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Absorption spectroscopy for laser cooling and high-fidelity detection of barium
monofluoride molecules
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Currently, there is great interest in laser cooling of barium monofluoride (BaF) molecules for precision
tests of fundamental symmetries. We use high-resolution absorption spectroscopy to characterize several as
yet imprecisely known transition frequencies required to realize such cooling. We extract an improved set of
molecular constants for the bosonic '**Ba !°F and '**Ba !°F isotopologues, confirm the existence of a significant
hyperfine splitting in the excited state of the laser cooling cycle, and investigate the effects of this splitting on the
achievable cooling forces. As a direct application of our spectroscopic insights, we experimentally demonstrate
nearly background-free fluorescence imaging of a BaF molecular beam in a glass cell vacuum chamber. We
expect such high-fidelity detection to be useful for various types of precision measurement scenarios.
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I. INTRODUCTION

In recent years, laser cooling has revolutionized the field
of molecular science [1]. Starting from early proposals [2—4],
several diatomic [5-8] and polyatomic [9,10] molecular
species can now routinely be cooled, trapped, and studied at
microkelvin temperatures. Currently, great efforts are being
made to further expand the list of laser-coolable molecules,
to include species that are specifically suited for certain ap-
plications ranging from precision measurements [11-18] and
ultracold chemistry [19-22] to quantum simulation and in-
formation processing [23-26]. One such species is barium
monofluoride (BaF) [27,28], which has, due to its large mass
and internal structure, promising applications in precision
tests of fundamental symmetries [14,15,29-31].

A simplified level scheme for the lowest-energy states
of this species is shown in Fig. 1. A typical laser cooling
strategy exploits the diagonal Franck-Condon factors between
the X 2% and A %11, /2 electronic states, and combines the
v =0 — v/ = 0 (main cooling) transition with the v =1 —
V=0,v=2—1Vv =1,and v =3 — v = 2 (first, second,
and third repumping) transitions to realize a vibrationally
quasiclosed optical cycle, where losses into higher vibrational
states with quantum numbers v > 3 are strongly suppressed.

However, it has recently been suggested that—in contrast
to similar laser-coolable monohalides such as CaF and SrF—
the A 2T, /2 hyperfine structure exhibits a significant splitting,
which could strongly affect the laser cooling forces [32-34].
Moreover, while there exists an extensive body of spectro-
scopic data for BaF [34-39], the frequencies of the repumping
transitions are so far not known precisely enough to real-
ize laser cooling. While Doppler forces have already been
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demonstrated for BaF [40], applying them has thus resulted
in most molecules being lost into unaddressed vibrational
states, rather than being cooled. To successfully accumulate
BaF molecules at low temperatures by laser cooling, further
comprehensive high-resolution spectroscopy is thus required.

Motivated by this, we here study the lowest vibrational
states of BaF molecules in a cryogenic buffer gas cell. In
such a cell, hot molecules are created by laser ablation of
a precursor, and subsequently cooled by collisions with a
cold helium gas [28,41]. Buffer gas cooling is very efficient
for rotational and translational degrees of freedom, but is
known to be less efficient for vibrational degrees of freedom
[28,42,43]. This leads to sizable populations in the lowest
few vibrational states, which we probe via direct absorption
spectroscopy. By investigating various rovibrational transi-
tions between the X 2% electronic ground state and the
A 2[‘[1/2 and A 21‘[3/2 excited states (see Fig. 1), we im-
prove the relevant molecular constants for the most abundant
bosonic isotopologues '**Ba '°F and '**Ba '°F.Our measure-
ments confirm an important hyperfine splitting in the A 2T}
state, allow us to determine the as yet imprecisely known re-
pumping wavelengths required for laser cooling, and facilitate
nearly background-free fluorescence imaging of the molecular
beam using the characterized transitions.

II. EXPERIMENTAL SETUP

Our experiment starts with the ablation of a solid BaF;
precursor target inside a buffer gas cell (see Fig. 2). The
cryogenic cell is attached to the cold plate of a 4-K helium
cryostat. Helium gas with a flux of 0.6sccm is introduced
into the cell through a capillary. The helium atoms collide
with the molecules formed via ablation and thermalize them
to temperatures around 4 K.

