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Microwave Stark decelerator for polar molecules
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We propose a method to decelerate polar molecules from a beam using a microwave field. A moving
standing wave of a microwave electric field causes an ac Stark shift to polar molecules and decelerates them.
The method is applicable to polar molecules in rotational ground states and can be used to directly load a
microwave trap. Numerical simulations are presented indicating large phase-space acceptance volume.
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Currently, cooling and trapping of polar molecules have
attracted keen interest from several research communities,
ranging from particle to condensed matter physics [1]. For
example, cold molecules generally allow high-resolution
spectroscopy, aiding in the search for new physics; such is
the case with searches for the permanent electric dipole mo-
ment of the electron [2] and parity violation in chiral mol-
ecules [3]. In the area of atomic physics, there is intense
ongoing work to understand cold collisions and ultracold
chemistry [4—6] as well as for the use of polar molecules as
qubits in a quantum computer [7]. Finally, if the ultracold
regime is achieved for polar molecules at high density, it is
also predicted that different types of quantum degenerate
matter may be produced due to strong, anisotropic, long-
range dipole-dipole interactions [8,9].

Recently, several methods to generate cold or ultracold
molecules have been experimentally demonstrated, although
not all have been applied yet to polar molecules. One ap-
proach is to transform ultracold atoms into ultracold mol-
ecules using Feshbach resonance or photoassociation [6].
Another approach is to cool molecules directly from molecu-
lar beams using a cold buffer gas. Although this method is
general and has been used very successfully to make large
numbers of cold polar molecules, ultracold molecules have
not yet been realized [10,11]. Alternatively, electrostatic
Stark deceleration, which controls the velocity of a beam of
polar molecules with a time-varying quasistatic electric field,
has been used to decelerate several kinds of molecules
[12,13], bringing some into the ultracold regime. These de-
celerated molecules have been loaded into an electrostatic
trap [12] and an ac electric trap [14]. Filtering and guiding
slow molecules from an effusive source with an electrostatic
field has also been performed [15]. An optical dipole force of
an intense pulsed laser [16] and a collision with an inert gas
beam [17] have also been utilized to create slow molecules.
There are several other proposals to produce slow molecules
using the optical dipole force [18-20]. Finally, the rotating
jet is a versatile method to create a supersonic jet beam pulse
that has the critical feature of being slow in the lab frame
[21], but has so far not been used to load a trap because
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velocities obtained so far have corresponded to energies
much higher than currently available trap depths.

In the present paper, we propose a method to decelerate
molecular beams from a rotating jet (or similar) source using
microwave fields. The basic idea is to make a time-varying
series of upward potential slopes by employing the ac Stark
shift in a standing wave in a microwave cavity. The use of
the ac Stark shift enables deceleration of a wide range of
polar molecules because of easy tunability of microwave
sources. Furthermore, some portion of the slowed molecules
are trapped by the stationary microwave field after the decel-
eration is completed. Our proposed method builds on the
studies of the dynamics of the electrostatic Stark decelerator
developed by Bethlem er al. and Friedrich [22,23] and the
work of DeMille er al. [24], the latter having suggested the
microwave trap for polar molecules. Microwave traps can
trap molecules in a high-field seeking state, which is the
“true” ground state, so that inelastic two-body collisions can
be completely suppressed [24]. Our proposed microwave
slowing can be used with ground-state molecules. Here we
work out in some detail both the idea and concrete realiza-
tion of a microwave slower that should be suitable for load-
ing microwave traps and other applications.

A proposed experimental setup is illustrated in Fig. 1. A
pair of microwave mirrors create a Fabry-Perot resonant cav-
ity. One of the mirrors has a small hole for introducing a
molecular beam along the symmetry axis of the cavity. The
molecular beam is assumed to be predecelerated by a rotat-
ing jet [21]. A high-power microwave generator with the
capability of amplitude modulation in ~10 kHz drives the
cavity. The time-varying potential that is created for the mol-
ecules is similar to that of the electrostatic Stark decelerator.
For simplicity, we consider the case of a diatomic '3 state
molecule with no hyperfine structure and a microwave field
with linear polarization perpendicular to the cavity [25]. The
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FIG. 1. Example of the experimental apparatus.
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decelerator is general, depending only on the existence of a
dipole. Thus, as is the case with the electrostatic slower and
microwave trap, it can be applied to many molecule types
including IT states, triplets, etc.

