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following the principle outlined by Bennett et al. [Phys. Rev. Lett. 70, 1895 (1993)].
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The possibility of entanglement between two separated
systems and the projection postulate are two of the most
intriguing features of quantum mechanics. Combinations of
these features have led to predictions of a variety of novel
quantum effects, such as the teleportation of quantum states
[1], whereby a sender is able to communicate the unknown
state of a given particle to a receiver at another location
without sending the particle itself.

Bennet et al. [1] have recently described a scheme for
quantum-state teleportation involving three particles. The
particle whose state is to be teleported (particle 1) is initially
in an unknown state | ;). The particle that will receive the
teleported state (particle 3) is prepared in a maximally en-
tangled state |W,3;) with another particle (particle 2). Tele-
portation is achieved by first performing a joint measurement
of the von Neumann (vN) type on particles 1 and 2. The
outcome of this measurement is communicated by conven-
tional (classical) means to a receiver, who, with this infor-
mation, applies an appropriate rotation to particle 3. Follow-
ing this rotation, the state of particle 3 is identical to the
original state of particle 1 and the teleportation is complete.
In summary, the teleportation process involves three steps:
(i) preparation of two particles in a maximally entangled
state, (ii) a joint measurement on one of these particles and
the unknown particle, and (iii) communication of the mea-
surement result to the other particle of the initially entangled
pair and subsequent rotation of this particle.

Entangled states of polarized photons have been prepared
and employed in several experiments testing Bell’s inequali-
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ties [2]. However, to date no vN measurement of two par-
ticles has ever been performed. In this Rapid Communica-
tion, we propose a scheme to implement teleportation in
which the relevant particles are atoms and the state that we
wish to teleport is the state of an atom initially prepared in an
unknown linear superposition of two internal states. (We
note at this point that the scheme can also be used for the
teleportation of a cavity radiation field state in a superposi-
tion of the zero- and one-photon Fock states.) In this scheme,
both particle entanglement and vN measurement are accom-
plished via the interaction of the atoms with (microwave or
optical) cavity field modes.

Our use of cavity QED effects is encouraged by spectacu-
lar recent advances both in microwave and optical experi-
ments [3], in which coherent atom-cavity-field interactions
can be made to dominate over dissipative processes due to
cavity losses and atomic spontaneous emission. With atoms,
it is also straightforward to implement rotations required for
teleportation using, e.g., sequences of microwave pulses be-
tween hyperfine levels.

Certain important differences exist between the micro-
wave and optical regimes and so we shall present two varia-
tions of the teleportation scheme, each suited to one particu-
lar regime. An interesting feature of the scheme designed for
the optical regime is that, for the entirety of the procedure,
only ground atomic states are ever populated, and so, in prin-
ciple, teleportation could be implemented over large dis-
tances (i.e., no time constraints are set by spontaneous emis-
sion).
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The basic idea of the vN measurement we are proposing
is as follows. Consider two two-level atoms (equivalent to
spin-; particles) with levels |g) and |e). The total Hilbert
space of the atoms #=#,® #,, where #, is the Hilbert
space of a single atom. A standard vN measurement involves
measuring the joint state of these atoms in a maximally en-
tangled basis of #, with, for example, basis vectors

'\ngi—)>=l/ﬁ(le>ilg>jilg>i|e>j)’ (1a)
lq)gji)>=1/‘/5(‘3>i|e>jt|g>i|g>j)- (1b)

Our approach to this measurement is to utilize an appro-
priate interaction between the atoms and a cavity mode to
uniquely map % onto a different Hilbert space .#, of one
atom only (utilizing two additional internal atomic states).
Once this mapping has taken place, a single measurement of
the state of the four-level atom gives the required vN mea-
surement.

In the context of teleportation, given that an entangled
state of atoms 2 and 3 has been prepared (see [4] and below
for schemes), atoms 1 and 2 pass through a cavity initially in
the vacuum state. The total state of the atoms plus the cavity
mode before the interaction is

I’\P23>|¢1>|O>c’ (2)

where |@;)=a|g);+ble);, and |0). denotes the vacuum
state of the cavity mode (i.e., the zero-photon Fock state).
Through the interaction, the state (2) becomes

I\ir23>|g>1|0)c’ (3)

where |¥,3) is now an entangled state of a four-level atom
(atom 2) and a two-level atom (atom 3). A proper measure-
ment of the state of atom 2 will have the same effect as a vN
joint measurement on atoms 1 and 2.

