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Abstract

We show that the technique of Stark-chirped rapid adiabatic passage (SCRAP), hitherto used for complete popu-

lation transfer between two quantum states, offers a simple and robust method for creating coherent superpositions of

states. SCRAP uses two laser pulses: a strong far off-resonant pulse modifies the transition frequency by inducing ac

Stark shifts in the energies of the two states, and an appropriately offset in time, near-resonant and moderately strong

pump pulse drives the population between the states via one of the induced diabatic level crossings. The populations in

the created superposition are controlled by the detuning of the pump laser from the transition frequency and are in-

sensitive to variations in the intensities of the pump and Stark lasers, as long as these are sufficiently large to allow

adiabatic evolution. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The ability to prepare atoms and molecules in
well-defined coherent superpositions of quantum
states is crucial to various fields of contemporary
quantum physics. A quantum system in a coherent
superposition of states can lead to qualitatively
different phenomena, compared to a system ini-

tially in a single state. Examples can be found in
coherent control of chemical reactions [1], quan-
tum information [2], atom optics [3], light propa-
gation through matter [4], lasing without inversion
[5], quantum optics [6], high harmonic generation
[7], and others.

As is well understood, any technique that can
completely transfer population between two
quantum states can, in principle, be used to create
coherent superpositions: one need only halt the
transfer process before its completion. For exam-
ple, the excited-state population of a two-state
atom, coherently excited by constant-intensity
resonant radiation, undergoes periodic variation
at the Rabi frequency X [8]. By choosing the pulse
duration T such that the pulse area XT is an odd
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multiple of p, all population is placed into the
excited state (odd-p pulses). Alternatively, a su-
perposition that equally balances the two states is
created when the pulse area is adjusted to p=2.
However, this technique is not robust: variations
in pulse area and detuning from resonance, e.g.
due to intensity and phase fluctuations or Doppler
shifts, can lead to considerable changes in the
populations.

A popular technique for inducing complete and
robust population transfer between three states in
a Raman-type linkage is stimulated Raman adia-
batic passage (STIRAP) [9]. STIRAP uses two
delayed, but partly overlapping pulses – pump and
Stokes – with the Stokes pulse applied first (in the
counterintuitive order). Because this technique is
based on adiabatic evolution, it is insensitive to
pulse areas, and it is therefore robust, so long as
the pulse areas are sufficiently large to make the
evolution adiabatic and two-photon resonance
between the initial state and the final state is
maintained. It has been suggested [10] and dem-
onstrated [11,12] that STIRAP can be used to
produce a coherent superposition of a ground state
and a metastable state or of two ground Zeeman
sublevels. Then it is necessary to ensure that, after
some moment during the evolution, the two pulses
maintain a fixed constant ratio; this ratio deter-
mines the composition of the created superposi-
tion. With pulsed lasers, however, maintaining an
exact ratio may be difficult because of frequency
and intensity fluctuations.

Coherent superpositions of states can be created
in a robust fashion by an interesting variation of
STIRAP, tripod-STIRAP [13]. It supplements the
three states in STIRAP with a fourth state, cou-
pled to the intermediate state by another, control
laser. Tripod-STIRAP allows the creation of co-
herent superpositions of two or three states, which
can be controlled by the ordering of the three
pulses (pump, Stokes, and control), the time delays
between them, and the intensity of the control
pulse.

Recently, we have proposed [14], and experi-
mentally demonstrated [15], an alternative tech-
nique of STIRAP, named Stark-chirped rapid
adiabatic passage (SCRAP), which achieves com-
plete population transfer between two bound

states. SCRAP uses a nearly-resonant pump laser
pulse, which drives the population between a
ground state w1 and an excited state w2, and an
intense far-off-resonance Stark laser pulse, which
modifies the transition frequency by Stark shifting
the energies of the two states. Thus by detuning
the pump laser carrier frequency from resonance
with the Bohr transition frequency one can create
two separated diabatic level crossings. If the pump
pulse is sufficiently intense and is applied at one of
these crossings, it will produce complete adiabatic
passage of population from w1 to w2 around this
crossing. If the pump pulse width is sufficiently
small, its intensity will be negligible at the other
crossing and the population will remain in state w2

(i.e., there the evolution will be diabatic). Thus the
net result of the interaction will be complete pop-
ulation transfer to the excited state w2. Indeed, if
properly implemented, the efficiency of SCRAP is
close to unity [15].

