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We theoretically explore photoassociation by adiabatic passage of two colliding cold %Rb atoms in an
atomic trap to form an ultracold Rb, molecule. We consider the incoherent thermal nature of the scattering
process in a trap and show that coherent manipulations of the atomic ensemble, such as adiabatic passage, are
feasible if performed within the coherence time window dictated by the temperature, which is relatively long
for cold atoms. We show that a sequence of ~2 X 107 pulses of moderate intensities, each lasting ~750 ns, can
photoassociate a large fraction of the atomic ensemble at temperature of 100 uK and density of
10" atoms/cm?3. Use of multiple pulse sequences makes it possible to populate the ground vibrational state.
Employing spontaneous decay from a selected excited state, one can accumulate the molecules in a narrow
distribution of vibrational states in the ground electronic potential. Alternatively, by removing the created
molecules from the beam path between pulse sets, one can create a low-density ensemble of molecules in their

ground rovibrational state.
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I. INTRODUCTION

The use of adiabatic passage (AP) [1,2] to form ultracold
molecules by photoassociating ultracold atoms [3-7] with
resonantly enhanced anti-Stokes Raman (REAR) pulses in
counterintuitive ordering is an attractive idea, mainly due to
the promise of high yield. Central to the AP process is the
formation of a “dark state,” i.e., a light-dressed state that
once formed, is impervious to further actions of the light
fields. When the light fields are applied as pulses, AP results
from the dark state changing its nature by following the
makeup of the applied pulses from that of the input state
(scattering state) to the desired final state (molecular bound
state).

Unlike in conventional bound-bound AP (e.g., stumulated
Raman adiabatic passage, or STIRAP) [1,2], the input state
in the photoassociation is not a pure state, but a thermal
mixture of states. It can be represented as an incoherent mix-
ture of different energy eigenstates, where the scenario of
coherent manipulation proposed here works with similar ef-
ficiency for any initial energy within the thermal spread of
the initial ensemble. Alternatively, the input state can be rep-
resented as a mixture Gaussian wave packets localized in
phase space. The applied laser pulses in our scheme are not
much longer than the coherence time of the thermal en-
semble, which is equivalent to the average collision time of
the coherent wave packets. Within the coherence time win-
dow all initial states behave alike, and the coherent manipu-
lation with these states succeeds.

Another difference between AP from the continuum and
conventional three-level STIRAP due to the dynamical na-
ture of the continuum is that while in STIRAP the input state
can be completely transferred into the final state, in photoas-
sociation this is not possible (only a small fraction of the
atoms are colliding at a given time). Here however, the con-
tinuum serves as a coherent source or sink of population that
is coupled by the light fields to the bound molecular states.
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By applying the coherent pulses over and over on the ther-
mal ensemble of atoms, the overall photoassociation yield,
which is an incoherent sum of yields from individual pulse
sets, can approach unity on a reasonable time scale.

Although dark states connecting continuum and bound
states have now been observed experimentally [8,9], photo-
association adiabatic passage (PAP) has not been realized so
far. The main reason is that adiabaticity implies large “Rabi
frequencies,” which, due to the weakness of the bound con-
tinuum dipole-matrix-elements [controlled by the Franck-
Condon (FC) shape factors], imply the use of high-intensity
pulses. The production of high intensity in conjunction with
relatively long pulse durations is not so easy to achieve in
practice. In addition, the exact values of the pulse parameters
are still under study [6].

This paper describes a set of realistic calculations of the
$Rb+%Rb— 85Rb2 photoassociation in an attempt to deter-
mine the pulse parameters needed to bring about PAP for this
system. We use two pairs of pulses: The first of these pairs
transfers the population from continuum to the fourth excited
state of the X '2; potential of Rb, (REAR). The second pair
transfers the population to the ground vibrational state (con-
ventional STIRAP). Special care is taken of averaging over
the thermal ensemble of colliding atoms at 100 uK tempera-
ture, employing the laser pulses that photoassociate most ini-
tial states in the ensemble. We find that with sensible laser
parameters photoassociation at a rate of ~5X 1078 per pulse
is possible, which reflects the limit set by the sample density
and temperature. Accordingly, photoassociation of a major
fraction of the ensemble can be achieved by repeating the
pulse sequence ~2 X 107 times. In order to avoid excitation
of the created molecules by subsequent pulses it is necessary
to either remove them from the beam path or “hide” them via
an irreversible process (e.g., spontaneous emission). We dis-
cuss both the possibility of using a slowly moving optical
lattice to remove the molecules from the laser focus, and a
method involving spontaneous decay from an excited mo-
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FIG. 1. (Color online) The combination of photoassociation
adiabatic passage (PAP) pairs discussed in the text.

lecular state. In the case of photoassociation of high phase-
space density sample, it must be possible to photoassociate
the whole sample with a single pulse sequence.

