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Calculations of collisions between cold alkaline-earth-metal atoms in a weak laser field

Mette Machholm
Department of Computational Science, The National University of Singapore, Singapore 119260

Paul S. Julienne
National Institute for Standards and Technology, 100 Bureau Drive, Stop 8423, Gaithersburg, Maryland 20899-8423

Kalle-Antti Suominen
Department of Applied Physics, University of Turku, FIN-20014 Turun yliopisto, Finland;

Helsinki Institute of Physics, PL 64, FIN-00014 Helsingin yliopisto, Finland;
and O” rsted Laboratory, NBIfAFG, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen O” , Denmark

~Received 20 March 2001; published 20 August 2001!

We calculate the light-induced collisional loss of laser-cooled and trapped magnesium atoms for detunings
up to 50 atomic linewidths to the red of the1S0-1P1 cooling transition. We evaluate loss rate coefficients due
to both radiative and nonradiative state-changing mechanisms for temperatures at and below the Doppler-
cooling temperature. We solve the Schro¨dinger equation with a complex potential to represent spontaneous
decay, but also give analytic models for various limits. Vibrational structure due to molecular photoassociation
is present in the trap loss spectrum. Relatively broad structure due to absorption to the Mg2

1Su state occurs
for detunings larger than about ten atomic linewidths. A much sharper structure, especially evident at low
temperature, occurs even at smaller detunings due to Mg2

1Pg absorption, which is weakly allowed due to
relativistic retardation corrections to the forbidden dipole transition strength. We also perform model studies
for the other alkaline-earth-metal species Ca, Sr, and Ba, and for Yb, and we find similar qualitative behavior
as for Mg.
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I. INTRODUCTION

A. Background

Laser cooling and trapping of neutral atoms has rece
opened many new research areas in atomic physics. One
cool a gas of neutral atoms in magneto-optical traps~MOT!
down to temperatures of 1 mK and below, and obtain de
ties up to 1012 atoms/cm3. Evaporative cooling method
have allowed the cooling of alkali-metal species to mu
lower temperatures below 1mK so that Bose-Einstein con
densation~BEC! occurs. Binary atomic collisions play a
important role in the physics of cold trapped atomic gas
and have been widely investigated@1#. One of the first cold
collisional process to be studied is the heating and loss
trapped atoms that result from tuning laser light to near re
nance with the atomic cooling transition@2#. Here we take
near resonance, or small detuning, to mean detuningD up to
50 natural linewidths to the red of atomic resonance.

Studies of small-detuning trap loss, extensively review
by Weiner et al. @1#, have mainly concentrated on alkal
metal atoms@3#, for which it has been very difficult to de
velop quantitative theoretical models to compare with
periment. This is because alkali-metal atoms have exten
hyperfine structure, and thus the number of collision ch
nels is simply too large for accurate theoretical modeling
has even been difficult to estimate the relative weight of
different possible loss processes. Although one can dev
simplified models, these are difficult to test adequately w
complex alkali-metal systems. On the other hand, trap
photoassociation spectra in alkali-metal systems for large
tuning can be modeled quite accurately@4–6#. This is be-
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ly
an

i-

h

s,

of
o-

d

-
ve
-

It
e
op
h
s
e-

cause the underlying molecular physics of alkali-metal dim
molecules is well known, and the spectra are determined
isolated molecular vibrational-rotational levels, for which t
photoassociation line shapes can be well characterized
in the presence of a hyperfine structure. Quantitative an
ses of such spectra have permitted the determination of s
tering lengths for ground-state collisions@1#. These scatter-
ing lengths are critical parameters for BEC studies.

Alkaline-earth-metal cooling and trapping have recen
been of considerable experimental interest. Trap loss c
sions have been studied in a Sr MOT@7#, and intercombina-
tion line cooling of Sr has resulted in temperatures bel
1 mK and raised the prospects of BEC of Sr@8–11#. Ca and
Mg are of interest for possible applications as an opti
frequency standard@12–16#, and photoassociation spectro
copy in a Ca MOT has been reported@17#. Intercombination
line cooling has also been reported for Yb@18,19#, which we
have included in our discussion because of its similarity
structure to alkaline-earth-metal atoms.

Alkaline-earth-metal species provide an excellent test
ground for cold collision theories, especially given the ra
idly developing experimental interest in the subject. Sin
the main isotopes of alkaline-earth-metal atoms have no
perfine structure, the number of collision channels becom
low enough to allow theoretical calculations even in t
small-detuning trap loss regime. Consequently, this pa
presents theoretical predictions for small-detuning trap l
spectra in cold and trapped Mg gas in the presence of n
resonant weak laser light tuned near the1S0→1P1 atomic
transition, and discusses the nature of similar processes
Ca, Sr, Ba, and Yb. This work extends our previous paper
©2001 The American Physical Society25-1
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MACHHOLM, JULIENNE, AND SUOMINEN PHYSICAL REVIEW A64 033425
the Mg trap loss@20# to other species and lower temper
tures, and shows the relation between small-detuning
loss and photoassociation theory. It is necessary to inc
spontaneous emission in modeling trap loss collision dyn
ics because of the long time scale of cold collisions. In
dition, relativistic retardation effects play a prominent role
small detunings by allowing transitions to the dipole forb
den 1Pg state, which exhibits resolved vibrational structu
especially at very low temperature. Although we treat
long-range molecular interactions accurately, the poten
energy curves and coupling matrix elements for the dim
molecules in the short-range region of chemical bonding
not sufficiently well known to determine all aspects of tr
loss. Therefore, we examine the uncertainties associated
the unknown phases developed in the short-range regio
chemical bonding, and we show which features are rob
with respect to such uncertainties and which must be m
sured or later determined from improved theory.

B. Trap loss collisions

Light-induced trap loss takes place as a molecular p
cess. Two colliding cold atoms form a quasimolecule, a
their motion can be described in terms of the electro
~Born-Oppenheimer! potentials of the molecular dimer wit
light-induced transitions between the molecular states.
consider only red detuning, which excites attractive pot
tials at long range. Such potentials support a number
bound vibrational states.

Figure 1 schematically indicates the nature of the trap l
process in a weak radiation field. An excitation laser w
energyhn is tuned a few atomic linewidths below the atom
transition energyhn0. The groundug& and excitedue& quasi-
molecular electronic states are thus coupled resonantly
the laser at some long-range Condon radiusRC , where the
photon energy matches the difference between the exc
and ground potential-energy curves. The excited state de
to a loss channelup& due to interactions at short range. Th
fully quantum-mechanical description in Ref.@21# shows
that the overall probabilityPpg of a trap loss collision can be
factored as follows:

Ppg5PpeJeg . ~1!

FIG. 1. Schematic representation of trap loss collisions.
03342
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Here Jeg represents an excitation-transfer probability whi
is proportional to the scattering flux that reaches the sh
range region nearRp due to long-range excitation near th
Condon point followed by propagation on the excited state
the short-range region.Ppe represents the probability of
transition from the excited state to the loss channel at s
range during a single cycle of oscillation through the sho
range region.

Figure 1 indicates the qualitative behavior of the trans
function Jeg versus detuningD. At very small detuning of a
few atomic linewidthsJeg becomes very small if there is
high probability of spontaneous emission during transit fro
the outer to inner regions. At sufficiently large detuningJeg
exhibits resonance structure due to the bound vibrational
els in the excited-state potential, where the vibrational per
is much shorter than the decay time@22#. This is the domain
of photoassociation to individual vibrational levels. Secti
III C below will show simple analytic formulas forJeg that
apply in these two limiting cases of small detuning with fa
decay or isolated photoassociation lines. These formu
show howJeg can, in turn, be factored as

Jeg5JeePeg , ~2!

wherePeg represents the probability of excitation from th
ground to excited state in the outer zone near the Con
point, andJee represents an excited-state transfer funct
between the long-range outer excitation zone and the sh
range zone. The factorization in Eq.~2! is also schematically
indicated in Fig. 1.

Each of the factors in Eqs.~1! and~2! can be affected by
unknown phases associated with the short-range molec
physics of the dimer molecules.~1! Peg is sensitive to the
asymptotic phase of the ground-state wave function.~2! The
vibrational resonance structure inJeg is sensitive to the po-
sition and widths of vibrational features.~3! Ppe is sensitive
to Stückelberg oscillations in short-range curve crossi
probabilities. These effects are discussed in detail in S
II D and II E. The overall effect of such sensitivities wi
depend on the temperature and the alkaline-earth-metal
cies.

There are two possible inner zone loss processes cha
terized byPpe : the state-change~SC! and radiative-escape
~RE! mechanisms, both represented schematically by the
channelp in Fig. 1. In the SC process the excited sta
couples to another molecular state near a short-range c
ing point Rp , and population transfer between them is po
sible. The products of the collision emerge on a state t
correlates asymptotically with other atomic states of low
energy, such as3P11S, thereby releasing a large amount
kinetic energy to the separating atoms. In RE the excit
state can decay by spontaneous emission after the a
have been accelerated towards each other on the excited
potential. The ground-state atoms then separate with
gain in kinetic energy. If enough kinetic energy has be
gained to exceed the trap depth, this is a loss process~early
decay after insufficient acceleration only leads to radiat
heating!. HereRp represents the distance at which the ato
5-2
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CALCULATIONS OF COLLISIONS BETWEEN COLD . . . PHYSICAL REVIEW A64 033425
have received sufficient acceleration to be lost from the tr
Any emission withR,Rp leads to trap loss.

In this paper we use the fully quantum complex poten
method of Ref.@21# and we do not resort to semiclassic
methods~with one exception!, although semiclassical con
cepts are often useful for interpretation. Our quantum me
ods are fully capable of describing thes-wave limit and the
quantum threshold properties of the extremely low collis
energies near or below the critical temperature for BEC.
describe the spontaneous-emission processes with a com
potential, and solve the corresponding time-independ
multichannel Schro¨dinger equation in the molecular ele
tronic state basis. This takes any vibrational state struc
into account automatically without the need to calcul
wave functions or Franck-Condon factors, but limits o
study to weak laser fields only, where only a single photon
exchanged with the field. Typical cooling lasers are stro
and detuned only a few linewidths. By alternating with
weaker probe laser one can access the particular rang
detuning and intensity that we study. Future studies
needed to address the effects of strong laser fields and
consequent revision of our results due to saturation
power broadening@23,24#.

