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Enhancement of the production of cold molecules via photoassociation is considered foy yst€s1. The
employment of chirped picosecond pulses is proposed and studied theoretically. The analysis is based on the
ability to achieve impulsive excitation which is given by the ultracold initial conditions where the nuclei are
effectively stationary during the interaction with a field. The appropriate theoretical framework is the
coordinate-dependent two-level system. Matching the pulse parameters to the potentials and initial conditions
results in full Rabi cycling between the electronic potentials. By chirping the laser pulse, adiabatic transfer
leading to the population inversion from the ground to the excited state is possible in a broad and tunable range
of internuclear distance. Numerical simulations based on solving the time-dependendiSpdr@quation
(TDSE) were performed. The simulation of the photoassociation eff@sn the ground®> | to the excited g
state under ultracold conditions verifies the qualitative picture. The ability to control the population transfer is
employed to optimize molecular formation. Transfer of population to the excifedubface leaves a void in
the nuclear density of the groumt®, surface. This void is either filled by thermal motion or by quantum
“pressure” and it is the rate-determining step in the photoassociation. The spontaneous-emission process
leading to cold-molecules is simulated by including an optical potential in the TDSE. Consequently, the rate of
cold molecule formation in a pulsed mode is found to be larger than that obtained in a continuous-wave mode.
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I. INTRODUCTION a wave function approximated by an Airy function at the
outer turning point. This picture is confirmed by experimen-
The physics of dilute gases has seen major progress ital observation, where modulations in the photoassociation
two fields: laser cooling of atomic samples and coherent conrate as a function of laser detuning faithfully reflect the nodal
trol. In both cases, a strong motivation is to use laser light irstructure of the ground-state wave functifi?l]. Besides
order to achieve control of the system leading it to a desiredhese modulations, a simple analytical form[d&] predicts
final state. for J-wave scattering a temperature dependenc®’irt, an
Among the many applications of cold atoms, the photoasintensity dependence ih with a A~**7)/6 variation as a
sociation reaction, where two atoms absorb a photon to crefunction of the detuning\. At low laser intensities, such a
ate an excited molecule, is a very important one. It has beesimple model is in good qualitative agreement with the ex-
proposed by Thorsheirt al.[1] and observed for all homo- perimental observationg22]. Similar estimations were ob-
nuclear alkali-metal dimers. Photoassociation was firstained in the quasicontinuum modeling of R¢R3]. We
achieved in a sodium cold atomic sampk-4], then in ru-  should note that the dependence upon the detuning can be
bidium [5,6], in lithium [7], in potassiun{8], and finally in  physically interpreted as absorption of a photon by a pair of
cesium[9,10]. Besides, the photoassociation reaction hastoms standing still at a distan&such that the asymptotic
been studied in a sample of metastable helium athhi$ potential— C5/R® is equal to the detuning.
and of hydrogeri12]. Effort has also been devoted to pho-  The investigation of the ultracold molecules strongly de-
toassociating two different alkali-metal atoffis3,14. Most  pends on the yield of the photoassociation process. The pur-
experiments were performed with continuous lasers, harvespose of this study is to explore the possibility of employing a
ing a variety of accurate molecular spectroscopy data. coherent manipulation technique to optimize the photoasso-
Furthermore, recent observation of ground-state ultracoldiation yield. To gain insight into the control scheme one has
molecules obtained by spontaneous radiative decay of phae bridge the conceptual gap between time dependent light
toassociated moleculg9,15,16 is opening a new research induced manipulations and the well established continuous-
field. Theoretical investigation of the photoassociation prowave (CW) photoassociation spectroscopy.
cess has been performed mainly in the framework of a time- The crucial step in the process is to optically pump popu-
independent approachl7-2Q using a perturbative treat- lation from the unbound ground electronic surface to a bound
ment. In the framework of the Franck-Condon picture, theexcited one. Taking advantage of the special conditions of
photoassociation rate is computed as a vertical transition beHtracold collisions, it is relatively easy to reach the situation
tween the continuum state of two colliding distant atoms andvhere the nuclei are stationary for the period of the pulse
the long-range vibrational state of an excited molecule, withexcitation. For molecules at normal temperatures, these con-
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ditions translate to impulsive excitation in the ultrafast time 12000

domain. This has been demonstrated in the ultrafast photo- 11800 | 0, 4+ Cs(6s)+Cs(6pP,,) |

association of mercurf24—-24. 116001 |/ } | 1R bebastor
Manipulating the temporary shape of the pulse is a com- — ! ! }

mon endeavor in the ultrafast regime. For example, the yield } } l

of a photodissociation reaction has been manipulated experi- 112001 [/ coldmolecule | spontaneous | photoassociation

mentally by shaping the phase of the laser plzg. The £ 11000 ] } } } %

most simple coherent manipulation which controls the trans- & } 1 1

fer of population from one electronic state to another is to = st B 1 1

linearly chirp the excitation pulde@8]. This fact has initiated 01 4 L Cxeoose

a vast amount of activity in the employment of such pulses of |! - ‘ -

for coherent contro[29—32. The obvious advantage of a 200 | -0 e

manipulation technique of this type is its experimental feasi- 400 , . , ,

bility. 0 20 0 60 80 100
The present study follows a suggestion by Cao, Bardeen, R(A)

and Wilson[33], showing that the photoexcitation yield can

b d lete b fi diabatic followi di FIG. 1. The formation of the ultracold cesium dimer &
_e ma .e (ion;pe ﬁ. y creha Ing ;.i "T’l atic IO O\INm% con I'through photoassociation onto the long-range iBolecular state
tions, simply by chirping the excitation pulse. In the Casefollowed by the spontaneous decay to the vibrational levels of the

prevailing in ultracold photoassociation processes, the condig,,est triplet state.

