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Molecular beam study of the a >X* state of NaK up to the dissociation limit
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We provide spectroscopic data for the a3X* state of the »?Na**K molecule. The experiment is done in
an ultrasonic beam apparatus, starting from the ground state X 'S* and driving the population to the a3X+
state, using a A scheme with fixed pump and scanning dump laser. The signals are observed as dips of the
total fluorescence. The intermediate level is chosen to be strongly perturbed by the B 'TI/c3X+ states mixing
to overcome the singlet-triplet transfer prohibition. We observed highly resolved hyperfine spectra of various
rovibrational levels of the a*%7 state from v, = 2 up to the highest vibrational levels for rotational quantum
numbers N, = 4,6,8. By the typical experimental linewidth of 17 MHz, the vibrational dependence of the
hyperfine splitting is clearly revealed for NaK. The absolute frequency measurements of the vibrational levels
are used for improvement of the a 3= potential curve and of the derived scattering length of all natural isotope
combinations. Applying the A scheme in the reverse direction can provide a pathway for efficient transfer of
ultracold Z*Na*K molecules from the Na(3s) + K(4s) asymptote to the lowest levels of the ground state. We
show spectra that couple the absolute ground state vy = 0,/ = 0 with an appropriate intermediate state for direct
realization of the reverse path. The refined theoretical model of the coupled excited states of the Na(3s) + K(4p)

asymptote allows predictions of efficient paths for 2Na*’K; one example is calculated.
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I. INTRODUCTION

Over the past decade physicists have invested serious effort
in the creation of gases of ultracold molecules. Compared
to atoms, where the dipole-dipole interaction is weak, being
provided by the atomic magnetic moments [1], diatomic
molecules can have large permanent electric dipole moments,
leading to strong long-range interactions with its spatial
anisotropy. Additionally, molecules provide many internal
degrees of freedom compared to atoms, which widens
the scope for experiments of controlling quantum systems
constructed by molecules. The diatomic heteronuclear
alkali-metal molecules are expected as a developmental step,
which still keeps the complexity of the theoretical description
on an acceptable level.

The procedure for creating ultracold diatomic molecules
often applies an ensemble of ultracold atoms and uses pho-
toassociation with subsequent spontaneous decay to ground-
state molecules or uses magnetoassociation forming Feshbach
molecules and employing stimulated Raman adiabatic passage
(STIRAP) [2] for transferring the weakly bound state close to
the dissociation limit to the desired bound level of the molec-
ular ground state. This last method uses coherent processes
and thus keeps full control of the quantum states. It was suc-
cessfully applied to bring °K®’Rb to its absolute ground state
[3]. Other good candidates for preparing Feshbach molecules
are, e.g., 87Rb 133Cs [4], °Li 133Cs [5], and 2*Na**K [6,7], for
which Feshbach resonances are observed. Photoassociation
connected with spontaneous decay is much simpler to apply,
but needs careful selection of the excitation for an efficient
decay to the desired quantum state. It was demonstrated for
LiCs [8], RbCs [9-11], NaCs [12], and KRb [13]. For both
procedures a fairly deep knowledge of the electronic states
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is advantageous, mostly obtained by molecular spectroscopy
with guidance of ab initio calculations.

As a simple rule, the requirements for observing long-range
interactions in an ultracold gas are large dipole moment, low
temperature, and high molecular density [3]. For alkali-metal
dimers in the electronic ground state, LiCs has the largest
permanent electric dipole moment of 5.5 D [14,15] decreasing
to 2.72 D for NaK [16], 1.3 D for RbCs [17], and only 0.57 D
for KRb [3]. Zuchowski and Hutson [18] discuss the selection
of the most appropriate molecule ensemble from the point
of view of chemical stability. Here KRbD is unstable, with an
exothermic reaction path to K, and Rb, requiring extra effort to
obtain a sufficiently long observation time of such ensembles
[19], whereas NaK is stable at ultralow temperatures in its
absolute ground state. Even though LiCs has the largest dipole
moment, the Cs nuclear spinic, = 7/2 leads to long computing
times modeling the LiCs molecule and LiCs is also unstable
like KRb mentioned above. These considerations suggest that
NaK would be a good compromise, providing a large perma-
nent dipole moment, chemical stability, and simpler theoretical
model selecting isotopes with low nuclear spins. Various
groups are presently working on the creation of ultracold
NaK. We recently analyzed possible transfer paths by A-type
schemes in NaK, putting the focus on paths using nonresonant
singlet-triplet coupling in the upper electronic states [20].

While NaK is one of the most explored alkali-metal dimers,
high-precision ab initio calculations [21] and spectroscopic
data for a number of electronic states are available. The
ground state X !X+ and the lowest triplet state a3+t are
described by potential curves based on Fourier-transform
spectroscopy of laser-induced fluorescence in a heat pipe [22].
Precise descriptions of the excited electronic states A Iyt
c¢3%*, B'I, and b>I1 are given in [23,24]. Sub-Doppler
polarization spectroscopy in a heat pipe revealed the hyperfine
structure (hfs) of the state a >X+[25]. However, there exists
a significant gap between the highest observed vibrational
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levels of this state [22,26] and the asymptotic region where
the Feshbach resonances take place. Also the hfs study in
[25] does not provide sufficient resolution for exploring the
expected vibrational dependence of the hyperfine coupling,
which was already observed for other alkali-metal molecules
such as Na, [27].

