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ABSTRACT

Single-photon detectors (SPDs) are ubiquitous in many protocols for quantum imaging, sensing, and communications. Many of these
protocols critically depend on the precise knowledge of their detection efficiency. A method for the calibration of SPDs based on sources of
quantum-correlated photon pairs uses single-photon detection to generate heralded single photons, which can be used as a standard of
radiation at the single-photon level. These heralded photons then allow for precise calibration of SPDs in absolute terms. In this work, we
investigate the absolute calibration of avalanche photodiodes based on a portable, commercial bi-photon source, and investigate the effects of
multi-photon events from the spontaneous parametric down conversion (SPDC) process in these sources. We show that the multi-photon
character of the bi-photon source, together with system losses, has a significant impact on the achievable accuracy for the calibration of SPDs.
However, modeling the expected photon counting statistics from the squeezed vacuum in the SPDC process allows for accurate estimation of
the efficiency of SPDs, assuming that the system losses are known. This study provides essential information for the design and optimization
of portable bi-photon sources for their application in on-site calibration of SPDs with high accuracy, without requiring any other reference
standard.
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I. INTRODUCTION Among various performance metrics for SPDs,'”” *’ detection

Recent advances in optical quantum technologies have shown
significant advantages over their classical counterparts.' * Much of this
progress has been enabled by breakthroughs in the efficient generation,
manipulation, and detection of quantum states of light in the single-
photon regime.”* Among different technologies for the detection and
characterization of quantum light, single-photon detectors (SPD) are
essential in diverse applications spanning quantum communica-
tions,”” quantum metrology,” ' quantum imaging,"* and photonic
quantum computing."” The central role of SPDs in photonic quantum
technologies also underscores the need for robust and accurate calibra-
tion techniques for reliable implementation of protocols relying on
single-photon detection.”'*'” Moreover, devising robust, repeatable,
and accurate calibration techniques for SPDs can also facilitate efforts
toward developing standards for photonic quantum technologies refer-
enced to some defined primary standard, such as at National
Metrology Institutes (NMIs). 1o

efficiency is critical in most photonic quantum technologies.”"** This
fact has driven many efforts to develop techniques for high-accuracy
calibration of the efficiency of SPDs at the single (or the few)-photon
level.” The most reliable calibration technique so far is the substitution
method, in which the performance of an SPD, the detector under test
(DUT), is compared to a reference detector whose calibration is trace-
able to some reference, such as a national primary standard.”” *°
Given its traceability, most of the other calibration techniques are usu-
ally evaluated relative to the substitution method.”

An alternate approach, first proposed by Klyshko,”” makes use of
the photon correlations from photon pair sources and single-photon
heralding detection to prepare heralded single photons. These heralded
photons work as an accurate source of radiation to calibrate an SPD.
The Klyshko method in principle can be used to determine the effi-
ciency of an SPD in absolute terms. High-accuracy calibration of SPDs
based on this method has been realized within national laboratories of
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standards and metrological institutes, where spontaneous

parametric down conversion (SPDC) in nonlinear crystals was used as
a source of correlated photon pairs. These demonstrations used spe-
cialized equipment and required involved system calibration and char-
acterization, which is difficult to realize outside these metrological
institutes. Moreover, while the Klyshko method assumes ideal heralded
single photons in a single mode, the heralded quantum state from
SPDC can significantly deviate from this assumption.’’ All this puts in
question the practicality and applicability of this method using SPDC
for high-accuracy efficiency calibration of SPDs in settings outside spe-
cialized metrology laboratories.

In this work, we investigate the feasibility of the Klyshko method
for the absolute calibration of SPDs without requiring traceability to
reference standards for its application outside metrological institutes.
We employ a commercial portable bi-photon source based on SPDC"’
and use coincidence counting to determine the detection efficiency of
commercial avalanche photodiode (APD) SPDs in absolute terms. We
theoretically analyze the effects of the underlying properties of the
squeezed vacuum state from the SPDC process in the Klyshko method,
which ultimately limits the calibration accuracy of SPDs. Finally, we
compare the APD detection efficiencies obtained from the Klyshko
method with those from the conventional substitution method. This
comparison allows us to investigate the effects of non-ideal system
conditions on the performance of the Klyshko method. We observe
that multi-photon states from SPDC and the overall system losses
have a significant impact on the accuracy of the Klyshko method. This
investigation provides an understanding of the required system per-
formances for deployable SPDC sources for reliable on-site absolute
calibration of SPDs with high accuracy.

Il. BACKGROUND

The conventional approach for high accuracy calibration of SPDs
has mostly relied on comparisons with a transfer standard detector
traceable to a primary standard in metrological institutes.'”*****" A
primary standard of optical power, such as a cryogenic radiometer, is
used to calibrate the responsivity of the reference detector,”” ** which
functions as a secondary standard for calibrating the SPD. Figure 1(a)
depicts the main concept of this method. The reference detector mea-
sures the mean photon flux from a stable light source with high accu-
racy. The detection efficiency 75" of the SPD is then determined by
the ratio of the observed count rate (R,;) from the SPD to the
expected input photon rate (R eyp):

Conv RUbS

p Regp . (1)

Calibration of optical detectors based on the substitution method
using sensitive radiometers has achieved very low uncertainties
(= 0.005%) in the high optical power range of 0.1-1 mW." However,
this approach cannot yield the same level of precision in the single-
photon regime (< 1 pW), which is required for calibrating SPDs. This
is due to the contributions in uncertainty from the calibration of
attenuators to step down the optical power to reach this regime.””
Moreover, since this method relies on a (primary) radiation standard,
it makes it difficult to realize high-accuracy calibrations outside
national laboratories and metrological institutes.

