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Long-distance temporal quantum
ghost imaging over optical fibers

Shuai Dong, Wei Zhang, Yidong Huang & Jiangde Peng

Since the first quantum ghost imaging (QGI) experiment in 1995, many QGI schemes have been put
. forward. However, the position-position or momentum-momentum correlation required in these
Accepted: 26 April 2016 :  QGI schemes cannot be distributed over optical fibers, which limits their large-scale geographical
Published: 19 May 2016 : applications. In this paper, we propose and demonstrate a scheme for long-distance QGl utilizing
. frequency correlated photon pairs. In this scheme, the frequency correlation is transformed to the
correlation between the illuminating position of one photon and the arrival time of the other photon,
by which QGlI can be realized in the time domain. Since frequency correlation can be preserved when the
photon pairs are distributed over optical fibers, this scheme provides a way to realize long-distance QGI
over large geographical scale. In the experiment, long-distance QGl over 50 km optical fibers has been
demonstrated.
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How to realize photonic quantum information applications over long-distance optical fibers is an important topic
of quantum engineering, considering the extensive optical fiber links over globe. Quantum information applica-
tions realized over optical fibers, can support related, interesting applications over large geographical scale, such
as quantum key distribution (QKD)', and quantum teleportation® In this work, we explore the way to realize long
distance quantum ghost imaging (QGI) over optical fibers. QGI® has attracted much attention in the last two dec-
ades due to its abundance in physics and potential for quantum communication and quantum sensing. Originally,
QGI was realized by photon pairs generated by spontaneous parametric down conversion (SPDC) in nonlinear
crystals. The momentum-momentum correlation in the photon pairs was utilized in QGI to realize imaging in
a nonlocal manner. After that, many ghost imaging schemes have been proposed* '*. The concept of the ghost
imaging has been deeply developed “from quantum to classical to computational”**. While, the motivation of
research on ghost imaging also developed from the interest on fundamental physics'>!° to applications such as
information transmission and sensing. It has been reported that ghost imaging can be used in optical information
encryption and transmission'”. However, it is still a problem how to realize QGI over large geographical scale by
techniques compatible with optical communication and networks, since single mode fiber (SMF) used in optical
communication does not support the distribution of the position-position or momentum-momentum correlation
required in previous QGI schemes.

In recent years, the effect of temporal dispersion on the correlated/entangled photon pairs has attracted much
attention and been used in many applications, such as the manipulation of the single photon wave packet's, the
tunable optical delay between two correlated photons®®, the measurement of the joint spectral distribution of
biphoton states?® and non-local dispersion control?! and cancellation?. In these applications, the arrival time of
photons is diffused according to their frequencies. We notice that the photons can also be diffused to different
propagation directions according to their frequencies by introducing spatial dispersion on them. If temporal
dispersion and spatial dispersion are introduced on the two photons with frequency correlation respectively, the
frequency correlation would be transferred to the correlation of arrival time - propagation direction, which can
be utilized to realize the QGI in time domain. Hence, we propose and demonstrate a temporal QGI scheme based
on frequency correlated photon pairs in this paper. It’s well known that the frequency is a stable degree of freedom
(DOF) of photons traveling in optical fibers. The frequency correlation can be preserved when the photon pairs
are distributed over optical fibers. Hence, the proposed scheme supports long-distance QGI over optical fibers.
To realize the scheme, the frequency correlated photon pairs should be at telecom band, which can be generated
by spontaneous four wave mixing (SFWM) processes in optical fibers?® or waveguides?*. The two photons in the
pair are sent to Alice and Bob sides, respectively. At Alice side, the photons are spatially dispersed to different
directions according to their frequencies by a spatial dispersion component, such as a grating, then illuminate the
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object on different positions along a line. At Bob side, large temporal dispersion is applied to the idler photons
to change their arrival time according to their frequencies when detected by a single photon detector (SPD). To
realize long distance QGI, the temporal dispersion could be realized by the transmission fiber sending the idler
photons from the source to Bob side. Hence, the frequency correlation in the initial photon pairs is transformed
to the correlation of the illuminating positions of the photons at Alice side and the arrival time of the photons at
Bob Side. Based on this correlation, the image of the object along the illuminating line can be obtained in time
domain by the coincidence measurement, realizing one-dimensional QGI. Two-dimensional imaging can also
be realized by step-moving the object, realizing a function of long distance “quantum fax machine” over optical
fibers.

