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We report the results of a series of experiments in
three interrelated areas: light induced nucleation of vapor
bubbles in superheated liquid helium 4, transient heat
transfer in liquid helium isotopes 3 and 4, and homogeneous
nucleation of vapor bubbles in superheated liquid helium 3.

This work has resulted in significant contributions in each



of these particular areas. Our transient heat transfer work
has resulted in extremely high temperature measurements of
the Kapitza thermal boundary conductance limits in helium 3
and 4, in measurements of the delay time to the onset of
film boiling over a wide range of bath temperatures in
helium 4, and in a determination of bubble growth rates in
helium 4. These measurements have been compared with theory
and have in some cases allowed the extension or elucidation
of that theory. We have characterized the so called "light
effect" and established photographically that small amounts
of visible light will cause the formation of vapor bubbles
at the interface of a solid and superheated liquid helium 4
and that this vapor can influence the quasi-steady-state
heat flux vs temperature hysteresis curve. Finally, we have
measured the homogeneous nucleation temperature of liquid
helium 3 and found good agreement with the predictions of
the Becker-Doring-Volmer-Zel'dovich-Frenkel nucleation
theory. This work is shown to have applications to
practical cryogenic engineering, to further understanding of
basic heat transfer and nucleation theory, and to practical

and theoretical environmental and resource considerations.
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CHAPTER 1
INTRODUCTION

This dissertation describes the results of a series of
experiments in three interrelated areas: light induced
nucleation of vapor bubbles in superheated liquid helium 4,
transient heat transfer in liquid helium isotopes 3 and 4,
and homogeneous nucleation of vapor bubbles in superheated
liquid helium 3. In addition, there is a set of appendices
describing several particular experimental aspects of the
work reported here that were not deemed to be in and of
themselves appropriate for publication.

Because experimental and theoretical work in a broad
range of areas is included in this dissertation, it is
difficult to single out any one contribution as more
significant than the others. As discussed in particular
below, the results of our work in each of the three major
areas have application to both theoretical and applied
physics, as well as to practical cryogenic engineering.

The main body of this dissertation is divided into
three chapters each concentrating on one of three inter-
related areas of research. The first major chapter of this
dissertation is on the area of light induced nucleation of

vapor bubbles in superheated normal liquid helium 4 and the



enhancements to transient and steady state heat transfer
that result. This research is based on the observation that
ordinary room light shining through the unsilvered glass
walls of our cryomagnetic dewar influenced the shape of the
AT vs time curves in a transient superheating experiment.

We have found that this "light effec’" occurs at any super-
heated liquid helium~solid interface, whether the solid be a
metal, semi-metal, or semiconductor, and that the effect is
strongly dependent on the light wavelength and bath
temperature along the vapor pressure coexistence curve. In
those circumstances where it is strongest, the light effect
was the single most sensitive detector of near UV radiation
in our laboratory and was able to induce the formation of
vapor much more suddenly than even our highest power joule
heating experiments. We have shown that an understanding of
the light effect could be of importance in practical
cryogenic engineering applications, in experimental studies
of heat transfer and bubble growth mechanisms in liquid
helium, and in the acquisition of fundamental knowledge
about the process of nucleation in general and the influence
of visible light on that process in particular.

The second major chapter of this dissertation deals
with heat transfer mechanisms in liquid helium 3 and in
normal and superfiuid liquid helium 4. We have studied the
time delay to the onset of film boiling in normal liguid

helium 4 and have found that this delay can be predicted by



a relatively simple equation which is based on a few
elementary assumptions about the limiting physical and
hydrodynamic factors in the development of a stable film
boiling configuration. These results are likely to be of
relevance to any application in which liquid helium is used
as a high efficiency coolant and of particular importance to
superconductor applications where temperature transients are
to be expected and the ability to stabilize these excursions
must be included in the basic design. We have also measured
the Kapitza thermal boundary conductance limits in normal
and superfluid liquid helium 4 and in helium 3. Our
measurements in the normal liquids were made using the
homogeneous nucleation temperature as a stable reference
point, rather than a large superfluid bath as has previously
been the custom. This has allowed the extension of these
measurements to higher temperatures by almost a factor of
two. Kapitza conductance and phonon radiation phenomena in
general are becoming increasingly important in the very
practical areas of microscopy and materials characterization
as well as in extending our fundamental understanding of how
non-electromagnetic radiation interacts with matter.

The third major chapter of this dissertation deals with
the measurement of the homogeneous nucleation temperature of
liquid helium 3. This measurement extends previous work in
our laboratory in helium.4 to the very limits of low temp-

eratures and large relative quantum mechanical influence.



Our results are shown to be in good agreement with the
predictions of the Becker-Doring-Volmer-Zel'dovich-Frenkel
nucleation theory as well as the quantum extention to the
classical corresponding states analysis suggested during the
pioneering work in helium 4. The BDVZF nucleation theory
provides a common conceptual basis for all nucleation
processes that are encountered in our environment through
the crystallization of supercooled liquids, condensation of
supersaturated vapors, boiling of superheated liquids, and
cavitation of stressed liquids so our work in helium 3 has
been important in testing and verifying the validity of this
theory over as broad a range as possible. In addition, this
work forms the basis of a continuing project to achieve
quantum tunnelling nucleation--a process that has been
predicted to occur under potentially realizable
circumstances but has never been observed.

Finally, there are three appendices. The first
discusses the growth of bismuth single crystals for magneto-
resistive thermometry. The second deals with the adaptation
of germanium crystals and rhodium-iron wire to transient
heater~thermometer applications, and the third with certain
aspects of fast transient thermometry in bismuth, which

shows variable but distinct non-ohmic behavior.



CHAPTER II

LIGHT INDUCED NUCLEATION IN SUPERHEATED LIQUID HELIUM 4

INTRODUCTION

Fol lowing the observation that ordinary room lights
could influence the shape of the oT vs time curve in a
transient superheating experiment in normal liquid helium 4,
our laboratory began an investigation of what became known
as the "Light Effect."” Preliminary studies showed that when
the liquid in contact with the surface of a bismuth crystal
heater-thermometer had been rapidly superheated to at least
a certain threshold temperature, the flashing of a single
strobe light pulse of several microseconds duration through
the unsilvered sides of a helium glass dewar caused a sudden
large drop in crystal superheat (Sinha 1982a). The effect
was striking: the temperature of the crystal could decrease
by as much as 75% of the total superheat in 3 msec, with
approximately 90% of the temperature drop occurring in under
a millisecond.

Our preliminary hypothesis, later confirmed photo-
graphically, was that the sudden increase in heat transfer
across the solid-liquid helium interface was caused by an

increase in bubble activity and that the light had somehow



induced the nucleation of bubbles at the interface. The
exact mechanism of this nucleation remains unclear; however
several hypotheses had been considered including surface
heating by the light, mechanical or phonon effects, and
photoelectrons. Each of these hypotheses have been serious-
ly compromised by experimental results and thus there
remains the intriguing question of how exactly visible light
can cause the nucleation of vapor bubbles in superheated

ligquid helium (Sinha 1980, Lezak 1984a).
EXPERIMENTAL

Our experiment utilizes a method of transient thermo-
metry that exploits the magnetoresistance of single crystals
of bismuth. At liquid helium temperatures, this magneto-
resistance exhibits a strong temperature dependence which
allows the determination of the temperature of the liquid
helium in contact with the crystal surface. A step function
electric heating current is applied to the bismuth crystal
at time t=0. We monitor the subsequent temperature change,
AT(t), of the crystal as a function of time by measuring the
voltage AV(t) between two potential leads in a 4-terminal
network. A voltage proportional to the current I(t) is
derived from an external resistance in series with the
crystal, and the resistance change AR(t) is obtained by
electronically evaluating aV(t)/I(t). Finally, AT(t) is

found froma calibration curve of AR vs AT. We can heat the



crystal at any desired rate by varying I(t), so the device
serves as a heater as well as a thermometer.

In our experiment transient temperature measurement
errors arising from uncertainty in Kapitza resistance and
other sources are estimated to be less that 50 mK. The
thermometer response time is less than 100 us so the
temperature excursions on a millisecond time scale are
easily measured and reproduced. Complete details of the
bismuth thermometer and the associated electronic circuitry
have been published elsewhere (Brodie 1977, 1978, 1981).

The bismuth crystal was mounted in a conventional Pyrex
double dewar system with an unsilvered bottom transmitting
light of wavelength longer than 310 nm and fitting between
the pole pieces of an electromagnet. We have used a variety
of light sources in our experiments including a General
Radio type 1538-A Strobotac and a Sunpack Auto-322 photo
flash. A variable delay circuit allowed the light to be
flashed at any desired time after the application of the
step-function heating current. These continuous spectrum
light sources were normally used in conjunction with a 0.25
meter monochromator with 1 mm entry and exit slits. Wave-
lengths of unwanted orders were eliminated from the
monochromator output with long wave passband filters. A
calibrated photocell was used to monitor the light pulse
irradiance over the time of the light flash in order to

establish the total light pulse energy.



