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ABSTRACT
The attenuation of a beam of high frequency second sound
traversing a counterflow jet in liquid helium has been measured
in the temperature range 1.6 to 2. 06°K. Combined use of thin
film superconducting thermometers with specially developed low
noise amplifiers allowed a temperature resolution of better than

8OK. The additional attenuation due to the jet was

one part in 10
found to be less than 10 percent of the predicted value using the
theory of mutual friction in a supercritical counterflow, and con-

sistent with the result of earlier temperature gradient and ion

beam attenuation measurements.
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I. INTRODUCTION

Liquid helium below the A-point has been perhaps the most
closely scrutinized of all fluids because of its unique position as a
fluid whose behavior on a macroscopic scale is governed by quan-
tum mechanical effects. Despite this intensive study, the experi-
mental investigation of the hydrodynamics of liquid helium has been
extremely limited, and many of the interesting phenomena observed
in classical fluids remain unstudied. Although it is now agreed
that the linearized two-fluid equations are accurate in the proper
limit, the nonlinear phenomena of shock waves and turbulence have
just recently begun to be studied. For example, although Osborne
(Ref. 1) in 1951, and Dessler and Fairbank (Ref. 2) in 1956, meas-
ured finite amplitude effects in second sound (temperature or
entropy waves), shock waves were not observed in liquid helium
until the work of Cummings in 1973 (Ref. 3). Turbulence in both
the superfluid and normal fluid has often been invoked as an expla-
nation for various observed phenomena in liquid helium, yet no
experiments have measured any random fluctuating quantities. In
Vinen's (Ref. 4) model of the Gorter-Mellink force the fact that the
superfluid is supposedly turbulent is almost irrelevant. Vinen does
not introduce any stochastic functions or averaging into his model.
There can be no doubt about the need to look closely at these
effects of nonlinearity.

The present investigation is third in a group of studies
which deals with another hydrodynamic problem. With few excep-

tions, the experiments on the fluid mechanics of liquid helium have



been on confined flows, i.e., capillaries or wider channels.

While this type of geometry is advantageous in the investigation of
critical velocities, it is not a clean situation hydrodynamically
because there is no way to separate the flow properties from the
boundary conditions at the walls, and these boundary conditions
are not yet known with certainty (see Ref. 5). The two previous
experiments (Ref. 6,7), as well as the present one, have been con-
cerned with nozzles and jets in liquid helium. The jet provides a
flow geometry without walls, thus separating the flow properties
from the boundary conditions. As it is unlikely that any applica-
tions of liquid helium as a coolant will use narrow capillaries, it is
essential to know the heat transfer characteristics of the bulk fluid
for technological purposes.

This experiment is a study of the counterflow jet similar to
the jet shown in Figure I.1. The jet is produced by thermal
counterflow or internal convection and is supercritical in the sense
that at the orifice the heat flux is high enough to cause a break-
down of the simple two-fluid model. For supercritical counterflow
in a channel, the temperature difference between the hot and cold
ends of the channel is proportional to the cube of the heat flux,
with a constant of proportionality dependent only on the bath tem-
perature and not on geometry. This empirical result prompted
Gorter and Mellink (Ref. 8) to append mutual friction terms to the
two-fluid equations. This accounts for the temperature gradient
and produces an additional linear attenuation of second sound.

However, the geometry independent temperature gradient is not
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consistent with the investigation of Dimotakis and Broadwell (Ref. 7)
who measured the temperature gradient along the axis of the jet
and found that the gradient disappeared within one jet diameter of
the orifice. If the jet remains collimated, as measured by Kapitza
(Ref. 9), and if the superfluid is not entrained by the normal fluid
(which was shown by Dimotakis to be improbable), then the mutual
friction idea must either be modified or abandoned. Additional
details of the experiments and mutual friction theory are provided
in Chapter II.

