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Brillouin spectra of molten CsNO; were investigated for scattering angles between 40 and 140°
and in a temperature interval of 420—520 °C. An Ar* singlemode laser was used for excitation and
the total instrumental width was ~265 MHz. The measured frequency shifts and linewidths of the
Brillouin components were used to determine velocities and attenuations of thermal sound waves in
the frequency range 2.3—7.0 GHz. A dispersion of 4—5% was found between the present hyper-
sonic velocities and reported ultrasonic velocities. A considerable decrease in attenuation with
frequency was observed in the investigated frequency range, with the value at high frequency ap-
proaching the classical attenuation. The results are in good agreement with Mountain’s theory of a
single relaxation time. The relaxation time of the bulk viscosity coefficient was calculated to

1.2X10—10s,

Introduction

The present study of molten CsNO; is a conti-
nuation of the experimental investigation of relaxa-
tion phenomena in molten nitrates!3. Earlier
measurements in molten CsNO; * performed in this
laboratory have revealed a different velocity in the
hypersonic than in the ultrasonic region. The pur-
pose of this work was to investigate the frequency

dependence of

i the hypersonic velocity and
ii the sound absorption.

From such a study conclusions can be drawn con-
cerning possible relaxation effects between the ultra-
sonic and hypersonic frequency regions.

Thermal sound waves have been examined in the
hypersonic frequency region (>1GHz) by using
Brillouin scattering spectroscopy. In these measure-
ments the velocity and absorption have been deter-
mined from the shift and width of the Brillouin
components and the results have been compared
with corresponding ultrasonic data®. The scattering
angle, which determines the frequency of the in-
vestigated sound waves, was varied between 40° and
140°, giving a frequency range above the relaxa-
tion frequency. Hence the hypersonic velocity should
be higher than the ultrasonic velocity as is actual-
ly observed. Furthermore, the temperature depen-
dence of the velocity and absorption was studied
over the range 420 — 520 °C. A simplified relaxa-
tion theory based on a single relaxation time&7?
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has been used in analyzing the hypersonic results.
The experimental arrangement is essentially the
same as that used earlier in this laboratory®. In
evaluating the Brillouin spectrum the convolution
technique described in Ref. 2 has been used.

Hypersonic Velocity Measurements

Brillouin spectra of molten CsNO; were recorded
in a temperature range of 100 °C above the melting
point. The scattering light was analyzed at four dif-
ferent scattering angles, 39.8°, 65.0°, 115.2°, and
140.5° corresponding to sonic frequencies ranging
from 2.3 to 7.0 GHz. An interorder separation of
9.95 GHz was selected to suit all the frequency
shifts which was possible by working with over-
lapping orders at 115 and 140°. The spectroscopic
determination of the frequency shift f made it pos-
sible to calculate the hypersonic velocity v from
Bragg’s law:

v=f2/(2nsin O/2) . (1)

Here /4 is the wavelength of the incident light, n is
the refractive index of the scattering medium and @
is the scattering angle. The observed hypersonic fre-
quency shifts and velocities at each temperature are
tabulated in Table I. The refractive indices in this
table are calculated from the data given by Kara-
wacki et al. ®.

The velocities obtained at the different scattering
angles did not differ within the experimental error
(< £1%), i.e. no frequency dependence of the
velocity could be observed in this frequency region.
Moreover, present results are in agreement with
earlier hypersonic velocity data reported from this

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
@ ® @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



58 H. E. G. Knape et al. - Hypersonic Velocity, Absorption, and Relaxation in Molten CsNO,

Table I. Velocity data for molten CsNOj .

g ) ¥
& B 2 = & s E
E Z ; = §: = g >
o 8 g NC) 83 23
=W EO =3 =z &9 =)
#5 =T =E£E ®we £g  BE
39.8° 4200 14382 256 1274 1215
438.7 14350 251 1253 1196
4583 14316 247 1235 1176
500.0 14244 238 1200 1133
520.0 14209  2.34 1178 1113
65.0° 4197 14383 3.9 1259 1215
4583 14316  3.85 1223 1176
519.9 14209  3.65 1168 1113
1152° 4199 14383  6.29 1264 1215
458.2 14316  6.09 1230 1176
519.7 14210 5.78 1176 1113
140.5° 4199 14383  7.01 1264 1215
438.7 14350  6.90 1246 1196
458.2 14316  6.78 1227 1176
479.8 14279 6.65 1208 1154
500.1 14244 6.54 1191 1133
520.2 14209 643 1173 1112
a Ref. °.

laboratory . However, the hypersonic velocities
were all higher than the corresponding ultrasonic
ones, which can be seen in Table I. The measured
dispersion between hypersonic and ultrasonic velo-
cities was 4 —5% in the temperature range 420 —
520 °C. Since the obtained hypersonic velocity was
frequency insensitive, the calculated velocity may be
taken as the velocity at infinite frequency, v % 7.

