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Photoassociation of a pair of cold atoms by excitation with a short chirped laser pulse creates a dynamical
hole in the initial continuum wave function. This hole is manifested by a void in the pair wave function and a
momentum kick. Photoassociation into loosely bound levels of the external well in Cs2 0g

−�6S+6P3/2� is
considered as a case study. After the pulse, the free evolution of the ground triplet state a3�u

+ wave packet is
analyzed. Due to a negative momentum kick, motion to small distances is manifested and a compression effect
is pointed out, markedly increasing the density of atom pairs at short distance. A consequence of the hole is the
redistribution of the vibrational population in the a3�u

+ state, with population of the last bound level and
creation of pairs of hot atoms. The physical interpretation makes use of the time dependence of the mass
current and population on each channel to understand the role of the parameters of the photoassociation pulse.
By varying such parameters, optimization of the compression effect in the ground-state wave packet is dem-
onstrated. Due to an increase of the short-range probability density by more than two orders of magnitude, we
predict significant gain in the photoassociation rates into deeply bound levels of the excited state by a second
pulse, red-detuned relative to the first one, and conveniently delayed.
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I. INTRODUCTION

One of the main outcomes of excitation of a molecular
system with a short laser pulse is a “hole” in the wave func-
tion of the initial ground state �1,2�. The impulsive limit has
been extended to the problem of photoassociation of ultra-
cold atoms �3�. Due to the ultralow collision energy, this
limit can be applied to a well-defined initial stationary colli-
sion state. The emphasis of that study was on optimizing the
photoassociation process and the creation of stable ultracold
molecules. We should complete the story and follow the dy-
namics of the “hole” carved out of the initial continuum
wave function. We have already identified the signatures of
this “hole:” �1� a void in the pair wave function of the initial
state, �2� a momentum kick, initiating a motion of the hole,
�3� creation of stable molecules, via population of the last
bound levels of the ground electronic state, and �4� creation
of pairs of hot atoms, via population of continuum levels
with higher energy. The aim of the present paper is to ana-
lyze in detail the hole created in the ground-state continuum
wave function, during the photoassociation pulse and after it.
In Sec. II, we display results of numerical calculations on
photoassociation of cesium with chirped laser pulses, show-
ing the time evolution of the wave packet in the initial state.
We identify the dynamical hole, its motion, and the compres-
sion of the initial wave function, increasing the probability
density at short internuclear distances. Possible applications
of this compression effect to photoassociation with a second
pulse are suggested. In Sec. III we present theoretical tools
for the analysis of a dynamical hole through the value of the
local probability density and local momentum. In Sec. IV we
make use of such tools to analyze the numerical results of
Sec. II and their sensitivity to the pulse parameters �energy,

duration, central frequency, sign, and value of the chirp pa-
rameter�. In Sec. V we discuss how to control the formation
of a dynamical hole and the compression effect, and to opti-
mize photoassociation into vibrational levels with low v val-
ues.

II. PHENOMENOLOGICAL DESCRIPTION OF THE
DYNAMICAL HOLE AND OF THE COMPRESSION

EFFECT: NUMERICAL CALCULATIONS IN CASE
OF CESIUM PHOTOASSOCIATION

A. The physical system

The photoassociation reaction

2Cs�6S,F = 4� + �„��t�… → Cs2„0g
−�6S + 6P3/2�;v,J… �1�

is employed as a primary example. In this reaction two ul-
tracold cesium atoms absorb a photon red detuned from the
resonance line to form a bound level �v ,J� in the outer well
of the excited potential curve 0g

−�6S+6P3/2�. The potential
curves have been described elsewhere �3� and are displayed
in Fig. 1. We shall use vibrational numbering for the double-
well potential: The external well supports at least 227 levels,
from v=25 �vext=0� up to v=256, the levels v=33,45,
57,93,127 belonging to the inner well. In the chosen ex-
ample the laser pulse is a Gaussian chirped pulse of energy
Epulse, centered at time tP, with a frequency

��t� = �L + ��t − tP� =
d

dt
��Lt + ��t�� , �2�

that varies linearly around the carrier frequency �L. In Eq.
�2�, we have introduced the phase ��t�= 1

2��t− tP�2+��tP� of
the electric field. The laser is red-detuned from the atomic D2
line at �at by �L=���at−�L�, � is the linear chirp rate in the
time domain. The spectral bandwidth ��, defined as the full*eliane.luc@lac.u-psud.fr
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width at half maximum �FWHM� of the intensity profile, is
related to the duration 	L of the transform limited pulse with
the same bandwidth by ��=4 ln 2 /	L�14.7 cm−1 /	L �in
ps�. The instantaneous intensity of the pulse involves a
Gaussian envelope

I�t� =
Epulse


	C

�4 ln 2

�
exp�− 4 ln 2� t − tP

	C
	2
 = IL�f�t��2,

�3�

with a FWHM equal to 	C ��	L�, the pulse duration �4�. The
parameters 	C and 	L are related by �2	C

4

= �4 ln 2�2��	C /	L�2−1� and �f�tP��2=	L /	C. For this pulse,
98% of the energy is delivered in the time window �tP

−	C , tP+	C� over the illuminated area 
 �3�. During this
time, the instantaneous laser frequency is resonant with the
excited levels with a binding energy in the range ��L

−����	C ,�L+����	C�, which defines a photoassociation win-
dow in the energy domain. Assuming the reflexion principle
to be valid, this window can be translated into a window in
the R domain, considering the outer classical turning points
of the set of levels. As discussed in Ref. �5�, for large enough
values of the detuning, the photoassociation window in the R
domain is located in a region where the nodal structure of
this initial wave function is energy independent in the range
defined by the thermal distribution, so that thermal averaging
is straightforward. When this is not the case, numerical av-
eraging is possible �5�.

B. The two-channel coupled equations

The vibration dynamics in the ground and the excited
electronic states is described by the time-dependent
Schrödinger equation

Ĥ�t� = �Ĥmol + Ŵ�t���t� = i�
�

�t
�t� , �4�

where �t� is a two-component wave function describing the
relative motion of the nuclei in the two channels. The mo-

lecular Hamiltonian Ĥmol= T̂+ V̂el is the sum of the kinetic

energy operator T̂ and electronic potential energy operator

V̂el, with components Vground and Vexc on the ground and
excited surface respectively. The coupling term is written in
the dipole approximation

Ŵ = − D� �R� � · eL
� E�t� ,

E�t� = E0f�t�cos��Lt + ��t�� �5�

involving the transition dipole moment D� �R� � of the dimer
and the electric field defined by a polarization vector eL

� as-
sumed to be constant and by an amplitude E�t�.

