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We propose and analyze a scheme for creation of coherent superposition of metastable states in a tripod-structured
atom using frequency-chirped laser pulses with negligible excitation of the atoms. The underlying physics of the
scheme is explained using the formalism of adiabatic states. We show that the proposed scheme may be equally
efficient in homogeneously and Doppler-broadened media, By numerically solving the master equation for the
density matrix operator, we analyze the influence of relaxation processes on the efficiency of the creation of super-
position states. We show that the proposed scheme is robust against small-to-medium variations of the laser field’s

parameters. © 2011 Optical Society of America
OCIS codes:  020.1670, 210.0210, 270.5585.

1. INTRODUCTION

Creation of coherent superposition of quantum states has at-
tracted a great amount of attention in the last decade. The rea-
son is a rich variety of possibilities for practical applications of
coherent superposition states in different fields of optical
science and technology. Preparation of atoms or molecules
in coherent superposition states results in extreme changes
in the optical (refractive and absorption) properties of a med-
ium composed of such coherently prepared atoms or mole-
cules. These changes may lead to dramatic variations of
the propagation characteristics of laser pulses in such media
due, for example, to the effect of electromagnetically induced
transparency (see review papers [1-3] and references there-
in). Other effects and applications relating to the coherently
prepared media include inversionless amplification of laser ra-
diation [4], enhancement of the efficiency of nonlinear optical
processes [6-7], quantum computing [8], optical information
storage and processing using quantum states [9-15], and many
others.

There is a large variety of techniques for creation of coher-
ent superposition of atomic states. In a simplest case of a two-
level model atom, for example, a coherent superposition of
the two states may be created using a resonant laser pulse
with the area of the Rabi frequency (integral of the Rabi fre-
quency over time) not equal to an integer number of z. The
value of the induced coherence, however, is sensitive even
to relatively small variations of this area and to the resonance
conditions between the interacting laser field and atomic
transition [16].

Other, more robust schemes for creation of coherent super-
position states have been proposed in the past decade in atom-
ic and molecular systems with more complicated structures of
working levels. Most of these schemes are based on the adia-
batic following method, which is robust against small-to-
medium variations of the parameters of the laser fields
[17-28]. The most-used schemes of the adiabatic following
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include stimulated Raman adiabatic passage (STIRAP)
[17-25), Stark chirped rapid-adiabatic passage (SCRAP)
[26-28], and schemes involving frequency modulated
(chirped) laser radiation [9,29-37].

The condition of two-photon resonance is crucial for the
STIRAP scheme to be effective. Being sensitive to this condi-
tion, the STIRAP-based schemes allow negligible excitation of
the atomic system. The SCRAP scheme is not too sensitive to
the two-photon resonance condition but is accompanied by
temporary excitation of the atom. The schemes based on fre-
quency chirped (FC) laser pulses are free of the drawbacks of
the other two schemes mentioned. Because of the frequency
chirp, they are not sensitive to the resonance conditions (in-
cluding the two-photon resonance condition) and allow tran-
sition of the populations between the metastable states of a
multilevel atom without considerable excitation of the atom
[30,33,32]. These features of the schemes based on the FC
pulses are especially important for the coherent manipulation
schemes of inner or (and) translational states of quantum sys-
tems, where excitation is prohibited to avoid the decoherence
effects caused by the spontaneous decay of the excited states.
Such elimination of the excitation in multilevel atoms is
achieved through destructive interference of different quan-
tum passes to the excited state.

In [30], a novel scheme of manipulation of atomic popu-
lations was proposed and a complete population transfer be-
tween metastable states of the A-type atom was demonstrated
without considerable excitation of the atom by using a single
FC laser pulse. This scheme may be considered a supplemen-
tary one to the STIPAP scheme. While the condition of Raman
resonance is crucial for the STIRAP-based schemes, it matst be
violated in the scheme with a chirped laser pulse of [30] to
avoid excitation of the atom. This is a major difference of this
scheme compared with that of STIRAP. As our analysis
shows, the initial mixture of the bright and dark superposition
states when the atom is optically pumped into one of the
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ground states of the A-like atom in the scheme of [30] evolves
into a completely dark state at the central part of the laser
pulse and back to the same mixture of the dark and bright
states as in the initial superposition at the end of the interac-
tion but with additional phase difference of z. It results in
complete transfer of the atomic population from the initially
populated ground state to the other initially empty ground
state without considerable population of the excited state.
A similar scheme with a single FC pulse but in a tripod-type
atom was used in [31] to transfer the atomic populations
among the three metastable states and to create a coherent
superposition of these states without considerable excitation
of the atom. Note that, while the scheme proposed in [32]
using STIRAP with one of the pulses having chirped frequency
allows creation of an arbitrary coherence through variation of
the speed of the chirp, it contains a nonadiabatic coupling be-
tween the dressed states and, hence, is not an adiabatic and
robust one.