The main advantage of SCRAP over STIRAP-
based techniques is that SCRAP can be used with
multiphoton transitions. Such transitions are al-
ways accompanied by laser-induced ac Stark
shifts that modify the transition frequencies. For
STIRAP, such time-dependent shifts are detri-
mental because they destroy the two-photon res-
onance, which is crucial for the population
transfer. In SCRAP, the Stark shifts are less
harmful because, as a level-crossing technique, it
does not require maintaining a resonance condi-
tion. Moreover, SCRAP takes advantage of the
Stark shifts, induced by the off-resonance laser, to
create the level crossings needed for population
transfer.

In the present paper we show that for a certain
range of pump laser detunings D0, the SCRAP
technique will produce a coherent superposition of
states w1 and w2 – it will operate as half-SCRAP.
The composition of the created superposition is
controlled by D0 and is robust against variations in
the other interaction parameters.

This paper is organized as follows. In Section
2, we provide some basic definitions and equa-
tions describing coherent excitation. In Section 3
we discuss in detail the diabatic–adiabatic mech-
anism of SCRAP and half-SCRAP. In Section 4
we show that the superpositions created by half-
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SCRAP are robust against variations in the in-
teraction parameters. In Section 5 we present an
analytically solvable model that illustrates half-
SCRAP. Finally, in Section 6 we summarize the
results.

2. Background

2.1. Basic definitions and equations

We assume that the two-state system is pre-
pared initially, at time ti, in state w1, and we wish
to create at the final time tf , using half-SCRAP, a
coherent superposition of states w1 and w2,

WðtiÞ ¼ w1 ! WðtfÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� p

p
w1 þ

ffiffiffi
p
p

e�iuw2; ð1Þ
except for an unimportant common phase factor.
Here p is the transition probability from w1 to w2

and u is the relative phase of the two components.
Because we wish to create a coherent superpo-

sition, we assume that during the excitation there
are no incoherent processes, such as spontaneous
emission and collisional relaxation. Then the sys-
tem is described by its state vector WðtÞ, which can
be expanded in the basis of the unperturbed
atomic states w1 and w2 as

WðtÞ ¼ C1ðtÞe�if1ðtÞw1 þ C2ðtÞe�if2ðtÞw2: ð2Þ
Here C1ðtÞ and C2ðtÞ are the probability ampli-
tudes of states w1 and w2, and the respective
populations are PkðtÞ ¼ jCkðtÞj2, (k ¼ 1; 2). For the
sake of later convenience we define the arbitrary
phases f1ðtÞ and f2ðtÞ as

f1ðtÞ ¼ E1t=�hþ
Z t

ti

S1ðt0Þdt0; ð3aÞ

f2ðtÞ ¼ f1ðtÞ þ xLt þ /L; ð3bÞ

where E1 and E2 are the unperturbed energies of
states w1 and w2, S1ðtÞ and S2ðtÞ are their Stark
shifts, and xL and /L are the carrier frequency and
the phase (both assumed constant) of the pump
laser pulse.

The evolution of the two-state system is gov-
erned by the Schr€oodinger equation,

i�h
d

dt
CðtÞ ¼ HðtÞCðtÞ; ð4Þ

where CðtÞ ¼ ½C1ðtÞ;C2ðtÞ�T. In the rotating-wave
approximation and for the phase choice (3a) and
(3b), the Hamiltonian is given by [8]

HðtÞ ¼ �h
0 1

2
XðtÞ

1
2
XðtÞ DðtÞ

� �
: ð5Þ

The coupling between the states is quantified by
the Rabi frequency XðtÞ, whose time dependence
derives from that of the pump-laser electric-field
amplitude EðtÞ. For single-photon electric-dipole
transitions, XðtÞ is proportional to EðtÞ. For two-
photon transitions, XðtÞ is proportional to E2ðtÞ,
i.e. to the laser intensity.

