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Creation of a coherent superposition of quantum
states by a single frequency-chirped

short laser pulse
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Traditional schemes for coherent population transfer or generation of coherent superposition states in multi-
level atoms or molecules usually utilize two or more laser beams with radiation bandwidth smaller than the
frequency interval between the working levels. We show the possibility of creation of the coherent superposi-
tion of three metastable states of a four-level atom with tripodlike level structure using a single short
frequency-chirped laser pulse. The bandwidth of the pulse envelope (without chirp) must be comparable to or
exceed the frequency distance between the two metastable levels. No appreciable excitation of the atom takes
place during the creation of the coherent superposition state, thus diminishing significantly the effect of deco-
herence due to the spontaneous decay of the excited state. The proposed method of creation of superposition
states is robust against variations in the laser pulse parameters. Since this method does not require maintain-
ing steady resonance with the atomic transitions (owing to the frequency chirp of the laser pulse), it is effective
both in homogeneously and inhomogeneously broadened media. © 2008 Optical Society of America
OCIS codes: 030.1670, 020.4180, 020.7010.
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. INTRODUCTION
ifferent schemes of coherent population transfer and co-
erent creation of superposition states have been investi-
ated extensively in recent years [1–9] with a number of
ew applications in the fields of quantum optics [10],
uantum information [11,12], generation of high harmon-
cs and improving efficiency of nonlinear processes in
esonant gases [13–18], control of chemical reactions [19],
lectromagnetically induced transparency [20–28], and
thers.

There is a well-known technique of coherent generation
f superposition states using pulses with temporal area
time integral of the Rabi frequency) equal to � /2. This
echnique, similar to the � pulse technique for population
ransfer between quantum states is sensitive to the laser
ulse area, the resonance conditions, and the transverse
istribution of the laser beam intensity [29]. A technique
f creation and measurement of a coherent superposition
f two metastable states based on tripod-Stimulated Ra-
an Adiabatic Passage (STIRAP) and on adiabatic evolu-

ion of the superposition states was developed in [2–4].
he drawback of the latter technique is the requirement
f two-photon Raman resonance that is necessary to fulfill
or the STIRAP scheme to be effective. While this condi-
ion may be achieved in atomic beams with narrow veloc-
ty distribution of the atoms (small Doppler shifts of the
esonance lines), it cannot be fulfilled in inhomogeneously
roadened quantum systems such as an ensemble of
uantum dots (QD) or rare-earth-metal-ion-doped crys-
als [30] or when a single laser pulse is used for popula-
ion transfer and creation of coherent superposition states
n an atom with � structure of interaction linkages
0740-3224/08/020166-9/$15.00 © 2
31,32]. The same is true when a single laser pulse is ap-
lied for coherent population transfer between Rydberg
tates in potassium atoms [33]. Note that an extension of
he STIRAP scheme applicable to degenerate levels al-
owed creation of predefined superposition of multiple

agnetic sublevels in [34,35].
The laser pulses are assumed to be narrowband in the
ajority of the schemes dealing with creation of the co-
erent superposition of atomic or molecular quantum
tates or in the schemes of coherent control of populations
f the quantum states, i.e., the bandwidth of the laser ra-
iation is assumed to be narrower than the frequency
eparation between each pair of atomic (molecular) levels
nvolved in the interaction. Usually it is also assumed
hat each laser pulse involved in the process interacts
ith a single quasi-resonant transition. The cases of si-
ultaneous interaction of the laser pulse with multiple

ransitions in the atom due to the Rabi frequency exceed-
ng the frequency spacing between the atomic levels are
nalyzed in a few papers for intense narrowband laser
ulses (see, for example, [36,37] and for creation of coher-
nt superposition of degenerate magnetic sublevels in
4]).

In the case of short laser pulses, the bandwidth of the
aser pulse may exceed the spacing between some quan-
um levels involved in the interaction. This is the case of
he short frequency-chirped laser pumping investigated
or the �-linkage atom in [32].

