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1. Introduction

The general field of low temperature physics offers many interesting areas of re-
search combining typical condensed matter topics such as microscopic mechanics
of crystalline and amorphous solids, their magnetic properties, superconductivi-
ty or nanoscale phenomena at the quantum limit, with other themes connected
perhaps more intimately to fluid dynamics, such as superfluidity or quantum tur-
bulence. The latter class of topics represents the author’s close specialization
and the bulk of his contribution to the field, as reflected in this Thesis, but work
on other low-temperature physics topics is included as well. For the purposes
of clarity, these topics will be treated separately in the following Chapters and
supported by original publications in the Appendix.

The dominant part of the Thesis is devoted to experimental investigations in
the area of flow dynamics of superfluid helium and quantum turbulence, with
focus on superfluid “He, detailed in Chapter 2. The same Chapter includes also
experimental investigations of Andreev reflection on a rectilinear array of quan-
tized vortices in the rare isotope of helium, specifically in the superfluid phase
3He-B, performed during two visits to the Low Temperature Laboratory at Aalto
University in Helsinki.

The normal liquid and vapour phases of *He are also readily used to explore
another important topic in fluid dynamics — convective heat transfer. In collab-
oration with the Institute of Scientific Instrumentation in Brno, CZ, two-phase
convection in liquid/gaseous helium was investigated, and the somewhat sur-
prising observation of heat flux against the temperature gradient is explained in
Chapter 3.

Finally, the development of a sub-millikelvin Continuous Nuclear Demagne-
tization Refrigerator (suitable for experimentation with the superfluid phases of
SHe as well as for ultra-low temperature condensed matter experiments) that
was undertaken during the author’s post-doctoral stay at the Institut Néel in
Grenoble is detailed in Chapter 4.






2. Superfluidity and Quantum
Turbulence

Superfluidity [1,2], i.e., fluid behaviour governed by quantum rather than classical
physics, which may manifest as frictionless flow, emerges in several systems known
to-date, most notably in superfluid phases of 3He and *He, and in gaseous Bose-
Einstein condensates — dilute clouds of laser-cooled atoms. While the properties
of He II, the superfluid phase of *He are relatively well-known on the phenomeno-
logical level (Landau’s two-fluid model), a full-fledged microscopic description is
still missing. Superfluid phases of He may be described by loose analogy with
the BCS theory for superconductors [3]. However, the complexity of its order
parameter guarantees very rich behaviour with many open questions. To this
day, novel phases in confined geometries [4,5| and new types of excitations [6]
and topological defects |7] are being discovered in 3He.

Quantum turbulence [8] is a peculiar type of turbulent flow that occurs in
quantum fluids such as the superfluid phases of both helium isotopes. It differs
from its classical counterpart in several important aspects, most notably the
existence of quantized vortices, due to quantum-mechanical constraints of fluid
circulation. For example in ‘He, the circulation quantum is given as k = h/my,
where h is the Planck constant and my the mass of a *He atom [9]. Additionally,
superfluids are typically described within the so called two-fluid model [10] as if
consisting of two independent inter-penetrating components. One, the superfluid
component, behaves as an inviscid Eulerian fluid with no entropy content, while
the other, the normal component, has both entropy and viscosity. The relative
ratio of the densities of these two components is determined by temperature and
pressure, with the normal component dominating near the superfluid transition
(at “high” temperatures). As the temperature is reduced, the density of the
normal component rapidly decreases and at very low temperatures (for “He, of
order 100 mK), only pure superfluid remains [1]. At any finite temperature, both
components must be considered, and depending on the type of flow, turbulence
may, in principle, develop independently in either of them.

Quantum turbulence may be investigated by many different techniques, rang-
ing from traditional approaches such as stationary or vibrating mechanical ob-
jects [11] (see also Section 2.1), via specialized techniques available only in su-
perfluids like second sound attenuation [12], which is typically used in *He above
1 K, or Andreev reflection of thermal excitations [13] in superfluid *He-B, to
modern powerful approaches adapted from classical fluid dynamics, like Particle
Imaging/Tracking Velocimetry [14,15]. It is worth to mention that in the zero
temperature limit (pure superfluid), any turbulent flow must be built up from
individual quantized vortices of identical circulation, each satisfying the Kelvin
theorem (vortices must end on container walls, free surfaces, or form closed loops).
This makes quantum turbulence, at least in the zero temperature limit, a much
simpler system to study than turbulence in classical viscous fluids [8], where vor-
tices are constrained neither by a fixed value of circulation nor the Kelvin theorem
which applies only to ideal fluids [16].

A significant part of the results presented below relate to the description of



two-component flows of superfluid “He, specifically to the scaling of drag forces
acting on various oscillating systems in laminar regime and to the type of insta-
bility that triggers turbulence. The governing quantities describing the flow and
controlling the instabilities are expressed, wherever possible, as suitably chosen
dimensionless parameters (see below). However, for the description of pure su-
perfluid, the fluid velocity U as such is often used [17], or for oscillatory flows,
its dimensionless form may be obtained as U = U/+/kw, where w is the angular
frequency of oscillation [18]. These results are presented in the first two Sections
of this Chapter, while two additional Sections are devoted to the investigations
of acoustic emission by oscillators immersed in superfluid *He undertaken by the
Prague superfluidity group and to measurements of Andreev reflection of thermal
excitations by a rectilinear array of quantized vortices in *He-B, performed during
two visits of the author to the Low Temperature Laboratory at Aalto University
in Helsinki.

2.1 Two-fluid Oscillatory Flows in Superfluid ‘He

Traditional probes of superfluid helium and quantum turbulence include vibrating
objects, resonators of various shapes and sizes such as discs/spheres suspended on
a torsion rod [19], vibrating superconducting wires [20,21|, grids [22,23], vibrating
microspheres [24,25], or piezoelectric tuning forks [26]. The resonators are used to
measure the force-velocity response of the fluid and hence determine the moment
of departure from the linear damping expected at low velocities, where the normal
component flow is laminar and the superfluid component exhibits purely potential
flow, therefore contributing zero drag as per d’Alembert’s paradox [16]. Such
a departure from linearity is then usually understood to signify an instability
leading to the onset of turbulent flow [19-26].

The Prague group has been one of the first to successfully use quartz tuning
forks to probe superfluid *He, which led, among other, to the description of
the production of quantum turbulence [27,28], the detection of cavitation in both
normal and superfluid helium [29-31], and to the observation of acoustic emission
by the fork — a parasitic energy dissipation mechanism with profound implications
for future sensor design and production [32,33]; the full articles are attached in
Appendices A3 and A4.

In order to fully understand the turbulent transitions due to the normal or
superfluid component, it is first necessary to provide a reliable and robust descrip-
tion of the linear drag forces. To achieve this goal, diverse types of oscillators
have to be used in dedicated experiments. The long-standing effort of the Prague
group to find a universal description of the drag forces culminated in the recent
publication of Ref. [34] (attached in Appendix A1), where the relevant dimen-
sionless parameter is identified and named after R. J. Donnelly (University of
Oregon) who first proposed its use in his pioneering work on oscillatory flows of
superfluid helium [19], but could not fully realize its importance due to the lim-
ited extent of experimental tools and data available at the time. The Donnelly
number is defined as follows:

U pnon
n

Dn = : (2.1)



where U is the peak velocity (amplitude), px the density of the normal compo-
nent, n the dynamic viscosity, and dy the viscous penetration depth of the normal
component, oy = 1/2n/(wpn). Together with the flow geometry, Dn fully deter-
mines the observed laminar drag forces acting on bodies oscillating at sufficiently
high frequencies, as determined by the condition that the normal component
Stokes number Sy = D?/(7d%) > 1, with D the typical size of the object. This
condition is satisfied for all the oscillators used in our work, and the laminar drag
coefficient of the normal component CY is found for all the oscillators simply as:

)

N
Cp = D’ (2.2)
where the constant ® is determined solely by the oscillator geometry and may
be calculated exactly for many resonators; for details see Ref. [34] included in
Appendix Al.

By determining, whether it is a critical value of the Donnelly number or rather
a critical (dimensionless) velocity that controls the turbulent instability, this ap-
proach further allowed us to construct the scenarios of the transition in superfluid
“He in flows past oscillating objects such as wires, discs or tuning forks. We have
shown for the first time that either component (normal or superfluid) may trigger
the transition to turbulence via independent mechanisms. We have also demon-
strated that even in *He the superfluid component may be turbulent while the
normal component exhibits laminar flow — a scenario previously considered only
for superfluid phases of *He, due to the significantly higher viscosity of its normal
component. The details are again given in Ref. [34], Appendix Al.