We also include rotational states in our model, which
the molecular ground state correspond to the partial wave
a standard scattering problem~angular momentum quantum
number l ). The symmetry of spinless alkaline-earth-me
dimers permits only even partial waves. It should be poin
out that for near-resonant light the Condon point is at re
tively large distances. This means that although the collis
energy is low, one needs to go to relatively largel before the
ground-state centrifugal barrier stops the quasimolecule f
reachingRC . We correct here some mistakes that we disc
ered in the sum over partial waves in Ref.@20#.

The probe laser can be tuned over a wide range fro
few to many atomic linewidths. For sufficiently large detu
ing the rotational structure becomes sharp, and it should
possible to resolve the vibrational and rotational states. H
ever, even at 27 GHz detuning, rotational features in
Ca2

1Sg→1Su photoassociation spectrum are only partia
resolved@17#. Photoassociation studies can yield precise
formation on the molecular potentials. Also, the photoas
ciation line shapes are sensitive to the near-threshold gro
state wave function, especially if it has nodes in the reg
swept by the detuning-dependent Condon point. The se
tivity to the s-wave scattering length is examined in Se
II D and IV B. Analysis of photoassociation spectra wou
hopefully lead to a value of the unknowns-wave scattering
length for Mg or other alkaline-earth-metal species, and c
sequently determine whether a stable Bose-Einstein con
sate is possible.

In this paper we present the calculated estimates for
loss rate coefficients in Mg at temperatures around and
low the Doppler temperature. The contributions from diffe
ent mechanisms and states are identified and compared
also calculate predictions for other alkaline-earth-metal
oms and Yb by combining the appropriate atomic proper
with model molecular potentials. Section II presents in de
the atomic data, molecular potentials, and laser coupli
03342
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used for Mg and other alkaline-earth-metal atoms. Section
describes our theoretical approach. The results for Mg
given in Sec. IV and for the other atoms~Sr, Ca, Ba, Yb! in
Sec. V. Finally, we present some conclusions in Sec. VI.

II. THE MOLECULAR PHYSICS OF ALKALINE-
EARTH-METAL DIMER MOLECULES

A. Alkaline-earth atomic structure

Table I gives the basic atomic data for the alkaline-ear
metal atoms and Yb, which has an electronic structure si
lar to the group-II elements. The major isotopes have
hyperfine structure, except for Be. Alkaline-earth-metal
oms have a1S0 ground state, and excited1P1 and 3P1 states
that are optically connected to the ground state, the la
weakly. Figure 2 sketches the energy levels of the grou
atoms. The1,3P first excited states are the most important f
laser cooling. The1,3D states shift downwards as the atom
number increases. For Mg the1,3D states are above the1,3P
states. For Ca and Sr they are between the3P and the 1P
states, and for Ba the1,3D states are below the1,3P states. In
laser cooling one uses typically the1S0-1P1 transition,
which is the situation studied in this paper. For Mg this r
quires a UV laser source, and for the heavier element
requires repumping to recycle atoms that decay to lower
els. The weak1S0-3P1 intercombination transition has a ver
narrow linewidth, and is within the optical range. Thu
alkaline-earth-metal atoms are good candidates for opt
atomic clocks when cooled to low temperatures. For clo
applications we need to understand their laser cooling pr
erties, including the magnitude and nature of laser-indu
collisional trap loss.

Beryllium is not likely to be a serious candidate for las
cooling. It is toxic, has a very short-wavelength cooling tra
sition, and the intercombination ‘‘clock’’ transition is s
weak as to be effectively forbidden. Therefore, we will n
consider Be in the rest of this paper.

Because of the lack of hyperfine structure, the basic la
cooling mechanism for alkaline-earth-metal atoms is Do
pler cooling, for which the temperature limitTD , defined in
the caption of Table I, is set by the linewidthGat of the
cooling transition~widths in this paper are expressed in e
ergy units, so that the decay rate isGat/\). The lifetime of
the alkaline-earth-metal1P1 state is between 1.8 and 8.4 n
giving a Doppler-cooling limit between 2.1 and 0.45 mK f
the elements in Table I. On the other hand, the3P1 state has
a long lifetime with Doppler-cooling limits in the nano
Kelvin range. This can be compared to the photon rec
limit TR , defined in the caption of Table I; Table I shows th
TR is between 0.2 and 4mK. Thus the recoil limit is above
the intercombination line Doppler-cooling limit for Mg an
Ca, nearly coincident with it for Sr, and below it for Ba an
Yb.

Although Sisyphus cooling and magnetic trapping is n
available for1S0 atoms as it is for alkali-metal atoms, inte
combination line cooling is possible for some group-II sp
cies. This has been used to cool Sr to;400 nK with rela-
tively high phase space density.0.1 @8,9#. If combined with
far off-resonant optical traps and evaporative cooling it m
5-3
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TABLE I. Atomic data for major isotopes of group-II elements and Yb without hyperfine structure~natural abundance shown!. Most data
are derived from@25#. The lifetimet for 1P1 is taken to be the inverse of the1P1-1S0 spontaneous-emission rateGat /\, thus neglecting
weak transitions to other states for Ba and Yb. The3P lifetimes are from several sources@26#. The linewidth in frequency units isGat /h
5(2pt)21. The wavelengthsl and fine-structure splittings for Sr and Ba are taken from@27#. The Doppler temperature is defined asTD

5Gat /(2kB). We take the recoil temperature to beTR5(\2)/(m|2kB), where|5l/2p andm is the atomic mass. The dipole moment
d05A3Gat|

3/4 ~in a.u.!. The atomic units for dipole moment, length, and energy areea058.4783310230 Cm, a050.0529177 nm, and
e2/(4pe0a0)54.3597482310218 J, respectively.

Be Mg Ca Sr Ba Yb

Major isotopes without
hyperfine structure 9Be ~100%! 24Mg ~78.99%! 40Ca ~96.94%! 88Sr ~82.58%! 138Ba ~71.70%! 174Yb ~31.8%!

~abundance! 26Mg ~11.01%! 86Sr ~9.86%! 172Yb ~21.9%!

t
1P1 ~ns! 1.80 2.02 4.59 4.98 8.40 5.68
3P1 ~ms! 5.1 0.48 0.021 0.0014 0.00088

Gat /h
1P1 ~MHz! 88.5 78.8 34.7 32.0 18.9 28.0
3P1 ~kHz! 0.031 0.33 7.5 120 181

Doppler-cooling limit
1P1 ~mK! 2.1 1.9 0.83 0.77 0.45 0.67
3P1 ~nK! 0.75 8.0 179 2.83103 4.43103

Recoil limit
1P1 (mK) 39 9.8 2.7 1.0 0.45 0.69
3P1 (mK) 3.8 1.1 0.46 0.22 0.36

d0 ~a.u.!
1S021P1 1.89 2.38 2.85 3.11 3.16 2.35

l ~nm!
1S021P1 234.861 285.21261 422.6728 460.733 553.548 398.799

|5l/(2p) ~a0)
1S021P1 706.4 857.8 1271.2 1385.7 1664.9 1199.4

FS splitting
3P223P0 ~a.u.! 1.3631025 2.7731024 7.2031024 2.6531023 5.6931023 1.1031022
wi

g
g
y

E
t
o

o
a
s
di
ou
become possible to obtain Bose-Einstein condensation
optical methods alone.

B. Alkaline-earth-metal dimer molecular structure

Figure 3 shows the lowest electronic potentials for M2
@28#. There are only two states with attractive long-ran
potentials correlating with1P111S0 that can be resonantl
coupled to the ground state by laser light, namely1Su

1 and
1Pg . Both states offer the possibility for the SC and R
mechanisms. When comparing Figs. 2 and 3 one can see
Mg is special. For other alkaline-earth-metal atoms the m
lecular state picture is further complicated by the atomicD
states below the1P1 state. This increases the number
molecular states and thus the number of energetically av
able exit channels. The small number of molecular state
one reason we have chosen Mg as the basis for our stu
Theoretical calculations require precise information ab
the molecular potentials and couplings over a wide range
03342
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of FIG. 2. Energy levels of group-II atoms and Yb.
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CALCULATIONS OF COLLISIONS BETWEEN COLD . . . PHYSICAL REVIEW A64 033425
interatomic distance.Ab initio calculations of ground and
excited molecular potentials are also available for Sr@29#
and Ba@30#.

While working on the manuscript we received newab
initio data on Mg2 from E. Czuchaj, including both improve
potential curves and spin-orbit couplings@31#. Although the
new data differ to some extent from the results of Stev
and Krauss@28# because of improved calculations of electr
correlation effects, we do not expect that use of the new d
would lead to any strong modification of our basic resu
which should be viewed as qualitative model calculations
the reasons to be discussed in the following sections.

The linewidth of the excited1Su state depends on th
interatomic distanceR with a magnitude on the order o
twice the atomic linewidth. Thus the vibrational levels of t
1Su state near the1S11P dissociation limit overlap
strongly, and one does not expect to resolve them. One
teresting point is that the dipole-forbidden1Pg-1Sg transi-
tion becomes allowed at largeR due to retardation correc
tions. This means that the1Pg state can be excited atRC ,
but the spontaneous-emission probability goes down quic
asR decreases. Consequently,1Pg vibrational states near th
dissociation limit have narrow emission linewidths. Thus t
assumption that the vibrational states overlap strongly
cannot be resolved at detunings of a few linewidths is
necessarily valid. One must determine if resolvable featu
persist when one sums over all rotational states and pa
waves, and takes the energy average over a thermal dist
tion. We show that one can indeed see vibrational struct
especially if the temperature is well below the1S0-1P1 Dop-
pler limit. As mentioned above, this is by no means imp
sible, if one does the cooling using the1S0-3P1 transition.

