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We have investigated the behaviour of an atom—cavity system via a stimulated Raman adiabatic passage technique

in a four-level system, in which two dark states are present. We find, because of the coherent control field, that a

superposition of Fock states can be prepared, even when the cavity is initially not in its vacuum state. This method

provides a way to generate arbitrary quantum states of a cavity field.
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1. Introduction

Recently there has been considerable interest in
investigation of the generation of the Fock state and
its superposition state, because of their important po-
tential application in quantum information process-
ing. A particularly interesting and topical avenue of
research into the generation of nonclassical light fields
is that associated with cavity quantum electrodynam-
ics (cavity QED). In the context of cavity QED, the
generation of nonclassical light has been performed
both in the microwave domain =4 and in the optical
domain.®=9 In the microwave domain, the prepara-
tion of Fock states and their superposition is based
on the vacuum Rabi oscillation in a two-level atom—
cavity system. The experiments in the microwave do-
main are achieved by using Rydberg atoms and very
high-@ superconducting cavities, so that spontaneous
emission and cavity damping are negligible in the time
scale of the atom—cavity interaction.

In the optical domain, the generation of Fock
states and their superposition is based on the co-
herent population transfer in a coupled three-level A
atom-—cavity system.l5] An important feature of this

scheme is that the adiabatic transformation is ap-

plied to the dark eigenstate of the system, i.e. the
relevant eigenstate contains no contribution from the
excited atomic state. Therefore this technique is im-
mune to the detrimental consequences of atomic spon-
taneous emission. In Ref.[5], Parkins et al consid-
ered one of the light (Stokes) fields to be the field
mode of a high-finesse cavity and showed how to pre-
pare a Fock state in the cavity. They found that, if
the pump and Stokes frequencies maintain two-photon
resonance, and if the Stokes laser pulse precedes the
pump laser pulse (counter-intuitively ordered pulses),
the adiabatic passage of an atom through the interac-
tion region will create a single-photon Fock state and
its superposition ‘out of vacuum’. However, the in-
tuitively ordered pulses do not allow the preparation
in the three-level atom—cavity system. The first ex-
perimental results to generate single photons were ob-
tained by Hennrich et al[”l based on the single-photon

generation scheme discussed in Ref.[8].

Recently, using the stimulated Raman adiabatic
passage (STIRAP) technique in a four-level system,
we studied the properties of the atom—cavity states in
an optical cavity. We found 1% that a cavity-mode

Fock state can always be generated by both the in-
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tuitively and counter-intuitively ordered pulses due to
the interaction of the two dark states.

On the basis of our previous paper,!1!

we pro-
pose a method to create a more general superposition
of Fock states. We find that a superposition of Fock
states can be prepared due to the coherent control
field, even if the cavity-mode is initially not in its vac-
uum state. This method provides a way to generate
arbitrary quantum states of a cavity field.

This paper is organized as follows. In Section 2,
we present the basic model for a four-level atom—cavity
system. In Section 3, we propose a method to imple-
ment a superposition of Fock states by using the adi-
abatic passage scheme. Finally, in Section 4, we offer

some Conclusions.
2.The basic model

We consider a four-state atomic system with ex-
cited state |e), and degenerate ground states |g1), |g2)
and |gs), as illustrated in Fig.1. The pump pulse P(t)
couples the state |g;) to the excited state |e). The con-
trol pulse Q(t) couples the states |go) and |e). Here
P(t) and Q(t) are classical laser fields. The Stokes
pulse gs(t) is provided by a cavity field mode, it cou-
ples the states |g3) and |e). The three fields interact
with the atom sequentially, each of the fields is in one-
photon resonance with the respective transition. Thus
the interaction Hamiltonian in the rotating-wave ap-

proximation for this system can be written as follows:

H(t) =hwata + hwegle)(e| — ihgs(t)
X [e?le){gsla — e“a*|gs)(el]
+iRP(t)]le)(g1le ™" — **|g1){el]
+ihQ(t)[le)(gale " — ¢ ga){el], (1)

where a and a' are the annihilation and creation op-
erators for the cavity mode, respectively, the atom—
cavity-mode coupling strength is gs(t), and ¢ is the
initial phase of the cavity field (for simplicity, we have
chosen the initial phases of the classical fields to be
zero). The time dependence of P(t), Q(t) and gs(t) is
provided by the motion of the atoms across the laser
and cavity-field profiles.

