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Abstract

Our previously reported work has been continued during this fourth re-

R port period. The observations on the flux flow and stability performance

e QJ \\; of bare NbTi strips have been extended to include two additional composi-
ﬁhi N tions, viz Nb-5% Ti and Nb-10% Ti, which have similar critical temperatures
, Q\‘ but widely different upper critical fields and normal state resistivities.

' The results obtained with these samples confirm our previous conclusion

| that heat transfer phenomena rather than electrical effects (or a fortui-
tous interaction between electrical and heat transfer) were of primary ,

‘importance in understanding premature take-offs. These results agree well _
with the observation on temperature fluctuations as described below. It

i has also been shown that the analysis of the field dependent recovery power

| can yield the heat flux as a function of temperature for the film boiling

| regime.

To improve the analysis on compound conductors, it is necessary to
make direct measurements of the magnetoresistance of the stabilizer and of
'the critical temperature of the superconductor. A new envirommental test
rcell constructed for this purpose is described.

Additional heat transfer measurements have been performed and repro-
|ducible fluctuations in the temperature of the heated sample in nucleate
‘'boiling have been observed. They increase in magnitude with the power dis-
sipation and with the height of the liquid helium column sbove the sample.
In the helium bath itself (without operating probes) temperature fluctua-
tions are likewise observed. They are at least two orders of magnitude
;smaller and they also increase in magnitude with the height of the helium
lcolumn. Finally, as anticipated, the thin film work has proved to be a

useful tool for the manufacturing of new heat transfer probes. P .
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work, Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or represenfotion, expressed or implied, with respect to the accuracy,
completensss, or usefulness of the information contained in this report, or that the use of
ony information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, ‘‘person acting on behalf of the Commission"" includes any employse or

contractor of the Commission, or employee of such contractor, to the extent that such employee

or contractor of the Commission, or employee of such contractor prepares, disseminates, or
provides access to, any information pursucnt 1o his employment or contract with the Commission,

or his employment with such contractor.
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MAGNETIC FLUX FLOW AND SUPERCONDUCTOR STABILIZATTION

I. INTRODUCTION

This fourth quarterly report deals with investigations on the flux
flow and stability performance of NbTi strips with 5, 10, and 25 atomic
percent titanium. The data were analyzed to determine if the premature
take-off was caused principally by electrical or heat transfer phenomena.
Since these samples have very different electrical properties (upper
critical field, flux flow and normal state resistances) and somewhat
different dimensions, the probability for an accidental correlation be-
tween thermal and electrical effects was significantly reduced. Analysis
of the recovery date ylelded similar heat transfer characteristics in the
film boiling regime for all three samples.

To continue our work on the analysis of the current-voltage character-
istics of compound conductors in the current sharing state, it seemed to be
desirable to make direct measurements of the magnetoresistance of the sta-
bilizer and critical temperature measurements of the superconductor. There-
fore, a new environmental test cell has been constructed.

In connection with our studies on bare NbTi ribbons it became interest-
ing to investigate carefully temperature fluctuations in liquid helium.
These investigations are described in the section on heat transfer measure-
ments. A very useful tool for these measurements is a glass probe with a
thin film metal resistance layer which contains a carbon resistor for the
temperature measurements. Our newly developed thin film techniques proved
to be very useful for manufacturing similar probes. The probé construction

is described in detail.



IT. FLUX FLOW AND STABILITY PERFORMANCE OF BARE NbTi STRIPS

M. 5. Lubell and D. M. Kroeger

A. Introduction.

Flux flow studies similar to those performed on a Nb-25% Ti strip have
been made on specimens rolled from ingots with the nominal compositions,
Nb-5% Ti and Nb-10% Ti. This has enabled us to obtain relevant data on
materials with similar critical temperatures (and only slightly different
from that of Nb-25% Ti) but with significantly varying critical fields,
normal state resistivities and critical current densities. While some dif-
ferences in detail exist, the overall results on the 5 and 10% Ti alloys
confirm the previously proposed ideas and explanations for the anomalous
dependence of power dissipation at take-off on field. It will also be shown
that analysis of the field dependent recovery power can give the heat flux

as a function of temperature for the film boiling regime.

