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Optimal control of photoassociation of cold atoms and photodissociation of long-range molecule
Characteristic times for wave-packet propagation
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This paper aims at studying the time-dependent effects involved in the photoassociation reaction for a
sample of cold alkali-metal atoms, within a two-channel model where the vibrational motion in the excited
state is coupled by laser light to the continuum state describing two colliding atoms in the lowest triplet
electronic state (a 3Su

1). Both photodissociation and photoassociation processes are considered at a time scale
shorter than the radiative lifetime, so that spontaneous emission does not have to be considered. The charac-
teristic times are then the vibrational period in the excited state, which for alkali-metal dimers can be estimated
of the order of a few hundreds of picoseconds, and the Rabi period, depending upon the laser intensity.
Numerical calculations using wave-packet propagation are performed for the coupling of the vibrational mo-
tion in the Cs2 1g(6s16p3/2) anda3Su

1(6s16s) channels by a cw laser slightly red detuned relative to the D2

resonance line. The results show Rabi oscillations in the populations of the two channels during time intervals
when the vibrational motion is stopped at the outer turning point. At intensities of'250 kW cm22, a new
characteristic time appears, a factor of 2 larger than the classical vibrational period, which corresponds to
vibrational motion in the upper adiabatic potential created by the coupling. Such an effect modifies the
scattering length for collisions in the lower state, and it clearly opens a possibility of control by tuning the laser
intensity.

DOI: 10.1103/PhysRevA.63.033407 PACS number~s!: 34.50.Rk, 33.80.Ps, 34.10.1x
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I. INTRODUCTION

During the last 15 years, the physics of dilute gases
seen major advances in two fields: laser cooling of ato
samples and femtosecond chemistry. In both cases, a s
motivation is to use laser light in order to achieve a be
control of the system by reducing the energy distribution
the various degrees of freedom. In this context, two fun
mental processes, i.e., photoassociation and photodiss
tion, or in other words formation and breaking of the chem
cal bond, have motivated a lot of theoretical a
experimental studies.

Among the many applications of cold atoms, the photo
sociation reaction@1#, where two atoms absorb a photon
create an excited molecule, has provided a wealth of accu
data on long-range molecular interactions, and the first
perimental demonstration of the formation of ultracold m
ecules@2–4#. In contrast with thermal energies@5#, photoas-
sociation in the cold regime is a resonant process due to
extreme sharpness of the energy distribution of the ini
continuum state@6#; this eliminates any contribution o
continuum-continuum absorption and selects a well-defi
rovibrational level as a final state. Photoassociation has b
observed for all cold alkali-metal atoms@7#, as well as for
hydrogen@8# and helium@9#. Most of the experiments hav
been performed up to now with continuous laser light, a
accordingly, theoretical investigations of the photoasso
tion process have been carried out mainly in the framew
of a time-independent approach@6,10–12# using a perturba-
tive treatment. In the framework of a Franck-Condon pictu
photoassociation is modeled as a vertical transition at la
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interatomic distances between a continuum state of two
liding atoms and a rovibrational level of an excited molecu
with a wave function approximated by an Airy function
the outer turning point. At ultracold temperatures, only a f
partial wavesl have to be considered, so that the photo
sociated molecule is formed in a rotational level with sm
angular momentumJ. This picture is confirmed by experi
mental observation, where modulations in the photoasso
tion rate as a function of laser detuning faithfully reflect t
nodal structure of the ground state wave function@13,14#.
Under stationary conditions, a simple analytic expression
the number of photoassociated molecules has been de
@6#, predicting, besides the modulation described above
dependence onTJ21nIDL

2(4J17)/6, whereT, n, I, andDL are,
respectively, the temperature and density of the cold ato
sample, the intensity, and the red detuning of the photoa
ciating laser relative to the atomic resonance line. At lo
laser intensities, such a simple model is in satisfactory ag
ment with the experimental observation@15#, quantitative
agreement relying upon a numerical estimation of the w
function overlap.

In the thermal energy domain, the reverse process of p
toassociation, i.e., photodissociation, has benefited from
development of ultrashort laser sources, allowing tim
resolved studies of the transition state dynamics@16,17#. The
photodissociation process is indeed well suited for such p
pose, as the initial state~characterized by the molecular in
ternal state! is well defined. For the theoretical interpretatio
time-dependent calculations have been intensively develo
@18#. In contrast with thermal energies, photodissociation
the cold excited molecules has not been studied, in part
lar, in case of stimulated photodissociation when the fi
state is a pair of ground state cold atoms. The bou
©2001 The American Physical Society07-1
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free transition is then due to stimulated emission: t
process will be simply called photodissociation in the f
lowing.

The aim of the present series of papers@19# is to take
advantage of the above know-how to investigate the dyn
ics of both processes in the cold regime, in a time-depend
framework. Cold atomic collisions, or vibration of a phot
associated molecule, are characterized by two different t
scales according to the range of internuclear distances
short range (R,50a0 , a050.0529177 nm is the Bohr ra
dius!, strong interactions due to the chemical bond lead
fast (,100 fs) dynamics, while in the long-range doma
weak interatomic interactions~multipole expansion, fine and
hyperfine structure! produce slow motion. A time-depende
description offers the opportunity to study the interplay b
tween these two regimes, to consider both continuous
pulsed laser light, and to overcome the restriction to we
laser intensities by going beyond the perturbative limit.

