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Multiple beam splitter for single photons
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We propose a method using “light storage” and fractional stimulated Raman adiabatic p&sSadBAP
to get entangled multiple Fock states from a single photon. A light storage technique is used to store the
guantum 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 F-STIRAP can be used to split Raman coherence, and thus

Quantum entanglement is one of the most striking fea_enta_ngled multiple Fock states from a single photon can be
tures of quantum physics. The entanglement of the quantuffbtained. Payne and Den@] have already proposed a
states of separate particles, such as the entanglement of pHgheme using two simultaneous reading pulses at two differ-
ton pairs, plays a crucial role in quantum information sci-ent frequencies to get two frequency entangled Fock states
ence. Entangled states explicitly demonstrate the nonlocaW(z,t))=a10(z,1)[1,)[0,,)+201(z,1)[0,)[1,). In  that
character of quantum theory, having potential applications irscheme, the entanglement process and the light propagation
high-precision spectroscopy, quantum communication, crypprocess are intertwined. In contrast, our method separates
tography, and computation. Maximally entangledthese two processes and makes it possible to obtain flexible
(Greenberger-Horne-Zeilingerstates have been reported frequency, time, and/or space entangled stgt&sz,t))

[1-4] for testing quantum nonlocality. Recently, single- :Eiai(ti)|0w0>~--|1wi>---|0wn). The time entangled photons
particle entanglement attracted attention. Although it lacksould be important in quantum communicatig29-31. Be-

the nonlocal character, it has been shown to be useful fogause of its flexibility for producing entangled multiple Fock
simulating certain quantum algorithn5-8]. Two entangled  states from a single photon and the robustness of the photon
Fock states of a single photd®] (also called a single- propagation, we expect its application in quantum informa-
photon two-mode statgl0], a single-photon two-qubit state, tjon.

or a single-photon Bell statel1]) were proposed to realize  This paper is organized as follows. In Sec. Il, we describe
quantum cryptography11,12 and quantum teleportation the splitting of the Raman coherence using F-STIRAP. This
[10]. is used to get entangled multiple Fock states from a single

EIT (electromagnetically induced transparen¢%3] is  photon in Sec. Ill. Discussion and conclusion follow in
the basis for “light storage” or “stopping14—19. While  Sec. IV.

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 direcjion Il. COHERENCE SPLIT USING E-STIRAP

when the reading pulse arrives. The storage time is only

limited by the decay of the R_ar_nan coherence, W_thh could \we consider a four-level atomic system with lasers acting
be very long, of the order of millisecon¢4,13. During the o the transitiongFig. 1). We assume that due to their po-

storage, we can use some electromagnetic fields or evegyizations and frequencies, each laser field drives only one
phonons to manage the cohereft@-21. This is in essence yansition and each transition is on resonance. The input

multiwave mixing with the fields not being applied simulta- s . .
neously[22] Singe we can manipulate thg cgﬁerence at dif_probe fieldey, is assumed to be weak and quantized, while
i ),3 andQ,, are strong classical fields.

ferent times, we have more freedom than normal multiwave
mixing, and manipulating the coherence can be very effi-

cient. m_
STIRAP (stimulated Raman adiabatic passageans ro- X

bust population transfer from one level to another in atomic &1z iz N\

and molecular systems. In recent years, fractional STIRAP 13 4

(F-STIRAP) has been used to partially transfer population 2 -

and create superpositions between the initial and final levels A
[23-27 or to transfer Raman coherence between pairs of FIG. 1. Four-level atomic system coupled with a probe figg
Raman levels[28]. In this paper, we point out that and two strong classical fields: punfp; and Stokes),.
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When the weak probe laséh, is not turned on, the in-  Equation(3) shows that not only is the population ¢8)
teraction picture Hamiltonian of this system under the dipoleSPlit, but also the coherenqe(to), which, accordingly, is
and rotating-wave approximation is split into p3 and pag,
H= (1@ + 0@ +He. (@ prulty) = C205 0050 = pasllo)cose “

p2a(ty) = = CoC3 SN = = py(tg)sin a.
Here and in the rest of this paper, resonance for each laser is
assumed. One of the eigenvaluedHtf) is equal to zero and  The ratio of these two coherencespis(t;)/ po3(t;) =—tana.
the corresponding eigenstate is the dark stae(t))  Note that a coherencps,(t;)=-c2sina cosa is also built
=[Q140)|3) - Q151)|4]/Q(t), where Q)= Q34)+0Q2,(t).  during F-STIRAP. This arises because F-STIRAP is a coher-
The bright state iS®,(t))=[Q45(t)[3)+Q14(1)[4]/Q(1). In ent process and can be used to create a superposition state
fractional STIRAP, as in STIRAP, the Stokes pulse arrivebetween initial and final Raman leve4]. However,pa(t;)
before the pump pulse, but unlike STIRAP, the two pulsenly depends on the initial population (& and not on the
terminate simultaneously, while maintaining a constant ratidnitial coherencep,; and therefore is not interesting here.
of amplitudes. The pulses we use have the following forms A typical example of an F-STIRAP process with tan