In the present work a beam of high frequency second sound
was propagated transverse to the jet, and the additional attenuation
as a function of heat flux at the orifice was measured. Zero addi-
tional attenuation would be consistent with the Dimotakis and
Broadwell experiment and would be a further indication of the
geometry dependence of mutual friction. The other extreme would
be a measurement of the full attenuation predicted by the Gorter-
Mellink force.

An additional goal of this research was to develop a simple
system for the detection of high frequency second sound specifically
for use in flow investigations of liquid helium. Even under the
most ideal conditions and with maximum power input to the second
sound emitter, the amplitude of a 1 MHz wave one centimeter from
the emitter would be 10~5 to 10_7 OK, and this could be substan-
tially reduced by the Kapitza boundary effect. Recent developments
in electronic spectral analysis equipment have made a simple

detection scheme feasible. This will permit the extensive use of



high frequency second sound as a local probe for heat transfer

studies in liquid helium.
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II. THE TWO-FLUID MODEL AND MUTUAL FRICTION

II. A, Review of the Two-Fluid Model

The hydrodynamics of liquid helium below the A-point can be
described by a two-fluid model suggested by Landau (Ref. 1) and
Tisza (Ref. 2). The motion of the liquid is considered to consist
of the motion of two interpenetrating but noninteracting fluids, each
described by its own density and velocity fields. The superfluid
has a density Pe and velocity \—;s . As the absolute zero of
temperature is approached, all the fluid becomes superfluid, i.e.,

p. .o as T - 0. Therefore, the superfluid carries no entropy
and must flow reversibly without viscous dissipation. As a conse-
quence, Landau postulated that the velocity field of the superfluid
must be irrotational. The normal fluid with density pn and
velocity Vo is normal in the sense that it has a viscosity 1n  and
carries all the entropy.

With the above understanding the equations of motion for the
two fluids can be derived (see Ref. 3). The total density is the
sum of the superfluid plus normal fluid densities, and the mass
flux is the sum of the superfluid and the normal fluid mass fluxes,
1. e.,

po-p . 1p j = pPv o= psvs + pnvn . (1)

Thus the continuity equation can be written in a way identical to

an ordinary fluid,

2e v -
8t+V.pv_0 . (2)



The momentum equation is also a straightforward generalization.
Neglecting viscous dissipation it can be written simply as

23 (3)

i 9 B )
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_é? 8xk

Since the normal fluid carries all the entropy, the entropy flux
must be psv';l where s is the entropy per unit mass. Neglecting

sources of entropy we have

aps / — _
5r v. \psvn) =0 . (4)
Lastly one must consider how the superfluid moves. As it is

presumed irrotational, its convective derivative can be derived

from a scalar potential, i.e.

- 2
8VS ; vs
5w VY \lz te=0 (5)

Arguments of Galilean invariance identify p with the chemical
potential per unit mass (see Ref. 4). Upon rearrangement and
inclusion of the normal fluid viscosity the equations appear as in
Table II.1 where they have been summarized for easy reference.
There are two consequences of the equations of motion
which are of particular importance to the present work. First,
through the chemical potential term in the equation for the
superfluid, a temperature gradient acts as a driving force on the
superfluid causing it to change its velocity. Thus, in the absence
of walls, ordinary heat conduction is excluded as a mechanism of

heat transport. Instead it is replaced by the highly efficient heat



Table II. 1

Two-Fluid Equations of Motion

Mass Conservation g—f- + V., pv =0

Momentum Conservation

S oV + V. Vv ¢ 2D AT

Entropy Conservation

2
nAYV
ais +9 - (osv) - (ZT)
T
Supe rfluid
8;; ,fvsZ
Ly i )
s PV \z ey O
where v 0 ::7 + P ; \; - \7 - ;
n n s s n s

“ = thermal conductivity n = bulk viscosity.



transfer method of thermal counterflow or internal convection,
which is an isothermal, convective heat transport (see Ref. 5).
The heat flux vector is the product of the entropy flux and the

absolute temperature, i.e.,
q = psTv (6)

If there are solid boundaries a temperature gradient proportional
to the heat flux can be maintained owing to the viscous interaction
of the normal component with the walls. For a channel of con-
stant diameter this is found to be

Gn

or n o
ox T ToEe %k T % (™

where G is a geometry-dependent constant.

