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Cold atomic collisions studied by molecular spectroscopy
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We observe bound states just below the dissociation limit and shape and Feshbach resonances between the
ground state hyperfine asymptotes by Raman spectroscopy on a molecular beam of sodium dimers. The
rotational selectivity of a two-photon transition gives access to specific states of nuclear motion and thus to
cold collision properties of two colliding atoms. Modeling of the collisional resonance structures requires a
multichannel treatment of the nuclear dynamics that uses highly achJFété anda 33 potentials. These
potentials are constructed from bound levels just below the ground state asymptote measured in this experi-
ment and bound state information available in the literature. We also present simulations of the spectrum
between the ground state hyperfine asymptotes. The good agreement shows that accurate potentials obtained
from bound state information are able to reproduce scattering properties of two colliding sodium atoms. From
this analysis we find for the scattering lengtagf=2)=a; _,=52.98(40R,, asinge=19.20(30%,, and
Qyiplet=62.51(50R,, Where 1ay=0.052917 7 nm.
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I. INTRODUCTION Raman spectroscopy on a molecular sodium beam selec-
tively accesses weakly bound states just below the ground
Due to the fast progress in cooling and trapping cold atstate dissociation limit as well as scattering resonances be-
oms during recent years, the interest in detailed knowledgéveen the hyperfine asymptotes. The data set of bound states
of two-particle interactions that are able to reproduce ultrahas now become sufficiently complete to derive highly accu-
cold collision properties has increased. At ultracold temperarate singletX 'Y and triplet a®S potential surfaces.
tures these interactions are determined by the scatteringhese potentials are valid not only for large internuclear
lengths and long range attraction of the interaction potentialsseparations but also for internuclear separations down to the
The scattering length, which is derived from the scatteringepulsive branch of the surfaces.
wave function at zero collision energy, determines the effec- For the extraction of the singlet/triplet Born-Oppenheimer
tiveness of evaporative cooling and the stability of Bose<{BO) potentials we have set up a multichannel description of
Einstein condensatd4,2]. It can be derived from a variety the vibrational-rotational motion. The atomic hyperfine inter-
of experiments. Photoassociatif8] with ultracold atoms in  action of the individual sodium atoms mixes tKelEg and
a magneto-optical trap can determine the last nodal positiong3s. " potentials. This multichannel description is also valid
of the zero energy collisional wave function. Alternatively, for atom-atom Sca'[tering and enables us not 0n|y to deter-
the scattering length can be determined from the energy pamine scattering lengths but also to describe collisions well
sition of the last bound state with respect to the dissociatiombove the dissociation limit and to give an interpretation for

limit [4]. In both cases the experimental observables are conhe observed resonance structures in terms of shape and Fes-
verted into the scattering length by relying on the accuratgyphach resonances.

van der Waals coefficier@g, which has been obtained from  The paper is set up as follows. In Sec. Il we briefly de-
atomic properties. scribe the experiment, focusing on how Raman spectroscopy

Recently, different derivations of such potentials for,Na selectively addresses single rotational levels. This section
at the ground state asymptote-83s have been published. also presents the energies of asymptotic bound states and
The approach by Het al. [5] uses experimental data up to resonances. Section Ill describes how approximate Born-
vibrational levelsux=62 of X '3 and fora®3 | only data  Oppenheimer potentials are extracted. In Sec. IV an outline
with minor accuracy compared to the singlet, resulting in aof the multichannel Hamiltonian is given. The multichannel
potential that will be not sufficient for the precise descriptionbound state solutions of this Hamiltonian are used for final
of cold collisions. The method by van Abeeletal. [6] adjustments of the BO potentials. Section V sets up the mul-
concentrates on the long range behavior and describes thiehannel scattering theory and the description of the optical
short range by the accumulated phase from a small up to anansition to model the resonances in the spectra between the
appropriately chosen internuclear separati®@=<£16 A in  hyperfine asymptotes. A comparison of the experimental re-
their casg They use almost the same set of data ag5jo sults and the theoretical model is given in Sec. VI. We end
but include the recent measurements of Feshbach resonanaeith a section that compares the present results to earlier
at zero collision energy in a magnetic field studied by Inouyefindings and gives perspectives for further studies.
et al. [7] to get the right asymptotic behavior for cold colli-
sions.

A more fundamental approach of obtaining scattering
properties for sodium dimers becomes possible due to the We will briefly review the experimental setup. Details are
measurements presented in this paper. We will show thgiublished in Ref[8]. From an appropriately chosen vibra-

II. EXPERIMENT
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tionally excited levelvy in the ground state with a Raman 4300 - - '
transition via the intermediate level\(v,J,), levels at the
ground state asymptotes3 3s of Na, are observed.

In a first interaction zone, for preparing the above men-
tioned levelvy a dye laset. 1 (at 610 nm intersects perpen-
dicularly with a well collimated molecular beam. In the laser
beam some of the molecules undergo a Franck-Condor
pumping step. Molecules that are initially in the lowest vi-
brational level of theX '3 state are transferred to the
~30 vibrational levels of theX state by absorbing ahl 1500
photon to a low lyingA state vibrational level and a subse- . =4 ]
guent spontaneous emission. . ,

In a second interaction zone separated by 35 cm from the 03 02 . -0
first the ground state asymptote is reached in a STIRAP-like wave numbers fem’]
(stimulated Raman scattering involving adiabatic passage riG. 1. A spectrum using thes=120, J4=3 rovibrationalA
process[9] starting from a single rovibrational levely  state as the intermediate state. Selection rules ensure that only even
~30, Jx. The STIRAP pulse sequence is applied by two cw| hound states are observable. Ttfe=64 X 13} levels are labeled
laser beams|.2 andL3 (at 530 nm and 590 nmpartially by, and the fourm °3 | lines are marked with arrows. The zero of
overlapping in space and perpendicular to the moleculagnergy is the Na(,=1)+ Na(f,=1) dissociation limit.

beam. The polarization of the two lasers is linear and parallel ) ) o
to each other and to the molecular beam. state levels which can be accessed by stimulated emission

, . o
Fluorescence from the intermediate leveh, g} ,J5) from aJ, intermediate level are limited. For example, for an

populated by laset.2, which is kept at fixed frequency, is intermediatel,=1 levels(l=0)- andd(l=2)-wave bound
monitored with a photomultiplier. This fluorescence de-levels below, or corresponding partial waves between and
creases when the tunable lagsd comes in resonance with @bove the dissociation limits can be observed.

