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We investigate the stimulated Raman adiabatic passage for Bose-Einstein condensate (BEC) states which are

trapped in different potential wells or two ground states of BEC in the same trap. We consider that lasers are nearly

resonant with the atomic transitions. The difference of population transfer processes between BEC atoms and usual

atoms is that the atomic interaction of the BEC atoms can cause some nonadiabatic effects, which may degrade the

process. But with suitable detunings of laser pulses, the effects can be remedied to some extent according to different

atomic interactions.
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1. Introduction

Stimulated Raman adiabatic passage (STIRAP),
which usually uses two delayed laser pulses to cou-
ple two ground states with a common excited state
of an atom, has been studied extensively.1=3 The
successful population transfer into a desired state is
also important for wide applications, including atomic
and molecular spectroscopy, atomic interferometer,
and atomic collision. Counterintuitive stimulated Ra-
man adiabatic passage has been studied for the gen-
eration of photon number states in cavity quantum
electrodynamics (QED)!* and for cavity QED quan-
tum computing,’! as well as the molecular creation in
BEC.[6—#]

It is well known that for a usual atom when coun-
terintuitive pulses are applied and the adiabatic con-
dition is met, little population can occupy the excited
state. If in the process the adiabatic condition is not
satisfied, population will occupy the excited state. It
may decay into an original state and other states. So

the adiabatic passage will be failure. For the usual

atom case, nonadiabatic effects can be induced by un-
matched pulse parameters, such as the Rabi frequen-
cies, the delay and the width. All the above-mentioned
applications rely on the existence of stimulated Raman
adiabatic passage. BEC is very different from a usual
atom.l®~1 In a condensate all atoms are condensed
into a single mode which can be approximately de-
scribed by the mean-field theory. In the mean-field
theory, the Gross—Pitaevskii equation clearly includes
the atomic two-body interaction. According to the re-
cent BEC experiment,'?] when BEC is taken into con-
sideration, spontaneous emission is enhanced. Usu-
ally, spontaneous emission is regarded as a decoher-
ence effect. At present, most experiments produce
atom laser used far-off detuning coupling field. In this
way, the excited state can be adiabatically eliminated.
So one need not consider the excited state spontaneous
emission. From Ref.[13], we see clearly that the pop-
ulation has visited the excited state. In Ref.[14], the
authors discussed the influence of atomic interaction
on the time-dependent tunnelling process. In this pa-

per, we will check the adiabatic passage for BECs in
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which two ground states are coupled to a common
internal excited state by two Gaussian laser pulses,
which are used near resonance to the transitions. In
our treatment the atomic two-body collision is clearly
included. We mainly focus on the nonadiabatic effects
induced by the atomic interaction in the transfer pro-
cess. At the same time, we will check the condition
for dark state existence analytically, and do some nu-
merical calculations to show the process of population
transfer. We find that by considering different atomic
interactions of two ground-state atoms, complete pop-
ulation transfer can always be realized when pulses are
applied resonantly, and spontaneous emission does not
have much influence under the linear approximation of

interaction.
2.Theory

We consider a three-level system labelled as
I1),12),]3). The |1) and |3) are ground states and
|2) is the excited state. As a counterintuitive way,
we firstly apply a laser pulse between the states |3)
and |2)(if initial population is in state |1)), then an-
other laser pulse is used between states |1) and |2).
The direct transition between the two ground states
|1) and |3) is forbidden. Here we use delayed Gaussian
pulses for transitions |1) <> |2) and |2) < |3). Laser
pulses can be written in the forms E;(t — & )e~ 12!
and Es(t — &)e ws2t where §1(2) and wyg(32) are the
pulse delay and laser frequency respectively. The in-
termediate state |2) is detuned by dJ; and there is a
detuning d3 in |3) as shown in Fig.1.
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T

Fig.1. Schematic of three-level system. |[1) and |3)
are ground states and |2) is excited state. (21 and (25
are Rabi frequencies. 61 and é3 are the detunings.

