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In this article, we review on narrowband photon pairs produced in nonlinear crystals, and especially

in atomic ensembles. In atomic ensembles, “write-read” process in pulse mode and spontaneous
four-wave mixing process (SFWM) in continuous mode are two popular photon pair generation
schemes. We specifically discuss the experimental works with continuous SFWM scheme in cold
atomic ensembles. Photon pairs produced in these systems are characteristic of controllable long
coherence time, and therefore are accessible with direct temporal modulation. We elaborate on the
recent techniques on modulation and waveform reshaping of narrow-band paired photons.
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1 Introduction

1.1 History and motivation

Photon pairs with nonclassical correlation find wide ap-
plication in quantum information processing, quantum
computation, quantum cryptography, quantum imaging,
and other quantum optics related areas [1-3]. There are
some early works on photon pair generation in atomic
medium, through positronium annihilation [4], or atomic

cascade [5, 6]. Following the fast developing laser tech-
nology and nonlinear optics, paired photons are easily
produced from spontaneous parametric down conversion
(SPDC) with nonlinear crystal in 1960’s [7, 8]. For
decades, SPDC become a standard method to gener-
ate paired photons and the optical properties of SPDC
paired photons have been well studied [9-11]. However,
the SPDC paired photons suffer from limitations for cer-
tain applications: broad linewidth (~ THz) and low
spectral brightness; coherence time in the sub-picosecond
range, which is not resolvable by existing photodetectors;
short coherence length (~ 100 um) which puts difficulty
on long distance quantum communication. Various tech-
niques developed to lengthen the generated paired pho-
tons. By using nonlinear crystal and cavities, paired pho-
tons with linewidths of about 10 MHz and correlation
times of about 50 ns are obtained [12-17]. The correla-
tion time therefore is determined by the external cavity,
and is not controllable.

Duan’s proposal of long-distance quantum communi-
cation described a scheme that allows the implementa-
tion of quantum communication with high fidelity over
long distance among atomic ensembles [18]. The idea of
storing photonic states into atomic spin states therefore
motivated the search for methods for generating narrow-
band correlated photons in atomic ensembles. Lukin [19]
and Kimble’s group [20] almost simultaneously reported
the experimental demonstration of correlated paired pho-
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ton. When induced by a write pulse, atomic spin exci-
tations are produced via spontaneous Raman transition
with Stokes photons and corresponding flipped atomic
spin states are created. The stored spin wave can be re-
trieved with a read pulse (or called retrieve pulse), so the
atomic spin states produce the anti-Stokes photons via
a second Raman transition. The generated paired pho-
tons involving atomic spin states storing and retrieving
are shown to be highly correlated. Kuzmich et al. [20]
also showed the nonclassical correlations of the generated
photon pair by demonstration of the violation of Cauchy-
Schwartz inequality. In such a “write-read” procedure,
the paired photons are not maximally time-frequency en-
tangled because the writing and reading happen in sep-
arate processes. To solve this problem, four-wave mixing
process with both controlling beams present in a gener-
ation cycle are developed. Bali¢ et al. [21] used a 3D
magneto—optical trap to generate paired photons with
controllable waveform; Kolchin et al. [22] developed a
configuration where a single laser served as the pump
and coupling driving fields simultaneously; Du et al. [28]
demonstrated paired photons generation in a two-level
atomic system. In their configuration, the photon pairs
are time—frequency entangled [23, 24]. With 2D MOT,
Du et al. [25] generated narrow-band paired photon in
medium with high optical depth. The coherence time of
the paired photons is approaching 1 us and controllable
via slow light effect.