B. Flux Flow Data.

Figures 1 and 2 show typical flux-flow characteristics for the 5% Ti
and 10% Ti samples. The field was perpendicular to both the current and
the sample face and the voltage drop along a 1 cm segment was measured.

In both samples the V - I characteristics exhibited a linear region
for most field values. The slope dV/dIl in this linear region is what is
known as the flux-flow resistance Rf. Figures 3 and 4 show & plot of
pf/pn Vs H/ch(O), where Pe is the flux-flow resistivity determined from
R., P, 1s the normal state resistivity measured at 4.2 K in a field greater
than H_,, and ch(o) is the upper critical field at T = O. According to
ideas developed by Kim et al.l an extrapolation of the linear part of a

plot of pf/pn vs H reaches pf/pn =1atH=H_(0). It was in this fashion

02(

k=t




that ch(o) was determined. As was remarked in a previous report2 in con-
nection with a plot of pf/pn vs H/ch(O) for the 25% Ti sample, values of

pf/pn > 1 are not inconsistent with the requirement that (V/I)ff <R, for

all fields up to ch, since Pr is a differential resistivity.

In Table I are given measured parameters and pertinent information
for all three samples, along with calculated values of the Ginsburg-Landau
parameter k and Yy, the electronic-specific heat coefficient. The cross
sectional area is designated by A and the total surface area between voltage
contacts by S. Both 7 and k were calculated from the GIAG theory in the
dirty 1imit,3 Y = 3.2 x 1077 [ch(o)/pnTc:l and k = 0.29 [HCB(O)/f%TJ.

Figure 5 shows a comparison for the three compositions of critical

current density versus reduced field H/Hc Note that all three have a

o
peak in critical current density, although its position and size vary con=-
siderably with composition, as does the general magnitude of Jc. However,

a discussion of these points has not been the object of this study. The

two additional compositions with widely differing values for such electrical
parameters as pn, ch, and JC were studied to avoid erroneous overemphasis
on the role of heat transfer in the data of the 25% Ti sample. The results
obtained with these samples confirm our previous conclusion that heat

transfer phenomena rather than electrical effects were of primary lmpor-

tance in understanding premature take-offs.

cC. Recovery Power.

In a previous quarterly progress report,LL we discussed the fact that
the recovery power date of the Nb-ZS% Ti sample at low fields could be
analyzed to deduce the heat transfer characteristics in the film boiling

region between a solid surface and liquid helium. This discussion can now



be continued and the data necessary for the analysis and resulting heat
transfer diasgrams for all three compositions will be shown.

After a take-off (or an abrupt transition to the normal state) has
been reached, the heat transfer characteristics which apply are those of
film boiling. On reducing the power (by a decrease in current), the tran-
sition back to the flux flow state can be determined either by reeaching
the power associated with the minimum heat flux in film boiling, qf, with

a corresponding AT = ¥

s OT by passing through the field dependent critical

temperature, TC(H) > Tf -~ thus undergoing a normal-to-superconducting
transition. The decrease in power associated with the transition to flux
flow results in a return to nucleate boiling. These ideas will be made
clearer by considering Fig. 6, along with the recovery point data. The
return point data for the Nb-5% Ti and the Nb-lO% Ti samples are shown in
Fig. 7 and Fig. 8, respectively. The Nb-25% Ti data was shown in Ref. L,
p. 28.