The traditional adiabatic (dressed) states analysis can-
ot be applied directly to the quantum system in the case
f the short-pulsed laser radiation with the bandwidth ex-
eeding the separation of the involved “close” energy lev-
008 Optical Society of America
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ls of the system, but it may be modified to treat the sys-
em of two close levels as a superposition state. This
uperposition state may be considered on the basis of
bright” and “dark” superpositions of the two states (see,
or example, [1] with references therein [7–9]). While the
right component of the superposition effectively inter-
cts with the laser field, the dark one is uncoupled from
he laser field and is not affected by the interaction pro-
ess. As a result of the interaction of the frequency-
hirped short-pulsed laser radiation with the �-linkage
tom in the adiabatic following regime, the bright and
ark superposition components are separated from each
ther. The population of the bright component is removed
rom the initial state and transferred to the excited state,
nd the population of the dark component is left intact in
he ground state (see [7–9]). This is a robust method for
he creation of coherent superposition of metastable
tates by a single frequency-chirped laser pulse. The
rawback of this method, however, is the excitation of the
tom leading to the decoherence processes due to sponta-
eous decay of the excited state. Note that possibilities of
opulation transfer by a single frequency-chirped laser
ulse in an atomic system with �-interaction linkages
ere considered earlier in [38], where similarities and dif-

erences of producing complete population transfer using
pulses, STIRAP, or adiabatic passage by frequency-

hirped laser pulses were examined.
At least two laser pulses are involved in the processes

f creation of coherent superposition of metastable states
n the majority of the previous considerations (see for ex-
mple, [1–7,10,22–27,39,40]). The problem of synchroni-
ation of multiple pulses in time and space has to be ad-
ressed in all previous schemes of creation of coherent
uperposition states. This is especially important in opti-
ally thick media, where the synchronization inevitably
ill be disturbed during the propagation in the medium.
question arises: can a single laser pulse prepare a co-

erent superposition of ground states of a multilevel atom
ithout excitation of the atom? While this question is im-
ortant for simplification of the schemes of creation of co-
erent superpositions of quantum states, for practical ap-
lications creation of such states in a thick (in most cases
nhomogeneously broadened) media using a single laser
ulse with chirped frequency seems to be a problem of
qual or greater importance.

In this paper, we show that such a preparation of the
oherent superposition of metastable states �1�, �2�, and �3�
n a four-level atom with tripod structure of the levels (see
ig. 1) is possible using a single short frequency-chirped

aser pulse. An important additional condition is that the
wo states �1� and �3� (termed as close states) among the
hree metastable states have frequency separation
maller than the bandwidth of the laser pulse envelope,
nd the frequency distance of the third (“far”) metastable
tate �2� from the two close ones exceeds the bandwidth of
he laser pulse envelope. The two close metastable states
�1� and �3�) may be considered as “quasi-degenerate” from
he point of view of the (Fourier-transform limited) laser
ulse having bandwidth exceeding the frequency separa-
ion of these states.

We show in this paper that for sufficiently strong laser
ulses with the peak Rabi frequency exceeding the largest
requency separation between the metastable states, the
requency-chirped laser pulse may effectively transfer the
right component of the superposition of the two close
etastable states into the third far metastable state
ithout appreciable excitation of the atom, leaving intact

he dark component of the superposition of the close
tates.

If, for example, we assume that the atom is in a super-
osition of the states �1� and �3� initially, its state vector
ay be represented as a linear combination of the bright

db� and dark �dd� superposition states: ���−���=�01�1�
�03�3���b�db�+�d�dd�, with �db�=�b1�1�+�b3�3� and �dd�
�d1�1�+�d3�3�. Note, that the coefficients � and � in the
ase of a single laser pulse interacting with the atomic
ystem depend only on relative values of the dipole mo-
ents of corresponding transitions and do not depend on

