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Coherent population transfer in Rb atoms by frequency-chirped laser pulses

G. P. Djotyan, J. S. Bakos, G. Demeter, P. N. Igna´cz, M. Á. Kedves, Zs. So¨rlei, J. Szigeti, and Z. L. To´th
KFKI-Research Institute for Particle and Nuclear Physics, P.O.B. 49, Budapest H-1525, Hungary

~Received 8 May 2003; published 19 November 2003!

We investigate the behavior of85Rb atoms in the field of a sequence of frequency-chirped short laser pulses.
The analysis is based on a numerical solution of equations for the probability amplitudes of the hyperfine levels
of the 5S1/2-5P3/2 transition in the85Rb atom and the dressed-states analysis. We analyze different regimes of
interaction, including relatively short laser pulses~when the width of the pulse envelope spectrum is of the
order of or exceeds the frequency interval between the hyperfine levels resulting in effective mixing of them!
and relatively long ones~when the ground hyperfine levels are resolved but the excited ones are not resolved!.
In the latter case dependence of the population transfer efficiency on the initial coherence of the ground states
is analyzed. The case of long laser pulses when all working hyperfine levels are resolved is also discussed
using numerical simulations and a dressed-states analysis. We show that in all regimes considered, the inter-
action of a frequency-chirped laser pulse with the multilevel85Rb system is similar to the interaction with an
effective two-level atom at sufficiently large peak intensities of the pulses. It allows us to perform efficient
excitation of the multilevel atom by transferring populations of two hyperfine ground states to the excited ones
and back to the ground states using a pair of frequency-chirped laser pulses. We propose to utilize this scheme
of population transfer for the coherent manipulation of a beam of85Rb atoms using sequences of counter-
propagating frequency-chirped short laser pulses.

DOI: 10.1103/PhysRevA.68.053409 PACS number~s!: 42.50.Hz, 42.50.Vk
n
an
rin
f
se

f
nt
m

tio
id
re
c
ili

eo

i
te
s

om
ex
al

e
th
th
tio

ec-
tum
r-
ons
re

-
e
re-

ion
y.
the
gni-
ler

e
es
um
s
the
the

of

the
el
by
are
lti-
er-
ic
of

tic
of

ned
I. INTRODUCTION

Coherent manipulation of atoms without heating them i
process of changing their velocity or position is an import
problem to be addressed in atomic interferometers, du
the transportation of atoms between different stages o
laser-cooling system, and in other applications where con
vation of the atomic phase is an important issue@1–3#. The
deflection and splitting of atomic beams using trapped~dark!
atomic states was realized in@4#. Coherent manipulation o
atomic beams was proposed and demonstrated in cou
propagating laser beams in the scheme of stimulated Ra
adiabatic passage~STIRAP! ~see@5# and references therein!
and also in multilevel Zeeman systems@6#. An important
advantage of the STIRAP scheme is that the popula
transfer between ground states takes place without cons
able population of the intermediate excited state, which p
serves coherence of the interaction. The atomic recoil te
nique in standing wave geometry also presents a possib
for manipulation of atomic beams@7# ~see also@8# for
bichromatic counterpropagating laser beams!, although a
large frequency detuning is necessary to avoid spontan
emission for preserving the atomic coherence.

