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We propose a method using “light storage” and fractional stimulated Raman adiabatic passage(F-STIRAP)
to get entangled multiple Fock states from a single photon. A light storage technique is used to store the
quantum information of a single-photon pulse in atoms. F-STIRAP pulses then split the stored coherence, such
that reading pulses retrieve the quantum information from this new coherence. Since each reading pulse only
retrieves part of the total coherence, we can obtain entangled multiple Fock states with arbitrary relative
amplitude. This method to create entanglement is versatile for obtaining frequency, time, and/or spatial en-
tanglement. Indeed, we obtain a multiple beam splitter with easily adjustable parameters.
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I. INTRODUCTION

Quantum entanglement is one of the most striking fea-
tures of quantum physics. The entanglement of the quantum
states of separate particles, such as the entanglement of pho-
ton pairs, plays a crucial role in quantum information sci-
ence. Entangled states explicitly demonstrate the nonlocal
character of quantum theory, having potential applications in
high-precision spectroscopy, quantum communication, cryp-
tography, and computation. Maximally entangled
(Greenberger-Horne-Zeilinger) states have been reported
[1–4] for testing quantum nonlocality. Recently, single-
particle entanglement attracted attention. Although it lacks
the nonlocal character, it has been shown to be useful for
simulating certain quantum algorithms[5–8]. Two entangled
Fock states of a single photon[9] (also called a single-
photon two-mode state[10], a single-photon two-qubit state,
or a single-photon Bell state[11]) were proposed to realize
quantum cryptography[11,12] and quantum teleportation
[10].

EIT (electromagnetically induced transparency) [13] is
the basis for “light storage” or “stopping”[14–19]. While
being “stopped,” the photons are transformed to atomic Ra-
man coherence, which can be transformed back into photons
(possibly at different frequency and/or different direction)
when the reading pulse arrives. The storage time is only
limited by the decay of the Raman coherence, which could
be very long, of the order of milliseconds[14,15]. During the
storage, we can use some electromagnetic fields or even
phonons to manage the coherence[19–21]. This is in essence
multiwave mixing with the fields not being applied simulta-
neously[22]. Since we can manipulate the coherence at dif-
ferent times, we have more freedom than normal multiwave
mixing, and manipulating the coherence can be very effi-
cient.

STIRAP (stimulated Raman adiabatic passage) means ro-
bust population transfer from one level to another in atomic
and molecular systems. In recent years, fractional STIRAP
(F-STIRAP) has been used to partially transfer population
and create superpositions between the initial and final levels
[23–27] or to transfer Raman coherence between pairs of
Raman levels [28]. In this paper, we point out that

F-STIRAP can be used to split Raman coherence, and thus
entangled multiple Fock states from a single photon can be
obtained. Payne and Deng[9] have already proposed a
scheme using two simultaneous reading pulses at two differ-
ent frequencies to get two frequency entangled Fock states
uCsz,tdl=a10sz,tdu1v1

lu0v2
l+a01sz,tdu0v1

lu1v2
l. In that

scheme, the entanglement process and the light propagation
process are intertwined. In contrast, our method separates
these two processes and makes it possible to obtain flexible
frequency, time, and/or space entangled statesuCsz,tdl
=oiaistidu0v0

l¯ u1vi
l¯ u0vn

l. The time entangled photons
could be important in quantum communication[29–31]. Be-
cause of its flexibility for producing entangled multiple Fock
states from a single photon and the robustness of the photon
propagation, we expect its application in quantum informa-
tion.

This paper is organized as follows. In Sec. II, we describe
the splitting of the Raman coherence using F-STIRAP. This
is used to get entangled multiple Fock states from a single
photon in Sec. III. Discussion and conclusion follow in
Sec. IV.

II. COHERENCE SPLIT USING F-STIRAP

We consider a four-level atomic system with lasers acting
on the transitions(Fig. 1). We assume that due to their po-
larizations and frequencies, each laser field drives only one
transition and each transition is on resonance. The input

probe fieldÊ12 is assumed to be weak and quantized, while
V13 andV14 are strong classical fields.