The Hamiltonian of this system can be expressed
as

H= Hatom + Hatomfatom + Hatomflasery (1)

where H.,tom is the free part of Hamiltonian which gov-

erns the free evolution of the atomic field. H,tom—atom
is the interaction between the ground-state atoms
which, under the mean-field theory approximation, is
the two-body s-wave scattering collisions. H.tom —laser
is the interaction between the atom and lasers which
drives the population of BEC atoms to transfer from
one BEC to another BEC. Here we do not consider
the interaction of the excited-state atoms and the in-
teraction between the excited-state atom and other
atoms because of the short time for the atom staying
in the excited state. Here we use the single mode ap-
proximation for the condensate and assume the same
spatial distribution among different components. Also
atomic spontaneous emission is not included in our
treatment. For an ideal population transfer process
the atomic spontaneous emission does not have much
effects on the process. In the rotating frame of laser
pulses, we can obtain the Hamiltonian for the single

mode approximation,

H =Y hU;(N? = N;) + Y hU;;NiN; + hé1 Ny
J

i#]
hi(t
+ hé3 N3 + |: 21( )a;al
Al (t
+ ;( )a;ag + h.c.] , (2)
where
0 =w; —wr+ w2
and
53 = W3 — W2 + W3s9.
We define

2mhs;
v = 25 [ i,

2mhs;;
Uy = 205 [ drloilosP
m

where s; and s;; are the two-body scattering lengths.

The total atomic number is conserved, that is N =
N1 + Ny + Ns.
hwi 23 Z/d37° ¢I,2,3(7°)

h2
8 <_%V2 + V1,2,3(7°)> ¢172,3(7’)

are the energies corresponding to the levels |1), |2) and
|3). Let

(6) = B (00 [ &r 63(r)o(r)
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and
.Qg(t) = Mngz(t)/h/d?)T ¢;(1")¢)3(’I")
Since the number of particles is conserved, we have

(3)

by defining scaled boson operators a; = aj/\/]v and

aial + a;aQ + a;ag =N,

dropping the primes, it follows

a];al + a;ag + a;ag =1.

(4)

Considering N? > N;, by setting u; = 2U1N, uy =
2UsN and ug = 2U3N, uy3 = 2U;13N, we can obtain

h?
u1N1 +U13N3+51—A Tl
hg)l )
h{2
0 -2
2

From Eq.(6) it can be easily checked that when the fol-
lowing conditions are satisfied, one of the eigenvalues

is zero. It corresponds to the dark state eigenvalue.

u1 Ny + u13N3 + 6; =0, (7a)

U3N3 + U13N1 + 53 =0. (7b)

When the above conditions are satisfied, for wavefunc-
tion ¥ = ¢1]1) + ¢2|2) + ¢3|3), the dark state is
2(t) 2.(¢)

VIR () + 25(1) Q7 (t) + 03 (t)

Under the mean-field approximation*3! or by deriving

Y= 1) - 3).

c-number equations in the positive- P representation of
quantum optics,'® an atomic field can be expressed
as c-numbers.[6:16] Here we use the mean-field theory
approximation. From now on, the symbols a1, as, as
in the equations refer to c-numbers, rather than oper-
ators. According to the Hamiltonian and mean-field

approximation, we obtain the following equations of

motion
N . . Ot
a1 = uyaia? + uyzaiasza; + dya; + 12( )ag, (8a)
2 (t o (t
iy = uzazag + 12( )al + %ag, (8b)
(t)

(8¢c)

There are no analytical solutions for the above op-

.o * 2 *
iag = uzazaz + uizajaias + dzas + Tag

erator equations. But during the process of popula-

tion transfer, a; and asz are not constants and always

the following Hamiltonian

H/N = Z hujN? +Z hu;; N;N; 4+ hé; Ny
J i#]

Al (t
+ hd3N3 + [ 21( )a;al

hid(t
;( )a;ag + h.c.} .

+

(5)

We suppose that the time for an atom staying at the
excited state is very short, so the atomic interaction at
the excited state can be neglected. Because the spatial
part has been integrated, under the basis |1),]2),3),
we can have the eigenvalue equation

0
h{)
2
usN3 +ui13Ny + 03 — A

changed with the process. That means: when BEC is
considered, the strict dark state cannot exist if 4; and

03 are constants.

3. Numerical results

In order to verify our statement, we perform some

numerical calculations. As stated above, we use Gaus-

and

g

t—&12\?
sian laser pulse (2,5 = flyexp < . >

choose time t = 7o. We assume that the atomic inter-
action in the excited state is zero. The Rabi frequen-
cies (after multiplying the pulse width) are plotted in
Fig.2.