2.2 Turbulent Transition in Pure Superfluid *He

The question of how quantum turbulence develops in a system with no influence
of the viscous normal component has been at the forefront of experimental and
theoretical research ever since physicists had had access to millikelvin tempera-
tures, which are sufficient for superfluid “He to enter such a regime [1]. Exper-
imental observations (using vibrating wires or grids) were reported of not one,
but rather two critical velocities, related to different regimes of quantum turbu-
lence [22,35-38]. The traditional interpretation stated that at the first critical
velocity, vortex loops proliferated along the surface of the oscillator. There was,
however, no clear consensus as to whether dissipative processes occurred at this
stage, as part of the published works reported dissipationless flow [22,38], while
a change in dissipation was observed in other experiments [35-37]. At the second
critical velocity, it was believed, a dense tangle of quantized vortices formed in
the vicinity of the oscillating body (sustained by its kinetic energy), marking the
onset of quantum turbulence as such [37,38|.

Using custom-made tuning forks, designed specifically to suppress parasitic
effects such as acoustic losses and excess dissipation due to surface roughness
(specification in Ref. [33], Appendix A4), we have investigated this problem in
isotopically pure “He cooled to millikelvin temperatures. We discovered an even
more complex scenario involving three different critical velocities of hydrodynam-
ic origin, see Ref. [39] in Appendix A3 for details. Our interpretation of this
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observation, supported by order of magnitude estimates, confirmed the previ-
ously observed first critical velocity, and our results were consistent with the
hypothesis of vortex loops spreading on the oscillator surface. As we detected no
extra damping above the first critical velocity, at least up to the limits given by
the sensitivity of the tuning forks used, our results support the observations in
Refs. [22,38] rather than those reported in Refs. [35-37]. We note that with an
effective mass of 1.6 x 1078 kg, resonant linewidth of 8 mHz and a quality factor of
Q = 8 x 10° at the lowest temperatures, the tuning forks used here are far more
sensitive to the production of quantized vortices than any of the devices used
previously. We are therefore left to conclude that the extra damping observed in
some of the previous work [35-37] may have been due to effects such as surface
roughness or acoustic dissipation (see the following Section 2.3 for more details).

The second critical velocity we observed, marked by a steep increase in the
drag force, was then associated the with the production of vortex rings by the self-
reconnections of vortex loops pinned on the surface of the oscillator [11,18,40].
The vortex rings would carry momentum and energy away from the oscillator
(thus providing the extra damping), and eventually collide with each other and
form a vortex tangle. However, the drag coefficients observed at this point were
still significantly below those expected in a classical fluid in the same range of
velocities, of order unity, which were also experimentally observed with the same
tuning fork in *He at higher temperatures, see, e.g., Ref. [34] in Appendix Al).
This situation would correspond to a random (unpolarized) tangle of quantized
vortices, lacking any larger structures typical of classical turbulent flow. Finally,
above the third critical velocity, the quantum turbulence started to mimic its clas-
sical counterpart, in the sense that the value of the drag coefficient approached
that observed under similar conditions in a classical fluid (normal helium). This
effect can be explained by large flow structures developing in the wake of the oscil-
lator during each swing, requiring partial polarization of the tangle of quantized
vortices, see again Ref. [39] in Appendix A2 for further details.

2.3 Acoustic Emission by Oscillators in *He

It is a well known fact that any object moving with finite acceleration inside a
compressible fluid will lose energy by emitting sound waves [16]. This, in principle,
introduces an additional dissipation mechanism acting alongside viscous forces or
turbulent drag, but the acoustic contribution is usually sufficiently small to be
neglected in most practical applications. In a statistically steady flow past a given
bluff body, acceleration of the fluid usually occurs only in a (periodic) array of
vortices shed from the boundary layer of said object (Karman vortex street),
as investigated in detail by Strouhal [41], or via turbulent fluctuations [42, 43].
In this case, acoustic emission may usually be neglected, although (ultra-)sonic
investigations of vorticity within turbulent flow have been described [44] and in
common use for some time [45].

However, in oscillatory flows, the situation may be very different. Depending
on the oscillator geometry and frequency, acoustic losses may easily compete with
viscous drag forces, especially in easily compressible fluids such as air or other
gases. At first sight, it may therefore seem surprising to discuss the importance
of acoustic emission in liquid (or superfluid) helium, as liquids are usually consid-
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ered nearly incompressible for most practical purposes. However, the best easily
appreciable quantity characterising the compressibility of a fluid is perhaps the
sound velocity c itself, linked to the inverse adiabatic compressibility via:

0
2= p

_ @ 2.3
. (23)

where p is the fluid pressure, p its density, and the derivative is taken at constant
entropy S, corresponding to the adiabatic propagation of the sound wave. In
liquid and superfluid helium, sound velocity (at saturated vapour pressure) ranges
from 181.6 ms™! at the boiling point (4.2 K) to 238.2 ms™! in the zero temperature
limit [46], which is less than the sound velocity in dry air, ~ 343 ms™! under
ambient conditions. In reality, liquid helium is therefore more compressible than
dry air at room temperature and sound emission is expected to be important.

Indeed, the importance of sound emission as a parasitic effect in investigations
of superfluids and quantum turbulence cannot be understated, since any viscous
drag is markedly suppressed in superfluids, especially as the density of the normal
component drops with decreasing temperature [46]. Ultimately, acoustic emission
may be the dominant dissipative process in the linear regime at very low temper-
atures, determining the sensitivity of any device used to detect the first quantized
vortices appearing at the turbulent instability, see, e.g., Ref. [47] for discussion
of nanomechanical beams in *He.

It is therefore of prime importance to understand acoustic emission due to
the typical sensors used in quantum turbulence research, and develop ways to
eliminate or suppress its effect. Here, we will discuss two types of sensors, namely
the quartz tuning fork, and a suspended beam, and we will limit our discussion
to superfluid *He. The tell-tale sign of acoustic emission, distinguishing it from
viscous damping in experimental data is its steep frequency dependence. While
viscous dissipation Evisc scales with the angular frequency as Evisc x wl/? |27,
34], acoustic damping exhibits much higher exponents, varying from E,e x w?
obtained for an infinitely long oscillating cylinder (acoustic dipole) to F, oc w® for
a longitudinal quadrupolar source small in comparison with the sound wavelength,
such as the tuning fork [48].

Acoustic emission by tuning forks in superfluid helium was first investigated
by us in collaboration with the group from B. Verkin Institute in Kharkiv, and
such a steep frequency dependence of the observed damping was indeed found,
together with highly damped and distorted resonance peaks measured using high
frequency commercial quartz tuning forks, see Ref. [32], Appendix A3. In the
same work, three different models of acoustic emission by tuning forks were de-
veloped and compared favourably with the experimental data, while acoustic
emission by other structures used for quantum turbulence research was discussed
in detail as well. It was also found that the geometry and material of the enclosure
of the oscillator may significantly reduce the observed acoustic damping, due to
the reflection of sound waves, but, on the other hand, might introduce coupling
between the mechanical resonance of the device and acoustic standing waves in
the experimental volume, resulting in a steep increase in the device dissipation
when its resonant frequency is close to one of the acoustic modes.

This investigation led directly to developments in sensor design, as the Lan-
caster University group has manufactured novel types of tuning fork sensors, with



adapted dimensions and resonant frequencies to either suppress or, on the other
hand, study acoustic emission under controlled conditions, with minimum vari-
ation between the individual resonators. Systematic measurements of acoustic
emission by tuning forks was then performed in close collaboration with the Lan-
caster group, see Ref. [33] in Appendix A4, confirming the previously proposed
frequency dependencies predicted for tuning forks in Ref. [32], Appendix A3. It is
worth to mention that as a result of this development, it was the new custom-made
tuning forks that were used to perform the investigations of quantum turbulence
discussed in the previous Sections 2.1 and 2.2, which was crucial for our analysis
and interpretation, allowing us to discount most parasitic effects.

Modern developments in sensor design for superfluid revolve around the use
of nanomechanical devices such as suspended nanobeams. While these devices
are much smaller in size than any sensors used previously, their frequencies are
significantly higher, often in the MHz range. Given their nature as acoustic dipo-
lar sources, they exhibit a less steep frequency dependence than tuning forks,
and we expect E, o w? if the beam is much longer than the wavelength at its
frequency, or E,. o w? in the opposite limiting case. Carefully designing the nan-
odevice geometry is of paramount importance, as demonstrated recently by the
Lancaster group, which reported acoustic dissipation as the dominant dissipation
mechanism at millikelvin temperatures in superfluid “He for their nanobeams res-
onating at MHz frequencies [47]. It is no surprise that nanomechanical devices of
different geometries are already being developed, bringing the resonant frequency
down to the kHz range [49].

Apart from the ordinary sound mode (a density wave, termed “first sound”
in connection with superfluids), other sound modes exist in superfluid *He, such
as a temperature wave (“second sound”), sound waves on a thin thin film of
helium accompanied by quantum evaporation (“third sound”), or a wave of both
density and temperature propagating in narrow, microscopically constricted areas
(“fourth sound”). These are to a large extent irrelevant to the description of energy
dissipation in oscillatory flows, perhaps with the exception of second sound, which
may be generated at double the frequency of oscillation due to heating of the fluid
and the oscillator surface caused by friction forces. While coupling to second
sound resonances has already been reported [50], no evaluation of the related
drag force due to second sound emission has been made and it remains to be seen
whether this effect contributes to the total damping in an appreciable manner.

