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We report an investigation to establish the physical mechanisms responsible for decoherence in
the generation of photon pairs from atomic ensembles, via the protocol of Duan et. al. for long
distance quantum communication [Nature (London) 414, 413 (2001)] and present the experimental
techniques necessary to properly control the process. We develop a theory to model in detail the
decoherence process in experiments with magneto-optical traps. The inhomogeneous broadening of
the ground state by the trap magnetic field is identified as the principal mechanism for decoherence.
The theory includes the Zeeman structure of the atomic hyperfine levels used in the experiment, and
the polarization of both excitation fields and detected photons. In conjunction with our theoretical
analysis, we report a series of measurements to characterize and control the coherence time in our
experimental setup. We use copropagating stimulated Raman spectroscopy to access directly the
ground state energy distribution of the ensemble. These spectroscopic measurements allow us to
switch off the trap magnetic field in a controlled way, optimizing the repetition rate for single-photon
measurements. With the magnetic field off, we then measure nonclassical correlations for pairs of
photons generated by the ensemble as a function of the storage time of the single collective atomic
excitation. We report coherence times longer than 10 µs, corresponding to an increase of two orders
of magnitude compared to previous results in cold ensembles. The coherence time is now two orders
of magnitude longer than the duration of the excitation pulses. The comparison between these
experimental results and the theory shows good agreement. Finally, we employ our theory to devise
ways to improve the experiment by optical pumping to specific initial states.

I. INTRODUCTION

Quantum memory is a key resource for many quantum-
information protocols. Usually it is associated with the
basic requirements for quantum computation [1, 2], but
in recent years also quantum communication protocols
started to rely on it. The requirement of memory was in-
troduced in quantum communication as part of the idea
for quantum repeaters [3, 4], a possible solution for the
problem of quantum communication over long distances.
In this case, memory is essential to increase the prob-
ability of success of the chain of conditional steps that
underlies the protocol, and makes feasible scalable quan-
tum networks.

A significant step toward the realization of the quan-
tum repeater idea was a proposal by Duan, Lukin, Cirac,
and Zoller (DLCZ) for its implementation using linear
optics and atomic ensembles [5]. The DLCZ protocol is
based on the generation of single photons by spontaneous
Raman scattering in atomic ensembles [6]. The detection
of a single photon in the forward propagating mode her-
alds the presence of a single collective atomic excitation
in the sample, due to a collective enhancement effect.
This excitation can be stored for a time up to the co-
herence time of the ground states of the atoms and then
converted back into a light field. Entanglement of distant
ensembles in the excitation number basis is generated by
interference [7], and extended to longer distances by en-
tanglement swapping [8, 9]. The final pairs of ensembles,
far apart, can then be used for entanglement-based quan-
tum cryptography [5, 10], probabilistic quantum telepor-
tation and violation of Bell inequality. This proposal has
received much attention in the past two years and several

groups are presently pursuing its experimental implemen-
tation [11, 12, 13, 14, 15, 16, 17, 18].
In this article, we analyze the decoherence processes

present in the DLCZ protocol, and describe experiments
to mitigate the problem. We construct a theory for the
decoherence process in the photon-pair generation. Par-
ticularly, our analysis concentrates in its implementation
with cold atomic ensembles, but many results should
also apply to studies with room-temperature ensembles
in vapor cells. We propose various strategies to increase
the system’s coherence time, and introduce experimental
techniques necessary for its characterization and control.
We also report the first experimental steps in this direc-
tion, with an increase of more than two order of magni-
tude in the coherence time with respect to the previously
reported works with cold atoms [11, 14, 16, 17, 18].
The coherence times reported up to now by the sev-

eral groups working on the implementation of the pro-
tocol are all shorter or of the order of a couple of mi-
croseconds. Furthermore, for all experiments to date,
the reported coherence times are of the order of the ex-
citation pulses duration. However, for using this system
as a quantum memory, it is important to obtain storage
time much longer than the excitation pulses. Moreover,
for the DLCZ protocol to become a viable alternative for
long distance quantum communication, long coherence
time is crucial and major efforts are required to increase
it. The main goal of the present article is then to provide
the initial steps in this direction, and to establish several
techniques and ideas for the next steps.
Only two types of systems have been employed in the

experiments up to now: vapor cells [12, 13, 15] and
cold atoms in magneto-optical traps [11, 14, 16, 17, 18].
In both systems, however, the experiments have not
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achieved yet their respective state-of-the-art coherence
times. The vapor-cell studies, for example, did not em-
ploy paraffin coated cells [19, 20]; the coherence times
were effectively limited to the time the atoms take to dif-
fuse out of the excitation region, which is of the order
of microseconds. Recently, high fidelity atomic quantum
memory of the state of a light pulse was achieved with
such paraffin coated cells [21] with memory times of up to
4 ms. Coherence times of tens of milliseconds, however,
are commonly achieved in this system [22], and there are
reports of coherence times as high as one second [19].
The difference in these values is largely due to measure-
ments of decay of different coherent processes [19]. How
the coherence required for the generation of photon pairs
from atomic vapors will decay as the atoms collide with
the walls of paraffin coated cells is still to be determined.

The use of atomic traps to generate photon pairs for
the DLCZ protocol has the advantage of providing a high
density of atoms distributed in a small spectral region,
due to the suppression of Doppler broadening by the cool-
ing process. This allows the use of excitation laser pulses
tuned closer to resonance, which requires much less power
and makes it easier to filter the excitation pulses from the
Ramam-scattered photons. However, atomic traps also
introduce a different set of complications. In the case
of the magneto-optical traps (MOT) used up to now,
the magnetic field of the trap induces decoherence on
a timescale of the order or smaller than a few hundreds
nanoseconds [16, 17, 18]. The first results with the MOT
magnetic field off are reported in the present article, with
coherence times on the order of 10 µs. As will be dis-
cussed below in detail, a better nulling of the magnetic
field combined with optical pumping to specific Zeeman
levels might increase the coherence time, in a straightfor-
ward way, to hundreds of microseconds.

Further improvements with MOTs would face the
problem of diffusion of atoms from the excitation region
and, most troublesome, from the MOT itself. This prob-
lem can in principle be mitigated by improved cooling
techniques. However, along these lines, it would be dif-
ficult to increase the coherence time above a couple of
milliseconds. A possible solution then is to use an op-
tical dipole trap to hold the atoms during the write-
and-read process. Hyperfine coherence times of hun-
dreds of milliseconds have already been observed in such
traps [23, 24].

In the following, Secs. II and IV are devoted to theo-
retical results and Sec. III to associated experiments. In
Sec. II A we give a general introduction to the photon-
pair generation process behind the DLCZ protocol. In
Sec. II B, we derive a theory for the probability of
joint detection of these photons pairs generated from an
atomic ensemble in a magneto-optical trap. This theory
is a direct extension of a previous theoretical treatment
reported in Ref. 6, to which we added explicitly the read-
ing process and the Zeeman structure of the levels. In
this way, we are able to model the action of the magnetic
field over the atoms, and to study the dependence of the

correlations with the light polarization.
Section III describes an experimental investigation

leading to the nulling of the magnetic field in the photon-
pair correlation measurements, with the subsequent in-
crease in the system coherence time and degree of cor-
relation. In Sec. III A, we describe a series of Raman-
spectroscopy experiments to characterize the system and
optimize the process of zeroing the magnetic field. We de-
termine the set of experimental conditions that result in
a good compromise between atomic density and magnetic
field cancellation, which we used in the correlation mea-
surements. Section III B describes then measurements of
nonclassical correlations for the photon pairs generated
by the MOT. We compare results with magnetic field on
and with magnetic field off. The magnetic field off mea-
surements present a higher degree of correlation, and a
hundred times larger coherence time. We compare the
shape of the experimental curves with magnetic field on
and off to our theory, obtaining good agreement. We also
show how the two-photon wavepacket that describes the
detailed temporal structure of the photon pair generation
is modified by the magnetic field.
Finally, based on the procedure for comparison be-

tween theory and experiment described in Sec. III B, we
formulate in Sec. IV a proposal to improve our experi-
mental signal. We suggest using a combination of optical
pumping to a specific initial state and polarization of the
light fields to increase both our detection efficiency and
coherence time. Section V is dedicated to our conclu-
sions.