From the point of view of practical applications of the
schemes for coherent manipulation of atomic or molecular
quantum states, it is important to investigate their applicability
in real media with inhomogeneously broadened transition
lines typical for atomic gases or atoms in solid-state environ-
ments. Another important question to be addressed is the
effect of the longitudinal and transverse relaxations on the ef-
ficiency of the schemes. Note that, in the case of STIRAP, the
effect of dephasing was investigated in [38,39] and recently, in
[40]. The influence of the dephasing and inhomogeneous line
broadening due to solvent fluctuations on the efficiency of
STIRAP in solute molecules was studied in [41].

In this paper, we generalize the scheme proposed in [30,31]
by including three FC laser pulses (instead of a single one)
and, thus, broadening the possibilities of the control of the
atomic populations and created coherences. No time delay be-
tween the pulses is included, which reveals another distinc-
tion with the STIRAP-based schemes. Since the proposed
scheme includes FC laser pulses and does not require strict
resonance conditions, it seems to be prospective for applica-
tions in inhomogeneously broadened media. To explore the
potential possibilities of the scheme, we investigate creation
of coherent superposition of metastable (ground) states in a
tripod-structured model atom with Doppler-broadened transi-
tion lines.

In the proposed scheme, three FC laser pulses, with two
of them in Raman resonance and the third out of Raman
resonance, perform coherent manipulation of the atomic
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populations and coherences. Similar to the case of a single
FC laser pulse (see [30,31)]), the proposed scheme allows sup-
pressing the excitation of the atom to minimize the decoher-
ence effects caused by the spontaneous decay of the excited
states.

We investigate in detail the effect of Doppler broadening of
transition lines on the efficiency of coherence creation be-
tween ground atomic states in the proposed scheme by con-
sidering an atomic gas of tripod-structured atoms at different
temperatures.

We show that, while the proposed scheme is robust to
variations of the parameters of the laser field out of Raman
resonance, the value of the created coherence may be con-
trolled by variation of amplitudes (Rabi frequencies) of the
two laser pulses in Raman resonance. In the case when these
two laser pulses originate from the same laser source, the in-
duced coherence is immune to phase and amplitude fluctua-
tions of these two fields.

The remainder of this paper is organized as follows. In
Section 2, we present the mathematical formalism describing
the interaction of FC laser pulses with the tripod-structured
atom based on the master equations for the density matrix
operator, taking into account longitudinal and transverse re-
laxation processes. In Section 3, creation of the coherent
superposition states is discussed using dressed states analy-
sis. The results of the numerical analysis are presented in
Section 4. The effect of Doppler broadening of the transition
lines in an atomic gas of tripod-structured atoms is analyzed in
Section 5. In Section 6, the influence of longitudinal and trans-
verse relaxation processes is discussed on the efficiency of
the coherence creation. The robustness of the proposed
scheme against variations of parameters of the acting laser
pulses is analyzed in Section 7, and the obtained results are
summarized in Section 8.

2, MATHEMATICAL FORMALISM

We consider interaction of three laser pulses with a model
atom having a tripodlike structure of working levels; see Fig. 1.
Each laser field is acting on the corresponding allowed elec-
tric-dipole transition in the atom [between a ground state |n)
(n = 1,2, 3) and the excited state |0}] according to selection of
the carrier frequencies or polarizations of the laser fields.
Transitions between the ground states are forbidden in
the electric-dipole approximation. The electric field strength
of the laser field has the form E(&) =2 E;(t)x
cos( !, w;(¥')d?’). An identical linear variation in time (linear

@(t)

tla.u.]
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(a) §;,>0

— 10

(b) ;>0

Fig. 1. (Color online) Level structure of the tripodlike atom and the interacting FC laser pulses for the cases of (a) positive and (b) negative Raman
detuning and two different initial conditions for the atomic population. The inset shows a Gaussian laser pulse with positive linear chirp.
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frequency chirp) of the carrier frequencies of all the interact-
ing laser pulses is assumed in this paper: w.(t) = w,({p) + p,
where a),(co) is the central carrier frequency of the kth field
and g is the speed of the chirp. The central frequency detuning
8, from the resonance atomic frequency oy, is 8§ = oo, — m,SO>,
k € {1,2,3}. Since we assume Raman resonance between the
fields E; and Ey, we have equal single-photon detuning for
these waves: §; = 8, = A; see Fig. 1.

