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The turbulent drag force in superfluid *He—*He mixtures
under oscillations of a quartz tuning fork
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We have studied the resonance curves of a quartz tuning fork of the fundamental frequency 32 kHz immersed
in superfluid *He and mixtures *He—*He with ®He concentration of 5 and 15 % in the temperature range of
0.35-2.5 K at saturated vapor pressure. Two types of experiments have been carried out, with a tuning fork both
not covered by a bulb and coated by a bulb, i.e., in the restricted geometry. In both cases, the velocity-force de-
pendences for the tuning fork showed a linear damping force at low peak velocities and extra drag due to the ap-
pearance of vortex lines accompanying the transition to turbulence under increasing peak velocity. These de-
pendencies are mainly determined by the density of the normal helium component. There is a pronounced
difference between superfluid “He and mixtures of *He in “He, where *He impurity particles provide a constant
temperature-independent contribution to the normal component of the mixture. The extra contribution to the
damping force, so called “turbulent drag force”, decreases with concentration increase at the same peak velocity
of the tuning fork that can be explained by the extension of the range of laminar flow with an increase in the
concentration of *He. We found that the drag coefficient in superfluid “He and mixtures *He—*He reaches a plateau
at different peak velocities and different exciting forces and explained this fact by different conditions for vortex
formation depending on the different thickness of the near-wall viscous layer. The comparison between the data
obtained in restricted and unrestricted geometries shows that there is an excessive dissipation of the tuning fork
motion associated with the emission of the first sound wave in unrestricted geometry.
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1. Introduction

Last decades there is a great interest in the problem of
the onset and development of classical and quantum turbu-
lence in a superfluid liquid. The main tools for generating
the laminar and turbulent flows are oscillating bodies im-
mersed in a liquid: wires, grids, spheres, and quartz tuning
forks in liquid *He, “He, and their mixtures. The character-
istics of vibration processes allow obtaining an extensive
information about the dynamics of superfluids and dissipa-
tive processes accompanying the liquid flow. For example,
measurements of the resonant frequency provide infor-
mation on the inertial backflow around the vibrating body
while the damping of oscillations characterizes the dissipa-

tion that accompanies the motion of the superfluid and
normal components of the liquid.

Earlier there was shown [1-5] that there is a change in
the dependence of the peak oscillator vibration rate on the
excitation force at a certain critical velocity and a quadratic
dependence appears instead of a linear one in superfluid
*He and *He—"He mixtures. The temperature dependence of
the critical transition rate was also obtained. This change is
attributed to the transformation of a laminar oscillating
flow into a turbulent one [6]. Another feature of the transi-
tion from a laminar flow to a turbulent one is the change in
the dependence of the drag coefficient to the movement of
the tuning fork on the oscillation peak velocity. With an
increase in the peak velocity, but at its low value, the drag
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coefficient decreases, and at higher value of the peak ve-
locity, in the turbulent region, the drag coefficient value
reaches a plateau.

At sufficiently low temperature where one can neglect
the presence of the normal component of liquid helium,
quantum turbulence can be generated in the liquid above
the critical velocity [2, 3, 7, 8], associated with an appear-
ance of the vortices with quantized circulation (quantum
vortices) and subsequent evolution of their tangle. However,
at a temperature above ~ 1 K, where the presence of a nor-
mal component in superfluid helium is essential (“two-
liquid” state), different scenarios of a transition to the tur-
bulence are possible. It depends on whether the normal or
superfluid component becomes unstable first and as well as
on the intensity of interaction between the components [9].
Therefore, for being clearer in the behavior of flows in he-
lium and the onset of turbulence, one should study not only
the superfluid liquid at low temperatures but also in the
“two-liquid” state of helium both near the superfluid tran-
sition temperature and above it, in a completely classical
liquid. Previously, such studies were carried out in pure *He
[1, 10, 11]. At the same time, *He—*He mixtures are still
little studied, whereas the presence of *He impurities en-
sures the existence of a normal component up to zero tem-
perature and the structure of quantized vortices strongly
differs from that in pure “He due to the condensation of
*He impurities in the vortex core [12, 13].