the intermediate level and an asymptotic ground state level. Near the ground state asymptotes, W& anda’s,

The resulting dip in the fluorescence can be up to 70% fopotentials are strongly mixed by the hyperfine interaction. In
strong signals. The narrow linewidths down to 20 MHz arethe absence of this mixing the stimulated downward transi-
not determined by the lifetime of the intermediate state, bution could access only th¥ '3 levels as dipole selection
by residual Doppler broadening from angular misalignmentules requireu—g transitions. Near the dissociation limits
of the L2 andL3 lasers, by saturation broadening, and byas3. levels become accessible due to hyperfine mixing
Zeeman broadening due to residual magnetic fields. The frawith X 137 levels. The mixing can be so strong that labeling
quencies of the asymptotic ground state levels are calibrategk singlet and triplet is inappropriate. We expect very strong
with a temperature stabilized 150 MHz marker cavity. Thissignals to levels that are almost pure singlet levels and weak
allows the determination of the difference frequencies withsignals for triplet levels that couple to the singlet manifold.
respect to well calibrated “singlet” line8] with an uncer-  In Sec. IV we discuss the good quantum numbers for two
tainty of less than 10 MHz. interacting ground state atoms in more detail.

The initial and intermediate states of the STIRAP transi- \We have measured almost all lines or resonances lwith
tion determine the accessible states near the ground state5 covering an energy region from 0.36 chbelow the
asymptotes N&S,,,f,) + Na(®*Sy,,fp), wheref, andf, are  f,=1+f,=1 asymptote up to the,= 2+ f,=2 asymptote.
the total angular moment@lectron and nuclear spinf at-  The strong lines with largX 'S, character were already
omséa andb, respzectively. Two grour_1d state sodium atomsgpserved in[8]. The weaker resonances with high?s
Na("Sy2,fa) + Na(*Sy2,fp) can combine to three different cparacter are observable only by carefully choosing the in-
molecular asymptotes characterizedfgyt fp=1+1, 1+2,  {eymediate vibrational level to ensure a maximum Franck-
and 2+2_' ) ) ) ) , Condon overlap. For the,=14 and 15 vibrational levels of

Thle intermediate state is a rovibrational lewdl,Jh of  thea3s state,us=120 and 140 of the\ state have been
theA "X potential. The selection rules for absorption of our ;e respectively. To increase the signal-to-noise ratio sev-
linearly polarized photon require thaf=Jy+1. Moreover,  era| scans are averaged giving a typical total recording time
as a consequence of the nonzero electronic mechanical agf 30 min for a complete spectrum. In addition, the intensity
gular momentum of thé state, everiodd) Jj levels contain  of L3 is increased up to 100 W/émThe enhanced uncer-

a combination of oddeven partial waved. In fact, ford,  tainty in the frequency determination of weak lines, due to
=0 only I=1 partial waves contribute while fat,=1 the  power broadening of the strong singlet lines used as refer-
molecular wave function is a linear combinationlefO and  ence, is below 5 MHz.

| =2 partial waves. Fod,=2 andJ,=3 we havd =1,3 and An example of a spectrum that shows weakly bound
| =2,4, respectively. X's; anda®3] levels is presented in Fig. 1. The figure

Unlike in the intermediaté\ state level, the partial wave shows the Raman spectrum tuning lals8r The initial state
for two interacting 2S atoms is a good quantum number. is thevy=29, Jy=4 xlzg rovibrational level and the in-
Consequently, the values bfof the weakly bound ground termediate state is the,=120, J,=3 of the A state. The
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and the intermediate stateudg =140, J,=2 of theA state.
Hence selection rules ensure that only dddatures are ob-
served. The dip below the energetically lowest Naf1)
+Na(fp,=1) limit is a true bound state. Other features in
Fig. 2 except the upward peaks are scattering resonances.
Their assignment is discussed in detail in later sections. Here
it is worth noting that labeling wittX '3/ vibrational quan-
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: s L 6 tum numbers Y, is only approximate. In reality, mixing with
2000} L3 3 {1 thea33] state is so strong that an analysis usingXh& ;
. state alone is insufficient.
gL symprote 112 asymprote | 2 asympuote ‘Alist of our experimental line positions and their uncer-
0.00 0.05 0.10 tainties with respect to the lowest dissociation asymptote is
wave numbers [cm"] presented in Tables | and Il. The uncertainties are determined

by different calibration steps for the intermediate levels used.
I%etails are given if8]. The accuracy of some of the lower
Tevels reported in Ref8] has been improved by wide scans
spanning a large asymptotic energy range including the well
calibrated last vibrational levels.

weakly bound ground state levels appear as dips in the fluo-

rescence spectrum. Two spectral features with increased Ill. GROUND-STATE POTENTIALS
fluorescence are due to accidental excitations-of lines by
scanning laset.3 and are not related to laseéR. If one
chooses a different intermediate lewg| these lines will dis- . _ : _
appear and enhanced fluorescence might occur at other aca‘?sed on adiabatic electronic potentials was testef8}n

dental frequencies. In this way undesired overlaps betwee hfortunately, thg theoretical pre_dictions fOFIne hypgrfine
fluorescence peaks and dips can be avoided structure are not in agreement with the observed splittings.

Dipole selection rules ensure that orly 2 and 4 lines Nonadla:rt])a;uiiefje\c/tsl a;? n?trneg']Allglble Toathﬁ dnensclrlpgoln Oif
can be observed in Fig. 1. The strong doublets are hyperfin%]gu%si’z pho (e:rf?n: csouuﬁirl: e.betv(\:/ggre esinc I:t aidatr? )IIZtS
structures of thevy=64, |=2,4 rovibrational levels of g hyp Pling g P

tates is necessary to model the asymptotic region. For the
i\ +
X*q. These two components can be labeled by the googheretical approach used in this paper, potentials are needed

quantum numbef from f=f,+f,. The features marked by describing the molecule at small internuclear distances and
arrows are levels that predominantly haa@, | character. applicable as Born-Oppenheimer potentials in the asymptotic
Assignment of the weakly bound 12g+ levels is from Ref.  region. To construct them we use data from the literature for
[8]. the lower part of theX 'S, anda®3 potentials together
In Fig. 2 we present an example of a STIRAP spectrumwith our own asymptotic measurements. In the low part of

spanning the three N&{)+Na(f,) hyperfine dissociation the potentials we can start with a single channel model be-
limits, which are indicated by the three dotted lines. Thecause the hyperfine coupling is small compared to the level
initial state is thevx=29, Jx=3 X'Z rovibrational level  spacing.

