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Here we propose a scheme to slow MgF molecules by using EOM-based frequency-chirped radiation
pressure slowing. The scheme well addresses the need for a rapid chirp rate while light molecules
are being laser slowed, whose scattering rate and recoil velocity are large. Two EOMs are used to
compensate the rapidly changing Doppler shifts arised from the movement of molecules, and to cover
the hyperfine energy structure of MgF, respectively. Based the scattering rate maps calculated from an
optical Bloch equation model, individual molecule trajectories are simulated by using a semi-classical
three-dimensional Monte Carlo approach. We show how the modulation configuration of EOM and the
magnetic field influence the slowing results. The study shows that a cryogenic buffer gas-cooled MgF
beam source is possible to be slowed down with a number of ~ 1.4 x 10°-107, and the final forward
speed peaks at ~ 10 m/s near the capture velocity of a molecular MOT.
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1 Introduction

For decades, many efforts are made to produce ultra-
cold molecules with large number and cold tempera-
ture [1, 2]. Such ultracold molecular species are in-
creasingly being used for precision measurement of the
electron’s electric dipole moment [3, 4], ultracold chem-
istry [5, 6], complex quantum systems under precise con-
trol [7-10] and many-body physics [11-13]. Tremen-
dous progress has been made in direct laser cooling and
magneto-optical trap (MOT) of diatomic molecules, i.e.,
SrF [14, 15], YO [16, 17] and CaF [18], or even poly-
atomic molecules STOH [19]. Furthermore, some species
have been loaded into the magnetic trap [20] and dipole
trap [21], then cooled to lower temperature by Sisy-
phus [22, 23], deep [24], collisional [25] and adiabatic-
rapid-passage [26, 27] cooling, experimentally or theoret-
ically. And other candidates, i.e., BaH [28], YbF [29],
BaF [30-32], AIF [33] and MgF [34], are also in progress.

In order to be captured by an MOT, molecules must
be slowed down below the capture velocity, typically 10—
20 m/s [35-37], and laser radiation pressure slowing is
a common method. It was first experimentally demon-
strated in the deceleration of SrF with the frequency

* This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007/s11467-021-1137-y.

broadened slowing method, where a substantial flux of
molecules with velocity < 50 m/s was obtained, showing
the ability to scatter > 10* photons without heating the
internal degrees of freedom of the molecules [38]. Based on
the frequency broadened slowing, Hemmerling et al. ap-
plied “white-light” slowing and observed approximately
6 x 10* CaF molecules in a single pulse with velocities
10 £ 4 m/s [39]. On the other hand, frequency-chirped
slowing was also demonstrated by Zhelyazkova et al. with
CaF molecules being decelerated by about 20 m/s [40],
and 7 x 10° CaF molecules per cm? per shot in a single
rovibrational state with a velocity of 15 m/s was obtained
by Truppe et al. [37]. Their experimental comparison be-
tween white-light and frequency-chirped slowing indicates
that the chirped method gives far more molecules at lower
speeds, e.g., about ten times more at 20 m/s. In addition,
Yeo et al. used a combination of frequency-broadened and
frequency-chirped slowing to generate a flux of YO below
10 m/s [41].

And other techniques, such as Zeeman slower bringing
molecules to the desired forward speed at a specific po-
sition are also being developed and proposed by Petzold
et al.. They first experimentally used this technique in
K atom with molecule-like level structures [42]. Further-
more, Kaebert et al. investigated the feasibility of Zeeman
slowing CaF molecules from a buffer-gas source, demon-
strating that Zeeman slowing force is both strong and nar-
row [43].

Till now, frequency-chirped slowing is a mature tech-
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nique with a brilliant performance. There is usually a
chirp rate of dozens MHz/ms when directly chirping the
carrier wave. However, it is far insufficient for slow-
ing light molecules with a large recoil speed (such as a
good candidate, MgF) because such chirp rate cannot well
compensate the corresponding rapidly changing Doppler
shifts. Thanks to the quick response of electric optical
modulator (EOM) to the electric signal, the large chirp
rate can be achieved by EOM being driven by an amplified
output of a VCO (voltage controlled oscillator) modulated
with a sawtooth input voltage [44].

