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Récent t h e o r e t i c a l work has s u g g e s t e d that at h lgh f r e q u e n c i e s , t h e r e should be s ign i f i cant 
departure f r o m c l a s s i c a l hydrodynamic behavior in s i m p l e f lu ids . In part icu lar , the f r e 
quency dependence of t ranspor t c o e f f i c i e n t s i s no longer neg l ig ib le and may introduce o b 
s e r v a b l e e f f e c t s into the propagat ion of h i g h  f r e q u e n c y Sound. We have m e a s u r e d the sound 
v e l o c i t y of h igh  f requency phonons (1—3 GHz) in l iquid argon and liquid neon along t h e i r v a p o r 
p r e s s u r e equi l ibr ium c u r v e s us ing the Bri l louin sca t t er ing technique. The Bri l louin s p e c t r a 
w e r e exc i t ed with a s i n g l e  m o d e argon ion l a s e r operat ing at 5145 o r 4765 Â and w e r e a n 
a lyzed and detec ted with a F a b r y  P e r o t i n t e r f e r o m e t e r and standard photoe l ec tr i c t e chn iques . 
Hjrpersonic ( ~ 3 GHz) v e l o c i t i e s o b s e r v e d in argon d e c r e a s e l i n e a r l y f r o m 850 m / s e c at 85 °K 
to 742 m / s e c at 100 °K and un i formly exhibit a s m a l l departure f r o m l o w  f r e q u e n c y (1 MHz) 
data obtained under the s a m e thermodynamic condit ions . This e f f e c t i s in qual i tat ive a g r e e 
ment with t h e o r e t i c a l  m o d e l préd ic t ions of a négat ive ve loc i ty d i s p e r s i o n at high f r e q u e n c i e s . 
Our m e a s u r e m e n t s of the sound v e l o c i t y in l iquid neon a r e the f i r s t in this m a t e r i a l by any 
technique, and h e n c e cannot be c o m p a r e d with u l t rason ic v a l u e s . The h y p e r s o n i c v e l o c i t y 
in neon d e c r e a s e s net quite l i n e a r l y f r o m 620 m / s e c at 24.9 °K to 508 m / s e c at 32 °K. When 
c o m p a r e d with r e s u l t s in o ther n o b l e  g a s l iquids through c o r r e s p o n d i n g  s t a t e s arguments , 
t h è s e data s u g g e s t the e x i s t e n c e of m e a s u r a b l e quantum e f f e c t s in the h y p e r s o n i c v e l o c i t y of 
l iquid neon. In addition, an in teres t ing change in s lope of the v e l o c i t y  v e r s u s  t e m p e r a t u r e 
c u r v e (of 17%) i s o b s e r v e d at 28 ° K. 

Although the technique of Bri l louin sca t ter ing 
has been widely used to study v e r y  h i g h  f r e q u e n c y 
sound waves in l iquids, scant information of this 
type i s avai lable for s i m p l e monatomic l iquids. ' 
Prev ious light sca t ter ing e x p e r i m e n t s on noble 
l iquids have been concerned with soundve loc i ty 
behavior near t e m p é r a t u r e s of phase transit ion, ' 
rather than with poss ib l e e f f e c t s due to frequency 
denendence of the l iquid's transport c o e f f i c i e n t s . 

I. INTRODUCTION Such information i s ditf icult to obtain and yet i s 
v e r y important for further deve lopment of théor i e s 
of the dynamics of the l iquid s tate . Some récent 
theoret ica l work has indicated the poss ib i l i ty of 
nonc las s i ca l behavior for v e r y  h i g h  f r e q u e n c y 
Sound waves (i. e . , departure f r o m the prédict ions 
of the Nav ier Stokes équations) . Gi l l i s and Puff^ 
have shown that for w>w* (where w * i s s o m e 
cr i t i ca l frequency in the liquid) sound w a v e s propa
gate at s o m e ve loc i ty in termediate between the 
adiabatic and the i s o t h e r m a l v e l o c i t i e s , and that 
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the Sound absorpt ion c o e f f i c i e n t b e c o m e s frequen-
cy- independent in contras t to the quadratic f r e -
quency dépendance expec ted c l a s s i c a l l y . Further-

more , Fr i s ch , ^ and Berne , Boon, and Rice^ have 
shown that under cer ta in very gênera i assumpt ions 
the l inear r e s p o n s e of a c l a s s i c a l fluid b e c o m e s 
wholly nondiss ipat ive in the v e r y - h i g h - f r e q u e n c y 
l imit . Thus, ai l transport c o e f f i c i e n t s (which, 
l ike v i s c o s i t y , e x p r e s s d i ss ipat ion at low frequen-

c i e s ) b e c o m e purely imaginary a s o)—°°. C o n s e -
quently, there should e x i s t at very high f requenc ie s 

cer ta in undamped exc i ta t ions in the c l a s s i c a l f luid 
such a s shear waves , s e l f - d i f f u s i o n waves , and 
température w a v e s ( second-soundl ike waves ) . It 
i s quite we l l e s tab l i shed that it i s around frequen-
c i e s of the o r d e r of the r e c i p r o c a l c o l l i s i o n t ime, 
i . e . , w ~ T£."' ~10'^-10'^ Hz for nob le -dense f luids 
(like liquid argon), that d i s p e r s i o n phenomena 
should be m o s t important. On the other hand, it 
i s v e r y dif f icult to predic t a priori the value of 
the cr i t i ca l frequency, above which thèse new e f -
f ec t s are expected to be e a s i l y observab le . Unfor-
tunately, it i s present ly not p o s s i b l e to per form 
Bri l louin e x p e r i m e n t s in the c h a r a c t e r i s t i c frequen-

cy range wc = TC"'; it i s , however , of great inter-
e s t to invest igate the sound propagation in s i m p l e 
l iquids at a s high a frequency as poss ib le . 

The one cr i t i ca l frequency e m e r g i n g from c l a s s i -
cal hydrodynamic theory i s the s o - c a l l e d Lucas r e -
laxation frequency^ 

=P 2 r- - l O ' ^ s e c - ' , 

where p i s the densi ty , Vg i s the sound ve loc i ty , 
and r\f. and 77 jj a re the s h e a r and bulk v i s c o s i t i e s , 
r e s p e c t i v e l y . If one a s s u m e s such a value for w * , 

then, of c o u r s e , a i * - w c > and the above-ment ioned , 

s tr ik ing e f f e c t s should not appear in the frequency 
range a c c e s s i b l e to B r i l l o u i n s c a t t e r i n g . However, 
even for lower phonon f requenc ie s , one does e x -
pect s o m e n o n c l a s s i c a l behavior due to the onset 
of frequency dependence for the transport and 
thermodynamic c o e f f i c i e n t s which, at very high 
f requenc ies , r e s u l t s in the s i m p l e purely nondis-
s ipat ive behavior. If w* w e r e in the GHz range, 
there would be a domain w* « a)« coo where this 
appl ies . Berne, Boon, and Rice'' have formal ly 
evaluated l imit ing f o r m s of the frequency depen-
dence of such transport coe f f i c i ent s ; but to evalu-
ate expl ic i t ly the behavior for low- and in termedi -
a t e - f r e q u e n c i e s one m u s t r e s o r t to a model c a l -
culation. " AU thèse points argue for the d e s i r -
abil ity of m e a s u r e m e n t s in the 10^-10'° Hz f r e -
quency range. 

