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Quantum Networking with Optical Fibres
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A scheme is proposed which allows for reliable transfer of quantum information between two atom
via an optical fibre in the presence of decoherence. The scheme is based on performing an adiaba
passage through two cavities which remain in their respective vacuum states during the whole operatio
The scheme may be useful for networking several ion-trap quantum computers, thereby increasing t
number of quantum bits involved in a computation. [S0031-9007(97)04819-9]

PACS numbers: 89.70.+c, 32.80.–t, 42.50.–p, 42.81.– i
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The possibility of reliable spatial transport of quantum
states is of crucial importance to quantum communicatio
During the past few years, rapid progress has been m
in using optical fibres for quantum communication on th
single photon level [1]. This is needed for quantum cry
tography [1,2] and quantum teleportation [3]. Howeve
the spatial exchange of quantum information betwe
quantum registers that have undergone local quant
processing has not yet been demonstrated experimenta
Quantum communication between locally distinct nod
of a quantum network will be essential to overcome sma
scale quantum computing [4].

A promising model for storage and local processing
quantum information is the ion-trap quantum computer,
which the quantum bits are stored in stable ground sta
or in long-lived metastable states [5]. First experiment
results have already been reported [6]. However, techn
ogy imposes an upper limit on the number of ions, an
thus quantum bits, which can be used in a single ion-tr
quantum computer. To overcome this limit, a network o
several ion-trap quantum computers could be set up. B
while ions are superb for storing quantum information,
seems more feasible to mediate quantum states by pho
carried by optical fibres.

This problem has been recently addressed (to t
author’s knowledge, for the first time) by Ciracet al. [7].
They propose a scheme to transmit quantum bits
tailoring time-symmetric photon wave packets. In the
present Letter, a different approach is pursued which
based on anadiabatic passage via photonic dark states.
A representation of the scheme is depicted in Fig. 1.

The quantum bit to be transferred is initially store
in atomA, and atomB is prepared in a predefined
state. AtomsA and B may be part of ion-trap quantum
computers. Initially, both cavities and the fibre are i
the vacuum state. By appropriate design of laser puls
as described below, the states of atomA and B may be
swapped. It is demonstrated below that (ideally) the tw
cavities will never have a nonzero photon number.

The scheme has two distinctive features. Firstly, it
insensitive to losses from the cavities into other than t
fibre-modes. This is due to the fact that the cavities a
never populated. As a result, the coupling between t
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cavities and the fibre-mode does not need to be perfec
Secondly, it does not require precise control of the puls
shape; duration and intensity of the manipulating lase
pulses is not required as long as some “global” (namely
adiabaticity) conditions are met. This implies that the Rab
frequencies need not be known in order to perform th
transfer successfully. The individual atom-cavity system
are described as follows. The atoms are modeled by thre
levelL systems with two ground states,ja0l, ja1l, and one
excited state,jbl, as depicted in Fig. 2(a).

The frequency of the transitionjail 2 jbl is denoted by
vi , wherei  0, 1. The excited statejbl spontaneously
decays with a rateg. The cavity is modeled by a single,
quantized mode with frequencyvcav coupled to the tran-
sition ja1l 2 jbl with coupling strengthg. The cavity is
coupled to an optical fibre as described below. In addi
tion, a loss ratek of the cavity is included. This decay
rate includes any undesired loss mechanisms such as a
sorption of cavity photons in the mirrors and coupling to
other than the fibre-modes. The transitionja0l 2 jbl is
coupled to a laser described by ac-number coherent field
with frequencyvlas. The corresponding time-dependent
Rabi frequency is denoted byVstd. According to contin-
uous measurement theory, the evolution of a system in th
absence of quantum jumps is determined by an effective
non-Hermitian Hamiltonian [8]. In the present context the
following Hamiltonian is found (̄h  1 here and in the re-
mainder of the paper):

Heff  H0 1 Hint ,

H0  s2Dg 2 igd jbl kbj 1 Dr ja1l ka1j 1 kcyc , (1)

Hint  Vstd jbl ka0j 1 gajbl ka1j 1 H.c.

FIG. 1. Representation of the scheme. The atoms (quantu
bits) are coupled to cavities and are manipulated by lasers. Th
cavities are connected via an optical fibre.
© 1997 The American Physical Society
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FIG. 2. (a) Atomic level scheme. See text for definition o
the symbols. (b) Level scheme of the combined atom-cav
system after adiabatic elimination. The first parameter in th
ket represents an atomic ground state, whereas the sec
parameter denotes a cavity-mode Fock state.

