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For twenty years of research, the processes of radiation and dissipation occurring during oscillations of quartz tuning forks in
superfluid helium and its mixtures have turned from an object of research into a tool for studying the properties of helium. Quartz
tuning forks are used to study various properties of helium - viscosity, thermal conductivity, radiation of the first and second sounds,
and also as a precision temperature sensor. Experimental observations of these phenomena were carried out in a wide range of
temperatures and pressures, but the results of observations have not yet been exhaustively described theoretically.

The aim of this work is to study density and pressure oscillations to determine the conditions under which oscillations of a solid
wall excite the first sound in superfluid helium and sound in supercritical helium, and to calculate the contributions of these processes
to the formation of resonances during oscillations of closed tuning forks. In particular, the experimentally observed excitation of
standing waves of pressure oscillations by an oscillating closed tuning fork, the appearance and properties of resonances depending on
the temperature and pressure of helium are considered.

As a result of the work, a model was built that described the physical features of the experimentally observed resonance
phenomena.
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3BYKOB1 PE30HAHCHU B HAAKPUTUYHOMY 1 HAAPIAKOMY TeIil
H.O. I'epamenko, K.E. Hemuenxko, T.I'. Bixtunceka, C.FO.Porosa

HHI xomniomepnoi ¢izuxu ma enepeemuxu, Xapriscokuii nayionamsnuti ynieepcumem imeni B.H. Kapasina, m. Ceoboou 4, 61022, Xapxis, Yrpaina

3a IBamIATh POKIB JOCIHIIKEHb, POIIECH BUIPOMIHIOBAHHS Ta JWCHIIAMii, SKi BiAOyBalOThCA MPH KOJMBAHHIX KBAPIOBHX
KaMEepTOHIB Y HaIIUIMHHOMY Temii Ta HOro po3dymHaX, i3 00’€KTa JOCITIHKEHHS MEPETBOPWINCS B 1HCTPYMEHT IUIS JOCTIKEHHS
BIacTHBOCTEH remifo. KBapmoBi KaMepTOHHM BHKOPHUCTOBYIOThCS UIA JOCHI/KCHHS PI3HUX BIACTHBOCTEH Telif0 — B’SA3KOCTI,
TETJIONPOBiAHOCTI, BUIIPOMIHIOBAHHS MIEPIIIOTO Ta APYTOTO 3BYKY, a TAKOXK K MPEH31HHII AaTINK TemnepaTypu. ExcriepuMeHTanbHi
CIIOCTEPEIKESHHSI LIUX SIBUI MPOBOAWINCS Yy IIMPOKOMY Jiama3oHi TeMIepaTyp Ta THCKY, aje Pe3yJbTaTH CIHOCTEPEeKeHb Ie He
OTPHUMAJIM BUYEPITHOTO TEOPETHYHOTO OIHCY.

Meroto 1aHOi poOOTH € TOCIIKEHHS KOJIMBaHb T'YCTHHH Ta TUCKY JUIsl BU3HAYEHHS YMOB, 32 SIKUX KOJMBAHHS TBEPAOT CTIHKH
30yKYIOTh NEPIIUH 3BYK Y HaIUIMHHOMY T'eJlii Ta 3BYK y HAAKPUTHYHOMY Tellil, i 00YNCIIeHHs BHECKIB IIUX MPOLECIB 10 (OPMyBaHHS
PE30HAHCIB Mij Yac KOJIMBAaHb 3aKPUTHUX KaMEPTOHIB. 30KpeMa, PO3TIITHYTO eKCIIEPHMEHTAIBHO CIIOCTEPEeXKyBaHe 30yPKEHHSI CTOSTINX
XBHIJIb KOJIUBAaHb THCKY KaMEPTOHOM, II[0 KOJIMBAETHCS, ITOSIBA i BIACTHBOCTI PE30HAHCIB B 3AJISKHOCTI BiJl TEMIIEpaTypH Ta THCKY
Teiio.

B pesymerari pobotu moOynoBaHa MOJENb, IO ONMUCYE (PI3MYHI BIACTHBOCTI PE30HAHCHUX SBHIN, SIKi CIIOCTEpIrajmcs
EKCIIePUMEHTAIIBHO.

Kutio4oBi ci1oBa: akycTHYHHMIT pe30HAHC, HAAIUIMHHUM TeNiil, HAAKPUTUYHHUIN Tefliid, CTosiua XBUIIS, KOJMBAHHS I'YCTHHU.