The explicit temporal dependence of the Hamiltonian Ĥ is
eliminated in the framework of the rotating wave approxima-
tion. In the present paper, this approximation considers the
central laser frequency �L, multiplying the radial wave func-
tion for the nuclear motion in the ground and the excited
states by exp�−i�Lt /2� and exp�+i�Lt /2�, respectively, and
neglecting the high-frequency component in the coupling
term. This allows one to write the radial coupled equations as

i�
�

�t
�g�R,t�

e�R,t�
	 = � T̂ + Vg�R� W* exp�i��

W exp�− i�� T̂ + Ve�R�
	�g�R,t�

e�R,t�
	 ,

�6�

where the potentials are now crossing,

Vg�R� = Vground + ��L/2,Ve�R� = Vexc − ��L/2, �7�

and the coupling term is defined as

W�R,t�exp�− i��t�� = −
1

2
D� �R� � · eL

� E0f�t�

�exp�−
i

2
��t − tP�2	exp�− i��tP�� .

�8�

In the following calculations, the R dependence of the dipole
moment is not considered, so that the amplitude of the cou-
pling term is only time dependent and denoted by W�t�.

C. Results of the time-dependent calculations

Time-dependent calculations were performed by integrat-
ing Eq. �6�, with a numerical method described in Refs.
�3,4�. Due to the low collision energy considered, only
s-wave scattering has to be accounted for. The initial state is
represented by a stationary collision wave function
g�R , tinit� as illustrated in the upper panel of Fig. 2, corre-
sponding to a collision energy E /kB=54 �K. For a scattering
length a�300a0, the last node in the inner region �not con-
sidering the asymptotic sine behavior of the wave function

0g

−

3Σu

+

t

6S+6S

v

6S+6P3/2

∆L

RL

h
_ ωat

tP

χ<0

h
_ ωL

∆min

Rc(t)
RmaxRmin

tP−τctP+τc

∆max

FIG. 1. �Color online� The potential curves for the lower triplet
state and the double well 0g

−�P3/2� excited state. Also indicated are
the photoassociation windows in the time t �blue�, energy � �green�,
and crossing distance RC�t� �red� domains in case of a pulse with
negative chirp.
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for a nonzero energy�, hereafter referred to as “last node” is
located at Ra=310a0 ��a�, and the last but one at Rlast1
=82.5a0. In an energy range close to threshold, all nodes
with R�Rlast1 are energy independent. The cold atoms are
illuminated by a chirped laser pulse, referred to as P±

122 in
Refs. �4–6�, with central detuning �L=0.675 cm−1, duration
�FWHM� 	C=110 ps, stretching factor fP=	C /	L=1.91 asso-
ciated with a transform limited pulse of duration 	L
=57.5 ps and maximum intensity IL=120 kW cm−2. The
central frequency �L is resonant with the level v=153, for
which the outer turning point is located at RL=148.5a0 �cor-
responding to a maximum of the wave function, beween
Rlast1 and Ra�. For a negative chirp, the photoassociation win-
dow spans the levels v=vmax=159 to vmin=149, bound by
0.456 to 0.869 cm−1, with a classical vibrational period Tvib
from 1095 to 635 ps. In the R domain, the window extends
from Rmin=135 to Rmax=176a0.

The conditions for an impulsive approach are that the
pulse duration is shorter than the vibrational periods �3�. At
the intensity considered, the conditions for adiabatic transfer
are verified, so that �3�, whereas during the pulse many levels
are populated, only the levels between vmin and vmax remain
populated after the pulse.

D. Momentum kick on the ground 3�u
+ electronic state

The generation of the depletion hole on the ground a3�u
+

electronic state can be understood by employing a phase-
amplitude representation for both the ground- and the
excited-state functions

g/e�R,t� = Ag/e�R,t�exp� iSg/e�R,t�
�

	

= Ag/e�R,t�exp i�R

pg/e�R,t�dR

�
� , �9�

where, within a semiclassical interpretation, pg�R , t�
�pe�R , t�� is the local momentum in the ground �excited� state
�7,8�. The evolution of the amplitude Ag�R , t�, displayed in
Fig. 2, suggests the following remarks.

Before the pulse, we see in the upper panel the initial state
stationary collision wave function �g�R , tinit�� described
above, and computed as a unity normalized eigenstate in a
box of length L=19 250a0. In order to optimize the popula-
tion transfer, we have chosen a detuning such that the pho-
toassociation window �135,176a0� is located in the region of
the “last” maximum of �g�R , tinit��.

The laser pulse, maximum at t= tP, carves out a depletion
hole in the initial wave packet. The location of this hole is
consistent with transfer of population to the levels v=149 to
159, with outer turning points from 135 to 176a0, located
within the photoassociation window. Note that since
�135

176�g�R , tinit��2dR=0.0025, only a very small fraction of
the probability density in the initial state is transferred to the
excited state. This very small value is due to the fact that we
use a very large box. Calculations using energy-normalized
initial state have been reported elsewhere �3,4�, as well as
determination of the absolute number of photoassociated
molecules �5�.

After the pulse, this hole starts moving to smaller internu-
clear distances, due to a negative “momentum kick” �see
Refs. �1,2� and Sec. III below�. Whereas the motion is taking
place in a region where both Vg and

dVg

dR are negligible, the
classical velocity is quite impressive: For instance, the new
maximum created on the left side of the hole and initially
located at R=110a0 moves to R=90a0 with a velocity
�4.2 m s−1, two orders of magnitude larger that the classical
velocity of the colliding atoms.

The motion is restricted to a localized part of the wave
packet: During the time period considered here, the position
of the “last” node at Ra=314a0, and the wave function at
distances larger than Ra, are not modified.