FIG. 2. A spectrum using the,= 140, J,=2 rovibrationalA
state as the intermediate state. The dotted lines indicate the thr
hyperfine dissociation limitf .+ f,. Selection rules ensure that
only odd| bound states or resonances are observable.

A theoretical interpretation of the observed level structure
of the last vibrational levels of th¥ 'S/ state with a model

TABLE I. Level energiegin cm™1) for evenl with respect to the dissociation limitsgf ,=1)+ 3s(f,,
=1), which is at 5942.61489) cm ! [8] with respect tax=0, Jx=0. f,,f, are approximate assignments,
the good quantum number fs (Fz Fa+ ﬂ,). The numbers in parentheses represaentubcertainties of the
bound state and resonance positiddis a shape resonande,a Feshbach resonance, and * indicates values
used in the fit of Sec. IV.

' f vx (fa,fp)=(1,1) v, (fa,fp)=(1,2) v, (fa.fp)=(2,2)
2 2 65 15 +0.0584(9F
0,2 +0.0024(95
0 2 65 —0.010§7)* 15 +0.0416(9F
0 ~0.013%7)*
4 2 64  —0.2007(12)* 14  —0.0808(12)* 14 —0.0090(12)*
0 —0.2063(12)* —0.0452(12)*
2 2 ~0.31779)* —0.1782(12)* —0.1056(12)*
0 —0.32279)* —0.1423(12)*
0 2 —0.36949)* —0.2221(12)* —0.1494(12)*
0 —0.37449)* —0.1860(13)*
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TABLE Il. Level energies(in cm 1) for odd | with respect to the dissociation limitsgf ,= 1)+ 3s(f,,
=1), which is at 5942.61489) cm ! [8] with respect tovy=0, Jy=0. Sis a shape resonanck, a
Feshbach resonance, and * indicates values used in the fit of Sec. IV.

—h

vy (fafp)=(11) vx  (fa.f)=(12) v (fa.f)=(12) vy (fa.f)=(2.2)

3 3 65 65 +0.0679(11p* 15
1 3 +0.03849)*
1 —0.006%9)* +0.0537(12F
5 3 64 64 —0.1134(14)* 14 14
1 —0.1253(14)* —0.0003(14)* +0.0392(14F
3 3 —0.2608(14)* —0.0501(17)*
1 —0.2707(14)* —0.1186(14)* —0.0783(17)*
1 3 —0.3467(17)* —0.1223(20)*
1 —0.3554(17)* —0.1911(17)*
For vibrational levels)x = 0 up to 45 of theX '3 state, For the calculations near the dissociation limit the poten-

we take the parameters of analysis 2 of H&0] and, be- tial must be extended to smaller and larger internuclear sepa-
cause no primary spectral data are available to us, we calcuations than can be obtained in the above fit. FRSR,

late energies for levels fromy=0 to 45 with selected rota- =2.24 A) we use the exponential form

tional quantum numbeldy between 0 and 100. For 46y
<62 the level energies reported by Barr@wal. [11] are
used, but corrected for the small sh¥E=—0.0180 cm'!
due to the recalibratiof8] of their reference level. For low The coefficientsA; and B; (see Table Ill are fixed by the
angular momenta afy =61 to 63 our own measuremeigj condition that the connection & is continuous and differ-
are includedu =64 and 65 are excluded because they aréntiable. For R=R,=9 A) the potential is written as
disturbed by the coupling betweef and a states. First a

Rydberg-Klein-ReesRKR) potential is derived from the _ G Cg Cyo Cpp Cyy

above data. This RKR potential is then represented analyti- -
cally by a power series:

Vi(R)=Ae Bi(R-R)_p, (3)

V(R)=—D+ag+a;é+aé?+azsd+- - (1)  Wwith
with EelR)= — Ag,R7e BeR )
R™Re for the exchange interaction. The ter@sg, andC,, are used
=&(R,b)= ) .
§7ERD= R+DbRe’ only to guarantee a smooth connectiorRgt The values of

the coefficients are given in Tables Il and IV.

whereR, is the equilibrium internuclear separation of the The description of the potential for the33; state is
initial RKR potential and the parametes a,, a,, etc. are  quite similar to that of the singlet. A RKR potential for,
determined from a least squares fit procedure of the RKR=0-12 is given by Liet al.[12]. This potential is converted
potential. The parametdrin Eq. (2) models the very differ- to the analytic form of Eq(1). Starting from this fit the
ent steepness of the potential inside and out&ideand is  values ofa; are improved by minimizing the differences be-
chosen such that the number af coefficients needed to tween the theoretical level energies and the experimental
represent the RKR potential is minimd).is the energy dif- level energies fron[12] and our values forw,=14 (see
ference ofV(R=R,) of thexlzg ground state and the en- Tables | and Il. In order to obtain a reliable potential near
ergy of the barycenter of the hyperfine structure at the asthe equilibrium internuclear separation the rotational con-
ymptote. Thus we shift the zero of energy to the barycentetant forv,=0 from [13] is included in the fit as well. For
of the hyperfine structure in order to have a common referR>R,=9 A, the long range tail of the potential is given by
ence for all parts of the potential. Eq. (4) except that the exchange interaction is of opposite
The parameters; are refined by minimizing the differ- sign. C,, andCy, are again determined by smooth connec-
ences between the experimental energy levels and those niien atR,. The repulsive branch of the triplet potential ends
merically calculated using a Numerov method for finding theat much larger separations than that of the singlet potential.
bound states of a Schtimger equation. The linear teray in For R<R;=4.4 A the exponential representation is given by
Eq. (1) is needed, because the equilibrium separation of th&d. (3). Thea; and other coefficients of the triplet potential
exact potential is not necessarily equal to that of the RKRare given in Table V.
potential. The shift of the minimum is very small as can be It should be noted that the accuracies of binding energies
estimated from|a,|<|a,|. The result of the fit is given in of the low lying vibrational levels of th& '3  anda®s;
Table Ill. potentials are 0.01 cit and 0.5 cm?, respectively. The
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TABLE lll. Parameters used for thé 'S ;' potential. The dimension @ is cm™*. Theb parameter is dimensionless. The dimension of
length is the angstrom where 1=%.1 nm. In order to faithfully represent the potentials, coefficients are given to 18 significant figures. This
does not reflect the accuracy of the potentials in reproducing experimental energies. Numbers in square brackets are powers of 10.

