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ABSTRACT

High-resolution spectroscopy on the AZIT — X2X T electronic system of '38Ba'’F is performed
using a cold molecular beam produced by a buffer gas source. The hyperfine structure in both
X2 2+ ground and A%TI excited states is fully resolved and absolute transition frequencies of individ-
ual components are measured at the sub-MHz level making use of frequency-comb laser calibration.
Sets of molecular constants for the X2Z+(v = 0, 1) and A2TI(v = 0, 1) levels are determined, with
improved accuracy for the T,/ ,» band origins and spin-orbit interaction constants for the A%IT excited
states, that represent the presently measured highly accurate transitions for low-J states as well as
previously determined transition frequencies in Fourier-transform emission studies for rotational
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levels as high as J > 100. The extracted molecular constants reproduce the measured transition fre-
quencies at the experimental absolute accuracy of 1 MHz. The work is of relevance for future laser
cooling schemes, and is performed in the context of a measurement of the electron dipole moment

for which BaF is a target system.
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1. Introduction

The spectroscopy of the barium monofluoride molecule
in the gas phase has attracted renewed interest since it was
considered as a target molecule for detecting an electric
dipole moment of the electron (eEDM) [1]. The molec-
ular enhancement factors for the competing molecular
systems from which tight constraints on an eEDM have
already been extracted (YBF [2], ThO [3], and HfF* [4])
are larger than that of BaF [5]. However, the prospects
that the electronic structure of BaF [6,7] provide for
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Stark deceleration [8], hexapole focussing [9], laser cool-
ing [10-13], trapping [14], and entraining in a solid

matrix [15,16] make this molecule a good candidate for
an eEDM search. Spin precession methods for detecting
an eEDM, for which only the F = 0 and F = 1 hyper-
fine components and their Mg Zeeman sub-components
within the N = 0,] = 1/2 ground rotational level of BaF
are used, have already been demonstrated [17].

The overall electronic structure of the lowest states
in the BaF molecule and their molecular constants were
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determined in the 1990s by a Lyon-Orsay-Oxford col-
laboration in a sequence of spectroscopic works [18-20].
Subsequently, the vibrational structure in the X2yt
electronic ground state of BaF was investigated via
Fourier-transform emission spectroscopy [21]. The hyper-
fine structure in the X>X ¥ ground vibrational level
was investigated via rotational spectroscopy [22] and
microwave-optical double resonance spectroscopy [23],
in combination with delivering accurate constants for the
magnetic dipole hyperfine interactions of the F-nucleus
in the 13¥Bal®F molecule.

The A%I1 — X2£7(0,0) band was studied by Steimle
et al. [24] in a high-resolution laser-induced fluores-
cence spectroscopy experiment. This work delivered,
besides field-free measurements, a set of dipole moments
for the A%11,; /2 and A%T1; /2 spin-orbit states and mag-
netic g-factors for the X>X ¥ (v =0) and A%II(v = 0)
states. From the spectroscopy an improved set of molec-
ular constants were produced, while achieving a res-
olution of 30 MHz and a spectroscopic accuracy of
21 MHz as the standard deviation in their fit to the data.
While spin-rotation splittings were resolved, the resolu-
tion was insufficient to resolve hyperfine structure. The
hyperfine structure of a transition useful for laser cool-
ing was resolved in saturated absorption from a buffer
gas source [25,26], but no absolute frequencies were
reported. Similarly, Langen and coworkers developed a
buffer gas source of BaF and performed absorption and
fluorescence imaging spectroscopic studies of 13¥BaF and
136BaF with the goal to characterise the molecular struc-
ture for applying laser cooling to this molecule [27,28].

The present study reports on a renewed high-
resolution investigation of the A2IT — X?> X system of
BaF. Within the framework of the NL-eEDM collabora-
tion, an experimental setup was built based on a buffer-
gas molecular beam source for BaF molecules [29,30].
Hyperfine-resolved transition frequencies were deter-
mined for a number of lines in the A2IT — X>X7F sys-
tem, probing both AT, /2 and A%T1; /2 spin-orbit states
and (0,0), (1,1) and (2,2) bands. A fit to the absolutely
calibrated transition frequencies is performed to extract
molecular constants for the rotational structure in the
ATI state for (v = 0) and (v = 1).

