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Abstract10

The aluminum Josephson junction (JJ) with a critical current, suppressed by a factor of three com-11

paring with the maximal value calculated from the gap, is experimentally investigated for appli-12

cation as a threshold detector of microwave photons. We present the preliminary results of mea-13

surements of the lifetime of the superconducting state and the probability of switching by 9GHz14

external signal. We found an anomalously large lifetime, not described by the Kramers’ theory15

for the escape time over a barrier under the influence of fluctuations. We explain it by the phase16

diffusion regime, which is evident from the temperature dependence of the switching current his-17

tograms. Therefore, the phase diffusion allows to significantly improve the noise immunity of a18

device, radically decreasing the dark count rate, but it will also decrease the single photon sensitiv-19

ity of the considered threshold detector. Quantization of the switching probability tilt versus signal20

attenuation for various bias currents through the JJ is observed, which resembles the differentiation21

between # and # + 1 photon absorption.22
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Introduction25

Currently, an important problem is the creation of single-photon counters in the GHz frequency26

range. Such devices are in demand in several areas, such as the search for axions, the alleged parti-27

cles of dark matter [1-3] and quantum computing [4]. Commercially available single-photon detec-28

tors operate at frequencies of hundreds of THz and higher [5,6]. For the lower frequency range, a29

new class of single microwave photon detectors is needed. In this regard, a current-biased Joseph-30

son junction is of particular interest for applications as a threshold detector since its phase dynam-31

ics is altered even by a weak probe field. Rich dynamics of the JJ constantly inspires new applica-32

tions, such as thermometry [7,8], noise statistics [9-11] and single photon detection [12].33

There are, at least, two different approaches for practical realization of the single-photon detec-34

tors based on Josephson junctions, both having their advantages and disadvantages. The first ap-35

proach relies on a continuous current sweep at a constant repetition rate and the measurements of36

the switching current distributions, from which the response and sensitivity can be determined [13-37

15]. In particular, in [15] the tunneling properties of the current-biased Josephson junction coupled38

with a resonator directly depend on the number of microwave photons in the resonator. The main39

disadvantages of this approach are the long initialization and freezing times of the detector. The40

detector works by slowly increasing the bias current from zero. This ramp takes seconds to avoid41

non-adiabatic excitation in a JJ. As soon as the detector switches, it must be reset by setting the cur-42

rent back to zero and waiting when a Josephson phase relaxes in a potential well. This implies a43

low repetition rate.44

The second approach for experimental microwave detection [16,17] uses the switching events of the45

biased Josephson junction resulting from a single absorption. In contrast to the previous approach,46

this one requires less downtime of the detector, determined by the biasing time to the desired cur-47

rent only. However, the operation in this mode does not provide information on the number of48

absorbed photons and only above-threshold signals can be detected. Also, a special care must be49

taken to minimize the false switching events of the detector due to thermal fluctuations and macro-50

scopic quantum tunneling.51
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In this article the second approach is used in application to a prototype of a single photon counter52

described in [3]. We study the possibility of detecting photons of GHz frequency range using and53

aluminum Josephson junction with a suppressed critical current. The main requirement to the such54

counter is an extremely large lifetime (thousand of seconds), orders of magnitude larger than the55

switching time after the photon absorption (typically less than nanoseconds). In [3] it was shown56

theoretically that both the required sensitivity and the noise immunity can be reached at the same57

time in JJ with a suppressed critical current. Besides that, the mesoscopic junctions with low crit-58

ical currents have received a great deal of interest by themselves, since they exhibit such a phe-59

nomenon as the diffusion of the Josephson phase [18-21].60

The Josephson phase diffusion in small junctions has been studied both experimentally [22,23]61

and theoretically [24]. Recently, this regime has been observed also in layered high-temperature62

superconductors [25]. The significance of this effect depends on the ratio of thermal fluctuations63

