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Large-area field-ionization detector for the study of Rydberg atoms
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We describe here the development and characterization of a micro-channel plate (MCP) based
detector designed for the efficient collection and detection of Rydberg positronium (Ps) atoms for
use in a time-of-flight apparatus. The designed detector collects Rydberg atoms over a large area
(∼4 times greater than the active area of the MCP), ionizing incident atoms and then collecting and
focusing the freed positrons onto the MCP. Here we discuss the function, design, and optimization
of the device. The detector has an efficiency for Rydberg Ps that is two times larger than that of the
γ-ray scintillation detector based scheme it has been designed to replace, with half the background
signal. In principle, detectors of the type described here could be readily employed for the detection
of any Rydberg atom species, provided a sufficient field can be applied to achieve an ionization rate
of ≥108/s. In such cases, the best time resolution would be achieved by collecting ionized electrons
rather than the positive ions. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967305]

I. INTRODUCTION
A. Detection of Rydberg atoms

Field ionization followed by charged particle detection1,2
has been routinely used in Rydberg atom experiments for
many years. In a typical experiment, the ionization may
occur immediately on the front surface of a micro-channel
plate detector (MCP)3 which may be used in conjunction
with a position-sensitive anode to yield spatial as well as
time information about an event.4 Rydberg state atoms have
also recently been guided and deflected by electric fields5
and detected on an MCP following pulsed field ionization.5,6
Here we describe a detector in which Rydberg positronium
(Ps) atoms are first ionized in the electric field within a
narrow space between two parallel flat meshes. The released
ionization fragments, in this case energetic positrons, are then
accelerated and focused onto an MCP detector. Since the
ensemble of ionization fragments occupies a relatively small
volume of phase space, the information about the location
of the atoms at the moment of ionization can be faithfully
transferred from a large diameter mesh pair to a much smaller
diameter position-sensitive resistive anode4,7,8 MCP using
an appropriate electrostatic lens. Here we describe our first
implementation of this concept, without a position sensitive
anode, for the purpose of improving the data collection rate of
our experiments on Rydberg Ps.
B. Rydberg positronium

Since the discovery of the positron9 and the subsequent
production of Ps10 (and later Rydberg Ps11), there has
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been substantial development in the techniques employed
to produce and accumulate positrons.12 Energetic (∼MeV)
positrons from β-decay or pair production sources may have
activities on the order of ∼109-1011 e+/s. Rare gas moderation13
and buffer-gas traps14 make it possible to collect as many as 109
low energy (<1 eV) positrons, at a rate of ∼106 e+/s.15–18 Lowenergy (< ∼1 keV) bombardment of many different metals and
insulators is known to produce vacuum Ps with conversion
efficiencies approaching 100%.19
For studies of Ps, the short lifetimes of the ground
state atoms are a significant constraint. For example, in
TOF studies,20,21 the mean lifetime of ground state ortho-Ps
(τ = 142 ns) would limit the flight path of thermal energy
Ps to just a few centimeters and few eV Ps produced by
the negative affinity mechanism19,22 to ∼10 cm, thus greatly
limiting the achievable energy resolution. Exciting the Ps
atoms into Rydberg states substantially increases their lifetime
with the Rydberg Ps lifetime being dominated by radiative
decay back to the ground state. The radiative lifetime τ scales
with the principal quantum level n and orbital quantum number
l approximately as n3l(l + 1),23,24 for l ≥ 1. For l = 0 states,
τ scales roughly like the above formula for l = 5, provided
n > 6. In the case of circular states,25,26 τ is ∝ ∼ n5. Achieving
lifetimes of a few milliseconds, which will require states
of n ∼ 35,27 will be a necessary prerequisite to perform a
proposed measurement of the gravitational deflection of Ps.28
In our recent studies, we implant pulses of ∼105 e+ into a
target of single crystal Cu(110) at a cycle rate of ∼0.22 Hz.29
The target is held at ≤1000 K, with a maximal conversion
efficiency of positrons to positronium of ∼70%.30 Free Ps
atoms are optically excited into Rydberg states by a two-step
process; an ultraviolet (UV) pulse at 243.02 nm excites 1S-2P
transitions; an infrared (IR) pulse (typically in the range of
742–729 nm), excites transitions from 2P into final states31
of n > 15. Rydberg atoms with velocities normal to the target
surface, within a cone of half-angle 1.8◦, covering a fraction
∼5 × 10−4 of the emission hemisphere, are detected at the end
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of a ∼1.5 m flight tube. Assuming a cos θ angular distribution
of Ps emission with respect to the surface normal, we thus
anticipate an upper limit in signal rate of ∼10 counts per shot,
assuming 10% excitation efficiency and neglecting Ps loss in
flight. The efficient detection of Rydberg Ps atoms is thus a
crucial factor in our studies.
In the following we will: (1) describe the design and
construction of the large-area field-ionization detector; (2)
describe and interpret how we simulated the device; (3) explain
the electrical setup; (4) discuss the characterization of the
device; (5) conclude with a detailed description of the detector
scheme and how it compares to our previous system.

