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Validating the calibrated creation of heralded single photons
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Coincidence-count discrimination is a practical and straightforward tool for the characterization of photon-pair
processes and heralded single photons. Here, we implement a heralded single photon source based on parametric
down-conversion in a periodically poled KTiOPO4 waveguide in the telecom wavelength range involving a
low number of optical modes. We extend the toolbox for the loss-tolerant state characterization by combining
conventional figures of merit in order to access the heralded state’s mean photon number and its photon-number
parity. Our experiment demonstrates that an accurate determination of these characteristics is possible just
through simple photon-correlation measurements. We believe that our results can find usage in the calibrated
creation of heralded single photons and in determining the expectation values of observables that are crucial for

attributing a single quantum.
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Introduction. Traditionally, either the homodyne detection
of field quadratures [1] or the direct probing via the recon-
struction of photon-number statistics of light [2,3] has been
employed in the loss-tolerant quantum optical state characteri-
zation of free-propagating heralded single photons. Both these
measurement methods deliver access to the Wigner function
that offers a complete phase-space representation of an optical
quantum state. However, its experimental determination is
notoriously demanding and the existing reconstruction meth-
ods require rather heavy mathematical routines. While the
homodyne detection often involves a backtransformation and
optimization [4,5], the direct probing usually includes an in-
version of losses [6], which is an ill-posed problem [7-9], and
may also involve other detector-dependent transformations
related, for example, to the detector’s ability to resolve photon
numbers.

Besides, there exist loss-independent state classification
methods that are based on coincidence-count discrimination,
like the famous Hanbury-Brown-Twiss (HBT) experiment
[10]. In the past, such experiments have been used for measur-
ing the higher-order normalized Glauber-correlation functions
of light that can be used for the state classification [11]. This
method offers a more direct access to the state’s character-
istics with a lower experimental complexity and without the
need for loss inversion or other transformations. However, for
extracting the normalized photon correlations accurately, care
has to be taken that the used single-photon sensitive detectors
do not get saturated by the incoming photon flux. Addition-
ally, without the knowledge of the mean photon number of
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the state, these values cannot give an access to an in-depth
state characterization [12].

Optical energy quanta such as single photons are a cor-
nerstone in quantum metrology. An important application
area for single photons is quantum radiometry [13,14], which
strives for an accurate determination of the properties of quan-
tized light and for its exploitation in precision measurements
[15,16]. In the ideal case, a single photon is emitted into a
single optical mode and its photon-number distribution con-
tains only the one-photon component [17,18]. Consequently,
the absence of multiphoton contributions is routinely verified
by measuring the normalized second-order correlation of the
heralded state, gi}z), in an HBT configuration. A vanishing

value of g(hz) is used as a confirmation that the emitted light ex-
hibits a sub-Poissonian photon-number distribution [19-22].
While this criterion rules out multiphoton emission, it does
not guarantee that the mean photon number of the heralded
state is equal to unity. Verifying this is therefore essential for
a single-photon source. Moreover, one can go beyond by de-
termining the photon-number parity that gives a direct access
to the phase-space characteristics of light and, for example, to
the single-photon nonclassicality [23,24].

Regarding the collection of photon pairs, typically the
coincidences-to-accidentals ratio (CAR) and Klyshko’s ef-
ficiencies are used for their verification [25,26]. While the
former delivers the strength of producing photons in pairs, the
latter describes the collection efficiency of the entire exper-
imental arrangement taken that photons are created in pairs.
Indeed, both these figures of merit of photon-pair production
vastly govern the quality of the heralded single photons [27].

Here, we implement a parametric down-conversion (PDC)
process in a periodically poled KTiOPO4 (PP-KTP) waveg-
uide in the telecom wavelengths, which produces cross-
polarized photon pairs with an optical mode number <2. After
the conventional characterization, we loss tolerantly extract
the mean photon number and the photon-number parity of the
heralded state just by counting coincidence and single counts.
Our results show that both these values are utterly sensitive to
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FIG. 1. Experimental setup for the generation and characteriza-
tion of heralded single photons. For details and abbreviations, see the
main text.

the inevitable multiphoton contributions of the PDC process.
We provide a boundary for the value of the CAR, above
which we can reliably generate heralded single photons and
approach the ultimate negative limit of the photon-number
parity. Furthermore, our results show that the CAR can be
employed as a calibration tool in the heralded state preparation
and that one cannot solely rely on the values of gfl , when
determining the photon-number content of the heralded single
photons.

