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Coherent population transfer in Rb atoms by frequency-chirped laser pulses
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We investigate the behavior 8fRb 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 5S,,,-5P5, transition in the®®Rb atom and the dressed-states analysis. We analyze different regimes of
interaction, including relatively short laser puls@ghen 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 Jof them
and relatively long onegvhen 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 multiléfBlb 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 bearf®®b atoms using sequences of counter-
propagating frequency-chirped short laser pulses.
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[. INTRODUCTION to the ground state and transfers anothks momentum in
the direction opposite to the laser pulse propagation direc-

Coherent manipulation of atoms without heating them in aion. As a result the atom receives mechanical momentum
process of changing their velocity or position is an importantequal to Zk, after the action of the pair of the counter-
problem to be addressed in atomic interferometers, duringropagating frequency-chirped laser pulses. The conditions
the transportation of atoms between different stages of &or the realization of the AP regime in a two-level system are
laser-cooling system, and in other applications where consediscussed in Ref.13] (for more complicated multilevel sys-
vation of the atomic phase is an important isglie3]. The  tems see Ref5]). Duration of the pulses along with the time
deflection and splitting of atomic beams using trapfuatk) interval between them have to be much shorter than the re-
atomic states was realized [d]. Coherent manipulation of laxation times of the atomic system to avoid stochastization
atomic beams was proposed and demonstrated in countgand lost of the coherengelue to the spontaneous decay.
propagating laser beams in the scheme of stimulated Ramatote that the stimulated force on the atoms applied by the
adiabatic passag&STIRAP) (see[5] and references thergin  counterpropagating laser pulses may be by orders of magni-
and also in multilevel Zeeman systerf]. An important tude stronger than the one that resulted in the Doppler
advantage of the STIRAP scheme is that the populatioscheme of manipulation of atomic beafi®—-123. Another
transfer between ground states takes place without considesielvantage of this schenfeompared with, for example, the
able population of the intermediate excited state, which preSTIRAP schemgis the large number of the laser pulses
serves coherence of the interaction. The atomic recoil techand, correspondingly, the larger mechanical momentum
nique in standing wave geometry also presents a possibilitfransferred to atomsnteracting with the atomic beam. This
for manipulation of atomic beamp7] (see also[8] for = number of laser pulses is defined by the repetition rate of the
bichromatic counterpropagating laser begmalthough a laser source and the time of flight of the atoms through the
large frequency detuning is necessary to avoid spontaneouisteraction region.
emission for preserving the atomic coherence. In this paper we analyze the coherent interaction of

Another way of coherent manipulation of atomic beams isfrequency-chirped laser pulses wiffiRb atoms. The Rb
stimulated excitation and de-excitation of atoms by counteratom is an often-used model system in investigations in the
propagating pairs of short frequency-chirped laser pulses ifield of laser cooling and manipulation of neutral multilevel
the adiabatic passag@P) regime of interactiorf9-12. It  atoms. While coherent manipulation of two-level atoms by
may be easily understood in the case of a two-level atomcounterpropagating laser pulses is well understood, there are
First, a frequency-chirped laser pulse from one direction exmuch less results on coherent laser manipulation of multi-
cites the atom and transfers mechanical momentum equal tevel atoms. Note here the only two examples where coher-
fik, (with k, being the wave number of the laser pulg®@  ent manipulation of multilevel atoms is required: the atomic
the direction of the laser pulse propagation. Anotherinterferometers using multilevel atoms, and the problem of
frequency-chirped laser pulse applied to the atom from thenoving the multilevel atoms confined in the magneto-optic
opposite direction with a time delay much shorter than therap to the next step of the laser cooling in the technique of
decay time of the excited state moves the atomic populatiothe Bose-Einstein condensate production. As we mentioned
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above, an effective coherent manipulation of the atoms mini-

mizing the heating effect of the spontaneous transitions may i '\ ‘6>
be achieved by acting on the atomic system by pairs of coun- I 120 MHz
terpropagating frequency-chirped laser pulses. The aim of °p . 3 |5)
this investigation is to develop a simple, effective, and robust i A U A I N
scheme for the coherent transfer of the population in a Rb g ' |4)
atomic model from the hyperfine electronic ground states to I A A 4§ 292MHz 13)
the manifold of excited hyperfine states and back to the A