(a) Microwave regime: Rydberg atoms. We consider three
atoms with atomic Rydberg states |g);,|g’)i.le):,le’);
(i=1,2,3). Here, g and e represent states with quantum
numbers (n,l) and (n+1,/+1), respectively (n>1), and
the primes denote different magnetic quantum numbers. As
we will show, teleportation can be accomplished by utilizing
the interaction of these atoms with two identical microwave
cavities. The cavity modes are o* polarized and are on reso-
nance with the (n,l)—(n+1,/+1) transition. In the follow-
ing we will assume that the velocities of these atoms have
been selected so that the interaction times between the atoms
and the cavity modes are t;=t,=2t;=m/(2g), where g is
the atom-cavity-mode coupling constant and ¢; refers to atom
i. We will also assume that the matrix element of the dipole
moment for the transition |g)—|e) is the same as that for the
transition g’} —|e’) [5].

We want to prepare atom 3 in the same state as that of
atom 1, given by

[#1)=alg)+ble);. 4)

In the following, we outline the three fundamental steps in-
volved in the teleportation process. A schematic representa-
tion of the process is given in Figs. 1 and 2.

Step 1: Preparation of the entangled state |V ;). Atom
3, initially prepared in the state |e);, is sent through a cavity
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FIG. 1. Schematic of cavity configurations and atomic trajectories for
atomic state teleportation from atom 1 to atom 3. The dashed circles apply to
the adiabatic passage scheme and represent laser fields which partially over-
lap the cavity fields. The dashed arrow between the cavities applies to the
Rydberg atom scheme and represents a pair of microwave pulses applied to
atom 2.

initially in the vacuum state |0). Subsequently, atom 2, ini-
tially prepared in the state |g),, is sent through the same
cavity. Given the interaction times specified above, the state
of the system composed of atoms 2 and 3 is, after the inter-
action [4],

|¥23)=1/V2(|g)2le)s—le)alg)s), (5)

with the cavity mode again in the vacuum state. After this,
two consecutive 7/2 microwave pulses are applied to atom
2: the first with 7 (or o~) polarization and the second with
o polarization. Population in atom 2 is thus transferred
coherently from states |e) and |g) to states |g) and |g’),
respectively (dashed lines in Fig. 2), and the state |¥,;) be-
comes

¥ =1/V2(Ig")sle)s—g)2l8)3)- (6)

Step 2: Joint measurement of atoms 1 and 2. Atom 1,
initially in the “unknown” state (4), is sent through a second
cavity initially in the vacuum state |0),. Before this interac-
tion, the state of the whole system is given by (2). After the
interaction, the state of the cavity mode is

and atom 1 is in the state |g); . Atom 2 then crosses the same
cavity. In the interaction between this atom and the cavity
mode, the states |g),|0). and |g'),|0). remain unaltered,
whereas the states |g),|1). and |g’),|1). are transformed
into |e),|0). and |e’),|0)., respectively. Thus the state of
the system after the interaction is (3), with

atom 3 atom 2
oo < e‘ &
7‘ e — _?_
¥
g g 8
atom 1 Step 2 atom 2
/+ £ e
g g g

FIG. 2. Atomic level configurations for Rydberg-atom scheme showing
required transitions for steps 1 and 2. The solid (open) circles show the
initial (final) populations. Double-lined arrows represent coupling to the
cavity mode. Upward (downward) arrows denote that a photon is absorbed
from (emitted into) the cavity mode respectively. The dashed arrows denote
application of microwave pulses (after the cavity interaction) and dashed
circles the atomic populations following these pulses (see text).
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[¥)= S[1¥5 ) (—alg)s+ble)s) +| W) alg)s+ble)s)

+|®5)(ale);—blg)s) +1D5 ) (—ale)s—blg)s)],

(8)

where
|5y =1/V2(le")2%g)2) (92)
| @5y =1/V2(le)2%1g")2). (9b)

A single measurement on the state of atom 2 is performed in
the basis {|¥§")),|®{*))}, projecting atom 3 into one of
four possible states.

