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A study on the reversibility of electric response induced
by second sound in superfluid helium
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The reversibility of the electric response induced by second sound in helium II, the so-called “reverse effect”,
was examined. Two different cylindrical cavities were used to provide a different direction of the electric field
and to check the significance of the interruption of longitudinal flow from the copper mesh electrode. The ability
to reproduce the normal electric response induced by second sound was verified and compared with a previously
performed experiment. No indications of the reverse effect were found. The results show that the reverse effect
was absent or within a lower limit of the measurement in the order of nano-volts regardless of temperature.

Keywords: superfluid helium, second sound, electric activity, electric response, reverse effect.

1. Introduction

Heat distribution in helium 11 happens by second sound,
a temperature wave which can be explained by the two-
fluid model in helium Il. When second sound is confined
in a cavity, the amplitude of the temperature oscillation
shows a maximum at the associated resonance frequencies.
Rybalko [1] reported the first experiment of electric re-
sponse induced by the second sound in helium 1l. He excited
a second sound wave at one end of a cavity and observed the
voltage response on a pair of electrodes placed at the other
end of the cavity. Sweeping the frequency of the second
sound, he observed a voltage peak at the resonance frequen-
cy of the second sound being generated by a heater. This
effect was observed in helium 11, but not in helium 1.

This is a stunning result due to the chemically inert and
electrically inactive nature of liquid helium. Related experi-
ments have been carried out [2,3] in different ways, showing
the effect is intrinsic to helium Il no matter the experimental
setup. Experiments to confirm this effect were carried out by
other two laboratories [4,5] so far, and similar results were
obtained. Hereafter, we call this phenomenon “normal effect”.

Rybalko [1] also searched for the “reverse effect”. This
means that an electric field is applied to the electrodes at one
end of the cavity and a temperature oscillation was observed
by a thermal sensor placed at the other end of the cavity. In
his paper, he mentioned briefly that a second sound wave
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could be excited in this way, but no experimental data or
consequent graphs were shown.

As Rybalko’s findings on this reversibility of second
sound excitation have yet to be reproduced, it is imperative
that the experiment be repeated by other laboratories. The
aim of this research is to give an answer as to the reverse
effect of the electric response induced by second sound in
helium 11.

2. Experimental

2.1. Setup and cavities

Figure 1 shows a schematic of the measurement system
for the second sound reverse effect. Figure 2 shows the ex-
perimental cells that are immersed in a superfluid helium
bath during the experiments. Their temperature is regulated
by controlling the vapour pressure. The methodology of this
experiment is similar to that of experiments performed pre-
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Fig. 1. The circuit used for measurement of the second sound
reverse effect. The cavity represented here is cavity A (see Fig. 2).
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Fig. 2. (Color online) The cavities used for the experiments. Cav-
ity A, on the left, uses a pair of electrodes consisting of a copper
plate and a mesh. The right half of cavity B, using a Corbino-type
electrode, is shown on the right. The left half is the same as that of
cavity A. The outer electrode is grounded when it is used in the
circuit of Fig. 1. In both cavities, the backside of the electrodes is
covered by a grounded aluminium foil for better electric shielding.

viously on second sound in the same laboratory [5]. There
are, however, a few key differences in order to measure the
reverse effect.

As shown in Fig. 2, two slightly different cavities were
used. The cavity A in Fig. 2 was the same as the cavity used
in Ref. 5. The pair of electrodes was composed of a copper
plate and a copper mesh, similar to that used in Ref. 5. The
copper mesh electrode was located inside the cavity so that
helium atoms could go through, retaining the electrical
shielding it exhibits. A voltage of 52 V was applied to the
electrodes, equivalent to an electric field of 1.7:10* vim.
The other end of the cavity was a plastic plate with man-
ganin wire wound around it, functioning as a heater. This
heater is not shown in the figure, but it was used to repro-
duce the second sound electrical activation, i.e., the normal
effect. This cavity was the same as the one used in Ref. 5.

The cavity B in Fig. 2 contained a pair of concentric
electrodes (Corbino-type, where the diameters of the inner
and outer electrodes are 12 and 30 mm, respectively), simi-
lar to the electrodes used in Refs. 1, 4, 6. These electrodes
were used to prevent any interruption of the longitudinal
helium flow along the axis of the cavity, as such an inter-
ruption was anticipated to occur in between the electrodes
with a copper mesh. Furthermore, the direction of the elec-
tric field is no longer parallel to the length of the cavity, as
with cavity A, but it also contains radial components be-
tween the inner and the outer electrodes. The voltage ap-
plied for this cavity was 48 V. The other end of the cavity
was covered by a plastic plate.