2. Experimental setups

A buffer gas source to generate a cold beam of BaF
molecules was built at LaserLaB Amsterdam for produc-
ing a beam with a typical velocity of 200 m/s. For its
construction a design by Truppe et al. [31] and a pro-
totype source built at the University of Groningen was
followed [32]. The source is presented in schematic form

top view Pulsed Ablation laser
[
PD
Ne gas — /4
\ SFg (220 K) Tockto
I_@. freq comb
g (o}
z ° oy © C
A ¢
> Ti:Sapph
Ba target 5 mm 780 mm §15/360 nm.
T Periscope Coherent 8§99
2 /| pBS
Q
£E
s @
NPBS

Figure 1. Layout of the experimental setup showing the cryo-
genic buffer-gas cooled beam source for BaF and the two detec-
tion zones for recording spectra. At a distance of 5 mm from the
source exit, spectra are recorded in absorption from a two-way
pass through the molecular beam. At a distance of 780 mm, laser-
induced fluoresence is detected for investigating the A2IT «
X?T transitions, exciting with both 860 nm and 815 nm laser
radiation. In this region Doppler shifts are assessed and minimised
using overlapping counter-propagating laser beams. For further
details see main text and Refs. [29,30,33].
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Figure 2. Absorption measurement (above) and simula-
tion (below) of the 2Q and 2R rotational branches of the
ATy, < X2£+(0,0) band of BaF. The absorption intensity
is the time averaged signal over the duration of the pulse. The
simulation includes the five strongest isotopes shown in different
colours as indicated in the legend. The black curve shows the
combined spectrum.

in Figure 1. The buffer gas source is operated at a rep-
etition rate of 10 Hz. For detailed studies characterising
the source and the molecular beam produced, including
its longitudinal phase-space distribution and the mea-
surement of its brightness at 1.3(5) x 10'! molecules
per steradian per pulse in N = 0, we refer to previous
studies [29,30]. In the setup two spectroscopic zones are
defined.

At 5 mm behind the source exit a laser beam is crossed
perpendicularly to the molecular beam to perform a
direct absorption experiment. The laser beam is retro-
reflected to double the signal, making use of balanced
photodiodes and dividing out the laser intensity. In this
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Figure 3. Level and transition schemes for the spectroscopic
investigation of hyperfine-resolved LIF spectra of '3®Ba'’F. Exci-
tation from the N = 0,J = 1/2 ground state is depicted for: tran-
sition (a) to A214 /2,J = 1/2;(b) to A2 T132,J = 3/2.Inthe experi-
ments, excitation from higher lying rotational levelsN = 1—5and
from X2+, v = 1,2 are additionally performed. The A-doubling
in the A%II state is not shown.

geometry a typical Doppler width of 120 MHz, corre-
sponding to an average transversal velocity of 100 m/s, is
observed.

In a second interaction zone, at a distance of 780 mm
from the source exit, laser-induced fluorescence (LIF) is
collected. Titanium-sapphire (Ti:Sa) lasers were operated
in continuous-wave mode for detection, with signal
averaging over the duration of the molecular pulses in
the interaction zone. Skimming and collimation of the
molecular beam, combined with detection by perpendic-
ularly crossing laser beams in the far field, yields a small
Doppler broadening of some 2 MHz, even smaller than
the contribution of natural lifetime broadening, which
is 2.8 MHz for the A2H1/2 state and 3.3 MHz for the
A%Tl; /2 state as derived from lifetime measurements [34].
A typical resolution at or below 5 MHz is achieved, suf-
ficient to resolve the hyperfine structure in A—X transi-
tions, at least for the low rotational angular momentum
states. Retro-reflection of the laser-beams is used, in an
off-line experiment, to assess the small Doppler shift
resulting from a non-exact perpendicular alignment of
the lasers with respect to the molecular beam. This pro-
cedure leads to a reduction of the first-order Doppler
shift to 10kHz and to a high absolute accuracy in the
frequency determination of the hyperfine resolved reso-
nances.

