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H I G H L I G H T S

∙ We developed a calibration system for the C-band wavelength using laser pulses.

∙ Initial states were generated via laser by switching acoustic optical module.

∙ Input state photon statistics were evaluated by a second-order correlation function.

∙ Wavelength-dependent detection efficiency was precisely determined.

∙ Detection efficiency was evaluated by comparing experimental and simulation values.

A R T I C L E I N F O
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A B S T R A C T

Photon-number-resolving detectors face strict demands regarding detection efficiency to meet the needs of quan-

tum information processing. We constructed a system that can accurately evaluate system detection efficiency of 

a photon-number-resolving detector. We generated an optical pulse containing an arbitrary number of photons 

for the initial states by attenuated laser light; this pulse was used to evaluate the detection efficiency of the device 

under test. To generate this pulse, we modulated a continuous wavelength tunable laser using an acoustic optical 

modulator. From the photon statistics of the initial states, we found a second-order correlation function that was 

almost 1 at any wavelength, and these photon statistics followed a Poisson distribution. For the device under 

test, we evaluated the detection efficiency of a transition edge sensor and we employed two methods to calculate 

the number of detected photons. This value was calculated based on each photon state (method 1) or based on 

the zero photon state by assuming a Poisson distribution (method 2). Although the results of both methods were 

comparable within the range of uncertainty, method 2 yielded smaller uncertainty than method 1. We found that 

the wavelength-dependent detection efficiency was explained by the photon absorptance characteristics of the 

device under test. Additionally, the system detection efficiency varied from approximately 87 % to 93 %, and 

the expanded uncertainty values of methods 1 and 2 were 4.1 % and 1.5 %, respectively. This system enables the 

accurate evaluation of quantum states of photons at various wavelengths.

1. Introduction

The quantum light source and the photon-number-resolving detector 

(PNRD) are essential elements for the quantum information processing 

[1–4] and quantum communication [5–7]. Quantum light sources such 

as single-photon sources and squeezed light sources are utilized to gener-

ate non-classical states of photons, but necessitate high performance. For 

example, a second-order correlation function of a single-photon source

must be nearly zero, and the squeezing level of a squeezed light source 

must be at least 12.8 dB to realize quantum error correction [8]. When 

evaluating these quantum light sources, the photon detection technology 

is also important. For example, PNRDs such as transition edge sensors 

(TESs) are also utilized to distinguish the number of photons accurately 

[9,10]. Therefore, TESs are expected to be valuable in the fields of quan-

tum optics, and are already used in optical quantum computers to detect 

photons from the squeezed light source [4,11]. In studies in this field,

∗ Corresponding author at: National Institute of Advanced Industrial Science and Technology, 1-1-1, Umezono, Tsukuba, 305-8563, Ibaraki, Japan.

Email address: t.joudoi@aist.go.jp (T. Jodoi).

https://doi.org/10.1016/j.optlastec.2025.113414 

Received 9 February 2025; Received in revised form 21 May 2025; Accepted 18 June 2025

Optics & Laser Technology 192 (2025) 113414 

Available online 25 July 2025 
0030-3992/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

http://www.sciencedirect.com/science/journal/0030-3992
https://www.elsevier.com/locate/JOLT
https://orcid.org/0000-0002-3794-6866
https://orcid.org/0000-0001-9340-5389
https://orcid.org/0000-0001-6712-5658
https://orcid.org/0000-0003-0555-4320
https://doi.org/10.1016/j.optlastec.2025.113414
Mailto:t.joudoi@aist.go.jp
https://doi.org/10.1016/j.optlastec.2025.113414
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2025.113414&domain=pdf
http://creativecommons.org/licenses/by/4.0/


T. Jodoi, T. Tsuruta, M. Rajteri et al.

Fig. 1. The principle of operation of a TES: The TES is voltage-biased in 

superconducting-normal transition region through electrothermal feedback. 𝑅 sh, 

shunt resistance; 𝐼 sh 

, current flowing through shunt resistance; 𝐿, kinetic induc-

tance; 𝑅 TES 

, the resistance of TES at bias point; 𝐼 TES 

, current flowing through 

TES; When a photon is absorbed by the TES, it increases the resistance of the 

TES and generates a current change Δ𝐼 TES 

. This current change generates signals 

from which we obtain the photon number distribution.

the accurate evaluation of photons from a quantum source requires high 

performance photon detectors. Broadband light sources have also at-

tracted attention for the generation of quantum entangled pairs, which 

are an essential part of quantum information processing [12,13]. For 

these reasons, PNRDs, such as TESs, must also have broadband high de-

tection efficiency according to the wavelength of the photon sources. 