The detuning DðtÞ is the offset of the laser car-
rier frequency from the Stark-shifted transition
frequency,

DðtÞ ¼ xA þ S2ðtÞ � S1ðtÞ � xL ¼ D0 � SðtÞ; ð6Þ
where xA ¼ ðE2 � E1Þ=�h is the Bohr transition
frequency, D0 ¼ xA � xL is the static detuning of
the pump pulse, and SðtÞ ¼ S1ðtÞ � S2ðtÞ is the
difference of the Stark shifts of states w1 and w2.

In SCRAP the transition frequency is modified
by an intense far-off-resonance laser pulse, which
induces Stark shifts in the energies of the two
states, but it does not affect the system otherwise.
The pump pulse itself induces Stark shifts too. The
Stark shifts induced by each laser are proportional
to the corresponding laser intensity, and the total
Stark shifts are sums of these,

S1ðtÞ ¼ SP
1 fP ðtÞ þ SS

1 fSðtÞ; ð7aÞ
S2ðtÞ ¼ SP

2 fP ðtÞ þ SS
2 fSðtÞ: ð7bÞ

Here the dimensionless functions fP ðtÞ and fSðtÞ
are the envelopes of the pump and Stark laser in-
tensities, while Sa

k (k ¼ 1; 2; a ¼ P ; S) are the
maximum Stark shifts. Because the Stark shifts of
the ground and excited states are different (usually
jS1ðtÞj � jS2ðtÞj), the detuning (6) will be also Stark
shifted.

The Stark shifts induced by the pump laser can
be significant for multiphoton transitions but are
negligible for single-photon transitions. We will
assume for simplicity that these shifts can be ne-
glected; then

SðtÞ ¼ S1ðtÞ � S2ðtÞ 
 S0fSðtÞ; ð8Þ
with S0 ¼ SS

1 � SS
2 .

L. Yatsenko et al. / Optics Communications 204 (2002) 413–423 415



2.2. Adiabatic basis

The analysis of SCRAP and half-SCRAP is
facilitated by introducing the adiabatic states
U�ðtÞ – the instantaneous eigenstates of the
Hamiltonian HðtÞ,

U�ðtÞ ¼ w1 cos#ðtÞ � w2 sin#ðtÞ; ð9aÞ
UþðtÞ ¼ w1 sin#ðtÞ þ w2 cos#ðtÞ; ð9bÞ

where the mixing angle #ðtÞ is defined (modulo
p=2) as

#ðtÞ ¼ 1

2
arctan

XðtÞ
DðtÞ : ð10Þ

The eigenvalues of HðtÞ are the adiabatic energies,

�he�ðtÞ ¼
�h
2

DðtÞ
�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2ðtÞ þ D2ðtÞ

q �
; ð11Þ

as contrasted with the diabatic energies, which are
the diagonal elements of HðtÞ: 0 and �hDðtÞ.

The amplitudes of the diabatic and adiabatic
states are linked via an orthogonal rotation,

CðtÞ ¼ R½#ðtÞ�AðtÞ; ð12Þ

where AðtÞ ¼ ½A�ðtÞ;AþðtÞ�T and

Rð#Þ ¼ cos# sin#
� sin# cos#

� �
: ð13Þ

The Schr€oodinger equation in the adiabatic basis
reads

i�h
d

dt
AðtÞ ¼ HAðtÞAðtÞ; ð14Þ

with HA ¼ R�1HR� i�hR�1 _RR, or explicitly,

HAðtÞ ¼ �h e�ðtÞ �i _##ðtÞ
i _##ðtÞ eþðtÞ

� �
: ð15Þ

2.3. Adiabatic and diabatic evolutions

Adiabatic evolution occurs when the coupling
_##ðtÞ between the adiabatic states is negligible
compared to the separation of the adiabatic ener-
gies,

