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Abstract. Recently, we demonstrated an electrostatic mirror that focuses a beam of Rydberg positronium
atoms over a 6 m path to a 32 ± 1 mm FWHM diameter spot on a position sensitive detector. The mirror
is comprised of 360 wires arranged in the shape of a nearly-cylindrical revolved truncated ellipse ∼96 mm
in radius, with potentials of equal and opposite magnitude applied to alternating wires to create a shortranged electric field that decreases in magnitude exponentially with e-folding length = 0.53 mm. Here, we
explore in detail the observed resolution and discuss the factors contributing to its broadening from the
ideal point focus of a perfect embodiment of the mirror. Improvements to the design are considered, with
the aim to achieve a mirror with a resolution of <0.5 mm, which is necessary for a proposed measurement
of the gravitational deflection of positronium.

1 Introduction
Atoms and molecules with large static or induced electric or magnetic dipole moments can, to varying degrees,
be deflected or confined by gradients in the electric [1–4]
or magnetic fields [5,6]. Atomic systems excited to Rydberg states [7] can realize large static electric dipole
moments [8], which are suitable for deflecting particles
with kinetic energies of a few meV [9]. Many different
schemes have been suggested and/or demonstrated for
the spatial control of atoms and molecules using both
electric and magnetic fields. Particularly useful applications of atom control are imaging a beam of atoms or
molecules for trapping and spectroscopic studies. The
focusing techniques employed to date have typically used
either time-varied potentials or monoenergetic beams to
mitigate achromatic focusing effects.
Recently, we developed an electrostatic mirror that
makes use of a short-range electric field to focus Rydberg positronium (Ps) atoms with only minimal chromatic
aberration. Rydberg atoms utilized in these experiments
can be manipulated by an externally applied electric
field F due to the large Stark shifts induced. To first
order, the magnitude of the Stark shifts depends only on
principal quantum number n, Stark state k, and the magnitude of the electric field F = |F|. To lowest order in
F , the magnitude of the Stark shift for Rydberg Ps is
?
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Estark (F, n, k, m) = 1.588 × 10−10 eV × nkF , with F in
V/m [8]. Those atoms in states with k > 0 experience
positive Stark shifts and thus are repelled from regions of
strong electric field. In the approximation that moving Ps
adiabatically follows a changing electric field, the atoms
will experience an effective potential energy U = EStark .
For states of principal quantum level n = 32 and k > 0,
as used in the experiments described here, ionization rates
reach a threshold value of ∼108 s−1 in electric fields of ∼2–
3.5 × 104 V/m [8], allowing for the reflection of between
0.1 and 5.5 meV of kinetic energy, sufficient to reflect the
radial energy component of most incident Ps atoms in our
experiments. The mirror design is based on the fact that
a cylindrical surface with a sinusoidally varying potential
V0 sin(jθ) produces an electric field that decays in absolute
magnitude exponentially with distance from the surface.
The Rydberg Ps potential resulting from this field [10]
depends only on the radial separation of the Ps from the
mirror surface ρ,
−10
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(1)

where V0 is the magnitude of the sinusoidal potential in
volts and ρ0 = R/(j − 1), which determines the range
of the field, is defined by the radius of the mirror R in
meters, and the azimuthal period number j. In the mirror we constructed the potential is approximated by an
array of 360 uniformly spaced wires, arranged cylindrically, with alternating potentials of equal and opposite
magnitude, producing an effective boundary potential
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that contains unwanted higher order harmonics of the fundamental period and is thus not going to make a perfect
mirror. In this paper we explore the limitations of the mirror by simulations. In Section 2.2, we explore details of
the Rydberg Ps production that limit the observed signal
enhancement. In the sections that follow, we investigate
various effects that contribute to the observed focal resolution, and end with an estimate of the focal resolution that
could potentially be achieved using an improved mirror of
similar design.

2 Performance of the mirror
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Fig. 1. Observed signal as a function of the measured mean UV
laser wavelength, scanned over the 13 S-23 P transition. Dashed
lines illustrate Gaussian fits to each of the curves, indicating
an enhancement of 6.98 ± 0.92 and bandwidths of 141 ± 5 and
126 ± 9 GHz for the mirror on and off distributions respectively.

