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We propose a scheme for dual-species deceleration and trapping of a cold atom—molecule mixture by a frequency
chirping stimulated force. We study the stimulated force exerted on MgF and Rb using optical Bloch equations based
on a direct numerical solution for the time-dependent density matrix. We analyze the relationship between the frequency
chirping rate and the number of MgF molecules and Rb atoms. In addition, we study the dynamical process of molecular
deceleration and the effect of transverse diffusion. Monte—Carlo simulations show that buffer-gas-cooled MgF and Rb
beams, with initial velocities of 200 m/s and 130 m/s respectively, can be decelerated to less than 10 m/s. This is achieved
with laser powers of as low as 357 mW for MgF and 10 mW for Rb per traveling wave. The rapid deceleration minimizes
molecular loss due to transverse diffusion during the deceleration process. The estimated number of molecules that can be
trapped in a magneto-optical trap (MOT) is about 9.0x 10°, which is an order of magnitude larger than the number of MgF
molecules decelerated by the spontaneous radiation force. The results offer a promising starting point for further studies of

sympathetic cooling.
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1. Introduction

The rich internal degrees of freedom within molecules,
such as vibrational and rotational states, provide new path-
ways for tests of fundamental constants and symmetries./!=]
Polar molecules, characterized by their anisotropic long-range
dipole—dipole interactions, offer novel platforms for studying
cold collision chemistry, quantum information encoding and

[4-91 Achieving ul-

processing, and many-body physics effects.
tracold molecules at lower temperatures and higher densities
is certainly of great interest now. In recent years, direct laser
cooling techniques have advanced rapidly, enabling magneto-
optical trapping (MOT) of diatomic and polyatomic molecules
such as SrF, CaF, YO, BaF, and CaOH.['%-15] The blue-
detuned optical molasses technology has cooled CaF and SrF
to 50 uK,[1216171 well below the Doppler limit. Molecules
have also been successfully loaded into optical dipole traps,
magnetic traps, and optical tweezer arrays.!!”-!°) The maxi-
mum number of molecules trapped in a radio-frequency CaF
MOT reaches approximately 10°. 1]

Current molecular deceleration schemes for magneto-
optical trapping rely on the principle of spontaneous radia-
tion force deceleration, using laser frequency sweeping to re-
duce the longitudinal velocity of molecular beams. However,
substantial molecular loss occurs during this process due to
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extended deceleration distances, complex energy level struc-
tures, and dark states, resulting in limited molecule numbers
in MOTs.[29-261 The stimulated force deceleration scheme of-
fers a promising solution. When the detuning & > I" (sponta-
neous emission linewidth), the stimulated force (7kd/7) sig-
nificantly exceeds the spontaneous radiation force (hkI"/2).
This approach allows for rapid short-distance deceleration of
molecules while minimizing transverse diffusion losses during
the deceleration process, thus providing a crucial basis for ob-
taining high-density cold molecular samples.!?’!] Due to the
relatively small number of molecules trapped in MOT, con-
ventional cooling methods such as radio-frequency evapora-
tive cooling or optical potential evaporative cooling in optical
dipole traps are not conducive to achieving a molecular quan-
tum degenerate gas. Another promising approach is atom—
molecule sympathetic cooling, where the first step is to ob-
tain ultracold atom—molecule mixtures. The feasibility of this
cooling scheme depends critically on the collisional proper-
ties of the atom—molecule pairs, with several candidate species
identified®?! and the underlying cooling mechanisms studied
in detail.[*¥) An immediate advantage of atom-molecule co-
trapping is the orders of magnitude longer interrogation times
compared to molecular crossed beam methods, allowing for
the study of cold chemistry, particularly for slow processes.
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Research is underway to create cold atom—molecule mix-
tures. In 2015, Tarbutt’s group demonstrated sympathetic
cooling of ground-state CaF molecules using ultracold Li and
Rb atoms. The molecules were trapped in a microwave trap,
while the atoms were trapped in a magnetic trap. Simulations
showed that CaF molecules could be sympathetically cooled
to 100 uK in about 10 s. By applying evaporative cooling
to the atoms, the cooling rate can be increased, allowing the
molecules to reach a final temperature of 1 uK within 30 s.[33]
In 2017, Akerman et al. simultaneously decelerated Li atoms
and O, molecules to rest in a moving magnetic trap. After de-
celeration, the mixture was loaded into a static quadrupole trap
created by two permanent magnets. They estimated that about
10° O, molecules and 10° Li atoms were captured, with a trap
s.341'In 2018, Morita et al. investigated ul-

