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THE STATE

The half-wave plate inside of the cavity causes the
biphoton at the output of the source to be in the state

|ψ〉 ∝
√

2|1H1V〉δt=T e
p

+ (|2H0V〉+ |0H2V〉)δt=T o
p

(1)

which contains components |2H0V〉 and |0H2V〉 (the odd
comb with T op ≡ (2m + 1)Tp, m ∈ Z) where both pho-
tons exhibit equal polarization in addition to the state
|1H1V〉 (the even comb with T ep ≡ 2mTp). Using the field
operators

Ê
(+)
λ (t) :=

1√
2π

∫
dν âλ(ω0 + ν) e−iνt (2)

and the notation · ∗ · for the convolution, we find the
expressions in the temporal domain

|1H1V〉 ∝
∫∫

dt du
(
Fe ∗ Φ

)
(t− u)Ê

(−)
H (t)Ê

(−)
V (u)|0〉

(3)

and

|2H0V〉 ∝
∫∫

dt du
(
Fo ∗ Φ

)
(t− u)

Ê
(−)
H (t)Ê

(−)
H (u)√

2
|0〉.

(4)

The fully vertically polarized component can be written
analogously to Eqn. (4).

For all three components, the temporal two-photon
amplitudes can be expressed as a convolution of the two-
photon amplitude Φ(τ) for free-running SPDC with a
comb-like function Fe/o(τ) describing the repeated reflec-
tion of the photons inside of the cavity. This convolution
is a result of the multiplication of the phase matching
function with the cavity line spectrum. More specifically,
Φ(τ) is given by the Fourier transform of the standard
phase matching function (if filters are present, it is a
convolution between this Fourier transform and the time
response functions of the filters).

On the other hand, the functions

Fe(τ) :=

∞∑
m=−∞

e−πγ|2m|Tp δ(τ − 2mTp) (5)

and

Fo(τ) :=

∞∑
m=−∞

e−πγ|2m+1|Tp δ(τ − (2m+ 1)Tp) (6)

reflect the discrete spectrum of the cavity and are
damped with the cavity decay rate γ.

For |1H1V〉 and without additional delays, the two pho-
tons can only be detected with a detection time differ-
ence δt (approximately) equal to even multiples of the
physical cavity round trip time Tp. If the photons exit
the cavity with identical polarization however, the time
difference δt is equal to an odd multiple of Tp. The dif-
ference in the relative delays is understood as follows:
Since the crystal is tuned for type-II SPDC, one H- and
one V-polarized photon is created in a down-conversion
event. Subsequently, the photons traverse the cavity mul-
tiple times before exiting. At each round trip, the HWP
causes the polarization of each photon to change from H
to V or vice versa. Therefore, it is only possible to de-
tect both an H- and a V-polarized photon if the photons
either both took an even number of round trips (keeping
their original polarization) or both took an odd number
of round trips (interchanging their original polarization).
In the other cases, one of the photons keeps its original
polarization while the second one switches polarization
after one round trip, resulting in an identical polariza-
tion of the photons at the output. The resulting temporal
structure, described by Eqns. (3) and (4), excludes over-
lap between the components |1H1V〉 and |2H0V〉/|0H2V〉,
regardless of polarization, because the two-photon am-
plitudes as functions of the relative delay do not overlap.

THE HOM DIP AND HOM REVIVALS

The integrated coincidence signal Ḡ12(∆t) between the
two detectors 1 and 2 discussed in Eqn. (2) of the main
letter can be calculated by averaging the Glauber cross-
correlation function over all possible detection times,
yielding

Ḡ12(∆t) :=∫∫
dt du 〈ψ|Ê(−)

1 (t)Ê
(−)
2 (u)Ê

(+)
2 (u)Ê

(+)
1 (t)|ψ〉.