2.1 Experimental details
In the experiments described in reference [10], Ps is
created by implanting pulses of 105 positrons into a
single-crystal Cu(1 1 0) target at a mean kinetic energy
of ∼3 keV. The target is held at 950 K, and emits about
70% of the implanted positrons as Ps [11]. About 40% of
the Ps atoms escape from surface states with a thermal
energy distribution [12]. The remaining 30% are spontaneously emitted [13], with energies determined by the
target’s electron momentum distribution and the Ps work
function, yielding a maximum kinetic energy of ∼1.8 eV
here [14].
Ps atoms are excited to Rydberg states after traveling 1–2 mm from the target. The excitation involves two
single-photon transitions [15]: first a pulse of UV light
centered around 243 nm with a FWHM bandwidth of
∼35 GHz excites triplet atoms from the ground state to
the first manifold of excited states (i.e., 13 S → 23 P );
a second pulse of IR light centered near 732 nm with
a bandwidth of ∼50 GHz, simultaneous with the UV
pulse, excites 23 P atoms to Rydberg states of principal
quantum level n = 32 ± 1. The magnetic field used to
guide positrons to the target is oriented at ∼45◦ to the
trajectory of detected Ps atoms, and as such there is a substantial motionally induced electric field F = v × B. The
Rydberg states are strongly perturbed by the presence of
this field, resulting in Stark-split manifolds described by
the quantum numbers n and m and the parabolic quantum numbers n1 and n2 , which describe Stark-split states
of k = n1 − n2 . The azimuthal orbital angular momentum m is defined by the relative polarizations of the
excitation lasers [16] and lies in the range −2 to 2. As
a result of the large bandwidth of the IR laser and the
motionally induced Stark splitting, the second excitation
populates many different k states, typically to one or two
neighboring principal quantum levels.
The mirror is constructed from 360 wires, each bent in
a parabolic arc along the z-axis, and arranged to form a
bulged cylinder ∼20 cm in diameter. The wires are supported on two electrically isolated sets of supports, which
are assembled in a single structure ∼1 m in length. The
parabola of the mirror surface is defined by the support
structure, which holds each wire at five equally spaced
points of varying radius. Equal and opposite potentials are
applied to alternating wires by way of the support structure, creating an exponentially decaying electric field with

a 1/e decay length ρ0 , related to the spacing of the wires
ρ0 = 0.533 mm.
In the following section we will explore various effects
that the experimental conditions described here have on
the performance of the mirror used in our experiments.
2.2 Effects due to the preparation of Rydberg
positronium
We define the signal enhancement as the ratio of the signals observed with the mirror potentials on and off. The
maximum ratio is achieved when the focal spot is encompassed within the active area of the detector, and all
atoms incident on the mirror are reflected. The maximum
enhancement can thus be calculated from the ratio of the
solid angles of the mirror and of the detector with respect
to the Ps source, yielding an upper limit of 19.7:1.
2.2.1 Doppler narrowing of the spatial distribution of
Rydberg Ps
As a result of the first-order Doppler shift, the bandwidths of the two lasers used to produce Rydberg Ps have
corresponding Ps angular distributions in terms of the
excitation probability. For a transition to an isolated state,
a narrow bandwidth would allow excitation to occur only
for a small angular range θ, where θ is defined as the angle
between the trajectory of the laser and the target normal
vector. Neglecting the second-order Doppler effect, there
is no dependence on the azimuthal angle φ. In our experiment, the lasers are aligned, to a good approximation, in
the horizontal plane. This implies that the trajectories of
the Rydberg Ps atoms produced would correspond to a
vertically oriented wedge.
As the bandwidth of the IR laser is substantially
broader than that of the UV, and given the breadth of the
Stark-split manifold of Rydberg levels, which increases the
angular range accessible to the IR laser, we consider here
only the limiting case provided by the UV laser.
In our experiment, the wavelength of the UV laser
was scanned across a range centered about the 13 S-23 P
transition. In Figure 1 results are plotted illustrating the
signal enhancement resulting from operation of the mirror with potentials of ±10 V, where the best focus was
observed. Gaussian fits to the two data sets indicate a
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near and far edges of the mirror (θ2 and θ3 , respectively)
such that Smin = 1 + (θ3 − θ2 )/θ1 = 2.72, while the maximum is defined by the ratio of the cross sectional coverage
of the detector and mirror given by the ratio of the radii of
the circles defined by atom trajectories through a planar
x, y cut that intersects the mirror (r3 ≤ r ≤ r2 ) and detector (0 ≤ r ≤ r1 ), where Smax ≈ 1 + (r32 − r22 )/r12 = 19.71.
The simulation suggests that in our experiments a UV
bandwidth of 36 GHz will yield a ratio S = 13:1.
Fig. 2. Dependence of the signal enhancement due to reflection from the focusing mirror as a function of the UV laser
bandwidth, which is the primary factor in defining the angular
distribution of excited atoms. The bandwidth of the laser used
in our experiments was ∼36 GHz, measured via a spectrometer,
and is indicated by the dashed vertical line. Dashed horizontal lines indicate the calculated upper and lower limits of the
expected signal enhancement with the mirror in operation.

