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Cold collisions of ground-state calcium atoms in a laser field: A theoretical study
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State-of-the-artab initio techniques have been applied to compute the potential-energy curves for the ground
X 1Sg

1 and excited1Pg(4s3d) states of the calcium dimer in the Born-Oppenheimer approximation. The
weakly bound ground state was calculated by symmetry-adapted perturbation theory, while the strongly bound
excited state was computed using a combination of the linear-response theory within the coupled-cluster
singles and doubles framework for the core-valence electronic correlation and of the full configuration inter-
action for the valence-valence correlation. The ground-state potential has been corrected by considering the
relativistic terms resulting from the first-order many-electron Breit theory, and the retardation corrections. The
magnetic electronic transition dipole moment governing the1Pg←1Sg

1 transitions has been obtained as the
first residue of the polarization propagator computed with the coupled-cluster method restricted to single and
double excitations. The computed energies and transition moments have been analytically fitted and used in the
dynamical calculations of the rovibrational energy levels, ground-state scattering length, photoassociation
intensities at ultralow temperatures, and spontaneous emission coefficients from the1Pg(4s3d) to theX 1Sg

1

state. The spectroscopic constants of the theoretical ground-state potential are in a good agreement with the
experimental values derived from the Fourier-transform spectra@O. Allard et al., Eur. Phys. J. D~to be
published!#. The theoreticals-wave scattering length for the ground state isa544 bohrs, suggesting that it
should be possible to obtain a stable Bose-Einstein condensate of calcium atoms. Finally, the computed
photoassociation intensities and spontaneous emission coefficients suggest that it should be possible to obtain
cold calcium molecules by photoassociation of cold atoms to the first1Pg state followed by a spontaneous
emission to the ground state.

DOI: 10.1103/PhysRevA.68.032718 PACS number~s!: 34.20.Cf, 34.50.Rk, 32.80.Pj
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I. INTRODUCTION

Recent developments in laser cooling and trapping te
niques have opened the possibility of studying collisio
dynamics at ultralow temperatures. Atomic Bose-Einst
condensates@1# are of crucial importance in this respe
since investigations of the collisions between ultracold ato
in the presence of a weak laser field lead to precision m
surements of the atomic properties and interactions. S
collisions may also lead to the formation of ultracold mo
ecules that can be used in high-resolution spectroscopic
periments to study inelastic and reactive processes at
low temperatures, interatomic interactions at very large d
tances where the relativistic and QED effects are import
or the thermodynamic properties of the quantum condens
of dilute, weakly interacting atoms@2#.

Until recently most of the experiments concentrated
the alkali-metal atoms~see Ref.@2# for a review!. However,
in a recent series of papers@3–7# it was shown that it is
possible to trap and cool alkali-earth metal atoms, such
magnesium@3#, calcium@4,5#, and strontium@4,6,7#. Photo-
association spectra involving cold strontium@8# and calcium
@9# atoms were also reported for the first time. On the th
retical side, studies of the cold collisions between alka
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earth metal atoms are scarce@10–12# and restricted to mag
nesium atoms. It is worth noting here that the alkali-ea
metal atoms have nondegenerate ground states with
nuclear spin, so the analysis of the spectra is greatly sim
fied, compared to alkali-metal atoms.

The spectrum of the calcium dimer from cold calciu
atoms observed in the photoassociation experiment of R
@9# showed regular vibrational series corresponding to
B 1Su

1 state, but the efficiency of the spontaneous emiss
to the bound vibrational levels of the groundX 1Sg

1 state was
very small. Since then new experimental schemes are b
devised, in order to increase the efficiency of production
cold calcium molecules. One possible scheme concerns
photoassociative spectroscopy to the first1Pg(4s3d) state
@13#. The first aim of the present paper is to report on
theoretical investigation of the production of cold Ca2 mol-
ecules by photoassociation to the (1)1Pg state followed by a
spontaneous emission to the ground state. For this purp
we performed high-accuracyab initio calculations of the
ground state and (1)1Pg state potential-energy curves, tra
sition moment governing the (1)1Pg←X 1Sg

1 transitions,
photoassociation intensities from the vibrational continu
of the ground electronic state to the bound vibrational lev
of the (1)1Pg state, and spontaneous emission coefficie
back to the groundX 1Sg

1 state.
Bose-Einstein condensate of calcium atoms has not b

observed thus far. It is well known that the existence o
©2003 The American Physical Society18-1
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stable condensate depends on the sign of thes-wave scatter-
ing length @1#. This quantity is not easily accessible to e
periments since it depends critically on the number of bou
vibrational states, on the position of the last bound state,
on the very long-range tail of the potential-energy curve
reliable theoretical determination of thes-wave scattering
length requires the knowledge of an accurate poten
energy curve, possibly including the relativistic and QE
effects. Accurate calculation of the scattering length for
calcium dimer is the second aim of our paper. Present ca
lation of the ground-state potential-energy curve includes
relativistic and QED terms, so we also study the effect
these ‘‘exotic’’ contributions to the potential on the scatteri
length.

The calcium molecule is a very interesting system in
own. Due to the equal number of bonding and antibond
electrons, Ca2 does not form a typical chemical bond. How
ever, the dissociation energy of the order of 1000 cm21 is
not typical of van der Waals complexes bound by dispers
forces, but rather of hydrogen-bonded systems such as
water dimer. Our calculations on the ground state of C2
employed the symmetry-adapted perturbation theory of in
molecular forces, so the potential energy was obtained
terms of physical contributions such as the electrostatics
duction, dispersion, and exchange. Thus, in the present p
we will be able to shed some light on the origins of t
bonding in Ca2. Surprisingly, only a fewab initio calcula-
tions on the calcium dimer have been reported in the lite
ture @14–17#. Most of them are at least ten years old, a
thus not very accurate for the present day standards, w
the most recent work of Miricket al. @17# employed the
density-functional theory. However, the results reported
Ref. @17# are not expected to be very accurate, since all d
sity functionals available in the literature do not reprodu
the correctR26 behavior of the interatomic potentials. Se
Ref. @18# for the discussion of this point, and Ref.@19# for
numerical examples for various weakly bound van der Wa
complexes. not very well suited for molecules with stro
dispersion interactions. In addition, several papers appe
@20–24# reporting calculations of the long-range dispersi
coefficients byab initio methods or using semiempirical ap
proaches.

The calcium dimer was the subject of numerous hig
resolution spectroscopic studies in the gas phase@25–34# and
in rare gas matrices@35–39#. Until recently, the dissociation
energy of the ground state of Ca2 could only be estimated
from the Rydberg-Klein-Rees~RKR! inversion of the spec-
troscopic data for theB 1Su

1←X 1Sg
1 transitions@28#. In two

recent papers, Tiemann and co-workers@33,34# reported a
much more elaborate study of Ca2 by measuring theB 1Su

1

←X 1Sg
1 transitions covering over 99.8% of the well dept

However, the long-range part of the potential is not eas
accessible to spectroscopic experiments, although it is
cial for an accurate determination of the scattering length
any case, comparison between the present theoretical pr
tions and the most recent high-resolution spectroscopic
@33,34# will enable us to judge critically the accuracy of th
present calculations.