QUANTIFICATION OF THE LIGHT EFFECT

Our inital observations of the light effect were based
on qualitiative comparisons of temperature vs time curves in
transient superheating experiments. A typical observation
is shown in Fig. 1 where curve a indicates the transient
superheating behavior in the absence of light and curve b is
due to the superposition of a curve resulting from a flash
of light at the time indicated by the arrow. Of the many
parameters available to quantify the light effect we have
elected to use the difference between the slopes of a oT Vs
time curve resulting from an immediately preceding light
flash and a reference curve recorded without light but under
otherwise identical conditions. By applying the power
balance equation to the heater-~thermometer we now show that
this difference in slope is proportional to the increased
heat flux due to the light. We have:

p = q + (m/a) CP(T)(dT/dt), (1)
where p is the electric power input per unit area, q is the
heat £flux out of the crystal, m/a is the mass per unit
surface area of the crystal, Cp(T) is the constant pressure
heat capacity of the crystal per unit mass, and T is Tg 4 +
AT If we analyze the difference between a curve following
a light flash and a reference curve we find:

a(p-q) = (p-Py) - (g-9g) = (m/a) CL(T) [d(T-Ty)/dt], (2)

where the subscript zero denotes reference curve quantities.
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Figure 1: Effect of pulsed light on the superheat 5T vs
time curve. A light pulse of approximately S us
duration and irradiance at the crystal surface of 24
mW/cm™2 is applied at the time indicated by the arrow.
Curve a shows the temperature as a function of time for
the case in which no light pulse is applied and curveb
shows the sharp drop in temperature following the light

pulse.
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Because p%~ p, we find:

Ad = (9-9g) = =(m/a) CL(T) [d(T-T,)/dt]. (3)

Thus the change in the first time derivative of the temp-
erature vs time curve is proportional to the additional heat
flux out of the crystal resulting from the flash. Since, as
shown in Fig. 1, the light was flashed at a time when the T,
curve is essentially constant, dT,/dt is small enough to be
neglected in comparison with dT/dt.

Figure 2 a shows a typical record of the AT vs time
curves that we used tocalculate the slope, dT/dt. It is
much like the trace of Fig. 1 except that the temperature
and time scales have been expanded around the instant of the
light flash to optimize the resolution of our digital oscil-
loscope. This curve, composed of 512 data pairs, was then
entered into a microcomputer which computed an average value
of dT/dt in the interval from 0.1 to 0.4 ms after the light
flash. In the discussion and graphs which follow, this .
value will be used as the single quantitiative measure of
the light effect. Some experimental traces were also
subjected to a higher order polynomial curve fit. Figure 2
b shows the result of evaluating the curve of Fig. 2 a by
this technique. The data points prior to the light flash
were not included in the curve fit program in order to avoid
the physically expected discontinuity of slope in the first
few tens of microseconds where the light induced cooling

begins to develop. We have not used the maximum cooling



11

| | { ] [
0 0.2 0.4 086 0.8
Time, ms
-500 |
b
a7, Ks™
dat
-1000}
-1500} A
-2000%

Figure 2: a = Effect of pulsed light on the superheat AT vs

time curve. A light pulse is applied at the time t =
0. This figure is similar to the one of Fig. 1 except
that the temperature and time scales have been expanded
around the time of the 1light flash to improve the
resolution. b - dT/dt vs time. This curve is the
result of a polynomial least squares fit to the curve
of Fig 2a. The peak value of -1.86 x 1073 K/sec
corresponds to an additional heat flux from the crystal
into the liquid helium of 520 mW/cm™2.
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rate computed by this method to quantify the light effect
because of wide variations in the shape of the dT/dt vs time
curve under different circumstances and possible limitations
due to the finite response time of the thermometer and

associated electronic circuitry.
FACTORS AFFECTING THE MAGNITUDE OF THE LIGHT EFFECT

The magnitude of the light effect, as measured by the
method described above, is influenced by a number of
factors. We have been most interes;ed in characterizing
these influences to examine the nature of the mechanisms
involved in the light effect.

As expected, the effect varies with applied light pulse
energy. In the range of energies typical of our experi-
ments, we have found slopes in the range 0.4 to 0.5 for log-'
log plots of light effect vs light pulse energy. This
suggests that the light effect varies roughly as the square
root of the applied light pulse energy.

The effect is strongly dependent on bath temperature
and pressure. As we move down in temperature and pressure
along the vapor pressure curve the magnitude of the light
effect increases by a factor of about 80 bewteen 4.2 and 2.2
K. This increase, shown in Fig. 3, is roughly exponential
with decreasing temperature. We believe that this depend-
ence is due to the increase in both AT and the difference

between the liquid and vapor density, (p; -9 ), as the bath
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Figure 3: Light effect vs bath temperature. The values of
dT/dt are obtained by the method described in the text.
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temperature is lowered.

The light effect is also strongly wavelength dependent.
Figure 4 shows three typical curves of dT/dt as a function
of wavelength, A. In the interest of clarity we have only
shown three of a family of curves that result from repeating
the wavelength sweep at various bath temperatures and/or
light pulse energies. For any particular values of bath
temperature and light pulse energy the magnitude of the
light effect, as measured by dT/dt, decreases almost linear-
ly with increasing A until a limiting value is reached
beyond which the light induced cooling, if any, is below the

sensitivity limits of our experiment.
PHOTOGRAPHIC STUDIES

In order to verify our hypothesis that the light effect
was associated with the initiation of additional boiling at
the solid-liquid helium interface, we initiated a series of
photographic studies (Lezak 1983). The photographs wexre
taken with a thirty-five millimeter single lens reflex
camera fitted with a macro lens and extension tubes so as to
form an approximately one~half life size image of the
crystal which is inside the unsilvered walls of our Pyrex
dewar system. We prevent water condensation on the outer-
most dewar surface by passing a steady stream of air past
the dewar and we suppress normal boiling in both the helium

inner and nitrogen outer dewars by momentarily slightly
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Figure 4: Light effect vs light wavelength. For

wavelengths greater than 380 nm the light pulse energy
is roughly constant. The three curves result from
wavelength sweeps taken at different bath temperatures
on the vapor pressure curve. The vertical scale is the
average value of dT/dt over 0.1 to 0.4 ms after the
light flash. Curve a is at 2.6 K and has an intercept
calculated from a linear least squares f£it of 684 nm.
Curve b is at 3.0 K and has an intercept of 643 nm, and
curve ¢ is at 3.4 K and has an intercept of 598 nm.

The tendency for dT/dt to decrease at the short
wavelength end is due to a combination of two factors:
one, the light pulse energy of our source decreases
rapidly below 380 nm and two, the transmission of the

Pyrex dewar falls to almost zero between about 330 nm
and 300 nm.
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pressurizing at the time of each photograph.
PHOTOGRAPHIC OBSERVATIONS

Our photographic technique requires two separate light
sources: one to initiate the light effect, and the second to
photograph the crystal and its superheated liquid helium
surface layer some time later. The photographic film is
shielded from the first flash by passing the light through
an interference type bandpass filter centered at 436 nm and
by placing a long-pass gelatin filter, opaque to light of
wavelength shorter than 520 nm, in front of the camera lens.
This combination allows enough light to reach the crystal to
initiate a substantial light effect and yet ensures that the
photographic image is entirely due to the second flash. 1In
this experiment we used light sources with flash durations
of approximately S us to ensure stop-action photography.

The irradiance at the crystal is approximately 10 mW/cmZ.
A translucent screen placed between the second light source
and the crystal improves the quality of the back-1lit image.

We record the effect of the light flash by exposing the
photographic film with a second flash triggered by a
variable delay pulse generator which is synchronized with
the first flash and the initiation of the light effect. We
are thus able to record the visible effects of a light flash
over a range of time delays from 200 to 2000 us after the

flash. A typical photograph is shown in Fig. 5 a. This
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Figure 5: The bismuth crystal and crystal holder immersed

in superheated liquid helium. Photograph a shows the
system 1.0 ms after a light flash. Note the vapor film
(indicated by the arrow) surrounding the crystal. In
photograph b no light flash has been applied. Note the
sharp edge of the crystal in contrast to photograph a.
The dark lines coming off the surface of the crystal
are potential leads for the four-terminal resistance
measuring network. The crystal width is 2.1 mm.
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photograph was taken 1.0 ms after the inital 1light flash and
4.0 ms after the start of the heating pulse. The bath
temperature was 2.8 K, the crystal temperature was approx-
imately 4.0 K at the time of the initial flash and the
heater power was 0.34 W/cm2. The arrow on the figure
indicates the border of a film of vapor surrounding the
crystal with a thickness of 0.4 to 0.6 mm. Figure 5 b is a
photograph that was taken under similar circumstances except
that the flash from the first light source had been
eliminated. 1In this case there is no visible vapor layer.
We conclude, therefore, that the vapor production is
initiated by the first light flash and is associated with

the cooling that we also observe to result from the light

flash.

