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Generation of two-mode nonclassical states and a quantum-phase-gate operation
in trapped-ion cavity QED
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We propose a scheme to generate nonclassical states of a quantum system, which is composed of the
one-dimensional trapped-ion motion and a single-cavity field mode. We show that two-m@@)e Sitangled
coherent states, two-mode squeezed vacuum states, and their superposition can be generated. If the vibration
mode and the cavity mode are used to represent separately a qubit, a quantum phase gate can be implemented.

DOI: 10.1103/PhysRevA.65.064303 PACS nuntber03.67—a, 42.50-p

In recent years, there has been much interest in methods H=ub'b+ 5cAaTa+ Aop0+0_+Ep0, +Epo_
of nonclassical state generation by entangling quantum sys-
tems. In this field, advances in ion cooling and ion trapping +gosinn(b’+b)(a'e_+ac.). (1)
have opened new prospects by controlling the quantized ion
motion precisely{1-3]. In particular, motional Fock states, Here (a,a’) and (b,b") are the boson annihilation and cre-
squeezed states, and microscopic quantum interferenegion operators of the cavity field and the quantized atomic
(Schralinger-cal states are in the scope. More recently, vari-vibration. The operatoro_=|g)(e| changes the internal
ous schemes were proposed to control two vibration modeslectronic state fronje) to |g) and » is the corresponding
of a single ion, which is confined within a two-dimensional Lamb-Dicke parameter. The detunidg, andA,, are given
trap [3—6]. Most of these proposals concern the quantizethy §p= wca, — ©a aNd Aga=w,— wa. The quantityE, is
ion vibration by treating the laser field classically. But, thethe amplitude of the laser field. The single-photon atom-
quantization of the laser field brings more possibilities. Acavity dipole coupling strength is given gy, while the sine
number of schemes were proposed for generating variouginction describes the standing-wave structure of the cavity
nonclassical states of single-mode cavity figJds An ex-  field. We assume that the center of the trap is located at the
perimental realization of a Schiimger-cat state in a cavity node of the cavity field. Since the detuning of the laser field
system was reportefB]. Furthermore, a single trapped ion from the atomic transition frequency is assumed to be very
can be used as a probe for measuring the cavity field intenarge (A x> v,8.4,90,E,), the internal atomic dynamics
sity [9]. A new possibility for quantum state engineering andcan be adiabatically eliminated. The corresponding Hamil-
guantum information processing has been opened by usingtanian takes the form
trapped ion in a higlQ cavity. The influence of the field
statics on the ion dynamid40] was investigated as well as 92
the transfer of the coherence between the motional state and H=vb'b+ d..aTa— °
the light field[11]. In a recent pap€ell2] a simple scheme Aoa
was proposed to generate the whole Bell basis composed of
the vibrational mode of a single ion and a cavity field. -

In this paper, we propose a scheme to generate two-mode
nonclassical states of a quantum system, which is composed . .
of the vibration mode of one trapped ion and a single lightVith o>=[e){e[—[g)(g| andE,=exe™'#A. In the following
field mode. The set of these states includes two-mod@)SU We choosep,= Z/Z- In the,( Lamb-Dicke region<1) we
Schradinger-cat stated13,14], entangled coherent states May write siny(b'+b)=7(b'+b). If we choose the detuning
[15,16], two-mode squeezed vacuum states, and their supePetween the cavity and the laser field to &= v, the ef-
positions[14]. We also show that quantum phase gates caf€ctive interaction Hamiltonian
be implemented by representing the qubits by the vibration
mode of a single trapped ion and the cavity mode quantum H,=iQ,(a'b—ab")o, ()]
state restricted on the subspace spanned by the two lowest
Fock states. In order to relate our scheme to this physicdb obtained in the rotating wave approximation. Hede
arrangement, we consider a trapped ion confined in a hadenotes the effective interaction strength. We consider the
monic trap located inside an optical cavity. The atomic tran-ituation in which the ion’s internal state is prepared initially
sition between the two internal electronic statfesand|g)  as a superposition (2)(/g)+|e)) and the vibration mode
(frequencyw,) is coupled to a single mode of the cavity field of the ion is in the Fock statmn),. The cavity field is pre-
of the frequencyw.,, and is also driven by an external clas- pared in the vacuum stat8).:
sical laser field of frequency . The cavity is aligned along
the x axis, while the laser field is incident from a direction 1
along they axis. Thus, in a frame rotating at the laser fre- W(0)=—=(|g)+]e)) |0)aln)p. (4)
guencyw, the system’s Hamiltonian is in the forfdi] V2

sitp(b"+b)atac,

Jo€a
AoA

sinp(b™+b)(e "ral+e'“ra)a,, (2
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If the laser pulse of the interactidB) is applied, the system Then the atom is subjected tomd?2 pulse, which is resonant

evolves into with the transition|e)«|g). Upon detection of the internal
state, the state vector is projected into the two-mode coherent
1 states
V()= —=exd Qyt(a’b—ab")][€)[0)sn),
V2 _
O =[(a+B)\2)al(B—a)l2)p
1
+Eexq—Qlt(a*b—abT)]|g>|0>a|n>b_ (5) i|(a'_,8)/\E>a|(a+,3)/\/§>b- (10)

