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Cold molecules are desired in a wide range of research areas, like precision measurement of physical constants,
high-resolution spectroscopy, and cold collisions. Scientific interest in the generation and manipulation of cold
molecules has been strong for decades. Here we theoretically investigate the dynamics of an optoelectrostatic
storage ring for polar molecules, which is composed of an orbiting laser beam and an electrostatic quadrupole
ring. The potentials of water molecules experienced in the combined optical and electrical fields are first
calculated and a three-dimensional (3D) hybrid potential well for molecules of interest is formed in the focus spot
of the red-detuned laser beam. The behavior of motional water molecules under the influence of the decelerating
hybrid potential well is then investigated. Later, the deceleration and trapping processes of water molecules
from supersonic expansion in the hybrid potential well are numerically simulated and corresponding results are
presented. Our study indicates that this optoelectrostatic storage ring, featuring a 3D potential well of controllable
orbiting speed, can serve as a good platform for production and manipulation of cold polar molecules and should

have important applications in the related research areas.
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I. INTRODUCTION

Cold and ultracold molecules have long been a good plat-
form for new insights into many disciplines, such as precision
measurements [ 1], cold collision and cold chemistry [2], novel
many-body quantum systems [3], interferometers [4], and
quantum information processing [5]. So far, various methods
have been proposed and demonstrated for the production of
cold or ultracold molecules, including association of ultracold
atoms [6,7], laser cooling [8,9], electrostatic Stark decelera-
tion [10], Zeeman deceleration [11], optical Stark deceleration
[12—14], collisional deceleration [15], photon dissociation
[16], buffer gas cooling [17], optoelectrical cooling [18], and
so on. Each method has its own advantages and disadvantages,
and efforts in pursuit of new principles and schemes for
production of cold molecules have never ceased.

When the molecules are slow enough they can be either
trapped locally [19] or confined in a storage ring. The idea
of confining polar molecules inside an electrostatic storage
ring was first proposed by Katz [20] and later demonstrated
in experiment by Crompvoets et al. [21]. The cold molecular
packet confined in the storage ring can repeatedly appear
at selected positions or eject tangentially out of the ring
at a selected point under control, and is thus suitable for
studies like low-energy collisions, cold chemical reactions,
and precision measurements. Since then a number of exper-
imental and theoretical studies on storage rings for cold polar
molecules have been reported [22-25]. Up to now, all the
molecular packets loading the storage ring were from the elec-
trostatic Stark decelerator. The electrostatic Stark decelerator
depends on precise time control of the interaction between the
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molecular electric dipole moment (EDM) and the electrical
fields to remove the kinetic energy of the fast-moving polar
molecules from supersonic expansion. It usually works well
in decelerating light linear and symmetric top molecules with
a large ratio of EDM to mass, like CO, CH, OH, NH3/ND3,
and CH3F, but has difficulty in decelerating most asymmetric
top molecules, even small ones like HyO [26]. Fortunately,
some of those molecules have a relatively large ratio of
polarizability to mass and thus can be efficiently decelerated
using a strong laser field. A spatially localized laser focus
works much like a single-stage optical Stark decelerator and
has demonstrated in experiment its capacity in slowing fast-
moving molecules, though precise control on the molecule
velocity has not achieved [13]. A moving laser focus can,
however, provide long time interaction between the laser field
and molecules, and bring better control on the velocity of the
decelerated molecules. Deceleration of supersonic molecular
beams using a rotating laser beam was first proposed by
Friedrich [12] and later theoretically investigated by our group
[27,28]. However, the orbiting focus spot of the red-detuned
laser beam creates only a two-dimensional (2D) optical po-
tential well, and the confinement of the molecules in the laser
propagation direction is negligibly weak. This means that the
molecules keep expanding in the laser propagation direction
during the process of deceleration. The molecules will finally
get lost when they expand out of the laser focus spot.

