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Abstract11

Here we experimentally test the applicability of aluminum Josephson junction of few microns size12

as a single photon counter in microwave frequency range. We have measured the switching from13

the superconducting to the resistive state due to absorption of 10 GHz signal. The dependence of14

the switching probability on the signal power suggests that the switching is initiated by simultane-15

ous absorption of three and more photons with the dark count time above 0.01 s.16

Keywords17

Josephson junction, microwave photons, single photon counter, thermal activation18

Introduction19

The development of a single photon counter (SPC) for tenths of GHz is demanded by several ap-20

plication fields, at least for the last two decades. The difficulty of this development is in the small21

energy scale: the energy of a photon of 10 GHz is just 7 yoctojoule (7 · 10−24 J). To realize the22
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detection, the photon must trigger a process, whose energy is of the order of this value (the differ-23

ence between initial and excited states). There are not many examples in solid-state physics with24

such energy scales. Moreover, another difficulty is that the spontaneous change of the state must be25

significantly less probable so that the detector could be in a waiting mode for a significant amount26

of time.27

The superconductor-insulator-superconductor (SIS) junctions have not previously been seriously28

considered for the role of detectors of single photons in the microwave range, despite the sporadic29

works showing such a possibility [1-7]. Recently, the interest to microwave SPC has been increased30

[8,9] due to new experiments of dark matter search [10-12] and the corresponding program, initi-31

ated by INFN in Italy [13-17].32

Our experiments show that typical aluminium Josephson junctions can indeed have a few-photon33

sensitivity in microwave frequency range, and a photon counter can be made on their basis. We use34

the metastable quasi-equilibrium state of a Josephson junction (JJ), which at low temperatures is35

stable enough for thermal fluctuations and quantum tunneling, but can be easily destroyed by ab-36

sorption of a single photon. We demonstrate few-photon sensitivity of our samples in a single-shot37

regime and outline the junction parameter range, where approaching of single photon sensitivity is38

possible.39

Results and Discussion40

In this section we describe our experimental setup, as well as the measurement results and compar-41

ison with theory.42

To study the dynamic of a SIS tunnel junction, we have thermally anchored the sample to the mix-43

ing chamber of a He3/He4 dilution refrigerator Triton 200 from Oxford Instruments. A block dia-44

gram of the experimental setup, including filtering and room temperature electronics, is shown in45

Fig. 1a. The sample (Fig. 1b) was mounted in an RF-tight box with a superconducting shielding on46

the coldest plate. The dc-bias wires were filtered with feed-through capacitors at room temperature47

and RC filters at the 10 mK cryostat plate, minimizing the effect of unwanted low-frequency noise.48
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Figure 1: (a) The scheme of measurement electronics with thermal anchoring and various filter-
ing stages. (b) The SEM image of the SIS junction. The top electrode is highlighted by magenta
colour, the bottom electrode (blue colour) has the same shape as the top one in the area of the
tunnel barrier. (c) The time diagram of the channels: current through the JJ, amplitude of the mi-
crowave signal and voltage across the JJ.

For a high-frequency experiment, a microwave signal was fed into the cryostat via a phosphor49

bronze twisted-pairs with attenuation of -15 dB per meter at 10 GHz and with a loop antenna near50

the JJ. The RF signal from the external microwave synthesizer was attenuated using constant at-51

tenuators from 2 dB to 30 dB and voltage controlled room-temperature attenuator, preliminarily52

calibrated with a commercial spectrum analyzer. The high-frequency signal was varied from a high53

power at which the photon assisted tunneling steps are well pronounced at the IV-curve [18], to a54

3



low power whose presence can be observed only in the switching probabilities and in the decrease55

of the superconducting state lifetime.56

The time traces of setting a current and an external microwave signal to measure the switching57

probability as a function of power are shown in Fig. 1c. First, the current through the junction is58

increased up to the required value by sin2 law [19] to realize a quasi-adiabatic ramping, then the59

microwave signal is turned on for a fixed time slot. Due to strong attenuation of harmonic signal,60

the microwave pulse represents sequence of single photons, pairs, triples and so on, which obey61

Poisson distribution [20,21]. After turning off the signal, the state of the JJ is checked. Depend-62

ing on whether the JJ is in the resistive or superconducting state, the unity or zero is added to the63

switching probability, respectively.64

We begin our consideration of the Josephson junction as a photon counter with its current-voltage65

characteristic (see Fig. 2a) and the determination of the critical current. All further analysis of ex-66

perimental results and understanding of the energy relations of the JJ in comparison with the en-67

ergy of photons (see Fig. 2b) depends on the accuracy of determining the critical current. The Al68

