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Abstract

We predict that threshold detectors based on Al Josephson junctions with critical currents below 100 nA exhibiting a phase diffusion
regime can be exploited for microwave photon detection at both 17 mK and 700 mK. We demonstrate the detection of two- and one-
photon energies at 5 GHz with 90% and 15% efficiency and dark count times of about 0.1 s and 0.01 s, respectively. The weak temperature
dependence of the detector’s performance observed in the sub-kelvin range fully confirms its phase diffusion mode of operation. On the
other hand, these results show that inevitable thermal fluctuations are not the main source of detector noise. Consequently, there is
still room to optimize the detector’s performance. These results are important for axion search experiments in the range of 5—25 GHz
(20-100 peVv).
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1. Introduction

Modern developments in quantum communications and quantum  (g) -1 . . . © ek — s00mk
information processing devices have benefited greatly from the — 50mK 500 mK
efficient detection of individual photons. However, the widely used — 100mK 700 mK
conventional single-photon detectors, such as superconducting 100 :

nanowires [1, 2] and transition-edge devices [3—5], require a suffi- | f=87TpA /]
ciently high incident photon energy to modify the state of the detec- 80| / .
tor. In the microwave frequency range, the corresponding energy is {
rather low, at about 10 yJ. Consequently, practicable single-photon 60 /l .
detectors for the microwave field have not yet been implemented. ,7

A natural idea for realizing such a detector is exploiting quan- 40 .
tum Josephson circuits. Indeed, superconducting qubits, being (b) 18 ' ' $
two-level quantum systems with a characteristic energy within _ 45| _ 20 s .
the microwave scale, can be excited through the absorption of an & 12‘./ y J

incident photon. Various types of qubit- and quantum-dot-based 9 . . 0 =
. 0 6 12 18 0 100 200 300 400
photon detectors have been proposed and implemented [6—-18],

. N . t V(uv)
with efficiencies approaching ~60% [11, 16]. Figure 1 ¢ Phase particle regimes and current—voltage character-

As a photon detector, we use a current-biased Josephson junction istics (IVCs). (a) Regimes under tilted potential. Here, TA refers
(CBJJ), which has also been utilized before as the phase qubit [19]. The {0 thermal activation, MQT to macroscopic quantum tunneling,
Josephson phase across the junction for such devices is associated with RS to switching t(,’ th? ruhning St"flte with a flmte voltage, and
the dynamics of a “particle” in a washboard potential [201; see Figure PD to the phase diffusion regime with re-trapping. (b) Phase evo-
1a. In the detector’s initial state, corresponding to a zero \ioltage state lution. If a particle escapes due to TA, it gains more potential energy

R . . A (green dot) and thus has a higher probability of RS. If a particle
the particle is trapped in one of the local minima of the potential. After ,,,,he]s under the barrier (violet dot), it has a lower potential

the incident microwave field delocalizes the trapped particle, it escapes  energy and a higher probability of being re-trapped, leading to
into the “running state” (RS), providing a finite voltage across the quantum PD. (¢) IVCs of SIS3; the dashed line is the theoretical
CBJJ. This voltage is in the millivolt range and can easily be measured. critical current.
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However, to realize the maximum sensitivity, the CBJJ must be
biased relatively close to the critical current value. Due to fluctu-
ations, such initialization causes uncontrolled transitions into a
voltage state, corresponding to the dark count rate. The trade-off
between the initialization point and resolution, which is common
for threshold-type detectors, is clearly seen for this particular real-
ization [21]. In fact, this is the main obstacle to implementing an
efficient single-photon detector for the microwave range. Impor-
tantly, the relatively long lifetime of the threshold detector in the
initial (zero-voltage) state is a key issue for dark matter axion-type
particle searches [22—34]. Moreover, it was recently predicted [35]
that one of the most interesting ranges for an axion search is
20-100 peV, corresponding to the 5—25 GHz range, covered by the
detectors considered here.

Various approaches to optimizing CBJJ threshold detectors have
been used [36—46]. Interestingly, the theoretically estimated life-
times in the zero-voltage state for the threshold detectors studied
have been substantially shorter than the experimentally measured
ones. To explain this inconsistency, it has been proposed that the
CBJJ is in the so-called phase diffusion regime [47].

