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\lsta.t. Bro$ni.n nolion in sinple shear flo$ is studjcd nsing rhe technique oldlnarnrcrl
:.i rcarering In . convenrionrl sclllering e\Friment thc eflect of BroNniar folnrn is
\ured b! tbat of(dclcrninhtic) p.ni.le conveclion We descrlbc an c\perincnl.l selup in

.ii.h both eist\ a.e sepdratcd

L lntroduction

Lrght sctllering has been used successfully to study solutions of Brownian
n.trticlcs in equilibrium. The erratically mo\ring particle causes a liuctuating
\'attcrcd lighl intensit!, which reveals the microscopic lluclurlions of the
parlicle position. Many solutions, howcvcr. are not in equilibrium. the
limplcst example is a sheared solution [2, 3, 7]. At Iirst sighl, dynamio light
\'altcring might be employed to probe thc microscopic lluclualions of the
pdrlicle positions in thc non cquilibrium case as $ell. However. it turns out
thal in a conventional sctup more mundane effects associated with shear
dominate the fluctuation spcctrum. Those elTects. on the other hand. mry be
quitc interesting for lascr Doppler velocimetry, because they clln be exploited
iuch as to procurc the velocity gradient in a point 16l. In the present papcr
$c discuss light scallsring experiments that do provide inibrmation about
the lluctuations in n lluid that undergoes shear. As the simplest possible casc
$,e will describc its application in the case of non-interacting Brownian
p,rrlrcles.

2. Brownian motion

Colloidal parliclcs in a host fluid exhibit Brownian motion. Collisions rlifi
lhermal fluid molccules provide the slochaslic driving ibrce of this motion.
fhe particlc motion is dnmped by Slokes friction with the solvent Iluid.

The microscopic cqualion ofmotion, the Langevin equation, lbr a Brownian
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particle re.ds:

1l1yr9 :  n i ,1,

where x(/) is its lime-depcndent position, and F(r) is the random force The

frictioD coclllcienl B forrD isolated spheric.d particle 
'rith 

r'rdiusd, and mass

m in a 11uid with dlnamic viscosilv 4 is , : 67'4d/'rr' it is also thc inverse of

the characteristic time of the velocity iLutocorfelation funclion For large

times. such lhat I > ,4 
L. an cquarion for a probabilitv dcnsity P(x. /) ofthc

particle position may be dcrived liom equation I l10l:

The Slokcs-Einstcin result:

( lA* ' ) :2D1. D = kTl6n4d

( r  l

(2)

(3)

expresses that the mean_squarc dispiacement of a free Bro\lnian particle is

proportional to time. Thc dillusion coemcicnt D is dctermincd by thc kinetic

cnergy of the fluid molecules. kI, and lhc Stokes rcsistirncc ol-a sphere.

When a llro$dan particlc is subjccted to simple shear (r' : iro + lJ'

a : 0), lhc Langelin equation becomes:

dl*pf :  
7,( ; , r  +,1 )+ r( / ) .

S*r$:  ,1,1 '

where i is lhc shear rrle. An rt first sight surpising result is that 1br large

limes. I > , '. the ncan-square displacemen! of a particlc is proportronal

to /r [4. 8]. Stfictl-,- spe king thcrc js thcn no longcr dillusive behaviour'

Flrrthermorc. the sprcading of thc particlcs becomcs anisotropicl displace-

mcnts in thc .. direclion are cnhanccd by lhc llow An intuiti!c undershnding

for this bchaviour may bc reachcd as lollows ln the -r 
dircction thcrc rs

ordin.rry diffusion rvith rmr displacemenl Ar : li': This gives risc 1o a

clisplaccment in lhc -r direction of (Al )) / : I'r. resulting in a mcan-square
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:lTiffil::i,'il:'liT:"ilJ' x.'iiliJl:"":1"::'';,i: i:':ililT;:'i.,?'::
a microscopic level.

3. Dynamic light scatterlng

D\ namic l rght sca(lcr ing l '  rn c\cel lent rool  Cof sluJ\ ' r rg Bro$ nian rnol ion

;" ' ; ; - . ; "-  on scalc '  comprrahlc ld rh( qutclenPrh ol  l ishr Lrn be

n,"i.a "** ' 
*""'.n er(menrarv rirht 'c rtreTl"lil:fi1,i::li':li

'h.am 
of ripht u irh u ar e':. l" it 

l ' ' : : '- l :;:;:; ., ; ;:"n, , ishr rhar hr.

i::]il11#l'l :i.li:.li:,Ttl iill"l"';;;";;;;,r'" ;","i,"a'r""r..
i"iJ 

"-oljira" 
i" trr" tum of that scattercd bv particles located at x'(r):

r (q,0 = I1, , [xr( , ]e 'n 
\ -

where the scatterins vector q : k' - . i": 'i i:*':'J':i'li"it :ilil:

ii,l";Jl; ;'iffi:"il;i,"'li,3li*Tlliil;;,'",i.* 0".,u" posi'lio"' is

tasec
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"oot";*a 
in the electric {icld autocorrclation flrnction G(i):

6r'1q, r) : i i ,!Jr-.o,r' L'"lx'(r)le'q I.1'r '-(0)r)' (6r

t \here Lh( rngl '  bracl 'et '  denole an (ntnrhlc r \erage ln the ra" ' ' f  ncn_

,.::tnlll:"'": lilll'iif;"n';;':':l;:i: lliT":" " i":;' i;i
a, ' , i0.4 = e o" ' ' .  