he detuning and speed of the chirp (see below, Section 3).
s a result of the interaction, the bright component of the
uperposition �db� will be transferred into state �2�, and
he original dark superposition �dd� will be left unaffected
y the laser pulse with negligible temporal excitation of
he atom during the interaction. At the end of the inter-
ction, a three-state superposition of the metastable
tates is created: ������=�d�1d�1�+�b�2�+�d�3d�3�. This is
n effective method for creation of coherent superposition
f metastable (ground) states without excitation of the
tom, which is robust against variations of the param-
ters of the laser pulse such as its maximum intensity,
uration, or speed of the chirp. Because there is no strict
estriction on the resonance conditions due to the fre-
uency chirp of the laser pulse, this method is effective
oth in homogeneously and inhomogeneously broadened
uantum systems.
The remainder of this paper is organized as follows. In

ection 2 we present the mathematical formalism for the
nalysis of the interaction of a frequency-chirped laser
ulse with the four-level atom having tripod-linkage
tructure of the levels. The adiabatic (dressed) states
nalysis along with numerical simulation of the
chrödinger equation for the probability amplitudes of
he states of the tripod-linkage atom with two close and
ne separated far metastable states in the field of the
requency-chirped laser pulse are presented in Section 3.
reation of dark superposition of the close metastable
tates, as well as of the coherent superposition of the

ig. 1. Scheme of the tripod-linkage atom levels. Levels �1� and
3� are the close levels, and level �2� represents the far level.
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hree metastable states of the tripod-linkage atom with-
ut significant excitation of the atom is discussed in Sec-
ion 4. The results of the investigation are summarized in
ection 5.

. MATHEMATICAL FORMALISM
e will assume that the duration of the laser pulse inter-

cting with the atom is much shorter than any relaxation
ime of the atomic system, which allows us to deal with
he Schrödinger equation for the probability amplitudes
f the quantum states of the atom instead of the density
atrix elements.
We use the following expansion of the state vector of

he tripod-linkage atom (see Fig. 1):

���t�� = exp�− iE1t/���a0�t�exp�− i	L�t�t��0� + a1�t��1�

+ a2�t��2� + a3�t��3�	,

here the states �n� �n=0,1,2,3� are the (bare) eigen-
tates of the atomic Hamiltonian in the absence of the ex-
ernal field, and an�t� �n=0,1,2,3� are phase-transformed
robability amplitudes of the corresponding atomic
tates.

From the Schrödinger equation, we have the following
quations for the probability amplitudes of the involved
tates of the atom interacting with a single laser field
�z , t�=eA�t�cos�	L�t�−kz�, where A�t� is the (real) enve-

ope of the laser pulse with chirped carrier frequency
L�t�=	L0+�t:

ȧ0 − ia0
1�t� = −
i

2�
A�t��a1d10 + a2d20 + a3d30�,

ȧ1 = −
i

2�
A�t�d01a0,

ȧ2 + i�	21a2 = −
i

2�
A�t�a0d02,

ȧ3 + i�	31a3 = −
i

2�
A�t�a0d03, �1�

here k is the wavenumber of the wave propagating in
he Z direction, 	L0 is the central carrier frequency of the
aser pulse, and � is the speed of the chirp. 
1�t�=	L0
	10+2�t with 	10= �E0−E1� /� being the resonance fre-
uency for transition between the states �1� and �0�. En
n=0,1,2,3� are energies of the corresponding states, and
ij is the dipole moment matrix element for transition

rom state �j� to state �i� �i , j=0,1,2,3� (see Fig. 1). The
abi frequencies induced by the laser radiation are �ij
�ij

* = �1/��dijA�t�. The Raman detunings �	21 and �	31
re equal to the angular frequency intervals between the
orresponding ground states: �	21= �E2−E1� /�, �	31
�E3−E1� /�.
The set of equations for the probability amplitudes of

uantum states of the tripod-linkage atom was discussed
reviously in a number of papers for generation of coher-
nt superposition of ground states [2–4], with further ap-
lications in the construction of coherent beam splitters
or atomic beams [39], and in adiabatic pulse propagation
40]. The condition of two-photon (Raman) resonance is
n important condition to be fulfilled for these schemes to
e effective. This is one reason why at least two narrow-
and laser pulses have been applied to generate the co-
erent superposition between the ground states in the
revious investigations.
In the case of a single laser pulse interacting with the

ripod-linkage atom, we have a simultaneous interaction
f the laser pulse with all allowed transitions in the atom.
he condition of two-photon (Raman) resonance cannot be

ulfilled in this situation: the corresponding Raman de-
unings, as is mentioned above, are constants, equal to
	21 and �	31 in Eq. (1) representing the frequency sepa-
ation between the corresponding ground states.