Here we propose a frequency-chirped laser slowing
scheme based on two EOMs. They are used to compen-
sate the rapidly changing Doppler shifts arised from the
slowing via a positive first-order sideband, and to cover
the hyperfine energy structure, respectively. Unlike the
atomic case, the slowing transition for molecules is usu-
ally chosen to eliminate rotational branching, where the
rotational quantum number N’ of the excited state is less
than that of the ground state. This introduces type-II
systems (F' = F or F — 1) and makes type-II transition
inevitable, where F' is total angular momentum quantum
number and the prime indicates the excited state [45].
Consequently dark Zeeman sublevels are introduced and
must be destabilized to keep the transition cycling going,
which is solved by applying a magnetic field here. In ad-
dition, we find that for a specific light field, there is an op-
timal magnetic field to maximize the scattering rate [34].
However, there is a large difference both in spectrum dis-
tribution as well as the laser intensity during a whole
slowing sequence. This is because all EOM-modulated
light components are concentrated on the beginning of
the frequency-chirped process, and only the positive first
order sideband of EOM;-modulated light is resonant with
the slow molecules in the end. As a result, we need to
get a global optimal magnetic field intensity since it is a
crucial factor in our scheme. By contrast, the magnetic
field is not that sensitive in other molecular slowing ex-
periments because of the light frequency being directly
chirped, without such a difference in light field.

With this in mind, we carefully calculated the scatter-
ing rate maps under different magnetic field intensities
based on an optical Bloch equation (OBE) model and
each molecule trajectory is simulated by a semi-classical
Monte-Carlo approach. With the optimization of a large
parameter space, the number of a slowed MgF beam satis-
fying a typical MOT-loading metric is possible to achieve
~ 1.4 x 105107 with a slowed peak longitude speed of
10 m/s, which is promising to a better implementation of
MOT. In the following, we will show the details of our
scheme in Section 2. Then, in Section 3, we present the
specific approach for simulation and in Section 4 we nu-
merically simulate the three-dimensional deceleration of
MgF molecules, focusing on the influence of modulation
configuration of EOM as well as the magnetic field on the
slowing results.
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2 Scheme for frequency-chirped laser slowing
of MgF

2.1 Level structure of MgF

Figure 1(a) shows the vibrational energy structure of MgF
and corresponding branching ratios between them [46,
47]. The laser denoted by L, drives the X?%+ (v) —
A2H1/2 (v") transition.
with wavelength A\gp = 359.3 nm and natural linewidth
I' = 2x x 22 MHz. During the optical slowing cycle,
molecules leaks to X2 % (1) and then the population ac-
cumulating in this vibrational state is repumped back
via the £19 repumping light, the wavelength of which is
A0 = 368.7 nm. Figure 1(b) illustrates the hyperfine
structure of MgF. The X?%Y* (v =0, N = 1) state splits
into £ = 17,0,17,2 because of the spin-—rotation inter-
action and nuclear spin, and energy intervals are 109.7,
120.3 and 9.2 MHgz, respectively. In order to cover the hy-
perfine structure, the Lo light needs to be modulated by
an EOM to generate sidebands, as well as the £1¢ light.

Lo is the main slowing light

2.2 Scheme

As shown in Fig. 2(a), the main slowing light and the
repumping light pass through EOM; and EOMs;, suc-
cessively. They are used to chirp frequency and cover
hyperfine structure, respectively. In order to compen-
sate the Doppler shifts the modulation frequency f,1 is
continuously changed via EOM; being driven by an am-
plified output of a VCO modulated with a sawtooth in-
put voltage. And the chirping rate can be precisely con-
troled. Note that the chirp rate applied to the repump-
ing light should be multiplied by a factor of Aog/A1p. A
pulsed beam of MgF is produced by a cryogenic buffer
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Fig. 1 The energy structure of MgF. (a) Relevant vibra-
tional levels structure and branching ratios of the X?3% (v) —
A®Tly 5 (v') transition. Upward solid lines denote transitions
driven by lasers L,/ in practice. Spontaneous decays from the
A®T1 /5 (v') state (solid Wavy line) are governed by the vibra-
tional branching fractions, which is denoted by f,/,. (b) Rel-
evant rotational energy levels, splittings, and pumping config-
uration. The multi-frequency configuration of Lo that arises
from the modulation is denoted by dashed line and dashed ar-
row.
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Fig. 2 Scheme of frequency-chirped laser slowing. As shown
in (a), the main slowing light Ago and repumping light A1¢ are
frequency modulated by EOM; (1), EOM; (2), passing through
EOMa2, and then directed at the nozzle of a buffer gas chamber
after lights being expanded and focused. Magnetic filed B is
used to remix dark Zeeman levels. Purple mirror is dichroscope
and gray mirrors are high-reflector and lens. (b) Modulation
configuration of EOM; and EOMa. (i) Relevant energy levels.
(i) EOM;-modulated light. A modulation depth 1 of 1.84 rad
is applied to EOM; and the modulation frequency fy,1 is varied
by the input RF (radio frequency) signal. The carrier offset is
fixed to compensate the Doppler shift at the beginning of the
slowing period. The frequency component in red dotted frame
is the positive first-order sideband. A is the detuning from
the positive first-order sideband to the FF = 0 — F' = 0,1
transition. (ili) EOM2-modulated light. To simplify, only the
EOM32-modulated frequency components of the positive first-
order sideband in (ii) is depicted. Scheme 1: 72 = 1.43 rad,
fm2 = 115 MHz. Scheme 2: ~2 = 1.84 rad, fm2 = 115 MHz.
Scheme 3: 2 = 3.03 rad, fim2 = 57.5 MHz.