Re 3.07857466 A R; 224 A R, 9.00 A

b -0.4 A 0.50351234p04] cm * Ci, 0.400101 412] cm * A*?
D 6022.0397p00] cm* B 0.2913963p01] A1 Cus —0.377310114] cm 1A%
ag 0.000000000p00] a, —0.1003669568464681D31] a, 0.1472933943812495p05]
ag 0.1214496773601978p85] a, 0.9408408754829918D43] as —0.9891687495633615p@4]
ag —0.8936692919000011P04] as —0.2762208384364173p85] ag —0.2556448094108144B76]
ay 0.2261599330112793B35] ap 0.5388444616508543497] an —0.5105774396847303037]
ar, —0.9643629235477474B333] ass 0.3978428892344296[708] ags 0.1206381594099955D80]
as 0.1351158328580874p09] ag —0.10548178568450111#1] ar; —0.5776025717589153p90]
asg 0.6551106949864364p21] ag 0.6016111209853346p51] as —0.2919816220408046B82]
an —0.3698901254606665552] ag 0.9313416837216450p02] ans 0.1538253467679596p23]
Ay, —0.2070027544184559D83] ags —0.4528609914610200R03] ags 0.2937522391828797RE3]
ay, 0.9556502269162333p83] a —0.1765500758601257B13] g —0.1431854591011962FD4]
ag —0.2224337684863211p13] ag 0.1471221348480858414] ag, 0.640989986244799201%3]
ags —0.9555194849392740p83] ag, —0.6888349592885817B83] ags 0.3121618009408546R%3]
ags 0.3776379820422956p43] ag; 0.2426569111848523[11] ags —0.8726131162758212B92]
age —0.2367557922818782p52]

latter uncertainties are significantly larger because of the limTwo basis sets are now convenient for understanding the

ited accuracy of the existing dafa0-17. couplings contained in the Hamiltonian. These are the atomic
|(fafp) fIF) and moleculat(SI)fIF) bases, wheré=S+1
IV. COUPLED CHANNELS DESCRIPTION andSis the total electron spin arids the total nuclear spin.
OF THE GROUND-STATE SODIUM DIMER The Na atoms are composite bosons and consequently

o ~roughly one-half of the possible angular momentum states
The structure of the Hamiltonian that can quantitativelycan exist in the dimer. This reduction of allowed spin states
describe the molecular dynamics of a ground state sodiuy most concisely expressed by the requirement 8wt

. . - 2 . .
g'me; or two Ccl’”'d'”g S Isodlun|1 atoms is well known. It | ig even in the molecular basis. A transformation between
as, for example, been elegantly discussed in Réf13. the two basis sets is obtained using angular momentum re-

Briefly, the Hamiltonian contains the kinetic energy operator l e : :
’ . . . ing theory. The Hamiltonian in th ivalent i
for the relative radial motion between two atoms, the twoCOUp g theory € Hamiitonia ese equivalent basis

Born-Oppenheimer potentials, a hyperfine contact interactior?etS gives rise to a set of close coupled or coupled channels

- ono ) equations. For example foe=0, f=F=2 the three atomic
for each Na atom, and the nuclear rotatibfl %/ (2uR?)

. e tates| (f.fp))=[(11)), |(12)), and|(22)) are coupled.
wherey is the reduced mass. Weak magnetic spin-spin ang In thisa Ba>per we are interested in>b0th continuum and
second-order spin-orbit interactions can be neglected for thB0

f thi Th it i b i ; und state solutions of the coupled channels equations. A
purpose of this paper. 'hese interactions become impor a?ﬁscussion of the continuum solutions is postponed to Sec. V.
when the accuracy in the determination of the position o

Kiv bound level h ¢ hertz. The at For the bound states of the Hamiltonian it is convenient to
weakly bound levels reaches a few megahertz. The atomiGic. oti-e the kinetic energy operator using a Fourier grid

;nasz z_imlj:z a:onllg hyr:jeT?ne Constatnt tlhatTire ap|?l|ed can t?Spresentation that automatically ensures that wave functions
ound in Refs[16] and[17], respectively. The nuclear spin are zero at the smallest and largest internuclear separations

of a sodium atom is 3/2. . ) included in the discretizatiofil8]. The Fourier grid method

For the qround—state Na_d|me_r»thea nuglear orbital angmars simple to implement and is able with a minimum of col-
momentuml, the total atomic spiri=f,+f},, and the total |ocation points to represent the bound states with a high de-
angular momentum of the molecufe=| +f are conserved. gree of accuracy. Finding the bound states is reduced to solv-

ing a matrix eigenvalue problem.

TABLE IV. Long range dispersion coefficients and exchange An approximation of the Hamiltonian based on the rela-
interaction parameters used for boti%; anda %, potentials. tive strength of the interactions has been fruitfully used in
A.R” and R are in units of cm?® and A, respectivehf20-27.  the previous section. In fact, the hyperfine interaction has
Numbers in square brackets are powers of 10. been neglected. The validity of this approximation can be
understood from the quantum numbers of the two basis sets.
Cs 0.752305207] cm *A® Cg; 0.150985009] cm *A® The Born-Oppenheimer surfaces, which describe states of
Cio 0.418198010] cm A0 5.504 total electron spirS5=0 or 1, are diagonal in the molecular
Aoy 8690.0 Bey 2.3250 A1 basis. On the other hand the atomic hyperfine interactions
have a diagonal representation in the atomic basis. It there-
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TABLE V. Parameters used for te®3 | potential. The dimension @&, is cm 1. Theb parameter is dimensionless. Numbers in square
brackets are powers of 10.