Our analysis of slowing begins by writing the rotational
state as |J,m), where J is the rotational quantum number and
m is the projection to the polarization axis x’'. If the fre-
quency o of the microwave field is close to the resonance
frequency wg; between the J=1 and J=0 states, a two-level
approximation becomes a good assumption ignoring all rota-
tional states other than the J=1 and O states. With the rotat-
ing wave approximation, the semiclassical Hamiltonian in
the rotating frame with the frequency w can be written as

E
H=A +"“%(

1,0)1,0

1,0%0,0

+10,0)(1,0)), (1)

where A=fi(wy—w) is the detuning and E is the amplitude
of the microwave electric field. The symbol g, is the tran-
sition dipole moment defined as ;= u{0,0|n,s|1,0), where
w is the dipole moment of the molecule and n,/ is the opera-
tor indicating the x’ component of the unit vector along the
molecular axis. From the relation (J,m|ng|J+1,m)
=\U+m+1)(J-m+1)/(2J+1)(2J+3), we obtain sy
=u/\3. We only consider the red detuning case (A >0), and
the ac Stark shift of the ground state is given by A/2
— A%+ 11,2 E?/2. Note that molecules in a 3 electronic state
and in the rotational ground state often have a small dc Stark
shift under a realistic experimental condition even if they
have a large w. This is because the detuning A is equal to wy,
for a dc field and it is often larger than w,E, since electric
field strength has a practical limit not to cause a discharge.
For example, in the electrostatic Stark deceleration experi-
ment, the electric field strength used was typically
~100 kV/cm [22]. Note also that the spontaneous decay rate
of a rotational transition is so small that the eigenstate of
Hamiltonian (1), in which the rotational excited state is
mixed, has a long lifetime even if A is small.

We assume that the standing wave of the microwave field
in the cavity is the lowest-order transverse mode (TEM,,).
The electric field E(z,r,?) is given by

B
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where z and r are displacements from the center of the cavity
in the axial and the radial directions, respectively, ¢ is time,
2o is the Rayleigh length, k is the wave number, and E is the
amplitude at the center. We designate each set of an antinode
and a node as a stage, and define W; as the potential depth of
the ith stage. If the microwave field is turned on and off
when a molecule comes to antinodes and nodes, respectively,
the molecule loses its kinetic energy by X=;W; during the
flight.
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To decelerate a finite portion of a molecular beam, how-
ever, the timing of the switching must be adjusted, so that
leading molecules lose more kinetic energy than trailing
molecules. For motion in the longitudinal direction along
the cavity axis, “phase stability requirements” determine the
z-v, phase-space area to which molecules to be decelerated
belong [22,23]. In terms of the phase stability, there is a
trade-off between this area and the total loss of kinetic en-
ergy. We define a phase ¢ as 90° at nodes and —90° at anti-
nodes, and designate a molecule whose phase is constant ¢
at the moment of switching off as a “synchronous” molecule.
We approximate that the potential energy at ¢ is expressed
by W,(sin ¢—1)/2, which holds well especially in the case of
A> pE. The kinetic energy loss of the synchronous mol-
ecule at the ith stage is then given by W;sin ¢,. Under this
approximation and the one that the time-dependent force is
replaced with an average force, the longitudinal motion of a
molecule at the ith stage in the moving frame fixed to the
synchronous molecule is described by an equation [22]

’sp  8aW,
a ~ MN\?