j _##ðtÞj � eðtÞ; ð16Þ
where

eðtÞ ¼ eþðtÞ � e�ðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2ðtÞ þ D2ðtÞ

q
: ð17Þ

Then the transitions between the adiabatic states
U�ðtÞ and UþðtÞ are negligible and their popula-
tions are conserved. In particular, if the state
vector WðtÞ is associated initially with a single
adiabatic state, it will remain associated with this
adiabatic state at all subsequent times. However,
the populations of the diabatic states w1 and w2

may change because the composition of the adia-
batic states U�ðtÞ and UþðtÞ may change.

The concept of adiabatic evolution is particu-
larly useful for explaining level-crossing transi-
tions, when the diabatic energies 0 and �hDðtÞ cross,
i.e. when the detuning DðtÞ crosses resonance. As
evident from Eq. (17), at any point tc of diabatic
crossing [DðtcÞ ¼ 0], the adiabatic energies �he�ðtÞ
have an avoided crossing if the Rabi frequency
XðtÞ is nonzero, because eðtcÞ ¼ XðtcÞ. Because a
level crossing reverses the asymptotic behaviors of
the adiabatic states, each adiabatic state is identi-
fied with a different diabatic state before and after
the crossing. Hence if the evolution is adiabatic,
complete population transfer will occur between
states w1 and w2.

Diabatic evolution occurs when the coupling _##
between the adiabatic states U�ðtÞ and UþðtÞ is
much larger than the adiabatic energy splitting,

j _##ðtÞj � eðtÞ; ð18Þ
Then the state vector follows the same diabatic
state and the populations of the diabatic states w1

and w2 are conserved, while those of the adiabatic
states U�ðtÞ and UþðtÞ may change. In the most
trivial case, diabatic evolution takes place when
there is no radiative coupling between the diabatic
states, i.e. when XðtÞ 
 0:

3. The SCRAP technique

3.1. SCRAP setup

The mechanism of SCRAP can be understood
by viewing a plot of the diabatic and adiabatic
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energies against time, as shown in Fig. 1. As time
progresses, the Stark pulse shifts the diabatic en-
ergy of state w2 [i.e., the detuning DðtÞ]: first in one
direction as the pulse intensity increases, and then,
as the pulse subsides, in the other direction. By
choosing the static detuning D0 appropriately, we
can make the two diabatic energies cross twice –
during the rise and during the fall of the Stark
pulse. For definiteness we assume that S0 > 0; then
for level crossings to occur, D0 must be in the range
0 < D0 < S0.

If the timing of the pulses is such that the pump
pulse is sufficiently strong at both crossings, e.g. if
the pump and Stark pulses coincide in time, then
adiabatic evolution will occur at both crossings
(Fig. 1, left frames). Such a pulse timing would
drive the population first from w1 to w2, and then
back to w1. The success of SCRAP comes from
using delayed pulses, such that the pump Rabi
frequency is appreciable at only one of the cross-

ings. For definiteness we here assume that the
pump pulse is present only during the rising por-
tion of the Stark pulse (Fig. 1, right frames). Then
the system, starting from state w1 initially, will
evolve adiabatically through the first crossing at
time t1, following the adiabatic state U�ðtÞ, and
thus will make a transition to state w2. At the
second crossing at time t2 there is almost no pump
laser field present and hence the system will evolve
diabatically, i.e. it will follow the diabatic state w2

in which it is prior to this crossing. The net result
of this adiabatic–diabatic scenario will be complete
population transfer from w1 to w2.

3.2. SCRAP zones

The dependence of the transition probability on
the static detuning D0 exhibits five distinct regions,
which are shown in Fig. 2 and separated by ver-
tical lines.