At high fields (> H/Hcz ~ 0.5 for the 5% and 10% samples and > H/Hc2 >~
0.6 for the 25% sample), P wes approximately constant. In this region, the
transition out of the normal state was due to a film to nucleate boiling
transition at éf (= 0.45 + 0.02 W/cmz) which reduced the sample temperature
below the critical temperature for that field; hence, the sample returned
to the flux flow state. In Fig. 6, an idealized heat transfer diagram,
log 4 vs log T, is shown. The above ideas are based on a film to nucleate
boiling transition temperature, T, larger than Tc(Hl) [: Tc(Hl) - TB], the
ncrmal to superconducting transition temperature associated with high fields.

For simplicity, only one transition temperature is indicated. In fields

below approximately ch/z for the 5% and 10% samples and 3Hc2/5 for the




25% specimen, the above condition is no longer valid but rather one can

assume that the superconducting transition temperature TC(HZ) Lf TC(HZ) - f%}

is above the film-to-nucleate boiling transition temperature, To In this
case, when the sample was in the normal state in film boiling and the power
to the sample was decreased (by decreasing the current), the sample tempera-
ture decreased in accordance with the q vs T for the film boiling regime of
the heat transfer characteristic. If the temperature of the sample should
be reduced below its critical temperature, TC(HZ), before the minimum heat
flux in film boiling, Tf, is reached, then the normal-to-superconducting

flux flow transition would occur first; and, as a consequence of the reduced
heat production, the film-to-nucleate boiling transition would follow closely.
For this hypothesis to be true, the power level at recovery would be larger
at low fields where the transition temperature is also largest. This is

true, as shown in Figs.7 and 8 and Fig. 5, Ref. 4. Using the above ideas,

the straight line through the data points at low fields was combined with

the dependence of ﬂcz on T to yield an expression for § = £{%) for the film

boiling region. Although we do not have a measurement of this region for
our material and geometry, it is nevertheless encouraging that the derived

>

film boiling curve lies between the data of Lyon” and Eastman and Datars.8
From the data in Figs. 7 and 8 and similarly for the 25% sample, the

power dependence on field 1s obtained
q=-mH_(T) + P (T) , (1)

V 448 +ha nAatrAam AA
J 42 vlT puUwLed Cu
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perature. A quadratic dependence of ch on T was found to best fit the

available data for the Nb-5% Ti and the Nb-lO% Ti samples and this is



shown in Figs. 9 and 10, respectively. A 3/2 power law was necessary for
approximating the data of the Nb-ZS% Ti as shown in Fig. 11. For the

5 and 10% samples then,
B ,(T) = H_(0) [1 - (T/Tc)é] . (2)

Substituting the necessary parameters from Table I, ch(O) and Tc and

T = AT + Ty and combining Egs. (1) and (2) enable one to calculate § as a
function of AT. A plot of log § vs log AT with Tb = 4.2 K is shown in
Fig. 12 for both the 5% and 10% samples. In Fig. 13, a similar graph is
shown for the Nb-ZS% Ti strip derived in the same manner as the other com-
positions, except for the substitution of a 3/2 power for the square

dependence in Eg. (2). For all three alloys, the temperature dependence

of the heat transfer was linear and of the form
g = 0.039 AT + constant . (3)

This linear temperature dependence for the film boiling regime agrees with

5 0.92

Dory,7 while Lyon” and Cummings and Smith8 both give § =< AT . The Breen

9

and Westwater”’ correlation gives for tubes with surface areas comparable
to our strips q = 0.09 AT + constant. Since our method of measurement was
not sufficiently accurate to properly distinguish between these two values
of the exponent, the question of whether our method agrees or disagrees with
conventional heat transfer measurements remaeins open.