II. MOLECULAR DATA

For notational simplicity we henceforth denote the X 'E;
electronic state as “X,” and the spin-orbit-coupled b 3Hu and
A IEM potentials as “A/b.” We shall consider the photoasso-
ciation scenario illustrated in Fig. 1, starting with two 5Rb
atoms colliding on the Rb, X potential. A pair of laser pulses
transfers, using resonantly enhanced anti-Stokes Raman
(REAR), a fraction of the incoming continuum population to
an excited vibrational state of the Rb, X state. The pair of
pulses consists of a pump pulse, which couples the X con-
tinuum to one of the A/b-bound states, and an anti-Stokes
dump pulse, which couples this A/b-bound state to an ex-
cited X-vibrational state. A second, much weaker, pair of
pulses, can transfer (again by REAR, which in this case re-
duces to the bound-bound STIRAP [1,2]) the population
from the excited X-vibrational state to the ground vibrational
state. Alternatively, the population can be moved to the
ground state through spontaneous decay of an excited mo-
lecular level.

Figure 2 shows the Born-Oppenheimer potentials used in
the calculations. The X potential at interatomic distances be-
low 40 a.u. was taken from Ref. [11], whereas at large dis-
tances the X potential was modeled as a —Cq/r® dispersion
term, with the value C4=4426 a.u. taken from Ref. [12]. The
short-term and the long-term potentials were smoothly inter-
polated near 40 a.u. The A/b potentials, and the spin-orbit
coupling between them, were adopted from Ref. [11].

The continuum-bound FC factors for the X-A/b transi-
tions were calculated using the artificial channel method
[13]. Their scaling was verified by comparison with that of
the s-wave scattering wave function found by a simple out-
ward propagation on the X potential. Unlike bound-bound
FCs, which are dimensionless overlap integrals, the free-
bound FCs have dimensions of (energy)™'?, due to the dif-
ferent normalization of free states.

The s-wave scattering of the two ®°Rb atoms on the X
potential at the energies of interest is influenced by a reso-
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FIG. 2. Black lines: Rb, Born-Oppenheimer potentials involved
in the photoassociation calculations. Gray lines: Rb, potentials not
used in this paper. The data shown in the figure are adopted from
Ref. [10].

nance, giving rise to a scattering length in excess of
2400 a.u. [14]. This resonance is due to the last (quasi-)
bound state lying just a notch (above) below the continuum
[15,16]. We mention in passing that the collision of two **Rb
atoms on the 1 3Eu potential is also influenced by a reso-
nance, but to a lesser degree (scattering length of ~360 a.u).
In contrast, the collision of two %’Rb atoms at the energy
range considered in this paper is not influenced by the reso-
nance because it is sufficiently removed from it [14].

The existence of a scattering resonance affects our photo-
association scheme in two ways: First, the amplitude of the
continuum wave function in the inner region is strongly en-
hanced relative to the nonresonant case. This enhances the
X-A/b continuum-bound FC factors, with the required laser
intensities being much lower than those needed in a nonreso-
nant case. Second, at near-resonance energies the T(E)
~ E'* threshold law [16] does not hold. As a result the FC
factors at very low energies are sufficiently high to ensure
complete adiabatic transfer, with the PAP scheme expected to
work for relatively low laser intensities.

The resonance features and the continuum-bound FC
factors depend sensitively on the way the interpolation be-
tween the short-range and long-range forms of the X poten-
tial is implemented. Figure 3(a) shows the FC factor to the
A/b(v=133,J=1) (E=0.042 848 a.u.) bound state for initial
scattering energy of 100 K as a function of the X-potential
interpolation radius. If the latter quantity is chosen around
42 a.u. [full arrow in Fig. 3(a)] the resulting scattering length
is ~2500 a.u. When the interpolation radius is chosen as
43 a.u. (dashed arrow) the resonance moves slightly but suf-
ficiently to change the scattering length to 100 a.u. The de-
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FIG. 3. (a) The Franck-Condon (FC) factors for the transition
from a continuum state of 100 uK energy to the A/b(133) level, for
different X-potential long-range/short-range interpolation radii. The
full arrow indicates the fitting parameter that correctly yields the
measured scattering resonance and scattering length, which is used
in further calculations. (b) The continuum-bound FC factors for the
transition to the A/b(v=133,J=1) level as a function of the scat-
tering energy. The full (dashed) line corresponds to an interpolation
radius marked by the full (dashed) arrow in (a). The inset shows the
FC factor near the resonance at the E=0-1 uK continuum energy
range.

pendence of the FC factors on the collision energy is shown
in Fig. 3(b). Away from the resonance the FC factors follow
the Wigner law. The sensitivity of the FC factors to the in-
terpolation radius diminishes at higher energies.

