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Abstract
The Hong–Ou–Mandel (HOM) interference is one of the most intriguing quantum optical
phenomena and crucial in performing quantum optical communication and computation tasks.
Lately, twin beam emitters such as those relying on the process of parametric down-conversion
(PDC) have become confident sources of heralded single photons. However, if the pump power is
high enough, the pairs produced via PDC—often called signal and idler—incorporate multiphoton
contributions that usually distort the investigated quantum features. Here, we derive the temporal
characteristics of the HOM interference between heralded states from two independent
narrowband PDC sources. Apart from the PDC multiphoton content, our treatment also takes into
account effects arriving from an unbalanced beam splitter ratio and optical losses. We perform a
simulation in the telecommunication wavelength range and provide a useful tool for finding the
optimal choice for PDC process parameters. Our results offer insight in the properties of
narrowband PDC sources and turn useful when driving quantum optical applications with them.

1. Introduction

The two-photon quantum interference named after the seminal experiment of Hong, Ou and Mandel
provides evidence of photon bunching and stems from the true quantum features of light [1]. Today, this
quantum phenomenon is one of the most important building blocks of photonic quantum information and
communication applications [2]. Many quantum optical technologies require spectrally tailored photon
sources in order to guarantee the applicability of the quantum light with the so-called quantum hardware.
Hereby, modeling the investigated quantum optics task precisely and accurately with the required photonic
source plays an important role [3–5].

Regarding photon-pair generation processes, the Hong–Ou–Mandel (HOM) interference between
independent heralded single photons has vastly been investigated on the platforms relying both on the
four-wave mixing [6–9] and parametric down-conversion (PDC) [10–13]. Recently, highly versatile and
conveniently tunable sources of photon pairs—usually denoted as signal and idler—have successfully been
demonstrated with different spectro-temporal characteristic [14–17]. When utilizing photon-pair processes
in the HOM interference experiments, care has to be taken since their multiphoton contributions are known
to diminish the visibility of the two-photon interference dip. Such results have been reported at least when
investigating the indistinguishability of signal and idler [18–20] and when examining the HOM interference
between heralded states from different photon-pair sources [7, 21] as well as between heralded single
photons and coherent states [22–24]. In case the multiphoton contributions are not taken into account the
interpretation of the quantum features of the manipulated light can be falsified. In other cases, recently
spectral multiplexing have been proposed and realized to counteract the drawback of PDC multiphoton
contributions [25].
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The spectral and temporal characteristics of photons emitted via PDC are related to each other with the
Fourier transform. Often, the spectral properties of these sources can be easily accessed [26] and measured at
the few photon level with high-resolution spectrographs [27]. Contrariwise, the coincidence discrimination
mostly happens in the temporal domain. We take use of the spectral PDC properties to derive the temporal
characteristics of the HOM interference dip between heralded states from two independent narrowband
PDC sources. We emphasize that when it comes to time-resolved measurements, the treatment of the PDC
sources including continuous-wave pumping [15, 28] and those including pulsed pumping [29–31] often
slightly differs from each other. While in the former case one can do truly time-resolved measurements of the
quantum light, in the latter case one almost always needs to average over the duration of the pulse due to the
slowness of the most optical detectors [32]. In our treatment we assume an ideal time-resolving detection
and therefore omit such averaging effects caused experimentally mostly by the photodection. Instead we
scrutinize the effect of the PDC multiphoton contributions and typical imperfections in the optical
arrangement such as optical losses and an unbalanced beam splitter ratio. Our derivation is based on
evaluating the required expectation values directly with PDC states, in other words, two-mode squeezed
vacuum states, which allows to easily capture the full state characteristics [33, 34]. Firstly, in our treatment
there is no need of operating in the more cumbersome photon-number basis, which includes summation of
photon numbers upto infinity or truncation of the sum, which might introduce artefacts. Secondly, we
model the PDC process in the frequency space, which means that the spectral properties of signal and idler
are intrinsically included in our calculation. For simplicity in our simulation we assume that the two PDC
processes are identical. However, experimentally probably most challenging to realize is the spectral overlap
of the individual PDC processes, especially when the heralded states are not created along a common path
but rather via two independent crystals or waveguides [30, 31].

We simulate the four-fold coincidence probability in the telecommunication wavelength range assuming
Gaussian PDC spectra and indicate how the visibility of the HOM interference dip degrades in terms of the
PDC multiphoton contributions. We note that each platform producing continuous-wave photon pairs has
its highly individual spectral characteristics that needs to be thoroughly scrutinized to gain an accurate
estimate of the background effects [35, 36]. Further, we investigate the temporal characteristics of signal and
idler cross-correlation [37] to show the practicality of this figure-of-merit as a PDC process parameter since
the integral over it turns out to be expedient for calibrating the mean photon flux of the source in
loss-independent manner. We believe our results can enhance the efficient utilization of narrowband PDC
sources in quantum optical applications and help reaching a high visibility in the HOM interference
experiment.