Another way of coherent manipulation of atomic beams
stimulated excitation and de-excitation of atoms by coun
propagating pairs of short frequency-chirped laser pulse
the adiabatic passage~AP! regime of interaction@9–12#. It
may be easily understood in the case of a two-level at
First, a frequency-chirped laser pulse from one direction
cites the atom and transfers mechanical momentum equ
\kp ~with kp being the wave number of the laser pulse! in
the direction of the laser pulse propagation. Anoth
frequency-chirped laser pulse applied to the atom from
opposite direction with a time delay much shorter than
decay time of the excited state moves the atomic popula
1050-2947/2003/68~5!/053409~8!/$20.00 68 0534
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to the ground state and transfers another\kp momentum in
the direction opposite to the laser pulse propagation dir
tion. As a result the atom receives mechanical momen
equal to 2\kp after the action of the pair of the counte
propagating frequency-chirped laser pulses. The conditi
for the realization of the AP regime in a two-level system a
discussed in Ref.@13# ~for more complicated multilevel sys
tems see Ref.@5#!. Duration of the pulses along with the tim
interval between them have to be much shorter than the
laxation times of the atomic system to avoid stochastizat
~and lost of the coherence! due to the spontaneous deca
Note that the stimulated force on the atoms applied by
counterpropagating laser pulses may be by orders of ma
tude stronger than the one that resulted in the Dopp
scheme of manipulation of atomic beams@10–12#. Another
advantage of this scheme~compared with, for example, th
STIRAP scheme! is the large number of the laser puls
~and, correspondingly, the larger mechanical moment
transferred to atoms! interacting with the atomic beam. Thi
number of laser pulses is defined by the repetition rate of
laser source and the time of flight of the atoms through
interaction region.

In this paper we analyze the coherent interaction
frequency-chirped laser pulses with85Rb atoms. The Rb
atom is an often-used model system in investigations in
field of laser cooling and manipulation of neutral multilev
atoms. While coherent manipulation of two-level atoms
counterpropagating laser pulses is well understood, there
much less results on coherent laser manipulation of mu
level atoms. Note here the only two examples where coh
ent manipulation of multilevel atoms is required: the atom
interferometers using multilevel atoms, and the problem
moving the multilevel atoms confined in the magneto-op
trap to the next step of the laser cooling in the technique
the Bose-Einstein condensate production. As we mentio
©2003 The American Physical Society09-1
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DJOTYAN et al. PHYSICAL REVIEW A 68, 053409 ~2003!
above, an effective coherent manipulation of the atoms m
mizing the heating effect of the spontaneous transitions m
be achieved by acting on the atomic system by pairs of co
terpropagating frequency-chirped laser pulses. The aim
this investigation is to develop a simple, effective, and rob
scheme for the coherent transfer of the population in a
atomic model from the hyperfine electronic ground states
the manifold of excited hyperfine states and back to
ground states by acting with pairs of frequency-chirped la
pulses. This process of the population transfer differs fr
those in the STIRAP schemes, which utilize trapped ato
states and delayed, partially overlapping laser pulses in
‘‘counterintuitive’’ sequence to transfer atomic populatio
between ground states without considerable excitation of
atom. On the contrary, we have the excitation of the
atom. To avoid the heating of the atomic beam due to
spontaneous decay of excited states, we assume that th
ration of the laser pulses along with a time interval betwe
~not overlapping! pulses forming the pulse pairs are mu
shorter than the relaxation times of the atomic system. N
that we need no initial optical pumping of atomic popu
tions into one of the ground states as in the STIRAP sche
as our analysis shows~see below!, effective excitation and
deexcitation of the atom by frequency-chirped laser pulse
mostly insensitive to the initial distribution of the atom
population between the ground states.

We investigate different regimes of interaction includi
relatively short and relatively long laser pulses. In the cas
short laser pulses, the width of the pulse envelope spect
is of the order of or exceeds the frequency interval betw
the hyperfine levels that results in the effective mixing
them. We refer to this case as ‘‘broadband pumping.’’ On
contrary, the two ground hyperfine levels of the Rb mo
atom are resolved in the case of relatively long pulses wi
relatively narrow width of the pulse envelope spectrum
ferred to as ‘‘narrow band pumping.’’

