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High-Resolution Brillouin Scattering

E. I. GoRDQN AND M. G. CoHEN

Bell Telephone I.aboratories, Murray Hill, New Jersey

(Received 19 August 1966)

A new technique for determining the velocity and attenuation of hypersound is established. Experiments
illustrating the technique with water as the acoustic medium in the frequency range 500—1500 Mc/sec are
described. The technique is based on superheterodyne detection of Brillouin-scattered light from a multi-
frequency gas laser. The scattering sound is injected from a buGer rod into the medium under study, in con-
trast to the classic Brillouin-scattering technique, which uses scattering from ubiquitous thermal phonons,
and detects by means of photon counting. Measurement of the amplitude and phase of the microwave photo-
current (using a homodyne technique) as a function of the angle of the bu6er rod determines the attenuation
constant and phase velocity of the hypersound. The technique is especially useful at those hypersonic fre-
quencies for which the attenuation is su%ciently great that the pulse-echo technique or other acoustic
reflection techniques are difBcult or impossible and yet small enough that the classic Brillouin-scattering
technique has insuKcient resolution. The experiments in water described here correspond to such a range,
and bridge the gap between the available ultrasonic data and more recent measurements above 3 Gc/sec. In
particular, the data indicate that for water an upper limit of 10 "sec can be set for the relaxation time
associated with excess loss.

INTRODUCTION

HE classic Brillouin-scattering technique has ex-
perienced a brisk renewal of interest as laser light

sources have become available. Benedek and Greytak
have reviewed the history and theory of the subject and
recent measurements. ' The classic technique utilizes the
light scattered by thermally produced phonons; at any
given angle relative to the direction of the incident
light, the light scattered by phonons of a given wave-
length contains a doublet split in frequency symmetric-
ally relative to the frequency of the incident light. The
splitting and spectral width of the individual compo-
nents of the doublet, coupled with knowledge of the
optical wavelength and required acoustic wavelength
for scattering, yield the velocity and lifetime or decay
rate of the scattering phonons. The accuracy and resolu-
tion is limited, however, by the requisite optical spec-
trometer or interferometer and the multifrequency
character of laser sources. Even with single-frequency
gas lasers, ' the optical resolution is limited to several
tens of megacycles per second.

Utilizing injected phonons of a well-defined frequency,
Cohen and Gordon' have demonstrated a new scattering
technique based on measurement of the angular spread
of the scattered light. The phonon decay and conse-
quent spread in phonon momentum introduces a spread
in the direction of the scattered light with an angular
width inversely proportional to the phonon decay dis-
tance. The center angle of the scattered light measures
the acoustic velocity. The accuracy and resolution is
considerably greater than that of the classic experiment.
Furthermore, attenuation and velocity are determined
as a function of phonon energy or frequency rather than
as a function of phonon wavelength as in the classical
technique. When dispersion is present, the difference is

nontrivial and the new measurement technique may be
more fundamental.

Nevertheless, when the acoustic frequency is high so
that the decay distance is very short, the need to bring
the light beam very close to the acoustic source makes
an alternative but closely related technique desirable.
The purpose of this paper is to establish the theoretical
basis for the alternative technique and to describe an
experiment in water in the range 500—1500 Mc/sec i]lus-
trating its validity and usefulness.
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DESCMPTION OF THE EXPERIMENTAL
TECHNIQUE

Consider the geometry shown in Fig. 1. A narrow
acoustic beam of angular frequency 0 is transmitted
into a liquid medium normal to the optically Rat face
of the buffer rod. The transducer geometry is chosen so
that the beam waist of width L occurs approximately
at the interface with the liquid medium with a width

' G. Benedek and T. Greytak, Proc. IEEE 53, 1623 (1965).' M. G. Cohen and E. I. Gordon, Bell System. Tech. J. 44, 693 I"zo. 1. Scattered beams at co+0 and co—0 traveling approximately
(196S). collinear with specularly reflected beam at w.
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Fzo. 2. Block diagram of experimental arrangement.

