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The interference of quanta lies at the heart of quantum physics. The multi-
partite generalization of single-quanta interference creates entanglement, the

coherent superposition of states shared by several quanta. Entanglement
allows non-local correlations between many quanta and hence is a key
resource for quantum information technology. Entanglement is typically
considered to be essential for creating non-local quantum interference. Here,
we show that this is not the case and demonstrate multiphoton non-local
quantum interference that does not require entanglement of any intrinsic
properties of the photons. We harness the superposition of the physical origin
of a four-photon product state, which leads to constructive and destructive
interference with the photons’ mere existence. With the intrinsic indis-
tinguishability in the generation process of photons, we realize four-photon
frustrated quantum interference. This allows us to observe the following
noteworthy difference to quantum entanglement: We control the non-local
multipartite quantum interference with a photon that we never detect, which
does not require quantum entanglement. These non-local properties pave the
way for the studies of foundations of quantum physics and potential appli-
cations in quantum technologies.

Quantum interference occurs only when no information to distinguish
between the superposed states is knowable'. Well-known examples of
quantum interference with photons include double-slit interference of
a single photon? and Hong-Ou-Mandel interference of two photons®. A
separate type of quantum interference is the interference via induced
coherence, first realized by Zou, Wang, and Mandel in 1991** in a Mach-
Zehnder interferometer-like configuration. The interference of the
signal photon depends on the path identity of its twin photon, which is
not even on the coherent paths of the signal photon. This mind-
boggling experiment “brings out that the quantum state reflects not
what we know about the system, but rather what is knowable in
principle”. In 1994, Herzog et al. demonstrated frustrated two-photon
creation via induced coherence in a Michelson interferometer-like
configuration, in which they can either enhance or suppress the

generation of photon pairs in spontaneous parametric down-
conversion (SPDC) process by tuning the phases of various
interferometers®. Throughout this manuscript, we call this type of
interference frustrated interference (FI).

Nonlocality is the characteristic feature of quantum correlation,
such as entanglement. For instance, two space-like separated
observers—Alice (A) and Bob (B), share a pair of polarization-
entangled photons and measure on specific polarization bases by
adjusting the transmission angles (a/p) of their polarizers (Fig. 1a).
When they compare their results, they will find that the joint prob-
ability depends on the polarizers” angles: P 4z(a + ) =sin*(a + f), as
shown in Fig. 1a. The probability here is normalized with the max-
imum counting rate for all the possible measurement settings of a
and . This second-order interference of the entangled state can not
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Fig. 1| Non-local and local quantum interference. a Non-local quantum inter-
ference of entangled states. The two photons from one Einstein--Podolsky--Rose-
n(EPR) state source (red rectangle) have correlations that persist even when two
observers measure their respective photons at a distance from each other. The
coincidence of Alice (4) and Bob (3) depends on the angles of the polarizer
transmission axis, a and B: P 4z(a + ) = sin?(a + ) (red solid curve in the lower panel
of Fig. 1a). All the probabilities in these figures are normalized with the maximum
counting rate for all the possible measurement settings. The single counts of A and
B (blue dash/ green dot curve in Fig. 1a) show no interference when varying a and :
P ,(a+B)=Py(a+p)=1.b Two-photon frustrated interference. One pair of photons
is generated from one of the two product-state sources (blue rectangles). These
two possible photon-generation processes interfere when they are indistinguish-
able. The probabilities of detecting two photons (red solid curve in the lower panel
of Fig. 1b) and single photons (blue dash/green dot curve in Fig. 1b) depend on the
phases in the system: P z(at + ) =P 4(a + ) = Pg(at + B) = 1 + Lcos(ar + ). This type

of interference is local, as the detection event of A will always be in the future light
cone of setting event of B(f). ¢ Four-photon frustrated interference shows a non-
local interference, which originates from the indistinguishability of the sources and
does not require quantum entanglement. The four-photon coincidence of A and B
depends on both phases aand f: Py (a + B) = 1 + Lcos(ar + ) (red solid curve in the
lower panel of Fig. 1c). The local measurement of A/B (two-photon coincidence)
shows no interference when varying a and f: Px(a + ) = P34(a + ) =1 (blue dash/
green dot curve in the lower panel of Fig. 1a). The three-fold coincidence count of A
and photon 3 varies with the phase S of the undetected photon 4:

Pis(a+B)= 2 + Icos(ar+ P) (light green curve in the lower panel of Fig. 1c). The two-
fold coincidence shows the same interference with reduced visibility:
P(a+pB)=3 + Lcos(a+p) (orange curve in the lower panel of Fig. 1c). The settings
of B(a) can be space-like separated from the detection of A(B), as in the case of
entangled state (Fig. 1a).

be explained by local hidden variable theory and is considered non-
local. In this setting, any mutual influence between the two obser-
vations is excluded under strict Einstein locality conditions’. This
phenomenon, predicted by quantum physics, cannot be accounted
for by any local theory and represents one of the most profound
foundational insights in physics®.

In almost all scenarios in which non-local interference is observed,
entanglement—or more generally some form of quantum correlation—
is the basic ingredient. In this work, we show that this is not necessarily
the case, and demonstrate multiphoton non-local quantum inter-
ference, which does not need entanglement. Note that nonlocality
without entanglement has been discussed in the context of quantum
state discrimination’, which is not relevant to our work.

In this work we experimentally observe the multiphoton fru-
strated quantum interference (MFI)—a concept only theoretically
proposed recently’. Then we go beyond and demonstrate a surprising
physical property: We observe non-local quantum interference that
does not require quantum entanglement. Specifically, we tune the
phase of a photon that we never detect, and observe interference with
the rest photons.

Results

The property of two-photon frustrated interference

To understand the MFI, we first review the two-photon FI, of which the
conceptual scheme is given in Fig. 1b. Two down-conversion crystals
are coherently pumped and probabilistically generate one photon
pair. When we cannot distinguish which crystal the two photons come
from, the coincidence of A and B oscillates as a function of phase f:
P s(a@+p)=1+1cos(a+p) (Fig. 1b). Moreover, FI even does not
require the coincidence measurement as in the entanglement sce-
nario. The single counts of A show the interference, depending on a
phase B with no direct interaction: P (a + )= 1 + 1 cos(a + B) (Fig. 1b).
This phenomenon is beyond the quantum entanglement, as a

subsystem of a maximally entangled state is in a mixed state and shows
no interference (Fig. 1a). Profit from this property, there has been a
resurgence of interest in applying FI to quantum-enhanced techniques
recently, such as quantum imaging", spectroscopy ™, optical coher-
ence tomography®, state generation'*”’, microscopy", bio-imaging",
and quantum holography®. This resurgence is fuelled by the applica-
tion of non-degenerate photon pairs in Fl, where one can probe objects
of interest with the longer-wavelength photon, and measure the result
with a shorter-wavelength photon that can easily be detected. For
details, see the recent review on this topic”. Note in the strong
squeezing limit, one can use the so-called SU(1,1) interferometer for
improving phase sensitivity?>>*,

However, this property of two-photon FI shows only the local
interference. As shown in Fig. 1b, the two-photon case can not be
non-local even in principle. The phase tuning event of the signals and
idlers (a and pB) are always in the backward light cones of the
detection events. Under strict Einstein’s locality condition, a non-
local configuration requires that the measurement result of Alice will
not be influenced by the measurement setting 8 of Bob within the
time that the light travels. As shown in Fig. 1b, the two-photon fru-
strated interference case*, including quantum imaging with unde-
tected light"”, will always be local under enforced Einstein locality
conditions®.

The property of four-photon frustrated interference

Here, we extend FI to a four-photon case to realize a non-local multi-
photon interference. By non-local interference we mean an inter-
ferometer where the phase setting and port of the interferometer can
be spatially separated under strict Einstein locality conditions (see
Supplementary Note 7 for a space-time diagram). We employ four
photon-pair sources in a configuration in which only two pairs of
product states are generated from them (Fig. 1c). Alice and Bob control
their phase shifters (a/f) locally and measure the four-fold coincidence
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Fig. 2 | Four-photon frustrated interference. a Scheme of frustrated four-photon
interference. Four-fold coincidence events occur when crystals I and II, or crystals
1l and IV generate two pairs of photons simultaneously. ¢sx and ¢;x represent the
phase of the signal and idler photon from crystal X, respectively, and ¢, is the phase
of the pumps. The interference pattern emerges when we cannot distinguish which
group the four photons come from. The quantum state is given by