Step 3: Rotation of atom 3. With the outcome of the joint
measurement of step 2, an appropriate rotation is applied to
atom 3, leaving this particle in the same state as (4). This
rotation is performed by a suitable o* -polarized microwave
pulse.

The scheme presented here for Rydberg atoms requires (a)
controlled atomic velocities, (b) detection of atoms in given
states, (c) negligible cavity loss during the atom-cavity inter-
actions, and (d) no spontaneous decay during the whole tele-
portation process. In cavity QED experiments with Rydberg
atoms, control over atomic velocities is achieved utilizing
velocity-selective chopping of an atomic beam. The detec-
tion of atoms in the states |¥(*)) and |®(*)) could be per-
formed by applying a sequence of microwave pulses to the
atom such that these four superposition states are trans-
formed in a one-to-one fashion to four distinct pure states,
which can then be detected and distinguished using selective
ionization techniques [6]. Cavity lifetimes for high-Q super-
conducting cavities can be as long as 0.01 s, which is three
orders of magnitude longer than typical atom-cavity interac-
tion times in present experiments. Finally, atomic excited-
state lifetimes for Rydberg atoms in circular states I=n—1
are of the order of 0.01 s. Given atomic velocities of approxi-
mately 1000 m/s, this would impose a maximum distance
between cavities of the order of 1 m.

(b) Optical regime: Adiabatic passage. Scheme (a) em-
ploys coherent Rabi oscillations between atoms and cavity-
mode fields to produce the initial entangled state and then to
facilitate the vN measurement. An alternative scheme for
producing the required transformations of atomic and cavity
field states is adiabatic passage, whereby a suitable time-
dependent interaction of atoms and fields yields a controlled
evolution from some initial system eigenstate to a desired
final eigenstate. Such a scheme has been proposed recently
as a means of ‘‘mapping” states between a cavity field and
the ground-state Zeeman sublevels of an atom [7]. A signifi-
cant feature of this particular scheme is that the adiabatic
transformation is performed on a so-called “dark” eigenstate
of the system, i.e., a state containing no contribution from
excited atomic states. In this way, only ground atomic states
are ever populated and atomic spontaneous emission is
avoided. This has particular appeal for investigations in the
optical regime, and experiments testing dark-state adiabatic
passage have been carried out (with laser fields rather than
few-photon cavity fields), demonstrating coherent population
transfer between atomic ground states [8] and coherent
atomic beam deflection [9].
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FIG. 3. Atomic level configurations for optical scheme showing required
transitions for steps 1 and 2. The description is as in Fig. 2.

In practice, the adiabatic passage scheme for state map-
ping between a cavity field and an atom requires the passage
of the atom through partially overlapping laser and cavity
fields, such that the atom effectively “sees” a pair of time-
delayed pulsed fields (the order of which is important). Fig-
ure 1 again gives a schematic representation of the scheme,
with the relevant internal atomic states now shown in Fig. 3.
The atomic level scheme could, e.g., apply to the D2 line of
Cs or Rb.

Step 1: Preparation of the entangled state |V ,3). Atoms 2
and 3 pass through overlapping cavity and laser fields in the
manner shown in Fig. 1. The cavity mode is 7 polarized and
initially in the vacuum state |0). The laser field is o* polar-
ized. Atom 3 is initially prepared in the state
V1/2(1gr-2)3—|gr)s) (F is the total angular momentum
quantum number of the ground-state level and gr,gr_, de-
note substates within this level with magnetic quantum num-
bers mp=F and mp=F — 2, respectively) and passes through
the fields first, producing the adiabatic transformation

1N2(1gr-2)3—gr)3)|0)— 1/\2(1gr-1)311)—|g£)s|0)).

Atom 2, prepared in the state |gr_,),, then passes through
the fields, and an entangled state is prepared through the
adiabatic transformation

1/\/§|8F—1>2(|8F—1)3| 1)—[gr)3/0))

—1/V2(|gr-2)218F 13— 18r-1)218F)3)|0)=]| ¥ 5)(0).

