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It is shown that a two-qubit phase gate awhp operation between ground states of cold trapped ions can
be realized in one step by simultaneously applying two laser fields. Codlirigg gate operations is possible
without perturbing the computation. On the contrary, the cooling lasers even stabilize the desired time evolu-
tion of the system. This affords gate operation times of nearly the same order of magnitude as the inverse
coupling constant of the ions to a common vibrational mode.

DOI: 10.1103/PhysRevA.67.020301 PACS nuntber03.67—a, 42.50.Lc
For many years now ion trapping technology has been 2 1
one of the standard techniques for investigating quantum H= > ifg,|1)(2|b"+ Eﬁﬂ|0>1(2|+H.c. (1)
=1

phenomena with single particles. Paul traps or more complex

_structures have been used t_o create chalns of several hundrﬁcélre the Lamb-Dicke regime and the conditi 5 <12 have
ions[1]. Many schemes for implementing quantum gates us; .

: . “been assumed, as in RE2].

ing trapped ions have been proposed. Some of them require Let us first assume that the coupling consigts a few

_cooling_into ihe vibrational grounq sta-5]. The feasibil- orders of magnitude larger than the Rabi frequeficyThen
ity of this has already been experimentally demonstrifi¢d there are two different time scales in the system and the time

Other schemes can even be implemented with *hot”iBfls e o1ution can be calculated to a very good approximation by
and have been applied to entangle up to four i@jsand to  ggjapatic elimination. To do so, the amplitude of the state
observe violation of Bell's inequality with single atorf@). with n phonons in the vibrational mode and the ionéijn is
This paper proposes an alternative scheme for realizing genoted ag,;;. Only the coefficients of the qubit states,
phase gate ans\wAp operation with cold trapped ions in one ¢, cyo1, Co10, @ndcey;, and of the entangled stat@a)
step by simultaneously applying two laser fields. Comparegith |a)=(|12)—|21))/\2 change slowly in time. Defining

with other scheme§2,4], the experimental effort for quan- |s)=(]12)+|21))/\2, their time evolution is given by
tum computing can thus be greatly reduced. Ideally, the sys-

tem remains during the whole gate operation in the ground ) i

state of a common vibrational mode. Thus cooling of this Coo0= — §Q Co20s

mode does not perturb the computation. On the contrary, it is

shown that cooling can even improve the gate fidelity sig- .

nificantly. This affords gate durations of nearly the same or- 'COOl:'_Q (Coa— Cos),

der of magnitude as the inverse coupling constant of the ions V2

to the common vibrational mode and there is no need to

include a different ion species for sympathetic cooljig] } i

in the trap. In addition, the scheme only requires good con- COa:ﬁQ Coo1+

trol over one Rabi frequency. The size of the coupling

strength of the ions to the vibrational mode does not enter the : .

effective time evolution of the qubits. Co10= Co11=0. 2
Each qubit is obtained from the atomic ground sta@s ] o N

and|1) of one ion, while the common vibrational mode is Settlng the derivatives of all other cqefﬂments gqual to zero

cooled down to its ground stal8,;,). To establish coupling Y1€ldS Coz0=Cos=0. For1<gy, the time evolution of the

between qubits, we use a metastable stajeand a strong sys_tem(Z) can thus be summarized in the effective Hamil-

laser field with Rabi frequenc{, detuned by the phonon tonian

frequencyr, as shown in Fig. 1. The phase gate that adds a

minus sign to the amplitude of the qubit std€d) then re-

quires, in addition, only a weak laser pulse with the Rabi

frequency() coupling resonantly to the 0-2 transition of ion

1. Let us denote the creation operator of a single phonon in

the mode a$' and introduce the coupling constant of the

ions to the common vibrational mode @s= 3 7). (Herey

is the Lamb-Dicke parameter characterizing the steepness of F|G. 1. Level scheme for implementation of a phase gate. A

the trap) The Hamiltonian of the system within the dipole strong laser field with detuning establishes coupling between the

and the rotating wave approximation and in the interactiorions via a common vibrational mode. In addition, a laser pulse

picture with respect to the free Hamiltonian is then given byindividually addressing the 0-2 transition of ion 1 is required.

N
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FIG. 3. Level scheme of a dissipation-assisted phase gate with
cold trapped ions. In addition to the basic setup shown in Fig. 1, a
strong laser field couples the stdfe with detuningy to an auxil-