Another topic for future research in this area is the effect of acoustic emission
in the superfluid phases of *He, as different sound modes exist (apart from first
sound) in the fermionic superfluid than in the bosonic *He. At the moment of
writing of this Thesis, the Prague Superfluidity group is submitting a proposal to
the European Microkelvin Platform [51] to perform such investigations in *He-B
together with our partners from Lancaster University.

2.4 Andreev Reflection of Excitations in *He-B

The rare isotope 3He is a fermionic system and undergoes the superfluid tran-
sition at a significantly lower temperature than *He; its critical temperature T¢
varies between 1 and 2 mK depending on the pressure. It has several superfluid
phases, which occupy different parts of the phase diagram depending not only on
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temperature and pressure, but also on the magnetic field, as *He atoms have a
nuclear spin of 1/2 and a corresponding magnetic moment. Additionally, unlike
electrons in superconductors, the Cooper pairs formed by 3He atoms during the
superfluid transition have a total spin of 1 (triplet state), and an angular momen-
tum of 1 (p-wave pairing), as well. Hence, simply put, the physical description
of superfluid ®He is much richer and much more complex than that of *He, and
is governed by spatial textures of parameters describing the orientation of the
angular momentum and spin vectors. An introduction to the superfluidity in He
can be found, e.g., in Ref. [3].

The superfluid B phase (denoted 3He-B) exists preferentially at low magnetic
fields and low temperatures, and may be viewed as the closest to superfluid *He.
It has an isotropic bandgap separating the ground state of the Cooper pairs of 3He
atoms from excitation bands, which have sharp minima at the Fermi momentum.
Like in superfluid *He, a normal and a superfluid component may be postulated,
with the normal component consisting of these thermal excitations. However,
it is worth to point out that in 3He-B, given its bandgap, the concentration of
thermal excitations depends approximately exponentially on the temperature.
Hence at low temperatures, the normal component becomes so dilute that it can
be described as ballistically propagating thermal excitations [3]. Moreover, any
device sensitive to momentum and energy exchange with the excitations may act,
once calibrated, as an excellent thermometer. Historically, vibrating wires and
tuning forks have been used for this purpose with outstanding performance [26,
52].

The existence of the sharp minima in the dispersion relation of the excita-
tions has a profound consequence — a retro-reflection process becomes possible
on defects within the superfluid, or even on gradients of the superfluid velocity
field, in which the excitations exchange (practically) zero momentum with their
surroundings. This is fully analogical to the reflection first described by Andreev
in superconductors [53|, and hence the same term is used to describe the pro-
cess in superfluid *He. Andreev reflection of thermal excitations may occur |54],
for example, in the close vicinity of quantized vortices (in 3He the quantum of
circulation is k3 = h/(2mg3), where 2mg is the mass of the Cooper pair). In conse-
quence, quantized vortices may partially shield a given volume from an excitation
flux coming from the surroundings, limiting the net heat transfer, an effect which

is easily measured using sensitive thermometers, such as wires or quartz tuning
forks.

Therefore, an experimental study of this phenomenon, with the idea to ex-
ploit this property for measuring the density of quantized vortices in *He-B, was
proposed together with the Helsinki low temperature group. To create a defined
arrangement of quantized vortices, their rotating cryostat was used, capable of
reaching angular velocities of 3 rad s™!. Under suitable driving conditions, an
equilibrium triangular grid of quantized vortices formed below the cell, and the
thermalization time of a volume containing two tuning forks could be measured
as a function of the angular velocity of rotation (corresponding to the density
of quantized vortices). Of the two tuning forks, one was used as a heater (os-
cillating at high drives), and the other as a thermometer (at low drives). The
results showed a dependence of the heat flux through the orifice of the cell on
the angular velocity of rotation, as the heat flux was modified due to Andreev
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reflection of thermal excitations on the array of quantized vortices below the cell.
As expected, the change due to Andreev reflection was found to be linear with the
density of quantized vortices until a certain value, above which screening effects
became noticeable. For details, see the full Ref. [55] in Appendix Ab.

This measurement formed the basis for further development, as it laid down
the proof-of-principle for a quantized vortex imaging device, a “thermal excita-
tion camera”. Indeed, such a device was later developed at Lancaster Universi-
ty |56, 57], utilizing a 5x5 array of sensitive custom-made tuning forks, and its
basic functionality was successfully demonstrated. Future plans involve replacing
tuning forks with a multiplexed nanomechanical beam array, increasing substan-
tially the spatial resolution and sensitivity of such a new imaging device.
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3. Thermal Convection in
Two-Phase Cryogenic Helium

3.1 Motivation

Convective flows widely occur as part of many natural phenomena, e.g., Earth’s
atmosphere, the Sun’s convective zone, or within other types of stars. Addi-
tionally, they have significant practical importance in everyday applications such
as ventilation and air conditioning, or in industrial heat exchangers. A mod-
el system that can be easily studied in laboratory conditions is Rayleigh-Bénard
convection [58], when the heat transfer is measured between two typically circular
plates separated by a vertical gap of size H in the gravitational field g. The space
between the plates is filled with the working fluid of density p. The most impor-
tant parameter determining the properties of the convective flow is the Rayleigh
number, Ra = BpH3gAT/(va), where 3 is the volume expansion coefficient, AT
the temperature difference between the two plates, v the kinematic viscosity and
« the thermal diffusivity of the fluid.

Cryogenic helium vapour is an excellent medium for the studies of thermal
convection [59,60], as it offers extremely low values of both kinematic viscosity
and thermal diffusivity, especially near the critical point at T ~ 5.2 K, p ~
2.26 bar [61,62]. Hence a relatively small setup with cryogenic helium allows
reaching the same values of the control parameter Ra as a large installation using
water or air. For this reason, the Prague group established collaboration with
the Institute of Scientific Instrumentation in Brno, where such a setup [63]| has
been constructed.

3.2 Temperature Inversion and Precipitation in
Two-Phase Convection

Here we will limit our discussion to a specific type of convective flow, where two
phases of the same working fluid are present in the convection cell simultaneously.
In our case, we will discuss two such systems, the first consisting of normal liquid
helium and helium vapour (L/V system), while in the second the normal liquid
phase has been replaced by the superfluid (S/V system). The details may be
found in the Refs. |64, 65] attached in Appendices A6 and A7.

The convection setup [63| is operated in such a manner, that the bottom
plate (made of high conductivity copper) is heated by a uniformly distributed
resistive heater, to produce an elevated temperature compared to the top plate,
which is cooled by a thermal link (via a separate heat exchanger chamber filled
with helium vapour) to the liquid helium bath. In all standard Rayleigh-Bénard
convection experiments, the temperature difference AT = Ty — T, where Ty
and T stand for the temperatures of the bottom and top plates, respectively, is
positive, as expected from the heating/cooling arrangement of the two plates.

Surprisingly, during the two-phase convection experiments with the L/V sys-
tem, a temperature inversion with respect to the direction of the heat flux was
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observed, with the (heated) bottom plate showing a lower temperature than the
(cooled) top plate, that is a negative AT. In other words, this corresponds to a
heat flux from a colder body (bottom plate) to a hotter one (top plate). This
effect appeared some time after the heater in the bottom plate was turned on,
and lasted while there was liquid inside the cell. After checking for instrumental
effects, an explanation needed to be found for this phenomenon, which might at
the first sight seem to defy the laws of thermodynamics.

First of all, let us explain that the laws of thermodynamics are not broken in
this system, as the traditional notion that heat flows from the hotter body to the
colder one only applies to closed systems. In our case, heat enters and leaves the
convection cell; we are therefore dealing with an open system. Nonetheless, the
observed phenomenon posed an interesting challenge, with possible connections to
atmospheric physics, and clearly deserved a detailed explanation. In short, it was
found that nucleate boiling occurring at the lower plate can lead to bypassing the
liquid phase as a thermal reservoir, carrying a part of the supplied heat directly
to the vapour phase and hence to the top plate, while the lower plate remains
cooled by the liquid. A detailed computer simulation of the thermodynamics
of this system was performed, and a good agreement with experimental results
was found. Both experimental and numerical results are described in detail in
Ref. |64], Appendix AG.

The hypothesis of nucleate boiling being responsible for the temperature in-
version was further tested experimentally in the S/V system, where, due to the
extremely high heat conductivity of the superfluid phase (exceeding that of nor-
mal liquid helium ~ 3 x 10° times), nucleate boiling is completely suppressed, as
no hot spots for preferential bubble nucleation exist. Indeed, no temperature in-
version was observed while the liquid helium was in superfluid state, but once the
temperature was raised above the superfluid transition, the temperature inversion
was recovered, see Ref. [65], Appendix A7.