Experimental arrangement. Our experimental setup is
sketched in Fig. 1. The pump light centered at the wavelength
of 775nm is produced by a pulsed laser system (Stuttgart
Instruments) having the repetition rate of 41 MHz and the
pulse duration of around 350 fs. The pump light first passes
through a spectral and spatial mode control (not shown) to
make sure that no redundant light is on the beam path, and
to guarantee a Gaussian spatial beam shape. Then, it is sent
through a half-wave plate (HWP) and a polarizing beam split-
ter (PBS) to control the pump power. Thereafter, another HWP
is used to select the proper polarization for the pump light. The
pump light is then coupled into the PP-KTP waveguide (AdvR
Inc.) that has the length of 11 mm and a cross-sectional area
of around 4 x 4 um? with an aspheric lens having the focal
length of 6.24 mm. Another aspheric lens with a focal length
of 3.1 mm is used for coupling the light out of the waveguide.
Our waveguide produces degenerate type-II PDC such that the
created signal and idler beams are cross-polarized.

The collimated PDC emission is reflected by a dichroic
mirror (DM) and then passed through a bandpass filter (BPF)
centered at 1550 nm with 12 nm bandwidth in order to sep-
arate the residual pump light from it. Thereafter, the signal
and idler beams are sent through an HWP and then separated
at a PBS. An optimal control of the polarization is impor-
tant to minimize the leakage of the individual twin beams
into each other’s beam paths. Finally, the signal and idler
beams are each coupled into single-mode fibers with aspheric
lenses having the focal lengths of 5.5 mm. Both signal and
idler are coupled through a fiber-optic 50:50 beam splitter
and sent through fiber polarization controllers (FPCs) before
connecting them into a superconducting nanowire single-
photon detector (SNSPD) having four channels (CHs) that are
sensitive in the telecommunication wavelength range. The im-

plemented detectors have near 1550 nm an efficiency >75%, a
jitter <20 ps in the full width at half maximum, and dark count
rates below 100 Hz. The measured count rates are recorded
with the help of a time-to-digital converter (TDC), triggered
by the laser’s photodiode. At each measured pump power,
we collect enough data to deduce the statistical error of the
reported quantities. We employ tight time gating by using
detection windows of 0.5 ns in order to suppress the effect of
dark counts.

Results and discussion. We start by extracting the conven-
tional characteristics of the photon-pair production. For this
purpose, we determine the values of CAR in terms of the
pump power as well as the Klyshko’s efficiencies for signal
and idler. We note that CAR works for us as a calibration
parameter, in terms of which we in the following present the
heralded state properties. Fortunately, if all light impinging on
one individual detector suffers from the same loss, the CAR
represents a loss-independent figure of merit [11]. Therefore,
it is more practical to use the CAR values for calibration than
the pump power or the mean photon number of the PDC
that both are highly dependent on the underlying photonic
realization.

The CAR, or equivalently the first-order cross-correlation
between signal-idler beams [28-30], can be obtained in the
pulsed regime via

C(.s)

Rpum
CAR= ————
Si X Ss

Rpump Rpu‘mp
C(,8) C(3,s)
= um —_— =
pamp Si X Ss Cacc

in which C(i,s) is the coincidence rate between signal and
idler, Cace = S; X Ss/Rpump 18 the accidentals rate, S; is the
single count rate of the idler, S is that of signal, and Rpump
is the repetition rate of the pump laser. We notice that on
the right-hand side of the first line of Eq. (1) the nominator
represents the probability of detecting a photon pair, while the
terms in the denominator are the probabilities of detecting a
single count in the idler or signal beam.

To avoid the region of high pump powers that can lead to
high-gain PDC [31], we restrict the CAR between 10 and 10°
and illustrate the reached values in Fig. 2(a) in terms of the
pump power. As expected, the CAR follows an inverse propor-
tionality to the pump power, allowing us to replace the pump
power by the value of CAR. The overall detection efficien-
cies are typically determined via the Klyshko’s coefficients
[25] and can be retrieved from coincidence counting between
signal and idler via pug; = @ Nevertheless, we correct the
efficiencies for the accidental count rates and rewrite them as
(32]

; ey

Msclic = w- @)
i/s
As presented in Fig. 2(b), we record almost constant values
for the corrected efficiencies of 37.8(1)% and 32.1(2)% for
signal and idler, respectively.

