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Transporting information is one of the important functions of photons and is also the essential duty of
information science. Here, we realize multiple imaging by detecting photons with changeable wavelengths based
on time-resolved correlation measurements. In our system, information frommultiple objects can be transported.
During this process, the wavelength of the photons illuminating the objects is different from the wavelength of
the photons detected by the detectors. More importantly, the wavelength of the photons that are utilized to
record images can also be changed to match the sensitive range of the used detectors. In our experiment, images
of the objects are reconstructed clearly by detecting the photons at wavelengths of 650, 810, and 1064 nm,
respectively. These properties should have potential applications in information science.
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Imaging is a general way of transporting information. For
traditional imaging, a lens (or a set of lenses) is utilized to
collect the photons passing through the object to a screen
(or detector). Under a suitable geometric arrangement of
the object, lens, and screen, a clear image will be obtained
on the screen.
In 1995, as a new imaging method, ghost imaging, was

demonstrated by using entangled two-photon pairs (signal
and idler) created by spontaneous parametric downcon-
version (SPDC)[1]. Later, this imaging method was also
theoretically and experimentally explored by using an un-
entangled light source[2–20]. For ghost imaging, two (refer-
ence and test) beams with strong spatial correlations are
used. The test beam meets the object first, while the refer-
ence beam without interacting with the object reaches a
pixelated detector directly. Then a “bucket” detector with
no spatial resolution is used to collect the photons that
have passed through the object in the test beam. An image
of the object is obtained by a coincidence measurement
between the signals coming from the pixelated detector
and the “bucket” detector. Compared with traditional im-
aging, ghost imaging has its own advantages such as it
allows the objects to be located in optically harsh or noisy
environments without influencing the quality of the
image[21–23]. This unique feature is very useful in some ap-
plications, such as satellite and aircraft-to-ground-based
distant imaging[24].
Recently, Lemos et al. realized a novel imaging system

with undetected photons based on induced coherence
without induced emission[25,26]. Two nonlinear crystals
are used. The first nonlinear crystal is pumped to create
photon pairs (idler and signal) from the SPDC process[27].

The idler photon produced from the first nonlinear crystal
passes through the object and then overlaps with the idler
photons created by the second nonlinear crystal. The im-
age of the object can be extracted from the interference
pattern of the signal photons coming from the two nonlin-
ear crystals. Different from traditional imaging, photons
for imaging collected by the detector are not the photons
that have passed through the object. This is the reason
why this process is very interesting. The nonlinear process
in the second nonlinear crystal is regarded as induced co-
herence without induced emission[28–31].

In this work, we present and demonstrate an imaging
method of detecting photons with variable wavelengths
based on time-resolved correlation measurements. In
our experiment, the wavelength of the photons detected
by the detectors is different from that illuminating the ob-
jects. Since two nonlinear beta barium borate (BBO) crys-
tals are used as the wavelength converters, the wavelength
of the photons that are utilized to record images can be
changed to match the sensitive range of the used detec-
tors. Images of the objects have been reconstructed suc-
cessfully by detecting the photons at wavelengths of
650, 810, and 1064 nm, respectively.

To describe our idea clearly, studying some properties of
the time-resolved correlation of the laser pulses will be
helpful. A femtosecond (fs) pulsed laser (Coherent, Inc.)
as the light source has a central wavelength of 810 nm,
a pulse duration of ∼140 fs, and a repetition rate
∼80 MHz (the interval between two pulses is ∼12.5 ns).
The result of the coincidence measurement between two
paths is shown by the inset in Fig. 1, where the scatters
are experimental data and the red curve is the
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corresponding Gaussian fit. Its profile is similar to the ex-
perimental coincidence measurement result in Ref. [32]. It
should be noted that the Gaussian profile of our coinci-
dence measurement comes from the fact that the light
source is a fs pulsed laser. For a continuous-wave coherent
light source, however, the coincidence measurement curve
should be a straight line. When the two paths have the
same optical length, the peak of the data profile will locate
at Δt ¼ 0. When the two paths have different optical
lengths, the peak of the data profile will move away from
Δt ¼ 0. The width of the shadow area Δτ, which corre-
sponds to the full width at half-maximum (FWHM) of
the Gaussian profile, is ∼0.8 ns. The resolution of our
coincidence counter is ∼0.15 ns. In our experiment, we
set the time window Δτwin to be equal to the FWHM
(Δτwin ¼ Δτ ¼ 0.8 ns). The experimental data in the
shadow area are counted for extracting the information
of objects in our experiment.
In our experiment below, we set the time window Δτwin

