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The Einstein's ideas about the thermodynamical fluctuational nature of some electrical phenomena and the dif-
ference of electrical potentials U in a capacitor at temperature T were proposed in 1906-1907. On base of these ideas
we explain the experimental results, which were recently observed under the action of the second sound standing
wave in the electrical capacitors which take placed in the superfluid “He and in the torsional mechanical resonator.
The Einstein's approach, based on the interrelation of thermal, mechanical and electrical fluctuations, allows to ob-
tain the quantitative results, coinciding with the experimental datas for the correlations of the alternate low tempera-
tures difference in second sound wave and alternate electric potentials difference between the capacitor plates in su-
perfluid helium at as well as in the rotating mechanical oscillator.

PACS: 05.40.-a; 67.40.Pm
INTRODUCTION

In 1906, Einsteinin his research paper on the Brown-
ian motion [1], firstly showed that there is an intercon-
nection between the thermodynamical fluctuations and
the electric effects in the linear electric circuit. In the
agreement with the Einstein’s conclusions, the electric
charge ¢(t), which transfers through the cross section
of closed circuit conductor, is defined by the tempera-
ture T, closed circuit resistance R and observation time ¢

variables in the expression ¢° =2t k,T /R, where k, is

the Boltzmann constant, the upper emphasis designates
the averaged value. The expression for the current is

I* =2k,T/Rt, and the equation for the difference of

electrical potentials is U>=2R k,T /¢t in this electrical

circuit. In 1907, Einstein [2] showed that the electric
potentials difference U at plates of an electric capacitor
with the capacitance C must appear because of fluctua-
tional effects in surrounding medium at temperature 7.
He proposed that the electric capacitor can be consid-
ered as a Brownian particle, which has one degree of
freedom, connected with its electric subsystem and in
the agreement with the Einstein’s calculations the fluc-
tuations for U can be observed in an electric capacitor.
According to the equipartition theorem for any degree
of freedom, it appears that the electric energy stored by
an electric capacitor is equal to the thermal energy as in
equation CU2/2 =k,T/2.

In [2], the corresponding calculations were com-
pleted and it was shown that the electric potentials dif-
ference U can be measured with the use of experimental
measurement setup at appropriate selection of capaci-
tance C at room temperature 7. On that time, the dis-
cussed experiment [2] was not done, because the Ein-
stein’s first research paper on the thermodynamic elec-
trophysics [2] was not appropriately noticed among his
other revolutionary research ideas. A few years later, de
Haas-Lorentz [5] developed these theoretical represen-
tations for other elements of linear electric circuits and
showed that, in the fluctuational case, the inductance L

will store the energy as in equation LF/ 2=k, T/2.In

all the considered cases, the thermodynamic fluctuations
can do both to create the electrical currents as well as to
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scatter the electrical currents. The heating energy, which
is transforming at this process during time 1, is equal to

?r/R =4k,T (in this case U=IR, I is the electrical

current, T is the time, 7 <<R/L). The difference of ob-
tained result in the two times in the given expression in
comparison with the expression in [1] is connected with
the fact that the characteristic time periods for the linear
magnitude U and the quadratic magnitude U’ are dif-
ferent in the two times. In 1928, Nyquist [6] considered
the spectrum of possible frequencies of electrical oscil-
lations in the linear RL C circuit, and found an intercon-
nection of the time 7 with the frequencies band span
Aw = 2 7/7, in which the registration of signal is per-
formed. Nyquist [6] also pointed to the possible quan-
tum case, which can be realized at the following condi-
tion Aw >kpT, where @ is the circular frequency of
electric signal in linear circuit. In 1951, Callen and Wel-
ton [7] obtained the quantum fluctuation — dissipation
formula with consideration of contribution of zero oscil-
lations and found an  important relation

U=hoR, cth(hw!/2k,T) (also see [8-11]), where

h=h/2 z, h is the Planck constant. As far as we know,
the experiment for linear circuit with a capacitor, pro-
posed by Einstein [2], was not completed in the XX
century. At the same time, the fluctuational electrical
noises in the resistors were researched widely. The re-
sults obtained in the fluctuation — dissipation theory for
the linear circuits were confirmed in both the classic
case as well as the quantum case, serving as one of the
possible methods for research of the electromagnetic
fluctuations and the Van der Waal’s forces [12, 13].

In 2004, Rybalko [3] measured the alternating dif-
ference of electrical potentials U’ between the plates of
an electrical capacitor, placed in the superfluid helium
(helium IT) at 7<T, (T,=2.172K is the temperature of
superfluid transition). The wave of second sound with
the frequency of @, was propagating in helium II, and
was accompanied by the oscillations of temperatures
difference T'. The amplitude of oscillations of tempera-
ture was equal to 7'~ (1072...10"*)K and, as it was
discovered in [3], the alternating difference of electrical
potentials with the magnitude U'~ (1077...107%)V
was generated at the same frequency of @;. The relation
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of amplitudes satisfied the condition U'/T'=~kjp/2e,
where e is the electrical charge of an electron.

In 2005, Rybalko and Rubets [4] placed a capacitor
in the torsional mechanical oscillator with the helium II,
which oscillated with the frequency of (2 In this case,
the alternating electrical signal U’ with the approxi-
mately same amplitude at frequency of 2.2 was regis-
tered. Authors [3, 4] proposed that the potentials U’ are
due to some effects, connected with the electrical po-
larization of helium II, however the possible physical
mechanism of polarization was not known yet.