Next, we use the HBT measurement to access the mode
number of our PDC emission via individual marginal beams
[28] that we denote as unconditional g®. We expect that the
unconditional g? delivers a constant value when changing the
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FIG. 2. Conventional photon-pair characteristics in terms of
pump power. (a) The measured values of the CAR are computed via
Eq. (1). The red solid line illustrates a theoretical fit being inversely
proportional to the pump power. (b) The overall detection efficiencies
in the idler (light green dots) and signal (light blue dots) beams are
power dependent, whereas the corrected ones given by Eq. (2) for
idler (green dots) and signal (blue dots) deliver a constant value,
which is desired for a robust source. The red solid lines represent
the average of the values extracted with Eq. (2) for signal and idler.

pump power [33], and that it ideally takes the value of 2 for the
single-mode twin-beam PDC emission that PP-KTP platforms
are known to closely produce in the telecom wavelength range
[34,35]. Our results are shown in the inset of Fig. 3 in terms of
the pump power. We find a value that remains rather unaltered
over an order of magnitude change in the pump power. We
believe that experimental imperfections such as the leakage
of the other twin beam into the measured beam’s path cause
discrepancies at low pump powers.

In case of PDC emission, the unconditional g(2) is directly
related to the effective number of optical modes via [28]

1

which is often called the Schmidt number [36]. We note that
the K parameter delivers only the effective mode number
assuming their uniform occupation [37] and that Eq. (3) ap-
plies exclusively in the region of modest pump powers. In
Fig. 3, we illustrate the extracted mode numbers and find the
average K number of 1.67(2) and 1.79(3) for signal and idler,
respectively. We summarize the results for the photon-pair
characterization in Table L.

3
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FIG. 3. The extracted K number for signal (blue symbols) and
idler (green symbols) vs the CAR. The inset shows the measured
values of the unconditional g in terms of the pump power.

Next, we investigate the heralded-state’s characteristics
and start by extracting the heralded second-order correlation
(&) via [19,20]

C(i,51,%)
2) _ Si
8h = Thsy _ Chsn
S; S;
C(, sy, 82)

= Sié,

C@,s1) x C(, s2)
in which C(i, sy, s,) is the rate of the heralded coincidences in
signal and C(i, sy(2)) are the coincidence rates between herald
and individual signal channels, while S; is the singles rate in
idler now representing the heralding rate. Similar to Eq. (1),
the ratios on the right-hand side of the first line of Eq. (4) now
correspond to the coincidence and single-click probabilities in
the signal arm conditioned on a click in the herald.

We illustrate the results for gf) in Fig. 4 in terms of
the CAR values. The symbols represent the measured data,
whereas the theory (red line), which is calculated following
the treatment in Ref. [27] that applies only in the low-gain
regime (CAR 2 5-10) [28], corresponds to the case of a
single-mode twin-beam state having the same heralding effi-
ciency of 32.1% as in the experiment. The measured values
of gf]) agree well with the single-mode theory. Addition-
ally, the red-shaded area depicts the possible values of gf)
for the single-mode twin-beam state, in the range of the
heralding efficiency from 1% to 100%. We emphasize that
a larger heralding efficiency lowers the values of g(hz). The

“

green-shaded area shows the possible values for gf) in case
of multimode twin-beam PDC emission [38]. We emphasize
that despite the slight discrepancy in the mode number the
single-mode theory predicts values close to the measured
ones. We achieve for CAR = 97.14(4) a value of gf) =
2.84(2) x 1072

TABLE 1. Parameters characterizing the photon-pair creation
process.

ﬁsc (%) ﬂic (%) ’Cs ’Ci

37.8(1)

32.1(2) 1.67(2) 1.79(3)
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FIG. 4. Heralded second-order correlation function in terms of
CAR. The red (green)-shaded area corresponds to values with differ-
ent heralding efficiency for a single-mode (multimode) twin-beam
PDC emission.