3BYKOBBIE PE30HAHCHI B CBEPXKPUTHUECKOM M CBEPXTEKYUEM T'€IIUU
H.O. I'epamenko, K.E. Hemuenxko, T.I'. Buxtunckas, C.HO.Porosa

VHU xomnviomepnoii pusuxu u snepeemuxu, Xapvrosckuil hayuonanvnuii ynugepcumem umenu B.H. Kapasuna, m. C60600wi 4, 61022, Xapvkos,
Vkpauna

3a fABagIATH JIET HCCIEJOBAaHUII MPOIECCH H3IYdYEHHS M AWUCCHIIAINY, IPOMCXOMANINE INPH KOJNeOaHUSIX KBapIEBBIX
KaMepTOHOB B CBEPXTEKy4eM I'eIIU U €r0 pacTBOpax, M3 00bEKTa MCCIIEA0BAHMS [IPEBPATIIIICH B HHCTPYMEHT ISl U3YUEHHUS CBOICTB
reaus. KBapreBble kaMepTOHBI UCIIONIB3YIOTCS UL UCCIEIOBAaHUS Pa3IMYHBIX CBOMCTB IelMs — BS3KOCTH, TEIIOIPOBOIHOCTH,
H3ITy4YeHHs IEPBOTO U BTOPOT'O 3BYKa, a TAKXKE B KAUECTBE MPEIIM3UOHHOTO JATUHKa TEMIIEPaTypbl. DKCIIEPUMEHTaIbHbIE HA0MIOAEHHS
3TUX SIBICHUH MPOBOIWINCH B HMIMPOKOM JMala3oOHE TEeMIEpaTyp W JAABICHHH, HO pe3ylbTaThl HAONIOAEHMH eIlle He MOIy4uiIn
HCUYEPIBIBAIONIET0 TEOPETUIECKOTO ONMUCAHHSI.

Lenbto 1aHHO pabOTHI ABISETCS HCCIEI0BaHUE KONeOaHN TIIOTHOCTH U JABIECHHUS [UIs ONPEIENIEHHUs] YCIIOBUM, PH KOTOPBIX
KoJIeOaHMs TBEPAOH CTCHKH BO30YXKIAIOT MEPBBIH 3BYK B CBEPXTEKYUeM TN ¥ 3BYK B CBEPXKPUTUYECKOM TEIINH, U BEIYHUCIICHUE
BKJIAI0B 3TUX IIPOIECCOB B (DOPMUPOBAHHE PE3OHAHCOB BO BpeMsI KOJeOaHHH 3aKPHITBIX KaMEPTOHOB. B 4acTHOCTH, pacCMOTpPEHEI
9KCIICPIMEHTAIBHO HAOII0aeMoe BO30YXKACHHE CTOSYMX BOJIH KOJNEOAHMI MaBIEHHS KOJEOJNIOIIMMCS 3aKPBHITHIM KaMEPTOHOM,
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BO3HHKHOBEHHE U CBOKCTBA PE30HAHCOB B 3aBUCUMOCTHU OT TEMIEPATyphl ¥ AABJICHHUS I'eIIHS.
B pesynbTare paboTsl ObLIA TOCTPOEHA MOJIETIb, ONMHCHIBAIOIIAs (PU3NIECKUE OCOOCHHOCTH IKCIIEPUMEHTAIFHO HAOII01aeMbIX

PE30HAHCHBIX SIBICHUM.

K}HO“QBLK}CHOB&:aKyCTquCKHﬁ pe3OHaHC,CBerTeKYQHﬁ FeHHﬁ,CBerKpHTquCKHﬁ FeHHﬁ,CTOanﬂ BOHHa,KOHe6aHHH

IIJIOTHOCTH.

For the last twenty years, the processes of radiation and
dissipation by oscillating quartz tuning forks in superfluid
helium and in the mixtures of helium isotopes have turned
from an object of research into a tool for studying the
properties of helium [1, 2].

The experiments, on which our theoretical research is
based, were provided in Ref.3, in which the dependences
of resonances on temperature and pressure, as well as the
overlap of resonances were observed. These phenomena
have a very obvious explanation, but have not yet received
a quantitative description.

In Ref.3 the acoustic resonances were studied in liquid
helium and its *He — “He superfluid mixtures during three
experiments, in each of which quartz tuning forks were
immersed in a cell filled with liquid, the main resonant
frequency of which in vacuum is about 32.768 Hz. These
piezoelectric tuning forks were excited by alternating
voltages at electrodes located on a quartz crystal.

Due to the rather complex geometry of the
experimental setup, the resonance spectrum can be
determined with certain assumptions. That is, the
properties of tuning forks and their acoustic modes do not
provide an accurate quantitative determination of the speed
of sound. Therefore, as a result in [3] only approximate and
qualitative conclusions are given.

