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Three-level A atom in the field of frequency-chirped bichromatic laser pulses:
Writing and storage of optical phase information
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We investigate the behavior of a three-level atomic system witktructure of levels in the field of a
sequence of short frequency-chirped bichromatic laser pyBEB’s) in the adiabatic passage regime of
interaction. We show that the efficiency of the population transfer in this atomic system is sensitive to the
relative phase of the pulses forming the BLP when the atom is prepared in a coherent superposition of its two
ground states initially. We propose to use this sensitivity for coherent fast and robust writing and reading of
optical phase information. The initial preparation of the atom in the “dark” superposition state is suggested
through the action of a sequence of a few frequency-chirped BLP’s with duration longer than the atomic
relaxation time.
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[. INTRODUCTION superposition state is determined by the relative phase of the
Stokes and pump pulses.

The coherent superposition of quantum states plays an We propose in this paper an alternative and simpler
important role in quantum optics, quantum chemistry, andscheme for generation of arbitrary coherent superposition of
mechanical manipulation and cooling of atoms by laser raiwo ground states of a three-levelatom in a robust and fast
diation, as well as in other fields of contemporary scienceWay by using frequency-chirped bichromatic laser pulses
Population trapping1] and its use for laser cooling below (BLP'S). Each BLP is a superposition of two pulses of the
the recoil limit in the scheme of velocity-selective population S@Me shape with different carrieand, in general, different
trapping[2], construction of atomic beam splitters based onR@P) frequencies in Raman resonance with the atom. The

“dark” states[3], use of the dressed state with zero energ)/t“‘.ondti)ﬁ?[ns forttﬁgxac{[iabatic dp‘:’[‘rslsa];@@) regimehpf in;eéall_cF—)’
for complete transfer of the atomic population from one lon between atom an e frequency-chirpe S

ground state into another without population of the interme-‘?;eef ﬁ%ﬁj}med to oceur in our considerasee, for example,
diate excited state in the scheme of stimulated Raman adia- Each BLP couples the corresponding ground state of the

patic PassageSTIRAP) [4.]’ enha}ncement of thg refractive A atom to a common excited state, as shown in Fig. 1. Due
index of a resonant medium using the appropriate coherenf, yo jjentical shape and chirp of the pulses forming the
superposition of ground stat¢S], and quantum computing g p ang the assumed condition of Raman resonance, the
[6] are some of the most important applications of superpogystem under consideration is equivalent to a two-state quan-
sition of quantum states of atoms and molecules. The queggm system. The ground state of this system consists of a
tion of how to produce a desired superposition of atomicsyperposition of orthogonal “bright’ and “dark” states.
(moleculaj quantum states and govern them in a fast andrhe “bright” state is a superposition of two ground states of
robust way is of great practical interest in several fields ofthe initial A atom and is coupled by the laser field to the
contemporary science. excited statéwhich is the same as for the initidl atom). At

A modification of the STIRAP technique in a three-level the same time, the “dark” superposition of the ground
A atom to create a definite superposition of its ground statestates, which is decoupled from the excited state, does not
by maintaining a fixed ratio of Stokes and pump pulse aminteract with the laser field.
plitudes at the end of the interaction was proposed in Refs. As is well known, a frequency-chirped laser pulse with
[7,8]. This method, however, requires accurate control of theluration much shorter than the relaxation times of the quan-
relative strength of Stokes and pump pulses. Inhomogeneotsm system may produce complete transfer of populations
transverse intensity distribution of the laser beams, for exbetween the states of a two-state atom in the AP regime of
ample, may cause problems for application of this methodinteraction[10]. The population transfer is not complete if
Another method was suggested in Ré&f] for generation of
a coherent superposition of long-lived quantum states robust 2)
against small variations of the laser parameters. This method
is based on the usual three-level STIRAP scheme with cou- /
pling of the intermediate excited state to an additional, fourth
metastable state of the atom by a thjontrol) laser pulse. N @
The final coherent superposition of the ground states in this
tripod-linked system can be governed by adjusting the rela-
tive delay of the control pulse with respect to the pump and FIG. 1. The scheme of tha atomic system. On the right, the
Stokes pulses. The relative phase of the resulting quantumBLP’s envelope and the frequency chirp are shown.
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the pulse duration is of the order of or larger than the decayvriting is analyzed in Sec. VIl by numerical solution of the
time of the excited state. set of Bloch equations, taking into account the decay of the
In our case, the frequency-chirped BLP produces populaexcited state. This dark-state generation is performed by a
tion transfer from the bright superposition of the groundsequence of frequency-chirped BLP’s having durations
states to the excited state and does not interact with the dafnger than the decay time of the excited state. The robust-
superposition state. Since the bright and dark superpositiofess of the quantum transition schemes analyzed in this pa-
states depend on the relative phase and relative strength BEr is discussed in Sec. VIIl. A summary of the main results
the pulses forming the BLP, this dependence will be transOPtained in this paper is presented in Sec. IX.
ferred to the population of the excited state. This phase sen-