Natural ly , the monatomic l iquids are m o s t ap-
propriate for studying such e f f e c t s , s ince their 
acoust ic p r o p e r t i e s should be unencumbered by 
re laxat ion e f f e c t s due to internai m o l e c u l a r de-
g r e e s of f reedom. Until now, however , the high-

e s t - f r e q u e n c y sound w a v e s studied in s i m p l e l iq-
uids w e r e in the MHz range. The Bri l louin s c a t -
ter ing re su l t s , reported here , extend this range 

by s o m e three o r d e r s of magnitude. We have 
m e a s u r e d the t empérature dependence of hyper-
sonic v e l o c i t i e s along the v a p o r - p r e s s u r e equil ib-
r ium curve in liquid Ar and liquid Ne. For Ar, 
our r e s u l t s in the 2 - 3 - G H z range can be c o m -

pared to e a r l i e r 1-MHz ul trasonic e x p e r i m e n t s 
per formed under the s a m e thermodynamic condi-
t ions. For Ne, our Bri l louin sca t t er ing r e s u l t s 
constitute the f i r s t sound-ve loc i ty m e a s u r e m e n t s 
in this liquid by any technique. 

Sect ion II d e s c r i b e s the expér imenta l setup and 
techniques , including the l a s e r s o u r c e , scat ter ing 

geometry , s a m p l e environment and température 
control , and détect ion and frequency ana lys i s of 
the s c a t t e r e d l ight. Sect ion III prov ides a s u m -
m a r y of our r e s u l t s on the température and p r e s -
sure dependence of hypersonic v e l o c i t i e s in l iq-
uid Ar and Ne. In Sec . IV, our r e s u l t s are d i s -

c u s s e d in t e r m s of récent theoret ica l spéculat ions . 
The upper l imi t on ve loc i ty d i s p e r s i o n in Ar, pro-
vided by thèse exper iment s , a l lows us to se t a 
lower l imi t for the cr i t i ca l frequency . For Ne, 
this i s not yet p o s s i b l e due to the absence of any 
ultrasonic data on this l iquid. Some spéculat ions 
on the s i z e of quantum e f f e c t s in the hypersonic 
ve loc i ty are included, however , in the conc lus ions 
o f S e c . V. 

II. EXPERIMENTAL TECHNIQUE 

To appreciate the t o l é r a n c e s on var ious e x p é r i -
mental p a r a m e t e r s required for Bri l louin s c a t t e r -
ing in s i m p l e cryogén ie f luids , a brief review of 
the bas ic équations for scat ter ing of l ight by 
acoust ic phonons is in order . The Bri l louin s c a t -

tering p r o c e s s i s m o s t s imply v iewed as an ine las -
tic c o l l i s i o n between an incWent photon (of f r e -
quency l'i and wave vec tor k , ) and a thermal ly ex -
c i ted acoust ic phonon (vg, k <,), in which the phonon 
i s d e s t r o y e d or exc i t ed (for ant i -Stokes or Stokes 
scat ter ing , r e s p e c t i v e l y ) and a s ca t t ered photon 

(v^, kj) i s emit ted . O v e r - a l l momentum and en-

ergy conservat ion in the p r o c e s s r e q u i r e s that 

and ko = k ± k 
(1) 

1 s ' 

where the + and - s i g n s correspond to the c r é a -
tion or the des truct ion of a phonon, r e s p e c t i v e l y . 

If, a s i s the c a s e here , "g<^v^, V2, then I / e j = 
1 ^2 ' ) the w a v e - v e c t o r triangle b e c o m e s an 
i s o s c e l e s tr iangle . One i s then led d irec t ly to the 
bas ic équation for the frequency shift observed 
in Bri l louin scat ter ing . 



p. A. FLEURY AND J. P. BOON 246 

±Av = (2) 

where c i s the ve loc i ty of l ight in vacuum, 6 is the 
scat ter ing angle (between the incident and s c a t -
tered wave v e c t o r s ) , Vg i s the phase ve loc i ty of 
the phonon with frequency i^g, and î), i s the m e d i -

um's re frac t ive index at the incident frequency v^. 

The exper iment m e a s u r e s Af and 6; and, of 

course , and TJ J m u s t a l s o be known. F r o m 
thèse , we infer Vg. Since Vg/c for a liquid i s typ-
ica l ly of order 10"^, AK/V^ i s a l s o of order 10"^ 
for 9= 2T. With i^j in the v i s ib l e part of the s p e c -

trum, one has 

CONSTANT FLOW 
RATE DIAPHRAGM 

TO VAC PUMP 

4 0 0 HZ LOCK-IN 
CHOPPER AMP 

^ Q U A R T Z 

T PLATE 

Aî /~10"=X 10'^Hz = 10 '° Hz. 

Equation (2) i m p l i e s the need for a very stable 
and monochromat ic l ight s o u r c e and for a s p e c -

trometer of quite high reso lut ion . The s o u r c e for 
the e x p e r i m e n t s d e s c r i b e d below was an argon- ion 
l a s e r , forced to o s c i l l a t e in a s m g l e longitudinal 
mode by replacing the r e a r m i r r o r with a tr ian-
gular p r i s m which f o r m s a s econd optical cavity . 
The dev ice i s s i m i l a r in pr inc ip le to that employed 
by Smith, although this part icular s c h e m e was 
developed by Rigrod and Johnson. " The p r i s m i s 

coated so a s to opt imize the cavi ty coupl ings . Its 
o v e r - a l l d imens ions are such that the p r i s m cavity 
modes are separated by 7. 5 GHz. Thus, only one 
pr i sm mode at a t ime l i e s under the gain curve of 
the argon l a s e r . The l a s e r mode which o s c i l l â t e s 
i s that mode of the long cavity whose frequency 
corresponds to the p r i s m cavi ty mode. The p r i s m 
cavity i s tuned and s tabi l i zed by enc los ing it in an 
oven whose température i s maintained to within 
~0. 01 °K, Us ing this s i m p l e s c h e m e and with no 
stabi l izat ion on the long l a s e r cavity, the l a s e r 

was made to operate on a s ing le longitudinal mode 
whose frequency e x c u r s i o n s (due to f luctuations 
in the long cavity) w e r e l e s s than 100 MHz. This 
was deemed to lerable for thèse exper iment s , b e -
cause the instrumental width of our F a b r y - P e r o t 
in ter ferometer was of order 250 MHz (for a 7. 5 -
GHz f r e e - s p e c t r a l range). 

