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Readout and retrieval processes are proposed for efficient, high-fidelity quantum state transfer between
a matter qubit, encoded in the level structure of a single atom or ion, and a photonic qubit, encoded in a
time-reversal-symmetric single-photon wave packet. They are based on controlling spontaneous photon
emission and absorption of a matter qubit on demand in free space by stimulated Raman adiabatic passage.
As these processes do not involve mode selection by high-finesse cavities or photon transport through
optical fibers, they offer interesting perspectives as basic building blocks for free-space quantum-

communication protocols.
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High-fidelity quantum state transfer between single
photons acting as “flying qubits” and matter qubits, such
as atoms or ions, acting as “stationary” memory “qubits” is
a crucial process for quantum technological applications.
It is an important elementary readout and retrieval process
in quantum-communication protocols [1] in which quan-
tum information exchange between distant stationary
matter qubits is achieved by photon transport through
optical fibers or through free-space channels. Whereas
fiber-based quantum communication offers advantages
for local networks [2], free-space implementations are
of special interest for the realization of a future worldwide
satellite-based quantum-communication network [3].

Motivated by its significance for quantum communica-
tion, the realization of efficient light matter coupling in free
space has been the subject of recent experimental [4-6]
and theoretical [7] investigations. Although efficient, high-
fidelity quantum state transfer from a matter qubit to a
photonic qubit can be achieved by spontaneous photon
emission, realizing the reverse process in free space is a
formidable experimental challenge. Exploiting time-reversal
symmetry, it has been shown that almost perfect absorption
of a single photon in free space is possible provided the
single-photon wave packet has an exponentially growing
temporal envelope [7]. An interesting probabilistic method
for generating and shaping a single-photon wave packet
with an exponentially rising envelope has been developed
recently [8,9]. The inherent probabilistic nature of the
procedure stems from the usage of a photon source based
on spontaneous four-wave mixing [10] and the shaping of
the wave packet by using electro-optical amplitude modu-
lation. However, the probabilistic nature of these processes is
a disadvantage for applications concerning readout and
retrieval processes of quantum information and procedures
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capable of performing such tasks on demand in a determin-
istic way are favorable.

In fiber and cavity based quantum-communication
schemes a proposal to overcome the obstacles of probabi-
listic photon generation and probabilistic wave packet
shaping has been developed by Cirac ef al. [11] and has
been implemented experimentally by Ritter et al. [12],
recently. In this experiment, a laser pulse controls the
interaction of a single trapped atom with the radiation field
inside a high-finesse cavity. Exploiting the extreme cavity-
induced mode selection of the high-finesse cavity and the
resulting vacuum Rabi oscillations governing the coherent
spontaneous photon emission and absorption processes, a
matter qubit can be converted efficiently on demand to a
single-photonic qubit prepared in a time-reversal-symmetric
wave packet state. Because of this symmetry of the wave
packet, the quantum information stored in this single photon
can be retrieved with high fidelity after transmission through
an optical fiber and stored in another matter qubit.

However, this efficient readout and retrieval procedure is
not suitable for free-space quantum-communication proto-
cols which do not involve any strong mode selection
mechanism, because in free space the spontaneous photon
emission process is of a considerably different nature. It is no
longer governed by coherent vacuum Rabi oscillations but
by an approximate exponential decay of the matter qubit.
This decay reflects the extreme multimode aspects of the
spontaneous emission process. In view of these differences,
the natural question arises whether it is possible to design
efficient, high-fidelity readout and retrieval procedures for
photon-mediated quantum information transfer in free space
on demand.

In the following it is demonstrated that such procedures
can be realized by appropriately controlling the spontaneous
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FIG. 1 (color online). Schematic representation of a free space
quantum state transfer protocol as described in the text.