This paper is devoted to the time-dependent study of
evolution of a cold atom pair interacting with cw laser ligh
studied over duration in the nanosecond range, the influe
of spontaneous emission being then negligible. The res
will then provide insight for the evolution of the system i
teracting with a square-shaped nanosecond pulse~more real-
istic pulse shapes are beyond the scope of the present w!.
We shall see that in the cold regime (T5E/kB51 mK,
whereE is the relative kinetic energy andkB the Boltzman
constant! there is a competition between characteristic tim
associated with the relative motion of the atoms~vibrational
period, collision time! and the electromagnetic couplin
~Rabi period!. The formalism is described in Sec. II. W
limit ourselves to the simple picture of two molecular cha
nels coupled by laser light: effects linked to rotation a
hyperfine structure coupling will be neglected. In Sec. III, w
give for all the alkali-metal dimers a classical estimation
the vibrational period, and of the Rabi period consider
various choices for the intensity of the laser. In Sec. IV,
present results of time-dependent calculations for the ph
dissociation of cold Cs2 molecules in high-lying vibrationa
levels; as stated above, the initial state is then well defin
We show how variation of laser intensity and detuning c
modify the ratio of the two characteristic times. Evidence
an adiabatic situation at strong coupling is presented. In S
V, preliminary results are given for photoassociation, a
temperature~120 mK! where the use of a Gaussian wav
packet for the initial state of the two colliding atoms is ju
tified. In the cold regime, where most of the photoassocia
experiments are taking place, the choice of the initial st
for the time-dependent description of the photoassocia
reaction is indeed a challenge, due to the difficulty of rep
senting the initial state in a situation where the kinetic ene
is small compared to long range potential. The few stud
previously devoted to this problem@20–22# are motivated by
the feasibility of pump-probe experiments. At longer tim
scales, corresponding to existing photoassociation exp
ments, a more elaborate treatment has to be implemen
and this will be the subject of further studies.
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II. PHOTOASSOCIATION ÕPHOTODISSOCIATION AS A
TWO-CHANNEL PROBLEM COUPLED BY LASER

LIGHT

We consider an excited electronic statee connected by an
electric dipole transition to a lower electronic stateg. For
illustration, we choose the cesium dimer case with poten
curvesUe(R) and Ug(R) represented in Fig. 1: the purel
attractive long-range state 1g(6s16p3/2), coupled to the
lowest triplet state a3Su

1(6s16s). In the Born-
Oppenheimer approximation, the corresponding two-chan
wave functions are written as the time-dependent functio

C~ t!5S Cg
(l )~RW ,rW i ,t !

Ce
(l )~RW ,rW i ,t !

D 5S 1

R
xg~R,t !fg

el~rW i ;R!uj l &

1

R
xe~R,t !fe

el~rW i ;R!uj l &
D ,

~1!

where RW and rW i are, respectively, the interatomic and th
electronic coordinates, anduj l & the basis functions for the
relative rotational angular momentum of the atoms for
partial wavel . We will assumel 50 in the following, and
omit the l index. The electronic functionsfg

el andfe
el cor-

respond to the potential energiesUg and Ue , respectively,

FIG. 1. Cesium dimer potential curves relevant for the pres
study, built from quantum chemistry@35# and asymptotic calcula-
tions @34,36#. Transition and atomic resonance energies are a
displayed.
7-2
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and the functionsxg andxe describe the relative radial mo
tion of the atoms in these potentials.

The time-dependent Schro¨dinger equation is written, for
the two component functionC(t):

ĤC~ t!5@Ĥmol1Ŵ~ t!#C~ t!5 i\
]

]t
C~ t!. ~2!

The Ĥmol operator is the usual molecular Hamiltonian i
volving kinetic energy operatorT̂ and electronic potentia
energy operatorÛel :

Ĥmol5T̂1Ûel , ~3!

and the coupling term is written in the dipole approximatio

Ŵ~ t!52DW •«W LE0 cos~vLt !, ~4!

involving the transition dipole moment of the dimerDW and
the electric fieldEW with amplitudeE0 , polarization«W L , and
frequencyvL/2p:

EW5EW0 cos~vLt !5«W LE0 cos~vLt !. ~5!

The explicit temporal dependence ofĤ is eliminated in
the framework of the rotating wave approximation, and
transformation of the radial wave function of the nucle
motion:

xg~R,t !5x̃g~R,t !exp~2 iDLt/\!,

xe~R,t !5x̃g~R,t !exp~2 iv0t !, ~6!

whereDL is the red detuning of the laser from the reson
atomic transition energy\v0. The coupled equations ar
now expressed as

i\
]

]t S x̃g~R,t !

x̃e~R,t !
D 5S T̂1Ûg8~R! \V

\V T̂1Ûe8~R!
D S x̃g~R,t !

x̃e~R,t !
D ,

~7!

FIG. 2. Field dressed diabatic molecular potential curves
duced from Fig. 1, focused around their crossing pointRc .
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where the potentialsÛg8(R) and Ûe8(R) are now referred to
the DL50 origin, and dressed by the field~Fig. 2!:

Ûg8~R!5Ûg~R!2DL , Ûe8~R!5Ûe~R!2\v0 , ~8!

The coupling term is expressed as a functi
of the Rabi frequencyV(R)/2p of the system, related
to the molecular transition dipole momentDW ge(R)
5^fg

el(rW i ;R)uDW (rW i)ufe
el(rW i ;R)&, in the field of a laser with

intensity I, and polarization«W L :

\V~R!52
DW ge~R!•EW0

2

52
1

2
A 2I

ce0
DW ge~R!•«W L[cRabiAID ge

«W L~R!. ~9!