II. THEORY

The basic theory for the DLCZ protocol is described
in Refs. [5] and [6]. The general idea of the protocol is
treated in Ref. [5], while Ref. [6] gives a detailed analysis
of the collective emission of photons through spontaneous
Raman scattering following excitation by free-space light.
Section II B provides an extension of the theoretical treat-
ment of Ref. [6] to better account for our experimental
conditions. The emphasis here is the modeling of the de-
coherence process due to external magnetic fields, and in
particular for experiments using magneto-optical traps.
To model this decoherence, the essential elements to be
introduced in the previous theory of Ref. [6] are the Zee-
man structure of all levels and an explicit treatment of
the reading process. On the other hand, the theory in
Sec. II B is a simplification of the treatment of Ref. [6]
concerning the spatial mode of the photons. We consider
only the forward, collectively enhanced emission. The
reading process is also treated in a simplified, perturba-
tive way, while the experiments are done with stronger
read pulses on resonance. This later difference between
theory and experiment will result in some noticeable dis-
crepancy in Sec. III B 2, where we discuss measurements
of the two-photon wavepacket of the pair-generation pro-
cess. In general, however, the comparison between the-
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ory and experiment performed in Sec. III B results in
very good agreement, which indicates that the theory
in Sec. II B takes into account the essential physical ele-
ments behind the decoherence process.

A. Photon pair generation

The building block of the DLCZ protocol is an ensem-
ble of N identical atoms with lambda-type energy level
configuration as shown in Fig. 1, which we briefly discuss
here in an ideal setting. In the experiments discussed
in this article, the lower states |g〉 and |s〉 are hyperfine
sublevels of the electronic ground state of Cesium atoms.
First, all atoms are prepared in the state |g〉. By sending
in a weak, off-resonant laser pulse, one atom of the en-
semble might be transfered from |g〉 to |s〉, thus emitting
a photon (field 1) at a frequency or polarization differ-
ent from the original exciting field. A key element of
the protocol is the collective enhancement of this spon-
taneous Raman scattering in a forward direction, which
is determined by the spatial mode of the laser pulse and
the geometry of the excitation region [6]. If the laser
intensity is low enough so that two excitations are very
unlikely, the detection of the photon generated in this
process is a signature that the ensemble was excited to
a symmetrical collective state [5, 6], which in the ideal
case can be explicitly written as

|1a〉 =
1√
N

N
∑

i=1

|g〉1 · · · |s〉i · · · |g〉N , (1)

where the sum goes over all atoms addressed by the laser
pulse, and |1a〉 indicates the state of the atomic ensemble
with just one excitation. This is the “writing” step of the
protocol (Fig. 1a).
Since the excitation probability χ is very small, the

whole state of the system consisting of atoms and
forward-scattered mode of light is in the following form:

|φ〉 = |0a〉|01〉+ eiβ
√
χ |1a〉|11〉+O(χ), (2)

where χ << 1, |n1〉 stands for the state of the forward-
propagating light field 1 with n photons, β is a phase
set by propagation to and from the ensemble, and |0a〉 ≡
⊗Na

i |g〉i. O(χ) represents all the other possible excita-
tion processes, which in the ideal case occur with proba-
bilities of order χ2. The system remains in this state for
a time on the order of the lifetime of the ground states.
By sending in a second (“read”) pulse resonant with the
|s〉 → |b〉 transition, the state of the atomic ensemble
can be transferred deterministically (read out) to another
forward-propagating light field 2 at the |b〉 → |g〉 tran-
sition (see Fig. 1b). In this way, it is possible to access
the quantum state of the atoms. This reading process
is then closely related to low-light-level Electromagneti-
cally Induced Transparency [25, 26]. After the read out,

write read

g g

s s

a
b

field 1 field 2

a) b)

FIG. 1: Relevant level structure of the atoms in the ensemble
for (a) writing and (b) reading processes, with |g〉 the initial
ground state and |s〉 the ground state for storing an excita-
tion. |a〉 and |b〉 are excited states. The transition |g〉 → |a〉
is initially coupled by a classical laser pulse (write beam) de-
tuned from resonance, and the forward-scattered Stokes light
(field 1) comes from the transition |a〉 → |s〉, which has dif-
ferent polarization or frequency to the write light. A classical
read pulse then couples the transition |s〉 → |b〉, leading to the
emission of forward-scattered anti-Stokes light (field 2) from
the transition |b〉 → |g〉.

the state of the system becomes:

|φ〉 = |01〉|02〉+ eiγ
√
χ |11〉|12〉+O(χ), (3)

where γ is a phase that includes β and the propagation
phases to and from the ensemble related to the reading
process. Fields 1 and 2 exhibit now strong correlations in
the photon number basis, and can be described as photon
pairs. These non-classical correlations can be measured
by photoelectric detection. Since the field 2 maps the
state of the atoms, the correlations between field 1 and
field 2 can then be used to infer correlations between field
1 and the collective atomic excitations in the sample.

B. Decoherence

In order to analyze the decoherence process in the gen-
eration of pairs from an atomic ensemble as described in
Sec. II A, we need to expand the theoretical treatment
of Ref. [6] to include other experimentally relevant fea-
tures. For our experiments in particular, it is essential
to include the splitting of the Zeeman structure of the
atomic ground states due to the magnetic field. The
MOT quadrupole field generates an inhomogeneous dis-
tribution of splittings throughout the ensemble. As the
system evolves in time, this results in dephasing between
different regions of the atomic cloud, and in a respective
decay of the coherence of the collective state. It is also
important to include explicitly the reading process in the
theory. For simplicity, this is done by considering a read
process similar to the write process, i.e., with small prob-
ability of excitation and detuned from the excited state.
Note that in the actual experiment, the read beam is
stronger than the write beam and is on resonance. This
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will lead to small discrepancies when comparing the ex-
perimental results to the theory, that will be discussed in
section III B 2.

The inclusion of Zeeman structure in the theory al-
lows a detailed discussion of the effect of light polariza-
tion in the experiment. This is important to evaluate
different excitation and detection schemes. It also gives
a better description of the initial state, and of its role
on the subsequent coherent pair generation. Together,
the analysis of different polarization schemes and of dif-
ferent initial states led to specific proposals of ways to
improve the whole process. These features of the theory
are not specifically related to the MOT magnetic field,
and should apply to pair generation in other systems,
like vapor cells or dipole traps.

Our treatment starts by considering a sample of N
four-level atoms, such as in Fig. 2. The four levels rep-
resent manifolds of Zeeman sublevels and are indicated
by their respective F quantum numbers. A specific state
of the Fj manifold of the i-th atom is represented by its
ket |mj〉i, where mj is the azimuthal quantum number.
Two pumping fields act on the system, namely a write

field ~Ega and a read field ~Esb, where

~Ega(~r, t) = uw(~r, t)e
i(kwz−ωwt)~epw

, (4a)

~Esb(~r, t) = ur(~r, t)e
i(krz−ωrt)~epr

, (4b)

which couple the transitions Fg → Fa and Fs → Fb,
respectively. The functions uw and ur give the slowly-
varying envelopes of the write and read pulses, respec-
tively, and ~epw

and ~epr
are their polarization vectors. As

a result of their action, two Raman fields are sponta-
neously generated in the sample:

~̂Esa(~r, t) ∝
∑

p1

∫

d~k1â~k1p1

e
i(~k1· ~r−ω~k1

t)
~ep1

, (5a)

~̂Egb(~r, t) ∝
∑

p2

∫

d~k2b̂~k2p2

e
i(~k2· ~r−ω~k2

t)
~ep2

, (5b)

where ω~ki
= |~ki|c and pi is a label for the field polariza-

tion. â~k1p1

and b̂~k2p2

are the annihilation operators for

the Raman fields 1 and 2, respectively, which couple the
transitions Fs → Fa and Fg → Fb. The state of field 1

with just one photon excited in mode ~k1p1 will be desig-
nated by |1~k1p1

〉. A similar notation will be used for field
2.