Therefore, accurate investigations of the wavelength-dependent detec-

tion efficiency of TES devices at telecommunication wavelengths are 

increasingly important. A TES is a highly sensitive microcalorimeter 

used to detect photons directly through steep resistance changes in the 

transition area (Fig. 1). The TES is voltage-biased at the superconducting 

transition, and when a photon is absorbed by the TES, the temperature 

of the TES increases according to the photon’s energy. This tempera-

ture increase causes a rise in resistance, which is detected through the 

change in current across the TES. TESs have promising performance, 

exhibiting up to 100 % quantum efficiency, sensitivity to broadband 

wavelengths, and accurate distinguishment of photons. For these rea-

sons, TESs are expected to be used for many applications, such as 

bioimaging [14,15], quantum information processing and communica-

tion, optical sensing, and astronomy [16,17]. In principle, a TES can 

measure the number of photons in a monochromatic light pulse and dis-

tinguish various photon number distributions from these measurement 

results. To accurately evaluate the photon number states in pulses, it is 

necessary to develop a measurement system with high system detection 

efficiency (SDE). SDE is defined by the probability of indicating a detec-

tion event of one photon incident upon the detector’s input plane [18]. 

In the case of PNRDs such as TESs, it is necessary to obtain an accurate 

average number of detected photons based on the response from the 

photon number distribution of the TES and the number of input pho-

tons at relevant wavelengths in order to calculate detection efficiency 

accurately. Furthermore, a high SDE is also important for quantum in-

formation processing. A PNRD must have an SDE of almost 100 %, a 

0 % dark count rate, and photon-number-resolving ability at commu-

nication wavelengths. A TES in which an optical cavity is embedded 

for high photon absorption is one of the promising PNRDs to meet these 

strict requirements. However, the photon absorption performance of the 

cavity should still be well characterized for the application. To date, high 

photon absorption efficiency in TESs with detection efficiency exceed-

ing 95 %, has already been achieved using an optical cavity [19–21]. 

To achieve higher SDE by TES with optical cavity, it is necessary to im-

prove the measurement system at C-band. In this paper, we report the 

dependence of the system detection efficiency on the wavelength us-

ing pulsed light generated from continuous-wave laser in the C-band. 

To investigate the wavelength-dependent detection efficiency, we de-

veloped a calibration system with a wavelength-tunable pulsed laser

source, composed of an external cavity diode laser (ECDL) and acoustic

optical module (AOM). We generated an optical pulse with an arbitrary 

average number of photons as the initial input state, and fed this sig-

nal into the device under test (DUT), which was a PNRD coupled via an 

optical fiber. We identified the system detection efficiency based on the 

photon number distribution from the response of the DUT and initial 

input state. Additionally, we evaluated the photon number distribution 

obtained from the DUT and the stability of laser power to ensure the va-

lidity of the generated initial input state. To clarify the initial input state, 

we evaluated this calibration system with 𝑔 

(2) , a Poisson distribution, 

and Allan variance. Furthermore, we calculated the detection efficiency 

for each wavelength and evaluated the wavelength dependence, com-

paring it to simulation results. We show the experimental setup and 

the detection efficiency results in the C-band. The rest of this paper is 

structured as follows. Section 2 describes our experimental methods, 

while Section 3 presents the results. Section 4 discusses these find-

ings. Finally, Section 5 summarizes the paper and provides concluding 

remarks.

2. Experimental methods

In this experiment, we used superconducting bilayer films of tita-

nium and gold in the TES, embedded in an optical cavity designed for 

use in the C-band. The design and performance of this TES are summa-

rized in Table 1. The TES has a reasonable energy resolution of 0.38 eV. 

