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Photoassociation spectroscopy of cold alkaline-earth-metal atoms near the intercombination line

R. Ciuryto}? E. Tiesinga S. Kotochigova, and P. S. Julienrte
tatomic Physics Division, National Institute of Standards and Technology, 100 Bureau Drive, Stop 8423, Gaithersburg,
Maryland 20899-8423, USA
2Insty'[ut Fizyki, Uniwersytet Mikotaja Kopernika, Gruddika 5/7, 87-100 Tory Poland
(Received 19 July 2004; published 13 December 2004

The properties of photoassociatiPA) spectra near the intercombination liitee weak transition between
ls) and 3P1 state$ of group Il atoms are theoretically investigated. As an example, we have carried out a
calculation for calcium atoms colliding at ultralow temperatures of 1 miKlL and 1 nK. Unlike in most
current photoassociation spectroscopy, the Doppler effect can significantly affect the shape of the investigated
lines. Spectra are obtained using Ca-Ca and Ca-Ca* short-@ng@gtio potentials and long-range van der
Waals and resonance dipole potentials. The similar van der Waals coefficients of é@mﬁﬁo and excited
lSO+3Pl states cause the PA to differ greatly from those of strong, allowed transitions with resonant dipole
interactions. The density of spectral lines is lower, the Condon points are at relatively short range, the reflection
approximation for the Franck-Condon factors is not applicable, and the spontaneous decay to bound ground-
state molecules is efficient. Finally, the possibility of efficient production of cold molecules is discussed.
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[. INTRODUCTION [12-19 is one of the most powerful tools to characterize
these scattering processes. It was developed after the success
There is a growing interest in the properties of coldof laser cooling of neutral atoms in the 19809].
alkaline-earth-metal atoms. One of the main reasons for this We will focus our investigation on PA spectroscopy of
interest is a possible construction of optical clocks, whoseultracold alkaline-earth-metal atoms. In the presence of laser
precision might exceed that of the current atomic standard dfght, two colliding ground-state atoms, labeled by the scat-
time[1,2]. In particular, optical clocks based on an intercom-tering state §,” absorb a photon forming an excited molecu-
bination transition of alkaline-earth-metal atoms are seen asr bound state€’ [16]. This process is called photoassocia-
good candidates for the next time standg8d5]. Increased tion. The excited state decays to product stapdéading to
accuracy of time standards is, for example, desired for theletectable loss of atoms from an atomic trap. The variation
search for a time-dependent variation of fundamental conef the atom loss as a function of laser frequency gives the
stants in atomic experiments, which thereby would verifyphotoassociation spectrum. The shape of photoassociation
claims based on astrophysical d§@. lines not only depends on the properties of the colliding at-
The recent observation of Bose-Einstein condensatiowms, but also on the temperature and other conditions in a
(BEC) in a Ytterbium gag7] raises hopes for alkaline-earth- trap[18].
metal atoms, which have similar electronic structure. Such Phoatoassociation spectra close to the resonance of the
achievement would allow a study of cold gases over a widéS,—*P; transition in alkaline-earth-metal atoms were theo-
range of temperatures. Milli- and microkelvin temperaturesretically analyzed by Machholnet al. [19,20 and others
are reached by Doppler cooling on tFﬁJ—lPl resonance [21,223. Recently, Degenhardit al. [23] measured the pho-
and the 180—3P1 intercombination line, respectively. toassociation spectra of cold calcium atoms near this transi-
Nanokelvin temperatures are typical for Bose condensatei$on at mK temperatures. Takahagfial. [24] used photoas-
and are reached by evaporative cooling. sociation spectroscopy to determine the scattering length of
Another important reason for the interest in alkaline-"4Yb.
earth-metal atoms is the absence of a nuclear spin in some This paper analyzes properties of photoassociation spectra
isotopes. This offers a unique opportunity towards a fundanear the intercombination line, i.e., laser frequencies close to
mental study of Doppler cooling. Moreover, isotopes withthe 'S,—3P; transition. A dipole transition between pure sin-
zero and nonzero nuclear spin allow a comparison of Dopglet and triplet states is forbidden. However, alkaline-earth-
pler and sub-Doppler cooling,9]. The description of atom- metal atom states Iabeléﬂ’l are not pure triplet states and
atom interactions is much simpler for a nuclear spinless syshave a small singlet component. This component mostly
tem. In fact, the basic theory of photoassociation in strongomes from mixing with the nearbyP, state and gives rise
laser fields[10,1T might be easier to confirm in alkaline- to a weak dipole transition between thg, and *P; state.
earth-metal gases than in alkali-metal gases, where to dat@onsequently, théSo—:gPl atomic line has a small natural
most of the research has been done. width. As an example, we have carried out calculations for
Scattering of atoms in ground and excited states leads to @lcium.
collisional frequency shift that contributes to the error budget We describe the shape of photoassociation lines with very
of an optical clock. A Bose condensate crucially depends osmall natural width and weak laser radiation. The Doppler
atom-atom collisions. PhotoassociatiVBA) spectroscopy effect as well as the photon recoil must be taken into ac-
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count. This is in sharp contrast with the usual treatment of
PA [18] in which these two effects are neglected. Secondly,
we discuss possible patterns of vibrational levels in photoas-

Excited state

sociation spectra near the intercombination line. Close- A

coupled rovibrational bound states are obtained using an in-

teraction Hamiltonian, which is based on our electronic- \ /| 1 E,
structure potential$25] and recently calculated dispersion o

coefficientg26]. The Hamiltonian also includes coupling be-
tween'P; and metastabléP, , , states. The interatomic po-
tential between two ground-state calcium atoms is relatively
well known[27]. It is shown that when the interactioninthe | | ¢ 77777 Ié‘
ground and excited state is similar, the reflection approxima- S
tion [10,14,28 cannot be applied to calculate the intensities

of photoassociation lines. This is unlike photoassociation Ground state
spectra near strongly allowed transitions, where the interac-
tion in the ground and excited states differs significantly and
the reflection approximation is well satisfied. Finally, we
show that efficient production of cold molecules in the
ground electronic state using photoassociation should be fea-
sible.

FIG. 1. Energy diagram of the photoassociation process. The
zero energy corresponds to separated atoms in the electronic ground
Il. SHAPE OF THE PHOTOASSOCIATION LINE state with zero kinetic energ¥, is the energy of an isolated atom

The oh " . h I cloud in the excited stateE, is the energy of the excited molecular bound
e photoassociation process occurs in a thermal clou tate|e); %o is the photon energyg, is the kinetic energy of the

cold atoms at temperatue interacting with weak laser ra- e|ative motion of colliding atomsA, is the binding energy of the
diation. After absorption of a photon of frequenay two  pounq statde): A is the detuning of the photon energy from the
atoms form an excited molecular bound staewith energy  isolated atom excitation energ.
E.. The photoassociation process according to standard de-
scriptions is most efficient when the photon energy and thgorbed photon and, therefore, has a translational kinetic en-
kinetic energy of the relative motion of colliding atoms, ergy of Erec,molzﬁzkéS/(ZM) in the moving frame defined
match the energy of the excited bound state, thatdste;,  pefore the absorbtion of the photon. Consequently, photoas-
=Ee sociation is most efficient wherfiw+ep(p,) +&,(p;) =Ee

A schematic of energies in the PA process is shownin Figy g or in terms of detuningsA +ep(p.)+e,(B,) - Ae
1. The binding energy, of bound statde) is given byA, _Erecymolzo-
=E.—Ea, whereE, is the energy of an isolated atom in the  Thg excited molecular states created in the PA process
excited state and the zero energy corresponds to separatgher decay back to the ground state or can be further ex-
atoms in the electronic ground state with zero kinetic energygite to ionizing states. In the former case, the product states
Furthermore, the detuning of the photon is defined b ggcane from the trap and give rise to trap loss. lons are de-
=hw-Es wherehw is the photon energy. The resonancegcied in the latter case. In this paper, we will only model

condizionofor the PA process in terms of detunings reads (4, |oss. The loss mechanisms are characterized by a rate
+ter—Re=0.