In the present work, we study the features of the transi-
tion from laminar to turbulent flow in superfluid *He—*He
mixtures and the effect of *He impurities on the stability of
the normal component in liquid solution under oscillation
of a quartz tuning fork in the temperature range 0.4-4.2 K.
Also the experimental dependences are obtained of the os-
cillation peak velocity of the tuning fork prong top on the
excitation force, as well as the dependence of the turbulent
drag force of the tuning fork and the drag coefficient on the
peak velocity of the tuning fork in the region of transition
from laminar to turbulent flow. The features of tuning fork
oscillations in a mixture in the presence of a protective
bulb surrounding the tuning fork, restricting the propaga-
tion of acoustic waves, are also investigated. The depen-
dences obtained in *He—*He mixtures are compared with
those in pure “He.

2. Experimental procedure

The method of a piezoelectric quartz tuning fork vibrat-
ing in the liquid was used for the experimental study of
turbulent drag force in concentrated mixtures of *He in “He.
Tuning forks of industrial production were used with a fre-
quency f = 32768 Hz and geometric dimensions: prong
height L = 3.79 mm, thickness H = 0.59 mm, width W =
=0.3 mm and the distance between prongs D = 0.3 mm.
There were used both open tuning forks with a completely
removed surrounding bulb and closed ones in the manufac-
turer’s bulb of the inner diameter of 2.8 mm which has

a small orifice for filling by the liquid. The tuning fork was
placed in a cylindrical copper cell with an inner diameter
of 11.8 mm and a height of 1.5 cm, which had a threaded
thermal contact with the cold plate of the *He evaporation
cryostat. The temperature of the liquid was measured by
the calibrated RuO, resistance thermometer located inside
the cell. The measuring cell was attached to the cold plate
of the *He evaporation chamber so that the prongs of the
tuning fork were facing downward to reduce possible con-
tamination. The cell filling capillary was thermally short-
circuited on the cold plate. The measurements were carried
out at the fundamental frequency of the tuning fork at a
constant cell temperature. The standard technique of full
frequency sweeping near the tuning fork resonance was used
in the experiments. The electrical circuit that used for mea-
surements is similar to that commonly used in experiments
with similar tuning forks and is described in detail in [5].
The tuning forks piezoelectric constant a was determined
in the beginning of each experiment by measuring the am-
plitude-frequency characteristics of the tuning fork in va-
cuum at temperature about = 1.5 K and the peak values of
the excitation voltage of the tuning fork U, = 0.01-0.1 V:

o AnMgg Af el o , 1)
Uo

where Iy and Afy,. are the measured values of the current
amplitude of the measuring signal and the width of the
resonance line at resonance in vacuum, respectively,
Mg = (pgLWH) /4 is the effective mass of the tuning
fork, and py is the density of quartz. To establish a connec-
tion between the measured electrical characteristics of the
tuning fork with its mechanical properties, we used the
relations given in Refs. 2 and 14. The peak velocity v of
the top of the prongs is related to the amplitude of the cur-
rent |, excited by the movement of the tuning fork, by the
ratio v = I/a, and the driving force F and the amplitude of
the applied voltage U as F = aU/2. In practice, the tuning
fork constant depends on its geometry and surface quality;
therefore, before each experiment the cell and all connect-
ing lines were thoroughly washed with dry gaseous nitro-
gen and pumped out by mechanical and adsorption pumps.