Supplementary Appendix A shows the influence of energy resolution 

on the uncertainties of this measurement system. From this appendix, 

we found that this energy resolution is enough to resolve photon num-

bers for C-band wavelength photons corresponding to 0.8 eV/photon. In 

addition to this, we employed UHNA7 optical fiber to improve the align-

ment between the sensitive area of TES and optical fiber. The 12 µm 

square size effectively matches the mode field diameter of the optical 

fiber coupled to the TES. Fig. 2(a) shows the experimental measure-

ment setup used in this study. To generate laser pulses including some 

number of photons as an input photon state for the DUT, we first ap

ply a continuous wavelength (CW) laser source. In this study, the CW 

laser source was a tunable wavelength laser based on an ECDL, which 

covers the wavelength range from 1510 nm to 1570 nm. The spectrum 

width of the ECDL source is typically 0.1 nm. However, its spectrum 

also includes an amplified spectrum emission (ASE), which ranges from 

1470 nm to over 1600 nm; this would affect the accuracy of the power 

measurement performed by a reference detector. Therefore, to remove 

the ASE, we used a tunable bandpass filter (BPF) with a transmission 

bandwidth of 1 nm by adjusting its center wavelength to the emission 

line of the ECDL. After passing through the BPF, the laser light is divided 

into two paths using a fiber coupler, and the spectrum of one branch is 

monitored by a spectrum analyzer. Fig. 2(b) shows the spectra with and 

without BPF, showing the successful removal of the ASE with an ex-

tinction ratio of 19.9 dB. Next, we used an AOM to chop the CW laser 

to generate laser pulses. Fig. 2(c) shows the results of time-dependent 

pulse shape measurement using a high speed photodiode, showing that 

the full width at half maximum (FWHM) of the pulse was 11.3 ns. The 

extinction ratio of the AOM was measured as −32 dB, which was within 

the uncertainty of the power measurement. Supplementary Appendix B 

shows the influence of the extinction ratio on this measurement sys-

tem with changing the repetition frequencies and wavelengths. In this

Table 1 

The design and performance of this TES.

Design TES size 12 µm × 12 µm

Material Ti 22 nm/Au 15 nm

Performance Transition temperature 0.340 K

Time constant 597 ns 

Energy resolution 0.38 eV

-
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Fig. 2. (a) The setup of our measurement system. We pulsed a continuous wave 

from the ECDL and BPF via AOM switching. ECDL, external cavity diode laser; 

BPF, band pass filter; AOM, acoustic optical module; VOA, variable optical at-

tenuator; TES, transition edge sensor. (b) Outputs from the ECDL at 1550 nm. 

The BPF reduced noise approximately 19.9 dB over 1560 nm. (c) The pulse being 

converted by the AOM. The 𝜏 FWHM of this pulse is 11.3 ns.

experiment, the repetition frequency is all set to 100 kHz for any wave-

lengths. Therefore, we found that the extinction ratio is negligibly small 

compared to the uncertainty of the power measurement in the refer-

ence detector. Finally, the laser pulses were sent to a power meter via 

a variable optical attenuator (VOA). The power meter was calibrated to 

our national standard, and the measured power is a very important pa-

rameter for the extraction of the input photon number. After the power 

measurement, we heavily attenuated the laser pulses using the VOA to 

set a certain average number of photons. Then, we switched the opti-

cal fiber to send the prepared input photon states to the DUT using the 

same optical fiber. We recorded observed signal pulses from the DUT and 

obtained their photon number distributions. The photon number distri-

bution is fitted with the sets of Gaussian functions to derive the detection

Fig. 3. (a) The relationship between 𝑔 

(2) and the wavelength. 𝑔 

(2) is nearly 1 at 

any wavelength, and it was confirmed that the pulse in our measurement system 

follows a Poisson distribution. The standard uncertainties were deduced from the 

uncertainties of 𝑃 (𝑛) at each photon state. (b) The relative Allan deviation with 

averaging time. This value is 0.05 % at most, which is not significant relative to 

the total uncertainty of the detection efficiency measurement.

probabilities for each photon state, which results in the detected aver-

age photon number. Finally, we calculated the detection efficiency by 

dividing the detected average photon number by input average photon 

number.