The Hamiltonian for the system of N atoms can be
written as

Ĥ(t) = Ĥ0 + V̂ (t) , (6)

Fs

Fg

Fa

Fb

w r

w

r

b

a

s

1k 2k

FIG. 2: Energy level scheme considered for the atomic ensem-
bles

where

Ĥ0 =

N
∑

i=1

{

Fs
∑

ms=−Fs

(−h̄ωs + µBgsmsBzi) |ms〉i〈ms|

+

Fg
∑

mg=−Fg

µBggmgBzi |mg〉i〈mg|

+

Fa
∑

ma=−Fa

h̄ωa|ma〉i〈ma|+
Fb
∑

mb=−Fb

h̄ωb|mb〉i〈mb|
}

(7)

is the free-atom Hamiltonian, and

V̂ (t) =

N
∑

i=1

{

Fa
∑

ma=−Fa

Fg
∑

mg=−Fg

(

−~dmamg
· ~Ega

)

|ma〉i〈mg|

+

Fs
∑

ms=−Fs

Fa
∑

ma=−Fa

(

−~dmsma
· ~̂E†

sa

)

|ms〉i〈ma|

+

Fb
∑

mb=−Fb

Fs
∑

ms=−Fs

(

−~dmbms
· ~Esb

)

|mb〉i〈ms|

+

Fg
∑

mg=−Fg

Fb
∑

mb=−Fb

(

−~dmgmb
· ~̂E†

gb

)

|mg〉i〈mb|
}

(8)

gives the time-dependent interaction Hamiltonian. ~djk
is the dipole moment for the j → k transition, µB the
Bohr magneton, gj the hyperfine Landé factor for level
Fj , and Bzi is the magnetic field in the position of the
i-th atom. The magnetic field direction is taken as the
quantization z axis. We neglect the Zeeman splitting of
the excited states since we want to investigate a situation
where it is always smaller than the excited-states natural



5

linewidths. The factors −~djk · ~Ekj can also be written as

−~dmamg
· ~Ega = Kmamg

uw(~ri, t)e
i(kwzi−ωwt) , (9a)

−~dmsma
· ~̂E†

sa =
∑

p1

∫

d~k1K
~k1p1

msma
â†~k1p1

e
−i(~k1·~r−ω~k1

t)
,

(9b)

−~dmbms
· ~Esb = Kmbms

ur(~ri, t)e
i(krzi−ωrt) , (9c)

−~dmgmb
· ~̂E†

gb =
∑

p2

∫

d~k2K
~k2p2

mgmb
b̂†~k2p2

e
−i(~k2·~r−ω~k2

t)
,

(9d)

where Kmamg
, K

~k1p1

msma
, Kmbms

, and K
~k2p2

mgmb
are coupling

constants for the corresponding transition.
The temporal evolution of the coupled system consist-

ing of ensemble + Raman fields is described by the evolu-
tion of its density matrix ρ̂(t). In the interaction picture,
the corresponding operator ρ̂I(t) is given by

ρ̂I(t) = ÛI(t)ρ̂(0)Û
†
I (t) , (10)

where ÛI(t) is the temporal evolution operator, and the
initial state ρ̂(0) can be written as

ρ̂(0) = ρ̂F1
(0)⊗ ρ̂F2

(0)⊗ ρ̂1(0)⊗ ρ̂2(0)⊗· · ·⊗ ρ̂N(0) , (11)

with ρ̂F1
(0) the initial state of field 1, ρ̂F2

(0) the initial
state of field 2, and ρ̂i(0) the initial state of the i-th atom.
For most of what follows, we will be interested in the
case where the fields 1 and 2 are initially vacuum states,
ρ̂F1

(0) = |vacF1
〉〈vacF1

| and ρ̂F2
(0) = |vacF2

〉〈vacF2
|,

and all atoms are initially in the same incoherent dis-
tribution over the Zeeman sublevels of the Fg state:

ρ̂i(0) =

Fg
∑

mg=−Fg

Dmg
|mg〉i〈mg| , (12)

with Dmg
giving the probability of finding an atom in the

mg state at t = 0. In section IV however, we will consider
the case where all the atoms are optically pumped in one
of the Zeeman sublevel (mF = 0).

The operator Û(t) can be written as a Dyson series in
the form

ÛI(t) = 1 +

N
∑

i=1

Û (1)
i (t) +

N
∑

i=1

Û (2)
i (t) + · · · , (13)

where

Û (1)
i (t) =

(

− i

h̄

)
∫ t

0

dt′V̂i(t
′) ,

Û (2)
i (t) =

(

− i

h̄

)2 ∫ t

0

dt′
∫ t′

0

dt′′V̂i(t
′)V̂i(t

′′) , (14)

and so on. The single-atom interaction operator V̂i(t) is
defined from the expression for the general interaction

Hamiltonian V̂I(t) in the interaction picture as

V̂I(t) = eiĤ0t/h̄V̂ (t)e−iĤ0t/h̄ =

N
∑

i=1

V̂i(t) . (15)

1. Probability for joint detections

We want to calculate in the lowest order of perturba-
tion the probability of detecting a single photon in field
1 followed by another photon in field 2. The first step is
then to calculate the restriction of the coupled state ρ̂(t)
to the space of states of fields 1 and 2:

ρ̂F1F2
(t) = TrA [ρ̂(t)] . (16)

The symbol TrA indicates a partial trace over all atomic
states. The probability for detecting two photons, one in

mode ~k1p1 and the other in mode ~k2p2, up to time t is
then given by

pth12(t,
~k1p1, ~k2p2) = 〈1~k1p1

|〈1~k2p2

|ρ̂F1F2
(t)|1~k2p2

〉|1~k1p1

〉
= 〈1~k1p1

|〈1~k2p2

|TrA [ρ̂(t)] |1~k2p2

〉|1~k1p1

〉.
(17)

Since all atoms are initially in the ground state Fg, the
lowest order term of series (13) that results in a single
photon in field 1 and another photon in field 2 is the
fifth term, which accounts for the four transitions carried
successively by the write field, photon 1, read field, and
photon 2, respectively. Substituting Eqs. (10) and (13)
into Eq. (17) and keeping only the lowest order term, we
arrive then at

pth12(t,
~k1p1, ~k2p2) =

N
∑

i,j=1

〈1~k1p1

|〈1~k2p2

|TrA
[

Û (4)
i (t)ρ̂(0)Û (4)†

j (t)
]

|1~k2p2

〉|1~k1p1

〉.

(18)

Note that Û (4)
k acts only over the k-th atom. Thus, the

trace TrA on each term of the double sum can be written
as a trace Trk over the states of the atoms at which

the Û (4)
k operator is acting, since all other atoms remain

in their initial state. Two different cases are present in
Eq. (18). If i 6= j, the two operators act over two different
atoms and the initial state ρ̂(0) simplifies to ρ̂F1

(0) ⊗
ρ̂F2

(0) ⊗ ρ̂i(0) ⊗ ρ̂j(0). If i = j, then ρ̂(0) → ρ̂F1
(0) ⊗

ρ̂F2
(0) ⊗ ρ̂i(0). With these observations in mind, we see
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that Eq. (18) can then be written as

pth12(t,
~k1p1, ~k2p2) =

N
∑

i,j=1

i6=j

〈1~k1p1

|〈1~k2p2

|Tri
[

Û (4)
i (t)ρ̂i(0)

]

|vacF2
〉|vacF1

〉

× 〈vacF1
|〈vacF2

|Trj
[

ρ̂j(0)Û (4)†
j (t)

]

|1~k2p2

〉|1~k1p1

〉

+

N
∑

i=1

〈1~k1p1

|〈1~k2p2

|Tri
[

Û (4)
i (t)ρ̂F1

(0)⊗ ρ̂F2
(0)⊗ ρ̂i(0)

× Û (4)†
i (t)

]

|1~k2p2

〉|1~k1p1

〉.
(19)

Substituting Eq. (12), we have

pth12(t,
~k1p1, ~k2p2) =

∣

∣

∣

∣

∣

∣

N
∑

i=1

Fg
∑

mg=−Fg

DmgAi(mg,mg)

∣

∣

∣

∣

∣

∣

2

+

N
∑

i=1

Fg
∑

m′

g=−Fg

Fg
∑

mg=−Fg

Dmg|Ai(m
′
g,mg)|2

−
N
∑

i=1

∣

∣

∣

∣

∣

∣

Fg
∑

mg=−Fg

DmgAi(mg,mg)

∣

∣

∣

∣

∣

∣

2

, (20)

where

Ai(m
′
g,mg) =

〈1~k1p1

|〈1~k2p2

|〈m′
g|iÛ

(4)
i (t)|mg〉i|vacF2

〉|vacF1
〉. (21)

Note that the first term on the right side of Eq. (20)
scales as N2, while the two remaining terms scale with
N only. Since we are interested in the limit of large N ,
we can then approximate

pth12(t,
~k1p1, ~k2p2) =

∣

∣

∣

∣

∣

∣

N
∑

i=1

Fg
∑

mg=−Fg

DmgAi(mg,mg)

∣

∣

∣

∣

∣

∣

2

.

(22)

Thus, for large N , only transitions that start and end in
the same state contribute to the pair generation. This
result can be understood as a constructive interference
between all pathways that connect the ensemble back to
its initial state, after which it is not possible to distin-
guish which atom made the transition [27]. Pathways
connecting different initial and final states leave a trace
in the ensemble, which in principle can give information
on which specific atom made the transition. In this last
case, the number of possible pathways generating the pair
of photons is then linearly proportional to the number of
atoms N . Eq (22) expresses the collective enhancement
that is essential to the scheme of ref. [5].

