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Optical Stark decelerator for molecules with a traveling potential well
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We propose a versatile scheme to slow supersonically cooled molecules using a decelerating potential well,
obtained by steering a focusing laser beam onto a pair of spinning reflective mirrors under a high-speed brake.
The longitudinal motion of molecules in the moving red-detuned light field is analyzed and their corresponding
phase-space stability is investigated. Trajectories of CH4 molecules under the influence of the potential well are
simulated using the Monte Carlo method. For instance, with a laser beam of power 20 kW focused onto a spot of
waist radius 40–100 μm, corresponding to a peak laser intensity on the order of ∼108 W/cm2, a CH4 molecule
of ∼250 m/s can be decelerated to ∼10 m/s over a distance of a few centimeters on a time scale of hundreds of
microseconds.
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I. INTRODUCTION

Manipulation of both the internal and external degrees of
freedom of neutral molecules in the gas phase has been a
hot subject in atomic and molecular physics for decades.
Over the past years, a number of techniques and schemes
have been proposed or demonstrated to slow the motion of
supersonically cooled neutral molecules of chemical stability,
such as the electrostatic Stark decelerator [1–9], the Zeeman
decelerator [10–15], and the optical Stark decelerator [16–21].
Big successes have been made on either the electrostatic Stark
decelerator or the Zeeman decelerator and molecules can be
precisely brought to any desired velocity. For the optical Stark
decelerator, however, this kind of precise control on molecule
velocity has not been achieved yet.

In 2004, Fulton et al. first demonstrated decelerating
molecules with a single laser pulse of duration ∼15 ns [19].
A maximum reduction of ∼25 m/s in molecule velocity was
observed with a peak laser intensity of 1.6×1012 W/cm2,
corresponding to a potential well depth of 253 K. Later, they
reported an experimental study on controlling the motion of
molecules with pulsed optical lattices of 5.8 ns in duration
[20]. The kinetic energy of the molecules was reduced by up to
50% with an intense laser field of 1011 W/cm2, corresponding
to a potential well depth of 22 K. However, the short time
duration and lack of mobility of the potential well prevents
it from being fully used in slowing the molecules in both
experiments. Another way to optically decelerate molecules
is using moderate laser intensities but with longer time
duration. A traveling potential well will then be needed to
effectively decelerate the molecules of high kinetic energy,
since the well depth is rather shallow now. Otherwise, the
molecules will escape from the potential well soon. Early in
2000, Friedrich [16] proposed scooping molecules at right
angles by a nonresonant laser beam decelerated on a circular
path. A strong centripetal force is required in order for the
scooped molecules to follow the circular motion of the laser
beam focus. For instance, a molecule of ∼250 m/s orbiting
around a circular path of ∼1 m in radius needs a centripetal
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acceleration of about ∼6.25×104 m/s2. However, such a
strong force is not available along the direction of the laser
propagation.

In this paper, we propose a versatile method to decelerate
supersonically cooled atoms or molecules using a traveling po-
tential well, which is formed by steering a focusing laser beam
onto a pair of spinning reflective mirrors under a high-speed
brake. The schematic diagram and operation principle of the
method are first presented. The longitudinal motion of slowing
molecules and their corresponding phase-space stability are
then investigated. Trajectory simulations of CH4 molecules
moving in the decelerating potential well are performed using
the Monte Carlo method, which is followed by some analysis
and discussion. A conclusion is given at the end.

We show interest in the methane (CH4) molecule here for
a couple of reasons. Firstly, it is taken as a representative of
nonpolar molecules and can be efficiently decelerated using
a laser field due to its large ratio of electric polarizability
to mass. Currently, polar (or paramagnetic) molecules can
be effectively decelerated by using other well-developed
techniques, such as the electrical Stark decelerator (or the
Zeeman decelerator). For molecules with neither electric nor
magnetic dipole moment, the optical Stark decelerator is a
choice. Secondly, the long interaction time of decelerated or
trapped methane with light or other material particles can
help us not only better understand its physical and chemical
properties but also offer important applications, such as high-
resolution Doppler-free spectroscopy for optical frequency
standards [22] or molecular clocks [23]. Thirdly, methane
is the simplest alkane and is the main constituent of natural
gas. The relative abundance of methane on earth makes it an
attractive fuel. Methane has been detected or is believed to
exist on all planets of the solar system and interstellar clouds.
Methane has also been proposed as a possible rocket propellant
on future space missions, especially for interstellar traveling.
But capturing and storing it poses challenges, especially when
it is in a low-density gaseous state. Studies on interactions
of decelerated (cold) methane with other (gaseous, liquid, or
even solid) material might help in capturing, condensing, and
storing gaseous methane in situ for rocket fuel in the future in
outer space, where both the local temperature and gas density
might be rather low.
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FIG. 1. Schematic diagram for decelerating molecular beams
using a traveling light field.