In our present work we put effort into providing spectra
precise enough to quantify the vibrational dependence of
the hyperfine structure of the state a>% " and we study the
rovibrational ladder starting from the tightly bound vibrational
states up to the last existing rovibrational levels to improve
the potential curve. Experimentally, we employ a A-type
excitation scheme from X '+ (vy = 0) to a selected level v,
of a 3X*, which is possible by resonant singlet-triplet coupling
of the intermediate levels, showing that such schemes can be
very efficient for existing mixing coefficients up to almost
50% [23]. We will discuss the inversion of such a process for
producing ultracold molecules in the absolute ground state.
Using our data we create a theoretical model for an accurate
description of the hyperfine coupling of the state a >~ * and
the spectra of the highest vibrational levels will provide the
important information about the singlet-triplet mixing in the
ground states X ' X+ and a 32+

II. EXPERIMENT

We investigated the NaK molecules in two laser fields to
obtain precise data on the rovibrational energies including
the hyperfine structure for the state a3X*. To overcome
the singlet-triplet transition prohibition, we applied a A-type
pump-dump scheme involving a strongly perturbed intermedi-
ate level, which is a mixture of the B !IT and ¢3Z* states.
The potential scheme of the NaK molecule including the
pump-dump steps is shown in Fig. 1. Starting with ground-
state molecules, the fixed frequency pump laser couples a
level of the molecular ground state with an excited level
of the B!Tl/c3Tt system and creates fluorescence, which
is monitored. The dump laser is tuned across the hyperfine
transitions from the upper level to levels of the a 3T+ state.
When the dump laser hits a resonance, both the starting level
and the final level are directly coupled and the fluorescence
decreases.

NaK was created in a molecular beam; it is derived from
a mixture of Na and K in natural isotopic abundance. The
vacuum chamber for the apparatus had been constructed for
a study of the Stark effect in NaK and detailed information
can be found in [28]. A scheme of the whole setup is given in
Fig. 2. The oven is a stainless steel container with a nozzle.
It is filled with 3040 g of Na and K with a mass ratio of 1:2
[29]. The working temperature of 830—880 K of the container
is set by an external heater. The beam of molecules is formed
by adiabatic expansion of the alkali-metal vapors through a
200-m nozzle into a vacuum of 5 x 10~7 mbar and a skimmer
20 mm downstream of the nozzle, resulting in an averaged
speed of 800 &= 100 m/s [28]. By the expansion, the NaK dimer
is mainly in the lowest vibrational level vy = 0O of the ground
state X ' =* with small rotational energy. A 3-mm diaphragm
placed 480 mm away from the nozzle ensures collimation of
the beam and thus reduces the Doppler width by a factor of
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FIG. 1. (Color online) Potential scheme of NaK including the
pump-dump steps. The pump laser connects an intermediate level
of the B 'II state strongly coupled to the ¢ *X* state with the state
X !'£+. The dump laser connects the same intermediate level with
various vibrational levels of the a > £ state. The signals are observed
as a dip in the fluorescence to the X ' = state during a scan (tuning
knob indicated by a small dashed arrow) of the dump laser when it
crosses a B'T1/c3E*-a 3L+ resonance while the frequency of the
pump laser is kept fixed.

320. It also separates the oven chamber and the chamber where
the interaction with the laser beams takes place.

The molecular beam is crossed perpendicularly by two
parallel running laser beams optimized for STIRAP coupling
of the X '2% and the ¢ 3%+ states. For the pump laser we
employed a ring dye laser (Coherent CR-699) with rhodamine
6G, excited by an Art laser (Coherent Innova 400). For
the dump transition we used a Ti:sapphire laser (Teknoscan
TIS-SF-07) pumped by a frequency-doubled Nd:YAG laser
(Coherent Verdi 10 W). Both pump and dump laser beams
are focused and overlapped by cylindrical optics. The shapes
of the laser beams in the interaction zone were prepared to
be elliptical with the long axis perpendicular to the molecular
beam with dimensions of 0.3 x 4 mm? for the Ti:sapphire
laser and 0.3 x 7 mm? for the dye laser. The displacement
between the laser beams could be varied in the direction of the
molecular beam from 0.05 to 0.30 mm looking for the strongest
possible drop of the fluorescence during a resonance. Both
laser fields have linear polarization parallel to the molecular
beam direction. The laser powers applied to the molecules in
the chamber were 11-14 mW by the dye laser and 15-460 mW
by the Ti:sapphire laser.
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FIG. 2. (Color online) Simplified scheme of the experimental
setup. The molecular beam is crossed perpendicularly by two laser
beams from the dye and the Ti:sapphire laser running parallel,
focused, and overlapped by the beam forming optics. The resulting
fluorescence is observed by the photomultiplier (PM). The absolute
frequencies of the two lasers, together with the reference HeNe laser,
are monitored by the wavemeter WS7 via an optical multiplexer.
The frequency of the dye laser is long-term stabilized by a servo
system involving the wavemeter for setting the laser to the requested
frequency. A confocal cavity gives relative frequency markers when
the Ti:sapphire laser is tuned. The data are collected and recorded by
the data acquisition system via a buffer box.

By a set of two short-pass filters (Balzers Optics Calflex
X, cutoff wavelength 730 nm) and one long-pass filter (Schott
0G590), the fluorescence frequency band is narrowed before
reaching the photomultiplier. The filters suppress the scattered
light coming from the laser beams, a part of the fluorescence
to the singlet state, and the whole fluorescence to the a iyt
state. The laser stray light is additionally reduced by a series
of conic apertures arranged along the laser beam path. The
fluorescence light is imaged onto the photomultiplier (R943-02
in a Peltier cooled housing C4877-02 with a C4877 controller
from Hamamatsu) by a spherical mirror mounted under and a
lens placed above the interaction volume [30].

