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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 Orsted Laboratory, NBIfAFG, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhafeami@ark
(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 tH&,-P; 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 Satirger 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 thtlylgtate occurs
for detunings larger than about ten atomic linewidths. A much sharper structure, especially evident at low
temperature, occurs even at smaller detunings due tp Mlgg 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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[. INTRODUCTION cause the underlying molecular physics of alkali-metal dimer
molecules is well known, and the spectra are determined by
isolated molecular vibrational-rotational levels, for which the
Laser cooling and trapping of neutral atoms has recentlphotoassociation line shapes can be well characterized even
opened many new research areas in atomic physics. One c@ithe presence of a hyperfine structure. Quantitative analy-
cool a gas of neutral atoms in magneto-optical trdy®T)  ses of such spectra have permitted the determination of scat-
down to temperatures of 1 mK and below, and obtain densitering lengths for ground-state collisiofis]. These scatter-
ties up to 16? atoms/c. Evaporative cooling methods ing lengths are critical parameters for BEC studies.
have allowed the cooling of alkali-metal species to much Alkaline-earth-metal cooling and trapping have recently
lower temperatures below K so that Bose-Einstein con- been of considerable experimental interest. Trap loss colli-
densation(BEC) occurs. Binary atomic collisions play an sions have been studied in a Sr M@7], and intercombina-
important role in the physics of cold trapped atomic gasestion line cooling of Sr has resulted in temperatures below
and have been widely investigatgt]. One of the first cold 1 wK and raised the prospects of BEC of[8~11]. Ca and
collisional process to be studied is the heating and loss dflg are of interest for possible applications as an optical
trapped atoms that result from tuning laser light to near resofrequency standarfll2—16, and photoassociation spectros-
nance with the atomic cooling transitig@]. Here we take copy in a Ca MOT has been reportgl7]. Intercombination
near resonance, or small detuning, to mean detusing to  line cooling has also been reported for ¥8,19, which we

A. Background

50 natural linewidths to the red of atomic resonance. have included in our discussion because of its similarity in
Studies of small-detuning trap loss, extensively reviewedstructure to alkaline-earth-metal atoms.
by Weiner et al. [1], have mainly concentrated on alkali-  Alkaline-earth-metal species provide an excellent testing

metal atomq 3], for which it has been very difficult to de- ground for cold collision theories, especially given the rap-
velop quantitative theoretical models to compare with ex-dly developing experimental interest in the subject. Since
periment. This is because alkali-metal atoms have extensivilae main isotopes of alkaline-earth-metal atoms have no hy-
hyperfine structure, and thus the number of collision chanperfine structure, the number of collision channels becomes
nels is simply too large for accurate theoretical modeling. Ifow enough to allow theoretical calculations even in the
has even been difficult to estimate the relative weight of thesmall-detuning trap loss regime. Consequently, this paper
different possible loss processes. Although one can develgpresents theoretical predictions for small-detuning trap loss
simplified models, these are difficult to test adequately withspectra in cold and trapped Mg gas in the presence of near-
complex alkali-metal systems. On the other hand, trap lossesonant weak laser light tuned near th& — P, atomic
photoassociation spectra in alkali-metal systems for large deransition, and discusses the nature of similar processes for
tuning can be modeled quite accuratff—6]. This is be- Ca, Sr, Ba, and Yb. This work extends our previous paper on
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Loss  Transfer Excitation Here J.4 represents an excitation-transfer probability which
is proportional to the scattering flux that reaches the short-
g range region neaR, due to long-range excitation near the
: ’T‘ le) Condon point followed by propagation on the excited state to
 — the short-range regiorP . represents the probability of a
transition from the excited state to the loss channel at short
range during a single cycle of oscillation through the short-
range region.
Figure 1 indicates the qualitative behavior of the transfer
| function J., versus detuning. At very small detuning of a
Py eg ’ . . .
\/ few atomic linewidthsJ.4 becomes very small if there is a
I2) high probability of spontaneous emission during transit from
| I R g ¥ the outer to inner regions. At sufficiently large detunihg
Ry Re ¢ exhibits resonance structure due to the bound vibrational lev-
els in the excited-state potential, where the vibrational period
FIG. 1. Schematic representation of trap loss collisions. is much shorter than the decay tiff22). This is the domain
of photoassociation to individual vibrational levels. Section
the Mg trap losg20] to other species and lower tempera- ||| C below will show simple analytic formulas fal,, that
tures, and shows the relation between small-detuning tragpply in these two limiting cases of small detuning with fast

loss and photoassociation theory. It is necessary to includgecay or isolated photoassociation lines. These formulas
spontaneous emission in modeling trap loss collision dynamghow howJe can, in turn, be factored as

ics because of the long time scale of cold collisions. In ad-
dition, relativistic retardation effects play a prominent role at
small detunings by allowing transitions to the dipole forbid- Jeg=JeePeg: 2
den 1Hg state, which exhibits resolved vibrational structure,

especially at very low temperature. Although we treat theyhere p, represents the probability of excitation from the
long-range molecular interactions accurately, the potentialyroynd to excited state in the outer zone near the Condon
energy curves and coupling matrix elements for the dimepoint, andJ,, represents an excited-state transfer function
molecules in the short-range region of chemical bonding argenyveen the long-range outer excitation zone and the short-

not sufficiently well know_n to determine_ aI_I aspects of trap_range zone. The factorization in E@) is also schematically
loss. Therefore, we examine the uncertainties associated W'mdicated in Fig. 1.

the unknown p_hases developed in the short-range region of £5ch of the factors in Eq$l) and(2) can be affected by
chemical bonding, and we show which features are robusfnknown phases associated with the short-range molecular
with respect to such _uncertalnt[es and which must be Me&shysics of the dimer moleculel) Peg is sensitive to the
sured or later determined from improved theory. asymptotic phase of the ground-state wave functidhThe
vibrational resonance structure Jg, is sensitive to the po-
B. Trap loss collisions sition and widths of vibrational feature) P, is sensitive
Light_induced trap loss takes p|ace as a molecular proto StLCkelberg oscillations in Short-range curve CrOSSing
cess. Two C0|||d|ng cold atoms form a quasim0|ecu|e’ an(probab”ities. These effects are discussed in detail in Secs.
their motion can be described in terms of the electronid! D and IIE. The overall effect of such sensitivities will
(Born-Oppenheimerpotentials of the molecular dimer with depend on the temperature and the alkaline-earth-metal spe-
light-induced transitions between the molecular states. WEIES.
consider only red detuning, which excites attractive poten- There are two possible inner zone loss processes charac-
tials at long range. Such potentials support a number oferized byPp.: the state-changéSC) and radiative-escape
bound vibrational states. (RE) mechanisms, both represented schematically by the loss
Figure 1 schematically indicates the nature of the trap los§hannelp in Fig. 1. In the SC process the excited state
process in a weak radiation field. An excitation laser withcouples to another molecular state near a short-range cross-
energyhv is tuned a few atomic linewidths below the atomic iNg PointR,, and population transfer between them is pos-
transition energyiv,. The groundg) and excitede) quasi- ~ Sible. The products.of the polhsmn emerge on a state that
molecular electronic states are thus coupled resonantly b§orrelates asymptotically with other atomic states of lower
the laser at some long-range Condon radR¢s where the ~€nergy, such asP+ 1S, thereby releasing a large amount of
photon energy matches the difference between the excitdfinetic energy to the separating atoms. In RE the excited-
and ground potential-energy curves. The excited state decapéate can decay by spontaneous emission after the atoms
to a loss channdlp) due to interactions at short range. The have been accelerated towards each other on the excited-state
fully quantum-mechanical description in R4R1] shows Potential. The ground-state atoms then separate with this
that the overall probability? ,, of a trap loss collision can be 9ain in kinetic energy. If enough kinetic energy has been
factored as follows: gained to exceed the trap depth, this is a loss pro@ssty
decay after insufficient acceleration only leads to radiative
pg= Ppedeg- (1) heating. HereR, represents the distance at which the atoms