The plan of this paper is as follows. In Sec. II, we intr
03271
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duce the theoretical models used in our calculations. We s
this section with a brief description of the methods used
ab initio calculations of the Born-Oppenheimer potentia
energy curves and transition moment for Ca2. We discuss the
relativistic effects and the QED retardation of the relativis
potential. We also give details of the fits of the comput
points to some analytical expressions for the potentials
the transition moment. The choice of these expressions
methods of fixing some asymptotic coefficients at theirab
initio values are briefly addressed. The remaining part of
section is devoted to the second step of the Bo
Oppenheimer approximation, i.e., to dynamical calculatio
of the scattering length, photoassociation intensities,
spontaneous emission coefficients. Numerical results are
sented and discussed in Sec. III. We start this section with
discussion of the ground state of the calcium dimer. We d
cuss the origins of the bonding in Ca2, and compare the
theoretical ground-state spectroscopic constants with th
derived from high-resolution experiments@28,33,34#. Once
the accuracy of the theoretical ground state is established
turn to the problem of producing cold calcium molecules. W
present the photoassociation spectrum, and suggest an
cient scheme leading to cold Ca2. Finally, in Sec. IV we
conclude our paper.

II. METHODS OF CALCULATIONS

A. Ground-state potential

It follows from the naive molecular-orbital theory that th
calcium dimer in the ground state should be considered
van der Waals molecule since the molecular configurat
has an equal number of the bonding and antibonding e
trons. No regular chemical bond is expected, except fo
weak dispersion attraction and exchange repulsion. Th
fore in the present paper, we report on calculations of
ground-state potential-energy curve by symmetry-adap
perturbation theory~SAPT! of intermolecular forces@40,41#.
We follow the computational approach introduced and tes
in previous papers on van der Waals molecules~see, e.g.,
Ref. @42# for a recent paper, and Refs.@40,41# for the reviews

of the SAPT approach!. The ground-state potentialVSg
1

was
computed from the following expression:

VSg
1

5Eelst
(1)1Eind

(2)1Edisp
(2) 1Eexch, ~1!

where the consecutive terms on the right-hand side~rhs! of
Eq. ~1! denote the electrostatic, induction, dispersion, a
exchange energies, respectively. Note that no multipole
proximation of the intermolecular interaction operator h
been used, so the electrostatic and induction terms do
vanish, but represent pure penetration~charge-overlap! ef-
fects. Furthermore, the dispersion contribution is not sol
represented by the asymptotic expansion in terms of the
der Waals constants, but it also includes important~short-
range! charge-overlap effects. The exchange contribution
further be decomposed as follows:

Eexch5Eexch
(1) 1Eexch-ind

(2) 1Eexch-def
(2) 1Eexch-disp

(2) . ~2!
8-2
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COLD COLLISIONS OF GROUND-STATE CALCIUM . . . PHYSICAL REVIEW A68, 032718 ~2003!
Here,Eexch
(1) is the first-order exchange energy, whileEexch-ind

(2) ,
Eexch-def

(2) , and Eexch-disp
(2) denote the exchange-inductio

exchange-deformation, and exchange-dispersion terms.
contributions appearing on the rhs of Eqs.~1! and ~2! have
been evaluated using the many-body techniques develop
Refs. @43–50#. The exchange-deformation energy was co
puted directly from the supermolecule Hartree-Fock inter
tion energy. The computational scheme for the Ca•••Ca in-
teractions was the same as in our previous works~see, for
instance, Refs.@42,51#!. The SAPT calculations were don
with the programSAPT @52#.

The ground state of the calcium atom is a nondegene
1S state, so the potential depends solely on the interato
distanceR. Calculations have been performed for 15 int
atomic distances ranging fromR53 to 15 bohrs. For the
ground-state potential, we chose a@9s7p3d2 f 2g# basis set.
The @9s7p2d# part of this basis was optimized for th
ground-state polarizability of the calcium atom@53#, while
the exponents of the additional polarization functions ofd, f,
andg symmetry were chosen to minimize the dispersion c
tribution to the ground-state energy of the Ca dimer. In
dition, the leading-order dispersion term has been rec
puted in the@9s7p3d2 f 2g# basis supplemented with a s
of @3s3p2d# bond functions. The SAPT energies were
ways computed with the dimer basis set.

The computed points were fitted to the following analy
expression:

VSg
1

~R!5~A11B1R!e2a1R1~A21B2R!e2a2R

2 (
n53

5
C2n

R2n
f 2n~b,R!, ~3!

where$Ai% i 51
2 , $Bi% i 51

2 , $a i% i 51
2 , andb were adjusted to the

computed points, while the long-range dispersion coe
cientsCn were not fitted, but computed in the same basis
and at the same level of the theory as the nonexpanded
persion energy@54#. This means that the computedCn coef-
ficients define the largeR asymptotic behavior of the com
puted SAPT dispersion energyEdisp

(2) :

Edisp
(2) ;2 (

n53

C2n

R2n
. ~4!

The damping functionf n(b,R) that ensures a correct beha
ior of the potential in the repulsive region was taken in t
Tang-Toennies form@55#:

f n~b,R!512e2bR(
k50

n
~bR!k

k!
. ~5!

The long-range coefficients were computed with the progr
POLCOR @56,57#.

B. Relativistic corrections to the ground-state potential

The calcium dimer is a relatively light system, so we e
pect that the relativistic contribution to the ground-state
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tential can be obtained from the many-electron Breit-Pa
Hamiltonian@58# valid to the first order ina2, wherea is the
fine-structure constant. It follows from the work of Sadl
et al. @53# that the relativistic correction to the dipole pola
izability of the calcium atom represents ca. 1.3% of the n
relativistic value. Since the leading contribution to the int
action potential, the dispersion energy, depends directly
the atomic polarizability, we expect a similar effect of th
relativistic terms on the Ca2 potential. Consequently, th
first-order Breit-Pauli approximation should work well in ou
case. For a closed-shell system, the Breit-Pauli Hamilton
reads@59#

HB-P5H11H21H31H4 , ~6!

H152
a2

8 (
i 51

N

pi
4 , H25

pa2

2 (
g

(
i 51

N

Zgd~rg i !,

H352pa2 (
i . j 51

N

d~r i2r j !, ~7!

H452
a2

2 (
i . j 51

N
1

r i j
3 @~r i2r j !