Alternatively, in the Klyshko method,”” time-correlated pairs of
photons generated at a rate of N pairs/sec are detected by two detectors
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Fic. 1. Schematic of (a) the conventional calibration method (the substitution
method) and (b) the Klyshko calibration method. The conventional calibration
method is implemented by calibrating the input photon flux with a reference stan-
dard detector, which is then substituted by the detector under test (DUT) to deter-
mine its detection efficiency. The Klyshko method uses correlated photon pairs to
simultaneously calibrate two detectors, D1 and D2. The two photons from each pair
are directed to separate single-photon detectors. The detection efficiency of the
DUTSs can be determined in absolute terms by comparing the coincidences Cq, with
the single-photon counts from the other detector Cy(y) (heralding detector).

D1 and D2 with efficiencies #p, and #p,, respectively, as shown in
Fig. 1(b). For ideal time-correlated photon pairs, a photon detection
event in one detector, say D1, heralds the existence of a photon in the
other mode, which can be detected by D2. Given this information, the
detection efficiency of the DUT, say D2 (1p,), can be determined by
observing the coincidence events Ci, = 1, 1p, N between D1 and D2.
The detection efficiency #p, of D2 is then given by the ratio of Cy, to
the number of single-photon detection events C; = #p, N observed at
the heralding detector D1 during a given measurement time interval:

_ Cu _ npiippN

Npy = —2
b2 C MmN

(@)

In a similar way, the detection efficiency 1, of detector D1 can
be obtained from the ratio of Cj, to the number of single-photon
detection events C, in detector D2: 175, = Cy2/C,.

In principle, this method allows for determining the detection
efficiency of the DUT in absolute terms, without reference to any stan-
dard. Moreover, the accuracy and precision of this method are in prin-
ciple independent of the efficiency of the heralding detector. These
advantages make the Klyshko method a suitable technique for absolute
calibration of SPDs and SPD arrays’ with high accuracy. However,
while this method ideally provides a straightforward path for absolute
SPD calibration, it is critical to understand its potential limitations in
realistic situations. Specifically, it is necessary to investigate the achiev-
able accuracy and precision of the method under non-ideal conditions
with loss, noise, multi-photon events, and accidental photon counts.
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We investigate theoretically the effects of multi-photon correlations in
the Klyshko method arising from squeezed vacuum states in the SPDC
process. Then, we implement this method using a commercial, porta-
ble bi-photon source’' under realistic conditions of system loss and
noise.

lll. THEORY

The ideal Klyshko method assumes a perfect source of correlated
pairs of single photons in two modes. However, in practice, the experi-
mental realization of this method is done with a photon source based
on an SPDC process. In this process, a strong pump propagates
through a nonlinear crystal producing two correlated output modes
that are not necessarily in single-photon states. Moreover, the perfor-
mance of the Klyshko method is expected to depend on additional sys-
tematic effects including photon loss within the nonlinear crystal,
channel loss in individual modes, and accidental multi-photon events.

Consider an ideal, lossless type-II SPDC process with two output
modes with orthogonal polarizations |H) and |V). Assuming perfect
phase matching, no losses, and a single frequency mode, the output
from this process is a two-mode squeezed vacuum state:™

[y (r)) = sech(r Z tanh" (r)|n) 4|n) ., (3)

where r is the squeezing strength, which depends on the pump power
and the properties of the nonlinear crystal. |n),, and |n),, describe the
state with n photons in the horizontal (H) and vertical (V) polarization
modes, respectively.

To investigate the Klyshko method based on SPDC, we consider
a heralded measurement of the ideal state [/(r)) with two detectors:
the heralding detector D1 and the detector D2 in the heralded mode.
We assume the detectors do not have photon number resolving capa-
bility, such as APDs, and have non-unit detection efficiencies. Thus,
these detectors have binary outcomes providing click/no-click infor-
mation. The action of these detectors on the state |i/(r)) can be
described by a posmve operator valued measure (POVM)

{ HOFF OFF 3 where”

[o°]
D
MG =D (1= np)"|n)(nl. ©
n=0
Here, 115, and TI5,, = I — T15; correspond to a zero and a
non-zero photon detection event in detector Di, respectively, and 1
describes the single-photon detection efficiency of Di.
Assuming a detection event in D1 with detection efficiency #p,,
the conditional (unnormalized) state in the heralded mode B is™

Pep1L = TVA{H%%VW(”)) (W(nl}

_ 1-¢
=rul(0 = 1—{(1—np)

where Tr4 means the partial trace over mode A in Fig. 1(b) and py, ({)
is the thermal state

