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Abstract

Owing to the dramatic change in the thermal coriditgtof “He when its temperature crosses the transiti
superfluid (Hel) and normalfluid (Hell), a sealeelf with a capillary is used to realize the lamtdinsitior
temperature;T,. A small heatflow is controlled through the capillargf the sealedell so as to realize t
coexistencef Hel and Hell and maintain the stay of Hel/Halkrface in the capillary. A stable and flat lara
transition temperature “plateau” is obtained. Baeathere is a depression effectTpfcaused by the heat fl
through the capillary, a series of heat flows aedesal temperature plateaus are made and an eletiapois
applied to determind; with zero heat flow. A rhodium-iron resistance rthemeter with series numt
A34 (RIRT A34) has been used in ZB -realization experiments to derivie with a standard deviation
0.022mK, which proves the stability and reprodditipof T,
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1. Introduction

The temperature scale consists of temperature fodots, interpolating instruments and
formulas. The temperature fixed point plays an irtgod role in establishing a temperature
scale because of the advantages of accurate vpkrect reproducibility and small
temperature drift over time. The International Temgpure Scale of 1990(ITS-90) was
established by interpolating a series of definadperature fixed points with a standard
platinum resistance thermometer in the temperaturge between 13.8K and 1234K. In ITS-
90 [1], the lowest temperature fixed point is tlydiogen triple point temperature, 13.8033K,
whose thermodynamic temperature uncertainty is K.amd the best practical reproducibility
is 0.1mK. There is no defined temperature fixedhpander 13.8033K.

In ITS-90, the lambda transition temperature’de at the saturated vapor pressure is
2.1768K [1]. In 1976, Hwang and Khorana reportegmcal reproducibility of 0.01mK for
the lambda transition by pumping a pool*ste in order to cool it down through the lambda
transition temperature and they suggested thatatimdda point of liquid helium could be
used as temperature fixed point [2]. In 1992, Dunaad Ahlers reported the utilization of a
“He superfluid-transition fixed-point device to rieal the superfluid transition temperature.
Using this device they averred thatcan reach a level of T& [3].

From 1990 to 2003, our research team reported dhkzation of the lambda transition
temperature ofHe with a new sealed-cell. A small heat flow wastoalled to maintain the
stay of Hel/Hell interface in the capillary of teealed-cell, and an extrapolation was used to
determine the lambda transition temperature witb heat flow [4-7].
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In order to improve the accuracy of tfig -realization and to prove the stability and
reproducibility ofT,, two new sealed-cells were made andl24ealization experiments have
been performed at the Chinese National Institutdetiology. First, the experimental devices
and principles were introduced, followed by the exxpental methods and results. Next, the
depression effect of, caused by the heat flow through the capillaryhef $ealed-cell and the
factors affecting the results df -realization experiments were discussed and ceimig
drawn. The standard deviation of 24-realization experiments is 0.022mK, which prothes
stability and reproducibility of;.

2. Experimental description
2.1. Experimental devices

The sealed-cell

The sealed-cell used in tfg -realization experiments consists of four pattig: variable-
temperature platform, the top chamber, the stanéésel capillary and the bottom chamber,
as shown in Fig. 1. The sealed-cell is filled witigh-pressure helium gaat room
temperature. When the temperature of the sealédsaxoled belowr,, the bottom chamber,
the capillary and the bottom of the top chambeobezfilled with Hell. The temperature of
the bottom chamber and the variable-temperaturdopta is then controlled to realize the
coexistence of Hel and Hell in the capillary. Hppaars in the bottom chamber and the lower
part of the capillary, while Hell exists in the @ppart of the capillary and the bottom of the
top chamber. Because of the self-adjusting effetdteHel liquid column in the capillary, the
stay of Hel/Hell interface in the capillary is m&med, and the temperature of the Hel/Hell
interface isT).

Variable-temperature

Tp platform

Thermal weak link

—— Top chamber
Tt

RIRT— GRT

Capillary

Bottom chambey

Fig. 1. Sealed-cell for the realization experiment.

Because of the large thermal conductivity of Heie temperature measured by the RIRT
installed in the top chamber of the sealed-cEl),is very close to the Hel/Hell interface
temperaturef;.

Five sealed-cells are used in fhe-realization experiments and the basic data atediin
Table 1. The capillary dimension of the sealed-Bdllis different from others in order to
detect the influence of the capillary size onTherealization experiment.
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Table 1. Basic data of the five sealed-cells ferfth-realization experiments.