sitivity may be used for generation of a desired superposition I THE MATHEMATICAL FORMALISM FOR
of quantum stategn arbitrary Raman or Zeeman coherance INTERACTION OF SHORT FREQUENCY-CHIRPED BLP’s
by controlling the relativédifference phase of the BLP’s. WITH A ATOMS

The writing of optical phase information into the super-
position states may be considered as another important a

plication of the phase sensitivity of excitation of theatom. level A atom (see Fig. 1 interacting with a frequency-

All atoms of the ensemble interacting with the frequency-Chirped BLP having duraton much shorter than all

chirped BLP have to be in the same 'F"“a' superposition Ofrelaxation times of the atomic system. The BLP consists of
the ground states for coherent optical information writing to

two linearly polarized laser pulses having the same shapes
be successfl11]. y P p g p

(with, in general, different amplitudes and Rabi frequencies

The relaxation of an atom from the excited state results i, ... e velative phasa .= ¢ — b, (b, and ¢, are the
decoherence, disturbance of the phase relations, and concefiracec” of the laser pulstezs folrminé the BLFPhZe carrier

tration of the atoms in the dark superposition state. To inve requencies of the pulses forming the BLP are in Raman

tigate the influence of the atomic relaxation on the Processes,cnance with the. atom. The laser pulses are frequency
mentioned above, we use the set of Bloch equations to d(?:'hirped in the same way. A linear chirp of the carrier fre-

scribe interaction of the three-leval atom with a sequence e : aang L
of frequency-chirped BLP’s. We show that the initial coher- ?Sueeentt:rl]eesrlizhctogzlr?;riendIlz?gt;l:lls paper for the sake of simplicity

ent supt;?rpof/s\ltlc;n of the groundf stai(:s darkfoné '?. the it We neglect all relaxation processes in the atomic system
ensemble of atoms necessary for pnase information Wit o4 ;g point due to the short duration of the BLP. This allows

ing may be effectively generated by a sequence o : B, .
frequency-chirped BLP’s with duration of the order of the ci Ezldiilg:;ﬂhtg]? Schdinger equation for the state vector

decay time of the excited state of theatom.
The problem of interaction of a short frequency-chirped d N

laser pulse with a two-level quantum system may be solved mc=iHc. (N

analytically in the AP regime of interactigri0O]. Note that

there exist a large number of exact analytic solutions to thi

problem for certain pulse shapes and modulations in time o

We begin with the Schidinger equation for the probabil-
HX/ amplitudesc;, i=1,2,3, of the atomic states of a three-

he rotating-wave-approximation Hamiltoni&his

the frequency of the laser pulsgk2]. We use here simpler 0 9, O

approximate solutions corresponding to the AP regime of . . .

interaction. These solutions describe with high accuracy the H=| Q1 ) Q5

effects of interaction of short frequency-chirped laser pulses 0 O, O

with two-level atoms in the case when the laser pulse ampli-

tudes and phases have slow enough modulations in(fione The time-dependent Rabi frequenciex)2(t) and

the exact conditions for the AP regime to occur, see Refs2Q),(t) with maximum valuesV,; andW, are, respectively,
[10,13,19).