Laser frequencies were measured by a wavemeter (High
Finesse WS7), which was calibrated regularly with a HeNe
laser stabilized to an iodine hyperfine transition. The specified
uncertainty of the WS7 is 100 MHz, but for several tests
using diode lasers locked on precisely known transitions in
rubidium we observed an absolute long-term precision of about
45 MHz corresponding to 0.0015 cm™!. Both the pump and the
dump lasers are short-term stabilized to low-finesse external
interferometers, reducing their linewidths to 1-2 MHz. For
the long-term frequency stabilization of the dye laser we
use the readings of the WS7 and a small program that via
a digital-to-analog converter board (Velleman K8061) keeps
the dye laser at the chosen frequency to within a few MHz.
The principle of our measurements requires a low level of
power fluctuation in the pump field. We achieve this by
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employing a special low-turbulence nozzle (Radiant Dyes) in
the dye laser. Additionally, a power noise suppressor (Thorlabs
LCC3111) mounted close to the vacuum chamber keeps the
power fluctuations below 3%.

For relative frequency measurements during the frequency
scans of the Ti:sapphire laser, we use the markers of a confocal
Fabry-Pérot interferometer with a free spectral range of
148.95 4 0.07 MHz, which was locked to the iodine-stabilized
HeNe laser. For collecting the data we use a PC with a data
acquisition card (National Instruments PCI-6221). The system
is controlled by a LABVIEW program providing simultaneous
recording of up to eight signals. Typical acquisition intervals
were set to 10 ms.

III. MEASUREMENTS

The interaction between the molecules and the pump laser
is observed as fluorescence from the excited level to the
ground-state vibrational manifold. When the dump laser is
tuned across a resonance with a level of the a®*%7 state,
the fluorescence drops. For the discussion of the coupling
in the intermediate state we use the total rotational angular
momentum quantum number J as a good quantum number, as
the coupling between the B 'TT state and the ¢ > X+ state is due
to the spin-orbit interaction and is only indirectly influenced
by the hyperﬁne interaction. The total angular momentum of
levels of the B 'IT state is denoted by J and their parity by
(—1)’*€, where € is zero for e levels and 1 for f levels. The
total angular momentum J in the c3%7 state is expressed
as J =N + S where N and S are the rotational angular
momentum and total electron spin with § = 1 here. Therefore,
any rotational level N is split into three sublevels by the
spin-rotation interaction, giving thelevels / = N +1,J = N,
and J = N — 1. The parity of the levels is determined by
(—1)V. Only levels with the same J and parity of the B ' TT state
and the ¢ X+ state can couple. Considering only levels closest
in energy, an e level of quantum number J of the B 'TI state
will couple to a level (N = J,J) of the ¢ 3L+ state and an f
level of the B T state will coupletolevels (N = J + 1,J)and
(N =J —1,J) of the c3X 7 state. So by pumping ¥ Q(Jx) or
O(Jy) transitions' with Jy — Jz = AJ = 0 from the X '+
ground-state level vy = 0,Jx = 6 to intermediate f levels
vg = 8,Jp = 6, which were employed mostly here, levels
N=7,J.=6and N =5,J. =6 and v, = 30 of the ¢*X™
state are coupled [23]. The hyperfine splittings of ground-state
levels and of B'IT levels are generally small, however,
coupling of B 'TI levels with ¢ 3%+ levels leads to an easily
observable hyperfine splitting [23].

As examples for greater clarity we show laser
excitation spectra of the two lines ®Q(6) and Q(6) of the
X'Tt (vy =0)-B'TI (vg = 8)/c3*E* (v. = 30) system in
Fig. 3 (we use the vibrational numbering of the ¢ > X * state due
to the recent work by Ferber et al. [24]). The Q(6) transition
shows almost the same hyperfine splitting as the ® Q(6) one,
indicating the strong mixing of the levels for Jp = J. = 6 [23].

"The superscript R labels a transition with AN = 1 for the basis
vector where N is specified, i.e., the state ¢ 3%+, whereas the main
symbol Q refers to AJ = 0 of the total angular momentum J.
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FIG. 3. Laser excitation spectra of the perturbed lines
R 0(6)(8/30-0) and Q(6)(8/30-0) of the X '=+-B 'T1/c*%* band.
The quartet structure is caused by the hyperfine structure of the
ZNa nucleus with sodium nuclear spin iy, = 3/2. Due to the
coupling scheme F = | = J + zNa, intermediate quantum numbers F; =
15/2,13/2,11/2,9/2 are assigned to the lines of the quartet. The
hyperfine splitting due to the coupling scheme F = F, + ix of the
%K nucleus is not resolved.

The power of the pump laser is decreased until a reasonable
compromise between a narrow linewidth and a sufficient
signal-to-noise ratio (SNR) is achieved. Quartets appear due to
the hyperfine interaction of the 23Na nucleus w1th nuclear spin
iNna = 3/2. The coupling scheme F = T+ 1Na is appropriate
because the hyperfine interaction by Na being mainly in the 3s
state is larger than that by K in the 4 p state. Thus intermediate
quantum numbers Fy = 15/2,13/2,11/2,9/2 are assigned
to the lines of the quartet. Each of the lines of the quartet
contalns the hyperfine structure due to the coupling scheme
F = F1 + zK of the ¥K nucleus with ix = 3/2. This is not
resolved in our spectra, but leads to additional broadening of
each of the four components by about 5 MHz, as estimated
from the known atomic hyperfine coupling of K in its 4p
state [31].