small compared to the width of the rod. A wide, parallel
light beam chopped at 1000 cps is incident on the face
of the rod at an angle corresponding approximately to
the Bragg angle appropriate to the acoustic frequency.
The incident light beam may contain a small range of
frequencies, but for the purpose of discussion consider

only the component at some frequency co. The light beam
is specularly rejected off the face of the buffer rod. Ap-
proximately colinear with the rejected beam are two
components of scattered light, one at frequency 0+0
arising from acoustic scattering of the incident. light
beam, a second at frequency ~—0 arising from scatter-
ing of the specularly reflected beam. After undergoing
specular reQection, the direction of the co—0 component
is parallel to the co+0 component; however, its ampli-
tude is reduced relative to that of the co+0 component

by two specular rejections from the face of the rod.
The light scattered into the angular range occupied

by the specularly rejected beam is superheterodyne de-

tected with a square-law photodetector using the specu-

larly rejected beam as the local oscillator. As shown in

I'ig. 2, the microwave output of the photodetector at
frequency 0 is homodyne detected using the cw input
signal to the transducer as the reference. ' Each fre-

quency component of the incident light beam contrib-
utes coherently and in-phase to the signal at Q. All

other components of the photocurrent not coherent with

the injected signal are reduced in amplitude relative
to the signal at 0; the larger the injected signal the larger
the relative reduction. ' The video output of the micro-

wave receiver, which has a chopped component, is

phase-sensitive detected using the 1000 cps signal from
the chopping wheel as the reference. A typical video

signal is shown in Fig. 3; the dc level corresponds
to the injected signal while the square-wave component
corresponds to the coherent addition or subtraction of
the photocurrent. The two photographs correspond to
relative phase of x or zero.

The angular spread of the scattered light is deter-

'M, G, Cohen and E. I. Gordon, Bell System Tech. J. 42, 3068
(1964).

mined by observing the amplitude of the video signal
while rocking the buffer rod slowly through an angular
range centered about the Bragg angle. A reference volt-
age proportional to the angular sweep is applied to the
x axis of the recorder and the output of the phase-sensi-
tive detector is applied to the y axis. The recorded signal
is proportional to the amplitude and phase of the photo-
detector current at 0 as a function of the angle of the
buffer rod, which yields the attenuation and velocity of
the acoustic wave as derived in Appendix A and sum-
marized in what follows: The pertinent result for the
photocurrent at angular frequency 0 is

exp[i0(t —R/c') ]
~(0) = ~0

O(1+~')

X [1—(exp( —p)) (cong —
p sinP&)

+i[y—(exp( —p))(sinPg+g coslag)] ], (1)

FIG. 3. Video output of superheterodyne receiver
for q =~ (left} and q =0 (right).

' Equation (1),which leads to (4) under the condition —',o.W tan&,
))1, is valid under the restriction ~~nL tan8, (&1, i.e., a narrow
acoustic beam. In Appendix A it is shown that (4) is valid under
the more general restriction ~~a(W —L) tan8, &)1.

in which the angle parameter q is given by

y= 2(k/n) [sin9„—sin 0~], (2)

O„being the nominal angle of the rejected- or incident-
light beam relative to the face of the rod, 0' the Bragg
angle, k the propagation constant of the light within
the medium, and 20, the decay constant for the acoustic
energy. The decay time or lifetime of the phonon is given

by (2nv) ', w being the acoustic velocity. The constant
Lo is related to the power of the rejected light and am-

plitude of the sound as well as the reRectivity of the
buffer rod and will be discussed later. The parameter

P=-,'nW tan8„

is (within a factor vr ') the ratio of the Lorentzian
diffraction half-width of the scattered light to the
(sinX/X)' diffraction half-width of the light reflected
off the face of the rod; lV is the width of the rod. With
proper design. of the experiment, P))1 and the micro-
wave photocurrent takes the simpler form4

1+i'
~(0) = ~oP

' exp[i0(t —R/c')]
—1+7J—
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%ith the arrangement shown in Fig. 2, setting the in-

jected microwave current level at 0 large compared to
the microwave photodetector current and operating the
mixer and i.f. detector as linear envelope detectors, the
chopped video output voltage of the microwave super-
heterodyne receiver is'

b

1+'' 1
expip

-1+9' — -1+9'-
cosy — sing, (5)

