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Quantum phase gate with a selective interaction
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We present a proposal for implementing quantum phase gates using selective interactions. We analyze
selectivity and the possibility to implement these gates in two particular systems, namely, trapped ions and
cavity QED.
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Quantum computers would perform certain tasks, such akt can be easily seen that a QPG can act as@r gate if we
factoring a number and searching a data in an array, fasteotate the target bit before and after operating the gate ac-
than a classical computét,2]. The core of quantum com- cording to the following stepdi) A single qubit rotation in
puting are the quantum logic gates. In fact, it is known thatthe target qubit
any quantum computation can be reduced to a sequence of
universal two-qubit logic gates and one-qubit local opera-

tions[3]. Since the original formulation of quantum compu- |l>—>|—>=|l>—|T>/\/§,
tation, a number of experimental systems have been pro- 4
posed as candidates for the practical implementation of these 11)—|+)= |l>+|T>/\/§

guantum gates. We may mention trapped i¢d§ cavity

QED [5,6], liquid-state nuclear magnetic resonanbéMR)

[7], quantum dotg8], optical lattices[9], among others. also known as Hadamard gaté) A QPG; and(iii) another
These systems have shown to be good enough not only fddadamard rotation in the target qubit. Because of their fun-
testing quantum logic gates but also for some basic quantudlamental interest, in quantum-logic tests as well as in the
operations with a few qubits. For example, the realization ofsearch of scalable quantum computing, it is always useful to
quantum logic gates in trapped iorfd0], cavity QED find ways of implementingNoT and QPG gates in the labo-
[11,12, and NMR[13] have already been possible. The aimratory. This fact motivated a number of proposals for realiz-
of the mentioned experiments was essentially the practicahg such gates in different quantum systems. The main prob-
realization in a bipartite system of two equivalent kinds oflem these systems face, when scalability is the goal, is
universal two-qubit logic gates: a quantum controlledtr  decoherence. For the quantum computing schemes to work it
(cNoT) gate and a quantum phase g&@PQ [14]. The is essential to keep coherence of the qubits themselves and
cNoT gate and the QPG differ from each other only by localamong them. However, when the dimension of the system
operations(single qubit rotations In a given bipartite sys- and the number of operations increase, decoherence effects
tem, consisting of the so-called control and target qubits, @an become more and more important. Therefore, simplify-
CNOT operation changes the target-qubit state only if theng the operations on the qub[ts5] as well as making faster
control-qubit state is in a specific state. ExplicitlycaoT  logic gates[16] are the main purpose of many of these

operation acting on the initial arbitrary state works.
In this paper, we will be concerned with turning the com-
|U)y=all,1)+B[1,1)+ L. 1)+61,1) (1) putational process simpler: we propose the use of a selective
interaction that would realize a quantum phase gate with a
produces

single pulse, i.e., without changing experimental parameters
"N during the process. We will discuss our method in a trapped
(W) =ell.)+AIT. D+ yILT)+alT.1), ) ions system and in the domain of CQED.

where the first label in the kets refers to the control qubit and FirSt; we will consider an array dfl ions of massnin a

the second one refers to the target qubit. On the other hanffaul rap. The ions will be treated as two-level systems that
a QPG acting on the same initial state produces interact with each other through a coulombian force, so that

collective vibrational modes can be conveniently introduced

|W"y=—al| ], 1)+ BT, 1)+ ¥ L, 1)+ 81,7). (3) [17]. The manipulation of both electronic states and vibra-
tional collective modes can be done by means of laser beams
tuned to appropriate frequencies.
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higher frequencies in the dispersive linf<s<v. We do

o ;' ..o l.( o not claim the Lamb-Dicke regime. In this way, the following
effective time-independent Hamiltonian
Q) ®
I Tl Heff:hﬂoég iUé+jé+ke2i¢[éTﬁo_ﬁoaT]ﬁl
FIG. 1. Two Raman beams of frequencigsand w,, interacting 1 1
dispersively with iong andk, respectively. + §S+J’S—J’[ 7]2a‘r|:ia] — E5_J.s+j[ 7°Fiaa'F,]

with another Raman laser pair described by the electric field 1
E, =E, ez ) (see Fig. 1 The Raman systems have - §S+kS,k[F§]+ EkaS+k[F§]+H.c. 8
different effective frequenciesp, and w,, that are qua-

siresonant to an electronic transition associated with the akan be derived as was done[9,20. Here,Q,=0?/5 and
. . . . 1 . 1 (o]
gular frequencyw,. The Hamiltonian corresponding to this n=qyhl2Nmy is the Lamb-Dicke parameter associated

