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ABSTRACT

BRILLOUIN SPECTROSCOPY OF

MACROMOLECULAR SOLUTIONS

BY

Douglas Edward Nordhaus

Brillouin light scattering was evaluated as an experi—

mental method for measuring the molecular weights of macro-

molecules. The thermodynamic theory of Miller was utilized

in the calculations while its limitations were evaluated with

the aid of the linearized hydrodynamic equations of Mountain

as applied to a thermally relaxing liquid.

An instrumental procedure involving parameters associated

with the optical quality was develOped to experimentally

separate the Rayleigh and Brillouin peaks over a range of

scattering angles from 45 to 135 degrees. Brillouin spectra

of benzene were taken and the isotropically scattered light

identified, separated and measured. A good correspondence was

found between the ratio Jv obtained from the experimental

measurements and from the calculations using Mountain's theory.

This fact indicates that only isotropically scattered light

was measured and that the correct spectral base line was

selected.

An extensive cleaning and filtering procedure was also

developed to give consistent scattering measurements from
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sample solutions and some parameters of benzene were measured

including a relaxation line, the "Mountain" line.

Brillouin spectra of macromolecular solutions were taken

and it was found that for dilute solutions of polystyrene in

benzene the solute did not affect the solvent parameters

v v60, and t to any measurable extent. This indicated that0’

Miller's theory can be effectively applied to this solvent and

solute combination. Six macromolecules, used as molecular weight

standards and with different molecular weights, were measured

with Brillouin scattering and the molecular weights calculated

using Miller' theory. The final values compared well with

other techniques previously used such as photometric light

scattering and viscosity measurements, although the concentra-

tions were about one order of magnitude smaller than needed

for photometric measurements and the precision slightly lower.

A new sample scattering cell was designed for angular

measurements from large macromolecules to eliminate reflected

light from the back of the cell. This cell was subsequently

used in the extrapolation of the scattered intensity measure-

ments to zero concentration and zero scattering angle for

large macromolecules and also for the measurement of the angu—

lar dependence of the Brillouin peak widths for the solvent

benzene.
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I.Introduction
 

A—Historical Discussion

Scattered light has excited man's imagination for

thousands of years as seen by his frequent attempts to ex-

plain common phenomena such as the origin of the blue sky

and the red sunset. Experimentally Tyndall [1] produced the

scattering effect of a "blue sky" by passing a beam of white

light through a tube of small suspended particles from the

mixed vapors of butyl nitrate and hydrochloric acid. Unfor—

tunately his attempts to explain this scattering process

were unsuccessful as were the attempts of many others before

him, but in 1871 a theoretical paper based on his work was

written by Lord Rayleigh [2] which correctly identified the

process as one of diffraction. Using this theory, one could

predict other properties from scattering such as the angular

dependence of the scattered intensity from horizontally

polarized incident light and the dependence of the intensity

on the fourth power of the wave—length. Thus Lord Rayleigh

initiated the science of light scattering as it is presently

known.

Since Rayleigh's original theory [3,4] dealt only with

small, simple, and noninteracting particles, others made an

effort to extend his theory to solids and liquids. These

attempts met with many difficulties since in a liquid the

positions and interactions of individual particles are inter—

dependent and thus can not be simply summed as had previously

been done; thus Lord Rayleigh's theory had to be modified or

1



completely changed.

In a liquid, the physical properties at equilibrium are

practically always equal to their mean values with great

accuracy, although small deviations from these mean values

do occur and can be described by fluctuation theory. Einstein

[5] utilized the idea of fluctuations in a liquid to modify

Rayleigh's earlier theory and calculated light scattering

intensities for liquids and solutions.

All the theoretical work on light scattering processes

up to this time, including Einstein's theory, dealt only

with the intensity of the scattered light and entirely ne-

glected any frequency dependence. This deficiency was finally

remedied in a paper by Brillouin [6] who predicted that light

is actually inelastically scattered from a liquid because of

the presence of thermally excited acoustic or pressure waves.

The incident light shifted in frequency due to this inelastic

scattering is related directly to the velocity of the thermal

waves in the liquid. Gross[7] experimentally verified this

theory a short time later, but the experimental techniques

were so difficult and the accuracy so poor that few eXperi—

ments were ever attempted [8]. Most researchers instead

directed their attention either to Raman scattering or to

elastic light scattering.

The study of elastic light scattering developed rapidly

and led to solution studies of polymers in which Debye [9]

made an important contribution. By measuring the extra

scattering from a solution over that of the same pure liquid,



he could count the number of molecules per unit volume and

so determine the molecular weight of a macromolecule. But

with macromolecules, the intensity of vertically polarized

scattered light varies with the scattering angle, whereas

for small molecules no variation is noticeable. To correct

for this angular dependence and another effect due to the non—

ideal behavior of solutions, Zimm [10] and his co—workers

devised a double extrapolation plot to zero concentration

and zero scattering angle in order to obtain a correct molec-

ular weight for large macromolecules. Since then the theoret-

ical development and experimental techniques have changed

only slightly [11].

In the early 1960's the development of a powerful new

optical source, the laser [12], now made Brillouin scatter—

ing a viable technique [13,14] in the study of liquids and

solutions. The major advantages that this new source offered

included both a very high intensity of polarized light and a

very narrow frequency distribution. Those two properties

were the main deterrents to obtaining good Brillouin spectra

earlier, since it was necessary to separate three closely

spaced peaks. When intensity is plotted against frequency, the

Brillouin spectra of liquids are very simple consisting of a

central peak resulting from elastically scattered light, the

Rayleigh peak, and two symmetrical frequency shifted peaks

on either side of the Rayleigh peak resulting from inelastic—

ally scattered light. It was observed that a macromolecule



added in small quantities to a pure liquid greatly increased

the total amount of scattering from a liquid but this change

was noticeable only in the intensity of the central peak

[15,16]. The two frequency shifted side peaks related ex—

clusively to the solvent and were unaffected by the solute.

Thus, the increased scattering of a solution could be measur—

ed by relating the increased intensity of the central peak to

the constant intensity of the two shifted peaks which could

thereby act as internal standards.

A theory for the ratio of the intensity of the central

peak to the frequency shifted peaks or Brillouin peaks,

IC/éI , was developed by Miller [17] using strictly thermo-

dynamic arguments. Subsequently it was applied to determine

the molecular weight of a macromolecule in the same manner as

Debye previously had done with elastic light scattering, but

the primary assumptions made were never experimentally verified.

Simultaneously Mountain [18,19] developed a theory which cal-

culated the total frequency spectra of scattered light in the

Brillouin—Rayleigh region in liquid mixtures. This theory

included relaxation effects due to the solvent which can modify

the Brillouin spectra sufficiently to render Miller's theory

valid only under restricted circumstances.

B-Purpgse

This thesis will examine experimentally the theory of

Miller [17] for determining the molecular weights of

macromolecules in solution, using Brillouin light scatter-



ing. The limitations which must be observed will be analyzed

in the context of Mountain's theory [19] for solutions in

thermally relaxing liquids, and experimentally verified where

possible. A comparison between molecular weights obtained

from Brillouin light scattering and other methods for a

series of high molecular weight polystyrenes will be made

along with a general comparison of this method with regular

elastic light scattering [11] to evaluate major advantages

and disadvantages.



II—Theory

A-Light Scattering
 

1-Time Independent Scatterinngheory

a-Scatterinqurocesses
 

Light scattering is a general phenomenon which occurs

whenever electromagnetic radiation in the visible region

interacts with matter. If a particle is small compared with

the wave-length of light and sufficiently isotropic to be

polarized in the direction of the incident electric vector,

the exciting field will induce a dipole moment in the

particle as it interacts with the field [20]. This dipole

oscillates in phase with the original radiation and becomes

a secondary source of energy, which emits light in all

directions with the same frequency as that of the incident

radiation. This induced dipole moment vector pi, is a

function of the polarizability tensor ai,j of a particle

since the induced dipole is dependent on the shape of the

particle and on the amplitude of the exciting radiation

vector Ei‘

*
0 II Q m

I
l
-
"

This is an expression for the dipole induced in a particle

by a radiation field and can be used in Maxwell's electro-

magnetic equations to obtain a scattering equation for

independent particles which are small compared to the

wave-length of light. unfortunately this theory specifically

6



applies to a dilute gas since in a liquid a particle is not

independent of other particles in its position or properties.

A different and more practical approach to calculating

the scattered intensity from a liquid is to consider it as a

continuum instead of a collection of individual atoms. If the

liquid is dense and homogeneous, the scattered intensity

should be zero because the phases of the radiation scatter-

ed by each particle destructively interfere with each other.

H0wever, a pure liquid does scatter light. This is the re—

sult of optical inhomogeneities or fluctuations within the

liquid which are due to the random thermal motions of the

molecules [5].

b-Fluctuations

A statistical thermodynamic approach is taken to de—

scribe the fluctuations present in a liquid but the models

require the system to be both isotropic and continuous. These

conditions imply that the polarization vector of the incident

light is not rotated during the scattering process (isotropic

media) and the mean free path of the molecules in a liquid is

much shorter than the wavelength of light in the media.

In a pure liquid, fluctuations are very small changes

in the average value of some property of a liquid, for ex—

ample fluctuations in the density. If these fluctuations

affect the dielectric constant, light passing through the

liquid will be scattered and the intensity will depend on



the extent to which the fluctuations are coupled to the

dielectric constant. Because of the fluctuations, the

dielectric constant can be separated into an average value,

(0, and a fluctuating part A61 j' [20] This latter term

3

accounts for the total optical inhomogeneities in a liquid

and the total light scattered. We can now write the dielec-

tric constant as follows:

6. . ==£018. . + AEC.

1:]

The second term can be further divided into two terms, the

I

isotropic part, AC , and the anisotropic part A£i j'

’

AC. .==A€°811j+-A£’ 3

1)] igj

H

I
r
\
’
1
w

H

D I
“

H
-
‘
-

L

O

The first term on the right side is due to isotropic

fluctuations and is simply described by a set of statisti-

cally independent thermal variables such as density and

temperature or entropy and pressure. The anisotropic part

‘56:,j’ has not been fully described by theory but appears

to be partly due to fluctuations in the orientation of

anistropic molecules. Since there is no agreement on its

I

evaluation [21], we set ACi j equal to zero for our

3

theoretical and experimental development.

[
M

I
w



c-Thermodynamic Theory
 

The intensity of the scattered light can be obtained by

beginning with Maxwell's electromagnetic equations [19] and

using the assumption that only first order terms are neces—

sary to describe the scattering. The total scattering volume

in a liquid V, is divided into a number of small parts V*,

in such a way that each of the parts contains a sufficient

number of atoms to be independent of the others, yet small

compared to the wave—length of light. The fluctuations in the

dielectric constant of each volume AE are related to AC

V*’

for the total scattering volume since both have the same

density dependence. Maxwell's equation for the scattered

intensity is

2

_ ‘fl' v . 2 2

l
b

The components of this equation are V, the scattering

volume, L, the distance between the scattering volume and

the detector, A , the wave—length of the incident light

in the medium, 8, the viewing angle for the scattered light,

and <(A£)2>, the average value of the square of the

fluctuations in the dielectric constant. This is the time

independent scattering equation for which the values of all

the terms can be measured except for the last term <(A£)2> .

Einstein derived the value of this last term using

statistical thermodynamics by separating the fluctuations

in the dielectric constant into two statistically
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independent parts.

A6: (13%) AS + (-%%) AP

P S

l
m

In Brillouin spectroscopy, it is possible to separate ex—

perimentally these two contributions [7] since the part of

the scattered light due to the pressure fluctuations AP, is

shifted in frequency sufficiently to separate it from the

entropy fluctuations, AS. Consequently an intensity ratio

of the nonfrequency shifted light to that of the shifted

components (there is both a positive and a negative fre-

quency shift) is related to the ratio of the entropy and

pressure fluctuations.

36 2 2

IC (3‘5")13 < (AC) >P

 
 

 
 

= 6

21 2 -
B 36 2

(31,) <(A€) >S

S

This relation has been reduced by Landau and Placzek [22]

to a very simple form by using the assumption that

a ‘52 36

a?) = a ( T) -7—
T a P

The Landau—Placzek ratio is defined as,

I C

c _ _ P B

21 ' 7' 1 ’ Y" c
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However, in the event that the thermodynamic parameters

do vary with the measurement frequency, this thermodynamic

derivation is not sufficiently accurate [23]. A variation

with frequency often appears to be present in liquids because

the measured Landau—Placzek ratio is usually larger than

calculated and another parameter, namely the velocity of sound,

which is related to the adiabatic compressibility, also in-

creases when measured at increasing frequencies [22]. Thus a

different theory is necessary which will lead to a better

correspondence between theoretical and experimental results

when a dispersion in these terms is present.

2—Time Dependent Scattering Theory

a-Pure Liquids

(l) Fluctuations

The frequency shifted light due to pressure fluctuations

is caused by molecular motions which, according to '

Debye's theory of heat in a solid [24], are a superposition

of longitudinal and transverse waves of different frequencies.

