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ABSTRACT

In October 1992 a low temperature experiment was flown on the Space Shuttle in low Earth orbit.

The objective of the mission was to measure the heat capacity and thermal conductivity of helium very

close to the lambda point with the smearing effect of gravity removed. We report preliminary results from

the experiment, and compare them with related measurements performed on the ground. The sample

was a sphere of helium 3.5 cm in diameter contained within a copper calorimeter of very high thermal

conductivity. The calorimeter was attached to a pair of high resolution paramagnetic salt thermometers

with noise levels in the 10-10/( range and suspended from a high stability thermal isolation system.

During the mission we found that the resolution of the thermometers was degraded somewhat due to the

impact of charged particles. This effect limited the useful resolution of the measurements to about two

nanokelvins from the lambda point. The results reported here are limited to about ten nanokelvins from

the transition.

INTRODUCTION

Since the first high resolution measurements of the heat capacity singularity at the lambda point,

this transition has become the most important testing ground for theories of second order phase

transitions. The transition is very sharp because of the strain-free nature of the fluid and its relatively low

compressibility. With sample heights of the order of millimeters, values of t as small as 10-7 can be

reached on Earth before intrinsic distortion is encountered. Here t = I1-T/T_,I is a dimensionless

temperature parameter, and TX is the transition temperature. The ultimate limit in ground based

measurements is usually encountered when finite size effects 1 become appreciable, generally near t=

5x10 "8. In space, the lambda transition may be sharp to t ~ 10"12 or so2, in optimal conditions. Since the

early 70's the aim of most high resolution experiments in this region has been to test the renormalization

group (RG) formalism developed by Wilson 3 to predict the singular thermodynamic behavior observed in
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many systems. In particular, this formalism led to numerical predictions for many 'universal' parameters,

that is, system independent quantities, such as the exponents governing the divergence of various

thermodynamic variables.

Over the past 18 years we have developed the technology to perform a high resolution heat

capacity experiment near the lambda point on the Space Shuttle. High resolution thermometry with a

resolution of ~ 3x10 -10 K was developed, along with a thermal control system with a stability of about

10-8 K. The calorimeter was optimized for a residual acceleration level of 2x10 -4 g, and a corresponding

resolution at the lambda point of t ~ 4x10 "10. The acceleration level was chosen as a compromise

between the lower dc acceleration normally encountered on the Shuttle, and the somewhat higher ac

level. The experiment design allows about two orders of magnitude higher resolution than is possible on

Earth, leading to a substantially improved measurement of the heat capacity curve and a better estimate

of the exponent _ characterizing its divergence at the transition temperature. The thermal conductivity of

the helium above the transition can also be derived from the relaxation data associated with the heat

capacity measurements.

In this paper we briefly describe the technology that was developed to make the measurements,

and discuss preliminary results from the mission, which was flown in October 1992. We also compare

the results with extrapolations derived from ground-based data.

J

I. APPARATUS

The basic design of the apparatus is similar to that used for earlier heat capacity measurements 4

on helium samples with small vertical height performed at Stanford. A number of structural changes were

made to improve its ability to survive launch into space. In this and the following sections we briefly

describe the flight design with emphasis on those features most critical for high resolution work.

The most significant problems one is faced with when designing a high resolution heat capacity

experiment are temperature resolution and thermal control. Conventional thermometry, e.g. germanium

resistance thermometry, allows a resolution approaching 10-7 near T X with low power dissipation. Higher

resolution would require increasing the power input, which rapidly leads to unacceptable thermal

gradients. Since the goal of our experiment was to achieve a resolution of 4x10 -10, we were immediately

faced with the development of a new high resolution thermometer (HRT). The device we developed

makes use of superconducting technology to achieve a resolution of about 3x10 "10 K in a 1 Hz

bandwidth with negligible power dissipation, and is briefly described below.

