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Slow atoms in Rydberg states can exhibit specular reflection from a cylindrical surface upon which
an azimuthally periodic potential is imposed. We have constructed a concave mirror of this type, in
the shape of a truncated oblate ellipsoid of revolution, which has a focal length of (1.50 & 0.01) m
measured optically. When placed near the center of a long vacuum pipe, this structure brings a
beam of n = 32 positronium (Ps) atoms to a focus on a position sensitive detector at a distance of
(6.03+0.03) m from the Ps source. The intensity at the focus implies an overall reflection efficiency
of ~ 30%. The focal spot diameter (32 £ 1) mm full width at half maximum is independent of
the atoms’ flight times from 20 to 60 us, thus indicating that the mirror is achromatic to a good
approximation. Mirrors based on this principle would be of use in a variety of experiments, allowing
for improved collection efficiency and tailored transport or imaging of beams of slow Rydberg atoms

and molecules.

The large Stark shifts of certain long-lived highly-
excited (i.e., Rydberg) states of atoms [1] and
molecules [2] and the ground states of polar molecules, fa-
cilitate their manipulation using inhomogeneous electric
fields [3-9]. In particular, a beam of Rydberg H atoms
has been shown to reflect from the gradient of the abso-
lute value of a quadrupole electric field [10] and a seeded
beam of H has been field-decelerated and trapped in an
electrostatic multipole trap [11]. More recently a beam
of Rydberg positronium (Ps) atoms [12, 13] has been
guided using a quadrupole electrostatic field [14], and a
beam of metastable Rydberg He atoms has been trapped
around a charged wire [15]. The same type of beam has
been focused with little distortion using a hexapole elec-
trostatic field [16], which is equivalent to an ordinary
positive or convex lens. In this letter we introduce a
new component for atom beam optics by showing that
a cylindrical surface with an azimuthally periodic poten-
tial can act as a perfect mirror for slow Rydberg atoms.
We demonstrate this by focusing a beam of Rydberg Ps
using an ellipsoidal azimuthally periodic potential elec-
trostatic mirror. Since the specularly reflecting surface
is produced by a short-range repulsive effective potential,
mirrors of this type are nearly achromatic. This suggests
a number of possibilities for manipulating beams of slow
Rydberg atoms in phase space, including tuning their
energy, and steering, collecting, and focusing them to
diffraction limited spots. For example, the mirror tech-
nique described here could find use in the measurement
of the Ps trajectories in a precision determination of the
1S-2S interval [17, 18], and for increasing the collection
efficiency for measurements of the Ps energy of emission
from solids [19].

A concave optical quality electrostatic mirror could
provide a means for the realization of an experiment

for measuring the free fall acceleration of Rydberg Ps
or antihydrogen atoms in horizontal flight to test the
possibility of antigravity being associated with antimat-
ter [20, 21]. Being able to focus antimatter Rydberg
atoms with non-contacting mirrors would also be of inter-
est to the scientists working on antihydrogen, for exam-
ple the AEGIS [22, 23], ALPHA [24], ATRAP [25] and
ASACUSA [26] collaborations. The new mirror could
lead to improved ways of controlling and measuring the
states of Rydberg atoms [27, 28] and polar molecules [7].
A non-contacting periodic potential electrostatic mirror
might also be used for producing the gravitational bounc-
ing ball quantum states of positronium [29] or antihydro-
gen [30].

The basis for the manipulation of Rydberg atoms is
the fact that an externally applied electric field F causes
the states of an atom to exhibit Stark shifts with energies
given in the case of Ps by [31]

3 =
Estark(Fyn, k,m) = §nkea0PS|F| + ... (1)
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which to first order is independent of the magnetic quan-
tum number m. Here |F| is in V/m, n is the principal
quantum number, ag,, is the Ps Bohr radius, and % is
the difference between the parabolic quantum numbers
ny and ng [32] defined in a coordinate system with the
electric field along the axis of quantization. The permit-
ted values of k span the range from —(n — |m| — 1) to
+(n — |m|—1) in steps of 2.

