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Thermal phonon resonance in nitrogen gas observed by Brillouin scattering
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We observed the thermal phonon resonance of nitrogen gas with optical-beating Brillouin scattering and
measured the sound velocity and the absorption coefficient in the MHz region. Optical-beating spectroscopy
possesses a frequency resolution of 1 kHz, which enabled us to resolve the fine structure of the thermal phonon
resonance spectra. Resonance peaks of phonons were observed at every 185 kHz in the resonance cavity
composed of two flat glass plates. The measurement accuracy of the sound velocity and the absorption
coefficient was remarkably improved to 107 and 107, respectively.
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I. INTRODUCTION

Brillouin-scattering spectroscopy has attracted much at-
tention as almost the only method of nondestructive and non-
contact measurement of the acoustical properties of materials
[1-6]. Recently, optical-beating spectroscopy was proposed
as a technique of resolving the Brillouin-scattering spectrum
with high-frequency resolution and has been used for the
measurement of phonon propagation in various kinds of lig-
uid, solid, and gas materials [7-11].

It has been difficult to measure the sound velocity and the
absorption coefficient in gases accurately with the conven-
tional ultrasonic pulse method in the frequency region above
MHz, since the typical intrinsic absorption due to shear vis-
cosity is larger than 1 mm™" at 1 atm in the frequency region
[12-21]. Tt is also a technical difficulty to use hard piezoelec-
tric devices to excite and detect ultrasonic waves in dilute
gases, since the transmission efficiency is quite poor because
of their huge impedance miss matching.

On the other hand, optical-beating spectroscopy is free
from these problems since we detect thermally excited ultra-
sonic waves (called thermal phonons) with a laser probe. In
the case that the propagation distance of the ultrasonic wave
is shorter than the beamwidth of the probe laser, the absorp-
tion coefficient is obtained with sufficient accuracy in light-
scattering experiments. Therefore, optical-beating spectros-
copy is promising as an effective probe of ultrasonic waves
in gases at high frequencies. However, disadvantages remain;
one is that measurement of the absorption coefficient is still
impossible if the propagation distance of the ultrasonic wave
is longer than the beamwidth at a small scattering angle, in
principle, since the laser probe could not observe the phonon
decay within its width [22-24]. The problem is actually se-
rious in the frequency region below 10 MHz for gases.

We therefore carried out the observation of the thermal
phonon resonance in gas. In this study, we succeeded in mea-
suring the ultrasonic decay in nitrogen gas in the MHz re-
gion, in which the resolution of the usual optical-beating
spectroscopy is insufficient. We could also determine the
sound velocity of nitrogen gas within an accuracy of 107*.
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II. REQUIRED SPECIFICATION
FOR GAS SPECTROSCOPY

The thermodynamics of ideal monoatomic gases is quite
simple, through which the elasticity and the shear viscosity
are theoretically predicted [25,26]. The mechanics of di-
atomic or polyatomic gases are, however, not very simple
due to the contribution from the internal degrees of freedom
of the molecule, and in general, it is difficult to predict the
whole aspect of the phonon relaxation due to the coupling
between the elasticity and the internal degrees.

In one of the simplest models assuming the molecule as a
hard sphere, the sound velocity v of monoatomic gas is rep-

resented as
[5kgT
v=1\—"7",
3m

where, kp is the Boltzmann constant, 7 is the temperature,
and m is the molecular mass, respectively. The calculated
velocities at 300 K of He, Ne, and Ar are 1000, 450, and
320 m/s, respectively, for example, and they agree with the
literature values [25,26]. On the other hand, the viscosity of
the monoatomic gas is represented as

_ 1 SkaT
"=om2 N 3

where d is the molecular diameter. The calculated viscosities
at 300 K of He, Ne, and Ar are 12, 23, and 26 uPas, respec-
tively, and they also agree with the actual values. However,
we could not predict all the mechanical properties of poly-
atomic molecules since the time required for the relaxation to
the equilibrium state is unknown. The transfer of energy
plays a dominate role to determine the acoustical properties
of gases. Note here that the time scale of the vibration-
translation (V-T) or rotation-translation (R-7) relaxations is
usually quite apart, which is typically 20 ms and 2 ns for
oxygen, respectively, at 300 K at 1 atm.

The V-T relaxation time is measured from the dispersion
of the sound velocity or absorption coefficient. Since the
measurement accuracy of 1072 in the sound velocity and that
of 1072 in the absorption coefficient is required to observe
V-T relaxation in nitrogen gas, it has been impossible to
observe the V-T relaxation from the change in absorption
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coefficient with conventional optical-beating Brillouin-
scattering spectroscopy. It is also difficult to observe the re-
laxation from the sound velocity since the accuracy of our
light-scattering method is 1072 at best [11].