The time-dependent Schro¨dinger equation Eq.~2! is
solved by propagating an initial wave functionC0 , using a
Chebychev expansion of the evolution opera
exp(2iĤt/\) @23#. The wave functions are introduce
through their Fourier grid representation@24#, defined on a
grid of points with a constant stepsizedR5p/kmax deter-
mined by the maximum momentumkmax considered in the
problem. The number of grid points is a power of 2, to be
efit from standard powerful fast Fourier transform alg
rithms. In order to avoid prohibitive propagation time, ou
going boundary conditions for the wave functions are sim
defined by transferring the outgoing portion of the wa
function to another grid@25# with similar characteristics,
where the propagation can be performed analytically. Use
an imaginary absorbing potential would have the same e
ciency@26–28#. The transfer functionf T(R) centered inRT ,
defined onNT grid points and acting over the rangedRT
5NTdR, is chosen as

f T~R!511
1

2
tanh~a~R2RT2dRT/2!!. ~10!

All derivatives up toNT
th order are vanishing at the edge

the dRT zone, ensuring that no reflection of the wave fun
tion will occur.

The initial state for the photodissociation process is
fined as

C05S 0

xe~R;0!
D , ~11!

where xe(R;0)5xv(R) is a well-characterized vibrationa
wave function with energyEv of the excited electronic state
We note that the choice of a representation for the photo
sociation initial state in the present time-dependent appro
is more complex; the usual representation of a continu
state by a Gaussian wave packet, under cold conditions,
have a tremendous extension, well beyond the interac
zone. Moreover, due to the small kinetic energy, there i
wide region where the potential is imposing the same no
structure to the stationary wave functions at various energ
as observed in several photoassociation spectroscopy ex
ments@2,14,29#. The description of this nodal structure in
wave-packet formulation will be addressed in detail el

-
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TABLE I. Energy spacingsDEv and classical periodsTVIB for vibrational levels in the 1g(ns1np3/2)
potential of alkali-metal dimers, and Rabi timesTRabi for a linearly polarized laser with intensityI
51 kW/cm2 and I 532 kW/cm2. Dipole momentsD and Dge

(p) for the atomic/molecular transitions (ns
→np)/(a3Su

1↔1g(ns1np3/2)) are also displayed. Long-rangeC3 coefficients for the 1g state are deduced
from spin-orbit diagonalization involving long-range parameters of Ref.@34#. Values for Li2 are in italics, to
emphasize that Hund’s casec is not appropriate for this dimer.

7Li 2
23Na2

39K2
85Rb2

133Cs2

Reduced massm ~a.u.! 6395 20 953 35 512 77 392 121 135
D (a.u.) 2.34 2.47 2.94 3.03 3.24
C3 (a.u.) 28.5 29.5 213.4 214.2 216.2

Dge
(p) (a.u.) 2.53 2.68 3.17 3.28 3.50

DL'1 cm21 DEv (cm21) 0.28 0.15 0.10 0.07 0.05
TVIB (ps) 118 224 328 494 643

DL'4.3 cm21 DEv (cm21) 0.95 0.51 0.35 0.23 0.18
TVIB (ps) 35 66 96 145 189

I 51 kW/cm2 TRabi (ps) 367 336 284 274 257
I 532 kW/cm2 TRabi (ps) 65 59 50 48 45
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where. Preliminary results will nevertheless be presente
Sec. V, using as an initial state a Gaussian wave packet
reasonable extension, corresponding to higher tempera
and located on theg channel:

C05S xg~R;0!

0 D . ~12!

III. ESTIMATION OF THE CHARACTERISTIC TIMES

Prior to quantum wave-packet propagation, it is wor
while to estimate the characteristic times governing the
namics of the cold atom pair interacting with laser light. Th
will be relevant to gain insight on the best arrangement
maximum efficiency of the process.

Among the various attractive states varying asR23 at
large distances, we focus on vibrational levels of the pur
attractive 1g(ns1np3/2) Hund’s casec state of the alkali
dimers, located within a few wave numbers below the low
(ns1np3/2) dissociation limit. This state has been alrea
observed by photoassociation with continuous lasers
Na2 , K2 , Rb2, and Cs2. Neglecting hyperfine structure o
the atoms, it is connected at short distances to the low
1Pg state of the alkali-metal dimer, and coupled at lar
distance through an electric dipole interaction to the low
a3Su

1(0u
1,1u) state~see Fig. 1!. The long-rangeC3 /R3 be-

havior of the potential—whereC3 is the leading coefficien
of the multipolar expansion of the atom-atom interaction
cluding spin-orbit@30#—results in a very long classical pe
riod TVIB for the vibrational motion, as well as a high dens
of vibrational levels close to the dissociation limit. The cla
sical periodTVIB @31# is related to the slope of the energ
dependence of the vibrational quantum number by

TVIB~Ev!5~2p\!
]v
]E

. ~13!
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TVIB is the time necessary to go from outer turning point
inner and back. In the present problem, the levels are c
enough so that linearization of the slope is possible, yield

TVIB~Ev!'
2p\

Ev112Ev
5

2p\

dEv
. ~14!

