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Fine-Structure Predissociation of Ultracold Photoassociated39K2 Molecules
Observed by Fragmentation Spectroscopy
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We report the first observation of fragmentation spectra of the fine-structure predissociated lo
range1g and01

u sb 3P01ud states of ultracoldsT , 1 mKd 39K2 molecules. The1g state predissociates
via the curve crossing at long rangesR , 23 Åd with the repulsive01

g state. The01
u state, however,

predissociates predominantly through molecular fine-structure mixing at short range with theb 3P1u

component. Our technique of fragmentation spectroscopy is a sensitive and selective tool for ultra
photoassociation and fine-structure-changing collisions. [S0031-9007(97)05004-7]

PACS numbers: 32.80.Pj, 33.80.Gj, 34.20.Cf
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One of the most interesting applications of lase
ultracold atom interactions is the newly develope
photoassociative spectroscopy of ultracold atoms [1,
This spectroscopic technique has been very successf
used for precision measurements of long-range int
atomic potentials [3,4], molecular dissociation energi
[5], atomic radiative lifetimes [3,6,7], and ground-stat
scattering lengths [8–11]. Photoassociation spectra h
previously been generated using two detection techniqu
trap loss detection [Li, Na, Rb (see [2] for a review
and K [4] ] and two-photon or two-color ionization of
the excited molecular states (Na [2,12], K [13], and R
[14]). The former is very convenient for probing mos
of the long-range states except for the low vibration
levels of the two “pure long-range”02

g and1u states [15]
due to the rather small associated local kinetic energ
for these levels. Instead, ion detection is particular
effective for detecting the “pure long-range” states as
the experiments with Na [3] and K [4] for the02

g state and
very recently with K for the1u state [16].

Here we employ a third sensitive and selective tec
nique for detecting photoassociative spectra: fragmen
tion spectroscopy of predissociating long-range molecu
states. Using this technique, we observe for the first tim
the predissociation of the long-range1g state. Although
line broadening of the01

u state (presumably due to predis
sociation) has been reported in Rb2 [17], we present the
first demonstration of predissociation of the01

u state by
detecting atomic fragments. Since the fine-structure (F
predissociation described here and the hyperfine-struct
(HFS) predissociation recently reported in [18] both in
volve highly excited vibrational levels near the atomi
limit, they provide the near-threshold, channel-selecte
experimental tests to the theories of the FS and HFS cha
ing collisions which are very important in the ultracold
regime [19–21].

The experimental setup has been previously describ
in detail [4]. Briefly, a high density vapor cell magneto
optical trap confines a sample of,107 39K atoms with
density .1011 atomsycm3 and a temperature,500 mK.
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The trapping and repumping laser beams are provided
a single mode tunable ring Ti:sapphire laser at 766.5 nm
The photoassociation is induced by a second tunab
Ti:sapphire laser with output power up to,1 W. Figure 1
shows the excitation scheme of the experiment. Firs
the colliding ground-state atomic pairs (02

u , 1u, and 01
g )

are excited to the long-range bound levels of the1g or
the 01

u states, both dissociating to the higher asympto
42S1y2 1 42P3y2. If these vibrational levels predissociate
into the lower fine-structure asymptote, the42P1y2 atomic
fragments are excited to the52D3y2 state by a yellow pho-
ton hn2 (provided by a ring dye laser operated with R-6G
dye). The52D3y2 atoms are further photoionized byhn1

or hn2 with atomic ionssK1d being collected by a channel-
tron multiplier. Trap fluorescence is simultaneously mon
itored by a PMT-filter system.