Fig. 1. Time evolution of the laser pulses (top frames), the level energies (middle frames), and the populations (bottom frames) in a

two-state system driven by simultaneous (left frames) and offset in time (right frames) pump and Stark pulses.
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(a) Large negative static detuning (D0 < 0). In
this case there are no level crossings between the
diabatic energies, because the effective detuning is
always negative, DðtÞ ¼ D0 � SðtÞ < 0. The adia-
batic energies are separated by a large gap, which
prevents nonadiabatic transitions, i.e. the evolu-
tion is adiabatic. The system starts and ends in the
same diabatic state w1 (although some transient
population may visit state w2) and almost no
population is left in w2 at the end: P1 
 1, P2 
 0.
This is an example of coherent population return
[16].

(b) Small static detuning (D0 
 0). Near D0 ¼ 0,
the transfer efficiency rises from nearly zero to
nearly unity. In this region, the atom ends up in a
superposition of w1 and w2. In particular, as we
will show below, on resonance (D0 ¼ 0) half of the
population is transferred to w2 if the evolution is
adiabatic, P1 
 P2 
 1=2.

(c) SCRAP region (0KD0 K S0). For such
detunings, there are two level crossings. The evo-
lution is adiabatic around the crossing where the
pump pulse is applied and diabatic at the other
crossing. Consequently, nearly complete popula-

Fig. 2. Numerically calculated excited-state population versus the static detuning D0. The small frames on the top show the time

dependences of the Rabi frequency XðtÞ and the Stark-shifted detuning DðtÞ ¼ D0 � SðtÞ for five values of D0, shown by arrows. The

small frames in the middle row show the time evolutions of the populations in these cases. We have assumed Gaussian shapes for the

pump and Stark pulses, XðtÞ ¼ X0e
�t2=T 2

P and SðtÞ ¼ S0e�ðt�sÞ2=T 2
S , with X0 ¼ 10T�1S , S0 ¼ 15T�1S , and s ¼ TP ¼ TS .
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tion transfer to w2 occurs, P1 
 0, P2 
 1. The
plateau in Fig. 2 displays the SCRAP region.

(d) End of SCRAP region (D0 
 S0). Near
D0 
 S0, the transfer efficiency drops from nearly
unity to nearly zero, which signals the end of the
SCRAP plateau. In this region, as in the region
around D0 ¼ 0, the atom ends up in a superposi-
tion of w1 and w2.

(e) Large positive static detuning (D0 J S0). In
this case, as for large negative D0, there are no
diabatic level crossings, because the effective de-
tuning is always positive, DðtÞ ¼ D0 � SðtÞ > 0.
The large gap between the adiabatic energies leads
to adiabatic evolution and negligible population
transfer, P1 
 1, P2 
 0.

Obviously, two detuning regions in Fig. 2 are
candidates for half-SCRAP: the regions around
D0 ¼ 0 and D0 ¼ S0. However, the population
transfer in the latter depends on the Stark shift S0
and is therefore vulnerable to variations in the
Stark laser intensity. In contrast, the region
around D0 ¼ 0 is immune to such fluctuations.

Fig. 3(a) displays the population P2 of state w2

plotted as a function of the static detuning D0 for
four different values of the maximum Stark shift S0
(for the same maximum pump Rabi frequency X0).
Fig. 3(b) shows plots of the population P2 versus
D0 for four different values of the maximum pump
Rabi frequency X0 (for the same maximum Stark
shift S0). As both figures demonstrate, in the re-
gion around D0 ¼ S0 the populations are sensitive
to the laser parameters, whereas in the region
around D0 ¼ 0 the populations are quite robust
against small-to-moderate variations in X0 and S0.
Therefore, we select the region around D0 ¼ 0 for
achieving half-SCRAP, and we explain below the
robustness of the population transfer in this re-
gion.

4. Half-SCRAP

4.1. Half-SCRAP for zero detuning (D0 ¼ 0)

Unlike SCRAP, in half-SCRAP the two oppo-
site pulse sequences – pump-Stark and Stark-
pump – lead to different results; we will consider
them separately.

