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We adapt the nonlinear stimulated Raman exact passage technique first proposed by Dorieret al. [Phys. Rev. Lett.119 (2017) 243902]
to fractional population transfer inΛ configurations and extend it to nonlinearN -pod systems. We use the nonlinear fractional stimulated
Raman adiabatic passage technique in aΛ system and indicate that the nonlinear fractional stimulated Raman exact passage technique can
guide the dynamics of the system as efficiently as a nonlinear fractional stimulated Raman adiabatic passage technique but with considerably
smaller Rabi frequency amplitudes. We also use the nonlinear fractional stimulated Raman exact passage technique in fractional creation of
ground molecular Bose-Einstein condensates from atomic Bose-Einstein condensates and show that this technique is robust against moderate
variations in peak Rabi frequencies and in time delay between the pulses.
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1. Introduction

Stimulated Raman adiabatic passage (STIRAP) [2–9] is a
beautifully developed and robust technique that allows the
precise control of population transfer from one quantum state
to another in three-level quantum systems. In this technique
the Stokes pulse, linking the initially unpopulated ground
state to the exited state, arrives before the pump pulse, link-
ing the initially populated ground state to the exited state.
Fractional stimulated Raman adiabatic passage (F-STIRAP)
[10, 11] is a change of STIRAP, which allows the creation
of any preselected coherent superposition of the two ground
states in a three-levelΛ system. In F-STIRAP technique, the
two pulses vanish simultaneously while maintaining a con-
stant finite ratio of amplitudes.

Coherent creation of ground molecular BECs from
atomic BECs [12–19], leads to dynamics described by a
nonlinear Schr̈odinger equation. Recently, nonlinear stimu-
lated Raman adiabatic passage technique (NL-STIRAP) has
been implemented in order to population transfer in nonlin-
ear quantum systems [12, 14, 20, 21]. However, with sim-
ilar conditions with respect to linear counterparts, the NL-
STIRAP needs very large Rabi pulse areas which maybe hard
to achieve experimentally [12,14,17].

Dorier et al. [22] have established a nonlinear stimu-
lated Raman exact passage (NL-STIREP) technique using
resonance-locked inverse engineering in a three-levelΛ sys-
tem featuring second and third order nonlinearities. In their
method, there is no need for adiabatic passage conditions be-
cause the obtained solutions are exact. In comparison with
NL-STIRAP -in which the population transfer efficiency is
about 80%- this technique (NL-STIREP) allows an efficient
and robust population transfer with Rabi pulse areas compa-
rable to the ones of their linear counterpart. In NL-STIREP
technique, the peak value of the Rabi frequency, associated
to the second-order nonlinearity, is only a few times larger

than its linear counterpart and the third-order nonlinearities
are dynamically compensated by choosing the suitable de-
tunings, which is considered as resonance-locked inverse en-
gineering.

In this paper, we adapt the proposed technique in [22]
to different target states in a three-levelΛ system. We shoe
that, the relevant design of the pulses, we reach to nonlinear
fractional stimulated Raman exact passage (NLF-STIREP).
In the following we study numerically robustness of the sys-
tem with respect to variations in the time delay between the
pulses and in the exited state decay rate. To compare the ad-
vantages of this method over other similar methods, we study
the nonlinear fractional stimulated Raman adiabatic passage
method (NLF-STIRAP) in a three-levelΛ system and calcu-
late the appropriate values of the Rabi frequencies and time
delay between the pulses. As an example in a real physical
system, we study the creation of87Rb molecules from87Rb
atoms (atom-moleculeΛ systems) with( 1

2 : 1
2 ) population

transfer using NLF-STIREP technique by a resonance-locked
inverse engineering procedure. Then, we investigate the ro-
bustness of this technique against the variations in the inten-
sity of the Rabi frequencies and in the time delay between the
pulses. To implement NLF-STIREP technique in multi-level
systems, we extend this technique to the creation of any pre-
selected coherent superposition of the ground states in non-
linearN -pod systems (N ground states coupled to an exited
state), in which the second-order nonlinearity appears only
on the pump couplings. In the considered system, we impose
theN −1 ground states, which are initially coherently super-
posed, are coupled to an exited state viaN − 1 pump pulses
with the same time dependencies and a Stokes pulse couples
the exited state to the final ground state. In order to simplify
our calculations, we use the useful Morris-Shore (MS) trans-
formation [23–25] to reduce the system withN + 1 states
to an effective three-levelΛ-like system. We show that, in
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multi-level quantum systems with the proper pulse design,
one can create coherent superposition of all ground states
with equal amplitudes.