Figures 2(a), 2(b), and 2(c) show the fragmentatio
spectra spanning a region of,34 cm21 below the

FIG. 1. Excitation scheme of the fragmentation spectroscop
of ultracold photoassociated molecules.
© 1998 The American Physical Society
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FIG. 2. Fragmentation
(lower) and trap loss (upper)
spectra of the predissociated
long-range 1g and 01

u states
of 39K2. (a) The onset of
the fragmentation spectrum
of the 1g state at y  91.
Lower vibrational levels are
still present in the trap loss
spectrum. The expanded
inset shows the rotational
structure ofy  91. (b) The
1g progression is gradually
replaced by the01

u progression.
The trap loss spectrum shows
both states for comparison.
(c) Near the dissociation limit,
the 01

u series is the only
electronic state observed in
the fragmentation spectrum
while other series appear in the
trap loss spectrum. The inset
details the line broadening of
the eight vibrational levels in
the dashed rectangle.
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42S1y2 1 42P3y2 limit sDEFS  57.71 cm21d obtained by
recording ions while scanning the photoassociation la
frequency. Given the excitation scheme shown in Fig.
it is unambiguous that each resonance in the fragmenta
spectra corresponds to a molecular rovibrational st
which predissociates. If the photoassociation laser be
is turned off, ion counts due to the weak trapping bea
(tuned 40 MHz below the42P3y2 level) are found to
be negligible. We note that the photoassociation la
induces a background in the fragmentation spectrum n
the atomic limit shown in Fig. 2(c). This may resu
from increased off-resonant absorption, followed by
predissociation, due to the increase in density of sta
near the asymptote. Similar phenomena have been stu
by other authors within a few GHz below the atom
transition [22]. We assign the fragmentation spectra
labeled in Figs. 2(a), 2(b), and 2(c) according to the
signments of our previous trap loss spectra [4]. A striki
feature is that the1g fragmentation spectrum has an ons
in intensity at the level ofy  91 [23] while the trap loss
spectrum shows lower vibrational levels and no sudd
intensity change. Well resolved rotational structures
also recorded, e.g.,y  91 in the inset of Fig. 2(a). In
Fig. 2(b), between 20 and10 cm21 below the atomic
limit, the 1g progression becomes weaker while the01

u
vibrational series becomes more pronounced. This01

u
progression is the only electronic state observed near
dissociation limit in the fragmentation spectrum althou
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three vibrational series,01
u , 1g, and02

g are observed in the
trap loss spectrum (for the weak02

g state, see Ref. [4] for
details). Very near the atomic limit, the trap is strongly
perturbed by the intense photoassociation laser, resulti
in an almost total loss of trapped atoms.

Significant state mixing usually occurs near a curv
crossing point. Figure 3(a) shows the five relevant long
range potential curves of39K2 given in [4]. At R , 23 Å,
the attractive long-range1g potential (dissociating to the
42P3y2 limit) crosses the repulsive01

g state potential which
dissociates to the42P1y2 limit. The 1g state interacts with
the 01

g state through the two nontrivial electronic cou-

pling matrix elementsHel  k1P1gj
1

2mR2 Ĵ2L1j1S
1
0gl and

k3P1gj
1

2mR2 Ĵ2Ŝ1j3P0gl [4,24]. Here Ĵ6  Ĵx 6 iĴy ,
L̂6  L̂x 6 iL̂y , andŜ6  Ŝx 6 iŜy . The nonadiabatic
transition probability is equal to the square of the total in
teraction matrix elementkxy,J jHeljxE,J l, wherexy,J and
xE,J are the bound and free vibrational wave functions
In Fig. 3(a), we plot the observed energy levels and the r
dial wave functions of the bound1g statesy  85, 91, and
105 (solid line), and the wave functions of the free01

g state
(dashed line) at the corresponding energies. Fory  91,
the two major portions of the1g and01

g state wave func-
tions (near their classical turning points) overlap well in
phase, resulting in a larger vibrational overlap integral. Fo
levelsy . 91, these two slowly changing amplitudes be
come out of phase as shown fory  105, and the overlap
477
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FIG. 3. (a) The five relevant long-range potential curves. Th
two thicker solid lines are the1g and 01

g potentials with a
crossing point atR , 23 Å. The potential curves of the01

u
and the1u states (thinner solid) cross atR , 17 Å. The wave
functions ssolid  bound, dotted freed are not normalized.
The zero of the vertical axis is the FS degeneracy-weight
center of the 4p state. (b) The potential curves of the
b 3Pu and A1

