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Sample environment at low temperatures

K. Neumaier

Walther-Meissner-Institut für Tieftemperaturforschung, Walther-Meißner-straße 8,
D-8046 Garching, F.R.G.

Résumé. 2014 Des techniques de basses températures utilisées dans des études de la diffusion de neutrons sont
présentées. Des méthodes de mesures de températures, en particulier avec des résistances de carbone, sont discutées.
Des problèmes de transfert de chaleur sont traités en détail pour différentes sortes d’échantillons et quelques
solutions possibles sont proposées.

Abstract 2014 A review of low temperature techniques as applied to neutron scattering studies is presented. Methods
of temperature measurements especially carbon thermometry are discussed. Problems of heat transfer are treated
in detail for different kind of samples and some solutions are proposed.

Revue Phys. Appl. 19 (1984) 677-683 SEPTEMBRE 1984,

The number of neutron scattering studies at tempe-
ratures below 1 K increased considerably during the
last years. The experimentalist wishing to pursue these
studies must solve several technical difficulties :
how to reach these temperatures, how to measure them,
and how to transfer cold from the source to the sample.
With the availability of dilution refrigerators capable
of maintaining temperatures even below 5 mK the
first problem is more or less solved. On the other hand,
the problems of temperature measurement and ther-
mal contact must in each case be studied individually.
In this paper some possibilities of how to treat these
problems will be presented Much of the content of this
paper is based on several excellent books and exten-
sive review papers [1-7].

1. Thermometry.

In principle, every physical property which changes
with temperature could be employed as a thermo-
metric parameter. In practice, however, the physical
property used has to fulfil several rather stringent
requirements : the parameter must be easily, quickly
and accurately measurable, its temperature depen-
dence should be sufficiently simple, or at least well
accounted by the theory, the sensitivity of the ther-
mometer must be high, its response time short and
its heat capacity low, and the energy input due to
temperature measurement must be very small.

Resistance sensors fulfil these conditions and play
an important role in temperature measurements down
to very low temperatures (5 mK) in spite of the fact

that the absolute value of the resistance must be
calibrated independently at some temperature.
Two types of resistance elements are now in use :

carbon [7] in the form of radio resistors and heavily
doped germanium and silicon [8, 9]. Metals, both pure
and alloys, do not vary enough with temperature
below 1 K to make them useful.

1.1 CARBON RESISTORS. - Two brands of resistors
are used below 0.1 K : the popular Speer resistor
1/2 W, Grade 1002 [7] and the Matsushita resistor
(1/8 W, ERC-18 SG) with smaller physical size and
smaller heat capacity than Speer resistors [10].
Unfortunately, the former is no longer manufactured,
but the National Magnet Laboratory, MIT, has main-
tained a stock of 100, 220 and 470 Q resistors for the
low temperature community [11]. The major problem
in the use of resistors is the difficulty in achieving
thermal contact below 100 mK. This problem is

highly exacerbating due to the inherent necessity
of dissipating power in order to make a measurement.
1.1.1 Thermometer preparation. - As the most im-
portant thermal impedance above 10- 2 K is the car-
bon resistive core itself [12] it is advantageous to grind
the cylindrical resistor into 0.2 mm thick longitudinal
slabs. The copper leads are kept for electrical and
thermal contact [13]. In figure 1 four types of thermo-
meters prepared in our laboratory are shown. Type 1
is similar to those developed by Frossati [14] at the
CRTBT in Grenoble. A speer resistor was ground to
0.15 mm thickness, electrically isolated with cigarette
paper and glued with the epoxy resin Stycast 1266
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Fig. 1. - Modified carbon thermometers : (1) Speer 100 Q
glued into a copper piece, (2) Matsushita 200 Q-Allen
Bradley 68 Q combination glued into a copper piece, (3) Mat-
sushita resistor glued into a folded silver foil, (4) Matsushita
360 Q-Allen Bradley 100 Q combination glued into a folded
silver foil.