The potential energy of a slowly moving atom, for
which the axis of quantization will follow the direction
of an external electric field adiabatically [33, 34], will be
U (Z) = Estark (). Suppose we have an infinitely long



cylinder of radius R and with its axis along Z, on which
is imposed a periodic electrostatic potential V (R, 6, z) =
Vo sin(j0), where 6 is the azimuthal angle and j is an in-
teger j > 0. The potential within the cylinder at radius r
is V(r,0,2) = Vo(r/R)’ sin(jf) and the magnitude of the
electric field is |[F(r, 6, 2)| = |VV (r,0, 2)| = jVo(r7~1/RY)
with no 6 dependence. For j >> 1, a slow Rydberg atom
approaching the inner surface of the cylinder experiences
a short-range potential that is approximately exponen-
tial,

U(p) = 1.588 x 10~V x nk 2 exp (_—p> (2)
Po Po

where p = R—r, po = R/(j—1) and V and pg are in units
of Volts and meters. This potential is only dependent on
the distance p from the surface. States with positive k
will see a sharply rising repulsive potential that may be
used as a smooth mirror surface for Rydberg atoms. We
note that our discussion above for Rydberg Ps atoms is
valid, with a change of energy scale, for any Rydberg
atom. While avoided level crossings will limit the max-
imum kinetic energy of the atoms that can be reflected
from a periodic potential mirror, this will not be a signif-
icant limitation for atoms with a sufficiently small radial
component of velocity.

We now describe our experiment using a 6 m flight
path, as illustrated in Fig. 1, and a Rydberg mirror,
shown in Fig. 2 (a)-(c), to measure Ps times of flight
(TOF) with mirror on and off as plotted in Fig. 3, and
the quality of the Rydberg Ps focal spot illustrated in
Figs. 4 and 5. We have constructed a periodic poten-
tial electrostatic mirror in the form of a wire structure of
length 0.9 m and 96 mm mean inside radius in the shape
of a truncated oblate ellipsoid of revolution, as shown in
Fig. 2 (a,b,c). The mirror is composed of a cylindrical
array of 360 stainless steel wires 914 mm long and 1 mm
in diameter, with alternating positive and negative po-
tentials. Each wire is supported at the inner edges of one
of two sets of 5 electrically isolated stainless steel disks
of varying inside radii chosen to give the desired curved
inner surface for the array. This structure is mounted
coaxially near the center of the 6 m long vacuum pipe
illustrated in Fig. 1 with a 1.8 mm FWHM Ps-emitting
spot at one end and a position-sensitive microchannel
plate (MCP) Rydberg atom detector at the other.

The mirror was tested in air by measuring the image
of a 3 mm square white light LED source positioned on
the mirror axis at z = (—3.00 £ 0.01) m from the center
of the mirror (at z = 0). The light reflected on a pa-
per screen on the other side of the mirror (z > 0) was
recorded with a CCD camera. The position for obtain-
ing the maximum intensity at the center of the image was
z = (4+2.95+0.05) m, in agreement with the mirror’s de-
sign parameters. The image had an intensity distribution
in the image plane (see Fig. 4 (c)) that is consistent with

a 1/r distribution, expected from the superposition of the
light reflected from the circular cross section wires com-
posing the mirror, folded with a 2D Gaussian of 21+3 mm
FWHM. The larger than the expected ~ 3 mm width
of the focal spot is explained by a slight bowing of the
1.0 mm diameter mirror wires with a ~ 25 um peak-to-
peak amplitude and a period of ~ 15 cm in addition to a
bowing of comparable magnitude due to the gravitational
sagging of the wires between the supports. A simulation
shows that for a point source of Rydberg Ps, the higher
harmonics of the potential due to its not being exactly
equal to Vpsin(j#) on the mirror surface, will result in
an intrinsic Rydberg Ps image ~ 0.5 mm in FWHM for
410 V mirror potentials.

