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= Chapter 1. [nﬁoductio_h

. This chapter outlines the progress that has been made in the understanding of _

- the unique nature of superfluid 4 H1g with an emphasis on two different theoretical

descriptions of superfluidity. Third sound amplification by stimulated condensation
(TASC) of helium vapor atoms into a resonating third sound mode is considered 1o be

alogical consecjuence of peculiar propertfes of superfluid helium.

» 1.1 Liquid * He as quantum fluid |

F ascinating propert;‘es of liguid helium become apparent right below 2.17 K,
a temperature at wich an ordinary Ziquz‘d helium, He I, under its saturated vapor
pressuré turns into a superfluid, He II, that flows without viscosity and transfers
heat without a temperature gmdienr:

Superfluidity, since its discovery by Kapitza (1. 1 ]; is considered to be a
macroscopic manifestation of quantum effects c"oh.trol ing helium atoms behavior
[1.2]. Introduced by London|l. 3], the first plausible micrbscopic explanation of
superfluiditywas based on Bose — Einstein condensation 1. 4, 1. 5] phenomenon.

Extending this approach, Feynman|1. 6] argued that Bose-Einstein statistics deter-

mined all excitations in strongly interacting liquid 4 e except density fluctuations




in the vicinity of its ground state.
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Landau [1.7] had another picture of superfluidity in his mind when proposed

He I excitation spectrum in which the excitations were quasiparticles. Moreover, he

insisted that the phonon excitation spectrum itself was a sufficient condition for the

superfluidity fo occur in a system.

Due to peculiar interactions between helium atoms, liquid helium shows its

unique properties (see Fig. 1. 1. I below).
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Figure 1. 1. 1. Phase diagram of 4 He (after [1. 8]).

Because the attractive part of the helium potential is weak [1. 9], liquid 4 He

is a weakly interacting system. Kinetic energy of localization, or zero — point energy,
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shifts the minimum of the total energy of the liquid phase to be lower than that of the
solid. Thereﬁ)re_, rhe.liquid phase remains stable around absolute zero and a solid
phase does not appear unless a subsiantial external pressure is applied [1. 10]. Due
to a weak localization, the atomic wave functions of these boz‘ﬁ phases overlap and
quantum S%atistics becomes a dominant factor in the description of condensed phases
of helium.

At the same time, quﬁid ? Heisa strongly interacting system [1. 11]. Because
of the symetry of helium atoms with l;heir closed shell of two elecirons, they experience

a large hard core repulsive interaction.

Thus, the dual nature of liquid helium has proved to be an extreme challenge
for theoretical studies. Owing to its unique interplay of quantum effects, liquid helium
is marked a quantum fluid [1. 12} and .represents the first physical system where the

existence of Bose condensed phase is widely recognized [1. 13 = 1.13].

Although the properties of the liquid helium cannot be treated as a simple per-
turbation of the ideal Bose gas, the latter is an instructive model to beginwith to better

understand the effects of Bose — Einstein condensation on liquid helium.
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= 1.2 The Bose — Einstein condensafz’on

Asa coli’ecz_‘ion of non intémcting N particfes in the volume V', the ideal
Bose gas fIBG) properz;ies are entirely céntrolled by the Bése — Einstein statistics. |
The éigensiates of a siﬁgle particle in abox are plane wave stafes wiz‘h well — defined
momentum p. Inthe case of the IBG, these states are qfso the ei genstates of the many
partz‘clé system. The statistical description of the parficles_in the boi [{ .7 16] consists of
" specifving the number of particles bccupying each bf the single — particle eigenstates.

This function is a single — particle momentum distribution my, that specifies the number

of particles in a state with momentum p.

. The particles in the gas are usually characterized by their thermal de Broglie

wavelength given by

a '
(1.2.1)

Ay = '
1/2)77774/?5 T

where iy is a particle’ s mass, Boltzman's, Afj =1.38 x10723 7/ K and Plank’s,

4 = 6.63 x 10737 J sec constants, respécrively, ;lnd T is a temperature. |
Whén de Brogl ie wafelenth is much smaller than the average interparticle sepa-

ration, Ay << (V/ /V )] 3 particles are ruled by classical physics. The properties

of the IBG at high temperatures are dominated by the thermal motion of the particles.
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The moment& of the particles will be distributed according to the classical Maxwell —

Boltzman disiribution.

As a result of the particle wavefunction overlap, quantum effects become
dominant when Ay, is large compared to the interparticle spacing, Ag, >>(V / /V)] 3.
By léwering the temperature further, Ay, of the particles begiﬁ to approach the

interparticle spacing and Ay due to the appearence of quantum effects deviates from

its classical Gaussian shape more and more. Having no restrictions, the occupation
of states with small p gradually increases to reduce the energy of the system and a
transition to the Bose — Einstein phase eventually happens |1. 17] when

SNV = £(3)2 = 2612, | (1.2.2)

where ¢ is the Rieman zeta function. Transition temperature, T, is determined by

a cad (2_22)2/3’. | (1.2.3)

7y £y,

where o is gas density. Around 1, the occupancy of any particular single — particle
momentum state remains finite and the number of particles in the excited states, Ng,
is givenby Ne = A (T/ Tc)3 2. Below T,, amacroscopic occupation of the zero

momentum state develops (Fig. 1.2. 1):
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np =Ny =N ~Ne =N 1 ~(T1 T, 1249

. which signals the pheﬁomenon of Bose — Einstein condensation.
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Figure 1. 2. 1. Temperature variations of My/ N and Ng [N

for IBG (after (1. 81).

This condensation is reflected in np by the appearence of the Kronecker delta

dpp component with a weight determined by the condensate fractionm, [1. 18]

Mp = 0 bap + 1p” (2.2.5)

Z contributed by the uncondensed atoms momentum distribution.

ie iy -
and a term np
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At T =0K, the condensaré component confains all of the intensity meaning thar
every pézrz‘icle in the system is in the ground zero energy state.

To see how the IBG system relates to helium, let us estimate the condensation
temperature for gaseous 4 Hé. If inequation (1. 2. 3ywe use the par;‘icle density ,0.
appropriate to the saturated vapqur at the normal boiling‘:poinr, we find T, = 0. 5‘ K.
Since the boiling pointis 4.2 K, the Bose — Einstein condénSation is not observed ina
. gas. However, if we use the density of liquid 4 He instead, weobtainT, =3.13 K,
which .is closetoT y =217 K, the temperature of the A —transition(see Fig. 1. 1. 1),

=193
S

4

kb

Specific heat (3 ¥~ k-1

Tewperaiure 1K ]

Figure 1. 2. 2. Specific heat of liguid ? He [1. 20]. Broken line shows specific

heat of IBG having the same density as liquid 4 He (after L1. 19]).
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Thereisa quazirative correspondence between the temperature variations (Fig. 1. 2. 1)
.of A (T and Ne (T):énd those (Fig. 1.3. 1, see below)of ps /0 and ,0,,/,&, res-
| pectively, aswell. | These similarities are sufficient to suggest [1. 19) that T) marks the
onset of Bose — Einstein condensation in liquid 4 He. Onthe other hand, the specific
heat anomalies in the two cases are quite a’z‘ﬁ"eréné (see Fig. 1. 2. 2 above), the IBG
showing a cusé singidarity in Cy as opposed to the A diScontinuiz:v of liqui;cz’ 4 He.
Since liquid helium is interacting fluid, it is not surprising that the IBG model
does not give an accurate description of the A transition. Due fo the interactions, the
number of particles condensed into the lowest energy level is reduced, and the nature
of the excited levels of the system is altered. At absolute zero, not all the particles are
in the lowest single particle energy level, but some are raised to the levels of slightly
higher energy. It means that the condensate is depleted (Fig. 1. 2. 3) by the interactions
[1. f9]. Animportant ﬁoint is that the lowest level is still macroscopically po?ularéd
and this remains true up to a finite condensation temperature. At témperatures above
zero, partially populated thermally excited levels of the system no longe; correspond to

single — particle states, but to the elementary excitations of the whole system.
Measurements of mp for superfluid ? Heinhi oh — momentum transfer neutron

scattering experiments [1. 15} allowed to estimate condensate fraction n, (Fig. 1. 2. 3)
1, (T) =y (O [1 —(T/T %] (.26

Experimental results determine mg (0) = (13.9 = 2.3) % which is to be compared with
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theoretical ( #) values (Fig. 1. 2. 3Yof 9% [1. 23}and 11.3 % [J..24} Jora = 3.6 £1.4

.20

" [ondensate fraction

0 0.5 1.9 1.5 2.0 .2,5
Temperature (K}

Figure 1. 2. 3. Condensate ﬁ&cﬁon in superfluid  He (after [1. 19]). Results from
momentum distribution nyg : o and ® are from[1. 15]. Results from pair —correlation
Sfunction : T from X —ray scattering [1. 15]; oand A — from neutron scattering [1. 13,

1. 15). Solid line is least squares fit of equation(l. 2. 6)to thesedata[l. 15]. 4 —later

results [1. 21]. Brokeh curve is surface tension calculated data 1. 22},

The experimental evidence (FFig. 1. 1. 1) of He Il superfluidity at absolute zero
permited Landau [1. 7] o build the description of an interacting Bose system using

a quite different physicsi picture, the famous two — fluid model.
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v 1.3 The two — fluid model

.Lc;n'dau developed (1. 25] quantum hydrodynaﬁics and introduced his criterion
of superfluidity linking the Zém‘er to the He Il _exci.c‘ation spectrum. There was no analogy
witﬁ Bose — Einstein condensation because IBG céuld not be éonsidered as superfluid.
At absolute zero, He Il fluid is in its ground state and consists only of the Sapérﬂuid |
(¢ = p¢), asingle quantum state having no entropy (S = 0) and viscosity. The flow
of mass is pv . Astemperature is increased, thermal excitations are created inthe
Sluid and these excitations carry the entropy of the fluid Landau[l. 7] proposed two
types of excitations : phonons and rotons. The first was a collective density sound
excitationwith a linear phonon dispersion relation at low momentum. The second was
a macroscopic rotation of the fluid which he reﬁeréd to as a vortex motion. These
excitations comprise a normal fluid that has a velocity (v, — vs) %elarive; to the ground
state. They contribute an amount gy (Vy — Vs) to the mass current, where gy isa

normal fluid densitywhich converts velocity to mass current. The total mass current

Jisgivenbyll. 18]to be

J = pVst Py Wy —¥e) =(0 = 0y) Vs + 05 Vg = Os Vs + On ¥, (1.3.1}

where density of superfluid py = 0 — Py Inthis formulation pg is a derived quantity
and p, (TY/ p (Fig. 1. 3. 1) is determined by the number of excitations at temperature

T [1. 26] and was measured [ 1. 27) to validate the two — fluid model predictions.