tracold collisions between spin-polarized SrF (>£*) molecules

lifetime of about 1

and Rb (?S) atoms, laying the foundation for studying the sym-
pathetic cooling of StF (*X*) molecules in magnetic traps. 3]
In 2020, Liu ef al. proposed a scheme for the simultaneous
deceleration of CH3 and Li atoms using a traveling-wave mag-
netic decelerator, paving the way for the simultaneous trapping
of CH3 and Li atoms and facilitating sympathetic cooling for
the preparation of ultracold radical samples.*! In 2021, Zhu
at Yale University performed experimental optimization of the
radio-frequency MOT for Rb atoms in order to achieve sympa-
thetic cooling with SrF molecules.*”! In 2024, Hutzler’s group
proposed a scheme for sympathetic deceleration and cooling
of CH polar molecules using laser-cooled Rydberg atoms in a
low-temperature, low-density beam. Their research showed
that molecules traveling at a velocity of 100 m/s could be
brought to rest within 30 collisions, with minimal inelastic
losses. 38!

Indeed, the MgF molecule is a good candidate for laser
cooling.39-41 Here, we propose a scheme that uses the stim-
ulated force to decelerate Rb atoms and MgF molecules, with
the goal of producing a cold mixture of Rb atoms and MgF
molecules. We theoretically study the stimulated force exerted
on MgF and Rb using optical Bloch equations based on a di-
rect numerical solution for the time-dependent density matrix.
We show that the frequency chirping method ensures a con-
stant maximum stimulated force on the MgF and Rb during the
deceleration process, allowing a sustained interaction between
the moving particles and the low-power light. We study the
influence of transverse diffusion in the process of stimulated
deceleration. This scheme allows more efficient deceleration
of atoms and molecules to the MOT capture velocity, allow-
ing atoms and molecules with different masses and properties
to be both decelerated and confined in the MOT, which is the
starting point for studying atom—molecule collisions under ul-
tracold conditions.

2. Theory and method
2.1. Level structure of MgF and Rb

Figure 1 shows the sketch of the stimulated force on a
diatomic molecule and an atom in a 7-pulse model,*”! as
well as the level structure of MgF molecules and Rb atoms.
As shown in Fig. 1(a), the stimulated force is generated by
dual-frequency laser beams that propagate in opposite direc-
tions, inducing excitation and emission processes in atoms
and molecules. The relevant vibrational levels and branch-
ing ratios of the X—A transition in MgF molecules are illus-
trated in Fig. 1(b). The spontaneous emission from AT, )2 to
X%x, /2 is controlled by the vibrational branching ratio f,, (the
downward orange curve in Fig. 1(b)). Upward solid blue lines
denote the transitions driven by lasers A,,,. The main cool-
ing transition occurs at a wavelength of Agg = 359 nm, with
a Franck—Condon factor foo of 0.972 for this transition (46!
Aoo is the main slowing light with a natural linewidth of
Y =27 x 22 MHz, and the I = 62.5 mW/cm?. With the
repumping light A;p and A3, the population accumulating in
the vibrational states is repumped back. Figure 1(c) shows
the relevant cooling energy levels of a rubidium atom. In
2012, Liebisch et al. decelerated an atomic beam of Rb us-
ing a stimulated-emission slowing technique that employs a
bichromatic standing light wave of high intensity, and in-
creased the atom number in an MOT of low capture veloc-
ity by up to a factor of 14, and the load rate into the MOT
by a factor of 2.1481 Rb atoms are excited by a 780-nm laser
light through the 5 2S; /, — 5 ?P; , atomic transition for laser
cooling, with a natural linewidth of ¥ = 27 x 6 MHz, and the
Lot = 3.58 mW/cm?2.[#9]
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Fig. 1. (a) MgF molecules and Rb atoms in the dual-frequency light field and
the light beams are symmetrically detuned by & from a carrier frequency @,.
(b) The vibrational energy structure of MgF and the corresponding branch-
ing ratios between them. The main cooling transition has Ago = 359 nm,
and the Franck—Condon factor fyo for this transition is 0.972. (c) The main
energy levels for laser cooling of Rb atoms. The transition wavelength is
780 nm, the upper-state lifetime is 26.24 ns, and the natural linewidth is
27 x 6 MHz.