into a slit of a cylindrically shaped piece of copper.
It was assumed that the epoxy resin would penetrate
into the carbon matrix avoiding microcracks

during thermal cycling, which could change its
R-T characteristics. Isolated copper wires are

soldered to the copper leads of the resistor
and wound around the thermometer holder for several
turns. Electrical connection to the resistor was made
to the free ends of the wires, fixed with Stycast 2850 FT
onto the holder. The resistor needs never to be warmed
above room temperature when changing connections.
Type 2 is a compound carbon thermometer consisting
of an abreast connection of a Matsushita 200 Q resistor
and a Allen-Breadley 68 Q resistor, which allows
a wide range thermometry between 30 mK and 50 K.
Thermometers of type 3 have been used for years for
specific heat measurements down to 20 mK. Matsushita
ERG 18 resistors with a nominal value from 360 to
47 Q are ground to a thickness of 0.15 mm, and glued
with Stycast 1266 in a folded 0.05 mm thick annealed
silver foil, isolated electrically with cigarette paper.

Electrical connections were made with a thin (0.05 mm)
superconducting multifilament wire in a cupronickel
matrix soldered to the resistor with Sn-In alloy
with a low melting point. Type 4 is a compound car-
bon thermometer (Mat 360 Q/*B 100 Q) with a silver
foil. Thermometers so constructed are rugged, small
and easily transferred from one position to another
without disturbing the calibration.

1.1.2 Instrumentation. - For measuring resistance
numerous AC resistance bridges have been reported
in the literature. Several commercially available

bridges have been used to measure temperatures as
low as 5 mK [15]. The bridge network and the amplifier
should be constructed in such a way that ground loops
and spurious emf caused by moving leads (micropho-
nics) are avoided. The best solution would be to put
the entire cryostat and all the measuring equipment
into an electrically shielded room, which is not serious-
ly imaginable in a neutron guide hall or in a reactor.
It is normally observed that energy absorbed by the
thermometer from c.f. fields, mainly generated by
radio and TV stations and also by computers located
nearby is very serious below 50 mK unless precautions,
are taken. Without shielding the temperature of the
thermometer can increase by a factor of 2. If it is

impossible to build a shielded room low pass filters
to earth should be placed in the electrical leads near
the resistance thermometer itself. In the author’s

laboratory filters as proposed by Anderson [4] figure 2
have been used successfully for many years.

Fig. 2. - Low pass filter designed to prevent heating of
resistance thermometers by rf fields. R : resistance thermo-
meter, L : inductance (300 turns of 5 x 10-3 cm diam.
superconducting wire (Niomax CN/A05) on a 0.3 diam.),
C : capacitor (1 200 pF silver mica), Co : capacitance to

ground, resulting from thermal grounding of the thermo-
meter, f electrical leads to the bridge.
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The stray capacitance is normally increased when
one attempts to improve the thermal contact between
resistor and its environment. This type of filter shown
will remove both normal mode and common mode

heating of resistor. With the capacitance present in
the circuit it is advisable to operate the bridge at
low frequencies (25 Hz).

Electrical leads to the thermometer must have low
thermal conductivity and must be thermally anchored
to avoid the spurious transport of heat to the ther-
mometer or to the object to be monitored The induc-
tance of the low pass filter if placed on the mixing
chamber can provide an excellent thermalisation
of the electrical leads.

1.1. 3 Temperature dependence. - The R-T charac-
teristics of thermometers of type 3 with different nomi-
nal values (47 Q, 100 Q and 200 Q below 4 K, 0.2 mm
thick) are shown in figure 3. The calibration was
made with a germanium thermometer (Cryocal),

Fig. 3. - R-T characteristics of modified Matsushita
resistors of different nominal values (47 Q, 100 Q, 200 Q).

which was calibrated with a CMN and a noise ther-
mometer down to 15 mK and recently verified
with a NBS Standard. The most striking feature
is the steadily increasing sensitivity with falling
temperature. For thermometers made of 47 fil
Matsushita resistors we have observed this effect
down to 7.5 mK [16] as can be seen in figure 4.
No saturation effects have been observed In our

opinion this is due to the construction of the ther-

mometer, to the use of cold filters and to an apparent
better thermal conductivity of the carbon matrix

Fig. 4. - R-T characteristics of modified Speer 100 Q and
Matsushita 47 Q resistors. The Speer 100 Q and the Mat-
sushita 47 Su (a) were measured with a cold filter and the
Matsushita 47 Q (b) only with a filter at the top of the cryostat.

of Matsushita resistors as compared to Speer resis-
tors [17].