First we analyze the population dynamics of the states
f the tripod-linkage atom during action of the frequency-
hirped laser pulse with Gaussian envelope based on nu-
erical simulation of Eq. (1). The results are presented in
ig. 2 for the case of the atom being in one of its meta-
table states (�1�) initially. The Rabi frequency of the pulse
s �01�t�=�0 exp�−t2 /2p

2�, with 2p being the duration of
he pulse (intensity). In the simulations, we assume for
implicity that the Rabi frequencies are the same for all
llowed transitions in the atom �01=�02=�03 with �0 be-
ng the peak Rabi frequency of the pulse. As could be seen
rom Fig. 2, a part of the atomic population is transferred
rom the initially populated state �1� and distributed be-
ween the three metastable states �1�, �2�, and �3� as a re-
ult of the interaction with the frequency-chirped laser
ulse. An important peculiarity of this population trans-
er is that only a negligibly small population is being
ransferred to the excited state of the atom �0� during the
nteraction. Such behavior is possible only when the
andwidth �	L of the laser pulse envelope (without chirp)
s larger than the frequency separation between the two
lose �1� and �3� states of the atom, but it is smaller than
he separation between the states �1� (�3�) and �2� (see Fig.
):

�	L � ��	13�,

ut

�	L � ��	12�. �2�

Another condition for such population transfer is that
he peak Rabi frequency of the laser pulse must be
reater than the largest frequency distance between the
round states of the atom: �0� ��	12�. The direction of the
hirp also plays an important role in the population trans-
er without excitation of the atom: the resonance must be
chieved first with the transition from the initially popu-
ated ground state to the excited one and only afterwards
ith the transitions from the other (initially empty)
round states.

. ATOMIC POPULATION DYNAMICS:
RIGHT AND DARK SUPERPOSITION
TATES AND ADIABATIC (DRESSED)
TATES ANALYSIS
o explain the population dynamics in the tripod-linkage
tom obtained above by numerical simulation of the
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chrödinger equation, we show in this section that the
our-level atom with a tripod structure of the levels may
e considered as an equivalent three-state atom with
-interaction linkages when the condition [Eq. (2)] takes

ig. 2. (Color online) (a) Population dynamics of the states of
he tripod-linkage atom during action of the frequency-chirped
aser pulse. Parameters applied are duration of the pulse p
15 ns, Rabi frequency for transitions from the metastable
tates to the excited state (the dipole moments for the allowed
ransitions are assumed equal to each other for simplicity) is

10=�20=�30=15 GHz, and the speed of the frequency chirp �
3 GHz/ns, the distance �	31 between the close levels is equal to
0 MHz and the distance between the close and the far levels is
qual to 1 GHz. (b) Population of the excited state. (c) Evolution
f the phase of the Raman coherence between states �1� and �3� in
nits of �.
lace: one of the metastable states of such a three-state
tom is a superposition state composed of the two close
tates of the original tripod-linkage atom and the other
etastable state and the excited state are the far meta-

table state and the excited one of the original atom.
The condition [Eq. (2)] allows us to neglect the term

	31a3 compared with the term ȧ3 in the last equation in
q. (1): �	31� �ȧ3 /a3�. It is convenient to rewrite Eq. (1)
sing the basis of the bright �db� and dark �dd� superposi-
ion of the states �1� and �3� (see also [7–9]):

�db� =
1


1 + �31
2

��1� + �31�3��, �dd� =
1


1 + �31
2

��31�1� − �3��,

here �31=�03/�01=d03/d01.
The Schrödinger equation (1) for the probability ampli-

udes db and dd of these superposition states has a form:

ḋb = −
i

2
a0F1, ȧ2 + i�	21a2 = −

i

2
a0F2,

ḋd = 0,

ȧ0 − ia0
1 = −
i

2
�dbF1

* + a2F2
*�, �3�

here F1=�01
1+�31
2 , F2=�02�21, and �21=�02/�01

d02/d01. Equation (3) is identical to the Schrödinger
quation of an equivalent three-level atom with
-interaction linkages, one of the metastable states of
hich is replaced by the bright component of the super-
osition of the atomic states �1� and �3� of the original
ripod-linkage atom. As it follows from Eq. (3), the prob-
bility amplitude dd of the dark superposition of the
tomic states �1� and �3� does not change during the inter-
ction. Note that such a behavior of the dark component
as obtained when the term proportional to �	31 was ne-
lected in the last equation of Eq. (1). This term would
rovide interaction between the dark and bright compo-
ents forcing the dark state to be “not so dark.” However,
he first condition in Eq. (2), which may be rewritten in
he form �	31p�1, means that evolution of the dark
tate will be negligible under the relatively short time of
he action of the laser pulse. This can be seen also in Fig.
(a), where �	31p=0.15. The results of simulations in
his case differ slightly from the results corresponding to
	31p=0. In the latter case one expects the final popula-

ion of the far state to be 0.5 and the populations of the
lose states to be same and equal to 0.25 each for the case
f the assumed equal dipole transition elements.

The amplitudes db, a0, and a2 may be represented as
omponents of a column-state vector c� = �db ,a0 ,a2�T

db�1 0 0�T+a0�0 1 0�T+a2�0 0 1�T of the equivalent effec-
ive �-linkage atom. In this representation, Eq. (3) will
ave the following form:

i�
d

dt
c� = Ĥbc� , �4�

here column vectors �1 0 0�T, �0 1 0�T, and �0 0 1�T

tand for the states �db�, �0�, and �2�, respectively (see Fig.
). The Hamiltonian Ĥ has the following form:
b
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Ĥb = − ��
0 F1/2 0

F1
*/2 
1 F2

*/2

0 F2/2 − �	21
� . �5�

The solution of Eq. (4) can be represented on the basis
f the adiabatic states b� �k��t�:

c��t� = 
k

rk�t�b� �k��t�exp�− i�
−�

t

wk�t��dt�/�� , �6�

ith the initial condition at t→−�:

c��− �� = 
k

rk�− ��b� �k��− ��, �7�

here b� �k��t� is the adiabatic-state eigenvector, corre-
ponding to the kth adiabatic eigenvalue (quasienergy) wk

f the Hamiltonian Ĥb:

Ĥbb� �k� = wkb� �k�. �8�

he quantity rk�t� in Eq. (7) is the probability amplitude
f the adiabatic-state vector b� �k��t�. According to the adia-
atic theorem [41], rk�t��rk�−��.
We obtain the following equation for the quasienergies

k, and the components bi
�k� of the corresponding dressed

igenstates using Eqs. (5)–(8):

w3 + w2���	21 − 
1� − w�2�
1�	21 + ��F1�2 + �F2�2��

− �3�F1�2�	21 = 0, �9�

b1
�k� =

F1��wk + ��	21�


N
, b2

�k� =
wk�wk + ��	21�


N
,

b3
�k� =

F2�wk


 , �10�

ig. 3. Structure of the quantum states of the equivalent-
inkage atom with one of the ground states, �db� being a superpo-
ition of the close metastable states of the tripod atom.
N

here the normalization factor is

N = F1
2�2�wk + ��	21�2 + wk

2�wk + ��	21�2 + F2
2�2wk

2.

he dynamics of the three quasienergies wk �k=1,2,3�,
he solutions of Eq. (9), is shown in Fig. 4 for a laser pulse
ith Gaussian envelope A�t� and a positive (from red to
lue) linear frequency chirp: 	L�t�=	L0+�t, ��0. As it
an be seen, the value of one of the quasienergies referred
o as w1 is restricted between zero and the value of the
requency distance �	21 between the ground states �db�
nd �2� of the equivalent �-linkage atom independently of
he value of the Rabi frequency of the laser pulse:

0 � w1 � ���	21�. �11�

Let us assume at this point that the atom is in the
etastable state �db� initially (at t→−�) with the state

ector components db�−��=1 and a0�−��=a2�−��=0: the
nitial state vector c��t→−��= �1 0 0�T. As follows from
qs. (9) and (10), only for w=w1 will b1

�1�→1, b2
�1�→0, and

3
�1�→0 at t→−�. So the adiabatic state

b� �1��t� = b1
�1��1 0 0�T + b2

�1��0 1 0�T + b3
�1��0 0 1�T �12�

s the one that has to be identified with the assumed
nitial-state vector of the atom in the absence of the laser
eld: b� �1��t→−��=c��t→−��.
According to the adiabatic theorem [41], the population

f the atom will remain in this adiabatic state if the con-
itions of the adiabaticity are fulfilled (see [1]): the laser
ulse has to act on the atom in a way that eliminates
ransitions between different dressed states. In the case
nder consideration the laser pulse envelope has to be
ufficiently long for its bandwidth (without chirp) to be
maller than the frequency interval �	21 between the two
etastable states �db� and �2�; see Eq. (2). We have the fol-

owing relations between the adiabatic-state vector com-
onents bi

�k� from Eq. (10):

ig. 4. Evolution of the quasienergies of the equivalent
-linkage atom during the action of the frequency-chirped laser
ulse corresponding to the case of the quantum states population
ynamics shown in Fig. 2. Dashed lines are the diabatic lines.
ime is normalized by  .
p
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b2
�k�/b1

�k� =
wk

�F1
, b3

�k�/b1
�k� =

F2wk

F1�wk − ��	21�
�k = 1,2,3�.

�13�

s it follows from these relations for wk=w1, and taking
nto account Eq. (11), the relative contribution of the (ex-
ited) state �0� [described by the component b2

�1�; see Eqs.
12) and (13)] into the atomic adiabatic state is of the or-
er of magnitude of �	21/F1: �b2

�1� /b1
�1��� ��	21/F1�. This

ontribution decreases when the generalized Rabi fre-
uency F1 increases. It is negligibly small when the Rabi
requency exceeds considerably the frequency distance be-
ween the two ground states: F1��	21. As the analysis of
q. (9) for the quasi-energies shows, the solution for w1
oes not depend on the Rabi frequency at all and can be
pproximated as

w1 � −
d01

2 + d03
2

d01
2 + d03

2 + d02
2 ��	21, �14�

n the region of sufficiently large Rabi frequencies, when

�F1�2 + �F2�2 � �
1�	21�, �F1� � ��	21�. �15�

Note that in [2], two dark superposition of metastable
tates were obtained in the case when three interacting
aser waves were in exact resonance with corresponding
ransitions (or in Raman resonance with each other). In
ontrast with that case, only one dark superposition of the
lose (quasi-degenerate) states �1� and �3� may be defined
n the situation discussed in this paper, which is un-
oupled from the interaction with the laser field [see Eq.
3)]. The second dark superposition state, which includes
he separated (far) ground state �2� is not completely dark:
here is interaction of this superposition at the leading
nd rear fronts of the laser pulse accompanied by some
emporary excitation of the atom [see Eq. (11)]. This su-
erposition is getting completely dark at sufficiently high
alues of the Rabi frequency exceeding the frequency
eparation between the far and the close states [see Eq.
14) and condition (15)].

We have a “trapped” superposition of two metastable
tates of the equivalent �-linkage atom in the region of
onstant quasienergy w1 in Fig. 4. This trapped (dark) su-
erposition state is composed of the bright superposition

db� state and the metastable state �2� of the original
ripod-linkage atom. There is no excitation of the atom in
his region. The quasienergy w1 tends to the diabatic line

3
0=−��	21 at the end of the interaction with the pulse

at t→�) in the case of a positive slope of the time varia-
ion of the frequency chirp (positive chirp, ��0; see Fig.
). Otherwise, it tends to the diabatic curve w2�t�=�
1�t�
n the case of negative chirp ���0�. The latter corre-
ponds to the quasi-energy of the excited state of the
quivalent �-linkage atom, which is the same as the ex-
ited state of the original tripod-linkage atom.