mean UV bandwidth of 137 ± 4 GHz, far greater than
the ∼35 GHz measured with a SPEX 1700 II spectrometer. The most significant contribution to the observed
width of the transition resonance is a result of the uncertainty in the shot-to-shot wavelength measurements, made
with a Bristol 820 WM wavemeter. The precision of the
wavemeter for measuring the line center of a laser with
a bandwidth exceeding 15 GHz is ±0.01 nm [17], corresponding to a 100 GHz broadening and accounting for the
majority of the observed width. It is important to note
that this is purely a result of the imprecision in determining the mean wavelength, meaning that the spectrum
presented in Figure 1 is artificially broadened.
We model here the anticipated behavior via a Monte
Carlo simulation. Assuming reflection of every atom incident upon the mirror, we determine the effective signal
enhancement factor as a function of the UV laser bandwidth. Consider a typical Ps atom, with a thermal velocity
of 1.5 × 105 m/s. The mean angular range of Ps trajectories incident on the mirror is ∼1.9◦ , which yields a Doppler
shift of one part in 1.7 × 10−5 of the excitation wavelength, or a shift of ±21 GHz (i.e., 42 GHz FWHM). The
bandwidth of the UV laser is ∼35 GHz, though the effective bandwidth is additionally broadened by the 10 GHz
splitting of the 23 P states [18], to give a total width of
∼36 GHz. As the mean angular range of the mirror corresponds to a similar frequency bandwidth as the UV laser,
it is important to consider the problem in greater detail. In
the simulation we have assumed that the peak laser intensity corresponds to an excitation probability of one. In the
experiment, the pulsed UV laser energy was between 100
and 500 µJ, in a beam spot of ∼2 mm diameter with pulses
lasting 3 ns, at or above that necessary to begin saturating
the transition [15], which will further broaden the apparent bandwidth [19], though quantifying the magnitude of
this effect is presently not possible.
Simulated results are plotted in Figure 2 indicating the
expected ratio of signal in measurements made with the
mirror on and off. The minimum signal ratio can be calculated from a ratio of the angles of trajectories reaching the
edge of the detector (θ1 ), and trajectories intersecting the

