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Fine-Structure Predissociation of Ultracold Photoassociateé’ K, Molecules
Observed by Fragmentation Spectroscopy
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We report the first observation of fragmentation spectra of the fine-structure predissociated long-
rangel, andO;} (b 311,+,) states of ultracold7 < 1 mK) 3K, molecules. The, state predissociates
via the curve crossing at long range ~ 23 A) with the repulsive0; state. The), state, however,
predissociates predominantly through molecular fine-structure mixing at short range with'he
component. Our technique of fragmentation spectroscopy is a sensitive and selective tool for ultracold
photoassociation and fine-structure-changing collisions. [S0031-9007(97)05004-7]

PACS numbers: 32.80.Pj, 33.80.Gj, 34.20.Cf

One of the most interesting applications of laser-The trapping and repumping laser beams are provided by
ultracold atom interactions is the newly developeda single mode tunable ring Ti:sapphire laser at 766.5 nm.
photoassociative spectroscopy of ultracold atoms [1,2][The photoassociation is induced by a second tunable
This spectroscopic technique has been very successfullli:sapphire laser with output power uptol W. Figure 1
used for precision measurements of long-range intershows the excitation scheme of the experiment. First,
atomic potentials [3,4], molecular dissociation energieshe colliding ground-state atomic pair§,( 1,, andog)

[5], atomic radiative lifetimes [3,6,7], and ground-stateare excited to the long-range bound levels of theor
scattering lengths [8—11]. Photoassociation spectra hawbe 0; states, both dissociating to the higher asymptote
previously been generated using two detection techniques?S;, + 42P;,,. If these vibrational levels predissociate
trap loss detection [Li, Na, Rb (see [2] for a review), into the lower fine-structure asymptote, the?;» atomic
and K [4]] and two-photon or two-color ionization of fragments are excited to ti$8D;,, state by a yellow pho-
the excited molecular states (Na [2,12], K [13], and Rbton kv, (provided by a ring dye laser operated with R-6G
[14]). The former is very convenient for probing most dye). The5%D;/, atoms are further photoionized thy,

of the long-range states except for the low vibrationalor 2 v, with atomic iongK*) being collected by a channel-
levels of the two “pure long-rangey, andl, states [15] tron multiplier. Trap fluorescence is simultaneously mon-
due to the rather small associated local kinetic energiesored by a PMT-filter system.

for these levels. Instead, ion detection is particularly Figures 2(a), 2(b), and 2(c) show the fragmentation
effective for detecting the “pure long-range” states as irspectra spanning a region of34 cm~! below the
the experiments with Na [3] and K [4] for thE state and
very recently with K for thel, state [16].

Here we employ a third sensitive and selective tech- { ? K"
nique for detecting photoassociative spectra: fragmenta- !
tion spectroscopy of predissociating long-range molecular hv, and hv,
states. Using this technique, we observe for the first time L £%p
the predissociation of the long-rande state. Although 7 8/2
line broadening of thé state (presumably due to predis- hy
2

sociation) has been reported in Rli.7], we present the
first demonstration of predissociation of thg¢ state by
detecting atomic fragments. Since the fine-structure (FS)

predissociation described here and the hyperfine-structure 4281 ) ot 4%P,,
(HFS) predissociation recently reported in [18] both in-

: ited vibrati - 4%, ,,+4%R
volve highly excited vibrational levels near the atomic 172 1/2

limit, they provide the near-threshold, channel-selected,
experimental tests to the theories of the FS and HFS chang-
ing collisions which are very important in the ultracold
regime [19-21]. 0 1y (K" J"
The experimental setup has been previously described u Tu(K, 0
in detail [4]. Briefly, a high density vapor cell magneto-

optical trap confines a sample of10’ *K atoms with  FiG. 1. Excitation scheme of the fragmentation spectroscopy
density >10'" atomg'cm® and a temperature-500 uK.  of ultracold photoassociated molecules.

