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Abstract In classical optics, interference occurs between
two optical fields when they are indistinguishable from one
another. The same holds true in quantum optics, where a
particular experiment, the Franson interferometer, involves
the interference of a photon pair with a time-delayed
version of itself. The canonical version of this interferom-
eter requires that the time delay be much shorter than the
coherence length of the pump used to generate the photon
pair, so as to guarantee indistinguishability. However,
when this time delay is comparable to the coherence
length, conventional wisdom suggests that interference
visibility degrades significantly. In this work, though, we
show that the interference visibility can be restored through
judicious temporal post-selection. Utilizing correlated
photon pairs generated by a pump whose pulsewidth
(460 ps) is shorter than the interferometer’s time delay
(500 ps), we are able to observe a fringe visibility of
97.4�4.3%. We believe this new method can be used for
the encoding of high-dimensional quantum information in
the temporal domain.1)

Keywords quantum optics, quantum interference, non-
linear optics, optical fibers

1 Introduction

Which-way interference is a crucial concept in our
understanding of quantum optics. Put simply, it states
that if a process gives rise to individual states that are
indistinguishable from one another, the resultant wave-
function must be described as a superposition of those
individual states.
Perhaps the quintessential demonstration of which-way

interference is the Hong-Ou-Mandel (HOM) effect [1,2],
where identical photons interfere at a 50/50 beam splitter
(BS). As with classical optical interference, maximal
visibility is observed when the spectral, temporal, and
spatial modes, essentially all degrees of freedom, of the
individual photons are perfectly overlapped. The result of
the interference is that both photons will exit the same
output port of the beam splitter; however, as both output
ports are equivalent, the state generated as a result of the
interference must be a superposition of two spatial modes:

j1i1j1i2 ↕ ↓

BS 1ffiffiffi
2

p ðj2i3j0i4 þ j0i3j2i4Þ,

where jkil denotes k photons in port l of the BS, with ports
1 and 2 (3 and 4) denoting the inputs (outputs) of the BS.
In contrast to the HOM effect, where a photon pair

interferes with itself, the Franson interferometer [3,4]
involves the interference of a photon pair generated at one
time with another (identical) photon pair generated at a
later time. When the biphotons are generated from a
parametric downconversion (PDC) source, this interfer-
ence arises from the temporal indistinguishability of the
photon pairs generated by a long coherence length pump.
In effect, the PDC source generates a temporally-entangled
biphoton state [5] of the form:

jψi ¼ !dtsdtiAðts,tiÞjts,tii

¼ C!dtsdti e –Δ2ðts – tiÞ2e
–

tsþti
2τh

� �2

jts,tii, (1)

where Aðts,tiÞ is the temporal biphoton wavefunction, ts (ti)
is the time at which the signal (idler) photon of each pair is
generated, D is the bandwidth of each individual photon, τh
is the pump coherence time, and C is a normalization
constant. While the bandwidth D of the photons generated
is large (on the order of THz), the energies of the signal
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(ωs) and idler (ωi) photons of each pair must add up to that
of the pump (ωs+ωi= ωpump). The large bandwidth is due
to energy-time uncertainty as the idler and signal photons
of each pair are generated almost simultaneously (ts ~ ti) in
the PDC process.
The conventional experimental Franson scheme is

shown in Fig. 1; a photon pair (drawn as red and green)
is generated via parametric downconversion of a long
coherence pump (blue). Each photon is then sent to two
identical, but spatially separate, unbalanced Mach-Zehnder
interferometers (MZIs) with temporal imbalance τ. When
the coherence length τh of the pump laser is much longer
than the MZI imbalance (τh>>τ), interference occurs
between the probability amplitude of the pair of photons
generated at time t and another pair of photons generated at
t þ τ due to their indistinguishability (Eq. (1)). This
temporal entanglement (Eq. (1)) can be used to demon-
strate the nonlocal interference aspects of quantum
mechanics [3], and the violation of Bell’s inequalities
[6]. To prevent single photon interference at the output of
the MZI, the value of τ is made much larger than the single
photon correlation time τcor, which is related to its

bandwidth Δ τcor~
1

Δ

� �
, giving a bound for τ:

1

Δ
<< τ << τh: (2)

While the original formulation [3] of the Franson
interferometer used a long-coherence continuous wave
(CW) pump to generate the entangled photon pairs (Eq.
(1)), a pulsed equivalent has also been demonstrated. In
this so-called time-bin entanglement [7], a coherent train of
short pulses is used to pump a nonlinear medium to
generate photon pairs that are entangled in discrete
timeslots. The pulsetrain is often generated using a long-
coherence CW pump, following by an intensity modulator
and optical amplifier. The MZI imbalance τ used is an
integer multiple of the pulsetrain period. Such a setup is
experimentally complex, and prone to disturbances such as
the timing jitter of the modulator’s driving signal and the
temperature fluctuation of the MZI.