FIG. 1. Four-level atomic system coupled with a probe fieldÊ12

and two strong classical fields: pumpV13 and StokesV14.
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When the weak probe laserÊ12 is not turned on, the in-
teraction picture Hamiltonian of this system under the dipole
and rotating-wave approximation is

Hstd =
"

2
sV13u1lk3u + V14u1lk4ud + H.c. s1d

Here and in the rest of this paper, resonance for each laser is
assumed. One of the eigenvalues ofHstd is equal to zero and
the corresponding eigenstate is the dark stateuF−stdl
=fV14stdu3l−V13stdu4lg /Vstd, where Vstd=ÎV13

2 std+V14
2 std.

The bright state isuF+stdl=fV13stdu3l+V14stdu4lg /Vstd. In
fractional STIRAP, as in STIRAP, the Stokes pulse arrives
before the pump pulse, but unlike STIRAP, the two pulses
terminate simultaneously, while maintaining a constant ratio
of amplitudes. The pulses we use have the following forms
[24] [Fig. 2(a)]:

V13std = V0e
−ifV13 sinsadexpf− st − t0d2/t2g,

s2d
V14std = V0e

−ifV14 expf− st − t0 + 1.5td2/t2g

+ V0e
−ifV14 cossadexpf− st − t0d2/t2g. s2d

The ratio of the final populations onu3l andu4l is determined
by the mixing anglea. Then the dark state has the limits
uC−st0dl=e−ifV14u3l before the pulse and uC−st1dl
=e−ifV14 scosau3l−sinaeifu4ld after the pulse withf=fV13
+fV14

. The phasef is a constant which is purely determined
by input laser phases[23]. Subsequently, if necessary, this
phase can be altered by applying a pulsed magnetic field or
off-resonant laser pulses. In what follows, we neglect this
phase and assume that all coefficients are real. Suppose the
system is initially in stateuCst0dl=c2u2l+c3u3l. Since u2l is
uncoupled in the above process,c2 does not change and thus,
after the F-STIRAP pulses[Eq. (2)] are applied, the system
goes into the superposition

uCst1dl = c2uc2l + c3scosauc3l − sinauc4ld. s3d

Equation(3) shows that not only is the population onu3l
split, but also the coherencer23st0d, which, accordingly, is
split into r23 andr24,

r23st1d = c2c3
* cosa = r23st0dcosa,

s4d
r24st1d = − c2c3

* sina = − r23st0dsina.

The ratio of these two coherences isr24st1d /r23st1d=−tana.
Note that a coherencer34st1d=−c3

2 sina cosa is also built
during F-STIRAP. This arises because F-STIRAP is a coher-
ent process and can be used to create a superposition state
between initial and final Raman levels[24]. However,r34st1d
only depends on the initial population ofu3l and not on the
initial coherencer23 and therefore is not interesting here.

A typical example of an F-STIRAP process with tana
=1/Î2, V0=g, t0=0, andt=10g−1 for Eq. (2) is shown in
Fig. 2. It shows that the population and coherence are split
according to Eqs.(3) and (4).

In the next section, we will show that this splitting of
Raman coherence makes it possible to get entangled multiple
Fock states from a single photon. Since the optical field is
quantized, we need atomic flip operatorss jk= u jlkku [32], in-
stead of density matrix operatorsr jk as above. Under adia-
batic conditions, we can show that

ṡ2− = 0. s5d

Equation(5) shows thats2− is a constant of motion during
the F-STIRAP pulses. So we have

s23st1d = s2+st1dsina + s2−st0dcosa,
s6d

s24st1d = s2+st1dcosa − s2−st0dsina.

Equation(4) follows from the more general form Eqs.(6),
which are the desired form for splitting the coherence created
from a single photon in the following section.

FIG. 2. Split population and
Raman coherence for a single
atom using fractional STIRAP.(a)
Rabi frequencies for F-STIRAP
pump V13 and StokesV14 pulses
[Eq. (2) with tana=1/Î2, V0=g,
and t=10g−1] as a function of
time; time is given in terms of the
inverse of decay rateg out of u1l
into eachu2l, u3l, andu4l; Rabi fre-
quencies are given in units ofg.
(b) Population evolution as a re-
sult of the pulses in(a). (c) Evo-
lution of coherences as a result of
the pulses in(a).
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III. ENTANGLED FOCK STATES FROM A SINGLE
PHOTON

In this section, we will apply F-STIRAP to atoms to split
the Raman coherence created by a probe photon of quantized

field Ê12. Suppose using the light storage technique[16] on
u1l, u2l, and u3l with writing pulseV13. We have stored the

probe field Ê12 of a single photon, which has pulse shape
functionP0std, in the atoms. In this process, the polariton has
been changed from photonlike to matterlike by doing the

following transformation[17,18]: Ê12⇒s23. Note that the
shape and coherence of the photon are preserved when it is
stored.