We first develop our initial model to calculate the stim-
ulated force on MgF molecules and Rb atoms. In the dual-
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frequency light field, the light beams are symmetrically de-
tuned by & from a carrier frequency @,, and both frequency
components have the same amplitude Ey. The total on-axis

electric field is

E (z,t) = 2Eycos (kz+ myt)cos (6t + ¢ /4)
+2Eqcos (kz — wyt) cos (8t — @ /4), (D)

where ¢ is the phase difference between two standing waves,
and k =27 /A. By including the Hamiltonian of the molecules
and atoms in the optical field and considering the equation of
motion for the density matrix, the optical Bloch equations for
the light field can be derived as

_ H,p]
i

+L(p), (@)

where L(p) is the Linblad operator to account for spontaneous
decay.

We consider the My = 12+ 1 ground states in the MgF
molecule. The ground states contain 12 Zeeman sublevels in
the XZZT/2 (v=0,N = 1) state, and another state includes all
other possible vibrational levels as the total population prob-
abilities are equal to 1. There are M. = 4 excited states in
the AX1j ), (V' =0,J' =1/2) state. The dark states in the
ground state X°X, 2 (v=0,N =1) are destabilized by apply-
ing a magnetic field B, at an angle 0 relative to the laser po-
larization. Each transition is associated with a Rabi frequency
defined by .Qioj = Ey - d;j/h, where d;; is the electric-dipole
transition matrix element between the states |i) and |j). In
the following derivation, the summation over the ground state
indices (I, m, n) runs from 1 to 13, while the summation over
the excited state indices (i, j, k) runs from 1 to 4. The total
Hamiltonian of the system can be expressed as

HJh = Hylh— (Zasg, ) (51
il

+ZQ |e;) d—l—cc)—i—Hm/h
Hoy/h = Zwe,-|ei eil +) g |g1) (g1 |+0al d) (d],
i 7
H,, = gsusS- B, 3)

where /i = h/27 (I is Planck’s constant), QR e, and .di are the

corresponding Rabi frequencies, |e;) is the excited state, |g;) is

the ground state, and |d) is another state that includes all other
possible vibrational levels as the total population probabilities
are equal to 1. gg is the electron g-factor and up is the Bohr
magneton. Assuming that the total decay rate is I; and the de-
cay rate for each channel is I;, the complete density matrix
equation of motion for the M, + M, system is given by

Peies = Y I [Q Perg,,| +1m [Q Pe,a] —TiPeie;
m

. i
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According to the studies from Liebisch er al. in 2012,
the bichromatic light ensures efficient slowing since the Fy, =
2—F,
system. *®] The model of Rb atoms is based on numerical solu-

= 3 cycling transition provides a nearly ideal two-level

tions of the optical Bloch equations for two-level atoms driven
by multiple time—dependent fields:

Pgg = % (Peg — Pge) AE + YPee,

. i . Y

Pge = (pce ng)dE + (l(l)a - 5) Pge,

Pge = ng, Pgg 1 Pee = I, (5)

where d is the matrix element of the electric dipole moment,
E is the magnitude of the electric field, and ¥ is the scattering
rate of the excited state for the atom.