The dependence of the continuum-bound s-wave FC fac-
tors for scattering energy of E=100 uK on the bound A/b
states energies is shown in Fig. 4(a). The results can be ex-
plained using a semiclassical phase space analysis based on
the Husimi or Wigner functions. This analysis shows that for
the low-lying A/b states the classical closed phase space
trajectories lie at low position and momentum values and do
not intersect the X-state open collision trajectory, rendering
the A/b-X FC factor exponentially small. In contrast, as the
energy of the A/b states is increased, the X and A/b phase
space trajectories start to overlap, thereby increasing the
continuum-bound FC factors to several a.u.

The PAP scheme is expected to work conveniently for
transitions to bound states lying in the vicinity of the
A/b(v=133,J=1) level (E=0.042848 a.u.). This choice is
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FIG. 4. (Color online) (a) FC factors for the X-A/b continuum-
bound transitions. (b) FC factors for the A/b-X bound-bound tran-
sitions, for the v=0 (green filled squares) and v=4 (red open
squares) X-vibrational states.

based on the ability to generate large area (microsecond-
long) pulses at wavelengths near ~1064 nm, corresponding
to the transition frequency to this state. The FC factor for the
continuum-bound X-A/b(v=133,J=1) transition, with initial
scattering energy of 100 uK is equal to 31.5 a.u.

Another scenario [17-21] consists of using the set of the
highly extended “subcontinuum” bound states existing just
below the onset of the A/b continuum. The advantage here is
that the continuum-bound FC factors associated with these
states are higher by two or three orders in magnitude relative
to the A/b(v=133,J/=1) region, allowing for the use of
much weaker pump lasers. The disadvantage is that this sce-
nario necessitates controlling the long-range behavior of the
“subcontinuum” states, which in turn depends very strongly
on the (poorly known) couplings between the many poten-
tials which play a part in the dynamics. Moreover, the “sub-
continuum’” states greatly weaken the A/b-X FC factors as-
sociated with the dump pulse. Recent attempts to optimize
photoassociation by controling behavior of these states have
not brought a clear answer on whether a significant optimi-
zation is possible [20,21].

The eigenenergies of the coupled A/b bound states have
been computed by the artificial channel method [13] and
confirmed using the finite difference with Richardson ex-
trapolation FDEXTR code [22]. The latter was used to com-
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pute the bound-bound X-A/b FC factors shown in Fig. 4(b).

In all the calculations reported below we estimate the
X-A electronic-dipole moment to be w=3 a.u. This value
corresponds to the 58,,(m=1/2)-5P;,(m=3/2) transition
in Rb atom in a circularly polarized field. It is consistent with
all the other 5S—5P matrix elements for Rb atom under the
action of a polarized laser field. The exact values of the
atomic reduced dipole matrix elements can be found in Ref.
[23].

III. THEORY OF PHOTOASSOCIATION
ADIABATIC PASSAGE

Following Refs. [3,24], we express the total Hamiltonian
of our system as
2
H= ﬁo - 2,422 €,(1)cos w,t, (1)

n=1

where H,, is the material Hamiltonian, 2¢,(7) are the (slowly
varying) amplitudes of the coupling fields and g4 is the
A/b-X electronic transition dipole moment. We expand the
material wave function as

2 )
=, be Eii) + f dEbge 'P'|E), (2)

i=1 Ey,

where |i) and |E) are bound and continuum states of Hy, Ej,
is the threshold energy for the continuum states,

(E;— Ho)|iy = (E - Ho)|E) =0, 3)

i=1 (i=2) denotes specific vibrational states in the X(A/b)
electronic manifold, and |E> denotes a continuum state in the
X electronic manifold. Atomic units (=1) are used through-
out.