) = [€@n+Pa*Pu*Pa) + €205 ]|1111), which is a product state and has no entangle-
ment. b Experimental setup. The pump incidents from the right side and splits on a

beam displacer (BD1) to generate the four photons via SPDC in a “back-reflect’
configuration, where the phase ¢, is controlled by M2. The idlers of sources 1 and Il
(i1, i2) exchange their path by polarization in the Swap module. Therefore, il and i2
experience the same phase ¢;. The phases of signals (s1, s2) are controlled inde-
pendently by M3 and M4, respectively. 11, i2, s1, and s2 are aligned with i3, i4, s3, and
s4, respectively, ensuring the path identity. All four photons are finally collected by
couplers 1-4 and detected with single-photon detectors. See main text for details.

counts, in which case they receive a product state. Since the settings of
A (B) can be space-like separated from detection events of B(A), they
obtain the non-local phase-dependent coincidence counts, that is, the
four-fold coincidence counts oscillate as a function of &/ (Fig. 1c).
Therefore, we call the four-photon FI non-local quantum interference,
as the photon-count dependence between .4 and 3 still remains, even
if they are space-like separated.

This measurement with the product state is very similar to the
non-local interference with entangled states. However, here no
quantum entanglement between any properties of the photons
exists, but one can observe interference with the mere existence of a
multi-photon state. It arrives from a coherent superposition of the
origin of the multi-photon state. Moreover, when Bob varies the
phase 8 and measures the three-fold coincidence between the two
detectors in A and detector 3 in B (Fig. 1c), they will observe the
interference of the three photons as a function of g (Fig. 1c). We
stress that the phase , which we can tune, has no direct interaction
with all the other three detected photons. This is the unique feature
of MFI and in contrast to the entanglement case, where P (a +f)
does not depend on S (Fig. 1a). Although the visibility of Pya3(a + f) is
not 1 due to the particular construction of the setup, more complex
source configurations and detection schemes may further increase
the visibility. In this case, we can probe the three-photon coincidence
count by tuning the phase of the fourth photon, which is undetected.
We note that one cannot achieve space-like separation between the
detection on A4, photon 3, and the setting f. Otherwise, superluminal
control would occur.

From a fundamental perspective, by extending the two-photon FI
to multiphoton FI, one could separate the down-conversion crystals in
space and demonstrate non-local control of multiphoton interference
that does not need entanglement. From an application perspective,
one could devise more complex quantum-information tasks, such as
quantum computation'® and generations of complex multi-photon
quantum states'®**%,

Scheme of four-photon frustrated interference
In this work, four photons are generated in two indistinguishable
generation processes and measured with four detectors, enabling the
suppression and enhancement of four-photon generation via FI'*?, In
two-photon Fl, there is one pair of photons generated from two two-
photon sources®. In the four-photon FI demonstrated here, we use four
two-photon sources for generating two pairs of correlated photons, as
shown in Fig. 2a. Four two-photon sources placed in sequence are
pumped coherently by two laser beams. The down-converted photons
from different groups (crystals I and II, and crystals Il and IV) are
aligned according to the geometry shown in Fig. 2a to ensure the path
indistinguishability. Photons on the same path have identical proper-
ties (such as polarization, frequency, and arrival time at the detectors).
We emphasize that there is no entanglement of any external or internal
degrees of freedoms of photons involved, neither those created by the
source (as we use single-mode fibers) nor those generated through the
concept of entanglement by path identity (as we do not shift modes
between pair creations, which is the key idea of entanglement by path
identity').

Considering the low probability p for generating photon pairs for
the SPDC process, the output state (without normalization) from
modes 1 to 4 can be written as:

i) = [vac) + p[e/@a * ?)|0110) + €@ * 92)1001) + €7 1100) + €'%»|0011)]
+p? [ei(tﬁu *Pat 2t 02)|1111) + €2 |1111)
++/26/@a* 0+ 85)|1210) + /26! @ * P+ 85)|0121)
+/2el@ * 2" 92)|2101) + /2P0 * P2 +<”sz>|1o12>]

@

to second-order approximation, where the numbers in the kets
represent photon numbers in modes 1 to 4.

