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14.1 INTRODUCTION

Deterministic and storable single-photon sources are of crucial importance to
all-optical quantum-information processing. In quantum cryptography, single
photons can play arole in establishing unconditional security and high efficiency
[1,2]. In linear-optical quantum computation, on-demand and indistinguishable
single photons are required to implement measurement-induced quantum logic
gates [3,4].

In recent years, different quantum systems have been exploited to real-
ize an on-demand single-photon source, such as quantum dots [5,6], single
atoms [7,8], and color centers [9] (see Chapter 14). Such single-emitter-based
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single-photon sources often require a high-finesse cavity to ensure that
photons are emitted predominantly into a well-defined single spatial mode.
In this chapter, we introduce a different type of single-photon source that
consists of many identical single-photon emitters, i.e. the atomic-ensemble-
based single-photon source. Due to the collective enhancement, these sources
can be implemented without the use of high-finesse cavity [10]. Moreover,
because the process is reversible, atomic ensembles can also provide storage
for single photons due to the inherent bandwidth matching. Controllable
transfer of quantum states between a flying qubit and a memory is of
crucial importance to quantum-information science [11, 12]. Therefore, atomic-
ensemble-based single-photon sources present a valuable resource for optical
quantum-information processing.

The principle of the atomic-ensemble-based single-photon source may be
understood as follows [10, 13]. Consider an ensemble of three-level atoms in a
lambda configuration initialized with all the atoms in one of the ground states.
First, the quantum state of a single photon is imprinted into an atomic ensemble
using a “write” process. In this process, a single collective excitation is generated
probabilistically in an atomic ensemble via spontaneous Raman scattering
by applying a weak coherent write light pulse. The successful generation
of the collective excitation is indicated by the detection of a corresponding
Raman photon. The collective excitation is then coherently stored in the atomic
ensemble, which serves as a quantum memory. In the following “read” process,
the single excitation is converted into a single photon by applying a strong
coherent read pulse after a controllable delay. The spatial mode, bandwidth, and
frequency of the single-photon output are determined by the mode-matching,
intensity, and frequency of the retrieval light [13—15].

One distinct advantage of atomic-ensemble-based single-photon sources is
that the single photon can be stored in the atomic ensemble and be read out when
itis needed. The upper limit of the storage time is determined by the coherence
time of the atomic memory, which can be on the order of seconds [16]. Because
of the long coherence time, a series of reset pulses (optical pulses that pump
the atoms to the initial ground state) and write pulses can be applied to the
ensemble. The reset and write pulse sequence is stopped by a feedback circuit,
once an anti-Stokes photon is detected. In this way, a collective excitation can
be stored in the atomic ensemble, subject to a deterministic readout, and thus
a deterministic single-photon source can be implemented [17,18]. The same
medium can be used as memory that stores single photons [14,15,19,20].

In this chapter we discuss atomic-ensemble-based single-photon sources. In
Section 14.2, we introduce the basic concepts of the write and read processes.
In Section 14.3, we show how a heralded single-photon source can be converted
into a deterministic one. In Section 14.4, we discuss the indistinguishability of
single photons generated from independent sources by examining two-photon
Hong-Ou-Mandel interference. We conclude with a brief look into the future.
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14.2 BASIC CONCEPTS

Let us first consider a A-type three-level atomic system. The energy level
structure is depicted in Fig. 14.1, where the upper state |e) is the excited state
and two lower states |a) and |b) are the ground states used to store the quantum
state. Initially all atoms are prepared in one of the ground states, e.g. |a), by
optical pumping. In the write process, an off-resonant weak classical laser pulse
coupling |e) and |a) is applied to the atomic ensemble. A small number of atoms
will be excited to |e) and almost immediately decay. These atoms that decay into
|b) emit anti-Stokes photons; this effect is called spontaneous Raman scattering.
According to energy conservation, the number of atoms transferred to the |b)
state is equal to the number of anti-Stokes photons emitted from the atomic
ensemble. If the write pulse is so weak that only one anti-Stokes photon is
generated in the mode of interest, then only one atom changes its state, but it is
impossible to know which one, even in principle. The excitation rate must be
low so that the probability that more than one photon is created is negligible.
In this case, if a single anti-Stokes photon is detected, the atomic ensemble
is projected into an equally weighted superposition state, a collective excited
state, which can be described by

. 1 e
|1>a:s'|0)a=ﬁze’k"t|a...bi...a>, (14.1)
where ST = & ZlNzl e Ti|b); (a| is the creation operator of the collective state

VN
and |0), = ®;|a); denotes the atomic vacuum state (see details in Appendix).

Thatis to say, in the write process a quantum state is imprinted into the collective
excited state of the atomic ensemble conditional on detecting an anti-Stokes

|b)

FIGURE 14.1 An illustration of the interaction between the atomic ensemble and light. The
excited state |e) and two ground states |a) and |b) form the A-type three-level atom. In the write
process, an off-resonant write light pulse with Rabi frequency Q2 and detuning A is applied to
the atomic ensemble. An anti-Stokes photon is emitted and simultaneously a collective excitation
is generated due to spontaneous Raman scattering. In the EIT-based read process, an on-resonance
read light pulse with Rabi frequency Qg is applied to convert the collective excitation to a Stokes
photon.
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photon. It should be noted that the two ground states are immune to spontaneous
emission, and decoherence of the ensemble as a whole occurs with the rate of
a single-atom decoherence.