Re 5.09110000 A R; 4.40 A R, 9.00 A

b -0.2 A 0.59415916@R04] cm* Cy, —0.412265713] cm * A1?
D 6022.0397p00] cm™* B 0.5192050p—01] A ! Ci4 0.318968815] cm 1 A14
ag 5849.332855800000000] a; —0.6438261317199236D92] a, 0.1773138254204071024]
ag —0.4055702525143696B52] a, —0.4098983898557886p@4] as —0.1893733102087046[@5]
as 0.60873165209450100@5] a; —0.4495815491421978B05]

fore follows that the hyperfine interactions couple méz; and the three conserved quantum numiéts On the other
anda’s ! states in the molecular basis while the BO poten-hand, mixing between thé 'S, anda 3| states shows up
tials mix the atomic hyperfine states in the atomic basis. Thés expectation values &2 that are between 0 and 2. For
rotational part of the Hamiltonian is diagonal in both basisexample, the level labeled bly=0, f=2, with the f,=1
sets. +f,=1 dissociation limit and an energy 6f0.0106 cm*

The structure of the Hamiltonian suggests that a changg, t4ple | hag$2)~1.4. On the other hand it has an expec-

from a predominantly molecular to an atomic representation

. z 22
occurs as a function of binding energy. For large bindingtatlon value of 2.1 for the operatof§ andf2. As the latter

energies the splitting of the BO potentials is much Iargervalue must lie between 2 and 6 the state can approximately

than hyperfine splittings. The approximation used in the preP€ labeled withf,=1+f,=1. Notice, however, that this

vious section is then valid and single channel bound statd0€S ot imply that the adiabatic approximation is valid. An
calculations are sufficient to invert the experimental levelexpectation valugf2)=2.1 only implies that most of the
positions into either theX 12; or a®3 ! potentials. For amplitude of the three-channle+ 0, f =2 eigenfunction is in
smaller binding energies hyperfine splittings are larger thaihe atomic|(fafy))=[(11)) state. .
the exchange splitting between thé'S | anda 33 poten- In the previous section the shapes of tKé¢=, and
tials and the full coupled channels eigenvalue problem needg’s, Born-Oppenheimer potentials have been optimized to
to be solved. It turns out that for the sodium dimer the singlg’eproduce all known levels with a binding energy of more
channel approximation is valid for levels that are bound bythan approximately 1 cm'. These BO potentials lead to
more than~1 cm 1. close coupled predictions for the binding energy of the
An adiabatic approximation has been used to assign theeakly bound levels that in several cases lie outside the error
experimentally observed weakly bound levels of R8f.as  bars of the experiment. A final adjustment of the shape of the
well as those presented in Tables | and II. In essence for &vo BO potentials must be made. We chose to modify only
given fIF the interactions are diagonalized at each internuthe inner walls of both potentials. That is, we adjust only the
clear separation. Th&dependent eigenvalues or adiabatsB; of the exponential form of Eq(3). This adjustment does
closely follow theX 'S/ or a®s potential for short inter- not significantly change the binding energies of the more
nuclear separation and asymptotically dissociate to one dfeeply lying levels but leaves sufficient flexibility to obtain
the threef ,+ f,, limits. In fact, for everl the adiabat that at agreement between the experimental binding energies and
short range is nearly th¥ S state dissociates to thfg, those of the multlphannel Hamiltonian. The best values.for
—1+f,=1 limit. The levels of the two tables are assigned B; are pres_ented in Tables III. a_nd V. With these potentials
by If, the dissociation limit, and the vibrational quantum the normalized standard deviation between the close cou-
number of the corresponding adiabat. The energies are ind_@l'”g predictions and observations for_44 levels with a bind-
pendent of the total molecular spfy, because we neglect NG energy smaller than that of the singtet=62 (present
electron spin-spin and second-order spin-orbit interactiondata and some from Ref8]) is o=0.63 (normalized with
and henceF is not needed to label the levels. the averaged experimental errowhich shows the internal
The assignment of levels by adiabats is used for conveconsistency of this approach.
nience but the labeling by adiabat and vibrational quantum
number is only approximate and thé labels can only be
confirmed with a coupled channels calculation. In fact, the V. MODELING OF EXPERIMENTAL LINE SHAPES
difference between eigenenergies of an adiabatic and a The spectra obtained in our beam experiment for the
coupled channels calculation can be on the order of the hyhoynd states of the Na dimer have been used to construct the
perfine splitting. o . X'3; anda®3 potentials. We have also observed spectra
One way of investigating the effects of close coupling iy oy yeen the threg,+ f, asymptotes. Figure 2 shows an ex-
for each multichannel elgenfurA]ctlonAto Ioo£< at expectatlonemme of a STIRAP spectrum that shows transitions to con-
values of spin operators such & or f2 andfj [18]. If an  tinuum states with odd partial waves. Figure 3 presents a
eigenfunction contains significail®=0 character, as might spectrum with even partial waves using thg=139, J,
be true for deeply bound levels, the expectation valu&®f =1 rovibrational level of the 13 state as the intermediate
is nearly zero and the eigenstate can be labeleX BE; in the Raman transition. The features between the three
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E £=2+f=2

intensity [arb. units]

3s+3s asymptote LIS S =12

200 1+1 as mptoteI , '1+2 asyllnptote . 2+.2 asymptlote . / fm14E—1
-0.02 0.60 0.02 0.04 0.06 0.08 0.10 0.12
wave numbers [cm’] FIG. 4. Schematic of the population model where only one rovi-
, _ . brational level , ,J5 of the A state is populated. It is assumed that
1FIP' 3. Raman _spectrum using thg= 139’JA__ 1 level of the the unresolved hyperfine levels labeled by total nuclear Kpand
A3 state as the intermediate. Only even partial wave features e total spinF’'=J,+1" are equally populated. Lases stimu-
observable. The three curves correspond to three intensities of lasgl .« qownward beéfween the three ground state hyperfine asymp-
L3 and show the different saturation behavior of the resonances and, .. e zero of energy is at the=1+f,=1 asymptote
the continuum(solid spectrum) 3~10 Wi/cnt; dotted spectrum, ' b '
I 3~40 Wicn?; dashed spectrumi ;~100 Wi/cnt; | ,~100
W/cn? for all spectra. Structures marked by arrows ateX tran-
sitions excited byL3 only. The zero of energy is at thig=1

+fp,=1 asymptote.

