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Specific heat of liquid helium in zero gravity very near the lambda point
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We report the details and revised analysis of an experiment to measure the specific heat of helium with
subnanokelvin temperature resolution near the lambda point. The measurements were made at the vapor
pressure spanning the region from 22 mK below the superfluid transitionut 4bove. The experiment was
performed in Earth orbit to reduce the rounding of the transition caused by gravitationally induced pressure
gradients on Earth. Specific-heat measurements were made deep in the asymptotic region to within 2 nK of the
transition. No evidence of rounding was found to this resolution. The optimum value of the critical exponent
describing the specific-heat singularity was found tadse— 0.0127+0.0003. This is bracketed by two recent
estimates based on renormalization-group techniques, but is slightly outside the range of the error of the most
recent result. The ratio of the coefficients of the leading-order singularity on the two sides of the transition is
A*/A~=1.053+0.002, which agrees well with a recent estimate. By combining the specific-heat and super-
fluid density exponents a test of the Josephson scaling relation can be made. Excellent agreement is found
based on high-precision measurements of the superfluid density made elsewhere. These results represent the
most precise tests of theoretical predictions for critical phenomena to date.
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I. INTRODUCTION This has resulted in the lambda transition becoming the pre-
mier testing ground for the RG theory of second-order tran-
The renormalization-grougRG) theory has long been sitions. In space, the lambda transition is expected to be
accepted as the basis of our understanding of critical phesharp tdt|~10 *?in ideal conditiong. Here the challenge is
nomena due to its ability to deal with the problem of fluc- more to develop a measurement technique than to obtain a
tuations on a wide range of length scales and to realisticallguitable sample.
predict many quantities of experimental interest. However, it Recently, improved predictions have been derived for a
is well known that precise quantitative predictions with cor-number of universal guantities of three-dimensional critical
respondingly accurate experimental tests are few. Essentiallystems® These predictions now approach the accuracy of
all tests performed near gas-liquid critical points are unablehe corresponding experimental observations near the
to give detailed attention to the asymptotic region close tdambda point. This advance has uncovered a small but not
the phase transition, where the RG predictions are simplifieéntirely negligible discrepancy between the heat-capacity ex-
and best established. Severe difficulties are encountered hgsenente measured in a space experiment conducted in 1992
due to transition broadening associated with gravity and refRefs. 10 and 1jland the most recent predictions. Since this
laxation phenomena, limiting the useful temperature rangeomparison currently represents one of the core tests of the
for tests of the theory. For example, near the critical point ofRG theory, we have completed a more detailed analysis of
a 1-mm-high sample of xenon, density gradients cause sulthe experiment with the aim of reducing systematic bias in
stantial distortion of the singularity for reduced temperatureshe results as much as possible. We have also included addi-
|t|=10"* where t=1-T/T. and T. is the transition tional measurements that were rejected earlier due to uncer-
temperaturé.This results in the observation of effective ex- tainties in their calibration. The results of this analysis are
ponents which are perturbed from their asymptotic values byresented here, along with a detailed report on the significant
higher-order terms, providing only weak support for theaspects of the experiment. We now find better agreement
theory. To avoid this problem some experiments have beewith the predictions than previously.
performed in space. For example, recent measurefefits While the experiment was in principle very straightfor-
the specific heat of §Fhave extended about an order of ward, the constraints of operation in space dictated a number
magnitude closer to the transition than ground-base@fcompromises in the instrument design and the data collec-
experiment$. Relaxation phenomena now appear to inhibittion procedures, which increased the complexity and the
further gains. In contrast, at the lambda point of helium, thenoise level. Because of the extreme cost of such experiments,
transition between He | and He Il, a much wider rangétpf it is unlikely that the measurements will be independently
is accessible. On Earth values|of<10 ' can typically be verified for quite some time. We have therefore attempted to
reached before finite-size effects become the limiting factor. provide sufficient detail in the sections below to allow a
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TABLE |. Comparison of predicted and observed values of universal quantities near the lambda point.

Quantity Predicted Reference Observed Reference
a —0.01126+0.0010 7 ~—0.022£0.006 15, 16, 17

@ —0.0146+0.0008 8 —0.0105-0.00038 10, 11

I4 0.67155-0.00027 8 0.67050.0006 18
3(+ta—2 O(exac) 20 —0.0012+-0.0027 5,18

A 0.529+0.009 25 0.50.1 22

P 4.433+0.077 9 4.220.1 23

allag 1.6+1.0 24 1.0:0.3 23

a;laa, 3.4+0.1 24 4.10.2 23

reasonably complete assessment of the strengths and weakithin the RG scheme, the quantitiés", B*, andp, as
nesses of the experiment. well as the correction amplitudes , b; , a,, b, depend on
The remainder of this section is devoted to a brief sumpressure-dependent parameters of the statistical distribution
mary of the status of RG testing near the lambda point foof the order parameter, whereas the critical exponents,
CUSing on static eXponentS, and a discussion of the intrinSiand the confluent Singu|arity exponehtare independent of
limits expected in the present experiment. In Sec. Il we dethese parameters, i.e., universal. Certain ratios of the nonuni-
scribe the apparatus and in Sec. Il we discuss the calibratiofiersal amplitudes are also predictedo be universal, for
and heat-capacity measurements performed on the apparagieample A*/A~, al/a , a;/a,. Itis also useful to define
prior to the flight mission. The sequence of the flight mea,¢ quantityPE(l—AﬂA*)/ap which is relatively stable
surements is described in Sec. IV and some postflight Megynen  is small** Using advanced analytical and numerical
surements are discussed in Sec. V. In Sec. VI we present thgcnniques it has been possible to derive estimates for many
anal_yS|s_ of the data and discuss their significance. We suns ihe universal quantities, a number of which are summa-
marize in Sec. VII. rized in Table I. Recently the bounds on the theoretical value
of @ have been reduced substantially, allowing a higher-
A. Background quality test of the theory. Two recent predictions for this

The lambda transition of helium is the primary exampleduantity are listed in the table.

of the universality class with a two-dimensional order pa- N the case ofx the experimental situation is somewhat
rameter in three spatial dimensions=2, D=23) and has a complex because of the differing conditions of various mea-

strong divergence of the correlation length, leading to easilpUr€Ments. A number of experiments are in approximate
measurable critical effects. In addition, the transition has &dreement, but indicate a possible difference between the

number of unique properties which can aid investigationsV@/ue Of & at the vapor pressure and that along the lambda

For example, the transition occurs at a line rather than at 4N€S asa function of pressure afde concentration. Muel-
point on the phase diagram, simplifying the experimental€' &t @l obtaineda= —0.026+0.004 from measurements
requirements compared to a liquid-vapor critical point. Also©f the isobaric expansion coefficient as a function of tem-
the compressibility is only weakly divergent, substantially Perature and pressure. Gasparini and Mold{i\/performed
reducing gravity effects. On the low-temperature side of theneéasurements of the specific heat alongtHe-*He lambda
transition the liquid is in the superfluid state, essentially fredin€ at constant’-‘H(_a concentration. These data were fitted to
of temperature gradients. These features have enhanced defil- (1) by Gasparini and Gaeltaassumingd; =0. Exclud-
ability to perform a number of very high resolution investi- ing the measurements for puréHe, they obtaineda
gations of the transition region. =—0.025, in very good agreement with the expansion coef-
Of primary interest for static phenomena near the lambddicient result. On the other hand, their putide results gave
point are the behavior of the specific h& and the super- «=—0.016. Some of the early ground measurements from
fluid densityps. In a quantitative analysis of the temperaturethis program gave = —0.0127+0.0026 at the vapor pres-
dependence of these parameters it is necessary to deal wihre, and the previous analysis of the present experithent
non-asymptotic representations because data are obtainedyave «= —0.0105-0.000 38. While the differences are not

finite distance fronT, . In this region the RG theory predicts large in absolute terms, the exponent results along the
that? lambda lines do not appear to be entirely compatible with the

vapor pressure measurements. In Table | we have indicated
* . . . an approximate range ef obtained from other groups and
Cp=7|t|’“(1+ag|t|A+bg|t|2A+ ~--)+B~, (1)  the previous result from the present experiment.
Recent values aof obtained from second sound data at the
where the+ and— signs refer tof >T, andT<T, , respec- vapor pressure are 0.6789.0006 by Goldneet al!® and

+

tively, and 0.670 16+ 0.000 08 by Adriaand’ In the latter case the error
quoted included only the statistical uncertainty from the ve-
ps=poti(l+ati+b t?A+..)  T<T,. (2)  locity measurements. The results forand « can be com-
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bined to test the exact scaling predic®B+a—2=0. A
Combining the results of Refs. 5 and ®r examplg we

obtain ¥+ «—2=-0.0012-0.0027 at the vapor pressure. P
As yet, no high-accuracy measurements (ofalong the

lambda lines have been reported. However, higher-order de-
partures from a truncated version of E(2) have been

showrf! to be in good agreement with RG predictions.

LAMBDA
LINE

AP = pgh

B. Factors limiting the exponent determination

To obtain the best information on the divergence of the — |
specific heat at a cooperative transition it is generally con- VAPOR PRESSURE ATy,
sidered desirable to collect the most accurate data over the CURVE
widest possible range. Both the inner and outer limits of this .
range are set by practical issues which either increase the T
noise of the results or lead to bias in the derived exponent. In
the present experiment we have the potential for obtaining a FIG. 1. Phase diagram for liquid helium near the intersection of
statistical uncertaintyr,~0.0002 so we need to consider the vapor pressure curve and the lambda line.
bias effects that could lead to systematic errbes~ 10 *.

We explore these and related issues in this subsection. Using paramagnetic salt thermometry techniques a tem-

From an inspection of Eq1) it can be seen that the value perature resolution o&3x 10 ° K/\/Hz is now routinely
obtained fora is likely to be more reliable the smaller the available near the lambda point, and in many cases signal
value oft at which the curve fitting is done. This is becauseaveraging can improve this resolution substantially. To limit
the higher-order terms in the expression tend to zero in thtéhe hydrostatic rounding of the specific heat at the lambda
limit of small t. However, technical difficulties increase in point to a 1-nK range, for example, the height of a helium
this region both due to measurement techniques and sampsample would have to be reduced to about®6m. But the
imperfections. It is easy to show that on Earth the lambdalivergence of¢ at the transition implies that such a thin
transition will be severely rounded over a temperature intersample would no longer exhibit bulk behavior.
val of about 1.3uK per centimeter of hydrostatic head in a By performing experiments in Earth orbit the hydrostatic
sample, due to the slope of the lambda lingP{dT), . effect can be reduced substantially. This allows the use of
For a sample of constant cross section and hefghthe larger samples to reduce the finite-size effect and thereby
effect on the specific heat can be visualized as a convosbtain useful data at higher resolution. Unfortunately the ac-
lution of a gravity-induced temperature “windowAT,  celeration environment on the shuttle is highly variable so it
=pgh(dT/aP), with the gravity-free function in Eq(1), is not possible to apply corrections for the hydrostatic effect.
wherep is the density of the fluid and is the acceleration A rough estimate of the magnitude of the effect can be ob-
due to gravity. This approximation is valid because over thdained by considering the effect of acceleration impulses of
relatively small hydrostatic pressure heads encountered idifferent duration. It is evident that impulses short compared
typical calorimeters the pressure dependence of the specifio the measurement time will have no effect on the result
heat can be neglected. The situation can also be understoedcept for higher-order dissipation effects. On the other
by examining theP-T phase diagram of helium sketched in hand, impulses lasting as long as the measurement time will
Fig. 1. The heavy tilted lines represent the vapor pressurtead to a full hydrostatic effect. Thus we are led to consider
curve and the lambda line. Also shown is a vertical bar repthe low-frequency portion of the acceleration spectrum as a
resenting the states of the fluid in an isothermal sample cefpossible source of distortion of the heat-capacity results.
with a small vapor space and a moderate vertical height. I[Erom the spectral measurements made during the mission we
can be seen that some of the states are closer to the lambftaind the acceleration amplitude to ke3x 10 ° g in the
line than others, even at constant temperature. As the samplegion below 1 Hz. Using this as an upper limit and a sample
is warmed through the transition it enters a two-phase regiosize of 3.5 cm we obtain a transition broadeniig, <1.3
which persists over a temperature range giver\By . This X107 1°K. To determine the effect oa we modeled the
hydrostatic pressure effect has been observed in numerotginsition broadening as a gravity correction and obtained a
experiments:?® perturbationA a<5x 10" 5. Both these effects are well be-