PHOTOELECTRIC HYPOTHESIS

Because our preliminary results suggested that there
may be a long wavelength cutoff to the light effect we felt
that one plausible mechanism for the production of bubble
nuclei by the light could be a two step process in which,
first, photoelectrons are detached from the bismuth by the
action of the light and, second, the electron bubbles which
are known to form in liquid helium serve as nuclei for
ordinary vapor bubbles. (Sinha 1982a, Bennemann 1967)

Since any phenomenon involving the photoelectric effect

would be expected to exhibit a long wavelength cut-off
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corresponding to the photoelectric work function of the
presumed photocathode, an important test of the hypothesized
photoelectron mechanism was to examine the wavelength
dependence of the light effect characterized in Fig. 4 to
see if such a cut-off exists and, if so, to compare it with
the accepted value of the photoelectric threshold of the
heater-thermometer material. Although approximate limiting
values can be extrapolated from the graph, it is clear that
no unique limiting value exists independent of the
particular experimental conditions. We have also adapted a
germanium crystal resistive element and a rhodium~iron wire
to our transient thermometry technique. The light effect
was again observed with these devices and, despite reduced
sensitivity, the experimental results, including the absence
of a clear and unique long wavelength cutoff, were
consistent with those obtained with bismuth crystals as

reported above.
DISCUSSION OF PHOTOELECTRON HYPOTHESIS

At first sight the wavelength dependence of the light
effect as shown in Fig. 4 suggests a long wavelength cut-
off. However, this apparent cut-off wavelength ranges from
400 to nearly 700 nm as the bath temperature is reduced or
the light pulse energy is increased. Although it is
possible that there is some single wavelength beyond which

no light induced cooling could be observed, even in the most
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sensitive experiment, the existence of such a limiting value
is clearly not a necessary conclusion based upon the results
reported here. Additionally, the published values for the
vacuum photoelectric threshold wavelength range around 294
nm for bismuth and 258 nm for germanium (Weast 1982).
Although it might be expected that local variations of the
work function of the surface would occur due to surface
irregularities, impurities, reduced temperature, (Cardona
1978) or contact with liquid helium, (Woolf 1965, Northby
1967, Smith 1976) none of these factors appears capable of
explaining the dramatic reduction in the photoelectric work
function necessary to explain the long wavelength effect
that we have found here. The evidence presented here leads
us to effectively rule out the hypothesis that the vapor
bubbles associated with the cooling observed in the light
effect are nucleated by electrons which are ejected
completely free of the solid surface through the photo-
electric effect.

To further test the photoelectric hypothesis we placed
a conducting screen approximately 1 mm away from one surface
of a bismuth crystal heater-thermometer and found that the
application of a 180 V potential between the screen and the
crystal neither enhanced the light effect with the screen
biased positive nor inhibited it with the screen biased
negative. Furthermore, attempts to detect a photocurrent

between the crystal and the positively biased screen with
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light of wavelengths ranging from 300 to 700 nm, typical for
our other experiments, were unsuccessful.

It is still difficult to rule out a remaining related
possibility. It is conceivable that an electron may be
injected a short distance into the liguid helium by the
action of light of wavelength greater than the photoelectric
cut-off wavelength. Such a quasi-free electron might then
exist in the superheated liquid helium near the heater
surface for a time long enough for an electron bubble to
form before the electron was drawn back into the solid by
the image force. It 1is unclear at this time what minimum
photon energy would be necessary to produce such an electron
and whether our electric field experiment, which gave

negative results, was sensitive enough to be conclusive in

this case.

STEADY STATE EFFECTS

We have observed that a flash of light applied to a
system in guasi steady-state nucleate boiling results in an
irreversible transition to a lower AT for any given heat
flux, g (Lezak 1984b). Figure 6 shows a typical plot of the
effect of slowly increasing heat flux to within approximate-
ly 80% of the peak nucleate boiling heat flux (PNBHF) and
then slowly decreasing back to zero. It is clear that the
value of oT for any given q is strongly dependent upon the

thermal history of the heater-thermometer. This hysteresis
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Figure 6: Quasi steady-state q vs AT. A light flash
applied at the point indicated by arrow a results in a
rapid decrease in temperature for roughly constant heat
flux to the point indicated by arrow b. The slight
increase in heat flux from points a to b is the result
of the increase in crystal resistance as the
temperature decreases.
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loop has a larger AT for the increasing heat flux portion of
the curve than for the decreasing portion.

The arrows a and b in Fig. 6 show the effect of
applying a flash of light to the thermometer after the power
has been slowly increased to approximately 40% of the PNBHF.
The result is a reduction in superheat for the same heat
flux to near that of the decreasing heat flux side of the
hysteresis loop. A stronger light flash would result in a
still greater reduction in superheat and a weaker flash
would result in less. This effect, unlike the one observed
with transient superheating, does not appear to show a
temperature threshold. 1If the heat flux is high enough that
the system is clearly in a nucleate boiling regime, then a
flash of 1light will result in a reduction in total superheat

to the hysteresis limits.
APPLICATIONS

Although the actual mechanism by which visible 1light
iﬁfluences nucleate boiling remains unclear the effect is
nevertherless interesting and potentially useful. Of
immediate relevance in the study of heat transfer is the
guestion of the effect of the light source in photographic
studies of nucleate boiling. Our experiments point out the
need to determine the extent, if any, to which the photo-
graphic process itself acts to induce nucleation in the

system being studied. It is of course possible that the
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light effect occurs only in ligquid helium and therefore has
little bearing on photographic studies of boiling in other
liquids. There are reports, however, of light influencing
the rate of condensation nucleation from vapor to liquid
(Katz 1975) so this effect may be quite broad and is a
subiject that deserves further study.

It is also possible that this effect could be of sig-
nificance both for practical cryogenic engineering and for
the acquisition of fundamental knowledge of boiling heat
transfer and nucleation in cryogenic liquids. For example,
it might lead to methods of suppressing undesirable tran-
sient temperature excursions in the cryostatic stabilization
of superconducting devices which are refrigerated in liquid
helium.

We also feel that the light effect could be useful in
studying the two-phase heat transfer that results from the
sudden production of large numbers of vapor bubbles.in a
superheated liquid. Curves such as those shown if Fig. 1 b
and theif calculated time derivatives describe the develop-
ment of the additional heat flux following the application
of a flash of light. This is a comparatively simple
situation that could be used to test appropriate theoretical
predictions.

Finally, there is the effect of 1ight on the quasi~-
steady state q vs AT curve. The hysteresis that is shown

quite clearly in Fig. 6 has been observed as early as 1963.
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(Reeber 1963) Present theories suggest that the reduction
in AT for any given q on the down side of the curve results
from the preceding activation of additional nucleation
sites. (Kosky 1968) 1t appears that a flash of light has
the same effect as temporarily increasing the heater super-
heat and a careful study could yield information on the
density and behavior of nucleation sites in steady state
nucleate boiling. It has been reported that various surface
treatments can reduce, and even reverse, this hysteresis and
it would be interesting to study the effect of a flash of

light on these surfaces (Butler 1970).
BUBBLE GROWTH DYNAMICS

As a further application of the light effect, we have
used the photographic technique to study the development of
the bubble layer associated with the light effect as a
function of time after the light flash. This was done by
evaluating photographs taken at different time delays after
the initial 1ight flash but in otherwise identical
circumstances. Our results are summarized in Fig. 7 which
is a log-log plot of vapor film thickness vs time for three
series of photographs taken at different bath temperatures.
For times between 200 and 2000 us we may describe the vapor
layer thickness, §(t), by a power law of the form §(t) =
ct? where n is the slope and C is the antilog of the y-

intercept of the log-log graph.
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Figure 7: Log thickness vs log time after the intial light
flash. Curve a was taken at a bath temperature of 2.2
K. Curve b was taken at a bath temperature of 2.4 K
and curve ¢ was taken at a bath temperature of 2.8 K.
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Although the environment of the bubbles in our study is
very complicated, we expect that the bubble growth dynamics
should be similar to those predicted for isobaric heat
diffusion controlled growth of free spherical bubbles.
Theoretical studies of this growth region have determined
that the expected growth rate is R(t) = 2 Cl(mt)l/2 where
the thermal diffusivity, «, is given by the experimental
conditions and the growth constant C; is an implicit
function of the Jakob number (ﬂﬁ’ﬂinv ) (AT) and the liquid
to vapor density ratio (ﬂ/?v)' (Tong 1975, Mikic 1970,
Plesset 1954, Birkhoff 1958) AT is the liquid superheat, C,
is the liquid heat capacity, and hy, is the heat of
vaporization.

Previous experimental studies of pool boiling bubble
growth in liquid helium have confirmed that the radius does
increase as t1/2 but do not give a consistent value for the
growth constant Cq (Pavlov 1980). Our own results for n
also tend to cluster around n=1/2. However, the growth
constant C;, as estimated from our experimental data, varies
from roughly 50 to 250. Because of the transient nature of
our experiments we expect Cq to vary with time but
calculations based on theoretical work reported by Tong
(1975) indicate that it should fall in the range 5-50.

Our consistently high value of C, could be taken as evidence
that the interference between bubbles limits their full

three dimensional spherical growth at the stage where they



become visible in our experiment.
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CHAPTER III
TRANSIENT HEAT TRANSFER
INTRODUCTION

Studies of transient heat transfer in liquid helium
have been and continue to be of great interest for both
theoretical and practical applications. We have adapted our
techniges of transient magnetoresistive thermometry to
examine two areas of liquid helium heat transfer of
particular interest: the Kapitza limits to thermal boundary
conduction and the delay to the onset of film boiling
following the application of a large heat pulse. Although
the primary applications for this work may be as a reference
for other experiments such as our measurements of thg homo-
geneous nucleation temperature, our studies of high tempera-
ture Kapitza thermal boundary resistance provide an
important extension to our knowledge of a phenomenon which
is otherwise difficult to measure. Studies of the time
delay to the onset of film boiling are, on the other hand,
of immediate practical importance in the design of systems--
typically superconducting devices~--which are cooled by

liquid helium and subject to power transients.



