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Classical realization of dispersion cancellation by time-reversal method
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We propose a classical optical interferometry scheme that reproduces dispersion-insensitive Hong-Ou-Mandel
interferograms. The interferometric scheme is derived from a systematic method based on the time-reversal
symmetry of quantum mechanics. The scheme uses a time-reversed version of a Hong-Ou-Mandel interferometer
with pairs of orthogonally polarized input laser pulses. We experimentally demonstrate automatic dispersion
cancellation using the interferometry. The results show that the interferometer can obtain high-visibility

interferograms with high signal conversion efficiency.
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I. INTRODUCTION

Hong-Ou-Mandel (HOM) interference [1] is a fundamental
two-photon interference phenomenon in quantum optics. The
study of HOM interference has inspired a variety of studies
on two-photon interference phenomena, such as quantum
beating [2], phase super-resolution [3—6], and phase su-
persensitivity [7,8]. Due to the time-frequency correlation
of photon pairs, HOM interferograms are insensitive to
even-order dispersion. This property is utilized in automatic
dispersion cancellation [9-11] and has been applied to precise
measurements of length or time in dispersive media such as bi-
ological samples and optical fibers. These applications include
quantum-optical coherence tomography [12-14], quantum
clock synchronization [15], and the measurement of photon
tunneling time [16].

Automatic dispersion cancellation in HOM interferom-
eters often suffers from weak output signals due to low
efficiency in the generation and detection of entangled photon
pairs. To address this, several schemes have been proposed
to achieve automatic dispersion cancellation with intense
classical input light [17-22]. One of the most successful
schemes is chirped-pulse interferometry (CPI), developed by
Kaltenbaek er al. [21-23]. CPI is implemented by using
intense chirped and antichirped laser pulses as input light. The
interference signals are extracted from narrow-band light after
sum-frequency generation (SFG), which is used as an efficient
two-photon detector for optical coherence tomography [24].
CPI can reproduce dispersion-insensitive HOM interferograms
with much stronger signals. Owing to the simplicity of the
configuration, CPI has been applied to dispersion-insensitive
optical coherence tomography [25,26].

CPl is based on the time-reversal method [27,28], which is a
technique to reproduce the interferograms of an optical system
by temporally reversing the original system. Resch et al. first
proposed the time-reversal method for reproducing multipho-
ton interferograms without an entangled-photon resource, and
applied it to realizing phase super-resolution [27]. In their
setup, however, the input light must be attenuated to photon
counting level. When applying the time-reversal method to
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realize automatic dispersion cancellation in practical applica-
tions, it is necessary to apply an additional technique to replace
the attenuated input light with intense coherence light. In the
case of CPI, by using chirped and antichirped laser pulses as
input light, intense input light can be used in the time-reversed
system.

In this paper, we introduce a systematic method for
constructing a time-reversed system reproducing dispersion-
insensitive HOM interferograms with an intense classical light
source. Our scheme consists of two parts. First, we construct
a time-reversed system with a two-photon input state in
accordance with the time-reversal method by Resch et al. [27].
Second, we modify the system to replace the two-photon input
state with intense coherent input light. Our interferometric
scheme employs pairs of orthogonally polarized input laser
pulses instead of the chirped and antichirped laser pulses used
in CPI. We also experimentally demonstrate automatic disper-
sion cancellation using this interferometry. Our interferometry
can achieve high-visibility interference with high efficiency
owing to its simplicity.

II. THEORY

We start by introducing the theory of the time-reversal
method. The time-reversal method is based on the following
identity for a unitary operator U and a pair of states |i) and

|f):
(AO1P = 161071 P. (1

The left-hand side of Eq. (1) corresponds to the success
probability of the time-forward process, where the initial state
|i) evolves with U and is projected onto the final state | f).
The right-hand side corresponds to the time-reversed process,
where the roles of |i) and |f) are swapped and the unitary
evolution U is inverted. Thus the time-reversed process
reproduces the same success probability as that of the time-
forward process.

A. Time-forward and time-reversed HOM interferometer

In the following, we apply the time-reversal method
to an HOM interferometer and construct a time-reversed
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FIG. 1. (Color online) (a) Time-forward and (b) time-reversed
HOM interferometer with time-frequency-entangled photon pairs.
BPF1 and BPF2 are bandpass filters with relatively broad and
narrow transmission spectra, respectively. The center frequency of
the transmission spectrum of BPF2 is twice as large as that of BPF1.

system with a two-photon input state reproducing dispersion-
insensitive HOM interferograms.