tions for adiabatic following are even more favorable. The

collisions are so slow that even for pulses in the picosecond Construction of the
time scale, the nuclei are practically frozen. As a result, on
can decompose the process into a stationary ensemble

coordinate-dependent two-level systems. In this picture, thﬁre first matched around 26 a.u.. after which the atomic spi
) . o u., pin-
adiabatic following ideas presented by Ebgidg, 3§ can be orbit interaction is diagonalized to obtain thg Gtate.

;aer:lployed leading to a complete and robust population trans- The long-range part of the potential curves behaves ac-

The content of the paper starts in Sec. Il with a generaf;ord""'g to the following formulagin atomic unit3:
description of the process of interest and tools for treating it.
This is followed in Sec. Il by a discussion of various models Vag+(R)=— — — — — —10 (2.2)
describing the light—cold-molecule interaction with special u R> R* R

emphasis on a chirped pulsed field. In Sec. IV, we discuss

cesium photoassociation using a chirped pulsed field. Thwhere Cg=6.331x10"%, Cg=9.63<10"°, C;;=15.2
cold-molecule formation process including a discussion ofx 107, and

spontaneous emission is treated in Sec. V.

D potential curve is described by
(?:Loretti et al.[10] in detall. Briefly,ab initio short-rangg37]
Shd long-rangé38] curves in Hund's casé) representation

D, 2D3
Vo, (R)==—3— (2.2

Il. SYSTEM OF INTEREST R AEGR®

The process studied is the formation of a translationall{yhere D;=10.47 andAE, is the fine-structure splitting
cold cesium dimer in the lowest triplet state from a cloud of[1).

cesium atoms cooled to a temperature of 200. As sche-
matically illustrated in Fig. 1, the process consists of two
steps. The first one, which we particularly focus on, is pho- o _ _
toassociation of two cesium atoms moving on &' (6s The photoassociation process is conducted in a gas of
+6s) potential to the cesium dimer in the exciteg 06s cold atoms, initially at thermal equilibrium. The tempera-
+6p4,) molecular state. The time scale of the Iong-rangetu,res,and densities are such that a M_axweII—Bthzmann d|§—
vibrational motion of these molecules is typically in units of Fioution can be employed. The mean interatomic distance is

nanoseconds. The second step is the spontaneous-emissfgtProximately two orders of magnitude larger than the ther-

decay of the excited population to the bound levels of thdnal wavelength of the particles. Characteristics of the distri-

electronic ground-state potential forming the stable transla?ution of a gas of alkali-metal atoms are summarized in

tionally cold cesium molecule. The double-well topology of Table I.

the 0, potential favors this process. The potential barrier hasd Thte state (:f a ;Q”Idlhg Ip"’}['r: IS rle[:t)_resent(ta.d byfa therma;l
a slowR 2 variation, locally enhancing the probability den- ensily operator. since only h€ refative motion ot-a pair o

sity of the vibrational wave functions and, hence, theiratoms is involved, the center-of-mass motion can be elimi-

Franck-Condon overlap with the vibrational eigenfunctionsnated' U§|ng relat|v§ coord|nate§, Fhe sta-te of the ensemble
of the ground electronic potential. Recently, the enhancebecomesp=exp(~pH)/Z, whereH is the internal Hamil-
ment of the spontaneous decay to triplet molecular states b?n'a” of the colliding pair and is the partition function.
single-channel and multichannel tunneling was considerefor low gas density, the small intermolecular interaction re-
[36]. gion can be ignored leading jo~exp(—BT)/Z, whereT is

A. Initial state
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TABLE I. Characteristics of the Maxwell-Boltzmann distribu- tions of the initial density operator were able to reproduce

tion of a gas of alkali-metal atoms corresponding to a temperaturghe modulations of the photoassociation spectra obtained by
of 200uK. The particle density 10 cm™* gives the mean inter-  Fioretti et al. [10].

atomic distancel to be 2.15um. The minimal uncertainty of the It was found that the last node of the atomic distribution is
internuclear distancé\R, is given by the momentum uncertainty of positioned below the internuclear distance of 50 A. The dis-
the atomic relative motior ;. tribution is approximately uniform above this value. Since
the typical range of internuclear coordinate considered in the
Li Na K Rb Cs present study is larger than 100 A, the decomposition of the
M (am.u) 6.94 2298 3910 8547 13291 density operator into prpjectors compose'd' of. _thermal
x (nm) 678 373 286 193 155 !\/I_a_xweII-BoItzmann Gau55|_a_n wave packets is justified. The
i 30 58 75 112 140 initial state has to be modified for lower temperatures and

large detuning, for which photoassociation is achieved at

Ve (MsY) 1105 0607 0465 0315 0.252  gmgler internuclear distances.
AP (X10P"kgms?) 269 4.88 6.36 944 11.80
AR (nm) 19.6 10.81 8.29 559 447 B. The Hamiltonian operator