to be Δτwin ¼ Δτ ¼ 0.8 ns. Our experimental setup is

shown in Fig. 1. After passing through a half-wave plate
(HWP), light from the fs source is divided into two
paths by a polarization beam splitter (PBS1). The re-
flected light is detected directly by a “bucket” detector
D1, and its electrical signal output is used as a trigger
to perform the coincidence measurement. The transmitted
light with a power of ∼2 W is focused by a lens to
pump a nonlinear crystal (BBO1 with a dimension of
1.5 mm × 5 mm× 5 mm) to generate the second har-
monic with a power of ∼350 mW at a central wavelength
of 405 nm. Then a dichroic mirror (DM1) reflects the
residual pump light at 810 nm. After collimated by a lens
and passing through an HWP, the 405 nm light is divided
into three paths by PBS2 and a beam splitter (BS). Three
objects, O1 (letter “N”), O2 (letter “K”), and O3 (letter
“U”), are inserted in the three paths, respectively. We as-
sume the optical path length to be L for the PBS2-O1-
PBS3 path, (Lþ ΔL) for the PBS2-O2-PBS3 path, and
(Lþ 2ΔL) for the PBS2-O3-PBS3 path. The 405 nm light
in the PBS2-O2-PBS3 and PBS2-O3-PBS3 paths will lose

Fig. 1. Experimental setup for time-resolved multiple imaging with undetected photons. The light source is a fs pulsed light source at a
central wavelength of 810 nm with a pulse duration of ∼140 fs and a repetition rate of ∼80 MHz (the interval between two pulses is
∼12.5 ns). Two BBO crystals are used to realize the wavelength conversion. The process of second-harmonic generation happening in
BBO1 will transform the wavelength from 810 to 405 nm. SPDC occurs in BBO2 and transforms the wavelength from 405 nm to the
one that we need. DMs are used to remove the unwanted light. Here, DM1 transmits 405 nm light (96%) and reflects 810 nm light
(97%). The other dichotic mirrors reflect 405 nm light (96%). There are three objects. O1 is letter “N”, O2 is letter “K”, and O3 is letter
“U”. Plane “1” is the object plane; plane “2”, plane “3”, and plane “30” are the image planes of the object. (a) The scanning imaging
system arrangement, where the detector D2 needs to scan step by step to reconstruct the images of the objects. (b) The imaging with
the ICCD and the image preserving delay compensation system arrangement. Insert: Rotation of BBO2 to generate the photons with
the needed wavelength from SPDC.When α ¼ 0.75°, photons with a 1064 nm wavelength can be collected by D2. When α ¼ 1.04°, the
wavelength of photons that we can collect is 650 nm. Inset: Measurement of the time-resolved correlation of the fs pulsed laser used,
experimental data (blue symbols) and Gaussian fitting profile (red curve).
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a half of energy by another BS. The 405 nm light in the
three paths is recombined on PBS3, and then passes
through a 4f system composed of two lenses. It should
be noted that all the three objects inserted into the three
paths are located at the front focal plane of the 4f system
(plane “1”) and the second nonlinear crystal (BBO2
with dimensions of 1 mm × 5 mm× 5 mm) is located at
plane “2,” which is the back focal plane of the 4f system.
That is to say these three objects are imaged onto BBO2.
The 405 nm light carrying the information of the three
objects pumps BBO2. Under type-I degenerate collinear
phase matching, entangled photon pairs with the same
polarization and the same wavelength (810 nm) are gen-
erated by SPDC. After passing through BBO2, the 405 nm
light is reflected by another DM. The entangled photon
pairs pass through the second 4f system whose front focal
plane is exactly located at the back focal plane of the first
4f system. Finally, the objects are imaged from plane “2”
onto detection plane “3”. In the front of detector D2, an

intermediate frequency (IF) with a 10 nm bandwidth cen-
tered at 810 nm is inserted to remove the unwanted light.
The sensitive area of D2 is a circle with a diameter
of 50 μm.