Our paper is organized as follows. In Sec. 2, we de-
scribe NLF-STIREP technique in three-levelΛ system. In
Sec. 3, we implement NLF-STIRAP in three-levelΛ system
and compare it with NLF-STIREP. In Sec. 4, we numerically
study this technique in a real atom-moleculeΛ system and
discuss its robustness. Finally, the conclusions and discus-
sions are summarized in Sec. 5.

2. Nonlinear fractional stimulated Raman ex-
act passage (NLF-STIREP) in three-level
systems

2.1. The model

Consider the nonlinear three-levelΛ system, which is
schematically shown in Fig. 1. The excited state|2〉 is
coupled to the ground states|1〉 and |3〉 with the coupling
strengths denoted asΩP andΩS , respectively. Here, the sub-
scripts P (S) stand for pump (Stokes) and∆P,S are the detun-
ings of the fields. In the interaction picture, the Hamiltonian
describing the system reads:

Ĥnl(t) = ~(∆P − iΓ)Ψ̂†2Ψ̂2 + ~(∆P −∆S)Ψ̂†3Ψ̂3

+ ~
3∑

i=1

KiΨ̂
†
i Ψ̂i + ~[ΩP (t)Ψ̂†2Ψ̂1Ψ̂1

+ ΩS(t)Ψ̂†2Ψ̂3 + H.c.], (1)

whereΓ is introduced phenomenologically to simulate the
decay of the excited state|2〉, Ki (i=1, 2, 3) are Kerr nonlin-
earities and̂Ψ†i , Ψ̂i are the bosonic creation and annihilation
operators for the state|i〉, respectively. In the standard mean-
field treatment, the boson operators are replaced byc̄i andci

FIGURE 1. Linkage pattern scheme for the nonlinear three-level
system.ΩP , ΩS are the coupling strengths,∆P,S are the detun-
ings of the fields andΓ is the rate of the spontaneous emission of
the excited state (|2〉) out of the system.

numbers. The mean-field approach ignores high order quan-
tum correlations, but is expected to be valid for systems with
a sufficiently large number of particles [26]. The dynamics of
this system is described by the set of the mean-field coupled
equations [22,27]:

iċ1 = K1c1 + Ω∗P c̄1c2, (2a)

iċ2 = ΩP c2
1 + (K2 − iΓ + ∆P )c2 + ΩSc3, (2b)

iċ3 = Ω∗Sc2 + (K3 + ∆P −∆S)c3. (2c)

The second-order nonlinearity appears via the pump coupling
and third-order nonlinearity via theKi terms depending on
the population as follows:

Ki =
3∑

j=1

λij |cj |2, i = 1, 2, 3 (3)

in which theK terms are Kerr (third-order) nonlinearities
describing elastic collisions between the atom-atom, atom-
molecule and molecule-molecule andλij are constants, act
like time-dependent mean-field shifts. Besides, the time-
dependentc1 andc̄1 terms in front ofΩP represent the1 : 2
resonance between the atomic state and an excited molecular
state. Using a change of variablec2,3 → c2,3/

√
2, we can

transform the normalization condition into the usual form:

|c1|2 + |c2|2 + |c3|2 = 1. (4)

In order to keep the mathematics as simple as possible
without sacrificing generality, we neglect the nonlinear col-
lisions between particles. Therefore, we consider the model
with only second-order nonlinearities (Ki = 0). By choosing
resonant fields (∆P,S = 0) and in the absence of exited state
decay (Γ = 0), the Eq. (2) is written as follows:

iċ1 = Ω∗P c̄1c2, (5a)

iċ2 = ΩP c2
1 + ΩSc3, (5b)

iċ3 = Ω∗Sc2. (5c)

we use general parametrization [22]:

c1(t) = cos φ(t) cos θ(t), (6a)

c2(t) = −i sin φ(t), (6b)

c3(t) = − cosφ(t) sin θ(t), (6c)

where |Ψ(t)〉 = [c1(t), c2(t), c3(t)]T is the state vector of
system. During the time evolution of system, the angleφ
should be near to zero to prevent the high population transfer
in the state|2〉 and the mixing angleθ(t) should dynamically
change fromθ(ti) = 0 up toθ(tf ) ≤ (π/2) to lead the pop-
ulation to the state|3〉.