It is worth considering what kind of photon statistics could be ex-

pected with these heavily attenuated and AOM-chopped laser pulses for 

a specific DUT, such as a TES. To clarify this point, we evaluated an 

(2)autocorrelation function by measuring 𝑔  

 values using the TES. In the 

(2) (2) (2) 2photon  

 𝑔  

 number states,  can be described as 𝑔  

 =  

 𝑛 ∕⟨𝑛exp 

 

⟩ , where

𝑛 

(2) =
∞
∑

𝑛=2

𝑛!
(𝑛−2)!𝑃 (𝑛), ⟨𝑛 exp 

⟩ =
∞
∑

𝑛=0
𝑛𝑃 (𝑛), and 𝑃 (𝑛) is the probability of

photon state 𝑛 in a certain photon distribution. To evaluate the depen-
(2)dence of 𝑔  

 values on the wavelength, we measured the photon number 

distributions with the TES as an average incident photon number of 3 

photons/pulse in different wavelength ranges from 1510 nm to 1570 nm 

in steps of 10 nm. Fig. 3 (2)(a) shows the obtained 𝑔  

 dependence on the 

wavelengths with error 

(2)bar.  

 As shown, 𝑔 is close to 1 in all wavelength 

regions, which indicates that the photon statistics of the prepared input 

state obey a Poisson distribution. Additionally, we evaluated the stabil-

ity of the laser power of the prepared input photon state. We measured 

the average laser power at intervals of 1 s and deduced a relative Allan 

deviation, which is a ratio between the Allan deviation and the aver-

age measured power, as shown in Fig. 3(b) [22,23]. The relative Allan 

deviation is below 0.05 % in the integration time up to 10 

3 s, which

is not significant relative to the total uncertainty of the detection ef-

ficiency measurement. Still, we ensured that all measurements, such as 

determination of laser power, switching of the optical fiber, and the DUT

Optics and Laser Technology 192 (2025) 113414 
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measurement were finished within five minutes to minimize laser power 

drift during these procedures.

The average number of input photons is expressed by

𝜇 

′ 

in 

= 𝑃 ref × 10− 

𝐴
10 × 1

𝑓 

× 𝜆
ℎ𝑐

(1)

where 𝑃 ref is the value of the reference detector, 𝐴 is the value of the at-

tenuator expressed in dB, 𝑓 is the repetition frequency of the laser pulses,

ℎ is the Planck constant, 𝑐 is the speed of light, and 𝜆 is the wavelength of 

an input photon. However, in this experiment, it is necessary to consider 

a power difference due to reflection on the fiber end face in the mea-

surement of 𝑃 ref. When measuring the power using a reference detector, 

the laser light enters the air from the optical fiber before reaching the 

power meter; thus, optical reflection occurs at the fiber end owing to the 

refractive index difference. In contrast, when we introduce photons to 

the TES, we connect fiber to fiber, and no reflection occurs at the fiber 

end faces. For that reason, we need to clarify the extent to which the 

laser power is reflected at the end face. We should consider the effect 

of the reflection R ref 

to determine the correct average number of pho-

tons in the prepared input photon state; thus, Eq. (1) can be modified to 

obtain the following equation:

𝜇 in 

= 𝑃 ref × 10− 

𝐴
10 × 

1
𝑓

× 

𝜆
ℎ𝑐

× 

1
1 − R ref 

(2)

This R ref 

can be evaluated by using a circulator, fiber-optic retro-

reflector, and optical absorber, and we determined the R ref in this 

calibration system was 3.86 %. In the following detection efficiency de-

termination experiments, we used the Ti/Au optical TES with a 12 µm

× 12 µm sensitive area, as described in Table 1. We irradiated the TES 

𝑁 = 10 

4 times to construct the photon number distributions observed in 

the TES. From the photon number distributions, we deduced an average 

photon number 𝜇 det , and finally, we determined the detection efficiency 

of the DUT 𝜂 as

𝜂 = 𝜇 det ∕𝜇 in 

(3) 