The s ing l e - f requency l a s e r power we obtained 
was typical ly 100 mW at 5145 Â and 50 mW at 
4765 A. The per formance was e s s e n t i a l l y as ob-
tained by Rigrod and Johnson. " One advantage of 
this s i n g l e - m o d e p r i s m in the argon l a s e r i s that 
one may change l a s e r wave lengths by the order 
of 10% by s imply rotating the p r i s m . Our p a r t i c -

ular p r i s m worked stably at e i ther 5145 or 
4765 A, at the expér imenta l oven température 
(34 °C). The obvious convenience of this feature 
for Bril louin scat ter ing i s that one can examine 
dif férent frequency phonons without having to 
change the scat ter ing angle . 

The r e s t of the apparatus (depicted in Fig. 1) 
c o n s i s t s of a sample ce l l , d e s c r i b e d below, a f lat 

- S I N G L E 
FREQUENCY 

PRISM 

FIG. 1. Expérimental arrangement for Brillouin 

scattering in simple liqulds. 

p r e s s u r e - s w e p t F a b r y - P e r o t (FP) i n t e r f e r o m e t e r , 
and a l ock- in photoe lectr ic s c h e m e for detect ing 

the s ca t t ered l ight. The d i a m e t e r of the FP p la tes 
was 2 in. , flat to bet ter than-^^, and d i e l e c t r i -
ca l ly coated for 96% r e f l ec t iv i ty at 5000 Â. With 
a 2. 0 - c m Invar s p a c e r corresponding to a f r e e 

spec tra l range of 7. 5 GHz, the total observed in-
s trumental width ( l a ser plus F P ) w a s - 3 4 0 MHz. 
P r e s s u r e sweeping of the F P was ach ieved by 
leaking Ar gas into the F P chamber through a nee -

dle valve preceded by a constant p r e s s u r e - d i f f e r -
ential diaphragm to l i n e a r i z e the tlow rate . An 
S -20 photomult ipl ier w a s used a s a detec tor . 

The sample g a s w a s l iquif ied d irec t ly into the 
scat ter ing ce l l , which c o n s i s t s of a méta l block 
with three i - i n . - th ick quartz Windows in contact 
with the liquid. A s shown in Fig . 2, the sample 
température was controUed by cold gas f lowing 
from the r é s e r v o i r Dewar through c o i l s in the 
block and by car tr idge h e a t e r s imbedded in the 
block. The v ic ini ty of the d e s i r e d température 
w a s reached by adjusting the g a s - f l o w rate . For 
the argon e x p e r i m e n t s , the r é s e r v o i r was f i l l ed 
with liquid nitrogen. A continuous flow of cold 
hé l ium gas w a s u s e d for the m e a s u r e m e n t s in 
liquid neon. F i n e - t e m p e r a t u r e control w a s pro-
vided by the hea ters which w e r e automat ica l ly a c -
tivated by a Pt r é s i s t a n c e s e n s o r and a feedback 

bridge c ircui t . The s a m p l e t empérature remained 
stable to within ± 0 . 02 °K for p e r i o d s of hours . 
While the c e l l was proyided with an additional 

s ens ing r e s i s t o r , the t e m p é r a t u r e s reported here 
were obtained f r o m the v a p o r - p r e s s u r e readings 
of the liquid vapor p r e s s u r e in the c e l l . Cal ibra-

tion t e s t s of the p r e s s u r e gauge w e r e done on each 
f i l l ing of the c e l l by a tr ip le -po int m e a s u r e m e n t . 

The sample g a s e s w e r e obtained from Baker 
Chemical and were guaranteed to have <0. 002% 
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RESERVOIR FOR 
COOLING LIOUID 

TO PRESSURE 
~ * GAUGE 

^TEMP SENSORS 
a HEATERS 

FIG. 2. S a m p l e c h a m b e r and c r y o g é n i e equ lpment . 

impurity concentrat ion, The gas w a s admitted to 
a g l a s s r é s e r v o i r System in which it could be 
s tored, and to which it could be returned at the 
end of each data run. This arrangement min i -
mized chances of contamination between runs. 

In placing the var ious components of the e x p e r i -
ment, c a r e was taken to ensure that the l a s e r 
beam was normal ly incident to the c e l l entrance 
window and that the d irect ion of observat ion was 
normal to the exit window. The sca t ter ing angle 
was m e a s u r e d by triangulation over d i s tances of 
the order of 5 m. The a c c u r a c y in determining 
the sca t ter ing angle i s ±2'; corresponding to a 
poss ib l e e r r o r of ±0. 07% in sound-ve loc i ty dé ter -
minat ion [ s e e Eq. (2)] . 

m . EXPERIMENTAL RESULTS 

A. Hypersonic Velocities in Argon 

A typical Bri l louin s p e c t r u m for 5145 Â l a s e r 
light s c a t t e r e d from liquid Ar i s shown in Fig. 3, 
taken for 6= 90°14 ' and T = 84. 97 °K, w i t h / / 3 0 
c o U e c t i i ^ opt ics . The Bri l louin peaks are sh i f t -

ed up and down by 2. 8828 GHz for ant i -Stokes and 
Stokes scat ter ing , r e s p e c t i v e l y . The centra l peak 
i s due to the quas i e la s t i c or Rayle igh scat ter ing 
f r o m entropy f luctuations. " In a s i m p l e nonrelax-
ing fluid l ike Ar, the expected ratio of the Rayleigh 
to the Bri l louin sca t t er ing intensity i s g iven in 
f i r s t approximation by the Landau-P laczek ratio 

IR/^IB => ' -1 - where y i s the ratio of the spéc i f i e 
heats . For liquid argon'" at 85 °K, y = Cp/C^ 

= 2 . 1 9 . The ratio o b s e r v e d in Fig. 3 i s ~1. 2, in-
dicating that s tray light r e f l e c t e d in the c e l l makes 
a negl ig ible contribution to the centra l component. 

Scatter ing m e a s u r e m e n t s w e r e made in liquid 
A r at i t s vapor p r e s s u r e ranging between 592. 5 
and 2470. 5 m m Hg, corresponding to t empératures 
between 84. 97 and 1 0 0 . 1 5 °K. Because the sound 
ve loc i ty v a r i e s with t empérature , the phonon f r e -

quenc ies observed for f ixed sca t t er ing angle and 
f ixed l a s e r frequency are d i f férent for di f férent 

t empératures . We w e r e a l s o able to o b s e r v e 
s l ight ly d i f férent phonon f r e q u e n c i e s at the s a m e 
température by changing the l a s e r frequency. By 
switching from 5145 to4765 A excitat ion, phonons 
di f fer ing in frequency by -8% could be observed 
without changing the g e o m e t r y or the liquid condi-
t ions . This procédure provided a check on the 
reproducibi l i ty and absolute accuracy . The v e l o c -
i t i e s m e a s u r e d with the di f férent l a s e r frequen-
c i e s at the s a m e t e m p é r a t u r e s should be the s a m e 
when c o r r e c t e d for p o s s i b l e frequency dependence 
of the l iquid's re f rac t ive index. In fact, within 
expér imenta l e r r o r , the présent data a g r é e with 
our pre l iminary r e s u l t s obtained with a 6328 Â 
H e - N e l a s e r . " While no r e f r a c t i v e index m e a s u r e -

ments at 4765 or 5145 A have been reported for 

Ar, we be l i eve the va lues obtained by Abbis s et 

al. at 5893 A a r e quite adequately accurate for 
our purposes . An e s t i m a t e of the d i s p e r s i o n in TJ 

i s provided by a c o m p a r i s o n of the 5893 A v a l u e s 
with the infinité wavelength value, taken a s the 
square root of the s tat ic d i e l ec t r i c constant. 
Figure 4 i l l u s t r â t e s the compar i son . S ince thèse 
r e s u l t s d i f f er by only about 0.1%, we expect the 
variat ion of V be tween 5893 A and the l a s e r w a v e -
lengths we employed to be ent ire ly negl ig ib le 