Cell Outer diameter of | Wall thickness of | Length of the | Outer diameter of the | Fill pressure, | Sealing
number | the capillary, mm | the capillary, mm | capillary, mm top chamber, mm MPa date
C3 3 0.5 40 42 10.5 2000/3
D1 3 0.5 40 42 10 2000/6
D2 3 0.5 47 42 10 2000/6
L1 3 0.5 40 42 10 2009/4
L2 3 0.5 40 42 10 2009/4

Thermometers and measuring instruments used T, thealization experiments

Five RIRTs used in th§, -realization experiments were made by Tinsley @alibrated by
NPL from 1977 to 1985 with an uncertainty of lekart 1mK. The calibration tablef 5
RIRTs is converted to the ITS-90 and the calibratialues approaching, are listed in Table
2.

Five RIRTs are installed in the top chamber of $kaled-cell. RIRT A34 is used as a
master thermometer to record the realization teaipeg and the other RIRTs are compared
with the master thermometer.

Table 2. Calibration values of 5 RIRTs close to/B3K.

Thermometer serial number | Resistance, Q | Corresponding temperature, K | Sensitivity, KIQ
A20 3.035 2.1764 3.27
A34 2.395 2.1689 4.33
A35 2.600 2.1694 3.98
229841 2.975 2.1663 3.20
229843 3.014 21722 3.23

The system block diagram of the -realization experiment is shown in Fig. 2. The
following instruments are included : An ASL F18 Al@idge to measure the RIRT’s
resistance, two Lake Shore 332 Temperature Coetsotb control the temperature of the
variable-temperature platform and the bottom charmabd measure the heating power of the
bottom chamber, a Keithley 6220 Precision Curreotr€e and an Agilent 3458A High
Performance Digital Multi-meter to measure the stesice of the Germanium resistance
thermometer (GRT) which is installed in the seatetl-

The resistance resolution of the F18 AC bridge if2lwith a 1@ standard resistor, which
Is equivalent to a temperature resolution ofiB 2t 2.17 K.

332 temperature Variable-temperature
controller platform

| Top chamber 3499A scanner |—>| F18 ac bridge

332 temperature |—>| Bottom chamber 3499A scanner 3458A digital

controller voltmete;

6220 constant
current source

Fig. 2. System block diagram of tfig-realization experiment.
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2.2. Experimental principle
2.2.1. Sdf-adjusting effect of Hel liquid column in the capillary

The temperature of the bottom chambgy, is set to a value that is about 10mK higher
thanT, and the temperature of the variable-temperatuatqoim, T, is set to a certain value
belowT,. So the temperature of the liquid helium in thpikary crossedl,. The stay of the
Hel/Hell interface in the capillary is maintainetdaacertain point and the temperature of the
Hel/Hell interface idT;.

Fig. 3 shows the distribution of the temperaturd #re heat flow in the sealed-cell. From
the analysis of the thermal state of the liquididml in the sealed-cell, the thermal
conductivity of Hell above the Hel/Hell interface $o large that the temperature difference
along the Hell liquid column is very small. Hendbge temperature of Hell in the top
chamberT+, is very close to the temperature of the Hel/higBrface T,.

In this state, if the stray heat leaks from th&4cyostat wall to the sealed-cell and the self-
heating effect of the RIRT are neglected, the Reat through the capillaryQ. , is equal to

the heat flow from the top chamber to the variableperature platformQ,,, and they are all

equal to the heating power of the bottom chamBgrwhich we purposely introduce to the
bottom chamber to compensate for the heat @@ss

Qc = QTP = PB . (1)
Variable-temperature T
platform ?
Thermal
or ~ weak link
Top chamber Tr
Hel/Hell
interface (7})

Fig. 3. Distribution of the temperature and thettileav in the sealed-cell.

Under stationary conditions, the heat flo,,, is proportional to the temperature
difference between the top chamber and the varigioigperature platform:

Qre :ACUISCUI (TT -Ts )/ Lew (2)

where: Q;; =heat flow from the top chamber to the variable-terafure platform, W,

Acu=thermal conductivity of the copper rods betweentdpechamber and the platform, W/
(m-K); S =cross-sectional area of the copper rods betweentdpechamber and the
platform, nf; Lcy =length of the copper rods between the top chamitte platform, m.

As T; remains constant], is regulated to controlQ,,and Q.simultaneously (See
equations 1 and 2).
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The heat state of the Hel liquid column in the Bapi is shown in equation 3.
Q= /‘Hel SHe(TB -T; )/ Lier 3

whereA,,, = thermal conductivity of Hel in the capillary, Wi(K); S, = cross-sectional area
of the helium column in the capillary,’n.. =height of the Hel column in the capillary, m.