emission and absorption of a single photon by a matter qubit
with the help of stimulated Raman adiabatic passage
(STIRAP) [13]. Thereby, instead of suppressing the multi-
mode aspects of the matter-field interaction by a high-finesse
cavity, these features are exploited for controlling the
generation and absorption of a time-reversal-symmetric
single-photon wave packet by a material qubit. Recent
experiments [4,14] demonstrate that in free-space scenarios
material qubits can be trapped in the foci of parabolic
cavities thus enabling efficient and well-directed photon
emission and absorption. Combining these trapping tech-
niques with these readout and retrieval processes, efficient
free-space quantum-communication protocols can be
designed for high-fidelity photon-mediated quantum state
transfer between distant matter qubits. We consider a
physical setup as depicted schematically in Fig. 1. Two
atoms or ions are trapped in the focal points of two distant
opposite parabolic cavities whose focal length is large and
whose surface roughness is small compared with typical
optical wavelengths. The relevant atomic level structure is
depicted in Fig. 2. The states |g;) and |g,) are radiatively
stable or metastable ground states constituting a logical
qubit. The state |#) is an ancillary level which is used to
transfer coherently population between states |g;) and |r) by
a STIRAP process. The (classical) laser pulses performing
the STIRAP process are characterized by the time dependent
Rabi frequencies Q;(7) and (7). Preparing initially a
trapped atom in state |g;) an appropriate STIRAP-controlled
spontaneous decay process from level |r) to the ground state
lg») with the spontaneous decay rate I' is capable of
generating a time-reversal-symmetric single-photon wave
packet. For this purpose, it is important that state |r) can
decay only to state |g,) and not to state |g;) or to any other
state. Preparing initially a trapped atom in state |g,) this
time-symmetric single-photon wave packet can be absorbed
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FIG. 2 (color online). Basic atomic level scheme as described in

the text.

again almost perfectly by an appropriately tailored STIRAP-
assisted photon absorption process. These two processes are
the basic building blocks of our proposed high-fidelity
readout and retrieval processes.

In the dipole and rotating wave approximation, the
interaction of an atom in the focus of a parabolic cavity
with the radiation field is described by the Hamiltonian
H = H o, + Hgoq + H, with the Hamiltonians of the free
radiation field Hpoy = hy; a),-aja,- and of the free atom

Hyom=hwy, [91)(g1|+hwy, |92)(g2 |+ Freoy | 1) (| +hro, ).
The modes of the quantized radiation field inside a para-
bolic cavity are characterized by the orthonormal mode
functions g;(x) with frequencies w;, and by the corre-
sponding photonic destruction and creation operators a;
and &,T. Describing the laser fields inducing the STIRAP
process classically, the interaction between the atom and
the radiation field is characterized by the Hamiltonian

H; = ~[E](x,) - d|g>)(r| + H.]
h

-3 [ei(w,,—wgl—FAl)(f—to)Ql (t)]g1)(h| + H.C.]

o
_ E [el(w,,—(1),+A2)(I—IO)Q2(t) \r) <h| + HC] (1)

The time dependent Rabi frequencies Q(f) and Q,(7)
characterize the interaction of these laser fields with the
atom and A, A, are their detunings from resonance. The
positive frequency part of the electric field operator Ei’(x)
describing the quantized modes of the radiation field is
given by

hw; N
(x)a; . 2
o mxal. ()

B(x) = [B1 (0] =03

The dipole matrix element of the atomic transition
|r) <> |g,) is denoted d, and x,, is the position of the atom.
It is assumed that the spontaneous decay of the state |h) is
negligible as this state is not populated significantly during
the STIRAP process. This makes the spontaneous decay
process from the state |r) to the state |g,) highly control-
lable and robust [13,15].

In order to describe our high-fidelity readout and
retrieval processes we focus on atom-field states of the
form [Winiiar) = [Watom) [Wriela)» initially prepared at time
t = ty. In the readout process which involves the generation
of a time-symmetric single-photon wave packet, initially
the atom is prepared in state |g;) and the radiation field in
the vacuum state. Analogously, in the retrieval process,
which involves almost perfect absorption of this wave
packet, initially the atom is prepared in state |g,) and the
radiation field in this one-photon wave packet state. For
these initial states the time dependent Schrédinger equation
can be solved by the ansatz

v(0) = a0+ _fi(1)lg2)a{10)".  (3)
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with [y, (7)) constituting a linear superposition of the
atomic states |g;), |g2), |h), and |r). Taking into account
the mode structure inside a parabolic cavity with large
focal length [16,17], the one photon probability amplitudes

|

fi(t) can be eliminated from the Schrodinger equation.
In the interaction picture we obtain the following effective
inhomogeneous Schrodinger equation for the atomic
state

: d ~ i) ~ in,— *
if— Wpat(1)) = Hpar[par (1)) = [M)EL™ (X0, 1) - A7,

. T
/= =i ) 1] -

The term
E=(x, 1) = m0n)(70) (0[BT (x) et (=10) [y )

describes the coherent driving of the atomic state |r) by a
freely evolving incoming single-photon wave packet.
Similar to [18] the anti-Hermitian part of the Hamiltonian
I:Ipm takes into account the spontaneous decay of the
atomic state |r).