II. THE DETECTOR
A. Design

The detector, shown schematically in Fig. 1, is comprised
of three fundamental regions: (I) A pair of meshes that produce
a region of electric field up to |E| ∼ 300 kV/m to ionize
Rydberg Ps atoms, followed by (II) an electrostatic lens to
focus and accelerate positrons onto (III) an MCP detector.
There are a number of considerations that constrained the
final design of the device. To maximize the signal rate, the
collection area is made as large as the available space allows.
In the present apparatus, the detector is designed to fit within
a standard 6 in. flanged ConFlat style nipple, within a tube
of ∼97 mm inner diameter. For reasons of cost, the detector
utilizes channel plates having a 42 mm diameter. As such the
device must focus the ionized Rydberg Ps positrons radially
by a factor of ∼2. Along with the focusing requirements, it is
necessary to produce an electric field between two meshes that
is sufficient to effectively field-ionize Rydberg atoms. For Ps
atoms in Rydberg states of principal quantum number n ≥ 20,
an ionizing field of ∼1.9 kV/cm is sufficient.32 Field-ionization
of Stark split Rydberg states is dependent on the Stark state k
(where k is the difference between parabolic quantum numbers
n1 and n2) varying by as much as a factor of ∼2 from k = −n
to k = +n. For increasing principal quantum number n, the
electric field strength necessary to ionize atoms at a given rate
Γ decreases32 as 1/n4.
The body of the detector illustrated in Fig. 1 is constructed
primarily of 304 stainless steel, chosen for several reasons:
ease of machining, low magnetic permeability and, for
purposes of assembly, compatibility with spot welding. The
device is assembled from a set of concentric stainless steel
rings, of comparable outer diameter, which are attached to
one another with ceramic stand-offs.
Referring to Fig. 1, the first ring of the device (A) is
marginally smaller than the chamber (∼95 mm) and is used
for support, resting on the chamber wall on three thin flexible
tabs spot welded to the outer face of the ring ∼120o apart. The
following ring (B) is slightly smaller in diameter (∼91 mm
outside) but much taller (∼40 mm). The MCP detector, a
Hamamatsu F1217-21S dual MCP (0.48 mm thick, 12 µm
channels, 15 µm pitch, 42 mm active diameter) stack (C),
is mounted at the base of (B) in the ∼60 mm diameter
opening. Following this an assembly (D) formed from a sheet
of 0.8 mm 304 stainless steel, spot-welded between two rings

FIG. 1. Schematic of the Rydberg Ps detector. Equipotential lines (blue) and
a set of equally spaced simulated positronium / positron trajectories (red) are
illustrated. The electrode potentials shown here are V0 = 0 V, V1 = −450 V,
and V2 = −2100 V. The shaded region indicates the active portion of the
MCP. Lettered labels indicate the basic components of the detector: (A) Base
support ring; (B) MCP support ring; (C) Hamamatsu F1217-21S dual stack
MCP; (D) Primary focusing electrode; (E) Grounded outer mesh and support
ring. Although not shown, the rings are connected together with sets of three
insulating ceramic standoffs, placed in the gaps between the labelled rings.