Finally, substituting the specific expressions for Û (4)
i (t)

and V̂i(t), we find that Ai(mg,mg) can be written as

Ai(mg,mg) =

Fs
∑

ms=−Fs

d(mg,ms)

h̄4 ei(krzi+kwzi−~k1·~ri−~k2·~ri)

×
∫ t

0

dt′e
i(∆ω~k2

−∆r+aig)t
′

×
∫ t′

0

dt′′ur(~ri, t
′′)ei(∆r−ais)t

′′

×
∫ t′′

0

dt′′′e
i(∆ω~k1

−∆w+ais)t
′′′

×
∫ t′′′

0

dt′νuw(~ri, t
′ν)ei(∆w−aig)t

′ν

, (23)

where ∆w = ωa − ωw, ∆r = ωb + ωs − ωr, ∆ω~k1

=
ω ~k1

− ωw − ωs, ∆ω~k2

= ω ~k2

− ωr + ωs, and

d(mg,ms) =

Fb
∑

mb=−Fb

Fa
∑

ma=−Fa

K
~k2p2

mgmb
Kr

mbms
K

~k1p1

msma
Kw

mamg

(24)
gives the strength of an specific excitation pathway in
which the atom starts at mg, then goes to ms, and
ends at mg again. The Zeeman splittings are written
in terms of the parameters aig = µBggmgBzi/h̄ and
ais = µBgsmsBzi/h̄.

2. Forward emission

In order to simplify the following analysis while keep-
ing the essential trends of the temporal dynamics, we
will focus now on the treatment of the forward, reso-
nant emission from the atomic ensemble. In the forward
direction, the light emitted by the sample satisfies the
phase-matching condition

krzi + kwzi − ~k1 · ~ri − ~k2 · ~ri = 0. (25)

The resonant conditions for the Raman fields are ∆ω~k1

=
0 and ∆ω~k2

= 0. A discussion about deviations from

these conditions can be found at Ref. [6].
Under these assumptions, and with the slow envelope

functions written as

ur(~ri, t) = qr(~ri)fr(t) , (26a)

uw(~ri, t) = qw(~ri)fw(t) , (26b)

Equation (23) becomes

Ai(mg,mg) = qr(~ri)qw(~ri)

Fs
∑

ms=−Fs

d(mg,ms)

h̄4 F (t, zi) ,

(27)
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with

F (t, zi) =

∫ t

0

dt′ei(−∆r+aig)t
′

∫ t′

0

dt′′fr(t
′′)ei(∆r−ais)t

′′

×
∫ t′′

0

dt′′′ei(−∆w+ais)t
′′′

∫ t′′′

0

dt′νfw(t
′ν)ei(∆w−aig)t

′ν

.

(28)

Note that the F function depends on the parameters for
a specific atom only through zi that specifies its position
along the quantization axis. In this way, after a certain
time, atoms in different parts of the ensemble contribute
to the probability amplitude of the process with different
phases.
If we consider a uniform distribution of atoms through-

out the beam path, and neglecting the z dependence on
the q functions, the sum over all atoms may be trans-
formed in the following integral

N
∑

i=1

qr(~ri)qw(~ri)→
N

V

∫ ∫ ∫

dx dy dz qr(x, y)qw(x, y) =

=

∫ ∫

dx dy
qr(x, y)qw(x, y)

A

N

L

∫

dz

= 〈qr(x, y)qw(x, y)〉 N
∫ L/2

−L/2

dz

L
,

(29)

where V = AL gives the volume of the excitation region,
A its transverse area, and L its length.
Substituting Eqs. (27) and (29) in Eq. (22), we finally

obtain

pth12(t) = C

∣

∣

∣

∣

∣

∣

Fg
∑

mg=−Fg

Fg
∑

ms=−Fs

Dmg
d(mg,ms)

∫ L/2

−L/2

dz

L
F (t, z)

∣

∣

∣

∣

∣

∣

2

,

(30)
where

C = N2 |〈qr(x, y)qw(x, y)〉|2 , (31)

is a constant. After the read pulse has left the sample
(i.e., when t → ∞), Expression (30) is then proportional
to the total probability of detecting the pair of photons
in one trial. Details on how to compare this expression to
the experimental results will be discussed in Sec. III B 1.
In the experimentally important case of square pulses,
it is straightforward to obtain analytical expressions for
both F (t, z) and p12(t) in the limit of large ∆w and ∆r.

3. Probability density

Equation (30) gives the total probability of detecting
one photon in field 2 after detecting a photon in field 1.
Now we want to obtain the probability of finding photon
2 between times t2 and t2 + ∆t2 and photon 1 between
times t1 and t1 +∆t1, for small ∆t2 and ∆t1.

The first step in this calculation is to note that Eq. (30)
can be written as,

pth12(t) = |φ(t)|2. (32)

The function φ(t) gives then a probability amplitude for
the process where the two photons are found up to time t.
It consists of an integral over all possible pairs of detec-
tion times (t2, t1), representing different excitation path-
ways, and can in principle also be written as

φ(t) =

∫ t

0

dt1

∫ t

t1

dt2P (t2, t1), (33)

where we considered explicitly t2 > t1. P (t2, t1) repre-
sents then a density of probability amplitude.
The probability amplitude for finding photon 2 be-

tween times t2 and t2+∆t2, and photon 1 between times
t1 and t1 +∆t1, can be obtained then by restriction over
the temporal integral in Eq. (30). Since all the tempo-
ral dynamics in Eq. (30) is in the function F (t, z), we
need to calculate first the restriction of F (t, z) for these
specific processes. In order to do so, note that, in the
fourth order integral of F (t, z), the emission of photon 2
is described by the last integral (over t′), while photon 1
emission is described by the third integral (over t′′′). The
restriction of F (t, z) for the emission of photon 2 between
times t2 and t2+∆t2, and photon 1 between times t1 and
t1 +∆t1, is then given by [28]

G(t2,∆t2, t1,∆t1) =

∫ t2+∆t2

t2

dt′ei(−∆r+aig)t
′

×
∫ t′

0

dt′′fr(t
′′)ei(∆r−ais)t

′′

∫ t1+∆t1

t1

dt′′′ei(−∆w+ais)t
′′′

×
∫ t′′′

0

dt′νfw(t
′ν)ei(∆w−aig)t

′ν

. (34)

Equation (34) can be directly evaluated for the case of
square pulses and large detunings, such that ∆r,∆w >>
∆t−1

2 ,∆t−1
1 . If the time intervals are also small when

compared to the timescale of oscillations determined by
the Zeeman shifts (i.e., ∆t2,∆t1 << a−1

g , a−1
s ), then

Eq. (34) can be written as

G(t2,∆t2, t1,∆t1) = g(t2, t1)∆t1∆t2 , (35)

with

g(t2, t1) = −fr(t2)fw(t1)

∆r∆w
ei(ag−as)(t2−t1) . (36)

In this case, F (t, z) can be derived by:

F (t, z) =

∫ t

0

dt1

∫ t

t1

dt2 g(t2, t1) . (37)

An important remark is that, since any pulse envelope
can be approximated by a sum of square pulses of differ-
ent intensities and small duration, Eq. (36) is indeed valid
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for arbitrary pulse shapes, as long as the envelope tem-
poral variation occurs in a much longer timescale than
∆t1 or ∆t2.
The connection between g(t2, t1) and the density of

probability amplitude P (t2, t1) is then made through the
relation

P (t2, t1) =
√
C

Fg
∑

mg=−Fg

Fg
∑

ms=−Fs

Dmg
d(mg,ms)

×
∫ L/2

−L/2

dz

L
g(t2, t1). (38)

Finally, the probability density for detecting one photon
from field 1 at time t1 and another from field 2 at t2 is
associated to

P(t2, t1) = |P (t2, t1)|2. (39)

This is the quantity to be compared with the experimen-
tal results of Sec. III B 2, for the two-photon wavepacket
of the photon pair.