The working level system of the85Rb atoms is chosen to
be its hyperfine levels manifold of the 5S1/2-5P3/2 transition.
The decay time of the excited level 5P3/2 is t527 ns@14#.
The interaction with the atom to be coherent, the pulse
ration must be shorter than relaxation times of the ato
system. The laser pulses with durationtp<tc , where the
limiting duration tc is of the order of 2–3 ns, seem to b
appropriate for the interaction to be coherent in the case
der consideration. One can estimate that the correspon
width D f p of the laser pulse intensity envelope spectru
(D f p}1/tp) is smaller than the frequency intervalv12 (v12
53035.7 MHz, see Fig. 1! between the two ground-state h
perfine levels of the85Rb atom for laser pulse duration in th
region of 1/v12,tp,tc . This case is referred to as narro
band pumping in this paper. For pulse durationtp,1/v12,
the laser pulse intensity envelope spectrum exceeds the s
tral distance between the two ground states:D f p.v12. It
corresponds to the case of broadband pumping. Note
D f p exceeds the frequency distance between the excited
perfine levels~see Fig. 1! for both narrow band and broad
band pumping whentp,tc . Because the excited hyperfin
levels manifold is not resolved in this case, the conditions
the adiabaticity of transitions to individual hyperfine leve
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cannot be fulfilled. To analyze these two cases of the bro
band and narrow band pumping, we performed a numer
solution of the Schro¨dinger equations for the atomic prob
ability amplitudes.

Quantum interference effects are expected to contribut
the population transfer process from the two not resolv
ground hyperfine states in the case of broadband pum
when initially, the atomic population is present in bo
ground states. The analysis below shows that excitation
ciency of individual excited hyperfine levels depends on
phase difference of the ground state probability amplitu
~the initial coherence between the ground states!. A similar
situation was investigated in Ref.@15# for Raman amplifica-
tion in a multilevel system.

To have a complete picture for the interaction of
frequency-chirped laser pulse with a multilevel system,
simulated also a case of long laser pulses when the hype
levels of the Rb model atom are resolved for both the grou
and excited manifolds of the hyperfine levels assuming t
conditions for the AP regime of interaction has been fulfille
The results of the numerical solution of the Schro¨dinger
equation are in good agreement with the results of
dressed-states analysis. While the conditions of the AP
gime of interaction have a relatively simple form in the ca
of a two-level atom in the field of a frequency-chirped las
pulse@12#, the situation is more complicated in the case
the multilevel quantum system under consideration. A la
pulse with a chirped frequency encounters a combination
different configurations~L,V! of quantum subsystems durin
interaction with the manifold of hyperfine levels of the85Rb
atom’s 5S1/2-5P3/2 transition. A case when a chirped las
pulse couples a single ground state with a manifold
closely located excited states was discussed in Ref.@16#. It
was shown that depending on the direction of the freque
chirp, the population is transferred into the lowest or t
highest excited state. Note that even in the case of the
regime of interaction, the quantum system under consid
ation in this paper is more complex than the one conside
in Ref. @16# because of the presence of two ground state

One of the main results of the analysis performed in t
paper is that the interaction of a sequence of freque
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FIG. 1. The scheme of the working hyperfine levels of the85Rb
atom.
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COHERENT POPULATION TRANSFER IN Rb ATOMS BY . . . PHYSICAL REVIEW A68, 053409 ~2003!
chirped laser pulses with the multilevel85Rb system in all
cases mentioned above leads to the effective excitation
deexcitation of the atom at sufficiently high peak intensit
of the frequency-chirped laser pulses.

The remainder of this paper is organized as follows.
Sec. II we present the mathematical formalism for the ana
sis of a frequency-chirped laser pulse interaction with a s
level quantum system modeling the 5S1/2-5P3/2 transition in
the 85Rb atom. The results of numerical simulations are p
sented in Sec. III for the broadband and narrow band la
pulses. In Sec. IV we present the results of numerical sim
lations and the dressed-states analysis for the case
frequency-chirped laser pulse of sufficiently long durati
when all the working hyperfine levels are resolved, assum
that conditions for the AP regime of interaction are fulfille
A discussion and summary of the main results obtained
this paper are presented in Sec. V.

II. THE MATHEMATICAL FORMALISM

We begin with the Schro¨dinger equation for the probabil
ity amplitudesaj , j 51, . . . ,6, of theatomic states of the
85Rb atom~see Fig. 1! interacting with a frequency-chirpe
laser pulse having duration much shorter than all relaxa
times of the atomic system. The envelope of the laser p
amplitude is taken as a Gaussian in simulations bel
A(t)5A0 exp@2t2/2tL

2# with 2tL being the full duration~at
the e21 level! of the laser pulse intensityI (t)}uA(t)u2. A
linear chirp of the carrier frequency is assumed for simp
ity: vL5vL01bt, with vL0 and b being the central fre-
quency and the chirp velocity.