The collective excitation can be converted into a single photon in the
read process. In this process, a strong coherent light pulse, coupling |e) and
|b), transfers the collective excitation into a Stokes photon. Since the Stokes
photon and the strong read light pulse satisfy the electromagnetically induced
transparency (EIT) condition [14,15,19,20], the Stokes photon can propagate
through the atomic ensemble with little to no absorption. In the ideal case the
excitation stored in the atomic ensemble can be deterministically retrieved (see
details in Appendix).

After the write process, the atom-photon state can be described by a two
mode squeezed state [Y)q,as = [0)al0)as + /X [1)all)as + x12)al2)as +
(0] ( X 2), where the excitation probability x < 1. After the read process, the
collective excitation is converted into a Stokes photon, and thus the photonic
state can be described by [¥)as,s = [0)as|0)s + /X 1) as|1)s + x12)as|2)s +
(0] ( X %> The Stokes photon and anti-Stokes photon are non-classically
correlated, which leads to a violation of the Cauchy-Schwarz inequality

(g(z) S)2 < gl(fs) AS gézg, where gl(fs)y s 18 the second-order cross-correlation func-
tion, and g(2) and g AS ag are the second-order auto-correlation functions [21].

A straightforward calculation shows gl(fs), ¢=1+1/xand g/(fs) AS = gézg =2.

Since ¥ <« 1, the Cauchy-Schwarz inequality is violated and the anti-Stokes
and Stokes photons are non-classically correlated.

The non-classical correlation between anti-Stokes and Stokes photons
allows the preparation of a heralded single-photon source [13—15], in which a
single photon can be generated on demand if it is known that there is a collective
excitation in the atomic ensemble. The presence of the latter is heralded by the
detection of a spontaneous Raman photon in the write process, after which the
excitation can be converted into a photon on request. The quality of the heralded
single photons can be estimated as follows. Conditional on the detection of
an anti-Stokes photon, the Stokes photon may be described by a mixed state
ps = |1)s{1]4+2x]2)s(2|. This means the triggered Stokes photon is in a single-
photon state that is mixed with a small two-photon component. The normalized
auto-correlation of the triggered single photon is o« = % = 4y, where P(Pr)

is the probability of generating one (two) photon(s) perltrial (the higher orders
are negligible small). For a coherent laser source, « = 1, and for an ideal single-
photon source o = 0. It can be readily seen « — 0 if x — 0. Therefore, to
obtain a high-quality triggered single photon, the excitation probability must
be small. This process is similar to a four-wave-mixing-based single-photon
generation (see Chapter 13), but here the “heralded” single photon is stored
as an atomic excitation, and its retrieval is a deterministic process. A typical
operation of the source would require multiple write attempts, and one read
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attempt. This source has a number of advantages common to deterministic
sources, particularly, it is scalable.

Atomic-ensemble-based single-photon sources have been demonstrated
experimentally both in laser-cooled ensembles [13,14,17] and thermal atomic
vapors [15]. The cold atomic ensemble has the advantage of higher single-
photon quality and longer coherence time; the following discussion focuses on
experiments with cold atomic ensembles.

14.3 FROM HERALDED TO DETERMINISTIC SINGLE-PHOTON
SOURCES

Heralded single-photon sources are probabilistic. This significantly limits
the usefulness of these sources in scalable all-optical quantum-information
processing. Thanks to the storable nature of atomic-ensemble-based single-
photon sources, it is possible to implement deterministic single-photon sources
by means of a feedback circuit. The basic idea is that a single collective
excitation is generated in an atomic ensemble by applying a series of subsequent
reset and write pulses. The successful generation of a collective excitation is
indicated by the detection of a corresponding anti-Stokes Raman photon. This
detection is used as a feedback to stop the sequence and to start the next process,
i.e. to convert the excitation back into a single photon after a controllable delay.
Such a sequence can be taken as a feedforward operation for the deterministic
creation of a single photon. In this way, a deterministic single-photon source is
obtained. This controllable deterministic single-photon source potentially paves
the way for the construction of scalable quantum communication networks and
linear-optical quantum circuits. As one example, we present a proof-of-principle
demonstration of a deterministic and storable single-photon source [17]. The
single-photon quality is preserved while the production rate of single photons
is considerably improved by the aid of the repetitive write process and feedback
control.

A schematic of the experimental setup used to demonstrate a deterministic
single-photon source is shown in Fig. 14.2a. Cold atoms with a A-type three-
level configuration (two ground states |a), |b) and an excited state |e)) collected
by a magneto-optical trap (MOT) [22] are used as the medium for quantum
memory. In this experiment, more than 108 8’Rb atoms are collected by the
MOT with an optical depth of about 5 and have a temperature of about 100 pK.
To prevent Zeeman splitting, the earth’s magnetic field is compensated by three
pairs of Helmholtz coils. The two ground states |a), |b) and the excited state
le) are the |58y /2, F = 2), |5S12,F = 1), and |5Py 2, F = 2) states of 3’Rb,
respectively. The write laser is tuned to the transition from [5S81,2,F = 2) to
|SP1y2,F = 2) with a detuning of 10 MHz, and the read laser is locked on-
resonance to the transition from [5S1/2,F = 1) to |[5Py;3,F = 2). The write
and read beams have orthogonal polarizations, and are spatially overlapped
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FIGURE 14.2 (a) Illustration of the experimental setup and (b) the time sequence with the
feedback circuit for the write and read processes. The atomic ensemble is first prepared in the initial
state |a) by applying a reset (cleaning) pump beam resonant with the transition |b) to |e¢/). A write
pulse with the Rabi frequency Qyy is applied to generate the spin excitation and an accompanying
photon of the mode Gag. After a delay Ar, aread pulse is applied with orthogonal polarization and
it spatially overlaps with the write beam in PBS1. The photons, whose polarization is orthogonal
to that of the write beam, in the mode dag are extracted from the classical write beam by PBS2
and detected by detector D1. Similarly, the field ag is extracted from the Read beam and detected
by detector D2 (or D3). Here, FC1 and FC2 are two filter cells, BS is a 50/50 non-polarizing beam
splitter, and AOM1 and AOM2 are two acousto-optic modulators.

