
PHYSICAL REVIEW A 67, 042705 ~2003!
Radiative charge-transfer lifetime of the excited state of„NaCa…¿
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New experiments were proposed recently to investigate the regime of cold atomic and molecular ion-atom
collision processes in a special hybrid neutral-atom–ion trap under high-vacuum conditions. We study the
collisional cooling of laser precooled Ca1 ions by ultracold Na atoms. Modeling this process requires knowl-
edge of the radiative lifetime of the excited singletA 1S1 state of the (NaCa)1 molecular system. We calculate
the rate coefficient for radiative charge transfer using a semiclassical approach. The dipole radial matrix
elements between the ground and the excited states, and the potential curves were calculated using complete
active space self-consistent field and Mo¨ller-Plesset second-order perturbation theory with an extended Gauss-
ian basis, 6-3111G (3d f). The semiclassical charge-transfer rate coefficient was averaged over a thermal
Maxwellian distribution. In addition, we also present elastic collision cross sections and the spin-exchange
cross section. The rate coefficient for charge transfer was found to be 2.3310216 cm3/sec, while those for the
elastic and spin-exchange cross sections were found to be several orders of magnitude higher (1.1
31028 cm3/sec and 2.331029 cm3/sec, respectively!. This confirms our assumption that the milli-Kelvin
regime of collisional cooling of calcium ions by sodium atoms is favorable with the respect to low loss of
calcium ions due to the charge transfer.

DOI: 10.1103/PhysRevA.67.042705 PACS number~s!: 32.80.Pj, 34.80.Qb, 82.20.Pm, 82.30.Fi
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I. INTRODUCTION

A broad range of techniques from atomic physics and
tics have allowed the accurate manipulation of ultrac
samples. Recent studies are probing ultracold atomic sys
in which electric charges may play an important role@1–3#.
These include ultracold plasmas@4–7#, ultracold Rydberg
gases@8,9#, as well as ionization experiments in a Bos
Einstein condensate@10#.

Recently, we proposed experiments on simultaneou
cooling and trapping ions and atoms in the same confi
space@11#. The proposed experiments will investigate t
regime of cold atomic and molecular ion-atom collision pr
cesses in a special hybrid neutral-atom–ion trap under h
vacuum collisions. The idea is to use the techniques of la
cooling, trapping, and manipulation of cold neutral atoms
make a refrigerator for the sympathetic cooling of an ov
lapping sample of atomic or molecular ions to very low te
peratures. We intend to probe fundamental collision p
cesses and cooling kinetics in as low a temperature rang
possible.

The hybrid trap we have built consists of a conventio
magneto-optic neutral-atom trap~MOT! combined with a
linear Paul radio frequency quadrupole trap. The linear P
trap, with longitudinal electrostatic confinement, is chosen
as to suppress most of the micromotion and rf heating a
ciated with conventional Paul traps@12#.

II. POTENTIAL CURVES AND DIPOLE MOMENT

To calculate the cross sections and rate coefficients for
charge transfer and the elastic and spin-exchange collisi
we have performedab initio calculations of the adiabati
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potential curves for the (NaCa)1 molecular system in the
X 1S1,a 3S1, andA 1S1 states, which go asymptotically t
the ground (Na11Ca) and excited@Ca11Na(3s)# states of
the ion-atom quasimolecular system. The method used
second-order Mo¨ller-Plesset perturbation theory~MP2! using
a Gaussian triple z1diffuse1polarization basis set
6-3111G (3d f). This basis set included three sets
d-polarization functions and one set off-polarization func-
tions in addition to a diffuse function on each atomic cent
The first excitedA1S1 state was optimized for the secon
root of a CASSCF~complete active space self-consiste
field! using eight orbitals in the active space. This was f
lowed with an MP2 correction to the optimized CASSC
energy.