3. Results

The study of superfluid mixtures of *He in “He of dif-
ferent concentrations makes it possible to extend the possi-
bilities of studying the flows excited by the quartz tuning
fork vibrations. In actual work, the main interest is in de-
termining the influence of impurity *He particles on the
turbulent drag force arising during the transition to turbu-
lence and the drag coefficient, as well as the influence of
the confining geometry, which suppresses the emission of
the first sound. It should be noted that, in the present work,
we consider only the initial stage of the transition to a tur-
bulent flow. Developed turbulence requires higher flow
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velocities. The temperature dependences of the critical ve-
locity of transition to a turbulent flow regime in “He and
concentrated mixtures of 5 and 15 % >He in “He were ob-
tained in [5].

3.1. Dependences of the tuning fork peak velocity
on the excitation force

The dependences of the vibration peak velocity v of the
tuning fork leg tip on the peak driving force F, within the
fundamental resonance for different temperatures in “He
and the mixtures with *He concentration of 5 and 15 % in
superfluid and normal state at saturated vapor pressure are
shown in Fig. 1. At the low excitation force of the tuning
fork, the oscillation peak velocity of the prong is propor-
tional to the driving force, v ~ F. The linear section corre-
sponds to the potential flow of the superfluid component
and the laminar flow of the normal component of helium.
The ideal classical fluid behaves in the same way [6]. The
ratio F/v is proportional to the width of the resonance line
Af and determines the damping coefficient of the tuning
fork in a laminar flow regime. The tuning fork linear
damping in concentrated mixtures of *He—*He was treated
in Ref. 15 as a combination of internal damping of a tuning
fork, first and second sounds which make a noticeable con-
tribution at the lowest temperatures, and hydrodynamic
viscous damping, which dominates at higher temperatures.

Since the driving force increases above certain peak ve-
locities, the shape of the tuning forks resonance curve
changes. The resonant frequency decreases and the line width
increases whereas the dependence v(F) becomes v° ~ F. As
it was shown in Ref. 6, this dependence appears as a result
of the formation of vortices and the transition to a turbulent
regime of fluid flow. Such behavior was previously ob-
served for tuning forks oscillating in superfluid “He [2, 3],
as well as for vibrating wires [16, 17] and spheres [7]. In
addition, the transition to turbulence exhibits hysteresis [2]
at low temperatures. In the present work, we used frequency
sweeps near the resonance of a tuning fork that was taken
at a constant temperature and with an increase of the excit-
ing force.

In Fig. 1(a), one can see that the transition between
laminar and turbulent regimes is rather smooth at high tem-
perature in “He but becomes steep with decreasing tempe-
rature. In this case, the dependence of v(F) has an obvious
shift (the value of the excitation force increases) with tem-
perature increase which is also preserved during the transi-
tion of *He to the normal state.

Dependences of v(F) in a mixture *He in “He with a con-
centration of 5 % *He, Fig. 1(b), also demonstrate both lami-
nar and turbulent regions in the entire temperature range
(0.35-2.6 K), but in contrast to pure “He we did not observe
the shift of the dependence under a temperature change in su-
perfluid mixture. The shift occurs only in a normal mixture.

In the mixture with *He concentration of 15 %, Fig. 1(c),
the dependences v(F) are very close to each other in the
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Fig. 1. (Color online) Dependences of the peak velocity of the
tuning fork on the peak driving force within the fundamental
resonance for different temperatures in *He (a), mixtures with
a concentration of 5 % (b) and 15 % (c) *He in *He.

entire temperature range in the superfluid state of the mix-
ture and at the same time still have the dependences of v(F)
corresponding to the laminar and turbulent flow regimes.
In the normal state of a 15 % solution at T = 2.25 K the
dependence v(F) shifts slightly. Note that in this case, one
could not obtain the dependence of v(F) at high values of
the tuning fork excitation force, since the resonance curves
cease to be a Lorentzian.
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For a more detailed study of the differences in the be-
havior of the obtained dependences o(F) in pure “He and
concentrated mixtures of *He in “He, the turbulent drag
force and drag coefficient of the studied liquids were esti-
mated.