(-10-"%). 
The expér imenta l r e s u l t s for liquid argon are 

s u m m a r i z e d in Table I. 
The ve loc i ty data are uncorrec ted for l ine pul l -

ing by the larger Rayleigh l ine . A theoret ica l in-
ves t igat ion of this e f f ec t has recent ly been c a r r i e d 
out by Le idecker and LaMacchia for the c a s e of 

Ar 8 4 . 9 7 » K 

FIG. 3 . B r i l l o u i n s p e c t r u m of 

l iquid argon , T = 8 4 . 9 7 ° K , 9 = 9 0 ° 

14' , l a s e r w a v e l e n g t h i s 5145 Â. 

3 . 0 6Hz 

F R E Q U E N C Y SHIFT 
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FIG. 4. Température dependenoe of the r e f r a c t i v e 

index and of the vapor p r e s s u r e of liquid argon along 

the l iquid-vapor equi l ibr ium curve . Dashed curve: 

P=f(T}, f rom X. Clark ei a i . , P h y s i c a 17, 876 (1951). 

Solid l ine: r)=f(T), at 5893 Â, f r o m C. P . Abbi s s et al. , 

J. Chem. Phys . 42, 4145 (1965). C irc l e s : r e f rac t ive 

index at infinité wavelength as ca lculated f r o m the 

static d i e l ec tr i c constant , R. L. A m e y a n d R . H. Cole , 

J. Chem. Phys . 40, 146 (1964). 

Lorentz ian U n e s . W e r e the total l ine s h a p e s 
(phonon plus l a s e r plus F P ) L o r e n t z i a n in our c a s e , 

the c o r r e c t i o n would be ot the order of 1% a c c o r d -

ing to the éva luat ion by L e i d e c k e r and LaMacchia . 

However, as i s év ident f r o m F ig . 3, the total l ine 
shapes fal l off much f a s t e r than L o r e n t z i a n s a s 

one départs f r o m the c e n t e r f requency , although 
the falloff i s not s o rapid a s that for a Gauss ian 
function. An e s t i m a t e of the l ine puUing can be 
made roughly a s foUows: C o n s i d e r a Lorentz ian 

l ine s i t t ing atop a l i n e a r ta i l which we take to r e p -

r e s e n t the tail of the c e n t r a l component in the 
v ic in i ty of the Br i l lou in l ine . The in tens i ty pro -
f i l e for this combinat ion i s 

I(^) = + s a 11� 
B 

1(1.(0, + i 

FIG. 5 . I l lustrat ion of the l ine-puUing e f f e c t . RT i s 

the Rayleigh component l i n e a r tai l , BL i s the Lorentz lan-

Bri l louin peak, and LP i s the l ine puUing, s u m of RT 

and BL. 

The meaning of the s y m b o l s in Eq. (3) should ap-

pear c l e a r l y f r o m the r e p r é s e n t a t i o n of Eq. (3), 

a s depic ted in F ig . 5. Ai 'g i s the ha l f -w id th at 

h a l f - m a x i m u m of the Br i l l ou in peak; a i s the 

d i f f é r e n c e be tween the i n t e n s i t i e s on the high- and 

l o w - f r e q u e n c y s i d e s of at a d i s t a n c e ±nAvQ 

away, i. e . , (or v ~ ±nAvB. Were t h e r e no 

tai l to the Ray le igh component , i. e . , a = 0 in Eq. 

(3), the m a x i m u m intens i ty would o c c u r at i' = u^, 

with a peak value 

(4) 

In the p r é s e n c e of a l i n e a r Ray le igh ta i l (a + 0), the 
f requency d i s p l a c e m e n t of the peak intens i ty i s 
e a s i l y eva luated f r o m Eq. (3) by a s tandard m a x i -
m u m ca lcu la t ion . To f i r s t o r d e r , one f inds the 
c o r r e c t e d value 

(1) 
B B 

ia/I^)Ai'^/4n. (5) 

(3) 

A g lance at Fig . 3 r e v e a l s that n/lQ i s l e s s than 

10-2 for w= 4, and that 2 A i ^ £ - 3 5 0 MHz. Thus, 

the l ine pull ing e f f e c t a s eva luated above would 

y i e ld 

TABLE I. Frequency shi f t (Ai') and hypersonic ve loc i ty (.v^) in liquid argon along the y a p o r - p r e s s u r e equi l ib irum 

curve; s ca t ter ing angle: 6= 90° 1 4 ' . 

L a s e r X(A) P ( m m Hg) T(°K) Tî(T) Ai'(GHz) Vg(m/sec) 

5145 592.5 84.97 1.2319 2 .8822 849.6 

5145 1012.5 90.12 1.2264 2 .7561 ' 815 .9 

5145 1590.5 94.95 1.2212 2.6305 782 .1 

5145 2470.5 100.15 1.2154 2 .4824 741 .6 

4765 609.5 85 .22 1.2317 3 .1054 847.8 

4765 1007.5 90.07 1.2265 2 .9763 816 .0 

4765 1600.5 95.00 1.2211 2.8334 780 .2 

4765 2467.5 100.13 1.2153 2.6824 742 .2 
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uj^^- ~ - ^ X 1 0 ' ' MHz ^ - 0 . 1 MHz. (6) 
B B 1D 

Now for the c a s e of the présent work, the above 
es t imat ion , Eq. (5), cer ta in ly o v e r e s t i m a t e s the 
pulling e f f ec t a s the o b s e r v e d peaks decay fa s t er 
than Lorentz ians . One may there fore a s c e r t a i n 
that the correc t ion to the frequency sh i f t s d i s -
played in Table I i s s m a l l e r than 5 x 10"^%, which 
i s negl ig ible with r e s p e c t to the total e x p é r i m e n -
tal e r r o r . In v iew of the expér imenta l condit ions 
(pressure , t empérature ) and of the e r r o r s made 
in the m e a s u r e m e n t s (scatter ing angle, frequency 
shift , . . . ), the absolute ve loc i ty data are cons id -
ered to be accurate to ~0. 5%. Although the r e -
producibil i ty a c c u r a c y (indicated by compar i son of 

4765 with 5145 A data) i s c l e a r l y much better; 
it approaches 0. 2%. 