Equation (1) is written in a rotating frame. The symbolsc
andcy denote the annihilation and creation operators of th
cavity-mode. Here two detunings have been introduce
namely the global detuningDg  vlas 2 v0 and the
“Raman” detuningDr  svcav 2 vlasd 2 sv0 2 v1d.

The scheme works in the low saturation regime, whe
the excited atomic states can be adiabatically eliminate
The conditions that are required to make this approxim
tion meaningful are set out below. By applying standa
quantum optical techniques [9], the adiabatically elim
nated effective Hamiltonian reads

H̃eff  H̃0 1 H̃1 1 H̃int ,

H̃0  fDgs00std 2 igs00stdg ja0l ka0j ,

H̃1  fDr 1 Dgs11stdcyc 2 ikcyc 2 igs11stdg

3 ja1l ka1j ,

H̃int  sDg 2 igds01stdcja0l ka1j

1 sDg 2 igds10stdcyja1l kaoj .

(2)

Here the following saturation parameters have been intr
duced:

s00std 
jVstdj2

D2
g 1 g2 , s11std 

jgj2

D2
g 1 g2 ,

s01std  sp
10std 

Vstdgp

D2
g 1 g2

.
(3)

Adiabatic elimination is applicable if the following in-
equalities hold:

siistd ø 1, i  1, 2 .

The detunings, light shifts, and decay rates of the tw
ground states are shown in Fig. 2(b). In Eq. (2),H̃0

and H̃1 contain all the terms which are diagonal in th
atomic basis. Both ground states undergo light shifts a
damping. Later it will be shown that the light shift of
stateja0l gives rise to undesired effects which will make
compensation necessary.̃Hint describes Rabi oscillations
between the ground states and contains dissipative ter
as well. The decay terms are of course unwante
f
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However, it will be shown below how they can be
avoided.

The next step is to consider two atom-cavity systems,
described above, connected by an optical fibre. The fr
Hamiltonian of the fibre and the interaction Hamiltonian
with the two atom-cavity systems are assumed to take t
following form:

Hfib 
X

k

Dkf
y
k fk

1

Ω
n

X
k

fcA 1 s21dkcBgfy
k 1 H.c.

æ
. (4)

Equation (4) is written in a frame rotating at the cavity
frequency. Byfk sfy

k d the annihilation (creation) operator
of the kth fibre-mode is denoted.Dk is the frequency
difference between thekth fibre-mode and the cavity-
mode, andn is the coupling strength between the fibre
modes and the cavity. The factorss21dk model the
phase difference ofp between the electric fields on
both ends of the fibre for every second fibre-mode. F
simplicity, it is assumed that in the frequency rang
where the coupling is significant the coupling strength
constant. Here, and in the remainder of this Letter, th
subscripts (or superscripts)A and B distinguish the two
atom-cavity subsystems. Note that the fibre is assum
to be lossless, which is of course unrealistic for lon
transmission distances. However, the present scheme
designed for short distances for which this assumptio
seems appropriate. Note also that the scheme is sensi
to losses due to nonideal input coupling of the fibre int
the cavities.

The goal is to achieve quantum state swapping. In th
model, energy eigenstates of the system and logical valu
are identified as follows:

jil jjl ; jai , 0lAjaj , 0lBjvacl , i  0, 1 .

Here the first and second ket on the right-hand side re
to the atom-cavity subsystemA andB. The first parameter
in each ket denotes the atomic ground state, while t
second represents a Fock state of the respective cav
modes. The third ket denotes the subsystem of the fib
modes, all being in the vacuum state. It is shown belo
how the following operation can be performed:

saj0l 1 bj1ld j1l ! j1l saj0l 1 bj1ld . (5)

Here a and b are arbitrary (in general, unknown)
complex amplitudes. The result of the process by startin
with the second quantum bit in statej0l will be undefined.