FIG. 3. The molecular states of Mg2 in atomic units correspond
ing to the asymptotic atomic states1S011P1 and 1S013P0,1,2 @28#;
the zero of energy is at the ground state1S011S0 asymptote. There
are four states correlating with each asymptote, of which two
attractive and two are repulsive at largeR, where the system is
expected to be resonant with the laser field.
03342
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C. Long-range properties of states correlating with1P1¿
1S0

atoms

There are four molecular states correlating with1P1

11S0 atoms: two long-range attractive states,1Su
1 and

1Pg , and two long-range repulsive states,1Sg
1 and 1Pu .

Here long-range means thatR is large compared to the shor
range region of chemical bonding and van der Waals in
actions shown in Fig. 3 so that the potential is determined
the first-order dipole-dipole interaction withC3572d0

2 and
7d0

2 for the 1S and 1P states, respectively. Hered0 is thez
component of the atomic transition dipole matrix eleme
which is related to the atomic linewidthGat and the reduced
wavelength of the 1S0-1P1 transition (|5l/2p) by d0

2

53|3Gat/4. The exact long-range~lr! potentials including
relativistic retardation corrections are@32#

Vlr~u;1Su
1!52

3Gat

2u3
@cos~u!1u sin~u!#, ~3!

Vlr~u;1Pg!52
3Gat

4u3
@cos~u!1u sin~u!2u2cos~u!#,

where u5R/| is the scaled distance. The molecular lin
widths with relativistic retardation corrections are@32#

G~u;1Su
1!5GatH 12

3

u3
@u cos~u!2sin~u!#J , ~4!

G~u;1Pg!5GatH 12
3

2u3
@u cos~u!2~12u2!sin~u!#J .

In the region withR,| the potentials vary as 1/u3, and
G(1Su

1) andG(1Pg), respectively, vary as 2Gat andGatu
2/5.

The very long-range excited-state potentials result in la
Condon points for excitation of the attractive states. If t
laser detuning relative to the atomic transition is expresse
units ofGat and the distance in units of|, the scaled Condon
point (uC) for the ground-excited state transition becom
independent of atomic species. Table II showsuC for several
detuningsD, where we define red detuning to be positiv
For Mg at D5Gat we have RC(1Su

1)51132a0 and
RC(1Pg)5728a0.

The attractive potentials support a series of vibratio
levels leading up to the dissociation limit. Assuming a pote
tial with a long-range form2C3 /R3 gives the binding en-
ergy of vibrational levelv @33#:

TABLE II. Condon points in scaled distance for selected detu
ings.

DetuningD uC(1Su
1) uC(1Pg)

Gat 1.32 0.849
5Gat 0.716 0.511
10Gat 0.555 0.411
30Gat 0.376 0.288

e

5-5
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«v
1/35S p

2a3
D 2 \2

2mC3
2/3~v2vD!2, ~5!

wherea35(Ap/2)G(5/6)/G(4/3)51.120 251,vD is the vi-
brational quantum number at the dissociation limit (vD is
generally nonintegral!, and m is the reduced mass. The v
brational spacing function, which we need later, is

]«v

]v
5hnv5

3p

a3
S \2

2mC3
2/3D 1/2

«v
5/6, ~6!

wherehnv is the vibrational frequency.

D. Ground state

The ground-state van der Waals potential varies at l
range asR26 and is essentially flat for the range of Cond
points we consider. The energy-normalized ground-s
scattering wave function for collisional momentum\k` and
partial wavel has the long-range form

C~R,l ,k`!5S 2m

p\2k`
D

1
2

sinFk`R2
p

2
l 1h l~k`!G . ~7!

We define the collisional energy as«5\2k`
2 /(2m). The

short-range potentials are not sufficiently well-known f
alkaline-earth-metal dimers to determine accurately the s
tering phase shiftsh l(k`). Therefore, our calculations wil
have to be model calculations. However, we test the se
tivity of our trap loss spectra to the unknown phases, a
show that this is not a serious limitation. There are two r
sons for this. One is that the ground-state potential is fla
the long-range region, and the amplitude ofC(R,l ,k`) has
its asymptotic value in Eq.~7! independent ofR as long as
R.x05 1

2 (2mC6 /\2)1/4 @34,35#; the use ofx0 ~or a closely
related length! as an appropriate length scale for van d
Waals potentials is described in the Appendix of Ref.@6#.
The conditionRC@x0 is easily satisfied in our case. Secon
at the Doppler limitTD for 1S0→1P1 cooling, a number of
partial wavesl contribute to trap loss in our detuning rang
(1 –50 Gat). We demonstrate in Sec. IV A that a sum ovel
eliminates the dependence on the short-range potential.

Our trap loss spectra fors-wave scattering at the low tem
peratures available via intercombination line cooling will
sensitive to the actual scattering lengthA0 of the ground
1Sg

1 potential. However, we demonstrate a simple scal
relationship that will allow our lowT s-wave results to be
scaled to any value of the scattering length. We may exp
that the1Sg

1 scattering length can be determined from one
two-color photoassociation spectra, as has been done
alkali-metal species@1#. However, such an analysis will re
quire an accurateC6 coefficient and for optimum result
needs a reasonably accurate short-range potential as we

E. Excited-state short-range potentials

Trap loss spectra depend strongly on the excited-s
short-range potential structure in three ways.
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~1! The curve crossings leading to SC trap loss occu
short range, and determinePpe . In a Landau-Zener interpre
tation,

Ppe~J8!54e22pL~12e22pL!sin2~bJ8!, ~8!

where L5uVpe(Rp)u2/(\vpDp) and J8 designates excited
state total angular momentum~see Sec. II F!. HereVpe(Rp),
vp , Dp are the respective coupling matrix element, spe
and slope difference at theRp crossing, andbJ8 is a semi-
classical phase angle@36#:

bJ85E
R0e

Rp
ke~R,J8!dR2E

R0p

Rp
kp~R,J8!dR1

p

4
, ~9!

whereR0i and \ki(R,J8) are the respective inner classic
turning point at zero energy and local momentum for st
i 5e or p. The attractive singlet potentials may have one
more crossings with repulsive potentials from lower-lyin
states, e.g., those correlating to3P11S. Thus the number,
positions of crossings, and the coupling between states
crossing potentials are important for the magnitude ofPpe .
Although we can make reasonable estimates forL, the phase
anglebJ8 is sensitive to details of the potentials and can o
be calculated accurately if very accurate potentials are av
able @37#.

~2! The vibrational structure in the trap loss spectra d
pends on both short- and long-range potentials. The spa
between the vibrational levels given by Eq.~6! depends only
on the long-range potentials, but the exact positions of
levels in Eq.~5! are determined by the short-range potenti
in the region of chemical bonding~through thevD param-
eter!. Thus, the magnitude of the vibrational spacings in o
model calculations will be correct, whereas the actual po
tions can only be determined by measurement.

~3! The short-range SC process also contributes to
width of vibrational features in the trap loss spectra@38#.
Depending on species, temperature, and detuning, the wi
may be primarily determined by natural or thermal broad
ing or by the predissociation decay rate related toPpe . How-
ever, we are able to place approximate bounds on the m
nitude of Ppe . Sections III C, IV, and V discuss the
contributions to feature widths and show that natural a
thermal broadening tends to be dominant at small detun
whereas SC broadening may become dominant at large
tuning.

The available data on short-range potentials varies am
the group-II elements.Ab initio potentials are available fo
Mg @28,31#. The structure of the molecular potentials
fairly simple because only states correlating to1P11S ~four
states! and 3P11S atoms~four states! are present~see Fig.
3! and the potentials provide qualitative data for possible
mechanisms. On the other hand, Ca, Sr, and Ba have a
complex short-range structure, because of large fine-struc
splittings in the triplet states, and the states correlating
1D11S and 3D11S coming into play. For example, Boutas
settaet al. @29# and Alloucheet al. @30# calculated the short-
range potentials for Sr and Ba, respectively, but the la
5-6
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number of states~e.g., 38 states for Ba! makes it excessively
complicated to treat the short-range SC mechanism e
qualitatively.

The coupling between the singlet and triplet states
short-range is due to spin-orbit couplings. The exact mag
tude of the couplings is unknown for all group-II elemen
but can be estimated using Table A1 of Ref.@39#, which
relates the coupling matrix elements to the3P223P0 fine-
structure splitting. This approximation ignores anyR depen-
dence of the spin-orbit matrix elements due to chem
bonding. The fine-structure splitting of the3P state increases
with atomic number~see Table I!.

We have opted for Mg as a model system, because sh
range potentials are available. Each singlet state with att
tive potential couples to only one triplet state in the inn
zone. Thus the SC trap loss problem for Mg decouples
two three-state calculations, one for the1Su

1 and one for the
1Pg excited state. For Mg we provide qualitatively corre
SC trap loss spectra and even give some quantitative
mates.