The adiabatic states picture shows the possibility of
ransfer of the complete population of the superposition
 	
tate �db� into state �2� with an appropriate sign of the fre-
uency chirp. For the original tripod-linkage atom, this
eans the transfer of the bright superposition of the close
etastable states �1� and �3� into the other far metastable

tate �2� without considerable excitation of the atom while
he dark component of the superposition is being left
ithout any variation during the interaction. In the case
f the atom in the state �1� initially, the following super-
osition of the three metastable states of the atom will be
reated as a result of interaction with the laser pulse:

������ =
�31

2

1 + �31
2 �1� +

1


1 + �31
2

�2� −
�31

1 + �31
2 �3�.

As it follows from the consideration presented in this
ection, the adiabatic-state analysis allowed to explain
he results of the population dynamics and creation of the
oherent superposition of the metastable states of the
ripod-linkage atom obtained by the numerical simulation
f the Schrödinger equation (see Fig. 2).

ig. 5. (Color online) Population dynamics in the tripod-linkage
tom for two atoms moving with different velocities (different
alues of the Doppler shift of the transition lines). The central
requency of the laser pulse has Doppler shift (a) 	D=−2�p; (b)

D=2�p.
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. DISCUSSION
s was mentioned in the Introduction, quantum superpo-
ition states play an important role in numerous applica-
ions in quantum and nonlinear optics and related fields.
he creation of the coherent superposition of the meta-
table states considered above is accompanied by negli-
ible excitation of the atom. Because no strict resonance
onditions are needed for the laser pulse in this process,
his method may be successfully applied also to inhomo-
eneously broadened media. Here the limitation on the
idth �	inh of the inhomogeneous broadening is that it
ust be smaller than the overall chirp of the pulse carrier

requency during the duration of the pulse: �	inh��p.
To verify the efficiency of the method in an inhomoge-

eously broadened medium, we present the population
ynamics in the atom with tripod interaction linkages
imulated for two identical atoms moving with two differ-
nt velocities inducing Doppler shifts �	D

�1,2�=�	inh
�1,2� of

he resonance lines in the atoms. These shifts correspond
o the limiting values for the laser pulse frequency detun-
ng: �	D

�1,2�= ±�p (see Fig. 5). The Doppler shift is in-
luded into the parameter 
0 describing the detuning of
he central frequency of the frequency-chirped laser pulse
rom the resonance frequency of the �1�↔ �0� transition.
s it follows from Fig. 5, the proposed scheme of creation
f the coherent superposition state is valid even for these
wo limiting values of the Doppler shift.

The proposed scheme of creation of coherent superposi-
ion states is robust against variations of the laser pulse
eak intensity (Rabi frequency) and of the speed of the
hirp. To verify the robustness, we introduced harmonic
odulation of the laser pulse amplitude and (or) the

peed of the chirp. The limitation on the parameters of
his modulation, the depth and the frequency of the
odulation, is that the spectrum broadening of the laser

ulse induced by the modulation must be less than the
requency interval between the close and the far states to
ulfill the second condition in Eq. (2). With this limitation
n the modulation frequency, as our simulations showed,
he proposed scheme was effective even at modulation of
he laser pulse amplitude and the speed of the chirp with
p to 50% depth.
As an appropriate quantum system for realization of

he above-considered scheme for coherent superposition

ig. 6. Energy scheme of the J=1↔J1=0 transition of a Sm atom
aser field performing Stark shift of the sublevels with m=0. The
n the right part of the figure with � and � components. The qua
tate creation may be considered the manifold of mag-
etic sublevels of J=1↔J�=0 transition in, for example,
he Sm atom, where the total momentum numbers J=1
nd J�=0 stand for the ground and the excited states, re-
pectively (see Fig. 6). Note that this quantum system
as used in [42] to demonstrate experimentally inver-

ionless amplification of picosecond laser pulses due to
eeman coherence between the magnetic sublevels of the
round state.

