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Intermediate long-range

Abstract. Three distinct satellite bands at 730-736 nm and a single shoulder at 755.5 nm that we assigned
to KRb heteronuclear molecule are found in absorption measurements of hot K + Rb vapor. The interpre-
tation of these bands is discussed in terms of recent ab initio calculations of the relevant potential curves.
Semiclassical spectral simulations were performed with ab initio potentials and approximate transition
dipole moment functions showing a good agreement with observations. The probabilities of cold molecule
photoassociative formation into the external well of the double minimum (5)0" state and decay to the
ground state are discussed, and relative yields of molecular formation were estimated by using quantum

mechanical calculations.

PACS. 33.80.Gj Diffuse spectra; predissociation, photodissociation — 34.20.Gj Intermolecular
and atom-molecule potentials and forces — 33.80.Ps Optical cooling of molecules; trapping

1 Introduction

Within last few years one can witness a large interest
in KRb molecule. Quite recently, Amiot and his cowork-
ers experimentally studied electronic states of the KRb
molecule in series of experiments [1,2]. In addition, two
groups published the high quality ab initio calculations
for variety of ground and excited states [3,4]. Among het-
eronuclear molecules of alkali-metal elements, the KRb
molecule is of particular interest because the first ex-
cited atomic levels K(4p;/23/2) are in close proximity
to Rb(5pi/2,3/2) atomic levels. Hence, there is a large
coupling among the electronic states connected to the
K(481/2)+Rb(5p1/23/2) and K(4p1/273/2)+Rb(581/2) dis-
sociating limits. Wang and Stwalley [5] pointed out that
the K + Rb system is, therefore, a very good candidate
for ultracold photoassociation. They discussed photoasso-
ciation into vibrational states of attractive potentials at
large distances converging to the K(4s; /2) +Rb(5p1/2,3/2)
limits. The first experiment with ultracold *°K and ®°Rb
mixture revealed interesting heteronuclear trap loss mech-
anisms, but did not reveal the existence of ultracold KRb
molecules [6].

By inspection of new KRb potential curves, with spin-
orbit interaction [3], we found no pure long-range molec-
ular states like it is the case with homonuclear alkali
dimers [7,8]. However, there is one potential curve with
two minima of which the outer one we attribute to the
intermediate long-range state, (5)07.

? e-mail: beuc@ifs.hr

The KRb (5)0" double-well potential from the
K(4ps/2) + Rb(5s1/2) asymptote becomes 0; double-
well potential from K(4ps/2) + K(4s1/2) or Rb(5p3/2) +
Rb(5s1/2) asymptotes in homonuclear Ky or Rby diatoms,
respectively. It was early recognized in the K5 molecule
that the avoided crossing between two adjacent 03‘ states,
due to the interplay between spin-orbit and electrostatic
interactions is the origin of the far blue satellite band at
748.5 nm [9]. Similar satellites in Cs vapor were observed
by Kusch and Hessel [10], Pichler et al. [11] and recently
interpreted by using ab initio potential curves and semi-
classical simulations based on Fourier transform technique
by Veza et al. [12] and Beuc et al. [13].

Ab initio potential curves for the two lowest 0; excited
states in Nay [14], K2 [15] and in Rbg and Css [16] showed
that one of the 0 (Hund’s case (c) coupling scheme) state
emerging from nP3/; atomic level exhibits two potential
wells, the one at small internuclear distance, R, and the
second one in the intermediate range of R. Theoretical
significance of those double-well potentials was recognized
in papers by Dulieu et al. [17] and their possible applica-
tion for cold molecule formation was described by Almazor
et al. [18] together with spectral simulations of the whole
blue wing satellite system at thermal energies.

In Figure 1 we present KRb ab initio potential
curves [3] that are relevant for the satellite bands that
we report here. These potentials represent the (4)0%
and the (5)0" states in Hund’s case (c¢) coupling, and
(3)!XF and (2)3II states in Hund’s case (a). The (4)
and (5) 07 states, connected to the K(4p;/5) + Rb(5s1/2)
and K(4ps/2) + Rb(5s;/2) atomic limits exhibit avoided
crossing at intermediate range and as a consequence,
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the upper state, (5)0", shows a shallow minimum at
R ~ 17.5 Bohr, Figure 1. This well is observed in our ex-
periment as a satellite band and reported in present paper.
An interpretation of all observed KRb satellites, observed
in the very far blue wing of potassium-rubidium resonance
lines, is given based on semiclassical spectral simulations.
A possible dissociation of the (5)0" inner well bound lev-
els via non-adiabatic mixing with (4)0" is calculated to
be negligible. Hence, cold molecule formation is proposed
using also these levels as intermediate stage.

