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We measured the spectrum of energies deposited by γ -radiation, emanating
from radioactive materials in the laboratory that houses our mK cryostat,
and by cosmic ray muons. This allows us to quantify the heat input that
adversely affects the lowest temperature accessible in sub-mK experiments.
We use our nuclear stage, stage plate and experimental cell as a prototype
“model” system, and calculate the power deposited due to low energy (below
2.65 MeV) background radiation γ quanta (∼20 pW). This is signiﬁcantly
less than the power (∼120 pW) deposited in the nuclear and experimental
stages by muons. Installation of a 5 cm thick lead wall around the cryostat reduced the energy due to the ﬂux of γ quanta by a factor of ∼10
to ∼2 pW, and the number of γ quanta by a factor of ∼20. The lower
energy, “soft” cosmic ray component was also affected by introducing the
same thickness of lead, reducing the overall count of cosmic ray derived particles by ∼15% and the heat leak to ∼100 pW.
KEY WORDS: ultra-low temperature, heat leaks, cosmic ray µ, γ .

1. INTRODUCTION
Over the past decades, the performance of nuclear demagnetization
cryostats has improved signiﬁcantly,1,2 allowing access to temperatures
well below 100 K for an extended period of time. In a typical nuclear
demagnetization cryostat, the ultimate temperature that can be achieved
is set by the residual heat load and the thermal resistance of the nuclear
stage. The thermal resistance arises from a combination of the bottleneck3,4 between the conduction electrons and the nuclear spins (whose
entropy is reduced by precooling in a magnetic ﬁeld and where the cooling power resides) together with the electronic thermal resistivity of the
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metallic portions of the cryostat. Regardless of which term dominates the
thermal resistance, the lowest temperature that can be attained is critically
dependent on the size of the heat load. In the best cryostats1 the limiting
heat load decreased to ∼100 pW after several months of operation. The
magnitude of this heat input is established by vibrations of the ﬂexible
parts of the cryostat in the magnetic ﬁeld of the demgnetization magnet,
by the time dependent “virtual heat leak” contributions due to long-time
relaxation processes in glassy insulators,5 and by the passage of µ cosmic rays that interact with the nuclear stage causing ionization and consequent heating of the cryostat. The design of a cryostat can be optimized
to reduce the vibrational heat load and minimize the presence of glassy
parts, but it is impossible to eliminate the contribution due to the charged
particles originating from cosmic rays. We point out that there is another
source of heating, namely that due to penetrating γ -radiation that is ubiquitous in laboratories, which has been ignored in the past. Here, we quantify this contribution as well as demonstrate that it is possible to shield out
this potential source of heating by enclosing the cryostat in a 5 cm thick
lead wall, which also reduces the “soft” component of cosmic rays.
The paper is organized as follows. We ﬁrst describe our motivating
experiment in which we found that the γ -radiation emanating from building materials had a signiﬁcant effect. We measure the spectrum of γ -radiation in our laboratory with a conventional Ge detector, and outline how
the energy deposited by the passage of γ (and in a later Section, by cosmic
ray muons) may be calculated using our nuclear refrigerator as a model
system. We follow with an overview of the background radiation due to
cosmic ray muons, and brieﬂy discuss the thermal gradients that would
result from the deposited power.
2. OBSERVATION OF HEATING EFFECTS
Our original intent in carrying out these experiments was to examine the acoustic properties of amorphous silica over a temperature range
between 1 and 100 mK. We used a composite torsional oscillator to study
the acoustic properties of amorphous silica (Suprasil-W, <5 ppm molar
OH− impurities). The design of the experiment is similar to that of Cahill and van Cleve.6 The lower part of the composite oscillator was made
from quartz and was used to drive the upper amorphous silica part. The
bottom end of the quartz driver was epoxied to a beryllium-copper base
to allow freedom for torsional excursions, and functioned as an approximation of a free-end boundary condition. The length of the silica was
tuned so that the joint between the silica and quartz is a nodal point. The
AC drive frequency was swept through the resonance (∼84 kHz) and the
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Fig. 1. Resonance spectra of the composite oscillator at different temperatures. At the lower
temperature the resonance is affected by transients while at 54 mK it is free from “noise”.
The reduction in heat capacity accounts for the visibility of transients at low temperatures.9
At top left we show the spectrum obtained at 3.5 mK without any lead shielding. The frequency of transients seen with the 5 cm thick lead shielding in place at top right is reduced
by a factor of three compared to the unshielded response. Here f0 denotes the resonance frequency (≈ 85 kHz).