Liquids also contain these waves except that the transverse

waves are almost nonexistent since the viscosity of a liquid

is usually very low. Energy to excite the longitudinal waves

is readily available in the liquid since the energy per

phonon is much less than the energy available as heat.

hi) << k T

I
o
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Therefore at room temperature the frequency of the phonon,

(Imay have any value up to about 1012 Hz.

Each propagating longitudinal wave is a periodic varia—

tion of the density and so will scatter light in a manner

similar to the scattering of x-rays from the planes in a

crystal in that both types of scattering must follow Bragg's

law. This requires that the sum of the vectors for the

l

incident wave ki’ the scattered wave ki , and the sound

wave qi is equal to zero, or

ki = k1 + qi. 19.

Graphically, this is

The value of qi is approximated by assuming that

lkil = lk;| , since the scattered wave differs from the

incident wave only by a very small amount. This assumption

makes the vector triangle isosceles and therefore determines

the value of the sound wave qi when the scattering angle 8

is selected.

qi = 2ki sin(9/2) 11

The wave vectors for light and sound are respectively

ki = Zw/A and qi = 27r/AS = 2” vs/vs , with A and A's
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the wave-lengths of light and sound in the media, 'Vg the

sound frequency, and vS the sound velocity. Substituting in

the above equation, we obtain equations for the character—

istic properties of the sound wave. Letting A=AO/n, with n

the refractive index of the scattering media,

v8 = vs AO/[Zn sin (9/2)] 1_2

A's =AO/[2n sin (8/2)] _1_3_

V

Vs = T: [2n sin (9/2)] 1%

The velocity of sound in a liquid can be calculated according

to equation 12 by measuring the frequency shift I; of the

Brillouin peaks, and substituting in the known values of the

scattering angle, refractive index of the liquid and the

wave-length of light in vacuo. In equation 1;, the wave—length

of the sound waves is dependent on the scattering angle and

is of the same order of magnitude as the wave—length of the

incident light waves, while the ultra high acoustic frequency

of the waves can be calculated either from equation 14_or

directly measured from the spectra. Examining equation 12

more closely and recognizing that at increasing scattering

angles the scattered light is from sound waves of increasing

frequency, we can measure the dispersion in the velocity of

sound by simply changing the scattering angle. It will be

noted here that the theoretical velocity dependence of the

sound wave on the increasing scattering vector exhibits
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a slight negative dispersion in light scattering and must

be interpreted differently from acoustic propagation exper—

iments [25].

The scattered light is considered to be shifted in

frequency, either increasing or decreasing the original

energy of the radiation, corresponding to the annihilation

or creation of a phonon in the liquid. Since the phonon

population is large at room temperature, the equilibrium

population is maintained if energies of the incident light

are less than 105 milliwatts per square centimeter [26].

This is still well in excess of the energies we use in laser

scattering, indicating we are not disturbing the system

during our measurements and hence are measuring liquids

in thermal equilibrium.

The shortest pressure fluctuation that can be measured

by Brillouin scattering is dependent on the incident wave—

length of light.

(As)minimum = AO/2n l2

This fluctuation is about 10-5 cm. in length and has a

frequency of 1010 Hz. In terms of molecular sizes, these

are very long fluctuations, so the scattered light can be

interpreted as coming from coherent fluctuations in the

pressure.

Associated with these pressure fluctuations are in—

dependent fluctuations in the entropy which cannot be

included in Debye's purely mechanical description of
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heat motion because they do not propagate in the form of

waves. In comparison to the coherent pressure fluctuations,

entropy fluctuations occur only over a short range, and are

related to the short range motions of the thermal diffusion

process. Hence these are considered as incoherent processes.

Thus Brillouin spectroscopy can be used to measure these two

types of fluctuations but requires the scattered light to be

sufficiently separated into two parts due to (1) frequency

shifted light from pressure fluctuations and (2) light not

shifted in frequency from entropy fluctuations. For an iso—

tropic liquid in which the scattered light does not depend

on the direction of the incident light vector ki, it has been

established using Onsager's symmetry relations that the

spectrum contains only those two frequency shifted lines [27].

(2)-Ideal Case
 

Since the pressure and entropy fluctuations in a

liquid are time dependent, these fluctuations can be calcu—

lated by adapting thermodynamic and hydrodynamic equations

to the calculations. An approximate theory of the fluctua—

tions employing both of these processes to account for the

temporal dependence has been developed by Mountain to ex-

plain the frequency shifted light in the Rayleigh-Brillouin

region [28]. Since this is a phenomenological theory which

treats a liquid as a continuum, it should be strictly valid

only for measurements at long wave—lengths and low frequen—

cies. The fluctuations that scatter light are long, 10—5cm,

compared with molecular sizes although the frequency, 1010 Hz,
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is much higher than usually encountered in hydrodynamics.

This theory should still apply up to frequencies close to the

reciprocal of the collision time,1012 to 1014 Hz [29,30,31].

This implies that some properties may have a significant

frequency dependence, and for those cases a modified or

completely different approach must be used.

Mountain's theory begins with the neutron scattering

equation of van Hove [32] which has been modified for light

scattering [33].

 

2

I(r.,t) = I 7’ V . 2
1 0 4 2 Sin 9 ff<A€ (rl,t1). AC (rz’t2)>

A L

iw(t —t) - ik. (r —r)

e 2 l l 2 1 dr dr dt dt _];_§_

2 l 2 1

The fluctuations in the dielectric constant are a function

of the two statistically independent variables,density and

temperature. Since the temperature fluctuations are small

compared to those of the density [34], we can neglect the

temperature fluctuations and obtain the resulting equation

2 2

_ 17 V ' 2 g \.
I(ri,t) — I0 731-2- Sin 9 (OP) ff<Ap (rl,t1)Ap (r2,t2)/

T

halt —t )-ik.(r —r )

2 l i 2 l

e drzdrldtzdt1 -——

Introducing the Fourier-Laplace transform of the density

fluctuations and letting rj = r2 - r1 and tj = t2 — t1,
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we have

iki°rj - iflotj

= . . '.dt.p(ki,w) f/e Ap(rj,tj)drj J _l_8_

Now equation 12 can be written as

k ) — I ”2V 3§__ 2 ' 2 k (D)' k )\ 19
 

T

where the last term in brackets is

(X)

p(ki,(o)°p(-ki) -_- 2Re/O e"imt p(ki,t)°p(—ki)dt 20

Either of two different sets of independent variables can

now be selected to calculate the time dependence of the

fluctuations in the system; entropy and pressure, or density

and temperature. Either set has inherent advantages and dis-

advantages in the calculations but the final equations are

identical. We will follow Mountain's original derivation [28]

using the latter set and begin with the linearized hydrody-

namic equations. The deviation from equilibrium is assumed

to be very small so that we can expand the mass density p,

and the temperature T, about their equilibrium values

90’ o'

P = Po + p1

T = TO + T1
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Using these terms, the linearized hydrodynamic equations are:

Equation of Continuity
 

591

at

 

+ pO div vi = O 22

Navier—Stokes Equation
 

2 2

 

 

av. v V up

____1_ ...9__ _9____Q
p0 at + grad p1 + grad T1

- i7) + ’2)graddivv =0 23
3 s B i "‘

Energerransport Equation

8T1 CV ”—1) 891 ‘

0 CV at -T '3;— - Agrad grad T1 — O 23;

The components of these three equations are the thermal

l

expansion coefficient a], thermal conductivity )\ , ratio

C

of specific heats Y: -—59- , low frequency sound velocity

v

V0, and the shear and bulk viscosities 1’s and 7,8

respectively. Since we have assumed only small deviations

about the equilibrium values and a low viscosity, we can

then neglect the transverse part of the velocity. This

limits the following derivation to liquids where angular

correlations between particles are not important. Also the

concept of local thermodynamic equilibrium is assumed, so

that the usual pressure and entropy terms can be replaced
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with thermodynamic relations involving density and tempera-

ture.

According to Mountain's theory, these equations are now

solved for the time dependence of the density fluctuations by

first eliminating the velocity and obtaining two equations

in the density and temperature. The space—time transforms of

two equations are then taken and the resulting equations are

solved in terms of the new variables. Subsequently the Laplace

transform is taken and the ensemble average of the kth compo-

nent calculated over the initial values. Finally the frequency

transform is calculated to give the final equation to describe

the frequency dependence to , of the scattered light.

  

 
 

  

2 2 1 2

.2 be 1 2 Ak

I(k,cu ) = I W V Sin 8 (———) T B (1- ——I

0 x412 6p po T y ( Alk2)2 +002

1 rkz sz

+— 2 + 2

7 2 2 2 2

(Pk) + (w+ vok) (Fk) + (w— wok)

L
4

_2_§_

where

1
1 4 A

”3'5; §?s+’la+6;<7‘1> 3.9.

The first term in the braces in equation 2§_represents

the unshifted or Rayleigh peak while the other two terms

represent the Brillouin doublet which is shifted in fre—

quency by the amount vok. It is evident from equation 25
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that a ratio of the unshifted to the shifted components

gives the Landau—Placzek ratio of vertically polarized

light originally derived using only equilibrium thermodynam—

ics and which we have mentioned earlier in equation 8,

(a
Mountain's theory gives results consistent with the thermo-

I
C
D

dynamic treatment, since the final Landau—Placzek ratios are

identical, although it does not account for any frequency

dispersion in the experimental measurements.

3) Relaxing Case
 

If we assume that the velocity dispersion is entirely

due to a coupling between the molecular motions already

described by Debye's theory and the internal degrees of

freedom of the particles such as vibrational modes in a

thermal relaxation process,as opposed to a structural relax—

ation process [35], the frequency spectrum of the scattered

light can then be derived by using either an additional

hydrodynamic equation for the internal degrees of freedom

or a frequency dependent bulk viscosity [36]. The second

alternative is more easily followed in the mathematical

derivation although both modify the frequency shift and the

width of the Brillouin peaks and also add a new unshifted

mode in the spectrum [37] which we will refer to as the

Mountain line after his theory.
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To effect this change in the theory, the Navier—Stokes

equation is modified by inserting an extra term to allow for

a frequency dependent bulk viscosity; (the last term on the

left side).

2 2
avi V0 V0 a po

pO—3t_ +-——- grad pl + grad T1

t

2. _ I _ I ' I I _- 3 ”S + 17B)grad grad vi / 7)B(t t )grad div vi (t )dt — O

O

27

The bulk viscosity thus has a frequency independent part 17B

and a frequency dependent part 1"3 . The analysis proceeds

in the same manner as in the ideal case except that the

final equation is too detailed and the terms too interre-

lated to be able to identify specific expressions with

properties of the material. Because of this complexity, a

simplified approach is taken, even though the exact solution

to the hydrodynamic equations is available for the fluctua—

tions in the density. This simplification process is

explained well by Mountain, who gives the final frequency

dependent scattering equation from a relaxing liquid as

follows:
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The first term corresponds to the Rayleigh peak and is

identical to those arising in the nonrelaxing case. This is

the non-propagating decay of a fluctuation by thermal dif-

fusion with the peak half-width at half-height.

I
R A 2

=———— k 29
1/2 pOCP ——
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Because of the dependence on the scattering vector k, this

half—width should decrease with decreasing scattering angle,

since k2 = §l§_23.(1 - cos 8). This has been shown to be the

0

correct angular dependence by self-beating spectroscopy [38].

The second term corresponds to a nonpropagating decay

that is coupled to the internal degrees of freedom of the

molecules. This is a new peak, which is called the Mountain

line, and it has a half-width

 

The half—width is not dependent on the scattering vector

as is the Rayleigh peak, but it does depend on the disper—

sion of the velocity of sound and (H: a single relaxation

time (1) of the liquid.

The third and fourth terms correspond to the propa—

gating modes, the Brillouin peaks, and result from the

moving sound waves. The frequency shift from the incident

frequency (I) is [10) = v-k and depends on the scattering

vector

 k = 2”“ sin (9/2) 31

*0

Thus for a decreasing scattering angle the frequency shift

will show a decrease. The half-width of this shifted term

due to pressure fluctuations is
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2

B ' v

_.1__£ .. _._Q_ 2

I‘ ’p03n3+173+ (7 2 k

1/2

2 2
v - O 1 f 2 2

+ 222 - c k 3.2.

l + V'1'k p0 v

This half-width is also dependent on the scattering vector

k2, and decreases with a decrease in scattering angle, but

the change is not linear as it is for the Rayleigh peak.

The ratio of the intensities of the central components

to the shifted components is termed J instead of the Landau-
V

Placzek ratio because of the relaxation processes present,

and is obtained from equation 28.

        

 

2 V4

1 2 2 v V0 2

..(7 v. V?
J

V V2 V2

O 1 2 2 0 2 2 2

l — ——- (l- —) + ——-— - (v - v )k
2 ‘Y V212 oo 0

33

At low phonon frequencies this reduces to the Landau—Placzek

ratio, so for the case vk1’ << 1

JV=Y-l 2‘1

At very large phonon frequencies equation 33 reduces to a

slightly different but simpler form for the case vk1>> l.

J=—%°—1-i 35
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Between these two extremes the more complex equation 33

must be used to determine the ratio J although it should
v)

be noted that the value JV can be equal to or larger than

the Landau-Placzek ratio but not smaller. This is true for

all liquids examined to date.

