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We demonstrate that quantum-information processing can be implemented with ions trapped in a far detuned
optical cavity. For sufficiently large detuning the system becomes insensitive to cavity decay. Following recent
experimental progress, this scheme can be implemented with currently or soon available technology.
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Quantum information and quantum entanglement are théhe decay of the cavity. The spontaneous decay of the inter-
key resources in qguantum-information scieftk Achieving  nal electronic states of the ions can also be reduced by using
their controlled experimental manipulation is of paramountions in a configuration where two ground states representing
importance for the actual implementation of any quanturrthe qubit are coupled via far detuned Raman transitions.
information processing protocol.Many schemes for the prac- In the following we will demonstrate that with this setup
tical implementation of quantum-information processingComprising trapped ions and a far detuned cavity we are able
have been proposed in the past. Amongst those, one of tH& implement both-single qubit rotations as well as two-qubit
most promising approaches towards controlled and scalab@ates such as theontrolledNoT) gate. Therefore, universal
quantum-information processing employs linear ion trapsduantum computation can be achieved in our system. We
They offer the possibility in principle to store strings of ions, &S0 present a physical picture, based on the dynamical Stark
cool them almost to zero temperature, and address them ighifts, to provide insight into the physical origin of the func-
dividually with laser light[2]. The individual ions can inter- tion of the gates.
act with one another via their motional degrees of freedom. Consider the situation in which there are two ions in a
Indeed, it was realized early on that, based on these feature&Vity as shown in Fig. 1. We assume that the ions are sepa-
ion traps allow for the implementation of all quantum gatesrated by at least one optical wavelength. Both ions have the
that are necessary for universal quantum computd8prin  internal structure of a lambda system and the optical cavity
practice, however, the implementation of this proposal is les§ouples the stateg®) and|3) of each ion. The lower levels,
straightforward. Very low temperatures have to be achievegtates{|1);,|2);} (i=1,2 denotes the ignform our qubit,
and subsequent heating of the ion motion as well as spontathile |3) is an auxiliary state. The energy level structure for
neous emission from the ions has to be suppreggletMany  one of the ions is shown in Fig. 2. The Hamilton operator
proposals such as heat-insensitive quantum d&te3] and  describing the combined cavity-ion system can be written as
the use of Raman transitions and interference-aided laser

— 1 2 1 2 +
cooling[8] have been made to address these problems. Nev- H=w;(091 0%) + w3( 033+ 039) + wcaa

ertheless, the requirement of achieving low temperatures in +g{al(olyt o) +H.c) (1)
the motional degrees of freedom of the ions proves to be a ' 3
significant problem in actual experiments. wherea, ;=|a);i(Bl, g is the cavity-ion coupling constant,

Recently, approaches have therefore been proposed thgtanda® are the annihilation and creation operators for the
employ ions that are trapped inside of an optical cavity. In-cavity photons and =1.
stead of using the mechanical degrees of freedom of the ions
to mediate their interaction, here the optical-cavity mode
plays that role. The inevitable cavity decay through the mir-
rors appears to cause a problem. However, it has been real-
ized that in fact this cavity decay may be used to create
entanglement between ions in cavitigd and to establish
guantum communication networks between different optical
cavities[10].

In this paper we also study a system comprising trapped
ions inside an optical cavity, a system that has been demon-
strated experimentally by various groufis2]. The cavity
mirrors are not perfect, but as opposed to earlier proposals,
we do not employ this cavity decay but rather use the idea
that a strongly detuned cavity can be used to suppress cavity
decay. In fact, the use of strongly detuned cavities will effec- FIG. 1. We consider a setup in which two ions are trapped inside
tively decohere all those transition amplitudes that wouldof a strongly detuned optical cavity. For our scheme to work, the
lead to a population of the cavity mode, thereby suppressingns have to be separated by at least one optical wavelength.
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—Q for ion 2. The full Hamiltonian of the system in the

interaction picture, taking into account E@), is
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FIG. 2. Energy diagram of one of the ions. The cavity drives the H,= Q((r%,z— a§2+ H.c.). 4)

transition|2)—|3) with coupling constang and has a detuning. N ) o )
If the condition @%/A)?>Q? is satisfied, we can again

