PHYSICAL REVIEW A 66, 054303 (2002
Quantum computing with trapped ions in an optical cavity via Raman transition
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In the system with ions confined both in a linear trap and in a Kgéingle-mode optical cavity, a quantum
computing scheme is proposed by using lasers and quantized cavity field, via Raman transition. A controlled-
NOT gate with reduced operations can be performed on two non-neighboring ions without the involvement of
both motional states of ions and cavity mode. Experimental feasibility of achieving our scheme is discussed.
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Quantum computing with trapped ions has received much Consider that two identical ions andB are fixed inside a
attention over the past several years since the proposal ¢fiear trap, which itself is embedded in a high-single-
Cirac and Zoller{1]. With current techniques, trapped ions mode optical cavity, as in Ref$6,7]. The two ions have
can be cooled ultracoldly and radiated individually by lasersbeen cooled to Lamb-Dicke regime, confining their spatial

The deterministic entanglement of trapped ions has beef@ve packets to a region much smaller than the optical
wavelength. Besides, the two ions are not required to be

achieved and efficient detection of internal levels of the. 7.
trapped ion is availabl§2—4]. Therefore, the ion trap has adjacgnt, but they should be.separated. by at least one-
: ' radiation wavelength. In each ion, three internal levels are

been cqnsidergd to be a promising candidatg of the quantug]ﬂpbyed’ in which|g), |e), and |r) are, respectively,
computing device. On the other hand, cavity-atom sysm"‘&round, metastable, and auxiliary states. Quantum computing
has also been discussed intensively for the possibility ofyill be performed in the subspace spanned|fy and|e).
quantum computing performance due to its mathematicaBesides radiation from the quantized field of the cavity, the
similarity to the trapped ion systeif5]. However, to our two ions are radiated by two classical lasers individually, as
knowledge, although there is some progress in this respect, $hown in Fig. 1, wherev, and 0L, are frequencies of the
is still of great challenge to experimentally perform an actuakavity field and lasek A(B) » TespectivelyA 5 gy and gy are
quantum computing because of the sensitivity of quantungdetunings withAA(B):wer—wLA(B) and dag)= wget DL, g
states to decoherence as well as the strict condition for pre=,_, in which w;, is the resonance frequency between lev-
paring cold atoms. We noticed two recent propod8ld]  elsi andk. As A, is large enoughjr) g would not be
performing quantum computing in combinatory system ofexcited. The general Hamiltonian of such a system has been
the ion trap and the optical cavity, in which decoherence iglescribed in Refd.9,10]. However, with suitable choice of
avoided by means of large detuning between the cavity lightrequencies of cavity mode and laser beams, i.e., Bo{l,
and internal states of the trapped ions. As it involves thre@nd 65, are largely detuned from the trap frequency, the
quantum degrees of freedom, namely, the ion’s internal levdegrees of freedom of the trap can be decoupled from inter-
els, quantum vibrational mode, and single-mode cavity fieldhal states of the ions, which leaves the system to be mainly
[8], such a system is of great interest in the community ofin atom-cavity problerf6,7]. Therefore, the Hamiltonian for
quantum optics. To our knowledge, much investigation hadhis Raman process in the unit 6/=1 can be written as
been made for entanglement of these three quantum degref@dows:
of freedom as well as information transfer between one of B B
them to anothef9]. A recent proposal for implementing H=2wCaTa+% > sz+z Qj(aTagee““’L,-“r H.c),
guantum computing was also based on the entanglement of 2 [=h i=A
three quantum degrees of freedom referred al)p@e How- @
ever, in this Brief Report, we will treat the system similar to >
that in Refs[6,7], in which the electromagnetic field of the AAA
ion trap is only used to fix the trapped ions, and quantum
computing would be performed without the involvement of
cavity mode and motional states of the ions. Besides the
quantized cavity field, laser beams would be employed to
radiate the ions in implementation of quantum computing,
and the controlledtOT (CNOT) gate can be carried out on two
non-neighboringons, mediated by the virtually excited cav-
ity mode. Feasibility of experimentally achieving our scheme
would be briefly discussed. FIG. 1. Configuration of the two ion& and B, where|g), |e),
and|r) are ground, metastable, and auxiliary internal levels, respec-
tively. w. and DL, aTe frequencies of cavity and lasers, respec-
*Electronic address: feng@isiosf.isi.it tively. Apg) and da(g) are detunings defined in the text.
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where the Rabi frequend)szLGjL[llAjJr1/(AJ-+ 6))1/2,  quantum computing. gatdd.3]. The single-qubit operation
with G! and G| being the effective coupling strengths with can be generally written d4]
regard to the cavity light and the laser beam, respectively.