Owing to the fact that surface position relative to the bath is known

>

to be important,” it was considered useful to compare the recovery data of
a "sideways" position with the above data teken with the sample in a posi-
tion having a "top" and "bottom" to determine the effect of geometry on

film boiling. Accordingly, the Nb-10% Ti sample was rotated asbout its long




axis so that the field was parallel to the faces but still perpendicular to
the current. The recovery power data for this geometry is shown in Fig. 1k.
Proceeding in a similar manner as discussed above, the power vs AT was cal-
culated and is shown in Fig. 15 along with the perpendicular case for com-
pariéon. The heat transfer can be fit to a linear temperature dependence
in this case also, but the slope is changed as well as the intercept. The

form of the sideways case is
4 = 0.02 AT + constant . (%)

While this analysis and technique may not provide heat transfer data as
accurate as the conventional heat transfer measurements where the tempera-
ture is measured directly, it nevertheless raises the interesting possibility
of being a useful tool to investigate unusual or difficult geometries should
the need arise.

>

Comparing the results of Lyon” with the above data on the minimum heat
flux in film boiling leads to an interesting speculation. For the "sideways"
geometry, Lyon found the maximum heat flux in nucleate boiling of 0.6 W/cm2
which is the value of the minimum heat flux in film boiling for our Nb-10% Ti
sample. For the "top" and "bottom" geometry, Lyon found for the mean value
0.5 W/cmz, which is approximately 0.05 W/cm2 larger than our éf for all

three samples. Our results then are consistent with Lyon's flat plate data
under the condition that there is essentially no hysteresis between the
nucleate and film boiling regimes. This conclusion of little hysteresis

is further supported by recent measurements on stainless steel which also

has poor thermal conductivity and low heat capacity.4 (See also Sec. IV.)




D. V - I Anomaly.

Another interesting feature of these samples with small heat capacity
was an anomalous V - I characteristic, which appeared just after the onset
of flux flow at low power levels. A typical example of the anomaly which
most often manifests itself by a "bump" in voltage is illustrated in Fig. 16.
The power dissipation at the onset of the anomaly (2.2 A and 1 nv) was
approximately 4.5 mW/cmz. For other field values where this characteristic
was observed, power dissipation was approximately of the same magnitude.
Reeberlo has shown that the change from convective cooling to nucleate boil-
ing at a bath temperature of 4 X occurs over the range 1 to 10 mW/cmZ; Dory7
gives the values between 1 to 5 mW/cmz. Also, Reeber shows that there is
a decided hysteresis in the superheat (increasing power has larger AT) for
all bath temperatures in which the measurements were performed. We suggest
that the voltage anomaly is a manifestation of the change from convective
cooling to nucleate boiling -- thus emphasizing the importance of heat

transfer even at very low power levels.

E. Take~Off Power.

Figures 7 and 8 show graphs of take~off power P, and recovery power Pr

t
versus applied field perpendicular to the sample surface for the 5% Ti and
10% Ti samples, respectively. Note that the take-off curves are quite dif-
ferent for the two compositions, and a comparison with Pt vs H for the

25% Ti material from a previous reportu shows that the curve for this

material is different from either of these. Graphs of P, vs It for the

t
5% Ti and 10% Ti materials are shown in Figs. 17 and 18. A similar curve
for the 25% Ti material was used in the previous reportll to explain our

ideas concerning the cause of take-off and the relationship between minimum




propagating current and take-off current. The Pt Vs It curves for the
three materials are not similar in detail, but the features of the curve
for the 25% Ti sample which were important to our explanations are present
also in the curves for the 5% Ti and 10% Ti samples. In particular, take-
off does not occur for sample currents less than ~(éfs/Rn)% where éf is the
minimum heat flux in film boiling determined from recovery data, and there

is a significant change in character of the curves at I, such that IiRn/S ~

t
0.8 W/cmz. Measurements of the minimum propagsting current I_ as a function
of field for the 25% Ti sample were discussed in the last report. These
measurements support the idea that the maximum value of IP(H) is such that
Ian/S = 0.8 W/cm?. Measurements of Ip for the other compositions have not
yet been made, but the Pt Vs It curves for these samples suggest that the
same will be true for them.