[sin (¢ + 5¢) — sin ¢ ], (3)

where M is the mass of the molecule, A is the wavelength of
the microwave field, and d¢p=4m(z—Zzgyn.) /N With zyp. the z
position of the synchronous molecule. This equation is
analogous to the one for the motion of a pendulum with a
constant torque, and there is an area in the phase space where
O¢ continues to oscillate without divergence. This area will
be referred to as an acceptance area, and molecules within
this area are decelerated simultaneously with the synchro-
nous molecule. The boundary of the acceptance area is de-
scribed by an equation [23]

%ﬁ =+ ( 1]?;;‘/2‘/[[005 (py + SP) + cos ¢y
12
+ (2¢0+ 5¢— ’77') sin ¢0]> . (4)

This equation indicates that the acceptance range of ¢ is
determined only by ¢,, and the range of dd¢/dt is propor-
tional to W,/ M\, Therefore, the acceptance range of z per
stage length is scaled by A, and that of v, is scaled by
VW,;/M. A comprehensive study on the dynamics of such a
deceleration process is seen in Ref. [23].

The use of a cavity provides an enhanced standing
wave of the microwave field. We assume a cavity
with the quality factor Q and the length L. The maximum
value Ej .« of the electric field amplitude E, is given by
Eo,maxz=4PQ/ megczoLl, where P is the power of microwave
radiation supplied by the microwave generator, €, is the per-
mittivity of vacuum, and c is the speed of light. Under the
assumption that the wavelength A is much smaller than both
L and z, the total kinetic energy loss W, during the flight
between the mirrors of the cavity is estimated as

4PQ,LL0]2 tan~! (2%0) sin ¢,
meycLNA

. (5)

tot =

in the limit A> u,E, and
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L PQZO
W =4 inh™! <—> i A\ 6
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in the limit A <<y, E. The following things should be noted.
Although the reduction of P can be compensated by decreas-
ing N\ for constant ng,_it reduces the acceptance area that is
proportional to ANVW,. As for Eq. (6), maximizing
sinh™! (L/2z,) v’zo_T is not the best strategy, since small z,
leads to small VW, near the mirrors and therefore limits the
acceptance area.

In reality, the instantaneous switching of the microwave
field assumed above must be replaced with smooth ampli-
tude modulation. In terms of the quality factor O, the modu-
lation angular frequency () and Ej .« are in a trade-off re-
lationship. The modulation frequency needed is Q) =27v/\
where v is the initial velocity of the molecular beam, and it
poses a limitation that Q must be smaller than w/{). There-
fore the bandwidth of the microwave field should be as nar-
row as possible to use a high-Q cavity. We describe the am-
plitude modulation with a function f(z), so that the electric
field amplitude is given by the product of |f(z)| and |E(z,r)|
in Eq. (2) with dropping the high-frequency component
cos wt. An efficient and simple choice of f(z) is that the
phase of modulation is kept constant relative to that of the
synchronous molecule, i.e.,

() =cos {kzsync(t) — tan™! (M> - ié] , (7)

20 2

where ¢ is an arbitrary phase analogous to ¢, in Egs.
(3)—(6) though the switching is no longer instantaneous. In
this case, the kinetic energy loss per stage is given by
2W;sin ¢,/3, and the estimation of W, corresponding to
Eq. (6) is given by

8 L PQZO
W, =— inh™! (—) in o\ — . 8
tot 3,u01 sin 22 sin ¢ eI\ (®)

Many molecules are suitable for our method. Especially, a
large-u molecule containing a moderately light atom, such as
Li, O, or F is favorable, because a large dipole moment
simply enhances W,,, and moderately high transition fre-
quency (around several ten, of GHz) ensures the large num-
ber of deceleration stages and the availability of high-power
microwave generators. Furthermore, small mass M is prefer-
able in the case where the molecules are involved in some
carrier gas for the predeceleration.

In order to determine the acceptance volume of the decel-
erator, the transverse motion of the molecular beam needs to
be considered. Qualitatively, if the wave plane of the stand-
ing wave is flat, molecules in the high-field seeking state
experience force toward the center axis, as is understood
from Eq. (2) since d|E|/dr<0 at z=0. This force makes a
guiding field for the molecular beam. The curved wave plane
near the mirrors degrades this guiding force. We were able to
take these, and other, factors into consideration through a
quantitative simulation. We have performed a three-
dimensional Monte Carlo simulation of the deceleration of a
molecular beam using a specific test molecule, 24Mng.
This was chosen as a “test” molecule because it has a large
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FIG. 2. (Color) Initial phase-space distribution of molecules to
be decelerated and/or trapped, obtained from the Monte Carlo simu-
lation. Red dots indicate molecules of the resultant energy <0.2 K,
and black dots are the trapped molecules. (a) Projection onto
the z-v, plane. The solid line is the expected boundary (see text). (b)
Projection onto the x-v, plane.