When we count only the event detecting the four photons
simultaneously, we post-select the state |1111), which is a product state,
as shown in the second line of Eq. (1). The probability of observing four-
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Fig. 3 | Results of four-fold coincidence counts for multiphoton frustrated
interference. a The horizontal axis represents the position of M3 (¢). The inter-
ference pattern of frustrated four-photon interference has visibility of

75.47% +2.99% and a period of 403.5 nm. The green line is the fitting curve. b The
horizontal axis represents the position of M1 (¢,). The interference pattern has
visibility of 74.26% +2.79% and a period of 200.9 nm. The errors of visibilities are

derived from Poisson statistics. The integration time for each point ina and b is
30 s. ¢ The relationship between the visibility of four-photon coincidence and the
transmissivity of photon s2. The green line is a fit of the data points according to
function V= f;‘[rz, with a=0.42. All the data presented in this manuscript are the
raw data with no noise subtraction.

fold coincidence counts (P;, 3 4) varies with the phases in the system:

P134=P*2+2008(@y + Py + Do + P2 — 20,)]. 2

See Supplementary Note 1 for detailed derivation.

A more interesting phenomenon, multiphoton interference con-
trolled by an undetected photon, is observed in our experiment. When
we vary the phase of photon sl, ¢y, the probability of observing the
other three photons detected by detectors 1, 3, and 4 is:

P14 =p*[4+2008(@y + g + P+ P2 — 20,)]. 3)

The ideal visibility is 50% due to the multiphoton noise from |1012). In
this case, we can detect and observe three-photon interference by
tuning the phase of the fourth photon, which is undetected. This
finding shows the effect that one has non-local quantum interference
that does not require entangled states. For entangled states, such as a
Greenberger-Horne-Zeilinger(GHZ) state?*°, one would lose correla-
tion when losing one particle.

Experimental setup

The scheme of our experimental setup is shown in Fig. 2b. The
dimension of the optical setup is roughly 0.8 x1.0 m% The pump is a
404-nm femtosecond pulsed laser with vertical polarization. A half-
wave plate (HWPI) rotates the polarization of the pump laser to 45°.
One polarization beam displacer (BD1) separates the pump laser into
two parallel paths with equal power of about 0.29 W, denoted as P1 (H)
and P2 (V), to pump a single beta-barium borate (BBO) crystal sepa-
rately. The spacing between the two paths is about 4 mm. Both P1 and
P2 are horizontal polarization after the semicircle HWP2 (half-HWP).
The optical axis of BBO is in the horizontal plane and is aligned to be
40.9" with respect to the two pumps to form the beamlike SPDC
configuration®%,

P1 and P2 generate two pairs of photons denoted as s1, i1, and s2,
i2. The photon pairs from the beamlike source are in the polarization
product state |HV);, and the emission angles of signal and idler with
respect to the pump are approximately 3'. The polarization of the
down-converted photons is shown in Fig. 2b. The triple dots represent
vertical polarization and the triple lines represent horizontal polar-
ization. As s1/il is parallel with s2/i2, after the semicircle HWP, both s1
(V), s2 (H), and i1 (V), i2 (H) are combined on the BDs and are focused
with lenses to improve the coupling efficiency at the couplers. Photons
il and i2 pass through a quarter wave plate (QWP) with the angle fixed
at 45'. Then they are reflected on mirror M1. Therefore, the two pho-
tons swap their path on the way back, which corresponds to the

crossing between photons il and i2 in Fig. 2a. On the signal photons
side, we separate sl and s2 on a polarization beam splitter (PBS) to
control their phase ¢ and ¢, independently.