In order to describe the phenomena that manifested
themselves during experiments with a quartz tuning fork
oscillating in superfluid ®He — “He solutions of various
concentrations, this paper proposes the use of a certain
model that can help to describe the obtained results with
definite accuracy.

Therefore, in order to consider the conditions under
which the resonances of the first and second sounds can be
observed, we consider a one-dimensional model of a
bounded vessel in which there is a fixed wall on one side
and an oscillating one on the opposite side. This model
focuses on the study of simultaneous generation of
collective modes, as well as the dependence of the intensity
distribution between these modes depending on the
temperature and concentration of solutions. At the same
time the proposed model does not take into account the
specific shape of the quartz tuning fork and the cylindrical
shape of the flask.

To solve this problem, we consider the oscillations of
the pressure, density and velocity, and the perturbation of
entropy, temperature and concentration will not be taken
into account. In this case the complete system [4] of the
hydrodynamic equations for 3He — “He superfluid mixtures

is reduced to that describe the relationship between
pressure and density, when entropy and concentration are
constant.
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Here ¢ =,[(oP/dp) is the velocity of sound in
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supercritical helium, or the velocity of the first sound in
superfluid helium, taken at the constant entropy and
concentrations, v, is the effective viscosity coefficient.

To study the qualitative features of the generating and
the overlapping of the resonances, consider a model system
of a narrow vessel with helium, in which one wall is
stationary, and instead of another is an oscillator with a
given mass, stiffness, natural frequency and quality factor.
This model does not take into account the geometric
features of the oscillations of the tuning forks in a closed
flask, but can be used to study the physical features of the
resonances.

The equation of motion for the moving wall can be
written as follows:

M3 =—k(x—L)— 7%+ AP(x = L)e " + Fpe ™t (2)

where M is the mass, Kk is the stiffness, 7 if the friction

coefficient, A is the cross section of the vessel, P(x = L) is
the pressure of the mixture at the coordinates x = L of
oscillating wall, Fo is the amplitude and w is the frequency
of the external force. After division by mass we get the
equation that complements the system (1)

X =—af (x— L) - yap X+ aPp(x = L)e* +ae™  (3)

Here @, =+/k/M andy are the natural frequency and the

quality of the oscillator, o = A/ M, and ap = Fo / M is the
acceleration amplitude.

The solution of the system of the equations (1) and (3)
gives the results for the squared velocity amplitude of the
oscillating wall in the presence of the liquid in the vessel:
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Here A =apyc /ey, is the dimensionless coefficient of
resonances “interaction" that describes the overlapping,
and the coefficienty = @’Lv, /2¢>  describes the

effective width of the sound resonances.
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Fig. 1. Resonant sound curves in supercritical helium. The
blue line indicates the result taking into account the
coefficient of "overlap" of resonances, and the orange - the
value of this coefficient is zero

Expression (3) solves the problem about the resonances
which are caused by vibrations of quartz tuning forks, as
well as sound vibrations in helium. This expression allows
one to describe the overlap of these resonances and to give
a quantitative description of the phenomena observed in the
experiments from Ref. 3.

Figure 1 shows an example of close resonances of
driving and acoustic vibrations in the absence of overlap
(orange line) and in the presence of overlap (blue line). The
graphs presented are calculated using formula (3) and
qualitatively describe the dependences observed in the
experiment (see Fig. 3 of the Ref. 3.)

For the case of liquid helium, expression (3) describes
the resonances of the first sound in the superfluidity region
and the ordinary sound in the normal region. The
temperature dependence of these resonances is shown in
Fig. 2 and covers the temperature range from 1.25 K to
4.25, which includes the lambda-transition to the
superfluid state. The calculated dependences qualitatively
and quantitatively coincide with those observed in the
experiment (see Fig. 5 of the Ref. 3.)).

Finally, the paper carried out a theoretical study on the
energy dissipation of body, which oscillates in supercritical
and superfluid helium and its solutions. During the work,
the physical principles that cause the appearance and
overlap of resonances caused by oscillations of quartz
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Fig. 2. Resonances of the first sound in superfluid helium
depending on temperature and sound in the normal helium.
The presence of resonant frequencies is indicated by a light
color

tuning forks as well as hydrodynamic modes in helium are
considered.

A model that can explain the physical properties of
resonant phenomena observed experimentally has been
developed.

Explicit analytical expression (3) for resonance curves,
which are caused by the first sound in superfluid helium,
are obtained, and corresponding graphs are constructed.

Comparison with the experiment revealed that the
results obtained with some accuracy coincide with the
experimentally obtained data.

A method for calculating the parameters of resonant
curves is proposed, which allows developing algorithms
for further study of different types of interaction of tuning
forks with helium.
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