on a polarizing beam splitter (PBS1), and then focused into the cold atoms
with a beam waist of 35 pm. After passing through the atomic cloud, another
polarizing beam splitter (PBS2) separates the classical write (read) beam from
the generated anti-Stokes (Stokes) field, and cells filled with 87Rb atoms
prepared in state [5S1,2,F = 2) (ISSl/z,F = 1)) are used to further suppress
the residual light from the read/write pulses.

After switching off both the MOT optical beams and magnetic field, the
atoms are first optically pumped to the initial state |a) by a reset pulse. Then
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a classical write pulse (=10 photons) with a duration of 100 ns is applied
onto the atomic ensemble to produce, via the spontaneous Raman transition
la) — |e) — |b),asuperposition state of the anti-Stokes field and the collective

spin, [¥)a,as = 100al0)as + y/Z1DalDas + x[2al2as + O (x3) with a
probability of x < 1. After a controllable delay §¢, a read pulse with a duration
of 75 ns is applied to convert the collective excitation into the Stokes field. The
intensity of the read pulse is about 100 times stronger than that of the write
pulse.

The cross-correlation between the Stokes and anti-Stokes photons is

(2)  _ Dps.as
defined as 8SAS = Dspas’

probability, 1y is the retrieval efficiency, and g (n As) is the overall detection
efficiency of the Stokes (anti-Stokes) channel (including the transmission
efficiency of filters and optical components, the coupling efficiency of the
fiber couplers, and the detection efficiency of single-photon detectors), and
PS = XMNretlS ( PAS = X’?AS) is the probability of detecting a Stokes (anti-
Stokes) photon. The anti-Stokes photon is registered by the single-photon
detector D1, and the retrieved Stokes photon is registered by detectors D2 and
D3. The cross-correlation as a function of pas is shown in Fig. 14.3a, which
clearly demonstrates that the cross-correlation is inversely proportional to the
excitation probability. The cross-correlation versus storage time is shown in
Fig. 14.3b, which gives a coherence time of the quantum memory of about
12 s for this implementation. A coherence time of a few tens of microseconds
is mainly caused by the residual magnetic field [23].

The single-photon quality is characterized by the conditional auto-
correlation of the Stokes photons o = % [24], where p(23)as) is the
coincident probability between single-photon detectors D2 and D3 conditioned
on the detection of an anti-Stokes photon on D1, and pas)(p@3las)) is the
conditional probability on D2 (D3). Figure 14.4a shows « as a function of
excitation probability. For small x, o« = 4x [13]. @ <1 indicates that the
triggered Stokes photon approximates a single-photon state. We note that, for
pas — 0,a = 0.057(28), which deviates from the ideal value of 0. This offset
comes from noise, including the residual leakage of the write and read beams,
stray light, and the dark counts of the detectors.

To make a deterministic single-photon source, a number of write pulses
per experimental trial and the feedback protocol are applied as discussed
above. A realistic time sequence is shown in Fig. 14.2b. In the time interval
AT, N independent write sequences with a period of St are applied to the
atomic ensemble. Each write sequence contains a reset pulse and a write
pulse. Once an anti-Stokes photon is detected by D1, the feedback circuit
stops further write sequences and enables the read pulse to retrieve the single
Stokes photon after a programmable delay Af. The maximum number of write
sequences is determined by the ratio of Sty and the coherence time of the
quantum memory. The feedback protocol enhances the production probability of

where ps as = xnMwethasnhs is the coincidence
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FIGURE 14.3 Intensity correlation functions gézl)gs along the excitation probability pag with

8t = 500 ns (a) and along the time delay 8¢ between read and write pulses with pag = 3 x 1073
(b). The observed lifetime is ¢ = 12.5 £ 2.6 ps.

anti-Stokes photons according to the new excitation probability

N

Por =Y pas(l — pas)/ ™. (14.2)
j=1

And the conditional probability is

N—-1

Pijas = Z pas, (1 — PAS)j_IPi/As,(AT,j(;,W), (14.3)
Jj=0

with i = 2, 3 and 23. p; s5 (AT jsry) 1S the conditional detection probability

after applying the jth write pulse. In this setup, the normalized auto-correlation
P231A8)

Paias) Pias) .

modes. In the first mode, one can fix the retrieve time AT. Therefore, the delay

At varies because the spin excitation is created randomly by one of the write
sequences. Single photons are produced at a given time with a high probability,
approaching unity if N >> 1. In the second mode, we retrieve the single photons
with a fixed delay At after a successful write process. In this case, the imprinted

function is givenby o = . This protocol can be executed in different
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FIGURE 14.4 The auto-correlation parameter as a function of pag (a) and 8z (b). In panel (a),
the data in black (square dots) corresponds to the experiment without feedback circuit, in which
each write sequence is followed by one read pulse. The data in gray (circular dots) corresponds to
the experiment with feedback circuit, in which 12 successive write sequences are followed by one
read pulse. The gray curve (upper curve) is the theoretical evaluation taking into account the fitted
background of the black dots. In panel (b), 12 write sequences were applied in each trial while
measuring.

single excitation can be converted into a single photon at any given time within
the coherence time of the quantum memory. The first mode can serve as a
deterministic single-photon source and is well suited for all-optical quantum
information processing.