dipole moment (u=6.2 D) [26], no hyperfine structure, mod-
erate transition frequency (wq,/27=34.290 GHz) [27], and a
simple X 'S* ground state. The rotating jet method has suc-
cessfully produced a beam of Xe carrier gas with the average
velocity of ~60 m/s [21], and we assume that MgO mol-
ecules are mixed with this carrier gas. This situation corre-
sponds to {)/27=6.9 kHz and kinetic energy of 8.7 K. The
microwave source, such as a klystron or a traveling-wave
tube, is assumed to have a power of P=3.0 kW. Other pa-
rameters are set to be L=1.0 m, z,=0.34 m, Q=105, and
A=1.0 GHz, all well within the range of available technol-
ogy. The resultant potential depth is 0.26 K at the center of
the cavity. The synchronous molecule is assumed to have an
initial velocity of (v,vy,v,)=(0,0,60) m/s and an initial
position of (x,y,z)=(0,0,—-L/2). The microwave field is
modulated as indicated by Eq. (7). We ignored the gravity in
this simulation, as estimates indicate it is a negligible effect.
The results of the simulation are as follows. In the case of
=16, the synchronous molecule is stopped at z=L/2. The
estimation of W, obtained from Eq. (8) is 9.5 K, which
roughly agrees with the fact that the initial kinetic energy is
8.7 K. Figure 2 shows a result with ¢;=25°. Deceleration is
completed at z=0.13 m and #=18 ms in this case. Molecules
in the phase space to be decelerated and/or trapped are plot-
ted as projection onto the z-v, and x-v, planes. In Fig. 2,
5.4% of all molecules in the rectangular solid volume shown
are decelerated so that the sum of the potential and kinetic
energies becomes <0.2 K. Moreover, 3.5% of all molecules
end up with “negative energy,” which means they are trapped

061403-3



K. ENOMOTO AND T. MOMOSE

by the microwave field. In Fig. 2(a), there are two groups of
decelerated molecules in this volume and they are separated
by A/2. We have confirmed that by extending the initial
range of z in our simulations, about 20 adjacent groups con-
tain comparable numbers of decelerated molecules. The solid
line shows the expected acceptance area obtained from
Eq. (4), in which the phase ¢, is replaced with ¢, and the
potential depth W, was substituted by 2/3 [due to the
smooth modulation of Eq. (7)] of that at the position of
the mirror since the smallest W; among all stages determines
the resultant acceptance area. This theoretical boundary
agrees well with the result of the numerical simulation.
Figure 2(b) shows that only molecules with |v,|<4 m/s are
decelerated. This is because the transverse guiding
force is not so strong that the acceptance range of the
transverse velocity is not large. In fact, oscillation in the
transverse motion is only fewer than twice during decelera-
tion. However, the acceptance range of the initial x position
is as large as >20 mm because the beam cross section
of the microwave field is larger than this x displacement.
Consequently, the six-dimensional acceptance volume
is about [2 mm (per A/2 interval) X4 m/s]X[>20 mm
X 6 m/s]?. This acceptance volume is enough for experi-
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mental implementation, compared with the electrostatic
Stark decelerator [22].

In summary, we have discussed a method to decelerate
polar molecules and to load them directly into a trap using a
time-varying standing wave of a microwave field enhanced
by a cavity. The dynamics of the longitudinal motion has
been analyzed based on the theories developed for the elec-
trostatic Stark decelerator [22,23]. We have determined the
efficiency of the method with a simulation of deceleration of
MgO molecules from a pulsed beam source. The six-
dimensional acceptance volume is comparable to that of an
electrostatic Stark decelerator. Approximately half of mol-
ecules in the volume are trapped after deceleration. We ex-
pect that the same idea will be applicable to the frequency
ranges other than microwave. For example, an intense infra-
red cw laser switched by an acousto-optic modulator may
work similarly when the frequency is tuned close to a vibra-
tional resonance.
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