P (C(1 = 1py)), (5)

o0

pan(O) = (1 =0 "|m)(n ©)

n=0

with { = tanh*(r) in Eq. (3) and Tr(p,,({)) = 1.

pubs.aip.org/aip/aqs

Normalizing the heralded state p g, , we obtain

~ Pem
Paipr = Tr(pB\Dl)
_1- {1 —np)
{npy
L_¢
pu(C) — T—gﬂm)pm(z(l —np)|- (D)

Given the heralded state in Eq. (7) conditioned on a photon
detection in D1, the probability of not observing a photon in detector
D2 with detection efficiency 17, is

ngﬁ)l = Tr{nglz:FpB|D1}7 (8)

where IT5%, is the measurement operator for zero photon detection in

Eq. (4) for D2 with efficiency np,. From Egs. (4) and (7), ngfm
becomes
o~ 1= {(1 = npy) me
PpOFF \ 1= o
D2|D1 y;) 47771)1 ( D2)
x (1= = (1 —np)"]
{npy
1 1
X - - )
L—é(l_'lm) 1= (1 =npy)(1 = npy)

As a result, the probability of a photon detection event in D2 condi-
tioned on having observed a photon in D1 is PDz\ b =1— ngﬁ)l

This analysis can be carried out considering losses in the SPDC
process and optical-channel losses, which unavoidably lead to uncorre-
lated photons.”*”” The total losses experienced by the quantum state
[/(r)) can be described as the propagation through a channel with a
non-unit transmittivity T; ' for each mode. Then, this state is incident
in a detector with efficiency #p,;. This is equivalent to a situation where
an ideal quantum state [yy(r)) without loss is incident on a detector
with overall detection efficiency 5’ =, T; for each mode."""*
Appendix A discusses the analysis for a two-mode squeezed vacuum
state [f/(r)) under loss, characterized by a transmittivity T; for each
mode. Taking this into account, the conditional probability
Pg% p1 (D1, Mpy, 1) for a quantum state with losses becomes
ngfm (", n5",

r)
B ( tat)
|

x{ ! L } (10)
L={(1 =9 1= —ngH(1 =) [

The conditional probability in Eq. (10) ideally corresponds to an
absolute measure of the efficiency of detector D2 in the heralded
mode, as given in Eq. (2). However, under realistic conditions of non-
unit heralding efficiency, source and channel losses, and multi-photon
events from the squeezed vacuum, the conditional probability in
Eq. (10) significantly deviates from the detection efficiency expected
from the idealized Klyshko method.
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Figure 2 shows the conditional probability of photon detection

PO in Eq. (10) as a function of the squeezing strength r considering

D2|D1
no losses in the source and the optical channels Tj(;) = 1, for detec-
tion efficiencies 1p; = 0.63 and 1, = 0.57 for the heralding D1 and
the heralded D2 detector, respectively. These efficiencies correspond to
the expected efficiencies in our experiment (see Sec. IV). We observe
that for low squeezing r < 1 the Klyshko method allows for the accu-
rate determination of the detection efficiency of detector D2,
Np, = 0.57. However, its accuracy significantly degrades for larger r,
saturating at np, = 1 for r > 1. To understand this effect, we note
that in the limit of low squeezing (r ~ 0), the generated state from
SPDC in Eq. (3) is [{/(r)) ~ |0)5]0) + #|1)4|1). Conditioned on a
photon detection in D1, the heralded state corresponds to an ideal
single-photon state |1),, in the heralded mode. This results in a condi-

tional probability Pgﬁ py Cclose to the expected detection efficiency #p,

of the DUT D2. On the other hand, as r increases, the probability of
generating multi-photon states with higher numbers of photons n
from SPDC increases [see Eq. (3)]. These higher-order multi-photon
states in the heralding arm |n > 1), increase the probability of photon
detection Pg% D1> which results in an overestimation of the detection

efficiency of the DUT D2.

The model in Eq. (10) for the conditional probability Pgﬁ D1 SUg-
gests that the optimal regime for the reliable implementation of the
Klyshko method based on SPDC is the low squeezing regime (r ~ 0),
where the contributions from multi-photon events are negligible.
Beyond this idealized regime, this model provides insight into the
accuracy of the Klyshko method for the calibration of SPDs.
Specifically, the model gives the description of the dependence of
ngf p1 on the efficiencies of the heralding (17p,) and heralded (1p,)
detectors, as shown in Fig. 3. Moreover, this model can be used to
accurately determine the efficiencies of the SPDs based on the Klyshko
method beyond the idealized regime r ~ 0, given a sufficiently large
dynamic range for r, and known or minimal source and channel losses

28t '
QND 0.90f 1
2

=

< 0.80} 0.604 1
s (1)

S | ]
=l ~

—= 0.70¢ 550-596 ]
s | < -
= 0.588

—g 0.60r /i ) 0.25 03 7
o : : : L '

O 0 05 1 15 2 25 3

Squeezing Parameter (7)

Fic. 2. Conditional probability of detection in Eq. (10) as a function of squeezing
strength r with 1p; = 0.63, np, = 0.57, and T; = 1. Inset (i) shows a zoom in the
region corresponding to our experimental implementation of the Klyshko method
with the commercial SPDC source.
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T; ~ 1. Specifically, the efficiencies #; can be obtained from simulta-

ON tot  tot ON tot ,tot
neous fits to two curves Phoim (n*,n%",r) and PD1\D2(’72 Y r)asa

function of r, which can be controlled by the pump power.

