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Single photon SWAP gate using electromagnetically induced transparency
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We describe a scheme that performsveap gate between two photons at different wavelengths with near
100% fidelity. The essential idea is the preparation of a near-maximal atomic coherence using electromagneti-
cally induced transparency.
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Over the last decade quantum computation has receivelansfers the quantum state Bf (E,) to E, (E,).
much attention due to the possibility of solving certain prob- Before proceeding further, we would like to cite pertinent
lems more efficiently than a classical computer Currently  earlier work: Several experiments have demonstrated nonlin-
a number of different approaches are bel_ng pursqed to builelar processes at low light levels using EBF12]. By using
a scalable quantum computer. An attractive physical systeffhe schematic of Fig. 1, Jaiet al. and Merriamet al. have
for implementing quantum computation uses photons at difgyemonstrated near 100% conversion efficiencies in lead va-
ferent wavelengths as qublts]. Photons are ideal carriers of 41113 14, Sokolov and colleagues have extended the ideas
quantum information since they suffer little from decoher- ¢ o virmum coherence to molecular systems and have dem-
ence. However, it is a real challenge to interact single phobnstrated a very broad comb of Raman sidebdids16]
tons, since the nonlinearities in typical materials are Veryrie quantum dynamics of four-wave mixing with EIT .has

small. been studied in detail by Fleischhauer and collead@&$

Resonantly enhanced nonlinearities using electromagnetﬁ het al. have demonstrated sianificant nonlinear effect
cally induced transparend¥IT) show considerable promise eschet al. have demonstrated signiiic oniinear efiects
at the single photon levels using spontaneous parametric

for interacting single photons at different wavelendt®s7]. .
These proposals utilize unique dispersive properties of EIFOWn conversion18]. , L
to obtain unusually large cross phase or amplitude modula- We now proceed with a detailed description of our
tion. One common theme of these proposals is the slow lightcheme. We are going to assume thgtand E; are suffi-
associated with the steep dispersion of the refractive indexéiently intense such that they can be treated classically. For
The limitations of these proposals are as follows: The  the weak fieldE, andE,, we consider the dynamics of the
nonlinear effects are proportional to the intensity of light. Asphoton annihilation operatoé, andéa,, respectively. We as-
a result very tight focusing is necessary to observe significargsume slowly varying envelopes when compared with the op-
interactions at the single photon lev&?) Since slow lightis tical k vector. We make the rotating wave approximation and
essential, the quantum gates that are constructed are necesglect the contribution of any other atomic levels to the
sarily slow. propagation constant. With these assumptions, the coupled
In this paper, we suggest a scheme that perforrag/s  equations for the annihilation operators are
gate between two photons at different wavelengths. Our pro- R
posal does not suffer from the limitations of the previous 93,
paragraph. However, awap gate alone is not sufficient to dz
build a scalable quantum comput¢8]. Therefore, our
scheme should be thought as supplementing other proposals
[2—7] in building an optical quantum computer. The scheme
that will be analyzed in detail is shown in Fig. 1. We con-
sider a four-level atomic system interacting with four fields.
Two of these fieldgtermed the probe fiel&, and the cou-
pling field E;) are strong and form a traditional EIT-lambda
scheme. These fields drive the atoms to a dark state and
prepare the coherendgeff-diagonal density matrix element
of the nonallowed Ramafil) to |2)) transition. Two weak
fields (termed E, and E,) then interact through the estab-
lished coherence of the atomic system. When the coherence
is near its maximum valuép,, =0.5, the propagation dy-
namics ofE, andE, are strongly coupled to one another. As In
will be demonstrated below, under certain conditions, the
interaction betweelEa and Eb is identical to a conventional FIG. 1. The energy level diagram for the proposed scheme. Two
beamsplitter between two spatial modes. The rotation angletrong fieldsE, andE, adiabatically drive the atoms to a maximally
of the beamsplitter is set by the density length product of theoherent state. The two weak fielllg and E,, then influence each
atomic medium. When the rotation angleri$2, the medium  other through the established coherence.
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Ja [20]. With the atoms in the dark state, the population of state