The interaction Hamiltonian for this system has
the property that it couples only states within the
manifold of dressed states |g1,n), |g2,n), |gs,n + 1)
and |e,n), where |g,n) = |g)|n), |e,n) = |e)|n), and
|n) represents an n-photon Fock state of the cavity
mode.

Such a family is shown in Fig.1. It is easy

to derive that H(t) has four eigenstates; the two de-
generate dark states corresponding to zero eigenvalue

are
|®L(t)) =cosO(t)e ¥|g1,n) + sin8(t)|gs,n + 1),(2)

|83 (t)) = — sin6(t) sin p(t)e *|g1,n)
+ cos 6(t) sin ¢(t)|gs, n + 1)

+ cos ¢(t)|gs, n), (3)
and
_ P
tan 0(t) AONCESE (4)
tan ¢(t) = Q) (5)

VPO + () (n+ 1)’

where 6(t) is the mixing angle used in standard
STIRAP,' whereas ¢(t) is an additional mixing an-
gle related to the control pulse Q(t).['>'3! If the con-
trol pulse Q(t) is absent, the system reduces to a three-
state atom—cavity system. Indeed, Eq.(4) recovers the
result from Parkins et al.l®! For Q # 0, the two dark
states are degenerate, and nonadiabatic coupling be-
tween them will occur. The evolution of the four-level
atom—cavity system will be significantly influenced by
that coupling of the two dark states. In the following,
we set the control pulse Q(t)=const (which implies
that the diameter of the @-laser beam is large com-
pared to the waist of the cavity mode and the P-beam)
and require QT > 1. This is realizable for our sys-
tem. For example, if using the values from Refs.[5,9],
the adiabatic condition is met even if ) is as small as
Q = I'! (here I'"! is the population lifetime); in this
case QT =~ 10.

le,m)

|gl’"> Igzy'n’) 1933"')

Fig.1. A four-level atom with excited state |e), and
degenerate ground states |g1), |g2) and |g3). The
pump pulse P(t) couples state |g1) to excited state
le). The control pulse Q(t) couples state |g2) to |e).
The Stokes pulse is a cavity field mode, it couples state
lga) to |e). gs(t) gives the atom—cavity-mode coupling
strength.
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In Ref.[10], we have obtained the atom-—cavity
states based on the non-adiabatic interaction of the
two degenerate dark states (2) and (3). In the adia-
batic limit, without loss of generality, we consider the
case that initially | ¥(t)) coincides with |®1(t)),

| Zn(—00)) = | B, (—00)). (6)

At a later time, due to the coupling of the two degen-
erate eigenstates, | ¥, (t)) acquires a component along
|®2(t)). The state vector then takes the form (see
Ref.[13]) written as

| () = > Bi(0)|8()  (i,5=1,2), (7)
J
where the matrix B, after the interaction, is given by

B(oo) = cosvyy sinvyg ’ (8)

—sinyy cosvy

:‘7{ Qvn+1
g cVP2+gin+1)y/P2+ Q%+ g¢(n+1)
X (ngP - Pdgs), (9)

and C is the closed path in the parameter space.
Here ~y is called the geometric phase.¥ Tt is inde-
pendent of pulse areas, depending only on the ratios
7/T, Py/Qo and Go/Qo, where T and 7 are the pulse
lengths and the delay between the Stokes and pump
pulses, respectively, and Py, Q¢ and Gq are the peak
values of P, @ and gs.