Results
Principle. Frequency correlated photon pairs can be generated in third order nonlinear waveguide by the
spontaneous four wave mixing process?*~2°. Their state can be expressed as

W) = fde(Q)|Wp + Q>S|WP N Q>i’ @

where w, is the frequency of the pump light. The indices s and i indicate the signal photons (with frequency w,)
and idler photons (with frequency w,), respectively. Q = w, — w, = w, — w; is the frequency detuning of signal
photons or idler photons. f{Q) is the spectral amplitude of the biphoton state.

The signal and idler photons are distributed to two parties, named Alice and Bob, over optical fibers. At Alice
side, there is an object with a specific reflectivity pattern. The signal photons are firstly dispersed to different
directions along a line according to their frequencies by a spatial dispersion component, such as a grating. Then
they illuminate the object along a line, which is named as the illuminating line. Signal photons with different
frequenciy will arrive at different positions on the object. The signal photons with a specific frequency detuning
Q would arrive at a specific position x, in the line. The reflectivity pattern along the illuminating line would
modulate the spectrum of the reflected signal photons, and also that of the frequency correlated photon pairs,
which can be looked as a special form of wave packed reshaping based on energy-time entanglement?. Hence, the
positive-frequency field operator of the signal photons at Alice side can be expressed as

Elt.L) ~ f dr (xg)a,(w, + )

x e @t DLi[BtBa@-00]L, )
where a (w, + ) is the annihilation operator of the signal photons at the frequency w;, + Q. ¢, is the detection
time of the signal photons, L; is the length of the optical fiber between the photon-pair source and the SPD at
Alice side. Assuming that L, is small, the group velocity dispersion (GVD) in the fiber has been neglected. The
phase coefficient of the signal photons in the fiber has been expanded in the vicinity of w, + Q, , which is the
central frequency of signal photons, as 3,(w, + Q) = B, + 51 (Q — Q).

At Bob side, the idler photons are temporally dispersed before detected by a SPD. The most convenient way
to realize the dispersion is utilizing the GVD of the transmission fiber, by which the idler photons are sent to Bob
side from the source. If the length of the optical fiber between the photon-pair source and the SPD at Bob side is
L;, then the positive-field operator of the idler photons at time f; can be expressed as

Bt 1) ~ [dfa(w, - @elCrm i, 3)
where a;(w, — Q) is the annihilation operator for idler photons at the frequency w, — Q. The phase coefficient of
the idler photons in the fiber can be expanded as

By = D = B+ Bl — D + 2052 — O, W
where w, — Q, is the central frequency of idler photons. The term with 3, is corresponding to the GVD. Higher
order dispersions in the fiber have been neglected.

The signal and idler photons are detected by SPDs at both sides with arrival time recorded. Then Alice sends
the single photon events to Bob. Time discriminated coincidence measurement can be carried out at Bob side.
It can be analyzed by the second-order Glauber correlation function G?. Under the assumption that the tem-
poral dispersion introduced at Bob side is large enough?” (Supplementary Information), the G® function can be
expressed as

A+t At 2
Gty Lt L) = [(0|E; (8 L)E, (1, L)|V)|
If ()1 (xq) |§2:T/[3,-2L,- > (5)

2

whereT = (t, — B, L) — (t; — BaL; — B:L).