Figure 1 shows the potential curves of the ground a
excited states of (NaCa)1 molecular system in atomic unit

FIG. 1. Adiabatic potential curves for selected states of
(NaCa)1 molecular system.R0 is a classical turning point. Shown
is a free-bound radiative transition with the emission of a pho
hn.
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~see also Table I!. The curves were obtained by performing
cubic spline fit to the calculated points. At small internucle
separationsR, the potential curves were approximate
with the short-range potential of the formV(R)
5(A/R)exp(2BR), where A and B are fitting parameters
and for R.30a0, the potential curves were fitted with th
appropriate long-range potentials. For the excited states
long-range potential was of the form

V~R!;2
1

2 S 162.7

R4
1

1902

R6
1

55518

R8 D , ~1!

where the Na dipole (162.7 a.u.!, quadrupole (1902 a.u.!,
and octupole (55,518 a.u.! polarizabilities were taken from
Ref. @1#. For the ground stateX 1S1, the form of the long-
range potential was

V~R!;2
1

2

ad

R4
, ~2!

wheread5156 a.u. is the dipole polarizability of the calciu
atom.

Figure 2 shows the calculated radial dipole matrix e
ment betweenX 1S1 and A 1S1 states fitted with cubic
splines~see also Table I!. The dipole matrix elements wer
calculated forR.8a0 only, since for our purposes the prob
lem did not require the exact knowledge of the dipole rad
matrix elements at smaller distances. At small distances t

TABLE I. Potential energy and dipole matrix element valu
obtained by cubic spline fit of the adiabatic potential and dip
matrix curves for selected states of the (NaCa)1 molecular system.
Potential curves are located relative to the ground asymptote.
tation 1.23@24# stands for 1.2331024.

E ~a.u.!
R (a0) X 1S1 A 1S1 a 3S1 d ~a.u.!

3 3.54@21# 4.16@21# 1.25
4 7.42@22# 1.98@21# 2.28@21#

5 22.15@23# 1.09@21# 6.88@22#

6 22.79@22# 7.47@22# 3.15@22#

7 23.07@22# 6.64@22# 1.73@22# 8.80@21#

8 22.61@22# 5.47@22# 1.42@22# 8.47@21#

9 21.99@22# 4.55@22# 1.60@22# 7.49@21#

10 21.42@22# 3.79@22# 1.98@22# 6.08@21#

11 29.64@23# 3.34@22# 2.39@22# 4.63@21#

12 26.30@23# 3.16@22# 2.75@22# 3.32@21#

13 24.01@23# 3.15@22# 3.03@22# 2.22@21#

14 22.56@23# 3.18@22# 3.22@22# 1.38@21#

15 21.70@23# 3.22@22# 3.33@22# 7.90@22#

16 21.21@23# 3.30@22# 3.41@22# 4.15@22#

17 29.17@24# 3.39@22# 3.45@22# 2.04@22#

18 27.24@24# 3.45@22# 3.48@22# 9.44@23#

19 25.84@24# 3.49@22# 3.51@22# 4.21@23#

20 24.76@24# 3.52@22# 3.52@22# 1.53@23#
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is little overlap between the wave functions of the grou
and excited states for the energies of the approaching sod
atoms considered here. At milli-Kelvin energies of the s
dium atoms, the classical turning pointR0 was found to be
always to the right ofR58a0.

III. CROSS SECTIONS

A neutral atom of Na collides elastically with Ca1 in the
singlet A 1S1 or triplet a 3S1 states of NaCa1. The corre-
sponding elastic cross sections are given by

sel.
S,T5

4p

k2 (
l 50

`

~2l 11!sin2~h l
S,T!, ~3!

wherek5A2mE/\ with m the reduced mass andE the col-
lision energy in the center of mass of the system, andh l

S,T is
the l th partial-wave phase shift corresponding to theA 1S1

anda 3S1 states, respectively. Another possible outcome
the collision between Na and Ca1 is spin exchange. In the
elastic approximation@13#, also known as the degenerate i
ternal states approximation@14#, one describes this scatterin
process in terms of the singlet- and triplet-scattering ph
shifts, and the spin-exchange cross section is given by

sexch.5
p

k2 (
l 50

`

~2l 11!sin2~h l
S2h l

T!. ~4!

Although this approximation is valid for collision energie
larger than the hyperfine splitting, it usually gives the rig
order of magnitude at smaller energies@15#.