Our goal is to transform the initial state of the system at
timeti, |Ψ(ti)〉, into the state|Ψ(tf )〉 at the end of interaction
at the timetf :

|Ψ(ti)〉 = |1〉, (7a)

|Ψ(tf )〉 = c1(tf )|1〉+ c3(tf )|3〉, (7b)
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where|c1(tf )|2 + |c3(tf )|2 = 1. By adjustingθ(tf ), one can
create an arbitrary coherent superposition of ground states
(|1〉 and |3〉). In order to satisfy this conditions, we gener-
alize angles of Ref. [22] as follows:

θ(t) =
1
2
η arcsin(|c3(tf )|)[1 + tanh(

t

T
)], (8a)

φ(t) =
4
π

ε

√
θ(t)

(π

2
− θ(t)

)
, (8b)

whereT is a normalizing time,tf is the end of interaction
time and two constants,η andε, have been introduced such
that allow the control of the transient population in the ex-
ited and target states. Inserting Eq. (8) into Eq. (5), we ob-
tain the following pulses that describe Rabi frequencies sat-
isfying the conditions of fractional population transfer in our
system [22]:

ΩP (t) = φ̇
1

cosφ
+ θ̇

tan θ

sin φ
, (9a)

ΩS(t) = −φ̇ sin θ + θ̇
cos θ

tan φ
. (9b)

2.2. The numerical study

In this section, our goal is to create coherent superposition
of ground states with equal amplitudes. In our method, in
order to achieve coherent superposition of ground states, we
choose values0.99 and 0.1 for η and ε, respectively. The
time delay between the two pulses (τ0) and the pump and the
Stokes Rabi frequency amplitudes (max(ΩP ), and max(ΩS))
arise automatically from the choice of the parametrization in
Eq. (8), but it does not appear explicitly in the equations. The
adjustable time delay (τ ) can be applied to the angles of Eq.
(8) as follows:

θ(t− τ)=
1
2
η arcsin(|c3(tf )|)

[
1+ tanh

(
t−τ

T

)]
, (10a)

φ(t− τ) =
4
π

ε

√
θ(t− τ)

(π

2
− θ(t− τ)

)
. (10b)

Considering the additional time delay between pulses, the
Rabi frequencies of Eq. (9) can now be written in an alterna-
tive way as follows:

ΩP (t−τ) =
[
φ̇(t− τ)

1
cos φ(t− τ)

+ θ̇(t− τ)
tan θ(t− τ)
sin φ(t− τ)

]
χP , (11a)

ΩS(t) =
[
−φ̇(t) sin θ(t) + θ̇(t)

cos θ(t)
tan φ(t)

]
χS , (11b)

where two constantsχP and χS have been introduced to
change in the amplitude of the pump and Stokes Rabi fre-
quencies.

FIGURE 2. A typical example of NF-STIREP which leads to a
coherent superposition of ground states with equal amplitudes for
ε = 0.1, η = 0.99, τ = 0, Γ = 0, τ0 = 0.64T , andχP,S = 1. Top
frame: Stokes and pump Rabi frequencies, determined by Eq. (11).
Bottom frame: Time evolution of the populations.

FIGURE 3. Contour plot at the final timetf of |(1/2) − P|3〉| as
function of time delay between the pulses (τ ) and to the pump pulse
Rabi frequency amplitude coefficient (χP ) with χS = 1, in a non-
linear three-level system. Other parameters are as in Fig. 2. The
figure represents the robustness of the nonlinear fractional stimu-
lated Raman exact passage in this system. The white star points to
the exact solution of the inverse engineering, depicted in Fig. 2.

Figure 2 represents an example of NLF-STIREP which
leads to a coherent superposition of ground states with
equal amplitudes

(|c1(tf )|2 = |c3(tf )|2 = (1/2)
)
. In the top

panel, we plot the corresponding Rabi frequency of the pulses
and in the low frame, we show the dynamics of the popu-
lations. The Rabi frequencies have a simple and standard
form close to Gaussian pulses and similar to the F-STIRAP,
the two pulses vanish simultaneously while maintaining fi-
nite ratio of amplitudes. The main feature in the procedure of
control is its stability with respect to changes in the physical
parameters of the system. Therefore, in the following we

Rev. Mex. Fis.66 (3) 344–351



NONLINEAR FRACTIONAL STIMULATED RAMAN EXACT PASSAGE IN THREE-LEVELλ SYSTEMS 347

FIGURE 4. The final population of|(1/2)−P|3〉| as function of the
decay rate of the unstable state|2〉 (Γ) and to the pump pulse Rabi
frequency amplitude coefficient (χP ) with χS = 1, in a nonlin-
ear three-level system. The figure represents the robustness of the
nonlinear fractional stimulated Raman exact passage in this system.
Other parameters are as in Fig. 2.