The schematic setup of a time-forward HOM interferometer
with time-frequency-entangled photon pairs is shown in
Fig. 1(a). The initial state is a narrow-band pump photon
state |i(0)), represented by a wave function centered at . = 0
in the time domain. The input photon is converted into a
time-frequency-entangled photon pair in a nonlinear crystal
through spontaneous parametric down-conversion (SPDC).
One of the photons travels the upper arm, including a delay
mirror with displacement x. The other travels the lower arm,
including passing through a dispersive medium. The two
photons are combined at a beam splitter. The overall time
evolution is denoted by the unitary operator U(x). After
passing through the bandpass filters BPF1s, the photon pair
is detected in the upper and lower arms at time f & 7/2,
respectively. These detections are interpreted as the projection
onto the final state |f(¢,7)), which is represented by a
pair of wave functions centered at 7, = ¢ £ 7/2 in the time
domain, respectively. The widths of these wave functions are
determined by the transmission spectra of the BPFl1s. The
detection probability density is given by | (£ (z,7)|U (x)]i(0))|>.
The success probability P(x) of the coincidence counting is
given by the integration of the detection probability density
over ¢ and t:

P(X)Z/ dt/ de|(fEDIU@EO)P. ()

By changing the displacement x, the success probability
sharply drops only when the lengths of the two arms are
balanced. This decrease in the success probability is called
the HOM dip. The width of the HOM dip is determined by
the phase-matching condition of SPDC and the transmission
spectrum of BPF1.
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Based on the time-reversal method, the time-reversed HOM
interferometer is constructed as shown in Fig. 1(b). The initial
state is the two-photon state denoted by | f(0,7)), which is
represented by a pair of wave functions centered at 7, = £7/2
in the time domain, respectively. This state is the time-reversal
counterpart of the final state in the time-forward process. The
pair of photons pass through the optical system in the reverse
manner to the time-forward case and are converted into a single
photon by SFG. We finally detect the up-converted photon
at time ¢ through the bandpass filter BPF2. This detection
is interpreted as the projection onto the final state |i(t)),
represented by a wave function centered at 7. = ¢ in the time
domain. This state is a time-reversal counterpart of the initial
state in the time-forward process. The detection probability
density is given by 1G ()0 (x)! | £(0,7))|?, which is equal to
1 (0)|U(x)~'| f(—t,7))|? due to the time-translation symme-
try. The success probability P.(x,7) is given by the integration
of the detection probability density over only ¢, not t:

Pi(x,7) = / dt|(i)|0x) " f(—t, )

o0

oo
f drl(iOI0 )™ f o). 3)
By integrating P;(x,7) over all delays t, we can reproduce the
same interferogram as the time-forward HOM interferometer
P(x). In our scheme, we measure each success probability
P.(x,7) for various delays t and sum the measured data over
all delays t by postprocessing. The width of the HOM dip is
determined by the spectrum of the input pulse and the phase-
matching condition of SFG.

B. Classical realization of dispersion cancellation by
time-reversed HOM interferometer

We next consider the replacement of the two-photon input
state with intense coherent light as shown in Fig. 2(a). The
time-reversed system with intense coherent input light has
four Feynman paths leading to SFG, shown in Figs. 2(b)
and 2(c). Since only the cross-correlation terms (b) lead to
HOM interference, we have to eliminate the contribution from
the autocorrelation terms (c). In our system, we use pairs of
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FIG. 2. (Color online) (a) Time-reversed HOM interferometer
with intense coherent input light. The labels H and V denote
horizontal and vertical polarization, respectively. (b), (c) Feynman
paths leading to SFG in this setup. Type-II SFG extracts only pairs
of orthogonally polarized photons (HV and VH) and thus eliminates
the contribution from the autocorrelation terms in (c).

Dispersive
medium
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orthogonally polarized (H and V) laser pulses as input light
and employ a type-II nonlinear optical crystal for SFG. Type-II
SFG extracts only pairs of orthogonally polarized photons
and thus eliminates the contribution from the autocorrelation
terms (c).

