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Abstract—The temperature dependences of the resonance frequency and resonance width of a tuning-fork-
type quartz resonator, which is placed directly in the dilution chamber of a refrigerator, were measured in
order to test the possibility of using it as a secondary thermometer under such conditions. Measurements were
performed both in the upper and lower phases of a stratified solution of *He in *He in the temperature range
15—350 mK. The dependences obtained indicate that the parameters of resonators depend on not only the
temperature, thus making it problematic to use them for thermometry in a cryostat’s dilution chamber.
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INTRODUCTION

In studies of the properties of liquid *He and “He
and their solutions, quartz tuning forks (QTFs) are
widely used (Fig. 1). They are batch-produced for
obtaining frequency standards in electronics and are
commercially available in the form that is almost ready
for use in low-temperature applications: it will be nec-
essary only to open a vacuum metal shell or to com-
pletely remove it. Quartz resonators are -easily
mounted. They are used as fast and precise tempera-
ture and pressure sensors in pure *He and “He and in
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diluted solutions of *He in “He. The main advantage of
QTFs in comparison to the resistance thermometers is
their insensitivity to electromagnetic pickups.

The specific features of operation of QTFs in pure
3He and “He and in diluted solutions of *He in “He
were studied in [1—3]. The resonator parameters
depend on the properties of the environment, mainly
on the viscosity n and density p. The resonance width

is proportional to the value of pd, where & = /2n/p®
is the viscous penetration depth, and the resonance
frequency shift is proportional to the associated liquid

Fig. 1. Quartz tuning fork in a metal case and without it. The dimensions of the QTF used in the experiments are presented on

the right.
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Fig. 2. Measurement scheme: (/) vacuum jacket, (2) dilution chamber, and (3) quartz tuning fork.

mass that depends on its density, resonator geometry,
and penetration depth [1]. As was noted in [1], the
temperature dependences of the resonance parame-
ters and the widths of the resonance curves for QTFs in
vacuum, which belong to the same experimental
series, may appreciably differ from one another.
Therefore, each particular QTF must be calibrated,
and then it can be used as a pressure sensor or a sec-
ondary thermometer. The strong temperature depen-
dence of the viscosity of pure 3He and solutions of *He
in *He at T< 100 mK ensures a sufficient sensitivity of
such a thermometer.

It is technologically convenient to place a QTF
directly in the dilution chamber of a refrigerator
because this design does not require manufacturing of
additional helium-filled cells. However, a QTF was
used as a sensor in the dilution chamber only in [1],
where a plot of the time dependence of the QTF reso-
nance width for the cryostat cooling process is pre-
sented, but these data were not analyzed. In connec-
tion with this, it is of interest to check the possibility of
using a QTF as a secondary thermometer, which is
placed directly in a refrigerator’s dilution chamber.
This was the objective of the presented study.

Two experimental runs were performed. In the first
and second runs, the QTF was positioned in the upper
(concentrated) and lower (diluted) phases of the strat-
ified solution in the cryostat dilution chamber, respec-
tively.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

MEASUREMENT TECHNIQUE

The measurement scheme is shown in Fig. 2. The
components (orthogonal /, and in-phase /,) of a cur-
rent flowing through the QTF were measured using a
phase-sensitive detector (PD) (SR830 lock-in ampli-
fier). An exciting voltage was fed from a GSS-80 gen-
erator, which also specified a synchronization signal
for the PD.

When the QTF was placed in the lower phase, a
current-to-voltage converting SR570 preamplifier was
installed in front of the PD. The PD was tuned to the
operation in a potential mode and measured the volt-
age at the preamplifier output. The preamplifier was
placed near the cryostat cap. This minimized the
effective length of the measuring line from the QTF to
the PD, thus reducing the loss in this line and allowing
the quality factor to be increased.

Signals were transmitted via 50-Q coaxial cables
from the cryostat to the generator and PD. There was
a flange with two hermetically sealed lead-ins on the
vacuum jacket. A measuring line in the form of thin
PK-50-0.6-23 coaxial cables, which were placed
directly in liquid helium, was laid between these lead-
ins and the cryostat cap. The connectors were sealed
with an epoxy resin. To reduce the parasitic capaci-
tance inside the vacuum jacket, the measuring line was
manufactured from two superconducting wires
(~0.1 mm in diameter) that were pasted with the B®D-2
adhesive ~3 mm apart on a cigarette paper strip
~5mm wide. The length of the resulting strip was
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Fig. 3. Dilution chamber of the cryostat: (/) quartz tuning
fork, (2) resistance thermometer, (3) internal heater,
(4) heat exchanger of sintered silver, and (5) external
heater.