One of the main goal for this article is to review
the recent development of paired photons generated in
atomic ensembles. Especially, latest works of paired pho-
tons generation in cold atom ensembles, employing laser
cooling [28-32] and electromagnetically-induced trans-
parency [33, 34], make the near- and on-resonance non-
linear processes efficient. Laser cooling and trapping of
neutral atoms cools down atoms to about 100 uK or be-
low, and therefore Doppler broadening can be neglected.
For rubidium 85, for example, natural broadening of
atomic excited states generates atomic decay rate as
small as 2rx6 MHz for rubidium atoms 5P states (or-
bital momentum [ = 1), and therefore the lifetime of
5P excited states could be as long as 27 ns [35, 36].
The reduced decay rate is a significant factor to make
the paired photon waveform measurable with present
commercial photodetector. Also, narrow linewidth en-
able atoms to interact with resonant light efficiently
and facilitate nonlinear interactions. On the other hand,
electromagnetically-induced transparency (EIT) elimi-
nates absorption on resonance and enhances nonlinear
interactions at low light level [37, 38]. The other main
section investigates the paired photon waveform reshap-
ing issues, covering experimental approaches both in
SPDC and atomic ensembles. We review in detail the
recent works on temporal waveform reshaping of paired
photons with electro—optical modulator, which are po-
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tential schemes for nonclassical light source manipulation
used in quantum communication.

1.2 Correlated and entangled paired photons

Paired photons exhibit correlation, either classical or
nonclassical. There were several attempts to produce cor-
related photons from room-temperature atoms as early
as 1980s [39-42]. The schemes are based on a right-angle
pump configuration for photons generation in two-state
atoms. But the uncorrelated count rate caused by the
strong Rayleigh scatter of the pump laser diminished the
nonclassical feature, i.e., the Cauchy—Schwartz inequal-
ity is not violated. For a classical light source, the cross
correlation of the paired photons is limited by the prod-
uct of their auto-correlations: [ggzgs(T)] / (gﬁ? ggzszas) <1
Therefore, violation of Cauchy—Schwartz inequality indi-
cates nonclassical correlation.

Entangled paired photons, or termed as biphoton, are
a special group of correlated paired photons. The two-
photon state cannot be expressed as the product of
the sub-state of each photon. Entanglement is one of
the most surprising consequences of quantum mechanics,
which seems to totally break our classical view over the
physical world. The foundation of quantum mechanics
has been a hot topic of debate for many years, includ-
ing the famous statement made by Einstein, Podolsky,
and Rosen [43] in 1935. At the same time, they raised a
classic example for a two-particle entangled state:

[0) =D d(a+b—co)la)|b) (1)

a,b

where a and b are the momentum or the position of par-
ticle 1 and 2, respectively. The § function indicates the
absolute correlation between two particles.

Another example of entangled two-particle system
can be well demonstrated by the EPR-Bohm entan-
gled states. Suppose the polarization of either photon
(marked by 1 and 2 respectively) is written as: [¢); ) =
Hyg)|H) + Vi(2)|V), where H,V represents horizontally,
vertically polarized state respectively. The product state
gives Hi Hy|HH) + H{ Vo |HV ) + Ho Vi [V H) + Vi Va|V V).
Explicitly, EPR-Bohm entangled states

1
V2

Clearly, Eq. (2) is different from the product state.
Bell’s inequality [44] is violated by certain quantum
mechanical statistical predictions. Later on the viola-
tion of Bell’s inequalities become a standard of entangled
states. The first edition of Bell’s inequalities was not able
to be tested directly by real experiments, until a refined
edition was introduced by Clauser, Horne, Shimony and
Holt [45]. Experimental works on time-frequency entan-

‘¢>Bohm = (‘HV> + ‘VH>) (2)
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glement [21, 22, 28], momentum-position entanglement
[46], polarization entanglement [16, 47, 48] have been
reported.

1.3 Wide-band and narrowband paired photons source

Spontaneous parametric down conversion produces
paired photons with bandwidth of THz, which are clas-
sified as wide-band paired photons, with extremely short
coherence time. By applying a strong pump laser on
a type of noncentrosymmetric crystal, the input pump
photon annihilates and two down-converted photons
termed signal and idler are created, with energy and mo-
mentum conservation preserved in the generation pro-
cess. Consequently, SPDC paired photons are entan-
gled in time-energy and position-momentum dimen-
sions. Type-I and type-II SPDC processes are defined
according to the polarization of the signal and idler pho-
tons generated in the parametric down conversion: In
type-I SPDC, signal and idler are identically polarized
(both ordinary or extraordinary); In type-ITI SPDC, they
are orthogonally polarized (one is ordinary and the other
is extraordinary). Following the perturbation theory de-
scribed above, the two-photon amplitude of type-1 SPDC
is expressed as the form of [10]