3.2. Aturbulent drag force

The turbulent drag contribution to the damping force
can be determined by subtracting, from the applied force,
the force proportional to velocity, which corresponds to the
laminar regime [2]:

Fturb (v)=F(@©)-yo, 2

where v is determined from the ratio y = F/v at low peak
velocities. Thus, we remove the intrinsic damping of the
tuning fork and the contributions to the damping associated
with the environment viscosity and the emission of the first
and second sounds. Consequently, only the contribution to
the tuning fork damping, associated with the onset and
development of turbulence, remains in Eq. (2).

The dependences of the turbulent drag force on the tun-

ing fork peak velocity Fyn(v), obtained at constant tem-
peratures for “He, are shown in Fig. 2(a). At low values of
the peak velocity (v < 0.2 m/s), all points, both in superfluid
and normal helium, almost fit in one-line, AF ~ o2 This
result is consistent with that of Refs. 2 and 4. When the peak
velocity increases, the dependences Fy,,(v) start to diverge,
and one observes a tendency to a Fy,, decrease when ve-
locity v being constant and temperature increases and, con-
sequently, the density of the normal component of helium
also increases. Only the dependence Fyn(v) at T = 2.14 K
is slightly higher than the data obtained at T = 2.14 K near
the A transition.
A similar result for the dependence of the turbulent drag
force on the peak velocity of the tuning fork is observed in
a mixture with *He concentration of 5 %, Fig. 2(b). Here,
as in pure “He, at low velocities, the dependencies merge
into one line and diverge slightly only at v > 0.4 m/s. For
these dependences of Fy,(0), it seems difficult to determine
the trend of change under increasing temperature. The weak-
est dependence Fy,p(v) is observed at T = 2.67 K, in a nor-
mal mixture in the absence of a superfluid component.

The most pronounced changes in the dependences Fym(v)
under temperature increase are observed in the mixture
with *He concentration of 15 %, Fig. 2(c). One also ob-
serves a region of low peak velocities, where the depen-
dences of Fy(v) are almost the same, but they diverge
sharply at higher velocities, while a decrease of the turbu-
lent drag force is observed at a constant peak velocity and
under increasing the temperature. One should also note that,
in 15 % mixture, the least excess of the excitation force
relative to the laminar regime is required to excite the turbu-
lence. Another feature of this mixture is that at T = 2.25 K|
in the normal mixture, one can see only the initial part of
the Fym(v) curve, up to velocities v = 0.3 m/s. At higher
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Fig. 2. (Color online) Dependences of the turbulent drag force
Fub(v) on the peak vibration velocity of the tuning fork, obtained
at fixed temperatures for “He (a), *He—*He mixtures with *He
concentrations 5 % (b), and 15 % (c).

peak velocities the resonance curves are strongly distorted
compared to the Lorentzian.
3.3. The drag coefficient

The drag coefficient of the oscillating tuning fork from
the liquid was determined using the expression obtained
for the resistance force of the environment [2, 14]:

F =1/2CppAv?, (3)
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where Cp, is the drag coefficient, p is the density of helium,
A = LW is the cross-sectional area of the prong that per-
pendicular to the movement direction, where L and W are
the length and width of the tuning fork prong, respectively.
In the case of a tuning fork, drag force refers to the ampli-
tude of the driving force at resonance which compensates
for the drag force. Usually, instead of the drag force F the
drag coefficient Cp, is considered. According to Eq. (3) Cp is

Cp = 2F / (pAv?). (4)
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Fig. 3. (Color online) Drag coefficient Cp as a function of the
peak vibration velocity of the tuning fork at fixed temperatures:
“He (a), mixtures with a concentration of 5 % (b), and 15 % (c)
®He in *He.