We subsequently study the molecules inside the buffer gas
cell using absorption spectroscopy. We use probe laser beams
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FIG. 1. We study transitions between X 2%+ and A 211, 2 with
Av =V — v =0 (red solid arrows, v = 0 — v’ = 0 being the main
cooling transition), Av = —1 (blue dotted arrows, repumping tran-
sitions), and Av = +1 (gray arrows, depumping transitions), as
well as transitions between X >S+ and A *[13, with Av =0 (red
dashed arrows). The respective designations—cooling, repumping
and depumping—are motivated by laser cooling and imaging strate-
gies based on these transitions, which are described further in the
main text. The strength of each individual transition is determined
by the population of the corresponding ground state, as set by the
vibrational temperature (see Appendix A), and by the respective
Franck-Condon factors (given next to the corresponding arrows, see
Appendix B). Wavelengths are summarized in Appendix E.
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FIG. 2. Experimental setup. BaF molecules are created via abla-
tion of a solid BaF, precursor inside a helium buffer gas cell, which
is cooled by a 4-K cryostat. We probe the molecules perpendicular
to the molecular-beam direction via in-cell absorption using laser
beams aligned parallel or antiparallel to the ablation laser beam.
Alternatively, the two absorption beams can be overlapped to realize
Doppler-free spectroscopy. The molecules exit the buffer gas cell
via an aperture and form a slow molecular beam [28], which can
be probed further using fluorescence inside a glass cell vacuum
chamber.

aligned either parallel or antiparallel to the direction of the ab-
lation laser to obtain coarse spectra, as well as a combination
of two counterpropagating beams formed by retroreflection to
extract Doppler-free spectra using saturated absorption spec-
troscopy [44]. The beams have diameters of 1 mm and are
located approximately 1cm downstream from the ablation
spot. Their powers are actively stabilized by means of a fiber-
ized amplitude modulator. These powers are approximately
300 uW in the single beam configurations, and 30 uW for the
retroreflected beam in the Doppler-free configuration.

To obtain spectra we scan the laser frequency and integrate
over the time-resolved molecular absorption traces [28]. The
time window for this integration is chosen such that transla-
tional and rotational degrees of freedom of the molecules have
thermalized through collisions with the helium gas [45]. To
obtain the final absorption signal for a particular frequency, we
average over several experimental runs and reduce statistical
noise in the data with a moving average.

We calibrate the absolute frequencies of the absorption
laser for the scans using two different wavemeters that we
regularly validate against cesium and rubidium vapor spec-
troscopies, the known main cooling transition in '**Ba 1°F
and a frequency stabilized helium neon laser. With this we
conservatively estimate the absolute long-term accuracy of
the observed frequencies to be better than 50 MHz, with the
relative short-term accuracy being even much better.

A potential systematic uncertainty in our measurement
could be caused by the residual motion of molecules in the
direction opposite to the ablation laser beam direction follow-
ing ablation. This effect has recently been studied in detail
in experiments with CaOH molecules [46]. We exclude this
possibility by comparing the absorption of individual beams
copropagating and counterpropagating to the ablation direc-
tion, observing relative Doppler shifts between the two that
are well below the above absolute accuracy of the frequency
calibration.

Consistent with these expected small uncertainties, we
find excellent agreement with other recent measurements for
the absolute transition wavelength of the X 2Z+(v = 0) —
A 2I112(v' = 0) main cooling transition [27,28,39].

III. A 21, HYPERFINE STRUCTURE

In a first measurement, we study the structure of the J' =
1/2* sublevel of the A 2TT12(v' = 0) state in '**Ba !°F. Here,
J’ is the quantum number associated with the total angular
momentum without nuclear spin, and the + sign in the ex-
ponent denotes the state’s positive parity. This state typically
serves as the excited state for laser cooling, exploiting parity
selection rules to rotationally close the optical cycle [1,28]
[see Fig. 3(a)].