The position sensitive detector comprises a pair of
75 mm diameter Photonis channel plates (MCPs) in front
of a ~ 25 Q/square, 90 x 90 mm? indium-tin oxide coated
glass resistive anode readout plate. Rydberg atoms are
ionized by a 3 mm wide region of electric field ~ 10° V/m
between the entrance to the MCP and an 80 mm diam-
eter grounded grid [35] made of parallel 25 pm diame-
ter tungsten wires with 1 mm spacing. Signals from the
corners of the anode are amplified and recorded using a
LeCroy HDO4054 oscilloscope. The detector was cali-
brated using UV light and a patterned mask. Pincush-
ion distortion [36, 37] is corrected to first order using the
transformation (z,y) — (z/[1 + ay?],y/[1 + az?]) with
a = 8 chosen to give an optimally circular image of the
active area of the MCP disk (see Fig. 4 (a)). The res-
olution near the center of the detector is 4.3 &+ 1.0 mm
FWHM [38].

Positronium for our experiment is formed when 10 ns
bursts of 10° positrons, accumulated for 1.5 s intervals
in a buffer gas trap [39, 40] fed by a solid-neon mod-
erated [41] beam of positrons from a ~ 10 mCi ??Na
source, are implanted at 1.5 keV into a single-crystal
Cu(110) target (see Fig. 2 (d)), held at a temperature
of 950 K [42]. Ps emitted from the target is excited to
n = 32 Rydberg states, as in Ref. [43]. The UV and IR
laser beams are directed approximately parallel to the
sample surface and near perpendicular to the detected
Ps flight trajectories [43] to minimize first-order Doppler
shifts as illustrated in Fig. 2 (d).

The time of flight (TOF) spectra for n = 32 Ps trav-
elling from the Cu(110) target to the MCP detector are
plotted in Fig. 3 for mirror potentials of £95 and +10 V
(“mirror on”) and 0 V (“mirror off”). These data illus-
trate the signal enhancement resulting from turning on
the mirror potentials. A large excess of counts due to
the mirror is evident for Ps flight times ¢ in the range of
10 to 60 ps. For t < 20 us the Ps emission is primar-
ily due to spontaneous emission [19, 44], while the re-
maining portion is due to thermal emission [42, 45]. The
Ps atoms produced through spontaneous emission, which
have kinetic energies up to ~ 1.8 eV, are only efficiently
reflected by the mirror with absolute potentials in excess
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FIG. 1. Schematic of the full 6 m Rydberg atom flight path, with the mirror approximately centered between the Ps producing
target (at right) and position sensitive detector. For a more detailed illustration of the target chamber, see Fig. 2 (d)
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FIG. 2. Schematics of the focusing Rydberg atom mirror
and associated experimental apparatus. In (c) the mirror is
shown, with a subset of the 360 wires drawn. Subfigures (a)
and (b) display detail of the wire structure and interleaved
assembly that defines the periodic potential. Subfigure (d)
shows details of the target chamber where Rydberg Ps atoms
are prepared. The support rings hold the wires in elliptical
arcs, with mean radii of 95.78 mm at R1, 96.56 mm at R2,
and 96.98 mm at R3.

of ~ 20 V, as seen in the contrast of the two “mirror on”
data sets at flight times ¢ < 20 us. The peak in the signal
at ~ 15 pus also has a large contribution from UV induced
background [35]. At long flight times the apparent mirror
on-off ratio diminishes, which may result from a combi-
nation of effects. Interaction with background thermal
radiation [46, 47] may excite transitions that randomize
the k-state, thus approximately halving the probability
of reflecting. Similarly, spontaneous radiative decay may
affect the k-state, or simply reduce the observed signal.
For flight times greater than 80 us, the observed signal
rate of 2 x 107° counts per shot per us, appears to be a
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FIG. 3. Data taken with the Rydberg focusing mirror on
and off, plotted as a function of Ps TOF with mirror on data
collected with applied potentials of 10 V and +95 V.

uniform background signal.

A fit to the data over the Lyman-a resonance (not
shown) indicates that the mirror increases the count rate
by a factor of 6.96 = 1.17. To maximize the signal rate,
the IR wavelength is set to slightly above the Stark fan
center, ensuring that the Ps is excited to states of k > 0
with maximum possible efficiency.