In this paper, we propose and investigate a hybrid op-
toelectrostatic storage ring, consisting of a rotating laser
beam and an electrostatic quadrupole ring. Polar molecules
from supersonic expansion can be first decelerated to any
desired speed and then trapped inside the hybrid storage ring.
The water molecule H,'°O is taken as an example to test
the performance of our scheme. The potential experienced by
the H,O molecule inside the combined optical and electrical
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fields is first calculated. Then, the dynamic behavior of the
H,O molecule inside the decelerating hybrid potential well
is theoretically investigated. Later, the deceleration and trap-
ping processes of H,O molecular beams from supersonic
expansion are numerically simulated using the Monte Carlo
method. The spatial and velocity distributions of the deceler-
ated molecular packet are analyzed. Some discussion and a
brief summary are given in the end.

Water is fundamental to life and human activities, and is
one of the most abundant resources on Earth. As the most
important molecule, water is widely involved in various kinds
of physical and chemical processes. Water has also been
detected in interstellar clouds [29], where the temperature
and density might be rather low. Studies on interactions of
slow (cold) water molecules with other particles can help us
not only in further understanding their physical and chemical
properties but also in getting knowledge on how to capture
and collect gaseous water for human use in future outer
space traveling. Due to its asymmetric top structure, the H,O
molecule is difficult to be decelerated using the conventional
electrostatic Stark decelerator [26]. Fortunately, due to its
large ratio of polarizability (@ = 1.6 x 107 Cm?V~!) to
mass this molecule can be efficiently decelerated using a laser
field.

II. SCHEME AND DECELERATION PRINCIPLE
A. Scheme

Figure 1 shows the schematic diagram of our proposed op-
toelectrostatic storage ring for decelerating and trapping polar
molecules from supersonic expansion. A focusing laser beam
propagates from the top down and gets reflected horizontally
via a spinning reflective mirror. An orbiting laser focus spot
is obtained in the horizontal plane and serves as a traveling
2D optical potential well for molecules when the laser is red
detuned. The electrostatic quadrupole ring offers additional
confinement for weak-field-seeking molecules in the laser
propagation direction. Thus, an orbiting three-dimensional
(3D) optoelectrical potential well for polar molecules is
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formed in the laser focus spot. Polar molecules from super-
sonic expansion enter the storage ring tangentially and are
captured by the traveling 3D potential well. By reducing
the spinning speed of the reflective mirror, the orbiting 3D
potential well will be decelerated, and so will the molecules
captured inside. For convenience of description and analysis,
two frames of reference are introduced and shown in Fig. 1.
One is fixed in the lab and indicated by XYZ, the other is
fixed on the moving laser focus (i.e., the potential well) center
and indicated by xyz. The axes of ¥ and y are in the same
direction. The angle between the laser propagation direction
and the lab-fixed Z direction is denoted as 6.

B. Potential energy and dipole force

H,O is a typical representative of asymmetric top
molecules with its three rotational constants being A =
27.861cm™', B=14.512cm™!, and C =9.271cm™!, re-
spectively [30]. For an asymmetric top molecule, the term
symbol of |/, T, M) is conventionally used to specify the
quantum state. Figure 2 shows the Stark energy shifts of
H,O as a function of the electrical field magnitude for quan-
tum states of /=1 and 7 = —1, 0, 1, respectively. The
results are obtained using the so-called matrix method [31],
which is suitable for calculating energy shifts of molecules at
external fields of arbitrary intensity. The weak-field-seeking
stateof |/ = 1, t = 1, |M| = 1), marked by the hollow circle
in Fig. 2, is conventionally thought to be a good option
for electrostatic deceleration and trapping. For instance, the
energy shift at an electrical field of 200 kV /cm is calculated
to be about 0.45 cm™! for this state.

The optical potential experienced by a molecule inside the
red-detuned laser field can be expressed as [27]
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FIG. 1. Schematic diagram of the optoelectrostatic storage ring for polar molecules from supersonic expansion with (a) side view and
(b) bird’s-eye view. R is the radius of the electrostatic quadrupole ring. The inset in (a) shows a contour plot of the electrical field of the
quadrupole trap and that in (b) indicates a close view of the laser focus spot.
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FIG. 2. The rotational energies of H,O |J, t, M) states as a
function of the electrical field strength (/ =1 and v = —1, 0, 1,
respectively).