III. EXPERIMENTS

Up to now, the experimental implementation of the
DLCZ protocol in MOTs have been plagued by extremely
short coherence times [11, 14, 16, 17]. As discussed
above, this short coherence time is a result of the action
of the MOT quadrupole field over the Zeeman structure
of the hyperfine ground states. In the following, we are
going to describe a series of experiments that allowed us
to obtain photon pairs from the trapped atomic cloud
in a situation of very small magnetic field. In this way,
we were able to measure coherence times of more than
10 µs (more than two orders of magnitude longer than
the duration of the excitation pulses), and two-photon
wavepackets for the photon pairs that do not exhibit dis-
tortion by decoherence even when write and read pulses
cease overlapping in time [17].
The crucial point is to turn off the MOT magnetic

field and determine the experimental conditions with a
best tradeoff between high repetition rate and high op-
tical density. Note that the atoms fly away from the
trap and the density starts to decrease when the mag-
netic field is turned off. Hence, the MOT field has to
be turned off as fast as possible, to decrease the tran-
sient time and maximize the region with low magnetic
field and high density. A fast turning off of the magnetic
field in our metallic vacuum chambers, however, is not
straightforward and requires specific techniques, as will
be discussed in Sec. III A.
Inside each MOT-off period, it is possible to conduct

many trials of the photon pair experiments. These are
photon counting measurements that require many events
in order to acquire good statistics. Hence, we would like
to have as many MOT-off periods as possible to accumu-
late a large number of trials. However, the MOT needs

some time to recover its original density after each off
period, and this time limits how often it can be turned
off while still keeping a high enough atomic density.
During the process of turning off the magnetic field and

determining the proper conditions for the photon count-
ing experiments, it was essential to be able to perform
simpler experiments giving direct access to the ground
state broadening by the magnetic field. We chose then
to setup a copropagating stimulated Raman spectroscopy
apparatus to help us in this process. The results for the
Raman spectroscopy measurements and the investigation
to determine the best experimental conditions for the
photon pair generation are described also in Sec. III A.
The nonclassical correlation experiments are discussed

in Sec. III B. There we show that the coherence time in-
creases by more than two orders of magnitude once the
magnetic field is switched off, and describe measurements
of the shape of the two-photon wavepacket in both situa-
tions. In this section, we also compare the experimental
results with the theory of Sec. II B.

A. Characterization and magnetic field nulling

As anticipated above, we use copropagating stimulated
Raman spectroscopy [29] to probe directly the broaden-
ing of the hyperfine ground states. Our choice for this
specific technique is based on the fact that it is insensitive
to Doppler broadening, but very sensitive to any broad-
ening caused by magnetic fields, exactly like the spon-
taneous Raman emission process underlying the photon
pair generation in our experiment. Raman stimulated
transitions (see Fig. 3a) are two-photon transitions con-
necting one ground-state hyperfine level to the other one,
in which a single photon is absorbed from one Raman
beam and another photon is emitted in the other beam
by stimulated emission through a virtual level, which is
located 3 GHz below the Cesium D2 line in our setup.
The Raman process is resonant if the frequency differ-

ence of the two Raman beams equals the ground-state hy-
perfine interval, around 9.192631770 GHz for Cesium. In
the absence of collisions and transit broadening, this two-
photon resonance is very sharp, with a linewidth limited
only by the power and duration of the Raman beams [29].
In this way, since the specific value of the hyperfine inter-
val for transitions between |mg〉 and |ms〉 states changes
with the magnetic field, scanning the frequency of one
Raman beam with respect to the other gives direct in-
formation on the frequency distribution of possible two-
photon resonances dislocated by the magnetic field, i.e.,
on the broadening of the ground state.
Our setup for Raman spectroscopy is shown in Fig. 3a.

The two Raman beams and a probe beam are coupled
to the same polarization maintaining fiber, which takes
the beams close to the MOT and provides good mode-
matching between them. The probe beam is coupled with
the same polarization as the Raman field connecting the
F = 3 ground state to the virtual level, the other Raman
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field is coupled with the orthogonal polarization. The
lens at the fiber output focus the beam to a diameter of
150 µm in the MOT region. After the fiber, the beams
pass through a 50/50 beam splitter cube. The transmit-
ted parts of the beams are used as a reference to compen-
sate for power fluctuations. The reflected part is directed
to the MOT, forming an angle of about θ ≈ 3◦ with the
quadrupole-field z axis. The shaded area around the z
axis in Fig. 3a indicates the path of one of our trapping
beams. The absorption of the probe beam by the atoms
in the MOT is then measured with a second detector, by
comparing the probe pulse height with MOT on and off.

(a)

(b)

MOT

reference

detector
probe

detector

B.S.

PM fiber

z

F = 4

F = 3

6P3/2

6S1/2

probeRaman

3 GHz

FIG. 3: (a) Experimental Raman spectroscopy setup. The
Raman beams and the probe beam are coupled into a po-
larization maintaining (PM) fiber and sent trough a beam
spitter cube (BS). The reflected part is focused into the sam-
ple with an angle of 3 degrees with respect to the quadrupole
field z axis, while the transmitted part is used as a reference.
(b) Relevant level structures and laser frequencies for Raman
spectroscopy.

Before the Raman pulses reach the MOT, an optical
pumping cycle moves the whole atomic population to just
one of the hyperfine ground states. Note that for the
following experiments, we make no attempt to optically
pump the atoms onto a specific Zeeman state. Hence,
the atomic ensemble is unpolarized and all Zeeman sub-
states are populated. The action of the Raman pulses, of
about 150 µs duration and 10 µW power, then transfers
some population to the initially empty level if their rela-
tive detuning matches one of the two-photon transitions
of the sample. The probe pulse has a duration of 5 µs
and comes 50 µs after the Raman pulses. It is resonant
with the cycling transition connecting the initially empty
ground state to the 6P3/2 level [F = 4 → F ′ = 5 if the
empty ground state is F = 4, F = 3 → F ′ = 2 for empty
F = 3 state]. The probe power is about 50 nW, to guar-
antee a low saturation of the transition. It is then very
sensitive to any change in the initial population, and its

absorption indicates that the Raman pulses succeeded in
transferring some population from one ground state to
the other.
In this way, a plot of the medium optical depth for the

probe pulse as a function of the detuning between the
two Raman fields gives a direct measure of the ensemble
distribution of energies in the ground states. Examples
of such plots with the MOT magnetic field on and off
are shown in Figs. 4a and 4b, respectively. In Fig. 4b
the Raman pulses are delayed 4 ms from the moment the
magnetic field was turned off, and the nulling of the field
was performed using additional bias coils located around
the MOT and looking for a reduced width of the Ra-
man trace. From Fig. 4a to 4b, the width of the signal
is then reduced by more than two orders of magnitude,
from 5 MHz to about 20 kHz. The 20 kHz linewidth of
Fig. 4b, however, also includes about 10 kHz that comes
from power broadening by the Raman beams. To mea-
sure this power broadening, we applied an extra DC field
in the z direction in order to split the central peak be-
tween the various mF → m′

F transitions, and then mea-
sured the width of the magnetic-field-insensitive transi-
tion mF = 0 → m′

F = 0. As mentioned above, the
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FIG. 4: (a) Raman trace with the quadrupole MOT mag-
netic field on. The trace represents the absorbtion of the
probe pulse following the Raman beams, as a function of the
Raman detuning δ. The line width FWHM is around 5 MHz.
(b) Raman trace 4 ms after the quadrupole field has been
switched off. The fitted linewidth is 20 kHz, including 10 kHz
of power broadening due to the Raman beams

quadrupole field of the MOT should be switched off as
fast as possible, in order to maintain the high optical
density needed for the DLCZ-type experiments. How-
ever, switching off the magnetic field generated by the
MOT coils is usually retarded for two reasons. First,
the current in the coils decays exponentially, with a time
constant proportional to the inductance of the coils. Sec-
ond, the field decay time is increased by eddy currents
in the metallic part of our vacuum chamber. Depending
on the metallic configuration of chamber and coils, the
transient period can last for tens of ms. In order to ob-
tain a faster transient, we use a fast-switching electronic
circuit [30, 31]. This circuit allows a quick reversal of
the current in the quadrupole coils in order to compen-
sate for the eddy currents, and resulted in a substantial
reduction of the transient time in our system.
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A detailed description of the magnetic field transient
is given in Fig. 5a, which plots the Raman scan linewidth
as a function of the delay from the moment the field was
switched off. Figure 5a then shows the timescale over
which the ground state has its energy-distribution profile
changed from Fig. 4a to Fig. 4b. We can see that after a
few miliseconds, the linewidth asymptotically reaches a
plateau, given by the residual DC field in the chamber,
that we estimate in this case to be on the order of 10 mG.
The dashed line in Fig. 5a indicates the measured power
broadening. Shorter transients can be obtained with a
different metallic chamber configuration (like in Ref. 30)
or using non-metallic vacuum chambers.
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FIG. 5: (a) Evolution of the ground state linewidth and (b) of
the optical depth of the sample as a function of the delay from
the time when the current is switched off in the MOT coils.
The linewidth is measured with Raman spectroscopy. The
dashed line represents the measured power broadening due to
the Raman beams. The OD is determined by measuring the
absorbtion of a probe pulse in the sample. In both graphs,
the dashed area represents the window used for measuring
correlations at the single photon level.