The relaxation time 1', can be calculated from the

velocity dispersion equation in Mountain's theory.

_1_

2
2 -.

(vk‘n =:,_l- [(mGT)2-l]+ -21—[ ((vmk‘r)2 — 1)2 + 4(v0k‘r)2]

36

0’ is

measured acoustically while the velocity of sound at infinite

The velocity of sound extrapolated to zero frequency v

frequencies is approximated by using acoustic theory and

assuming that only one relaxation mechanism with a single

relaxation time contributes to the velocity dispersion [39],

giving the equation

2

:99_=E_E__:_SI_.E_Y. 37

v3 CV‘CI CP —_

The internal specific heat CI, is calculated from vibration—

a1 energy levels and their known degeneracies [39] from the

equation

N'

2 hlw.

_.:2: 2 X _ “X , —.__4L
CI — i=1 giR x / e (l e ) , x — kT I__

The measured velocity v, with the corresponding incident

vector k, is then substituted in the dispersion equation
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to obtain 1', the relaxation time.

b—Solutions
 

l) Mountain's Theory
 

The frequency dependence of light scattered from

a solution [19] with the solvent a relaxing liquid, can be

treated in a manner similar to the case of a pure relaxing

liquid by including another equation to describe the mass

diffusion due to the solute.

k 2
2T + (—£) v p 39

0 p0

302 2 kT
= _ V

 

The components of this equation are the binary diffusion

coefficient D, the thermal diffusion ratio kT, and a term kP,

containing different thermodynamic quantities,

k _ _§g (59/692193

P- '0 (all-1 ) —

/5C2 PT
)

 

The solution of these equations has been approximated, as

was done previously, even though an exact solution again

is available. Nevertheless it is extremely complex, requir-

ing at least a full page to reproduce in its entirety. Since

we are principally interested in the intensity ratio JV,

the complex set is reduced to a much simpler set based on a

T35°1n° derived by Miller [40]. Wethermodynamic ratio Jv

must first assume that the relaxation peak is narrower in

width than the frequency shift of the Brillouin peaks, so
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vk1"2 1. This is true experimentally since for benzene we

find vk1’ = 5.44. The complex equation is then reduced to

the following form based on the ratio JVT’SOIn'

 

 

 

T soln.
soln. JV ’ [l + A(k)] + B(k)

JV 2 T soln 3;
l — B(k) - Jv’ ‘[A(k)]

The two composite terms A(k) and B(k) are

2 v 4
2 2 2 2 V

(voo- v )k 'r — (39) + (39-)
MM = 42

(vk‘r) + (—)
v

2 v 4
2 2 V

(Vio- V0)k2‘r - (59') 4439')

B(k) = 43

2 v0 4 '—
(vk1') + (——)

v

These two terms are equal to zero for a very small

wave vector k,(A(k) = B(k) = O) and equation 3; reduces

to the following for ka << 1

Jsoln _ T,soln .gg

V V

At the other limit of a very large vector k, A(k) = O

2
v

and B(k) = 1 _(_;Q) and equation 31: reduces to the

00

following for ka >> 1
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v 2 v

soln. T,soln. -—£L + —99-— 45

J = J v 2 -—-
v v 0 v

Using our experimental spectra of benzene at a 90° scatter-

ing angle and the known values of k, and v00, the valuev0,

of A(k) = 0.00253 is small and relatively unimportant,

although the second term B(k) = 0.2769 is too large to be

neglected in our calculations. Thus the thermodynamic deri—

vation of the ratio JVT cannot be used directly for benzene

and its solutions but must be modified to account for the

internal relaxation present.

2) Miller's Theory
 

A light scattering theory of solutions has been de—

rived by Miller [40] which separates pressure fluctuations

from entropy and concentration fluctuations. The derivation

is similar to that described in the section on thermodynamic

theory, but it also includes fluctuations in the concentra-

tion in deriving the average value of the fluctuation in the

square of the dielectric constant <(A 6 )2) . Using the

variables temperature T, pressure P, and number of moles

of solute n2, the scattering equation §_is
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_ 2 2

Iscatt. _ I0 ”4‘72 sinze (35%) <(AT)2> 46

A R P,n2

 

2

as 66
+ 2 6T) (36%) <(ATAP)> + (j) <(AP)2>

P,n2 T,n2 T,n2

2

+ (37%) <(An2)2>]

The cross terms, <(AT°AT)>and<(AP-AT)> are zero, since

the variables anus statistically independent. Statistical

thermodynamics is used to obtain the fluctuation averages

and gives the final scattering equation

 

2

TT2V 2 313 (BC)

P n

Iscatt. = Io A4112 cV '57.? ’ 2

31

2 ' 2
+ 2RT a. (fig) (fig) RT (36)

fl'I‘Cv T P,n2 DP T,n2 Vfis 3P T,n2

2

mac/a n2)
 

( af‘Z/Dnz) T,P
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The Brillouin peaks are due only to adiabatic pressure

fluctuations, therefore, this contribution to the fluctua-

tions in the dielectric constant is given as follows

2 36 2 2
<(A£) > = (————) <(AP) > 34.9

P,n2 3P S,n2

From thermodynamics we obtain the equation

Bi) = (LG 129. + (3.3T 49

(‘31)sz bT)P,n2 CP DP ,n2 —

From statistical thermodynamics the pressure fluctuations

are given as follows

<(AP)2> = RT/vfi 5.9.

S

Combining the above to obtain the contribution due to the

adiabatic pressure fluctuations, the final equation obtained

is 2 135 2

. 2 RT 1
<(A ) > = —"- (1 - —) T

e C3v Y ( T)P,n2

 

2
2RT a BS DE RT (36)

+ —— +

B C (3T)P,n2 ( 5P)T,n2 V55 DP T,n2



31

Since this part is included in equation 41, subtrac-—

tion gives the fluctuations contributing to the central

peak. A ratio of the fluctuations contributing to the

central peak to the fluctuations contributing to the

Brillouin peaks is found as follows:

2

I <(AE) >S’n2

= 2
B ((A6) >1”).2 52

2 (36/3

lflfii(.%¥§) ‘+ RT n
TCV P,n2 (3"2 / 3112).]? P

2 2 7- ‘RL _ l 35 2M a 36 6 RT a6 2

CV (1 Y) (fi)P,n + f3TCV (“>335 (%E)T:n + VB: .5?)
2 2 T,n

2

zflmp

 

 

 

2

Values of eggp) are usually not available in the litera—

T n

2

ture, but by assuming that 5: n2, and rearranging the

denominator using a term X , where

z: = 1'+

0‘ (an/51%, 2;

 

for which excellent values are available from the literature

[34], equation g; reduces to
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2 2 (bn/bnz)?’

RT 3n) + RT T,P

cP TPn (BIAZ/bnz)

JT,soln. = ’ 2 _ T,P 54

V RT2/ 1 )(3n)2 1 +Y(-—--2X + —————YX2 )

CP ‘7- 1 8T P,n2 l-x (l-x)2

Simplifying this equation further by letting

2x ),x2
f =-——— +

l—x (l-x)2

and writing the solvent chemical potential in terms of the

concentration of a macromolecule C2,

[11—fl0=-RTV1C2(—:’T+A2C2+A3C§+---) 56

The ratio JVT for a real polymer solution is

 

J C
2

2

T,soln.=()’-1)+()’.1 \ CP . (an/“913p

v 1+)’f l+)’f/ RTZ (an/3min

’ 2

—l

l 2

.(——— + 2A2C2 + 3A3C2 + ...)

“w

This is an exact thermodynamic ratio without approximations

or relaxation effects adding to the central peak.

This equation can be reduced to a simpler and more

easily handled form by setting the exact thermodynamic

ratio for the pure solvent equal to JVT.
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Grouping other terms into a constant K, dependent on the

solvent and solute system, we have

 

2

C (on/8C )
2

P T,P

K: 2 2 E2

RT (an/amp
,n

2

Now we can write equation 21 in a simplified form.

JT’E301m =JT+JTKC (——1+2AC 3 c2 ‘1 6

V V V 2 M 22+A32+'°°) _9
W

If no relaxation or dispersion effects are present to form a

significant Mountain line, the experimentally measured ratio

Jv for the solvent is equal to the thermodynamic ratio JVT.

The presence of thermal relaxation effects can be detected by

an increased velocity of sound in the pure liquid at increas—

ing frequencies and a larger experimental intensity ratio JV,

than calculated from thermodynamics as JVT. When these effects

arepresent, equation 99 must be modified to use the experimen-

tal ratio Jv‘ This is accomplished by multiplying each term

due to the pure liquid by the quantity (JV/JVT) so that

equation gg may now be written as

soln. 1 2 —l
J = J + J KC 1:—

If no relaxation or dispersion effects are present JV = JVT

and the original equation is recovered. Unfortunately
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equation 6; is not entirely correct when dispersion is

present, since to evaluate the molecular weight we need

to measure the relative amount that the central peak is

increased due to concentration fluctuations. This increase

is dependent on the original amount of scattering present

which is due only to entropy fluctuations and so should

not include other effects such as the Mountain line.

Since Miller's calculations are based on the complete

separation of fluctuations due to pressure from those due

to entropy and concentration effects, the relative intensity

of the central peak must be reduced to the thermodynamic

value. This is accomplished by multiplying the measured

ratio Jv by the term

 

which is derived as follows: the thermodynamic ratio

 

is a ratio of the scattered intensity from entropy

and concentration fluctuations Ic, to the intensity due to

pressure fluctuations I whereas the measured ratio

I

J‘—ST'th tthtI' I dI\IV 21 15 8 same excep a C > C an B , B

B)

due to an extra relaxation peak, the Mountain line. Assum-

ing that the total scattered intensity in each case is equal,

the intensity of the Rayleigh and Brillouin peaks in terms

of the ratios and the thermodynamic value from Miller's
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equation is

 

Therefore by multiplying the intensity of the central

Rayleigh peak as measured in a spectra by the ratio

T

JV(Jv + l)

 we obtain the correct thermodynamic value and

T
Jv (Jv + 1)

equation §l_becomes

 

 

 

T -l
J (J + l)

Jsoln. = J + J V V KC l—— + 2A C +3A C2+---

v v v J (JT + 1) 2 —- 2 2 3 2

v v Mw

9:1.

Simplifying this expression by letting

B (Jv+l) (Z—l) 65

Y(l+f) —

and rearranging, the final working equation becomes

BKC
2 _ l 2

v ~7va

If there is no dispersion present in the constants which

characterize the solvent, then the measured ratios and

thermodynamic ratios are equal and we find for the solvent

_ T_ _ Y-l

Jv-Jv-B-TTTE 9—7-
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Therefore with no dispersion,equation 66 reduces to the

thermodynamic expression 69.

3) Angular Correlations
 

Equation 66 is often modified by inserting an extra

term P(9), the internal interference factor.

BKC

2 = 1 +2AC+3AC2+---
— 2 2 3 2

Jv Mw P(G)

 

This term P(9), is defined as [41]

sin(K-r )

P(9) = l3 2 Z K-r X1Y

N X Y Xsy

 

where

4wn .

K =-———— Sin(9 2).A /

0

The relative amount of destructive interference which

decreases the scattered intensity can be determined from

the scattering at N different points which are pairwise

separated by the distance rx,y' If a solution is dilute,

this destructive interference is calculated only from the

separate scattering points within each molecule, since

rx,y is very large for widely separate random points and

thus produces a very small interference effect at these

distances. Therefore P(9) becomes a factor internal to the

molecule, although only becoming a significant factor in

reducing the scattered intensity if the size of the macro—
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molecule exceeds about l/20 of the wavelength of the light

used. Consequently the molecular weight should be greater

than about 106 g/mole for P(9) to be smaller than unity and

significantly affect the molecular weight measurements.

3-Discussion
 

An analysis of the light scattered from a solution of

macromolecules or even from a pure liquid is difficult to

interpret completely without a precise liquid theory. Con—

sequently we can only approximate the scattering with

simplified models [42]. The two different theories we have

used to evaluate Brillouin light scattering from solutions

and pure liquids are (l) Miller's thermodynamic theory,

and (2) Mountain's thermodynamic-hydrodynamic theory. Other

theories similar in nature are available [42,43,44,45,46,47].

Both theories attempt to explain only the light scatter-

ed from isotropic fluctuations; so only the vertically

polarized light VV or Jv can be evaluated. In many liquids,

a significant amount of the scattered intensity is not

vertically polarized and therefore must be separated and

eliminated from the measured value. Also, part of the re—

maining vertically polarized light is due to anisotropic

fluctuations which may have broad frequency shifts such as is

exhibited in the Rayleigh "wing" in benzene and also must be

separated and eliminated from the analysis. Because much of

the scattered light is not included, both of these theories

are only approximations to the total scattering and should
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only be treated as such.