The hyperfine structure of this state is a result of the
nuclear spin I1(’F) = 1/2 of the fluorine atom coupling to
J, as I("*®Ba) = 0. Recent work [32-34] has suggested that
the resulting two hyperfine sublevels, denoted by their total
angular momentum quantum numbers F’ = 0 and 1, are split
by a finite energy difference. Such a splitting, if not addressed
by a suitable choice of laser frequencies, can result in a severe
decrease of the force in laser cooling experiments. A precise
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FIG. 3. (a) Rotational and hyperfine substructure of the
X2t =0,N=1)— A2 =0,J' = 1/2%) laser cooling
transition in '*¥Ba '°F at 859.83 nm [47,48]. Following excitation
from the N =1 state, parity selection rules only allow decay back
from J' = 1/2% to the initial state, realizing a rotationally closed cy-
cle. In total six lines appear for this transition (arrows), one of which
(dashed arrow) is nearly forbidden. For clarity, we label the two
F = 1 hyperfine states with predominantly J = 3/2 and 1/2 charac-
ter as F = 17 and 17, respectively. Notably, the F = 1T — F' =1
transition is dipole allowed but very weak, as indicated by the dashed
arrow. (b) Saturated absorption spectroscopy of the cycling transi-
tion. The experimental data have been averaged over four absorption
traces and are in excellent agreement with other recent measurements
[32-34]. The prediction is based on the molecular constants from
Ref. [32] with a linewidth of 6 MHz. From fits of the peak positions,
we extract an excited-state splitting of 17.0(1.9) MHz.

characterization is thus essential for successful laser cooling
of BaF.

To this end, we record spectra of the X 2yt(w=0,N =
1) > A2 2(v' =0,J = 1/2") transition in the single
beam and the dual beam configurations. While the former
shows Doppler-broadened absorption lines with a full width
at half maximum of around 65 MHz—far exceeding any
expected hyperfine splitting—the latter reveals Doppler-free
features corresponding to the various hyperfine transitions
in BaF. We account for broadening due to different powers
of the two beams, normalize, and substract the absorption
signals, which yields the absorption lines shown in Fig. 3(b).
These lines are in excellent agreement (root-mean-square
deviation 1.64 MHz) with predictions based on recently

improved excited-state hyperfine constants [32,33]. From
their relative locations and the known ground-state hyper-
fine splittings [47,48] we deduce an excited-state hyperfine
splitting of 17.0(1.9) MHz between F’ = 0 and 1, with the un-
certainty being dominated by frequency uncertainties between
individual averaged experimental runs. This value agrees well
with recent measurements finding a splitting of 17.7(2.1) [34]
and 17.20(17) MHz, respectively [32,33].

The observed splitting can be included in multilevel opti-
cal Bloch equations to model the laser cooling of BaF [30].
We find that when using a conventional laser configuration
with four equidistant laser sidebands [28,48], the cooling
forces are approximately halved due to the finite splitting (see
Appendix C). Moreover, the splitting significantly reduces the
velocity range in which cooling forces act. For efficient cool-
ing, it is thus essential to take this splitting into account. These
observations can be intuitively understood by the fact that the
splitting causes the conventionally chosen laser sidebands to
be blue detuned from some of the closely spaced transitions,
while remaining red detuned from others. This leads to an
interplay of heating and cooling forces, which greatly affects
the efficiency of the overall cooling process.

IV. ROVIBRATIONAL SPECTROSCOPY

In a second set of measurements, we use the single ab-
sorption beam configuration to extract spectra over a range
of frequencies on the order of several GHz to observe various
other rovibrational transitions (see Fig. 1).

Two example results, for X?X+(v=0)—> A 21‘[1/2
(v = 1) (first depumping transition) and X 22+ (v =2) —
A’ 2(v" = 1) (second repumping transition), respectively,
are shown in Fig. 4. The spectra reveal multiple strong rota-
tional transitions of the most abundant isotopologue **Ba '°F.
In addition to this, also weaker lines from many other isotopo-
logues are clearly visible. A full list of all observed lines in all
recorded spectra is given in Appendix D. In the following, we
describe the procedure for analyzing these spectra.

In BaF, the lowest excited states A 2I1, B2X* and A’A are
well known to strongly perturb each other [37]. However,
given that only the lowest vibrational and rotational states
are relevant for laser cooling we can neglect this perturbation
and analyze our data by diagonalizing a standard effective
Hamiltonian [39,48,49] for each electronic ground X 23+ ()
and excited state A 21’11/2(1/).

All couplings between the angular momenta described by
this Hamiltonian can be decoupled from the molecular vibra-
tions whose energy is expressed by an anharmonic oscillator.
The energies of the molecular states can thus be found by
combining the eigenvalues of the effective Hamiltonian with
an additional electronic-vibrational offset 7, = T, + w.(v +
1/2) — we x.(v + 1/2)2 + @eye (v + 1/2)3 where T, is the en-
ergy of the electronic state manifold, and w,, w, x., and w,y,
are vibrational constants.