ground states by acting with pairs of frequency-chirped laser 85
pulses. This process of the population transfer differs from =780 nm Rb
those in the STIRAP schemes, which utilize trapped atomic

states and delayed, partially overlapping laser pulses in the 3 12)
“counterintuitive” sequence to transfer atomic population 5231/2 F: I t 3035.7 MHz ‘1>

between ground states without considerable excitation of the
atom. On the contrary, we have the excitation of the Rb
atom. To avoid the heating of the atomic beam due to the g 1. The scheme of the working hyperfine levels of b
spontaneous decay of excited states, we assume that the Qs
ration of the laser pulses along with a time interval between
(not overlapping pulses forming the pulse pairs are much cannot be fulfilled. To analyze these two cases of the broad-
shorter than the relaxation times of the atomic system. Not@and and narrow band pumping, we performed a numerical
that we need no initial optical pumping of atomic popula- solution of the Schidinger equations for the atomic prob-
tions into one of the ground states as in the STIRAP schemeibility amplitudes.
as our analysis showsee beloy, effective excitation and Quantum interference effects are expected to contribute to
deexcitation of the atom by frequency-chirped laser pulses ithe population transfer process from the two not resolved
mostly insensitive to the initial distribution of the atomic ground hyperfine states in the case of broadband pumping
population between the ground states. when initially, the atomic population is present in both
We investigate different regimes of interaction including ground states. The analysis below shows that excitation effi-
relatively short and relatively long laser pulses. In the case ogiency of individual excited hyperfine levels depends on the
short laser pulses, the width of the pulse envelope spectrufshase difference of the ground state probability amplitudes
is of the order of or exceeds the frequency interval betweefthe initial coherence between the ground statassimilar
the hyperfine levels that results in the effective mixing ofsjtuation was investigated in RéfL5] for Raman amplifica-
them. We refer to this case as “broadband pumping.” On theion in a multilevel system.
contrary, the two ground hyperfine levels of the Rb model To have a complete picture for the interaction of a
atom are resolved in the case of relatively long pulses with drequency-chirped laser pulse with a multilevel system, we
relatively narrow width of the pulse envelope spectrum re-simulated also a case of long laser pulses when the hyperfine
ferred to as “narrow band pumping.” levels of the Rb model atom are resolved for both the ground
The working level system of th&Rb atoms is chosen to and excited manifolds of the hyperfine levels assuming that
be its hyperfine levels manifold of theSg,-5P5, transition.  conditions for the AP regime of interaction has been fulfilled.
The decay time of the excited levePg, is 7=27 ns[14].  The results of the numerical solution of the Salinger
The interaction with the atom to be coherent, the pulse duequation are in good agreement with the results of the
ration must be shorter than relaxation times of the atomigiressed-states analysis. While the conditions of the AP re-
system. The laser pulses with duratiep<r7., where the gime of interaction have a relatively simple form in the case
limiting duration 7, is of the order of 2—3 ns, seem to be of a two-level atom in the field of a frequency-chirped laser
appropriate for the interaction to be coherent in the case urpulse[12], the situation is more complicated in the case of
der consideration. One can estimate that the correspondirtje multilevel quantum system under consideration. A laser
width Af, of the laser pulse intensity envelope spectrumpulse with a chirped frequency encounters a combination of
(Af,x1/7p) is smaller than the frequency interval, (w1,  different configurationgA,V) of quantum subsystems during
=3035.7 MHz, see Fig.)lbetween the two ground-state hy- interaction with the manifold of hyperfine levels of th&Rb
perfine levels of thé°Rb atom for laser pulse duration in the atom’s 55,,-5P5, transition. A case when a chirped laser
region of 1h,,<7,<7.. This case is referred to as narrow pulse couples a single ground state with a manifold of
band pumping in this paper. For pulse duratigi< /e, closely located excited states was discussed in [Rél. It
the laser pulse intensity envelope spectrum exceeds the spagas shown that depending on the direction of the frequency
tral distance between the two ground stat&$,>wq,. It chirp, the population is transferred into the lowest or the
corresponds to the case of broadband pumping. Note th&tighest excited state. Note that even in the case of the AP
Af, exceeds the frequency distance between the excited hyegime of interaction, the quantum system under consider-
perfine levels(see Fig. 1 for both narrow band and broad- ation in this paper is more complex than the one considered
band pumping whem,< 7.. Because the excited hyperfine in Ref.[16] because of the presence of two ground states.
levels manifold is not resolved in this case, the conditions of One of the main results of the analysis performed in this
the adiabaticity of transitions to individual hyperfine levels paper is that the interaction of a sequence of frequency
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chirped laser pulses with the multilev&iRb system in all
cases mentioned above leads to the effective excitation an
deexcitation of the atom at sufficiently high peak intensities
of the frequency-chirped laser pulses.