Presently, there are more than ten well known theo-
retical researches [14-26], devoted to the interpretation
of experimental data in [3, 4]. In these research papers,
the propositions about possibility of existence some new
effects, including the inertial effects [16], which, in their
authors opinion, might lead to the electric activity and
polarization of superfluid helium in conditions of low
temperature experiments in [3, 4]. However, the critical
analysis of theoretical researches in [21, 22] demon-
strated that the proposed models forecast the magnitude
of oscillations of potentials difference U’ in
10°...10° times less than the amplitude observed in
[3, 4]. It is also not explained: why does the magnitude
of oscillations of potentials difference U’ not depend on
the temperature 7 in [3], when all the properties of he-
lium II change in the researched range of temperatures
significantly.

We will show up below that, in our opinion, some
of the experimental results [3, 4], related to the thermoe-
lectric fluctuational effect, appear in a capacitor due to
the effect, considered by Einstein [2], when there is an
alternating difference of temperatures 7" between the
plates of a capacitor. Let us take to the attention the fact
that the conditions (% w,, 7€2)<<kgT are true for the
second sound wave and rotational oscillations in [3, 4],
therefore these effects belong to the classic case of fluc-
tuational processes, hence it is enough to use the repre-
sentations in [2] for their theoretical description.

FLUCTUATIONAL THERMOELECTRIC
EFFECT IN A CAPACITOR

As it is known, any physical body with the tempera-
ture 7, is a source of electromagnetic radiation. The
spectrum of radiation depends on the body temperature
only, if the body and radiation are in the state of thermal
equilibrium. Following the Einstein [2], let us consider
the case, when the characteristic radiation frequency @
satisfies the classic condition # w<kgT. We will believe
that the quasi-statistical electric and magnetic fields are
dependent on the thermal fluctuations of electrical
charges. The state of physical system is characterized by
some values of its physical parameters ¢&,¢,,...5,, de-

fining the thermodynamic state [2, 27]. In general case,
these parameters can characterize the microscopic state
as well as the macroscopic state of physical body. In the
microscopic case, when the physical body can be repre-
sented by a group of microscopic particles #, the value
of physical parameter & will characterize the particle i.

In the macroscopic case, the value of physical parameter
& will characterize all the physical body with different
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states of freedom with indexes i. In the equilibrium
state, these parameters have some average values

21,5_2,...5_". The interconnection between the entropy of
physical system S(&,,&,,...£,) and the statistical weight
W(&,<&,,...&,) of a corresponding state of system is de-
fined by the Boltzmann expression

S(&,¢,,...E )=k, mW(&,¢&,,...,&) [27]. The prob-

ability of system’s presence in a particular state, charac-
terized by the parameter &, is equal to

P(E)=W.(& )/ 2. Wi(&). In the equilibrium state,
&= 5 =¢, , and the entropy reaches its maximum val-

ue 8895 Ga95e5600) =k INW (&9, E95 0, 6,0) - The

thermodynamic fluctuations lead to the deviation of
given parameters from their average values. The prob-
ability P that the parameter & has its values in the range
&otdS is defined by the completed work d4 =-TdS ,
which is equal to the change of free energy in thermo-
dynamic system. At the change from & to & , the

equal  to A:—ITdS, or
A=-T(S-S,)=k,TIn(P/P). The probability of sys-
tem presence in this state is P =P, exp(—A/k, T). Let

work  will be

us suppose that the deviations &;—¢&, appearing at the
action of random fluctuations, are with the alternating
signs and small values, therefore 4 can be decomposed
in the Taylor series, which begins with the second order
term. Then, we will get 4=5(¢& —&,)” +..., where b is

the constant. The probability of presence of system in
the state £=¢; will be

P(§) =R expl-b(§, =) [k, T1. )

We will obtain the probability magnitude P, inte-

grating P(&) over &;(—oo, +o0). These limits can be set,

because of the convergence of an integer, which will be
equal to the one

[ P& =B, [ expl-b(& ~ &) [k, THE, = o
=P, -(nk,T/b)"” =1.
It follows from the above that P, = (b/zk,T )1/2 .

Taking to the consideration that the equilibrium
electric and magnetic fields are defined by the thermo-
dynamic state of the body, which is characterized by its
temperature, then, in the classic case, the intensities of
the electric field £ and the magnetic field H have to be
among the values of parameters & [27]. The deviation of
average energy from equilibrium value may be written
as

A :EVEEEO(E_EO)Z +EVH/“,U0(H_H0)2 N E)

where E is the intensity of electric field, H is the inten-
sity of the magnetic field, £, and H, are the equilibrium
magnitudes of electric and magnetic field, ¢ is the rela-
tive electric permittivity, & is the free space permittiv-
ity, p is the relative magnetic permeability, g is the free
space magnetic permeability, V' is the volume, in
which the electric field is concentrated in the capacitor
with capacitance C and V' is the volume, in which the
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magnetic field is concentrated in the induction L. The
expressions for the electric and magnetic energies are
similar and quadratic by the fields in both cases. Let us
note that there are the resonance phenomena in the LC
electrical circuit. The fluctuational oscillations of the
electric and magnetic fields have the maximum ampli-
tudes near to the resonance frequency w,= (LC) "” in
the LC electrical circuit, while the fluctuational oscilla-
tions of the electric and magnetic fields have a wide
spectrum similar to the white noise in an electrical ca-
pacitor. We will analyze the response of the linear RC
electric circuit and limit our research by the considera-
tion of the case, directly related to the experiment [3]
and only connected with the electric field in the capaci-
tor C.