We assume that the frequency w; of the laser field is in
near resonance with w, ; =E,—E (see Fig. 1) and that w, is
in near resonance with w, p=E,—E, thus justifying the use
of the rotating wave approximation. The Schrodinger equa-
tion now assumes the simple form [3,24]

Bl = iQsze_iAll, (4)

62=i91b1€iAlt—rfb2+if dEbEQEeiAzt, (5)
Eyp

b= iby Qe (6)

where A|=w, —w;, Ay=w,p—w, are the detunings and
O =€, 1, Q=€ - are the Rabi frequencies. The empiri-
cal term I'/b, describes the free decay of the |2) state. Since
this free decay is predominantly to high energy continuum
states (hot, untrapped atoms), it is assumed not to affect the
continuum states |E).

Equations (4)—(6) can be simplified in the following stan-
dard way [3.,4]. Integrating Eq. (6) gives
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bu(t) =i f t A by QL( )™ 1 by(1=0),  (7)
0

where the moment =0 precedes the pulses. Upon substitu-
tion of this equation into Eq. (5) one obtains

t
by=iQbye™ " =T b, - fz(f)f dt'F oo, (t = ') €(t')ba(t')
0

+i f ’ dEb(0)e™". (8)

Eqp

Here the spectral autocorrelation function
Fcorr(l - t,) = f dE|M2E|ZeiA2([_t,) (9)
Ep

is responsible for the field-induced decay from the state |2)
and subsequent repumping from the continuum.

Equation (8) can be further simplified by using the "flat,”
or “slowly varying continuum” approximation (SVCA),
which assumes that () is constant within the range of con-
tinuum energies affected by the laser pulses and that E,, can
be replaced with —o. In the calculations below the spectral
width of the pulses is close to the temperature-defined energy
spread in the ensemble, so the nonuniform character of the
FC factors for continuum-bound transitions can in fact reveal
itself. Nevertheless the SVCA provides a good estimate: the
Maxwell-Boltzmann statistical weight of the lowest-energy
states, which poses the highest challenge to the approxima-
tion, is small.

Within SVCA, F,,(7)=275(7). This means that the size
of the Franck-Condon window in phase space is small com-
pared to the characteristic features of the continuum wave
function. The population transferred by the field from the
state |2) into continuum immediately leaves the FC window,
and cannot be repumped back. Taking the integral involving
F.,.r in Eq. (8) [note that the integral is taken on the half,
rather than whole, axis of time], yields the two coupled equa-
tions describing the dynamics of the bound states in the pres-
ence of the photoassociation pulses [3,4]:

b] = iQsze_iAlt, (10)

b.2=inbleiAlr_Fb2+iQEF0(t)7 (11)

2, and the source function

where I'=T 1+ 7|}

Fo(t) = J : dEb(0)e™ (12)
E

th

gives the phase-space envelope [25] of the initial wave
packet of continuum states with near-threshold energy.
Appearance of Eq. (10) and (11), with the initial (con-
tinuum) state eliminated, is different from the one commonly
used to describe bound-bound adiabatic transfer [1,2]. Di-
agonalization of Eqgs. (10) and (11), unlike that of the con-
ventional equations for bound-bound passage, does not ex-
plicitly reveal the “dark™ state connecting the initial and the
target states of the system. Instead, the continuum acts as a
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FIG. 5. Photoassociation of a coherent wave packet. (a) Initial
continuum probability distribution |Fy(¢)|?, a.u.; (b) The population
of the intermediate A/b state; (c) The population of the X(v=4,J
=0) target state.

source of population for the final state |1), with a very small
transient population in the intermediate state |2) during the
coherent “scooping” process. We choose this description ver-
sus the ones which replace the continuum by a single, decay-
ing [2,26] or nondecaying [5], level, since it allows to ex-
plicitly take into account the shape of the initial continuum
wave packet. This approach is necessary when considering
photoassociation with pulses, which coherently pumps up by
the field at w, a band of continuum levels of the width AE
~ Aw,, creating a “dark” wave packet on the background of
the initial continuum state. Equations (6), (10), and (11) con-
nect the shape of the wave packet scooped from the con-
tinuum with that of the laser pulses. For a given F(¢), rep-
resenting the initial wave packet of continuum states, one
can find, in principle, optimal pulses ,(r) and Qg(¢) that
will photoassociate the entire population contained in it [27].
It has been demonstrated that a “counterintuitive” PAP se-
quence of Gaussian pulses, analogous to a bound-bound STI-
RAP sequence, can give rise to an almost complete popula-
tion transfer in the Na+Na— Na, photoassociation [3].

