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Laser cooling of molecules is a powerful technique for producing cold, slow beams for precision
measurements and quantum control, yet its implementation remains challenging due to molecular
complexity. Here, we combine a cryogenic buffer gas beam, an electrostatic hexapole lens, and 2D
transverse Doppler laser cooling to produce a bright beam of barium monofluoride ('**Ba’°F)
molecules. We study both numerically and experimentally the laser cooling effect as a function of laser
detuning, laser power, laser alignment, and interaction time. We find a scattering rate of

6.1(1.4) x 10°s™" on the laser cooling transition (14% of the expected maximum) and identify
suboptimal dark Zeeman state remixing, suboptimal laser sideband powers and detunings, and a lack
of vibrational repump laser intensity as possible causes of such alow rate. Using 3 tuneable lasers with
appropriate sidebands and detuning, each molecule scatters approximately 400 photons during 2D
laser cooling, limited by the interaction time and scattering rate. Leaks to dark states are less than
10%. Finally, we use the experimental results to benchmark the trajectory simulations to predict the
achievable flux 3.5 m downstream for a planned eEDM experiment.

Intense beams of cold molecules provide valuable quantum sensors for
testing fundamental symmetries and serve as the main loading mechanism
of (magneto) optical traps used to study ultra-cold chemistry and quantum
simulation'~”. Heavy, polar molecules are particularly suitable for electron
electric dipole moment (¢eEDM) searches of CP violation®. The current limit
on the eEDM constrains some models of new physics up to and above
10 TeV, probing energies beyond those accessible by current particle
colliders’”’. Motivated by this, the field of molecular eEDM searches is
rapidly developing'*"*. This work is part of a project that aims at an eEDM
measurement using an intense, cold, and slow beam of '**Ba'°F, henceforth
BaF, molecules”, and to extend the methods used to trapped polyatomic
molecules™". Furthermore, BaF is an attractive test case for experiments
with isoelectronic, similarly structured but heavier radioactive molecules
such as RaF'® or RaOH", which promise impressive improvements in
sensitivity to nuclear P, 7 violating physics.

Current eEDM experiments use ions in a radiofrequency (RF) trap or
neutral molecules in a cryogenic buffer gas beam. The former yields a long

coherent interaction time 7, at the expense of smaller numbers of molecules
N due to Coulomb repulsion, e.g., N ~ 2 x 10" HfF" ions with 7 ~ 3s"". In
contrast, the latter benefits from high molecule fluxes up to
~ 10" molecules state™" s~ pulse™" but produces only T ~ 1 ms due to the
beam’s forward velocity and divergence'*”'. A considerable fraction of
the flux is generally lost due to the large spread of transverse velocity of the
cryogenic buffer gas beam of ~ 40 m/s. This loss can be reduced by
implementing an electric or magnetic lens to capture and focus or collimate
divergent molecular trajectories through a region of interest™”. Another
method to reduce the transverse velocity is Sisyphus laser cooling™ . This
method has a transverse capture velocity of =~ 1m/s and consequently
captures only a small part of the transverse phase-space distribution of the
beam®”. In contrast, Doppler laser cooling can work on an arbitrary velocity
range, set by the laser detuning. Therefore, an attractive option to obtain a
collimated, high-flux molecular beam is to capture and focus a large part of
the transverse-velocity distribution using an electrostatic lens and subse-
quently apply Doppler laser cooling near the focus. The combination of a
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hexapole lens and laser cooling enables the application of forces that depend
on the transverse position and velocity of the molecules: The hexapole lens
provides position-dependent forces, while laser cooling introduces velocity-
dependent (friction) forces. This combination therefore offers a simple and
versatile alternative to a 2D MOT®. Furthermore, at appropriately chosen
settings, it provides a larger capture velocity than a 2D MOT”. The resulting
intense beam of molecules can be used for precision tests directly, or as input
for a Stark decelerator or longitudinal laser slowing, to improve loading rates
into (magneto) optical traps™.

Although various forms of laser cooling have been widely applied to
atoms, extending these techniques to molecules is complicated due to their
complex internal structure. However, in the last two decades, a variety of
diatomic and polyatomic molecules have been cooled to low microkelvin
temperatures and loaded into traps™***'*, Efficient transverse Doppler
laser cooling of BaF is complicated by the relatively long lifetime of 57 ns of
the A’IT}, state’”” and a small recoil velocity for each scattered photon due to
the high molecular mass and low frequency of the cooling light. Further-
more, the hyperfine structure in both ground and excited states, the natural
linewidth, and the relevant Doppler shifts are of similar magnitude. As a
consequence, a single laser frequency will target different transitions and
create competing blue-detuned heating and red-detuned cooling. Recent
work on laser cooling BaF has demonstrated Sisyphus cooling in 1D*, and
laser slowing and 3D magneto-optical trapping”.

Here, we apply two-dimensional Doppler cooling on a hexapole-
focused BaF molecular beam. We study the cooling effect measured at
0.66 m downstream as a function of laser detuning, laser power, and
hexapole voltage and investigate its sensitivity to laser alignment. The
experiment is modeled with trajectory simulations that use an effective two-
level approach for the laser cooling effect. We used the simulations to
extrapolate the gain in molecule flux at 3.5 m downstream, the expected free
flight distance for our eEDM experiment, for various experimental
configurations.