A P A ! . :
Ty 17bP128a = 1 Bop2zd. (1) |3)is zero, and the density matrix elements of the Raman
transition are given by13,14,2Q
Here p;; are the density matrix elements of thb to |2) | 10,2
Raman transition. The weak fields are coupled to each other p11= —|Q 2+ |02 P22= —|Q 2+ |02
through p;,, which is the off-diagonal density matrix ele- P ¢ P ¢
ment. The constant8,, By, Y. andy, determine dispersion a0
and coupling and they are pro=— —5——, (3)
g
2 2
Ba= lnw NM By = }ﬂw N|M24| where(), and () are the complex Rabi frequencies for the
a7 270 A’ PP 2T A coupling and probe beams and are definedgs E,u;3/7,
Qc:Ec,U«23_/ﬁ- ) . )
" . The adiabatic solution for the density matfkq. (3)] and
V= lﬂw NM‘ Yo = Enw NM14M24 ) the propagation equations for the annihilation operdiacs
AT TN A T PT 27T pAe (1)] completely describe the field-atom interaction. We now

proceed with the analysis of these equations. To first order,
with N being the atom number density ameF (u/ €)% Mij the density matrix elements that appear in Eqg.are inde-
are the dipole matrix elements between respective transitiorgendent of distance, i.g;;(2) =p;;(0). This is because, when
andAw is the common detuning of both fields from stéte  the medium is in the dark state, the probe figtg, and the
(we assume exact two photon resonan&guation(1) can  coupling field,E., propagate as in vacuutne., without any
be derived by first writing the semiclassical slowly varying amplitude and phase changarough the EIT medium. With
envelope propagation equation 8y andE,, and making the this assumption, the coupled equations for the annihilation
substitutionsE, — &,, andE,— &,,. Alternatively, these equa- operatordEq. (1)] are linear and their solution is

tions ce}n_also be (ﬂ(TaArlved byigsummg iAI-|am|It?nA|in of the 30 . 4,(0) _ A B2 \[a,0)
form H_ﬁc(ﬂapllaaaa-i- Yap12abaa+ﬁbp22abab+7bp12aaab)! A (Z) —eX[i ]MZ) A (0) - C(Z) D(Z) A (0) !
and then converting the Heisenberg equations of motion for 8 % %
the operatorsa, and &, into spatial differential equations (4)
with the change of variable=ct [19]. We assumé w to be
sufficiently large such that dissipation can be neglected an
drop the noise operators that would otherwise be on the = (,Bapll(o) ')’aplz(o))
right-hand side of Eq(l). B ) 0/

The density matrix elements in Efl) are driven by the o 7010 Pzl O) . .
strong fieldsE, and E,. With all atoms starting from the To further simplify the system we take the dispersive and
ground statél), the atomic system can be prepared adiabati€0upling constants in the above to be the saifig= g,
cally with the system remaining in the dark state at all times= Ya= %= /- For a state of maximum coherence, ilpy]
This is achieved by counterintuitive pulse sequence, i.e.,=p11:p22:%, the matrix elements of expjMz) that appear
turning the coupling fieldE; on before the probe fieliE, in Eq.(4) are

}there

©)

(A(z) B(2)

cog3z/2) - j exp(j ¢)sin(Bz/2) )
C(z) D(2

—j exp(— j¢)sin(BZ/2) codBz/2) (6)

) = expl(- JBZ/2)<

Here we have defineg,=|p;Jexp(j¢). Equation (6) is  (ARX(2)=|A(2)|B(@)[A(n+m), (i,(2))=|C(2)|?n+|D(2)m,
analogous to a conventional beam splitter between two spand(Afg(2))=|C(2)|4D(2)|(n+m). Using Eq.(6), if the cell
tial modes with a rotation angle ¢fz/2 [1]. length L is chosen such thagbL/2=m/2, at the end of the
We now consider the evolution of the input states for theqg|” the output state of the system will bB)ouut
weak fields while propagating through the coherent EIT mex (_1)mm gyif(m—n)¢]jm,n) [21]. The system therefore
C_“PH" Wz AdeﬂrzeATEheV\[;)h?_ton numﬁer (r)]perators rﬁ&) swaps the number of photons in each field up to a global
_h a"’t‘)a an nb(z)'fa?]ab'El_l? wsé_confloer ¢ ehclf’_‘s% where at phase factor. For the particular case when there is either 0 or
the beginning of the mediurz=0), each field is ina 1 ;016 in each field, we have the following truth table for