Step 2: Joint measurement of atoms 1 and 2. We wish to
teleport the following state of atom 1:

|#1)=algr)1+blgr—1)1- (10

Adiabatic passage in a second cavity is now used to imple-
ment transformations such that a single measurement on
atom 2 (following the transformations) implements the re-
quired vN measurement. The state of the system formed by
the atoms and the second cavity is, following step 1, given
again by (2). Atom 1 now passes through overlapping cavity
and laser fields, which are resonant with the F—F—1 tran-
sition and o~ and 7 polarized, respectively. The resulting
adiabatic passage leaves the cavity in the state (7) and atom
1 in the state |gg); .

For the passage of atom 2, the frequency and (if neces-
sary) the polarization of the laser field are changed such that
it is resonant with the transitions |er_,),—|g.), and
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lep_3)2—|gi_1)2, where g.,g._, denote magnetic sub-
states in, e.g., another ground-state hyperfine level of the
atom. Given these conditions, as a result of adiabatic pas-
sage, the states |gr_1),]|0). and |gr_;),|0), remain unal-
tered, while the states |gr_1),|1). and |gp_5),|1). are
transformed into |g!),|0), and |g;_;).|0)., respectively.
The state of the entire system thus becomes
|¥23)|gF)1|0)., Where

| W)= 3[1¥S ) (—algr)s+blgr-1)3) +|¥5 ) algr)s

+blgr_1)3)+ P57 (algr_1)3—blgr)s) +|D5))

X(—algr-1)3—blgr)3)], (11)

with
|5 =1/V2(Ig,_1)2%18r-1)2) (12a)
|05 =1/V2(|g!)2*18F-2)2)- (12b)

That is, atom 3 is projected into one of four states by a single
measurement of the state of atom 2.

Step 3: Rotation of atom 3. With an appropriate rotation
of the state of atom 3, depending on the result of the mea-
surement, the teleportation of the state of atom 1 to atom 3 is
completed. Such a rotation could again be achieved using,
e.g., microwave pulses. We note that this scheme could also
be applied to the teleportation of light fields, since suitable
adiabatic passage with atom 3 and a third cavity would
amount to teleportation of the field state a|0).+b|1), to this
third cavity.

The conditions required for successful implementation of
the adiabatic passage transformations have been detailed
elsewhere [7-10]. A fundamental requirement is that g7 >
1, where g is the atom-cavity coupling strength and 7 is the
flight time of each atom through the interaction region. This
condition, being in the form of an inequality, does not require
precise interaction times as in the case of the Rydberg atom
scheme. Spontaneous emission is, in principle, irrelevant,
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whereas cavity losses must be negligible for the time during
which the cavity mode is excited (i.e., in between the pairs of
atoms). Such conditions of strong coupling g and small cav-
ity losses should be possible using dielectric microspheres
[11,12], in which the “cavity” mode is a whispering-gallery
mode circulating just inside the surface of the sphere, and
this mode is coupled through its evanescent field to atoms
grazing the surface of the sphere. Using parameters relevant
to such spheres [12], adiabatic passage is found to operate
almost ideally [10]. Finally, detection of the states |¥$™))
and ](I)(f)) could be achieved in a similar fashion to that
described for scheme (a). Using sequences of /2 or =
optical-Raman or microwave pulses, possibly in the presence
of magnetic fields, these four states could be coherently
mapped to four pure Zeeman substates, which could then be
detected using standard state-sensitive detection techniques
(e.g., fluorescence detection or beam deflection by a mag-
netic field gradient).

In summary, we have presented two schemes for the tele-
portation of an atomic state, one suited to experiments with
Rydberg atoms and the other to experiments in the optical
regime. The schemes employ cavity QED phenomena, which
enable the required joint measurement on two atoms to be
implemented by a single measurement of the state of one
atom. Beyond teleportation, variations of the schemes pre-
sented here offer interesting possibilities in, e.g., quantum
computing.

Note added: After completion of this work, we learned of
alternative proposals for teleportation by Sleator and Wein-
furter [13] and by Davidovich et al. [14] which employ Ry-
dberg atoms and microwave cavities. In contrast to the
present scheme, they require both resonant and off-resonant
interactions of two-level atoms with the cavity fields, and the
vN measurement is implemented by measurements of the
states of two two-level atoms.
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