Both theories also often contain simplifying assumptions

to allow a clearer mathematical representation of the final

result. Mountain's theory necessarily employs more approx-

imations because of its complexity. The most significant

approximations are in (l) describing extremely rapid

fluctuations on the order of 1010 Hz by hydrodynamic equa—

tions, (2) evaluating the fluctuations in the dielectric

constant with only density fluctuations, and (3) using a

single frequency dependent bulk viscosity to describe dis-

persion effects [46]. The first approximation mentioned

above is Mountain's basic assumption and appears to result

in a reasonable correspondence with experimental measure-

ments. The second approximation neglects temperature fluc-

tuations since they are small when compared with density

fluctuations. Since the temperature fluctuations are about

0.2%.of the density fluctuations for many liquids [34],

this approximation is often used in light scattering theory.

The third approximation results in an entirely new peak

which appears to be present.

The theory by Miller makes a basic assumption that

fluctuations in entropy and concentration can be completely

separated from fluctuations in the pressure in order to

derive a ratio. In some solutions this separation is not

possible if the solute affects the values of v voo and 1',
o)

as has been seen in gas mixtures [31,48]. When this happens,

a coupling between pressure and concentration fluctuations
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occurs requiring a very complex expression such as Mountain

has derived. It is also assumed in Miller's theory that the

Brillouin peaks scatter an identical amount of light even

after large macromolecules are added to the solvent. This

assumption also appears to be valid for very dilute solu-—

tions in solvents where significant structural relaxation

is not present. An evaluation of these assumptions with

experimental data will be made when possible along with

the ability of Brillouin scattering to determine accurate

molecular weights of large macromolecules.

B—Viscosity
 

l-Theory

A liquid which is under small shear stress will

easily distort and flow, whereas a solid will show a fixed

shear strain. This distortion and flow in a liquid is a

result of adjacent molecules or molecular layers moving

relative to each other, while the frictional forces between

them reduces this relative motion. The rate that mechanical

energy from a stress is transformed into heat J, by friction—

al resistance is [49]

J =1]qu 70

The uniform velocity gradient is q and the viscosity of a

pure liquid 7'0 .
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The addition of a solute to a liquid will modify J by

an amount AJ.

J+AJ=nq2 71

The relative change or specific viscosity, ”sp’ is

written as

=Efle
€19: = nsp ’10 _-

If the solute consists of large rigid spheres, the specific

viscosity depends on the volume of these spheres plus second

order effects, and can be expressed as [49]

:1. Va 2 2
flsp=2.5 M C2+12.6 31-— c2 _7__3_

2 2

2-Molecular Weight Determinations

Experimentally we use an empirical equation which has

the same form as above even though macromolecules in solution

do not act exactly as large rigid spheres.

$2 = . 2
CZ [7’]+k[‘))]C2 74

The limiting viscosity number [1,], is related to the

hydrodynamic volume Ve’ for a mole of particles but varies

with the size and shape of the particles, the solvent,

solute and temperature. Also and most importantly, the

hydrodynamic volume varies with the molecular weight
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according to the well established theoretical equation of

Flory [50]. _3

2 2 l

<r > '-
_ 0 2 3 _

[17]-(1)0(‘73— M a 1-

The components of this equation are the molecular weight M,

the average value of the square of the end-to-end distance

< r02 > , the expansion factor a, and a universal constant

QC . When a macromolecule is in a solvent at the theta

temperature, 9, as defined by Flory, equation 1§_reduces

to a very simple form, where the constant K depends only

on the specific solvent and solute

[")]e=KMa 5 a=l/2 76

This simple form can be used at temperatures hdgher than

the theta temperature but then the constants K and a

must be experimentally determined, since they are not

simply derived from theory.

If we define a viscosity average molecular weight as

N

2 b
E = W.Mb 77
n i=1 1 i ’ -——

we find that when b = 1.0, the viscosity average molecular

weight equals the weight average molecular weight M“ .

Since Mn is often a closer approximation to M; than the

number average molecular weight Mn, the constants K and a are

usually determined by an experimental method such as elastic

Photometric light scattering which permits determination of the
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weight average molecular weight. In the experimental section

on viscosity we have used light scattering data from the

literature to determine the constants K and a so as to

experimentally evaluate the weight average molecular weights

for a series of polystyrenes. These then are compared with

experimental values calculated from Brillouin scattering

experiments.



III Experiment
 

A-Light Scattering
 

l-Instrument
 

An instrument to measure Brillouin light scattering,

shown in Figure l, was designed and constructed in the

chemistry laboratory at Michigan State University [51].

Basically it consists of a laser, collecting and resolving

optics, plus a detector and recorder which are constructed

along two parallel tracks. The optical system, which is very

sensitive to vibrations, is mounted entirely on a large, flat,

acoustically isolated table to eliminate building vibrations

which otherwise would force the system out of alignment.

One track of this system holds an argon ion laser and

beam directing mirror, while the other holds the scattering

cell and angular adjustment system, collecting lens, inter-

ferometer, resolving lens and detector. Each of these com-

ponents will be described separately, although only briefly,

since a more complete description can be found in the thesis

of S. Gaumer.

a-Lsse:

The primary light source is a commercial Spectra Physics

argon ion laser, model 165-03. Due to its high intensity and

single frequency, the detection of Brillouin spectra is

quite simple. Also because of stable output, vertical polar—

ization and a single spacial mode configuration of the light
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beam, the spectra can be quantitatively analyzed. Besides

these necessary features, there are also eight separate

wave-lengths which can be used for light scattering, although

only five (514.5, 496.5, 488.0, 476.5, 457.9 nm) have suffi-

cient intensity to provide good spectra. The most commonly

used wave-length is 514.5 nm with a corresponding single

mode intensity of 400 mw. This intensity, lower than the

maximum 800 mw, allows both a good stability of the light

output and a longer usable laser lifetime.

The light beam is usually used with a vertical polar—

ization vector although infrequently the vector is rotated

horizontally for depolarization measurements. Consequently

a good vertical alignment is necessary and can be quickly

established by reflecting the "vertically" polarized beam

from a glass plate located at the critical angle and adjust—

ing the direction of the incident polarization to

obtain a minimum reflection. Specific details of the stabil-

ity of the light intensity, frequency drift, single mode

selection and construction of internal laser components are

readily found in the literature [51] and from the manufact-

urer .

b-Interferometer
 

The frequency dependence of the scattered light in the

range of i_l.0 cm_1 from the incident light frequency, the

Rayleigh-Brillouin spectral region, is obtained with a

commercial Fabry-Perot scanning interferometer, Lansing
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Research model 30.205. Although this interferometer is a

fine interference filter and allows only a very narrow

frequency distribution of light to pass at one time, it

still can be scanned over a small range of frequencies by

varying the optical path length between two very flat mirrors

(JR/100). The interferometer is the most sensitive component

of the entire instrument and its alignment and operation are

critical to the quality of the final Brillouin spectra. Thus,

its operation and associated terminology will be discussed in

more detail.

Before a specific frequency is passed through the two

parallel interferometer mirrors, it must meet the inter—

ference condition given by an Airy function [52]:

I =1. . (i2- 78
trans inc1d l—R 4R 2 8 ——-

1 + —— sin —-—

(l—R)2 "

 

where 8 = 21m£ sin 9.

The light intensity transmitted through the mirrors depends

on the incident intensity, the transmission T, and reflec—

tion R, coefficients of the mirrors, R = 98.5%.for our

mirrors, and on the optical path length 8 . When the inter—

ferometer is scanned to obtain a Brillouin spectrum ,the

optical path length 8 can be changed by varying either the

refractive index n, between the mirrors, the angle 9,

between the mirrors and the incident light, or the separa—

tion I , between the mirrors.
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A piezoelectric transducer is used to move one mirror

towards the other. This transducer is an anisotropic crystal

which expands when a large voltage difference is applied

across two opposite crystal faces. If this applied voltage

is gradually increased, a mirror attached to one crystal

face is slowly moved toward the other mirror and so allows

the separation between the two parallel mirrors to decrease.

Because this movement is very small, it cannot be mechan—

ically changed with a micrometer screw with good precision,

which is why a piezoelectric transducer is employed. Applying

from zero - 1600 volts across the crystal faces will expand

a four layered crystal 1.2]! and scan almost five spectral

orders. This voltage is linearly increased with time with a

Lansing Research model 80.010 power supply. Unfortunately

neither the lower voltage range nor the largest crystal ex-

pansion gives a linear expansion with increasing voltage.

A linear range is only over a voltage range of -250 to -1500

volts. While this still allows four spectral orders to be

scanned, we maintain a safety factor by selecting only the

three central orders. The measured values from three orders

are averaged in the final analysis for this gives a more

consistent value than if only one order is selected.

Continuously increasing the applied voltage results

in a series of repeating spectral orders in which one order

immediately follows another. An example of three consecutive

orders for benzene with the dark current baseline also
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included is shown in Figure 2. The peaks are the time de—

pendent intensity changes for an interference pattern

originally in the form of a concentric series of rings.

Reducing the mirror separation forces the rings to converge

toward a center until the interference condition given by

the Airy function is met, then all the rings brighten simul—

taneously. Only the small central spot of this ring pattern

is detected for reasons which will be explained in the section

on Aperatures and Optics.

Specific"terminology :regarding the interferometer,

which will frequently be used is described in detail below

[52].

 

Free Spectral Range; f = C . 79

Zhul '——

This is the frequency range that is scanned in one

spectral order. It is inversely proportional to the mirror

separation l , the index of refraction n, of the media

between the mirrors, and the velocity of light C.

Choosing a specific mirror separation for a spectrum

must be done carefully so as to eliminate overlap of

Brillouin peaks from adjacent orders yet identify the

correct central peak associated with each Brillouin peak.

Our method for meeting these two objectives is given in the

section on Spectral Analysis.
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When a careful determination of Brillouin peak separa—

tion is necessary, as in sound velocity measurements, the

small linear increase in the free spectral range due to a

decreasing mirror separation must be corrected. This is done

mathematically by determining the increasing distance between

consecutive Rayleigh peaks and applying this correction to

the Brillouin separations.

 

Instrumental Band Width; 8V3 W .

This is the narrowest full peak width at half height

passed by the interferometer when a perfectly monochromatic

light beam is used as a source. As seen in the expression

for the Airy function, it is dependent on the T and R

coefficients for the mirror and is an instrumental constant

of about 293 MHz for our particular instrument. The eXper—

imental value of the instrumental band width is also dependent

on the alignment and reaches a minimum value with perfect

alignment of the interferometer mirrors, parallel incident

light, etc.

c-Aperatures and Optics
 

The Brillouin scattering instrument contains two

achromatic lenses and three pinholes to collect the

scattered light and define its direction during analyzing

and detection. Most of these components are aligned on

precision optical rails inside two light tight boxes which

help eliminate extraneous light from adding to the scattered
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beam and also to keep the lenses as clean as possible. In

the front of the first box closest to the scattering cell

is a collimating tube which is blackened inside and supports

a variable aperature at each end. The first aperature de—

termines the acceptance angle of the diverging scattered

light and the second determines the cone angle. We have

found the best finesse (an eXperimental ratio of the width

of the central peak to the separation between central peaks

of consecutive orders) is obtained when the first aperature

is 1.0 mm and the second 2.0 mm.

After passing through the two aperatures, the scattered

light is gathered by the first lens and made parallel before

entering the interferometer. The first lens (f = 50.0 cm)

is positioned so its focal point is at the center of the

scattering volume which is within the sample cell. An exact

positioning of this lens is critical only to within 1_2 cm

of the focal length because the scattered beam has a small

divergence angle. A large aperature, 2.0 cm in diameter,

is placed between the first lens and the front interferom—

eter mirror to reduce light reflected off the front surface

of the front mirror and prevent it from re-entering the

beam path of the instrument.

A second lens (f = 100.0 cm) is positioned behind the

interferometer and its focal point is placed on a small

pinhole 2.0 mm in diameter, directly in front of the photo—

multiplier tube. Thus, only a central spot of the complete
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ring pattern is detected. This will give a finesse at least

two times better than if the complete pattern is used. The

main reason for the increased finesse is that the two mirrors

are not perfectly flat over their complete surface nor per—

fectly parallel. If only a small section of the surface of

the mirrors is used to determine the interference pattern,

as when a small spot is isolated from the ring pattern, a

closer approximation to the ideal case of perfectly flat

and parallel mirrors is possible, thus allowing a better

finesse.

d-Alignment
 

A complete experimental alignment procedure is provided

in the appendix and is based on an extra stationary laser

which is used only for alignment of the optical components.

We use a Spectra-Physics model 125 helium neon laser which

has a well defined, moderately intense beam to initially

allow an interlocking set of pinholes to be accurately

aligned. Then, sequentially, the mirrors and lenses are

placed in the Optical train and finely adjusted by matching

the path of the reflected light from their front surfaces

with the path of the incident beam. Only by a very careful

alignment are good reproducable spectra possible and then

only when realignments are made between each run.

f—Detection and Recording

To detect the radiation, an E.M.I. 9558B photomultiplier
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tube with a S-20 frequency response is supplied with —l,200

volts by a regulated high voltage power supply from KEPCO.