The description of photoassociation for very narrow lines B, -
requires us to include two new effects. These effects are the ~—Q B P
Doppler shift and the photon recoil. Figure 2 shows a sche- / ¢ N
matic of the collision before the PA process. In the laboratory B o V7P
frame, the two colliding atoms, each with mamsshave mo- ho i P4 T
mentum p; and p,, respectively. In the coordinate frame, N
which moves along with the center of mass, the relative mo- ho + &(p,)
mentum of the colliding atoms i§ and the kinetic energy of
relative motions, (p,)=p2/2u, whereu=m/2 is the reduced Laboratory Center of mass
mass of the colliding atoms. The photon enefgy+ep(p,) coordinates coordinates

in the moving frame is shifted with respect to its enefgy _ . -
in the laboratory frame. To a good approximation, the Dop- FIG. 2. Schematic of the collision before the photoassociation

. T A . . process in the laboratory frame and in the center-of-mass coordi-
pler shift e5(Pc) =~tkias' Be/M is proportional top,, where nates.p; and p, are momenta of the colliding atomg; is the

Pc is the center-of-mass momentum of the two atoms in th(?elative momentum of the colliding atomg; is the center-of-mass

laboratory frame. The total mass of the systemis2m, Kas  momentum of the two atoms in the laboratory frante; is the
is the wave vector of the laser radiation with absolute Valu%hoton energy in the |aborat0ry Coordinatha;q.aD(ﬁc) is the Dop_

kas=w/c, andc is the speed of light. After photoassociation, pler shifted photon energy in the moving frame of center-of-mass
the excited molecule gains the momentdik), of the ab-  coordinates.
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coefficient K(A,T), which describes the efficiency of the |Spg(A-ﬁcvﬁr;e)|2
process for a given laser detuning, intensitgnd atom tem-

perature. For clarity, we omit as an argument in the rate el eq(er) ’
coefficient. The rate coefficie#(A,T) is linear in the weak [A +ep(Po) + &(Br) = Ae — Ereemol® + (I'/2)?
laser field intensity. For higher intensities, the center of the (3)

PA line shifts linearly withl [10,29,3Q0 and the width of the

line increases. The description of the PA line shape presentedhere the total width of the excited bound state I

in this work, for simplicity, omits this shift as it can be ne- =I¢nart ledist Zgled(er), is the sum of its natural radiative

glected in the weak laser field regime. In our discussion wevidth I' ., the contributionl’y 4 from predissociation, and

omit the possible recapture by the trap of the hot atoms crethe stimulated widthd’.(e,) caused by the laser coupling

ated by the photoassociation process. This recapture can reetween the excited and ground states. The widthde-

duce the observable trap-loss, depending on the particulacribes the decay into product states and is assumed to be

atomic species and trgp7]. equal to the sum of the natural radiative and predissociation
The photoassociation trap-loss rate coefficient involves avidth of the bound state.

thermal average of the rate coefficient for a given pair of The stimulated width is proportional to the light intensity

momentag, andp, in the laboratory frame. The momentum and is calculated from Fermi's golden ryi&0,31],

distribution of both atoms is Maxwellian with temperatdre . 5

In practice, we average over the momeptandp,, denoted Teger) = 2m[(W e, JeMePe) [Viad Wy (1, IgMgP))|?,

by (---). These momenta have a Maxwell-Boltzmann distri-

bution fM(pc) (pr) exp(-p2/py)  and  f,(B)

—(\wp 3 exp(— p,/p ) with the most probable momentum

pM—\2kBTM andp, —\ZkBT,u, respectively, wherég is the

Boltzmann constant. Then, we have

“where|W(v,J:Mgpe)) is the unit-normalized excited bound
state and‘Pg(sr,JgMgpg)) is the energy normalized scatter-
ing ground state. The operatdfi, describes the coupling
between the ground and excited state by laser light. Details
of the close-coupled equatiof32] that are solved to calcu-
late the bound and scattering states are described in Appen-
K(A,T) = (K(A, Be, ) dix A. To describe the atom-photon interaction during a col-
lision, we adopt the treatment developed by Napolitahal.

— | $Brf (R 32 £ (R s = [33]. The matrix elements 0¥, are given in Appendix B.

N f A*Pef(Pe) J P (PIAPepy), - (1) To highlight properties of the photoassociation lines, we
reduce the thermal average in Kd) to the 2D integral

where K(A, p.,p;) describes the trap loss from a collision
with momentap, and p,. |Spg(A Pe, Pr; €|
The trap-loss coefficient fgo, and p, is equal to

kT 2
hQT \!

where y=—Ks- B/ (Kay) and x=p;/p, are dimensionless
variables similar to those used in the description of pressure
where k, is the relative wave number defined hy; and Doppler broadened spectral lineg34,35, Qr
=%2k?/(2u) and v, =%k /u is the relative speed of the col- =(2muksT/h?)%? and

liding atoms. The quantitjS,q(A, B, B;; €)|? is the transition

J dye‘yzf dx xe® £(A,y,x), (5)

S ™ = =2 0

K(Arpcvpr)—EUrE|SpQ(Arpcvprae)| , (2
eg v

probability from an initial ground stateg, to all product LAy, x2) = pereg(szT)
statesp,! through an intermediate excited bound s&t&he ’ (A+yAp+ XPAr—Ag- = Erec, mo)? + (I'd2)?
indicesg ande, summed over in Eq2), represent quantum (6)

numbers that describe the initial and intermediate state, re-
spectively. Since the ground state has no electronic or spifihe quantitiesA=kgT and Ap=#k,\2kgT/M are the ther-
degeneracy, each initial stateis labeled only by the total mal and Doppler width, respectively.
angular momentum quantum numidgr its projection quan- Three limiting cases of the line shape, H§), are of
tum numberM,, and the total parityp,. The intermediate interest. The shape of the line is Lorentzian wiigris much
rovibrational levelse are labeled by vibrational quantum bigger thanAp, A, andl¢((e,). The denominator oL can
numberv, total angular momenturd,, projectionMs, parity  then be pulled out of the integrals leading to a Lorentzian
pe. and any other unspecified quantum numbers needed forofile with a full width at half maximun{fFWHM) equal to
describe the electronic and spin symmetry of the state. I'e. Such a line shape can be expected for strongly allowed
The transition probability from an initial state to the prod- transmons at ultralow temperatures on the order of
uct states can be described by a generalized resonance feranokelvins, such as exist in Bose condensfg6s37.
mula[10,14,31

- %In a condensate, an extra factor of 1/2 appears in the rate coef-
Lt implies a sum over all product states. ficient expressiori38].
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In a second limiting case, the shape of the line is a “cutoffinitial guesses, and modified at short interatomic separation
exponential.” This profile can be obtained wh&pis much  to reproduce experimental binding energies. Unfortunately,
larger thanAp, andI’s and the energy dependencelf(e;)  there are no experimental data on binding energies near the
is neglectedcompare the discussion in R¢fl.8] where the 3P1+1SO dissociation limit for the calcium molecule. As the
energy dependencEeg(gr)~g'rg+1/2 describing the Wigner rovibrational structure is not known experimentally, we can
threshold law behavior is considefe@he LorentzianC can ~ only map out possible spectra by varying the short-range part
be replaced by as-Dirac function with argumenta—-A,  Of the potential.