1+g2

in which y is the phase of the injected microwave current
relative to that from the photodetector. The integrated
output of the phase-sensitive detector is proportional
to V. Consequently, when q =0 or x the experi-
mental curve should be Lorentzian, L1+g2j ', and for
22= &m./2 it should be of the dispersion form ri/(1+ g2).
For either curve the values g= &1, as determined from
the half-power points of the Lorentzian or the maxima of
the dispersion curve, yield the angular width

cM„=n/(k cos0'),

as follows from (2). Measurement of 69„determines n.
The value q= 0 corresponds to

sin8, = sinO" = -,'0/kv,

which measures the phonon velocity.
Before proceeding with a description of the experi-

ment, it might be appropriate to provide some physical
insight into the basis for this result. Consider Fig. 4,
which shows schematically the incident-light photon
with momentum Ak directed along a—a', as well as the
reflected photon directed along b—b'. The reflecting
surface of the rod has its normal along c—c', which is
also the direction of the injected phonons, ignoring
acoustic diffraction. Only the component of scattered
light collinear with the reflected beam produces a beat
in the photodetector. In addition, the momentum of the
scattered photon is but trivially changed from that of
the incident photon, since its energy differs by at most
a few parts in IO'. Hence, only that component of the
phonon momentum which satishes momentum conser-
vation relative to the incident and reflected photon can.
contribute to the beat signal. Consequently, as the angle
8„is scanned by varying the direction of c—c' (which
automatically varies the direction b—b' as well as the
direction of the phonon momentum), the amplitude of
the beat measures the amplitude distribution of phonon
momentum. Since the acoustic energy decays exponen-
tially, the distribution of phonon momentum is Lorent. -
zian, with a width proportional to the decay rate. Hence,
the amplitude distribution at constant phase is also
Lorentzian as indicated by (5).

EXPERIMENT

The experiment was performed in water in the range
500—1500 Mc/sec. This choice was dictated by the fol-
lowing considerations. At 1000 Mc/sec, the phonon de-

Fxo. 4. Scattering interaction with Lorentzian distribution
of phonon momentum; AE is the phonon momentum.

cay distance is about 2.5&(10 ' cm, so that pulse-echo
techniques are extremely dificult. On the other hand,
the linewidth for the classic scattering experiment is
expected to be about 10 Mc/sec, too low for the avail-
able resolution of that technique. Consequently, it has
not been possible to study water accurately in this range
of hypersonic frequencies. Similar limitations hold for
other liquids and solids. Furthermore, the parameter
p=-2'nW tanO' varies approximately as f' (f is the
hypersonic frequency of measurement), since u~ f' and
tanO~~ f. Consequently, for the single buffer rod and
CdS evaporated 6lm transducer used in the range 500—
1500 Mc/sec, P varied over a range of 30:1 and it was
possible to study the case P=1 as well as P))1. While
P=1 represents limiting resolution and is not experi-
mentally interesting, understanding and observing this
limit lends additional credence to the measurement
technique. For the case p not necessarily large, (5) takes
the form

1—(exp —P) (cosPg —g sinPg)
p' (x cosp

1+rl2

g
—(exp —p) (sinpg+ g cospq)

sin 22, (8)
1+92

as follows from (1). This form can be considered to be
the convolution of the (sinX/X) distribution of the
reference beam and the Lorentzian distribution of the
scattered light. Figure 5 illustrates the in-phase compo-

5 Since e,=0 throughout any given angular scan, tan 8, can be
approximated by tanO with negligible error.
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1000 Mc/sec to 0.16 at 1500 Mc/sec; consequently,
r(1—

~
r ( ') is greater than 85% of its maximum value

throughout the range.
The He-Nc laser at 0.6328 p provided a multifre-

quency power of 8 mW in the lowest order transverse
mode. Only a small portion of the beam center was re-
flected from the face of the rod. The reflected power
was several hundred microwatts and a silicon micro-
wave photodiode (TI-LSX900) provided shot-noise
limited photosensitivity. In order to keep the reflected
beam focused on the same area of the photodetector as
the angle H„was varied, an additional mirror fixed to the
rotating table was used as shown in Fig. 6. It should be
noted that refraction at the air-liquid cell interface re-
quires the proper interpretation of 8, relative to the
angle of the table 8,'. However, when the cell interface
is approximately parallel to the buGer rod, H„can be
interpreted as the external angle 8„'if k is set equal to
the propagation constant in air, 2rr/Xs.