The phase shiftsh l
S,T are determined from the continuum

eigenfunctionsyE,l
S,T(R), which are the regular solutions o

the partial-wave equation

FIG. 2. Calculated radial transition dipole matrix elements. T
matrix elements are calculated at distancesR.8a0 only, because
the current problem does not require the knowledge of the ma
elements at lower internuclear distances due to small energies o
approaching sodium atoms.
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S d2

dR2
1k22

2m

\2
VS,T~R!2

l ~ l 11!

R2 D yE,l
S,T~R!50. ~5!

The asymptotic form ofyE,l
S,T(R) at large distances gives th

elastic scattering phase shifts

yE,l
S,T~R!;sinFkR2

lp

2
1h l

S,T~k!G . ~6!

The results of our calculations are shown on Figs. 3 an
for the singlet and triplet elastic cross sections, respectiv
and on Fig. 5 for the spin-exchange cross section. In
cases, thes-wave contribution is dominant at energies cor
sponding to temperatures below 1 nK, in sharp contras
neutral alkali atoms where this takes place for energ
around 100mK @16#. This is due to the very long range o
the polarization potential as compared to the shorter rang

FIG. 3. Elastic collision cross section for theA 1S1 state of
molecular system (NaCa)1. The elastic cross section above 10mK
fits the approximate expressions(E)55310E21/3, where the en-
ergy is in units of Hartrees and the cross section is in units ofa0

2.

FIG. 4. Elastic collision cross section for thea 3S1 state of
molecular system (NaCa)1. The elastic cross section above 10mK
fits the approximate expressions(E)55070E21/3, where the en-
ergy is in units of Hartrees and the cross section is in units ofa0

2.
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van der Waals interactions between neutral atoms. Ourab
initio potential curves are not of sufficient accuracy to p
dict thes-wave scattering lengths associated with the sing
and triplet potentials with a high degree of certainty: t
measurements that will be realized in our proposed hyb
MOT would help fine-tuning the potentials so that accur
estimates of the scattering lengths could be given. AsE in-
creases, many more partial waves contribute to the cross
tions: already atE/kB;1 mK, seven partial waves are nec
essary, and over 30 are required at 1 mK. Although sh
resonances may play an important role at very small en
gies, their effect is not dominant forE/kB larger than
100 mK ~see the smooth behavior of the cross sections
Figs. 3–5!. This rapid growth in the number of partial wave
led us to consider semiclassical approximations for the cr
sections. Following the method described in Ref.@1#, we
found that the cross sections are well represented by po
law functions of energy for the temperature range down
mK. Figures 3–5 show the calculated collision cross secti
together with the power-law fits

sel.~E!5Cel.E
21/3, ~7!

sexch.~E!5Cexch.E
21/2, ~8!

whereCel.55310 and 5070 for the singletA1S1 and triplet
a 3S1 states, respectively, andCexch.544. These coefficients
were obtained by performing a linear fit of the cross sectio
plotted on a log-log scale in the energy range above 1mK,
all quantities expressed in atomic units.

Using these approximate cross sections, we can calcu
the various rate coefficientsR5^sv&, wherev5A2E/m is
the relative velocity, and̂•••& implies averaging over the
velocity distribution. Assuming a Maxwellian velocity distr
bution characterized by the temperatureT, we obtain the fol-
lowing rate coefficients:

FIG. 5. Spin-exchange collision cross section between st
A 1S1 and a 3S1 of the molecular system (NaCa)1. The cross
section fits the expressions(E)544E21/2, where the energy is in
units of Hartrees and the cross section is in units ofa0

2.
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Rel.5A 8

pm
GS 5

3D ~kBT!1/6Cel. , ~9!

Rexch.5A2

m
Cexch., ~10!

in atomic units. Note that whileRexch. is independent of tem
perature,Rel. varies very slowly withT. Figures 3–5 show
that the power-law fits are valid at temperatures 1 –10mK
and higher, which validates the semiclassical approach
calculating the rate coefficients for elastic and spin-excha
collisions.