Both cavities had a thermal sensor placed on the opposite
end of the electrodes to pick up the signal. This thermal sen-
sor was a temperature-sensitive ruthenium oxide (RuOy)
resistance whose nominal resistance was 10 kQ in room
temperature, its resistance increasing as the temperature de-
creased. It was approximately 29 kQ at 2.1 K and 38 kQ at
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1.5 K. The electric cables outside the cavity were shielded
by aluminium foil to supress interference and noise. A
large 9 MQ resistance Rg was connected in series to a 9 V
battery to keep the electric current nearly constant at 1 pA.
Due to this constant current I, the measured voltage U, can
be converted to a root-mean-square (rms) temperature 0s-
cillation T4 using
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where R is the resistance, and T is the temperature. The
derivative |dR/dT|, which represents the sensitivity of the
thermal sensor, is shown in Fig. 3 as a function of the tem-
perature. The sensitivity at 1.5 K is roughly twice as large
asthatat 2.1 K.

As shown in Fig. 1, the reference frequency of the lock-
in-amplifier (LIA) was set to 2f where f is the frequency of
the signal sent out into the cavity. This is because the elec-
tric field reaches its maximum value at both the maxima
and minima of an ac voltage applied to the electrodes,
meaning that the second sound produced by the electrodes
has twice the frequency of the voltage applied to it.

2.2. Experimental procedure

Before the experiment regarding the reverse effect, a test
was done using the similar setup described in Ref. 5 to com-
pare the data with. Here, power was applied to the heater,
and the resultant voltage induced in the electrodes was
measured. As mentioned before, the frequency of the in-
duced signal was twice that of the resonance frequency of
the cavity.

The experiment to measure the reverse effect was car-
ried out using the setup of Fig. 1 which is in a reverse fash-
ion of Ref. 5. The sinusoidal wave voltage 0.5 V produced
by a generator was amplified to 50 V by a transformer.
This voltage caused an electric field to be present in the
liquid helium inside the cavity. If the phenomenon of elec-
tric response due to the second sound is reversible, a tem-
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Fig. 3. The sensitivity data for the RuO, thermal sensor. The
temperature oscillation T, can be converted from the measured
voltage U putting these data in Eq. (1).
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perature wave should be induced due to the electric field,
and this temperature wave could then be picked up by the
thermal sensor at the other end of the cavity.

3. Results and discussion

For both cases of measurements, normal effect and re-
verse effect, the resonance peak would appear as a stand-
ing wave at a frequency f given by the equation

2f =2,
2L

where vs is the velocity of second sound and L is the length

of the cavity. Note that the factor 2 appears on the left,

because the frequency of the second sound is twice that of
the excitation frequency f, as mentioned above.

O]

3.1. Normal effect

Before measuring the normal effect, a preliminary exper-
iment to observe the resonance of the second sound was
performed to determine the resonance frequency. Power was
applied to the heater and the temperature oscillation was
measured as a function of frequency. The peak at the second
resonance of the second sound was found to be 232 Hz.

In the normal effect measurements, power was applied
to the heater in cavity A and the response of the electrodes
at the other end of the cavity was measured. For this meas-
urement, the 1st to 6th order peaks were observed, but the
second order resonance showed the clearest peak as it was
accompanied by the lowest number of spurious peaks. For
more information on this experiment, one should refer to
Ref. 5 for which the experimental setup was the same ex-
cept that an FET amplifier was omitted in the present ex-
periment to eliminate any experimental uncertainties.

