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Surface-electrode decelerator and deflector for Rydberg atoms and molecules
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A surface-electrode decelerator and deflector for Rydberg atoms and molecules has been developed with the
goal of performing collisional experiments. Translationally cold H2 molecules in a supersonic beam were excited
to Rydberg-Stark states of principal quantum number n = 31, loaded into electric traps moving at a predetermined
speed above the surface of a bent printed circuit board, decelerated, and deflected from the original direction of the
supersonic beam by an angle of 10◦. The phase-space characteristics of the deflected beam were characterized by
measuring the time-of-flight distribution and images of the Rydberg molecules and comparing them to the results
of numerical particle-trajectory simulations. More than 1000 H2 molecules were deflected per experimental
cycle at a repetition rate of 25 Hz. The phase-space characteristics of the deflector make it attractive to study
ion-molecule reactions at low collision energies.
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I. INTRODUCTION

Supersonic beams are an important tool to study the
properties of isolated atoms and molecules in the gas phase [1].
They provide an almost collision-free environment and enable
one to cool internal and translational degrees of freedom of a
molecular sample to temperatures on the order of 1 K. The high
degree of directionality that can be achieved when a supersonic
beam is collimated by a skimmer further provides almost ideal
conditions for high-resolution spectroscopic experiments and
for studies of elastic, inelastic, and reactive collisions between
gas particles.

With the demonstration of multistage Stark deceleration
15 years ago [2], a new range of experiments with supersonic
beams has been initiated which rely on the ability to continu-
ously tune the velocity of supersonic beams of polar molecules
and slow the beams to very low velocities, even below 100 m/s.
This ability offers new opportunities for high-resolution
spectroscopic experiments and studies of collisions at low
temperatures [3]. Since 1999, the range of methods and
instruments with which velocity-tunable beams of atoms and
molecules can be generated has been considerably widened
[4–6]. Today, velocity-tunable beams of paramagnetic atoms
and molecules can be generated by multistage Zeeman
deceleration [7–11], and Rydberg-Stark deceleration can be
used to slow down supersonic beams of any atom or molecule
that can be excited to long-lived Rydberg states [12–14].
Miniaturized, on-chip versions of the decelerators have been
developed [15,16] and so have decelerators based on moving
traps in free space [17–21], on alternating field gradients [22],
and on optical [23] and microwave [24] fields.

When studying collisions using velocity-tunable supersonic
beams, the fact that only a small fraction of all atoms or
molecules in the beam is decelerated can pose problems. In-
deed, collisions with the nondecelerated particles in the beam,
e.g., the carrier gas or atoms and molecules with quantum
states or velocities and initial positions outside the acceptance
of the decelerator, are difficult to avoid and can significantly
complicate the data acquisition and analysis. To circumvent
these difficulties, decelerators have been designed with which
the atom and molecule samples can be deflected or guided
away from the original propagation axis of the supersonic beam

during or after deceleration [25–28]. Recently, Henson et al.
have demonstrated that reactive scattering can be studied at
very low collision energies if two supersonic beams of almost
the same, but not necessarily a low, velocity are merged using
a magnetic guide to deflect one of the beams [29]. Similar
experiments have also been performed by merging both beams
using a magnetic guide for one beam and an electric guide for
the other [30].

We present here a surface-electrode decelerator and de-
flector for beams of Rydberg atoms and molecules. The
device can be used to merge two supersonic beams, one
of which contains Rydberg atoms or molecules, and adjust
their relative velocity. The deflection further enables one to
eliminate undesired collisions with nondecelerated particles.
The Rydberg electron in the Rydberg-Stark states used for
deflection is almost entirely decoupled from the ion core and
orbits around it at distances much longer than those at which
typical ion-molecule reactions take place. Consequently, it
does not influence the outcome of an ion-molecule reaction
[31,32]. Being able to deflect and control the velocity of
Rydberg-atom or Rydberg-molecule beams should therefore
enable the study of ion-molecule reactions at temperatures
below 1 K. The characterization of the surface-electrode
deflector described in this article represents a first step toward
this goal. To illustrate its operational principles we have chosen
molecular hydrogen (H2), a nonpolar, diamagnetic molecule
which is notoriously difficult to produce at low temperatures
and to manipulate with electromagnetic fields.

II. EXPERIMENT

The experiments were carried out using the same laser sys-
tems as used in our previous experiments on the deceleration
and trapping of hydrogen molecules in Rydberg-Stark states
and described in Ref. [33], to which we refer for details. This
section focuses on the aspects of the experimental procedure
and setup that were modified for the present investigation and
which concern primarily the Rydberg-Stark deflector depicted
schematically in Fig. 1.