@/9: iary atomic staté3). Populating this level leads to the emission of
photons with a raté";.
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FIG. 2. The fidelity of a single phase gate as a functioflég,
for the initial qubit state$00) (a), (b) and|01) (c), (d). The curves
(@), (c) result from an exact solution of the time evolutith) while case of detection of an error, the gate failed and the whole

the curvedb), (d) result from Eq.(5). computation has to be repeated.
To realize such an error detection measurement one could
1 use a laser field that couples the atomic ground $tatevith
Her=— ﬁﬁﬂ [1002)¢0al+H.c.]. (3 detuningv to an auxiliary statd3) and another laser that

excites the atomic 1-2 transition with the same detuning. To

If the duration of the laser pulse equals-2\2/Q, then assure that populating level 3 leads to the emission pf many
the resulting evolution is the desired phase gate. As the efh0tons, an even stronger laser should co{jido a rapidly
fective HamiltonianH.; and the gate operation timeare  decaying fourth level that decays int8) with a high spon-
independent of the coupling constags, the proposed taneous decay rate. Gate failure leads thus to an effect that is
scheme is widely protected against fluctuations of this sysknown as a “macroscopic light period3], i.e., fast Rabi

tem parameter. oscillations between level 3 and 4 accompanied by photon

Deviations from the time evolutior{3) arise because €mission at a high rate. This can easily be detected and the
population accumulates unintentionally in the states0)  Whole computation can be repeated, if necessary.

and|111). In first order inQ}/g, one has However, such an error detection measurement would
take much longer than the inverse of the coupling constants
1 LY of the ions to the vibrational mode and much longer tfian
C110= 2_92C°°0’ Cia= 4_92C001 4) Hence, error detection does not help to decrease the gate
operation time for a given minimum fidelitfF. To shorten
and the fidelity of the proposed phase gate equals the gate duration without reducing the fidelity more than

predicted by Eq(5), we propose that the desired time evo-
5) lution (3) be stabilized during the gate performance by using

' dissipation. This is achieved by continuously applying the

laser fields, proposed for the implementation of error detec-
Figure 2 compares this fidelity with the exact solution result-tion, as shown in Fig. 3. For simplicity, the strong laser cou-
ing from numerical integration of the time evoluti¢h) [11].  pling to the fourth level and spontaneous decay from this
Good agreement is only found fd2<g,. For somewhat |evel have been combined into a single decay rate assigned
Iarger Rabi frequencies, in general, fidelities worse than th% the metastable State>_ Let us denote this spontaneous
result predicted by Eq5) are obtained due to nonadiabatic- decay rate a§ 5, while g;=12 75 is the coupling strength
ity. Thus the fidelity is above 99 % for all initial states®  f the atomic 1-3 transition to the vibrational mode. In the
<0.1g9, is chosen. Thig corresponds to gate operation timeﬁj"owing, gs~9, and 10g,<I'3<100g, is assumed.
T>90fg. In the following we aim at enlarging the param-  \1qre generally, any process that indicates whether the

eter regime for which the fidelity is at least 99[%2]. honon mode is excited or not can serve as an error detection

A dominating error source in the scheme is heating. T : . :
. . rement. Thi lies to ground-stat lin
avoid this, the gate should be performed fast. Therefore we casureme s applies to ground-state cooling because

assume in the following tha® is of nearly the same size as populating the vibrational mode leads to the emission of pho-

the coupling constang,. As can be seen from above, in- tons at a high rate while no emission takes place if the ions

creasing() leads to the population of unwanted states. To2r€ I the vibrational ground stae4]. Thus level 3 and the

reduce the error rate of the scheme one could therefore meﬁgd't'on"’II strong I.aser field in Fig. 3 could as well be re-
sure the population of states witi=0 at the end of each pIacgd by the coollng Igser setup. Indeed, continuous co_ollng
gate. Under the condition that no population is found in thes&2n improve the fidelity of the performed gate operation.
states, the system gets projected back onto the subspace witipwever, for simplicity, the continuous read out of the pho-
n=0 and the fidelity of the prepared state increases. In th80n mode is in the following modeled as shown in Fig. 3.

2

Q 1
_a_ 2, * 2
F(T.ly))=1 ag2 |Cood Jr4|C001J

020301-2



DISSIPATION-ASSISTED QUANTUM GATES WITH . ..

The basic mechanism of the improved scheme is that ob-
serving for emitted photons implementg@nditiona) no-
photon time evolution, thus resulting in continuous damping
of the population in unwanted states. As long as the ampli-
tudescg,yg and cyg are negligible, the time evolution of the 0.98

. F(T,|4))
other states resembles the desired phase gate, as can be si
from Eq. (2). In addition, we show that the population that
now accumulates in the statgkl0) and|111) is about the 0.94
same as predicted for an adiabatic process and the fidelity o
the phase gate coincides Wi{(T,|#)) given in Eq.(5) to a
very good approximation. The price one has to pay for this 08

0.96

0.92
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improvement of the precision of the gate is that photon emis- Q/

sion might occur with a small probability. Then the gate 92

operation would have failed. FIG. 4. Fidelity of a single phase gate under the condition of no

To describe the time evolution of the system under thephoton emission as a function 6f/g, for the initial qubit states
condition of no photon emission, we use in the following the|y)=|00) (a), (b) and|#)=|01) (c), (d). Deviations from the time
Schralinger equation with the conditional Hamiltonian evolution withg;=T3=0 are continuously damped away wi}
Hong- As predicted by the quantum jump approdtbl], the =g, andI';=20g (a), (c) and the fidelity is close to the theoreti-
norm of a vector developing with this non-Hermitian Hamil- cally predicted fidelity(5) assuming adiabaticitgb), (d).

tonian decreases in general with time and

) <0.18(g, is chosen. However, for too big spontaneous decay
Po(T,[4)) =[Ucond T,0[ )| (6)  ratesI's, the damping of unwanted amplitudes becomes in-

is the probability of no photon emission in 19,if |¢) is the

effective which is whyl’3<<100g, has been assumed.
Using the coefficientgys and ¢y, given in Eg.(8) and

initial state of the system. For the level configuration showny, . gitferential equations that govern the time evolution of

in Fig. 3 the conditional Hamiltonian equals

the qubit states and the entangled st@# [the same as Eq.