Clearly, smaller sample heights lead to less rounding, bulow the level of detectability in the present experiment.
soon a limit is reached where the height is so small that The first-order departure from the bulk specific heat in a
finite-size effects begin to affect the resuftdNormally this  finite system can be characterized as a surface specific-heat
would occur at the angstrom level, but near the lambda pointerm which has been measured for one- and two-dimensional
the correlation lengtl§ characterizing these effects diverges geometries. Since the magnitude of this effect is proportional
as &~ &gt~ %3, magnifying the effect enormously. This be- to the surface area of a sample, the observed specific heat can
havior is intrinsic to all cooperative transitions, being asso-be written approximately aS¢,,=C,+ACgs, WhereA is
ciated with the physics of the transition process in an esserthe surface area ar@s,,,¢ is the surface specific heat per unit
tial way. area. The effect of the surface term on the value obtained for
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a can easily be determined by modeling. For the calorimeteslightly perturbed. In the analysis described below we con-
used here and fitting over a range P&:t<10 2 we ob-  sider various fitting functions and ranges and evaluate their
tained a perturbatiorh a=3.4xX 10 °, using the finite-size impact on the results.
measurements of Ref. 11 to estim&ltg,,;. Since this result A number of other factors can lead to bias in the expo-
was sensitive to the precision of the data close to the transient. For our experiment the most important appear to be the
tion relative to that far away, we used the actual experimentatalibrations of the temperature scale and the calorimeter
uncertainties as described in Sec. VI below to make the edieater circuit. These issues are discussed in the relevant sec-
timate. At the time the experiment was designed, the behawions below. Other less significant issues are the details of the
ior of the surface specific heat was not known with any certhermodynamic path followed by the sample, the slight pres-
tainty, leading us to reduce the surface area relative to theure dependence of the parameters in Eg. and gravity
sample volume as much as possible. gradient effects.
As one includes data further from the transition the curve
fitting procedure becomes more difficult since more terms
must be carried in the function to obtain an accurate repre-
sentation of the specific heat. Neglect of these terms can lead The apparatus developed for the experiment has been de-
to systematic bias in the remaining parameters that are evalgcribed elsewhere in some deffiln essence it consisted of
ated. First we consider the effect of neglecting a fourth-ordeg spherical copper calorimeter attached to a pair of high-
term in Eq.(1), ¢, [t|3*. Assuming for estimating purposes resolution thermometers and enclosed in a thermal control
thatc_ =1 and fitting our dataset with and without the term, system. The apparatus was located in a helium cryostat rig-
we find that the bias from its neglect &sa~8x10°. idly mounted in the shuttle bay. The central experimental
While this can be ignored for now, it shows the importanceissues for performing a high-resolution specific-heat experi-
of an appropriate functional form, especially in high- ment are temperature resolution and thermal control. Con-
precision experiments. Alternatively, one can restrict theventional low-temperature germanium resistance thermom-
range of the fit to reduce the bias from the neglected terms, aters(GRT's) are capable of resolving tht~3x 10"’ with
trade-off that sets the practical outer limit of the curve fittinga power dissipation on the order of 70W. Higher resolu-
region. tion would require increasing the power input, which rapidly
The experimental situation is actually slightly more com-leads to unacceptable thermal offsets due to self-heating.
plex than indicated by Ed1) due to the possibility of regqu- Near the lambda point, the measurement power can also
lar background terms that have so far been ignored. A moreause variable temperature offsets due to the strong tempera-
correct representation of the measured specific he@tjg  ture dependence of the thermal conductivity of the sample.
=Cp+C,eq Where Since the goal of the experiment was to achieve a resolution
of At~5x 1010 for the specific-heat measurements, it was
essential to develop a new type of high-resolution thermom-
Creg=Co+Cit+Cot?+ - - -, (3)  eter(HRT). The device we constructed was based on para-
magnetic salt thermometry commonly used at very low tem-
peratures and is described below.
in which thec; are constants. Clearly, can be absorbed into The heat-capacity measurements were made by measuring
B in Eqg. (1) but the effects of the other terms need to bethe temperature change of the sample when a heat pulse is
considered. From the wide range behavior of the specifiapplied. Typically, the energy applied to the calorimeter was
heat” where fluctuation effects are small we estimate  chosen so that the temperature step was significantly smaller
~2 JimoleK. Thus fort=10"2 this term contributes thanT—T,. To make heat-capacity measurements-tb%
~0.07% to the specific heat, a small but detectable amountccuracy near the transition, it is necessary to control the
It is fortunate that the exponent of the third-order term in Eq.energy input to the sample te 10 *C J, whereC is the
(1), 2A-a~1.07, is close to that of the second term in Eq.heat capacity of the sample. In the present case, for a heater
(3). Since the coefficients of the terms are fitted parametersperating for a few seconds, this corresponds to applied
this allows us to consider the effect anof combining the  power uncertainties of-10° W. In addition, during the
two terms into one. To study this we made a set of simulatedirift period used to measure the corresponding temperature
data in which the ternt,; was included in the generating rise, the uncontrolled fluctuations of the background power
function, but then ignored in the fitting procedure. Againinput need to be less thar 10" W on time scales of
using the actual experimental uncertainties we found a bias- 100 sec. This shows that very careful thermal control of
Aa~5x10"° which is negligible here. The value @ is  the sample environment is necessary. To achieve this, we
harder to determine, but it would appear to be similacto  built a four-stage thermal control system which used HRT's
Even att=10 2 such a term contributes<0.01% to the on the inner stage as fine control sensors. This control system
specific heat and can be neglected. Thus for the present ewas the major portion of the low-temperature apparatus that
periment a sufficiently good fitting function can be obtainedcomprised the flight instrument.
by absorbingC ¢4 into the original expression in E¢L). The A third item of great importance was a helium cryostat
small price paid for doing this is that the experimentally capable of operating in Earth orbit. We made use of a low-
determined third-order coefficients no longer represent quartemperature facility developed by NASA which can operate
tities of theoretical interest, and other coefficients may benear 1.7 K in zero gravity® The experiment was flown in

Il. APPARATUS
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late October 1992 on STS-52. The instrument and electronidsetween triangles exceeded 31Cheavily attenuating any
were built by Ball Aerospace based on prototypes developethermal gradients that might exist in the tripod attachment
for earlier ground experimentsThe space-flight hardware assembly.

was constructed to meet rigorous design constraints includ- During the design of the system it was found that the
ing use of high-reliability parts, structural analyses to verify HRT's attached to the calorimeter might be subjected to un-
its ability to survive launch level vibrations, and specializedacceptamy high whiplash loads during launch. To alleviate
construction techniques for operation in the thermal andp;g problem the structure between the vacuum can lid and
vacuum conditions of space. Particular attention was paid tg,e tripod base was softened by the addition of a flexible
shielding the instrument from electromagnetic interferencemate_ This had the side effect of making the instrument
(EMI). Spurious EMI had the potential of heating the calo-gomewhat acceleration sensitive at the resonant frequencies
rimeter in an unc_ontrolled faSh'(?” and generating _p|<_:kup INof the plate plus its load, primarily near 55 Hz. Vibration
the HRT's. Since it was not possible to perform realistic EMIests described elsewh&tavere undertaken to characterize
testing prior to the flight a conservative design approach wage heating due to variable accelerations and determine the
taken where possible. _ . _effect of the resonances in the structure during the mission.

Careful attention was also given to the design and fabrithe flexible plate was attached to the vacuum can lid by six
cation of low-temperature seals to minimize the possibilitystainless-steel rods. Due to the configuration of the vacuum
of vacuum leaks. Sufficient low-temperature sensors angan and the cryostat, this lid was not in direct contact with
heaters were provided that all critical instrument operationgne helium bath, reducing the cooling power available to the
had backup capability. This approach was reflected as far permal control system. To rectify this problem we added
practical in the electronics with the exceptions of the com-jexiple copper foil thermal links between the tripod and a
puter, the communications port, and the power supply. Balkopper ring in the center of the cylindrical wall of the
Aerospace also supplied a preliminary version of the comyacyuum can which was wetted by the helium.
p_uter code used for controlling the experiment a.nd_transmlit— The innermost thermal control stage had a more complex
ting real-time data to the ground during the mission. Thisstyycture, consisting of a ring, shield and HRT support as-
eoftware was deS|g.ned_ to provide nearjautomatlc': operatlogemb|y formed from annealed high-thermal-conductivity
in case of communication problems during the mission an¢opper. The shield completely surrounded the calorimeter
to accept a wide range of commands to alter the parameteggq the set of HRT'’s, acting as a baffle for stray thermal
of the measurements. radiation and a shunt for residual gas conduction. The calo-
rimeter was located near the apex of a second stainless-steel
tripod which was not in direct contact with the legs of the
first.

The basic design of the thermal control system was simi- The temperatures of stages 1-3 were actively controlled
lar to that used for earlier ground-based heat-capacityith heaters and GRT’s configured in proportional-integral
measurementSA number of structural changes were made(Pl) servo feedback loops. The tripods and isolation stages
to improve its utility and its ability to survive launch. A form a thermal network. With the temperature servos operat-
schematic view of the system is shown in Fig. 3 of Ref. 28.ing, each GRT acts as a node or ground point in a low-pass
It consisted of a vacuum can 20 cm in diameter and 60-cmfilter which attenuates thermal variations from external
long surrounding four thermal control stages in series withsources such as the main helium bath. The price paid for this
the calorimeter(stage 5. Four HRT's were housed in the active filtering is heat dissipation in the stages. Thus as one
lower part of the assembly and surrounded by a thermamoves inwards through the stages the uniformity of the ther-
shield attached to the fourth stage of the thermal isolationmal environment transitions from being dominated by exter-
system. Two of the HRT's were attached to the calorimetenal effects to being limited by internal dissipation. By the
and the others to the thermal shield. An end-corrected alumiime the third stage is reached, the thermal inhomogeneities
num wire solenoid was wound on the outside of the lowerin the structure are expected to be dominated by the power
portion of the vacuum can to allow the application of a uni-dissipated in the GRT and the heater. Since the heater power
form magnetic field to the niobium flux tubes of the HRT's. is typically 10—100 times that dissipated in a GRT this effect

The primary structural element of the thermal isolationcan be minimized by reducing the offset between the oper-
system was a tripod with legs of stainless-steel tubing atating temperatures of stages 2 and 3. The temperatures of the
tached to the lid of the vacuum can. Three triangles of higtstages are otherwise adjusted to provide sufficient dynamic
thermal conductivity copper intersected the legs of the tripodange for the servo systems to control transients.
at intervals of about 3 cm. These triangles formed the first The stage 4 thermal controller had two operating modes: a
three stages of the isolation system and also served to stiffesparse mode with a GRT as sensor and a fine mode with a
the tripod. They were attached to the legs by brazing. ThéiRT as sensor, both using a digital PI control loop to drive a
ratio of the thickness of the copper triangles to the wallheater. In the fine operating mode it was found that the long
thickness of the legs was chosen to provide good thermakrm stability of its temperaturd,,, was limited primarily by
grounding for heat flowing down the legs. A ratio of 10 was drift of the HRT set point to about 810 1 K/sec. Short
estimated to attenuate thermal leakage by a factor of abowerm stability (<1000 sec) was=3x 10 8 K, limited by the
10° at each joint. The ratio of the thermal resistance along ability of the servo system to reject the temperature fluctua-
side of a triangle between two legs to that of a leg sectiortions of stage 3. We note that this level of control was much

A. Thermal control system
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better in the apparatus built for laboratory Gswjth the
deterioration traced to the stiffening of the flight apparatus
for launch survival. Nevertheless, the degree of thermal con-
trol of the calorimeter was adequate. The effect of the fluc-
tuations ofT, on the measurements can be estimated roughly
as follows. The thermal resistance between the calorimeter
and stage 4 was found to be 2:480* K/W. Thus near the
lambda point, where the sample heat capacity exceeded 50 §
J/K, the time constant for heat transfer between the calo-
rimeter and stage 4 was1(® sec. The transient behavior of 5
this part of the system can be modeled as a low-pass thermal §
filter with a single pole roll-off. The amplitude of the swings
of the calorimeter temperaturds is given by ATs
~AT,2wf,, wheref, is the frequency of the fluctuations
of T,. With f,~10 2 Hz we obtainATs~5x10 K. In
ground testing it was found that with fine adjustmenflgf

Ts could be stabilized to a drift rate 6f 10~ 2 K/sec for up FIG. 2. Electron micrograph of the inside surface of the calo-
to 1 h. This was more than adequate to achieve the desiraiineter showing the scale of roughening prior to assembly.

level of uncertainty in the heat input during a heat-capacity

measurement. To minimize thermal gradients in stage 4 the B. Calorimeter

temperature difference,-T; was typically reduced to 1 mK, The helium sample was contained in a 3.5-cm diameter

limited by the calibration uncertainties over the operating . . . .
range of the experiment and the control requirements of thgpherlcal cavity cut from very high puritygrade 6N

) X oppe?! by electrical discharge machining. This technique
stage 4 servo. A typical temperature profile of the therma\f,:yas used to preserve the highly annealed state of the copper

control system consisted of stage 5 at a given operating temand its associated high thermal conductivity at low tempera-

perature, stage 4 in thermal equilibrium with it, and stages 1 : . .

fures. From the measured electrical resistance ratiosf00

2, and 3 controlled at 30, 10, and 1 mK cooler than stage 4, . i

. ) . between 300 and 4.2 K we estimatéits thermal conduc-

Thermal gradients in the calorimeter assembly were reyity at T. to be — 140 W/em K. The cavity was formed in

duced by deactivating the GRT’s during high-resolution mea- oy ieceg that were electron-ﬁeam weldgd together. The in-
surements and using the heater only when step temperatu% P 9 ’

changes were desired. Will; constant the potential sources side surface was left somewhat rough to promote thermal

of residual temperature gradients are then the effects of stra&?gwr?ﬂvﬁ}h tr21e helium. A magnified view of this surface Is
electrical power pickup, internal dissipation in the mechani- An a rogkim.atel to scale cross-sectional view of the
cal structure, gas conduction, and charged particle heating in pp y

space. During ground operations the limiting factor on ther_calorlmeter is shown in Fig. 3. The base of a valve assembly

mal control of the calorimeter appeared to be variations in

stray power pickup in the circuits attached to it. To reduce Ac}'ﬁk‘{fm VALVE
this effect all leads to the calorimeter were thermally an- LINE SPRING

chored at all stages using sapphire posts, which minimized
the capacitance to ground. Also the leads were made of
twisted pairs and were equipped with capacitance shunts to

!FlEJ '_h/

ground where they entered the helium cryostat, which ‘;‘\E%_E E LINE
formed a complete metallic enclosure around the instrument. il /

For the wiring to other stages, similar techniques were used, —— Z

except that the sapphire was replaced with copper. The calo- GRT'S b

rimeter was also thermally connected to stage 4 by four cap- 2 EA')\‘ , BURST DISK &
illary gas lines and two HRT pickup loops with niobium- o fi‘sp"f,%m"

titanium shields. Special clamps were built to thermally

anchor these lines to the isolation stages by sandwiching the SAMPLE

SPACE

lines between indium foil for good thermal contact. The =<
length of the clamped sections was at least twenty times the sy
diameter of the largest line. All leads and lines were fabri- / \
cated from low-thermal-conductivity materials. In the case of BURST BUBBLE
leads to heaters, superconducting niobium-titanium wire was e HEATER.
used, both to allow accurate heat input measurements, and to '\ /4 N

HRT SUPPORT

avoid dissipation elsewhere in the thermal control system.
With these precautions, the stray power variations seen in
ground testing were generally below 78 W over periods FIG. 3. Cross-sectional view of the calorimeter assembly, ap-
of hours. proximately to scale.