to form a cylindrical electrode ∼125 mm in length which, in
conjunction with the base (B) that holds the MCP, defines
the electrostatic focusing field. The focusing region of the
device is characterized by its length L ∼ 131 mm and radius
r ∼ 37 mm, as labeled in Fig. 1. The support ring of cylinder
(D) farthest from the MCP has a 90% transmitting 90 lines
per inch Ni mesh spot-welded taut across opening, which has
an 84 mm inside diameter. A second ring (E) with a similar
mesh is mounted 3.175 mm (1/8 in.) away. This ring, along
with ring (A), supports the device and is in electrical and
mechanical contact with the 97 mm inner diameter chamber
wall. Applying a potential of 450 V to electrode (D) creates
an approximately uniform field of ∼140 kV/m in the space
between the meshes.
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B. Characterization by simulations

The detector was built on the basis of simulations that
helped to guide the design. The simulations discussed here
illustrate the expected performance of the device as a function
of both its geometry and applied electrostatic potentials.
Electrostatic potentials are calculated using Matlab’s partial differential equation toolbox.33 Monte Carlo simulations
begin with 105 Ps atoms incident upon the detector along
trajectories perpendicular to the face of the input mesh, with
a thermal Maxwell-Boltzmann distribution of velocities at
T = 1000 K. The atoms are assumed to ionize with a fixed
rate Γ while between the two meshes. Freed positrons are
then accelerated and focused by the electric field of the
detector. Equipotential lines and positron trajectories34 are
illustrated in Fig. 1, calculated for the geometry of the final
detector design. As the meshes are each 90% open space,
we assume that ∼19% of the Ps atoms will be lost due to
annihilation on one of the two meshes. This is neglected in
the simulation, and so the simulated efficiencies ϵ s should
be rescaled by a factor of 0.81 to account for this expected
loss.
In Fig. 2 simulated in-detector flight time distributions
are plotted for fixed Rydberg ionization rates Γ in the range of
107-1010/s assuming a uniform areal distribution of Rydberg
Ps incident on the input mesh of Fig. 1. The distributions
represent the time elapsed from the moment a Rydberg Ps atom
reaches the first mesh, until the ionized positron reaches the
front of the MCP stack. For the majority of our experimental
work, the ionization rates of the Rydberg Ps atoms incident
upon our detector will be well in excess of 1010/s. For the
lowest ionization rate, the detection efficiency is poor, with
just 18.25 ± 0.90% of atoms ionizing for Γ = 107/s and the
spectrum is broad, with a mean in-detector flight time of
28.9 ± 1.5 ns. The spread of the time distribution (20 ns
FWHM) is predominantly due to the uncertainty in where the
atoms ionize, resulting in lower average positron velocities.
As the ionization rate is increased, the distributions converge
toward that plotted for Γ = 1010/s, where the simulated
efficiency is ∼99%, with a mean in-detector flight time of
11.65 ± 0.27 ns. Here the narrow spread in times (1 ns FWHM)

FIG. 2. Simulated in-detector flight time distributions for four distinct Rydberg atom ionization rates 107 ≤ Γ ≤ 1010/s. The time reported is that elapsed
from the instant the Rydberg atom reaches the outermost mesh, to the time
that ionized positron (or equivalently electron, for the case of inverse potentials) reaches the active area of the face of the MCP stack. For Γ > 1010/s,
the distribution essentially remains unchanged, as atoms ionize virtually
instantly. For lower rates, the distribution is substantially broadened, while
the detection efficiency is also greatly reduced, with just 20% of the incident
atoms detected for Γ = 107/s.

Rev. Sci. Instrum. 87, 113307 (2016)

primarily result from the differences in the lengths of positron
trajectories for different radial starting positions.
For precision measurements, the calculated in-detector
flight time for the highest rate of ionization is subtracted from
the measured total flight times to obtain the TOF from the
sample to the input detector mesh.
The effect of the focusing field is evaluated by holding
the geometry of the detector fixed and varying the potential
ratio V2/V1. In Fig. 3(a) the simulated detection efficiency is
plotted as a function of the ratio V2/V1 for ionization rates of
108 and 1010/s.
For both ionization rates considered, for V2/V1 < 3 the
simulated detection efficiencies ϵ s increase with the potential
ratio. In the case of Γ = 108/s, the trend is approximately
linear and reaches a maximum ϵ s ∼ 80%, while for Γ = 1010/s,
there is a distinct step above V2/V1 = 2.75, resulting from a
focusing effect that concentrates a significant fraction of the
positrons into a narrow band at the outermost radial extent
of the focus. In Figs. 3(b) and 3(c), the radial distribution
of detected positrons is represented as a color shading. For
V2/V1 > 3, the detection efficiency is constant, independent
of the magnitude of Γ. The best focal radius achieved occurs
for a potential ratio V2/V1 ∼ 16, where 90% of the positrons
are focused to a spot of r ≈ 0.14 cm. At higher values of
V2/V1, the focal point is located in front of the MCP and the
detected radius becomes increasingly large. At the optimum
V2/V1 the focal spot is only 7% of the diameter of the
MCP, showing that a much smaller MCP could have been
used.