After the BBO crystal, P1 and P2 are combined on BD2 and
reflected by mirror M2, forming a symmetrical interferometer. The
reflected pumps, denoted as P3 and P4, are used to generate photon
pairs s3 and i3, and s4 and i4. By adjusting M1, M3, and M4, the paths of
s1, i1, s2, and i2 overlap with s3, i4, s4, and i3, respectively, as shown in
Fig. 2a, which erases the path distinguishability. Though the polariza-
tion states of signals and idlers are different, they are the same for the
photons on the same path due to the symmetry of our interferometer,
which is necessary for realizing the four-photon interference. To
observe the four-photon interference successfully, we also need to
erase the temporal distinguishability. We fix M2 and scan the delays of
M1, M3, and M4 until the interference pattern emerges, ensuring that
the reflected photons and the reflected pump laser pulses arrive at the
crystal simultaneously. We note that there is a time difference between
the reflected pumps P3 and P4 due to the geometrical dimension of the
BDs, and so are the signals and idlers on the same side. We can still
realize the four-photon interference. We only need to ensure photons
on the same path arrive simultaneously, not all the photons on dif-
ferent paths®. This is especially important for future space-like sepa-
rated experiments of this effect. For the detailed results of path
identity and analysis of timing, see Supplementary Note 4.

All four photons sl (s3), s2 (s4), il (i4), and i2 (i3) are finally col-
lected by single-mode fiber couplers. We analyze the coincidence
counts while varying the phase ¢, of sl. The result of four-fold coin-
cidence counts is shown in Fig. 3a. The period of the interference
pattern is 403.5 nm, in agreement with the 808-nm central wavelength
of photon sl, considering that it goes back and forth. The visibility of
interference is about 75.47%. The misalignment of photons on the
same path reduces the identity in spatial mode and thereby the four-
photon interference visibility. Based on the values obtained from
independent experimental measurements, the estimated maximum
achievable value for visibility is about 81.95% (see Supplementary
Note 3), which is higher than we obtained (75.47%). This discrepancy
may come from higher-order emission from SPDC, which further
reduces the four-fold interference visibility.

The spatial misalignment causes experimental visibility different
from identity. It can be modeled by including the transmissivity (7) in
the path of photon s2 [see ref 4]. Therefore, we reduce the coupling
efficiency of photon s2 (hence lower T) and measure the visibility of
four-fold coincidence to verify this effect. We note that the visibility is
not an exact linear correlation in T for four-fold coincidence: V = —2aL

1+a2T?
(see Supplementary Note 6), where a is the parameter used to
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Fig. 4 | Multi-photon non-local frustrated interference with undetected pho-
tons. a Result of three-fold coincidence counts on detectors 1, 3 and 4. The hor-
izontal axis represents the position of M3 (¢). The interference pattern has
visibility of 29.84% +1.05% and a period of 407.1 nm, almost the same as in Fig. 3a.
b Two-fold coincidence counts on detectors 1 and 3. The interference pattern has
visibility of 11.42% + 0.38% and a period of 407.2nm. The errors of visibilities are

derived from Poisson statistics. The integration time for each point ina and b is
30 s. ¢ The relationship between the visibility of three-photon coincidence
(detector 1, 2, 3) and the transmissivity of photon s2. The green line is a linear fit to
the data points. All the data presented in this manuscript are raw data with no noise
subtraction.

characterize the path identity. The experimental result is shown in
Fig. 3c. As the transmissivity of photon s2 decreases, the visibility of
interference goes down to almost zero. That is because we know that
photons on mode-4 come from crystal IV when s2 is blocked, which
destroys the interference. The parameter a of the fitting curve is 0.42.

We also scan phase ¢; and record the four-fold coincidence
counts. The result is shown in Fig. 3b. Because both signals il and i2
experience phase ¢; as in Eq. (2), the interference period is approxi-
mately 200.9 nm, which is half of the period shown in Fig. 3a. The
visibility of the interference is 74.26%. It is consistent with the visibility
of Fig. 3a.

