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Atom-photon entanglement generation and distribution
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We extend an earlier model by Law and Kimlje Mod. Opt. 44, 2067 (1997] for a cavity QED based
single-photon-gun to atom-photon entanglement generation and distribution. We illuminate the importance of
a small critical atom number on the fidelity of the proposed operation in the strong-coupling limit. Our result
points to a promisingly high purity and efficiency using currently available cavity QED parameters, and sheds
new light on constructing quantum computing and communication devices with trapped atoms, a@ high-
optical cavities.
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Entanglement lies at the heart of quantum information andlistribution via the well-directed photon from a highop-
computing sciencgl,2]—it is responsible both for the mys- tical cavity. For a large class of quantum communication
teries of quantum cryptograph] and teleportatiorf4] as  protocols (including cryptography protocols, teleportation,
well as for the exponential speed-up promised by Shor’s facantanglement purification, ejc.one always begins with the
toring algorithm[5]. It is widely believed that the progress of following statement: “Imagine that Alice has an entangled
quantum information science, on the experimental front, will air of particles, and she sends one particle to BOWDUr

track closely the progress of entanglement generation in th o i
laboratory. Until recently{6,7], most experimental realiza- d:/?cojed system, if implemented properly, will supply such a

tions of entanglement came almost exclusively from photon . .
9 y P The physical model for our system represents a direct

down-conversion using nonlinear crystals where a single . ¢ i by L d Kimke! f
pump photon spontaneously converts into two correlatedXt€NSion of an earlier proposal by Law and Kimpiéj for

photons satisfying energy and momentum conserva8c). a d_ete.rministic single_—photo@)r “Fock states) source[17],.
Although the individual polarization states of photons are@n indispensable device for some quantum cryptographic ap-
easily controlled, and their quantum coherence can be prdllications[3]. Although significant progress has already been
served over many kilometers of an optical fihe@], photons made along the direction of a deterministic single-photon
cannot be stored for long, and manipulations of collectivesource[17], to date, most experiments still rely on an attenu-
entangled state present considerable difficulties even wheated laser pulse for a single photon.
photons are confined inside the same cavity. In the system studied by Law and kimQ&6], a single

The creation of long-lived entangled pairs with materialatom is placed inside a higQ-optical cavity. A pictorial
particles(atoms and ions on the other hand, is a relatively illustration of the required energy-level structure is repro-
recent pursui{11-13, spurred on in large part by develop- duced in the left panel of Fig. 1, where a three-lexetype
ments in quantum logic and computing. These experimentatom with one excited statie) and two long-lived ground
efforts have been very successful and are highlighted by thetates(|g,) and|g,)) are coupled, respectively, to a classical
demonstration of a four-ion entangled stgid], using a pro-  pump field(in solid line) and the cavity fieldin dashed ling
posal with trapped ions due to Molmer and SorengS). | the strong-coupling limig> y andg> « [18], the domi-
However, the scaling of this technology to larger numbers of,3nt absorption-emission process consists of an atom starting
qubits (>10) is less certain, and it is unlikely that quantum ;, lg,), pumped into the excited sta®, which then decays
information stored exclusively in material particles will ever ;i3 the cavity into|g,) [16,19. Following the emission, an

be effectively distributed to remote locations as required foryyiarnal laser field driving the transitidg,) — |€) can reset

most quantum communication and distributed computing aPhe atom to statdg,) and prepare it for the next photon
plications.

) . . . mission. Such a single-photon gun is expected to reach a
Given the current state of affairs, there is a pressing nee g'e-p 9 b

for systems capable of integrating the relative strengths of p-rate~«, which is typically several megahertz. An alter-

material particle-based entanglement and photon-based eﬂgtlve approach based on adiabatic passage for a determin-

tanglement, wherein the former provides reliable quantun&StIC or “push-button smgle-photon_ source was cons!dered
information storage and local entanglement capabilities, thd! Ref. [19]. In the abovegz_dEO/h IS '_[he dipole coupling
latter provides quantum communication capabilities ovePetween the atom and a single cavity phot@h angular
long distances. It is important to develop capabilities for re-Teéquéncyw) field Eo=2mhiw/V confined in a mode volume
liably converting and transferring quantum information be-V- d is the electric dipole matrix element and«) is the
tween material and photonic qubits. excited atom(cavity) decay rate.