~30 cm, its capacitance was ~4.8 pF, and the resis-
tance of each wire at room temperature was 11.5 Q.

In the described case, the current components can
be represented in the form

IO%COS(p-i- (f = fo)sing

d = A 2 9 (1)
) +o-nr
Lo U - f)eoso o
a P Af P , s
) -

where [ is a dimensional constant, Afis the absorption
curve width, £ is the resonance frequency, and ¢ is the
phase incursion in the measuring line. If ¢ = 90° in
expressions (1) and (2), the resonance curves at the
condition Af << f; take on a usual Lorentzian form.

The resonance frequency and the resonance width
were determined by two methods. In the first one, the
frequency dependences of the orthogonal and in-
phase current components were measured. A typical
time that was necessary for such measurements was at
least 10—30 min. Such a long time is inconvenient.
In the second method, the same current components
were recorded as functions of time at a fixed excita-
tion frequency that was close to the resonance fre-
quency. If the current components measured at a sin-
gle frequency are known and it is assumed that the
resonance curves have Lorentzian profiles, the reso-
nance frequency and width can be determined from
formulas (1) and (2). This makes it possible to obtain a
virtually continuous (the time interval between suc-
cessive measurements was ~2 s) time dependence of
the QTF resonance parameters during the operation
of the dilution cryostat.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

BOLDAREYV et al.

Figure 3 shows the arrangement of the measuring
elements inside the dilution chamber. QTF 7/ with the
removed metal case is shown in the position that was
used in the first experimental run (the vertical orienta-
tion of the QTF legs in the upper part of the chamber).
In the second run, the QTF was positioned horizon-
tally at a height of 7—8 mm from the upper edge of heat
exchanger 4. In addition to the QTE RuO, resistance
thermometer 2 and heater 3 were also placed in the
refrigerator’s dilution chamber. Another heater 5 was
outside the dilution chamber on the copper plate of its
base. Both heaters were manufactured from a manga-
nin (R~ 100 Q).

RESULTS AND DISCUSSION

Two different QTFs from a common batch were
used in two experimental runs. The values of the reso-
nance curve width and the resonance frequency of the
QTE, which was used in the concentrated phase, are
T~ 11.4 Hz and f, = 32702 Hz, respectively. The reso-
nance curve of the QTF that operated in the diluted
phase was measured in vacuum at 7 = 4.8 K with and
without using a preamplifier and had widths of ~0.37
and ~0.06 Hz, respectively. The resonance frequency
for this QTF is f;= 32709 Hz.

The power released by the QTF in liquid helium at
a voltage amplitude of 5 mV, which was used in the
experiments, was within 50 pW, thus guaranteeing the
absence of noticeable overheating of such a thermom-
eter by the measuring current. The vibration ampli-
tudes of the QTF legs in vacuum and liquid helium are
~1 pm and ~30 nm, respectively.

MEASUREMENTS
IN THE CONCENTRATED PHASE

The width of the resonance curve and the reso-
nance frequency in the upper phase were measured
using the first method. It was revealed that the QTF
parameters are appreciably influenced not only by the
temperature but also by other characteristics of the
process: the direction and rate of temperature changes
and the position of the QTF relative to the stratifica-
tion boundary (Fig. 4).

In addition, along with resonances with an ordi-
nary Lorentzian profile (Fig. 5), dependences of more
complex form that indicate the onset of spontaneous
vibrations were also recorded, during which the
medium parameters periodically change with a char-
acteristic time of tens of seconds.

These vibrations are directly detected when a signal
is recorded as a function of time at a fixed excitation
frequency (Fig. 6).

Experiments were also performed in which short
(~5 s) heat impulses were fed from the internal of
external heater during recording of the current com-
ponents.
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Fig. 4. Data on the widths of the resonance curves obtained for the QTF placed in the concentrated phase.

Simultaneously, the resistance of the thermometer
that was in the dilution chamber was recorded (every
50 s) (Fig. 7). Before the heat impulses were fed, the
temperature in the dilution chamber in this experi-
ment was ~60 mK. In this temperature region, the
upper phase is actually pure 3He whose viscosity
increases with a decrease in the temperature (~1/7?)
and the resonance width correspondingly increases.