Since we are interested in the effect of the relaxation pro-
cesses on the dynamics of the atomic populations and coher-
ences, we begin with analysis of the master equation for the
density operator p of the system:

where the interaction Hamiltonian in the rotating wave ap-
proximation has the following form:

0 exp(tAt)Q;

exp(-tADO 0
exp(—tAL) 0
exp(—i830) 0

H=n

and the relaxation operator is

~Lpoo (-ror +T'/2)p01
| o +I/2)p5, T'1p00
(~vo2 +T/2)p5, ~712P12
(=ros +1/2)053 ~¥13P73

The time-dependent Rabi frequencies are (); = %Ej(t)dgj
- exp(ipt?) = W;f(t) - exp(¢pt?), with (in general, different)
complex amplitudes W; (j = 1,2,3). The envelope function
S(t) is supposed to be the same for the three laser pulses.
dy; is the dipole moment matrix element for transition be-
tween the ground state |f) and the excited state [0). We as-
sume that the laser pulses have the same Gaussian shape
with duration 7, = 7;,/(2In2)Y/2, where 7, is the full width
at halfmaximum of the pulse (intensity) envelope:
S(t) = exp[-(t/7,)?]. T =T + T2 + '3 is the spontaneous
decay rate of the excited state |0), with I'y; being the sponta-
neous relaxation rate to the ground state [f); y,; is the dephas-
ing rate for optical coherence between the states |0) and |7)
(G =1,2,3); and yy, 713, and y3 are dephasing rates of coher-
ences between the ground states. The following phase trans-
formation of the density matrix operator: p/ = T~} . p. T', with

1 0 0 0
T 0 exp(—tA) 0 0
10 0 exp(-tA) 0 N
0 0 0 exp(~1i8s)
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allows us to eliminate the exponential phase factors in the
right side of Eq. (1) and in the Hamiltonian in Eq. (2):

H' = T-HT + ih(3,T")T
0 0 0 0
o -A 0 0
% 0 -A 0
M 0 0 -5

This results in the following set of equations for the density
matrix elements:

exp(tAL)Qy  exp(i8st)Qs
0 0
’ It )
0 0

(~vo2 +T/2)po2  (=ros +T'/2)pos

—Y12P12 —Y13P18 ( 3)
a0 —Y23P23
~Y230%3 Lapoo

3
0epoo =~ (Z Qupg; - Q?Pot) = Dpoo,

=1
3o = 1y — Qipor) + Dipog,  Where
ke {1,2,3},

3:p01 = 1[0}y + O3l + Qu(p11 - poo) + Apy]
~ (/2 + For)pos .

3,002 = ~1[{l1p1z + Qapls + Qa(paz — poo) + Apge]
~ (/2 + Foz)poes

3.p0s = ~1[01p13 + Qopas + Qs (pss — poo) + Bapos)]
- (/2 + 763)pos»

3,12 = ilQapy; — Oipoz] - Frop12,
3,p13 = 1{Qaph; — Qipos + S13p13] = Frap1ss
B.pas = 1[Qaply — Qbpos + Biapes] — Fospas, (5)

where a dimensionless time variable ¢ = {/7,, is introduced
and all the parameters are scaled with z, (or 1/z,):
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l:'j =Dty ¥1e = Yu7p and A= Ary, 813 = (A - 83)7, is Raman
detuning between the fields with Rabi frequencies ; 5 and O,
O(7) = Wy exp(-22) exp(fr2) with Wy, = Wyz,; = pr2. The
diagonal density matrix elements p;; ( = 0, 1, 2, 3) are the po-
pulations of corresponding states; the nondiagonal elements
pij (k27) are the (complex) coherences between the corre-
sponding states characterizing the coherent superposition
of these states.

Before presenting and analyzing the results of the numer-
ical simulation of Egs. (5), and to gain an insight into the un-
derlying physics of the processes in the atomic system, let us
discuss the behavior of the system in the case when the re-
laxation processes may be neglected, assuming a duration
of the pulses that is much shorter than the relaxation times
scales.

At this point, it is convenient to perform a transformation
from the bare state representation basis for the atomic state
vector to the basis of “dark”“bright” superposition states and
perform the dressed states analysis in that basis.

A. Transformation to the “Dark”-“Bright” Superposition
States Basis

For the analysis provided below, it is convenient to introduce
new basis functions consisting of the following superpositions
of the bare atomic states of the tripodlike atom:

|db;) _ W3lD) - Wil2) |dby) = Wi|1) + Wa|2) ’
VIV + WP VIWL P+ Wl
) =7, aby) =10). (0

In the new basis, the Hamiltonian of Eq. (4) can be written

Hg,
0 0 0
—h 0 0 SOVIWLP+[WaP

813 S(0)[Ws] '

0
SOVIWLP+W* 7(0)[Ws|

0
0
0
0 215+ A

("
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W (©) = SrOB() - exp ( [ wl)dtl) . ®

with initial condition [y({-—e)) = Zkrk(—OO)l—;k(—oo), where /;
and b, are the eigenvalues and eigenvectors of the Hamilto-
nian H g

Hayby, = by C)

According to the adiabatic theorem (see [42,43]) in the adia-
batic regime of interaction 7% (f) =1p(~), k € {1,2,3,4},
which means that, if the atom is in one (or superposition)
of its eigenstates initially (before the interaction process, at
{ — —o), it remains in the same eigenstate (or the superposi-
tion of the eigenstates) during the interaction process.