In order to estimate the optimal region for photon
counting measurements, it is important to independently
measure the decay of the optical depth after the magnetic
field is switched off. In our setup this is done in a straight-
forward way by turning off the Raman beams and using
a probe pulse close to resonance with the ground state
that concentrates all the atomic population. The results
of such measurement are shown in Fig. 5b, for which the
population was initially pumped to F = 4 and the probe
tuned 10 MHz below the F = 4 → F ′ = 5 transition.
The optical depth measurements in Fig. 5b were obtained
from the absorption at 10 MHz detuning and assuming
a Lorentzian lineshape for the atomic transition with a
natural linewidth corrected for power broadening by the
probe beam.
Together, the results in Figs. 5a and 5b allow us to

determine an optimal window for the experiments of
Sec. III B, i.e., between 3 and 5.5 ms (dashed region in
both figures). The lower limit of this region is determined
by the moment when the residual magnetic field reaches

a reasonably small value corresponding to an acceptable
decoherence time, and the higher limit by the restriction
that the density should not vary too much throughout
the region. We accepted a variation of about 30% in the
density. The linewidth varies by about 30 kHz in the
same interval.
A better cancellation of the magnetic field can in prin-

ciple lead to even smaller linewidths and, consequently,
longer coherence times. However, improvements along
this line will eventually be limited by a different problem:
the diffusion of atoms out of the excitation region. This
effect of course depends on the temperature of the sample
and on the diameter of the excitation beams. In order to
directly measure this diffusion time, we use again Raman
spectroscopy. In this case, Raman traces are recorded as
a function of the delay between the Raman pulses and
probe. The measurement is done when the magnetic
field is off, such that there is only one narrow peak in
the Raman trace, like in Fig. 3d. In this case, the area of
the peak profile is proportional to the number of atoms
in the excitation region. Figure 6 shows a plot of this
area as a function of delay. We see that the population
decays with a time constant of 900 µs, as given by an
exponential fit to the data (solid line). Note that this
measurement was done with beams that have 150 µm di-
ameter, while in the correlation measurements described
later we use beams with 60 µm diameter, leading to a
diffusion time of the order of 360 µs.
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FIG. 6: Diffusion of atoms out of the excitation region. The
solid line is an exponential fit with a time constant of 900 µs.
The Raman beam diameter is 150 µm.

B. Nonclassical correlations

In order to characterize the coherence time of the sys-
tem for various quantum information applications, e.g.
for the DLCZ protocol or for generation of conditional
single photons, the measurements must be performed at
the single-photon level. In particular, one must know
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how long a single excitation can be stored in the quan-
tum memory. For this purpose, we perform correlation
measurements between fields 1 and 2 as a function of the
time delay ∆t between write and read pulses, thereby
probing how the nonclassical character of these correla-
tions ( and hence of the correlations between field 1 and
the collective atomic excitations) is preserved during the
storage process.
In order to investigate the quantum nature of the cor-

relations, we use the fact that there exists a well-defined
border between the classical and quantum domains for
fields 1 and 2 that can be operationally accessed via co-
incidence detection, as was first demonstrated in the pi-
oneering work by Clauser [32]. In this way, we measure
the joint detection probability p12 for detecting a photon
in both fields 1 and 2 in the same trial, and the proba-
bilities p1 and p2 to register a single detection event in
field 1 and field 2, respectively. By splitting field i with
a 50-50 beamsplitter and directing the output to the two
detectors, the joint probabilities pii are also measured,
where i = 1 or 2. Fields for which the Glauber-Sudarshan
phase-space function is well-behaved (i.e., classical fields)
are constrained by a Cauchy-Schwarz inequality for the
various probabilities [32, 33], namely:

R =
[g12(t)]

2

g11 g22
≤ 1 , (40)

where g11 ≡ p11/p
2
1, g22 ≡ p22/p

2
2, g12(t) ≡ p12/(p1p2),

and t denotes the time separation between the detection
of photons 1 and 2. In our system, g11 = g22 = 2 in the
ideal case. However, in practice, g11 and g22 are mea-
sured to be smaller than 2, due to various experimental
imperfections. Hence in our case measuring g12 > 2 her-
alds nonclassical correlations, and in the following we will
use this quantity as another figure of merit to quantify
the loss of coherence in the quantum memory.
The experimental setup used to measure nonclassical

correlations between fields 1 and 2 is shown in Fig. 7. As
already mentioned the sample consists in a cold atomic
ensemble of Cesium atoms in a magneto-optical trap.
Each trial consists of a period of cooling and trapping,
and of a period of measurement during which all the
beams responsible for cooling and trapping the atoms
are switched off. During the measurement period, the
atoms are initially prepared in level |g〉 (F=4) by optical
pumping with a laser beam resonant with the transition
6S1/2(F = 3) → 6P3/2(F

′ = 4).
A laser pulse with 150 ns duration from the write beam

then illuminates the sample. The write beam is tuned
near the |g〉 → |a〉 (corresponding to F = 4 → F ′ =
4 of the D2 line, at 852 nm) and induces spontaneous
Raman scattering to the initially empty level |s〉 (F = 3).
The intensity of the pulse is made sufficiently weak, such
that the probability of creating more than one excitation
in the symmetric collective mode is very low. After a
variable delay ∆t, the stored excitation is converted into
a photon in field 2, by sending a read pulse tuned to the
transition |s〉 → |b〉 (corresponding to F = 3 → F ′ = 4

transition of the D1 line, at 894 nm). The write and
read beams are orthogonally polarized and combined at
the polarizing beam splitter PBS 1 (see Fig. 7). At PBS
1, the write and read beams are spatially mode-matched
with a measured overlap of about 93%. The beams are
focussed to a waist of about 30µm in the sample region.

PBS1 PBS2

Filter 1

D2

D1

Data acquisition

Filter 2

SM fiber BS

SM fiber BS
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FIG. 7: Experimental setup. Write and read pulses propagate
sequentially into a cloud of cold Cs atoms (MOT), generating
pairs of correlated output photons 1 and 2. The write and
read pulses have orthogonal polarizations, are combined at
polarizing beam splitter PBS1, and then focused in the Cs
MOT with a waist of approximately 30 µm. The output fields
are split by PBS2, which also serves as a first stage of filtering
the (write, read) beams from the (1,2) fields. For example,
field 2 is transmitted by PBS2 to be subsequently registered
by detector D3 or D4 while the read pulse itself is reflected
at PBS2. Further filtering is achieved by passing each of the
outputs from PBS2 through separate frequency filters. SM
stands for single mode.

After the MOT, fields 1 and 2 are detected at the
two different outputs of PBS 2. A challenging aspect
of the experiment is to separate the classical pulses from
the weak nonclassical fields, since they are temporally
and spatially overlapped, and their frequencies are only
9 GHz apart. This is done in several steps, which are
explained in detail in Refs. [11], [14], and [17]. After
the filters, fields 1 and 2 are coupled into optical fibers,
split by 50/50 fiber beam splitters, and detected by four
single-photon Silicon avalanche photodiodes (APD). Fi-
nally, the electronic signals of the APDs are sent to a
data acquisition card, in order to record the detection
events and analyze the correlations.

1. Coherence time measurements

In order to characterize the system’s coherence time,
we measure g12 and R as a function of the delay ∆t be-
tween write and read pulses. We then compare the the-
oretical quantity p̃12(∆t) = ξpth12(∆t) to the measured
g12(∆t) by way of a single overall scaling parameter ξ
for all ∆t, as the rate of single counts in fields 1 and 2
(p1 and p2) is measured not to depend on ∆t, to within
20%. In Fig. 8a we show our results for g12 with the
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MOT magnetic field on together with the corresponding
theoretical fitting. This figure was presented already in a
previous article [17] and shows a fast decay of the coher-
ence between fields 1 and 2, taking place in a time scale
of less than 200 ns. Note, however, that the coherence
time is actually smaller than 100 ns, since the write pulse
itself has a duration of 150 ns. The repetition rate of the
trials in this case is 250 kHz. The rate of coincidence
events (detection of photon 1 and photon 2 within the
same trial) is between 2 and 3 counts per second.
The theoretical joint probability pth12 is calculated from

Eq. (30), assuming C = 1. In this way, we need to per-
form integrals of the F function over the z coordinate.
This function depends on z only through the parameters
ag and as. The atomic ensemble is assumed to be ini-
tially unpolarized, i.e., with the atoms evenly distributed
among all Zeeman states of the |g〉 level. For the ground
states of Cesium, we have that the hyperfine Landé fac-
tors gg and gs of levels |g〉 and |s〉, respectively, are given
by µBgg/h = −µBgs/h = 0.35MHz/G, so that we can
write

ag = 2πKmg

( z

L

)

