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ac Electric Trap for Ground-State Molecules
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We here report on the realization of an electrodynamic trap, capable of trapping neutral atoms and
molecules in both low-field and high-field seeking states. Confinement in three dimensions is achieved by
switching between two electric field configurations that have a saddle point at the center of the trap, i.e., by
alternating a focusing and a defocusing force in each direction. The ac trapping of ’NDj; molecules is
experimentally demonstrated, and the stability of the trap is studied as a function of the switching
frequency. A 1 mK sample of '’ ND; molecules in the high-field seeking component of the |J, K) = |1, 1)

level, the ground state of para-ammonia, is trapped in a volume of about 1 mm”.
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During recent years, trapping of molecules using optical
fields [1], magnetic fields [2], and electric fields [3] has
been experimentally demonstrated. In the largest and deep-
est traps thus far realized, made of static inhomogeneous
magnetic and/or electric fields, paramagnetic or polar
molecules in low-field seeking quantum states can be con-
fined [4]. There is a special interest in polar molecules, as
they are promising for a variety of fundamental physics
studies and applications [5,6]. For most of these investiga-
tions, however, trapping of molecules in high-field seeking
states is required. For instance, only when polar molecules
are trapped in their absolute ground state, which is high-
field seeking for any molecule, is increasing the phase-
space density via evaporative cooling expected to be pos-
sible; the strong dipole-dipole interaction between polar
molecules is predicted to lead to high trap loss rates due to
inelastic collisions for molecules in low-field seeking
states [7], thereby hampering the evaporative cooling pro-
cess. Furthermore, when biomolecules or heavy diatomic
molecules, e.g., those that are important for measurements
on the electric dipole moment of the electron [8,9], are to
be trapped, a trap for molecules in high-field seeking states
is the only viable option. Because of their small rotational
energy level spacings, these molecules are purely high-
field seeking already in relatively small electric or mag-
netic fields. In principle, optical trapping can be used for
molecules in high-field seeking states [1,10]. In this Letter
we experimentally demonstrate an ac electric trap, a new
trap for molecules in high-field seeking states with a depth
and a volume that is considerably larger than obtainable
with an optical trap.

Creating a maximum of the static electric field in free
space in three dimensions, which would allow trapping of
molecules in high-field seeking states, is fundamentally
impossible [11]. In two dimensions such a field maximum
can be created. In a cylindrically symmetric geometry, for
instance, a static electric field can be made with a maxi-
mum in the radial direction and a minimum in the axial
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direction, or vice versa. Switching between these two
saddle-point configurations results in a field that is alter-
natingly exerting a focusing and a defocusing force in each
direction for molecules in high-field (and low-field) seek-
ing states. Confinement in three dimensions can thus be
obtained.

In our experiment we create the two required saddle-
point electric field configurations either by adding a hexa-
pole field to, or by subtracting a hexapole field from, a
dipole field, as suggested by Peik [12]. As switching
between the two configurations involves changing the
hexapole field only, the electric field in the center of the
trap does not change, which has, for instance, the advan-
tage that Majorana transitions are prevented. The magni-
tude of the force on a molecule, which is proportional to
the distance from the center of the trap, is the same in the
two electric field configurations, but the direction of the
force is opposite. At any fixed position, the force on a
molecule will average out over time. However, a molecule
does not stay at a fixed position but will move towards the
center of the trap under the influence of a focusing force. It
will then be closer to the center, where the force is smaller,
when the defocusing force is applied. This defocusing
force will move the molecule further away from the center
again, bringing it in a region of a larger force when the
focusing force is applied. On average, molecules will thus
be further away from the center of the trap when the
focusing force is applied than they are while being defo-
cused, resulting in a net focusing force. Under the influence
of this force the molecules perform a slow ‘‘secular”
oscillation around the center of the trap on which a fast
“micro” motion at the switching frequency is superim-
posed. This is shown in Fig. 1, where three trajectories of
molecules along the z direction are displayed during sev-
eral switching periods. The gray area encompasses all
stable trajectories and shows the size of the package of
molecules along the z direction in the trap as a function of
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time. This size is indeed seen to be largest (smallest) when
focusing (defocusing).

