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Abstract. We have observed the photoassociative spectra of colliding ultracold 3°K and ®Rb atoms to
produce KRb* in all eight bound electronic states correlating with the *’K (4s) + **Rb(5p; /> and 5p3/2)
asymptotes. These electronically excited KRb* ultracold molecules are detected after their radiative decay
to the metastable triplet (a®XT) state and (in some cases) the singlet (X' 27T) ground state. The triplet
(a® %) ultracold molecules are detected by two-photon ionization at 602.5 nm to form KRb™, followed
by time-of-flight mass spectroscopy. We are able to assign a majority of the spectrum to three states
(2(07), 2(07), 2(1)) in a lower triad of states with similar Cs values correlating to the K(4s) + Rb (5p1/2)
asymptote; and to five states in an upper triad of three states (3(07), 3(07), 3(1)) and a dyad of two
states (4(1), 1(2)), with one set of similar Cs values within the upper triad and a different set of similar
Cs values within the dyad. We are also able to make connection with the short-range spectra of Kasahara
et al. [J. Chem. Phys. 111, 8857 (1999)], identifying three of our levels as v = 61, 62 and 63 of the 1*IT ~
4(1) state they observed. We also argue that ultracold photoassociation to levels between the K(4s) +
Rb (5p3/2) and K(4s) + Rb (5p1/2) asymptotes may be weakly or strongly predissociated and therefore
difficult to observe by ionization of a®*X™ (or X' XT) molecules; we do know from Kasahara et al. that
levels of the 1'IT ~ 4(1) and 2'IT ~ 5(1) states in the intra-asymptote region are predissociated. A small
fraction (<1/3) of the triplet (a®X™) ultracold molecules formed are trapped in the weak magnetic field
of our magneto-optical trap (MOT).

PACS. 33.20.Fb Raman and Rayleigh spectra (including optical scattering) — 34.20.Cf Interatomic po-

tentials and forces — 33.80.Ps Optical cooling of molecules; trapping

1 Introduction

The use of ultracold (T" < 1 mK) gas phase techniques [1]
has revolutionized atomic physics and led to recent Nobel
Prizes in atom cooling and trapping [2-4] and atomic
Bose-Einstein condensation (BEC) [5,6]. Starting with
the observation of ultracold Cse molecules [7], a similar
revolution is sweeping molecular physics. The formation
and trapping of molecules at translational temperatures
below 1 K has been an area of great interest for many
reasons: quantum degeneracy, quantum and resonant col-
lisions, precision spectroscopy, molecule optics, quantum
information, etc. [8].

A particularly promising ultracold molecule formation
process is photoassociation (PA) of ultracold atoms [9,10].

# e-mail: w.stwalley@uconn.edu

However, nearly all such work has involved photoassoci-
ation of two atoms of the same isotopic species to form
a homonuclear nonpolar molecule. PA of a single het-
eronuclear nonpolar molecule, 5Li"Li, has also been ob-
served [11].

In several cases, the resulting homonuclear molecules
have been trapped [12,13]. Feshbach resonances have been
used in colder atom samples (usually in optical traps) to
form very weakly bound homonuclear molecules via mag-
netic tuning in Csg [14,15], Rbg [16], Nag [17], Liz [18-21]
and Ko [22,23]. The weakly bound levels of Lis and
40K, showed remarkably long lifetimes, which led to the
achievement of molecular BEC for both SLis [18,21] and
40K, [23]. The long lifetimes were attributed primarily
to “Pauli Blocking” for fermions [24], although slow re-
laxation of the uppermost vibrational levels at ultracold
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temperatures may also be a factor [25-27]. One of the
major challenges now is to convert molecules in such
a Feshbach-resonance-produced weakly bound level into
molecules in the v = 0, J = 0 level of the X! E; ground
state.

Among the heteronuclear alkali dimers, it was pre-
dicted that KRb would be the most promising candidate
for PA to form a heteronuclear polar molecule, followed
by RbCs and KCs [28]. This is because the K(4ps) and
Rb(5p ;) levels are nearly degenerate, giving rise to partic-
ularly large Cs values (both positive and negative) at the
K* + Rb and K 4+ Rb* limits. Recently, Kerman et al.
have reported PA spectra of 8°Rb133Cs [29] and detec-
tion of the corresponding triplet (aX7) ultracold RbCs
molecules [30]. A discussion of prospects for producing sin-
glet (X' XT) ultracold RbCs molecules is included in this
issue of Eur. Phys. J. D [31].

We note that previously NaCs™ [32], RbCs [33], and
KRb [34] have been detected in cold atom traps, but
without assigned PA spectra and without establishing the
molecular formation mechanism. In very recent experi-
ments, Feshbach resonances have been reported in K +
Rb [35] and Li 4+ Na [36], so we expect that efficient
processes for forming ultracold heteronuclear molecules
will be increasingly explored. It has also been proposed
that stimulated Raman scattering through intermediate
states of mixed singlet-triplet character can efficiently
and state-selectively convert these Feshbach-resonance-
produced weakly bound molecules into X' X+ v = 0,
J = 0 molecules [27,31]. This same process will not work
as simply in homonuclear molecules because of the gerade-
ungerade selection rule. We note that at higher temper-
atures (>10 mK), CaH has been buffer-gas cooled and
magnetically trapped [37], while NDj3 has been electrostat-
ically decelerated and loaded into electric traps [38,39].

