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Arbitrary control of coherent dynamics for distant qubits in a quantum network
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‘We show that the coherent coupling of atomic qubits at distant nodes of a quantum network, composed of several
cavities linked by optical fibers, can be arbitrarily controlled via the selective pairing of Raman transitions. The
adiabatic elimination of the atomic excited states and photonic states leads to selective qubit-qubit interactions,
which would have important applications in quantum-information processing. Quantum gates between any pair
of distant qubits and parallel two-qubit operations on selected qubit pairs can be implemented through suitable
choices of the parameters of the external fields. Selective pairing of Raman transitions also allows the generation
of spin chains and cluster states without the requirement that the cavity-fiber coupling be smaller than the

detunings of the Raman transitions.
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I. INTRODUCTION

Controlling the coherent dynamics of many-qubit systems
lies at the heart of quantum information. In the standard model
of a quantum computer, quantum information is stored in a
quantum register composed of many qubits. The performance
of a certain quantum computational task corresponds to
the control of the unitary coherent evolution of the qubits.
Two-qubit quantum phase gates and multiqubit entanglement
have been achieved experimentally in various systems. For
example, cavity QED with atoms trapped in an optical cavity
can couple atomic qubits via photons (see, e.g., [1]). However,
the practical implementation of quantum computing requires a
large number of qubits, which is extremely difficult to achieve
experimentally in a single cavity. This is due to the fact that
the spatial separation between neighboring qubits decreases as
the number of qubits increases, and thus individual addressing
becomes increasingly difficult.

The coherent coupling of separate qubits is of importance
for implementing deterministic long-distance entanglement
and large-scale quantum-information processing. The entan-
glement of distant qubits is an essential ingredient for testing
quantum nonlocality against local-hidden-variable theories
[2,3] and a key resource for quantum communication [4,5].
Furthermore, quantum logic operations between distant qubits
at separate nodes in a network are a prerequisite for linking
several spatially separated quantum registers to build a
quantum computer. Moreover, the nearest-neighbor interaction
in a spin-1/2 chain can be useful for producing cluster states
(see, e.g., [6,7]), which is the resource for one-way quantum
computation.

Recently, schemes have been proposed [8—10] to realize
quantum communication, deterministic entanglement, and
phase gates between two atomic qubits trapped in separate
optical cavities, which are coupled by an optical fiber via
coherent dynamics. These previous works [8—10] concentrate
on the simplest case: the system is composed of only two
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nodes. To implement a distributed quantum computational
network with several nodes, it is necessary to be able to control
the coupling of different nodes, exploit suitable coupling
dynamics to perform desired logic operations between any
pair of nodes, and engineer entanglement among these nodes.
Unfortunately, these issues have not been addressed yet.

The controlled dynamics of strongly interacting many-
particle systems is also of importance in studying quantum
phase transitions, which involves complex collective quantum
mechanical behavior. Also, much attention has been devoted
to the ground-state entanglement in spin chains near and at
the critical point [11-13], which is responsible for long-range
correlations. Recently, Hartmann et al. [14] have shown that
effective spin lattices can be produced with atoms trapped in
an array of microcavities. The off-resonant Raman transitions
between two ground states, induced by the cavity modes and
external fields, lead to spin-spin coupling. To generate a spin
chain, in which each qubit is only coupled to its nearest
neighbors, the tunneling rate of photons between neighboring
cavities should be much smaller than the detunings of the
Raman transitions so that the nearest-neighbor coupling
dominates the dynamics. Meanwhile, the photon tunneling rate
should be much larger than the cavity decay rate. Itis extremely
hard to satisfy these two requirements simultaneously in
experiments.

Here we show theoretically that one can arbitrarily control
the coherent coupling dynamics of multiple atomic qubits
at distant nodes of a quantum network that is composed of
several cavities linked by optical fibers. This is based on the
pairing of off-resonant Raman transitions, through which the
Raman transitions of each qubit can only be coupled to those of
selected qubits to produce the desired qubit-qubit interaction.
We present two applications of this physical mechanism. First,
we show that gate operations between any pair of atomic qubits
and selective parallel two-qubit operations on different qubit
pairs can be implemented in the quantum network without
exciting both the atoms and the field modes, which could
be a useful step toward future scalable quantum computing
networks. Second, we show that various spin-1/2 chains can
be constructed. As the cavity-fiber coupling does not need
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to be smaller than the detunings of the Raman transitions,
much stronger spin-spin couplings can be obtained, offering
the possibility of producing cluster states and observing quan-
tum phenomena in strongly correlated quantum many-body
systems that previously were not experimentally accessible.