Now, F-STIRAP pulsesV13 andV14 (shaded areas in Fig.
3) are applied att=0 to split the coherences23 into s23

1 and
s24

1 as Eq.(6),

s23
1 st1d = s2+

1 sina1 + s2−
0 cosa1,

s7d
s24

1 st1d = s2+
1 cosa1 − s2−

0 sina1.

Here and in the following, the superscripti refers to the
result of theith pair of F-STIRAP pulses. Figure 3(a) shows
the Raman coherence in the atoms after the first pair of
F-STIRAP pulses. Note that bothks23

1 l and ks24
1 l have the

same shape as the initial coherences23, with their relative
amplitudes determined by Eq.(4) with tana=1/Î2.

Once we apply reading pulseV14, the coherences24
1 is

transformed to the photon wave packet through the dark state
polariton [17,18]

Ĉ1sz,td = cosustdÊ12
1 sz,td − sinustdÎNs24

1 sz,td s8d

with ustd given by tan2 ustd=g2N/V14
2 std,, where g is the

atom-field coupling constant(vacuum Rabi frequency). By
changing the strength of the external driving fieldV14, we
can rotateu from ui =p /2 at timet1r to u f at timet1r +Tr with
the ramping time of the reading pulseTr, and thus the polar-

iton makes a transformations24
1 szd⇒ Ê12

1 sz8d with z8=z
+et1r

t dtccos2 u in the medium. If the rotation is fast enough,

we havez8=z+vgst− t1rd with vg being the group velocity.
Once the wave packet exits the medium, it moves at the
speed of light in vacuum. This in essence transfers a quan-
tum state from Raman coherence to photon wave packet.
After the transfer, the Raman coherences23

1 is entangled

with the output wave packetÊ12
1 .

Then we can apply other F-STIRAP pulses and reading
pulses in a row. The coherences23 is split again and again in
exactly the same way as above except with increasingt0. At
the end of theith F-STIRAP pulses, the amplitude of the
coherences24

i in the atoms is

ks24
i sz,tidl = − ks23sz,0dlp

j=1

i−1

cosa j sinai , s9d

which means the relative magnitude of each wave packet can
be arbitrary. This coherence is transformed to photon wave
packets when the reading pulseV14 is applied onu1l andu4l.
For example, Fig. 4 shows that when there are two
F-STIRAP pulses with tana1=1/Î3 and tana2=1, we get
three identical output photon wave packets from the initial
Raman coherence. As this coherence is obtained from a
single photon, we get three entangled Fock states from a
single photon. In general, the whole process gives entangled
multiple Fock states from a single photon,

uCsz,tdl = o
i

aisz,tidu0l ¯ u1il ¯ u0l, s10d

where

aisz,tid = P0Sti = t − tir −
z0

Vg
−

z− z0

c
Dp

j=1

i−1

cosa j sinai ,

tir is the starting time of theith reading pulse, andz0 is the
length of the medium. Since the amplitude of each Fock state
is determined by the mixing angleai, we getentangled mul-
tiple Fock states from a single photonwith arbitrary ratio of
amplitudes and separation between Fock states limited only
by the duration of F-STIRAP pulses. As an example, Fig. 5
shows the output for tana1=1/Î2 and tana2=1 with the

FIG. 3. F-STIRAP pulses split
the Raman coherence of atoms in
which a single photon has been
stored. Pulses used are shown in
Fig. 2(a) and the initial Raman co-
herencer32 is caused by storage

input photon Ê12. h=3l2Ng /8p.
(a) Initial coherencer23; final co-
herencer23

1 , −r24
1 , and r34

1 in the
medium. (b) Output wave packet
from first reading pulseV14 on
coherencer24

1 as a function of
time. (c) Overall F-STIRAP
pulses and first reading pulse as a
function of time. The shaded area
covers the F-STIRAP pulse. Units
as in Fig. 2.
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amplitude ratio of the three wave packets beingÎ3:Î2:2. In
a word, the total number of output wave packets is the num-
ber of F-STIRAP pulses plus 1. The wave packets are iden-
tical in shape to the input photon while their relative ampli-
tudes are determined by the termination ratios tanai of the
F-STIRAP pulses. This is the major result of this paper.