The H2 molecules in a supersonic beam were photoexcited
to low-field-seeking nkm Rydberg-Stark states with an H2

+ ion
core in its ground rovibronic state (n is the principal quantum
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FIG. 1. (Color online) Schematic of the surface-electrode deflec-
tor used to deviate H2 Rydberg molecules in a supersonic beam by
10◦ from the initial beam-propagation axis. (i) Photoexcitation region
where the Rydberg molecules are prepared in the homogeneous
electric field generated by applying a dc electric potential to two
parallel planar electrodes separated by 4 mm. (ii) A 50-mm-long
printed circuit board with 50 equidistant copper electrodes. The
first 4-mm-long and the last 3.5-mm-long sections along the beam
propagation axis are planar whereas the middle 42.5-mm-long section
forms an arc of a circle with a radius of 244 mm. (iii) MCP detector
with an anode connected to a phosphor screen and a CCD camera for
imaging.

number, k is the difference between the parabolic quantum
numbers n1 and n2, and m is the magnetic quantum number
[34]; the electric dipole moment of a Rydberg-Stark state is
3nkea0/2) using the resonant three-photon excitation sequence

nkm[X+ 2�+
g (0,0)] ← I 1�g(0,2) ← B 1�+

u (3,1)

← X 1�+
g (0,0), (1)

in which the numbers in parentheses represent the vibrational
and rotational quantum numbers of the molecular states. The
force

�F = ∇( �μel · �E), (2)

resulting from the interaction of the electric dipole moment
�μel, having a magnitude up to 3000 D at n = 30, with tailored
electric-field gradients is used to manipulate the velocity
distribution of the hydrogen molecules.

The pulsed VUV (B-X transition), visible (I-B transition),
and near-IR (nkm-I transition) lasers employed in the suc-
cessive steps of Eq. (1) were described in Ref. [33]. The
pulsed supersonic beam of molecular hydrogen was generated
by expanding pure H2 in vacuum from a reservoir held at a
pressure of 2 bar using a pulsed valve. To reduce the initial
velocity of the beam to about 1300 m/s, the body of the valve
was cooled to 77 K by connecting it to a cold finger filled with
liquid nitrogen. The supersonic beam was collimated with
a skimmer before entering the photoexcitation region. The
photoexcitation was carried out 31 cm downstream from the
pulsed valve between two parallel metallic plates [region (i) in
Fig. 1] used to generate a spatially homogeneous electric field
of 75 V/cm at the point where the supersonic beam crossed the
laser beams at right angles. The frequency of the near-IR laser
was set so as to excite narrow distributions of low-field-seeking
m = 3 Rydberg-Stark states.

The actual deflector [region (ii) in Fig. 1] is located 5 mm
away from the photoexcitation spot along the propagation axis
of the supersonic beam. It consists of a 5-cm-long printed
circuit board containing 50 equidistant copper electrodes.
Applying precalculated electric potentials to these electrodes
enables one to generate tubular electric traps above the surface,
as explained in Refs. [16,35]. The first 4 mm of the deflector
surface are parallel to the Z axis and enable an easy loading
of the hydrogen molecules into the moving traps. The next
42.5 mm form an arc of a circle with a curvature radius of
244 mm, corresponding to a deflection angle of 10◦. The final
3.5 mm are parallel to the axis of the deflected beam (Z′ in
Fig. 1). The copper-electrode design was identical to that used
in our planar surface-electrode decelerator [35].

Electric traps moving above the decelerator surface at
velocities

v = 3dω/(2π ), (3)

where d (1 mm in our experiments) represents the center-to-
center spacing between adjacent electrodes, were generated by
applying oscillating electric potentials (called waveforms) of
the form Vi = (−1)iV0[1 + cos(ωt + φi)]/2 on the electrodes
labeled by the index i running from 1 to 50. The choice of the
oscillation frequency ω and phases φi = (2 − i)2π/3 [15,16]
of the waveforms guarantees that the electric traps move at
a constant velocity v above the printed circuit board. The
peak amplitude V0 of the waveforms determines the depth
of the moving traps and can be adjusted to optimize the
phase-space acceptance of the deflector and the phase-space
characteristics of the deflected beam, as explained in more
detail in the Results section. In our device, the moving electric
traps generated by these waveforms are separated by 3 mm,
have a cylindrical shape with a diameter of 0.5 mm, and their
axes are parallel to the Y axis. To limit the length of the electric
traps to about 4 mm, the surface electrodes are wider near the
edge of the deflector where the waveforms are applied via
point contacts. Acceleration can be achieved simultaneously
to deflection by introducing a linear chirp in the waveform
frequency, according to Eq. (4) [16],