2pi•pj

1~r i2r j !•@~r i2r j !•pi #pj #, ~8!

wherer i andpi denote the position and momentum operat
of the i th electron,rg i is the position of thei th electron with
the respect to the nucleusg, Zg represents the charge of th
nucleusg, and N is the number of electrons. The Hami
tonian H1 describes the so-called relativistic mass-veloc
contribution. The termsH2 and H3 are often referred to as
the one-electron and two-electron Darwin terms, resp
tively, while the last entry in Eq.~6!, H4, describes the rela
tivistic orbit-orbit interaction.

It follows from the work of Hirschfelder and Meath@59–
61# that for the interaction of two closed-shell atoms t
following long-range behavior of the relativistic contribu

tions to the ground-state potential@denoted byVSg
1

(Hi)] is
expected:

VSg
1

~H1!;
C6

H1

R6
1•••, VSg

1

~H2!;
C6

H2

R6
1•••, ~9!

VSg
1

~H4!;
C4

H4

R4
1

C6
H4

R6
1•••. ~10!

The expressions for the long-range relativistic coefficie
C6

Hi can be written in terms of the quadratic response fu
tions involving two dipole operators and the relativistic o
eratorH1 or H2, and will be reported in a forthcoming pape
@62#. As shown in Ref.@60#, the leading asymptotic term

C4
H4/R4 of the orbit-orbit contribution,VSg

1

(H4), to the
ground-state potential is implicitly included in the retardati
effect of the dipole-dipole dispersion interaction~cf. Sec.
II C!. This means that if the retardation of the potential
8-3
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included, theC4
H4/R4 term does not need to be considere

According to Ref.@59#, the two-electron Darwin contribution

VSg
1

(H3) vanishes exponentially withR, so we can treat the
relativistic effects in Ca2 within the following model Hamil-
tonian due to Cowan and Griffin@63#:

HC-G52
a2

8 (
i 51

N

pi
41

pa2

2 (
g

(
i 51

N

Zgd~rg i !, ~11!

i.e., approximate the relativistic contribution to the groun

state potential by the sumVSg
1

(H1)1VSg
1

(H2). It is worth
noting that the usefulness of the Cowan-Griffin model of
relativistic effects on the properties of atoms and molecu
has been documented in severalab initio calculations~see
Ref. @53# and references therein!.

In practice, the relativistic contributionsVSg
1

(H1) and

VSg
1

(H2) were obtained from finite-field supermolecule ca
culations within the coupled-cluster theory restricted
single, double, and noniterative triple excitations@CCSD~T!#
@64#:

VSg
1

~Hi !5S ]

]l
@EAB

CCSD(T)~l!2EA
CCSD(T)~l!

2EB
CCSD(T)~l!# D

l50

, ~12!

where EX
CCSD(T)(l) (X5A, B, or AB), denotes the

CCSD~T! energy of the dimerAB computed with the Hamil-
tonianHX1lHi . The derivative appearing in Eq.~12! was
approximated by a three-point finite-difference formula. W
have checked thatl51024 was sufficient to obtain stabl
results for all interatomic distances considered in the pre
paper.

C. Retardation of the relativistic ground-state potential

Some quantities appearing in our study of cold calci
atoms’ collisions, such as the scattering length or the p
tions of high-lying vibrational levels of the ground electron
state, are sensitive to the wave function at distances com
rable to the characteristic atomic lengthl05(aDE)21,
whereDE is the excitation energy from the ground to th
first excited atomic state. At these distances the nonrelat
tic potential no longer behaves asR26, but it should be
corrected for the retardation effects according to the Casim
Polder formula@65#:

V
ret
Sg

1

52
1

pR6E0

`

a1
2~ iv!exp~22vR/c!P~vR/c!dv,

~13!

wherea1( iv) denotes the dynamic dipole polarizability o
the atom at an imaginary frequencyiv, c5e2/\a is the
speed of light, and

P~x!5x412x315x216x13. ~14!
03271
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The retardation effects also affect the relativistic potent
When the retardation is taken into account, the relativis

termsVSg
1

(Hi), i 51,2, become@62#:

V
ret
Sg

1

~Hi !5
2

pR6E2`

`

bHi~ iv,0!a1~ iv!

3exp~22vR/c!P~vR/c!dv, ~15!

where bHi( iv,0) denotes the quadratic response funct
with two dipole operators and one relativistic operatorH1 or
H2, and can be related to the change in the atomic dyna
polarizability at an imaginary frequencyiv due to the rela-
tivistic term Hi . A detailed derivation of Eq.~15! will be
reported elsewhere@62#; here suffice it to say that it gives
correct asymptotic behavior of the relativistic potential f
distances smaller and much larger than the character
atomic lengthl0. In the present paper, the retardation effe
on the nonrelativistic, mass-velocity, and one-electron D
win terms were explicitly taken into account.

D. Excited-state potential

The first 1Pg state of the calcium dimer dissociating in
Ca(1S)1Ca(1D) is expected to be strongly bound. Ther
fore, the corresponding potential-energy curveVPg has been
obtained by a supermolecule method. In order to obtain
curate results, we decided to employ a hybrid method.
treated the core-valence electronic correlation~with a frozen
core of 10 electrons! by the linear-response theory within th
coupled-cluster singles and doubles~LRCCSD! framework
@66#, while the valence-valence contribution was obtain
from the full configuration-interaction~FCI! calculations.
Thus,VPg was constructed according to the formula:

VPg5Vc-c
Pg1Vc-v

Pg1Vv-v
Pg. ~16!

The core-core (Vc-c
Pg) and core-valence (Vc-v

Pg) contributions
to the potential were obtained from the linear-respon
CCSD calculations:

Vc-c
Pg1Vc-v

Pg5@EAB
LRCCSD~20e!2EA

LRCCSD~10e!

2EB
LRCCSD~10e!#2@EAB

LRCCSD~4e!

2EA
LRCCSD~2e!2EB

LRCCSD~2e!#, ~17!

whereEAB
LRCCSD(Ne) denotes the energy of the dimer com

puted using the LRCCSD method withN electrons corre-
lated, and similar definitions apply to atomic energies a
pearing in Eq.~17!, except that for atoms where only half o
the electrons are in the valence shell. The valence-vale
correlation contribution was computed from the expressio

Vv-v
Pg5@EAB

FCI~4e!2EA
FCI~2e!2EB

FCI~2e!#, ~18!

where the energies appearing on rhs denote the FCI ene
of the dimerAB and of the atomsA andB, with four and two
electrons correlated, respectively. In the excited-state ca
lations, the relativistic and retardation corrections are no
8-4
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crucial as for the ground state, so in the present calculat
they were neglected. The LRCCSD calculations were p
formed with theDALTON program@67#, while the FCI calcu-
lations employed theMOLCAS code@64#.