The X 2X* ground state of BaF is described by Hund’s
case (b) where the spin-orbit coupling is much weaker than
the rotational energy. The rotation N is first coupled with the
electron spin S to form the total angular momentum without
nuclear spin J. Subsequently, the total angular momentum F
is formed by coupling J to the nuclear spin 1. The rotational
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FIG. 4. Example spectra of the (a) X >Z+(v =0) — A 21‘[]/2(1)’ =Dand (b)) X2Tt(v=2)— A 21‘11/2(\/ = 1) transitions. The top and
bottom half show experimental data and predicted spectra including all isotopologues, respectively. Average absorption in (a) is typically
around 20 times lower than for the main cooling transition, due to the lower Franck-Condon factor. Absorption in (b) is further reduced by a
factor of approximately 5 due to lower population in v = 2. No data in between the main transitions were recorded in (b). '**Ba !°F transitions
are labeled in blue and '**Ba !°F transitions are labeled in green with arrows. Additional dashed red arrows indicate closely spaced transitions
of the fermionic '¥’Ba °F and '*Ba '°F isotopologues, which will be analyzed in future work.

ladder scales with B,N(N + 1) + D,N*(N + 1)?, with the ro-
tational constants B, = B, — (v + 1/2) and D, &~ D,. Each
rotational state with quantum number N is split into two states
J =N+ 1/2and N — 1/2 by spin-rotation coupling, with the
energy splitting characterized by the spin-rotation constant
¥» = ¥,. These states split further into a total of four hyperfine
states F = N — 1, N, N, N + 1. The energy splitting between
these states depends on the hyperfine constants by and c. Here,
J and F denote the quantum number of Jand F, respectively.

The excited states A *[11,> and A *[13)» are described by
Hund’s case (a). The largest contribution to their energies
arises from spin-orbit coupling, which separates the two states
by an energy given by the spin-orbit constant A, = A, +
as(v 4 1/2). Note that A, is isotopically independent on the
level of our precision [50]. For each of these states there
is again a ladder of rotational states with energies B,J(J +
1) + D,J*(J + 1)?, now characterized by J, as N is no longer
a good quantum number in Hund’s case (a). Furthermore,
due to A doubling, there exist two parity states for every J,
which are split by (p+ 2¢)(J + 1/2) in the state A *I1;,2,
and which alternate in parity. An example for one of these
states is the A 21‘[1/2(\/ = 0,J' = 1/27) state studied in detail
in the previous section. The total angular momentum F is
formed by coupling rotation to the nuclear spin, resulting in

two hyperfine states F = J — 1/2 and J 4 1/2 for each value
of J. Their splitting is characterized by the hyperfine constants
a,b,c,and d.

It is customary [39] to label the resulting rotational tran-
sitions using the notation V¥ AJ, ,(N), where AN =N’ — N
and AJ =J' —J, with the primed and unprimed quantum
numbers referring to the excited and ground state, respec-
tively. The parameter a is 1 for transitions to the A [T, and
2 for transitions to the A 213 /2 states. The parameter b is 1 if
the J = N + 1/2 sublevel and 2 if the / = N — 1/2 sublevel
of the given X 2%+ state is involved in the transition. In cases
where a = b or AJ = AN the repeated label is dropped. As
usual, O, P, O, R, and S denote transitions where angular
momenta change by —2, —1, 0, 1, and 2, respectively.

In total, we observe and assign 93 lines. In particu-
lar, we locate the previously unknown second (v =2 —
v/ = 1) and third (v = 3 — V' = 2) repumping transitions in
138Ba 19F at 897.931 62 and 900.175 34 nm, respectively (see
Appendix E).

Our analysis starts with the strong lines associated with
the most abundant '**Ba !°F isotopologue. Once assigned, we
extract line centers and fit them using the effective Hamil-
tonian. From the resulting constants for '**Ba 'F we derive
preliminary constants for '**Ba '°F by mass scaling relations
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TABLE 1. Molecular constants for **Ba '°F and '*Ba '°F. Ad-
ditional constants for 1*’Ba '°F and '**Ba '°F used for the predictions
shown in Figs. 3 and 4 were taken from previous work [39,47] and,

where unknown, approximated via mass scalings [50,51].