To have simultaneous transitions between all working
evels of the tripod-linkage atom, we need both � and �
olarization components to be present in the laser radia-
ion. It may be realized, for example, by applying a lin-
arly polarized laser pulse with the electric strength vec-
or being at some angle to the quantizing magnetic field
see inset in Fig. 6). One has to apply an additional � po-
arized nonresonant laser radiation, which, due to the
tark effect, will shift the magnetic sublevel m=0 to real-

ze the separated far ground state. The role of the close
etastable states of the tripod-linkage atom will be

layed by the magnetic sublevels with quantum numbers
=−1 and 1. While transitions from these states to the

xcited state with magnetic quantum number m=0 will
e provided by the ��+� and ��−� components of the E� pro-
ection of the electric field of the laser pulse, transitions
etween the states �J=1,m=0� and �J�=0,m=0� will be
rovided by the E� polarization component of the laser
eld (see Fig. 6).
Variation of orientation of the electric field strength

ector E� will change the relative amplitudes of the E� and
� polarization components and correspondingly, the
abi frequencies for corresponding transitions. As a con-
equence, different compositions of the probability ampli-
udes of the states �1�, �2�, and �3� in the final superposi-
ion will be created. In this way, a desired superposition of
hese states may be created just by variation of the orien-
ation of the electric vector.

Note that the above-considered scheme may be realized
lso by using magnetic sublevels of different hyperfine
evels of the ground states of alkali metals (for example,
b atoms). In the latter case one needs no additional non-
esonant electric field for shifting of one of the levels. Spa-
ially quantized systems, such as QD [43], including
oupled QD [44], may be considered as other candidates of

magnetic field with additionally applied nonresonant �-polarized
c strength vector E� of the frequency-chirped laser pulse is shown
g magnetic field is directed along the Z axis.
in a
electri
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uantum systems appropriate for realization of the pro-
osed scheme.
A QD with tripod linkage of the states with an appro-

riate frequency distance between the ground states (e.g.,
ith two close and one far ground state with given dis-

ances between the states) may be calculated and also
onstructed experimentally. In the latter case too, one
eeds no additional nonresonant laser field to produce a
ar state.

. CONCLUSIONS
n conclusion, we have proposed and analyzed a scheme of
reation of coherent superposition of metastable states in
n atom with a tripod-linkage of the levels using a single
requency-chirped laser pulse. The analysis was based on
umerical solution of the Schrödinger equation for the
robability amplitudes of the quantum states, and the re-
ults were verified and understood by using bright and
ark superposition states along with the adiabatic state
nalysis. An important peculiarity of the scheme is that
o appreciable excitation of the atom takes place during
he interaction process, providing immunity to the deco-
erence effects connected with the spontaneous decay of
he excited state. Our analysis has shown that the scheme
nder consideration is robust against variations in the la-
er pulse amplitude and the speed of the chirp: modula-
ion of the laser pulse amplitude and the speed of the
hirp with even 50% depth does not change significantly
he efficiency of the scheme.

An important property of the scheme is its applicability
o inhomogeneously broadened media due to the absence
f strict resonance conditions. The limitation here is that
he range of the frequency chirp during the laser pulse
ust exceed the width of the inhomogeneously broadened

ransition lines of the atomic ensemble. This property of
he scheme is important for applications in quantum com-
uting schemes based on quantum dots or the rare-earth-
etal-ion-doped crystals.
Because the laser pulse with chirped frequency does

ot appreciably excite the atom in the scheme under con-
ideration, we anticipate lossless propagation of the pulse
n the otherwise absorbing medium similarly with the
ossless propagation in the medium composed of atoms
ith �-interaction linkages (see [32]). An important dif-

erence here is that while the total population is trans-
erred from one ground state to another one in the
-linkage atoms as the result of interaction with the

requency-chirped laser pulse, a coherent superposition of
he metastable (ground states) is created in the case of
he tripod-linkage atoms. It means that an optically thick
edium consisting of such atoms may be prepared in the

oherent superposition of metastable states along the
race of propagation of the frequency-chirped laser pulse.
uch preparation of the atomic medium may find impor-
ant applications in the nonlinear and quantum optics.
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