10
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Figure 1. 3. 1. The superfluid, p¢ and norrr_ial fluid, p,, densities from

a torsional pendulum experiment 1. 27] (after [1. 18)).

The concept of elementary excitations was successfully applied to expl ainthe
specific heat (Fig. 1. 2.-2) and thermodfnamic properties of He Il. To have a better
correspondence with experimental data [1. 28], Landau revised. [Z.29] h;’s phonon -
roton excitation spectrum which now is in excellent agreemém with neutron scattering
[1. 30] experiments (see Fig. 1. 3. 2 below).

Inanalogy to classical hydrodynamics, irrotational superfluid velocity field

[1. 71was also introduced for He I undergoing potential flow

V xve =0 (1.3.2)

11
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Figure 1. 3. 2. The phonon —roton energy (after [1. 18]) compiled from several |

neutron scattering measurements [1. 30). The inset shows Landau Spéctrum 1. 29].

aswellasa phenomenologibal equation of motion for the superfluid

g | |
ma—’fz-—v(ﬂ?am vs? [ 2) | (1.3.3)

with potential energy per particle, w. Equation(l. 3. 3) describes non - dissipative
potential flow and provides a basis for our understanding of superfluidity. As it

appears, equation(l. 3. 3) can also be derived using a condensate wave function

which implies that superfluidity can effectively be treated as quantum phenomenon

aswell.

12
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# 1.4 Wave function of the condensate

London |1. 31] treated superfluids as systems condensed into a single quantum
state and introduced a macroscopic wave function of coherent phase to describe a

condensate at absolute zero.
Pppe (r, O = 0, Het ¥V 0, (1.4.1)
where the phase g (r, £)is areal functionof position r nd time £[1. 19). Normali-

zation is chosen to accomodate the fact that (1. 4. 1) is a macroscopic wave function

and (1. 4. 2} is equal to the average number of superfluid atoms in unit volume.

P pre(r O BEc(r O = B2 (r &) = pelmy (1.4.2)

_ . _ |
From the definition of quantummomentum: p ¥ = 24V ¥ =p ¥ fortheHell

case, we obtain avelocity of the superfluid

ve=— Vg s (1.4.3)
714

to be proportional to the gradient of the condensate wave function phase ¢ (7, £).

We notice from equation (1. 4. 3) that whenthe superfluid is at rest, the phase

i3




Aprill(.nb

has the same value throughout; when the superfluid velocity is ﬁﬁiz‘e and constant, the
phase varies aniforhaly in the directionof vs. It means that the phase of the wave
function (1. 4. 1) is coherent for the whole superfluid |1. 19, moreover, @ (r, 2)is
slowly varying fu.ncﬁon even on a macroscopic scale. The effect of phase coherence is
to lock the céndensate atoms together in momentum space in a state of uniform motion.
Makihg use of conjugate variables A and 7y with the Hamiltonian 7 that
included the kinetic energy of the superfluid and the energy éf the whole ﬂuid at résf,

Anderson[1. 32] suggested an elegant derivation of Landau’s equatioh of motion

(1. 3. 3) for the superfluid [1. 19]

ﬁﬁ{ﬂ:—ﬂﬂz—(ﬂ%—/fl[;]/yz/_?) (1.4.4)

ar aN

which supported the idea of phase coherence and had a profound impact later onin

the understanding of Josephson effects |1. 32 — 1. 34].

Keeping in mind Landau spectrum for the superfluid (Fig. 1. 3. 2), we might

write down the wave function of the superfluid at finite temperatures as shown

Prap(r, £ = Bgpe . D+ ) Crtn, (1.4.5)

]

where summation in (1. 4. 5) accounts for the presence of the excitations. As T -0,

the system ends up in the ground state described by (1. 4. I) and will remain there.

14
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¥ 15 TASC idea

Described by the wave ﬁiﬁcrion (1. 4. 3), amacroscopic quanium state of |
superfluid He IT will be insensiz‘ivg: to micr-osco;nic events as long ds the equilibrium
conditions are maintained. The condensation of vapor atoms info a moving super-
current is a remarkable example of its persistence [1. 35]. Both kinetic energy éﬁd
angular momentum of a rotating superfluid will increase along with the total mass
of the superfluid when vapor ato.ms enter the ﬁlm

A resonating third sound mode will be occupied by a macroscopically large
number of particles in a state into which condensing vapor atoms will coherently
Join. Because alocal flow field of the third sound on the microscopic time and size
scales of the condensérion event appears to be no different thcm. that of persistent

current, the condensing vapor atoms will be accommodated into local, instantaneous

velocity field of the third sound wave.

An additional feature that distinguishes the third sound from the persistent
current lies in the acoustic naruré of the former which reveals itself in a separation of
energy and angular momentum of the particles consliruting the medium. Therefore,
superfluid mass can be removed from the third sound mode of definite angular
momentum while preserving kinetic energy deposited by the coherent condensation.

It means that a CONtInUOUS process of third sound amplification by
stimulated condensation (TASC) of vapor atoms into the superﬂuid filmis possible

and this thesis presents an implemented design of the novel resonator fo defect this

15
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effect as well as necessary requirements to observe this phenomenon along with the

first experimental results on the third sound obtained with the proposed resonator.

16
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» Chapter 2. TASC

Important similarities between a persistent current and third sound flow field
phase structures can manifest themselves in the process of quanium condensation,
Details of third sound amplification and necessary resonator requirements for its

observation are discussed in this chapter as well.

= 2.1 Third sound modes in superfluid 4 He film

Depending on the experimental conditions, the various kinds of sound modes
can be acommodated in He IT. In bulk helium, density fluctuations propagate as first
sound and rempe}ature Sfluctuations as second sound |2. 1]. The former occurs with
the normal and superfluid components moving in phase under adiabatic conditions.

The latter is observed when these two components are out of phase while the total

density remains constant.

Helium atoms adsorbed on a substrate constitute thé film. By definition, third
sound is a surface wave ona He II film (Fig. 2. 1. 1), inwhich the superfluid oscillates
parallel to the substrate, while the normal fluid is clamped because of its viscosity.

Since the superfluid carries no éntropy, the accumulation of superfluid af a

wave crest lowers the temperature there, whereas near a trough temperature is raised

due to a smaller superfluid fractionthan in equilibrium (Fig. 2. 1. 1)

17
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Figure 2. 1. 1. Third sound wave on He II film (dﬁer [1. 20]).

As a result, third sound wave is accompanied by the temperature ﬂitctuarions [2.2].

In the limit of very long wavelengths compared to the film thickness £,, the

phase velocity c3 of third sound by analogy with a shallow water wave [2. 3] case is

c3 =+ 74, ' (2.1.1)

where the main restoring force 4 — is the van der Waals ﬁoz-‘ce ( per unit mass ) of

attraction between the helium atoms at the surface and the substrate where the film is.
For more than a decade third sound has been a valuable probe of superfluid

filminourlabona circ;ular geomelry resonator that determines shape of third sound

mode. To find the latter, we combine a continuity equation for superfluid inthe form

2% v (2. 1.2)
-V . A
;[ (7 Y

with a linearized equation (1. 3. 3)

18
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NECAINSPN T (2.1.3)

and get a wave equation (2. 1. 4) for the film

P2y 62/"—0 2. 1.4)
52 972 o

which has a general solution: /7 (r, ) = hy, + (7, @, £). Here h,is the static

thickness of the film (Fig. 2. 1. 1) and 7 (r, @, 7) is the time dependent amplitude of

- the film oscillations that is represented in cylindrical coordinates (7, @) by the Bessel

Sfunctions Jp, of the first kind [2. 4],

70D =Y oo ey 7) & B ) 2.1.5)
mn ’

In équation (Z 1. 5) the angular frequency &y, of the mode
Wy = €3 Ry = C3 Koy | 2 (2. 1.6)

is determined by the speed c3 of third sound, the radius z of our resonator disk and

t
values Xy, given by the 77 - thzero of Jy; (Xpyy), " free” boundary conditionat » = .

19
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In practice (Chapter 4), we excite a third sound wave electrostatically by apply-
ing AC voltage to the drive electrodes and monitor the capacitance modulation of the
pick —ups. Bothdrives and pick —ups are the parts of our derecrioﬁ system. Changes
in capacitance are fhan convgrted to the an-ﬁplirude of the film oscillations. By varying

the drive frequency /g, third sound resonance for a particular mode (Fig. 2. 1. 2)

Figure 2. 1. 2. Third sound (2, 1) mode.

can be found at aresonance frequency /o = C3 Xy [ (4 7 @). This allows us to get the
third sound speed c 3 and infer the film thickness /4, from a more accurate expression

(2. 1. 7) for the third sound speed [2. 5], eventually.

20
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4, -D 34, T,

o3 () = (2. 1.7)

The strength of the Van der Waals potential, Ty, =41 K, has been determined
Jrom the previous experiments [2. 5] as well as the healing léﬁgrh, D.=0526nm|2. 6].

Only the ZbWest (72, f!.) modes of well defined non — zero angu.lar momentum
and referenced by the n.umber 2 of angular node lines and number 7 of radial
antinodes had a practical interest for us. Special attention has been given fo ;he 2, 1

third sound mode (Fig. 2. 1. 2) as our calculations and resonator design (Chapter 3)

showed to be the most promi&ing Jor the TASC effect.

21
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= 2.2 Persistent current and third sound phase structures

The most convincing experimenml mam'ﬁesrar;ion of superfluidity is the observa-
tion of persistent current in He II. Like a currentina cldsed loop superconducting
wire, S;ipeij‘luid can be set into thé motion and will remain in apparently the same flow
Stare without a noticeable decay with g‘imé. A simple configurationinwhich persisfent

current can be created with a superfluid helium Jfilm adsorbed on the surface of the

ring is shown in Fig. 2. 2. 1.

Figure 2. 2. 1. Quantised circulation of superfluid He I1.

To find the flow pattern, we use formula(1. 4. 3) for the velocity v of the

superfluid to calculate the circulation round any contour £ within the liquid.

22
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i 7k
ve d { = —— (8g)p = ——
ﬂl4 . 7774

(2.2. 1)

Since the superfluid wave functionis single —valued, atrip round a closed
contour must leave it unchanged, with the result that the change in phase can be only

an integral multiple of 2 & or zero. Fromequation(2. 2. 1) we see that the circulation

is quantized in units of / [ 77y where 7z is an integer.

Therefore, we can chardcterize persistent current by a static wavefunction

‘phase @ (#) that varies in space perpendicular to the streamlines of the fluid flow

and quantizes the velocity field of circulation (Fig. 2. 2. 2).