In this study, we propose to apply a phonon resonance
technique for the observation of the V-T relaxation in gases.
We observed the thermal phonon resonance spectrum in ni-
trogen gas by optical-beating Brillouin-scattering spectros-
copy and determined the sound velocity and absorption co-
efficient. The accuracy is as high as 10~ in the sound
velocity measurement, which is superior to those realized by
conventional ultrasonic measurements [12-21].

In this method, we use a small cavity as a sample con-
tainer, in which the thermal phonon resonates. The relevant
phonon intersects with the probing laser light many times,
which effectively increases the interaction time between the
phonon and the light. The contribution of the instrumental
factor to the Brillouin peak width becomes smaller.

III. EXPERIMENT

We observed thermal phonons in gas with optical-beating
spectroscopy. Optical-beating spectroscopy was previously
reported in detail [11]. Here, we briefly describe the account
of optical-beating Brillouin-scattering spectroscopy and its
recent improvement in detection sensitivity. The beam from
a frequency-doubled cw Nd:YAG laser (wavelength 532 nm)
with a power of 8 W is divided once into a strong incident
light and a weak reference light, and they are adjusted to
intersect in the sample. The region of intersection makes the
scattering volume. The scattered light collinear with the ref-
erence light is detected by a high-speed avalanche-type pho-
todiode (S5343, Hamamatsu Photonics) and generates the
optical-beating signal. The power spectrum of the scattered
light is thus obtained using a spectrum analyzer, which is
shown in Fig. 1(a).

The frequency resolution of the system is restricted by the
width of the electrical bandpass filter of the spectrum ana-
lyzer, which is as narrow as 1 kHz in the present experiment
to resolve the fine structure of resonance peaks. Recent ef-
forts to improve detection sensitivity enabled the observation
of thermal phonons propagating in poor-phonon-scattering
samples, such as stiff solids and dilute gas materials
[10,11,22].

The phonon resonance cavity is shown in Fig. 1(b), which
is composed of two flat phonon reflectors made of glass with
flatness better than 2\ set face to face with 950 um spacing.
The decay length of the phonon in nitrogen gas at 300 K,
1 atm, and a frequency of 3.4 MHz is 5 mm. Therefore, we
expect that phonons make the round-trip between the two
walls. Since the wavelength of the relevant phonon is much
larger than the surface roughness of the phonon reflector, the
phonon makes the round-trip for several times. The reflectors
have a diameter of 15 mm in the length along the laser pen-
etration. The geometry of the reflectors, reference light, inci-
dent light, and photodiode is shown in Fig. 1(a).

Of greatest importance is the parallelism of the reflectors
in this study. The parallelism of the countering phonon re-
flector is adjusted to better than 10" by observing the circular
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FIG. 1. Block diagram of the system and top view of the refer-
ence light, incident light, and cavity (a) and schematic view of the
phonon resonator (b).

fringes of the adjusting laser incident perpendicular to the
reflectors.

In the phonon resonance measurement, the wave number
of the phonon is determined strictly by the boundary condi-
tion of the cavity, whereas the observation band is deter-
mined by the scattering wave number and its ambiguity.

In this experiment, the scattering angle is fixed to
5.2 mrad, which is precisely determined from the phonon
frequency in liquid toluene observed with the same experi-
mental configuration and its well-known sound velocity. The
corresponding  scattering wave number given by &k
=2K sin(6/2) is k=6.2X 10* m~!. The ambiguity of the scat-
tering wave number is induced by the focusing lens. Focus-
ing the laser beam (wavelength \) with an initial diameter
(2wg) of 2 mm by a lens with a focal length (F) of 1000 mm
yields the ambiguity of the wave number, Ak=2mwy/\F
~1.2X10* m™' [27]. All experiments were carried out at
300 K and 1.0 X 10° Pa.

IV. RESULTS AND DISCUSSION

The optical-beating Brillouin-scattering spectra observed
in gas are shown in Fig. 2. Figure 2(a) shows the Brillouin-
scattering spectrum observed in nitrogen gas outside the cav-
ity. The center frequency of the peak is 3.42 MHz, which
gives a phonon velocity of 347 m/s. This value agrees well
with the literature value of 354 m/s. However, the ambiguity
in the peak determination of 0.1 MHz directly leads to an
error larger than 1%. The spot size of the laser beam at the
focus is 10 um [27], which derives the instrumental width
Afin from the finite interaction length between the phonon
and the beam. The width Afi, is then estimated to Afi,g
~pAk/27=670 kHz, which roughly agrees with the half
width at half maximum (HWHM) of the peak in Fig. 2(a).
Note here that the HWHM of the Brillouin peak without
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FIG. 2. Phonon spectra of nitrogen gas observed outside the
cavity (a) and in the cavity (b) with optical-beating Brillouin-
scattering spectroscopy. The integers in (b) indicate the resonance
order. The solid line is the best-fitted line described with Eq. (2).

Afins corresponds with the damping constant of the phonon.
The expected HWHM of the peak calculated from the intrin-
sic absorption coefficient is 12 kHz, which is by far smaller
than the present instrumental width and we cannot determine
the absorption coefficient from the experimental width of the
peak.