The Schro¨dinger equation for the state vectoraI
5(a1 ,a2 ,a3 ,a4 ,a5 ,a6)T has the form

d

dt
aI 5 iĤ aI , ~1!

and the rotating-wave-approximation Hamiltonian is

Ĥ5S 2«1 0 V13 V14 V15 0

0 2«2 0 V24 V25 V26

V13* 0 0 0 0 0

V14* V24* 0 2«4 0 0

V15* V25* 0 0 2«5 0

0 V26* 0 0 0 2«6

D , ~2!

where 2V i j 5A(t)di j /\ is the time-dependent Rabi fre
quency anddi j is the dipole moment for transition betwee
statesu i & and u j &. «1(t)5D012bt2v12 is the detuning of
the time-dependent laser frequency from the one-pho
resonant transition frequency between the statesu1&↔u3&
~see Fig. 1! with v12 being the frequency distance betwe
the ground statesu1& andu2&. D0 is the detuning of the centra
~at t50) laser frequency from the resonant frequency for
~forbidden! transition between the statesu2& and u3&. The
time-dependent detuning«2(t)5D012bt. D0 is assumed to
be zero in our analysis for simplicity. The constant freque
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cies «4 ,«5 ,«6 are equal to the frequency distance of t
statesu4&,u5&,u6& from the stateu3&, respectively~see Fig. 1!.

III. RESULTS OF THE NUMERICAL SIMULATIONS

A. Broadband pumping

First, we analyze the case of the broadband pump
when the widthD f p}1/tp of the envelope spectrum of th
laser pulses exceeds the frequency distancev12 between the
two ground states and distancesv34,v45,v56 between the
excited hyperfine levels of the atom~see Fig. 1!: D f p
.v12,v34,v45,v56. The hyperfine levels population dy
namics in the field of the frequency-chirped laser pulse
shown in Fig. 2 as the result of the numerical solution of E
~1!. We assume that the population of the atom initia
~without laser pulse! is concentrated in a single ground sta

 

 
                (a) 

 
 

 
               (b) 

FIG. 2. ~Color online! The population dynamics for the case
broadband pumping. Time is normalized by the duration of the la
pulse. The atom is assumed in a single ground state initially.
dashed line is the normalized intensity profile of the laser pu
Time is normalized by the duration of the laser pulse. The das
line is the normalized intensity profile of the laser pulse. The
rameters applied are as follows: the duration of the pulse inten
2tp51021 ns; the peak Rabi frequency has values betweenVR

542 GHz andVR5120 GHz for allowed transitions between th
two ground and four excited states; the chirp speedb
5200 GHz/ns. ~a! During the first pulse. ~b! During the second
pulse.
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DJOTYAN et al. PHYSICAL REVIEW A 68, 053409 ~2003!
As it can be seen from Fig. 2~a!, the population of the ground
states is completely transferred to the manifold of the exc
states as a result of the interaction with the first chirped la
pulse. We use the values of the populations of the ato
states at the end of the laser pulse as initial conditions for
interaction with the second laser pulse having the same
rameters as the first one. The dynamics of the quantum s
populations during the action of the second laser puls
shown in Fig. 2~b!. As it can be seen, all population of th
atom is again collected in the ground states at the end of
second laser pulse.