As was reported previously for the 25% Ti sample, the transition from
nucleate to film boiling for the 5% Ti and 10% Ti samples appears to occur
at about 0.5 W/cm2 instead of the 0.8 W/cm2 which the Pt vs It curve might
lead one to expect. We are thus led to speculate that the value of heat
flux 0.8 w/cm2 has a significance in relation to the heat transfer curve

which is masked by the occurrence of the heat transfer fluctuations dis-

cussed in the previous report.
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III. CURRENT-VOLTAGE CHARACTERISTICS OF COMPOUND CONDUCTORS

J. B. Hendricks

In the analysis of current-voltage characteristics of compound conduc-
tors in the current sharing state (flux flow state of the superconductor)
the knowledge of the value of the stabllizer resistance, R, is necessary in
order to separate the current into its superconductor and stabilizer compo-
nents. In our previous work we have found R from the recovery points (ob-
served in short sample experiments). In many cases, the results obtained
in this way are only approximate. Therefore, we are bullding an apparatus
to make & direct measurement of R as a function of temperature and external
field.

The apparatus can also be used to find the critical temperature 'I'c vs
magnetic field for wire samples. This parameter Tc is employed in our
analysis of the current sharing state, and it would be desirable to know
its exact value.

A part of the experimental apparatus is represented in Fig. 19. The
piece shown is enclosed in a sealed can, which is immersed in liquid helium
and evacuated by an oil diffusion pump to less than 1 x lO"6 m Hg pressure.
The only appreciable thermal contact between the copper parts and the liquid
helium bath is through the two sample current leads. The sample potential
leads, heater current leads, thermometer current and potential leads, and
the stainless steel support tubes all have negligible heat leaks compared
with sample current leads. Therefore, the temperature of the two copper
heat sinks is set by the balance between heater input and heat leaking down
the sample current leads. For #18 B&S copper leads 53" long, the heat leak

is approximately 350 mW.
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The two copper heat sinks, each of which is connected to one current
lead, are insulated from the heater block with a 0.0005" thick mylar sheet.
The mylar is covered with silicone vacuum grease to improve the heat contact.
Two nylon screws hold the three copper pieces in tight contact.

The heater is wound of 12" of formvar coated #40 B&S NiCu wire with a
room temperature resistance of 35Q. After winding, the heater was coated
with GE 6031 varnish to improve thermal contact.

The sample is bent into & circle 1.5" in diameter and soldered to the
heat sinks. Potential leads are soldered to the sample and brought through
the vacuum wall, the helium bath, to room temperature, and to the potenti-
ometer terminals with no joints. Since the sample current is about 1 amp,
and the sample resistance only 10uQ, great care must be taken to minimize
any thermal EMF's, such as would be present at joints.

Temperature is measured with a Texas Instruments, Inc. low temperature
germanium thermometer. Its calibration accuracy from 4.2 K to 20 K is given
as $#0.05% or #0.1 X, whichever is greater. The thermometer resistance is
measured with a standard four-terminal bridge.

The vacuum can, containing the experimental apparatus, fits inside a
2.1" bore, 8" long, 50 kG, 6th order corrected, stabilized NbTi supercon-
ducting magnet. The field homogeneity is calculated to be 0.01% over a 2"
diameter sphere. The superconducting coil, with its small noise level, is
required because of the very small EMF's being measured.

A preliminary model of the apparatus has been constructed and operated

(53}

or a short t
the vacuum can (kovar-glass seals) started leaking. These are now being re-

placed with epoxy seals, and the apparatus should be back in operation soon.
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IV. MEASUREMENTS OF HFAT TRANSFER TO LIQUID HELIUM

K. R. Efferson and W. F. Gauster

In the previous reportll it was mentioned that an experimental arrange-
ment with & thin heat producing layer of low thermal conductivity (as in the
case of a thin walled stainless steel tube which has been used for our exper-
iments) tends to show thermal instasbilities. Another experimental arrange-
ment (using high thermal conducting material) is being prepared which is
expected to dampen these thgrmal instabilities; thus, it would be possible
to obtain smooth heat flux-temperature diagrams as needed for our flux flow
investigations on commercially available compound conductors.