The force acting on a molecule or an atom is equal to the
negative gradient of the interaction potential, which is given
by

(Fy=—(VH)=—Tr(pVH). (6)
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2.2. Scheme of dual-species stimulated deceleration

A proposed scheme is shown in Fig. 2: atomic and

molecular beams (blue) emerge from the buffer gas chamber,
where the particle density typically ranges from 103 cm™—3
to 10'* cm™3 in cell, and the temperature is usually around
4 K.%321 The upper right part of the figure shows the ex-
pected temperature (7)) and velocity (V) variations of the
atoms and molecules. Initially, the atoms and molecules move
at high velocities (typically a few hundred m/s). Due to ex-
pansion, diffusion, and collisions with the buffer gas, their
density decreases rapidly. Deceleration needs to be carried
out in the moving reference frame to ensure sufficient inter-
action between the particles and the laser. The laser beam
frequency along the z-direction is chirped in the moving ref-
erence frame to achieve deceleration. In the moving refer-
ence frame, two sets of laser fields are applied to the atoms
and molecules for dual-species stimulated deceleration. The
red arrows represent the 780-nm laser for decelerating Rb
atoms, and the purple arrows represent the 359-nm laser for
decelerating MgF molecules. To realize the deceleration pro-
cess of MgF molecules, the main cooling laser operates at
a wavelength of 359 nm, while the repumping laser has a
wavelength of 368 nm. These required ultraviolet wave-

lengths can be achieved by frequency doubling the funda-
mental light generated by a titanium-sapphire laser, which
meets the laser power requirements. The black arrows rep-
resent the MOT. The two counter-propagating travelling-wave
lights of 359 nm are linearly polarized driving the transition of
X?L) ), (v=0,N =1)—=A™MI (v =0,J' = 1/2), and inter-
act with MgF molecules at a uniform magnetic field. This type
of transition will lead to optical pumping into dark ground-
state Zeeman sublevels, which could not be excited by the
The states of F = 2, m = %2 in the ground state
X%y, /2 (v=0,N = 1) are the dark states for MgF. Once there
is a dark state, the ground molecular hyperfine state is no

lasers.

longer coupled to the excited state by the cooling laser, and
the cooling will cease. Applying a magnetic field induces the
Larmor precession of the molecules, which leads to a peri-
odic exchange of populations of the ground states, so that the
molecule will not be trapped in the dark state. Note that the
Larmor precession effect is closely associated with the magni-
tude of the magnetic field and the angle with the direction of
polarized light. The magnitude of the magnetic field is 25 Gs
(1 Gs=10"*T), and the angle with the direction of polarized
light is 65°.

. om U; é |4 Molecules
° ) Atoms | t
P ‘
3 o £ ;
© o
° PR 5 o o T T~ Molecules
. % e 8 o Atoms | \
i 9 [~} 1 t

Cryogenic buffer
gas beam source
for MgF molecule
and Rb atoms

slowing

Simultaneou;\

Free fly Simultaneous slowing

1~

MOT

Fig. 2. Proposed scheme of dual-species stimulated deceleration of MgF molecules with Rb atoms. A beam (in blue) of atoms and molecules is extracted
from the buffer gas chamber (brown box). The upper right part of the figure shows the expected temperature (7') and velocity (V) variations for the atoms
and molecules. In the moving reference frame, two sets of laser fields are applied to the atoms and molecules for dual-species stimulated deceleration.
The red arrows represent the 780-nm laser for decelerating Rb atoms, and the purple arrows represent the 359-nm laser for decelerating MgF molecules.
Slowing and cooling can be achieved in the moving reference frame by tuning the frequency of the cooling laser. Not all lasers are shown in the figure.

Stimulated forces rely on the coherent control of mo-
mentum exchange through rapid absorption-stimulated emis-
sion cycles, producing a large net force with appropriate laser
power and sequencing. The magnitude and the velocity cap-
ture range of stimulated forces is also more favourable than
that of spontaneous radiation forces.?*33! The magnitude of
the velocity-dependent force decreases significantly as the beat
phase difference increases, which occurs when the molecular
beam travels a short distance of several centimetres, and the

phase compensation allows an optimal shape for the stimu-

30.54] However, since the stim-

lated force to be maintained.!
ulated force is sizable only for velocities within the range
of |v| < 8/2k and the velocity distribution of the decelerated
molecules is typically broad, the effective deceleration forces
are unevenly distributed throughout the slowing process. 243
Meanwhile, the magnitude of the stimulated force acting on
molecules increases with J; however, the required laser power
scales with §2.13933] The tightly focused laser beams with a
top-hat diameter of 1 mm are used to achieve the required