The binding energy (D2Ev) of an excited vibrational
level lying in a potential withC3 /R3 asymptotic behavior
and dissociating at an energyD can be estimated through th
Leroy-Bernstein formula@32# as a function of the vibrationa
numberv, the reduced massm, and the asymptotic coeffi
cient C3. The energy difference (Ev112Ev) is determined,
leading to the approximate expression forTVIB ,

TVIB'
~C3!1/3

3

g~5/6!

g~4/3!
A2mp~D2Ev!25/6

[cvib~C3!1/3Am~D2Ev!25/6, ~15!

whereg(5/6)/g(4/3)51.2678 is a tabulated constant. Co
sidering the resonance condition in a photoassociation
periment,D2Ev5DL , the classical vibrational period of
dimer A2 is calculated according to

TVIB~ps!'@C3~a.u.!#1/3AMA

40
@DL~cm21!#25/63136 ps,

~16!

whereMA is the atomic mass of the atom A. The potassiu
atomic massMK540 is used as a reference scaling para
eter. AssumingC3 values around 10 a.u., the vibration
half-period has a magnitude of about 100 ps for a 1 cm21

detuning. Exact values involving the computed level spac
for the 1g curve of alkali-metal dimers at 1 and 4.3 cm21

detunings are reported in Table I.
7-4



-
n-

o
ng

se

re

ou
re

n

ua
n
an
s
s
ex
e

te
s
a

laser
tion
o-

s
rn
ce

n
ial
pect

re
ned
s

l

d.
the
ife-
c-
ergy
ing
for

cia-
ut
r

th
the
.
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Another characteristic time,TRabi, is associated with the
coupling\V due to laser light with polarization«W L @see Eq.
~9!#,

h

2
TRabi

21 5\V. ~17!

The value of transition dipole momentDge
«W L can be de-

duced from the expression of the 1g(ns1np3/2) state in
terms of Hund’s casea states,

u1g~ns1np3/2!&5a1~R!u3Sg
1&1a2~R!u3Pg&

1a3~R!u1Pg&, ~18!

where the coefficientsa1 ,a2 ,a3 result from the diagonaliza
tion of the electronic Hamiltonian, including atomic spi
orbit interaction. Standard long-range calculations@33# show
that the asymptotic valuesa1

`50.765, a2
`50.135, a3

`5
20.629 of these coefficients are relevant for the range
detunings investigated in the present work. The followi

values for Dge
«W L are then deduced, depending on the la

polarization:

Da3S
u
1,1g

(p)
5a1

`A2D, Da3S
u
1,1g

(s)
5a2

`2D, ~19!

where D is the matrix element of thez-component of the
atomics→p transition dipole moment:

D5^puezus&. ~20!

Table I displays values forTVIB andTRabi, for vibrational
levels located at detunings 1 and 4.3 cm21, typical of the
range explored in this work. For cesium dimer, the cor
sponding outer classical turning point is located at 150a0 and
90a0, respectively. The values of the coupling chosen in
examples to illustrate different experimental conditions a
\V50.0584,\V50.367, and\V51 cm21, obtained with
linearly polarized lasers with intensitiesI 5800 W/cm2, I
532 kW/cm2, and I 5252 kW/cm2, respectively. The first
value, \V50.0584 cm21, is typical for a photoassociatio
experiment with a cw laser.

It is clear from Table I that the present problem is unus
because of the large value of the vibrational period. Eve
low intensity, the characteristic time for Rabi oscillations c
become smaller than the vibrational time, so that the la
intensity is an important control parameter of the photoas
ciation process. Various experimental conditions are
plored below, illustrating different values of the ratio of th
characteristic times,

TVIB

TRabi
5

2

h
cvibAm~C3!1/3~DL!25/6cRabiAID ge

«W L. ~21!

We label the cases:TVIB@TRabi as the ‘‘strong coupling’’
case, TVIB!TRabi the ‘‘weak coupling’’ case, andTVIB
'TRabi the ‘‘intermediate coupling’’ case. We should no
that the ratio in Eq.~21! is increasing when the intensity i
increased or the detuning is decreased. The two factors
03340
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not independent, as larger detunings necessitate a larger
intensity to keep the same efficiency in the photoassocia
process. This will be discussed below in Sec. IV C. A res
nance condition for photoassociation impliesD2Ev[DL in
Eq. ~15!. We will also refer to this definition, although les
relevant, in our photodissociation study; it will then conce
the relative energy of the outgoing atom pair. The influen
of this condition will be also discussed.

Another characteristic time is linked to the radial motio
in the ground state, and then to the definition of the init
state for photoassociation. As already mentioned, this as
will only be briefly discussed here, as well as in Ref.@19#.

IV. WAVE-PACKET PROPAGATION AND
PHOTODISSOCIATION OF THE COLD EXCITED

MOLECULES

The resolution of the time-dependent Schro¨dinger equa-
tion ~2! is undertaken in the cesium case, for thea3Su

1

←1g(6s16p3/2) transition. The relevant potential curves a
displayed in Figs. 1 and 2. The long-range domain is defi
here byR.30a0, leading to transition dipole moment value
Dge

(p)51.08D and Dge
(s)50.27D, with D53.24 a.u. More

than 320 vibrational levels are found in the 1g potential. To
illustrate, we shall consider the following initial vibrationa
levels, located in a region where the energy slope]Ev /]v or
the classical vibrational periodTVIB matches two different
regimes: ~i! the level v5290, with Ev'20.99 cm21,
]Ev /]v'0.05 cm21 andTVIB'600 ps; and~ii ! the levelv
5259 with Ev'24.3 cm21, ]Ev /]v'0.17 cm21 and
TVIB'200 ps.

The corresponding vibrational wave functionsx290 and
x259 are computed with the Numerov integration metho
Time propagation of a few nanoseconds, longer than
characteristic times but much smaller than the radiative l
time ('30 ns), is investigated, which could simulate the a
tion of a square-shaped nanosecond laser pulse; the en
width of such a pulse is still smaller than the energy spac
between vibrational levels, and can be safely neglected
the present model where no rotation is included.

