
VOLUME 16, NUMBER 1$ PHYSICAL RK VIEW LETTERS 11 AeRrL 1/66

M. Ericson, Compt, Rend. 257, 3831 (1963).
3L. S. Kisslinger, Phys. Rev. 98, 761 (1955).
4H. L. Anderson, C. S. Johnson, and E. P. Hincks,

Phys. Rev. 130, 2468 (1963).
M. Nakamura and R. L. LaPierre, Nucl. Instr.

Methods 32, 277 (1965).

A. Astbury, J. P. Deutsch, K. M. Crowe, R. E.
Shafer, and R. E. Taylor, International Con+ress on
Nuclear Physics, Paris, 1964, Comptes Rendus
(Centre National de la Recherche Scientifique, Paris,
1964), Vol. 2, p. 255.

VD. West, Rept. Progr. Phys. 21, 271 (1958).
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Diffusion broadening has been observed in the
inelastic scattering of monochromatic light off
a binary fluid, cyclohexane-polystyrene, near
its critical point for mixing. The broadening
a few tenths of a degree above the critical tern
perature is an order of magnitude less than in
a binary mixture of small molecules (cyclohex-
ane-aniline)' and two orders of magnitude less
than in a pure fluid (SF,).' The dependence of
the broadening on scattering angle agrees with
that found for the other fluids, '~ ' and with ex-
pectation'; but its increase with rising tem-
perature is less rapid than for these fluids,
being less than linear in AT.

The method used was substantially that of
Benedek. 4~ ' A 12-mm diameter cylindrical
sample of cyclohexane containing 6.5% by vol-
ume National Bureau of Standards standard

705 polystyrene, with narrow molecular-weight
distribution, was irradiated with monochro-
matic light at 6328 A from a He:Ne laser. Light
scattered at an angle 6 with respect to the in-
cident direction was detected at a photomul-
tiplier, where interference between the differ-
ent frequency components in the scattered
light produced a fluctuating photoemission. The
noise spectrum of the amplified photocurrent,
with dc component suppressed, was analyzed
into its frequency components using a spectrum
analyzer (Nelson-Hoss type 011) with a reso-
lution of 10 Hz.

Photographs of typical spectra are displayed
in Fig. 1. Each photograph shows the digitized
average of the noise amplitudes obtained in
about 100 sweeps through the spectrum, each
of 8 sec duration. An ND-800 Enhancetron

(a)

FIG. 1, Oscilloscope traces of digitized and time-averaged spectra of noise currents produced by tbe inelastical-
.y scattered light. (a) 0=40 T Ts =0.3'C, marker pips at +150 Hz. (b) 0 =So', T Ts 4.0'C, marker pips at
+&{)00 Hz The solid curves are square-root Lorentzians fitted to the data. Suppression of low-frequency compo-
nents and some drift of tbe heterodyne frequency of the spectrum analyzer account for the depression in tbe center
of the narrower spectrum [part (a)]. Spectra obtained at & =20' and AT & 2'C are about as clean as that in (a),
though narrower for small &T and therefore more susceptible to drift.
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was used to perform the average.
The noise spectra have approximately square-

root Lorentzian shape, as found for a pure
fluid by Benedek and Ford, ' and as required'
for a Lorentzian spectrum of optical frequen-
cies in the scattered light. The observed shape
is consistent with exponential relaxation' of
the fluctuations in concentration responsible
for the inelastic scattering.

Assuming the scattered light has Lorentzian
profile, its spectral width, or the reciprocal
of the relaxation time multiplied by w, is equal
to the half-width at half-amplitude of the de-
tected noise current, divided by v3. (The noise
current is proportional to the square root of
the noise energy; the spectrum of the latter
is Lorentzian, with half-width equal to the full
width of the spectrum of the scattered light. ')
The spectral widths deduced in this way from
the observed noise amplitudes are displayed
in Fig. 2. The data are for scattering angles
of 20', 40', 80', and for temperatures 0.05
to 30'C above the temperature T~ = 24.28'C
=7'cr, t at which. the phases separated. The
data may be represented approximately, as
indicated by the solid lines in Fig. 2, by the
semiempirical equation

&&= 2.6[(2m/A) sin(8/2)]'(T —Ts)0 6 Hz,

in which & = 0.44 is the wavelength of the light in
the fluid, expressed in microns, In this equa-
tion the angular dependence is that expected
theoretically for isotropic diffusion; the co-
efficient 2.6 and the exponent in the tempera-
ture factor have been chosen arbitrarily. (They
best fit the data for 8 = 20' and T Tz -( 16'C.)

Although the agreement is not perfect, it is
evident that the observed broadening conforms
at least approximately to the sin'(8/2) depen-
dence expected theoretically. The observed de-
pendence of the broadening on temperature, how-
ever, is not even approximately represented by
linearity in T-Tcrit, as expected on classical
theory for small molecules3 and shown by the
dotted line in Fig. 2; rather, the breadth of the
scattered line increases significantly less rap-
idly than linearly, the proportionality being more
nearly to the square root of T-Ts.