The Hamiltonian of the system generates the dynamics of
the kinetic-energy operator ang=1/kgT. The next step is & pair of atoms moving on two electronic surfaces coupled
to represent the kinetic energy operator in radial and anguldty an electromagnetic field:
coordinates. For a sufficiently cold ensemble of molecules, a Wt
only s waves are usually considered, reducing further the ~ ~ =~ ~ ~ = 4 2 e
desycription of the radial goordinate. However, ags long as the H=Hg®Py+He®Pe+ W()®S= W) A )
photoassociation process takes place at longer internuclear g (2.5
distance, also higher angular momentum states should be

considered39]. The contribution of these states is discussedyhereH ;= P?/2u+V, are the surface HamiltoniarBye
later. are the projections on the ground or excited electronic sur-

For s waves, the density operator, diagonal in the radial, e & s the transition operator in a two-level-system de-

momentum representation, can be decomposed to a set 9liniion of the electronic statg,=m/2 is the reduced mass
Gaussian wave-packet projections whose width is deter-

mined by the momentum spread in the MaxweII—BoItzmannOf a.dlatom|c. molecule, an4(R) andV(R) are the eIec—'

distribution and which are uniformly distributed along the tronic poter_1t|al-energy _surfaces of the grou_nd and eXC"?d

internuclear distance: state.W(t) is the coupling between electronic states medi-
ated by the electromagnetic field, which is described semi-
classically in the dipole approximation by the following ex-

Ias(,B)ZCJ | @ (B,1))(W(B,r)|r?dr, (2.3)  pression:
Ro

. - . W(t)=—3D-E(t)=—3DE(t)(e "'+, (2.6
whereC is a normalization constant and(3,r) is a thermal

wave packet defined as whereD is the electronic transition dipole operator d@at)

is the linearly polarized electromagnetic field with a slowly
W(B,r)= E://(B,r)z Eef[(Rfr)2/202]+ikR' (2.4) varying _envelope fun_ctioE(t) and the <_:arri_er frequenay. _
r r Employing the rotating-wave approximation, an effective
Hamiltonian operator is defined as
The widtho is determined by the temperature= \8/4.. In

the following section, the photoassociation dynamics of a - [He—fw/2 —E(t)D/2
single initial wave packet, described by E@.4), will be H= A - : 2.7
studied. —E(t)D/2 Hg+ﬁw/2

For extremely low temperatures, the assumption that thsvheref)= B(R) is a scalar function oR. The dynamics of

thermal density is dominated by the kinetic energy is nc)t'[he photoassociation process is then described by solving the

valid. The low-energy eigenfunctions in the continuum havewo-surface time-dependent ScHioaer equation generated
a common stationary phase point at the outer region of th . pena i flog q 9
y the effective Hamiltonian:

potential, which results in a strong modulation of the initial

density. This qualitative picture was studied for cesium in 0% 7
the lowest triplet state and a temperature of 200 by cal- in—| _l=Aal_°]. 2.9
culating the atomic distribution along the internuclear dis- ot Py Uy

tance. This was carried out by a Boltzmann-weighting of the

density composed from individual continuum wave functionsThe vector| %) is related to the original state by the transfor-
in a large range of energy and angular momentum. The commation

tinuum wave functions were calculated by the mapped Fou- X

rier grid method of Kokooulineet al. [40,41]. The calcula- |4y =€t ), (2.9
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TABLE II. The typical values of the propagation parameters. A

W(t<0) Y(0) ¥(0)
Parameters Typical value Units W — =y "
Grid spacing 0.05 a.u. 2E0
Number of grid points 16 384
Time step 2 ps B y=dovit
Number of time steps 200 {
Pulse duration 75 ps _—_— - * —_—
Typical maximal Rabi frequency 16 a.u.
Width of the initial wave packet 85 a.u. W r
Initial position of the wave packet 500 a.u. @(0) o(t>0)

whereéZ is the rotation generator given by the Pauli matrix Time

o, multiplied by 3. . .

The time dependency of the field frequency in the case of FIG_. 2. A Landau-Zener picture of photoassociation on dres;ed
chirped pulse excitation is of the same character as the timgPtentials(top) where a wave packet moves through the crossing
dependency of the field envelope. Both are slowly varyingpo'nt located at thg internuclear distariRge. The dressed-_state pic-
functions of time compared to the time scale given by thgure of the evolution of a wave packet on two potential surfaces

. . . led by chirped fieldbottom), i.e., a frequency sweeps through

field frequency itself and therefore allow application of the €OUP ) i i -

rotating-wave-approximation framework. the range given by the _pulse bandwidth. Th_e crossing mRjnis
now determined by the instantaneous detuning.