irradiance. 8! Note that requiring the high-power laser light
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presents a significant challenge in actual experiments, espe-
cially when the detuning is several hundred times the natu-
ral linewidth y. These issues greatly hinder laser decelera-
tion efficiency and ultimately decrease the number of slowed
molecules. Therefore, the dual-species deceleration of MgF
molecules with Rb atoms by stimulated force with a phase
compensation and frequency chirping can effectively address
issues related to high laser power requirements and spatial
inhomogeneity of stimulated forces on molecules during de-
celeration. The lasers have a detuning of —& from atomic
resonance @, and is shifted to @, & & using an acousto-
optic modulator. These beams are combined by a polariz-
ing beam splitter and further split by a beam splitter. The
frequency is chirped via electro-optic modulator driven by a
voltage-controlled oscillator modulated with a sawtooth in-
put to achieve synchronous deceleration and compensation for
Doppler shifts.>* The chirping rate can be precisely con-
trolled. Then, one laser beam with the frequency of w, +
0 + kv(t) will be a blue-tuned one after an optical delay line
to adjust the relative beat phase, and the other will become a
red-tuned beat note train. The leg-coated prism mirrors from
Thorlabs can be used to create an optical delay line. The phase
change could be adjusted by synchronizing the position of the
optical delay line with the motion of molecules using stepper

motors. 304

3. Results and discussion
3.1. Stimulated forces with a phase compensation

The beat phase difference strongly influences the mag-
nitude of the stimulated force. Initially, the molecules and
atoms are in their ground state. When they interact with the
light pulse, stimulated emission occurs, releasing a photon
at the frequency of the absorbed light. If the molecules and
atoms have spontaneously returned to the ground state before
the counterpropagating beat arrives, they will absorb photons
from the opposite direction. This results in a change in the
absorption-stimulated radiation cycles and reverses the direc-
tion of the stimulated forces. In this case, the deceleration
process would transition into an acceleration process. Thus,
the average stimulated force is zero if the 7 pulses in opposite
directions are evenly distributed in time.[>3! Therefore, con-
trolling the beat phase difference is crucial for maintaining the
optimal stimulated force profile on molecules and atoms dur-
ing deceleration. The particles can be decelerated by maintain-
ing a constant beat phase difference through an optical phase
compensation method, ensuring the sustained application of
a favourable force throughout the deceleration process.!30->4]
Through the calculation of the relationship between 2° and
the velocity-averaged stimulated force in the two-level sys-
tems, the optimal Rabi frequency amplitude Q0 is determined

to bey/3/28.1543]

We have investigated the stimulated force on MgF
molecules as the beat phase difference (¢) varies from 90° to
165°. As shown in Fig. 3(a), when ¢ = 90°, the magnitude
of the stimulated force for MgF molecules is about 1.1hky/47
and the velocity capture range of §/2k is 35.7 m/s. As the
phase difference increases to 135°, the magnitude of the stim-
ulated force decreases to 0.3hky/4m, as shown in Fig. 3(d).
Meanwhile, the characteristic “hat-shaped” profile of the force
gradually disappears. As ¢ continues to increase, the stim-
ulated force acting on MgF molecules gradually decreases.
And, as shown in Figs. 3(e) and 3(f), the force within the ef-
fective velocity range approaches zero. Therefore, modulating
the phase difference during the deceleration process is crucial.
An optical phase compensation method can maintain an op-
timal force profile throughout the deceleration. Overall, the
stimulated force features a large magnitude and a wide veloc-
ity range with the phase difference of ¢ = 90°.
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Fig. 3. Stimulated force on MgF molecules as the beat phase difference
(@) varies from 90° to 165°. The blue curves represent the force on MgF
molecules with the magnetic field of B =25 Gs and 6 = 65°, for § values
of 9y.