—Eec mot X?A and the integrals can be solved analytically. The Born-Oppenheimer potentials have Hund's c@ge

In fact, the profile is proportional té(~A)exp(A/A;), where ~ symmetry,”>"|A| , whereS is the total electron spin) is

6(2) is the Heaviside step functior(z)=1 for z=1 and the projection of the total electron orbital ar_lgular momentum
6(2)=0 for z<1. The full width at 1£ of the exponential ~along the interatomic axis, ane=g/u describes the gerade
line shape equals the thermal widt. This line shape is ©f ungerade symmetry of a state. Near fiig+'S, limit,
most easily observed at magneto-optical trapping tempera\’l’here the atomic s_pln—orblt interaction is m_uch blgg_er than
tures on the order of a millikelvin. the Born-Oppenheimer potentials, ad|abat|c+ potentials are

Finally, for the unusual situation of extremely weak tran- better described by Hund's cags symmetry,[Q)[7, where()
sitions at nanokelvin temperatures, one could try to achievé® the projection of the total electron angular momentum
conditions in whichAp is much bigger tham; and T, In  &ong the interatomic axis, and f@=0, the label* de-
such a case, the Lorentzian can again be replaced by ascribes the_ symmetry_undt_—:-r a reflection of the_ electronic
function but now with an argument that only dependsyon Wave function. The adiabatic Hund's cas® potentials are
andA. The resulting line shape is a Gaussian with half-widthobtained by simultaneous diagonalization of the Born-
at 1/e of the maximum equal td\p. Oppenheimer potentials and the spin-orbit coupling.

In the usual treatment of the PA line shape, Doppler Relevant data about the interaction potentials between
broadening is neglected. To find conditions for which this@lkaline-earth-metal atoms in the ground and excited states
approximation breaks down, the relative importance of Dophave been compiled by Kotochigova and Juliefi?g. The
pler and thermal effects must be determined. It is easy t&& Potentials[25] are shown in Fig. 3. Czuchajt al. [40]
show that Ap=A; at temperature T=Tg, where Tz  have published a similar set of potentials. It is convenient to
=122 (mkg) is the atomic recoil temperature. At tempera- US€ atomic unltsz. The atomic unit of length is equal to a Bohr
tures T>Tg, thermal broadening dominates, while for ~'adiusao=4megh?/ (mee?)=0.052 917 72 nm; the atomic unit
< Tk Doppler broadening can determine the shape of th€f energy is equal to the Hartree enery,=%#°/(meay)
line. In fact, this requirement is not sufficient. It is also nec-=4.359 744<107*J. Herem,, e, and ¢, are the electron
essary to assume that the Doppler width is comparable to gPass, electron charge, and the electric constant, respectively.
bigger thanl,. The X EQ_eIectronlc ground-state potential of £has

The influence of the photon recoil on the PA spectra is tdeen determined by Allareit al. [27]. Parameters of the po-

a very good approximation described by a uniform Shiﬁ,tentigl are Iisteq in Table 1 of t_h|s referenc.e. For large inter-
Erec moy Of all PA lines. It should be noted that the photon atomic separations, the potential asymptotically approaches a
recoil energy of the two-atom molecule is two times smallervan der Waals potential witls(X X 7)=2081.1&a5. The

than the photon recoil energy of an isolated at@ip, atomic unit of Cg is EHag:0.957 3434<107° Jnf. The
=h2kG,J/ (2m). This indicates that for molecular bound statesscattering length for this potential &, 389.8. .
close to atomic levels, there should exist a transition region The excited-state interaction potentials between calcium
from recoiling as a molecule to recoiling as an atom. Ouratoms dissociating to theP, +'S, and°P, ; ,+'§; limits for
theory does not treat this effect and should only be applied tghort-range interatomic separations have been modeled using
molecular states with a binding energy that is much biggethe adiabatict*%; , and **1, , potentials. These adiabatic

than the photon recoil energy. potentials are determined on the basisabf initio calcula-
tions of Ref. [25] and smoothly connected to their
Il INTERATOMIC HAMILTONIAN asymptotic functional form. The form i€4/r® for triplet

states andC,/r3 for singlet states, respectively. Triplet poten-

Properties of photoassociation spectra are governed by thials dissociate to théP+1S limits, while singlet potentials
interactions between colliding atoms. The interaction Hamil-dissociate to théP+1S limit.
tonian is described in Appendix A and is similar to that dis- In the model describing interaction of two calcium atoms,
cussed by Miet al. [39] for the electronic structure and we do not include potentials correlatingjtlbz+18O [41] and
spectroscopy of Hg This Hamiltonian includes nonrelativ- 3D, 2'3+1S0 dissociation limits. These potentials could give
istic Born-Oppenheimer potentials, the spin-orbit splitting ofrise to molecular bound states near ?ﬁ’@+ 133 limit, but the
the3Po,1’2atomic states, relativistic coupling betwedhand  sparse density of states makes it unlikely that such levels
3p states, and a term that incorporates the rotation of the twoccur in a small energy interval close to tfe, +1S, disso-
atom-system. ciation limit.

Ab initio calculations of Born-Oppenheimer potentials, Dispersion coefficients for two ground-state atoms are
with the exception of a few simple cases, do not give suffiwell known for many atomic specig¢f7,42,43. For excited
ciently accurate predictions of absolute positions of molecuatoms, however, there are few data. For a calcium atom in
lar bound states. Therefore, theoretical potentials are used @se ground'S state interacting with another calcium atom in
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25000 T - fined to interatomic separations that are small compared to

the wavelength\,(*P,). Under such circumstances, retarda-
P tion effects can be neglected. Moreover, this implies that
photoassociation of two ground-state atoms can only excite
— the ungerade states. Therefore, Fig. 3 only shows ungerade
excited potential curves.