C. Numerical methods lar electronic states. For the CW excitation, the time scale is

To gain insight into the process, a numerical scheme taletermined by the wave-packet motion. In the dressed poten-
solve the time-dependent Schinger equation is employed. tial picture, the excited surface crosses the ground-state po-
The numerical results are converged to the accuracy of theential at the point of resonanc¥y(R.) —fwe=Vy(R.), as
computer that allows the evaluation of the approximationsan be seen in Fig. 2. The process is then described by a
involved. It should be noted that there is no approximationLandau-Zener type of transitidga4—47. The coupling be-
used for the solution of the TDSE itself, which (isumeri-  tween the surface¥/ is radiative and constant in time. For
cally) exact. The approximations used are related to theveak excitation fields, the interaction region is very small.
model, for instance the Born-Oppenheimer electronic potenThe time scale of the process is then determined by the time
tials, the semiclassical electromagnetic field, and the dipolgyr \which a wave packet with an average velocity
approximation. The method is based on t_h_e Fourier grid rep-:<|5>/lu passes through the crossing point, Fig. 2.
resentation of the wave functigd2]. An initial wave func- To make the connection to the pulsed case clearer, one

tion is propagated n tn_ne using a Chebyshev ponn_omlaL:an think of the wave packet as stationary and the crossing
expansion of the evolution operatb¢3]_. Th? propagation  ,eniials as moving toward the wave packet. Such a situa-

typical computation parameters, su_mrr_]arlzed in Table II'equivalent to the rate the detuning is changing with time, is
were chosen according to several criteria. The correct repre-

sentation of the wave packet in a coordinate as well as a _
momentum representation dictated the grid parameters. The %A(t):t/)(’:“:e_':gh)ty (3.9
pulse characteristics correspond with both the experimental

feasibility and the physical aspects of the photoassociatiowhereA(t) is the detuningsee Eq.3.3], x' is the linear

Process. chirp rate in frequency representatisee Appendix A and
F; is the force or slope of surfagei.e.,F;=—dV,/JR. The
wave packets in Fig. 2 represent a time-dependent numerical

There are two asymptotic limits to photoassociation, deSolution of the Schrdinger equation. i
pending on the time scales of the dynamical processes in- For the CW case, the radiative coupliVg is constant,
volved. Those are determined by either the wave-packet mdeading to the probability of transitiof#4—46:
tion or the excitation pulse duration. To gain insight into the
process of excitation by a chirped pulsed field, the Pgeml—e727a2, (3.2
asymptotic cases are analyzed.

Ill. LIGHT INDUCED POPULATION TRANSFER

where a=|W|/\/|F.—F4lv. When the adiabatic parameter

1/ is small, the population transfer becomes complete. For
The first limiting situation considered is continuous-waveinstance, for the detuning correspondingRo=100 A, ther-

(CW) light-induced population transfer between two molecu-mal velocity at a temperature of 2Q0K, and the CW field

A. Continuous-wave case
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Time FIG. 4. The total population transféf(t=)|ys(t==)), as a

FIG. 3. The initial wave packet superimposed on ground potenfunction of the integral of the Rabi frequency in the unitsmfA

tial surfaces. The reflection of the ground surface wave function of/ave packet of the Gaussw.m Sha,pe IS promoted from a ﬂa? ground
the excited electronic potential, i.e., the Frank-Condon principle state onto an excited potential which linearly changes with distance.

determines the minimal frequency bandwidth of the pulse. Such he Gaussian pulse coincides with the initial distribution of the

pulse will excite simultaneously all the initial wave function. Its populatlon. The wave-packet dynamics is effectively frozen on the

frequency spread is translated into a transform-limited pulse in th(%'me scale of the interaction. The Rabi frequency function is modi-

ied by changing the intensity while keeping the pulse duration and

ti d in.

'me domain hence the spectral bandwidth constant.

intensity of 60 W/cm, the value ofa is 4.2. Hence, the — A(RZ+W(R)

Landau-Zener picture provides a consistent conceptual Q(R)=VA(R)"+W(R)". 3.9
framework.

For sufficiently intense pulse€?>A?, the Rabi fre-
quency becomes coordinate-independent. For these condi-
B. Transform-limited pulsed field tions, the wave packet will rotate intact to the upper elec-

A pulsed excitation of a slowly moving wave packet con- tronic surface by an angl® =/ .Q(t')dt’:
stitutes the case when the time scale of a population transfer ~ ~
is determined by the pulse duration. Insight into the photo- Ue(R1) =¢g(R, —)sin(@). (3.6
association process and its manipulation can be gained by
understanding the relation between the coupled nuclear and To emphasize this point, a pulse in the frequency domain
electronic dynamics and the dynamics of a two-level systenwas created using the inversion principle. This pulse was
(TLS). Using the fact that in cold collisions the nuclear mo-then transformed into the time domain and used in the pho-
tion is approximately stationary on the time scale of pulsedoassociation simulation with different peak intensities. The
field excitation, a coordinate-dependent TLS is identifiedtotal population transfer is shown in Fig. 4 exhibiting almost
[48]. The optical pumping is spread over the range of coorperfect Rabi oscillations. The population inversion, i.e., the
dinates which support the nuclear wave packet, as can tgomplete population transfer, is achieved witeis equal to
observed in Fig. 3. 7r or its odd integral multiple as directed by the Rabi formula
At this point one has to identify the parameters of the[49]. We call this thew pulse condition.
coordinate-dependent TLS. As can be seen in Fig. 3, the This model demonstrates that a wave function distributed
detuning depends on the internuclear coordifite in coordinate space effectively behaves as a single driven
L L two-level system. For this system, thepulse condition for
gA(R)=w0= %{[Ve(oo)—vg(oo)]— o), (3.3 complete population inversion exists.
C. Chirped pulsed field
where w is the central frequency of the laser. Using the

reflection principle(Fig. 3), the intensity at a particular €o- 4 the |aser intensity and pulse duration. For a particular pair

qrdinat_e location corresponds to the_pulse intensity at a pakst atoms, the radiation coupling is weighted by téswhere
ticular instantaneous frequency as this one correlates with thg is the angle between the electric-field direction and the

coordinate-dependent detuning. internuclear axis. For an ensemble of nonoriented molecules,