Figure 2. 2. 2. Persistent current phase structure. The lines represent

a phase change cycling over 2 for mr = (.

23




April10.nb

Though superfluid persistent current is a metastable state, it can have an
effectively infinite lifetime under SuitabZe conditions. The decay of persistent current
involves a change in the quantized circulation around the ring. Changes in the iopology
of the lines require that vortex p;:zirs be forméd and moved apa}’t, | or moved together
and annihilated. Atlow remperdtures, this might only happen under the macroscopic

influences. Thinking of TASC, we may note that condensing atoms would not be able

to cause such changes since they are microscopic events.

The details of a condensation event are well understood in terms of thermal
excitations [2. 71. In principle, the impinging afom state can be expressed as a super-
position of elementary excitations in the film, and il is these excitations that conserve

energy and momentum for the process. The dominance of the ground state, within

which the thermal excitations are considered, ensures that the condensing atom as-

similates into the superfluid. The excitations eventually thermalize.

Once created, persistent current along with its associated phase structure
represents the quasi-ground state of the superfluid film with respect to which thermal

excitations are referenced. This is the appropriate base state within which to consider

the excitations since it is the state, described by the wavefunction ¥, p.c (r, Z), the

superfluid film would be left with as the temperature were reduced to zero. Therefore,

the wave function ¢, o of persistent current at finite temperatures can be expressed

as the following :

24
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Ypo 7. O =oper D+ ) Cu b (2.2.2)
| ~

where the excitfations are accounted for by the sum.

Now consider third sound mode in the superfluid helium film. The flow field is
oscillatory in nature and also thermally active. The mode is consequently not persistent
to the same extent as a DC flow. There are several aspects of this situation to keep in

mind. One of them is related to the phase structure. The third sound wavelength
A3 =27 | #is on the order of a centimeter and its associated velolcil:v field extends
over this wavelength. The vélocity field of third sound mode has its own quantum
phase structure (Fig. 2. 2. 3)which, as in the case of persistent current, is also de-

scribed by 7% V ¢ [ iy as inequations (1. 4. 3yand (2. 2. ).

25
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Figure 2. 2. 3. Instantaneous third sound (2, 1) mode phase structure. .

The lines represent a phase change cycling over 2 for mr = 2.

Combined with the equations of motion(2. 1. 2 — 3), the phase structure of
third sound wave acquires the form as shown in equation (2. 2. 3) below, where /4,

is usually around 3 nm in our experiments.

p=32 2 2.2.3)
TRV

26
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Another aspect to consider is a microscopic amplitude regime, where third
sou.nd itself is a part of the elementary exciiation spectrum (Fig. 1. 3. 2} of the super-
Sluid helium in thermal equilibriu'm.‘ Thermally populated to a harmonic oscillator
levelof n =1 0%, given by the Pl_ank dfstribuﬁon atT = 0.1 K, third sound amplitude

would cause insignificant phase oscillations that might vary only slightly over the wave-

length of the third sound.

And finally, very imﬁortant Jor the TASC project is a macroscopic flow regime,
when third sound is classically driven to quite high amplitudes. IFor comparison, an
amplitude with 7/ 4, = 0.01 will correspond to the eqﬁivalent harmonic oscillator ex-
citationlevelof n = 1 018 In this situation the quantum phase structure would have a |

wavelength on the order of 50 tmwhich is still much smaller than third sound wave-

| length. Although the wave is quite classical, with an extremely high level of excitation,

the instantaneous flow field is well describedd by a quantum phase (Fig. 2. 2. 3) struc-
fure similar to the persistent current (Fig. 2. 2. 2) case, witha flow of 20 cm [ sec here.

Thus, third sound wavefunction ¥ ¢ might be presented by equation (2. 2. 4)

Us(r, D =tps(r D+ ) Cydy (2.2.49)
' g

- reflecting the fact that thermal excitations are referenced now fo the macroscopic

27
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quantum phase structure of the third sound mode for their zero occupation base

state — the mode being a well defined state, described by ¢, ¢, asthe filmtempe-

rature is reduced to zero.

Condensing atoms rherefore-will be assimilated into the qizam‘um phase struc-
ture of the classical third sound flow field, pfeserving the local characier of the
phase structuré, the local character beiﬁg the film ﬁelocity. Within the classical velo-
city field of the third sound wave, microscopic condensation events are indistinguish-
able from those in persistent current, both of which stimulate atoms to condense cohe-

rently into the given phase structure due to overwhelming occupation of the Bose state.
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# 2. 3 Quantum condensation and third sound amplification

In the process of quantum condensation [2. 7] helium atoms from the vapor be-
come gffiliated with the velocity field of persistent current circulation state [1. 36]. As
aresult, the superfluid component absorbs the mass, and the excitations, making up

the normal component, account for balance of the energy and momentum of the con-

densing atom.

1If the moving filmis a persistent.current acésorbéd onto the surface of the_?ing
(Fig. 2.2 1 ) both the angular momentum and the energy of the superfluid are increas-
éd proﬁortiona[ly to the increase in the mass of the film. Of course, angular momen-
tum and energy are conserved, with the excitations deposited in the film assuring a pro-
per accounting of the ﬁ)rmer. The angular momentum and energy changes experienced
by the condensing vapor atoms as they assimilate fnto the moving filmwill ultimately be
fransmitted to the substrate as the excitations thermalize.

Rewriting equation (2. 2. 1) inthe form

myrve(r) =k, (2.3 0D

we see that the angular momentum per afom is quantized in units of 7% at any position in

the film. The condensation thus converts heat into mechanical energy. This energy shows
up as a thicker film moving with the constant flow speed. As appears, it is not possible
to remove the added atoms by the film flow in some continuous process that leaves the

energy of persistent current behind as an increased circulation speed (Fig. 2. 3. I).
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When atoms are removed fromthe flow region, their kinetic energy is removed.

08 |

0.6 [+

02—

dL
dmyg 04}
0
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0.4

144

0.8

Figure 2. 3. 1. Scaled angular momentum distribution for the persistent

current depicted in Fig. (2. 2. I).

will preserve the velocity.

with them because any extraction path away from the flow is subject to the same poten-

tial flow constraints that give rise to the quantized circulation condition(2. 2. 1), and

Vapor condensation can add energy and angular momentum to either persistent

current flow field or third sound wave flow field. The difference in the rate of growth
of the angular momentum versus energy illustrates an interesting feature of the acous-
tic mode case. The acoustic mode holds the energy and momentum in a distinctly diffe-

rent way than persistent curvent. First of all, only half of the energy in the acoustic
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‘ mode is kinetic, where it is all kinetic in the persistent current. Secondly, the angular
momentum of a persistent current is derived from extended circulation of the super-
Jluid, as inequation (2. 2. 1). Acoustic angular momentum has its roots in the smail

oscillatory orbital motion of fluid elements withina field of zero circulation.

We saw that a persistent current would loose its energy and momentum if mass
were drained away by a film flow, preserving the circulation. This is not the case Jor

third sound acoustic mode that has its angular momentum contained (Fig. 2. 3 2yin

' T
i
08 | -
06 v U U - - 4
J dL
dmy 04 [
0.2 |- e e
1‘
0 e S
0 0.2 0.4 0.6 0.8 !

Figure 2. 3. 2. Scaled angular momentum distribution for third

sound (2, 1) mode depicted in Fig. (2. 1. 2

the localized film oscillations. As film mass is removed from the resonator by an axi-

symmetric, radial DC flow, the angular momentum of the oscillatory acoustic mode
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will be preserved [2. 6). The energy of mode actually increases, receiving the work

done against the substrate potential as film is pulled away, but the excitation level, -

‘being proportional to L, is constant.

- With this decoupling of the acoustic mode from the DC film flow, a continuous

input of energy, through vapor condensation and simultaneous mass exiraction, can

Ibe achieved.

The energy gain is proportional to the energy stored in the mode, and will have
the effect of reducing the dissipation of the third sound mode. This is a continuous
process of third sound gainwhich, when large enough, will result ina self-oscillation.

The condition for this self-oscillation can be written in te.rms of the free mode

quality factor & and AC 'eﬁergy S input into a chosen third sound mode described

by its frequency @y, and energy Erps [2. 8]

Yon , CmSes . L 2 Cmly 232
dr & dr 5 a& -

This indicates the condition for a self-oscillation which requires that approxi-
mately all of the aioms inthe film be replaced within the natural free decay time of
the resonance for a given third sound mode. Thus, a continuous process of third

sound amplification by stimulated condensation (TASC) should accompany a conden-

sing helium vapor flux under the right conditions.
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x 2 4 Resonator design

To detect tﬁird sbund ampliﬁcaﬁon by stimulated condensation (TASC), the
z‘npui power must bfé noz‘ice&ale relative té thei other dissipative mechanisms associai-
ed with the third sound. This thesis presents a novel resonator configuration2. 9]
that satisfies all of the following requirements : tke reson&tor must be open to the va-
por source to expose the flow aﬁtinodes of third sound wave to the vapor flux of 4 He
atoms; it must be mechanicaﬂysupported and coupled to transducers ina way that
minimizes third sound radiation; it also must be able to dissipate both the latent heat

and the mass of the condensing helium atoms; and, finally, the third sound must

have an inherently high quality factor.

The resonator cross section is shown in Fig. 2. 4. | below. It consists of ava-
PoF source (&) having a loolz.a. —shaped form and independently supporl‘éd above a
fat sapphire disk (b). The disk is coare.d onall zts surfézcés with evaporated silver and
epoxied to a central post ina .copper base (d). Four other po&ts in ﬂze base support a
square circuit board plate (¢) the upper surfaces of which are paﬁémed into four po-

lished copper capacitive transducers.

The superfluid helium film coats the upper and lower sides of the disk as well |
as all other surfaces in the experimental chamber enclosing the apparatus. The top
surface of the disk is open to the flux of vapor atoms which can be varied by changing

the power of heater loop. The film on the bottom surface of the disk is within the capa-

citor gaps for both driving and detecting.
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R . ’

2 ——

e %w% .
i,

Figure 2. 4. 1. Schematic of the third sound resonator . a — heater,

b — sapphire disk, ¢ — capacitor plates, d — base witha cenfral post.

All numerical values below are the product of our thorough theoretical mode-

ling and calculations in Chapter 3 and will be used here fo give a better understanding
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of the réquirements imposed on the resonator in order to observe the TASC.