For most of the measurements the ® Q(6) line was employed
as the pump transition and we can dump into levels with
N =6 and 8 of state a3X+. For a few measurements we
selected the ® Q(4) and the Q(6) lines also from the B-X (8-0)
band to check for internal consistency of the data. The main
set of measurements was done by setting the pump laser on
the component F; = 15/2 of the ®Q(6) line with frequency
17451.9546 4+ 0.0015 cm~! determined by the wavemeter.

If we neglect the coupling of the B 'TI state to the ¢3%
state, the approximate lifetime for vg = 8 of the B 'IT state
is about 16.5 ns [32], which corresponds to a natural width of
10 MHz. The residual Doppler broadening is expected to be
4.4 MHz due to the collimation ratio of 1/320 (full Doppler
width of 1.4 GHz for a temperature of 860 K). From the con-
volution of the residual Doppler width, the natural linewidth,
and the potassium splitting of 5 MHz of each component of the
R Q(6) quartet, we expect a linewidth of 17 MHz. However, the
narrowest linewidth of the pumping line observed in the case
of negligible power broadening (pumping power of 0.25 mW
and laser beam diameter of 3 mm) is 27 MHz. This significant
broadening is not yet understood. To reach a sufficient SNR
during the measurements we were forced to use higher
pumping power, resulting in linewidths of up to 55 MHz.
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A. Relative frequency measurements

For relative frequency measurements of the hyperfine struc-
ture of various vibrational levels of state @ > T, the pump laser
was set on the resonance maximum to the intermediate level
and the dump laser was tuned across the B 'TT/c¢3X+—a 3%+
resonances. The initial guess of the dump frequencies for each
vibrational level was obtained from former experiments in a
heat pipe [22].

The achieved signal-to-noise ratio of only 4-5 in the best
cases for the deepest dips of the strongest hyperfine lines
was not sufficient for extracting spectra by a single scan of
the dump laser. Therefore, we recorded several consecutive
scans under the same physical conditions. Using the recorded
peaks from the marker cavity for overlapping the spectra, the
individual scans were averaged to reduce the statistical noise,
reaching a SNR up to 65 for about 200 scans. Experimentally,
we found that for a single scan, a frequency range of around
4-5 GHz tuned in 15-20 s gives optimal results. This scanning
speed and the LABVIEW acquisition time set to 10 ms lead
to a frequency step size of around 3 MHz in the recordings.
The steps vary smoothly between 2.5 and 3.5 MHz along
each scan, due to the nonlinearity of the piezoelements tuning
the dump laser, but the recordings are linearized using the
markers. Typical linewidths achieved in the hyperfine spectra
of the state a>X* were 17 MHz. During the tests we were
able to observe linewidths down to 12 MHz by minimizing
the pump and dump laser power, but then the SNR was not
satisfactory.

For the state a > % both the sodium and potassium atoms
have spherical s orbitals, therefore the spin-spin and the
spin-orbit interactions are expected to be weaker than the Fermi
contact interaction. Because the sodium hyperfine interaction
is stronger than the one by potassmm the convenient coupling
scheme is G1 =S + lNa,Gz = G1 + lK and finally the rota-
tlon N couples to G, to give the total angular momentum F
by F=G,+ N [25].

In the case of v, = 5,N, = 6 of the state a >+, we used
also the F} =13/2,11/2,9/2 components as intermediate
levels. Having spectra via all the components of the ® Q(6)
quartet reveals all the hyperfine features of the a > X" spectra
that are not visible in spectra from the F; = 15/2 level due to
the selection rules AF = F' — F =0, &£ 1, where F’ and F
are the total angular momenta of the upper and the lower state,
respectively.

In Fig. 4 we give three examples of spectra by dumping
to vibrational levels v, = 5,17,18 and rotational angular
momentum quantum number N, = 6. At first glance one can
see three clearly separated groups of lines with additional
splitting within each group. In the case of v, = 5, which is
a deeply bound state, there is a significant substructure in
the groups that almost vanishes for v, = 17 and 18, whereas
the overall splitting of the hfs is varying only little. The
last vibrational level before the dissociation is v, = 18 for a
rotational state N, = 6. There aradical change of the sequence
of lines in the middle group is clearly visible compared
with the v, = 17 spectrum. The achieved resolution thus
allows observation of a significant vibrational dependence of
the hyperfine spectrum. This could not be observed in the
investigations of the state a 3yt by Ishikawa [25].
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FIG. 4. Hyperfine structure of the state a*X* for vibrational
levels v, = 5,17,18 and N, = 6. The line ¥Q(6) with hyperfine
component F; = 15/2 of the mixed levels B'Il (vg =8,J3 =
6)/ ¢3X* (v, = 30,J, = 6) was pumped.

On some hyperfine components we observed specific
profile asymmetry and fluorescence levels higher than the
background level set by the pump laser. This is an indication
of the nonlinearity of the STIRAP process projected on the
a’%* spectra. A full investigation of the STIRAP process
is not the purpose of this work, therefore the employed
experimental setup does not allow precise measurements of
the power and beam profiles of the lasers in the zone of
interaction with the NaK molecules. The laser powers were
just kept as low as possible to minimize the nonlinear effects
in order to avoid line shifts, keeping the SNR still high enough.
The difference frequencies between the hyperfine components
could be determined with an accuracy between 5 and 25 MHz
with the help of the marker cavity.