P «=—]J] «<—P
pe ee e

hv

P
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have received sufficient acceleration to be lost from the trapused for Mg and other alkaline-earth-metal atoms. Section 11l
Any emission withR<Rj; leads to trap loss. describes our theoretical approach. The results for Mg are
In this paper we use the fully quantum complex potentialgiven in Sec. IV and for the other atortSr, Ca, Ba, Yhin
method of Ref[21] and we do not resort to semiclassical Sec. V. Finally, we present some conclusions in Sec. VI.
methods(with one exceptio)) although semiclassical con-
cepts are often useful for interpretation. Our quantum meth-  1l. THE MOLECULAR PHYSICS OF ALKALINE-
ods are fully capable of describing tlsevave limit and the EARTH-METAL DIMER MOLECULES
guantum threshold properties of the extremely low collision
energies near or below the critical temperature for BEC. We
describe the spontaneous-emission processes with a complex Table | gives the basic atomic data for the alkaline-earth-
potential, and solve the corresponding time-independernetal atoms and Yb, which has an electronic structure simi-
multichannel Schidinger equation in the molecular elec- lar to the group-Il elements. The major isotopes have no
tronic state basis. This takes any vibrational state structurByperfine structure, except for Be. Alkaline-earth-metal at-
into account automatically without the need to calculateoms have dS, ground state, and excited®; and °P, states
wave functions or Franck-Condon factors, but limits ourthat are optically connected to the ground state, the latter
study to weak laser fields only, where only a single photon igveakly. Figure 2 sketches the energy levels of the group-II
exchanged with the field. Typical cooling lasers are strongitoms. Thel®P first excited states are the most important for
and detuned only a few linewidths. By alternating with alaser cooling. The"D states shift downwards as the atomic
weaker probe laser one can access the particular range BEmber increases. For Mg tHeD states are above the’P
detuning and intensity that we study. Future studies arétates. For Ca and Sr they are between ¥Reand the P
needed to address the effects of strong laser fields and tiséates, and for Ba the®D states are below the*P states. In
consequent revision of our results due to saturation anthser cooling one uses typically théSy-'P; transition,
power broadenin23,24. which is the situation studied in this paper. For Mg this re-
We also include rotational states in our model, which forquires a UV laser source, and for the heavier elements it
the molecular ground state correspond to the partial waves ¢equires repumping to recycle atoms that decay to lower lev-
a standard scattering problefangular momentum quantum els. The weak'Sy-*P; intercombination transition has a very
numberl). The symmetry of spinless alkaline-earth-metalnarrow linewidth, and is within the optical range. Thus
dimers permits only even partial waves. It should be pointedilkaline-earth-metal atoms are good candidates for optical
out that for near-resonant light the Condon point is at relaatomic clocks when cooled to low temperatures. For clock
tively large distances. This means that although the collisio@pplications we need to understand their laser cooling prop-
energy is low, one needs to go to relatively lardeefore the erties, including the magnitude and nature of laser-induced
ground-state centrifugal barrier stops the quasimolecule frorgollisional trap loss.
reachingR. . We correct here some mistakes that we discov- Beryllium is not likely to be a serious candidate for laser
ered in the sum over partial waves in REZ0]. cooling. It is toxic, has a very short-wavelength cooling tran-
The probe laser can be tuned over a wide range from &ition, and the intercombination “clock” transition is so
few to many atomic linewidths. For sufficiently large detun- weak as to be effectively forbidden. Therefore, we will not
ing the rotational structure becomes sharp, and it should beonsider Be in the rest of this paper.
possible to resolve the vibrational and rotational states. How- Because of the lack of hyperfine structure, the basic laser
ever, even at 27 GHz detuning, rotational features in th€ooling mechanism for alkaline-earth-metal atoms is Dop-
Ca 129—>12u photoassociation spectrum are only partially pler cooling, for which the temperature limity , defined in
resolved[17]. Photoassociation studies can yield precise inthe caption of Table |, is set by the linewidih, of the
formation on the molecular potentials. Also, the photoassocooling transition(widths in this paper are expressed in en-
ciation line shapes are sensitive to the near-threshold groun@rgy units, so that the decay ratelig/#). The lifetime of
state wave function, especially if it has nodes in the regiorthe alkaline-earth-metdiP; state is between 1.8 and 8.4 ns,
swept by the detuning-dependent Condon point. The sensgiving a Doppler-cooling limit between 2.1 and 0.45 mK for
tivity to the swave scattering length is examined in Secs.the elements in Table I. On the other hand, #Ry state has
1D and IV B. Analysis of photoassociation spectra would a long lifetime with Doppler-cooling limits in the nano-
hopefully lead to a value of the unknovewave scattering Kelvin range. This can be compared to the photon recoil
length for Mg or other alkaline-earth-metal species, and conlimit Tg, defined in the caption of Table I; Table | shows that
sequently determine whether a stable Bose-Einstein condeiiy is between 0.2 and 4K. Thus the recoil limit is above
sate is possible. the intercombination line Doppler-cooling limit for Mg and
In this paper we present the calculated estimates for traga, nearly coincident with it for Sr, and below it for Ba and
loss rate coefficients in Mg at temperatures around and be¥b.
low the Doppler temperature. The contributions from differ-  Although Sisyphus cooling and magnetic trapping is not
ent mechanisms and states are identified and compared. Vegailable for'S, atoms as it is for alkali-metal atoms, inter-
also calculate predictions for other alkaline-earth-metal atcombination line cooling is possible for some group-Il spe-
oms and Yb by combining the appropriate atomic propertiegies. This has been used to cool Sr+@d00 nK with rela-
with model molecular potentials. Section Il presents in detaikively high phase space density0.1[8,9]. If combined with
the atomic data, molecular potentials, and laser couplingfar off-resonant optical traps and evaporative cooling it may

A. Alkaline-earth atomic structure
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TABLE I. Atomic data for major isotopes of group-1l elements and Yb without hyperfine strugtataral abundance shoywiMost data
are derived fron{25]. The lifetime = for 1P, is taken to be the inverse of thé>;-1S, spontaneous-emission rafg,/#, thus neglecting
weak transitions to other states for Ba and Yb. FiRelifetimes are from several sourc®6]. The linewidth in frequency units iE,/h
=(2m7) 1. The wavelengtha and fine-structure splittings for Sr and Ba are taken ff@T. The Doppler temperature is defined s
=T",./(2kg). We take the recoil temperature to Bg= (%2)/(mx2kg), wherex=\/27 andm is the atomic mass. The dipole moment is
do= 3T /4 (in a.u). The atomic units for dipole moment, length, and energyesg=8.4783< 10 3° Cm, a,=0.0529177 nm, and
e%/(4meqay) =4.359748% 10718 J, respectively.

Be Mg Ca Sr Ba Yb
Major isotopes without
hyperfine structure °Be (100% Mg (78.99%  “°Ca(96.94%  %85r(82.58%  ®®a(71.70%  "%b (31.8%9
(abundance 26Mg (11.01% 8631 (9.86% 72vh (21.9%
-
P, (n9 1.80 2.02 4.59 4.98 8.40 5.68
3p, (ms 5.1 0.48 0.021 0.0014 0.00088
I',/h
P, (MHz) 88.5 78.8 34.7 32.0 18.9 28.0
3P, (kH2) 0.031 0.33 7.5 120 181
Doppler-cooling limit
P, (mK) 2.1 1.9 0.83 0.77 0.45 0.67
3P, (NK) 0.75 8.0 179 2.&10° 4.4x10°
Recaoil limit
Py (uK) 39 9.8 2.7 1.0 0.45 0.69
3P, (uK) 3.8 1.1 0.46 0.22 0.36
do (a.u)
15— 1P, 1.89 2.38 2.85 3.11 3.16 2.35
X (nm)
1sy—-1P, 234.861 285.21261 422.6728 460.733 553.548 398.799
X=\(2m) (ap)
1s,—1P, 706.4 857.8 1271.2 1385.7 1664.9 1199.4
FS splitting
3p,—3P, (a.u) 1.36x10 ° 2.77x10°4 7.20<10 4 2.65<10° 2 5.69<10 2 1.10x10 2

become possible to obtain Bose-Einstein condensation with 5,

. 1 el
optical methods alone. —F S

-=-3g

1
B. Alkaline-earth-metal dimer molecular structure —F |
-==-1s

T35 -emelg

Figure 3 shows the lowest electronic potentials for,Mg —
[28]. There are only two states with attractive long-range =‘»
potentials correlating with-P; +1S, that can be resonantly =
coupled to the ground state by laser light, nam&ly and @

H Both states offer the possibility for the SC and RE 8
mechamsms When comparing Figs. 2 and 3 one can see th™
Mg is special. For other alkaline-earth-metal atoms the mo-
lecular state picture is further complicated by the atolic
states below the'P; state. This increases the number of
molecular states and thus the number of energetically avail |
able exit channels. The small number of molecular states is 0 150 _150 _130 _150 150 _150
one reason we have chosen Mg as the basis for our studie: Be Mg Ca Sr Ba Yb
Theoretical calculations require precise information about
the molecular potentials and couplings over a wide range of FIG. 2. Energy levels of group-ll atoms and Yb.
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0.18 TABLE Il. Condon points in scaled distance for selected detun-
I ings.
0.16 DetuningA uc(*=hH uc(*ly)
Ty 1.32 0.849
0.141 50 4 0.716 0.511
s — 100 4 0.555 0.411
= I 300, 0.376 0.288
g 012
> I , . T
C. Long-range properties of states correlating with*P;+"Sg
01l atoms
I There are four molecular states correlating witR;
0! +1S, atoms: two long-range attractive state's, and
e 'y, and two long-range repulsive statés,; and 'I,.

Y S e e e Here long-range means thRts large compared to the short-
8 10 12 14 . . . )
R/ao range region of ch_emlcal bonding and van .der Waal; inter-
actions shown in Fig. 3 so that the potential is determined by
FIG. 3. The molecular states of M@n atomic units correspond-  the first-order dipole-dipole interaction with;= +2dj and
ing to the asymptotic atomic statéS,+'P; and*Sy+ 3Py 1 »[28]; T d3 for the '3 and 11 states, respectively. Hetg is thez
the zero of energy is at the ground sta&+ 'S, asymptote. There component of the atomic transition dipole matrix element,
are four states correlating with each asymptote, of which two arevhich is related to the atomic linewidth,; and the reduced
attractive and two are rep_ulsive at Iarg_&a where the system is wavelength of the!S,-'P; transition @=\/27) by dé
expected to be resonant with the laser field. =37(3Fa1/4- The exact long-rangdr) potentials including
relativistic retardation corrections af@2]
interatomic distanceAb initio calculations of ground and ar
Z);gtgg[g(\)c])'lecular potentials are also available for[ &3] Vi(us )= — Zu:t[cos{u)Jrusin(u)], 3
While working on the manuscript we received naly
initio data on Mg from E. Czuchaj, including both improved 3l
potential curves and spin-orbit couplingl]. Although the V.r(u;lﬂg) =— —g[cos{u)+ usin(u) —u?cogu)],
new data differ to some extent from the results of Stevens 4u
and Kra_us$28] because of improved calculations OfeleCtronwhereu=R/x is the scaled distance. The molecular line-
correlation effects, we do not ex_pec_t that use of th? new dat(i\‘/idths with relativistic retardation corrections d&2]
would lead to any strong modification of our basic results,
which should be viewed as qualitative model calculations for 3
the reasons to be discussed in the following sections. F(u;lEj)ZFat| 1-—[u cos(u)—sin(u)]} . @
The linewidth of the excited'S,, state depends on the u
interatomic distanceR with a magnitude on the order of
twice the atomic linewidth. Thus the vibrational levels of the
s, state near thelS+!P dissociation limit overlap
strongly, and one does not expect to resolve them. One in-
teresting point is that the dipole—forbiddémlg—12g transi- In the region withR<x the potentials vary as di, and
tion becomes allowed at large due to retardation correc- T'(*3,) andl“(ll'[g), respectively, vary asI2,, andI" ,u?/5.
tions. This means that th@al'[g state can be excited &, The very long-range excited-state potentials result in large
but the spontaneous-emission probability goes down quicklfcondon points for excitation of the attractive states. If the
asR decreases. Consequenﬂj—llg vibrational states near the laser detuning relative to the atomic transition is expressed in
dissociation limit have narrow emission linewidths. Thus theunits ofI';; and the distance in units &f, the scaled Condon
assumption that the vibrational states overlap strongly angoint (uc) for the ground-excited state transition becomes
cannot be resolved at detunings of a few linewidths is noindependent of atomic species. Table Il shawsfor several
necessarily valid. One must determine if resolvable featuredetuningsA, where we define red detuning to be positive.
persist when one sums over all rotational states and parti#dlor Mg at A=T, we have Rc(}3_)=1132, and
waves, and takes the energy average over a thermal distribac(lﬂg) =728,.
tion. We show that one can indeed see vibrational structure, The attractive potentials support a series of vibrational
especially if the temperature is well below th&,-1P, Dop-  levels leading up to the dissociation limit. Assuming a poten-
pler limit. As mentioned above, this is by no means impos-ial with a long-range form—C3/R® gives the binding en-
sible, if one does the cooling using tH&,-3P; transition. ergy of vibrational leveb [33]:

(Ul =T 1 %[u cos{u)—(l—uz)sin(u)]J .
2u
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T \2 52 (1) The curve crossings leading to SC trap loss occur at
13— ————(v—vp)?, (5)  shortrange, and determifig,. In a Landau-Zener interpre-
v 2a3) 2,c28 ‘
3 tation,
whereaz= (\/7/2)I'(5/6)/T' (4/3)=1.120 251,vp, is the vi- Poe(d')=4e 2™ (1—e 2™)sir?(B;), (8)

brational quantum number at the dissociation limit (is
generally nonintegral and . is the reduced mass. The vi-

where A=V (R,)|?/(Av,D,) andJ’ designates excited-
brational spacing function, which we need later, is [VoeRp) */ (D) g

state total angular momentufsee Sec. Il | HereV,(R,),

9 3 p2 |12 vp, Dy are the respective coupling matrix element, speed,
o _ ,,U:_W 56 (6) and slope difference at the, crossing, ang3; is a semi-
dv ag | 2u,C3R classical phase ang|&6]:

wherehv, is the vibrational frequency. R

P , ™
kp(R,J )dR+ 7 (9)

Op

R
,3J,=f "ke(R,J’)dR—f
D. Ground state Roe R

The ground-state van der Waals potential varies at Ion%vh 47k , h oo lassical
range aR~® and is essentially flat for the range of Condon WheréRoi and%ki(R,J") are the respective inner classical

points we consider. The energy-normalized ground—statéurning point at zero energy and local momentum for state

scattering wave function for collisional momentuik,, and I=eorp. The attra_lcr;uve S'?Q'et potentl_alls rfnay hlave O?e or
partial wavel has the long-range form more crossings with repulsive potentials from lower-lying

states, e.g., those correlating #®+'S. Thus the number,
1 positions of crossings, and the coupling between states with
° ™ i ials are important for the magnitudeé>gf.
) sw{ka——ler(kw) . (7) crossing potentia p _ g P
2 Although we can make reasonable estimates\fothe phase
angleB; is sensitive to details of the potentials and can only
We define the collisional energy as=7#2k2/(2x). The be calculated accurately if very accurate potentials are avail-
short-range potentials are not sufficiently well-known for able[37].
alkaline-earth-metal dimers to determine accurately the scat- (2) The vibrational structure in the trap loss spectra de-
tering phase shiftsy (k..). Therefore, our calculations will pends on both short- and long-range potentials. The spacing
have to be model calculations. However, we test the senshetween the vibrational levels given by E) depends only
tivity of our trap loss spectra to the unknown phases, an®n the long-range potentials, but the exact positions of the
show that this is not a serious limitation. There are two realevels in Eq.(5) are determined by the short-range potentials
sons for this. One is that the ground-state potential is flat iin the region of chemical bondin@hrough thevp param-
the long-range region, and the amplitudew(R,|,k..) has etep. Thus, the magnitude of the vibrational spacings in our
its asymptotic value in Eq(7) independent oR as long as model calculations will be correct, whereas the actual posi-
R>Xo=(2uCq/%)Y*[34,35; the use ofx, (or a closely tions can only be determined by measurement.
related length as an appropriate length scale for van der (3) The short-range SC process also contributes to the
Waals potentials is described in the Appendix of Réf. ~ width of vibrational features in the trap loss spedi88].
The conditionRc> X, is easily satisfied in our case. Second, Depending on species, temperature, and detuning, the widths
at the Doppler limitTp for 1Sy—1P; cooling, a number of may be primarily determined by natural or thermal broaden-
partial waved contribute to trap loss in our detuning range ing or by the predissociation decay rate relate®tg. How-
(1-50 I',). We demonstrate in Sec. IV A that a sum oVver €ver, we are able to place approximate bounds on the mag-
eliminates the dependence on the short-range potential.  hitude of P,.. Sections IIC, IV, and V discuss the
Our trap loss spectra farwave scattering at the low tem- contributions to feature widths and show that natural and
peratures available via intercombination line cooling will bethermal broadening tends to be dominant at small detuning,
sensitive to the actual scattering lengy of the ground Wwhereas SC broadening may become dominant at large de-
'3, potential. However, we demonstrate a simple scalinguning. _ _
relationship that will allow our lowT s-wave results to be ~ The available data on short-range potentials varies among
scaled to any value of the scattering length. We may exped® group-Il elementsib initio potentials are available for
that the'S ” scattering length can be determined from one o9 [28,31. The structure of the molecular potentials is

two-color photoassociation spectra, as has been done f&iMY simpltsa be(iause only states correlating'®+ *S (four
alkali-metal speciefl]. However, such an analysis will re- State$ and *P+°S atoms(four states are presentsee Fig.

quire an accurate, coefficient and for optimum results 3) and the potentials provide qualitative data for possible SC

needs a reasonably accurate short-range potential as well. Mechanisms. On the other hand, Ca, Sr, and Ba have a very
complex short-range structure, because of large fine-structure

splittings in the triplet states, and the states correlating to

'D+'sand 3D +S coming into play. For example, Boutas-
Trap loss spectra depend strongly on the excited-statsettaet al.[29] and Alloucheet al.[30] calculated the short-

short-range potential structure in three ways. range potentials for Sr and Ba, respectively, but the large

T(R,,k,)=
( ) (TrﬁzkOc

E. Excited-state short-range potentials

033425-6



CALCULATIONS OF COLLISIONS BETWEEN COLD ... PHYSICAL REVIEW 44 033425

number of statege.g., 38 states for Banakes it excessively TABLE Ill.  The rotational line strength factors
complicated to treat the short-range SC mechanism evem2l"+1 appgr.
qualitatively.

The coupling between the singlet and triplet states at StateA BranchB I”=0 (s wave I"#0
short-range is due to spin-orbit couplings. The exact magni- s P 0 3
tude of the couplings is unknown for all group-1l elements, s R 273 NESE
but can be estimated using Table Al of RE39], which .
relates the coupling matrix elements to thie,— 3P, fine- 1 P 0 V(I"=1)i3
structure splitting. This approximation ignores aRylepen- 1 Q 0 v(2"+1)/3
dence of the spin-orbit matrix elements due to chemical 1! R 213 V(1" +2)/3

bonding. The fine-structure splitting of tH@ state increases
with atomic numbersee Table)l

We have opted for Mg as a model system, because short-
range potentials are available. Each singlet state with attrac- 1/2
tive potential couples to only one ftriplet state in the inner VA'BJ”,m”]q(u):(—) (A,J’l\/l’|éq.&|l"m” , (10
zone. Thus the SC trap loss problem for Mg decouples into ¢

: +

two three-state calculations, one for thg, and one for the where A=13" or I labels the excited state,is light

1l'Ig excited state. For Mg we provide qualitatively correct o i -~
SC trap loss spectra and even give some quantitative estPt€nsity,d is the laboratory frame dipole operatey, is the

mates. polarization vector of light with polarizatiogq=0,+1, and

In the case of the other group-Il elements and Yb, we treal ', M" are laboratory frame angular momentum projection
their complicated inner zone physics as one effective crosdduantum numbers. In our weak-field Lase, where transition
ing, that is, we use three-state calculations based on the Mgfobabilities are linear ifVa g v m(u) o *, We can define an
model, and explore the effects of mass, radiative propertiedl -averaged radiative coupling matrix elemefthe sum
and coupling strengtlisize of spin-orbit splitting in these Ooverm” eliminates the dependence qju
model calculations. Thus we do not use #ieinitio poten- " 12
tials of Refs.[29,30 discussed in the paragraph above, be- Y _ 1 )
cause even if we were to include all the curves, there would Vega(u.l",B,1)= 21" +1 ,,2 Y
still be uncertainties associated with unknown phases and m=-t
unknown coupling matrix elements. Rather, our goal is to 2471
indicate qualitative differences in magnitude and spectral —(
shapes among the various species. We trust that these will be
helpful in providing guidance for future experimental and =2.669x 10_9“A,B,|"‘/|(W/sz)dA(U)-
theoretical studies of these systems. As we discuss in Sec.
[II B, our calculation of the excitation-transfer coefficieat 1D
will be to a large extent independent of details of the COM5 atomic units. The molecular electronic transition dipole

The radiative coupling terms are

VAYBJ//'m//'q(u)

12
ap g, nda(u)

