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Photoassociation of cold atoms with chirped laser pulses: Time-dependent calculations
and analysis of the adiabatic transfer within a two-state model
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This theoretical paper presents numerical calculations for the photoassociation of ultracold cesium atoms
with a chirped laser pulse and a detailed analysis of the results. In contrast with earlier work, the initial state
is represented by a stationary continuum wave function. In the chosen example, it is shown that an important
population transfer is achieved 15 vibrational levels in the vicinity of the=98 bound level in the external
well of the C£(65+ 6ps/») potential. Such levels lie in the energy range swept by the instantaneous frequency of
the pulse, thus defining a “photoassociation window.” Levels outside this window may be significantly excited
during the pulse, but no population remains there after the pulse. Finally, the population transfer to the last
vibrational levels of the ground3E:(6s+65) state is significant, making stable molecules. The results are
interpreted in the framework of a two-state model as an adiabatic inversion mechanism, efficient only within
the photoassociation window. The large value found for the photoassociation rate suggests promising applica-
tions. The present chirp has been designed in view of creating in the excited state a vibrational wave packet
that is focusing at the barrier of the double-well potential.
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[. INTRODUCTION ent applications, such as the photodissociation of molecules.

After ultracold atoms, ultracold molecules are presently dt has indeed been demonstrated that shaping laser pulses
subject of constant interest, stimulated further by the recerffould considerably enhance the yield of a photodissociation
observation of molecular condensafés3|. This is why the reaction, so that a similar effect is expected for the reverse
various routes leading to the formation of ultracold mol-"€action. _ o _
ecules are actively exploref#t]. Starting from molecular ~ Very few papers consider the photoassociation reaction
beams, two nonoptica| techniques, buffer gas C00|ing of mo|With pulsed lasers: in the thermal regime, ultrafast photoas—
ecules[5,6], and Stark deceleration of polar molecul@sg] ~ Sociation has been studi¢gd4—-26, showing the validity of
now reach temperatures well below 1 K. Another route relieghe impulsive approximation. In the ultracold regime, several
on optical techniques: laser fields are used to cool down altheoretical and experimental papers have proposed a time-
kali atoms, and to create molecules via the photoassociatiotlependent study of the photoassociation reacf@ni-29,
reaction [9]. Short-lived molecules formed in an excited eventually also considering the formation of long-lived ultra-
electronic state must then be stabilized, by spontaneousold molecule$30]. Most theoretical calculations are using a
emission or other radiative coupling, into bound vibrationalwave packet representation for the initial state of the two
levels of the ground electronic staf@0-15. The transla- colliding atoms. In this framework, considering a wave
tional temperatures are much low@r=< 20 uK), and higher  packet localized at the outer classical turning point of the
densities are to be expected than with nonoptical techniquephotoassociated level, our group has discussed the character-
An important drawback, however, is that the stable mol-istic times for the photoassociation of cold cesium atoms
ecules are produced in a superposition of vibrational leveld,31] and the separation of time scales.
among which some are very excited. Bringing such mol- Appreciating the slow nuclear relative motion in ultracold
ecules to they=0 level of the ground electronic state, thus collisions has led to the idea of enhancing the photoassocia-
reaching ultralow vibrational temperatures, is therefore artion yield by employing chirped pulses, optimized to achieve
important issue. More generally, finding new photoassociaa total transfer of population under adiabatic following con-
tion and stabilization schemes is an interesting research subitions, according to a general scheme proposed by éao
ject. al. [32,33. Photoassociation of cold atoms with a chirped-

Up to now, photoassociation experiments have mostlypulsed-laser field was first theoretically explored by Vala
been using continuous lasers: a more active role of the radial. [34]. In these calculations, the initial state was repre-
tion would be to optimize the reaction by shaping lasersented by a Gaussian wave packet and a total population
pulses. The aim of the present paper and of the followingransfer was indeed obtained in the region of distances where
ones is to explore the feasibility and advantages of experithis wave packet is localized. The drawback of both this
ments using chirped pulses to form ultracold moleculesstudy and Ref[31] was that they overlooked the precise
therefore bridging the gap between the subjects of ultracoldature of the initial continuum state. Since the collision en-
matter and coherent control. ergy is so close to threshold, a plane-wave description or a

The field of coherent control has developed both theoretisuperposition of Gaussian wave packets does not address the
cally [16—2Q and experimentally21-23 with quite differ-  actual shape of the wave function. A correct representation of
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the initial continuum state of two ultracold colliding atoms population transfer. Finally, in Sec. VIII we show how the
should be a stationary continuum state: indeed, experimentshirp parameter can be chosen in view of focusing a vibra-
with continuous photoassociation lasers identify severational wave packet of the photoassociated molecules, such
nodes of the stationary wave function as minima in the phothat control of the formation of stable ultracold molecules
toassociation sign4ll0,35. can be performed. Section IX is the conclusion.

_ The aim of the present paper is to go further in that direc- |y a forthcoming paper, hereafter referred to as paper I,
tion, considering now photoassociation with chirped lasefye shall give more examples for numerical calculations and

pulses when the initial state is a delocalized continuum wavgjiscyss the optimization of the photoassociation yield and of
function representing the relative motion of two atoms atnhe old molecule formation rates.

very low collision energiekT. Such a wave function dis-
plays very slow oscillations at large distances, and numerical Il THEORETICAL MODEL
calculations must then use large spatial grids. On the other
hand, for ultracold processes, where the initial continuum A. The photoassociation reaction
state is very close to threshold, even a very weak light field . .
couples the last bound vibrational levels of the ground elec- The photoassomatlon reaction starts from two cold atoms,
tronic surface, which must also be correctly represented ofit @ temperaturd, colliding in the ground-state potential
the grid. Then, the numerical calculations need a mappinggroune @nd which absorb a photon red detuned compared to
procedure in order to reduce the number of grid points? resonance line to yield a molecule in a vibrational level of
[36,317. the excited electronic pot.entlalexC We shalll can|der the
It should be appreciated that the vibrational levels of the@“‘mpk?3 Qrf two cold cesium atoms colliding in the lower
photoassociated molecule, being close to the dissociatiotiPlet 2“2 (6s+6s) potential, and forming a molecule in a
limit, are physically very different from lower-lying vibra- Vibrational level of the (6s+6p;;,) potential:
tional levels. Their vibrational periods are orders of magni- 2 2
tude longer and most of the amplitude is concentrated in the Co(65°Sy) + CH657°Sy))) + e
outer tur_ning_point. As_a resul_t, for even_weak light fields, — C(04(6s 251/2+ 6p 2P3/2iva~]))- (1)
the Rabi period associated with population transfer to the ) ) .
excited state can be shorter than the typical vibrational peril N€ reactior(1) is the usual representation of the photoasso-
ods. For short enough pulses, the relative motion of the tw§iation, using a continuous laser red detunedsyrelative
atoms during the pulse duration can be neglected, thus alloW? the D2 resonance line
:_ng_ S|mpl_e interpretations in the frame_vvc_)rk o_f the impulsive fwo, = hoy— &, )
imit for light-matter interaction{38]. This implies that, dur-
ing the pulse, the wave function at each nuclear separatiowherefiw,, is the energy of the atomic transitiois-6- 6p3),,
can be decoupled from other positions, so that each distaneghich excites a single vibrational level of thg 8lectronic
can be considered as a radiation-coupled two-level systenstate. In the present work, we shall treat excitation with a
where the transfer of population is analyzed. Another limitchirped laser pulse characterized by time-dependent fre-
now emerging is the limit of adiabatic transfer, where thequencyw(t) or detuningd(t), and which populates several
intensity of the light is sufficient so that the associated Rabvibrational levels.
period is smaller than all other relevant time scales. As indicated in Fig. 1, the {06s+6p ?P,,,) potential curve
The paper shows how a two-state model can be developeatisplays a double-well structure with a hump located around
to provide an analysis of the results within an adiabatic15a,. The levels populated by the photoassociation reaction
population inversion mechanism, effective only within a correspond to vibrational motion in the outer well;; is the
range of energies defining a photoassociation window. Als@ibrational quantum number in the full potential, whileis
discussed is the possibility of avoiding population transferthe numbering of the levels in the external well. In the ex-
outside this window. An example of an application is theperimental photoassociation spectrum, vibrational levels
focusing process, where photoassociation is creating, in thigom v=0 to 132 are identified39]. For two levels, a tun-
excited electronic state, a vibrational wave packet optimizedheling effect is present, which has been analyzed from the
for transfer to a vibrational level of the ground state via aphotoassociation spectrupaQ].
second pulse. The theoretical model that we are presenting is, of course,
The paper is organized as follows: in Sec. Il we recall thenot connected to the particular shape of the excited potential
theoretical model for photoassociation with chirped lasen/,,.
pulses. In Sec. Il we discuss the various time scales of the
problem. In Sec. IV we give an example of numerical calcu- B. The two-channel coupled equations

lations for Cs 0, photpassog:latlo_n, W.'th a chosen chirped The dynamics in the ground state and the excited state are
pulse, where a few neighboring vibrational levels stay popu-

lated after the pulse. For interpretation, Sec. V develops, ir(]jescnbed by the time-dependent Schrodinger equation

the framework of the impulsive limit, a two-state adiabatic R - R 9

model for population inversion within a photoassociation H‘I’(R:t):[Hmo|+W(t)]‘1’(R,t):Iﬁa‘I’(R,t), 3)
window. In Sec. VI, the validity of this adiabatic approxima-

tion is discussed. Section VIl is the discussion of the numeriwhere W(R,t) is a two-component wave function, with
cal results in the frame of the simple model for adiabaticVy,,,,dR,t) andW¥¢,(R,t) describing the radial relative mo-
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FIG. 1. (Color) Scheme of the photoassociation process with a negative chirped pulse considered in the present work, illustrated in the
case of Cg The potentials curves correspond to the ground triplet stéE%(ﬁs,Gs) and to g(65+ 6ps/,) excited electronic state. In the
present work, the energy of the initial continuum state is neglected in the definition of the resonance condition. The double-well behavior in
the excited curve is a particular feature of the chosen symmetry.

tion of the nuclei in the ground and excited potential, respec- 1. Excitation by a continuous laser

tively. The molecular Hamiltoniai =T +V, is the sum For a continuous laser with constant frequengy 21,
of the kinetic energy operatdr and electronic potential en- the electric field is

ergy operatoV . The coupling term is written in the dipole £(t) = &y cogw, 1), (5)

approximation
where&, is the amplitude of the field.