ω(t) = ω0 + a
2π

3d
(t − t0). (4)

After the device, the H2 Rydberg molecules fly in free space
toward a micro-channel-plate (MCP) detector (two plates in
a chevron configuration) with a grounded front plate and a
phosphor screen for imaging with a charge-coupled-device
(CCD) camera [region (iii) in Fig. 1]. Ionization of the H2

Rydberg states at the MCP initiates electron cascades in
the channels. This configuration enables one to determine
the velocity distribution of the deflected molecules along
the beam-propagation axis from their flight times between
the photoexcitation spot and the MCP front plate. The
velocity distributions in the directions perpendicular to the
beam propagation axis are extracted from the images of the
beams. The quantitative analysis of the velocity distributions
is performed by comparing the experimental images and
time-of-flight distributions with images and time-of-flight
distributions calculated using the particle-trajectory simulation
program described in Refs. [16,36]. The typical time of flight
of the molecules from the photoexcitation spot to the detector is
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FIG. 2. (Color online) (a) Longitudinal velocity distribution of
the beam obtained without applying any waveforms to the surface
electrodes. (b) Longitudinal velocity distributions of the deflected H2

Rydberg molecules [(n = 31, k = 13–17)] guided over the chip at
velocities v0 [determined with Eq. (3)] ranging from 1250 to 1340 m/s
using waveforms with 80-V amplitude. Black traces: experimental
results. Red traces: results of particle-trajectory simulations.

about 80 μs, which is significantly shorter than their observed
decay times [37].

III. RESULTS

The lower panel of Fig. 2 presents the results of a series
of measurements in which the H2 molecules in n = 31, k =
13–17, and m = 3 Rydberg-Stark states were guided and
deflected at constant velocities using precalculated waveforms
of amplitude V0 = 80 V. The figure displays the velocity
distribution of the deflected molecules obtained by dividing the
distance separating the end of the deflector and the detector by
the time of free flight between switch off of the waveforms and
detection. The size of the cloud of trapped molecules (radius
of about 200 μm) is so small that its effects can be neglected
in this analysis. The experimental data are displayed as black
traces and are compared to the results of particle-trajectory
simulations (red traces). In each case, the central velocity is
indicated by a vertical dashed line and corresponds closely to
the final velocity the deflector waveforms were programed for
[see Eq. (3)]. With a half width at half maximum of about

FIG. 3. (Color online) Spatial distribution of the H2 Rydberg
molecules (n = 31, k = 7–11) detected at the imaging MCP detector
following deflection at a constant velocity of 1290 m/s using
waveform amplitudes of (a) 80 V, (b) 60 V, and (c) 40 V. (d) to
(f) Corresponding images generated from particle-trajectory simula-
tions. See text for details.

50 m/s, the velocity distributions correspond to a temperature
of about 300 mK and are broader than the velocity distribution
of the original beam represented in the top panel of Fig. 2. The
fact that the maxima of the final velocity distributions in the
top and bottom traces of Fig. 2(b) lie slightly outside the initial
velocity distribution [Fig. 2(a)] of the Rydberg molecules
further shows that the deflection, in these cases, is accompanied
by a slight acceleration or deceleration. Deflected beams with
narrower velocity distributions can be obtained by reducing the
waveform amplitudes, however, at the expense of a reduced
number of deflected molecules.

The images of the H2 molecules presented in Figs. 3(a)–3(c)
were obtained after guiding molecules initially excited to a
narrow range of Rydberg-Stark states (n = 31, k = 7–11, and
m = 3) at a constant velocity of 1290 m/s with waveforms
of amplitudes of 80, 60, and 40 V, respectively. The spots
corresponding to the deflected molecules are located in the
lower half of the images and are sharp. In contrast, the signal
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corresponding to the undeflected molecules is more diffuse and
structured, with two maxima along the Y axis on both sides
of the position corresponding to the deflected sample. This
double-peak structure becomes more and more pronounced as
the waveform amplitude is reduced and the missing intensity in
the central part of the images can be attributed to the deflected
molecules. The spread of the undeflected part of the beam
along the X′ axis is larger than that of the deflected sample.
This observation results from the fact that the molecules that
are loaded into the trap remain confined in a small volume
over the entire length of the printed circuit board, whereas the
molecules that are initially located outside the trap volume
fly apart and are subject to forces that weakly repel them
from the deflector. This effect is most pronounced for the
experiments carried out with the largest waveform amplitudes.
The images obtained from the particle-trajectory simulations
reproduce the main features of the experimental data well
but slightly underestimate the contrast of the double-peak
structure of the undeflected beam. The number of deflected
molecules decreases by a factor of about 2 upon reduction of
the waveform amplitudes from 80 to 40 V. A similar behavior
is observed when the molecules are excited to Rydberg-Stark
states having smaller dipole moments.