response was recorded using a lock-in ampliﬁer, while the temperature was
held constant. The oscillator was mounted on a nuclear demagnetization
cryostat to access the mK regime. A 3 He melting curve thermometer was
used to monitor the temperature of the cryostat and the sample. A more
detailed description of the experiment can be found elsewhere.7,8 Below
20 mK the behavior of the oscillator was strongly affected by the presence of the ambient radioactive background in the laboratory.8,9 Figure 1
shows two sweeps through resonance taken at 3.5 mK without and with
lead shielding while a sweep taken at 54 mK showed no effects of the
background radiation.
The transients visible at low temperatures are due to interactions with
cosmic rays and background radiation present in the laboratory. In refs.
8 and 9, we identiﬁed the background radiation as the major source of
these transients following the observation that their frequency decreased
by a factor of ∼3 (see Fig. 1) after we erected a shielding layer of
5 cm thick lead bricks around the cryostat. The remaining transients were
attributed to the charged particle component of cosmic rays, primarily
. The ﬁrst instance where the effects of cosmic rays were observed in
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ultra-low temperature apparatus is that discussed by Niinikoski,10 and
their inﬂuence has been shown to mediate the nucleation of the 3 He superﬂuid B phase,11,12 and also vortices in 4 He.13 We veriﬁed the effect of
γ -radiation from the low-level background by exposing the cryostat to
6.1 µCi 22 Na and 6.5 Ci 137 Cs γ sources. This procedure increased the
number of transients superposed on the resonance curve dramatically. We
note that similar effects have been seen by us in a functionally identical
composite oscillator, where the material under study was Stycast 1266.14
Another effect of γ -radiation on the oscillator was heating, inferred
from the positive resonant frequency shift consistent with an overall
increase of the sample temperature.9,15 Thus γ -radiation (along with cosmic rays) cannot be ignored as a potential source of heating at ultra-low
temperatures.
3. ENERGY FLUX FROM BACKGROUND γ -RADIATION
We measured the background γ -radiation level in our laboratory in
the energy range 0.05 to 2.65 MeV with a liquid nitrogen cooled, 5.33 cm
diameter × 6.6 cm long Ge detector that registers the energy deposited by
energetic particles that strike it. The raw data was corrected for an energy
dependent absorption factor, p (described below) and we show two spectra in Fig. 2, one taken without any shielding (upper set) and the second
(lower set) taken with a 5 cm thick lead wall around the cryostat. The
nearly horizontal “lines” visible in the ﬁgure are due to the discrete nature
of the counting and the small energy width of each channel. Thus, some
channels register only a single count even after 7200 seconds.
The photon scattering cross section16 in Ge is reduced for more energetic γ rays and is listed in tables (for example, see Ref. 17) as σtot,t with
units of barns atom−1 (1 × 10−24 cm2 atom−1 ) and in the somewhat nonintuitive (but more useful) (µ/ρ)tot,t (units of cm2 g−1 ). To convert units,
the cross section in barns atom−1 is multiplied by the number of atoms
gram−1 . For example for 1 MeV γ interacting with the Ge,
(µ/ρ)tot,t = σtot,t × NA /A
= (6.90 × 10−24 cm2 atom−1 )
×(6.023 × 1023 atoms mol−1 )/(72.59 g mol−1 )
= 0.0572 cm2 g−1 ,