a' (a) is creation(annihilation operator of quantized cavity kar i kar

field, ol .=|g);(e| and o’} is the usual Pauli operator. If we A Co§ %~ —lersin -

adjust the frequencies of laseks, and Lg to make S, Vi($)= Ko Kor , (6
much smaller thame, but large enough compared with the - ie‘i¢sin(— cos( _)

cavity linewidth and() 5y, we have the following effective 2 2

Hamiltonian for the near two-photon resonance process be-
tween the ionA andB [11,17: wherej=L, andLg, k is the parameter proportional to the
wave vector of the lasgr and ¢ is the phase of the laser
Q A 8. B A \A/Jk(qS) can be easily achieved by laser pulses in the current
Heff:f(age"ge"'“gegge)’ 2 experiment of trapped ions. So our following discussion
would be focused on the controlleabT gate with ionsA and
with B, performed as follows:
(1) A laser applied orB with the pulse ofvﬁ’:(37r/2)
ﬁ 2
5| =

(egnHinggn+1){ggn+1|H;.|/gen resonant withwey, Which makes|e)g—1/\2(|e)s—|9)s)

B and|g)g—1/V2(|g)s+|€)s)-
(2) A laser applied orB with the pulse ofV{ (37/2)
B

resonant withw,,, which makege)g—|r)g.

+ <egdHint|een_ 1><een_1|Hint|gen> 2

-6 (3) “2 7" pulse of lasersL, andLg applied onA andB,
0.0 2 respectively, which make®@g)pg— — |€g)ag and|ge) ag—
=( Aa ®) (3) —1g&ns-

(4) A laser applied oB with the pulse oNﬁB(Tr/Z) reso-

nant with w,,, which makegr)g—|e)g.

whereH;,,; is the Hamiltonian of Eq1) in the rotating frame ) : 12
(5) A laser applied orB with the pulse ONLB(W/Z) reso-

with regard towca'a+ wy/257 so). |-+ ) is the product
of internal states of ioné andB, as well as the cavity state. nant with ., which makes|e)g— 1\2(le)g+]g)s) and

For simplicity, we have let», = w  andd,= 6= 5. Equa- 19)s—1N2(|g)s—|e)s).

tion (3) means that the two ions are coupled via two inter- Itis easily verified that the operation sequences performed
mediate statefygn+ 1) and|een-1). Due to the large de- abov<_e would produce a controlleabt gate with ionsA and_
tuning 8, which makes the two intermediate states onlyB being the control and target qubits respectively, i.e.,
virtually excited, and the destructive interference betweed€€as—|€9as. |€Das—|€Eap. |9€)as—|9€)as, and

transitions along these two patt$,is independent from the 199 a6—199)ae- If we replaceVEB(¢) with VEA(¢) in the
cavity mode[12]. To suppress the cavity decay as much asibove steps, we would obtain a controlleds gate with
we can, however, we will let the cavity mode in vacuum stateonsA andB being the target and control qubits, respectively.
in the remainder of this paper, so that the cavity mode is only To our knowledge, the result similar to E®) has been
virtually populated in the near two-photon resonance propresented previously in the ion-trap systgh2] and cavity-

cess. By means of E@), it is easy for us to obtain the time atom one[14]. As only internal degrees of freedom of the
evolution of the system, atoms are involved, quantum computing based on(Bg—

type result is called “hot quantum computing.” However, the
Ot Ot difference of our scheme from Ref12] is that, in our
|ge>ABHcos< 7) lge)ag—i sin( 7) led)as (4)  scheme, the electromagnetic field of the trap is only used to
fix the ions, and the virtually populated cavity mode plays
the role of data bus. Comparing with Ré¢f4], in which
qubits are always flying, the qubits in our scheme are easier
to be controlled. Moreover, there are some similarities be-
tween our scheme and R¢7]. Both of them are performed
via Raman transition with cavity modes being excluded from
the computational subspace. However in our scheme, the ex-
It implies that even if ionsA and B are not adjacent in the clusion of cavity mode from the computational subspace is
cavity, their internal states can be entangled by coupling toesulted from the destructive interference of two transition
the same cavity mode, although the cavity mode is only virpaths, besides the large detuning. As a result, there are only
tually populated and is not involved in EQ). Therefore, three levels involved in our scheme, less than the number of
guantum computing can be made in the subspace spann&lels in Ref.[7]. As involvement of more levels would in-
only by levels|g) and|e) of ions A andB, as shown later.  crease the sensitivity of the controlledT operation to the
It is known that some single qubit operations, togetherfluctuation of external magnetic fields, and decrease the
with a nontrivial two-qubits gate constitute a universal set ofspeed of quantum computifg5], our scheme is simpler and

