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In this work we describe a high-resolution position-sensitive detector for positronium. The de-
tection scheme is based on the photoionization of positronium in a magnetic field and the imaging
of the freed positrons with a Microchannel Plate assembly. A spatial resolution of (88 + 5)um on
the position of the ionized positronium —in the plane perpendicular to a 1.0 T magnetic field— is
obtained. The possibility to apply the detection scheme for monitoring the emission into vacuum
of positronium from positron/positronium converters, imaging positronium excited to a selected
state and characterizing its spatial distribution is discussed. Ways to further improve the spatial
resolution of the method are presented.

I. INTRODUCTION

Positronium (Ps), the bound state of an electron and
its antiparticle (positron, e ), is a purely leptonic mat-
ter /antimatter atom that constitutes a privileged system
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Ps has a central role in the study of matter-antimatter
gravitational interactions. On one hand, Ps has been
identified as a promising in- termediate system for anti-
hydrogen production via a charge-exchange reaction with
an antiproton [2-4]. Specifically, the AEgIS [5-7] and
GBAR collaborations [8] are exploring the possibility
of producing antihydrogen following the charge-exchange
reaction scheme to ex- perimentally probe the antimat-
ter gravitational acceleration. Moreover, Ps, previously
excited to long-lived states like Rydberg levels [9,10] or
238 level [11], has been proposed as candidate for direct
measurements of free-fall.

For all the mentioned applications, it would be of great
help to have a high spatial-resolution position sensitive
detector for slow Ps. Indeed, it would allow monitoring
the Ps emission from e*/Ps converters [12-17], it would
be a quick diagnostic tool for Ps laser excitation experi-
ments, it would permit the fast characterization in terms
of transport and focus of a long-lived Ps beam [18-20]
and, in the future, it could be employed in force-sensitive
inertial experiments with Ps as test particle to detect
and measure the fringe pattern generated by a deflec-
tometer /interferometer device [11].

A widely used method for localizing positron annihi-
lation events, which could be employed to determine the
Ps impact position on a surface, is Positron Emission
Tomography (PET) [21,22]. PET detectors are typically
based on the coincidence detection of the anti-parallel
photons emitted by e + annihilation. The Ps impact
position can be determined by acquiring the coincidence
annihilation photons generated by Ps pick-off annihila-
tion (annihilation of the e + of Ps with an electron of
the medium), extracting the line of response (LOR) along
which the annihilation took place and finally determining
the interception of the LOR with the impact plane. The
spatial resolution of similar devices is mainly determined
by the physical size of the employed detector elements
and is typically larger than 0.5 mm (Full Width Half
Maximum) [23,24]. However, this technique is designed
to handle single Ps atoms and it cannot be applied in
experiments employing large numbers of Ps atoms in few
ns pulses like in the case of antihydrogen production [5,8]
and several experiments of Ps spectroscopy [1].

To directly detect the impact position of Ps, a Mi-
crochannel Plate (MCP) can be used in case the Ps ki-
netic energy is higher than several eV [25,26]. This ex-
cludes the possibility of directly imaging slow Ps and
imposes to ionize the incident atoms and then collect the
freed e™ or e onto the MCP [27]. Up to now, MCPs
coupled to an ionizing system have been used to count
the approaching Ps atoms excited to Rydberg states with
the aim to perform high energy-resolution Time Of Flight
measurements [27].

In the present work, we describe a position sensitive
detector for bunches of slow Ps. The detector is based
on a MCP — phosphor screen assembly, housed in a mag-
netic field, and a 2-photon resonant ionization laser with
ns-long pulses. After ionization of Ps with laser pulses,
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FIG. 1. Schematic of the position sensitive Ps detection
scheme. Ps is photo-ionized via laser pulses. The photo-e™
drifts along the magnetic field lines to- wards the negatively
biased surface of the MCP. This drift conserves the original
position of the Ps in the x-y plane (see text).

the freed e™ and e (photo-e™ and photo-e ) are bound
to their magnetic field line, thus conserving the original
Ps position in the plane transverse to the magnetic field
at the ionization instant. Positrons are then guided to-
wards the front face of the MCP —perpendicular to the
field— while electrons are repelled by negatively biasing
the surface. The spatial distribution of e™ impinging the
MCP front face —and consequently the spatial distribu-
tion of the ionized Ps in the plane transverse to the field—
is imaged. The detector has been tested on a Ps cloud
produced in the 1.0 T field of the AEgIS experiment [5-7].

II. DETECTOR
A. General Principle

The detection principle of the present detector is
schematically represented in Fig. 1.