Figure 4 shows the stimulated forces on MgF molecules
and Rb atoms. The constant beat phase difference (¢) is 90°.
The blue curve represents the force on MgF molecules with
the magnetic field of B =25 Gs and 6 = 65°. For J values
of 9, the velocity capture range of §/2k is 35.7 m/s at a laser
power of 357 mW per traveling wave. The magnitude of the
stimulated force for MgF molecules is about 1.14ky/4x. The
red curve represents the force on Rb atoms at & = 8y with the
velocity capture range of 18.7 m/s, and the stimulated force
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is 1.3hky/4m, at a laser power of 10 mW per traveling wave
(40 mW in total).

—— MgF molecules
1.51 — Rb atoms

1.2 1
0.94
0.6 1
0.3
04
—0.3 1
—0.6 1

Force (hkvy/4m)

-30 —20 —-10 O 10 20 30
Velocity (v/k)

Fig. 4. The stimulated force on MgF molecules and Rb atoms. The blue
curve represents the force on MgF molecules with the magnetic field of
B =25 Gs and 6 = 65°. For § values of 97, the velocity capture range
of 8/2k is 35.7 m/s. The red curve represents the force on Rb atoms at
8 = 8y with the velocity capture range of 18.7 m/s.

3.2. Relationship between the deceleration effect and the

chirping process

The frequency chirping method ensures a constant maxi-
mum stimulated force on the MgF and Rb during the deceler-
ation process, allowing for a sustained interaction between the
moving particles and the low-power light.!>*! Figure 5 shows
the trend in the number of atoms and molecules with veloci-
ties below 10 m/s as the duration of the chirp ramp (Ar) varies.
The chirp rate is defined as the ratio of the chirp magnitude to
the duration of the chirp ramp (A®/At), and the chirp magni-
tude varies with the initial longitudinal velocity of the atoms
and molecules. The MgF molecular beam from a buffer gas
source has a forward velocity distribution centred at 200 m/s
with a full width at half maximum (FWHM) of 100 m/s. The
FWHM of the transverse velocity distribution is fixed at 2 m/s
after the molecules pass through the collimation aperture. %]
The Rb atomic beam from a buffer gas source is assumed
to have a forward velocity of 130 m/s with an FWHM of
80 m/s and a transverse velocity distribution with an FWHM of
2 m/s.5!! The chirp magnitude is 557 MHz for MgF molecules
and 141 MHz for Rb atoms.*®! We perform the Monte Carlo
simulations for the deceleration process for 10® Rb atoms and
10% MgF molecules. We count the number of the atoms and
molecules with velocities below 10 m/s in the detection range.
The fraction is expressed by dividing the number of the slowed
molecules by the initial one million. Thus, the final number of
detected particles is lower than the initial number due to trans-
verse diffusion during deceleration. As shown in Fig. 5(a),
the blue curve represents the change in the number of MgF
molecules with velocities below 10 m/s as the duration of the
chirp ramp (Ar) varies from 0.5 ms to 2.5 ms. When the At is
1 ms (the chirp rate is 557 MHz/ms), the fraction of the slow
MgF molecules is maximized at 26%. As the duration contin-
ues to increase, the fraction of slow MgF molecules decreases

rapidly. For At = 2.5 ms, the fraction is 8%. When Ar = 1 ms,
the fraction is 3.25 times that of Ar =2.5 ms. As shown by the
red curve in Fig. 5(b), the fraction of Rb atoms below 10 m/s
is maximized at 14% when the duration of the chirp ramp is
1 ms (the chirp rate is 141 MHz/ms). When At is 0.6 ms, the
fraction of the slow Rb atoms is only 2%, which is about one-
seventh of the fraction observed at Ar = 1 ms. As a result,
the optimal chirp rate is 557 MHz/ms for MgF molecules and
141 MHz/ms for Rb atoms, at a laser power of 357 mW (MgF)
and 10 mW (Rb) per traveling wave.
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Fig. 5. The trend in the number of (a) MgF molecules (6 = 9y) and
(b) Rb atoms (6 = 8y) with velocities below 10 m/s as the duration of
the chirp ramp (Ar) varies. The fraction is expressed as the number of
slowed particles divided by the initial million. The chirp magnitude is
557 MHz (MgF) and 141 MHz (Rb).
3.3. Monte Carlo simulation of the deceleration dynamics
process

