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By engineering and manipulating quantum entanglement between incoming photons and experimental
apparatus, we construct single-photon detectors which cannot distinguish between photons of very
different wavelengths. These color-erasure detectors enable a new kind of intensity interferometry, with
potential applications in microscopy and astronomy. We demonstrate chromatic interferometry exper-
imentally, observing robust interference using both coherent and incoherent photon sources.
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Quantum interference [1], which lies at the heart of
quantum theory, requires complete indistinguishability
between two particles. This is to say, as long as one can
distinguish two particles even in principle, quantum inter-
ference will not happen. Meanwhile, quantum mechanics
tells us if we can erase the two particles’ past [2], interference
will be restored. It has been shown that path or polarization
information can be easily erased, while the frequency
difference is generally hard to eliminate. For photons,
conventional optical detectors are fundamentally photon
counters, whose operation depends upon processes which
are sensitive to the photons’ energy. Thus, conventional
detectors distinguish between different wavelengths, and
therefore optical interference normally involves quasimono-
chromatic light [3]. Yet relative phases between photons of
different wavelengths potentially provide a rich source of
information. It is quite astonishing that, theoretically, the
frequency information can be erased [4]. Here, we leveraged
frequency-space entanglement to develop color-erasure
detectors and achieve intensity interferometry [5,6] between
light of very different wavelengths experimentally, thus
revealing new features of optical radiation fields. This
new type of interferometer might find immediate applica-
tions in astronomy, microscopy, and metrology [7–9].
Since the final stage of optical detection generally

involves quantized processes, i.e., absorption or inelastic
scattering, it is appropriate to use the language of photons.

Consider two sources S1, S2 which emit photons of
different colors γ1, γ2 which are received at detectors A,
B. Simultaneous firing of A, B can be achieved in two
ways: γ1 excites A and γ2 excites B, or γ2 excites A and γ1
excites B. If those two possibilities can be distinguished,
then there is no interference between them. But if the
detector can erase the color information of incoming
photons, then interference will occur. Let us emphasize
that according to the principles of quantum theory, inter-
ference only occurs if the two final states are strictly
indistinguishable. Such strict color blindness cannot be
achieved simply by ignoring color information. Rather, one
must erase it. To do that we entangle the photons to the
detectors using nonlinear processes [4].
In particular, we generate entanglement between an incom-

ing γ1 or γ2 photon and a color-erasure detector. If the
difference in energy between γ1 and γ2 is ΔE, then a color-
erasure detector implements an entangling unitary of the form

jγ1ijdetectori ⟶
1
ffiffiffi

2
p jγ1ijdetector;measuredγ1i

þ 1
ffiffiffi

2
p jγ2ijdetector − ΔE;measuredγ2i

jγ2ijdetectori ⟶ −
1
ffiffiffi

2
p jγ1ijdetector þ ΔE;measuredγ1i

þ 1
ffiffiffi

2
p jγ2ijdetector;measuredγ2i ð1Þ
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where jdetectori is the initial state of the detector,
jdetector;measuredγ1i is the state of the detector having
measured a γ1 photon, jdetector þ ΔE;measuredγ1i is the
state of the detector having gained an energy ΔE and
also having measured a γ1 photon, and the other states are
defined similarly. If we only consider occurrences where γ1
is measured (i.e., project onto final states with a jγ1i), then
we are left with either

jγ1ijdetector;measuredγ1i or

jγ1ijdetector þ ΔE;measuredγ1i ð2Þ
the first state having come from an initial γ1 photon and the
second state having come from an initial γ2 photon. The key
point is that the overlap of the final detector states is
approximately 1, namely

hdetector;measuredγ1jdetector þ ΔE;measuredγ1i ≈ 1;