(1)

where NA is Avogadro’s number, and A denotes the atomic weight in g.
The cross section (µ/ρ)tot,t contains contributions from the bound electron total incoherent (Compton) scattering (dominant near 1 MeV), pair
production (dominant above 10 MeV) and the photoelectric and coherent
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Fig. 2. Spectra of the background radiation in the laboratory. The upper spectrum represents the unshielded case. The lower spectrum was taken inside a 5 cm thick lead wall.
Peaks associated with radioactivity in building materials (40 K—1.46 MeV, 228 Ac—0.908 and
0.967 MeV (the latter is the daughter nucleus of 232 Th)) are visible, as is a peak at 1.76 MeV
associated with 214 Bi, daughter nucleus of 226 Ra. The highest energy γ emitted as the result
of a naturally occurring decay process is the 2.615 MeV γ from the decay of 208 Tl in the
thorium series. Other peaks in the spectrum can, in principle, be linked to speciﬁc elemental
decays, but were not very prominent. Each “bin” corresponds to a channel (of energy width
∼0.39 keV) in the multi-channel analyzer. The nearly horizontal “lines” (prominent in the
shielded spectrum) correspond to the discrete nature of the counts and reﬂect the correction
factor to the sensitivity of the Ge detector described in the text.

(Rayleigh) scattering (dominant below 0.5 MeV). The cross section establishes the absorption factor, p, for a γ passing through a length l of the
germanium (density ρGe ),
p = 1 − exp(−(µ/ρ)tot,t ρGe l).

(2)

For a large detector (or low energy) the probability of absorption is nearly
unity. It we take the track length to be the diameter of the crystal (5.33 cm), p,
for 1 MeV γ is 0.803. To compensate for the reduced absorption probability,
an energy dependent correction p−1 , has to introduced, and approached 45%
for the most energetic γ rays in this detector. The γ ﬂux (0.61 γ cm−2 after
these corrections) measured with the Ge detector (see Fig. 2), is comparable
to the ∼ 0.33 γ cm−2 s recorded with a 25.4 cm diameter × 25 cm long NaI
detector at Heidelberg over the same energies.18 The discrepancy is likely due
to variations in the background from the different building materials used in
these laboratories, and cannot be attributed to errors.
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An examination of Fig. 2 reveals many sharp peaks in the unshielded
spectrum. We resolved peaks associated with radioactivity in building
materials (40 K decay emits 1.46 MeV γ -radiation, 228 Ac (daughter nucleus
of 232 Th) yields 0.909 and 0.967 MeV γ , as well as a peak associated with
214 Bi, daughter nucleus of 226 Ra (yielding 1.76 MeV) γ -radiation.19 Very
similar peaks were seen in other investigations.18,20−21 We note that the
highest energy γ emitted as the result of a naturally occurring decay process is the 2.615 MeV γ emitted from the decay of 208 Tl in the thorium
series. This energy thus serves as the natural boundary between decays due
to radioactivity and the energy deposited by cosmic ray muons, discussed
in Sec. 4.
Enclosing the cryostat and Ge detector in a 5 cm thick lead structure
reduced the total count rate by a factor of ∼20 (see Fig. 2), consistent
with p (see Eq. (2)) for lead, which has a high photon absorption cross
section, and thus preferentially absorbs most low energy γ and also many
of the higher energy γ quanta. The reduction in total count rate seen with
the Ge detector is much larger than the observed factor of three reduction
of the transient number in Fig. 1. The discrepancy originates in the contribution due to the µ charged particle component of cosmic rays whose
spectrum will be discussed in Sec. 4.
Spectra shown in Fig. 2 can be used to estimate the heat load due to
γ -radiation on our model copper nuclear demagnetization stage together
with the experimental stage plate and large experimental cell. The dimensions of our nuclear stage (Fig. 3) r = 2 cm, l = 45 cm, and a ﬁll factor of
∼0.9 give a mass 4.5 kg. We also assume an experimental chamber (with
only a small cavity for 3 He) fabricated from silver with a 5 cm diameter, and 12.5 cm in length mounted on a 1.25 cm thick, 12.5 cm diameter
stage plate.
Several factors have to be taken into account before the heat load can
be estimated. The ﬁrst is the absorption of the γ -radiation as it passes
through the various materials of which the cryostat is constructed. We calculated the fraction transmitted (or transmission factor) s, from
s = exp(−(µ/ρ)tot,t,x ρx lx ).

(3)

Here (µ/ρ)tot,t,x is the photon scattering cross section and the additional subscript, x, denotes the element that the photons are interacting
with, so that ρx is the density of the material, and lx is the length of
intervening material. We have to consider the transmission factor of the
high ﬁeld demagnetization magnet (which surrounds the nuclear stage) as
well as that of the other construction materials (0.15 cm of copper in
the vacuum can, 0.3 cm of aluminum in the dewar walls) together with
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Fig. 3. Schematic diagram of a typical nuclear stage including the copper stage plate to
which experiments are mounted.