The _IocaI coupling constand/ is given by the in_stanta- the 7 pulse condition cannot be obtained for all particles.
neous field of the pulsB(w(R),t) mapped onto the internu-  v;qeqver, in the case of coupling of two potential curves of

clear distance using the reflection principle, and by the loc ifferent topology, the definition of ther pulse is compli-

transition dipole momen(R): cated, as addressed in the preceding section. These problems
have been overcome in the TLS using adiabatic following

The drawback of ther pulse method is that it is sensitive

W(R)=E(«(R),Du(R). (34  techniques[34,35. Experimentally, the easiest way to
achieve adiabatic following is to sweep the frequency
The Rabi frequency becomes a function of position: through the transition, i.e., create a chirped pulse.
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1 1
0 pulse spectrum detuning i 0 pulse spectrum detunin

'E -1 / ; -1 FIG. 5. The detuning as a function of the in-
£ g A teratomic distance shown together with the pulse
2201 g2 spectrum and its mapping onto the coordinate.
g 3 i 5 3 Left: pulses with a width of 10 psec and different
g M & field intensity profile carrier frequencies. Right: pulses with widths

4 ield intensity profile -4 .

corresponding to 5, 7, and 10 psec.
S0 s 1m0 150 200 250 300 S0 s 1 150 200 250 300
R (A) R A)

The adiabatic passage in a two-level system is symmetrinegatively chirped pulse, the interference leads to a reduction
to the chirp direction. In the present case, this symmetry isn the process efficiench33].
broken due to nuclear motion. One can distinguish the cases
of population inversion[33] or a pump-dump process
[28,33 Both phenomena, mutually opposite, reduce to adia- IV. PHOTOASSOCIATION OF CESIUM
batic following in the limit of infinitely slow wave-packet
d?ggergfiglgr:hg E)Xf;\ﬁitlggtetlrgf scale. The photoassociation The insight gained in Sec. lll is applied to the specifics of
P 9 egory. : the photoassociation reaction in the,Ck particular, one

The nature and properties of the chirped pulse are pre- : . e X

. I . would like to know if under realistic experimental con-
sented in detail in Appendix A. . L
straints the process can be optimized.

D. Adiabatic following

When the precession motion of a TLS is fast relative to A. Pulsed enhancement of photoassociation
the change of the axis of precession, the polarization axis
follows the precession. Since the stationary photoassociating A chirped pulsed excitation can lead to a complete popu-
pair can be manipulated as a two-level system, the adiabatlation inversion. The task is therefore to identify the experi-
following ideas can be employed in a straightforward Waymentally accessible control parameters of the pulse: the pulse
[29,34,34. central frequencyw, , the pulse spectral width=1/7, and

This leads again to the Landau-Zener model described bthe chirp ratex. Figure 5 shows the relation between the
Eq. (3.2 for each internuclear distand® with a modified ~ detuning of the central frequency of the laser and the posi-
adiabatic parameter: tion of the local TLS for the Gs
Specifically for the®S | to the Qj transition of the Cg

1 (1) (37 the detuning\ becomes
o [W(R)*’ '
1
wherey' is the linear chirp rate in frequency representation
(see Appendix A As before, when ¥ is small the adiabatic & 08
transfer is complete. Moreover, these conditions can be ful- E
filled for a large range of internuclear distances. g
Figures 6 and 7 demonstrate complete population transfer Z 06
for the Cs photoassociation when a chirped pulse is em- =
ployed. Once ther pulse condition is satisfied, the popula- i
tion inversion is achieved and the transfer is complete and L s s T
robust provided the chirp rate is sufficiently large to fulfill Ly (KWem™)

adiabaticity. The efficiency is invariant with local changes of

o . FIG. 6. The total population transfer as a function of the maxi-
the transition dipole moment.

. . . mal intensity of the chirped pulse. Once the population inversion is
For the cold Cg system, the direction of the chirp has no achieved, further increase of the intensity does not lead to the Rabi

e,ﬁec_t on thg resu_lts. T_he eﬁiCienCy,Of the pODUI"’,ltion ir"Ver'cycling. The simulation was carried out using a pulse of the
sion is practically invariant to the chirp sign. For lighter Sys-anstorm-limited duration 5 ps stretched to 75 ps by chirpipg (
tems which exhibit dynamics in a time scale comparable ta-374 pg). The central frequency of the Gaussian pulse

the pulse duration, the symmetry between positive and nega-11 732.16 cm* (A =852.357 nm) results in the strongest cou-
tive chirp is broken. For a positive chirp, the population pro-piing between the electronic potentials at the distance of 260 A. The
moted onto the electronically excited potential moves in theyulse bandwidti” =2.65 cmi ! couples the ground and excited po-
opposite direction of the energy sweep. This new portion otential in a large range of internuclear distance which covers the
the wave packet does not interfere with the previous portiongntire area where the wave-packet population is nonvanisiihg.
leading to smooth and complete population transfer. For aalidity of the curve between the indicated points was tested.
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100 200 300 400 100 200 300 400 500
R (A) FIG. 8. The breakdown of the adiabaticity of the process. A too