The photon collection efficiency in the laser-induced
fluorescence zone in the far field is about 0.06. The quan-
tum efficiency of the PMT probing the fluorescence is
<0.1% at 860 nm and 1% at 815 nm, hence excitation of
the higher-lying A%I13, states yields a better signal-to-
noise ratio than the A%I1; /2 states. The vibrational tem-
perature in the beam depends on the buffer gas flow rates,
yielding Tvj, = 408K for 20 sccMm and Ty, = 304 K for
70 sccM. This makes it possible to probev = land v = 2
vibrational states. Rotational temperatures vary and are
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also dependent on the flow rate in the buffer gas cell, but
are typically below 10 K.

A significant improvement to previous spectroscopic
studies on BaF is the locking of the Ti:Sa lasers via
in-house fibre-connections to a frequency-comb laser
(Menlo Systems, FC1500-250-WG), which itself is locked
to the in-house Cs-clock (Microsemi CSIII). Via beat-
note measurements of the continuous-wave Ti:Sa lasers
against the frequency comb a sub-MHz absolute accuracy
of the frequency scale is obtained.

3. Overview spectra

The absorption zone at 5 mm behind the exit of the cryo-
genic buffer gas source was used for the measurement of
an overview spectrum of two branches of the A%TI; /2
X227%(0,0) band which is presented in Figure 2. The
linewidths obtained in these experiments in the near-
field are Doppler-limited at ~120 MHz. The measured
QQ- and QR-branches are depicted, which are nested into
each other. A simulated spectrum is also shown, includ-
ing the contribution of the five most dominant isotopes,
taking into account their natural abundances.

The simulation is performed using PGOPHER [35],
a programme for simulating rotational, vibrational and
electronic spectra [35]. A rotational temperature of 12 K
is extracted. The molecular constants for 1>8BaF, 137 BaF,
and '3°BaF are taken from Ref. [24]. For !3°BaF and
134BaF, the molecular constants were not available at
sufficient accuracy and therefore estimated via isotopic
scaling. In the present spectroscopic study, the focus is
entirely on 18BaF.

Although generally the simulated spectrum agrees
very well with the measurements, it may be seen in
Figure 2 that the experimental values for the intensity
ratios between the QR and 2Q branches deviate from
those predicted in simulation. Quantitative information
and further details were given in a PhD Thesis [33].
Such intensity anomalies and deviations from Honl-
London factors may be explained by quantum inter-
ferences between electronic states of different symme-
try. Recently, in an example of the observed anomalous
intensities in the C2X* — X2X%(0,0) band in RaOH
was quantitatively attributed to mixing between excited
C?*L™ and A%l ), states [36]. Also, in the example of
¢-uncoupling in Rydberg states of molecular nitrogen,
where interference between X and Il symmetry states
plays a role, intensity ratios between P and R-branches
were found to strongly deviate from predicted Honl-
London factors [37]. In a similar fashion the intensity
anomalies detected in the A2TT; 12— X?X%(0,0) band of
BaF might be attributed to interaction of the A2, /2 state
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Figure 4. Spectra of the *R-branch of the A2H3/2 «— X2X1(0,0) band at A = 815 nm with from (a) to (f) the transitions originating
fromtheN =0,/ = 1/2toN = 5,J = 11/2 rotational ground states, respectively. Spectra are measured atz = 780 mm from the buffer
gas source exit using LIF detection. The frequency axis is online calibrated with respect to the frequency comb laser. Each data point
originates from integration over a single molecular beam pulse while subtracting the integrated background signal observed during the
same time interval after the molecular beam pulse has passed. Note that the intensity scale for the different panels (a—f) is the same, and
the intensity decrease toward larger N reflects the population of rotational states in the beam. The solid red curves show the result of the

multi-component fit of Lorentzians to the observed data.

with the B> £+ state, which lies at an excitation energy of
To = 14040.163 cm ™! [18].