gas source [48-50], and they exit the cell at z = 0 mm
via a 5 mm diameter aperture. The main slowing light
and the repumping one counter-propagate to the molec-
ular beam, being expanded and then focused to converge
the lights with a 1/e? diameter d of 5mm at z = 0 mm
and 12 mm at x = 800 mm. Such light bunching is
helpful to reduce transverse divergence [37]. In practice,
there is laser power of ~ 1 W in both Ly and L19. Af-
ter considering the transmission losses from the optical
surfaces, the actual light intensity used for slowing can
reach 600-700 mW. So the maximum total saturation pa-
rameter Syax = lo/Isat, Where Iy = 2P/[n(d/2)?] and
Isqt = mhel'/(3)03) = 62.5 mW /cm?, used in the simula-
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tion is ~ 100. The two wavelength components are linearly
polarized, both at 60° to a uniform magnetic field directed
along z, which prevents optical pumping into dark Zeeman
sublevels [34, 51, 52].

As shown in Fig. 2(b)ii, the initial carrier offset (over-
all detuning), which is fixed for a specific initial central
forward speed, is chosen so that molecules near the peak
of the velocity distribution are Doppler shifted into res-
onance. In addition, the positive first-order sideband is
what we concern because it is needed to continuously res-
onate with the molecules during slowing. As a result, a
modulation depth v of 1.84 rad is applied to EOMj, such
that 34% of the laser beam power is contained in each first-
order sideband. This setup is fixed throughout the pa-
per. For EOMs, we fixed the modulation frequency f,2 at
115 MHz or 57.5 MHz under different modulation depth,
which involves three modulation configurations, shown in
Fig. 2(b)iii. And the corresponding analysises are shown
in Section 4.1.

3 Approach for simulation

Simulations are useful to evaluate the performance of our
slowing scheme and many variable parameters need to
be optimized, such as chirp rate, the magnitude of ap-
plied magnetic field, as well as the modulation configu-
rations of EOM; and EOM,. Based on the OBE model,
a semi-classical Monte Carlo approach is used to simu-
late individual molecule trajectories. The OBE model
is found to accurately agree with most observed experi-
ment results [28, 33, 34]. In our model we consider 12+1
ground states marked as g, (m = 1,2,---,13) and four
excited states marked as e, (n = 1,2,3,4) in the MgF
molecule. The ground states contain 12 Zeeman sub-
levels in the X2+ (v =0, N = 1) states and another one
state includes all other possible levels as the total popu-
lation probability is equal to 1. The total Hamiltonian is
H = Hy+ H;nt + Hzeeman, where Hy is the zero-field en-
ergy, Hzeeman is the Hamiltonian related to energy shift
under a magnetic field and H;,; is the interaction between
the system and the light field. H;,; can be expressed by
—d- E, where d is the electric-dipole operator, and an ar-
bitrary multi-frequency light field E can be decomposed
as

1 . .
E= E §|En|G%€qelk're_‘wnt + c.c, (1)
nq

where n is the frequency component index and ¢ = 0, +1,
corresponding to the m, 0% transition. If the magnetic field
is along the z axis (quantization axis), €, under the Carte-
sian coordinate axis are éy = £ and é1; = F1/V2(z + ¢).
And GY is derived by projecting the polarization vectors
of n-th frequency component on these basic ones. Then
combined with Q,, = d|E,|/h, the H;,; Hamiltonian can