Because there are three paths that can be chosen to
propagate from PBS2 to PBS3 for photons, the time dif-
ference between the electrical signals output from D1 and
D2 should have three possible values, corresponding to
the three peaks contained in our experimental results
[Fig. 2(a)]. The time interval between two peaks is deter-
mined by the corresponding optical path difference.
During our experiment, the PBS1-D1 and PBS1-PBS2-
O1-PBS3-D2 optical paths have the same length. So
the three peaks locate at Δt ¼ 0, 4, and 8 ns, correspond-
ing to the time difference Δτpeak ¼ ΔL∕c ¼ 4 ns, where
ΔL ¼ 1.2 m and c is the speed of light. The FWHM of
every peak [width of the shadow area in Fig. 2(a)] is
∼0.8 ns, which is the same as that in the inset of Fig. 1.
The information carried by the three peaks contains the

Fig. 2. (Color online) Experimental results. (a) is an example of coincidence measurement between detector D1 and D2 for the scan-
ning imaging system arrangement. (b1), (b2), and (b3) are images of the three objects reconstructed from the coincidence measure-
ment. 40 × 40 ¼ 1600 scanning steps are needed. Measurement time is about 5 seconds for each step. (b4) is a mixed image of the three
objects achieved by extracting all information containing in the three peaks at each scanning step. (c1), (c2), and (c3) are images of the
three objects by using the ICCD and image preserving delay compensation system arrangement. (c4) is the mixed image of the three
objects recorded by triggering the ICCD with an internal pulse generator. (d) The red circles and the blue circles are the partial data of
(b1) (along the red line) and (c1) (along the dark blue line), respectively, and the red and blue curves are the fitting results corre-
sponding to the data shown by the red and blue circles.
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images of three objects (“N”, “K”, “U”), respectively. We
set three coincidence windows centered at Δt ¼ 0, 4, and
8 ns, respectively. The information of each peak is ex-
tracted by recording only the counts within each window.
By scanning the position of D2, we can finally reconstruct
the images of the three objects. During each step, detector
D2 will cover 50 μm. To record a frame image, the single-
pixel detector D2 is scanned by 40 × 40 ¼ 1600 steps. The
experimental results are shown in Figs. 2(b1)–2(b3). It
should be noted that the 405 nm photons pass through
the objects, while the 810 nm photons are used to extract
the images. If we combine all of the information contained
in the three peaks at each scanning step, the image recon-
structed [Fig. 2(b4)] is a mixed image of the three objects.
As a comparison, we utilize another arrangement

[Fig. 1(b)] to record the images, where an ICCD camera
(a multi-megapixel array) is used. The intensifier of the
ICCD camera can be triggered by using either an external
pulse or an internal pulse generator. When it is triggered
by an internal pulse generator, the ICCD is just like a nor-
mal CCD, but has a higher sensitivity. If it is triggered by
an external signal, its gate width is set by the width of the
input transistor-transistor logic (TTL) pulse from a single
photon avalanche detector (∼15 ns). To ensure that the
photons detected by D1 and the ICCD camera are from
the same pulse, the electrical delay in the ICCD triggering
must be compensated by introducing the additional opti-
cal path in the ICCD path. In our experiment, a 20 m
free-space delay line [composed of mirrors and lenses in
Fig. 1(b)] is used to compensate for this electrical
delay[33,34]. The electrical signal coming from D1 triggers
the detection of the time-resolved photons by the ICCD.
The images of three objects are recorded with the exposure
time of 60 s and a TTL width of 3 ns at a ICCD chip tem-
perature of −25°C. The photosensitive area of the ICCD
was set to be 200 × 200 pixels (corresponding to an area of
2:6mm × 2.6mm, a size of 13 μm× 13 μm per pixel). Inas-
much as there are three different optical paths from PBS1
to the plane “30”, the time delays are set to be ∼3 ns for
imaging O1 (letter “N”), ∼7 ns for imaging O2 (letter
“K”), and ∼11 ns for imaging O3 (letter “U”), respec-
tively. Thus, the time difference Δτdelay between O1 and
O2 or between O2 and O3 is ∼4 ns, which is the same
as the time difference Δτpeak. Clearly, as the experimental
results show in Figs. 2(c1)–2(c3), three images have been
obtained. However, if the ICCD is not triggered by the
signal coming from D1, but triggered by an internal pulse
generator, information about the three objects cannot be
read out clearly because a mixed image of three objects is
obtained [Fig. 2(c4)]. To compare our two imaging ar-
rangements [Figs. 1(a) and 1(b)], the visibilities of the im-
ages for the letter “N”, obtained by the scanning imaging
arrangement [Fig. 2(b1)] and recorded by the ICCD ar-
rangement [Fig. 2(c1)], are calculated. The red circles
and the blue circles in Fig. 2(d) show the experimental
data corresponding to the red line in Fig. 2(b1) and the
blue line in Fig. 2(c1), respectively. The red curve and
the blue curve in Fig. 2(d) are the fitting results by

combining the Gaussian and square-wave functions to-
gether. The experimental data gives a visibility of 83%
for the red circles and 65% for the blue circles, respectively.