The main feature of the phase diffusion (PD) regime can be com-
mented on, in a hand-waving manner, as follows. After the escape
from the initial minimum of the washboard potential, as shown in
Figure 1a, via thermal activation (TA) or macroscopic quantum
tunneling (MQT), the phase can be re-trapped into another mini-
mum with a relatively high probability—see Figure 1tb—where the
phase evolution is calculated numerically using the Resistively and
Capacitively Shunted Junction (RCSJ) model [20]. Consequently,
in the PD regime, the CBJJ very rarely switches to the voltage state
due to re-trapping, which effectively increases its lifetime in the
initial state. However, for the case of an arriving photon, switching
into the running state without re-trapping may occur due to the
induced current pulse, which significantly exceeds the detector’s
threshold. While the main characteristics of the phase diffusion
regime have been well described [48—58], its application to photon
counting is a relative unknown. In this paper, after a detailed
investigation of the switching dynamics of CBJJs, we demonstrate
single- and double-photon detection at 5 GHz with an efficiency
of about 15% and 90%, respectively. Importantly, increasing the
temperature more than 40 times over (from 17 mK to 700 mK; see
below) does not lead to degradation of the detector’s performance
for a properly chosen sample. In practice, this counter-intuitive
result means that inevitable thermal fluctuations can be “compen-
sated for” by the phase diffusion mechanism.

2. Materials and methods
2.1. The theoretical model

The switching processes in a CBJJ can be described according
to the dynamics of a phase “particle” of a mass C (capacitance)
moving under the effect of damping 1/R (with the normal state
resistance R) under a tilted periodic potential U(¢) = —Ej(ip +
cos ¢)—see Figure 1a—according to the RCSJ model. Here, ¢ is
the Josephson phase, and E; = hlc/(2e) is the Josephson energy,
with the CBJJ’s critical current I¢, the reduced Planck constant A,
the electron charge e, and the normalized bias current i = I/Ic.
Previously, we described several scenarios (MQT, RS, PD) of phase
behavior [59]. The transition to these scenarios is connected with
the phase particle dynamics escaping from a potential well. This

well is metastable due to the effect of noise, and the particle can
escape across the barrier due to TA or tunnel through the barrier
at lower temperatures (MQT).

The survival time in a potential well (the lifetime) is described using
the following set of approximate expressions 7ra (the TA regime,
Kramers) and ¢ (the MQT regime) [59—62]:

2w _, AU
TTA = —Qpx efsT T > Tq
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where T, is the quantum crossover temperature, wo =
wp (1— i2)1/ * is the oscillation frequency around the bottom
of the well, w, = +/2elc/hC is the plasma frequency,
AU(i) = 2E;[V1—1i —iarccosi] is the barrier height of a
potential with a localized phase particle, and kg is the Boltzmann
2
constant. Here, ara = 4/ (\/1 + QksT/ (1.8AU) + 1) ,
B = (AU[7.2+8A/Q])/ (hwo) (with the numerical parameter
A), and Q = woRC. The probability density of switching currents
was considered as W(i) = - 9P(i)/0i, where the probability

i

Y[ dl

0
approximation [63], bearing in mind the slow change I, = 9i/0t
in bias sweep in comparison with the inversed plasma frequency.

P@i) = exp| I, was derived from the adiabatic

2.2, The sample fabrication and experimental setup

The analysis of the CBJJ dynamics is carried out based on the
experimental data for three samples of superconductor—insulator—
superconductor (SIS) tunnel junctions: SIS1, with an area of 7
pum?; SIS2, with an area of 2 um?; and SIS3, with an area of 0.8
um?, located on the same chip. See the diagram in Figure 2 and
the additional information in Table 1. Here, the critical currents
of the samples are obtained by fitting the switching current dis-
tributions using theory (1). It is known that the critical currents
of small-area junctions are suppressed by MQT [43] compared
to the expectations of the Ambegaokar—Baratoff expression. The
samples were fabricated using the self-aligned shadow evaporation
technique [47, 58, 64].

microwave generator with
attenuation control

B 1-30dB e

| constant
| attenuation
1

constant |
attenuation !

60 dB 10dB

ARARARARAR

copper shield & feedthrough filters
superconducting shield

Figure 2 ¢ Diagram of the experimental setup. Constant attenua-
tors are distributed across a coaxial line as follows: 4 K plate—20
dB; 1 K plate—10 dB; 0.1 K plate—20 dB; 10 mK plate—10 dB.
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Table 1 e Table of SIS parameters.

