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‘We propose a scheme for implementing conditional quantum phase gates for two four-state atoms trapped in a

cavity. The two ground states of the atoms are coupled through two Raman processes induced by the cavity mode and

two classical fields. Under certain conditions nonresonant Raman processes lead to two-atom coupling and can be used

to produce conditional phase gates. The scheme is insensitive to cavity decay, thermal photons, and atomic spontaneous

emission. The scheme does not require individual addressing of the atoms.
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Quantum computation has become an interdisci-
plinary field across many subjects, such as physics,
information science, and mathematics. Employing
the fundamental principles of quantum mechanics, a
quantum computer can solve some problems that are
intractable with a classical computer.!!! The two-qubit
logic gates are the building blocks for constructing a
quantum computer since any quantum computational
network can be decomposed into a series of two-qubit

logic gates plus trivial one-qubit gates.[?!

Many phys-
ical scenarios have been proposed for the implemen-
tation of two-qubit logic gates. The elementary quan-
tum information processors have been demonstrated

34] The cavity QED system is an

with trapped ions.|
alternative qualified candidate for quantum state en-
gineering and quantum information processing as the
atoms are ideal for storage of quantum information
and the photons are suitable for transportation of
quantum information. Two-qubit quantum gates have
been experimentally demonstrated with a cavity QED
system.l] In the experiment, the cavity acts as mem-
ory, which stores the information of an electronic sys-
tem and then transfers back to this electronic system
after the conditional dynamics.

Due to the decoherence there exists an error
in each quantum gate operation. Quantum error-
correcting codes enable quantum computers to op-
erate provided that the noise in individual quantum

gates is below a certain constant threshold. The

recently estimated threshold is that the individual
gate infidelity should be on the order of 1072.6l The
gate error reported in the experiment of Ref.[5] is
far from the required threshold. The main obsta-
cles for the implementation of quantum information
in cavity QED is the decoherence arising from atomic
We have
proposed a scheme for implementation of quantum

spontaneous emission and cavity decay.

phase gates for two atoms via nonresonant interac-
tion with a cavity mode. As the cavity mode is al-
ways in the vacuum state the gate operation is insen-
sitive to cavity decay.l”) However, in the scheme the
atoms have a probability of being populated in the ex-
cited state and thus the fidelity is affected by atomic
spontaneous emission. Schemes have been proposed
for suppressing both cavity decay and atomic spon-
taneous emission.[®~1% Since these schemes succeed
under the condition that no photon is emitted either
by spontanous emission or by leakage through cav-
ity mirrors, the success probability and gate fidelity
depend upon the photodetection efficiency. Further-
more, these schemes require the atoms to be individ-
ually addressed.

In this paper we present an alternative cavity
QED based scheme for implementing quantum phase
gates for two atoms trapped in a cavity. In the scheme
two four-state atoms are coupled to the cavity mode
and driven by two classical fields. The quantum infor-
mation is encoded in ground states. Since the fields
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are highly detuned from the atomic transitions the two
ground states are coupled through two Raman pro-
cesses. When the difference between the detunings of
the cavity mode and the classical fields is large enough
nonresonant Raman processes lead to two-atom cou-
pling, which can be used to produce conditional two-
qubit phase gates. In the scheme the effective Hamil-
tonians for the two atoms are decoupled from the cav-
ity mode and the gate operation is not affected by
cavity decay and thermal photons. During the oper-
ation the atoms have no probability of being excited
and thus the scheme is insensitive to atomic sponta-
neous emission. Furthermore, the scheme does not
require individual addressing of the atoms.

We consider two identical atoms simultaneously
interacting with a single-mode cavity field and driven
by two classical fields. The atoms have two excited
states |r) and |s) and two ground states |e) and |g).
The transitions |r) — |g) and |s) — |e) are coupled
to the cavity mode. The transitions |r) — |e) and
|s) — |g) are driven by two classical fields. Assume
that the cavity mode is detuned from the respective
transitions by A, while the two classical fields are de-
tuned from the respective transitions by A — ¢, as
shown in Fig.1. In the interaction picture the Hamil-
tonian is

2
H =Y [0 |r)) (e;]| + ge'ar;) (g]

j=1
+ 264055 (g)]
+geals;) (e;]] + He., (1)

where @ is the annihilation operator of the cavity
mode, g is the atom-cavity coupling strength, and {2
In the
case A > (2, g, 6 the upper levels |r) and |s) can be

is the Rabi frequency of the classical fields.

adiabatically eliminated. The classical fields and cav-
ity mode leads to Stark shifts and Raman couplings
between the two ground states. No matter whether
each atom is in the state |e) or |g) the Stark shifts for
each atom induced by the cavity mode and the cor-
responding classical field are (¢2/A)ata and 022/A,
respectively. Therefore, the Stark shifts are indepen-
dent of the atomic state. The corresponding effective

Hamiltonian is

2
H = —2va'a — /\Z:[(ei‘”as;r +e alS)
j=1
+ (a8 + e ?al ST, (2)

where v = ¢%/A, X = 0g/A, S;-r = le;) (95l
and S; = |g;)(ej|. We here have discarded the
constant Stark shift 202/A, which only induces a
trivial common phase shift. The Raman coupling
/\(ei‘s"‘aSJ‘-Ir + e_i‘s"‘aTSj_) is induced by the virtual ex-
citation of the state |r), while the Raman coupling
A(e?'aS; +e79%atST) is induced by the virtual exci-
tation of the state |s).