Josephson junction with the area 60𝜇𝑚2 and with the critical current 𝐼𝑐 ≈ 8.6 𝜇A has been mea-69

sured, see the SEM image of the sample in Fig. 1b. Due to rather low noise measuring environ-70

ment, used before for THz receiver applications [22,23], one can see in Fig. 2a a typical current-71

voltage characteristics (IVC) with the critical current, close to a theoretical value [24]. Besides, a72

subgap structure is visible at the inverse branch of the IVC. Such a structure with peculiarities in73

the differential resistance at voltages 2𝛿/𝑛 was calculated theoretically for normal metal links be-74

tween two superconductors as multiple Andreev reflections [25] and observed in experiment both75

for SNS and SIS junctions [26].76

In difference with smaller junctions [7], where the phase-diffusion regime is possible [27-32], the77

analyzed junction demonstrates a typical behavior [4,33], i.e. a monotonic increase of the switch-78

ing current distribution width with the rise of the temperature, see Fig. 3. For the switching current79

measurements, the bias current of the junction was ramped up at a constant rate. The voltage was80

measured using a low noise room-temperature differential amplifier AD745 and was fed to a high-81
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Figure 2: (a) The current-voltage characteristics of the Josephson junction with 𝐼𝑐 = 8.6 𝜇A at
50 mK. The red point indicates the state of JJ in a “waiting” mode, the arrow shows a jump to the
resistive state after absorption of photons. (b) The potential profile at the bias current 8.15 𝜇A.
Energy of 1 and 5 photons are shown by lines relative to the minimum energy level. Under these
conditions, the JJ switches with probability 1 if 5 photons are absorbed simultaneously (q[5] = 1),
and with probability 0.13 if 4 photons are absorbed (q[4]=0.13). These probabilities are obtained
from the fitting of experimental data, see Fig. 5 below. The scale of the effective thermal fluctua-
tion energy is given by black arrows for 𝑇 = 265𝑚𝐾 (see the main text).

speed NI ADC card. The switching current histograms were collected in the temperature range82

between 1 K and 30 mK. The dependence of their width on temperature is shown in Fig. 3. It is83

interesting to note the crossover temperature to the quantum regime of about 250 mK, which is84

somewhat lower than in [33] for junctions with larger critical currents.85

As known, the switching current to the resistive state depends on the sweep rate, therefore, its86

value is underestimated in dc measurements. The upper limit is given by the BCS expression87

1.75𝑘𝑇𝑐/(𝑒𝑅𝑁 ) [24], which depends on the critical temperature of the electrodes and the normal88

resistance of the tunnel barrier only. This maximum possible critical current is difficult to achieve89
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Figure 3: The width of the switching current distribution of the Josephson junction. One can see
a standard behavior when the distribution width grows monotonically with increase of the tem-
perature. Here the violet dashed line shows the quantum regime and the red solid curve shows the
thermal activation regime.

in real junctions. In our opinion, the most reliable way to determine the critical current is to com-90

pare the experimental lifetime as a function of the current with the lifetime calculated using numer-91

ical simulations [34,35] in the frame of the resistively-capacitively shunted junction (RCSJ) model92

[24]. It is important to use the RCSJ model in the temperature range where it is valid, i.e. above the93

crossover temperature in the quantum regime.94

The lifetime (dark count time) measurements are organized as follows. The current through the95

junction is quasi-adiabatically ramped up to a given value. After reaching the required bias current,96

the countdown of lifetimes begins until the moment of jumping to the resistive branch. This cycle97

is repeated 100 - 200 times to collect statistics, after which the average value of the switching time98

and its standard deviation are calculated.99

Since the considered Josephson junction is standard and there is no phase diffusion regime ob-100

served (see Fig. 3), there is no mixed mode of operation, where a part of the time there are short101

voltage pulse due to escapes to the adjacent potential minima, and a part of the time the voltage is102

zero. This makes it easier to determine the lifetime in the numerical model. In this case, the JJ is103

considered to be switched if the phase exceeds a certain threshold value, usually chosen to the right104

of the position of the nearest maximum of the potential for a given bias current.105

The need to use numerical simulation is due to the fact that in the experiment we are limited by the106
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Figure 4: The lifetime the junction versus bias current at temperatures 50 mK (green), 300 mK
(orange), 600 mK (red). Here fitting is performed using the approximate Kramers’ formula (1)
(dashed curve) and using the numerical solution of the Langevin equation with noise (solid curve).
In the latter case the agreement is rather good.