C

plicated short-range molecular physics and curve Crossings'.nomentd is
A
F. Molecular rotational structure and coupling 3x (a.u)’
to the laser field da(u)(a.u)= \/TFA(U)(&U), (12)

The full three-dimensional treatment of the collision of a . ) ) .
1S atom coupled to &P atom by a light field is worked out Wh(_erel“A(u) is the molecular linewidth of thg exqted state
in Ref.[40]. We adapt this treatment to our simplified model @ in EQ.(4). The factorsy2l”+1axg, are given in Table
with molecular Hund’s caséa) transitions between two mo-
lecular states with the usual rotational branch structure. The
angular momenturd” in the ground state can only be that of G. Model potentials for Mg

molecular axis rotation)”=1" with projection m” on a Our results are not sensitive to the detailed form of the
space-fixed axis. The excited rotational levels in a Hund%round-state potential, for the reasons given in Sec. I D.
case(a) molecular basis for & or 'IIg state do not have  Thys, we model the ground-state potential by a Lennard-
mechanical rotatiol’ as a good quantum number but in- jones 6-12 form

M’. The three possible transition branches have!”+ B, a\? [o)\"

where the branch labeR, Q, andR, respectively, designate (E) - ﬁ) : (13)

the case8=—1, 0, and 1. The quasimolecule ground state

the 1Hg state byP, Q, andR branches. All potentials have a well depth ofe=0.002825 a.u. and an inner turning point
centrifugal term addedn(n+1)/(2uR?), depending on of 0=6.23,. This potential has a scattering length of
ground staten=1" or excited statea=J'=1"+B. —95a, for the Mg reduced mass of 23.985042/2 atomic

stead the total angular momenturh with space projection
Vg(u)=4e
can couple to théEJ state only byP andR branches, butto For Mg we model the ground-state potential frf28] with a
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mass units. The scattering lengd is determined from the where the corresponding values areah.@nd 0.019 a.u. The
k— 0 behavior of theswave phase shiftyg= —k..A,. difference in slope of the crossing potentials is 0.030 a.u. for
Since the excitedb initio potentials of Ref[28] do not  the ab initio potentials and 0.037 a.u. for the model.

permit a quantitative calculation of spectroscopic accuracy, The coupling between the crossing states are approxi-
for the reasons given in Sec. Il E, the specific forms of themated using Table Al of Refi39]. The 3 /-*II, and
short-ranggsr) excited-state potentials are not important for 11y 9-32 g matrix elements areg’/\/i and ¢/2, respectively,
our purposes of modeling the qualitative structure and magwhere /=1.84x10"* a.u. is 2/3 of the atomic®P,-3P,
nitude of the collisional loss. However, it is important to Sp||tt|ng For examp|e’ we estimate an upper boundzﬁin
retain the correct long-range form. Therefore, for simplicity =1) to the Landau-Zener version &, in Eq. (8) for the

in the calculations and because we want to model the otherng_3gg crossing to be 28102 for the model potentials
alkaline-earth systems to explore the effect of differ€gt  and 2.8< 1072 estimated from thab initio potentials. This
', A, and mass, we have modeled @ie initio potentials  ypper bound is consistent with the calculafeg, as a func-

with Lennard-Jones 3-6 potentials keeping the long-ranggon of J’ from our complex potential calculation described
form fixed to its knownC; value given in Eq(3), below.

V(u)=4e

6 3 Since we will use a semiclassical method to determine the
i) _(i) _ (14)  Ppe factor for the RE process via thEs, | state(see Sec.
Au Au Il D below), we do not need an explicit probe channel for
. . RE. However, we introduce a probe channel to simulate RE
We have two fitting parametegsand o, and three given iy grger to show that the sanlg, factor in Eq.(1) applies
values: well depth of thab initio potential(the depth of the for both SC and RE processes, irrespective of the choice of
mo?el+potentialz ise), thle positior12 of minimumup,, and — ¢he short-rang®, . Since we may take any form we like for
Cs("%)=—2dg or C5("Ilg)=—dy. Because we want to 5 RE probe state, we use a probe state potential which
fix the long-range potentiaC; we cannot fituy, and the  crosses the excited state at a distange where the kinetic
well depth at the same time and have chosen the latter: energy gained by the collision pair is 1 K, corresponding to a
trap depth of 0.5 K. The RE probe potential has a repulsive

Ay 0(2))6_ 2dg : inner wall
Ve(u; Eu)—4e(2)(—}(u ByeLoodw) rusinu)],
(15 Co
TR VRE,probéu):(KT)lz_Vkin,RE,w, (18)
.1 — - i
Ve(Uu; Hg)—4e(H)< 0 ) KBUB[cos(u)ﬂLusm(u)

whereVyi, re.. =3.17<10 ¢ a.u. andC,,=5x10° a.u. No
—u®cogu)], (16)  rotational term is included in this probe channel. The same
probe state potential is used for all collision energies, which
are small(mK range and beloywompared to the 1 K kinetic
energy au, . The coupling between the excited state and the
probe state is chosen to be weak: 10a.u.

where
€(2)=0.0347 a.u., o(2)=4.33%,,

€(11)=0.0681 a.u., o(I1)=2.751,.
o H. Model potentials for Ca, Sr, Ba, and Yb
The well minima arexu,,=5.52, and 3.3, for 3 and

l B . g
I1,, respectively, compared to thab initio valuesxu,; : . .
=691a0 ar?d 5 laoy P ™" potential shape make no difference for these model studies,

Both excited states have a SC mechanism in the shor{pr the reasons given in Sec. Il G, we take the same ground-

range region with coupling to a triplet state. The triplet stateSate :_ennaédIJtcr)]nestﬁ—12 l?(OtI?m'al' thﬁ) ' tasl in the dM% ¢
are purely repulsive, and modeled with case to model the other alkaline-earth-metal ground states,

and only change the reduced mass. This procedure yields
C respective model scattering lengths ofag7 —65a,
Vo a(U)= =% Ly, (17)  —4lag, and 93, for “°Ca, %sr, **8a, and !"*vb. Thus,
' x®u® |Ag|<Rc in all model cases.

The long range of the excited-state potentials for Ca, Sr,
where A=3%, or °Il labels the molecular state, and.  Ba, and Yb is still exact, using the data from Table | with the
=—-0.0601 a.u. form in Eq. (3). Due to the lack of accurate excited-state

The SC from!3 [ to %11, takes place around the inner short-range molecular potentials and because of their more
turning point of the!S | potential well. We have chosen complicated structure, we model the trap loss for Ca, Sr, Ba,
Ce=392 a.u. for the model of théll,, state. and Yb by scaling the potentials from the Mg model Egs.

The SC from'Il to 33, takes place about 1a5 outside  (15) and(16). The well depthe of the 'S and 11, poten-
and 0.019 a.u. above the minimum of t?'ﬂg state potential tials are scaled by the size of the singlet-triplet states split-
well. With C¢=81 a.u. we have a model of the crossingting compared to that splitting in Mg, e.g.,

Since the different ground-state values @f and inner
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E('P.Ca— E(P,Ca) ll. COMPLEX POTENTIAL CLOSE-COUPLED
(19) CALCULATIONS

€Ecg— € .
" "E(*P,Mg)—E(*P,Mg) -
A. Description of method

The short-range structure is treated as one effective cross- The weak-field approximation assumed in this study al-
ing. The probe states are qualitatively Iikt_e those in the Mggws us to apply a complex potential methlL 41, since
rlnodel. The positioriin energy of the crossing betwelen+the reexcitation of any decayed quasimolecular population can

I and probe state potentials is scaled as above."Bhe  pe ignored. Furthermore, the weak field only couples each
and probe state potentials come very close at the inner wallround-state partial wave to at most 3 rotational states of the
of the 'S potential around the classical turning point 13, or 111, state through the, Q, or R branches. However,
Ve(u)=e. in the weak field the excited-state rotational states do not

The spin-orbit coupling constardt scales with the spin-  couple further to other ground-state partial waves. Therefore
orbit splitting of the®*P atomic states. We use the same defi-we can ignore any partial wave ladder climbing. Thus, for
nition of the matrix elements as for Mg. The Landau-Zenereach trap loss mechanism we have three dressed states: a
adiabaticity parameter 2\ in Eq. (8) for Ba and Yb is ground stateg, an excited state, and a probe statp. We
larger than unity, leading to a modified shape of the shortsolve the three-channel, time-independent radial Sthger
range adiabatic potentials and very snf, sc. Thus for  equation for ground-state collision energy partial wavel
Ba the S | -probe state coupling and for Yb tHéIg andthe =", for each transition brancB and for a given intensity
13 "-probe state couplings have been reduced by about a
factor 5 to obtain values d? ¢ sc close to unity, in order to

2
test the limit of very strong broadening of the vibrational @‘MSRH ﬁ[‘gl_V(R'I’B'A’I)]d’(s’R):O’

structure. We believe this limit is physically more realistic. (20)
The variety of crossings in these systems might lead to a
strong SC process. andV is the 3X 3 potential matrix
|
RYC))
A+Ve(u,I,B)—|T Veg(U,1,B,1)  Vpe(u)
V(u,l,B,A )= Veg(u,1,B,1) Vg(u,l) 0 : (21
Vpe(U) 0 Vp(u,1,B)