In Fig. 3, the dependences are shown of the drag coeffi-
cient Cp, of the tuning fork on the peak velocity of the tun-
ing fork tip at fixed temperatures in “He and mixtures with
5 and 15 % concentrations of *He in “He and correspond-
ing to the data shown in Fig. 1. At small peak velocity am-
plitudes, the drag force is proportional to the velocity,
therefore the drag coefficient changes as Cp ~ 1/v. Under
velocity increase, due to the onset of turbulence, additional
resistance appears and the dependence F ~ v arises, and
the drag coefficient smoothly passes to a constant value of
the order of unity.

In superfluid “He, the drag coefficient decreases over
the entire velocity range with decreasing temperature. The
normal component density decreases according to the T* law,
which leads to the decrease of the dissipation of the vibra-
tion energy due to the viscous friction of the oscillating
tuning fork prongs. As a result the dependence Cp ~ 1/v
shifts to the lower velocities. In normal helium at T = 4.2 K,
the peak vibration velocity of the tuning fork (= 2 m/s) is
sufficient only for a slight deviation from the linear de-
pendence v(F) within the initial stage of turbulence.

The drag coefficient of *He—*He mixtures at low velocity
amplitudes is determined by the laminar flow of the vis-
cous normal component of the liquid and is given by the
dependence Cp ~ 1/v. At high-velocity amplitudes, turbu-
lent forces contribute to the drag coefficient, and it ap-
proaches a constant value near unity. The temperature de-
pendence of the drag coefficient is not observed in this
velocity range at a given mixture concentration. It should
be noted that there is an essential difference in the drag co-
efficients of 5 and 15 % mixtures (about 4 times at v =
=0.01 m/s). This difference is explained by the higher re-
sistance force of 15 % mixture (see Fig. 1) and a notice-
ably lower density.

3.4. Tuning fork in restricted geometry

The study of tuning forks in restricted geometry seems
rather interesting because one excludes the influence of the
first sound emission on the turbulence in superfluid heli-
um. In present experiments, we investigate tuning forks in
the manufacturer’s bulb of an inner diameter of 2.8 mm.
The bulb has a small orifice for its filling by liquid helium.
The tuning fork vibrates in restricted geometry and in the
temperature range studied the wavelength of the first sound
at a frequency of 32 kHz (~ 7 mm) exceeded the distance
from the tuning fork to the wall of the confining bulb. The
sound wave process did not develop, and the effect of
acoustic emission of the first sound was negligible [15, 18].
This was experimentally verified in [19, 20], where measu-
rements were made at different tuning fork frequencies. At
high frequencies, when the wavelength of the first sound
decreased noticeably and became comparable to the size of
the bulb, a resonance was observed.

In actual work, the experiments with a tuning fork in re-
stricted geometry were carried out in the mixture with *He
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Fig. 4. (Color online) The peak vibration velocity of a tuning fork
in a restricted geometry as a function of the driving force at few tem-
peratures. 3He in “He mixture with *He concentration of 15 %.

concentration of 15 %. In Fig. 4 we depicted the depen-
dences of the peak vibration velocity of the tuning fork
prongs on the driving force at fundamental resonance at
few fixed temperatures. As for an unrestricted tuning fork,
at low excitation forces, a linear section is observed in Fig. 4,
where the peak oscillation velocity of the prong is propor-
tional to the driving force. Also one observes section where
the dependence v(F) becomes v* ~ F. However, now the
peak velocity, at same excitation force, is 2 to 3 times higher
than that for an unrestricted tuning fork. This indicates a
decrease in the vibration energy loss resulting to the onset of
a turbulent state at lower excitation forces of the tuning fork.

Figure 5 shows the dependence of the turbulent drag
force on the peak vibration velocity of the tuning fork
prongs in restricted geometry at fixed temperatures. One ob-
serves, in the entire temperature range of the study, both in
normal and superfluid state of the mixture with 15 % *He
concentration, the dependences Fy,,(v) are very close to each
other. This result is very different from the dependences
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Fig. 5. (Color online) Dependence of turbulent drag force on
the peak vibration velocity of a tuning fork in 15 % mixture
of ®He in “He in restricted geometry at fixed temperatures.
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Fig. 6. (Color online) Drag coefficient as a function of the peak
vibration velocity of the tuning fork (conditions are the same as
in Fig. 5).

of Fig. 2(c) and indicates a noticeable contribution of the
first sound to the energy dissipation of the tuning fork in
restricted geometry. The turbulent drag force of the tuning
fork in restricted geometry is 2-2.5 times higher at the
same peak velocity and the mixture enters the turbulent
zone at lower peak velocities.