The explicit temporal dependence of the Hamiltortis
eliminated in the framework of the rotating wave approxima-

tion, defining new radial wave functions in both excited- and
ground-state channels through

W(t)=-D(R) - &.£01), @

involving the dipole moment operatﬁ}(R) and the electric
field defined by a polarization vectéy (assumed to be con-

stany and by an amplitude(t). We defineDg(R) from the
matrix elements of the dipole moment operator components
between the ground and the excited molecular electronic ot
states. Since the photoassociation reaction occurs at large \P;’L(R,t):ex;<—i7)*1'gmunc(R,t), (6)
distances, we shall neglect the dependence, using the

asymptotic valuelige(R)-é,_wDSLe deduced from standard and neglecting the high-frequency component in the cou-

long-range calculation§41]. For this reason, the formulas pling term. This allows to write the radial coupled equations
below are written for &-independent coupling. as

VAR = exp(iw?"t>\lfexc(R,t),
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oL T ’ @ B 2
iﬁi<we (R,t))z(ﬂve(R) W, )(*P (R-t)) (1) = \/Zexp[—zm z(t tP) ] (15)
at\waRY VERY) e e

W T+V(R)

(7)
e
In Egs.(7), the two nondiagonal terms are identical and time L= = ¢, (16)
inde?)ergz)ent g \'/1 +(X7%)2/(4 In 2)2
1 ) 1 [21 . with the temporal widthr: defined as the full width at half
W =hQ =- Egngbz =3 1/ C—DSLQ, (8) maximum(FWHM) of the temporal intensity profilé’gf(t)z.
€0

(2) the phasep(t) in Eq. (14) has a second derivative
wherel is the constant laser intensity,the velocity of the equal to the linear chirp ratg=d?e/dt?,
light, and ¢, the vacuum permitivity.

i i i - 1 1

tialjs'he diagonal terms in Eq§7) involve the dressed poten o(t) = EX('E t)2- Earccosi — ot an
e

VL(R) = ViR —frw /2 :V(R) +A(R), (3) the frequency of the field, related to the derivative of

the phase, varies linearly around the carrier frequangy

V/(R) = VyroundR) + /2 =V(R) = AL(R). 9
o(R) = VgroundR) + fra R -A(R 9 w(t)=w|_+d—‘f=w|_+)((t—tp). 18)

In EqQ. (9), we have introduced the difference between the d

two dressed potentials: Each pulse is thus defined in the temporal domain by five

2A (R =V.L(R) - Vé(R) = Vexd R = Vground R — frw, parameters which are the carrier frequengy the chirp rate
x, the temporal centdp, the width7, and&,. In the present

(10 study of photoassociation, the carrier frequengyis per-
where 23 (R) — & for largeR, and the mean potential fectly defined from an atomic resonance frequency in terms
of the detunings® [see Eq(2)].
V(R) - VexdR) + Vground R) . (11) Concerning the two last parameters, we must note that for
2 x=0, 7. =7¢, defining a transform limited pulse with FWHM

of |f(t)|? equal tor, and maximum amplitude of the fielg.
'ﬁ:‘lerefore, the maximum amplitude of the chirped pulse,
En=EqV Tl 7, is always smaller thaé: the chirp increases
A(R)=0, (12) the time width of the pulse, while decreasing its maximum

. o . amplitude. The coupling in Eq$7) now becomes time de-
the resonance condition for photoassociation into a V'brapendent and reads

tional level with binding energyE,% may be estimated

through[4] 1 /21, 4
: : ) WLF(D) = Wi = W/ -5 = \/ 55\ 25D, (19)
Ve(RL) - Ve(oo) = = Ev, (13) Tc e 2 Ceg 9

where we have neglected the kinetic energy of the initialyhere we have defined a peak intendity (cep/2)E2. In the
continuum state. Therefore, the outer classical turning poinfsjiowing, we shall assume that the relative phase of the
of the photoassociated level should be located clos® 0 ground and excited electronic wave functions is such that
2. Chirped pulse and transform-limited pulse W >0. . . ]
In contrast, the chirp does not modify the width of the
pulse in the frequency domain, which stays proportional to

1/7. Indeed,&(w), which is the Fourier transform af(t),

When the dressed potentials are crossing at a large distan
RL [Ve(R)=Vy(R)]

In order to optimize the formation rate of molecules, we
shall consider Gaussian “chirped” pul§&2], where the la-
ser field £(t) has a quadratic time-dependent phage), displays a Gaussian profile with FWHM B
hence a time-dependent freque together with a time- — —_ Neow

b quenay) tog =4y2 In 2/7, and a phas®(w), which is a quadratic func-

dependent amplitud&,f(t). We have to note that the discus- f the f leading to the definit fal
sion reported here is general and can be adapted for othE,I n of he lrequency, 1eading 1o the definition of a flinear
irp rate in the frequency domain

types of temporal envelopes than the Gaussian one employg

here, as for more general chirp rates that could be defined, &P 22

beyond the linear approximatiofEq. (18)] used in the P'=— = y—t, (20)
present paper. dw? (4 In 27

(1) The field is
Consequently, one has
E(t) = &f(codw t+ o(1)], (14)
m2

where the amplitude involves a Gaussian envelfipecen- A= {{1 +(4In 2)2@4) } (21
tered att=tp, 7L
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Finally, the chirp does not change the eneffgys. carried Lo '
by the field, which is proportional to the square of the am- (a)
plitude &, and to the temporal width of the transform 08 - i
limited pulse
N\
+o0 0.6 8
CGO 2 CEO ) v ILTL a
Epuse™ EM)|dt=—& — =\ P /
pulse 2L|()| 2" Nam2" 2 Vin2 g RN
04 | // \\ .
(22) // 21, \\
This allows us to define me window since for a Gauss- 02 NESS j
ian pulse, 98% of the energy is carried during the time inter- /f_ t N
val [-7¢, +7c] 00 ] | 1N
50 100 150 200 250
CEO *7c 2
> |E(H)]“dt= 0.9 jse (23 t(ps)
- 4 ; .
Since from Eq(15), f(tpt TC):;ll\f'rL/TC, we may also define ®
a lower limit to the coupling term during the temporal win- 2 f\.\ 50 e
dow and write —~ N /’ﬁ/
§ Fo=-—- e ———— 7
1 - (A | x=0
O(t-tp) € [~ 7, + 7c] — ZW,_ < W (1) =W, o ,; 0 } /:(
T T ™~
Ve Ve P
= Wmax- (24) 3‘ // :_ 1T _: \\\
!'._/ 2 ‘/// | 21L | '\~\‘
The definition of such a time window will be very useful for S It |
the analysis of the dynamics. : l :
We ha_ve represented, in Flg_x.a;, the typical variation of 450 00 10 2“)0 250
the amplitude of a transform-limited pulse and of the pulse o(a9)

obtained through linear chirp, illustrating the stretching of
the temporal width fronw to 7, the reduction of the peak

FIG. 2. Properties of a chirped pulg@) Stretching of the tem-

intensity, and the conservation of the energy carried by th@oral width from 7, to o variation of the amplitude for a
field. The energy range swept during the time variation of th@ransform-limited pulse of width, =15 ps(solid line), and for the
frequency[see Eq18)] is illustrated in Fig. 2b). chirped pulse(broken ling obtained with linear chirgy|=4.79

X 1072 ps2. Note the reduction of the intensity at maximum, as
3. Coupled radial equations for excitation with a chirped pulse described in E¢(21) in text, and the broadening t¢.=34.8 ps. The

S o . . time window([tp— 7¢,tp+ 7c] is indicated by the horizontal lingb)
When considering excitation via a chirped pulse, we mayCentraI frequency sweeping: assuming that the carrier frequency

appl_y the rotating wave approximation as prev_lously at theatt:tp is at resonance with the vibrational lewet 98 in the Cg 0
carrier frequency w,. Once the terms oscillating as Y

. ok . . >~ external-well potential, we have indicated the variation() [see
gxp[J_erth] are e!lmmated, the _re_sultmg coupling term is Eq. (18) in tex] aroundw, by y(t—tp).
time dependent with a phase variation, and the coupled equa-
tions (7) now involve time-dependent nondiagonal terms
W, f(t)exd£ie(t)]. The existence of complex coupling terms
makes the discussion intricate, and it is convenient to modify

further the rotating frame by defining new wave functions for

VIR 1) = exp- i)V HR 1)