4. Precision spectroscopic results

The high-resolution studies are performed by detect-
ing laser-induced fluorescence in the far field of the
collimated molecular beam. The excitation schemes and
the level structure of BaF with its characteristic spin-
doublet structure is depicted in Figure 3. Characteristic
for the spectrum is the splitting of each rotational level
in the ground state by the spin-rotation interaction N.
S and the subsequent level doubling by the magnetic
dipole hyperfine interaction J - I. In the excited state the
spin-orbit interaction splits the levels into A?I1;/, and
ATl3/, manifolds to be excited at largely differing wave-
lengths of 860 nm and 815 nm. In the excited states of
I1-symmetry each spin-orbit ladder is further split by
the A-doubling producing two levels of opposite parity.
These splittings range from 7723 MHz in the A2 )=
1/2 level and 0.015MHz in the A*Il3,; ] = 3/2 level
to 1.3 MHz in the highest A2H3/2] = 15/2 level excited.
Hence the A-doublet splittings in A2, /2 are several
orders of magnitude larger than in the A%IT3/, mani-
fold. Even if some of these splittings are smaller than

the narrowest observed linewidths, they do not influ-
ence the spectroscopic analysis, since the components of
a A-doublet exhibit opposite parity, and selection rules
dictate that only one of the components is observed in
each rotational transition. Each resulting level in the
A-doubled rotational levels is further split into two
components by the I =1/2 nuclear spin of the '°F
nucleus.

The focus is on the determination of absolute frequen-
cies of the hyperfine-resolved resonances. All measure-
ments are performed with online calibration via beat-
note measurements against the frequency comb laser. For
the precision measurements laser-induced fluorescence
(LIF) is collected for signal acquisition at a large dis-
tance from the buffer gas exit (780 mm). In this zone
retro-reflection of the laser-beams, with in-coupling of
the reflected beams into single-mode fibres, is used to
verify the small Doppler shift resulting from a non-exact
perpendicular alignment of the lasers with respect to the
molecular beam. From this procedure it is established
that the angle between the two counter-propagating laser
beams is below 5 x 10™° degrees, corresponding to a
Doppler shift of below 10kHz for the BaF molecular
beam at 200 m/s [30].

Typical spectra as recorded for a sequence of rotational
lines in the SR branch of the A2H3/2 — X?2%(0,0)
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Figure 5. Recorded spectra of a number of transitions in various bands of BaF. Transitions are in the A—X(v/, v"") bands, probe A2H1/2 or
A2H3/2 spin-orbit components, and originate from the lowest N = 0,J = 1/2 levels in the v vibrational states. The identification and
extracted frequencies of hyperfine-resolved components for these lines are given in Table 2. The spectrum shown in panel (a) results
from averaging over 5 shots, while the spectra shown in panel (b)—(d) have been averaged over 20-25 shots. The recorded LIF intensity
of the spectrum shown in panel (a) is about an order of magnitude smaller than that shown in Figure 4(a) due to the lower quantum
efficiency of the PMT at 860 nm compared to 815 nm. The intensity of the spectrum shown in panel (b) is about two orders of magnitude
smaller than that of the spectrum shown in (a) due to the lower population of the v = 1 state. Similarly, the spectrum shown in panel
(c) is about two orders of magnitude smaller than that of Figure 4(a), while the spectrum shown in panel (d) is about a factor of 5 less
intense than the one shown in (c) due to the even lower population of the v = 2 state.

band of BaF are presented in Figure 4. In these mea-
surements the hyperfine structure was resolved, and the
transition frequencies were determined at an absolute
accuracy ranging from 0.2MHz to 0.7 MHz depend-
ing on statistics and signal-to-noise ratio. Four mea-
surements were performed, two from each side and
two for different polarizations. Measurements at per-
pendicular polarisation geometries were carried out to
assess possible effects of Zeeman shifts. Transition fre-
quencies were also obtained from spectra taken with
flow rates between 30 and 70 sccm of the Ne buffer
gas in the beam source. This led to no significant
deviations.

Similarly, a set of lines probing low-N, ] states in the
A—X system, measured in the (0,0) and (1,1) bands, as
well as a line in the (2,2) band, are presented in Figure 5.
The potential energy curves in the electronic systems of
BaF are known to favour diagonal vibrational transitions,
and this holds also for the A%IT <~ X2Z+ system [7],
allowing for the observation of transitions in the (1,1) and
(2,2) bands. At vibrational temperatures equal or exceed-
ing room temperature in the molecular beam the popula-
tion of the v = 1 state is effectively an order of magnitude

weaker than that of v = 0, while v = 2 is found another
factor of 5 weaker.