:) , the damping parameter U and the Josephson energy �� . Here we will consider a small tunnel64

junction with the thermal noise intensity of W = :�)/�� ≥ 2 · 10−2 and U > 0.1, and show65

experimentally an unusually large lifetime of the superconducting state, which we attribute to the66

phase diffusion according to [19]. The increase of the lifetime of the superconducting state due67

to the phase diffusion was also observed in [26] for the similar conditions. On the other hand the68

phase diffusion is expected to decrease the sensitivity to single photons for the same reason that it69

improves the noise immunity. To our knowledge so far there are no works dedicated to the role of70

the of phase diffusion in the response to single photons. In the last section of the article we show71

the experimental measurements of the switching probability induced by weak microwave signal72

and discuss some features of the measured response, which may indicate the sensitivity to several73

photon bunches.74

The analysis of the phase-diffusion phenomena is a special case of a general problem of the motion75

of a Brownian particle in a washboard potential in the framework of the resistively-capacitevely76

shunted junction (RCSJ) model for the dynamics of the Josephson phase [27,28]. The tilt of the77

washboard potential is controlled by the bias current � and is defined as �� (�/��), where �� is the78
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critical current and �� = ℏ��/24. The particle moves along the potential in the presence of friction,79

whose strength is characterized by U = l?/l2, where l? = (24��/ℏ�)1/2 is the plasma frequency,80

l2 = 24��'#/ℏ is the characteristic frequency, '# is the normal state resistance and � is the ca-81

pacitance.82

The superconducting state of the JJ corresponds to the rest of the particle in one well of the poten-83

tial. The exit from this metastable state corresponds to the appearance of the finite voltage at the84

junction. In the case of low damping (but depending also on the barrier height and noise inten-85

sity), the particle, jumping over the barrier, gains enough energy to move along the potential in the86

running state. While if the damping U is sufficiently large, the escape due to the thermal or quan-87

tum fluctuations does not necessarily lead to the running state appearance. After an escape event,88

the particle can move down the potential for several wells and then relax into one of the potential89

minima [22]. When the barrier and noise are large, the exit from the well and the subsequent re-90

trapping processes may occur many times at a given bias current.91

The most evident signature of the phase diffusion phenomenon is the temperature dependence of92

the switching current distribution [20,29]. For underdamped junctions (U � 1), the width of the93

switching current distributions monotonically decreases with decreasing temperature. In the case94

of moderately damped junctions (U > 0.2) the switching dynamics changes due to the phase95

diffusion: the width of the distribution decreases with increasing temperature. A change in the96

sign of the derivative of the second moment of the distribution is a reliable indicator of retrapping97

processes. Another sign of the phase diffusion is an increase in the lifetime of the superconduct-98

ing state in comparison with the classical Kramers’ theory [30,31]. The exit of the particle from99

the well due to fluctuations does not lead to the instantaneous appearance of a final voltage at the100

Josephson junction, which can be seen in experiment as an increase of the noise immunity of the101

system.102

The principle of operation of a single-photon counter based on the Josephson junction is the fol-103

lowing: at the initial moment of time, the junction is in a superconducting state with bias current �104

close to the critical one. In standby mode there is no voltage at the junction. An incoming external105
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signal from a photon (current oscillations) can change the state of the system by switching it to a106

resistive state with a finite resistance value. At the same time the detector may be triggered spon-107

taneously due to thermal fluctuations in the classical region of temperatures and tunneling through108

the barrier in the quantum case [14,32].109

Experimental110

Following the line proposed in Ref. [3], the aluminum Al/AlOG/Al tunnel junction 0.4 × 2 µm2111

was fabricated using a self-aligned shadow evaporation technique. Its current-voltage charac-112

teristic shown in the inset of Fig. 1 has a well-defined hysteresis. The double voltage gap of the113

junction is 0.38mV, corresponding to the critical temperature of Al )� = 1.2K, the capacitance114

is � ≈ 0.036 pF, the critical current density is 3.8 · 10−3 kA/cm2 and the normal resistance is115

'# = 2300Ω, which gives the maximal possible value of the critical current �<0G
�

= 1.764:)�/4'#116

around 80 nA. The measured critical current is �� = 28 nA at the temperature of 20mK. The117

damping of the Josephson junction calculated for the measured �� is U = 0.24.118

The sample was mounted in an rf-tight box with a superconducting shielding on the coldest plate of119