B. Absolute frequency measurements

While maintaining the two-photon resonance, the absolute
frequencies of the pump and the dump laser were simultane-
ously measured by the wavemeter. The dump frequency was
set manually on a selected dip in the spectrum. We chose a
sharp and strong feature of hyperfine transitions to the state
a 3%+, which was already recognizable without any averaging,
usually the dip corresponding to the strongest of the doublet of
lines on the high-frequency side of the hyperfine spectra (see
Fig. 4).

When the reference resonance for a certain rovibrational
level was found, we made 10—12 consecutive measurements
within 3—4 min, collecting dump frequencies. Such a set shows
a statistical uncertainty below 3 MHz. During this period
the pump frequency is stabilized within a few MHz by the
wavemeter. The reproducibility was checked by repeating
several times such a measurement a few weeks later, which
resulted in a statistical deviation of 30 MHz over the
whole set of measurements. The systematic uncertainty of the
wavemeter is obtained to be 45 MHz, derived by calibration
with well-known iodine spectra.

When the angle between the laser beam and atomic beam
deviates from 90°, a first-order Doppler shift appears. We chose
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both laser beams to have the same propagation direction in the
volume of interaction with the molecules. Thus the signs of
the Doppler shifts for the pump and dump laser are equal
and the desired two-photon resonance frequency difference
VA = Vpump — Vdump bECOmeEs less sensitive to angle mismatch
because of the small difference between vpymp and Vaump.
Actually, a residual Doppler shift contributes not more than
4 MHz to the frequency differences.

IV. THEORETICAL MODEL

For a quantitative description of the hyperfine interaction
of the state ¢ 3X* the full Hamiltonian of the ground-state
system including state X ' % can be written in the following
form [33]:

H =T, + U + Hy + Hss, (D

where T, is the kinetic energy of the relative motion of the two
atoms. The atomic masses are taken from the tables in [34].
Here U is the potential energy

U = Ux(R)Px + Us(R)(1 — Px), 2

where Uy and U, are the potential energies of the states X ' &+
and a 3T+ as a function of the internuclear distance R and Py
and 1 — Py are projection operators on the uncoupled states
X'2* and a3E 7, respectively.

The hyperfine contribution Hyg is determined mainly by
the Fermi contact term of the interaction between the electron
spins Sy, and sk and the nuclear spins iy, and ig,

Hygs = ana(R)Sxaina + ag (R)Skik, 3)

where ayn, and ax are atomic Fermi contact terms for Na and
K, respectively. The possible R dependence of the hyperfine
parameters describes the distortion of the considered atom by
the binding to the other one. The atomic magnetic hyperfine
parameters are taken from [35] for R — oo. The term Hgg
represents the spin-spin interaction

Hss = 2AL(R)(357 — %), )

where the parameter A is a function proportional mainly to
1/R? as the dipole-dipole interaction, but it contains also
contributions from second-order spin-orbit interactions, and
Sz is the projection of the total electronic spin S on the
molecular axis Z.

The calculations incorporate Born-Oppenheimer potentials
according to Hund’s coupling case b. Each representation of
the potentials for the two states with the common atomic
asymptote 3s + 4s is split into three regions of the internuclear
separation R: a repulsive short-range region Usr(R), an
asymptotic long-range part Urr(R), and the intermediate
region U(R) with the potential minimum. The analytic forms
of the three regions of the R functions are given by the
following formulas:

B

USR(R) =A+ E for R < R,‘, (5)

URR) = ax* for R;<RR,, (6)
k=0
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TABLE 1. Map of the observed a * X rovibrational levels (v, N).
The intermediate level is excited by the pump transition ® Q(6) to the
mixed state B 'T1/c32*, F; = 15/2.

N 2 3 4 5 9 13 16 17 18
4 X
6 X X X X X X X X
8 X X X X X X X X
with x = ;;bljg’ , and
C C C
Ur(R)=——2 =8 =0 p  for R>R, (7)

Here A, B, and g are parameters, R,, is close to the internuclear
distance of equilibrium, b is a parameter giving the function x
a steeper slope for R < R,, compared to the side R > R,,, ai
are polynomial coefficients, R; and R, denote the connection
points between the three R regions, Ce g, 10 are the conventional
dispersion coefficients, and E.y is the exchange term expressed
by

Eex = AxR7e PR, 8)

with a negative sign for the singlet and positive for the triplet
state potential in Eq. (8). The coefficient Cg is taken from [36],
Cs from [37], and Cio was used as a fitting parameter. The
magnitude A.x was varied keeping y and 8 fixed as derived
from ionization energies [38].

V. DATA EVALUATION

The set of the investigated rovibrational levels is given
in Table I; Fig. 4 shows examples of spectra where the
intermediate level was F| = 15/2 excited by the ® Q(6) line.
Some spectra were repeatedly recorded on different days to
estimate the statistical uncertainty of the difference frequency
between the hfs components. We found that it was always
below 10 MHz.