2. Derivation of the temporal characteristics of the HOM interference

We investigate the HOM interference between heralded photons from two independent narrowband PDC
sources taking into account the PDC multiphoton contributions, optical losses at the paths of the signal and
idler beams as well as an unbalanced beam splitter ratio. The optical arrangement is sketched in figure 1 and
the depicted four-fold coincidence probability can be derived via [7]

P(t, t+ τ1, t+∆t+ τ2, t+∆t) (1)

= η1η4⟨â†i (t)b̂
†
i (t+∆t)̂c†(t+ τ1)d̂

†(t+∆t+ τ2)d̂(t+∆t+ τ2)̂c(t+ τ1)b̂i(t+∆t)âi(t)⟩,

in which â†µ [âµ] and b̂†µ [b̂µ] (µ= s, i) stand for the photon creation [annihilation] in the signal (s) and idler
(i) modes of the two investigated PDC processes, ηξ (ξ = 1 . . .4) is the efficiency at the different optical paths

(cf figure 1), and ĉ† [̂c] and d̂† [d̂] stand for the photon creation [annihilation] operators at the beam splitter
output ports. In equation (1) the variables t, t+∆t denote the times of detecting heralding events in modes a
and b, respectively, while t+ τ1 and t+∆t+ τ2 describe the times of detecting events in the detectors placed
at the beam splitter output ports c and d, respectively.

In order to evaluate equation (1) we utilize the beam splitter transformations and trace over all vacuum
modes. Thus, we replace the operators ĉ and d̂ at the beam splitter outputs with

ĉ→
√
η2(1−T)âs +

√
η3Tb̂s and

d̂→
√

η2Tâs −
√
η3(1−T)b̂s, (2)

in which T accounts for the used beam splitter transmittance, whereafter we re-write equation (1) in terms of
the input modes a and b. We model the PDC states as two-mode squeezed vacuum states, shortly twin beams.
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Figure 1. Sketch of the HOM interference experiment with two heralded photons from different PDC sources. The idler (i) beams
of the two narrowband PDC processes, which we label here with a and b, are used as the heralds, while the signal (s) beams are
sent to the input ports of the beam splitter having the transmittance T. Each beam path ai, as, bi and bs is objected to the optical
loss, modeled as a beam splitter with the transmittance corresponding to the efficiency, at which the mode is detected. Vacuum
modes are not explicitly denoted. For further details see text.

After plugging equation (2) in equation (1) we arrive at 16 terms, from which only six terms survive. The rest
of the terms vanish, when the expectation values are evaluated with the twin beams.

The probability of measuring a four-fold coincidence click is then given by

P(t, t+ τ1, t+∆t+ τ2, t+∆t) (3)

∝ η1η
2
2η4T(1−T)

· ⟨â†i (t)â
†
s (t+ τ1)â

†
s (t+∆t+ τ2)âs(t+∆t+ τ2)âs(t+ τ1) âi(t)⟩⟨b̂†i (t+∆t)b̂i(t+∆t)⟩

+ η1η
2
3η4T(1−T)

· ⟨â†i (t)âi(t)⟩⟨b̂
†
i (t+∆t)b̂†s (t+ τ1)b̂

†
s (t+∆t+ τ2)b̂s(t+∆t+ τ2)b̂s(t+ τ1)b̂i(t+∆t)⟩

+ η1η2η3η4T
2

· ⟨â†i (t)â
†
s (t+∆t+ τ2)âs(t+∆t+ τ2)âi(t)⟩⟨b̂†i (t+∆t)b̂†s (t+ τ1)b̂s(t+ τ1)b̂i(t+∆t)⟩

+ η1η2η3η4(1−T)2

· ⟨â†i (t)â
†
s (t+ τ1)âs(t+ τ1)âi(t)⟩⟨b̂†i (t+∆t)b̂†s (t+∆t+ τ2)b̂s(t+∆t+ τ2)b̂i(t+∆t)⟩

− η1η2η3η4T(1−T)

· ⟨â†i (t)â
†
s (t+ τ1)âs(t+∆t+ τ2)âi(t)⟩⟨b̂†i (t+∆t)b̂†s (t+∆t+ τ2)b̂s(t+ τ1)b̂i(t+∆t)⟩

− η1η2η3η4T(1−T)

