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‘We propose a scheme to prepare Fock states for the vibrational motion of a trapped ion. Unlike previous schemes,

the present scheme works in the mediate-excitation regime, in which the corresponding Rabi frequency is equal to the

trap frequency. Thus, the required time is greatly shortened, which is important in view of decoherence.
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In recent years, there has been much interest in
the problem of generating arbitrary quantum states
of a harmonic oscillator. In the context of cavity
QED, a number of novel schemes have been proposed
for generating various nonclassical states of an elec-
tromagnetic field.l'=% Of special interest are Fock
states, which are the most basic quantum states. Re-
cently, two-photon states of a cavity field have been

observed.[®!

On the other hand, recent advances in laser cool-
ing and ion trapping have opened new prospects in
quantum state engineering. The extremely weak cou-
pling between the vibrational motion of the trapped
ion and the external environment provides the pos-
sibility of generating various nonclassical states of
the ion motion with high efficiency. Recently, pro-
posals have been made for generating various non-
classical vibrational states of a trapped ion, such
as Fock states,[®] squeezed states!” and Schrédinger
8-101 Ty date,

squeezed states, coherent states,'!l and Schrédinger

cat states.| motional Fock states,

cat states [12] have been observed.

The above-mentioned schemes [61] for generat-
ing motional Fock states operate in the low-excitation
regime, in which the Rabi frequency 2 characterizing
the laser—ion interaction is much smaller than the trap

frequency v. In this paper, we show how we can gen-

erate motional Fock states in the mediate-excitation
regime, in which the corresponding Rabi frequency is
on the order of the trap frequency. From the viewpoint
of decoherence, the present scheme may be of impor-
tance due to the great reduction of the operation time
by using a laser of higher intensity.

We consider an ion trapped in a one-dimensional
harmonic potential. We excite this ion with a laser
beam tuned to the ion transition. In the rotating-
wave approximation, the Hamiltonian for this system

is given by (assuming h = 1)

H=Hy+ Hiy, (1)

where
Hy = vata + wyb, (2)
Hiy = %[ﬁe—i(wot—koﬂd») +Hel, (3)

5. = 3(leYel ~la)al) and &+ = |e)(g], with [¢) and
|g) being the excited and ground states of this ion; a*
and a are the creation and annihilation operators for
the vibrational mode, v is the vibrational frequency of
the centre-of-mass mode, and wq is the transition fre-
quency for the two-level ion, and §2, ¢, and kg are the
Rabi frequency, phase and wavevector of the laser fre-
quency, respectively. The position operator & can be
1/(2v M)
being the Lamb—Dicke parameter and M being the

expressed by & = n(a*+a)/ke, withn = kg
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mass of the trapped ion. Then the interaction Hamil-

tonian ITIL¢ of Eq.(3) can be rewritten as 13l

A Q 2 .
Hig="e" /2 [6+e‘(“’°t+¢)
o @)
X Z W + a +HC . (4)
m,n=1

Consider the behaviour of the trapped ions in the
Lamb-Dicke regime, where nv/7 + 1 < 1, with n be-
ing the mean quantum number of the centre-of-mass
mode. In this case we can retain the terms only to the

first order in n and e~ /2 ~ 1. Then we obtain

(7 .
Hig = S {o e o9 in(at + a)] + Hel). (5)

In the interaction picture, the interaction Hamiltonian
is given by

7

I':rl,qs :eiﬁotﬂ—17¢e—iﬁot
:5{&+e7’¢[1 +in(ate™ +ae ') + H.c.}. (6)
We define the new atomic basis [14]

[+¢) = —=(le) +%|g)), (7)

S-S

|=¢) = —=(le) — ¢]g)). (8)

This corresponds to

e} = %<|+¢> =4}, (9)

(| +p) = I=a)- (10)