The average work A, which must be done by the
system in order to change the intensity of electric field
from E, to E, can be represented as the Gaussian inte-
gral

7 =%VE€€O(E— E) :% [ V,88,(E~E,) P(E)IE. (4)

Here, the probability is
P(E) = B, exp[-b(E —E,)’ [k, T], where

P,y =(b/mk,T)"*, b>0 and b=V,zc,/2 . The integer,

which defines the average work, can be transformed as

400

- k,T
A="51(p), where 1(p)= [ ¢ exp(-p")dp =72

and ¢ = (VEe;gO/Z)”2 (E—E,) (the integer I(¢) is shown

in [28]). The final result Z:kBT/Z is equal to the

thermal energy, related to the one degree of freedom of
macroscopic body. This is explained by the fact that the
part of thermodynamic system, which is connected with
electric field, can have the only one predetermined ori-
entation of direction of vector E in every point of space
in a capacitor. In a plane capacitor, the vector E is di-
rected toward the shortest direction n, between the two
plates, and the task is effectively reduced to the one di-
mensional case. In particular case, it is possible to as-
sume that there is no the external electric field, £,=0.
At homogenous temperature, the two orientations of
vector E=#Fn, have equal probabilities, hence the
time dependent fluctuating electric field E(?) is random
with alternating plus-minus sign. The electric field aver-

_n 12
age magnitude is E(r) = IE(t)dt Idt =0, if the time
t1 11

interval (#,—¢;)>>RC, where R is some equivalent re-
sistance of circuit with an electrical capacitor in Fig. 1.
The characteristic time of correlation 7=RC corre-
sponds to the time of attenuation of fluctuation in a cir-
cuit of a capacitor. Let us note that the resistance R has
the temperature 7, and the fluctuational electric current
appears in it in agreement with the fluctuation-
dissipation theorem. The fact that the resistance R
doesn’t represent a main source of the fluctuations of
potentials difference, but defines the time of relaxation
of the fluctuations (see below), is a main distinctive fea-
ture of such simple linear scheme. As it was shown
above, the average quadratic magnitude of the electric
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o 2
field E = JE(t)E(t)dt / J dt is not equal to the nil.
tl t1

The full energy of electric field in a capacitor with vol-
ume Vy can be expressed by its macroscopic capaci-

tance C as %VE&‘OE=%C?, where the potentials

d
difference is U = IE (x)dx , and the capacitance of plate
0

capacitor only depends on the geometric dimensions
C=¢,S, /d, where d is the distance between the
plates, and S, is the square of plate of a capacitor.

From this, we come to the expression obtained by Ein-
stein

pl

1

ECF =%ka : (5)

T+T' C

T

o

Fig. 1. Electrical circuit with capacitor C and
conditional resistance R; difference of temperatures
between plates is T'~T), sin(w, t)

This expression doesn’t depend on the resistance R
in the electric circuit, which connects the plates of a ca-
pacitor, that is the considered case, when the frequency
of thermal fluctuations is significantly more than 1/RC.

. . .1 =1 = .
It is possible to write EqU :EkBT’ where g =CU is
the average fluctuating electric charge of a capacitor,

and 5 —JU* is the average quadratic value of poten-
tials difference. The charge of capacitor in fixed time
moment Bpemenu ¢(¢) consists of the discrete number
cU
e

can be fractional as a result of time averaging (e is the
charge of an electron). The stored electric energy is

of electrons, while its average quadratic value N=

%ﬁe? :%kBT , and it is proportional to the tempera-

ture. If 7 and C are constants the average quadratic dif-
ference of potentials decreases at increase of a number
of fluctuating electrons

1/2
= k,T
U= [k—Tj :; £ (6)
C N e
and reaches its maximum at N=7. The electric energy,
= T
related to the one fluctuating electron, is e U :%.

The full energy, expressed by the charge and capaci-
tance, is equal to

1
=k 7)
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The same expression between the number of fluctu-

ating electrons and the temperature N° oc T is true in
the metal in the degenerative electron Fermi-system at
the temperature 7, which is much less than the tempera-
ture of degeneration (see [9], §113). We didn’t take to
the account the Fermi statistics of conduction electrons.
The matter is that the electric fields of conduction elec-
trons in the metal are exactly compensated by the
charges of metal nucleuses at the distances r ~a,, where
a, 1is the distance between the nucleuses; and the condi-
tion of electro-neutrality is true in the metal. The trans-
lation invariance of metal’s crystal grating allows hav-
ing the free transfer of conduction electrons in the met-
al. In this case, the Fermi statistics has to be taken to the
account in view of the big density of states and degen-
eration of electronic system. The electrons, which are
situated near the Fermi surface in the momentum space,
mainly contribute to the energy and charge transfer. The
thermoelectric coefficient in metal at low temperature in

a few kelvins is very small: @ ockT/sp ~ 107* [9], & is

Fermi energy. In our case, the electrons, which create
both the charge at plates of a capacitor and the fluctuat-
ing electric field of a capacitor, can be considered as the
classic particles, because their surface density at plates
of a capacitor is not big, hence their Fermi energy & is
very small. The characteristic de Broglie wavelength of
the electrons will be significantly bigger in comparison
with the distances between the nucleuses; and the dis-
tance between the energy levels is small in comparison

with the temperature Ae<<kzT. The electric field, cre-

ated by the electrons, isn’t shielded by the charges of
nucleuses at distances between the atoms in the metal,
and propagates at the macroscopic distance d>>a, in
the space between the plates of a capacitor. In the ex-
periment [3], a general number of the electrons wasn’t
big indeed (see below). The calculation of energy of this
electric field was completed by the authors above.

Now, let us consider the thermoelectric effect for
the fluctuational electrons, appearing in the case, when
the plates of a capacitor have some different tempera-
tures. In the experiment [3], the plates of a capacitor
were in He II at certain equilibrium temperature 7', and
the wave of second sound generated the alternate differ-
ence of temperature 7(¢t) =T yexp (i @,t) between the
plates (77(t)<<T). We will assume that one of plates
of a capacitor is at constant temperature 7, and the tem-
perature of second plate is 7+7’(¢). The change of
thermal and electric energies of electrons at variation of
plate temperature has to be taken to the account in view
of the presence of a gradient of temperature d 7 /dr be-
tween the plates of a capacitor. In the linear response
theory [27], each of N electrons of electric fluctuation

. L 1
takes the additional energy, which is equal to EkBT "
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This is accompanied by an appearance of corresponding
addition to the potentials difference U’. Herewith, the
change of a full number of fluctuating electrons N at the
action of small difference of temperatures 77 is also
small N'<<N.