Here we report in detail the photoassociative spectra,
photoassociative molecule formation, and the trapping of
the heteronuclear polar ultracold molecule 3°K®°Rb. A
brief summary was previously submitted [40].

In the following sections, we first review prior experi-
mental and theoretical work on the KRb molecule at all
temperatures (Sect. 2). Then we discuss our experimen-
tal apparatus and procedures (Sect. 3). In Section 4 we
discuss the photoassociative spectra and the photoasso-
ciative molecule formation process. Magnetic trapping of
KRb molecules in the metastable a®X T state is then dis-
cussed (Sect. 5). Future prospects for ultracold KRb stud-
ies are discussed in Section 6.

2 Review of prior work on KRb

The KRb molecule was poorly understood and character-
ized before 1990. It was first observed in diffuse spectra
(peaking near 496 nm) in 1928 [41]. This is the only spec-
troscopic experiment mentioned in the 1979 compilation
of diatomic molecule spectra by Huber and Herzberg [42].
KRb was directly observed in pioneering studies of al-
kali atom-alkali dimer exchange reactions in 1973 [43]. A
second set of diffuse spectra (peaking at 567, 586.7 and
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Fig. 1. Potential energy curves (in 10*> cm™' versus R in ag)
of the KRb molecule based on the high quality ab initio calcu-
lations of [55].

597 nm) was assigned to KRb in 1984 [44]; a third set
(peaking at 730.07, 732.10, 734.74 and 755.51 nm) as-
signed to KRb in 2002 is the most relevant to the present
work [45].

High resolution spectroscopic studies began with the
pioneering work of Ross et al. on the A'XT-X!¥y+
bands [46]. Impressive results followed on the
1(B)IT [47,48], the 21T [48,49], the X!'X* [50],
the 31T and 3'X* [51], the 23XF [52], and the 1'A
states [53] of KRb, including observations and analysis of
interactions with a number of other states. The 21 IT state
vibrational numbering has been corrected [49] and the
predissociation of the 1'IT and 2'IT states by the 235+
state has been observed [48] and used to obtain a precise
dissociation energy D, = 4217.91 + 0.42 cm™! [54].
Accurate experimentally-based potential energy curves
are available for portions of the XX+ [50], 1111 [48],
21T [49], 31X+ [51], 23X* [52], and 1'A states [53].
Levels in the neighborhood of our photoassociative
spectra (up to 95 cm~! below the K(4s) + Rb(5p1,2)
asymptote) were previously estimated in [48] and are
given in Table 1. We believe we have also observed the
v = 61—63 levels of the 1'IT ~ 4(1) state.

While there are a number of interesting earlier theoret-
ical studies of KRb potential curves and of other electronic
properties (e.g. dipole moment, transition dipole moment,
ionization potential), we are now in the enviable position
of having three sets of high quality theoretical potential
energy curves available [55-57]. These curves are gener-
ally in very good agreement with experiment. We show
the results of [55] in Figure 1. To give an indication of
the high quality of the curves, we show in Table 2 a com-
parison of the three calculations for the a3~ potential,
one of the two lower states from which PA occurs and
the molecular state from which we know we are produc-
ing KRb™T ions by two-photon ionization at 602.5 nm. It is
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11 ~ 4 (1) 2L ~ 5 (1) T.able 1.3Vibra.ti0nal Erllergy le\./'els T, (in f:mfl),
5 5 with 10°B, (in cm™ ") previously estimated
v T 10°B, By v T 10°B, By from higher J levels by Kasahara et al. [48]
56 16698.612 14.614 98.30 within the last 100 cm™' below the *9K(4s)
85 . . "o /o
57 16710.506 15.357 8640 16 16709.506 21.78 8740  +  Rb(pij) limit (F7 =2 — F' = 2) at
12579.00043 (1) ecm™ " with respect to ground
o8 16726.444 14329 70.47 state atoms and at 16796.91 (42) cm™' with
59 16739.531 13.911 57.38 respect to the minimum of the ground X'X*
60* 16751.793 13.875 45.12 17%  16752.540 20.80  44.37  state. Thle) binding energies E., (uncertain by
0.42 cm™ ") are also given. Perturbing levels at
61 16765.427 13919 31.48 low J are indicated with asterisks. Levels ob-
62 16777.684  13.256  19.23 served by photoassociation are underlined. The
63 16789.030 13.630 7.88 vibrational quantum numbers of the 2'IT ~ 5
64* 16801448 14.403 454  18% 16796987 2021 00g (1) state have been renumbered as determined
by Amiot et al. [49].
Table 2. Asymptotic behavior of the potential energy of the 13.2 J T !
a® X7 triplet state from ab initio calculations [55-57] compared , )
with the long-range sum of dispersion plus exchange long-range K(4'Py,)*RD(S'S, )
interactions [61]. AV (ecm™!) is the potential energy with re- < 13.0
spect to the dissociation limit; R is the internuclear distance ?, ’ ; " .
in atomic units (Bohr). ) K@'P,,+RD(ES, )
x
R —AV 3
2128 1
[55]  [56] [57] [61] g K(4’S,,)+Rb(5P,,)
16 77.0 76.8781 752710 75.5010
20 25.0 22.4653 19.4370 19.5651 12.6 K(4ZS"2)+Rb(52Pm)
24 10.0 7.4532 6.0574  6.0897
28 5.0 2.7286 2.2696 2.2791 :
20 30 40 50 60
32 30 12112 09810  0.9843 R(a,)
36 2.0 0.6752 0.4718 0.4731 Fig. 2. The 16 excited long-range Hund’s case (c) potential
40 1.0 04354  0.2463  0.2468 energy curves of KRb at the K(4ps) + Rb(5s) and K(4s) +
50 0.0 0.1035  0.0629  0.0629 Rb(5ps) asymptotes [28]. Note that potentials at the two lower

also the state trapped in our work. As shown in Table 2,
the work of [55] suffers from lack of significant figures at
large R. The work of [56] agrees relatively well with the
asymptotically correct sum of dispersion [58,59] plus ex-
change potentials [60,61], but the agreement of [57] with
the latter is truly remarkable (within 1%).