4231/2"'4231/2
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4281, + 42P;); limit (AEps = 57.71 cm™!) obtained by  three vibrational serie§;’, 1,, and0, are observed in the
recording ions while scanning the photoassociation laserap loss spectrum (for the wedlk state, see Ref. [4] for
frequency. Given the excitation scheme shown in Fig. 1details). Very near the atomic limit, the trap is strongly
it is unambiguous that each resonance in the fragmentatigrerturbed by the intense photoassociation laser, resulting
spectra corresponds to a molecular rovibrational statéh an almost total loss of trapped atoms.

which predissociates. If the photoassociation laser beam Significant state mixing usually occurs near a curve
is turned off, ion counts due to the weak trapping beamsrossing point. Figure 3(a) shows the five relevant long-
(tuned 40 MHz below thet’P;,, level) are found to range potential curves 8tK, givenin [4]. AtR ~ 23 A,

be negligible. We note that the photoassociation lasethe attractive long-rangé, potential (dissociating to the
induces a background in the fragmentation spectrum nea# P, limit) crosses the repulsi\@a; state potential which
the atomic limit shown in Fig. 2(c). This may result dissociates to th¢’P, ;, limit. The 1, state interacts with

from increased off-resonant absorption, followed by FShe 0/ state through the two nontrivial electronic cou-
predissociation, due to the increase in density of state

i i el — (1 L -7+l
near the asymptote. Similar phenomena have been studi§I n9 maltn)i eIAementﬂ = H1g|2uR2{+L |A20g> aAnd
by other authors within a few GHz below the atomic ¢ H1g|mrf+|3n0g) [4.24]. HereJ™ = J, = iJy,
transition [22]. We assign the fragmentation spectra a¢™ = L, * iL,,andS* = §, = i§,. The nonadiabatic
labeled in Figs. 2(a), 2(b), and 2(c) according to the astransition probability is equal to the square of the total in-
signments of our previous trap loss spectra [4]. A strikingteraction matrix elementy, ;|H®'|xz.), wherey,; and
feature is that the, fragmentation spectrum has an onsetyg,, are the bound and free vibrational wave functions.
in intensity at the level o = 91 [23] while the trap loss In Fig. 3(a), we plot the observed energy levels and the ra-
spectrum shows lower vibrational levels and no suddewlial wave functions of the bouny, statesy = 85, 91, and
intensity change. Well resolved rotational structures ard.05 (solid line), and the wave functions of the ffgestate
also recorded, e.gy = 91 in the inset of Fig. 2(a). In (dashed line) at the corresponding energies. et 91,
Fig. 2(b), between 20 and0 cm~! below the atomic the two major portions of the, andog state wave func-
limit, the 1, progression becomes weaker while fhje  tions (near their classical turning points) overlap well in
vibrational series becomes more pronounced. Tijis phase, resulting in alarger vibrational overlap integral. For
progression is the only electronic state observed near thHevelsv > 91, these two slowly changing amplitudes be-
dissociation limit in the fragmentation spectrum althoughcome out of phase as shown fer= 105, and the overlap
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that predissociation is a small fraction of the total trap loss;

3 K(#S,,) + KUP, ) and (2) no apparent line broadening is observed. The well

resolved rotational lines o = 91 have a linewidth of
140(20) MHz (the uncertainty i$o of twelve measure-
ments) due to power broadening.

Three electronic interactions [(I)—(lIl)] are potentially
responsible for the predissociation of thg (b3,
state: (I) the molecular fine-structure mixing with the
b3Il,, state at short range; () the curve crossing
with the 1, state (again theb *I1;, component) at long
range (R ~ 17 A); and (lll) the curve crossing with
the A'S ) state at short rangérR ~ 4.7 A). The 0;
(b3, state dissociates to th«esz limit and all
three other states to theé P/, asymptote. The physics
of interaction (l) is that at short range the six components
g+, M+, and3I4,, of the b 311, state are mixed
due to the transition from Hund’'s case (a) to Hund’'s
case (b) [20,25]. The; state predissociates through
the 1, character gained at short range. Interaction (Il)
— involves the Coriolis interaction through the matrix ele-
TrTrriprr s rprrrorprrs 'Ol LI ?l T |110I T ??' I2|q| ment Hel = <3H0+u|2I_LIR2‘7+§_|3Hlu> = va’[z-](-] +
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1)]'/2 [24], By, = <XU’,|—2£;2|XU,J>, near the crossing
point atR ~ 17 A. Interaction (Ill) is the well known
FIG. 3. (a) The five relevant long-range potential curves. Thespin-orbit interaction which mixes the triplat' 1+, state
two thicker solid lines are thd, and 0, potentials with a 4 ha SingletAlE; state. According to the rigorous

crossing point alR ~ 23 A. The potential curves of the’ ; : :
and the%upstates (thinner solid) crgss At~ 17 A. The wave selection ruleAJ = 0, interactions (1) and (Il) of the,

