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A surface-electrode decelerator for Rydberg atoms and molecules
S. D. Hogan, P. Allmendinger, H. Saßmannshausen, H. Schmutz and F. Merkt
Laboratorium für Physikalische Chemie, ETH Zürich, CH-8093, Switzerland
(Dated: October 26, 2011)
Hydrogen atoms in Rydberg states with principal quantum numbers between 23 and 70 have
been accelerated, decelerated and electrostatically trapped using a surface-electrode Rydberg-Stark
decelerator. By applying a set of oscillating electrical potentials to a two-dimensional array of
electrodes on a printed circuit board (PCB), a continuously moving, three-dimensional electric trap
with a predefined velocity and acceleration is generated. From an initial longitudinal velocity of
760 m/s, final velocities of the Rydberg atoms ranging from 1 200 m/s to zero velocity in the
laboratory-fixed frame of reference were achieved. Accelerated/decelerated atoms were detected
directly by pulsed electric-field ionization. Atoms trapped at zero mean velocity above the PCB
were reaccelerated off the PCB before field ionization.
PACS numbers: 33.80.Rm, 37.10.De

Controlled manipulation of the motional degrees of
freedom and internal quantum states of atoms and
molecules at vacuum–solid-state interfaces is of importance in several areas of research. Robust and scaleable
chip-based electric and magnetic traps and guides have
been developed for atomic ions [2] and neutral ground
state atoms [1]. These devices have been exploited,
e.g., in quantum information processing [3] and quantum metrology [4]. In addition, the preparation of cold,
velocity-controlled samples of polar molecules using chipbased Stark decelerators has been demonstrated as a
route ‘towards a gas phase molecular laboratory on a
chip’ [5, 6]. Approaches directed toward the confinement
of Rydberg atoms in the vicinity of surfaces have involved
Rydberg photoexcitation in miniature vapor cells [7], and
in close proximity to arrays of surface-based permanentmagnet traps [8]. Atom chips have also been developed with Rydberg photoexcitation in the strong dipoleblockade regime in mind [9, 10], for the realization of
sources of single atoms on demand [11].
We report here the acceleration, deceleration and electrostatic trapping of hydrogen Rydberg atoms using a
surface-electrode Rydberg-Stark decelerator. The possibility of transporting Rydberg atoms or molecules above
a surface in continuously moving electric traps which is
demonstrated, opens up a range of opportunities relevant
to studies of Rydberg atom/molecule-surface interactions [12, 13] and, in combination with chip-based superconducting microwave circuits [14], to hybrid approaches
to cavity quantum electrodynamics [15]. Together with
excitation in the strong dipole-blockade regime, one can
also envisage the transport of single-atoms on demand,
or the preparation of arrays of trapped Rydberg atoms
for applications in quantum simulation and quantum information processing.
The decelerator exploits the large electric dipole moments associated with Rydberg-Stark states of high principal quantum number n, and the forces which they experience in the presence of inhomogeneous electric fields.

These dipole moments are equal to 32 nke a0 , where k
takes values from −(n−|m|−1) to +(n−|m|−1) in steps
of two [16]. Following early proposals by Breeden and
Metcalf [17] and Wing [18], first experimental work to
exploit such forces on samples in Rydberg states involved
the use of inhomogeneous electric fields to deflect beams
of krypton atoms [19] and partially decelerate H2 [20]
and argon [21]. This later led to the three-dimensional
electrostatic trapping of H [22, 23] and H2 [24, 25]. The
electrode configurations used in these experiments were
single-stage devices which acted as both decelerators and
traps, with continuously moving electric field minima
generated to provide full three-dimensional confinement
during deceleration and trapping.
The aspects of the surface-electrode-based decelerators
described here which distinguish them from the singlestage devices used in previous work [22–25] include their
scalability and flexibility with regard to the preparation
of a wide range of electrode geometries, and the possibility to achieve efficient deceleration using large electric field gradients but weak fields. Deceleration in weak
fields reduces undesirable losses arising from field ionization at high n and considerably increases the range
of states that can be decelerated. Several benefits result:
(i) at a particular temperature a value of n can be chosen
for which the blackbody-radiation-induced depopulation
rate is lowest; (ii) for molecules with small rotational constants, deceleration can be performed in weak fields, at a
position in the Rydberg series where interactions between
states converging to different rotational states of the ion
core are minimal; and (iii) the opportunity to decelerate
Rydberg atoms and molecules with n > 50 and electric
dipole moments > 9000 Debye makes the deceleration of
a wide range of species possible.
The experiments involve the production of H atoms
by 193 nm laser photolysis of NH3 in a quartz capillary mounted at the exit of a pulsed valve [27]. NH3 is
seeded in argon at a ratio of 1:9 and the H atoms in the
beam have a mean longitudinal velocity of 760 m/s. Af-
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FIG. 1: (Color online) (a) Schematic diagram of the surfaceelectrode-based Rydberg-Stark decelerator and surrounding
photoexcitation and field ionization regions. (b) Oscillating
potentials applied to the 11 electrodes for deceleration from
vi = 760 m/s to vf = 300 m/s.