It is worth noting that a variety of calculations have
been carried out for dispersion interactions (Tab. 3), not
only for ground state atoms [58,59,62,63], but also for ex-
cited atoms [62,64]. This is particularly important for the
K* + Rb and Rb* + K limits, since the coefficients are
especially large because of the near degeneracy of K* and
Rb* levels. Unfortunately, the calculations of [62] do not
include spin-orbit effects. Our PA experiments below al-
low estimates of Cg for the 2(01), 2(07) and 2(1) “triad”
of states, with similar Cg coefficients, as predicted theo-
retically. It is worth noting that for the states correlating
with K(4s) + Rb(5p3/2), there is another “triad” of states
with similar Cg values (3(07), 3(07), 3(1)) and a “dyad”
of states (4(1), 1(2)) with similar Cg values, different from
those of the 3(07), 3(07), 3(1) triad. Figures 2 and 3 nicely
illustrate this lower triad, upper triad, and dyad structure
of the potential curves.

asymptotes are attractive while those at the two upper asymp-
totes are repulsive.
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Fig. 3. Correlation at intermediate distances of the potential
curves of the short-range states in Figure 1 (27'A®)) with
the potential curves of the long-range states (2*)) in Fig-
ure 2. The states are numbered in order of increasing energy.
Also shown is the approximate minimum PA distance (~23ao)
corresponding to a level detuned 95 cm™" below the K(4s) +
Rb(5p1,2) asymptote.
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Table 3. Long range dispersion coefficients Cg, Cs and C1o for various asymptotes of KRb, all in atomic units. Recommended

values are asterisked.

Asymptote State Ce (x 10°)  Cs (x 107)  Cho (x 10°)  Reference
K(4s) + Rb(5s) 1(07), 1(07), 1(1)  0.04106 0.04760 0.06352 62]
0.04274%  — — (58]
— 0.04930%* 0.06300%* [59]
K(4s) + Rb(5p12)  2(07) 0.8770 — — 64]
1.0311* 1.8173* — [65]
2(07) 0.7875 — — [64]
0.9127* 1.8548* (65]
2(1) 0.8099 — — [64]
0.9384* 1.9220* — [65]
K(4s) + Rb(5ps/2) 3(0T) 2.325 — — [64]
3.063* 1.152* — [65]
3(07) 2.762 — — (64]
3.628* 1.190% — [65]
3(1) 2.514 — — [64]
3.310* 1.257% — (65]
4(1) 0.9367 — — [64]
1.205* 0.2728* — [65]
1(2) 0.7944 — — [64]
1.024* 0.2769* — [65]

Other electronic properties are also of importance.
Since K and Rb are the most similar of the alkali atoms,
we expect a small dipole moment, which is found in the
ab initio calculations. Our calculation of radiative tran-
sition probabilities within the X! X+ state [60], using a
hybrid (experimental and theoretical) potential and the
dipole moment function of [56], predicted radiative life-
times >102 seconds, far too long to be important in the
current generation of KRb experiments. Changing to the
dipole moment function of [57] showed only minor differ-
ences and again no radiative lifetimes < 103 seconds [63].

The transition dipole moment functions from interme-
diate range to the long-range Hund’s case (c¢) limit are
available for certain states in the ab initio calculations
of [57]. These calculations bear directly on our experi-
ments discussed below and are thus discussed here. First
note the long-range potentials shown in Figure 2 [28],
based on the theoretical calculations of Bussery et al. [65]
(which are about 10% more attractive than the earlier cal-
culation of Movre and Beuc [64] and 30% more attractive
than the later calculations of Marinescu and Sadeghpour
[62]). The intermediate range connection between Fig-
ures 1 and 2, based on the correlation diagram of [28]
and the results of [57], is shown in Figure 3. Since our
PA spectra are detuned by no more than 95 cm™! below
the K(4s) + Rb(5p;/2) limit, we see that PA occurs pre-
dominantly to the lower triad of states (2(01), 2(07), 2(1))
with outer classical turning points (and Condon points)
outside ~23ay.

However, the upper triad of states (3(0%), 3(07),

3(1)), and the dyad of states (4(1), 1(2)) correlated with
the K(4s) + Rb(5ps/2) limit are also excited, having

Table 4. Asymptotic (~50a0) relative singlet (—1(07) ~
X'X*) and triplet (—1(07) and 1(1) ~ a®X*) spontaneous
emission from various Hund’s case (c) states correlating with
the K(4s) + Rb(5ps) asymptotes.

fraction
asymptote  upper state singlet triplet
4s + 5pisz  2(07) 0.18 0.82
2(07) 0.00 1.00
2(1) 0.22 0.78
4s + 5pzn  3(07) ~0.25%  ~0.75"
3(07) 0.00 1.00
3(1) ~0.25*  ~0.75"
4(1) ~0.25"  ~0.75"
1(2) 0.00 1.00