E[em’]

20000 —

0.1.2 IV. RESULTS

15000 —

T Photoassociation spectra near thg+'S, limit are ex-
P _ pected to be weak because the atomic transition dipole to the
= intercombination line is nearly forbidden. As we will show,
) such spectra can most easily be measured at ultracold tem-
(% i peratures on the order @fK and below. At these tempera-
5 tures, onlys-wave collisions will contribute to the spectrum.
ol 0; 1 Consequently, contributing transitions are between the
ground geradescattering state|,\Ifg(s,,JgMgpg)>, with total
3000 /e P molecular angular momenturdy=1,=0 and parity py=1,
ﬂ‘/—_ where | is the rotational angular momentum between the
- N . atoms, and excitedingeradebound stategWq(v,J.M¢pe))
-100,5 20 25 30 35 with J,.=1 andp,=-1. For total molecular angular momen-
o tum Jy=0 andJ.=1, there are one and five coupled channels,
So respectively(see Appendix A The excited-state channels
s | s | s | . for odd J. and negative total paritg, do not include théPO
0 10 20 30 40 atomic state and, therefore, the predissociation wititf in
1/a, Eq. (4) is zero®
Figure 4 shows an example of a bound-state structure and
FIG. 3. Adiabatic potentials of two calcium atoms as a function{he corresponding spectrum. The PA spectrum is a reflection
of interatomic separation. The inset shows a blowup of the regionyt the rovibrational structure of excited molecules. In this

near the’P+1S limits. At short range, the potentials are labeled by case, lines are assigned to the Hund’s 0{H}‘;@wu or 1, sym-
their Hund’s cas€a) symmetry and in the inset by a Hund’s casp ’ u

. . . etry.
symmetry label. Ungerade excited states, accessible by an optlcaIR? Dgtails of the Born-Oppenheimer potential at short inter-
allowed transition from the grouny 125 potential, are shown.

atomic separation are insufficiently known for a quantitative
the excited®P state, the long-range dispersion coefficientsprediction of the bound-state locations. Therefore, we have
have been recently calculated by Derevianko and Porsefnodified the short range of ﬂ‘?ﬂu potential to demonstrate
[26]. The attractive Hund’s cage) |Q|*,¥ potentials correlat- how a spectrum can change. Thedhd 1, potentials corre-

ing to the ®P,+'S, limit have Ca(%g,u)=24GEHa8 and late to the’ll, and®3; potentials at short range, respectively.
Cﬁ(lg/u)=259$Ha8 [26]. For this paper, however, dispersion Consequently, by changing tHEl, potential we can change
coefficients are needed for Hund's casg 25’+1|A|g,u Born-  the location of the Qbound states while leaving the position
Oppenheimer potentials. Following Ref39], we have of 1, bound states virtually unchanged. It is convenient to
Co(05) =Co(*Mg), Co(1g) =[Co(*S ) +Co(*Iy,)1/2, and,  define “bins” of the ) potential as energy intervals with
therefore,Cq(°S ) = 272435, Co(°lly,) =246, a5 Der-  edges marked by the@nergy levels calculated with I,
evianko and Porsej26] found that the splitting between the potential, such that the last bound state is exactly on the
long-range3, and II potentials is small. This small aniso- *P,+'S, threshold. As the short-rang@l, potential is
tropy for the quasi-two-electron atom is qualitatively differ- changed, there is always exactly onjelund state in each
ent from analytical predictions for single-electron excitedbin. The “bin edges” for {) states are shown in Fig. 4. The
alkali-metal atoms interacting with rare-gas atofdd,45. “bins” illustrate the density of features one might expect in
Older data[46] do not agree with the results of R¢R6]. an experimental spectrum.

The lifetime of the atomic¢P, state determines the dipole-  Figure 5 shows PA spectra for twbl,, potentials in order
dipole interaction coefficientsZs, of the singlet potentials. to illustrate the limiting cases of overlapping and nonover-
In fact, Cs(YA],)=¢(A|,)CY, where C¥=(3/4TA(*P,)  lapping  and 4, bands. The PA spectra are calculated using
x[)\A(lPl)/(Zw)]3, I‘A(lpl):ﬁ/TA(lpl) is the natural width the line shape formula derived in the previous section and
of the excited'P, state, and\, is the wavelength of the
corre?pondlng ra(zlatlon. The 1coeff|C|eg‘(ll|A|a) 1'5 defined 3Excited bound states with evell and negative parity can pre-
by {(Zg)=+2, {(Z)=-2, {(T[)=-1, and {(T[)=+1.  gissociate to a scattering state dissociating to g+, limit.

For calcium,7a(*Py) =4.59 ns[19,47. Such a level can only be excited fralg=1,=2 ground scattering

Retardation effect$48,49 do not change our main con- states and the excitaion probability is negligible at ultracold tem-
clusion. The calcium bound states of interest are mostly conperatures on the order @fK and below.

10000 —

I
—
)

|
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FIG. 4. (Color onling An example bound-state structure and

corresponding photoassociation spectrum of calcium near the inter- 12
combination line. The detuning is defined relative to théP,
+15, limit. The panel on the left shows the @dark line and 1,
(light line) Hund’s case(c) adiabatic potentials as a function of 1078
interatomic separation. The bound states of these potentials are
indicated by the thick and thin solid horizontal lines, respectively.
The panel on the right shows the corresponding photoassociation 102
spectrum under typical conditions. Each peak corresponds to a T
bound state in the left panel as indicated by the dashed lines. Fi- -100 -80 -60 -40 -20 0
nally, the short dotted lines on the left side of the graph indicate A/h [GHZz]
“pin edges” of the {) potential.

LA L I L L L

ca v v b by s

) . FIG. 5. (Color onling Photoassociation spectra of calcium near
take into account Doppler broadening. In both spectra, thene intercombination line for twdll, potentials. Pangh) is for the
last five vibrational levels of Dand 1, symmetry are shown. potential used in Fig. 4. Pang) is for a potential where the/tand
The PA rate coefficient increases by nine orders of magnitude, bands nearly overlap. The laser intensity is 1 W#cand the
near each vibrational level. Observable trap loss is on theemperature of the gas =1 uK. The ; and 1, vibrational as-
order of 102cm®s™. In principle, ion detection allows signment is shown in panéh). The last vibrational level is labeled
measurement of weaker PA lines than is possible with trajy “1.”
loss. On the frequency scale of the figure, the location of the
1, vibrational lines for the two potentials is almost the same function smoothly changes its character as well. For a bind-

A spectrum in which lines with pand 1, symmetry are ing energyA./h=-0.026 GHz, 90% of the wave function
far apart from one another is shown in Figap In this case, hasQe=0 character, while fol\¢/h=-0.003 GHz, 90% of
the projection(), of the electronic angular momentuppon  the wave function can be attributed ltg=0. In other words,
the intermolecular axis is a good quantum number and bountlund’s case(c) holds for binding energies larger than
states can be labeled by the Hund's casg coupling 0.026 GHz.
scheme. This kind of spectrum has been observed in prelimi- In Fig. 5 and in the remainder of this paper, the natural
nary experiments on strontium near ft&-3P, line by Ido  linewidth I'g s is approximated by P(*P;)=0.663 kHz.
and Katori[50]. The natural linewidths calculated from the theory described

The rather small anisotropy of the long-range dispersiorin the appendixes show that the width is less than about four
interaction of the ) and 1, potentials[Cg(0) = Cg(1,) to timesT's(°P,) for the detunings shown in Fig. 5. We believe
within 5%] can lead to a near coincidence gfénd 1, levels  that our simple model cannot quantitatively describe the
over a range ob. Such a case is shown in Fig(tp. For  natural widths. The treatment of the coupling betwéen
closely spaced doublets, the projectifry is not a good and P states is not sufficiently accurate. For simplicity, we
guantum number, and bound states should rather be label@gsume the same natural linewidth for all lines.
by the rotational angular momentuas in the Hund’s case Figure 6 displays the collision-energy dependence of the
(e) coupling scheme. It can be clearly seen that in each dowstimulated widthly(,) for the @, lines shown in Fig. &).
blet there is a strong and weak line corresponding.tfd)  The ground-state potential has a scattering length of 3§9.8
andl.=2, respectively. and the laser intensity is 1 W/émThe width rapidly in-