This paper is organized as follows. In Sec. II, we study
the coherent coupling dynamics of multiple atomic qubits
trapped in separate cavities linked by optical fibers. We show
that, under certain conditions, the atomic excited states and
photonic states can be adiabatically eliminated, and one can
pair off-resonant Raman transitions to produce controlled spin
couplings. In Sec. III, we present a scheme to implement gate
operations between any pair of atomic qubits and selective
parallel two-qubit operations on different qubit pairs in a
quantum network based on controlled spin couplings. In
Sec. IV, we show that spin chains and cluster states can be
generated through pairing off-resonant Raman transitions for
neighboring qubits. In Sec. V, we address several experimental
issues. Conclusions are reported in Sec. VI.

II. CONTROLLED COHERENT COUPLING DYNAMICS

Let us consider n identical atoms trapped in separated
cavities connected by optical fibers, as shown in Fig. 1. In the
short-fiber limit, essentially only one fiber mode interacts with
the cavity modes [9]. We denote >, => "/, > =>"_,,
and )", = Zill Then the coupling between the cavity modes
and the fibers are given by the interaction Hamiltonian

Hy = vbi(a] +aj,))+He., (1)
1

where b; is the annihilation operator for the /th fiber mode,

af is the creation operator for the /th cavity mode, and v
is the cavity-fiber coupling strength. Here we adopt periodic
boundary conditions, that is, b, +; = by, which can be satisfied
by linking the first and the nth cavities using another fiber. The
atomic level configuration is shown in Fig. 2(a). Each atom has
one excited state, |r), and two ground states, |e) and |g). The
transition |e;) — |r;) of qubit / is driven by a classical laser
field with Rabi frequency €2;, while the transition |g;) — |r;)
is coupled to the cavity mode with the coupling constant g.
Let us assume that the classical field driving the /th atom and
the cavity mode are detuned from the respective transitions

(s

FIG. 1. (Color online) Schematic diagram of n distant atoms
trapped in separate coupled cavities, which are connected by short
optical fibers.
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FIG. 2. (a) Atomic level configuration and transitions to im-
plement quantum gates between any pair of qubits and parallel
two-qubit operations. The transition |e;) — |r;) of the /th atom is
driven by a classical laser field with detuning A, ; and Rabi frequency
€2, while the transition |g;) — |r;) is coupled to the cavity mode
with the coupling constant g and has a detuning A,. (b) Atomic
level configuration and transitions to implement the XY model. The
transition |e;) — |r;) of the /th atom is driven by two classical laser
fields with detunings A;;; and A, ;, and Rabi frequencies €2;; and
22, while the transition |g;) — |r;) is coupled to the cavity mode
with the coupling constant g and has a detuning A,.

by A;; and A,, respectively. In the interaction picture, the
Hamiltonian describing the atom-field interaction is

Hy, = Z(Qzem”tlh)(@ll + gaie™ |r) (i) + He. ()
!
Introducing the nonlocal bosonic modes
1

TV

we can rewrite the Hamiltonians H; and H, as

o Z[efi(mel)ln/nam + e*i2mln/nbm]’ (3)
m

H =2 Z cos(nk/n)c,tck 4
k
and
=Y |:QzeiA""|r1)(€1| + gelt Ze"(”_”k”/"ck"’”(gf'}
+lH.c. k 4)
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Performing the transformation exp(i H;¢), we obtain the atom-
field tunable interaction Hamiltonian,

, ; 1
H=) [szze'wrz)(en +—=

8
7 2n
% Z ei(21—l)kn/n+i[A2—2vcos(nk/n)]tck|r]><gl|:| +Hec.
k
(6)

Under the conditions

1
Ay > Q|Ay —2vcos(mk/n)| > Eg,
the upper level |r;) in the Hamiltonian HZ’ can be adiabatically
eliminated, leading to the couplings between the two ground
states,