IV. EXPERIMENT

Figure 4 shows the experimental configuration for the demon-
stration of the Klyshko method for detector calibration based on a
commercial, portable bi-photon SPDC source.’’ The setup also allows
for realizing SPD calibration based on a transfer standard trap detec-
tor. Our experiment enables the comparison between these methods
under nearly identical experimental conditions including background,
noise, temperature, and humidity, reducing the potential biases and
systematic errors. First, we implement the conventional calibration
with the transfer standard detector, which provides a benchmark for
state-of-the-art SPD calibration. Subsequently, we implement the
Klyshko method with the commercial SPDC source.

@ ' | |

Mg 0-57
0.8}

Zé0.6- Moy |

cAa = 0.05
RN 0.4} - 0.10 1

0.20
i — 040 |

0.2 — 0.90
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O 1 2
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- "Ipo
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0 1 2 3
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Fic. 3. Conditional probability Pgé“’m as a function of squeezing strength r for differ-
ent efficiencies of the heralding 7, and heralded #p, detectors. (a) Different effi-
ciencies 1p for a fixed efficiency np,. (b) Different efficiencies #p, with fixed
efficiency #p.
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Fic. 4. Experiment. (a) Schematic of the experimental setup for implementing the conventional and the Klyshko calibration methods. Inset (i) Laser intensity stabilization. (b)
Intensity stability of the locked laser as a function of time. (c) Histogram of the coincidence counting statistics for APD1 and APD2 as a function of relative delay in units of clock
cycles defined by the (100 MHz) master clock of the FPGA. APD3 is used to investigate the statistical properties of the heralded state in the Klyshko method. However, this

detector is not used during the APD calibration process.

A. Calibration with transfer standard detector

For the conventional calibration method, we use an intensity stabi-
lized laser diode at 810 nm with 2nm linewidth. The first diffraction
order of an acousto-optic modulator (AOM) is coupled into a single-
mode fiber followed by a polarizer, as shown in Fig. 4(a) and inset (i). A
pick-off directs light to a fast photodetector to monitor the instanta-
neous intensity of the laser. This signal is used to feed back to the AOM
to stabilize the laser intensity to better than 5:10000. Figure 4(b) shows
the intensity variation for the stabilized laser over an hour, as observed
with a low noise trap detector. This trap detector is also the transfer stan-
dard detector used for absolute power measurements to perform the
standard calibration method. The calibration of the efficiency and spec-
tral responsivity of this detector can be traced back to NIST through a
secondary standard detector with very low uncertainty (0.05%)."** The
stabilized laser source provides a highly stable photon flux. We use this
source, together with the trap detector, to calibrate a series of absorptive
attenuators to attenuate the light to the few photon level with high accu-
racy, which is required for calibrating the APDs. For our experiment,
the attenuators are calibrated to provide a stable, highly accurate, and
controllable photon flux ranging from 10° — 10° photons/second. After
the attenuators, the light propagates through a high extinction ratio
(= 10°) Glan Laser (GL) polarizer and is then directed to the APD to be
calibrated using a polarizing beam splitter (PBS2) and a half-wave plate
(HWP1). In our experiment, we perform the calibration of two com-
mercial APDs: APD1 (SPCM-AQR-13, Perkin Elmer) and APD2
(COUNT-100C, Laser Components“), which are calibrated indepen-
dently. To calibrate the photon flux incident in the specific APD being

calibrated, we first direct the light to the trap detector with a removable,
flip mirror. This calibration, together with the calibration of the attenua-
tors with the trap detector, provides a highly accurate estimate of the
expected photon flux. The light is then directed back to the APD to be
calibrated. The output from the APD is collected and processed by a
field programmable gate array (FPGA). Finally, the measured photon
count rates are compared to the expected photon flux to estimate the
detection efficiency of the APD under test.

B. Klyshko method

In our experimental demonstration of the Klyshko method,”**”
the commercial bi-photon source is based on a Type-II SPDC process
in a PPKTP crystal.”' A 405nm pump beam with adjustable power
generates correlated photon pairs in free space, signal and idler, with
orthogonal polarizations, H and V, respectively, at 810 nm. Inside the
source module, the correlated photons are coupled into a polarization
maintaining (PM) fiber, with associated coupling losses due to mode
mismatch. A PM fiber directs the output of the source to the experi-
mental setup, and the correlated photons are launched into free space
in a well-defined single spatial mode using a low-loss aspheric lens.
The polarizing beamsplitter PBS2 separates the photons into the two
polarization modes, which are then directed and focused into the
APDs to be calibrated based on the Klyshko method.”*”” In this
method, either one of the detectors can act as the trigger detector (say
APD1). A photon detection event on this detector ideally heralds the
existence of a photon incident on the other detector to be calibrated
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(say APD2). The Klyshko method provides an estimate of the detec-
tion efficiency of the APDs based on coincidence counting and single-
photon rates, as described in Sec. II.