We obtain the following equation for the eigenvalues (quasi-
energies) 1 = 4, from Egs. (7)-(9):

1(113 +/12(513 - 2pt - A)
= AW 2+ [Wol? + [W3 ) ()% + 615(26t + A)]
= (W1 + [Wa*)81af (1))
—o, (10)

and the following expressions for the corresponding dressed
eigenvectors b;:

Bk: 0 SOVIWIE+HWAP 4 Qe A+200)f (P (W1 PHWI) A @
VN SOW|VN vN ’

ke {2,3,4}. (1)

In addition, b; =(1 0 0 0)®, with the normalization
factor

|4 = [A +288) ~ SOV, P + W) 2

A2,

N= \/f(t)2(|W1|2 +[Waf?) + |

3. DRESSED STATES ANALYSIS

The state vector of the atom in the dark-bright basis can be
represented on the basis of the eigenfunctions of the interac-
tion Hamiltonian Hg, as

MOIE

As it follows from Eq. (11), the following relations take
place between the components of the dressed state vector
by, k€ {2,8,4}
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Fig. 2. (Color online) Time dependence of the eigenvalues (quasi-energies) of the Hamiltonian equation [Eq. (14)] in cases of (a) positive and
(b) negative Raman detuning; |5,5] - 7, = 250 in both cases. All parameters are normalized to the pulse duration Tpe
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The dynamics of the four eigenvalues (quasi-energies) is
shown in Fig. 2 for Gaussian-shaped laser pulses with positive
(# > 0) linear chirp for two cases of Raman detuning &;s:
positive (613 > 0) and negative (§;3 < 0).

Below we consider two different cases of creation of coher-
ent superposition states that differ by the initial preparation of
the atom (see Fig. 1). In the first case, before the interaction
process (at ¢t —» —), the entire atomic population is optically
pumped into one of the two ground states connected by the
pulses in Raman resonance [see Fig. 1(a)]. In the second
case, the atom is prepared in the ground state [3) initially,
[see Fig. 1(b)]. We will refer to the cases of positive and ne-
gative Raman detuning supposing that the atom is prepared
in the ground state |1) (positive Raman detuning) or in the
state |3) (negative Raman detuning) with the same positive
chirp (8 > 0).

While in the first case of ,positive Raman detuning (6,53 > 0),
at the positive chirp (# > 0) the pulses in Raman resonance
(Q; and Q) reach the single-photon resonances with corre-
sponding transitions earlier than the third pulse (Q3) out of
Raman resonance, in the second case of negative Raman de-
tuning (and positive chirp), the resonances occur in reversed
order. As it will be shown below, in both cases of the initial
preparation of the atom, only a negligible (and temporary) ex-
citation of the atom takes place during the interaction.

As it can be seen in Fig. 2, in both cases of positive and
negative Raman detuning, there is a quasi-energy of the sys-
tem (4;) that has zero value at the beginning and during the
entire interaction process: i; = 0. This quasi-energy corre-
sponds to the dark superposition state |db,;) [see Egs. (6)].
At the same time, there is another quasi-energy, 1, (see Fig. 2),
whose value, in contrast to the other two quasi-energies Ay and
A3, does not depend strongly on the Rabi frequencies and is
restricted by the value of the Raman detuning &;5:

05 |Ay| < [833]. (13)

Let us assume at this point that, before the interaction pro-
cess, the entire atomic population is distributed between

the ground states |1) and |2) and is prepared in the bright
superposition |db;) [see Egs. (6)]. As it follows from Fig. 2(a),
in the case of positive Raman detuning, only the quasi-energy
44 coincides at the beginning of the interaction (t — —) with
the energy of the (bare) state |[dby); and the corresponding
adiabatic (dressed) state b, coincides with the state |dbs). This
means that the dressed state 54 is one that has to be identified
with the assumed initial state vector of the atom in the ab-
sence of the laser field. At the end of the interaction, this
quasi-energy coincides with the energy of the bare state
[dbg), which, with a phase factor (equal to W3/|W3]), coincides
with the bare ground state |3) in the initial (energy) represen-
tation. It means that the atomic population of the bright super-
position of two ground states |1) and |2) is adiabatically
transferred into the third ground state of the atom as a result
of interaction with the three FC laser pulses. The same sce-
nario will take place in the case of negative Raman detuning
if initially the atom is localized in the state |3}, as in the second
scheme of coherence creation [see Fig. 2(b)].