Kang Yan, et al., Front. Phys. 17(4), 42502 (2022)
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expressed by

Hie =h Y Q¢ |g) (e| + hoc,, (2)
n,q,e,9
and,
ngq 1 q q kT  —iwnt
Qgd = fﬁrgeGne e Q,, (3)
where ri, =rg - €, are the relative electric-dipole transi-

tion matrix elements for all electric dipole allowed tran-
sitions, and 2,, can also be written as I'y/S/2. Using
Egs. (2) and (3), the model equations can be written as

. 1

ih
where L(p) is the Linblad operator to account for sponta-
neous decay. For the multilevel system, L(p) is written as

1

L(p) = =5 D (CheCocp + pCjCoe) + _ CoepCle, (5)
ge ge
where
Cge = TGe |g) (el (6)

with the decay rate T'9, =T - |rZ|* from [e) to |g). In the
calculation, the equations are dimensionless and a rota-
tional wave approximation is used to improve calculation
efficiency.

The simulation starts with randomly generating a set
of molecules with initial velocity and position in three-
dimensional space according to a normal distribution.
Each trajectory is calculated as follows. At each time step
dt the probability of scattering a photon is P = R.dt [53].
The scattering rate

_ 1 /7T
Rse = Z T /0 Pese, (H)Tdt, (7)

is an average over a period time that enables the steady
state to be reached, where pe.(t) is the transient popu-
lation of excited states, and the sum is over all excited
states and T = 7007 (7 = 7.2 ns). The scattering rates
calculated from Eq. (7) are sufficient because the popula-
tions reach the steady state on a timescale that is much
shorter than any changes in the slowing parameters. The
calculated scattering rate here is about the order of 105
107 photons/s. The time step is chosen 1 x 107% s here
so that P < 1. A random number r is chosen between 0
and 1. If P > r a photon is scattered [53]. Once the scat-
tering event happens, the momentum of molecule in the
direction of light’s k vector is increased by hk to account
for the absorption, which is followed by the momentum
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in a direction chosen at random from an isotropic distri-
bution being increased by hk to account for spontaneous
emission.

In the simulation, the position and velocity of molecules
vary after each time step, which results in the change of
light intensity and detuning that molecules feel. So a scat-
tering rate map Rs.(A,S) is needed to address a large
range of detuning A and saturation parameter S values
once the frequency spectrum and polarization of the light
are fixed. It is made by sufficiently calculating R, for a
set of A and S, then interpolating over these values.

4 Results

A free flight and deceleration process are involved in
a complete slowing sequence. After slowing finished,
molecules arrive at x = 800 mm, where there is a de-
tector as well as the position of an MOT. In addition,
only molecules passing within a 10 mm diameter circle
centered on the z axis are counted there. Such setup is
reasonable because trapping force approximately peaks at
a displacement of 10 mm in a typical molecular MOT, be-
ing sufficient to load a molecular beam with a diameter
of 10 mm. Also, a typical range of capture velocity in an
MOT is up to ~ 20 m/s and peaks at ~ 10 m/s [35, 37].
For a metric to compare the simulation results, we choose
the total number of slowed molecules whose speed distri-
bution is range from 0 m/s to 20 m/s, which is maximized
under the condition of satisfying a typical MOT-loading
metric.

A complete numerical optimization consists of the MOT
position, convergence, initial carrier offset, free flight time,
deceleration time, chirp rate, modulation configuration of
EOM,, applied magnetic field and laser power. However,
that involves too large a parameter space to be practical.
Instead, we fixed the convergence, MOT position, total
laser power and the modulation depth of EOM; as men-
tioned above to reduce the dimension of the parameter
space.

4.1 Optimization of the modulation configuration of

EOM,

As stated in Section 2.2, the positive first-order sideband
is required to continuously resonant with molecules. In or-
der to simplify and focus on the optimization of the mod-
ulation configuration of EOMs,, we only consider the con-
tribution of the positive first-order sideband of the EOM; -
modulated light to each scattering rate map. Since the to-
tal saturation parameter Sy ax is ~ 100 and v, = 1.84 rad,
the maximum S of the positive first-order sideband of the
EOM;j-modulated light is ~ 34. The magnetic field ap-
plied here is 15 G.