In the case of the other group-II elements and Yb, we tr
their complicated inner zone physics as one effective cro
ing, that is, we use three-state calculations based on the
model, and explore the effects of mass, radiative proper
and coupling strength~size of spin-orbit splitting! in these
model calculations. Thus we do not use theab initio poten-
tials of Refs.@29,30# discussed in the paragraph above, b
cause even if we were to include all the curves, there wo
still be uncertainties associated with unknown phases
unknown coupling matrix elements. Rather, our goal is
indicate qualitative differences in magnitude and spec
shapes among the various species. We trust that these w
helpful in providing guidance for future experimental a
theoretical studies of these systems. As we discuss in
III B, our calculation of the excitation-transfer coefficientk
will be to a large extent independent of details of the co
plicated short-range molecular physics and curve crossin

F. Molecular rotational structure and coupling
to the laser field

The full three-dimensional treatment of the collision of
1S atom coupled to a1P atom by a light field is worked ou
in Ref. @40#. We adapt this treatment to our simplified mod
with molecular Hund’s case~a! transitions between two mo
lecular states with the usual rotational branch structure.
angular momentumJ9 in the ground state can only be that
molecular axis rotation,J95 l 9 with projection m9 on a
space-fixed axis. The excited rotational levels in a Hun
case~a! molecular basis for a1Su

1 or 1Pg state do not have
mechanical rotationl 8 as a good quantum number but i
stead the total angular momentumJ8 with space projection
M 8. The three possible transition branches haveJ85 l 91B,
where the branch labelsP, Q, andR, respectively, designat
the casesB521, 0, and 1. The quasimolecule ground sta
can couple to the1Su

1 state only byP andR branches, but to
the 1Pg state byP, Q, andR branches. All potentials have
centrifugal term added,n(n11)/(2mR2), depending on
ground staten5 l 9 or excited statesn5J85 l 91B.
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The radiative coupling terms are

VA,B,l 9,m9,q~u!5S 2pI

c D 1/2

^A,J8M 8uêq•dW u l 9m9&, ~10!

where A51Su
1 or 1Pg labels the excited state,I is light

intensity,dW is the laboratory frame dipole operator,êq is the
polarization vector of light with polarizationq50,61, and
M 8, m9 are laboratory frame angular momentum projecti
quantum numbers. In our weak-field case, where transi
probabilities are linear inuVA,B,l 9,m9(u),qu2, we can define an
m9-averaged radiative coupling matrix element~the sum
over m9 eliminates the dependence onq):

Veg,A~u,l 9,B,I !5S 1

2l 911
(

m952 l 9

l 9 UVA,B,l 9,m9,q~u!U2D 1/2

5S 2pI

c D 1/2

aA,B,l 9dA~u!

52.66931029aA,B,l 9AI ~W/cm2!dA~u!.

~11!

in atomic units. The molecular electronic transition dipo
momentdA is

dA~u!~a.u.!5A3| ~a.u.!3

4
GA~u!~a.u.!, ~12!

whereGA(u) is the molecular linewidth of the excited sta
as in Eq.~4!. The factorsA2l 911aA,B,l 9 are given in Table
III.

G. Model potentials for Mg

Our results are not sensitive to the detailed form of
ground-state potential, for the reasons given in Sec. II
Thus, we model the ground-state potential by a Lenna
Jones 6-12 form

Vg~u!54eF S s

|uD 12

2S s

|uD 6G . ~13!

For Mg we model the ground-state potential from@28# with a
well depth ofe50.002 825 a.u. and an inner turning poi
of s56.23a0. This potential has a scattering length o
295a0 for the 24Mg reduced mass of 23.985042/2 atom

TABLE III. The rotational line strength factors
A2l 911 aA,B,l 9 .

StateA BranchB l950 (s wave! l 9Þ0

S P 0 Al 9/3
S R A2/3 A( l 911)/3
P P 0 A( l 921)/3
P Q 0 A(2l 911)/3
P R 2/A3 A( l 912)/3
5-7
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mass units. The scattering lengthA0 is determined from the
k→0 behavior of thes-wave phase shift:h052k`A0.

Since the excitedab initio potentials of Ref.@28# do not
permit a quantitative calculation of spectroscopic accura
for the reasons given in Sec. II E, the specific forms of
short-range~sr! excited-state potentials are not important f
our purposes of modeling the qualitative structure and m
nitude of the collisional loss. However, it is important
retain the correct long-range form. Therefore, for simplic
in the calculations and because we want to model the o
alkaline-earth systems to explore the effect of differentC3 ,
Gat, |, and mass, we have modeled theab initio potentials
with Lennard-Jones 3-6 potentials keeping the long-ra
form fixed to its knownC3 value given in Eq.~3!,

Vsr~u!54eF S s

|uD 6

2S s

|uD 3G . ~14!

We have two fitting parameterse ands, and three given
values: well depth of theab initio potential~the depth of the
model potential ise), the position of minimumumin and
C3(1Su

1)522d0
2 or C3(1Pg)52d0

2 . Because we want to
fix the long-range potentialC3 we cannot fitumin and the
well depth at the same time and have chosen the latter:

Ve~u;1Su
1!54e~S!S s~S!

|u D 6

2
2d0

2

|3u3
@cos~u!1u sin~u!#,

~15!

Ve~u;1Pg!54e~P!S s~P!

|u D 6

2
d0

2

|3u3
@cos~u!1u sin~u!

2u2cos~u!#, ~16!

where

e~S!50.0347 a.u., s~S!54.339a0 ,

e~P!50.0681 a.u., s~P!52.751a0 .

The well minima are|umin55.5a0 and 3.5a0 for 1Su
1 and

1Pg , respectively, compared to theab initio values|umin
56.1a0 and 5.4a0.

Both excited states have a SC mechanism in the sh
range region with coupling to a triplet state. The triplet sta
are purely repulsive, and modeled with

Vp,A~u!5
C6

|6u6
1V` , ~17!

where A53Su or 3Pg labels the molecular state, andV`

520.0601 a.u.
The SC from 1Su

1 to 3Pu takes place around the inne
turning point of the 1Su

1 potential well. We have chose
C65392 a.u. for the model of the3Pu state.

The SC from1Pg to 3Sg takes place about 1.5a0 outside
and 0.019 a.u. above the minimum of the1Pg state potential
well. With C6581 a.u. we have a model of the crossi
03342
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where the corresponding values are 1.0a0 and 0.019 a.u. The
difference in slope of the crossing potentials is 0.030 a.u.
the ab initio potentials and 0.037 a.u. for the model.

The coupling between the crossing states are appr
mated using Table A1 of Ref.@39#. The 1Su

1-3Pu and
1Pg-3Sg

1 matrix elements arez/A2 and z/2, respectively,
where z51.8431024 a.u. is 2/3 of the atomic3P2-3P0
splitting. For example, we estimate an upper bound (sin2bJ8
51) to the Landau-Zener version ofPpe in Eq. ~8! for the
1Pg-3Sg crossing to be 2.631023 for the model potentials
and 2.831023 estimated from theab initio potentials. This
upper bound is consistent with the calculatedPpe as a func-
tion of J8 from our complex potential calculation describe
below.

Since we will use a semiclassical method to determine
Ppe factor for the RE process via the1Su

1 state~see Sec.
III D below!, we do not need an explicit probe channel f
RE. However, we introduce a probe channel to simulate
in order to show that the sameJeg factor in Eq.~1! applies
for both SC and RE processes, irrespective of the choic
the short-rangeRp . Since we may take any form we like fo
a RE probe state, we use a probe state potential wh
crosses the excited state at a distanceup , where the kinetic
energy gained by the collision pair is 1 K, corresponding t
trap depth of 0.5 K. The RE probe potential has a repuls
inner wall

VRE,probe~u!5
C12

~|u!12
2Vkin,RE,̀ , ~18!

whereVkin,RE,̀ 53.1731026 a.u. andC12553106 a.u. No
rotational term is included in this probe channel. The sa
probe state potential is used for all collision energies, wh
are small~mK range and below! compared to the 1 K kinetic
energy atup . The coupling between the excited state and
probe state is chosen to be weak: 1029 a.u.

H. Model potentials for Ca, Sr, Ba, and Yb

Since the different ground-state values ofC6 and inner
potential shape make no difference for these model stud
for the reasons given in Sec. II G, we take the same grou
state Lennard-Jones 6-12 potential, Eq.~13!, as in the Mg
case to model the other alkaline-earth-metal ground sta
and only change the reduced mass. This procedure yi
respective model scattering lengths of 67a0 , 265a0 ,
241a0, and 97a0 for 40Ca, 88Sr, 138Ba, and 174Yb. Thus,
uA0u!RC in all model cases.

The long range of the excited-state potentials for Ca,
Ba, and Yb is still exact, using the data from Table I with t
form in Eq. ~3!. Due to the lack of accurate excited-sta
short-range molecular potentials and because of their m
complicated structure, we model the trap loss for Ca, Sr,
and Yb by scaling the potentials from the Mg model Eq
~15! and~16!. The well depthe of the 1Su

1 and 1Pg poten-
tials are scaled by the size of the singlet-triplet states sp
ting compared to that splitting in Mg, e.g.,
5-8
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eCa5eMg

E~1P,Ca!2E~3P,Ca!

E~1P,Mg!2E~3P,Mg!
. ~19!

The short-range structure is treated as one effective cr
ing. The probe states are qualitatively like those in the
model. The position~in energy! of the crossing between th
1Pg and probe state potentials is scaled as above. The1Su

1

and probe state potentials come very close at the inner
of the 1Su

1 potential around the classical turning poi
Ve(u)5«.

The spin-orbit coupling constantz scales with the spin-
orbit splitting of the3P atomic states. We use the same de
nition of the matrix elements as for Mg. The Landau-Zen
adiabaticity parameter 2pL in Eq. ~8! for Ba and Yb is
larger than unity, leading to a modified shape of the sh
range adiabatic potentials and very smallPpe,SC. Thus for
Ba the1Su

1-probe state coupling and for Yb the1Pg and the
1Su

1-probe state couplings have been reduced by abo
factor 5 to obtain values ofPpe,SC close to unity, in order to
test the limit of very strong broadening of the vibration
structure. We believe this limit is physically more realist
The variety of crossings in these systems might lead t
strong SC process.
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III. COMPLEX POTENTIAL CLOSE-COUPLED
CALCULATIONS

A. Description of method

The weak-field approximation assumed in this study
lows us to apply a complex potential method@21,41#, since
reexcitation of any decayed quasimolecular population
be ignored. Furthermore, the weak field only couples e
ground-state partial wave to at most 3 rotational states of
1Su or 1Pg state through theP, Q, or R branches. However
in the weak field the excited-state rotational states do
couple further to other ground-state partial waves. Theref
we can ignore any partial wave ladder climbing. Thus,
each trap loss mechanism we have three dressed stat
ground stateg, an excited statee, and a probe statep. We
solve the three-channel, time-independent radial Schro¨dinger
equation for ground-state collision energy«, partial wavel
5 l 9, for each transition branchB and for a given intensityI

d2

dR2
f~«,R!1

2m

\2
@«12V~R,l ,B,D,I !#f~«,R!50,

~20!

andV is the 333 potential matrix
V~u,l ,B,D,I !5S D1Ve~u,l ,B!2 i
G~u!