3. Results and calculation methods

As discussed in Section 2, we calculated the average number of pho-

tons detected by the TES using the prepared input photon state. Fig. 4(a) 

shows the typical response signals of the TES upon irradiating the input 

state at the wavelength of 1550 nm. The pulse heights of the signals are 

discretized; these heights correspond to the detection events with the 

photon number 𝑛. Fig. 4(b) shows the histogram of a photon number dis-

tribution constructed by extracting the pulse height from each response 

signal. From this distribution, we can deduce the detection probability 

𝑃 (𝑛) of the photon number of state 𝑛 as

𝑃 (𝑛) = 𝑆(𝑛)∕𝑁 (4)

where 𝑆(𝑛) denotes the counts of the 𝑛-th peak event, and 𝑁 denotes the 

counts of total events (for our case, 𝑁 = 10 

4 ).

Using Eq. (4), we can easily derive the average photon number in the 

observed photon number distribution as

𝜇 det =
𝑛 max
∑ 

𝑛=0
𝑛𝑃 (𝑛) (5)

However, Eq. (5) requires additional consideration because it is neces-

sary to determine which photon numbers of 𝑛 max 

should be considered. 

To solve this problem, we have employed two methods and compared 

the results.

3.1. Method 1: maximum photon number truncation method

First, we define the maximum photon number state 𝑛 max 

and trun-

cate the events of 𝑛 ≥ 𝑛 max. As discussed in Section 2, the photon number

Fig. 4. (a) This figure shows the signals obtained from the TES, when triggered 

by light pulse. These signals indicate that the TES can accurately distinguish each 

photon. (b) This graph shows the histogram of the pulse amplitudes with multi-

Gaussian fitting. We used the fitting function on the photon number distribution 

to obtain the possibility and standard deviation of each photon state. We defined 

the maximum photon states according to a Poisson distribution.

distribution of the prepared input state follows a Poisson distribution. 

Therefore, it is a good approximation to assume that the photon number 

distribution measured by the TES also obeys a Poisson distribution. The 

Poisson distribution is expressed by 𝑃poisson (𝑛|𝜇) = (𝜂𝜇) 

𝑛 exp(−𝜂𝜇)∕𝑛!, 
where 𝜂 is the expected detection efficiency, 𝜇 is the mean photon 

number of the TES, and 𝑛 is the number of photon states. From this 

equation, we adopt the maximum number of photon states 𝑛max 

 

, which 

satisfies

𝑛 max
∑ 

𝑛=0
𝑛𝑃 poisson(𝑛|𝜇) ≥ 0.995 (6)

We adopted 𝑛 max 

= 9 as a typical value at the incident photon number 

of 3 photons/pulse. In order to calculate the 𝑃 𝑛 

on Eq. (5), we fitted the 

photon number distribution using the formula of the sum of Gaussian 

fitting. The fitting function is as follows:

𝑓 (𝑥) =
𝑛 max
∑

𝑛=0

𝑆(𝑛)
√

2𝜋𝜎𝑛
exp 

(

− 

(𝑥 − 𝑏 𝑛 

) 

2

2𝜎 

2
𝑛

) 

(7)

where b is the median and 𝜎 is the standard deviation. In Fig. 4(b), 

the result fitted using Eq. (7) is also shown as a black solid line. 

From this Gaussian function, the number of photons at each pho-

ton state is expressed by 𝑆(𝑛) = 

√ 

2𝜋A 𝑛 

𝜎 𝑛, where A 𝑛 

is the ampli-

tude of the Gaussian distribution and 𝜎 𝑛 

is the standard deviation

at 𝑛 photon states. Additionally, we calculated the standard error as

Δ𝑆(𝑛) = 

√

2𝜋((𝛿A𝑛 

𝜎 𝑛) 

2 + (A 𝑛 

𝛿𝜎 𝑛) 

2 )
 

, where Δ𝑆(𝑛) is the standard error

Optics and Laser Technology 192 (2025) 113414 
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Table 2

The average number of detected photons with uncertainty from each method.

The unit of 𝜇 det is photon/pulse.