The elements o¥/ are described in Sec. Il. A complex term in a small asymptotic momenturik in the probe channel,
—iI'(u)/2 is added to the excited-state potential to simulateand allows us to gradually increase the stepsizexio
the effect of excited-state decay. The full retarded form of the= 0.5, asu increases. The coupling between the excited and
molecular linewidth, Eq(4), is used. probe states is turned off exponentially before the change in
Application of standard asymptotic scattering boundaryV,(u). The probabilitieé,Spg|2 andP . are completely inde-
conditions to the three-component state veafogives the pendent of the asymptotic properties of the probe potential if
Smatrix elementsS;(e,l,B,A,l). If e>A, all three chan- there are no asymptotic barriers. Since we have no centrifu-
nels are operni,j=g, p, ore. Whene <A, as is normally the gal potential in the asymptotic probe channel, there are no
case in our model, channrels closed, and; is only defined asymptotic centrifugal barriers. The presence of such barriers
fori,j= g or p. We choose the light intensitylow enough  in our previously published modg20] resulted in some er-
that the results are in the weak-field limit where tRg, rors at larget” which we have now corrected in the present
=|Spg|2 matrix element scales linearly in Our results are model.
normalized to a standard intensity ot 1 mw/cnr. The thermally averaged loss rate coefficient via staie
We find that we can make a change in the asymptotic
shape of the artificial probe potential to make the model

kgT (= de
much more manageable computationally. The deep potential K(A,T)Z% ﬁew/kBT
well of the excited state and the large kinetic energy in the TJone
probe channel require a small stepsize in (XAu
~0.00%,). However, with the large range Ofi[ XUmay X ”2 (21"+1)[Sy4(e,1",B,A DI, (22

~(1500—-3000,] a small Au increases the computation leyen:B

time and may compromise the numerical stability. Therefore,

we modify the probe state potential to brilig(u) to a small ~ where Qr=(27ukgT/h?)%? is the translational partition
negative value at intermediate and asymptati¢his results  function. Identical particle exchange symmetry ensures that
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only even partial waves exist for the ground state. We also -
define a nonaveraged rate coefficient for a fixed collision L mmmmmmmT
energye, where we definel,=¢/kg. Only the sum over 1™~~~
partial waves and branches is performed:

T e e

Y LTI
~ E

kBTs

(23

There are two possible cutofig,,, to the partial wave

sum provided by the ground- and excited-state centrifugal i
i i 3 T I

potentials, respecu_vely. For the gr_ougci sta}re we can Ilﬁagzgg 0 20 0 0 20 100 120
to be the largest integer for which?l (I mat 1)/2uRe ,
<e at the Condon poinR.. Thus, the Condon point is J
classically accessible fdr'<lI . and classically forbidden FIG. 4. Calculated probabilitieB,,(J) versus)’ for the 1 -
for I”>17 .. For the excited state, the centrifugal potential *%, SC crossing.
may create a barrier inside the Condon point for ghee
excitation. The position and the height of the barrier depengonclusion is likely to be robust, even though our model
on J’. For collision energies around=KkgTp this barrier ~ calculations are only quite approximate.
may prevent allowed ground-state partial waves from con- In contrast to our results for th& -3I1,, crossing, Fig. 4
tributing to the loss, because the excited-state populatioshows that the calculate®,(J’) values for the outer
never reaches the inner zone where RE decay and SC tal%ﬁg-aEg crossing indeed depend much more stronglyon
place. In this casd/,,, may decrease from the value defined A test of the Landau-Zener formula for Mg shows that the
by the above inequality. We find that the ground-state cutoffesult of Eq.(8) is indistinguishable from the calculated line
applies except for the case of high energy and small deturen the figure. The qualitative feature of a dip Ry, as it
ing. In either casetSpglz decreases many orders of magni- goes near zero for son is associated with the phase fac-
tude ad” varies froml’. over the next few” values. The tor in the LZ formula, Eq.(9). Since the specifid’ range

upper limit for the sum in Eqs(22) and (23) is set to the Where this dip occurs is sensitive to the potentials yS&d
|”-value where (¥'+ 1)|Spg(g,l”,B,A,|)|2 is 1076 of the our model calculations can only be a qualitative guide even

maximum previous (2'+ 1)|S,4(e,1",B,A,1)|? value. for Mg. The relative values for the other species are also only
qualitative guides, since other curve crossings are also in-
volved. In any case, Sris likely to have a lai@eder unity,
o perhaps the largesk,,. for the lHg SC process.
The factorization in Eq(1) allows us to separate the  \we can useP,, and P, from the close-coupling calcula-
physics of the long-range excitation and the short-range dejons to divide out the inner zone probability so as to define

cay to the trap loss channel. Refereri2é] shows how to  a numerical excitation-transfer function from the long-range
determine the short-range probabiliBy,. from a different  region[21]

coupled channels calculation where the complex decay term

B. Factorization of trap loss probability

—il'/2 in Eqg.(21) is omitted. SinceP is determined in a Pog(e,1”,B,Al)
region neaiR,, where the local kinetic energy is very high in Jeg(e,l",B,A )= g (25)
relation toe, this probability is nearly independent ofover pe(J")

a wide range. Therefore, we calculgf] whereJ’ =1"+B. Jgqy may be interpreted as the probability

P.o(3)=|S,i(e>A,1",B=0A, =0)|2 (24) of reaching the short-range region due to optical excitation at
pe be v o long range and propagation to short range, including return
Here ¢ is taken above the threshold energywhere thee after mU|t|p|e vibrations across the Short-range well. This
channel becomes open a8, is defined. interpretation foIIovy_s from the fact that one gets th_e total
Our numerical calculations show, as expected, Bjatis ~ trap 1oss  probability Ppg(e,1”,B,A,1) by multiplying
independent ot over a wide range, typically af/kg from  Jeg(£,1",B,A,1) by the probabilityP,¢(J') in Eq. (24) of a
0.3 to 300 mK at lowd’ and 3 to 300 mK at higld’, and  trap loss event in a single complete cycle across the well.
also independent o in our small range of detuning. The ~ USing Eq.(25 we can define an excitation-transfer rate
Landau-Zener interpretation dt,. in Eq. (8) leads us to Ccoefficientx(A,e)
expect thatP . will vary with J’. This variation should be KT
stronger for the outefI1,-*3 crossing than for the inner k(A,e)= B e > @I+ 1)Jge(e,1",B,A1). (26)
13 ,-°I1, crossing. For the latter crossing, our calculations hQTs 17 B
do give P values which vary slowly witl)’. We calculate
Ppe(J'=1) to be 0.024, 0.44, 0.31, 0.34, and 0.64 for Mg, This rate coefficient(A,e) is related to the ordinary rate
Ca, Sr, Ba, and Yb, respectively. These probabilities are akkoefficientK(A,&) in Eq. (23) through a mean inner zone
large (order unity except for the case of Mg. This qualitative probability (P,¢(¢)), which we candefineby the relation
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K(A,g)=(Ppe(£))k(A,&). (27)

Clearly, we can also define a thermal avera¢a,T) analo-

gous to that in Eq.(22), and define a thermal average rgpresents the probability of survival along the classical tra-
(Ppe(T))=K(A,T)/x(A,T). L ) ) jectory from the Condon point of excitation to the poRy
The usefulness of the factorization in E(.) is that it of inner zone curve crossing;v(u)=1{2[&—V(u)
allows us to define an excitation-transfer rate coefficient — A}/ u}Y2is the local classical speed.
from which the inner zone SC probability has been removed e that the Landau-Zener expressionfyg in Eq. (29)
[however, see the discussion in Sec. 1ll C 3 about how goeg not have the proper Wigner law threshold behavior,
large Pye(J") may affect the width of resonance features sinceJeq should be proportional tk at low collision energy.
We can predict much more confidently the properties of theHowever, our numericalq will have the proper Wigner law

long-range excitation and vibration than we can the shortz, , ‘Note also that the quantum-mechanical calculations in
range SC probabilities. Thus, once we have a better knoWlpets 151 24 41,49 support this semiclassical picture of lo-
edge of these short-range probabilities, either through meaﬁ-

T'(u)

Up
aOUt_}(J'quuT(U) (30

, alized excitation at the Condon point, not the delocalized
surements or through better theoretical knowledge o

) . i xcitation picture of the Gallagher-Pritchaf6GP) model
potential curves and couplings, we can multiply aucoef- 143 \yhich for small detuning predicts a dominant contribu-

ficients by(Ppe(T)) to get the SC rate coefficients. tion to trap loss from off-resonant excitation at distances
o o N much less thaiR- . The GP model also does not satisfy the
C. Limiting cases of the excitation-transfer probability Wigner law at lowT. We defer detailed comparisons with

The attractive molecular potentials support molecular vi-Sémiclassical theories to a future publication.
brational levels with vibrational quantum numbersas de-
scribed in Sec. Il C. We can find simple analytic expressions
for the excitation-transfer functiod.,=J.P¢q factored ac- The second limiting case is that of nonoverlapping vibra-
cording to Eq.(2) for two limiting casesi(1) strongly over-  tional resonances, that is, the spacing, [see Eq.(6)] be-
lapping resonances where the probability is large for spontaawveen vibrational levels) is much larger than their total
neous decay during a single vibrational cycle, i.e., the levelidth ", . This is typical of large detuning. The||$pg|2 is
width is larger than the level spacing, af@) nonoverlap- given by an isolated Breit-Wigner resonance scattering for-
ping, or isolated, resonances, where many vibrations occunula for photoassociation ling88,44:
during a vibrational decay lifetime, i.e., the level width is
much smaller than the level spacing. For group-Il species, Lyol'ug
1 iti i Ppg= .

3, transitions at small detuning tend to be of the former pg 2 >
type, but never become fully isolated in the detuning range [e= (B, +s)]"+(I',/2)
we consider. On the other han’d',[g transitions tend to be of
the latter type unless the detuning is very small or the S
probability is very large.

