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Long-time-scale revivals in ion traps
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In this paper we investigate the interaction of a single ion in a trap with laser beams. Our approach, based
on unitary transformating the Hamiltonian, allows its exact diagonalization without performing the Lamb-
Dicke approximation. We obtain a transformed Jaynes-Cummings-type Hamiltonian, and we demonstrate the
existence of super-revivals in that systdif1050-294{09)06203-4
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There has been recently a great deal of interest in singlelectric-dipole forbidden transitiojg) < |e) (frequencyw),
trapped ions interacting with laser beams. This system allowand we may have a detuning= wy— o, where v, = w;
the preparation of nonclassical states of the vibrational mo—w,. For a sufficiently large detuning, the third level/r)
tion of the ion[1,2]. In fact, the generation of Fock, coher- may be adiabatically eliminatdd 0], and we end up with an
ent, squeezedd], and Schrdinger-cat state$4] has been effective two-level system. This situation is described by the
already accomplished. Besides, there are potential practicédllowing Hamiltonian[9]:
possibilities in several fields, such as precision spectroscopy
[5] and quantum computatid®], for instance. R o ) Q . e

We would like to remark that the theoretical treatment of H=7%va'a+# Eaﬁﬁ?(a_e"”(a*a )+ g, el n@taly
the interaction of a trapped ion with one or several laser )
beams constitutes a complicated problem. Normally the
problem is solved in limiting situations, e.g., in the Lamb- ~ R
Dicke regime, in which the ion is confined in a region much» being the Lamb-Dicke parameterg, =|e){g|,(o_
smaller than the laser wavelength. Other limiting situations=|g){(e|) the usual electronic raisinowering operator,

concern the laser intensity; if the effective Rabi frequeficy andé*(é) the ion’s vibrational creatiofannihilation) opera-
of the ion-laser interaction is such tHat< v, wherev is the  tor.

trap frequency[7,8], we have the low-excitation regime. By applying the unitary transformation
Otherwise, ifQ> v, this corresponds to the strong-excitation
regime|[9].

Here we adopt a new approach to this problem. We depart 5 _ i l 2+ o T } N2y A -

from the full ion-laser Hamiltonian, and perform a unitary T 2 Z[D (B)+DAII+ Z[D (B)=D(B)]o

transformation that allows us to obtain a Jaynes-Cummings-

like Hamiltonian without the rotating-wave approximation

(RWA). We therefore are able to analytically solve the prob-

lem, by applying the RWA, which corresponds to the regime

Q=vp. We should stress that our method makes possible to o - - -

close the gap between the different intensity regimes, antP the Hamiltonian in Eq(1), whereD(B)=exp(Ba’'—3*a)

moreover, with no restrictions on the Lamb-Dicke parameteriS Glauber's displacement operator, wiih=i 7/2, we obtain
We consider a single trapped ion interacting with two the following transformed Hamiltonian

laser plane wavedrequenciesv; andw,), in a Raman-type

configurat?on. Both Iaser beams, as usual, will be treated as QE-}Q-}T:hVﬁjLﬁQ(}Z

classical fields propagating along tkexis, so that we have

a one-dimensional problem. The corresponding scheme of v

levels is shown in Fig. 1. The lasers effectively drive the _'ﬁj
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FIG. 1. Configuration of levels of the trapped ion interacting _ 2 @ T
with two laser beams, of frequencies and w,. Cn,e(t) = exp( |a]*12) \/_'COS(gt n+1)
n!
;(nJrl
~ /1 PN __— . [ 1
'H:—Ih7 (aTO',el(V ZQ)t—H.C.) +\/msm(gt n+1)|, (9)
+(éT(‘T+ei(v+2Q)t_H c)—i i((}+e2im+H c) 0 o |~|2/2) a1 in \/_)
o Chg(t)=exp—|a ——=sin(gtyn
7 Jin=pr
4 N
an
- coigtﬁ)], (10
we see that we may neglect the last two rapidly oscillating nt
terms on the right-hand side of E@), which corresponds to _
the RWA. We then obtain anda=a—izl/2.

The structure of the equation above is similar to the one

obtained for (n) in the driven-Jaynes-Cummings model

QNQRWA:;L,,E]JF;LK,}Z_mg(éT&__éc‘r+), (5) (DJCWV) [;2]. Therefore, we expept the phenomenon of
2 super-revivals to be present in the ion system, as an analogy

to the DJCM. Super-revivals are long-time-scale revivals

. o ) ) . arising in the atom-field dynamics. This peculiar behavior is
which coincides with the Jaynes-Cummings Hamiltonian.

The effective coupling constant i3= »v/2, and the term 26

fvn?l4 has not been taken into account because it just rep-

resents an overall phase. We note that our final result in Eq.

(5) is valid even for nonzero detunings n=05
The time evolution of the state vector, for an initial state i (a)

|4(0)) is

o n 25
lp())=T"0,(1) T|(0)), (6)

whereOl(t) is the Jaynes-Cummings evolution operdfok]
in the interaction picture (b)

<n>

24 1
~ 1(1 - ~ ~ 1 4 ~ A
U(t)=—7= _[Cn+1+cn]|+§[cn+1_cn]az

2|2

+Asn+1é-a'+_éTASn+1a'f ) (7)

23 L 1 L | "

with C,,,,=cosgtvaa') andS,,,=sin@tvaa’)/vaa'. 0 500 1000 1500
For an initial state|(0))=|e)|a), or the atom in the T

excited statdsee Fig.(1)] and the ion in a cohererivibra- . ~in .

tional) state, the mean number of vibrational quanta as a FIG. 2. Plot of the mean excitation numbe'a) as a function

; ) . . ~ of the (dimensionlessscaled timer=gt. (a) Ordinary revivals oc-
function of the (dimensionlessscaled timer=gt, or () cyring for «=(5.0,0.5), and(b) super-revivals ocurring foer

=(y(7)|n|y(7)) is given by =(0.5,5.0). In both cases the Lamb-Dicke parameteys0.5.
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illustrated in Fig. 2. The super-revivals im) occur for a  the application of a unitary transformation. Then we were

time 7~ 4| a|?7, (r,=27r\/ﬁ/Q is the revival time. We able to treat the problem in a specific intensity reginfe (

note that the existence or not of super-revivals is narrowly v), without the need of performing the Lamb-Dicke ap-

connected to the preparation of the initial vibrational State]proxmatmn. ,lAs a rgsullt we have _pr?dlfctedhthe existence of
For instance, if we have=(5.0,0.5) andy=0.5, the super- ong-time-scale revivalgsuper-revivalp for the excitation
revivals do not occufsee Fig. 2a)], and we have ordinary number in trapped ions.
revivals only. However, for appropriate values of the param-
etersa=(0.5,5.0) and»=0.5, super-revivals take place in = One of us(H.M.-C.) thanks W. Vogel for useful com-
that systenisee Fig. 2)]. We also would like to point out ments. This work was partially supported by Consejo Nacio-
that because dissipation in ion traps is much smaller than inal de Ciencia y Tecnolog(CONACyT), Mexico, Conselho
cavities, it might be allowed the experimental observation ofNacional de Desenvolvimento Ciéfito e Tecnolgico
super-revivals in that system. (CNPg, Coordenaao de Aperfejoamento de Pessoal de
In conclusion, we have presented an approach for studyNivel Superior (CAPES, Brazil, Fundaeo de Amparo a
ing the dynamics of the trapped ions driven by laser beam$esquisa do Estado decSRaulo(FAPESB, Brazil, and the
We have succeeded in linearizing the Hamiltonian throughnternational Center for Theoretical Physi¢€TP), Italy.
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