According to Eq. (5), the coincidence measurement result has the profile of the spectrum of the biphoton state,
which is modulated by the reflectivity pattern along the illuminating line in a nonlocal way??%. Hence, the reflec-
tivity pattern r(x) can be extracted from the coincidence measurement result. In this scheme, the signal photons
are detected without discriminating their frequency and arrival time, hence, the reflectivity pattern along the
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Figure 1. (a) The frequency correlated photon-pair source based on the SFWM process in a silicon nanowire
waveguide. F1, F2 and F3 are optical filters for pump and signal/idler photons. EDFA: Erbium doped fiber
amplifier. (b) The joint spectral density of the biphoton state.

illuminating line can not be recovered by Alice side only. On the other hand, the idler photons are discriminated
according to their frequencies by the arrival time, supporting the nonlocal imaging process in the way of QGI.

The principle can be explained by the transformation of quantum correlation in this scheme. At Alice side,
signal photons with different frequencies are mapped to different illuminating positions on the object due to
spatial dispersion component. While, at Bob side, the idler photons with different frequencies have different
arrival time due to the GVD of the fibers. Hence, the frequency correlation in the photon pairs is transformed to
the correlation between the illuminating positions of signal photons on the object and the arrival time of idler
photons. Compared with QGI schemes based on momentum-momentum or position-position correlation?, our
scheme realizes QGI in the time domain thanks to the specific correlation. Since the telecom-band frequency
correlated photon pairs can be easily distributed over optical fiber, this scheme provides a practical way to realize
long-distance QGIL.

Generation of frequency-correlated photon pairs. In the experiment, the frequency correlated photon
pairs are generated by the SFWM process in a silicon nanowire waveguide?*. The sketch of the source is shown in
Fig. 1(a). The pulsed pump light has a center wavelength of 1550.92 nm, a pulse width of about 3.7 ps and a repet-
itive rate of 40 MHz. It is generated by a mode locked laser, then a filter (F1) is used to confine its spectrum and
extend its pulse width. An erbium doped fiber amplifier (EDFA) is used to increase the pump power and the filter
(F2) after the EDFA is used to suppress the amplified spontaneous emission at the signal and idler wavelengths.
The filters F1 and F2 are composed of dense wavelength division multiplexing devices (DWDMs). The pump light
is injected into a silicon nanowire waveguide (11 mm in length, with a cross section of 500 nm x 220 nm) through
alensed fiber. Thanks to the high nonlinearity and the designed low dispersion property of the silicon nanowire
waveguide, broad-band frequency correlated photon-pairs can be generated. The signal and idler photons are sep-
arated by a filter system (F3) composed of cascaded coarse wavelength division multiplexing devices (CWDMs).
The center wavelengths of signal and idler photons are A\, =1530nm and \;, = 1570 nm, respectively.

The joint spectrum density (JSD) of the biphoton state is measured by the method shown in ref. 20. The signal
and idler photons are dispersed temporally by a piece of 50 km-long SME. The measured JSD is shown in Fig. 1(b).
It is shown that the wavelengths of signal and idler photons are anti-correlated. The wavelength spans of the signal
and idler photons are 16 nm, which are determined by the bandwidth of the filters F3.

Temporal QGl over 50-km SMF.  The sketch of the setup for long-distance temporal QGI is shown in Fig. 2.
The source shown in Fig. 1 provides frequency correlated photon pairs. The signal photons are sent to Alice by a
short piece of SME. At Alice side, the signal photons are delivered to an spectrally encoded confocal microscopy
(SECM)?* system through a circulator (CIR). In the SECM configuration, the photons are collimated to a spatial
optical beam with a 1/e? diameter of 2.1 mm. A reflective diffraction grating (600 Line/mm, blaze wavelength
equal to 1600 nm) is used to disperse the signal photons spatially. After a lens with a focal length I =25.4 mm,
the signal photons are focused on the surface of the object along a line, i.e., the illuminating line, with a length of
about 250 pm. The signal photons with different frequencies would be focused on different positions along the
illuminating line. The object is a standard photolithographic mask, which is a silica plate with a patterned chrome
layer. It provides a reflectivity pattern. The signal photons are partially reflected according the reflectivity pattern
along the illuminating line, resulting in modulated spectrum. The reflected signal photons are collected by the
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Figure 2. Experiment setup. The frequency correlated photon-pair source (S) has been shown in Fig. 1. The
signal photons are distributed to Alice through a short piece of SMF and to Bob through 50 km-long SMF. At
Alice side, the signal photons are collimated to a spatial optical beam by a collimator (C) after an optical fiber
circulator (CIR), then spatially dispersed by a grating (G), and illuminate the object (O) after a focal lens (L).
At Bob side, the GVD of the transmission fiber is utilized to realize temporal dispersion. At both sides, photons
are detected by SPDs (SPD1 & SPD2), and the time of single photon events are recorded(time recorder, TR1 &
TR2), and coincidence measurement (Coin. Meas.) is carried out. M: mirror.
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Figure 3. QGI of the object. (a) A typical coincidence histogram. The inset is the reflectivity pattern of the
object and the dashed line is the illuminating line corresponding to the coincidence histogram. (b) The image
obtained by step-moving the object with a step of 10 um.