Figure 6 shows the results of the dual-species stimu-
lated deceleration of MgF molecules (6 = 9y, chirp rate
is 557 MHz/ms) with Rb atoms (8 = 87, chirp rate is
141 MHz/ms). As shown in Fig. 6(a), the MgF molecular
beam has an initial v = (200 £50) m/s. After 1 ms of de-
celeration, about 2.6 x 10° MgF molecules have the velocities
of about 8 m/s. Meanwhile, the Rb atoms are simultaneously
decelerated to the velocity below 5 m/s, with the number of
1.4 x 10° Rb atoms, as shown in Fig. 6(b). During the de-
celeration process, some Rb atoms and still exhibit relatively
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high velocities, about above 150 m/s. For MgF molecules, due
to their higher velocities, the molecules quickly leave the de-
tection range, resulting in a relatively smaller number of high-
speed MgF molecules being detected. The change in the width

of the molecular velocity distribution during deceleration indi-
cates that the stimulated force not only effectively reduces the
molecular velocity, but also narrows the distribution of longi-
tudinal velocities, thus providing a cooling effect. As shown
by the orange and yellow curves in Figs. 6(a) and 6(b), com-
pared with Rb atoms, the longitudinal velocity distribution of

MgF molecules is compressed earlier, resulting in a faster tem-
perature reduction.

Number of MgF molecules (10%)

Number of Rb atoms (10%)
N
3]

—_ N
;O

=
o

e
o

o

Fig. 6. The dual-species stimulated deceleration of (a) MgF molecules
(6 = 97y) with (b) Rb atoms (6 = 8y). The MgF beam has an initial
v = (200+50) m/s, and the Rb beam has an initial v = (130 +40) m/s.
The chirp rate is 557 MHz/ms for MgF molecules and 141 MHz/ms for
Rb atoms. The initial number of MgF molecules and Rb atoms is 100,

respectively.

The reduction in the number of particles during the decel-
eration process indicates a loss of particles. Although the time
of stimulated deceleration is short, the loss due to transverse
diffusion remains significant. We examine the variation of the
transverse particle beam size during deceleration for different
initial transverse velocities, as shown in Fig. 7. The lines with
triangular markers represent the initial transverse velocity of
5 m/s and the blue lines with circular markers represent the ini-
tial transverse velocity of 1 m/s. The red line shows the trans-

verse beam size of the MgF molecular beam and the blue line
shows the transverse beam size of the Rb atomic beam. When
the initial transverse velocity is 1 m/s, the transverse beam size
of the MgF molecules increases from 1.67 mm to 2.95 mm, as
shown in Fig. 7(a). However, when the initial transverse ve-
locity is 5 m/s, the transverse beam size of the MgF molecules
increases rapidly from 3.81 mm to 12.55 mm. As the deceler-
ation time increases from 0.1 ms to 1 ms, the molecular size
increases by about a factor of 3.3. From Fig. 7(b), the red line
with circular markers shows that the transverse beam size of
the Rb atoms increases from 1.83 mm to 3.21 mm, an increase
of 1.38 mm. When the initial transverse velocity is 5 m/s, the
atomic transverse beam size has an increase of 8.94 mm, from
4.93 mm to 13.87 mm. Compared to the case with an initial
transverse velocity of 1 m/s, the increase is 6.5 times larger.
Therefore, during the deceleration process with stimulated ra-
diation force, the loss due to transverse diffusion cannot be
ignored, and it is crucial to minimize the transverse velocity
of the particles as much as possible.

