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ABSTRACT

We report an experimental investigation on the Doppler-free saturated
absorption spectroscopy of buffer-gas-cooled Barium monofluoride (BaF)
molecules in a 4 K cryogenic cell. The obtained spectra with a resolution of
19 MHz, much smaller than previously observed in absorption spec-
troscopy, clearly resolve the hyperfine transitions. Moreover, we use these
high-resolution spectra to fit the hyperfine splittings of excited A(v = 0)
state and find the hyperfine splitting of the laser-cooling-relevant AIT; (v =
0, ] = 1/2,+) state is about 18 MHz, much higher than the previous theoreti-
cally predicted value. This provides important missing information for
laser cooling of BaF molecules.
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1 Introduction

Cold molecules, due to the additional internal degrees of
freedom and the long-range dipolar interactions, provide
novel potential applications and sophisticated under-
standings in controlled chemistry reactions [1-4], precision
measurement [5-11], quantum simulation and computation
[12-14], and many-body physics [15, 16]. In the last
decade, various cooling techniques have been developed
to achieve dense cold molecular samples, for example,
buffer gas cooling [17, 18], Stark and Zeeman deceleration
[19], and assembling molecules from two ultracold atoms
[20]. Despite these efforts, producing cold molecule
samples is limited to several kinds of species and
remains an ongoing challenge.

Direct laser cooling as an alternative route, mainly for
those molecules with a quasi-cycling transition [21, 22],
has been largely developed to extend the coolable molecular
species. In recent years, the molecules, SrF [23], CaF
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[24, 25] and YO [26], have been successfully loaded into
three-dimensional magneto-optical traps with tempera-
tures at few millikelvin, followed by deep laser cooling to
achieve higher phase-space densities and longer coherence
time [27-29] taking advantage of effective trapping in
conservative potentials [30-32] and grey molasses technique
[33]. Specifically, an optical tweezer array of CaF
molecules and further studies of cold collisions of two
single molecules have been reported recently [34, 35].
Moreover, one-dimensional laser cooling of YbF [10] and
polyatomic molecules, such as SrOH [36], CaOH [37],
YbOH [38] and CaOCHj; [39], has also been realized,
making the quantum state manipulation and potential
applications be feasible. Besides the above mentioned
ones, other species including MgF [40, 41], BaH [42], TIF
[43], AIF [44] and AICl [45] have also attracted great
interests.

The BaF molecule which can be potentially laser-
cooled [46] has also received continuous attentions in
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recent years [47-52]. A precise measurement of the relevant
transitions is consequently highly required. Usually, the
main cooling transition is chosen as X?%,,(v =0,
N=1,-)— Al 5(v=0,J =1/2,+). The  hyperfine
structure of the X?2%,,(v=0,N =1,—) state has been
recognized with high-resolution microwave spectroscopy
[53]. But the hyperfine structure of the excited
A?TLy j5(v = 0,J = 1/2,+) state has not yet been resolved.

The resolution of the BaF absorption spectroscopy is
limited by the Doppler broadening [47, 51]. One way to
get a better resolution is performing the saturated
absorption spectrum, which has been widely used in
atomic cases [54-56]. This has also been applied for YbF
[57], where a resolution of 30 MHz has been reported.
Here we extend such a method for the BaF molecule,
and further resolve the unknown hyperfine splittings of
the excited states.

The paper is organized as follows. In Section 2, a brief
description of the experimental setup for the saturated
absorption spectroscopy is given. In Section 3, we
analyze the observed spectra for hyperfine transitions in
different branchings and fit them with multi-peak Gaussian
function to yield the relevant parameters. Especially, for
the main laser-cooling transition X?2%;,,(v=0,N =1,-)
+ A% 5(v = 0,J = 1/2, +), the fitting shows the hyperfine
splitting of the excited state is about 18 MHz. Finally, we
conclude in Section 4.

2 Experimental setup

To overcome the Doppler broadening limit and get more
knowledge of the laser-cooling relevant transition, we set
up a saturated absorption spectroscopy experiment for
BaF molecules. The previous experiment on YbF in Ref.
[57] used this technique with a temperature of 10 K in a
liquid helium cryostat. Our experiment here is
performed with buffer-gas cooled BaF molecules, under a
lower temperature at 4 K produced by a pulse-tube
cryostat.