The present paper is organized in 5 sections. Follow-
ing introduction, the experimental details and results for
absorption measurements are given in Sections 2 and 3.
Semiclassical spectral simulation is presented in Section 4.
In Section 5 the formation of the cold KRb molecule is
theoretically investigated and the conclusion is given in
Section 6.

2 Experiment

A 1:1 mixture of rubidium and potassium was used in the
present study of thermal absorption. Mixed metal vapor
above the heated liquid mixture consists predominantly of
rubidium and potassium atoms, but there are also a small
percentage of diatomic molecules, Rby, KRb, and Ks (in
the decreasing order of densities). The mixture was con-
tained in a cylindrical sealed-off sapphire cell, inner di-
ameter of 10 mm, and length of 160 mm. Due to special
procedures in manufacturing the cell [19], especially in the
process of sealing the sapphire windows, the cell can be
used for absorption measurements up to 700 °C. The cell
was located within the oven encompassed with three sep-
arated heaters, which allowed different temperatures for
the central part and two identical side parts of the cell.

T T T

40

45 curves relevant for the interpreta-

tion of the observed, satellite bands,
taken from reference [3].

35

Usually, these two side parts of the cell were kept at the
same temperature, T', higher than the temperature of the
central part, Ty, which was confined within about 8 mm.
Therefore, the main contribution to the absorption was
coming from the less dense vapor at an average tempera-
ture T'. As the vapor in hotter parts was heated above the
temperature of the liquid metal in the central part, ther-
mal destruction of molecules occurred [20] in those hotter
parts. This configuration of three differently heated re-
gions inside the cell enables to obtain partly superheated
vapor in two external parts of the cell.

The estimate of KRb number density can be deduced
from the dissociation equilibrium equation [21]:

[KRb] = 3.202 x 10-28 712
9192

exp(1.4388D,/T)
exp(—1.4388w./T)

() 2

mimso O'.Be

[K(To)][Rb(Tp)] (1)

where [KRb], [K] and [Rb] are the number densities in
ecm~3. D, is dissociation energy, w. and B, are vibra-
tional and rotational molecular constants for the ground
state of KRb, all in cm™!. T is temperature in kelvin, g,
g2 and g1o are statistical weights of the K, Rb and KRb
ground states, respectively. Symmetry factor, o, is equal
1 for heteronuclear, and 2 for homonuclear molecule, m;
is molar mass for K, mo for Rb and mj for KRb, all
in g/mol. Number densities of potassium and rubidium
are taken from Nesmeyanov tables [22] and multiplied
by mole fractions, (z(K) = z(Rb) = 0.5) according to
Raoult’s law. Molecular constants D, we and B, are taken
from reference [23]. Similar equations apply for homonu-
clear dimers Ko and Rby. At temperatures Ty = 610 K
and T = 840 K, for which we present our measurements,
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the KRb molecule density is estimated to be 3.2 x
10'* ¢cm™3. With molecular constants taken from liter-
ature [24,25], homonuclear dimer densities are calculated
to be [Ka] = 6.9 x 10'3 cm™3 and [Rbs] = 8.8 x 10 cm 3.
Atomic densities, [K] = 6.5 x 10 ¢cm™ and [Rb] =
2.4 x 10'6 cm™3, are estimated from Nesmeyanov tables
for the temperature Ty = 610 K taking into account the
relevant mole fractions.

In a simple absorption setup, similar to the one de-
scribed earlier [26], a light from a tungsten lamp was
chopped by an optical chopper, transmitted through the
cell and imaged on the entrance slit of a monochroma-
tor. The monochromator (Jobin Yvon THR 1500) was
equipped with a 1200 grooves/mm grating whose scan-
ning, by a stepper motor, was controlled by a personal
computer (PC). Spectral resolution was 0.015 nm. The
absolute calibration of the wavelength scale was deter-
mined using a rubidium low-pressure spectral lamp. The
accuracy of the wavelength determination was better then
0.1 nm. Spectrally resolved light was detected by a photo-
multiplier (PMT) placed at the exit slit of the monochro-
mator. The electrical signal from the PMT was amplified
by a lock-in amplifier and fed to PC where the spectra
were stored for later analysis.

3 Results

In a hot K-Rb vapor mixture spectral phenomena of
both K5 and Rby dimers appear together with KRb bands.
For this reason the KRb contribution to the absorption of
the vapor is hard to distinguish a priori from the homonu-
clear dimers. In the investigated wavelength region (400—
800 nm), KRb diffuse bands [27], (560-600 nm) and KRb

from the measurements at
To =610 K and T = 840 K.

satellite bands in the blue wing (725-760 nm) of potas-
sium D2 line were observed.