The (1)1Pg potential-energy curve was computed for
distancesR ranging from 4 to 15 bohrs. For the excited-sta
potential, we chose the@9s7p5d2 f 2g# basis set. The
@9s7p# part of this basis and the exponents of thef and g
functions were the same as for the ground state, while
exponents of the fived functions were optimized to repro
duce the atomic1S-1D splitting at the LRCCSD level. The
full basis of the dimer was used in all supermolecule cal
lations for the excited state, and so the Boys and Bern
scheme was used to correct for basis-set superposition
@68#.

The computed energies were fitted to the following a
lytic expression:

VPg~R!5~A11B1R!e2a1R1~A21B2R!e2a2R

1
C5

R5
f 5~b,R!2 (

n53

5
C2n

R2n
f 2n~b,R!, ~19!

where$Ai% i 51
2 , $Bi% i 51

2 , $a i% i 51
2 , b, and$C2n%n53

5 were ad-
justed to the computed points, while the leading long-ran
coefficientC5 describing the first-order resonant interacti
@61# of Ca(1S) and Ca(1D) was not fitted, but computed in
the same basis set and at the same level of the theory as
of the total excited-state potential. TheC5 coefficient was
obtained from the expression

C552
32p

5
u^CCa~

1S!uQ2
1uCCa~

1D !&u2, ~20!

whereCCa(
1S) and CCa(

1D) denote the wave functions o
the calcium atom in the1S and 1D states, respectively, an
Q2

1 is the atomic quadrupole moment operator. It follow
from Eq. ~20! that theC5 coefficient is negative, so no ba
rier or long-range minimum is expected on the (1)1Pg
potential-energy curve. Note that at large distances
LRCCSD and FCI contributions to the first-order reson
interaction energy are identical, so the matrix element of
~20!, defining the asymptotic behavior of Eq.~16!, can be
computed at the LRCCSD level as the first residue of
appropriate propagator. To prove this point, we note tha
largeR the four-electron CCSD wave function behaves li
@40#

CAB
CCSD~4e!5ACA

CCSD~2e!CB
CCSD~2e!1O~R23!,

~21!

whereA is the antisymmetrizer ensuring the correct perm
tational symmetry. Similarly, the four-electron FCI wav
function becomes at largeR:

CAB
FCI~4e!5ACA

FCI~2e!CB
FCI~2e!1O~R23!. ~22!

Since for two-electron systems the CCSD and FCI wa
functions are equal, it follows directly from Eqs.~21! and
~22! that they do not contribute toC5.
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The transitions from the groundX 1Sg
1 state to the

(1) 1Pg are not electric dipole allowed. However, these tra
sitions are allowed by the magnetic transition dipole mom
~the so-calledM1 transitions! @69#:

M52
e

2m
^CAB~1Sg

1!uLxuCAB~1Pg!&, ~23!

whereCAB(1Sg
1) andCAB(1Pg) denote the wave function

for the 1Sg
1 and 1Pg states, respectively, andLx is the x

component of the angular-momentum operator for the
dimer. In the present calculations, the magnetic transit
dipole momentM was computed as the first residue of t
LRCCSD linear-response function with twoLx operators
@66#, used in the computations of the excited-state poten
The DALTON program@67# was used in these calculations.

The transition moment was evaluated for the same
tances as the excited-state potential. The computed va
were fitted to the following expression:

M ~R!5~A11B1R!e2a1R1~A21B2R!e2a2R

1 (
n55

8
Cn

Rn
f n~b,R!, ~24!

where$Ai% i 51
2 , $Bi% i 51

2 , $a i% i 51
2 , b, and$Cn%n55

8 are adjust-
able parameters. Note that the long-range coefficients g
erning the asymptotic behavior of the magnetic transit
dipole moment were not computed independently, but rat
fitted to the numerical values. However, the analytic form
the R21 expansion follows directly from the multipole ex
pansion of the1Sg

1 and (1)1Pg wave functions of the
dimer.

To end this section, we wish to say that the1Sg
1 and 1Pg

states are also connected by an electric quadrupole trans
~the so-calledE2 transition!. However, theE2 transitions are
usually much weaker thanM1 @70#, so in the present pape
they were neglected.

E. s-wave scattering length

As discussed in the Introduction, thes-wave scattering
length for the ground-state potential of the calcium dimer
the crucial quantity@1# that determines the possibilities o
obtaining stable Bose-Einstein condensates of calcium
oms. To introduce thes-wave scattering length, let us con
sider the scattering of two calcium atoms forJ50 at an
energyE5\2k2/2m, where m is the reduced mass of th
collisional complex. The radial part of the nuclear wa
function satisfies the following equation:

S d2

dR2
2

2m

\2
VSg

1

~R!1k2D c~R;k!50. ~25!

At large distancesR, the scattering wave functionc(R;k)
behaves like

c~R;k!→sin~kR!1tanh~k!cos~kR!, ~26!
8-5
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whereh(k) is the phase shift. The phase shift defines f
mally thes-wave scattering length by the expression

a5 lim
k→0

2tanh~k!

k
. ~27!

In practical calculations the formal definition of Eq.~27!
is not convenient. Instead one can computea from the analy-
sis of the wave function at zero energy. It follows direc
from Eq. ~25! that at sufficiently large distancesR.R0

@where the potentialVSg
1

(R) is zero#, the wave function
c(R;0) behaves like

c~R;0!;a1R1a2 . ~28!

Once linear function~28! is obtained forc(R;0), thescat-
tering length is simply given by2a2 /a1. Note that this
simple computational approach to the scattering length
quires the solution of the Schro¨dinger equation at very larg
distances, where the wave functionC(R;0) can effectively
be approximated by Eq.~28!.

F. Photoassociation absorption to the excited state
and spontaneous emission to the ground state

The production of ultracold molecules by photoassoc
tion spectroscopy is conducted according to the follow
pumping scheme. We start with the absorption of a photon
the gas of ultracold40Ca atoms. This process will lead to
transition from the vibrational continuum of the ground ele
tronic state to an excited vibrational levelv8 of the (1)1Pg
state of Ca2. The corresponding absorption coefficie
K(n,T) at a frequencyn is given by@71,72#

K~n,T!5
8p3nn2

3c3QT

1

4pe0
(
v8

exp@2Dv8~n!/kBT#

3(
J9

gJ9@~J911!u^cv8,J911uM uCE,J9&u
2

1J9u^cv8,J921uM uCE,J9&u
2#, ~29!

wheren is the gas number density,T is the temperature,kB is
the Boltzmann constant,QT5(mkBT/2p\2)3/2 is the transla-
tional partition function,gJ9 is the spin statistical weigh
depending on the nuclear spin~equal to 1 for40Ca), andE
5Dv8(n) is the detuning relative to the position of the lev
v8, i.e.,Dv85Ev82hn. Equation~29! is strictly valid for red
detunings, i.e., forhn2Ev8 . For blue detuning frequencies
Dv8 should be defined ashn2Ev8 . Note that for the1Sg

1

←1Pg transitions the selection ruleJ85J961 applies@69#,
so the wave functions of the upper levelscv8J8 appear with
theJ8 labels equal toJ961. The wave functions in Eq.~29!
are solutions of the Schro¨dinger equations:

S d2

dR2
2

2m

\2
VSg

1

~R!2
J9~J911!