· ⟨â†i (t)â
†
s (t+∆t+ τ2)âs(t+ τ1)âi(t)⟩⟨b̂†i (t+∆t)b̂†s (t+ τ1)b̂s(t+∆t+ τ2)b̂i(t+∆t)⟩,

in which the first two terms describe the effect of the PDC higher photon-number contributions to the
coincidences, the two terms in the middle denote the contribution to the coincidences outside the HOM
interference dip and the two last terms account for the two-photon quantum interference. We calculate the
temporal properties of the HOM interference in terms of the temporal delay∆t and define the visibility of

the HOM dip as V = P(∆t→∞)−P(∆t=0)
P(∆t→∞) . The PDC multiphoton contributions are expected to produce an

undesired background to the coincidences and thence, diminish the visibility of the investigated HOM
interference dip.

Next, in order to be able to evaluate equation (3) we introduce the characteristics of the twin beams. We
note that for the sake of simplicity in the following we elaborate the required expectation values for the mode
a only. We emphasize that similar considerations apply for the mode b also. The investigated states can be
written in the form |Ψ⟩= Ŝ|0⟩, in which the narrowband squeezing operator takes the form [38]

Ŝ= exp

(ˆ
dωS∗(ωs)âs(ωs)âi(ωp −ωs)−

ˆ
dωS(ωs)â

†
s (ωs)â

†
i (ωp −ωs)

)
, (4)

where ωs describes the angular frequency of signal and ωp is that of the pump beam. The joint spectral
amplitude of signal and idler is given by f(ωs,ωi) = S(ωs)δ(ωp −ωs −ωi) with the complex function

3
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S(ωs) = r(ωs)exp[iϑ(ωs)] having the amplitude r(ωs) and phase ϑ(ωs). The twin beams obey the
transformations [38, 39]

Ŝ†âs(ωs)Ŝ= âs(ωs)β(ωs)− â†i (ωp −ωs)α(ωs), (5)

Ŝ†â†s (ωs)Ŝ= â†s (ωs)β(ωs)− âi(ωp −ωs)α
∗(ωs)

and

Ŝ†âi(ωp −ωs)Ŝ= âi(ωp −ωs)β(ωs)− â†s (ωs)α(ωs), (6)

Ŝ†â†i (ωp −ωs)Ŝ= â†i (ωp −ωs)β(ωs)− âs(ωs)α
∗(ωs)

for signal and idler, respectively. In equations (5) and (6) we utilize the short notations β(ωs) = cosh[r(ωs)]
and α(ωs) = sinh[r(ωs)]exp[iϑ(ωs)], for which it applies |β(ωs)|2 − |α(ωs)|2 = 1. We are interested in
evaluating equation (3) in the frequency space and take use of the Fourier transforms

âµ(t) =
1√
2π

ˆ
dωâµ(ωµ)e

−iωµt and

â†µ(t) =
1√
2π

ˆ
dωâ†µ(ωµ)e

iωµt (7)

and finally, plug equations (5) and (6) together with equation (7) in equation (3) order to evaluate it.
Following the treatment in [38] we determine the expectation values required for evaluating

equation (3). For the detailed derivation see appendix. The mean photon flux takes the form

N = ⟨â†i (t)âi(t)⟩= ⟨â†s (t)âs(t)⟩=
1

2π

ˆ
dω |α(ω)|2 , (8)

and the coherence time of the source can be determined via the normalized first-order coherence

g(1)(τ) =
⟨â†µ(t)âµ(t+τ)⟩
⟨â†µ(t)âµ(t)⟩

= 1
2πN
´
dω |α(ω)|2 e−iωτ , which delivers

τc =

ˆ
dτ |g(1)(τ)|2

=
1

2πN 2

ˆ
dω|α(ω)|2

ˆ
dω̃|α(ω̃)|2 1

2π

ˆ
dτ ei(ω−ω̃)τ︸ ︷︷ ︸

=δ(ω−ω̃)

=
1

2πN 2

ˆ
dω|α(ω)|4, (9)

and which can be measured in an interferometric experiment [28]. Alternatively, the coherence time can also
be determined via the second-order correlation of an individual marginal beam that is signal or idler
(c.f. appendix). Thus, experimentally it can be accessed in a Hanbury–Brown–Twiss experiment of the
investigated marginal beam [36, 40]. Luckily, the time-integral over a correlation function is tolerant against
the jitter of the detectors and do not disturb the evaluation [28, 41, 42].