A second consequence of the two-fluid equations is the type
of wave motion which the liquid helium will support (see Ref. 6).
If the two-fluid equations are linearized and a wave solution is
substituted for the superfluid and normal fluid velocities, and the
perturbation parts of the pressure and temperature,

iw (t~—§) iw(t—%)
— 1 . " 1
p_po+pe Tv.TOiTe ,

one gets a quartic characteristic polynomial for the phase velocity.
Upon neglecting the coefficient of thermal expansion, which is
small for all liquids and anomalously small for liquid helium, the

quartic separates into two quadratics giving the two velocities

2 _ 0p 2 s
Y1 T % Y2 = T¢p : (8)
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Through an analysis due to Lifschitz (Ref. 7) the physical nature
of these waves becomes clear. The speed u; is associated with
a pressure wave with the temperature remaining constant to the
approximation that B, the coefficient of thermal expansion, can be
neglected. The superfluid and normal fluid oscillate in phase so
this mode is identical to sound propagation in ordinary fluids.
Further consideration shows that this oscillation, which is called
first sound, corresponds more to isentropic than isothermal con-
ditions.

The other wave speed, u, is associated with a non-
dispersive temperature or entropy wave. The superfluid and
normal fluid oscillate out of phase in a way that the mass flux
equals zero, i.e.,

VS - - pn/ps V[’l

The pressure and density remain constant to first order in 8
These temperature waves are unique to liquid helium and have no
relation to the highly damped temperature waves in a thermally
conducting medium which die out within one thermal wavelength.

This new wave motion, called second sound for historical
reasons, was predicted first by Tisza's two-fluid theory and dis-
covered experimentally by Peshkov in 1944 (Ref. 8). Because the
coupling to pressure is of order B , second sound is most effi-
ciently excited by a heater rather than a vibrating plate, and a
sensitive thermometer is needed for detection.

As a unique property of liquid helium, second sound has
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been extensively studied. The attenuation coefficient of seccond
sound, which is usually denoted by @ , was derived by Khalatnikov
(Ref. 9) in his consideration of the kinetic coefficients of liquid
helium. This was measured by Hanson aad Pellam (Ref. L0).
Their frequencies extended into the 100 klz range. Perhaps the
most dramatic demonstration of the wave nature of second sound
was the work of Mercereau, Notarys, and Pellam (Ref. 11).

Using frequencies up to 600 kHz they measured the diffraction of
second sound from a heater which consisted of an array of equally
spaced parallel elements. In a later work, Notarys (Ref. 12)
mezaasured the speed and attenuation of second sound with frequercies
up to 25 MHz. Using a resonance technique, Notarys found that
even at these high frequencies the speed and atteanuation were the
same as at lower frequencies. A similar resonance technique has
been used in this investigation but with greatly simplified electro-

nics.

II. B. Experiments Motivating the Present Research

Despite the successes of the two-fluid model, the equations,
as has been remarked by C.T. Lane (Ref 13), were proposed on
the basis of a specific set of experiments and it is not unlikely
that they will have to be modified in the course of time. Some of
the rccent experiments and the modifications to the two-fluid model

which they suggest are considered in this scction.
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Equation (7) for the temperature gradient in a channel can
be integrated, providing the coefficient a(T) 1is reacsonably con-

stant (small temperature difference), to give
AT = -fag (9)

for the temperature difference between the hot and cold ends of a
channel in pure counterflow with no net mass flux. This expres-
sion was verifted for small heat fluxes by Keesom (Ref. 14), but
as the hcat flux is increased a critical heat flux is reached beyond
which the experimentally determined relation between the temper-

ature difference and the heat flux is
3
AT = -£ (aq + bq')