For intense input light, we can calculate the interferogram of
the time-reversed HOM interferometer by using only classical
electromagnetics, as detailed below. We denote the spectra of
the two input pulses by E(w) and E(w)e’®®, and the effect
of the dispersion medium is modeled by a linear transfer
function H(w). The spectrum of mixed light through SFG,
Esrg(w), is given by the following convolution integral:

o0
Espg(w) f do' E(@)E(w — o' )H ()& @~ x/e
% [eiw’t _ ei(a)—w')r]’ 4)

where c¢ is the speed of light in a vacuum. Assuming
that the transmission spectrum of the bandpass filter is
sufficiently narrow and its center frequency is 2wy, the
measured intensity /;(x, ) after the bandpass filter is given by
I(x,7) = |Espg(2wo)|?. By integrating I.(t,x) over all delays
7, the postprocessed interferogram S(x) := f_oooo dtl(z,x)is
calculated as

ﬂma/‘dMEWm+Mfwwm—wﬂme+wW

o0

—/cwﬂm+@ﬂﬂm—@F

oo
x H(wy + o)H(wy — w)* e 2*4/°, 5)
We can see that S(x) is insensitive to even-order
dispersion,  which is  represented as H(w)=

ettt -1 For a Gaussian frequency spectrum
E(w) = exp[—(w — w0)?/(20)],S(x) is calculated as
S(x) o< 1 —exp[—o*(x/c)?/2], which is identical to the
time-forward HOM interferogram.

III. EXPERIMENTS AND RESULTS

We next experimentally generate dispersion-insensitive
HOM interferograms with the time-reversed HOM interfer-
ometer. Our experimental setup is shown in Fig. 3(a). A
femtosecond fiber laser [center wavelength 782 nm, pulse
duration 74.5 fs full width at half maximum (FWHM),
average power 54 mW] was used to create transform-limited
pulsed light with horizontal polarization. In the preparation
stage, each pulse is divided into a pair of pulses at the first
nonpolarizing beam splitter. One of the pairs experiences a
relative path difference ct and the other is rotated into vertical
polarization by a half-wave plate (HWP). The pair of pulses
is introduced into the cross-correlator with time difference 7.
The cross-correlator introduces a relative path difference x in
one of its arms and includes a dispersive medium in the
other. We use a 5-mm-thick zinc selenide (ZnSe) plate as
a dispersive medium. After propagating in each arm, the
pulses are focused into a 1-mm-length B-barium borate (BBO)
crystal for type-II noncollinear SFG. The sum-frequency light
is filtered into a 0.43-nm bandwidth around 391 nm by a
1200-lines/mm aluminum-coated diffraction grating followed
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FIG. 3. (Color online) (a) Experimental setup of the time-
reversed HOM interferometer. Pairs of orthogonally polarized pulses
with time difference t are prepared in the preparation stage composed
of a beam splitter, a half-wave plate (HWP), and a delay mirror
moved by a dc servo motor. The cross-correlator is composed of a
beam splitter, a delay mirror moved by a dc servo motor, and a BBO
crystal for type-II noncollinear SFG. The bandpass filter passing
narrow-band (0.43 nm) light is composed of a grating and a slit.
(b) Experimental setup of the white-light interferometer. We used the
same light source and dispersive medium as for the time-reversed
HOM interferometer.

by aslit, and then detected by a GaP photodiode equipped with
an amplifier. We measured the intensity [.(x,t) for various
displacements ct and integrated I;(x,7) for all displacements
ct to obtain the HOM interferograms. We also observed
white-light interferograms for comparison, using an ordinary
Mach-Zehnder interferometer with the same light source
shown in Fig. 3(b).

The experimental results without and with a dispersive
medium are shown in Figs. 4(a) and 4(b), respectively. The
upper color maps show the intensity distribution versus dis-
placement x and ct in the time-reversed HOM interferometer.
Both x and ct are spaced at intervals of 1 um. The lower graphs
show time-reversed HOM interferograms (blue circles) and
white-light interferograms (red crosses). The time-reversed
HOM interferograms are derived by vertically integrating
the upper graphs over all ct. Without a dispersive medium,
we observed 18.3+0.2-um FWHM for the time-reversed
HOM dip and 24.63 4 0.04-um FWHM for the white-light
interference pattern; the former had a narrower width by a
factor of 1.35. This factor is slightly smaller than the theoretical
value +/2 for input light with a Gaussian spectrum [11] due to
the lost bandwidth in SFG. With the dispersive medium, we
observe 18.6 £ 0.2-um FWHM for the time-reversal HOM dip
and 69.5+0.3-um FWHM for the white-light interference
pattern. The width of the time-reversed HOM dip remains
essentially unchanged owing to automatic dispersion cancel-
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FIG. 4. (Color online) Experimental results of the time-reversed HOM interferometer and the white-light interferometer (a) without and
(b) with a dispersive medium. The upper color maps show the intensity distribution for all x and ct. Note that the color scales in (a) and (b)
differ. In the lower plots, the blue circles show the time-reversed HOM interferograms, derived by integrating the upper data over all ct. The

red crosses show the white-light interferograms for comparison.

lation, whereas that of the white-light interference pattern is
clearly increased by a factor of 1.8.