2.2.2 Production of Ps atoms in focusable states
The bandwidth of the IR laser and the overlapping of
neighboring resonances at modest electric fields presently
make it difficult to produce Ps atoms in a small range
of preferred states. Our mirror can only reflect Rydberg
atoms if they are in a state with a sufficiently highionization threshold and have a Stark shift of appropriate
magnitude to fully retard the energy component of the
incident atom normal to the mirror surface.
Due to the short range nature of the electric field, the
Rydberg atoms spend only a short period of time in the
region of highest field during reflection. We work here on
the assumption of a threshold rate Γ = 108 s−1 , assuming
a characteristic reflection time of ∼10 ns. However, even
assuming a longer duration reflection, due to the exponential dependence of a state’s ionization rate with respect to
electric field magnitude, the maximum kinetic energy that
can be reflected is not substantially changed.
As previously noted, Rydberg Ps in our experiment is
produced by two single-photon excitations. Preparation
of Rydberg states occurs ∼1–2 mm in front of the target surface, in a magnetic field of 7.5 mT. Trajectories of
detected atoms are oriented at 45 ± 2.5◦ of the magnetic
field. Given a thermal spread of Ps velocities, this yields a
mean motionally induced electric field of ∼800 ± 700 V/m
as shown in Figure 3a. The selection of Rydberg states
accessible depends on the overlap of the Stark-split manifolds in the electric field experienced by each atom, and
the bandwidth of the IR laser, illustrated in Figure 3b.
In Figure 3c the Stark fans of Rydberg Ps levels of
|m| = 1 and n = 31, 32, and 33 are shown. The results of
a simulation are shown for the relative populations of the
available k states. The excitation probability for transitions from 23 P to Rydberg levels is treated as proportional
to the laser power with the probability normalized to the
portion of the intensity that can excite atoms to a nearby
state, i.e., a state within ±1/2 of the level splitting. Atoms
can only be reflected from the mirror if their angle has
them incident with the mirror surface, the component
of their kinetic energy radial to the mirror is less than
that set by an ionization rate of ≤108 /s (unique to the
Rydberg state excited), and the electric field required for
reflection is ≤25 kV/m, the maximum field generated with
potentials of ±10 V applied. The simulation predicts a
maximum in the signal ratio of ∼9.2:1. Taking this result
in combination with that of the preceding simulation, we
predict a mirror ratio S = 6.1:1, in close agreement with
the measured ratio S = 7 ± 1:1.
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Fig. 3. Simulated production of Rydberg Ps. Plot (a) represents the probability distribution function of the motionally
induced electric field resulting from the thermal velocity distribution of Ps produced from the target at 950 K, plot (b)
illustrates the bandwidth of the IR laser used to excite Ps
atoms from the 23 P state to Rydberg levels of principal quantum number n = 32 ± 1. In plot (c) the population of Rydberg
states is illustrated for all Ps (open blue circles) and for those
states that can be reflected from the mirror field with wire
potentials of ±10 V (filled red points).