To account for the cubic dependence of the temperature
diffecrence on the heat flux, Gorter and Mellink (Ref. 15) in 1949
proposed appending mutual friction terms to the two-fluid equations.
The frictional force was proportional to the cube of the relative
velocity of the superfluid and normal fluid, and given by the

expression

- 2- - - —
10 = - Ay = -V . 10
<n pspnw w W v P (10)
The equations of motion become
835 VSZ 2
—_ 4+ Y A D 1
51 \ 2 + H) rn wWow ( )
ﬂk\“ n - .
n ’ ‘ > ] n 2 - s ) 2 .
------ v — % — v - — sVT - Ay (12
ot 1 (Vn ) n ! P P P Vn p sVl s Y (t2)
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These equations give a temperature gradient in the supercritical
region
3 Ap

VT = -aq - b(T) g b(T):—-———E—§ . (13)
s(p,sT)

Note that b(T) 1is independent of the size or shape of the channel.
This law seems to apply to wide channels over a wide range of
heat fluxes and channel dimensions. The coefficient A was
measured by Vinen (Ref. 16) and found to be temperature dependent,
but only very weakly dependent on the size of the channel.

On the basis of his experimental observations Vinen pro-
posed a mechanism for the mutual {riction force (Ref. 16).
According to Vinen, the critical relative velocity was representative
of a transition to a turbulent state of the superfluid. This turbu-
lent state is characterized by a tangled mass of quantized vortex
lines and is roughly analogous to the random fluctuations in the
vorticity of a turbulent classical fluid, but with circulation around
each vortex core quantized, as suggested by Onsager (Ref. 18) and
Feynman (Ref. 19). The mutual friction resulted from the inter-
action of the excitations which make up the normal fluid with the
tangled mass of vortices. Using dimensional analysis and frequent
appeals to classical fluid mechanics, Vinen was able to extract the
essential dependence of the Gorter-Mellink force on the relative
velocity.

Although intuitively appealing, thc idea of mutual friction
does not appear applicable in all situations where there is a rela-

tive velocity. Temperature difference measurements in a channel
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—

where Vg and ;n could be varied independently (Refs. 20 and
21) show a more complicated dependence on the velocities than can
be expressed as a simple function of their difference. To explain
these experiments and others, more friction terms were added to
the equations of motion; however, the predictive value of Vinen's

model is lost and its physical basis somewhat open to question
since it relies heavily on geometry independence. One cannot tell a
priori which mutual friction terms should be added to describe a flow
situation. Still, the Gorter-Mellink law provides results in excellent
agreement with pure counterflow in wide channels.

To further investigate the validity of the equations of motion
with the Gorter-Mellink force appended, Dimotakis and Broadwell
(Ref. 22) measured the temperature gradient in a counterflow jet.
In 1941 Kapitza (Ref. 23) observed that a well-defined, collimated
jet emerged from the mouth of a counterflow channel and persisted
for many channel diameters downstream. That the jet did not
spread appreciably was observed by measuring the deflection of a
vane moved across the jet. The two-fluid model would identify the
effluent as normal fluid while the orifice must represent a sink
for the superfluid. Consideration of the superfluid and normal
fluid streamlines shows that the jet is a region of high relative
velocity extending far into the fluid away from solid boundaries.

If the mutual friction is truly a volume force independent of the
walls, a temperature gradient should be observed extending all the
way to the free surface of the liquid.

Dimotakis and Broadwell measured the temperature gradient
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by traversing a small carbon thermometer along the axis of the jet
from inside the chamber to well outside the chamber into the free
fluid. The startling result was that the temperature gradient was
confined to the vicinity of the orifice and disappeared completely
within one diameter of the orifice. Note, however, that this result
is not at all unusual if one thinks in terms of the analogy between
temperature in a counterflow jet and pressure in an ordinary jet.
For the classical jet there is no mechanism for the support of a
downstream pressure gradient.