In contrast, we observe an increase of the probability den-
sity at distances shorter than the hole position, hereafter re-
ferred to as “compression” of the wave packet. The ampli-
tude of the secondary maximum created on the left side of
the hole increases and has grown by a factor of 2 when it
reaches R�90a0. Therefore, at times t− tP�350 ps, �the op-
timal value being 850 ps�, the wave packet is well adapted to
photoassociation with a second pulse, red-detuned relative to
the first one, populating in the excited state vibrational levels
with an outer turning point around 90a0.
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FIG. 2. �Color online� Upper panel �blue line�: amplitude
Ag�R , t= tinit� of the initial scattering stationary wave function for a
pair of ground-state cesium atoms colliding with energy E=kBT,
with T=54 �K, and zero angular momentum, in the lack of any
electromagnetic field. Note the position of the “last node” at Ra and
the last but one at Rlast1. Upper panel �red line�: Amplitude
Ag�R , t= tP� at the maximum of the pulse t= tP: the pulse has carved
out a hole in the initial wave function. This hole is indeed located in
the region �Rmin,Rmax� of the photoassociation window, delimited
by the two vertical green lines. Next panels: after the pulse, the
g�R , t� wave packet moves inwards: Note the increase of the
maximum value of the amplitude in the inner region. At t− tP

�850 ps, the wave packet has been partly reflected by the 3�u
+

inner wall located at R�10a0. Note that in the excited state the
classical vibrational half-period for the photoassociated levels is in
the ��300,600� ps range.
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At t− tP=850 ps, the wave packet is reflected by the inner
wall of the a3�u

+ potential, and starts moving outwards. Note
that in the excited state the classical vibrational half-period
varies from 318 for vmin to 548 ps for vmax.

We may therefore conclude that after the pulse the motion
of the wave packet in the ground state is governed by a
timescale similar to the vibrational motion in the photoasso-
ciated levels of the excited state.

We next display in Fig. 3 several snapshots for the varia-

tion of the phase derivative
�Sg�R,t�

��R = pg�R , t� /� �see Eq. �9��,
where pg�R , t� is interpreted as the local momentum �7�. Just
after the pulse, a significant momentum is created in the
region of the photoassociation window, where the potential
and its gradient are negligible. The computed value
�0.20 a.u. corresponds to a classical velocity of 3.6 m s−1,
same order of magnitude as the very rough estimation of
4.2 m s−1 given previously. As expected, a strong momentum
is observed in the short-range region �R�30a0�, where the
potential is strongly attractive and the wave function rapidly
oscillating. This will be analyzed further in Sec. III.

E. Advantage of the compression effect for photoassociation
with a second pulse

To explore the possibilities offered by the compression of
the wave function we have represented in Fig. 4 the time
variation of the Franck-Condon overlap between g�R , t�
and the stationary wave functions �e�v� of the bound vibra-
tional levels in the excited state. Almost all levels in the
external well of the 0g

−�6S+6P3/2� excited potential curve can
be efficiently populated. The deepest level populated is v
=29, vext=4, with a binding energy of 70 cm−1, an inner
turning point at R=30a0, and a good Franck-Condon overlap
with the v�=42 and 33 levels of the a3�u

+ potential, bound by
3.7 and 20.5 cm−1 respectively. Populating such levels can
contribute efficiently to the the stabilization step.

F. Redistribution of population in the ground state: Formation
of pairs of hot atoms and of halo molecules

As a result of the short pulse, the population in the ground
state is redistributed. Indeed, the photoassociation reaction
�1� is accompanied by a redistribution process
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FIG. 3. �Color online� The variation of the local momentum
pg�R , t� as a function of the internuclear distance. pg�R , t�
=�Sg�R , t� /�R, where Sg�R , t� /� is the phase of the wave function
in the ground state �see Eq. �9� in text�, for which the amplitude is
displayed in Fig. 2. Just after the pulse, the value �0.20 a.u. of the
momentum created in the photoassociation window is consistent
with a classical velocity of 3.6 m s−1. As expected the momentum is
increased in the short range region where the potential Vg�R� is not
negligible. The blue arrows indicate the direction of the motion.
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FIG. 4. �Color online� The compression ef-
fect. Intermediate panel: Wave function �g�R , t
= tinit�� of the initial collision state �blue broken
line� and ground state wave packet �g�R , topt

= tP+850�� �black solid line�, 850 ps after the
pulse maximum, when the compression effect is
maximum. Upper panel: integrated population
�0

R�g�R� , t��2dR�= �Ng
part�0

R�t�, showing the in-
crease of the probability density at short distances
from t= tinit �blue broken line� to t= topt �black
solid line�. Lower panel: Variation of the overlap
���e�v� �g�R , t���2 with the eigenfunctions �e�v�
for all the bound vibrational levels v in the
0g

−�6S+6P3/2� excited potential curve, as a func-
tion of their energy Ev from dissociation thresh-
old, for t= tinit �blue broken line� and t= topt. Sev-
eral dips visible in the overlap should be
attributed to levels in the inner well �v
=33,45,57,73,93,127�.
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2Cs�6S,F = 4��E = kBT� + ����t��

→ 2Cs�6S,F = 4��E� = kBT�� , �10�

producing pairs of ground-state atoms with different energies
�in particular, pairs of “hot” atoms that may leave the trap�
and by an association reaction

2Cs�6S,F = 4� + ����t�� → Cs2�3�u
+�6S + 6S�;v�,J� ,

�11�

with formation of bound molecules in the last vibrational
levels of the a3�u

+ potential.
The redistribution into the stationary levels of the ground

state potential is analyzed in Fig. 5 by projecting the free-
evolving wave packet g�R , t� after the pulse on eigenstates

of the �T̂+Vg�R�� Hamiltonian. We consider both energy-
normalized continuum levels �g�E�� with positive energy
�E�=kBT�� and bound levels �g�v�� with negative energy.
The population Ng�v�� of the bound levels is determined, as
well as the density of population dNg�E�� /dE� for energy-
normalized continuum levels. Since the calculations are con-
sidering an unity-normalized initial state, the initial distribu-
tion of population is very narrow �dNg�E�� /dE��1.1
�1011��Einit−E���. We have studied the sensitivity to the
pulse parameters: The redistribution is independent of the
sign of the chirp; in contrast, when the maximum intensity of
the pulse is increased by augmenting IL �see Eq. �3��, the
width of the redistribution of collision energies is clearly
reduced. Note that the area below the curve is roughly con-
served, changing from 0.0097 to 0.011 when the intensity
increases by a factor of 9.

Population is also transferred efficiently to bound levels
of the ground triplet state, primarily to the last bound level
v�=53, creating a halo molecule. This mechanism is similar
to the population transfer to the last bound level achieved by
sweeping an optical Feshbach resonance. The population

does not depend upon the sign of the chirp. The number of
ground-state halo molecules �0.004� is of the same order of
magnitude as the number of photoassociated molecules
�0.002�, as can be seen by comparing the left and right lower
panels of Fig. 5, in accordance with Ref. �3�. It should be
noticed that the population of the photoassociated molecules
is spread over more than 30 vibrational levels.