Figure 5 shows one simple example of photoassociation
of a coherent Gaussian wave packet in Rb, which is the
shortest in time allowed by a spectrum of the width of the
temperature spread SE (transform limited wave packet). In-
tuitively this is the most classical scattering scenario allowed
under the quantum law, where two atomic wave packets of
minimal spread collide at time #,. The initial state is given by
the superposition of the energy eigenstates

by(r=0) = (3m) ™" exp[— (E - Eg)*/28} + i(E - E)t]
(13)

with Ey=100 uK, 6;=70 uK, 7,=1150 ns. The pulse pair
overlap time is chosen to match the coherence time of an
atom-pair during collision at a given temperature and ft,
corresponds to the maximal overlap between the €)(¢) and
Qg(r) pulses. The resulting continuum envelope Fy(f) is
shown in Fig. 5(a). In this calculation, the applied pair
of laser pulses transfers the entire population of the con-
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tinuum wave packet to the X(v=4,J/=0) state (of energy
E=-0.01823 a.u.). The pair of pulses is composed of a
o~ polarized 733 nm Stokes pulse, whose intensity is
7% 10° W/cm?, operating in resonance with w, ; transition
frequency between the final |1)=X(v=4,/=0) state and the
intermediate [2)=A/b(v=133,J=1) state. The second com-
ponent is a o+ polarized pump pulse, operating in resonance
with w, g transition frequency between the intermediate
A/b(v=133,J=1) state, and the X(E,J=0) initial continuum
state. The pump pulse, which is centered about 1063.4 nm,
has intensity of 10* W/cm?. Both pulses are of 750 ns full
width at half-maximum (FWHM) duration, with the pump
delayed 600 ns relative to the Stokes pulse (the “counter-
intuitive” order).

The pulse durations are chosen so that their spectral
widths will roughly coincide with the initial continuum en-
ergy spread [which determines F(z)]. As shown below, this
fact ensures that the yield remains high even after thermal
averaging at 7=100 uK is performed.

Assuming  sin*(az)-shaped pulses and setting 1/T;
=30 ns, we numerically solve the Schrédinger equation from
which the continuum has been adiabatically eliminated. As
shown in Fig. 5, the final population of the X(v=4,J=0)
state is 0.6. When Ff is set to zero, P(E), the transfer prob-
ability per collision may reach values as high as 0.9 for the
same pulse configurations.

Once the X(v=4,J=0) state is populated, it is easy to find
an additional pair of pulses of variable intensities and center
frequencies that can execute the transfer to the desired X(v
=0,J=0) state. An example of such a pair of pulses, applied
right after the end of the first pair, is schematically shown in
Fig. 1. Both pulses are circularly polarized, 750 ns FWHM
in duration, and have intensity of 10 W/ cm?. The transfer
proceeds via an intermediate A/b vibrational state |3) of en-
ergy E;=0.03309 a.u. The pump pulse of wave length
888 nm is followed after a delay of 600 ns by a Stokes pulse
of wavelength 869.6 nm. As we shall see, the population of
the X(v=4,J=0) state is completely transferred by this pair
to the X(v=0,J=0) state (state |4) in Fig. 6).

In order to estimate the fraction of atoms photoassociated
per pulse pair we need to multiply P(E), the photoassociation
probability per collision at energy E, by the number of col-
lisions experienced by a given atom during the pulses (this is
equivalent to averaging over all possible values of f,). The
number of collisions during the pulses is calculated as fol-
lows: At a given energy E, the velocity of a given atom is
v=(2E/m)"? and the distance traversed by it during a pulse
of 7., duration is v, The cross section for collision
is 7bh* where b is the impact parameter, related to the J
partial wave angular momentum as b=(J+1/2)/p=(J
+1/2)/(2mE)"2. Hence, the number of collisions experi-
enced by the atom during the two pulses is N=pmh?v 7.,
where p is the density of atoms. Putting all this together we
have for J=0 that the fraction of atoms photoassociated per
pulse pair is

P(E) WP(ZE/m) 12 Tlaser _ P(E) TP Tigser
8mE T AmPQE)"?

fE) = (14)

When optimizing the photoassociation efficiency for an
atomic ensemble, 7, is not a free parameter: bandwidth of

013405-5



SHAPIRO et al.