In this work, we demonstrate yet another variation of the
Franson interferometer. We use a transform-limited pulsed
pump; however, unlike time-bin entanglement, we do not
look at the interference of photon pairs generated by
different pulses, but rather the interference of photon pairs
generated by the same pulse (Fig. 2(a)). We will work in
the regime where τ~τh, with τh now representing the
characteristic temporal width of the pulse.
The motivation for using a pulsed pump is three-fold.

First, it permits us to time-resolve the arrival times of both
the signal and idler photons with respect to a common
reference (the pump pulse), allowing for a new way to
visualize the interference (Fig. 2). Second, this two-
dimensional (2D) time-resolution enables the observation
and recovery of Franson interference even when the pump
pulsewidth τh is on the order of (or slightly shorter than) the
MZI mismatch τ. And lastly, the 2D visualization gives us
the ability to correct for detector jitter, a source of noise
that would otherwise deleteriously lower the interference
visibility.
One potential application of this work is the transmis-

sion of higher-dimensional (more than 1 qubit) quantum
information into the temporal domain [8]. By interfering
two different temporal portions of a pulsed biphoton
(photon pair), the value of the encoded phase can be
recovered.
In what follows, we show both computationally (Section

2) and experimentally (Section 3) that we can observe
near-unity interference visibility with our Franson-like
interferometer.

2 Theory and simulation

The interference that occurs in our interferometer can be
explained qualitatively. The biphoton wavepacket gener-
ated by the downconversion of a transform-limited pump
pulse has the same temporal extent (τh) as the pump
(Eq. (1)). After traversing the MZIs, the probability
amplitudes of the two temporally-displaced wavepackets
overlap to give rise to interference in a small (shaded)

Fig. 1 Experimental setup for the standard Franson interferometer. A photon pair (red, green pulses) is generated inside a second-order
nonlinear (NL) medium by a high energy pump (blue). Each photon in the pair is then sent through an unbalanced Mach-Zehnder
interferometer (MZI) that adjusts the phase φs, φi of each photon independently. Coincidence measurements are performed using single
photon detectors (SPDs) so that the photon arrival times (ts, ti) are measured
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region (Fig. 2(a)). We note that interference is only
observed when both photons in the photon pair traverse the
same leg of their respective interferometers.
We can numerically simulate the interference by

modeling the coincidence statistics as measured by single
photon detectors (SPDs) at the outputs of the MZIs. The
associated annihilation field operators are [5,9]

aSPD,signal tsð Þ ¼ 1

2
½asðtsÞ – eiφsasðts – τÞ�, (3a)

aSPD,idler tið Þ ¼ 1

2
½aiðtiÞ – eiφiaiðti – τÞ�, (3b)

where as(t) (ai(t)) is the annihilation operator for the signal
(idler) photon that traversed the short arm, and as(t – τ)
(ai(t – τ)) is the annihilation operator for the signal (idler)
photon that traversed the long arm of the MZI. The stand-
ard commutation relations (½aþJ ðtÞ,aKðt0Þ� ¼ δJK δðt – t0Þ
for J,K = s,i) apply. As the interference is observed only
when a coincidence measurement is performed, we can
model the coincidence rate R(ts,ti) as [9]

Rðts,tiÞ ¼ hψjaþSPD,idlerðtiÞaSPD,idlerðtiÞaþSPD,signalðtsÞaSPD,signalðtsÞjψi

~j Aðts,tiÞ|fflfflffl{zfflfflffl}
signal¼ short arm

idler ¼ short arm

þ eiðφsþφiÞAðts – τ,ti – τÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
signal¼ long arm

idler ¼ long arm

– eiφsAðts – τ,tiÞ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
signal ¼ long arm

idler ¼ short arm

– eiφiAðts,ti – τÞ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
signal ¼ short arm

idler ¼ long arm
j2, (4)

where jψi and Aðts,tiÞ are given in Eq. (1). We point out
that only the first 2 terms (both photons enter the short
arms, or the long arms, of their respective MZIs) of Eq. (4)
give rise to interference.
The parameters for the simulation are given in Table 1;

these parameters are chosen as they correspond to our
experimental values (See Section 3). Figures 2(b) and 2(c)
show the simulated intensity plot of the coincidence rates,
with R(ts,ti) (z-axis) plotted as a function of the signal (ts)
and idler (ti) arrival times. Interference can only occur
when the signal and idler photons enter the same arms of
their respective MZIs (first 2 terms of Eq. (4)). Moreover,
even when both photons of a photon pair enter the short
(long) arms of the MZI, there is only a small region of
interest (denoted by the white box in Figs. 2(b) and 2(c),
and region of interest (ROI) in Table 1) where their
temporal wavefunctions overlap. When the relative phase
of the interferometer is varied from 0 (Fig. 2(b)) to 180o