G h h f th lati ¢ diated bIow chirp rate results in lowering the transfer efficiency with the
FIG. 7. The snapshots of the population transfer mediate Yield intensity. The parameters of the pulse are the same as in Fig. 6

chirped puls_ed field._ The instantaneo_us °°“p"”9 wind_ow rfnove%xcept the chirp rate which now stretches the pulse by a factor of 3
from left to right, as indicated, promoting population adiabatically (x' =71 pd)

from the ground onto the excited electronic potential. The transla-

tio_n of the wave packet is negligible at the time sca_lt_e of the exci-ergy difference between both coupled potentials. This de-
tation process. The top of the arrow marks the position where th

coupling is maximal. That corresponds to the maximal intensity of?Ines an active spherical shell for each atom in a three-
the pulse reached &+ 100 ps. The simulation parameters are iden-dlmenslomjll cloud. Its extent can be tuned by changing the

tical to those of Fig. 6 pulse parameters, see Fig. 9.
o The shell volume

A(R)=[Vo_ (R)=Vq_()]=[Vas+(R) = Vag ()] 47 5

Vpa:?( Rmax_ Rmin) 4.2
——%+0(R*6) (4.9
T RS ' ' multiplied by the particle density gives an estimate of the
number of pairs transferred onto the excited electronic state,

As can be seen, there is a wide choice of pulse parameters
which will achieve complete population transfer in a limited
coordinate range. For example, a pulsed field of centr
frequency , =11732.16 cm® with bandwidth T
=2.65 cm ! corresponding to a transform-limited pulse of 5
ps linearly chirped by a factor of 15( =374 pg) is applied
to the photoassociation of two ultracold cesium atoms. A
shown in Fig. 6, complete population transfer is obtaine
along several orders of magnitude of the maximal field in

Npa= (Vo)) V127, 4.3

a\llvhere)/ is the trap volume addressed by a photoassociation
laser beamn is the particle density, ang, is the population
transfer efficiency factor.
In the case of cesium photoassociation, the shell volume
s conveniently expressed using the carrier frequency and
andwidth of the pulsed field. Since the topology of the dif-
“ference potential is-D3/R®, up to the negligible factor

tensity. 6
The dynamics of the population transfer is illustrated byo(l/R ), the volume becomes
shapshots in Fig. 7. The motion of the wave packet on both
potentials is negligible on the time scale of the excitation e e (4.4
process. Therefore, the use of the negative chirp instead of 3h AS—FZ
the positive one has a negligible influence on the process ) ) )
efficiency (=0.1%). whereA, is the difference between the carrier frequency of

The efficiency of the population inversion by a chirped the field and the difference potential at the infinite separa-
field is limited by the adiabatic condition. Small chirp results

in small redistribution of the spectral components of the B i
pulse and its small prolongation. Consequently, its interac- 18 § o= ~1.5 cm-1

tion with the system is too fast to keep the adiabaticity of the 16 §£ e
process. The increase of the field intensity above the inver- 141 f}% M=

sion limit lowers the population transfer efficiency, as shown Bz »:; A

in Fig. 8. 10

8- A\l
B. The number of particles addressed by a laser pulse 6] §§\\\
The simulation demonstrates that complete population ; Mw&

0 120 140 160 180 200

transfer by a chirped pulse is obtained for amplitude located 20 40 60 80 1 N

betweenR,;, and R,.« provided the adiabatic condition is
fulfilled, see Fig. 5. The coupling range is determined by the FIG. 9. The coordinate range addressed by pulses of different
central frequency of the pulse, its bandwidthand the en-  detuningw, and durationr.
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tion, i.e., the absolute value of the detuning of the carrier Kew 87RZ 7ew
frequency. For small detuning values and broadband pulses, Ry AR —. (4.9
the coordinate range of the pulse becomes infinite. As will be P p Tp

seen later, photoassociation at Iarge interatomic distanc§ue to the Rabi cycling of population between the ground

does not lead to molecular production because the exciteghq excited state in the case of CW field photoassociation,

pair will decay much before any interaction takes place.  he theoretically maximal value of the population transfer

efficiency 7., is 0.5. On the other hand, is equal to unity,

reflecting the population inversion due to the adiabatic fol-
The repetition rate of the laser is limited by the time lowing by a chirped field. Taking this into account and

needed for the reconstruction of the particle distribution perevaluating),, around the center of the coordinate range ad-

turbed by a laser pulse. There are two mechanisms for fillingiressed by the pulsed field coinciding wiy,, the ratio

in the dynamical hole created in the ground-state density bpetween the two rates becomes

the excitation. The first is due to the thermal motion and the

second is due to quantum uncertainty spreading. To optimize k 2( 1 ARZ)

Repetition rate consideration

(4.10

P
molecular formation, the rate of these mechanisms has to be Kew 1+ 3 R2
faster than the rate of spontaneous emission. ¢

The thermal velocity filling rate is determined by the e refore, if the condition of the adiabatic following by the
mean relative velocity of particles and by the range of chirped field is fulfilled, then the corresponding photoasso-
interatomic distancé\ R= 3 (Ryax— Rmin) for which the dis-  ciation process is at least twice as efficient as that mediated
tribution was perturbed: by the CW field.

v V. COLD-MOLECULE FORMATION
Ksz. (45)
The photoassociation of a pair of atoms into the éec-
The SpONtANEoUS-emisSion process presents a natural tronic surface is only the first step in the formation of cold
P . P S P olecules. The crucial second step is spontaneous emission
per bound for the extension of the size of the overall cou-

