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Hyperfine structure in photoassociative spectra of°Li , and “Li ,
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We present spectra of hyperfine resolved vibrational levels oA#f} and 1325' states of®Li, and "Li,
obtained via photoassociation of colliding ultracold atoms in a magneto-optical trap. A simple first-order
perturbation theory analysis accurately accounts for the frequency splittings and relative transition strengths of
all observed hyperfine features. Assignment of the hyperfine structure allows accurate determination of a
vibrational level center of gravity, which significantly decreases the experimental uncertainty of vibrational
energies. Differences in the spectra &fi, and “Li, are attributed to quantum statistics. ThéZl; series
obeys Hund’s casbgs coupling and the hyperfine constant is extracted for both isotopes.

PACS numbg(s): 33.15.Pw, 32.80.Pj, 33.20.Kf, 31.30.Gs

Photoassociative spectroscopy of ultracold atoms is a We consider only collisions between identical isotopes for
powerful technique for probing long-range, high-lying vibra- which the eigenstates have definite symmetry upon atom ex-
tional levels of diatomic molecules with high precisififl. ~ change. SincéLi consists of an even number of spin-1/2
In this technique, a photoassociation laser is 'guned 10 resGsarticles(seven nucleons and three electiprisis a com-
nance between the unbound state of two colliding groundygjte noson, whiléLi is a composite fermion. For bosons,
state atoms and a bound excited-state vibrational level. F he eigenstates must be symmetric upon exchange, while for

temperatures below 1 mK, which are easily attainable i i h ‘b i tric. Th | ai :
laser-cooled optical traps, Doppler broadening is negligibldSMONS, they MUStbe antisymmetric. Thus only certain spin

and the spread in kinetic energies of the colliding atomsStates are possible given a particular orbital state. eor
contributes an amount to the spectral width that is compal=3/2, so in the 3, ground statef=1 or 2, while for
rable to the natural linewidth of the transition. The high reso-°Li, i=1, giving f=1/2 or 3/2. For both lithium isotopes,
lution inherent to this technique has enabled observations dbdd) evenN levels are(ant)symmetric and spin states with
molecular hyperfine structure in the singly excited electronicxG=f,+f,, f,+f,—2, or f;+f,—4 are symmetric. Thus,
states of Lj [2,3], Na, [4-6], and Rl [7,8]. Numerically  for states wheref;=f,, exchange symmetry requires
calpulated adla_lbatlc potent_lals incorporating hyperfme iNnterN+ G to be even for either isotope. For states whége
actions have aided the assignment of electronic sf@l@nd ¢ = ,ohery normalized and symmetrized states are
the modeling of line shapeglQ] in the photoassociation N+ G+l . .
spectrum of Na. In this paper, we identify the relevant hy- 1/\/§[|Nf1f2G>+(—+1) [Nf2f1G)], which we wil
perfine quantum numbers for photoassociative spectrdenote byINff.G)=. _ , _
of SLi, and "Li, reported previously2] and show that the The at$m|c hyperflne7 mteractl.on energies are6 given by
relative splittings and transition strengths of every hyperfinedE1=— 3850 and Ep=3all) for “Li and Eyp=—afl) and
feature can be understood by simple analysis. E4=1al®) for SLi, whereall andal®) are the 3,,, atomic
The initial state consists of two colliding atoms, each inhyperfine constants fofLi and SLi, respectively. The ener-
the 2s atomic state. Lef, represent the nuclear spin of atom gies are relative to the “center of gravity” of thesg,
1 ands; be its electronic spin, so thé{=1i,+s, is the total ~ ground state, which would be the energy of tig2state in
angular momentum of atom 1. Similarlflz is the total an- the absence Of. hyperfine interactions. The energy of the_ ni-
gular momentum of atom 2. The total molecular spin anguIaFIal freg state is the sum Of. the energies O.f the colliding
L2 22 . . atoms, i.e.Eny. ;.= E¢. +E¢,_ if the small kinetic energy of
momentum isG=f,+f,. The electronic orbital angular mo- R 1 2 . o
mentum L and the nuclear orbital angular momentufn the collision is neglected. The weak coupling betwdgn

combine to form the total molecular orbital angular momen-andfz IS |gn0red,.s.o. that there is no energy de_pendence on