Two excited hyperfine levelsu4& and u5& of the 85Rb atom
are commonly connected to both ground statesu1& and u2&
~see Fig. 1!. One can expect quantum interference effects
transitions from the two ground states to the excitedu4& and
u5& states through different quantum passes in the field of
broadband laser pulse when the atomic population is loc
in both ground states initially. The population transfer in th
case has to depend on the initial relative phase of the p
ability amplitudes of the ground states and on the ini
population distribution among these states. To stress and
veal these interference effects, we use a85Rb atomlike model
in which the same values for transition dipole moments
assumed for transitions between the ground and excited
perfine levels. Also, we assume the same initial population
the ground states. As it follows from Fig. 3~a!, the levelsu4&
and u5& are not populated at all after interaction with th
frequency-chirped broadband laser pulse in the case w
the ground statesu1& and u2& are equally populated initially
but have equal top radian phase differenceDf0 between
their initial probability amplitudes. This is a result of destru
tive interference between common quantum transitions fr
the two ground states induced by the broadband pumpin
is important to note that even in this case we have comp
transfer of the ground-state population to the excited st
u3& and u6& having no common transitions to the two grou
states. On the contrary, when the phase differenceDf0 is
assumed to be zero, all excited states are populated~with
predominantly population of the statesu4& and u5& due to the
constructive interference! as a result of interaction with th
laser pulse in Fig. 3~b!. Note that all atomic population is
transferred from the ground states to the excited states
both limiting values of the phaseDf0 . Numerical analysis
shows that similarly, all population of the atom is bein
transferred to the ground states as a result of interaction
a second frequency-chirped laser pulse.

B. Narrow band pumping

In the case of narrow band pumping,v34,v45,v56,D f p
,v12, only the ground state levels are assumed to be
solved when the levels of the excited manifold are mix
because of the relatively wide laser pulse envelope spect
The dynamics of the population transfer for the case of n
row band pumping is shown in Fig. 4. As can be seen
complete population transfer between the ground and exc
states may be achieved in this case too: the atomic pop
tion is completely transferred to the excited states after
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first frequency-chirped pulse and is transferred back to
ground states as a result of interaction with the second l
pulse.

The peak Rabi frequencies of transitions from the grou
states to the excited ones used in the simulations exceed
interval between the ground states. To examine the influe
of power broadening of the hyperfine levels on the efficien
of the population transfer, we increased artificially the int
val v12 between the two ground states in order forv12 to
exceed significantly the peak Rabi frequencies of the tra
tions. The efficiency of the population transfer did n
change significantly compared to the previous case of
original interval between the ground-state levels. It mea
that even in the case of the Rabi frequency exceeding
frequency interval between the hyperfine ground~or excited!
levels, they could not be interpreted as mixed states in
interaction process with frequency-chirped laser pulses. N
that narrow-band excitation and spectral selectivity prese
tion were achieved with broadband lasers with chirped f
quency even when the Rabi frequency exceeded the dist

 
           (a)

 
              (b)

FIG. 3. ~Color online! The population dynamics for broadban
pumping. The two ground levels of the atom are equally popula
initially. Time is normalized by the duration of the laser pulse. T
parameters applied are as follows: the duration of the pulse~inten-
sity! 2tp51021 ns; the peak Rabi frequency is assumed to be
same and equal toVR540 GHz for all allowed transitions betwee
the two ground and four excited states; the chirp speedb
5140 GHz/ns. The initial phase difference of the ground sta
probability amplitudes is~a! Df05p and ~b! Df050.
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COHERENT POPULATION TRANSFER IN Rb ATOMS BY . . . PHYSICAL REVIEW A68, 053409 ~2003!
between the atomic levels@16# or the width of the Doppler-
broadened lines of the atomic ensemble@17#.

To make the picture of the interaction of85Rb model at-
oms with frequency-chirped laser pulses even more c
plete, we proceed to examine this interaction for a case w
the hyperfine levels are resolved for both the ground st
and the excited state manifold using the dressed-states a
sis in the next section. The results obtained in the dres
states picture are compared with the results of the nume
solution of the Schro¨dinger equation for the same quantu
system.