where w; is the laser frequency of the3 laser andd, the

electronic dipole moment. The kBABF'M’) describes the
wave function of the rovibrationgh state level with energy
Ege/ and natural linewidthyge, . The wave function is la-

atomic hyperfine limits are significantly broader than those?€!€d by a total angular momentuRii and 8 denotes the
of bound states and can only be due to resonance phenomefig@ntum numbers of the unresolved hyperfine structure. The
in the continua. ket |«E(")FM) describes a multichannel scattering wave
In order to understand the broadening and to assign thiénction with outgoing boundary conditions in spin (ihannel
resonances the Raman process is modeled theoretically. THisFM) and collision energf. Here,a=(f,f,)fl andF is
should involve the two-photon transition from an initial ro- the total angular momentum of the scattering wave function.
tational levelJy of the X 13 vy=29 vibrational state to a The two summations run over all initial and final states
va, Ja rovibrational level of theA state and then to the where it is assumed_ that thgre is equal pqpulation of initial
continua of two colliding ground state Na atoms. For thisStates 3F’M’. The integration over collision energy de-
paper we decided to model only the stimulated downwardcribes a convolution of the energy-dependent square of the
transition between thA state and the continua. That is, we transition dipole moment and a Lorentzian with a width
assume that the first photoi.Z) populates the unresolved 9iven by the natural lifetime. _ _
hyperfine levels of thes, J4A state equally. The ground  The matrix elemen. --|dg| - - -) is calculated in several
state hyperfine structure fary=29 is also unresolvable. StePS Q=0 for linear polarization First the vibrational
This approximation ignores coherent two-photon processed/ave function of theA state and the scattering wave function
However, we believe that no additional features will appea®'® €valuated. Subsequently, the two multichannel wave
from a more proper theory and that assignments of res,Of_unctlong are comb_med_to calculate the. matrix eIen[éﬂ\t
nances and their widths are unaffected. The relative strength"€ €xcited state vibrational wave functions are obtained as
of the resonances is expected to be modified by a completd Ref.[18] and are calculated in a manner that is similar to
theoretical approach and therefore our modeled relativé'at used here for the bound levels of the ground state Hamil-

strengths must be treated with care. In addition, a sufficienfoian. The Hamiltonian that describes the interactions be-

2 2 H H
signal-to-noise ratio in the experiment requires that the infWeen “S and “P sodium, however, is more complex as the

tensity of laselL3 must remain fairly high and consequently Nonzero electronic angular momentum of e atom intro-
power broadening cannot be neglected. Again this will makéluces a far richer level structure. There are now eight Born-
the relative size of the features not directly comparable witH2PPenheimer potentials, spin-orbit interactions in addition to
a perturbative theoretical calculation. the rotaponal and hyperfme mteractlons.' The positive energy
The population model that is schematically drawn in Fig.0f continuum multichannel wave functions of the ground
4 gives for the observed signal state Hamiltonian are obtalned using the renqr_mallz_ed Nu-
merov propagatgrl9]. Outgoing boundary conditions in the

Yerr (% atomic basis|(f,fp)fIF) are applied at large internuclear
lq(w3) E z—f dE separations where the Born-Oppenheimer potentials are neg-
pE'mr €T Jo ligible compared to the collision energy. Scattering wave
) Paa A2 functions are labeled by their outgoing channel.
KaET/FM|dg[ABF"M )| . (6) In the spectra two kinds of collisional resonance phenom-
aFM (E+fhwz— EBF’)2+(7BF’/2)2 ena are observed. These are shape and Feshbach resonances.
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The former occur only for nonzero partial waves and are due ' '
to nearly bound levels behind the centrifugal barrier. The :
scattering wave function inside this barrier is enhanced wher 0 _
the collision energy is near this resonance position, whichz 1 e ) L U
implies that the transition moment can be enhanced as well N N
if the appropriate upper level is chosen. The width of the § =63 ]
resonance is determined by tunneling through the centrifuga’y, | =0}
barrier. g :
Feshbach resonances are multichannel effects and occtg ¥, =65
only between the asymptotic states of the sysfés]. For :
the Na dimer this occurs between the=1+f,=1 and the
f,=2+f,=2 dissociation limits. The resonances are due to
bound states of a subsystem of the full Hamiltonian that are : :
weakly coupled to energetically open channels. This sub- %% N et ; y S 000
system might be the adiabats that dissociate to the asymgz 4 L B
totically closed states and then couple to a continuum by§
nonadiabatic mixing. Constructive or destructive interference £
near a Feshbach resonance can be observed in collisionag ook

V=139 a)

Wi gnér
threshold |
resonance :

Feshbach-
resonances

-] resonance

Cross sections or transition moments. In our case a direc Z : Feshbach-

transition from the excited rovibrational state to the outgoing £ V'j'lx_zz“ resonances T

|(fafp) fIF) spin state interferes with an indirect process i 1;2 2in
whereby first a transition to the resonance/bound state occur asymptote asymptote asymptote
and only then is the outgoing spin state accessed. The widtl  *® om0 ooz oor o006 oo om0 on
of the resonance is determined by the coupling strength be wave numbers [cm']

tween the bound states of the subsystem and the outgoing

continuum state and can give rise to asymmetric line profiles, F!C: 5. Comparison of observédolid) and simulateddashed
spectra using different intermediate'S" state vibrational levels.

The intermediate levels for pangls) and(b) arev =139, J,=1,
andv,=148,J,=1, respectively. The zero of energy is at the
=1+f,=1 asymptote.

VI. INTERPRETATION OF THE OBSERVED
SCATTERING RESONANCES

Figure 3 shows registrations with three different laser
powers covering an energy range from below the=1  increase of the intensity increases the resonance dips by a
+f,=1 to above thef,=2+f,=2 hyperfine asymptote. factor of 3 while the nonresonant continuum increases by
The intermediate level of th& state in the Raman transition twice as much.
is va=139, Jy=1. Therefore, the observed structures are A comparison of the experimental and simulated line
due to resonances with=0,2. The signals strongly depend shapes is presented in Fig. 5. In pa@lthe solid line shows
on the intensity ofL3, which varies from about 3~10  a spectrum withv,=139,J,=1 as intermediate level, and
Wicn? to I 3~100 Wicnf. The three features marked by |, ,~40 Wicn?. This spectrum has already been shown in
arrows are due to unwantet X transitions caused by laser Fig. 3. Here it is overlaid with a theoretical profildashed
L3 only. The figure shows the last bound stafe=65,| line) calculated according to Edq6). The theoretical curve
=0, f=2 just below the lowest hyperfine asymptote and alsacan reproduce almost all details of the experimental record-
anl=2 shape resonance fok= 65 which is just above the ing. The resonance positions agree within the experimental
f,=1+f,=1 threshold. Two additional resonances with errors, typically 15 MHz. From an analysis of the simulated
large width compared to the bound state widths appear apectrum it follows that the sharp increase of fluorescence
higher frequencies. near thef ,=2+f,=2 hyperfine limit is a consequence of

Figure 3 also shows that with increasing powet.8fone  Wigner threshold effects in the scattering channels that open
observes that all resonance features grow in depth anat this limit. Wigner threshold effects at the other two limits
broaden due to saturation. are obscured by the presence of a strong resonance.