, (41a)

as = −2πKms

( z

L

)

, (41b)

where we considered the magnetic field for the MOT in
the form Bz = bz, with b the field gradient in the center
of the MOT, and the constant K given by

K =
µBggbL

h
. (42)

The value of KmF gives an estimate for the inhomoge-
neous broadening associated with level |F,mF 〉 due to the
magnetic-field gradient b. Note that writing ag and as as
in Eqs. (41) allows us to perform all spatial integrations
over the dimensionless coordinate s = z/L, and to com-
bine many of the relevant experimental parameters in a
single parameter (K). For our experiment, L = 3.6 mm
and b = 8.7 G/cm, so that K = 1.1 MHz. This K value
is consistent with the measurement of the ground-state
broadening shown in Fig. 4a.
The solid curve in Fig. 8a shows the theoretical fit-

ting of p̃12(∆t) to the experimental data. We considered
K = 1.1 MHz in the theory, as estimated above for our
experimental conditions. The only fitting parameter used
was ξ, which was found to be ξ = 1.05× 108. Note that
the theoretical quantity pth12 gives the probability for joint
detection of the two photons, while g12 is a measure of
this joint probability normalized by the probability of un-
correlated coincidence detections. Thus the scaling factor
ξ should be given roughly by the inverse of the probability
for these uncorrelated coincidences. A theoretical estima-
tion for this value is given by ξth = [pth12(∆t → ∞)]−1,
i.e., the inverse of the theoretical joint probability af-
ter the coherence has completely decayed. For the solid
curve in Fig. 8a, we find ξth = 1.96× 108. The difference

between ξ and ξth can be attributed to other sources of
uncorrelated coincidences (such as dark counts in the de-
tectors, or leakage from the filters) that are not accounted
by the theory, which leads to ξ < ξth. It is also impor-
tant to have in mind that the noise floor is higher when
the pulses are overlapping, since there is more leakage
from the filters in this condition. This results in some
extra discrepancy when comparing theory to experiment
by means of one single scaling parameter to all regions of
Fig. 8a.
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FIG. 8: Measurement of g12 as a function of the storage
time, (a) with the quadrupole field on (taken from [17]) and
(b) with the quadrupole field off. The observed decay in (b)
is consistent with the residual magnetic field in the chamber,
as measured by Raman spectroscopy.

The g12(∆t) measurements with magnetic field off are
presented in Fig. 8b. In this case, we use the information
acquired from the investigation of Sec. III A and turn off
the field for a duration of 5.5 ms, at 40 Hz repetition rate.
From the magnetic-field-off period, we use for correlation
measurements only the 2.5 ms window shown in Fig. 5.
This 2.5 ms window is then divided in 208 trial periods
of 12 µs, which results in an overall repetition rate of
8.3 kHz. In the beginning of each trial, the trap light of
the MOT (tuned in the F = 4 to F ′ = 5 transition of the
D2 line) is turned on for 0.6 µs, and its repumper laser
(tuned from F = 3 to F ′ = 4) for 1 µs. This procedure
prepares the system in the proper initial state, with all
atoms at the F = 4 hyperfine level of the ground state.
In this case, the rate of coincidence counts drops to about
0.33 coincidences/s.
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Figure 8b shows then an increase of more than two
orders of magnitude on the coherence time of the sys-
tem, when the magnetic field is turned off. The coher-
ence time is now limited mainly by the rate at which
we can turn off the magnetic field, and also to some ex-
tent by our ability to magnetically isolate the system.
Note that in Fig. 5a the Raman-trace linewidth indicates
that the magnetic field in the measurement window is
still decaying. The solid curve in Fig. 8b gives the decay
theoretically expected for a magnetic-field gradient such
that K = 12 kHz, corresponding to magnetic fields of
the order or smaller than 30 mG acting on the ensemble.
This gives a reasonable approximation to the behavior of
g12 under the action of the residual magnetic field, even
though the spatial dependence of this field can be more
complicated than a simple linear gradient. The change in
K from 1.1 MHz to 12 kHz is consistent with the reduc-
tion of the ground state linewidth between the two cases,
as measured directly by the Raman spectroscopy setup.
Finally, for Fig. 8b ξ = 0.67× 108 and ξth = 2.2× 108.
From Fig. 8.b, we see that the correlations are still

highly nonclassical after a storage time of 10 µs. How-
ever, from the theoretical fitting we can infer that g12
should became smaller than 2 at about 25 µs, which gives
an estimation for our quantum memory time.
As discussed above, the measurements with g12 > 2

give a strong indication of the nonclassical correlations
observed in our system, based on reasonable assumptions
for g11 and g22. The most appropriate verification of the
nonclassical nature of fields 1 and 2, however, is given by
the measurement of R as defined in Eq. (40). Such mea-
surements with the magnetic field off are shown in Fig. 9.
More specifically, in Fig. 9a we show the measurements
of g11 and g22 for the same data points of Fig. 8b. Sub-
stituting the results of Figs. 8b and 9a in (40), we then
obtain the values of R shown in Fig. 9b, which confirm
the strong nonclassical correlation present in our system
for more than 10 µs.
The R measurement presents considerably larger error

bars than for g12. This comes from the large statistical
uncertainties involved in the determination of g22, which
requires measurement of the two-photon component of
field 2 [14]. For this reason, we decided to carry out a
much longer run of the experiment for the longest coher-
ence time we were able to probe, 10 µs, which resulted
in the considerably smaller statistical error of this point.

2. Two-photon wavepackets

Central to the DLCZ protocol is the ability to write
and read collective spin excitations into and out of an
atomic ensemble, with efficient conversion of discrete spin
excitations to single-photon wavepackets. A critical as-
pect of such wave packets is that they are emitted into
well defined spatiotemporal modes to enable quantum
interference between emissions from separate ensembles
(e.g., for entanglement based quantum cryptography [5]).

The high efficiencies achieved in the work of Ref. 14 en-
abled us to investigate in detail the temporal properties
of the nonclassical correlations between emitted photon
pairs [17], providing a direct look at various important
features of the two-photon wavepacket (field 1 + field 2)
generated by the system. In the following analysis, our
main quantity of interest is pτ (t1, t2), the joint probabil-
ity for photoelectric detection of photon 1 at time t1 and
photon 2 at time t2 within a time window of duration
τ . The times for this quantity are counted starting from
the beginning of the write pulse. This quantities is de-
termined from the record of time-stamped detections on
all four photodetectors. The detectors have a time reso-
lution of 2 ns (minimum bin size), but usually we need
to consider larger bins to acquire enough events for the
statistics.
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FIG. 9: (a) Measurement of g11 (open squares) and g22 (open
circles) as a function of the storage time. (b) Measurement
of the coefficient R as a function of the storage time. The big
statistical errors are mainly due to statistical uncertainties in
the measurement of g11 and g22. The points at 10µs have
been measured for a much longer time and exhibit smaller
statistical error.

In our earlier experiments [17], we focused on two
cases: (I ) nearly simultaneous application of write and
read pulses with offset ∆t = 50 ns shorter than the du-
ration of either pulse, and (II ) consecutive (non over-
lapping) application of write and read pulses with ∆t =
200 ns. Results for pτ (t1, t2) are presented in Fig. 10. In
case (I ), Fig. 10a shows that pτ (t1, t2) peaks along the
line t2 − t1 = δt12 ≃ 50 ns with a width ∆t12 ≃ 60 ns, in
correspondence to the delay δt12 and duration ∆t12 for
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read-out associated with the transition |s〉 → |b〉 → |g〉
given an initial transition |g〉 → |a〉 → |s〉 [12]. In case
(II ) with the read pulse launched 200 ns after the write
pulse, the excitation is “stored” in the atomic ensemble
until the readout. The production of correlated photon
pairs should now be distributed along t2 ≃ ∆t + δt12
with width ≃ ∆t12. Instead, as shown in Fig. 10c,
pτ (t1, t2) peaks towards the end of the write pulse (i.e.,
t1 >∼ 100 ns), and near the beginning of the read pulse
(i.e., 200 <∼ t2 <∼ 300 ns). Early events for field 1 lead
to fewer correlated events for field 2, as pτ (t1, t2) decays
rapidly beyond the line t2 − t1 = τd ≃ 175 ns. The
marked contrast between pτ (t1, t2) for ∆t = 50 and 200
ns results in a diminished ability for the conditional gen-
eration of single photons from excitation stored within
the atomic ensemble [14] and, more generally, for the
implementation of the DLCZ protocol for increasing ∆t.
The underlying mechanism is again decoherence within
the ensemble.