2. Nonoverlapping resonances

(31)

ereE,=A—¢, is the detuning-dependent position of the
ibrational level in the molecule-field picture relative to the
ground-state separated atom enefghenA=¢,, thenE,
=0 and the vibrational level is in exact resonance with col-
liding atoms with zero kinetic energys, is a level shift due
The quantum-mechanical theory of the first limiting caseto the laser-induced coupling, and the total width=T",,
for trap loss for small detuning and fast radiative decay has- I',g+ T, raq is the sum of the decay widths into the probe
been worked out in detail in Reff21,41,42,24 where (I',p) and ground-statel{,,) channels and the radiative de-

" B " " cay rate (', raq). In the weak decay limitl(,<hv,), we can
Jeg(e "B, A1) =Jede,1",B,A)Peg(e,1",B,A,1). write the Fermi golden rule decay widths [a5,46]

1. Small detuning and fast spontaneous decay

(28)
The factor I—‘Ui:27T|<U|Vvi|8!|>|2:ﬁvvpvi ) (32)
P, (5,1”,B,A,1)=1—e 27A wherei=g or p, | is the partial wave for channélandP,;
eg &l B ' represents the probability of decay duringiagle cycleof
A=|Veo(Re)|¥(hvcDe) (29 vibration from levelv to channei. For the SC proces®,,,
- eg\"\C clc)

is a very weak function of energy as long as the detuning is
; t too large, and we can tak®,,=P,., whereP . is the

wherev andD are the speed and slope difference at the© ; p " pe ' pe

Condoncpoint, (r:epresents the Landau-Zener probability ofN€rdy-independent SC probability discussed in Sec. IiI B. In

excitation from the ground state to the excited state in éhe weak-ﬁe[d I'm't'.rvg IS very sm'all in relation td’, rag,
one-way passage through the Condon poinRat In this and We can ignore ithat is, there is no power br_oad_en)ng
limit, radiative decay is faster than the vibrational period _ YSind EQ.(32) in Eq.(31), we get the factorization in Eq.
(I',>hv,), there are no multiple vibrations, and the excited-(28) With the resonant-enhanced transfer function

state transfer factor (fiv,)?

J..= . 33
Jod£,1”,B,A) = Pout<], * [e—(E,+s,)]2+(T,/2)2 33
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If we use thereflection approximationfor the Franck-
Condon factor inl", 4 [34,35,44, then

Peg 4 |Veg(RC)|2 |¢g(8 1", RC)| . (34

Equation(34) may be used throughout the whole cold colli-
sion domain(mK to nK). It satisfies the the correct Wigner
threshold law behavior at low energies because oﬂm¢2
factor. In thes-wave limit for low temperature, we may take
the asymptotic form of the ground-state wave function and
obtain

| IR

50

Vey(Ro)|? .
Msmzk( Re—Ay). (35)
hv..Dc FIG. 5. Radiative widtl", ,4 for Mg and WldthSva for Mg,
Ca and Sr versué for the lH 33 4 SC crossing.

Peg= 1677

This looks just like the Landau-Zener result in E§), ex-

cept that the asymptotic speed appears in the denominator mined in our calculations. On the other hand, for Ca and Sr,
instead ofv [34], and the correct quantum phase appears 'riheF » is larger due to the large® .. T, , increases QA 5/

the sine factor instead of a semiclassical phase. due to thev, factor in Eq.(32), and becomes larger than
I', raq NE@rA=>5I", in our model for Sr and near 2Q, for

Ca. Thus, we can expect predissociation broadenin

The expression, Eq28), for Joq in the limit of small  features to become observable for Ca or Sr at relatively small
detuning and fast decay does not depend in any way on th#getunings. Measurements of such widths could lead to ex-
short-range SC probability. However, in the expression foperimental information abolR, for the 11'[g state. On the
Jeg in the isolated resonance limit, the width, in the Jo,  other hand, our calculated model line shapes should only be
factor, Eq.(33), does depend oR,. through the contribution viewed as a qualitative guide in a region whelg,
of I',p=%Av,Pp.. As long asl',, is small compared to >1I', aq-

I', raq, the total widthl", is determined primarily by, (a4,

and the shape of trap loss spectral lines will still be nearly D. Radiative escape calculations

independent ofP,.. However, ifI',, makes a significant
contribution to the total width, the long-range excitation-
transfer functionl, 4 will show additional broadening depen-
dent on the magnitude ¢?

The total radiative decay width, ;,q can be calculated
from the long-range form of the decay rates in Eg$, using
the excellent semiclassical approximatigtv], (v|I'(u)|v)
=v,$,(I"'(u)/v(u))xdu, where the semiclassical integral is
over a complete vibrational cycle. Whé&x<x, we can use
the lead term in the expansion bf{u) in u in Egs.(4), so

3. Contributions to the linewidths

The calculation of the RE trap loss rate coefficient follows
the factorization procedure in E€L) as for the SC process.
The RE loss is not due to a single curve crossing, but rather
to excited state emission from the distance ramgeR,
=AUy, Whereu, is the point for which a kinetic-energy
increase b1 K for the atom pair has been gained after ex-
citation (the 1 K isarbitrary—we only choose it to represent
a “standard” loss energy Clearly, RE can only be signifi-
cant for thelS, state because of the negligible short-range

that emission from thelﬂg state. We calculate the total probabil-
ity of radiative escapeR .= Pgecayduring a complete cycle
[y rag(*2y) = 2T 4= const, (36)  of vibration across the regiam<uj, by integrating along the
' classical trajectory
o
rv,rad(lng)=ratr.a3u§=o.701rc(lng), (37) Pgecaf€,J',A)=1—exp —a),

wherea is defined after Eq5) a_ndl“;(ll'[g) is evaluated at a=27(fuindu I'(w (39)
the outer turning point of the vibration, which is almost the u, fo(u)’

same as the Condon point.
For the detuning range we consider, the radiative width ofP ..., depends only weakly oa, J'. Variations withe at
13, levels, X'y, is much larger thad’,,, which can be the highest collision energies also play a role when calculat-
calculated from Eq(32) using the probabilities listed in Sec. ing the thermally averaged rate. The main contribution to
I B. Thus, I',~T, ;a4 SO that theshapeof '3, features P gecaycomes from the long-range region where the potential
(that is, their spacings and widfhshould be well determined is determined by its analytic long-range form.
in our calculations. The Pgecay Probability is insensitive to collision energy
Figure 5 showd’, (.4 andT',, for 1H features for Mg, and detuning. In the detuning rangél,; from 1 to 50 and
Ca, and Sr. In our detuning randg, rad>1“ for Mg. Thus,  for a collision energy okgTp, we find thatP g, ranges
the shape of Mglﬂ features should also be well deter- from 0.157 to 0.144 for Mg, 0.103 to 0.100 for Ca, 0.147 to
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0.142 for Sr, 0.113 to 0.110 for Ba, and 0.149 to 0.145 for ——goly ~ ----- SC lzu --------- RE 1zu
Yb. These hardly change at all at a collision energy of 9 A [MHZ] ]
kgTp/1000, for example, changing to 0.105 to 0.100 for Ca. 0 1000 2000 3000 Koy Koo
We have also used a calculation with an artificial probe(a) o T T T ’
state crossing the excited-state potentiaRgt (R,~ 1508, fr=19mk 012
for our Mg model forJ’=1), as described in Sec. Il G, to WL T ST s 101
calculate the excitation-transfer functidp, appropriate to X Ff A 3
the RE process. We find, as expected, that the numefjgal 5 s 10 o2
function calculated this way is very nearly the same as the o 10 B
one calculated using the SR, at much shorter range. For d T
our detuning range the radiative contribution to the total ™ 10716 10713
width T, of '3, levels is much larger than contribution due L
to predissociation to the SC channel. 17 4
. . 0 —_ 10
We expect that our radiative escape trap loss calculation:
are reliable in magnitude, since only long-range properties(b) N
are relevant in determining bofh 4 andP e, Therefore, in » $1071% "
the next section we can confidently give absolute magnitude: 10 - o R —10
for the RE contribution to the total trap loss rate coefficient = | N Y BT
K(A,T) for all alkaline-earth-metal atoms we study here. flO-IS ) X 10712
2 ¥ 10714
IV. RESULTS “rote T=o0uc 107
[ -15
A. Trap loss for Mg at T=Tp o7 Lol oon ‘1(‘)‘ e
Our calculated results fofp=1.9 mK for Mg collisions 39 40 50 60
D A/T
are shown in Figs. ®), 7(a), and 8a). These results are a
different from the results presented in RE20], since we FIG. 6. Contributions from thés, RE and'S,, and 1 SC

have corrected some errors we made in the sum over partiglocesses to the thermally averaged loss rate coeffisientT) at
waves in that referenct8]. Figure Ga) shows on a loga- (a) 1.9 mK and(b) 190 4K as a function of laser detuning for Mg
rithmic scale the separate contributions of each SC or REt a standard laser intensity=1 mWi/cn?. The scales for the
process to the thermally averaged rate conqat, T) from excitation-transfer coefficients¢(A,T), for the SC processes are
Eq. (22, whereas Fig. (® shows the corresponding results indicated by the vertical axes to the right. The vibrational quantum
for K(A,¢) at a single collision energy. Figure §a) shows numbers from the top of the potentia] are indicated for's, and
on a linear scale the sum of contributions from all loss pro-ng features.
cesses, and shows what one might expect to see in a labora-
tory spectrum. line has a width on the order of [2:+kgT)/h~ 200 MHz.