ð3Þ
and so our two final states in Eq. (2) are essentially
indistinguishable, regardless of whether the initial incom-
ing photon was γ1 or γ2. In other words, by generating a
specific kind of entangled state between the incoming
photon and the detector, we can cause decoherence (via
our projective measurement) to quantum mechanically
erase the color information of the initial photon. More
details about these entangled states can be found in the
Supplemental Material [10].
Our color-erasure detectors are technically and concep-

tually distinct from previous experiments in frequency-space
interferometry. Conventional interferometry experiments,
such as Mach-Zehnder and Hong-Ou-Mandel interferom-
etry, are performed with standard beam splitters, but can
equally well be performed with light beams of distinct
polarization and polarizing beam splitters. In this spirit,
recently more sophisticated experiments [18,19] performed
Mach-Zehnder and Hong-Ou-Mandel interferometry with
light beams of distinct frequency and frequency-space beam
splitters. By contrast, color-erasure detectors retroactively
recover interference from conventional interferometry
experiments performed with standard beam splitters but
distinct frequencies of light. This is akin to quantum eraser

experiments [20,21], but now involving erasure of color
information. An important advantage of our approach is that
only the detection apparatus requires augmentation. This is
convenient in general, and essential for imaging tasks
involving self-luminous sources.
We realize chromatic intensity interferometry with our

color-erasure detectors. As shown in Fig. 1, we first choose
an attenuated 1550 nm laser as the source of γ1. With the
help of an 1950 nm pump laser, we up-convert another
independent 1550 nm laser light into 863 nm light via sum-
frequency generation in a home-made straight periodically
poled lithium niobate (PPLN) waveguide [22] (PPLN
WG1). An 863 nm bandpass filter is exploited to block
the 1950 nm pump and the 863 nm light is taken as the
source of γ2. We then use beam splitters and wavelength
division multiplexing (WDM) to divide and couple photons
from both sources to the color-erasure detectors, which are
composed of two integrated PPLN waveguides (PPLNWG
A,B) [23], a 1950 nm pump source, bandpass filters, and
two telecom band single-photon detectors [22].
In order to observe color-erasure interference, we need to

change the relative phase between the γ1 and γ2 photons in
one arm of the detector [4]. Since the phase of a γ2 photon
changes faster than that of a γ1 photon with the same delay
time, we can control the relative phase by adjusting the
optical fiber delay (MDL-002) before detector B. We can
choose the final output of the color-erasure detectors to be
either γ1 or γ2, contingent on our choice of bandpass filters.
We record the arrival time of each photon by a time-digital
converter (TDC) and a computer.
Generally, intensity interferometry is observed in terms

of gð2ÞðτÞ, the second-order quantum mechanical correla-
tion function. As we can see in the red curve in Fig. 2(a),
the correlation gð2Þðτ ¼ 3 nsÞ oscillates as we change the
optical delay and detect γ1 photons by filtering out the γ2
photons. Photons from lasers obey Poissonian number
statistics so that the τ average of gð2ÞðτÞ is 1.
The visibility of the interference is around 0.4, slightly

less than the theoretically expected visibility 0.5 mainly
due to the up-conversion single-photon detector’s dark
counts and baseline error from imperfect devices. For
comparison, we also measure gð2ÞðτÞ without the pump

FIG. 1. Diagram of the chromatic intensity interferometer. VOA, variable optical attenuator; PPLN, periodically poled lithium niobate;
BPF, an 863 nm bandpass filter; PC, polarization controller; BS, beam splitters; WDMs, two wavelength division multiplexers;
UCSPDs, up-conversion single-photon detectors.
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light. As expected, the interference pattern disappears, as
shown by the blue curve of Fig. 2(a).
Figure 2(b) shows the Fourier transforms of the two

curves in Fig. 2(a). The location of the peak of the red curve
represents the frequency of the interference pattern, i.e.,
the rate of phase change as we scan the optical delay. In our
case, the rate of phase change is theoretically the frequency
of pump. The measured peak position is around 144 THz,
which well coincides with 1950 nm. The blue curve in
Fig. 2(b) is just noise and so has no large peaks, demon-
strating that interference does not occur in the absence of
color-erasure detectors.
Instead of having each color-erasure detector output

1550 nm light, we can instead arrange that the detectors
each output 863 nm light. Data for this alternative arrange-
ment are shown in Fig. 2(c). In the figure, we filter in only
γ2 photons at the output of the waveguides, and collect
coincidence counts with and without the pumps enabling
color-erasure detection. Relative to filtering in γ1 photons,
the visibility of interference when filtering in γ2 photons is
degraded since the photons tend to be multimode when
propagating through the PPLN waveguides comprising our
color-erasure detectors. Only photons in the lowest trans-
verse mode participate in interference. The photons in other
modes induce noise and thus reduce the visibility.
We also perform Hong-Ou-Mandel interference [24]

utilizing standard beam splitters and two different wave-
lengths of light. The interference can only be recovered
with color-erasure detectors. Instead of changing the
relative time delay of the light beams, we instead observe
coincidence counts between different time slots in the TDC.