MEASUREMENT OF THE KAPITZA THERMAL BOUNDARY CONDUCTANCE
FROM BISMUTH TO NORMAL LIQUID HELIUM ISOTOPES 3 AND 4

AT THEIR HOMOGENEOUS NUCLEATION TEMPERATURES
INTRODUCTION

Measurements of the thermal boundary conductance, hy,
between solids and liquid helium--Kapitza conductance--have
traditionally been made at bath temperatures befow the
superfluid transition temperature of liquid helium isotope 4
{Snyder 1969). This is because a stable temperature
reference, such as is provided by a large superfluid bath,
greatly facilitates these measurements (Kim 1983). We have
used the homogeneous nucleation temperature of liquid helium
to provide another reference point. This has allowed
measurements of hy in the temperature range of 4.0 to 4.6 K
in helium-4 and 2.5 to 2.8 K in helium-3. Our results are
roughly consistent with an extrapolation of previously

reported temperature dependent results in the range 1-2 K

(Cheeke 1973).
THEORETICAL BACKGROUND

In experiments involving transient superheating of a
solid immersed in normal liquid helium, the observed maximum

superheat becomes relatively constant at applied powers, q,
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greater than approximately 50 mW/cm2 (Sinha 1982b). This
is explained by the sudden onset of thermally activated
homogeneous nucleation, and the maximum liquid superheat is
the homogeneous nucleation temperature, Ty, of the liquid.
This temperature is predicted by the so-called "classical"
nucleation theories, such as those of Becker and Doring
(Skripov 1974). Because the predicted nucleation rate
varies by several orders of magnitude within a narrow range
of superheating, this prediction effectively defines a
kinetic limit of metastability which provides a surface
layer of 1liquid helium at a temperature, Ty, that is
substantially independent of heating rate (Sinha 1982b).
Thus the heat flux dependent maximum solid superheat will be
Ty, + ATk and the Kapitza conductance, hy, may be calculated

from the equation:

OBSERVATIONS

Figure 8 is a graph of measured maximum superheat
temperature as a function of calculated heat flux. Although
there are several possible factors that could contribute to
the observed increase in maximum superheat with increasing
heater power, such as nucleation and bubble growth kinetics
(Skripov 1974), and the finite response time and internal
temperature gradients of our bismuth crystal thermometer

(Brodie 1981, Sinha 1982b), preliminary calculations suggest
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Figure 8: Measured maximum superheat vs heat flux at
various bath temperatures. The data in Fig. la were

taken in helium-4 and the data in Fig. 1lb were taken in
helium-3.
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that Kapitza conductance is the overwhelming factor.

We have also measured the Kapitza conduction limits at
the interface of our bismuth crystal heater-thermometer and
superfluid liquid helium-4 in the bath temperature range Ty =
1.42 to 2.16 K. Because there is effectively no
superheating in the superfluid bath the temperature of the
solid reaches a temperature Ty + ATk within a few tens of
microseconds after the application of a step function
heating current. Because the maximum powers used in this
experiment typically resulted in ATy's approximately equal
to Ty, it was necessary to define an effective Kapitza
conductance including the additional terms in the expansion
(T+AT)4 - ré {Snyder 1969) giving:

h'y =hy [l + (3/2) (4T/T) + (AT/T)2 + (1/4) (AT/T)31 (5)

It appears that Eq. § actually overcorrects the data
slightly giving a corrected Kapitza conductance that
decreases somewhat as AT is increased. We have fit these
data, along with our higher temperature results, to an
empirical power law form in order to determine the depend~
ence of Kapitza conductance with temperature. The best fit
for all of our data between 1.4 and 4.5 K is obtained using
the coefficients hy = 0.18 * 118, This value has been
reported elsewhere to be hp = 0.16 * 724 in the
temperature range 1-2 K (Cheeke 1973).. In view of the
experimental uncertainties, these measurements appear to be

in rough agreement. It should be noted that our measure-
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ments were made in a magnetic field of 0.8 T which is neces-
sary to provide the magneto-resistance of the bismuth

crystal heater-thermometer.



TRANSIENT SOLID-LIQUID HELIUM HEAT TRANSFER AND

THE TIME DELAY TO THE ONSET OF FILM BOILING
INTRODUCTION

Heat transfer from a superheated solid to liquid helium
I takes place by a variety of mechanisms. For heat fluxes
less than 0.6-1.0 W/cm2 the maximum average temperature of
the heater surface, Tmax' stays near or below the
homogeneous nucleation temperature, Ty of the liquid and is
thus only moderately superheated (Sinha 1982d, Tong 1975).
If a persistent heat flux beyond this range is maintained
the liquid develops a film boiling configuration and the
superheat can increase by several orders of magnitude. This
phenomenon is called departure from nucleate boiling (DNB)
and the critical heat flux is called the peak nucleate
boiling heat flux (PNBHF). Although roughly constant, this
PNBHF shows some dependence on heater geometry and surface
conditions as well as bath temperature and pressure. In
typical applications in which liquid helium is used as a
coolant for superconductors heat is occasionally generated
by transient disturbances such as flux jumps or mechanical
stresses. If the heat can not be dissipated so that the
superconductor is stabilized and returned to its super-

conducting state before DNB occurs the disturbance can
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spread and result in potentially destructive burnout.

It has been previously reported that the PNBHF can be
exceeded for short periods of time without the occurrence of
DNB and the associated catastrophic superheat because latent
heat is transported away from the surface through nucleate
boiling in the short time, t<ty, before a stable film
boiling configuration develops. (Schmidt 1978, Metzger
1982, Steward 1978, Tsukamoto 1975, Giarratano 1983, Adler
1983, Sinha 1979) This paper reports the extension of those
works over a wide range of bath temperatures. This has
allowed comparisons of our experimental results with a
strongly temperature dependent theoretical prediction
proposed by Schmidt (1978) which related the delay times,

tgy, to the applied heat flux, Q (T):

app
Qapp(™ = 2&/tg)t/2p1hyy (6)

where «(T) is the thermal diffusivity and h,,(T) is the

latent heat of vaporization of liquid helium. The origin of

this prediction is discussed as well as its physical meaning

in terms of describing the conditions necessary for the

development of a £ilm boiling configuration.
EXPERIMENTAL TECHNIQUE

We have adapted a technique of bismuth magneto-
resistive thermometry to this experiment. In this method we
have exploited the temperature dependence in the magneto-

resistance of bismuth to allow us to continuously monitor
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the temperature of a single crystal of bismuth which is
heated by the application of a step function current pulse.
Complete details of the bismuth thermometer and its
associated circuitry can be found elsewhere (Brodie 1977,
1981). Because of its small heat capacity and large coef-
ficients of thermal conductivity and diffusivity, bismuth is
ideally suited to this type of transient thermometry. We
estimate a temperature measurement uncertainty of less than
50 mK and a thermal response time of well under 100 usec.
The crystal has a cross section of roughly 2 by 2 mm and is

approximately 30 mm in length.
EXPERIMENTAL RESULTS

Figure 9 is a plot of superheat vs time in a typical
experiment. The temperature of the bismuth crystal heater-
thermometer is seen to rise rapidly to T ., Where it remains
roughly constant uﬂtil the sudden rise in temperature
marking DNB. We should note here that we have not corrected
our results for Kapitza thermal boundary conductance limits
so the heater-thermometer is actually measuring the bath
temperature plus AT,. (Snyder 1969, Lezak in preparation)
The magnetoresistance of bismuth decreases with increasing
temperature so the heat flux, Q, which is approximately
equal to the applied power in our constant current
experiments, (Q=I2*R(T)) is self-limiting and prevents

burnout and the associated damage that could result.
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Figure 9: Superheat oT vs time history for an applied heat
flux greater than the peak nucleate boiling heat flux
(PNBHF). The delay times, tys reported in the text are
determined by visual inspection of these curves to
determine an approximate midpoint between the nucleate
boiling and film boiling regimes.
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Because we are interested in the total heat energy transfer-
red into the liquid helium, our measurements of the time
delay begin with the start of the current pulse and continue
until approximately the middle of the change in slope
marking the onset of film boiling and the sudden increase in
superheat.

Figure lois a 1log-log plot of delay time, ty, vs heat
flux at several different bath temperatures. Each of these
plots is approximately linear for delay times less that 1 to
2 msec but show a tendency to level out as the delay time is
increased by reducing the applied heat flux. Ultimately, as
the heat flux is reduced below the steady-state PNBHF
nucleate boiling heat transfer can be maintained indefinite-
ly. Our results at a bath temperature of 4.2 K are in
agreement with previously published results in experiments
using a variety of thermometric techniques, solid surfaces,
and geometries. (Schmidt 1978, Metzger 1982, Steward 1978,

Tsukamoto 1975, Giarratano 1983, Adler 1983).
THEORETICAL

It should in principle be possible to calculate the
delay time prior to the onset of filmboiling from a micro-
scopic consideration of the hydrodynamics and thermodynamics
at the heater surface and in the superheated liquid helium
layer. 1In practice, this is a turbulent two-phase problem

in which conduction, vaporization, and convection play
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interrelated roles in the heat transfer process. We do not
expect, therefore, to solve this problem exactly.