*Statistical; transition moments not available.

outer turning points (and Condon points) at only slightly
smaller distance (>17ag). It is even conceivable that other
states could be observed, e.g. the 21 IT ~ 5(1) state in Ta-
ble 1 and the 4(0") state in Figure 3, but we have no
evidence of such at this point. With the transition mo-
ments of [57], we can estimate the branching ratio of sin-
glet and triplet spontaneous emission from levels formed
by PA and correlating with the K(4s) + Rb(5p) asymp-
totes. Taking 50aq as a typical PA distance (~upper level
outer turning point and transition Condon point), one es-
timates the branching fractions shown in Table 4. Note in
particular that while some states (2(07), 3(07), 1(2)) give
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Fig. 4. Schematic diagram of the dual species **K/**Rb MOT apparatus used in our PA spectroscopy/molecule formation
and trapping experiments. The KRb dual dark-spot MOTs were produced at the center of the chamber and the pressure of
the ten-arm stainless vacuum chamber (left side) was about 5 x 107*° Torr without the presence of K and Rb vapors. The K
and Rb MOT laser beams were combined with polarized cubes and one set of MOT optics was used for both K and Rb. The
total power for the K MOT is about 350 mW and was obtained by injecting the K master laser beam into a Toptica tapered
amplifier. The trap beams used 300 mW and the remaining 50 mW for the repump was 455 MHz blue shifted with respect
to the trap beam by an AOM. The Rb master laser beam was split into two beams; one was injected into a Rb slave laser to
produce a 40 mW trap beam and one was used for the depump beam. The Rb repump beam was about 4 mW and obtained
from a separate Rb diode laser. PD: photodiode; HWP: Half Waveplate; QWP: Quarter Waveplate; OI: Optical Isolator; AOM:

Acousto-optic Modulator; BS: Beam splitter.

exclusively triplet emission, all states probably give pre-
dominantly triplet emission. This implies that PA spec-
tra of all eight states can be obtained by detection of
only triplet molecules, which we are confident we detect
in our experiments. It also implies that it may be some-
what difficult to efficiently produce singlet ground state
molecules, since they probably represent a relatively mi-
nor decay channel for each upper state. This is in stark
contrast to homonuclear PA, where spontaneous emission
from gerade (g) states is 100% triplet and from ungerade
(u) states is 100% singlet [9].

We also note that the collisions of K and Rb
have been extensively studied both at high temper-
atures (e.g. [66-68]) and at ultracold temperatures

(e.g. [34,69-72]). However, we do not discuss these studies
in detail here.

3 Experimental apparatus and procedures

Our dual species 3°K/8°Rb MOT [73] is based on the ad-
dition of ®Rb trapping and repump beams to our former
39K MOT [74]. The apparatus schematic is shown in Fig-
ure 4. Because of the closeness of the K and Rb resonance
transitions, the K and Rb diode laser beams frequently
share optics. Normally, both the 3°K and the 8Rb MOTs
are operated as “dark spot” MOTs [75]. Typical densities
are 3x10'% cm~3 for K and 1x 10! em ™3 for Rb. The indi-
vidual MOTs are expected to have typical temperatures of
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Fig. 5. Typical time-of-flight mass spectrum for 602.5 nm two-
photon ionization for the PA laser tuned 39.80 cm™! below the
Rb (5p1/2 F' = 2 — 5s F” = 2) line, corresponding to the
J = 2 peak in a level of the 2 (07) state in Figure 6 below.

300 puK and 100 pK, respectively, but these have not yet
been measured. The two MOTs were carefully adjusted
to maximize the overlap of the two atomic clouds, which
could be separately viewed by observing K(4ps/; — 4s)
and Rb(5p3/o — 5s) trap fluorescence with narrow band
filters.

Two-photon ionization at 602.5 nm is used to ionize
KRb a?X+ molecules to KRb™:; we have not established
whether or not KRb X! X+ molecules are ionized as well.
Note that for both X' X+ and a?X™ states, most of the
molecules are expected to be near the dissociation limit.
The uncertainty concerning singlet detection arises be-
cause, as discussed in Section 2 (e.g. Tab. 4), all KRb
electronic states formed by PA are expected to sponta-
neously emit to the a3X+ ~ (1(07), 1(1)) state, and some
states (2(07), 3(07), and 1(2)) should do so exclusively.
In the future, using the triplet trap described in Section 5
below, we hope to establish the relative efficiency for ion-
ization of singlet and triplet molecules using the 2(0%)
and 2(1) states where the singlet/triplet branching is ac-
curately predicted in Table 4. The fact that 0 states emit
to both the singlet (X! XT) state and the triplet (a3X™)
state, while 0~ states emit only to the triplet (aX ) state
may be useful in assigning + symmetry.

The ionizing laser is a 10 Hz pulsed dye laser at
602.5 nm pumped by a doubled Nd:YAG laser at 532 nm.
Typical ionizing laser pulses are 1.5 mJ with 10 ns dura-
tion and a typical peak intensity of 7 x 105 W/cm?2. The
ions formed are accelerated in a low resolution time-of-
flight mass spectrometer and detected on a channeltron.
A typical mass spectrum is shown in Figure 5 and in-
cludes KT and Rb™ atomic ion signals and KRb™ and
Rbj molecular ion signals, with the KRb™ ion signal dom-
inating and corresponding to ~60 ions/laser pulse (com-
pared to a background of ~1.7 ions/laser pulse when our
PA laser is detuned from a KRb resonance). For the spec-
trum in Figure 5, we used a cw tunable PA laser (Coher-
ent 899-29, typically >400 mW, ~1 MHz jitter) detuned
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J=0

KRb" signal(Arb. units)

-39.85

2 1 1
-39.80
-1
A (em™)

" 1 n
-39.75

Fig. 6. High-resolution spectrum of a free-bound vibrational
absorption band to the 2(0") electronic state correlating with
the K(4s) + Rb(5p1 /2) limit in Figures 2 and 3. The rotational
structure for J = 0—4 is clearly evident. Hyperfine “ghosts”
for levels J = 0—4 are noted with an asterisk.