Figure 4 shows the result of normal effect measurements
of the second resonance. The charge oscillation q was con-
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Fig. 4. Result of the normal effect measurements. The electric
charge oscillation was measured at the electrodes of cavity A
while sweeping the frequency of the voltage applied to the heater
at 1.5 K. Note that the setup used here is that of previous experi-
ments [5]. The frequency of the peak is 232 Hz, corresponding to
the calculated 227 Hz. Their discrepancy is due to the open end
correction.
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verted from the induced voltage V by the equation q=CV,
where C is an input capacitance of 280 pF for the present
setup. The apparent peak of the electric oscillation of the
second resonance is seen at 232 Hz. The resonance fre-
quency 227 Hz calculated from Eq. (2) shows a deviation
from the measured peak frequency 232 Hz. This disagree-
ment often happens due to the so-called open end correc-
tion as mentioned in Ref. 5. However, it has readily been
confirmed that the frequency of the peak 232 Hz in Fig. 4
is the exact same as that of the resonance frequency of the
second sound in the preliminary experiment, showing that
the peak is indeed caused by the second sound.

3.2. Reverse effect

Figure 5 shows the temperature oscillation measured by
the thermal sensor of cavity A when the power is applied
to the electrodes. The frequency was swept with a step of
0.1 Hz in the same range as for Fig. 4 in order to detect a
peak more precisely. Should the reverse effect be present, a
peak is anticipated at the same frequency 232 Hz as the
peak in Fig. 4. However, no peak is seen in the data.

Figure 6 shows the results of cavity B under the same
conditions, except the frequency sweep range is wider, rang-
ing from 100 to 700 Hz with a step of 1 Hz for 3 different
temperatures. The expected resonance frequencies calculat-
ed from Eq. (2) are indicated by arrows for each tempera-
ture. However, the data in Fig. 6 do not show any peaks for
the 3 different temperatures.

As mentioned in the Sec. 1, Rybalko [1] reported the
presence of the reverse effect. However, in our measure-
ments, neither cavity showed the reverse effect signal. The
reason for this discrepancy is not clear, but it might be due
to the difference in the sensitivity of the setup or the noise
level. In the present experiment, as shown in Figs. 5 and 6,
the average noise levels for 1.5 K were of the order of 8 nV
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Fig. 5. Result of the reverse effect measurements in cavity A. The
temperature oscillation was measured by the thermal sensor while
sweeping the frequency of the voltage applied to the electrodes at
1.5 K. The setup used here is that of Fig. 1. The arrow shows the
frequency 232 Hz corresponding to the peak in Fig. 4.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 4



A study on the reversibility of electric response induced by second sound in superfluid helium

Voltage on thermal sensor, nV

Temperature oscillation, pK

6.0 - i
4.0 ! ! f l 120
15K - 80
2.0 40
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
0 100 200 300 400 500 600 700

Frequency, Hz

Fig. 6. (Color online) Results of the reverse effect measurements in cavity B. The temperature oscillation was measured by the thermal
sensor for different temperatures while sweeping the frequency of the voltage applied to the Corbino-type electrodes (see Fig. 2). The

arrows show the resonance frequencies calculated from Eq. (2).

for the cavity A and 80 nV for the cavity B, which corre-
sponds to the average temperature oscillations of 0.3 uK
for the cavity A and 3 uK for the cavity B.

Of note in Fig. 6 are two peaks around the expected reso-
nance peaks at 2.1 K of 145 and 218 Hz. These peaks are
not caused by the intrinsic phenomenon in the cavity be-
cause of the following two reasons. Firstly, these peaks did
not appear in other runs with the same experimental condi-
tions as the one at 2.1 K in Fig. 6. Secondly, they do not
occur at lower temperatures. According to the two-fluid
model, a larger fraction of helium will be in the helium II
state at lower temperatures. While it is unknown how the
ratio of superfluid and normal fluid helium affects second
sound, previous experiments [5] have shown the normal
effect to be of similar magnitude regardless of temperature
in the regime of 1.76 to 1.92 K. As such, the reverse effect
is not expected to vanish for lower temperatures, as is the
case here.

3.3. Difference between cavities

For cavity A, the noise levels were lower due to shielding
being more effective, as the copper mesh itself also acts as
an electric shield. This is not the case for cavity B, where a
stray capacitance between the electrodes and the thermal
sensor occurs as the inner electrode is exposed to the interior
of the cavity. Combined with the successful reproduction of
electrical activation by second sound (Fig. 4), it can be said
that the reverse effect either does not occur or is smaller than
the observed noise levels. Also of note is the difference in

signal strength. Figure 6, using cavity B, shows a decidedly
larger noise than Fig. 5 (cavity A). The origin of this noise is
thought to lie in a stray capacitance. This capacitance is not
present to the same degree in cavity A because the copper
mesh covers the entire cross-section of the cavity.