Calculations of the steady state values of the PNBHF
have been made under a number of assumptions, many based on
hydrodynamic wave motion theory, to establish a range of
stable vapor layer thicknesses (Tong 1975). It remains
unclear whether these approaches could be applied succes-
sfully to the transient case. One somewhat simplified
approach to the problem of determining ty would be to
determine the minimum quantity of energy necessary to
produce a vapor layer meeting the hydrodynamic criteria for
stability. Such a calculation would still have to account
for energy lost by conduction, convection, and radiation as
well as the nonequilibrium nature of the growing vapor
layer.

An alternative approach neglects convective and
radiative heat transfer and merely solves the simultaneous
problem of determining ﬁhe energy necessary to fully
evaporate a superheated layer with a thickness x(t) estimat-
ed by the heat diffusion equation:

x(t)=2(xt) /2, (7)

&)
£Q(‘:)dt = Quppta = X(t)P 01y, (8)
so, having assumed Qapp = constant, and solving for Q, we
derive Eq. 6:
Qapp = 2(*/tg) Y% 1hyy. —2

This equation can be solved with numerical values at
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4.2 K to obtain Q = 0.1 Wsec"1/2cm™2 which is a factor of
two above the usually reported values in the range of tj
between .01 and 1.0 msec (Touloukian 1979). Most important
is the fact that the predicted exponent of the time, -1/2,
is well supported by the experimental data. That such a
crudely derived formula provides an accurate determination
of the dependence of the delay time on applied power may at
first seem surprising. It may well be, however, that for
high heat fluxes and short delay times this equation may
more accurately represent the limiting physical factors in
the development of a £ilm boiling configuration than the
presumption of some minimum stable film thickness based upon
quasi-steady state hydrodynamic calculations.

This can be seen from an examination of the development
of the temperature and energy distribution in the super-
heated helium layer following the application of a step
function heating pulse. From the time that the heater-
thermometer reaches the homogeneous nucleation temperature
of the 1iquid to the point that DNB occurs the superheat is
roughly constant so the total heat flux, Q¢ = Qy * Q¢ where
Qy 1s the heat flux due to conduction and Q. is that due to
vaporization near the surface, is also constant and equal to
the applied power. Because the rate of thermally activated
nucleation is highly sensitive to temperature variations
around the homogeneous nucleation temperature, we find that

vapor is produced at exactly the rate necessary to maintain
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that temperature through a feedback mechanism that is highly
insensitive to the value of Q. The slight upward slope to
the AT vs time curve is probably due to the increasing
fraction of vapor on the surface of the heater-thermometer,
which measures the average surface temperature, and the
local 'hot spots' which these voids produce. Eventually,
enough vapor is formed in the thin superheated layver
adjacent to the heater~thermometer surface to effectively
inhibit conductive heat transfer into the bulk liquid and
prevent the transfer of latent heat through vaporization.
At this time, the temperature of the heater-thermometer must
suddenly increase'to maintain a balance between the applied
power and the actual heat flux and DNB is observed to occur.

If we assume that the energy density in the superheated
layer is roughly independent of distance from the surface of
the heater because of turbulence and microconvection then
the time at which DNB occurs will be exactly that time
predicted by Eq. 6. It is well known, however, that DNB can
occur with only partial vapor coverage of the heated
surface (Tong 1975). Our experimental results suggest that
this occurs when approximately 50% of the heated surface is
coated with vapor. Our empirically corrected Eq. 6 thus
becomes:

Qapp = ®/tg) YD nyy, (9)
which not only predicts the correct slope of the Q vs 3

curve but the correct intercept as well.
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The corrected theory can be summarized as follows: DNB
will occur following the application of a step~function
heating current after enough heat has flowed into the helium
to vaporize 1/2 the liquid in a layer 2(u'~t)l/2 thick. This
theory loses applicability for times greater than 1 to 2
msec, after which thermally and dynamically driven convec-
tion from bubble departure draw energy out of the super-
heated layer. We would also expect this equation to lose
validity for times much less that .01 msec in which case the
inital formation of vapor at the heater surface would be so
catastrophic and pervasive that the hydrodynamics of the
advancing vapor front would play a substantial role and film

boiling would be immediate.
DISCUSSION OF RESULTS

One outstanding feature of Eg. 9 is that there is an
expected dependence on two rather strongly temperature
dependent quantities; « , and p,h;,. In order to test this
dependence we have taken data over the range of bath temper-
atures extending from just above the A -transition at 2.18 K
to 4.2 K. This is shown in Fig. 11 which includes much of
the same data as Fig. 10 but the data have been replotted to
demonstrate the effect on delay time of varying bath temper-
ature at various constant heat fluxes. The open squares on
Fig. 12 represents a plot of Eq. 9 for a heat flux of 1.4

W/cmz. Although the fit to our the experimental results
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for that heat flux, also included in the figure, is not

precise the similarity is quite dramatic.
CONCLUSION

We conclude that for times less that 1 msec, Eq. 9
both provides an accurate predictor for the delay time prior
to the onset of f£film boiling resulting from the application
of a step-function heat pulse and accurately represents
those physical factors determining that time. This suggests
that the crucial factor in determining the time delay to the
onset of film boiling is the competition between sensible
heat transfer into the bulk liquid by diffusion and the
vapor that is formed in the liquid as a result. For times
longer than 1 to 2 msec the data suggest that increasing
amounts of energy are necessary to produce a film boiling
configuration with the limiting case of no £film boiling for
applied heat fluxés lower than the steady-~state PNBHF. This
is due to the increasing importance of macroscopic convec-
tion and turbulence in moving heat out of the diffusion
limited layer as time progresses. The results in this range
still suggest that there is a strong dependence on the
factor (e<(T))™*01(T)h;,(T) but the exponent in time is
substantially smaller that 1/2. It is conceiveable that a
further analysis, including a term for convection in the

heat transfer equation, could provide a better fit to this

large t4 data.



CHAPTER 1V
HOMOGENEOUS NUCLEATION TEMPERATURE OF 3He
INTRODUCTION

The classical theory of kinetics involved in the
nucleation of one phase from another has received much
attention since its original formulation by Volmer and Weber
(1926), Becker and Doring (1935), and others (Blander and
Katz 1975). Such phase transitions are associated with the
existence of a thermodynamic barrier to the formation of
droplets of a second phase in a homogeneous metastable
parént phase. One application of this theory is in the
prediction of an effective kinetic limit of metastability of
superheated liquids. Successful measurements of this limit,
called the homogeneous nucleation temperature, have recently
been extended from the warmer cryogens into hydrogen and
helium-4 (Sinha 1982b, Nishigaki 1983, Hord 1964). This
verification was of considerable interest because hydrogen
and helium~4 differ from the warmer cryogens in that they
are effectively quantum liquids whose de Broglie wavelength,
h/(me)VZ, is sizeable in comparison to the interatomic
distance. The relative quantum mechanical nature cf these

ligquids can be simply scaled by the magnitude of the de Boer
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parameter (o) [A =h/c(me)» , where h is Planck's constant, m
is the atomic mass, and € and & are the Lennard-Jones para-
meters representing, respectively, the strength and range of
the interatomic potential]. To put this scale into
perspective, the so-called classical cryogens; argon,
krypton, and xenon all have de Boer parameters, A, less than
0.2 while the values of A for hydrogen and helium-4 are 1.7
and 2.7, respectively. This verification of classical
nucleation theory for superheating experiments in quantum
liquids represented a powerful and not altogether expected
success for that theory. This is in contrast to the case of
tensile strength experiments where the predicted ultimate
limits have never been observed for the cryogens (Beams
1956, 1959, Marston 1976).

Although the values of the homogeneous nucleation
temperature have been correctly calculated by classical
nucleation theory for these quantum liquids, they have been
shown to differ substantially from predictions based on the
approximate universal relation of the corresponding states
approach:

(1-Th/Tc) = 0.14%(1-p/pc)0-92, (f0)
where Ty is the homogeneous nucleation temperature, T. is
the critical temperature, P is the saturation bath pressure
and P, is the critical pressure (Sinha 1982b, Nishigaki
1983). This is shown in Fig. (3 which is a plot of the

reduced homogeneous nucleation temperature, Th/Tc' vs
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reduced bath pressure,-P/P,, for several classical and
quantum liquids. This deviation does not represent a break-
down in the classical corresponding states theory so much as
a reflection of the relatively larger quantum mechanical
influence on the thermophysical properties of the gquantum
liquids. 1Indeed, the magnitude of these deviations has been
simply scaled to the de Boer parameter in a quantum
extension to this theory of corresponding states (Sinha
1982b). One of the successes of this approach was the
prediction of the homogeneous nucleation temperatures and
other properties (Sinha 1982c) of liquids whose thermo-
phsycial properties have not been well characterized by
direct experimental observation, such as deuterium-tritium
(DT) and tritium=-tritium (T,).