Another important figure-of-merit, namely the signal-idler cross-correlation, can be re-written as

⟨â†i (t
′)â†s (t)âs(t)âi(t

′)⟩=
[
1

2π

ˆ
dω |α(ω)|2

]2
+

1

2π

ˆ
dωα∗(ω)β(ω)e−iω(t ′−t) 1

2π

ˆ
dω̃α(ω̃)β(ω̃)eiω̃(t ′−t), (10)

which in the normalized form of

g(2)s,i (τ = t− t ′) =
⟨â†i (t ′)â†s (t)âs(t)âi(t ′)⟩
⟨â†s (t)âs(t)⟩⟨â†i (t ′)âi(t ′)⟩

, (11)

delivers the important information of the coincidences-to-accidentals ratio of the PDC source denoted here

with g(2)s,i (τ = 0). Moreover, equation (11) usually can rather conveniently be measured via the coincidence
discrimination between signal and idler [43]. Fortunately, the strength of the signal and idler cross-
correlation offers means for the quantification of the PDC higher photon-number contributions and can be
used as a calibration tool in order to guarantee a high visibility in the HOM interference experiment.

4
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Additionally, we note that the integral over the function g(2)s,i (τ)− 1 delivers a loss-independent estimate
of the mean photon flux given as

ˆ
dτ

[
g(2)s,i (τ)− 1

]
=

´
dτ 1

2π

´
dωα∗(ω)β(ω)eiωτ 1

2π

´
dω̃α(ω̃)β(ω̃)e−iω̃τ[

1
2π

´
dω |α(ω)|2

]2
=

1

2πN 2

ˆ
dωα∗(ω)β(ω)

ˆ
dω̃α(ω̃)β(ω̃)

1

2π

ˆ
dτ ei(ω−ω̃)τ︸ ︷︷ ︸

=δ(ω−ω̃)

=
1

N 2

1

2π

ˆ
dω |α(ω)|2 |β(ω)|2 = 1

N
+

1

2πN 2

ˆ
dω |α(ω)|4 = 1

N
+ τc, (12)

in the last step of which we plugged in the outcome from equation (9). The result derived in equation (12) is
in analog to the case of the broadband multi-mode PDC, in which the time-integrated signal-idler
cross-correlation delivers a sum of two terms, namely the inverse of the mean photon number and the
inverse of the number of the excited modes [32]. Moreover, we note that the time integral over a normalized
correlation function have recently turned into a practical tool when carrying out quantum optical
investigations of other photonic emitters also, such as nanolasers [41].

Further, for the evaluation of equation (3) we require a more sophisticated signal-idler cross-correlation
term given by

⟨â†i (t)â
†
s (t

′)âs(t
′ ′)âi(t)⟩=

(
1

2π

)2 [ˆ
dω|α(ω)|2

ˆ
dω̃ |α(ω̃)|2 eiω̃(t ′−t ′ ′)

+

ˆ
dωα∗(ω)β(ω)e−iω(t−t ′)

ˆ
dω̃α(ω̃)β(ω̃)eiω̃(t−t ′ ′)

]
.

Finally, in order to estimate the effect of the PDC multiphoton contributions to the coincidences within the
HOM interference dip we take use of the expectation value

⟨â†i (t)â
†
s (t

′)â†s (t
′ ′)âs(t

′ ′)âs(t
′)âi(t)⟩

=

(
1

2π

)3ˆ̂
dωdω̃dω ′ α(ω)β(ω) |α(ω̃)|2α∗(ω ′)β(ω ′)

·
[
e−iω(t ′ ′−t)ei ω̃(t ′ ′−t ′)eiω

′(t ′−t) + e−iω(t ′−t)ei ω̃(t ′−t ′ ′)eiω
′(t ′ ′−t)

]
+

(
1

2π

)3ˆ̂
dωdω̃dω ′ α(ω)β(ω) |α(ω̃)|2α∗(ω ′)β(ω ′)

·
[
e−iω(t ′−t)eiω

′(t ′−t) + e−iω(t ′ ′−t)eiω
′(t ′ ′−t)

]
+

(
1

2π

)3ˆ̂
dωdω̃dω ′ |α(ω)|2 |α(ω̃)|2 |α(ω ′)|2

[
1+ ei ω̃(t ′−t ′ ′)eiω

′(t ′ ′−t ′)
]
. (14)

3. Simulation of the four-fold coincidences

Next, we perform a simulation of the temporal characteristics of the HOM interference with narrowband
PDC sources in the telecommunication wavelength range. Our emphasis lies on understanding the effect of
the multiphoton contributions on the HOM dip visibility. For the sake of simplicity we pressume that the
spectral properties of the two deployed PDC sources are identical. Further, we assume a real-valued Gaussian
spectral profile for the marginal beams, thus setting ϑ= 0. We express the spectral amplitude in the form
[38]

r(ωs) =

(
2πF2

∆2

)1/4

exp

(
−
[ωp/2−ωs]

2

4∆2

)
, (15)

in which∆ is the spectral width of the marginal beams and the degeneracy lies at the angular frequency of
ωp/2. In equation (15) the value of F corresponds to the mean photon fluxN in case the approximation
sinh[r(ω)]≈ r(ω) holds.