Of pr imary in teres t in thèse e x p e r i m e n t s i s a 
c o m p a r i s o n ot the hypersonic ( ~ 2 - 3 GHz) v e l o c i -
t i e s m e a s u r e d here with those at much lower f r e -
quenc ies (~ 1 MHz), obtained by conventional u l -

trasonic techniques to dé termine the p r é s e n c e or 
absence of ve loc i ty d i s p e r s i o n . The c o m p a r i s o n 
i s i l lus trated in Fig. 6. One o b s e r v e s that the hy-
personic v e l o c i t i e s ar e uni formly l o w e r by ~0. 4% 
than the u l trasonic v e l o c i t i e s . This d i f f érence , 
however, i s just barely , if at ai l , outs ide t h e l i m -
its of expér imenta l e r r o r and could be due, de-
spite the précaut ions taken in the e x p e r i m e n t s , to 
s o m e s y s t e m a t i c e f f e c t (poss ibly in absolute t e m -

pérature of the liquid) in e i ther the low- or the 
h igh- frequency m e a s u r e m e n t s . In addition, ultra-
sonic data obtained by d i f férent authors'^"'" exhib-

its a spread of ±0. 2% about the ve loc i ty va lues 
quoted in Réf . 15. At s o m e t empéra tures , our 
Bri l louin data ar e only about 0. 2% l o w e r than s o m e 

of the u l trasonic data. " However , at no t empera -

85 90 »i 100 
TCKl 

FIG. 6. Sound v e l o c i t i e s In liquid argon, a s a f u n c -

t ion of the t e m p é r a t u r e , along the v a p o r - p r e s s u r e e q u i -

l ibr ium c u r v e . C o m p a r i s o n of the u l t rason ic data at 

1 .2 MHz (sol id l ine) and the h y p e r s o n i c v a l u e s at 2 . 5 - 3 . 1 

GHz (dashed l ine) . 

ture in the 8 5 - 1 0 0 °K range do the u l trasonic and 
Bri l louin v e l o c i t i e s over lap. With thèse e x p é r i -
mental r é s e r v a t i o n s in mind, we note that theoret-
ical ly one pred ic t s the e x i s t e n c e of a négative 
ve loc i ty d i s p e r s i o n for liquid argon at high f r e -
quenc ies . A fuUer d i s c u s s i o n appears in Sec . IV. 

B. Brilliouin Linewidths in Argon 

The absorption of hypersonic w a v e s in A r i s l e s s 
s ens i t ive by an order of magnitude than ve loc i ty 

to the expected e f f e c t s of the h igh- frequency t rans -
port c o e f f i c i e n t s d i s c u s s e d below. A l s o , our 

m e a s u r e m e n t of Bri l louin l inewidths in A r i s con-
s iderably l e s s accurate than our m e a s u r e m e n t of 

the Bri l louin f requenc ie s . N e v e r t h e l e s s , we were 
able to o b s e r v e broadening of the Bri l louin c o m -
ponents. An ave rage of al l the runs at 5145 Â and 

85 °K indicates a total width at h a l f - m a x i m u m of 
the centra l component of 340 MHz, while the a v e r -
age total width of the Bri l louin peaks i s 357 MHz. 
However, because the l ine shapes involved are not 
Lorentzian a s mentioned above, the c o r r e c t sub-
tract ion procédure i s only approximated by the 
d irect subtract ion appropriate to Lorentzian func-
t ions. Departure f r o m the Lorentzian shape to-
ward the Gauss ian shape r e s u l t s in a value of pho-
non broadening of the order of, but l arger than, 
17 MHz. Just how much l a r g e r dépends on the 
p r é c i s e l ine shapes involved. Because of the f luc-
tuations in instrumental width a r i s i n g from the 
wandering of the s i n g l e - m o d e l a s e r frequency, it 
was not d e e m e d worthwhile to compute the phonon 

l inewidths by a numer ica l ana lys i s of l ine shapes . 
Thus, we can only say on this point that the B r i l -
louin l ine broadening we o b s e r v e in liquid argon 
i s cons i s t en t with the expected absorpt ion of 3-GHz 
phonons obtained by extrapolat ing from ultrasonic 

m e a s u r e m e n t s a c c o r d i n g to the c l a s s i c a l l y p r e -
dicted quadratic dependence of sound absorpt ion 
upon Sound frequency . The measured u l trasonic 
absorption'^ coe f f i c i en t a/ i '^= 15x10'*' ' c m " ' s e c " ^ 
pred ic t s a Bri l louin linewidth of ^Vg = aVg/-n of 
- 3 5 MHz for 3-GHz phonons at 85 °K. Because 
t h è s e u l trasonic m e a s u r e m e n t s imply the e x i s t -
ence of a bulk v i s c o s i t y in Ar of the s a m e order 
a s the s h e a r v i s c o s i t y , one would expect p r é c i s e 
m e a s u r e m e n t s of hypersonic phonon l i f e t i m e s by 
Bri l louin sca t t er ing to be of in teres t . ^°'^' 

C. Hypersonic Velocities in Neon 

Dur expér imenta l r e s u l t s on liquid neon c o n s t i -
tute the f i r s t m e a s u r e m e n t of sound ve loc i ty in 
this Sys tem by any technique. Neon w a s s e l e c t e d 
for study rather than xénon or krypton because our 

r e s u l t s in argon indicated that n o n c l a s s i c a l behav-
ior i s at m o s t on the threshold of detectabi l i ty in 
the heav ier noble l iquids. Neon, however , might 
appear a s a better candidate for anomalous high-
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frequency behavior because it can be cons idered 
a semiquantum fluid. Indeed, considering the de 
Brogl ie wavelength A, to be unity in arbitrary 
units for hélium and ~ 0 for xénon, one has A = 0 . 1 3 
for neon. (For instance, the ratio of quantum to 
c l a s s i c a l contribution to the se l f -d i f fus ion coe f -
f icient goes as the square of the ratio of the de 
Broglie wavelength to the length parameter charac-
ter is t ic of the intermolecular potential energy; 
this ratio, for liquid neon, i s found to be ~10%). " 
In addition, some récent m e a s u r e m e n t s in liquid 
neon indicated a poss ib le anomaly in the vicinity 
of the normal boiling point (27. 2 °K) for the shear 
v i scos i ty . 