FIG. 3. Simulated results of the detector performance as a function of the
ratio of the potential on the MCP, V2, to that on the mesh and canister, V1,
which is held constant in these simulations. In plot (a), detection efficiencies
are plotted for fixed ionization rates of 108 and 1010/s. In plot (b) and (c)
the radial distribution of detected positrons on the MCP is illustrated by a
color gradient for Γ = 1010/s, where white indicates no detections and dark
blue represents the maximum signal rate. A thick dashed line in each plot
indicates the radius that encompasses 90% of the positrons.
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The efficiency ϵ s of the detector is evaluated as a function
of the ratio of the length of the focusing region of the detector L
to the length of the inner radius r of electrode (D) (see Fig. 1).
In the simulation, the applied potentials are held constant
(V1 = −0.45 kV, V2 = −2.1 kV) and the ionization rate is fixed
at values of 108/s and 1010/s. An ionization rate of ∼108/s can
be considered a threshold rate for efficient detection, as thermal
Ps velocities yield a transit time through the mesh region on
the order of 10 ns, yielding a peak efficiency ϵ s = 80%. The
simulation results, plotted in Fig. 4, indicate that all positrons
are collected onto the active area of the MCP for a ratio
L/r ≥ 2, regardless of the ionization rate; as the focusing field
is largely confined to a region defined by radius r, there is little
improvement in the focal radius as L/r is increased.
Based on our simulations, we find that the design
described here should perform well over a wide range of
conditions. The detector that has been constructed sufficiently
exceeds the necessary geometric and electrostatic thresholds
for efficient focusing of the incident particles, allowing for
considerable adjustment of any aspect of the design without
loss in the signal rate. We note that the design could also
be readily scaled up to much larger acceptance diameters,
without any change in the MCP detector itself, allowing for
longer flight paths without reduction in signal in a Rydberg Ps
TOF experiment.
One possible improvement to the simulation would entail
a more accurate treatment of the mesh, which was modeled
here as a narrow region of constant potential. In practice
however, potentials penetrate a small distance through the
meshes, diminishing with distance on a scale comparable to
the mesh grating size (∼0.25 mm in our device). It would be
interesting to simulate how the Ps interacts with the ionizing
field immediately outside of the front mesh. For very high
Rydberg states, where the ionization rate is large even for
a modest electric field, it would be possible for atoms to
ionize before passing through the outer mesh. The shape
of the field leaking through the meshes may reduce loss
at the first mesh, resulting in a higher detection efficiency
than otherwise expected. Similarly we have neglected the
possibility of ionization further inside the detector, either in
the focusing field or at the face of the MCP. The impact of
these fields has been tested experimentally by adjusting the
potential configuration of the detector. The results of these
experiments are discussed in Section III A.

FIG. 4. Simulated results of the detection efficiency for a set of fixed potentials (V2 = −2.14 kV, V1 = −0.45 kV) as the ratio of the length of the detector
L with respect to the radius r of the canister is varied, plotted for Γ = 108
(open circles) and 1010/s (filled circles).
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FIG. 5. Circuit diagrams for (a) potential configurations A and B, (b) potential configurations C and D and (c) the amplifier which provides a factor
of 8 increase in pulse size. A key below the two schematics indicates the
magnitudes of the resistors and capacitors used. The resistance between the
front and back of the MCP is ∼28 MΩ while under vacuum.