9) =
= —e

g \/5

Then we can rewrite 61 and 6~ as

5t =S, + (55 — 5)/2, (11)

and

67 =[S, 4 — (S, - S))/2, (12)
where 5., = 3(1+¢)(+9|— =) {—4l): 5§ = [+4)(—4]
and S¢ = |—¢)(+4|. Inserting Egs.(11) and (12) into
Eq.(6), we obtain

Hiy = Hio+ Hiy, (13)
where

}AII,O = 'ng: (14)

N O :
Hiy =5in(8™ = §*)(a*e™ + He).  (15)

The time evolution of this system is decided by

Schrodinger’s equation:

()
dt

= Hi 4l9(t)). (16)

We perform the unitary transformation

(2)) = e~ Loty (1)) (17)
Then we have
0D g (e + semmer 0D g

Using Egs.(13) and (16) we obtain

it V() _

) = B g h(0)) = g et y)).
(19)

Then we obtain
O v, (20)

where

H.I¢‘ :e]HO,qStHi,qSe*lHO,qbt

2 - . ~ .
in;[S;dJre“” — SFae

_ §$a+ei(u+ﬂ)t + S‘w;&efi(wkﬂ)t]’ (21)

d=v-— 1. (22)

0

Assume that v + 2 > ny Then the terms
2
772 S+ tellvt )t o S ae {(*+2)1] describe the far
off-resonant coupling between the states |+4,n) and
|—¢,n — 1) and thus can be discarded.['?:13l H{ , re-

duces to

PN

Q . .
H’7¢_1n (Syate® — Srae ). (23)

In the case § = 0 we obtain

- L2 &t 4
H{, = 17;5(5(]5 at — S;a). (24)

First we assume that ¢ = 0 and the ion is initially
in the state |4+o). The vibrational mode is initially
in the vacuum state |0). After the above-mentioned

laser—ion interaction we obtain

¥ (71)) = cos(gm1)|+0)[0) + sin(gr1)|—0)[1), (25)

where
kY
g= 775- (26)

With the choice g1 = m/2 we obtain

W’i(ﬁ)) = [—0)[1). (27)
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Now we shift the phase of the laser field by . It is
easily shown that |+; ) = |—;0) and |—; ) = |+,.0)-
In this case the Hamiltonian is

b8 b ot A b o
Hi .= 1775(57r at—S8Ta)= 17;5(50 a”—Sya). (28)

Thus we obtain the time evolution of the system

|5(72)) = cos(V2g72)|—0)|1) + sin(v2g72)|+0)2).
(29)
With the choice \/§ng = 7/2 we obtain

|[2(7)) = |+0)2). (30)

In this way we obtain a Fock state with two quanta for
the vibrational mode. If we shift the phase of the laser
field N-1 times and the length 7,, of the nth interval
satisfies /ngr, = m/2, we obtain the Fock state |N)
for the vibrational mode.

Now we consider another case. The length of the

first interval satisfies gr; = m/4. Then we have

() = %{|+o>|o> Dl (1)

Then the phase is shifted by 7. The time evolution of

the system is

[9h(72)) === {1+0)10) + [cos(vZgrs)| o)1)
+ sin(vV2g72)|+0)|2)]}. (32)
With the choice \/fg'rg = 7/2 we obtain

-1
V2

In this way we obtain the superposition of the vac-

o (7)) [10) + [2)]+0)- (33)

uum state and the two-photon state. Such states are
important for studying decoherence.!*®!

In conclusion, we have proposed a scheme to pre-
pare the vibrational motion of a trapped ion in a Fock
state based on the excitation of the ion by a classical
laser field tuned to the ion transition. In comparison
with the previous schemes, %11 the distinct advantage
of the present scheme is that the Rabi frequency of
the laser field is equal to the vibrational frequency.
Therefore, the time needed to complete the procedure
is greatly shortened, which is important in view of de-
coherence. Superpositions of the vacuum state and

Fock state with two quanta can also be generated.
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