To further confirm our idea, we select the detected pho-
tons at two different wavelengths from 810 nm. We rotate
BBO2 to change the phase-matching angle of BBO2.
Thus, we can generate the photon pairs (idler and signal)
at the different wavelengths we need. As mentioned
above, when the 405 nm pump light is normally incident
on BBO2, degenerate photon pairs at 810 nm will be gen-
erated. By rotating BBO2 with an angle of α ¼ 1.04°, the
generated photon pairs have wavelengths of 650 and
1074.5 nm, respectively (a similar calculation process
can be found in Ref. [35]). Considering that the single-
photon counting module (Excelitas’ SPCM-AQRH Series)
D2 had the highest detection efficiency of ∼65% at a wave-
length of 650 nm, we choose the 650 nm SPDC signal pho-
tons for imaging, while the 1074.5 nm idler photons are
blocked by using the IF with 10 nm bandwidth centered
at 650 nm. The experimental procedure (as described
previously) is performed to obtain the images of the
three objects by detecting the 650 nm photons, and the
experimental results are shown in Figs. 3(a1)–3(a3). As
a comparison, the three images reconstructed by the
ICDD arrangement are shown in Figs. 3(b1)–3(b3).

Fig. 3. (Color online) Experimental results. (a1), (a2), and (a3)
are images of the three objects reconstructed by detecting pho-
tons at 650 nm with the same dimension of 40 × 40 scanning
steps, and the measurement time is ∼5 s for each step. (b1),
(b2), and (b3) are images of the three objects by using the ICCD
arrangement at 650 nm with a dimension of 200 × 200 pixels cor-
responding to an area of 2.6 × 2.6 mm2. (c1), (c2), and (c3) are
images of the three objects reconstructed by detecting photons at
1064 nm with the same dimension of 40 × 40 scanning steps, and
the measurement time is ∼5 s for each step.
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Furthermore, we also explore the experimental results
[Figs. 3(c1)–3(c3)] by recording the 1064 nm SPDC idler
photons (α ¼ 0.75°), because the id400 single-photon
counting module (ID Quantique Int.) as detector D2
had the highest detection efficiency of ∼30% at a wave-
length of 1064 nm. Clearly, as shown in Figs. 2 and 3,
we can see that the images obtained by detecting photons
at different wavelengths are very similar.
In conclusion, by using the time-resolved property of the

fs pulsed laser, correlation imaging by detecting photons
with variable wavelengths are realized. Two nonlinear
crystals are used to convert the wavelength of the photons.
In our experiment, three objects (letters, “N”, “K”, and
“U”) can be recorded at the same time. It should be noted
that the wavelength of the photons illuminating the ob-
jects is different from that detected by the detectors dur-
ing imaging, and the wavelength of the photons detected
by the detectors can also be changed to match the sensi-
tive range of the used detectors. In our current experi-
ment, images of the objects are reconstructed clearly by
detecting the photons at wavelengths of 650, 810, and
1064 nm, respectively. What is more, two schemes are
used to achieve the multiple imaging. In the first scheme
shown in Fig. 1(a), a single-photon detector D2 is used to
perform the coincidence measurement with detector D1,
three coincidence-count peaks carrying the information
of three objects are obtained. By scanning the detector
step by step, the images of three objects are reconstructed.
In the second scheme shown Fig. 1(b), an ICCD, which
replaces D2 with no spatial resolution in the first scheme,
is used, and scanning is no longer needed due to the func-
tion of spatial resolution. As long as we set the appropriate
delay time, the three images can be obtained one by one.
We also investigate the imaging by detecting photons with
different wavelengths, and obtain almost the same images.
So we can flexibly choose the photon wavelength depend-
ing on the sensitive range of the detectors used. Further,
our work also proves that information carried by the pump
light can survive and be transferred to the light generated
from the SPDC process[36].
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