[24] [Fig. Aa)]: =1/\2, Qg=7, t,=0, andr=10y™* for Eq. (2) is shown in
Fig. 2. It shows that the population and coherence are split
Q45(t) = Qge s sin(a)exp - (t — 70)%/ 7], according to Eqs(3) and (4).
) In the next section, we will show that this splitting of
Qp4(t) = Qe P exd - (t— 7o+ 1.50)% 7] Raman coherence makes it possible to get entangled multiple

_ Fock states from a single photon. Since the optical field is
+ Qe % coda)exd- (t- %], (2)  quantized, we need atomic flip operatorg=|j)(k| [32], in-

) ) ) ) ) stead of density matrix operatopg as above. Under adia-
The ratio of the final populations d8) and|4) is determined  patic conditions, we can show that
by the mixing anglea. Then the dark state has the limits
|W_(t)))=€"%214J3) before the pulse and |[¥_(t))
=€7'%4 (cosal3)-sin a€’|4)) after the pulse withp=¢q
+¢q. . The phasep is a constant which is purely determined _ . . .
by inlié)ut laser phaseR3]. Subsequently, if necessary, this ttheugE'g%g)A;homzézatgé‘v\i :;:ac\;)enstant of motion during
phase can be altered by applying a pulsed magnetic field or P '
off-resonant laser pulses. In what follows, we neglect this

0,-=0. (5)

phase and assume that all coefficients are real. Suppose the o23(ty) = 024(ty)sina + o,_(to)cosa,
system is initially in statéW(ty))=c,|2)+c43). Since|2) is (6)
uncoupled in the above processdoes not change and thus, 024(11) = 024(t)COSa — 05 (tp)sin a.
after the F-STIRAP pulsefEq. (2)] are applied, the system
goes into the superposition Equation(4) follows from the more general form Eq&),
which are the desired form for splitting the coherence created
|W(ty)) = Cyl k) + C3(COS|ss) — SiNaliha)). (3)  from a single photon in the following section.
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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-
herenceps, is caused by storage
input photon&;,. 7=3\2Ny/8.
(a) Initial coherencep,g; final co-
herenceps,, —p3, and p3, in the
medium. (b) Output wave packet
from first reading pulse(},, on
coherenceps, 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.

we havez' =z+vy(t—ty,) 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-

In this section, we will apply F-STIRAP to atoms to Sp“.t tL[l) state ?rom Raman coherence to photon wave pgcket.
the Raman coherence created by a probe photon ofquantlzeA er the transfer. the Raman coheren@% is entangled

field 312. Suppose using the light storage technidL&] on . ”
: b with the output wave packed},.
1. 12), and|3) with writing pulselys. We have stored the ™p oo apply other F-STIRAP pulses and reading

probe field&;, of a single photon, which has pulse shapepy|ses in a row. The cohereness is split again and again in
been changed from photonlike to matterlike by doing thethe end of theith F-STIRAP pulses, the amplitude of the

following transformation[17,18: é‘lzﬂ o3 Note that the coherencev‘24 in the atoms is

PHOTON

shape and coherence of the photon are preserved when it is i1
stored. i __ i
Now, F-STIRAP pulse$),; and(,, (shaded areas in Fig. (024(2,1)) = = (023(2, 0)>jl:[l cosq; sina;, 9)

3) are applied at=0 to split the coherence,s into 0'%3 and

a3, as Eq.(6), which means the relative magnitude of each wave packet can

be arbitrary. This coherence is transformed to photon wave
packets when the reading pul€s, is applied on1) and|4).
(7) For example, Fig. 4 shows that when there are two
F-STIRAP pulses with tap;=1/y3 and tarx,=1, we get
) ) ) three identical output photon wave packets from the initial
Here and in the following, the superscriptefers to the  Raman coherence. As this coherence is obtained from a
result of theith pair of F-STIRAP pulses. Figurg& shows  gingle photon, we get three entangled Fock states from a
the Raman coherence in the atoms after the first pair ofjngle photon. In general, the whole process gives entangled
F-STIRAP pulses. Note that botlr;;) and (o3, have the multiple Fock states from a single photon,
same shape as the initial coherengg, with their relative
amplitudes determined by E) with tana=1/2. W (z,t)) = >, a(zt)[0) |1+ |0),
Once we apply reading puls®,, the coherencer%4 is i
transformed to the photon wave packet through the dark statey are
polariton[17,1§

034(ty) = 03, SiNay + 09_Cosay,

054(t1) = 03, COSa; — 09_SiNay.