(7)

In order to evaluate this term, we express the field op-
erators at the detectors in terms of the field opera-
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tors Ê
(±)
H/V (t). Using the 50/50-beamsplitter transforma-

tion and taking into account that the vertically polar-
ized photons are delayed by ∆t

(
which effectively maps

Ê
(+)
V (t)→ exp(+iω0∆t)Ê

(+)
V (t−∆t) for the field opera-

tors as defined in Eqn. (2)
)
, we arrive at

Ê
(+)
1 (t) =

1√
2

(
Ê

(+)
H (t) + e+iω0∆t Ê

(+)
V (t−∆t)

)
Ê

(+)
2 (t) =

1√
2

(
Ê

(+)
H (t)− e+iω0∆t Ê

(+)
V (t−∆t)

)
.

(8)

After inserting these relations together with the state
of Eqn. (1) into Eqn. (7), a straightforward calculation
yields the final result

Ḡ12(∆t) =
1

4

(
1− fee(2∆t)/fee(0)

)
+

1

2
sin2(ω0∆t) (9)

This cross-correlation function contains two distinct con-
tributions which arise due to the even-comb (|1H1V〉)
or odd-comb (|2H0V〉 + |0H2V〉) component of the in-
put state. Due to the symmetries at the beam split-
ter, the terms describing interference between the two
components drop out and the remaining terms can be
attributed to either the state component with different
photon polarizations or to the one with identical photon
polarizations. The first term is associated to the |1H1V〉
state component and describes the resulting destructive
two-photon interference at a 50/50-beam splitter. It con-
tains the only dependence of Ḡ12(∆t) on the temporal
amplitudes

(
Fe/o ∗ Φ

)
(t − u) of the states via the func-

tion

fee(2∆t)

:=

∫∫
dt du

(
Fe ∗ Φ

)∗
(t− u+ 2∆t)

(
Fe ∗ Φ

)
(t− u)

∝ e−2πγ|∆t| (1 + 2πγ|∆t|
)∑
m

h
(
2(∆t− T ep )

)
(10)

describing the destructive two-photon interference be-
tween the photons in the state |1H1V〉 before the delay ∆t
in front of the symmetric beam splitter. Due to the spe-
cial temporal structure of the biphoton stemming from
the discrete mode structure of the cavity, the photons
do not only interfere destructively around zero delay but
also at delays which are an integer multiple of the phys-
ical cavity round trip time Tp = T/2. Nevertheless, due
to the damping of the cavity, the visibility of these dips
decreases as the difference between the H and V paths
increases. The shape of the each separate dip is identical
to the shape h(t) observed in absence of the cavity func-
tion. If no filters are taken into account, it is given by a
triangular function

h(t) =

1− πδν|t|
2.783

|t| ≤ 2.783/(πδν)

0 else.
(11)

Here, δν is the phase matching bandwidth defined at
FWHM of the sinc2 phase matching function. The ef-
fect of filters in the setup can be fully described as a
modification of h(t), mainly leading to a broadening of
the dip.

While the first term in the cross-correlation Eqn. (9)
can be fully attributed to the |1H1V〉 state component,
the second term is the result of the equal polarization
component |2H0V〉+ |0H2V〉 of the state. The oscillatory
behavior of the latter is easily understood by noting that
this state component is effectively a two-photon NOON-
state. While the delay of the V-polarized photons does
not change the relative detection times of the two photons
for this state component, it does result in a relative phase
ϕ ∝ ω0∆t. A symmetric beamsplitter then translates
this phase into different outputs: for ϕ = 0 the state
remains unchanged while for ϕ = π the output is now
the state |11〉.

It is worth noting that the NOON-state contribution
in Eqn. (9) can be eliminated around delays ∆t = 2kTp,
k ∈ Z. For these delays, photons created in the |1H1V〉
state are still detected with a time difference which is an
even multiple of the physical cavity round trip time Tp,
while the photons created in the |2H0V〉+ |0H2V〉 arrive
with a time difference which is an odd multiple of Tp.
Therefore, filtering for time-resolved coincidence events
where the detection times differ by (approximately) 2kTp,
the oscillatory behavior of Eqn. (9) can be suppressed.

All measured HOM revivals - specifically at delays of
1/2, 1, 2, 4, 40 and 42 round trips - are presented in Fig. 1.
These were obtained following the procedures detailed in
the next section. Fig. 1(a,b,g) are presented in Fig. 4 of
the main paper.