. Lo tto
the excited and the ground states, =exp - lT WY ground RiD).- (25)
WOR 1) = expli gl WO(R,D) = ex;{i o+ qD)ﬂfex&R,t), In E_qs.(25), the rotating wave approximation is (_:onsidering
the instantaneous frequency. The coupled equations now read
|
A — hde
T+V(R+A (R --— W f(t
, i(\l’é"(R,t)) ~ R+ &R =55 L (mgm,o) 8
IN\WERY) ) L= hde |\WeR1)/
aRY W (D) F4VR - A R+ 238 [\5(RY
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In the following, we shall calW(t) the real time-dependent cw laser, the periodg,,; of the “Rabi oscillations” associ-

quantity ated with the couplingV; between the two states resonantly
coupled is
WI(t) =W (1), (27)
har
and 2A(R,t) the time-dependent energy difference, such that Thabi= W (33
L
2AR 1) =2A.(R) - ﬁd—(’D =2A,(R) -fix(t—tp). (28) Once a pulsed laser is introduced, due to the variation of the
dt peak intensity, this time constant is modified. We define two
similar time constants, at the maximum intensitytp), and
4. Resonance window and spectral width at the edges of the time windoWw=tp* 7¢), characterizing

the dynamics in the vicinity of the instantaneous crossing

pOiﬂtSRL, Rminv Rmax:

It is important to note that, in contrast with cw excitation,
the relative position of the two potential curves at a given

distanceR now varies linearly as a function ¢f Hence, at c _hm | Tc
some distances, the upper curve may become the lower or Rabitp) = Wmax_ T_LTRabi’
vice versa, while the position of their crossing poiR(t),
such that c Ahar c
Trabltpt 70) = —— = 4TR(tp)- (39
A[R:(D),1]1=0, Reltp) =R, (29) REDTET O Wiy 0P

varies with time around the distan& defined in Eq(12).  As a generalization, following Ref42], we shall also use a
We shall consider situations where during the time win-local time-dependent Rabi period defined by
dow [tp—7¢,tp+ 7], the crossing distandc(t) is spanning har
a range of distances TRafRt) = .
VWAL + A%(R )

Rming R= Rmaxv Obvi . . .
viously the pulse duratior. is also an important charac-
teristic of the pulse. For the discussion of the adiabaticity
Ruin= Rc<tp— lfrc) 0 2A, (Ryin) = = %X 7c, condition, and for the optimization of the pulse, it is inter-
X esting to evaluate the time constant associated with the en-
ergy range swept during the time window

Rmax= I'-\’C<tP + |_;|TC> 0 2A (Rpay) = h|X| 7e. (30 2T 36

Tenirp= Al

(35

The definition of such ssonance windowequires two con- . . .
ditions on the width of the pulse and its frequency, to ensur(;rhIS quantity should be compared to the width of the energy

that the curves keep crossing: distribution |8(w)|2,. which is dw=4 In 2/7, and does not
_ depend on the chirp rate. A time-scale characteristic of the
Alx|7c < Ugq", (31)  spectral width is then introduced as
¢ 2w 2w _
hlxlmc= &, (32 Tspect™ 5= 7 o™ = 2267 (37

where UMM is the minimum value of the difference poten-
tial 2A (R) at R<R_, while & is the asymptotic splitting.
The resonance window is defined independently of the pulse

The ratiop between those two time constants is bounded,

intensity. However, it depends upon our choice for the tem- _ Tepect_ 2lxl7c _ 2x 38
poral window, and this point will be further discussed below. p= Tenirp T S 1+ (38)
Writing the resonance condition from E@9), which de-

pends upon the central frequency of the pulse, would be Ix|(70)?
misleading: due to the spectral width, a range of levels in the ==, (39
neighborhood of the resonant level can be excited. We shall 41n2
discuss these two aspects of the excitation in more detail

O<sps<2. (40)

with a particular example.

Therefore, the frequency band swept by the central fre-
Il. TIME SCALES guency due to the chirp is never larger than twice the spectral
width. This is an important parameter in the description of
the chirp process.

The two radiative phenomena in our problem are the _ ) _ _

spontaneous emission tinfe,, and the Rabi period asso- B. Time constants associated with the dynamics
ciated with the coupling with the laser. We shall study phe- When discussing the vibrational motion of a vibrational
nomena at a time scale that is short comparet;tg,, Fora level v, with binding energyE, in the excited state, we

A. Time scales related to the radiation
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TABLE I. The parameters for the pulse excitation considered in the present(sapesec. Il B 2 and Fig.
2) are as follows: detunin@‘ﬁt, intensity I, , couplingW,, energy associated with the spectral widthw,
temporal widthsr and ¢, and linear chirp parametefsand ®”.

éﬁt | L WL fhdw un e ﬁX 7

2.656 cm® 120 kW cm?  0.7396 cm' 0.98 cm?® 15ps 34.8ps -0.025 cthps! -170 pg
1.21x 107 a.u. 3.3 10°% a.u. x=-0.28x10* a.u.
x=—4.79x 1073 ps?

shall consider the classical vibrational period estimatedrossing point}, =93.7,. Calculations have also been per-

from formed by changing the sign of the chirp. For a continuous
5 At laser gxcitation withsr polarization between the electronic
: .
T,(v) = 271%_11 - _ (41) states Eu(GS,Gs)_and (g(Gs-_ers,z), gnd n_egl_ectmg theR
JE  |Eys1—E,4 variation of the dipole coupling, the intensity is related to the

coupling W b Eq. (8), iving W/ (a.u)=9.74
For the discussion on the optimization of the chirped pulse, it, 1g9\|L(chm 2y[41].q ®. gwving Law

is also relevant to consider the revival period, defif¥eg] as The time scales associated with the radiation are reported

Ah in Table Il. They appear to be of the same order of magni-
E,.,- 2E,+E, 4| (42) tude: in particularT¢pirp andTSpeqare similar, since_for the
present pulse, the resonance widttyPr. is nearly twice the
For the ground state, we shall consider the motion at a lovgpectral widthéw, leading to a valugp=1.8 close to the
collision energyE, described by a scattering lendthcorre- ~ maximum value which is 2.

Tre(v) =

sponding to a time delay The lifetime of the atomic level G6p2P,,) being
30.462 ns, the radiative lifetime of the photoassociated levels
r= 94E) ML (43) in the external well of the I6s+6p3,) curve is=30 ns. In
JE hk’ the present calculations, where spontaneous emission is not

introduced, we shall study the evolution of the system at
much shorter time scales. Through incertainty relations, it
means that the definition of the energy is larger than the
natural linewidth of the cesium atom resonance lihE

where we have introduced the elastic phase shiff)
=arctari-kL), the reduced masg and the wave numbek.

IV. AN EXAMPLE OF NUMERICAL CALCULATIONS =1.7x10* cm=5.3 MHz. The hyperfine structure split-
FOR PHOTOASSOCIATION WITH A CHIRPED PULSE ting of 9193 MHz will not be considered in the present pa-
r, but it has a significant value at the time scale of the

Since the pulse depends upon many parameters, the w
of optimizing them is not straightforward. We give results of oblem. . .
numerical calculations, in the example already presented in At résonancgA=0) and for a cw laser, the intensity of
Sec. II A, of the photoassociation into several bound leveldh® pulse would correspond to a Rabi period of 22.5 ps.

in the external well of the GsO; potential, populated by a However, due to the streching factog/7 reducing the
chirped pulse. maximum intensity, it is increased to 34.3 pstatp. In the

wings of the pulse, this time constant is further increased,
reaching the value 137 ps at the times 7. Such charac-
teristic times should be compared with the time scales asso-
The photoassociation reaction uses a chirped laser pulsgated with the vibrational motion, and to the collision time.
linearly polarized, already illustrated in Fig. 2, for which the  For the excited potentiaV,(R), the outer well in the
parameters are reported in Table I. The detunsfigof the 04(6s+6p3/2) curve was fitted to photoassociation spectra by
carrier frequency corresponds to resonant excitatiotvrf ~ Amiot et al. [44]. The latter was obtainef#5] by matching
of the levelv =98 of the Cs 0;(65+ 6p3») potential, and to a  to ab initio calculations at short and intermediate range. The

A. The physical problem and its time scales

TABLE II. Time scales associated with the radiative coupling: spontaneous emissiof djigi¢ Rabi
period Tk, chirped Rabi periodd5,,(tp) andTg,,{tp+ 7¢) defined in Eqs(33) and(34). Besides, we have
reported the time-dependent local Rabi perigg, at the maximuntp of the pulse forR=15a; andR— .
Finally, the time-constant characteristic of the spectral width of the pysg;is reported together with the
chirped characteristic tim&,,, as defined in Eqg36) and(37). p is the ratio between the resonance width
and the spectral width defined in E&S).