Methods

Experimental setup

This section describes the laser system and the experimental setup. Fig-
ure la, b shows the relevant energy levels and hyperfine structure, including
the branching ratios calculated in ref. 39, for the laser cooling scheme

applied here. We will refer to light that couples the electronic ground- and
excited states with a specific vibrational level v =iand v/ = j, respectively, as
L. We use in total three lasers (a cooling laser and two vibrational
repumpers) with four sidebands each for the cooling process, a separate laser
with one sideband for optical pumping into the detection state, and split off
part of the repumpers to do efficient, background free detection. The main
cooling laser L, drives the rotationally closed A’ PV =0J =
1/2) < X’*(v=0, N=1) transition with decay rate I'/27r = 2.79 MHz and
wavelength A = 860 nm”". Dark Zeeman states are remixed using a magnetic
field”’. The total magnetic field is the sum of a 2 G field in the + z direction
generated by a Helmholtz coil and the ambient magnetic field of ~ 0.5G,
oriented mostly along — y. Molecules that decay to the vibrationally excited
states X(v = 1, 2) are pumped back into the cooling cycle using lasers
Ly, and £,; at 736nm and 898 nm, which drive the transitions
BIF(V = 0,N' =0) < X’Z'(v = 1, N = 1) and A’T1, ,(V = 1,J =
1/2) < X’Z*(v=2, N=1), respectively. Each laser has RF sidebands added
to address the relevant hyperfine structure. For £, the F=2,1%,0,1 levels
are addressed using the first-order diffraction from four acousto-optic
modulators (AOM) driven at { + 77.0, + 93.8, + 200.4, + 228.7} MHz,
respectively. ~ 1 yW of each L, sideband is split off and used for absorption
detection. For £, and £,, , the laser beam is sent through a resonant electro-
optic modulator (EOM) which is driven using a sine wave with frequency
fm = 38.5MHz, at a modulation depth of ¢, ~ 0.47m. This creates four
symmetrically spaced sidebands that roughly overlap with the relevant
transitions. The resulting sidebands are slightly off-resonant and conse-
quently require some power broadening to excite the transitions, but this
method is less complex compared to setting up a single AOM for each
desired sideband, or generating the EOM sidebands using serrodyne
waveforms*'. The lasers are frequency stabilized using a HighFinesse WS8-2
wavemeter, which provides a short-term stability of < 0.5 MHz but may
drift several MHz on timescales of days.

Laser beams L, £,, and £,, are combined using polarizing optics
and sent into two polarization maintaining fibers, one for each transverse
cooling direction. Laser £,, is only added to the horizontal cooling beam. At
each fiber exit, the light is collimated to a 1/¢* waist of d,=3.3 mm by
dyy = 6.6 mm, parallel and orthogonal to the molecular beam propagation
direction, respectively. The beam is then split into two parallel beams using a
50:50 non-polarizing beamsplitter cube, and aligned such that the
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Fig. 1 | Schematics of the experiment. a Energy level scheme relevant for laser
cooling of **Ba*F. Colored lines indicate lasers used for cooling and vibrational (re)
pumping, with corresponding wavelength in nm. Thin gray lines denote sponta-
neous decay channels with corresponding probabilities as calculated in ref. 39, which
differ slightly from those experimentally determined in ref. 52. b Hyperfine splittings
in the X’Z*(v =0, N = 1) and A1, ,(v = 0, ] = 1/2) state with level spacing in MHz.
The B’X*(v = 0, N = 0) hyperfine splitting is less than the natural linewidth of the
transition. ¢ Schematic view of the experimental setup and d laser light present in the
experiment. The BaF molecular beam is created using a cryogenic buffer gas beam

source, monitored using absorption detection and focused into the laser cooling
region using an electrostatic hexapole. There, the molecules interact with the main
cooling light and two repump lasers (red). The reflection pattern shown here is
present in both transverse directions; the circles indicate the cooling light in the j
direction. Next, the beam propagates through the vibrational pumping region, where
molecules only experience vibrational depump light (orange). Lastly, an EMCCD
camera records X ¢ B fluorescence (dashed) after exciting molecules in the X
3 (v=1, N =1) state.
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reflections cross at the center of the molecular beam at an angle of = 0.5’
with respect to orthogonal. The retroreflection mirrors are = 33(1) cm
apart. Each mirror is aligned parallel to the vacuum chamber windows to
within = 1" using a mm-scale ruler. Next, the mirrors are aligned parallel to
each other to < I° by ensuring a constant spacing between the reflection
patterns visible on the vacuum chamber windows. A ghosting reflection of
these two cubes is used to monitor the £, laser power using a photodiode.
Using a A/2 waveplate, the angle of the linearly polarized cooling beams is set
to 45° with respect to Z, to maximize the rate at which dark mp. states are
remixed. The typical laser power per transverse direction delivered to the
molecules for the wavelengths addressing X(v = 0, 1, 2) is measured to be
approximately 25, 60, 30 mW, respectively.

In order to facilitate detection, an additional laser £, at 829 nm,
referred to as the vibrational pump beam, is used to drive the A%TI, P =
L]’ =1/2) < X’2*(v = 0, N = 1) transition. Since the A’TL, ,(v' =
1,/ = 1/2) state hasa = 90% probability to decay to the X’X*(v=1,N=1)
state”, laser £, effectively pumps molecules into the X’X*(v =1, N =1)
state. Molecules in this state are detected background-free using £, light.
The 829 nm light passes through an AOM driven at 69 MHz. The generated
zeroth-order and double-passed first-order beams are combined and used
to create two equal intensity sidebands which address the J=3/2 and J = 1/2
part of the AT, ,(v' = 1,]' = 1/2) <~ X’Z*(v = 0, N = 1) transition,
respectively.