Following the verification of classical nucleation
theory in helium-4, the next logical research step was to
extend our studies of bubble nucleation in cryogenic liquids
to the extreme limit of relative quantum influence and to
still lower temperatures by measuring the homogeneous
nucleation temperature of liquid helium-3. From a
theoretical point of view, liquid helium-3 is interesting
because it is the most strongly gquantum liquid known, as
measured by its de Boer parameter, and thus shows the
largest deviation from the corresponding states predictions
based on the classical liquids. Experimentally, it afforded

the easiest access of any liquid to the lowest temperature.
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Also, it exhibits no superfluid transition down to very low
temperature, an important practical consideration for our
transient superheating method. The absence of superfluidity
is important for another reason. This superheating work was
only the first phase of a more comprehensive program to map
out the entire boundary of the metastable region of helium
three, including the negative pressure region where the
superheating method must be at least supplemented by the
tensile stress technique. Since the presence of bubbles
originating at quantized vortex lines has been suggested as
one reason for the premature nucleation encountered in
tensile stress experiments in liquid helium-4 (Finch 1966,
McConnell 1970}, it seems prudent to move on to liquid
helium-3 for further such studies, thus eliminating at least
one possible reason for the failure to reach the predicted

ultimate tensile strength.
BACKGROUND

Although attempts at experimental verification of
Becker-bDoring classical nucleation theory have met with
considerable success, there are still some areas in which
agreement between theory and experiment has not been
observed.

For the case of nucleation of the vapor phase from the
liquid the verification experiments have generally taken one

of two forms. Many workers have used some type of super-
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heating technique in which the temperature of the liquid is
raised to the homogeneous nucleation temperature, Th, at
constant pressure. Others have employed a variety of
methods in which the pressure was lowered at constant temp-
erature until nucleation of the vapor phase is observed. If
the pressure can be reduced to a negative value before
nucleation occurs, the tensile strength of the ligquid may be
measured. As a result of these efforts, it was definitively
established that, for organic liquids, both superheating and
tensile strength experiments yielded values of Ty, which were
in good agreement with the predictions of the classical
nucleation theory (Skripov 1979, Apfel 1971).

However, for cryogenic liquids the situation is not so
clear. For example, a variety of methods have been employed
in attempts to measure the ultimate tensile strength of
liquid argon, nitrogen, oxygen, and helium (Beams 1956,
1959, Marston 1976, Apfel 1981), but no values even
approaching the predictions of classical nucleation theory
have ever been observed. This discrepency has been
attributed to a number of possible factors including
impurity nuclei in the liquid or at the container walls, the
production of ions by cosmic rays or radicactivity, and, in
the case of liguid helium, the quantum nature of the liguid
and the role of quantized vortex lines (Finch 1966,
McConnell 1970). On the other hand, Skripov and co-workers

have used superheating, expansion chamber, and acoustic
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cavitation techniques to stress liquid argon, krypton, and
xenon, and have found good agreement with theory (Skripov
1979, Kaverin 1980, Baidakov 1981). However, it is
important to note that both Skripov's work and our studies
were restricted to the regime of positive pressure. Thus,
at least in the warmer cryogens, the theoretical absolute
limits have been acheived in experiments employing a variety
of techniques at positive pressure, but no predicted
ultimate tensile strengths requiring the application of

tensile stress have yet been observed.
THEORETICAL BACKGROUND

In the classical nucleation theories, the formation of
critical-sized nuclei in the metastable liquid as a result
of thermal heterophase fluctuations is described in terms of
a thermally activated transition across a thermodynamic
energy barrier. The height of this energy barrier is deter-
mined by the minimum work of formation W, of a critical
(vapor filled) nucleus. The rate of formation of these
critical nuclei is generally described by an Arrhenius-type
expression:

J = J, exp (-W,,./kT), (11)
where J, is an attempt frequency determined by the dynamics
of nucleus formation process, T is the temperature, and k is
the Boltzmann constant. This equation can be expressed more

completely in a form recently given by Blander and Katz
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(1975) : 5 N 3
J = N(E2)% exp (—=1Bme_ )
wib 3KT(P,-P, ) 8°

(12)
where J is the rate of formation of critical nuclei per unit
volume per unit time, ¢ is the bulk surface tension , N is
the molecular density of the liquid, m is the molecular
mass, B is a constant (B=2/3 in our superheating experi-
ment), P, is the equilibrium vapor pressure, and P; is the
ambient pressure. The Poynting correction factor & relates
P, the vapor pressure of the liquid under an ambient pres-
sure Py, to the equlibrium pressure: Sy =(P,=P3)/ (Pg-Py).
This equation is extremely sensitive to small changes in
temperature so an effective homogeneous nucleation temp-
erature can be defined by arbitrarily setting J=1 critical
sized nucleus per unit volume per second and then solving
the resulting simplified equation for P; as a function of T.
The kinetic coefficient in the preexponential factor of Eq.
3 does not include the modifications due to viscous or
inertial forces that affect the dynamics of nuclei growth.
However, these effects have been estimated to be negligible
for calculations of the homogeneous nucleation temperature
of helium~3 or helium-4 (Sinha 1980, 1982b). Additionally,
the estimated relaxation time to establish steady state
nucleation is several orders of magnitude smaller than the
time scales considered here.

From a theoretical standpoint, liquid helium-3 was
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especially interesting to study because it is the most
strongly quantum liquid, as measured by its de Boer
parameter (A). The expected behavior of liquid helium-3 can
be illustrated by referring again to Fig. ;3. The lines on
the graph represent the theoretical predictions based on Eq.
3 while experimental data are represented by the various
symbols. First, it will be noted that the values of Th/Tc
for liquid helium isotopes 3 and 4 fall substantially below
the dgta for the classical liquids, argon, krypton, and
xenon. It is important to emphasize that this separation of
Typ/Te for liquid helium isotopes 3 and 4 from the classical
law of corresponding states does not represent a breakdown
of the theory. Rather, it results from the fact that the
thermophysical properties involved in Eq. /2 are dependent
upon the de Boer parameter (Bewilogua 1968, Sinha 1982c)
which is significantly larger for helium than for the clas-
sical liquids, A = 2.68 and 3.08 for helium-4 and helium-
3, respectively. For classical liquids, A is about 0.1.
Thus the large de Boer parameter of the liquid doesn't
invalidate the theory but does serve to distinguish the
homogeneous nucleation temperature of liquid helium-3 and
the other quantum liquids from those of the classical
liquids.

Lifshitz and Kagan (1972) were the first to point out
that at temperatures close to absolute zero the appearance

and the inital stage of growth of real nuclei are, from
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purely energetic considerations, impossible. Although such
a mechanism has not been observed, they suggested that below
a certain threshold temperature, T*, the probability that a
subcritical sized nucleus could tunnel through the classical
energy barrier to nucleation is equal to that of a thermally
activated transition over it. This probability increases
with decreasing temperature as the energy, and thus the
effective momentum of a quasiparticle representing the
surface of a critical nucleus for liquid-to-vapor nuclea-
tion, decreases. If we consider that the quasiparticle has
an effective de Broglie wavelength inversely proportional to
its momentum we can see that tunnelling becomes probable as
the wavelength becomes greater than the classical width of
the barrier. This has been predicted to occur at 0.2 K and
at a pressure of negative 5.2 atmosphe;es in helium-3 and at
0.3 K and a pressure of negative 14.6 atmospheres for
helium-4 (Sinha 1982b, Akulichev 1975). As will be seen
later, our failure to observe premature nucleation in the
temperature range of our work is consistent with these
predictions. We conclude that a conventional thermally
driven nucleation theory should be adequate in describing
positive pressure liquid-to~vapor homogeneous nucleation in
the helium isotope liquids without invoking any new nuclea-
tion mechanisms. None-the-less, these 'classical' positive
pressure superheating experiments may be viewed as first

steps towards an experimental test of the quantum tunnelling
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nucleation theory.

EXPERIMENTAL

Our measurements were made using the technique of
transient superheating pioneered by Brodie {(Brodie 1977,
1978, 1981) and used by Sinha (1982b). However our experi-
ments differ in some important ways from this technigque. 1In
particular, the prohibitive cost of helium-3 has forced us
to recycle the vapor and necessitated the use of a smaller
sized bismuth crystal in a more restrictive geometry than
the Sinha group. This was due to the double constraints of
fitting the experimental apparatus inside an already exist-
ing helium-4 cryomagnetic dewar and the very limited supply
of helium-3 that was avaliable for liquefaction. The
experimental apparatus 1is shown schematically in Fig.j4. In
addition, we believe that these constraints were also
responsible for our inability to extend our measurements
beyond a reduced pressure (P/P.) of about 0.5 because the
restricted geometry reduced normal circulation. At reduced
pressures greater than about 0.5, we would observe that the
coefficient of heat transfer, even for relatively low heat
fluxes, was substantially reduced from what we normally
observe in liquid helium~3. Although not rigorously tested,
our best explanation of this phenomenon is that a turbulent
foam of liquid and vapor develops in the experimental vessel

as a result of our pulsed heating experiments. The
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inhibited heat transfér does not revert to normal until a
substantial amount of time has elapsed or the temperature of
the liquid helium-4 bath is reduced resulting in condensa-
tion inside the helium-3 vessel. Because our pulsed experi-
ments take place in the order of a fewmil liseconds and are
limited to a penetration into the liquid helium bath of less
than 0.1 mm (from (xt)!/*), we do not believe that this
problem could be a substantial source of measurement error
for the results reported here.