photon number eigenstatéFock stat® |¢)inpu=|N)alM L Aldc
=|n,m). The average number of photons in each field whilethe Input-output states of the fields:

propagating through the EIT medium and the fluctuations
around this average are thefi,(2))=|A(z)|?n+|B(2)[?m, |0,00 — |0,0),
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1 S| l?==|dy/?=1. For a maximally coherent medium, and for
BLI2=m/2, the output state is thefyh)oupu= |k, where
G2 [%) =2~ D explikt)ddK) and [E)=3,(~1)¥ expl-jkb)c K.
/ If we choose our time origin such thét=, we find that the
& 0.6 11 / states of the two fields are again swapped.
g m"'n;\/ To produce entanglement with our scheme, one can apply
o) 0.4 7 min=5 )“,1 n=25 E, andE; in a superposition of two orthogonal polarizations
/ i such that one polarization component interacts with the
0.2 4 J atomic coherence, while the other polarization component
/ does not. Then one produces a polarization entangled state at

0 the end of the cell which is nonfactorizable.
0 01 02 03 04 05 The experimental parameters to observe these effects is
|P1z\ modest. For an alkili vapor cell with parameteis
=102 cm 3, Aw=1 GHz, andu4=u,,=1 atomic unit, the
FIG. 2. The fidelity,F, of the swap gate as a function of the necessary cell length to perform tissvaP operation isL
magnitude of the atomic coherengey,|. For a maximally coherent =7 cm. If we assume the radiative linewidth of 1 MHz for

atomic medium, the fidelity of thewap operation is unity. state|4), the absorption of the weak fields for these param-
eters is less than 1% and is negligible. The absorptive effects
|0,1) — —expj#)|1,0), can be further reduced by increasiig at the expense of an
increase in the density length product. Preparation of maxi-
11,00 — — exp(— | ¢)[0, 1), mally coherent atoms in alkili samples require laser intensi-

ties on the order of 10 mW crA[22]. The necessary density
11,0 — 1,1 7 length products to observe some of these effects can also be
’ T achieved with cold atomic clouds in magneto optical traps
This truth table constitutes swap gate for single photons. A [10,12. To reduce nonadiabatic corrections to the dark state
photon in fieldE, (E,) is converted into a photon in fieB,  of Eq. (3), pulses long when compared to the inverse of the
(Ey). Rabi frequencies of the driving lasers have to be used. To
Preparation of maximum coherence is critical for high-avoid dephasing effects, pulses shorter than the dephasing
fidelity swap operation. ForBL/2=/2, one can find ana- time of the Raman transitiofwhich can be as long as several
lytical expressions for the matrix elements of éxiMz) for ~ Secondsare required.

an arbitrary value of atomic coherence. These Arep,, SWIAnPC;;ZIUE'e?\?\;e\gﬁ Eﬁ\éfoigggteséﬁ%?eﬁfwg;ggﬁgmﬂa
—p11, B=-2p15 C=-2p;, and D=p11=psp FOI |input '

=|n,m), the fidelity of theswapP operation can be explicitly though we have con3|dered_ an atomic system, our scheme
evaluated and is can also be implemented using maximally coherent molecu-
lar systems[15,16]. Large Raman frequency of the mol-
F = [(m,n[oupul? = [BMC"|2 = 22MM|p, |2 (8)  ecules can enablewap operation between two photons at
very different wavelengths, for example a red photon and a

In Fig. 2, we plot the swap fidelity as a function of the value ;e nhoton. We believe our scheme will find applications in
of the atomic coherence for different photon number eigens), optical quantum computing architecture.

states. For a maximally coherent stafgy)| :%, regardless of
the number of photons in each mode the fidelity of the swap | would like to acknowledge helpful discussions with
operation is unity. However, as the value of the atomic co-David Walker, Mark Saffman, and Thad Walker. | also would
herence decreases, the fidelity is substantially reduced. like to thank Alexei Sokolov for an early suggestion. This

We next consider a more general input St$¢éinput work was supported by the U. S. Army Research Office un-
=|&, k) where|&)=3,c k) and|x)=2,d,|k). Here, the coeffi- der Contract No. DAAD19-02-1-0083 and NSF Grant No.
cients of the Fock states, andd,, are normalized such that PHY-0205236.
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