Sample S (um X um) Ic (nA)
SIS1 14 x 0.5 895
SIS2 2x1 270
SIS3 2x0.4 87

The CBJJ chip was thermally attached to the mixing chamber
plate of a dry dilution refrigerator, providing a minimum nominal
temperature of ~12 mK with a temperature stability of ~1 mK for
operations below 1 K. The sample holder on a heavy copper leg
for more efficient thermalization of the sample is surrounded by
mu-metal and superconducting shields, in addition to the copper
shield on a 1 K plate, decreasing the background radiation [65].
The superconducting shield has an additional thermal sink at its
back edge to minimize the frozen magnetic field. To minimize low-
frequency noise from the compressors and pumps, anti-vibration
dampers were used. Well-filtered, twisted-pair lines were used for
conventional four-point measurements. The experimental setup
described, which was also used for single-photon detection by
supplying a microwave signal via a coaxial cable inside the fridge,
is shown in Figure 2.

3. Results

3.1. Switching current distributions

Measuring the switching statistics for a CBJJ from the zero-voltage
state to the finite-voltage state in the temperature range between
15 mK and 1 K, the switching current distributions (SCDs) W(I)
were collected. To perform these measurements, a bias current
applied to the junction was ramped up at a constant rate I, with
5000 repetitions, so in the SCD plots, the error bars do not ex-
ceed the dot sizes. The ramp rates for each of the samples dif-
fer according to their sizes, so for SIS1, I, = 50nA/ms; for
SIS2, I, = 20 nA/ms; and for SIS3, I, = 5 nA/ms.

An example of the current—voltage characteristic (IVC) for the SIS3
sample is shown in Figure 1c. Here, the theoretical critical current
(87 nA, the dashed line) was restored by fitting through theory (1)
using the CBJJ’s normal state resistance and the temperature. Sim-
ilarly, the critical currents for SIS1 and SIS2 were obtained as equal
to 895 nA and 270 nA, respectively. Note that back-bending at the
lower currents of the reverse IVC branch occurs due to weak local
overheating of the sample and is visible for all measured samples.
From the measurements of the switching current distributions—
see Figure 3—we extract the mean switching current (Isy), as well
as the standard deviation o, at various temperatures. Using the
theory from the previous section, we reconstruct an approximation
of the switching current distributions for SIS2. As can be seen in
Figure 3, the MQT theory describes the behavior of the CBJJ,
where thermal noise weakly affects its dynamics. In turn, the
Kramers theory agrees well with the experimental results for the
TA regime. Fitting the standard deviation curves using the o~T%/3
dependence [66] is an efficient tool for separating the CBJJ switch-
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0.28 185
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ing regimes, instead of recourse to detailed fitting, since this depen-
dence (the yellow solid curve) actually coincides with the Kramers
theory (the green dashed curve).
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Figure 3 ¢ The experimentally derived SCD for the SIS2 sample,
compared with theory (1). (a) The switching current distributions
W(I) for various sample temperatures (marked in mK above each
experimental curve). (b) The experimental values of the mean
switching current and the standard deviation (blue and red circles)
and theoretical estimates (solid and dashed curves).

Qualitatively, the dependence of the standard deviation versus
temperature is similar for all samples—see Figure 4—and three
main switching regimes for the CBJJ are clearly visible here. At
low temperatures, MQT determines the dynamics of the detec-
tor. Indeed, below 50 mK, the o(T) dependence is saturated; see
Figure 4. As the temperature increases, the growth of o(T) ac-
celerates. This indicates the transition between the MQT regime
and the dominating TA dynamics. Here, the dependence o(7T) can
be approximated using the function T%* (see the green curves in
Figure 4), known for TA switching [66]. Consequently, separation
between the MQT and TA regimes (quantum crossover) is clearly
visible. With a further increase in temperature, deviation from the
TA behavior due to a transition to the phase diffusion regime is
observed. In spite of the different nominal critical currents (87 nA,
270 nA, and 895 nA), all of these CBJJs demonstrate the transition
to the phase diffusion regime (the point of deviation of o(T) from
T2/3 dependence); see Figure 4.
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Figure 4 ¢ The experimental values of the mean switching current
and the standard deviation. The blue markers are the mean switch-
ing current (), and the red markers are the standard deviation o.
Green solid curves show the TA mechanism o ~ T%/% [66].