In varying the measuring power it was observed
that the relative temperature increase O T/ T due to
self heating is less than 10- 3 if Q  10- 8 T3 W.
There exists no simple theoretical or empirical

relation between temperature T and resistance R.
The hopping law proposed by Anderson et al. [18]

does not fit our data obtained with the modified
Matsushita resistors due to the large increase of the
slope and with falling temperatures. The best results
were obtained with the power series

proposed by Star et al. [19], with n = 4 or 5.
Figure 5 shows the characteristics of compound

carbon thermometers. These small thermometers are
usefull over a very wide temperature range. We
used the combination Mat 200 Q/AB68 for thermal
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Fig. 5. - R-T characteristics of compound carbon ther-
mometers : Mat 200 a/AB 68 Su and Mat 360 03A9/AB 100 Q.

conductivity and energy release measurements from
40 mK up to 20 K.

Comparing Speer and Matsushita resistors it seems
that the latter are less influenced by self heating.

1.1.4 Stability. - VVe observed that thermometers
made of Matsushita resistors which did not change
their 4 K value after several (10 x) cyclings between
room temperature will retain their calibration within
1 % over years. Sometimes a small change in calibra-
tion at high temperatures (above 0.3 K) and none at
the lowest temperature was observed [20]. It could be
explained by a. small change of the contact resistance
between copper leads and the carbon matrix. It is
therefore prudent to check the calibration- after each
cooldown, at least at 4.2 K.

1.1. 5 Magneticjïeld dependence. - We did not study
the magnetic field dependence of Matsushita resistors.
Amaya et al. [21] used Matsushita resistors down to
50 mK in a field of 1 T. He found a relative

change of the resistance AR/ R of up to 7 %,
which is apparently of the same order as it
was found for Speer resistors by Sanchez et al. [22]
and Thompson et al. [23]. In our laboratory Chr. Probst
observed that thermometers with thin slabs of Mat-
sushita resistors show a variation of less than 8 %
in fields up to 5 T and temperatures down to

50 mK [24]. This value also depends on the orienta-
tion of the resistor with the magnetic held. If one wants
to avoid carbon resistors as thermometers in magnetic
fields, it is possible to use capacitive thermometers
which are not affected even by large magnetic fields.
But the bridge and the leads should be carefully

constructed, with electrical guards extending through
all feedthroughs and to the thermometer [25].

1.2 GERMANIUM THERMOMETER. - Since 1970 we
have used in our laboratory germanium thermometers
provided by Cryocal down to 15 mK. Their reprodu-
cibility is excellent, but their sensitivity to power
dissipation is at least an order of magnitude higher
than that of Matsushita resistors. A new type of ger-
manium resistor is produced by Lake Shore Cryo-
tronics [8] which is apparently less sensitive to power
dissipation. Roth et al. [31] estimate that the measuring
power Q that can be tolerated for a fractional tem-
perature change ofAT/T = 10-3 should be roughly
Q = 3 x 10-7 T4-5 W. It seems worthwhile to use

germanium resistors at moderately low temperatures
(T &#x3E; 30 mK) as a reliable temperature standard