Wavelength 𝜇 det with Δ𝜇 det on Eq. (5) 𝜇 det with Δ𝜇 det on Eq. (9)

(nm) (photon/pulse) (photon/pulse)

1510 2.68 ± 0.05 2.68 ± 0.02

1520 2.76 ± 0.06 2.77 ± 0.02

1530 2.89 ± 0.04 2.85 ± 0.02

1540 2.97 ± 0.05 2.97 ± 0.02

1550 3.03 ± 0.04 3.05 ± 0.02

1560 3.10 ± 0.04 3.10 ± 0.02

1570 3.05 ± 0.07 3.08 ± 0.02

at 𝑛 photon states. The uncertainty of each photon state is expressed by 

Δ𝑃 (𝑛) = Δ𝑆(𝑛)∕𝑁 . From these equations, we calculate the uncertainty 

of this method using the root sum squared:

Δ𝜇 det 
2 =

𝑛 max
∑ 

𝑛=0
(𝑛×Δ𝑃 (𝑛)) 

2 + 

( 

(𝑛 max + 1)× 

( 

1 −
𝑛 max
∑

𝑛=0
𝑃 (𝑛) 

)

) 2

(8)

We deduce the 𝜇 det and uncertainty of this method Δ𝜇 det from Eqs. (5) 

and (8), and Table 2 shows the average number of detected photons at 

each wavelength.

3.2. Method 2: zero photon probability method

In the second method, we calculate the observed average photon 

number from the zero photon state. As discussed in Section 3.1, it is 

a good approximation to assume that the photon number distribution 

of the TES follows a Poisson distribution. Therefore, we can directly 

calculate it from the following equation:

𝜇 det = − log 𝑃 (0) (9)

where 𝑃 (0) is the detected probability of the zero photon state. We can 

also calculate the uncertainty of method 2 through the use of uncertainty 

at the zero photon state:

Δ𝜇 det = Δ𝑃 (0)∕𝑃 (0) (10)

From Eqs. (9) and (10), we can also calculate the detected photons and 

uncertainty of this method at each wavelength, with the results shown 

in Table 2. From these results, we found that both methods yield the 

same value regarding the number of detected photons. However, the 

uncertainty Δ𝜇 det differs between methods. In method 1, we truncate 

the photon number states according to the maximum photon number 

state, and there is uncertainty at each photon state according to Eq. (7).

Fig. 5. Cross-sectional view of this TES with optical cavity.

In contrast, method 2 does not involve truncation, and we do not need to 

consider uncertainty other than that at the zero photon state. Therefore, 

the uncertainty of method 2 is smaller than that of method 1.

4. Discussion

In this section, we discuss how the detection efficiencies 𝜂 obtained 

by the two methods can be validated and matched to the expected val-

ues. The TES used in the detection efficiency calibration was designed 

to have high photon absorption efficiency through the use of an optical 

cavity, which consisted of stacked layers of dielectric films of Ta 2 

O 5 

and 

SiO 2 

and a gold reflection mirror, as shown in Fig. 5. The optical absorp-

tion performance can be calculated based on the refractive indices and 

thicknesses of these films [20].

To evaluate this calibration system, the uncertainty of each com-

ponent in the system must be calculated. Thus, we evaluated the 

uncertainty of the reference detector and optical attenuator. We cali-

brated the reference detector by using a trap detector following national 

standards. Thus, we also investigated the calibration uncertainty and lin-

earity of the trap detector, as well as the calibration uncertainty of the 

reference detector. Additionally, the laser stability must be considered 

as a component of the uncertainty. As described in Section 3, we ob-

tained the laser stability using the Allan variance. The maximum value 

of the Allan variance was 0.05 %, and we used this maximum value as 

the uncertainty of this laser. When introducing photons to the TES, we 

attenuated the power using the VOA. We must also consider the uncer-

tainty of this attenuation value. From these experimental data, we found 

that the maximum uncertainty of this attenuator was 0.24 %. Finally, 

we combined these uncertainty values with the uncertainty Δ𝜇 det ∕𝜇 in 

from methods 1 and 2. Table 3 presents the uncertainty budget of this 

calibration system. The combined uncertainty is expressed by the square 

root of the sum of the squares of each uncertainty [24]. The results show 

that the maximum uncertainty of method 1 is 2.1 % and that of method 2 

is 0.77 %. From these results, we calculated the SDE at each wavelength 

using Eq. (3). Table 4 shows the SDE and combined uncertainty at each

Table 3

Uncertainty budget.