We note that our results achieve high-visibility HOM
interferograms with high signal conversion efficiency. The
measured visibilities of the time-reversed HOM dips are
89.9+0.7% without dispersion and 86.8 & 0.8% with dis-
persion. From the maximum signal power 0.57 uW and the
light source power 54 mW, the maximum signal conversion
efficiency is estimated to be 1.1 x 107>, This value is about
one order of magnitude greater than that for CPI, 1.6 x 1079,
which is estimated from the previous experiment [21]. These
improvements are due to the simplicity of our setup, which
does not require the generation of chirped laser pulses.

IV. DISCUSSION AND CONCLUSION

We here mention the time-reversed experiment of the
other type of dispersion cancellation, nonlocal dispersion
cancellation [29]. The property of nonlocal dispersion can-
cellation manifests the quantum nonlocality of the entangled
photons. The time-reversal method can also be used to
classically reproduce the dispersion-insensitive measurement
results similar to that of the time-forward nonlocal dispersion

cancellation experiment [30]. However, the time-reversed
experiment does not manifest quantum nonlocality like the
time-forward one because the nonlocal two-photon detection
used in the time-forward one is replaced by the local detection
in the time-reversed one. Note that the physical phenomenon
occurring in the time-reversed process is different from that
in the time-forward one.

In conclusion, we have proposed a classical optical inter-
ferometry reproducing dispersion-insensitive HOM interfer-
ograms, employing a systematic method based on the time-
reversal symmetry of quantum mechanics. We have also ex-
perimentally demonstrated automatic dispersion cancellation
using this interferometry. Our results exhibit high-visibility
interference dips with high signal conversion efficiency,
demonstrating that the method is appropriate for metrological
applications. Furthermore, the time-reversal method illustrated
here is expected to be a step toward seeking a new boundary
between quantum and classical physics.

ACKNOWLEDGMENT

This research is supported by Japan Society for the
Promotion of Science KAKENHI Grants No. 22109004 and
No. 25287101.

[1] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59, 2044
(1987).

[2] Z. Y. Ou and L. Mandel, Phys. Rev. Lett. 61, 54 (1988).

[3] Z. Y. Ou, X. Y. Zou, L. J. Wang, and L. Mandel, Phys. Rev. A
42,2957 (1990).

[4] J. G. Rarity, P.R. Tapster, E. Jakeman, T. Larchuk, R. A. Campos,
M. C. Teich, and B. E. A. Saleh, Phys. Rev. Lett. 65, 1348
(1990).

[5] K. Edamatsu, R. Shimizu, and T. Itoh, Phys. Rev. Lett. 89,
213601 (2002).

[6] P. Walther, J.-W. Pan, M. Aspelmeyer, R. Ursin, S. Gasparoni,
and A. Zeilinger, Nature (London) 429, 158 (2004).

[7] T. Nagata, R. Okamoto, J. L. O’Brien, K. Sasaki, and
S. Takeuchi, Science 316, 726 (2007).

[8] R. Okamoto, H. F. Hofmann, T. Nagata, J. L. O’Brien, K. Sasaki,
and S. Takeuchi, New J. Phys. 10, 073033 (2008).

013846-4


http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.59.2044
http://dx.doi.org/10.1103/PhysRevLett.61.54
http://dx.doi.org/10.1103/PhysRevLett.61.54
http://dx.doi.org/10.1103/PhysRevLett.61.54
http://dx.doi.org/10.1103/PhysRevLett.61.54
http://dx.doi.org/10.1103/PhysRevA.42.2957
http://dx.doi.org/10.1103/PhysRevA.42.2957
http://dx.doi.org/10.1103/PhysRevA.42.2957
http://dx.doi.org/10.1103/PhysRevA.42.2957
http://dx.doi.org/10.1103/PhysRevLett.65.1348
http://dx.doi.org/10.1103/PhysRevLett.65.1348
http://dx.doi.org/10.1103/PhysRevLett.65.1348
http://dx.doi.org/10.1103/PhysRevLett.65.1348
http://dx.doi.org/10.1103/PhysRevLett.89.213601
http://dx.doi.org/10.1103/PhysRevLett.89.213601
http://dx.doi.org/10.1103/PhysRevLett.89.213601
http://dx.doi.org/10.1103/PhysRevLett.89.213601
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1038/nature02552
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1126/science.1138007
http://dx.doi.org/10.1088/1367-2630/10/7/073033
http://dx.doi.org/10.1088/1367-2630/10/7/073033
http://dx.doi.org/10.1088/1367-2630/10/7/073033
http://dx.doi.org/10.1088/1367-2630/10/7/073033

CLASSICAL REALIZATION OF DISPERSION ...