study these changes and investigate their effects on the ro-
bustness of the system. In Fig. 3, the final population
|(1/2) − P|3〉| is plotted against the time delay between the
pulsesτ and to the pump amplitude coefficient (χP ) for a
fixed Stokes peak coefficient (χST = 1). For sufficiently
strong laser pulses, there is an optimal range ofτ in which
|(1/2) − P|3〉| = 0 is most easily achieved. For example,
for a χST = 1 and0.7 ≥ χP T ≥ 0.5, acceptable range
is 0.15 ≤ τ ≤ 0.9. As shown in Fig. 3, this system is
robust with respect to variations ofτ andχP . Considering
the exited state decay (Γ), the efficiency of population trans-
fer in our system is reduced. In Fig. 4, the final population
|(1/2)− P|3〉| is plotted against the exited state decay rateΓ
and to the pump Rabi frequency amplitude coefficient, for a
fixed Stokes Rabi frequency amplitude coefficient (χS = 1).
According to the figure, forΓ = 0 this diagram is in the full
agreement with Fig. 2 for aχP T = 1, but with the grow-
ing of Γ, in order to achieve fractional population transfer
with equal amplitudes (|(1/2)−P|3〉| = 0), we must increase
the pump Rabi frequency amplitude coefficient. This system
is robust with respect to small variations in the exited state
decayΓ, however for sufficiently high decay rates, the effi-
ciency of population transfer decreases considerably.

3. Nonlinear fractional stimulated Raman adi-
abatic passage (NLF-STIRAP) in three-
level systems

We consider a nonlinear three-levelΛ system, depicted in
Fig. 1, where|1〉 represents an atomic state and|2〉, |3〉
are the excited and ground diatomic molecular states, respec-
tively. Existence of a coherent population trapping (CPT)
state with zero eigenenergy in coupled atom-molecule sys-

tems has been reported in several recent experiments [16]. If
our system initially prepared in a CPT state, it will stay in
the instantaneous CPT state. This is the adiabatic theorem
generalized to this nonlinear system. In general, nonlinear
systems, because of collisions and intrinsic quantum fluctua-
tions, dynamically unstable regimes appear for the CPT state
and adiabaticity will therefore break down [28]. Neverthe-
less, in our current work, we assume that the system under
consideration is always dynamically stable. Settingc2 = 0
in Eq. (5b) and combining it with the total particle number
conservation(|c0

1|2 + |c0
3|2 = 1) leads to the following CPT

population distribution:

|c0
1|2 =

2

1 +
√

1 + 4
(

Ω2
P

Ω2
S

) = 1− |c0
3|2, (12a)

|CPT〉 = N [ΩS |1〉 − |c0
1|ΩP |3〉], (12b)

whereN is normalization factor and|Ψ0(t)〉 = [c0
1, c

0
2, c

0
3]

T

is the corresponding state vector of system in CPT state. In
order to achieve fractional population transfer with equal am-
plitudes in this system, we imposeΩS(tf ) = |c0

1(tf )|ΩP (tf )
in the CPT stat (Eq. (12b)). Using Eq. (12) and after the
simple algebra yields:

tan β =
ΩP

ΩS
=
√

2, (13)

whereβ is a mixing angle. Without loss of generality, we as-
sume that the coupling strengthsΩP,S are real and positive.
We use three equal-amplitude Gaussian pulses, a pump pulse
and two Stokes pulses first with the same time dependence as
the pump pulse and latter coming earlier as follows [29]:

ΩP (t) = Ω0 sin(β) exp
[
− (t− τ)2

T 2

]
, (14a)

ΩS(t) = Ω0 exp
[
− (t + τ)2

T 2

]

+ Ω0 cos(β) exp
[
− (t− τ)2

T 2

]
, (14b)

whereT is the duration of each pulse, andτ is the time de-
lay between the pulses. A typical example of time evolution
in NLF-STIRAP is shown in Fig. 5. The pulse shapes are
defined by Eq. (14) with τ = 0.64T , Ω0T = 20 andβ =
arctan(

√
2). The population evolves from state|1〉 (ground

state) to the coherent superposition(1/
√

2)(|1〉 + |3〉), very
similar to the standard F-STIRAP. Comparing Fig. 2 and
Fig. 5, we find out, the NLF-STIREP technique can guide the
dynamics of the system as efficiently as a NLF-STIRAP, but
with considerably smaller Rabi frequency amplitudes. For
example in the NLF-STIRAP,Ω0 ≈ (20/T ) is required to get
about the same high transfer efficiency to the target states and
low transient population to the exited state as NLF-STIREP
with Ωmax