situation is with the c.m. motion. The functions
H=Hy+Hy, (5 A
. Fe=2 fi(mny(n|, 9
with n
. A . oA ~n Ao with
Ho=fwo(5: ;S j+ 5, S 0 +havata+ DX hv,bib,
n
|
(6) a2 T k(.2
fk(n) e (n+k)| Ln(7] )l (10)
and
. R R A R WhereLE(nz) are the generalized Laguerre polynomials, can
Hin=h Q{(S;j+S_{exdi(qz—wit)]+exd —i(qz always be written in terms of the c.m. mode number operator
A A oA n. G, is a similar nonlinear function involving the number
— o)} + (St S_pi{exdi(qz— wyt)] operators related to all other normal modes. The exact form
+exd —i(qZ— oyt I} (7)  of function G, is irrelevant in our case, since we will sup-

pose in this paper that all collective modes are cooled down
Here-é+i=|Ti><li|, ASfi:|li><Ti|1 and the stat¢];) (|1;)) to the ground state and that only the c.m. mode will be ex-

corresponds to thith ion in the excitedfundamentalstate. ~ cited. In this casé5, contributes to the effective Rabi fre-
a' (a) is the creatiorannihilation operator associated with 9uency with only a constant numerical factor of the order of
the harmonic oscillation with frequenayof the c.m. mode. ©ON€: The first term ofe(; and its Hermitian conjugate de-

BT (B,) is the creatiorannihilatior) operator associated with scribe the common excitation of both electronic states and
r;‘ h” . ilati ith f P t the oth | the c.m. mode, similar to a nonlinear anti-Jaynes-Cummings
the harmonic oscillation with frequenay, of the other col-  jeraction. The other terms are motional-dependent self-

lective modes. All frequencies, are bigger than [17]. 7 energy terms. The main difference of the Hamiltonian of Eq.
andz, are the operators corresponding to the positions of th€8), when compared to the one described in R24], is that
ionsj andk, respectively, and can be rewritten as linear com-now the subspacf | 1),/11)} remains untouched, a natural
binations of the operators corresponding to the collective coeonsequence of the ionic individual addressing demanded in

ordinatesH, is the free Hamiltonian that corresponds to thethe present scheme. .
internal energy of the two ions plus the energy of the c.m. Selectivity arises from then dependence of the self-

mode and of the other collective modéﬁm is the interac- €nergy corrections in E@8). The stark shift of the electronic
tion Hamiltonian describing the position-dependent dipolasStates of the ions depends explicitly on the number of
interaction of iong andk with the two Raman beams. phonons of the c.m. mode througrﬁ. We can adjust the
We choose the frequencies andw), to be quasiresonant laser-beam frequencies to compensate this shift for one par-
to the first upper c.m. sideband and to the carrier, respedicular subspace transition tuning it to resonance. The new
tively. Specifically,w,= w,+v— § andw, = w,+ 8, whered  frequencies depend strongly on the selected vibronic sub-
is the detuning of each Raman beam with respect to thepace we want to excite. This will yield another selective
mentioned resonant vibronic transitions, such that interaction, different from the one discussed [RD], that
=2w,+ v. Similarly to what was done if19,20], the Hamil-  only performs resonant transitions inside the closed subspace
tonian in Eq.(7) can be expanded in terms of creation and{|| |)|n),|T7)|n+1)} without producing transitions inside
anihilation operators of the normal modes and rewritten irthe subspacf | 1),|1)}. For the sake of simplicity, we only
the interaction picture. Then, following the standard procedabel the c.m. mode excitations, since the other vibronic
dure described in21], we can make the rotating-wave ap- states are cooled down to the vacuum state and in this way
proximation(RWA) and discard the terms that oscillate with are not affected by the interaction Hamiltonian.
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We are now ready to show how a QPG can be imple- |e>
mented using the interaction described in the Hamiltonian of
Eq. (8). We study the effect of the associated evolution op- o,
eratorU over some relevant states of the Hilbert space i
. , A .
U[11,0)=codQegit)[ | 1,00 +SiN(Qesit)|1T1,2),
(’02
UltL.0=11.0). , >
(12)
Ul”’0>:|”’0>’ FIG. 2. Three-level atom interacting dispersively with two cav-
R ity modes of different frequencies; and .
U[11,00=111,0),

, . 2 . in some fundamental aspects. While[B8] each qubit corre-
with Qe =170005(0)f1(0)[o(0)—fo(1)]. The QPG is  gn4n4s 10 one mode inside a different cavity, in our scheme
implemented by letting this evolution operator act during aihere are two nondegenerated modes inside a single cavity.
time interval equivalent to a2 pulse over the initial state o,y scheme presents an additional advantage, it is not nec-
_ essary to make the atom cross the cavity more than once. We
|®)=LalLL)+BILT)+T1)+a11)]10), (12 will show that, again, a QPG can be implemented with only

obtaining a single interaction pulse of a three-level atom crossing the
cavity.
| &Y =[—all L)+ B]LT)+Y|TL)+8]T1)1|0), (13 The experimental setup considered is easily identified as

the one corresponding to a nondegenerated two-photon mi-
as desired. TheNoT gate could also be implemented by cromaseff{24]. The cavity is crossed by a three-level atom
means of additional local operations following the recipethat interacts with the cavity field during a time interval
given at the beginning of this work. much smaller than the atomic and field decay time. Here, an