[9] A. M. Steinberg, P. G. Kwiat, and R. Y. Chiao, Phys. Rev. A 45,
6659 (1992).

[10] A. M. Steinberg, P. G. Kwiat, and R. Y. Chiao, Phys. Rev. Lett.
68, 2421 (1992).

[11] M. Okano, R. Okamoto, A. Tanaka, S. Ishida, N. Nishizawa,
and S. Takeuchi, Phys. Rev. A 88, 043845 (2013).

[12] A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko,
and M. C. Teich, Phys. Rev. A 65, 053817 (2002).

[13] M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich,
Phys. Rev. Lett. 91, 083601 (2003).

[14] M. B. Nasr, D. P. Goode, N. Nguyen, G. Rong, L. Yang, B. M.
Reinhard, B. E. Saleh, and M. C. Teich, Opt. Commun. 282,
1154 (2009).

[15] V. Giovannetti, S. Lloyd, L. Maccone, and F. N. C. Wong, Phys.
Rev. Lett. 87, 117902 (2001).

[16] A. M. Steinberg, P. G. Kwiat, and R. Y. Chiao, Phys. Rev. Lett.
71, 708 (1993).

[17] K. Banaszek, A. S. Radunsky, and I. A. Walmsley, Opt.
Commun. 269, 152 (2007).

[18] B.I. Erkmen and J. H. Shapiro, Phys. Rev. A 74, 041601 (2006).

[19] K. J. Resch, P. Puvanathasan, J. S. Lundeen, M. W. Mitchell,
and K. Bizheva, Opt. Express 15, 8797 (2007).

PHYSICAL REVIEW A 91, 013846 (2015)

[20] J. Le Gouét, D. Venkatraman, F. N. Wong, and J. H. Shapiro,
Opt. Lett. 35, 1001 (2010).

[21] R. Kaltenbaek, J. Lavoie, D. N. Biggerstaff, and K. J. Resch,
Nat. Phys. 4, 864 (2008).

[22] K. J. Resch, R. Kaltenbaek, J. Lavoie, and D. N. Biggerstaff,
Proc. SPIE 7465, 74650N (2009).

[23] R. Kaltenbaek, J. Lavoie, and K. J. Resch, Phys. Rev. Lett. 102,
243601 (2009).

[24] A. Pe’er, Y. Bromberg, B. Dayan, Y. Silberberg, and A. A.
Friesem, Opt. Express 15, 8760 (2007).

[25] J. Lavoie, R. Kaltenbaek, and K. J. Resch, Opt. Express 17, 3818
(2009).

[26] M. D. Mazurek, K. M. Schreiter, R. Prevedel,
R. Kaltenbaek, and K. J. Resch, Sci. Rep. 3, 1582 (2013).

[27] K. J. Resch, K. L. Pregnell, R. Prevedel, A. Gilchrist, G. J.
Pryde, J. L. O’Brien, and A. G. White, Phys. Rev. Lett. 98,
223601 (2007).

[28] K. Ogawa, S. Tamate, H. Kobayashi, T. Nakanishi, and
M. Kitano, Phys. Rev. A 88, 063813 (2013).

[29] J. D. Franson, Phys. Rev. A 45, 3126 (1992).

[30] R. Prevedel, K. M. Schreiter, J. Lavoie, and K. J. Resch, Phys.
Rev. A 84, 051803(R) (2011).