functions (solid = bound dotted= free) are not normalized. State with thel, state ¢ =1 is the lowest rotational
The zero of the vertical axis is the FS degeneracy-weightedevel) can occur only for level$ = 1, while interaction
center of the4p state. (b) The potential curves of the (Ill) with the AIE; state { = 0 is the lowest rotational
b1, and A'S” states (7585 and328 cm' in well depth, |evel) also allows the/ = 0 level of the 0] state to
respectively). predissociate. Since interactions (I1) and (l1l) involve real
curve crossings, we can use the Landau-Zener formula to

integral (mainly from contributions of the fast-changing estimate the nonadiabatic transition probabilities,
amplitude) gradually vanishes as the turning points of the PLy =2e A1 — e ). 1)

two curves become further separated. For levels 91,

the two wave functions start to become totally separated adere A = 27 (H®)?/hivD, v the relative velocity of the
for v = 85, and the overlap vanishes very quickly due totwo nuclei at the curve crossing point, abdhe slope dif-
the rapid decay of the amplitudes around the classical turrference of the two potential curves at the crossing point
ing points. Given the observed fragmentation spectrunf20]. Considering first interaction (lll), the spin-orbit ma-
in Fig. 2(a), the leveb = 90, located1.67 cm™~! below  trix elementH®' = (b3I1y-,|HS°|A'S}) has been mea-
the levelv = 91 and in the vicinity of the crossing point sured to bel8.4 cm™! for K, [26]. The slope difference
within the uncertainty of the potential curves (no more tharof the two potential curves & = 4.7 Ais 1715 cm™! /A

a few tenths of a cm' in this region), should have a nona- [27]. Vibrational levels of the) state between the two
diabatic transition probability at least a factor of 10 smallerfine-structure asymptotes have kinetic energiggt14 to
than that forv = 91. This intensity distribution can be 6471 cm™! relative to the crossing point. The Landau-
used to determine the electronic coupling matrix elemenEZener probabilities for these levels are estimated to be
H*! and to refine the potential curves as well. Thdrag- Pz = 0.017to 0.016. The probability for interaction (1I)
mentation spectrum therefore confirms that the long-rangis found to be even smallgt; ; = 4 X 107>, due to the
curve crossing aR ~ 23 A is the unique physical ori- very small rotational constan{®, ~ 0.007 cm™!) near
gin for the predissociation of thk, state and should have the crossing point.

a negligible contribution to FS-changing collisions at the For interaction (I), we instead use the observed line
asymptotic limit. The predissociation rate of thestate is  broadening to give an estimation of the near-threshold to-
believed to be smaller than its radiative decay rate (asymgal predissociation probability of thé/ state. The last
totically A;, = 1.244, = 4.5 X 107 s7! [7,20]). Thisis eight observed spectral lines of titg state near the
suggested by two facts: (1) The trap loss spectrum showdissociation limit in the dashed rectangle are shown in
no sudden change in intensity around= 91, indicating  the inset of Fig. 2(c). Their FWHM widths are listed in
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TABLE |. Estimated lower and upper bounds of the near- In conclusion, we have observed high quality photoas-
threshold total predissociation probabilitieB ¢ and Pyg) of  sociation spectra of the predissociating long-rahgend

the eight vibrational levels of the! state. The uncertainty for 0F states of*K, by fragmentation spectroscopy. The
AE, andy,.s is the uncertainty in reading the laser frequencies_* z =y - ) :
(30 MHz). near-threshold predissociation analysis shows tha0the

state is an important channel for FS-changing collisions

AE, B, Yobs while the contribution from thel, interaction is negli-

(GHz) (GHz) (GHz) PLs Pus gible. The use of fragmentation spectroscopy in ultra-
3.52(3) 0.0141 0.86(3) 0.16(2) 0.20(2) cold photoassociation experiment may prove even more
3.31(3) 0.0133 0.86(3) 0.17(2) 0.22(2) powerful for heavier species, e.g., Rb and Cs since they

3.03(3) 0.0124 0.86(3) 0.19(2) 0.24(2)
2.73(3) 0.0117 0.83(3) 0.20(2) 0.25(2)

spin-orbit interactions.
2.51(3) 0.0109 0.80(3) 0.21(2) 0.26(2) : .
2.39(3) 0.0102 0.80(3) 0.22(2) 0.27(2) We thank P.S. Julienne and R.W. Field for helpful

2.20(3) 0.0096 0.73(3) 0.21(2) 0.27(2) discussions. This work was partially supported by NSF.
1.96(3) 0.0089 0.61(3) 0.18(3) 0.24(3)
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