W(tl, t2) ~ efo'i (t1+t2)2efo'27 (t17t2)267i&stlefi@it2 (3)

in which t1, t5 are the detection times for detector D; and
Ds. ws, w; correspond to the central frequency for signal
and idler, respectively. 1/0, 1/o_ are characteristic co-
herence times that localize the two-photon wavepacket in
t1+t2 and t; —ty directions, respectively. In contrast, for
type-1I SPDC, the wave packet is unsymmetrical respect
to the zero delay time (7 =t — t2):

(b, ty) ~ e T OHRII(1 — py)emiotieTiot (y)

The rectangular function is defined as II(t; —t2) = 1 for
0<t1—t2 < (L/vo—L/ve), and otherwise I1(¢; —t2) = 0.
Vo, Ve corresponds to the group velocities for ordinary
and extraordinary rays of the crystal respectively. As
shown in Eq. (3) and Eq. (4), different from the symmet-
ric wave packet for type-I SPDC, unsymmetrical rectan-
gular shape is obtained in type-II SPDC.

In order to have EPR-Bohm type entangled polariza-
tion state, it is natural to use type-II SPDC, which pro-
duces orthogonal polarized photon pair. The signal idler
pairs are emitted into two cones, one ordinary polar-
ized and the other extraordinary polarized. With proper
conditions the two cones can intersect, and along the in-
tersection lines two-photon state is entangled with both
space—time and polarization. However, type-11 SPDC did
not immediately show the EPR-Bohm entanglement in
the early years as expected. Oppositely, polarization en-
tanglement was demonstrated firstly in type-I SPDC,
with the help of a beam splitter [49]. It took many
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years for Shih [50] and Rubin [9] to realize the prob-
lem for type-II SPDC: With the “walk-off” problem,
the two-photon wavepackets for polarization states, ojes
and ejo0o, are separate from each other in time, i.e.,
they become distinguishable by the click—click action
of two detectors, since extraordinary polarized photons
click the detector first. To obtain EPR-Bohm entangled
states from these paired photons, the straightforward
method is to compensate the delay time generated in
the propagation, which was first demonstrated in exper-
iment by Kwiat et al. [48]. Time-energy and position—
momentum entanglement give rise to high dimensional
entangled states which encode increasingly large amount
of information, and therefore facilitate quantum infor-
mation processing [51-53].

Considering the bandwidth of photon source, tradi-
tional SPDC produce wide-band paired photons. On one
hand, wide-band paired photons are being pushed to ul-
trabroadband, with all the energy concentrate within a fs
temporal range, to maximize the two photon probability
transition [85]. On the other hand, to increase the short
correlation time of SPDC paired photons, a high finesse
optical cavity is utilized by Ou et al. to narrow down
the linewidths [12]. In their work, the type-I parametric
down converter inside the cavity produces paired pho-
tons with correlation time above 30 ns. They pointed
out that the correlation time is inversely proportional
to the bandwidth of down-conversion fields of the opti-
cal parametric oscillator. Also, the signal is enhanced by
the resonance and the enhancement factor is given ap-
proximately by the square of the number of bounces of
light in the cavity. Shi et al. recently give an experi-
mental review on cavity enhanced SPDC [54]. The other
related work is that, Chuu and Harris [55] suggested res-
onant backward-wave SPDC scheme, in which the gain
linewidth for paired photons is reduced by a factor of 38
compared to forward-wave interaction.

Generation of paired photons is also developed in op-
tical fiber, which is potential to be applied into commu-
nication. Parametric processes are firstly demonstrated
in multi-mode fiber [56, 57], and later in single mode
[58, 59]. There are rich literature on paired photons gen-
eration in optical fiber making use of x nonlinearity
[60-62].