ATTACHMENTS FLANGE
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was electron-beam welded to the top of the calorimeter. Thenometers have been described extensively elsewdnat,
valve was sealed by pressing a gold-coated copper flgbr completeness we include a brief description here, concen-
against a circular copper knife edge. The sealing pressungating on those aspects relevant to the present experiment.
was set by adjusting the length of a stack of 16 BellevilleThe external portion of the HRT’s consisted of a niobium
washers and the valve was opened by a pneumatic actuat@libe of 0.83-cm internal diameter and 18-cm long, with a
A high degree of cleanliness was required in the knife-edg@onstant magnetic field trapped along its axis. A 1.5-cm-long
area to obtain a reliable superfluid-tight seal. A filling capil- cyjinder of CAB was located near the center of the tube. The
lary passed through the thermal control system to a Secor}ﬁilagnetic moments of the salt molecules were partially
valve on the outside of the cryostat. A charcoal' adsorptioré”gned by the magnetic field trapped in the flux tube. The
pump was attached to the capillary through a filter to trapyagnetization of the salt changes with temperature, inducing
any helium Ieaka_ge through_the Iow-temperature valve. Th% dc current in a superconducting pickup loop surrounding
base of the calorlrr_]eter provided attachment points for a paif,e cylinder, which is measured by a SQUID magnetometer.
of HRT's. A beryllium-copper support flange was welded a schematic view of the design is shown in Fig. 1 of Ref. 28.
around the bottom perimeter of the calorimeter to providerne field was generated by the solenoid wound on the

attachment points for the support tripod and the HRT flux,acuum can and was trapped in the flux tubes early in the
tube holders. The HRT’s were provided with large area cons

’ ’ - round testing phase of the experiment. A reasonably com-
tacts directly to the calorimeter and the mechanical SUpporgrehensive idea of the behavior of the thermometers as a

points of the tripod were isolated from the HRT's to the fnction of temperature and magnetic field can be obtained
extent allowed by structural rigidity considerations. Two 30by consideration of the Brillouin function applied to the be-

(1 manganin wire heaters were wound in sections on thregayior of CAB, which has a magnetic transition near 1.83
sapphire posts which were attached to the circumference gf 34

the calorimeter 120° apart to apply distributed heating. The Tpe pickup coil and salt geometry were configured to
heater sections were linked together with superconducting,aximize the sensitivity of the HRT. The optimization sets
wire. Two GRT's were also attached o the calorimeter.  the ¢oil diameter so that the cross-sectional areas of the tube
Near the end of the mission, before the shuttle landed, thgside and outside the coil are the same, when the salt fills
helium cryogen was depleted, causing the calorimeter tgne cojl. The pickup coil inductance was matched to that of
warm and become pressurized. A removable burst disk akhe SQUID input coil for maximum energy transfer, and the
lowed the pressurized helium to vent into the vacuum canyymber of turns around the salt was maximized for the high-
Because the calorimeter was classified by NASA as a pressst sensitivity?® The coil and salt were placed in a sapphire
sure vessel, it was required to be doubly fail safe againsio|der which provided a high-thermal-conductivity link to
bursting. This resulted in the addition of two fixed burstine calorimeter without introducing Johnson noise currents.
disks to the calorimeter. These burst disk assemblies wergne end of the holder was metalized and soldered to a cop-
designed to minimize the included volume of helium andper rod which thermally coupled the salt to the experiment.
were fabricated from high-conductivity copper to minimize copper wires embedded in the salt were also soldered to this
their thermal relaxation time. A pair of small heaters pen-yoq o provide additional thermal contact. The rod was bolted
etrated the calorimeter wall. These were designed to causg the base of the calorimeter using indium foil for thermal
vaporization of the superfluid when activated, guaranteeing gontact. The combined heat capacity of the salt pill and ther-
thermodynamic path along the vapor pressure curve, in thg,g impedance of the copper rod give a time constant of
unlikely event that natural bubble nucleation in space wagpou 1 s for heat transfer between the salt and the calorim-
inhibited. o _ _ eter. The flux tube was held by a chrome-copper sleeve
After fabrication the inside of the cavity was lightly \ynhich was bolted to the support flange on the base of the

etched with an acid “bright dip” solution to remove loose cajorimeter. The tube was a tight fit on the sapphire holder to
material, and inspected through the removable burst diskagyce microphonics in the pickup coil.

hole usin_g a fiber-optic light pipe to check for splatter from  The niobium-titanium leads from the pickup coil were
the welding. No problems were found. The cavity was thenjgntly twisted together, passed through a niobium-titanium
ultrasonically cleaned and flushed with low-residue ethano}pe for shielding, and attached to a SQUID located else-
until the filtered waste no longer showed particle contaminaynere in the thermal control system. The tube was filled with
tion. The valve assembly and the final burst disk were theRacyum grease to promote thermal contact to the wires and
installed in a class-10 clean room. A:2m filter was placed  to reduce microphonics. A heater consisting of a short piece
in the fill line to guard against subsequent contamination. of 9 005-cm-diameter manganin wire was wrapped tightly
around one lead near the SQUID input terminals. Applying a
10-mA current to this heater warmed the pickup loop wire
above its superconducting transition temperature in a fraction
The thermometers developed for the experiment made usef a second, causing any persistent current flowing in it to
of the strong temperature dependence of the magnetic sudecay rapidly to zero. This capability was included because it
ceptibility of copper ammonium bromidéCAB), and the was found that some available SQUID’s were unable to op-
high sensitivity of superconducting quantum interference deerate with high currents in their input coils, limiting the dy-
vice (SQUID) magnetometers to resolve very small temperahamic range of the HRT's to a temperature ban@.4 K
ture changes. The basic design and performance of the themide. By activating this heater with the calorimeter near the

C. High-resolution thermometers
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lambda point, a suitable operating range could be estalBQUID platform was stabilized tec10 * K using a servo
lished. During early testing two other effects were detectedsimilar to those on the outer stages of the thermal control
It was found that the HRT calibration was dependent on th&ystem. The SQUID’s were housed in individual cylindrical
temperature at which the current in the loop had been nullethigpium shield® closed at one end, with magnetic attenua-
We therefore chose a small set of specific temperatures &t factors of~5x 10°. The open end of the tube was filled
v_vhich to null the current, as described in the calibration secyih, 4 threaded niobium plug containing a small opening for
tions below. It was also found that a small apparent therma\tme leads. Each assembly was placed inside a close-fitting

coupling existed between the calorimeter and the oute ryopernd® shield equipped with a degaussing coil. Before

stages C.)f the thermal control system if a persistent Currenoperation the SQUID’s and shields were warmed from their
existed in the pickup loops. This effect was probably due to tina t i f45K to ab 10 K to red
slight changes in the superconducting penetration depth giperating temperature ot <. 0 above 0 reduce any

the pickup loop wire and shield with temperature at points'me"“"‘IIy trapped fields. They were then cooled slowly

where they were thermally attached to the stages. To minithrough the superconductﬁng transition to minimize fields
mize this effect the currents were again nulled within 1 mk 9enerated by thermoelectric currents. o
of the transition. The outputs of the SQUID’s were connected via triaxial

To reduce the effect of the varying orientation of the cables to rf preamps and associated circuitry attached to the
HRT’s with respect to the Earth’'s magnetic field, three layersexterior of the cryostat. No modifications were made to the
of shielding were used. The HRT flux tube itself had ancommercial 19 MHz rf SQUID sensof$put the electronics
extremely high theoretical shielding factor at the location ofwere rebuilt to improve operation in space. They were
the pickup loop, but tests showed that this could be comprostrengthened to survive launch, repackaged to improve their
mised by flux creep through the Waﬁg'_rhe practica| shield- thermal performance in vacuum, and modified for Computer-
ing factor of this tube was expected to be&sx 10°. A sec- controlled tuning. The temperature of the preamps was con-
ond superconducting shield was added around the |Owéf0||ed to 0.1 °C to minimize dc offsets that would mimic
portion of the instrument vacuum can with a theoreticaltemperature changes of the HRT's, and the analog to digital
shielding factor of about 200. The third shield was a layer of(A/D) converters reading the outputs were controlled to
moly-permalloy?’ a high-permeability material, placed about=1°C. In operation, the SQUID magnetometers give
around the outside of the cryostat to gain a further factor ovoltage outputs in terms of the magnetic flux change at the
100. Tests of the complete assembly showed no detectabl@put, from which the corresponding changes in temperature
signal to a level of=3x10 *®, for magnetic fields of Of the salt pills can be inferred. The noise floor of the
104 T applied externally, wheré,, is the quantum of mag- SQUID’s was on the order of I0d,/\Hz. The output
netic flux. In traversing an orbit, the experiment was subJandwidths were limited to 0.16 Hz by double pole active
jected to a variation of about 5x107° T from the Earth's filters.
magnetic field.

All the HRT's were grouped together below the calorim-
eter for convenient charging by the solenoid on the vacuum E. Adsorption pump
can. With the winding energized, the HRT's were warmed pyring early ground testing it was found that the launch
above 10 K and then cooled back to 4.2 K where the field ipration was capable of warming the HRT's on stage 4 to
was slowly reduced to zero. During this period the SQUID> 15 K and the calorimeter to-5 K. Either of these tem-
magnetometers remained near their operating temperature §erature excursions could have ruined the experiment as
lowing the field trapping process to be monitored. It Wasthere was no provision to remagnetize the HRT flux tubes in
found possible to detect the superconducting transition in thgight and the pressure of the helium in the calorimeter could
flux tubes and in the pickup coil wire. The field-to-current haye exceeded the set point of the removable burst disk. To
ratio of the solenoid was approximately 10 > T/A and  reduce the temperature rise we placed approximately 0.3
the field variation over the volume of the HRT's was mea-mo|e of 3He exchange gas in the vacuum can prior to launch.
sured to be<1%. The trapped field level was selected as arhjs gas greatly increased the thermal coupling between the
compromise between the effects of digitizer nonlinearitieSnner stages of the instrument and the vacuum can. Addi-
and HRT drift performance. For a field of 10 T trapped in  tional shake tests simulating the launch vibration indicated
the flux tubes, the sensitivities of the HRT’s were typically in that the gas limited the temperature rise<t®.1 K. After
the range X 10°®,/K-3x 10°®,/K. Their noise perfor- |aunch, most of the gas was evacuated to space through the
mance is discussed below. instrument vacuum pumping line. To obtain a high vacuum
in the instrument during the heat-capacity measurements an
adsorption pump containing-50 cc of activated charcoal
was located in the lid of the vacuum can. The charcoal con-

Four rf SQUID magnetometers were attached to an indetainer was thermally isolated from the lid allowing it to be
pendent single-stage thermal platform supported from the litheated to~40 K without significantly warming other com-
of the vacuum can. This arrangement was necessary to minponents. The entrance to the pump was baffled with a gold-
mize the effect of the temperature coefficient of the SQUID’scoated copper disk which was thermally attached to the lid.
(Ref. 38 on the HRT output, and to maintain the critical This was needed to reduce the thermal coupling between the
currents of the sensors within their operating range. Theump and stage 4 of the thermal control system.