Figure 1 shows the experimental setup (c) and the laser beams present
at the relevant stages of the experiment (d). The experiment is located in a
vacuum system with a pressure of =~ 107" mbar. The cryogenic buffer gas
beam source is identical to the one described in ref. 23 except that the cell is
extended from 11 to 21 mm to reduce the forward velocity”. The source
creates pulses of BaF molecules at 10 Hz with a mean forward velocity of
v, = 184 m/s, with a variation of up to 10% depending on the operating
parameters. Molecules exit the cell through an aperture with diameter
45mm at z = 0mm and cross the double-passed absorption beam at
z = 5mm. The absorption signal is used to normalize all fluorescence
measurements, to cancel source fluctuations. At z = 187 mm, the molecules
enter a hexapole lens with a length of 390 mm and an inner diameter
d=12 mm. Thelocation of the hexapole focus can be changed by varying the
applied voltage V;. The transverse velocity-acceptance of the hexapole is
equal to v, = 4.6 m/s”, which limits the maximum transverse velocity of
molecules that reach the laser cooling region.

The laser cooling region starts 80 mm downstream from the hexapole.
For both transverse directions, we introduce two parallel beams from one
side of the laser cooling vacuum chamber which are retroreflected in such a
way that the reflection of the first beam crosses the second beam as shown in
Fig. 1c. This ensures that at every crossing there is red-detuned light present
for both positive and negative transverse velocities. In total, 42 (38) passes of
cooling light are visible on the horizontal (vertical) vacuum chamber win-
dow, for a total effective interaction length of 145 (136) mm. A photo-
multiplier tube (PMT1) is mounted at an angle of 45° relative to the laser
beams above the cooling region and collects fluorescence originating from
~ 40 mm downstream from the start of the cooling region.

The detection region is located 660 mm downstream from the end of
the laser cooling region. Although this is far less than the 3.5 m of free flight
in the planned eEDM experiment, it is sufficient to quantify the laser cooling
forces that can be exerted in our setup. Here, molecules interact with the
vibrational pump- and detection laser sheets, which both propagate along
the X direction. Fluorescence is collected using a second photomultiplier
tube (PMT?2) mounted above the beam or an EMCCD camera mounted in
the horizontal planeata = 55" angle with respect to the molecular beam. The
vibrational pump- and fluorescence detection beam have a 1/¢* waist of
~ 1.5mm in the z direction and are stretched in the J direction using
cylindrical lens telescopes with magnification factors M = 30 and M = 68,
respectively. The fluorescence beam is clipped in the vertical direction by the
1 inch optics, producing a sheet that is uniform over = 20 mm in the y
direction to within 75% of its peak intensity. The vibrational pump- and
fluorescence detection sheets have powers of > 150 mW and > 50 mW,

respectively, and are retroreflected using a zero degree mirror. In order to
compensate for the angle of the camera, the images are horizontally stret-
ched during data analysis.

Trajectory simulations

Before presenting the experimental results, we will first describe the model
used to simulate the cooling force. The molecular trajectory simulations
presented in ref. 23 are extended to account for changes in the cell geometry
and incorporate the laser cooling section. The initial beam distribution is
modeled by a 2D Gaussian distribution with a mean forward velocity of
v, =184 m/s, and a velocity spread of 30 m/s and 40 m/s, in the longitudinal
and transverse direction, respectively. The transverse position standard
deviation, henceforth beam size, of the initial distribution of the molecular
beam is set to 4.5 mm. This is larger than the cell aperture and accounts for
collisions in the beam occurring in the first few centimeters behind the cell.
After this distance, collisions become infrequent, and the molecules follow
ballistic trajectories.

The Doppler force is modeled using a two-level approximation, which
offers a practical measure of laser cooling effectiveness. The total accelera-
tion a is a sum of the force applied by two counterpropagating transverse
laser beams:

a= %(ﬂ 1 F), )

where the mass of the BaF molecule M = 156.325 u. A factor # is added,
referred to as the scattering efficiency, to take into account the reduction of
the scattering rate with respect to the two-level equivalent, e.g., due to the
multilevel structure of the cooling transition. For a two-level system with
ground state g and excited state e, the maximum scattering rate Ry. = I'/2. For
a system with N, = 4 excited states and N, = 12 ground states, Ry = 2I'N,/
(N + Ny =1 /4*. This results in a maximum total scattering efficiency of
fimax = 0.5. Generally, the scattering rates measured in experiments with
laser cooled molecules are significantly lower than their theoretical limit”. In
the “Scattering rate” section of the Results, we discuss how our derived
scattering rates compare to the theoretical limit.