2 Narrowband paired photons generation in
atomic ensembles

2.1  “Write-read” process in pulse mode

Following DLCZ protocol [18], correlated paired photons
are generated from ®Rb vapor cell [19] and from Cs
MOT [20]. With spontaneous Raman transitions, cor-
related pairs of Stokes photons and the optical state is



J. F. Chen and Shengwang Du, Front. Phys., 2012, 7(5)

written into the atomic ensemble as flipped atomic spins.
After a programmable time delay, the state stored in the
spin wave is retrieved (or called “read”) with a second
Raman transition, and be converted to anti-Stokes fields,
as shown in Fig. 1. The strong intensity correlation be-
tween the two beams implies that the fluctuation of the
Stokes fields is mapped into the anti-Stokes fields. The
photons pair from the “write” and “read” process vi-
olates Cauchy—Schwartz inequality due to nonclassical
correlation between the generated fields. In this “write—
read” process, the anti-Stokes photons are emitted with
time delay controlled, and therefore the paired photons
are not time—frequency entangled.

Read

Intensity

Fig. 1 Schematic of paired photons generation in write-read pro-
cess with atomic ensemble.

2.2 Spontaneous four-wave mixing process (SFWM) in
continuous mode

In this section we show in detail the continuous four-
wave mixing process reported by Bali¢ et al. [21] and Du
et al. [25], and later by Lu et al. [26], and Chen et al.
[27]. Paired photon waveform could be tuned with the
help of EIT slow light effect. In the presence of counter-
propagating, continuous pump (w,) and coupling beams
(we), phase matched Stokes (ws) and anti-Stokes (wqs)
photons are spontaneously generated in opposite direc-
tions, as shown in Fig. 2. The atomic ensemble is the
two-dimensional 3°Rb magneto—optical trap with longi-
tudinal length L = 1.5cm and temperature 100 uK. The
atoms are all initially prepared in the ground state 55, /5
F = 2. The pump and coupling beams are aligned at
2° from the longitudinal axis of the MOT, along which
the paired photons are collected. Figure 2(b) shows the
double-A energy level diagram, in which ;35 denote de-
phasing rates between |3) and 1) and ;2 for two ground
states.

Theoretical discussion on SEWM paired photons start
from Heisenberg-Langevin equations or perturbation
theory [75-77]. Three characteristic frequencies deter-
mine the paired photon waveform [78]: effective coupling
Rabi frequency (2.; linewidth of the two resonances in
nonlinear susceptibility 27.; full width at half-maximum
phase-matched bandwidth Aw, = 27 x 0.88/7,.
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Fig. 2 Schematic of paired photons generation in four-wave mix-
ing process with cold atomic ensemble, which is the same with
Refs. [21, 25]. (a) Experimental configuration. (b) Double-A en-
ergy level diagram.

Competition of the three parameters defines the main
feature of the waveform.

If Max{{2,7} < Awg,, the paired photon wave-
form exhibits Rabi oscillation. The longitudinal detun-
ing function @(w) can be approximated as 1, and the
two-photon amplitude is the Fourier transform of non-
linear parametric coupling coefficient k(wqs). As indi-
cated in Ref. (78], k(wqs) is directly proportional to
x®), whose spectral function has two peaks with band-
width 27, and with peak separation (2.. Assuming that
Qe = /122 = |73 —712]> > 0, the paired photon
wavepacket is written as

U (tas, ts) ~ Li(r)e i(wetwn)ts
— AEpECe—’YeT[e—i(tﬁas-‘rﬂc/Z)taS e_i(‘DS_QE/Q)ts

_e*i(@a596/2)ta5efi(@5+.Qe/2)ts] (5)

in which A includes all the constants. Eq. (5) shows that
the Rabi oscillation of the two-photon wave packet is
produced by the destructive interference of two biphoton
channels: Anti-Stokes and Stokes frequencies are either
Was + 2:/2, s — 2e/2 Or Was — 2./2, ws + 2:/2, Te-
spectively. Therefore, the second-order cross correlation
function of Stokes and anti-Stokes is easily obtained as

GO (1) = A'e™7[1 — cos(2.7)] 6(7) (©)

which clearly shows a oscillation pattern with period
27 /2. and damping rate 2v.. Bali¢ et al. demonstrate
the oscillatory behavior with a 3D magneto—optical trap,
as shown in Fig. 3.