The fluorescence level on the left side betwegn- 65, The assignment of the resonances is obtained from a com-
=0, f=2 and thd =2, f=0,2 shape resonance is indepen-parison with the simulation and the collision energy depen-
dent of the laser power of3 and represents the “back- denceE of the individual matrix elements - -|d|- - -). For
ground” signal in the absence of two-photon transitions. Ig-€xample, we observe a shape resonance just above the lowest
noring the dips caused by the resonances, the fluorescenbgperfine asymptote. It is labeled b{,=65,1=2, and both
level between thé,=1+f,=1 andf,=2+f,=2 hyperfine =0 and 2. The twd components are not resolved as the
asymptotes is reduced relative to the background level. Theesonance width 66 MHz is large compared to the splitting
reduction stems from direct transitions into the nonresonanietween thef=0 and 2 lines. The resonance width is sig-
continuum of the outgoing channels. nificantly larger than the 26 MHz experimental width that is

Figure 3 shows that the resonances saturate at lower lasdetermined from the linewidth of a true bound state. The
intensities than that of the nonresonant continuum. A tenfoldFeshbach resonances at 0.04 ¢nand 0.06 cm! are la-
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beled by f=2, 1=0, andf=2, =2, respectively. Their ' ' ' B ' ‘ B
asymmetry and full width at half maximum of 172 MHz and 5 5 1
99 MHz are in good agreement with the simulation. In Fig. 5
we show the spectra fdr=40 W/cn? laser intensity to en-

hance the structure of the weaker continuum signal. This§
results in some power broadening of the shape and Feshbac;,
resonances. In the experimental scan of Fig) he reso-
nances are more saturated than the nonresonant continuurs

0.00 0.00

units]

tensi

£=0,2

explaining the difference in the background levels and the 5 / =2
resonances depths for the observed and simulated con 1+1 142 242
tinuum. ool asymptote . asym]ptote ) asymPtote

In panel (b) of Fig. 5 the STIRAP spectrum using the 000 002 064 006 008 010 002
intermediate leveb =148 but the samd,=1 as in Fig. wave numbers e’

5(a) and the corresponding simulation are shown. The inten- EFiG. 6. Observed spectrugsolid) and simulationdashed us-

sity of L3 is 50 W/cnf. The agreement between experimenting thev y=148,J5=3 level of theA 'S | state as the intermediate.
and theory is remarkable despite the fact that the spectra @nly d- andg-wave resonances are observable. The zero of energy
panels(a) and (b) are significantly different. For example, is at thef,=1+f,=1 asymptote.

the frequency position and the form of the asymmetry of the

f=2, =0, and f=2, 1=2 Feshbach resonances havenhances; thus the broad features appear stronger than ex-
changed. The simulation calculates a shift ©0.00137 Ppected. _

cm™ ! for thef=2,1=0, resonance angt0.00057 cm* for The sudden increase of fluorescence nearffre2+f,

the f=2, =2 Feshbach resonance if one usgs-148 in-  ~ 2 asymptotgsee Figs. 3 and(8)] can be used to precisely

stead ofv,=139. Moreover, additional resonances appealdetermme the dissociation limit. We find Dg

= Ml 1
near thef,=2+f,=2 asymptote. The shoulder at 0.11 3942'6879(41) cm (barycenter of hypeff'”e. structyre
T . ich agrees with the earlier determination d,
cm - is due to two overlapping Feshbach resonances Iabele\ﬁ

P RN : . =5942.6880(39) cm' reported in[8,23].
f=0,1=0, andf=2,1=0, respectively, while the feature at 1,5 eycellent agreement between the theoretical simula-
the f,=2+f,=2 asymptote is due té=0, |=2, and f

tion and the observed spectra between the three hyperfine

=2, |=2 resonances. asymptotes clearly shows that we have an adequate model of
The marked differences between pan@s and (b) are  the transition matrix elements as well as highly accurate

due to the use of a different intermediate level. They differ inBorn-Oppenheimer potentials. The latter potentials not only

their outer turning point by ab®w A (Ri3=22 A and  predict the shape and Feshbach resonances between these

Ri4s= 31 A). The matrix elements in Eq6) depend on the atomic limits but also reproduce all bound state data avail-

overlap between the excited state wave function and the mukble, as discussed in Secs. Ill and IV.