The cryogenic apparatus is built around a pulse tube
refrigerator machine (Sumitomo, SRP-082B-F70H),
which has two temperature stages: 30K and 4K. As
shown in Fig. 1 (a more detailed drawing of the cryogenic
apparatus could be found in Ref. [47]), the cell in which
laser ablation is performed is installed below the 4 K
cryogenic head, and surrounded by the 30 K and 4 K
shieldings to block the blackbody radiation. The buffer
gas is injected into the cell from the inlet on the back
face. The BaF molecules are produced by ablating the
BaF, target with a 532-nm pulsed Nd:YAG laser (the
repetition rate of the pulse is 1 Hz).

To reduce the systematic errors, we use three laser
beams in our experiment, denoted as the pump, probe,
and reference beams in Fig. 1, respectively. These beams
are split from an external-cavity semiconductor laser
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Fig. 1 A schematic illustration of the experimental setup.
The three layers from outside to inside are vacuum chamber,
30 K shield and 4 K shield, respectively. The BaF molecules
are produced by laser ablation with the Nd:YAG laser in a
cell, which is attached to a 4K cryogenic head to perform
effective buffer gas cooling. The relative position of the BaF,
target and the three laser beams for the spectroscopy detections
are also shown. The propagation directions of the probe,
pump, and reference beams are indicated by the arrows.

(ECDL), all with diameters of ~ 1 mm. The intensities of
the probe and reference beams are set to be nearly equal,
at ~ 20 mW/cm?; while the pump beam is ~ 80 mW/cm?.
We let the probe and the reference beams parallelly
enter the cell, while the pump beam counter-propagates
from the opposite direction and overlaps with the probe
laser in the cell region. The laser frequency is stabilized
by a transfer cavity with the linewidth less than 2 MHz
[58]. The absorption signals of the probe and the reference
beams are monitored by two photodiodes; see Fig. 1. We
scan the laser frequency with a step of 1 MHz, ranging
typically several hundreds of MHz. To obtain a high
signal-to-noise ratio, we average the signals by repeating
the scanning hundreds of times.

3 Results and analysis

3.1  Absorption signal

A typical time-dependent absorption signal monitored
by the photodiode is shown in the inset of Fig. 2. The
ablation laser fires at ¢ = 0 ms, and the absorption
signal initially rapidly increases and then exponentially
decays. The absorption fraction A is estimated by
making a time average of the signal curve from 1.5 ms to
10 ms [the shadow region in the inset of Fig. 2(a)]. We
use this time window to avoid the influence of transient
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@ 0.20 o 3.2 Laser cooling relevant transition
E; 03 The absorption spectra for the two beams near-resonant
1 with the main laser cooling transition
0 15: é 0‘2'_ N=1,-)+ A(v=0,J" =1/2,+)] are shown in Fig. 2(a).
‘ 2 0.1 Both of them are Doppler-broadened, and only the fine
< structure of the ground state can be resolved (the two
0.0 o AR 5| peaks), similar to our previous observation [47]. The
| Time (ms) difference lies in that the spectra from the probe beam
s 0.10 shows saturated absorption features, i.e., the hole-burning
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Fig. 2 The saturated absorption spectroscopy for the main
laser cooling transition, X =0,N=1,-)+ A =0,J =
1/2, +), of the BaF molecule. (a) shows the Doppler-broadened
absorption spectra (red dots, from the reference beam) and
saturated absorption spectra (blue dots, from the probe
beam). The solid lines are Gaussian fittings to the two spec-
tra, respectively. (b) The Doppler-free saturated absorption
spectra. The gray solid line is the fitted curve. Each peak in
our model has been plotted individually, the color is matched
with that in the inset. The positions of each hyperfine level
in the X(v=0,N =1,-) are marked by the vertical black
dashed lines. The inset shows the corresponding transitions
and their branching ratios. The transition F =1(J =3/2) —
[’ =1 is marked by gray, for its branching ratio is negligible.

heating of the buffer gas by ablation laser. Then the
strength of the absorption can be described by the optical
depth o which is related to A as

a=—In(1-A). (1)
By scanning the laser frequency, we record the «’s for

both the reference beam and the probe beam as shown
in Fig. 2(a).

phenomena at the positions of each hyperfine transition.
We first rescale the spectra from the probe beam, and
then make a subtraction with the two spectra sets to get
the Doppler-free saturated absorption spectra in Fig.
2(b), where the hyperfine sublevels are resolved.