4.1.1. Pump pulse before Stark pulse
For D0 ¼ 0, we have DðtÞ ¼ �SðtÞ. Hence, when

the pump pulse precedes the Stark pulse,

�1 ti t XðtÞ
DðtÞ !

t!tf
0: ð19Þ

Then #ðtiÞ ¼ �p=4, #ðtfÞ ¼ 0, and the adiabatic
states have the following asymptotics:

1ffiffiffi
2
p ðw1 þ w2Þ  

ti t
U�ðtÞ !

t!tf w1; ð20aÞ

1ffiffiffi
2
p ðw2 � w1Þ  

ti t
UþðtÞ !

t!tf w2: ð20bÞ

Thus, the adiabatic states are equally populated
initially. If the system evolves adiabatically,
their populations will not change and after the

Fig. 3. Numerically calculated population of state w2 versus the

static detuning D0 for Gaussian shapes of the pump and Stark

pulses, with s ¼ TP ¼ TS ; (a) four different peak pump Rabi

frequencies X0 for the same peak Stark shift S0 ¼ 15T�1S , (b)

four different peak Stark shift values S0 for the same peak pump

Rabi frequency X0 ¼ 10T�1S .
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interaction, the system will end up in an equal
superposition of w1 and w2,

WðtfÞ ¼
1ffiffiffi
2
p ðw1 þ e�iuPSw2Þ; ð21Þ

except an unimportant common phase, with

uPS ¼ xLðtf � tiÞ þ /L þ
Z tf

ti

eðtÞdt þ p
2
: ð22Þ

The robustness of the populations in the created
superposition (21) against variations in the inter-
action parameters derives from the robustness of
adiabatic passage. The superposition phase uPS,
however, depends on these parameters.

4.1.2. Stark pulse before pump pulse
In the opposite pulse order, when the Stark

pulse precedes the pump pulse, we have

0 ti t XðtÞ
DðtÞ !

t!tf �1: ð23Þ

Then #ðtiÞ ¼ 0, #ðtfÞ ¼ �p=4, and

w1 
ti t

U�ðtÞ !
t!tf 1ffiffiffi

2
p ðw1 þ w2Þ; ð24aÞ

w2 
ti t

UþðtÞ !
t!tf 1ffiffiffi

2
p ðw2 � w1Þ: ð24bÞ

Hence state U�ðtÞ is the only adiabatic state
populated initially, and in the adiabatic limit, no
population will escape to the other adiabatic state
UþðtÞ. Thus the system will be driven from state w1

into the superposition

WðtfÞ ¼
1ffiffiffi
2
p ðw1 þ w2e

�iuSPÞ ð25Þ

except an unimportant common phase, with

uSP ¼ xLðtf � tiÞ þ /L: ð26Þ
The comparison of Eqs. (21) and (25) shows

that, unlike full SCRAP, in half-SCRAP the pulse
order makes a difference: the created superposi-
tions have the same populations, but different
relative phases between w1 and w2. This difference
occurs because for the pump-Stark order, the
population flows through both adiabatic states
U�ðtÞ and UþðtÞ, while for the Stark-pump order,
only the adiabatic state U�ðtÞ is populated. Con-
sequently, there is an additional dynamic phase in
the former case.

4.1.3. Relative phase of the superposition
As evident from Eqs. (22) and (26), the relative

phase between the components of the created su-
perposition depends on the pump laser phase /L

and changes in time after the preparation of the
superposition. In some applications it may be im-
portant to have a constant phase. This is possible
only if E2 ¼ E1, which requires a two-photon Ra-
man-type interaction between degenerate states.
Because Raman pulses can be generated from one
laser, and the coupling paths can be distinguished
by polarization, the static detuning can be set au-
tomatically to zero (D0 ¼ 0), and the relative laser
phase can be set to zero or some fixed value.