The group delay condition is 2. > Aw, [25, 78], i.e.,
the two-photon amplitude is determined by the longi-
tudinal detuning function @(w,s), with the third-order
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Fig. 3 Coincidence count rate in Rabi oscillation regime. OD =
11, 2, = 0.8v13, Awp = 7.5713, and y12 = 0.6713. The experi-
mental data and theory are shown with diamonds and solid lines,
respectively. Reproduced from Ref. [21], Copyright © 2005 Amer-
ican Physical Society.

nonlinear susceptibility treated as a constant. The wave-
form feature in time domain is thus dominated by the
group delay effect. Assuming that the pump laser is
weak and far detuned, and the EIT bandwidth Awy, ~
|2.|?/(2713V/OD) is larger than the phase-matching
bandwidth Aw,, the function @(w,s) is a sinc function,
and therefore the two-photon amplitude can be described
by a rectangular waveform:

b(r) = RoLB(r) = kgVTl(r:0, L/ Ve ™™ (7)

where kg is the on-resonance nonlinear coupling con-
stant, II(7;0,L/V},) is the rectangular function ranging
from [0, L/Vy]. The equal probability of paired photons
generation at each space point in the atomic cloud ex-
plains the rectangular shape waveform. Moreover, the
two-photon correlation time is determined by 7, = L/V,
with Vj as the group velocity of anti-Stokes photons. Du
et al. [25] demonstrated the group delay regime as shown
in Fig. 4, with a 2D MOT atom cloud. In this regime,
the paired photons are similar with conventional type-II
SPDC photons.

3004
2504  F
200+
1504
100+
50+

Coincidence rate /s~

200 300 400 500

T=1,—t,/ns

0 100 600

Fig. 4 Coincidence count rate in group delay regime. OD = 30,
2p = 116713, 2. = 4.2v13, Awp = 48.67v13. The experimental
data and theory are shown with diamonds and solid lines, respec-
tively. Reproduced from Ref. [25], Copyright (© 2008 American
Physical Society.

Other configurations were reported almost simultane-
ously. Kolchin et al. [22] used a single driving laser to
serve as the pump and coupling beams. With a stand-
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ing wave right angle geometry, they demonstrate paired
photons generated within the damped Rabi oscillation
regime in a cloud of trapped 8"Rb atoms. The biphoton
correlation function violates the Cauchy—Schwartz cri-
teria by a factor of 2000. Du et al. [28] reported the
correlated photons produced from two-level atomic sys-
tem, in the presence of a retroreflected pump beam. It
was the first observation of damped Rabi oscillation in
the two-level atomic ensemble, even though the viola-
tion of Cauchy—Schwartz inequality was not seen due
to Rayleigh scattering. By putting the cold atomic en-
semble inside an optical cavity, Thompson et al. [63]
reported narrowband, identical photon pairs with high-
brightness, i.e., high pair generation rates. On the other
hand, in hot atomic clouds, SFWM scheme also produces
correlated paired photons [64-66].

2.3 Polarization entanglement

In nonlinear crystal, type-I and type-II SPDC are both
eligible to produce paired photons with polarization en-
tanglement. As mentioned in Section 1.3, the two-photon
wavepackets with polarization states must be indistin-
guishable in both time and space. On one hand, polar-
ization entanglement can be produced by interfering the
photon pair on polarizing beam splitters [16]. On the
other hand, entanglement comes from the internal sym-
metries of the interaction system. In atomic system, po-
larization entangled states are generated from angular
momentum conservation of the four-wave mixing pro-
cess. Du et al. [24] suggested and discussed the possi-
bility of paired photon with polarization entanglement
generated in a three-state system of cold atomic ensem-
ble.

Yan et al. [79] demonstrated experimentally the
scheme to generate the hyperentangled narrow-band
paired photons. Figure 5 shows the relevant 8°Rb D2
line energy level diagram and the experimental configu-
ration. The strong, linearly polarized pump beam is ap-
plied onto the 2D MOT transversely and retro-reflected
by a mirror. The pump laser acts not only as the pump
beams of the SFWM process but also as the coupling
beam of the EIT process for anti-Stokes photons. Ob-
viously, the paired photons produced from this scheme
are nondegenerate and their central optical frequencies
differ by 6 GHz, i.e., was0 — wso = 2412. The opti-
cal filter at each side distinguish Stokes and anti-Stokes
photons spatially. The time-frequency entanglement be-
tween the Stokes and anti-Stokes photons is preserved
in the right-angle configuration. On the other hand, the
entanglement in polarization is enabled by the degener-
ate Zeeman sub states of each hyperfine energy level. By
choosing the 2D MOT longitudinal symmetry axis as the
quantization z axis, Zeeman states with AMp = 0 are
coupled by the linearly polarized pump beams and thus
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AMpg = 0 transitions are excited mostly. Conservation
of angular momentum along the z axis allows two possi-
ble circular polarization configurations as shown in Fig.
5(a). Therefore the hyperentangled quantum state of the
paired Stokes and anti-Stokes photons are described by