Our experiments with bare NbTi strips indicated the occurrence of
thermal instabilities which influence the take-off currents of these samples.
These observations show the importance of temperature instabilities in con-
nection with these investigations. Therefore, we will discuss here certain
details of the temperature instabilities observed during our heat transfer
experiments with stainless steel tubes which have low thermal conductivity
and heat capacity similar to bare NbTi strips.

Our recent experiments have been described in the preceding quarterly

report%lpage 11. A cylindrical sample 1n the form of & stalnless steel
tube of 2.5 m outside diameter and 0.05 mm wall thickness has been used.
A current I flowing through the tube produces heat which 1s dissipated to
the surrounding liquid helium and the temperature of the inside surface of
the tube 1s measured by means of a calibrated carbon resistor. The temper-
ature at the outside tube surface can be calculated from the inside temper-
ature and the sample current I. (See Ref. 4, page 15.)

Figure 20 shows the voltage drop V across the carbon resistor as ordin-

ate and the sample current I as abscissa. The temperature T, of the inside

i




13

surface of the tube is related to the voltage drop V across the carbon
resistor. V and Ti scales are shown. The heat § dissipated per unit area
is proportional to the square of I and a W/cm2 scale is shown on top of
Fig. 20. The liquid helium temperature was kept at 4.0 K by pumping. Dur-
ing the measurements, the liquid helium level (which was at the beginning
of the experiment 30 cm above the sample) dropped by about T cm. Therefore,
an average liquid helium column of 26.5 cm can be assumed.

This experiment was repeated with the same temperature of 4.0 K, how-
ever, with an average liquid helium column of only L4 cm (see Fig. 21). The
temperature fluctuations are greatly reduced. This obvious influence of
the height of the liquid helium column on the temperature fluctuation has
been verified by repeated runs with different liquid helium columns.

Temperature fluctuations in pumped liquid helium (without a heated
sample) have been observed.12 We used carbon resistors arranged about 2.5
cm below the sample in order to monitor the temperature of the liquid helium.
With zero sample power, fluctuations of the bath temperature were observed.
The amplitude of these temperature fluctuations seemed to depend on the
height of the liquid helium column in a similar manner as the sample temper-
ature fluctuations (i.e., the amplitudes increased with the height, see Figs.
22a and 22b). It must be considered that the amplitudes of the bath temper-
ature fluctuations are several orders of magnitude smaller than those of the
sample.

Additional experiments will be made to investigate the performance with
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helium bath.
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V. THIN FIIM DEVELOPMENTAL WORK

J. E. Simpkins

The vacuum deposition and the sputtering techniques which we are using
for the production of thin films has been described in the previous reports,
and several potential applications of these thin films for our research work
in superconductivity have been mentioned. Recently, we employed the film
technique for building a special probe for our heat transfer investigations
(see Section IV).

The purpose of this probe is to generate electric power up to & few
W/cm2 at a cylindrical surface of about 3 mm diameter and about 10 cm length.
A convenient resistance material seems to be a metal film about 1,000 R
thick. Our first attempt was to produce a copper film by vacuum deposition.
This technique has the advantage that the copper film does not oxidize due
to the moisture retained in the glass tubing since the glass surface is not
heated during film deposition. Another advantage is that the deposition
rate and film thickness may be controlled very closely.

The completed assembly of the probe is shown in Fig. 23. The 1/8"
diameter pyrex tubing 1ls sealed on one end. Thick copper contact areas
are deposited on the glass tubing on both ends for soldering current and
voltage leads. A copper "Housekeeper Seal" is attached to one end of the
tubing, together with a copper plug and two copper tubes. One of these
tubes, containing the lead wires, is sealed with epoxy, while the other is
used to evacuate the pyrex tubing. After evacuation it 1s pinched off to
form the final vacuum seal. The entire assembly is approximately 4" in
length. Before the copper plug is soldered into position, a 1/10 watt

50 ohm carbon resistor, which 1s used to measure temperature on the inside
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surface of the glass tubing, is placed inside the tube together with its
current and voltage leads. Good thermal contact is made with GE 7031 in-
sulating varnish. Pump-out holes are provided around the resistor to en-
able evacuation of the lower region of the tube.