The dominant loss process for Mg at 1.9 mK is due to REThere is negligible predissociation broadening due to SC
from the 13, state. The spectra fot>, RE and SC pro- processes in this region of the spectrum.
cesses have the same shape, since they have the saméUsing Eq.(5) in Sec. Il C, the vibrational quantum num-
excitation-transfer functior. The RE and SC processes dif- beruv,, as counted down from the top of the potential at the
fer only by a multiplicative factor that is nearly independentdissociation limit, can be given for the resolved, or partially
of A, due to the differenP . factors for RE and SC. The resolved, features in the trap loss spectrum. We defjrte
13, RE probability only varies by 0.157 to 0.144 from de- be vp—v rounded up to the next integer. Each integer
tunings of 1 to 50", whereas the'S, SC probability is  value defines an energy range that contains only one vibra-
constant over this range. TH& , spectra in Figs. @ and tional level for a givenl. Thewv, quantum numbers fot3
7(a) are nearly the same, since the broad features do n@ind 1Hg features are indicated on Fig. 7. Note that there are
change much upon thermal averaging. The rate coefficienhany levels(not calculatedl within the rangeA/T" <1, a
becomes very small as detuning decreases below 2Igf.3 range where Eq(5) is not meaningful due to retardation
This is becausel..<1 for very small detuning due to effects on the potential. The brodd , features provide an
spontaneous-emission during the long-range approach of thexample of overlapping resonances, analogous to those
two atoms. Spontaneous-emission losses become small ftneated by Bell and Seatdd9], for the case of dielectronic
detunings larger than around I1Q, and vibrationally re- recombination where the spacing between collisional reso-
solved, but rotationally unresolved, photoassociation struchance levels becomes less than their radiative decay width.
ture begins to develop as detuning increases. This occurs as The contribution toK(A,T) from the 1Hg SC process
the spacing between adjacért, vibrational levels from Eq.  shows much sharper vibrational structure than the corre-
(6) becomes larger than the radiative decay width. Severaponding's,, spectrum. This is because of the small radia-
rotational features with differeni’ may contribute to each tive widths of thell'lg levels, which become even smaller as
of the broad photoassociation resonances, with the range & increases. The individual contribution from a number of
J’ depending on detuning. Each individust, rotational  narrow rotational levels is evident in Fig(af. Figure Ga)
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FIG. 7. Contributions from théX, RE and'3, and 'II; SC FIG. 8. Total thermally averaged Mg spectri(A,T) summed

processes to the loss rate coefficieli&\,s) at a fixed collision ~ over all RE and SC contributions on a linear scédg at Tp
energy(a) e=kg (1.9 mK) (b) e=kg (190 uK) as a function of =1.9 mK, and(b) in the swave limit atT=1.9 uK. The vibra-
laser detuning\ for Mg at laser intensity =1 mW/cn?. K(A, &) tional quantum numbers, are indicated for thés, and 11, fea-
is a sum over partial waves and branchesderkgT. The corre-  tures. Only excited’ =1 levels contributdr-branch transition from
sponding excitation-transfer coefficienk$A,s) are indicated by swaves in pane(b).

the vertical axis to the right. Excited-state rotational quantum num-

bers are indicated for the,=24 11, feature in(a). Figures 6b) and 7b) show the contributions to SC and

) ] RE processes for Mg at 19p.K. The broad's , features are
shows that this'TI structure even survives thermal averag- ot very sensitive to changing the temperature. They narrow
ing. Figure 8a) shows that sharpll, features can even slightly at the lower temperature. However, thé , features
survive thermal averaging at 1.9 mK, although such feature§implify and clearly have contributions from fewer partial
are quite weak for Mg and would be hard to geewever, waves. The effect of thermal averaging b‘ﬂg features is to

see below for Ca and Ba, where such features might be oh: . : .
. ’ ause some broadening, with a consequent decrease in peak
servable. We find that there are shad=1 1Hg features height g q P

due tos-wave collisions that can be much narrower ttkam
(which is about 40 MHz at 1.9 mKwhereas features due to
[">0 collisions have widths on the order ¢&&T. This
s-wave behavior is evident in our numerical calculations, but Figure 8b) showsK(A,T) summed over all components
can be easily explained in terms of the analytic behavior oft the extremely cold temperature of 18K. This is deeply
the isolated line shapes using E§31), (32), and (34). We in the Wigner law domain, where ontywave collisions con-
will discuss thisswave resonance narrowing feature else-tribute to the spectrum, and the rate constsigh,T) be-
where[51]. comes independent oF [1]. The broad!3, features are
Figures 6 and 8 both show that at very small detuning, orsimilar to the ones at higher temperature, but are due only to
the order of 1 or 4", the trap loss is dominated by SC due absorption by a singl® branch line froml”=0 to aJ’'=1
to the l1'[g state. The increasing radiative transition probabil- 13, level. The only significant broadening is due to radiative
ity as detuning decreases, and the near absence of spontadecay. On the other hand, tHé'Ig features, also due to a
ous emission losses for the weakly emitting state, ensuresingle R branch line from”=0 to aJ'=1 1Hg level, be-
that the 1Hg contribution to trap loss must be dominant at come prominent sharp features in the spectrum, having
very smallA. We will show in the next section that this is widths on the order of a few MHz due to radiative decay.
even more important for the heavier species. Our conclusio&ven the level nearll,; detuning is quite sharp and isolated.
concerning the role of thél‘[g state at small\ agrees with  Section Il E discusses why we expect to get the vibrational
the findings of Refs[7,20). spacings right, although we do not expect to predict correctly

B. Trap loss for Mg near 1 pK
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L (b) . ] FIG. 10. Scaling with different scattering lengthskofA ) for
— o] Ca I, the 13, transition in Mg. The bold solid line shows the numerically
«E 43_ T=830nK ] calculatedK (A ,e) at e =kg(1.9 wK) for the “standard” ground-
O o ] state model potential withy,= —95a,. The other solid lines show
= 3E ST ] the calculated (A, &) for three other model potentials with differ-
= F v.rad ] ent scattering lengths of 89, 400a,, and 93@,. The dashed line
£ af 7 shows the scale(A,e) calculated from the standard one using
g : ] the scaling based on E(B5), as discussed in the text. The detuning
* 1F - for which the Condon point is 4@Q is indicated by the arrow. The
r ] effect of the node in the ground-state wave function is evident for
e 1 . the A;=400a, case.

11.25 11.3 1135 114 1145 115

ATy isolated resonance approximation, E83), and the reflec-
T crororrrrrrrereeT e tion approximation, Eq(35). The linewidth in the denomi-
r(¢) ] nator of Eq.(33), calculated to be 1.6 MHz from E7), is
almost entirely due to weak spontaneous decay of ]tﬁlg
level, as discussed Sec. Il C in relation to Fig. 5. Any broad-
ening due to thermal averaging is negligible, singd/h
=0.04 MHz.

We have verified that our thermal spectrum at relatively
high temperature, 1.9 mK, is to a good approximation inde-
pendent of the choice of the ground-state potential, as dis-
cussed in Sec. Il D. This is because of the need to sum over
several partial waves, for which the phase of the ground-state

1035 104 1045 105 1055 106 wave function varies by more than In addition, the need to
AIT, average over a range of collision energies also contributes a
range of phase variation to the ground-state wave function.

FIG. 9. Single 'II, vibrational feature in the vicinity ofA The spectrum at very low temperature, on the other hand,
~ 100", for (a) Mg, (b) Ca, and(c) Sr. The figure shows the quality is sensitive to the phase of the ground-state wave function,
of the isolated resonance approximation for the excitation-transfewhich is generally unknown for group-Il species and
line shapex(A,T). The solid line is the complex potential numeri- strongly dependent of the details of the ground-state poten-
cal calculation, and the dashed line is the analytic line shape basaghl. This sensitivity is explained by the reflection approxi-
on Egs.(28), (33), and(39). mation in Eq.(35), which showsP,, is proportional to

sirtk(Re—Ao). We have just seen that the reflection approxi-
the actual position of levels, which depend on an unknowrimation is excellent for isolated resonance line shapes. There-
phase due to the short-rang#l, potential. fore, if we knowK(A,T) in thes-wave domain for one scat-

Figure 9a) shows the excellent quality of the isolated t€ring lengthA, and if we have a different potential with a
resonance approximation for a Mgl, s-wave absorption ~different scattering length,, the K(A,T) for the new case
feature due to a single vibrational level. This approximationcan be scaled from the original one by multiplying by the
should be good in this case, since the mean vibrational spagatio sirtk(Re—Ag)/sintk(R.—Ay). Figure 10 compares this
ing near this level is 280 MHz, which is much larger than thescaling(dashed linesto numerical calculationgsolid lineg
width. The figure compares the numerical line shape witHor several different model ground-state potentials with dif-
that calculated using the isolated resonance formulas digerentA;. The former are scaled from our original calcula-
cussed in Sec. lll C. The analytic formula calculates the faction, for which Ag=—95 a,. Figure 10 demonstrates that
tors in Eqs.(28), which are used in Eq26), by making the this scaling is a good approximation, even when the scatter-

KAT) 110710 ecm3/ss]
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FIG. 11. Excitation transfer coefficienigA,e) on a logarith-
mic scale for the@) =, and(b) 'II, states as a function of laser
detuningA for Mg, Ca, Sr, Ba, and Yb at a laser intensity lof

=1 mWi/cnt.

ing length is unusually large and even for overlappii,
features. The scaling relation is excellent at smafbr scat-
tering lengths having magnitudes up to a few timggde-
fined in Sec. Il D and having a value of &5for Mg). The
scaling is even a reasonable approximation for the case
whereA;=400g, and the ground-state wave function has a
node atRc=A; near A/T ;=15. The node for theA;
=930, case occurs foA/I" ;<1 and is off scale in Fig. 10

for the Aj=99%, case.

V. OTHER ALKALINE EARTH-METAL ATOMS

Our calculations for the other group-Il species and Yb are
shown in Figs. &), 9(c), 11, 12, and 13. We trust that these
model calculations, which can only provide order of magni-
tude estimates for SC probabilities and predissociation con-
tributions to linewidths, will provide a useful qualitative
guide to differences and similarities among the various cases
to guide future experiments on these systems. Our calcula-
tions should be fairly robust with respect to qualitative ex-
pectations as to the different kinds of features to expect in

trap loss spectra.