Triton 200 dry dilution refrigerator. The dc-bias wires were filtered with feed-through capacitors at120

the room temperature and RC filters at the 10mK cryostat plate, minimizing the effect of unwanted121

low-frequency noise. In order to avoid ground loops the measurement scheme was designed with a122

single ground.123

For the switching current measurements, the bias current of the junction was ramped up at a con-124

stant rate of ¤� = 5 · 10−8A/s. The voltage was measured using a low noise room-temperature125

differential amplifier AD745 and was fed to a high-speed NI ADC-card. This signal was used to126

trigger a fast record of the switching current value. Such a procedure was repeated at least 5 · 103127

times at each temperature, and as a result the switching current histograms were compiled in the128

temperature range between 1K and 20mK. For the lifetime measurements, the experimental setup129

was the same, except that the bias current was set to a predetermined value during the 20ms to pre-130

vent particle excitation caused by a rapid decrease in the barrier, and remained constant until the131
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appearance of a gap voltage due to thermal noise or quantum tunneling. The lifetime measurements132

were repeated at least 200 times for each value of the bias current.133
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Figure 1: Experimentally measured histogram %(�(, ) of switching the Josephson junction to the
resistive state for current �(, at temperatures indicated from top to bottom for curves from left to
right. The inset shows the I-V curve of the junction at 20mK.

For a high-frequency experiment, a microwave signal was fed into the cryostat via a phosphor134

bronze twisted-pairs with attenuation of -15 dB per meter at 9GHz and with a loop antenna near135

the JJ. The rf-signal from the external microwave synthesizer was attenuated using the voltage con-136

trolled room-temperature attenuator, preliminarily calibrated with a commercial spectrum analyzer.137

The high-frequency signal was varied from a high power at which the Shapiro steps and photon as-138

sisted tunneling steps are well pronounced at the IV-curve, to a low power whose presence can be139

observed only in the switching histograms and in the decrease of the superconducting state lifetime.140

10

20

30

<I
sw

> 
[n

A
]

0.01 0.1 1
T [K]

0

0.2

0.4

0.6

σ 
[n

A
]
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Results and Discussion141

In this section we present preliminary results of the first measurements. First, we assemble the142

switching current distributions (Fig. 1) and extract values for the mean switching current 〈�(,〉143

and standard deviation f, which are plotted in Fig. 2 for various temperatures of the chip. The de-144

crease of 〈�(,〉 with temperature increase indicates that here the thermal activation of the phase is145

the main switching mechanism. At the temperatures below ) ≈ 300mK there is a saturation both146

in 〈�(,〉 and f. The behavior of f()) in the entire temperature range of the experiment shows the147

well-known signature of the phase diffusion, observed for example in [20,23,29].148
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Figure 3: Experimental lifetimes as functions of bias current for various sample temperatures
(symbols) and fitting by formula (1) (solid curves).

The presence of the phase diffusion also can explain the results of the lifetime (the inverse of the149

escape rate) measurements, shown in Fig. 3. The lifetime of the superconducting state corresponds150

to the mean time of dark counts of a single photon detector. We have measured the dependencies of151

the lifetime for various bias currents and temperatures and without high-frequency signal. One can152

see the linear slopes of the lifetime versus bias current for 2-3 orders of magnitude in a logarithmic153

scale, which means the exponential dependence of the lifetime versus potential barrier height. The154

plato in the experimental points in Fig. 3 below 0.03 s is due to time constants of the measurement155

setup. To find out more about the switching conditions the experimental curves have been fitted by156

the Kramers’ formula for the lifetime in the following form [28,30,31] (for the overdamped case,157
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see [33]):158

g =
5 (U) exp (ΔD/W)
√
1 − 82

, (1)159

where 8 = �/�� is the dimensionless bias current, ΔD = 2
√
1 − 82 + 8(2 arcsin(8) − c) is the potential160

barrier height and W = �)/�� is the noise intensity and �) = 24:�)/ℏ is the fluctuational current,161

which can be calculated for a given temperature ) as: �) [`A] = 0.042) [K] [27]. As well-known162