Parameter B38Ba F (cm™") 36Ba F (cm™")
X2zt
w, 469.4052(34) 469.8289(26)
We Xe 1.8346(21) 1.8402(13)
10° w,y. 3.06(37) 3.07¢
B, 0.216529655(19)* 0.216915616(19)*
107D, 1.84299(23)° 1.84956(23)"
10% a, 1.163568(42)* 1.166680(42)*
10%y, 2.69905(12)* 2.70386(12)*
10° by 2.196510(16)* 2.196510(16)*
103 ¢ 0.243647(44)* 0.243647(44)*
ATl
T, 11962.0524(23) 11962.0586(18)
W, 437.9536(18) 438.3443(21)
Do e 1.8714(5) 1.8747(11)
A, 632.5369(25) 632.5369(25)¢
oy —0.5102(19) —0.5102(7)
Ao 632.28175°
B, 0.21227(9) 0.21274(12)
10’ D, 2.00° 2.01¢
10° a, 1.12(7) 1.23(10)
p+2q —0.257550° —0.2580091¢
10°a 0.8856(33)¢ 0.8856(33)¢
10° (b +¢) —0.1848(63)° —0.1848(63)¢
103d 0.1194(47)¢ 0.1194(47)¢

2Reference [47].
bReference [39].
‘Reference [32].
4Value obtained from scaling the value for **Ba '°F.

[50,51]. This allows us to assign many of the weaker lines
from this less abundant isotopologue. We then repeat the fit-
ting procedure to obtain the final set of constants for '*Ba 1°F.

The results of our analysis are summarized in Table I. A
prediction based on these results is in good agreement with
our experimental observations, as highlighted by the compar-
ison in Fig. 4. We find the root-mean-square deviation of our
predicted line centers from the experimental data to be less
than 21 MHz. This agreement is an order of magnitude bet-
ter than the agreement with predictions based on previously
extracted constants [37].

V. FLUORESCENCE IMAGING

As an application and a further check for our absorption
spectroscopy, we demonstrate nearly background-free fluores-
cence imaging of the molecular beam, as it exits the buffer

v =1
v=1
1.0
4] 2
£ 2] i
c S5
s 07 S 5
%2 s§
ooy | -
- S . 0.0
-5 0 5 -5 0 5

Position (mm) Position (mm)

FIG. 5. Resonant Raman optical cycling imaging on the
X?2%*(v) to A 2[1,2(v') transition. (a) Conventional fluorescence
imaging on the cooling transition (v = 0 — v’ = 0). Following ex-
citation (solid arrow), the fluorescence is mainly emitted on the same
transition (dashed arrow). This makes it challenging to record the
molecular fluorescence in situations where stray light and reflections
cannot be suppressed. In this example, we illuminate a molecular
beam in an uncoated glass cell, which leads to almost uniform
saturation of the camera used to record the fluorescence. The color
bar denotes normalized photon counts per pixel. (b) This challenge
can be addressed by driving the first repump (v = 1 — v’ = 0) and
depump (v = 0 — V' = 1) transitions simultaneously (solid arrows),
resulting in spectrally well-separated fluorescence on the cooling
(wv=0— Vv =0)and v =1 — v =1 transitions (dashed arrows)
and, hence, a nearly background-free imaging of the molecular beam.
Both images are averages over 40 experimental realizations. For
clarity, the image in (b) has been scaled by a factor of 2.

gas cell and passes through the uncoated part of a glass cell
vacuum chamber (see Fig. 2).

To do so, we employ resonant Raman optical cycling
imaging [52]. In this technique, a vibrationally quasiclosed
optical cycle is realized by simultaneously driving both the
first repumping (v = 1 — V' = 0) and depumping (v = 0 —
V' = 1) transitions. While the scattering rate, and hence any
potential cooling forces, obtained using this optical cycle
are lower than in the conventional laser cooling cycle, this
approach yields fluorescence on the first two Av = 0 tran-
sitions (v =0 — v =0and v =1 — V' = I, respectively).
This fluorescence is spectrally well separated from the laser
light exciting the molecules by several tens of nanometers.
Consequently, bandpass filters can be used to effectively re-
duce stray light affecting the images.