Figure 9b) shows that a very low temperature éﬁ[g ]
feature is very similar to the Mg one previously discussed. o 5 10 s 20 25
The total width is slightly larger than the radiative width due
to weak predissociation of this featuisee Fig. 3. The effect
of the large predissociation width, wherg,>T' g, is evi-

PHYSICAL REVIEW A64 033425

——Mg 1.9mK [10"3 em’/s) ===~ St 770uK [1071 em®ss]

Ca830pK [10 2 cmPs)  ----- Ba 450pK [2 1012 cm®/s)
1""I""\""I""I""

0.8

0.6f

KA, T)

04

L)
e . i
B B et sl e etk A

0 5 10 15 20 25
A/T,

at

FIG. 12. SpectruniK(A,T) summed over all RE and SC contri-
butions atTp for Mg, Ca, Sr, and Ba at a laser intensity bf
=1 mWwi/cn?.

of the strong predissociation broadening in our model with
Ppe=0.22 (see Fig. 4 Although our model calculation for
Sr predissociation widths should not be considered to be re-
liable, the model does show that if the widths ’dﬂg fea-
tures like the one in Fig. (®) could be measured, the data
should allow a value to be determined fBp.. Since tem-
peratures in the nK regime have already been reported for
intercombination line cooling of Sr, it may be quite feasible
to measure such widths.

Figure 11 shows the thermally averaged excitation-
transfer coefficient(A,T) [see Eq(26) and following] for
the !X, and 1 states in these systems B for the 'S

() 16:”..|....|HH....|..,,:
1ab CaT=830nK -
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FIG. 13. SpectruniK(A,T) summed over all RE and SC contri-

dent for the Sr feature in Fig.(®. The isolated resonance butions at theswave domain af 5/1000 for(a) Ca and(b) Sr at a
approximation is also beginning to fail for Sr lines becauséaser intensity ol =1 mw/cn?.
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—1P cooling transition. In spite of the fact that the inner to the linewidth of this feature. If we assume that 20 MHz or
zone SC probability? . is divided out of the expression for less of the observed 150 MHz feature width is due to predis-
«(A,T), there are still a number of differences among thesociation, we would then estimate th&, SC P,,<0.05,
different species. The differences in spacing and contrast o¥hich is much less than the value 0.4 estimated by our
the individual vibrational features that appear at larger detunmodel for Ca. Although our model should not be extrapo-
ing is clearly related to the vibrational spacing, ), lated to such large detuning without careful testing, this ap-
which decreases with increasing mass. The differences ijarent inconsistency points out that much more detailed
magnitude can be qualitatively related to the scaling of th&knowledge of potentials and matrix elements is needed for
different factors that make up(A &) in Eq. (26). There are accurate calculations. !t is an |.nterest|lng fact to pe exp_lamed
four factors that contribute to the scaling) 1/Qr— %72, why the apparent predissociation rate af, levels in Ca is
(2) the sum over|”—l2 *>,(,Ld4/3/A2/3, 3) J.dpeak) relaﬂvgly small, given the I|kel|hpod of several curve cross-
2 L 6A53 103X 0 e ings with moderately large matrix elemerisee Fig. 2
— (v, IT )2 = XCAS (udjg :‘:)5/'3 and (4) - Peg Our calculations in Fig. 12 suggest that resolved structure
—[Veg(Ro) % (vD ) — u*dg ¥ A% The net scaling of the que to 11, features may be seen at small detunings below
peak magnitude of<(A,T) thus scales approximately as around 2%, for Ca and Ba. Structure for Sr is predicted to
X%/(ndgA). This gives scaling factors at the satef 1,  be suppressed by strong predissociation broadening-INp
5.0, 3.4, 6.4, 1.1 for Mg, Ca, Sr, Ba, and Yb, respectivelystructure was reported for detunings larger than aroutt},50
(these factors should be scaled by an additional factor ofh Ref.[17]. Such 1Hg structure in Ca at these larger de-
x/d2” if evaluated at the same scaled detunidgl',).  tunings may be hard to see due to masking by the stfang
These scaling factors account for the relative magnitudes deatures.
the peakx(A,T) for the 13, state in Fig. 14a) in the rela- Figure 13 shows our predictions for Ca and Sr features at
tively flat region from 20 to 5Q\/I" . The scaling for the extremely low T=Tp/1000. This is in theswave limit
1l'Ig spectra in Fig. 1(b) also needs to take into account the where thelfIg structure becomes quite sharp, as discussed in
predissociation contribution to the width,, which was relation to Fig. 9 above. In this domain shalr]ig features
taken to be purely radiative for the scaling of thg, spec-  should be the dominant features in the trap loss spectrum. It
trum in Fig. 11a). For example, this extra predissociation is noteworthy that this structure is predicted to persist even
broadening lowers the peak of Sr features below those foro very small detunings on the order Bf;. Thus, if the Sr
Mg in Fig. 11(b). trap loss experiments of Rdf7] could be repeated at these
Figure 12 shows our model thermally average@\,T) low temperatures, such features might be measurable. Figure
summed over all contributions. With tleaveatthat the rela- 5 predicts that predissociation widths may be large enough
tive contributions of SC processes are not likely to be reli-for Sr, 11'[g features at even a few, detuning that ob-
able in our model calculations, these model spectra showerved broadening in the spectra might be able to determine
qualitative features that one might observe in laboratoryP . for the Sr1Hg SC process. Thus, low-temperature mea-
spectra. In particular,ng SC processes make a dominantsurements provide for tests of consistency with high-
contribution to the small detuning trap loss fdr<< a  temperature measurements.
few I';;. This has already been discussed in R§Ts20].
We can compare our results to the measurdd(2,T)
=4.5(0.3)(1.1x 10" cm’/s [50] for Sr at A/T 4= 1.75,
=60 mWi/cnt, and T~4Tp [7]. Although the effect of a We have carried out model calculations of the small-
strong laser field needs to be investigated for this case, Refletuning collisional trap loss spectrum of laser-cooled
[24] suggests that near-linear scaling may apply to small degroup-Il species Mg, Ca, Sr, Ba, and also Yb. We consider
tuning trap loss even in the strong field doméee Fig. 6 of detuningsA up to 50 atomic linewidth$’,; to the red of the
that reference If we assume linear scaling with our cal-  'S,—'P; laser-cooling transition for these species and treat
culated value foT=Tp atl=1 mWi/cn? scales to a value both inelastic state-changing collisions and radiative loss. Al-
of 2K=6x10"1° cm’/s atl=60 mWi/cnt. The agreement though our calculations are only model calculations because
of our very approximate model to within a factor of 2 with the short-range molecular potentials are not known to suffi-
the measured result for Sr is gratifying and lends confidenceient accuracy, we do incorporate the correct long-range as-
to the usefulness of our estimates. pects of the potentials and spectra. These calculations are
At present, there are no other data on Sr or other group-lintended as a guide for developing experimental studies on
species to which we can compare our calculations directlythese systems, which have the advantage that the collisions
The Ca photoassociation spectra & 3 mK Ca MOT re- are not complicated by molecular hyperfine structure.
ported by Zinneret al. in Ref. [17] extend over a detuning We consider both the mK range for Doppler cooling on
range from about 50 to 2700, which is larger than we the allowed'S,— P, transition, and the:K range for Dop-
calculate. They observels, features and gave a detailed pler cooling on thelS,— 3P, intercombination transition.
analysis of partially resolved rotational substructure for aCollisions in the mK range involve many partial waves,
feature neaA =27 GHz=780" . The fact that the width of whereasuK collisions only involves-wave collisions. Our
this feature could be explained by a combination of naturauantum-mechanical calculations avoid semiclassical ap-
and thermal broadening of several rotational lines impliegproximations and properly account for the threshold proper-
that predissociation broadening makes a small contributioties of the collisions. Our interpretation of trap loss collision

VI. CONCLUSIONS
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dynamics is based on a factorization of the overall probabilabout the short-range probability of the state-changing colli-
ity into parts that represent long-range excitation, propagasions, at least for the heavier group-Il elements.
tion to the short-range region, and short-range radiative or There are only very limited data with which we can com-
curve crossing processes that lead to loss. Thus, we can dgare our calculations. Our model calculations agree within a
fine an excitation-transfer coefficier(A,T), which, unlike  factor of 2 with the measured Sr trap loss rate coefficient at a
the conventional rate coefficieKt(A,T), offers a significant  single detuning. Photoassociation spectra for Ca only exist
degree of independence from the details of unknown shortor much larger detuning than we consider here, but suggest
range processes. Our analysis shows how analytic formulagat the probability of the'S,, state changing process may be
in the limits of small or large detuning can be used to inter-mych smaller than our model calculations indicate. The time
pret the trap loss spectrum. These formulas show how thg right for more detailed and complete experimental studies
low-temperature photoassociation spectrum is expected {gn these group-Il systems. Recent experimental advances in
scale for different values of the unknoveawave scattering  group-II cooling and trapping suggest that such studies will
length. be forthcoming. A number of other directions are also open
The trap loss spectra in all the group-Il systems are influfor continuing experimental and theoretical studies, for ex-
enced by two molecular tranSitionS, the dipOIe'aHOV\;&b amp|e, trap loss collisions near tHsO*)sPl intercombina-

1 : i H 1 i . . .. . .
—'3,, transtion and the dipole-forbiddet,—'II, transi-  tjon line, or collisions associated with twdP, atoms or two
tion. The latter becomes allowed at long range because ofp gtoms.

retardation corrections to the transition-matrix element. The
13, features are structureless at small detuning and reduced
in magnitude due to spontaneous decay of the excited state
as the atoms approach one another on the excited-state mo-
lecular potential. They show broad vibrationally resolved but This work was supported by the Academy of Finland
rotationally unresolved photoassociation structure as detur{Project Nos. 43336 and No. 50314he European Union
ing increases away from atomic resonance. On the othe€old Atoms and Ultraprecise Atomic Clocks Network, Nor-
hand, thelﬂg absorption always dominates at small detun-dita, NorFA, the Carlsberg Foundation, and the U.S. Office
ing. Resolvedll'[g vibrational and rotational photoassocia- of Naval Research. We thank Nils Andersen, Alan Gallagher,
tion structure can persist even to small detuning, and shoulBrnst Rasel, Klaus Sengstock, Jan Thomsen, and Carl Will-
be especially prominent at very low temperature. Measureilams for discussions, and E. Czuchaj for sending us the new
ment of the widths of such features could lead to informationMg, results.
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