D. SQUID magnetometers
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To estimate the pressure in the system we monitored ththe full range of powers used in the experiment after correc-
powerP, dissipated in stage 4 of the thermal control systentions for the gains and offsets of t#dD converters.
when the temperature differendg—T5; was held at a spe- The driver circuits for the heaters on the calorimeter had
cific value. During ground testing it was found that for pres-dedicated timers to allow precise control of the energy within
sures>10"? torr the additional power needed to compensatea given heat pulse. The pulse time was accurate and stable to
for the gas conduction was detectable. We roughly calibrateec2 parts in 16. The rise and fall times werec60 usec
the rise inP, against pressure using an external leak detecduration, giving a maximum correction of 0.0024% for the
tor, allowing for thermomolecular effects. With no exchangeminimum 5 sec pulse length which was neglected. The heater
gas in the system the pressure was typically0~° torr, the  driver circuit had six power ranges to accommodate a wide
limit of the measuring technique. When exchange gas wasange of temperature step sizes while operatingiiti2 con-
introduced, the pump-down time constant was on the ordeverters at a high bit setting. To allow automatic data collec-
of a day, dependent on the vacuum can wall temperaturdion a software routine was written to select the pulse length,
After about two days, the pressure in the vacuum can wapower range, an@®/A setting optimum for a given tempera-
generally low enough to perform high-resolution measureture step. Manual operation was also possible.
ments. However, the residual gas had small but detectable Two plastic scintillators with photomultiplier tubes were
effects on the HRT's which were modeled and corrected forttached to the exterior of the electronics. These were used as
as described in the analysis section below. charged particle monitore&CPM’s) for correlation with ef-

fects in the instrument. The voltage applied to each photo-
multiplier tube was programmable over a wide range to con-
F. Cryostat and electronics trol the gain. The output of each CPM was threshold detected

The cryostat system used to maintain low temperaturedt two levels, approximately 10% and 90% of saturation. The
was inherited from a previous flight progrdfNo signifi- ~ number of counts accumulated in each second for each chan-
cant modifications were made to the cryogenic portionshel of both detectors was included in the telemetry stream.
However, the external supports were reconfigured to operate Two three-axis accelerometétswith sensitivities of
with a magnetic shield which was added to the exterior. ThelO™°® g were attached to the outside shell of the cryostat. The
cryostat and its performance have been describegignals were sampled at 250 Hz and digitally filtered to a
elsewheré? The liquid helium in the cryostat was cooled to 100-Hz bandwidth. The vector amplitude of the acceleration
~1.7 K during the flight by venting it to space through a Was calculated and the peak value in each 1-sec interval was
sintered metal plug designed to contain the superfluid. ~ output through a separate telemetry system to aid in charac-

The instrument electronics consisted of nine four-terminaferizing the vibration environment. Occasional segments of
ac resistance bridges, four rf SQUID controllers, four preci-raw data were also downlinked.
sion heater drivers wittD/A converters, and five analog
servo circuits for temperature control. A number of digital Ill. PREFLIGHT OBSERVATIONS
switching circuits were also included. Five additional tem-
perature controllers were used within the electronics to de- Prior to its installation in the flight cryostat, the instru-
crease the sensitivity of critical components to variations inment was operated in the laboratory. In this period the vol-
the ambient temperature. The electronics were operated bywime of the calorimeter was determined by measuring the
small PC-style computer with a 286 microprocessor and anass of gas extracted after a low-temperature fill. In con-
basic software duty cycle of 1 Hz synchronized with a shuttlgunction with data on the size of the small gas bubble left in
timing circuit. Once per cycle a 400 byte telemetry packagehe calorimeter near the lambda point, this information al-
was passed to a communications computer which also prdewed us to determine the mass of the flight sample. The heat
cessed any commands sent from the ground. A third comeapacity of the empty calorimeter was measured, and the
puter interfaced with the facility hardware to provide cryostatheater circuits were calibrated with board level and dummy
housekeeping functions. Most of the instrument tasks werépbad tests. Upper limits were set on variations of the stray
broken into segments, limiting the amount of code executeghower levels in the calorimeter heaters, and the GRT calibra-
in each cycle to avoid interference with the communicationtions were checkedin situ against a rhodium-iron
task. thermometéf (RIT) calibrated by NIST.

The most critical circuits for heat-capacity measurements After the instrument was installed in the flight cryostat,
were the heater current monitors and fi® converters on the flight sample was sealed in the calorimeter and the sys-
the outputs of the SQUID’s. These converters had nominalem was maintained at or below 4.2 K for an 18-month pe-
16-bit resolution, but were found to have occasional non+tiod while it underwent environmental testing and integration
monotonic behavior of the output versus input. Separatevith the shuttle. During this period a number of checks were
measurements indicated that the converters were likely tenade to verify its correct operation. These included addi-
have< 2-bit deviation from a straight-line fit. Since the HRT tional heater stray power measurements, a magnetic-field
noise level was typically 30 bits peak to peak, substantiabusceptibility test, an electromagnetic susceptibility test,
averaging over the bit errors occurred, reducing the correHRT calibrations, and lambda point observations on the GRT
sponding temperature measurement errors significantly. Faemperature scale. The instrument was shake tested and the
the heater current monitors the deviations from a linear filectronics were operated in a thermally controlled vacuum
were bounded by & 0.01% power measurement band overchamber. Heat-capacity measurements were also made below
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the lambda point. The following subsections summarize the 20
most critical measurements performed during the preflight
period.

10

A. Thermometers

The GRT's on the calorimeter were calibrated by the
manufacturé®® and in the laboratory against the vapor pres- £ 0
sure of *He and the RIT using the ITS-80temperature al
scale. For these measurements a specially built apparatus i
was used. The GRT resistance calibrations were performed —10k
using an ac bridge technidtfewith a seven-decade resis-
tance standafd as the reference. ThéHe calibration was
performed using high-purity gas and included corrections for _20 . . . . L
thermomolecular and hydrostatic effects. In the range 1.8 to 100 -80 -60 -40 -20 0
2.4 K temperatures derived from thi¢le calibrations devi- T-T, (MK)
ated from those obtained from the GRT manufacturer’s cali- A
brations by about 0.5 mK on average, with a peak deviation g 4. peviations of the GRT No. 1 data and various calibra-
of 0.7 mK. The RIT measurements were consistent with thgions from the best fit of the HRT data to E@). The open circles
®He calibrations to within 0.3 mK over the interval 1.72 t0 are the GRT data, the dot-dashed curve is a third-order polynomial
2.63 K. However, it was found that the lambda transitionfit to the entire dataset, the dashed curve is a third-order polynomial
temperature of a small sample 8fle was within 0.1 mK of fit in the range 0 to- 50 mK, and the solid curve is a fit to E¢5)
that derived from the’He calibration, leading us to prefer over the same restricted range.
this scale for the experiment. The resistance values of the
GRT'’s were converted to temperature using the forffula  a scale factor change in th{T) curve, we can estimate the

change to be~0.2 mK/T,, or 0.01% which is negligible
_ 2 3 compared to the overall uncertainties of the experiment.
10010 T=207+ a1/0g10 R+ 2(10g10 R)™+ ag(logzoR)™ (4 The HRT'’s attached to the calorimeter were calibrated

where the coefficients; were determined from least-squares 29inst the GRT's over a 100-mK range just below the
fits to the 3He calibration data. Between 2.0 and 2.4 K thel@mPda point. This was done by repetitively bringing the
deviations from the fits showed no significant trend exceeg@PParatus into thermal equilibrium, recording the resistance
ing their 15K rms scatter. The bridges in the flight elec- @nd flux values, and then stepping the calorimeter tempera-
tronics were calibrated by the manufactufBall Aerospace ture in increments ok 1 m'K. The HRT flux readmgs versus
and checked against our GRT bridge resistance standa{@R! emperatures were fit over the full range using a Curie-
mentioned above, which was separately checked by the jplveiss model of the HRT salt behavior. The function used

standards group. Corrections of up to @4from the nomi-
nal resistance values were stored in lookup tables in the o 1\
flight computer. After the GRT'’s were installed in the flight ¢=d==Ho(1+ag)(T/Te—1) 7, ©
instrument they were recalibrated against the RIT, which wasvhereH,, ¢.., anda were constants determined in the fit,
then removed. It was found that the resistance versus tenand the flux¢ was measured from the temperature at which
perature scale factors of both GRT’s appeared to have shifteithe persistent current in the pickup loop was nulled. The term
by about 0.06% relative to that of the RIT, but by less thanproportional to¢ on the right-hand side allows for the varia-
0.01% relative to each other. This discrepancy appeared to B®n of the magnetic field with current in the pickup loop as
associated with a thermal anchoring problem with the RITthe temperature is changed. We chdse=1.8302 K andy
Since measurements of the apparent temperature of the1.2736 based on the data of Vadtal3* for CAB. Typical
lambda transition also discriminated against the RIT, it wawalues obtained for the other parameters in Ei). were
assumed that the GRT calibrations had not changed during,=1.2158< 10°®,, ¢..=—1.5686<10°®,, and a
installation. In either case, the absolute uncertainty in the= —2.227<10 //®,. In our earlier analyst8 we used a
values of @R/dT), appeared to be limited almost entirely third-order polynomial in place of Ed5), fit over a 50-mK
by the 0.1% uncertainty in ITS-90. range. However, we recently found that in the range 3
Over the course of the experiment it was found that thex 10 3<t<10 2 the heat-capacity results were somewhat
apparent lambda transition temperature of one of the GRT'sensitive to the values of the second- and third-order coeffi-
(No. 2) drifted slightly. While this drift was less than 0.2 mK cients. This effect led to a dependencenobn the details of
over an 18-month period, it was substantially greater than théhe HRT calibration procedure that exceeded our goal of no
30 uK drift seen in GRT No. 1. Later measurements on amore than 10* for systematic bias. The function in E¢p)
second flight experiment to measure the specific heat of corgave results that were more stable in this outer regiot) of
fined “He'! confirmed the continued slight drift of GRT No. and gave a better fit to the calibration data over a wider range
2. We also found that the noise level of bridge No. 2 was af t. This can be inferred from Fig. 4 which contrasts the two
factor of 2.3 higher than that of No. 1. If we treat the drift as calibration procedures. It shows the GRT data and various
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calibration curves as deviations from the best fit to Ej. The low-frequency noise level of the HRT's was about
over 100- and 50-mK ranges. If we attempt to fit the data2.5x 10 *° K/\/Hz, which is close to the value predicted by
over the 100-mK range with a third-order polynomial, we the fluctuation-dissipation theorem of Callen and Wetton
obtain the dot-dashed curve: clearly a higher-order polynoapplied to temperature fluctuations of a paramagnetic salt.
mial is required for an adequate fit over this range. If weThe noise measurements have been described elsetilére.
restrict the third-order polynomial fit to 50 mK froffi, , as  Wide band random vibration tests were conducted to deter-
was done in the previous analysis of the flight data, we obmMine the various instrument sensitivities. It was found that
tain the dashed curve. While this fit represents the data welP€ effect on the HRT noise was very nonlinear, being sub-
in this restricted range, it rapidly deviates from the dataseftantial above a rms vibration level of 10g but relatively
outside the fit range and more importantly it is overly sensi-Small below 7><%03_3 g. With the expected acceleration lev-
tive to small local trends in the dataset. In particular, the®!S below 2<107° g except for occasional transients, little
critical exponentg, is sensitive to the curvature seen in the effect on the thermometry was anticipated.
deviation plot of the third-order polynomial in the range O to
20 mKhb?:OVk\:Tx- i g I I B. Heater power

In the flight experiment, calibration data were only avail- L .
able over a 50-mK range so it is important to demonstrat%eThere are two aspects of the calibration of the calorimeter

. . ' : : . heater power £ which are relevant for the heat-capacity
that a Curie-Weiss model fitted over this restricted range W'"results: measurement of absolute power parameters and an

. . %stimate of stray heater power. The heater resistance was
model _f'tted over the 50-mK range from the fit over the full measured at low currents to within 0.02% and the heater
range is shown by the solid curve. It is clear that over the,,ent monitor circuit was calibrated to 0.01% as mentioned
critical 20-mK range where heat-capacity measurementg,ier. The temperature coefficient of the heater resistance
were performed, the restngted Curie-Weiss model is superiofas also measured and applied in the analysis. The heater
to the third-order polynomial fit. The curvature in the devia- parameters could not be checked accurately in flight, but the
tion plot over this range is substantially decreased, resultingeater current monitor circuit was tested in a thermal/
in a reduction of systematic errors in the determinatioaof  vacuum chamber which simulated the space environment. Its
This revised calibration procedure is chiefly responsible forcalibration was found to be stable t00.01% over the tem-
the difference between the value@freported in Ref. 11 and perature range from 10 to + 30 °C. During the experiment,
that reported here. the electronics box temperature was in the range 18 to 23 °C.
The statistical uncertainties ofi¢/dT), for the HRT's Residual or stray power dissipated in the heater can affect
were <0.004% and no significant deviations were apparenthe heat-capacity results if it varies between the heater “on”
between 2.12 and 2.177 K. It was found that the deviationgnd “off” states. For example, this could be caused by bias
from the fit tended to be large when a high bit was switchecturrents in the active elements of the circuit or by high-
in the 16-bit reference resistors of the GRT bridges. We alsérequency EMI that changes its level when the heater is
found that the relays used for the switching often had aswitched. To reduce this possibility the heaters were termi-
higher-than-specified resistance immediately after a contactated with resistive loads similar to those presented by the
had been closed. The calibration of the HRT’s included thecurrent supply circuits when switched to the “off” state.
weighted data from both GRT’s as well as 11 extra paramPulses were applied by first switching the heater power range
eters for each GRT to model any additional contact resisand the associatdd/A converter to the desired settings, then
tance introduced by switching. The fit also included the conswitching the heater from the resistive load to the circuit
straint that the contact resistances are the same for thesing CMOS switches controlled by a precision timer. By
calibration of the two HRT’s to ensure that there is only oneperforming the switching from the off to the on state and
GRT scale. These resistances were found te<l@e33() in leaving theD/A converter output at zero volts while moni-
all cases, however, their inclusion reduced the scatter in thioring the heating rate of the calorimeter, we were able to set
GRT readings by about a factor of 2. The curve fitting pro-a limit on the stray power change ef10™ ' W.
cess left a slight residual relative error in the temperature A more comprehensive, though less precise, test of the
scales of the two HRT's. Since this resulted in slightly dif- entire heat input circuit can be performed by comparing heat-
ferent heat-capacity values depending on which HRT wasapacity values as a function of power. A special sequence of
used, we performed a second fit of the HRT data to a temheat-capacity measurements which consisted of a set of
perature scale defined by the average of the two. pulses covering the range of available power was performed
To obtain reproducible calibration coefficients for the at a temperature where the heat capacity is only weakly tem-
HRT's it was necessary to control the value of the persistenperature dependent; 20 mK below the transition. Since the
current flowing in the pickup loops. This current can perturbsample heats slightly as the pulse sequence progresses, a
the field applied to the salt pill as shown in E§), changing symmetrically arranged reverse sequence was also per-
its magnetization. We minimized this effect by setting theformed. By fitting the heat-capacity results at the same
current to zero at fixed reference temperatures, using thpower with a model function, the effect of the temperature
heater attached to the HRT leads. The ground heat-capacitiependence of the specific heat could be minimized. These
dataset was collected with the heaters activated while themeasurements were made on a number of occasions and
HRT’s were at 2.076 K. typical results are shown in Fig. 5. From the measurements
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25 T " T T T sage throughTg can be detected by the small but sharp
change in the specific heat due to the change in the thermo-
2.0F 1 dynamic path. We were able to u3g as a very sensitive
indicator of the calorimeter fill fraction at the lambda point.
. 1.5F ] The number of moles in the reference sample and the molar
2 volume atTg can easily be used to derive the calorimeter
o 1.0f . volume, resulting in a value of 22.332.01 cc. Combining
% this value with that oflf g for any other sample is then suffi-
0.5F ] cient to determine its mass. An error of 1 mKTig corre-
sponds to a mole number change ©0.0015% which is
0.0 {. o —~— \rllglgulimgiable compared with the uncertainty in the calorimeter
-0.5 a The variation of the calorimeter volume from fill to fill