In Fig. 5 a spectrum of v, = 5,N, = 6 of the state ¢ %+
with assigned quantum numbers G, G,, and F is shown.
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FIG. 5. (Color online) Comparison between the experimental
and the calculated spectrum for N, = 6,v, = 5. The calculated
frequency of each allowed hyperfine component is given as a red
vertical bar at the bottom of the diagram. The intermediate level was
J.=6,F =15/2.
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The empty spectral spaces between the three groups are cut
out from the picture, allowing higher magnification of the
interesting regions. The three groups result from the coupling
of the total electron spin S = 1 with the nuclear spin of Na
giving G = 5/2,3/2,1/2. Adding the K nuclear spin ix gives
G, for the lines in the subgroups for each G, which are also
completely resolved. The weak coupling by effective spin-spin
mteractlon leads to a manifold of the total angular momentum
F= Gz + N, which is resolved only for a few cases and
leads mostly to overlapping lines with asymmetric profiles. To
prepare the fit we derived the frequency differences of all peaks
with respect to the highest-frequency component G| = 1/2,
G, = 2 for each v and estimated different uncertainties (from
5 to 25 MHz) depending on the SNR, on the overlap of
components thus giving a broader line or for a line appearing
as a shoulder on a strong one.

In one approach we tried to fit the hyperfine pattern of
all observed vibrational levels by using the atomic data for
the hyperfine interaction [35], i.e., the parameters in Eq. (3)
were assumed to be independent of the internuclear separation
R. However, we found a significant systematic trend in
the deviations with smaller splittings than expected for low
vibrational levels. Thus we have to define for each hyperfine
interaction a function of R, which we choose very simply to
be

___atom bl )
atl=a <1 “ ol R—Rwyjari=1)
where the subscript i stands for Na or K and the second term
in large parentheses represents a monotonically decreasing
function with increasing R. The total expression goes asymp-
totically to the atomic amplitude and we expect for b; a small
negative value considering the observed systematic trend. The
other parameters, namely, Rys and d R, might be freely varied
in a fit or fixed at a selected value.

Similarly, we have to consider the magnitude of the effective
spin-spin interaction. We observed, introducing only the direct
spin-spin interaction, that the splittings for each component
(G1,G») with its manifold F = G| + G, would become too
large compared to observations. Adding the second-order spin-
orbit contribution will reduce this effect and we describe this
in a functional form, which was successful in several other
cases already (see e.g., [4])

3

MR) = =15

( ! + af® exp (— blsOR)

+a5° exp (—b§°R)>, (10)

where @ = 137.036 is the fine-structure constant and the other
parameters are degrees of freedom for the fit. The first term is
the direct spin-spin interaction and the two others model the
spin-orbit contribution. If R is introduced with atomic units in
the expression (10), then A will also result in atomic energies.

By these simple functions for hfs and effective spin-spin
interactions the observations could be fitted with normalized
standard deviation slightly below one. Figure 5 shows the
obtained quality by the example v, = 5 and also the quantum
number assignment. The good agreement between the theo-
retical calculations is visualized in the figure by the vertical

032512-6



MOLECULAR BEAM STUDY OF THE a *:+ STATE ...

TABLE II. Derived molecular parameters from the fit of the
hyperfine pattern of all observed vibrational levels of state a % .

Parameter Value Unit

bna —0.0417 dimensionless
bx —0.0634 dimensionless
Ry 9.70986 bohrs

dR 3.6545 bohrs

at® —0.07989 bohr™?

as® —0.00039 bohr™?

b° 0.60 bohr™

b3 0.10 bohr™

bars below the experimental spectra. Each bar represents the
corresponding calculated hyperfine component. By the dipole
selection rules the only possible transitions from the excited
mixed state (mainly B'I1/c®*%*) J =6, F| =15/2, and
F' =6,7,8,9 to the state ¢ >X* have total angular momenta
F =10,9,8,7,6,5 for the lower state. Transitions to existing
final levels F = 4,3,2 do not appear. The partly unresolved
splitting within a component (G,G,) leads to asymmetric
line profiles as can be seen in Fig. 5. The model describes with
the same precision the deeply bound states (v, = 2,3) up to the
asymptotic region (v, = 17,18), where the energy levels are
determined by almost pure atomic parameters. The resulting
molecular parameters are given in Table II.

During the refinement of the model we introduced also
the molecular quadrupole hyperfine interaction, the atomic
counterpart of which does not exist for the atomic ground
state because the total electronic angular momentum is only
1/2 for each atom. The deviations between observations and
calculations slightly decreased on average, but the resulting
quadrupole coupling constants for Na or K were much
too large to believe that we really derived a contribution
of this interaction. Therefore, it was neglected in the final
result.

From the measurements of the pump and dump frequencies
in the A scheme we derive the energy difference of the two
lower levels. If we always apply the same pump transition we
obtain by the differences the rovibrational energy ladder with
respect to a fixed lowest level, i.e., one singlet rovibrational
level. Table III presents these results for the singlet level
vx = 0,Jx = 6. In the first two columns the quantum numbers
v, and N, of the level of state a X+ are given to which the laser
dumps. In addition, Vgump is the dump frequency and v, is the
frequency difference vA = Vpump — Vaump and gives the energy
of the selected hyperfine component (G; = 1/2,G, = 2) of
the state ¢ 3T+ with respect to the level Jy =6, vy =0
of the ground state X ' £+ with negligible hyperfine splitting.
The averaged pump frequency was 17451.9549 cm~!. The
exact readings for vpump for each measurement are not given
in the table; they can easily be calculated from the formula
above. We achieved an absolute uncertainty of 0.0015 cm™!.
The energy difference v is obtained from va by subtracting
the hyperfine energy calculated from the final model derived
above. We incorporated this result in the potential fit to
improve the triplet potential, which up to now was based on
the heat-pipe experiments and Fourier-transform spectroscopy
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TABLE III. Transition frequencies and energy differences for
BNa*K. Here vgym, is the measured dump frequency from the
intermediate level to the same hyperfine component of various
rovibrational levels (v, =2-17 for N, =8 and v, = 3-17 for
N, = 6). The intermediate level was pumped by the transition
[F; =15/2, RQ(6)(8/30-0)] with an averaged pump frequency of
17451.9549 cm™". Further, v, = Vpump — Vdump gives the pump-dump
frequency difference and v, is the position of the pure rotational
level with respect to vy = 0,Jx = 6, correcting v, for the hyperfine
and spin-spin contribution derived with the model obtained from the
hyperfine analysis. The absolute uncertainty is 0.0015 cm™! and the
statistical one is 0.001 cm™!.