The remainder of this paper is organized as follows. In 1
Sec. Il we transform the Schdimger equation for the prob- Q1= Q1= 05 = (W =—dA(1);
ability state amplitudes of the three-levelatom into a set of 2h
equations for an equivalent two-state atom and analyze the 1
approximate solutions of these equations in the AP regime. 0. —O% — _ =
In Sec. lll, the dressed-state picture of the problem under 5= 025= 3= TOW, 2Fd23A(t)'
consideration is developed and analyzed. In Sec. IV we dis-
cuss the possibility of generation of a coherent superpositiofl;; is the dipole moment matrix element for laser-induced
of the ground states in thd atom by frequency-chirped transition from the stat§) to the statdi) (i,j=1,2,3). f(t)
BLP’s. A reversible population transfer between the grounds the(common envelope function of the pulses forming the
states of theA atom is discussed in Sec. V. In Sec. VI, we BLP with Aj=|A| exp(¢;) and w j(t) (j=1,2) being the
discuss the schemes for writing, storage, and reading of theonstant complex amplitudes and time-dependent carrier fre-
phase and intensity information using short frequency-quencies of these pulses. The assumed condition of Raman
chirped BLP’s. Generation of the dark superposition of theresonance states tha&(t)= ey (t)=eo3(t), where ey
ground states in the. atom for optical phase information = 1(t) — w21, €23= w 2(t) — wo3 are detunings from one-
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photon resonance, and,;,w,3 are the resonant transition
frequencies between the corresponding states. The linee
chirp of the carrier frequencies of the pulses forming the
BLP is w j=wjo)t2Bt, where w j) (j=1,2) are the
central frequencies of the pulses anél i2 the speed of the
chirp.

It is easy to show that an equivalent two-level system may
be introduced with the probability amplitudes of the ground
and the excited stateg, and e, respectively, which fully
describes the three-level system under consideration:

By(fin)

d d

agb=iF(t)e, ae—ie(t)e=iF(t)gb, (2 @ 1
where gy(t) =[ W7 c1(t) + W3 c3(t) I/ VW [>+ [W,[%,  e(t) ‘
=c,(t)exdiet)t], andF (t) = f(t) V]W,[Z+[W,|2. ' s

The amplitudegy,(t) corresponds to the bright superposi- )

tion of the ground states that is coupled with the excited state
by the frequency-chirped BLP, as follows from E@). The o6
amplitude of the dark superposition of the ground states is 1

ga(t) =[W,eq(t) —W;c3(t) 1/ VW, [?+[W,|2. This superpo-  o.4
sition state is uncoupled from the excited state, as follows
from Eq. (1): 0.2

PHASE (rad)

d 1 2 3 4 5 6
g1 3= 0 () )

FIG. 2. (a) Dependence of the excited-state populatigg, on
the relative phasa ® ,, of the pulses forming the BLP and on the
ground-state population,y, . The initial phase of the Raman co-
herence i\ ¢p15iny=0. (b) The same as i) at different values
of the initial population nyin: nNymy=1(1); 0.82); 0.6(3);
e(t) 0.5(4).

e 4
2 2
Veo(t)+F<(t)
Ny = 2[ 1+ 2N 1(in) V1= Ny(in) COL A 15+ AD15)].
It is well known [see also the solutiot¥) for a linearly @)
chirped BLA that complete transfer of the _populat_lons (_)f aNote that the population gy, = |Cz(ﬁn)|2 does not depend on
two-level atom takes place as a result of interaction with gpe phases:nz(ﬁn)=% for equal Rabi frequenciesW,|
frequency-chirped laser pulse i_n the AP regifd®]. This —|W,| in the case of a\ atom in a single ground statéor
means that we _have for the final amplitudgy,, of the example ny,=1) initially, as follows from Eq.(7).