Here, o is the averaged polarizability of the molecule. The
light field is assumed to have a Gaussian intensity distribution
in the radial direction, i.e., I(r) = Ipexp[—2(r/w)*]. Here r
is the distance of the molecule from the laser beam axis. I,
is the maximum laser intensity at » = 0 and is related to the
laser power of P via the formula of Iy = 2P/7w?, and o is
the waist radius of the laser focus spot. E(r) is the amplitude
of the electrical field component and is related to the laser
intensity 7(r) via the formula I = goE>C/2 with g, the free
space permittivity and C the speed of light in vacuum.

The total potential energy Uy experienced by the H,O
molecule of state |J =1,7 =1, |M|=1) exposed to the
combined optical and electrical fields is numerically cal-
culated using the above-mentioned matrix method. For our
calculation here, a continuous-wave (CW) red-detuned laser
of 40 kW is focused into a spot of diameter 2w = 80 um

The quadrupole ring has a curvature radius of R = 25cm
and consists of four stainless steel electrode rods of diameter
d = 1 mm. The surface-to-surface distance of the neighboring
electrodes is D = 1.5 mm. The voltages applied on the neigh-
boring electrodes are +HV = 20kV and —HV = —20kV,
respectively. A hybrid 3D potential well is formed in the laser
focus spot for molecules of interest. Figure 3 shows the spatial
distribution of the 3D potential well for the H,O molecule
along the three axes of the reference frame of xyz fixed on
the laser focus spot. As one can see, in the x and y directions
the shape of the potential well is basically determined by the
optical field and its scale is comparable to the waist spot size,
as shown in Figs. 3(a) and 3(b). In the z direction the shape of
the potential well is basically determined by the electrical field
and its scale is comparable to the size of the quadrupole trap.
The dipole force per unit mass experienced by the moving
molecule inside the potential well can be obtained from the
differential equation of P(i) = F(i)/m = —VUr(i)/m; here
i = x,y, or z. Figure 4 shows the corresponding values of P(i)
in the three directions of x, y, and z. As illustrated, the dipole
force per unit mass experienced by the H,O molecule is on
the order of 10° m/s? along the three directions of x, y, and
z inside the potential well, but the confinement of molecules
in the x and y directions is much stronger than that in the z
direction. The maximal value of P, = ~9.73 x 10° m/s? is
obtained in the x and y directions.

C. Longitudinal motion

During deceleration, the spinning mirror is under brake
with an angular deceleration rate of y, and the traveling
potential well gets a linear deceleration rate of a = Ry in the
longitudinal (i.e., x) direction. The motion of a molecule rel-
ative to the hybrid potential well in the longitudinal direction
is given by

2
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FIG. 3. The total potential energy Ur for the H,O molecule of state |/ = 1,7 =1, |[M| = 1) along the three axes of the reference

frame xyz.
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FIG. 4. The dipole force per unit mass, P(i) = F(i)/m, experienced by the H,O molecule of state |/ = 1, t = 1, |M| = 1) along the three

axes of the reference frame xyz.

Here m is the mass of the molecule, x is the position
difference between the molecule and the potential center, a
is the deceleration rate of the potential well, and F(x) is the
force experienced by the molecule in the x direction. Let us
introduce the relative velocity of the molecule with respect to
the potential center, v, = dx/dt. After transforming Eq. (2)
and doing integration on both sides, one can get the following
equation of motion for the molecule,

W2 =2 [ [@ . a]dx—}—Cimg =2 / [P(x) — aldx+Cin.

m

3)
with Cip, being the integration constant. When the decelera-
tion rate a is less than the maximal value of the dipole force
per unit mass P, (x), there exists a stable area in the phase
space, so-called phase acceptance. Based on the values of P(x)
as presented in Fig. 4, the phase stable area can be numerically
determined by using Eq. (3) and solving the differential equa-
tion of d(vf)/dx = 0. Molecules first captured in this area
will follow the motion of the potential well and be deceler-
ated accordingly, and molecules first outside this area might
have their velocity somewhat influenced but cannot be stably
decelerated along with the potential well. Figure 5(a) shows

the trajectories of both trapped (solid lines) and untrapped
(dashed lines) H,O molecules in the phase space with a =
P,/2 = 4.87 x 10° m/s?. Figure 5(b) shows the separatrices
of the phase acceptance with the deceleration rate of a =
0.25P,,, 0.50P,,, and 0.75P,,, respectively; Fig. 5(c) shows the
effective potential wells for H,O molecules accordingly for
the above selected values of a in this direction.