Pr imari ly îor this reason , our température 
measurements in Ne were made on a much finer 
sca le than for Ar. Table II s u m m a r i z e s our r e -
sults from just above the triple point (T^ = 24.6 °K, 

i ' /=324 mm Hg) to a few d e g r e e s above the normal 
boiling point, taken with 5145 A excitation. Abso-
lute values of the ve loc i t i e s are dépendent upon 
our use of the square root of the d ie lectr ic con-
stant as an approximation to the optical refract ive 
index. The d ie lec tr ic constant values are taken 
from Réf. 24 and are plotted in Fig. 7. A s with 
argon d i scussed above, we expect this approxima-
tion to introduce an e r r o r of i.Q.1%. To check 
the reproducibility of our measurements , some 
runs were a l so taken with 4765 A excitation. 
Thèse resu l t s are summar ized in Table m . 

A typical spectrum obtained for liquid neon at 
T=25 °K is shown in Fig. 8. The veloc i ty as a 
fonction of température i s plotted in Fig. 9. 
Again, thèse ve loc i t i e s are uneorrected for line 
pulling due to the central component. For the 
data shown in Fig. 8, s imi la r arguments to those 
given above for the c a s e of liquid argon indicate 
that the displacement of the Bril louin peaks toward 
the central peak due to the tail of the central peak 

1 0 9 5 0 
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FIG. 7. T e m p é r a t u r e dependence of the r e f r a c t i v e 

index f o r l iquid neon at Inf ini té wave l ength . 

i s at most a few MHz ~ 0. 2% to the Brillouin shift. 
The central peak shown in Fig. 8 i s s tronger r e l -
ative to the corresponding Bri l louin peaks than 
that one for liquid argon, a s i l lustrated in Fig. 3. 
On an absolute sca le , however, it i s weaker by a 
factor of ~ 5 . The s tray light contribution to Fig. 
8 i s probably larger than that due to scattering 
from entropy fluctuations in the liquid. For l iq-
uid neon" at 25. 2 °K, Cp/Cy = 2. Thus, 1^/21^ 

= 1; and - 2 5 % of the central component in Fig. 8 
i s due to entropy fluctuations scatter ing. 

The relative e f f i c i enc i e s of the Bril louin sca t -
tering for Ar and Ne are found experimental ly to 

be c'Ar/^^Ne This a g r é e s wel l with the ratio 
evaluated from thermodynamic calculation of scat -
tering e f f i c i enc ie s , ~(7)̂  - lpferp/ /3s , with/3 s the 
adiabatic compress ib i l i ty . 

The absence of sound veloci ty m e a s u r e m e n t s in 
the MHz range for neon prec ludes our d i scuss ing 
anomalous ve loc i ty d i spers ion in this liquid from 
the expérimental viewpoint. However, the s a m e 

T A B L E n. F r e q u e n c y s h l f t (Av) and h y p e r s o n i c v e l o c i t y (f „) in l lquid n e o n a long the v a p o r - p r e s s u r e equ i l ibr ium 

exc i ta t ion; s c a t t e r i n g angle: 6 = 9 1 ° 4 3 ' , e x c e p t f o r the data m a r k e d , w h e r e 6= 90° 1 4 ' . 

P ( m m Hg) TCK) V (est) Al/(GHz) t ' j ( m / s e c ) 

360 24 .90 1 .09270 1 .8921 6 2 0 . 7 

400 25 .17 1 .09236 1 . 8 7 9 9 6 1 6 . 9 

4 5 0 25 .50 1 .09195 1 .8650 612 .3 

4 9 0 25 .75 1 .09163 1 .8490 607 .2 

540 2 6 . 0 2 1 .09133 1 .8304 601 .2 

547* 26 .07 1 .09123 1 .8158 6 0 4 . 2 

575 26 .23 1 .09105 1 .8321 6 0 2 . 0 

620 26 .45 1 .09080 1 .8207 598 .3 

670 26 .73 1 .09041 1 .8078 594 .3 

730 2 7 . 0 0 1 .09030 1 .7897 5 8 8 . 4 

737* 27 .05 1 .09002 1 .7854 594 .7 

952* 28 .05 1 .08875 1 .7300 5 7 6 . 9 

1672* 30 .03 1 .08607 1 .6096 5 3 8 . 1 

2522* 3 1 . 9 7 1 .08315 1 .5165 508 .3 
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TABLE i n . Frequency shift (Ai') and hypersonic ve loc i ty (v^) in liquid neon along the v a p o r - p r e s s u r e equil ibrlum 

curve; 4765 Â excitation, scat ter ing angle: 0 = 90° 1 4 ' . 

P(mmHg) Î 'CK) i; (est) Ai'(GHz) v^im/sec) 

547 26.07 1.09123 1.9660 605.8 

942 28.02 1.08880 1.8550 572.9 

1672 30.03 1.08607 1.7536 542.9 

2552 32.02 1.08308 1.6297 506.0 

a r g u m e n t s , a s for the c a s e of l iquid argon, hold 

and pred ic t a négat ive v e l o c i t y d i s p e r s i o n of the 

s a m e order , i. e . 10- f o r l iquid neon. P e r -
haps the m o s t s t r ik ing feature of F ig . 9 i s the 

change in s l ope of the sound v e l o c i t y - v e r s u s -

t e m p e r a t u r e curve n e a r 28 °K. Be low 28°K, the 

data show Av/AT = - 1 4 . 6 m / s e c °K; whi le above 

28°K, the s l o p e i s - 1 7 . 1 m / s e c °K. At présent , 

we have no t h e o r e t i c a l explanat ion f o r this e f f e c t , 

although we note that s i m i l a r t e m p é r a t u r e e f f e c t s 

s e e m to e x i s t for v a r i o u s t ranspor t c o e f f i c i e n t s 

in l iquid neon. In par t i cu lar , the t e m p é r a t u r e d e -

pendence of both the t h e r m a l conductivity^'' and 

the s h e a r v i s c o s i t y " c h a n g e s at 28 °K in neon. 

On the other hand, ne i ther the d i e l e c t r i c constant 

nor the dens i ty exh ib i t s unusual behav ior in th is 

t e m p é r a t u r e range . The int imate re la t ion be tween 

the t ranspor t p r o p e r t i e s and the sound v e l o c i t y 

and absorpt ion s u g g e s t the e x i s t e n c e of an in ter -

e s t i n g p h y s i c a l e f f e c t in neon in the v ic in i ty of i t s 

n o r m a l boi l ing point. To e luc idate th is further , 

we plan m o r e a c c u r a t e h y p e r s o n i c v e l o c i t y m e a -

s u r e m e n t s a s w e l l a s atténuation (Bri l louin l i n e -

width) m e a s u r e m e n t s in neon us ing i m p r o v e d ap-

paratus . 