The first heat impulse was fed at time moment /
and terminated at time moment 2. In Fig. 7d, the time
is a parameter. The values of the resonance frequency
and width that correspond to the same moment were
obtained from the time dependences of the current
components. Figure 7 shows that a heat impulse
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Fig. 5. Resonance curves of ordinary Lorentzian profile at
T~ 165 mK.
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causes warming of the dilution chamber, which is
detected by the resistance thermometer, and simulta-
neously, despite expectations, leads to an increase in
the resonance width (I — 2). After the impulse ter-
minates, the system returns to the initial state (2 —
3—1).

The cause of such an anomalous behavior of the
resonator can be associated with the presence of a
superfluid film of the lower phase that covers all solid
surfaces inside the dilution chamber, which are above
the stratification boundary [4], including the resona-
tor surface.

The influence of this film on the resonator charac-
teristics can be quite appreciable if the film thickness is
comparable with the viscous penetration depth, which
changes from ~1.5 to ~15 um in the temperature range
from 100 to 10 mK. The film thickness on a smooth
surface is 20—30 nm. However, as is seen in a high-res-
olution photograph of an analogous QTF [3], a typical
size of QTF surface irregularities is several microns.
The radius of the surface curvature of a film that coats
the QTE which is positioned at a height # = 1 cm
above the stratification boundary, is determined by the
surface tension [5] and can be evaluated at ~8 pm.
Because the radius of curvature is comparable with the
characteristic roughness size, the average film thick-
ness occurs to be of the same order of magnitude as the
characteristic roughness size, i.e., several microns.

A satisfactory description of the influence of the
film thickness on the resonator characteristics can be
obtained within the framework of the following simple
model. Let A; and A, be the widths of the resonance
curves in the upper and lower phases, respectively, o be
the viscous penetration depth, and d be the film thick-
ness. Assuming that the contribution of the lower
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Fig. 6. Spontaneous oscillations arising in the system.

phase to the resonance width is proportional to the
film thickness, this width can be represented in the
form

_ Al AS A amap- )
d+0 d+5d d+95
When considering the dependence of the reso-
nance frequency on the film thickness, two effects
must be taken into account: replacement of light *He
with heavier “He and a decrease in the resonance fre-
quency associated with the viscosity. Let f5, and f;, be
the resonance frequencies for pure *He and *He with-
out account for the viscosity, / is the characteristic lin-
ear size of the QTE and B is a numerical factor that
depends on the geometrical shape of the QTFE. If both
effects are taken into account, the resonance vibration
frequency can be represented as

= _B_SZ_M 4
Jo=Ffa 1435 7 d. (4)

The following designations are introduced: f = f, —
(fso — B8), A=A—A,. From Egs. (3) and (4), the
dependence f(A) is obtained:

B3 A4 ((fso - f40)5)g
A;—A, i
A+ (A =AY

The experimental data presented in Fig. 7d can be
approximated with this dependence (Fig. 8). Using
the values of the coefficients BS, (A;— A,), and (f5) —
f10)0/! resulting from the approximation, we obtain
that the ratio d/d may be both below and above 1; thus,
the film thickness is really comparable with the viscous
penetration depth.

f= )
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In addition, temperature gradients in the dilution
chamber may significantly affect the thickness of the
QTF-coating film of the lower phase. To evaluate the
temperature difference between the interphase bound-
ary and the QTF that is required for the formation of a
macroscopic lower-phase droplet on the QTF surface,
which is positioned at a height # = 1 cm above the
interphase boundary, let us write the equilibrium equa-
tion for the superfluid component of the lower phase:

h

(P4 - pc)gh = AI—[osm + L IS4dT,
Vy
0

where p, and p, are the densities of “He and the con-
centrated phase, respectively; All, is the difference
of osmotic pressures; and v, and s, are the “He volume
and entropy per atom, respectively. The second term
on the right-hand side of the equation is the flowing
pressure, which is much lower than the difference of
osmotic pressures, and thus can be ignored. For
All g, = 120AT Torr [6, p. 185, Fig. 5.17] and (ps —
pogh = 0.05 Torr, we obtain AT = 0.4 mK.
The appearance of such and larger temperature gra-
dients in the operating setup is quite probable
because of the low thermal conductivity of the upper
phase (=70 uW/(cm K) [7, p. 28]) in which the QTF
is placed. The presence of a temperature gradient
causes a flow of the superfluid component over the
film, which is sometimes accompanied by self-excited
oscillations [4]. Evidently, exactly this type of oscilla-
tions was observed in our experiments (Fig. 6). As to
the response of the QTF to heat impulses, these, by
raising the temperature of the lower phase, make the
film thinner, thus increasing the resonance-curve
width according to formula (3).
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Fig. 7. Response of the QTF to heat impulses: (a) orthogonal and (b) in-phase current components, (c) time-dependent readings
of the resistance thermometer, and (d) resonance frequency as a function of the resonance-curve width.