As mentioned previously, this probe will be used for our heat transfer
experiments. It might be of interest to operate this tube with other films.
It should be possible to remove the copper film without damaging the probe
and to vacuum deposit a copper film of different thickness or to apply a

film of another material.
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TABLE CAPTION

Table I. Measured and Calculated Parameters for NbTi Alloys.
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FIGURE CAPTIONS

Flux flow voltage vs current at Tb = 4.2 XK as a function of trans-

|

verse field for a Nb-5% Ti strip.

4.2 K as a function of trans-

Flux flow voltage vs current at Tb

verse field for a Nb-10% Ti strip.

Normaelized flux flow resistivity vs normalized transverse field

at T = 4.2 K for a Nb-5% Ti strip.

Normalized flux flow resistivity vs normalized transverse field

at T, = 4,2 X for a Nb-10% Ti strip.

Comparison of the critical current density vs normalized transverse

field at Tb = L.2 K.

An idealized heat transfer diagram log § vs log T (v =T - TB).
The maximum nucleate boiling heat flux is én and qf is the minimum
heat flux in film boiling. Tc(Hl) = Tc(Hl) - Ty is the transition
temperature minus bath temperature associated with a high field

while TC(HZ) is similarly associated with a low field.

Take-off power, Pt = VtIt,and recovery power, Pr = VrIr’ vs trans-

verse field at T, = 4.2 K for a Nb-5% Ti strip.

Take~off power, Pt = VtIt’ and recovery power, Pr = VrIr’ vs trans-

verse field at T = L.2 K for a Nb-10% Ti strip.
Upper critical field vs normalized temperature for Nb-5% Ti.

Upper critical field vs normalized temperature for a Nb-10% Ti
strip.
Upper critical field vs normalized temperature for a WNb-25% Ti

strip.
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Log of power vs log of temperature difference between surface and
helium bath for the film boiling regime. Both curves are of the

form § = 0.039 AT + constant.

Log of power vs log of temperature difference between surface and
helium bath for the film boiling regime. The curve is of the form

gq = 0.039 AT + constant.

Recovery power, P_ = V. I , vs parallel magnetic field. The field

r rr

dependence of Pr is shown for T, = 4.2 K.

Log of power vs log of temperature difference between surface and
helium bath for the film boiling regime at Tb = 4.2 K. The sample
with field perpendicular has a "top" and "bottom" surface and with

the field parallel it has two "sideways" surfaces.

Voltage vs current at low power levels illustrating the anomaly

and hysteresis at T, = 4.2 K.

Take-off power, P, = V. I , vs take-off current. Below I, = L.h A

t 7t
and above It = 5.85 A dissipation in & normal zone was less than

éf and greater than qn, respectively.

Take~-off power, P, = V It’ vs teke-off current. Below It = 6.7 A

t t
and above It = 8.7 A dissipation in a normasl zone was less than

qf and greater than qn, respectively.

Experimental apparatus for the measurement of resistance as a

function of temperature.

Heat flux-temperature diagram obtained with an average liquid

helium column of 26.5 cm.
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Heat flux-temperature diagram obtained with an average liquid

helium column of L cm.

Temperature fluctuations in liquid helium pumped to 4.0 K.
(a) Average liquid helium column 29 cm;

(b) Average liquid helium column 6.5 cm.