In Fig. 2(d), we observe an oscillation of gð2ÞðτÞ as a function
of τ, which decays as the delay between two detectors
surpasses the coherence time of the light sources. We can
produce bunching or antibunching depending on the setup of
the interferometer, and the settings of the color-erasure
detectors.
In a tabletop demonstration experiment, it is convenient

to use lasers as light sources. Considering future applica-
tions, we would like to observe chromatic interferometry
for incoherent or semi-incoherent sources such as thermal
light from a star or photon emission from fluorescent
proteins. Therefore, it is important to demonstrate that
our chromatic intensity interferometer can function with
thermal light. Accordingly, we experimentally performed
chromatic intensity interferometry with thermal light
sources. To construct a thermal source, we prepare a C
band amplified spontaneous emission (ASE) light source
with 30 nm spectral bandwidth. We first filter the ASE light
with a 100 GHz bandwidth dense wavelength division
multiplexer and then amplify it with an erbium doped fiber
amplifier (EDFA). The emission of EDFA is further filtered
by a 50 MHz bandwidth etalon to select out a thermally
populated mode which is then divided into two beams.
One is used for γ1 and the other one is converted to 863 nm
in a PPLN waveguide to become γ2, similar to the coherent
laser setting from before. In this thermal source setup, the
γ1 and γ2 photons are generated from the same source and
thus their phases are correlated. To destroy these correla-
tions, the γ1 beam is sent through a 20 km spool of fiber,
and fluctuations of the fiber ruin the phase coherence
between γ1 and γ2. Then we send both beams to the color-
erasure detectors and observe interference.
As shown in Figs. 3(a) and 3(c), we observed interfer-

ence of the thermal light in when the color-erasure detectors
output only jγ1γ1i or only jγ2γ2i, respectively. We also
compute the Fourier transform of the interference pattern
for the jγ1γ1i case. In the absence of color-erasure detectors
(i.e., by not pumping the waveguides), we check that
interference does not occur. We have also performed
chromatic Hong-Ou-Mandel interferometry with these
thermal sources, and gð2ÞðτÞ is shown in Fig. 3(d).
One apparent difference between our experimental data

for thermal sources vs coherent lasers is the mean value of
the interference patterns. In Figs. 3(a) and 3(c), the mean
value is larger than 1, which coincidences with the super-
Poissonian number statistics of thermal light. The visibility
for the thermal sources is worse than for the coherent lasers
since the coherence time of the thermal sources is much
shorter. Thus, every mismatch in the optical path will lead
to the loss of coherence and visibility.
Since we expect color-erasure detectors to have appli-

cations in free space imaging, we also performed chromatic
interferometry in free space. As shown in Fig. 4(a), we
detect the photons from two disklike sources emitting
different wavelengths of light.

FIG. 2. Chromatic intensity interferometry of lasers.
(a) gð2Þðτ ¼ 3 nsÞ as a function of the optical delay time, where
the color-erasure detectors each output 1550 nm light. The red
rounded markers display interference of different wavelengths of
light due to the color-erasure detectors, whereas the blue triangle
markers do not display interference since standard detectors are
used. The same color scheme is used in (b) and (c). (b) The
Fourier transform of gð2Þðτ ¼ 3 nsÞ as a function of the optical
delay time. (c) gð2Þðτ ¼ 3 nsÞ as a function of the optical delay
time, where the color-erasure detectors each output 863 nm light.
(d) gð2ÞðτÞ as a function of the delay τ between the two detectors.
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The disklike sources are situated 125 μm apart in a fiber
array, and color-erasure detectors are placed 40 cm away.
When we move the position of one of the detectors using
a linear translation stage, we observe an interference pattern,
as shown in the red curve in Fig. 4(c). The blue curve in
Fig. 4(c) illustrates that interference is not observed in the
absence of color-erasure detection. We also show in Fig. 4(b)
the standard Hanbury Brown and Twiss interference pattern
when the two sources emit at the same wavelength, utilizing
standard detection apparatus. Our free space results for
chromatic interferometry demonstrate the potential applica-
tion of color-erasure detection in imaging.
In conclusion, we have used our color-erasure detectors