We have also studied the change in coupling scheme fromareases for bound states closer to the threshold as the overlap
Hund'’s casgc) to e for bound states very close to the mo- of the bound and scattering wave function grows. Moreover,
lecular thresholds. By changing the shape of ¥g poten-  for collision energies smaller than/ks =100 uK, the width
tial, the last bound state, initially attributed tg Symmetry, of all lines is proportional tove,, satisfying the Wigner
smoothly approaches threshold. Simultaneously, the wavthreshold law. For a 1 W/cfnlaser intensity and collision
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FIG. 6. The stimulated width as a function of the kinetic energy 0 R ! I E—
of a 'S+'S collision calculated for the five lines of the| ®and L, oo -30 0 50 100
shown in panela) of Fig. 5. The laser intensity is 1 W/@nThe Lexi0 T — 1 T 1 ik
natural widthI'g o/ h=0.663 kHz is marked by the dashed line. Lo (C) N B |
. i
energies less than 4K, the stimulated width for four of the ul / \\\ i
vibrational levels is smaller than the natural width. There- ~ 80x10 "™ L 7]
fore, the lines are unsaturated for most of the lines shown in soxio a
Fig. 5. The exception is those lines closest to resonance. 0x10 L N i
In order to show the temperature dependence of the shapt 0.0 et IR IR e :
of a line, we have chosen line 2 of th¢ Band in Fig. %a). 2 -1 0 1 2
Figure 7 shows the line shape for a temperature of 1 mK, (A—Ae)/h [kHz]
1 uK, and 1 nK with and without Doppler broadening. In
the absence of Doppler broadenink,=0 in Eqg. (6). For FIG. 7. The line shape of the’Qine labeled 2 shown in panel
pp q &

these three temperatures, the thermal widthi/h (a) of Fig. 5 as a function of laser detuning. Pan@ls (b), and(c)
=20837 kHz, 20.8 kHz, and 0.021 kHz and the Dopplershow line shapes at a temperature of 1 mkyK, and 1 nK, re-
width Ap/h=694 kHz, 21.9 kHz, and 0.694 kHz, respec- spectively. Profiles that include and do not include Doppler broad-
tively. ening are marked by solid and dashed lines, respectively. The laser
At a temperature of 1 mK, the line in Fig(a& has the in+tens?ty is_ 1 W/cr. The (_:1uantityAe is tlhe bi_nding energy of the
typical “cutoff exponential” shape determined by thermal Ou rovibrational level relative to théa)+ P, dissociation limit.
broadening and is only slightly affected by Doppler broad-
ening. The width of the line is on the order of ten MHz and coefficient is 10*° cm®s™. Moreover, the molecular recoil
the peak rate coefficient is 18 cm®s™. Such a low rate energyE. mo/ N=5.775 kHz is significantly bigger than the
coefficient makes trap loss hard to detect in typical ultra-width of the line.
cold-atom experiments in a magneto-optical trap. In this The width of the lines in Fig. 7 varies by four orders of
case, ion detection might be a sensitive alternative. magnitude. The peak rate coefficient changes by five orders
A1l uK atomic-gas temperature is close to the recoil tem-of magnitude. Clearly, for temperatures on the order il
peratureTr=1.11 uK. Under such conditions, both thermal and below, photoassociation spectra should be observable.
and Doppler broadening in the PA line shape are comparabl@loreover, Doppler broadening is an important factor and
Figure 7b) demonstrates a significant difference between affects the shape of the lines significantly.
Doppler broadened profile and one without Doppler broad- We have also analyzed the stimulated width of théirftes
ening. The width of the line is on the order of 100 kHz andas a function of the scattering length in tH&+'S, ground
the peak rate coefficient is 7% cm®s™L. A trap-loss signal state and the binding energy, of the excited { bound
should be observable for such rate coefficients. states. The scattering length is varied within the range al-
In Fig. 7(c), a PA line shape for a thermal gas at 1 nK is lowed by experimenf27]. The scattering length is varied by
shown. Typically for such low temperatures and sufficientlyslight modifications of the short-range part of the ground-
high densities, an atomic gas could be Bose condensestate potential. The binding energy of thg libund states is
(BEC) and a Boltzmann distribution of atomic momentum changed by modifying thél'[u potential as discussed above.
should not be used. Here, we assume a low enough density Figure 8 shows the stimulated width at a collision energy
that condensation has not occurred. The line shape is an og;/kg=1 uK as a function ofag.;;andA.. The figure shows
dinary Voigt profile, which is determined by Doppler and multiple nearly vertical dark structures, where the width is
natural broadening. The natural widih, ., is 0.663 kHz.  nearly zero. There are two kinds of these structures: ones
The line is Lorentzian if Doppler broadening is neglected.accompanied by a parallel bright feature, whEggis large,
The width of the line is on the order of kHz and the peak rateand those without. The latter structures are not quite vertical
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FIG. 9. (Color onling The fractionfye of molecules in rovibra-
FIG. 8. (Color onling The stimulated linewidth of the;Oband ~ tional stateg, Jo=0 of the'Sg potential produced by natural decay
as a function of their line positiotbinding energy A, and scatter-  ©f rovibrational state, Je=1 of 0; symmetry.
ing lengthag.,; 0f the ground-state potential. The laser intensity is
1 W/cn? and the kinetic energy of the collision is/kg=1 uK. Appendix C gives another perspective of Fig. 8. The data
are described in terms of a near threshold vibrational quan-
for smallerag.,, The “first kind” of structure occurs when a tum number instead of the binding energy. Integer values of
0;, bound state coincides with g bound state. This mixing this quantum number are related to the bins defined in Fig. 4.
is independent of any ground-state scattering property an@ihis discussion is not crucial for the main thrust of the paper
therefore the structures are vertical. The “second kind” ofand, therefore, has been placed in an appendix. It, however,
dark structures occurs when the overlap of the scatteringives a deeper understanding of the physics involved and is
wave function and the excited bound state vanishes. Thaorth presenting.
shape of the scattering wave function near the outer turning Finally, we have investigated the possibility of creating
point of the excited bound state does not change much whegold molecules in the ground electronic state via the photo-
the scattering length is on the order of a few hundagd association process. The simil@g/r® dependence of the
Therefore, these structures are nearly vertical. N@gg  ground and excited potentials can make such a process more
=300a,, a departure from vertical can be observed. efficient than making ground-state molecules through excited
For photoassociation near strongly allowed atomic transistates in which the asymptotic form of the potentiaCigr?.
tions, such as occur in alkali-metal experimefits,18 and  We have calculated rates for bound-bound transitions be-
near the'P, line of the alkaline earth metaf49], the overlap  tween G excited states anHEQ ground states. From these
vanishes for excited bound states with outer turning pointsates, we have calculated the fraction of ground-state mol-
near the nodes of the ground-state wave function. Their deacules, which after photoassociation are formed by natural
tuning A, can be found with the help of the reflection ap- decay. Figure 9 presents the fractifya of molecules in the
proximation[14,28, which says that the Franck-Condon fac- rovibrational state, J;=0 of thelig potential produced by
tor is proportional to the square of the ground-state waveatural decay of rovibrational statg,J.=1 of 0 symmetry.
function at the positiorr for which the difference in the The fraction of avg, J;=0 molecule is no more than 15%.
excited- and ground-state potentials equals the photon fre=or v,> 10, high vy Vibrational levels of the ground-state
quency. potential are produced, while far, <10, low v, levels are
In our case, the reflection approximation cannot be approduced. Nevertheless, even for high a few percent of
plied because the asymptotic potentials in the ground anghe ground-state molecules have loy The fraction of mol-
excited state are similar. The ground-state wave function hagcules decaying td,=2 vibrational states of th&g poten-
nodes at 264, 32.4,, and 46.h, for a scattering length tial has also been calculated, but is not shown. It was found
ascar389.8% and a collision energy,/kg=1 uK. For the  that the fraction of excited molecules decaying to je2
reflection approximation, the relation between detuning andibrational states is bigger than those decaying toJjve0
the outer turning point of the excited bound states is deteryibrational states. Rotational states with=1 do not exist
mined from a potential that is the sum of the Hund's c@ge because of Bose symmetrizaticsee Appendix A
potential V(0;) and the rotational correctior2+J(J; Adding theJ;=0 and 2 fractiond 4, of molecules shows
+1)]%2/ (2ur?). The potentiaM(0})) approaches th&ll, po-  that most of the spontaneous emission of,aJ, ;. rovibra-
tential at large internuclear separation adg=1. These tional level goes to ground molecular bound states. In fact,
ground-state nodes correspond to outer turning point deturfer v,<19 more than 80% of the decay is to molecular
ings of -51.3 GHz, —15.0 GHz, and —-1.6 GHz, respectively.states. The only exception is the last vibrational lewgl,
These detunings do not correspond with the dark lines in Fig=19, corresponding to line 1 in Fig(®, for which 30% of
8. the decay is to molecular states. We have also found that the
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spontaneous decay rate of deeply bound excited states can part of the program of the National Laboratory FAMO in
one order of magnitude larger thaﬁ,;{3Pl)/ﬁ. Torun, Poland.