3.2. Lifetimes

In addition to the switching current distributions, an important
characteristic for microwave single-photon detector applications is
the lifetime of the zero-voltage state (the dark count time) 7 (7). In
Figure 5b,d,f, the dark count time curves 7(7T) are presented as
a function of the bias current and temperature (shown in mK at
each curve). Here, an important characteristic of the lifetime is not
only its value at a certain bias current but also its tilt. It is obvious
that for steeper tilts, taking the desired dark count time value, one
can more closely approach the measured critical current (defined
as (Isw)), thus decreasing the detection threshold and improving

the sensitivity. Usually, it is assumed that the lifetime tilt increases
with decreasing temperature, which is not always so, as we show
below.

By making use of experimental data on o(T) (Figure 5a,c,e),
we present the different switching regimes for the lifetimes 7(T)
(Figure 5b,d,f). Areas of different types of switching are high-
lighted: MQT (the violet area), TA (the white area), and PD (the
orange area). Essentially, all samples behave similarly and differ in
the scale of each region only. A tendency here is visible in Figure 5:
the lower the critical current of the sample, the narrower the white
TA region, the broader the orange PD region, and the MQT area is
reduced as well.

Usually, below Tg, the lifetime can be predicted using the MQT
theory [43, 59, 61], but for the quantum phase diffusion regime,
some corrections are expected. Basically, quantum PD can mani-
fest itself as an increase in lifetimes compared to those calculated
using MQT theory. However, for CBJJs with high critical currents,
the quantum PD effect was not demonstrated. Indeed, for SIS1
(Ic = 895 nA), the experimentally observed lifetime is even shorter
than that predicted by theory; see Figure 5b, the curve at 17 mK.
For the SIS2 sample (Ic = 270 nA), the theoretical expectations are
consistent with the experimental observations; see Figure 5d, the
curve at 17 mK. A visible improvement in the lifetime is observed
for SIS3 only (Ic = 87 nA); see Figure 5f, the curves at 17 and 13
mK. In spite of the fact that the quantum PD regime is observed
here, it does not seriously improve the detector’s performance. For
instance, for the same lifetime of 5 s, the difference between the
bias current predicted using MQT theory and the experimentally
derived value is 1 nA only. This is not sufficient since the photon-
induced current pulse itself is about 20 nA; see below.
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Figure 5 e The experimental data at different temperatures. The standard deviations in the switching currents (left) and lifetimes
(right) for different sample temperatures (marked in mK above each curve). For clarification, the maximum critical current for a specific
temperature can be taken as the value of the current at the point on the lifetime curve with the minimum 7 value, which is approximately
equal to (L) (T); see Figure 4. (a,b) SIS1; (c,d) SIS2; (e,f) SIS3. The violet area corresponds to the MQT regime, the white area
corresponds to the TA regime, and the orange area corresponds to the PD regime. The violet dashed line is the lifetime from MQT

theory.
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In the TA regime, the lifetimes, like the standard deviations, are
traditionally described using the theory based on the Kramers
expression 7ra (T), Equation (1). However, this description does not
apply to the PD regime. Indeed, o(T) decreases with an increasing
temperature, reaching values even below the quantum saturation
level at low temperatures; see Figure 5c¢,e. In parallel, the lifetime
tilt |dr/dI] also increases, indicating that a larger bias current can
be used for the same lifetime 7.

3.3. Theoretical estimates of single-photon detection

Since we have determined the mean switching currents and life-
times as a function of temperature and bias current for our CBJJs,
we can analyze their performance as single-photon detectors. As-
suming ideal coupling between the CBJJ and the incident photons,
following [40], the photon-induced current can be estimated on
account of the CBJJ losses, described by the quality factor Q. In
this case, the photon energy hwyn (wpn /27 is the photon frequency)
is transferred to the energy of the SIS current; therefore, I, =

\/ 2hwp Ly ! (1 +27/Q) ™", with the Josephson inductance L; =

R/ (2e\/TE—I2).

As follows from the expression above, the photon-induced current
pulse amplitude differs for the investigated CBJJs since they have
different parameters. Indeed, for the SIS1 sample, at a frequency
of 10 GHz, the magnitude of the current pulse is about 50 nA,
with weak temperature variation. For samples with lower critical
currents, the magnitude of the current pulse depends on the tem-
perature. For SIS2, this magnitude changes from 25 nA to 35 nA,
and for SIS3, it changes from 12 nA to 22 nA when the temperature
drops from 700 mK to 17 mK.