Finally, we investigate the mean photon number of the
heralded states and thereafter extract their photon-number
parity. For this purpose, we model the detection system with
a positive operator-valued measure (POVM) acting on the
heralded signal beam as [27,39]

k
A N\ (k v
0= 2 <k> <m)(_1)me_N(N+m_k)

m=0
x ;} (1- L@ m- ©) sl )

where k is the number of click detections, N the total amount
of detectors in the signal path, v the dark count probability,
and ug the corrected efficiency of the heralded-state de-
tection. Here, we focus on the detection of single photons
(k = 1), implement two detectors in the signal (N = 2), and
employ the efficiency g from Fig. 2. Furthermore, the dark
count probability is neglected, since the tight time gating
drops the dark count probability to ~10~3 per pulse.

To extract the heralded-state mean photon number, we first
reduce the POVM given in Eq. (5) by using the given detector
parameters. Thus, the POVM is simplified to

0, = 22 [(1-5) = a - worjmeil. ©

Furthermore, we expand the reduced POVM with a Taylor
expansion and add similar terms up,

o]

. 3
Or=Y" {MSCn - Z(,U«sc)zn(n -1 }In)ss(nl- )

n=0

We then compute the expectation value of the expanded
POVM over the heralded signal beam by considering its den-
sity matrix in the photon-number basis in the form

p=Y_ awmln)s o(ml, ®)

in which the elements «, , depend on the PDC process pa-
rameters [40]. Nevertheless, we do not need the knowledge

of their exact form. Now, by taking the trace over signal, we
arrive at

Trs{bsél} = //Lsc(ﬁ>s -

where we made use of the relation (f(ii — 1))s = gzz)(ﬁ)g,
with 1 being the identity operator [41]. In Eq. (9), we neglect
the higher-order terms denoted with O(3). Nevertheless, we
expect the second-order approximation to be valid for sin-
gle photons regardless of the efficiency, since by measuring
g(hz) & 1, it is reasonable to assume that contributions from all
photon numbers >2 are low.

The trace Tr,{p;0,} in Eq. (9) represents the probability of
detecting a heralded click in the signal arm. Experimentally,
this corresponds to the probability of detecting a click in
signal arm conditioned on a detection event in the herald that
can be expressed via

22 g2 M2+ 03), 9

C(,8)

S;
which by definition corresponds to the Klyshko’s coefficient
of the signal beam. Thus, the mean photon number of the
heralded single photon can be extracted by solving Eq. (9)
for (i), thus allowing its evaluation from photon-correlation
measurements. In the following, we extract it by considering
both (i) the first-order and (ii) the second-order approximation
of Eq. (9). It is expected that in the postselected ensem-
ble of the heralded-state statistics the mean photon number
approaches unity. Therefore, in contrast to the prior mea-
surements, the click detectors can reach a saturation [42].
Nevertheless, we expect the correction from the second-order
approximation to be small.

In case (i), which applies at small detection efficiencies
ufc « 1, we retrieve [43]

Trs{ﬁsol} =

= Us, (10)

nlst_ Hs _ CAR
" e CAR-1

However, at high detection efficiencies as in our case
(Table 1), the condition for the first-order approximation is not
satisfied. The derivation in case (ii) delivers

1— /1 =3¢ u,
pd— V0 (12)

%IJ’SC g§12)

which depends not only on the efficiencies, but also on the
heralded gi}z). We further note that we only regard one of the
two solutions of the quadratic formula in Eq. (9) since only
one of them delivers physically congruent results and leads to
Eq. (11) in the limit g — 0.

We present the deduced values for the mean photon number
of the heralded single photons in Fig. 5(a). As expected, the
values extracted in case (i) presented with green symbols
deviate much at low values of CAR from the theoretical ex-
pectation (red solid line), while the results of case (ii) agree
well with that. Here, the theory represents an exact calculation
and is obtained following the treatment in Ref. [27]. The
agreement between case (ii) and the theory confirms that the
second-order expansion is sufficient at all values of CAR for
covering the effect of multiphoton contamination. We further
emphasize that both cases (i) and (ii) converge to the same
result at high CAR values. This implies that the first-order

an
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FIG. 5. Expectation values for the studied observables in terms of CAR in cases (i) and (ii). When CAR increases, both (a) the mean photon
number and (b) the photon-number parity approach the desired values of 1 and —1, respectively. The theoretical prediction (red line) agrees

well with the second-order approximation investigated in case (ii).

approximation is completely adequate in the region CAR
>100. Additionally, the mean photon number approaches
unity asymptotically for increasing values of CAR, which
is the case for a negligible dark count probability [27]. For
instance, in case (ii), we reach at the value of CAR = 97.14(4)
and the mean photon number (/1) = 1.016(1).