The friction force of Eq. (1) will cool the molecules to arbitrarily low
temperatures. To avoid this unphysical effect, the force is set to zero once the
molecules reach a velocity below v, , = \/kyTp/M = 6 cm/s with Tp=h
I'/2kg, the Doppler temperature of the cooling transition. In order to create
the extended light field for cooling, the laser beams are reflected multiple
times between two mirrors that are parallel to the molecular beam. As a
result, the k-vector of the cooling light is not exactly orthogonal to the
molecular beam axis but differs by a small angle . A nonzero « shifts the
force curves resulting from each beam to higher velocities, which is com-
pensated by reducing the detuning. Furthermore, an angle 3 is introduced to
account for a possible misalignment of the mirrors with respect to the z-axis.
The loss of laser power due to window reflections and mirror transmission
exponentially reduces the effective saturation factor along the cooling region
by a maximum of 50%. This is taken into account in the spatially dependent
saturation parameter s(z) = I(z)/I;q where I is the two-level saturation
intensity and I . = (2N§/(Ng + NI, = 18I, ~ 100 ¢t W/mm?. The
laser intensity I(z) is obtained by dividing the measured laser power of the
cooling beams entering the vacuum chamber by their FWHM area
~ 25 mm”. The force and detuning for both cooling beams present in the x
direction are thus defined as:

Communications Physics | (2026)9:40

T
F, =nk cos(oc—ﬂ)iﬁ, (2)
+
F_ = hk cos(a + ﬂ)g%, (3)
3


www.nature.com/commsphys

https://doi.org/10.1038/s42005-025-02470-x

Article

-10 .
00 02 04 06 08 10 12 14
z(m)

-10 0 10
y (mm)

Fig. 2 | Example trajectory simulations. Cross section in the xz plane at y = 0,

z = 1.47 m which shows simulated trajectories of only the molecules that reach the
detection image (a—c) along with transverse molecule distribution at the detection
point (df), for three different situations. About 10% of the flux emitted by the source
falls within the capture velocity of the hexapole. The position of the hexapole is
indicated by the gray rectangles. The dashed lines indicate the laser cooling region.
a, d No hexapole focusing or laser cooling. b, e Lensing at 2.0 kV creates a semi-
collimated beam. ¢, f Hexapole focusing with an applied voltage of 2.0 kV and 2D
laser cooling using A = — I'/27, 59 =4, «=0. 5", B, 8, = 0.05" for each cooling direction.
Here, we use 1 = 0.125 since the cooling beams overlap in the simulations, which will
equally divide the total scattering rate between both directions.
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Fig. 3 | Spectroscopy without sidebands. Spectroscopy of the main cooling tran-
sition and first vibrational repump transition, recorded using PMT1. The sidebands
(blue sticks) are set at frequencies corresponding to certain F' <— F transitions (gray
numbers), which are extracted from a multiple Voigt profile fit (solid line). The
sideband heights reflect their power ratio. a The A*IT; PV =0,J =1/2) «
X2Z*(v = 0, N = 1) transition. b The BZZI/Z(V’ =0,N =0) < X' (v=1,N=1)
transition. The excited state hyperfine splittings is not resolved. Error bars in signal
and frequency denote 1o confidence interval and 0.5 MHz lock uncertainty,
respectively.

8, == (27A — K[v, cos(a — ) + v, sin(a — B)]), )

=N

6= —% (2nA + K[v, cos(at + B) — v, sin(a + P)]). (5)

Where A has the unit Hz. The force and detuning in the  direction are
defined using the same equations, substituting v, for v,. The force model
currently does not take into account the decay to dark states such as X(v = 3)
or A”A, /2 An example of a trajectory simulation for three different
situations is shown in Fig. 2. Here, the value # = #,,,,/2 is used to determine
the maximum signal gain expected in the experiment.

Results

Spectroscopy

In order to determine the required RF sideband frequencies of all lasers
present in the cooling region, we performed spectroscopy with a single
frequency beam using a laser power such that s < 1 on the transition
addressed by each laser. The resulting spectra are shown in Fig. 3, including
the relative frequency spacing and laser power of the RF sidebands. For (a),
the + 77 MHz sideband was used, and for (b) the EOM was simply disabled.
Using these spectra, the power ratio for the £, sidebands was chosen to be
{2:1:1:2} such that the strongest transition for each ground state F level is
addressed while minimizing off resonant excitation from a sideband that
targets a different transition. For £,,, £,,, the power ratio of the symme-
trically spaced sidebands is set to = 2: 1 to compensate for the fact that the
first-order sidebands are further detuned from resonance than the second-
order. Laser £,; uses the same sideband structure as laser £,,. In all
experiments, except for the one shown in Fig. 3a, narrow bandpass filters
with a transmission wavelength of 712 nm are placed in front of the PMT's
and EMCCD camera in order to detect fluorescence from the B(v' = 0) <«
X(v = 0) transition, while blocking out stray light.

Before taking a laser cooling data set, we record the spectrum of the
main cooling transition to confirm that the frequency corresponding to a
detuning of A = 0 MHz is equal to within 1 MHz for both directions, which
we take as evidence that the cooling light is correctly aligned. The RF-
frequencies to the AOMs are kept constant while the input laser frequency is
varied. Figure 4 shows such a spectrum, obtained when L is reduced to
~2 mW. The observed asymmetric profile results from the relative strengths
of the different hyperfine components shown in Fig. 3a.

Next, a spectrum is recorded using PMT?2 for lasers £, and £,, and
they arelocked at the frequency that produces maximum fluorescence for an
optimal repumping rate. The signal from PMT2 rather than PMT1 is used to
determine these resonances to minimize the detection bias due to the
Doppler shifts from the horizontal velocity component of the molecules.
The mean beam velocity is calculated from the mean arrival times measured
by PMT1 and PMT2. Typically, after locking the lasers, images of the
712 nm fluorescence detected on the EMCCD camera are averaged over 600
shots, where for each shot a background image is subtracted.

