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By miniaturizing electrode geometries high electric fields can be produced using modest voltages. A
planar array of 20 �m wide gold electrodes, spaced 20 �m apart, is made on a sapphire substrate. A
voltage difference of up to 350 V is applied to adjacent electrodes, generating an electric field that
decreases exponentially with distance from the substrate. This microstructured array can be used as a
mirror for polar molecules and can be rapidly switched on and off. This is demonstrated by retro-
reflecting a beam of state-selected ammonia molecules with a forward velocity of about 30 m=s.
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Miniaturizing current carrying structures has proven
to be a very successful strategy for atom optics [1,2].
Microfabricated wires on surfaces allow one to exert
extremely high magnetic forces on atoms using only
moderate currents. A variety of microfabricated atom
optical elements such as mirrors [3], guides [4], conveyer
belts, and traps [5] have been realized. The integration of
many of these devices into one circuit offers novel and
exciting possibilities for quantum computation and atom
interferometry [6,7].

Miniaturizing charge carrying structures to manipu-
late polar molecules is equally promising. Using micro-
structured electrodes large electric fields and large field
gradients can be generated with only moderate voltages.
The interaction of polar molecules with electric fields is
orders of magnitude stronger than the interaction of atoms
with magnetic fields, and one can easily construct poten-
tials on the order of a Kelvin. This allows one to design
microstructured electrodes to manipulate cold polar
molecules as produced, for instance, via buffer gas load-
ing [8], Stark deceleration [9], collisions [10], or photo-
association [11]. The rotational and vibrational degrees of
freedom as well as the (anisotropic) dipole-dipole inter-
action of polar molecules offer novel possibilities for
interferometry and quantum computation [12].

In this Letter, we experimentally demonstrate a micro-
structured switchable mirror for polar molecules. It is
well known that a planar array of equidistant electrodes
with a voltage difference between adjacent electrodes
produces an electric field that decays exponentially with
the distance from the surface. Such an array can therefore
be used as an electrostatic mirror for polar molecules in
so-called low-field seeking quantum states [13]. The prin-
ciple of an electrostatic mirror was first discussed by
Gordon as a means to select slow molecules [14]. Later
this geometry was discussed in much more detail by Opat
and co-workers [15,16], who experimentally demon-
strated an electrostatic mirror by reflecting a beam of
chloromethane (CH3Cl) from it at grazing angles of in-
cidence. In the experiments reported here we demonstrate
reflection of a cold beam of state-selected polar molecules

from a microstructured electrostatic mirror under normal
incidence. The mirror consists of an interdigitated struc-
ture of 20 �m wide gold electrodes, 20 �m apart, on a
planar sapphire substrate, that can withstand a voltage
difference of up to 350 V between adjacent electrodes.

In Fig. 1 a scheme of the experimental setup is shown.
A detailed description of the molecular beam machine,
and particularly of the deceleration of a beam of ammo-
nia molecules, is given elsewhere [17]. In the experiments
reported here, a pulsed beam of deuterated ammonia
molecules is decelerated from 280 to 29 m=s using a

FIG. 1 (color online). Scheme of the experimental setup. A
pulsed beam of ammonia molecules is state selected and de-
celerated using a 52 cm long Stark decelerator, of which only
the last four stages are shown. The slow beam exiting the decel-
erator is collimated by a hexapole lens. About 75 mm behind
the decelerator the ammonia molecules can be detected via
resonant ionization with a pulsed UV laser. The ion intensity is
mass-selectively recorded using a linear time-of-flight (TOF)
setup. The microstructured mirror, shown enlarged (see top of
figure), is positioned 24 mm further downstream. The retro-
reflected molecules pass through the detection zone once more.
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52 cm long Stark decelerator consisting out of 94 equi-
distant electric field stages; in Fig. 1 only the last four
stages of the Stark decelerator are shown. Only ammonia
molecules in the upper component of the jJ; Ki � j1; 1i
inversion doublet are decelerated [17]. At the exit of
the decelerator, the package of slow ammonia molecules
has a spatial extent of about 1.5 mm along the molecular
beam axis and is about 2� 2 mm2 in the transverse
direction. The full width at half maximum (FWHM) of
the velocity spread in the forward direction is about
8 m=s, corresponding to a longitudinal temperature of
28 mK. In the transverse direction the FWHM velocity
spread is slightly less, about 5 m=s, corresponding to a
transverse temperature of 11 mK. After exiting the de-
celerator the slow beam is collimated using a pulsed
electrostatic hexapole lens. The focal length is set such
that the focal plane lies slightly behind the surface of the
electrostatic mirror, thereby optimizing the signal of the
retroreflected beam in the detection zone. About 75 mm
behind the decelerator, the ammonia molecules pass
through the detection zone. Using a pulsed tunable UV
laser, 14ND3 molecules in the upper component of the
jJ; Ki � j1; 1i inversion doublet are selectively ionized in
a (2� 1)-resonance enhanced multiphoton ionization
(REMPI) process. The ions are subsequently mass-selec-
tively detected in a compact linear time-of-flight (TOF)
setup. The intensity of the parent ion signal, which is
directly proportional to the density of ammonia mole-
cules in this particular quantum state in the detection
zone, is recorded. The retroreflected molecules pass
through the same detection zone once more. The micro-
structure, mounted on a manipulator to be able to opti-
mize its position and angles, is placed 24 mm further
downstream. The microstructured array of electrodes is
made by depositing a 0:3 �m thick gold layer onto a
planar sapphire substrate with a Pt=Ti-type contact layer.
After a lithographic process, 20 �m wide lines are re-
moved in an etching procedure to obtain the desired
electrode geometry. The total area of the structure is
2:40� 2:06 mm2, only large enough to reflect the central
portion of the impinging molecular beam. The micro-
structured array is shown enlarged (see top of Fig. 1). In
the experiment a voltage difference of up to 350 V is
applied between adjacent electrodes, corresponding to an
electric field of over 175 kV=cm at the substrate. These
electric fields are reproducibly obtained after a condition-
ing process of several hours. Voltage differences exceed-
ing 400 V resulted in severe damage of the structure. The
electric field strength that can be achieved on the micro-
structure is surprisingly large. This has also been noted by
Schmiedmayer and co-workers in recent experiments in
which they manipulated cold atoms with combined elec-
tric and magnetic fields [18]. That such high electric fields
can be achieved is most likely due to the relatively small
absolute voltages that are required; when a discharge
occurs, the electrons only get a limited kinetic energy,
insufficient to damage the structure or to initiate ava-

