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Neutral dipolar molecules can be decelerated and trapped using time-varying inhomogeneous electric
fields. This has been demonstrated only for molecules in low-field seeking states, but can, in principle,
be performed on molecules in high-field seeking states as well. Transverse stability is then much more
difficult to obtain, however, since molecules in high-field seeking states always experience a force towards
the electrodes. Here we demonstrate that an array of dipole lenses in alternate gradient configuration can
be used to maintain transverse stability. A pulsed beam of metastable CO in high-field seeking states is
accelerated from 275 to 289 m/s as well as decelerated from 275 to 260 m/s.

DOI: 10.1103/PhysRevLett.88.133003

It is now widely acknowledged that samples of cold
molecules hold great promise for fundamental physics
studies, and a variety of methods are currently being
developed to produce such samples [1-3]. One of the
methods that has recently been successful in trapping
molecules [4,5] makes use of time-varying electric fields
to decelerate pulsed beams of polar molecules [6,7].
This method is based on the notion that a molecule in
a quantum state in which the electric dipole moment is
antiparallel to an external electric field will be attracted to
regions of low electric field. Therefore, molecules in this
so-called “low-field seeking” state, will be decelerated on
their way from a region of low electric field into a region
of high electric field. If the electric field is switched off
while the molecules are still in the region of high electric
field, the molecules will not regain their lost kinetic
energy. This process can be repeated until the average
velocity is reduced to an arbitrarily low value. A properly
timed switching of the electric fields ensures that a bunch
of molecules can be kept together in the forward direction
(“phase stability”) throughout this deceleration process.
Transverse stability is achieved by using an electrode
geometry that produces a minimum of the electric field on
the molecular beam axis, thereby continuously focusing
the beam [6,7].

The rotational ground state of any molecule is always
lowered in energy by an external perturbation, and is there-
fore a “high-field seeking” state. It would be a major ad-
vantage if molecules (and atoms [8]) in this state could
be decelerated as well. It might appear to be straightfor-
ward to apply the above method to molecules in high-field
seeking states by simply letting the molecules fly out of,
instead of into, the region of a high electric field. For the
motion of the molecules in the forward direction, this is
true indeed. However, Maxwell’s equations do not allow
for a maximum of the electric field in free space [9], e.g.,
on the molecular beam axis, and therefore transverse sta-
bility cannot be maintained easily; molecules in high-field
seeking states have a tendency to crash into the electrodes,
where the electric fields are the highest.
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PACS numbers: 33.80.Ps, 33.55.Be, 39.10.+j

The same situation is encountered in charged particle
accelerators, where this problem has been resolved by
applying the alternate gradient (AG) focusing method
[10]. This method came out of the realization that a long-
established fact of geometrical optics was applicable to
ion optics as well; for a pair of lenses that have equal focal
lengths but with one lens converging and the other diverg-
ing, the total focal length is always positive. This same
principle can be applied to polar molecules when using
electrostatic dipole lenses. These lenses focus the molecu-
lar beam in one direction but simultaneously defocus
the beam in the orthogonal direction. By alternating the
orientation of these lenses, an electric field geometry with
a focusing effect in both directions can be created. By
switching these lenses on and off at the appropriate times,
AG focusing and deceleration of a molecular beam can be
achieved simultaneously.

The application of AG focusing to polar molecules
was first considered by Auerbach et al. [11] in a design
study for a neutral particle accelerator at the University of
Chicago [12]. AG focusing was experimentally demon-
strated by Kakati and Lainé [13] and by Giinther and
co-workers [14]. Although the Chicago group demon-
strated AG focusing of a molecular beam as well, their
attempts to demonstrate acceleration remained without
success [15]. More recently, AG focusing has been used
to image an atomic beam [16]. In this Letter we demon-
strate acceleration and deceleration of polar molecules in
high-field seeking states. A pulsed beam of metastable CO
is accelerated from 275 to 289 m/s as well as decelerated
from 275 to 260 m/s using an array of dipole lenses in
AG configuration.

A scheme of the experimental setup is shown in Fig. 1.
The prototype AG decelerator consists of 12 dipole lenses,
positioned symmetrically around the molecular beam axis.
One of the lenses is shown enlarged in the inset at the
left-hand side of Fig. 1, along with a (£, $, 2)-axis system.
A lens is composed of two identical thin electrodes (2 mm
thick) with the side facing the molecular beam rounded off
with a radius of curvature of 1 mm. The distance between
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the two electrodes is 2 mm. Typically, voltages of +10and  molecular beam axis for a molecule with a first or second

—10 kV are applied to these electrodes, yielding an elec-  order Stark interaction [11]. Assuming the electrodes to
tric field at the molecular beam axis close to 90 kV/cm.  be infinitely long, F is equal to zero, and it follows that
The electric fields along X and § are shown in the inset dF/dx = —dF,/dy.