There are three modulation configurations for EOM;,

Kang Yan, et al., Front. Phys. 17(4), 42502 (2022)
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Fig. 3 Scattering rate under different modulation configurations of EOM;. The detuning A is the frequency offset from the
carrier wave to the transition of F' =0 — F’ = 0, 1. Scattering rate maps versus detuning A and saturation parameter S are
depicted under (a) Scheme 1, (b) Scheme 2 and (c) Scheme 3. (d) The peak scattering rate of three schemes versus saturation

parameter S. The detuning A is near zero.

here, whose specific parameters are shown in the cap-
tion of Fig. 2. The corresponding distribution of laser
power under different modulation depth is listed in Ta-
ble 1. Figure 3 shows the scattering rate map of three
modulation configurations, and the peak scattering rate
in each scheme is depicted Fig. 3(d). We found that the
peak scattering rate in Scheme 2 is the largest when the
maximum S is about 34. More laser power are contained
in the negative first-order sideband of EOMjs-modulated
light addressing the population in F' = 17, 2 states in that
case. At the same time, considering the condition that
the F' = 0 state is addressed by much less laser power in
Scheme 2 than in Scheme 1, we regard the excitation of
F = 17,2 states as a more important contribution to the
scattering rate. Although the usage of EOMs is to achieve
an optimal coverage of hyperfine structure rather than ad-
dress molecules with many different speeds, Scheme 3 is
an attempt to balance these two ambitions. As shown in
Fig. 3(d), the peak scattering rate in Scheme 3 is appar-
ently smaller but it is similar to that in Scheme 1 under the
circumstance of S = 34 resulting from the power broad-
ening.

During the optimization, the output from a buffer gas
source is assumed to have a forward velocity distribution

42502-5

Table 1 Percentage of each modulated frequency compo-
nent in total laser power under different modulation depth of
EOM.

Modulation depth (rad)

1.43 1.84 3.03
Carrier wave 30% 10% 9.9%
First-order sideband 30% 34% 9.9%
Second-order sideband 4.6% 10% 23%
Third-order sideband 0.3% 1% 9.8%

centered at 200 m/s with a full width at half maximum
(FWHM) of 100 m/s [33, 53], and the FWHM of trans-
verse velocity distribution is fixed at 2 m/s after molecules
passing through the collimation hole [14]. And initial
transverse positions are chosen from a Gaussian distribu-
tion of 4 mm FWHM, corresponding to the 5 mm diameter
exit aperture of the cell. A single-photon recoil velocity
for MgF is 2.56 cm/s, which indicates that the molecule
with a forward velocity of 200 m/s will be brought to rest
after scattering ~ 7800 photons. The initial central for-
ward velocities of 100 and 300 m/s are also involved in

Kang Yan, et al., Front. Phys. 17(4), 42502 (2022)
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the optimization of EOMy modulation configuration for
integrity.

The corresponding results are shown in Fig. 4, where
all the plots in (a), (b) and (c¢) are optimized as depicted
in (d). A deceleration time is chosen so that the slowed
molecules peaks at 10 m/s when they arrive the position of
an MOT, and the free flight time is slightly varied to max-
imize the number of molecules below 20 m/s after fixing

0.60
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L0407 | A
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s
s

200 250 300

150
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100 350

Fig. 5 Forward velocity distribution of slowed and unslowed
molecules. The dashed line indicates the unslowed distribution,
and the slowing results of Scheme 2 and Scheme 3 are ploted in
orange and green line respectively. For Scheme 2, slowing start
time tstar: = 2.3 ms and the deceleration time 7Tgec = 3.3 ms.
For Scheme 3, tstart = 2.25 ms and 7gec = 3.35 ms. For both
cases, v; = 200 m/s and chirp rate is 150 MHz/ms.
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the deceleration one. The corresponding parameters used
in Fig. 4(d) are listed in the caption. It is obvious that
the number of molecules satisfying the MOT-loading met-
ric in Schemes 1 and 2 is much more than that in Scheme 3
upon most occasions. And as expected, the larger scatter-
ing rate in Scheme 2 has a better performance on slowing
results. Another interesting phenomenon is that the over-
all optimal chirp rate for each Scheme is gradually shifted
to a larger value with faster initial central forward speed.
This can be explained as follows. For faster molecules, a
longer deceleration time results in a shorter free flight time
once the MOT position is fixed. The shorter the free flight
time, the more significant the inhibition on the transverse
dispersion of the molecular beam due to the convergence
of slowing light. This brings molecules to interact with
the light of greater intensity since they are more close to
the center of the light beam, which results in chirping fre-
quency faster to meet the larger scattering rate.