The reliable implementation of the Klyshko method with finite-
bandwidth SPDs and photon-counting electronics requires the deter-
mination of the optimal coincidence detection window and relative
delay between the detector outputs. The optimal coincidence window
should capture all the coincidences from the SPDC process while
avoiding accidental coincidences due to background, dark counts, and
uncorrelated photons. This optimal coincidence window avoids any
under or over estimation of the coincidences, which would result in
the under or over estimation of the detection efficiency.

Figure 4(c) shows the coincidences between the two detectors
with a temporal resolution defined by the FPGA clock (10ns in this
experiment), which allows us to determine the optimal relative delay
and coincidence window as 10 and 30 ns, respectively. The accidental
coincidences observed at long relative delays, away from the optimal
delays, are subtracted from the observed coincidences to determine the
effective coincidence rates from correlated photon pairs (see Appendix
B for details about the characterization of accidental coincidences in
our experiment). The ratio of the effective coincidence count rate to
the single-photon detection count rate at the trigger (heralding) detec-
tor provides a direct measurement of the detection efficiency of the
DUT. We note that the relatively large background coincidences in
our experiment are mainly due to the finite bandwidth of the photon-
counting electronics and the relatively large coincidence window
(30 ns). However, an accurate characterization of these accidental coin-
cidences and accounting for their contribution to the observed
photon-counting statistics avoids any biases in the calibration results.

C. Effects of multi-photon states: g?(0) measurement

The Klyshko method assumes an ideal source of heralded single
photons for the determination of the SPD detection efficiency. However,
as discussed in Sec. I11, the bi-photon source based on SPDC generates a
squeezed vacuum, which is a multi-photon quantum state. As a result,
the heralded photonic state unavoidably contains multi-photon compo-
nents, and the assumption of an idealized source of heralded single pho-
tons introduces biases in the estimation of detection efficiency. To
evaluate the applicability of the Klyshko method with an SPDC source,
we investigate the single-photon character of the heralded photonic
mode by studying the conditional autocorrelation function at zero delay
g®(0).” For an ideal single-photon state, g/*(0) = 0, while for a
Poissonian, uncorrelated photon distribution g (0) = 1.

For this study, APD1 acts as the trigger detector, which, given a
photon detection, ideally heralds the existence of a single photon in the
vertical polarization after PBS2 [see Fig. 4(a)]. The heralded field is fur-
ther split into two modes, followed by single-photon detection in each
mode by APD2 and APD3. For a perfect heralded single photon, each
detection event at APDI should yield a single detection event either at
APD2 or APD3. For the non-ideal case in which the heralded state is a
multi-photon state, this would yield non-zero coincidences between
APD2 and APD3. Therefore, the g)(0) measurement allows for
investigating the single-photon character of the heralded field."’

Figure 5 shows the measured g(*)(0) as a function of the pump
power in the SPDC source (in units of DAC values) for the optimal
detection window and relative delays between the heralding detector
APDI and detectors APD2 and APD3. The pump power is adjusted
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through a digital-to-analog converter (DAC), corresponding to the digi-
tal, near-linear scaling for the optical power. We note that there is not a
perfect linear relation between the DAC values and the pump power
throughout the full range of possible powers. To circumvent any poten-
tial issue, we determine the optimal operating regime for the pump
power by choosing a region where the coincidence rate is much higher
than the background and accidental counts, while avoiding regions
where sudden jumps in the single-photon rates are observed, most likely
due to mode hops in the pump laser. Within the optimal operating range
of pump powers for this SPDC source, the minimum observed g(*)(0) is
close to 0.16. We note that while this value is higher than the ideal case
of g2(0) ~ 0," ¢g®(0) ~ 0.16 corresponds to a single-photon her-
alded fidelity of F; = 92%," which is consistent with standard SPDC
sources.”” *” We further note that in general, ideal photon-pair SPDC
sources will yield g/ (0) > 0 for any > 0. Therefore, heralding true
single photons would require the ability to resolve photon numbers.”’
Moreover, there are other experimental effects that contribute to the
increase in g® (0) including crystal fluorescence, background, and after-
pulsing. These detrimental effects can be overcome with appropriate
technical upgrades and optimization of SPDC sources and other devices.

V. RESULTS AND DISCUSSION

We implemented the conventional calibration method, based on
the transfer standard detector, and determined a detection efficiency of
nsy™ = 0.638(3) for APDI and 755" = 0.575(2) for APD2. The total
uncertainties in these measurements account for the uncertainty from
the trap detector, the uncertainty from the calibration of the attenua-
tors, and the statistical uncertainties from photon counting measure-
ments (see Appendix C, Table I). We note that the uncertainties
obtained in our experiment are comparable with the typical uncertain-
ties achieved within metrology institutes for the calibration of SPDs
based on the conventional methods.”* We use the results from the con-
ventional method as a benchmark to investigate the performance of
the Klyshko method to calibrate the same SPDs.