MEASUREMENTS IN THE LOWER PHASE

In a run of experiments in the lower phase of the
solution, another QTF from the same batch was used.
In these experiments, measurements were performed
mainly by the second method, in which the voltage
components were recorded as function of time at a
constant excitation frequency. From time to time, the
shape of the resonance curves was monitored. This
shape was used to determine the values of [, and ¢
(see (1) and (2)), which are necessary in calculations
of A(¥) and f(¢), and to correct the frequency at which
the time record was performed. The readings of the
resistance thermometer in the dilution chamber were
recorded synchronously with the voltage components.

Figure 9 shows the temperature dependences of the
resonance width and frequency. The general form of
the curves allows one to conclude that the resonance
parameters of the QTF in the lower phase can be used
for rough determination of the temperature. At T >
100 mK, the resonance frequency is more tempera-

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

ture-sensitive, and the resonance-curve width is more
sensitive at lower temperatures.

Multiple peaks in the curve A(7) at 7> 100 mK are
most likely related to the second-sound resonances
that a similar to those observed in [2]. The authors of
[2] used capsulated QTFs with open but not removed
cylindrical cases. The peaks observed in this study were
explained by the appearance of second-sound reso-
nances in gaps between the walls of the case and the
QTF legs. In our experiments, the cylindrical case was
completely removed and the distance between the
QTF to the nearest wall of the dilution chamber (7—
8 mm) was almost 20 times larger than the second-
sound wavelength at a frequency of ~32 kHz (~0.4 mm
at 100 mK). Therefore, only the linear dimensions of
the QTF are the geometrical parameters comparable
with the wavelength.

Apart from this, a systematic shift in the widths of
the resonance curves is observed at T'= 75—140 mK.
This shift may be related to different temperature gra-
dients in the considered processes (the cooling rates
Vol. 54
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for curves 2 and 3 in Fig. 9 averaged over the above
temperature range differed by a factor of ~10).

The results presented in curves / (Fig. 9) were
obtained in a single-cycle experiment with the operat-
ing cryostat. The presence of sharp peaks is more pro-
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nounced in the dependence A(7). It was established
that their appearance is related not to the temperature
but to the position of the stratification boundary.

Figure 10 shows the results of measurements in the
mode of single-cycle experiments with the same flow
rate but different initial amounts of *He. In this figure,
the moments of the disappearance of the upper phase
in the dilution chamber, which are registered by an
abrupt kink in the dependence A(?), coincide. In the
dependences of the resonance-curve width, peaks
appear at the same time until the entire process termi-
nates, despite the fact that the readings of the resis-
tance thermometer at the moments when peaks arise
are noticeably different. In this case, the presence of
peaks obviously cannot be associated with resonances
of second sound, whose velocity depends on the tem-
perature; evidently, here we observe first-sound reso-
nances (with a temperature-independent wavelength
of ~7.5 mm) in the dilution chamber, whose frequen-
cies are determined by the position of the stratification
boundary.

CONCLUSIONS

Measurements of the resonance characteristics of a
QTF placed directly in a refrigerant of a dilution
refrigerator revealed a number of substantial devia-
tions from the expected smooth temperature depen-
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Fig. 9. Temperature dependences of the resonance width and resonance frequency in the diluted phase during cooling: (/) in the
single-cycle mode, (2) with the operating film suppressor in the still, and (3) with disabled heaters.
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Fig. 10. Time dependences of the widths of the resonance curves and readings of the resistance thermometer in two different the

single-cycle modes.

dences of the resonance frequency and width, which
are determined by changes in the viscosity and density
of the QTF-surrounding medium. When the QTF was
placed in different liquid phases in the dilution cham-
ber, deviations had different characters, but in both
cases, they correlated with geometrical (the dimen-
sions of the chamber and the QTF itself, its distance to
the interphase boundary) and (or) thermal (the rate
and direction of temperature changes) characteristics
of the instrument and experiment. The physical causes
of the appearance of these deviations were discussed
above in detail. Note that the existence of deviations
leads us to a conclusion that it is undesirable to use a
QTE which is not insulated from a coolant, as a ther-
mometer in a dilution chamber.
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