To make the heat capacity measurements with the desired resolution it is necessary to meter

energy into the sample in units as small as 10"9C Joules, where C is the heat capacity of the sample. In

our case, for a heater that operates for a few seconds, this corresponds to powers of the order of 10-8 W.



in addition, during the period used to measure the corresponding temperature rise, the variability of the

background power input must be less than ~ 10"10 W. This means that very careful thermal control of

the sample environment is necessary. To achieve this, we built a four stage thermal control system

which used a HRT on the inner stage as a fine control sensor. This control system was the major portion

of the low temperature apparatus which comprised the flight instrument. It is also described below. A

third item of great importance is a helium dewar capable of operating in space. We made use of the

previously flown JPL low temperature facility which has the capability of easily operating near 2 K in zero

gravity. The performance of this system is described elsewhere 5.

II. THERMOMETRY

The construction of the HRTs has been described in some detail elsewhere 6. Briefly, they

consist of a superconducting tube surrounding a crystal of paramagnetic salt which is thermally coupled

to the experiment. The tube applies a fixed magnetic field to the salt. As the temperature of the

experiment changes, so does the magnetization of the salt, due to its Curie law susceptibility. A

superconducting pickup loop is wound on the salt and couples the changes in magnetization to an rf

SQUID magnetometer for readout. A schematic view of the device is shown in figure 1. The HRTs were

designed to be mechanically very rugged, and all critical wiring was bonded as firmly as possible. The

salt pill and pickup coil assembly were heavily coated with a vacuum grease/kerosene mixture which

froze early in the cool-down cycle. The holder of this assembly was in turn locked into the flux tube by

differential contraction.

To reduce the effect of the varying orientation of the HRTs with respect to the Earth's magnetic

field, three layers of shielding were used. The HRT flux tube itself has an extremely high theoretical

shielding factor at the location of the pickup loop, but tests showed7 that this could be compromised by

flux creep through the walls. The maximum safe shielding factor from this tube was estimated to be

about 5x109. A second superconducting shield was added around the instrument vacuum can with a

theoretical shielding factor of about 200. Also, a layer of moly-permalloy was placed around the outside

of the dewar to gain another factor of 100. Tests of the complete assembly showed no detectable signal

for fields of the order of 1 G applied externally.

For a field of 100 G trapped in the flux tube, the sensitivity of a HRT is typically in the range 3 - 4

Cbo/t_K,where cbo is the quantum of magnetic flux. Since the SQUID noise level is at least as low as 10-4

cbo/_/Hz, a resolution of ~ 3x10"11 deg is possible in principle. In general, a much larger noise level is

seen. The noise characteristics of a HRT can be studied by attaching it to a large thermal reservoir and

reducing the heating rate to below 10-12 K/sec by careful thermal control. A typical noise spectrum

obtained this way is shown in figure 2. The noise data agrees well with the prediction of the fluctuation-



dissipation theorem applied to temperature fluctuations 8. This is shown by the solid line in the figure,

with no adjustable parameters. The HRT noise per unit bandwidth in the low frequency region is normally

about 3xl0"10K/q Hz. The absolute drift rate of the HRTs has been found to be ~10 "14 K/sec by

observing the apparent location of the lambda transition as a function of time in various high resolution

experiments.

III. THERMAL CONTROL SYSTEM

The thermal coFttrol system used in the flight experiment consisted of a multi-stage thermal

platform located in the helium dewar, and an electronics assembly that housed the servos for the various

levels of thermal control, along with the readout electronics for the HRTs. It has been described in some

detail elsewhere 9. The platform (shown in figure 3) consists of a vacuum shell about 20 cm in diameter

and 60 cm long surrounding four thermal control stages in series and the calorimeter. A set of four HRTs

are housed in the lower part of the assembly and are surrounded by a thermal shield attached to the

innermost stage of the control system. A solenoid is mounted on the outside of the lower portion of the

vacuum can to allow the application of a magnetic field to the HRTs during initial cool-down. A cylindrical

superconducting shield open at one end surrounds the assembly to minimize the effects of external fields

on the HRTs.

A tripod structure with legs of stainless steel tubing hangs from the lid of the vacuum shell.