In the case of positive Raman detuning, the atom is pre-
pared in the atomic bare state |1), which is a superposition
of the dark state |db;) (which remains unchanged during
the interaction), and the bright state |dby), which evolves to
ground state |3). Consequently, the atom ends up in a super-
position of the dark state |db,) and the state |3).

In order to provide coherent population transfer, it is im-
portant to avoid excitation of the atom. As it follows from
Eqgs. (6), the state |db,) coincides with the excited atomic bare
state |0). Considering Eqgs. (11)~(13) and taking into account
that the conftribution of the excited state into the atomic state
vector is described by the component bff) of the dressed state
vector Bk corresponding to the quasi-energy J,, the relative
contribution of the excited state |db,) may be estimated as

4
% < ’—*L . (14)
by VIWL P+ W

As it follows from the obtained relation, the population of the
excited state may be suppressed by increasing the amplitudes
W, or/and W, of the Rabi frequencies of the laser pulses in
Raman resonance. Obviously, the excited state also remains
unpopulated when the system evolves in the b 1 = |dby)
dark state.
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A. Creation of Coherent Superposition States

Let us now discuss creation of coherent superposition of
ground states in the tripodlike atom. Considering the case
of the positive Raman detuning along with the positive fre-
quency chirp (> 0), let us assume that the population of
the atom is initially optically pumped into the one of the
ground states, e.g,, into the state |1). Taking into account
the dark-bright superposition basis of Egs. (6), the initial

atomic state may be written as |y(-=))=|1)=
%%‘ZL:) .For this initial condition, we have for the coeffi-

cients 7 (t) & r,(—) describing the statistical weights of the
eigenstates in the dressed states representation of the atomic
wave function in Eq. (8):

” W, Wi
| = e, = e
VIV P+ Wl VIWLE A+ W
Ty = 0, Yy = 0. (16)

As it was discussed above, the dressed state b 1, corresponding
to the eigenvalue 1; = 0, coincides with the dark state |db,)
and does not change during the interaction. At the same time,
as aresult of the interaction, the dressed state 34 evolves from
the bright state |db,) to the state |dbs), with an additional z
phase factor. The resulting state vector will have the following
form in the dark-bright superposition basis and the bare
_states basis:

1
W (t = +0)) = ———o—=
. VW -+ WP
R
VIWLE -+ W,
2 - * #
« (|W2| 1) - WoWil2) WiWs |3>>.

VIW R+ W |Ws|

As it follows from the obtained equation, the final atomic wave
function is a coherent superposition of the three ground states
of the tripodlike atom. The contribution of different ground
states into the obtained admixture is governed by the Rabi

(Waldby) - W3ldbs))

(17)

10

0.0k

th,
(a) Populations

=N
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frequencies (intensities) of the two laser pulses in Raman re-
sonance. Note that the excited state is absent in the final atom-
ic wave function. During the interaction process there may be
some temporary excitation of the atom, which, however, may
be successfully suppressed by increasing the intensity of the
pulses in Raman resonance [see Eq. (14)].

A similar consideration may be provided for the case of ne-
gative Raman detuning and positive frequency chirp assuming
that the tripodlike atom is prepared in the state [3)
[see Fig. 1(b)]. In this case, the initial wave function of the
atom may be written as |y(~e)) = |3) = W5/|Ws||dbs), with
coefficients 75(t) & ry(—e0): 7 =0, 12 =0, 13 =|Ws|/Ws,
and 74 = 0. In this case, the dressed state b, evolves from
the state |dbs) to the state |dbs) with an additional » phase
factor, so the final state vector becomes

w3
|Ws)

ly(t = +e0)) = |dbs)

(Wi|1) + Wa[2)).  (18)

[Walv/IW %+ [Wy?

As it follows from Eq. (18), a coherent superposition of two
ground states connected by the two laser pulses in Raman re-
sonance is created. As in the previous case, the intensities of
the pulses in Raman resonance govern the contribution of the
two ground states in the coherent superposition. It is worth
noting that, if W; = W,, a maximum coherence of 0.5 is
achieved in this scheme.

4, RESULTS OF THE NUMERICAL
SIMULATIONS

In this section, we analyze the scheme of creation of coherent
superposition states by numerical simulation of the system of
Eqgs. (b) for the density matrix elements. At this point, we take
the duration of the pulses shorter than the longitudinal
and transverse relaxation times of the atomic system to con-
firm the conclusions based on the dressed state analysis of
Section 3.