A simple explanation, consistent with mutual friction, is
that w = 0 in the jet; i.e., the superfluid is entrained by the
normal fluid and so there is no relative velocity. This explanation
was considered untenable by Dimotakis (Ref. 24) for the following
reason. Let T(x) be the measured temperature at a distance x
from the orifice along the axis of the jet. One can form a dimen-
sionless variable (T(x) - T, )/0T where T, 1is the bath temper-
ature and AT is the difference between the chamber and bath
temperatures. If this dimensionless temperature is plotted against
x , the resulting profile is self-similar for all heat fluxes and
bath temperatures (see Ref, 22, Figure 15). The normal fluid
would have to entrain the superfluid while ?,s varies over three
orders of magnitude in order to produce this similarity with w = 0.
In summary, the jet represents a region of high relative velocity
with no temperature gradient and is therefore inconsistent with a
geometry independent mutual friction. This appears to be a sig-

nificant failure of the Vinen model for supercritical counterflow.
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In 1968 another experiment involving counterflow through an
orifice was done by Careri, Cerdonio, and Dupré (Ref. 25). This
time the observation was by means of a negative ion trapping.
Negatively charged ions in liquid helium had been observed to be
trapped on the superfluid vortex lines (for explanation see Donnelly,

Ref. 26), so that the attenuation of a negative ion beam is a direct
measure of the amount of vorticity in the superfluid. The experi-
menters mounted diodes, each consisting of an ion source and
detector, on both sides of an orifice. The experiment consisted of
measuring the ion current as a function of the heat flux through the
orifice. At a critical heat current they observed a sharp increase
in the attenuation of the ion beam in the diode on the normal
fluid downstream side (hereafter called simply downstream side) of
the orifice with no change in attenuation in the upstream diode.
The temperature difference across the orifice was also monitored
at the same time. The change in attenuation of the ion beam oc-
curred while the temperature difference was still linear in the heat flux.
The interpretation of this result was that vortex lines created
at the orifice interact with the normal fluid and are observed on the
downstream side. Normal fluid turbulence could not play an impor-
tant role since one would then observe a temperature independent
Reynolds number for the transition using the normal fluid velocity
at the critical heat flux. Although this experiment again suggests
entrainment of the superfluid, the interpretation is not wholly con-

vincing. The first objection is that the diodes are mounted sym-

metrically and close to the orifice, but because of the small size
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of the orifice these are still 50 diameters away from the exit plane.

Thus the diode on the downstream side is in a region of high v

it

while the upstream diode is in a region where v 0 . Since the
vortices are part of the superfluid it is unclear why they should
all move with the normal fluid. One would expect only a fraction
of the superfluid vortices to be entrained, depending on v

Thus it is still unclear why the upstream diode saw no attenuation
of the beam.

In view of the Vinen model of mmutual friction and the obser-
vation by Careri of superfluid vorticity downstream of the orifice
even at small heat fluxes, one cannot simply explain the temper-
ature gradient in the Dimotakis and Broadwell experiment. For
this reason the present research was undertaken. It is found from
the equations of motion with the Gorter-Mellink terms that mutual
friction causes an additional linear attenuation of second sound
given by

o (B0)x ba = 20 . (14)
This has been verified by Vinen for pure counterflow in wide
channels and interpreted as the scattering of the normal fluid
guanta in second sound by the quantized vortices in the turbulent
superfluid. In the present experiment an emitter and detector for
second sound were placed in a Fabry-Perot resonator configuration
on the normal fluid downstream side of the jet. A second sound
beam propagated transverse to the jet in a way similar to the ion

beam of Ref. 25. The basic experiment consisted of measuring

.
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the attenuation of the second sound beam as a function of the heat
flux in the jet. If, as observed by Kapitza and Dimotakis, the jet
does not spread, then zero additional attenuation would indicate again
that the Gorter-Mellink force must turn itself off outside the jet.
Thus zero additional attenuation would be consistent with the results of
Dimotakis and Broadwell. This was the expected result. If atten-
uation of the second sound was observed, this would confirm
Careri's measurement and could be compared to Vinen's data for
wide channels as a test of the geometry independence of the Gorter-