Hi ==y {mled(el + Y _[Ecicilg) (gl

1 k

+ )\,k'[(CkSlJre_i(ZI_l)kn/neiak'” + H.C.)] , (7)

where
m =/ AL,
& = g2(2n[A; — 2v cos(krr /n)] ™"},
Q
s = — S IAT! + [Ag — 2v costhr/m)] ),

2/ 2n

8k1 = Ay —2vcos(wk/n) — Ay,
S5 =le) (g, S = lg) el

The Hamiltonian Hi, describes multiple off-resonant
Raman transitions for each atom induced by the classical field
and the bosonic modes c;. Under the condition & ; >> Axs,11,
&, the bosonic modes do not exchange quanta with the atomic
system. The off-resonant Raman coupling leads to Stark
shifts and couplings between the atoms. Then the effective
Hamiltonian becomes

Her=—) {men(en +y [skc,tck|gz><gl|

1 k

+ mei(eterlgn (gl — cxcllen (e

+ D et S Sy el Armm +H.c.)”, ®)

m

where I # m, jug; = AZ,; /81, and

-1 —1\ . —2i(—
Xklm = %)Lk,l)\k,m((sk,l +5k’m)e 2ill=mks/n

As the quantum number of the bosonic modes is conserved
during the interaction, they will remain in the vacuum state
if they are initially in the vacuum state. Then the effective
Hamiltonian H.¢ reduces to

Hefy = Z I81|€1>(81| + Z[Xl,mSer,,:ei(A""’fA”)t +H.c]},

! m

©))
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where [ # m, & =Y, txs — i, and xpm = Y4 Xeim- The
Hamiltonian (9) has the same form as the Hamiltonian
describing the coupling between quantum dots in a single
cavity [15]. However, the coupling between qubits is induced
by multiple nonlocal bosonic modes, while the qubit-qubit
coupling in Ref. [15] was induced by a single-cavity mode.
Since the coupling strength x;,, and the detuning (Ay, —
Ay ;) can be controlled via the external fields, the effective
coupling Hamiltonian H.g can be used to realize a variety of
quantum logic and entanglement operations between qubits
trapped in separated cavities. We note that the Hamiltonian
H. can also be obtained in an array of coupled cavities
without using optical fibers [14,16]. We now consider the case
when both the classical field and the cavity mode drive the
transition |g) — |r). Under the aforementioned large-detuning
conditions, the effective Hamiltonian Hg is given by

Heyr =Y {el|g1><gl|

l

> 18 (81 ® 18m) (gmle’ A1 + Hee ]t

m

(10)

where [ 7 m.

III. SELECTIVE GATE OPERATIONS
Let us now set

Q=0,=20, U=00#pq) A=A

Then we have

Mi=0U#p.q), xim=0%#p,gorm=#p,q),

Ep =85 = €.
In this case, the coupling Hamiltonian (9) reduces to

Heir = (lep)(epl + leg)(egD) + (xp.gSy S, +He). (11)

This Hamiltonian, describing the selective coupling between
qubit p and qubit g, can be used to perform entangling
operations between qubit p and qubit g. For example, assume
that the two atoms are initially in the state |e,)|g,). After
an interaction time t = 7/(4x, ), the two qubits evolve to
the maximally entangled state (|e,,)[g,) — ilgp) |eq))/\/§ [17].
The coherent dynamics also allows quantum-state transfer
between the two distant qubits. Suppose now that qubit p
is initially in a superposition of states |e,) and |g,) and
that qubit ¢ is initially in state |g,). After an interaction
time t = 7 /(2x, ), the initial state of qubit p is transferred
togq.

Selective parallel two-qubit operations can also be imple-
mented. As an example, suppose that one wants to perform
gates on qubit pairs (p, ¢) and (u, v). Then we drive each of
these qubits with a laser field. The frequencies of these classical
fields are suitably adjusted so that Ay , = A4, Ay, = Aq,
and [Ay ), — Ayl > |Xapl (@ = p, g and B = u,v). In this
case, qubit p or g is decoupled to u or v due to the large
detunings. Thus qubit p is only coupled to qubit ¢, and u
is only coupled to v; that is, the Raman transitions of qubit
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p (u) are paired with those of qubit g (v). Setting 2, = 2,
and Q, = Q, we have ¢, = ¢, and ¢, = ¢,. The effective
Hamiltonian is now given by

Har=¢, Y les) e+ Y lew)enl

S=p.q n=u,v
+ g Sy, 4 xuwSi Sy +He). (12

As the coherent coupling between qubit p and qubit g is not
affected by that between u and v, entangling and swap gates on
qubit pairs (p, g) and («, v) can be performed simultaneously.

