)E2(t + T)E2(t) and (E1(t + T)E1(t)Ei(t + T)Ei(t). These terms also

separate into independent averages for each scattering volume and the averages for

each scattering volume are zero for the same reason that (E1) is. Two other terms

are time independent and are equal to 21112 , Two of the remaining four terms are

self-beating terms within each of the scattering volumes, (It (t+ T)11(t) and (12(t+

T)12(t). The last two terms are conjugated cross-beating terms, which contain

all the velocity difference information. When the velocity differences dominate

4
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mental setup.
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intensity fluctuations, the cross-beating terms ake the fonn[4]

(4)

where N is the number of the particles in the scattering volume, and ov(rij) is

the velocity difference at a separation rij between the two scattering volumes. In

deriving Eq. (4), we have assumed that the scattering wave vectors of the two

electric fields are the same. If they have different scattering wave v ctor I say ql

and Q2, the beating frequency in Eq. (4) will become q1 . v(rd - Cl2 ' v(rj) instead

of q , 8v(rij ) .

Equation (3) then becomes

If + I? 21112
geT) = 1 + (I1 + I

2
)2 GS (T) + (I1 + h)2 GC(T) = 1 + bsGs(T) + bcGc(T). (5)

In the above, the cross-beating correlation function is

1 N

Gc(T) = N2 L(cos[q. ov(rij)TJ),
i,j

and the self-beating correlation function is

1 N
Gs(T) = N2 L(cos[q. OV((ij)T]),

i,j

(6)

(7)

where OV((ij) is the velocity difference for a separation ~ij within a singl scattering

volume 1 or 2. For a homogeneous turbulent flow with a velocity PDF P(bv), we

have

GC(T) = JJ~: dxdx' f(x, XI)!(X', X2) J!: dov P(ov) cos[q· (v(x) - V(X'))T]

= J~: dr her, Xl, X2) J~: dov P(8v) cos[q· 8v(r)T],
(8)

where the number density of the particle pairs separated by a distance r is given

by

h(r,Xl,X2) = 1:00

dx'f(r + x',xl)f(x',xz). (9)

In the above, the function f(x, xI) describes the intensity distribution of the scat

tering volume 1 viewed by an input optical fiber. The center of the scattering
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volume 1 is assumed to be at Xl. Equation (8) states that the light scattered

by each pair of particles contributes a phase factor cos[q . ov(r)r] (because of the

frequency beating) to the cross-beating correlation function Gc(r), and Gc(T) is

an incoherent sum of these ensemble averaged phase factors over all the particle

pairs across the two scattering volumes. With Eq. (8) one also can obtain the

self-beating correlation function Gs (r) by simply letting Xl = X2. In this case, Eq.

(8) becomes identical to Eq. (2).

In a typical light scattering experiment, the scattering volume viewed by

an optical fiber can be assumed to be quasi one dimensional with its effective length

eo being larger than the beam radius 0'. In this case, the integration over 0' in Eq.

(8) can be neglected. In fact, for the rigid body rotation to be described below,

the integration over a is not needed, because the velocity gradient transverse to

the beam direction is zero. Furthermore, it has been shown(16) that f(x, Xl) can

be well approximated by a Gaussian function

1 (x - xd2

f(x, xI) = ~ exp[- n? ],

V 27r~ Co
(10)

where £0 is the effective length of the scattering volume centered at Xl, and x is

the position variable along the incident laser beam [see Fig. l(a)]. With Eq. (10)

the function h(r, Xl, X2) in Eq. (9) becomes

(11)

It can be shown using Fig. 1 that the beat frequency for rigid body rotation

has the form q. ov(rij) = (ks - ko) .Wrijee = k,w(sin O)rij, where k, = ko = 27rn/A.

In the experiment to be described below, the scattering angle () = 90°. The function

Gc(r) in Eq. (8) then becomes

where al = k,w£o/V2 and a2 = k,W{Xl - X2) = k,wL. In obtaining Eq. (12) we

have omitted the integral over 8v in Eg. (8), because OV is no longer a random



variable for rigid body rotation. Similarly one can obtain th function G,,(7") b

letting II = X2 (or L = 0) in Eq. (12). Thus we have G,,(r) = exp[-(al7")2]. Th

total correlation function g(T) in Eq. (5) then becomes



CHAPTER III

EXPERIMENTS

Figure 1 shows the experimental set-up and the optical arrangement. The

sample cell is a cylindrical cuvette having an inner diameter of 2.45 em and a height

of 5 em. It is filled with l,2-propylene glycol which has refractive index n = 1.434

and shear viscosity 7J = 40.4 mPas (at 25°C). This viscosity is 40 times larger than

that of water. A small amount of polystyrene latex spheres of diameter 0.1 p,m

is seeded in L2-propylene glycol at a volume fraction ¢ = 1.5 X 10-4 . The top

of the filled cylindrical sample cuvette was mounted so the axis of symmetry is

coaxial with the axis of rotation of a geared motor. The motor produces smooth

rotation with a uniform angular velocity w = 2.5 rad/ s. The whole sample cell

was immersed in a large square vat of size gem x 9em, which was also filled with

l,2-propylelle glycol. The index matching vat was used to reduce parasitic scat

tering effects. Because the densities of 1,2-propylene glycol (= 1.036 g/em3 ) and

the polystyrene particles (= 1.05 g/em3
) are closely matched, settling is negligible.