The almost perfect agreement between the experimental
and the simulated velocity distributions (see Fig. 2) and images
(see Fig. 3) makes it possible to quantify the efficiency of the
deflector. Under the conditions used to record the data pre-
sented in Figs. 2 and 3, 20% of the molecules initially excited
to Rydberg-Stark states are deflected when the amplitude of
the waveforms is 80 V. This fraction reduces to about 10%,
corresponding to about 103 molecules, when the amplitude is
reduced to 40 V. The main reason for the loss of molecules
is the fact that the photoexcitation volume is larger than the
volume of the electric traps, as is clearly illustrated by the
complementary nature of the distributions of the deflected and
undeflected beams along the Y axis in Fig. 3. The electric-field
distributions resulting from the applied waveforms are such
that, after leaving the deflector, the deflected clouds expand
almost freely in the X′ and Z′ directions, but are recollimated,
and even refocused for the highest waveform amplitudes in the
Y ′ = Y direction, as explained below. Consequently, whereas
the velocity distributions of the deflected molecules along the
X′ and Z′ directions can directly be extracted from the size
of the images and the time-of-flight distributions, respectively,
no reliable information on the velocity distribution in the Y ′
direction can be extracted from the experimental data.

Panels (a) and (b) of Fig. 4 compare the widths of the veloc-
ity distributions along the X′ and Z′ directions, respectively,
obtained from the images (circles) recorded using waveforms
of different amplitudes with the velocity distributions extracted
from the particle-trajectory simulations (squares). Overall,
the widths extracted from the experimental data and the
particle-trajectory simulations are in good agreement, with
the exception of the two points in Fig. 4(b) corresponding
to waveform amplitudes of 40 and 50 V where the widths
extracted from the experimental data exceed those predicted by
the particle-trajectory simulations. The data indicate a gradual
increase in these widths, from about 20 to about 40 m/s in
the X′ direction and from about 35 to 50 m/s in the Z′
direction, as the waveform amplitude increases from 40 to 80 V.
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FIG. 4. (Color online) Velocity distributions of the H2 Rydberg
molecules (n = 31, k = 7–11) along the (a) X′ and (b) Z′ directions
following deflection at a constant velocity of 1290 m/s as a function
of the applied waveform amplitude. The results of particle-trajectory
simulations are indicated by squares, and the experimental results are
indicated by circles.

This increase indicates a heating of the trapped sample which
increases as the moving traps are made deeper. Deflection with
low waveform amplitudes therefore yields colder samples but
at the cost of a reduced number of deflected molecules.

Figure 5 summarizes the main aspects of the evolution of the
phase-space distribution obtained from the particle-trajectory
simulations for waveform amplitudes of 40 V (a)–(c) and 80 V
(d)–(f). In each panel, the black dots on the left-hand-side plot
represent the distribution in the X,Y,Z coordinate system im-
mediately after trap loading, and those on the right-hand-side
plot the distribution in the X′,Y ′(= Y ),Z′ coordinate system
at the exit of the deflector (see Fig. 1 for the definition of these
coordinate systems). The area shaded in gray corresponds
to the phase-space area explored over the entire deflection
process determined in the instantaneous coordinate system
where the X and Z axes are perpendicular and tangential to
the surface of the deflector, respectively. These phase-space
diagrams reveal that the heating is most significant in the
direction perpendicular to the deflector surface as a result
of the trap-loading process and the coupling between the X

and the Y directions caused by the trap anharmonicity and
the deflection, which rotates the coordinate system around the
Y ′ = Y axis by 10◦. The heating effect is also noticeable in the
propagation direction of the moving traps (i.e., tangential to
the surface). In the Y ′ = Y direction, which is not affected
by the deflection and is characterized by a flat potential,
the main effect is a rotation of the phase-space distribution.
This distribution starts spiraling when the particles with the
highest velocity in the Y direction reach the repulsive walls of
the tubular traps, at which point the beam is recollimated,
as already mentioned in the previous paragraph. The data
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FIG. 5. Phase-space distributions of the deflected H2 Rydberg molecules (n = 31, k = 7–11) obtained from particle-trajectory simulations
for waveform amplitudes of (a)–(c) 40 V and (d)–(f) 80 V. The black dots in the left and right parts of each plot correspond to Rydberg
molecules at the beginning and the end of the deflector, respectively. The area shaded in gray corresponds to the phase-space areas explored
over the entire deflection process. The distribution of spatial position is plotted with respect to the center of the trap (Xtrap,Ytrap,Ztrap).

presented in Fig. 5 provide support to the conclusions derived
from the analysis of the time-of-flight distributions (Fig. 2)
and images (Fig. 3) and indicate that the heating of the trapped
sample is roughly proportional to the waveform amplitude. For
amplitudes of 40 V (80 V), about 1000 (2000) H2 molecules
in n = 31, k ≈ 9 Rydberg-Stark states, characterized by a
translational temperature of about 200 mK (300 mK) could
be deflected per experimental cycle at a repetition rate of
25 Hz.