R2
1

2mE

\2 D CEJ9~R!50,

~30!
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S d2

dR2
2

2m

\2
VPg~R!2

J8~J811!

R2
1

2mEv8J8

\2 D cv8J8~R!50,

~31!

subject to the following normalization conditions:

E
0

`

CE1J* ~R!CE2J~R!dR5d~E12E2!, ~32!

E
0

`

cv18J
!

~R!cv28J~R!dR5dv18v28
. ~33!

The absorption process described above is followed b
spontaneous decay into the vibrational continuum of
ground electronic state. However, a fraction of the dec
ends in the highest vibrational levels of the groundX 1Sg

1

state. The discrete transitions from the bound vibrational l
els of the excited electronic state to bound vibrational lev
of the ground electronic state will lead to the formation
cold molecules. This process can be characterized by
spontaneous emission coefficientAv8J8v9J9 :

Av8J8v9J95
4

3\4c5

1

4pe0
HJ8~Ev9J92Ev8J8!

3

3u^cv8J8uM ucv9J9&u
2, ~34!

where the Ho¨ln-London factor HJ8 is equal to (J8
11)/(2J811) for theP branch and toJ8/(2J811) for the
R branch. For the calcium dimer the spacing of the rotatio
levels is very small, so the use of Eq.~34! is not very prac-
tical. However, assuming that the energies and the ma
elements appearing in Eq.~34! areJ independent, we get the
following approximate expression@73#:

Av8v95
4

3\4c5

1

4pe0
~Ev902Ev80!3u^cv80uM ucv90&u2.

~35!

As discussed above the spontaneous emission mostly
in the vibrational continuum of the electronic ground sta
To estimate the contribution of the continuum states to
total transition probability, we assume that the relative tra
sition probabilities of the spontaneous decay from the
cited levelv8 to any ground levelv9 are approximately equa
to the Franck-Condon factors:

pv85(
v9

u^cv80ucv90&u2, ~36!

where the summation overv9 is restricted to bound vibra
tional levels of the electronic ground state. Within th
model, the probability that the transition from the levelv8
terminates in the continuum is simply given byqv851
2pv8 .
8-6
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III. NUMERICAL RESULTS AND DISCUSSION

A. Potential-energy curve and spectroscopic characteristics
of the X 1Sg

¿ state of Ca2

We start the discussion of our results with a closer look
the ground state of the calcium dimer. The potential-ene
curve for theX 1Sg

1 state is presented in Fig. 1, while th
most important spectroscopic characteristics of the C2
ground state are gathered in Table I. An inspection of Tab
shows that the calcium dimer is a relatively weakly bou
diatomic molecule. The binding energy (1134 cm21) is not
characteristic of molecules bound by strong chemical forc
but rather by weak van der Waals forces. It is worth not
that the relativistic effects, although small~of the order of
1.5% of the nonrelativistic well depth!, change the binding
energy in the right direction (De51113 cm21), while the
retardation of the dipole-dipole dispersion term does not c
tribute to the significant figures reported in Table I.

It is interesting to note that the present calculation of
binding energy of Ca2 is by far much more accurate than a

FIG. 1. Potential-energy curves for theX 1Sg
1 and

(1) 1Pg(4s3d) states of Ca2. Energies are in cm21 and distances in
bohrs.
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previous calculations reported in the literature. Indeed,
binding energy of 1113 cm21 is only 1% lower than the
value determined from the analysis of the high-resolut
spectra@33,34#. The early density-functional calculation o
Jones@14# overestimated the well depth by as much as 46
More recent calculations reduced this error considerably,
still the result of Dyall and McLean@16# is 12% off the
experimental value, while the most recent density-functio
study @17# gives a binding energy which overestimates t
experimental value by'5 –45 %, depending on the func
tional used in the calculations.

Also reported in Table I are the spectroscopic data for
ground state of the calcium dimer derived from hig
resolution experiments in the gas phase@28,33,34#. The the-
oretical dissociation energy (D051082 cm21) is in good
agreement with the most recent experimental value (D0
51070 cm21) from Tiemann and co-workers@33#, the dif-
ference between the computed and measured values b
only 1.1%. Also our predicted number of bound vibration
states forJ50 agrees with the experiment, i.e.,Nv541.

The dissociation energy of the ground-state calcium dim
was the subject of several high-resolution spectroscopic s
ies in the gas phase@28,33,34#. In 1980 Vidal@28# estimated
the dissociation energy to be 1063 cm21 by the RKR inver-
sion of the spectroscopic data for theA 1Su

1←X 1Sg
1 transi-

tions. However, the number of vibrational states forJ50
extracted in Vidal’s experiment,Nv534, was not sufficient
to extrapolate the RKR potential-energy curve to the dis
ciation limit. Nevertheless, the potential-energy curve of R
@28#, when extrapolated to large distances with an estima
long-range coefficientC6 @28#, gives the dissociation energ
and the number of bound states much closer to the m
recent experimental data (1067 cm21 for D0 and 40 forNv).

As discussed in the Introduction, the SAPT method allo
us to analyze the origins of the bonding in terms of so
physically meaningful contributions, such as the elect
static, induction, dispersion, and exchange terms. One c
think that the calcium dimer is mostly bound by the Heitle
London energy, i.e., the sum of the electrostatic and fi
order exchange energies,Eelst

(1)1Eexch
(1) , and by the dispersion

energyEdisp
(2) . An inspection of Table II shows that the tw

contributions mentioned above are indeed dominant. Ho
imer.
TABLE I. Spectroscopic characteristics of the ground- and excited-states potentials for the calcium d

Re De D0 Nv a
~bohrs! (cm21) (cm21) ~bohrs!

Ground stateX 1Sg
1

SAPT-nonrelativistic 8.2 1134 1103 41 2140.0
SAPT-relativistic 8.2 1113 1082 41 146.0
SAPT-retarded 8.2 1113 1082 41 144.0
RKR-Vidal @28# 8.1 1095 1063 34 2104.0
RKR-Vidal ~extrapolated! 8.1 1098 1067 40 153.0
Ref. @33# 1102 1069.88~9! 41 @1112,1850#
Ref. @34# 1102 1069.87~1! 41 @1250,11000#

Excited state1Pg(4s3d)
LRCCSD/FCI-nonrelativistic 6.4 15127 15048 157
8-7
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ever, their sum is only slightly attractive, and underestima
the interaction energy by as much as'60%. The missing
contributions come from the second-order inductio
exchange-induction, and exchange dispersion terms.
worth noting that the attractive dispersion energy is alm
three times larger than the potential at the minimum, wh
the sum of the short-range contributions is two times lar
than the absolute value of the potential at the minimum.
large distances the short-range contributions decay expo
tially, while the dispersion term falls off asR26. Therefore,
the balance between the attractive and repulsive contr
tions will change in the favor of theEdisp

(2) term. This is al-
ready observed forR512 bohrs. At this distance the dispe
sion contribution is dominant, while the short-ran
contributions represent~small! corrections. Obviously, a
shorter distances the sum of the electrostatic, induction,
various exchange terms will be relatively more importa
than the dispersion energy.