In the experiment, AT = 12.5 us and 8ty = 1 ws, i.e. up to 12 write
sequences can be used. The measured auto-correlation parameter « is shown
in Fig. 14.4a as a function of the excitation probability pas. For N = 1, o
is nearly linear for pss < 0.006. For N = 12 successive write sequences,
a is plotted versus 12pas. Compared with N = 1 we can easily see that
« is preserved, and the excitation probability is enhanced by the repetitive
write sequences. If the coherence time of the spin excitation is long enough to
allow many write sequences, the excitation probability can reach unity while
preserving the single-photon nature of the output. In this case, the generation
efficiency depends only on the retrieval efficiency. In the second experiment,
we fix 8ty = 1 psand N = 12. Figure 14.4b shows the measured as a function
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of At. For each Ar, AT varies due to the random creation of the collective
excitation by the N write sequences. Again, it is clear that the single-photon
nature is well preserved within the coherence time of the quantum memory.

The production rate of the single photons is determined by the coherence
time of the quantum memory, the retrieval efficiency, and the duration of the
pulses. To enhance the production rate, it is necessary to improve both the
coherence time of the quantum memory and the retrieval efficiency. Moreover,
by further improving the control circuit, i.e. reducing the period of write pulses
due to electronic delays, more write pulses can be applied within the lifetime.
A simple estimation shows that with p4s ~ 0.003 and a write period of 300 ns,
we may obtain a single-photon source with a probability as high as 95% within
a coherence time of 300 s.

14.4 INTERFERENCE OF PHOTONS FROM INDEPENDENT
SOURCES

In the linear-optical quantum computing protocol proposed by Knill et al.
[3], single photons from independent sources interact in a Mach-Zehnder-
like interferometer and a single-photon detection is used to implement a
controlled phase gate. In the polarization-entanglement-based scheme proposed
by Browne et al. [4], two photons from independent sources are sent to a Hong-
Ou-Mandel (HOM) type interferometer [25] to implement coalescence gates
[4]. In both cases, a unity visibility can be achieved only if the photons are
indistinguishable [26,27].

The indistinguishability of single photons has been examined in recent years
[28-30]. In this section, we show that the two photons generated from two
independent atomic ensembles are pure and indistinguishable, as indicated by
the high two-photon HOM interference visibility. The two indistinguishable
single photons can also be used to generate polarization entanglement by post-
selection.

The experimental setup is depicted in Fig. 14.5. Atomic ensembles collected
by two MOTs that are 0.6 m apart serve as the media for quantum memories and
deterministic single-photon sources. The atomic system is the same as the one
described in Section 15.3. A write pulse that generates the collective excitation
is detuned by 10 MHz and loosely focused to a beam diameter of about 400 pwm
through the atomic ensemble in the MOT. The emitted anti-Stokes photon is
collected into a single-mode optical fiber with the mode diameter of about
100 um in the interaction region. The optical axis of the anti-Stokes field is
tilted by 3° [31] from that of the write beam. As described above, the detection
of a single anti-Stokes photon heralds a single collective excitation in the atomic
ensemble with complete certainty. After a controllable time delay, a classical
read pulse with an orthogonal polarization and spatially mode-matched with the
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write beam is applied from the opposite direction. The collective excitation in
the atomic ensemble is converted into a single-photon excitation in the Stokes
field, which propagates in the opposite direction of the anti-Stokes field and
is collected into a single-mode fiber. If the retrieval efficiency is unity, the
emission of the single Stokes photon is deterministic. Changing from the co-
propagating configuration described in the last section to a counter-propagating
configuration, and tilting the Stokes and anti-Stokes modes by 3° relative to the
classical write and read beams, are convenient ways to separate the quantum
fields from the intense classical light.

As shown in Fig. 14.5b, Alice and Bob have similar sources. They each
prepare collective spin excitations independently and whichever one finishes the
preparation first waits for the other while keeping the collective spin excitation
in her/his quantum memory. After both Alice and Bob have finished their
preparations, they retrieve the excitations simultaneously at any time within
the coherence time of the collective state. Therefore the retrieved photons
arrive at the beam splitter contemporarily. The coherence time of the single
photons is adjustable and is set to be about 25 ns in this demonstration. This
long coherence time is chosen to reduce the impact of a possible small temporal
mismatch between Alice and Bob that can arise from the optical path difference.
Note that the read and write lasers used for different single-photon sources
are completely independent of each other. This guarantees there is no spatial-
temporal correlation between the single photons [32].

Compared to a probabilistic photon source, deterministic sources based
on atomic ensembles achieve a considerable enhancement of the coincidence
rate of single photons coming from Alice and Bob. For instance, consider a
probabilistic version of the same experimental setup, in which Alice and Bob
operate without the feedback circuit, and instead apply a write pulse and a read
pulse in every experimental trial and monitor fourfold coincidences between
the anti-Stokes and Stokes photons in the four channels D1, D2, C1, and C2.
Assuming that the probability of having an anti-Stokes photon in channel D1
(D2) is pas1 (pas2), and the corresponding retrieval efficiency of converting
the spin excitation to a Stokes photon coupled into channel C1 (C2) is nyet1 (67R),
the probability of fourfold coincidence is pic = pas1Nret1 (61R) PAS2Mret2 (S1R).
This can be compared to the feedback-circuit based scheme shown in
Fig. 14.5b, where we can apply N write pulses in each trial. Assuming
PAS1,PAS2 K 1, the probability of fourfold coincidence can be approximated
as pic ~ N2 pasiiret (31R) pasairer2 (SR), which shows that the probability
of fourfold coincidence is enhanced by N2 for each trial. For this demonstra-
tion, pasi = pas2 =~ 0.002 (the corresponding cross-correlation géas =30),
N =12, tc =~ 12 s, §tr = 400 ns, and e (0) = Nrer2 (0) = 8%.