- . G. The relevant initial energy levels for both isotopes are
tum N. The set of relevant quantum nljmbers IS shown in the lower portions of Figs. 1 and 2.
|ANMy(f1f2)GMg), whereA is the projection ot on the The excited molecular levels observed firi, and "Li,
internuclear axis andy and Mg are the projections o correspond to theA'S; and 133 singly excited states,
andG on a laboratory fixed axis. The initial states are superwhich correlate asymptotically with thesg,+2p,, atomic
positions of eigenstates of the total electronic spinstates2]. We consider vibrational levels for which the mo-
§:§1+§2- so the colliding atoms interact via both the !ecular !nteractiorj is Iargt? compared to the atomiq spin-orbit
X 12g and thea 33 ground-state molecular potentials. In mtgracuon. In this Hund's caséb) reglmee’ the grbltal and
these states) is zero. At zero magnetic field, théy and ~ SPin angular momenta decouflel] and / again couples
M states are degenerate in energy. For simplicity, we therewith L to form N. The magnetic hyperfine interaction for
fore represent each initial state with just the four quanturmHund’s caseb) diatomic molecules was treated theoretically
numbersN, f;, f,, andG. by Frosch and Folej12].
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FIG. 1. Energy-level diagram for the molecu-
lar hyperfine levels ofLi,.
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For the 132,5 excited state, the dominant hyperfine inter-43zg+ states of ‘Li, [15]. For the singlet states, since

action isbS- I, whereS is the electronic spinj=i;+i,is  S=0, there is no first-order hyperfine splitting. The relevant
the nuclear spin, and is due largely to the Fermi contact ground- and excited-state energy levels are shown in Figs. 1
term of theoy2s orbital [13]. SinceA=0 and theS-N and  and 2.

I-N interactions are small because the nuclear rotation is Exchange symmetry requires that the eigenstates be sym-
relatively slow, the Fermi-contact interaction dominates ovefmetric or antisymmetric upon exchange of the identical nu-
all other fine and hyperfine interactions, making the totalclei, for nuclei of integer or half-integer spin, respectively.
Spin é:§+r a good guantum numberbgs Coup"ng For 132(:; states théOdQ) evenN levels ardantDsymmetriC
scheme [12,13. The set of relevant quantum numbers isand forA '3 states théever) odd N levels are(ant)sym-
thereforef] ANMy(S1)GMg), whereA =0 for 3 states, and metric upon exchange of nuclgi6]. The nuclear spin part of
My andM g are again degenerate at zero magnetic field. Weeach eigenstate foi,=i, is symmetric for |=i;+i,,

will represent each final state with the quantum number$,+i,—2, ...,0.The quantityEyg,g— Ent,1,c gives the en-

N, S, I, andG. Thus each rotational level is split into hy- erqy of a transition relative to the ground-state center of
perfine sublevels with energies gravity, when the energy of the collision is neglected.
b This analysis also gives relative transition strengths. For a
ENSIGZE[G(GJr 1)—S(S+1)—1(1+1)]. (1)  dipole transition petween sigma .§tateAG=0 and.
AN==1. For a particulaN to N’ transition, the strength is
roportional to the square of the Clebsch-Gordan coefficient
etween initial and final spin states

The bgs coupling scheme has been identified in spectra og

the 1°A state of Li, [14] and the 2%, 333/, and
s ip £y
1 .
————[(£11,6]+ (1= 8, 1 ){Fof1G|][SIG) =[(2— &1 1 ) (2, + 1)(2f,+ 1)(2S+ 1)(21 + 1)1V 2 12 T2 |
2= 614, te e s 1 G

2

where the large parentheses indicate jas§imbol. The sym- of atoms in thef =2 hyperfine level to the number of atoms
metry of the 9} symbol introduces the selection rule that in the f=1 hyperfine level for'Li and r(® is the ratio of the
INfif,G)* states will connect to excited states with number of atoms in thé=3/2 hyperfine level to the number
S+1+G odd and|Nf,f,G)~ states will connect to states of atoms in thef =1/2 hyperfine level forLi.