39.80 cn~! below the Rb (5p1j2 F' =2 — 5s F" = 2)
transition. PA spectra are obtained by varying the de-
tuning from ~1 to 95 cm~! while monitoring the KRb*
ion signal. An example of such a PA spectrum is shown
in Figure 6. KRb™ ion signals similar to those shown in
Figure 5 are also obtained with 532 nm two-photon ion-
ization; however, 602.5 nm detection seems to be slightly
more effective, and is used in all work reported below.

Our frequency measurements are all made with respect
to the ®Rb (5s, F” = 2) — (5p12, F' = 2) transi-
tion, labeled b’ in [76]. This transition is 2674.230 MHz
above the accurately measured optical transition (c¢’) at
377106271.6 (4) MHz = 12578.91123 (1) cm™!, so b’ is at
12579.00043 (1) cm~1.

4 Photoassociative spectra
and photoassociative molecule formation

The PA spectra for red detunings up to 95 cm ™! below the
39K (4s) + ®5Rb (5p1/2) asymptote are shown in Figure 7.
Each of the major features corresponds to a rotationally
resolved free-bound vibrational band to one of the eight
states correlating with the K(4s) + Rb(5ps) asymptotes
and is similar to the example shown in Figure 6. The three
possible {2 values, 0, 1, and 2, are readily determined from
the rotationally resolved spectrum, with the {2 = 0 states
exhibiting rotational energy proportional to J(J+1) (typ-
ically from J = 0 to 4), the {2 = 1 states proportional to
J(J+1)—1 (typically up to J = 4), and the {2 = 2 states
proportional to J(J + 1) — 4 (typically up to J = 4).
There is no evidence for significant centrifugal distortion
(nonlinear behavior as a function of J(J + 1) — £22). The
distinction between 0 and 0~ states is not apparent from
the spectra.

The observed {2 = 0 levels are uniformly sharp (typ-
ical full width half maximum (FWHM) linewidths of
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Fig. 7. Photoassociation spectra of *K*Rb up to 95 cm™" below the **K(4s, I/ = 1) + 85Rb(5p1/27 F’ = 2) asymptote
detected using two-photon ionization at 602.5 nm and time-of-flight mass spectroscopy. The bands are marked: (e) 2 =0, (X)

2=1and (V) 2 =2, based on their rotational structure.

0.001 cm™1). 2 = 1 levels are generally broader, some-
times with structure (presumably hyperfine), for which
the envelope is largest for J = 1, decreasing for J = 2 and
then J = 3 and 4. For example, Figure 8 shows a partic-
ularly broad {2 = 1 band with FWHM envelope widths
of ~0.018 cm~! for J = 1, ~0.013 cm™! for J = 2, and
~0.008 cm™! for J = 3. 2 = 2 levels show significant hy-

perfine structure in each J level, although the width of the
hyperfine envelope shrinks continuously from J = 2 to 3
to 4. An example of such structure is shown in Figure 9.

We expect many perturbations among these eight
states for a variety of reasons, including both homoge-
neous (A2 = 0) and heterogeneous (A2 = £1) perturba-
tions. In particular, the 0 and 0~ states do not directly
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showing significant structure (presumably hyperfine).

perturb each other or the 1(2) state; however, the 1 states
perturb (and are perturbed by) all other states. Asymptot-
ically (Fig. 2), the 2(07), 2(1), and 2(0™) states converging
to the same asymptote (the lower triad) most strongly per-
turb each other; for the upper K(4s) + Rb(5p3/2) asymp-
tote, two groups of states are formed, the dyad (1(2), 4(1))
and the upper triad (3(0%), 3(07), 3(1)), where the per-
turbations among states in a group will be stronger than
those between states in different groups. At intermediate
distances (Fig. 3), however, there are strong perturbations
among the 1(2), 3(1), 3(0%), 3(07), 2(1), and 2(0™) states,
which become the 12IT and 23X states at short distance.
At small distance (Fig. 1), the A1 XF (~2(07)) and 1311+
(~3(07")) states cross, giving an additional perturbation.
The 1117 ~ 4(1) and 21T ~ 5(1) states perturb each other
at short distance and are predissociated at and above
the K(4s) + Rb(5p;/2) asymptote by the 22X+ ~ 2(07),
2(1) state [48]. Thus the final resolution and assignment
of the many levels of the eight states we have observed
will ultimately involve a detailed calculation including all
of these perturbations. Many levels will have significant
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Fig. 10. Energy level diagrams for the levels of the 2(0™), 2(1),
and 2(07) states of 3°K®Rb converging toward the K(4s) +
Rb(5p1/2) asymptote (indicated by the horizontal dashed line
at 12579.00 cm ™), of the 3(0™), 3(1), and 3(0™) states and of
the 4(1) and 1(2) states, correlating to the K(4s) + Rb(5ps,2)
asymptote. For the 4(1) ~ 1'IT state, the results from conven-
tional short-range spectroscopy [48] are also given in the right
most column.

character from more than one electronic state. Neverthe-
less, we feel it is useful to make preliminary assignments
of these many levels, as shown in Figure 10.

