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Parametric Generation of Second Sound by First Sound in Superfluid Helium
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We report the first experimental observation of parametric generation of second sound (SS) by first
sound (FS) in superfluid helium in a narrow temperature range in the vicinifi;.of The temperature
dependence of the threshold FS amplitude is found to be in a good quantitative agreement with theory
[V.L. Pokrovskii and I. M. Khalatnikov, Sov. Phys. JET, 1036 (1976)] and corrected for a finite
geometry. Strong amplitude fluctuations and two types of the SS spectra are observed above the
bifurcation. The latter effect is explained by the discreteness of the wave vector space and the strong
temperature dependence of the SS dissipation length.

PACS numbers: 67.40.Pm, 43.25.+y, 67.40.Mj

Parametric generation of waves is observed in a widevaves:Cerenkov emission and parametric decay. These
class of nonlinear media. Spin waves in ferrites and antiprocesses were considered theoretically about 20 years ago
ferromagnets and Langmuir waves in plasma parametri5,6]. In the first one, a FS phonon decays into a pair of
cally driven by a microwave field, ferrofluid surface wavesFS and SS phonons. In the second process, a FS phonon
subjected to an ac tangential magnetic field, and surfacdecays into a pair of SS phonons. Both processes result
waves in liquid dielectrics parametrically excited by an acin decay instabilities which are characterized by thresholds
electric field are just a few examples (see, e.g., [1-3])in the FS amplitude. In this paper, we concentrate on the
Parametric excitation of standing surface waves by vertiparametric instability.
cal vibration is another canonical example of such a sys- In the parametric excitation process, a FS wave with
tem which recently has become particularly popular due tavave vectoK and frequency) decays into two SS waves
easy visualization of its pattern dynamics. Depending onith wave vectorsk,; andk, and frequencie®, and w;
the number of nonlinear modes, either nonlinear patternthat obey the conservation laws (resonance conditions)
or a wave turbulent state are observed. In the case of the
Faraday instability, a rather modest experimentally reach- Q=0 + w, K=k + k;. 1)
able aspect ratio between the system’s horizontal size arlcl
the wavelength, and a relatively large dissipation, strongl)ée
limit advantages of this system to study the wave turbu-
lence which is expected to exhibit some rather universal
properties [2]. From this point of view, the spin-wave in- V =223 25124 — 2p/pcos)  (2)
stability seems to present a better example of a system ;
with many excited modes, thanks to its extremely largds the interaction matrix element [5], which depends on
aspect ratio and minute dissipation. However, in spite othermodynamic parameters through the quamtignd on
a well developed and detailed theory for this system, théhe angled defined in Fig. 4(a). The SS waves dissipate
few experimental detection techniques accessible in thiat the ratey. The parametric instability occurs when the
case limit quantitative investigation of the wave turbulentSS generation exceeds the dissipation. The threshold FS
state [2]. amplitude isby, = ¥/|Vmaxl [5]-

In this Letter, we report the first experimental observa- It was found in Ref. [5] that in an infinite system the
tion of parametric generation of second sound (SS) wavetemperature range where the parametric excitation occurs
by first sound (FS) waves in superfluid helium in a rathebefore theCerenkov emission is between 0.9 and 1.2 K.
narrow temperature range close to the superfluid transitionlowever, our estimates, based on the asymptotic behavior
temperaturel,. Because of relatively weak dissipation of the thermodynamic properties of superfluid helium near
and a large attainable aspect ratio, on the one hand, arg [7], show that the decay instability threshold diverges
experimental advantages of using high sensitivity ampli-as ocva*°~33, wheree = (T, — T)/T,. The threshold of
tude measurements, on the other hand, this system mdye Cerenkov emission is higher than that of the para-
become an appropriate one to quantitatively study thenetric instability and diverges ), as e *%. After a
wave turbulence. However, we are aware of only one exdetailed analysis, we found that it is convenient to conduct
periment on nonlinear (not parametric) interaction of firstexperiments in the range of reduced temperatire® <
and second sounds [4]. e < 1072, In this temperature range, the quantityin

In superfluid helium, there are two kinds of three-waveEq. (2) is positive, and therefore the matrix elemé&nt
processes that are responsible for SS generation by FBaches its maximum value for SS waves propagating