( ' )

" TT,i.:;::,:l"J:"iilili,;l[T[Inl'"l,.,",.i,:TtJ',lt.;:l::;:;
1;,[:];i::lfjL':",li:s:1 rTi: ;1"Til:;i''" o"'iu " "' ""

G,.(q. , )  = 1+ lc i r r (q.  r ) l :  
(sr

i::l'l ;Jl'i'l' :.:i:'Lir:li':\:;'i"; il:}:]:iil"r f:i:il
'l*'.:ii:ll.:,il':::iJ."l ll,,Xl. ii,., ;,.. sign,',,rn,,r

4. Dynamic light scatteiing in shelr flow

I be ri,., nuLr) or,,phr'!,,,,erin8,in'h€ar,lil.:i::i[::l,t;,lJ,i;l:'"ii

ll',lil:,Tl'll,Illi'..'^: I llili'"':*lii*:i,:: ::':lL**X'
*;:li.,;:lll iJ:::11';l; jil:,,I";J'"'o po.''..t"''*"'''ng'n' "'

;:;;tni,l:jl'l''l*nns'"$:"ji-'ii'H::"' 
.'

c,,,(q, r) : i r1*,10111.''" 't" '""';,

$hi(h i '  pcfmrl l (J r l  rhe l rn*r ' r l '  of , lhc, 'cr l rcr ing \olum( r '  lcrge $

re\ncLr ro rhe \ r\ crL nrth "r-r hi,useo 
H"]x: :i:'i"lr.'lroo; $;::,

::I'lJ: J:,1'J, :'.i"1i'll"ill;"';:i'"
x,0) - x'(0) : l(r0 + r '(o)])e' + i ' ( l)  i ' (0) '  (
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r!here ,! is lhe mcan flow velocity ir the scattering volume. Accordingly. the
lirst-order correlalion fuDction can bc wrilren asi

(t ,(q. /) : / t \  )e i ' , '+ c{  
t  \ '0, ( t  r )

ln c.lse o[ simp]e shcar *e quote thc fo o$ing rcsult for the last factor in
equat ion 1l  [5] :

R(q. 4 = (e,q r t , ( / r  r , io)r)  c ' r r id r i r : , i r  .4.q 4i  1:rr .  (12)

Wc next approximale rhc sum rn equarion l l  wi th.rn integral  over f ie
sc.rtteriDc volume thal is defined by the cross scction of rhe laser bc m and
rhe acccptancc conc of the light collccring opucs:

I  / l \  | r ) lc '  J r / r r r . . (  l3)

Thc correlation function is then the product of three rimc_depcndenl lactom.
One is associatcd with Brownian motion. whercas rhe orhef two areconnectccl
with (deterministic) convection. Equation ll cmbodrcs the convecti,"c lime_
scales- The time dcpendence contained in the llrst facror in the right-hand
side of equation il will vanish when ar inlensity-correladon ;s measured
and this faclor ui11 be muitipticd by its comptex conjugate. The sccond
lactor rs a spat ial  Fourier l ransform of thc intensity distr ibut ion /(x) ovef
the scat ler ing volume. l t  is character ized by a r ime-scalc |  = ( .1,) t , ) t ,
whcre I is the sizc ofthe scattering volumc. Generally ./(x.) is a Caussian and
thc second factor will decay on a time .,. From equxtion 12 it follows thnt
thc infiucnce of shear on diffusion is ob$rved on a time_scale r,, _ )
However, thts time-scalc will always bc nuch larger than r,: thcir fatio
equals Z/;. thal is thc macroscopic size of thc scattcring volume o\,er thc
wavelcngth oflight. Due to rhe finite signal to Doise raljo in the experimcnr
onlv the phenomenon associated with rhe shortesr lime_scale .|l.ill be obscrv_
able. Thus. thc inlluence ofshear on dillusion will be obscurcd by the e{Iccl
ol-rhe dclermini . Ic m,, l ron of  lhe l r r t | r le. .