Since the dispersion energy~including the relativistic cor-
rections! determines the long-range behavior of the grou
state potential for Ca2, it is interesting to compare the long
range dispersion coefficientsCn computed in the presen
paper with other theoretical values@20–24#, and with the
values obtained by fitting the potential to the spectrosco
data @28,34#. This issue is of primary importance since,
will be shown in the following section, thes-wave scattering
length is very sensitive to the value of the long-range disp
sion coefficients. All the existing data are gathered in Ta
III. An inspection of this table shows that the most rece
theoretical values agree with each other within a few perc
Indeed, the present nonrelativistic value ofC6 is only 2.3%

TABLE II. Components~in cm21) of the ground-state interac
tion potential of the calcium dimer at the minimum and in t
attractive region.

R58 bohrs R510 bohrs R512 bohrs

Eelst
(1)1Eexch

(1) 2422.0 472.0 81.0
Eind

(2)1Eexch-ind
(2) 1Eexch-def

(2) 21117.0 2308.0 255.0
Edisp

(2) 22898.0 21021.0 2354.0
Eexch-disp

(2) 478.0 153.0 36.0
Total 21115.0 2704.0 2292.0
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lower than the result of Me´rawaet al. @23#, while the present
relativistic value of 2237 is in an excellent agreement w
the relativistic result of Porsev and Derevianko@24#, 2221
615. The agreement with the older data of Maeder and K
zelnigg@20# and of Stanton@22# is worse, and the difference
amount roughly to 10%. Standard and Certain@21# reported
bounds to the long-range dispersion coefficients for Ca2. All
the theoretical values for theC6 coefficient reported in the
literature are far from the lower bound reported in Ref.@21#.
Hence, we conclude that these bounds are not reliable
least for theC6 coefficient of Ca2. The agreement betwee
the present result and the recentC6 coefficients derived from
the experimental data of Tiemann and co-workers@34# by
fitting the potential-energy curve to the observed spec
scopic transitions is not good. In fact ourC6 constant is in
better agreement with the old estimate of Vidal@28# than
with the newly fitted value from Ref.@34#. Given the excel-
lent agreement between the most recent theoretical va
~the present data and the data from Refs.@23,24#!, we believe
that the value ofC6 fitted to the experimental data@34# is a
few percent too low. This may be partly due to the compl
neglect of the short-range contributions to the potentia
distances larger than 9.5 Å.

To the best of our knowledge, higher-order coefficien
C8 andC10 have been reported only in Refs.@20,21,33,34#.
Our relativisticC8 coefficient is well within the bounds re
ported both in Refs.@21,34#. On the other hand, our value o
the C10 coefficient is out of the bounds estimated by Sta
dard and Certain@21# and within the bounds of Allardet al.
@34#. Note that the final ‘‘experimental’’C8 coefficients
(2.82–2.873105 a.u.) used in Ref.@34# to construct the
potential-energy curve are significantly larger than t
present value, while ourC10 lies between the experimenta
values (1.16–1.343107 a.u.). Since the experimental da
are not very sensitive to these constants, they should be
sidered as effective.

B. s-wave scattering length

The s-wave scattering lengths determined from vario
potential-energy curves of the ground-state calcium dim
are reported in Table I. An inspection of this table shows t
-
TABLE III. Long-range dispersion coefficients~in a.u.! for the ground state of the calcium dimer. Num
bers in parentheses represent the powers of ten.

C6 C8 C10

SAPT-nonrelativistic 2279.0 2.42050~5! 1.2529320~7!

SAPT-relativistic 2237.0 2.38433~5! 1.2242098~7!

Ref. @20# 2005.0 2.000~5! 1.950~7!

Ref. @21# 2740.0–2830.0 1.9~5!–2.49~5! 1.77~7!–2.28~7!

Ref. @22# 2042.0
Ref. @23# 2325.0
Ref. @24# 2221.0
Experiment, Ref.@28# 2386.0
Experiment, Ref.@34# 2081.0 2.3~5!–3.3~5! 0.4~7!–2.2~7!
8-8
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COLD COLLISIONS OF GROUND-STATE CALCIUM . . . PHYSICAL REVIEW A68, 032718 ~2003!
this quantity is extremely sensitive to the long-range tail
the potential. Indeed, the nonrelativistic SAPT poten
gives a large negative scattering length, while for the rela
istic SAPT potential the sign of the scattering length chan
and becomes positive. Finally, the retardation of the dipo
dipole dispersion term introduces a minor change in the s
tering length. We recall here that the relativistic correcti
does not change the number of bound vibrational state
the ground-state potential forJ50, and changes the disso
ciation energy by 1.1%. The RKR potential obtained by
version of the spectroscopic data of Vidal@28# also gives a
negative scattering length, but the RKR curve corrected
the long range with theirC6 dispersion coefficient gives
scattering length close to the relativistic SAPT value.

Comparison of the theoretical scattering length with
value derived from the most recent experiment@34# is less
satisfactory. Although the signs of the theoretical and ‘‘e
perimental’’ scattering lengths agree, the value derived fr
the experimental data is at least six times larger than
theoretical prediction. This disagreement can partly be
plained by the difference between the theoretical and fi
C6 coefficients, and also by the neglect of the short-ran
contributions at large distances.

In our opinion, the current accuracy of the relativis
ground-state potential of Ca2 in the long range, from the
present calculations and from the analysis of the most re
experimental data@33,34#, allows a reliable determination o
the sign of the scattering length, but not of its absolute va
Given the fact that both the present theory and the m
recent experiments give a positive scattering length, we c
clude that similarly to magnesium@74# it should be possible
to obtain a stable Bose-Einstein condensate of calcium.

C. Potential-energy curve and spectroscopic characteristics
of the „1… 1Pg„4s3d… state

The excited (1)1Pg(4s3d) state dissociating into
Ca(1S)1Ca(1D) was not observed in any experiments, a
to the best of our knowledge in the present paper we re
on the very firstab initio study of this state. The correspon
ing potential-energy curve is presented in Fig. 1, while
most important spectroscopic characteristics are given
Table I. An inspection of this table shows that th
(1) 1Pg(4s3d) state is strongly bound with a binding energ
De515 127 cm21, almost a factor of 15 larger than the bin
ing energy of the ground state. The equilibrium distance c
responding to the minimum of the potential isRe56.39 bo-
hrs, also significantly smaller than for the ground state. T
(1) 1Pg state has a dissociation energyD0515 048 cm21,
and as much asNv5157 bound vibrational levels forJ50.