D. Transverse motion

The molecule with longitudinal velocity of v, experiences
a centrifugal force in the z direction when orbiting inside
the storage ring in the xz plane. A pseudopotential energy
contributed by the centrifugal force can be introduced and
given as

Ucentri = chentridZ = _mv21n<1 + I%)a (4)

where z is the transverse position away from the potential
center and R is the curvature radius of the storage ring. The
effective potential energy U for molecules in the ring is the
sum of the pseudopotential energy and the hybrid potential
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FIG. 5. (a) Trajectories of both trapped (solid lines) and untrapped (dashed lines) H,O molecules in the phase space with a = P,,/2 =
4.87 x 10° m/s%. (b) The separatrices of the phase acceptance for H,O molecules with different deceleration rates of a = 0.25P,,, 0.50P,,, and
0.75P,,. (c) The effective potential wells for H,O molecules with the selected values of a.
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FIG. 6. (a) The effective potential well for the H,O molecule for selected longitudinal velocities of v, = 0, 50, 150, 200, and 250 m/s,
respectively. (b) Velocity acceptance of the potential well in the direction of z as a function of the longitudinal velocity v,.

energy U, in the z direction.

Usit = U — mvﬁln(l + 1%) )

Figure 6(a) shows the effective potential wells for the H,O
molecule for selected longitudinal velocities of v, = 0, 50,
150, 200, and 250 m/s, respectively. With the increase of the
longitudinal velocity v,, the effective potential well for the
molecules becomes shallow in depth with its center moving
toward the positive z axis, as can be seen in Fig. 6(a). The
confinement of molecules is mainly provided by the electrical
field in the z direction. As discussed above, the potential
well is deeper in depth and bigger in size in the z direction
than in the two other directions of x and y. However, due to
the coupling of the molecular motion in the longitudinal and
transverse direction, the velocity acceptance of the molecules
in the z direction is finally determined by the potential depth in
the x direction, as will be confirmed in the following numeric
simulation. Figure 6(b) shows the corresponding velocity
acceptance of the potential well in the transverse direction of
z as a function of the longitudinal velocity of v,.

The molecules oscillate in the potential well when confined
in the storage ring. The oscillation frequency of the confined
molecules in the transverse direction can be approximately
estimated from the expression of f = %«/—d p(i)/di with
i =y or z. With the parameters used in Fig. 4, the oscillation
frequency of the confined molecules are calculated to be about
~4.3 x 10* Hz and ~3.6 x 10° Hz in the y and z directions,
respectively.

III. NUMERIC SIMULATIONS

In fact, due to the coupling of motion in the 3D space,
the behavior of the molecule is rather complicated in the
hybrid potential well. To better understand the dynamics of
the molecules inside the optoelectrostatic storage ring, the
deceleration and trapping processes of the H,O molecular
beam in the orbiting hybrid potential well are numerically

simulated using the Monte Carlo method. The pulsed H,O
molecular beam from supersonic expansion is assumed to
have a Gaussian velocity distribution centered at 250 m/s in
the X direction with a translational temperature of 2 K in the
laboratory frame. The transverse velocity is centered at zero
with a full width at half maximum (FWHM) velocity spread of
about 10 m/s. The parameters of the optoelectrostatic storage
ring are the same as those mentioned in the above description.
For loading molecules into the hybrid potential well, the laser
focus spot intersects the central portion of the molecular beam
with an orbiting speed of 250 m/s as well. The deceleration
process starts at the positionof § =0 (i.e., X =Y =Z =01in
the lab frame) and is operated by braking the spinning reflec-
tive mirror to reduce the orbiting speed of the laser focus spot.
With a linear deceleration rate of a = —P, /2 = —4.87 X
10° m/s?, the potential well can be decelerated from 250 to
50m/s within a time interval of ~411 us. The orbiting laser
focus spot covers an angle of 6 = ~14.12° with its new posi-
tion in the lab frame being X = R[sin(f)] = 61.0mm, Y =0,
and Z = —R[1 — cos(8)] = —7.56 mm. Red solid symbols in
Fig. 7 show the spatial profile of the decelerated molecular
packet in the XZ plane of the laboratory frame when the
laser focus spot is decelerated to the speed of 200 (0 =
~5.30°), 150 (8 = ~9.42°), 100 (0 = ~12.36°), and 50 m/s
(6 = ~14.12°), respectively. As illustrated in the figure, the
decelerated molecular packet is well confined by the 3D
hybrid potential trap and follows its orbiting trajectory in
the storage ring. For comparison, the deceleration of the
molecular beam with the laser field only (no electric field)
is also simulated. The spatial profile of the molecular packet
decelerated along with the laser focus spot is shown in Fig. 7
with blue solid symbols. With the absence of the electrical
field, the orbiting laser focus spot serves only as a 2D trap
for the decelerated molecules. Due to lack of confinement
the decelerated molecular packet gradually expands along the
laser propagation direction (i.e., the z direction fixed on the
orbiting laser focus spot). The molecules finally get lost when
they expand out of the laser focus spot, as shown by the black
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FIG. 7. The spatial distribution of the decelerated molecular
packet in the plane of XZ of the laboratory frame for the cases of
3D hybrid potential well with combined laser-electrical fields (red
solid symbols) and 2D potential well with laser field only (blue solid
symbols). The black hollow symbols represent molecules which are
first accepted by the 2D potential well but finally expand out of the
laser focus spot and get lost.