S1
u states (7585 and6328 cm21 in well depth,

respectively).

integral (mainly from contributions of the fast-changing
amplitude) gradually vanishes as the turning points of th
two curves become further separated. For levelsy , 91,
the two wave functions start to become totally separated
for y  85, and the overlap vanishes very quickly due t
the rapid decay of the amplitudes around the classical tu
ing points. Given the observed fragmentation spectru
in Fig. 2(a), the levely  90, located1.67 cm21 below
the levely  91 and in the vicinity of the crossing point
within the uncertainty of the potential curves (no more tha
a few tenths of a cm21 in this region), should have a nona-
diabatic transition probability at least a factor of 10 smalle
than that fory  91. This intensity distribution can be
used to determine the electronic coupling matrix eleme
Hel and to refine the potential curves as well. The1g frag-
mentation spectrum therefore confirms that the long-ran
curve crossing atR , 23 Å is the unique physical ori-
gin for the predissociation of the1g state and should have
a negligible contribution to FS-changing collisions at th
asymptotic limit. The predissociation rate of the1g state is
believed to be smaller than its radiative decay rate (asym
totically A1g ø 1.2A4p  4.5 3 107 s21 [7,20]). This is
suggested by two facts: (1) The trap loss spectrum sho
no sudden change in intensity aroundy  91, indicating
478
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that predissociation is a small fraction of the total trap los
and (2) no apparent line broadening is observed. The w
resolved rotational lines ofy  91 have a linewidth of
140(20) MHz (the uncertainty is1s of twelve measure-
ments) due to power broadening.

Three electronic interactions [(I)–(III)] are potentially
responsible for the predissociation of the01

u sb 3P01ud
state: (I) the molecular fine-structure mixing with th
b 3P1u state at short range; (II) the curve crossin
with the 1u state (again theb 3P1u component) at long
range sR , 17 Åd; and (III) the curve crossing with
the A1S1

u state at short rangesR , 4.7 Åd. The 01
u

sb 3P01ud state dissociates to the42P3y2 limit and all
three other states to the42P1y2 asymptote. The physics
of interaction (I) is that at short range the six componen
3P06u, 3P61u, and 3P62u of the b 3Pu state are mixed
due to the transition from Hund’s case (a) to Hund
case (b) [20,25]. The01

u state predissociates through
the 1u character gained at short range. Interaction (
involves the Coriolis interaction through the matrix ele
ment Hel  k3P01u j

1
2mR2 Ĵ1Ŝ2j3P1ul  Byy0 f2JsJ 1

1dg1y2 [24], Byy0  kxy,J j
h̄2

2mR2 jxy0,J l, near the crossing
point at R , 17 Å. Interaction (III) is the well known
spin-orbit interaction which mixes the tripletb 3P01u state
and the singletA1S1

u state. According to the rigorous
selection ruleDJ  0, interactions (I) and (II) of the01

u
state with the1u state (J  1 is the lowest rotational
level) can occur only for levelsJ $ 1, while interaction
(III) with the A1S1

u state (J  0 is the lowest rotational
level) also allows theJ  0 level of the 01

u state to
predissociate. Since interactions (II) and (III) involve re
curve crossings, we can use the Landau-Zener formula
estimate the nonadiabatic transition probabilities,

PLZ  2e2As1 2 e2Ad . (1)

Here A  2psHeld2yh̄yD, y the relative velocity of the
two nuclei at the curve crossing point, andD the slope dif-
ference of the two potential curves at the crossing po
[20]. Considering first interaction (III), the spin-orbit ma
trix elementHel  kb 3P01ujHSOjA1

S1
u l has been mea-

sured to be18.4 cm21 for K2 [26]. The slope difference
of the two potential curves atR  4.7 Å is 1715 cm21yÅ
[27]. Vibrational levels of the01

u state between the two
fine-structure asymptotes have kinetic energies,6414 to
6471 cm21 relative to the crossing point. The Landau
Zener probabilities for these levels are estimated to
PLZ  0.017 to 0.016. The probability for interaction (II)
is found to be even smallerPLZ  4 3 1025, due to the
very small rotational constantssBy , 0.007 cm21d near
the crossing point.