2
Veg~u,l ,B,I ! Vpe~u!

Veg~u,l ,B,I ! Vg~u,l ! 0

Vpe~u! 0 Vp~u,l ,B!
D . ~21!
,

nd
e in

l if
rifu-

no
iers

nt

that
The elements ofV are described in Sec. II. A complex ter
2 iG(u)/2 is added to the excited-state potential to simul
the effect of excited-state decay. The full retarded form of
molecular linewidth, Eq.~4!, is used.

Application of standard asymptotic scattering bound
conditions to the three-component state vectorf gives the
S-matrix elementsSi j («,l ,B,D,I ). If «.D, all three chan-
nels are open:i , j 5g, p, or e. When«,D, as is normally the
case in our model, channele is closed, andSi j is only defined
for i , j 5 g or p. We choose the light intensityI low enough
that the results are in the weak-field limit where thePpg
5uSpgu2 matrix element scales linearly inI. Our results are
normalized to a standard intensity ofI 51 mW/cm2.

We find that we can make a change in the asympt
shape of the artificial probe potential to make the mo
much more manageable computationally. The deep pote
well of the excited state and the large kinetic energy in
probe channel require a small stepsize inu (|Du
'0.005a0). However, with the large range ofu@|umax
'(1500–3000)a0# a small Du increases the computatio
time and may compromise the numerical stability. Therefo
we modify the probe state potential to bringVp(u) to a small
negative value at intermediate and asymptoticu. This results
e
e

y

ic
l

ial
e

,

in a small asymptotic momentum\k in the probe channel
and allows us to gradually increase the stepsize to|Du
'0.5a0 asu increases. The coupling between the excited a
probe states is turned off exponentially before the chang
Vp(u). The probabilitiesuSpgu2 andPpe are completely inde-
pendent of the asymptotic properties of the probe potentia
there are no asymptotic barriers. Since we have no cent
gal potential in the asymptotic probe channel, there are
asymptotic centrifugal barriers. The presence of such barr
in our previously published model@20# resulted in some er-
rors at largerl 9 which we have now corrected in the prese
model.

The thermally averaged loss rate coefficient via statee is

K~D,T!5
kBT

hQT
E

0

` d«

kBT
e2«/kBT

3 (
l even9 ,B

~2l 911!uSpg~«,l 9,B,D,I !u2, ~22!

where QT5(2pmkBT/h2)3/2 is the translational partition
function. Identical particle exchange symmetry ensures
5-9
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only even partial waves exist for the ground state. We a
define a nonaveraged rate coefficient for a fixed collis
energy«, where we defineT«[«/kB . Only the sum over
partial waves and branches is performed:

K~D,«!5
kBT«

hQT«

(
l even9 ,B

~2l 911!uSpg~«,l 9,B,D,I !u2.

~23!

There are two possible cutoffsl max9 to the partial wave
sum provided by the ground- and excited-state centrifu
potentials, respectively. For the ground state we can takel max9
to be the largest integer for which\2l max9 ( l max9 11)/2mRC

2

,« at the Condon pointRC . Thus, the Condon point is
classically accessible forl 9< l max9 and classically forbidden
for l 9. l max9 . For the excited state, the centrifugal potent
may create a barrier inside the Condon point for theg→e
excitation. The position and the height of the barrier depe
on J8. For collision energies around«5kBTD this barrier
may prevent allowed ground-state partial waves from c
tributing to the loss, because the excited-state popula
never reaches the inner zone where RE decay and SC
place. In this case,l max9 may decrease from the value defin
by the above inequality. We find that the ground-state cu
applies except for the case of high energy and small de
ing. In either caseuSpgu2 decreases many orders of magn
tude asl 9 varies froml max9 over the next fewl 9 values. The
upper limit for the sum in Eqs.~22! and ~23! is set to the
l 9-value where (2l 911)uSpg(«,l 9,B,D,I )u2 is 1026 of the
maximum previous (2l 911)uSpg(«,l 9,B,D,I )u2 value.

B. Factorization of trap loss probability

The factorization in Eq.~1! allows us to separate th
physics of the long-range excitation and the short-range
cay to the trap loss channel. Reference@21# shows how to
determine the short-range probabilityPpe from a different
coupled channels calculation where the complex decay t
2 iG/2 in Eq. ~21! is omitted. SincePpe is determined in a
region nearRp where the local kinetic energy is very high
relation to«, this probability is nearly independent of« over
a wide range. Therefore, we calculate@21#

Ppe~J8!5uSpe~«.D,l 9,B50,D,I 50!u2. ~24!

Here « is taken above the threshold energyD where thee
channel becomes open andSpe is defined.

Our numerical calculations show, as expected, thatPpe is
independent of« over a wide range, typically of«/kB from
0.3 to 300 mK at lowJ8 and 3 to 300 mK at highJ8, and
also independent ofD in our small range of detuning. Th
Landau-Zener interpretation ofPpe in Eq. ~8! leads us to
expect thatPpe will vary with J8. This variation should be
stronger for the outer1Pg-3Sg crossing than for the inne
1Su-3Pu crossing. For the latter crossing, our calculatio
do givePpe values which vary slowly withJ8. We calculate
Ppe(J851) to be 0.024, 0.44, 0.31, 0.34, and 0.64 for M
Ca, Sr, Ba, and Yb, respectively. These probabilities are
large~order unity! except for the case of Mg. This qualitativ
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conclusion is likely to be robust, even though our mod
calculations are only quite approximate.

In contrast to our results for the1Su-3Pu crossing, Fig. 4
shows that the calculatedPpe(J8) values for the outer
1Pg-3Sg crossing indeed depend much more strongly onJ8.
A test of the Landau-Zener formula for Mg shows that t
result of Eq.~8! is indistinguishable from the calculated lin
on the figure. The qualitative feature of a dip inPpe as it
goes near zero for someJ8 is associated with the phase fa
tor in the LZ formula, Eq.~9!. Since the specificJ8 range
where this dip occurs is sensitive to the potentials used@37#,
our model calculations can only be a qualitative guide ev
for Mg. The relative values for the other species are also o
qualitative guides, since other curve crossings are also
volved. In any case, Sr is likely to have a large~order unity!,
perhaps the largest,Ppe for the 1Pg SC process.

We can usePpg andPpe from the close-coupling calcula
tions to divide out the inner zone probability so as to defi
a numerical excitation-transfer function from the long-ran
region @21#

Jeg~«,l 9,B,D,I !5
Ppg~«,l 9,B,D,I !

Ppe~J8!
, ~25!

whereJ85 l 91B. Jeg may be interpreted as the probabili
of reaching the short-range region due to optical excitation
long range and propagation to short range, including ret
after multiple vibrations across the short-range well. T
interpretation follows from the fact that one gets the to
trap loss probability Ppg(«,l 9,B,D,I ) by multiplying
Jeg(«,l 9,B,D,I ) by the probabilityPpe(J8) in Eq. ~24! of a
trap loss event in a single complete cycle across the we

Using Eq.~25! we can define an excitation-transfer ra
coefficientk(D,«)

k~D,«!5
kBT«

hQT«

(
l even9 ,B

~2l 911!Jge~«,l 9,B,D,I !. ~26!

This rate coefficientk(D,«) is related to the ordinary rate
coefficientK(D,«) in Eq. ~23! through a mean inner zon
probability ^Ppe(«)&, which we candefineby the relation

FIG. 4. Calculated probabilitiesPpe(J8) versusJ8 for the 1Pg-
3Sg SC crossing.
5-10
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K~D,«!5^Ppe~«!&k~D,«!. ~27!

Clearly, we can also define a thermal averagek(D,T) analo-
gous to that in Eq.~22!, and define a thermal averag
^Ppe(T)&5K(D,T)/k(D,T).

The usefulness of the factorization in Eq.~1! is that it
allows us to define an excitation-transfer rate coefficienk
from which the inner zone SC probability has been remo
@however, see the discussion in Sec. III C 3 about how
large Ppe(J8) may affect the width of resonance feature#.
We can predict much more confidently the properties of
long-range excitation and vibration than we can the sh
range SC probabilities. Thus, once we have a better kno
edge of these short-range probabilities, either through m
surements or through better theoretical knowledge
potential curves and couplings, we can multiply ourk coef-
ficients by^Ppe(T)& to get the SC rate coefficients.

C. Limiting cases of the excitation-transfer probability

The attractive molecular potentials support molecular
brational levels with vibrational quantum numbersv, as de-
scribed in Sec. II C. We can find simple analytic expressi
for the excitation-transfer functionJeg5JeePeg factored ac-
cording to Eq.~2! for two limiting cases:~1! strongly over-
lapping resonances where the probability is large for spo
neous decay during a single vibrational cycle, i.e., the le
width is larger than the level spacing, and~2! nonoverlap-
ping, or isolated, resonances, where many vibrations oc
during a vibrational decay lifetime, i.e., the level width
much smaller than the level spacing. For group-II spec
1Su transitions at small detuning tend to be of the form
type, but never become fully isolated in the detuning ran
we consider. On the other hand,1Pg transitions tend to be o
the latter type unless the detuning is very small or the
probability is very large.

1. Small detuning and fast spontaneous decay

The quantum-mechanical theory of the first limiting ca
for trap loss for small detuning and fast radiative decay
been worked out in detail in Refs.@21,41,42,24#, where

Jeg~«,l 9,B,D,I !5Jee~«,l 9,B,D!Peg~«,l 9,B,D,I !.
~28!