WhenTg is fixed andT, is increased (say from 20 to 30 mK), the heat flQw will
decrease (See equation 2) and the height of Heldligolumn in the capillarly,,,, will
increasgSee equation 3).

As long ad . is shorter than the capillary length, no mattewinogh T, is, the Hel/Hell
interface always remains in the capillary. The atipnent in height of Hel liquid column in
the capillary automatically compensates for thengleaof the heat flowQ). . This is the self-
adjusting effect of Hel liquid column in the capiiy.

2.2.2. The depression effect of T, caused by the heat flow through the capillary

Because of the depression effecflptaused by the heat flo®., T, increases with the
decrease ofQ. in the realization experiments. The temperatutepset of T, is increased
stepwise (typically 20 to 30 mK in each step), déimen the heat flowQ. correspondingly

decreases ak; gradually increases. As a result, a series oféhgerature plateaus of are
obtained. Then, an extrapolation is used to detesj with zero heat flow to correct the
depression effect df, and other influences related to the heat flow.

2.3. Methods of T, -realization experiment

The vacuum can of the thermostat is pumped tota sfavacuum which should be better
than 10°Pa at room temperature. Then the 1K pot of thertbstat is pumped in order to cool
it down. After the temperature of the sealed-celtooled down below;, the temperature of
the bottom chamber and the platform is controleet the temperature plateauTgfcan be
obtained in the top chamber.

When the temperature set pointTgfis increasedQ. decreases anbk increases to a new

plateau. Each lambda transition temperature platemsi been computer-recorded for 15
minutes and a series of step temperature platefalssndda transition can be obtained by
steadily increasing,. Subsequently, an extrapolation is used to detrerifyi with zero heat
flow.

2.4. T, -realization experimental results

2.4.1. A typical experimental data and curves

24T, -realization experiments have been performed. Talsleows a typical;, -realization
data of the sealed-cell L-2.
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Table 3. A typical experimental data of the sealelilL-2.

Heat flow Top chamber Platform Heat flow Top chamber Platform
Q.. uW | temperature Ty, K | temperature Tp, K | Q. ,uW | temperature Tr,K | temperature Tp, K
121.3 2.176916 2.0492 31.2 2177184 2.1502
91.9 2177006 2.0827 22.4 2177224 2.1602
73.2 2177056 21037 7.7 2177269 21757
56.9 2177096 21219 31.3 2177184 2.1507
442 2177144 2.1361

A typical plot of T+ versusQ. is drawn as seen in Fig. 4 and it can be fitteddrly. The
curvilinear equation is:

T, = -0.00000308Q, + 2.17728417. (4)

The depression coefficient @j, h, is the slope of this curve which is about -3.R8/W.
By extrapolating this curvilinear equation @. =0/AV, the value ofTy with no heat flow
depression is obtained, i.&5;= 2.177284 K.

The formula of the self-heating effect of the RIRT

ATg, = (Tos —Tops)x 0287 /(052 - 028), (5)

where AT, =self-heating value of the RIRT at 0.28mA measuring current, K;
AT,. =temperature of the RIRT measured with 0.5mA measuring current, K;
AT,,, =temperature of the RIRT measured with 0.28mA measuring current, K.

After correcting the influence of the self-heating effect of the RIR&,T, -realization
value is 2.176972K.

2. 177300

2.177250 -

2.177200

2.177150 -

2.177100 [ )

Tr(K)

2.177050 -

2.177000 [

2.176950 -

2. 176900 L L L L L L
0 20 40 60 80 100 120 140

Qc (W)

Fig. 4. A typical plot ofTy versusQ, for the sealed-cell L2.

2.4.2. Results of 24 T; -realization Experiments

The lambda transition temperatures of 24 realization experiments redoydRiRT A34
are listed in Table 4. All the realization temperatures are extrapdtateeto heat flow and
the self-heating effect of the RIRT deducted. The lowest value oé#ieation temperatures
Is 2.176909K and the highest is 2.176988K. The differenc®®tK. The average value of
24T, -realization experiments is 2.176948K and the standard deviatiob22mK.
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Table 4. The lambda transition temperatures of2dization experiments recorded by RIRT A34.