ter passing a skimmer, the atoms enter a pair of circular
metallic plates separated by 10 mm with their surfaces
perpendicular to the axis of propagation of the beam [see
Fig. 1(a)]. These electrodes are used to generate a homogeneous electric field of 33 V/cm in which the 1 2 S
ground state H atoms are photoexcited to Rydberg-Stark
states in a resonant two-photon transition via the 2 2 P
state. The Rydberg atoms then travel out of the excitation region and over the surface-electrode decelerator
in the positive z direction. After passing over the decelerator the atoms are detected by pulsed electric-field
ionization ∼ 3.5 mm beyond the PCB, between a second
pair of circular metallic plates. The resulting H+ ions are
detected on a microchannel-plate (MCP) detector.
The principle of the decelerator is similar to that
used by Meek et al. [5, 26] for the deceleration of CO
molecules, but adapted to deceleration in Rydberg states.
The width of 0.5 mm and center-to-center spacing dz =
1.0 mm between the eleven electrodes in the z-dimension
was chosen to match the decelerator acceptance to the
phase-space characteristics of the Rydberg atom beam.
The ends of the electrodes in the x dimension have been
enlarged to reduce the oscillatory motion of the minima
in this dimension during deceleration. The decelerator
is operated by applying six different oscillating electrical
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FIG. 2: (Color online) Electric-field distribution in (a) the xzplane containing the trap minima and (b) the x = 0 plane.
The positions of the decelerator electrodes are indicated on
the horizontal axis in (b). The 0 V plate is located at y =
−0.75 mm.

potentials Vi to electrodes numbered i = 1−6 in Fig. 1(a)
and repeating the sequence from the seventh electrode
on. These potentials (called waveforms hereafter) have
the general form Vi = (−1)i V0 [1 + cos(ωt + φi )], where
2V0 is the peak-to-peak amplitude, ω is the oscillation
frequency and φi = (i − 1)2π/3 [5]. Using this configuration, a set of moving electric traps, separated by a
distance of 3dz = 3 mm, are generated above the PCB as
depicted in Fig. 2. The switch-on time of the waveforms
is selected to ensure that all Rydberg atoms prepared
are loaded into a single trap. As the potentials oscillate,
this trap moves in the positive z-dimension with a velocity vz = 3dz ω/(2π). Acceleration/deceleration, az , is
achieved by applying a linear chirp to the waveforms such
that ω(t) = ω0 + (2π/3dz )az t where ω0 corresponds to
the initial velocity vi . An example of a set of waveforms
for deceleration from vi = 760 m/s to a final velocity
vf = 300 m/s is presented in Fig. 1(b). The waveforms
are switched on only when the atoms are above the PCB
to avoid undesirable heating by the gradients of the fringe
fields at the edges of the PCB. During switch-on and -off
ω remains constant and V0 is ramped linearly.
The potentials used to generate the field distributions
depicted in Fig. 2 correspond to those at a time of 1.25 µs
in Fig. 1(b), at the end of the switch-on phase (dotted
vertical line). For the value of V0 = 20 V used here, the
trap minimum into which the atoms to be decelerated are
loaded is located 0.6 mm above the surface of the PCB in
the y dimension. The moving trap has been chosen to be
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FIG. 3: (Color online) (a) Experimental and (b) simulated
H-atom time-of-flight distributions demonstrating acceleration/deceleration at n = 31 from vi = 760 m/s to vf = 1 200,
1 000, 600, 450, 300 and 200 m/s.

∼ 5 mm long in the x-dimension and ∼ 0.5 mm wide in
the y and z dimensions. The lowest saddle point of the
trap lies at a field of ∼ 27 V/cm, corresponding to a trap
depth of ∼ 2 K (∼ 5.5 K) for the outer low-field-seeking
Stark states at n = 30 (n = 50).
The operation of the decelerator was investigated
by measuring H-atom time-of-flight distributions between the position of photoexcitation and that of field
ionization. A set of data corresponding to acceleration/deceleration from vi = 760 m/s to final velocities
between 1 200 m/s and 200 m/s, is presented in Fig. 3(a).
These measurements only differ in the chirp used to
achieve the desired final velocity. The time-of-flight distribution labelled (iii) corresponds to the undecelerated
beam of Rydberg atoms, detected at a time of ∼ 29 µs
(vertical dotted line). This measurement was made with
the decelerator off and its intensity is scaled by a factor
of 0.5 with respect to the other measurements. Measurements (i) and (ii) were performed to accelerate the atoms
to vf = 1 200 and 1 000 m/s, respectively. The accelerated atoms arrive at the detection region earlier than the
undecelerated atoms, at times of ∼ 26 and ∼ 27.5 µs.
The top four time-of-flight distributions (iv)–(vii) correspond to deceleration to vf = 600, 450, 300 and 200 m/s
and indicate progressively later arrival times of the decelerated atoms of 33, 38, 45 and 54 µs, respectively. The
intensity of the distribution corresponding to deceleration to vf = 200 m/s is scaled by a factor of four.
Three-dimensional particle-trajectory simulations,
presented in Fig. 3(b), capture the essential features
of the experimental data and provide a basis for their
interpretation. For each simulation, a random initial
distribution of particles was generated corresponding to
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FIG. 4: (Color online) Spectrum demonstrating the range of
Rydberg states that can be decelerated from vi = 760 m/s
to vf = 300 m/s. The field-free positions of the n=23–65
Rydberg states are indicated by vertical lines.