The four lasers in Fig. 14.5b are independently frequency-stabilized. The
full width at half maximum (FWHM) linewidths of W1 and R1 are about 1 MHz
while those of W2 and R2 are about 5 MHz). They are broadened to more than



552 Single-Photon Generation and Detection

= e) o7y, anti-Stokes

. W, bl
ki Qr 3’ 743 1 4—R

Alice
87
W1_—p Rba32 g2
,-:)‘i'*,i‘
Laser W1 v Laser R1

“— R1

C1 __a
Fiber coupler

Ensemble A

SM fibe

Entanglement
generation & Bell
measurement

Sync
signal

~
w2z > D2
Bob

FIGURE 14.5 [Illustration of the relevant energy levels of the atoms and arrangement of laser
beams (a) and the experimental setup (b). Alice and Bob both keep a single-photon source at two
remote locations. Alice applies write pulses continuously until an anti-Stokes photon is registered by
detector D1. Then she stops the write pulse, holds on to the spin excitations, sends a synchronization
signal to Bob, and waits for his response (This is realized by the feedback circuit and the acousto-
optic modulators, AOM). In parallel, Bob prepares a single excitation in the same way as Alice
does. After they both agree that each has a collective excitation stored, both simultaneously apply
a read pulse to retrieve the spin excitation into a light field ag. The two Stokes photons propagate
to the place for entanglement generation and a subsequent Bell measurement. Photons overlap at
a 50:50 beam splitter (BS) and then will be analyzed by half-wave plates, polarized beam splitters
(PBS), and single-photon detectors Da, Db, Dc, and Dd.

20 MHz because the finite bandwidth of AOM limits the shortest pulse width
of 40 ns. The linewidth of the retrieved single photons is determined mainly
by the linewidth and intensity of the read lasers. In order to verify that the two
Stokes photons coming from Alice and Bob are indistinguishable, we overlap
them at a non-polarizing beam splitter with the same polarization (horizontal in
this case) and measure the two-photon HOM interference. The visibility of the
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HOM interference can be expressed in terms of the purity of the single photons
[321 V. = Tr(ps1ps2) = [P(ps1) + P(ps2) — O(psi,ps2)1/2, where psi,s2
is the reduced density matrix of Stokes photon 1 and 2, P(psi) = Tr(péi) <
1 (i = 1,2)isthe purity, and O (ps1,0s2) = || ps1 —,032||2 > 0 is the operational
distance between the states of the two photons. It can be easily seen that the
visibility gives a lower bound on the mean purity of the single photons. (See
Chapter 2 for further discussions on purity, visibility, and indistinguishability.)

We perform HOM interference measurements in both the time domain and
the frequency domain. The polarizations of the anti-Stokes photons were set
to horizontal with two half-wave plates before they enter the BS, as shown in
Fig. 14.5b. The other two half-wave plates after the BS were set to 0°. In the
first measurement, fourfold coincidences between detectors D1, D2, Da, and Dd
were monitored while changing the time delay between the two read pulses. The
excitation probabilities pas; = pasz =~ 0.002. The coincidence-rate variation
with delay is shown in Fig. 14.6. Ideally, there should be complete destructive
interference if the wave packets of the two photons overlap perfectly. However,
in practice it is difficult to ensure that the two wave packets are identical and

perfectly overlapped. We obtained the visibility V = % = 80(1)%,
where Cply is the measured four-photon coincidence rate at the plateau and Cgip
the rate at the dip. The asymmetry of the profile at a negative delay versus a
positive delay shows that the two wave packets are (a) not perfectly identical, (b)
not symmetric themselves. Assuming that the HOM dip possesses a Gaussian-
type profile, we verify the coherence time to be 25(1) ns FWHM.

In the second measurement, we measured the fourfold coincidence while
changing the relative frequency detuning between the two read pulses
(Fig. 14.6b, lower panel). The excitation probabilities are pas; = pas2 ~
0.003. The frequency detuning varies from —30 MHz to 30 MHz limited by
the instruments in use. The coincidence rate at the largest detuning was com-
pared to the coincidence rate when the photons impinge the BS with orthogonal
polarizations, and the two rates are consistent with each other, thus confirming
that the plateau of the HOM dip has been reached. The measured visibility of
82(3)% agrees well with that obtained in the time-domain measurements. The
width of the HOM dip is 35(3) MHz FWHM, in agreement with the coherence
time of 25 ns. Therefore, the narrow-band nature of the source is directly veri-
fied by the HOM dip in the frequency domain. From the visibility, we estimate
that the lower bound on the purity of the single photons is about 0.8.