4.1.4. Effect of Stark shifts induced by the pump
pulse

So far we have ignored the Stark shifts induced
by the pump pulse, SP

1 fP ðtÞ and SP
2 fP ðtÞ. This is well

justified when states w1 and w2 are connected by a
single-photon transition because then the Rabi
frequency is usually much larger than these Stark
shifts. For a two-photon transition, however, these
Stark shifts have to be accounted for, even if they
are much smaller than the ones induced by the
Stark laser, because they are comparable to the
Rabi frequency. The most significant implication
of their inclusion is that for D0 ¼ 0, the popula-
tions in the created superposition are not equal,
but are

WðtfÞ ¼ w1 cosHþ w2e
�iu sinH; ð27Þ

where H ¼ 1
2
arctan½X0=ðSP

2 � SP
1 Þ�. Here u denotes

uPS for the pump-Stark sequence and uSP for the
Stark-pump one. The pump-induced Stark shifts
lead also to minor shifts in the times of the
crossings.

4.2. Half-SCRAP for small detuning (D0 K T�1P )

For nonzero static detuning D0, we have #ðtiÞ ¼
#ðtfÞ ¼ 0; hence, at early and late times each adi-
abatic state tends to the same diabatic state, U�ðtiÞ
¼ U�ðtfÞ ¼ w1 and UþðtiÞ ¼ UþðtfÞ ¼ w2. Then the
partial population transfer seen for jD0jK T�1P in
Figs. 2 and 3 can only result from transitions be-
tween the adiabatic states. The probability for
such transitions depends on the nonadiabatic
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coupling _##ðtÞ and the splitting eðtÞ between the
adiabatic energies,

_##ðtÞ ¼ 1

2

_XXðtÞ½D0 � SðtÞ� þ XðtÞ _SSðtÞ
X2ðtÞ þ ½D0 � SðtÞ�2

; ð28aÞ

eðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2ðtÞ þ ½D0 � SðtÞ�2

q
: ð28bÞ

Nonadiabatic transitions are most likely to oc-
cur in the region around the maximum of the
function

f ðtÞ ¼ j
_##ðtÞj
eðtÞ : ð29Þ

It can be shown that for the detuning range
jD0jK T�1P the maximum of f ðtÞ occurs in the
outer wing of the pump pulse, away from the Stark
pulse. Hence we can neglect the Stark shift SðtÞ in
Eqs. (28a) and (28b). Considered as a function of
D0, f ðtÞ has its maximum at

Xðt0Þ ¼ jD0j
ffiffiffi
2
p

: ð30Þ
Because the peak pump Rabi frequency is as-

sumed large we have X0 � T�1P J jD0j. Hence Eq.
(30) is satisfied at times when Xðt0Þ � X0, i.e. at
several pulse widths from the center of the pump
pulse; there the Stark shift SðtÞ is negligibly weak,
which justifies its neglect above.

By replacing Eq. (30) into Eqs. (28a) and (28b)
we find

_##ðt0Þ ¼
1

3
ffiffiffi
2
p

_XXðt0Þ
Xðt0Þ

; e ¼ jD0j
ffiffiffi
3
p

: ð31Þ

Therefore, in the nonadiabatic region, the
nonadiabatic coupling _##ðtÞ does not depend on the
peak Rabi frequency X0, and the eigenenergy
splitting eðtÞ depends only on the detuning D0.
Hence the probability for nonadiabatic transitions
P, and consequently, the composition of the su-
perposition created by half-SCRAP, are primarily
determined by the value of the static detuning D0

and do not depend on the other interaction pa-
rameters.

It is easy to see that there is a symmetry against
the sign of D0: when D0 reverses its sign the pop-
ulations in the superposition are reversed. In order
to show this, we first note that the transition

probability in the adiabatic basis P does not de-
pend on the sign of D0 but only on jD0j. However,
the transition probability in the diabatic basis p
depends on the sign of D0. Indeed, because for
D0 > 0 there is a level crossing, the transition
probability in the adiabatic basis P is equal to the
probability of no transition in the diabatic basis
1� p, i.e. the diabatic populations are P1 ¼ P,
P2 ¼ 1�P. In contrast, for D0 < 0 there is no level
crossing, and the transition probabilities in the two
bases are equal, p ¼ P; hence P1 ¼ 1�P, P2 ¼ P.