In this paper, we develop a system composed of a single A simple extension of the three-level atom to a four-level
trapped atom inside a hig@-optical cavity for deterministic one as illustrated in the right panel of Fig. 1 consists of our
generation of atom-photon entanglement and its subsequemtodel. The excited statg) is now resonantly coupled to
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FIG. 1. Atom-photon entanglement illustrations.

both statedg,) and|g_) through the left and right circular . : . Ly

polarized cavity photon field§20]. Following Law and Heff:HO_lﬁK(aLaL+aRaR)_|ﬁ§0'e,e' (5

Kimble [16], the coherent pafin the rotating-wave approxi-

mation) of our model Hamiltonian can be expressed as  Using the combined basis of atomic internal state
(u=g;,e,0.,0,) and the Fock basis of cavity photons

HO:ﬁg(aLae,gf+a[crgf,e+ aRaeyg++a;ag+,e) |w,n ,ng), we can analyze the dynamics of the photon-
1 emission process. Limited to 0 and 1 photon numbgfs
+ Efm(t)(frgl,e+ ‘Te,gl)’ () =a§a§, the pure state wave function from E&),

whereo, (t=0)=|u)(1| (1,v=0;,€,9-,0,) are atomic pro-  |¥(1)) =ag[01,0,0 +age,0,0) + a4 [g-,1,0 +ag [:,0,1),
jection operatorsa, and ag (¢=L,R) are annihilation and (6)
creation operators for the quantized cavity fidldt) denotes

the coupling between the atom and the external classic@peys the conditional dynamics describedibWFHeﬁlz//).
field. Including the non-Hermitian dynamics due to both Explicitly, we find

atomic spontaneous decays and the cavity decay, the master

equation of our system becomes iagl(t) = %Q(t)ae,
=~ Lol xS (2agal-alagp- palay P Y
dt zLo gt P ™ Gy 3 iag(t) = EQ(t)agl +gay_ +0ay — 152
vB (7
+ 2 _E(ZU' ePO¢, ~ OgeP — Pa'e,e)a (2) ia. (t) = —i
e, 2 u u iag (1) =ga—ikay ,
whereg,, denotes the branching ratio of the atomic decay to iag+(t) =ga.~ikay,.

levels|w) and By, + B, +B,,=1. Similar to the Law protocol
[16], the system is prepared in stdtg) with no photon in  When the classical pump field satisfies the condition of
the cavity, after the classical fiele(t) is tuned on for a Q(t)<g?/«, the approximation solution to E¢7) becomes
periodT,, a single photorjwith either a left or a right circu- .
lar polarization is generated in the cavity, which immedi- 8y (1) ~ exp[— 1 f Qz(t’)dt’]
ately transmits outside the cavity in the bad cavity limit of 1 2(40%k+ ) J o ’
k> g k> . 3)

0w

ag(t) =~ —i

22+ 52 (8
The probability of detecting a photon with a given polariza- glk+y

tion is easily computed according to

: ag_(1) = - iaq1),
Py(t) = 2k J @(tay(t')dt'. (4) x
0 given the initial condition ofagl(O):l and ae,g_,g+(0):0.
To gain more physical insight, we describe the dynamicClearly, the left and right polarized modes are equally popu-
evolution of the system using the non-Hermitian effectivelated if their couplings to the cavity mode are identical. The
Hamiltonian[21] conditional state of the system then becorfz’23
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0.5 ' ' — . equation dynamics. The non-Hermitian Hamiltonian dy-

- namics gives a slightly lower value for final photon emis-
sion probability because it excludes repeated spontaneous
decays. When the atom ijg) decays to|g,), it may be
reexcited by the classical field before emitting the photon
into the right cavity mode. Such an event should be ex-
cluded in order to have have a final state with atom cavity
coherence, yet it is included in the master equation solu-
tion.

We note that the bad cavity limit, or the operating condi-
tion as specified by Eq3), in fact corresponds to the cavity
QED system not in the strong-coupling limit. Thus the cavity
photon decays immediately once created, and this allows for
an adiabatic description by eliminating the atomic dynamics
in the cavity. The condition of>> kv is in fact the same
vt requirement of a large cooperativity paramet€r: g2/ )

or a small critical atom numbén, = xy/g?) as in the strong-

FIG. 2. The conditional probability for the emission of a cavity coupling limit. It turns out that this parameter is an important
photon. characterization for the fidelity of several important quantum

computing protocols of atomic qubits inside hiGheavities

[24]. We now further illuminate this in terms of the basic

1
'_E(|g_>‘nl' =1,0 +|g,)[0,ng=1)), (9 element of quantum information exchange between a cavity
J

and an atomic qubit.
We consider a three-level-type coupling scheme as in

an atom-photon entangled state.

We have performed detailed numerical simulations for ahe left panel of Fig. 1. When the classical fiefdt) is
classical pump field of the form Raman resonant with respect to the cavity phassuming

a perfect compensation for ac Stark shift5]), while

Q(t) =Qy, sin2<1t>, 0<t<T, (10)
To

strongly off-resonant with respect to the atomic transition
le)«|g,), the two statedg;,0) and|g,,1) are effectively

coupled directly through a Rabi frequen@y and an effec-
with (g,«,v,Q0)=(2m)(45,45,4.5,45MHz and Ty=6/y tive atomic decay rate.x given by

=210 ns. We present selected results in Figs. 2 and 3.
Clearly, our model works in exactly the same way as the
original Law protocol[ 16]. The only difference being now
that the confirmed emission of a cavity photon is accom-
panied with atom-photon entanglement. With the above
parameters, we find that the conditional probability for a
left or right polarization photon rapidly increases to about

1Qg
Qepg==—— 11
eff 2 A ) ( )