Mellink force.
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III. EXPERIMENTAL APPARATUS

I1I. A, Counterflow Jet

The counterflow jet is shown in Figure III.1. It is con-
structed of lucite with a wall thickness of /8 inch. The heat flux
through the walls is then under one percent of the total heat flux.
The heater at the base of the wide chaimmber is 25 ohms and is con-
structed of . 005 inch Evanohm wire. Uniform» heat distribution over
the bottom of the channel was insured by potting the heater in
Cerelow, a low melting point alloy similar to Wood's metal.

The orifice is a slit 1/16 inch wide and 1/4 inch long. It
is the only region of high heat flux. This shape was chosen for
easier alignment of the second sound bcam with the jet, while the
total area was dictated by the desire to produce heat fluxes com-
parable to previous experiments and still be able to maintain

the bath temperature within the required limits.

III. B. Second Sound Equipment

III. B.1 Emitter and Detector

The second sound emitter and detector are shown in Figure
I11.2. The emitter was a gold film less than 100 A thick and
%cm2 with 1500A thick copper leads evaporated under high vacuum
onto a glass microscope slide. Electrical contact to the copper
was made with indium solder and a drop of silver print paint. The
resistance of the emitter was kept very close to 50 ohms at 4.2k
to match the impedance of the subminiature coax, thereby reducing

second harmonic generation. Second sound was generated by Joule
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Figure I[II. 1. Design details of the counterflow jet
used in the present experiments.



23

f—~————l.27cm ————l

/"|OO R Au

Glass Substrate

N

L 1500 & cu

Indium Solder

Emitter

Glass Substrate
L— Au- Sn Film

115004 sn

Indium Solder

Detector

Figure III.2. Second sound emiitter
and detector.
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heating of the resistive gold film at a frequency Zﬂ

A superconducting thin film biased on its transition temper-
ature served as the second sound detector. Typical detector
transition curves are shown in Figure III. 3. When the film is fed
with a constant current the second sound temperature fluctuations
cause a fluctuating resistance of the film and therefore an oscil-
lating voltage drop across it. The films were approximately
1000A of tin on 250A of gold. l.eads are 1500 A of pure tin which
has a transition temperature of 3.72°K and therefore is not sensi-
tive to the temperature fluctuations of second sound. The sensitive
area is the one millimeter square flag-shaped region in the center.
Fabrication details ave supplied in Appendix AL

The basic transition temperaturce of the film was set by the
ratio of tin to gold, but this transition could be lowered by means
of a magnetic field as seen in Figure IlL. 5. In this way one film
served as a detector over a wide temperature range. The deviation
from linearity of the resistance versus temperature curve in the

center of the transition is less than one percent. By optimizing

dR

W a1 ° could be made as

the bias current the detector efficiency, I

high as 0.6 Volts/°K.

II. B.2 Second Sound Cell

The second sound cell served the dual purposes of holding
the emitter and detector parallel and supporting the magnet which
biased the detector. The assembled cell is shown in Figure IIL. 4.

It was machined entirely out of Type 304 stainless steel and has
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Second sound cell

Figure III. 4.
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provision for varying the emitter detector spacing from four milli-
meters to one centimeter. Alignment of the emitter and detector
is by three set screws for each side arranged similar to a laser
mirror mount. Tension is provided by stainless steel leaf springs
which hold the emitter and detector against the alignment screws.

The magnet was fashioned by winding 40 A.W.G. copper
magnet wire on a soft iron core. This is capable of providing
fields at the detector of up to 200 gauss. The magnet yoke fits
onto the detector mount in close proximity to the detector, but is
easily demounted for alignment of the emitter and detector.