A. Photodissociation under typical experimental conditions
with a cw laser: intermediate coupling case

We consider first thev5290 level, bound byD2Ev
50.99 cm21 andDL1

51 cm21 ~Fig. 5!. The typical spacing

between vibrational levels is 0.05 cm21 in this region. The
radiative coupling is chosen equal to\V50.0584 cm21,
yielding TRabi5286 ps whileTVIB'643 ps. Such a coupling
~referred to as the ‘‘intermediate coupling’’ case above! cor-
responds to typical conditions of most of the photoasso
tion experiments; it requires a laser intensity of abo
800 W cm22 in linear polarization. The spatial grid used fo
the propagation extends from 6.3a0 to 275a0, and supports
8192 points. The populations are smoothly varying in bo
channels. Figure 3 shows the progressive depletion of
population in the 1g channel, which is visible in Fig. 4, too
7-5
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The weak modulations of the two populations can be att
uted to a small effect of Rabi oscillations, which do not ha
enough time to take place, as the amplitude is moving
towards the inner zone. This effect is, in fact, coupled to
vibrational motion, so that we observe modulations with
characteristic time~230 ps! slightly smaller than the Rab
periodTRabi5286 ps given by Eq.~17!.

B. Photodissociation in the strong-coupling case

1. Small detuning, on-resonant laser

Such conditions are achieved for thev5290 level and
detuning DL1

51 cm21, when choosing the coupling\V

50.367 cm21'7dEv ; this yields TRabi'45 ps, which is
much smaller than the classical periodTVIB'643 ps. The
spatial grid used in this case is the same as before.
relevant dressed potential curves are presented in Fig. 5
the effects mentioned in the previous paragraph are n
magnified.

Figure 6 clearly demonstrates the existence of Rabi os
lations between the two levels. The temporal evolution of
wave packet during a time which is smaller than the vib
tional periodTVIB can be qualitatively understood within th
intuitive Franck-Condon model, as the population is tra
ferred from the main peak of the 1g vibrational wave func-
tion to the continuum and backwards, creating a pair of
oms atRc'150a0. One can differentiate the following.

~i! A regime of almost pure Rabi oscillations during
short-term evolution~0–150 ps! where the motion of the
nuclei can be ignored in both channels~Fig. 7!: the popula-
tion remains located mainly around the crossing pointRc
5150a0. However, the strong coupling induces a large tra
sition region~about 50a0 in width!, where the wave packe
in the a3Su

1 channel does not vanish from the very beg
ning of the evolution@Fig. 7~a!#, at t56 ps.

~ii ! A longer term evolution~150–400 ps! ~Fig. 8!, during
which the ground state wave packet starts moving both
wards and outwards. Population of the 1g continuum be-

FIG. 3. Photodissociation~i.e., bound-to-free stimulated emis
sion! of the cold excited Cs2 molecule, under conditions typica
from an experiment with cw light. The resonance condition is f
filled here. The initial vibrational level of the 1g state isv5290
(D2Ev50.99 cm21). Evolution of the populations on the 1g ~full
line! and a3Su

1 ~dashed line! channels for a coupling\V
50.058 cm21. The characteristic time of the smooth modulation
230 ps, is slightly smaller thanTRabi'286 ps. Vertical dotted lines
refer to the snapshots of Fig. 4.
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FIG. 4. Time evolution of the wave packets for the conditions
Fig. 3, showing population transfer from the bound vibrational st
1g v5290 ~left column!, D2Ev50.99 cm21, to the continuum of
the 3Su

1 state~right column!. The absorption of the wave packet b
the transfer functionf T at the edge of the grid is also visible. Cha
acteristic times areTVIB'643 ps andTRabi5286 ps.

FIG. 5. Photodissociation of the cold excited Cs2 molecule, in
the strong coupling case described in Sec. IV B: the field-dres
potential curves 1g ~full line! anda3Su

1 ~dashed line! around their
crossing point, for a detuningDL51 cm21 and the probability den-
sity of the initial levelv5290 of the 1g(6s16p3/2) state, bound by
D2Ev50.99 cm21.
7-6
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comes effective, so that outward motion is also visible in
excited channel. The efficiency of the population exchan
between the channels is strongly reduced, washing out
Rabi oscillations. The velocity of the outgoing flux in th

FIG. 6. Photodissociation of the cold excited Cs2 molecule, in
the strong coupling case described in Sec. IV B 1, starting from
initial vibrational levelv5290 (D2Ev50.99 cm21): evolution of
the populations on the 1g ~full line! anda3Su

1 ~dashed line! chan-
nels for a coupling\V50.367 cm21. Rabi oscillations are clearly
visible with a periodTRabi545 ps. Vertical dotted lines refer to th
snapshots of Figs. 7 and 8.

FIG. 7. Short-term (,100 ps) evolution of the wave packets fo
the case depicted in Fig. 6, showing almost pure Rabi oscillat
between thea3Su

1 @right column,~f!–~j!# and the 1g @left column
~a!–~e!# channels due to population exchange aroundRc5150a0.
03340
e
e
he

a3Su
1 channel can be estimated from Figs. 8~h!–8~j! to be

about 10 ms21, although the resonance condition would te
to favor nearly zero kinetic energies. This represents a la
increase of the kinetic energy distribution compared to
energies inferred by the resonance conditionD2Ev[DL ,
due to the nonlocalized character of the transition. Popu
tion of continuum levels with larger kinetic energy is the
achieved, so that by absorption of a photon, a small frac
of the population is now transferred back to the 1g con-
tinuum @Figs. 8~d! and 8~e!#.