0.02 cm each of niobium and titanium and 0.05 cm of copper in the compensation windings of the magnet as well as a further 2 mm thickness of
aluminum in the former of the magnet. If we make the assumption that
the high-ﬁeld region of the magnet consists of a 3.1 cm radial thickness
of winding of 80% copper-clad 20% Nb–Ti wire on a 0.6 cm thick aluminum former, we ﬁnd the energy dependent transmission factor shown
in Fig. 4, where the individual transmission factors for the various contributions, together with the overall value of s, are shown. Happily (for
low temperature physicists), Fig. 4 shows that the copper in the magnet
strongly attenuates the number of γ that would otherwise deposit energy
into the nuclear stage.
Once s is calculated, we can estimate the energy deposited due to
radiation present in the laboratory. The tables17 provide information on
the energy absorption cross section (µ/ρ)tot,en,x for the element (x) with
which the photons interact. We note that the photon scattering cross sections and energy absorption cross sections are not identical, since the
energy of a scattered γ is not necessarily absorbed in the material. The
latter cross section is useful in absorbed dose and radiation-effect determinations, and is obtained by summing the contributions of the bound
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Fig. 4. The calculated transmission factor (fraction of γ quanta transmitted) as a function
of the energy of γ -radiation as it passes through the various cryostat components excluding
(top panel) and including (bottom panel) the demagnetization magnet. In both cases () correspond to titanium, () to aluminum, () to niobium, (◦) to copper and () to the overall
transmission factor approximated by the ﬁt (solid line). The metal in the magnet signiﬁcantly
reduces the γ -radiation that impacts the nuclear stage.

electron incoherent absorption, the pair production absorption, and the
photoelectric absorption coefﬁcients. The energy absorption factor is given
below
Eabs /Eγ = 1 − exp(−(µ/ρ)tot,en,x ρx lx ).

(4)

The energy deposited is obtained by multiplying the incident γ spectrum energy by the transmission factor and the energy absorption factor
(Eq. (4)). In the event that there is no external lead shielding mounted
around the cryostat, we estimate the power deposited by γ -radiation to be
2.4 pW to the nuclear stage, 13 pW to the experimental cell, and 7.5 pW
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to the stage plate. Despite the disparity in masses of these components,
the energy deposited is dominated by the experimental cell and stage plate
because of the low transmission factor of the magnet for γ radiation. The
corresponding numbers for the power deposited when the cryostat is surrounded by a 5 cm thick lead shield are 0.26, 1.2 and 0.6 pW, consistent
with an energy averaged shielding factor of ∼10 that is comparable to the
reduction in γ counts by a factor of ∼ 20 (see Fig. 2). The difference arises
from the preferential shielding of the low energy γ by the lead.
4. ENERGY FLUX FROM COSMIC RAYS
The number used by most low temperature physicists to arrive at an
estimate of the heating due to  cosmic rays is the one quoted by Niinikoski—between 1.5 and 3 cm−2 min−1 .10 A more appropriate number
is provided in a recent Ref. 22, which gives a value of 1 cm−2 min−1 ,
and falls of off as cos2 θ , where θ is the angle between the normal to a
horizontal surface and the trajectory of the µ. More complete references
are the ones by Rossi,23,24 and Greisen21 (see discussion below). Using
the same Ge detector that we used to obtain the γ spectra in Fig. 2,
we examined the energy range between 2.8 and ∼ 90 MeV, and registered
56158 counts (unshielded) and 48260 counts (with 5 cm shielding) in a
1000 minute interval. The counts were obtained by summing the contents
of all the bins of the multichannel analyzer (see Fig. 5). The spectrum
shows the range of energies deposited to the Ge detector by individual
µ or secondary β particles as they traverse the detector. The spectrum
includes a convolution of the size, shape and orientation of the detector, and only weakly reﬂects (through the Bethe–Bloch equation discussed
later) the energy spectrum of the incident particles. Unlike γ quanta, the
passage of a µ or β always deposits energy into the detector and no
absorption factor correction is necessary.
The total ﬂux of cosmic rays at sea level is23
Iv,tot = 1.14 × 10−2 cm−2 s−1 sterad−1 ,

(5)

where Iv,tot denotes the total ﬂux of cosmic rays/area-solid angle. The soft
component, Iv,soft (generally recognized to be β particles that are emitted following the interaction of a µ as it passes through intervening material such as the concrete slab of the laboratory roof, or the decay of the
µ), is obtained by taking the difference between the values obtained in an
unshielded and in a heavily shielded (by  10 cm of lead) detector, and is
given as23
Iv,soft = 0.31 × 10−2 cm−2 s−1 sterad−1 .