Serial Date Cell Master Recorded by Difference
number thermometer RIRT A34, K , MK
1 2008-11-25 | D2 A20 2.176924 -0.024
2 2008-12-11 D2 A20 2.176924 -0.024
3 2008-12-12 | D2 A34 2.176939 -0.009
4 2008-12-23 | C3 A34 2.176933 -0.015
5 2008-12-24 | C3 A34 2.176938 -0.010
6 2008-12-25 | C3 A34 2.176932 -0.016
7 2009-2-24 C3 A34 2.176946 -0.002
8 2009-2-25 C3 A34 2.176956 0.008
9 2009-2-26 C3 A34 2.176957 0.009
10 2009-2-27 C3 A34 2.176949 0.001
11 2009-3-20 D1 A34 2176917 -0.031
12 2009-3-24 D1 A34 2.176933 -0.015
13 2009-3-25 D1 A34 2.176931 -0.017
14 2009-3-26 D1 A34 2.176935 -0.013
15 2009-3-27 D1 A34 2.176909 -0.039
16 2009-5-7 L2 A34 2.176954 0.006
17 2009-5-8 L2 A34 2.176954 0.006
18 2009-5-13 L2 A34 2.176964 0.016
19 2009-5-14 L2 A34 2.176972 0.024
20 2009-5-15 L2 A34 2.176956 0.008
21 2009-5-20 L1 A34 2.176983 0.035
22 2009-5-21 L1 A34 2.176985 0.037
23 2009-5-22 L1 A34 2.176988 0.040
24 2009-12-16 L2 A34 2.176967 0.019
Average for 24 realizations, K 2.176948
Stand deviation, mK 0.022

The results of 24, -realization experiments with RIRT A34 are showrfig. 5. We can
find that the realization values of different selatells show a few deviations. The realization
temperature of sealed-cell D2 has no differencenftbe other sealed-cells although its
capillary is shorter than the other sealed-cells.

2. 177000

2. 176980 -

2. 176960 -

2. 176940 - o o

Transition temperature(K)
°

2. 176920 -

2. 176900
0

Fig. 5. The results of 2%, -realization experiments with RIRT A34.
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3. Analysis of factors affecting the T, -realization experiment

3.1. Factors affecting the depression effect of T, caused by the heat flow through the
capillary

The depression effect df, caused by the heat flow through the capilla®y,is obvious

and the depression coefficient is -3188uW in the typical experiment as shown in Section
2.4.1 The factors affecting the depression effect asdyaed as follows.

3.1.1. The heat flow through the Hel/Hel | interface

Duncan reported that the heat flow through the Ml interface which is equal to
Q. depresses; by an amount [8]:

AT, /T, = (QC/QO)X ' (6)

where AT, =depression value of, caused byhe heat flow through the Hel/Hell interface,
K; q, =568+ 200N /cn?; X = 0813+ 0012; % = Qc/Ske |
When Q. =100tV , we can arrive afAT, =117;K and the impact of; is negative.

3.1.2. Thetemperature difference along the Hell column

Despite the thermal conductivity of Hell which isany orders of magnitude larger than
that of Hel [9, 10], a 100V heat flow also produces a temperature differeatoeg the Hell
liquid column.

The temperature difference between the top chamuethe bottom chamber is 7mK in a
typical experiment as shown in Sectidd.1 From equation 3, we can figure out that, is
0.047mm. Thus, the capillary is almost filled witte Hell liquid column which is about 4cm
high. The temperature difference along the Hellitigcolumn is:

ATHeII = QC I-HeII //]Hell SHe’ (7)

where: AT, =temperature difference along the Hell column in tbapillary, K;
L..n =height of the Hell column in the capillary, mi,,, =thermal conductivity of Hell,
W/(m-K).

WhenQ. =100t , AT, =130uK is obtained and the impact @pnis negative.

3.1.3. Kapitza resistance

Kapitza resistance exists when heat flows acrosdriterface between the liquid helium
layer and the solid endplate [11]. The thermalstesicecoefficient of the copper surface of
the top chamberR¢, may be up to 2cfK/W in our realization experiment. Because of the
creeping film effect of Hell, it is assumed thak thle inner surface of the top chamber is
covered with Hell membrane and the Kapitza rescsast

AT, =Q.R(/S,, (8)

where AT, =Kapitza resistance between the liquid helium laged the solid endplate, K;
Sa= inner surface area of the top chambet, m
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When Q. =100tAWV , we can obtainAT, =8uK . If the Hell membrane only covers the

lower surface of the top chamber, the Kapitza tasce is 64K and the impact of; is
negative.