IV. DISCUSSION " : 

ic f o r m of the s p e c t r u m of the s c a t t e r e d l ight to 
be a s u c c e s s i o n of three L o r e n t z i a n s , r e s p e c t i v e -
ly c e n t e r e d around the inc ident l ight frequenty 

w, (Rayleigh component) , and around wj^io^ 

(Stokes and a n t i - S t o k e s Unes ) . " In the p r o c é d u r e 
of th is ca lcu la t ion , an important point i s the so lu -

tion of the d i s p e r s i o n équation, which, to f i r s t o r -

der and with v e r y good approximat ion , exh ib i t s 
the roo t s ^ 

± iv.k - T k^, 
Os s s 

R s ' 

(7) 

with r ^ = ( 2 p ) - ' [ f r , ^ + r , ^ + « ( C ^ - ' - C - ' ) ] , (8) 

and 
pCp' 

(9) 

where Vg i s the l o w - f r e q u e n c y sound v e l o c i t y , and 

K i s the t h e r m a l conduct iv i ty (the o ther s y m b o l s 

have been def ined in the p r e c e d i n g s e c t i o n s ) . Thus, 

the phonon frequency i s g iven by 

w =±v k ; 
s o s 

(10) 

F r o m c l a s s i c a l h y d r o d y n a m i c s , the s e m i p h e n o m -

e n o l o g i c a l theory of l ight s c a t t e r i n g f r o m t h e r m a l 

f luctuat ions in c l a s s i c a l f lu ids p r e d i c t s the analyt -

- 1 . 0 0 1 . 0 

FREQUENCY SHIFT 

FIG. 8. Bril louin spectrum of liquid neon; T = 2 5 . 1 7 ° K ; 

= 91°43' ; l a s e r wavelength i s 5145 Â. 

NEON SOUND VELOCITIES 

o 5145 EXCITATION 

� 4 7 6 5 EXCITATION 

4ee 

FIG. 9. Hypersonic v e l o c i t i e s in liquid neon as a 

function of température , along the v a p o r - p r e s s u r e 

equi l ibrlum curve . 
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in other words one obtains the c l a s s i c a l resui t 
that the sound veloci ty at frequency is equal to 
the low-frequency value VQ, provided the hydro-
dynamic conditions are sat i s f ied . Similarly, the 
Sound atténuation i s found to be measured by the 
Brillouin linewidth 

and s imi lar ly for Tp (i. e . , for Aw^, the linewidth 
of the Rayleigh peak). An est imation of the d i s -
pers ion given by Eq. (14) for s imple dense f luids 
like argon and neon in the normal liquid range, 
and for phonon frequencies ~10'° Hz, predicts that 

s s s 
(11) 

Now, the phonon frequencies measured in the pré-
sent work, a>s~10'° Hz, are considerably higher 
than those encountered in usual hydrodynamic (or 
acoustic) exper iments , although they are s t i l l in 
the low-frequency range when compared to the 
character is t ic frequency wc in s imple fluids: 
Ws/wc~10"^. In other words, the hydrodynamic 
l imit i s s t i l l valid here and the semiphenomeno-
logical approach mentioned above can be used. 
However, Tg and r ^ , E q s . ( 8 ) and (9), are e s -
sential ly l inear functions of the transport c o e f -
f ic ients , and it i s now establ i shed that at high 
frequencies , thèse coe f f i c i ent s should be replaced 
by gênerai transport functions leading to new 
r functions of the form 

r(w ) = r ' ( w ) + iT"(w ), 

s s s 

(12) 

where the real and imaginary parts refer , r e s p e c -
tively, to the diss ipat ive and nondissipative parts 
of the corresponding frequency-dependent trans-
port coef f ic ients , as e . g . , for the shear v i s cos i ty 

7} (w ) = -n' (w )+i77"(a) ) 
s s s s s s 

(13) 

Once this i s recognized, the d i spers ion équation 
and its solution are modif ied accordingly. The 
détai ls of the theory are reported e lsewhere^; 
here we m e r e l y quote the gênerai form of the re-
sults . The hypersound veloci ty reads 

, 2 . 

V = V 
s o 

' T" / r °k \ / T ° k \ 

(14) 

where F g " i s the zéro - frequency quantity as 
given by Eq. (8), and T'g'/Tg° i s the l owes t -order 
correct ion (to which the calculation i s res tr ic ted 
here) ar is ing from the frequency dependence of 
the transport coef f i c ients . The theory thus pre -
dicts the ex i s tence of a négative dispers ion, which 
i s primari ly due to the nondissipative (imaginary) 
part of the transport coe f f i c i ents at finite frequen-
cy. Similarly, a d i spers ion relation for the high-
frequency atténuation fol lows from the diss ipat ive 
part of the transport coef f ic ients ; one obtains 

Au :2F 
s s 

r r ' ~1 
i + ^ + o ( 

1 
(15) 

(v -V )/v < - 10"". 
s o 0~ 

(16) 

A nonclass ica l increase in the atténuation of the 

same order of magnitude ( A a / a c i a , s s ~10"") fo l -
lows from Eq. (15). This behavior i s due to the 
fact that the nondissipative part of the transport 
coef f ic ients i s an odd function of the frequency, 
i. e . , in the low-frequency range and to the lowest 
order, T "/T°~0{u}/uiç), which i s multiplied by 
{T°kg/t)Q) to give the f i rs t d i spers ive term to the 

hypersonic ve loc i ty - while the l owes t -order cor -
rect ion to the atténuation i s just the second s igni-
ficant term of the expansion of the real part of the 
transport function, which i s even in the frequency, 
i. e . . 

F'/Po = l + 0 ( ( c ^ / w f ) . 
° c 

(17) 

Both correc t ions are of the order of (T°kg/vQf, 

which impl ies that the d i spers ion équation must be 
solved to the second order, as seen from the re -
sults displayed in Eqs. (15) and (16). A s mentioned 
above, the expérimental e r r o r prec ludes our 
drawing quantitative conclus ions from the compari -
son of ultrasonic data and hypersound ve loc i t i e s 
in liquid argon. However, there i s reasonably 
good évidence that a négative d i spers ion has been 
observed, which i s in qualitative agreement with 
the theoretical prédiction. 

V. CONCLUSION 

At présent , the ex i s tence of négative d i spers ion 
in liquid argon should be regarded as tentative, 
but appears never the le s s quite plausible. While 
this observation might indeed be the f i rs t expér i -
mental indication for nonc lass ica l hydrodynamic 
behavior in a s imple fluid, the des irabi l i ty of fur-
ther theoretical investigation and complementary 
expérimental work on this problem is c l e a r . So 
far as the theoretical approach i s concerned, more 
accurate évaluations of the frequency-dependent 
e f fec t s are in progress , and wil l lead to numerical 
resu l t s which should be tested against expériment-
al data. 

Experimentally, it s e e m s worthwhile to improve 
the accuracy of Bril louin veloci ty m e a s u r e m e n t s 
by at l eas t a factor of 3. With the présent appara-
tus, this could be achieved by stabi l iz ing the long 
laser cavity to reduce the - 1 0 0 MHz of wander in 
the light frequency. Also , a thorough study of the 
Brillouin spectra at very large and very smal l 
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s c a t t e r i n g a n g l e s might be of i n t e r e s t . With be t -

t e r l a s e r s tab i l i ty and an i m p r o v e d F P , a c c u r a t e 

Br i l l ou in l inewidth m e a s u r e m e n t s cou ld a l s o be 

made . 