(10

i-1
a(zt) = Po<ti =t-t, - VE - uO)H Cosq; sina;,

TL(z,t) = cosOt)EL(z ) — sin 6t Nob(zt)  (8) g
9 1=

with 6(t) given by taR 6(t)=g?N/Q2,(1),, whereg is the
atom-field coupling constarivacuum Rabi frequengy By
changing the strength of the external driving figd],, we
can rotated from 6,=/2 at timet,, to 6; at timet,+T, with

t;, is the starting time of théth reading pulse, ang, is the
length of the medium. Since the amplitude of each Fock state
is determined by the mixing angte, we getentangled mul-

- o ' tiple Fock states from a single photaevith arbitrary ratio of

the ramping time of the reading pulSg and thus the polar- 5 litudes and separation between Fock states limited only
iton makes a transformation;,(2) 0 £1,(z') with z'=z by the duration of F-STIRAP pulses. As an example, Fig. 5
+f§1rdtcco:'>2 0 in the medium. If the rotation is fast enough, shows the output for tam;=1/y2 and tanv,=1 with the
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FIG. 4. lllustration of the output of a three-pulse Fock state with equal amplitudes. The initial Raman coherence is caused by storage
input photorﬁlz as in Fig. 3(a) F-STIRAP(shaded parjsand reading pulseQ,3 (solid line) and(},, (dash-dot ling applied to the medium.
The equal amplitudes are determined by settingatam/2 and tanv,=1. (b) Output wave packets as a result(af applied on the initial
coherence. Units as in Fig. 2.

amplitude ratio of the three wave packets bei&; V2:2.1n angle in[9] is determined by the product of the length of

a word, the total number of output wave packets is the nummedium and interaction parameters, while the mixing angle

ber of F-STIRAP pulses plus 1. The wave packets are ideni this paper is determined by the termination ratio(bf;

tical in shape to the input photon while their relative ampli- and {14, which makes it considerably easier to control the

tudes are determined by the termination ratiosdaaf the ~ Mixing angles. This is possible in our scheme because the

F-STIRAP pulses. This is the major result of this paper. ~ €ntanglement and propagation processes are separated.
Note that if we change the frequency and/or direction of! nerefore, our scheme allows us to obtain entangled multiple

the reading pulsef20,21, the corresponding output photon Fock states instead of only two entangled Fock states.

; ; ; ; Now we discuss experimental issues. The four-level sys-
packets would accordingly have different carrier frequencies, . .
and thus we can have time, frequency, and/or spatial erfeM can be provided by the D1 line ®Rb. To decouple the

tanglement of multi-Fock states from a single photon. propagation and entanglement processes, F-STIRAP pulses

As absorption and dispersions of polaritons are nedligibl should be transverse to the probe field and thus also trans-
P P P 919 erse to the writing and reading pulses; thus, ultracold atoms

) . o . %hould be used to reduce the Doppler effect. Of course, all
window of the mediunj17,1§, the fidelity of “light storage” o 1 ises should be finished within the storage time of the

Fs is bigger than 0.99 if the whole process is done withingaman coherence. Note that homogeneous Raman pulses
0.017 [33], where 7, is the lifetime of Raman coherence, can also split the coherence, however homogeneous Raman
which is in the order of milliseconds; and the fidelity of ises are difficult to realize experimentally, which is why
F-STIRAPF; can be bigger than 0.99 when the adiabaticsTRAP and F-STIRAP are used to transfer population in
conditions |9(t)|<3Q(t) and |9(t)|<1/r, where 9  atomic systems.

=arctafQ5(t)/Q4(t)], are satisfied24]. So the fidelity of In conclusion, we proposed a robust scheme using light
the outcome entanglement, which is the produdtgdindF;,  storage and fractional STIRAP to obtain entanglement of
could be very close to 1. If each of the entangled photormultiple Fock states in both time, frequency, and spatial do-
wave packets is transferred to a different qubit, then theseains, using single- or few-photon states. We showed that
gubits are entanglef33] and could be used for quantum F-STIRAP not only splits the population, but also the coher-

communication. ence. After the input photon is stored in the medium as Ra-
man coherence via dark state polaritons, F-STIRAP pulses
IV. DISCUSSION AND CONCLUSION are applied to coherently split the atomic Raman coherence

into pairs. Reading pulses are then used to retrieve the quan-
Similarly, our scheme allows us to obtain entangled statesum information in this coherence. Since each reading pulse
from an input pulse that has more than one photon or to splibnly retrieves part of the total Raman coherence, we obtain
coherent pulses. So the whole system works as a multiplentangled multiple Fock states from a single photon. If each
beam splitter with easily adjustable parameters. This is alswave packet is stored in a different atomic sample, then these
true in [9]. Both methods have mixing angles to determineatomic samples are entangled. In our scheme, the entangle-
the amplitudes of the entangled Fock states. The mixingnent process and the propagation process are separated,
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