bright superposition state at the end of the laser pulse The dependence of the excited-state population on the
relative phasel®;, of the pulses forming the BLP and on
the initial population of the ground states is depicted in Fig.
) ) ... 2 for zero value of the initial phas&é®,3;, of the Raman

in the case when the atom was in the ground state initially.oherence. Note complete excitation of the atorm\dt;,
(&in=Czn)=0). The subscripts “in" and “fin” stand forthe  _q  and complete suppression of the excitation when
initial (t— —c) and final ¢—) values of the populations A =7 at the same initial population of the ground
and phases. states: n;,=ns,= 3. These two extreme cases correspond

. - _ 2
We have for the final populations;in=[Cj¢n|” and 5 the atom prepared initially in the bright or dark ground
phasesg;in) of the ground stategwith the complex prob- superposition state, respectively.

The solution to the two-state problem of E) for the
population difference(t) =|e(t)|>—|g(t)|? has the follow-
ing form in the AP regime of interactiofl0,13:

Z()=—Z(—=)

Ob(fin =W C1finy + W5 C3(fin) =0 (5)

ability amplitudesc; i) =|C; in)| €Xi by sin) ], j=1,3) in the The peculiarities of excitation of thé. atom by the
simplest case of the same Rabi frequenci¥,(=|Wa|) of  frequency-chirped BLP described by K@) (see also Fig. 2
the laser pulses are the basis for the coherent writing of optical phase infor-

mation proposed and analyzed in this pafsse below.
N1ctiny=Nactimy » Pacting~ Paciing = A P13(finy = T+ AD 5.

(6) Ill. THE DRESSED-STATE PICTURE
The final populatiomyy,, of the excited state of th& atom The peculiarities of population transfer in the three-level
initially in the ground state igin the case ofW,|=|W,|) A atom in the field of a frequency-chirped BLP may also be
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b¥=01/Ne; b =w/Ny;

20

b(sk):[Wk(Wk_6)_|91|2]/(Q§Nk); (19

10

N = VWE+[ Q4|2+ | wi(w— €) — [ Q4] 22| Q,|2,

(k=1,2,3).

QUASIENERGY

It follows from Egq. (9), thatw,—0 andw;— e whent—
—o, This means that the dressed stapéd and b(® are
those coinciding with the bare ground states when the
dressed stat®® coincides initially with the bare excited
-2 -1 0 ! 2 state of theA atom.

TIME (arb.units) We have the following relation between the dressed-state

FIG. 3. The evolution in time of the dressed states’ quasienerfJlnd the bare-state vectors at the beginning of the interaction

gies for different values of the normalized Rabi frequerty, att— —o using Eqs(9) and(10):
=1(1); 52); 10(3); 15(4).

-10¢+

-20 }

o(—%)=R;b (=) +Ryb? (=) +R3b®(—0),

derived from the dressed-state pictuigee, for example (1)
[14]). The solutionc(t) of Eq. (1) can be represented in the whereR;=r;(—), j=1, 2, 3, and
basis of the adiabatic dressed stat€¥(t):
1 W2
H t ! ! b(l) —R)E Y/ 0 3
c(t)=2k rk(t)b<k>(t)exp[—|f_ wi(t')dt } (=) WL+ W2\
with the initial condition at— — o 1 W,
b2 (—0)= WP W2 '
VW |2+ [Wol* |,
o(—2)=2 ri(—)b¥(—e),
k
0
B —w)=
whereb®)(t) is the dressed-state eigenvector corresponding b™( =) ( é) : (12
to the kth eigenvalue(quasienergy w, of the Hamiltonian
H: The dressed-state vectof!)(t)=b(*)(—«) describes the
dark superposition of the ground states. This state vector
Hb™® =w, b (8)  does not change during the interaction of thatom with the

frequency-chirped BLP. In contrast, the dressed-state vector

The quantityr(t) is the statistical weight of the adiabatic b®’(—=) corresponds to the bright superposition of the
dressed-state vectd(t) in the (bare state vectorc(t). ~ 9round states and is orthogonal to the dark one. It evolves
According to the adiabatic theoref4], r(t)=r(— ). into the bare excited-state vector of theatom at the end of
We obtain for the eigenvaluas, from Eq. (8) the interactionsee below. o
In the case of the\ atom in the ground state initially,
R3;=0, and we have from Eq11) using orthonormality of
the vectorsh™®(—) andb®)(— )