collimator and sent to a SPD (ID220, ID Quantique) through the CIR. The single-photon events are recorded
with high time-resolution using a time recoder (TR1) in a photon correlator (DPC 230, Becker & Hickl GmbH).

While, the idler photons are sent to Bob through 50 km-long SME Then the idler photons are detected by the
other SPD and the single photon events are also recorded with high time-resolution (TR2). On one hand, the
frequencies of the idler photons are preserved after the propagation through such a long fiber, hence, the long
distance distribution of the frequency correlated biphoton states is realized. On the other hand, the transmission
fiber provides a GVD of d =900 ps/nm (estimated by the group velocity dispersion parameter of SMF). Since the
bandwidth of idler photon is 16 nm, the idler photons are temporally broadened to 15.4 ns.

When sufficient single photon events are collected at Alice and Bob sides, Alice should send the records of the
detected signal photons to Bob by a classic channel, and Bob could realize coincidence measurement utilizing
recorded signal and idler photon events. In the experiment, the single photon events at both sides are recorded
by two channels of the photon correlator with a resolution of 164.61 ps, and the coincidence is calculated by a
computer according to the records. A typical measurement result is shown in Fig. 3(a), while the inset shows the
reflectivity pattern of the object. The dimension of the pattern is 150 um x 140 pm. The red areas are the regions
with high reflectivity. The dashed line is the illuminating line corresponding to the histogram. It can be seen that
the histogram has the shape of the pattern along the illuminating line clearly.

By step-moving the object along the direction orthogonal to the illuminating line, two-dimensional imaging
of the object can be obtained, which is shown in Fig. 3(b). The moving step is 10 um. The measurement time for
each illuminating line is 10 minutes. The coincidence counts in every time bin are indicated by different colors. It
can be seen that a clear image of the object has been obtained. Considering the long distance between Alice and
Bob, this temporal QGI scheme realizes a function, of long distance image transmission like a “quantum faxing
machine”. It is worth noting that in the experiment the image generated by the temporal QGI has a little distor-
tion. It is due to the fiber length variation when the temperature changes during the measurement. Since the fiber
is as long as 50 km, a temperature variation of 1 °C would lead to an arrival time variation of several nanoseconds
for the idler photons traveling through the fiber.
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Figure 4. QGI using a object with narrower line width. (a) The reflectivity pattern of the target object. The
line width is 13 um at the dashed line, while the width of the image at the corresponding position is 25.6 pm.
(b) The image generated by the temporal QGI experiment.

Resolution. To analyze the resolution of our QGI scheme, another object with narrower line width is used,
as shown in Fig. 4(a). The image generated by the temporal QGI experiment is shown in Fig. 4(b). The line width
of the object is 13 pum at the dashed line, while the width of the image at the corresponding position is about
1.65ns. According to the experiment parameters (Methods section), it is related to a line width of 25.6 um, much
wider than the actual width. The broadening of the line is due to the limited resolution of the experiment, which
is mainly determined by the wavelength resolving power of the grating at Alice side and the timing jitters of the
single photon detecting system (including the SPDs and the photon correlator).