Because the viscosity of 1,2-propylene glycol is large, Brownian motion of th par

ticles is negligible, and the whole fluid sample is essentially undergoing rigid body

rotation. As a result, fluctuations of the scattered light intensity were dominantly

prod u(ed by the rotational motion of the particles.

An incident beam from a Nd:YAG laser with an operating power of 200

mWand a wavelength of A = 532.0 nm is focused at the center of the sample cell by

a lens. The scattered light from two different regions is collected by a polarization

preserving fiber-optic coupler (purchased from OZ-Optics), which consists of two

input fibers and two output fibers coupled together [see Fig. l(b)]. The four fiber

arms are made of single-mode polarization maintaining (PM) fibers. Light from

the two input fibers is first collimated, and then sent through the combiner (a

9
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beamsplitting cube) to divide each beam into two with a splitting ratio of 50/50.

The resultant output beams are then focused onto the two output fibers. Th four

fibers and the beamsplitting cube are carefully aligned and mounted together such

that their polarization directions remain fixed. This ensures that the light from

the two input fibers are well mixed and then split evenly into two output fibers.

The two input fibers, both having a graded index lens for a better collection of

light, are aimed at two different scattering spots through a large beamsplitting

cube of square dimension 1.6 em to points along the incident beam in the sample.

To facilit.at.e the change of the distance L between the two scattering pot I we

lllolilltecl each input fiber onto a. micrometer-controlled translation stage. With

this arrangement the distance L can be varied from 0 to 250 mm in steps of

0.01 mm. One of the output fibers was connected to a photomultiplier (PMT).

The output signal from the PMT was then fed to an ALV-5000 correlator, which

computed the auto-correlation function g(T) of the scattered light.

The other output fiber was connected to a He-Ne laser, which was used

for the optical alignment. With the reversed He-Ne light coming out of the input

fibers, we could directly observe the scattering volume viewed by each input fiber,

and align the input fibers such that they collect the scattered light with the sam

scattering angle e (= 90°) or same q value for any distance L. Each input fiber is

lllolinted on a small stage whose orientation can be adjusted by two thumb screws.

We installed a beam stop in the PMT housing to block the light from the He

laser, when it was on. The intersection between the output He-Ne beam from a

fiber and the incident beam from the Nd:YAG laser defines the scattering volume

viewed by that input fiber. To verify the Gaussian assumption in Eq. (10), we

used the reversed He-Ne laser and measured the transverse intensity profile I (x, xd

of the output light for one of the II input" fibers. Figure 2 shows the normalized

intensity profile f(x, xd == l(x, xd/10, where 10 is the peak intensity at x = Xl'

The solid curve shows the fit of Eq. (10) to the data witll £0 = 0.83 mm. In the

fitting we introduced a constant baseline to account for the room light contribution
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and the background noi e of the photo-detector. It i seen that Eq. (10) fits the

data well, confirming that the Gaussian assumption for I(x Xl) is indeed valid.
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CHAPTER IV

RESULTS A D DISCUSSION

Figure 3(a) shows the measured g(7) at w = 2.5 rad/sand L = 4.33 mm

(circles). To show the oscillations in g(7) more clearly, we plot the measured g(7)

with a log time scale. These oscillations reveal the characteristics of the frequency

beat.ing between the two input channels. The squares were obtained when on

of the input optical fibers is blocked. In this case, the cross-beating correlation

function Ge(T) = 0, and therefore the measured g(7) becomes 1 + bsGs(T). Figure

3(a) clearly shows that the squares represent an envelope for the circles. The

lower solid curve in Fig.3(a) shows the fit of Eq. (13) to the circles with a1 =
13.77 (ms)-l, a2 = 179.54 (rad/ms), bs = 0.55, and be = 0.332. The upper solid

curve is the fit of Eq. (13) to the squares with Ge (7) = 0, al = 13.15 (ms)-l J and

bs = 0.974. It is seen that Eq. (13) fits the data well. Note that the fitt d values

of al obtained from the two measurements are very close to one another.