Larger decelerations than achieved in the bottom trace of
Fig. 2(b) can be achieved by operating the device simulta-
neously as deflector and decelerator according to Eq. (4), as
demonstrated in Fig. 6. In this figure, the velocity distributions
obtained after deceleration from an initial velocity of 1300 m/s
to final velocities of 1100, 900, 800, and 700 m/s are presented.
Whereas the deceleration to 1100 m/s is not accompanied by
a significant reduction of the phase-space acceptance of the

device, deceleration to lower velocities leads to a reduction in
the number of detected H2 molecules by factors of about 2
and 4 when the deceleration is carried out to final velocities of
900 and 700 m/s, respectively. The reduction of phase-space
acceptance is accompanied by a narrowing of the final velocity
distribution.

IV. CONCLUSIONS

A surface-electrode decelerator and deflector for Rydberg
atoms and molecules made of 50 copper electrodes printed
on a bent circuit board has been developed and used to
deflect n = 31 H2 Rydberg molecules in a supersonic beam
by an angle of 10◦. The phase-space characteristics of the
deflected beam were determined by imaging and time-of-flight
techniques. About 1000 H2 molecules could be deflected
per experimental cycle at a repetition rate of 25 Hz. The

043403-5



ALLMENDINGER, DEIGLMAYR, AGNER, SCHMUTZ, AND MERKT PHYSICAL REVIEW A 90, 043403 (2014)

600 800 1000 1200 1400
v (m/s)

0

0

0

0

1

1

1

1
H

2 io
ni

za
tio

n 
si

gn
al

 (a
rb

. u
ni

ts
)

vf = 700 m/s

vf = 800 m/s

vf = 900 m/s

vf = 1100 m/s

FIG. 6. Velocity distributions obtained after simultaneous deflec-
tion of a beam of H2 Rydberg molecules (n = 31, k = 7–11) by 10◦

and deceleration from an initial velocity of 1300 m/s to final velocities
of 1100, 900, 800, and 700 m/s.

temperature of the deflected sample was found to be below
1 K and could be adjusted by changing the amplitude of the
oscillating electric potentials applied to the surface electrodes.
Introducing a linear chirp in the frequency of the oscillating
electric potential enabled us to decelerate the beam of Rydberg
molecules during deflection and thus achieve a wider range of
final velocities.

The low translational temperature of the deflected beam, the
flux of more than 104 Rydberg H2 molecules per second and

square millimeter, the broad range of final velocities, and the
fact that the Rydberg states can be prepared with an ion core in
a selected rovibronic level (the X 2�+

g (v+ = 0, N+ = 0) state
for the experiments presented in this article) makes the device
a promising tool for the study of ion-molecule reactions at low
collision energies. The method can be applied to deflect beams
of heavier species than molecular hydrogen and to deflect
beams of molecular hydrogen by larger angles. The maximal
degree of curvature the H2 Rydberg molecules can follow and
the maximum mass of the molecules that can be deflected
by a given angle depend on the magnitude of the electric
potentials applied to the surface electrodes, on the initial
velocity of the supersonic beam, and on the lifetime of the
Rydberg states. Assuming an initial velocity of 385 m/s typical
for a supersonic beam with krypton as a carrier gas and
lifetimes τ between 100 and 300 μs for the Rydberg-Stark
states used in our experiments [37], the maximum decelerator
length is between 3.8 and 11.5 cm. Considering the centrifugal
potential (see Hogan et al. [38]) for a waveform amplitude
of 80 V, an n = 30, k = 27 Stark state, and a minimal trap
depth of 1 K, we can derive the maximal deflection angle in
dependence on the mass of the Rydberg atom or molecule.
We find an inverse dependence of the maximal angle on the
mass. For lifetimes of 100 and 300 μs, the maximal deflection
angle is 10◦ for a mass of 180 u (τ = 100 μs) and 540 u
(τ = 300 μs). We also conclude that particles could even
complete a full circle if their mass is less than 5 u (τ = 100 μs)
and less than 18 u (τ = 300 μs).
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