lanche processes. It is anticipated that even higher electric
fields can be obtained using smaller structures.

In the upper part of Fig. 2 a plot of the magnitude of the
electric field E in front of the surface of the microstruc-
tured electrodes is shown. This field is calculated using a
finite element program and in the calculation a voltage
difference between the electrodes of 300 V is assumed.
Close to the substrate the electric field is highly corru-
gated but at distances from the surface corresponding to a
fraction of the periodicity of the electrode geometry the
magnitude of the electric field is nearly independent of
position relative to the electrodes. In this region the
electric field appears almost flat, and decays exponen-
tially with distance from the electrodes. The electric field
of the actual electrode geometry can be compared to the
analytical expression for the electric field resulting from
an array of equally spaced line electrodes [16]. For dis-
tances z far away (z � a=4
) from the plane of the line
electrodes (taken to be at z � 0) the electric field decays
exponentially and can be approximated by [16]:

E�z� �
4
V
a

exp	2
z=a; (1)

where V is the voltage difference between adjacent

FIG. 2. Plot of the magnitude of the electric field in the plane
perpendicular to the electrodes calculated using a finite ele-
ment program. The voltage difference between adjacent elec-
trodes is 300 V. The electric field as a function of the distance
from the surface along the lines A, B, and C is shown on a
logarithmic scale in the lower graph. The straight solid line
indicated in this graph follows from the analytical expression,
with z replaced by z� 9:5 �m.
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electrodes and a is the electrode period (80 �m in our
case). In the lower part of Fig. 2 the magnitude of the
electric field along three different lines A, B, and C (see
upper part of Fig. 2) is shown on a logarithmic scale. For
comparison, the electric field for an array of line elec-
trodes, as given by the analytical approximation, is shown
as well. Excellent agreement is obtained in the far field
when the line electrodes are assumed to be positioned
9:5 �m behind the actual electrode array, i.e., when
E�z� 9:5 �m� is plotted.

Molecules in quantum states with a positive Stark
effect, i.e., molecules in low-field seeking states, will
gain potential energy while moving towards the plane
of the microstructured electrodes. Molecules having in-
sufficient kinetic energy to overcome the potential barrier
will be reflected. Deuterated ammonia molecules in low-
field seeking (hyperfine) levels of the jJ; Ki � j1; 1i state
with an initial velocity of 32 m=s (Ekin=k � 1:2 K) will
be turned around at an electric field strength of about
75 kV=cm; molecules with an initial velocity of 26 m=s
(Ekin=k � 0:8 K) will be reflected by an electric field of
about 50 kV=cm. The potential hill that the molecules
experience is rather steep, and the difference in penetra-
tion depth between the fastest and the slowest molecules
in the decelerated package of ammonia molecules is less
than 10 �m. As this is very small compared to the total
flight distance of the molecules, the mirror can be con-
sidered hard.