-9 B —— ———— -3
107 10 10P 10 V\}o 107 10 was extremely small due to the design of the fill line valve.
ower (W) Closure was accomplished with a metal-to-metal seal with

FIG. 5. Dependence of the apparent heat capacity on the poWé:pnstant applied force. On the calorimeter side of the valve

. 73 . .
dissipated in the heater as measured during preflight testing. Cuni@€ variable volume was<2Xx10"° cc during the seal in-
shows model fit. dentation process. It is unlikely that the variation in volume

after achieving a seal exceeded #@c, which is negligible

we concluded that the apparent change in the stray heat§Pmpared to the total volume. After the calorimeter was
power during pulses was 9.4x 10 **W. Since this was filled with tr_\e fllgh'F sampleTg was again determined. The
significantly higher than the value obtained in the zero inpuforresponding helium mole number was 0.813D40004
voltage switching test above, we concluded that most of thénd the gas space at the lambda point was estimated to be

effect was due to a zero offset in the measurement circuit. [9-0558%0.0007 cc.
was also found that the apparent heat capacity decreased by
~0.17% at the highest power used, possibly due to self-
heating in the heater assembly. These effects were modeled ) _
with a four-parameter function and corrections were applied _The heat capacity of the empty calonr_net_er was dete_r-
to all pulse power estimates. F&% >105 W the uncer- Mined by heat pulse measurements and indirectly from its
tainties in the fit were<0.005%. relaxation time plus the thermal resistance to stage 4. Both
Mechanical vibration was also expected to be a variablénethods gave consistent results. The heat capacity of the
heat source during the flight experiment. From the vibratiorffMPty calorimeter at the lambda point was found to be
testing mentioned earlier we derived a calorimeter heating-0441=0.0005 J/K, which agrees with a rough estimate
sensitivity of~0.2 W/cf/Hz using wide band random vibra- ased on the knowledge of its gomponents. The temperature
tion input with power spectral densities in the range 3dependence of t.he heat capacity was measured to be 0.019
X 10 6—2x10"7 g?/Hz. With a swept sine wave input we _i0.003 J/¥, which is negligible over the ZO—mK range of
determined that about 95% of the heating occurred in a naihterest. Nevertheless, a correction for this effect was
row frequency band near 55 Hz. Since spectral densities GiPPlied.
10 °9-10 19 g?/Hz were expected in the mission, some low-
level heating from this source was anticipated. Unfortu-

nately, it was not possible to add vibration isolation to the ] . )
apparatus due to cost. The basic method of measuring heat capacity was to es-

tablish a suitably low drift rate for the calorimeter tempera-
ture, apply a heat pulse of 5-35 sec duration, and then wait
for the drift rate to return to a low value. The heat capacity
The apparatus used to fill the calorimeter did not allow anwas then computed in the usual way from the ris& §nrand
accurate measurement of the quantity of helium sealed irnthe energy dissipated. Since the time constant for the relax-
side. Instead, we measured the sample mass by a two-stefion of T5 to T, was~10° sec, simple linear extrapolation
process which first involved measuring the calorimeter volto the center of the pulse was generally sufficient to obtain
ume and the mass of a reference sample. The mass of tiiee temperature rise. A least-squares straight-line fit was
reference sample was measured during its extraction frormade to 50—120 sec of drift data on each side of the pulse
the calorimeter. The volume was estimated by taking advanand the temperature change and value at the center of the
tage of the very well-knowtf temperature dependence of the pulse were estimated. The fitted data did not include the first
density of helium along the vapor pressure curve near thé to 30 sec of data after the heater was turned off. This was
lambda point. If the calorimeter is between 99.5 and 100%dlone to allow for the settling of small transients due to the
full at the lambda point, the gas space can be reduced to zewarming of the calorimeter support structure and the Kapitza
by cooling to a temperature 2.2873>1.8 K. AboveTg the  boundary resistance, which slightly distorted the measure-
thermodynamic path is close to that of the saturated vapaments. Near the lambda point it was necessary to reduce the
pressure, while belowg it is at constant volume. The pas- size of the temperature steps to maintain accurate measure-

D. Empty calorimeter heat capacity

E. Ground specific-heat measurements

C. Sample mass
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ments of the local heat capacity and to achieve the desireiddependent of the size of the gas space, but depends on its
resolution of the singularity. This resulted in a deterioratingrate of change with temperature. A much smaller term, de-
signal/noise ratio as the transition was approached. pendent on the volume of the gas, was also carried in the

A software routine was used to generate a sequence @alysis. Another correction term is from the conversion of
measurements that adjusted the size of the steps in a predée specific heat along the vapor pressure curve to the spe-
termined fashion and established the flux reading of theific heat at constant pressifféThe primary correction term
HRT's that corresponded @, . The routine started by ad- is given by

justing T, to reduceTs below 10 1° K/sec. A heat-capacity

measurement with a moderate energy input was then per- Cp=CstTvap(dPldT)gp, (7)
formed and the specific heat was calculated. The remaining

temperature increment to the lambda point was then estWwherev is the molar volume of the liquidy,, is the isobaric
mated by comparing the measured specific heat with a funsxpansion coefficienf, and (P/JT)s,,, is the slope of the
tional form based on previous experiments. To avoid ambivapor pressure curve. Other corrections for conversion to a
guity this routine was used only below the transition. Forconstant pressure path were found to be negligible. The cor-
subsequent measurements in the sequence the routine ugedtions to the specific heat in Eq®) and (7) are small,

the estimate to determine the energy input to the heater te0.1%, but not entirely negligible in the experiment. The
give a temperature stedT equal to a specified fraction of change ofa due to these corrections was found to be
the remaining interval to the transition. Prior to each pulse< 10°°.

Ts was measured and adjusted t010 2K/sec or 2 With the heat pulse method the fractional uncertaint€in

X 10 4AT K/sec, whichever was greater. After each pulselS JUst (‘TC/C)Z_:(UQ/AQ)Z_+_(‘TT,/AT)2 where theo's are
the estimate was updated. The routine allowed rapid colledhe corresponding uncertainties in the energy input and tem-
tion of data approximately equally spaced on a logarithmid?€rature step measurements. As described abieyewas
temperature scale, a distribution desirable for the final curvénodeled t0oo/AQ~0.005% at the higher power ranges
fitting task. It also maximized the time available for repeatWhile the overall accuracy wasq/AQ~0.01%. This was
measurements at high resolution that were necessary to infpically less than the fractional uncertainty in the tempera-
prove the signal/noise ratio. ture step,or/AT, especially near the lambda point. To ob-
When used far belowl, the routine also generated a tain good precision at high resolution it was therefore neces-
string of alternating low- and high-power pulses. The low-Sary to average as many measurements as possible. The
power pulses were performed to provide results over a wid@bsolute uncertainty of the results depends not only on the
range oft at a fixed low power in case unexpected power-noise but also on the accuracy of the heater and thermometer
dependent effects were detected in the analysis. The typicgplibrations. However, the uncertainty of the best-fit expo-
step size for these pulses wasuK and the heater power Nentis not dependent on the overall scale factors that affect
was 8<10 ® W. The high-power pulses started with the the specific heat: instead it is set by the noise level of the
maximum power available, 810* W, and were designed data, its range, any temperature dependence of the scale fac-
to warm the calorimeter about 10% of the remaining distancdCrs, and the fidelity of the curve fitting function. The statis-
to the transition. Fot~0.01, a pulse duration of 35 sec was tical uncertainties we used for the results were based on the
used, decreasing as the transition was approached. When ﬁ%mulao above which gave values as low aﬁc/g:
desired temperature step fell below 306, the high-power = 0.008%. We note that this does not include th€.1%
pulses were discontinued. systematic uncertainty from ITS-90, nor the 0.05% uncer-
The pulse method gives the specific heat integrated ove@inty in our determination of the sample mole number. We
AT, which differs from the value at the midpoint tempera- estimate the absolute uncertainty in our specific heat values
ture due to the curvature of the specific heat function. Al0 be about=0.2%. B _ _
correction given byAC=AT2(42C/dT?)/24 can be made if The results obtained for the specific heat prior to the flight
the function is known. To evaluate the second derivative weéir® shown in Fig. 6 on a semilogarithmic scale. Close to the
used the specific-heat function given in Ref. 5. This correciransition the curve is distorted by the effect of gravity on the
tion was<0.07% of the specific heat for all pulses. sample. This leads to a roun_d_lng o_f the smgularlty over a
Given the total specific heat of the samp(@;, some range of about JuK. A magnified view of this region is
additional small corrections are needed before a fit with £NOWn in Fig. 7 on a linear temperature scale. The solid lines
theoretical expression is performed. The presence of a gd@dicate the expected behavior in the absence of gravity
space introduces small corrections to the specific heat prim@sed on our current fit to the flight data. The broken line
rily via the expansion coefficient and the latent Hé&PThe ~ Shows the expected curve in the presence of gravity. The
most important effect is due to the changing volume of thdransition temperature was estimated by analyzing the ther-

gas space with temperature and the correction is given by Mal overshoot that occurs after a pulse which causes the
helium to enter the two-phase region where normal fluid and

Cs=Cr/n+aslpy/p, (6)  superfluid coexist within the calorimeter. We obtained an un-
certainty of =54 nK in the temperature at which normal
whereCg, as, Ny, p;, andL are the specific heat, expansion fluid was first stable within the calorimeter. In Fig. 8 we
coefficient, mole number, density, and latent heat of the ligshow the data as deviations from a zero-gravity reference
uid, and pq the density of the gas. This correction term is function given below by Eq9), with parameters determined
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FIG. 6. Ground specific-heat results beldy on a log-linear  from the zero-gravity function.

scale. Line, gravity rounded model.

by a fit to the flight data. It can be seen that there is an offs¢f€at measurements. As a compromise a limited calibration
of about 0.07% between the data and the function. We be¥as performed early in the sequence as the calorimeter was

lieve this is due to slight changes in the calibration of theWarmed towards the transition for the first time. In this pe-
HRT’s and heater circuit between ground and flight. Othertiod the HRT'’s were recalibrated against the GRT's and the
wise there is good agreement with the general behavior dpower dependence of the heat-capacity results was measured.
the function up to the region where gravity effects becomelhe experiment was run automatically by its computer until

significant. the second day of high-resolution measurements. Manual
control was then established to optimize the data collection
IV. FLIGHT OBSERVATIONS by allowing for the effects of cosmic rays and heating from
particles trapped in the magnetosphere over the South Atlan-
A. Measurement sequence tic ocean. The remainder of the flight period was devoted to