II. SCHEME AND SLOWING PRINCIPLE

A. Scheme of the versatile optical Stark decelerator

The schematic diagram of our proposed optical Stark
decelerator is plotted in Fig. 1. A laser beam is reflected
consecutively by two mirrors M1 and M2 in parallel. The
laser beam is focused to form an intense light field at the
spot, as shown by the inset. When the mirrors M1 and M2 spin
simultaneously, a moving laser spot is obtained in the direction
perpendicular to the laser beam axis, i.e., the X direction, as
shown in Fig. 1. A supersonically cooled molecular beam
moving in direction X has its central section overlapped in
space with the traveling laser spot. The spot serves as an
optical trap for the molecules when the laser frequency is
far-red detuned. When the spinning mirrors M1 and M2 are
under a simultaneous brake, the traveling optical potential well
will be decelerated, and so will the molecules trapped by it.
The final speed of the trapped molecules depends upon that of
the traveling potential well.

B. Longitudinal motion and phase-space stability

The red-detuned light field is assumed to have a Gaussian
intensity distribution in the longitudinal (i.e., X) direction.
The corresponding dipole potential energy for a molecule at
position X is given by

W =−(1/2)α|E(X)|2 =−(αI0/ε0C) exp[−2(X/w)2], (1)

where I0 is the maximum laser intensity at X = 0, α is the
averaged molecular polarizability, ε0 is the permittivity in free
space, and w is the waist radius of the focused laser spot. The
corresponding dipole force per unit mass in the X direction is
given by

β = −∇WX/m = −C0X exp[−2(X/w)2], (2)

where C0 = 4αI0/mε0Cw2 and m is the mass of the molecule.
A brief examination of Eq. (2) indicates that the maximum

FIG. 2. (a) The trajectories of both trapped and untrapped CH4

molecules in the phase space with βL = βmax/2. (b) The phase stable
areas for CH4 molecules in the decelerating potential well with
βL/βmax = 1/6,2/6,3/6,4/6, and 5/6, respectively.

valve of β is obtained at X = w/2, and one has

βmax = C0w/(2
√

e). (3)

When the potential well is decelerating at a constant rate of
βL in the X direction, the equation of motion for molecules is
given by

Ẍ = −C0(X − v0t + βLt2/2)

× exp[−2(X − v0t + βLt2/2)
2
/w2], (4)

where v0 is the initial velocity of the decelerating potential
well. We introduce a quantity of the relative position x, defined
as x = X − v0t + βLt2/2, corresponding to the molecule
position with respect to the center of the decelerating potential
well. Similarly, a quantity of the relative velocity η, defined
as η = dx/dt , can be introduced. Thus, in the reference frame
fixed on the decelerating potential well, the equation of motion
for molecules is given by

ẍ = dη/dt = −C0x exp[−2x2/w2] + βL. (5)

By integration of Eq. (5), we have

η2 = (C0w
2/2) exp(−2x2/w2) + 2βLx + CInteg, (6)

with CInteg being an integration constant. Equation (6) de-
scribes the trajectories of molecules in the phase space [x,
η] under the interaction with the decelerating potential well.
By solving the differential equation, d(η2)/dx = 0, and using
Eq. (6), one can determine the value of CInteg for a possible
phase stable area. Molecules accepted by this area will be
trapped and simultaneously decelerated.

Let us take the methane molecule (CH4, α ≈
2.9×10−40 C m2 V−1) for an example. With a laser power of
20 kW and a focused beam waist radius of w = 40 μm, corre-
sponding to a peak laser intensity of I0 ≈ 8.0×108 W/cm2, the
maximum value of β(i.e., βmax) available for the molecules is
about ∼9.91×105 m/s2. As we shall see later, the deceleration
rate of the potential well being used, βL, should never be
more than βmax for a stable decelerator. Figure 2(a) shows
the motional trajectories of both trapped and untrapped
methane molecules in phase space with βL = βmax/2. The
middle closed, thick curve indicates the separatrix of a stable
region in phase space with three critical points A, B, and C
being marked. A molecule moving along this trajectory has its
maximum velocity (i.e., η = ηmax) at point B, and is gradually
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FIG. 3. The force per unit mass experienced by the CH4 molecule
as a function of displacement from the focus center along the Y

direction (a) and Z direction (b).

