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‘We propose a scheme to observe the decoherence of a mesoscopic superposition of two coherent states in the

motion of a trapped ion. In the scheme the ion is excited by two perpendicular lasers tuned to the ion transition. The

decoherence is revealed by the decrease of the correlation between two successive measurements of the internal state of

the ion after relevant laser—ion interaction.
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The superposition principle, which allows a par-
ticle to be in a superposition of different states, plays
a fundamental role in treating microscopic systems.
However, such a superposition state does not exist in
the macrocosm, as illustrated by the Schrodinger cat
paradox.!!! In this famous hypothetical experiment,
the life of the cat is dependent upon whether the ra-
dioactive atom decays or not. Thus the cat is in the
superposition of being dead and alive. This situation
is, of course, opposed to our perception of the real

world, for we only observe a live or dead cat.

Recently, it has been shown that the dissipa-
tion is responsible for the absence of macroscopic
coherence.?l There exists a coupling between the
observed system and outside world reservoir, which
changes the quantum superposition into a classical
mixture. The decay time is given by the energy dissi-
pation time divided by a dimensionless number char-
acterizing the distance between the two parts in the
superposition. Therefore, superpositions of macro-
scopically distinguishable states would decay too fast
to be observed. However, it is possible to realize
the Schrodinger cat like states in mesoscopic systems,
which have observable decoherence time scales. Cre-
ating such states and then studying their decoherence
would provide not only a test for quantum measure-

ment theory, but also a way to determine the delim-

itation between the microcosm and the macrocosm.
Numerous schemes have been proposed to generate
Schrodinger cat states for an electromagnetic field in
the cavity QEDB~5 and for the motion in an ion
trap.[®7 Recently, cat states in the forms of both cav-
ity field® and ion motion!®) have been observed. Fur-
thermore, a scheme for monitoring the decoherence of
cat states of the radiation field has been proposed]
and realized.!® The scheme is based on two-atom cor-
relation measurements performed on circular Rydberg
atoms interacting dispersively with the cavity field.
We here propose a scheme to measure the decoher-
ence of the cat states of the ion motion. Our scheme is
based on the correlation between two successive mea-
surements of the internal state of the ion after the re-
spective laser-assisted Raman couplings between the
internal and external states of the ion.

Suppose that a two-level ion is trapped in a two-
dimensional (2D) anisotropic harmonic potential. The
ion is driven by two laser beams, which are tuned to
the ion transition frequency and propagate along the
x and y directions in the trap plane, respectively. The

Hamiltonian for such a system is

H =v,a*at u,b*b+ Swo(le) (el - lo) (o)
+ VB (2,9.0)|g) (e] + Hcl ™)

where at (b%) and a (b) are the creation and annihi-

*Project supported by the Fok Ying Tung Education Foundation, China (Grant No 81008) and the National Natural Science Found-

ation of China (Grant Nos 60008003 and 10225421).

http://www.iop.org/journals/cp



1708 Zheng Shi-Biao

Vol. 13

lation operators for the vibrational motion of the ion
in the z (y) direction, |e) and |g) are the internally ex-
cited and ground states for the two-level ion, v, and
vy are the trap frequencies in the  and y directions,
wo and A are the transition frequency and coupling
strength between the states |e) and |g), respectively.
E~(z,y,t) is the negative frequency part of the clas-

sical driving fields

E- (m,y,t) _ Emei(wot—koz+¢m) + Eyei(c-m15—lc(1y+<i>y)7

()
where E; and ¢; (j = z,y) indicate the amplitude and
phase of the relevant driving field, and kg is the wave
vector. In terms of the creation and annihilation oper-
ators the position operators z and y can be expressed
1/(2v,M)(a+a't), y=+/1/(2v,M)(b+b")
with M being the mass of the trapped ion.