IV. THE DRESSED-STATE PICTURE

The dressed-state analysis@18,19# is a convenient way to
predict the behavior of the atomic populations as a resul
interaction with the frequency-chirped laser in the AP
gime. The solutionaI (t) of Eq. ~1! can be represented in th
basis of the adiabatic dressed statesbI (k)(t),

 
            (a)

 
             (b)

FIG. 4. ~Color online! The population dynamics for the case
narrow band pumping. Time is normalized by the duration of
laser pulse. The atom is assumed in a single ground state init
The dashed line is the normalized intensity profile of the laser pu
The parameters applied are the duration of the pulse~intensity!
2tp51 ns; the peak Rabi frequency is betweenVR53.15 GHz and
VR59 GHz for the allowed transitions between the two ground a
four excited states; the chirp speedb57 GHz/ns. ~a! During the
first pulse. ~b! During the second pulse.
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aI ~ t !5(
k

r k~ t !bI (k)~ t !expF2 i E
2`

t

wk~ t8!dt8G ,
with the initial condition att→2`,

aI ~2`!5(
k

r k~2`!bI (k)~2`!,

wherebI (k)(t) is the dressed-state eigenvector, correspond
to thekth eigenvalue~quasienergy! wk of the HamiltonianĤ

ĤbI (k)5wkbI
(k). ~3!

The quantityr k(t) is the statistical weight of the adiabat
dressed-state vectorbI (k)(t) in the ~bare! state vectoraI (t).
According to the adiabatic theorem@18#, r k(t)[r k(2`): If
the system is in a~bare! eigenstate ofĤ before the action of
the laser pulse it will be passed into the~dressed! eigenstate
of Ĥ that derives from the bare eigenstate by continu
when the interaction with the laser pulse is being switch
on. When the evolution is adiabatic no transitions betwe
the adiabatic states take place and their populations are
served.

We obtain the following equation for the eigenvalu
~quasienergies! wk , k51,2, . . . ,6from Eq. ~3!:

g11g222g12g2150, ~4!

where

g115
wV14

V13
1

2~w1«4!V25

V25V142V15V24
FV13

2
2

2w~w1«1!

V13
G ,

g125
~w1«6!V24

V26
2

2~w1«4!V15

V25V142V15V24

3FV26

2
2

2~w1«2!~w1«6!

V26
G ,

g215
wV15

V13
2

2~w1«5!V24

V25V142V15V24
FV13

2
2

2w~w1«1!

V13
G ,

g225
~w1«6!V25

V26
1

2~w1«5!V14

V25V142V15V24

3FV26

2
2

2~w1«2!~w1«6!

V26
G .

V i j ( i , j 51, . . . ,6) areRabi frequencies for correspondin
transitions and detunings« i ( i 51, . . . ,6) aredefined in Eq.
~2!.

The time dependencies of solutions of Eq.~4!, the eigen-
values~quasienergies! wk , k51,2, . . . ,6, areshown in Fig.
5 for the linearly chirped laser pulse with a Gaussian en
lope. The diabatic lines~the eigenvalueswk , k51,2, . . . ,6,
versus time in the absence of the laser field whenV i j →0)
are depicted in Fig. 5 as dashed lines.
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DJOTYAN et al. PHYSICAL REVIEW A 68, 053409 ~2003!
We solve Eq.~3! to find the componentsbi
(k) of the

dressed statebI (k)(t) for corresponding quasienergywk . The
solutions for the corresponding probability amplitudes ar

bi
(k)5Ci~wk!/AN~wk! ~ i 51, . . . ,6!, ~5!

where

C15
2wk

V1
C3 ,

C252
2~«61wk!

V6*
C6 ,

C35
~«61wk!V4*

V6*
2

2~«41wk!

V5V22V3V4
V3

3FV6

2
2

2~«21wk!~«61wk!

V6*
G ,

 
(a) 

 
                                                            (b)  

FIG. 5. ~Color online! ~a! Time dependence of the quasienerg
of the hyperfine levels~solid lines!. Diabatic lines are shown by
dashed lines. Time is normalized by the duration of the laser pu
The parameters applied are the duration of the pulse~intensity!
2tp52 ns; the peak Rabi frequency is betweenVR51.73 GHz and
VR53 GHz for the allowed transitions between the two ground a
four excited states, the negative~from blue to red! chirp speed is
b523 GHz/ns. ~b! A magnified picture for small values of th
quasienergies.
05340
C452C3

2V5

V5V22V3V4
FV1

2
2

2wk~«11wk!