Alignment was accomplished at room temperature by means
of a helium-neon laser and an optical setup. Because the entire
structure is of the same material, there can be no differential
contraction so alignment at room temperature is maintained at
helium temperatures.

The optical path length from the laser to the cell was two
meters. By bringing the reflected light from the surfaces of the
emitter and detector back along the optical axis and into the
dumping mirror of the laser (0.5 cm diameter) the maximum mis~
alignment was 0.15 degrees which corresponds to an alignment of
better than 0.1)X for second sound frequencies up to one mega-
hertz.

The entire assembly of the jet, second sound cell, and
supporting structure is shown in Figure III.5. Figure [II. 6 shows
a top view schematic, drawn to scale, of the orifice, emitter, and

detector.



Figure III. 5. Support structure with jet



29

S —
- Emitter
C ) Orifice
/— Detector
(T3

Figure III. 6. Top view schematic of the emitter,

detector, and orifice geometry
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III. C. Bath Temperature Regulation

Temperature regulation was accomplished by means of regu-
lation of the bath pressure using a condom regulator. The pressure
above the bath was monitored with a 100 mm full scale Barocell
pressure transducer and converted to temperature using the 1958
He4 temperature scale.

To maintain constant temperature for the duration of the
experiment, it was necessary to maintain a constant heat input into
the Dewar. This necessitated multiplexing between the jet heater
and a ballast heater of approximately the same resistance wound
around the base of the supporting structure. The efficiency of
this system is shown in the graph of bath temperature vs. time for
an experimental run (Figure IIL. 7). This graph represents a worst
case of low temperature and high heat flux. It is worthwhile to
note that at 1, 6°K and comparable heat flux it would take a bath
temperature change of approximately thirty millidegrees to produce
a change in bulk attenuation at 100 kHz equal to 10% of the Gorter-
Mellink attenuation. Therefore, the limitation imposed by bath
temperature regulation is 0.1% of the Gorter-Mellink attenuation.

The current for the two heaters was supplied by a Hewlett-
Packard Model 6299 A Harrison DC power supply, and was mon-
itored by measuring the voltage drop across a 100 ohm resistor
in series with the heaters. This voltage was fed into one channel
of an analog channel selector (see Ref. 1, Appendix 1 for details).
The DC output from the Barocell formed a second channel. The

analog channel selector multiplexed the two voltages into the guarded
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input of a Hewlett-Packard 3450 A multifunction meter with 6 digit
resolution. This digitized the two voltages and printed them at

one second intervals on a Hewlett-Packard 5050 B printer, providing
a record of the hath temperature and heater current during the run.
Alternatively, the digital output from the voltmeter could be for-
matted inte four 8-bit words and written onto magnetic tape using a
Kennedy incremental tape recorder. This was used also to record
the second sound detector voltage-temperature characteristics. A
block diagram of the pressure sensor and heater electronics is

shown in Figure III. 8,

III. D. Electronics

A block diagram of the electronics for the generation and
detection of second sound is shown in Figure III. 9. It is easiest
to discuss the emitter and detector electronics separately. The
two systems are, in fact, integrally coupled through the wave

analyzer's frequency output.

L. D. 1 Emitter Electronics

The heart of the emitter system is a General Radio 1310B
sine wave generator with a frequency range of 2 Hz to 2 MH=z and
a short term drift of 0.3 p.p.m. over 10 minutes. This oscillator
is capable of being synchronized to an external reference signal
which was derived from the wave analyzer's beat frequency oscil-
lator (B. ¥.O.) output. The B.F.O. signal was converted to a

square wave and its frequency digitally divided in half in a device
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labeled "Frequency DDT'. This synchronized the oscillator to
exactly half the center frequency of the wave analyzz=r's passband
and also enabled the scanning local oscillator of the wave analyzer
to sweep the second sound frequency. This method of frequency
division is digitally precise as compared to the usual frequency
doubling by a nonlinear element which has a typical accuracy of
about one percent.