at the right-hand side of Fig. 1. It is seen that molecules Close to the molecular beam axis the force is linear

in high-field seeking states experience a force that repels  to the displacement. For molecules moving with a con-
them from the molecular beam axis in the plane of the  stant velocity v, along the molecular beam axis, the equa-
electrodes, and attracts them toward the molecular beam  tions of motion along X and § can therefore be written
axis in the plane perpendicular to this. The force actingon  as 9%x/dz> + Q%x = 0 and 9%y/9z> — Q%y = 0 with
a polar molecule is F = —VW(E), with W(E) being the Q =,/ |kyyl/ mvz2 and k, and k, the force constants. Fol-
Stark energy of the molecule in the electric field of magni-  lowing standard procedures in ion optics [10,17] the gen-
tude E. Based on symmetry arguments, V - F = 0 onthe eral solution in £ and § can be written in matrix form as

|
< X > _ < cosQ)L [1/(sz)]sinQL>< X0 > _ F< X0 >
vy —v,Q sinQ L cosQ L Vo v/’
< y > _ < coshQ) L [1/(v,Q)] sinhQL>< Yo > _ D( Yo >
vy v, sinhQ L coshQ L Vy0 vy /'

where the 2 X 2 matrices describe the transfer of the
molecules through a focusing (F') and defocusing (D) lens ~ all the elements of this transfer matrix remain bounded
of length L. The path of a molecule through the array of ~ when N increases indefinitely, which is the case when

lenses can now be calculated, realizing that the molecules -1 < % Tr(FODO) < +1.
pass alternatingly through focusing and defocusing lenses. In Fig. 2 typical trajectories through the decelerator are
The field-free regions of length s in between the lenses are ~ shown using experimental parameters. The gray-shaded
described by a simple transfer matrix O of the form area indicates the region of stable trajectories. It is seen
that the beam envelope is larger at the positive lenses than
0= < 1 s/v, > at the negative lenses.
0 1 ) In order to decelerate or accelerate the molecules, time-

varying electric fields are applied. A molecule in a high-
The transfer matrix of the complete AG decelerator  field seeking state will gain kinetic energy as it enters the
with 2N lenses is given by (FODO)Y. 1In order for  field of a lens, while it loses kinetic energy as it leaves
the transverse motion to be stable it is necessary that the lens. When the electric field is switched on when
the molecule is inside a lens, there will be no change to
its kinetic energy but it will decelerate while leaving the
110 E() lens. The moment the field is switched on determines
the effective length L of the lens; the focusing properties
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FIG. 1. Scheme of the experimental setup. In the inset at the

left-hand side of the figure an enlarged view of a lens is shown FIG. 2. A number of trajectories through the AG decelerator,
together with a (%, §,%2)-axis system. The electric fields along £ calculated using the matrix formalism described in the text, are
and y are shown in the inset at the right-hand side of the figure. shown. The gray-shaded area shows the beam envelope.

133003-2 133003-2



VOLUME 88, NUMBER 13

PHYSICAL REVIEW LETTERS

1 ApriL 2002

can thus be optimized without affecting the deceleration
properties. Phase stable operation [7] can be obtained by
switching the electric fields off again when the molecules
have not yet left the field of a lens completely. In that case,
molecules which are at the head of the pulse will lose more
kinetic energy while molecules which are at the pulse’s
tail will lose less kinetic energy. Therefore, molecules in
a narrow position and velocity interval will be confined to
this area of phase space throughout the decelerator (see
Fig. 3). It is convenient to define a phase angle (¢) as
a measure of the energy loss per stage (AW) via AW =
W'sing, with W’ the maximum (negative) Stark shift on
the molecular beam axis.

In order to demonstrate the performance of the alter-
nate gradient decelerator, experiments have been carried
out on CO molecules in the a*II state. The main reason
for choosing metastable CO molecules is that (i) they can
be prepared in a single quantum state at a well-defined po-
sition and time, and (ii) their velocity distribution can be
readily recorded.

A pulsed beam of CO is produced by expanding a 5%
CO in Xe mixture into vacuum, using a modified solenoid
valve. Cooling the valve housing to 180 K (just above
the boiling point of Xe) reduces the mean velocity of the
CO molecules in the beam to 275 m/s, corresponding to
an initial kinetic energy of Ey;, = 89 cm™!. The velocity

_';oo
[6)]

Stark shift (cm™)