Equation /2 is a relatively complicated non-linear alge-
braic equation relating the nucleation rate to the liquid
temperature, pressure, and to the values of temperature and
pressure dependent thermophysical properties. By setting
the nucleation rate, J, equal to one critical nuclei per
unit volume per unit time, we may separate the temperature
and pressure dependent parts and solve easily and accurately
for pressure as a function of homogeneoﬁs nucleation temp-
erature. Although the choice of J=1 is arbitrary, this rate
is extremely sensitive to temperature and a change in temp-
erature of 1% results in a change in the predicted nuclea-
tion rate by more than 10 orders of magnitude. The corres-

ponding bath temperature may be found from the vapor pres-

sure curve.

EFFECT OF SURFACE TENSION

For our numerical calculations we have used a vapor
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pressure temperature scale from Sydoriac (1964), liquid and
vapor densities from Kerr (1970}, and surface tension values
from Iino (1985). It should be noted that the surface
tension data are very recent and differ enough from
Zeno'veva's (1955) values used by Sinha et al to result in
theoretical predictions of T, several percent lower than
those published previously (Sinha 1982b). Thus our experi-
mental values for Ty in helium-3 do differ measgreably from
what was originally expected. To the extent that our exper-
imental results can be used as a benchmark, it seems clear

that Iino's helium~3 surface tension data are to be prefer-

red to those of Zeno'veva.
OBSERVATIONS

In their measurements of the homogeneous nucleation
temperature of helium-4, Sinha et al reported that the
observed maximum superheat, Thnax’ remained constant over a
wide range of applied heater powers (1982b). We have been
unable to reproduce this observaton in either helium-3 or
helium-4 but instead observe that T ., increases slightly
and linearly with increasing applied powers. Figure 15 is a
graph of this measured maximum superheat temperature as a
function of applied power. Although there are several pos-
sible factors that could contribute to the observed increase
in maximum superheat with increasing heat flux our

results suggest that the Kapitza resistance is the
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overwhelming factor. (Cheeke 1973, Lezak in press) It is
possible that the Sinha group's inability to observe the
Kapitza AT was due to a combination of factors including
their less restricted geometry and higher crystal quality
which allowed the use of relatively lower applied powers, an
analog data acquisition and analysis system which may have
made correction of errors due to non-ohmic effects more
difficult than with our digital equipment, and the relative-
ly lower Kapitza resistance at the higher temperatures
afforded to helium-4 research.

Although our individual measurements fall somewhat
above the predicted homogenoeus nucleation temperature for
helium-3 we feel that the physically relevant quantity is
the extrapolated zero-power intercept of a series of experi-
ments taken at different powers. This analytic technique is
expected to yield the actual values of liquid temperature
without any influence of the Kapitza AT. This approach is
supported by the fact that the caclulated slopes of the AT
VS power curves are close to those expected from a
prediction based on Kapitza thermal boundary resistance
calculations.

Our experimental results are shown in Fig. |6 which is a
reduced pressure vs reduced temperature graph. It is
similar to Fig. /3 but has more detail in the regions of
interest. We have included it for increased clarity. The

helium-3 data points shown are act:ally the extrapolated
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zero-power intercepts of a large number of individual
transient superheating experiments. It can be seen that
these results are close to the theoretical prediction based
on Eg./b. The slight scatter in our results is discussed in
the next section. This confirmation of homogeneous
nucleation theory is consistent with results in helium-4
previously reported by Nishigaki and Saji (1983) in a gquasi-
steady state experiment as well as with the transient super-

heating results reported by Sinha et al (1982b).
ERROR ANALYSIS

We have seen that, within a relatively small margin of
error, the classical nucleation theory is shown to hold for
predictions of thermally activated liquid to vapor
homogeneous nucleation in helium-3. These measurements have
thus extended the known range of applicability of this
theory to the extreme limits of quantum liquids at positive
pressures. Our experimental results were subject to both
random and systematic errors. The relevant quantity in the
analysis of random errors is the standard deviation in the
extrapolated zero-power intercepts. This was calculated for
each extrapolation and was typically in the range of 20-40
milli-Kelvin, a figure which is consistent with our
expectations based on analysis of the experimental
apparatus, associated electronics, and bath temperature

uncertainty (Brodie 1981).
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Although our results are consistent with present
theory, there are a number of factors that could system-
atically influence the experimental results. Nishigaki and
Saji (1983) have suggested that the slight discrepancy in
their quasi-steady state measurements with homogeneous
nucleation theory could be due to early and spontaneous
bubble formation as predicted by fluctuation nucleation
theory (Hirth 1963). Sinha et al had suggested that because
of the relatively small superheated layer and transient
nature of their experiment, which is similar to ours, such
spontaneous nucleation, as well as heterogeneous nucleation,
should be negligible (1982b). A factor which could result
in measured values lowe: thzain expected is the heat
conduction from the bismuth crystal heater-thermometer along
the copper resistance sensing leads into the non-superheated
liquid helium bath a short distance away (Hennecke 1970,
Singh 1976, Keltner 198l1). We have so far been unable to
calculate precisely the expected magnitude of this error but
results of experiments with differing wire and crystal
sizes, which would be expected to result in differing
relative errors, suggest that this factor may be safely

neglected in our fast transient experiments.
DISCUSSION

The results reported above represent a verification of

Becker~Doring classical nucleation theory in the most
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strongly quantum liquid, as measured by its de Boer para-
meter, and the completion of the positive pressure phase of
a more extensive program of mapping out the entire boundary
of the metastable region of liquid helium=3.

These measurements were made in the range of
approximately 2.4 to 2.8 K and correspond to a bath
temperature range of about 1.4 to 2.6 K. Previous transient
superheating work in helium-4 was limited by the -
transition at 2.18 K which corresponds to a homogeneous
nucleation temperature of about 4.0 K (Sinha 1982b). 1In
order to extend our measurements to still lower temperatures
it will be necessary to move into the negative pressure
regime with a tensile strength experiment. Our motivations
for this are twofold. First, it is desireable to extend the
range of verification of the classical nucleation theory for
the liquid to vapor phase transition to as low a temperature
és possible. 1In particular, we would like to go below the
limit of about 0.8 K to which the general theory has been
tested; in this case in helium-3/helium-4 phase separation
experiments by Sinha and Hoffer (1983). Second, we are
approaching the temperature, 1*, at which the rate of
classical thermally activated nucleation of critical sized
vapor nuclei over the energetic barrier to formation is
predicted to equal that of quantum subbarrier tunnelling
transitions (Lifshitz 1972, Akulichev 1975). This

temperature has been predicted to be about 0.2 XK for helium-
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3 and about 0.3 K for helium-4. If observed, this quantum
transition will represent the first known regime in which
classical nucleation theory is incomplete and the first
observation of this particular nucleation mechanism.

It is of interest to note, however, that guantum
tunnelling nucleation has been predicted to occur in other
circumstances. In particular, Coleman (1980) and others
{(Guth 1981, Steinhardt 1982) have suggested that during the
formation of the early universe, Higgs fields could super-
cool far below the 1027 K at which symmetry-breaking phase
transitions are predicted to occur. The resulting
metastable false vacuum would have a large negative
pressure, as in the case of our tensile strength nucleation,
and would eventually collapse because the Higgs field in a
small regicon of space would tunnel through the energy
barrier and nucleate a bubble of the broken-symmetry phase.
It is interesting {:hat an experiment at about 109 k coula
have much to say about the physics of the early universe at

1027 K some 10'34 seconds after its inital formation.
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APPENDIX A

PREPARATION OF BISMUTH SINGLE CRYSTALS FOR USE IN

MAGNETORESISTIVE THERMOMETRY IN LIQUID HELIUM

Most of the results reported in this dissertation have
resulted from research with bismuth crystal magnetoresistive
heater-thermometers in liquid helium. These devices have a
unique combination of properties which make them almost
ideally suited for accurate fast transient thermometry at
liquid helium temperatures. The principal drawbacks of
these devices for thermometric applications are related to
the fact that the temperature sensitivity, 1/R (dR/d4T), is
greatly reduced by impurities or imperfections in the
crystal structure. For any given application both the
accuracy and signhal to noise ratio of the thermometer are
inevitably influenced by this sensitivity and, in the event
of a relatively poor crystal, the actual usability can be
adversely compromised. For this reason, careful attention
must be paid to the optimization of crystal quality at each
step of the manufacturing process.

There are, naturally, a number of steps in getting from
pure (0.99999 - 0.999999) polycrystalline bismuth to an
actual thermometric measurement. Some of these are, in

rough order:
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CRYSTAL GROWTH

1) Growth of an appropriate seed crystal.

2) Casting of a polycrystalline slug with appropriate

dimensions for the application at hand.

3) Growth of a single crystal with an appropriate

crystal lographic orientation from the seed and slug.

4) Purification by repeated zone melting of the

crystal.

The crystals are grown in a rough vacuum in a mold
constructed from Vycor plates lubricated with carbon black
(from a candle). The bismuth is from Cerro de Pasco (59
purity) or Cominco (69 purity). The bismuth is melted by a
zone melting apparatus in which a clock motor moves a heater
coil along at about 1/2 mm per minute. We have used two

furnaces, one for the large and another for the small sized

crystals.
CRYSTAL MOUNTING

5) Mounting the crystal in an appropriate holder with a
minimum of stress and damage.

6) Attachment of appropriate current supply and voltage
sensing leads with adequate physical strength and a
minimum of stress and damage.