Scattering rate

To estimate 7, the scattering rate of the main cooling transition is measured
by detecting the population in the X(v = 1) state using £, and while cycling
with only £, light and all repumpers off. Figure 5 shows the full image
EMCCD signal as a function of interaction time with only horizontal
cooling light (1Dx), including a fit for the scattering rate, the signal at =0 ps
and ¢ = 340 ps. The number of crossings, where red-detuned light is present
for both positive and negative transverse velocities, is varied by moving a
beam block in front of one of the cooling mirrors. The number of crossings is
converted to an interaction time using the measured 1/¢* width of the
cooling beam and the mean forward velocity derived from the time of flight
profiles recorded by PMT1 and PMT2. The fitted signal at t = 0 corresponds
to background X(v = 1) population. The fit uses the relative branching
fraction of A*IT, ,(v/ = 0) < X’Z"(v = 0), calculated to be 96.4%". From
this fit, a scattering rate of R, . = 6.1(1.4) x 10° s is extracted, which is 14%
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Fig. 4 | Spectroscopy with sidebands enabled. The frequency of the laser addressing
the A(v = 0) < X(v = 0) transition was varied while the RF sideband spacings are
kept constant. The cooling light is present in either the horizontal (1Dx) or vertical
(1Dy) direction. At a frequency measured by the wavemeter of

348661142.0(5) MHz, the AOM sidebands are resonant with transitions 1, 2,4 and 6
from Fig. 3a, which gives the frequency corresponding to A =0 MHz. The =20 MHz
offset compared to Fig. 3a is due to long term drift of the wavemeter. Error bars in
signal and frequency denote 1o confidence interval and 0.5 MHz lock uncertainty,
respectively.

of the theoretical maximum of I/4 = 4.4 x 10°s™" and corresponds to a
scattering effiency of 7= 0.5 x 0.14 = 0.07. The actual scattering rate during
laser cooling is expected to be lower as vibrationally excited molecules are
not repumped immediately. We assume a constant scattering rate for both
1D and 2D cooling, which is implemented by introducing an offset between
the reflections, such that a low intensity region for 1Dx overlaps with a high
intensity region for 1Dy and vice versa. This offset means 2D cooling is
effectively alternating 1D cooling for both directions.

This scattering rate may be compared to those obtained in other
experiments. Previous work with BaF showed a scattering rate approaching
80% of the theoretical maximum®. More recently, a scattering rate of
7(1) x 10° s~ was measured for BaF trapped in a MOT?. Although the latter
is similar to our value, the maximum scattering rate in that experiment is
reduced due to the presence of microwaves coupling the X(v =0, N=0) and
X(v = 0, N = 1), increasing the number of ground states of the cooling
transition. These values suggest that with a better controlled magnetic field,
our measured scattering rate can still be increased, which would improve the
cooling effect.

Laser cooling characterization

This section details the measurement procedure to quantify the effect of
laser cooling and presents the main results. Figure 6a—c shows three example
images for different experimental realizations. In (a), both the hexapole lens
and laser cooling are turned off, which produces a uniform molecule density,
clipped only by the hexapole electrodes and the detection beam. Since the
detection beam does not cover the full image height and the CCD chip is less
sensitive near the edges, further signal processing is generally restricted to a
rectangle of 36 mm in X by 18 mm in , referred to as the “full image”. With
the lens set to 2.0 kV, a semi-collimated beam is created (b). We chose a
hexapole voltage of 2.0 kV for all of the following measurements, rather than
strong focusing with 3.5 kV, because that gave the clearest and most easy-to-
interpret demonstration of laser cooling.

For optimal flux far from the source, the optimal hexapole voltage is
somewhat higher, such that the molecules are focused in the laser cooling
region and subsequently rapidly cooled, as shown in the “Impact on
NLeEDM experiment” section of the “Results”, Fig. 7.

Finally, when cooling light with detuning A = — 2.5(5) MHz is added in
both horizontal and vertical directions (c), the peak intensity of the beam
further increases, indicating a reduction in transverse velocity due to laser
cooling.

1.0} 1
S
50.9 - 1
(_g ost / 5-1
o /I 6.1(1.4)-10°s
2 4-10°s71
£ 0.7F ----8-.105s! 1

4 X(v=1)
0.6 ) ) ) ) ) ) 1
0 50 100 150 200 250 300

1Dx interaction time (us)

Fig. 5 | Scattering rate measurement. Integrated camera signal versus interaction
time with crossings of horizontal cooling light shows cycling into the X(v = 1) state.
The only lasers present here are 1Dx L, in the cooling region and L, at the
detection point. The fitted scattering rate (red) is shown, along with a lower (yellow)
and higher (blue) scattering rate for illustration purposes. The signal starts at a
nonzero value due to background X(v = 1) population and cycling into the X(v =1)
from two passes of the cooling light that do not cross another beam. Vertical
(horizontal) error bars show 1o confidence intervals (interaction time uncertainty).