The potentiald25] used in our model calculations differ
from those by Czuchagt al. [40]. In particular, theire’l'[u
potential is much deeper than that of REf5]. Recent ex- APPENDIX A: CLOSE-COUPLING CALCULATIONS
perimental results obtained by Tiemaf®l] also favor a
deep®lI, potential’ Obviously, a deepetil, potential has a
larger number of bound states. Nevertheless, the properti
of the photoassociation spectra near threshold are almost uf] .
changed. Tests show that the intensity of the lines does not'"S and bound states of alkaline-earth-metal atoms.
change by more than a few percent if the positions of the last Scattering or bound states of two identical aIka!me—e_arth-
bound states for both deep and shalfiily, potentials are the metal atoms with zero nuclear spin can be described in the

same. This also implies that the spacing between lines is n&a&s

changed. It is caused by the fact that the long-range van der : R : .

Waals interaction between the atoms determines the proper- [SLilIMy; p) = mi:‘n (Jim;m|IMISLim; 0)Yim (6, ).

ties of the spectrum. Significant changes in the spectrum are o

observed, however, for detunings where the interaction en- (A1)

ergy cannot be described by the van der Waals potential. where thdSLjm; o) describe the electronic state of the mol-
ecule andY|(0,¢) is a spherical harmonic describing the

V. CONCLUSIONS nuclear rotation. The quantilt; is the total electron orbital

We have developed a description for the shape of photo@ngular momentuniis the total electron spin angular mo-
association lines for weak transitions in which the naturalmentum,j=L+Sis the total electron angular momentulnis

width is smaller than the Doppler width. The line-shapethe rotational angular momentum, adetl+j is the total

theory includes Doppler broadening and a photon recoi!i S ez >
i L ngular momentum. The projectionsjof, andJ on a space-
shift. It was shown that the Doppler effect significantly af- fixed z axis arem;, m, andM,, respectively. The quantitp

fects the PA line shape when the gas temperature is on tt]g the total parity.Gerade (g,o=+1) and ungerade(u, o

order of the recoil temperature and below. : .
. . . . == “Iy+
A model calculation for calcium has been carried out. It is 1) electronic states correspond to total pa 1 and

an example of photoassociation near the intercombinatioﬁz_1 states, respectively. This is a consequence of the more

line of alkaline-earth-metal atoms. We find that photoassoger(lfrl‘r’)lllT :/l\J/Iheer:I)r isattr?emti)tavlvgﬁclggrrieirr? OP'[L;]((:EIe;VrO ;& s
ciation spectroscopy should be possible at calcium gas tem_I;U ' T . b L
he total parity restricts the alloweld by p=pspg(-1)',

peratures on the order @fK and below. In addition, it was _ " X g
shown that when the long-range potentials of the ground an¥N€réPa andpg are the atomic parities. The atomic parity is
+1 for the ground'S state and -1 for excitedP and 3P

excited state are similar, the reflection approximation
[10,14,28 incorrectly estimates the stimulated width and States o _

strength of PA lines. Finally, we have indicated that excited 1he molecular Hamllton_lahi:T+HA+V£m+V,0t 'S calzcg-
molecules are very likely to decay to vibrational levels of the/ated in thelSLjlIMy; p) basis. HereJ=—{#2/(2u)]d*/ dr* is

electronic ground state. This can be used as an effective wdf¢ kinetic energy operato, is the atomic Hamiltonian,

The quantum theory of slow-atom collisiofis2,53 al-
Qws a guantitative description of the scattering process and
ound states. We apply this theory to describe the slow col-

to produce cold molecules. Vit are the nonrelativistic Born-Oppenheimer potentials, and
V,oi=h22/(2ur?) describes the rotational energy. The matrix
ACKNOWLEDGMENTS elements for the kinetic and rotational energy are diagonal

in this basis. In fact, (SLjlIMy;p|T|SLjlIM;;p)
The authors wish to express their gratitude to A. Derevi-=—[#2/(2u)]d?/dr? and (SLjlIMy; p|V,od SLjlIMy; py=£21(1
anko for making his calculations of dispersion coefficientss 1)/(2,r2).

available before publication. We also wish to thank E. Tie-  The matrix elements for the Born-Oppenheimer potentials
mann for providing information on his recent results and forgre calculated in two steps. The first step involves transform-

his helpful comments. This work has been partially sup-ing the molecular electronic stal§Ljm; o) into a body-

ISLjQ; o) states, wheré) is the projection oija on the inter-
“Results by Tiemanfb1] were not available before submission of nuclear axis. After some algebra, the matrix elements are
this paper. given by

ARA AL ’ ’ . (2|,+1)(2|+1) Y ’ . P .
(SL'J'1"IMY;p’ Vi SLjIIMy, p) = 5p,,p5y,J5M3'MJ\/WE ('1"Q0[3’ (IQ0IIANSL' " Q; 0| Vin SLQ; 0,
Q

(A2)
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i.e., the operatoV,, is diagonal inJ, M;, and p but not TABLE |. The values of energies and lifetimes of Ca atomic

diagonal inj andl. A similar transformation is discussed by states used in this paper.