In this section we summarize the main events of the exDeal-capacity measurements near the transition.
periment, starting with the final refill of the cryostat on the  Shortly before launch the instrument was cooled from 4.2
launch pad at the Kennedy Space Flight Center. Because tie 0 about 1.7 K, the cryostat was refilled with superfluid,
duration of the experiment was limited to 10 days the flightand "He exchange gas was placed in the instrument vacuum
measurements were performed in a sequence designed to ¢ace to provide a cooling path to the bath for heat dissipa-
tain the results of most value as quickly as possible. A contion in the instrument during launch. Abb@ h after launch
flicting requirement was to recalibrate the instrument tothe experiment was switched on and the calorimeter tempera-
verify its performance and provide links to other specific-turé was found to be close to 2.02 K. A motor-driven valve
on the instrument evacuation line was opened and the char-
90 Y T T Y coal adsorption pump in the vacuum can was warmed to
~40 K to purge it of*He. When the pressure in the vacuum
can fell below an estimated 1Qom the valve was closed
and the adsorption pump was cooled. The cryostat was also
. warmed to its maximum safe operating temperature in space,
close to 2.1 K, to aid in releasing adsorbéde from the
vacuum can walls. While the cryopump was reducing the
pressure in the instrument, some preliminary tasks in the
. measurement sequence were performed. The first step in-
volved warming the SQUID’s above their superconducting
transition temperature~9 K) and cooling them slowly to
4.5 K. This reduced any flux trapped in the SQUID junctions
1 and in the shielding tubes, improving performance. The next
\ , , event of significance was the spontaneous generation of a
20 -15 -10 -5 0 5 small helium bubble in the calorimeter which established a
T-T, (1K) thermc_)dynamic path at the vapor pressure for the heat-
capacity measurements. Shortly after the bubble was formed,
FIG. 7. Ground specific-heat results on a linear scale close to théhe cryostat venting rate was increased, allowing it to cool to
transition. Solid line, zero-gravity function; broken line, gravity itS minimum operating temperature of1.7 K. This step
rounded model. allowed the calorimeter to be brought under thermal control
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and also produced significant cryopumping of the residualater analysis more precise determinations were made by
3He gas on the vacuum can walls. modeling the behavior of the cooling rate as the calorimeter
The next step was to prepare the instrument for highpassed through the transition. After the region near the tran-
resolution measurements. To do this, the various stages of tfgtion was well covered, heat-capacity measurements were
thermal isolation system were brought to their normal operextended a fewuK on the high-temperature side. In this
ating temperatures which were kept as close as practical tgion estimates of the thermal conductivity can be obtained
that of the calorimeter. The heaters on all the HRT pickupffom the relaxation data. These measurements were taken on
loops were then activated to null the circulating persistenf time available basis and were not expected to approach the
currents. Next, the HRT calibration procedure was performedccuracy of the results on the low-temperature side. After
between 2.126 and 2.156 K. The stage 4 servo was then saPout 10 days of operation the cryogen was exhausted and
to the fine control mode and the drift rate of the calorimeterthe experiment was terminated. The details of the significant
temperature was reduced to a value acceptable for heaortions of the measurement sequence are given below.
capacity measurements. It was possible to reduce this drift
rate to ~10 2 K/sec with little difficulty by varying the B. Bubble detection

stage 4 temperature, however, variations of heating from the important aspect of the experiment was to ensure that

char.g.ed particle flux made it difficult to maintain this level of the measurements of heat capacity were performed along a
stability for more than a few minutes. When the pressure inp o modynamic path that is as close as possible to constant
the vacuum can approached the 1@orr range the calibra- ocq e This was done by allowing a small bubble of vapor
tion sequence was contm_ued. At this point the power d_eper{-)o form in the calorimeter, taking advantage of the slightly
dence of the heat-capacity results was measured. This Stepypar gensity of liquid helium in the region very close to the
also verified that the heater driver circuit was operating norambda point. As the sample of helium is warmed from the
mally. o . starting temperature ne K towards the lambda point, the
After the heater circuit test was completed, the primary;q ig shrinks slightly, generating a bubble. This event occurs
heat-capacity measurements were commenced. Since thef§,naneously due to the metastability of the thermodynamic
was insufficient time in the mission to collect more than ON€giate as opposed to the equilibrium collapse behavior ob-
wide range dataset, the final 20 mK of the HRT caIibrationsserve’d afTg on cooling®® Nucleation of the bubble can be
was interwoven with the heat-capacity measurements. Thgyqereq by an imperfection on the calorimeter wall or by
GRT's on the calorimeter were deac_:tlvate_d about 1 mK beThe passage of a charged particle through the fluid. In ground
low T, to reduce temperature.gradlents in _the Calorlmetertesting the resulting sharp change of the heating rate of the
The heater on one of the calorimeter HRT pickup 100pS Wagejiym was found to occur within 1900 sec of entering the
again activated at 70K below the transition, setting the aiagtaple region. In flight the event occurred about 1863
current in the loop to zero once more. This was done Qe after entering the region, but at 2.079 K versus 2.076 K
minimize a small magnetic coupling effect between the isoy, the ground. In zero gravity the states occupied by the
lation stages described earlier. While the pickup coil lead ample on the helium phase diagram are slightly different
were in the nonsuperconducting state, a small quantity of,m those on Earth. On average, this effect would cause the
flux was not measured by the SQUID. This discontinuity was, ,pple to be formed at a temperature about@0warmer
corrected for by noting the flux change on the second caloy, space, all else being equal. From these observations we

rimeter HRT during the time the heater was on. AtAB  qncyde that nea2 K the probability of nucleating a stable
below the transition the current in the pickup loop of they e in superfluid helium by a cosmic ray mustb&0*
second HRT was nulled. Again, the flux discontinuity wasg, hressures on the order of 2000 Pa below the vapor pres-
corrected by using the readout of the alternate HRT'. sure. The temperature of the bubble event can be used to set
_ When the calorimeter was 92 nK below the transition, thejmits on the amount of helium in the calorimeter. Since the
high-resolution measurement mode was activated. In thig\hp1e event occurred at a slightly warmer temperature in
mode the pulse size estimator was disabled and a set @jgpt this was an indication that no helium had been lost

pulses of constant energy was applied to the calorimete,m the calorimeter and the preflight mole number was still
heater. This set was designed to warm the calorimet balid.

through the transition, terminating about 10 nK on the high-
temperature side. Another routine was then used to cool the
calorimeter by about 50 nK. After repeating this cycle ten
times the automatic operating mode was terminated and the As noted earlier, comparison of the resistance values at
instrument was operated from the ground. Typical measurethe lambda point of the two GRT's on the calorimeter over
ment sequences in this phase consisted of sets of 5 to 1Be whole experiment period indicated that GRT No. 1 was
pulses of 1 to 10 nK size starting 10 to 30 nK below theslightly more stable than No. 2. For GRT No. 1 no offsets
transition. Each set was followed by a cooling ramp at a ratgreater than 3Q.K were detected over the 8 months prior to
of ~100 pK/sec to the starting temperature for the next setflight, essentially the limit of our measurement capability. It
The location of the lambda point on the HRT flux scale waswas also found that the noise on bridge No. 1 continued to be
found to within£2 nK by observation of the transient over- lower than that on No. 2. Due to the constraints of the mis-
shoot of the calorimeter shell after a pulse, due to the finitesion the HRT's were calibrated over the range 2.126 to 2.176
thermal conductivity of the helium above the transition. InK, half that of the ground calibration. A set of 76 data points

C. Flight calibration of HRT's
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FIG. 9. Flight calibration data for GRT No. 1 on the calorimeter

FIG. 10. HRT noise measurements. Upper curve, noise seen
vs the HRT scale.

during the mission. Lower curve, similar data collected during
ground testing.

spaced ak1 mK intervals was used to calculate the coeffi-
cients of the best-fit function in Ed5). The measurements
were analyzed in a similar way to the ground calibration
data. A study of ground measurements showed that the D. HRT noise
smaller range could lead to some bias in the parameter values

obtained from the curve fit. We also found that the value of ~1h€ noise on the HRT's was significantly larger in flight
the parametee in Eq. (5) was extremely stable from cali- than on the ground. The excess noise appeared to be related

bration to calibration. We therefore decided to fix it at the!® the charged particle flux passing through the HRT's. Pro-
ground value in the analysis of the flight data and only fit thelons anda particles passed through the HRT's on the order
other two parameters. This approach was shown to signifiof Once per second. Due fo the 1 sec time constant of the
cantly reduce the bias. In Fig. 9 we plot the resulting differ-thérmal link between a HRT and the calorimeter, the indi-
ences between the GRT No. 1 temperatures and the HRYidual hits could not be resolved, but were smeared out and
temperatures derived from E¢5), as a function of GRT appeared as noise. Heavier nuclei passed through the HRT’s
temperature. The noise in the plot is almost entirely due t@N average every 100 sec or so. These generated heating
the GRT measurements. It can be seen that there is littigPikes of up to several nK depending on the length of the
systematic deviation from the function over the entire rangé'@ck through the sensor assembly. An example of the HRT
of the data. The relative deviations of the two HRT’s over theQUtPut obtained over a few hundred seconds is shown by the
range used in the heat-capacity measurements were withifPP€r curve in Fig. 10. The lower curve shows ground data
+35 nK, and the maximum slope difference wa$ parts for comparison. Apart from the large spikes in the data, the
in 10°. Close to the transition the temperature offsets weréffective noise was about five to eight times the ground

reduced to< 5% 10~ 20 K when estimates of the lambda tran- V&lue. In addition, the spike events were almost always heat-

sition temperature became available. Comparison with thi9: leading to some bias in the averaged signals. At times of
igh particle flux, even higher noise than that shown was

ground calibrations showed only very small changes, ) )
<0.045% inde/dT at the lambda point. Also, the apparent encountered. A detailed model of the effect of cosmic rays on

value of T, on the GRT No. 1 temperature scale changed b)}he thermometer was developed and the results showed very

<3uK, giving us confidence that there was little change OfS|m|Iar behavior to that seen in the figure. This model also
the absolute calibrations in flight. showed that the average heating caused a temperature offset

Since it was not possible to obtain sufficient data to di_between the thermometer and the helium sample of

rectly calibrate the HRT’s with the persistent current nullsrl_Azdg_K_' Thle measurement of this offshe_ztri]s descI:ribe(:jd beh
made within 1 mK of the transition, a cross-calibration tech-/0W- Additional noise events were seen which correlated wit

[ﬁrge acceleration disturbances on the shuttle. We suspect

that this effect was responsible for the occasional events that

sible to piece together the changes in the values®@dT to '”d'cated_ apparent transient cooling of_the_HRT’s. Special
curve fitting techniques were used to minimize the effect of

high accuracy. For the first section a third-order polynomia . . .
was used and for the second, shorter region a second-orddle SPikes on the heat-capacity results as described below.

polynomial was used. This is all that is needed for the
close-in heat-capacity data since curvature effects from the
calibration in this region are small. We obtained an uncer- The initial flight heat-capacity measurements were gener-
tainty in the values ofl ¢/dT relative to those from the wide ated with the same software routines as used for the ground

range calibration 0&<0.0075%, which is negligible com-
pared with the noise of the heat-capacity data.

nigue was used. By activating only one heater at a time an
spacing the nulling temperatures by700 uK it was pos-

E. Heat-capacity measurements

174518-16



SPECIFIC HEAT OF LIQUID HELIUM IN ZERO. .. PHYSICAL REVIEW B68, 174518 (2003

40 Ll 1 o T T T
20 —
€ J
a a
= 0 i -

5}
—20 1 —1 o 1 1 1
0 1000 2000 -100 =50 0 50 100
time (s) time (s)

FIG. 11. High-resolution temperature vs time data containing a F|G. 12. An example of a cooling curve through the lambda
number of heat pulses with step heights-o4 nK. The estimated point. Solid line is the result of a model calculation. The location of
location of the lambda transition is marked. the lambda transition is determined by fitting the model to the data.

data. The first group of heat-capacity measurements was accuracy of the experiment significantly. The conversion of
check on their apparent power dependence. The pulses wettge data to specific-heat values is described in Sec. VI.
applied when the calorimeter was at 2.1548 K and were simi-
lar to those used in preflight testing. The results were more
noisy than on the ground, but otherwise showed no signifi-
cant change. The apparent stray power wa®9.77 As part of the process of generating the heat-capacity data
x 10 ' W. For comparison, the minimum power used in it was necessary to repeatedly cool the calorimeter back to a
the flight measurements was X270 8 W. Also, the high- starting temperature for the next pulse sequence. A cooling
power measurements showed a self-heating effect similar tamp was initiated by reducing, sufficiently to cool the
that on the ground. Corrections were again applied for thesealorimeter at~0.1 nK/sec. As the sample cooled through
effects. The second group of data consisted of wide rangthe transition the outer layer of normal helium nearest to the
measurements performed in a similar manner to the grounaalorimeter wall converted to the superfluid state. The
The other two groups of data were high-resolution measureboundary between the two phases then propagated to the
ments spanning the region not accessible on the ground, ameénter of the sample in a time span of several seconds. While
measurements above the transition. A set of high-resolutiothe helium was in this two-phase regidn, paused very near
measurements passing through the transition is shown in Fig., until the temperature gradient within the helium was
11, with individual temperature steps ef4 nK. The growth  eliminated. When all of the helium was transformed into He
of the relaxation time as the sample moves deeper into thi, the sample cooled again, but at a slower rate than above
normal phase is apparent. Measurements were made withe transition, due to the higher heat-capacity in this region.
step heights as small as 1 nK, but at this resolution the resulfBhis signature was very useful for keeping track of the ap-
were extremely noisy, with typical uncertainties ©f30%.  parent location of the lambda point on the flux scales of the
The practical limit to the resolution of the experiment from HRT’s. A typical cooling ramp is shown in Fig. 12. Also
the point of view of heat-capacity measurements was a steghown by the smooth curve is a model of the behavior fitted
height of about 2 nK. Even here, a large amount of averagingpo the average cooling rate and adjusted to give the best
was necessary to produce a usable result. estimate ofT, . A few heating ramps were also performed,
During the experiment 876 heat pulses were applied givbut these had a less clear transition signal due to the absence
ing rise to 1752 temperature step measurements and heaif the pause at the normal/superfluid phase boundary.
capacity values. Approximately 3% of the measurements Some corrections need to be applied to the apparent
were abandoned due to excessive radiation heating, faultgmbda point flux readings to obtain the best estimates suit-
telemetry records, or large external disturbances. Twentyable for use with the heat-capacity data. The major correction
nine data points were deleted on the basis of being more thamas due to the residual gas in the instrument vacuum space.
50 from the best-fit function. A number of datasets wereThis gas introduced a small temperature gradient in the calo-
timed to take advantage of the most favorable conditionstimeter and HRT assembly related to the off$gt-T, and
periods of low and stable radiation levels, quiet times on theo P,. This was large enough that the variation of pressure
shuttle, and highest vacuum in the instrument. Some meawith time introduced a detectable shift in the apparent
surements were also performed after the altitude of théambda-transition temperature. It was therefore necessary to
shuttle was lowered from 288 to 210 km. This period wasunderstand this effect well enough to correct the HRT tem-
associated with a somewhat improved noise level in theerature scales at times intermediate between lambda-point
HRT'’s but was unfortunately too brief to affect the overall determinations. In addition to the general trend of pressure

F. Lambda point location
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FIG. 13. (a) Time dependence of the apparent HRT flux readingsscale.

corresponding to the lambda transition during the high-resolution
phase of the missior(b) Residuals for the lambda point tempera- lated with the readout of the CPM’s. It can be seen in Fig. 14
tures vs time after correction for pressure and charged particle heatvhich shows in the lower trace the temperature of the calo-
ing effects. rimeter over a 5000-sec period where no pulses were applied.