C. Electrical setup

The detector was tested under four different sets of choices
for the bias voltages, described herein as setups A, B, C, and
D. Electrical schematics for these arrangements are detailed
in Figs. 5(a) and 5(b), while the potentials applied to each
element are summarized in Table I. Setups A and B detailed
in Fig. 5(a) both involve large electric fields in front of the
MCP, allowing for ionization of incident Rydberg atoms in
the focusing field between the electrodes (B) and (D) of Fig. 1
and in the ionizing field between the two meshes in the case of
setup A. Freed positrons can also be subsequently focused in
both of these configurations. In setups C and D, illustrated in
Fig. 5(b), there is little applied field in front of the MCP, except
in the immediate vicinity of the micro-channels (i.e., within
∼20 µm of the surface of the MCP). In this case, the Rydberg
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TABLE I. Summary of potential arrangements tested. Setups A and B have
strong ionizing / focusing fields in front of the MCP, while setups C and D
have little field in front of the MCP, and thus have a better defined Ps flight
path. Each arrangement has essentially fixed gain across the MCP.
Setup
A
B
C
D

Anode (kV)

MCP back (kV)

MCP front (kV)

Mesh (kV)

0
0
2.08
2.08

−0.07
−0.07
1.99
1.99

−2.03
−2.03
0
−0.01

−0.45
0
0
0

Ps is ionized very close to the front surface of the MCP, which
would be useful if the flight path needs to be accurately known
for making more precise measurements of Ps velocities. This
arrangement has the drawback of a greatly reduced collection
area (the size of the MCP), and as a result of the lower impact
energy, a reduction in detection efficiency.35
The detector is designed to be operated in configuration A,
for which the uncertainty associated with ionization between
the two meshes is a limiting factor in the energy resolution
of measurements. The ionizing field is approximated as the
electric field one would have if the meshes were infinitely
fine. For example, a potential difference of 450 V produces a
nearly uniform electric field in the 3.175 mm space between
the two meshes of ∼140 kV/m. The potential across the MCP
controls the gain of the detector, and can be safely operated at
up to 2 keV.
In setups A and B, a positron-attracting −2.1 kV potential
is applied to the front MCP. The resistance across the two
MCPs is ∼28 MΩ in vacuum, yielding a potential difference
across the plates of ∼1.96 kV. The back plate is connected to
ground through a 1 MΩ resistor, leaving it at a potential of
70 V with respect to the closely placed anode at 0 V, which
ensures efficient collection of electron pulses at the anode.
Note that in operation with setup A or B, the MCP “anode
out” is connected directly to the amplifier (“MCP signal”) so
that the MCP anode is grounded through 50 Ω.
In setup A, where there is a large potential difference
between the two meshes, the grid supply circuit is designed
to “train” the mesh. Current from the supply is limited by
a large resistor, while a capacitor to ground supplies energy
to erode any irregular surface features (e.g., frayed edges of
the meshes) that may cause discharges. The RC time constant
limits the discharges to intervals of ∼0.1 s. Without the training
circuit, a sharp point on the mesh would result in a continuous
discharge, with little erosion and thus no repair of the leakage
problem.
In comparison to setup A, setup B tests the effect of
the mesh region. Here there is no ionizing field between the
meshes, with the second mesh element grounded. Rydberg
atoms must penetrate further into the body of the detector,
either ionizing in the focusing field (which is ∼33% stronger
in this arrangement), or at the surface of the MCP.
The purpose of setups C and D is to improve the
achievable TOF resolution, by ensuring that the Rydberg
atoms ionize in the immediate vicinity of, and/or directly
collide with, the surface of the MCP. The removal of the
focusing field thus reduces the uncertainty in the length of the