This equation demonstrates the generation of entangled co-
The carrier transitiofe)«|g) is driven in order to generate herent states of a special type. Entangled coherent states of
a m/2-pulse on the internal statge)—1/\2(|g)+|e)); |g)  another type can be generated, if the interaction time is cho-
Hl/\/§(|g>—|e>) The quantum state evolves into sen to be twice as longQ)t;==/2. In this example the
initial state(8) evolves into

1
P(t)=={exgQ t(a’b—ab’)]

20 «wm:%|e>|ﬁ>a|—a>b+|g>|—ﬂ>a|a>b. an
+exd —Qqt(a’b—ab)1}g)[0)a/n)y

1 S i i i
Lz tr At _ + If the.atoms internal state is subjected tomd2 pulse, as
Z{exr[ﬂlt(a babl)]—exd ~4t(a’b described above, the detection of the ground dgiteor the

excited statee) projects into the entangled coherent states
—ab")1}|e)|0)aln)s. (6) 4e) proj g

. . . . .= —a)p,Et|— . 12
Upon detection of the internal state, this state vector is pro- ==[B)al = @)p* = Blal e (12

jected onto the two-mode quantum states, which we denote . o . .
with There is also the possibility of choosing the detuning be-

tween cavity field and laser field to ldg,= — v. In this case,

®. =exd —iQ,t(a’b—ab")]]0).n) }[/(\;?]i;?]n obtain the corresponding effective interaction Hamil-

+exgiQ t(a’b—ab")]]0),/n)p. (7)

H,=iQ,(ab—a'b"o,. (13

The quantum staté , is obtained if the internal statg) of
the ion is detected. Otherwise the quantum stateis gen-  Here, (), denotes the effective interaction strength. The in-
erated. These two-mode quantum staf®sare the SW)-  teraction(12) is a parametric amplifier, which leads to a two-
Schrainger-cat states of the formg(j)*|—¢,j)) [14], if  mode squeezed vacuum state, if the two Bose modes are at
the SU2)-coherent statef,j)=ex B, —B*J_1|j,—j) [17]  the beginning in the vacuum state and the ion’s vibration
are used with the identificationd=Qit, j=n/2, {  ground state. Again we initialize the ion’s internal state in the

=tan((2,1/2). state 142(|g) +|e)). Thus, the system’s initial state
In order to entangle coherent states of a special form, we

again initialize the internal ion state in (iZ)(|g)+|e)) but 1
we prepare the two Bose modes in the coherent sfatgs T(0)= — +le)) [0).10 14
ey (0)=75(19) +1e)) 0)0)s a9

1 evolves under the interactigd3) into

v(0)= \/§(|9)+|6>) |@)al BYb. 8

V(t)= %exqﬂzt(a*b*—ab)] 1€)]0)4]0)y,

%

If the laser pulse, which corresponds to the interact®nis
applied over a time interval = 7/4Q) , the system evolves
into 1

expl —Q,t(a’b"—ab)]|g)|0),/0)p.

"2

1
—=le) [(a+B)\2)|(B—a)\2)y (15)

V2

W(ty)=

After subjecting the atom’s internal state toaré2 pulse and

T i|g> |(a—B)IN2)a|(a+pB)2),. (9) detecting the internal state, a projection onto the squeezed
NA cat states results in
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®.=exf Q,t(a’b’-ab)]0),|0), [D)al Dplg)— —~11)al1)6l9), (18

+exg —Q,t(a’b’—ahb)]]0),/0)y. (16)  where the states to the left of the arrows represent initial
states¥ (0) and the states to the right are the stabq$,).
Finally we consider the case,— w¢,,=v. In the Lamb-  Equation (18) shows that a quantum-phase-gate operation
Dicke limit we obtain after discarding the rapidly oscillating can be implemented if the vibration mode and the cavity
terms in Hamiltonian(1) the interaction Hamiltoniaf12] mode are used to represent separately a qubit.
In summary, we presented a scheme to generate nonclas-
_ ot sical two-mode states of a single trapped-ion vibration mode
Hs=Qs(abo, +a'blo-). 17 and the light field state. This quantum state generation
scheme makes the generation of two-mode (ZU
aSchr"cdinger-cat states, entangled coherent states, two-mode
squeezed vacuum states, and their superposition possible. We
also showed that a quantum phase gate can be implemented
if the two-qubit states are identified with the two-mode Fock
states with the quantum numbers 0 and 1. These results dem-

This was used to generate Bell states of a single-ion vibr
tion mode and the cavity field stafd2]. When the ion’s
internal state is initially in the ground staltg), the interac-
tion (17) is applied withQst,;= 7. We obtain

[0)410)plg)—10)4|0)p|0), onstrate the usefulness of this trapped-ion cavity system with
respect to the nonclassical state generation.
[0)a]1)|9)—10)4 L)pl9), Note addedRecently, we became aware of two different
proposals to implement quantum logic gates in a trapped-ion
11)a0)pl9)—11)al0)s|9), cavity QED systenj18].
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