The upper trace shows the output from one of the CPM’s
with time, there were two phenomena that helped us caliover the same period averaged over 200 sec intervals, clearly
brate the effect. First, on the sixth day of the mission, ademonstrating the correlation. Correction factors were ob-
heater in the main helium bath was turned on briefly in antained by fitting the HRT variation versus charged particle
attempt to measure the amount of cryogen remaining. Thiflux data with a three-parameter function. The first parameter
event warmed the instrument walls, releasing some gadescribed the heat leak to stage 4 which is constant over the
trapped there and causing a pressure increase lasting a nuperiod of the data. The second parameter was proportional to
ber of hours. This resulted in a substantial change in théhe particle flux and was a measure of the heat input to the
lambda-point flux readings over the same period. Second, wealorimeter due to cosmic rays. The third parameter ac-
observed a rapid thermal transient Ty when P, was  counted for the temperature offset between the HRT and the
changed. This data allowed us to determine two pairs otalorimeter due to cosmic-ray energy dissipation in the HRT.
parameters which appeared to be the most significant in We obtained temperature offsets for the two HRT's of 0.45
model of the gas effect. These parameters were the coeffand 0.65 nK/count/sec, and a heat input to the calorimeter of
cients of the coupling between the HRT flux readings andl.29x 10~ ° J/count, where the count number was derived
T4, andP, at constani,. We found that the couplingt®,  from a model of the CPM responses to the known cosmic-
was the more important of the two effects. For the lowest gasay energy spectrurtl. These correction factors were applied
pressure in the mission, the coefficients for HRT No. 1 werdo all the high-resolution thermometry data and the power
29.4 mK/W for the heater coefficient, and 0.4K/K for the  input coefficient was used to correct the drift rate during
temperature coefficient. For HRT No. 2 we obtained 19.7heat-capacity measurements. It was also found that for sev-
mK/W and 0.21uK/K, respectively. At the start of the high- eral hundred seconds after a passage through the radiation
resolution portion of the mission, the temperature coeffi-zone over the South Atlantic the heat-capacity data appeared
cients were about a factor of 2 higher, due to the higher gato be slightly affected. Data from this region were not used.
pressure. Figure 18 shows the apparent location of the A more detailed account of the charged particle observations
lambda point as a function of time for HRT No. 1. Figure is given elsewherg’
13(b) shows the residuals after removing the modeled ef-
fects. The rms uncertainty of the corrected locations is H. Accelerometer Data
~0.3 nK. Given the quality of the fit we estimate an uncer-

tainty in the lambda temperature at any time after the start Oé A S|grr1]|f|cant a_lmoulnt o;gppeleromheter dalza wercla avz_anab_le
the high-resolution measurements-00.5 nkK. uring the mission. In addition to the peak acceleration in

each 1-sec interval, power spectral density plots were avail-
able at approximately 100-min intervals and on special re-
quest. It was found that the peak acceleration amplitude was
It was observed that the heating rate of the calorimetetypically in the range 0.8 10 3-1x10 3 g with spikes to
fluctuated slightly, typically with twice orbital period, pre- ~3x10 2 g occurring approximately every few hundred
venting the calorimeter from reaching the level of thermalseconds. From the larger acceleration events we were able to
stability achieved on the ground. This variability was corre-determine some characteristics of the acceleration sensitivity

G. Charged particle data
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of the instrument. We found that the HRT's had a sensitivityhavior. No changes exceeding 1% duration were detected.
to steady-state acceleration, possibly due to changes of mggso, the pulse timing was checked and found to be accurate
chanical stress or some form of magnetic coupling. This wago +0.0003%. The calibration of tha/D converter in the
evident from HRT data collected during low-power operationheater current monitoring circuit was checked. The results
of the shuttle engines which applied a transverse acceleratigfyreed with the preflight measurements to within 0.02% in
to the instrument. The sensitivities of the two HRT's to this power. Similar results verified correct operation for all the
acceleration were 1.1 and OuK/g. This indicates that some heater power ranges.
of the larger acceleration transients during normal operations The electronics were reconnected to the instrument and
should be visible on the HRT's. We searched for noise spikéhe cryostat was cooled te-2 K. The calibrations of the
correlations with some of the largest events seen on the agy/p converters monitoring the calorimeter HRT’s in terms
celerometer output. A significant number of correlationsof pitsib, were checked and found to be unchanged from
were found, indicating that up to a few percent of the spikegiight to within 0.004%. This indicates that the converters
in the HRT data were due to acceleration transients. Howgnd the SQUID feedback electronics were probably working
ever, since there were Clearly many more cases with no COhorma”y during the f||ght The temperature and power de-
relation, in the data analySiS we elected to treat the acceler%ndence of the resistance of the heater on the calorimeter
tion spikes in the same manner as charged particle events.\(fere also remeasured. A zero-power resistance offset of
was also apparent that most of the acceleration-related trag-02204, was found. The power dependence of the heater re-
sients on the HRT's corresponded to heating. sistance was found to be about an order of magnitude higher
The HRT's also showed a noise increase of about a factohan observed in the flight. It is conjectured that some dam-
of 2 during the low-power operation of the shuttle enginesage occurred to the heater bonding when the calorimeter
Since the acceleration noise increased by roughly a factor Qfarmed up after the mission. In the analysis below, the pre-
8 during this period, it is unlikely that vibration contributed flight value of the heater resistance was used.
significantly to the noise level seen during normal opera- A 100 G field was then trapped in the HRT flux tubes and
tions. An apparent power input to the calorimeter averagingheir sensitivities at the lambda point were verified to within
~2X107° W was also seen in this period. Linear extrapo-294. During the following few years, the electronics system

lation would indicate that levels of 210" *%3X107*°W  was used on a second flight experintémind no significant
might occur during normal heat-capacity measurementsgnomalies were detected.

which is somewhat less than the measured charged particle
dissipation level. However, this estimate is extremely crude,
given the mechanical complexities involved. Our experience VI. DATA ANALYSIS

with low-level vibration inputs on the ground indicated a In the ideal case the analysis of heat-capacity data col-
highly nonlinear situation. The flight spectral information in- |oteq by the pulse method is straightforward. However,
dicated highly variable vibration levels in the 1-Hz band cen-nan high-resolution measurements are attempted under ad-
tered on 55 Hz, and the corresponding heating estimate Wagyse conditions a number of error sources need to be con-
approximately consistent with the above value. Further degjjered. The analysis of the raw data from the ground mea-

tails of acceleration effects are availaBfe. surements was described earlier. Additional errors arise from
operation in the space environment. In this section we de-
V. POSTELIGHT MEASUREMENTS scribe the details of the flight specific-heat calculations and

our models of the associated corrections. We also describe

After the instrument was returned to JPL it was operatedhe results of the curve fitting analysis.
in its flight configuration once more and a number of tests
were performed to verify the stability of various parameters.
Since the burst disks on the calorimeter were designed to
rupture at the end of the flight, only tests with an empty The Ty drift data before and after each pulse were cor-
calorimeter could be performed. Also since the cryostat hadected for the heating of the calorimeter by cosmic rays. This
reached room temperature, the magnetic flux trapped in theorrection term was determined from the CPM outputs as
HRT's was dissipated. The postflight test activities were dedescribed earlier. These corrections were applied so that the
signed to improve the validation of the scientific data bytemperature at the center of the heat pulse was undisturbed,
showing that the calibration of variolD converters and allowing an accurate correspondence between the calculated
electronic circuits had not changed significantly from themidpoint temperature of a pulse and the original HRT tem-
prelaunch calibration. perature scale. The line fitting routine used to determine the

Initially the electronics were operated alone using dummyintercepts was chosen to reduce the sensitivity of the results
loads to simulate the instrument. First, the calibrations of théo the non-Gaussian spikes in the d&ahe routine was
bridges for the GRT’s on the calorimeter were checked usinglso utilized to identify and remove the larger cosmic-ray
a reference decade resistance box. It was found that the bavents from the dataset. Spike events extending more than
ance points of bridges No. 1 and No. 2 had changed by2.5¢0 from the fitted line were identified and removed, and a
—0.7£0.1Q and +0.8=0.1 Q) over the range used. These second fit performed. Model testing showed that these pre-
shifts were small enough to be neglected. Next, the heatarautions reduced the bias in the heat-capacity results substan-
pulse shape was examined for changes in the transient bgally.

A. Specific-heat calculation
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d FIG. 16. Example of a HRT response to a heat pulse well above
e lambda point. The lines are the results of a least-squares fit to
the data on each side of the pulse.

FIG. 15. Semilogarithmic plot of the specific heat vs reduce
temperature over the full range measured. Below the transition th
data(closed symbolswere binned with a density of 10 bins per
decade, and abovépen symbols with a density of 8 bins per

decade. Lines show best fits to the data. B. High-temperature data

The statistical weight of the input temperature data, WhichﬁnAnaIySIs of the data abov&, was complicated by the

is normally inversely proportional to the thermometer noise 4 ite thetrmal _cortlc_juctlvgy ?fltheﬁnormﬁl htellulm. This _m;u_ro- ¢
squared, was modified slightly to allow for the uncertainties uces a transient immediately after a heat pulse consisting o
n overshoot in the temperature of the calorimeter shell and

in the heating rate corrections and the offset of the HRTAN OV ; . . .
temperature from the calorimeter temperature. The corred rapid decay as the heat in the shell d|frgse§ into the hellqm.
tions had the effect of slightly deweighting the data at highelAg e_l)_(r?mpli of a pulsetabove thg t(rja?sm(ﬂn 'SfShOtVr\]/.n mﬁFlgt.
count rates as well as deweighting the data further from thér - 'he extra parameters required 1o aflow Tor this €frec
center of the heat pulse where the correction becomes Iargé'ﬂcrease the sc_atte.r of the heat-capaCIty results. Furthermore,
The uncertainty in the heat-capacity was derived from th sltheTmam ?bje(;twe of the experiment was tg meb:flﬁél,g,re
usual partial derivatives and the uncertainties reported fromp€/oW Tx, only a few measurements were made aboye

the least-squares fit. From a model of the effect of noise or] "€ N€t result was a superior signal-to-noise ratio in the re-
the results we found that the heat capacity determined froniu!tS PelowT, .

the average of many noisy puls¢€,), was slightly greater 'I_'he Fherr_nal behavior of the _shel! was modeled using a
than that determined from a noise-free pulse. It is easy t adial diffusive heat_ flow approximation to the power input
show that(C,)/C,=1+ (o1/AT)?+---. This correction rom the heater. This model was justified based on the very
term become’; im‘;)ortant for very small step heights wherj"gh conductivity of the calorimeter shell relative to the he-
ium above the transition, the absence of convection in space

averaging is used to improve the signal/noise ratio. All dat d the hiah d f isolation f th di A
were corrected for this effect using the statistiogl for the and the high degree ot Isofation from the surroundings. An
nalytic solution to the problem of a transient heat input to

individual measurements. The curvature correction describe . . ) . .
e surface of an isolated solid sphere with diffusive heat

earlier was also applied to the results, along with the atlﬁ i .
PP g P low is available’® The temperature of the surface as a func-

corrections given by Eq46) and (7). ) i fter th lse is ai b
We found that we could decrease the scatter of the resulltéon of ime after the pulse Is given by

by performing a more complex fit over all the pulses in a o
single dataset simultaneously. This was accomplished by cal- T.=T.+ c —y 8
culating the heat leak to stage 4 over mai/(10) pulses 5o nZ‘l n XA~ /7). ®

and performing a least-squares fit withtemperature steps,

one at each heat pulse. This reduces the total number #fthereC, are known coefficients determined by the initial
parameters determined for tié pulses: there is now only conditions,r,=C,/(v kB2), v is the molar volume of the
one straight line fit andl step heights compared bMline fits  liquid, « is its thermal conductivityj3, are the positive roots
and N steps if each pulse is treated separately. This essef Bactn(Ba)=1, ais the radius of the sample, afig is the
tially takes advantage of the very long relaxation timeTgr  final temperature. We used the first nine terms of this series
to T,, and assumes that the main perturbationg4chave to model the observed relaxation behavior. The ratios of the
been modeled correctly. The specific-heat results are showepefficients were obtained by modeling the transient heating
in Fig. 15 after being bin averaged at a density of 10 bins peof the calorimeter during the pulse and using the resulting
decade of below the transition, and 8 bins per decade abovdemperature distribution as the initial condition for the solu-
the transition. It can easily be seen that the specific-heat diion to the thermal relaxation behavior of an isolated sphere.
vergence continues to the highest resolution we were able t6o allow for the variation of the properties of helium during
achieve. the decay, the diffusivity «/C, was modeled as having a
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120 T T transition is expected to be given by H4). We fit the re-
sults over the whole range measured with the truncated trial
B i function:

A - _
100} - Cp=—-t *(1+a t*+b t?)+B7, T<T,

+

AT _
=7|t| “+B7, T>T)\, (9)

Cp {(J/mole K)

80

where we have assumed the constr&ht=B~. The simpler
form was used abov@&, because the data extend only to
: . . |t|~10" 6, where the additional terms would still be negli-
-0.2 0 0.2 gible. All parameters were allowed to vary except for
T-T, (uK) which was fixed at its theoretical vaftfeof 0.529, andT, ,
) N ) which was determined as described earlier. See Ref. 60 for
FIG. 1_7. Bm-_averaged data close to the transition. Line show§he complete set of raw data used in the curve fitting. Also
the best-fit function. listed is the bin-averaged dataset shown in Fig. 15.