Three OFHC copper rings intersect the legs of the tripod at intervals of about 3 cm. These rings form the

first three stages of the isolation system and also serve to stiffen the tripod. Each stage has a germanium

resistance thermometer (GRT) and heater for temperature readout and servo control. The thermal

isolation of these stages is sufficient to reduce the thermal inhomogeneities to the point where they are

dominated by the dissipation in the heater on stage 3. This effect is then limited by reducing the offset

between the operating temperatures of stages 2 and 3 to the minimum possible value. Stage 4 was

equipped with two HRTs, GRTs and heaters. Thermal control of this stage had two modes: a coarse

mode with the GRT as sensor, and a fine mode with the HRT as sensor. Gradients in this stage were

again minimized by reducing the temperature offset to stage 3.

The calorimeter assembly, stage 5, consisted of a spherical sample container, a superfluid tight

valve, and pairs of HRTs, GRTs and heaters. The configuration was designed to minimize temperature

offsets between the HRTs and the sample container. This was done by providing large area contacts

between the HRTs and the container, thermally separated from the tripod attach point. Thermal gradient

control was improved by deactivating the GRTs during high resolution measurements and using the

heater only when step temperature changes were desired. In operation, temperature stability of stage 5

was obtained by fine adjustment of the temperature set point of stage 4. The limiting factor on thermal



control of stage 5 appeared to be variations in stray power pickup in the circuits attached to it, and

charged particle dissipation in the structure. The sample container was a copper sphere of 3.5 cm

internal diameter and 2 mm minimum wall thickness. The copper 10 had a residual resistance ratio of

over 4000. The sample container fill valve was held closed by a spring and opened by applying ~ 450 psi

to a bellows system attached to the stem. The valve seal was formed between a beryllium-copper knife

edge and a gold-plated copper flat. By locating the valve on the calorimeter it was possible to evacuate

the fill line, eliminating the superfluid heat leak below the lambda point. The heaters and GIRTs were

attached to the spherical wall of the calorimeter via sapphire posts which minimized stray a.c. power due

to capacitive ground loops.

The internal dimensions of the calorimeter set the inner limits at which distortion of the heat

capacity curve due to residual acceleration and finite size phenomena reach a given value. For a 3.5 cm

sample and a dc acceleration level of 2x10 "4 g, easily attained on the Shuttle, the resolution at which the

pressure gradient distortion of the heat capacity reaches 1% is ~ 3x10 "10. The corresponding resolution

for finite size distortion is ~ 2x10 "11, based on the recent renormalization group model of this effect 11

Since the magnitude of the finite size effect is somewhat uncertain, it was decided to keep the

calorimeter as large as possible consistent with mechanical constraints.

A charcoal adsorption pump assembly was attached to the top plate of the vacuum can to

maintain a high vacuum inside the thermal control system. This pump was equipped with a heater and

thermometer to allow regeneration after the experiment had reached earth orbit. During the launch phase

the vacuum can was filled with 3He exchange gas to maintain a thermal short between the instrument

and the bath. This procedure was needed to reduce the effect of vibration heating on the HIRTs. The

pump-down time was on the order of a day, dependent on the vacuum can wall temperature. Residual

gas in the vacuum can formed an additional thermal link between the calorimeter and its surroundings,

giving rise to small thermal gradients and offsets in the calorimeter assembly. For the pressures

encountered during the mission, the gradients were estimated to be less than 10"10 K/cm in stage 5.

IV. FLIGHT EXPERIMENT

The instrument was maintained at 4 K or colder for 18 months before launch. In this period

extensive tests were performed to verify its performance under vadous conditions. A number of preflight

calibrations and heat capacity measurements were alsocompleted. This data was very useful for

deciding the details of the flight measurement sequence and for studying the general behavior of the

system. Shortly before launch the helium in the dewar and the instrument were cooled to about 1.7 K,

and the instrument vacuum space was filled with 3He exchange gas at a pressure of about 5 mm. About

two hours into the flight, the experiment was activated and the exchange gas pump-out procedure was



started.Thisconsistedof firstventingtospaceuntilapressureof0.5torrwasreached,andthensealing

off the instrumentandusingthe internalcryopump.Thedewarwasalsoraisedto its maximumsafe

operatingtemperatureinspace,closeto 2.05K,to aidin releasingadsorbedheliumfromthevacuum
canwalls.