As a point of interest, we mention that inside the 30 cm tall convection cell,
condensation of helium vapour on the top plate caused a precipitation, a form of
“helium rain”, observed as extremely high “noise” on thermometers placed inside
the cell volume within the vapour phase that were not in contact with any sur-
faces. The temperature readings exhibited rapid departures towards the value of
the top plate temperature and back to the vapour temperature as the liquid he-
lium droplets hit the thermometer or its leads, see again Ref. [64], Appendix A6.
This observation brings hope that such a laboratory system, or a similar one
containing more than one working fluid, could indeed be used in the future to
model specific aspects of weather formation in the Earth’s atmosphere.
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4. Continuous Nuclear
Demagnetization Refrigeration

In this Chapter we will discuss the predominantly technical development of a
novel type of refrigerator capable of continually maintaining temperatures be-
low 1 mK. This development was started during the author’s post-doctoral stay
at the Institut Néel in Grenoble, France, and to this day remains an active av-
enue of collaboration between the author and the Grenoble group. The author
contributed to this effort on both the physics level and the technical level. The
scientific contributions include mainly devising and performing numerical simula-
tions of the thermodynamics of the chosen nuclear refrigerant (PrNis) and of the
overall performance of the CNDR. The technical contributions include designing
a platform for measurements of small (nQ2) resistances of high purity metals at
low temperatures, performing said measurements in order to optimize the treat-
ment of metals, helping to design the magnetic shielding for the superconducting
solenoid, performing vibration measurements on the dilution refrigerator, mea-
suring thermal conductances of aluminium heat switches as well as evaluating the
thermal performance of a testing nuclear stage and the newly developed compact
superconducting magnet.

As some specific technical details remain the intellectual property of the In-
stitut Néel and cannot be published at this point, the reader is kindly asked
to make their own qualified judgment of these specific aspects of development —
most notably the material preparation techniques needed to obtain sufficiently
low thermal resistances for the heat switches and linking elements. Nevertheless,
a significant part of the work discussed here has already been published [66-68]
and is included in Appendices A8, A9, and A10 for convenience.

4.1 Motivation

Experimental investigations in low temperature physics would not be possible
without the technology necessary to reach and accurately measure low tempera-
tures. At the beginning of low temperature physics stands the event of the first
liquefaction of helium [69], accomplished by H. K Onnes in Leiden in 1908. As the
technology progressed, lower temperatures became available and new phenomena
were gradually discovered, e.g., superfluidity of *He [70, 71], the fermionic su-
perfluid *He [72], and more recently topological superfluid phases of *He under
nanoscale confinement [4, 5].

Today, the most powerful refrigerators are based on dilution refrigeration sys-
tems, precooled either with liquid helium or a pulse tube cooler. The dilution
refrigerator alone reaches temperatures of order units of millikelvins (typically
between 5 and 10 mK). This base temperature then becomes a starting point for
further refrigeration using either the Pomeranchuk effect in *He, or more com-
monly, nuclear demagnetization techniques [73]. The principle of operation of
a nuclear demagnetization refrigerator is relatively simple. A suitable nuclear
refrigerant is chosen — a material with nonzero nuclear spin and favourable ther-
mal and magnetic properties, typical examples include copper and PrNis. Such
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a material fashioned into a nuclear stage, which is then precooled by the dilution
refrigerator to millikelvin temperatures while in a large external magnetic field
of several tesla, necessary to align the nuclear magnetic moments and remove
additional entropy from the system. The nuclear stage is then thermally decou-
pled from the dilution refrigerator, usually by means of a superconducting heat
switch, and upon reduction of the external magnetic field, produces additional
cooling, as the magnetic moments lose their alignment and absorb energy from
their surroundings to increase their entropy [73].

The final temperature is determined by the material of choice, the initial
temperature, the initial and final values of the magnetic field and the external
heat leak into the nuclear stage. However, once the magnetic field is reduced to
its final value, no further cooling is possible and the entire setup slowly warms up
at the rate determined by the heat leak and the heat capacity of the nuclear stage.
Copper stages can produce temperatures below 100 pK, with carefully designed
double stage setups reaching the record values of units of uK [74]. However, they
do not retain these temperatures for a very long time — usually approximately
one or a few days below 0.5 mK are possible. PrNi; stages cannot reach such low
temperatures, due to spontaneous ordering of the nuclear spins close to 0.4 mK,
however, have a much higher heat capacity and thus perform better under more
severe heat loads. They typically allow remaining near 1 mK for approximately
one week, depending on the external heat leak [73].

As thermalization times for non-conducting materials (say, silicon chips with
nanomechanical or optomechanical devices) diverge as one approaches absolute
zero [73|, the experimental time scales offered by present demagnetization se-
tups have become insufficient. With such devices, thermal decoupling is rou-
tinely observed already above the millikelvin level (see Ref. [67], Appendix A10
as a broad example). To advance ultra-low temperature research, it is therefore
of prime interest to design and construct a refrigerator capable of maintaining
sub-millikelvin temperatures indefinitely, a Continuous Nuclear Demagnetization
Refrigerator (CNDR).

4.2 Design and Development

To ensure that CNDR setups would see a widespread use, it is necessary to de-
velop them for the most widely used type of dilution refrigerator — cryogen free
system precooled by a pulse tube cooler. This brings additional challenges, as
the external heat leak will necessarily contain contributions from the vibrations of
the dilution refrigerator, which always remains weakly coupled to the pulse tube
motor, despite significant efforts to suppress the transfer of vibrations. Prac-
tically, two main designs of the CNDR may be considered — the parallel and
the serial configuration of two independent demagnetization stages connected via
superconducting heat switches. The performance of the CNDR, and the mini-
mum temperature it will be able to maintain will be ultimately determined by
the design choices and by the quality of the thermal links in critical parts of the
setup. As two independent demagnetization stages, each with its own dedicated
superconducting solenoid, have to be fitted to a single dilution refrigerator, com-
pactness and magnetic shielding represent important issues as well. We note that
for electronic demagnetization refrigeration at slightly higher temperatures, the

16



parallel design seems to be the better choice in terms of raw cooling power, while
the series design provides a much better final temperature stability [75].

The first design decision to be made is the choice of the nuclear refrigerant.
In the end, PrNi; was chosen, due to its large heat capacity (and cooling power)
per unit volume [73], and lower initial magnetic fields required, allowing us to
downscale the superconducting solenoids (together with their 8 mm thick soft iron
shielding) to a cylinder of diameter 54 mm and height 142 mm, while allowing for
a maximum magnetic field of 2.5 T in the bore of diameter 22 mm. The solenoid
design will be published once in final form.

To better understand the limitations of both serial and parallel versions of
CNDR, numerical simulations have been performed, modeling the behaviour of
the nuclear refrigerant, and the heat transfer through all the connecting ele-
ments including silver/copper wires and aluminium heat switches. In this task,
modeling the thermodynamics of PrNis was particularly challenging, because a
straightforward implementation of the paramagnetic model does not describe the
spontaneous ordering of spins at 0.4 mK. Using the Ising model with the interac-
tion between the spins described by an effective field does not improve the results
sufficiently, and in the end an empirical approach had to be used. The paramag-
netic model was artificially modified in such a way as to obtain good agreement
with experimental data on PrNi; near the ordering temperature, while maintain-
ing the valid paramagnetic description at higher temperatures.

The main results of the simulations are presented in Ref. [66], Appendix A8
in the form of dependence of the final temperature (the maximum temperature
during a stable cycle of the CNDR) on the external heat leak imposed on the
sample space. It is clearly shown that the serial CNDR requires an extremely
low thermal resistance of the second heat switch and attached wires connecting
to both demagnetization stages. Using the Wiedemann-Franz law, the thermal
resistance has to fall below the equivalent electrical resistance of 150 n€2 in order
to be able to maintain temperatures below 1 mK under a moderate heat leak
of 20 nW (expected on a dry dilution refrigerator). While the parallel design
partly lifts this stringent requirement, see Fig. 4.1, very low thermal resistances
of the two heat switches (and attached wires) connecting to the sample space
are still necessary, with values close to 500 nf) needed under the same condi-
tions. This comes, however, at the cost of dealing with a more complex system —
four superconducting heat switches are required instead of two used in the serial
design.

The requirements for extremely low thermal resistance (in both design ver-
sions) mean that both bulk resistivity and interfacial contact resistances have to
be minimised for any materials used. To this end, systematic measurements of
high purity metals were undertaken and, eventually, sufficient values of the RRR
(residual resistivity ratio) were obtained for particular treatments of 6N alumini-
um (heat switch material) and 5N copper (linking elements in the form of wires).
Since typical resistances of order 100 n{) were reported previously for pressed
contacts [76], we devoted additional effort to optimizing them as well, and we
found significant reduction in copper-aluminium pressed contact resistance us-
ing a specific preparation technique, which partly breaks the oxide layer on the
aluminium and allows reaching contact resistances as low as 13 n{2 on an area
~3 cm?. The resistance was found to be stable on the time scale of one month.
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Figure 4.1: New, so far unpublished results on the final temperature versus heat
leak for the parallel CNDR at the resistances of the thermal links, consisting of a
heat switch and connecting wires, as indicated. Compare with Fig. 4 in Ref. [66],
Appendix A8. The parallel CNDR allows reaching temperatures near 1 mK even
with a resistance of the heat switch (and links) close to 500 nf2.