U(t)A % t U'{’j]) /’{!\ :j'/:\wr @
U.(t) U —
34 o= s o . lt’-\)‘\ ’L -‘3T\ ,/-‘3‘\ +
="
’ g r

u-(t)

Fig. 2. Conditional chart of fluctuational depend-
ence of potentials difference U(t) between plates of ca-
pacitor on time t at some constant temperature T (a)
and on frequency (b), where wr is the Brownian fre-
quency of potential difference in capacitor and @; is the
frequency of second sound

Let us consider some conditional dependence of po-
tentials difference U(?) between the plates of a capacitor
on the time in Fig. 1,a and on frequency dependence in
Fig. 1,b. The following expressions to characterize the
function U(?) can be written, if the temperature 7 on the
plates of a capacitor is same:

U()=0, U*()#0, (8)
U()=U(1) %0, 9)
CU(1) = C(Uf )+U’ (t)) —k,T, (10)
CU>(1)=CU> (1) =k, T2, (11)

CUX () =qU. =k,T/2, (12)

= 1/2 ft
where U:(Uz) and ¢=CU, = Ne/2, where N is

the average number of fluctuating electrons at the both
plates in a capacitor.

Let us assume that there are the upper and lower
plates in a conditional condensator (see Fig. 1). We
define the potentials difference as U,, when the
electrons, creating the charge, are at the upper plate in a
capacitor. We assign the potentials difference as U,
when the electrons, creating the charge, are at the lower
plate in a capacitor. Moreover, we assume that the
temperature is changing in time and is equal to 7+7'(¢)
at the upper plate of a capacitor; and the temperature is
constant and is equal to 7 at the lower plate of a
capacitor. The oscillating system in [3] can be divided
by two parts: 1) the mechanical part, which is connected
with the fluid He II, and 2) the eletrical part, which is
consisted of a capacitor in the fluid He II, and its
electrical circuit, including the voltmeter with the input
resistance R. As it is shown above, the oscillations in-
duced by the wave of second sound in the helium nor-
mal and superfluid subsystem are accompanied by the
oscillations in the electrical part, which is in the ther-
modynamic equilibrium with the mechanical subsystem.
These oscillations are accompanied by the appearance
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of the potentials difference and currents, flowing by the
circuit and depending on its resistance R. In general
case, the correlation function for the voltage U in the
linear RC circuit depends on the time ¢ as

<U)U(t,) >=(k,T/C)exp| |, —1,|/RC].

Let us assume that, in the discussed experiments, the
time constant of linear circuit R C satisfies the condition
|t;-1;|<<RC, where |t;-t;|=27x/®w, in [3], and
|t;-15|22 /€2 in [4]. This allows us to simplify the con-
sideration and assume that the exponential term in the
correlation function is close to the one. Let us think that
the heat capacity of metal walls in a capacitor and their
near surface areas, where the electric charge is accumu-
lated in a capacitor at low temperatures, is small in
comparison with the heat capacity of helium fluid, and
is not dependent on the thermal state of the system,
which is defined by the fluid only. We don’t count the
possible Kapitza temperature jump on the boundary of
metal, because the amplitude of oscillations of tempera-
ture 7' is significantly smaller than the equilibrium
temperature 7.

In an agreement with the above conditions, it is
possible to write an expression for the full thermal and
electric energies of a capacitor with the plates at
different temperatures, taking to the consideration that

T'<T

C(U, () +U (1) +CU (1)

13)
:%kB (T+T')+[%+N'jkBT’+%kBT

and for the (+) plate of a capacitor under action of 7",
will be equal to

C(U,(0)+U. () = %kB (T+T’)+[%+N’jkBT’. (14)

The second term in the right part of equations is
connected with the change of a number of electrons at
an action of the temperature 7'. Now, we have to take to
the consideration the fact that its frequency is
significantly smaller than the frequency of thermal
fluctuations, hence it can be considered as an analogue
of quasistationar effect. In this case, a number of
fluctuating electrons changes by N’ and the energy of
each electron changes by £7'/2. Let us open the first
quadratic term in the left side of equation (14), and

considering the difference of times of averaging 7<<'z’

for U, and U_, let us leave the unaveraging U!(¢) in
the second term. Thus, we will get
CU? +2CU U (t)+CU"
1 N (15)
= EkB (T+T'(0)) +?kBT’(t) +N'(Ok,T'(2).

In the left and right parts of the equation, the second
order terms, which have the dashes, are small, and they
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can be neglected. Then, we will obtain the expression
for the first order terms with U] and N'(¢) :
2CU=+U’(t) zékBT'+ngT' = (%)@T'(t) (16)

+

or
N+1

NeU' (1) :( ]kBT'(t) . (17)

Let us note that, in the standard theory of
measurements [29], the term at left part of equation
(16), is assumed to be equal to the nill, that is true, if the
time of averaging is significantly more than the
characteristic time of change 7'". However, in [3] and
[4], the technique of synchronous detection was used,
and theis contribution was registered at second sound
frequency of @,, which is characteristic for 7, that is
why it was not averaged and is different from the nill.
From this, we will obtain the final result

a=U+—(t)=—(N+l)k—B=—k—B—o(Lj. (18)

T'(t) 2N | 2l¢ 2N

The equation (18) corresponds to the thermoelectric
coefficient « for the electrons, which take part in the
fluctuation process at presence of the changing
temperatures difference 7'(t)between the plates in a
capacitor.