‘ Vs as (s, tas)) = w(T)eii@b‘ts e Wastas
1
x—(loTo N+ ool 8
\/5(\ s Oas) +log005)) (8)

where the two-photon amplitude in time domain is ¥(7),
which include the time-frequency entanglement proper-
ties of paired photon generated.

(a) [3) 5P3/5(£7=3) I3 5P35(£7=3)
3.0 GHz{
P CL)[,
+
[2) 58, ,(F=3) [2) 581 5(F=3)
[1) 58, 5(F=2) [1) 5S,(F=2)
(b) SPCM
SMF
alo* //2 PBS
E] D«V\/\N_I |
PBS A4 ¢'/o” OTF2 @as /
SMF
SPCM

Fig. 5 Schematics of narrowband nondegenerate hyperentangled
paired photon generation. (a) 85Rb energy level diagram with two
possible polarization configurations for the spontaneously emitted
photon pairs. (b) Experimental setup with right-angle geometry.
Reproduced from Ref. [79], Copyright (© 2011 American Physical
Society.

Concerning the polarization entanglement, the den-
sity matrix of the paired photons polarization state is
determined from quantum-state tomography measure-
ment. The graphical representation for the density ma-
trix is shown in Fig. 6. The result shows a fidelity of
90.8% between the measured state and the ideal EPR-
Bell state. From time-domain coincidence measurement,
these narrow-band hyperentangled photons have coher-
ence time of about 30 ns, and are suitable for quantum-
memory based long distance quantum communication
[79].

(a)

Fig. 6 Tomography measurement result of the polarization-
entangled paired photons: (a) Real parts and (b) imaginary parts
of the density matrix.
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3 Narrowband paired photons waveform
reshaping

Appropriate spectral manipulation change the joint
bandwidth of the paired photons generated in SPDC.
Generally speaking, the length or the dispersive prop-
erties of the nonlinear crystal, the spectral or the spa-
tial properties of the pump beam are all available factors
that manipulate the bandwidth and therefore the tempo-
ral correlations of the SPDC paired photons. By applying
the coherent pulse-shaping techniques onto the entangled
paired photons generated from down-converting crystal,
Pe’er et al. [80] demonstrated the spectral-phase ma-
nipulations to the paired photons actually reshape the
two-photon temporal wave function. With four prisms
arranged after the down-converted crystal, the spectral
information of the paired photons converted to a spec-
tral Fourier plane, through which a computer-controlled
spatial light modulator manipulated the spectral-phase
properties of the entangled photons. Viciani et al. [81]
experimentally and theoretically demonstrated another
spectral or temporal shaping by using a monochroma-
tor or air-spaced etalons on the idler path. Hendrych et
al. [82] employed the angular dispersion to modify the
spatial distribution of the pump beam and the phase mis-
matching Ay of the joint spectrum of paired photons. On
the other hand, by modulating the spatial mode of the
pump beam, Valencia et al. [84] transferred the spatial
information of the pump field into the joint spectrum of
the SPDC photons.

Quasi-phase matching technique developed quickly as
an efficient method to reshape paired photon source.
Carrasco et al. [83] theoretically introduced a chirped
quasi-phase matching (QPM) nonlinear crystal structure
to broaden the spectral width of the generated paired
photons. The crystal is designed in such a way that the
phase-matching conditions vary longitudinally by use of
QPM with a chirped period. On this basis, Harris [85]
further introduced QPM as an efficient way for pulse re-
shaping toward single-cycle biphotons. Nasr et al. [87]
utilized ultranarrow Hong—Ou-Mandel dip measurement
to characterize the ultra-short correlation time of paired
photons generated from chirped QPM. With Sum fre-
quency generation (SFG), Sensarn et al. [86] measured
the amplitude of the paired photon wave function, and
demonstrated that temporal width compression of a fac-
tor of 5 is achieved.