slowed when moving forward toward point A. The molecule
has its velocity reduced to zero (i.e., η = 0) at point A. If
the molecule turns back successfully at point A, it will move
backward along the lower part of the trajectory. The molecule
will be accelerated and then decelerated before it arrives at
point C. When its velocity reduces to zero again at point
C, the molecule will be turned back and accelerated toward
point B. Molecules initially accepted by this area can oscillate
stably in the potential well and be decelerated. Molecules
initially outside this region, however, cannot undergo stable
deceleration though their velocities might be perturbed by the
potential well.

The size of the phase stable area depends on the deceleration
rate βL of the potential well in a way much similar to that of
a conventional electrostatic Stark decelerator [2]. The phase
stable area has its maximum size obtained at βL = 0 and
decreases with increasing value of βL. It reduces to zero
as βL = βmax. A phase stable area of finite size exists for
0 < βL < βmax. Figure 2(b) shows the separatrices of the
phase stable areas with βL/βmax = 1/6,2/6,3/6,4/6, and 5/6,
respectively. The maximum values of η, ηmax that still can
be accepted by the phase stable area are about 6.8, 5.6, 4.5,
3.3, and 1.9 m/s, respectively. Generally, a larger value of βL

corresponds to a stronger deceleration, and the potential well
can be decelerated to a target velocity over a shorter distance
within a shorter time, while a smaller value of βL means a
bigger phase-space area, and more molecules can be accepted
and decelerated by the potential well. Therefore there is a
compromise in selecting βL in practice.

C. Transverse confinement

For a Gaussian laser beam of cylindrical symmetry, the
light field is identical in the two directions (i.e., directions X

and Y ) perpendicular to its beam axis (direction Z). Therefore,
the motion of molecules in the Y direction is governed by the
same Eqs. (5) and (6) but with βL = 0. Figure 3(a) shows the
force per unit mass (or acceleration) experienced by the CH4

molecule along direction Y in the optical trap. The maximal
acceleration is ∼9.91×105 m/s2, the same as that in direction
X. Figure 3(b) shows the force per unit mass for the CH4

molecule along the laser beam axis as a function of Z/ZR .
Here ZR = πw2/λ is the Rayleigh length of the laser focus
spot and λ is the laser wavelength (∼1.064 μm). The effective
length of the focus spot can be characterized by two times

FIG. 4. The distribution of the molecular pulse in phase space
at time t = 0 ms (a), 0.076 ms (b), 0.227 ms (c), and 0.363 ms (d)
with βL = βmax2/3 (simulation results). The insets show a closeup
of the phase-space distribution of the molecular packet (indicated by
arrows) decelerated along with the potential well.

ZR . The maximal acceleration in direction Z is just about
∼21.20 m/s2 and far less than those in both directions X and
Y . Therefore, the confinement of molecules in the Z direction
is rather weak and can be neglected. So the potential well in
our scheme is actually a 2D trap for molecules, similar to that
studied by Fulton et al. [19].

D. Numeric simulation

Trajectories of CH4 molecules with the presence of the
decelerating potential well are simulated using Monte Carlo
method to testify our proposed scheme. The pulsed CH4

molecular beam has a translational temperature of 2 K with
its most probable velocity of v = 250 m/s along direction
X, which is the same as the initial velocity of the potential
well. The molecular beam has its transverse velocity centered
at zero with a full width at half maximum (FWHM) spread
of ∼10 m/s for both direcitions Y and Z. Figure 4 shows
the time evolution of the molecular pulse in phase space
with βL = βmax2/3 = 6.60×105 m/s2. The potential well is
assumed to overlap with the central section of the molecular
pulse at t = 0 ms, as shown in Fig. 4(a). Each gray dot
corresponds to a molecule in the phase space [v, x]. The
solid line indicates the separatrix of the phase stable area
calculated from Eq. (6) with βL = βmax2/3. Figures 4(b)–4(d)
show the phase-space distribution of the molecular pulse in the
longitudinal direction at time points of t =∼ 0.076, ∼ 0.227,
and ∼0.363 ms, respectively. The insets zoom in on the
phase-space distribution of the molecular packet (indicated
by arrows) decelerated along with the potential well, and
simulated results fall perfectly within the separatrix (solid line)
of the phase stable area derived from Eq. (6). The instantaneous
velocities of the potential well are ∼200,∼100, and ∼10 m/s
at three time points, and the distances that the well traveled are
about ∼1.703,∼3.973, and ∼4.721 cm, respectively, as can
be found in the insets.
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FIG. 5. Temperatures of the decelerated molecular packets as a
function of βL.

