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Abstract

This communication invites attention to a simple differential gas
thermometer at liquid helium temperatures for detecting the heat power
released at either end of some heat resistor. In conjunction with the most
sensitive models of commercially available differential pressure sensors, this
type of cryogenic calorimeter promises sub-nanowatt sensitivity with a time

constant of heat relaxation of the order of 60 s.

For a number of calorimetric problems, sensitivity to
small amounts of energy is enhanced if the system’s
temperature can be lowered to cryogenic levels, where both
heat capacity and thermodynamic noise are small. The
subject of this communication is calorimetric problems,
where the heat power resolution must be as high as
possible; the measurand can remain constant for a relatively
long period, but measurements of moderate accuracy are
adequate. A cryogenic microcalorimeter [1] illustrates such a
measurement situation. The very quantity to be measured (the
nuclear heating due to tritium decay) renders a measurement
uncertainty of less than 0.3% unreasonable. The experimental
set-up embodies, however, a dual-compensated method. There
are two temperature-controlled stages in this case. These
operate at constant temperatures separated from each other by
about 0.1 K. The stages are connected through weak thermal
links, with a constant heat flux from one stage to the other.
The temperature of each stage is monitored with Ge-resistor
thermometers and controlled through a power-feedback loop
with a resistance heater. The measurand is the feedback
power needed for compensating any heat power released as
a result of tritium pB-decay from the tritium-contaminated
sample. The measurement resolution is limited by fluctuations
of the electric feedback power, which depend on the total noise
of all input circuits. The total noise consists mainly of the
temperature sensors’ noise, the Johnson noise of the bridges’
resistors and the preamplifiers’ noise.

We suggest an alternative set-up that was in general use
in the middle of the last century to measure heat conductivity
at cryogenic temperatures [2]. That set-up involved a simple
differential gas thermometer to measure the temperature drop
along the sample, provided the heat flux through the sample
is known. Such a thermometer consists of two reservoirs
filled with “He gas and connected by capillary tubes to either
input of a differential pressure meter. With this arrangement
any difference in gas temperatures of the reservoirs causes a
pressure difference to be measured by the meter. To provide the
only way for the heat flux a high vacuum thermal isolation and
isothermal radiation screens are commonly used. A similar
set-up can apparently be used for detecting the heat flux
through the heat resistor of known conductance.

In this case one of the gas reservoirs is thermally well
connected with a sample, in which some amount of energy
is released as heat. Along with the sample and its holder,
this reservoir forms a system with overall heat capacity C (the
sample assembly). The other reservoir is thermally connected
to an isothermal heat sink (the base block). The heat then
flows between the sample assembly and the base block through
the thermal resistor, resistance Ry, producing a temperature
difference proportional to the heat flux. At present, for
the pressure measurement, it is natural to take advantage
of commercially available differential pressure sensors. For
example, the most sensitive model of differential pressure
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sensors (LP9000 series) of Druck Limited has a full scale range
of 10 Pa. It has a guaranteed +0.1% full scale accuracy. This
value combines non-linearity, hysteresis and repeatability. So,
one can deal with devices of resolution 6p = 0.01 Pa or even
better.

For an estimation of the calorimeter sensitivity, consider
the single arm of the gas thermometer where the pressure
meter is held at room temperature 7;. Neglecting the small
amount of gas inside the capillary, the gas column of the arm
is divided into two volumes: the working volume V; having
a gas temperature 77 and the dead volume Vjy of the pressure
sensor. We assume the “He gas to be ideal®. The equation of
state of the gas inside the column can then be written as:

(7+7)
p| —+ =) = Rn,
I, T
where p is the gas pressure, R is the molar gas constant
and n is the total amount of substance. The small change
AT of the gas temperature in V; causes a change of pressure
Ap = (Op/dT) AT, with dp/aT, derived from (1) given by
ap/oTy = (p/ (1 +nr/n])‘l , where n, and n; are the amounts
of substance in Vy and in V; correspondingly, so thatn,+n; = n.
If AT, results from a heat power P produced in the sample,
ATy = PR, = Pt/C, where t = Ry,C is the time constant of
heat relaxation of the sample assembly. For Ap, one can then

write .
p n; T
Ap =| = 1+— — ) P.
P <T|)< n|> (c)

We introduce the relative values v = V;/V, and ¢ =
C/(Cpny), where C, = 2.5R is the molar heat capacity
of a monatomic ideal gas at constant pressure p. Taking
C = cCyn; = 2.5¢pV;/ T one can derive from (2) the heat
power resolution § P as

ey

(@3]

. T
8P = (6pVy)2.5t ¢ <v + ?> . 3)

T

The factor in the first parentheses of (3) is related to
the pressure sensor and can be defined as a sensor energy
resolution, whereas the other quantities can be optimized by
the calorimeter design to minimize § P.

For the above pressure sensor the dead volume Vj is
equal to 7ml [3], and its energy resolution is 70nJ. It is
reasonable to take v to be of the order of 77/7;, which for
a 4.2 K working temperature is equal to 0.014. Also, to make
¢ as close to unity as possible one should choose low mass
samples and calorimeter construction materials of low specific
heat capacities. This is feasible for a variety of calorimetric
problems, particularly by using single crystal sapphire for the
sample holder and walls of the thermometer reservoir*. Where
this is the case, and t is chosen to be, say, 60 s the estimate for
8 P from (3) is about 0.1 nW.