2. Larger detuning, off-resonance laser

The outgoing flux in thea3Su
1 channel can be maximize

by choosing a detuningDL larger than the binding energy o
the initial level. From the point of view of the Franck
Condon principle, the kinetic energy is conserved. The m
kinetic energy of the initial 1g vibrational level is about five
times larger than its detuning~see, for instance, Fig. 7 of Re

e

s

FIG. 8. Long-term (.100 ps) evolution of the wave packets fo
the case depicted in Fig. 6, showing the competition betw
nuclear motion and population exchange. Thea3Su

1 wave packet
@right column,~f!–~j!# is moving both inwards and outwards, crea
ing an interference structure by reflection on the inner wall. Po
lation of the 1g continuum@left column,~a!–~e!# becomes effective
after 200 ps.
7-7
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@6#!; such a level will strongly interact with continuum stat
with kinetic energy much larger than zero. Moreover, it
worthwhile to investigate longer propagation time under c
ditions for which the width of the radiative coupling\V is
not overlapping too many vibrational levels. Also, realis
experimental conditions imply a laser frequency far enou
from the atomic transition, in order to avoid the destructi
of the cold atom trap itself.

The field-dressed potential curves are represented in
9. The initial 1g vibrational levelv5259 bound byD2Ev
54.3 cm21 is coupled to thea3Su

1 channel through a lase
detuned byDL2

55 cm21 ~i.e., nonresonant condition! with a

coupling parameter\V51 cm21 efficient around 90a0, in a
region where 1g vibrational levels are separated by abo
0.17 cm21. For linear polarization, such coupling requires
laser intensityI 5252 kW/cm2. The corresponding charac
teristic times are such thatTVIB'186 ps@TRabi'16 ps. We
mention that the spatial grid used for propagation exte
from 6.3a0 to 390a0, and supports 8192 points.

The evolution of the population as a function of time
displayed in Fig. 10, while snapshots of the wave packet
various times are displayed in Fig. 11. The Rabi period a
the vibrational period are clearly visible, and the reconstr
tion of the initial wave packet in the excited state, with
peak at the outer classical turning point, occurs at a t
Tre'400 ps. This new characteristic time, a factor of
larger than the classical vibrational period, has to be in
preted. We have analyzed the results in terms of fractio
revival, generalizing to the present motion of weakly bou
vibrational levels the concepts developed for Rydberg w
packets@37#. This analysis shows that the explanation do
not lie in that direction, the characteristic timeTre being
independent of the laser intensity over a wide range,
hence independent of the number of levels coupled by
electromagnetic field. In the spirit of several papers on lig
induced phenomena~see Ref.@38#, and references therein!,
we have studied the modification of the potential in t
strong coupling regime. Considering the adiabatic poten
obtained by diagonalizing the 232 potential matrix of Eq.
~7!, we obtain in the excited state a new adiabatic poten

FIG. 9. Photodissociation of the cold excited Cs2 molecule, in
the strong coupling case described in Sec. IV B 2, showing
field-dressed potential curves 1g ~full line! anda3Su

1 ~dashed line!
around their crossing point atR5Rc , for a detuning DL2

55 cm21, and the probability density of the initial levelv5259 of
the 1g(6s16p3/2) state, bound byD2Ev54.3 cm21.
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Ue
ad with R23 behavior at distances larger that the cross

point Rc and flat R26 behavior at distancesR,Rc . The
relevant potential curvesUe

ad(R) andUg
ad(R) are displayed

in Fig. 12. For the potentialUe
ad(R), the motion is slower in

the inner region than for the uncoupled potentialUe8(R), so
that the vibrational period is increased. Due to the prese
of an avoided crossing, the level spacing is rapidly vary
as a function of the vibrational number; considering the le
els with spacing between 0.12 and 0.08 cm21, we find a
classical vibrational periodTad between 285 and 432 ps. Th
periodTre'400 ps, which is clearly visible in the evolutio
of the populations and of the correlation function in Fig. 1
has the correct order of magnitude to be identified withTad .
Several stages are visible:

First, up to 200 ps, the population of the 1g level de-
creases to populate the3Su

1 channel, which takes up to 80%
of the total population. At this point, the transfer stops as
maximum of the 1g wave packet has been destroyed.

Between 200 and 300 ps, the 1g packet is penetrating the
inner zone, and the photodissociation process is stoppe
there is little population in the region of the crossing. T
amplitude of the Rabi oscillations becomes negligible. It
remarkable that we no longer see Rabi oscillations at a t

e

FIG. 10. Photodissociation of the cold excited Cs2 molecule, in
the strong coupling case described in Sec. IV B 2, starting from
initial vibrational levelv5259 (D2Ev54.3 cm21), for detuning
DL2

55 cm21. ~a! Evolution of the populations on the 1g ~full line!

and a3Su
1 ~dashed line! channels for a coupling\V51 cm21.

Rabi oscillations are clearly visible with a periodTRabi'16 ps. Re-
construction of the wave packet occurs with a periodTre

5400 ps, which is not the vibration periodTVIB'186 ps in the
excited potentialUe8(R) but rather the periodTad for vibration in
the adiabatic potentialUe

ad(R). ~b! Autocorrelation function for the
probability amplitude on the 1g channel: c(1g)(t)
5^x1g

(t)ux1g
(0)&. Vertical dotted lines refer to the snapshots

Fig. 11.
7-8
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t5TVIB'186 ps, which corresponds to the classical vib
tional period in the unperturbed, excited potential.

At t5Tre'400 ps, the initial wave packet is partly reco
structed, and strong Rabi oscillations are visible. The n

FIG. 11. Time evolution of the wave packets: reconstruction
the initial wave packet on the 1g channel with a time of'400 ps,
typical of the vibration motion in the adiabatic potential, and o
going Gaussian wave packet on thea3Su

1 channel.