This result quantitatively corresponds to the magni-
tude of «, obtained in the experiment in [3]. It also fol-
lows from the expression (18) that the negative elec-
trons charge is accumulated at heated plate in a capaci-
tor at increase of temperature (7 ">0). In the experiment
[3], the plate with the high temperature was negatively
charged in a capacitor.

Thus, the creation of small enough oscillations of
temperatures difference 77,,cT ' sin(w,t) by the
wave of second sound in the fluid helium II has to be
accompanied by an appearance of the additional in-
phase potentials difference U’,,=aTl’y sin(w;,t),
where a =—kpz/2|e|~4.3126-107 V/K. The equilib-
rium temperature 7 is not included in (18), hence the
results don’t depend on the magnitude of equilibrium
temperature 7, as it was observed in [3]. In the re-
searched case [3], the alternate electrical field reached
the magnitude £~ (107*...107°) V/m in a capaci-
tor. The helium atoms didn’t contribute a notable
change to the obtained result, because the polarizational
effects for the helium II atoms are proportional to the
square of intensity of electric field as in the case of all
the inert gases with filled electron shells.

ELECTRICAL POTENTIALS DIFFERENCE
OSCILLATIONS IN CAPACITOR IN
MECHANICAL TORSIONAL RESONATOR

Let us analyze the results of experiment [4], in
which the oscillations of electric potentials difference
U’(t) at the electrodes of cylindrical electric capacitor
(Fig. 3), connected with the mechanical torsional reso-
nator, were observed in the range of temperatures from
1.4 KtoT;=2.172 K.

The first plate of a capacitor includes a fixed elec-
trode (1); the second plate of a capacitor consists of the
cylindrical surfaces (2) and (4) with the covers (3) and
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(5), involved in the rotational movement. The maximum
amplitude of electric potentials difference was
U’~1.5-107" V at temperature T~ 2 K [4]. The he-
lium II as the liquid or as the saturated or not saturated
film, covering the inside surface of a resonator, was
placed in a resonator. In an agreement with the equation
(18), the oscillations of the electric potentials difference
at such a scale can be originated by the oscillations of
the temperatures difference 7/~ 10~ °K in a given ca-
pacitor. Considering the dependence of relative concen-
tration of superfluid component on the temperature, we
can find that, at the temperature 7=2 K, the magnitude
is py/p =~ 0.3, where p, is the density of superfluid
component, and p is the full density. In agreement with
the data in [30], at the above temperature 7, the change
of density of superfluid component p’, appearing at the
action by oscillations of given temperatures difference

T, doesn’t exceed the magnitude p,’ / p=4-107 .

Az

2 ~oU
3

-4

/|

Fig. 3. Torsional resonator with fixed metal
electrode (1) and oscillating cylindrical metal cavity
(2, 3, 4, 5) (after [3]). Arrows show directions
of superfluid helium component flow, when velocity
of rotation of a resonator is at maximum

Let us consider the case, when there is a saturated
film of superfluid helium inside the resonator. As it is
known [30], the thickness of saturated film is
~25...30 nm, and it contains the 100...120 layers of
the helium atoms approximately, and it covers all the
inside surface of a resonator. The thickness of film
slightly decreases in the upper part of a resonator, but
this effect has no principal influence in this case, hence
we don’t consider it. It is visible that the change of den-
sity p’ is commensurable with the mass of approxi-
mately 0.4...0.5 single layer of helium at the above
described oscillations of temperature. The flow of small
amount of the superfluid component from one part of a
resonator to another part will result in the change of dis-
tribution of temperatures in a resonator at adiabatic con-
ditions due to the above considered mechanism, result-
ing in the observed effect [4].

Let us define the physical mechanism and forces,
which have the influences on the dynamics of the nor-
mal and superfluid components of the helium II, and
their transfer during the rotation of a resonator in the
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considered research task. In [4], the resonator conducted
the rotational oscillations ¢(t)=@ysin(£2t), where @,
is the amplitude of angular oscillations, expressed in the
radians, (2 is the angular frequency. The velocity of ro-
tation of resonator’s walls is
Vo(r)=rdo(t)/dt=rp,82cos(2t), where r is the ra-
dius of given point of rotating surface. At the surface (4)
in Fig. 3, the velocity of rotation had a maximum value
[4]. 1t is possible to assume that, in view of the big vis-
cosity and small thickness of the superfluid film, the
normal helium component is fully drag by the rotating
resonator’s walls, taking part in the rotational movement
with the velocity v, ,(7,t), which is equal to the veloc-
ity of walls rotation v,(r). The centrifugal force
F.=p,(v,, (/,)2 /r, acting on the normal component, can
be regarded as small enough in the considered case, as-
suming that the radial velocity of normal component is
U, =~ 0. The superfluid component is not involved in the
rotational movement of resonator’s walls with the ve-
locity smaller than the critical velocity of vortices gen-
eration, that is v, , = 0. Let us note that, during the os-
cillations of a resonator, the superfluid component can
make the oscillating movements with some radial veloc-
ity vy, # 0, and it can flow from the regions with the
small radius r, that is from the surface (2) and from the
central regions of covers (3) and (5) to the side surface
(4), which has the biggest radius R, and then flowing
backward. Let us clarify the cause of oscillating move-
ment. In some sense, the oscillations of such a type are
similar to the oscillations between the two connected
vessels, when the helium II levels inside the vessels are
close to the equilibrium [31], and the vessels are con-
nected by the thin constriction or when the interflow of
the helium II between the vessels is done by the means
of the superfluid helium film at presence of outer pres-
sure.