Moreover, we investigate the photon-number parity of the
heralded single-photon state [43]. This quantity can be ex-
tracted from the mean photon number and g(hz) via [12,44]

. —2(A)))" . A
(f1), = Zgﬁ”)% ~ 1 =2+ 2(R)2g . (13)

on the right-hand side of which we have expanded the sum-
mation up to the second order.

The results of the photon-number parity for the heralded
single-photon state are shown in Fig. 5(b). Again, we present
the results for cases (i) and (ii) with green and blue symbols,
respectively, together with the theoretical prediction (red line).
Once more, our results show the necessity of the second-order
approximation at low values of CAR (<10?) and that the ex-
pectation value of the photon-number parity strongly deviates
from the value —1, which is expected for ideal single photons
being a further indication of multiphoton contamination in the
heralded state. In case (ii), at the value of CAR = 97.14(4)
we achieve (ﬁ)s = —0.973(2). Similarly, in the region above
that, the first- and second-order approximations hardly deviate

from each other, and the expectation value of the photon-
number parity approaches the ideal negative limit.

Finally, in Table II we compare different measurements
aiming at direct probing of the single-photon characteristics
[47,48]. Our realization is resource saving as it only uses
manifold coincidence discrimination and works, for example,
without true photon-number resolving detectors or sophisti-
cated mathematics related to the reconstruction of expectation
values from click statistics. Further, we achieve precision in
measuring the studied expectation values loss tolerantly and
can set calibration boundaries for the underlying photon-pair
generation process for the heralded-state production.

Conclusions. Heralded single photons are an important
resource in quantum optics experiments, and fast and easy
tools are required for their effective characterization. For this
purpose, photon-correlation measurements provide a simple
and adequate toolbox. We generate heralded single photons
from a PP-KTP waveguide in the telecom wavelength range
with an optical mode number of 1.67(2) and 1.79(3) for
signal and idler, respectively. Further, we make use of the
loss-independent values of the CAR as a calibration param-
eter with respect to which the studied figures of merit are
presented. After conventional characterization of the source,
we loss tolerantly determine the mean photon number and
the photon-number parity of heralded single photons just
by singles and coincidence counting. Our results show their
asymptotic behavior and that the ideally expected values are

TABLE II. Comparison of our work with different direct probing experiments for single-photon states. PNR: photon-number resolving,
TMD: time-multiplexed detection, and BRW: Bragg-reflection waveguide.

Work Source Detectors Efficiency Measured properties

This work PP-KTP HBT 32.1(2)% g =0.0024(1), (), = 1.001(3), (IT); = —0.998(6)
2] PP-KTP TMD 16.5% (IT), = —0.888(6)"

[3] PP-KTP PNR 58% (IT)s = —0.055(8)*®

[43] AlGaAs BRW PNR g2 =0.21(3), (A), = 1.086(2), (IT), = —0.68(8)
[45] PP-KTP TMD 15%* (I, > —0.3

[46] Quantum Dot HBT g7 =0.0412(5)

#The photon-number parity was extracted from the reported value of the Wigner function at the origin.

®Value includes no loss inversion.

“Value is estimated as a product of the reported detection and coupling efficiencies.
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approached when CAR is strongly increased, indicating a
drastic reduction of the multiphoton contributions. We showed
that at a high heralding efficiency of 32.1(2)% a second-order
approximation is necessary in order to accurately extract these
parameters. In the region of CAR = 97.14(4), we achieved a
value of gf) = 2.84(2) x 1072 and loss tolerantly extracted
for the mean photon number (i1); = 1.016(1) and photon-
number parity (IT)s = —0.973(2). Our measurement is easy
and fast to implement in comparison to other available meth-
ods such as the homodyne tomography or the photon-statistics

reconstruction. We are confident that the utilized measure-

ment tool represents an appropriate method for accurately
accessing the heralded state’s properties. It eases up the com-
parison of heralded single photon sources and enables their
calibrated usage.
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