2.3 Effects of the geometry of the apparatus
2.3.1 Focusing expected with an ideal mirror
The focal length of the mirror was found by placing a
small (∼3 mm diameter) LED light source at a distance
of 3.00 ± 0.01 m from the center of the mirror and adjusting the position of the objective lens of a digital camera
to find the optimal focal spot. This test yielded a measure of both the optimal resolution and focal distance.
As the focal image produced with light results from the
reflection of light from each of the cylindrical wires, the
observed focal image is composed of a sum of overlapping
circular arcs, which yields a distribution with an intensity
that varies approximately as 1/r, broadened by a Gaussian with a width of 21 ± 3 mm FWHM. The optimal focus
was obtained with the camera positioned at a distance of
2.95 ± 0.05 m from the mirror center.
In the apparatus of Figure 4 the net length of the Ps
flight path, 6.03 ± 0.01 m, was close to the optimal 6.0 m
desired, but the available hardware did not allow for the
positioning of the mirror in the center of the Ps trajectory.
For the experiments reported, the center of the mirror lay
∼2.89 ± 0.01 m from the source and 3.14 ± 0.01 m from
the ionizing grid of the detector (where the image is effectively formed). To estimate the expected focal image we
expect to observe from a point source, a simple Monte
Carlo simulation was employed treating the mirror as a
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hard ellipsoidal surface and assuming the specular reflection of incident Ps atoms, i.e., no wires were included in
this simulation. In Figure 4 plot (a), example trajectories
are shown for uniform angular increments. In plot (b) a
histogram of counts for many such trajectories illustrates
the resulting image, as seen at the position of the detector.
As the mirror is positioned too close to the Ps emitting
source, the focus occurs ∼26 cm in front of the detector.
The image at the detector is a two-dimensional projection
of the mirror surface, an annulus of 17.0 ± 0.1 mm radius,
with a FWHM width of ∼1.5 mm, comparable to the 1 mm
diameter assumed for the source in the simulation. In practice, the observed image with Rydberg Ps in reference
[10] is a Gaussian spot of 32 ± 1 mm FWHM, which is
consistent with the predicted feature, after accounting for
Gaussian broadening expected due to the imperfection of
the mirror wires (and thus, the electric field produced)
and the finite resolution of the position sensitive detector
(∼2 mm FWHM for charged particle detection).
The best focus that could be achieved in the simulations with the ideal mirror of Figure 4 while maintaining
a fixed distance of 6.03 m between the source and detector
is found with the mirror center 3.015 m from the source,
yielding a FWHM diameter of ∼1.1 mm, comparable to
the 1 mm diameter source size, as illustrated in Figure 5.
2.3.2 Dependence of the focal length on applied mirroring
potentials
The mirror has been described as nearly achromatic,
owing to the short range of the electric field produced.
However, we know that Ps atoms with different radial
velocities will be reflected at different depths; more energetic atoms will penetrate closer to the wires, to regions
of higher electric field, before reflection. To estimate this
contribution to the resolution of the observed focal spot
we apply a simple model for Rydberg Ps reflection in a
Monte Carlo simulation, allowing Ps atoms to reflect from
an ellipsoidal surface that mimics the physical structure
and location of the mirror in our apparatus. To adjust the
reflection radius, this surface is moved uniformly closer
to the axis in small steps. Reducing the radius of the
mirror in 1 mm increments is found to correspond to
0.120 ± 0.004 mm changes in the diameter of the focal
spot. Assuming a thermal distribution of Ps from a 1000 K
target, the mean radial energies of Ps atoms incident on
the mirror are ∼0.2 ± 0.15 meV. Using an electric field
calculated from a flat infinite series of wires with ±10 V
applied potentials (the settings that produced the best
focus in our experiments), reflection of atoms occurs at
radial separation from the mirror of ∼2.1 ± 0.6 mm, and
this range of reflection depths results in a 0.24 mm FWHM
attributed to the thermal spread of Ps velocities.
2.4 Effects caused by the non-ideality of the electric
field
The principle behind the electrostatic mirror is that a surface with a potential that varies sinusoidally along one
axis produces an electric field, the magnitude of which
decays exponentially in the direction of the surface normal
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Fig. 4. Simulated results of the expected focusing behavior of the mirror apparatus as constructed. In plot (a) a selection of
trajectories are shown, calculated in 2D assuming azimuthal symmetry. As the mirror is not centered at the optimal distances
from the Ps emitting source and detector, the expected focus occurs in front of the detector. The expected image seen at the
detector (the active area of which is indicated by a dashed circle) is a ring that is broadened only by the 1.0 mm diameter of
the spot from which the Rydberg Ps is assumed to emerge at z = 0, illustrated in plot (b). The actual image experimentally
observed in reference [10] is substantially broadened by imperfections in the mirror field, and to a lesser extent the positional
resolution of the detector.

Fig. 5. Ideal simulated radial distributions are illustrated as a
function of the source to mirror centre distance Lm . The total
distance between the source and detector is held constant at
6.03 m. A dashed vertical line indicates the measured geometry
of the experimental apparatus.

can result in a non-zero field gradient along θ (in the case
of cylindrical symmetry).
The electric field for the particle simulation is found by
the iterative relaxation method and is plotted in Figure 6.
A flat mirror surface is approximated in two dimensions
as an infinite linear array of wires, with size and spacing
chosen to closely approximate the actual geometry of the
apparatus.
Having calculated the electric field due to the wires in
the x, y plane, we calculate the potential energy U of a
Rydberg atom from equation (1).
The force f on an atom at some position x, y in the electric field is found from the gradient of the potential energy,
and is used to calculate the acceleration a on atoms in the
simulation,
f(x, y) = −∇U (x, y) = ma,
−∇U (x, y)
.
a=
m

Fig. 6. Contour plot of the electric field for an infinite array
of wires, defined with comparable size and spacing to those of
the physical mirror constructed. The scale is logarithmic, with
field values (in V/m) indicated in the color bar to the right of
the plot. The scale is selected to illustrate the 1/e distance.

vector. In our experiment, the sinusoidally varying potential is approximated by a series of equally spaced wires
with alternating equal and opposite potentials applied. To
explore what impact this approximation has on the performance of the mirror we calculate the electric field and
study the trajectories of reflected Rydberg Ps atoms via
Monte Carlo simulations.
The deviation of the applied potential from sinusoidal
results in higher order terms in the electric field that are
expected to decay more rapidly than the primary term.
However, at short distances these terms can contribute
significantly to the reflecting field, and more importantly