Thus, to maximize the sensitivityto the input power, the third sound resonator
design wa;s based on a target & of 1 0P associated with each of the several é’iss@varion
mechanisms. Thermo —mechanical dissipation through vapor coupling in the open
geometry, for example, requifes working temperatures stay below 0. 26 K, where the
equilibrium vapor pressure rapidly diminishes. Consideration of the rddiaric;n down
the central | post from a specified 13 mm diameter disk impaoses constraints on both the
length and diameter of the post. The mechanical stability of the resonator exéluded
wlorking with the lowest 7 = 1 mode but a 3 mm long by 2.4 mm diameter central post
proved to be sufficient fér the lowest 7 = 2 third sound mode. The transducers are

optimized for a coupling to this mode with the added advantage of insensitivity to any

lateral vibrational swaying of the disk.

Finally, considerationof the vapor flux distribution requires some care in the
design of the source ring. We wish to deposit tﬁe maximum amount of vapor over the
Jlow antinodes of the 72 = 2 mode with constraints on the maximum Jlux impiging the
Sfilm (causing local heaﬁng of the film), the total latent heat that must be dissipated
by the resonator info the base, and the overall total heater power required by the ring.

A heater with aring diameter of 9 mm placed 1.3 mm above the resonator disk was a

reasonable compromise.

Previous experience with closed resonators [ 2. 10] suggested working with mode-
rately thick helium films of 8 — 12 layers which was in a good agreement with our theo-
retical estimates. We also expect that a deposited power of 1 u W might challenge the

conductance of the whole system, causing the maximum temperature inthe filmto rise
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above our working limit of 0.26 K. At values below this one, we anticipate that the in-
put power will be easily distinguished by a decrease in the overall (Q -1 )T ASC energy

losses proportional to the applied vapor source heater power.

A working prototype of the described third sound resonator has been already

assembled (Chapter_4) and our first experimental data obtained with it are discusse.d

(Chapter 5) below.
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s Chapter 3. Theoretical Modeling

Detailed calculations on the optimal resonator geometry to detect third sound
ampl ification due to stimulated condensation of helium vapor atoms into aresonating -

(2, 1) mode are presented inthis chapter. The ultimate question on how TASC effect

can be observed is answered as well.

# 31 Flux formula

The amount of flux of helium atoms entering the film from the vapor is an im-
portant factor to know inour calculations .z'n a proper resonator design.

Consider, therefore, aring of radius X, centered a distance z above the
resonator disk of radius @ (Fig. 3. 1. 1). We need to obtain the expression for the flux
F of atoms on the disk at some point P situated a distance » from the origin O and

a distance s from the ring element d £ which is assumed to operate as a point source

with o uniform flux density A 7 =d 7 | d {. Recalling astandard flux definition as
a number N of atoms impinging perpendicularly on the surface element pef unit time,

we arrive at the formula

Null

Z ‘ 7
/g __N zdf G 1.1
2x 4rs? s 2nx

25 =

o
|
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where A is a total number of helium atoms leaving per unit time the ring and s — is

the shortest distance from the point P on the disk to that element of thering.

Figure 3. 1. 1. Schematic of the vapor source of radius R for the

calculationof the flux distribution at poiﬁz‘ P.
From geomeiryin Fig. 3. 1. I we find that
s =2 +(R-7F =22 +R2 472 ~2 R r cosg (3.1.2)

Since it is convinient to use dimensionless variables, we will scale all distances

withrespect fo the radius z of our sapphire disk to have
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¥ =rla, p=Rla,  ==z/z 3.1.3

This allows us to write down the expression for the flux at point P on the disk

. 27 ' :
- N ' d ¢ '
: , = 3.1.4
Ay (v + §2+p2)3/2£ (]_ 2 x peosé )3/2 G149
| R

Formula (3. 1. 4) can be nicely simplified further by introducing an argument

w=2yp / ( /1/2 +4 2 4 ,az ) under the integral which now can be writfen in terms of

the hypergeometric|3. 1] fz_mction 2 Fy (5 /4, 3/4;1; 112 )

27 AP
= =27 3 F(5/4. 314 1; & 315
Jo‘ (1 —wcosg )32 72 F(5/4, 3/ ) ( }

Thus, the flux of helium vapor atoms striking the resonator disk at some point P a dis-

tance y from its center can be presented by the following expression

N
F(,r,g’,ﬂ):g—zﬁ(/h 4 ), (3.1.6)

where
& 2w o F|514,3/4 1 47

372 (12407 4 D0 D

O 4 o) =
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» 3.2 Resonator boundary value problem

We have alfeady learned ﬁ’ém the previous chapter thdr the wave equation
2 1 _;4) describing the motfon_of helium film becomes the Bessel equaﬁon 2. 4] _‘in
cylindrical coordinates. Looking at our resonator geometry (Fig. 3. 2.1), one might
notice that a different wavefunction form of the film oscillations will corfespond to

each segment of the resonator surface. Thus, AJ,, (4 r)willreflect the wave moti-
ononthe top of the disk; AjJyy (£ 7) + By Yy (£ ) — onits bottom,; A5 2427 4

B> e Az 2 along the central post; and A3 J,, (£ 7) + B3 Y, (£ 7) — at the base.

B pL
A uT o
: ; WA
@
o
b :
AR
&1
® ;
4 H
o !
o 3
Ol
&1
o
2 i
& i
a1
i ; o
E By il 12 B, Vi kv
@
e 2 ) el
= 24

Figure 3. 2. I. Boundary value problem for the resonator.

Since wavefunction of the film oscillations is continuous everywhere, it needs
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to satisfy the boundary conditions at points 1, 2 and 3 specified by the corresponding
values of » and z (Fig: 3. 2. 1). The same is also true for the wavefunction derivatives

withrespect to » which represent the radial filmvelocities at these points.

~ Therefore, for eachof the three boundaries, we recieve three pairs of the
contim;zity équaﬁons Jor the wavefunction and its der."ivative, correspondingly.
Thus, atr =z andé =0, weget

ATy (k2)=A; Sy (F2) +B; Yy (£ 2) (3.2 1a)
AT g () = —A; T sy (k) =By Y’ 1y (F 22) (3.2.1b)

Atr =band z =0,
A]J,”(}b)vtB] YM(/H:):_AZ + By (3.2 2a)
AIJ’,,,(UMBJ Yy B B) = —A7 (A7 —Bo) | # (3.2.2b)

Atr =band z =7,

A3 Ty (#B) +B3 Yy (R B) = Ay eX2? 4By e~#2 7 (3.2 3a)

A3 T g RB)+B3Y g (R B5) =hz(dge’e” —Bye™2l)[4  (3.2.3b)
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As before, itis helpﬁd to scale resonator dimensions by the radius z of the disk.

For this reason, we introduce new dimensionless resonator parameters such as

x=Fz e=bla A=1]z (3.2.4a)
fp R = (ﬁ)z 1, Al =xd (—"f’;)‘2 "y (3.2.4b)
AE AE

and greatly simplify working with the equations (3. 2. 1 — 3) by conviniently presenting

them in matrix forms. Thus, we cansolve (3. 2. 1) to express the wave amplitude on the

bottom of the disk in terms of the one onits top

(AJ'):S]—J V4, (3.2.5)
By S
where
I (¥) T (1) : _ S ()
Sf‘(;f’mm Y’,,,(x)) and W“(—J’mu’)) - G20

Similarly, we derive the wave amplitude in (3. 2. 2) on the post in terms of that on the

- bottom of the disk

y
(Az):soz"fsz( *’), G.27)
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where

o (xEY Yoy (xE)

v ﬁ\/ (2] -1 \/ (2] -1 aﬁdszz(i’m(m Y’,V,(m)) G:29

And, ﬁnally, from (3. 2 3), we get the expression for the wave amplitude at the base

A3 1o (42Y '
(33]‘52 303(32), (3.2.9)

where

,l’r_‘,'
Sp3 = el Gl
’” - ,r/ZV rg V ,rg
\/ ,rg \/

It means, that for given resonaior parameters such as x, ¢ and A we can answer

the question on how the third sound wave will eventually propagate out of the resonator by

knowing its wave amplitude at the bottom

y | s
(33) :SZ_J Sp3 SOZ_I SQSJ_I VA (3.2. 11
3

It appears to be very useful information in designing the resonator with a hich &.
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= 3.3 Resonator's & _due to its geometry.

The quality factor @ by definition[3. 2] is determined as |

O—2r average energy stored per period G.3. 1)
energy loss per period '

Inthe case of free third sound (m, 7)mode of frequency iy, (3. 3. 1) trénsforms to

irrr &, '
Q== (3.3.2)
Eger '

where Epps is the energy of the mode averaged over the period 7~ and c‘)"'g,f is the

average power dissipated over that period.
From the equation of motion (2. ] .3 ) for the superfluid film of quiescent thick-

ness /i, we find arelation between its velocity v and a waveform 77 of film oscillations.

7(7)

vir)= €3 (3.3.3)

(7

We incorporate this result in the expression for the total energy density,

energy per area, of the third sound wave (with superfluid helium density p)
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! ] 7V | -
U= ph,==c? | oh,, 3.3.4)
5 £ 5 3 (thﬂo (

which then is integrated over the whole area A of our resonator disk with radius z

and averaged over 7~ to find the energy of aresonating third sound mode.

4

Ay

Where A is the amplitude of  film oscillations on the disk, values x,, are solutions of

the equation J,,,’ () =0, and J 2 rm.s I8 calculated below
| ) - 1
Iy = fg 7 I ) dw = 5 (o =7%) T G (3.3.6)

Far away, theradial solution 7 (#) = A3 J (£ 7) + B3 Yo (£ 7) at the base

will exhibit an asymptotic sinusoidal variation with &= >> 1 and can be approximated

p~ | —Z [Ayz‘ﬁ(fr—”—” -Z)#Bscos(r -7 D) 33
TREF 2 4 2 4

in ﬁ‘he limit of » - R, the wave will travel over the areaof 27 R c 3 AL, and for the

energy dissipationwe get
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.1 5 A32+B3? c3
Eg=—ec3? 22 pp, 2 (3.3.8)
S Tz Py |

Substituting thé results of equations (3. 3. 5)and (3. 3. ) aswell as (2. 1. 6) in formula .

(3. 3. 2) will provide us with the expression for the resonator’ s quality factor &7 due

to its geometry, equation (3. 3. 9), and optimal resonator parameters, Fig 3.3. 1.

Figure 3. 3. 1. Optimal resonator geometry for ﬂzree third sound modes.

Black dots - calculations —represent scaled values of # and £ to satisfy the
requirementof & =1 0°. Lines red, greenand blue are the interpolation of

these values or (I, 1), (2, 1) and (3, 1) modes, cor#espbndingly
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L 2
@ =x(a” — ) o () ————— (339
Since we have already (3. 2. 11) calculated the oscillation amplitudes A 3 and

B3 in terms of A4, equation(3. 3. 9) provesto be a guidance for us inthe process of

resonator design.