One key to making the assignments shown in Figure 10
is the spectral region (12545.4—12549.8 cm™!) shown in
Figure 11. The two features labeled 2(0~) correspond to
strong vibrational bands (in Fig. 7) and are part of a
long vibrational series with binding energies characteris-
tic of R~6 long range behavior (Fig. 12). They have some
of the smallest rotational constants (proportional to ex-
pectation values of R™2) of any vibronic levels in Fig-
ure 11, as expected (from Fig. 3) for the longest range
levels, and as observed in other members of the long vi-
brational series (see Fig. 10). The other two small rota-
tional constants correspond to the 2(0%) and 2(1) levels,
respectively. The 2(0%) and 2(1) levels are also members
of long vibrational series showing R~% long-range behav-
ior (Fig. 12), and other members of these long series also
show small rotational constants. From Figure 3, we ex-
pect that the other two 2 = 0 levels (3(0") and 3(07))
and other 2 = 1 levels (3(1) and 4(1)) will have much
larger rotational constants. We also note that the states
with the highest density of levels (i.e. smallest vibrational
spacings) in Figure 10 are the 2(0%), 2(07) and 2(1) states,
and that therefore, for any of the 2 = 0 or 1 states other
than 2(07), no second vibrational band in Figure 11 will
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Fig. 11. PA spectrum for 3°K®Rb showing eight vibra-
tional bands (from seven electronic states) in the region
12545.3—12549.8 cm~!. The preliminary state number and
) symmetry is given for each band. It should however be
noted that many of the observed levels are strongly perturbed
and thus not well represented by a single vibronic state. Also
given above the symmetry is 102B, in cm ™!, with smaller B,
corresponding to a more long-range level, i.e. a level with a
larger outer turning point. All eight state symmetries (includ-
ing 2 = 2, not occurring in this region) can be reached by

dipole-allowed transitions from colliding ground state atoms
(2=0%1).

Table 5. Effective Cs and vp values for the 2(07), 2(07), and
2(1) states of *K®Rb.

state Cs (a.u.) vD

2(0M) (106 + 0.06) x 10° v% +34.14+0.1
2(07)  (1.01 £ 0.04) x 10° % +33.640.2
2(1)  (1.01 £ 0.05) x 10° vk +33.8+0.1

correspond to the same electronic state, i.e. 2(07), 3(07),
3(07), 3(1), and 4(1) bands occur once and only once in
this spectral region.

A second key to the assignments shown in Figure 10
is the lower triad (2(0%), 2(07), 2(1)) — upper triad
(3(07), 3(07), 3(1)) — dyad (4(1), 1(2)) concept dis-
cussed above. Within each group, the levels have nearly
the same C values and thus have similar vibrational spac-
ings and similar rotational constants. Note how in the
lower triad, the groups of three lower triad levels within
a few cm™! tend to follow the order of binding ener-
gies E,,(2(01)) > E,,(2(1)) > E,,(2(07)), where vg is
the relative vibrational quantum number, starting with
vg = 1 for the 2(07) level at 12487.9 cm™!, the 2(1) level
at 12489.5 cm ™! and the 2(07) level at 12490.5 cm ™!, and
continuing up to vg = 15 with only a few missing levels.
Note also that for vg > 13, the 2(0") and 2(1) bands are
close or overlapping. We assign one {2 = 0 series as 2(0™)
and one as 2(07) based on the relative Cg values predicted
(Tab. 3) and observed (Tab. 5).

The dyad (4(1), 1(2)) is next easiest to assign. Long-
range theory is breaking down at the shorter distances
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Fig. 12. Plot of the relative vibrational quantum number vg
versus the cube root of the binding energy in cm™* (magnitude
of the detuning) for the 2(0"), 2(1), and 2(0~) vibrational
series (J = (2 levels) shown in Figures 7 and 10. The levels
are numbered up from the lowest observed level (1). The lines
correspond to best fits with parameters given in Table 5.

involved (outer turning points of ~17ag). However, the
£2 = 2 levels have unique structure (Fig. 9) and we have
readily identified four levels. For the 4(1) state, we can
take advantage of the previous “short-range” observa-
tions of [48], shown in Table 1. We observe 4(1) levels
(v = 63, 62, 61) with binding energies of 7.6, 18.5 and
31.1 em~1!, in good agreement with 7.88, 19.23, and 31.48
(each 0.42 cm™!) in Table 1. We note that in all levels
seen in [48], high J data (J > 20) is extrapolated to J = 1
to obtain T, and B,, with significant uncertainty. The
B, values we observe do tend to be significantly smaller
than those obtained in [48]; for v = 61—63, we observe
103B, (em~1) of 11.3, 9.9 and 8.5, respectively, compared
t0 13.9, 13.3 and 13.6 in [48]. We hope to directly compare
and combine our data with those of [48] in a future analy-
sis, which directly ties together long-range and short-range
data (as in [77] for the 1111, state of 39Ks).