For interaction (I), we instead use the observed lin
broadening to give an estimation of the near-threshold
tal predissociation probability of the01

u state. The last
eight observed spectral lines of the01

u state near the
dissociation limit in the dashed rectangle are shown
the inset of Fig. 2(c). Their FWHM widths are listed in
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TABLE I. Estimated lower and upper bounds of the nea
threshold total predissociation probabilities (PLB and PUB) of
the eight vibrational levels of the01

u state. The uncertainty for
DEy andgobs is the uncertainty in reading the laser frequencie
(30 MHz).

DEy By gobs

(GHz) (GHz) (GHz) PLB PUB

3.52(3) 0.0141 0.86(3) 0.16(2) 0.20(2)
3.31(3) 0.0133 0.86(3) 0.17(2) 0.22(2)
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)
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)
2.20(3) 0.0096 0.73(3) 0.21(2) 0.27(2)
1.96(3) 0.0089 0.61(3) 0.18(3) 0.24(3)

Table I. We estimate the line broadening due to pr
dissociation by subtracting from the observed linewidth
a Lorentzian power broadening width of 146(21) MH
inferred from the rotationally resolved1g state spec-
trum [28]. Under the ultracold conditionsT , 1 mKd,
only the lowest four rotational levelsJ  0 to J  3
of the 01

u state are excited. Among them,J  1 should
have the highest excitation intensity due to the domina
s-wave contribution [5]. Since no rotational structure
resolved for the01

u state in our fragmentation spectra, ac
curate rotational corrections to the observed linewidt
cannot be obtained. For vibrational levels near the d
sociation limit, however, the rotational spacings are sm
compared with the observed linewidths (By is ,2% of the
observed linewidths). We therefore can estimate an up
bound of the predissociation line broadening by assumi
a single rotational line contribution and a lower bound b
subtracting a maximum rotational contribution of12By

(the separation betweenJ  0 and J  3) from the ob-
served linewidths. Table I shows the vibrational spacin
DEy  sEy11 2 Ey21dy2, the calculated rotational con-
stantsBy , the observed linewidthsgobs, and the estimated
lower and upper bounds of the total predissociation pro
abilities, P  gcorryDEy, of the eight near-threshold vi-
brational levels. The estimated lower and upper boun
have average values ofP  0.19s2d and 0.24(2), respec-
tively. This total predissociation probability of the01

u
state [for all three interactions (I)–(III)] is more than 1
order of magnitude larger than the sum for interactio
(II) and (III) sP , 0.016d. This means that interaction
(I) is the dominant mechanism for the predissociation
the 01

u state, in agreement with the theoretical predictio
[20]. Our estimated near-threshold total probability, how
ever, is about a factor of 2 larger than the calculated va
of P  0.12 at threshold for01

u FS-changing collisions
at T , 1 mK [20]. The reason for the difference is no
presently understood, but our estimation seems to confi
the existing factor of 2 discrepancy between theory a
experiment [20].
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In conclusion, we have observed high quality photoa
sociation spectra of the predissociating long-range1g and
01

u states of39K2 by fragmentation spectroscopy. The
near-threshold predissociation analysis shows that the01

u
state is an important channel for FS-changing collision
while the contribution from the1g interaction is negli-
gible. The use of fragmentation spectroscopy in ultra
cold photoassociation experiment may prove even mo
powerful for heavier species, e.g., Rb and Cs since th
will have higher predissociation rates due to their strong
spin-orbit interactions.
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