In reality, because nonadiabatic transitions oc-
cur also away from the maximum of f ðtÞ, the pop-
ulations in the superposition depend (slightly) also
on the pump Rabi frequency X0 and the Stark shift
S0. Indeed, small variations of the populations with
X0 and S0 can be seen in Fig. 3 for small D0.

5. Analytic model

A simple, but realistic illustration of half-
SCRAP is provided by the analytically solvable
Demkov–Kunike (DK) model [17],

XðtÞ ¼ X0 sechðt=T Þ; ð32aÞ
DðtÞ ¼ D0 � B½tanhðt=T Þ þ 1�; ð32bÞ

where the parameters X0, D0, B and T are assumed
positive. The hyperbolic-secant time dependence of
XðtÞ is close to Gaussian, which is used to model
laser pulses in typical experiments. The behavior of
the DK detuning (32b) is slightly different from the
SCRAP detuning (6), which approaches the static
detuning D0 at both early and late times. In the DK
model, DðtÞ starts from D0 at t! �1 and reaches
monotonically the valueD0 � 2B as t! þ1.Hence
the DK detuning (32b) behaves as the SCRAP de-
tuning (6) from early to intermediate times, i.e.
during the action of the pump pulse. Its divergence
from a realistic SCRAP detuning at late times is not
very significant because then the pump pulse van-
ishes and the interaction ceases. Hence the DK
model (32a) and (32b) describes reasonably well a
half-SCRAP pulse sequence, with the pump pulse
acting first. Note that theDKparameterB is related
to the maximum Stark shift S0.

The transition probability for the DK model is
[17]
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p ¼
coshðpTBÞ � cosðpT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2

0 � B2

q
Þ

coshðpTBÞ þ coshðpT ðB� D0ÞÞ
: ð33Þ

It is plotted in Fig. 4 versus the static detuning
D0. The observed profile is similar to those in Figs.
2 and 3.

For sufficiently large B (BT J 1) and for suffi-
ciently intense pump pulse [ðX0T Þ2 JBT ], Eq. (33)
reduces to

p 
 1

1þ e�pD0T
: ð34Þ

Hence, the transition probability is determined
primarily by the static detuning D0 and depends
very weakly on the other parameters, in agreement
with our general analysis in Section 4.2. On reso-
nance (D0 ¼ 0), P1 
 P2 
 1=2. Off resonance, the
composition of the created superposition is con-
trolled by D0; for example, a superposition with
populations P1 and P2 is created by static detuning

D0 

1

pT
lnðP2=P1Þ: ð35Þ

Thus the change of sign in D0 causes swap of P1
and P2.

6. Conclusions

We have shown that the SCRAP technique,
hitherto exploited for complete and robust popu-

lation transfer between two states, can be used to
create coherent superpositions of the two states.
SCRAP uses an intense off-resonant laser pulse
(Stark pulse) to Stark shift the Bohr transition
frequency and create a pair of diabatic level
crossings. A moderately strong near-resonant, but
slightly detuned, pump pulse, applied at one of
these crossings, induces adiabatic population
transfer. By taking the pump pulse width suffi-
ciently small one can ensure that the pump pulse
has little or no effect at the other crossing and so
the evolution is diabatic there. This adiabatic–di-
abatic scenario achieves complete population
transfer between the two states.

In the present paper we have shown that when
the carrier frequency of the pump pulse is on res-
onance with the atomic Bohr frequency, an equal
superposition of the two states is created. Off res-
onance, the created superposition has unequal
contributions from the two states, which are de-
termined mainly by the pump detuning D0. It is
particularly significant that the superposition is
insensitive to small-to-moderate changes of the
intensities of the pump and Stark pulses. Half-
SCRAP is robust also against variations in the
carrier frequency of the Stark pulse and the delay
between the two pulses.
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