The factor

Peg~«,l 9,B,D,I !512e22pL,

L5uVeg~RC!u2/~\vCDC!, ~29!

wherevC and DC are the speed and slope difference at
Condon point, represents the Landau-Zener probability
excitation from the ground state to the excited state in
one-way passage through the Condon point atRC . In this
limit, radiative decay is faster than the vibrational peri
(Gv@hnv), there are no multiple vibrations, and the excite
state transfer factor

Jee~«,l 9,B,D!5e2aout!1,
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uC

up
du

G~u!

\v~u!
~30!

represents the probability of survival along the classical
jectory from the Condon point of excitation to the pointRp
of inner zone curve crossing;v(u)5$2@«2Ve(u)
2D#/m%1/2 is the local classical speed.

Note that the Landau-Zener expression forPeg in Eq. ~29!
does not have the proper Wigner law threshold behav
sinceJeg should be proportional tok at low collision energy.
However, our numericalJeg will have the proper Wigner law
form. Note also that the quantum-mechanical calculation
Refs. @21,24,41,42# support this semiclassical picture of lo
calized excitation at the Condon point, not the delocaliz
excitation picture of the Gallagher-Pritchard~GP! model
@43#, which for small detuning predicts a dominant contrib
tion to trap loss from off-resonant excitation at distanc
much less thanRC . The GP model also does not satisfy th
Wigner law at lowT. We defer detailed comparisons wit
semiclassical theories to a future publication.

2. Nonoverlapping resonances

The second limiting case is that of nonoverlapping vib
tional resonances, that is, the spacinghnv @see Eq.~6!# be-
tween vibrational levelsv is much larger than their tota
width Gv . This is typical of large detuning. ThenuSpgu2 is
given by an isolated Breit-Wigner resonance scattering
mula for photoassociation lines@38,44#:

Ppg5
GvpGvg

@«2~Ev1sv!#21~Gv /2!2
. ~31!

Here Ev5D2«v is the detuning-dependent position of th
vibrational level in the molecule-field picture relative to th
ground-state separated atom energy~when D5«v , thenEv
50 and the vibrational level is in exact resonance with c
liding atoms with zero kinetic energy!, sv is a level shift due
to the laser-induced coupling, and the total widthGv5Gvp
1Gvg1Gv,rad is the sum of the decay widths into the prob
(Gvp) and ground-state (Gvg) channels and the radiative de
cay rate (Gv,rad). In the weak decay limit (Gv!hnv), we can
write the Fermi golden rule decay widths as@45,46#

Gv i52p z^vuVv i u«,l & z25\nvPv i , ~32!

wherei 5g or p, l is the partial wave for channeli, andPv i
represents the probability of decay during asingle cycleof
vibration from levelv to channeli. For the SC process,Pvp
is a very weak function of energy as long as the detuning
not too large, and we can takePvp5Ppe , wherePpe is the
energy-independent SC probability discussed in Sec. III B
the weak-field limit,Gvg is very small in relation toGv,rad ,
and we can ignore it~that is, there is no power broadening!.

Using Eq.~32! in Eq. ~31!, we get the factorization in Eq
~28! with the resonant-enhanced transfer function

Jee5
~\nv!2

@«2~Ev1sv!#21~Gv /2!2
. ~33!
5-11
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If we use the reflection approximationfor the Franck-
Condon factor inGvg @34,35,44#, then

Peg54p2uVeg~RC!u2
1

DC
ufg~«,l 9,RC!u2. ~34!

Equation~34! may be used throughout the whole cold col
sion domain~mK to nK!. It satisfies the the correct Wigne
threshold law behavior at low energies because of theufgu2
factor. In thes-wave limit for low temperature, we may tak
the asymptotic form of the ground-state wave function a
obtain

Peg516p2
uVeg~RC!u2

hv`DC
sin2k~RC2A0!. ~35!

This looks just like the Landau-Zener result in Eq.~8!, ex-
cept that the asymptotic speedv` appears in the denominato
instead ofvC @34#, and the correct quantum phase appear
the sine factor instead of a semiclassical phase.

3. Contributions to the linewidths

The expression, Eq.~28!, for Jeg in the limit of small
detuning and fast decay does not depend in any way on
short-range SC probability. However, in the expression
Jeg in the isolated resonance limit, the widthGv in the Jee
factor, Eq.~33!, does depend onPpe through the contribution
of Gvp5\nvPpe . As long asGvp is small compared to
Gv,rad , the total widthGv is determined primarily byGv,rad ,
and the shape of trap loss spectral lines will still be nea
independent ofPpe . However, if Gvp makes a significan
contribution to the total width, the long-range excitatio
transfer functionJeg will show additional broadening depen
dent on the magnitude ofPpe .

The total radiative decay widthGv,rad can be calculated
from the long-range form of the decay rates in Eqs.~4!, using
the excellent semiclassical approximation@47#, ^vuG(u)uv&
5nvrv„G(u)/v(u)…|du, where the semiclassical integral
over a complete vibrational cycle. WhenRC,|, we can use
the lead term in the expansion ofG(u) in u in Eqs. ~4!, so
that

Gv,rad~1Su!52Gat5const, ~36!

Gv,rad~1Pg!5Gat

p

20a3
uC

2 50.701GC~1Pg!, ~37!

wherea3 is defined after Eq.~5! andGC(1Pg) is evaluated at
the outer turning point of the vibration, which is almost t
same as the Condon point.

For the detuning range we consider, the radiative width
1Su levels, 2Gat, is much larger thanGvp , which can be
calculated from Eq.~32! using the probabilities listed in Sec
III B. Thus, Gv'Gv,rad so that theshapeof 1Su features
~that is, their spacings and widths! should be well determined
in our calculations.

Figure 5 showsGv,rad andGvp for 1Pg features for Mg,
Ca, and Sr. In our detuning range,Gv,rad@Gvp for Mg. Thus,
the shape of Mg1Pg features should also be well dete
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mined in our calculations. On the other hand, for Ca and
theGvp is larger due to the largerPpe . Gvp increases asD5/6

due to thenv factor in Eq. ~32!, and becomes larger tha
Gv,rad nearD55Gat in our model for Sr and near 20Gat for
Ca. Thus, we can expect predissociation broadening of1Pg
features to become observable for Ca or Sr at relatively sm
detunings. Measurements of such widths could lead to
perimental information aboutPpe for the 1Pg state. On the
other hand, our calculated model line shapes should only
viewed as a qualitative guide in a region whereGvp
@Gv,rad .

D. Radiative escape calculations

The calculation of the RE trap loss rate coefficient follow
the factorization procedure in Eq.~1! as for the SC process
The RE loss is not due to a single curve crossing, but ra
to excited state emission from the distance rangeR,Rp
5|up , where up is the point for which a kinetic-energy
increase of 1 K for the atom pair has been gained after e
citation ~the 1 K isarbitrary—we only choose it to represe
a ‘‘standard’’ loss energy!. Clearly, RE can only be signifi-
cant for the1Su state because of the negligible short-ran
emission from the1Pg state. We calculate the total probab
ity of radiative escape,Ppe5Pdecayduring a complete cycle
of vibration across the regionu,up by integrating along the
classical trajectory

Pdecay~«,J8,D!512exp~2a!,

a52|E
up

uin
du

G~u!

\v~u!
. ~38!

Pdecay depends only weakly onD, J8. Variations with« at
the highest collision energies also play a role when calcu
ing the thermally averaged rate. The main contribution
Pdecaycomes from the long-range region where the poten
is determined by its analytic long-range form.

The Pdecay probability is insensitive to collision energ
and detuning. In the detuning rangeD/Gat from 1 to 50 and
for a collision energy ofkBTD , we find thatPdecay ranges
from 0.157 to 0.144 for Mg, 0.103 to 0.100 for Ca, 0.147

FIG. 5. Radiative widthGv,rad for Mg and widthsGvp for Mg,
Ca and Sr versusD for the 1Pg-3Sg SC crossing.
5-12
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0.142 for Sr, 0.113 to 0.110 for Ba, and 0.149 to 0.145
Yb. These hardly change at all at a collision energy
kBTD/1000, for example, changing to 0.105 to 0.100 for C

We have also used a calculation with an artificial pro
state crossing the excited-state potential atRp (Rp'150a0
for our Mg model forJ851), as described in Sec. II G, t
calculate the excitation-transfer functionJeg appropriate to
the RE process. We find, as expected, that the numericaJeg
function calculated this way is very nearly the same as
one calculated using the SCRp at much shorter range. Fo
our detuning range the radiative contribution to the to
width Gv of 1Su levels is much larger than contribution du
to predissociation to the SC channel.

We expect that our radiative escape trap loss calculat
are reliable in magnitude, since only long-range proper
are relevant in determining bothJeg andPdecay. Therefore, in
the next section we can confidently give absolute magnitu
for the RE contribution to the total trap loss rate coefficie
K(D,T) for all alkaline-earth-metal atoms we study here.

IV. RESULTS

A. Trap loss for Mg at TÄTD

Our calculated results forTD51.9 mK for Mg collisions
are shown in Figs. 6~a!, 7~a!, and 8~a!. These results are
different from the results presented in Ref.@20#, since we
have corrected some errors we made in the sum over pa
waves in that reference@48#. Figure 6~a! shows on a loga-
rithmic scale the separate contributions of each SC or
process to the thermally averaged rate constantK(D,T) from
Eq. ~22!, whereas Fig. 7~a! shows the corresponding resul
for K(D,«) at a single collision energy«. Figure 8~a! shows
on a linear scale the sum of contributions from all loss p
cesses, and shows what one might expect to see in a lab
tory spectrum.