3 + . .
pling window. The longer the interatomic distance at WhiChInr:gtgges;ilila?;dthaetorznus gg::e;tlsata(zlzlfopﬁg O:;Hﬁ dpz;cra;fronic
cesium atoms are excited, the higher the probability of the y 9

decay off the molecular bound levels. Hence, the repetitio ﬁﬁezndhfoc;ggi;s?;ar?;\?/err}glrezlslgﬁgor ttw;nut)hgzgp?nn, tctJTii
rate is set equal to the spontaneous-emission rate of 30 ne P 9 9y ymp

That impliesAR~75 A. f'ifomic excitat_ion energy. This (_jefines a s_rr_]all Wi_ndow of

The quantum uncertainty filling rate is determined by themternuclear distances V\.”thm which the colliding pair ha? to
o= ) _ enter. If the photoassociation process occurs at a large inter-

velocity vq~A/(1AR), wherep is the relative mass of the clear distance, most likely the pair of atoms will decay

colliding pair. This leads to the relation before reaching the molecular forming window. If the pho-
- toassociation point is too short, the molecule will reach the

Vg h inner turning point of the outer well of the exciteq (po-
Ka=5AR ™ S#ARZ' (4.6 tential and will reflect back before reaching the molecular

forming window.
The rate of spontaneous decay at a particular internuclear

For impulsive conditions to prevail the quantum filling t'meoqistanceR becomeg50]

scale has to be much larger than the pulse duration. F
AR=75 A, it is 120 ns, which easily fulfills this require-
ment. When the quantum rakg becomes comparable to the Keg(R) = is[wmjLA(R)]sM(R)z’ (5.1)
thermal ratex, the distinction between a CW and a pulsed 3hc

excitation diminishes.

We now compare the photoassociation rate of the CWwhere w..+A(R) is the Bohr frequency for the electronic
excitation with the rate of the pulsed excitation at this rep-potentials at a given value d® w(R) is the coordinate-
etition rate. The maximal cross section for the CW case islependent dipole moment, aeds the speed of light.
o~4mR%, whereR, is the crossing point. The rate becomes ~ Figure 10 shows the spontaneous-emission decay rate as a

function of internuclear distance. One can observe a clear

(o _ 2y,3n 2. enhancement of the rate of spontaneous emission at distances
Kew= (0vn)(NVI2) ¢y = 27REVND 76y 4.7 corresponding to molecular production. This rate is further
enhanced due to the slowing down of the excited pair of
atoms close to the inner turning point of the outer potential
. well. As a result, the system spends more time at these in-
kp= (Vo)) k(VN12) 5= 3 (VoaN?0/AR) 5. (4.8 ternuclear configurations.
An estimate of the fraction of cold molecules formed is
The ratio between these terms becomes: carried out by propagating the newly created excited-state

for the pulsed case,
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3.5 0.0004
3
25 0.0003 chirped pulsed field
2 8
L5 = 0.0002
[—3
1 £
cw field
033 20 4 60 80 100 0.0001
R A
FIG. 10. The spontaneous-emission rate of circularly polarized 0 . .
light vs the internuclear distance. The plot shows a high probability 0 o 20 30
of spontaneous decay at distances corresponding to the bound levels Time (ns)

of the electronic ground stat@ndicated by the box The rate is

) . I ; . FIG. 11. The population transfer to cold-molecular states due to
renormalized to unity at the infinite atomic separation.

the spontaneous decay.

wave function. The amplitude loss due to spontaneous emig;igp, yajyes. Therefore, the photoassociation, particularly that
sion is described by an optical potential with the shape deggjng the complete population inversion, leads to a consider-

termined by Eq(5.1): able and observable portion of molecules formated with high
) 5 5 angular momenturh51,52.
IV opt= VK. + AR Pr(R)? (5.2) The application of a pulsed electromagnetic field ad-
) _ ] ] dresses potential curves in a large range of energies com-
~ The decay to different regions of the internuclear distancared to the CW case. This necessarily raises the issue of the
is accumulated in time leading to the fraction of PhOtoaSSOSelectivity of the excitation process at long range when the
ciated molecules that result in cold molecules in #%,  hyperfine levels are converging to the asymptotic atomic
state. By this procedure, the loss terms Ieading to the form%tate_ One can expect partia| popu]ation transfer to many
tion of hot atoms are accounted for. attractive hyperfine levels which are approaching the target
Complete simulation of the cold-molecule formation in- potential from below if positive chirp is applied. This behav-
cluding photoassociation as well as spontaneous decay f@sr can become significant at large internuclear separation.
both typeS of field was carried out. It revealed that the effl"\Ne do not expect a Strong impact on the cold-molecule for-
ciency of the production of a cold cesium dimer is highermation, whose efficiency is mostly determined by photoas-

approximately by a factor of 3 in the case of chirped pulsesociation at intermediate distances of up to several hundreds
photoassociation on the time scale of spontaneous emissi atomic units.