For the intuitively ordered pulses (Fig.2(a)), if the
atom is initially in state |g;), after the interaction, ac-
cording to Egs.(2), (3) and (6)—(8), we have

| !pT(L?)(oo»in =sinvy¢(n)|g1, n)
_Cos’yf(n)ei<P|g3;n+ 1) (]‘O)

If the atom is initially in |g3), then the state vector

emerges into

| 5 (00))in = cosv7(n)e¥|g1, )
+ sinvyf(n)|gs,n + 1). (11)

Here and in what follows the subscript ‘in’ (‘cin’) de-
notes a quantity related to the intuitively (counter-
intuitively) ordered pulses, while the superscript (2)’
(‘(1)’) means that the state vector is initially identical
to22) ( |81)).

For the counter-intuitively ordered pulses
(Fig.2(b)), we obtained the atom—cavity state with

Vol. 13
the atoms initially in state |g;),
| 21 (00)) ein = cos v5(n)e'?|gs,n + 1)
— sinv¢(n)|g1,n), (12)

or for the reverse process, when the atom is initially

in |g3>a

|2 (00))ein = — siny(n)lga, m + 1)
—cosys(m)e “lgi,m).  (13)

Obviously, the atom—cavity entangled states can
be prepared by both the intuitive and counter-
intuitive ordering of pulses, because of the coherent
control field @, unlike the case discussed in the three-
level A system,® where only counter-intuitively or-

dered pulses can be used to produce such states.

(a)

P
9s

Q

(b)
P
9s
Q
Fig.2. The intuitively ordered pulses (a) and the

counter-intuitively ordered pulses (b).

3. Superposition of Fock states
via the STIRAP technique

As we know,[®! in the three-level A atom—cavity
QED system, if an atom is prepared in a coherent su-
perposition of ground states and the cavity is initially
in its vacuum state, a superposition of Fock states can
be prepared by the adiabatic passage technique in the
case of counter-intuitively ordered pulses. But it can-
not be realized if the cavity is initially in the Fock state
of |[n # 0), because the coherent population transfer
cannot be realized by the intuitively ordered pulses.
However, in the four-level atom—cavity QED system,
we will show that due to the coherent control field,
the superposition of Fock states can always be pro-
duced, even if the cavity is initially not in its vacuum
state. Here we assume that the population in |g;) is
transferred by the counter-intuitively ordered pulses,

the population in |gs) is, correspondingly, transferred
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by the intuitively ordered pulses (similar results can
be obtained by using the reverse-ordered pulses).

In order to prepare the superposition of Fock
states, we assume that an atom initially prepared in
a superposition of atomic ground states cosalgi) +
sin a|gs) (which can be easily prepared, for example,
by the extended STIRAP technique in the four-level
system [12]). First, we consider the case in which the
cavity is initially in its vacuum state, so we have the
initial atom—cavity state (cosalgi) + sinalgs)) ® |0).
After the end of the interaction, |g3}|0) remains unal-

tered, while

191)|0) = — sin£(0)|g1)[0) + cosy7(0)e?|gs)|1)

according to Eq.(12). So we have the atom—cavity

state

— cos asiny5(0)|g1)]0)
+ cos acos 75(0)e?|g3)|1) + sinags)|0).  (14)

As for the relative phase between |g;) and |g3), we
know that they have zero relative phase at the be-
ginning. They should also have zero relative phase
(except for the phase via evolution of the atom—cavity
system) after the end of interaction, so we have ¢ = 0.
We can see, from Eq.(14), that if the atom is detected
in its ground state |gs), the atom—cavity is projected

into

sin a|0) + cos a cos y£(0)|1). (15)

For Q@ < Py, Gy, v£(0) ~ 0,019 thus we can realize
the quantum-state mapping between the atom and the
cavity field, which is similar to the case of the three-
level atom—cavity QED system.