(6)
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Fig. 5. Counts obtained in a 60000 s time interval for the conﬁguration with 5 cm of lead
surrounding the Ge detector (shielded-upper panel) and without the lead (unshielded-lower
panel). Each “bin” of the multi-channel analyzer is ∼11.5 keV wide. The integrated counts
are 56158 and 48260 for the unshielded and 5 cm lead shielded environments. The reduction
in counts is due to the “soft” component in the high energy radiation spectrum. As in Fig. 2,
the horizontal lines reﬂect the discrete nature of the counting.

We deﬁne the directional ﬂux, I (θ ), where θ is the angle between the
normal to a horizontal surface and the direction of the incoming cosmic
ray, as I (θ ) = Iv cos2 θ , where I (0) is the value of I in the vertical direction. Then I (θ )ddSdt represents the number of particles incident upon
the element of area dS (whose normal is along the θ direction) during the
time dt within the element of solid angle d perpendicular to dS.
The ﬂux J1 [particles cm−2 s−1 ] represents the number of particles/second traversing (at all angles) a horizontal element of unit area24 and can
be calculated by carrying out the integration of the directional ﬂux over
all angles of incidence. It is given by
J1 =

π
Iv .
2

(7)

If the unit area is tilted at an angle θa to the vertical, Jθa is given by
the expression

π 
π
Jθa = Iv cos θa + sin θa .
(8)
2
4
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The ﬂux through a vertically oriented surface (θa = π/2), J3 , is given
by
J3 =

π2
Iv .
8

Taking the value of IV ,tot from Eq. (5),
π
J1,tot = × 1.14 × 10−2 cm−2 s−1 = 1.79 × 10−2 cm−2 s−1 ,
2
π2
J3,tot =
× 1.14 × 10−2 cm−2 s−1 = 1.41 × 10−2 cm−2 s−1 .
8

(9)

(10)

The geometry of the Ge detector (a cylinder of diameter D=5.33 cm,
length L=6.6 cm) oriented with its axis horizontal, provides the means to
compare the observed counts to the data from Greisen.24 The total number of counts observed in this detector in a time t should be [J1,tot (DL) +
J3,tot (π D 2 /4)]t, where DL is the horizontal “area” of the detector and
πD 2 /4 is the vertical area. For t = 60000 s, this yields 5.7 × 104 counts,
compared to the 56158 counts that we observe in this interval.
If the soft component (see Eq. (6)) were entirely blocked out by
the 5 cm thickness of lead, then we should multiply the above by
(Iv,tot − Iv,soft )/(Iv,tot ) = (1.1.4 − 0.31)/(1.14) = 0.73. Thus in the case of
perfect shielding of the soft component, we should observe 5.67 × 104 ×
0.73 = 4.1 × 104 counts; we observe 48260. The discrepancy is partially due
to the relatively small thickness (5 cm) of the lead used in our experiments.
The ratio of shielded to unshielded counts that is observed in our detector
is ≈ 0.85
If we apply the same calculation to the silica oscillator (described
earlier) which is a vertical rod of diameter D  = 4.0 mm and length
L = 4.2 cm, the total number of counts observed per second should be
[J1,tot (π D 2 /4) + J3,tot (D  L )] × 0.85, or 2.6 × 10−2 counts/s, compared to
our observed value of 2.5 × 10−2 counts/s when the cryostat was shielded
with 5 cm lead. 8 In what follows, we use the values of J1 and J3 to estimate the heat deposited into the various components of the cryostat.
By carrying out a Monte Carlo calculation for the mean track length
for cosmic rays in the germanium detector in which we weighted the tracks
with the cos2 θ angular dependence of the cosmic ray ﬂux, we ﬁnd the
mean track length to be ≈ 78% of the 5.33 cm diameter of the detector.
The total collision loss energy dE/d(ρx), deposited into the germanium
detector can be obtained from the Bethe–Bloch equation23
 