Thin film probe for heat transfer measurements.
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TABIE I

Measured and Calculated Parameters for NbTi Alloys

Nb-5% Ti Nb-10% Ti Nb-25% Ti
Tcﬁﬂ 9.2(a) 9.2(a) 10.5(b)
i_,(0) [kq] 19.5 38.5 100.0
pn[gn-cﬁﬂ 8.1 13.5 31.2
ch(u.zK)[kd] 15.5 36.5 73.0
7E< erg/cm3-K2] 8.0 10.0 10.0
K 7.0 12.0 28.0

Jro7taf]
Al10 "em 7.35 25.7 38.3
g

S{?m.] 48.9 50.4 152.0

(e) W. A. Fietz and W. W. Webb, Phys. Rev. 161, 423 (1967).
(b) D. M. Kroeger, Ph.D. Thesis, Vanderbilt Univ., 1966 (unpublished).

(e¢) All other values were measured or calculated in the present work.
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Fig., 1 Flux flow voltage vs current at T, = 4.2 K as a function of trans-

b
verse field for a Nb-5% Ti strip.
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Fig. 2 Flux flow voltage vs current at T. = 4.2 K as a function of trans-

b
verse field for a Nb-10% Ti strip.
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Fig. 3 Normalized flux flow resistivity vs normalized transverse field

at T = 4.2 K for a Nb-5% Ti strip.
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Fig. 5 Comparison of the critical current density vs normalized transverse

field at Tb = 4.2 K.
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An idealized heat transfer diagram log q vs log T (T =T - TB).

The maximum nucleate boiling heat flux is én and éf is the minimum

heat flux in film boiling. Tc(Hl) = TC(Hl) - T, is the transition

B

temperature minus bath temperature associated with a high field

while Tc(Hz) is similarly associated with a low field.
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Fig. 8 Teke-off power, P, = V It’ and recovery power, Pr =V I, vs trans-
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verse field at T = L.2 K for a Nb-10% Ti strip.
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Fig. 10 Upper critical field vs normalized temperature for a Nb-107 Ti

strip.
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Fig. 11 Upper critical field vs normalized temperature for a Nb-25% Ti

strip.
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Fig. 12 Log of power vs log of temperature difference between surface and
helium bath for the film boiling regime. Both curves are of the

form § = 0.039 AT + constant.
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Fig. 13 Log of power vs log of temperature difference between surface and
helium bath for the film boiling regime. The curve is of the form

q = 0.039 AT + constant.
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Fig. 14 Recovery power, Pr = VrIr’ vs parallel magnetic field. The field

dependence of Pr is shown for T, = 4.2 K.
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Fig, 15 Log of power vs log of temperature difference between surface and

helium bath for the film boiling regime at Tb = 4.2 K. The sample

with field perpendicular has a "top" and "bottom" surface and with

the field parallel it has two "sideways" surfaces.
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Voltage vs current at low power levels illustrating the anomaly

and hysteresis at T. = k4.2 K.
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Take-off power, P, =V, T ., vs take-off current. Below I, = L.h A

and above It = 5.85 A dissipation in a normal zone was less than

éf and greater than qn, respectively.
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Fig. 18 Take-off power, P, = V,I,, vs take-off current. Below I, = 6.7 A
and above I_t = 8.7 A dissipation in a normal zone was less than

éf and greater than c';n, respectively.




39

MYLAR INSULATING SHEET A

COPPER HEATER BLOCK

POTENTIAL LEAD

N

\\i\\\

\
i\

\Y \\\

{ cCOPPER HEA;\\\\“

SINK r‘;//?/
!

SAMPLE POTENTIAL

LEAD

i Py

SAMPLE CURRENT
LEADS

SUPPORT TUBE

Fig. 19 Experimental apparatus for the measurement of resistarnce as a

function of temperature.
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Fig. 21 Heat flux-temperature diagram obtained with an average liquid

helium column of 4 cm.
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Fig. 22 Temperature fluctuations in liquid helium pumped to 4.0 K.
(a) Average liquid helium column 29 cm;

(b) Average liquid helium column 6.5 cm.
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Fig. 23 Thin film probe for heat transfer measurements.
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