By contrast, when the magnetic field is turned off, this
distortion in the two-photon wavepacket is eliminated
due to the extended coherence time. We now observe
the shape shown in Fig. 10e. The delay in Fig. 10e is
∆t = 1 µs.

The theoretical results corresponding to these three sit-
uations are shown in frames (b), (d), and (f) of Fig. 10.
These are plots of Eq. (39) averaged over 4 ns time win-
dows for both t2 and t1, the same time window used
for the experimental data. We also considered pulses of
trapezoidal shape, with 20 ns rising time, and FWHM of
150 ns for the write pulse and 120 ns for the read pulse.
These values correspond to the experimental parameters.
The only effect of both the time window and pulse rising
time is to smooth the edges of the distribution. Differ-
ently from the case of integrated probabilities, it is nec-
essary here to introduce more details in the description
of the pulse shapes, since the theoretical description for
this signal predicts that it is directly related to the pulse
profiles [see Eq. (36)].

The main point that calls our attention in these figures
is the fact that the theory offers a reasonable explanation
for the data from consecutive pulses (∆t = 200 ns) with
magnetic field on, but not for overlapping pulses or ∆t =
1 µs with magnetic field off. This discrepancy can be
simply understood, however, if we remember that one
of the main approximations of our theory is to consider
low intensities for both write and read pulses. At low
intensities and zero magnetic field, the theory gives a
small and constant probability for the photon 2 emission
after photon 1. From Eq. (36), we see that the magnetic
field introduces different phases for different groups of
atoms. These different phases are proportional to the
time difference between the emission of photons 2 and
1, and result in an overall decay of the probability of
emission of the second photon over time. In Figs. 10b
and 10f, however, we see that the predicted decay time is
much longer than the one inferred from the experimental
data.

On the other hand, for the actual experiment, the high
intensity of the read pulse should lead to a fast emission
of photon 2 once the atom is transferred to level Fs. This
is consistent with the short duration of correlation ∆t1,2
in Figs. 10a and 10e, which can be understood as com-
ing from the fast depletion of the Fs state. However,
this reasoning cannot explain the shape of Fig. 10c, since
the strong excitation alone should result in a similar fast
depletion in the beginning of the read pulse for any de-
tection time of photon 1 (as seen in Fig. 10e). The good
comparison between Figs. 10c and 10d comes from the
fact that the decay due to the magnetic field takes place
before the delayed readout process occurs. The shape
in Fig. 10c is then a convolution of a uniform excitation
probability over t1 (like in Fig. 10e) with the excitation-
probability distribution of 10d.
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FIG. 10: Theory and experiment for two-photon wavepackets
Pτ (t1, t2). (a) Measured two-photon wavepackets for the case
where write and read pulses are overlaped with a delay of 50
ns, with the quadrupole magnetic field on. (b) Theoretical
predictions for the same conditions as in (a). (c) Measured
two-photon wavepackets for the case of consecutive (non over-
lapping) write and read puses with a delay of 200 ns, with
quadrupole field on. (d) Theoretical predictions for the same
conditions as in (c). (e) Measured two-photon wavepackets
for nonoverlapping write and read pulses, with quadrupole
field off. The delay between write and read pulses is 1 µs. (f)
Theoretical predictions for the same conditions as in (e). The
vertical scales are given in arbitrary units proportional to the
joint probability of detecting photons 1 and 2. See text for
further details.
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IV. OPTICAL PUMPING

The theory developed to explain the data in Fig. 8
can also be used to devise new ways to improve the
system. The inclusion of the Zeeman structure in the
theory, for example, allows the study of different polar-
ization schemes for both classical excitation and photon
detection. It also allows the investigation of the role of
the atomic initial state on the measured correlations. In
Fig. 11 we give two examples of possible ways to im-
prove the system. The solid and dashed lines in the fig-
ure represent the two experimental conditions of Fig. 8
(initially unpolarized samples with K = 1.1 MHz and
K = 12 kHz), but now with the same scaling factor.
The dash-dotted curve shows how the K = 12 kHz curve
changes if the system is initially spin polarized, with all
atoms in the |F = 4,mF = 0〉 state. Note that in this
case the value of p̃1,2 considerably increases, and the sys-
tem develops a plateau coming from the predominant
transition |F = 4,mF = 0〉 → |F = 3,mF = 0〉 → |F =
4,mF = 0〉, which is magnetic-field insensitive. Further-
more, it is possible to devise a polarization scheme of ex-
citation that allows only this specific transition for any
∆t, e.g. as when the write pulse and field-1 detection are
σ+ polarized, and the read pulse and field-2 detection are
σ−. This is the case for the dotted curve in Fig. 11.
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FIG. 11: Variation of p̃1,2 with the delay ∆t between write and
read pulses for (solid curve) K = 1.1 MHz and an unpolar-
ized sample, (dashed curve) K = 12 kHz and an unpolarized
sample, and (dash-dotted curve) K = 12 kHz and an initially
spin polarized sample with all atoms in |F = 4,mF = 0〉. The
dotted curve corresponds to an initially spin polarized sample
classically excited by fields with polarizations such that only a
magnetic insensitive transition is allowed, see text for details.
The same arbitrary scaling factor was used for all curves.

The idealized improvements described by the dotted
and dash-dotted curves of Fig. 11, however, will probably
be limited by two effects which are not taken into account

by the theory. First, in our experimental setup we should
see a decay with a timescale on the order of 360 µs due to
the average time the cold atoms take to cross the 60 µm
beam diameter of the classical write and read pulses. Sec-
ond, the theory assumes the presence of a magnetic field
predominantly in the z direction, which defines the quan-
tization axis. This can be obtained by applying an extra
DC magnetic field along that direction,[34, 35] but any
residual transverse field should lead to some decay of the
plateau. In spite of these restrictions, however, we be-
lieve that such improvements could lead to an increase
of more than an order of magnitude over the largest ex-
perimental decoherence time of Fig. 8. It is also clear
that there is a benefit in the careful preparation of the
initial state for the magnitude of the measured correla-
tions. This is an important point that should also be
taken into account when considering the implementation
of the DLCZ protocol in vapor cells.

V. CONCLUSION

We have presented a detailed study of the decoher-
ence processes in the generation of photon pairs from
atomic ensembles, via the DLCZ protocol of ref. [5]. We
have identified the main cause of decoherence for cold
atoms in magneto-optical traps as being the inhomoge-
neous broadening of the hyperfine ground states due to
the quadrupole magnetic field used to trap the atoms. A
detailed theory has been developed to model this effect.
We also reported a series of measurement to characterize
and control the decoherence using copropagating stim-
ulated Raman scattering. These measurement allowed
us to switch off the quadrupole magnetic field in a con-
trolled way. With the magnetic field off, we observed
highly nonclassical correlations between the two emitted
photons, for a storage time of up to 10 µs, an improve-
ment of more than two orders of magnitude compared to
previous results with cold atoms. Furthermore, contrary
to all related experiments reported up to now, the coher-
ence time is now two orders of magnitude larger than the
excitation pulses duration. This is a crucial step in order
to use atomic ensembles as a quantum memory to store
conditional single photon states or entanglement between
two distant ensembles.
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[26] D.A. Braje, V. Balić, S. Goda, G.Y. Yin, and S.E. Harris,

Phys. Rev. Lett. 93, 183601 (2004).
[27] S. van Enk, private communication.
[28] Equation (34) can also be deduced in a more formal way,

beginning by considering that the probability amplitude
for detecting photon 2 between t2 and t2 +∆t2 is given
by φ(t2 +∆t2) − φ(t2), then following all the way down
by similar restrictions, and finally making the approxi-
mation of small time intervals.

[29] J. Ringot, P. Szriftgiser, and J.C. Garreau, Phys. Rev. A
65, 013403 (2001).

[30] C. J. Dedman, K. G. H. Baldwin, and M. Colla, Rev. Sci.
Instr. 72, 4055 (2001).

[31] C. L. Garrido Alzar, P. G. Petrov, D. Oblak, J. H. Müller,
and E. S. Polzik, submitted to publication.

[32] J.F. Clauser, Phys. Rev. D 9, 853 (1974).
[33] Optical Coherence and Quantum Optics, L. Mandel and

E. Wolf (Cambridge Univ. Press, Cambridge, UK, 1995).
[34] G. Avila, V. Giordano, V. Candelier, E. de Clercq, G.

Theobald, and P. Cerez, Phys. Rev. A 36, 3719 (1987).
[35] S.-I. Ohshima, Y. Nakadan, and Y. Koga, IEEE Trans.

Instrum. Meas. 37, 409 (1988).