Napolitanoet al. [33] in the context of ultracold collisions

between atoms in tht§, and P, states. 25 Ea*S™L)) [em™] (>
The next step is to express the body-fixed electronic states

ISLI2; 0)=S5 A(SISA|jQ)SISA 0)  in  terms  of ipl 23652.304 459 ns
|[SLZA; o), whereX and A are projections o andL along 3P2 15315.943
the internuclear axis. In other words, P1 15210.063 0.48 ms
3P, 15 157.901
(SL'J'Q ;0" |VinSLIQ; o) Is, 0.000
= > (SL'S/A'j'QXSISAljQ)
S'ASA

by Drozdowskiet al. [54], and some uncertainty still exists.
X(SL'S'A"; 0 |Vindd SLEA ; 0). (A3)  We have chosen the estimated value of R&®], which lies
between the experimental values.
The Born-Oppenheimer potentials are diagonal in this The molecular Hamiltoniahi conserves), M;, andp. In
ISLZA;0) basis and the diagonal matrix elements arefact, the matrix elements dfl in the basis of Eq(Al) for
(SLEA; a|Vid SLEA ; 0) = Vi YA ). given J and p are independent of;. It is convenient to

Finally, we calculate matrix elements of the Hamiltonianntroduce the channels)=|SLjlaM;; p) W):rél_leMJ'p>
HA forltwo nonlntefactmg atoms, where one.atom is alwaysynd note that('?’|H[7>:Ey, NeZ |v')¥'|H[%{y[3). Close-
in the °S,, state while the other atom can be in the sﬂéije coupling equations for the molecular wave functioh)

'p,, or °P,,, Because one atom is in th&, state, the =3-[9)F=(r)/r can be written as
molecular angular moment§, L, and j in Eq. (Al) are ney

equivalent to those of the second atom. #2 o2
A realistic description of the atomic Hamiltonian should - Z—FF;(U + 2 (FHA+ Vi + Viod ¥ )F5: (1) = EF5(1),
include relativistic coupling between singl®, and triplet - K4
3p, states. Therefore, the atomic Hamiltonian is not diagonal (A4)
in the basis of Eg.(Al). Following Mies et al. [39],
“dressed” electronic states fgr=1, which are a mixture of Where E is the total molecular energy. These coupled

singlet and triplet, are introduced as follows: Schrédinger equations are solved numerically to find scatter-
ing and bound states.

|§: o,Ljmj; o) The collision between two ground-state atoms can be

solved separately from that of a ground- plus an excited-state

= coga)|S=0,Ljmj;0) +sin(a)[S=1,Lim;;0), atom. Moreover, for photoassociation of Ca we need scatter-

and ing solutions of the Schrodinger equation for ground-state

collisions and bound states for ground-excited molecules.
~ _ For the collision of two ground-state atort&+'S,, there
[S=1.Ljm;;0) is only a single channel for gived, Mg, and pg. The
= - sin(@)|S=0,Ljm;;0) + coda)|S=1,Ljm;;0), channel is| Vg>=|sgl-4%nggJQMg; Py W'_th jc"g_:o' I_-Q:O' 1g=0,
andl,=J,. The two™Ca atoms are indistinguishable bosons
where « is a small mixing angle. Foj=0 and 2, we have and, therefore, the wave function must be symmetric under

|’§|_jmj;(,>:|3|_jn];g>_ We assume that in this dressed basis.gxchange of atoms and only channels with positive parity
the atomic Hamiltonian is diagonal with diagonal matrix el- |p: "'é eXLjStt-hcorlsequelev otnly etxéﬁ':()’zd""vl-- tare 'al-t .
~ ) = e 281 owed and the atoms interact on the gerade electronic state
ements  (SLjlIM,; plHAISLIOM ;i p)=EA(""Ly),  where 1y Solving the Schrodinger equation wifi=g, >0, we
EA(*®™L)) is the energy of the dressed st&t&'L relative to  obtain the scattering wave functiof ¥ (e, , Jg, My))
the 'S, ground state. =|yg)F;, (r)/r. This wave function occurs in the stimulated
The mixing anglex is determined by the requirement that yigth defined by Eq(5). For larger, the wave function goes
the dressed basigSLjm;; o) reproduces the experimental to F (1) — 2wl (k) sin(kr +ar o/ 2+ Jexplin )
transition probabilities between the excitéloaPl states  [14,15. Our interest will be in the solution fad,=14=0 or
and the ground'S, state. The angle can then be relatedswave collisions. For collisions at ultralow temperatures,
to the ratio of the experimental dipole moments of thesesther partial waves do not contribute significantly.
transitions. In fact, we used ten) For molecules formed by a ground- and excited-state
=\[EAP) /EACP) T 7a(*P,)/ 7ACP,)]. This approach is atom, there are multiple channels involved. The number of
only an approximation of the description of a real alkaline-channels is determined hl; and p.. Photon selection rules
earth-metal atonfi39]. For the purposes of this paper, how- limit the allowed total angular momentum of the excited
ever, it is sufficient. The values for the energies and lifetimesound states td.=Jy,J;=1 and their parity tqp.=-p,. For
have been obtained from Refd9,47,54 and listed in Table Jy=0 or s-wave collisions, PA can only mak&=1 andp,
I. The experimental results on tﬁ@1 lifetime are compared =-1 bound states. Table Il lists the five channels Jor1
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TABLE II. The allowedJ.=1, pe=-1, andM.=0, =1 dressed (SiLejel JeMe: P d¥is.L ol JgMq: Po)
channels of interacting ground- and excited-state alkaline-earth- eeeee e| q|Sg geeTeTe Ty

metal atoms. 2l.+1)2,+1)
_ g
=4/ e(2J +1)? (JgKM¢q[IeM )

e

7o 5 L j I . .
- - - - X 2 (KOG I e2e013eQe)igl g0 35020

1 1 1 1 0 04000’

2 1 1 1 2 K o

3 1 1 2 2 X <Se|—eJ eQe-Ue|dq’|SngJgQg’Ug>’ (B3)

4 0 1 1 0 where the spherical tensor operatff=d-&, with K=1 and

5 0 1 1 2 g=-1,0, or +1. In Eq(B3), we have expressed the dipole

operator in a body-fixed coordinate system. For both singlet
_ 5 S=0 ground and excited states, we realize t}&itjQ);o)
and p,=—1. The first two channels correspond §+°P, =|SL3A;0) and thusj=L andQ=A. It then follows
states. There are no channels witk 0 and, since the atomic _ « _
energies satisfEA(P,) < Ea(°P,) <Ea(*P,), predissociation (SeLejeQe; 0eldg|SyLgigQg; o)
3 . .

of bound states below thts,+>P; limit does not occur. In = (SLS A ae|d§|SngEgAg;ag>, (B4)

fact, this is true for all oddl, andp.=-1.
The numerical solutions of the Schrodinger equation forfor electronic states witherototal electron spirg,=$;=0. In

the scattering collision in the ground state are calculated ughe [SL3A ;o) basis, the dipole operator can be evaluated in

ing the Numerov metho¢b5,56 implemented in the close- terms of the atomic linewidthI's(*P), of the P, atomic

coupling code developed by Mies, Julienne, and Sd8dh  state decaying to the grouﬁs) state. There are four distinct

The coupled-channel bound-state calculations for the excitethatrix elementg010A ; o]d}|0000:g)=d(*|A|,) given by

state are carried out using the discrete variable representation

DVR) [58,59 following Tiesingaet al. [60]. 3(Aa('Py) )
(BVR) [56.59 folowing Tiesingaet al. 50 )=\ 2P e ). e
4\ 2w
APPENDIX B: INTERACTION WITH LIGHT wherel'y,(Y|A],) is the molecular linewidth. The(*|A|,) are

. r-independent quantities as we neglect retardgtl®3,49
In our treatment of the photoassociation process, we neeghy therefore, the molecular linewidth can be well approxi-
the stimulated width, defined by E@), between the scatter- .0 g by Tw(}A])=2TA(*P,) for ungerade states and
. : - u
ing ground state and the excited bound states. The stimulat M(1|A|g):O for gerade states. In our phase convention, the

width can be expressed as d(*|A],) are positive. The molecular dipole matrix elements
between the tripletS,=1 and the grounds,=0 states are