The results of the imaging procedure are shown in Fig. 5.
We use fluorescence beam diameters of 1 mm and the same
power of 250 mW for the cooling beam, and the sum of re-
pumping and depumping beam power, respectively. All beams
are located 410 mm downstream from the exit aperture of the
buffer gas cell. As for laser cooling, rotational branching is
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FIG. 6. Occupation probability of the lowest vibrational levels of
BaF as a function of temperature, based on the assumption of fully
thermalized vibrational degrees of freedom. In reality, as discussed
previously for SrF [42], vibrations thermalize very inefficiently, such
that populations can only be approximately be described by a temper-
ature. The shaded bar indicates a vibrational temperature of around
620 £ 100K, as evaluated from the observed peak absorption of
the various transitions. This temperature is on the same order of
magnitude as that previously reported for SrF [42].

suppressed by parity selection rules and all beams include
sidebands to address the various hyperfine components (see
Fig. 3). A magnetic field of 5 G is applied to remix Zeeman
dark states. We find the transition frequencies in the beam
to be identical with the ones determined above via in-cell
absorption to within our measurement precision.

As expected, driving the molecules on the cooling transi-
tion, as is conventionally done to realize optical cycling and
laser cooling [1], leads to a large amount of stray light in
the glass cell. This stray light saturates the camera used to
record the fluorescence and makes it impossible to observe the
molecular beam. When we instead drive the molecules using
repumping and depumping light simultaneously, in combina-
tion with spectral filtering, a clear image of the molecular
beam is observed.

As the system formed by the combination of repumping
and depumping light forms a closed optical cycle, the signal-
to-noise ratio of this image could be further enhanced by
extending the interaction time using a larger diameter laser
beam. However, we note that in comparison to a previous im-

TABLE 1I. Calculated Franck-Condon factors based on the
molecular constants given in Table I.

A’ p(0V) — X2EH (") (¥Ba F)

vV =0 v=1 V=2 V=3
V' =0 0.94895 0.04994 1 x1073 6x107°
V' =1 0.04939 0.84910 0.09795 3x1073
V=2 1 x1073 0.09588 0.75160 0.14333
V' =3 1x107 5x 1073 0.13901 0.65733

Aznl/z(l)/) N XZEJr(v//) (13GBa 19F)
V' =0 0.95545 0.05569 1x 1073 8 x 1076
V' =1 0.04327 0.85631 0.10927 4 %1073
V' =2 1 x1073 0.08411 0.75936 0.15997
V' =2 1x1073 4 %1073 0.12210 0.66549

plementation of this technique in SrF [52], the enhancement
is limited in BaF by the slightly less favorable Franck-Condon
factors of the A 2T, ,2(V' = 2) state, which result in stronger
losses into higher vibrational states with v > 3. Nevertheless,
even in this case, a striking enhancement of the signal-to-noise
ratio is obtained, which is readily transferable to less abun-
dant BaF isotopologues and many other molecular species.
The technique is thus an example for how the complex
molecular structure, while making laser cooling challenging,
can also be beneficial in ways that are not easily possible
in simpler systems such as atoms. We expect such nearly
background-free imaging to be particularly useful for detec-
tion protocols in precision experiments testing fundamental
symmetries [14,15].

VI. CONCLUSION

We have performed absorption spectroscopy of BaF
molecules in a buffer gas cell. This has allowed us to identify
the missing vibrational repumping transitions for laser cool-
ing, as well as to resolve an important excited-state hyperfine
splitting in the A %1, » state, which has a strong influence on
the obtainable laser cooling forces.

By using a more precise frequency comb or wavemeter, the
precision of our paper could easily be pushed further, to a level
where it becomes relevant for searches for the variation of fun-
damental constants [53], the realization of molecular clocks
and THz metrology [54,55], or King-plot analysis of nuclear
and molecular structure [56]. Moreover, we also observe a
large number of transitions of the odd fermionic isotopologues
135Ba 19F and '*"Ba '°F, which are relevant for parity violation
studies [15,30]. These transitions will be analyzed in future
work.
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APPENDIX A: VIBRATIONAL TEMPERATURE

In Fig. 6 we show the occupation probability of the vi-
brational states of BaF as a function of temperature. When
combined with the Franck-Condon factors, this determines
the strength of the vibrational transitions. Assuming full
thermalization of the vibrational degrees of of freedom, the
observed peak absorption values point towards a vibrational
temperature in the range of several hundred Kelvin, which
significantly exceeds the temperature of the buffer gas. In
contrast to this, the translational and rotational degrees of
freedom are well thermalized to temperatures of only a few
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TABLE III. List of observed transitions.