The primary objective is to perform the desired quan
tum state transfer with as little disturbing influence from
dissipative processes as possible. In the present cont
these are spontaneous emissions from the atomic exci
states (via optical pumping) and the decay of the cavi
mode into other than the fibre-modes. These two dec
mechanisms are dealt with as follows: (i) The optica
pumping rate is the product of the saturation param
ter siistd and the spontaneous decay rateg, whereas the
5243
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effective Rabi frequency is the product ofs01std and
the detuningDg. Therefore, by increasing the detun
ing and simultaneously increasing the Rabi frequenc
the optical pumping rate can be made arbitrarily sma
while maintaining the effective Rabi frequency constan
(ii) Undesired loss of cavity photons is avoided by pe
forming the process as an adiabatic passage throug
dark state of both cavities [10,11]. In other words, th
photon number of two cavity-modes will not differ sig-
nificantly from zero throughout the whole process. Th
scheme will be explained in more detail in the following
paragraphs.

Since spontaneous emission can be dealt with in t
aforementioned way,g is set to zero in the follow-
ing. The present scheme is based on the fact that,
the HamiltonianHpart  H̃1 1 H̃int 1 Hfib specified in
Eqs. (2) and (4), dark states with respect to the two cavit
modes exist. This requires that a fibre-mode exists th
is resonant with the cavity-mode, i.e., that a detunin
Dk  0 for a certaink exists. Note thatHpart is not the
full Hamiltonian of the system sincẽH0 is missing. It
turns out thatH̃0 deteriorates the dark state and thus th
performance of the scheme. It will be shown below ho
this effect can be avoided. The two relevant dark stat
of the partial HamiltonianHpart thus read:

jCD
0 l ~ nDsB

10std ja0, 0lAja1, 0lBjvacl

2 D2sA
10stdsB

10std ja0, 0lAja1, 0lBj1k0 l

1 nDsA
10std ja0, 0lAja1, 0lBjvacl ,

(6)

jCD
1 l  ja0, 0lAja1, 0lBjvacl .

j1k0 l denote the fibre state corresponding to fibre-mod
k0 being in a one photon Fock state and all the others
the vacuum state. The indexk0 corresponds to the fibre-
mode for whichDk0  0. These states are eigenstate
of Hpart and do not contain excited states of the cavity
mode. In the first dark statejCD

0 l the cavity-modes are
not populated due to destructive quantum interferenc
whereas the second dark statejC

D
1 l is decoupled from

the laser interaction in a trivial way.
The central idea is to use this dark state for adiaba

passage. If the system is prepared in a superposition
the two dark states in Eq. (6) and the laser intensities a
changed slowly (i.e., adiabatically) no other eigenstates
Hpart will be populated. Therefore, throughout the whol
process the two cavity-modes will not be populate
Initially, an unknown quantum superposition is prepare
in subsystemA as given in Eq. (5). This initial state can
in fact be written as a superposition of the two dark stat
jC

D
0,1l provided thatsB

10std ¿ sA
10std:

saj0l 1 bj1ld j1l  ajCD
0 l 1 bjCD

1 l .
In practice, this means that at the beginning of th

transfer the laser which acts on the atom in subsystemB is
switched on first. During the transfer the laser intensitie
are changed such that at the end the inequalitysB

10std ø

sA
10std holds. If the change is carried out slowly enough
5244
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the system at the end is still the above superposit
of jCD

0 l and jC
D
1 l. However, this quantum state now

corresponds to the desired final state of the transfer;

ajCD
0 l 1 bjCD

1 l  j1l saj0l 1 bj0ld .

An important feature of the scheme is that the details
the laser pulses are not important as long as the proces
carried out adiabatically.

As mentioned above, the HamiltonianHpart is not
the total Hamiltonian of the system because it do
not containH̃0 specified in Eq. (2). This Hamiltonian
contains a light shift of the stateja0l which will destroy
the dark state Eq. (6). However, this light shift can b
compensated for quite straightforwardly by using a seco
laser which couples the atomic levelja0l nonresonantly
with an additional level farther up in the atomic leve
scheme. The intensity of this laser is chosen such t
the total light shift ofja0l adds up to zero.