The system of hydrodynamic equations for the he-
lium II was firstly proposed by Landau, and then devel-
oped by Khalatnikov (see [32-34]). Let us write the
equation of movement for the superfluid component at
coordinate »

ou. v p,,,-0)
_5+ V ] +_5_ n )1,(p s — 0 ,
p—+pY, (/1 T

where 4 is the chemical potential. Let us assume that the
rotational oscillations are generated with the small an-
gular amplitude and with the small linear velocity v,
which is less then the critical velocity of vortex genera-
tion. In the initial moment, the superfluid component
will be in the state of quiescence with the velocity
vy=0, and by selecting the phase of oscillations, when
V 1=0, the equation (19) can be written

ov P
' s v n UZ ,
p\ at p.\ r [ 2p n,p j

where v,”=[rp,Qcos(2t)]°.

Let us consider the above written dependence of
Uy, (€2 and derive the final expression for the force,
acting on the superfluid component as

ov PP, 22
2 =5 e )7 (14 cos(2Q¢
Py T (1+cos(2Qx))

(19)

(20)

e2y)
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The right part of the equations (20), (21) is the Ber-
noulli force which acts on the superfluid component,
transferring it to the part of a resonator, where the linear
velocity v, , has its maximum value. It is well known
fact that the Bernoulli force can not originate in the ex-
periments to research the Venturi effect in the helium I1
in the pipe with constriction [35-36]. In agreement with
[36], in this case, the condition rotv,=0, where the di-
rection v, coincides with the direction of movement of
normal component v, in the pipe, has to be true for the
superfluid component. This results in the equality of the
helium II levels, measured in the region of wide pipe
and in the region of constriction of wide pipe. In the re-
searched case, the appearing superfluid component ve-
locity vy , is directed along r and orthogonal to the
normal component velocity v, , in the equation (16).
Under these conditions, the Bernoulli effect has to orig-
inate, because the expression rotv,=0 is true in view
of the existing orthogonality between the velocity vector
and the direction of circular contour bypassing. The in-
terflow of the superfluid component, which doesn’t
transfer the entropy, results in an appearance of the dif-
ference of temperatures 7’ between the resonator’s re-
gions with the small and big coordinates r. In the turn-
ing points of a resonator, the velocity of normal compo-
nent is v, ,=0, and the Bernoulli force is equal to the
nil. The thermomechanical effect, which creates a con-
trary stream of the superfluid helium II and results in an
origination of the oscillation process, plays a main role
at the turning points of a resonator. The phase of oscilla-
tions of the helium II can be shifted in relation to the
resonator’s oscillations, because of the inertia of the
flow of mass, however this effect can be disregarded in
view of the small mass transfer. These forced oscilla-
tions of the temperatures difference and the flow of su-
perfluid component at the axe r can transform to the
fading oscillations, continuing for some time after the
moment of resonator’s rotation stopping, as observed in
[4].

Going from the calculations, the contribution by a
cylindrical capacitor with small radius with the elec-
trodes (1) and (2), and the covers of a big volume reso-
nator with the electrodes (1) and (3) and the electrodes
(1) and (5) to the full value of capacitance of a sectional
capacitor exceeds the capacitance of a capacitor with the
electrodes (1) and (4) in more than 5 times. Therefore,
namely the plates (2), (3) and (5) will create the main
electric response of a sectional capacitor. In the connec-
tion with the interflow of superfluid component from
these surfaces to the surface (4) during the oscillations,
all the plates will experience the increases of tempera-
tures periodically. Therefore, the plates will charge neg-
atively in an agreement with the equation (18), but the
central electrode (1) will charge positively, because it
will have the lower temperature, comparing to the other
plates. To account for the fluctuational contribution, let
us represent the variables as T7=T,+7’ and
U, =U,p+tv’, where the part with the index 0 corre-
sponds to the equilibrium value, but the second part cor-
responds to the value, which depends on the time and
originates as a result of the oscillations of a resonator.
Let us evaluate the amplitudes of temperature difference
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T, appearing between the central and distant regions of
a resonator.

Let us substitute d y=—-odT+dP/p, where c=S/p,
in the equation (19):

d
O Pyp Pyt oV(T 4T
Tdt p 2 ‘
(22)
_%V(Un,o + Un,qa _Ux )2 = O

2p
Let us assume that the gradient of external pressure
VP~0 and also the relation is true v,/v,<<I and
Vv’ ~0, which are in an agreement with the conditions
of experiment. In the extremum points d v,/dt=0, and
we can derive the intercoupling expression between the
temperature and the velocity of normal component of
the helium II by integrating the two last terms in the
equation (22) over the r (see the similar solution for the
thin capillary in [32] §140). From the equation (22) we
will obtain

PP
2 ¢

U +0,,) ==p(L+Tho.  (23)

In this case v, , <<v,, where v,, is the average

thermal velocity of the helium atoms, v, , isthe velocity
of the normal component on the surface of rotation. For
the numerical evaluation of the effect’s magnitude, let
us write the expression (23) for a capacitor with small
diameter (the surface number (2), see Fig. 3) and a ca-
pacitor with big diameter (the surface number (4),
see Fig. 3), taking to the consideration the volumes V;
and V', of films of fluid helium II, situated in every ca-
pacitor. Let us assume that, in the adiabatic case in the
corresponding phase of wave process, the superfluid
component of helium II, which flows from the small ca-
pacitor, results in an increase of temperature at the sur-
face (2) and in a small change in a kinetic term at left
part of equation (23), because of the small magnitude of
surface radius and small velocity of its rotation. This
superfluid helium, inflowing into a big capacitor at the
surface (4), leads to the small decrease of temperature in
view of its small volume in comparison with the volume
V5, situated inside it, but the term, connected with the
kinetic energy, is significantly increased, because of big
velocity of rotation of the surface. Let us assume that
the linear velocity of rotation doesn’t increase above the
critical value, hence the superfluid component is not
trapped by the oscillating resonator and v, ,=0. Let us
sum up the equations (23) for the both considered ca-
pacitors, leaving the main terms, which have an influ-
ence on the change of temperature only.