Figure 2(b) shows the Brillouin-scattering spectrum ob-
served in the phonon resonance cavity. We can see that the
resonant peaks appear and the integers in Fig. 2(b) indicate
the resonance order of each peak. The acoustic impedance
ratio between nitrogen gas and the resonator made of glass is
more than 10%, and the energy transmission coefficient is less
than 1078, Therefore, the surface is an ideal reflector for the
elastic wave.

The observation of the phonon resonance has an advan-
tage that we do not have to employ the ultrasonic transducer,
which more or less disturbs the boundary condition and
causes imperfect ultrasonic reflection or excess damping of
sound and which leads to the harmful instrumental factor. In
addition, we can assign all peaks with integer n to indicate
the absolute resonance order, since the present condition is
the perfectly fixed boundary. The resonance peaks are ob-
served at the frequency of

f,=nvi2L, (1)

where n is the resonance order and L is the spacing between
the countering resonator. The frequency interval between the
neighboring peak is Af=v/2L, which is 185 kHz at the
present condition and agrees with the experimental result.
The power spectrum of the phonon resonance taking the
instrumental factor into account is represented as

PHYSICAL REVIEW A 78, 033822 (2008)

Intensity (arb. units)

3.5
Frequency (MHz)

FIG. 3. Enlarged phonon resonance peak for mode n=18,19
shown in Fig. 2(b). The solid line is the best-fitted line described
with Eq. (2).
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where I(k) is the instrumental factor, w is the angular fre-
quency, and I is the damping constant of the phonon, respec-
tively. Note here that the instrumental factor I(k) gives the
frequency range of the phonon resonance observation. The
solid lines in Figs. 2(b) and 3 are the best-fitted lines de-
scribed with Eq. (2).

The detail of resonance peaks at n=18,19 in Fig. 2(b) is
shown in Fig. 3. The phonon decay measurement has not
been carried out with conventional optical-beating spectros-
copy in this frequency range [11]. Observing each peak in
Fig. 3 carefully, we find an asymmetry in its shape; the skirt
towards the higher frequency is more gradual. The right-
hand-side skirt is composed of the intrinsic absorption coef-
ficient of ultrasound and the other instrumental factor. This
instrumental factor is due to the phonon propagating off-
normal to the resonator walls. Here, we estimate the width of
the instrumental factor of the right-hand-side skirt. When the
incident and local reference lights intersect at the scattering
angle @ with the direction ambiguity A6, the divergence of
the scattering wave number along the direction of laser trans-
mission is approximately given by Ak, =KA#/2 for 6<1.
The resonant length of the phonon propagating off-normal to
the resonator walls is represented as L cos A6, where A6 is
the off-normal angle which agrees with the direction ambi-
guity. The more gradual skirt, therefore, appears only in the
higher-frequency region of the each resonant peak. We can
estimate, from the equations, the frequency width of the
right-hand-side skirt of the resonance peak due to the ambi-
guity of the scattering wave number to 10 kHz. In the actual
spectrum, the frequency width is broader than the estimated
value. The reason is not clear at present, however; the decli-
nation of the incident angle on the surface might lead to the
increase in Ak | . It is also plausible that the poor smoothness
or the parallelism of the walls yields a distortion of the pho-
non, which may lead to the additional Ak, .

We carried out the fitting of the theoretical curve to the
left-hand-side skirt of the resonance peak at n=19 shown in
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Fig. 3. The spatial absorption coefficient « (=I'/v) obtained
is a/f?=2.0x 1073 s>/cm at 1 atm, which agrees with the
value measured by the ultrasonic technique of a/f>=1.8
X 10713 s2/cm [12—14]. We also measured the sound velocity
in nitrogen gas with thermal phonon resonance in the MHz
region. The peak frequency at n=19 is 3.545 MHz, which
gives the phonon velocity of 354.1 m/s with Eq. (1). This
value agrees well with the literature value of 354.3 m/s. The
accuracy is thus corroborated to be 107,

V. CONCLUSION

We carried out the observation of thermal phonon reso-
nance in gas-state material. The phonon propagates without
any disturbance in the resonance cavity, and we could ob-
serve a clear resonance spectrum. We measured the phonon
decay in nitrogen gas in the MHz region, which has not been
achieved with conventional optical-beating spectroscopy. We
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also measured the sound velocity of nitrogen gas with an
accuracy of 107, which is superior to that of the traditional
ultrasonic measurement in the frequency region above MHz
[12-14].

The present experiment of the thermal phonon resonance
will enable us to observe the dynamics of structures at the
molecular level through the investigation of the fluctuation in
density and other physical quantities, such as molecular ori-
entation. Another advantage of this method is that it is appli-
cable to the measurement of the viscosity and the sound
velocity in gases over a temperature of 1000 K.
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