The transition frequencies resulting from the mea-
surements, displayed in Figures 4 and 5, are listed in
Tables 1 and 2, respectively. The contribution of Doppler
broadening in the LIF zone is reduced to a minimum and
the spectral components are well described by Lorentzian
profiles. The resonance frequencies are found by fitting
multi-Lorentzian functions to the fluorescence data. As
is apparent from Figures 4 and 5 for the transitions com-
bining the lowest N, J rotational levels, all three possible
hyperfine sub-components remain resolved, and their
three separate transition frequencies are listed in Tables 1
and 2. For transitions connecting higher J rotational
levels the splittings between F = J £ 1/2 hyperfine sub-
components in the excited A2Il3/, state tend to become
smaller, so that the threefold-resolved structure trans-
fers into a two-component structure. The sequence of
panels (a—c) in Figure 4 illustrates this. The shoulder in
panel 4(b) reveals a third hyperfine component that is
clearly separated in panel 4(a), and is no longer visible in
panel 4(c). For the A] = 1 transitions in the SR-branch
the AF = 0 components tend to become much weaker
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Table 1. Measured transition frequencies between the X232t v =0 and the A2H3/2,v = 0 manifolds
starting from a sequence of rotational states in the ground state.

Lower state

Upper state

Frequency Unc. Diff.

X2zt N=0J=1/2,

_ =

X2zt N=1,]=3/2,

X2Et N=2,J=5/2,

X2zt N=3,)=7/2,

X2t N=4,1=9/2,

X2zt N=57=11/2

ONUVO RARUVTWANW=NDNO

X2zt ,N=6,J=13/2

MMM TmMTI MM TR T
N R N A A AR A AR NN

AMl3)5,J =3/2(),
A3.5,) = 5/2(+),

Al3,0 =7/2(),
AM30,0 = 9/2 (+),
Al3,0 = 11/2(-),
A3, = 13/2 (),

A3, =15/2(-),

367632135.1 0.3 -0.3
367632154.2 0.1 -0.2
367632200.9 0.2 -0.7
367650903.8 0.5 -0.1

367650916.4 0.2 0.3
367650938.0 0.1 0.0
367669431.8 0.7 0.4
367669455.9 0.3 0.4
367687700.4 0.6 0.8
367687726.0 0.2 0.8
367705721.2 0.7 0.6
367705747.4 0.5 0.3
367723493.7 13 -0.5
3677235215 20 0.1

367741019.0 0.9 -1.0
367741046.5 13 -1.3

NO ANV RPRUNTWEAEANWN=N=

Notes: The last column gives the differences (Diff. = Obs. — Calc.) between the measured transition frequencies and those
calculated using pGopHER with the constants given in Table 3. All frequencies are in MHz.

Table 2. Measured transition frequencies between the X2+ and the A2IT manifolds starting from the
lowest rotational level of different vibrational levels in the ground state.

Lower state Upper state Frequency Unc.  Diff.
Xztv=0N=0J=1/2 F= - Alipv=0J=1/2(-), =0 3486664026 03 03
F= - F= 3486664244 03 0.2
F= - F=1 3486664900 03 -05
Xzt v=1,N=0J=1/2 =1 =  Allpv=1J0=1/2(-), =0 3477286006 02 -0.8
F= - F=1 3477286223 05 26
F= - F=1 3477286875 04 15
X2t v=1N=0J=1/2 F=1 — Alpv=1J=3/2(-), F=1 3666788626 03 10
F=1 — F=2 3666788819 02 -02
F=0 — F=1 3666789276 02 -0.3
X2zt v=2,N=0J=1/2 F=1 — Alpv=2J=3/2(-), F=1 3657227424 04
F=1 — F=2 3657227612 0.
F=0 — F=1 3657228068 0.7

Notes: Differences (Diff. = Obs. — Calc.) relate to deviations from the PGopPHER computation with molecular constants listed in

Tables 3 and 4. All frequencies are in MHz.

than the AF = 1 components, due to 6/-symbols gov-
erning the intensities. For this reason the assignments
as listed in Table 1 relate to the resolved strong AF =1
components.