The effective Hamiltonian (10) allows the implementation
of controlled phase gates between any pair of qubits and
parallel two-qubit phase gates through a suitable choice of
the Rabi frequencies and detunings of the classical fields. It
should be noted that the selective parallel two-qubit operations
are not restricted to the case when the selected qubit pairs
undergo the same kind of gate transformations. For example,
assume now that the transition |e) <> |r) of each of qubits p
and ¢ is driven by a laser field with the detuning A, ,, while
transition |g) <> |r) of each of qubits # and v is driven by a
laser field with the detuning A; ,. Under the condition that
[A1,p — Ayl is much larger than the respective qubit-qubit
couplings, the effective Hamiltonian becomes

Hesr =¢&p Z les) (es| + &u Z |e,u><eu|
s=p,q n=u,v
+ g ST Sy +H.C) + 2xu012u) (8ul ® 180) (0.
(13)

So, in principle, one can simultaneously perform different
kinds of gates on qubit pairs (p, g) and (u, v), respectively.

IV. GENERATION OF SPIN CHAINS

We note that spin chains can also be produced with such a
system. We now assume that the transition |e;) — |r;) of the
Ith atom is driven by two classical laser fields, with detunings
Ay, and A, and Rabi frequencies €2; | and €2; , as shown
schematically in Fig. 2(b). The Hamiltonian describing the
Raman couplings between the two ground states now becomes

Z Z :nld|el )er| + Z[";:kckck|gl ) (&1

d=1,2 1

Hijy = —

+ ()\k,l,dckS;Le_i(y_])kﬂ/l1+i5/"/'dl + HC)] , (14)

where

Ma = (Q.a)*/ A1 14,

deg{ 11d+[A2_2vCOS(kn/n)] }

A =
k.l.d on
(Sk,l,d = Az —2v COS(Z]Tk/Zn) — Al,l,d-
Under the conditions & ;.4 > Aks.a, M4, and & 4, the off-
resonant Raman coupling for qubit / induced by the dth
(d = 1,2) classical field and that for qubit m induced by the
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d'th (d = 1,2) classical field lead to the two-qubit coupling
with coupling strength

1 .
-1 -1 —i2(l—m)k
Ximdd = :Ekk,l,d)‘k,m,d/ (GRS A D
k

and detuning

Al,m,d,d/ = Al.m,d/ - Alvlvd.

The detunings are suitably chosen so that

Api—112 = Agg1,21 =0,
N2> Ximi2 m#EL=1),
Al,m,2.1 > Xl,m,1,2 (m 75 l + 1)

In this case the Raman transition of qubit / induced by the first
(second) classical field is only paired with that of qubit / — 1
(I + 1) induced by the second (first) classical field and thus
each qubit is only resonantly coupled to its nearest neighbors.
The other two-qubit couplings can be neglected due to large
detunings. Under the condition that the field modes are initially
in the vacuum state, the effective Hamiltonian, obtained from
Eq. (14), is now given by

Her =Y [eilen)(erl + G S Sy + Hedl, (19
1

where

i2km/n -1
Xii+1 = E e 1 oM 141,187 ) 2
k

- 3 (Swsa )

d=1,2

Ma = g/ Aia-

We can adjust the Rabi frequencies of the classical fields
so that x;;41 = xi+1.0+2 = x. The energy of level |e) can
be made identical for all qubits by using the Stark shift of
another nonresonant classical field. In this case, the effective
Hamiltonian corresponds to the XY model.