Such an ultimate sensitivity is the main argument for
applying gas thermometry. This limit could probably be
achieved in practice with a thorough calorimeter design. Note

3 The first virial coefficient, B(T'), for “He gas at 42K is B = —3 x 1073,
4 Compare specific heat capacities for (1) *“He gasat p = 5 x 10* Paand T =
4.2K equal to 30mJecm—3 K~!; (2) Nb at 42K equal to 2.5mJcm 3 K~!;
(3) Cu at 4.2K equal to 0.75 mJ cm~3 K~ and (4) sapphire at 4.2 K equal to
0.02mJecm ™3 K~
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that for the cryogenic calorimeter having a dual-compensated
structure with resistive thermometers of 470 Q K~! sensitivity,
7 =200sand R, = 2x 10* K W~!, the optimal estimate gives
a 1 nW measurement uncertainty [4].

We also mention the proportionality between pressure
and heat flux so that the latter is readily characterized by
the differential pressure sensor output. This neglects a small
non-linearity caused by the influence of radiation and some
respiration volume of the pressure sensor.

Using the above values of t and v, further estimates can
be derived. The working volume of the gas thermometer
is Vi = VI/T, = 0.1ml. Assume for simplicity that
the system is filled with *He gas at room temperature and
atmospheric pressure p,. Then, the resulting pressure in the
gas thermometer reservoir cooled to 4.2 K is determined by [2]

Vi+Va)T

=p.———— =0.5p,. 4
pd(vtTr"'VdTl) Pa (€]

p

The heat capacity of this amount of “He gas at constant pressure
is Cpny = 2.5Rn; = 2.5pVy/Ti = 2.5 x 0.5 x 10°Pax
107"m3/42K ~ 3mJK~'. The heat resistance R} of the
weak heat link between the sample assembly and the base block
can then be evaluated as R, = 7/(Cpnj) = 60s/(3mJ K~
2 x 10*KW~!. The full scale of the above pressure sensor
(10Pa) corresponds to the 100nW heat flux through Ry
consistent with a maximum temperature drop of 2 mK. So the
maximum heat flux radiated by every square centimetre of the
sample assembly to the isothermal screen held at the base block
temperature can be estimated from the Stefan—Boltzmann law
to be ~3pWcm~2.

For the base block to have a temperature close to that
of the surrounding liquid helium bath, the heat link between
them should have a heat resistance r <« Rp—a value of
r = 200KW~! suffices. Heat conductivity of this order
can be provided by a mechanical contact between the base
block and a surface held at the ambient temperature of the
liquid helium bath [2]. Such an approach allows the cryogenic
calorimeter probe to be simplified. Importantly, high vacuum
sealing at cryogenic temperatures can be avoided. For top
loading into a liquid helium storage Dewar, the probe must
be designed to have the conventional oblong shape with the
lower end dipped into the helium bath. A vacuum jacket over
the calorimeter can then be implemented in the form of a long
tube, blind at its lower end and having a conventional o-ring
vacuum flange at the upper end. A sketch of the possible design
of the lower end of the calorimeter probe is shown in figure 1.
This calorimeter design is appropriate for measuring hysterisis
losses in superconductor samples under re-magnetization. As
seen, the base heat block has a spring (assumed to be of
rather good thermal conductivity) providing a ring-shaped heat
contact with the smooth cylindrical inner surface of the probe
vacuum jacket. Before air evacuation, as the sample and the
radiation screen are fixed, the calorimeter assembly is inserted
into its working position through an upper hole in the vacuum
jacket by means of a rod (not shown in the figure). A proper
lubricant can be used to enhance the heat transfer and reduce
friction.

The equilibrium temperature of a liquid helium bath of
a Dewar freely vented to the atmosphere typically drifts over
arange of 50 mK because of atmospheric pressure variations.
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Figure 1. Sketch of a possible design of the lower end of the
microcalorimeter cryo-probe that is to be dipped into the liquid
helium bath.

Though the temperature dependence of relevant heat quantities
can be ignored for this variation of temperature, the drift is 25
times the maximum value of the temperature drop across Ry.
So, variations of ambient pressure in time of the order of t and
shorter would be felt by the measurement system. Therefore,
stabilization of the helium bath temperature by the usual means
of outlet vapour pressure stabilization is suggested.

The capillary connectors to the differential pressure meter,
especially those parts subject to room temperature, have
to be thermally balanced. A gas thermometer is sensitive
to temperature changes in any part of a common volume.
It can be inferred from the above two-volume model that
Ap = (Op/dT)AT, = (p/Ty)(n./n)AT,, where T, and
ny characterize, respectively, the absolute temperature and
amount of substance in any part V, of the common gas volume
in a single arm of the gas thermometer. The predominant
parts of the common volumes, the dead volumes Vj, are
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fairly well balanced. This is characterized in part by the
thermal coefficient of the above pressure sensor (less than
10~ of the full scale per degree Celsius). As to the capillary
parts subject to the room temperature 7, taking into account
the above condition of filling the gas thermometer, one can
estimate n ~ (p,Vq)/(RT:), n, = (0.5p,V,)/(RT;), and
Ap = (0.25p,/T)(Vi/Va)AT, = 86PaK (V. ATy/Vy).
With the sensitivity of the differential pressure meter better
than 0.01 Pa, one needs to have the value in parentheses to be
of the order of 10~* K. This appears feasible for a dead volume
Va4 of the pressure sensor that is not too small. Decreasing
the working gas pressure in the thermometer could further
reduce this requirement, because § P according to (3) does
not depend directly on this pressure.

In conclusion, for the problems of cryogenic calorimetry,
as sensitivity is a matter of more importance than accuracy, we
have described a simple differential gas thermometer based on
a modern differential pressure sensor. The approach promises
sub-nanowatt sensitivity with only a few minutes measurement
time and may prove to be a good alternative to resistive
thermometers that are in common use. The power detected
is proportional to the pressure difference, so that the output
scale of the pressure meter can be used directly. The well-
known immunity of a gas thermometer to magnetic fields
makes this approach especially good for applications where
magnetic fields are inherently present.
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