5. Analysis and molecular constants

For the analysis of the molecular structure an effective
Hamiltonian for the X2 X+ ground state is used [23,24]:

H=BN?+ y,N-S+bl-S+cLS, (1)

where additional terms for centrifugal distortion to rota-
tion and spin-rotation must be added, and b and c are the
common Frosch and Foley parameters for the hyperfine
interaction [38]. The br hyperfine constant [24] equals
br = b — ¢/3. Only the °F nucleus has a nuclear spin
Ir = 1/2, while the spin of the 138Ba nucleus is Ig, = 0.
For the analysis of the A?I1 excited state we follow the
effective Hamiltonian formalism of Steimle et al. [24]:

Heff = TV/,V” =+ HLS + Hrot + HA + HhYp (2)

with

His = AL.S; + Ap{L.S., R}
Hyo = BR? — D[R?]? (3)

Hp = 3(p +29) (e 291 Sy + e™9]_5)

where the { } brackets indicate an anticommutator. This
is congruent with the terms in PGoPHER. The ¢ insert is
to be treated as a phase factor referring to the signs in the
equations to be considered, which then yields in a pure
Hunds case (a) a A-doubling of g/ 2 in the A%I1; /2 ladder
and (p + 2q)] in the A?I1; , ladder. In the ensuing fitting
procedures the state mixing between ladders is taken into
account. In the actual fits, within the framework of pGo-
PHER, a centrifugal distortion term in the pp A-doubling
is also included.

Following the formalism of Denis et al. [39] for the
hyperfine structure in the A?IT excited state we adopt
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Table 3. Molecular constants used in PGOPHER, a programme for simulating rotational, vibrational
and electronic spectra [35].

State Molecular constant Symbol Value (cm™") Value (MHz)

X2zt (v =0) Vibrational term value To(X) 0.0 0.0
Rotational constant B 0.21594802 6473.95882
Quartic centrifugal distortion D 1.84294 x 10~7° 0.0055250
Sextic centrifugal distortion H 1.40 x 1014 42 x 10710
Spin rotation coupling constant y 0.0027013 80.9842
Centrifugal distortion of y YD —1.95 x 107° —0.05842
J8 Centrifugal distortion of y PH 3.7 x 107° 0.0001122
Magnetic hyperfine parameter b 0.0021184 63.509¢
Magnetic hyperfine parameter 4 0.0002743 8.224¢

AII(v = 0) Band origin Too 11946.109609 (7) 358135356.32 (21)¢
Rotational constant B 0.21174149 6347.847
Quartic centrifugal distortion D 2.0036 x 10~7° 0.006007
Spin-orbit coupling constant A 632.287838 (13) 18955512.5 (4)¢
Centrifugal distortion of A Ap 3.1 x 107 0.93
A-doubling constant p —0.257310° —7713.96
A-doubling constant q —8.40 x 107 —2.52
Centrifugal distortion of p pp —2332x 10770 —0.00699
Magnetic hyperfine parameter a 0.0008856 26.55
Magnetic hyperfine parameter b+c —0.000185 —5.54f
Magnetic hyperfine parameter d 0.000119 3.58

Notes: Constants are taken from Refs. [18,19,22-24,39], except for the state origin of the ATI(v = 0) manifolds and
the spin-orbit coupling constant A in the A2TI(v = 0) state, which are fitted (with all other constants fixed) using
PGOPHER on the transitions listed in Table 2. ?Ryzlewicz et al. [22]PEffantin et al. [18]This workdSteimle et al. [24]°Ernst

etal. [23]fDenis etal [39]

terms for both A-doublet ladders:

thp(ZHI/Z) =[a-— %(b +0)ll;
+1d(eTPImST + 7 HrTST)  (4)
Hpyp CTl32) = [a+ (b + 0L,

with g, b, ¢ and d the Frosch and Foley parameters [38].
In Ref. [39] it was verified that the hyperfine Hamiltonian
and parameters were consistent with the definitions of
PGOPHER.