Tspont Tlliabi Tgam(tP) TgabﬁtPi 7c)  Trad®.tp)  TradR=153,tp) Tehirp Tspect p

30 ns 225ps 343 ps 137 ps 12 ps 0.18 ps 189ps 339ps 1.8
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5 ' TABLE lIl. Characteristic constants for three levels in the outer
well of the Qj(6s+6p3,) potential curvevyy is the vibrational num-
3r t=t, . ber, while the numbering is restricted to the levels in the outer
T'; well. E, is the binding energyR, is the outer turning pointT i,
% 1t and T,, are, respectively, the classical vibrational period and the
2 revival period as defined in Eq§41l) and (42) in text. The level
K L v=98 is identical to thgvy+2) level considered in Refl47] on
= tunneling.
Y
I 3|
R, lR Utot U Rout (@) -E, (au) -E, (cm™d) Toib Treo
_ ‘ max ‘ - _ 5 B
5 0 50 100 150 200 122 92 85,5=Ry, -1.62x10 357 196ps 10ns
R (units ofao) 129 98 93. % RL -1.21X 10_5 -2.65 250 Ps 15.3 ns

137 106 107.48 Ry, —0.79x10° -1.74 350 ps 15.7 ns

FIG. 3. Variation of the local time-dependent half-energy split-
ting A(R,t), defined in Eq.(28) as a function ofR, for the time
valuest=tp ( solid line), at the maximum of the pulsé=tp—7c Since the coupling with the ground state may be involving
(dashed-dotted line at the beginning of the time window=tp  the |ast least bound levels in the ground-state potential curve,
+7c (broken ling, at the end of the time window. The distances we also report in Table IV the binding energies and vibra-

where A(R,1)=0 define the crossing poin, Re(te* 70)~Rmin  ional periods for those levels, together with the time delay
and R:(tp— 7c) = Rya Photoassociation window: in the reflection for the continuum level af=54.3 uK, as defined in Eq
model, the level® =92 tov =106 can be populated when the cross- (43) ' ’ '

ing pointRe(t) is sweeping the rand®pin, Rmad. The two vertical The classical vibrational period has no meaning for the

lines at shortR correspond to a local maximum, related to the last level. since the wave function mainly extends in the
particular double-well structure in the excited curve, and providing . ’ . . y
a potential barrier. cl_a55|cally forbldde_n region. We should note that the very
high value of the time delay in the present problem, due to
lower triplet state potentia:fE;(Gs,Gs) has been chosen in the large value of the scattering length, demonstrates the
order to ensure a correct value of the scattering lerigth strongly resonant character of the collision, and makes the
here taken ad =~525a, the asymptotic behavior being collision time by far the largest characteristic time in the
Ce/R®, where C¢=6828 a.u.[44], the short-range part ex- problem. Looking at Tables IV and II, we see that the spac-
tracted from Ref[46] had to be slightly modified45] for  ing between the level”=53 of the ground state and the
that purpose. continuum level with collision energyE=ksT=54.3 uK
Under the conditions illustrated by the Table I, the time-<3.77x 10° cmi ™! can be considered as negligible at the
dependent energy differend&R,t) between the two dressed gcale of the energy uncertainty imposed by #@0 ns ra-
potentials, defined in Eq28), is drawn in Fig. 3. The long- giative lifetime of the excited state.
range splitting between the two potential curves i ()
=&'=2.6 cmi?, resulting att=tp into a local Rabi period of
12 ps in the asymptotic region, as reported in Table Il. The
energy difference reaches large values at short distances, The initial continuum state is represented by a stationary
yielding a very small local Rabi period of 0.18 ps Bt wave function in the ground-state potential curve and de-
=15a,. The instantaneous crossing pdidefined in Eq(29)]  scribes the collision of two cold Cs atoms at the eneqgy
varies with time, and we have indicated in the figure, thecorresponding td=54.3 uK. It is chosen with a node at the
valuesR,,j;=85,R =93.7, andR,,,=107.4,, defined above external boundaryr of the spatial grid(see below. This
in Egs. (12) and (30), and discussed in Sec. Il B 4. Such wave function is drawn in Fig. 4, together with a typical
distances are close to the outer turning points of the vibraGaussian wave packet, showing how unlocalized the initial
tional levelsv=92, 98, and 106, respectively, for which state is in the present work. This is an important modification
Table 1l displays parameters such as binding energies andompared to previous calculatiofi31,34 using a Gaussian
vibrational periods. The pulse with negative chirp value de-
scribed in Table | has an instantaneous frequency resonant TABLE IV. Constants for the last levels in the ! (6s, 6s) po-
with the v=106 level att=tp—7c, with v=98 att=tp, and tentials. The present calculations do not include the hyperfine struc-
v=92 att=tp+ 7. Alternatively, when the chirp becomes ture. For the continuum lever; is the time delayEq. (43)].
positive, the resonant condition is verified first %92 and
finally by the upper level =106. v E (a.u) E (cm™) Toib
Due to the linear chirp parameter, an energy range of

B. Description of the initial state

about Z|x|7c=1.74 cm? is swept by the laser frequency,  v"=°0 ~3.87x10” -0.084 cm* 581 ps
corresponding to 15 vibrational levels in the vicinity of v"=51 -1.23x 1077 -0.027 cm* 1460 ps
=98, for which we have reported data. However, due to the v”"=52 -1.94x10°8 -0.042 cm? 7.8 ns
spectral width of the pulse, levels in an energy range of y7=53 -2.43< 10711 -5%10°% cm?

0.98 cm! on both sides can also be excited, and this will be continuum  1.7%10°1°  3.77x105 et 7~476 ns
analyzed with the numerical results.
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PR lowing the representation of initial continuum states at ul-
025 | | | @) tralow collision energy. Due to the large size of the grid, and
[ the very small kinetic energy of the problem, it is not neces-
o2 | sary to put an absorbing boundary condition at the edge of
’ the grid. Since the initial-state wave function is normalized
" in a box, the results given below will be dependent on the
015 ¢ value chosen fokg.
[ The time-dependent Schrodinger equation is solved by
0.1 i o /// \\\ expanding the evolution operator ¢xpHt/A] in Cheby-
0.05 | ) AN 4 N Y s_chev polynomie(48]. The time propagation is realized by
) / AN , \\ yd discrete steps with a time increase much shorter than the
mﬂ J' NS . N, characteristic times of the problem, already discussed in Sec.
0 0 TR 200 400 600 800 Il A and reported in Tables II-IV. In the present problem,
s R (units of a,) the smallest time scale is the local Rabi period at small dis-
tances~0.18 ps, which controls the time stéy. In typical
1f 0.03 H calculations, we have choséti= 0.05 ps, the quantitidV
08 [ i , being evaluated 112 times at each time step.
i 0.02 I / The dynamics of propagation of the wave packets in the
06 | I / ground and excited potentials is analyzed by studying the
0.4 i 001 | // evolution of the population in both surfaces:
02 | - T Pe(t) = (Wo(RD[W(R, D), Py(t) = (Wo(R | W4(R,D).
i s (©
0 ot o] 000 e (44)
50 70 90 110 130 0 200 400

More detailed information is provided by the decomposition
of the wave packets on the unperturbed vibrationals states

FIG. 4. Wave function of the system before the pulse; the rang®f both potential surfaceS=a °S;, or 0
of distanceqd Ryjn=85a,Rp4,=11 , later on referred to as the
“photoassoi[iat”i]cl)nn w?%ovv,ﬁxis ir%(i)(]:ated on the upper horizontal Ps,(t) = |<\I}SU(R)|W€,9(R’U>|2'
scale, the crossing poirR =93.7a,~ R, on the lower one(a)
Variation of 10><|\I'§L(R,O)| (broken ling, the continuum wave
function describing the relative motion of two Cs atoms in the po-
tential a 3= at energyE=kgT=1.72x 107 a.u., T=54 uK. For All the numerical results presented below are obtained
visibility, this wave function, normalized to a unit in a box of size from an initial-state wave function normalized to unit in a
19 25@&, is multiplied by 10. An energy-normalized function can large box of sizd.g=19 25@&,. They correspond to branch-
be deduced by dividing the unit normalized function byE/dn  ing ratios of the photoassociation process towards different
=18.87x 107'% Also represented is a Gaussian wave packet offinal vibrational levels, eigenstates of the Hamiltonian for the
width 0=15 a.u. centered &,=953,~R,. (b) and(c) Integrated  ynperturbed molecule. Due to the linear character of the
density of probability/5|¥|’dR for the localized Gaussian wave Schrgdinger equation, the population transferred to a given
packet(b) and the delocalized continuum wave functi@: note |eye| js proportional to the normalization factor for the initial
that in the region 8&<R<1108,, the probability density is only  gtate Therefore, in order to deduce the populations corre-
0.000 44 in the last case, while it is 0.86 for the localized Wavesponding to an energy-normalized initial continuum state, for
packet. E=1.71x101° a.u.(T=54 uK), the computed populations

should be multiplied by the density of staten/dE

wave packet: the population transfer can occur in a very wide:1/(8.87x 10719). Besides, since the calculations concern
range of internuclear distances, well outside the resonancgy|y one pair of atoms, and are not velocity averaged, the
window, and in particular at large internuclear distancesyjues forP(t) should be scaled to get an estimation of the
where a large density probability is localized. No velocity honlation transfer due to a single pulse in a trap containing
dlstrlbutlon_ls considered in the present work, this effect will \j 3toms: this will be done in Sec. VIII B. In typical experi-
be treated in paper II. mental conditions, this scaling factor is4000.

The results of the calculations for the time dependence of
the populations are presented in Fig. 5, both for a negative

Details on the numerical calculations will also be given inand a positive linear chirp parameter. The main conclusions
paper II: they involve mapped grid metho@$] to represent  are the following:
the radial wave functions, using a sine expang®n rather (1) There is a population transfer from the grouti{;
than the usual Fourier expansion, in order to avoid the ocstate to the excited (state, which decreases by two orders of
currence of ghost states. The introduction of adaptive coornagnitude fromPe?tp)x0.032 near the maximum of the
dinates is necessary to implement a spatial grid with fewpulse, toPg(t=tp+7c)=3.2xX10* at the end of the pulse
points (1023, but with a large extensiohg=19 25@&, al-  [see Figs. &) and %b)].