Figure 5 shows the forward velocity distribution of
slowed and unslowed molecules. Obviously that in Scheme
2 there still has a velocity distribution of the central speed
at around 160 m/s other than the molecules satisfying the
MOT-loading metric. The molecules of this portion are
out of resonance with slowing light. However, the situa-

Kang Yan, et al., Front. Phys. 17(4), 42502 (2022)
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tion is improved in Scheme 3. It seems like the attempt to
address molecules with many different speeds is effective
by using EOMjy modulated with Scheme 3, but the lower
scattering rate results in a less number of molecules sat-
isfying the MOT-loading metric when the laser power is
not that strong. So we choose Scheme 2 for the following
optimization.

4.2  Optimization of applied magnetic field with all light

components considered

After fixing the modulation configuration of EOMj; in the
way of Scheme 2, we considering the contribution of all the
sidebands components of EOM;-modulated light to scat-
tering rate maps. At the beginning of frequency chirping,
all the laser power (S =~ 100) concentrates over a very
small frequency range, and a white-light-like slowing is
formed but it lasts a short time. Almost all the molecules
are slowed at this stage. However, as the f,,1 gradually
increases, the gaps between the frequency components be-
come larger. Thus the frequency-chirped slowing is dom-
inant in the residual process of a slowing sequence, where
almost all the sidebands components of EOM;-modulated
light are out of resonance with the molecules of target
forward speed except the positive first-order sideband
(S =~ 34 if the total saturation parameter is ~ 100).
The magnetic field applied to remix dark Zeeman sub-
levels is a crucial factor to slowing efficiency 7, and there is
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an optimum range of magnetic field strength for the laser
field, shown in both the theoretical calculation [51] and
the experiments [54]. If the magnetic-field strength is too
small, molecules in a dark state do not evolve into a bright
state very quickly. If the strength is too large, the scat-
tering rate will be decreased again because the molecules
may precess back to the dark state before optical pumping
can occur. Also, the Zeeman shifts are too large to res-
onant with. The corresponding conclusion can be found
in our previous work of the destabilization of dark states
in MgF molecules [34], where the experiment and theory
are in good agreement. Since there are two stages during
a whole slowing sequence, the overall slowing efficiency
is dependent on a balance of the scattering rate between
the white-light-like slowing stage and frequency-chirped
slowing one. In other words, the optimum magnetic field
strength that suits the previous stage is not directly appli-
cable to the latter one. To get the global optimal magnetic
field, we calculate the scattering rate maps in the cases of
several magnetic field intensities and compare the slow-
ing results upon each case. In addition, the rate maps
vary with different f,,; values and they are needed to be
re-calculated separately. In our simulation, the maps are
calculated at f,,; of every 2 MHz interval for each case in
advance, which is sufficient because the interval is much
smaller than the natural linewidth. The map that best
fits the current light field distribution is selected at every
time step during a single simulation.

The above scattering rate maps are shown in Fig. 6.
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Fig. 6 Scattering rate under different magnitudes of magnetic field applied. The detuning A is the frequency offset from

the positive first-order FM sideband of the EOM;-modulated light to the F' = 0 — F’ = 0,1 transition.

For all plots,

Y1,72 = 1.84 rad and fm2 = 115 MHz. The scattering rate of B = 6 to 25 G are shown in blue, red, yellow, purple and green
lines respectively. The insets are near-resonance scattering rates. The curve color in (b—d) is the same as that in (a).
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The total saturation parameters in the first and second
rows are S = 20 and 100, respectively. And the f,,; val-
ues in the first and second column are 0 and 440 MHz,
respectively. In Figs. 6(a) and (c), when f,,; = 0 MHz,
all EOM;-modulated light components are concentrated
on the frequency of the carrier wave and the scattering
rate will have several peaks in the range of 600 MHz re-
sulting from the modulation of EOMy;. When f,,1 >
0, a compound modulation configuration is formed and
each EOM;-modulated light component will have a multi-
frequency structure, whose center is respectively separated
by fmi. As shown in Figs. 6(b) and (d), when f,1 =
440 MHz, there are the intervals of 440 and 880 MHz be-
tween a first-order sideband of EOM;-modulated light and
the carrier wave, and between two first-order sidebands,
respectively. Also, it is obvious that for nearly all f,,,; val-
ues the scattering rate in the case of a stronger magnetic
field is smaller than that in the case of a weaker magnetic
field when the laser power is low, shown in the insets of
Figs. 6(a) and (b). However the situation reverses if the
laser power is strong, shown in the insets of Figs. 6(c) and
(d). In addition, the peak scattering rate varies by ~ 3
times in the inset of (c¢) among different magnetic fields
and thus such a big difference cannot be neglected in our
scheme.