We tried to enhance the KRb bands in spectra by in-
dependently varying temperatures Ty and 7. The tem-
peratures Ty = 610 K and T = 840 K gave enhanced
and the best resolved KRb satellite bands that we could
achieve. In the right panel of Figure 2 we present absorp-
tion coefficient of the vapor, derived from transmission
measurements. Between these two KRb features, the Rbo
triplet satellite bands are well pronounced [18]. The ab-
sorption towards the red rises because of the blue wing
of potassium D2 line, whereas in the short wavelength re-
gion of the spectrum, the absorption background reveals
the start of the Rby X-B band. Because the Rby X-B
band decreases with increasing 7', higher values of T and
larger differences T'— Ty are more favorable for observing
the KRb satellite bands. This is indeed verified by taking
the spectra at various T and Tj.

On the left panel of Figure 2 relevant difference po-
tentials in Hund’s case (c) coupling for the formation of
KRb satellites are shown. Curves represent the difference
potentials between the excited states and lowest triplet
state, a3Xt, and they are labeled with the upper state
designation, (N)2%F. N is the excitation number of the
state with given symmetry, 2 is the quantum number of
the projection of the total electronic angular momentum
onto the internuclear axis, and + designates symmetry of
{2 = 0 states regarding to reflection at any plane passing
through both nuclei. The potentials are taken from refer-
ence [3]. Rectangular frames are drawn to emphasize the
correspondence between extrema in difference potentials
and satellite bands in the spectrum. Difference potentials
taking the ground singlet state, X' YT, as lower state also
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Table 1. Connection between first five atomic asymptotes,
Hund’s case (c) electronic states and Hund’s case (a) states.

Table 2. The transitions included in the semiclassical simula-
tion of the KRb absorption coefficient (Fig. 3).

K+ Rb Hund case (¢) Hund case (a)

triplet transitions singlet transitions

(1ot (H'z* quasistatic (1)0~, (D1 — (N1 (10T — (5)1

42S81/54+5 %812 (1)0~ 5o approximation [30]  (1)0~ — (5)0~ ()0t — (6)1
(1)1 ("% (10" — (M1
(2)0t (2)tx+ ()0~ — (4)0~

478,545 2Py 2)0- - (10, (1 — (BT (1)0* — (4)0*
@)1 Airy (1)1 — (22
(3)0* approximation (D1 — (4)0t
(3)0~ e (30,13 (1)0~, (1)1 — (5)1

4 281/2 +5 2P3/2 (3)1 Fourier transform
(1)2 technique [28,29] (1)1 — (5)0" (1)0t — (5)0™
(4)1 ORI
(4)0* (3)' 2

42Py/+5 %Sy, (5)1 ()1 technique [28,29]. (5)0"—(1)1 and (5)0"—(1)0" difference
(4)0~ potentials, in the energy range relevant for the 755.5 nm
(5)0" 5 satellite formation have two extrema (minimum and max-
(6)1 (2)°11 imum) with an inflection point in-between (see Fig. 2).

4 2P3/0 +5 %810 (2)2 They have three real Condon points, which can interfere.

Gl Ok The observed shoulder at 755.5 nm belongs to the cusp

give contributions to absorption but they are not shown
for the reason of clarity of the figure.

On the lower panel of Figure 2, the lowest triplet
state, a> X1, and a part of the singlet ground state, X',
are presented. The a®XT state consists of two degener-
ate states {(1)0~ and (1)1}. The correspondence between
molecular state in Hund’s cases (¢) and (a) is shown in
Table 1 for the first five dissociating limits. In the short
range, both representations give virtually the same curves,
except that both of 3IT states are split into the three lev-
els [3]. Some of the Hund’s case (c) potentials exhibit
avoided crossings at the distance larger than ~15 a.u.
Avoided crossing between (4) and (5)0T, as already stated
in the Introduction, forms the outer well in the (5)0%
state, which in turn causes the satellite band at 755.5 nm,
Figure 2. The other three bands, in the 730-735 nm re-
gion, originate from the extremum in (2)3IT state, which
is comprised of four states, (see Tab. 1), split into three
levels by spin-orbit interaction, Figure 2.