A given Ps atom can be photoionized through a 2-
photon resonant process. Specifically, Ps can be excited
ton =2 [28] or n = 3 [29] level with a first laser pulse and
then selectively photoionized with a second laser pulse. If
photoionization occurs in a homogeneous magnetic field,
the freed e™ and e remain bound by the Lorentz force to
the magnetic field lines, following a cyclotron movement
with the diameter d [Eq. (1)]:

de 2mu
qB

(1)

where m and ¢ are the et /e mass and charge (in ab-
solute value), respectively and v the component of the
velocity perpendicular to the magnetic field B . This
means that, in the plane perpendicular to the magnetic
field, the charged particles move away from the original
Ps position by less than the distance d. If an MCP as-
sembly is then placed with its front face perpendicular to
the magnetic field, the impact position of the photo-e*
or photo-e can be imaged and thus the position of the



photoionized Ps in the plane transverse to the field (x-y
in Fig. 1) can be determined.

By applying a bias voltage to the metallized surface of
the MCP one has the possibility to select positive or neg-
ative species [30]. For the present application, detecting
positrons only is definitely preferable. Indeed they can
uniquely come from the Ps photoionization while elec-
trons can be extracted from the surface of the experi-
mental chamber also by the employed laser pulses via
photoemission. Thus the use of e* guarantees a better
backgroud suppression. The bias voltage of the MCP
front face has also the advantage of increasing the longi-
tudinal component of the particles’ velocity and thus the
detection efficiency of the MCP [31].

B. Used detector

The detection system used in the present test, per-
formed in the AEgIS apparatus, is made of:

(i) a Hamamatsu F2222 two-stage MCP assembly with
a P46 phosphor screen imaged by a Hamamatsu
ORCA-Flash4 CMOS camera. The MCP surface
has been biased to ~180 V to repel electrons and
to attract only freed et. MCP out was set at 1.2
kV and the phosphor screen at 4.2 kV. An optical
lens system composed of three plano- convex un-
coated fused-silica lenses (Lens 1: diameter D =
51 mm, distance from the phosphor screen z = 305
mm, focal length f = 85 mm; Lens 2: D = 75 mm,
z = 320 mm, f = 250 mm; Lens 3: D = 75 mm, z
= 580 mm, f = 250 mm) is installed in the vacuum
on the back of the MCP assembly to provide effi-
cient light collection. This lens system is coupled
to a commercial 105 mm 2.8 optics on the camera,
mounted on an adjustable rail, to provide optimal
magnification of the phosphor screen surface.

(ii) A 1.0 T magnetic field with homogeneity better
than [32-34] surrounding the MCP assembly and
the source of Ps with the vector B perpendicular
to the front face of the MCP assembly.

(ili) an UV pulse (wavelength tunable between 204.9
and 205.2 nm, nearly Gaussian temporal profile
with a full-width at half max- imum (FWHM) of
1.5 ns, and a Gaussian-like spectral profile with
oyv = 2w x 120 GHz, energy of 50 pJ) to induce
the Ps 135 — 33P transition plus a simultaneous
IR pulse (1064 nm, temporal FWHM of 6 ns, en-
ergy of 60 mJ) to selectively photoionize Ps on the
33 P level. A more detailed description of the laser
system can be found in [29,35].

Positron bursts are produced using the AEgIS positron
system described in Ref.[36]. The bursts are then im-
planted in a e™/Ps converter made of Si with oxidized

nanochannels [14,37] placed in the 1.0 T field. The con-
verter is tilted with an angle of 30° with respect to the
magnetic field direction and is placed 15 cm upstream of
the front face of the MCP. Thus, the Ps atoms, emerging
from the nanochannels, are not in the view of the MCP
in the very first part of their free flight as they are hid-
den by the target (see Fig. 2). The atoms that overcome
the target edge come in view of the MCP and the et
freed by the laser pulses can drift unobstructed along the
magnetic field lines to the MCP where they are imaged.

The Ps detection efficiency of the present scheme is
given by three terms:

- the UV + IR ionization efficiency that amounts up
to 15% [29], being mainly limited by the UV laser
bandwidth, because with the intense IR pulse al-
most all atoms excited to the 3P level are found
to be photoionized [29].

the transport efficiency of the photo- et to the
MCP. In the present configuration, photo-e™ are
emitted in a solid angle of 4 sr and only the frac-
tion in the half-space of the MCP is guided by the
magnetic field towards its surface. The transport
efficiency is consequently ~50% .

- the detection efficiency of the MCP that for photo-
et with an impinging energy of 180 eV is expected
to be ~50% [31,38].

The overall detector efficiency results to be ~4% of the
produced Ps atoms.