TABLE III. (Continued.)

Ba isotope Excited state v v’ Transition Frequency (THz) A (MHz)

Ba isotope Excited state v v’ Transition Frequency (THz) A (MHz)

138 My 00 Q1(0) 348.666366 -25
138 My 00 PQn(1)  348.661273 19
138 My 00 P 348.661140 21
138 My 00 PQ,(2) 348.658303 14
138 Mpe 00 PQ) 348.658096 15
138 My 00 PQ,(3) 348.655076 6
138 My 00 P3) 348.654760 -23
138 My 00 Q@) 348.651572 -22
138 My 00 P& 348.651214 —-13
138 My 10 00 334.703685 4
138 My 10 Qn(1)  334.698597 -16
138 My 10 P 334.698461 —18
138 My 10 P02 334.695779 -9
138 Mpe 100 PR 334.695567 —13
138 My 10 PQ,3) 334.692791 12
138 My 10 PQB) 334.692507 16
138 My 10 P04 334.689593 11
138 My 10 P& 334.689237 23
138 My 110 010 347.728620 4
138 MMy, L1 PO 347.723575 26
138 My 11 A 347.723440 26
138 My 11 P0RQR) 347.720612 -5
138 My 11 PR 347.720404 -5
138 My 11 PQu,B) 347.717399 —31
138 My 11 PQB) 347717111 31
138 M 11 On(1)  366.665911 3
138 M 11 Ry(1) 366.666041 7
138 M 11 02 366.640329 12
138 M L1 Py 366.640092 —21
138 M 11 0:3) 366.633292 -3
138 M 11 Py@3) 366.633011 2
138 My 01 04(0) 361.691311 —16
138 My 01 Q1) 361.686174 —15
138 My 01 P 361.686032 -23
138 My 01 P02 361683115 -3
138 My 01 P(2) 361.682908 -2
138 Mye 01 PQuLB) 361.679756 35
138 My 01 PG 361.679448 14
138 My 01 0,4 361.676002 6
138 My 01 P@) 361.675642 13
138 My 21 040 333.875061 —18
138 My 21 Q1) 333.870095 14
138 My 21 P 333.869968 21
138 My 21 P02 333.867318 29
138 My 21 PR 333.867091 10
138 Mype 21 P0,03) 333.864294 —17
138 My 21 PG 333.863995 —29
138 My 21 P04 333.861139 -5
138 My 21 P& 333.860779 2
138 My 12 POp()  360.636269 1
138 My 120 A 360.636124 -9
138 My 12 P02 360.633243 14
138 My 12 PQ) 360.633016 -5
138 My 12 P0,03) 360.629873 9
138 My 120 PQB) 360.629575 -2
138 MMy, 32 PO 333.037912 —40
138 My 32 A 333.037781 37
138 My 32 0,2 333.035195 -7
138 My, 32 P2 333.034983 —11

138 My 32 70,(3) 333.032326 +55
138 My 32 PG 333.032022 +39
138 My 22 010 346.787759 -39
138 MMy, 22 POL(1)  346.782823 23
138 My 22 A1) 346.782675 9
136 My 00 040 348.666087 -23
136 My 00 PO(1)  348.660993 +29
136 My 00 A1) 348.660843 +14
136 My 00 PR 348.657792 +5
136 Myp 00 PG 348.654460 -25
136 My 00 P& 348.650892 -33
136 My 10 0i3) 334.697248 +0
136 My 10 %RpB)  334.697547 +11
136 My 10 013 334.698970 +23
136 My 10 2R 334.699312 -3
136 My 11 000) 347.727482 +12
136 My 11 PQp()  347.722378 —~15
136 My 11 PA) 347.722231 —27
136 MMy 11 P0,02) 347.719452 -2
136 My 11 P 347.719244 -1
136 M 11 Q) 366.664762 +2
136 M, 11 R(D) 366.664883 -3
136 My 11 02 366.639124 +1
136 My 11 Py 366.638919 +0
136 Mpe 01 PQ,03) 361.690927 49
136 My 01 P(3) 361.690640 +9
136 My 01 P04 361.687219 439
136 My 01 P@A) 361.686808 -5
136 My 01 P(S) 361.682660 -3
136 My 01 PQ6)  361.678708 -3
136 My 01 P(6) 361.678169 —13
136 My 220 D) 346.788038 -0
136 My 12 P@) 360.635916 +1
136 My 12 70,05)  360.632231 —1

Kelvin [28]. These observations are in line with earlier studies
of buffer gas cooling of SrF molecules [42].