The techniques used and the resistance measurements will be published in due
course.

Additional efforts were devoted also to measuring the vibration levels on a
pulse tube cooled dilution refrigerator in an effort to find adjustments and modi-
fications which may suppress the associated heat leak. The results are published
in Ref. [68], Appendix A9. Significant thought was also given to design and man-
ufacture of the superconducting solenoid, its soft iron shield, and suitable thermal
anchoring. The properties of the magnet have already been validated experimen-
tally, and specific suggestions towards powering and filtering the magnet leads
have been implemented.

At the time of writing this Thesis, the design and material preparation is-
sues have been mostly dealt with, and what remains to be done is the actual
construction and thorough evaluation of the performance of a two stage setup in
parallel and/or serial configuration. Additional issues that will likely have to be
addressed include an improvement of thermal shielding of the entire CNDR, setup
and possibly a better thermalization of the solenoids. At this stage we hope to
complete all tests within the year 2020.
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Appendix Al

D. Schmoranzer, M. J. Jackson, S. Midlik, M. Skyba, J. Bahyl, T. Skokankova,
V. Tsepelin, L. Skrbek, Dynamical similarity and instabilities in high-Stokes-
number oscillatory flows of superfluid helium, Phys. Rev. B 99, 054511 (2019),
DOT: 10.1103/PhysRevB.99.054511.

This publication represents the culmination of a long term effort and summa-
rizes the results of multiple experiments performed in the Prague Superfluidity
Laboratory on the dissipation in high-Stokes-number oscillatory flows. The main
result is the derivation and experimental confirmation of the Universal scaling
relation obtained for the drag force originating from the normal component of su-
perfluid helium in the laminar regime, at low velocity amplitudes. It is shown that
the linear viscous drag force can be described by a single dimensionless parameter
— the Donnelly number, which, moreover, fully determines the flow due to most
oscillators used in our work (specifically, if their surface contains sharp corners
or has roughness significant in comparison to the viscous penetration depth).

Additionally, the transition to turbulent drag in oscillatory flows around vi-
brating wires, tuning forks, double-paddle oscillators and a torsionally oscillating
disc is analysed, with the aim to discriminate between turbulence triggered by a
classical-like instability in the normal component or a Donnelly-Glaberson type
instability in the superfluid component. It is shown experimentally that depend-
ing on the temperature and the geometry of the oscillator, either type of insta-
bility may occur first and we demonstrate their crossover due to the temperature
dependence of the viscosity of the normal component.

Additional results include, for example, the correction of the theoretical de-
scription of the vibrating wire resonator (in previous work, the electrical and
mechanical descriptions were not equivalent in terms of dissipated power). An-
other interesting aspect presented here for the first time is the excellent agreement
between a numerical model for the forces acting on a rectangular beam (a tun-
ing fork) and actual experimental data, with the error below 2%. This level
of agreement is possible only thanks to careful lithographic preparation of the
custom-made tuning forks, limiting their surface roughness to sub-micron scales,
as well as advanced design aimed at minimizing losses due to acoustic emission.

DS contributed to this work on many different levels, as he was present for
most of the experimental work and at the same time was the true driving force
behind the derivation of the Universal scaling law and the interpretation of the
turbulent instabilities. He was also solely responsible for the additional results
discussed above as well as for writing the majority of the manuscript. The contri-
butions of other co-authors are also very significant: MJJ took charge of several
experiments with tuning forks and vibrating wires and of the subsequent data
analysis, and helped with the preparation of the manuscript; SM was involved
in the vibrating wire experiments; MS was in charge of the last series of mea-
surements of the torsionally oscillating disc; JB performed the bulk of the mea-
surements using custom-made tuning forks, TS was responsible for all torsional
disc experiments (the last run together with MS), VT has kindly provided the
custom-made tuning forks and helped with the preparation of the manuscript, as
did LS, who offered his advice throughout the process.
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Appendix A2

D. Schmoranzer, M. J. Jackson, V. Tsepelin, M. Poole, A. J. Woods, M. éloveéko,
L. Skrbek, Multiple critical velocities in oscillatory flow of superfluid 4He due
to quartz tuning forks, Phys. Rev. B 94, 214503 (2016), DOIL: 10.1103/Phys-
RevB.94.214503.

In this work, we have investigated in detail the transition to turbulence in
oscillatory flow of superfluid 4He due to quartz tuning forks, with emphasis on the
behaviour of pure superfluid in the zero temperature limit. Measurements were
performed partly in Prague and partly in Lancaster, focusing on the drag forces
acting on two custom-made quartz tuning forks with fundamental resonances at
6.5 kHz and 55.5 kHz.

The main result presented here for the first time is the fact that in pure
superfluid in the zero temperature limit, three distinct critical velocities of hy-
drodynamic origin were observed with both tuning forks. Moreover, the same
results were observed in two different laboratories, ensuring the reproducibility
of the effect.

The first critical velocity was associated with the growth and spreading of
quantized vortex loops on the surface of the given oscillator, in partial agreement
with previous work. Unlike some of the previous works we have seen no increase
of the drag force at the first critical velocity, only a shift of the resonant frequency
due to the additional hydrodynamic enhancement of the oscillator mass caused
by the newly created vortex loops. In our previous work with tuning forks, this
first critical velocity would have been missed, as we have used commercial tuning
forks of worse quality and were limited to temperatures above 1 K, where it would
be extremely difficult to observe.

At the second critical velocity, the drag coefficient (convenient non-dimensional
representation of the drag force) increases sharply, marking the onset of extra
energy dissipation due to quantum turbulence. Based upon comparison with pre-
vious work and order of magnitude estimates of both the critical velocity for the
Donnelly-Glaberson instability and of the resulting vortex line density, we con-
jecture that this is due to vortex rings being emitted by the tuning fork, which
later collide and form a tangle.

After the instability occurs at the second critical velocity and bulk quantum
turbulence is produced, the drag coefficients remain still at least an order of mag-
nitude below the levels observed with the same tuning forks in normal helium (or
even in superfluid helium at sufficiently high temperatures above 1 K). The hy-
drodynamic explanation is that at this point, no large structures have developed
in the wake of the tuning fork, which would appreciably change the flow field and
hence the pressure drag. In this sense, quantum turbulence (between the second
and third critical velocities) differs significantly from its classical counterpart,
where such large scale vortical structures accompany the instability. However,
above the third critical velocity, the observed drag coefficients start to shift to-
wards the values found in classical fluids and we are hence left to conclude that
polarization finally develops within the vortex tangle and, on length scales larger
than the intervortex distance, quantum turbulence finally starts to mimic the
classical one.
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The Prague experiments were designed and performed jointly by DS and MJJ,
while in Lancaster, it was MP, MC and AJW who took the data. The initial
version of the manuscript was prepared by MJJ, later reviewed by DS who, after
processing all the data, added the full discussion of the three critical velocities
and, at the suggestion of LS, incorporated the comparison with previous work.
DS has also made the order of magnitude estimates in Appendix B, as requested
by one of the reviewers prior to publication. VT has provided the custom-made
tuning forks and, together with his co-workers, contributed the Lancaster data.
Both VT and LS have helped with the writing of the manuscript.
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Appendix A3

D. Schmoranzer, M. La Mantia, G. Sheshin, I. Gritsenko, A. Zadorozhko, M. Rot-
ter, L. Skrbek, Acoustic emission by quartz tuning forks and other oscillating
structures in cryogenic 4He fluids, J. Low Temp. Phys. 161, 317-344 (2011),
DOT: 10.1007/s10909-011-0353-1.

This publication represents the first experimental proof and a systematic the-
oretical description of acoustic emission by oscillators is superfluid helium, with
focus on tuning forks. The motivation for this work was to explain effects ob-
served with these sensitive oscillators that do not fit into the behaviour expected
due to viscous drag or ballistic phonon drag at lower temperatures (below 0.6 K).
These observations include spurious temporal variations of the resonant linewidth
obtained at low drives Af, which ought to be fully determined by the applicable
viscous or ballistic drag forces. Further effects include slight changes in the scal-
ing of the drag coefficient when the drive is ramped towards the critical value,
sometimes resulting in the increase of the drag force, other times decreasing it
for no obvious reason.

First it was found that when using tuning forks of significantly higher res-
onance frequencies than before, their resonance curves obtained in helium gas,
liquid or superfluid phases no longer conform to a single Lorentzian peak, but
instead, multiple distorted peaks appear. Furthermore, the frequency scaling of
the observed damping, expressed in terms of Af, did not follow the expectations
for viscous drag Af o< f1/2. Instead, a much steeper power law dependence was
observed, with the exponent between 5 and 6. Note that at lower temperatures,
the ballistic drag is expected to be frequency-independent.