(Fig. 2(c)), constructive interference changes to fully
destructive interference, with the coincidence rate in the

ROI vanishing as a result.
There are two inequalities that are present in the

definition of the ROI (Table 1). The first, jts – tij£100 ps,
is used to exclude the coincidence counts resulting from
the signal and idler photons entering opposite arms of their
respective interferometers (third and fourth terms of
Eq. (4)). As for the second inequality, jts þ ti – τj£tROI,
the parameter tROI allows us to adjust the region of overlap

Fig. 2 (a) Interference between two photon pairs generated at the trailing and leading edges of the same pump pulse can occur when their
temporal wavepackets overlap (shaded region). In (b) and (c), the simulated coincidence rates are plotted as a function of the signal and
idler arrival times (ts,ti) using Eq. (4) and parameters given in Table 1. The white box in each plot corresponds to the shaded region in (a)

Table 1 Simulation (and experimental) parameters

parameter symbol value

MZI imbalance τ 500 ps

(characteristic) pulsewidth τh 300 ps

single photon bandwidth Δ 124 GHz

signal photon arrival time ts variable

idler photon arrival time ti variable

region of interest ROI jts – tij£100ps , jts þ ti – τj£tROI,
with tROI = 100 ps
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to maximize interference visibility. The choice for tROI,
however, is not arbitrary. Let us define a coincidence rate
~Rðts,tiÞ that includes only the terms in Eq. (4) that give rise
to interference, i.e., where both signal and idler photons
traverse the short (long) arms of their respective inter-
ferometers:

~Rðts,tiÞ ¼ jAðts,tiÞ þ eiðφsþφiÞAðts – τ,ti – τÞj2

¼ jAðts,tiÞj2 þ jAðts – τ,ti – τÞj2

þ 2Re½e – iðφsþφiÞAðts,tiÞA*ðts – τ,ti – τÞ�:
This expression is essentially the post-selected coin-

cidence rate used in the conventional Franson interferom-
eter [3]. Assuming that Aðts,tiÞ is symmetric about its peak,
we can show that the fringe visibility V of the interference
can be written as

V ¼
∬
ROI

Aðts,tiÞA*ðts – τ,ti – τÞdtsdti

∬
ROI

jAðts,tiÞj2dtsdti
: (5)

Our choice of ROI is chosen so as to maximize V, but
still yield substantial (> 10% of the original) coincidence
rates. Given the values of τh and τ (Table 1), we can
numerically calculate the visibility V as a function of tROI
(Fig. 3). We observe that reducing the ROI improves the
interference visibility. In fact, for the τ = 500 ps trace, when
tROI = 100 ps, V = 0.945 is observed. On the other hand, as
the ROI is expanded, the visibility decreases, approaching
0.23 asymptotically.
Figure 3 also plots the visibilities for cases where a

shorter (τ = 250 ps, dotted line) and longer (τ = 750 ps,

dashed line) MZI imbalance is used. For the shorter
imbalance, since there is greater overlap between trailing
and leading edges of the biphoton, V remains close to unity
over a wider range of ROI values, never dropping below
0.68. On the other hand, a setup with a larger imbalance
(τ = 750 ps) can only reach unity visibility for small values
of tROI (< 50 ps), with V decreasing to 0.035 asymptoti-
cally for large tROI.
A key assumption we have made in this section (and in

Eq. (1)) is that the pump pulse is transform-limited. That is,
the frequency content along the temporal extent of the
pulse does not change. If the pump pulse is chirped,
however, the photon pairs generated by the leading and
trailing edges of the pump pulse will become (at least
partially) distinguishable, reducing interference visibility
inside the ROI. In this way, our interferometer acts as a
downconverted measure of the chirp of the pump pulse.