the Rydberg atoms in the photoexcitation volume. They
have a full width at half maximum of 0.8 mm in the y
and z dimensions and 4 mm in the x dimension. The
mean longitudinal velocity was 760 m/s with a relative
velocity spread σvz characterized by a longitudinal
temperature Tz = 21 mH σv2z /kB = 110 mK, where mH
is the mass of the H atom and kB is the Boltzmann
constant. The transverse temperatures were Tx = 75 mK
and Ty = 5 mK, resulting from the intersection of the
laser beams propagating in the x dimension with the
molecular beam.
The quantitative agreement between the measured and
calculated time-of-flight distributions in Fig. 3 enables
the complete characterization of the experimental results:
The peak observed in all traces at ∼ 29 µs corresponds to
atoms which traverse the PCB at a distance larger than
the saddle point of the trap in the y dimension (i.e., at
y > 1.2 mm). These atoms follow metastable trajectories
across the decelerator and arrive at the field-ionization
point without being accelerated or decelerated. The
second peak corresponds to the accelerated/decelerated
atoms. The velocities at the peak maxima [indicated by
arrows in Fig. 3(b)] exactly match the final velocities for
which the waveforms were designed. At low final velocities, the bunch of decelerated atoms expand in the longitudinal and transverse dimensions in the time between
the switch-off of the decelerator and detection. Transverse expansion after deceleration leads to a reduction
in detection efficiency which is also reproduced by the
simulations.
Compared to previous Rydberg-Stark deceleration experiments, the Rydberg atoms decelerated in the present
study experience lower electric fields, because the speed
at which the trap moves exactly matches the speed of the
Rydberg-atom cloud at all times. Consequently, the decelerator can be used for states of higher principal quantum number. This is illustrated by the spectrum dis-
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FIG. 5: (Color online) H-atom time-of-flight distributions recorded after electrostatic trapping followed by reacceleration off the PCB for (a) τtrap = 10 µs, (b) τtrap =
20 µs and (c) τtrap = 40 µs.

played in Fig. 4 which was recorded by monitoring the
signal of atoms decelerated to 300 m/s as a function of
the excitation wave number relative to the field-free ionization threshold. The spectrum indicates that deceleration can be performed in the range of n between 23 and
∼ 70. The Stark states most efficiently decelerated all
lie to the high-energy side of the field-free positions indicated by vertical lines and are low-field-seeking states, as
expected. The electric field at which the outermost lowfield-seeking Stark state at n = 70 ionizes is ∼ 24 V/cm.
The proximity of this value to the field of ∼ 27 V/cm
at the saddle point of the moving trap indicates that the
high-n cutoff in decelerator acceptance results from field
ionization during deceleration.
The detection efficiency of Rydberg atoms with final
velocities below 300 m/s is limited by the longitudinal
and transverse expansion of the decelerated atom cloud
between the end of the decelerator and the field ionization point (see Fig. 3). However, electrostatic trapping
of the Rydberg atoms above the PCB can be studied
by deceleration to zero longitudinal velocity, followed by
re-acceleration off the PCB toward the field ionization
region. A trapping time of variable duration, τtrap , during which the potentials on the decelerator electrodes
are held constant, is inserted between deceleration and
re-acceleration. The results of a set of measurements
of this kind are presented in Figs. 5(a), (b) and (c) for
τtrap = 10, 20 and 40 µs, respectively. The differences
in times of flight correspond exactly to the differences in
trapping time. The reduction in the signal intensity over
this range of trapping times, if assumed to be exponential, has a time constant of ∼ 30 µs. Because the atoms
are trapped on the axis of the molecular beam in these
measurements, trap loss at early times is dominated by

collisions with the trailing edge of the molecular beam.
This conclusion is supported by previous measurements
at similar beam densities in a three-dimensional electrostatic trap which revealed collisional losses at early times,
with time constants of ∼ 40 µs [22].
The surface-electrode decelerator presented here can
be scaled up by placing additional electrodes on the PCB
and represents an attractive way to decelerate heavier
species. The distance between the trap minima and the
surface can be adjusted by changing the electrode dimensions or adjusting the potentials, opening up new
opportunities in the study of Rydberg-atom–surface interactions. To reduce losses resulting from collisions with
the trailing edge of the molecular beam, we plan to extend the current design to permit off-axis trapping [23].
By combining this decelerator with other surface-based
devices to manipulate the internal quantum states, such
as microwave waveguides [28] and resonators, a complete
experimental architecture for the control of the internal
quantum states and translational degrees of freedom of
Rydberg atoms and molecules close to surfaces is foreseen. Such developments have potential applications in
hybrid approaches to cavity quantum electrodynamics
and quantum information processing.
This work is supported by the Swiss National Science
Foundation under Project 200021-113886 and by the European Research Council advanced grant program under
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