Figure 7 shows typical tracings obtained for f= 1200
Mc/sec using an integration time of 0.1 sec in the phase-
sensitive detector. The plotted points are the expected
curves (1+re') ' and rt(1+re') ' matched to the data at
g=0 and +1. Figure 8 illustrates data obtained at
f=600 Mc/sec corresponding to P= 1.12, which should
be compared to Fig. 5. In summary, the agreement for
frequencies at 900 Mc/sec and above is essentially

—
g lomin l

FIG. 8. Output of phase-sensitive detector for f=600 Mc/sec
for comparison with Fig. 5, P =1.12.

perfect. Below 900 Mc/sec, the agreement is qualita-
tively very good. It should be noted that measurements
of the far-field distribution of the specularly reflected
beam indicate that the angular distribution is almost,
but not quite, (sinX/X)', and this can account for lack
of perfect agreement when the angular width of the
scattered light is comparable to that of the reflected
light. Figure 9 presents the measured values of o. at 23'C.
The solid line summarizes the ultrasonic data' and the
one point at 250 Mc/sec was obtained from Ref. 2. The
measurement accuracy is believed to be within +1%%u~.

The scatter in the data is consistent with variation in
the water temperature which corresponded to ambient
room temperature.

If the excess absorption in water can be attributed to
a single relaxation process, then at 23'C

n/fs= 21.5(0.32+0.68/[1+(2~f) srs]}
)&10 t (cm sec ) (10)

in which the first term in the bracket corresponds to the
classical loss and the second term to the excess loss. 6

Following Herzfeld and Litovitz, ~ one can predict a
value v =2 2&&10 "sec, using the theory of Hall, ' and
r=4.4)(10 ", using the theory of Euken. Relaxation
would produce an unobservable decrease in n/f' at
1500 Mc/sec using Hall's r, but a 10%%uq decrease using
Euken's value, which is apparently too large. A similar
conclusion has been reached by Fleury and Chiao' on
the basis of a lack of observed velocity dispersion in the
3—6 Gc/sec range. The measured value of e using (9) was
found to be (1.490&0.005)X10' cm/sec, which is also
in agreement with Fleury and Chiao.

+ lomin ~ I I I I

Fro. 7. Output of phase-sensitive detector for f 1200 Mc/sec.
The plotted points are (5) for y=0 and y=~/2 matched to the
data at g=0, and +i.

CONCLUSION

A new technique for measuring acoustic attenuation
and velocity in transparent materials has been de-

tl K. F. Herzfeld and T.A. Litovitz, Absorption and Dispersion of
Ultrasonic IVaees (Academic Press Inc. , New York, 1959).' L. Hall, Phys. Rev. 73, 772 (1948).

~ A. Eucken, Z. Elektrochem. 52, 255 (1948).' P. A. Fleury and R. Y. Chiao, J. Acoust. Soc. Am. 39, 71$
(1966).
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corresponds to an outgoing wave solution. The obser-
vation point is at

X=E cosp sing 2

P =E cosy cos0,
Z=E sing,

~
r—rp~ =R—xp cosy sin8 —
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aIld
FIG. 9. Absorption coefFicient a plotted as 10"n/f' versus f at

23'C. The solid line summarizes the ultrasonic data, the point at
250 Mc/sec was taken from Ref. 2, and the experimental results
of this work are presented for 900—1500 Mc/sec.

scribed. This technique is useful in those frequency
ranges for which purely ultrasonic techniques such as
pulse echo or measurements of the complex acoustic im-
pedance by refIection" are extremely dificult or impos-
sible and classical Brillouin-scattering techniques have
insufhcient resolution. Measurements in water in the
range 500-1500 Mc/sec indicate that the relaxation
time associated with excess loss is &10 "sec.

Pote added in proof. Recently, M. A. Woolf, P. M.
Platzman, and M. G. Cohen [Phys. Rev. Letters 17,
294 (1966)], have reported on the use of this new
technique for measurements in liquid helium II.
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APPENDIX A: CALCULATION OF THE
PHOTOCURRENT s(Q)

Experimentally, the photodectector is placed in the
focal plane of a lens which collects all the scattered and
refiected light. Hence, for the purpose of calculation, the
photosurface may be assumed to lie on the surface of
a hemisphere of radius E, sufIiciently large that far-
field approximations are valid. Under steady-state con-
ditions, assuming a time variation expicvt, the reflected
wave amplitude (referring to Fig. 1) may be calculated
from the scalar Green's-function solution, "

1
tP„„(X,Y,Z) = [G&(r

~
rp) grado—lP„(ro)

4x

f„(rp)gradoGp(r—
~
rp)] dAp, (A1)

"J.Lamb and H. Seguin, J. Acoust. Soc. Am. 39, 519 ($966).
P. M. Morse and H. Feshbach, Methods of Theoretical I'hysics

(McGraw-Hill Book Company, Inc., New York, 1953), Sec. 7.2.