2 3 1 (2)], the unnormalized state of the system at the end of the
HcondZE E ihgj|1)i<j|bT+ ~500)1(2|+H.c. gate operation under the cond|t|qn of no photon emission can
i=1j=2 2 be calculated up to first order if2/g,. Its norm squared
equals the gate success réb¢ and

— SATI3)(3). Q

Because of the different time scales of the scheme, the no-
photon time evolution of the system can again be calculate
by adiabatic elimination. This yields the same effective.
Hamiltonian as in Eq(3). In first order in{}/g,, population
accumulates unintentionally in the state20), |110), |030),

Qg
Po(T.|))=1- 227 5
0503

2

9

1
0004 2],

C004 2+ 1

c?‘his is in good agreement with the numerical results shown
in Fig. 5. For example, fof0<0.1g, andI'3=20g, one
has Py(T,#)>95%, independent of the initial state of the

0s) |111), [013, and|03 diti system. The probability for photon emission during the gate
[0} |11, 013, and|031) and itis operation is of the order ofd/g, and for Qg%/(g3I';)<1
i (\/Egg 1 gs 93) close to unity. Gate failure might be a bit more likely than for
C !C lC IC e _1_1_1_ C 1
(Cos,C111,Co13,Co31) 205\ Gol's ' 2' T3 T, S0
( } HZ(gé 1 gﬂ
C020:€110:C030 = — — | ==, 5, — = | Cooo-
020s%~110: %03 0> gZFS 2 1—~3 000 1
®  pawy T
0.8

To optimize the fidelity]"5 should be much larger thay so
that all coefficients proportional t; /T3 become negligible. 0.7
In this caseF(T,|#)) becomes the fidelity calculated in Eq.
(5) to a very good approximation.

That this is indeed the case is shown in Fig. 4 which 0.5
results from a numerical solution of the time evolutiGgh.
As expected, the dissipation channel continuously introducea

Q/g.

in the system stabilizes the desired time evolution and cor- giG. 5. Success rate of a single phase gate as a functifgs
rects for_ errors resulting from the nonadiabaticity of_ thefor the initial qubit state$y)=|00) (), (b) and|4)=|01) (c), (d)
scheme if(} becomeslof about t.he same order of magDItUdﬁor the case of continuous monitoring of the syst&in (c) and the
as g,. The gate fidelity(5) applies now to a much wider case of only a single error detection measurement at the end of the

parameter regime. Fidelities above 99 % are obtained if gate(b), (d).
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quantum error detectiofsee Fig. 5. However, no additional and if T=2#/(), then the time evolution of the system ex-
time is required which would increase the sensitivity of thechanges the amplitudes of the qubit std@® and|10) of
scheme with respect to heating. the initial state. Deviations of the fidelity from unity are, for

Another two-qubit gate that can easily be realized withthe same parameter regime as considered above, about the
the same experimental setup SsapP operation. This gate same size as for the proposed phase gate since implementa-
exchanges the states of two qubits without the correspondinggn of the two gates is very similar. The same applies to the
ions having to change their places physically. Compared withynrovement of the gate precision that can be achieved with
the above phase gate, its implementation does not requikgq help of dissipation and to the gate success rates.

individual laser addressing. To realiasvap operation, the Summarizina. we have shown that dissipation can be used
laser field with Rabi frequenc® should address both ions g P

mult V. To i th te fidelitv. th " to construct relatively simple and precise gates for quantum
simuftanéously. 10 improve Ine gate fidelity, the same idea omputing. As an example we discussed the implementation
as described above can be used. By analogy wit{ Bgthe . . .
" L . . of a two-qubit phase gate amglwap operation with cold
conditional Hamiltonian of the system is now given by . . Lo
trapped ions. The corresponding gate operation times are of
2 3 1 nearly the same order of magnitude as the inverse coupling
Heons= > > ifug; 1)i(j|b"+ EﬁQ|0>i<2| +H.c. constant of the atoms to the vibrational mode. Here the pa-
=1j=2 rameter regime has been chosen such that auxiliary decay
i channels, resulting from continuous cooling of the ions, sta-
- §ﬁF3|3>i<3|- (10 bilize the desired adiabatic time evolution of the system and
improve the fidelity of the gate operation significantly.

Proceeding as above leads to the effective Hamiltonian The author would like to thank W. Lange, C. Marr, J.

1 Pachos, and H. Walther for interesting discussions and for
Heﬁzmﬁﬂ[—|OOJ><Oa|+|OlO><Oa|+H.c.] (1)  careful reading of the manuscript.
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