with S+1+G even[17]. Furthermore, the photoassociation In the experiment, lithium atoms are confined in a
strengths depend on the relative populations of the initiamagneto-optical traMOT) [18]. The apparatus used to trap
atomic hyperfine states and th&2 1 degeneracy for each lithium is described in previous publicatiof2,19]. A laser
initial quantum state with total spi. We introduce two beam directed through the trapped atom cloud produces pho-
parameters to account for the populations of the atomitoassociation as it is tuned into resonance between an un-
ground-state hyperfine levelst”) is the ratio of the number bound state of two colliding atoms and a bound molecular
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excited state. The excited-state molecule can radiatively ddrequency splittings of each spectrum amavas allowed to

cay into a bound ground-state molecule or an unboundary in a least-squares fit to the data. The weighted average
ground state of higher kinetic energy. Both decay channelsf the 31 independent measurements gives92.4+0.8

can lead to trap loss since ground-state molecules no longdHz. In the long-range Heitler-London approximation,
interact with the trapping lasers and unbound decay productghere electron overlap is ignored, the hyperfine condbant
usually have sufficient energy to escape the trap. A photodiean be simply related to the atomic hyperfine constants. The
ode monitors the trap-laser-induced fluorescence of the cloudominant contribution td comes from the hyperfine inter-

of trapped atoms, which is a relative measure of the numbeaction of the 2, ground state. In this approximation, the
of atoms in the trap. Photoassociation is detected as a deffective hyperfine interaction ib;S;-i;+b,S,-i,, Where

crease in this fluorescence. o _b; is the Fermi contact interaction for each electron. Evalu-
The relative frequency of the photoassociation laser isted in the Heitler-London basis, where the molecular state is
measured using a Fabry+®ecavity spectrum analyzer cali- 3 superposition of equal contributions of atomie @nd 2

brated with a Michelson-type wavemef@. The MOT life-  statesh,=b,=1a,. The hyperfine Hamiltonian can be ex-
time was between 15 and 60 s on the various days that theessed as

data were taken. Because the trap lifetime determines the rate
at which the trap fills with atoms and since the detection

system measures the relative number of atoms, the rate at H= %(§1~ i1+S5-15)

which the photoassociation laser is scanned will affect the 2

width and shape of the spectral features. The expected line as(l. . 1 . . .

shape of the low-frequency side of thavave photoassocia- =5 ES- I+ 5(31—32) (i—15)]. €)]

tion features is Boltzmann due to the thermal distribution of
free atoms and zero velocity corresponds to the peak photo- ) ) ) )
association signdlL0]. The line shape of the high-frequency The second term it mixes singlet and triplet stat¢20]
side of the feature should be Lorentzian as it is dominated bnd can be neglected when the energy difference between
the natural width of the transitiofL0]. Since we scan the Singlet and triplet levels is large compared to the hyperfine
photoassociation laser from low frequency to high, this Scan|_nte[act|0n, as it is for all 7Ie\_/els conS|de_red here. Therefore,
time broadening has the effect of increasing the width of thé?= 382s Or 100.5 MHz for °Li [13]. The difference between
high-frequency side of the feature, making the observedhis simple estimate and the measured valub &f presum-
peaks appear more symmetrical. For the scan rates in tPly due to the contribution of thepZorbital and to higher-
data presented here, 5—-30 MHz per trap lifetime, this effecPrder hyperfine interactions. For comparison, previous ex-
does not appreciably shift the peak of the signals. This waB€fiments on other molecular states’af,, where the Fermi
verified experimentally by changing the scan rates and is alsgontact term was also the dominant hyperfine interaction,
consistent with a line-shape model that takes into account th@und b to be 98.64 MHz for the 1°A; state [14],
thermal distribution, natural width, and the experimental96.2=2 MHz for the 233 state, and 95:63 MHz for the
scan-time broadening. The relative peak positions in eacB 32g state[15].
scan, which are the important parameters for this analysis, The simple model for transition strengths, expressed by
are unaffected by this artifact. Eq.(2), was applied to the spectrum of Fig. 3, whef€ was