Wy = €(1)/2+ \€2(1)/4+ | Q4]%+]Q,)?, 9 Ry = ¢(—») b2 (—w), (13

where the center dot means a scalar product of vectors. We

= — 2 2 2
Wa=€(1)/2= Ve (D/4+ Q4"+ Q" have at the end of the interactidat t— )

The time dependencies of the three eigenvaligs k (%) =R,bV(e0) + R,b?(0)
=1,2,3, are shown in Fig. 3 in the case of a linearly chirped
BLP for different values of the generalized Rabi frequencywith R, andR, being defined by Eq(13) and the dressed-
Q=]Q,]?+]Q,[?. The diabatic linesthe eigenvaluess,,  state vectors of the following form:
k=1,2,3, versus time in the absence of the laser field when
(1 —0) are depicted in Fig. 3 as dashed lines. 0
We obtain the following solution for the componeis’ bV (e)=bM(—w), b@(c)=|1].
(j,k=1,2,3) of the dressed-state vectors using (B4. 0
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In the case when thd atom is in a single ground state populations and the phase difference of the probability am-

initially, plitudes(the phase of the Raman coherenegqual to.
In the case of an atom initially in the excited staf;
1 =1; R;=R,=0 in Eg. (11)], the interaction with the
(—=)=[ 0], Ry=W,/\[W; 2+ W[, frequen.cy-c'hirped BLP leads to trgnsfer of the excited-state
0 population into the dark superposition of the ground states
corresponding to the eigenvalug =0 (see the evolution of
the eigenvaluav; in Fig. 3):
R =Wy /|Wy|*+[W,|“.
. . . 1 W,
We obtain at the end of the interactioni ) ()= —— | O
MARNA -W,
P S G D VR
|Wa |2+ |W,|* —w, W2+ Wo2 | IV. GENERATION OF COHERENT SUPERPOSITION OF

THE GROUND STATES
14

The atomic system under consideration may be used for

As follows from the expression obtained, exactly one-halfconstruction of a desired coherent superposition of the
of the A atom is excited and the other half is divided in equalground states and for coherent writing, storage, and reading
parts between the ground states as a result of interaction withf phase information contained in the BLP. As follows from
the frequency-chirped BLP with equal Rabi frequencies ofEq. (6), the relative phase of the probability amplitudes of
its pulses. Note that the same result follows from exact nuthe ground states at the end of the BLP is equah t, i,
merical solution of the equations and is discussed in Sec. =7+ Ad,, with A®,, being the phase difference of the

It is important to note that the dressed-state vectors of Eqpulses forming the BLP. So the desired phase difference
(12) with the replacementdV; ,— ), (t) coincide with A ;35 and populations of the ground statelesired values
those used in the scheme of population transfer from onef the Raman or Zeeman coherenceay be generated by
ground state to the other without excitation of the atom re-controlling the differenceA®,, of the phases of the pulses
ferred to as STIRAP. In this scheme, two laser pulses aréorming the BLP.
delayed with respect to each other in such a way that the

laser pulse acting first on th& atom is resonant with the |, REVERSIBLE POPULATION TRANSFER BETWEEN
empty transition. The second pulse overlapping with the first  sroUND STATES AND OPTICAL PUMPING OF

one is resonant with the transition from the initially popu- THE A ATOM
lated ground state. In this scheme, the dressed-state vector
b™)(t) with the eigenvaluev,=0 starts from a bare dark- An interesting property of the system under consideration