As discussed above, compared to the ground state,
minimum of the (1)1Pg state is shifted towards smaller di
tances by almost 2 bohrs, so at first glance it may seem
the transitions between these two states are not favorable
to small Franck-Condon factors. This question will be a
dressed in more detail in the following section. Let us str
here that these transitions will be governed by the magnit
of the magnetic transition dipole moment. The magne
transition dipole momentM as a function ofR is presented in
03271
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Fig. 2. An inspection of this figure shows thatM (R) is one
order of magnitude smaller than a typical electric dipo
function for a nonpolar van der Waals complex. This mea
that the intensities will be two orders of magnitude weak
than for the electric dipole-allowed transitions. However,
very low temperatures, of the order of a few mK, the level
noise in the recorded spectra should strongly be redu
compared to a few K temperature in standard molecu
beams, so these transitions should be observable. Note
M (R) has a maximum aroundR513 bohrs. This suggest
that the transitions between theX 1Sg

1 state and the (1)1Pg

state will be observed for high values of the excited st
vibrational quantum numberv8. On the other hand, the
maximum of M (R) is relatively broad, and the values o
M (R) around the minima of the ground- and excited-st
potentials are still non-negligible, so other transitions sho
be observable as well.

D. Formation of cold calcium molecules by photoassociation
spectroscopy to the excited„1… 1Pg„4s3d… state
and spontaneous emission to the ground state

Having discussed the potential-energy curves for
ground X 1Sg

1 and excited (1)1Pg(4s3d) states, and the
dipole function connecting these states, we can now turn
the calculations of the photoassociation intensities prob
the formation of Ca2 in the (1)1Pg state from the colliding
ground-state calcium atoms. In our calculations, we assu
that the temperatureT is the same as in the previous phot
association experiments for Ca2 @9#, i.e., T'3 mK. We fol-
low Ref. @72# and assume that at this temperature mostly
s-wave interatomic collisions occur, so in the calculations
the photoassociation intensities we can limit the summa
over the initial (J9) and final (J8) rotational states of the
calcium dimer toJ950 andJ851. The computed photoas
sociation spectrum of colliding ultracold calcium atoms
the first (1)1Pg state as a function of the detuning frequen
D is presented in Fig. 3.~The detuning frequencyD is de-

FIG. 2. Magnetic transition dipole moment~in a.u.! for the
1Pg←X 1Sg

1 transitions.
8-9
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FIG. 3. Photoassociation spectrum to th
(1) 1Pg state of Ca2 at T53 mK. The detuning
frequencyD is in GHz, and the intensities~for
unit gas densities! in cm5.
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fined asD5n2n0, wherehn0 is the energy difference be
tween the atomic dissociation limits of the excited a
ground states, 21 849.634 cm21 @75#.! An inspection of this
figure shows that the photoassociation spectrum reveals
eral intense transitions for detuning frequencies up
23000 GHz. This frequency range corresponds to vib
tional levels of theJ851 state of Ca2 lying betweenv8
5136 and 156. The two most intense peaks in the spect
correspond to transitions to the vibrational statesv85151
andv85152. Although other transitions have very small i
tensities (v85139,142,143,146, . . . ), a few of them are
only a third less intense than thev85151 andv85152 tran-
sitions~i.e., v85137,141,144,148, etc.! ~cf. Fig. 3 and Table
IV !. It is interesting to observe that the photoassociat
transitions appear in Fig. 3 as structureless peaks. Howe
each peak has its own width. For the photoassociation to
(1) 1Pg state, the predicted structure of the spectral line
very sharp with typical widths of the order of 50 MHz.

The pumping scheme leading to the production of c
calcium molecules, as briefly discussed in Sec. II F, relies
the spontaneous emission from a bound vibrational levev8
of the excited electronic state to a bound vibrational statev9
of the ground electronic state. However, the absorption p
cess followed by a spontaneous decay mostly ends in
vibrational continuum of the ground electronic state, a
only a fraction of the decay ends in the highest vibratio
levels of the groundX 1Sg

1 state. The probability of thes
events can be estimated from the analysis of the Fran
Condon factors~cf. Sec. II F!. The computed Franck-Condo
factor pv8 as a function of the vibrational quantum numb
v8 is presented in Fig. 4. An inspection of this figure sho
thatpv8 has a very sharp maximum forv8 lying between 130
and 150. Thus, for the vibrational levelsv851302150, the
fraction of the transitions decaying to the vibrational co
tinuum, qv8512pv8 , will be small, of the order of 30–
60%, suggesting that the cooling via these levels of
03271
v-
o
-

m

n
er,
he
is

d
n

-
he
d
l

k-

s

-

e

(1) 1Pg state should be rather efficient. Indeed, by photo
sociation we mostly populate the levels withv8 ranging from
v85136 to 156. Figure 4 shows that for levels withv8 rang-
ing from 136 to 146 levels as much as 42%~for v85136) to
73% ~for v85141) of the radiative decay ends up in a d
crete level of the ground electronic state~cf. Table IV!. For
vibrational levels withv8.146, the Franck-Condon facto
becomes very small. This means that even though the vi
tional levels withv8.146 have appreciable photoassociati
intensities, they will mostly decay to the vibrational co
tinuum of the electronic ground state. Note that for lithiu

TABLE IV. Photoassociation intensitiesKv8 for unit densities
~in 10240 cm5), spontaneous emission coefficientsAv8 ~in s21),
Franck-Condon factorspv8 , and branching ratiosP(v9←v8) ~in
%! for the transitionsX 1Sg

1(v9)←1Pg(v8) and for selected vibra-
tional levels of the electronic ground and excited states of Ca2.

v85136 v85137 v85138 v85140 v85141

Kv8
a 0.33 0.93 0.32 0.59 0.89

Av8 306.1 299.1 292.8 234.8 199.4
pv8 0.42 0.45 0.50 0.61 0.71
P(v9531←v8) 29.0 8.8 0.9 0.0 0.0
P(v9532←v8) 42.2 46.6 18.8 0.0 0.0
P(v9533←v8) 1.1 17.7 53.6 3.2 0.0
P(v9534←v8) 9.8 16.0 0.3 50.0 2.9
P(v9535←v8) 10.3 0.4 13.5 26.6 59.8
P(v9536←v8) 3.7 1.8 9.1 17.0 11.1
P(v9537←v8) 0.7 3.4 2.9 3.0 15.3

aThe quantityKv8 represents the photoassociation intensity at a
ser frequency corresponding to the vibrational levelv8. The photo-
association rateskv8 ~in s21) can be obtained from the intensitie
by multiplying Kv8 by the gas number densityn and the laser flux
f, while the corresponding laser power is given by the produc
the photoassociation ratekv8 and the photon energyhn.
8-10
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the rate of the radiative decay to a bound vibrational leve
the ground electronic state was found to be less than 1%
any vibrational levelv8 excited by photoassociation@72#.