In Fig. 3 the arrival time distributions are shown for
ammonia molecules recorded in the detection zone,
75 mm behind the decelerator, with (black curve) and
without (gray curve) a voltage of 300 V applied to the
microstructured electrodes. The package of decelerated

molecules is seen to pass through the detection zone
around 2.5 ms after exiting the decelerator. The reflected
molecules travel an extra 48 mm before passing through
the detection zone once more, about 4 ms after exiting the
decelerator. As the initial spatial spread of the package of
molecules is small compared to the total flight distance,
the observed arrival time distribution directly mimics the
longitudinal velocity distribution of the beam. From this,
it is deduced that the beam indeed has an average velocity
of 29 m=s and a FWHM velocity spread of 8 m=s.
Because of coupling of the transverse velocity with the
longitudinal velocity in the decelerator, the divergence of
the decelerated beam depends on the forward velocity
[17]. This results in a non-Gaussian shape of the arrival
time distribution, depending, among other things, on the
focal length of the hexapole and on the total flight dis-
tance. Since the reflected molecules have a substantially
longer flight path, there is a more stringent selection on
the transverse velocity component for these molecules,
and only retroreflected molecules in a relatively narrow
translational distribution interval are detected. This re-
sults in an arrival time distribution of the reflected beam
which is actually more Gaussian-like than that of the
incoming beam. The observed signal intensity of the
retroreflected beam is as expected for a reflectivity of
unity, given the rather compact overall size of the mirror
in combination with the more stringent requirements on
the divergence of the reflected beam relative to the one of
the incoming beam.

In the inset of Fig. 3 arrival time distributions for the
retroreflected beam are shown with voltage differences of
0, 200, 240, and 300 V applied to the microstructured
electrodes. The distribution observed with a voltage of
300 V is identical to the one observed with 350 V (not
shown). On lowering the voltage, the signal observed at
early times (which results from the fastest molecules in
the package) decreases. When the voltage is lowered to
below 150 V hardly any retroreflected molecules are
detected. This is expected, as faster molecules are able
to climb higher up the potential hill, and some of them
might even hit the substrate. In the latter case they might
stick to the surface or scatter inelastically. Molecules that
do not actually hit the surface but nevertheless approach
the surface within several �m will be reflected over
relatively large angles due to the corrugation of the po-
tential hill. All these effects will result in a decrease in
the number of state-selected reflected molecules in the
detection zone. Note that so far we have described the
interaction of the molecules with the electrostatic field
purely classically, as balls rolling up and down a slightly
corrugated hill. Given the rather large transverse velocity
spread of the package of molecules that is reflected, and
given the tens of �m sized electrodes that we have used,
this approach is valid in the present study. However, when
nanometer scaled electrodes are used in combination with
(transversely) still colder packages of molecules the wave
properties of the molecules will have to be taken into
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FIG. 3. Time-of-flight distribution of the ammonia molecules
in the detection zone. The package of slow molecules passes
through the detection zone about 2.5 ms after exiting the
decelerator (the latter is taken as the origin of the time axis).
Two sets of independent measurements are shown, with (black
curve) and without (gray curve) voltage applied to the micro-
structured array; the retroreflected molecules travel an extra
48 mm before being detected at about 4 ms. In the inset the
arrival time distribution of the reflected molecules is shown for
different voltages.
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account, and interference effects can be expected in re-
flection from similarly corrugated mirrors.

In Fig. 4 the arrival time distributions are shown for
the ammonia molecules in two independent sets of mea-
surements in which the 300 V that is applied to the micro-
structured electrodes is being switched on (black) and off
(gray) during a time interval of 200 �s. A block pulse
showing the temporal shape of the voltage that is applied
to the mirror is shown in the figure at the actual time
when this voltage is applied. The actual 1=e rise time of
the ‘‘mirror action’’ in the present study is about 20 �s. It
has been mentioned already that the observed arrival
time distribution directly mimics the velocity distribu-
tion and it is thus clear that by switching the mirror on
(off) for a short duration, only a small fraction of the
original longitudinal velocity distribution is (is not) re-
flected. The arrival time distribution of the retroreflected
beam recorded with the mirror switched on for 200 �s
corresponds to a package of molecules with a longitudinal
velocity spread of about 1 m=s, or a longitudinal tem-
perature of about 500 �K. It is clear that molecular
beams with an extremely low longitudinal temperature,
down to a few �K in the present case, can be produced via
this velocity-selective reflection.

In conclusion, we have demonstrated that microstruc-
tured electrodes can be used to generate sufficiently high
electric fields to manipulate polar molecules. The large
electric field gradients that can be produced offer great
prospects for a variety of molecular manipulation tools,
including lenses, mirrors, guides, conveyer belts, decel-
erators, storage rings, and traps, all integrated on a com-
pact surface area. Impinging slow beams of polar
molecules on a mirror followed by rapid switching of
the electric fields as demonstrated here, is a viable route
to directly load molecules from a beam in microstruc-

tured surface traps as well as in other microstructured
devices.
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83, 3398 (1999).
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FIG. 4. Time-of-flight distribution of ammonia molecules in
the detection zone with a time-varying voltage applied to the
microstructured array. Two sets of independent measurements
are shown in which the voltage is switched on (black curve) and
off (gray curve) during a 200 �s time interval. The actual times
at which the mirror is switched are indicated in the figure.
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