The results of the numerical simulations are presented in
Figs. 3 and 4 for the cases of positive and negative Raman
detuning. As it follows from the numerical solutions, the

0.5

04

0.3

0.2

0.1F

0.0

th,

(b) Coherences

Fig. 3. (Color online) Time evolution of the populations and coherences in the case of positive Raman detuning. Inset: the phase of the coherence
p12- The parameters applied are Wz, = 500, Wyz, = 475, Wy, = 525, pr2 = 2500, and [815]7, = 250.
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Fig.4. (Color online) Time evolution of the populations and coherences in the case of negative Raman detuning. Inset: the phase of the coherence

pis. The parameters used are the same as in Fig. 3.

dynamics of the states’ populations and coherences confirm
the results of Section 3 based on the adiabatic consideration
of the problem. Accordingly, in the case of the positive Raman
detuning (with initial preparation of the atom in the state |1)),
all three ground states are populated at the end of the inter-
action: the population of the bright state is transferred into
state [3), and the population of the dark superposition is left
intact in the ground state [see Fig. 3(a)]. The time evolution of
the atomic (bare) energy eigenstate |3) corresponds to the
dynamics of the single dressed state (by). Consequently, no
oscillations occur in its time evolution. In contrast, the bare
states [1) and |2) can be described as a superposition of
the dressed states 51 and 54 with related nonequal eigenvalues
(quasi-energies) 4; and 1. Because of this superposition of the
dressed states, the time evolution of populations of the bare
states displays an oscillatory character [see Fig. 3(a)].

In the case of negative Raman detuning, population of the
initially populated state |3) is transferred into the bright super-
position of the states |1) and |2). The time evolution of the
populations in this case is connected to a single dressed state
54. As a result, no oscillations occur in the dynamics of the
populations [see Fig. 4(a)]. It is important to note that, in
both cases, the population of the excited state is negligible
(and temporal), reaching merely 1%-2% of the all atomic
population.

We obtain the following expressions for the final values of
the density matrix elements pfit = py,(t —» +e0) (k, 1=0,...8)

from Egs. (17) and (18) corresponding to the cases of the -

positive (8,3 > 0) and negative (§;3 < 0) Raman detuning,
respectively:

1
(ST RUNNE S (Ealnon
Pl = W, [ W [? . e W, ? ’
(W1 + [W,f?)? W1 + [Wf?
P — (W W, W3 o [Wa W, W3 ’
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Dependence of the absolute value of the final induced coher-
ence [pfZ] on the ratio of the peak Rabi frequencies of the
pulses in Raman resonance is presented in Fig. 5 for both
cases of positive and negative Raman detuning. The results
show an excellent agreement of the predictions based on
the dressed states analysis (solid curves) with results of the
numerical simulation of Egs. (b) for the density matrix ele-
ments (dots).

5. CREATION AND CONTROL OF THE
COHERENT SUPERPOSITION STATES IN
DOPPLER-BROADENED MEDIA

An inhomogeneous (e.g., Doppler) broadening of the atomic
transition lines may Iimit the potential of schemes based on
STIRAP to create coherent superposition states. We show
in this section that using FC laser pulses in the proposed
scheme allows one to create and control the coherent super-
position states equally efficiently in homogeneously broa-
dened and Doppler-broadened media.

A Doppler-broadened medium of a gas of tripod-structured
atoms is modeled by averaging the created coherence over
distribution of the resonance frequencies (velocities) of atoms
in the gas at different values of temperature 7' assuming that
all three FC laser pulses propagate in a same direction.

Considering a gas of 8Rb atoms at temperature T and as-
suming Maxwell-Boltzmann distribution for the velocities of
the atoms, we have for the (normalized) probability distribu-
tion P(A) for an atom to have single-photon detuning
A=Az

me? . [_ me(A)?
PRI (orp )2 | 82T (f o, )

PA) = ] (21)
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Fig. 5. (Color online) Resulting absolute values of the coherence pj,
versus the ratio of the peak values of the Rabi frequencies Wy /W, for
the cases of (a) positive and (b) negative Raman detuning calculated
from the dressed states analysis. The dots are the results of the nu-
merical solution of the master equation, Egs. (5), in the absence of
relaxation processes. The following values of the parameters are
applied: Wlf:p = 250, W3¢p =275, 2 =2500, |§13|r, =250, and
Woz, is varying.

where k is the Boltzmann constant, m = 86.909u is the mass
of 87Rb (u being the atomic unit) and f; = 384.280 THz is the
frequency distance between the excited and the ground states
(F'=1 and F’ = 0 hyperfine states in the D, line of 8"Rb);
see Fig. 6.