The visibility may be reduced by the imperfect overlap of the two-photon
wave packets. Besides, the imperfection of the single-photon sources affects the
visibility as well. As discussed in the last section, the quality of the single-photon
source can be characterized by the auto-correlation parameter « = 2Py/ P?,
where Py(Pyp) is the probability of generating one (two) photon(s) from each
source (the higher orders are negligible small). If the two single-photon wave
packets do not overlap at all then there is no interference, and we obtain the

.. P?
non-correlated coincidence rate Cplat = 7‘ + Pyp between Da and Dd. If they
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FIGURE 14.6 HOM dips in time domain (upper panel) and frequency domain (lower panel).
The open circle in the lower panel was obtained by setting the polarization of the two photons
perpendicular to each other and zero detuning between two read lasers, i.e. with fully distinguishable
photons. The Gaussian curves that roughly connect the data points are only shown to guide the eye.
The dashed line shows the plateau of the dip. Error bars represent statistical errors, which are 1
standard deviation.

overlap perfectly, there is a destructive interference leading to a coincidence
rate Cplae = Pp1. So the visibility of the HOM dip is V = 1/(1 + «), where
a = 0.12 for the source prepared later (with the collective excitation retrieved
immediately), and 0.17 for the source prepared earlier (it has to wait for the
other one). This leads to an average visibility of 87%. In the frequency domain,
the average visibility is around 83% because of higher excitation probabilities.
In Fig. 14.6, the HOM dip is measured by setting the coincidence window
(~50 ns) larger than the wave-packet length of the single photons (~25 ns).
Two indistinguishable single photons can be used to generate entanglement
by post-selection [33], as illustrated in Fig. 14.5b. Before the BS, half-
wave plates set the Stokes photons to orthogonal polarizations (horizontal
and vertical). If there is coincidence between output ports 3 and 4, then
the state of the two photons will be projected onto a Bell state [y ~);2 =
\L@ (|H)1 [V — V)1 |H)2). With another two half-wave plates and two PBSs

after the BS, the entanglement of the two photons can be verified by a Clauser-
Horne-Shimony-Holt (CHSH)-type inequality [34], in which local realism
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implies that § < 2, with § = |E (61, 62) — E(61, 05) + E(0], 62) + E(6;, 65)|.
Here E (61, 6») is the correlation function, where 6; and 9{ (6> and 9&) are
the measured polarization angles of the Stokes photon at port 3 (4). We obtain
S = 2.37(0.07), which violates the CHSH inequality by 5 standard deviations.
Taking into account the two-photon component in the single-photon sources, a
straightforward calculation shows the violation of the CHSH inequality is about
2.3, which is in good agreement with the experimental results.

14.5 CONCLUSION AND OUTLOOK

In this chapter, we have introduced the atomic-ensemble-based single-photon
sources. The advantages of this type of source are (1) it does not require strong
coupling between light and emitters thanks to the collective enhancement; (2)
the linewidth of the photons naturally matches that of an atomic memory imple-
mented in the same physical system, making the emitted single photons read-
ily storable; (3) the emitted photons are narrow-band and highly controllable.
With the aid of a feedback circuit, this source can approximate a deterministic
single-photon source. Being a key device in any scalable quantum commu-
nications network, and for large-scale linear-optical computation, this circuit
shows a promising enhancement in excitation probability while preserving the
single-photon nature of the output. Synchronized generation of narrow-band
single photons from two independent atomic ensembles has been demonstrated.
The Hong-Ou-Mandel dip was observed in both the time domain and the fre-
quency domain with a high visibility for independent photons from two separate
sources, demonstrating the indistinguishability of these photons.

Atomic-ensemble-based single-photon sources hold promise for all-optical
scalable quantum-information processing. Recently, remarkable progresses
have been achieved toward quantum-information processing with atomic
ensembles and linear optics. For example, DLCZ-type entanglement between
two atomic ensembles has been created [35], and functional quantum-repeater
nodes with atomic ensembles have been demonstrated [36,37]. The storage of
single photons has been realized where heralded single photon emitted from
one atomic-ensemble-based single-photon source is stored in a remote atomic
quantum memory [14,15,38].

To make atomic-ensemble single-photon sources truly useful in practice,
the coherence time and the retrieval efficiency must be significantly improved.
In the atomic ensemble, the coherence time of the collective state suffers from
the residual magnetic field around the MOT. It has been demonstrated that
by using magnetic-field-insensitive states to store the collective excitation and
suppressing decoherence due to atomic random motion by reducing the angle
between write and anti-Stokes mode, or by using a one-dimensional optical
lattice to trap the atoms, millisecond quantum memories can be achieved
[39—42]. A recent experiment demonstrated a coherent storage time of 16s
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in ultracold atoms for classical states of light [16]. The retrieval efficiency
can also be improved, for example, by increasing the optical depth of the
atomic ensemble, or by putting the atomic ensemble inside a cavity. Using these
techniques a retrieval efficiency of 84 % has been achieved for a storage time of
a few hundred nanoseconds [43]. Achieving efficient retrieval and long storage
times in a single experiment can be done by combing these two advances, as
demonstrated in Ref. [44], where a retrieval efficiency of 73 % and a coherence
time of 3 ms are reported.