The numeric values of the theoretical and measured
HOM dip visibilities corresponding to the measurements
in Fig. 1 can be found in Tab. I. The relative visibilities
of each measurement have been included as a reference
for how close the experimental values are to the expected
ones — specifically Vrel = Vexp/Vth. All visibilities are
stated as percentages.

Delay / cavity Visibility Vth Visibility Vexp Visibility Vrel

round trip time (theoretical) (experimental) (relative)

0 100 98.4± 1.7 98.4± 1.7
1/2 99.99 95± 4 95± 4

1 99.94 96± 3 96± 3

2 99.77 95± 3 95± 3

4 99.12 97± 2 98± 2

40 59.7 60± 2 101± 3

42 57.3 55± 3 96± 5

Table I. HOM visibilities for different delays. Uncertainties
dominated by counting errors. Possible distinguishability of
the photons before the beam splitter, e.g. in polarisation, or
imperfections of the 50/50 beam splitter are not included.
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Figure 1. Coincidence probability in a HOM interference experiment for various coarse time delays ∆t ∝ T (= 8.28 ns), data in
blue, theory in red. Error bars are dominated by the uncertainty in the coincidence counts. Different delays are introduced by
a set of optical fibres of length 0, 1/2, 1, 2, 4, 40 and 42 round trips, corresponding to free-space path differences up to 105 m
between the photons. The finer time delays between data points within (a-g) are achieved with a pair of mirrors mounted on
a motorised translation stage with a step size between 0.5− 1.3 fs (150− 400 µm).

DATA COLLECTION AND POST-PROCESSING
PROCEDURE

Unlike free-running SPDC sources, cavity-enhanced
sources experience drifts in the photon pair produc-
tion rate based on slight shifts in the resonance condi-
tion. To compensate for this effect, we ensure each data
point for the HOM dips consists of a total number of
(3 or 4) × 105 counts per detector by varying the col-
lection time window between 7 − 10 seconds at a single
photon rate ∼ 40 kHz. The cross-correlation function
Ḡ12(∆t) is measured by recording the time-resolved co-
incidences Ḡ12(δt,∆t) between the detectors and subse-
quently summing over all δt. As our source produces
many frequency modes, which are mode-locked due to
the cavity structure, arrival time differences δt of the pho-
tons in the Ḡ12(δt,∆t) measurement exhibit a comb-like
structure spaced by the physical round trip time of the
cavity [1]. In order to select photon pairs arriving from
opposite input ports of the beam splitter, we only con-
sider coincidence peaks of Ḡ12(δt,∆t) for detection time
differences δt = mT = 2mTp. This is ensured by first

selecting detection events within a large ±500 ns delay
window around the central peak and then post-filtering
a 1.07 ns window over individual peaks (see [2] for more
details). Hence, we use an effective detection window of
∼ 129 ns. As mentioned, this post-selection suppresses
oscillatory behavior of the NOON-state contribution in
Eqn. (9). Artificial differences between the photon count
rates due to misalignment of the optics are eliminated
by normalising and rescaling the coincidence data to 0.5
outside the dip. All data points are background corrected
and the error bars correspond to the square root of the
coincidence counts.

In order to take a single HOM interference trace, the
above data acquisition process is repeated at different
time delays ∆t, implemented solely by a motorised trans-
lation stage in one of the collection arms. This allows us
to measure the HOM dip for approximately equal pho-
ton arrival times on the beam splitter, or ∆t = 0 ns, as
shown in Fig. 1a. The same procedure can be repeated
with the rough fibre delays to observe revived HOM dips,
as presented in the previous section.

There are some deviations from the above mentioned
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data-collection and post-processing procedure for the
HOM dip at 1/2 round trip delay. In addition to ensur-
ing sufficient statistics are collected at an approximately
constant rate, the piezo-mounted mirror was also used
to keep the phase of the NOON-state contribution con-
stant at the |11〉 output. This was to keep the single
detections balanced between the detectors, thus mechan-
ically suppressing the singles oscillations. In this case,
the HV pairs arrive with the same time differences at the
detectors as the HH or VV photon pairs which have one
physical round trip time difference. Therefore the post-
processing procedure for such datasets differs from that
of the integer round trip delays: we select coincidence
peaks centred at an offset of half a round trip, subtract
the predicted contributions to the coincidence counts due
to HH and VV pairs and rescale the data to 0.5.