The average values of the density matrix elements: popula-
tions and coherences {py) (k, 1 =0,1,2,3) are calculated nu-
merically. First, the master equation [Egs. (5)] is solved
numerically for the values of A corresponding to nonzero
probability values [see Eq. (21) and Fig. 6] in order to obtain
the density matrix elements pf@(A) at the end of the interac-
tion (¢ — «). The resulting populations and induced coher-
ences are presented in Fig. 7 as functions of the single-
photon detuning (Doppler shift) A. As it is seen from Fig. 7,
there is a range of values of the Doppler shift A, where the
final coherences (populations) are independent on A. This
feature is due to the frequency chirping of the laser pulses:
as long as the Doppler shift is smaller than the frequency
range [-4fz,, 4f7,] covered by the chirp span during the inter-
action time (approximately equal to 47,), the velocity of mo-
tion of the atoms does not have an impact on the resulting
population and coherence distribution.
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Fig. 6. (Color online) Probability distribution (normalized to unity)
for atomic gas at temperatures equal to 300, 500, and 700 K.

The averaging of the obtained solutions for the Doppler-
broadened atomic gas is produced by numerically evaluating
the integral

) = [ PRAA)A

The absolute value of the average induced coherence |{p;5}|
established after the interaction with the laser field is pre-
sented in Fig. 8 as a function of the normalized frequency span
/3112, of the laser pulses for different values of the gas tempera-
ture. As it can be seen from this figure, the average value of the
induced coherence does not depend on the Doppler broaden-
ing for sufficiently large frequency span of the pulses during
the interaction time due, for example, to a sufficiently high
speed of the frequency chirp.

6. EFFECT OF THE RELAXATION
PROCESSES

In this section, we discuss the influence of the relaxation pro-
cesses on the efficiency of creation of the superposition
states. As a first step, we analyze the influence of the sponta-
neous decay of the excited state. The dependence of the
states’ final populations and of the phase of the created coher-
ence established after the interaction with the laser pulses is
shown in Fig. 9 as a function of the longitudinal relaxation
rate. One could anticipate a negligible influence of the spon-
taneous relaxation processes on the populations and coher-
ences of the atom when no considerable excitation of the
atom takes place. However, the results of the numerical simu-
lations show that, even for the negligible excitation of the
atom, the final populations and induced coherences depend
on the longitudinal relaxation rate. The reason is linked to
the optical coherences py. (k= 1,2, 3) that are not negligibly
small and depend on the longitudinal relaxation rate I" [see
Egs. (B)]. As can be seen from Fig. 9, the larger the longitu-
dinal relaxation rate (or the longer the laser pulses), the more
of the atomic population is transferred (optically pumped)
into states |1) and |2) connected by the laser pulses in Raman
resonance. The insets in the figures show behavior of the
phase of the induced coherence, which implies that, for longer
laser pulses, the atom ends up in the dark superposition in
both cases of the positive and negative Raman detuning,
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Fig. 7. (Color online) Final populations and coherences established in the atoms at the end of interaction with laser pulses as a function of the
normalized single-photon detuning A = Av,, for the cases of the (a) and (b) positive and (c) and (d) negative Raman detuning. The applied pa-
rameters are W)z, = Wy, = 250, Wyz, = 275 ﬁzf; = 1060, 8137, = 100, and 7, = 1078 s,

Since the quantum interference processes are the basis for
the schemes of creation of coherent superposition states, the
phase relations between the states’ probability amplitudes
(the values and the phases of the corresponding coherencies)
must play an important role in the considered processes. That
is why a strong effect of the transverse relaxation (dephasing)
processes may be anticipated on creation and control of the
coherent superposition states, as well as on the population
transfer between the atomic states.
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The final populations of the atomic states as a function of
the transverse relaxation rate are presented in Fig. 10 as a re-
sult of numerical simulation of the master equation, Egs. (5). It
can be seen from the behavior of the populations that the ef-
fect of the transverse relaxation begins to be imperative at
7p = 1/(y - 10Y/2). This is true for both cases of the positive
and negative Raman detuning. If the interacting pulses are
longer, the transverse relaxational processes destroy the adia-
batic transfers. At large transverse relaxation rates, all the
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Fig.8. (Color online) Average value of the final coherence between states |1) and |2) in the cases of (a) §;3 > 0 and (b) §;3 < 0 as a function of the
speed of chirp for the temperatures of the gas equal to 300 (red), 500 (blue), and 700K (green). The applied parameters are the same as in Fig. 7.
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Fig. 9. (Color online) Final populations of the atomic states in the case of (a) positive and (b) negative Raman detuning as a function of the
dimensionless longitudinal relaxation rate in the absence of transverse relaxation processes. Insets: the phase of the created coherence pys.
The parameters used are Wz, = 500, Wyr, = 475, War,, = 525, pr2 = 2500, and [613(z, = 250.
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Fig. 10. (Color online) Final populations of the atomic states in the case of (a) positive and (b) negative Raman detuning as a function of the
dimensionless transverse relaxation rate in the absence of longitudinal relaxation. Insets: the phase of the created coherence p;5. The parameters
applied are Wz, = 500, Wyr, = 475, W, = 525, fr2 = 2500, and |63|r, = 250.

states are equally populated and there is no coherent super-
position created as a result of the interaction (see insets
in Fig. 10).