tichannel scattering wave function. Consequently, by shifting

the outer turning point of the excited state wave function the VIl DISCUSSION

scattering wave function is sampled at different internuclear A high resolution molecular beam experiment has been
separations. This causes the relative contribution to the transsed to measure weakly bound levels below and resonance
sition matrix element from the different channels of the mul-structures in the continuum between the,Ngound state
tichannel scattering wave function to change. In the languagasymptotes. The two-color experiment uses a STIRAP-like
of Feshbach theory, this is equivalent to a change of phassulse sequence to transfer a specific deeply bomﬁﬂg
between and/or the relative size of the contribution from theovibrational level into a near threshold dimer or a pair of
embedded bound state and the outgoing scattering channetattering Na atoms. By properly choosing the initial rota-
This leads to modified line shapes and the appearance ¢ibnal level the spectroscopic experiment is able to give de-
additional lines. The shape resonance atftge 1+f,=1  tailed information about NaNa collisional properties for a
asymptote neither moves significantly nor changes its shapsingle partial wave.
as there is no contribution from an outgoing scattering chan- With the spectroscopic information obtained in the cur-
nel. rent experiment and all data available in the literature, we
In addition to the low partial waves the experiment canhave constructed precise’S; anda 3} potentials which
also observe higher partial waves. Figure 6 shows a recordtescribe both states from their repulsive branch up to the
ing wherev =148, J,=3 was used as the upper level for outer turning points of asymptotic vibrational levels. For
the Raman scheme. The resulting structures are therefore doedeling the level structure of weakly bound states a
to d andg waves (=2,4). The laser intensity is 50 W/ém  coupled channel analysis based on these potentials has been
The g-wave resonances are significantly wider than theused. Moreover, the resonance structures between the hyper-
d-wave resonances. The agreement between the simulatéide asymptotes have been successfully simulated with a line
and experimental spectra is again quite satisfactory and comshape model involving the transition dipole between the in-
firms the assignment of the resonances. The deviation of thermediate state of the STIRAP process and the coupled
intensity ratios is attributable to saturation of the sharp resoehannel wave function of the scattering atoms. In this way
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TABLE VI. Derived swave scattering lengths of NeNa elas- We have tried to investigate the origin of the discrepancy
tic collisions at various ground state hyperfine limits. The atomichetween our and van Abeelen and Verhaar’s triplet scattering
states are labeled by atomic spip and its magnetic projection |ength. Referenc6] uses slightly different dispersion coef-
my, . The scattering length of the triplet potential equals that of theficients and a different shape of the exchange interaction.
fa=2,m; =2+f,=2, m; =2 collision. Replacing our long range parameters with those of F&f.
and reanalyzing all our data results in a potential with a

Asymptote Scattering length - gjightly larger standard deviation @f=0.76. The standard
fa.fo My, My, [ao] deviation with the potential presented in Tables III, IV, and
1,1 1-1) 1(-1) 52.9840) V is ¢=0.63. The scattering Igpgths for thjs analysis are
1(-1) 0(0) 52.9840) 0.4a, larger than those of our initial evaluation. The small
1 1 49.2340) increase of th.e triplet scattering length is insufficient to ex-
0 0 51.1240) plain the 3r dlscrepa_ncy between the value of R] and
22 A-2) 2-2) 62.5150) our value presented in Table VI. . '
singlet potential 19.260) A recent paper on Feshbach resonances in a time-

dependent magnetic field5] contains as a by-product an-
other set of scattering lengtha=20.3a,, a;=63.9,).
shape and Feshbach resonances have been assigned. ThusTthese scattering lengths were chosen to reproduce the Fesh-
potentials can be used to describe the continuum up to thisach resonances of Rdf7]. Nevertheless, the deviations
highest hyperfine asymptote. from our values indicate the scatter between the currently

We can now use the accurate Born-Oppenheimer poterexisting evaluations of the scattering lengths.
tials to derive scattering lengths for ultracold collisions be- None of the analysis above includes retardation effects.
tween two Na atoms. The results are given in Table VI. TheThese are expected from calculations by Marinestal.
uncertainties shown in the table are estimated by systemati24] to be less than 0.4% for internuclear separations smaller
cally varying the potential branch at short internuclear sepathan 100 A and are already within the error limits of the
rations over a range that gives still a consistent description aflispersion coefficients. Thus, with the presently achieved ex-
the set of measured bound states. They should cover thserimental accuracy, it will be difficult to distinguish be-
range of Ir. We believe that the main source of uncertaintytween 1R® or 1/R” behavior at the asymptote.
is the uncertainties in the®3, | potential rather than those in In the current experiment no external magnetic field is
the xlzg potential. Systematic corrections and additionalpresent and consequently the Born-Oppenheimer potentials
uncertainties due to effects not included in the ground statere based on zero magnetic field data. A logical extension of
Hamiltonian, such as hyperfine parameters that depend odur work is to combine these data with the observation of
internuclear separation, cannot be ruled out. Feshbach resonances in a magnetic fiégldand thereby im-

Our scattering lengths far,=1+ f,=1 collisions are at prove the Born-Oppenheimer potentials. Advances can also
the edge of the error bars of the scattering lengths presentdi® expected by adding an external magnetic field to the cur-
in Ref.[4], in which the accuracy is probably overestimatedrent Raman experiment. We will report on these experiments
because the dependence of the scattering length on the nodalthe near futurg25]. As the experiments refine the mea-
positions of the wave functiofEq. (8) in [4]] is very steep surements of the near threshold bound state, the current close
for the nodes used in the evaluation. coupled modeling of these states might be insufficient and

Our results for the shape of the Born-Oppenheimer poteneffects of internuclear-separation-dependent hyperfine con-
tials and scattering lengths can be compared with other restants might become apparent.
cent determinations. Het al. [5] constructed potentials us-  Finally, manipulation of asymptotic levels and scattering
ing spectroscopic data that do not include the three mogerocesses by near resonant laser li@@ can also lead to a
weakly bound vibrational levels of the Born-Oppenheimerbetter knowledge of the interaction potentials between at-
potentials. Consequently, their long range shape of the pa@ms. First successful steps in this direction have already
tentials is less reliable. Additionally, the equilibrium internu- been taken in our laboratory. The influence of near resonant
clear separation of the triplet potential derived in that worklight fields on vibrational levels near the state asymptote
R.=5.089(62) A is slightly different from our value Wwas observed in a molecular beam experiment. The exten-
5.1665(95) A, which included the rotational energy obtainedsion of this experiment to studies at the ground state asymp-
in the study of the transition GE;_a?’gJ by Fabert and tote seems to be more difficult; the number of spatially over-
Demtrader [13]. lapping lasers increases and thus the signal will be more

Van Abeelen and Verha#6] extracted scattering lengths Sensitive to the laser field distribution in the resonance vol-
using the same spectroscopic data as in R&fand, more ume. This will lead to problems in specifying the involved
crucially, using data from the study of magnetic-field- Rabi frequencies.
induced Feshbach resonances in ultracold-Na collisions ACKNOWLEDGMENTS
[7]in order to more carefully represent the long range region
of the potentials. Their singlet scattering lengflag This work was supported by the Deutsche Forschungsge-
=19.1(21p,] and our value agree to within the quoted un- meinschaft within the SFB 407. E. Tiesinga thanks the Army
certainties. However, for the triplet there is & 8iscrepancy Research Office and the Office of Naval Research of the
[Ref.[6], a;=65.3(9 ). United States of America for support.
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