This result prompted further work, and additional experiments were per-
formed in Prague and Kharkiv (Ukraine) to elucidate this effect. Simultaneously,
three theoretical models of acoustic emission by tuning forks were worked out,
including both two- and three-dimensional treatments which may be considered
as limiting cases, depending on the ratio of the sound wavelength to the length
of the tines of the tuning fork. In the three-dimensional case, the tuning fork was
modeled as a linear acoustic quadrupole. In one of the two-dimensional models,
the same approach is used, while in the other, the fork is treated as two par-
allel (infinitely long) cylinders oscillating in anti-phase. The models compared
favourably with the experiments, once acoustic resonances of the experimental
volume and sound reflection on solid walls were taken into account, but the results
were insufficient to reliably distinguish which model works best.

Further proof linking the observations with acoustic emission was given by
measuring the same resonant spectra under different conditions (temperature,
pressure), if the sound velocity was constant. Additionally, an avoided level
crossing with an acoustic resonance of the cell was demonstrated when measur-
ing the tuning fork in helium gas. As the acoustic damping also depends steeply
on the sound velocity, ¢, with Af oc ¢7° in the three-dimensional model of acous-
tic emission the same scenario could also be independently confirmed by vary-
ing the pressure inside the experimental cell between saturated vapour pressure
(¢ ~ 240 ms™1) and 24 bar (approaching the solidification pressure of ~25 bar).
Indeed, at high pressure acoustic damping was significantly suppressed and the
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dissipation was dominated by viscous drag under all conditions except where the
acoustic contribution was enhanced by resonances within the experimental cell.

Finally, acoustic emission produced by other types of oscillators used pre-
viously in quantum turbulence research is discussed, such as oscillating spheres,
vibrating wires, oscillating grids, or micromechanical systems. Simple suggestions
are offered to help suppress acoustic damping in experiments with superfluid he-
lium. This work has had profound impact on the future design and production of
sensors for quantum turbulence research, as is demonstrated, e.g., in the follow-
ing publication in Appendix A4, where custom-designed tuning fork arrays are
tested, or in a more recent work on nanomechanical systems.

The Prague experiments were performed jointly by DS and MLM (and both
took part in analysing the data), while the Kharkiv data were contributed by GS,
IG, and AZ. MR helped with the preparation of the experimental setup, and both
MLM and LS offered their advice and suggestions during the preparation of the
manuscript. The initial idea and the mathematical models of acoustic emission
are due to DS, who was also responsible for writing the manuscript.
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Appendix A4

D. L. Bradley, M. éloveéko7 S. N. Fisher, D. Garg, E. Guise, R. P. Haley, O. Kolosov,
G. R. Pickett, V. Tsepelin, D. Schmoranzer, L. Skrbek, Crossover from hydro-
dynamic to acoustic drag on quartz tuning forks in normal and superfluid 4He,
Phys. Rev. B 85, 014501 (2012), DOI: 10.1103/PhysRevB.85.014501.

This experimental part of this work originates predominantly from the Lan-
caster low temperature laboratory, and deals with the measurements performed
with custom-designed tuning forks, of which several series were produced in order
to either suppress, or study in greater detail the acoustic emission discussed in
the previous publication in Appendix A3.

The series of the new tuning forks had a uniform cross-sections of their tines
(90 x 75 pum?), much smaller than commercial forks, which typically have several
hundred micrometers in either direction. On the other hand, the tine length
was varied to obtain different fundamental resonant frequencies, ranging between
6 kHz (low frequency designed to suppress acoustic effects) to 36 kHz. This time,
the measurements were not restricted to the tuning fork fundamental resonances,
in addition, the first overtone (second resonant mode) frequencies ranging from
40 kHz to 223 kHz were used as well. The surface of the new tuning forks was
also of significantly better quality, with typical roughness on the scale of 1 um,
whereas commercial tuning forks usually had roughness at least one order of
magnitude higher.

After the motion of the tuning forks was calibrated by both electrical and
independent optical means, experiments in superfluid helium were performed.
The results have shown a clear cross-over between viscous and acoustic damping,
occurring near 150 kHz for the tuning forks used. In was also shown that the
three-dimensional model of acoustic emission proposed in the previous publication
in Appendix A3 agrees better with the results better than the two-dimensional
models.

On the practical level, the results obtained at 1.5 K showed that if these tuning
forks with frequencies below 40 kHz are used, acoustic emission will represent less
than 1% of the total energy dissipation. As in superfluid “He the viscous drag
reduces with falling temperature, and eventually becomes the phonon ballistic
drag below 0.6 K, scaling with the temperature as 7%, the threshold frequency
will have to be reduced if measurements are performed at very low temperatures
of order 10 mK. This led naturally to the selection of the lowest frequency (6 kHz)
tuning forks as the most sensitive probes of quantum turbulence, which were sub-
sequently used to obtain the data in the publications in Appendices A1 and A2.

While most of the work was performed by our colleagues from Lancaster
University (with LS taking part in some of the experiments), DS contributed by
modifying the models of acoustic emission to describe the series of tuning forks
of equal cross-section in simpler terms, and by working out the full mechanical
model of the tine of the tuning fork. This model was based on the full dynamical
treatment of the Euler-Bernoulli equation, and is presented in the Appendix,
written mostly by DS, with the most important results shown in the main text.
The fundamental result of this model is the value of the effective mass of the
tine given as meg = 1/4p, W L, where p, is the density of quartz and T, W,
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L are the thickness, width and length of the tine, respectively. Importantly,
it was shown that mes remains constant for any resonant mode of the tuning
fork, while the effective spring constant changes, following k.q = meﬁwi, with w,
denoting the angular frequency corresponding to the n-th resonant mode. This
differs significantly from the static approach used in previous work, which had
assumed a fixed spring constant derived from the static deflection of the Euler-
Bernoulli beam kg = EWT?3/(4L3), where E is Young’s modulus of quartz.
This had resulted in a less precise effective mass given as mgf) = 0.2427p,TW L

for the first (fundamental) resonant mode and m,(jf) = 0.00618p,TW L for the
second mode. While the static approach had worked reasonably well for the
fundamental resonance, it would have failed catastrophically if used to describe
any of the the higher resonant modes, such as the overtone used in this work.
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Appendix A5

J. J. Hosio, V. B. Eltsov, R. de Graaf, M. Krusius, J. Mékinen, D. Schmoranzer,
Propagation of Thermal Excitations in a Cluster of Vortices in Superfluid 3He-B,
Phys. Rev. B 84, 224501 (2011), DOIL: 10.1103/PhysRevB.84.224501.

This publication is based on the author’s two visits in the Low Temperature
Laboratory at Aalto University in Helsinki, and represents the initial study and
validation of the Andreev reflection technique [54|, which may be used, under
certain conditions, to quantify the amount of vortex lines in a given sample of
superfluid *He-B.

To verify this rather special measurement technique, a well-known configura-
tion of quantized vortices had to be used, such as a rectilinear array of vortices,
which represents the equilibrium state under steady rotation of the cryostat. In-
deed, providing steady rotation up to several rad s~!, while maintaining sub-mK
temperatures using a dilution refrigerator fitted with a demagnetization stage,
represents a considerable technical challenge, hence the choice of the Helsinki
rotating cryostat for this work.

As Andreev reflection of thermal excitations by quantized vortices effective-
ly limits the heat flux between two volumes in the same sample of helium, the
experimental arrangement was such that a small quartz-glass cell with two sepa-
rate volumes was inserted into the sample volume filled with *He-B. The volumes
were separated from each other and from the sample space by small orifices, of
the order of hundreds of microns in diameter. These tiny orifices prevented the
penetration of quantized vortices filling the sample space into the cell itself. One
of the two compartments within the cell (“fork volume”) contained two tuning
fork oscillators and was connected directly to the sample space. The second com-
partment (“NMR volume”) was only connected to the fork volume, and was used
for nuclear magnetic resonance measurements of the 3He-B sample, which may
reveal information on the textures of the order parameter, or detect quantized
vortices, should any reach the interior of the cell.

The measurements consisted of closely monitoring the temperature of the
first compartment, using one of the two tuning forks as a sensitive thermometer
(operated at low drive, capable of resolving 0.2 uK on the background of =~
500 pK), while the other was used as a heater (at high drive). Upon switching
the heater fork on/off, the temperature of the fork volume changed, with separate
thermal relaxation processes occurring: i) between the fork volume and the NMR
volume, and ii) between the fork volume and the sample space. While the former
process was rather fast (due to the larger orifice between the two parts of the
cell and the rather small NMR volume), the relaxation to the sample space took
significantly longer and was the main process studied.