The remainder of this paper is organized as follows. In
Sec. Il we present the mathematical formalism for the analy-
sis of a frequency-chirped laser pulse interaction with a six-
level quantum system modeling th&5,-5P5), transition in
the 8Rb atom. The results of numerical simulations are pre-
sented in Sec. lll for the broadband and narrow band lase!
pulses. In Sec. IV we present the results of numerical simu-
lations and the dressed-states analysis for the case of
frequency-chirped laser pulse of sufficiently long duration
when all the working hyperfine levels are resolved, assuming
that conditions for the AP regime of interaction are fulfilled.
A discussion and summary of the main results obtained in
this paper are presented in Sec. V.

POPULATIONS
o

0.8
Il. THE MATHEMATICAL FORMALISM @

We begin with the Schidinger equation for the probabil- E 0.6
ity amplitudesa;, j=1,...,6, of theatomic states of the g

8Rb atom(see Fig. 1 interacting with a frequency-chirped g 0.4
[=T]

laser pulse having duration much shorter than all relaxation
times of the atomic system. The envelope of the laser pulse 0-2¢
amplitude is taken as a Gaussian in simulations below:
A(t)=Ap exq—tZ/ZTf] with 27 being the full durationat oL

the e level) of the laser pulse intensity(t)o|A(t)|2. A 2 3 TI41V.IE 5 6
linear chirp of the carrier frequency is assumed for simplic- ®)
ity: w =w o+ Bt, with w o and B being the central fre-
quency and Eh? chirp veloc!ty. FIG. 2. (Color onling The population dynamics for the case of
The Schrdinger equation for the state vecto®  proadband pumping. Time is normalized by the duration of the laser
=(a;,a,,a3,84,85,36) " has the form pulse. The atom is assumed in a single ground state initially. The
dashed line is the normalized intensity profile of the laser pulse.
E —iA (1) Time is normalized by the duration of the laser pulse. The dashed
dtg_ a line is the normalized intensity profile of the laser pulse. The pa-
rameters applied are as follows: the duration of the pulse intensity
and the rotating-wave-approximation Hamiltonian is 27,=10 ' ns; the peak Rabi frequency has values betw8gn
=42 GHz and(Q g=120 GHz for allowed transitions between the
—e, 0 Q3 OQu Q4 O two ground and four excited states; the chirp spegd
=200 GHz/ns. (a) During the first pulse. (b) During the second
0 —&, O Qos Qo5 Qo6 pulse. g P g
~ T3 0 0 0 0 0
H= x 50 —g4 O o | 2 cies g4,e5,6¢ are equal to the frequer_1cy distange of the
. N states|4),|5),|6) from the statd3), respectively(see Fig. L
O Q3 0 0 —-e O
0 ;6 0 0 0 — &g Ill. RESULTS OF THE NUMERICAL SIMULATIONS
where 2);=A(t)d;; /% is the time-dependent Rabi fre- A. Broadband pumping

quency andd;; is the dipole moment for transition between  First, we analyze the case of the broadband pumping
states|i) and|j). e,(t)=Aq+2Bt—wy, is the detuning of when the widthAf,1/7, of the envelope spectrum of the
the time-dependent laser frequency from the one-phototaser pulses exceeds the frequency distangebetween the
resonant transition frequency between the stalgs-|3) two ground states and distances,,w,s,wsg between the
(see Fig. 1 with w;, being the frequency distance betweenexcited hyperfine levels of the atorfsee Fig. 1 Af,