Summarizing, thc nrive lighr scattering experiment produces a corlelation
lunction that consists of a petk at I : 0 whose width is inverscl) propor_
tronal to the size ofthc scattcring volume. Experimental inforDation abour
the diiTusion facror A(q, r) would bccome acccssibtc if one could somehow
shi1l this peak to positive times t0. and measure its height which is propor,
honal {o r(q. r ! ) .  An inspecrion ofcquat ion l l  leaches thar this would bc

I
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rred
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cle
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c(q,. q,, /) = j r',t ' ' tOl"' ' '  " 'o + t'F'(r)lc'"' '" ')) (14)

s,, .  eq k k i  l , ' * ,11":* l i , j :T| l* ,1"1::"1 ' ' ; l l l
l'"I::^ i;:;",:r; ;".iI;I,:i:-'J:J:.'' " '.,

t ( , , (q, ,  q, .  r )  :  Blq: , r )ea'" ' ' ia ' r r , r ; "" 'v  " ' " '

+ 8(q,.  r)e '4"" ' i  drr l r*Er e'rLr ' -{ : r ' ' (15)

$h:!r  lq

\q \=

v

t

',," 1'^.'l J,:::1",[l:l]:iJJi;. ; l:i "l:x " l"';:ill'
, "l'1"".',1"1, i. ,* .:;i 1,,; i:: ll"il,"'" ",lj )".;
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Provided that the physics ofthe present expcriment allows application of
the Siegert rclation (cquation 8), the inlensity correlation function cquals
one plus thc squarc of lc(r)(qr,0 + Gr')(qr.  r)  + F1 ' (qr,  q2, t )  .  Thc
resulting correlnlion function will therefore have two peaks. one is located
at I  :  0 and is descr ibed by lc. i r )(q, .  / )  + c(r ' (q: ,4: .  the other one is
Iocatcd at / : Aq/(4r.1). Becausc the peaks are shifted in time with respect
to one another. squaring leads to vanishing cross products. The sccondary
peak results from the first term on thc right-hand side in equation 15. the
height ofthis peak is gauged by a(q, /)lr. The phase factor in equation 15,
involving ao will give rise to a unity prefactor in case ofintcnsity corrclation.
The position ,0 of the secondary peak can be varied by varying Aq. i.c. by
varying the mutual bearn angle, or by changing the shcar rallj )-

5. E\perimental

The scattering geometry of Fig. 2 was realised in thc experimental
sctup shown in Fig- 3. The flow was gcncrated in a Couettc dcvicc with

c0frelama

Kiister b ean
spli t t inq pn

opl icaI  f rbef

ndex malchrrq
f  lu id

beam

frg J. Exp€rimentdl selup describcd in this $ticle. Two lascr beams cftrss b€Lweed the counler
rotating cylindes of a Coucttc delice.lhe reterence bcanr is ukd to monilor the posilion of
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correlation function cersed
scattering volume was l0 x

6. Results and conclusions

to show oscillations. The
100 x l00tm.

of the re\ul t ing

Figure4showsancxampleof ameasurcddouble-peakedphotoncorrelal ion
f'unction. The two rclcvant paraDreters, thc position and the height of the
secondrry peak nre found by litting a Caussian function. Figufe 5a shows
thc secondary peak posilion as a function of the iDversc rotating velocity
(,(- I 

L) of the counl€r-rotaling cylinders of the Couetlc device. The two
incident beams cross undcr an angle of 16". The predictcd rclation between
/o and I is also drawn in thc ligure. and demonstrates that thc present setup
allo$s point measuremenls o[ shcar ntes. Figure 5b shows thc log of the
rneasurcd sccondary peak height as a function otthe peak delay Iimc 10. The
delay time wos laried by varying the shear raic while keeping the be.rm
crossing angle constanl.  as a consequence, the product r / ( :44/4.)  is.  so
constant. At a beam crossing angle of 16'and a scaltcring $,avevector k.
which is perpendicular to the bisector of the incidcnt beams. 7r : 0.28.
Whcn t/ is constant. B(q, r, which embodies the Brownian motion. is a
negatilc cxponential funclion oi time (equation 12). This is in agreement
\\'ith the obsencd behavior, howevcr, dcviations are evideni at shorl times
(high shear ratet. and long times (low shear ralcs). Work is in progress lo
elucidate their causc.

There have becn carlier reports of an atlcmpt to measure Brownian
motion in a sheared Iluid !l. The presenl expeimcnt is, to our knowledge,
the nrst ro demonstntc thlr feasibility of a two-berm sctup. Apart liom the
fundamentaL interesl in obtaining informatior aboutnon cquilibrium fiuids,
thcrc are a 1ew imporlant practical ramifications- First, we have again
dcmonstrated rhe possibility of point measuremenls of the shear rate [6]-
Second. our method could be used to obldn infomation about lhc sizcs ol'
particles in a sheared Iluidr this would be of relevancc in those siluations
$here the particle size may altcr due to shear stress. Thcrc are also quite a
few experimental intricacies lvhich still need lo bc mastered. The most
important cxpcrimcntal circumslancc is the delinition of the scattering
volume. which rcquircs rn exiremely stable setup.
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