Va VA VAo

Va N, (cm™) (em™) (em™)

3 6 12377.7335 5074.2203 5074.2601
4 6 12359.7967 5092.1583 5092.1982
5 6 12343.1383 5108.8163 5108.8562
9 6 12289.5499 5162.4054 5162.4454
13 6 12257.2723 5194.6826 5194.7227
16 6 12246.5103 5205.4453 5205.4854
17 6 12245.0462 5206.9097 5206.9496
2 8 12395.8526 5056.1012 5056.1409
3 8 12376.6870 5075.2668 5075.3066
4 8 12358.7901 5093.1650 5093.2048
5 8 12342.1741 5109.7808 5109.8207
9 8 12288.7685 5163.1852 5163.2249
13 8 12256.7260 5195.2289 5195.2691
16 8 12246.1873 5205.7670 5205.8071
17 8 12244.8099 5207.1444 5207.1843

with a resolution of 0.03 cm~! and an absolute uncertainty of
0.005 cm™! [22] (see also [39]).

The hyperfine components with G; = 1/2,5/2 result only
when the sodium nuclear spin in, = 3/2 couples with electron
spin § = 1, but G; = 3/2 appears for both values of the total
electron spin § =0 and 1. Thus the triplet-singlet mixing
is expected to show up most clearly in this subgroup of
the hyperfine pattern. Figure 4 demonstrates a significant
hfs change in the center part for the last two vibrational
levels, namely, for v, = 17 and 18, where strong singlet-triplet
mixing takes place for the weakly bound molecular states. This
effect is correctly described with our approach and results in
a precise knowledge of the singlet-triplet spacing between the
last vibrational levels of both electronic states, specifically for
a rotational state N = 6, vy = 72, and v, = 18.

VI. DISCUSSION

Our observations significantly improve the former inves-
tigation of the state @ >X+ by Ishikawa [25]. Their obtained
resolution was sufficient for showing the G, components of
the groups for G| = 1/2,5/2, but the group G; = 3/2 was ob-
served as an unresolved feature. We achieved high-resolution
spectra where all the G, components are completely resolved,
partially revealing also the rotational splitting (éz +N=F )
for the groups G| = 3/2,5/2. We reached the last vibrational
levels v, = 18 for the rotational states with N = 6 of 2Na*K,
which was not observed before. Starting from the tightly
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bound states (v, = 2,3) up to the last vibrational levels, the
vibrational and thus the R dependence of the hfs is clearly
visible. Its magnitude is a few percent of the pure atomic Fermi
contact interaction and it is always negative, thus lowering
the electron density at each nucleus. This is consistent with
the chemical intuition that by molecular binding the electron
density is shifted to the region between the two nuclei. The
contributions for the R dependence are different for Na and
K. Whether this difference is significant is not yet conclusive,
because our derived values are notably correlated for both
nuclei and also with the derived spin-orbit contribution in
A(R) [Eq. (10)]. This latter function is mainly determined
by the observed splitting for the (G,G,) subgroups. If one
would take only the pure spin-spin interaction given as the
1/R3 function in Eq. (10) into account, the calculated spectra
would show large splittings in these subgroups, which would
be inconsistent with observations.

The rovibrational energies of the triplet state levels derived
from frequency measurements of the A scheme were applied
to improving the a3X* potential curve reported from the
heat-pipe study [22]. Due to the convolution of the apparatus
profile of the Fourier-transform spectrometer (FTS) (resolution
of 0.02-0.05 cm~") and the Doppler profile (width 0.03 cm™")
of the hot ensemble in the heat pipe, the hfs remained
unresolved and the transitions to the triplet state were observed
as asymmetric lines with a full width at half maximum of
0.075 cm~!. The peaks of these lines were reported for the
FTS results. The direct comparison with the beam data shows
that the energies from the heat pipe are systemically shifted
by about 0.02-0.03 cm™! for the ladder with N = 6 and 8.
This is more than the uncertainty of 0.005 cm~! given in [22].
Accordingly, we enlarged the uncertainty of the FTS data for
the evaluation process.