We plot the marginal spectrum in figure 2(a) having the degeneracy wavelength of 1550 nm and a
full-width-half-maximum of 0.05 nm. Further, in figure 2(b) we illustrate the estimated joint spectral

5
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Figure 2. (a) The marginal spectrum of the simulated narrowband PDC source. (b) The corresponding estimated joint spectral

intensity of signal and idler. (c) The second-order correlation of an individual marginal beam, here g
(2)
s,s (τ).

intensity of signal and idler, which as expected is strongly correlated in the frequency space. Moreover, in
figure 2(c) we evaluate the second-order correlation of an individual marginal beam (here signal) denoted as

g(2)s,s (τ), from which the coherence time of the PDC source can be estimated via the integration that delivers
τc ≈ 75.6 ps (c.f. appendix).

We start by investigating the temporal characteristics of the HOM interference in the ideal case of having
T= 1/2 and ηξ=1...4 = 1. We evaluate the signal-idler cross-correlation at three different photon fluxes that

result in g(2)s,i (τ = 0)-values of approximately 20, 40 and 80 as shown in figures 3(a)–(c), respectively. Next,
we evaluate the temporal characteristics of the HOM interference dips with equation (3) and present them in
figures 3(d)–(f) that yield the V-values close to 0.65, 0.8 and 0.9, respectively. Additionally, in
figures 3(d)–(f) we depict the contribution to the coincidences arriving from the multiphoton effects with
red dotted lines. Clearly, their effect cannot be neglected and this background strongly diminishes the
visibility of the HOM interference dips. As a consequence, a high value of the signal-idler cross-correlation

g(2)s,i (τ = 0) is required to counteract the effect of multiphoton contributions. To this end, we note that in
case the effect of the multiphoton contributions were neglected in equation (3), we would expect almost a
perfect HOM interference dip as illustrated in the inset in figure 3(a).

Next, we investigate the effect of experimental imperfections on the temporal characteristics of the HOM
interference and take into account an unbalanced beam splitter ratio and optical losses. Looking at
equation (3) one can directly conclude that these imperfections contribute differently. The different optical
losses in the signal beams’ paths influence the scaling of the multiphoton contributions, while the utilization
of an unbalanced beam splitter also affects the terms accounting for the HOM interference. We investigate
the effect of these imperfections in three different cases. In case (i) we assume that the transmittance of the
beam splitter takes the value T= 0.45, which is rather typical for integrated optics, while the optical losses in
the signal beams’ paths are equal. Thereafter, we keep the beam splitter transmittance unchanged at T= 0.45
and assume slightly different efficiencies in the paths of the signal beams taking in case (ii) the values
η2 = 2η3 = 0.1. In case (iii) we regard a stronger imbalance between the optical efficiencies in the signal
beams’ paths of η2 = 4η3 = 0.2. Experimentally these efficiencies can usually be determined via the Klyshko
efficiency [44], which includes all losses arriving for example from the optics elements, fibre-optic couplings
and imperfect detection. Values such as considered in cases (ii-iii) are rather typical for experimental
arrangements with photon-pair sources in the telecommunication wavelengths [20, 45–47]. In figure 4 we
plot for the three investigated cases the temporal properties of the HOM interference at the same values of

g(2)s,i (τ = 0) of about 20, 40 and 80 as in figure 3. We note that the utilization of an unbalanced beam splitter
in case (i) causes slight changes in the shape of the HOM interference dips and results in the V-values of
approximately 0.68, 0.81 and 0.89, respectively. Due to the unbalanced beam splitter ratio the scaling of the
multiphoton effects is slightly lower than in the ideal case presented in figure 3, which indeed can even result
in a higher visibility. The moderately different losses in the paths of the signal beams in case (ii) diminishes
the V-values close to 0.61, 0.77 and 0.87, respectively. However, a stronger imbalance in the optical losses of
the signal beams’ paths such as the one investigated in case (iii) causes a significant drop in the visibilities of
the investigated HOM interference dips. In case (iii) the extracted V-values drop near to 0.41, 0.65 and 0.80,
respectively. Evidently, the efficient alignment of the photon-pair setup plays a crucial role in order to achieve
a high visibility in the HOM interference experiment.