the ground stateld) and|2). A, is the detuning of the central > w;,, w34, w45, 055. The hyperfine levels population dy-
(att=0) laser frequency from the resonant frequency for thenamics in the field of the frequency-chirped laser pulse is
(forbidden transition between the staté®) and [3). The  shown in Fig. 2 as the result of the numerical solution of Eq.
time-dependent detuningy(t)=Ay+28t. Agis assumed to (1). We assume that the population of the atom initially
be zero in our analysis for simplicity. The constant frequen{without laser pulsgis concentrated in a single ground state.
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As it can be seen from Fig(@, the population of the ground
states is completely transferred to the manifold of the excited
states as a result of the interaction with the first chirped laser .
pulse. We use the values of the populations of the atomic
states at the end of the laser pulse as initial conditions for the
interaction with the second laser pulse having the same pa
rameters as the first one. The dynamics of the quantum stat
populations during the action of the second laser pulse is
shown in Fig. 2Zb). As it can be seen, all population of the 0.
atom is again collected in the ground states at the end of the
second laser pulse.

Two excited hyperfine levelg) and|5) of the Rb atom
are commonly connected to both ground stdigsand |2)
(see Fig. 1. One can expect quantum interference effects in
transitions from the two ground states to the exci#@dand
|5) states through different quantum passes in the field of the
broadband laser pulse when the atomic population is locatec  ©-
in both ground states initially. The population transfer in this
case has to depend on the initial relative phase of the prob
ability amplitudes of the ground states and on the initial
population distribution among these states. To stress and re
veal these interference effects, we usBRb atomlike model
in which the same values for transition dipole moments are  °-
assumed for transitions between the ground and excited hy
perfine levels. Also, we assume the same initial population of
the ground states. As it follows from Fig(e, the levels4)
and |5) are not populated at all after interaction with the
frequency-chirped broadband laser pulse in the case when
the ground statefl) and |2) are equally populated initially FIG. 3. (Color online The population dynamics for broadband
but have equal tar radian phase differenca ¢, between pumping. The two ground levels of the atom are equally populated
their initial probability amplitudes. This is a result of destruc- initially. Time is normalized by the duration of the laser pulse. The
tive interference between common quantum transitions fronparameters applied are as follows: the duration of the plifsen-
the two ground states induced by the broadband pumping. fitY) 27,=10" " ns; the peak Rabi frequency is assumed to be the
is important to note that even in this case we have complet ame and equal B z=40 GHz for all allowed transitions between

transfer of the ground-state population to the excited statet§e two ground and four excited states; the chirp spéed

. i =140 GHz/ns. The initial phase difference of the ground states
|3) and|6) having no common transitions to 'Fhe two grpund probability amplitudes i€a) A o= 7 and (b) A ghy=0.

states. On the contrary, when the phase differehgg is
assumed to be zero, all excited states are populatéth
predominantly population of the stat@s and|5) due to the
constructive interferengeas a result of interaction with the
laser pulse in Fig. ®). Note that all atomic population is pulse

transferred from the ground states to the excited states for The peak Rab_| frequencies o_f transitions fr_om the ground
both limiting values of the phas&d,. Numerical analysis states to the excited ones used in the simulations exceeds the

shows that similarly, all population of the atom is being interval between t_he ground state;. To examine the inflluence
transferred to the ground states as a result of interaction WitRf power broadenlng of the hyperflne Ievels.o.n. the eff|c_|ency
a second frequency-chirped laser pulse. of the population transfer, we increased gr‘uﬂually the inter-
val i, between the two ground states in order oy, to
exceed significantly the peak Rabi frequencies of the transi-
tions. The efficiency of the population transfer did not
In the case of narrow band pumpingss, w5, ws6<Af,  change significantly compared to the previous case of the
<w1y, Only the ground state levels are assumed to be resriginal interval between the ground-state levels. It means
solved when the levels of the excited manifold are mixedthat even in the case of the Rabi frequency exceeding the
because of the relatively wide laser pulse envelope spectrunfrequency interval between the hyperfine grodadexcited
The dynamics of the population transfer for the case of nartevels, they could not be interpreted as mixed states in the
row band pumping is shown in Fig. 4. As can be seen, dnteraction process with frequency-chirped laser pulses. Note
complete population transfer between the ground and excitetthat narrow-band excitation and spectral selectivity preserva-
states may be achieved in this case too: the atomic populd&ion were achieved with broadband lasers with chirped fre-
tion is completely transferred to the excited states after thguency even when the Rabi frequency exceeded the distance