The spatial resolution of the present detector is ex-
pected to be determined by three main parameters: (a)
the cyclotron orbit diameter in the magnetic field in
the region between the MCP and the point where Ps
is photoionized, (b) the intrinsic resolution of the MCP-
assembly and (c) the resolution of the imaging system.
The orbit diameter of the photo-e™ / photo-e (point a) is
determined by the component of their velocity transver-
sal to the magnetic field [Eq. (1)]. This velocity can be
estimated by considering that the first UV laser pulse
populates the 33P level which has a binding energy of
the order of —6.8¢V/(n = 3)? = —0.76 eV. The following
1064 nm IR laser pulse adds 1.16 eV. Therefore, the freed
e and e divide the final energy of (—0.76+1.16)eV = 0.4
eV. The initial kinetic energy of the Ps atom is expected
to give a small contribution of the order of a few tens of
meV [29]. The velocity of each dissociated charged par-
ticle is thus expected to be of the order of few 10° m/s.
By applying Eq. (1), one finds that the diameter of the
orbits of e™ and e around the magnetic field lines, in the
described detection system, is < 3um.

The intrinsic resolution of the MCP assembly (point
b) is set by the interdistance of the MCP micro-channels
and by the distance and the potential difference between
the phosphor screen and the MCP which determine the
spot size on the phosphor screen of the electrons emerging
from the MCP. In the case of our two-stage assembly, it
is expected to be of the order of 80-100um [31].



The magnification of the MCP, lens system and camera
assembly (point ¢) has been experimentally measured by
imaging a reference of 10.00 mm placed in the converter
region. A maximum magnification of 43.6 pixel/mm, cor-
responding to a spatial sampling resolution of 23 um per
pixel, has been found.

III. IMAGING OF PS PHOTOIONIZATION
POSITION

Ps converter

Laser spot
Y e+
© —
z
B / \
X p—
field lines followed by
MCP Ps cloud

dissociated e+
(Ham. F2222)

FIG. 2. Schematic side view of the used detection system in
the 1.0 T magnetic field of AEgIS. The position of the Ps
converter, the Ps cloud, laser spot and MCP are indicated.
The lasers are shot along the y-axis. The black arrows depict
the path of the dissociated e* from the Ps photoionization.

In order to determine the resolution of the detector,
we aligned the center of the UV spot (FWHM = 3.4
mm) with the bottom edge of the target. Thus, the UV
pulse addresses both Ps atoms in view of the MCP and
Ps hidden by the target (see Fig. 2). The UV pulse has
been shot t = (15+3) ns after the e™ implantation to the
converter with a wavelength A = 205.045 nm (£A\X =
16.8 pm , due to the spectral profile described above).
The laser pulse selects Ps atoms with a module of the
velocity along the laser direction (vps—,) determined by
the following equation [Eq. (2)]:

Ups_y = C (AAO - 1) (2)

where )¢ is the UV wavelength corresponding to the
resonance of the 13S — 32P transition (205.045 nm)
[29]. The y-position of Ps can be roughly estimated as
Y = vps—yt. The simultaneous IR laser pulse is superim-
posed to the UV spot with a larger diameter of FWHM
= 6 mm. The used energy of the IR pulse ensures the
saturation of the photoionization from the 32 P level [29].
The spatial distribution —in the plane transverse to the
1.0 T magnetic field— of photo-e™, as imaged by the MCP
assembly, is reported in Fig. 3.

The dark region in the upper part of the picture
(negative-x) is due to the shadow of the target while the
bright part below (positive-x) is given by photo-e™ able

Y position [mm]
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FIG. 3. Image of spatial distribution in the plane transverse
to the 1.0 T field (x- y plane) of e* freed by Ps photoioniza-
tion. The border between the dark and the bright regions in
the picture corresponds to the lower edge of the et /Ps con-
verter. The yellow arrow indicates the lasers direction. The
intensity profile along the x-axis —calculated in the indicated
red perimeter— is shown on the left of the image (see text for
the details). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)

to reach the MCP-assembly. The bright signal repro-
duces, along the y-axis, the distribution of the Ps veloc-
ity component vps_, . The sharp edge of the target is
expected to generate a step transition between the two
regions that, in this measurement, is smoothed by the
spatial resolution of the detector. The spatial resolution
of our detector can thus be estimated by analyzing the
transition from the absence of signal to the maximum
intensity of the image of Fig. 3. The intensity of the
image has been integrated in y in the marked region.
The obtained plot of the intensity I as a function of the
x-position is reported in the left panel of Fig. 3.
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FIG. 4. Derivative of the intensity profile of the image shown
in Fig. 3 as a function of x-position in the region indicated in
Fig. 3. The continuous line is the best Lorentzian fit of the
data.