Note that if we change the frequency and/or direction of
the reading pulses[20,21], the corresponding output photon
packets would accordingly have different carrier frequencies,
and thus we can have time, frequency, and/or spatial en-
tanglement of multi-Fock states from a single photon.

As absorption and dispersions of polaritons are negligible
when the spectrum of the probe pulse is in the transparency
window of the medium[17,18], the fidelity of “light storage”
Fs is bigger than 0.99 if the whole process is done within
0.01ts [33], where ts is the lifetime of Raman coherence,
which is in the order of milliseconds; and the fidelity of
F-STIRAP Ff can be bigger than 0.99 when the adiabatic

conditions uq̇stdu! 1
2Vstd and uq̇stdu!1/t, where q

=arctanfV13std /V14stdg, are satisfied[24]. So the fidelity of
the outcome entanglement, which is the product ofFs andFf,
could be very close to 1. If each of the entangled photon
wave packets is transferred to a different qubit, then these
qubits are entangled[33] and could be used for quantum
communication.

IV. DISCUSSION AND CONCLUSION

Similarly, our scheme allows us to obtain entangled states
from an input pulse that has more than one photon or to split
coherent pulses. So the whole system works as a multiple
beam splitter with easily adjustable parameters. This is also
true in [9]. Both methods have mixing angles to determine
the amplitudes of the entangled Fock states. The mixing

angle in [9] is determined by the product of the length of
medium and interaction parameters, while the mixing angle
in this paper is determined by the termination ratio ofV13
and V14, which makes it considerably easier to control the
mixing angles. This is possible in our scheme because the
entanglement and propagation processes are separated.
Therefore, our scheme allows us to obtain entangled multiple
Fock states instead of only two entangled Fock states.

Now we discuss experimental issues. The four-level sys-
tem can be provided by the D1 line of87Rb. To decouple the
propagation and entanglement processes, F-STIRAP pulses
should be transverse to the probe field and thus also trans-
verse to the writing and reading pulses; thus, ultracold atoms
should be used to reduce the Doppler effect. Of course, all
the pulses should be finished within the storage time of the
Raman coherence. Note that homogeneous Raman pulses
can also split the coherence, however homogeneous Raman
pulses are difficult to realize experimentally, which is why
STIRAP and F-STIRAP are used to transfer population in
atomic systems.

In conclusion, we proposed a robust scheme using light
storage and fractional STIRAP to obtain entanglement of
multiple Fock states in both time, frequency, and spatial do-
mains, using single- or few-photon states. We showed that
F-STIRAP not only splits the population, but also the coher-
ence. After the input photon is stored in the medium as Ra-
man coherence via dark state polaritons, F-STIRAP pulses
are applied to coherently split the atomic Raman coherence
into pairs. Reading pulses are then used to retrieve the quan-
tum information in this coherence. Since each reading pulse
only retrieves part of the total Raman coherence, we obtain
entangled multiple Fock states from a single photon. If each
wave packet is stored in a different atomic sample, then these
atomic samples are entangled. In our scheme, the entangle-
ment process and the propagation process are separated,

FIG. 4. Illustration of the output of a three-pulse Fock state with equal amplitudes. The initial Raman coherence is caused by storage

input photonÊ12 as in Fig. 3.(a) F-STIRAP(shaded parts) and reading pulsesV13 (solid line) andV14 (dash-dot line) applied to the medium.
The equal amplitudes are determined by setting tana1=Î2 and tana2=1. (b) Output wave packets as a result of(a) applied on the initial
coherence. Units as in Fig. 2.

FIG. 5. The same as in Fig. 4,
except for output with amplitude
ratio Î3:Î2:2. This is caused by
setting tana1=tana2=1/Î2.
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which makes our scheme very flexible. In general, we obtain
a controllable beam splitter with easily adjustable param-
eters. We expect interesting quantum information applica-
tions based on this scheme.
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