18

—8— Molecular beam with initial transverse velocity of 1 m/s
—&— Molecular beam with initial transverse velocity of 5 m/s
—&— Atomic beam with initial transverse velocity of 1 m/s
—&— Atomic beam with initial transverse velocity of 5 m/s

=
ot
1

[y
[\
1

Transverse beam size (mm)
©
1

M

0 T
0 0.2

0.4

0.6 08 1.0
Time (ms)

Fig. 7. The variation of the transverse beam size during the dual-species
stimulated deceleration for (a) MgF molecules (6 = 97) and (b) Rb
atoms (6 = 8y). The lines with triangular markers represent the ini-
tial transverse velocity of 5 m/s and the blue lines with circular markers
represent the initial transverse velocity of 1 m/s. The red line shows
the transverse beam size of the MgF molecular beam and the blue line
shows the transverse beam size of the Rb atomic beam.

To investigate the deceleration dynamics of all molecules,
we analyze the velocity distribution and flight times of one
million molecules after deceleration. As shown in Fig. 8(a),
most of the orange dots are concentrated around 8 m/s to
8.2 m/s, with a few scattered between 8.3 m/s and 8.6 m/s.
This indicates that the width of the longitudinal velocity dis-
tribution after deceleration is about 0.2 m/s, which is much
smaller than the initial velocity distribution width of 100 m/s,
resulting in efficient cooling. Most of the MgF molecules
experience a deceleration distance ranging from 1.2 cm to
2.1 cm. Figure 8(b) shows that the slow molecules arrive
at the MOT position within 2 ms. At a flight time of about
1.2 ms, many faster molecules are observed and their ve-
locity distribution is quite broad. As the deceleration pro-
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gresses, when the flight time exceeds 1.5 ms, the number of
slow molecules increases, and the velocity distribution be-
comes significantly narrower, as indicated by the purple dots
in Fig. 8(b). The extremely short deceleration time signifi-
cantly minimizes the loss of the molecules due to transverse
diffusion during flight. The exit aperture of the buffer gas cell
is 3 mm-5 mm in diameter to extract a precooled molecular
beam, and a 1.5 mmx 1.5 mm aperture is used to further col-
limate the molecular beam for deceleration and cooling,*’]
resulting in a steradian of 1.9x 107411 If the flux of MgF
from a buffer gas chamber is ~10'! per steradian per molecu-

41571 we can estimate the number

lar pulse in the ground state, !
of slowed MgF molecules that satisfy a typical MOT capture
velocity range.!3’! The spatial distribution of molecules within
1 cm after deceleration indicates that about ~ 9.0x 10° MgF
molecules can be confined in the MOT, which is about an order
of magnitude higher than the number of molecules decelerated

by spontaneous radiation force. 26!
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Fig. 8. Velocity distribution and flight times of one million molecules
after deceleration. (a) Longitudinal velocity distribution of MgF
molecules with slowing distance after laser slowing is completed,
shown by the orange dots. (b) Flight time and forward velocity of MgF
molecules reaching the MOT position, shown by the purple dots.

4. Conclusion

In conclusion, we have presented a new approach to ob-
tain cold atom—molecule mixtures to enable effective dual-

species slowing of atoms and molecules, applicable to species

that can be laser-cooled, including atoms and many molecu-
lar radicals. Theoretical studies indicate that MgF molecules
and Rb atoms can be simultaneously decelerated to an MOT
capture velocity range, eliminating nearly 99% of their kinetic
energy, at a laser power of only 357 mW (MgF) and 10 mW
(RDb) per traveling wave. The short deceleration time mini-
mizes molecular loss due to transverse diffusion during the
flight. Compared to Rb atoms, the longitudinal velocity dis-
tribution of MgF molecules is compressed earlier, resulting
in a faster temperature reduction. The longitudinal velocity
distribution widths of the MgF molecules before and after de-
celeration are 100 m/s and 0.2 m/s, respectively, resulting in
efficient cooling. The estimated number of molecules that
can be confined in an MOT is 9.0x10°%, which is about an

order of magnitude higher than the number of molecules de-
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celerated by spontaneous radiation force.!?®! This scheme en-

hances the deceleration efficiency of atoms and molecules to
the MOT confinement velocity and promotes a higher spatial
overlap between atoms and molecules, which not only pro-
vides a basis for studying the Bose—Einstein condensation of
MgF molecules, but also provides a starting point for further

exploration of sympathetic cooling and atom—molecule colli-

sions in the ultra-low temperature regime. 33!
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