The dominant loss process for Mg at 1.9 mK is due to
from the 1Su state. The spectra for1Su RE and SC pro-
cesses have the same shape, since they have the
excitation-transfer functionk. The RE and SC processes d
fer only by a multiplicative factor that is nearly independe
of D, due to the differentPpe factors for RE and SC. The
1Su RE probability only varies by 0.157 to 0.144 from d
tunings of 1 to 50Gat, whereas the1Su SC probability is
constant over this range. The1Su spectra in Figs. 6~a! and
7~a! are nearly the same, since the broad features do
change much upon thermal averaging. The rate coeffic
becomes very small as detuning decreases below 2 or 3Gat.
This is becauseJee!1 for very small detuning due to
spontaneous-emission during the long-range approach o
two atoms. Spontaneous-emission losses become sma
detunings larger than around 10Gat, and vibrationally re-
solved, but rotationally unresolved, photoassociation str
ture begins to develop as detuning increases. This occu
the spacing between adjacent1Su vibrational levels from Eq.
~6! becomes larger than the radiative decay width. Sev
rotational features with differentJ8 may contribute to each
of the broad photoassociation resonances, with the rang
J8 depending on detuning. Each individual1Su rotational
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line has a width on the order of (2Gat1kBT)/h' 200 MHz.
There is negligible predissociation broadening due to
processes in this region of the spectrum.

Using Eq.~5! in Sec. II C, the vibrational quantum num
ber v t , as counted down from the top of the potential at t
dissociation limit, can be given for the resolved, or partia
resolved, features in the trap loss spectrum. We definev t to
be vD2v rounded up to the next integer. Each integerv t
value defines an energy range that contains only one vi
tional level for a givenJ. The v t quantum numbers for1Su
and 1Pg features are indicated on Fig. 7. Note that there
many levels~not calculated! within the rangeD/Gat,1, a
range where Eq.~5! is not meaningful due to retardatio
effects on the potential. The broad1Su features provide an
example of overlapping resonances, analogous to th
treated by Bell and Seaton@49#, for the case of dielectronic
recombination where the spacing between collisional re
nance levels becomes less than their radiative decay wid

The contribution toK(D,T) from the 1Pg SC process
shows much sharper vibrational structure than the co
sponding1Su spectrum. This is because of the small rad
tive widths of the1Pg levels, which become even smaller a
D increases. The individual contribution from a number
narrow rotational levels is evident in Fig. 7~a!. Figure 6~a!

FIG. 6. Contributions from the1Su RE and 1Su and 1Pg SC
processes to the thermally averaged loss rate coefficientK(D,T) at
~a! 1.9 mK and~b! 190mK as a function of laser detuningD for Mg
at a standard laser intensityI 51 mW/cm2. The scales for the
excitation-transfer coefficients,k(D,T), for the SC processes ar
indicated by the vertical axes to the right. The vibrational quant
numbers from the top of the potentialv t are indicated for1Su and
1Pg features.
5-13
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shows that this1Pg structure even survives thermal avera
ing. Figure 8~a! shows that sharp1Pg features can even
survive thermal averaging at 1.9 mK, although such featu
are quite weak for Mg and would be hard to see~however,
see below for Ca and Ba, where such features might be
servable!. We find that there are sharpJ851 1Pg features
due tos-wave collisions that can be much narrower thankBT
~which is about 40 MHz at 1.9 mK!, whereas features due t
l 9.0 collisions have widths on the order ofkBT. This
s-wave behavior is evident in our numerical calculations,
can be easily explained in terms of the analytic behavio
the isolated line shapes using Eqs.~31!, ~32!, and ~34!. We
will discuss thiss-wave resonance narrowing feature els
where@51#.

Figures 6 and 8 both show that at very small detuning,
the order of 1 or 2Gat, the trap loss is dominated by SC du
to the 1Pg state. The increasing radiative transition probab
ity as detuning decreases, and the near absence of spon
ous emission losses for the weakly emitting state, ens
that the 1Pg contribution to trap loss must be dominant
very smallD. We will show in the next section that this i
even more important for the heavier species. Our conclus
concerning the role of the1Pg state at smallD agrees with
the findings of Refs.@7,20#.

FIG. 7. Contributions from the1Su RE and 1Su and 1Pg SC
processes to the loss rate coefficientsK(D,«) at a fixed collision
energy~a! «5kB ~1.9 mK! ~b! «5kB (190 mK) as a function of
laser detuningD for Mg at laser intensityI 51 mW/cm2. K(D,«)
is a sum over partial waves and branches for«5kBT. The corre-
sponding excitation-transfer coefficientsk(D,«) are indicated by
the vertical axis to the right. Excited-state rotational quantum nu
bers are indicated for thev t524 1Pg feature in~a!.
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Figures 6~b! and 7~b! show the contributions to SC an
RE processes for Mg at 190mK. The broad1Su features are
not very sensitive to changing the temperature. They nar
slightly at the lower temperature. However, the1Pg features
simplify and clearly have contributions from fewer parti
waves. The effect of thermal averaging on1Pg features is to
cause some broadening, with a consequent decrease in
height.

B. Trap loss for Mg near 1 µK

Figure 8~b! showsK(D,T) summed over all component
at the extremely cold temperature of 1.9mK. This is deeply
in the Wigner law domain, where onlys-wave collisions con-
tribute to the spectrum, and the rate constantK(D,T) be-
comes independent ofT @1#. The broad 1Su features are
similar to the ones at higher temperature, but are due onl
absorption by a singleR branch line froml 950 to aJ851
1Su level. The only significant broadening is due to radiati
decay. On the other hand, the1Pg features, also due to a
single R branch line froml 950 to a J851 1Pg level, be-
come prominent sharp features in the spectrum, hav
widths on the order of a few MHz due to radiative deca
Even the level near 1Gat detuning is quite sharp and isolate
Section II E discusses why we expect to get the vibratio
spacings right, although we do not expect to predict corre

-

FIG. 8. Total thermally averaged Mg spectrumK(D,T) summed
over all RE and SC contributions on a linear scale~a! at TD

51.9 mK, and~b! in the s-wave limit at T51.9 mK. The vibra-
tional quantum numbersv t are indicated for the1Su and 1Pg fea-
tures. Only excitedJ851 levels contributeR-branch transition from
s waves in panel~b!.
5-14
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the actual position of levels, which depend on an unkno
phase due to the short-range1Pg potential.

Figure 9~a! shows the excellent quality of the isolate
resonance approximation for a Mg1Pg s-wave absorption
feature due to a single vibrational level. This approximat
should be good in this case, since the mean vibrational s
ing near this level is 280 MHz, which is much larger than t
width. The figure compares the numerical line shape w
that calculated using the isolated resonance formulas
cussed in Sec. III C. The analytic formula calculates the f
tors in Eqs.~28!, which are used in Eq.~26!, by making the

FIG. 9. Single 1Pg vibrational feature in the vicinity ofD
'10Gat for ~a! Mg, ~b! Ca, and~c! Sr. The figure shows the qualit
of the isolated resonance approximation for the excitation-tran
line shapek(D,T). The solid line is the complex potential numer
cal calculation, and the dashed line is the analytic line shape b
on Eqs.~28!, ~33!, and~35!.
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isolated resonance approximation, Eq.~33!, and the reflec-
tion approximation, Eq.~35!. The linewidth in the denomi-
nator of Eq.~33!, calculated to be 1.6 MHz from Eq.~37!, is
almost entirely due to weak spontaneous decay of this1Pg
level, as discussed Sec. III C in relation to Fig. 5. Any broa
ening due to thermal averaging is negligible, sincekBT/h
50.04 MHz.

We have verified that our thermal spectrum at relativ
high temperature, 1.9 mK, is to a good approximation ind
pendent of the choice of the ground-state potential, as
cussed in Sec. II D. This is because of the need to sum o
several partial waves, for which the phase of the ground-s
wave function varies by more thanp. In addition, the need to
average over a range of collision energies also contribut
range of phase variation to the ground-state wave functio

The spectrum at very low temperature, on the other ha
is sensitive to the phase of the ground-state wave funct
which is generally unknown for group-II species an
strongly dependent of the details of the ground-state po
tial. This sensitivity is explained by the reflection approx
mation in Eq. ~35!, which showsPeg is proportional to
sin2k(RC2A0). We have just seen that the reflection appro
mation is excellent for isolated resonance line shapes. Th
fore, if we knowK(D,T) in thes-wave domain for one scat
tering lengthA0, and if we have a different potential with
different scattering lengthA08 , theK(D,T) for the new case
can be scaled from the original one by multiplying by t
ratio sin2k(RC2A08)/sin2k(RC2A0). Figure 10 compares this
scaling~dashed lines! to numerical calculations~solid lines!
for several different model ground-state potentials with d
ferentA08 . The former are scaled from our original calcul
tion, for which A05295 a0. Figure 10 demonstrates tha
this scaling is a good approximation, even when the sca

er

ed

FIG. 10. Scaling with different scattering lengths ofK(D,«) for
the 1Su transition in Mg. The bold solid line shows the numerical
calculatedK(D,«) at «5kB(1.9 mK) for the ‘‘standard’’ ground-
state model potential withA05295a0. The other solid lines show
the calculatedK(D,«) for three other model potentials with differ
ent scattering lengths of 99a0 , 400a0, and 930a0. The dashed line
shows the scaledK(D,«) calculated from the standard one usin
the scaling based on Eq.~35!, as discussed in the text. The detunin
for which the Condon point is 400a0 is indicated by the arrow. The
effect of the node in the ground-state wave function is evident
the A05400a0 case.
5-15
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ing length is unusually large and even for overlapping1Su
features. The scaling relation is excellent at smallD for scat-
tering lengths having magnitudes up to a few timesx0 ~de-
fined in Sec. II D and having a value of 36a0 for Mg!. The
scaling is even a reasonable approximation for the c
whereA085400a0 and the ground-state wave function has
node at RC5A08 near D/Gat515. The node for theA08
5930a0 case occurs forD/Gat,1 and is off scale in Fig. 10
for the A08599a0 case.

V. OTHER ALKALINE EARTH-METAL ATOMS

Our calculations for the other group-II species and Yb
shown in Figs. 9~b!, 9~c!, 11, 12, and 13. We trust that thes
model calculations, which can only provide order of mag
tude estimates for SC probabilities and predissociation c
tributions to linewidths, will provide a useful qualitativ
guide to differences and similarities among the various ca
to guide future experiments on these systems. Our calc
tions should be fairly robust with respect to qualitative e
pectations as to the different kinds of features to expec
trap loss spectra.