' ”(XMZ'_’”Z)JMZ(XM) (3'3 10
18571 Spz Syt Sa St VP

Equation (.3. . 3. 10) suggests the optimal resonator dz‘mensio’ns such as length ¢
of the central post and its radius & for the given disk of rad?'us -zz and .a fixed @ =1 .

Scaléd_ geometry of the resonator with a quality factor @ = 1 05 Jor the three
third sound (1, ), (2, D and (3, I) modes is shown in Fig. 3. 3. I above. The actual
resonator dimensions such as length of its cen?ral post, £ = 3 mm and its radius,

£ =1.2mm forthe (2, I)third sound mode are depicted by the heart sign.
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s 3.4 Third sound Q due to

vapor coupling

Due to the fact that our resonator zs open to the helium vapor, g‘here are some
coﬁsequencesﬁhrich affect the values of &7 Therefore, some aspects of the proposed
resonator design certainly need to be addressed. Radiation of the third sound along
the supﬁortiﬁg post has been srudiéd in the pfévidus section; and losses related to the
thermal contact with a vapor surrounding_ the disk will be considered here.

In the equilibrium, saturated vapor pressure could be determined from the

Clausius — Clapeyron equation | 3. 3] as

P=p e~ /T CG4D

where P, and Tj, are the reference points on the vapor —~ liquid coexistence curve.

And for helium they are known to have the values : 1o =7.16 K and Py = 1 0° Pa.

Unsaturated film pressure Pf, in turn, depends on a strength of the Van der

Waals attractive potential [3. 4] described by T;,, and is the following,

Pr =P o H(T ) G4

Film thickness %, enters formula (3. 4. 2) as a number & of ﬁlm layers and is

scaled by a thickness /; = 3.6 4 of one layer of helium atoms.
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Open resonator geometry allows a maximum exposure to the vapor flux 7 of

helium atoms which can be studied either in terms of an equilibrium film pressure Pr

or effective heat transfer g to the film.

Latter approach, which we have decided to choose, will introduce an effective

thermal heat sink with

g =0 A AT, (3.4.3)

characterized by a thermal conductance o, to describe a coupling to the vapor flux

» |
FTy = — L (3.4.4)

w/27774’@T

which can be employed to described a heat transfer fo the filminthe following manner
g=LAF A (3.4.5)

Combining equations (3. 4. 3 - 5), we find the expression for a thermal conductivity
inthe form of the flux partial derivative withrespect to the temperature T, multiplied

by two constants : Boltzman's, «y and helium atom latent heat, £ =7.16 K.

(T, &) =ky L O FAT, &) (3.4.6)
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Sensitive to the environment third sound will expérience arelaxationrate yr

;AT ) |
(T, dy=— = _ 3.4.7)
& 7 ph @ C(T, ) |

caused by a surrounding helium vapor that reduces values of quality factor &, of
the third sound resonance. Presented above formula (3. 4. 7) includes helium density
o =145kg / m3, helium film thickness /o, () in number & of layers, and helium

specific heat © (T, &) as a function of temperature and film thickness.

Therefore, one might analyse the situation above in terms of the third sound

losses &ygp -1 by employing values &, 1 that reflect aratio of mechanical energy to

thermal energy inthe film:

. | _
Qrap = &y = (_a)m + T ) (3.48)
rr Yy

which include vapor damping yy and depend on resonating mode. Angular
frequency of third sound (1, #) mode is given by @y, and is eventually

determined by a thickness of helium film (2. 1. 6).

All available information on helium ﬁlms was used to collect data on specific
heat C (T, &yand &, - (T, &)as functions of temperature for a particular film

thickness (see Appendix ). Then these datawere fitted to produce analytical ex-
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) |
' pressions for C(T', &yand &, I (T, aYwhich finally allowed us to utilize them

in formulde (3. 4. 7yand (3. 4. 8). |

LOglO(Qvap)

) 0.4 0.6 0.8 1
- Temperature (K)

Figure 3. 4. 1. Explicit temperature dependencies of thap for three third sound
modes having film thickness of tenlayers. Linesred, greenand bluerepresent

(1, 1), (2, Dand (3, 1) modes, correspondingly.

Expecting our third sound quality factor &, to be at least around 10° , we

wanted to know how strongly it might be affected by the presence of helium vapor.
Figure 3. 4. 1 above shows for this reason the &,qp temperature dependencies for
three third sound modes. It is clear from Figure 3. 4. 1 that in order to have & of third

sound within 10°, we definitely need to work with these modes below T ~ 0.26 K.
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It is also important to know what is the optimal thickness of helium film might be

to satisfy the requirement of @ =~ 1 07 inthe vapor environment. The answer to this

question is given by Figure 3. 4. 2 below where maximum allowed working temperatures

Jor particular third sound modes and helium film thicknesses are shown below.

(K)

Temperature
[en]
w

P

4 6 3 10 iz 14
Film thickness (in number of layers, h; = 3.6 A )

Figure 3. 4. 2. Maximum allowed working temperatures for three third sound modes
with lep > 10°. Lines red, greenand blue represént (1, D, (2, I)and (3, I) modes,

correspondingly. Dots represent calculated values, lines — their fit.

Thus, we conclude that in the presence of vapor and reasonable film thickness of

ten ~ fourteenlayers, the most efficient working regime to observe the third sound with

@ ~ 10° will be at temperatures below T ~ 0.26 K.
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» 3.5 Optimal heater parameters

We need to build and position our heater in such a way to satisfy some require-
ments on the amount of AC power input % added to the third sound wave, critical
DC power P4 deposited on the resonator disk in the form of heat and critical values

of &, necessaryto sustain third sound oscillations.

‘We define £, and P[;{U in the followingway as .

P f‘,<)71 2
“ disk

’@dc’:f FLkpd A (352
disk _

where the integration is performed over resonator's disk area A and flux 7 of
vapor atoms is multiplied above by the averaged over the period 7 kinetic energy
of third sound quanta and latent heat £ of helium atom, correspondingly.

Detailed calculations of the integrals above are performed in the Appendix 2. -

Here we present the final results. Thus,

: 2
P =Y rmge? | 22\ Ly & o) (3.53)
4 %
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where L (£, p)is a numerical coefficient that depends on a third sound mode
(w7, 7) under consideration and is determined by the values of the corresponding

numerical integration (see Appendix 2) and scaled heater parameters, § and p.
Number of vapor atoms per unit time N leaving the ring in formula (3. 5. 3) can

be controlled by the magnitude of DC power,

Pa =20 f & )W (3.5.4)

deposited on the resonator disk as a part of the total heat ‘W applied to the ring

W =N Lk (3.5.5)

Coefficient £ (¢, p)in formula(2.5.4) is a result of numerical integration (see

Appendix 2} and depends on our heater parameters, / and p, as well.

Since, by the assumption, AC energy &y contributes constructively to the
third sound, we want fo maximize the former without film overheating. Therefore,
" by making use of formulae (3. 5.3 — 5) for a given héater power W . Wecan
find the optimal way of increasingAC power input F,,- into third sound mode Qf
our interest. Another words, we get the optimal parameters (¢, o) of the heater
ring (Fig. 3. 5. 1) in terms of its radius and height above the resonator disk to satisfy
the requirement of maximum vapor flux 7 (3. 1. 6) and, consequently, AC power

input, formula(3.3. 1), into (2, 1) mode defined by its angular frequency aoy.
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- —
(M) »

Scaled heater radius, p

o<
oo

0 0.2 0.4 06 08
Scaled heater height, {

Figure 3. 5. 1. Optimal parameters for the vapor heater with both scaled radius

p=Riz and position ¢’ = z | z above the resonator disk of radius 2 = 6.5 mm

Dots represent calculations of (&, p) pdirs, and line is their fil.

As it appeared, not every pair of (¢, p)numbersinthe figure above will be

acceptable for the actual heater parameters. To finally select aright one, we need to

consider a critical situationwhen a balance between the energy input into third sound

mode and dissipation of the latter, defined by a critical quality factor &, has been

* reached eventually. Mathematically it can be expressed asthe following :

57'.6’.5’
Q= , (3.5.6)
i 0/ /7 Pﬂ-
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where the energy & spe of third sound mba’e has already been introduced before in
Jormulae (3. 3. 2y and (3. 3. 5) above. Thus, for a given third souﬁd Speed c3 and
heater power W , our best choice will be (0.2, 0.66) pair as an agreement between
optimization procedure and the experimental implementation of its result.

Therefore, for(2, I) third sound mode, we can explicitly elaborate the conditions

(2. 3. 2) and express the niagnitude of the critical quality factor (Appendix 2)

0.0307 2
Qleyy W)=~ e (3.5.7)

to be one of the working conditions of the third sound self-oscillationwhen the heater
power is turned on. Note that higher values of heater power ‘W will reduce the critical -

magnitude of & required for self-oscillationto occur.
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# 3.6 TASC observation

By turning on the heater, we might sigmﬁcanrly challenge a conductance of the
whole system, causing the maximum Iemperai‘ure in'the filmtorise above our working
limit of 0.26 K. Since we operate in millikelvinregime, athermal boundary resistance,

known as the Kapitzaresistance Ky is considered to be mainly responsible for it.

When a heat flux J g passes through the boundary between two materials,

a temperature difference
AT = J, Rg (3.6.1)

will appear across it 3. 51. Electrons and phonons are heat carriers in metals whereas

only phonons transport heat in the insulators. Electronscattering by impurities is a
dominant term in metal thermal resistance that determines K o« T -1 dependence at

low temperatures and usually might be reduced by a good electronic contact.

In the absence of any electronic conduction, the boundary resistance between

two different dielectric substances or a dieleciric and metal in contact has Rg o T -3

dependence and can be explained by means of the acoustic mismatchtheory[3. 6].
Kapitza thermal resistance will also exist between liquid helium and a solid
boundary immersed in the helium bath. Another importam‘ manifestation of Kapitza

thermal resistance is an appearence of temperature difference across two solids bound
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by a glue below 1 K.

These two examples aré of practical interest for us since our third sound reso-
nator is immersed in the helium bath and includes some compon'ents Joined by epoxy as
well (Seé Chapfer 4).

Extracted from the experimental data [3. 7) and related to our resonatof
design, temperature dependencies for the Kapitza thermal resistances were uﬁlized
in our cal 'culaﬁoﬁs fo estimate a temperature rise inhel iui?z film hqving beentaken at

particular initial temperatures when a heater power was turned on (Fig. 3. 6.1).