(@)
Q, o 0 Q

/ ay L

4x10°17E(b)

2x10°"7
E Continuum wavepacket

3x10°°f(C) S
oS // \\

9
L 4 \

&(d) Jau \
2x10
/ \

Population

1x10°8

State [1) __/’/ \

(e)
/\

State |3) / \
2x108 Ul /
1x10" //

State [4) 4

0 1 2 3 4

Time (us)

FIG. 6. (Color online) Photoassociation of the atomic ensemble
in a trap. (a): Envelopes of the four laser pulses, unscaled. (b):
Continuum population Fy(£)%; (c)—(f): Bound state populations,
weighted over the ensemble, for different bound states. (c): Inter-
mediate state [2)=A/b(v=133,J=1), E=0.042848 a.u; (d): State
[1)=X(v=4,/=0), E=-0.01823 a.u.; (e): Intermediate state |3)
=A/b(v=35,J=1), E=0.03309 a.u.; (f): State |4)=X(v=0,J=0),
E=-0.0193 a.u.

the overlap of the pump and the Stokes pulses should match
the energy spread in the ensemble k7. For 7,,,=750 ns,
atomic density in an atomic trap of density p=10'" cm™,
collision energy E=100 uK, reduced atomic mass of m
=1823X85/2 a.u., we have that f~4 X 1077 per pulse pair.

As an alternative to the above estimate, one can repeat the
calculations starting with an almost monoenergetic con-
tinuum wave packet that is spread over the average distance
between two atoms experiencing an s-wave collision: 7,
=1/(apb?). For a collision at 100 uK energy, and the atomic
density in the trap equal to p=10'"" cm™, we obtain r,,
=4.21%10° a.u. From the uncertainty principle, one must set
the energy spread of such wave packets to AE=VE/ 2mr§t
=1.07X 107" a.u. in Eq. (13). Then Fy(1)>=3.8 X 1077 a.u.
at the time when the pulses are applied.

Since the wave packets are almost monoenergetic, it is
now necessary to average the results of these calculations
over the energy E of the Maxwell-Boltzmann thermal distri-
bution:

o

p——
k) ) g

For each energy the bound-continuum matrix element was
obtained according to the data of Fig. 3, and the time-

dEP(E)WE exp[- E/KT].  (15)
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dependent Shrodinger equation solved in the SVCA. The
SVCA-based elimination of the continuum becomes less ac-
curate as the collision energy tends to zero, but since the
density of the continuum states vanishes at small energies,
the contribution to the weighted signal from the low-energy
collisions is small [28].

Figure 6 shows the ensemble-averaged populations of all
the states involved in the scheme under the action of the two
pulse pairs described earlier. The final population of the
ground X state is equal to 2.13 X 1077, This number is lower
than the one given by the simple estimate above, since in the
realistic calculation the photoassociation takes place when
the two pulses overlap, rather than during the full 7;,,,. Thus

one needs to repeat the pulse sequence about 5 X 10° times in
order to photoassociate the entire ensemble, assuming that all
the collisions take place on the X 'S* potential surface of the

g
Rb, molecule. Approximately three quarters of the collisions

occur on the 1 32; potential surface, and these are not af-
fected in our arrangement due to the selection rules for tran-
sitions at the chosen frequencies. Accounting for the latter
collisions, we multiply the above number by 4, and obtain
that ~2 X 107 pulses are required for complete photoassocia-
tion.

When we come to estimate the maximal rate at which the
photoassociation pulse sets can be sent into the cold atomic
cloud, it is necessary to appreciate the need to avoid excita-
tion and heating by subsequent pulse sets of the molecules
already created. In order to accumulate a large number of
cold molecules, the molecules must be removed from the
beam path of the light after every set of pulses before the
next set of pulses can be sent in. This requirement poses an
inherent limit on the actual repetition rate of a possible ex-
periment, which depends on the mechanism used to remove
the molecules. The simplest possibilities of thermal diffusion
or gravitational fall are slow processes, and would limit the
repetition time to 1—-10 ms. Faster mechanisms may require
application of mechanical forces on the molecules (but not
the atoms) to push them out of the beam. An example for a
pushing mechanism can be a fast moving optical lattice,
made up of two counter propagating waves of slightly differ-
ent frequencies. Suppose that we deal with an elongated trap,
~20 pm in diameter, and ~200 um long. Let us send in a
slowly moving optical lattice, oriented parallel to the long
dimension of the trap, moving with the speed of 20 cm/s
(thermal velocity at the 100 uK temperature). The lattice
with the period of 1 um is designed to hold only molecules
(without heating) but not atoms. A single pulse sequence will
place about 20 molecules into every 1 X 1 X200 um slot of
the lattice overlapping with the trap. The next similar pulse
sequence can be applied 100 us later, when the molecule-
loaded lattice slots leave the trap.

The inherent inefficiency of the photoassociation process
in the coherent regime is due to the fact that one has to
operate within the coherence time of the ensemble, hiding
the created molecules away before the next pulse sequence
arrives. A rather common route around this difficulty relies
on employing spontaneous decay from an excited state to the
ground electronic potential, which hides the population away
form the laser field. Let us come at some moment after the
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FIG. 7. FC factors for the A/b—X bound-bound transitions from
the states A/b(v=>51) (a), and A/b(v=85) (b) in dependence on the
vibrational quantum number of the X potential.