Then, as in the case of the equation (16), we will ob-
tain
+0,,)=Vp (L, +T)o, (24)

B Wl 20,
where v, ,, is the velocity of the normal component of
helium on the rotation surface (4) (see Fig. 3).

Let us believe that the value v, 4,2 is quadratically
small, and it can be disregarded. Equalizing the linear
T’ and v,, terms, we will find the dependence of am-
plitude of oscillations of the temperature 77 in a small
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capacitor on the velocity of rotation of surface v,, in a
big capacitor (4) as

T'=~V,p,0,0,, Vipo. 23)

Let us conduct the qualitative evaluation of ampli-
tude of oscillations of temperature, for example, at the
temperature 7 =2 K. In [4], the maximum linear veloc-
ity of rotation was v, ,=7-1 0 *m/s. At the given tem-
perature the thermal velocity for the helium atoms is

v,, # 100 m/s, the specific entropy of helium II is

o ~940 J/kg-K, p,/p = 0.7, and the relation be-
tween the volumes of the helium II films on the surfaces
(2) and (4) is V,/V; ~16.7. Then, going from the
equation (25), we will obtain 7'~ 1.3-107°K. The os-
cillations of difference of electric potentials will be
mainly defined by the change of temperature in a ca-
pacitor with small radius (electrodes (1) and (2) ), and in
an agreement with the equations (18) and (25), we will
obtain

Uy, = k—BVzpn Unouw/lea . (26)
2lel

This result is in a good qualitative agreement with the
data, obtained in [4]. From the equation (21), it follows
that v, ,~r @y Qcos(2t)(1-sin’(2t)), and the max-
imum value of the electric potentials difference must be
observed at the maximum deflection angle of a resona-
tor, but not at the moment, when the maximum value of
acceleration is reached, as confirmed in [4].

Thus, the rotation of an oscillator in [4] results in
both an increase of the normal component with subse-
quent interflow of superfluid component of the helium
IT at the Bernoulli force action on the resonator’s wall
(4) with the biggest radius of rotation as well as an ap-
pearance of the biggest difference of temperatures be-
tween the plates of a capacitor with the small radius of
rotation (1-2). In the experiments [3] and [4], the physi-
cal foundations of observed processes are based on the
thermoelectric effect, appearing for the Einstein's fluc-
tuating electrons at presence of the temperatures differ-
ence between the plates of a capacitor.

DISCUSSION

Going from the research by Einstein [1], the authors
developed the theory of thermoelectric effect for the
fluctuating electrons, allowing to explain the results of
experiments in [3] and [4], which are connected with the
thermal effects, accompanied by an appearance of the
small electric fields in a capacitor in the helium II. The
thermoelectric coefficient o seems to be equal to the
value, which corresponds to the value in the known
classic theory by Drude [37], and approximately in 10*
times bigger, than it can be in the metals at such low
temperatures, where it is reduced on kz7/¢r. Using the
expression (7), it is possible to evaluate a total number
of fluctuating electrons in the experiment [3], where the
capacitance of a capacitor was C ~ 5-107"°F [39]. We
obtain that the total number of fluctuating electrons is

ﬁzZS at temperature 7 =2 K. At 7 = 1,4 K, the

total number of fluctuating electrons is N ~19. In the
researched case, the average number of fluctuating elec-

ISSN 1562-6016. BAHT. 2014. Nel(89)

trons is small, and they can be considered as an ensem-
ble of classic particles, without taking to the account the
Fermi statistics. The change of temperature fields in the
He 11 is directly connected with the transfer of the su-
perfluid and normal components of the He II, and ob-
served at the propagation of waves of second and third
sounds or at the interflow of superfluid films [31, 33].

The dielectric constant & of the fluid helium II de-
pends on the temperature, and it can have an influence
on the capacitance magnitude of a capacitor. At the
change of temperature from 7' to 1 K, the relative value
of change of density is approximately Ap/p ~ 1073,
therefore the change of A&/¢ has the same value. The
correction of coefficient ¢ in this mechanism is near
107 V/K, that is why it was not taken to the consid-
eration in this case. Undoubtedly, it is necessary to take
to the account this correction in the case of experiments
with the big magnitudes of electric fields.

In our opinion, the maximum U’ at temperature of
around 2 K (see Fig. 3) in [4] is connected with the
maximum of amplitude of oscillations of heat flux
W’=pCT u, in the case of second sound propagation,
where C is the heat-capacity of the helium II. During the
propagation of superfluid film, the maximum W’ is in
the same temperatures range, though the velocity of su-
perfluid film propagation is approximately one order of
magnitude less than the velocity of second sound propa-
gation.

We don’t provide the exact numerical analysis of
frequency spectrum in [3], because it significantly de-
pends on a number of conditions of experiment, which
are not provided in [3].

Let us draw attention to the fact that the clear dif-
ference of amplitudes U’ at the rotation of a resonator
in different directions is visible on the dependence of
the amplitude of oscillations U ” on the time, described
by the equation (21) (see Fig. 2) in [4]. This difference
of amplitudes U’ can be explained by the varying ve-
locity of normal component of helium v, ,, appearing
in view of the non-symmetric polishing of resonator’s
plates, but not because of the presence of some circulat-
ing superfluid He II stream, as it was assumed by the
researchers [4]. In the case of circulation, the time semi-
periods of oscillations, connected with the rotation of a
resonator in different directions, must not be equal,
however they are equal precisely in [4].

Let us pay attention to the fact that the generation
of vortices at the velocities above the critical velocity
results in a suppression of the electric effect [4], because
the magnitude of flowing superfluid helium stream, the
oscillations of concentrations difference of Helium II
components, the thermal and electric effects are signifi-
cantly limited, because both the superfluid component
of Helium as well as the normal component take part in
the rotational movement during the process of vortices
generation, which is characterized by the average value
expression: <rotuv;, ,># 0.