P ≈ (2/T ) andΩmax
S ≈ (4.5/T ).
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FIGURE 5. A typical example of NLF-STIRAP in three-level sys-
tem in the resonance case (∆ = 0) for τ = 0.64T , Ω0T = 20,
andβ = arctan(

√
2). Upper : Stokes and pump Rabi frequencies,

determined by Eq. (14). Lower : Time evolution of the popula-
tions that leads to coherent superposition of atomic and molecular
ground states with final equal amplitudes.

4. Nonlinear fractional stimulated Raman ex-
act passage (NLF-STIREP) in a real physi-
cal system

In order to perform a numerical study in a real physical sys-
tem, we consider a pair of87Rb atoms in state|1〉 wich is
photoassociated by a pump laser field of molecular Rabi fre-
quencyΩ

′
P (t) into a molecule in exited state|2〉, which is

subsequently driven into a ground molecular state|3〉 by a
Stokes laser field of molecular Rabi frequencyΩ

′
S(t). The

nonlinear collisions between particles are important in the ul-
tracold quantum atomic or molecular systems (atomic BECs
and ground molecular BECs) [30–32]. Here, we use Eq.
(2) for this system with considering third-order nonlineari-
ties (Ki) and off-resonant fields (∆P,S 6= 0) in the presence
of the exited state decay (Γ) in which, ΩP (t) = Ω

′
P (t)

√
n,

ΩS(t) = Ω
′
S(t), andn is condensate density [33]. Since the

Kerr nonlinearities cause unstable regions in the parameter
space [15,34], to avoid it, we have to consider the phaseγ(t)
in Eq. (6) as follows:

c1(t) =⇒ c1(t)e−iγ(t), c2,3(t) =⇒ c2,3(t)e−2iγ(t). (15)

We see that settinġγ = K1 and using resonance lock-
ing conditions [22], one can rewrite Eq. (2) as Eq. (5) with
the inclusion of exited state decay where, Kerr terms have
been compensated by detunings. Our goal is to show that, the
NLF-STIREP technique can be implemented in the ultracold
quantum atomic or molecular systems to transfer the popu-
lation from the atomic condensate directly to the molecular
condensate with equal amplitudes using counterintuitively or-
dered pump and Stokes pulses [see Eq. (11)]. Our results can
be best understood with reference to Table I which gives the
values of typical NLF-STIREP with((1/2) : (1/2) popu-
lation transfer parameters characteristic of a condensate of
87Rb atoms [13, 35]. Using the values of the parameters in
Table I, and an optimum valuesε = 0.1, η = 0.99, we

can achieve almost 98% efficiency of fractional conversion
of atomic BECs into molecular BECs, even including the ex-
ited state (|2〉) spontaneous emission [see Fig. 6]. In this
figure, the atom-ground molecule conversion efficiency is de-
fined as fraction of the initial number of atoms converted into
molecules as follows:

ζ =
2n3(∞)
n1(0)

, (16)

wheren1 is the initial number of atoms andn3(∞) is the
final number of molecules. Figure 7 represents the final pop-

TABLE I. Typical parameter values and mean-field interaction po-
tentials for efficient fractional stimulated Raman exact passage in
rubidium condensates.

Γ 3.7× 107 s−1 Decay of the

quasibound molecule.

T 3.1× 10−5 s Pulse duration.

χP 250 Coefficient of pump Rabi

frequency amplitude.

χS 250 Coefficient of Stokes Rabi

frequency amplitude.

λ11 21328 s−1 Atom-atom elastic

interactions.

λ33 10664 s−1 Molecule-molecule elastic

interactions.

λ13 = λ31 −27692 s−1 Atom-molecule elastic

interactions.

λ2i 0 Other elastic interactions.

n 4.3× 1020 m−3 Condensate density.