Whether the trap is stable or not depends on the fre-
quency with which the two electric field configurations are
switched. This is most conveniently discussed when it is
assumed that the electric hexapole field is modulated with a
sinusoidal function rather than with a square wave. The
qualitative behavior of the trap as a function of the (radial)
frequency () will be the same, but for a sinusoidally
varying field the trajectories of the molecules are solutions
of the well-known Mathieu equation [12,13]:

d2
+ (a — 2q.cos2t)z = (1)
dar?
with
12 pe1:Us Q1
=0 =—33 = 2
a qZ mQZZS T 2 ( )

where . is the effective dipole moment of the molecule,
Us; is the amplitude of the oscillating hexapole term, m is
the mass of the molecule, and z; is the characteristic radius
of the trap. When a = 0, solutions of the Mathieu equation
are stable along the z direction when |g.| < 0.907. If the
voltages on the trap are kept constant, the value of |g.| can
be changed by changing (). At low frequencies, solutions
to the Mathieu equation are unstable and the amplitude of
the molecular motion will increase exponentially in time.
Above some cutoff frequency, the trap will abruptly be-
come stable. When the frequency is increased further, the
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FIG. 1. Trajectories of molecules along the z direction of the

ac trap as a function of trapping time, for a switching frequency
of 1100 Hz. The block wave above the graph indicates whether
the electric field configuration is focusing or defocusing along Z.
The gray area shows the size of a package of molecules, which is
seen to be largest when the electric field configuration is focus-
ing. The two dotted lines are at 79 and 79.5 periods of switching,
when the measurements on the size of the trapped sample shown
in Fig. 4 are performed.

molecules have less time to move in between switching
times. Their amplitudes during focusing and defocusing
approach each other and the net force on the molecules
averages out more. The trap will thus be deepest for
frequencies just above the cutoff frequency and will be-
come less deep for higher frequencies, whereas no trapping
at all is possible for frequencies below the cutoff frequency.
The same arguments and equations apply for the x and y
direction, with ¢, = ¢, = —¢./2.

The operation principle of this ac electric trap for neutral
polar molecules is similar to that of a Paul trap for charged
particles [14]. Using magnetic fields, ac trapping has al-
ready been demonstrated for cesium atoms [15] and several
proposals for an ac electric trap for atoms have been put
forward [12,16,17]. In two dimensions the same principle
has been used to focus neutral molecules in high-field
seeking states in an alternate gradient (AG) decelerator
[18,19] and in an ac electric guide [20]. It is noted that in
an AG focuser constant voltages can be applied; the mole-
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FIG. 2 (color online). Experimental setup. A molecular beam
of PNDj; molecules in the low-field seeking component of the
|7, K) = |1, 1) level is decelerated and brought to a standstill in
the ac electric trap. Before turning on the trap a transition from
low-field seeking to high-field seeking levels can be made by
applying a microwave pulse. Cross sections of the trap are shown
with lines of equal electric field strength [contours are shown at
5,10, 12.5, 15, 17.5, 20, 25, and 30 kV /cm, increasing from blue
to red (online only)] for both electric field configurations,
together with plots of the electric field strength along the r
and the z direction.
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cules will experience an alternating field due to their for-
ward velocity.

In the experimental setup shown in Fig. 2 a mixture of
5% '"ND; seeded in xenon expands from a pulsed valve at
a 10 Hz repetition rate. In the expansion region, about 60%
of the ammonia molecules cool to the |/, K) = |1, 1) level,
the ground state of para-ammonia. After passing through a
skimmer, the beam is coupled into a Stark decelerator by a
hexapole. This part of the setup and the operation principle
of the decelerator have been described in detail elsewhere
[21,22]. Upon exiting the decelerator with a forward ve-
locity of around 15 m/s, "’ ND; molecules in the low-field
seeking component of the |J, K) = |1, 1) level are trans-
versally and longitudinally focused into the ac trap by a
second hexapole and a buncher [23], respectively. A cross
section of the ac electric trap together with the voltages
applied to the electrodes for the two different electric field
configurations is shown in Fig. 2 [24]. The trap has a
hexapole geometry consisting of two ring electrodes with
an inner diameter of 10 mm and two end caps, with a
closest separation of 9.1 mm. Between the two ring elec-
trodes there is a 2.9 mm gap through which the UV
detection laser is coupled in. There is a 2 mm diameter
hole in the entrance end cap for coupling the '>’ND; mole-
cules into the trap and a 2 mm diameter hole in the exit end
cap for extracting the laser-produced molecular ions. When
the package of slow ammonia molecules enters the trap,
voltages are applied to the trap electrodes such that mole-
cules are brought to a standstill near the center of the trap.
At that time a 20 ws duration pulse of 1.43 GHz radiation
can be coupled in to induce the transition from the low-
field seeking to the high-field seeking hyperfine levels in
the |J, K) = |1, 1) state of "NDj5 [22]. Under optimum
conditions, about 20% of the ammonia molecules are
pumped to high-field seeking levels.