As mentioned in the introduction, the Cavity is Strong'y use perturbation theOI[\Z.3] to find the effective Hamiltonian
detuned, more precisely, we assume, that the detuning for the subspace where the states that we want to use as
= w.— (w3— w,) and the cavity-atom coupling constant sat- qubits belong to. From Ed4) one can see that this subspace

isfies the conditiorg?/A2<1. A consequence of the strong 1S {/11),112),|21),[22),[W,)}, since the rest of the states are
detuning of the cavity is that the population in the cavity Shifted out of resonance by the interaction of the ions with

mode will be very small at all times if initially it is not the cavity. The effective Hamiltonian to first order gives
populated. As states involving photons play a negligible role y
in the time evolution, we can eliminate them from the Hamil- H _Q\/E(|22><qfa| +|Wa)(22), (5

toﬁn otperal_t|or g|?|apat|pallyl4].tTo dt_o th|§ \t/ve coka)ute thet Note that because some of the levels are shifted, the laser
ctiec i’e am|i on|ar{|ri1 an Interaction E'C uré With respect 51y couples the stat@2) with the statd ¥ ,). The resulting

10 Ho=2i(w,025+ w3039 + (wg—W,)aa' | to second order  efective Hamiltonian is thus nonlocal despite the local inter-
for the subspace with zero photons, which yields action of the laser with the ions. The explanation for this

2 apparent contradiction lies in the non-local character of the

Hog= — — (oh 020+ 0020t 002+ ot + 20k 02 ion-cavity interaction. The Hamiltonian E¢5) can be em-
e~ A V7117337 T22733 T TaaTu1 T TasT 22T €¥337 a3 ployed to perform the stoT gate because the transformation
+03,053T 0330%5)). 2 |11)—|12),
All contributions that could induce transitions to levels in- |12)—|12),
volving photons are rapidly oscillating due to the strong de-
tuning of the cavity mode. |21)—|21),
Furthermore, from Eq(2) we see that the detuned cavity
induces an energy shift in the energy levels of the atoms. The |22)— —|22) (6)

result is that the state _ L _ _
can be obtained vie~ "' after a timet= (/\/2)Q ", since

1 after a complete oscillation between the stabe) and|22)
—(|23)—132), ©) the latter gains a phase, whereas the rest of the states do not
V2 evolve. This control-phase gate can be turned intonet-

gate by applying before and after it a Hadamard transforma-
together with the state§|11), |12), |21), |22)} are not tion.
shifted whereas the rest are shifted by an amount of order The physical idea behind this scheme is presented in Fig.
g?/A. The goal will be to use these energy shifts to create & where we depict the ionic energy levels corresponding to

|\Pa>:

conditional dynamics of the two qubits. zero and one photons in the cavity mode. The off-resonant
Now we drive the transitioh2);— |3); in both ions with  coupling between the ion and the cavifypdicated by ar-
two lasers with Rabi frequencf = for ion 1 andQ,= rows) induce Stark shifts in some of the energy levels corre-
P
e :
: \ ; 133;0> FIG. 3. Selected energy levels of the ions for
- Rt 2 Met> both zero- and one-photon levels. Due to the de-
W 05 A 0> tuned atom-cavity interactioiindicated by ar-
7 S —— wos rows), energy shifts occur in some of the zero-
Y 21> photon leveld | W)= 1/42 (|23)+|32))].
’ : :
122;0> 122;0>
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FIG. 4. Oscillations between the states/2(|11)+|22)) and FIG. 6. Oscillations between the states/4(|11)+|22)) and
1/\2(|11)—|22)) when there is no dissipation. In the figure one can1/y2(|11)—|22)). In the figure one can see the populations of both
see the populations of both states. The parameterd argg and  states. The parameters ate=3.0y, (1=2.0x10 g, the cavity
=2.0x 10" 3g. The probability of having zero photons¥s0.999.  decay ratex=0.5g, andI'=2.0x10 “g for the linewidth of the