While a change of the sign of the chirp is not modifying
the population of the last bound level and the redistribution
into continuum levels, it has a strong influence on the pho-
toassociation efficiency �see left panel of Fig. 5�. For ��0,
the levels populated in 0g

−�6S+6P3/2� are within the photoas-
sociation window, and the population depends weakly upon
IL. For ��0, the distribution extends to levels outside the
photoassociation window, and this effect increases with in-
tensity. As discussed in Refs. �10,11�, for ��0 the instanta-
neous frequency “follows” the motion of the wave packet, so
that the population is brought back to the ground state and up
again. This phenomenon is labeled “multiple interaction” in
Ref. �11�. For ��0, this recycling effect is much weaker:
Once a level is populated, the instantaneous frequency is no
longer resonant with its energy, and the population remains
in this photoassociated level. This recycling effect will be
discussed further in the following sections.

III. THE PARTIALLY INTEGRATED POPULATION AND
MASS CURRENT AS A TOOL FOR INTERPRETATION

A. Local current density, local momentum, and local
probability density

In order to get a better insight into the hole dynamics one
has to follow both the population depletion as well as the
local value of the momentum induced by the laser field �1,2�.
For the problem of photoassociation, a global quantum
analysis of the total changes in population and in momentum
due to the pulse has been discussed recently �9�. This formal-
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dNg/dE’ (E’)= |< Ψg | Φg(E’) >|
2

FIG. 5. �Color online� Population redistribu-
tion: Analysis of the wave packet after illuminat-
ing with the pulse P−

122, with negative chirp
�black circles�, and P+

122 �red squares�. Redistri-
bution after a similar pulse with higher intensity,
changing the factor IL in Eq. �3� to 9IL �green up
triangles, ��0 and blue down triangles, ��0�.
Upper panel: Redistribution dNg /dE� into the
continuum of the ground state, as a function of
the energy E�, for an initial state Einit=54 �K.
The continuum levels are energy normalized. The
results do not depend upon the sign of the chirp.
Right lower panel: Population transfer Ng�v�� to
the last bound levels of the ground triplet state, as
a function of the vibrational index �only the last
level is populated�. Left lower panel: for com-
parison, population transfer Ne�v� to the bound
levels of the excited state, as a function of their
binding energy Ev.
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ism, based on Heisenberg equations, is adapted to the imple-
mentation of local control theory. In the present work we use
a local framework closer in spirit to the phase-amplitude
separation �see Eq. �9��, and based on the change in time of
the radial component of the probability current density �7,8�,
hereafter, named local current density. The analysis is carried
out for both the ground- and excited-state components of the
wave function as defined in Eq. �6�,

jg/e�R,t� =
�

2mi
�g/e

* �R,t�
�g/e�R,t�

�R

−
�g/e

* �R,t�
�R

g/e�R,t�
 , �12�

where m is the reduced mass. The local momentum, defined
in Eq. �9�, and called “state momentum” in Ref. �10�, is
related to the local current density

pg/e�R,t� =
�Sg/e�R,t�

�R
=

mjg/e�R,t�
�g/e�R,t��2

=
mjg/e�R,t�
�Ag/e�R,t��2

, �13�

where the phase and amplitude have been defined in Eq. �9�.
The formulation is related to the classical limit of Bohm-

ian dynamics �12�, where one considers on each channel the
motion of a fluid of noninteracting particles with mass m,
local probability density �Ag/e�R , t��2, probability current den-
sity jg/e�R , t�, driven by a time-dependent force Fg/e

B �R , t�
=

dpg/e

dt = � �
�t + �

�R
�R
�t

�pg/e�R , t�. This aspect will be discussed in a
forthcoming paper �13�.

The time derivative of the two quantities mjg�R , t� and
mje�R , t� reads

m
�jg�R,t�

�t
= Fg�R��Ag�R,t��2 + Kg�R,t� + L�R,t� , �14�

m
�je�R,t�

�t
= Fe�R��Ae�R,t��2 + Ke�R,t� − L�R,t� . �15�

We have defined the following three terms:
�1� The classical force for each potential

Fg/e�R� = −
dVg/e

dR
, �16�

so that the first term in Eqs. �14� and �15� depends both upon
the classical force and the local probability density Ag/e

2 �R , t�
in the channel considered, defining a time-dependent density
of force Fg/e�R�Ag/e

2 �R , t�.
�2� A kinetic term due to the non-Hermiticity of the local

kinetic energy operator

Kg/e�R,t� =
�

�R
� �2

4m2�g/e
* �R,t�

�2g/e�R,t�
�R2

+
�2g/e

* �R,t�
�R2 g/e�R,t�	

− 2� �g/e
* �R,t�
�R

�g/e�R,t�
�R

	
 . �17�

This complicated term, arising from the fact that the time

variation of j�R , t� results both from the time variation of the
local momentum p�R , t� and of the local probability density
�A�R , t��2 will be discussed further in a forthcoming paper
�13�.

�3� A third term due to the coupling of the two channels
by the laser field, which cancels when the laser is off, and
has an opposite sign in the ground and in the excited state

L�R,t� = Re�e
*�R,t�

�

�R
�W�t�exp�− i��t��g�R,t��


− Re�W*�t�exp�i��t��g
*�R,t�

�e�R,t�
�R


 . �18�

It depends upon the coupling �amplitude W, phase �, and
therefore sign of the chirp� and also upon the phase differ-
ence between the wave packets in the ground and excited

states. Introducing the momentum operator P̂=−i�� /�R, one
may rewrite

L�R,t� = −
1

�
†Im„e

*�R,t�P̂�W�t�exp�− i��t��g�R,t��…

− Im„g
*�R,t��W*�t�exp�+ i��t��P̂e�R,t��…‡ .

�19�

Note that the density of force L�R , t� is zero if the laser field
is zero, of course, but also when the local probability density
either in the ground or the excited state is zero.

Another set of equations, complementary to Eqs. �14� and
�15� describes the time variation of the local probability den-
sity

m
�Ag�R,t�2

�t
= −

�jg�R,t�
�R

−
2

�
Im†e

*�R,t�W�t�

�exp�− i��t��g�R,t�‡ , �20�

m
�Ae�R,t�2

�t
= −

�je�R,t�
�R

+
2

�
Im†e

*�R,t�W�t�

�exp�− i��t��g�R,t�‡ . �21�

When the laser is off, Eqs. �20� and �21� are the relations of
flux conservation on each channel. During the pulse, ex-
change of population between the two channels is taking
place due to the last term in the right member.