When the ac electric trap is switched on, the voltages on
the trap are alternated at a frequency {)/27 between the
two configurations shown in Fig. 2. The configurations on
the left-hand side and on the right-hand side in the figure
focus high-field (low-field) seeking molecules in the axial
(radial) and the radial (axial) direction, respectively. The
resulting trapping potential is about twice as deep in the
axial direction as it is in the radial direction. Therefore,
increasing the trap depth in the r direction at the cost of
decreasing the trap depth in the z direction will improve the
overall trap performance. This can experimentally be done
by adjusting the duty cycle, i.e., the fraction of each
switching period during which the electric field configura-
tion is applied that is denoted as the z focusing configura-
tion in Fig. 2. In the measurements the duty cycle is 45%
when trapping high-field seekers and 55% when trapping
low-field seekers. The trap is switched on with the r
focusing (z focusing) configuration when trapping high-
field (low-field) seekers, and the first switching to the other
configuration is performed after a quarter period.

After a certain trapping time, the trap is switched off,
and the molecules are detected using pulsed UV-laser
ionization followed by mass-selective detection of the
parent ions. The (2 + 1) resonance enhanced multi photon
ionization (REMPI) scheme that is used selectively ionizes
the "ND; molecules in the upper or lower component of
the |J, K) = |1, 1) inversion doublet, containing the low-
field seeking or high-field seeking levels, respectively.

In Fig. 3 the density of Y'ND; molecules at the center of
the trap is shown as a function of the switching frequency
for molecules in low-field seeking and high-field seeking
states. The signal for the high-field seekers is scaled up by a
factor of 5, to correct for the 20% conversion efficiency in
the microwave pumping process. To arrive at the relative
densities, a correction has also been made for the quantum-
state specific ionization efficiency. The measurements are
made after the ac trap has been on for 72 ms, enabling data
acquisition at the 10 Hz repetition rate of the experiment.
The trapping lifetime is actually expected to be several
tenths of seconds, limited by the residual background
pressure. The measurements agree with the qualitative
description of the dependence of the stability of the trap
on () as described above. If the cutoff frequency is calcu-
lated using Eq. (2) with g = 0.75 D, zy = 4.5 mm, and
U; = 3 kV, a frequency of around 890 Hz is found. The
numerically calculated cutoff frequency for YNDj in this
trap is around 980 Hz, in good agreement with the mea-
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FIG. 3. Density of ’ND; molecules in low-field seeking (Ifs)
and high-field seeking (hfs) levels of the |J, K) = |1, 1) state at
the center of the trap as a function of the switching frequency,
after the trap has been on for 72 ms. The signal of the high-field
seekers is scaled up by a factor of 5.
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FIG. 4. Spatial distribution along 2 of 'ND; molecules in
high-field seeking states after trapping at 1100 Hz for 79 (left)
and 79.5 (right) switching periods. A Gaussian distribution is
fitted to the measurements and the width (FWHM) of this
distribution is given.

surements. Note that the cutoff frequency for the high-field
seekers is slightly higher than for the low-field seekers due
to an about 4% difference in ¢ in the electric field at the
center of the trap. With the present settings, the highest
density of trapped molecules is observed at a switching
frequency of 1100 Hz. Because of the anharmonicity of the
trap it is expected that the trap works better for molecules
in low-field than in high-field seeking states, in agreement
with the observations.

In Fig. 4 measurements of the spatial distribution along
the z direction are shown for 'YND; molecules in high-field
seeking states. The measurements are performed after
trapping for about 72 ms at a switching frequency of
1100 Hz. The data shown on the left are taken after 79
periods of switching, i.e., in the middle of r focusing. The
data shown on the right are taken half a period later, i.e., in
the middle of z focusing. It is clear from these measure-
ments that the package of molecules in the z direction is
indeed smaller during r focusing (denoted as defocusing in
Fig. 1) than it is during z focusing (denoted as focusing in
Fig. 1). From the observed spatial distributions, the trapped
sample is estimated to consist of 10* molecules at a tem-
perature of 1 mK.

In the ac electric trap demonstrated here, neutral atoms
and molecules, both in low-field and in high-field seeking
states, can be trapped. For molecules in high-field seeking
states only optical traps, which have a typical trap depth
below 1 mK and a typical volume of 1073 cm? [10], had
been demonstrated thus far; a considerably deeper and
larger microwave trap has recently been proposed [25].
We have demonstrated here, using '’NDj as a prototypical
polar molecule, an ac electric trap with a trap depth of
about 5 mK and a trapping volume of about 20 mm?. This
relatively deep and large trap for ground-state molecules
holds great promise for future applications.
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