Now we consider the situation in which the cav-
ity is initially in its Fock state |n # 0). In this case,
the superposition of Fock states cannot be prepared
in a three-level atom—cavity system. However, in the
four-level atom—cavity coupled system, the coherent
population transfer can always be realized because of
the coherent control field Q. We can prepare the su-
perposition of Fock states in terms of this behaviour.

When the cavity is initially in its Fock states
[n # 0), we have the initial atom-—cavity state
(cosalgr) + sinalgs)) ® |n). After the end of the
interaction,

lg1)|n) = — siny¢(n)|g1)|n)
+ cos v5(n)e'?|gs)|n + 1)

according to Eq.(12), and

|93)In) == — cos y7(n)lg1)In — 1)
+ sin'yf(n)ei(’o|93>|n>

according to Eq.(11). So the atom—cavity state turns

into

~ cosasinnys (n)|gy)n)

+ cos a cos y5(n)e?|g3)|n + 1)

+sinacosys(n —1)e ?|g;)|n — 1)

+ sinasinys(n — 1)|g3)|n). (16)
For the same reason as Eq.(14), we have ¢ = 0. We
obtain the result that, if the atom is detected in the

ground state |g;), the cavity state is projected into

| Ue1) = — cos asinys(n)|n)
+sinacosys(n — 1)|n — 1); (17)

otherwise it is projected into

| Uep) =sinasinyg(n —1)n)
+ cosa cosys(n)|n + 1), (18)

if the atom is detected in the ground state |gs). So
we prepared the superpositions of Fock states (|n),
|n — 1)) and (|n), |n + 1)), respectively, according to
the detected results.

We can see, from Egs.(16)—(18), that the super-
position of Fock states can always be produced via
the STIRAP technique in the four-level atom—cavity
system because of the coherent control field @, even
if the cavity mode is in its Fock state |n # 0). Using
these results, we can prepare the desired superposi-
tion of Fock states beginning with any initial cavity
state. For instance, if the initial cavity state is in
|0) 4+ |n # 0), with the similar steps, we can produce

the superposition state
| ¥.1) = — cos asiny£(0)|0)
— cos asinyg(n)|n)
+sinacosyg(n—1)|n — 1), (19)
if the atom is detected in the ground state |g; ), while
if the atom is detected in the ground state |gs), we
can prepare the superposition state
| Wep) =sina|0) + cos accos y£(0)|1)
+sinasinyy(n — 1)|n)
+ cosacosyg(n)|n +1). (20)
Hence, beginning with the initial state |0) +|n # 0) of

the cavity, we have produced a superposition of Fock
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states |0), |n — 1) and |n) for the atom detected in
lg1), and a superposition of Fock states |0), |1}, |n)
and |n + 1) for the atom detected in |g3).

‘We have noticed that such a superposition of Fock
states can be prepared by using pulse area technique
in a two-level atom—cavity system. The pulse area
technique is simple to apply in theory, but it is very
sensitive to actual experimental conditions. In our
scheme, the STIRAP technique is robust; it does not
require an accurate area of pulses. Furthermore, in
the process of preparing such a superposition of Fock
states, there are no excited states of atoms involved,
thus this technique is immune to the detrimental con-

sequences of atomic spontaneous emission.

4. Summary and discussion

In this paper, using the STIRAP technique in a
four-level system, we have investigated the properties

of the atom—cavity states in an optical cavity. We

have proposed a method to prepare the superposition
of Fock states. We found that, due to the interaction
of the two dark states, the superposition of Fock states
can be prepared, even if the cavity is initially not in
its vacuum state. This method provides a way to gen-
erate arbitrary quantum states of a cavity field. In
experiment, the adiabatic passage technique requires
the condition 9! 2y, Gy > 1/T > nypaxk, I'. Here & is
the cavity linewidth and ny,.x is the maximum photon
number attained by the cavity mode. The realization
of parameters that satisfy the condition appears fea-
sible with realistic improvements to the experiments

reported recently. [15—-18]
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