Finally, we turn to the upper triad (3(0%), 3(07), 3(1)).
The {2 = 1 assignments are straightforward, given the
analyses of the 2(1) and 4(1) states above. There are six
regularly spaced, large rotational constant vibrational lev-
els we assign to the 3(1) state. We then group with these
the remaining 2 = 0 vibrational levels, as shown in Fig-
ure 10. The 3(07) state is predicted to have the largest of
the similar C values, then 3(1) and then 3(0"). We would
expect 3(07) to have the largest outer turning point and
thus the smallest rotational constant, with 3(1) next and
3(01) last. We assign the 0T and 0~ states on this ba-
sis in Figure 10. There are many additional levels of the
2 = 0 states (3(07) or 3(07)) but few levels of the 3(1)
state above 12550 cm~! and we have not yet fully assigned
them.
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It is also worthwhile to briefly consider the question
of predissociation of the five upper states (correlating to
K(4s) + Rb(5p3/2)) to the K(4s) + Rb(5p;/2) asymp-
tote. It would appear that there are many predissocia-
tion opportunities for four of the five higher asymptote
states: the 3(0T) state by mixing with the 2(0") state at
short range, or by mixing with the 2(1) state near 12ag;
the 3(07) state by mixing with the 2(07) and 2(1) states
near 12ag; the 3(1) state by mixing with the 2(1) and
2(07) states near 12ap; and the 1(2) state by mixing with
the 2(1) state near 12ag. Even the 4(1) state, which should
be the most immune to predissociation, is slightly mixed
with the 1(2) state asymptotically, so a weak predissoci-
ation is possible. Indeed such a weak predissociation of
the 1111 ~ 4(1) state (and the 2'IT ~ 5(1) state to which
it is coupled) has been observed as line broadening [48].
No heteronuclear spectra involving the upper asymptote
have been observed either in our work on KRb or in the
prior work on RbCs [29,30]. However, the “background”
molecules formed in our work and in that of Mancini
et al. [34] presumably originate from very long-range PA
due to the MOT lasers with transition frequencies near
the Rb(5s — 5p3/2) transition.

The long vibrational series plotted in Figure 12 were
fit to the semiclassical equation [78,79]:

4a
n /2 l/nE(n—2)/2n 1
h(n — 2) :u‘Cn v ( )

Up — U=

with
' L _VAL(1/2+1/n) @
"2 I'(1+1/n)

where here n = 6, corresponding to a long-range —Cg R~
attractive potential, vp is the vibrational quantum num-
ber at dissociation (typically noninteger), v is the vibra-
tional quantum number, h is Planck’s constant, u is the
reduced mass (here of 3°K8Rb), and E, is the binding
energy of the level v (equal to the magnitude of the de-
tuning |A,|). From our linear fits of vp —v versus (E,)'/?
in Figure 12, we obtain Cg and vp, as listed in Table 5.

We note that these fits are approximate. In addition to
statistical uncertainties and neglect of —CgR~® and higher
dispersion terms, it should be noted that these Cg values
are effective Cg values, since Cg in fact is expected to vary
slowly with R. For example, in the calculations of Bussery
et al. [65] (Tab. 3), Cs(2(07)) varies from 1.03 x 10° a.u.
at very long range (spin-orbit splitting > dispersion) to
3.06 x 10° a.u. at intermediate range (spin-orbit < dis-
persion). The values we report are moderately long-range
ones close to the very long range limit; they are most ap-
propriate for our range of detunings, and will fairly well
reproduce the energy levels used in our fits and predict
the energies of the many unobserved levels above those
we have observed.

5 Magnetic trapping of KRb a3Xt molecules

We have observed trapping of metastable KRb molecules
in the magnetic field gradient of the MOT coils, which
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Fig. 13. KRb" ion signal (arbitrary units) as a function of
the delay (in ms) between turning off the PA laser (while leav-
ing the MOT lasers and the magnetic field on) and firing a
detection laser pulse [40].

has a typical value of 28 Gauss/cm. Analogous magnetic
trapping has previously been reported for Cssy [13] and for
Rby [80], although not for heteronuclear molecules. Only
molecules in the metastable a>X*t state can be magneti-
cally trapped, since molecules in the X' X+ ground state
have negligible magnetic moments. We investigated the
trapping by turning off the PA laser while leaving the
MOT lasers and magnetic field on, then firing a detection
laser pulse after a variable delay. Figure 13 shows the de-
cay of the KRb* ion signal as a function of this delay,
with the laser tuned to a strong KRb resonance to the
3(07) state. We have subtracted a constant background
of 1.7 ions/shot due to “spontancous” formation of KRb
by the trap laser alone. It is evident that the decay is
non-exponential, with a significant fraction of the KRb
molecules remaining long after the ballistic decay time.
To model the ballistic decay quantitatively we have used
Monte Carlo simulations, which show an initial decay time
constant of about 3.2 ms for our 1 mm diameter detection
beam, assuming a temperature of ~300 puK. These simu-
lations also predict a small longer-lived tail attributable
to molecules that form a “molecular fountain” by initially
moving upwards and later re-entering the detection region.
However, the size of this tail is much smaller than the ob-
served signals past 10 ms, and it vanishes almost entirely
within 30 ms. By contrast, the longest-lived component of
the ion signal survives for hundreds of milliseconds.