Ps flight path traversed to the level of the measured distance,
which can be readily determined to a precision of about
±1 mm, which corresponds to about ±1 part in 1.5 × 103 in
the setup described here (cf. Fig. 7). For 1 eV this implies a
systematic uncertainty of ±1.3 meV.
The signal from the anode is connected to an amplifier,
illustrated in Fig. 5(c), consisting of a pair of voltage followers
with a total gain of 16. The input terminates the signal cable
through 50 Ω to ground. Two back-to-back diodes (Vishay1N4151 silicon epitaxial planar diodes), which switch on
within a few ns, and clip the signal to ∼ ±0.7 V, serve to protect
the amplifiers. The amplitude of the recorded signal is further
limited at the input to the oscilloscope, with a protection
circuit involving three further diodes, two in series to permit
negative potentials (the typical pulse being a negative signal)
as large as ∼ −1.4 V and a third in parallel with the opposite
polarity to limit the positive signal to <0.7 V, a necessity to
protect the scope, which can only tolerate signals less than
±5 V when operated with a 50 Ω input impedance. For small
signals, the 12%-88% rise time of the amplifier is 1.4 ns,
while for large pulses the maximum slew rate is 0.24 V/ns.
Pulses are identified in the analysis after data collection. First,
the DC offset of each scope trace is subtracted. Pulses are
then identified by searching for signals that exceed some
threshold voltage. Multiple thresholds, typically in the range
of 3-15 mV, are simultaneously tested, allowing the selection
of a threshold that yields the optimal signal to noise ratio. Pulse
areas, presented in Sec. III A, are determined from Gaussian
fits to the signal, following the detection of events as described
above.
III. CHARACTERIZATION OF THE DEVICE
A. Comparison of electrical setups

We tested the efficiency of the detector for Rydberg Ps in
the setup of Fig. 7 with typical kinetic energies of ∼10 meV
in the four potential arrangements A, B, C, and D, holding
the gain across the MCP detector essentially constant. The
measured count rate in the four configurations, normalized to
a constant Rydberg Ps flux, are presented in Table II along
with the relative efficiencies ϵ rel. The distributions of pulse
areas are shown in Fig. 6.
In configurations A and B there is a large electric field in
front of the MCP. In A, the region between the two meshes
efficiently ionizes Rydberg Ps atoms, the freed positrons then
being accelerated and focused onto the MCP face. In B the
field ionization occurs within the focusing field, reducing the
effective collection area. In configurations C and D, the gain
across the MCP is kept at 2 kV, whereas the region in front
of the MCP has minimal electric field, thus improving the
precision in our knowledge of the distance Ps atoms have
travelled, and thus their energies, while reducing the detector
solid angle by a factor of ∼5.
1. Setups A and B

Rydberg atoms are field ionized in or near the mesh
region, with the freed positron accelerated into the device
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TABLE II. Observed count rates in each of the four potential configurations
tested and the relative efficiencies ϵ rel, found by scaling the measured count
rates to the maximum.
Setup
A
B
C
D

Count rate (/shot)

ϵ rel

0.335 ± 0.015
0.215 ± 0.008
0.071 ± 0.004
0.070 ± 0.004

1.00 ± 0.04
0.64 ± 0.04
0.21 ± 0.02
0.21 ± 0.02

energy of the positron upon impact with the front surface of
the MCP for 1 keV < E < 2 keV, in reasonable agreement
with the behavior reported elsewhere.35,36 Based on the data
of Fig. 6 plot (b), and assuming that the detection process in
configurations C and D tends to release only a single electron
in the initial impact, we conclude that the average number of
electrons released in configurations A and B is ∼7.
2. Setups C and D

and the electron rejected. The positrons are accelerated and
focused onto the face of the MCP, effectively increasing the
acceptance angle of the device by a factor of 2.2. From this we
can estimate that the detection rate in setups C and D should
be about 20% of that seen using setup A, in agreement with
the results in Table II.
Although there is no mesh electric field in setup B, the
angle of acceptance is still larger than that of the MCP alone,
due to field ionization occurring within region (D) of the
device (see Fig. 1), however the location of ionization here
is less certain than in arrangement A. The effective collection
area and/or detection efficiency appears to be smaller with just
64% ± 4% as many counts as observed under setup A. The
spectrum of pulse areas in Fig. 6(a), which is approximately
proportional to the number of electrons generated in the initial
collision, is virtually identical to setup A and the data for
both configurations A and B are plotted together in Fig. 6(a).
The data suggest at most a weak dependence on the kinetic