B. Integrated and partially integrated values

With the concept of the photoassociation window in mind
we can differentiate between the local and global influence
of the pulse. For the global effect, we have considered the
R-integrated values over the total box of length L. We define
from the local current densities jg/e�R , t�, local probability
densities �Ag/e�R , t��2, and from their time derivatives, the in-
tegrated functions
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mIg/e�t� = �
0

L

mjg/e�R,t�dR

= �
0

L

g/e
* �R,t�pg/e�R,t�g/e�R,t�dR , �22�

m
dIg/e�t�

dt
= m�

0

L �jg/e�R,t�
�t

dR , �23�

Ng/e�t� = �
0

L

�Ag/e�R,t��2dR , �24�

dNg/e�t�
dt

= �
0

L ��Ag/e�R,t��2

�t
dR . �25�

mIg/e�t� is the mass current and Ng/e�t� is the number of par-
ticles. In Ref. �9�, similar quantities are obtained directly
from the Heisenberg equations and related to the “average
momentum” and “population” on each channel. For the cho-
sen integration domain �0,L�, the quantities corresponding to
the integrated value of Kg/e�R , t� in Eqs. �14� and �15� disap-
pear: The Hermiticity of the kinetic energy operator results
into �0

LKg/e�R , t�dR=0 and one obtains

m
dIg/e�t�

dt
= �

0

L

Fg/e�R�Ag/e
2 �R,t�dR ± �

0

L

L�R,t�dR ,

�26�

where the last term in the right-hand side describes the mo-
mentum exchange between the two channels due to laser
coupling, as discussed in Ref. �9�. Therefore,

m
d�Ig�R,t� + Ie�R,t��

dt
= �

0

L

�Fg�R��Ag�R,t��2 + Fe�R�

��Ae�R,t��2�dR , �27�

where the term due to laser coupling has indeed disappeared.
Before the pulse, mIg�t�=0, since the initial state is a station-
ary state. The “momentum kick” in the ground state, once the
laser is off, is characterized by a nonzero mass current
mIg�t� tP+	C�.

However, for the analysis of the photoassociation effect,
where the process is taking place within a photoassociation
window, a local view is consistent with partially integrated
values. We have therefore considered also the time-
dependent quantities �Ig/e

part�t��R1

R2 and �Ng/e
part�t��R1

R2 defined as in-
tegrals

�mIg/e
part�t��R1

R2 = m�
R1

R2

jg/e�R,t�dR , �28�

�Ng/e
part�t��R1

R2 = �
R1

R2

Ag/e
2 �R,t�dR , �29�

taken on a limited range of internuclear distances �R1 ,R2�,
that could be the photoassociation window �Rmin,Rmax�. In
the general case, the influence of the kinetic term
�R1

R2Kg/e�R , t�dR will manifest itself. This will be discussed in
detail in a forthcoming paper �13�.

In the present work the limited range was chosen as
�0,Ra�, so that �0

RaKg/e�R , t�dR is negligible since
g/e�Ra , t�=0. Ra is the position of the “last” node, which
stays fixed during and after the P−

122 photoassociation pulse
�see Fig. 2�, as discussed above in Sec. II C. The justification
for such a choice is that at large distance, where the poten-
tials are negligible and the dipole moment D�R� constant, the
wave function in the excited state merely reflects the initial
wave function �4,5�. Writing

g/e�R,t� � �g/e�t�g�R,tinit�, R � Ra,

where �g/e�t� is a complex number, such that �e�t�	C�=0, it
is clear that there is no R dependence of the phase Sg/e�R , t�.
Therefore, under the conditions where adiabatic population
transfer takes place within a photoassociation window, for
large distances outside this window, the momentum kick is
zero. The analysis of the photoassociation dynamics can then
safely be restricted to the R�Ra range.

In the following we shall simplify the notations by writing

Ig/e
part�t� = �Ig/e

part�t��0
Ra, �30�

Ng/e
part�t� = �Ng/e

part�t��0
Ra. �31�

We shall also use a “partially integrated” time-dependent
force

Fg/e
part�t� = �

0

Ra

Fg/e�R�Ag/e
2 �R,t�dR . �32�

The average value of the momentum gained during the pulse
by the inner part of the ground-�excited-� state wave packet
can be evaluated from the mass current and the partial popu-
lation by

�Pg/e
part�t�� =

mIg/e
part�t�

Ng/e
part�t�

. �33�

IV. ANALYSIS OF THE RESULTS

A. Analysis of the results for the pulse P−
122

A comparison of the time variation of mIg/e�t�, Ng/e�t�, and
their time derivatives, as well as of the partially integrated
quantities mIg/e

part�t�, Ng/e
part�t� is reported in Fig. 6, leading to

the following remarks.
�1� During the time window tP−	C� t� tP+	C, there is a

large population exchange between the two channels: In the

lower figure of the left panel
dNe�t�

dt =−
dNg�t�

dt displays a varia-
tion roughly identical to the shape of the pulse, apart from
small oscillations. The range of distances R�Ra=314a0 con-
tributes very much to this population transfer, and we see
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that the variation of the partial population
dNe

part�t�

dt is much

smaller than
dNe�t�

dt .
�2� Just after the pulse, however, the wave packet in the

excited state is localized in the photoassociation window, as
discussed previously �3,4�.

�3� There is no momentum exchange between the two
channels at large distances, and we find Ig/e�t�� Ig/e

part�t�. In-
deed, in the region R�Ra the phase is R independent on both

channels � �Sg,e�R,t�

�R =0�, so that �Ig/e
part�t��Ra

� =0.
�4� At the very beginning of the pulse, for times t� tP

−	C, when, due to low laser intensity the �small� population
transfer is not adiabatic, the ground-state wave packet gains a
positive momentum. The total mass current m�Ig+ Ie� is con-
served, the contribution of the classical force being negli-
gible �1�.

�5� During the time window �tP−	C , tP+	C�, there is an
exchange of momentum between the ground and the excited
state. The two mass currents mIg and mIe are oscillating with
opposite phase, in agreement with Eq. �26�.

�6� The sum of the mass current on the two channels is
not oscillating, in agreement with Eq. �27�. Due to the large
acceleration in the excited potential �see the upper figure in
the right pannel�, this sum current is smoothly decreasing.

�7� For tP−	C� t� tP the two channels are equally shar-
ing the classical acceleration due to the R−3 asymptotic be-
havior of the 0g

−�6S+6P3/2� potential, so that Ig�t� and Ie�t�
are oscillating with opposite phase below and above their
mean value.