hollow symbols in Fig. 7. The size of the laser focus spot in its
propagation direction is characterized by twice the Rayleigh
length of 2lr = 27 w?/A and is calculated to be ~9.44 mm
with @ = 40 um and A = 1064 nm used for the simulation.
Figure 8 shows the spatial distribution of the decelerated
molecular packet in the planes of (a) XY, (b) XZ, and
(c) YZ of the laboratory frame when the velocity of the
hybrid potential well is decelerated to 50m/s at the angle
of & = ~14.12°. As one can see, the spatial distribution of
the decelerated molecular packet is well confined within the
scale of the hybrid potential well, as shown in Fig. 3. The

velocity distribution of the decelerated molecular packet in the
laboratory frame of XYZ is also examined and corresponding
results are shown in Fig. 9.

When the molecular packet is decelerated to the desired
longitudinal velocity in the 3D hybrid potential well, the
orbiting speed of the laser focus spot can be maintained
constant (i.e., a = 0m/s?) and the molecular packet will orbit
in the storage ring along with the moving 3D potential well.
In a conventional electrostatic storage ring, due to lack of
confinement the molecular packet gradually spreads out in
the longitudinal direction and finally fills the whole area.
Tedious efforts have been made to avoid the spreading of
the orbiting molecular packet and to increase the number
of its round trips over the years [23,25,32]. For our scheme
here, the molecular packet is simply confined in the orbiting
3D potential well with no spreading in the storage ring.
Figure 10(a) shows the simulated time-of-flight (TOF) pro-
files of the orbiting molecular packet with a forward speed
of 50m/s at a selected point of observation in the storage
ring. As shown in the figure, the orbiting molecular packet
reappears at the selected observation point without spreading
in the storage ring. The time interval between neighboring
peaks is ~31.4 ms, corresponding to the round trip time of the
orbiting molecular packet in the storage ring. For comparison,
the trajectories of the same orbiting molecular packet with
absence of the laser field are also simulated, and Fig. 10(b)
presents the corresponding TOF profiles of the molecular
packet. As one can see, due to lack of confinement the molec-
ular packet gradually gets broader in the storage ring and the
height of the TOF profile peaks decreases dramatically. After
about seven round trips the molecular packet fills the whole
area of the storage ring and is no longer discernible.

IV. ANALYSIS AND DISCUSSION

For efficient deceleration of the molecular beam from
supersonic expansion using our scheme, a linear deceleration
rate a on the order of ~10° m/s? for the orbiting laser focus
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FIG. 8. The spatial distribution of the decelerated molecular packet under hybrid potential well in the planes of (a) XY, (b) XZ, and (c) YZ
of the laboratory frame when the velocity of the optical potential well is decelerated to 50 m/s at an angle of 6 = ~14.12°.
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FIG. 9. The velocity distribution of the decelerated molecular packet under hybrid potential well in the planes of (a) XY, (b) XZ, and
(c) YZ of the laboratory frame when the velocity of the optical potential well is decelerated to S0 m/s at an angle of 6 = ~14.12°.