Nonlocal modulation, the time—frequency analog to
nonlocal dispersion cancellation [88], is an important
consequence of time—energy entanglement. Phase mod-
ulation in idler channel can act cumulatively with mod-
ulation in signal channel, no matter how distantly the
two modulators separate. Nonlocal modulation has been
firstly observed [89, 90] with SPDC paired photons.
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Paired photons generated in write-read process, where
signal photon delay is programmable, cannot be applied
with nonlocal modulation.

Paired photon produced from conventional sponta-
neous parametric down-conversion is difficult to be ma-
nipulated in time, mainly due to their wide bandwidth
(~THz) and short coherence time (~ps). Therefore,
access to paired photons with controllable time-space
waveforms is limited in SPDC literature. Narrowband
paired photons generated in atomic ensembles via FWM
with long coherence time (0.1-1 us) enable measurement
over their temporal waveform directly using commercial
detectors. By passing these long single photons through
electro—optical modulators, it is possible to modulate one
of the paired photons [91] or their correlation function
[92], as Figs. 7(a) and (b) show.

(a) EO light 50/50 beam
[0) .
¢ modulator . . splitter
Fy g5 Fy W
= 1 - Ml AT v g
L L S—)
. Wy SSRb
4D Dp
Function
generator D, &
D;
L

(b) 85 %
Stokes Mod 1 *Rb 2D MOT , Mod 2 A pti_Stokes

Modulator

SPCM

Fig. 7 Schematics of narrowband paired photons temporal wave-
form modulation and reshaping. Three schemes include: (a) Mod-
ulation on the anti-Stokes photons, (b) Synchronous modulation
on the paired photons, (¢) Modulation on the classical controll
beams.

Kolchin et al. [91] demonstrated the use of one photon
of a photon pair to establish the time origin for the mod-
ulation of the second one, as shown in Fig. 7(a). Using an
EO-modulator inserted in the path of anti-Stokes light
beam, the photon waveform may be modulated in the
same manner as a classical light pulse, once the time ori-
gin is established. With this scheme, reshaping of the sin-
gle photon waveform become straightforward. The con-
ditional single-photon wave packet can be described by

Yo(7) = (0m(7)aqs (ts + 7)as(ts)| ¥s,as)|t.=0
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_ % / Bo(w)e " dw )

where m(7) is the amplitude modulation function as the
relative time delay. Figure 8 shows the reshaped bipho-
ton waveform via this scheme. A measure of the quality
of heralded single photons is given by the conditional
auto-correlation function g£2) = Nia3N1/Ni2Ny3 [93].
The measured ggz) is less than 0.5 (the limiting value
for a two-photon Fock state), and therefore the near-
single-photon character of the photons was satisfactory.
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Fig. 8 Coincidence counts in a 1 ns bin as a function of time de-
lay 7, with anti-Stokes beam modulated by an EO-modulator. A
denote modulated waveform and [J denote unmodulated waveform.
Reproduced from Ref. [91], Copyright (© 2008 American Physical
Society.

Belthangady et al. [92] described a proof-of-
principle experiment for modulation with amplitude EO-
modulators inserted into both paired photon light beams.
Figure 7(b) shows their modulation scheme. Stokes and
anti-Stokes photons are modulated by two amplitude
modulators which are controlled by the same function
generator with two output channels with arbitrary phase
difference. If the detectors are slow in the sense that the
coincidence counts is integrated over the delay time 7,
one obtains the Fourier cosine transform pair for the co-
incidence counts.