The width of the Doppler-broadened spectra of the
reference beam in Fig. 2(a) reflects the translational
temperatures of the buffer-gas-cooled molecules. We fit
the spectra with a four-peak Gaussian function [the peak
positions are fixed with the values in Fig. 2(b)]. The
averaged full width at half maximum (FWHM) is about
54(4) MHz, which corresponds to a temperature of
~ 6.5 K. It is higher than the cell temperature at 4 K,
which might be caused by the initial heating of the
buffer gas when the ablation laser fires. A similar
phenomenon also has been observed in other buffer gas
experiments [59].

Next, let us analyze the saturated absorption spectra
in Fig. 2(b). According to the selection rules, there are
six allowed transitions in our sub-doppler spectrum, and
the branch ratios are taken from [51, 60], as shown in
Table 1. Here, no bias magnetic field is applied in the
cell (the earth’s magnetic field may exist, but small), so
we make an assumption that the Zeeman substates are
degenerate. With this, the normalized branching ratios
are shown in Fig. 2(b).

We set the hyperfine splitting between F’ =1 and
F'=0 of the A(v=0,J"=1/2,+) to be A, as shown in
the inset of Fig. 2(b). The hyperfine splittings of the
X(v=0,N=1,—) are taken from the high-resolution
microwave spectra [53]. Besides, we assumed that the
width of each Gaussian peak is the same, and the relative
height of each peak is proportional to its corresponding
branch ratio, so the fitting formula can be expressed as

1[0.3739¢~[(F=95)/w1* | 0 16671/ ~67)/w]’

4 0.1538¢~ [(F+23+8)/wl* | () 9083~ [(f+5T)/w]®
+0.0962e [958 /wl* 4 g 011~ [FH23)/w]) - (9)

But because one of the transition (J=3/2, F=1)—
|F" = 1)) has very small branch ratio, it is actually more
like a five-Gaussian function. The best-fitting parameters
are: w = 11.4(6), A =17.7(2.1). The fitting curve and the
experimental data agree quite well as shown in Fig.
2(b).

The parameter w = 11.4(6) corresponds to an FWHM
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Table 1 Calculated hyperfine branching ratios for decays
from |A,J =1/2,+) state to |X,N =1,-) state, also see
[51, 60].

F'=0 F'=1
J F mp mp=0 mh=-1 mh=0 mh=1
/2 0 0 0 2/9 2/9 2/9
-1 0.1282 0.2493 0.2493 0
1/2 1 0.1282 0.2493 0 0.2493
1 0.1282 0 0.2493 0.2493
-1 0.2051 0.0007 0.0007 0
3/2 1 0 0.2051 0.0007 0 0.0007
1 0.2051 0 0.0007 0.0007
2 0 1/6 0 0
-1 0 1/12 1/12 0
32 2 0 0 1/36 1/9 1/36
1 0 0 1/12 1/12
2 0 0 0 1/6

of 19(1)MHz for the transitions observed in our sub-
Doppler spectrum. There are several potential broadening
mechanisms in our experiment that contribute to this
line-width. The main one is the power broadening from
the strong pump beam, which can be estimated by the
formula, I'\/T+s,, with the A’Il,;, state linewidth
I'/(2r) =2.84 MHz and s, the saturation parameter. In
our experiment, s,~45 leads to a broadening of
~ 18 MHz, in agreement with our observation. The colli-
sional broadening also plays a role, although less impor-
tant, in our experiment. A He flow-rate of 2 SCCM
corresponds to a density of 1.5 x 10 em™3 in the cell,
and the collisional cross-section has been measured at an
order of 107 cm? [47, 51]. With these, we estimate the
collisional broadening to be ~ 6 MHz. Other negligible
broadening mechanisms include the residual Doppler-
broadening due to imperfect alignment of the probe and
the pump beams, Zeeman broadening from the Earth’s
magnetic field (less than 1 MHz), and the transit time

broadening.

The parameter A = 17.7(2.1) gives the hyperfine splitting
of the A(v =0,J =1/2,+) state. The key reason we can
resolve such a small splitting lies in that the transition
from |J=3/2, F=1)— |F'=1) is almost forbidden,
making the peak of |J=3/2, F=1)—|F/' =0) well
isolated, as shown in Fig. 2 (b). Unlike other monofluo-
rides, such as CaF and SrF, the upper-state hyperfine
splittings of which are only a few MHz, this value of
BaF is relatively large. Such a large splitting definitely
affects the laser cooling efficiency and should be carefully
considered in the preparation of the relevant laser
frequencies and cooling scheme. The cooling laser used
in our BaF Doppler cooling experiment has already
considered such splitting [61].