A low dark current is maintained by exposing the de—

tector only to the low intensities of the scattered light,

not the room light, and continuously cooling the cathode

to only —10° C with a Products for Research, Model TE-lO4TS,

refrigerated chamber. When lower cathode temperatures are

used, moisture condenses on the front window of the detector

and decreases the signal intensity obtained. The signal from

the detector is then fed into a preamplifier with a variable

current range, usually set at 0-10-9 amps, and damping con-

trol set at 30%.of the maximum value. The signal is then fed

into a Keithly Model 417 picoamplifier, and finally to a

Sargent Model SRC strip chart recorder where the final spectra

is recorded. Specifications for each component are obtained

from the manufacturers and from the literature [51].

2-Scattering5Cell
 

a-Shape

A regular, rectangular light scattering cell with

parallel entrance and exit windows is excellent for Brillouin

scattering at 90 degrees to the incident beam since this shape

allows the scattered light beam to be observed with a

minimum of extraneous reflections from the surfaces of the

cell. A cylindrical cell at least one inch in diameter is

also satisfactory and much less expensive if the solutions

are to be degassed and sealed. A design we incorporated
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consists of a precision bore tube one inch in diameter and

sealed to a 15 mm Fisher—Porter joint. A neck was formed in

the tube about two inches below the joint while the bottom,

about five inches below the joint was sealed and flattened

for a base as seen in Figure 3. This cell was attached to a

similar Fisher—Porter joint on the filter with a teflon

gasket making an air tight system.

However, for scattering angles other than 90 degrees,

an entirely different cell design is required. We have noted

that for a scattering angle other than 90 degrees with a

standard cylindrical light scattering cell, a small amount

of light from the incident beam is reflected back from the

glass—air interface at the point where the incident beam

exits the cell. This reflected beam produces an extra set of

small Brillouin peaks in the spectra with a frequency shift

corresponding to the complementary scattering angle, while

the Brillouin shift A” , is dependent on the scattering

angle as seen from the previous equation 14, These small

peaks can be seen very faintly in a vertically polarized, VV,

benzene spectrum at 45 degrees, Figure 4, and at 135 degrees,

Figure 5, where the main Brillouin peaks and the reflected

peaks exchange positions. In comparison with these two

spectra, a Brillouin spectrum of benzene at 90 degrees,

Figure 6, does not contain these separate reflected peaks.

When the frequency shift of the small peaks is plotted with

an equation for the complementary angle,
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AV reflected: 2:;.- sin((180 " 9)/2 S19.

the points correspond very well with the regular angular

dependence as seen in Figure 7, indicating these peaks are

from the same scattering volume. The intensity of small

reflected Brillouin peaks are approximately 5%.of the inten—

sity of the main Brillouin peaks. This value corresponds well

with a reflected intensity of 4%, calculated from the index

of refraction for the interfaces benzene-glass plus glass-air

perpendicular to the incident beam. Irregularities in the

surfaces of the scattering cell and difficulties in accurately

measuring the intensities of the small peaks easily account

for the small difference between these two values.

These small peaks, which are due to the reflected beam,

affect the use of the spectra by modifying the experimental

ratio Jv in two ways. First, these peaks can be separated

from the regular Brillouin peaks by selecting a scattering

angle other than 90 degrees. This separation is impossible

for the central peak, therefore an accurate Jv ratio must

include the intensity from all four Brillouin peaks plus the

central peak. Second, the location of the base line is

difficult to determine since the extra two peaks generate

a large uncertainty in its position because a consistent

flat portion cannot be obtained. For these reasons we were

obliged to design a different type of cell to eliminate the

problems mentioned.
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The final design selected, which we call the Brewster

cell, is shown in Figure 8. The flat entrance window allows

a parallel beam to enter and exit while preventing the

focusing that will occur within a cylindrical cell. Thus the

incident beam in a cell with a flat entrance window is still

parallel at the position of the exit window, whereas for a

cylindrical cell the incident beam is expanding and produces

more diverse reflections. The exit window is tilted at the

calculated Brewster's angle for the glass—air interface in-

stead of the benzene-glass interface since the first set of

interfaces involves the largest refractive index change and

therefore the largest reflection at this surface. At Brewster's

angle, vertically polarized light will completely pass through

a window while horizontally polarized light will be reflected.

Since the incident light is vertically polarized, this angle

will eliminate most of the back reflections which produce the

two extra peaks. Brewster's angle for the glass-air interface

is 34°8' from the perpendicular but because of the small re—

fraction at the benzene-glass interface, the exit window is

set instead at 33°30'. There still appears to be a small

amount of light reflected from the benzene-glass-air surfaces

but this light is not reflected directly back into the scatt—

ering volume but upward and out of this volume.

The Brewster cellsolved one problem, namely the elim—

ination of the small reflected peaks, but causes more

extraneous light to be scattered because of the many angles

in the cell, thus giving a higher "noise" level in the final
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spectra. This undesirable feature fortunately is easily

reduced by painting the outside of the cell with a flat

black paint, but leaving entrance and exit surfaces free

plus a narrow strip between these for the scattered light

detection.

b-_S_i_§e

A study relating the effect of the scattering cell

size to the final Brillouin spectra, shows that a cylind—

rical cell of one inch diameter or larger should be used.

Extraneous surface scattering which increases as the cell

diameter decreases, adds only to the central peak, giving

false Jv ratios for small cells. Our Jv ratios for benzene

when taken with rectangular cells, the Brewster cell and a

one inch in diameter cylindrical cell were all consistent,

indicating that extraneous surface scattering was a minimum.

c—Holder

A sample cell holder, Figure 9, was designed so the

Brewster cell or any other cylindrical cell could be re-

moved from its original scattering position for filling,

alignment, etc. and then be replaced to obtain reproducable

spectra. The sample cell is secured to the holder with an

"O" ring having the same size as the outside diameter of the

cell. This "0" ring is located between two plates which can

be tightened together with three small screws flattening the

"O" ring slightly and thus holding the cell in place. The

height and vertical alignment of the sample cell with respect

to the table is adjusted with three supporting screws. To
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increase the height of the cell, the supporting screws are

all unscrewed the same amount, whereas if only one or two

are unscrewed the vertical alignment is adjusted. This de—

sign also allows for the use of a temperature control block,

previously available, by simply placing the control block

over the cell and holder.

3—Materia1s and Preparation
 

a—Polystyrenes
 

All the polystyrene samples except one, were poly-

merized anionically and have a narrow molecular weight

distribution. The exception, N.B.S. 706, was polymerized

thermally and has a broad distribution. All appeared fluffy,

except the two from N.B.S., and dissolved easily in benzene.

The data characterizing each sample is listed in Table 3.

When solutions of each sample were examined by ultraviolet

and infrared spectroscopy, no evidence of impurities was

found. Also, the molecular weight distribution was checked

for a single peak in the ultracentrafuge using the technique

of velocity-sedimentation. All solutions showed a single

peak when run at a concentration of 16 mg/ml in benzene,

confirming a single molecular weight distribution.

b-Solvents

Chromatographic quality benzene, 99.83 mole percent

pure from Matheson, Coleman and Bell, was used to make the

polymer solutions. The largest impurities were water,
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determined to be 0.13% by the Karl Fisher method, and a

low boiling unknown of 0.04% determined by gas chromatog—

raphy. These impurities were reconfirmed with mass spectro—

scopy and gas chromatography, while no other higher molec—

ular weight or higher boiling point impurities were present.

c—Filtration
 

A11 polymer solutions were filtered before use in

Brillouin scattering. Since large particles other than the

polymer particles, like dust, scatter light they can add a

significant amount to the total scattering. Consequently if

dust particles are present, the final spectra cannot give

quantitative information for our calculations. A filtering ap-

paratus was constructed consisting of two filters arranged

in series with the sample cell so that when a solution is

filtered into a sample cell, contact with the air and dust

is eliminated. The first filter in the series consists of an

ultrafine Pyrex sintered glass filter with a pore size of

0.9-1.4;L , while the second is a Solvenert Millipore filter

with a pore size of 0.25II. The construction of the filter

is described in the literature [54].

It is possible to connect the filtering appartus with

the sample cell in two different ways, depending on whether

or not the sample cell is to be reused. The cylindrical cells

were connected easily to the filtering apparatus with two

Fisher-Porter joints and a teflon gasket making a sealed

system. The reusable Brewster cells however, could only be
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filled using the filter when these cells are placed in a

dust free enclosed box.

A clean, dust free, covered cell is placed inside the

box and a continuous flow of filtered air is passed through

the box to eliminate dust present in the air. The cell was

uncovered, rinsed five times with filtered solvent and four

times with solution before being filled with solution and re—

covered. Neither the solvent nor solutions at any time show—

ed "speckle scattering" from large dust particles when placed

in an intense laser beam.

d- Glassware
 

All glassware in contact with solvent or solutions, in-

cluding flasks, filters and scattering cells are carefully

cleaned before use. The cleaning procedure includes first anneal-

ing tflua glassware overnight in a glass oven at 580°C to burn

off all dust, solvent and adhering polymer, then washing with

aqua regia.The acid is completely rinsed off with distilled

water followed by a final rinse with conductance water and

final drying in a hot air oven to give a spotless piece of

glassware.

To assure that the Brewster cell was completely dust

free, it was attached to a siphon, suspended in a special

column and refluxed with the solvent to be used, Figure 10.

After being flushed out overnight, it was capped while in

the column under reflux conditions, then cooled and placed

in the dust free box to be rinsed and filled as already
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described.

e-Solutions
 

All solutions were initially made on a weight basis,

e.g., weight of solute to weight of solvent, then filtered

into a scattering cell according to a procedure described

previously. About 10 ml of the solution was filtered into

the cell while the remaining 70 ml was filtered into a vol—

umetric flask. This latter amount was divided into two parts

and evaporated to dryness in a hot air oven for two hours

to give the weight of polymer present and the value of the

final concentration in terms of grams of polymer to grams

of solvent. Small concentration deviations often occured

between the two aliquots because only small amounts of

polymer were left after evaporation; frequently ten milli-

grams or less. Even so the final concentrations were always

higher than what was initially made by about 3%, possibly due

to solvent evaporation during transfer and handling. Finally

the concentrations were multiplied by the density of the

solvent at the temperature of the scattering experiment to

obtain the concentration in grams per milliliter.

4-Spectra

a-Shapes

The Brillouin spectrunlfor a nonrelaxing liquid con—

sists simply of three Lorentzian shaped peaks [28]. For the

usual case of a relaxing liquid, the line shapes are more
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complex [55], involving the superposition of two or more

peaks, the overlap of adjacent peaks and instrumental dis—

tortion [18]. To identify the actual shapes present in our

spectra of benzene we took 99 points from each of the three

peaks and fit them with a least squares computer program to

both exponential and Lorentzian equations. A reasonable fit

was obtained with the Lorentzian shape for all three peaks

while an exponential shape had a very poor fit. On a closer

point by point examination of the central peak, the experi—

mental points fit with the Lorentzian equation were broader

at the bottom 20%,than the equation predicts from the best

curve fit indicating a second broader peak might also be

present. When two Lorentzian equations were used to fit the

points in the central peak, one for the top 80%.and the other

for the bottom 20%, an excellent fit was obtained for each

section. This fact tends to support Mountain's theory for

the existence of a relaxation peak with a different half-

width located under the central peak. To determine if this

relaxation peak should have a half-width large enough to be

measured with a scanning interferometer, we use Mountain's

equation 29, where the half-width of this peak is

 

Using literature values [20] at 22.6° C for v = 1312 M/sec.
O

and 1': 2.4 x 10-10 sec. and from our own measurements
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of the Brillouin shift for benzene v = 1533 M/sec., we find

M

F

1/2

wide enough to be detected and should slightly overlap the

the half-width = 3.05 x 109 Hz. Thus, this peak is

Brillouin peaks which have a splitting of A], = 8.94 x 109 Hz.

The Brillouin peaks, when curve fit by a least squares

computer program, are definitely not symmetrical about the

maximum intensity [56]. But when each Brillouin peak was

divided into a "left half" and "right half" and curve fit,

both halves had good Lorentzian shapes although differing

in their half-widths. The half—width of the lower frequency

shift side, the side toward the central peak, always has a

large half-width also indicating a possible overlap with a

hidden peak. Moreover the spectral line between the central

and Brillouin peaks never reaches the base line, defined in

the next section, even with excellent finesse. This is seen

in Figure 6 and also indicates a broad central relaxation

peak.

b—Baseline

The position of the base line in the experimental

Brillouin spectra affects the degree which a Lorentzian

equation will fit the eXperimental data, the value of the

half-widths of the individual peaks and most importantly

to our work, the value of the ratio Jv. As mentioned in the

theory, this ratio should only measure isotropic fluctuations

in the dielectric constant so only that scattered light which
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is vertically polarized should be measured, Vv' Even so,

part of this vertically polarized light is still due to

anisotropic fluctuations and is often seen as broad fre—

quency shifts which cannot be resolved with an interferome-

ter [56]. When possible, this scattered light from aniso—

tropic fluctuations should be selectively removed in the

spectral analysis. For benzene, the selection of a baseline

position is even more difficult than for other liquids since

there exists a significant amount of vertically polarized

light due to anisotropic scattering that cannot be resolved

by a Fabry-Perot scanning interferometer. Thus this light,

referred to as the Rayleigh "wing" [57] since it extends out

to 250 cm—1 when analyzed by Raman spectroscopy, exists in

the whole Brillouin spectrum as a flat background above a

dark current base line, Figure 6.