Figure 6 shows the detection efficiencies for APD1 and APD2
determined using the Klyshko method as a function of the laser pump
power in the SPDC source. The red markers are the estimated efficien-
cies from the ideal Klyshko method using Eq. (2) calculated from the

1

0

3 10°

4 5 6 7 x
Laser Power (DAC value)
Fic. 5. Measurement of the heralded g?(0) autocorrelation function for the heralded

photonic state as a function of SPDC pump DAC value, which corresponds to a dig-
ital (near-linear) scale for the pump power.
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Fic. 6. Detection efficiencies from the ideal Klyshko method from Eq. (2) and condi-
tional probabilities from Eq. (10), as a function of pump power (in DAC values) of
the SPDC bi-photon source. Red circles show the experimental data with error bars
corresponding to 1-¢ standard deviations from photon counting. Blue curves are the
fitted model from Eq. (10), with Pgﬁm (miet, it r) and Pgﬁm(n;”t i, r) as the
model for APD1 and APD2, respectively. r = uv/KP, where u = 0.115 for the
PPKTP crystal (Ref. 51), and K is a proportionality factor to convert DAC values to
optical power P.

ratios of coincidences and single-photon counting rates, with error bars
indicating 1—¢ statistical uncertainty. The two blue curves are fits to the
model in Eq. (10) for Pg%m (%, ¥, r) and Pgﬁm (", m't ), where
D1 and D2 correspond to APD1 and APD2, respectively. The fit
parameters correspond to the total detection efficiencies #}7,, and the
squeezing strength r = u\/KP, where K is the fit parameter, P is the
pump power in DAC values, and y = 0.115 for the PPKTP crystal.”’
The models PR}, (n{", n3", r) and PR, (n5", ni*, r) are fitted simul-
taneously to estimate the total efficiencies 7\ and #5". From this fit, we
infer that the operating regime of pump powers for the source corre-
sponds to squeezing strengths r ~ 0.2 — 0.3 [see inset (i) in Fig. 2],
which results in a near-linear dependence of Pgﬁ py With pump power.
We observe that the total efficiencies determined from the ideal
Klyshko method nfm(m based on Eq. (2) increase with pump power.
This effect is clearly explained by the theoretical model in Eq. (10), which
predicts an increase in detection probability with 7, due to increased
multi-photon events. Moreover, we observe that the total efficiencies
from this method are much smaller than the APDs efficiencies deter-
mined from the conventional calibration method using a transfer stan-
dard detector 5™ This effect is due to losses in the SPDC source
together with the losses in the optical channel, given that 7! = n,T;.
We can use the model in Eq. (10) to obtain a more accurate estimation

of the total detection efficiencies 1!”*. From the ﬁt( 1%\)/1 )the model, we
tot

obtain the estimated total efficiencies to be 1) =0.114 and
tot(KM) . e 3 .
1, = 0.099, with an uncertainties Oy R 1 x 1077, mostly domi-

nated by the statistical uncertainties (see Appendix D for details on the
estimated uncertainties o« ). These results are consistent with the exper-
imental observations and they would correspond to the APD detection
efficiencies in situations with lossless channels and sources, for which

T; = 1, see Eq. (10). However, the large discrepancy between the effi-

ciencies from the Klyshko method nfm(KM) and the conventional method

nS™ are the result of non-unit channel efficiencies T; for each SPDC
mode, which is a camulative effect of source inefficiencies and individual

ARTICLE

pubs.aip.org/aip/aqs

channel losses (see Appendix A). Moreover, a reliable implementation of
the Klyshko method to accurately determine the APD efficiencies #p;
requires an accurate determination of these channel efficiencies T;.

Table II in Appendix C lists the losses of the free-space optical
channels in our experiment for both optical modes, which are < 1% for
each channel. These free-space channel losses do not account for the
losses in the SPDC source, which are the largest losses within the system.
Based on the total efficiencies 11§“t<KM) determined from the Klyshko
method and the APD efficiencies 75" from the conventional method,
we estimate the efficiency of the SPDC source in each optical mode to
be T$PPC = 0.1787 and T5'PC = 0.1722 for APD1 and APD2, respec-
tively. This large inefficiency in the SPDC source is mostly due to mode
mismatch and coupling of the output modes of the crystal into the opti-
cal fiber,”*”* > losses in spectral filtering, and losses in optical compo-
nents within the source. Other factors contributing to noise and
uncorrelated emission include crystal fluorescence, non-optimal crystal
temperature for optimal mode matching, and laser mode hops. All these
effects are solely technical limitations in the SPDC source in our experi-
ment, which can be mostly eliminated in new designs of portable bi-
photon SPDC sources, optimized for this purpose. The precise calibra-
tion and optimization of these portable bi-photon SPDC sources will
allow for the reliable implementation of the Klyshko method for on-site
calibration of SPDs with high accuracy in remote locations, including
satellites for earth-to-space quantum communications.