�8� For tP� t� tP+	C the mass current gain in the ground
state becomes larger than in the excited state: The accelera-
tion is no longer equally shared between the two channels.
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FIG. 6. �Color online� Photoassociation with the pulse P−
122, with negative chirp and small detuning, maximum at t= tP=350 ps: the time

window �tP−	C , tP+	C� is indicated by the horizontal arrow. Left column: In the upper figure the mass currents mIg�R , t� �red solid line� in
the ground state and mIe�R , t� �black broken line� in the excited state, and their sum �green solid line�, as a function of time �see Eqs. �23�
and �27� in text� are represented. Note the Rabi oscillations during the pulse. A small current in the ground state at the beginning of the pulse
is drawn �dotted line� as enhanced by a factor of 100. In the lower figure, the time variation of the population is displayed: the calculations
have been done by summing over the full range of distances �black broken line� and by restricting to R�Ra=314a0 �red solid line�. It is clear
that a large amount of population is transferred at large distances during the pulse. In the right column, the time variation of mdIg/e�t� /dt �see
Eq. �26� in text� in the excited �upper figure, black solid line� and in the ground state �lower figure, red solid line� is compared to the
“classical” forces �broken green line� Fg/e

part �see Eq. �32� in text�, showing a strong enhancement during the pulse. Note that the classical force
is negligible in the ground state but not in the excited state. After the pulse, the time variation of the mass currents is entirely determined by
the classical forces. The wave packet in the excited state is focalized at the inner turning point at t= tfoc, and reaches the outer turning point
after one vibrational period Tvib.

LUC-KOENIG, MASNOU-SEEUWS, AND KOSLOFF PHYSICAL REVIEW A 76, 053415 �2007�

053415-8



�9� During the pulse, the variation of the time derivatives

m
dIg/e�t�

dt in Eq. �26� is dominated by the term �0
RaL�R , t�dR.

The laser-induced forces arising from this term are much
larger than the classical forces involved in
�0

RaFg/e�R�Ag/e
2 �R , t�dR.

�10� After the pulse, the inner part of the wave packet in
the excited state is accelerated towards short distances, due
to the classical force. The pulse P−

122 has been optimized for
focussing this vibrational wave packet half a vibrational pe-
riod after the pulse maximum �3�: For the levels considered,
318 ps�Tvib�v� /2�550 ps. The reflexion on the inner wall
occurs during a very short time interval, in the range tP
−	C+Tvib�vmax� /2, tP+	C+Tvib�vmin� /2, i.e., �778,790� ps.
Defining t= tfoc�784 ps, we may see in Fig. 6 a sudden
change of the sign of Ie at t= tfoc.

�11� In contrast, as can be seen in the lower figure of the
right pannel, the classical force is zero in the ground state.

After the pulse, Ig remains constant during a long time inter-
val of �600 ps. Since the population remains constant, this
corresponds to a constant velocity. The part of the wave
packet that is located at R�Ra is moving to short distances
with constant velocity for a duration of �600 ps, in a region
where there is no potential gradient. We then see the evi-
dence for a negative momentum kick due to the laser pulse.

�12� For t− tP�	C+600 ps, the wave packet in the ground
state reaches distances where the a3�u

+ potential is no longer
negligible: it is accelerated at t�1000 ps, then partly re-
flected by the inner wall at t�1100 ps. At t= topt=1300 ps
�t− tP=950 ps�, the mean velocity vanishes, which corre-
sponds to the optimal time for reexcitation by a second pulse
�see Fig. 4�.

The oscillations which appear during the pulse in the time
variation of the populations or of the mass currents are ana-
lyzed in more detail in Fig. 7. These Rabi oscillations are
induced by the laser field: Indeed, for the P−

122 pulse, the
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FIG. 7. �Color online� Evidence for a momentum kick in the ground state. The laser pulse is P−
122, maximum at time tP=350 ps. Top

figures: Time variation of the mass current mIe�t�=mIe
part�t� �left� and mIg�t�=mIg

part�t� �right� on the two channels. Middle pannel: Time
variation of the partial populations Ng

part�t� and Ne
part�t� in the range �0,Ra=314a0� of internuclear distances. Lower pannels: Time derivatives

of the same quantities. The vertical lines are drawn to emphasize the phase of the Rabi oscillations for each quantity. The pulse is present
during the time window �240,460� ps. After the pulse, although for the ground state wave packet the classical force is negligible
�dIg�t� /dt=0�, the mass current mIg�t� is negative and constant, manifesting the momentum kick.
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Rabi frequency at resonance, evaluated as ��t�= 1
� �W�t��, sat-

isfies

�
tP−	C

tP+	C

��t�dt � 5.3� ,

which is the same order of magnitude as the number of os-
cillations visible in the figure.

The � phase difference between the oscillations of the
populations Ng and Ne results from the conservation of popu-
lation. The � phase difference between the oscillations of the
mass current mIg and mIe results from the ±�0

LL�R , t�dR laser
coupling term in Eq. �26�.

In each channel, the � phase difference between the time
variation of I and N points out that, both in Eqs. �14� and
�15� and in Eqs. �20� and �21�, the laser coupling term domi-
nates, so that the change in the mass current is mainly caused
by the change of population. In other words, it is the ex-
change of population between the two channels that induces
the momentum kick in the ground state, since the population
transferred back to the ground-state brings back a negative
momentum. It is the Rabi cycling phenomenon, and the ef-
ficiency in recycling population that seems the key factor in
inducing a motion of the ground-state wave packet towards
short distances.

The average value �Pg
part�t�� of the momentum gained dur-

ing the pulse by the inner part of the ground-state wave
packet, evaluated through Eq. �33�, as well as �Pe

part�t��, are
represented in the left upper pannel of Fig. 8. The Rabi os-
cillations observed in the time-variation of mIg

part�t� and
Ng

part�t� being of opposite phase, they disappear almost com-
pletely in �Pg

part�t��, which proves again that the oscillations
in mIg

part�t� are almost entirely due to the population. The

mean negative velocity gained by the ground state wave
packet is �2.7 m s−1, in agreement with the previously esti-
mated value.

B. Sensitivity to the sign of the chirp parameter
and to the intensity

The sensitivity to the sign of the chirp is illustrated in the
right pannel of Fig. 8, where are reported calculations done
for the photoassociation pulse P+

122 similar to the previous
one but for ��0. The maximum population transferred to
the excited state during the pulse is much smaller than for a
negative chirp, the amplitude of the oscillations being also
smaller. However, after the pulse, the population remaining
in the excited state is 0.003, larger by a factor 1.5 than for
��0. Looking at the mean value of the population, we see
that recycling occurs for the pulse P−

122 whereas for a posi-
tive chirp a regular increase of the population is observed.
This recycling effect can be attributed to the multiple inter-
actions �10,11� occurring for a negative chirp, when the mo-
tion of the two wave packets is “following” the pulse, and
not for a positive chirp.