state vector. This state is dark due to the fact that the firgs the possibility of controllable and reversible redistribution
laser pulse is acting on an initially empty transition. This of the atomic populations between the three levels ofAhe
dressed-state vector remains a dark one during the whoktom by action with a sequence of bichromatic frequency-
interaction and evolves into a bare final-state vector that ighirped laser pulses. In the case of the same Rabi frequencies
dark, too. (IWq]=|W,|) of the BLP’s, we have excitation of exactly
The situation is different in the case considered in thisone-half of the atom after action of the first BLP with an
paper of no delay between the pulses of the BLP. The statatom in the stat¢l) initially. The second half is divided in
of the A atom in a single ground state initially is not dark. It equal parts between the two ground states. The second BLP
has a bright component, as follows from Efj1). The inter-  results in deexcitation of the atom with all population being
action with the frequency-chirped BLP leaves unchanged theoncentrated in the initially empty ground sté@ (see Fig.
dark component of the initial-state vector. The bright com-4). The action of the third BLP leads to the same population
ponent evolves into a state vector corresponding to the bamdistribution as after the action of the first one. The action of
excited state. Which part of the atom will be excited andthe fourth BLP results in reconstruction of the initial popu-
which will be transferred into the superposition of the groundlation distribution.
states at the end of the interaction with the BLP depends on The envelope of the BLP’s was taken as a Gaussian func-
the initial population distribution among the states as well agion in simulations,A(t) = A, exp:—tZ/ZTE], and the same
on the initial phase difference between the probability amplidinear chirp was assumed for the pulses forming the BLP’s
tudes of the ground states. It also depends on the relative,(t) =2pt.
(difference phase of the pulses forming the BLP. In particu-  Another interesting possibility of using frequency-chirped
lar, we have excitation of exactly one-half of an atom ini- BLP’s may be considered in the coherent optical pumping of
tially in a single ground state after interaction with a BLP the atomic populations into a single quantum state. First, the
having the same Rabi frequencies and same phases of tpepulation of theA atom in the dark superposition of the
laser pulses forming the BLP, as follows from Efj4). The  ground states is collected into the excited state by the action
other half of the atomic population evolves in to a cohereniof a frequency-chirped BLP having the relative phase of its
superposition of the two ground states, having the sampulses equal tar. This population in the second step is trans-
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POPULATIONS

ACDI 2 (rad)

(a)

POPULATIONS

4
TIME (arb.units)

{b)

FIG. 4. Reversible population transfer between the levels of the
A atom. The populations after the action of the fi@tand of the
second(b) frequency-chirped BLP’s. The parameters applied are
Wr =5, ,BTE:S. The atoms are assumed to be in a single ground
state initially: nqn=1.

ferred into a long-living state by the action of a subsequent

frequency-chirped laser pulse in the AP regime of interac- g|G. 5. (a) Transverse distribution of the relative phas® ,, of

tion. the pulses forming the BLP an) the corresponding transverse
distribution of the excited-state population after the interaction of
VI. WRITING, STORAGE, AND READING OF PHASE this BLP with theA atom.

INFORMATION
) spontaneous or stimulated emission from this state. An ex-
It follows from Eq. (7) that the populatiomy iy of the  ample of the transfer of the space distribution of the relative

excited state is a function of the relative phmlz of the phaseA(I)lz of the pu'ses forming the BLP into the popu'a_
pulses forming the BLP. So the phase information containegion of the excited state is shown in Fig. 5.

in the relative phas@d ®, may be written in the population
Ny (finy Of the excited state. Since the population of the excited
state depends on the initial phase difference of the ground
states’ probability amplitudes, it is obvious that the atoms
have to be prepared initially in the same coherent superposi- Initial preparation of atoms in the same superposition of
tion of the ground states, with the same initial populationsthe ground state®.g., in a dark oneis a necessary condition
N1giny» N3ciny» and phasel ¢35y . This superposition state for the coherent writing of phase information in atomic quan-
may be a dark one. tum states. One of the commonly used methods to obtain a
The information written in the population of the excited trapped or dark state in th® atom is the action by two cw
state, however, will be distorted due to spontaneous decdgser beams each resonant with a corresponding transition of
from the excited state during the decay time of this statethe A atom. Stimulated excitation and deexcitation of the
One of the ways to preserve this information is to transfer altom by the laser radiation accompanied by spontaneous re-
the population of this state to a long-lived stétee statd4) laxation from the excited state result in generation of the
in Fig. 1), by the action of a subsequent frequency-chirpeddark superposition of the ground states in theatom. The
short laser pulse. Reading of the phase information stored iatom in this superposition state does not interact with the
this long-lived state may be done by action of the samdaser field. In a similar way, by using only one laser beam, it
chirped laser pulse, which transforms the phase informatiois possible to optically pump the atom into a single ground
into the population distribution of the excited atomic state.state.
The latter may be detected, for example, by analyzing the The analysis shows that the efficiency of generation of the