VI. CONCLUSION

We investigate the feasibility of the Klyshko method for on-site
calibration of single-photon detectors (SPDs) with high accuracy, based
on a compact, portable quantum correlated bi-photon source based on
SPDC. In this method, a photon detection in one mode ideally heralds
a single photon in the other mode, which can be used as a standard of
radiation at the single-photon level for calibrating an SPD in absolute
terms. We implement the Klyshko method to calibrate SPD avalanche
photodiodes (APDs). We further calibrate the APDs using a transfer
standard detector, which provides a benchmark to evaluate the perfor-
mance of the Klyshko method under similar experimental conditions.
We theoretically investigate the impact of the multi-photon character
of the SPDC process and system losses in the achievable accuracy for
the calibration of SPDs. We observe that multi-photon states increase
the probability of photon detection in the detector under test, resulting
in an overestimation of its detection efficiency. However, a model of the
expected photon counting statistics from the squeezed vacuum in
SPDC in principle allows for accurate estimation of the APD efficien-
cies from the experimental data, assuming that the system losses are
known. We conclude that precise calibration and optimization of the
SPDC source can enable a reliable implementation of the Klyshko
method. Our work provides an understanding of the feasibility of this
method for on-site calibration of SPDs without the need for a reference
standard, suitable for future realizations of quantum networks with
remote nodes containing single-photon quantum receivers.
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APPENDIX A: TWO-MODE SQUEEZED VACUUM
UNDER LOSS

In this appendix, we consider losses in the two-mode squeezed
vacuum state |/(r)) in Eq. (3) prior to photon detection, which in
general include loss in the source and in the optical channel. First,
we consider losses in one mode of the state [f/(r)), characterized by
the transmittivity T, followed by photon detection in that mode
with non-unit efficiency #p,. We show that this situation is equiva-
lent to having a total efficiency of 7\ = Ty, in the conditional
post-measurement state."' Following a similar procedure, it is then
straightforward to integrate losses in the other optical mode of the
quantum state [/(r)) and photon detection with non-unit efficiency
in that mode.

We note that the optical losses can be modeled as the mixing of
the input state [i/(r)) with a vacuum mode in a beamsplitter M with
transmittivity 7).’ Then, tracing over the vacuum port results in the
quantum state with loss. This model allows for the incorporation of the
losses in the source and the optical channels in the quantum state.

Consider loss in the heralding mode, say |n),. After the
beamsplitter M, the state [1/(r)) becomes

W (r))r, = Ml (r))
1/2
(Z) tiry*tanh” (r) [k, n — k) |,

(@)

where Ty = 1 — R, = t} is the transmittivity of the beam splitter
and f +rf =1. The density matrix of the state py (r)

= W), (W (r)lg, s
pr,(r) = sechz(r)iiiitanhnl+nz(r)

n1=0k; =0n,=0k, =0
1/2 1/2
(M) () e
ki ky
x (lky,m = ki) (kay ma = kal) g @ ([m)(n2l) - (C2)

The POVM element describing a single-photon detection by D1
with detection efficiency 1, in this mode is

pubs.aip.org/aip/aqs

o0

Gy =D (1= (1= npy)")|n)(nl. (C3)

n=0

Applying TID}, to pr,(r), the conditional (unnormalized) state

D B\IDI in the heralded mode becomes

Piios = Tra{ Mk (1)}

oo n n
= sech? (r)ZZtanhZ” (r) tfkrfw*k)

n=0 k=0 k

x (1= (1= npy))(In) (n])y

n n

= sech?(r) Ztanhzn (V)Z
n=0 k=0 \ k

< (T{RY ™ = THQ = np) 'R (Im) )
= sechz(r)io:tanhzn(r)
X [(Ty + R)" = (T (1 = npy) + Ra)"] (Im)(n])y,

= sechz(r)itanhzn(r) [1— (1 —npT0)"](In)(n])y

o0

=(1=0> 1= =np )" (Im)(n])y
n=0
B el S
1={(1=npTh)
where py;, () is the thermal state [Eq. (6)].
Equation (C4) shows that linear loss in the state, characterized

by a transmittivity T;, followed by a photon detection measurement
15}, with efficiency #p, is equivalent to having a detector with an

Paion = Pin(0) pu(C=npT)),  (C4)

overall detection efficiency 1" = 1p, T;.
Normalizing Eq. (C4), the conditional state pg“m becomes
pg\lm =— Cglm_t )
e
x o~y aC )] (©9)
1= {(1—nt")

Following the procedure delineated above, it is then straight-
forward to consider linear losses in the heralded (second) mode
(In)y) of [Y(r)) by considering a beam splitter with transmittivity
T, followed by photon detection by D2 with detector of efficiency
Npy- In the same way as for the first mode, the channel efficiency
(T>) and the detection efficiency (17p,) for the second mode can be
combined into a single parameter as the overall detection efficiency
n" = np, T, for the heralded mode.

As a result, the probability PIY_~ of a photon detection
event in D2 conditioned on having observed a photon in D1 is
given by
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respectively, evaluated at different pump powers corresponding to the data points
shown in Fig. 6. (b) Boxplot representation of the variation in the estimated uncer-
tainties around the median (red line) for the calibrated detectors.

ON D2 T
Ppop1 = Tr{HONpB\lDl}

P R AV
{1 ( i >(1 3

1 1
— , (Ce6
<= IC(lné"’)(lni‘”)” 0

which is Eq. (10) in the main manuscript.