upper level.
sponding to zero photon states. Choosing a suitably detuned
laser, we can therefore selectively couple energy levels. Aand 1 =0.01g. We observe that althougtg{A)?~0.1, the
the energy shifts arise due to the interaction with a cavityphoton population remains vanishingly small for all practical
mode that is nonlocal, we obtain an effective nonlocal dy-purposes. It is important to note that in this scheme the in-
namics when shining lasers on individual ions. This idea igeraction of the cavity mode with the two ions is the ingre-
reminiscent of the use of free-space dipole-dipole interactiomlient that allows us to construct the two-qubit gate although
between extremely closely spaced ida§] but here the in- the cavity mode hagalmos} no population throughout the
teraction is mediated by the cavity mode. It should be notegberformance of the gate. This becomes important when the
that in our setup the ions can have a distance of many opticalavity has losses since in principle this will not affect this
wavelengths at which the free-space dipole-dipole interacprocedure.
tion is negligible. It remains to be seen whether any one-qubit gate can be

In order to see whether the above approximations are coperformed within this setup, since single-qubit operations are
rect, we have studied numerically the system using the fultequired to achieve universal quantum computation. A gen-
Hamiltonian without any approximations. For instance, weeral single-qubit rotation can be achieved by coupling the
would expect oscillations between the statey2(|22)  two levels|1) and|2) of one ion via a Raman transition by
+]11)) and 14/2(]22)—|11)). In Fig. 4 we plot the oscilla- using two lasers with the appropriate phases. This transition
tions between these two states for the parameterss.0g can be done using another level that is not coupled to the

cavity and does not suffer any energy shift. This framework
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allows us to work with states with a very long lifetime and
therefore the decoherence due to spontaneous emission of
the ions when they are in the lower levels is strongly sup-
pressed.

In the analysis so far we have neglected the cavity decay.
In a practical experimental situation, however, such process
is present and for practical purposes, is important to know
whether the scheme is robust against decoherence. Fortu-
nately, it turns out that the use of a far detuned cavity makes
the scheme robust against cavity decay as the cavity modes
have an extremely small population throughout the gate op-
eration. This is demonstrated in Fig. 5 where we have run a
simulation with vanishing« (left half of the graph and «

=g (right half of the graph There is no appreciable differ-

FIG. 5. Fidelity of the gate starting from the state/2(|11)  €NC€ between the two time evolutions, which clearly shows

+]22)) without cavity decay, i.ex=0 (left) and with cavity decay that the influence of the cavity decay is efficiently sup-

«=1.0g (right). The gate is performed for five consecutive times. Pressed. o .
The parameters ara=3.0g and Q=2.0x 10 3g. Note that this Afurther source of decoherence in this proposal is the fact

choice of parameters is well within the reach as a cavity withthat the statg3) can decay spontaneously () since the

0.5 mm length at 866 nm allows for a ratio gfx~27[11]. The  upper level is populated during the evolution. On the other
similarity of the two graphs demonstrates that the influence of thdhiand, the gate can be performed fast because even when we
cavity decay is efficiently suppressed. haveg~ A there are no photons created in the cavity. In Fig.
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6 we show a Monte Carlo simulatigd6] where we see that be implemented with current experimental technology as the
we have a gate fidelity of~-0.99 for a decay rate of recent preparation of trapped ions in optical cavities demon-
=5.0x10 °g. strateq 12].

In summary, we have demonstrated that a system consist-
ing of ions trapped inside of a far detuned optical cavity can
be used to implement coherent quantum-information pro- We would like to thank J. Pachos for discussions and for
cessing. The strong detuning between cavity mode and iohringing his closely related resulf47] to our attention be-
leads to an effective suppression of the cavity decay. Sporfoere publication. This work was partially supported by
taneous decay from the ions is reduced by storing the qubitsPSRC, the European Union EQUIP project the ESF QIT
in two lower states of a Raman configuration. Both singleprogram, and Grant Nos. MECAP99), IUAP-P4-02, and
qubit and two qubit can be implemented. Since the ions caOA-Mefisto-666. This work was partially supported by
be moved inside and outside the cavi§2], our proposal Grant No. 43371-PH-QC from the U.S. Army Research
can achieve universal quantum computation. The scheme c#ifice.
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