Whenthe pressureapproachedthe 10-9 torr rangethe main measurementsequencewas
started.Thefirst eventof significancein theexperimentwasthe generationof a smallbubblein the

calorimeter,usedto establisha thermodynamicpathcloseto constantpressurefor the heatcapacity
measurements.Thiseventoccurredas thecalorimeterwarmedthrough2.079K andwasdetectedby

observingthesmallsuddencoolinggeneratedbythefirstorderphasetransition.Theoutputfromoneof

theGRTsonthecalorimeterduringthisphaseis shownin figure4. Thedataareplottedasdeviations

from a best fit straightlineto the temperaturevs timesignal.The sizeand polarityof thestepare

consistentwith the knownthermodynamicparametersof helium,andthe temperatureof the stepis

similartothatseenbeforetheflightingroundtesting.
Beforethe systemcouldbe usedfor highresolutionwork,the variousstagesneededto be

broughtto their normaloperatingtemperatures.Thesetemperatureswerekeptascloseaspracticalto

thatof thecalorimeter.Atypicaltemperatureprofileof thethermalcontrolsystemconsistedof stage5at

agivenoperatingtemperatureandstage4 inequilibriumwithit, andstages1,2 and3 servoedat 30,

10and1 mKbelowstage4. Theinitialthermalalignmentwasperformedwiththe calorimeterat the

startingtemperaturefor the HRTcalibrationsequence.Up to this pointstage4 wasoperatedin the
coarsemode,butafterthethermaltransientshadsettled,andthefinemodewasactivated.Thefinal

stepwasto reducethedrift rateof thecalorimetertemperatureto anacceptablevalue. It wasfound
possibleto reducethedriftrateofstage5to ~ 10"12K/swithlittledifficulty.

TheHRTswerethencalibratedagainsttheGRTs. Thisprocedureconsistedof a set of 1 mK

heatingstepsseparatedby 45 secondsof equilibration.Thedatawasanalyzedon the groundand

verifiedto bewithinabout0.1%ofthepreflightresults.Thesecondphaseof instrumentcalibrationwas

to measurethechangein thestraypowerdissipatedintheheatercircuitwhenit wasswitchedon. This

wasdonebymeasuringtheheatcapacityofthesampleasafunctionof powerdissipatedintheheaterat

a preselectedtemperaturewellbelowthelambdapoint.Anypowerchangethatisunaccountedfor inthe
measuringprocesscausesanerrorin thecalculatedheatcapacity.It iseasyto showthatthiserroradds

a termto theheatcapacitythat is inverselyproportionalto thepower. Frommeasurementsoverthe
range10-3to 10-8 W,thestraypowerwasestimatedto belessthan10"10W.Afterthecalibrationwas

completed,heatcapacitymeasurementsusingthe pulsetechniquewerecommencedandcontinuedfor

theres[of theflight.Thequantityofenergytobedissipatedin theheaterfor eachpulsewasdetermined

froma look-uptablebasedonthedistancefromthelambdapoint.Afteraninitialtrial pulse,thisdistance
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was determined from each heat capacity measurement by comparing it with a model of the singularity.

After the lambda point had been reached the first time, this method was terminated and the apparatus

was operated manually by ground command. Figure 5 shows the preliminary heat capacity values from

the initial period on a semi-logarithmic scale. For comparison the broken line shows the expected values

from a model based on ground results.

When measurements at the highest resolution were attempted, excess noise was found on the

outputs of the HRTs. This was traced to the heat dissipation due to cosmic rays and other particles

passing through the sensitive element of the thermometers. A comparison of the HRT output on the

ground and in space is shown in figure 6. A slow variation in the ddft rate of the calorimeter was also

detected under nominally steady conditions. This was found to be due to charged particles dissipating

energy in the copper calorimeter. To obtain accurate heat capacity results it is necessary to correct the

raw data for the particle heating effects. Heating of the calorimeter by charged particles was anticipated,

so the experiment carried a charged particle monitor for use as an indicator of periods of severe heating.