2. Heat transfer at low temperature.

If the experimental temperature is reduced below i K
it becomes progressively more difficult to find satis-
factory solutions to problems associated with heat
transfer. In neutron scattering studies these diffi-
culties are amplified by the fact that most of the mate-
rials with a good thermal conductivity such as copper
or silver have large absorption or scattering crossec-
tions. Their use must therefore be carefully examined.
To start with, heat conductivity data of materials

important for design purposes and some values of
thermal boundary resistance at the interface between
two materials are presented. Later on some examples
of experimental setups are discussed. In figure 6 values
of heat conductivity are presented. The highest
conductivity, k  1 000 T W/K2 m has been found for
pure, well annealed copper and silver. For commercial

copper wires k = 300 T W/K2 m may be obtained.
OFHC (oxygen free high conductivity) copper, which
is often used for heat connectors below 1 K, has a k
of 50-150 TW/K2 m. Aluminium is used for experi-
mental cells in neutron scattering studies, due to its
extremely low crossection for neutrons. High purity
aluminium shows a conductivity k = 400 T W /K 2 m in
the normal state. For aluminium alloys k decreases
dramatically. Coccia and Niinikoski [26] report for
the aluminium alloy Al 5056 (with 5.2 % Mg, 0.1 % Mn,
0.1 % Co) k = 1 T W/K2 m. But in the superconduct-
ing state below 0.2 K pure Al and the alloy show nearly
the same thermal conductivity (k = 3 T3 W/K4 m).
In the superconducting state well below Tc (- 1.4 K),
heat is transported only by phonons. At these tem-
peratures phonons are scattered only by grain boun-
daries, which are nearly independent of sample
purity.
For comparison the data for brass, stainless steel,

CuNi and manganin are also given.
In the discussion, the values for In in the normal

(550 T W/mK2) and in the superconducting state
(21 T3 W/K4 m) are needed [27]. This value is close
to that of CMN single crystals.
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Fig. 6. - The thermal conductivity of materials important
for neutron scattering studies at low temperatures.

The thermal conductivity of He4 shows at 0.6 K
a clear bend (fit 7). Above this temperature heat
is transported by a convective counter flow of super-
fluid and normal helium. Below this temperature

Fig. 7. - The thermal conductivity of liquid He4 in two
tubes, 0.8 mm (upper curve) and 0.29 mm (lower curve) in
diam. respectively (Fairbanks and Wilks, 1955).

REVUE DE PHYSIQUE APPLIQUÉE. - T. 19, N° 9, SEPTEMBRE 1984

this process becomes negligible and heat transport
by phonons dominates. The data of Fairbanks and
Wilks [28] can be interpreted with the formula

where D is the diameter of the He4 column and f
the fraction of phonons diffusely reflected by the walls.
Reynolds et al. [29] proposed a silver filled epôxy
resin as bonding-agent between two metals. They
measured a thermal conductivity below 0.3 K of
k = 2 x 10- 2 T W/mK2.
A serious problem at low temperatures is the thermal

contact resistance, often called Kapitza resistance,
which is defined by RK=âTjAQ (AT K T), where A
is the surface.

Because acoustic mismatch limits the transmission

of phonons between the two materials at the interfaces
of insulators, it varies as T- 3 and thus presents an
impedance to the heat flow at 0.01 K, which is by a
factor of 106 larger than at 1 K. Various glues and
greases are often employed to achieve thermal contact
between two solids. Anderson and Peterson [30]
have investigated several bonding agents .such as

Apiezon N grease, General Electronic 7031 varnish,
Epibond 121 below 1 K. They show that the total
resistance RT can be written as a boundary resistance
RK at both interfaces plus the bulk phonon resistance
of the bonding agent, i.e. that RT = 2 RK + Rp
with RK = 7.5 x 10-4 T-3 K4 M2/W + 20o().
The second term Rp = K/kA is of little importance
below 0.5 K if the thickness L of the layer can be made
10 J.1m or less. 

-

The values for RK between liquid He4 and solids
are larger and vary between 5 x 10- 3 (K4 m2/W)
for CPA crystals and 2 x 10- 2 (K4 M2/W) for copper.