3 Experiment and results

Our experimental setup is similar to Fig. 1. An actively-
modelocked Ti:sapphire laser, generating an 81.6 MHz
pulse train of 460-ps (full width at half-maximum,
FWHM) pulses at a central wavelength of 776.3 nm, is
used as the pump. This FWHM pulsewidth corresponds to
a characteristic pulsewidth τh of 300 ps in Eq. (1). A fiber-
based second-order nonlinear medium [10,11] down-
converts the Ti:sapphire pulsetrain into photon pairs
centered about 1552.6 nm. Frequency-conjugate wave-
length-division multiplexing (WDM) filters centered about
1548.6 and 1554.6 nm with 1 nm FWHM (D ~ 124 GHz)
are used to separate signal and idler photons (respectively).
The MZIs used are temperature-stabilized planar-light-
wave-circuit-based (PLC) devices that have an imbalance τ
of 500 ps. The relative phase of the two arms of each MZI
can be adjusted using a thermo-optic phase-shifter (φs, φi)
in its long arm.
Free-running single photon detectors (SPDs, idQuan-

tique 220) placed at the output of each MZI are used to
measure the arrival times of the signal and idler photons
with respect to the pump pulse. A PicoQuant Hydraharp
400 time interval analyzer (TIA) is run in T3 mode to time-
tag all detector clicks with respect to the Ti:sapphire sync
signal at a resolution of 32 ps. The pump power is chosen
so that approximately 10 – 2 pairs/pulse are generated. The
downconverted photon pairs are then routed to MZIs with
imbalance τ ¼ 500 ps.
When the relative phase φs þ φi of the interferometer is

0, we observe in Fig. 4(a) that the biphotons generated
by the trailing and leading edge of the pump pulse

add constructively (bright spot at ts ¼ ti ¼
τ
2
¼ 250 ps).

Likewise, when φs þ φi ¼ 180°, there is destructive
interference, and a node is present at ts ¼ ti ¼ 250 ps
(Fig. 4(b)). Contrasting these experimental results with the

Fig. 3 Interference visibility V of our interferometer is plotted as
a function of the ROI size tROI for various MZI imbalance values τ;
the pulsewidth τh is kept constant (see Table 1). At τ = 500 ps,
which corresponds to our experimental value, the visibility moves
toward unity as the ROI becomes smaller (V = 0.945 is observed at
tROI = 100 ps), and approaches an asymptotic value of 0.23 when
the ROI increases
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simulated data (Figs. 2(b) – 2(c)), we see good qualitative
agreement.
In order to extract the interference visibility, we vary the

phase of the interferometer over a full 360o, and post-select
only the coincidence counts where we expect the
interference to occur from the intensity plot. If we take
the approached used in the conventional Franson inter-
ferometry (Fig. 5(a)), where the entirety of the short-short
and long-long events are summed up (Fig. 5(a) inset), the
visibility is low (22.1 %), but in good agreement with
theory (see Fig. 3). However, if we isolate ourselves to the
ROI (Table 1, Fig. 5(b) inset) where the biphotons are
expected to overlap temporally, the observed visibility is
significantly greater (89.8%, Fig. 5(b)).
We recognize that a source of noise that contributes to

the lower interference visibility is the jitter of the SPDs
used, measured to be 120 ps (FWHM) (Fig. 6). The
presence of this jitter means that the measured photon
arrival times are smeared out over 120 ps or more. A 2-D
point-spread function (PSF) can be obtained from the
measured finite response of the detectors (Fig. 6). By
removing (deconvolving) out this PSF from the coin-
cidence plots (Fig. 4), we are able to obtain higher

interference visibility. The algorithm used for this
deconvolution is the iterative Richardson-Lucy method
[12], which allows for the maximum-likelihood recovery
of the original image before convolution with a known
PSF. The results of deconvolution are shown in Fig. 7(a),
along with the recovered fringe visibility (Fig. 7(b)), which
is now near-unity (97.4 � 4.3%). Once again, this value is
in good agreement with our theoretical prediction of 94.5%
(see Section 2).
The near-unity fringe visibility tells us that the photon

pairs generated by both the trailing and leading edges of
the pump are indistinguishable from each other. We can
infer from this that the pump pulsetrain used is transform-
limited.

4 Conclusions

In summary, we have demonstrated a new type of Franson
interference. Instead of the conventional method involving
a long coherence pump, or the time-bin method involving
coherent pulsetrains, we showed that it is possible for
photon pairs generated by the leading and trailing edges of

Fig. 4 Experimentally-obtained coincidence intensity plot. Antinode (a) and node (b) are observed when the relative phase of the
interferometer is varied from 0° to 180°

Fig. 5 Effect of post-selection on the interference visibility. The insets show the regions of the coincidence intensity plots used to extract
the interference fringes. (a) When the temporally post-selected region includes the entirety of the short-short and long-long events, a low
visibility of 22.1% is observed. (b) However, when only the ROI (Table 1) is post-selected, a significantly greater visibility (89.8%) is
observed
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the same pulse to interfere. Furthermore, we have shown
that the finite timing jitter of our SPDs can be accounted for
and removed via numerical deconvolution, revealing near-
unity (97.4%) interference visibility. This work may pave
the way for the encoding and recovery of higher-
dimensional quantum information from a single pulsed
biphoton.
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