7) Determination of surface area between lead pairs

(for calculations of power and heat flux).



8) Transfer of the crystal/holder combination from the

workbench to an appropriate cryomagnetic dewar system.

Before mounting, the orientation of each crystal is
determined to within about one degree by means of an optical
goniometer. The crystals used in the work reported here had
their trigonal axes perpendicular to the face with a binary
axis perpendicular to the length.

The large crystals are about 2 mm thick, 5Smm wide, and
average about 6 cm long. The small crystals are about 2 mm
by 2mm and about 4 cm in length. They are mounted on a
variety of holders designed to maximize mechanical stability
and exposure to the liquid helium and to our light sources
when relevant for light effect studies. Number 32 copper
wires are soldered with bismuth to either end of each
crystal to serve as current leads and as many as six leads
of number 40 - 44 copper wire are spot welded or soldered
along the crystal for potential leads. Glue and light

thread are used to hold the crystal in place.
CALIBRATION

9) Determination of crystallographic orientation by
rotating the magnetic field.

10) Determination of sensitivity at various fields and

bath temperatures.
11) Quasi-static calibration of resistance vs

temperature (typically against a vapor pressure curve).
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Calibration for AR vs AT is relatively straightforward
after the desired magnetic field and orientation have been
determined. We have used a relatively low current 4-
terminal ohmmeter and did not correct for any possible non-

ochmic effect at this stage of the experiment.
EXPERIMENT AND DATA ANALYSIS

12) Dynamic experimental measurements to find

AR(t) with appropriate correction for any non-

ohmic effects.

13) Conversion from AR(t) to AT(t).

In the work reported here we used a 4-terminal
resistance measuring network in which the heating current
served to provide the requisite potential drop. Correction

for the non-~ohmic effect is discussed below.
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APPENDIX B

USE OF GERMANIUM CRYSTALS AND RHODIUM~IRON WIRE FOR

FAST TRANSIENT THERMOMETRY IN LIQUID HELIUM

There are a number of properties which a thermometer
must have in order to be an adequate fast transient
thermometer in liquid helium. Principal among these are low
thermal mass and high thermal diffusivity and conductivity.
These are important to ensure that the thermometer causes as
little perturbation to the liquid helium as possible and
that there is thermal equilibrium within the thermometer
itself. In addition, the applications reported in this
dissertation have all used our thermometric elements as
heater-thermometers where the electric current which enables
us to measure the resistance of these elements is set high
enough that it also generates substantial amounts of joule
heating.

Of the three different types of thermometers that we
have used in our research, two have the advantage of being
commercially available: the rhodium~iron wire and the doped
germanium crystal were both purchased from Lake Shore
Cryotronics, Westerville, Ohio 43081. The germanium crystal
had the additional advantage of coming with leads already

attached at the factory, which saved a great deal of trouble
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for our lab and minimized the risk of damage during the
mounting process.

In each of these devices, the thermometric property
which was exploited for our temperature measurements was the
sensitivity of the electrical resistance of the device to
changes in temperature and the actual differential
electronic technique was quite similar from one device to
another. For purposes of comparison, we have tabulated a
number of relevant properties of these devices in Table 1.

We can see that the germanium crystal suffers from a
relatively low thermal conductivity and is thus unsuitable
for very fast experiments. The rhodium-iron wire, while
extremely fast, may be a bit too small to be useful in cases
where the approximation of semi-infinite planar geometry is
required. 1In this case, increasing wire size beyond some
limit will decrease the resistance to the point that the
current becomes uﬁmanageably high for the generation of
joule heating at an adequate rate. None-the-less, we have
observed the light effect in each of these devices and have
made crude measurements of the homogeneous nucleation

temperature.



TABLE I

Bismuth Rhodium + Germanium
0.5% Iron
Size (mm) 2 X 2 .05 dia. 0.5 X1
Thermal
Conductivity
(W/cm*K) 15 12 8
Thermal
DifSusivity 3 5 3
{cm“/sec) 3 X 10 1 X 10 7 X 10

Thermal Response
(sec)

Internal 9 6
(1%x) 4 x 1078 1 X 10” 3 X 107

External -4 -5 _5
(oVYh 1) 10 10 10

Sensitivity
1/R, (dR/dT)
(k~1) .1 .04 .33

Linearity good excellent pooxr

Data for this table, for 4 K, have been taken from
Touloukian (1970), Snyder (1969), and Cheeke (1973), as well
as from our own experimental results. The results for the
external time constant for Rhodium-Iron and Germanium should
be considered to be order of magnitude estimates only. 1In
particular, the value used for the thermal conductivity for
Germanium is probably quite a bit higher than the actual
value for our heavily doped sample. While the dopant is
necessary to increase the conductivity of our sample it also
acts to upset the lattice structure of the crystal and could
result in a decrease in thermal conductivity of several
orders of magnitude. 1In our experiments we observed that
the germanium thermometers appeared to have thermal response
times on the order of some fractions of a millisecond--about
100 times slower than reported above.



APPENDIX C

CRYSTAL BALANCE TECHNIQUES FOR FAST TRANSIENT

THERMOMETRY USING NON-OHMIC RESISTIVE SENSORS

All of the quantitative results reported in this
dissertation depend directly upon an accurate determination
of the sensor resistance as a function of time.' In
principle, the sensor resistance R(t) could be directly
determined by evaluating the quantity V(t)/I(t). This value
could then be compared to‘some previously determined
calibration curve relating the measured sensor resistance to
steady-state sensor temperature and, in the case of a non-
ohmic sensor, to the applied current. In addition to the
obvious limitation of temperature sensor response time there
remain practical limits to measurement technology which
render this entire approach inappropriate for our most
sensitive measurements. Some of these are:

1) Limited resistance change resulting in a low value

of pAR/R as well as a low signal to noise ratio,

2) Finite current rise time,

3) Distributed inductance and capacitance in the

current loop,

4) Difficulties in establishing the R,T,I surface for

calibration in the presence of a large non-ohmic
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effect.

In order to overcome the limitations imposed by the
first restraint, we utilize a differential measurement
method in which the quantity AR(T,I) is determined rather
than R(T,I). This circuit is outlined in Fig. 17. The
advantage of this approach is obvious if we put in in the
perspective of a typical measurement. For 3He at a bath
temperature of 2.5 K the expected homogeneous nucleation
temperature is 2.77 K. Typical crystal sensitivity, S =
(L/R*dR/dAT) will be smaller than =-0.1 and typical crystal
resistance will be about 10 ohms. With a current of 100 ma,
a voltage of V= I*R = 1.0 voltswill be measured between
the sensor leads. At 2.77 K the crystal resistance will be
R*(1+AT*S) = 9.73 ohms and the measured voltage (assuming a
constant current of 100 ma) will be 0.973 volts. 1In other
words, the total resistance change is about 2.7% so our
vcltage and current measurements must be accurate to about
0.14% for a net 5% accuracy in the determination of the
change in temperature. A differental measurement, on the
other hand, need only be accurate to 5% for that same net
result.

The differential technique, while solving the major
problem of extracting the signal due to a change in
temperature from the substantial steady voltage, introduces
several additional problems. The most substantial of these

relate to the necessity of accurately subtracting that
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portion of the signal that results from the value of the
sensor resistance at the original temperature. Using our
same example, a net accuracy of 5% requires that the
differential voltage, which is 0.27 ohms times 100 ma equals
27 millivolts, be known to within about 1.4 millivolts--
identical to the value established above. The consolation,
of course, is the relative ease of establishing an accurate
and steady balancing resistance compared to the difficulty
of making a transient measurement with the same precision.
Another difficulty of the differential technique has to
do with the accurate establishment of the precisely correct
balancing resistaﬂce. In the absence of substantial non-
ohmic behaviour, this can be rather easily accomplished
using a pre-triggered oscilloscope and a relatively low
current. This is shown in Fig. 19 a which has simplified
drawings of typical oscilloscope traces at increasing
currents. The electrical spikes that are present at the
moment that the current is turned on, shown more clearly in
Fig. 18, are due to transient non-linearities in the
electrical curcuits and the finite rise time of the current
pulse. As the current is increased the balance can be seen
to remain the same although the actual balance becomes
obscured at the highest currents due to the relative size
and duration of the perturbation imposed by the sudden
switching of the current pulse. A typical sensor with non-

ohmic behaviour is shown in Fig. 19 b. In this case, the
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Figure 18: Typical medium quality crystal showing distinct

spike at start of current pulse. The balance has been

visually extrapolated to t=0.
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Figure 19: a) Balance curve for a crystal without non-ohmic
behaviour. b) Balance curve for a crystal with non-
ohmic behaviour. The multiple curves on each figure
demonstrate the effects of increasing the applied
current without adiusting the crystal balance.
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crystal balance can be seen to shift from the low current
value as the current is increased. 1In principle, the
balance could be accurately recorrected at each current
{(thus giving the current dimension to the 3-dimensional
R,T,I surface) but in practice this is made difficult by the
electrical noise and substantial spike at the start of the
current pulse. Increasing the rate at which the current
reaches its steady-state value can be helpful to a point but
the distributed inductance in the circuit ensures that at
least part of this turn-on noise increases as dI/dt. We
have found that arise time of about 10-30 us is usually the

best compromise.
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