The results clearly show that molecules initially accepted
by the phase stable area can be stably decelerated with the
potential well and keep their phase-space density invariant,
as shown by the insets. Some molecules initially near the
separatrix of the phase stable area have their velocities affected
but finally escape from the potential well, as shown by the tiny
branch in Figs. 4(b)–4(d). Most molecules are hardly affected
by the decelerating well and remain at their original velocities;
they form the majority of the molecular pulse profile in phase
space. A real pulsed molecular beam usually lasts tens of
microseconds in time and thus extends a few millimeters or
even longer in space. For our proposed scheme here, the size
of the optical trap is on the order of tens of micrometers
along the molecular beam axis. Only a tiny portion of the
molecular beam overlapping the laser focus can be captured
by the optical trap. During our simulation, the pulsed molecular
beam is chosen to be short so that the total number of molecules
does not exceed the dynamic memory of our PC and the total
computation time is within tolerance, but long enough so that
the physical process being explored can still be well manifested
without loss of fidelity.

Trajectory simulations of CH4 molecules are also per-
formed for different values of βL and similar results are ob-
tained. For each case, molecules in the decelerated molecular
packet are statistically counted and their velocity distribution
is examined. The translational temperature of the decelerated
molecular placket, TT r , is defined as KTT r = m�v2

X/2. Here
K is the Boltzmann constant, m is the mass of the molecule,
and �vX is the FWHM velocity spread of the decelerated
packet in the longitudinal direction of X. For each case of βL,
�vX is obtained by Gaussian fitting the corresponding velocity
distribution of the molecular packet. The respective values
of TT r are ∼63,∼42,∼29,∼15, and ∼4 mK for βL/βmax =
1/6,2/6,3/6,4/6, and 5/6, as shown by solid squares in Fig. 5.
As expected, the temperature of the slowed molecular packet
is decreased with the increase of the deceleration rate βL.
The temperature TT r is also an indication of the depth of the
potential well.

FIG. 6. The relationship between the X position and Z position
of the laser focus center. The distance between mirrors M1 and M2
is taken as 1 m.

III. ANALYSIS AND DISCUSSION

One problem concerning our scheme is the shift of the
focus spot in space as the laser is moving along the molecular
beam axis. The focus center of the laser beam does not
move perfectly in a straight line but moves slightly closer
to mirror 2 when the optical trap is being decelerated along
the direction of X. Figure 6 shows the relationship between
the X position and Z position of the laser focus center.
The distance between mirror M1 and M2 is taken as 1 m.
For instance, when the optical trap is decelerated over a
distance of 50 mm along the X direction, the focus center
shifts slightly about ∼1.25 mm toward mirror 2 in the Z

direction. For a Gaussian laser beam the effective length of
the focus spot can be characterized by two times the Rayleigh
length, 2ZR = 2πw2/λ. For instance, a focusing beam of
w = 40 μm in waist radius and λ = 1.064 μm in wavelength
has an effective focus spot of 2ZR = 9.44 mm in length, which
is much larger than the focus shift of ∼1.25 mm. One may
ignore the influence of the focus shift so long as it is much less
than the effective length of the spot.

Another problem concerns the feasibility of controlling
the spinning mirrors M1 and M2. If M2 is placed 1 m
away from M1, the mirrors will need to spin at a frequency
of about 20 Hz (i.e., 1200 rpm) to produce a translational
velocity of vL = 250 m/s for the potential well moving along
the molecular beam axis. For a selected deceleration rate of
βL = βmax2/3 = 6.60×05 m/s2, it will take about ∼0.363 ms
to bring the potential well of 250 m/s to a velocity of ∼10 m/s
over a distance of about ∼4.721 cm. The control of the rotating
mirror has a strong dependence on its moment of inertia, I . To
reduce the value of I for better control one can design the shape
of the mirror as follows: a cubic glass bar mirror of 10 mm in
width, 10 mm in height, and 50 mm in length. The mass of
the bar is calculated to be about 12.5 g for an assumed glass
density of 2.5 g/cm−3. The moment of inertia is estimated to
be about ∼2.0×10−6 kg m2 when the bar mirror rotates about
its center of mass. A torque of 0.66 N m is required in theory to
produce an angular acceleration of ∼3.30×105 rad/s2 and thus
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a linear tangential acceleration of βL = 6.60×105 m/s2. The
requirements in both angular rotation speed (∼1200 rpm) and
torque (∼0.66 N m) are of no challenge to the current motor
technology and might even be met directly by commercial
products [24] with little modification. The moment of inertia
of the glass bar may be further reduced if it is gradually tapered
in size toward both of its ends, similar to the design of a
rotating supersonic nozzle for producing slow molecules [25].
An alternative design might be a full-metal bar mirror (hollow
inside) of the same size.