The temperature dependence of the velocity in
different frequency regions can be summarized as

follows:

hypersonic velocity (present results)

v=1647 —-091 T,
hypersonic velocity (earlier results )
v=1645 —-093 T,

v=1645.5-1.025T;

ultrasonic velocity 3

v is the velocity in ms™! and T is the temperature
e O
in “C.

Absorption Measurements

The broadening of the Brillouin components,
Avp, due to damping of the thermal sound waves is
related to the acoustic absorption coefficient, a, ac-
cording to:

Avg=avfn. (2)

If both the Brillouin and Rayleigh components are
Lorentzian the broadening of the Brillouin line can
be calculated as the difference between these two
components. Then the Rayleigh width is assumed to
be identical to the instrumental line width. However,
when analyzing the Rayleigh line shape it showed
both a Gaussian and a Lorentzian character. There-
fore, a Voigt function, i.e. a convolution of a Gaus-
sian and a Lorentzian function was matched to the
experimentally obtained Rayleigh line. This total
instrumental line was then convoluted with the
Lorentzian response function of molten CsNO, and
the Brillouin line broadening was obtained. The ob-
served Rayleigh and Brillouin linewidths, Avy and
Avops, are given in Table II together with the cal-
culated Brillouin line broadening, Avy. The Ray-
leigh width is a measure of the spectroscopic resolu-
tion of the system. In these measurements the Ray-
leigh width varied between 254 and 282 MHz, and
each tabulated value is an average of at least six
different spectral orders at each frequency and tem-
perature.

The observed attenuation (2/f?) at different fre-
quencies and temperatures are given in Table IT and
are graphically represented as solid curves in
Figure 1. The dashed curves show the classical and
the ultrasonic attenuations. The classical expression

Table II. Experimental data of Brillouin linewidths and
attenuations in molten CsNOj.
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39.8° 420.0 2.56 263 335 95 36
438.7 2.51 266 340 97 39
458.3 2.47 263 340 100 42
500.0 2.38 282 358 100 46
520.0 2.34 260 359 126 62
65.0° 419.7  3.99 265 390 157 25
458.3 3.85 265 381 148 26
519.9 3.65 265 374 138 28
115.2° 4199 6.29 267 534 315 20
458.2  6.09 259 485 270 19
519.7 5.78 254 500 289 23
140.5° 4199 7.01 268 601 387 20
438.7 6.90 271 586 368 20
458.2 6.78 259 541 330 18
479.8 6.65 263 533 318 19
500.1 6.54 273 547 324 20
520.2 6.43 264 525 308 20
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Fig. 1. Graphs of attenuation (a/f?) versus temperature for
molten CsNOj;. Present measurements at ()=40° are
labelled: A, at ®=65°: [], at @=115°: , and at O=
140°: (. The dashed curves represent values at (a) low
frequencies —ultrasonic values calculated according to Egq.
(4), and (f) high frequencies — the classical values cal-
culated according to Equation (3). The solid curves (b), (c),
(d) and (e) represent values at 40°, 65°, 115° and 140°
scattering angle, respectively — the present hypersonic
values.

for the attenuation (o..../f?) due to the shear visco-
sity, 7g, is 10

aclass/F =8 n? 7]3/(3 0 v3) . (3)

Here o is the density and v is the sonic velocity. The
ultrasonic absorption is considerably larger than
that predicted by Eq. (3) and this is accounted for
by assuming the existence of a bulk viscosity term,
Mg , in addition to the shear viscosity:

aff*=2a% (¢ v,®) [4/3 13 + 1]

where v is the low frequency velocity.
For single relaxation behaviour the equation for

the excess attenuation, (a,,/f?), valid at any fre-
11

(4)

quency is
[ =27% (0 v¢®) e,/ (L +4 2% 23] . (5)

7 is the relaxation time of the bulk viscosity coef-
ficient.