As an example, suitable for the proposed experiment,
evaluated the rates for a temperature of 1 mK. They
Rel.51.7–1.8 a.u. for elastic collisions andRexch.
50.38 a.u. for spin-exchange collisions. Converting to un
cm3 sec21, we obtainRel.5(1.0521.10)31028 cm3 sec21

and Rexch.52.3331029 cm3 sec21. For a typical MOT
particle density n51010 cm23 these rates give the
following values for effective elastic lifetimes 1/t:1/tel.
5Rel.n5(1.0521.10)3102 sec21 and 1/texch.5Rexch.n
523.3 sec21.

IV. RADIATIVE CHARGE TRANSFER

The rate coefficient for radiative charge transfer may
expressed as an integral of the transition probability over
collision path, averaged over the initial velocities and t
impact parameters@17#. Because many partial waves contri
ute even at 1mK, we use a semiclassical treatment whe
the cross section for radiative charge transfer may be
pressed as@18#

s tr52pS 2m

E D 1/2E
0

`

bdbE
R0

`

dR
A~R!

@12V~R!/E2b2/R2#1/2
,

~11!

whereb is the impact parameter,R0 is the classical turning
point ~distance of closest approach!, A(R) is the Einstein
spontaneous emission transition probability, andV(R) is the
entrance channel potential curve. Again, we can obtain a
coefficientRtr5^sv& by averaging over a Maxwellian ve
locity distribution characterized byT @19#,

Rtr58ApS 1

kBTD 3/2E
0

`

dEE
0

`

db

3E
R0

`

dR
bE1/2A~R!e2E/kBT

@12b2/R22V~R!/E#1/2
. ~12!

The transition probabilities are approximated by

A~R!5
4

3
a3v3~R!D~R! a.u., ~13!
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where a is the fine-structure constant,D(R) is the dipole
moment~see Fig. 2!, and

\v~R!5Vn~R!2Vn8~R! ~14!

is the energy difference between the entrance and exit po
tial curves ~here A 1S1 and X 1S1, respectively!, all at a
separationR. Note that the effect of possible shape res
nances is not taken into account in Eq.~12!: as mentioned in
the preceding section, shape resonances are not relevan
E/kB;100 mK or higher ~although they may play a role a
much lower energies!. The integrations of the Eq.~12! were
evaluated numerically for temperatures ranging from 1 m
to 1000 K. The rate coefficient was found to be practica
constant with the value ofRtr52.3310216 cm3/sec. With
the attainable densities of ultracold sodium atoms of the
der of n510921011 cm3, the rate coefficient gives for the
the radiative lifetime of the excitedA 1S1 state

t tr51/~Rtrn!;43104243106 sec, ~15!

or in the range from several hours to several days. Pa
thetically, we note that, although charge transferwithoutpho-
ton emission is possible at higher collision energies~many
eV!, in the 1 K range and below, the small coupling betwe
thea andX states of (NaCa)1 ~see Fig. 1! makes the rate for
nonradiative charge transfer negligible.

We also considered the possibility of a charge-trans
process that could occur by laser excitation from theA1S1

state of NaCa1 to a higher molecular state that correlat
with Na1(3s) plus an excited Ca level. The two wavelengt
that must be considered are Na(3s→3p) at 589.0 nm and
Ca1(4s→4p) at 397.0 nm. An examination of th
asymptotic limits of molecular states lying above Na(3s)
1Ca1(4s) indicates that the closest excited level would co
respond to Na1(3s)1Ca@1P(4p)# at 633.0 nm, too far from
resonance to be of importance@20#.

V. CONCLUSION

In conclusion, we have shown that the semiclassical
proach for evaluating the rate coefficients is a good appro
mation because many partial waves are involved even
;1 mK. The excited singlet state of the colliding molecul
system (NaCa)1 is metastable against radiative charge tra
fer with the lifetime of the order of many hours. At the sam
time, the rates for elastic collisions and also for spin e
change are much greater, which provides an efficient mec
nism for sympathetic collisional cooling of calcium ions b
sodium atoms in the meV regime and below. We are set
up an experiment to measure collisional cooling by t
mechanism.
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