With the entire cryostat under rotation, thermal relaxation was monitored
carefully using the thermometer tuning fork. The observed change in the ther-
mal resistance of the orifice was found to depend linearly on the angular velocity
of rotation. Simultaneously, numerical simulations of thermal excitation propa-
gation in an array of quantized vortices were performed, taking into account the
process of Andreev reflection. Good quantitative agreement was found between
the experiment and the simulations, with the experimental reflection coefficient
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slightly below the calculated one. Unfortunately, the noise in the experimental
data precluded a firm conclusion as to whether screening effects were observed,
which the simulation had shown reliably.

Most of the work was performed by our colleagues from Helsinki, but DS con-
tributed to the preparation of the experimental cell (quartz glass, inner surface
chemically polished to provide a smooth surface with roughness below 100 nm), its
installation on the cryostat, and performed the analysis of the thermal relaxation
processes using Matlab code. DS was also partly responsible for the pre-selection
and preparation of the tuning fork resonators, as well as for experimental da-
ta acquisition, under the supervision and with the help of the members of the
Helsinki Low Temperature Laboratory. Numerical simulations were performed
independently by JM.
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Appendix A6

P. Urban, D. Schmoranzer, P. Hanzelka, K. R. Sreenivasan, L. Skrbek, Anoma-
lous heat transport and condensation in convection of cryogenic helium, Proc.
Nat. Acad. Sci. USA 110, 8036 (2013), DOIL: 10.1073/pnas.1303996110.

In this work, heat flux against the temperature gradient in a Rayleigh-Bénard
convection cell filled with liquid and gaseous helium was reported and analysed.
The experimental cell, consisting of two highly conductive copper plates brazed to
thin stainless steel walls, was made at the Institute of Scientific Instrumentation
in Brno, CZ, and the experimental part of the work was performed there.

The cell was fitted with thermometers in the top and bottom plates, as well
as additional four suspended thermometers located approximately in the middle
of its height. At the beginning of the experiment, the liquid level was approx-
imately in the middle of the cell. We had, therefore, independent temperature
measurements from both plates as well as the liquid and vapour phases of helium.
If the resistive heater in the bottom plate was switched on (at a moderate power
of 2 W) and kept on for several minutes, the top plate, which is in fact cooled via
a heat exchanger from the liquid helium bath, became hotter than the bottom
plate. This effect was reproducible and lasted while there was a sufficient amount
of liquid left in the cell.

This counter-intuitive and seemingly puzzling result is best understood in
the framework of a simple thermal model, where the thermodynamic system
(the entire cell) is divided into four sub-systems: the two plates, helium vapour
and liquid helium. Each of the sub-systems is assumed in local thermodynamic
equilibrium with a well defined temperature and the pressure is assumed constant
in the entire cell (neglecting small variations due to hydrostatic and hydrodynamic
effects). Heat and mass fluxes are calculated between the individual sub-systems
taking into account phase transitions between the liquid and vapour phases.

When the temperature inversion occurred, it was the vapour phase that had
the highest temperature of all the sub-systems. Therefore, a mechanism had to
exist, by which energy produced by the bottom plate heater entered the vapour
phase directly, bypassing the liquid. Such a mechanism was found and identified
as nucleate boiling in the vicinity of the bottom plate. Liquid absorbed heat from
the bottom plate and became vapour, increasing the energy of the vapour phase
by the difference in enthalpies between the liquid and the vapour (+ additional
heating to at least partly cover the temperature drop between the liquid and
the bottom plate), at the same time increasing the overall pressure within the
cell. This could work only if the newly created bubbles at the bottom plate
did not have sufficient time to exchange heat and matter with the surrounding
liquid, before reaching the vapour by upward buoyant motion. Additional phase
transitions that needed to be described included evaporation/condensation at
the liquid /vapour interface and, under certain conditions, condensation at the
top plate as well.

To model such a complex system numerically, a semi-empirical approach had
to be taken. For example, the temperature of the phase interface (determining
the evaporation/condensation rates) was taken to be equal to the liquid temper-
ature (this is habitual for similar calculations), as the liquid has a significantly
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larger specific heat than the vapour phase. Nucleate boiling rate at the bottom
plate was determined using empirical relations from existing literature. The con-
densation at the top plate was described in a similar fashion to the processes
at the liquid/vapour interface, with the difference that only a one-way process
was allowed. As a result, the model contained a significant number of adjustable
parameters (heat exchange coefficients, phase transition rates) which were tuned
to a large extent manually, but in the end managed to describe the overall situa-
tion very well, reproducing closely the time traces of all four temperatures that
were obtained from the experiments, as well as the pressure. Additionally, the
model correctly reproduced the observation of a “helium rain” inside the cell, as
condensation at the top plate occurred when the top plate temperature reached
the vapour/liquid equilibrium value determined by the cell pressure. The role
of nucleate boiling in the temperature inversion was confirmed in a subsequent
series of experiments detailed in the following publication in Appendix AT7.

All of the experiments reported here were performed at the Institute of Sci-
entific Instrumentation in Brno by PU, while PH contributed significantly to the
cell design. LS, KRS and PU prepared most of the manuscript and figures. DS
was responsible for the detailed explanation of the temperature inversion effect
and for the numerical modeling of this system, including the related descriptions
within the manuscript.
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Appendix A7

P. Urban, P. Hanzelka, 1. Vi¢ek, D. Schmoranzer, L. Skrbek, Convective heat
transport in two-phase superfluid /vapor 4He system, Low Temp. Phys. 44, 1001
(2018), DOI: 10.1063/1.5055836.

This work continues the investigations reported in the previous publication
in Appendix A6, and the experiments were also performed at the Institute of
Scientific Instrumentation in Brno.

In short, the same type of two-phase convection experiment was repeated,
where the normal liquid helium was replaced by the superfluid phase. The super-
fluid, having an extremely high heat conductivity (at least 3 x 10° higher than
the normal liquid), efficiently suppresses any nucleate boiling at the lower plate,
as it precludes the occurrence of any overheated spots in the vicinity of surface
defects of the bottom plate. We note in passing that this extremely high heat
conductivity is the result of the superfluid phase being able to support a spe-
cial type of flow that does not exist in classical fluids — thermal counterflow. In
thermal counterflow, the inviscid superfluid component and the viscous normal
component (carrying heat and entropy) flow in opposite directions with zero net
mass transfer. As counterflow is driven primarily by temperature gradients with-
in the superfluid, this results in highly efficient mechanism of equilibrating the
temperature within the entire volume occupied by the superfluid phase.

Assuming our previous interpretation that the temperature inversion is pri-
marily due to nucleate boiling at the bottom plate was correct, no temperature
inversion should occur in the superfluid/vapour system. With nucleate boiling
out of the question in the superfluid/vapour system, the experiment was repeat-
ed and indeed no temperature inversion was found. In fact, the temperatures of
all sub-systems followed nearly the same time dependence while the superfluid
phase was present, meaning that the entire thermodynamical system (top and
bottom plates + superfluid and vapour phases) was very close to thermal equilib-
rium (differences below 7 mK existed between the top and bottom plates at the
highest heater power of 2.08 W). Once the temperature rose above the superfluid
transition, the superfluid phase underwent the second order phase transition and
became the normal liquid. Then, the bottom plate would overheat slightly above
the liquid temperature and the scenario described in Appendix A6 would repeat
itself.

DS contributed to this work mainly by the discussion of the role of thermal
counterflow and the suppression of nucleate boiling at the bottom plate. The
manuscript was mostly written by PU and LS. The setup designed by PH and
modified by PU and IV was used, who were both also responsible for the experi-
mental work.
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Appendix A8

D. Schmoranzer, R. Gazizulin, S. Triqueneaux, E. Collin, A. Fefferman, Devel-

opment of a Sub-mK Continuous Nuclear Demagnetization Refrigerator, J. Low
Temp. Phys. 196, 261-267 (2019), DOI: 10.1007/s10909-018-02128-9.

This publication reports the first steps of the development process of a novel
type of ultra-low temperature cooler, the Continuous Nuclear Demagnetization
Refrigerator (CNDR). This work was undertaken during the author’s postdoctoral
stay at the Institut Néel in Grenoble.

The paper is focused on the numerical simulations of the performance of a
CNDR consisting of two nuclear stages connected in series (a parallel design is
also possible and the results of similar simulations are currently being prepared
for publication). The main question that these simulations tackle is the feasibility
of continuous sub-mK operation of such a device with a given sample heat leak
(up to 20 nW) and given thermal resistances of the aluminium heat switches and
thermal links between all components of the system. Additional heat leaks such
as eddy current heating during the manipulation of the magnetic fields on the
nuclear stages, or vibrational heating were considered as well. As the CNDR was
designed for operation on a so-called dry dilution refrigerator (precooled by a
pulse-tube cryocooler rather than a liquid helium bath), the vibration levels on
such a device became an important issue and were investigated separately, see
Appendix A9.