Finally, we also incorporated in our evaluation the data of
the Feshbach resonances reported by Park et al. [6]. Especially
the p resonances contribute to the knowledge of the function
of A(R). All fit results shown in the tables include all known
experimental data from spectroscopy (see [22] and the present
work) and cold collisions [6]. The subset of the Feshbach
resonances taken from the total fit shows a normalized standard
deviation of o = 1.8 when taking the uncertainties reported
by [40] fully into account. The deviations of this subset of
data are slightly larger compared to a separate fit of Feshbach
data alone, giving o = 1.5. Both results are statistically not
completely convincing and further investigations are required
to check the experimental results and seek further extensions
of the theoretical model. The difference in the two fits could
result from the fact that the Feshbach data give information
of the triplet-singlet mixing of the high vibrational levels
for N =0 and 1 (second to last vy = 73 and last v, = 19),
whereas the spectroscopy by the present work studied this
coupling for the last vibrational levels for N = 6 (third
to last vy = 72 and second to last v, = 18). If this idea
is essential for the remaining inconsistency, the long-range
function in the potential approach is not yet satisfactorily
described. Nevertheless, the present modeling of the Feshbach
observation is significantly improved compared to the case
in [6] and this fact allows us to give better values than in
[22] for the scattering length of NaK, which is important for
future cold collision studies of Na + K. Calculated values

PHYSICAL REVIEW A 91, 032512 (2015)

TABLE IV. Derived scattering length for the different isotopes of
Na + K collisions.

Isotope Singlet Triplet Unit
BNa + K 324(10) —83.9(10) bohrs
BNa + “K 66.4(10) —823(5) bohrs
PNa + 4K 2.88(40) 267.2(10) bohrs

are shown in Table IV. The s-wave resonances observed
in [6] show only small contributions of the singlet state,
thus the scattering length of the singlet is more strongly
determined by the singlet-triplet mixing observed by the
present spectroscopy as shown in Fig. 4 and these two effects
lead to significantly different estimates of the uncertainties of
the calculated scattering lengths in Table IV. The values agree
with earlier calculations in [22] within the significantly larger
errors reported there.

An important motivation of the present spectroscopic
study was the identification of efficient routes for production
of ultracold NaK starting with ultracold atomic ensembles
and Feshbach molecules. The A scheme applied here used
the rotational angular momentum N = 6, which is certainly
not adequate for ultracold collisions and resulting ultracold
molecules. However, according to the study of Kat6 and
co-workers [23,41] and also our present beam study recording
the full band head of B 'TT/c3%-X '£%(8/30-0), the per-
turbation is significant even for the rotational level J = 1 with
negative parity as required for a starting level of an ultracold
atom pair with N = 0 and thus positive parity. In Fig. 6 we give
the recording of the R(0) transitions leading to the two mixed

(@)

R(2)

T
17452.82

T T T
17453.73 17453.74 17453.75

(cm™)

FIG. 6. (Color online) Observed low J transitions in the 8/30-0
band of B 'TT/c3X*-X ' T+ for 2*Na*’K in the molecular beam with
dominant amplitude of (a) the B 'IT state and (b) the ¢ >= 7 state.
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states. Figure 6(a) shows the transition to the intermediate
level with dominant B 'IT amplitude and Fig. 6(b) with
dominant ¢ 3%+ amplitude. Adjacent R(1) or R(2) transitions
are contained in the figure. We confirmed the assignment by
observing the P(2) transition corresponding to the R(0) lines
shifted in frequency according to the well-known rotational
energy of the ground state X 'Y+ and presenting the same
hfs splitting as the R(0) transition. The signal-to-noise ratio is
different in both recordings because of different experimental
conditions by the time of observation. The perturbation results
in significant amplitudes for B 'TT and ¢3% 7 as required for
an efficient A scheme with an initial Feshbach level. The
individual hyperfine transitions can be read off from the figure
by the detailed scale of the frequency axis, for the center of
the structure B 'TI (v = 8)/c¢3=F (v = 30) the values of the
two perturbed energies are 17514.71 and 17515.61 cm™ 1 with
respect to the potential minimum of X ' £+ and results to the
two possible R(0)v = (8/30 — 0) transitions 17452.83 and
17453.74 cm~.

For further predictions of efficient production paths, espe-
cially for the Bose-Fermi isotope 2*Na*’K,, using the resonance
case for the reversed A scheme in contrast to the broadband
approach presented in [20], we refined the theoretical model
given by Ferber et al. [24] for the molecular states correlating
to the atomic asymptote Na(3s) + K(4p) as shown in Fig. 1.
We added all the 2 = 0 states and completed for the Q2 = 1
states the coupling between B 'TT and b 3T1. Using potential
functions (or Dunham parameters for their construction with
the conventional Rydberg-Klein-Rees method) reported by
different groups [23,24,42], we were able, by small tunings
of the potentials (less than 1 cm™), to reproduce within about
+0.1 cm~! primary observations in a significant energy range,
namely, v = 0-13 of B'IT checking low J data obtained
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from the supplement to [24] or our own measurements [43]
and the perturbation of the system A 'S T—5311 taking data
from Sun and Huennekens [44]. We not only reproduced the
energies but also found the significant perturbations at the
reported places. After this success on 2> Na* K we are confident
that predictions for 2*Na*’K will lead to an accuracy that is
sufficient to plan reliably production schemes also for this
isotope pair. One example being fairly similar to the above-
mentioned case for 2Na**K will be for 2*Na*'K and J = 1
with negative parity: B 'TI (v = 4)—c3Z " (v = 25) with the
two perturbed energies 17288.8 and 17289.2 cm™! with
respect to the potential minimum of X 'S resulting in two
R(0) v = 4/25-0 transitions at 17227.2 and 17227.6 cm™.

We cannot check this prediction in our beam apparatus
because of the too low natural abundance of “°K and unaf-
fordable enriched samples. To predict other possible cases
would be straightforward if required by experimental groups.
An evaluation of the full system to improve further the
modeling of the electronic system belonging to the asymptote
Na(3s) + K(4 p) performed partly by others (see, e.g., [24,44])
is left for future work.
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