APPENDIX B: FRANCK-CONDON FACTORS

Based on the improved set of molecular constants obtained
in this paper, we follow the procedure outline in Ref. [28] to
reevaluate the theoretically expected Franck-Condon factors
of BaF. The results are highlighted in Fig. 1 and summarized
in Table II.

APPENDIX C: INFLUENCE OF THE HYPERFINE
SPLITTING ON THE LASER COOLING FORCES

To study the effect of the observed splitting between
the A %IV =0,J'=1/2",F =0) and A *[1;p(v' =
0,J' =1/2%,F = 1) hyperfine states, we use multilevel
Bloch equations to simulate the resulting laser cooling forces
[30,57].

As shown in Fig. 3(a), for laser cooling of BaF, the rele-
vant ground state features four almost equidistant hyperfine
sublevels. A conventional scheme to address these sublevels
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FIG. 7. Laser cooling force profiles for a configuration with
equidistant sidebands (a) with no excited-state hyperfine splitting
and (b) including hyperfine splitting. The sideband configuration
is equivalent to the one generated by a single EOM operated at
39.33 MHz. Including the hyperfine splitting leads to a notable
decrease in both magnitude and range of the laser cooling force
(indicated by dashed lines), as the sidebands are no longer properly
detuned from the individual transitions. The colorbar denotes the
magnitude relative to the ideal value of 7kI" /2 of a two-level system
with the same wavelength. The intensity Iy corresponds to the total
intensity of all sidebands of a single laser beam that is retroreflected.

[28,43,48] thus relies on a single electro-optical modula-
tor to imprint the required four laser sidebands. For zero
excited-state hyperfine splitting these sidebands almost per-
fectly match the four possible transitions.

In contrast to this, for a finite excited-state splitting there
are in total six possible transitions. However, one of these
transitions is nearly forbidden. Another one is comparably
weak and overlaps with two stronger ones [see Fig. 3(a)]. A
total number of four sidebands is thus still sufficient to address
all ground-state levels.

The resulting forces for both situations are compared in
Fig. 7 as a function of employed laser intensity and the ve-
locity of the molecules. In these simulations, molecules are
located in the center of a pair of linearly polarized laser beams.

TABLE IV. Laser cooling transition wavelengths.

Transition v v A (nm)

Cooling 0 0 859.83887
First repumper 1 0 895.70892
Second repumper 2 1 897.93162
Third repumper 3 2 900.17534
First depumper 0 1 828.87469

The powers in the individual sidebands are 22, 27, 27, and
22% of the total power, respectively. We use a blue detuning of
1T and a comparably low magnetic field of 1 G, tilted by 60°
with respect to the laser beam polarization axis of the laser,
such that magnetically assisted Sisyphus cooling is the main
cooling mechanism [30]. As discussed in the main text, both
the absolute magnitude and velocity range of the laser cooling
force are significantly reduced if the excited-state splitting is
included.

Given the comparably low scattering rate (excited-state
linewidth I' = 27 x 2.83 MHz), high mass, and low recoil
velocity, properly chosen arbitrarily spaced sideband frequen-
cies will thus be essential to realize laser cooling of BaF.
Such sidebands are typically generated using a combination
of electro-optic and acousto-optic modulators. Finding the
best number and location for these sidebands remains a com-
plex optimization problem, which we will address in future
work.

APPENDIX D: LIST OF OBSERVED TRANSITIONS

We assign a total number of 93 lines, 64 for '*Ba '°F and
29 for **Ba '°F. We denote the difference between the ex-
perimentally observed transition frequency and the prediction
based on the constants in Table I by A. The uncertainty of
the frequency for all observed transitions is conservatively
estimated to be 50 MHz. See Table III.

APPENDIX E: IMPORTANT TRANSITION WAVELENGTHS

Below we summarize the wavelengths of the most impor-
tant transitions for '**Ba !°F laser cooling and imaging. For
all transitions, wavelengths quoted correspond to the center
between the “Q;,(1) and P; (1) transitions. See Table IV.
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