In metal to metal contacts the heat transfer is
electronic. The boundary conductance can be deter-
mined by measuring the electronic conductance at low
temperatures and by employing the Wiedemann-
Franz law

Electrical contact resistances of 1 J.1Q are easily realisa-
ble corresponding to k ~ 2.5 x 10- Z T W/K 2, a

value rarely obtained with dielectric bonding agents
below 0.1 K. Of course, this statement is not valid
if one of the metals is in the superconducting state
because in this case heat is transported only by pho-
nons. In thermal contacts made of soldered indium
the problem may be overcome by applying a magnetic
field bringing In into the normal state..
With these informations about heat transfer some

experimental set ups will be discussed. The first one
is an experiment on IN 12 with Nb single crystals
doped with both 0 and H, looking for the tunnelling
mode of trapped H. The niobium single crystals are

47
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fixed via an Al-plate onto the bottom of the mixing
chamber (Fig. 8). To improve the thermal contact
the interfaces are covered with Fomblin, a synthetic
hydrogen free oil based on fluor carbons, with small
absorption and scattering neutron cross section.
It is supposed that it shows a boundary resistance
similar to the bonding agents discussed previously.

Fig. 8. - Experimental set up for Nb single crystals.

The thermal resistance Rtot between the mixing cham-
ber and the sample is the sum of

RMC - A1 (contact resistance between mixing chamber
and Al plate) .

The thermal resistance of the Al plate and of the
sample are dominating.

In the experiment the temperature of the mixing
chamber and the Al plate have been measured. In
order to keep the backround low, the thermometer
on the sample was removed. With no neutrons the
mixing chamber and the Al plate reached a final

temperature of 45 mK and 55 mK, respectively,
whereas after opening the neutron beam (10’ neu-
trons cm - 2 S - 1) the temperatures increased to 80
and 110 mK. This corresponds to a dissipation of
3 Jl W in the sample. This could be verified by a simula-
tion experiment in heating the sample.
The origin of this dissipation must be a nuclear

reaction of the neutron with niobium. It is known
that Nb93 captures neutrons yielding Nb94. The latter
decays with a halflife of 6 min to its ground state via
the emission of 40 keV y-rays. The main heating arises

from conversion electrons due to these y-rays. For
a flux of 10’ thermal neutrons cm- 2 s-1 and 200 gr Nb
a saturation activity of 200 gc is expected, correspond-
ing to a heat load of N 2.5 03BCW [32], approximatively
the same as observed in the experiment. The âme
effect has been observed in neutron scattering studies
on praseodymium samples with an even larger heat
load, arising from conversion electrons due to 740 keV
y-ray. This signifies that heat dissipation due to neu-
tron’absorption should be carefully studied before
starting a neutron scattering experiment at very low
temperatures.
Another experimental setup shown in figure 9 is

used to study powders or liquids in an aluminium (A5)
cell with a volume of 50 x 28 x 2 mm. For
an experiment on IN13 the cell was filled with

Mn(CH3COO)2.4 H20 (1.4 gr, filling factor 30 %)
to study rotational tunnelling of the methyl group.

Fig. 9. - Experimental set up for powders and liquids.

With a mean particle size of 0.1 mm a surface of
300 cm’ was estimated. To improve the thermal con-
tact of the powder with the cell He4 was condensed
in the cell. The thermal resistance between the mixing
chamber and the sample is the sum of the following
terms :

RMC-A1 (contact resistance between mixing cham-
ber and the cell)

Rcell (thermal resistance of the cell)

Re,ell - H e4 (boundary resistance cell-He4)
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RHe4 (thermal conductivity of He4)

RHe4-sample (boundary resistance)

Rsample (thermal conductivity of the sample)

As in the previous example the main bottleneck
is the thermal conductivity of aluminium. Whenever

possible one should avoid aluminium in the thermal
path. A solution of this problem could be a direct
contact of the bottom of the mixing chamber with He4
via a heat exchanger of sintered copper.

In conclusion, the lower the temperature the higher
the effort and care required in preparing a neutron
scattering experiment. Especially, heat dissipation
due to neutron absorption and bottlenecks in the
thermal paths should be evaluated carefully before
starting the experiment. Neutron beam time is too

expensive to be wasted.
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