This long flat background is very evident in spectra of

benzene taken at small mirror separations of 2 mm, since at

this separation the Brillouin peaks are then very close to

the central peak. We take this flat background as our spec-

tral base line when measuring the ratio Jv and curve fitting

the peaks to various shapes. Increasing the mirror separation

"moves" the Brillouin peaks away from the central peak until

they begin to overlap the Brillouin peaks of the next order.

At this point of overlap the spectral base line increases

in height above the dark current and the experimental ratio

Jv decreases.
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Two different methods can be employed to determine

when overlap occurs in a benzene spectrum if the ratio Jv

cannot be used. The first method uses the fact that the

horizontally polarized spectra, Hv’ has no detectable peaks

in the Brillouin spectra and thus has a constant intensity

above the dark current for both changing mirror separations

and changing scattering angles. A ratio of this constant

horizontally polarized intensity to the vertical polarized

intensity of the spectral base line defined above, has a

consistent value until the Brillouin peaks of consecutive

orders begin to overlap; then the ratio changes, Table 1 .

This allows a quantitative evaluation of overlap between

the Brillouin peaks. A second method, although more quali—

tative, determines the distance the Brillouin peaks extend

out from their maximum value before a difference from the

spectral base line is not detectable. Unfortunately this

value for the extension of the Brillouin peaks decreases

with increasing mirror separation because the free spectral

range changes. Even so, this method still appears to indi-

cate when overlap occurs and agrees with the first method.

c—Peak Areas
 

The areas under the three peaks are determined by

tracing over each boundary with a planimeter. A ratio of the

areas from the central and the two Brillouin peaks will

I

determine the ratio JV = fig . For the lower boundary

(
I
!
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of the peaks the spectral base line is extended under the

peak, whereas another line is drawn at one half the dis—

tance between peaks to separate them horizontally. When

solutions of high molecular weights and/or high concentra-

tions are used, the Brillouin peaks are expanded electron-

ically by exactly three or ten fold in an attempt to obtain

an area comparable to the central peak thus decreasing

the large error present in measuring very small peak areas.

A ten fold expansion is shown in Figures l8, 19, 20 for a

polystyrene solution in benzene.

5-§pectra1 Analysis
 

a-Solvents
 

(1) Mirror Separation
 

The interferometer mirror separation should be selected

to avoid the overlap of any peaks and also to insure that a

correct set of Brillouin peaks are associated with a specific

Rayleigh peak. Both those conditions can be met by taking a

series of spectra at various mirror separations and plotting

the relative Brillouin peak separation, the peak separation

divided by the free spectral range, against the mirror

separation, Figure 11.

This graph for benzene extrapolates through zero with

a slope of 0.413. Thus any mirror separation less than 1.20 cm

will make the Brillouin peaks closest to the Rayleigh peak

the correct set of peaks. With benzene, this is double check—

ed by recognizing the asymmetry in the Brillouin peak and
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noting that the side with the more slowly decreasing slope

is always toward the side of the correct Rayleigh peak.

Finally, a specific mirror setting is chosen to give equal

spacing between all peaks and thus allows minimum overlap.

The optimum mirror separation we have chosen for benzene is

0.804 cm. It is noted that in early measurements which

 

have a low finesse, the Brillouin peaks are shifted or

i

"pulled" toward the central peak because of an overlap with 5

l
I

ithe central peak [18, 58, 59]. Therefore some authors have

 recommended that the mirror separations should be selected Q

to allow an equal distance between Rayleigh and Brillouin

peaks to minimize this effect. We have found with a finesse

of 45, this "pulling" effect due to peak overlap is not

evident as seen by the linear dependence of the Brillouin

peak splitting on mirror separation in Figure 11. Thus a

correct velocity of sound in a liquid or solution can be

obtained even with a close proximity of the Rayleigh and

Brillouin peaks.

2—Angular Measurements
 

The frequency shift of the Brillouin peaks A" ,

increases with an increasing scattering angle 0, as given

in the following equation.

2v

AV = x3; sin (9/2) gfl’.

Thus we are probing higher frequency pressure fluctuations



78

by increasing the scattering angle and therefore can measure

the velocity of sound at.<different. frequencies. A plot of

the relative Brillouin frequency shift against angle for

benzene in Figure 12 shows a straight line. If the disper-

sion in the sound velocity had been large enough in our

range of frequencies, we would detect a slight upward curva-

ture, since for benzene the velocity dispersion is positive.

This dispersion has been detected in other liquids using

Brillouin scattering [60].

The half-width of the Brillouin peak is also angular

dependent. According to hydrodynamic theory [39] the half-

width is equal to the product of the velocity of sound and

the amplitude absorption coefficient,

PB =2dv. 85

1/2

When the absorption coefficient is derived from Stokes equa—

tion, assuming an ideal liquid with no relaxations, the

half—width then has the following form.

I
PB __1__ g. 173+ flB+%;(Y-l) k2 3

1/2 po

2 2
.__

k2 = 8” n (l - cos 9)

A?)

When Mountain's theory for light scattering from a relaxing

liquid is used instead, the half-width of the Brillouin
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. 2

B V

__1_2 __I_\_ .0. 2
P —p03ns+nB+ CP(-2) k

 

 

1/2 v

- 21
2 2 .

Voo 'Vo Asz 2

+ 2 22 ' 1"- c k '
l+v T k pO v

Thus the Brillouin peak half—width is not linearly dependent

on the square of the scattering vector k. When we plot thetxue

B

Brillouin half—width F against (l-cos 9) for the

1/2

simplified non—relaxing case, we should obtain a zero inter-

cept and constant slope. But the intercept is not zero and

the slope of the experimental line is not a constant

(Figure 13), since benzene is actually a relaxing liquid.

A least squares line is fit to the data for the non-

relaxing case and has an intercept of about 60%Iof the half—

width at a 90 degree scattering angle. Even though the data

haveaalarge error present, it is still evident that a simple

theory does not give a zero intercept,indicating that an extra

relaxing component is present as Mountain suggests in his

theory.

The eXperimental ratio Jv for benzene has a very small

angular dependence as seen in Figure 14. It appears to in—

crease only a small amount at angles greater than 90 degrees,

although the increase is within experimental error, while

there is a definite decrease at the lower angles. Since for

smaller scattering angles, the Brillouin peaks would
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increasingly overlap this hidden peak and add part of it to

their areas, the ratio Jv should decrease with a decreasing

scattering angle. This would also appear to confirm a Mountain

line under the central peak.

3-Polarization Measurements
 

The Brillouin spectra for benzene, when examined above

the spectral base line defined previously, have identical

intensity ratios when they are analyzed using incident

vertically polarized light and either a vertical polaroid or

no polaroid immediately in front of the detector. Thus the

Brillouin spectra of benzene we have analyzed are due only

to vertically polarized light as is assumed by the theory for

light scattering from isotropic fluctuations in a liquid.

For a horizontally oriented analyzing polaroid with

the incident light polarization vector either vertical or

horizontal there is no indication of any resolvable peaks

in the spectra [61] even with a scale intensity expansion

of 100 times. This further confirms that the Brillouin

spectra we use arises only from vertically polarized light.

4-Experimental Values
 

The experimental values we have measured and calculated

for benzene are listed in Table 2 along with values given

by other authors for comparison. The velocity of sound is

an average taken at seven different scattering angles as
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shown in Figure 12 and is accurate to the extent that the

Rayleigh and Brillouin peaks are sufficiently separated.

To reduce this error to less than 0.1% requires a finesse

of about 20, whereas our finesse for benzene is 45. A lower

finesse appears to be the main reason for the lower values

encountered in earlier velocity measurements by other authors.

The half—width of the Brillouin peaks measured at half-

height are corrected for instrumental effects by subtracting

the broadening due to the instrumental response as measured

by the width of the Rayleigh peak. The half-widths of both

peaks are very sensitive to alignment and reach a minimum

value with good alignment, but because of the sensitivity

to alignment the precision and reproducability of these

values are low.

The relaxation time 1k. is derived from Mountain's

dispersion equation 36 for a 90 degree scattering angle and

514.5 nm incident light. The zero frequency sound velocity

v0 is taken from acoustic measurements [20] while the in-

finite frequency velocity v00 is calculated according to

equations 31 and §§_with the assumption that only a single,

dominant relaxation process affects the bulk viscosity. A

value for the relaxation time calculated by O'Connor et.a1.

[62], 1': 0.55 x 10.10 sec. appears to be too small since

this results in a half-width for the Mountain line of

M

r = 13.4 x 109Hz, exceeding the Brillouin peak splitt-

1/2

ing, All = 8.94 x 109 Hz, and is not consistent with



85

experimental observations of a flat spectral base line. Our

value for ‘1h_ appears small enough so that the half—width

M

of the Mountain line r1/2 = 5.35 x 109 Hz does not exceed

the Brillouin peak splitting, but is large enough to slightly

overlap the Brillouin peaks and not allow the spectral line

between the Rayleigh and Brillouin peaks to reach the spectral

base line. Also the slight dissymmetry in the Brillouin peaks

indicates that some overlap exists.

A relaxation time for the bulk viscosity is also calcu—

lated according to acoustic theory [20], using the equations

a i,¢/;2 - 411 2

 

 

 

1':

A an

_8_Z

_ (12 170

a‘ 2 2

pow - v0)

The components in equation §1_are the frequency of the

I

Brillouin peaks (1 = ZTTAV , the shear viscosity 7’0 ,

the density p0, the velocity of sound at zero frequency v0

3

and the velocity at the measured frequency. The calculated relax-

ation time from literature values [20], ‘TA = 1.46 x lo-losec is

in good agreement with the value calculated from Mountain's theory.

A third method for calculating the relaxation time [20]

uses the half-width of the Brillouin peak to first determine

the sound absorption coefficient a, from equation 85, The

absorption coefficient can be divided into three parts
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according to the three main energy relaxation processes.

(I =ans+dnB+dX __

The last term on the right side depends on the contribution

from the thermal conductivity CIA, , and is very small fOr

most liquids and solids in comparison to the other two terms.

'75

respectively, are approx-

The first and second terms due to the shear viscosity a

and to the bulk viscosity a ,

'73

imately equal in size. Since the absorption coefficient due

to the shear viscosity has been measured by Fabelinskii [20]

using acoustic methods as a 1, = 2.5x103 cm~l, the absorp—

5

tion coefficient due to the bulk viscosity can be calculated

if the Brillouin half-width is known. We obtain

“TIE

determine the relaxation time.

= 3.32xlO? cm-1 and from the following equation also

2 I

_ fl 7’0
a.” — ———-——§-° 2 ‘T’2 .§2

B Zpo VO 1 + (1 B

 

10
The calculated value TB = 2.63 x 10_ sec. agrees with a

value calculated by Fabelinskii [20]in the same manner, namely

10
1': 2.4 x 10- sec., but is larger than either value calculat-

ed from Mountain's theory or from acoustic theory.

Each of these values for the relaxation time is used in

Mountain's equation 22_to calculate the ratio Jv for benzene.

In order to use his equation, the halfawidth of the Mountain
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peak must be less than the Brillouin splitting so that the

intensity of the Mountain peak plus that of the Rayleigh peak

can be experimentally separated from the Brillouin peaks. This

requirement implies that the value of the product of the relax-

ation time, scattering vector and the velocity is greater than

unity, or T-k-v.2 1. Using the relaxation time defined from

Mountain's dispersion equation, we calculate T-k-v = 5.44,

thus satisfying the requirement that this product is not less

than unity. The calculated ratios using the different relaxation

times are Jv( TM) = 0.961, JV(‘rA) = 0.966, Jv( TB) = 0.990.

These values show only a small variation of the ratio Jv using

the various relaxation times, but all are slightly larger than

the measured value Jv = 0.888. Since the experimental measure—

ments include part of the Mountain peak in the Brillouin peak

due to overlap whereas the theoretical calculations assume

complete separation, the experimental value for Jv should be

smaller than the theoretical value. The percentage of the

Brillouin peak comprised by the Mountain peak due to overlap

is thus about 3.72%, a reasonable value since the Mountain peak

overlaps the Brillouin peaks by only a small amount. In con-

clusion, a relaxation peak appears to be present, but its in-

tensity and width can only be approximated because it overlaps

three other peaks simultaneously.

b-Solutions
 

(l) — Peak Widths and Frequency Shifts

Dilute solutions of polystyrene in benzene, less

than 0.25%, do not appear to effect either the peak widths
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Table 2. General Physical Constants of Benzene

 

 

 

Our

Parameter Value(22.6°C) Literature Values

Jv O.888:,OZO O.86(1)O.80(2)O.84i,5(3)

JV(TM) 0.961 o.79(2)

AVE 8 . 93x109Hz -

vO 1312m/sec -

v 1533m/sec 1470(4),1500(3),1546(5)

v 1540m/sec -
00

B 8 8
I‘ 1 .42x10 Hz 1 . 74x10 (6)

1/2 :- 20x108Hz

M 9
I‘ 5.35x10 Hz -

1/2

a. ,7 3.32x103cm-l

B

7M 1 . 37x1o‘losec o . 54x10"10 (2)

7A 1 .46x10'10sec 2 .5x10’10 (4)

TB 2 . 63x10-losec 2 .4X10-10(4)
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or the frequency shifts in Brillouin spectra. This effect

has been confirmed for the central peak for other solutions

using self—beat spectroscopy [60]. As seen in Figure 15 for

increasing polystyrene concentrations, neither the Brillouin

nor the Rayleigh peaks have half-widths that change even

though over this range of concentrations, the central peak

increased in intensity by five times. These peak half-widths

are sensitive to instrumental alignment and so also represent

a direct measure of our ability to reproduce a spectrum. How;

ever, the difference in the half-widths, the actual Brillouin

half—width I‘:/2, appears to be less susceptible to errors

than either of the peaks. Also the Brillouin frequency shift,

which should be a good test to determine if concentration

effects are present because of its better accuracy, does not

change over this same concentration range.