APPENDIX
A Write Process

Let us consider a pencil-shaped cold atomic ensemble containing N 3-level
atoms, with ground states |a), |b) and an excited state |e). We denote the axial
direction as z direction and assume the zero point is at the center of the atomic
ensemble. Initially, all the atoms are in the ground state |a). The off-resonant
classical write pulse coupling the excited state |e) and the ground state |a) is
givenby Ey (r,t) = éw Ew (r,t)e! ®WT=®wt) L h c. where &y is the polarization
unit vector, oy = cky is the angular frequency of the write light. For simplicity,
we assume the write light pulse propagating along the axial directionky = ky Z.
The anti-Stokes field coupling the excited state |e) and ground state |b) is quan-
tum mechanically described as Es(r,t) = ) Erexage' k=) L h.c. where

& = 2}2‘:"‘, , wi = ck, & is the polarization unit vector, and dy, is the annihila-

tion operator of mode k. In the cold atomic ensemble, because of the extremely
low temperature and the short pulse length of the write light, we can safely
assume the atoms are fixed at certain positions during the write process and
denote the coordinate of the ith atom by r;. The total Hamiltonian in the rotat-
ing frame is given by

N
H = Z hAoeie — ﬁ,QW(ri,l)eikW'r"aeia + Zhgk&kei(k'r"_Awk’)aéb +hec.|,
i=1 k
(A.1)
where the detuning A =w,, —ow and Awg=wk— 0w —w®py, With
Weq =W — Wy and wp, = wp — w, the difference between atomic levels. The
spin operators of o/, = |1); (m| (I,m = e,a,b) are the transition operators of ith

atom, Qy (r,t) = d‘“EWTEW(”) withd,, = (e|d|a) being the Rabi frequency of

the write light, and g = — @ withd,.p = (e|d|b) is the coupling coefficient
of each mode of the anti-Stokes light.

If the Rabi frequency of the write light and the linewidth of the excited state
are both significantly smaller than the detuning A, the upper state |e) can be
adiabatically eliminated, and each atom is described by an effective two-level
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model. The resulting adiabatic Hamiltonian is given by

Q ,1
H— 21:[ WZ'! ) zkwrta Zhgka e ikrimAot) 4y Ci| (A.2)
iz

where we have neglected the small AC Stark shift. This adiabatic Hamiltonian
describes the spontaneous emission of N atoms from the pseudo excited state
|a) to the pseudo ground state |b) where the frequency of the emitted anti-Stokes
light is centered at ws = ww — wp,. The linewidth of the pseudo excited state

s = i—zg’ I, with " the decay rate from |e) to |b). This Hamiltonian has been
extensively investigated in last two decades [45]. The initial stage can be well
described by spontaneous emission where the anti-Stokes photon is emitted
along all the directions. After a time 1/ T, the anti-Stokes light will dominate
along the axial direction and enter the superradiance regime. In our case, the
interaction time 7 is determined by the pulse duration of the write beam which
is short compared to the lifetime 1/T”, and thus we are in the spontaneous
emission regime. Therefore we can simply solve the Schrodinger equation by
using perturbation theory. To the first order of the perturbation, the atom-light
system is described by

T
) [1 i / H(r)dr:| [vac) + o(p) (A3)
0

with |vac) = |0)4]0),, where |0), = ®;|a); the atomic vacuum state and is
|0}, the light vacuum. Integrating out 7, we obtain

N Qwr)
1Y) = 10)al0) + > %elkw"ﬂa b a)|y)i. (A.4)

where |y); = —i fo kgkalie_i(k"i_Awk’HO)p is the spontaneously emitted
anti-Stokes light from the ith atom, and we have assumed the Rabi frequency is
time independent. It can be easily seen that in the spontaneous emission regime
the atoms emit anti-Stokes photons into all the directions independently from
each other.

As discussed in standard quantum optics textbooks [46], the spatial wave
function of the photon emitted from ith atom can be described by E; (Ar;) =
AEO ekasAri where kag = AS ,€0 is the constant proportional to the electro-
dlpole transition matrix element Ar; = |r — ri| is the distance between the
ith atom and observation point r. Assume we observe the anti-Stokes light
along the axial direction, i.e. z direction, under the paraxial axial approximation
|z — z;| > xz,y2 xz, ylz, the wave function on the observation surface may be
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expressed as

2 2 2
&0 +y x4y
E;(r) = exp | ik z— L+
i) 72— p|: As( 2(z—zz) 2(Z—Zi)>
_l.kASXix-l-yz'Y}
Z—2
2
£0 +
~ —exp(—zkAsz,)exp |:zkAs (2 + —y’
I 2z

x4y xix+Yiy>j|
+ —
2z Z

2.2 )
X<+ i
xexp|:ikAs<l ylzi—}—x +y Zi

272 272

_xlx 2ylyzi):|’ (A.5)

z
where |z;| <« z is assumed. We define two diffraction angles with Oy, = ﬁ
a

1/2
and 6;, = L , where W, and L are the waist and length of the atomic
kasL

ensemble, respectively. It can be readily seen that if the detection angle
0 < min(6w,,0.), all the phase factors which are related to coordinates of
the atoms, except exp(—ik45z;), can be safely neglected. Thus the anti-Stokes
light on the observation surface can be treated as a single mode and the spatial
wave function may be described by E;(r) ~ {as(r)exp(—ikas - r;), with
las(r) = 2
detected anti-Stokes light. We approximate the detected anti-Stokes photon state
by |y)i = \/_aASe”kS"f |0) p, where &LS is a single-mode creation operator,

and kas = kasZ the wave vector of the

and p = AW 'TdQ2 < 1 is the small probability for one atom to scatter one
Stokes photon into the detection solid angle d€2. Substituting |y ); into Eq. (A.4)

we obtain [y) ~ 14 ,/p (ZlNzl eiAk"iolia) &Ls|vac), where Ak = ky —kas
is the momentum difference between the write light and the Stokes mode.
Defining a bosonic collective-state operator S* = «/Lﬁ ZlNzl el Ak 0} ,» Wehave