4. Conclusion

The reverse effect of electric response induced by second
sound in helium 1l was searched for by detecting the second
sound resonance in two types of cavities with different elec-
trode structures. The results showed that the reverse effect
was absent or undetectable for the given noise levels. These
findings can help aid the understanding of the relationship
between the electrical and thermal properties in helium 11.
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HocnigpkeHHS 000POTHOCTI €NEKTPUYHOTO BiATYKY,
BUKIMMKAHOro Apyrnm 3ByKOMm
B HaANMMHHOMY renii

Jean-Paul van Woensel and Hideki Yayama

BuB4yeHO OOOpOTHICTD ENEKTPHYHOTO BIAT'YKY, iHIYKOBAHOIO
Opyrum 3BykoM B redii 11, Tak 3Banmii «3BopotHuii edexry. 1106
3a0e3MeUnTH Pi3HUI HAPSIMOK EEKTPUYHOIO TI0JIs Ta HEePEeBIPUTH
pOJIb yPUBYACTOCTI MO3JOBKHBOI Tewil Big MIIZHOTO ciT4acToro
€NIEKTPO/Ia BUKOPUCTAHO JBI Pi3HI MWIHAPHUYHI NOpOXHHUHH. [le-
peBipeHO Ta 3iCTaBJIEHO 3 JAHHUMH IONEPEIHBOTO EKCIIEPUMEHTY
BIITBOPIOBAHICTh HOPMAJIBHOTO €JIEKTPUYHOTO BIATYKY, 1HIyKOBa-
HOTO JpyruM 3BYKOM. O3HaK 3BOPOTHOrO e)eKTy He BHSBICHO.
Pe3ysbTaT MOKa3yTh, L0 HE3AIEKHO BiJ TEMIEpaTypH 3BOPOT-
HUH edeKT BiACYTHIi ab0 HOro BelMYMHA HIKYE 32 MEXY YyTJIH-
BOCTI BUMIPIOBaHb B HAHOBOJIFTOBOMY Jlialla3oHi.

KnrouoBi croBa: HaaIIMHHUE Temiil, APpYruil 3BYK, €IEKTpHUYHA
AKTHUBHICTb, €JICKTPUYHHH BiNITyK, 3BOPOTHHH €(eKT.
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WccneposaHne 06paTMMOCTY 3MIEKTPUYECKOTO
OTKMUKA, BbI3BAHHOMO BTOPLIM 3BYKOM
B CBEPXTEKY4EM renuu

Jean-Paul van Woensel and Hideki Yayama

N3y4yeHa oOpaTUMOCTb BJIEKTPUYECKOrO0 OTKIMKA, WHAYIHMPO-
BaHHOTO BTOPBIM 3BYKOM B renui I, Tak Ha3pIBaeMbIii «0OpaTHBII
a¢dexr». UToOBI 0OecriednTh pa3HOE HANIPABICHHE YIEKTPUYECKO-
TO TOJISL ¥ TIPOBEPUTH POJIb MPEPHIBUCTOCTH HPOJOIBHOTO TCUCHUS
OT MEIHOTO CETYaTOro 3JIEKTPOoj]a HCHOJIB30BAHbI JBE Pa3iIMYHbIC
LUIMHApHYecKre nosocty. [IpoBepeHa n comnocraBieHa ¢ JaHHbI-
MH TpEJBIIYIIETo 3KCIEPHIMEHTa BOCHPOU3BOJUMOCTh HOPMab-
HOTO 3JIEKTPUYECKOr0 OTKJIMKA, MHIAYLMPOBAHHOTO BTOPBIM 3BY-
koM. [IpusHakoB oOpatHOro 3 dexra He 0OHapyxeHo. PesynbraTer
MOKa3bIBAOT, YTO HE3aBHCHMO OT TEMIIepPaTypbl 00paTHbIi A dext
OTCYTCTBYET WJIM €r0 BEJIMYMHA HIDKE IpefieNa TyBCTBUTEIEHOCTH
U3MEPEHHI B HAHOBOJILTOBOM JJHaIla30He.

Kitouessie ciioBa: cBepXTeKy4Hid reauid, BTOPOH 3BYK, JIEKTPHU-
YyecKast akKTUBHOCTb, DJICKTPUUECKHUIN OTKIIMK, 00paTHBIN 3P deKT.
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