(2)
(3)

Using the calculated electric field (shown in Fig. 6), we
model the trajectories of Rydberg Ps atoms in the state
n = 32, |m| = 0 and k = 31, the most readily deflected
state produced in our experiments. In Figure 7 the angular deflection is plotted as a function of the y-intercept of
incident atoms. It is clear from the observed distributions
that the angular deflection is most severe at low voltages,
where the Ps atoms are stopped close to the wires and the
deviation from an ideal field is most significant. At 100 V
the effect is suppressed by a factor of two compared to
result for ±10 V. In our experiment however the improvements expected due to an increased mirror voltage are not
evident due to the additional defocusing resulting from the
non-ideal location of the mirror.
In Figure 8 the spectrum of angular deflection for a
T = 950 K thermal distribution of Ps resulting from
reflection of atoms of all states k > 0 is plotted, along
with the cumulative distribution function of the angular
distribution. The relative population of k states and corresponding velocity distributions, which gradually shift
as a function of k from the initial thermal distribution
due to the motionally induced Stark splitting where the
excitation takes place, is taken from the simulation presented in Figure 3 and discussed previously. As the mirror
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Fig. 7. Reflection angle θ for Ps atoms in state n = 32, k = 31
from the electric field of an alternating potential wire array as
function of the incident position y0 relative to the wire array,
for applied potentials of ±1, ±10 and ±100 V. The position
y0 = 0 lies half way between two neighboring wires, as illustrated in Figure 6. The results of plots (a) and (b) have an
approximate mirror symmetry about y0 = 0. The scale in plot
(a) is expanded to show the angular deflection with ±1 V
potentials. The fact that the simulation with ±100 V potentials
results in larger angular deflections than the ±10 V simulations
suggests that the scatter seen here is limited by the fidelity of
the calculated field.

Fig. 8. Reflection angle θ from the electric field of an alternating potential wire array calculated for a thermal distribution
of positronium, with individually calculated k state populations and corresponding velocities to best match the conditions
of the experiment. A cumulative distribution function, illustrated by the dashed line, indicates that more than 50% of the
Positronium is scattered upon reflection to angles of ≤1 mrad.

constructed has wires set at one degree increments, the
few mrad deflections of the linear wire array simulation
provide a reasonable approximation and can be used to
estimate the angular broadening expected in the experiment as a result of the deviation of the electric field from
ideal. The results of simulations with a realistic Ps velocity distribution and k-state distribution predict that more
than half of the atoms are reflected at angles of <1 mrad,
which over a 10.9 cm trajectory, the radial distance traveled by reflected Ps atoms before reaching the detector
results in a deflection of up to ±0.11 mm, contributing no
more than ∼0.22 mm FWHM to the focal spot.
2.5 Effects due to the imperfection of the physical
wires
The mirror wires have a quoted diameter of 1 ± 0.025 mm.
The wires are not perfectly straight and there is a helical
distortion, with peak-to-peak variations on the order of
∼10–20 µm and longitudinal period of about 0.15 m. In
Figure 9 simulated radial distributions are shown for the
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Fig. 9. Simulated radial distributions of focused Ps at the
detector for perfect wires, and wires with a superimposed
sinusoidal variance in the radius. Sinusoidal variation is A =
±12.5 µm and 2A = ±25 µm, comparable to the quoted wire
tolerance of 12.5 µm.

projected focal image at the detector, using the model discussed in Section 2.3, and then superimposing a sinusoidal
variation with amplitude A = 12.5 µm and 2A = 25 µm,
both with a periodicity λ of 0.15 m. In both cases, the
radial distribution is substantially broadened, with the
peak of the distribution seemingly split about the mean
of the undistorted wires simulated distribution. Assuming the lesser amplitude variation, the FWHM broadening
resulting from this effect is on the order of 10 mm.
A similar effect is expected due to the gravitational sagging of the wires between the support rings, leading to
a bowing of comparable magnitude. This effect does not
share the same symmetry however, primarily distorting
the lens shape along the y-axis. This should lead to a
similar distortion in the observed focal image.
Both of these effects taken together, using conservative
estimates of the magnitude of the distortions, can readily
account for the observed width of the focal spot in the
optical measurements.