In the remainder of this Letter numerical results wi
be presented in order to evaluate the performance of
scheme. Note that the coupling strengthn will decrease
when the length of the fibre is increased. Therefore, it
advantageous to introduce a coupling strength per squ
root of unit length defined asa  n

p
L, whereL is the

length of the fibre. It will be shown below that with this
definitiona is independent ofL. The order of magnitude
of a in terms of known quantities can be estimated
follows. Suppose the fibre is infinitely long and the deca
rate of the single cavity-mode into the continuum of fibr
modes isG. As a result of the quantum fluctuation
dissipation theorem the coupling strengthG between the
cavity-mode and the output field of the fibre-modes
G 

p
2G [9]. Now the coupling of the cavity-mode to

the individual fibre-modes is estimated, provided thatL
is finite. Let us first estimate the number of fibre-mod
which are coupled to the cavity-mode. For simplicity it i
assumed that the mode separation between neighbo
fibre-modes is4pcyL, where c denotes the speed o
light. This means that the number of fibre-modes whi
couple significantly to the cavity-mode is of the orde
of N  GLy4pc. The coupling of the cavity-mode to
an individual fibre-mode can be estimated by multiplyin
G by a factorf which reflects the discretization of the
spectrum. From the commutation relations of the fie
operators, it follows that this factor fulfills the following
relation:

f ø
q

GyN .

Thus the coupling of the cavity-mode to an individua
fibre-mode is approximately

n  ay
p

L ø
q

8GpcyL .

As a concrete numerical example, let us assume t
the decay rate of the cavity into the fibre isGy2p 
0.5 GHz. Thus it is found thatay2p ø 0.8 GHz m1y2.
Moreover, suppose the unwanted cavity loss rate
ky2p  100 MHz. In units of a, the cavity loss rate
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FIG. 3. (a) Population in the quantum stateja1, 0l
3 ja0, 0ljvacl ; j1l j0l after the transfer (initial state
ja0, 0l ja1, 0ljvacl ; j0l j1l) against the length of the fibre in
units of L0. L0 denotes an arbitrarily chosen reference leng
of the fibre. The total time of the transfer was chosen
T  300a21L

1y2
0 . The pulse shape of the two lasers wa

assumed to be Gaussian:Dgs
A,B
01 std  c expf2st 2 tA,Bd2yw2g,

with c  2aL
21y2
0 , tB 2 tA  0.2T , and w  0.05T . The

scaled cavity loss rate and the separation between ne
bor fibre-modes were chosen ask  0.1aL

21y2
0 and D 

0.1aL
21y2
0 , respectively. (b) The time average of the ex

pectation value of the photon number in the resonant, d
fibre-mode divided by the time average of the expectati
value of the total photon number in the fibre. The paramet
are the same as in (a).

and the mode detuning arek ø s0.13 m1y2da and Dk ø
skyLd s0.77 m1y2da. It will be shown later that reliable
transfer can be achieved, in principle, for a transfer tim
of the order ofT ø s300 m1y2da21 ø 60 ns.

In Fig. 3(a) the performance of the scheme is stu
ied as a function of the length of the fibre. A goo
measure is the populatioń in the quantum state
ja1, 0l ja0, 0l jvacl ; j1l j0l after the transfer for an
initial stateja0, 0l ja1, 0l jvacl ; j0l j1l. As pointed out
earlier, the stateja0, 0l ja1, 0l jvacl ; j1l j1l is decoupled
from the laser interaction and thus remains unchang
The lengthL of the fibre is plotted in units ofL0, which
denotes an arbitrarily chosen reference length. For sm
values ofL (relative toL0) the transfer is almost perfect
As the length of the fibre is increased, the populatio
´ decreases (after going through a local maximum) a
thus the performance of the scheme deteriorates. T
behavior is due to the fact that the distance betwe
neighbor modes decreases with increasing fibre leng
Therefore, more and more “grey” states (i.e., stat
which are not perfectly dark) in the neighborhood of th
resonant dark state are involved in the transfer. Note t
this asymptotic behavior is required for causality reaso
If all the modes besides the central mode are neglecte
transfer between the nodes could take place in cons
time regardless of the length of the fibre.

Finally, Fig. 3(b) shows to what extent the dark sta
Eq. (6), is populated during the transfer. HerekP0l is
plotted, the average population in the dark state divid
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by the average total photon number within the fibre
Surprisingly, rather good transfer can be found even
the case wherekP0l is not close to one. This suggests
that a significant portion of the population passes throug
nondark states in the neighborhood of the dark state a
very good transfer can take place for parameters whe
the single mode approximation of the fibre is not valid.

In summary, a novel scheme has been proposed
transfer quantum states between distant nodes of a qu
tum network which is robust against important sources
decoherence. The scheme could be used to enable n
working of several ion-trap quantum computers. In add
tion, error correction methods could be applied to furthe
increase the stability of the scheme [12,13].
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