With these pulse parameters and for comparison,
we calculate the population transfer for §; = 3 =
0,u;1 = us = ug = 0. This corresponds to the ideal
case. For the counterintuitive pulse sequence, the dark
state can exist. Clearly, for t - —o0, 25 > (2, pop-
ulation stays in the initial ground state |1); and for
t — +oo, 21 > (2, population transfers to the ground
state |3). In this process, there is little population in
the excited state |2). If the laser pulses are allowed
of adiabatic evolution, population can be completely
transferred to the desired state without suffering the
loss of spontaneous emission. In the case of outcou-
pling atom laser, the outcoupling rate is the highest.
For this case the population evolution is plotted in
Fig.3.
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Fig.2. The pulse sequence. Solid and dashed lines represent pulse 1 and pulse 2, respectively.
(a) 20 =8,0 =20,& = 100,82 = 82. (b) R0 = 36,0 = 6,£1 = 30,8 = 22.
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Fig.3. The population transfer in an ideal case. All the interatomic interactions and detunings

are Zeros.

The curves show that the population transfer is complete.

There is little population

which can visit the excited state. (a) 20 = 8,0 = 20,&1 = 100,&2 = 82,u1 = u3z = u13 = 0. (b)
R0 =36,0 =6,£1 = 30,82 =22,u1 = u3z = uiz = 0.

We compute the populations of three states and
plot them in Fig.4 for various interaction strengths
without detunings. For the strong and short laser
pulses, the effect of atomic interaction is not evident.
An almost ideal atomic population transfer is held.
This can be seen from Figs.4(a) and (b). Although
the population transfer is complete, when the inter-
action strength is increase, there are some oscillations
in Fig.4(b).
interactions. But we see clearly in the Figs.4(c) and

These oscillations is caused by atomic

(d) that the population transfer is not an ideal one.
In these two figures, we have chosen weak and longer
laser pulses and relative small atomic interaction com-
pared with Figs.4(a) and (b).

some population will visit the excited state.

During the process
The
stronger the atomic interaction, the worse the pop-
ulation transfer process is. In this situation the adia-

batic population transfer process has been destroyed

because of the atomic interaction. The atomic inter-
action causes some nonadiabatic effects in the process.
This is the difference between the processes undergone
by BEC atoms and usual atoms. But the nonadiabatic
effects can be eliminated when we use ground states
detuning to compensate the effects of atomic interac-
tion. The result of this kind of calculations has been
plotted in Fig.5.

We can see from the graphs, when the atomic in-
teraction strength is smaller (see uoc = 1 in Fig.5(a)),
But

with increasing interaction, the improvement of trans-

the atomic interaction effects are not obvious.

fer process is significant. For uyjo = uszo = 4,610 =
30 = —4, we can obtain an almost ideal population
transfer. During this process, there is little popula-
tion visiting the excited state. For other cases with
proper detunings, higher population transfer can also
be obtained. But at the same time, due to the large
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nonlinear interaction, to completely remove the effects  excited state. This will result in a nonideal population

of atomic interaction is impossible. With too huge an  transfer finally.

atomic interaction, some population will still visit the
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Fig.4. The population transfer for different atomic interactions. The pulse parameters in (a), (b)
and (c), (d) are the same as those in Figs.2(a) and (b) respectively. All the detunings are zero. (a)
w10 = ugo = 12,u130 = 6. (b) w10 = ugo = 18,u130 = 9. (c) w10 = uzo = l,ui30 = 0.5. (d)

u10 =u3zo = 4,u130 = 2.
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Fig.5. Solid, dashed and dot-dashed lines represent the population variations of states

[1),]2),]3) respectively. The pulse parameters are same as Fig.2(a).
1,u13 =0.5,81 =83 = —1. (b) w10 = uzo = 4,u13 = 2,61 = §3 = —4.

(a) w10 = ugo
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4. Conclusions

In conclusion, we have considered the population
transfer of two Bose—Einstein condensates by using
counterintuitive laser pulses. Due to the atomic inter-
action in the ground state, the situation is different
from the usual atomic adiabatic population transfer.
For relative weak and long laser pulses, atomic in-
teractions will cause some nonadiabatic effects. This

kind of nonadiabatic effects is evident when the atomic

interaction is stronger. Nonadiabatic effects can be
eliminated by a suitable choice of ground-state detun-
ing. This means that if we properly choose the pulse
detuning, we can have an approximate dark state and
thus the population transfer is almost completed to
When this is used to outcouple BEC

atoms, higher outcouple rate can be obtained without

some extent.

suffering too much spontaneous emission. These situ-

ations have been confirmed by numerical calculations.
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