We have obtained 31 hyperfine and rotationally resolved fitted parameter that was found to be 2.5. PreviousH,
spectra of 23 different vibrational levels, ranging from was determined for our MOT by measuring absorption of a
v=62 to 84, of the ng state of 'Li,. An example of a weak probe beam for a variety of trap parameters and was
high-resolution spectrum witN'=1 is shown in Fig. 3. Be- found to be between 2.5 and 3.81], in reasonable agree-
cause of the ultralow collision energies oMy=0,1,2 rota- ment with the best-fit value obtained here. The value of
tional levels are observed. Equati¢h) was applied to the depends on the relative optical pumping rates between the
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FIG. 3. Resolved hyperfine structure of the=64, N=1 level of the lsigstate of "Li,. Trap-laser-induced atomic fluorescence is
detected as a function of photoassociation laser frequency. Transitions result in a decrease in fluorescence. The initial and final state quantum
numbers for each transition are identified with the notafhofy f,G)—|NSIG). Due to the selection rulesl=1 toN=1 transitions are not
allowed. The circles indicate the predicted relative frequency and intensity of the photoassociation signals. The dashed line indicates the base
line for the calculated signal intensities. The transitid$23 * —|1133 and |0121)* —|1111) are degenerate and the corresponding
transition strength is calculated to be the sum of the strengths of the respective transitions. For this spee@ift2.2 MHz and
riN=25.

ground-state levels produced by the trapping lasers and is nbe compared with{al®)=38.0 MHz. The value of ©® is
necessarily equal to the statistical ratio 5/3. Because of thivund to be 2.0 for the spectrum in Fig. 4, which compares
effect of quantum statistics, only excited states withwell with a previous absorption measurement for similar trap
=1 or 3 are observed. conditions which resulted im®=2. Again, the effect of
Hyperfine structure is also resolved for thézlg+ state of quantum statistics is evident in the spectra, as only transi-
®Li, where 16 spectra of 9 different vibrational levels tions to excited states with=1 are observed.
(v=59-73 were obtained. To our knowledge, these are the There is no excited-state hyperfine structure for the
first hyperfine resolved spectra ofLi,. An example is A '3 state. A high-resolution scan of one vibrational level
shown in Fig. 4. Again, a least-squares fitlofis done to  for ‘Li, is shown in Fig. 5. Rotational structure and structure
reproduce the frequency splittings ar@ is fit to reproduce  due to the ground-state hyperfine splittings are evident. It has
the relative transition strengths. The weighted average of been predicted that the effect olawave resonance may be
for the 16 independent spectra is 38@.9 MHz, which can  observed in the photoassociative spectra of AN, state

0
5
5 FIG. 4. Resolved hyperfine structure of the
= v=64,N=1 level of the I3 state of°Li,; the
E’ the notation is the same as in Fig. 3. For this
o spectrump=39+3 MHz andr(®=2.0.
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FIG. 5. Hyperfine and rotational structure of the:89 level of theA 13 state ofLi,. The predicted relative frequency and intensity
of the photoassociation signals are shown with squares for transitions invdlwirgfinal states, circles fad=1 final states, and diamonds
for N=2. TheN=0 toN=1,N=1 toN=0, andN=1 to N=2 transitions are normalized separately. Degenerate transitions are summed
as described in Fig. 3. The rotational splittings are giverBd(N+1), whereB is the rotational constant that is fit to the data. The
rotational splitting between thid=1 andN=2 levels for this vibrational level is coincidentally nearly the same as the ground-state atomic
hyperfine splitting. For this spectrum(”’=2.6 andB=0.198 GHz.

of “Li,, for collision energies near 16 mR2,23. While we  order perturbation theory analysis for both the relative split-
observe no evidence of the resonance in this spectra, it #19s and intensities of the hyperfine levels. First-order per-
reasonable to assume that the atomic gas is too cold, sincel@bation theory is appropriate for this system because the
previous time-of-flight measurement gave a temperature of holecular levels under investigation exist primarily in the
mK [24]. A high-resolution scan of one vibrational level for long-range asymptotic regime, where electron wave-function
the A '3 ' state ofLi, is shown in Fig. 6. Rotational struc- overlap is small. Furthermore, there are no nearby degenerate
ture and structure due to the ground-state level splittings arkevels of different molecular states that could perturb the
evident. With hyperfine splittings smaller than that fdii,, observed levels. The usefulness of the first-order perturba-
the rotational structure is completely resolved. tion theory for analyzing hyperfine structure of long-range
We have identified all rotational and hyperfine featuresmolecular states was also recently demonstrated for the high-
observed in high-resolution photoassociative spectra of thest vibrational levels of the Naground state in comparisons
1325 andA 13, 'states of°Li, and ‘Li, using a simple first- with a coupled-channels calculation in the hyperfine basis
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FIG. 6. Hyperfine and rotational structure of
thev =83 level of theA '3 state ofLi,. As in
Fig. 5, squares denote transitions involving
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