The variation of the charged particle counting rate over a 24 hr. period is shown in figure 7. The four

channels of data correspond to different energy thresholds for the particles. The background level of

from 2 to 5 counts per second corresponds to the cosmic ray flux and the higher peaks are due to the

particles trapped in the radiation belts. Models are being developed to correct the high resolution results

for the heating effects. It is expected that a resolution of about 2 nanodegrees will be possible with good

accuracy. Additional heat capacity data can be extracted from the cooling curves obtained when the

calorimeter temperature is reset below the lambda point. However it is apparent that for this case careful

modeling of thermal relaxation effects close to the transition will be needed. Some preliminary results in

the high resolution region are shown in figure 8. While it is too early to draw any conclusions of

theoretical interest from the data, it can be seen that the transition appears to be sharp on the scale of

nanodegrees, as expected. An examination of selected measurements puts a limit of no more than 2

nanodegrees on the transition width. The correlation length at this resolution is expected to be about 150

microns. For comparison, very high resolution ground measurements on a helium sample 0.4 mm high

are shown in figure 9. It can be seen that in this case the results are significantly perturbed by gravity and

other effects over a range of about 200 nanodegrees.

Above the transition the calorimeter temperature initially overshoots its equilibrium value when a

heat pulse is applied due to the finite thermal conductivity of the helium. From the resulting relaxation

data an estimate of the thermal conductivity can be obtained. A typical response curve to a five second

heat pulse is shown in figure 10. Also shown is a simple exponential fit to the relaxation data. The

analysis of this data is less well developed than that for heat capacity, but some of the relaxation data

has been cdnverted into the equivalent solid body thermal conductivity. A comparison with expected
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values based on extrapolation of ground results is shown in figure 11. When fully analyzed we expect the

measurements to give thermal conductivity data for helium in the normal phase to within about ten

nanodegrees of the transition.
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Discussion

Question: Could you comment on the effects of radiation interactions (in terms of heating the fluid) on

the expenment?

Answer: There are two effects; one is heating of the fluid which is pretty negligible because the cross

section for absorption of cosmic rays of the fluid is fairly low. The calorimeter that the helium is contained

in has a relatively high cross section and most of the actual heating as a function of time occurs in the

calorimeter. However there are also the particles that go through the salt of the thermometer itself and

they do very local heating in the salt and they give you a burst of spike-like energy which you see in your

output. They make noise but the total amount of heating in the salt in absolute terms is relatively small

compared to the calodmeter.

Question: Following up on the last question, do you see any correlations of this effect ?

Answer: Yes. You can. You see correlations in the output about 20% of the time. That corresponds

approximately to the solid angle that is subtended by the other one in its field of view. There is also some

indication that the particles are not just the prime reason; they are more of a shower effect, you get a

few more events than you would expect than just from the solid angle argument. But a lot of the noise is

uncorrelated.

Question: In your opinion, do you think that the ground based (Lambda point) data will or will not be

altered by the microgravity data in terms of the disparity between the experimental and the theoretical

exponent ?

Answer: Well just from what I have seen over the years I would expect the flight data will be better by

the time the analysis is completed than just the ground based measurement alone, but I think we will also

probably have to take into account the ground based measurements and do analysis which sort of folds

the two together to some extent. That is because in the outer regions far from the transition there are

terms which go to zero but don't go to zero very quickly. These have to be considered and these are best

determined from ground based measurements. I would think the issue of whether the discrepancy is as

serious or not will depend on a couple of things. One is the uncertainties in the various experiments right

now. Statistical uncertainty is very common in experimental work but the true underlying uncertainties

are somewhat larger. Also the uncertainties in theoretical models are not negligible. It turns out,

fortunately, that there has been a bit of a breakthrough in the last couple of years in the area of

numerical modeling of phase transitions using Monte Carlo techniques and we are expecting there will be

better estimates to come out quite soon on the experiments from the theoretical side. So it is a bit hard

to say at this point what the final situation is going to be. I think it is still in a bit of a flux.
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