Figure 8 shows a frequency scan in a range of approximately [ — 3I7/
27, 4 3I/2n] using only horizontal cooling light (a, 1Dx), only vertical
cooling light (b, 1Dy) or both (c, 2D). The recorded 2D images are analyzed
as follows; First, 1D Gaussians of the form A - exp[(x — xo)2 / 20]2(] and
A - expl(y — y,)°/ 20;] are fitted to the histogram of the signal along x and
y, respectively. Next, a circle centered on X, y, with radius r = 3 mm is
drawn. The number of counts inside this circle is normalized to a reference
image (ref) recorded without £, light present in the cooling region and
depicted as the red, blue and purple circles in (a,b,c). The shaded curves, also
shown, result from trajectory simulations aimed at replicating the experi-
mental conditions; one with the value for the scattering efficiency deter-
mined by the scattering rate measurement shown in Fig. 5 (gray), and one
with a 20% reduced scattering efficiency (color) attributed to the fact that
molecules spent some time in excited vibrational states before being
pumped back into the cooling cycle. Multiplying this reduced scattering rate
with the total interaction time of = 0.8 ms yields a total number of scattered
photons of N y = 3901’38. The image labeled cool (heat) shows the recorded
image at the negative (positive) detuning indicated by the arrow. To
approximate losses to dark states, each point of the simulated curves for
1Dx, 1Dy and 2D cooling is multiplied by a factor 0.97, 0.95, 0.9, respec-
tively, such that each curve overlaps near A = 0 with the measured signal.
This approximation assumes that the losses are uniform over the relevant
detuning range, and suggests that the loss factor roughly doubles for 2D
cooling compared to 1D cooling. The dispersive shapes showing an increase
(decrease) in signal at negative (positive) detuning are indicative of Doppler
cooling (heating). For small negative detunings, a 10-15% and 20% signal
increase is observed for 1D cooling and 2D cooling, respectively, despite the
losses to dark states. Furthermore, the difference in signal between the
cooling and heating peak is extracted. This value, labeled AS,,,,, is a useful
metric to estimate the scattering efficiency # used in the trajectory simula-
tions. For the data shown in Fig. 8a, b, the extracted values of AS,are 0.28(2)
and 0.37(2), respectively. When 2D cooling light is applied, AS,,, roughly
doubles to 0.59(2), indicating the successful application of cooling or heating
forces simultaneously in both transverse directions.

The trajectory simulations enable us to quantify the transverse tem-
perature T, = mo? /kp of the nine images displayed in Fig. 8, using the
variance 6% of the transverse velocity distributions. In the absence of cooling
light, we find T% = 53(1) mK and T, = 57(1) mK. The addition of red or
blue detuned 1Dx light reduces T”] to 35(1) mK or increases it to 63(5) mK,
respectively. Similarly, addition of red detuned 1Dy light reduces T’ to
41(1) mK while addition of blue detuned 1Dy light slightly increases it to
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Fig. 6 | Measured laser induced fluorescence of the
hexapole focused and 2D laser cooled
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molecular beam. With both the hexapole lens and ’E\
laser cooling disabled, molecules are spread out = 0
uniformly over the image (a). A faint shadow from =

to the hexapole electrodes is visible. The sharp
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the hexapole lens set at 2.0 kV, a semi-collimated
beam of low field seeking molecules is created, while
high field seekers are defocused (b). With the
hexapole lens at 2.0 kV and with 2D laser cooling,
the transverse velocity is further reduced and the
peak signal increases (c).
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Fig. 7 | Laser cooling characterization. Measured (datapoints) and simulated
(shaded) signal intensity versus cooling laser detuning, for one dimensional trans-
verse cooling along X (a), along ¥ (b) and transverse cooling in two dimensions
simultaneously (c). Two simulations are included in each panel; one with a value for
the scattering efficiency as determined by the scattering rate measurement shown in
Fig. 5 (gray), and one with a 20% reduced scattering efficiency (color). The insets
next to each curve show an image with negative (positive) detuning labeled * cool

(“heat’), with the corresponding frequency indicated in the main plot. The middle
image is a reference image ('ref) without L, light applied, but with £,, and £,,
present. The image dimensions and color scale of the insets are identical to those of
Fig. 6. L laser power used here was 29 mW for 1Dx and 25 mW for 1Dy, which
correspond to average saturation factors of s, = 10, s, = 12, respectively. Error bars in
signal and frequency denote 1o confidence interval and 0.5 MHz lock uncertainty,
respectively.

59(2) mK. When red or blue detuned 1Dx and 1Dy light are applied
simultaneously, corresponding to 2D cooling or heating, T% and T’ are
reduced to 41(2) and 32(1) mK or change to 48(2) and 137(9) mK,
respectively. We attribute the differences in temperature between the 1D
and 2D measurements, taken on different days, to the different values of §,
which affects the £, resonance frequency.

Figure 9 shows the displacement of the fitted center position Axy, Ayo
(a,b) and the fitted beam size o, 0, (c,d) as a function of laser frequency for
the same measurements shown in Fig. 8. The signal increase in Fig. 8 is
attributed to a decrease in o, and o,. The center position of the molecular
beam varies as a function of cooling laser detuning, which we attribute to a
non-zero f, signaling that the mirrors are not perfectly parallel to the axis
along which the molecular beam propagates (z). The resonance frequency
for each cooling beam changes due to the additional transverse velocity
component in the mirror frame originating from the forward velocity v,. As
v,/v;= 50 in the cooling region, a value of = 1" already shifts the force curves
by ~ 3 m/s. Consequently, a non-zero f3 leads to (i) molecules being cooled
to some nonzero transverse velocity and (ii) the center position of the beam
shifting as a function of laser detuning. The misalignment of the horizontal
cooling mirrors was reduced between the 2D and 1Dx data sets, which
explains the reduced increase in o, at a heating frequency and the reduced
peak-to-peak Ax, for 1Dx compared to 2D. Next, we simulate trajectories
using various #, $ and take the combination that minimized the least squares
residual between the measured and simulated displacement. We focus on
displacement rather than beam size because the former is less sensitive to
camera angle and velocity selectivity of the detection method. The shaded
curves in Fig. 9a, b show the simulated displacement using values for #, 8
that best match the displacement obtained experimentally. Using this
procedure, we obtain misalignment angles of 3, = 0.45" for 1Dx, 3, = 0. 2" for
1Dy and ,=0.9, B, = <0.05 for 2D. The negligible value of Ay, using 2D

cooling light suggests that the vertical cooling mirror was almost perfectly
parallel to the molecular beam. Alternatively, it can be caused by a larger
scattering rate in the horizontal compared to the vertical direction, which is
currently not taken into account in the model.