For adiabatically eliminating the state |h) from the
Schrodinger equation (4) let us assume that A; = A,, that
the Rabi frequencies are of the form Q;(7) = Qsin[6(7)]
and Q,(¢) = Qcos[0(r)] (> 0) and that the laser

fields are sufficiently intense [13,15,19], i.e., H(t) I
2Q%/|A 5 £ /AT, +4Q?|. Under these conditions the

adiabatic approximation applies [20] and the atomic state
W part (1)) can follow the dark state [D(¢)) = cos[6(t)]]g;)—
sin[(1)]|7), i.e., [Wpan(t)) = c(2)|D(t)). Using Eq. (4) the
amplitude c¢(z) fulfills the relation

%c(t) — L sin?i0(0)] - Lsin[o()]E™(x,. 1) - .

2 h
(5)

In order to generate a time-symmetric single-photon
wave packet in a readout process we start from the initial
states [Waom) = [91) and |wgea) = [0)” with Q(10) >
Q, () and sin[0(#y)] = 0. In this case the last term in
Eq. (5) does not contribute because the incoming photon
field is in the vacuum state. Thus, the solution of Eq. (5)
with the initial condition ¢(#y) = 1 is given by

c(t) = exp <—g / ldt’sinz[e(t’)]) (©6)

fp

The envelope of the emerging single-photon wave packet
is determined by the atomic amplitude (7|, (?)) =
—c(1) sin[@(z)]. From Eq. (6), one obtains the relation

(rlgpan (1))

sin[0(1)] = — .
V1= T L [l (1)) Pt

(eiAl(t—to) QIT@ |g1) (h| 4 eiB2(i=10)

Q(1)
5 |ry(h| + Hc) (4)

[

Hereby, (r|Wpa(f)) has to be chosen in such a way that
|sin[@(7)]] < 1. For the generation of a time-symmetric
single-photon wave packet a possible choice of the atomic
amplitude is given by

2\ l/4
i) = (5132) 7
with o' and (. —1y)/c being sufficiently large.
The corresponding shapes of the STIRAP pulses Q(7)
and Q, () are determined by Eq. (7).

Propagation of the generated single-photon wave packet
to another far distant parabolic cavity through free space
can be described by semiclassical methods [21]. Using the
results derived in Ref. [16] the driving term entering
Eq. (5) is determined by the quantum state of the first
atom, i.e., BT (X5, 1) - d* = alA{r[@pan(t — 7)) yom1 With
7 denoting the time delay caused by photon propagation.
The complex valued constant @ € C with |a| < 1 describes
a possible phase shift and photon loss (with loss probability
1 — |a|*) during this propagation.

In order to validate the results obtained from the
adiabatic approximation we have solved Eq. (4) numeri-
cally. The corresponding probability of finding the first
atom in state |r) during the generation of the wave packet
is depicted in Fig. 3. These numerical results demonstrate
that a time-symmetric single-photon wave packet can be

0.08|— Q=5
é* —Q=2I
= 0.06f— Q=T
'}% -- ideal
S 0.04
—
A

0.02

0.00 t

20 ~10 0 10 20
Time: I'(t — tmax)

FIG. 3 (color online). Time dependence of the probability of
detecting an atom in state |r) during the generation of the single-
photon wave packet for several Rabi frequencies €: The
parameters are oI’ = 10, T'(fy — f) =25 and A} = A, = 0.
The result of the adiabatic approximation is denoted by “ideal.”
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FIG. 4 (color online). Success probability of absorption of the

single-photon wave packet generated by the readout procedure

and its dependence on the Rabi frequency Q provided the photon

is not lost during transmission (i.e., |@| = 1): The parameters are
I = 10, F(to — tmax) =25 and Al = Az =0.