R (units of a) R (units of a)

(45)

D. Results

C. Numerical methods
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0.985 //, ,'// V=53 )
" black X<O0 ’{/ /: 11x10
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FIG. 5. (Color) Time variation of the computed relative populations for the gro%E{'gand excited Qelectronic states during the pulse
duration. The pulse is centeredtat 150 ps. The black lines ia), (b), (d), and(e) correspond to negative chirp, and blue lines to positive
chirp. (a) Full lines: variation of the total population in the grouﬁB; state. Note that the minimum occurs5 ps earlier thartp
=150 ps with negative chirp, and5 ps later with positive chirp. Broken lines: variation of the population in the initial continuum level, at
E=1.72x 10710 a.u.(b) Variation of the total population in the exciteg Btate for negativéblack) and positive chirgblue). (c) Details on
the variation of the individual populations of thg [evels resonantly excited during the temporal window, for negative chirp: in particular,
red curvep =98, resonant dat=tp; blue,v=95; dark bluep=102; greenp=107.(d) Population of the three last bound levels of ﬁié]
state: full line,v”=51; long-dashed liney”=52; dashed-dotted lin@”=53. (e) Variation of the partial sums of populations on the bound
vibrational levels in the &)potential: full line, for low excited levelsy=95-107, resonantly excited during the temporal window; dashed
line, highly excited levelsy=122 to 135, off resonance. Black and blue correspond to negative and positive(Bh8pme agc) for a
positive chirp. Populations per pump pulse can be deduced by multiplying the vertical scale by 4000, as described in the text.

(2) Calculations considering the same laser pulse with ar=5 ps before the maximum of the pulse for a negative chirp,
initial state represented by a Gaussian wave packet norma&nd=5 ps after this maximum for a positive chifpee Figs.
ized to unity yield a much larger value=0.59 for the final ~ 5(a) and %b)].
population in the excited state. However, the ratios between (4) After the pulse, most of the population in the ground
this final population and the probability density in the rangestate is going back to the initial continuum state, but a small
85<R<1104a, are similar(0.69 for the Gaussian wave- fraction(=3X 107%) is transferred to the last vibrational lev-
packet, 0.73 for the continuum eigensjat€his result is a els in the32: potential,v”=51-53[Fig. Xd)]. This remain-
signature for the predominant contribution of the resonancéng population is independent of the sign of the chirp. The
window. population transfers towards bound levels of the excited 0

(3) The maximum of the transferred population occursand of the grounéfzj state are comparable.
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(5) While many bound levels in the exciteq Potential E.(Rt) = +1Q(R 1), (48)
are excited during the pulse, essentially the levels fiom
=92 till v=106 remain populated after the pulgeee Fig.
5(e)]. They correspond to the range of energy arour®8 Fi FZ. ) ) ) .
swept by the laser during the time window and presented_ The_ set of twoadiabatic functlon_s is deduced from the
above as a “resonance window.” diabatic functionsW¢', W¢' by a rotationR [50]:

(6) In contrast, highly excited levels from=122 to 137
are significantly populated during the pulgee Fig. %e)], 9 9
but the population vanishes at the end of the pulse. cos:  sin:

(m)=i)e=| 5

with two eigenfunctions, hereafter referred to atiabatic

(7) Whereas the oscillatory pattern during the time win-
dow markedly depends upon the sign of the chirp, the final F? vy .6 6
population in the excited state, as well as the vibrational _S'né COSE
distribution, is nearly independent of this sign.

Such results demonstrate the existence oplotoasso-
ciation window including all the levels in the energy range the angled being defined by the relations
betweenv=92 and 106, where population transfer is taking
place. We shall provide an interpretation for this result in the

: X , W(t)| A(RY)
following section. AR )] = |— AR )] =—"—, (49
sin8(R1)] AORY cogo(R1)] AORY (49
V. A TWO-STATE MODEL FOR ADIABATIC | |
POPULATION INVERSION W(t)
tan (R,t)| = .
an 6(R,1)] ARY

A. Impulsive approximation

) _ The two-channel wave function representing the

For all the following developments, we shall use the im-gy|ytion of the system can then be written in the adiabatic

pulsive approximatior{38], assuming that the relative mo- representation, after eliminating the phase factor
tion of the two nuclei is frozen during the pulse duration. Theexp[(—i/ﬁ)fV(R,t’)dt’], as

kinetic energy operator being neglected in E2f), the two-
level Hamiltonian becomes

[WRY)=a RY|IFY) +a RY|IFY), (50
H~H-T=H (V 0)+<A(R’t) W ) herea*(R,t) anda (R, t) verify
~H-T=H'= o , wherea™(R,t) anda (R,t) veri
0 v Wt  -ARY
(48 _i<a+(R,t)>_(E+(R,t) 0 )(a"(R,t))
"atlary/ T\ 0 ERY/NaRY
where the first term introduces &hdependent phase while inoRY( 0 1)\/a"(Rt)
the dynamics is contained in the second term. > m’ (_1 0>(a‘(Rt))'

(51)
B. The adiabatic basis

When the impulsive approximation is valid, the diagonal-We shall now discuss adiabatic evolution when the second
term in the right-hand sidé.h.s) of Eq. (51) is negligible.

ization of the HamiltoniarH'(R, ) at each distanc® will * o\ Jjidiy of such an hypothesis will be discussed below in
define a new representation, in the framework of a standar ec. VI A

radiation-driven two-level systerj42,49. In Eq. (46), the

notationsW and A are similar to the ones used in the text-

book by Cohen-Tannoudgt al. [50] to describe a two-state C. Condition for population inversion during the
model. Defining a time-dependent local Rabi frequency pulse duration

We assume that the effect of the pulse is negligible out-
— JA2(R 1) + W21 side the time intervallp— 7 <t <tp+ 7, without assumption
AORD = VAAR.Y + WD, “n on the value ofr=. Considering only the first term in the r.h.s.
of Eq. (51), the solution of Eq(51) becomes straighforward:
i o a ) = assuming that before the beginning of the pulsef=at
the diagonalization oH' yields two eigenenergie¥(R,t)  _ . there is no population in the excited state, the evolution
+E.(R,t) andV(R,t)+E_(R,t), where of the diabatic wave functions is described by
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|

Filhft -, ExRE)AY 0

g ilhSt—r ECRU)AY

o
COSG(R,tp - TF) \I,S)(R,tp - ’T;:)

0
(52

)

ues 0 orsr. When the two angles have the same value, the
correspondence between diabatic and adiabatic states is the
same before and after the pulse, i.@ge(R,tp+ ) |
=|¥ge(R,tp—76)|. In contrast, when the sign &f(R,t) de-

fined in EqQ.(28) changes during the pulse, the two states are
reversed. This population inversion takes place at a distance
R provided that the level splitting between the dressed po-
tentials verifies

O(R,1) —si o(R1)
(\Pg’(R,t)) _ 2 2 |fe
veRry/) | . 6RY 6RY 0
sin cos
2 2
(R, tp — -
os (Rtp— 7¢) Sine(R'tP )
2
(R, tp —
—sin (Rtp— 7¢)
2 2
[
Introducing the accumulated angle
1 t
a(Rt) = —f E.(Rt")dt’, (53
h tp—7¢
the two diabatic wave functions at tinteare
6+ 6,
VRt =- [i sin—sin a(Rt)

0, — 6

+sin cos a(R,t)} VIR tp = 1),

. . 6+6
\I'Q(R,t): |cosTsm a(Rt)

6, — 6,
+ COs— 5 ‘cos a(R,t)]\Ifé"(R,tp - 16), (54)

where we have introduced the time-dependent angles

6i = e(R,tp - TF), (55)

6= OR ). (56)

1. Pulse of finite duration 27

2JA (R)] < x| 7. (60)

Then,
|0(R,tp + TF) - 0(R,tp - TF)| =7 |\I’:(R,tp+ TF)

=[Vg(Rtp- 7). (61

For a given pulséfixed values for&, y, and 7¢), the con-
dition (60) for population inversion shows that the transfer
will take place in a region of internuclear distances around
R [Eg. (12)], the extension of which depends upon the dif-
ference 2A (R)| between the two potentials and upon the
energy range: | x| 7= swept during the pulse.

In most photoassociation experiments, the lasers are tuned
so thatR, is located at large distances, where the difference
2|A (R)| between the ground and excited potential curves
varies slowly, so that we may predict a large photoassocia-

We are interested in the conditions leading to populatiorfion window.

transfer, at internuclear distané& from the ground to the
excited state, for a pulse startingtatt,— 7= and stopping at
t:tp+ TE

W(tp = 7¢) = W(tp + 7) =~ 0. (57)

From Eqgs.(49), we see that the rotation angles are suc
that

sin a(R,tp - 7'|:) =sin G(R,tp + TF) = 0, (58)
ARtp— 1)
COSG(R,t —T):—,
" AR - )|
ARtp+ 1)
cosORtp+ 1) = —— . (59)
" AR G+ )|

According to the sign of the time-dependent energy-

splitting, the angle®(tp— =) and 8(t+ 7¢) can take the val-

2. Extension to a Gaussian pulse

As it was shown in Sec. Il B 2, when the chirped pulse is
Gaussian, most of the intensity is carried during the time
window (t—tp) € [-7¢, +7c], which suggests that the popu-
ation inversion is mainly realized during this temporal win-
dow. Therefore, the condition for population inversion is
written introducingrc instead ofr in the relation(60).