FIGURE 6. NLF-STIREP in87Rb atom-moleculeΛ system for
ε = 0.1, η = 0.99, τ = 0, andτ0 = .64T . Other parameters
are defined in Table I. Upper : Stokes and pump Rabi frequencies,
determined by Eq. (11). Middle : Time evolution of the popula-
tions that leads to coherent superposition of atomic and molecular
ground states with equal amplitudes. Lower : Time evolution of
conversion efficiencyζ (16).
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FIGURE 7. The final populationP|3〉 as function of time delay
between the pulses for NLF-STIREP in87Rb atom-moleculeΛ-
system withε = 0.1, η = 0.99 for χP = χS = 250,
χP = χS = 100, andχP = χS = 25, respectively.

ulation P|3〉 as function of time delay between the pulses
(τ ) with ε = 0.1, η = 0.99. Other parameter values are
as in Table I. This figure shows that NLF-STIREP tech-
nique is robust against moderate variations of in the time de-
lay between pulses, but the efficiency of population transfer
decreases considerably by reducing the coefficient of Rabi
frequency amplitudes. For instance, with|τ | ≤ 0.7T and
χP = χS = 250 the efficiency of fractional conversion from
atomic BECs into molecular BECs is approximately 98%, but
with a decrease in the coefficient of Rabi frequency ampli-
tudes down toχP = χS = 25, conversion efficiency also
declines to 18%. However, the obtained solutions are exact
and there is no need for adiabatic conditions, but the adiabatic
passage conditions still exist (χP T, χST À 1).

5. Conclusion and discussion

We can generalize, in principle, our approach to the nonlinear
N -pod systems. This opens up the search for new schemes
for various configurations based on NLF-STIREP and NLF-
STIRAP. Figure 8a) features the linkage pattern of these
systems, whereN − 1 ground states, which are initially co-
herently superposed, are coupled to an excited state viaN−1
pump pulses with the same time dependencies and a Stokes
pulse couples the excited state to the final ground state. With-
out taking into consideration of the Kerr terms (third-order
nonlinearity) and the exited state decay, the second-order
nonlinearity appears only on the pump couplings. Follow-
ing the MS transformation, one can then find a basis that
decouplesN − 2 ground states from the others [36–38] [see
Fig. 8b)]. If the initial state is coherently superposed, using

FIGURE 8. (a) Linkage pattern of the nonlinearN -pod system.
(b) Linkage pattern of the nonlinearN -pod system in the MS basis.

FIGURE 9. NLF-STIREP in a penta-pod system(N = 5) with
ε = .1, η = .99, τ = 0, Γ = 0, τ0 = 0.64T , andχP,S = 1. Up-
per : Stokes and pump Rabi frequencies, determined by Eq. (17).
Middle : Time evolution of the populations that lead to the coher-
ent superposition of ground states with equal amplitudes. Lower :
Dynamics of the fidelity of the desired state ((19b)).

the following pulses, one can create coherent superposition
of all ground states with equal amplitudes.

ΩPi(t) = φ̇
1

cos φ
+ θ̇

tan θ

sinφ
, i = 1, 2, 3, . . . , N − 1 (17a)

ΩS(t) = −φ̇ sin θ + θ̇
cos θ

tan φ
, (17b)

where

θ(t) =
1
2
η arcsin

(√
1
N

)[
1 + tanh

(
t

T

)]
, (18a)

φ(t) =
4ε

π

√
θ
(π

2
− θ

)
. (18b)

Figure 9 shows an example of such a superposition in non-
linear penta-pod system with equal amplitudes in which, all
applied pulses are on exact resonance with their transitions.
The initial and final states of the system are:

|Ψ(ti)〉 =
1√
4

[|1〉+ |2〉+ |3〉+ |4〉] , (19a)

|Ψ(tf )〉 =
1√
5

[|1〉+ |2〉+ |3〉+ |4〉+ |5〉] . (19b)
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In conclusion, we have studied fractional population
transfer in nonlinear three-levelΛ systems using the NLF-
STIREP and NLF-STIRAP techniques. We have calculated
numerically with the appropriate design of Rabi frequencies,
one can then achieve population transfer from an initial state
to a desired superposition of all ground states. We have
also shown numerically, our system is robust with respect to
the exited state decay. However, for sufficiently high decay
rates, the efficiency of population transfer decreases consid-
erably. Using numerical comparison, we have shown that the
population transfer efficiency in the NLF-STIREP technique
can be as efficiently as a NLF-STIRAP, but with consider-
ably smaller Rabi frequency amplitudes. We have used the

NLF-STIREP technique to convert the87Rb atoms into the
87Rb molecules fractionally. We have shown that, with the
proper and effective values of time delay between the pulses
and Rabi frequency amplitudes, efficiency of fractional con-
verting atomic BECs into molecular BECs is approximately
98%. Although, the efficiency of population transfer signifi-
cantly decreases by decreasing the laser pulse amplitudes and
increasing the time delay between the pulses.
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