FIG. 12. Close-up the crossing region between the 1g ~solid
line! and thea3Su

1 field dressed potentials, withDL2
55 cm21 and

\V51 cm21. Adiabatic potentialsUe
ad andUg

ad resulting from the
diagonalization of the Hamiltonian in Eq.~7! are shown with
dashed lines.
03340
-

w

vibration characteristic time then corresponds to the class
period for motion in the adiabatic potential.

Such effects are visible in the time evolution of the wa
packets, where the reconstruction of the initial wave pac
at the outer turning pointR0590a0 is manifested around 400
and 800 ps, corresponding to one and two periodsTre . On
the lower 3Su

1 channel, the outgoing wave packet spreads
a free wave packet, the motion in the potentialUg

ad being
accelerated in the inner region.

3. Larger detuning, on resonance laser

Looking at the same case, but relying on the resona
condition with detuningDL3

54.3 cm21, the exchange of

populations is reduced to'50% ~see Fig. 13!. For propaga-
tion, we have used a spatial grid with 4096 points, extend
from 6.3a0 to 200a0. The characteristic times are now
short time characteristic of Rabi oscillationsTRabi'16 ps
and an interplay between two longer times equivalent to
classical vibrational periodTVIB'186 ps and the adiabati
period Tad . The adiabatic potentials are slightly differe
from those of Fig. 12, as the laser detuning is reduced
DL3

. The vibrational spacing of the levels is smalle

'0.07 cm21, yielding an adiabatic periodTad'480 ps.
This new period is visible in Fig. 13. The time evolution
the wave packets is displayed in Fig. 14, showing a rec
struction of the wave packets in both diabatic chann
around the transition point, in panels~d! and ~i!, at a time
close toTad . This figure also shows that the outgoing wa
packet in the lower channel is strongly reduced, since
available kinetic energy is much smaller.

C. Absence of population transfer in the intermediate and
weak coupling cases at larger detunings

We have performed calculations at the same detun
DL3

, reducing the laser intensity in order to increase the R

f

-

FIG. 13. Same as Fig. 10, under resonance conditions (DL3

54.3 cm21).
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period. When the latter becomes close to the vibrational
riod, the coupling is too weak to yield any population tran
fer, in contrast with the situation described in Sec. IV A f
detuningDL1

. This is linked to the marked decrease of t
photoassociation or photodissociation efficiency. Howev
the perturbation theory of Refs.@6,14# predicts a variation of
the photoassociation rate proportional toID27/6, so that
when the detuning is increased, the Rabi period should
crease asD27/12 to keep the same efficiency. The classic
vibration period has a more rapid decrease asD25/6. There-
fore, an increasing efficiency in intermediate and weak c
pling cases is predicted when the detuning is increased.
present calculations are in contradiction with this sim
model, showing the limit of the perturbative treatment.

V. WAVE-PACKET PROPAGATION FOR
PHOTOASSOCIATION: PROSPECTS

We have performed preliminary photoassociation calcu
tions at a temperature for which the use of a Gaussian w
packet to describe the initial state is still valid. For suf
ciently high temperatures, the thermal density operatorr̂ can
be decomposed into a sum of Gaussian wave packets.
consequence, we can study a representative initial Gaus

FIG. 14. Same as Fig. 11, under resonance conditions (DL3

54.3 cm21).
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wave packet centered at the crossing between the two po
tial curves, with a most probable momentump0
59.8 1023 a.u. ~or a relative velocityv0518 cm s21) cor-
responding to a Maxwellian distribution with the cesiu
Doppler temperatureTD5125 mK. In order to confine the
calculations on a reasonable spatial and time grid size,
spatial width of the wave packet is arbitrarily chosen equa
Dp050.1 a.u., which corresponds to a temperature of 1
mK. Over a long propagation duration, such a wave pac
will spread faster than its center moves.

The justification for such a procedure is the following: t
initial state for the photoassociation is a mixed state. Ev
within a very small energy range there is a continuu
of energy levels that cannot be distinguished experimenta
Since only relative motion of a pair of atoms is involve
the center of mass motion can be eliminated. Using re
tive coordinates, the state of the ensemble becomer̂

5exp(2bĤ)/Z, whereb51/kBT, Ĥ is the internal Hamil-
tonian of the colliding pair, andZ is the partition function.
For low gas density, the density operatorr̂ can be evaluated
using the energy eigenfunctionsx(e,J), wheree is the rela-
tive energy andJ the angular momentum:

r̂5
1

Z (
J
E

0

`

de~2J11!e2beux~e,J!&^x~e,J!u. ~22!

The photoassociation yield is determined by coordina
in the vicinity of the resonance position. For large intern
clear distances, the potential is flat and therefore, the Ha
tonian is dependent only on the kinetic energy. Using a r
dom phase approximation, the density operator can
decomposed into a set of thermal Gaussian wave pack
For s wave scattering, it becomes

r̂s~b!5CE
R0

`

uC~b,r !&^C~b,r !ur 2dr, ~23!

whereC is a normalization constant andC(b,r ) is a thermal
wave packet defined as

C~b,r !5
1

r
c~b,r !5

1

r
e2(R2r )2/2s2

. ~24!

The width s is determined by the temperatures
5Ab/4m . The validity of Eq.~23! and hence Eq.~24! de-
pend on the temperature, and is limited to the region wh
the potential is negligible relative to the energy term, i.
V(R)!1/b. For very low temperatures~below T'1 mK)
the random phase approximation is not valid. The eigenfu
tions in the continuum have a common stationary phase p
in the outer region of the potential~around 90a0 for the
present choice!. This stationary point results in strong mod
lation in the initial density. In the present numerical applic
tion at higher temperatureT'120 mK, we may ignore this
effect, which will be addressed in future work. At small in
ternuclear distances when the potential energy becomes
7-10
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nificant relative to the kinetic energy term, again the appro
mation inherent in Eq.~23! is not valid and one has to us
Eq. ~24! instead.