A better description of the spontaneous decay to
bound vibrational levels of the ground electronic state
given by the spontaneous emission coefficient, cf. Eq.~35!.
The spontaneous emission coefficient for the magnetic t
sition dipole from a vibrational statev8 of the (1)1Pg state
to any vibrational levelv9 of the groundX 1Sg

1 state as
function of the vibrational quantum numberv8 is given by
the sum

Av85(
v9

Av8v9 . ~37!

The values ofAv8 are presented in Fig. 5. An inspection
this figure shows that the~discrete! function Av8 for bound-
to-bound transitions has a sharp maximum aroundv8

FIG. 4. Franck-Condon factorspv8 for the X 1Sg
1←(1) 1Pg

transitions.

FIG. 5. Spontaneous emission coefficientsAv8 ~in s21) for the
X 1Sg

1←1Pg transitions.
03271
f
or

e
s

n-

5133. ~Note that the maximum of the Franck-Condon fac
pv8 occurs forv85142, so the magnetic transition dipo
moment modifies the transition probabilities.! This means
that the spontaneous emission from the vibrational levelv8
5133 ends, with the highest probability, in a bound vibr
tional level of the electronic ground state. However, for t
vibrational levels with quantum numbers ranging fromv8
5136 to 141, this coefficient is still very large, suggesting
large probability of spontaneous emission to bound vib
tional levels of the ground electronic state of Ca2, while for
v8.145 it becomes negligible. This supports our earlier co
clusion that the photoexcitation of two colliding cold ca
cium atoms will lead, by spontaneous emission, to the f
mation of calcium molecules in the ground electronic sta

In order to find how narrow is the distribution of th
ground-state molecules among the vibrational levelsv9, we
will analyze the state-to-state spontaneous emission co
cient defined by Eq.~35!. The spontaneous emission coef
cient as a function of the vibrational quantum numbersv9
and v8 of the ground and excited electronic states, resp
tively, is presented in Fig. 6. An inspection of this figu
shows that the molecules formed by spontaneous emis
from the excited (1)1Pg state will be in the vibrational
states of the electronic ground-state with quantum numb
ranging from v9530 to 37. A more detailed view of the
formation process of the ground-state Ca2 molecules is given
by the branching ratiosP(v9←v8) corresponding to the
spontaneous emission from a vibrational levelv8 to v9:

P~v9←v8!5
Av8v9

(
v9

Av8v9

5
Av8v9

Av8

. ~38!

The branching ratios for the transitionsX 1Sg
1(v9)

←(1) 1Pg(v8) with v85136,137,138,140,141 andv9531
237 are reported in Table IV and Fig. 7. An inspection
Table IV shows that for all the initial vibrational levelsv8
and for one selectedv9 the branching ratios are quite impo
tant, typically between 40% and 60%. Moreover, except
v85136 the sum of the branching ratios over these selec
vibrational levelsv9 is well over 80%. Hence, the spontan

FIG. 6. Spontaneous emission coefficientsAv8v9 ~in s21) for the
X 1Sg

1(v9)←1Pg(v8) transitions.
8-11
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ous emission from the vibrational levelsv8 mostly populated
by the photoassociation of the ground-state atoms will l
to a narrow distribution of the vibrational levelsv9 of the
molecules in their ground electronic states. This means
these molecules will be very cold. Our theoretical data c
cerning the photoassociation intensities, Franck-Condon
tors, spontaneous emission coefficients, and branching r
suggest that the cooling scheme studied in the present p
should be efficient.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have reported on a theoretical study
the ground and first excited1Pg states of the calcium dime
and of the collisional cooling process by photoassociat
spectroscopy to the (1)1Pg(4s3d) state followed by the
spontaneous emission to the groundX 1Sg

1 state. Our results
can be summarized as follows:

~1! The ab initio SAPT potential for the ground state o
the calcium dimer including the relativistic and QED corre
tions predicts the correct dissociation energy and the r
sign of the scattering length. On the basis of the pres
calculations and of the experimental data from Tiemann
co-workers@33,34#, one can conclude that it should be po

FIG. 7. Branching ratiosP(v9←v8) for selectedX 1Sg
1(v9)

←1Pg(v8) transitions.
v.

od
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sible to obtain a stable Bose-Einstein condensate of calc
atoms.

~2! The computed photoassociation spectrum of collid
ultracold calcium atoms to the first1Pg state shows severa
intense transitions in the detuning frequency range of up
23000 GHz. This frequency range corresponds to vib
tional levels of theJ851 state of Ca2 ranging from v8
5136 to 156 with a maximum forv85152.

~3! The spontaneous emission coefficient from a vib
tional statev8 of the (1)1Pg state to any vibrational level o
the groundX 1Sg

1 state shows a sharp maximum aroundv8
5133. However, for the levels withv8 ranging from 136 to
141 this coefficient is still very large, suggesting a lar
probability of spontaneous emission to a vibrational level
the ground electronic state of Ca2. Thus, the photoexcitation
of two colliding cold calcium atoms will lead, by spontan
ous emission, to the formation of cold calcium molecules

~4! A more detailed analysis of the spontaneous emiss
coefficient and of the branching ratios as a function of
vibrational quantum numbersv9 and v8 of the ground and
excited electronic states, respectively, suggests that the
ecules formed by spontaneous emission from the exc
(1) 1Pg state will be in the vibrational statesv9 ranging
from 30 to 37. Such a narrow vibrational distribution w
lead to vibrationally cold molecules.

~5! The computed Franck-Condon factors (pv8) show a
very sharp maximum forv8 ranging from 130 to 150. Thus
for the vibrational levels withv851302150, the fraction of
the transitions that terminate in the continuum (qv851
2pv8) will be small ~30–60 %!, suggesting that the cooling
via these levels of the (1)1Pg state should be rather effi
cient.

As a next step of this study, we plan to investigate t
collisional cooling of Ca2 via the first 3Pu state dissociating
into Ca(1S)1Ca(3P) and the vibrational relaxation mecha
nisms induced by inelastic Ca1Ca2 collisions. Works in this
direction are in progress.
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@18# J.M. Pere´z-Jordáand A.D. Becke, Chem. Phys. Lett.233, 134

~1995!.
@19# A. Milet, T. Korona, R. Moszynski, and E. Kochanski,

Chem. Phys.111, 7727~1999!.
@20# F. Maeder and W. Kutzelnigg, Chem. Phys. Lett.42, 95

~1979!.
@21# J.M. Standard and P.R. Certain, J. Chem. Phys.83, 3002

~1985!.
@22# J.F. Stanton, Phys. Rev. A49, 1698~1994!.
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