A direct illustration of the focusing effect of the mir-
ror is shown in Fig. 4 (a) and (b) which give the two-
dimensional distributions of events detected by the MCP
with the mirror potentials off (a) and on (b) for n = 32
Ps. Although not shown, similar results have also been
obtained for n = 38 Ps. The data for these measurements
are averaged over UV wavelengths between 242.995 and
243.065 nm [48] and TOFs between 20 and 100 ps. To
determine the focal width of the spot, the data of Fig. 4
(b) and (c), the image of the white light LED source,
have been binned as a function of radial distance r from
the focus center divided by r, to produce the averaged
radial distributions, plotted in Fig. 5. The Gaussian fit
to the Ps data indicates that the spot has a width of
32.2 £+ 0.9 mm FWHM. For comparison the best opti-
cal focus, shown in Figs. 4 (¢) and 5 (a) has a Gaussian
component with a FWHM of 21 +3 mm. The additional
broadening observed with Ps is primarily attributed to
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FIG. 4. 2D histograms of the recorded position data of n = 32
Rydberg Ps incident upon the detector with (a) the mirror off,
(b) the mirror on with 10 V applied potentials. In (c) the
best focus achieved with the mirror using light is shown for
comparison. In plots (d)-(f) the data of (b) are sub-divided
into three velocity groups, for flight times (d) 16-27 us, (e)
27-36 us and (f) 36-80 us, illustrating that the mirror focus is
largely free of chromatic abberations. The dashed circle in (a)
indicates the extent of the active area of the MCP. The color
scales in plots (b)-(f) represent the total number of counts
detected per unit area, and range from white for zero counts
to black for the maxmium signal. Plot (a) has the same color
scale as plot (b).

the small offsets of the mirror (-11 c¢m) and detector
(+14 cm) from their ideal relative axial positions, which
simulation suggests should produce a ~ 10 mm diameter
ring image at the detector.

The maximum possible ratio of count rates for mirror
on versus off would be one plus the ratio of solid angles
of the mirror and the MCP detector (18.7:1), yielding an
upper limit of ~ 19.7 here. The observed effect is smaller
than this principally due to the inefficiency of the pro-
duction of focusable Rydberg states in our experiment,
owing to the relatively broad bandwidth of the IR laser
(~ 55 GHz) and the motionally induced Stark shift of
Ps in the target chamber. Simulation suggests that the
peak production efficiency is ~ 35%, yielding a predicted
signal ratio of 7.5:1, in good agreement with the observed
effect of (7.0 £1.2) : 1.

In conclusion we have demonstrated the effectiveness
of a new type of mirror for focusing Rydberg atoms which
could be useful for imaging and for tests of the gravita-
tional free fall of antimatter. For the mirror described
here, with applied potentials £100 V, the reflection of
n = 32 Rydberg Ps is permitted and is adiabatic for
longitudinal velocities up to 9 x 10° m/s or longitudinal
kinetic energies of about 4 eV in the highest available
k-state, limited by ionization in the electric field of the
mirror. As pointed out for hydrogen previously [10], since
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FIG. 5. Radial distributions of the focal spots produced by (a)
light and (b) Rydberg Ps. Fits to each data set are also shown,
with widths indicated in the legends. The Ps data are that of
Fig. 4 (b) taken for flight times between 20-80 us. The vertical
arrow in plot (b) indicates the radial distance to the nearest
edge of the focal spot, beyond which the distribution may be
expected to deviate from the fitted model. The function fitted
to the CCD signal in (a) is 1/r folded with a 2D Gaussian
(see text), the FWHM stated represents that of the Guassian
contribution alone.

the Rydberg spectrum of hydrogenic atoms has no quan-
tum defect, the full range of the Stark effect for fields
up to the ionization limit will be effective in reflecting
Rydberg Ps. We find that intersection of the ~ 5 V/m
ambient motional electric field with the fringes of the
mirror field should cause only a very small distortion of
the focused Ps spot and that a mirror for back reflection
should work for Rydberg Ps with thermal energies less
than 100 K.
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