The task of producing a fit to the effective Hamil-
tonians for the X>=+ and A?II states described above
and extracting a set of molecular constants representing
the measured transition frequencies to the level of their
experimental accuracies is a complex one. The set of elec-
tronic transitions measured currently in the A—X system
is the most accurate in terms of absolute accuracy, but
the number of targeted spectral lines is limited. These
pieces of information gained must be combined with
the large amount of data from previous spectroscopic
investigations.

The level structure of the X? =+ (v = 0) ground state
is best described by the results of previous experiments
and the present data, while highly accurate, do not
improve the molecular constants describing this state.
The hyperfine structure molecular constants b and ¢ were
investigated by using a fit to combine measurements
using direct radio frequency excitations of many different

AN transitions within v = 0, delivering a highly accu-
rate description [23]. The rotational constants includ-
ing high-order centrifugal constants D and H, and the
fine structure determined by the spin-rotation inter-
action constants y, yp and yy are derived from the
highly accurate microwave experiments [22] and elec-
tronic transitions up to very high rotational quantum
numbers [18,19]. Even though the resolution in the
Fourier-transform emission studies in the visible range
were at a resolution of 0.027 cm ™! [18], the fact that rota-
tional progressions were followed up to rotational quan-
tum numbers exceeding 100 allowed for determining
centrifugal distortion parameters to very high accuracy.

The same is true for the A>I1(v = 0) excited state. The
rotational constants and their centrifugal distortions, and
the A-doubling parameters were determined from the
sequences of rotational branches in the A—X system up
to high J. The fact that the molecular constants describ-
ing these rotational and A-doubling effects scale with J?
or even higher order in J makes that the present data do
not deliver improvement. The analysis of the hyperfine
structure in the A—X system can also be separated from
the overall rovibronic structure of the excited state. The
hyperfine structure in BaF was analysed previously in a
combined theoretical and experimental study and val-
ues for the Frosch and Foley parameters for the excited
ATI state of 133Bal®F were derived [39,40].

Based on this logic, a fit to the present data is per-
formed using the PGOPHER programme [35]. The result-
ing list of molecular constants describing the A—X(0,0)
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Table 4. Molecular constants for the X2 =+ (v = 1) and A2II1(v = 1) vibrational states.

State Molecular constant Symbol Value (cm™") Value (MHz)

X2ztv=1) Vibrational term value T1(X) 465.745446 (66)° 13962697.2 (2.0)
Rotational constant B 0.214785499° 6439.10727
Quartic centrifugal distortion D 1.8496 x 10774 0.0055390
Spin rotation coupling constant y 0.002713° 81.33
Magnetic hyperfine parameter b 0.0021184 63.509¢
Magnetic hyperfine parameter 4 0.0002743 8.224¢

AI(v = 1) Band origin Tin 12380.3184805 (8) 37115261081 (25)9
Vibrational term value T1(A) 12846.063926 (66) 385115308.0 (2.0)4
Rotational constant B 0.2105271° 6311.444
Quartic centrifugal distortion D 2.0059 x 10770 0.0060135
Spin-orbit coupling constant A 631.722697 (17) 18940069.0 (5)¢
Centrifugal distortion of A Ap 5025 x 107% 1.5064
A-doubling constant p —0.257941P —7732.88
A-doubling constant q —7.6 x 1073 —228
Centrifugal distortion of p Pp —225x 10770 —0.00674
Magnetic hyperfine parameter a 0.0008856 26.55¢
Magnetic hyperfine parameter b+c 0.000185 —5.54¢
Magpnetic hyperfine parameter d 0.000119 3.58¢

3Guo et al. [21]PEffantin et al. [18]°Kept fixed to the values for X2 £+ (v = 0) from Ermst et al. [23]9This work®Kept fixed

to values for A2I1(v = 0) from Denis et al. [39]

band is presented in Table 3. By keeping the molec-
ular constants describing rotation, spin-rotation inter-
action in the ground state, as well as A-doubling and
the rotational constant and centrifugal distortions in the
excited state fixed in a comprehensive fit, it is ascertained
that the rotational structure remains accurately described
by the previously determined set of constants. We note
that it is of particular importance to keep the rotational
constant and centrifugal distortions fixed to the work of
Ref. [18] because that was derived from rotational levels
up to and beyond J > 100. Also the hyperfine structure
in ground and excited states was kept at the accurate
analyses of Refs. [23,39].