Along the illuminating line, a reflectivity point at the object has a point-spread spectral function, which has a
full width at half maximum (FWHM) determined by the resolving power of the grating®,

N (6)

0= (2% is the centeral wavelength of signal photons in vaccum, N is the total number of grooves in
UJP 0.

the beam area on the grating. The point spread spectral function will result in a point-spread coincidence peak,
with a FWHM of

where )\

61 = 6A x d, )

where d is the temporal dispersion at Bob side. On the other hand, the impact of the single photon detecting
system is denoted by 67, including the effect of timing jitters of two SPDs and the time resolution of photon
correlator. Hence, the resolution of the temporal QGI can be estimated by

oo YOO o)1 A e
2 2
=2, P cos O\ N d (8)

d dA
where, 6, is the diffraction angle of the signal photons with wavelength A, p is the period of the grating. The rela-
tion p(sin 6 — sin #;) = X between the diffraction angle 6 of the signal photons, the wavelength A and the incident
angle ;, has been used in the equation.

According to the parameters of the experiment setup (I =0.0254 pm, p=1.67 pm, 6, =11.9°, \,;=1530nm,
N=1044 grooves, 6T, =389 ps, d =900 ps/nm), the calculated spatial resolution is about 23.8 um, agrees well with
the experiment results considering the fact that the reflectivity of the object has a rectangluar profile.

Equation (7) shows that the spatial resolution could be improved through (1) increasing temporal dispersion
at Bob side; (2) improving the time resolution of the single photon detection system; (3) increasing the beam
diameter at Alice side; (4) utilizing an objective lens with smaller focal length at Alice side. Our recent work?
shows that 7, =80 ps can be realized in the single photon detection system composed of super conducting nano-
wire single photon detectors (timing jitter ~60 ps) and high performance photon correlator (timing jitter ~12 ps).
If the diameter of the signal photon beam is expended to 5mm and an objective lens with a focal length of 5mm
is used, a resolution as high as 1.1 pum can be expected.

Discussion

As a conclusion, we proposed a scheme of temporal QGI. By introducing the temporal dispersion and spatial
dispersion on the two photons with frequency correlation respectively, the frequency correlation is transformed
to the correlation of arrival time and propagation direction, which is used to realize QGI in time domain. Since
the frequency is a stable DOF of photons traveling in optical fibers, it provides a way to realize long distance
QGI over optical fibers. It is demonstrated by the experiment with 50-km long SME, in which the 2-dimensional
QGI is realized by step-moving the object like a “quantum fax machine”. The spatial resolution of this scheme is
analyzed, showing that it could be less than the wavelength of the illuminating photons by proper system design.
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This scheme overcomes the obstacle on realizing QGI over large geographical scale, which may inspire new appli-
cations in quantum engineering.

Methods
Scale transformation relation between the object and the time-domain image. This section
discusses the relation between the scale of the object and the image. It is clear that in the direction orthogonal to
the illumiating line, the scale of the image should be equal to the scale of the object. In the following, we focus on
the scale transformation relation in the direction of the illuminating line.

At Alice side, the relation between the illuminating position x, on the object and the signal photon frequency
w,+ Q) can be expressed as

Q—-Q, do
Xq = Xxq, — 2 cl— ,
(wp + 90" dX \=2me/(w,+0p) )
=2me/(w )+

where Xq, is the illuminating position of signal photons with frequency w, + €, (the central frequency of the
signal photons) lis the focal length of the lens, ¢ is the velocity of light in vacuum, 6 is the diffraction angle of light
beams after grating, and A is the wavelength of signal photons, which is corresponding to the frequency by the
relation A=2mc/(w, + Q). As we use the first order of interference of the grating, the angle of the incident light 6,
the angle 6 of the diffration light with wavelength A, must satisfy the equation®’, p(sin § — sin 6;,) = X, where p
is the period of the grating. Hence,

do
drl,

1

_ o pcos 6,
w, 8 (10)

where, 0, is the diffraction angle of signal photons with frequency w, + Q. Two points with high reflectivity on
the object with distance Ax will reflect signal photons with frequency differency equal to