For both modulation methods, these external modu-
lators are directly applied on the anti-Stokes field for
reshaping, and thus a large number of single photons are
wasted in the photon attenuation. Moreover, in these ex-
periments where amplitude modulation is performed us-
ing Mach—Zehnder interferometers, coupling between the
single photons and the environment at the beam splitters
introduces noises (uncorrelated photons) into the system.
Following the theoretical work by Du et al. [94], Chen et
al. [95] experimentally demonstrated the shaping of the
temporal quantum waveform of narrow-band biphotons,
by periodically modulating the two driving fields in the
FWM process, as shown in Fig. 7(c). The input field pro-
files can be thus mapped into the two-photon waveform
with arbitrarily shaped correlation function. The princi-
ple of this modulation method is an temporal analog of
the spatial modulation technique reported by Monken et
al. [96], in which they demonstrated that the angular
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spectrum of the pump beam can be transferred to the
paired photon transverse correlation.

The physical picture is simple. The periodically mod-
ulated pump and coupling laser fields are decomposed in
frequency domain into discrete frequency components.
As a result, paired photon generation follows many pos-
sible FWM paths. The interference between these mul-
tichannel FWMs provides a controllable way to manipu-
late and engineer the paired photon wave packets. Usu-
ally, the near-atomic-resonance nonlinear process with
time varying pump and coupling lasers is not solved an-
alytically. However, when the atomic optical depth in the
transition |1) — |3) is high and the EIT slow-light effect
is significant, the theoretical analysis becomes greatly
simplified. In this case, r(was) can be considered a con-
stant. With weak pump excitation, ground-state approx-
imation is appropriate and thus the frequency dispersion
of the Stokes photon can be ignored. It means that we
can treat all the Stokes photons traveling with the speed
of light in vacuum. The anti-Stokes fields are experienc-
ing EIT slow light effect. If the frequency modulation
to coupling laser is small enough (< 10 MHz), we could
assume that the multiple EIT channels are equivalent.
Therefore the group velocities associated with different
anti-Stokes channels (denoted by m channels) are the
same and can be considered to be controlled by the av-
erage intensity of the coupling beam, i.e., Vg, =V, < c.
The time-averaged correlation becomes

R(r) = C(7)Ro() (10)

AL Lt + 7)dt s

the time-averaged pump-coupling correlation function.
Ro(7) is the correlation function without modulation.
The scheme is not limited to identical modulations. By
modulating the pump and coupling with different wave-

where C(1) = limar—o ﬁ
ple

forms, it is possible to generate correlation with arbitrary
waveforms. In particular, if the pump laser is modulated
by short Gaussian pulses (equivalent to a ¢ function),
and the coupling laser is modulated by a square followed
by a triangle shape with the same modulation period, we
expect to obtain a correlation function with the shape of
the modulation waveform imposed on the coupling laser.
Figure 9 shows the reshaped waveform.

4 Conclusions and outlook

We review the experimental works on narrow-band
paired photons generated via SEWM processes in atomic
ensembles. With continuous controlling fields, we are
able to produce time—frequency entangled paired pho-
tons. They are easy to be modulated directly in time
domain and thus be reshaped. The photon pairs are
nonclassical light sources, which dramatically violate the
Cauchy—Schwartz inequality. Also, this type of paired
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Fig. 9 Two-photon correlation function with nonidentical mod-
ulations on the pump and coupling lasers. Reproduced from Ref.
[95], Copyright (© 2010 American Physical Society.

photons are potential to be entangled in more than two
dimensions.

Correlated paired photons give birth to heralded sin-
gle photon, with one of the paired photons serving the
flag to announce the other one. In quantum network and
communication, single photon state is more preferable
[67-70]. A single photon is described by Fock-state in
quantum mechanics. The propagation of a single photon
was investigated only in a few and limited experiments
[68, 71]. One major reason is that the single photon
wave function is beyond manipulation. The progress in
generating narrowband paired photons with controllable
waveform facilitates the experimental setup to verify
such a problem. The waveform of the heralded single
photon is shaped by electro—optical modulator (EOM)
[72-74], and thus arbitrary waveform can be generated.
Optical precursor of a single photon is observed with
single photon waveform reshaped to having sharp ris-
ing or falling edges [97]. This is the first experimental
direct evidence for the speed limit of a single photon,
i.e., a single photon would propagate through medium
with the limit of the speed of light in vacuum c. Fur-
ther, fundamental topics concerning traditional optical
phenomena including free-induction decay can be ex-
plored with single photon level. On the other hand,
quantum key distribution, which calls for narrow-band
single photon source, also benefits from the development
of narrow-band paired photons [98].
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