[S,S7] ~ 1. The atom-light system is described by ) ~ 1 + /xS d,g|vac),
with x = Np the probability to detect one Stokes photon in write process. It is
easily seen that when an anti-Stokes photon is detected, the atomic ensemble
is projected into the collective excited state, or in other words a spin wave is
imprinted into the atomic ensemble. The conventional single-mode condition
that F = ﬁ ~ | where F is the Fresnel number, A = 7TW2 the cross-section
area can be obtained by setting the two diffraction angles Oy, and 6 are equal.In
this case, the detection solid angle can be approximated by A2/ A. Then we have
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2
the total excitation probability y = i—‘g’N FT)‘; ~ doI"'T, where dy = Noy/A

with og = % To ensure we are in the spontaneous Raman scattering regime,
we require the excitation probability x < 1. Note that in write process, there is
no constructive interference in the forward direction, because when one atom
scattering an anti-Stokes photon, it changes to another ground state |b) and thus
all the terms in Eq. (A.4) are orthogonal to each other.

B Read Process

In the read process, a strong classical read light is applied to the atomic ensemble
to convert the collective excitation into a Stokes photon. The weak Stokes field
and the strong read light satisfy the EIT condition [19,20], and thus the Stokes
field is not absorbed by the atoms in ground state |a).

Assume the strong classical read light coupling the excited state |e)
and |b) ground state is counter-propagating with the write light kr = —kRr2Z.
The atom in state |b) is excited by the read light and transferred back to
ground state |a) generating an anti-Stokes photon simultaneously. In contrast
to the write process, the light emitted from different atoms will interfere
with each other, and constructive interference occurs in the direction where
mlode—rll\}atch condition is satisfied. The read process can be described by

I5 SN €Ak TG b;...a) = ®;|a); Es(r’). The spatial wave function of

the Stokes field on the observation point can be expressed as

N

1 &
ES(r/) _ Z i(Ak+kg)-r A(;/ 1ksAr (B.l)

z—l J

with Ar/ = |r' —r;|, where the atoms are treated as point light sources. Assume
we observe Stokes light along the backward direction. Under the paraxial
approximation, we can write the Stokes light as

ES(r) ~ Z i(Ak+kR)-r; e—ikg-r,'
N |Z —zi|

2 2 2

. +y x“ 4y
X€Xp|:lks<|z|+ 217 —Zl|+2|2’—2'|
i : g}

_ x| (B.2)
|7/ — zi
It can be readily seen that the once the mode-match condition ky —kas +kr —

ks = 0 is satisfied, constructive interference will be observed on the detection
surface. The Stokes field can be described by Eg (r’ )y~ /N J[dr'n(@") s () =

V' Nis(r') where £s(r) = Dexp [ iks (z 4 X ﬂ )] and n(r) is atomic den-
sity distribution, and we have assumed the detectlon angle 6’ < min(@w,,01).
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One can see that the intensity of the Stokes light is proportional to the atomic
number N and the detection solid angle. The retrieval efficiency can be esti-
mated by nrer ~ F}:,gsdziz_r = leégj_ T where N is the number of atoms, and d 2

is the solid angle in which we have constructive interference. Under the single-

.. 2 . . . .
mode condition d2 ~ %, adirect calculation shows that the retrieval efficiency
Npet ~ 1 — dl—o is given by the optical depth dy. Note that taking into account the
narrow EIT window, the error in retrieval efficiency scales as de [47].

0

The Stokes field couples the excited state and ground state, while it will
not be absorbed since the atom-light system fulfills the EIT condition. In this
case the Stokes light propagates in the atomic ensemble slower than the read
light. Thus we require the read light pulse is sufficiently long so that all the
anti-Stokes light can propagate out of the atomic ensemble.

The read process can be described using the dark-state polariton theory
[19,20]. The read light may be described by ER (r,t) = ég ER (r,t)e! *rRT=®RD)
h.c., where €r is the polarization unit vector, wg = ckg is the frequency
of the write light. The Stokes field is approximated by a single-mode light
Es(r,t) = €sage!*s7=©st) 4 h.c. The Hamiltonian describing the read process
isgivenby H = Y| [—hQR (e krTi=OrRDGI 4 hesage!ksTimosDgl 14h. c.
with Qg the Rabi frequency of the read light and gg the coupling coefficient,
where we have assumed single-photon and two-photon resonance are both
satisfied. This Hamiltonian has a series of adiabatic eigenstates with vanishing
excited state component, i.e. a dark-state polariton. The simplest dark-state

polariton can be described by |D,1) = (cos@fz; — sin@S”) |vac), where

tand = éﬂ and §'7 = «/LN >N, eiAk,"fol’;a with Ak' = kg — kg. If the
Rabi frequency adiabatically changes from 0 to a large value, 6 will vary from
7 /2 to 0. Consequently, the dark-state polariton will change from the collective
excited state to the ground state and simultaneously emit a Stokes photon.
Therefore, if the collective state imprinted in the write process S'|vac) is the
same as the collective state S'"|vac) which can be fully retrieved out during the
read process, the retrieve efficiency will reach the maximum. Again we obtain
the mode-match condition kw — kas +kr — ks = 0.

After the retrieval process, the whole state of anti-Stokes and Stokes photons
can be expressed as |¢) ~ 1 + ﬁ&;sfzgvac). It can be easily seen that once
there is a photon detected in the anti-Stokes field with a probability of yx, we can
obtain a Stokes photon with certainty. In the discussion above, we only expand
the perturbation theory to the first order. Taking into account higher-order
excitations, the whole state of Stokes and anti-Stokes field may be described a
two-mode squeezed state with excitation probability x < 1.
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