POPULATIONS

POPULATIONS

first frequency-chirped pulse and is transferred back to the
ground states as a result of interaction with the second laser

B. Narrow band pumping
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t

a(t)=; rk(t)b(k)(t)exr{—if

w, (t")dt’

with the initial condition att— — oo,

POPULATIONS

a(—oo>=2k rd(—)b®(—x),

whereb®(t) is the dressed-state eigenvector, corresponding
to thekth eigenvalugquasienergyw, of the HamiltonianH

TIME ﬂb(k)zwkb(k). 3)

The quantityr,(t) is the statistical weight of the adiabatic
dressed-state vectd¥)(t) in the (bare state vectora(t).
According to the adiabatic theoref8], r (t)=r,(—=): If

> the system is in &bare eigenstate ofl before the action of
g osl theJaser pulse it will be passed into ttdressedl eigenstate
2 of H that derives from the bare eigenstate by continuity
E ool when the interaction with the laser pulse is being switched
& on. When the evolution is adiabatic no transitions between
o2l the adiabatic states take place and their populations are pre-

served.
We obtain the following equation for the eigenvalues
(quasienergiesw, , k=1,2, ... ,6from Eq. (3):

(b) 911922~ 912921=0, (4)

FIG. 4. (Color online The population dynamics for the case of where
narrow band pumping. Time is normalized by the duration of the
laser pulse. The atom is assumed in a single ground state initially. W14 2(W+e4)Q s {913 2w(w+eq)
The dashed line is the.normallzed |nten§|ty profile of the Iasgr pulse. 911 Oz 005000~ Q1500 2 Qs
The parameters applied are the duration of the puisensity
27,=1ns; the peak Rabi frequency is betweép=3.15 GHz and

_(WHeg)yy  2(Wtey) Qs

Q0 r=9 GHz for the allowed transitions between the two ground and g1o= _
four excited states; the chirp spebe 7 GHz/ns. (a) During the Qo Qo5014— Q15024
first pulse. (b) During the second pulse. Q 2W+ £,) (W+ £g)
26 2 6
[ 2 Q26 ’

between the atomic leve[46] or the width of the Doppler-
broadened lines of the atomic ensemdé].

To make the picture of the interaction 8Rb model at-
oms with frequency-chirped laser pulses even more com-
plete, we proceed to examine this interaction for a case when
the hyperfine levels are resolved for both the ground states gzz:(w+86)925 2(W+es)(d1q
and the excited state manifold using the dressed-states analy- Qo Q250 14— Q15024
sis in the next section. The results obtained in the dressed- [

_WQl5 2(W+85)Qz4 |:Ql3 2W(W+81)
T T Oy 0l 2 O

QZG 2(W+82)(W+86)

states picture are compared with the results of the numerical > o
26

solution of the Schidinger equation for the same quantum
system.

Qj (i,j=1,...,6) areRabi frequencies for corresponding
transitions and detunings (i=1, . ..,6) aredefined in Eq.
IV. THE DRESSED-STATE PICTURE (2).
The time dependencies of solutions of E4), the eigen-
The dressed-state analy$is3,19 is a convenient way to values(quasienergiesw,, k=1,2, . ..,6, areshown in Fig.
predict the behavior of the atomic populations as a result 0b for the linearly chirped laser pulse with a Gaussian enve-
interaction with the frequency-chirped laser in the AP re-lope. The diabatic linegthe eigenvaluesy, , k=1,2,...,6,
gime. The solutiora(t) of Eq. (1) can be represented in the versus time in the absence of the laser field wbgp—0)
basis of the adiabatic dressed staté(t), are depicted in Fig. 5 as dashed lines.
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205

C4: B C3QSQZ_Q3Q4

Ql 2Wk(81+Wk)
2 o

e 20, Qs 2(e2+ W) (£6+Wy)
60:0,-030,] 2 O ’

QUASTENERGIES

C

—C 294 Ql 2Wk(81+Wk)
5T 0:0,- 030, 2 Ox

2Q, [Qe 2(82+Wk)(86+wk)}
592_9394 2 QE '

)

(a

_WkQ§+ 2(&4+Wy) Q7 2w (e1+wy)
T 0F T 050,-050, % 2 Or

The normalization factor idl(w,) =3|C;|2.