tailored provided the Rabi frequency Q is sufficiently
high. Another quantity of interest is the success proba-
bility for absorbing the wave packet generated by the first
atom and for transferring the population of the second
atom from the initial state |g,) to state |g;) provided
the photon is not lost during transmission, i.e., |a| = 1.
This probability is depicted in Fig. 4. Hereby, we assume
that the readout and retrieval processes are performed with
the same Rabi frequency Q. With increasing €2 this
probability quickly approaches unity. Thus, our scheme
leads to almost perfect absorption of the wave packet if
Q is large in comparison with the spontaneous decay rate
I". Furthermore, numerical calculations confirm that the
maximal probability of finding the atoms in state |h)
scales with Q2. For Q = 10I" and the parameters chosen
in Fig. 3 and Fig. 4, for example, its values are smaller
than 1073, This is valid for STIRAP-assisted photon
emission as well as absorption. Thus, the assumption of a
negligible population of the ancillary atomic level | ) can be
satisfied easily for sufficiently high Rabi frequencies.
Based on these results, quantum state transfer protocols
suitable for free-space communication can be constructed.
In the simplest protocol the previously discussed level
structure is used for encoding a qubit in the atomic levels
|g1) and |g,) of an atom trapped in the focus of a parabolic
cavity. The readout of this qubit is performed by the
proposed STIRAP-assisted spontaneous photon emission
process. Thus, if this atom is prepared initially in state |g;)
it is transferred to state |g,) after this spontaneous photon
emission process. Alternatively, if it is prepared initially in

state |g,) it remains in this state and no photon is emitted.
Correspondingly, if initially the atom is in a linear super-
position of both states this qubit state is coherently mapped
onto a coherent superposition of the presence and absence
of a single photon. After photon propagation through free
space the retrieval of this photonic qubit is accomplished
by the time reversed STIRAP-assisted process acting on a
second atom initially prepared in state |g,). This way it is
possible to store the original qubit again in a second distant
matter qubit positioned in the focal point of another
parabolic cavity. However, this simple procedure has the
drawback that photon loss cannot be detected by the
receiver and leads to a significant reduction of the fidelity
of the original qubit state.

This problem can be circumvented by an advanced free-
space quantum-communication protocol whose atomic
excitation scheme is depicted in Fig. 5. In this protocol,
the photonic qubit is encoded in the polarization state of
the generated single-photon wave packet and the matter
qubit may be formed by Zeeman sublevels of a degenerate
metastable atomic state. After photon propagation the
retrieval of this photonic qubit and storage in another
matter qubit is achieved with the corresponding time-
reversed STIRAP assisted single-photon absorption proc-
ess. In this protocol photon loss only affects the success
probability of the retrieval process and not the fidelity of
the retrieved qubit state. Provided the transmission of the
generated single-photon wave packet is successful, the
quantum state of the first atom is transferred to the distant
second atom with fidelity arbitrarily close to unity if the
Rabi frequency Q is sufficiently large. Typical experimental
imperfections, such as finite sizes of the parabolas or real
surface properties reduce the success probability but leave
the fidelity unaltered [16].

Atomic level structures suitable for implementing such a
scheme are available in alkaline-earth and alkaline-earth-
like atoms, for example. These atoms offer ground states
with vanishing electronic spin and are therefore of interest
for quantum information processing [22,23] and for real-
izations of optical frequency standards [24]. For this
scheme isotopes with vanishing nuclear spin are of par-
ticular interest due to their nondegenerate ground states.
The matter qubit may be encoded in long-lived metastable
states and the single-photon wave packet may be generated
by dipole allowed optical transitions from suitable excited
states to the nondegenerate ground state of the atom.

STIRAP readout ¢;.p smgl e-photon  STIRAP storage STIRAP EIG. 5 (color online). ~Advanced pro.tocol
wave p acket M or quantum state transfer in free space: The

|T0 [70) +_'|’"1> qubit states are denoted by |0) and |1)
decay Uabsorptiona (colored in orange). The nondegenerated

1) - |0) ——Yj1y  ground state of the atom is denoted by |g).

lg) The red arrows indicate the relevant sponta-

neous decay and photon absorption proc-
esses. The black arrows indicate the
relevant STIRAP processes.
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The presence of such a nondegenerate ground state is
necessary in order to ensure that the excited states decay to
only one state of the level structure. Successful cooling and
trapping of such atoms, such as 8Sr and '7#Yb, has already
been reported [25,26]. In these neutral atoms also suitable
level schemes can be selected [27,28].

In conclusion, we have proposed a STIRAP-assisted
method for generating time-symmetric single-photon wave
packets on demand by spontaneous decay in free space.
With the help of these single-photon wave packets high-
fidelity quantum state transfer between distant matter
qubits by photon propagation in free space can be imple-
mented. In contrast to already known quantum state transfer
schemes our protocol does not require high-finesse cavities
and optical fibers so that it offers interesting perspectives
for applications in free-space quantum communication.
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