3.3 Other transitions with high J'

We further extend our measurement to the hyperfine
splittings A of states with a higher value of J' in
A?TLL j5(v = 0). We measure the P, and @R,5 branch tran-
sitions, then use a similar fitting method as described
above, we could obtain the A’s for each J’ state. The
transitions of these two branches are illustrated in Fig.
3(a). According to the illustration and the selection rules,
there are three allowed hyperfine transitions for a P
transition (J — J' =J—1). We consequently set the
fitting function as a three-Gaussian model

77{7“N+1,N€7(f/w)2 + T]w\,e*[(fon)/w]2
+ryn_re [(F-Botd)/wly (3)
Similarly, the ®R;, branch spectrum should be fitted
with the formula:

W{TN—l,Ne_(f/w)z + TN,NG_[(f_AO)/w]Q
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Fig. 3 The hyperfine splitting A of states in A%II, ,(v = 0) measurement. (a) The schematic illustration for the P and R,
branch transitions, which we used to measure the splitting A. (b) The typical data measured by the P; branch
[X(r=0,J=N+1/2) < A(v =0,J" = N — 1/2)], the black dashed lines marks the positions of the ground states. (c) The typical
data measured by 9Ri» branch [X(v =0, J=N —1/2) < A(v =0,J = N +1/2)], the positions of the ground states is also
marked by the black dashed lines. (d) Distribution of the measured A in different J’ state, the red and blue dots are
obtained from P;(N) and @ R;2(N) branches, respectively. The solid lines show the fitting curves accordingly.
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where r;; is the branching ratio of the transition from
F=ito =3, and A, is the relative position of the
hyperfine level of the ground state. We set the state
F=N+1and F= N —1 to be at the zero position for P,
and 9R;, branches, respectively. The r;; and f can be
calculated by using the molecular constants of BaF
measured in Refs. [53, 62]. The other parameters 5, w,
and A are fitting parameters, and here we are only
concerned about A.

Figures 3(b) and (c) show the typical data measured
in our experiment, corresponding to one transition line
for P, branch and “R;, branch, respectively. Note that
we only observed two transitions in the experiment for
both branches, although we have mentioned above that
there should be three transitions. This is because the
branching ratio of ry y in both P, and Q% transitions is
negligible. For sufficiently large J’, there is a quasi-selection
rule F¥ — F = J — J, which makes the transitions reduce
to two. For the two transitions observed in the spectra,
due to the hyperfine splitting A of the excited state, the
distance between the two observed transition peaks is
shifted from the interval of the ground states by A. As
shown in Figs. 3(b) and (c), the distance of two peaks in
P, branch is smaller than the interval of the ground
states by A, while oppositely, for ©®R12 branch, it
becomes larger by A.

In Fig. 3(d) we plot the measured A. The hyperfine
splittering of BaF of A%, is [63]

/
A=(—"—404) | 55—
<2J’ +1 K ) 8J/'(J' +1)’ (5)

where n=-1 for J'=N-1/2 states and n=+1 for
J' = N +1/2 states. The best-fit gives A, = 60.4(5.4)MHz
and A, = —1.4(1.0) MHz, and the fitting curves are
shown in Fig. 3(d),

Finally, let us discuss the origin of the uncertainty,
i.e., the error bars in Fig. 3(d). The main source is the
nonlinear effect of the PZT of the Fabry—Perot cavity.
As described in Ref. [58, 64], we developed a transfer
cavity lock system for BaF laser-cooling experiment. We
determine the frequency of our laser from its absorption
position in the Fabry—Perot cavity. When we transform
the position to frequency, we assumed that their
relationship is linear. However, there is a slight nonlinear
effect for the PZT of the Fabry—Perot cavity, which
makes the linear correspondence not as accurate as
expected. For the measurements of P; and @R, branches,
the interval between two peaks is about 30 MHz. By
using the results from Ref. [64], we declare the error due
to the nonlinear effect of PZT is about 1 MHz. Another
systematic error is the linewidth of our locked laser. We
have measured it in our previous work [58], which is less
than 1 MHz. Therefore we estimate that the error
caused by the laser linewidth is 1 MHz. The fitting error

other mechanisms should be negligible in our experi-
ment.

4 Conclusion

To conclude, we have employed the Doppler-free saturated
absorption scheme to measure the hyperfine splittings of
each J' in the excited A(v = 0) state of the BaF molecule.
The information of the hyperfine splittings provides
fundamental foundations for future laser cooling experi-
ments on BaF molecules. And the knowledge of the
hyperfine splittings of the higher J' (J' > 1/2) states is
useful to gain more information about the molecular
structures for the BaF molecule.
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