SINGLE PHOTON INTERFERENCE

The integrated rate

Ḡi(∆t) :=

∫
dt 〈ψ|Ê(−)

i (t)Ê
(+)
i (t)|ψ〉 (12)

of each individual detector can be calculated via the re-
spective first-order Glauber correlation function to de-
termine the effect of the temporal delay of the vertically
polarized photons in front of the beam splitter. In anal-
ogy to the definition of fee(∆t) in Eqn. (10), let us define
the functions

feo(∆t) :=∫∫
dt du

(
Fe ∗ Φ

)∗
(t− u+ ∆t)

(
Fo ∗ Φ

)
(t− u) (13)

and

foo(∆t) :=∫∫
dt du

(
Fo ∗ Φ

)∗
(t− u+ ∆t)

(
Fo ∗ Φ

)
(t− u). (14)

With their help, we find after inserting the field operators
from Eqn. (8) and the state Eqn. (1) that the rates take
the form

Ḡi(∆t) = 1± Re
[
eiω0∆t feo(∆t)

]
/
√
fee(0)foo(0). (15)

After evaluation of Eqns. (13) and (14) and using the
result from Eqn. (10), this can be further simplified to
yield the result

Ḡi(∆t) =

1± cos(ω0∆t) e−πγ|∆t|(1 + πγ|∆t|)
∑
m odd

h
(
∆t−mTp

)
(16)

from Eqn. (4) in the main letter.

The obvious oscillation of the rates with the relative
delay ∆t is the result of the interference between the
probability amplitudes corresponding to the |1H1V〉 and
|2H0V〉 + |0H2V〉 components of the state respectively.
We further note that the interference is only visible at
delays which are close to odd multiples of Tp. This can
be understood if we note that, originally, the relative de-
lay between the two photons produced by the source is
an even multiple of Tp in the first state component and
an odd multiple in the second. Thus, without the ad-
ditional delay, it is possible to distinguish between the
states of the biphoton in terms of the detection times
of the photons and consequently no interference between
these possibilities occurs. This changes if a non-zero de-
lay ∆t is introduced. While the relative delay of the
photons is not affected by ∆t if they are produced with
equal polarization (either no photon is delayed or both
are equally delayed), it changes if they are produced with
different polarization. If ∆t is close to an odd multiple
of Tp, the relative delay is (approximately) equal for all
possible contributions and interference can be observed.
We emphasize that this interference phenomenon is in
contrast to the oscillation of Ḡ12(∆t) in Eqn. (9), which
is a result of the interference of the contributions from
|2H0V〉 and |0H2V〉 only.

All measured single photon oscillations at half round
trip time delay are presented in Fig. 2 in order of in-
creasing time delay. These single photon count rates
occur due to the even- and odd-comb amplitudes inter-
fering to create oscillations with a period of the wave-
length. The oscillations are visible over twice the width
of the HOM dip. The central five measurements, namely
Fig. 2(g-k), are within the non-classical interference re-
gion and all had reduced χ2 values between 0.91 and
1.26. The first and last four measurements, correspond-
ing to Fig. 2(a-d,n-q), exhibit a reduced χ2 value below
0.45, while the measurements closer to the HOM interfer-
ence region, specifically Fig. 2(e-m), all had reduced χ2

values between 0.58 and 1.26. Each measurement is ob-
tained by controlling time delays with femtosecond preci-
sion through a piezo-mounted mirror, with the temporal
delay between each measurement adjusted by the mo-
torised translation stage. The y-axis of the first and last
five measurements are scaled for clarity as the oscillations
are significantly smaller outside the HOM interference re-
gion. Fig. 2(d,f,i,j,m) are presented in Fig. 4 of the main
paper.
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Figure 2. Single photon oscillations observed at different time delays. The intermediate time delay between measurements
(a-e) and (m-q) is 4 ps, whereas measurements (f-l) are separated by 2 ps. The visibilities of the oscillations maximise at the
point of full HOM interference (measurement (i)) and decrease around that time delay. The y-axis of measurements (a-e) and
(m-q) have been scaled for clarity.
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