4 Spectral simulation

We performed the semiclassical spectral simulations tak-
ing into account transitions connecting eight excited and
two ground (singlet and triplet) states, which give contri-
bution to the absorption in the wavelength region of inter-
est. Eight excited potentials in Hund’s case (c¢) notation,
which are included in the simulations are: (4)0%, (5)1,
(5)0T, (5)07, (4)0~, (6)1, (7)1 and (2)2 (see Fig. 2). Lower
states comprise a®XT{(1)07, (1)1} and XX+ {(1)0*}.
For the absorption coefficient calculations of the (1)1,
(1)0" — (5)07" transitions we used the Fourier transform

type satellite band [12].

The absorption coefficients for all possible transitions
from one of the lower state to the (4)0%, (5)1, (4)0~,
(5)0—, (6)1, (7)1 or (2)2 upper state were calculated
by using quasistatic approximation [30]. When some of
these difference potentials exhibit extremum the corre-
sponding absorption coefficient calculated in quasistatic
approximation shows a first order singularity. Therefore,
for the transitions connected with such potentials the
Airy approximation of the linear absorption coefficient was
used [13,30]. In Table 2 we summarized all transitions in-
cluded in simulation.

The relevant molecular electronic transition dipole
moment function D(R) for each transition taken in
the simulation was calculated by using semiempirical
“atoms in molecules” scheme developed by Cohen and
Schneider [31].

Simulation for T = 840 K, taking into account all
possible transitions connecting (4)0", (5)1, (5)0T, (5)0~,
(4)0~, (6)1, (7)1, (2)2 excited and a®>X+ {(1)0~, (1)1},
XX+ {(1)0"} ground states which give contribution to
the absorption in the wavelength region of interest is
shown in Figure 3. In the figure we present the sum of all
transitions, as well as separate contributions from tran-
sitions from the ground singlet (dashed line) and triplet
(solid line) states. It can be seen that singlet transitions do
not contribute to the three satellite bands in 730-736 nm
interval. The observed three satellite bands in this spectral
region are stemming from a3X* {(1)0~, (1)1} — (4)0~,
(5)0T, (6)1 (2)2 transitions.

Comparison between observed and calculated peak po-
sitions of triplet satellite bands are given in Table 3.
Considering the fact that contributions from K+ K and
Rb + Rb potentials are not included in the calculation,
agreement between those values is quite satisfactory. Also,
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Cold molecule formation is a two-step process that asso- '
ciates two colliding cold atoms into bound state of the
molecule. The process can be exemplified by following &
relations: =
g
K+ Rb + hvy — KRb™ (v, J') (2) o

(3)

K and Rb atoms are in their ground state, hry is the
energy of a laser photon, blue detuned from the excited
atom asymptote, and hro is the energy of radiated pho-
ton. The excited electronic state KRb*(v/, J') decays ra-
diatively to the bound levels of lowest triplet or singlet
states of KRb(v", J"), thus vy > 4.

This scheme is depicted in Figure 4 with the (5)0"
state as the excited state. Two pairs of vertical arrows in-
dicate the two-step processes; one pair for the formation
of the cold molecule in the lowest triplet state (v = 0),
the other for the ground singlet state (v = 84). Our
calculations show that these two vibrational levels are

KRb* (1, J') — KRb(", J") + hu,.

R (Bohr)

Fig. 4. Two step process of a KRb cold molecule formation,
with the (5)07 state as an excited state. Two pairs of the ver-
tical arrows indicate the formation of the cold molecule in the
lowest triplet (¢ = 0) and in the lowest singlet (v = 84)
states. FT, FS, BT and BS denotes the squared moduli, [¥|?,
of the free triplet, free singlet, bound triplet and bound singlet
states, respectively. Bottom panel: the transition dipole func-
tion D(R) for the transition between the (5)0" state and the
lowest triplet state (solid line), and between the (5)0% state
and the ground singlet state (dash line).
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the most populated levels. Rotationless vibrational levels
calculated by uniform Fourier Grid Hamiltonian method
(400 points) [32] are given both for inner and outer well
of the 39K®Rb (5)0T state. The inner well binds seven
and outer well four vibrational levels (J = 0). The wave
function of v/ = 3 level of the outer well, also shown in
Figure 4, exhibits tunneling out towards larger R.

Details of the lowest triplet (solid line) and singlet
(dashed line) state are shown in the middle section of
the figure. The kinetic energy of colliding potassium and
rubidium atoms is set to correspond to temperature of
Tc = 100 pK which is typical for a standard magneto-
optical trap. In approaching each other K and Rb atoms
can interact either within lowest triplet or ground singlet
potential. Squared moduli of free states, |¥|?, for those
two cases are labeled FT (triplet case) and FS (singlet
case) in Figure 4.