The derivative of the intensity profile and its best



Lorentzian fit are shown in Fig. 4. The transition from
the no-signal to the maximum intensity region has been
found to occur in (88 £+ 5)um FWHM. This value is in
very good agreement with the expected spatial resolution
of the MCP-assembly of 80-100 pm [31] confirming that
this is the main factor in the determination of the overall
resolution of the detector.

We notice that, one could apply the present scheme
also in lower and more accessible magnetic fields than
the 1.0 T used here. Indeed, according to Eq. (1), a field
of 0.05 T ensures orbits of the photo-e™ still smaller than
25 um. Thus, a total spatial resolution of v/252 + 882um
~90 pm can be achieved opening the possibility to apply
the present detection scheme in other contexts than the
complex and dedicated AEgIS system.

As an application of this Ps imaging system, we have
changed the UV laser wavelengths in the range between
204.99 to 205.10 nm keeping the other experimental con-
ditions as above. The so excited 33 P state was then pho-
toionized by the IR pulse. As pointed out by Eq. (2),
changing the UV wavelength allows to perfom Doppler
selection of Ps with different vps_, ranges. The mea-
surements are shown in Fig. 5. The spatial distribution
of the bright spots reflects this velocity selection. By set-
ting the UV pulse on the 135 — 33 P transition resonance
(A = Xg), Ps with roughly null Vps—y, and thus travel-
ing along the x-axis, can be selected. The detune of the
wavelength induces the selection of Ps with larger vp,_,
component that is imaged in the position y = vps_yt.

In the context of the AEgIS experiment, a scan of
this type —thanks to the relatively high efficiency of the
MCP assembly for e with few hundreds of eV of energy
[31,38]- takes few minutes and it allows monitoring the
main parameters necessary for the production of a Ps
beam and for experiments of Ps laser excitation. In par-
ticular, it permits to monitor the Ps emission from the
et /Ps converter, the Ps/laser syn- chronization and the
Ps excitation to a selected state. Moreover, the possi-
bility to make visible the direction of propagation of the
fraction of Ps excited to the 33 P state allows performing
a fine tuning of the central wavelength of the UV pulse
to select the velocity component aiming in a specific di-
rection.

IV. CONCLUSIONS

In this work, we have presented the concept of a slow
Ps high-resolution position-sensitive detection scheme
based on a MCP-phosphor screen assembly, housed in
a magnetic field, and ns-long 2-photon resonant ioniza-
tion laser pulse. Such a detector has been tested in the
1.0 T magnetic field of the AEgIS experiment. An overall
detection efficiency of 4% with respect to the produced
Ps atoms is obtained. This value is close to the 6% effi-
ciency demonstrated for field ionization of Ps previously
excited to Rydberg levels (where a 10% of 13S Rydberg
excitation efficiency has been assumed and a 60% of over-
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FIG. 5. images of spatial distribution in the plane transverse
to the 1.0 T field (x- y plane, see Fig. 2) of e freed by Ps
photoionization. Each image corresponds to different wave-
lengths of the UV laser pulse. The detune of the wavelength
with respect to Ao is reported on the left side.

all field ionization, freed-e™ transport and detection effi-
ciency with an MCP has been estimated) [27].

The efficiency of the present detector could be im-
proved by the introduction of a potential of few tens
of eV placed upstream the ionization region to reflect
the photo-e* not emitted in the half-space of the MCP.
With this expedient, the transport efficiency of photo-e™
towards the MCP could approach 100% . Moreover, the
detection efficiency of the MCP could be enhanced up to
85% by biasing the MCP surface to 2 kV [31,38]. With
these improvements, an overall efficiency of 13%( = 15%
x 100% x 85%) could be reached.

A spatial resolution of (88 4+ 5)um for the e imping-
ing the MCP front face, and consequently on the position
of the ionized Ps in the plane perpendicular to the 1.0
T magnetic field, has been demonstrated. The present
detector allows performing a spatially precise and quick
monitoring of Ps emission into vacuum from e* /Ps con-
verters, Ps laser excitation and Ps transport. This novel
tool can thus be helpful in all the experiments where
there is the need to create and transport a Ps beam



[7,9-11]. We plan to apply the described detector to
characterize emission angle and velocity distribution of
Ps emitted by different kinds of et /Ps converters. An
improvement of the performances of the presented de-
tection scheme could be obtained by employing a single-
stage MCP-assembly that is expected to reduce the spa-
tial resolution to 40-50pum [31]. A further reduction of
the spatial resolution at values lower than 10 pm could
be obtained, in the case of low density Ps clouds, by
employing MCPs with small pores and methods for the
centroid reconstruction [39].
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