After the P+
122 pulse, the wave packet in the excited state

is spreading, since there is no focussing effect: The reflexion
on the inner wall takes place during a longer time interval
than for ��0, from tP−	C+ 1

2Tvib�vmin�=560 ps to tP+	C

+ 1
2Tvib�vmax�=1000 ps. Starting from t=800 ps, the large

spread of the wave packet gives rise to interferences between
components moving in the opposite direction.

The mean momentum gained by the inner part of the
wave packet after the P+

122 pulse corresponds to a mean ve-
locity of 2.1 m s−1, a factor 1.3 smaller than in the case of the
negative chirp. It seems that the momentum kick is favored
by important Rabi oscillations and a smaller photoassocia-
tion efficiency.
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part FIG. 8. �Color online� Average

momentum and influence of the
sign of the chirp. Left pannel:
Photoassociation with the pulse
P−

122, with negative chirp. Upper
figure: Average value of the mo-
mentum �Pg

part�t�� �red line� for the
ground state and �Pe

part�t�� for the
excited state �black line�, as de-
fined in Eq. �33�. Middle figure:
The mass current mIg�t� �red line�
and mIe�t� �black line�. Lower fig-
ure: Population in the ground state
Ng

part�t� in the region R�314a0

�red line�, and in the excited state
�Ne

part�t�, black line�. Right pannel:
Same quantities for photoassocia-
tion with the pulse P+

122, with
positive chirp.
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The effect of the laser intensity is discussed in Fig. 9.
When the intensity is increased by a factor of 9, the number
of Rabi oscillations during the pulse increases by a factor of
3 as expected. The transfer of population after the pulse
Ne

part�t� tP+	C� increases by 20% �from 0.002 to 0.0024� for
��0 and by 30% �from 0.003 to 0.0038� for ��0.

When considering the larger intensity and a negative
chirp, the momentum kick in the inner part of the ground-
state wave packet is increased by a factor of �2. The inner
part of the wave packet moves to short distances with a mean
velocity of �6 ms−1 �compared to 2.7 previously�: the re-
flexion on the inner wall of the a3�u

+ potential, with Ig�t�
=0, occurs �400 ps after the pulse maximum, to be com-
pared with the value 950 ps in the previous case. For positive
chirp, the momentum kick in the ground state is now very
close to the values obtained for ��0. However, since in the
latter case the population Ng

part�t� tP+	C� is larger by a factor
of 1.5 than for ��0, a more important compression effect is
to be expected for negative chirp.

The previous analysis shows that the relative gain in mo-
mentum on the two channels can be modified by changing
the parameters of the pulse. The best way to optimize the
latter is an open problem.

C. Local and nonlocal effects

During the pulse, the variation of the local current density
on each channel, as described in Eqs. �14� and �15�, as well

as the local probability density �see Eqs. �20� and �21��
depend upon coupling terms involving both the laser cou-

pling W�t�exp�−i��t�� and either e
*�R , t�

�g�R,t�

�R or e
*�R , t�

g�R , t�. The important quantity is then the phase difference

Sg�R,t�
�

−
Se�R,t�

�
− ��t� �34�

which depends both upon t and R. In our problem, the initial
wave function g�R , t� is delocalized, and extends over the
full range of internuclear distances. Therefore during the
pulse the excited wave packet e�R , t� will also be delocal-
ized. However, for very large distances, neither Sg�R , t� nor
Se�R , t� present a R dependence. In Fig. 10, the R variation of
�Sg/e�R,t�

��R is represented for various times in the vicinity of the
pulse maximum. For distances up to 250a0, very rapid
changes of the phase occur, and a very complicated R depen-
dence is manifested. This suggests that the choice of
R-integrated physical quantities, as used in Refs. �9,10�, to
optimize the pulse, may not be a very efficient procedure
once the delocalized character of the initial wave function is
introduced in the model.

In the “single pulse Raman-like walk scheme” of Ref.
�10�, the initial state is a localized Gaussian wave packet, and
the control parameter is the laser instantaneous frequency,
designed to match the collision dynamics at distances R
�40a0, by inducing multiple coherent upward and down-
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FIG. 9. �Color online� Effect of the sign of the chirp and of the intensity of the photoassociation pulse. Time variation of the mass
currents mIg in the ground state �upper figures� and mIe in the excited state �lower figures�. Left column, calculations with the pulses P−

122

�black broken lines�, P+
122 �red solid lines� as in Fig. 8. The time windows are indicated by horizontal arrows. Right column: Same

calculations, increasing the coupling in Eqs. �6� by a factor of 3, or the intensity IL in Eq. �3� by a factor of 9 and considering negative �black
broken lines� and positive �red solid lines� chirp. The increase of the momentum kick in the ground state is clearly manifested. The reflexion
on the inner wall becomes visible in the time window considered.
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ward transitions. It seems that for this “matched spectrum
pulse,” a lot of population is redistributed into continuum
levels of the ground state, creating pairs of hot atoms rather
than the target bound levels in the ground state. In Ref. �9�,
the global phase of matrix elements such as

�e�R , t��D�R��g�R , t�� and �e�R , t��D�R�� �g�R,t�

�R
� is the

control parameter. The phase of the field is then following
the variation in the phase of the expectation value to be con-
trolled. It then seems that for a pulse duration larger than
1 ps, the efficiency of the control is dropping.

The choice of a spatially global operator such as the total
population or the total momentum can overlook the finer
details of controlling a localized quantity. This is equivalent
to the quantities R integrated over the total box in the present
paper, which lose a large part of the phase information.
Therefore, the partially integrated quantities �29� and �31�
are a better choice, enabling a better optimization of the
compression effect. In the next paper �13� the current ap-
proach will be linked to a different set of spatially semilocal
operators. However, from the present analysis of the partially
integrated quantities, we have drawn a few conclusions that
might help to optimize the compression effect.

V. CONTROL OF THE COMPRESSION EFFECT

From the discussion of Sec. IV, it seems that the creation
of an important flux of population to short distances is fa-
vored both by an important population cycling during the
pulse and by a good transfer of this population back to the
ground state. In other words, the optimal pulse should be as

close as possible to a �2n�� pulse, with a negative chirp, and
a large number n of cycles. This can be achieved with a pulse
that is “following” the excited wave packet.