REAR photoassociating pulse pair is over, and transfer all
the population accumulated at the state X(v=4) to one of the
excited vibrational states of the A/b potential (e.g., by adia-
batic rapid passage with a chirped pulse or by applying a 7
pulse). Free decay from the latter state will incoherently
populate rovibrational levels of the X surface according to
their FC overlaps with the decaying A/b state. Note that the
decaying A/b state can be chosen quite freely, since we
populate it by a transition from the convenient v=4 state of
the X potential, rather than from a continuum state. We can
therefore choose to populate the excited state with the best
possible overlap to our target ground level (v=0). The sec-
ond (bound-bound excitation and decay) stage in this photo-
association scheme does not suffer from the poor continuum-
bound FC overlap, and the ground-state molecules, although
vibrationally hot, can be produced at rater high rates.
Figure 7(a) shows the FC factors for transitions between
the state A/b(v=51) (E=0.0348 a.u.) and the vibrational
states of the X potential. The FC factor for the transition
from the state X(v=4) onto A/b(v=>51) is equal to 0.175. A
picosecond-long 7 pulse enforcing full transfer of population
between these levels would have the average intensity of
7.4 108 W/cm?. The FC factor for the transition from the
state A/b(v=51) onto the state X(v=0) is equal to 0.27, and
so about 7.5% of the population decaying from A/b(v=>51)
comes onto the ground vibrational state of the X potential.
Let us, again, assume that the molecules are created in a
200 wm long trap, and that the focus of the photoassociating
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laser is 5 um in diameter. A single PAP pulse sequence lasts,
approximately, 2 us, and creates about 400 molecules. As-
suming the two-stage pulse sequences to be repeated one
after another, and taking in account that 7.5% of the created
molecules are accumulated at X(v=0), we evaluate the rate
of production of molecules in the vibrational ground state as,
approximately, 1.5X 107 per second.

If we allow the molecules to accumulate incoherently in a
vibrational level that is not v =0 of the ground X potential, it
is possible to select an excited state that decays to a very
narrow set of ground vibrational levels. Figure 7(b) shows
the FC factors for transitions between the state A/b(v=85)
(E=0.0383 a.u.) and the vibrational states of the X potential.
The FC factor for the transition from the state X(v=4) onto
A/b(v=85) is equal to 0.174, and so a picosecond-long pulse
of the intensity ~8 X 108 W/cm? can transfer all the popu-
lation from X(v=4) onto A/b(v=85). The sharp maximum at
the FC factor corresponding to the transition between the
states A/b(v=85) and X(v=64) (E=-0.0049 a.u.) ensures
that about 25% of the population decaying from the state
A/b(v=85) is accumulated at the state X(v=64), while the
neighboring vibrational states are barely populated. Indeed,
an additional STIRAP implemented after the photoassocia-
tion is completed, can transfer all the population accumu-
lated at X(v=64) onto X(v=0).

Our estimates are to be compared with the results on cre-
ation of ground-state molecules with cw lasers. In the experi-
ment [29], vibrationally cold ground state molecules were
created with the estimated rate of about 500 molecules per
second (since the molecules were not trapped, the actual de-
tection rate was lower). This value can be, in principle, in-
creased; there is a constraint on the effectiveness of the cw
photoassociation lying in the fact that it incoherently popu-
lates many highly excited vibrational states, as well as the
molecular continuum. In the experiment [30], vibrationally
hot ground-state molecules were created with a rate of
~10° molecules per second for many vibrational levels. Al-
though in this experiment the molecules in the state v=0
were not detected, it was concluded that their production rate
is of the same order of magnitude. The scheme discussed in
the previous paragraph can be viewed as an extension of the
two-step schemes of Refs. [29,30] to the case when the first
step is made with the help of the STIRAP-like PAP se-
quence. The high efficiency appearing in our theoretical es-
timates comes from the fact that PAP with correctly chosen
parameters is assumed to waste no molecules either in the
continuum or in the manifold of molecular bound states.

The estimate (14) trivially scales with the temperature and
the density of the atomic sample. In the case of photoasso-
ciation at either Bose-Einstein condensation (BEC) [7] or
Mott insulator [31] conditions one can hope to photoassoci-
ate the whole sample with a single sequence of pulses.