From Eq. (12), one finds that the decay rate al is proportional to the

effective length eo of the scattering volume, and the oscillation frequency a2 is

proportional to the distance L between the two scattering volumes. Th refore, th

dynamic range for the measurement of the velocity difference 8v(L) is proportional

to the length ratio L / eo. To have a large dynamic range, one needs to reduce the

value of eo as much as possible. For the experimental setup shown in Fig. l(b), the

value of eo is controlled by the graded index lens installed at the front end of each

input fiber. The collimated beam diameter (BD) is determined by BD = 2f NA,

where I is the focal length of the lens and N A is the fiber numerical aperture. The

full divergence angle (DA), on the other hand, is determined by DA = a/I, where

Q is the fiber core diameter. For the fiber-optic coupler used in the experiment, we

have f = 3.2 mm, N A = 0.1, and a = 3.5 /-im. Thus, we find ED = 0.64 mm and

13
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DA = 1.1 mrad. By changing the focal length f one can minimize the length eo
for a given distance between the input fiber and the scattering volume.

To further reduce the value of lo, we added an additional lens in the

collecting optics. Figure 3(b) shows the measured g(T) obtained with the additional

lens when L = 3.68 mm (circles). The squares were obtained when one of the input

optical fibers was blocked. Because of the reduction of eo the decay rate al becomes

::'l1lalleL and therefore more oscillations appear in the measured g(T). Th upper

solid curv III Fig. 3(b) show the fit of Eq. (13) to the squares with Gc(T) = 0,

al = 3.71 (ms)-l, and bs = 0.986. The lower solid curve is the fit of Eq. (13) to

the circles with a2 = 153.36 (rad/ms), bs = 0.52, and be = 0.41. In the fitting, the

value of al was fixed at 3.71 (ms)-l. Using Eq. (12) we find fo = 0.124 mm from

the fitted value of al = 3.71 (ms)-I. In Fig. 2 we have shown the measurement

of the intensity profile I(x, XI)/10 , from which we obtained a value of lo. However,

the measurement was carried out in air at a position outside the scattering sample.

With a simple geometrical conversion, we find the actual value of fo = 0.117 mm

at the sample position inside the solution. This result compares well with the value

ul (u obtained from the fitted al'

\hie now discuss the L dependence of the fitted oscillation fr quency a2.

Figure 4 shows a log-log plot of the fitted a2 as a function of L. The data ar

found to be well described by a linear function a2 = aL with the slope a =

41.74 rad/ms/mm (the solid line). According to Eq. (12), we find a2 = q·6v(L) =
kswL = 42.32(rad/ms/mm)L, which is in good agreement with the measurement.

It is seen in Fig. 4 that the value of L spans over 2 orders of magnitude. As

shown in Fig. l(b), the upper limit for L is controlled by either the sample size

or the size of the large beam splitter. In fact, for large separations of the input

fibers, the beam splitter is not needed and one can mount the fibers directly on

a translation stage and measure the velocity difference 8v(L) at any value of L.

Because of the large value of L, the measured g(T) will contain many oscillations.

Figure 5 shows the measured g(T) at L = 9.68 mm. The solid curve shows the fit

of Eq. (13) to the data with al = 3.79 (ms)-l, a2 = 403.56 (rad/ms), bs = 0.53,
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Figure 3. (a) Measured g(7) as a function of the delay time 7 when w = 2.5 rad/s
and L = 4.33 mm (circles). The squares were obtained when one
of the input optical fibers was blocked. (b) Measured g(T) obtained
with an additional lens when L = 3.68 mm (circles). The squares
were obtained when one of the input optical fibers was blocked.
The lower solid curves in (a) and (b) show the fits of Eq. (13) to
the circles. The upper solid curves are the fits by Eq. (13) with
G'c(T) = O.
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and be = 0.42. It is seen that at large values of the delay time T the measured

g(T) fails to follow the expected oscillations. This is because the delay channel

of the ALV correlator used in the experiment are arranged logarithmically and

the sampling time of each delay channel increases with the channel number. As a

result, oscillations at large delay times are averaged out within each of the delay

channels. Figure 5 thus suggests that a correlator with linear delay channels is

best suited for the measurement of c5v(L) in a laminar flow. For turbul nt flow,

however, the velocity fluctuations will average out such oscillation in g(T) and the

Fourier cosine transform of the velocity PDF P(t5v, L) [see Eq. (8)] will u ually

become a decaying function of T. In this case, a correlator with logarithmically

spaced delay channels can be used to probe the long decay tail of the measured

g(T).