(1) For internuclear distanceRR such that A(R,tp
-7, >0, the angled,(R,tp—7c) =0, and the diabatic func-
tions are

O
WE(RD = = sin " “RIVH(R tp - 7c),

o .
W(RD = cos; e"“RIVER tp ~ 7c). (62)
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(2) In contrast, whemA(R,tp—7,) <0, 6(R,tp—7c)~m,  crossing point R:(t), such that A(R;,t)=0, where
and hQ(Re, 1) =W(t).
p The condition(65) takes simple forms if one chooses par-
VIR = cos—te‘i“(R"Wg(R,tp - 70), ticular values ofR(R=R)) or t(t=tp).
2 (1) In particular, when both=t, andA (R, )=0, the con-
dition at the “crossing pointR, for the two dressed poten-

.6 tials, when the coupling reaches its maximum value, reads
VYR = sin_ e VIRt~ 70). 63) piing
7L
Let us emphasize that in the adiabatic following of an Ailx|mc < 8WE% (66)
instantaneous eigenstate of the system, since the ahgle
stays strictly equal either to O of, the population in the (2) It is also worthwhile to consider the very strict adia-

ground or in the excited state does not depend upon thkaticity condition at the instantaneous crossing pé&igtt),
accumulated phase(R,t). This is not valid when si¥,  where the nonadiabatic effects are the largest:
#0,cos6 # +1, since the population at a givdvalue in
the excited channel exhibits Rabi oscillations with a time h2|x| < 8[W(t)]°. (67)
period corresponding to ar variation of the accumulated
anglea(R,t). The latter situation requires that the laser field The condition(67) will not be verified in the wings of a
is turned on suddenly. Gaussian pulse. Nevertheless, if we consider the time win-
The population inversion condition defines a range of disdow [t-tp| < 7¢ already defined above, the coupling param-
tances where photoassociation is taking place, equivalent fer has the lower boung Wi, o that during the time
the resonance window defined above in E&). However, window, the condition is simply.
the validity of such an interpretation relies upon the validity
of the adiabatic approximation both inside and outside the
window, and of the choice for the temporal window.
The conclusions are independent of the sign of the chirp,
which is no longer true when nonadiabatic effects are in-The validity of such a hypothesis will be discussed below.
volved.

:
Alxle <WEo (68)

B. Validity range of the adiabaticity condition

V1. ADIABATICITY REGIME IN THE We shall first ensure that, during the temporal window, the
PHOTOASSOCIATION WINDOW AND CONDITION adlabat|C|ty condition is indeed valid all across the phOtoaS'
TO AVOID RABI CYCLING AT LONG RANGE sociation window, defined both by Eq30) and by the rela-

tion (60) in which 7=7¢. Then we shall check that no popu-
A. The adiabaticity condition lation transfer is occurring outside the window, therefore

From Eq.(51), we see that the system will present anjustifying the definition of a window.
adiabatic evolution, provided the nondiagonal term is negli-

gible compared to the energy differende, —E.) 1. Adiabaticity condition within the photoassociation window
90 From Eq.(65), we define an adiabaticity parameter, which
‘H <AO(R1). (64)  should be<1, as
From Eq. (49, we may derive 96/at=[A(dW/dt) XRY) = Xo _ (1)~ 4 In At~ t) (1) ARY) +Fix7c/2|
-W(3A/at)]/[(£Q)?]). From Egs.(27) and (28), the time Xy A RO(RHTPIW(L) '
derivatives of the coupling tern(t) and of the level split- (69)
ting A(R,t) are easily derived, leading to the explicit form of
the condition(64), In the following, X(R,t) will be computed numerically for
41n2 7 ATAR DT+ [W(H) 232 various distances and times. However, some analytical for-
h|- A (t—-tp)A(RY) + ox < [ARDI”+[WOT] mulas can help to understand the dependence on the param-
Tg 2 WI(t) eters of the pulse. During the time window, and within the
QR YT photoassociation window, the local instantaneous level split-
= W (65  ting verifies|A(R,t)| <|Ax7c|, so that the numeratof,, has

an upper limitX,<7%2|x|(4 In 2+1/2), reached at the edges
which we wrote as an inequality between two quantities withof both the time window and the distance window. Under the
the dimension of an energy square. The quantity in the leftsame conditions, a lower limit of the denominator can be
hand side becomes large in the wings of the piyisken  found by considering both the upper and the lower limits on
(1/W)dW/dt is largd, far from resonancéwhen A(R,t) is  the coupling during the time window, defined above in Eq.
largg and for a large value of the chirp rate The quantity  (24). Therefore, a sufficient condition for adiabaticity within
in the right-hand side is the smallest at the instantaneouthe photoassociation window is
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16(i[x|7c)(4 In 2+1/2 < \Nﬁ% 0 XRH<1. (70

The condition(70) is a rough estimation which markedly
overestimates the adiabaticity of the trangtsre paper )l It
defines an upper limit for the energy rande 2| 7c swept by

the chirped pulse: this limit is proportional ¥, i.e., to

the energy carried by the field. It shows that the laser inten-
sity should be sufficient to yield a coupling much larger than
the geometric average between the energy rd@géy| o)

and the energy width of the power spectrﬁtmﬂz, which is
[#(4 In 2)/ 7 ]. The same condition can thus be rewritten in
terms of the time scale‘E,iabi andTepp, introduced above in
Egs. (33) and (36), as well as7 or the time scal€lg,e
associated with the spectral width of the pulse through Eq.

(37):

Tlliabi < O-24\“/—|-chirp7'L = 0-16\““"Tchirstpect (71

Optimizing the adiabaticity condition requires the increase of
the intensity of the pulse or the reduction either of the pho-
toassociation windowlarge value ofT ) or of the spectral
width of the pulse(large value ofr or Tgyec). Since the
population transfer will depend upon the width of the photo-
association window, a compromise has to be chosen.

2. Adiabaticity in the asymptotic region

It is often convenient to ensure that no population is trans

ferred outside the photoassociation window, in the region ng, at the maximum of the pulse. Also indicated are the values of

distances where the two dressed curves never cross duri
the time interval(t—tp) € [-7¢, +7¢]. In particular, we have
considered the long-distance region, whefg (R — =)=,

éfi.t
defined in Eq(1). We shall assumé > || 7c. In this region,

considering upper and lower limits of the coupling and of thepoints inRy,,, R, R

level splitting, as in the previous section, the validity of the
adiabatic approximation is ensured under the condition

thax|:<it _ ﬁ|X|TC>2+ (Wmax>2:|_3/2 21n 25&th
A7c 2 2 4
h 4In2+1
" x| 7c( . )‘ <1 (72)

This condition can be simplified under some circum-
stances, which depend upon the relative valued/qf,, &2,
and|x|rc.

VII. DISCUSSION
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FIG. 6. Variation of the local Rabi frequen€¥(R,t), defined in
Eq. (47) and corresponding to the pulse defined in Table I, as a
function of the distanc®, for three values of timga) Solid line: at

e corresponding local Rabi periag,, see Eq(35) in text. (b)

shed-dotted line=tp— 7, at the beginning of the time window.
Broken line:t=tp+7c, at the end of the time window. Also indi-
cated are the values of the characteristic timég, and

being the detuning relative to the atomic transition, astS_ (t, to+ 7o) significant for the vibrational levels resonantly ex-

cited at the momenty+ 7¢,tp, tp— 7, Which have the outer turning

max

during the temporal window-35, +35 ps. Such minima oc-

cur at the distances where the local time-dependent energy
splitting A(R,t) goes through 0, as illustrated in Fig. 4, and
therefore define the photoassociation window. Further
minima in the local frequency occur at a shorter range, cor-
responding to the inner crossings of the two dressed curves
which do not play a role in the photoassociation process,
since the amplitude of the initial wave functioW,;,(R)| is
negligible at such distances. Also indicated in Figp)Gre

the values of the local Rabi period at tinetp, further il-
lustrating the wide range of variation witR, from 12 ps at
infinity to 34 ps atR_, with very small value¢0.18 ps and
larger oneq28 p9 at short range where the two curves part
and cross again. This behavior is linked to the particular

From the simple model developed above, we shall furtheshape of the potential curves, with a double-well behavior

analyze the numerical results of Sec. IV.

A. Analysis of the numerical results in the framework
of the two-state model

for the excited one. Looking at Fig(l®), it is clear that due

to the reduction of the pulse intensity in the wings, reducing
WI(t) by a factor of 4 attp+ 7, the minima inQ(R,tp 7¢)

are deeper at the borders of the time window, multiplying the
Rabi frequency by a factor of 4. This is why it will be diffi-

First, we have represented in Fig. 6 the variation of thegylt to verify the adiabaticity condition at the borders of the

local frequency)(R,t), defined in Eq(47), as a function of
R for three choices of the time=tp,tp+ 7c. The long-range
minimum in Q(R,t) moves fromR,,,=1108, to R,;n=853,

time window and the photoassociation window.
When the adiabatic approximation is valid, the impulsive
two-state model described in Sec. V predicts population in-
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FIG. 7. Population inversion and photoassociation wind@y. | \fRr, \ // SN
Variation of the anglé(R, t), defined in Eq(49) for the same three -0.2 b L 1 001 ¢ /,’ \\ g
time values as in Fig. 6. The domain whei@R,t— ) and 6(R,t 0s | ! ! \\ I’ 1 0 \“R=1023a0 |
+7¢) differ by  is indicated by an horizontal arrow: it corresponds ™ ! ! R0t b s
to population inversion, as discussed in Sec. V C. o4l ! ! =] —o01 | Vel
) 1/R=1004, |
version within a photoassociation window characterized by a g g VALl P .9
change ofw between the angléd(R,to—7c) and the angle -2 - . t0/ 12 -2 - t(t’ y 12
O(R,to+7c), where6(R,t) is defined in Eq(49). The varia- (t4)r, v,