We construct the dressed std&t®(t) by selecting an ei-
_— genvaluew, from the solution of Eq(4) which tends to the
diabatic line that corresponds to a given initial conditions for
the atom before interaction with the laser pulset-at— o
(Qi;—0). For example, if the atom was in the stétgini-
tially, we have to choose a solutiam,, which tends to the
diabatic line 1 in Fig. 5 at— —, corresponding to the
quasienergy of the bare stdte. Usingw,, we obtain the

o dressed-state vectbf?)(t) from Eq. (). The solution of Eq.
b) (4), w,, that tends to the diabatic line 2 in Fig. 5, is the
quasienergy of the atom that initially was in the ground state

FIG. 5. (Color onling (a) Time dependence of the quasienergies |2)- In the case when the population of the atom is distributed
of the hyperfine levelgsolid lines. Diabatic lines are shown by With some statistical weights between the tihare ground
dashed lines. Time is normalized by the duration of the laser pulseStates initially, we have to construct combination of the
The parameters applied are the duration of the piiseensity ~ dressed stateb®)(t) and b®)(t) with the same statistical
27,=2 ns; the peak Rabi frequency is betweep=1.73 GHz and ~ weights as for the bare states. As it follows from Fig. 5, as a
Qr=23 GHz for the allowed transitions between the two ground andresult of the interaction with a laser pulse having a negative
four excited states, the negatiyieom blue to red chirp speed is frequency chirp(frequency is diminishing during the pulse,
b=-3GHz/ns. (b) A magnified picture for small values of the blue to red chirp, the quasienergies; andw, evolve into
quasienergies. the diabatic lines corresponding to the excited stfeand

|6), respectively, which are the uppermost levels for transi-

We solve Eq.(3) to find the componentsbi(") of the tions from the ground statg$) and|2), respectively(com-
dressed statb™(t) for corresponding quasienergy,. The pare with the results of Ref16]).
solutions for the corresponding probability amplitudes are Mathematically, adiabatic evolution requires that coupling
between the adiabatic states is negligibly small compared

[ PR

QUASIENERGIES

———————TIT

1
w

1
N

1
R
o
R
N
w

b =Ci(w)/N(wy) (i=1,...,6), (5)  with the difference between their quasienergies. In the sim-
plest case of a two-level system, the adiabatic condition
where reads[13]
d d
c 2wy e—Q0—0—g|<2(02+52)32
1 Q_l 3, dt dt

where() ande are the Rabi frequency and detuning from the
2(eg+Wy) resonance for transitions in the two-level system. As it fol-
lows from this condition, the adiabatic evolution requires a
smooth laser pulse, relatively long interaction times, and
large Rabi frequencies. While the explicit form of the adia-
_ batic condition is relatively simple in the case of a two-level
3 Qf 0:50,-050, ° it i i i i-
6 5l 3233k, system it is much more complicated in the case of a multi

level system under consideration in this paper.
Qs 2(e2+ Wi (26 W) , The population dynamics of the hyperfine levels of the
2 Qg 8Rb atom model calculated using the numerical simulation

_(86+WK)QZ 2(84+Wk)
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POPULATIONS
QUASIENERGIES

TIME

FIG. 7. (Color online The population dynamics during the first
pulse calculated in the dressed-state picture. The parameters are the
same as in Fig. ® except for the Rabi frequency, which is 15
times smaller.

frequency-chirped laser pulses are presented in this paper.
We have shown that effective population transfer between
two ground hyperfine levels of tHRb atom and the mani-
fold of excited hyperfine levels may be achieved using
frequency-chirped laser pulses of different durations: rela-
tively short (broadband pumping relatively long (narrow
band pumping and also for laser pulses long enough for all
working hyperfine levels in both ground and excited levels
manifolds to be resolved. In all regimes mentioned, the fre-
quency of the laser pulse must be chirped through the reso-