In the experiment, the smallest value of L can be adjusted to zero. In

this case, the measured g(T) should be identical to that obtained when one of the

input optical fibers is blocked. It is found, however, that when the separation

L is set to zero, unusually large fluctuations appear in the measured scattering

intensity. In fact, the intensity fluctuations were so large that we could not obtain

any reliable g(T). To find the origin of the intensity fluctuations at L = 0, w

turned on the reversed He-Ne laser and let the two outgoing beams intersect at the

sample position. The two beams interfer d with each other at the crossing point

and strong intensity fluctuations were observed visually. We believe that these

intensity fluctuations are caused by small vibrations of the input fibers changing the

optical path length. Once the separation L becomes non-zero, the large intensity

fluctuations disappear. As mentioned in Sec. 2, in deriving Eq. (12) we have

omitted the integration over the beam radius u. When L becomes smaller than u,

the decay of g(T) measured in a turbulent flow will be dominated by the velocity

differences over u rather than L. Therefore, the lower limit of L for the present

technique is still determined by the radius of the incident laser beam.

Finally, we discuss the fitted values of bs and be in Eq. (13). The sum

of the two coefficients determines the value of g(O) at T = O. In dynamic light
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Figure 5. Measured g(r) as a function of r when w = 2.5 Tad/sand L = 9.68 mm.
The solid curve is a fit by Eq. (13).
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cattering measurement, 9(0) i a measure of the ignal-to-noise ratio for th

correlation function 9(T). According to Eq. (5), both of the coefficients should be

equal to 0.5 when Ii = 12 , From the fitting in Fig. 3(b), we have bs = 0.52 and

be = 0.41. It is found that the value of be depends strongly OIl the polarization

state of the electric fields in the two input fibers. To have a perfect mixing [i.e.

9(0) = 2]' the polarization of the two electric fields needs to be exactly parallel.

Prior to the purchase of the polarization preserving fiber-optic coupler, we used a

non-polarization preserving fiber-optic coupler to measure 9(T). This coupler was

made with non-polarization maintaining (non-PM) single-mode fibers. B cause

tht' polarization of the E-fielcl inside a non-PM fiber change with the spatial

configuration of the fiber, the measured 9(T) is found to be very sensiti ve to the

spatial arrangement of the input fibers. In many cases, the measured 9(0) is found

to be ,....., 1.5, indicating that the cross-beating term Ge(T) ':::: 0 [see Eq. (5)]. In

fact, the measured 9(T) shown in Fig. 3(a) was obtained using the non-PM coupler

under the "best fiber arrangement". Still, the measured 9(0) (circles) is found to

be substantially lower than that for the self-beating term (squares) [see Fig. 3(a)].

When the polarization preserving fiber-optic coupler is used, the measured g(O)

becomes insensitive to the spatial arrangement of the input. fibers. Furthermor ,

t.he measured g(O) (circles) 1S found to be very clos to that for the s If-beating t I'm

(.'quares) [ ee Fig. 3(b)]. To study an unknown turbulent flow, it is important to

u. e a polarization preserving fiber-optic coupler to measure the velocity cliff renee

ov(L). In this way, one can ensure that the changes of the measured g(T) are

caused by the flow not by the optics.



CHAPTER V

CO CLUSIO

We have developed a new optical arrangement for photon correlation spec

troscopy (peS) to measure the velocity difference bv(L) at a separation L. In the

experiment, two single mode fibers are used to collect light with the same scattered

wavevector but from two spatially separated regions in a sample. These regions are

illuminated by a single coherent laser beam, so that the collected signals interfere

when combined using a fiber optic coupler, before being directed to a photomulti

plier tube. The fibers and coupler are polarization preserving to guarantee a high

slgnal-to-noise ratio. We calculate the intensity correlation function g(T) for this

tlt'w "double slit." arrangement. Experiment verifies the theory in a simple case of

ngicl body rotation and demonstrates its applications. The measured ov(L), which

spans over two orders of magnitude in L, agrees with the theoretical prediction with

an error less than 5%.

The new fiber-optic method has several advantages over th usual "single

slit" arrangement for PCS. First, the use of the fibers and coupler mak s the opti

cal alignment much easier. With the unique design of the fiber-optic coupler, one

is able to conduct on-line alignment and calibrations. Second, because fluctuations

of the scattered light in the "double slit" arrangement is dominated by the interfer

ence of light from two different scattering regions with a separation L, information

about. ov( L) can be obtained directly from the measured g(r) without introducing

all additional integration. As a result, the "double slit" arrangement becomes more

sensitive to the probability density function (PDF) of bv(L). Finally, with the new

scheme one can remove the upper limit for L based on coherence areas and extend
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it to th coherence length of the las r. Therefore, one can measur 0 (L) accu

rately over a much wider range of L. We xpect that the new fib r-opti method

i I eful for the stud· of turbulent flow and particle ettling d namic .
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