We attribute the apparent =~ 1 mm offset in o, versus o, to a reduced
detection efficiency of molecules with higher horizontal velocities. The
simulations show that these are on average located further from the center of
the image, as opposed to molecules with lower transverse velocities, which
are generally found in the center region of the beam. To model the reduced
detection efficiency of molecules that are Doppler-shifted out of resonance
due to their horizontal velocities, we record the horizontal velocity dis-
tribution of all simulated molecules and mask it using a Lorentzian centered
at 0 m/s with a full width at half maximum (FWHM) between 0 and 10 m/s.
We find that a FWHM of 6 m/s minimizes the least-squares residuals
between the measured and simulated signal in the full image using 1Dx
cooling, and apply the masking with this FWHM to the simulated curves
shown in Figs. 8 and 9. This detection bias originates from the fact that £,
or L, are insufficiently intense, and suggests a saturation of s = 1 for the
pump and detection transitions. £, has only two sidebands compared to
the four sidebands of £,,. While the £, pump light has a factor ~ 3 more
power compared to the £, detection light, the branching ratio of the
A(V = 1) < X(v = 0) transition is a factor ~ 7 larger compared to the
B(v' = 0) < X(v=1) transition” driven by the laser £, which leads to a
higher saturation intensity and consequently to a reduced amount of power
broadening. Therefore, the velocity selection is probably due to the
L, beam.

Thelaser cooling section reduces the spread of the transverse velocity of
the molecular beam, resulting in a decrease (increase) in o, 0, at negative
(positive) detuning. For laser cooling in only one dimension, the randomly
directed emission pattern of Doppler cooling creates a small heating effect in
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Fig. 8 | Beam displacement and size. Displacement
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the direction orthogonal to the plane spanned by the cooling light. The
values obtained previously for #, 3 are used for the shaded curves in (c, d).
Similarly to Fig. 8, a gray curve uses a reduced scattering efficiency deter-
mined by the measurement of the scattering rate shown in Fig. 5 and the
colored curve uses a 20% reduced scattering efficiency. The shaded curve for
2D cooling in (c) shows an interesting feature near 0 detuning, where a
heating (cooling) effect appears at small negative (positive) detuning. We
attribute this to the fact that when f$ > «, the Doppler shift due to the forward
velocity of the beam has opposite sign for both beams in one direction.
However, the experimental data does not show this feature and therefore
suggests instead that the observed displacement is due to a higher scattering
rate and a smaller angle f3,. The shaded curves in (d) are not subject to the
horizontal velocity detection and confirm that the beam size in the absence
oflaser cooling is ~ 8 mm, but we leave out a more quantitative comparison
to the experiment because no meaningful error bar can be assigned to the
values of o,.

Figure 10 shows the measured signal in a r = 3 mm circle (a) and the
fitted o, (b) as a function of laser power. Here, the laser detuning was set to
A = — 2.5(5) MHz. In panel (a), the signal sharply rises at low powers for
both 1D and 2D cooling, before flattening off and eventually declining.
However, in panel (b), we show that the width of the beam only starts to
saturate at the highest measured laser powers. This likely indicates that at
higher laser powers, the scattering rate and consequently the cooling effect
increase, but the loss to dark states counteracts the signal increase. We
expect the cooling to improve when we add repumpers to address the leaks
to the positive parity X’X(v = 0, N = 0, 2) states, which originate from decay
to the intermediate electronic A%A, /2 state, or decays directly to the
vibrationally excited X’X*(v = 3, N = 1) state.

Impact on NL-eEDM experiment

We plan to implement the method to obtain a bright beam by combining a
hexapole lens and laser cooling presented in the next phase of the NL-eEDM
experiment to increase both the molecule flux N and maximum coherent