If a smaller acceleration is available due to some kind
of practical limitation, the molecules can still be effectively
decelerated. The final velocity of the molecular packet is
governed by the product of βL and t as vf = v0 − βL t , with
v0 being the initial velocity and t the interaction time of light
and molecules. In the experiments of Fulton et al., very big
values of deceleration rate (108−109 m/s2) and very short
interaction times of t (∼10 ns) were used to slow molecules
[19,20]. In our proposed scheme here only moderate values of
deceleration rate (105−106 m/s2) are considered. This weak-
ness in the deceleration rate is, however, compensated for by
a long interaction time of t (on the order of a submillisecond).
This lengthening in time is, in theory, expected to offer better
control on the velocity of the molecular packet. In fact, βL

need not be constant and can fluctuate during the deceleration
process so long as it is less than the maximum deceleration of
the optical field βmax and guarantees a phase stable region of
finite size always present for the decelerating molecules; and
the final velocity of the molecular packet depends solely on
the rotation speed of the stalling mirror the moment the laser
leaves its reflective surface.

For the CH4 molecules studied here, a laser beam of power
20 kW focused onto a spot of waist radius 40–100 μm can
offer a deceleration rate of 105−106 m/s2. Surely, the more
intense the light field is, the deeper the optical trap for the
molecules will be. With the advancement of laser technology
single-mode cw lasers of power up to ∼20 kW and multimode
cw lasers of power up to ∼500 kW are now commercially
available [26].

The total number N of molecules accepted by the potential
trap can be estimated as N = f nV [16]. Here, n is the number
density of molecules. V is the effective volume of the trap,
out of which the laser intensity decreases to below half the
maximum value, estimated as V = w22(ZR) = 2πw4/λ with
w the laser beam waist and λ the laser wavelength. f is the
fraction of molecules whose velocities fall in the range of

[v0−ηmax,v0 + ηmax] with ηmax being the maximum velocity
accepted by the trap. For a laser focus spot of waist radius
40–100 μm, the effective volume of the trap V is on the
order of 10−5 cm3 (λ = 1.064 μm). Suppose the supersonic
CH4 molecular beam has a translational temperature of ∼2 K
with number densities of 1013−1014 molecules/cm3 [16]. For
the studied case of ηmax = 3.3 m/s (i.e., βL = 2 βmax/3 =
6.60×105 m/s2) above, the total number of molecules captured
by the optical trap is on the order of 106−107.

IV. CONCLUSION

In this paper, we have proposed a versatile scheme to slow
supersonically cooled molecules using a decelerating optical
potential well, obtained by steering a focused laser beam onto
a pair of spinning reflective mirrors under a high-speed brake.
The traveling potential well causes the interaction between
molecules and the light field to be maintained for a relatively
long time over a long distance. The weak slowing effect
of the molecules thus accumulates and they are effectively
decelerated. We analyzed the longitudinal motion of molecules
in the moving potential well and investigated their corre-
sponding phase-space stability as a function of deceleration
rate. Trajectories of CH4 molecules under the influence of the
potential well were numerically simulated and the behavior
of the decelerated molecular packet agreed well with that
analytically predicted. The velocity of the captured molecular
packet can be brought to any desired value, depending upon the
speed of the potential well. For instance, a laser beam of power
20 kW focused onto a spot of waist radius 40–100 μm can offer
a deceleration rate of 105−106 m/s2 and a CH4 molecule of
∼250 m/s can be brought to ∼10 m/s over a length of a few
centimeters on a time scale of hundreds of microseconds. The
total number of molecules captured by the optical trap is on the
order of 106−107 for supersonic CH4 molecular beams having
densities of 1013−1014 molecules/cm3. Our proposed scheme
is versatile and can be used to decelerate, guide, and accelerate
molecules; it all depends on how one controls the rotating
mirrors. The proposed scheme is applicable to manipulation
of atoms as well.
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