6
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Figure 3. The signal-idler correlation g
(2)
s,i (τ) taking the values of approximately (a) 20 (b) 40 and (c) 80 at τ = 0 together with

the corresponding temporal characteristics of the HOM interference dips (black lines) resulting in the visibilities close to (d) 0.65
(e) 0.8 and (f) 0.9, respectively. The contribution to the coincidences arriving from the multiphoton effects is plotted in (d)–(f)
with red dotted lines. The inset in (a) illustrates the temporal properties of the HOM interference dip, if the multiphoton effects
are neglected.

Figure 4. Effect of experimental imperfections on the temporal characteristics of the HOM interference dips. We evaluate

equation (3) near the values of g
(2)
s,i (τ = 0) of (a) 20 (b) 40 and (c) 80 in the three investigated cases (i)–(iii). For the detailed

description of the used parameters see the main text.

In order to gain insight, how the multiphoton contributions in the heralded states alter the characteristics
of the HOM interference, we illustrate in figure 5 the visibility of the HOM interference dip in terms of the
value of the signal-idler cross-correlation at τ = 0. When regarding the ideal case (black diamonds) from
figure 3 that excludes experimental imperfections but takes into account multiphoton contributions we find
that the classical limit of V = 0.5, which applies for the coherent states of light, can in our case be rather

easily met. For that purpose as low a value as g(2)s,i (τ = 0)≳ 13 is adequate. Interestingly, the HOM
interference dip visibility grows fast with increasing signal-idler cross-correlation, but starts to flatten out

near g(2)s,i (τ = 0)≈ 50, where V ≈ 0.84 can be reached. Beyond that value the visibility of the HOM
interference dip grows only modestly. In order to reach the HOM interference dip visibility of V ≈ 0.9 the
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Figure 5. Visibility of the HOM interference dip in terms of the value of g
(2)
s,i (τ = 0). When regrading multiphoton contributions

but excluding other experimental imperfections (black diamonds) the visibility of the HOM interference dip first grows fast in

terms of g
(2)
s,i (τ = 0) but then flattens out. When considering experimental imperfections investigated in case (ii) (red circles), a

slight deviation towards lower visibilities can be recognized, while the imperfections in case (iii) (blue triangles) already result in a
stronger deviation. The dashed horizontal line depicting the classical limit of V = 0.5 provides a guide for the eye.

signal-idler cross-correlation needs to be increased to g(2)s,i (τ = 0)≈ 80. In order to suppress the multiphoton
contributions, experimentally such high values of signal-idler cross-correlation can be achieved, however,
meaning that the pump power has to be low enough, which ultimately leads to lower count rates in the
individual marginal beams [47]. For comparison, we illustrate in figure 5 the HOM interference dip
visibilities also in cases (ii) (red circles) and (iii) (blue triangles). The regarded experimental imperfections
do not change the observed behavior of the flattening, only the visibilities reached at the specific values of

g(2)s,i (τ = 0) drop. Especially, if the efficiencies, at which the signal beams are detected, are strongly different
from each other such as in case (iii), it becomes difficult to reach a high visibility in the experiment.

4. Conclusions

We investigated the temporal characteristics of the HOM interference between heralded photons from two
independent narrowband PDC sources. We derived equations for evaluating the temporal properties of the
HOM interference dip, when taking into account the evident multiphoton contributions of PDC and other
experimental imperfections such as optical losses and an unbalanced beam splitter ratio. We performed a
numerical simulation in the telecommunication wavelength range with a narrowband PDC source assuming
a Gaussian spectral amplitude. Our numerical simulation shows that the multiphoton contributions rather
strongly diminish the visibility of the HOM interference dip. Further, we find out that only modest changes
are expected if the transmittance of the beam splitter slightly deviates from that of a perfectly balanced beam
splitter as expected for realistic optics components. More crucial is to take care that the optical losses in the
signal beams’ paths are comparable, since this affects most the scaling of the background from the
multiphoton contributions. Strongly different losses on these beam paths results in lower visibilities of the
HOM interference dips. Additionally, we showed that the value of the normalized signal-idler

cross-correlation g(2)s,i (τ = 0), which corresponds to the coincidences-to-accidentals ratio, provides a useful
tool for selecting a proper photon flux such that high visibility in the HOM interference experiment can be

achieved. Most interestingly, the time integral over the function g(2)s,i (τ)− 1 that can usually be extracted in
the experiment in a loss-independent manner is proportional to the inverse of the mean photon flux.
Altogether, our results show that the PDC multiphoton contributions have to be taken into consideration
when investigating HOM interference with heralded PDC sources. We deduce that our results are important
for reaching high visibilities in the two-photon quantum interference experiments when utilizing
narrowband photon-pair sources.