We note that the continuum-bound REAR process contin-
ues to work even if the laser intensity is not sufficient for the
complete population transfer. This can be seen from Eq. (11).
Apart from modifying the rate of decay of the intermediate
level, the pump Rabi frequency () enters the Schrodinger
equation only in combination with the initial continuum en-
velope F,. Reducing the pump Rabi frequency is roughly
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equivalent to reducing the amplitude of the initial scattering
state, and does not influence the passage itself.

We repeated the calculation presented in Fig. 5 for a set of
the pump intensities below and above 10* W/cm?. The re-
sults are shown in Fig. 8. As expected, the photoassociation
probability at low intensities roughly scales as square root of
the intensity. In each simulation the probability of populating
the intermediate A/b(v=133,/=1) state was much lower
than the final photoassociation probability, and the general
time dependance of the bound state populations was similar
to that shown in Fig. 5.

Thus even in situations when the FC factors are too low
for the complete population transfer, a REAR photoassotiat-
ing pulse pair allows to scoop from the continuum a part of
its population, and to transfer it, almost without losses, onto
the bound molecular state.

IV. CONCLUSIONS

We have demonstrated that one can implement AP in pho-
toassociation in a thermal ensemble of cold atoms. AP is best
implemented when the bandwidths of the laser pulses in-
volved are slightly narrower than the energy spread of the
ensemble. In this way, the REAR process works for any ini-
tial continuum energy.

The number of pulses needed to complete the photoasso-
ciation depends only on the ratio between the coherence time
and the average time between s-wave collisions. Our esti-
mate for the number of pulses needed to photoassociate an
entire ensemble of 100 uK Rb atoms at density of 10'' cm™
is 2 107. The exact number can vary depending on whether
one photoassociates atoms colliding on the singlet (as we
have done) or the triplet potential surfaces.

The requirement that the photoassociating pulse sequence
works the same way for all the initial energies in the en-
semble is generic for any coherent photoassociation scheme.
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If simple laser pulses are used, this means that the pulse
durations must not exceed the coherence time in the en-
semble by much. The AP sequence considered in this paper
photoassociates almost all the continuum population that
passes through the FC region during the coherence time win-
dow. Thus, for simple-structured pulses, the AP sequence
places the upper boundary on what is possible to achieve.
Use of more complex pulse shapes, such as the numerically
optimized shapes in Ref. [19], is limited in our scheme by
the requirement that the laser spectrum be smooth on the
scale of the ensemble thermal energy spread.

We conducted our simulations for singlet collisions of
Rb®) atoms. Due to the pole in the scattering length, the FC
factors are strongly enhanced, and the required intensities are
quite low. The scheme needs 10* W/cm? intensity for the
continuum-bound 1063.4 nm pump pulse; all the other inten-
sities are adjustable, and are below this number.

Once the continuum state is transferred onto a vibra-
tionally excited bound state of the ground electronic surface,
it is relatively easy to employ another pulse sequence trans-
ferring the population to the ground rovibrational state. This
can be done either as a coherent transition driven by a second
AP pulse pair, or by employing incoherent decay from an
excited electronic state of the molecule. In the first case, one
creates vibrationally cold molecules, which have to be re-
moved from the laser focus before the next photoassociating
pulse pair arrives. In the second case, vibrationally hot mol-
ecules in the ground electronic state can be accumulated in
the laser focus.

In an analogy with weak-field coherent control (CC) [4],
interference of quantum pathways for the system following
several dark states can either enhance or suppress the prob-
ability of photoassociation. Combining the vast possibilities
of coherent control with the ability to adiabatically transfer
100% of quantum population into the desired state [2] would
give a powerful tool for quantum engineering. Good progress
in this direction has been made in controling bound-bound
population transfer [32], and first proposals on controlling
the bound-free transfer are being made [33].

We have numerically investigated the dark state interfer-
ence for free-bound transitions, for two basic configurations
involving an initial continuum—the “double-A” (PAP via
two different intermediate states) and the “tripod” (PAP into
a superposition of two final states) linkages. In both cases
the branching ratios and the effectiveness of the population
transfer for the continuum-bound processes coincided
with those expected from the bound-bound multipathway
STIRAP [2,32]. Coherently controlled adiabatic passage, if
implemented in photoassociation, can provide the means to
implement a number of exciting schemes based on the
continuum-bound pathway interference. As an example, it is
possible to measure the multichannel continuum state in the
trap by photoassociating a desired multichannel wave packet
(such as either even or odd superposition of single-channel
components, either even or odd temporal structure, etc.) at a
given moment and leaving aside all orthogonal wave forms
[27]. Some work in this direction will be presented else-
where.
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