The dynamics of this trap are somewhat complex be-
cause the atoms in the MOT are unpolarized. The triplet
molecules formed have a wide distribution of magnetic
moments ranging from —2 Bohr magnetons (1) to +2u0,
because of the statistical distribution of projection quan-
tum numbers, either mj; or mp depending on the appli-
cable angular momentum coupling scheme. About 1/3 of
the molecules should be in low-field seeking states that can
in principle be trapped, but these molecules have a wide
distribution in effective trapping potentials, resulting in
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an inhomogeneous distribution of trap sizes and escape
rates for different molecules. In Figure 13, about 10% of
the initial molecular signal survives past 30 ms. This in-
dicates a rather low trapping efficiency compared to the
upper bound of 33%, because the long holding time of
the trap should enhance the trapped molecule signal by
more than an order of magnitude relative to the short-
lived component that dominates the decay curve at short
detection delay times. For a molecule with the largest pos-
sible dipole moment projection of 24, the trapping poten-
tial in the horizontal plane reaches a depth of ~500 uK at
a radius of 2.5 mm. As we expect the temperature of the
initial molecular distribution to be somewhere in the range
150—400 pK, most of the successfully trapped molecules
should be confined within this radius. In the vertical direc-
tion gravity causes some distortion, as the maximum mag-
netic force is only 2.5 times larger than the gravitational
force. Additional experimental work is presently underway
to investigate the details of the trapping dynamics.

6 Future prospects

In the future, we hope to complete our study of KRb
photoassociation near the K(4s) + Rb (5ps) asymptotes
in several ways. One way is to fill gaps in our K(4s) +
Rb (5p;/2) observations, e.g. the missing levels in Fig-
ure 10. More importantly, we hope to carry out model
calculations of the levels (including the many perturba-
tions), similar, for example, to those discussed in Ky [77]
and RbCs [29]. In this way we can confirm the preliminary
assignments of Section 4. Some isotopic experiments (e.g.
39K8"Rb) might be required.

We also plan to examine the levels between the
two asymptotes, where predissociation to form Rb(5p; /o)
atoms is possible. We will use molecular ionization detec-
tion (as here), trap loss, and resonance-enhanced multi-
photon ionization (REMPI) of the Rb(5p;/2) atoms. We
have previously examined similar predissociations with
REMPI in %K, [81].

We will use our trap to attempt to determine the
relative sensitivity for detection of singlet molecules and
triplet molecules by PA to 1 (or 07) levels. If detection of
singlet molecules is not adequately sensitive at 602.5 nm,
we will try other nearby wavelengths. We will also attempt
to confirm that specific levels are 0% or 0~ by detecting
the occurrence or nonoccurrence of emission to the singlet
XX+ state.

Finally we will use our existing CO; laser system to
produce a tighter trap for KRb molecules in order to carry
out collisional experiments.

It is interesting to examine the prospects for
study of ultracold collisions and chemical reactions of
XIX+3KBRb (v = 0, J = 0). We assume that, as is
commonly believed for alkali atom and alkali dimer reac-
tions, there is no barrier to reaction on the ground doublet
potential energy surface. For example, the reaction

IKBRb(v = 0, = 0) 4+ K — Ky (v, J') + Rb (3)
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is exoergic by 224.80 + 0.52 cm~! (based on Dy =
4180.06 £0.42 cm ™! for 39K®Rb [54] and Dy = 4404.86 +
0.30 em~! for 39K, [77]). Energetically, this means that
v/ < 2 and J' < 63 could be produced. However, with
the reaction occurring on a doublet surface with S = 1/2
conserved, we expect

J+7

1%

0

1%

J+7 (4)

where ¢ is the entrance channel angular momentum of

collision (¢ < 3 at 300 uK) and ¢ is the exit channel an-

gular momentum of collision. Thus highest J’ levels (such

as J' = 63) cannot be formed since they cannot pass over

the ¢/ exit channel angular momentum barrier, i.e. because

of angular momentum rather than energetic constraints.
On the other hand, the reaction

K®Rb (v =0,J = 0) +%Rb —
BRbe(v' =0,J =0)+ K (5)

is endoergic by 214.60 & 0.50 cm~! and will not occur at
ultracold temperatures. If higher vibrational levels v are
excited, e.g. v = 3, J = 0, the corresponding reaction

PK¥Rb(v = 3,J = 0) + *Rb —
®Rby(v' =0, J" = 0) +*K  (6)

is now exoergic by 48.01£0.50 cm ™! and J’ levels up to 49
can be produced in place of J’ = 0 energetically; however,
the exit kinetic energy for X! 2t 8°Rby, v = 0, J' = 49 is
only 1.25 cm™! (<2 K) which certainly could not overcome
a centrifugal barrier corresponding to £’ > 40.

Finally, inelastic collisions could be readily studied,
particularly with 8°Rb where reaction is energetically for-
bidden; for example, rotational relaxation

39K®Rb(v = 0,J = 1) + %Rb —
BK®Rb(v' =0,J" =0)+*Rb (7)

or vibrational relaxation

YK¥®Rb(v =1,J = 0) + **Rb —
FKSRb(v' =0,J) +5Rb  (8)

where J' levels up to 44 can be produced energetically,
but where the small exit kinetic energy for J' = 44 is
0.15 ecm ™! (~0.2 K), so again the exit channel centrifugal
barrier will prevent completion of the inelastic collision
forming J' = 44.

Studies such as those mentioned above could be read-
ily carried out using a state-selected sample of 3°K® Rb.
The use of a Feshbach resonance to produce a very
weakly bound (predominantly) triplet a3X* level, fol-
lowed by stimulated Raman scattering via the interme-
diate A'Xt ~ b3IT mixed singlet-triplet levels to the
X1EH+39K8Rb v = 0, J = 0 level (or 3, 0; 0, 1; or 1, 0)
is a very promising approach for preparing such a state-
selected sample [27].
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