as r =

In the resolved sideband limit the ion—laser inter-
action Hamiltonian can be described by the nonlinear
Jaynes—Cummings model.'! In the interaction pic-

ture the Hamiltonian (1) can be written as

— = —ia 12 2 (in2) % +k, k
Hi —Z [Qze ¢ € o/ W(I a
k=0

- \2k
+ _de*iqﬁye*n:/? mbﬂcbk

(k)2 le) {g| + H.c.,(3)

where {2; = AE; is the Rabi frequency of the relevant
driving field, and n; = \/W is the Lamb-Dicke
parameter. We consider the case where the ion is con-
fined in a 2D highly anisotropic trap with v, < vy,
i.e. the ion is tightly bound in the y direction. In the
Lamb-Dicke regime, i.e. n, < 1, < 1, we can expand
Eq.(3) up to the second order in 7, and zero order in

ny.[12] Then we have
H; :[ﬂze_i‘i’m (1- nia"'a)
+ 2ye %] e) (g| + Hec. (4)

With the choice {2, =

we obtain

y = 2 and ¢, =7, ¢, = 0,

H; = ga*a(le) (g] + |g) (e]), (5)

where g = £2n2. This Hamiltonian describes the Ra-

man coupling model,*3! and can be rewritten as
H; = ga*a(|+) (+| = =) (=), (6)

where

1

+) = —=(g9) +le)),

(lg) = le))- (7)

2
=)=

S-S

We assume the ion is initially in the ground state

|g) , which can be expressed in terms of |[4+) and |—)

1
= —=(+) +]-)). 8
l9) ﬁﬂ )+1=)) (8)
Suppose that the vibrational motion is initially in the
coherent state |a). After an interaction time 7 we

obtain

[¥1(7)) = T ) + e (9)

1
Eﬂae
Thereby, the motional coherent state is dephased by
—g1 or gr, depending on whether the ion is in the
state |[+) or |—). We choose the interaction time 7
appropriately so that gr = 7/2. Then we have

[%1(7)) ia)|+) + [ie)|-)]

1
_EH _
= [(ie) +] ~ ia)lg)

~ (o)~ | i), (10)

We now perform a measurement of the internal state
on the ion. The detection of the state |g) or |e) leaves

the vibrational motion in the state

[V = 30 + e —ia)), (1)

where Ny = /2[1 +cospie 21@P], and ¢; = 0 or
p1 = 7, corresponding to the detection of |g) or |e),

respectively. In the case of |a|? > 1, the coherent

1
state [ia) is orthogonal to | — ia), and thus Ny = —.

V2

If we detect the ion in the excited state, we then
excite the ion only with the laser in the y direction
tuned to the ion transition frequency. In this case the

Hamiltonian for this system is
H, = ﬂye7i¢y|e><g| + H.c. (12)

We choose the interaction time t carefully so that
2yt = m/2. Then the state |e) flips back to |g). On
the other hand, if we detect the ion in the ground
state this step is unnecessary.

We now drive the ion, again with the two laser
beams propagating respectively along the = and y di-
rections. At this stage we neglect the dissipation ef-

fects. Then the initial state in this cycle is

[%2(0)) = %(Iia} +e¥t| —ia))(|+) +]-)).  (13)

We also choose the ion-laser interaction time in such

a way that the vibrational motion will be dephased by
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-m/2 or m/2 conditional on the ion being in the state
|+) or |=). This leads to

a(r)) =5 (1) ) + | = o))
+ 6| — o)) + et [a)] )
=§§ng><l +e1)(ja) + | - a))
+le)(1—e*)(ja) — | —a))].  (14)

Now we again measure the internal state of the ion.
Then the probability of finding the ion in the ground

state |g) or excited state |e) respectively is
1
Pg(2) = 5(1 + cos 1),
1
P® = 5(1 — cos p1). (15)

From the expressions, it can be easily seen that this
measurement should be the same as the previous one,
which means a complete correlation between the two
measurements. The correlation results from the pres-
ence of two paths through which we can obtain a def-
inite pair of outcomes with the vibrational motion fi-
nally in a certain state. For example, the pair of out-
comes {g, g} with the ion motion finally in the coher-

ent state |a) can be obtained via the two ways:

9)|e) = [+)| —ia) = |g)| —ie) = [=)|a) = |g)|@),
(16)
9)|e) = |=)lia) = |g)lia) = [+)]e) = [g)|a).  (17)
These two paths are indistinguishable, which leads to
the interference.