We now consider the case when the classical fields
and cavity mode both drive the transition |g) — |r). After
adiabatically eliminating the upper level |r), we obtain the
Hamiltonian

YD Amale g1|+Z[skckck|g; )il

d=12 1

kta = Mp.a/Ski.as

mt—_

+ (e racklgr) (gile "= Dir/ntiduiat L H eyl (16)

As in the XY model, the detunings of the classical fields
are suitably chosen so that the second classical field driving
qubit / is only resonant with the first classical field driving the
qubit (/ + 1) and the two corresponding off-resonant Raman
transitions are paired. Then the population operator |g;)(g;|
of qubit / is only coupled to those of its nearest neighbors.
Through a suitable choice of the Rabi frequencies of the driving
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fields and tuning of the energy of level |g;), we can obtain from
Eq. (16) the effective Hamiltonian

l-o l—0;11—0
Heff=Z<e SRR e 2”‘>, (17)

1

where o, ; = |e;)(e;| — |gi)(g:|. After an interaction time ¢t =
/X, the evolution operator e "’ plus the single-qubit
rotation ®]_,e 180! Jeads to the cluster state 5> ®]_,
(|g1)oz.141 + ler)), which are the resources for the one-way
quantum computation [6,7].

V. DISCUSSION OF EXPERIMENTAL ISSUES

We now give a brief discussion of the experimental feasi-
bility of the proposed scheme. Setn =3, Q; = Q3 =v =g,
Q2 =0,A11 =A13=16g,and A, = 18.5g. Then we have

: A2
X13 = E e(l4k7r/ﬂ) 8k»1 — 8.238 x 10—4g’
k )

and the time needed to complete the entangling operation
between qubit 1 and qubit 3is ¢t = 7/(4x13) =~ 9.53 x 10?/g.
The probability that the atoms undergo a transition to the
excited state due to the off-resonant interaction with the clas-
sical fields is p; >~ Q3/A? | = 3.9 x 1073. Meanwhile, the
probability that the field modes are excited due to off-resonant
Raman couplings is pr >~ ,_ A} 1/8,%’1 ~3.1 x 1073,
Thus the effective Hamiltonian Hg is valid. The effective
decoherence rates due to the atomic spontaneous emission and
the field decay are y, = p;y and k, = pak, where y and
are the decay rates for the atomic excited state and the field
modes, respectively. We have assumed here that the cavity
modes and the fiber modes have the same decay rate. The
requirement y,.k, << x1,3 means that y,k < 0.2g. The param-
eters in the microsphere cavity QED experiment reported in
Ref.[18]are g >~ 27 x 20MHz,y >~ 2n x 2.6 MHz,and x =~
27 x 7 MHz. The corresponding cooperativity factor g2/2y«
is too low for the implementation of the qubit coupling.
Set y ~ k ~ 3 x 1073g. This corresponds to a cooperativity
factor g2 /2y« ~ 10°, which is predicted to be available [19].
Then the effective decoherent rates are y, = 1.17 x 107¢
and k, = 9.3 x 107%g. The corresponding gate fidelity is
about F >~ 1 — (y, + k.)t =~ 98%. A near-perfect fiber-cavity
coupling with an efficiency larger than 99.9% can be realized
using fiber-taper coupling to high-Q silica microspheres [20].
The fiber loss at a 852-nm wavelength is about 2.2 dB /km [21],
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which corresponds to the fiber decay rate 1.52 x 10° Hz, lower
than the available cavity decay rate. This implies that the
effective decoherence rate due to the field decay should be
lower than p;«.

VI. CONCLUSIONS

In conclusion, we have theoretically shown that the coherent
coupling of multiple atoms trapped in separated cavities con-
nected by optical fibers can be arbitrarily controlled through
pairing off-resonant Raman transitions of different atoms. With
this physical mechanism, quantum gates between any pair of
qubits and parallel two-qubit operations in the network can
be performed, and various spin chains can be generated. The
cavity-fiber coupling does not need to be smaller than the
detunings of the Raman transitions. For the same coupling
to the cavity mode, the effective spin-spin coupling in our
approach exceeds the previous one [14] by at least one order
of magnitude, which is important for the generation of cluster
states and the observation of ground-state entanglement and
quantum phase transitions in quantum many-body systems.
An anisotropic spin chain can be produced through pairing
off-resonant balanced Raman transitions between two ground
atomic states [22], in which the counter-rotating terms ckSl+

and CII S 1+ are involved.
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