We have tentatively changed the parameters of the photo-
association pulse to check whether it is possible to optimize
the compression effect. Starting from a transform limited
pulse with the same spectral width as previously ���
=0.255 cm−1, 	L=57.5 ps� and with the same central fre-
quency, the best results were obtained by increasing the lin-
ear chirp parameter � and hence the temporal width. The
optimal value was 	C=376.13 ps, instead of 110 ps in the
previous calculations. The duration of the pulse then be-
comes comparable with half the vibration period �Tvib /2� in
the excited state. In order to make results comparable, the E0
factor in Eq. �8� was mutiplied by a factor compensating the
variation of �	L /	C factor in f�t� in order to keep constant
the maximum value of the coupling. The energy Epulse is then
multiplied by 6.25. The new pulse is closer to a �2n�� one,
the number of Rabi oscillations reaches up to 24, the popu-
lation transferred to the excited state has markedly decreased
�3�10−4 instead of 2�10−3�.

The compression effect is now much more important, oc-
curs earlier and is optimum at topt� = tP+350 ps. The wave
packet at this time is displayed in Fig. 11, demonstrating a
spectacular increase of the compression effect as compared
to the previous results, and suggesting that the direction is
the good one. The analysis of the results shows that the
model of adiabatic transfer within a photoassociation win-
dow is still valid, but the impulsive approximation is no
longer valid: New physical effects are present, which will be
analyzed in a forthcoming paper �13�.
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FIG. 10. �Color online� Snap-
shots, at various times during the
pulse of the variation of the local

momentum
�Sg/e�R,t�

��R , see Eq. �9�, as
a function of the internuclear dis-
tance R. This figure is giving more
detailed information than Fig. 3:
The strong variation of the phase,
as a function both of the distance
R and of the time t �tP correspond-
ing to the maximum intensity� is
demonstrated. The position Ra of
the “last node” in the initial wave
function, and Rlast1 of the previous
one are indicated by arrows.

LUC-KOENIG, MASNOU-SEEUWS, AND KOSLOFF PHYSICAL REVIEW A 76, 053415 �2007�

053415-12



VI. CONCLUSION

The present paper was devoted to the analysis of the for-
mation of a dynamical hole in the wave packet describing the
relative motion of a pair of cold atoms in presence of a
photoassociation pulse, and of the evolution of this wave
packet after the pulse. As a case study, photoassociation of
Cs into loosely bound levels of the outer well in Cs20g

−�6S
+6P3/2� was considered, using a pulse in the picosecond
range, with a negative linear chirp parameter, designed in
previous work �3,6� to create an excited wave packet with
focussing properties. In the initial state, the wave packet is a
stationary continuum wave function at the collision energy
corresponding to 54 �K. Photoassociation with such a pulse
can be interpreted as an adiabatic transfer of population
within a photoassociation window, while the impulsive ap-
proximation is valid, since the motion of the nuclei can be
neglected during the pulse. The numerical calculations show
the creation of a dynamical hole in the region of the photo-
association window. The latter is created at distances where
the ground-state potential and its gradient are negligible,
while the excited state potential, with asymptotic R−3 behav-
ior, has a significant gradient. The classical force is then
supplying to the wave packet in the excited state an accel-
eration towards short distances.

After the pulse, the inner part of the ground-state wave

packet is shown to move towards short distances, at a veloc-
ity typical of the vibrational motion in the excited state, due
to the negative momentum kick gained from interaction with
the laser field. This leads to a compression of population at
short range, so that a second photoassociation pulse, red-
detuned relative to the first one, and conveniently delayed,
could be designed to bring much population to deeply bound
levels of the excited state. Another signature of the dynami-
cal hole is the redistribution of population in the ground
state, with formation of pairs of hot atoms and population of
the last bound level.

We have analyzed the momentum kick phenomenon by
considering the time evolution of the local probability den-
sity and of the local current density. Spatially integrated val-
ues, giving the population and momentum on each channel,
were considered, as well as partially integrated values, con-
sidering population below a certain distance. This procedure
is necessary due to the delocalized character of the initial
wave packet. The various terms included in the treatment
have been discussed in the framework of a phase-amplitude
formalism: In addition to the classical force and the force due
to the coupling of the two channels by the laser, a third term
has been pointed out.

The analysis for a pulse in the 100 ps range, widely used
in previous work, with negative chirp, shows that, during the
pulse duration, population and momentum exchange between
the two channels occur due to Rabi cycling, so that the ac-
celeration from the excited channel is transferred to the
ground channel. After the pulse, the momentum gained by
the inner part of the ground-state wave packet depends upon
the number of Rabi cycles, upon the sign of the chirp �it is
smaller in case of a positive chirp�, and upon the amount of
population transferred back to the ground state. It seems to
be maximum for a pulse as close as possible to a �2n��
pulse, with which no photoassociated molecules are formed.
In contrast, when considering a similar pulse with positive
chirp, the photoassociation efficiency increases while the
momentum kick is reduced.

Following these ideas, we have tentatively proposed pho-
toassociation by a longer negatively chirped pulse, with du-
ration similar to half the classical vibrational period in the
excited state, so that the impulsive approximation is no
longer valid. Such a pulse is designed to “follow” the motion
of the excited wave packet during half the vibrational period.
A strong increase of the momentum kick and of the compres-
sion effect in the ground state was indeed obtained, demon-
strating that the direction is promising. Further analysis will
be given in a forthcoming paper.
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FIG. 11. �Color online� Improvement of the compression effect
presented in Fig. 4, using the new pulse described in Sec. V, with a
parameter 	C comparable to the half vibration period in the excited
state. Intermediate panel: Wave function �g�R , t= tinit�� �broken
blue line� of the initial collision state and ground state wave packet
�g�R , topt�� when the compression effect is maximum, after illumi-
nating with the pulse P−

122 �green solid line, topt= tP+950 ps� and
the new pulse �red solid line, topt� = tP+350 ps�. Upper panel: inte-
grated population �0

R�g�R� , t��2dR�, showing the increase of the
probability density at short distances. Lower panel: Variation of the
overlap ���e�v� �g�R , t���2 with the eigenfunctions for all the
bound vibrational levels v in the 0g

−�6S+6P3/2� excited potential
curve, as a function of their binding energy Ev, for t= tinit �broken
blue line�, t= topt �green solid line�, and t= topt� �red solid line�. The
compressed wave packet is then better adapted for further
photoassociation.
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