Data availability statement

The presented data can be reproduced with the derived equations and the parameters applied.
The data that support the findings of this study are available upon reasonable request from the authors.
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Appendix A. Derivation of the expectation values

In this appendix we derive for the completeness the expectation values required for evaluating equation (3).
We follow the treatment in [38], employ the Fourier transforms in equation (7) to replace the time domain
with the frequency space and utilize the transformations in equations (5) and (6). We start by evaluating

⟨â†s (t)âs(t+ τ)⟩= 1

2π

ˆ̂
dωdω̃ eiωte−iω̃(t+τ)⟨0|Ŝ†â†s (ω)âs(ω̃)Ŝ|0⟩

=
1

2π

ˆ̂
dωdω̃ eiωte−iω̃(t+τ)α∗(ω)α(ω̃)⟨âi(ωp −ω)â†i (ωp − ω̃)⟩︸ ︷︷ ︸

=δ(ω−ω̃)

=
1

2π

ˆ̂
dω |α(ω)|2 e−iωτ , (A.1)

in which we used the relation ŜŜ† = 1 and the commutator [â†µ(ω), âµ(ω̃)] = δ(ω− ω̃). Next, we investigate
the second-order correlation of an individual marginal beam (here signal) that takes the form

⟨â†s (t)â†s (t ′)âs(t ′)âs(t)⟩=
(

1

2π

)2 ˆ̂
dω1dω2dω3dω4 e

iω1teiω2t
′
e−iω3t

′
e−iω4t

· ⟨0|Ŝ†â†s (ω1)â
†
s (ω2)âs(ω3)âs(ω4)Ŝ|0⟩

=

(
1

2π

)2 ˆ̂
dω1dω2dω3dω4 e

iω1teiω2t
′
e−iω3t

′
e−iω4tα∗(ω1)α

∗(ω2)α(ω3)α(ω4)

· ⟨â†i (ωp −ω1)â
†
i (ωp −ω2)âi(ωp −ω3)âi(ωp −ω4)⟩︸ ︷︷ ︸

=δ(ω2−ω3)δ(ω1−ω4)+δ(ω1−ω3)δ(ω2−ω4)

, (A.2)

which we re-write as

⟨â†s (t)â†s (t ′)âs(t ′)âs(t)⟩=
(

1

2π

)2 [ˆ
dω |α(ω)|2

]2
+

1

2π

ˆ
dω |α(ω)|2 eiω(t−t ′) 1

2π

ˆ
dω̃ |α(ω̃)|2 e−iω̃(t−t ′). (A.3)

Thence, the normalized form of the second-order correlation of an individual marginal beam delivers

g(2)s,s (τ = t− t ′) =
⟨â†s (t)â†s (t ′)âs(t ′)âs(t)⟩
⟨â†s (t)âs(t)⟩⟨â†s (t ′)âs(t ′)⟩

= 1+
1

2πN

ˆ
dω |α(ω)|2 eiωτ 1

2πN

ˆ
dω̃ |α(ω̃)|2 e−iω̃τ , (A.4)

which can also be used for evaluating the coherence time via τc =
´
dτ

(
g(2)s,s (τ)− 1

)
.

Further, we determine the cross-correlation term

⟨â†i (t)â
†
s (t

′)âs(t
′ ′)âi(t)⟩

=

(
1

2π

)2 ˆ̂
dω1dω2dω3dω4 e

iω1teiω2t
′
e−iω3t

′ ′
e−iω4t⟨0|Ŝ†â†i (ω1)â

†
s (ω2)âs(ω3)âi(ω4)Ŝ|0⟩, (A.5)
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which requires the expectation value

⟨â†i (ω1)â
†
s (ω2)âs(ω3)âi(ω4)⟩

=
〈
âs(ωp −ω1)α

∗(ωp −ω1)
[
â†s (ω2)β(ω2)− âi(ωp −ω2)α

∗(ω2)
]

⊗
[
âs(ω3)β(ω3)− â†i (ωp −ω3)α(ω3)

]
â†s (ωp −ω4)α(ωp −ω4)

〉
= α∗(ωp −ω1)α(ωp −ω4)β(ω2)β(ω3)⟨âs(ωp −ω1)â

†
s (ω2)âs(ω3)â

†
s (ωp −ω4)⟩︸ ︷︷ ︸

=δ(ωp−ω1−ω2)δ(ωp−ω4−ω3)

+α∗(ωp −ω1)α(ωp −ω4)α
∗(ω2)α(ω3)⟨âs(ωp −ω1)â

†
i (ωp −ω2)âi(ωp −ω3)â

†
s (ωp −ω4)⟩︸ ︷︷ ︸

=δ(ω1−ω4)δ(ω2−ω3)