Figure 9~b! shows that a very low temperature Ca1Pg
feature is very similar to the Mg one previously discuss
The total width is slightly larger than the radiative width d
to weak predissociation of this feature~see Fig. 5!. The effect
of the large predissociation width, whereGvp.G rad, is evi-
dent for the Sr feature in Fig. 9~c!. The isolated resonanc
approximation is also beginning to fail for Sr lines becau

FIG. 11. Excitation transfer coefficientsk(D,«) on a logarith-
mic scale for the~a! 1Su and ~b! 1Pg states as a function of lase
detuningD for Mg, Ca, Sr, Ba, and Yb at a laser intensity ofI
51 mW/cm2.
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of the strong predissociation broadening in our model w
Ppe50.22 ~see Fig. 4!. Although our model calculation for
Sr predissociation widths should not be considered to be
liable, the model does show that if the widths of1Pg fea-
tures like the one in Fig. 9~c! could be measured, the da
should allow a value to be determined forPpe . Since tem-
peratures in the nK regime have already been reported
intercombination line cooling of Sr, it may be quite feasib
to measure such widths.

Figure 11 shows the thermally averaged excitatio
transfer coefficientsk(D,T) @see Eq.~26! and following# for
the 1Su and 1Pg states in these systems atTD for the 1S

FIG. 12. SpectrumK(D,T) summed over all RE and SC contr
butions atTD for Mg, Ca, Sr, and Ba at a laser intensity ofI
51 mW/cm2.

FIG. 13. SpectrumK(D,T) summed over all RE and SC contr
butions at thes-wave domain atTD/1000 for~a! Ca and~b! Sr at a
laser intensity ofI 51 mW/cm2.
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→1P cooling transition. In spite of the fact that the inn
zone SC probabilityPpe is divided out of the expression fo
k(D,T), there are still a number of differences among t
different species. The differences in spacing and contras
the individual vibrational features that appear at larger det
ing is clearly related to the vibrational spacing, Eq.~6!,
which decreases with increasing mass. The difference
magnitude can be qualitatively related to the scaling of
different factors that make upk(D,«) in Eq. ~26!. There are
four factors that contribute to the scaling:~1! 1/QT→m23/2,
~2! the sum over l 9→ l max

2 →md0
4/3/D2/3, ~3! Jee(peak)

→(nv /Gv)2→|6D5/3/(md0
16/3), and ~4! Peg

→uVeg(RC)u2/(vDC)→m1/2d0
8/3/D4/3. The net scaling of the

peak magnitude ofk(D,T) thus scales approximately a
|6/(md0

4/3D1/3). This gives scaling factors at the sameD of 1,
5.0, 3.4, 6.4, 1.1 for Mg, Ca, Sr, Ba, and Yb, respectiv
~these factors should be scaled by an additional facto
|/d0

2/3 if evaluated at the same scaled detuning,D/Gat).
These scaling factors account for the relative magnitude
the peakk(D,T) for the 1Su state in Fig. 11~a! in the rela-
tively flat region from 20 to 50D/Gat. The scaling for the
1Pg spectra in Fig. 11~b! also needs to take into account th
predissociation contribution to the widthGv , which was
taken to be purely radiative for the scaling of the1Su spec-
trum in Fig. 11~a!. For example, this extra predissociatio
broadening lowers the peak of Sr features below those
Mg in Fig. 11~b!.

Figure 12 shows our model thermally averagedK(D,T)
summed over all contributions. With thecaveatthat the rela-
tive contributions of SC processes are not likely to be r
able in our model calculations, these model spectra sh
qualitative features that one might observe in laborat
spectra. In particular,1Pg SC processes make a domina
contribution to the small detuning trap loss forD, a
few Gat. This has already been discussed in Refs.@7,20#.
We can compare our results to the measured 2K(D,T)
54.5(0.3)(1.1)310210 cm3/s @50# for Sr at D/Gat51.75,
I 560 mW/cm2, and T'4TD @7#. Although the effect of a
strong laser field needs to be investigated for this case,
@24# suggests that near-linear scaling may apply to small
tuning trap loss even in the strong field domain~see Fig. 6 of
that reference!. If we assume linear scaling withI, our cal-
culated value forT5TD at I 51 mW/cm2 scales to a value
of 2K56310210 cm3/s at I 560 mW/cm2. The agreemen
of our very approximate model to within a factor of 2 wi
the measured result for Sr is gratifying and lends confide
to the usefulness of our estimates.

At present, there are no other data on Sr or other grou
species to which we can compare our calculations direc
The Ca2 photoassociation spectra in a 3 mK Ca MOT re-
ported by Zinneret al. in Ref. @17# extend over a detuning
range from about 50 to 2700Gat, which is larger than we
calculate. They observed1Su features and gave a detaile
analysis of partially resolved rotational substructure fo
feature nearD527 GHz5780Gat. The fact that the width of
this feature could be explained by a combination of natu
and thermal broadening of several rotational lines imp
that predissociation broadening makes a small contribu
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to the linewidth of this feature. If we assume that 20 MHz
less of the observed 150 MHz feature width is due to pred
sociation, we would then estimate the1Su SC Ppe,0.05,
which is much less than the value 0.4 estimated by
model for Ca. Although our model should not be extrap
lated to such large detuning without careful testing, this
parent inconsistency points out that much more deta
knowledge of potentials and matrix elements is needed
accurate calculations. It is an interesting fact to be explai
why the apparent predissociation rate of1Su levels in Ca2 is
relatively small, given the likelihood of several curve cros
ings with moderately large matrix elements~see Fig. 2!.

Our calculations in Fig. 12 suggest that resolved struct
due to 1Pg features may be seen at small detunings be
around 25Gat for Ca and Ba. Structure for Sr is predicted
be suppressed by strong predissociation broadening. No1Pg
structure was reported for detunings larger than around 5Gat
in Ref. @17#. Such 1Pg structure in Ca2 at these larger de
tunings may be hard to see due to masking by the strong1Su
features.

Figure 13 shows our predictions for Ca and Sr feature
extremely low T5TD/1000. This is in thes-wave limit
where the1Pg structure becomes quite sharp, as discusse
relation to Fig. 9 above. In this domain sharp1Pg features
should be the dominant features in the trap loss spectrum
is noteworthy that this structure is predicted to persist e
to very small detunings on the order ofGat. Thus, if the Sr
trap loss experiments of Ref.@7# could be repeated at thes
low temperatures, such features might be measurable. Fi
5 predicts that predissociation widths may be large eno
for Sr2

1Pg features at even a fewGat detuning that ob-
served broadening in the spectra might be able to determ
Ppe for the Sr 1Pg SC process. Thus, low-temperature me
surements provide for tests of consistency with hig
temperature measurements.

VI. CONCLUSIONS

We have carried out model calculations of the sma
detuning collisional trap loss spectrum of laser-coo
group-II species Mg, Ca, Sr, Ba, and also Yb. We consi
detuningsD up to 50 atomic linewidthsGat to the red of the
1S0→1P1 laser-cooling transition for these species and tr
both inelastic state-changing collisions and radiative loss.
though our calculations are only model calculations beca
the short-range molecular potentials are not known to su
cient accuracy, we do incorporate the correct long-range
pects of the potentials and spectra. These calculations
intended as a guide for developing experimental studies
these systems, which have the advantage that the collis
are not complicated by molecular hyperfine structure.

We consider both the mK range for Doppler cooling
the allowed1S0→1P1 transition, and themK range for Dop-
pler cooling on the1S0→3P1 intercombination transition.
Collisions in the mK range involve many partial wave
whereasmK collisions only involves-wave collisions. Our
quantum-mechanical calculations avoid semiclassical
proximations and properly account for the threshold prop
ties of the collisions. Our interpretation of trap loss collisio
5-17
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dynamics is based on a factorization of the overall proba
ity into parts that represent long-range excitation, propa
tion to the short-range region, and short-range radiative
curve crossing processes that lead to loss. Thus, we can
fine an excitation-transfer coefficientk(D,T), which, unlike
the conventional rate coefficientK(D,T), offers a significant
degree of independence from the details of unknown sh
range processes. Our analysis shows how analytic form
in the limits of small or large detuning can be used to int
pret the trap loss spectrum. These formulas show how
low-temperature photoassociation spectrum is expecte
scale for different values of the unknowns-wave scattering
length.

The trap loss spectra in all the group-II systems are in
enced by two molecular transitions, the dipole-allowed1Sg
→1Su transtion and the dipole-forbidden1Sg→1Pg transi-
tion. The latter becomes allowed at long range becaus
retardation corrections to the transition-matrix element. T
1Su features are structureless at small detuning and redu
in magnitude due to spontaneous decay of the excited s
as the atoms approach one another on the excited-state
lecular potential. They show broad vibrationally resolved b
rotationally unresolved photoassociation structure as de
ing increases away from atomic resonance. On the o
hand, the1Pg absorption always dominates at small detu
ing. Resolved1Pg vibrational and rotational photoassoci
tion structure can persist even to small detuning, and sho
be especially prominent at very low temperature. Measu
ment of the widths of such features could lead to informat
od
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about the short-range probability of the state-changing co
sions, at least for the heavier group-II elements.

There are only very limited data with which we can com
pare our calculations. Our model calculations agree withi
factor of 2 with the measured Sr trap loss rate coefficient
single detuning. Photoassociation spectra for Ca only e
for much larger detuning than we consider here, but sugg
that the probability of the1Su state changing process may b
much smaller than our model calculations indicate. The ti
is right for more detailed and complete experimental stud
on these group-II systems. Recent experimental advance
group-II cooling and trapping suggest that such studies
be forthcoming. A number of other directions are also op
for continuing experimental and theoretical studies, for e
ample, trap loss collisions near the1S0→3P1 intercombina-
tion line, or collisions associated with two1P1 atoms or two
3P atoms.
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