tlc_)n of the angled(R, 1) as a fu_nctlon oR 'S_' represented in . FIG. 8. Interpretation of the calculations: validity of the adia-
Fig. 7 for the same three choices of the time. We see that ifatic approximation within the photoassociation window. The adia-
a range of distances extending fromeg%o 11, 6 varies  paticity parameteK(R 1), defined in Eq(69) in text, is represented
approximately bym from tp—7¢ to tp+ 7 @ population in-  for various values of time and distange) Variation of X(R,t) as a
version can indeed be predicted. function of R for t=tp (solid line), t=tp— 7 (dashed-dotted curye
The rather good agreement between numerical calculaandt=tp+ 7. (broken curvg (b) Adiabatic behavior within the pho-
tions and the predictions of a simple two-state model seem@association window: variation 0€(R,t) as a function of time for
to indicate that the adiabatic approximation is indeed valid irR=R, (solid curvg, R=90a, (broken curvg, R=100a, (dashed-
our problem. In order to get more insight, we have studiediotted curvg Note that maximum values ¢f| are reached folt
the variations of the adiabaticity paramedR,t) defined -tp|=7c. (c) Nonadiabatic behavior at the border of the window:
above in Eq(69), which are represented in Fig. 8. variation ofX(R,t) as a function of time foR=85a, (broken curvg
The adiabaticity parameter takes maximum values at th@ndR=110g, (dashed-dotted curye(d) Adiabatic behavior in the
border of the time windowt=tp+ 7) and of the photoasso- asymptotic region: variation ok(R,t) as a function of time foR
ciation WindowR=Ryi, Rnay as illustrated in Fig. @). For =150 (dotted curvg andR=1023 (broken curvé:
the pulse with negative chirp described here, we find two

adiabatic regions and one nonadiabatic: limited by the two inflexion points in the coupling tevi(t),
(1) The adiabaticity condition is verified within the pho- during which 84% of the intensity is transferred. Better
toassociation window, as illustrated in Figbg8 boundaries for the adiabaticity parameter are then obtained:
2) It is only approximately verified aR=R,;, for t
~ ((tp)+ 7o) and at Re Ria for 1 (tp—70), Wﬁglrne IX(R [t=tel < 7c — 1.99X 1072 < [X| < 29.99,
=100gy,tp—7c)| reaches the value 0.5, as illustrated in Fig.
8(b). t—tp| < 0.67c — 13.3X 103 < |X| < 1.3849 (73)

(3) It is not verified out of the photoassociation window,
in the vicinity pf Rmax andR,,, at distance®=110 and 85, B. Discussion
as illustrated in Fig. &).

(4) In contrast, the adiabaticity condition is well verified It is instructive at this stage to refine our interpretation of
in the asymptotic region, as illustrated in Fig(dg@ We the numerical results presented above in Fig. 5. Due to the
should note, however, that the present pulse has been opgoupling by the laser, vibrational levels in thg(s/,) poten-
mized for that purpose. Other choices yield an importantial curve are excited. We shall call “resonant levels” the
population transfer at large distances and will be presented in92—106 levels, corresponding to the range of energy swept
paper Il by the instantaneous frequeneyt) during the time window,

The present discussion of the adiabaticity criteria can bend “off-resonance levels” in theg(pm) potential curve the
attenuated when using a narrower time window, our choicether ones, corresponding to energies swept by the wings of
of [tp—7c,tp+ 7c], corresponding to a transfer of as much asthe spectral distribution during the time window, or by the
98% of the energy in the pulse, being probably too severe. Avhole spectral distribution outside of the time window.
sufficient choice considers the time winddivtp| <0.6rc,  Among them, excited levels are numerous, such asvthe
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=122-137 range, due to the high density of levels close tin “coherent transients” previously studied in the perturba-
the dissociation limit, and to the good Franck-Condon overtive limit [49,51,52. Such transients are governed by inter-
lap with the initial state. ferences between the population amplitude transferred at

When the chirp is negative, the instantaneous crossingesonancé=t~(v), and population amplitude transferred af-
point is moving fromR,,4 t0 Ry,n, SO that the most excited ter, fort>t:(v). The latter amplitude is significant provided
levels are populated first. This is illustrated for the “resonanthe maximum of the pulse occurs after the resonance, so that
levels” in Fig. c). In contrast, for a positive chirp, since the t,>t(v), resulting into the observed oscillations. The values
resonance window is swept froly, to Rya, the lower  of the observed periods can correspond to a Rabi period at
levels are populated first, as illustrated for the resonant levelthe instantaneous crossing point: foF98, resonant at
in Fig. ). =tp, the period of 36 ps is close ter.(R,,tp)=34 ps; for

For the “off-resonance” levels in the excited state, a maxithe |evely =102 with a negative chirp, ar=95 with a posi-
mum in the populatior®,(t) [see Eq(45)] appears, indepen- tjve chirp, the 25 ps period is associated withraariation
dently of the level, 4.45 ps befottg for x<0, and 4.45 ps  of the accumulated angla(R,t) calculated afR distances
aftertp for x>0 [Fig. 5(€)]. A quantitative evaluation of this  ¢corresponding to the outer turning points of these vibrational
advancedresp. delaycan be obtained from an analysis of the |eyels.
adiabatic population transfer at large distarRe- 1508y, Looking back to the derivation of the equations describing
where 2 (R)= &', the adiabatic parameter being such thatadiabatic transfer in Sec. V, we see that in the case when
IX(R,t)[<0.03 (Fig. 8. The diabatic wave function in the sin ¢#0 ( or m), i.e., when the adiabatic evolution starts
excited potential Dis given by Eq(62) where both the angle only once the laser has been turned on for a while, the evo-
A(R,t) and the accumulated angi€R,t) are independent of lution of the population in the excited state is no longer
R. Furthermore, the vibrational wave function in the exciteddescribed by Eq(62) [or Eq.(63)], but verifies
potential curve is strongly localized in the asymptotic region.
Therefore, the time dependence of the populaft) as
defined in Eq(44) scales as sté(=,t)/2, reaching a maxi-
mum for a timet,, satisfying (d/dt)a(oo,t)|t:tm:0, and cor-

. 6,0 6 6
|Pe(R )2 = smzztcoszz' + coszztsmzz'

. . o 1
responding to a zero value of the adiabaticity parameter. - —sin @sin 6, co§2a(R1)] |\If§’(R,tp— Ta0)|?
Trivial calculations yield the condition 2
75
hixTe 9

- (74) for <0, where we have calleth— 7,q>tp— 7¢ the time

=t~ 0 28 ere W _ 4= :
where the adiabatic evolution stafi similar equation can

which gives -4.37 ps for the present pulse with negativepe written fory> 0, with the change of sin into cps
chirp, and explains the symmetry when changing to a posi- The total population at a giveR value in the excited
tive chirp. The excellent agreement between this estimatioghannel therefore exhibits Rabi oscillations, with a time pe-
and the +4.45 ps value found in numerical calculations is &iod corresponding to ar variation of the accumulated angle
signature of the validity both of the adiabatic approximation«(R,t). The modulation rates appearing in Figcfor the
and of the impulsive approximation in the asymptotic region high-resonant vibrational levels with large vibrational peri-
Indeed, the vibrational period for levels>122 is T,j,(v)  odsT,;,~350 ps, which are the first populated with a nega-
=780 ps. The maximum is also visible in the variation of tive chirp, are much larger than those observed in Fif). 5
total population in Fig. &), and is therefore dominated by for the low resonant vibrational levels, wiff,j,~ 200 ps,
asymptotic excitation. the first populated with a positive chirp. Rabi oscillations

For the “resonant” levels, oscillations ®),(t) appear only  being manifested in cases where the vibrational period is
for the levels which come to resonance with the instantamuch larger than the Rabi period, a frailty in the impulsive
neous frequency(t) before the maximum of the pulse, at a approximation can be supposed for levels for which these
time tc(v) such thattc(v) <tp. For y<<0, oscillations are two characteristic times become comparable. Besides, as dis-
therefore observed for the highest levels, likel07 and 102 cussed by Baniet al. [38], as the wave packet created in the
in Fig. 5c). For x>0, the population of the lowest levels, excited state is being accelerated towards short internuclear
like v=95 in Fig. §f) is oscillating. For thev=98 level, distances, the breakdown of the impulsive approximation is
resonant at the maximum of the pulse, the time dependenceore severe foy <0 than forxy>0. Indeed, fory<O0, the
of the population does not depend upon the sign of the chirpnstantaneous frequency of the laser remains resonant during
[red curve in Figs. &) and f)], and oscillates weakly. Such the motion of the wave packet, and then recycles the popu-
oscillations are a signature of significant nonadiabatic effecttation back to the ground staf83].
in the population transfer at the instantaneous crossing point Therefore, the simple model for two-state adiabatic popu-
aroundt=tp—7c. We have shown in Sec. VI how the adia- lation inversion, developed in the impulsive limit, allows a
baticity criterion is most difficult to verify at the instanta- qualitative interpretation of the numerical results. In particu-
neous crossing point and in the wings of the pulse. Awaylar, the vibrational levels in the excited state where popula-
from the adiabatic regime, the passage through resonantien remains transferred after the pulse are well predicted by
does not lead to a total population transfer: coherent excitathis model. The weak dependence of the final population as a
tion of a two-level system with linearly chirped pulses resultsfunction of the sign of the chirp is also a signature of the
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adiabaticity of the population transfer. However, the phase of Y, (Rt=t +T;/2)
the probability amplitude on each level is not independent of  0.005 R
the sign of the chirp, so that after the pulse, the vibrational
wave packet evolves in a very different way for positive and