and

Ot Ot
|99>ABHCOS< 7) leg)ap—i Sin( 7) |g€) g - 5
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more efficient than that in Reff7]. We also noticed the anal- can be performed coherently for hundreds of times. Further-
ogy between our scheme and a proposal of semiconductenore, we should notice that, to avoid any possible detrimen-
quantum computinfl6], in which quantum dots located in a tal effect on our controlletkoT gate due to the evolution
cavity under Raman process could have the same result dtweer|r),g) and|g)ag) in the implementation of steps 2,
Eq. (2). But our controlledNoT gate implementation is more 3 and 4,0, should be much larger than boiy, and wge,
practical than that in Ref[16]. The performance of because the large detuning coupling between the atomic ion
controllednoT gate in Ref[16] includes seven single-qubit and the cavity mode would yield evolutions associated to the
and two two-qubit operations, whereas there are only fouRabi frequency GL)%/A [14]. In our scheme, however, we
operations of single qubit and one of two qubit in the ourassumeG.<G! ~A. It implies that the possible undesired
scheme. As some uncontrollable factors existing in currengvolution is of the probability smaller than &SL/A),
experiments may yield errors in quantum computing imple-which can be neglected in the caseG@lff A <10 “.

mentation, the less the operation, the more accurate the result Qur scheme can be used in the decoherence-free quantum
of quantum computing. The other difference is that ourcomputing[20] for suppressing the collective dephasing with
scheme is under the reach of current or foreseeable futuige pair stategeg) and|ge). If ions A andB are considered
technique. In contrast, it is very hard to achieve R&5]  to be neighboring, we cannot only use the ion pairs for safe
experimentally. The difficulty lies in many aspects, such asstorage of quantum informatid20], but implement a robust
individual addressing of quantum dots with lights, coherentGrover search by means of E¢4) and(5) [21]. Finally, our
manipulation of quantum dots, and efficient readout of thescheme is also applicable to a recently proposed model of
final result. encoded quantum computitBQC) [22]. While for the sys-

We noticed that an experiment has been made recently bém under consideration, we may perform the single-qubit
using a single Calcium ion in the ion-trap-cavity systeiv].  rotation very easily. So the quantum gate scheme proposed
A|thOUgh what has been done in that work is different fromhere is more suitable than EQC for quantum Computing in
our purpose, the experimental data in it is helpful for us tothe ion-trap-cavity system.
discuss the experimental feasibility of achieving our scheme. |n conclusion, we have reported a scheme for performing
Suppose that the desired operations are performed idealyuantum computing in the system with trapped ions placed
and there is no detection iHEfﬁCiency. Then the main detri'in a h|gh.Q Sing|e-mode Optica| Cavity_ As degrees of free-
mental effect on our scheme is the spontaneous emissiafbm of the trap are decoupled from our model, decoherence
from both|e) and|r). To avoid this kind of effect, let us first due to heating has no effect on our scheme. Moreover, due to
estimate the operation time of the above controlled-gate.  suitably adjusted detuning, the cavity mode is only virtually
Since single-qubit operation is much faster than the twoexcited during the gate operation. So cavity decay can be
qubits one, we only need to calculate the time of two qubitseffectively suppressed. Comparing with former similar
implementation. If Q,~Qg=2Xx10"Hz [17] and &  schemes, our proposal also enjoys advantages of reduced op-
=10° Hz, the operation time of ourNOT is of the order of  erations of quantum gate implementaton on non-
milliseconds, which implies that botfe)as) and [r)ae)  neighboring qubits. Theoretically, this model can be general-
should be metastable levels so that our controlled-opera-  jzed to the case of many ions trapped in the same Righ-
tion can be finished before spontaneous emission takes plaggtical cavity. However, there exist some technical difficul-
[18]. Moreover, we should also pay attention to the lifetimeties for the scalability of this scheme. For example, the in-
of the cavity mode, although the cavity has almost no popucrease of the cavity size along with the increase of trapped
lation throughout the controlledeoT implementation. As the jons will decrease the atom-cavity coupling, and it is also
cavity mode plays the role of data bus, any unpredictableery difficult for confinement of many ions to avoid the mis-
decay taking place during the gate performance would probmatch of the ion spacings and cavity mode standing-wave
ably affect our scheme. The cavity decay rate in the currenpattern. Nevertheless, our scheme is very simple and inter-
experiment is 2rxX 102 kHz[17]. If we adopt this datdl9]  esting. It is applicable to the small-scale quantum computing
and suppose that only 4%=(Qi(B)/ 8°) cavity mode is ex-  with current ion-trap-cavity technique.
cited in our gate implementation, then the decay time of the Valuable discussion with Irene D’Amico, Fausto Rossi,
cavity is 4x 10 ° sec, which is shorter than the controlled- Xiaoguang Wang, and Paolo Zanardi is highly acknowl-
NOT gating time. So it is necessary to improve the currentedged. The work was partly supported by the European
cavity quality for achieving our proposed scheme. If the cur-Commission through the Research Project SQID within FET
rent decay rate of the cavity mode can be reduced by fouProgram, and partly by the National Natural Science Foun-
degrees of magnitude, the controlledT gate proposed here dation of China.
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