0.27 |-

0.25 |

o
[\
£
|
|
|
I

Film temperature (K)

o
[\
W
|
i
|

o
N
N
I
i

Heater power (uW)

Figure 3. 6. 1. Helium film temperaturerise after heater power was turned on. Dots

are calculated values and line is their fit for the initial film temperature of 0.21 K.
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The least response to the heater power was found in our calculations to corres-
pond to helium film initial temperature of 0.21 K and is shown above (Fig. 3. 6. 1). As
we may notice, the heater power of 1.5 4W is extensive enough to challenge our ma-

ximum allowed working temperatures of 0.26 K (see Chapter 3. 4),

Once keﬁum ﬁlm temperature r—espbnse to the applie_d heater power is known,
we might be able to answer 'rhé_ulrimate question of how we are going to observe our |
TASC. Recall that all Jeasible losses pertaining to the experiment have been already
accounted for in the previouscﬁapter& .sz‘nce they could be simply expressed as the

inverse of the corresponding quality factors. Therefore, the overall TASC losses,
(é) ~1 ) TASC will include losses due to the resonator geomeiry (Chapter 3. 3), losses

caused by helium vapor damping (Chapter 3. 4). These will be compensated by the gain

introduced through a stimulated condensation of helium atoms (Chapter 3. 5).

The overall TASC losses can be presented in the following manner :
(@ —I)TASC = Qy—i + é?mp“" ~a! (3.6.2)

For the designed third sound resonator with &, = 1 0° and different values of

helium film thickness they are plotted in Fig. 3. 6. 2 below. There are several operating

regimes corresponding to the different values of input heater power. Just turning the

power on to be 0.1 pW will enhance third sound resonance by twenty percent right

away. Negative energy losses during TASC experiment will reflect the necessary

condition for it self-oscillation,
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Figure 3. 6. 2. TASC observation as the heatér power is turned on for the designed
third sound resonator with &, = 1 0. Different point shapes correspond to different

values of film thickness : triangle — 12, star — 16 and diamond — 20 layers.

Itis clear from Fig. 3. 6. 2 that a critical Iinpur power for a self-oscillation will
correspond to 0.7 W, but a damping occurs already when this value is doubled.

It also might happen that for some reasons the actual value of the quality factor

of third sound resonator is far from the targeted and calculated value of &, =1 0°.
Would it still be possible under these circumstances to observe the TASC

effect? The answer is yes and it is supported by the Fig. 3. 6. 3 below provided that tke

practical resonator & is at least aro und 107,
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Figure 3. 6. 3. TASC observation as the heater power is turned on Jfor some practical

third sound resonator with &, =1 o7, Different point shapes correspond to different

values of film thicknéss - triangle — 12, star ~ 16 and diamond — 20 layers.

In this case a self-oscillationwill not occur (losses are positive) but a critical

input power of 0.7 W will be at least sufficient to observe a ten percent increase in the

quality factor of the third sound resonance under right conditions.
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« Chapter 4. Apparatus Assembling

The constituent components of our third sound resonator and the way it was
built are discussed in this chapter, along with the detection system details and the

principal pafts of the dilution refrigerator used in the experiment.

& 4 ] Third sound resonator

Once the third sound resonator design h_qs been eoneluded, we stezrred the pro-
cess of its implementation. The main components of our resonator included a vapor
source, sapphire disk, capacitor plate and the base with a central post.

A copper base of 27. 2 mm in diameter with a central post of 3 mmin lengthand
1. 2mm inradius was manufactured in the machine shop together with fqur needed cop-
per pins, each 5 mm long by 2 mm diameter (Fig. 2. 4. I). -

Inthe physics evapomz‘ien lab, sapphire disk of 13 mm in diameter and 0.5 mm
in thickness was smoothly rotated between two sources of silver that was used to cover
each disk surface by a 2000 A thick layer of silver e;écept a small spot in the middle.

That spot was preserved to hold the disk and glue it later fo the base.

A 15 mm square of quariz has served initially as a capacitor plate. It took some

efforts to drill a hole in it, then cover the plate by a mask to evaporate silver at four

designed locations to produce two drive and two pick-up electrodes.

The assembling process was painfully meficulous, and it required a strict se-
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quence of tasks to be carvied out precisely, purely and intime. One mistake in the long
list (Appendix 4) of procedures could easily nevaluate all previous successful steps. |

To facilitate the assembling, we made a jig to mount the base on one plate and

position the centered disk on another before it was glued.

* Inthe course of time, atleast five resonators have been assembled and put into
the cryostat fo be tested. As it usually happens in the experimental physics, our first

Funs were unsuccessful but still imporiant ones because they suggested what needed to

be improved.

Firstof all,I we replaced the quartz by a circuit board plate to better match ?he
expansion coefficient of epbxy because its previous contact with quartz did not savive
the cooling. To strengfhen a glue joint between the disk and central post, we even
made ] mm deep cuts in the Zdtter wich decreased the surface area of contact by a
quarter and made the contact itself more ﬂex.ible at low temperatures. Moreover,
to ensure an electrical contact between them, we provided a rim about 0.1 mm high
along the central post pefimeter and filed out some portion of it to make sure.t};at
central post touches the silver coating on the disk in more than one place.

And finally, to maximize a precisionin centering a $apphire disk with respect to
central post and eliminate any obvious human error, we revised our jig and the whole
assembling process and came to the conclusion that our technologically challenging ad-
venture requires some professional involvement. Therefore, shortly afier, the detailed
blueprints (Appendix 3) were kindly produced by Mr. Boule and new jig and base with
our improvements were manufactured for us by Mr. Widlansky inthe machine shop.

Thus, we can go through the whole process of resonator assembling on a new
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ground to meet the challenging resonator requirements for a succsessful TASC experi-
ment. That process consists of three major activities : evaporation, gluing and mount- -
ing with specific details provided in Appendix 4. Here, they are outlined to get an idea.

A fooP —shaped, about 9 mm diameter vapor source (Fig. 4. 1. 1) was made of

thin wire witha 412 (2 resistance and small contraction coefficient at low temperatures.

Figure 4. 1. 1. Made of the wireina loop of 9 mm diameter,

vapor source for the TASC experiment.

It was independently supported and centered 1. 3 mm above the sapphire disk coated on
all surfaces with 2000 A layer of evaporated silver. To get as uniform as possible the

dik coverage, we made a rotor and placed it inside the evaporation chamber to be able

to rotate sapphire disk during evaporation process.

Then sapphire disk was carefully placed in a specified position on a fixed lower

Jig and was held by the vacuum. It was barely covered by four 12 um thick kapton film
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spacer strips posztzoned dzagonally on the same jig. A 12. 7 mm square of circuit board

(Fig 4. 1. 2) was used as a capacitor plaie hand pohshed very finely and lapped Jor

ﬂamess and divided into four segments to provide two couples of z‘ransducers drzves

(D; and Dy)and pick-ups (P; and P 2) correspondmgly which is shown below.

Dy

Figure 4. 1. 2. Capacitor plate to be used in the TASC experiment. Top side
(on the lefi) is divided to provide a couple of drive and pick-up transducers

connected as shown (on the right).

The béard was also placed above the disk with spacers into a. fixed position to prevent
its rotation at the time of gluin g the central post to that clean spot without silver in the
middie of sapphire disk. Amixture of Easypoxy K — 45 and silver flakes was prepared
to be viscous but not pastey. The upper jig carrying the base with central post was le-
veled amf a tiny amount of mixed epoxy was transfered by a needle onto the small areas

cut at the top of the central post without spilling over the rim.

Witha pivoft junérion maintained by balls in the first jig (see Appendix 3), the
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upper jig was lowered and central post made a firm contact with sapphire disk since
two j igs were tightened slightly by a sc}ew with a spring.

._A'norher freshand puf_e ep'oxy mi,{rure was used fo glue four pins to the bottom
of circuit bo&i‘d (Fig. 4.1 -.2) and ;rhen more fluid Stycast 1 266. epéxy was prepared to
glue these pins.to the base. | We needed to press on the individual pins aﬁer gluing them
to insure that the spacers lay flat and to provide the smallest capacitor gap dchievable

under given circumstances. For thisreason, alight weight rested on the metal pins

with springs was used.

After 24 hours, withamaximum care, the press was removed as well as spacers,
Jigs were separated and the base — dismounted from one of them. The whole process

of resonator assembling was performed in an air filtered clean room available in the

department,

The novel third sound resonator with 18 gm capacitor gap was cautiously frans-

fered and fixed in the cryosiat in the same room afier being electrically checked again.

To make a total pick-up electr'ode insensiiive to antisymmetric vibrations, the
transducers P j and Py were electrically connected. But D and D, transducers were
kept separate for a possible rotational drive phasing. Then the four capacitances were

measured o assure that proper spacing was achieved.

Bolted to the matching flange of Fig. 4. 1. 1, the first successfil implementation

of the third sound resonator is shownin Fig. 4. 1. 3.
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Figure 4. 1. 3. The first successful third sound resonator on early stages of the TASC.

= 4.2 Detection System

The height oscillations of third sound wave in our experiment were detecied ca-

pacitively[4. I1. We applied an alternating voltage up to 30 Vpy, to the drive electrodes

Dy and D5 (Fig. 4. 1. 2) to excite the (2, 1) third sound mode in helium film.

A change inthe film thickness in the pick-up region corresponded to a capaci-

tance modulationwhichwas converted into an electric signal by implementing the

pick-up capacitance into LC tunnel diode oscillator (TDO) phase locked to a reference
synthesizer (Fig. 4. 2. I).
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Figure4. 2. 1. Detection system for the TASC experiment..
By comparing the TDO phasé fo a fixed reference oscillator, itwas forced,
throughthe feedback, to follow the reference phase. The control Signaf needed to
accomplishthis was proportional to the frequency changes whichwould have occur-

ed without the feedback. The net result has appeared as a voltage proportional io

the capacitance change.

A TDO cuircuit used in the lab and driven by BD — 7 tunnel diode is depicted
in Fig. 4. 2. 2. The DC power is supplied by a room temperature current source which

is connected o the circuit through the same coaxial cable that carries the small RF out-

put signal from the TDO.
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Figure 4. 2. 2. Schematic diagram of the TDO cifcuit withC =15 pF,

I =0.37 4dI, Cp =300 pF, Ry =69700, I =13 yid, ¥V, =64mV.

The inductance I, was chosen to give the disired operating ﬁequeﬁcy of the LC
circuit. The tapping ﬁ‘acrio'nX = 0. 8 of the coil was dictated by the impedance Zg of

the LC circuit at the resonance. For the desired critical oscillation condition, the impe-
dance across the tap, Zygp = X 2 Zy. must be slightly greater than effective negative

resistance Ry, [4. 2). Since both Zyy and Ry, depend on temperature, their values were
determined by size of "kink" region on the TDOI —V curves (Fig. 4. 2. 3) and adjust-

3

ed, byvarying X, to provide the disired amplitude of 69 MHz of frequency oscillation.
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Figure 4. 2; 3. Experimental current —voltage characteristics of BD —7 diode at
three different temperatures. Oscillations are clearly pronounced at4.2 K.