VII. DARK-STATE PREPARATION BY A FREQUENCY-
CHIRPED BLP
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dark superposition states in tleatom under consideration pulse peak intensities, we assume that our pulses are in the
does not depend significantly on the frequency chirp of thenanosecond duration range. Note that, while nowadays there
laser pulses whose duration has to be longer than the decasa very good and routine technique for chirping laser pulses
time of the excited state. However, using frequency-chirpedvith durations shorter than 1 ps by using a pair of diffraction
laser pulses seems to be more advantageous for dark-stageatings[17,1§, it is more difficult to chirp laser pulses of
generation in the case when the levels of the@tom have nanosecond duration because of their insufficiently broad
substructure(not considered here, being the matter of ourfrequency spectrum. However, this may be achieved by us-
forthcoming paper Indeed, when using two cw laser beams, ing lasers with frequency-shifted feedbdd®,20 or by us-
for example, in the case of spectrally resolved magnetiéng diode lasers with time-modulated pumping current along
(Zeeman substructure of the atomic states, it is necessary taith an external Fabry-Ret resonator.
tune the frequency of the laser beams into resonance with For experimental realization of the quantum transition
transitions from each individual pair of the ground magneticschemes proposed in this paper, it is important to test the
sublevels to the excited state to generate dark superpositionbustness of these schemes against fluctuations of the
of these sublevels. However, the spontaneous decay of thmumping pulses’ parameters. To model fluctuations of the
excited state, which plays an important role in generation oRabi frequency, we include a harmonic modulation in time
the dark states, will induce destruction of the previously gen{with depth equal to 30% of the average valoé¢ the Rabi
erated dark superpositions of the sublevels, which are offrequency of pumping pulses forming the BLP. The resulting
resonance with the laser beams. A similar effect in opticauantum state populations of tikeatom (initially in one of
pumping was observed experimentally in Réf5] when the its ground statesare shown in Fig. 7 after the action of a
frequency tuning of dsingle cw pumping laser resulted in sequence of nine frequency-chirped BLP’s. Comparison with
reversal of direction of the optical pumping in an atomic Fig. 4@ shows a negligibly small difference between the
system having substructure of the levels. results obtained and those corresponding to the case of no
In contrast, dark-state generation and optical pumping bynodulation of the Rabi frequency. This may be considered
a sequence of frequency-chirped laser pulses do not requiess a demonstration of the robustness of the transition
the tuning of the pulse frequency as in the case of pulseschemes against intensity fluctuations of the frequency-
without frequency chirp. The frequency eichfrequency-  chirped BLP's.
chirped laser pulse is swept through the resonance ewitih To model phase fluctuations, we include a modulation in
individual transition from the sublevels of correspondingtime of the chirp speed of the BLP. As follows from the
atomic levels having spectrally resolved substructure. Theesults of our numerical analysis, the speed of the chirp of
interaction of each subsequent frequency-chirped laser puldhe pumping pulses is more sensitive to fluctuations. How-
with each corresponding resonant transition in the atomsver, the influence of the modulation of the chirp speed on
eliminates the destruction of the previously generated darkhe resulting quantum state population distribution is negli-
superposition states, or the reversal of the optical pumpingibly small when the modulation depth is less than 20% for
direction observed in the case of laser pulses without frea pulse sequence of up to ten frequency-chirped BLP’s. We
quency chirp. conclude that the schemes proposed in this paper are still
To examine the generation of the dark superposition oftable against phase fluctuations with amplitude less than
the ground states of th& atom, we have numerically solved 20% of the average values. It is not surprising because all
the set of Bloch equations for the density matrix elements ireffects described in this paper are assumed to take place in
the field of a sequence of three frequency-chirped BLP’she AP regime of interaction, which is robust against fluctua-
including spontaneous decay from the excited atomic stateions of the pump beam paramet¢t€).
The results of the simulations are shown in Fig. 6. The gen-
eration of a dark state is clearly seen in Figc)6after the