The main feature of this method is that we were able toeffective Hamiltonian corresponding to a two-photon transi-
implement a universal quantum logic gate with a single coltion can be derived in the limit where transitions from the
lective Rabi flip. The interaction needs to be turned on juslower level|g) and upper levele) to an intermediate level
once with fixed parameters. In fact, although two ions musti) are not resonant, the detuning being such thatw,

be adressed individually at the same time, one needs just ong(g,_— Ei)/ﬁ>(Q§i+Qi2g)/A (see Fig. 2 In this formula,

laser-beam split in two separated pairs. These facts may ke, andE; are the energies of the leveis) and|i), respec-
considered as advantages when comparing our proposal {Rely, and(,; () is the Rabi frequency corresponding to

other ones requiring several consecutive and differently adte transition|e)— i) (|i)—|g)). All these calculations are
justed interaction4,15,16. Although we are dealing with a  found in[24].

dispersive interaction, instead of a resonant one, which re- Expiicitly, the effective two-photon interaction Hamil-
sults in a slower process, we are less exposed to errors arigsnjan reads, not writting the self-energy terms,

ing from the sequential switching of lasers. It is also worth
noticing that the experimental tools to implement many of
these schemes, including the one proposed here, are avaiable.
An experiment by Sackett al. produced four ions in a lin-
ear array, cooled down to their collective ground s{2),
and individual ionic addressing has been achieved byeNa

Hin=7%0Q(|e)(glaja,+H.c), (14)

where Q=Q.Q;4/A is the effective Rabi frequency,
Q¢i,Qiq4 taken as real. Supposing that each cavity mode has
either one or zero photons and that the decoupled atom is in

et al. [23]. h d h | initial for th
In the domain of CQED, we can find another possibilityt e ground state, the most general initial pure state for the
combined atom-field system is

of making use of a selective interaction for implementing a
QPG. CQED has already been recognized as a system where

quantum logical operations can be implemen{dd,12. [#)=[a[0,0+B|1.0+~0,D+41.D][g). (15
There are a number of proposals where logical gates are )

performed either in the electronic states of the atoms crosd is clear that states in the subspd¢@.1),|1,0/}|g) and the
ing the cavity or in a combined atom-field systéf]. We  ground statg0,0)[g) will not evolve under the interaction
will be dealing here with a system where logical operationsdescribed in Eq(14). Only [1,3)[g) will suffer Rabi oscilla-
are performed in quantized modes of the cavity field. Thetions with the effective frequencf

two qubits are encoded in two nondegenerated modes of the

electromagnetic field inside a higd-cavity that can have 11,2)|g)—cog Qt)[1,1)[g) +sin(Q1)[0,0)[e).  (16)
either one or zero photons. In this case, atoms will serve only

as catalizers of the logical operation. Modes of the electroBy selecting the atom velocity, in such a way that the inter-
magnetic field in a cavity have been proposed as a possibkction time corresponds toza pulse, the final state
environment where quantum logical operations can be done

[6]. Nevertheless, the setup we will discuss here is different |4"y=[a|0,00+ B[1,00+ ¥|0,1)— 8|1, D]|g) (17
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is produced after the atom leaves the cavity. This corre- To summarize, we have shown that a selective interaction
sponds to the action of a QPG on the state of @§). This  can be useful for implementing quantum logic schemes in
result shows an alternative way of implementing universatrapped ions and in the domain of CQED. Specifically, we
gquantum gates in the modes of the electromagnetic field in made a proposal for implementing a QPG with a single pulse
high-Q cavity with a rather known scheme. of a selective interaction in these two systems. In both cases,
Both schemes presented here show an interesting featuvge find that our scheme reduces significantly the number of
about quantum gates. Although they are proposed as logisteps required for the gate operation, which may be attractive
gates for the electronic levels of the trapped ions and thevhen thinking of scalable quantum-logical processes.
electomagnetic modes of a cavity, they can be thought of, as
well, as three-qubit quantum gates where the auxiliary CM
vibronic mode and the atomic electronic states, respectively, E.S. would like to thank N. Zagury and R. L. de Matos
are now the target qubits. In this sense, these schemes péitho for useful comments on the ionic quantum gates. The
form a Deutsch gatdcontrolled-controlled rotation[25]  authors also acknowledge the support of Conselho Nacional
where the two qubits of the ionic electronic levels and of thede Desenvolvimento Cieflico e Tecnolgico (CNPg, Fun-
electromagnetic modes of the cavity plays the role of theda@o de Amparo aPesquisa do Estado do Rio de Janeiro
control qubits. This is a characteristic of logic gates imple-(FAPERJ, Funda@o Universitaia JoseBonifacio (FUJB),
mented by quantum systems where, since the operations aaad Programa de Apoio a Mieos de Excélecia
unitary, the process can be regarded as two-way logic gate€PRONEX).
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