3.1.4. Temperature gradient along the copper wall of the top chamber

If all the heat flow coming from the capillary go#gsough the copper wall of the top
chamber to the variable-temperature platform, aptature differenceAT,,, exists along

the copper wall of the top chamber whose ring eeessional area is 9.5¢mand the height
of the temperature gradient along the top changapproximately equal to the length of the
RIRT, which is 3cm. The temperature gradient altivegcopper wall of the top chamber is:

A-I-Cu = QC LCuII /ACUII S(.‘,ull ! (9)

where AT, =temperature difference along the copper wall of tbp chamber, K;
L., =height of the copper wall of the top chamber, Ap,, =thermal conductivity of the
copper wall of the top chamber, W/(m-K3,,,, =ring cross-sectional area of the copper wall

of the top chamber, M
The maximum temperature difference generated 0aV¥ heat flow is about 1&K. The
impact onT, is negative.

In conclusionjf Q. =100tW , the total factor depressifg is:
AT = AT, + AT, + AT +AT, = -271K, (10)

where AT =total factors depressing, forthe theoretical value, K.

This is consistent with the experimental data o®u:8K/uW in the typical experiment as
shown in Sectio2.4.1 These factors can be corrected by extrapolatiregto heat flow.

3.2. Factors affecting the precision of the T, -realization experiment
3.2.1. Thetemperature fluctuation of the platform
The result of thd, -realization experiment is influenced by the terapgre stability of the

platform. A typical plot ofT+ versusT, (for the typical experiment as shown in Sectzof.1)
is seen in Fig. 6 and it can be fitted linearlyeTurvilinear equation is:

T, =0.00275T, +2.171259 (11)

We can obtaindT, /dT, = 363from the equation, suggesting that the temperdtuctuation

of Ty is about 1/363 of the temperature fluctuatiorirafin the realization experiments, the
fluctuation ofT, is controlled below 1 mK, thus having a less tBaK impact onT+.

21



www.czasopisma.pan.pl P N www journals.pan.pl
Y
S~

L. Yin et al.: ANALYSIS OF THE FACTORS AFFECTIN“G‘EV'R‘EALI\ZATION OF LAMBDA TRANSITION TEMPERATURE'BE

2.177300

2.177250

2.177200

2. 177150

2.177050 [

2.177000 [

2.176950

2. 176900 L L L L L L
2.04 2.06 2.08 2.10 2.12 2.14 2.16 2.18 2.20
To(K)

Fig. 6. A typical plot offt versusT, for the sealed-cell L2.
3.2.2. Stray heat leaks

The radiation heat leak and the residual heliumhgas leak from the 4.2K cryostat wall to
the sealed-cell in the experimemfluence the experimental results.

A typical plot of Pg versusT, (for the typical experiment as shown in Sectibd.]) is
drawn in Fig. 7 and it can be fitted linearly. Thwevilinear equation is:

P, =-8958T, +19575. (12)

By extrapolating toT, = 2.1768 , we can getP, = 7.5/\V, which is equal to the stray

heat leaks from the 4.2K cryostat wall to the sdalell. The depression coefficient ®f
caused by the heat flow48.08K/uW (for the typical experiment as shown in Sectzofh.J),
so the impact of the stray heat leaksToms ATg = —308uK / tAW x 75/MW = -231K , where

AT =influencing value off; by the stray heat leaks, K.

140

120 |

100

80

Pas(uW)

60 -

. . . . . .
2.04 2.06 2.08 2.10 2.12 2. 14 2.16 2.18
Te(K)

Fig. 7. A typical plot oPg versusT, for the sealed-cell L2.
3.2.3. Hell liquid column static pressure
The Hell liquid column in the capillary createstatie pressure on the Hel/Hell interface
[12, 13], whichinfluences theT, -realization experimental results. Ahlers reportiedt the

correction factor of the liquid helium static pressis -1.24K/cm [13]. In this experiment,
the position of the liquid-vapor interface is abdam above the Hel/Hell interface, so the

22



www.czasopisma.pan.pl P N www.journals.pan.pl

-
S~

Metrol. Meas. Systvol. XVIIl (2011), No. 1, pp. 13-24

Hell liquid column static pressure has an impactTgnrealization experimental results,
AT, =-1271K /cmx4cm=-508uK , where AT, =influencing value ofT; by Hell liquid
column static pressure, K.

4. Conclusions

A sealed-cell with a capillary and an extrapolatiathod was used to realize the lambda
transition temperaturel;. The average value of 24 realization experimeatstlie lambda
transition temperature ofHe is 2.176948K and the standard deviation is G102The
depression effect of, causedby heat flow through the capillary was analyzed dnel
theoretical value is highly consistent with the esiqmental data.

The experimental results prove the stability arngroducibility of T,. It is recommended
the lambda transition temperature fe be used as the fixed point of the International
Temperature Scale.
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