The corresponding slowing results are shown in Fig. 7.

—_~
-
~

The relationship between chirp rate and slowing efficiency
of each magnetic case is ploted in (a). Although the scat-
tering rate is large in strong magnetic field when laser
power is high, molecules only spend little time interact-
ing with the strong light during a whole slowing sequence.
When they are slowed close to the MOT position, 1/e? di-
ameters of lights become larger. Also, they further away
from the light axis due to the transverse heating as well as
the divergence. These two factors will weaken the light in-
tensity the molecules feel. Consequently, larger magnetic
field is not a good choice for slowing efficiency. However
a weak magnetic field cannot satisfy a required Larmor
precession frequency in the case of high laser power. We
suggest that a magnetic of ~ 10 G can well balance the
scattering rate in both cases [Fig. 7(a)]. For example,
when B = 10 G and chirp rate is 250 MHz/ms, the free
flight time and deceleration time are 2.8 and 2.02 ms re-
spectively. About 7420 photons are scattered in 2.02 ms
and an average scattering rate of 3.67 x 10° photons/s is
obtained. The range of f,,; is from 0 to 505 MHz.

Notice that there is a slowly rising part of curve in
each magnetic field case, because in this region there is
a competition between the positive second-order sideband
with a faster chirp rate as well as a weaker light inten-
sity and the positive first-order sideband with a slower
chirp rate as well as a stronger light intensity. When B
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Fig. 7 Comparison of slowing effects in different magnetic field. (a) Slowing efficiency 7 versus chirp rate 8 in different

magnetic field. Slowing efficiency is the fraction of molecules satisfying the MOT-loading metric.

(b) The forward speed

distribution in different magnetic field with optimized parameter. (c) The slowing efficiency n and corresponding longitude
temperature versus magnetic field B. In all plots, the spread of forward and transverse velocity is 100 m/s and 2 m/s. All dashed

lines in (a) and (c) are the fitting curves.
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= 10G and 8 = 100 MHz/ms, the second-order side-
band has a doubled chirp rate with a deceleration time
of 2.56 ms, performing better than the first-order side-
band with a deceleration time of 5.07 ms. However when
B =200 MHz/ms, the first-order sideband with a deceler-
ation time of 2.52 ms results in a better slowing efficiency.
And we only depicted the better results for each chirp rate
in (a). Only when the first order sideband is chirped with
an optimal rate, can the slowing efficiency reach the max-
imum, which is around 250 MHz/ms. If the chirp rate
is larger, the slowing efficiency is quickly decreased again
because of the Doppler shifts being out of sync.

Figure 7(b) shows the forward speed distribution of each
magnetic field case. The dotted line is the initial for-
ward speed distribution. Since there is a white-light-like
slowing stage at the beginning, almost all the molecules
are slowed, and especially those that is continuously res-
onant with the chirped frequency are slowed down below
20 m/s. The inset of Fig. 7(b) shows the detailed distribu-
tion over a small speed range. It is clear that the distribu-
tion of each case is peaks at 10 m/s and the correspond-
ing FWHM is narrow, indicating that the longitude tem-
perature is very low after molecules slowed. However, a
bunch of molecules in the range of 150-200 m/s are lost in
the slowing sequence. To solve the problem, one possible
method is to increase the laser power and modulate EOMs
with Scheme 3. Scheme 3 can well address molecules with
different speed and the increased laser power might im-
prove the relatively low scattering rate. Another method
is to combine transverse cooling with the slowing. They
are out of sync because they feel the less scattering rate
than expectation. The narrowed divergence of the molec-
ular flux after transverse cooling can help them meet the
stronger laser since the light intensity is Gaussian distribu-
tion. Consequently, they will gain the expected scattering
rate to sync with the chirping frequency.