In Fig. 6(b) we observe a distribution of smaller pulse
areas compared to those reported in Fig. 6(a). In potential
configurations C and D, it is likely that Rydberg Ps atoms are
field ionized in the immediate vicinity of the micro-channel
pores which have a diameter d = 12 µm. The micro-channel
plates are 0.5 mm thick, and there is ∼1 kV applied across
each plate. As such, to first order, the electric field inside of
a micro-channel pore is 2 MV/m. This is sufficient to rapidly
ionize Rydberg Ps atoms in states of n ≥ 15 (i.e., Γ ≥ 1010/s).
Once ionized, a positron will be accelerated into the plate
with a kinetic energy K ≈ eEd = 24 eV (depending on the
precise location of ionization). Due to the small value of K,
we attribute the small pulse size to a typical release of about
one electron on average upon impact of the Ps. Due to the
small potentials involved, it is also possible that the freed
electron may collide with the surface of the plate, between the
micro-channels. In configuration D, we attempt to control for
this effect by applying a potential of −10 V to the MCP front,
in order to reject stray electrons. However, we find that this
makes no measurable difference to the count rate, as indicated
in Table II. From the measurements in this table, we conclude
that setup A is about 5 times more efficient than the MCP
alone.
B. Sensitivity to background signals

FIG. 6. Measured pulse areas are plotted for (a) detector setups A and B and
(b) setups C and D. The detection process for setups C and D is thought to
involve ionization of the Rydberg atoms within ∼20 µm of the detector, with
the freed electron accelerated to a maximum kinetic energy of ∼24 eV (see
text). Due to the low collision energy, we assume that this typically releases
just one unit of charge on impact. Based on this assumption, we conclude that
when operated in setups A and B, the positron impact releases an average
of about 7 electrons per collision. The calibration of pulse area is limited by
noise, and so the calibration may overestimate the number of charges released
by a factor of ∼2. Shading indicates the noise-limited region for small pulse
areas. The cutoff seen in the shaded region of plot (b) is an artifact due to the
use of a fixed voltage threshold for pulse detection.

There are several sources of unwanted signal that we
have observed: (1) γ-rays from positron annihilation and
other sources; (2) scattered UV radiation and associated ion
production; (3) RF pickup from the pulsed high voltage (HV)
positron accelerator and buncher.
We measure the detection efficiency for 511 keV γs by
implanting a ∼10 ns pulse of ∼1.5 × 105, positrons with a mean
kinetic energy of ∼5 keV into a metal target (polycrystalline
Ta) at a low temperature. A bias of ∼ −10 V applied to the
target recaptures reflected positrons in order to maximize the
production of prompt 2γ 511 keV annihilation photons. We
estimate 90% of the positrons which annihilate into 2γs
in this manner. Some of the annihilation γs are detected
by the MCP located at a distance of ∼1.59 m from the
target. The number of MCP counts within −40 to +210 ns
about the prompt γ-ray peak, 3 ± 1 counts per hundred shots,
corresponds to a detection efficiency for 511 keV photons of
just 0.16% ± 0.05% for each γ-ray that passes through the
MCP normal to its surface, in good agreement with other
measurements having a similar geometry37 for which the γs
are incident perpendicular to the face of the MCP detector.
Despite the relatively low count rate, the signal produced in
a 12-24 h scan (typically consisting of (1.5–3) ×104 shots) is
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sufficient to provide a calibration of t = 0 (the mean time of
the positron pulse annihilating on the target) to a precision of
∼1 ns or better.
In addition to the prompt signal from the pulsed positron
beam implanted into the target, there is also the radiation
from the primary 22Na source to consider. The source is
centred ∼3 m from the MCP detector, and produces both
511 keV and 1.27 MeV γs in a ratio of ∼ 2:1. The rate of
production for a 10 mCi source is ∼2.5 × 108/s. The source
is housed behind ∼6 in. of lead, and 1 in. of tungsten, greatly
attenuating the rate at the detector. We estimate an upper
limit of ∼20 γs per second which pass through the MCP,
producing a largely time-uniform background, corresponding
to a negligible background contribution of 6 × 10−5 counts
per 100 shots in the time window containing the prompt
signal.
A second source of undesirable signal results from the
scattering of 243 nm UV laser light off the target and chamber.
This signal consists of two distinct components. The largest
fraction of the signal is due to scattered light producing
photoelectrons at the surface of the MCP. This signal tends
to saturate the detector, but only persists for the first ∼200 ns.
Another delayed signal follows, resulting from photoelectrons
produced in the detector walls which are accelerated to 1-2 keV
into the mesh or detector body, generating heavy positively
charged ions, which take ≤5 µs to reach the MCP. With careful
alignment of the UV laser beam, this component can be greatly
minimized (i.e., yielding <1 count per 100 shots).
Similarly, the RF pickup induced in the detector from
our pulsed HV positron accelerator produces a ringing signal
which, in the absence of the laser pulse, can be large enough
to exceed the pulse threshold used in the analysis, resulting in
multiple false counts in the vicinity of the implantation time
on each shot, and which must be ignored.
C. Comparison with a scintillator-based
detection scheme