FIG. 3. The Stark shift of metastable CO (I, v/ = 0,J' =
1, MQ = 1) molecules as a function of their position along the
molecular beam axis. The dotted lines indicate the position of
the synchronous molecule when the electric fields are switched
on and off for two different phases. In the lower part of the
figure some (closed) trajectories in phase space are shown for
nonsynchronous molecules, relative to the position and velocity
of the synchronous molecule.
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spread is approximately 10%, corresponding to a tempera-
ture of ~0.5 K in the moving frame. The CO molecules
pass through a 1.0-mm-diam skimmer into a second,
differentially pumped, vacuum chamber. Metastable
CO molecules in a single quantum state are prepared
by direct laser excitation of the ground state molecules
on the spin-forbidden a’Il(v' =0) — X!'S*(v" = 0)
transition, using pulsed 206 nm (6.0 eV) radiation. For
this experiment the molecules need to be prepared in
states that experience a negative Stark shift which are the
lower components of the A doublets in the a>II state [18].
In the experiments reported here, laser preparation of the
J' =1 a’I1; level via the R»(0) transition is used. By
setting the polarization of the laser perpendicular to the
stray fields present in the decelerator only the MQ = 1
high-field seeking state is excited.

Laser preparation is performed in a 1-mm-diam spot,
5 mm in front of the 35-cm-long AG decelerator con-
sisting of an array of 12 equidistant 27-mm-long dipole
lenses. Successive lenses are separated by a 4-mm-long
drift region. The two opposing electrodes of a lens are
simultaneously switched by two independent high voltage
switches to maximum voltages of +10 and —10 kV. The
first and last lenses have just half the length in order to
have a more symmetric acceptance along ¥ and $. The
time-of-flight (TOF) distributions over the 54 cm distance
from laser preparation to detection are recorded by mea-
suring the number of electrons emitted from a flat gold
surface when the metastable CO molecules impinge on it.

In Fig. 4 the measured TOF distributions are plotted
for several values of ¢, as indicated. The lower curve
is the TOF distribution of the original beam, when no
voltages are applied, corresponding to a beam with a mean
velocity of 275 m/s. Using the 12 stages, molecules are
decelerated from 275 to 260 m/s, or accelerated from 275
up to 289 m/s, depending on the phase angle ¢ that is
used. The thin curves show the results of a Monte Carlo
simulation using a finite element method to calculate the
electric fields. The calculations are seen to describe the
TOF distributions for the decelerated bunch rather well;
similarly, good agreement is obtained in the simulation
for the accelerated beam (not shown). In order to match
the measured TOF distributions we have scaled down the
simulations by a factor of 20; upon applying the electric
fields the integrated signal decreases by a factor of ~7,
where we would have expected an increase in signal by
at least a factor of 3. This discrepancy is most likely
due to misalignments in the decelerator; with a random
displacement of 0.2 mm of the lenses, the observed TOF
distributions can be quantitatively reproduced.

The proof-of-principle experiment described in this Let-
ter demonstrates the potential of an AG decelerator for
producing beams of polar molecules with arbitrarily (low)
velocities. In the deceleration process the phase-space den-
sity remains constant; bunches of molecules are kept to-
gether independent of the number of lenses used in the

133003-3



VOLUME 88, NUMBER 13

PHYSICAL REVIEW LETTERS

1 ApriL 2002

metastable CO signal (arb. units)

1.5 1.75 2 2.25 2.5
Time of flight (ms)

FIG. 4. Observed TOF distributions of metastable CO over the
54 cm path length through the apparatus for four different phases
as indicated in the figure, together with the TOF distribution
when no electric fields are applied (lower curve). The measure-
ments (thick curves) have been given an offset for clarity. The
thin curves show the results of a Monte Carlo simulation. The
dashed line shows the expected arrival time of a molecule flying
with a (constant) velocity of 275 m/s.

decelerator. With the present geometry, 90 lenses would
be required to bring the metastable CO molecules to a total
standstill. For this, the mechanical design of the decelera-
tor must be improved. Alternatively, a geometry where a
single lens is composed of multiple deceleration stages can
be used, i.e., a geometry with a number of subsequent elec-
trode pairs oriented along the same plane. The latter design
is expected to be less critical to misalignments. Once suf-
ficiently slow (below, say, 25 m/s) the molecules can be
trapped in an electrodynamic trap [19,20] or in a ring ge-
ometry, for instance, around a wire [18,21] or in an AG
storage ring [11,22]. The AG deceleration and trapping
scheme is applicable to samples of molecules in their low-
est energy quantum state, which are stable against losses
via inelastic collisions [23]. Therefore, a further increase
of phase-space density via evaporative cooling might be
feasible. The AG deceleration scheme is suited for decel-
erating not only small polar molecules but also relatively
heavy molecules with large dipole moments and small ro-
tational constants. In particular, the AG decelerator can be
used to slow down molecules that are used in studies aimed
at testing the time reversal symmetry [24] and at testing
parity violation induced by the weak interaction [25]. The
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increased interaction time when using slow molecules will
be highly beneficial for the attainable spectral resolution
in these studies.
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