The best-fit values for the parameters are listed in the first

locally linear dependence_z on the temperature _within .thefine of Table Il along with the ratie*/A~. The correspond-
sample. An example of a it is shown by the solid line in Fig.; g uncertainties are listed below the values and refer to the

) i
16. It can be seen that a re_asqr_1ab|e representation of tI%‘?andard statistical error evaluated from the curve fitting rou-
behavior is obtained over a significant portion of the decay

The data above the transition became proaressively mor diE{ne' The uncertainties for the derived quantitids-/A—
' ne data above (he transition became progressively more diy, 4 p \yere evaluated by the usual formulas for propagation
ficult to analyze as the temperature was increased. This w

L ) WVt errord! taking into account the strong correlation between
due primarily to the increased length of the extrapolatlon.[he fitted parametera, A+, andA—. To obtain some feel

back to the center of the pulse after the thermal transient hal, 'y, sensitivity of the results to small changes in the analy-

decayed sufficiently. The bin-averaged specific-heat resultgiS we performed a number of extra fits to the data. The
near the transition are shown on a linear scale in Fig. 17. ' ’

second group in the table shows the effect of modifying Eq.
(9) to the form

C. Curve fitting

As described in the Introduction, the RG theory makes a A A _ _
prediction for the critical exponent, describing the diver- Cp_jt (I+a ) +bet+B7,  T<T,

gence of the heat-capacity near the transition and for the ratio .

of the leading-order coefficients on the two sides of the tran- =A—|t|’“+ B~ T>T (10)
sition. The asymptotic form for the heat-capacity near the a ' N

TABLE II. Results from curve fitting to the specific-heat measurements using¥@xcept where noted. Statistical uncertainties are
given in parentheses beneath the values.

Constraint a ATIAT A~ B~ a; b P Range of fit

Eq. (9) —0.01264  1.05251  5.6537  460.19 —0.0157  0.3311 4.154 $10 1°<|t|<107?
(0.00024  (0.0013  (0.019 (7.3 (0.0015 (0.01)  (0.022

Eq. (10) —0.01321  1.05490  5.6950  443.76 —0.0253 —128.4 4.155 %10 10<|t|<1072
(0.00025  (0.0013  (0.092 (7.0 (0.0015 (2.5 (0.022

Reduced range —0.01254  1.05210  5.6458  463.11 —0.0136  0.3035 4154  ®1071%<|t|]<3x 1073
(0.00043  (0.0019  (0.030  (13.9 (0.0043 (0.044  (0.022

Reduced range —0.01264  1.05251  5.6537  460.20 —0.0157  0.3311 4.154 16<|t|<10°?
(0.00024  (0.0012  (0.019 (7.9 (0.0015 (0.012  (0.022

T, + 1 nK —0.01278  1.05307  5.6623  455.80 —0.0165  0.3372 4.151 %10 1< |t|<107?
(0.00024  (0.0012  (0.019 (7.2 (0.0015 (0.012  (0.022

Ps>10" W —0.01269  1.05273  5.6570  458.55 —0.0160 0.3335 4.154 %10 10<|t| <1072
(0.00026  (0.0012  (0.017 (8.0 (0.0017 (0.013  (0.023

Ps<5X107* W —0.01323  1.05498  5.6970  443.27 —0.0228  0.3853 4.156 %10 1<|t|<107?
(0.00042  (0.0018 (0.029  (11.6 (0.0038 (0.028  (0.022

a>0.02% —0.01275  1.05297 5.6620  456.89 —0.0176  0.3473 4.154 %10 1<|t|<107?

(0.00042  (0.0019  (0.029 (123  (0.0039  (0.025  (0.022
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which treats the third-order term as a regular background 10
contribution. It can be seen that the shift @fis slightly
outside the combined uncertainties, significantly larger than
expected. This effect can be traced to the large value ob-
tained forb, which is much greater than the valuemf[Eq.

(3)] estimated from the regular background contribution. It
therefore appears that the second-order Wegner bert®

is the more important term to include in the fitting function,
leading to Eq.(9) as the preferred representation of the be- 1.0 "
havior. This effect may be indicative of a rapid crossover to

(@)

Deviation (%)

107 o™ 1072

mean-field behavior far from the transition. In the third and g 05 7
fourth groups we investigate the effect of reducing the fitting _5 0.0 3

range at each end. Little effect is seen. The fifth group shows s )

the sensitivity to a shift of the transition temperature of 1 nK, g; -05 ]

about twice the estimated uncertainty in the individual mea-

surements. The next two h iminat- -1.0
. groups show the effect of eliminat 107 10° 10° 10% 10° 102

ing either the lowest or the highest power pulses from the fit. 1-T/T

There is little dependence on the low-power pulses as might A

be eXpeCteq from the!r high gncertalntles, but the h|gh-power FIG. 18. (a) Deviations of the bin-averaged flight data from the

pulses are important in the fit. For this case we also find thaet it function vs reduced temperature on a semilogarithmic scale

the uncertainty ine has increased by 75%. To lessen thepglow the transition. Dashed line: estimated surface specific-heat

dependence of the fit on the measurements with the greategim. (b) Magnified view of deviations of individual measurements
statistical weight, we set a lower limit @f-/C=0.02% and  for t>10"".

obtained the results in the eighth group. This constraint had
little effect other than to increase the uncertainties of thecan also be derived from the data of Lipa and ChErom
parameters. their published analysis, which did not constr&@ii =B,
Taking into account the effects of the various constraintave obtainP =4.57+0.4. We note that the value &and its
it appears that the flight results indicate=—0.0127 uncertainty are significantly affected by the fitting constraint
+0.0003 andA™/A~=1.053+0.002 with a high degree of B*=B~. This appears to be a result of the strong correla-
confidence. These values can be compared with the theoreatens betweenA™ and B* and A~ and B~ in the curve
ical estimates given in Table I. It can be seen that our resulfitting. If this constraint is added to the analysis of Ref. 5 we
for « falls between the two recent estimates, giving us conebtain P=3.98+0.02. More work would be valuable to de-
fidence in the overall correctness of the RG approach. If théermine an accurate value Bf
discrepancy between the two estimates can be resolved, a The quality of the fit to the model can be seen in Fig. 18
very high quality test of the theory would result. It is inter- where the residuals from E¢) are shown below the tran-
esting to note that our result falls very close to the value sition. Part(a) shows the bin-averaged results over the full
—0.01294+ 0.0006 obtained earlier by Kleinéft.This sug-  range measured, and p#éb shows the individual measure-
gests that the earlier method of resumming the perturbatioments in the rangé>10"". The bin density was 10 per
expansion may be more reliable than the more recent tme. decade, evenly spaced on a logarithmic scale. The param-
a similar vein, Zinn-Justin has suggesteithat the remaining  eters of the reference function are given in line 1 of Table I1.
discrepancies may be due to an underestimate of the uncdrittle curvature in the deviations at lardds evident, indi-
tainties in the theoretical calculations. The more conservativeating residual effects from the truncation of the fitting func-
uncertainties quoted in Ref. 25 cover all the results. We alstion and from the calibration approximations are small. The
note that our result is close to that obtained from self-similardeviation plot also shows that there is no indication of round-
approximation theor$} ing from gravity or finite-size effects near the transition. An
The value we obtain for the ratid* /A~ can be compared estimate of the effect of the surface specific heat is shown by
with the calculation of Strsser, Mmnigmann, and Dohi  the broken curve. This result extends the agreement with the
whose result forP implies A*/A~=1.056-0.003 if « predicted behavior two orders of magnitude closer to the
=—0.0127. For the value o itself, we obtainP=4.154 transition than previously.
+0.022 where the uncertainty is ther Istatistical value in- The results given here far andA*/A~ differ somewhat
cluding the effects of correlations of the parameters. Thisrom those quoted in our preliminary analySiafter correc-
compares well with the Steseret al. result of 4.3%0.26.  tion for a computational errdt- Apart from the addition of
Very recently, Streser and Dohfft have obtained the im- the high-power pulse data the main differences between the
proved resulP=4.433+0.077 from a four-loop analytic cal- two analyses are improved modeling of the HRT calibrations
culation. On the experimental side, Ahlers has informéd us and the power dependence of the heat-capacity. Additional
that his dat® are consistent witP=4.194+0.019, quite analysis has shown that approximately 90% of the change in
close to the present measurement. We note that the value of is due to the improved calibration function in E().
P is dependent on the specific-heat behavior abigvevhich ~ Given the small change at that has resulted from this ad-
is not very well established in our experiment. A valuePof ditional work, we have confidence that systematic effects are
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now well controlled and the present results are quite robust oF oy T
relative to alternative treatments of the raw measurements. _10 i * T
We can use our result far to perform a test of the Jo- 10-8 108 104 102
sephson scaling relation{3- a—2=0. Using the result of 1-T/T,

Goldner et al!® for ¢ we obtain ¥+a—2=-0.0012
+0.0019 where the errors have been combined in quadra- FIG. 20. Deviations of various datasets from the best fit function
ture. The agreement with the prediction is very good. Somevs reduced temperature on a logarithmic scale, below the transition.
what worse agreement is obtained if we use the result of®) Fairbank, Buckingham, and KelletRef. 27; (b) Ahlers (Ref.
Adriaans et al!® which leads to 3+a—2=—0.0022 55); (c) Gasparini and Moldove(Ref..la; (d) Takada and Wa-
+0.0005. We note that in both these experiments, the plot&nabeRef. 71; and(e) Lipa and Chui(Ref. 5.
of deviations of the measurements from the fits show system- _ _
atic departures, indicating that the error bars quoted may be E. Comparison with other measurements
optimistic. We also note that our results are in reasonable |n Fig. 20 we show the deviations of other sets of data
agreement with the expected behavior based on vortex-ringom our best fit to Eq(9). The data of Lipa and Chtiivere
RG theory’’ obtained with a 3-mm-high cell and that of AhlEtsvith a
1.59-cm-high cell. Although it is possible to correct for the
effects of gravity, it can be seen that in the ground experi-
D. Thermal conductivity ments the corrections become quite large near the transition,
A secondary goal of the experiment was to obtain thermalimiting access to the transition region. In Figs (&0 20(c),
conductivity results in the normal phase of helium abdye ~ and 2Qd) we show the deviations of other reported
As described in Sec. VIB, a series of time constants is detesults®?*"*from the same function. It can be seen that there
rived from the fit to the thermal relaxation transient after aiS reasonably good agreement between the various datasets,
heat pulse. The thermal conductivity is inversely propor-Put occasionally the deviations are outside the noise of the
tional to 7; and can therefore be output as part of the heaflata. Some of the discrepancies may be due to the use of
pulse analysis. As expected, we observe that the time cor@arlier temperature scales, but it is unlikely that this effect
stant of the decay is shortest n&gr (~ few secondsand ~ contributes more than 0.2% to the deviations.
grows as the temperature rises. Very riEawhere the pulse ~ The significant improvement in scatter of our data for
size is small, the transient is difficult to analyze: the small> 10"’ can be attributed to the use of the HRT's and a larger
amplitude and short time constant are masked by the HR$ample ¢-0.8 mole). The larger sample size does not di-
noise, especially by the larger cosmic-ray spikes which lookectly improve the signal to noise ratio of a heat-capacity
very similar. This limited our analysis of; to |t|>10"°. measurement, mste_ad it attenuates the variations in the exter-
The results for the thermal conductivity are shown in Fig. 19nal heat leaks, leading to more accurate extrapolations to the
after being binned at a density of 5 bins per decade Bbr ~ center of a pulse.
comparison we show some results obtained in a ground ex-
periment that covers part of the regighAlso shown is the
behavior predicted by Dohifiusing RG techniques. It can
be seen that there is good agreement between the two sets ofIn summary, our primary result is a value of the exponent
data and the theoretical mod@l. a describing the divergence of the specific heat below the

VIl. CONCLUSION
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lambda transition of helium with a reduced systematic uncermore recent missidh coupled with continuing advances in
tainty. This value is in good agreement with estimates basethermometry? opens up the possibility of further substantial
on RG calculations and is also in reasonable agreement witteductions in the uncertainty ef in future experiments.
the value expected from superfluid density data via the Jo-
sephson scaling relation. Our result for the rati6/A~ is
also in good agreement with recent estimates. Thermal con-
ductivity measurements derived from the relaxation data are We wish to thank the NASA Office of Biological and
in reasonable agreement with steady-state measurements flhysical Research for its generous support with Contract No.
ther from the transition and with theoretical predictions.  JPL-957448, and Dr. M. Lee for his long term support of the
This gives us additional confidence in the current modeprogram. We greatly appreciate the support of the LPE teams
of second-order transitions, and in the use of the results foat Stanford and JPL, and the services of the KSC and MSFC
other analyses. Other aspects of the RG theory, predicting thaission support teams. We also thank Ball Aerospace for
properties of condensed matter in general, need to be exaraxtensive support with the development of the flight hard-
ined on their merits, but it is clear that the underlying prin-ware, and especially G. Mills for the fabrication of the calo-
ciples are capable of explaining a wide range of properties ofimeter. Lastly, we thank the crew of the Space Shuttle Co-
ordinary matter. We note that the reduction of the thermomiumbia on STS-52 for their support during the microgravity
eter noise caused by cosmic rays that was demonstrated orpariods of the mission.
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