_10?
')’eﬁ—zp')’, (12)

49%. For comparison, we have solved both the conditionalvhere A= w, - (w,— w,) is the pump field detuning.
wave-function dynamics as well as the complete master To expect coherent dynamics for state mappia6] ac-

cording to
0.35
_ (algn) + Blg2) ® [0) — [g2) ® (a]1) + Bl0), (13
— Density matrix approach
o8 [\ L Non-Hermitian Hamitonian | | one requiredq¢> verr and Qeq> k, Which reduces to
0.25|
k2.9 (14)
g A vy
dP(1)°2
ar thusg/y> /g or g>> ky [27].
0.15 We have performed extensive numerical simulations to
check this understanding. First for the Raman scheme and a
0.1 ] constant(), we definesuccess ratéFig. 4) [16] as the con-
ditional probability for an atom to end up in std) (from
0.05F initially in state|g,)), i.e., conditioned on the system to ex-
perience no spontaneous emission from either the atom or
0 ] p 3 p s 5 the cavity. The numerical results are given in Fig. 4, which

vt shows a weak dependence on the classical field detuking

Typically, we find that the optimal condition corresponds to
FIG. 3. Cavity emission rate. QO/A~0.2-0.75.
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FIG. 4. The success rate of mapping the atomic stetg) FIG. 6. The same as in Fig. 4, but with the adiabatic passage

+p|g) into the cavity statey|1)c+B|0)c. The worst case scenario protocol. The results are optimized and are observed to be less
of =1 andB=0 is considered here. States with nonzgi® gen- sensitive on the ratio o/ y. y=(27)20 MHz.
erally lead to proportionally larger success rates. We have ysed
=(2m)20 MHz andA=50y. adiabatic passag@6,31-33. The best numerical results are
shown in Figs. 6 and 7, respectively. We note that in this case
The second figure of merit applies to the operation of thehe numerical survey is rather cumbersome as we are looking
atom + cavity system as a photon gun, the aim of our proat a three-dimension&{2, A, and ) optimization search for
posed model. In this case, the probability of emission, or theach data point. The Raman differential detuning is defined
emission rateinto the cavity mode is used. In a sense, itasé=(w ~wc)—(wy—wy).
measures the photon-gun quality. The results from our nu- Finally, we briefly comment on the effect of atomic mo-
merical survey are illustrated in Fig. 5. It is interesting totion on the discussed protocol for atom-photon entangle-
note that the result®o depend on the detuning, essentially ment. In all current optical cavity QED systems, the coupling
reflecting an unbalanced choice ofwith y.; We also note  strengthg(r) between the quantum cavity field and the atom,
that together with the probability of the atomic spontaneouss position dependent, withbeing the atomic center of mass
emission, the two add to unity in the long-time limit. coordinate. The variation af(f) due to the standing wave
Building on several current experiments, it seems possibleavity mode along the cavity axis leads to entanglement be-
to achieveg?/(yx)=30 [28-3(, a condition for very effi- tween the atomic motion and its internal state, which in the
cient photon gun according to our calculations; in the strongextreme case can cause a complete loss of coherence/
coupling limit, this also becomes a promising parameter reentanglement between the atom and the emitted photon, if
gime for converting an atomic qubit into a flying quibiif 0  the atomic center of mass wave packet is delocalized to a
and 1 photons size(ér) comparable to or larger than the cavity mode wave-
For comparison, we have also compared the state magength .. Typically one requires the so-called Lamb-Dicke
ping, Eg.(13), with the counterintuitive pulse sequence for limit, or &r <\, to enforce an approximately constagit)

1 ; — 1 ; —
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FIG. 5. The optimal photon-gun quality for=(27)20 MHz and FIG. 7. The same as in Fig. 5, but with the adiabatic passage
A=50y. protocol. The results are optimized and fgr (27)20 MHz.
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over the whole atom. The small sized wave packet can badopted for distributing entanglement shared between any
prepared by cooling atomic motion to the ground state of anwo parties as the single photon can be propagated to reach a
external harmonic trap as for trapped ions. In this limit, ef-distant party. Successful realization of the controlled interac-

is much less than the trap excitation quanta. The dependengg, esent an important milestone in quantum information
of the fidelity for the state transfer protocol, £q3), on the physics

Lamb-Dicke parameten,=27wdr/\; has already been exten-
sively investigated before with numerical simulatiof$z}]. o ]
For the application of the recently suggested motional insen- Ve acknowledge the contribution of X. H. Su during the
sitive dark state protocof35] to state transfer, Eq13),  €arly stages of this work. Our research was supported by a
nonadiabatic motional effect has also been studied in gredtrant from the National Security AgeneiSA), Advanced
detail [36]. Research and Development ActivitARDA), and the De-

In summary, we have proposed a simple and efficienfense Advanced Research Projects Age(i@paRPA) under
implementation for a deterministic generation of atom-Army Research Offic¢ARO) Contract No. DAAD19-01-1-
photon entanglement. Our arrangement can be directip667, and by NSF.
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