P, „+n(X,Y,Z) = pGIzrdPp ~ (A3)

in which p is the component of volume polarization at
frequency to+0 and k'=k(1+0/to)=k. The volume
polarization is proportional to the product of the inci-
dent-wave amplitude and the acoustic strain. Absorbing
the proportionality constant into the acoustic-strain am-
plitude Sp, p may be written

p= {P;exp[—ik( —xp sin8, +yp cos8„)])
X (So exp[—(u+iE)xp]),

in which K is the acoustic-propagation constant 0/v and
a the amplitude-attenuation constant. Substituting into
(A3) and performing the integration, assuming the
acoustic beam has a width L and height h, (——,'L&yp
&—,'L, —srh&zp&rsh, and 0&xp& op), yields

hL~
yn(X Y Z) =

~IP 'So[exp( —ik'R)]
mi

sin-', kh sintp sinrskL(cos8 costp —cos8,)X—
xskh sin oI skL(cos8 costo —cos8„)

I
X . (A4)

1 i(k sin8 c—ostp+k sin8„—E)/n

f,(rp) = I'tP; exp[—ik(xp sin8„+yp cosH„)]

is the amplitude of the reflected wave at the buGer-rod
face (I' is the amplitude reflectivity) when tP, is the am-
plitude of the incident wave. For this geometry,

dA' gradp= —dypdzp8( )/Bzp. (A2)

Taking 8' equal to the width of the rod, —~lV&yp& ~8'
and II its height, —~B&sp&~H, yields

lt „,„(X,I',Z)

ikFQ,WZ
[exp( —ikR)](sin8, +sin8 cos oo)

4zE.
sin-', kW(cos8„—cos8 cosoo) sinskH sing

—,'k8'(cos8„—cos8 cosy) -';kH sing

Similarly, the scattered wave at frequencyto+0 may be
determined from the volume Green's-function solution"
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The differential photocurrent per unit area on the photo-
detector surface is proportional to f*,,„P,, +rt, hence the
total photocurrent may be written

(A5) becomes

t(Q) ~ —iI'*
~ f, ~

'So(III /n)
Xcos8„expgiQ(t—R/c') jI, (A6)

in which c' is the light velocity and

t(Q) ~ (exptQt)R' cosgd0 P*„.P, „+adto. (A5) +" sing (sinai) 1
(A&)

5 at i I z-~ z-g/P

~

~ ~

Noting that the integrand is sharply peaked at q =0 be-
cause kh))1 and kII»1, the y integral may be integrated
in straightforward fashion taking cosy =1 wherever it
appears. Since kL))1 and kS"))1, the integrand is also

sharply peaked about 0= 9,. Dehning

$= 2kW(cos8 —cos8,)= —2kW sin8, (8—8,),

in which
a= I./W,
P= ,'nW-tan8„
rl = (2k/n) (sin8„—sinO~)

sin 0~ = Is/k

The integral I can be shown by appropriate contour in-
tegration in the complex plane to have the value

1—zn-

expI —(1—a)P(1—irl) j—expL —(1+a)P(1—zg) j
2'�(1 &n)— (A8)

Since the rejected optical power can be written

P„„„i~
~
P; )

'IIW sin8„

and the acoustic power can be written

I acoustic ~
~
&0~

(A6) can be written

t(Q) t'I'*&opticsiI scouctic(I/k) P
&& exp[iQ(t —R/c')]. (A9)

The photocurrent arising from the scattered component
at co—0 differs only in that the factor iF* is replaced by—tl'*~ I'~ ' because of two additional reflections, hence

in which

When ai8=-,'nI, tan8, «1, I has the form

and (A10) reduces to the form given in (1).When

(1—a)P= —,'n(W —I-)tan8„»1, (A11)

(A8) reduces to

t(Q)=to exp[iQ(t —R/c')]i8 'I/m, (A10) and (A10) takes the form given in (4).