Figure 6 shows the dependences of the drag coefficient
on the peak vibration velocity of the tuning fork prongs in
restricted geometry in the 15 % mixture for few fixed tem-
peratures. There are also dependences Cp(v) run very close
to each other with a slight shift towards the growth of the
peak velocity with increasing temperature in the entire
temperature range studied in both normal and superfluid
state of the mixture. Comparing the behavior of the tuning
forks in unrestricted and restricted geometry, one can note
that in the latter case, the drag coefficient is approximately
2-2.5 times lower at the same peak velocity. Since the drag
coefficient is a value equal to the ratio of the dissipated
energy of the tuning fork to the kinetic energy of the fluid
flow, it means that the dissipation energy decreases. This
result is in agreement with the change in the dependence of
the turbulent drag force on the peak vibration velocity of
the tuning fork observed in restricted geometry.

Conclusions

The results of the experiments show that the depend-
ences of the peak velocity of the oscillation of the tuning
fork prongs tip on the peak driving force are, to a large
extent, determined by the density of the normal helium
component. There is a pronounced difference between su-
perfluid “He and mixtures of ®He in “He, where *He impu-
rity particles provide a constant, temperature-independent
contribution to the normal component of the mixture and
where the transition to turbulence is accompanied by the
condensation of *He into the vortex core under conditions
of phonon and roton scattering on these impurities. It
should also be noted that the depth of the near-wall layer
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(the depth of penetration of a viscous wave) is the lowest
in 15 % solution compared to 5 % mixture of *He in “He and
pure “He. Vortices are formed in this layer. Apparently, vor-
tex formation is most difficult in 15 % mixture. This can
explain that in this mixture one should apply the highest
excitation force for the transition to a turbulent flow.

If the peak velocity in pure “He and the two studied
mixtures is the same, then the turbulent drag force decreas-
es with concentration increasing. Thus the range of laminar
flow with a linear dependence v(F) is “dragged out” with
an increase in the concentration of *He and the difference
F(v) — yov decreases (see Figs. 1 and 2).

The drag coefficient reaches a plateau at different peak
velocities and different exciting forces. In 15 % mixture,
the velocity to reach a plateau (which means a transition to
a turbulent regime) is the highest in comparison with 5 %
solution and pure “He. This can also be explained by the
difficulty of vortex formation in such a mixture due to the
lowest thickness of the near-wall viscous layer.

When comparing the results obtained in restricted and
unrestricted geometries, it should be kept in mind that, in
the case of unrestricted geometry, the dissipation is avail-
able of tuning fork motion, associated with the emission of
the first sound wave. There is no such a dissipation in the
restricted geometry, in which the acoustic wave is not
formed. It means that, in a restricted geometry, one can
apply a lower excitation force to the tuning fork to provoke
the transition to a turbulent flow regime, in comparison
with an unrestricted geometry. Thus, with the same excit-
ing force in an unrestricted geometry, a laminar flow re-
gion with a linear force dependence on velocity exists at
higher velocities than in a restricted one. As a result, the
turbulent force for a tuning fork in restricted geometry is
lower (Figs. 2 and 5). For the same reason the drag coeffi-
cient should be lower which is consistent with the data
shown in Fig. 6.
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TypOyneHTHa cuna onopy B HagMIMHHUX CyMiLlax
*He—"He Npu KONMBaHHI KBapLOBOro kKamepToHa