(W, + Q)
AQ = _Tp Ccos OOA.X. (11)

where, 0, is the diffraction angle of signal photons with frequency w, + Q.
According Eq. (9), the time differency between the two coincidence peaks resulted from the two
high-reflectivity points will be

(W, + Q)
AT = —B,LAQ=—L—2"_ 3 Lp cos 0,Ax.
T ﬂxZ i 27cl /812 Lp 0 (12)
Considering the relation between the dispersion parameter of d and (3;,, i.e. d = Z"Cﬁ L A

2me/(w), — )is the central wavelength of idler photons, equation (12) can be expressed using the dispersion
parameter d as

2
AT = —)\—;(’pd cos 0,Ax,
Aol (13)

where )\, is the central wavelength of signal photons, and A, = 27c/(w, + Q).

References
1. Korzh, B. et al. Provably secure and practical quantum key distribution over 307 km of optical fibre. Nature Photon. 9, 163-168
(2015).
2. Marcikic, L., De Riedmatten, H., Tittel, W., Zbinden, H. & Gisin, N. Long-distance teleportation of qubits at telecommunication
wavelengths. Nature 421, 509-513 (2003).
3. Pittman, T. B,, Shih, Y. H., Strekalov, D. V. & Sergienko, A. V. Optical imaging by means of two-photon quantum entanglement. Phys.
Rev. A 52, R3429-R3432 (1995).
4. Abouraddy, A. F, Stone, P. R, Sergienko, A. V., Saleh, B. E. A. & Teich, M. C. Entangled-photon imaging of a pure phase object. Phys.
Rev. Lett. 93, 213903 (2004).
5. Bennink, R. S., Bentley, S. J. & Boyd, R. W. “Two-photon” coincidence imaging with a classical source. Phys. Rev. Lett. 89, 113601
(2002).
6. Cheng, J. & Han, S. Incoherent coincidence imaging and its applicability in X-ray diffraction. Phys. Rev. Lett. 92, 093903 (2004).
7. Gatti, A., Brambilla, E., Bache, M. & Lugiato, L. A. Ghost imaging with thermal light: comparing entanglement and classical
correlation. Phys. Rev. Lett. 93, 093602 (2004).
8. Valencia, A., Scarcelli, G., D’Angelo, M. & Shih, Y. Two-photon imaging with thermal light. Phys. Rev. Lett. 94, 063601 (2005).
9. Shapiro, J. H. Computational ghost imaging. Phys. Rev. A 78, 061802 (2008).
10. Ferri, F,, Magatti, D., Lugiato, L. A. & Gatti, A. Differential ghost imaging. Phys. Rev. Lett. 104, 253603 (2010).
11. Liu, X.-F. et al. Lensless ghost imaging with sunlight. Opt. Lett. 39, 2314-2317 (2014).
12. Meyers, R. E., Deacon, K. S. & Shih, Y. Turbulence-free ghost imaging. Appl. Phys. Lett. 98, 111115 (2011).
13. Ryczkowski, P, Barbier, M., Friberg, A. T., Dudley, J. M. & Genty, G. Ghost imaging in the time domain. Nature Photon. 10, 167-170
(2016).
14. Erkmen, B. I. & Shapiro, J. H. Ghost imaging: from quantum to classical to computational. Adv. Opt. Photon. 2, 405-450 (2010).
15. Jack, B. et al. Holographic ghost imaging and the violation of a bell inequality. Phys. Rev. Lett. 103, 083602 (2009).
16. D’Angelo, M., Kim, Y.-H., Kulik, S. P. & Shih, Y. Identifying entanglement using quantum ghost interference and imaging. Phys. Rev.
Lett. 92, 233601 (2004).

SCIENTIFIC REPORTS | 6:26022 | DOI: 10.1038/srep26022 6



www.nature.com/scientificreports/

17. Clemente, P, Durén, V., Torres-Company, V., Tajahuerce, E. & Lancis, J. Optical encryption based on computational ghost imaging.
Opt. Lett. 35,2391-2393 (2010).