In the bottom part of the Figure 4, the transition
dipole moment function D(R) for the transition between
the (5)07" state and the lowest triplet state, and between
the (5)0T state and the ground singlet state are presented
by solid and dashed line, respectively. Because the (5)0%
state at short distances is predominantly of triplet charac-
ter (see Fig. 1), the transition dipole moment that couples
inner well to the ground singlet state is essentially zero.

The efficiency of the first step in the photoassocia-
tion, equation (2), can be calculated as a square of matrix
element of the transition dipole moment between lower
free state and upper bound state. Four types of transition
pathways are distinguishable: FT — inner well, FT —
outer well, FS — inner well, and FS — outer well. We
present the normalized matrix elements for the first two
cases versus upper vibrational levels in Figure 5a and for
last two cases in Figure bb. It can be seen from the figure
(note the logarithmic scale on the ordinates) that the pho-
toassociation from FT state is possible both to the inner

T T T
b) L1

0.1

+0.01

~1E-3
Fig. 5. The efficiency of the first step
in a cold molecule formation process,

| 44 ©quation (2). (a) FT — inner well and

FT — outer well transitions, (b) FS —
inner well and FS — outer well transi-
tions.

well and to the outer. On the contrary, photoassociation
from the F'S to the inner well is negligible, as already ex-
plained above. Among vibrational levels in the outer well,
the most favorable photoassociation is in v/ = 3 level.

The second step proceeds by radiative decay to a
bound vibrational state (v, J”). This vibrational state
can belong to the lowest electronic triplet state (labeled
BT in Fig. 4) or to the ground electronic singlet state
(BS in Fig. 4). Bound state vibrational energies and wave
functions were calculated by the mapped Fourier grid
method (300 points) [33]. Our calculations showed that
the ground singlet state binds 106 rotationless vibrational
levels, and the lowest triplet state binds 38 levels. Total
yield of the molecule formation through photoassociation
is proportional to the product of squared electronic tran-
sition dipole matrix elements for the first step and for the
second step.

Cold molecules can be produced by four distinct path-
ways: FT — (5)0t — BT; FS — (5)0* — BT; FT —
(5)07 — BS; and FS — (5)0" — BS. Among these paths,
only FT — (5)0% — BT can proceed both via inner or
outer well of the upper state. Relative yield of molecular
formation as a function of final vibrational number, v”, is
given in Figure 6a for this case, with intermediate states
v/ = 3 of the outer well and v/ = 6 of the inner well. It
can be seen from the figure that the most probable pho-
toassociation is via v’ = 6 of the inner well to the lowest
vibrational level (v = 0) of the a®> X7 state.

The molecular formation as the function of the final v”
for other three pathways (that can proceed only via outer
well), are shown in Figures 6b, 6¢ and 6d. The interme-
diate state is v/ = 3 of the outer well. All the graphs in
Figure 6 are normalized with respect to the FT — (5)0*
(v =6, inner) — BT(v” = 0) transition.

Since the v/ = 3 level of the outer well tunnel through
the tiny potential barrier, spontaneous emission alone
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would not be a good ultracold molecule formation method.
However, appropriate STIRAP method [34] would most
probably make the formation method more eficient.

We expect the KRb ultracold molecule formation rates
to be similar as in the analogous case of Rbgy [18]. This
would mean that in order to make ultracold molecules,
the densities of K and Rb atoms should be very high, of
the order of (1012—10*) cm~3. This requires special MOT
devices and possibly some special laser techniques, which
enable higher atom densities. On the other hand, KRb
molecules could be formed on the surface of the cold he-
lium clusters [35,36] and the blue satellite bands discussed
in the present paper could be easily detected.

6 Conclusion

We have performed simple absorption measurements of
K+ Rb vapor. Satellite bands are observed in the very
far blue wing of potassium D2 line but their origin is the
absorption processes within KRb diatom.

Spectral simulations confirm that satellite bands in the
730-736 nm region originate from the (1)3X+ — (2)311
transition located at internuclear distance R =~ 12.5 a.u.
The 755.5 nm satellite band is a result of a transition lo-
cated at R =~ 17.6 a.u. where the upper state connected
with this band, the (5)0%" electronic state connected to
K(4ps/2) + Rb(5s1/2) asymptote, exhibits a small well.
This well was calculated to bind four vibrational levels. In
the quantum calculation, we have shown that photoassoci-
aton of cold K and Rb atom into the KRb X' X7 or a>X*
molecular electronic state is possible in a two-step process
via outer well of the KRb (5)0" state. However, the pho-
toassociation into the lowest vibrational level (v = 0) of
the a? X+ state is feasible only via inner well of the upper

state.
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