In this research, the we don’t consider the effect
[3], connected with the generation of oscillations of se-
cond sound, when the alternate difference of electric po-
tentials U’ with the magnitude in 10%...10'° times
bigger, than the magnitude in this research, was applied
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to the additional capacitor inside the second sound reso-
nator, reaching the electric field magnitude
E ~1.67-10*V/m. In this case, the electric field can
not be considered as small enough, and its influence on

CONCLUSION

The theory of thermoelectric effect with the fluctua-
tional electrons at the plates of a capacitor in the super-
fluid Helium II with the oscillations of second sound
wave is created. The results of theoretical calculations
are in good agreement with the experimental data, ob-
tained at the research of electric signals in a second
sound resonator and in a rotational resonator in [3, 4].
The similar described thermoelectric effect can be real-
ized in the capacitors at the creation of temperatures dif-
ference between the plates at various temperatures. The
thermoelectric effect can be used in numerous meas-
urement systems in view of a big value of thermoelec-
tric coefficient. In the authors opinion, the capacitor can
represent an effective thermoelectric transducer of a
new type.

Authors express thanks to A.S. Rybalko [38] for the
discussion and elaboration on some details of experi-
ments in [3, 4].
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IJEKTPUUYECKHUE DOPEKTDHI B CBEPXTEKYYEM I'EJIUN.
1. TEPMODJIEKTPHUYECKHA YPPEKT B DJIJEKTPHUECKOM KOHJIEHCATOPE

J1.0. Jleoenée, B.O. Jleoenés, O.I1. Jleoenés

Wnen DiHmTeliHA 0 TEPMOIMHAMUYECKON (IIYKTYAI[MOHHON MPHUPOJEe HEKOTOPBIX IIEKTPUICCKHUX SBICHUN U
pas3HHUIlE 3IEKTpUIEeCKUX moTeHnuanos U Ha oOKIagkax 3JIeKTPUIEeCKOro KOHJIeHcaTopa npu temieparype T Obutn
n3noxeHsl eme B 1906-1907 rogax. Ha ocHOBaHWMM 3THX MpeICTaBICHUN MBI OOBSCHIEM DKCIIEPHIMEHTAIBHBIE pe-
3yJIbTaThl, KOTOPbIE HEABHO OBIIM IHOJYyUYECHbI MO ACHCTBUEM BOJHBI BTOPOTO 3ByKa B 3JIEKTPUYECKUX KOHAEHCA-
TOpax, HaXOJUBIIKMXCS NPU HU3KUX TEMIIEPATypax B CBEPXTEKYUIEM I'€JIMU U B TOPCHOHHOM MEXaHHIECKOM PE30Ha-
tope. Iloxxon, Gasupyronuiics Ha B3aMMOCBSI3H TEPMHYECKHX, MEXaHUUECKUX U IEKTPUUECKHUX (IYKTyalui, Mmo-
3BOJIACT MOJYYUTHb KOJIMYECTBCHHBLIC PE3YJIbTAThI, COBIIAAAONIUE C OKCIICPUMCHTAIbHBIMUA JaHHBIMU 11O KOPPEJId-
LIMH MaJIo¥ NepeMEHHOI TeMIlepaTypHOH pa3HOCTH B BOJTHE BTOPOr'O 3ByKa U IEPEMEHHOI Pa3HOCTH AJIEKTPUUECKUX
MOTEHIIMAJIOB MEXAY OOKIaaKaMu KOHJEHCATopa Kak B CBEPXTEKYUeM T'€JINH, TaK U B TOPCHOHHOM MEXaHHYECKOM
pe3oHarope.

EJEKTPUYHI EGEKTU B HAAIIJIMHHOMY TI'EJIII.
1. TEPMOEJEKTPUYHUA E®EKT B EJJEKTPHUHOMY KOHJIEHCATOPI

J.0. Jleoenvos, B.O. Jleoenvos, O.11. Jledenvos

Inei EifamreliHa mpo TepMOIUHAMIYHY (UIYKTYAIifHY TPUPOAY NESKHAX CICKTPUYHUX SBUII i PI3HUIIO €IEeKT-
prunux noTeHmianiBe U Ha oOKIaakax eleKTpU4HOro KoHaeHcaropa npu temmeparypi T Oyio me B 1906-1907 po-
kax. Ha OCHOBI 1IIMX HPOIO3HILi MU TOSICHIOEMO E€KCIIEPUMEHTANIbHI Pe3yIbTaTH, SKi HEJaBHO OYJIO OTPUMAHO IIi[|
JI€I0 XBHJII APYTOro 3BYKY B €JIEKTPHYHUX KOHIEHCATOpax, 10 3HAXOAWINCH NIPU HU3BKHUX TeMIepaTypax y Hal-
TUIMHHOMY TeJii Ta B TOPCIOHHOMY MeXaHi4HOMY pe3oHaTopi. [Tinxin, mo 6a3yerscst Ha B3a€EMOJIIT TEpMIUYHHX, Me-
XaHIYHUX Ta eJIEKTPUYHUX (IIYKTyalliif, 103BOJISIE OTPUMATH YUCENIbHI Pe3yJIbTaTH, CIIBIaAal0i 3 eKCIIepUMEHTa-
JBHUMH JaHUMH 32 KOPEJALIE0 Majloi 3MiHHOT TeMIepaTypHOi Pi3HUI B XBWJII APYroro 3ByKy i 3MIiHHOI pi3HMLI
MK O0OKJIaZIKaMH KOHJIEHCATopa K y Ha/IINIMHHOMY Telii, TaK i B TOPCIOHHOMY MEXaHIYHOMY PE30HATOPI.
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