To demonstrate the temperature dependence of the lifetimes, we
fixed a bias current shift AT = () — I, taking it to be sufficiently
smaller than the magnitude of the photon-induced current pulse
to ensure proper switching of the detector. For each sample, we
take the following values: SIS1—AI = 25 nA; SIS2—AT = 18 nA;
SIS3—AI = 6 nA. The corresponding lifetime values, subtracted
from Figure 5b,d,f, are presented in Figure 6a.

Furthermore, by choosing the desired dark count time, 7 = 5s5,
as shown in Figure 5b,d,f with the dotted line, we can recon-
struct the corresponding bias current values for each temperature.
Selecting as an example a photon frequency of about 10 GHz [31]
and taking into account the Ic(T) dependence, we calculated the
induced currents. Unambiguous switching of the detector occurs
if I+ I, > (Isw). The results of our estimates are summarized in
Figure 6b. The switching threshold is indicated in this figure by
the dotted line.

The switching characteristics of a CBJJ between the zero- and
finite-voltage states in the phase diffusion regime, presented in
Figure 6, are quite unusual. While for the sample with a higher
critical current (SIS1, Ic = 895 nA), both the lifetime and the total
switching current (I + I,)/(Isw) decrease with a rise in temper-
ature, as expected, these characteristics for samples with lower
critical currents exhibit non-monotonic behavior. A decrease in the
lifetime and the total switching current at temperatures slightly
above the crossover temperature between the MQT and TA regimes
is “compensated” for by an increase in these values in the PD
regime. Importantly, for samples with lower critical currents, this
increase is more pronounced. This observation is counter-intuitive.

Indeed, as the critical current I decreases, the well depth of the
washboard potential becomes smaller, since Ej~Ic; see Figure 1a.
Automatically, the ratio between the Josephson E; and the ther-
mal energies kgT decreases. Consequently, the transition to the
running (finite-voltage) state requires less thermal energy, which
contradicts the experiment. Qualitatively, it can be explained as
follows. With the increase in the temperature, the probability of an
escaping particle becoming re-trapped in an adjacent potential well
increases. Since the threshold detector only recognizes the differ-
ence between the zero- and finite-voltage states, it ignores noise-
induced escapes, unless these escapes produce a finite voltage,
which improves the overall detector performance. A theoretical
explanation of this effect requires further study involving outlining
the roles of damping and temperature in the CBJJ’s dynamics.

(@) 10"k Theshod e sis2 1
ol ® S = SIS3
= 107E -
) o .
= 102k L & =0 .. . ;
107 ! T
107 . R A
(b) 15T ' T T ' R
14} 1
?'/% 131 ] 888 g T
= 12f ]
I 1ar ° o o N . 1
1.0 * <. . 2 . * g
09t . N R
10 100 1000
T (mK)

Figure 6 e Theoretical estimates of the single-photon detection
efficiency. (a) The lifetimes with a fixed shift in the bias current (I =
(Isw) — AI) for each sample: SIS1—AT = 25 nA; SIS2—AI = 18 nA;
SIS3—AI = 6 nA. (b) The normalized total current (I + Iy) /(Lsw)
due to the absorption of a 10 GHz photon versus the temperature
of the samples. The threshold is a normalized critical current.
The violet part of the curve corresponds to the MQT regime, the
green part corresponds to the TA regime, and the orange part
corresponds to the PD regime.

3.4. Photon detection experiments

Based on the above-described reasoning for the possible mi-
crowave photon detection at sub-K temperatures, we performed
measurements as follows. The external microwave signal generated
by the synthesizer is strongly attenuated, thus decaying into a
stream of photons obeying Poisson statistics [47, 67, 68].

The attenuating stages include the synthesizer’s built-in attenua-
tor, with a power adjustment range of 1—30 dB; a 10 dB attenuator
after the synthesizer output; and 60dB attenuators distributed
along the coaxial line inside the refrigerator. The signal is emitted
by a loop antenna weakly coupled to the sample (Figure 2). This
technique for detecting microwave photons with power calibration
using photon-assisted tunnelling (PAT) steps at the IVC branch
[69, 70] was described in detail in [21, 47].