% 2
1_‘eg(sr) =27 2 J dr@e|vlas| '}’g>F:5,e(r)F;g(r) ) Z€r0.
Ve Y0
(B1) APPENDIX C: NEAR THRESHOLD VIBRATIONAL

QUANTUM NUMBER
where the wave functions are expressed in terms of channel ) .
functions F5,(r) and F:;e(r) and (74 Viad v, are matrix ele- Following LeRoy and Bernsteif61], the JWKB quantum
ments between channels in the ground and excited state. ¥ ndlfuon for the e_lgenvalues of gnerglE_sfor a potential
we only consider dipole transitions and neglect the () is that ®(E)=vm, wherev is an mteg:ar and the
r-dependence of the dipole function at shpt6] and long ~ PNaseP(E)=Pwie(E) = /2. Heredyyye(E) = 2dr«(E,r)
[19] range, this matrix element is independent of the interiS _the semiclassical ~phase integral of«[E,r)
atomic separation and given by =\[E-V(r)]2u/f calculated between the classical turning
pointsr, andr,. This criterion is valid for deeply bound
oml 1 . states but breaks down near the dissociation lj6#}. It can
VelViad vg) = \| —— 7=—=Veld - &7y, (B2)  be shown that for energieB close to the threshold, this
C Vameg condition still holdg[63] if the phaseD(E) is modified in the
) following way: ®(E) =® j«g(E) — 7/ 2 -7/ (2q-4) for long-
where the laser has intensity and polarization€;, and  range potentials of the fori(r)=C,/rd. A recent discussion
(‘&eld-éqwg):zyeﬁxgye><ye|d-éqwg> is the molecular dipole on improvements to the LeRoy-Bernstein approach can be
matrix element between spin channels. found in Ref.[64].

Napolitanoet al.[33] discuss the connection between mo-  The phaseP(E) allows us to define generalized vibra-
lecular and atomic dipole matrix elements. A similar ap-tional quantum number a$®(E)-vqw]/7, a continuous
proach is used here to find matrix elements. The moleculafunction of energyE, where vy is an arbitrary constant,
dipole matrix elements between the ground and excited stat@hich does not need to be an integer. bgr0, the gener-
are alized vibrational quantum number &,1,... pa—1, Or
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vmax WhenE is equal to the energy of a bound state. Here, a e 0 T
zero value corresponds to the most deeply bound state ancs;
Umax IS the vibrational quantum number of the last bound &
state. At the dissociation limit, this generalized vibrational ~ -
guantum number equalsy=®(0)/7 and, in general, can

have a noninteger valu@1].

In the analysis of bound states near the threshold, it is a
convenient to setg=vp Or vp=vmaxt 1. In the first case, the
generalized vibrational quantum number is equal to zero at
threshold. Negative integers -1,-23 ~..correspond to en- 3
ergies that mark the edges of “bins,” in which there is exactly
one bound state. Only for integer,, however, do “bin i 1
edges” coincide with bound-state energies of the potential. In . T T
fact, “bin edges” were introduced in this way in Fig. 4. A 7260 -50 -40 -30 -20 -10 0
second useful choice afy is vg=vmat1. It allows us to A/h [GHz]
define anear threshold vibrational quantum numbaevhich
has values -1,-2 3-,... forbound states counting from the FIG. 10. (Color onling The near threshold vibrational quantum
top. The near threshold vibrational quantum numberBor numberu(Ag)/m of the potentialV(IL) +[2+Ja(Je+ 1) 1h2/ (2r?)
=0 iSvp—vUmax— 1, and lies between -1 and 0. with J.=1 as a function of the binding enerdy. The dashed lines

In practice, for energies far from threshold but not farindicate the blndlng energies atWhl@KlAe)/ﬂ' is an integer. The
enough to justify the use of the JWKB approximation, thevalue of »(A¢)/m at A.=0 is also indicated.
energy dependence of the effective vibrational quantum
number can be calculated using expressions given by Mies
[65]. Following Refs.[65,68, we define a near threshold Hund's casé) potential. The connection between integer
vibrational quantum number(E)/m as a continuous func-  ,(A.)/7 and the multichannel bin edges breaks down for
tion of energyE, wherev(E) is the phase difference between smajler binding energies as Coriolis mixing changes the mul-
two solutions of the Schrodinger equatiéfr) and ¢(r) at  tichannel coupling scheme from Hund's casgto (e). Since
the equilibrium separationt, of the potentialV(r). The 5 single channel cannot fully simulate the multichannel
functionf(r) is obtained by solving the Schrodinger equationpound states, the near threshold vibrational quantum number
assuming that(0)=0. The functiong(r) is obtained by solv-  1(A,)/7=-0.2135 is not an integer fak,=0.
ing the Schrodinger equation assuming tigt)=0. Then Figure 11 shows the results of Fig. 8 in terms of the near
tar»(E)] can be calculated frorf65] threshold vibrational quantum numbefA.)/ 7 instead of

, , the binding energW.. It is clearly seen from Fig. 11 that for
ta{w(E)] = K(Er[f(re) ' (re) = ¢reo)f'(re)] (Cy)  v(Ag/m betweenv andv+1, wherev=-4,-3, or -2, and
KC(Erf(rddlre) + ¢/ (rdf'(ro) ’

where the primes denote the first derivative with respect to
The near threshold vibrational quantum number, defined this
way, has an integer value for energies corresponding to the

—_

-6 -5 -4 -3 -2 -1 0 1 2 3

bound states of the potentislr). o 10910(Teg(e )T nat)
A connection between the near threshold vibrational <" 2 D e
guantum number and the binding energiesof the multi- o 900

channel excited bound states, used in Fig. 8, can be madt
using quantum defect theofg5]. The theory states that the
shapeof the energy dependence ofE) near threshold is 700f
nearly independent of the short-range form of the potential
and that we can replace the energyin Eq. (C1) by the
binding energyA.. 500
The near threshold vibrational quantum numbek,)/ = 400k
for a potentiaV(I1,) +[2+Je(Je+ 1) 4%/ (2ur?) as a function
of A¢ is shown in Fig. 10. For this potential, the short-range
shape is adjusted to obtagingle-channebound stategor 200 : : : . : . :
negative integer near threshold vibrational quantum num- 4 A B K v(a)/r
berg for binding energies equal to —1.39 GHz, -8.71 GHz, ¢
—25.56 GHz, and -54.01 GHz. These values agree well with i, 11. (Color onling The stimulated linewidth of the/tband
the multichannel “bin” edges -1.45GHz, -8.75 GHz, as a function of the near threshold vibrational quantum number
—25.56 GHz, and -53.94 GHz shown in Fig. 4. In fact, for ,(A,)/ 7 and the scattering lengti.,0f the ground-state potential.
binding energies below —0.026 GHz, the multichanngl 0 The laser intensity is 1 W/ctnand the kinetic energy is,/kg
bound states are well approximated by this single-channet1 ukK.
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thus for each corresponding bin, a pair of dark structurestructure moves much more within a bin. Both observations
occurs. In fact, the “first kind” of structure always appears atreflect the fact that th&€g coefficients of the ground- and
nearly the same location within a bin. The “second kind” of excited-state potentials are similar.
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