 β2
2me c2 Em
dE
2Cme c2
2
ln
− 2β MeV cm2 g−1 ,
(11)
=
d(ρx)
β2
1 − β2
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where
C=

π r02 NA Z
A


Em
= 2me c2

pµ2 c2


(me c2 )2 + (mµ c2 )2 + 2me c2 mµ c2 pµ2 c2 + (mµ c2 )2

mµ c 2 β
pµ c = 
= (Tµ + mµ c2 )2 − (mµ c2 )2 , and β = v/c.
1 − β2
Here r0 is the classical radius of the electron (2.82 × 10−13 cm), NA ,
is Avogadro’s number, Z the atomic number, A the atomic weight and
me c2 =0.511 MeV, mµ c2 =106 MeV. Tµ is the kinetic energy of the µ
in MeV and v is the speed of one µ. For germanium and a cosmic
ray µ having an incoming energy of ≈100 MeV, the energy loss is ≈
1.5 MeV cm2 g−1 . This value is smaller than the ≈2 MeV cm2 g−1 (see p.
40 and p. 21 in Ref. 16) for a similar track in a-SiO2 or copper, because
of the smaller Z/A for Ge. This yields a peak energy deposited, Epeak
Epeak = (track length) × (cross section) × (density)
= (0.78 × 5.33 cm) × (1.5 MeV cm2 g−1 ) × (5.36 g cm−3 ) = 33 MeV,
(12)
close to the 32 MeV peak in Fig. 5. Similarly, we estimate the upper cutoff energy to be 87 MeV (comparable to the upper end of the spectrum in
Fig. 5) by accounting for the maximum path length (8.5 cm) and the fact
that higher energy µ deposit ≈1.8 MeV cm2 g−1 .
In order to calculate the energy deposited by the high energy charged
particles into the three massive components that comprise the nuclear
stage, we estimate the energy deposited by the passage of a single particle
as
E=2MeVcm2 g−1 (ρ.δ), where ρ is the density of the
material and δ is the track length (see Eq. (11)). For a cylindrical
nuclear stage of length L = 45 cm, diameter D=4.0 cm, we estimate δ =
13 cm using a Monte Carlo numerical simulation technique that takes
into account the angular dependence of the particle ﬂux. We then estimate the energy lost per event in the copper nuclear stage as E =
2 MeV cm2 g−1 ×8.95 g cm−3 ×13 cm = 2.3 ×102 MeV event−1 =3.7×10−11
J event−1 . Next we calculate the  ﬂux to the stage = [J1 (π D 2 /4) +
J3 (DL)] = 2.8 s−1 , which yields a power deposited Q̇stage = 0.10 nW. Since
the ﬁll factor is ≈0.9 and the presence of any slits affects both the average density and the track length, we multiply this heat load by (0.9)2 to
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arrive at an estimate of 80 pW. This rate of energy deposition is comparable to the experimentally observed background heat leak of ∼100 pW seen
in several cryostats which do not have large metallic experimental chambers.25
We estimate the power deposited in a 12.5 cm diameter, 1.25 cm
thick copper stage plate. Here, [J1 (π D 2 /4) + J3 (DL)] = 2.4 events s−1 . The
energy deposited / event is given by E = 2 MeV cm2 g−1 × 8.95 g cm−3 ×
1.25 cm = 23 MeV event−1 = 3.6 × 10−12 J event−1 , and we obtain for
the power Q̇stage = 3.6 × 10−12 J event−1 × 2.4 events s−1 = 8.7 pW. For the
5 cm diameter, 12.5 cm long, experimental cell made from silver, we estimate the mean path to be 7.35 cm. Thus, the energy lost per collision,
E = 2 MeV cm2 g−1 × 10.5 g cm−3 × 7.35 cm = 1.5 × 102 MeV event−1 =
2.5 × 10−11 J event−1 . The ﬂux of cosmic rays s−1 into the cell is given
by [J1 (π D 2 /4) + J3 (DL)] = 1.2 s−1 . Thus the power deposited Q̇cell =
1.2 events s−1 × 2.5 × 10−11 J event−1 = 30 pW. We estimate that this
nuclear stage, stage plate and experimental cell experience a heat load of
order 120 pW compared to the unshielded heat load due to γ -radition of
21 pW. Once shielded by 5 cm of lead, we expect the reduction of the soft
component to reduce the heat load due to cosmic rays to 100 pW, and the
γ -radiation to diminish to ≈2 pW.
5. THERMAL GRADIENTS
If we add up the heat loads to the experimental cell and the stage
plate (in the unshielded case) we arrive at 40 pW due to the cosmic