= 1K, w12 = ¢y k12, andc; andc;, are the first and
cond sound velocities. A FS wave of amplitddgen-
rates SS waves at the ratd/|, where
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at ¢ = 7 /2 with respect to the FS wave as shown infrom a bolometer was sent to a preamplifier and then to a
Fig. 4(a). Moreover, since the attenuation length of thdock-in amplifier at reference frequendy, /2. The two-
SS, [, varies drastically in this temperature range [8],phase output signal was sampled at 16 Hz and digitized
the finite length of the cell in the direction of the SSover a 128 s period. The complex Fourier transform of
propagation should be taken into account. both digitized components of the signal provided the SS
The experiment was done on a short cylindrical cell ofspectrum in a narrow windowt 8 Hz, aroundr, /2, with
50 mm in diameter and length = 4 mm (Fig. 1). The resolution ofl /128 Hz.
sides of the cavity were formed by a pair of capacitor trans- A typical plot of the time averaged SS intensity as a
ducers. Such transducers and their calibration method afanction of the driving FS amplitude in the vicinity of
described in Ref. [9]. In the short direction, the cell wasF, /2 is shown in the inset of Fig. 2. There exists a well
used as a FS resonator with the first harmonic frequencgronounced threshold for the driving amplitude at which
about 28 kHz. The frequency of parametrically excitedthe SS intensity first exceeds twice the background noise
SS waves was about 14 kHz. In the experimentally inveslevel. We point out that the SS amplitude as a function
tigated temperature rangs) 4 < & <2 X 1073 the SS  of time strongly fluctuates. Its intermittent behavior is
wavelength varied from 0.09 to 0.3 mm. The resonator’s particularly striking close to the onset where the time
lateral side was open, and several layers of paper were pirtervals between isolated spikes increase up to 1000 s
around it to absorb transverse acoustic modes. The resehich was the maximum sampling interval. This time
nator quality factor wag®) = 150: that allowed one to ne- scale is much longer than all characteristic scales in the
glect influence of all other acoustic modes. problem. Those fluctuations limit the resolution in the
Two SS bolometers and two heaters were evaporatetthreshold determination and hinder quantitative studies of
on 22 mm diameter glass substrates. One bolometer walse amplitude behavior above the onset. Nevertheless,
placed diametrically opposite to each heater and the twthey do not change the main features of the phenomena
pairs were mounted at 9@ each other. The bolometers discussed in the paper. The threshold FS amplitude as a
were40 um wide superconducting Au-Pb line in the form function of temperature is shown in Fig. 2 together with
of a round serpentine pattern of diamety = 2 mm  theoretical predictions.
[10]. Each heater-bolometer pair, with tlie= 54 mm As mentioned above, heater-bolometer paifs=
base, formed a resonance open cavity for the SS, with4 mm apart, formed boundaries for SS waves. In our
resonances from 12 to 40 Hz apart. Possible incidentaxperiments, the attenuation lengthchanged from 10
effects of these resonances on experimental observatiote 600 mm. Therefore, reflections from the boundaries
are discussed below. The bolometers were sensitive folay an important role in the parametric instability. A
waves incident within the angle-A/d, to the normal
direction, i.e., from 0.05 to 0.15 fag from 10™* to 2 X
1073, The cell was placed into a container filled with about
300 ml of purified*He and vacuum sealed. A three-stage
temperature regulated cryostat with the helium container a
the third stage was used [10,11]. Its temperature stabilit
was aboutl0~® K, and the operating temperature range 100
was between 1.9 K anfi,.
The experiment was performed at a constant temper:&. g
ture by generating FS at pump frequen€y, which was o 40 50 iif
chosen to be the first harmonic frequency of the cavity 3 )|  FSAmplitude (Pa) ii
For a given FS amplitude, the SS amplitude was measure s. iii
by the bolometers. In a typical experimental run, a sigha <
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FIG. 2. The temperature dependence of the parametric excita-
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straightforward generalization of the envelope methoc T o 1 .
[12,13] for a system of the siz&, where waves arrive 10 - ,,’ 14
and reflect normally to the boundaries, with an arbitrary % ~
reflection coefficientr, yields the following expression 10° o .*° E
for the threshold: e eTLe 1, =
8 ’;.‘ [ \
2 211/2 1075 0 5 _.-" @&. S
b = (y/V)[1 + £(/L)°]'7, ® |7 oo .. Vim -
where¢ is the minimal positive root of the equation ==~~~ T 0 E
9—0—0-0-0 000006 2]
(1= e/ e 2
tané = — . 4y | TTtee-lll Q
e 1+ r2 = 2r[1 + £2(1/L)]1/2 @ ~ 10* ‘-~.\". §
S = z Tss [ 42 o
For L < [, the value ofby, (along with its temperature g% 108 ".\'\ o
dependence) is mainly determined by the second term i= z ‘c. =
the parentheses in Eq. (3), 8w ~ c2/(LV) = &'¥ (see  “ 2 1ol d . 1.
curve b in Fig. 2). Note that if the reflection coefficient 5, (Hz) AN
tends to unity, the threshold coincides with that in an . el -
infinite system. 10° e =(T,-T)/T, 10°