Uncertainty components Value Divider Type Distribution Rel. standard

uncertainty

𝑃 ref Calibration of trap detector 0.22 % 2 B Normal 0.11 %

Linearity of trap detector 0.14 % 2
√

3 B Rectangle 0.04 %

Calibration of reference detector 0.09 % 1 A Normal 0.04 %

Laser stability 0.05 % 1 A Normal 0.05 %

Optical 

attenuation

Attenuation 0.010 dB 1 A Normal 0.24 %

𝜇 det Method 1 2.0 % 1 A Normal 2.0 %

Method 2 0.72 % 1 A Normal 0.72 %

Combined standard uncertainty Method 1 2.1 %

Method 2 0.77 %

Expanded uncertainty (𝑘 = 2, 95 % confidence) Method 1 4.1 %

Method 2 1.5 %
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Table 4 

The SDE and uncertainty of SDE at each wavelength.

Wavelength 𝜂 SDE with Δ𝜂 SDE 

on Eq. (5) 𝜂 SDE 

with Δ𝜂 SDE 

on Eq. (9)

(nm) (%) (%)

1510 88.3 ± 1.6 88.40 ± 0.60

1520 87.0 ± 1.8 87.48 ± 0.68

1530 91.0 ± 1.3 89.80 ± 0.66

1540 89.0 ± 1.5 88.84 ± 0.68

1550 91.4 ± 1.3 90.83 ± 0.75

1560 91.7 ± 1.3 91.89 ± 0.77

1570 92.4 ± 2.0 93.02 ± 0.77

wavelength. Fig. 6(a) and (b) show some comparisons between 𝜂 values 

with method 1 or 2, respectively, and the simulation results. We also 

added the combined uncertainty from both methods to these figures. For 

both methods, the wavelength dependencies of the calibrated 𝜂 agreed 

well with the expected values. The wavelength trend of 𝜂 in method 2 

changes more smoothly compared to that of method 1, which might be 

due to the effect of the maximum photon number truncation in method

1. In previous research, they evaluated the wavelength-dependent opti-

cal structure by measuring reflectance of the optical cavity [25]. In this 

research, we pulsed continuous wave by switching AOM and compared 

the result to simulated photon absorptance curve. This is the first report 

about photon-based detection efficiency at C-band with pulsing contin-

uous wave. From Fig. 6, we found the values of the calibrated 𝜂 are a 

few percent lower than the expected values. The reason for this differ-

ence is considered to be a loss in the fiber splicing coupled to the TES 

or in the fiber alignment [21]. We plan to clarify these losses in future 

work.

5. Summary and conclusions

In this experiment, we evaluated the dependency of SDE on wave-

length in the C-band. To exploit the high photon-number-resolving 

ability of a TES, we succeeded in pulsing a continuous-wave laser 

through AOM switching and detecting photons at an arbitrary wave-

length in the C-band. We also confirmed that the pulse in our setup 

followed a Poisson distribution from the view of 𝑔 

(2) . Additionally, we

evaluated the power stability of AOM-chopped laser pulses using Allan 

variance and found that the laser pulse had sufficient stability to eval-

uate the SDE of this calibration system. We employed two methods to 

evaluate the SDE and found that both were consistent with the pho-

ton absorptance of the TES. The expanded uncertainty of method 2 was 

1.5 %, which is smaller than that of method 1 because of the truncation 

and total number of errors at each photon state. As a result, we suc-

ceeded in evaluating the SDE of PNRD in a wide wavelength range with 

an uncertainty of 1.5 %, as well as constructing a calibration system with 

a CW tunable laser and an AOM. These results provide a major contri-

bution to quantum technology because this calibration system enables 

the accurate evaluation of quantum states of photons at a wide range 

of wavelengths. Furthermore, this precise evaluation of wavelength de-

pendence will provide useful information to evaluate the characteristics 

of optical cavities, thus promoting the development of PNRDs with near 

100 % detection efficiency.
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