V1*
G

2C6

2V3

V5V22V3V4
FV6

2
2

2~«21wk!~«61wk!

V6*
G ,

C55C3

2V4

V5V22V3V4
FV1

2
2

2wk~«11wk!

V1*
G

1C6

2V2

V5V22V3V4
FV6

2
2

2~«21wk!~«61wk!

V6*
G ,

C65
wkV2*

V1*
1

2~«41wk!

V5V22V3V4
V5FV1

2
2

2wk~«11wk!

V1*
G .

The normalization factor isN(wk)5(uCi u2.
We construct the dressed statebI (k)(t) by selecting an ei-

genvaluewk from the solution of Eq.~4! which tends to the
diabatic line that corresponds to a given initial conditions
the atom before interaction with the laser pulse att→2`
(V i j →0). For example, if the atom was in the stateu1& ini-
tially, we have to choose a solutionw1 , which tends to the
diabatic line 1 in Fig. 5 att→2`, corresponding to the
quasienergy of the bare stateu1&. Using w1 , we obtain the
dressed-state vectorbI (1)(t) from Eq.~5!. The solution of Eq.
~4!, w2 , that tends to the diabatic line 2 in Fig. 5, is th
quasienergy of the atom that initially was in the ground st
u2&. In the case when the population of the atom is distribu
with some statistical weights between the two~bare! ground
states initially, we have to construct combination of t
dressed statesbI (1)(t) and bI (2)(t) with the same statistica
weights as for the bare states. As it follows from Fig. 5, a
result of the interaction with a laser pulse having a nega
frequency chirp~frequency is diminishing during the pulse
blue to red chirp!, the quasienergiesw1 andw2 evolve into
the diabatic lines corresponding to the excited statesu5& and
u6&, respectively, which are the uppermost levels for tran
tions from the ground statesu1& and u2&, respectively~com-
pare with the results of Ref.@16#!.

Mathematically, adiabatic evolution requires that coupli
between the adiabatic states is negligibly small compa
with the difference between their quasienergies. In the s
plest case of a two-level system, the adiabatic condit
reads@13#

U« d

dt
V2V

d

dt
«U!2~V21«2!3/2,

whereV and« are the Rabi frequency and detuning from t
resonance for transitions in the two-level system. As it f
lows from this condition, the adiabatic evolution requires
smooth laser pulse, relatively long interaction times, a
large Rabi frequencies. While the explicit form of the ad
batic condition is relatively simple in the case of a two-lev
system it is much more complicated in the case of a mu
level system under consideration in this paper.

The population dynamics of the hyperfine levels of t
85Rb atom model calculated using the numerical simulat

e.

d
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of the Schro¨dinger equation is shown in Fig. 6 for the case
the atom in the ground stateu1& initially. As it follows from
this figure, all the atomic population is transferred into t
excited stateu5& as a result of action of the frequency-chirp
laser pulse with the blue to red direction of the frequen
chirp @see Fig. 6~a!#. One has to apply a laser pulse with th
opposite~red to blue! direction of the frequency chirp to
move the atomic population back to the ground stateu1& @see
Fig. 6~b!#. The results of the dressed-states analysis@see Eqs.
~4! and~5!# are depicted in Fig. 7 and show good agreem
with the results based on the numerical simulation~see Fig.
6!. This agreement shows that the parameters applied du
the numerical simulation are in the range of fulfillment of t
adiabatic conditions for interaction of the frequency-chirp
laser pulse with the Rb model system.