Since neither of these parameters vary with concentra-

tion, we can assume v v60 and T are also unaffected,
0?

and so any coupling between concentration fluctuations and

pressure fluctuations is zero to a first order approximation,

as Miller has assumed during the derivation of his theory.

This allows us to use the much simpler equation of Millerugl,

instead of the very complex equations of Mountain. Of course

in a different case this simplified assumption might fail, for

instance when the macromolecules have low molecular weights or

small values of (bn/ 302) thus requiring higher concentrations

for good measurements. Also, Mountain's equations are based on

a thermal relaxation of the bulk viscosity so liquids with a
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structural relaxation or highly ordered structure like water,

dimethylsulfoxide, etc. can not be used, nor can anisotropic

liquids such as liquid crystals. Accordingly we are limited

to a narrow range of liquids when we seek to apply Mountain's

and Miller's theories since several conditions must first be

met. Primarily the solvent must dissolve the solute without

absorbing light at the incident wave-length. Next the solute

must not affect the properties of the solvent when in solu—

tion at a low concentration yet scatter sufficient light to

be detectable. Finally the solvent can only have one dominant

relaxation mechanism and that must be a thermal relaxation

mechanism.

2- Molecular Weight Determination
 

Weight average molecular weights are obtained from

Brillouin scattering with an equation derived by Miller and

modified with a factor p(e).

BKC2
l

J soln. _ J Mw P(9)

v v

 

+ ZAZC2 I
8

For macromolecules with molecular weights less than about

106 g/mole, the factor P(9) is set equal to one for all

scattering angles, with negligible error. The value of Jv

for pure benzene is the average value given earlier while

the values of the other parameters used in the calculation

are listed in Table 4. A plot using equation gg_to derive

the molecular weights from Brillouin spectra for five poly-
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styrenes of different molecular weights, four with narrow dis—

tributions, is shown in Figure 16. Each different concentration

was filtered to eliminate dust, degassed, and sealed in a cylind—

rical cell. Then the Brillouin spectrum was observed at a 90 de-

gree angle using a vertically polarized incident wave—length of

514.5 nm. A least squares computer calculation was used to deter—

mine the best line and the weight average molecular weights

calculated from the intercept at zero concentration. The final

values are given in Table 3 along with values from regular elas-

tic light scattering and viscosity measurements which are ulti-

mately derivable from elastic light scattering. The molecular

weights from Brillouin scattering are comparable with other

methods although at present this method appears to have a lower

precision. The variation in the measured values are due both to

difficulties in making up very small concentrations and in align-

ing a very sensitive instrument to obtain reproducable spectra.

Macromolecules with molecular weights greater than 106 g/mole

require the use of the interference factor P(9) to obtain correct

experimental molecular weights at a finite scattering angle.

Unfortunately this factor cannot be calculated without first assum—

ing a probable shape for the macromolecule such as a rod or a

random coil, since an assumed shape will modify the final cal-

culation. The data are used instead in a double extrapolation

plot to both zero concentration and zero angle with a modified

Zimm plot. With this procedure no assumed shape is necessary,

since the factor P(0) is unity at the zero scattering angle.
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1-G. A. Miller, F.

Macromolecules 3.125(1970)

I. San Fillippo, D. K. Carpenter,

Table 4. Parameters Used in Molecular Weight Measurements

Parameter Units Value Ref. Miller's Value

(514.5nm,22.6°C) (632.8nm,25°C)

CP cal/m ~00 0.3612 2 0.3616

(an/8T) 1/°c -6.42x10'4 1,3 —6.27x10’4

(an/BC) cm/gm 0.108 4 0.102

d gm/ml 0.87096 4 -

Y - 1.439 5 1.431

x — 0.046 3 0.046

f — 0.09979 - 0.09977

R cal/mole-°C 1.987 - -

K cm3/gm 0.05881 — 0.0542

JO - 0.888 — 0.86

B - 0.5237 — 0.59

BK cm3/gm 0.03079 - 0.02759
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Since Jv for benzene has a slight angular dependence as seen

in Figure 14, the angular values for Jv are used instead of

the average value determined at a scattering angle of 90

degrees.

Because of the large scattering associated with the

macromolecule we selected, very low concentrations of poly-

mer were used and the Brillouin peaks in the spectra were

expanded tenfold for a more accurate detection of their

intensities, as seen in Figures 18, 19, 20. Since these

spectra were recorded while a constant intensity of the

central peak was maintained, an increase in scattering is

seen as the opposite of the true situation, a decrease of

the Brillouin peak intensity. A close examination of the

Figures 18, 19, 20 for a 0.038%.polystyrene solution in

benzene with a molecular weight of 1.85 x 106 g/mole shows

only a very small overlap of Rayleigh and Brillouin peaks at

45°, even though the ratio Jv is greater than twelve. Also

the Brillouin peaks are significantly smaller at 45 degrees

than at a 135 degree Scattering angle, about twofold, indi-

cating a definite dissymmetry in the scattering envelope and

a definite need for an extrapolation to zero scattering

angle. In comparison with the change in the ratio Jv of pure

benzene over the same angles, the benzene changes are barely

noticeable in Figure 14, and then they change in the opposite

direction due to increased overlap of the relaxation peak.

The data for a macromolecule with molecular weight greater

than 106 gms/mole are plotted in Figure 17 according to a
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modified Zimm plot with the molecular weight determined

from the intercept for zero concentration and zero scatter-

ing angle. These solutions and pure benzene were measured

in the Brewster cell because back reflections occurring in

standard light scattering cells interfered with accurate

measurements.

6—Discussion
 

The accurate determination of light scattered from a

solution of macromolecules or a pure liquid is difficult to

measure at present using Brillouin spectroscopy. This method

is based on the ability of a Fabry-Perot interferometer to

resolve three peaks due to scattered light when the separa-

tion between these peaks is only about 0.15 cm-l. The very

high resolution necessary for this separation can be obtain—

ed but because it is very high, the inability to consistently

reproduce identical Brillouin spectra often causes a signif-

icant error in the final calculations. This error is due

primarily to the interferometer drifting out of alignment

because of very small disturbances. Even with this persis-

tent drifting, we can obtain a reproducability of about 5%

over long periods of time like a year, with some measurements

such as the Jv ratio for benzene. Much more sensitive parm-

eters, such as peak half-widths, necessarily have larger

errors present.

A redesigned light scattering cell, the Brewster cell,

partially solved an old problem of reflected light from the
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cell surfaces which has to be accounted for in most scatter—

ing measurements. The main source of reflected light is

easily seen in Brillouin spectra taken at an angle other

than 90 degrees as originating from incident light reflected

from the back surface of the scattering cell at the exit

window. Extraneous scattering from other cell surfaces is

still present although all are much smaller in intensity

than the direct back reflections and have been further re-

duced to an insignificant amount in our measurements by

painting the outside of the cell a flat black.

Solvents and solutions must be free of large dust

particles and remain in that condition during the scattering

measurements. Thus elaborate cleaning and filtering procedures

are necessary to obtain reproducable and meaningful data. With

very dilute solutions, a concentration measurement should be

made at the point of filling the sample cell since in some

cases the macromolecule may be absorbed on any surface the

solution has contacted. Conversely, solvent evaporation may

have occurred as appears to be present during our procedure

changing the original concentration.

The selection and measurement of light scattered specif-

ically from isotropic fluctuations is very important since

this is the only part described by current theory. In

Brillouin spectra of benzene, only vertically polarized light

is detected and from this part the nonresolvable component

due to anisotropic fluctuations, the Rayleigh "wing", is

separated and eliminated from the measurements. Calculations
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using Mountain's equations to determine the ratio JV indicate

our selection of a base line is correct since the measured

and calculated ratios show a much closer agreement than

previously used methods. The small remaining difference is

resolved by assuming that the Mountain line due to an inter-

nal relaxation process overlaps the Brillouin peaks and leads

to a lower experimental ratio. If the base line is located at

any position lower than the spectral base line we have pre—

viously defined, the experimental ratio Jv would decrease

and not approach the value calculated from Mountain's equa-

tions. Thus the base line cannot be selected as the dark

current nor can the base line be selected as an imaginary line

drawn at 4/3 of the depolarized intensity as other research

papers predict [1 7]. Another method often used when very

low finesse and large peak overlap is present is to derive a

base line from the best fit of three Lorentzian equations to

the experimental spectra. Since the peaks only approximately

fit a Lorentzian shape, this method will only give an approx-

imate base line and values of JV and peak half-widths with

very large errors [20].

The velocity of sound in benzene obtained from our

measurements appears to be slightly larger than the general

range of values. We can further substantiate this value of

1533 m/sec at 22.6° C by noting that no dispersion has been de—

tected over the range of frequencies we can measure, even though

a positive dispersion could be detected with this method.
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When the velocity of sound for benzene is plotted against

frequency over many orders of magnitude, an "S" shaped curve

results which shows negligible velocity dispersion in the

limits of very low and very high frequencies. we appear to be

at the high end and close to the calculated maximum value

of 1540 m/sec at 22.6° C, therefore only a very small positive

dispersion is still possible.

The relaxation time appears to be of the correct order of

magnitude, but because it has only a small effect on our cal-

culations, an attempt to resolve the ambiguity between the

different values is not useful for our measurements. With

Brillouin scattering, we can determine if a given value for

the relaxation time is too small since the Mountain line due

to the relaxation should extend beyond the Brillouin peaks

and be readily visible in an experimental spectra. Unfortu-

nately we can judge only qualitatively if it is too large by

examining the amount of dissymmetry in the Brillouin peaks.

The Brillouin spectra of solutions appear to require

concentrations of at least an order of magnitude smaller than

is necessary with regular photometric light scattering measure-

ments. This is both an advantage and a disadvantage, since

smaller quantities of solute are necessary, but the concen—

trations are much harder to determine accurately. This dis—

advantage appears to be one of the larger sources of error

in our solution measurements of macromolecules.

If the solute in a relaxing liquid significantly affects

the liquid parameters v v00, and T as noted in Mountain's
0’



105

theory, the theory developed by Miller for the determination

of the molecular weights of macromolecules requires modifi-

cation. Any changes in these parameters will be reflected

by changes occurring in the Brillouin peak with changing

concentrations, such as broadening of the peak half-widths

or by frequency shifts. We have found no such changes in our

experimental resolution, indicating that Miller's theory is

valid for our solvent, solute, and for our concentration

range.

The molecular weights of macromolecules obtained from

Brillouin scattering are consistent with other values measur—

ed by viscosity or regular photometric light scattering

although they appear to have a lower precision. The angular

measurements from the largest macromolecules are more con-

sistent than those at different concentrations, indicating

that a large percentage of the final error may be due to the

concentration determination. Also the variation in the second

virial coefficients with different macromolecules can be

attributed to errors in concentration determinations.

B—Viscosity
 

The molecular weight of a macromolecule is determined

by measuring the increased viscosity of a solution of this

macromolecule over the viscosity of the pure solvent. When

a capillary viscometer is used, this method is a standard

procedure which can be used to further evaluate molecular

weights obtained with Brillouin light scattering, Table 3.



106

l-Constant Temperature Bath
 

A constant temperature water bath was constructed from

a large battery jar placed inside a plywood box and insulat—

ed with two inches of foamed polystyrene, Figure 21. The

bath temperature was controlled with a Yellow Springs model

72 proportional controller which reduced the temperature 1?]

variation to i,003° C. The temperature was accurately de-

termined to better than 0.01° C with a calibrated mercury

thermometer that had been standardized against a platinum :1

#1 resistance thermometer. if

2—Viscometer
 

The capillary dilution viscometer, Cannon—Ubbelode model

50K4l4, was first studied to determine if kinetic energy

corrections were necessary in the viscosity calculations.

The elution time for a fixed volume of two liquids with

different known viscosities was measured and substituted

into the following equation to determine the constants [66].

7=apo<to ’E%) 2}-
0

Using water and benzene as the two liquids, the constants

at 30.00° C, with p0 the density, are

_ -3 poise-n11. _ poise-m1. -sec
a — 3.70 x 10 gm—sec , and B — 1.25 gm .

For an elution time to of order 200 sec. or more, the second
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term in equation 21 is 0.86%.or less of the first term. This

value is small enough to be neglected without serious error

when determining the viscosity of a liquid, indicating that

kinetic energy corrections are not necessary when an error

of about 1% can be tolerated.