No striking deviation from linearity in 7'-Tz
was observed for the intensity (dc component)
of the scattered light. Within the range 0.1-
2'C above T~ the reciprocal intensity was found
to vary approximately (within-10') as 2+ 17
(T Ts), -3.5+24(T-Ts), 5+20(T—Ts), in arbi-
trary units, at 0 = 20', 40', 80', respectively.
The over-all dependence,

'(8, T) =C(8)[0.38 sin'(8/2)+ (T T+ 0.1)],—(2)
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FIG. 2. Spectral width of the scattered light as a function of temperature and scattering angle, Dotted line in-
dicates linearity in T—Tz. Solid lines are given in Kq. (2), dashed curves by Eq. (3).
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agrees with that predicted by Debye' for a crit-
ical mixture with critical temperature Tcrit

T -0 IoC s

Some decrease in the rate of growth of the
spectral width of the scattered light can be ex-
pected at high temperatures, owing to the limit
on disorder imposed by the finite extent of in-
dividual polymer molecules. These molecules,
of average molecular weight M =180000,' at in-
finite dilution have an end-end extension given
by the empirical relation l.'= 0.47M (A'), ' or
radius of gyration r=l. /v6=120A. From the
observations of Cummins, Enable, and Yeh'
of the broadening for somewhat larger latex
spheres suspended in dilute solution in water,
the limiting breadth due to Brownian diffusion
of spheres of this radius in cyclohexane (with
viscosity 0.6 that of water) is found on extrap-
olation to be -250 Hz for 0 = 20', and larger in
proportion to sin'(8/2) for the other angles.
The value thus estimated is considerably larger
at 8= 20' than the -100 Hz which seems to be
approached experimentally at this angle at high
T. The estimate is a crude one, however, and
probably gives too large a value for the Brown-
ian diffusion, and hence for the linewidth, as it
neglects interactions between the polymer mol-
ecules. Such interactions are certainly signif-
icant in the nondilute solution used in our inves-
tigations. "

It is tempting, in view of the possible offset of

7crit from Tz and approach to a limiting &v at
high T, to try to reanalyze the data in Fig. 2

assuming that the breadth at first increases
linearly with T-7'crit, Tcrit~Ts, then, far from

T»t, approaches a constant limiting value. If
these features are combined by modifying Eq. (1)
to read as follows:

(2m 8 )2 T-T

2j 1+0.13(T-T )
(3)

with T~=T -0.15, then as good a fit to the data
is obtained (dashed curves in Fig. 2) as with Eq.
(1). The offset assumed here, Ts-T .t=0.15'C,
is consistent with that used in Eg. (2). The limit-
ing breadth,

&2v . e&
b, ~-201 —sin —

I Hz,
2j

is not much greater than the breadth found ex-
perj, mentally at V' = 50'C. '

In conclusion, the authors wish to thank Dr. D.
McIntyre of the National Bureau of Standards for

lending them the sample of polystyrene used in
this experiment, ' and Dr. C. O. Alley, Jr. , of
the University of Maryland for the opportunity
to do this work in his quantum electronics lab-
oratory.
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For example, over large intervals of temperature
noncompensating changes in viscosity and molecular
extension might cause discernable changes in the

Brownian diffusion and hence require the use of a
"limiting breadth" which itself is a function of tem-
perature.
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tic constantsa are (2.12, 1.37, and 1.04) x10'
cm/sec, respectively. The strong discrepancy
of the shear wave velocities may be due to bound-
ary reflections caused by the large deviations
(~34') between wave normal and direction of
energy flux. The mode L shows virtually no
magnetoacoustic electronic interaction; S, is
slightly and S, very strongly affected. The
measurements described below refer to mode
S2 with/(E, B) =8 = 56'.

Figure 1 shows the received amplitude of
S, at 188 Mc/sec as a function of the magnetic
field strength. In curve b no electric drift field

In this Letter experimental evidence is pre-
sented of ultrasonic amplification in bismuth
subjected simultaneously to an electric and a
magnetic field. Recently, an increase of 14
dB/cm in the amplitude of a 15-Mc/sec shear
wave in bismuth with application of an electric
drift field was reported. ' However, it was not
evident whether this figure represents a net
gain in the electronic part of the ultrasonic in-
teraction. In what follows, we have proven the
existence of ultrasonic gain by observing "in-
verted" giant quantum oscillations, i.e., the
maxima of ultrasonic attenuation' are convert-
ed into minima by the application of a suitable
electric field. Estimated values of the de-atten-
uation caused by the electric drift field range
around 85 dB/cm, the "net" gain referred to
the attenuation at zero magnetic field being
18 dB/cm, at 223 Mc/sec.

The present experiment was carried out at
4.2'K with a, single crystal of pure bismuth (re-
sistance ratio p300oK/p4 2oK ——140). The sam-
ple dimensions are 1.407 x 0.389 & 0.680 cm3,
along the respective edge directions $, q, & as
given in Table I. The electric field E is applied
along $, the wave normal q of the ultrasound
along g, and the magnetic field B can be rotated
in the $-7) plane. Ultrasonic waves were gen-
erated and received by F-cut quartz transduc-
ers (funda. mental frequency 20 Mc/sec) with
the direction of polarization along $. We ob-
served a longitudinal wave L and two shear
waves S„S,with apparent velocities of (2.14,
0.96, and 0.83) x10' cm/sec, respectively,
whereas the values calculated from the elas-
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Table I. Components of the unit edge vectors $,q, f
in the crystallographic coordinate system: x =binary
axis, y =bisectrix, s =trigonal axis.

0.9-
0.8-
0.70 2 4 6 8 10 12 14 16

MAGNETIC FIELD B (KILOGAUSS}

-0.492
-0.636
+0,592

-0.848
+0.495
-0.195

+0.180
+0.580
+0.794

FIG. 1. Received amplitude of shear wave S2 at 188
Mc/sec in bismuth as a function of magnetic field
strength. g, B "normal, " drift field applied; 5, B "nor-
mal, " without drift field; c, B "reverse, "drift field
applied. Lower curve: E/B in units of 10 cm/sec.
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