Of c o u r s e , sound v e l o c i t y m e a s u r e m e n t s in the 

MHz range in l iquid neon would c e r t a i n l y be d é -

s i r a b l e , e s p e c i a l l y b e c a u s e one might expec t 

quantum e f f e c t s to play s o m e rô le in eventua l d i s -

p e r s i o n . P r e s e n t l y , it i s , h o w e v e r , e x t r e m e l y 

d i f f i cu l t to f o r e c a s t the i m p o r t a n c e of s u c h e f f e c t s . 

Abûut a i l one can do i s to e s t i m a t e the i r m a g n i -
tude f r o m c o r r e s p o n d i n g s t a t e s p r i n c i p l e s . Along 

the s a t u r a t e d v a p o r - p r e s s u r e c u r v e the r e d u c e d 
v e l o c i t y Vg i s a funct ion only of the r e d u c e d t e m -
p é r a t u r e T*, 

V (T) 
s 

Xv^iT* ), 

with the réduct ion p a r a m e t e r 

X = ( € / m ) ' ' ^ 

(18) 

(19) 

w h e r e e i s the c h a r a c t e r i s t i c m i n i m u m of the in-
t e r a c t i o n potent ia l c u r v e , and m i s the m a s s . F o r 

two d i f f é r e n t m o l e c u l a r s p e c i e s obey ing the t h e o r -
e m of c o r r e s p o n d i n g s t a t e s and taken at the s a m e 
r e d u c e d t e m p é r a t u r e , Eq. (18) y i e l d s ( e . g . , f o r 
argon and neon) 

f x T ( ^ ) = ( « X T / « A ' ^ T J ' ^ ^ Î ' A ( ^ ) . 

Ne Ne A r A r Ne A r c o r r 

w h e r e v*{\^, *^)/v*{\. *=) 
s Ne s A r 

= [ 1 + (AA *2) (a jem;* /a (A * )2 )Aj*g] ' \ 

and 
A r Ne 

(23) 

(24) 

The éva luat ion of the r i g h t - h a n d s i d e of Eq. (23) 

i s quite invo lved , s i n c e the e x p l i c i t dependence of 

the sound v e l o c i t y with r e s p e c t to the de B r o g l i e 
wave l eng th i s not known. An e s t i m a t e i s n e v e r -

t h e l e s s p o s s i b l e f r o m a g r a p h i c a l r e p r é s e n t a t i o n 
of the a v a i l a b l e data for s i m p l e l i q u i d s . T h i s 
l e a d s to a quantum c o r r e c t i o n of ~2% f or the v e l o -

c i t y in l iquid neon a s c o m p a r e d to l iquid argon. 

We have r e p o r t e d in T a b l e IV the r e s u l t s of the 
c o r r e s p o n d i n g - s t a t e s ca l cu la t ion . One should not 
a t tr ibute too m u c h i m p o r t a n c e to the quanti tat ive 
a g r e e m e n t b e t w e e n the e x p é r i m e n t a l data and the 
c o r r e s p o n d i n g - s t a t e s r e s u l t s f o r sound v e l o c i t y . 
S o m e i n d i r e c t é v i d e n c e for the i m p o r t a n c e of 
quantum c o r r e c t i o n s in neon i s g i v e n by the fact 

that the s i m p l e c o r r e s p o n d i n g - s t a t e s a r g u m e n t 

g i v e s m u c h be t t er a g r e e m e n t for xénon, which 

has no quantum e f f e c t (Axe*^ = 0. 004), than f o r 
neon which d o e s . In par t i cu lar , b a s e d on our 
m e a s u r e d v e l o c i t i e s f o r argon and the value of 

2 3 6 . 6 °K f o r one p r e d i c t s 

(20) 
. ^ - ( 1 6 4 " K ) = ( . ^ ^ . ^ ^ , 

/ ^ A r ' ^ e ^ 

1 / 2 

the sound v e l o c i t y of l iquid argon baing taken at a 

c o r r e c t e d t e m p é r a t u r e : T c o r r - Te. p^j./ e j^g. 
Now, a s a l r e a d y m e n t i o n e d in Sec . i n , neon e x h i -
b i t s a weak, but n o n - n e g l i g i b l e quantum behav ior 
a s c o m p a r e d to a c l a s s i c a l f lu id l ike argon. In-

deed, t h e i r r e s p e c t i v e , r e d u c e d de B r o g l i e w a v e -
l eng ths are^^ 

A^ *2 = 0 . 0 3 5 : A,,, *2 = 0 . 3 5 2 . 
A r ' Ne 

(21) 

H e r e , c o n s i d e r i n g the s q u a r e of the A* p a r a m e t e r 

f o l l o w s f r o m the fact that the expans ion of the 

s c a t t e r i n g c r o s s s e c t i o n for s m a l l and m o d e r a t e 

w a v e l e n g t h s i s e v e n in H. T h e r e f o r e , to account 

f o r the quantum e f f e c t s , Eq. (20) should ba m o d i -

f i ed a c c o r d i n g l y , 

(85. 5<'K) = 646 m / s e c . 
A r 

T h i s i s in e x c e l l e n t a g r e e m e n t with the r e c e n t l y 

m e a s u r e d va lue î ' x e ° ̂ ^^^ = * 7 m / s e c 
r e p o r t e d by Gornal l and Sto iche f f . A s s e e n f r o m 
Table IV, on the o t h e r hand, the c o r r e s p o n d i n g -
s t a t e s v e l o c i t y without quantum c o r r e c t i o n s f o r 
l iquid neon i s 3% h igher than the m e a s u r e d v e l o -
c i ty . The quantum c o r r e c t i o n r e d u c e s the d i f f é r -
e n c e f r o m e x p e r i m e n t to l e s s than 1%. Thus , i t 
s e e m s that the quantum e f f e c t in l iquid neon i s ob-
s e r v a b l e . How l a r g e a r ô l e such e f f e c t s play in 
v e l o c i t y d i s p e r s i o n r e m a i n s an open ques t ion , 
h o w e v e r . 
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T A B L E IV. Evaluat ion of the sound v e l o c i t y in l iquid neon f r o m the pr inc ip le of c o r r e s p o n d i n g s t a t e s . The 

n u m e r i c a l v a l u e s of the p a r a m e t e r s appear ir^ in Eqs . (20) and (22) and u s e d to ca l cu la te a r e t h o s e g i v e n in Ref. 22. 

c a l e , , , 
( m / s e c ) 

c a l e , / > 
Vg ( m / s e c ) 

T(°K) [Eq. (20)] [Eq. - (22)] 

25 636.4 623.9 618.o'^ 

605.8^ 
26 619.0 606.9 601.2'^ 

27 600.0 588.2 588.4^ 
572.9'' 

28 580.3 568.9 577.0^ 

29 560.6 549.6 557^ 

^ F r o m T a b l e s II and RI. 

^ 5145 Â exc i ta t ion . 

° 4765 Â exc i ta t ion . 
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