rays and 20 pW due to γ -radiation. If we assume a residual resistance ratio of 1000 for our copper demagnetization stage, then, by using
the Wiedemann–Franz law, we arrive at a thermal resistance for the
nuclear stage (taking the effective length as 22.5 cm) given by Rth T =
0.136 K2 W−1 , from which we would predict a minimum temperature that
could be attained (ignoring any intervening boundary resistance) of 4 K.
The reduction of the thermal load by attenuating the γ ﬂux and the soft
component of the cosmic-rays would reduce the heat load by nearly 50%
to 30 pW, resulting in a 25% lower temperature.
It is also instructive to summarize the thermal gradients in the context of two rather different conﬁgurations. We consider the effect of the
power absorbed in an ultra-low temperature experiment consisting of a silver right circular cylinder of 1 cm diameter and 1 cm length, attached
to the cold plate by means of a pressed contact in an unshielded cryostat. The energy deposited by cosmic rays and by γ -radiation would be
of order 95 fW and 57 fW, respectively. The pressed contact’s electrical
resistance is of order 0.1 ,26 (corresponding to a thermal resistance
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given by Rth T = 4 K2 W−1 ) and the limiting temperature in the experiment
would be of order 1 K (we ignore the thermal resistance of the intervening copper demagnetization stage discussed above). The number of ineractions/sec due to cosmic rays is expected to be 0.028 s−1 , compared to the
0.08 s−1 γ quanta that would interact with the silver (2% of the ﬂux). In
contrast, a sample of silica glass of similar size would experience a smaller
heat load (because of its lower density) of order 30 fW, but because of the
large thermal boundary resistance (of order 13 T −3 K4 W−1 ,7 ), the silica
sample would be limited to ∼1 mK irrespective of the temperature of the
nuclear stage. In addition, as illustrated in Fig. 1, radiation may have an
effect beyond the heat deposition calculated here.
6. CONCLUSION
We performed acoustic measurements in amorphous silica Suprasil-W
using a torsional oscillator that revealed the presence of low level background radiation and the inﬂuence of cosmic rays on insulating disordered
solids. This motivated us to estimate the heat deposited to ultra-low temperature cryostats by these radiation sources. We outlined the procedure
to calculate the heat load due to both cosmic ray  and local low-level
background γ -radiation to a model nuclear stage (that is shielded from
γ -radiation quite effectively by the large superconducting magnet) and
experiments that are not shielded from γ -radiation by the magnet. The
heating due to γ -radiation was calculated to be 20 pW compared to the
120 pW heating due to cosmic rays. We showed that enclosing the cryostat in a 5 cm thick lead wall reduced the overall heating to the nuclear
stage by ∼30% from 140 to 100 pW. These residual heat inputs are close
to those measured on other similar shape nuclear refrigerators, and suggests that most of the residual heat leaks are due to low level radiation.
In our experiment on amorphous SiO2 , the introduction of lead
shielding reduced the number of interactions with γ and cosmic rays by
approximately a factor of three. The power deposited (by γ and cosmic
ray radiation) to a 1 cm diameter × 1 cm long amorphous glass sample
was calculated to be 30 fW, but the large boundary resistance results in a
limiting temperature of order 1 mK irrespective of the cryostat temperature. A smaller sample aspect ratio (length area−1 ) should improve matters
somewhat.
To conclude, essentially all of the γ ﬂux and part of the cosmic ray
derived ﬂux can be shielded out using a 5 cm thick layer of lead shielding
around the cryostat which may prove to be critical in many experiments.
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