. (A.6)

Eventually, equation (A.5) takes the form

⟨â†i (t)â
†
s (t

′)âs(t
′ ′)âi(t)⟩=

1

2π

ˆ
dωα∗(ω)β(ω)e−iω(t−t ′) 1

2π

ˆ
dω̃α(ω̃)β(ω̃)eiω(t−t ′ ′)

+
1

2π

ˆ
dω|α(ωp −ω)|2 1

2π

ˆ
dω̃|α(ω̃)|2eiω̃(t ′−t ′ ′), (A.7)

which further reduces to equation (10) if t ′ = t ′ ′.
Finally, we evaluate the effect of the multiphoton contributions to the coincidences, which can be

extracted via

⟨â†i (t)â
†
s (t

′)â†s (t
′ ′)âs(t

′ ′)âs(t
′)âi(t)⟩ (A.8)

=

(
1

2π

)3̂ ˆ
dω1dω2dω3dω4dω5dω6 e

iω1teiω2t
′
eiω3t

′ ′
e−iω4t

′ ′
e−iω5t

′
e−iω6t

· ⟨0|Ŝ†â†i (ω1)â
†
s (ω2)â

†
s (ω3)âs(ω4)âs(ω5)âi(ω6)Ŝ|0⟩.

In order to evaluate equation (A.8) we determine the expectation value

⟨â†i (ω1)â
†
s (ω2)â

†
s (ω3)âs(ω4)âs(ω5)âi(ω6)⟩ (A.9)

=
〈
âs(ωp −ω1)α

∗(ωp −ω1)
[
â†s (ω2)β(ω2)− âi(ωp −ω2)α

∗(ω2)
]

⊗
[
â†s (ω3)β(ω3)− âi(ωp −ω3)α

∗(ω3)
][
âs(ω4)β(ω4)− â†i (ωp −ω4)α(ω4)

]
⊗
[
âs(ω5)β(ω5)− â†i (ωp −ω5)α(ω5)

]
â†s (ωp −ω6)α(ωp −ω6)

〉
= α∗(ωp −ω1)β(ω2)α

∗(ω3)β(ω4)α(ω5)α(ωp −ω6)

· ⟨âs(ωp −ω1)â
†
s (ω2)âi(ωp −ω3)âs(ω4)â

†
i (ωp −ω5)â

†
s (ωp −ω6)⟩︸ ︷︷ ︸

=δ(ωp−ω6−ω4)δ(ω3−ω5)δ(ωp−ω1−ω2)

+α∗(ωp −ω1)β(ω2)α
∗(ω3)α(ω4)β(ω5)α(ωp −ω6)

· ⟨âs(ωp −ω1)â
†
s (ω2)âi(ωp −ω3)â

†
i (ωp −ω4)âs(ω5)â

†
s (ωp −ω6)⟩︸ ︷︷ ︸

=δ(ωp−ω6−ω5)δ(ω3−ω4)δ(ωp−ω1−ω2)

+α∗(ωp −ω1)α
∗(ω2)β(ω3)β(ω4)α(ω5)α(ωp −ω6)

· ⟨âs(ωp −ω1)âi(ωp −ω2)â
†
s (ω3)âs(ω4)â

†
i (ωp −ω5)â

†
s (ωp −ω6)⟩︸ ︷︷ ︸

=δ(ωp−ω6−ω4)δ(ω2−ω5)δ(ωp−ω1−ω3)

+α∗(ωp −ω1)α
∗(ω2)β(ω3)α(ω4)β(ω5)α(ωp −ω6)

· ⟨âs(ωp −ω1)âi(ωp −ω2)â
†
s (ω3)â

†
i (ωp −ω4)âs(ω5)â

†
s (ωp −ω6)⟩︸ ︷︷ ︸

=δ(ωp−ω6−ω5)δ(ω2−ω4)δ(ωp−ω1−ω3)

+α∗(ωp −ω1)α
∗(ω2)α

∗(ω3)α(ω4)α(ω5)α(ωp −ω6)

· ⟨âs(ωp −ω1)âi(ωp −ω2)âi(ωp −ω3)â
†
i (ωp −ω4)â

†
i (ωp −ω5)â

†
s (ωp −ω6)⟩︸ ︷︷ ︸

=δ(ω6−ω1)[δ(ω3−ω4)δ(ω2−ω5)+δ(ω2−ω4)δ(ω3−ω5)]

,

in the final form of which only few terms survive. Plugging equation (A.9) in equation (A.8) results in
equation (14).
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