The other parts of the emitter circuit are a counter and
filter. The counter was a General Radio Model 1192 B which gave
the second sound frequency accurate to 0.001 kHz, and the filter
was an Ithaco Model 4213, operated as a low pass filter whose
corner frequency was set just above the maximum oscillator fre-
quency. This reduced second harmonic generation in the emitter
circuit, and its 50 ohm output impedance matched to the cables
and emitter impedance. Particular care had to be taken to avoid
any second harmonic generation because electromagnetic radiation
of the second harmonic of the oscillator frequency would appear io

the detector the same as second sound.

UI.D.2 Detector Electronics

The detector electronics consisted of a small signal current
amplifier (SSCA) and wave analyzer. The amplifier had a band-
width of 30 MHz with a noise figure of 3.3 nanovolts/V Hz, and
served as a preamplifier. It was originally built as a current
amplifier for a photomultiplier tube but since its 2200 ohm input

impedance was large compared to the detector resistance it served
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equally well as a voltage amplifier. With detector efficiencies as
high as 0.6 volts/°K this current amplifier gives a signal to noise
ratio of unity for 50 nanodegree second sound amplitudes. Minor
changes in the eclectronics would improve this by a factor of 10
but amplifier noise did not represent a limitation in this measure-
ment. The SSCA and the detector formed the low level part of the
signal detection system and so were provided with a separate ground.
The two wave analyzers used were a Hewlett-Fackard Model
3590A with 3594 A sweeping local! oscillator for frequencies below
600 kHz and a Hewlett-Packard Model 310A with 297 A sweep drive
for frequencies up to 1.2 MliIz. These provided narrow band filters
and also the reference signal used to sweep the second sound cavity
through its resonance. Both analyzers provided a DC ramp pro-
portional to the center frequency of the filter and a DC voltage
proportional to the RMS value of the signal component within the
passband. The two outputs from the wave analyzer were fed into
an X-Y Plotter {Hewlett Packard 7004 B). Thus the wave analyzer
generated a plot of second sound amplitude versus {requency: i.c.,

the second sound spectrum of the resonant cavity.
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Technology (1972).
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Iv. METHOD OF MEASUREMENT AND PRELIMINARY

EXPERIMENTS

IV.A. Second Sound Resonance Technique

A traveling second sound wave in the x direction can be
represented as
iw(t - x/u

-0X 2)
e e

The second sound resonator is ideally formed by an infinite plane
emitter with the detector being an infinite perfect reflector having
a small sensing element in its center. The geometrical optics
approximation is valid here provided the second sound wave length
is much smaller than the emitter dimensions. Notarys (Ref. 1)
found that his detectors exhibited negligible reflective loss even at
very high frequencies. If the power input per unit area to the
emitter is Q/A coswt, then the amplitude at the detector will be

Q 1 1

ss A Pcu cos{wt '“i}

(AT)

2 '\coshzaD - cos2 %1—))

2

o)

» = ’can_l (cothc.D tan @>
\ u
2
In this formula ¢ is the heat capacity and D is the spacing
between the emitter and detector.

A resonance condition is satisfied whenever

@D
)

= nl
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At a fixed temperature this can be accomplished by varying w ,
however it can also be accomplished by holding the frequency
fixed and allowing the bath temperature to drift, thus changing u,-
The speed of second sound can therefore be measured at a fixed

¢

temperature by measuring the frequencies of two successive

resonances, i.e.,
(2)

An expression for the attenuation can be derived from Eq. 1
by the expansion of coshZQD for small argument and the expan-
sion of cos2 tb‘D/uz near a resonance. By measuring the width,
Hw

, of the resonance curve at 1/V2 of the maximum height one

finds for a frequency resonance

Q= == (T co