[r) |s)

2 2

l9) le)

Fig.1. The configuration of the atomic level. The tran-
sitions |r) — |g) and |s) — |e) are coupled to the cavity
mode with the coupling g and detuning A. The transi-
tions |r) — |e) and |s) — |g) are driven by two classical
fields with the Rabi frequency {2 and detuning A — 4.

The time evolution of this system is decided by

Schrédinger’s equation:

dY(t))
! dt W(t)) (3)
Perform the unitary transformation
%)) = ety (1)) (4)
with
Hy = —2vata. (5)
Then we obtain
|y (¢
1% = H|[y'(t)), (6)
where
2 . .
H! = — ZA{[el(‘S””)taSj i e—1(5—2z/)ta]‘s;]
j=1
i(6+20)t  g— —i(6—20)t .t a+
+[e( )aSj 4 e i )aTSj]}. (7)

Under the condition A < § + 2v, the Raman cou-
pling terms osillate rapidly and thus the probability
that the cavity mode exchanges energy with the atoms
is negligible. However, the nonresonant Raman cou-

plings can lead to the transitions |e;gpn) «— |gjexn)



No. 8

Robust scheme for implemention of quantum phase gates for two atoms

3455

and |ejexn) <— |gjgrn), where n is the photon-
number of the cavity mode.l'*'2l The coupling be-
tween the two atoms is induced by the virtual excita-
tion of the cavity mode. The transition |e;gin) «—
lgjexn) is mediated by |gjgrn £1) and |ejern £ 1).
The contributions of |g;gxn £ 1) are equal to those of
lejexn £ 1).

transition |e;grn) «—

The effective coupling strength for the

lgjexn) is given byl'?

- {ejgrn| Hi|gjgrn + 1) (g59kn + 1| Hi |gjexn)
o+ 2v
49 (ejgrn| H;|gigkn — 1) (gigkn — 1| H] |gjexn)
—(0+2v)
2)\2
= . 8
60— 2u (8)

Since the transition paths interfere destructively the
effective coupling strength ¢ is independent of the
photon-number of the cavity mode. The effective cou-
l9j9Km).
mediated by |e;grn £ 1) and |gjern £ 1), is also equal
to &. The further Stark shift for the state |e;) induced
by the nonresonant Raman coupling is

pling strength for the transition |ejexn) «—

_ {ejn| H|gjn + 1) (gjn + 1| H] |e;n)

6+ 2v
N (ejn| H |gjn — 1) (g;n — 1| H] |e;n)
—(6+2v)
= &/2. 9)

The Stark shift for |g;) is also . Then the effective
Hamiltonian is given by

2
1
H. = 52 lej) {es] + 1g5) (9;1)
j=1
+ (S S+ + 87 S5 +H.e.)

2

2
26> S| (10)
=1

where

1 _
Sz = E(S;.r +57). (11)

The distinct feature of the effective Hamiltonian is
that it is independent of the photon-number of the
cavity field. The evolution operator of the system is

given by U(t) = e~ <!, Define the new atomic basis

states
l+5) = (Igg> +les)),

=3) = 5930 = les), (12)

Sl-5l-

which are the eigenstates of S;, with the eigenvalues
1/2 and —1/2, respectively. The quantum information
is encoded in the states |[+) and |—).
operator U(t) leads to

The evolution

[+1) [+2) — e —iagt |+1) [+2)

[+1) |=2) = |[+1) [—2) ,

|=1) [+2) = [=1) [+2) ,

|—1) [—2) — €72 1) [—3). (13)

After performing the single-qubit rotation |+;) —
el |+1) and |—;) — e71¢'|—;) we obtain
[4+1

) [+2) = |+1) [+2),
+1)
)

) — )

) = [+1) [=2)
+2) = [—1) [+2)

) — e M-

|1

|

=2
| ,
| 1) |=2)- (14)

In this way we obtain a quantum phase gate, in which

[=1) [—2

the system undergoes a phase shift —4¢t if and only if
it is initially in the state |—1) |—2).

We now briefly address the experimental feasibil-
=9,
and I' = k = 0.01¢,[®! where I" and  are the atomic

ity of the proposed scheme. Set A = 20g, § = 2

spontaneous decay rate and cavity decay rate, respec-
g/20 and & = ¢/220.
The time needed to produce a conditional phase 7
ist=m/4¢ =557/g .
are only virtually excited during the evolution, the

tively. Then we have A =
As the atoms and cavity mode

effective decoherence rates due to the atomic sponta-
neous emission and cavity decay are I, = I'2?/A? =
2.5 x 1075g and k. = kA?/(§ + 2v)? = 2.07 x 107 %g.
Thus the infidelity induced by the atomic sponta-
neous emission is about (I, + k) = 7.89 x 1073.
The scheme requires the Lamb—Dicke limit. In recent

[14.15] single °Ca™ ions were localized at

experiments,
a fixed position in a cavity with a high precision for
long times and the spatial variation of the coupling
strength can be neglected, allowing the achievement
of the Lamb-Dicke limit. On the other hand, the lo-
calization to the Lamb-Dicke limit of the axial motion
was demonstrated for a single atom trapped in an op-
tical cavity.'®

In conclusion, we have proposed a scheme for im-
plementing quantum phase gates for two atoms with
In the

scheme the quantum information is encoded in ground

two excited states and two ground states.
states. Under the large detuning condition the two
atoms are coupled via two nonresonant Raman pro-
cesses induced by a cavity mode and two classical
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fields. During the operation the atoms are always pop-

ulated in the ground states and the cavity mode is only

virtually excited and thus the scheme is insensitive to

atomic spontaneous emission, cavity decay and ther-

mal photons. In addition, individual addressing of the

atoms is unnecessary
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