V. CONCLUSIONS

In conclusion, the results of the analysis of populati
transfer in the85Rb atom in the field of a sequence

 
               (a)

 
 

 
             (b)

FIG. 6. ~Color online! Numerical simulation: The population
dynamics in the case of long pulses when all the hyperfine le
are resolved. Time is normalized by the duration of the laser pu
The parameters applied are the duration of the pulse~intensity!
2tp550 ns; the peak Rabi frequency is betweenVR52.61 GHz
and VR54.5 GHz for the allowed transitions between the tw
ground and four excited states. The dashed line is the pump p
intensity profile. ~a! During the first pulse where the negativ
~from blue to red! chirp speed isb521/2 GHz/ns. ~b! During the
second pulse where the positive~from red to blue! chirp speed is
b51/2 GHz/ns.
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frequency-chirped laser pulses are presented in this pa
We have shown that effective population transfer betwe
two ground hyperfine levels of the85Rb atom and the mani
fold of excited hyperfine levels may be achieved usi
frequency-chirped laser pulses of different durations: re
tively short ~broadband pumping!, relatively long ~narrow
band pumping!, and also for laser pulses long enough for
working hyperfine levels in both ground and excited lev
manifolds to be resolved. In all regimes mentioned, the f
quency of the laser pulse must be chirped through the re
nance with all allowed transitions between the two grou
and four excited hyperfine working levels of the85Rb atom
to obtain the effective population transfer. Dependence of
population transfer to individual excited states on the init
coherence between the two ground states is demonstrat
the regime of the broadband pumping when the freque
spectrum of the laser pulse envelope exceeds the frequ
interval between the ground states. For example, destruc
quantum interference may suppress the transfer of the ato
population to excited hyperfine levels~levels u4& and u5& in
the 85Rb atom, see Fig. 1!, which are common for transition
from both ground states. On the contrary, there is enhan
ment of the population transfer to these excited states un
conditions of constructive interference. It is important
note, however, that independently on the initial cohere
between the ground states, population transfer takes p
from the two ground states to the manifold of excited sta
and back to the ground states as a result of interaction w
the frequency-chirped laser pulses in the broadband pum
regime.

We have shown that effective population transfer tak
place for a narrow band pumping, too, when the ground
perfine levels are resolved but the excited ones are
Analysis shows that the effective population transfer ta
place in both cases when the atomic population is optic
pumped into one of the ground states or it is located in b
ground states initially. In the latter case, the efficiency of
population transfer does not depend on the initial cohere
between the ground states.

For the case of frequency-chirped laser pulses lo

ls
e.

lse

 

FIG. 7. ~Color online! The population dynamics during the firs
pulse calculated in the dressed-state picture. The parameters a
same as in Fig. 6~a! except for the Rabi frequency, which is 1
times smaller.
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enough for all hyperfine levels to be resolved, we have p
formed dressed-states analysis and a numerical simulatio
the Schro¨dinger equation to show that in a Rb atom mod
population transfer from the two ground states to exci
ones and back to the ground states takes place when c
tions for the AP regime of interaction are fulfilled.

As it follows from the above consideration, the interacti
of a frequency-chirped laser pulse with a85Rb atomic system
in the ground states initially results in excitation of the ato
in the case of a sufficiently high Rabi frequency of the pul
the all atomic population becomes distributed among the
cited states with no population in the ground states just s
lar to the interaction of a frequency-chirped laser pulse w
an effective two-level system in the AP regime of interactio
Second laser pulse~s! applied to the atom, with a time dela
much shorter than the relaxation times of the atom, w
transfer all atomic population into the ground states. T
may be used for the efficient coherent manipulation of bea
of multilevel atoms, such as Rb atoms: the atoms will rece
mechanical momentum equal to 2\kp ~with kp being
ur

.

nd

.

h.

05340
r-
of
,
d
di-

:
x-
i-
h
.

ll
s
s
e

the wave number of the laser pulse! after interaction with a
pair of frequency-chirped laser pulses, which propagate
opposite directions. Repetition of this cycle of excitation a
deexcitation of the atoms by a sequence of counterpropa
ing laser pulses will result in the effective coherent trans
of the mechanical momentum from the laser field to Rb
oms and the effective manipulation of the atomic beam.
important advantage of this system is that relatively la
mechanical momentum may be transferred to the ato
beam from the laser field due to a large number of the la
pulses interacting with the atoms. This number is defined
the repetition rate of the laser pulse source and the time
flight of the atoms through the interaction region.
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