time constant of the filters that provide suppression of external interferences. As a result we cannot107

measure switching times faster than the time constant, which in our case is about 1 ms. To obtain108

shorter times, we numerically solve the Langevin equation with noise source [34,35] in the frame109

of RCSJ model, which has been proven for classical JJs in the thermal regime [24]. Its applicability110

is also confirmed for our case by a good overlap with the experimental data.111

It is seen from Fig. 4 that the experimental points at 300 and 600 mK agree well with the simula-112

tion results if the parameters for numerical calculations are 401 mK, Ic = 8.536 𝜇𝐴 and 575 mK,113

Ic = 8.51 𝜇𝐴, respectively. It is interesting to note that even the curve for 50 mK is well fitted if the114

critical current is set to 8.586 𝜇𝐴 and the temperature is 265 mK, which is close to the crossover115

temperature, deduced from Fig. 3. For the same parameters, the lifetime was calculated with a116

well-known Kramers’ formula [36-41], modified for intermediate damping values [42,43]:117

𝜏 =
𝑎𝑡 exp (Δ𝑢/𝛾)
(1 − 𝑖2)1/4

, 𝑎𝑡 = 4
(√︂
1 + 𝛼𝛾

3.6
√
1 − 𝑖2

+ 1
)−2

(1)118

The used notations are: 𝑖 = 𝐼𝑏𝑖𝑎𝑠/𝐼𝐶 is the dimensionless bias current with the bias current 𝐼𝑏𝑖𝑎𝑠119
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and the critical current 𝐼𝐶 , Δ𝑢 = 2
√
1 − 𝑖2 + 2𝑖(arcsin(𝑖) − 𝜋/2) is the potential barrier height,120

𝛾 = 𝐼𝑇/𝐼𝐶 is the noise intensity, and 𝐼𝑇 = 2𝑒𝑘𝑇/ℏ is the fluctuational current which can be cal-121

culated as: 𝐼𝑇 [𝜇A] = 0.042𝑇 [K] [24] for a given temperature 𝑇 . Note that, the thermal current is122

2.1 nA for 50 mK and 21 nA for 500 mK, respectively. The investigated junction also demonstrates123

a typical Kramers’ dependence of the lifetime, see Fig. 4, but the analytical estimates (1) give an124

underestimated lifetime compared to a more accurate numerical calculation.125

Thus, the critical current at a temperature of 50 mK was determined as 8.586 𝜇𝐴. For this 𝐼𝑐 value,126

the tunneling time versus the bias current was calculated, which is believed to be the reason that127

below the crossover temperature, the lifetime stops changing. The results are shown as a solid128

blue curve if the tunneling occurs from the minimum of the potential profile [43], and as a dotted129

blue curve – if from the zero energy level [44]. As can be seen, these curves have a steeper slope130

than the experimental lifetime at 50 mK. This may indicate that we do not reach the true quantum131

regime, and the lifetime stops changing with decreasing temperature due to either residual low fre-132

quency interference or overheating. Additional experiments are planned to determine this issue.133

The absorption of a photon increases the energy of a JJ by a certain value and may result in switch-134

ing into the resistive state. There are several frequency ranges of effective detection may exist [34]135

due to resonant activation and the most efficient switching occurs at signal frequencies of 0.6 from136

𝜔𝑝 = (2𝑒𝐼𝑐/ℏ𝐶)1/2 [35], which is fully consistent with the parameters of the considered experi-137

ment. In the current work we measure the probability of switching initiated by 10 GHz signal with138

a fixed duration 𝑡𝑝𝑢𝑙𝑠𝑒 = 0.05 s. The plasma frequency of the junction is 15.6 GHz, while at the139

bias current of 815 µA, where we presumably see three-photon sensitivity, the resonant frequency140

𝜔𝑟 of the Josephson junction oscillation circuit 𝜔𝑟 = 𝜔𝑝 (1 − 𝑖2)1/4 is 8.8 GHz.141

The statistics of switching versus an absorbed power is illustrated in Fig. 5a,b for several bias cur-142

rents and temperatures 50 and 500 mK, respectively. Each curve in Fig. 5 has been collected with143

(200 − 104) averages of switching events.144

The experimental results in Fig. 5a,b can be reproduced using the Poissonian distribution of pho-145
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tons [18]:146