013846-5


http://dx.doi.org/10.1103/PhysRevA.45.6659
http://dx.doi.org/10.1103/PhysRevA.45.6659
http://dx.doi.org/10.1103/PhysRevA.45.6659
http://dx.doi.org/10.1103/PhysRevA.45.6659
http://dx.doi.org/10.1103/PhysRevLett.68.2421
http://dx.doi.org/10.1103/PhysRevLett.68.2421
http://dx.doi.org/10.1103/PhysRevLett.68.2421
http://dx.doi.org/10.1103/PhysRevLett.68.2421
http://dx.doi.org/10.1103/PhysRevA.88.043845
http://dx.doi.org/10.1103/PhysRevA.88.043845
http://dx.doi.org/10.1103/PhysRevA.88.043845
http://dx.doi.org/10.1103/PhysRevA.88.043845
http://dx.doi.org/10.1103/PhysRevA.65.053817
http://dx.doi.org/10.1103/PhysRevA.65.053817
http://dx.doi.org/10.1103/PhysRevA.65.053817
http://dx.doi.org/10.1103/PhysRevA.65.053817
http://dx.doi.org/10.1103/PhysRevLett.91.083601
http://dx.doi.org/10.1103/PhysRevLett.91.083601
http://dx.doi.org/10.1103/PhysRevLett.91.083601
http://dx.doi.org/10.1103/PhysRevLett.91.083601
http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://dx.doi.org/10.1016/j.optcom.2008.11.061
http://dx.doi.org/10.1103/PhysRevLett.87.117902
http://dx.doi.org/10.1103/PhysRevLett.87.117902
http://dx.doi.org/10.1103/PhysRevLett.87.117902
http://dx.doi.org/10.1103/PhysRevLett.87.117902
http://dx.doi.org/10.1103/PhysRevLett.71.708
http://dx.doi.org/10.1103/PhysRevLett.71.708
http://dx.doi.org/10.1103/PhysRevLett.71.708
http://dx.doi.org/10.1103/PhysRevLett.71.708
http://dx.doi.org/10.1016/j.optcom.2006.07.050
http://dx.doi.org/10.1016/j.optcom.2006.07.050
http://dx.doi.org/10.1016/j.optcom.2006.07.050
http://dx.doi.org/10.1016/j.optcom.2006.07.050
http://dx.doi.org/10.1103/PhysRevA.74.041601
http://dx.doi.org/10.1103/PhysRevA.74.041601
http://dx.doi.org/10.1103/PhysRevA.74.041601
http://dx.doi.org/10.1103/PhysRevA.74.041601
http://dx.doi.org/10.1364/OE.15.008797
http://dx.doi.org/10.1364/OE.15.008797
http://dx.doi.org/10.1364/OE.15.008797
http://dx.doi.org/10.1364/OE.15.008797
http://dx.doi.org/10.1364/OL.35.001001
http://dx.doi.org/10.1364/OL.35.001001
http://dx.doi.org/10.1364/OL.35.001001
http://dx.doi.org/10.1364/OL.35.001001
http://dx.doi.org/10.1038/nphys1093
http://dx.doi.org/10.1038/nphys1093
http://dx.doi.org/10.1038/nphys1093
http://dx.doi.org/10.1038/nphys1093
http://dx.doi.org/10.1117/12.825089
http://dx.doi.org/10.1117/12.825089
http://dx.doi.org/10.1117/12.825089
http://dx.doi.org/10.1117/12.825089
http://dx.doi.org/10.1103/PhysRevLett.102.243601
http://dx.doi.org/10.1103/PhysRevLett.102.243601
http://dx.doi.org/10.1103/PhysRevLett.102.243601
http://dx.doi.org/10.1103/PhysRevLett.102.243601
http://dx.doi.org/10.1364/OE.15.008760
http://dx.doi.org/10.1364/OE.15.008760
http://dx.doi.org/10.1364/OE.15.008760
http://dx.doi.org/10.1364/OE.15.008760
http://dx.doi.org/10.1364/OE.17.003818
http://dx.doi.org/10.1364/OE.17.003818
http://dx.doi.org/10.1364/OE.17.003818
http://dx.doi.org/10.1364/OE.17.003818
http://dx.doi.org/10.1038/srep01582
http://dx.doi.org/10.1038/srep01582
http://dx.doi.org/10.1038/srep01582
http://dx.doi.org/10.1038/srep01582
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevLett.98.223601
http://dx.doi.org/10.1103/PhysRevA.88.063813
http://dx.doi.org/10.1103/PhysRevA.88.063813
http://dx.doi.org/10.1103/PhysRevA.88.063813
http://dx.doi.org/10.1103/PhysRevA.88.063813
http://dx.doi.org/10.1103/PhysRevA.45.3126
http://dx.doi.org/10.1103/PhysRevA.45.3126
http://dx.doi.org/10.1103/PhysRevA.45.3126
http://dx.doi.org/10.1103/PhysRevA.45.3126
http://dx.doi.org/10.1103/PhysRevA.84.051803
http://dx.doi.org/10.1103/PhysRevA.84.051803
http://dx.doi.org/10.1103/PhysRevA.84.051803
http://dx.doi.org/10.1103/PhysRevA.84.051803