Multi-photon frustrated interference controlled by an unde-
tected photon

To demonstrate the multiphoton interference controlled by an unde-
tected photon in the frustrated interference, we change the phase of s1
and measure the three-fold coincidence events on detectors 1, 3,and 4,
where photon sl is undetected (see the inset of Fig. 4a). The result is
shown in Fig. 4a. As the phase ¢; varies, the coincidence counts of the
other three photons change correspondingly. Therefore, we observe
multipartite frustrated interference, where multiple correlated pho-
tons are influenced by a phase that has no direct relevance. The visi-
bility of the interference is 29.84%, which is lower than the theoretical
value of 50%. The limited visibility is because of the limited path
indistinguishability for idler photons. We furthermore show that even
two-fold coincidence, on detectors 1and 3 (see the inset of Fig. 4b), can
be controlled with the phase of undetected photon si, ¢g:

P13=p*[6+2cOS(Py + Psy + Pip + Py — 200)]- “4)

The result of the coincidence measurement on detectors 1 and 3 is
shown in Fig. 4b. As the coincidence only occurs when more than two
crystals generate photons, twin photons from the same crystal do not
cover up the interference. The interference data in Figs. 3a and 4a, b
are recorded simultaneously and show nearly identical interference
phase-dependence.

Finally, to show that our experiment is a genuine quantum
mechanical effect and a consequence of induced coherence, we vary
the phase ¢ and measure the interference visibility of three-photon
coincidence on detectors 1, 2, and 3 while reducing the transmissivity
of photon s2, as shown in Fig. 4c. The nearly linear relation indicates
that the four-photon Fl is an induced coherence rather than induced
stimulation®*, which is beyond the classical optics*.

Discussion

In this work, by harnessing the indistinguishability between the gen-
eration process of photons, we have shown four-photon non-local
quantum interference with product states. This effect occurs not
because of a superposition of the photons’ external properties, such as
path, polarization, and so on. Instead, it happens because of a funda-
mental unknowability where the photons have been generated. This
underlying principle allows us to show how we can manipulate the
interference of three photons by introducing a phase in the fourth
photon that we never detect. Other types of interference: single-
photon interference, and two-photon interference (entanglement and
Hong-Ou-Mandel), all require the detection of all involved photons to
observe the interference effect. If one traces out one photon, the
outcomes show no interference. For instance, if one uses two identical
single photons generated from two independent sources and per-
forms the HOM interference experiment, one will not see any inter-
ference effect if one only measures the single-photon counts.
Interference only appears when the coincidence measurements of all
interfering photons are performed. In this work, the situation is fun-
damentally different. We tune the phase of a photon that we never
detect, and observe interference of the rest photons. Multiphoton
interference appears when the coincidence measurements of only
partial interfering photons are performed.

Also, this is a different interference phenomenon to some of the
maximally entangled states, such as GHZ states. If one photon of a GHZ
state remains undetected, no quantum interference will be observed in
the rest photons (see Supplementary Note 9 for details). Our experi-
ment thereby demonstrates in a direct way how the lack of knowledge
about a quantum system can lead to multiphoton non-local quantum
interference, a feature that cannot solely be described by
entanglement.

Novel properties of this quantum system can be observed with
improvements in our experimental setup. As we purposefully chose to
build our setup with bulk optics, we can separate the distance between
the crystals and measure the non-local interference influenced by the
phase of the undetected photon, which is important for exploring
fundamental questions of quantum physics and may be useful in
quantum communication. This is possible because one can build an
experimental setup that shows the nonlocal interference under strict
Einstein locality conditions, by randomly setting the phases & or f (in
Fig. 1c) after photon pairs in the lower layer (more details in Supple-
mentary Information).

Additionally, variations of our multi-photon experiments with
induced coherence can be used to explore highly diverse quantum
systems. An example is a resource state for photonic quantum
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computers®, in which one exploits the exact multi-photon frustrated
generation that we experimentally showed here.

Finally, the demonstration of non-local interference with unde-
tected photons relates our experiment to a very vibrant field of
quantum imaging with undetected photons" and its variations®. Here,
one striking property is the generation of multiple wavelengths of the
different photons. This is interesting in the absence of suitable
detectors for the wavelength of the undetected photon. Our experi-
ment brings this application-driven research finally into the multi-
photon regime >3  In this work, we have shown the multi-photon
frustrated interference, which can potentially be observed even when
the settings and detections of Alice and Bob are space-like separated.
Note that this unique property of multiphoton frustrated interference
was not discussed in the original proposal of multi-photon frustrated
interference'® nor was it shown in a recent related work”.

Data availability

The data that support the plots within this paper and other findings of
this study are available at https://github.com/NJU-Malab/Frustrated-
Interference.
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