To accurately measure our signal frequency changes, we have emplbyed- the
phase-locking technique (Fig. 4. 2. 1 ) The accuracy of this approach is limited mostly
by the instability of bothoscillators ﬁzith one used as a reference signal. In order to
minimize the error, a feed back signal from the mixer was sent directly to the TDO.

As a nonlinear circuit element, the mixer admits two input signals of  frequen-
cies frpo (from the TDO) and /fgc (from the local referencé oscillator) and outputs

a signal which consists of both sum and difference of those two.
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The sum frequency signal is eliminated and difference is amplified by passing

_ through pre-amplifier 1, whose output is sent back to the TDO as a feed back. Since

Jrequency of the TDO depends [4. 2] on the biasvoltage, and a feed back signal pro-

pagates in the same cable Iine as the bias current, it slightly changes the bias voltage

which causes the TDO f'reguency modulation. Whena fe_’ed back signal cancels out

[frequency variations due to capacitance oscillations, the loop is said to be locked.

The difference frequency is zero in this case, and the mixer acts as a phase comparator.
_ Pre.—c.xmiplz'ﬁer? was adjusted correspondingly to allow only those frequencies,

which we were interested in, 10 be fed through a two phase lock-in amplifier, refe- |

renced to the output of the drive oscillator. The lock-in was set to monitor its input

to a signal at twice the drive frequency. The amplitudé of this signal was cha}zging

as we scanned the drive frequency through a resonance. And finally, the output of

the lock-in amplifier was recorded by a computer.

= 4.3 Dilution refrigerator

Our calculations (Chapter 3) suggested the experimental working temperature
regime for the succe&sful TASC experiment of 0.26 K. To achieve this temperature, a

continuously operating dilution refrigerator (Fig. 4. 3. I), assembled by Dr. Ellis some
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Figure 4. 3. 1. Dilutionrefrigerator for the TASC experiment.
time ago, has been employed in the lab.
The principal parts [3. 7] of this continuously operating dilution refrigerator

are shown in Fig. 4. 3. 2. The phase separation occurs in the mixing chamber, and

cooling is produced there by causing 3 He atoms from the upper, almost pure 3 He
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phase to move across the boundary to the lower, dilute phase. The continuous disso-

lution of 3 He atoms from the concentrated to the dilute phase is obtained by circula-
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Figure 4. 3. 2. The principal parts of our dilutionrefrigerator (after [3. 71). The

external heat leaks io the still and the mixing chamber are denoted by @ S and QM.

ting 3 Heinthe svstem by means of a pump at room temperamre.

73




April10.7

Incoming helium gas is first precooled and liquefied in the condenser attached

to the ¥ He pot at about Ty = 1 .6 K. This temperature is reached by a pumping on 4 He

pot as well. Ti'ze. pfessure of 3 Heis kept sufficiently high for condensatz’on fo occu‘r by
means of a flow zmpedance 4. 3]. The I iquid then enters the still heat exchanger at Ty
(about 0.7 K) the continuous exchanger; the step exchangers and finally the mixing
chamber. After cro-ssz'ng the phase boundary, 3 e atoﬁfzs,' driven by an osmotic p}‘es-
sure gradient, proceecf through the heat exchangers to the still. Vapor from the still

is removed by pumping onit. We also apply some external heating to the still in order

to get a sufficient gas circulationrate.

As a circulation of 3 He inthe system goes on, the temperature of the mi)&ing
chamber reduces down to the required values for our experiment. The experiment&l
cell chamber (Fig. 4. 1. 3) containing the thz’r& sound resonator was attached to the
mixing chamber and a good thermal contact was established b-etween them.

The temperature was measured by carbon resistors calibrated witha 5 He

melting curve thermometer and regulated by a heater in the cell chamber.
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s Chapter 5. ExperimentalResults

The first third sound experimental data on a novel resonator have been present-
ed and values of the quality factor for our third sound resonance with a heater power

"on" and "off " were analysed to make a conclusion about TASC effect detection.

s 5.1 Liquid nitrogen temperature data

Once we understood,- after reaching liquid nitrogen temﬁerature of T =77K,
that TDO started to oscillate (Fig. 4. 2. 3) reliably at a frequency /Tpo = 79.5 MHz,
we began to explore the mechanical stability of third sound resonator to be sure that frs
glue conne.cr.ions savived the cooling process. For thisreason, we applied voltage that
was less than 1 Vi _p to both dfives and recérded the_requi_'zce of our resonator to the
driving frequency that was scanned in the whole range from 100 Hz to 20 kHz.

From the previous experiments [5. 2] we have learned that there dre three pro-
nounced mechanical resonances associated witha pmposeq’ third sound resonator
design. At that point, it was not clear what kind of resonator motions they might
correspond to. But their presence has proved to be a consistent indicator that our
reson.ator was still in a good shape. We were stunned, of course, by the appearence

of a huge peak around 1.1 kHz but decided to go forward, anyway.

The first mechanical resonance was observed at a ﬁeg'uency /7 =3113.42Hz
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(Fig. 5. 1. Iy and had a quality factor &; = 1119 determined by a fitting procedure.
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Figure 3. 1. 1. Mechanical resonance at 5113.42 Hz.

We observe from Fig. 5. 1. 1 that a signal background was quite noisy for that
scanwhich had implied that we needed more time to spend on taking each experimental

data point.

That was corrected on the next scan when getting second mecanical resonance
(Fig.5. 1. 2)ata Jrequency /2 =0 754.51 Hz and &y = 447. This time we averaged
each point longer and substantially reduced the noise.

Third mechanical resonance (Fig. 5. 1. 3) at a frequency /5 = 12478.5 Hz and

| @3 = 729 always appears io be the largest and least noisy-one.

76




Signal amplitude, mV

Signal amplitude, mV

Aprill0.nb

124060 12425 12450 12475
' -Frequency, Hz

0.1 (7 Ny T ™
.-.."," ..:.J
epe: v C TE.
0.08 | g e
LA "
e A .4
_.“\‘ . . 2
* B
0.06 PR % —
" o o, -
. [ n.-‘ an®
0.04 |~ -
002 S S — _:..._
.'--‘:;-
b .- i - | . , R §
6730 6740 - 6750 67860 6780
Frequency, Hz
Figure 5. 1. 2. Mechanical resonance at 6754.51 He.
| o T
0.2 —]
0.15 |-
o1}
0.05 F -
s
fal T
0t ;

Figure 5. 1. 3. Mechanical resonance at 12478.5 Hz
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» 5.2 Superfluid helium temperature data

Since our first ultimate goal was to observe the third sound resonance, we con-
tinued lowering terﬁperature Jfurther until we reached T = 0.3 K. Unfortunarély, back-
ground noise due to unexpected presence of 1.1 kliz peak limited our?sensz’tivity tremen-
doifsly. Nevertheless, we made some adjustments to the detection system to reduce a
backgroundto 150 pV at 5Vp_p dri ve voltage. Despite our low sensitivity of 1 mV
at the background signal of 420 xV and signal amplitude around 0.2 m V, we kept our
search for the third sound whichwe esﬁméfed was to resonate between 300 Hz and

400 Hz for an approximate speéd c3 =10m/secof the third sound wave.

Inthe long run, our persistence was praised (Fig. 5. 2. 1) by the observation of
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Figure 5. 2. 1. Third sound signal observed on a chartrecorder.
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our first third sound resonance on a newly designed resonator. Though relatively small,
it was a signal we were waiting for a quite some time after many trials, tests and runs.
Witha 5 Vp_p drive voltage we slowly scanned through the resonance many

times recording by a computer the real and imaginary parts of a signal at the ouiput of

our lock-in amplifier.

To get precise values of the resonance frequency /o, of our third sound and its
quality facior @rygc aswell as a scaled amplitude A, along with its phase ¢, we used
a least square fit routine fo analyse the data by means of the formula (5.2. 1) that was a
solution in a frequency domain |5. 2] to the differential equation deséribing rhé motion

.of a slightly damped, driven harmonic oscillator.

Aa€j¢

@rasc | —(%ﬁ +4 é

A, Jor Qrasc: 4o #) =

It appeared that the best quality third sound resonance (Fig. 5. 2. 2) took place

at the frequency /5 = 333.58 Hz and had a quality factor of 4268, whichwas much
smaller than the value employed in our theoretical modeling (Chapter 3) and anticipated

to characterize the third sound resonance for the successful TASC observation.

Nevertheless, we scanned through the resonance over fifty times, at least,

© driving it with 5 then 6 Vp_p voliage with a heater power "on” and "off " to collect as
much data as we could. To provide 1 4W of power to the resonance, we sent 50 A de

current through the heater wire.
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F igufe 5. 2. 2. Real (green) and imaginary (red) parts of the third sound signal

amplitude. Dots represent the experimental data and lines — their fit.

Then vélues of & were (-e.xtmcte'c.l Joreach of the runs with the heater power
"on" to be compared with r_hase resﬁlts ébz‘ainecf v;ziz;hout a heai‘er source (Fig. 5. 2. 3).

At this point, we shoud not get discouraged by the cutcome Qf the experiment
since it signals what actually happened. AS we observe fromFig. 5. 2. 3, thereisa
Jfrequency shiftof 0.1 Hz bemeen two data sets which ﬁzeans that values of & forthe

runs with a heater power "on" corresponded to a higher helium film rémperaz‘ure than

that we started with when a heater power was "off . This conclusion is supporied by
the dispersion relation for the third sound, formula (2. 1. 6), and the relative density,

P25/ O temperature dependence (Fig. 1. 3. 1) determining the third sound speed, c3,

as a function of temperature.
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F z'guré 3. 2. 3. Resonance values of & for5Vy_p drive with a heater

power "off "' (blue) and heater power of 1 4W "on” (red).

It appeared that by sending 1 W of power into the third sound resonance at the

of the mechanical resonances at nifrogen temperature.

initial film temperature of 0.3 K, we overheated the film significantly to reach 0;5 7 K \
(in correspondence to 0.1 1z resonance [frequency shift), whichwas twice as higher of
the wofking temperature limit. This was apparently due fo é poor thermal contact that
was induced by a cracked glue jofnt between sapphire disk and a central post of copper

base. Ii also might explain the presence of 1.1 kiz peak and low quality factor values

Thus, a broken third sound resonator prevented us to observe an increase in
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& after a heater power was turned on. For the given averaged value of & = 3826
(Fig. 5. 2. 3) with the standard deviation o = 360 that increase was estimated to be

154 and could still be observed with a resolution of 114 for these ten data points.