0.004

for negative chirp. Furthermore, a detailed analysis of the  0.003 0" =170 ps’ ]
numerical results indicates the limits of both the impulsive 0.002 i
model and the adiabatic population transfer. R 1
’ (a)
VIIl. APPLICATION: CONTROLLING THE FORMATION 0 ' : L ]
OF ULTRACOLD MOLECULES VIA FOCUSING 9 # 109 150 200 20
AND IMPROVING PRESENT EXPERIMENTAL SCHEMES 0.002 : J
. 0.001 | 0" =0 ]
A. Focused vibrational wave packet m/\r\ b
. . . . . . 0 MWNW . ‘ ®
The pulse described in Table I, with negative linear chirp 0 50 100 150 200 250

parametery, has been designed in order to achieve focusing (04
of the vibrational wave packet at a timg+T,;,/2, where
T,in/2=125 ps is half the vibrational period of the leuel

=98. The levels in the range from approximately 106 to 0.002 | WWM 0" =170 ps’ |
92 are populated, in turn, the chirp parameter is necessary to

. P oo - 0.001 + .
compensate the dispersion in the vibrational period of the | ©
wave packet being chosen as—27T,.,/(T,ip)3, i.e., ad- B 0 e S50 200 e
justed to match the revival periolle, [See Eq(42)] of the R (units of a,)

resonant level v=98. Indeed, for y satisfying X,
==27Te,(v0)/[T,in(vo)]°, the amplitude resonantly trans-  FiG. 9. Optimization of the chirp in view of focusing. Variation
ferred att=tc(v) creates a wave packet at the outer turningof the amplitude of the wave function in the excited state
point of each vibrational levael =v,, which reaches the in- |V {R,t=tp+125)], at a delayT,;,/2=125 ps after the maximum
ner turning point at time=tp+T,;,(vo)/2, independently of of the pulse(i.e., well out of the time windoyy whereT,;, is the
v. The evolution of the wave packet after the pulse has beeflassical vibrational period for the resonant level98. (a) Nega-
computed, and we have represented in. Big» snapshot of tive chirp, for the pulse defined in Table(h) same withy=0; (c)
the wave packet in the excited state at titpe T,,(vo)/2. same with positive chirp parameter.

(1) An important focusing effect is visible for a negative
chirp, the wave packet presenting a peak in the vicinity of B. Towards new experiments

the inner turning point of the=98 level. o A proper estimation of the photoassociation rate requires

(2) This effect is reduced when a positive chirp is used,a jncoherent average over a thermal distribution of energy-
with a large part of the population in the long-distance re-normalized initial states. These energy-normalized con-
gion, due to the late excitation of the upper levels tinyum wave functions are deduced from wave functions
=98-107, with a much larger vibrational period. _ normalized to unit in the box of sizer, accounting for the

(3) When there is no chirp, the population transfer iSqgensity of states in this box. Furthermore, following Ref.
much smaller, the factor3 on the maximum amplitude re- [27] for low temperature, it is possible to estimate the pho-
sulting 'QFO one order of magnltude_ in the transfer prObab'!'tytoassociation yield by assuming a weak variation of the
(4x107 instead of 3.5¢10™). Besides, the wave packet is popylation as a function of the initial energy. For an assem-
no longer focused, since the levels that have been populate;:qy of atoms in a volumeV=5x 107 cn?, with density
are no longer in the vicin.ity oby=98, but belong to'the N,,=10M cm3, the vertical scales in Figs(®-5(e) should
domainu > 103 of very excited levels; from the behavior of pe myltiplied by 4000. The number of molecules formed in
this wavepacket it is clear, as illustrated in FigoPthat the  one pulse under the conditions discussed in the present paper
levels have a large vibrational period. The distribution ofis 9 69. With a repetition rate of 804z, the vield is 6.9
vibrational levels is governed by the spectral widithw and 17 molecules per second, which is significantly larger

by the overlap integral between the initial and final waveihan rates obtained with continuous lasgts
functions, which is dominant far ~ 130.

(4) Focusing of the wavepacket on the inner classical
turning point of the vibrational levels will allow us to con- IX. CONCLUSION
sider a population transfer towards the bound levels of the
ground triplet state potential curve via a second laser, in a The present theoretical paper has investigated the possi-
two color pump-probe experiment. It should then be possibldility offered by replacing continuous lasers by chirped laser
to populate efficiently low” levels in the ground state. pulses in ultracold photoassociation experiments. We have
(5) For such purposes, the optimization of the pulse carperformed and analyzed numerical calculations of the popu-
be achieved through analytical formula, considering the relation transfer due to a chirped pulse, from a continuum state
vival period, and the scaling laws governing the dynamics of T~54 uK) of the ground triplet state G °=;(6s, 6s), to
long-range moleculept,53). high excited vibrational levels in the external well of the
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05(6s+6p3,2) potential. The central frequency of the pulse dow” requires that the coupling should be larger than a quan-
was chosen resonant with the levet 98 of the ) external tity proportional to the geometric average between the en-
well, bound by 2.65 ciit. We have used a pulse with Gauss- ergy range swept by the instantaneous frequency of the
ian envelope, having a peak intensly=120 kW cnm?, a  chirped pulse and its spectral energy width. To keep adiaba-
linear chirp parameter of -4.391073 ps? and temporal ticity, a compromise between increasing the laser intensity
width 7c=34.8 ps. Due to the linear chirp parameter, a rangeind decreasing the width of the photoassociation window
of energy of 2<0.87 cm* is swept by the laser frequency, must therefore be found, and it can be discussed within the
corresponding to resonance with 15 vibrational levels in theénodel we propose. Even though in the present calculations
vicinity of v=98, and referred to as “resonance window.” the adiabaticity condition is verified within the photoassocia-
The spectral width of the pulse, which remains independengion window, a few nonadiabatic effects were identified and
of the chirp, covers a typical range of energies ofinterpreted. Further work will estimate more thoroughly the
~0.98 cn* on both sides. lower limits for intensity and pulse duration.

The initial state of two colliding ultracold cesium atomsis  As an example of control, the present pulse has been cho-
represented by a continuum stationary wave function, with &en in order to achieve focusing of the excited vibrational
realistic scattering length and nodal structure. This is poswave packet at the inner turning point of the 98 level, at a
sible owing to the use of a mapped sine grid method recentlyime delay after the pulse maximum equal to half the classi-
developed by Wilineret al. [37]. The time-dependent cal vibrational periodr,;,(v=98). The relevant chirp param-
Schrodinger equation is solved through expansion in Chebyeter was optimized from the revival time. Such calculations
schev polynomig48]. suggest a scheme for a two-color experiment where a second

Due to the large value of the scattering length, the initialpy|se, delayed b¥,;,/2, would transfer the photoassociation
wave function has a large density probability at large dispopulation to lowo” levels of the ground triplet state, now
tances, resulting in a large Franck-Condon overlap with Viforming stable molecules in low vibrational levels.
brational levels in the excited state close to the dissociation |n a forthcoming paper, already referred to as paper I
limit. Numerical calculations show that, during the pulse, aj54], we shall give more quantitative results for comparison
large amount of population is indeed transferred to levelsyith experiment by averaging on the initial-state velocity
close to the Cg6s+6p3,) dissociation limit: however, with  djstribution to compute the photoassociation rate for a series
the particular choice of the chirp, we have shown that thisof pulses with a variable spectral width, considering different
population is going back to the ground state after the pulseshoices of the final vibrational levels by varying the detun-
In contrast, the 15 levels within the photoassociation windowing, and different laser intensities. We shall propose various
are coherently populated, and part of the population remainschemes to optimize the efficiency of the population transfer,
after the pulse. The same conclusion is obtained by changingking advantage of the conclusion of the present paperwhere
the sign of the chirp. Besides, an interesting result is thatwe have shown that it is possible to design chirped laser
due to the coupling at large distances between the two elegulses so that the photoassociation reaction is restricted to a
tronic states, a strong population transfer to the last vibrawell-defined window.
tional levels of the ground °S;(6s+6s) is realized, making From the present calculations, it is already possible to
stable molecules with a rate as important as for the photoagonclude that photoassociation with a chirped laser pulse is a
sociation into the excited state. This result should be furtheyery promising scheme. In the present example where the
explored. peak intensity of the laser was chodgr= 120 kW cn?, the

The interpretation of the strong population transfer to-estimated rate of-7x 10’ molecules per second in typical
wards the 15 levels in the resonance window, independent afxperimental conditions is definitely larger than what has
the sign of the chirp, is given within the impulsive limit, in been computed and measured for cw lasers. Since the present
the framework of a two-state adiabatic population inversiorcalculations were performed in a frequency domain close to
model. The numerical results can be qualitatively and evem photoassociation minimum, much higher rates are to be
quantitatively interpreted by this model, defining the condi-expected by varying the detuning, and this will be the subject
tions for full population transfer within a “photoassociation of a forthcoming paper.
window” covering a range of distances &5 R=<110ay,
and no transfer outside. Therefore, the chosen chirped pulse
is capable of controlling the population transfer towards the
excited state, ensuring that no transfer occurs outside a cho- This work was performed within the framework of the
sen energy range. We have discussed the general conditioRganco-Israeli binational cooperation program Arc en Ciel-
for adiabatic population inversion during a “time window” Keshet 2003-2004, under Contract No. 23, and of the Euro-
[tp—7c,tp* 7c] centered at the timé> of the maximum of pean Research Training Network “Cold Molecules,” funded
the Gaussian pulse, and corresponding to 98% of the enerdyy the European Commission under Contract No. HPRN CT
transferred by the pulse. The adiabaticity condition within2002 00290. M.V. acknowledges a three-month stay in Orsay
the “photoassociation window” and “during the time win- funded by this contract.
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