In the series configuration, two nuclear stages are used, separated from the
mixing chamber of a dilution refrigerator and from each other by superconducting
heat switches. The first nuclear stage (cooled by the dilution refrigerator mixing
chamber at relatively high magnetic fields) is used to extract the magnetization
heat from the second stage as its magnetic field is ramped up before a new cooling
cycle can be initiated. Under suitable conditions, this allows keeping the second
stage and the connected sample space cooled below 1 mK continuously.

It was soon found from the simulations that the most important element in
the entire setup is the thermal link between the first and second stage, and in
order to support a thermal load of 20 nW on the sample space below 1 mK, its
thermal resistance must be less than the equivalent electrical resistance of 150 nf2
according to the Wiedemann-Franz law. This is a rather stringent technological
requirement and may represent the deciding factor in the choice between the
series and parallel designs.

In order to correctly model the performance of the CNDR successfully, the
magnetic entropy of the nuclear refrigerant PrNi5 needed to be described correctly
as a function of temperature and magnetic field. Unfortunately, simple physical
models, such as paramagnetic nuclear spins, or the Ising model with and effective
internal field were insufficient to correctly describe said properties close to the
spontaneous ordering temperature of PrNis near 0.4 mK. Hence, a close agreement
with experimental values reported in the literature became our prime criterion of
accuracy, and a phenomenological model of PrNi; entropy was developed, building
heavily on the limiting paramagnetic behaviour, while trying to closely replicate
the spontaneous ordering as observed by Kubota et al.

At the time of writing of this Thesis, all individual components of the CN-
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DR have demonstrated the required properties, including the thermal resistances
of the linking wires as well as boundary thermal resistances. To complete the
development process, the nuclear stage design ought to be finalised, followed by
the assembly and integral tests on a dry dilution refrigerator. The design and
construction of the CNDR remain an active avenue of collaboration between the
author and the Grenoble group.

The original decision to develop the CNDR came from the needs of the
Grenoble ultra-low temperature group, as thermal decoupling of nanofabricat-
ed devices became a common issue on dilution refrigerators (for illustration, see
Appendix A10) as well as nuclear demagnetization setups. Furthermore, contin-
uous sub-mK refrigeration is a practical requirement of cooling a nanomechanical
oscillator resonating near 100 MHz to its quantum mechanical ground state —
thus making a highly interesting macroscopic quantum system that can be used
advantageously to study, e.g., decoherence effects. Designs of the individual com-
ponents of the CNDR were the result of the numerous discussions between all
members of the group at the Institut Néel. Among other, DS was responsible
for performing the numerical simulations, devising the thermodynamical model
of PrNi5 and for the writing of the manuscript.
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Appendix A9

D. Schmoranzer, A. Luck, E. Collin, A. Fefferman, Cryogenic broadband vibra-
tion measurement on a cryogen-free dilution refrigerator, Cryogenics 98, 102-106
(2019), DOI: 10.1016/j.cryogenics.2019.01.010.

This technical publication details the measurements performed at the Institut
Néel in Grenoble concerning vibration levels of the dilution refrigerator Blue-
Fors LD-400, precooled by the Cryomech PT-415RM cryocooler, with the aim
of finding suitable precautions to minimize the impact of vibrations on sensitive
low-temperature experiments performed on this refrigerator.

The work reported here represents a first attempt to measure the vibration lev-
els not only at room temperature, but directly under cryogenic conditions. While
this is an important advance in the area, it required making several compromises.
First, the lowest temperatures had to be limited to the vicinity of 4 K or 5 K on
the mixing chamber, as the accelerometers used dissipated a significant amount
of heat. We are convinced that this does not represent any practical limitations,
as the mechanical properties of the metallic parts of the dilution refrigerator no
longer change appreciably below said temperatures. The second compromise is
perhaps the most serious one — during our measurements, it was found that the
dominant contributions to the vibrations appear in the general frequency range
around 20 kHz. Unfortunately, the accelerometers had a significantly lower cal-
ibrated frequency window given by the manufacturers, and therefore had to be
used beyond their specifications. This prevented us from making a full quan-
titative analysis of said vibrations and limited us to relative comparisons only.
We note that we do not know of any commercially available accelerometers that
would work in cryogenic conditions and cover the entire frequency range needed.

In the end, several practical modifications of the frame supporting the dilution
refrigerator and the pulse tube motor plate were found that helped to reduce the
vibration levels observed on the mixing chamber plate significantly. This included
relatively simple measures, which can be replicated easily in any laboratory, such
as decoupling the pulse tube motor plate from the frame of the cryostat and
attaching it to the building walls, covering the pipes connecting to the pulse
tube compressor with rubber foam, or weighing the cryostat frame down with
sandbags. Overall, the publication represents a progress report and it is our hope
that more detailed measurements will be performed in the near future, overcoming
the limitations imposed by the compromises that had to be made in the present
work.

The measurements were performed by DS and AL on the dilution refrigerator
installed at the Institut Néel in Grenoble. DS was also responsible for program-
ming the data acquisition software, analysing the data, and for the preparation
of the manuscript, with help from EC and AF. Additionally, DS would like to
thank P.-E. Roche, who provided the accelerometers.
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Appendix A10

D. Schmoranzer, S. Kumar, A. Luck, E. Collin, X. Liu, T. Metcalf, G. Jerni-
gan, A. Fefferman, Observations on Thermal Coupling of Silicon Oscillators in
Cryogen-Free Dilution Refrigerators, J. Low Temp. Phys. 196, 268-274 (2019),
DOT: 10.1007/s10909-018-02122-1.

This work is part of ongoing investigations into the mechanical properties of
amorphous solids at low temperatures, motivated specifically by the proposed
universality of the dissipation within amorphous materials due to transitions in
atomic two-level systems. The experiments were again performed at the Institut
Néel in Grenoble, using sensitive double-paddle oscillators (DPOs) provided by
the Naval Research Laboratory group from Washington.

To date, DPOs made of monocrystalline silicon are the most sensitive type of
mechanical resonators produced, reaching quality factors of 10® at low tempera-
tures in vacuum. Therefore, the DPO is ideally suited to study the mechanics of
thin films (of amorphous substances) deposited on its neck — the part undergoing
the most severe deformations during the DPQO’s oscillations. In this study, we
have followed the temperature dependence of the frequency shift and dissipation
of such DPOs due to thin amorphous silicon films deposited at room temperature.

One of the experimental difficulties with such a measurement is ensuring that
the DPO (and the thin film) has the same temperature as is recorded by a ther-
mometer placed on the supporting structure of the DPO or on the mixing cham-
ber plate of a dilution refrigerator. This is usually the case down to several
tens of mK, but at lower temperatures, thermal decoupling of the device from
its surroundings occurs. This is due to the fact that thermal conductivity of
any materials used decreases significantly as temperature drops, while any finite
heat leak to the device leads to an ever increasing temperature offset. We have
therefore investigated the role of shielding of such an oscillator to minimize the
thermal decoupling.

Indeed, we found that an increasing degree of shielding of the device (no shield,
a metal screen with holes, and a copper-taped shield permitting no direct line-
of-sight) results in a suppression of thermal decoupling, shifting the departure
point towards lower temperatures. We have suspected several sources of heating
which can lead to this thermal decoupling, including the vibrations of the dry
dilution refrigerator (see Appendix A9), as the results obtained on the dry dilution
refrigerator were significantly worse than those acquired on a traditional “wet”
one. Therefore, a simple test was carried out, whether the thermal decoupling
improves when the pulse tube precooling the refrigerator is switched temporarily
off. To our surprise, under these conditions, the thermal decoupling of the device
became even worse than with the pulse tube running. This situation implies that
the decoupling cannot be dominated by vibrations and that other mechanism
need to be considered.

The two remaining mechanisms capable of heating up the DPO and causing
the decoupling are radiative heat transfer and collisions with residual helium
atoms in the vacuum space of the refrigerator. Our results suggest that, contrary
to expectation, radiative heat transfer is less important than the direct collisions
with helium atoms liberated from the warmer parts of the vacuum space (the top

41


https://link.springer.com/article/10.1007%2Fs10909-018-02122-1

flange at 300 K, the first stage of the pulse tube at 50 K, or the second stage
at 4 K), as the DPO reacts more to the changes in temperature of the above
mentioned parts than to the variation of the temperature of the still shield, which
might be responsible for radiative heating.

Beyond what is presented in the publication, we have indeed verified this sce-
nario by using a carbon adsorption pump in the vacuum space of the cryostat,
which allowed us to directly control the quantity of residual gas atoms. Ultimate-
ly, the only solution to really minimize the thermal decoupling of such sensitive
devices as the DPOs is to use a dedicated hermetically sealed cell located on the
mixing chamber of the dilution refrigerator. This finding may have implications
for many low temperature groups worldwide, relying on the ever more popular
dry dilution refrigerators to perform their experiments.

The contribution of DS to this work is mainly in the operation of the exper-
imental setup and in data acquisition and analysis, performed jointly with AF,
SK, and AL. The publication was prepared by AF and reviewed by EC. The
Washington group has provided the DPOs used in this work.
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