FIG. 6. (Color onling Numerical simulation: The population nance with all allowed transitions between the two ground
dynamics in the case of Iong pulses when all the hyperfine Ievelgnd four excited hyperfine Working levels of tﬁ%Rb atom
are resolved. Time is normalized by the duration of the laser pulseq obtain the effective population transfer. Dependence of the
The parameters applied are the duration of the plistensity  population transfer to individual excited states on the initial
27,=50ns; the peak Rabi frequency is betwe®p=2.61 GHz  coherence between the two ground states is demonstrated in
and Qg=4.5GHz for the allowed transitions between the two {4 regime of the broadband pumping when the frequency
ground and four excited states. The dashed line is the pump pUIsaepectrum of the laser pulse envelope exceeds the frequency
intensityprofile. (a) During .the first pulse where the.negative interval between the ground states. For example, destructive
(from blue to red chirp speed ib=—1/2 GHz/ns. (b) Duringthe ¢ o4y interference may suppress the transfer of the atomic
second pulse where the positivitom red to blué chirp speed is . . - .
b—1/2 GHz/ns. popéJSIann to excited hyperfine leve(llevels |4) and|5) in

the ®>Rb atom, see Fig.)1which are common for transitions

of the Schrdinger equation is shown in Fig. 6 for the case offrom both ground states. On the contrary, there is enhance-
the atom in the ground staf#) initially. As it follows from ment of the population transfer to these excited states under
this figure, all the atomic population is transferred into theconditions of constructive interference. It is important to
excited stat¢5) as a result of action of the frequency-chirped note, however, that independently on the initial coherence
laser pulse with the blue to red direction of the frequencybetween the ground states, population transfer takes place
chirp[see Fig. 6a)]. One has to apply a laser pulse with the from the two ground states to the manifold of excited states
opposite(red to blug direction of the frequency chirp to and back to the ground states as a result of interaction with

move the atomic population back to the ground sfBtésee  the frequency-chirped laser pulses in the broadband pumping
Fig. 6(b)]. The results of the dressed-states analysge Eqs. regime.

(4.);"1? (5)] arle dtt)epictgd in Eig. 7 and sr;ovy gciod agrltazgment We have shown that effective population transfer takes
\év't_”t].e results aseh on the mrj]merlca simu atﬂwle_ dl% . place for a narrow band pumping, too, when the ground hy-
). This agreement shows that the parameters applie u”rg?erfine levels are resolved but the excited ones are not.

the_ nurr_lerical s_h_’nulation_ are in t.he range of fulfillment O.f the nalysis shows that the effective population transfer takes

adiabatic condmons for interaction of the frequency-chirpe blace in both cases when the atomic population is optically

laser pulse with the Rb model system. pumped into one of the ground states or it is located in both

ground states initially. In the latter case, the efficiency of the

population transfer does not depend on the initial coherence
In conclusion, the results of the analysis of populationbetween the ground states.

transfer in the®Rb atom in the field of a sequence of For the case of frequency-chirped laser pulses long

POPULATIONS

V. CONCLUSIONS
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enough for all hyperfine levels to be resolved, we have perthe wave number of the laser pulsater interaction with a
formed dressed-states analysis and a numerical simulation phir of frequency-chirped laser pulses, which propagate in
the Schrdinger equation to show that in a Rb atom model,opposite directions. Repetition of this cycle of excitation and
population transfer from the two ground states to excitedjeexcitation of the atoms by a sequence of counterpropagat-
ones and back to the ground states takes place when conglig laser pulses will result in the effective coherent transfer
tions for the AP regime of interaction are fulfilled. of the mechanical momentum from the laser field to Rb at-
As it follows from the above consideration, the interactiongms and the effective manipulation of the atomic beam. An
of a frequency-chirped laser pulse witi%®b atomic system important advantage of this system is that relatively large
in the ground states initially results in excitation of the atommechanical momentum may be transferred to the atomic
in the case of a sufficiently high Rabi frequency of the pulseheam from the laser field due to a large number of the laser
the all atomic population becomes distributed among the expylses interacting with the atoms. This number is defined by
cited states with no population in the ground states just simithe repetition rate of the laser pulse source and the time of

lar to the interaction of a frequency-chirped laser pulse withflight of the atoms through the interaction region.
an effective two-level system in the AP regime of interaction.

Second laser pulé® applied to the atom, with a time delay
much shorter than the relaxation times of the atom, will
transfer all atomic population into the ground states. This
may be used for the efficient coherent manipulation of beams This work was supported by the Research FUBTKA)

of multilevel atoms, such as Rb atoms: the atoms will receiveof the Hungarian Academy of Sciences under Contract Nos.
mechanical momentum equal tozR, (with k, being T 038274, 034141, T031981, T25262, and OM-NKFP 3/064.
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