compared to the CW scheme. The crossing point of the CW
dressed potentials is located at the internuclear distance of
100 A coinciding with the maximal probability density of the VI- DISCUSSION
wave packet. Due to the fact that the excitation by a chirped The present work is part of a growing trend to study pho-
field is more delocalized, starting at 100 A and terminating atoassociation in the time domai24—26,53-55,6p This
the infinite separation, we chose 300 A as the initial waveframework enables us to gain insight into the use of a simple
packet mean position; the field is maximized at this point.coherent control manipulation, which was the purpose of this
This results in the spread of the excited population along &tudy. The photoassociation route to cold molecules depends
larger range of the coordinate, which consequently biases then two factors. The first is the rate of the photoassociation
pulsed case in favor of the CW one. The result is illustratecprocess and the second is the formation of stable molecules
in Fig. 11. through spontaneous emission. Ideas emerging from the field
Further optimization of cold-molecule formation is pos- of coherent control can address both steps. The results of the
sible in both the CW and pulses excitation. This was notanalysis presented in this paper show that the first step is
attempted in the present study. completely controllable, leading to 100% photoassociation
The previous consideration opens also the question of thgield for pairs of atoms in a preassigned window of internu-
angular momentum of the colliding cesium atoms. The po<lear distances. The time-dependent control method relies on
tential barrier due to the nonzero angular momentum is siga simple chirp of pulses in the picosecond regime. The popu-
nificant at the ground state at the distance of 50 A and basiation transfer to the excited electronic surface leaves a void
cally prevents a non-negligible part of the population to geton the ground surface. Filling this void becomes the rate-
to a shorter internuclear distance. Then the ground-state cdimiting step in the formation of cold molecules. The com-
lisional events consist exclusively of tisavaves. The situa- petition between a thermal and a quantum process deter-
tion of the excited state is completely different. Since themines this rate.
gradient of the potential is very high, the effect of the angu- Control of the second step of cold-molecule formation is
lar momentum is negligible and colliding particles are at-more involved. It requires a Frank-Condon window from the
tracted to each other even if their angular momentum reachesxcited to ground electronic surface. Enhancement of this
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step is possible by focusing the photoassociated wave packet

on this region. For a CW field, there are two experimentally tany =y’ o P;’;ii‘ri;e
attainable control knobs: detuning and intensity. For the
pulsed excitation considered here, there are two additional v

control knobs: the pulse duration and the chirp. This means
that there are more opportunities for optimizing the process.
Recent studies show that the photoassociation yield is ex-
tremely sensitive to the shape of the potentials at the hump
separating the inner and outer wells of the Potential[ 36].
The emphasis in this study was not on this step. To do so tang =y
requires very detailed knowledge of the potential at the
Frank-Condon region. More sophisticated control mecha-
nisms are possible, relying on complete control of the pulse
shape that can be implemented by feedbf@K. Another FIG. 12. The effect of linear dispersive media on a transform-
possibility is control of direct photoassociation to a specificlimited pulse in the Husimi plot. The meaning of the chirp rate in
bound vibrational leve56] from the continuum. the energy representatior_l as a r_nu_tual displacement of_ thg spectral
Another consideration is the demonstrated ability to trapcomppnents of the pulse in time is illustrated together with its time-
the molecules formed by the photoassociation profggs  domain counterpart.

On the trapped molecules, further manipulations can be per-

formed, for example optical cooling of the internal degreesn.ent of the field proportipna}l to its “distancg” ffom. the car-
of freedom of the moleculd8,58,59. To conclude, this €' frequency. The field in time representation is given by its

study is a first step in illuminating the practical possibilities Fourier transform,
of coherent manipulations in cold-molecule formation.

Frequency
[}

0
Time

2 2

t . ot
E(t)ZEoeX%—ﬁ—lwot—l)(E , (A2)
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each of the spectral components of the pulse gains a certain
APPENDIX: CHIRPED PULSED FIELD phase shift given by the specific value of the frequency-

We consider only the linear chirp following Barj@g] ~ dependent group velocityy(w). This results in a mutual
and Cad33]. Using a Gaussian pulse envelope, we eXpresglsplacement of the spectral components in the time domain.

the chirped electromagnetic field in a frequency representdi the displacement is a linear incr_easing or_qlecreasing ﬂ_mc-
tion with the following form: tion of frequency, we talk about linear positive or negative

chirp, respectively. An example of a positively chirped pulse
visualized using the Husimi plot is shown in Fig. 12. Chirp-
~ ~ (w—wp)® = (w—wg)? ing of a pulse does conserve its bandwidth and total power.
E(w)=E(wo)exp — or2 X' , To establish a relation between linear chirp rate in an
(A1) energy representation and properties of the dispersive media,
namely the width of the dispersive sldband the group
velocity dispersionw=—[1/ug(w0)2]dvg(w)/dw, we ex-
where wg is the transform-limited carrier frequency of the pand the group velocity around the carrier frequency using
field, I' is the spectral bandwidth of the pulse, gndis the  the Taylor expansion,
chirp rate in energy representation given 8ydw. The
chirp rate term causes a phase shift of each spectral compo- vg(a))=vg(wo)—vg(w0)2WAw, (A5)
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whereAw=(w—wg). Time delay of a spectral component rate frequency-dependent, comes from the difference in time

of the pulse divided byA w gives the chirp rate in the energy of remaining in the dispersive media of the widthfor a

representation, different spectral component of the pulse. A value of this

term is very small, i.e., typically of the order of 18 and

At Lw hence does not break linearity of the chirp rate significantly.

- (A6) For this reason, the chirp rate can reliably be approximated
by the product.w. The concept of chirp rate as the effect of

The second term in the denominator, which makes the chirgispersive media is graphically illustrated in Fig. 12.

!

X" Ao 1-vg(wg)WAw’
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