3—Solutions
 

All solutions and solvents were filtered through a small

fritted glass filter of pore size 40—60 microns attached to

the viscometer in order to eliminate dust or large particles.

 

The elution times for both the solvent and solutions were

constant to within 0.1 sec. even after cleaning the viscom-

eter, indicating that no large dust particles were present

nor were macromolecules absorbed on the capillary walls.

The increased viscosity of a liquid due to an added

macromolecule is measured in terms of a relative viscosity

”rel’ and a specific viscosity ”sp’ with the assumption

that the solution is dilute and the density of the solution

is equal to that of the solvent. The following equations are

then used by substituting the elution time t for the pure
0

solvent and t for the solution.

t

”rel = /t0 51’sp = /to 92

To obtain the limiting viscosity number [7}], the viscosity

number "Sp /C is plotted against C:2 using the Huggins

2

equation.
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2

”Sp/C2=11)1+k1 [171 c2 2,

Simultaneously the data is plotted with the Kraemer equation.

‘Xn(fl1el) 2

C2 =1m+k21111 c2 93
 

The common intercept [1)] of both equations is then used in

the Mark-Houwink equation along with values of k and a from

elastic light scattering measurements.

 

_,a

1111=KMW .25.

For narrow molecular weight polystyrenes in benzene at 30.0° C,

the constants are K = 9.7 x 10"5 dl/gm, a = 0.74. [64].

The molecular weights obtained from these viscosity

measurements are listed in Table 1 along with the values for

Brillouin scattering and other sources for comparison. As

a check on the viscosity measurements, we note that

kl - k2 = 0.50 for a macromolecule in a good solvent. Our

values for this difference are in excellent agreement and

the plots shown in Figures 22, 23, and 24 are all straight

lines without deviations at either end. Also the relative

viscosity nrel’ is within the range of 1.1 to 1.9, thus

allowing an accurate measurement of the relative viscosity

changes.
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IV-Summary and Conclusions

The thermodynamic theory of Miller for measuring the

molecular weight of macromolecules in solution was examined

by first developing an instrumental alignment procedure to

experimentally separate the Rayleigh and Brillouin peaks.

This procedure achieved a minimal peak overlap over the range

of scattering angles from 45 to 135 degrees for a single

interferometer mirror separation. V

Brillouin spectra were taken and the isotropically

scattered light was identified, separated and measured. A

good correspondence was found between the ratio Jv for the

experimental measurements and the calculations from Mountain's

theory for a thermally relaxing liquid,indicating that the

correct spectral base line was selected. Also an extra re—

laxation peak, the Mountain line, was tentatively identified

and the relaxation time, which is related to its half-width,

was calculated by three different methods.

Macromolecular solutions were measured with Brillouin

scattering and it was found that for dilute solutions of

polystyrene in benzene the solute did not affect the solvent

parameters v v00, and 1" to any measurable extent. The0’

consistency of these parameters in a solution is critical

for applying accurately Miller's thermodynamic theory. Also

an extensive cleaning and filtering procedure was developed

to give consistent scattering measurements from sample solutions.
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The Brillouin spectra of 1ah< macromolecules with diff—

erent molecular weights were experimentally measured and

then their molecular weights were calculated using Miller's

theory. The values compared well with other techniques ob-

tained using photometric light scattering and viscosity

measurement, although a lower precision was noted. Also the

concentrations needed for measurement were found to be about

an order of magnitude smaller than those needed for photo-

metric measurements. Accurate angular measurements for scat-

tering from large macromolecules required the design of a

new scattering cell and simultaneous extrapolation of the

measurements to zero concentration and zero scattering angle.
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APPENDIX



Appendix
 

The alignment procedure for the Brillouin spectrophotom—

eter 1&3 divided into three parts which are to be done

sequentially: (l) alignment of the two optical paths,

(2) alignment of the interferometer and (3) alignment of

the lenses and pinholes. Each of these sections 1&5 often

divided into an initial adjustment to locate approximate

settings and positions, then a fine alignment to achieve

the best finesse. A two step procedure of this type is

necessary since a slight misalignment of one component

may be masked with the subsequent introduction of other

components and resulting in a low finesse.

This instrument is very sensitive to alignment,

especially the interferometer, so the fine adjustments

must be done very carefully; even then parts (2) and (3)

are often redone after taking each spectrum. The alignment

is affected by small building vibrations, room temperature

variations and mechanical slippage of the micrometer screws

resulting in distorted spectra and large decreases in finesse,

as from 50 to 30 or less in a very short time. Efforts were

made during the design to reduce building vibrations by

placing all the components on an acoustically isolated table.

Large temperature variations in the room were reduced by

keeping the room doors closed during experimental runs and

attaching a permanent sealing strip around the doors. This

sealing strip also reduced the amount of dust entering
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the room. Even with these precautions the average time

required for one good spectral run was about 2.5 hours

because frequent realignments were still necessary.

This instrument has two parallel tracks, one contain-

ing the laser and movable mirror and the other an alignment

laser, angular adjustment table, collecting lens, interfer-

ometer, resolving lens, and detector. For best results all

Optical components are cleaned before use since they readily

accumulate dust and grease from the air in the room. In the

following stepwise alignment procedure, the initial positions

of each component are shown in Figure (1).

Alignment of Optical Paths

l — Locate the argon laser approximately parallel to

the long edge of the table top and adjust the beam height

to 25 cm above the table surface.

2 - Align the beam height of the argon laser so it is

parallel to the surface of the table by passing the beam

through two pinholes 3mm in diameter and.25cm high placed

at both ends of an optical rail which is located at the other

end of the table from the laser.

3 - Remove the pinholes and place the movable front

surfaced mirror on the optical rail, then adjust the

height of the mirror so the argon laser beam strikes the

approximate center of the mirror.
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4 - Place the alignment laser in the second track so

that the beam height is also 25 cm above the table surface

and approximately in line with the "dovetail" optical rails

inside the two light tight boxes. Both the alignment beam

and optical rails should be parallel to the long edge of

the table top.

5 - Take two pinholes 2 mm in diameter, labeled No.1

and No.2, and adjust their heights to 25 cm above the table

surface when they are placed on the optical rails inside the

light tight boxes.

6 - Place one pinhole on the optical rail near the

photomultiplier tube (PMT) and adjust the alignment laser

to pass the beam through this pinhole.

7 - Place the other pinhole on the rail in front of

the first and adjust its height to that of the alignment

beam. Check that both pinholes are perpendicular to the

alignment beam and not twisted at an angle.

8 - Reverse the positions of the two pinholes and

repeat step No.7 until both pinholes are identical in

height, 25 cm above the table top, and passing the

alignment beam into the center of the PMT.

9 — Remove pinhole No.1, place it inside and in the

front of the front box, then adjust the alignment laser to

pass the beam through both pinholes.

10 - Remove pinhole No.2, place it inside and in the

back of the front box, then adjust the position of the

optical rail so the alignment beam passes through both pinholes.



122

ll - Remove both pinholes and place them at opposite

ends of the rear optical rail, then adjust the position of

this rail until the alignment beam passes through both

pinholes. Replace pinhole No.1 inside and in the front of

the front box. At this point the alignment beam and both

optical rails should be parallel.

12 - Set the Bridgeport rotary table to zero degrees

by turning into this setting with a clockwise movement.

13 - Adjust the center position of the Bridgeport table

to coincide with the alignment beam by placing a sharp needle

at its center and moving the Bridgeport table laterally until

the needle bisects the alignment beam as seen by the shadow

of the needle on the pinhole in the front box.

14 - Adjust the permanent pinhOles, 1 mm in diameter,

at each edge of the Bridgeport table to pass the alignment

beam. These steps set the height of the incident beam and

at the same time establish the zero scattering angle so that

any other angle can be selected with a precision of 1_3 sec.

of arc.

15 - Rotate the Bridgeport table to 90 degrees and

then place the collimating tube containing the adjustable

pinholes at each end into the front end of the front box.

16 - Adjust the position of this tube so the front

pinhole is about 8 cm from the center of the Bridgeport

table.
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17 - Close each adjustable pinhole located on the

ends of the collimating tube in turn, center them on the

alignment beam, and then open them fully.

Alignment of the Interferometer
 

l - Place two special pinholes 4 mm in diameter into

the front and back of the interferometer body after un—

coupling the front and back bellows which connect the

interferometer to the boxes. Adjust the interferometer

body and its platform to pass the alignment beam through

these pinholes.

2 - Remove the special alignment pinholes from the

interferometer body, replace the bellows, place the rear

interferometer mirror in the approximate position to be

used and place pinhole No.1 in the front of the front box.

3 - Adjust the body of the interferometer so the re-

flected beam passes through the pinhole on the optical

rail in the front box.

4 - Place both front and back mirrors in the interfer-

ometer at a spacing for the desired spectral range and

again adjust the body of the interferometer to allow the

main reflected beam from the front mirror to pass through

the pinhole on the optical rail in the front box. Both

steps No.3 and No.4 need to be only approximate adjustments.

5 - Place the interferometer in the scan mode at a rate

of about one spectral order per five seconds, place the
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cover on the interferometer and hold a white card in back

of the back interferometer mirror to examine the transmitted

beam, then adjust the micrometer screws to align the inter—

ferometer mirrors so they are parallel. Initially only a

bright line is seen extending from about the center of the

original optical path to an outside edge. This line points

in the direction that the mirrors are spreading apart and

thus indicates which direction the mirrors must be adjusted

to realign them parallel. As the mirrors are adjusted closer

to parallel, this line decreases in length until it finally

forms a series of diffuse concentric circles.

6 - Adjust the body of the interferometer to reflect

the alignment laser beam through the front pinhole then

readjust the micrometer screws to obtain parallel interfer-

ometer mirrors. Repeat this procedure twice so that the two

following critical concitions are met: first the interfer-

ometer mirrors are perpendicular to the alignment beam and

second, the mirrors are parallel to each other.

7 - Remove the white card and place a long focal length

lens (100 cm) in back of the interferometer so its focal

plane is about 3 cm in front of the face of the PMT.

8 - Adjust this lens so the alignment beam passes

through the rear pinhole in its focal plane.

9 - Remove the pinhole in the front box and place a

white card about 10 cm behind the rear lens. The main

alignment beam is then seen on the white card as a bright

spot with a slight halo, both of which are surrounded by
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unfocused concentric rings at increasing distances from

the center.

10 - Adjust the body of the interferometer so the halo

about the central spot of the alignment laser is symmetrical,

then readjust the micrometer screws to give a symmetrical

ring pattern. This halo is a back reflection due to the

incident beam first striking the front mirror, being re-

flected to the front alignment laser mirror and reflected

again down the original path. In this way we can achieve

an excellent interferometer alignment by using the double

reflected beam as an exact check.

11 — Remove both the rear pinhole and the white card

in back of the rear lens. Place the card at the focal point

of this lens and realign the mirrors parallel as judged by

the focused rings which are symmetrical and converge on a

central spot.

12 - The rear interferometer mirror appears to be driven

slightly off axis by the piezoelectric crystal, therefore

during the scan over about five spectral orders, the mirrors

should be aligned so the first two orders are slightly un-

symmetrical in one direction, the third order is symmetrical

about the central spot and the last two are slightly un-

symmetrical in the opposite direction. Only the three central

orders are used in the analysis.
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Alignment of Lenses and Pinholes
 

1 - Place a lens of focal length 50 cm in the front

box so its focal point is located at the center of the

scattering volume. An exact placement is not necessary

within i.2 cm since the divergence angle of the scattered

light is very small.

2 — Replace pinhole No.1 on the optical rail in front

of this front lens.

3 — Adjust the front lens so the reflected alignment

beam from the front and back surfaces of the lens passes

through the pinhole as well as the reflected beam from the

interferometer mirrors.

4 - Remove pinhole No.1 and finely adjust the front

lens so the rings on the white card in the rear of the back

box converge symmetrically on the central spot.

5 — Remove this white card and replace it with a pin-

hole of 2mm in diameter which blocks out all transmitted light

except that from the central spot at the focal point of the

back lens and center it exactly on the central spot from the

alignment beam.

6 — Adjust the front pinhole in the collimating tube

to 1 mm in diameter and the second pinhole to 2 mm in

diameter. This is easily done by inserting a wire of that

specific size in the adjustable pinhole then closing down

the pinhole until it strikes the wire.
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7 - Place a large adjustable pinhole, 1 cm in diameter

between the front lens and the front interferometer mirror.

8 - Close both front and rear light-tight boxes, place

the scattering cell in position and align it in the crossed

beams from both lasers.

open

9 - Turn off the alignment laser and the room lights,

the shutter in front of the PMT and begin to take the

Brillouin spectra.

from

The usual instrumental settings used for scattering

pure benzene are listed below for reference.

Laser - 400 mw at 5145A°, single mode.

PMT - 1,200 vts

PMT Cooling - -10°C

Preamp. Head - 0 to 10-9 amps

Damping - 30%.of maximum

Vbltage Supression — 0.0 vts

Recorder - 0 - 100 mv scale

fast chart speed

lowest damping



 