In our recent Rydberg Ps time of flight (TOF) experiments,38 individual Ps atom velocities were measured by the
detection of annihilation γs in two opposing 6 in. × 6 in.
cylindrical plastic scintillators as indicated in Fig. 7. Inside
the vacuum chamber, a stainless steel plate causes incident
Rydberg Ps atoms to annihilate via a pick-off process,39 or
more likely by dissociation of the Ps upon impact, followed
by the positron binding to the metal surface and rapidly
annihilating there. Annihilation γs may undergo Compton
scattering within the detector, generating pulses which are
amplified by an EMI 9791KB photomultiplier tube (PMT)
coupled to the base of the scintillator. The voltage signals
from the anodes of the PMTs are recorded on an Agilent
54855A digital oscilloscope in a 50 µs window following
implantation of positrons into the target. Oscilloscope traces
are downloaded and analyzed to yield counts as a function of
time of flight (TOF). The coincident detection signal is used to
verify that 2γ annihilations are occurring. Single count events
from each detector are then summed to yield the best statistics.
Monte Carlo simulations of the scintillator detection
scheme indicate an expected detection efficiency of ∼30%.

Rev. Sci. Instrum. 87, 113307 (2016)

FIG. 7. Experimental arrangement used to simultaneously compare the performance of the MCP detector described herein and the large volume plastic
scintillators it is designed to replace. Although not shown, significant lead
shielding was placed about the plastic scintillator detectors to reduce the
background signal rate. The inset shows details of the MCP detector and its
mounting arrangement.

However, this is an upper limit as it includes shallowangle Compton scattering events that impart little energy
to the scattered electron and produce pulses that would be
experimentally undetectable.
The experimental configuration illustrated in Fig. 7
allowed us to directly compare the performance of the
scintillator and MCP detectors. With the two 6 in. × 6 in.
plastic detectors we measure ∼22 counts per 104 shots atop a
background of ∼10 counts. Using the MCP detector in setup
A we measure a signal of ∼45 counts per 104 shots, with a
background of just 5 counts,40 a factor of two improvement
in the signal rate and similar reduction in the background
rate. This represents an improvement in the absolute detection
efficiency from the estimated ∼30% for the scintillators to
∼60% for the Rydberg Ps field ionizing MCP detector.
IV. CONCLUDING REMARKS

We have described a Rydberg atom detector for TOF
studies. A region of large electric field ionizes incident
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Rydberg atoms, then accelerates and focuses one of the
ionization products onto a small MCP. The design offers a
large detection area, a narrow time / energy resolution, and
a high absolute detection efficiency (∼60% observed here).
Although designed specifically for Ps studies, the detector
can easily be used to detect any Rydberg atom with an
ionization rate Γ ≥ 108 /s in an electric field of ∼106 V/m
or less.
Simulations of the device indicate that the focusing field
is more than sufficient to collect over the entire area of the
input mesh and, with minimal modification, could be designed
to collect over a diameter eight times larger using the same
42 mm MCP, providing a means of extending the flight path
without a reduction in the signal rate (neglecting loss of
Rydberg atoms in flight). Although the design described here
has an uneven focus, with a more careful consideration of the
focusing geometry, and probably some increase in the focal
radius, it should be straightforward to adapt the detector to
faithfully map the Rydberg atom initial positions on the input
mesh onto corresponding points on the MCP. By replacing the
anode with a phosphor screen or position sensitive collector,
one could thus perform complete imaging experiments.41
This type of imaging detector would be especially useful
for angle-resolved Ps emission spectroscopy,42 which would
be an analog of angle-resolved photoemission spectroscopy
(ARPES)43 for measuring the electronic structure of metallic
crystals.
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