Effectively, in the fit only the band origin Ty and the
spin-orbit constant A are determined. The high absolute
accuracy of the transition frequencies, derived from the
narrow lines calibrated by the frequency comb standard,
is transferred into these two molecular constants while
keeping the rotational structure as is, thus not affect-
ing the previous spectroscopic analyses [18,22]. Devia-
tions are found between currently determined values and
those of Ref. [24]. The difference for the Ty band origin
amounts to 0.21 cm™!, corresponding to the rotational
constant. So this may be attributed by different defini-
tions in the effective Hamiltonian. This may also hold for
the deviations for the A spin-orbit constant, which corre-
sponds in fact to the difference between band origin val-
ues. The small difference of 0.006 cm™! may correspond
to a differential effect of rotational energies included in
the band origins.

The resulting fitted values are found to be in good
agreement with the experimental frequencies measured
in the A—X(0,0) band, with deviations (listed in Tables 1

and 2) on average smaller than 1 MHz. The good agree-
ment between experiment and results from the fit for the
higher-J values in the SR-branch, as in Table 1, demon-
strate that the neglect of the contribution by the weaker
AJ = 1, AF = 0 hyperfine components is justified.

The dataset probing transitions in the A—X(1,1) band
is limited to the excitation of the lowest rotational levels
in both the A%II; /2 and A3 /2 spin-orbit ladders. This
set of two independent measurements (with hyperfine
substructure) allows, in the same manner as for the (0,0)
band, the determination of the two molecular constants
setting the absolute accuracy, the band origin T',; and the
spin-orbit constant A. These were determined in a sepa-
rate fit using PGOPHER, while keeping all other molecular
constants fixed, similar and for the same reasons as for
the (0,0) band. Neither in the X2X T (v = 1) ground level
nor in the A2TI(v = 1) excited state a set of hyperfine
constants has been determined. For this reason we keep
the hyperfine constants for (v = 1) levels the same and
fixed at the values for (v = 0). Inspection of the mea-
sured splittings in the two lines for the (1,1) band as
listed in Table 2 shows that indeed the hyperfine splittings
in XXt (v = 1) are the same (within error margins) to
those in X221 (v = 0). The same holds for the hyper-
fine splittings in the A2I1(v = 1) vibrational level, being
similar to those in A2II(v = 0).

Results from the PGopPHER fit for the A—X(1,1) band
are presented in Table 4. In order to determine the exci-
tation energy of the A?TI(v = 1) level the vibrational
excitation energy T1(X) in the ground state, obtained
from the infrared FT-emission study [21], is added to
determine the excitation energy T (A) of the first vibra-
tion in the excited state. The deviations between observed



and calculated transition frequencies based on the pGo-
PHER fit are at the MHz level, as displayed in Table 2.
The excitation energy of the A2I1(v = 1) vibrational level
is obtained by adding the X>E (v = 1) term value, as
obtained from the FT-infrared emission studies [21], to
the presently determined band origin T7,;. The result-
ing uncertainty of 2.0 MHz is determined by the limited
accuracy of the FT-infrared emission work.

6. Conclusion

A high-resolution spectroscopic study is performed on
the A—X BaF system, probing both spin-orbit levels
A2H1/2 and A2H3/2, using a cold molecular beam set-up
involving a buffer gas cell as the beam source. Novel to the
study is the full resolution of hyperfine structure and the
absolute calibration with a frequency comb laser deliv-
ering sub-MHz accuracy. A set of improved molecular
constants for the A%I1 state is derived, at higher accuracy
than in previous studies. Besides a study on the (0,0) band
molecular constants for the (1,1) band are also derived.
In particular, highly accurate values for the band origins
and spin-orbit constants in the A2IT1(v = 0) and (v = 1)
levels are obtained, both of relevance for laser-cooling
schemes of BaF molecules. The extracted molecular con-
stants reproduce the measured transition frequencies at
the experimental absolute accuracy of 1 MHz. The quan-
titative spectroscopic information is of relevance for the
application of laser-cooling of BaF molecules, which
is currently being explored in the NL-eEDM consor-
tium [13], and in a broader sense important for future
eEDM experiments based on the BaF target system.
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