action of the third frequency-chirped BLP. IX. CONCLUSIONS
In conclusion, the results of analysis of a bichromatic
VIIl. DISCUSSION frequency-chirped laser pulse interaction with three-level

atoms are presented and a number of applications of this
Let us consider as a model for theatom(see Fig. 1the interaction are considered in this paper.

8Rb atom with two hyperfine sublevels of the?’S,,, state We have shown that an arbitrary desired Raman or Zee-
as two ground states and one of the hyperfine sublevels @hann coherence may be generatediintoms by governing
the 52P,, state as an excited state. The decay time of thehe relative phase of the pulses forming the BLP.
excited state is about 27 H46]. To avoid the dephasing The dependence of the excitation probability of the
action of the spontaneous transitions, the laser pulses have &om on the relative phase of the pulses forming the BLP has
be shorter than this decay time. Also, there is another restridseen used for coherent writing, storage, and reading of opti-
tion on the pulse duration from below connected with fulfil- cal phase information. The information written in the relative
ment of conditions for the AP regime assumed in this papephase of the pulses forming the BLP is transferred into the
[10,13,14. It states that the speed of variation in time of thepopulation of the excited state, and a subsequent frequency-
Rabi frequency and of the frequency detuning from the tranchirped short laser pulse is applied to store the phase infor-
sition frequency must be sufficiently slow with respect to themation. This pulse transfers the population of the excited
pulse’s Rabi frequency. To avoid the necessity of very largestate quickly into a long-lived quantum state of the atom to
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FIG. 7. Reversible population transfer between the levels of the
A atom: the populations after the action of a sequence of nine
frequency-chirped BLP’s with time-modulated Rabi frequency. The
depth of the modulation is 30%. The other parameters applied are
Wr =5, Brf=5. The atoms are assumed to be in a single ground
state initially, nyjn)=1.

writing the phase information. The possibility of preparation
of the A atoms in the dark superposition of the ground states
has been analyzed using the set of Bloch equations, taking
into account the decay of the excited atomic state. It is
shown that such a dark superposition state may be generated
by a sequence of a few frequency-chirped BLP’s having du-
rations of the order of or longer than the decay time of the
excited state.

The possibilities of reversible population transfer between
the ground states and coherent optical pumping of the popu-
lation of the A atom into a single quantum state have also
been shown using frequency-chirped BLP's.

It is worth noting that information writing and reading as
well as reversible population transfer between the quantum
states of theA atom arefast and robust in the proposed
schemes. These processes have time scales equal to those of
the laser pulses, whose duration may be chosen to be very
short. The restriction on the duration of the laser pulses is
connected mainly with the conditions for the AP regime of

FIG. 6. Time dependence of the atomic populations in the fieldtaraction [10,13,14. The robustness of these processes

of a frequency-chirped BLP with duration =2T, (T, is the
decay time of the excited statafter the action of the fira), the
second(b), and the third(c) frequency-chirped BLP. The param-
eters applied ar&V; 7 =W,r =5, Br2=5. Atoms are assumed to

be in one of the ground states initially.

comes from the robustness of the population transfer in
quantum systems produced by frequency-chirped laser
pulses in the AP regime of interaction. It is well known that

the efficiency of such population transfer may reach 100%
and is insensitive to the shape and transverse intensity distri-

prevent its distortion due to relaxation processes. Reading dfution of the laser pulses, as well as to the exact resonance
the stored information may be produced by excitation of theconditions.
atoms by the same frequency-chirped short laser pulse in the

AP regime of interaction, and subsequent analysis of the
spontaneous or stimulated fluorescence from the excited
state.
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