After the signal has been calibrated using the PAT steps, we use
the built-in attenuator of the synthesizer and collect the switching
probability versus the attenuated power—see Figure 7a—thus
transferring to rare photon flux at the scale of the detector’s switch-

ACADEMIA QUANTUM 2025, 2

5o0f10



https://www.academia.edu/journals/academia-quantum/about

https://doi.org/10.20935/AcadQuant7780

ing time, in the order of 1 ns, while the detector’s dead time is
restricted by the RC filters used and is about 1 ms. Here, due to the
PAT steps—see Figure 7b—the 20 dBm of power output by the
synthesizer corresponds to an accepted power of 65 fW at 17 mK
and 48 fW at 700 mK, and the curves in Figure 77a are normalized,
respectively. Therefore, the accepted power slightly decreases due
to the suppressed gap.
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Figure 7 ¢ (a) The switching probability versus the normalized AC
power of 4.86 GHz single- and double-photon detection at 17 mK
and 700 mK using SIS3. The solid line n = 1 corresponds to the
single-photon detection tilt, and the solid line n = 2 corresponds
to the double-photon detection tilt. The inset is the renormalized
average of the switching current vs. the microwave signal’s fre-
quency. (b) The IVC for SIS3 with a microwave signal (square
markers, PAT steps) and without a microwave signal (solid curves)
at temperatures of 17 mK (black) and 700 mK (orange). (¢) The
lifetime values corresponding to the bias currents where single-
and double-photon detection occurs for temperatures of 177 mK and
700 mK. Gray markers correspond to single-photon detection, and
white markers correspond to double-photon detection.

The microwave signal frequency is set to 4.86 GHz. This is due to
the fact that for a plasma frequency close to 10 GHz for the SIS3
sample, the maximal response is expected to be approximately half
the plasma’s frequency [42, 44], which is confirmed by the mea-
surements of the SCDs versus the frequency at fixed output powers
of 177 mKand 700 mK, shown in the inset in Figure 77a. It should be
noted that the detector considered has a rather narrow bandwidth,
not exceeding 3% of the central frequency, therefore decreasing the
effect of the background photons. Here, the background photons
appear from the surrounding sample holder, representing a cavity,
so only thermal photons from resonant modes are excited, as
investigated in [21].

The detection of microwave photons at two temperatures of 17 mK
and 700 mK is shown in Figure 7a. Decreasing the bias current
value, we increase the potential barrier height and can change
the number of detected photons. One can see that the switching
probability curves versus power, both at 17 mK and 700 mK, have
tilts corresponding to single-photon and double-photon detection

[68] (one and two orders of probability to one order of power,
respectively). Therefore, for 5 GHz microwave photons, we achieve
approximately 15% efficiency in single-photon detection even at
sub-K temperatures. It should be noted that the dark count floor
(the nearly constant part of the switching probability curves close
to the 0.1 level) is almost the same for both 700 mK and 17 mK
temperatures. The weak temperature dependence of the detector’s
performance observed is fully consistent with the analysis pre-
sented above.

4. Conclusions

We have experimentally demonstrated single- and double-photon
sensing at ~5 GHz by making use of a threshold detector, based on
Al-made Josephson junctions with relatively low critical currents,
exhibiting a phase diffusion regime. For double-photon detection,
the characteristics of the detector obtained are quite impressive—
with a dark count time 7 of 0.1s, its efficiency is 90%. However,
for single-photon detection, the parameters obtained are not so
attractive: 7 ~ 0.01s, and the efficiency is 15%. Nevertheless, it is
important to note that for a particular sample with a dominating
phase diffusion regime, these numbers are almost temperature-
independent. This means that the main mechanism limiting the
detector’s performance is “unwanted” photons rather than thermal
fluctuations. Further research is required to characterize the source
of such uncontrolled photons. These results are important for axion
search experiments in the range of 5—25 GHz (20—100 peV) [35].
In this case, typical experiments with a cavity, placed inside a
strong magnet, are assumed [23], where the signal from a cavity
is fed to the detector by a coaxial line. The operation of the detector
at 0.7 K allows the detector to be moved from a dilution plate to
a condensing 0.7 K plate in a fridge. This allows the distance from
the magnet to be increased, which is usually located just below the
dilution plate, thus reducing the effect of a high magnetic field on
the detector.
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