Let us first consider the realistic experimental conditio
of Sec. IV A. The time evolution of the channel populatio
is shown in Fig. 15, over more than 2 ns~the spatial grid
used for propagation has 4096 points, extending from 6.a0
to 200a0). As the motion of the initial wave packet durin
the first 200 ps is almost unnoticeable, the initial Gaussia
completely depleted around the crossing point~located at
150a0 here!; asTRabi'286 ps, single Rabi oscillation is ob
served, and the populations are nearly constant during
remaining propagation time. After one vibrational peri
Tvib'600 ps, a new Rabi oscillation is visible. The amp
tude of such oscillations is very small after two vibration
periods and they reappear after three periods. The oscilla
after 2 ns corresponds to the reconstruction of the ini
wave packet, after reflection on the inner wall. As alrea
mentioned, the present choice of the initial wave packet c
not provide a reliable representation of this feature. Inde
the expected nodal structure of the initial wave packet sho
certainly affect the reconstruction.

Photoassociation under the strong coupling conditions
Fig. 10 also shows an interesting pattern, as illustrated
Figs. 16 and 17~the spatial grid being the same as in t
above paragraph!. Rabi oscillations with large amplitude ar
present in the populations of the two channels during a t
interval of 100 ps. Then the populations are constant du
the next 200 ps, corresponding to motion of the two wa

FIG. 15. Time evolution of the 1g ~solid line! anda3Su
1 ~dashed

line! channels, during photoassociation of cold atomic cesium,
der realistic experimental conditions considered in Fig. 3.

FIG. 16. Time evolution of the populations on the 1g ~solid line!
and a3Su

1 ~dashed line! channels, during photoassociation of co
atomic cesium, under strong field conditions similar to those of F
10.
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packets in the inner region. They reappear only at
5300 ps, the reconstruction occuring att5400 ps. It is
clear that the characteristic time corresponding to vibrat
in the adiabatic potentialUe

ad(R) is manifested in the results
demonstrating the field-modification of the potential; this
sult is particularly important as the motion in the lower sta
is also changed, due to theR23 behavior of the adiabatic
potentialUg

ad(R). This is visible in the time evolution of the
wave packets, showing that the scattering properties in
ground state are accordingly modified. In the cold regi
(T,1mK) the same effect will lead to a field-induced mod
fication of the scattering length.

VI. CONCLUSION

We have analyzed in the present work the different ch
acteristic times involved in photodissociation of weak
bound excited cold molecules or photoassociation of t
cold alkali atoms. The interplay between the classical vib

-

.

FIG. 17. Time evolution of the wave packets on thea3Su
1 ~left

column! and 1g ~right column! channels, during photoassociation
cold atomic cesium, under strong field conditions similar to those
Fig. 10. The initial lower state wave packet is roughly a Gauss
and the photoassociation process is creating a ‘‘hole’’ in the low
state wave packet in the vicinity of the crossing point at R590a0 at
an elapsed time of 40 ps.
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tional period, which is of the order a few hundreds of ps, a
the Rabi frequency have been discussed for various co
tions of laser intensity (1 kW cm22, typical of present pho-
toassociation experiments, and 32 kW cm22), and detuning.
We have presented two-channel time-dependent calcula
for the vibrational motion in the Cs2 1g excited attractive
potential, coupled by cw laser~or long pulse laser! to the
continuum of the lowera3Su

1 state. Rabi oscillations ar
visible when the vibrational motion is stopped at the ou
turning point, and disappear when the two atoms co
closer. This wave-packet analysis confirms the validity o
Franck-Condon vertical transition model. Calculations w
performed for several values of the detuning; atDL
54.3 cm21 the Rabi period has to be smaller than the vib
tional period, if one wants to see efficient population tra
fer, which is not the case at small but significant detuni
Under strong coupling conditions, when the Rabi period
much smaller than the classical vibrational period, we h
observed a new characteristic time corresponding to vib
tion in the adiabatic potential obtained by diagonalizing
matrix of the two potentials coupled by the laser field. Th
effect accompanies a strong population transfer.

Calculations for photoassociation have been perform
under conditions corresponding tos wave scattering at a tem
perature of 120 mK, to allow the description of the initi
state by a Gaussian wave packet with reasonable width.
remarkable that the adiabatic vibrational motion is clea
visible in the strong coupling situation. The vibration motio
e
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in the excited state is totally modified by the coupling, t
vibrational period increasing by a factor of 2. Therefo
time-dependent pump-probe experiments should see
modification as a signature of field induced effects. Acco
ingly, the collision dynamics in the ground state are a
modified, due to increase of the kinetic energy in the inn
region.

The present work allows us to gain insight into the po
sible ways of controlling the photoassociation reaction in
sample of cold atoms. We have shown that one possibility
control is to tune the laser intensity to change the vibratio
period and the short range potential. This will be the subj
of further investigation, in the spirit of the collision suppre
sion work developed by several authors@39–41#. In the cold
regime, this will result into a marked modification of th
scattering length@42,43#. The present work is proposin
time-dependent study of the vibration dynamics in the up
state as a way of checking the modification of the grou
state scattering length. Another way of controlling by tuni
the laser frequency through use of chirped pulses has b
recently proposed by Valaet al. @19#. A comparison of the
efficiency and limitations of both techniques will be pe
formed in near future.
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