interaction time 7. The statistical sensitivity of an eEDM experiment is
proportional to 1/7+/N. The supersonic source used in the NL-eEDM
experiment”” has a mean forward velocity of ~ 600 m/s and brightness of
6 x 10° molecules/pulse/sr in the X*~"(v = 0, N = 1) state™. In contrast, the
cryogenic buffer gas beam source we use has a mean forward velocity of
~ 200 m/s and an initial brightness of = 2 x 10'° molecules/pulse/st in the
X’ (v =0, N = 1) state”, similar to values reported for other molecular
species”. The exact gain in beam brightness or molecule flux per unit solid
angle due to implementing the focused and laser cooled cryogenic beam
depends on the efficiency of the hexapole lens-laser cooling combination.
This strongly depends on the voltage applied to the hexapole lens, and the
attainable scattering rate and interaction time in the laser cooling process.
The free flight distance for the beam in the NL-eEDM experimentis = 3.5 m
downstream from the cooling region. Figure 7 shows the simulated relative
molecule flux N, (a,b) in a circle of radius 3 mm centered on the molecular
beam with v, = 184 m/s at z = 3.5 m downstream from the laser cooling
chamber and beam size (c,d), for varying laser cooling lengths, scattering
efficiencies and hexapole voltages, and is normalized to the flux with the
hexapole voltages and laser cooling light turned off. The line thickness
indicates the /N, uncertainty. Here, we use the same dimensions and
spacing of the cooling light as shown in the “Experimental setup” subsection
of the Methods, assume all relevant dark states are repumped and assume
the population to be entirely in a low-field seeking state. The latter can be
experimentally achieved by using 3 out of 4 sidebands that address the main
cooling transition, to pump molecules residing in hyperfine states
F=0,17, 1" into the low-field seeking F = 2 state. The simulations suggest
that implementing a second laser cooling chamber and increasing the
scattering rate to a realistic value of 50% of the theoretical maximum will
increase the beam brightness for molecules in the N = 1 state by more than a
factor 100 compared to that of the cryogenic source. Figure 7 shows that ata
relatively high scattering efficiency (= 0.24), the gain in downstream
molecule flux is higher when the hexapole is used to focus (3.5 kV) rather
than collimate (2.0 kV) the beam.
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Fig. 9 | Laser power scan. Measured signal intensity
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A separate manuscript with a more detailed discussion on the exact
implementation of rotational- and hyperfine pumping stages, the lens and
the laser cooling region, population transfer to the eEEDM measurement
state and the resulting relevant molecule flux for the NL-eEDM experiment
is currently in preparation.

Discussion

The main factors that currently limit the efficiency of the laser cooling
process are (i) the scattering rate, (ii) the interaction time and (iii) the decay
to dark states. (i) Possible explanations for the relatively low observed
scattering rate are suboptimal dark Zeeman state remixing, suboptimal laser
sideband powers and detunings, and a lack of vibrational repump laser
intensity. The remixing rate can be optimized by improved control over the
angle between laser polarization and magnetic field after compensating the
background magnetic field. Alternatively, 0" < ¢~ polarization modulation
using a Pockels cell can be implemented***. The sideband powers and
detunings were chosen to match the transition strengths and spacings,
respectively, and were not systematically varied. This will be addressed in
future work. Furthermore, we plan to use PyLCP* to simulate the full OBEs
for our system to reveal deeper insights into the cooling cycle, take sub-

Doppler cooling and off-resonant driving effects into account to explain and
optimize the measured scattering rate. (ii) The interaction time can be
increased by extending the cooling region or reducing the forward velocity
of the molecular beam. The former can be easily extended by adding a
second cooling chamber, assuming that there is enough laser power present
to sufficiently saturate the required transitions. The latter can be improved
by installing a second cell after the cryogenic source’, which was shown to
lower the forward velocity by = 30% without sacrifice of N = 1 flux. (iii) The
decay to dark states can be addressed by adding repumpers for the relevant
states — most likely the biggest leak is currently to the N = 0 and N = 2 states
in the X’X*(v = 0) due to the intermediate AA*A; , state”.

Three different, more fundamental limits of the lens-laser cooling
combination are the Stark shift of the lensing state, the capture velocity of the
hexapole lens, and the rate of velocity dissipation due to the lifetime of the
excited state of the cooling transition. The Stark shift of the lensing state
N =1 of BaF has a quadratic or linear character depending on the applied
electric field, which does not allow one to create a harmonic potential with
only a single quadrupole or hexapole lens. This prevents the creation of a
tight focus™. Furthermore, the turning point from low-field to high-field
seeking is at a rather modest field strength of ~ 20 kV/cm, which combined
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with the relatively high mass of the BaF molecule limits the capture velocity
to = 4.6 m/s, which implies that only a small fraction of the molecules in the
cryogenic buffer gas beam are used. Alternatively, a higher rotational state
such as N = 2 can be used, which yields a higher lens capture velocity but
requires state transfer and higher voltages. Therefore, the hexapole lens-
laser cooling combination is likely better suited for lighter, laser-cooleable
molecules with (i) a higher maximum scattering rate and higher lens capture
velocity, such as CaF or SrF or (ii) a state possessing a fully linear or
quadratic Stark shift, such as the (010) bending mode of CaOH or SrtOH”". If
the hexapole lens capture velocity exceeds the laser cooling capture velocity,
a curved wavefront approach can be used™, or the laser detuning can be
swept in a manner similar to chirped laser slowing to ensure molecules stay
resonant as their transverse velocity reduces™". The laser cooling section can
also be split into a Doppler and sub-Doppler part, where the first section uses
Doppler cooling to reduce the transverse velocity to a range where strong
sub-Doppler forces can be leveraged to create an ultracold beam. Finally, the
downstream brightness can also be increased by modifying the setup to
reduce the free flight distance between the source and hexapole, or imple-
menting a 2D transverse laser cooling section in front of the hexapole.

In conclusion, we have demonstrated and analyzed the combination of
a cryogenic buffer gas source, an electrostatic hexapole lens and 2D trans-
verse Doppler laser cooling to produce an intense, cold and collimated beam
of "*Ba'’F molecules. We modeled the laser cooling region using an effective
two-level approach and used it to explain the measured signal increase and
molecular beam properties. We measure a scattering rate of the main
cooling transition that is 14% of the theoretical maximum and find that a
further =~ 20% reduced rate is needed for the simulated cooling effect to
match the experimental data. These simulations also predict a 100-fold
increase in molecule flux available for our eEEDM experiment.

Data availability

Data are available from the corresponding author upon request.

Code availability

The code we used for analyzing the experimental results and calculating the
molecular trajectories is available from the corresponding author upon
request.
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