spot is essential. This requires an angular deceleration rate y
of the spinning mirror on the order of 10°—10° rad/s?, which
is no longer a challenge for present motor technology [33]. A
higher laser power can offer a bigger and deeper potential well
for decelerating and trapping more molecules and CW lasers
of power up to ~500kW are now commercially available
[34]. In fact, the deceleration rate a of the laser focus spot
need not be constant during the deceleration process. A stable
phase area always exists for the decelerating molecules so
long as the value of a does not exceed the maximal force
per units mass P, provided by the potential well. In theory,
the smaller the value of a becomes, the larger the area of
the phase acceptance will be. Additionally the speed of the
decelerated molecular packet is determined by the final speed
of the orbiting laser focus spot.
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0.8 H

0.6 H

H,O density (arb. units)

0.0

50 100 150 200 250
Storage time (ms)

(an)

The total number and density of the finally trapped
molecules are of decisive significance for their potential ap-
plication in many fields. The total number can be estimated as
N = pV fif». Here p is the number density of the molecules.
V is the effective volume of the potential trap, which is
approximated as V = mw?h with w the laser beam waist
radius and A the effective trap length in the z direction. f;
is the fraction of molecules in state |[J = 1,7 =1, |M| = 1);
f> is the fraction percentage of molecules captured by the
potential trap, whose velocities are within the range of [v —
Av, v+ Av] with v and Av being the velocity and the
velocity acceptance of the trap, respectively. For a laser focus
with a waist radius of 40 um, the effective volume V is
~5 x 10~®cm™3. Suppose that the supersonic H,O molec-
ular beam loading the potential well has a number density

1.0 } (b)
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0.6 H
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T T
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FIG. 10. The simulated time-of-flight (TOF) profiles of the decelerated H, O molecular packet with the presence (a) and absence (b) of the

orbiting laser focus spot of 50m/s.
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of about 10'*—10'* molecules/cm™3. With a translational
temperature of ~2K the fraction f; of molecules in state
[/ =1, =1, |[M| = 1) is about 5%. With a maximal veloc-
ity acceptance of about 4.5 m/s (the case of a = 0.5P,,), the
fraction percentage f is then calculated to be ~5 x 1073, With
all the parameters above, the total number of molecules first
captured by the hybrid trap is on the order of 10*—10° with
their density being about 10°—10'° molecules/cm™3. These
molecular numbers and densities combined with long trap
lifetime for molecules are very attractive compared to those
from other methods like magneto-optical trapping [9,35] and
magnetic trapping [36,37].

V. CONCLUSION

In conclusion, we have theoretically investigated the
dynamics of an optoelectrostatic storage ring for polar
molecules. The potentials of water molecules experienced in
the combined optical and electrical fields are calculated using
the matrix method. A 3D hybrid potential well for molecules
of interest is formed in the focus spot of the red-detuned laser
beam. By changing the spin speed of a reflective mirror, the
orbiting speed of the hybrid potential well can be conveniently
controlled, which is suitable for manipulation of molecular
motion, like deceleration and trapping. The behavior of water
molecules inside the decelerating potential well is analyzed
in detail, and the Monte Carlo method is used to simulate
the deceleration and trapping processes of water molecules

from supersonic expansion in the 3D hybrid potential well.
Simulation results indicate that water molecules can be well
decelerated and trapped in the optoelectrostatic storage ring
with high densities.

The scheme proposed here is particularly suitable for de-
celerating and trapping heavy-atom diatomic molecules like
BaF [38], which usually possess a large ratio of polariz-
ability to mass. Heavy polar molecules are very promising
candidates for the sensitive electron electric dipole moment
(eEDM) measurement, considered as a platform for searching
new physics beyond the Standard Model (SM) of elementary
physics since the 1950s [39]. Laser cooling of heavy polar
molecules is inefficient and usually requires a slowing dis-
tance of tens of meters [40]. For our scheme here with the
parameters used above, the performed simulation indicates
that the BaF molecules of ~250m/s can be efficiently decel-
erated to 50 m/s within a distance of about ~5cm and then
trapped in the orbiting 3D potential well of the storage ring.
Moreover, the proposed optoelectrostatic storage ring can also
serve as an ideal platform for studies like cold collisions and
cold chemistry.
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