To compare results of our threshold measurements wit..
theoretical predictions we plotted theoretical curves for the-|G. 3. The SS frequency shift as a functioneof The insets
cases of perfect reflection &= 1)—curveain Fig. 2, and  show two types of the SS power spectra in two temperature
of the complete absorption (= 0)—curve b of SS on  ranges: (@ = 2.19 X 107%, (b) & = 6.52 X 107*.
the boundaries. The SS dissipation raje,was found
from experimental measurements [8]. The curves conedetailed analysis of these equations reveals an angular
verge in the regiors < 2 X 107, where the size effect dependence of the SS frequency
is negligible ( < L). We also plot a curvec for the
reflec?io% coeqfficierztr =0.6. In E[)he temperature range w12 = Q1 = »)/2, v = mncoy, ()
4 X 107* < & < 2 X 1073, this curve fits the experimen- cod = (k; — ko) - K/(Ik; — k»| |K]). (6)
tal data rather well. Near the edges of the cell, SS Waveg ok angular dependence of the threshold amplitude
are not amplified but they do attenuate. With approachz7 due t 9 Ip d d 1ol5] vield pk
ing T,, the attenuation length, becomes comparable to ue to an angular dependencelbf5] yields a wea

the characteristic length of the edge effedts, This re- minimum of by, for the symmetric configuration with =
y /2, as we mentioned above.

sults in a decrease of reflection from the cell boundaries. The existence of two tvbes of spectra and the transition

Therefore the effective reflection coefficient decreases ar;getween them can be exyFI)ained bp the finite cell qeometr

the experimental points lie closer to the theoretical curv S P i Dy i 9 y
in the direction of FS propagation and by discreteness of

b in the temperature range < 4 X 10~*. Because of a ST . )
steep decrease of the amplitude of the measured signal vU(l)e wave vector in this direction [Fig. 4(b)]. Indeed, ifthe

did not succeed to extend our measurements closgj to
than10~4. 7 A

Another result, which was unexpected for us, was the
observation of different types of SS power spectra in
different temperature regions. Two typical spectra of the
SS signals close to the onset at the reduced temperatur
e =219 X 107*ande = 6.52 X 10~* are shown in the
insets of Fig. 3. The first spectrum has a single sharp pea
at exactlyF, /2, while the second one, observed farther
from T, exhibits two equidistant peaks aroufig/2. The
left peak at the lower frequenc¥,/2 — 6f is always
larger than the right one at the frequericy/2 + 6f.

In order to explain such a spectrum splitting one needs /,
to consider the conservation laws (1). In the temperature /4
range where our experiment was performed ¢ < & <
2 X 1073), the sound velocity ration = ¢,/c; varies
between 0.06 and 0.019 [7]. From the conservation law: a b
(1) one getsk < k;,k;; i.e., the SS wave vectors are FIG. 4. (a) k-vector diagram for infinite space and (b) the

located on an elllpSOId of revolution with an eccentriCity of discrete wave vector space and the geometry of FS and SS
7, andk; andk, are almost opposite [Fig. 4(a)]. A more interactions in a finite cell.
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attenuation ratey is larger than the frequency difference ference from surface wave experiments is probably as fol-
between resonance peakw = 227 d6f) = Qw, that lows: normal modes were not generated in our partially
occurs closer toT,, the discreteness of the resonanceopen cell that changed completely the pattern formation
states is smeared out. Then just a single peak appearsnditions compared to those in the Faraday crispation
in the spectrum. This symmetric case corresponds to thexperiments [14].
minimum of the threshold as a function of the angle In conclusion, a number of new features distinguish the
for the infinite cell geometry [5]. The opposite inequality SS parametric excitation in superfluid He from well studied
Aw > vy corresponds to discrete resonance states anghrametric instabilities of spin waves in magnets and of
leads to two peaks in the spectra. Afw is sufficiently  surface waves on liquid: (i) the instability was observed in
large compared toy, one can consider two parametric a partially open system, (ii) the finiteness of the system lifts
excitation processes caused by two components of théhe degeneracy in pairs of parametrically excited SS waves
FS standing wave, with the wave vectorsK. The that leads to the spectrum splitting in the temperature
momentum conservation conditions for these processes aranges > 5 X 10~4, and (iii) the high sensitivity of the

K =k, + ko, K = k; + k. @) setup allowed us to observe strong fluctuations of the SS

amplitude very close to the threshold.
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