S. S. Kapuza, V. K. Chagovets, S. S. Sokolov,
V. A. Vrakina, T. V. Chagovets

BuBueHO pe30HAHCHI KPUBI KBAPIIOBOTO KaMEPTOHA OC-
HOBHOI yactotu 32 k['1, sSkuii 3aHYpeHO B HAATTHHHUI
*He Tta cymimi *He—*He 3 xonuentpamicto *He 5 Ta 15 %
B miama3oHi temmeparyp 0,35-2,5 K nmpu THCKY HacHd4eHOT
nmapu. [IpoBeieHO JBa THUIM EKCIICPHMCHTIB: KaMEpTOH,
HE MOKPHUTHH K0JI0010, Ta TMOKPUTHH KOJI0O0I0, TOOTO B
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S. S. Kapuza, V. K. Chagovets, S. S. Sokolov, V. A. Vrakina, and T. V. Chagovets

oOMexeHiit reoMeTpii. B 000X BUMagkax 3ajeKHOCTI CHTa—
LIBHJKICTH JJIsI KaMEpPTOHA JAEMOHCTPYBAJH JIiHIHHY CHITy
JeMI(yBaHHS MIPU MAJIUX MIKOBHUX IIBUAKOCTSX Ta JOIAT-
KOBHH OIip 4epe3 MOsiBY BUXPOBMX JIiHIH, IO CYIPOBO-
JUKYIOTB TIepeXij 10 TypOyJeHTHOCTI IPH 3pOCTaHHI MIKOBOT
mBUAKOCTI. Li 3a/1e’KHOCTI TOJIOBHMM YHHOM BHU3HAYAKOTHCS
IIUTBHICTIO HOPMAIBHOTO KOMITOHEHTA Tenito. IcHye mobpe
BHpaKeHa PisHUIM Mk HaxmmeamM “He Ta cymimamu *He
B “He, e gactunku momimok *He 3a6esneqyioTs nocTiifHuMit
He3aJIe)KHUH BiJl TEMIepaTypy BHECOK Y HOPMaJIbHUN KOM-
MOHEHT cyMimi. J[o1aTKOBUI BHECOK y crity neMIdyBaHHs,
TaK 3BaHa «TypOYJICHTHa CHJa OIOPY», 3MEHIIYEThCS 3i
30UIBIICHHSAM KOHIIEHTpALii IPU OJTHAKOBIH MIKOBIH MIBHI-
KOCTi KaMepTOHa, 1110 MOKHA TIOSICHATH PO3IIUPEHHSM JTia-

Ma30Hy JIAMiHAPHOTO MOTOKY 31 30UIBIICHHSIM KOHIICHTpA-
uii *He. BeranoBieHo, mo Koe(illieHT Omopy B HaIIHH-
HOMY *He Ta cyMiri *He—*He mocsirae mmaro 3 PI3HUMH IIi-
KOBHMH IIBHIKOCTSIMHU Ta PI3HUMH 30YKYIOUHMHU CHIIAMH,
el (akT MOSACHEHO PI3HHMMH YMOBAMH YTBOPCHHS BUXPIB
3aJIe)KHO BiJl pi3HOI TOBITUHH MPUCTIHHOTO B’S3KOTO IMIapy.
ITopiBHSHHS MaHUX, SIKi OTPUMaHI B OOMEXeHil Ta HeoO-
MeKEHil TeoMeTpii, ToOKa3ye, 0 CIIOCTEPIracThCsl HaaMipHE
PO3CitoBaHHS PyXy KaMepTOHa, IO OB’ A3aHO 3 BHITPOMIHIO-
BaHHSM XBWJII IIEPIIOTO 3BYKY B HEOOMEXEHill reoMeTpii.

KITIO40Bi ¢/0Ba: HAAIUTMHHKIA reii, Hagmmmasi cymimn *He—*He,
TypOyJICHTHUII Ta NaMiHApHHUI HOTOKH, KBap-

LOBUH KaMEPTOH.
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