The temperature can be derived from T = m(év)?/
(8kp In2), where m is the mass, v is the FWHM of speed
distribution, and kp is the Boltzmann constant. Although
the longitude temperature of the slowed molecules in the
case of B = 6 G is lower than that in the case of B = 10 G,
the slowing efficiency of the latter case is better, which is
shown in (¢). The range of slowing efficiency and longitude
temperature are 1.7%5.7% and 7.8-20 mK respectively.
When B = 10 G and § = 250 MHz/ms, the slowing
efficiency is 5.7% with the longitude and transverse tem-
perature of 9 and 2.1 mK. In the case of B > 10 G , the
slowing efficiency decreases as the longitude temperature
increases. Since the main loss mechanism is the natural
increase in divergence of slower molecules, the large scat-
tering rate in the white-light-like slowing stage results in
most molecules being slowed down too early to sync with
chirp stage. Then they travel a longer time with the diver-
gence, further away from the light axis. Although those
molecules are resonant with the chirped frequency later,
the weak scattering rate resulting from the weaker light
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Fig. 8 The slowing efficiency n versus different FWHM of
initial transverse speed v:;. The else parameters are: v; =
200 m/s, the spread of forward speed is 100 m/s, B = 10 G,
chirp rate is 250 MHz/ms, the free flight time and deceleration
time is 2.8 and 2.02 ms.

makes the effect of the chirp stage insignificant. Thus
molecules are slowed with a worse efficiency and higher
temperature in a large magnetic field B.

So far, we have optimized the slowing scheme with a
large parameter space, especially the modulation config-
uration and the magnetic field applied. And the opti-
mal slowing efficiency is 5.7% when the initial FWHM of
transverse speed distribution is 2m/s. In order to get
such a distribution, a 1.5 mm x 1.5 mm aperture is placed
at z = 110 mm further collimating the molecular beam,
which results in a steradian of 1.9 x 1074 [14]. If the flux
of MgF from a buffer gas chamber is 2 x 10'1-10'2 per
steradian per molecular pulse in the X (v = 0,N = 1)
state [33, 37|, the slowed MgF molecules satisfying a typ-
ical MOT-loading metric are estimated by 1.4 x 105-107.
In addition, the divergence of a molecular beam reduces
the fraction of slow molecules that pass through the de-
tection volume, which is shown in Fig. 8. The slowing
efficiency is decreased from 5.7% to 0.3% as the FWHM
of initial transverse distribution is increased from 2 m/s
to 12 m/s.

5 Conclusion

We have shown that the MgF molecules from a cryogenic
buffer-gas chamber are possible to be slowed down satisfy-
ing a typical MOT-loading metric with a good brightness
in our scheme. And the influence of the modulation config-
uration of EOM as well as magnetic field on the slowing
results are carefully discussed. We find that a modula-
tion depth of 1,72 = 1.84 rad is a good choice because
the laser power of the first-order sideband of EOM;- and
EOM;-modulated light are maximized to well compensate
the Doppler shifts and address the F' = 17,2 states, re-
spectively. A magnetic field of around 10 G can globally

Kang Yan, et al., Front. Phys. 17(4), 42502 (2022)
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balance the scattering rate during a slowing sequence, as
the light field is changed with frequency chirped. If ini-
tial molecules have a Gaussian forward speed distribution
centered at 200 m/s with an FWHM of 100 m/s, their
central forward speed can be slowed down to 10 m/s with
an FWHM of 3.08 m/s, whose longitude temperature is
9 mK. Thanks to the large natural linewidth and recoil
speed, only about 7420 photons are scattered in a short
deceleration time of 2.02 ms and an average scattering rate
of 3.67 x 10° photons/s is obtained. When the FWHM of
initial transverse speed distribution is 2 m/s, the slowing
efficiency can reach 5.7% and the number of molecules
satisfying a typical MOT-loading metric is estimated by
1.4x105-107 considering the yield from a buffer-gas source
as well as a divergence angle. Combined with the loss of
MOT-loading, about 2 x 10°~10% MgF molecules are pos-
sible to be confined in an MOT. In addition, the slowing
efficiency can be furtherly improved by using a transverse
cooling. The discussion presented here provides a suit-
able laser cooling scheme for fast frequency-chirped case
in a type-II transition cycling and a general optimizing
method to improve the slowing results combined with a
magnetic field applied.
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