We now include the effect of the dissipation on the
superposition of the two coherent states. We assume
the decay rate for the motion is y = 1/t,,, where t,, is
the damping time of the vibrational energy. After the

cat state has been generated it should evolve toward

a classical mixture. The density operator describing

such an evolution process is given by[!0]

pmlt) =5 liae™/%)(iae™"/?

+| - iae_'yt/2)<—iae_'7t/2|

X ef2|°‘|2(lfe_7t)(ei"°1| — ioe M2 (iae 72|
+ e [iae T2 (—iae™7/3|)]. (18)
In the case vt < 1, pm(t) can be simplified into
1. . . .
pm(t) =5 [lia){ie] + | —ia){~ial
+ e~ 2P| —ia)(ial

+ et [ia)(ia])] (19)

Thus the coherent superposition decays within a time
scale t,,, /(2|a)?).

We assume the time interval between the two
laser-assisted Raman coupling is 7. Suppose the
ion-laser interaction time 7 satisfies the conditions
T <L tm/(2|a)?) and T < t,, with ¢, being the radiative
lifetime of the two-level ion. Then the decoherence
during the ion-laser interaction can be neglected. Just
before the second Raman coupling occurs the density

operator for the system is

p(0) = pm(T) ® %(H) +=NEH+ =D (20)
The Raman coupling leads to

1 _ixgt

p(r) =5 [e 1 E (1) E T ) (]

izata —iZata
+e2% “pm(T)e™ 2% | =)(~|
+eiEaTap (T)e 13 o4 )(—|
iZata iZata
+e 2% Cpn(T)e=2 =) (+]l.  (21)
Thus the probability of detecting the ion in the state
lg) or Je) is
1 —irata
P = J(1+ Re{Trfe 7™ %, (1)).  (22)
Substituting Eq.(18) into Eq.(22) we obtain

1 ef2|o<|2e_7T —2|a2(1—e" D)

2
PR =51+

+ cos pie
1+ cos pre—2lal?

(23)
The expression indicates how the coherence varies
with the time 7. During the time 0 < T < t,,/(2]|a|?)
the superposition decays rapidly. In the case t,, >
T > t,/(2]al?), we have Pf) =p? = 1 Then the
probabilities display no interference due to the disap-
pearance of the interference term of Eq.(19).

In summary, we have proposed a scheme to mon-
itor the decoherence of a mesoscopic superposition of
two coherent states in the motion of a trapped ion. We
note that the decoherence of the ion motion should
occur at a slower pace than that of cavity field due
to the extremely weak coupling between the vibra-
tional motion and external environment.l®! Thus we
can observe the decoherence of superpositions of two
coherent components with a larger spacing in the ion
motion than in cavity QED. Another advantage of us-
ing a trapped ion is that the interaction time of the
ion with laser fields can be more easily controlled than

that of an atom with a cavity field.



1710

Zheng Shi-Biao

Vol. 13

References

Schrédinger E 1935 Naturwissenschaften 23 807

Zurek W H 1981 Phys. Rev. D 24 1516

Brune M, Haroche S, Raimond J M, Davidovich L and
Zagury N 1992 Phys. Rev. A 45 1992

Liu X, Fang M F and Liu A L 2000 Acta Phys. Sin. 49
1707 (in Chinese)

Fang M F, Zhou Q P and Zhou P 1999 Acta Phys. Sin.
(Overseas Edition) 6 401

Filho R L and Vogel W 1996 Phys. Rev. Lett. 76 608
Poyatos J F, Cirac J I, Blatt R and Zoller P 1996 Phys.
Rev. A 54 1532

(8]

(9]

(10]

(11]
(12]

(13]

Brune M, Hagley E, Dreyer J, Maitre X, Maali A, Wun-
derlich C, Raimond J M and Haroche S 1996 Phys. Rewv.
Lett. 77 4887

Monroe C, Meekhof D M, King B E and Wineland D J
1996 Science 272 1131

Davidovich L, Brune M, Rainmond J M and Haroche S
1996 Phys. Rev. A 53 1295

Vogel W and Filho R L 1995 Phys. Rev. A 52 4214
Gerry C C 1997 Phys. Rev. A 55 2478

Knight P L 1986 Phys. Scr. T 12 51