to perform intensity interferometry between photons of
very different wavelengths, and to recover their relative
phase information, which is inaccessible to conventional
detectors. Since our technique does not require lenses, it
could be used with very large apertures, and in regions of
the spectrum where lenses are not readily available. This
might inspire new opportunities for imaging and thus calls
for further theoretical and experimental research. As an
example, color-erasure detectors can enhance the ability
of fluorescent microscopes [25,26] to resolve nearby
proteins which emit at distinct frequencies. We can also
leverage a generalization of the van Cittert–Zernike
formula for sources of different wavelengths measured
with color-erasure detectors [4].
If instead we had a nearly perfect single-photon detector,

which has no noise, no jitter, no dead time, and is very
fast, we can effectively erase the frequency of incoming

photons and use it in the multicolor Hanbury Brown–Twiss
interferometer. However, there does not exist a photon
detector or traditional photodiode faster than 144 THz,
as would be required in our experiment. What is more, a
fast detector acts like a very narrow timing filter, which
filters the two input light pulses into a very narrow time
window. This would filter out most of the photons in the
pulses. In our experiment, the linewidth for the input laser
is around 3 MHz and the detector bandwidth is around
144 THz. Only around 0.002% (3 MHz/144 THz) of the
light will be detected. In this sense, it is indeed inefficient.
Meanwhile, our system can convert photons with an
efficiency of around 50% which is orders of magnitude
higher than a fast detection method. This is actually not
due to a technological advance but a difference in concept.
Instead of filtering light, we coherently convert different
wavelengths of light to become indistinguishable.
Our work exploits and emphasizes the realization that

detectors are themselves quantum mechanical objects,
which “measure” other systems by becoming entangled
with them [4,27,28]. Indeed, the core mechanism enabling
multiwavelength intensity interferometry is a trade-off
between coherence of multiphoton phase information
and coherence of color information, implemented by
crafting and manipulating the entanglement between source
photons and the detection apparatus. (For mathematical
details, see the Supplemental Material [10].) We anticipate
that further analysis of the quantum mechanics of detectors
will reveal other trade-off opportunities.

FIG. 3. Chromatic intensity interferometry of thermal sources.
(a) gð2ÞðτÞ for τ ≈ 0 as a function of the optical delay time, where
the color-erasure detectors each output 1550 nm light. The red
rounded markers show interference due to the aid of the color-
erasure detectors, whereas the blue triangle markers show the null
outcome in the absence of color-erasure detectors. This color
scheme is also used in (b) and (c). (b) The Fourier transform of
gð2ÞðτÞ for τ ≈ 0 as a function of the optical delay time. (c) gð2ÞðτÞ
for τ ≈ 0 as a function of the optical delay time, where the color-
erasure detectors each output 863 nm light. (d) gð2ÞðτÞ as a
function of the delay τ between the two detectors.

FIG. 4. Chromatic intensity interferometry in free space. (a) A
diagram of the experimental setup for the intensity interferometer
in free space. Lasers from a fiber array are utilized as sources, and
the collimators are utilized to couple light from free space into
color-erasure detectors. One of the collimators is mounted on a
linear translation stage to control the distance x between the two
collimators. (b) The measured interference pattern when both
sources emit light of the same wavelength, reproducing standard
Hanbury Brown and Twiss interference. (c) The measured
interference pattern when the two sources emit 1550 and
863 nm light, respectively. The red rounded markers show
interference due to the aid of the color-erasure detectors, whereas
the blue triangle markers show the absence of interference
without the color-erasure detectors.
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