[34], if the well and the barrier of a potential profile can be approximated by parabolas, then 5 (U)163

does not depend on the working temperature. However, for the range U ≈ 1, the exact prefactor164

5 (U) is unknown [31], therefore we use 5 (U) as a fitting parameter.165

Substituting the temperature 300mK into W for our experimental parameters, one gets W = 0.48.166

For so large fluctuations the barrier height even with zero bias current is comparable with noise167

intensity and the corresponding lifetime must be much smaller than measured in the experi-168

ment. If we use W as a fitting parameter together with 5 (U), we get the best fit for the following169

parameters: 5 (U) = 0.00035 seconds for all curves, �� = 26.5; 27; 28 nA, noise intensity170

W = 0.0137; 0.0112; 0.011 for temperatures 300, 200, 50mK, respectively. One can see that ��171

in this case corresponds to the measured values.172

Thus, the comparison of measurements and fitting shows that the average time between dark counts173

significantly exceeds the time predicted by Kramers’ theory, with mean values reaching hundreds174

of seconds and thousands of seconds in single measurements. If we believe, that it is the phase dif-175

fusion regime significantly suppresses the dark count rate, the next important question is to figure176

out how it influences the sensitivity to the photons. In order to do this we perform measurements of177

the detection probability as a function of the attenuator voltage of 9GHz photons in a 50ms pulse,178

incident on the sample area, for three values of bias current �, shown in Fig. 4.179

Left vertical axis shows the experimental data i.e., the number of detector counts to the total num-180

ber of pulses (200 pulses). The horizontal axis corresponds to the attenuation (output power) of181

the external high-frequency signal. For high incident photon fluxes, the detector switches for all182

200 pulses, i.e. counts all pulses. For smaller fluxes our experimental data show that for 2.5 orders183
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Figure 4: Detection probability of 9GHz 50ms pulses of different power (signal attenuation) for
different values of the bias current. Dashed lines indicate slopes with exponential factors 1, 2, 3,
respectively.

of magnitude, the detection probability decreases linearly (in a log scale) with the decrease of the184

incident power (average number of incident photons), and the probability slopes for various bias185

currents are well-fitted by � exp(−=1+) dependence, and are quantized. Here � and 1 are fitting186

parameters and 1 is the same for all three curves. This resembles the multi-photon detection [5],187

where for a smaller bias current (� = 23 nA), the slope is larger ≈ � exp(−31+) than for larger bias188

current ≈ � exp(−21+) for � = 25 nA and ≈ � exp(−1+) for � = 26 nA.189

Despite we see a consistent switching due to 9GHz signal even at 23 nA, at the moment we can-190

not estimate the absorption efficiency, because of the uncertainty in determination of losses in the191

twisted pair at the frequency 9GHz and of the absorption efficiency in the junction. Therefore192

we do not convert the attenuation to the power to avoid an additional insecure parameter. The ex-193

periments will be continued with better statistics and signal calibration to extract the number of194

detected photons. We expect that the sensitivity of the considered threshold detector will be de-195

creased in comparison with the situation without the phase diffusion, however new studies are re-196

quired to answer this question.197
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Conclusions198

In the present work, temporal and detecting characteristics of a low critical current Al Josephson199

junction have been studied experimentally. From measurements of switching current distributions200

and the dark count time intervals, the operation in a phase diffusion regime is evident. It is shown201

by comparison with the theory that the phase diffusion regime allows to significantly improve202

noise immunity of a device, radically increasing the mean time between dark counts. However,203

in the same way, the phase diffusion should decrease the single photon sensitivity of the considered204

threshold detector, which will be studied in future experiments.205

The detection probability versus attenuation voltage shows tail slopes quantization, which resem-206

bles a few-photon detection. The use of such a device for supersensitive detection has essential ap-207

plications. In particular, such a detector can be used in the task of searching the axions and measur-208

ing signals generated by quantum circuits at a frequency of 6-9GHz. In the future, it is supposed to209

improve the measurement setup and conduct research on the detection of test signals in the range of210

8-14GHz.211
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