18. Baek, S.-Y., Kwon, O. & Kim, Y.-H. Temporal shaping of a heralded single-photon wave packet. Phys. Rev. A 77, 013829 (2008).

19. Odele, O. D. et al. Tunable delay control of entangled photons based on dispersion cancellation. Opt. Express 23, 21857 (2015).

20. Avenhaus, M., Eckstein, A., Mosley, P. J. & Silberhorn, C. Fiber-assisted single-photon spectrograph. Opt. Lett. 34, 2873-2875
(2009).

21. Baek, S.-Y., Kwon, O. & Kim, Y.-H. Nonlocal dispersion control of a single-photon waveform. Phys. Rev. A 78, 013816 (2008).

22. Baek, S.-Y,, Cho, Y.-W. & Kim, Y.-H. Nonlocal dispersion cancellation using entangled photons. Opt. Express 17, 19241-19252
(2009).

23. Dong, S. et al. Energy-time entanglement generation in optical fibers under CW pumping. Opt. Express 22, 359-368 (2014).

24. Cheng, J.-R. et al. Correlated photon pair generation in silicon wire waveguides at 1.5 um. Chin. Phys. Lett. 27, 124208 (2010).

25. Brainis, E. Four-photon scattering in birefringent fibers. Phys. Rev. A 79, 023840 (2009).

26. Bellini, M., Marin, E, Viciani, S., Zavatta, A. & Arecchi, F. T. Nonlocal pulse shaping with entangled photon pairs. Phys. Rev. Lett. 90,
043602 (2003).

27. Valencia, A., Chekhova, M. V., Trifonov, A. & Shih, Y. Entangled two-photon wave packet in a dispersive medium. Phys. Rev. Lett.
88, 183601 (2002).

28. Baek, S.-Y., Kwon, O. & Kim, Y.-H. Nonlocal dispersion control of a single-photon waveform. Phys. Rev. A 78, 013816 (2008).

29. Tearney, G. J., Webb, R. H. & Bouma, B. E. Spectrally encoded confocal microscopy. Opt. Lett. 23, 1152-1154 (1998).

30. Chen, H. et al. Multiwavelength time-stretch imaging system. Opt. Lett. 39, 2202-2205 (2014).

31. Born, M. & Wolf, E. Principles of Optics 7th edn (Cambridge University Press, 1999).

Acknowledgements

This work was supported by 973 Programs of China under Contract No. 2013CB328700 and 2011CBA00303,
National Natural Science Foundation of China (No. 61575102, 91121022 and 61321004), Strategic Priority
Research Program (B) of the Chinese Academy of Sciences (XDB04020100), Tsinghua University Initiative
Scientific Research Program under Contract No. 20131089382.

Author Contributions

S.D. designed and performed experiments, analyzed data and wrote the manuscript. W.Z. designed experiments,
analyzed data, wrote the manuscript and supervised the project. Y.D.H. and ].D.P. supervised the project and
edited the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Dong, S. et al. Long-distance temporal quantum ghost imaging over optical fibers.
Sci. Rep. 6,26022; doi: 10.1038/srep26022 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:26022 | DOI: 10.1038/srep26022 7


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Long-distance temporal quantum ghost imaging over optical fibers

	Results

	Principle. 
	Generation of frequency-correlated photon pairs. 
	Temporal QGI over 50-km SMF. 
	Resolution. 

	Discussion

	Methods

	Scale transformation relation between the object and the time-domain image. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) The frequency correlated photon-pair source based on the SFWM process in a silicon nanowire waveguide.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Experiment setup.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ QGI of the object.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ QGI using a object with narrower line width.



 
    
       
          application/pdf
          
             
                Long-distance temporal quantum ghost imaging over optical fibers
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26022
            
         
          
             
                Shuai Dong
                Wei Zhang
                Yidong Huang
                Jiangde Peng
            
         
          doi:10.1038/srep26022
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26022
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26022
            
         
      
       
          
          
          
             
                doi:10.1038/srep26022
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26022
            
         
          
          
      
       
       
          True
      
   