3 Concluding remarks
We have explored in detail the use and limits of an electrostatic mirror developed to image a point source of Rydberg
atoms. We have identified effects in our experiment that
limited both the observed ratio of signal enhancement S,
and the resolution of the focal spot, which we summarize
as follows:
– the reduction of S relative to the geometrically
defined maximum was explained by a detailed analysis of effects related to the production of Rydberg
Ps. On one hand, the UV laser bandwidth limits the
Doppler spread accessible and results in only partial illumination of the mirror. On the other hand,
the relatively broad bandwidth of the IR laser, relative to the spacing of the Stark-split levels in the
motionally-induced electric field in the target chamber, means that production of focusable states of
Ps is not 100% efficient. Simulations of these two
effects predict S = 0.66 × Smax and S = 0.47 × Smax ,
taken together we thus expect a signal enhancement
of S ≈ 6.1:1, in good agreement with the observed
ratio of (7 ± 1):1;
– the observed focal resolution is a result of many contributing factors. One large contribution arises due
to the non-ideal placement of the mirror, relative
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to the source and detector, resulting in an image
of a 17 mm diameter ring at the detector. This is
further broadened by the 21 mm Gaussian FWHM
of the best focus achieved with the mirror focusing
light. This limit is a product of two effects of comparable magnitude. The first is a roughly periodic
variation in the wire radius of ∼25 µm with a period
of ∼15 cm that appears to be a result from the wire
manufacturing process. This variation results in a
contribution to the resolution of the mirror on the
order of 10 mm FWHM. A second contribution of
comparable magnitude results from the sagging of
the wires under gravity. Due to the spacing of the
wire supports, this has a similar periodicity and magnitude of displacement, and is anticipated to produce
a similar broadening, though being an asymmetric
distortion, is likely to contribute more substantially
to the broadening of the focus along the y-axis. These
two deviations of the wires from their intended radial
positions taken together are sufficient to explain the
observed optical focus. Finally, there are lesser contributions from the spatial resolution of the detector
(≤4 mm FWHM), the deviation of the electric field
from ideal (about 1–2 mm FWHM), and the finite
spot size of the Ps source (∼1 mm FWHM). There
are also many other effects that contribute to the
focal resolution, e.g., the influence of stray electric
fields [20] and interactions of Rydberg atoms with
blackbody radiation [21] in flight. These effects have
not been studied in detail since simple estimates
indicate they are orders of magnitude less significant
under the experimental conditions discussed here.
Finally, to improve the practical efficiency of the mirror,
it would be ideal to selectively prepare the Rydberg Ps in
states of maximal k. This could be achieved by applying
an electric field close to the Inglis–Teller limit (∼1 kV/m
for n = 32) at the target [22] to maximally split the states
and utilize a narrow bandwidth IR laser for the final
excitation. Under these circumstances, the IR laser bandwidth would likely limit the angular distribution of excited
Ps, although a colder source of Ps, desirable for a measurement of the gravitational deflection of Ps [23], could
mitigate this drawback. A more ideal mirror for very slow
Rydberg Ps atoms in a back-reflection geometry could be
achieved by modifying a large (∼1 m) telescope mirror,
which is optically far superior to the mirror described
here, by cutting linear grooves into and metallizing the
surface to create isolated vertically aligned electrode elements. Starting with a telescope quality optical mirror
and reducing the focus of the positron beam at the target, the limiting factors to the focal resolution would likely
be the non-ideal electric field (although, having vertically
aligned electrodes will ensure that the angular scatter
upon reflection due to the non-ideal electric field will primarily broaden the horizontal focus), and, for a gravity
measurement involving flight times in the range of 1–
10 ms, factors such as the interaction of Rydberg atoms
with blackbody radiation or stray electric fields while in
flight may become important. Blackbody radiation interactions can be greatly suppressed by cooling the apparatus
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to <50 K. The influence of stray electric fields can be
reduced by applying a small DC bias field [24], which
can be regularly inverted. Taking the difference between
the two sets of measurements would effectively cancel out
the influence of stray fields, provided they remain suitably
static.
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