- Therefore, fo answer the ultimate questionabout the TASC phenomenon, we
de ﬁm‘fely need to meet the all neccessary requirements on the third sound resonator
which will assure the high quality third sound resonance and provide an uﬁéquivocal

evidence on the third sound amplification by stimulated condensation of helium atoms

into the resonating third sound mode.
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e Conclusion

Inthe process of quantum condensation helium atoms Jrom the vapor become
affiliated with the velocity field of a persistent current circulation state. As aresull,
the superfluid component absorbs the mass, and the excitations, making up the normal

component, account for the energy and momentum of the condensing atom.

Condensing atoms will be assimilated into the macroscopic flow velocity siate
of the third sound mode since the flow field of the wave, on the time and size scale of

the condensing event, is indistinguishable from that of a persistent current.

Superfluid mass can be removed from a third sound resonance of a non — zero
angular momentum state by D_C film flow, preserving the AC energy in the third sound
mode. This will resultin a gain that should be observed (Fig. 3. 6. 2 — 3) as an increase

in the quality factor @rysc of the third sound resonance as anon — equilibrium ﬂuﬁ

of vapor atoms is condensed into the film.

In order to detect third sound amplification due to stimulated condensation of
helium vapor atoms into a resonating (2, 1) mode, third sound resonator must satisfy
strict requirements [2. 9]. Experimental data (Fig. 5. 2. 2), obtained on the proposed

in this thesis a novel resonator, support the conclusion that there is no obvious obstacle

Jor the successful discovery of the TASC phenomenon.
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= Appendix I

I was provided with some theoretical data (Fig. Al. 1) on helium film specific
heat C(T, &) and third sound (Fig. Al. 2) quality Jactor &, (T, &) temperature

dependencies Jfor a particular helium film thickness in the number of layers &.

4 ——em ! -

[
[
l
!

RN

Log [C (T, d)

=
1
1
i
I
i
!
!

-2 l~1‘.5‘ ' | _ -1 | | B —0_.5
Log [ T(K)]

Figure Al. 1. Scaled helium film specific heat theoretical a’dta. Film thickness

is reflected by the number of layers & in the figure.

Each specific heat and quality factor data sets with a given & were fitted to

the following
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2 -~ + 5
(4L 1
(r—a)° +6 4 ' 5 )

Log[C] =

Logle; @,71] = 4 +BI?—I_€ (A1.2)

expressions, correspondingly, where x = Log[T].

B

-3 -2.5 . -2 -1.
| Log [ T(K)]

Figure Al. 2. Third sound quality factor theoretical data. Film thickness is

reflected by the number of layers 4 inthe figure.

- Thus, we recieved as many sets (for eachvalue of &) as the total number of coeffi-

cients involved in equations (A1. 1 —2). By fitting them in turn, we get analitycal forms
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o] = ~2.5938 +5.4088 £ 03796 & (41. 3)
I} = 23.1931 Exp|~0.1035 4 %] L4
] = —0.1198 48,7995 &~0-296 y (AL 5)
O] =41.0192 Exp[-0.1143 & ~ %g—] - (41 6)
A1 =0.06256 +0.0381 & ~ % 1.7
BId1 = 22807 +4.4372 £~0-6256 4 | (A41.8)
C (4] = —2.4574 Exp|0.0889 & + %} (41.9)

which afier substitution them into equations (A1. 1 — 2) will provide us with functional

dependencies C' [T, &and &, — [T, & tobeemploed inequations (3. 4. 7 — 8).
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» Appendix 2
 Anoutline of the major steps in theoretical modeling (Chapter 3) which led to the

expression for the magnitude of the critical quality factor &), equation (3. 5.7), thatre-

Hects a balance between energy input into third sound mode and dissipation of the latter.

(3. 1.6)

N |
F 4P = 5 B L)
@&
where
& 2 3 F|1.25,0.75; I; 4]
By, ) p) = 3.1
&P = 2172 2 D0 (3. 1.7)
Pp=| < o ga 3.5 1)
disk _
f’dc:f FLhyd A (3.5.2)
disk
42 1)

77 B, 8) = o Ty Ry 7) COS (7780) COS (W £)

Ty oy ) =~ Ty 0 O )
_ )= — )= — —— ) =
/‘mm a”rm .ﬂzzo”f”’

&7
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p . .
= Ky "0;— Jor @) = Koy I 1y (20) = KT 1 (&0) (42. 2
o

2 42.3)

v 7 =ppcos(w [T () cos )~ S (#0) sin (1 &) B (42. 4)
z .

dvg
5 _yva (@213
Py 4 ( )
p=—y Ty (42.5)
v (r) = =~ Jo
177}
[T oy @) 5 (1 ) 5in (@) F = = Ty () sin (o B) s (@) ] (42. 6)
ra
V2 _ ﬂ2702 "
o

_ 3 . .
[/%2 J ’mz () cos’ (&) sin? (i) + m—2 J,,,Z (%) sin (71 ) sin (azz‘)] (42. 7
7
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? w2 |
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2472

' = “Z 2 .

2, 2

632':9'/}0" Doy = €3 K =C3 X [ 2

/l/-—-f‘/g' o=R/|a f=zla

2 2
Pw:f_’f’ii(%) az*
{7}

| ! J 2
*‘[0‘ F[']//fz2(/¥m/i/)+[m o ¥ Xmn) ] ]/Fd,if

A A

N 7.\
FPar = 77:'1714632(/}_0] Ly (&) O,

(%4

where
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(42.68)

(42.8)

(42. 10)

(42. 11)

(3.1.3)

(A42.12)

(42.13)
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m S (¥ Xmn) )2 '

i ' :
: 0 _ _ A X

P = fd T L d A =27 Lay N P, w2
where
£ o = j; "otr e ordy (42 15)
But
W= Ly (42. 16)
Therefore, | |
Pp=2xf, o)W | (42. 17)

To find the optimal heater parameters, we need to maximize the ratio - | Py which

Jor the (2, 1) third sound mode of interest

For _L21(& P (42, 18)

will provide pairs of (¢, ) ploted in Fig. 3. 5. 1 with the optimal values of ({, p)fo

be (0.2, 0.66).

Critical values of @ to sustain third sound oscillations can be found from

&
res (3.5.6)
2

Er = Wopy
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/fﬂz 2 A 2 2
res = 5637 P s, (3.3.5
Az hy ‘ :
I
J2 s = = (st —22) Js” () (3.3.6)
{34y 13 L
/:rc,.—.@*[ L ;’}3 (42.19)
Yy C3

Making use of equdrions (42. 11, (42. 13), (42, 16) withnumerical parameter& Jfor

the (2, 1Y mode such as

2 =0.0065(m); my=67+10"27 (kg); T, =40(K); p =145(kg/m’);
b =36220-10 ) 0 = 23 Lo .
; =3.6x m); ap =138+107P(J)K); £ =716(K),

A27 =3.05424; LZ] (0.2, 066) = 0.00846.

we arrive at

2 .
) /’P212ﬂ/}ojf7fzs (1) L xp

). = (42. 20)
7y Lz} (0.2, 0.66) W
which after numerical evaluation becomes
qr;
. . _
Q. =0.0307 73 (42.21)
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= Appendix 3
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Figure A3. 1. The upper jig blueprint.
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Figure A3. 2. The lower jig blueprint
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Figure A3. 3. Position of both jigs during the glueing process.
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Figure A3. 4. A copper base with a central post blueprini.
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Figure A3. 3. Four transducers made of a circuit board.
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« Appendix 4

To evaporate a sapphire disk on both sides including edges one needs to:

— scratch central spot with a diamond scribe using 3 mm diameter mask;

— scrub with hands in gloves using alcanox soap;

— rinse with distiled water, thenwithmethanol under nitrogen gas dry blow;
~ assemble a rotor as depicted in the lab notebook; |

— put slightly magic tape on a gfass slide; |

— glue a metal rod supported vertically to the tape over a weak spot;

— gfter glue hardens, cut the tape around metal rode perimeter,

— remove this rod from the slide;

— press genily over the scratched area of the sapphire disk;

— insert the rod into the rotator chuck inside the evaporation chamber;

— start rotating the disk before evaporating silver from each of two boats separately;

— achieve 2000 A of silver thickness on each side of the sapphire disk.

To glue sapphire disk to a central post of the copper base one needs to :

— transfer sapphire disk by a rod into indent in the lower jig;

— turn onvacuum and detach the rod from the disk;
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—wipea 12 pm thick plastic film with methanol dnd let it dry out;

— make four film spacing strips and lay them dowﬁ diagonally in appropriate indents
in the lower jigto cover the disk slightly néar the-edges; |

— accurately 'cem;er.a capacitor plate (circuit bord square) in the lower Jig onthe top
of sapphire disk with the spacers; |
— make sure that capacitor is not grounded;

— install the copper base in the upper jig upside down using four screws;

— gfter bleani'ng a central post with methanol and dry blow, prepare Conap Easypoxy

— 45 mixture with silver flakes to be viscous, nof pastey,

— put a tiny amount of glue mixture on four central segments of the central post with-

out spilling over the rim around central post perimeter;

— insert the upper jig with a base into the lower one using a pivot joint and slowly
lower the former until central post rests on sapphire disk;

— tighten both jigs with a bolt in a spring by hand lightly;

— clamp the vacuum hose and wait for the glue fo set.

To glue g capacitor plate one needs 1o :

— make another glue mixture, Stycast 1266, without silver;

— rinse four copper pins in methanol, dry them out in nitrogen gas;'

— apply a little drop of glue on a copper pin end and insert the pin into base hole to
reach the hole on the bottom side of the circuit board;

— repeat this procedure for the other three copper pins;
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— check that capacitor is still not grounded;

— load the pin pusher with a stable weight to press on pfns evenlyto glue them well;

— use a lamp to warm up the assembly ﬁ)r about 24 hours.

- To mount the base into a cryostat one needs to :

— re;viove the pusher with a weight;
— holding the upper jig, loosen the bolt with a Spring;
— raise the upper jig with the base, then mount the base on a turntable;
— remove gently all spacers from the capacitor;
- cheqk an electrical ground of all four transducers;
— cover sapphiré disk with a dust cap;
- hzount heater ring i-r; a cell chamber;
— mounf the base info a cell chamber;
— prepare the indium o-ring on a cell chamber flange;
— attach the drive and pick-up wires;

— remove the dust cap from the disk;

— close up the cell chamber and check all electrical contacts.
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