𝑝𝑠𝑤 = 1 − (1 − 𝑝𝛿𝑡)𝑀 ,

𝑝𝛿𝑡 = 𝑒
−𝑁

(
𝑞 [0] + 𝑞 [1]𝑁 + 𝑞 [2] 𝑁22! + 𝑞 [3]

𝑁3

3! + . . .
)
,

(2)147

where 𝑀 is the number of attempts, 𝑞 [0] is the probability of the erroneous detection without a148

photon, and 𝑞 [1], 𝑞 [2], 𝑞 [3] are the detection efficiencies of 1, 2, 3, etc., photons. The slope of the149

fitting curves is set by the number of photons, triggering the switching. The position on the power150

axis is determined by the effective system response time 𝑑𝑡 and by the efficiency of switching 𝑞.151

The fitting curves in Fig. 5a are obtained with 𝑑𝑡 = 0.3 ns for slope 3 and 𝑑𝑡 = 5.7 ns for slope 15.152

The curve with slope 3 fits the experimental data for the bias current 8.15 𝜇A quite well if q-array153

is [5 ·10−10, 5 ·10−10, 5 ·10−10, 0.002, 0.13, 1, 1, ...]. Therefore, the probability to switching due154

to the absorption of 3 photons is 0.002. In Fig. 2b the barrier height is compared with the energy155

of one photon. The potential profile is calculated for the critical current 8.586 𝜇A. The photon156

frequency and energy are 10 GHz and 6.8 · 10−24 J. The energy of 3 and even 5 photons are less157

than the barrier height. However, the switching may still happen due to either resonant tunnelling158

or resonant activation effects [17,34,35,43,45].159

With the critical current 8.586 𝜇A, the barrier height for bias currents in the range (7.5 − 8.08) 𝜇A160

equals to the energy of (35−11) photons. This number is quite close to the number we get from the161

fitting of probability versus power slopes: (15 − 3). Even if the total energy of absorbed photons is162

less than the barrier height, the probability to switch to the resistive state by tunneling increases163

significantly.164

In Fig. 5 one can see how the switching probability evolves with increasing temperature from 50165

mK to 500 mK. The difference is not very large because at 50 mK the effective temperature was166

rather 265 mK, according to numerical simulations, and the thermal current at 500 mK is much167

smaller than the critical current. There is still 3-photon sensitivity with efficiency 0.01 but for a168

slightly lower bias current 8𝜇𝐴. Curves for other bias currents can be fitted with slopes 4, 5, 6, 9169

and 12.170
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The small difference between results at 50 mK (265 mK) and 500 mK can be understood from171

Fig. 2b. The superconducting gap decreases by a few percent due to temperature increase from 265172

to 500 mK according to BCS model. It leads to the minor decrease of the JJ critical current. Thus,173

the qualitative picture remains the same for 265 and 500 mK: the height of the potential barrier is174

still several times larger than the thermal energy and the energy of single 10 GHz photons.175
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Figure 5: The switching probability of JJ versus power of the signal (with duration 50 ms) for dif-
ferent bias currents. The dots with error bars are experimental data. For each switching event, the
system was first prepared in the initial state by quasi-adiabatically ramping the bias current during
0.05 s. If the microwave signal caused a switching to the finite voltage state during the driving
pulse, such event was counted as 1, and 0 otherwise. (a) T = 50 mK. The orange dots are for the
bias 8.15 𝜇A. The red fitting curves are obtained with formula (2). (b) T = 500 mK. The green
fitting curves are obtained with formula (2).

Conclusions176

We have presented an experimental study of a Josephson junction with the area 60 𝜇𝑚2 and the177

critical current 8.6 𝜇𝐴 for application as a single photon counter in microwave frequency range.178

Using a strongly attenuated 10 GHz harmonic signal with Poisson distribution of photons as the179

photon source, three-photon sensitivity with efficiency 0.002 and the dark count time 0.02 s has180

been shown.181

From the analysis of the lifetime we see that there is a room for improvement of the sensitivity if182
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residual low frequency noise or overheating of the junction could be decreased. The source of the183

issue and the way of its suppression need to be investigated in further experiments.184

Comparing the obtained results for the considered sample and small area junctions [7,18], we can185

conclude that the optimal critical current range, allowing improving both sensitivity and dark count186

time, lie in the area of hundreds nA critical current junctions as predicted in [6]. Such junctions are187

now currently being measured.188

Table 1: Parameters of the JJ.

parameter experiment fit
𝐼𝑐 [nA] 8160 8586
𝑅𝑁 [Ω] 29 29
𝐶 [fF] 2700 2700
Area [𝜇m2] 60 –
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