From Fig. 1 it is obvious that the attenuation is
very sensitive to frequency changes in the measured
frequency range. In fact, the obtained attenuation
is decreasing with increasing frequency in accor-
dance with Mountain’s theory. Furthermore, the

present results are close to the classical limit in-
dicating that the measurements were performed
above the relaxation frequency. When calculating
the classical and ultrasonic attenuations, density and
shear viscosity data were taken from Ref.!? and
values of the ultrasonic velocity are from Reference 5.
The bulk viscosity coefficient at low frequencies,
Wp,,» was extrapolated from data given in Ref. 13,
where a linear relationship between 7;,/%s and the
cation volume for molten nitrates is reported.

The measured frequency dependence of the at-
tenuation made it possible to calculate the relaxation
time by using Equation (5). No temperature depen-
dence of the relaxation time was found and the re-
sults at different frequencies and at a temperature
of 458 °C are tabulated in Table III together with
the corresponding relaxation frequencies (1/277).
Moreover, the relaxation time could be calculated
from the velocity measurements according to

T =75,/ [0 (v3% —vp?) ] (6)

since the obtained hypersonic velocity may be taken
as the velocity at infinite frequency, v, . The values
of the relaxation time and relaxation frequency
from the velocity measurements are also given in

Table III.

Table III. Experimental data of the relaxation time for
molten CsNOj .
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458.3 1235 2.47 142 1.2a
458.3 1223 3.85 143 1.2a
458.2 1230 6.09 1.2a 1.3a
458.2 1227 6.78 11la 143
458 1230 oo 11b 1.5b

a Calculated from absorption data.
b Calculated from velocity data.

A typical relaxation curve, based on a single
relaxation theory, is shown in Fig. 2 where the at-
tenuation (a/f?) is plotted as a function of frequency
(log f). The physical constants used in these cal-
culations are represented in Table IV. The solid
curve is obtained from the absorption measure-
ments and the dashed curve from the hypersonic
velocity data. The dotted line represents the classical
limit of the attenuation at infinite frequency.
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Table IV. Physical constants of molten CsNO, at 458 °C.

Refractive index n 1.4316 2
Density o 2.768 gcm™3 b
Shear viscosity 7s 1.89cP b
Low-frequency bulk viscosity 7B, 39 cPec
Ultrasonic velocity v, 1176 ms™t d

11 X107 ¥ m™ s2
182X1071 m™! ¢?

Classical attenuation &class/f?
Low-frequency attenuation a/f*(f — 0)

a Ref. ®. b Ref. 12, ¢ Extrapolated from Ref. 3. d Ref. 3.

From Fig. 2 it is clear that the experimentally de-
termined attenuations at the four different frequen-
cies at 458 °C were in agreement with the single
relaxation curve. Also, Fig. 2 and Table III demon-
strates the good agreement between the relaxation
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Fig. 2. Graphs of attenuation («/f?) versus frequency (log f)
for molten CsNO, at 458 °C. Present measurements at &=
40° are labelled: /\, at ©=65°: [], at @=115°: ), and
at ©@=140°: . The solid and dashed curves represent
theoretical values based on the assumption of a single re-
laxation time for the absorption and velocity measurements,
respectively. The dotted curve represents the classical
attenuation.
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times from two independent measurements: 1) the
sonic velocity and 2) the Brillouin line broadening
measurements. The absorption data revealed a signi-
ficant frequency dependence of the attenuation and
consequently the measurements were performed in a
relaxation region. Then relaxation effects should
also appear in the velocity data. However, no fre-
quency dependence of the velocity in the investigated
frequency range was found. This is mainly due to
the fact that the investigated frequency range cor-
responded to the end of the relaxation region and
that the total velocity dispersion over the whole
relaxation region was small (4 —5%).

Conclusions

The present hypersonic velocities, obtained by
Brillouin scattering experiments in molten CsNO,,
are all higher than corresponding ultrasonic velo-
cities in a temperature interval of 420 — 520 “C. No
frequency dependence of the velocity was found
between 2.3 — 7.0 GHz. These results yield a relaxa-
tion time of 1.1 x107!°s corresponding to a re-
laxation frequency of 1.5GHz. A significant fre-
quency dependence of the attenuation in the in-
vestigated frequency region was found. The relaxa-
tion time calculated from absorption data is 1.3 x
1071%5 and the corresponding relaxation frequency
is 1.3 GHz. The agreement between the independent-
ly calculated relaxation times demonstrates the ap-
plicability of Mountain’s theory based on a single
relaxation time. Finally, the present study has
shown the importance of analyzing the proper shape
of the spectral components when Brillouin line
broadening is to be determined.
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