APPENDIX B: ACCIDENTAL COINCIDENCES IN THE
EXPERIMENT

The accurate determination of the effective coincidences
requires information about the rate of accidental coincidences due
to uncorrelated photons from the source, dark counts, background,
etc. We determine this rate by studying the coincidences with a rela-
tive delay of 300 ns between the heralding and heralded detectors,
which is much longer than the coherence time of the bi-photon
state. The rate of accidental coincidences depends on the effective
coincidence window in our experiment CW, which we model as

CWyr = CW + Wp, — AW. (D1)

Here, CW is the coincidence window set in the counting electronics
based on the FPGA, conditioned to a detection in the heralding
detector D1. Wy, is the width of the digital signal inside the FPGA
corresponding to a detection event in the (heralded) detector D2.
We set Wp, = 20 ns. Finally, AW is the resolution’*"" of our coin-
cidence electronics. Given the FPGA master clock of 100 MHz, we
expect AW = 10 ns.

Figure 8 shows the observed accidental coincidences as a func-
tion of coincidence window CW over one second. We observe a lin-
ear relation between the accidentals and CW, as expected. The blue
line is a linear fit to the data, where the independent variable corre-
sponds to CW and the slope corresponds to the rate of accidentals.
We observe a very good agreement between the experimental obser-
vations and the linear fit. From this fit, we determine that AW =~ 12

ARTICLE pubs.aip.org/aip/aqs

ns, which is consistent with the expected resolution of the coinci-
dence counting program in the FPGA. This study shows that the
accidental coincidences come from random, uncorrelated events
and allows us to accurately determine the accidental coincidences
for a given coincidence window chosen in the experiment.

APPENDIX C: UNCERTAINTY BUDGET IN
MEASUREMENT OF DETECTION EFFICIENCIES

The uncertainty of the estimation of the detection efficiency of
the SPDs depends on different factors involved in the calibration
procedure. Tables I and IT describe these factors involved in the cali-
brations based on the conventional and the Klyshko methods,
respectively, and their contributions to the uncertainty in the deter-
mination of the APD detection efficiencies.

TasLe |. Uncertainty estimates in the conventional calibration method for the two
detectors.

Value Standard deviation
Attenuation 3.51 x 107° 1.98 x 107°
Trap detector (V) —4.51 9.24 x107*
Incident photon count rate
(counts/sec) 1 x10° 1.8 x1072
Perkin Elmer detected
count rate (counts/sec) 63.7 x 10* 3.06 x10%
Count detected count rate
(counts/sec) 57.5 x10* 2.3 x10?
1%, (Perkin Elmer) 0.637 3.06 x 1073
1%, (Count) 0.575 23 %1073

TasLe II. Optical channel loss estimates for the two optical channels for APD1 and
APD?2 in the Klyshko method.

Trap detector (V)  Standard deviation — Loss (%)

Incident light —3.136 1.8 x 1072
Channel 1 —3.120 6.4x 1073 0.5
Channel 2 —3.112 3.2 %1073 0.77

APPENDIX D: UNCERTAINTY FROM THE KLYSHKO
METHOD

For the portable, commercial SPDC source in our experiment,
there is a small range of pump powers over which we can reliably
implement the Klyshko method. In this range, the pump laser is
mode-hop free, and the source yields low enough photon generation
rates to minimize, and practically avoid, accidental coincidences
from uncorrelated SPDC process and afterpulsing effects. For this
range of pump powers, the experimental data in Fig. 6 in the main
text show a near-linear behavior, which results in the theoretical
model in Eq. (10), which is a nonlinear model, overfitting the data.
As a result, the uncertainties in the estimates n?at(KM) from the fit
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are smaller than the statistical uncertainties from the data.
Therefore, the uncertainty in nfot(KM) is dominated by statistical
uncertainties.

We obtain the statistical uncertainty of nﬁat(KM) from the condi-
tional probabilities in Eq. (10) using error propagation. Since

PDZ\DI(ntIM ,ny",r) depends on three independent parameters 1",

ng”’, and r, the uncertainty in the estimation of the detection effi-

tot ;

ciency for the heralded detector D2 (15 in the model) is

(B1)

where Tpoy - are the uncertainties in the conditional probability

Py Dl observed in the experiment. From implicit differentiation of

Eq. (10), we obtain

dntot _ niot 1
dPDZ\Dl 1-{1=n%)) (Q1-0)
1 1— ],]tot

(12 —ne)]" 1= —ne) (1 —nieh)]

X

2

(B2)

We note that g, depends on the value of the parameters niet
;1‘2”’, and r. For these values, we use the best estimates of these
parameters obtained from the fit of the data in Fig. 6. We then eval-
uate o, at the specific pump powers corresponding to the data
points shown in Fig. 6. A similar procedure can be followed to
obtain the uncertainty o, for the efficiency of detector D1 from
the conditional probablhty PDI‘ - Figure 7(a) shows the uncertain-
ties o, and o, for the efﬁc1enc1es 7" and Y, respectively, for
pump powers correspondlng to the data points shown in Fig. 6.
Figure 7(b) shows the boxplot representing the distributions of the
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Fic. 8. Accidental coincidences as a function of coincidence window CW. The width

(Wpy) of the digital signal inside FPGA given a detection in (heralded) detector D2
is set to 20 ns in this case.
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estimated uncertainties and their skewness. The median of the
uncertainties (red lines in the boxplot) are 0.99 x 10~ for D1 and
0.67 x 1072 for D2, respectively.
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