7. ROBUSTNESS OF THE PROCESS

Let us now discuss the robustness of the proposed scheme of
creation of superposition states against variation of the main
parameters of the laser radiation. As it follows from Fig. 5 and
Egs. (19) and (20), the absolute value of the created coherence
|p12| depends on the ratio of the peak Rabi frequencies of the
laser pulses in Raman resonance and does not depend on the
phase relations between the laser pulses. One can control the
induced coherence for example, by varying the intensity of
one of the laser pulses in Raman resonance, while leaving
fixed the intensity of the second pulse in both cases of positive
and negative Raman detuning, Note that the induced coher-
ence is robust against changes in the intensity of the laser
pulse out of Raman resonance as soon as these changes do
not violate the adiabaticity conditions (see, for exam-
ple, [42,43)).

Robustness of the scheme against variations of the param-
eters of the pulses in Raman resonance may be provided by
utilizing laser pulses from the same source. In this case, at var-

iation 6W of the peak Rabi frequencies of the pulses, the var-
jation of the ratio of the two peak Rabi frequencies may be
estimated as 5(W1/W2) = Wl/Wg [1 + 5W(W2 — Wl)/(WIWZ)]'
As it follows from this relation, the dependence of the varia-
tion §(W;/Ws) on the parameter §W is weak and, hence, the
robustness of the process is especially high in the case of
close values of the peak Rabi frequencies of the pulses in
Raman resonance: W, » Wy. In this case, the maximum value
of the induced coherence |p2| equal to 0.5 is achieved for the
negative Raman detuning [see Fig. 5(b)]. Note that the consid-
ered schemes are also extremely robust against variations of
the speed of the chirp, as usually takes place in the case of the
adiabatic processes.

8. CONCLUSIONS

In conclusion, we have presented and investigated a scheme
for creation of arbitrary coherent superposition of two and
three ground states in a tripodlike atom without considerable
excitation of the atom using FC laser pulses. The created co-
herent superposition of the ground states is controlled by the
ratio of the peak intensities of the laser pulses in Raman
resonance.
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We have analyzed the applicability of the scheme in a
Doppler-broadened medium of a gas composed of tripod-
structured atoms by averaging the induced coherence over
the velocity distribution of the atoms in the gas at different
temperatures. The results show that the scheme is effective
even for relatively large widths of the Doppler-broadened
transition lines if the frequency span of the laser pulses
due to the chirp exceeds the width of the Doppler broadening.

We have analyzed the influence of the relaxation processes
on the population transfer and creation of the superposition
states by numerical simulation of the master equation for the
density matrix elements. We have shown that the considered
scheme allows minimizing the effect of the spontaneous decay
of the excited states by suppression of the population of the
excited state. However, even under the condition of negligible
excitation of the atom, for longer laser pulses, the longitudinal
relaxation may influence the induced coherences and the re-
sulting population distribution among the ground states. For
laser pulses longer that the decay time of the excited state,
optical pumping of the atom by a pair of the pulses in Raman
resonance results in accumulation of the atomic population in
dark superposition of the ground states linked by the laser
pulses in Raman resonance. It is worth noting at this point that
the influence of the spontaneous decay may be minimized by
increasing the speed of the population transfer. As our analy-
sis (not presented here) shows, it may be achieved by increas-
ing the speed of the frequency chirp, yet in the region where
the adiabatic conditions are not violated.

As it may be anticipated, the transverse relaxation (dephas-
ing) has a strong destructive effect in the considered scheme.
The numerical simulation of the master equation has shown
that, already at duration of the laser pulses close to the de-
phasing constant of the medium, the transverse relaxation
processes destroy the adiabatic transfers, At larger transverse
relaxation rates or longer laser pulses, all the states are
equally populated as a result of interaction and there is no co-
herent superposition state created. While the detrimental ef-
fect of the transverse relaxation may be avoided by utilizing
sufficiently short laser pulses, this effect may also be dimin-
ished by increasing the chirp speed of the FC pulses. A de-
tailed analysis of possibilities to minimize the influence of
the relaxation processes by varying the speed and form of
the frequency chirp will be provided in our upcoming paper.

We have shown that the proposed scheme is robust against
small-to-medium variations in the intensities of the laser
pulses. A possibility of robust creation of maximum coher-
ence of 0.5 is demonstrated by using two laser pulses in
Raman resonance with close peak Rabi frequencies from a
common laser source.

The presented adiabatic scheme of coherence creation may
find applications in the fields of quantum and nonlinear optics,
atomic interferometry, and in mapping and long-term storage
of optical information in populations and coherences of
metastable atomic states.
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