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In this work, we show recent measurements of 235 long-lived positronium production via spontaneous decay
from the 3°P level. The possibility to tune the velocity of the 23S positronium, excited following this scheme, is
presented. In the light of these results, we discuss the use of the 33P — 23§ transition to realize a monochromatic
pulsed 23S positronium beam with low angular divergence. Preliminary tests of 2°.S beam production are presented.
The possibility to overcome the natural 3°P — 235 branching ratio via stimulated emission, and thus increasing
the intensity of the 23S source, is also shown. A position-sensitive detector for a pulsed beam of positronium, with
spatial resolution of =~ 90 pum, is finally described in view of its possible application for the spatial characterization

of the 23S beam.
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1. Introduction

Positronium (Ps), the bound state of an electron and
a positron (e™), has a lifetime of 142 ns when it is in the
triplet ground state (125). The lifetime of Ps increases
up to 1140 ns when it is excited to the 235 level [1]. The
relatively long lifetime and the scarce sensitivity to stray
electric fields of this level [2] make 23S Ps a good candi-
date for deflectometry/interferometry measurements on
a pure leptonic antimatter system with potential gravity
sensitivity [3]. The production of a monochromatic beam
of 23S Ps, with tunable velocity, could also pave the road
to systematic studies of Ps quantum sticking and reflec-
tion on solid surfaces [4]. Finally, Ps in the 23S state
has been recently proposed for the formation of a stable
positronium Bose-Einstein condensate [5].

Several methods for producing 23S Ps have been
demonstrated till now. Formation of fast 23S Ps with
energies of several eV has been demonstrated via eT colli-
sions with solid [6-8] and gaseous targets [9, 10]. 235 Ps
atoms were also produced via Doppler-free two photon
excitation of ground-state atoms of Ps desorbed from
metallic surfaces [11-13] and from porous silicon [14].
23S Ps production has been also demonstrated via sin-
gle photon excitation of ground-state atoms to mixed
235-23P in electric fields [2].

In this work, an alternative way to produce 23S Ps via
the 33P — 235 spontaneous decay [15, 16] is presented.
We show that, with this method, it is possible to realize a
monochromatic source of 225 with tunable velocity and
to form a monochromatic 23S Ps beam [16]. Finally, a
position-sensitive detector for a pulsed beam of Ps, with
spatial resolution of around 90 pum [17], is described.

2. Experimental

In the present experiments, an intense bunch of et is
prepared with the AEgIS positron system (see Ref. [1§]
for details) and implanted in a nanochanneled Si et /Ps
converter [19, 20]. A fraction of the formed Ps is emitted
into the vacuum as a dense cloud of Ps in the 135 level.
Ps is then excited to n = 3 (precisely on the 33P state)
with an UV laser pulse set at the resonance wavelength
Auv = (205.045 £ 0.005) nm [21]. The energy of the UV
laser was > 60 pJ, the bandwidth around 120 GHz, the
full width half maximum (FWHM) of its temporal profile
~ 1.5 ns and the FWHM of its spot ~ 3.0-3.5 mm. The
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Fig. 1. Partial energy level diagram of Ps with the

n = 3 laser excitation and subsequent de-excitation pro-
cesses to 135 level (i), annihilation (ii) and 23S level

(ii).

laser setup is described in detail elsewhere [21, 22]. From
the n = 3 level, Ps spontaneously decays to 23S level
(see Fig. 1) with a branching ratio of ~ 10% [15, 16].
The present experiments were performed by placing the
et /Ps converter in a 0.0250 T magnetic field.

A 20 x 25 x 25 mm® PbWOy scintillator, coupled to
a Hamamatsu R11265-100 photomultiplier tube (PMT)
and digitized by a HD4096 Teledyne LeCroy oscilloscope,
was placed 40 mm above the e™ /Ps converter and used to
record the time distribution of gamma rays emitted by
et and Ps annihilations (single-shot positron annihila-
tion lifetime spectroscopy spectrum, SSPALS). SSPALS
spectra were acquired and analyzed, with the procedure
described in Refs. [15, 16], with the goal to study the in-
crease of the Ps lifetime due to the presence of atoms on
the 235 level.

3. Results and discussion
3.1. Production of monochromatic 23S Ps

In Fig. 2 (main figure), we report SSPALS spectra of
positronium into vacuum acquired with the UV laser on
and off.

Both spectra show a prompt peak, given by the fast 2y
annihilations of e implanted in the converter, and a tail
that is dominated by the 3v decay of 1S Ps emitted
into vacuum. In the presence of 23S atoms, due to their
long lifetime, a large fraction of atoms survives in-flight
annihilation and reaches the experimental chamber walls,
where it annihilates in 2. This produces a signal excess
identifiable from the comparison of the SSPALS spectra
with laser on and off. The amplitude of this excess can
be estimated as S = (fog — fon)/forr (Where fog and fon
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Fig. 2. (main figure) SSPALS spectra of Ps into vac-

uum with laser off (gray) and UV laser on (black) nor-
malized to the prompt peak height. (inset) —S pa-
rameter (see text) as a function of the time elapsed
from the prompt peak in the case of UV laser delayed
of 20 and 50 ns.

are the areas below the spectra without and with the UV
laser, respectively) and in the case of Fig. 2, it amounts
to around 10%, between 500 and 800 ns from the prompt
peak [16].

The employed nanochanneled Si et /Ps converter emits
Ps in a broad distribution of velocities [20, 23]. More
in detail, Ps emitted with low velocity spend more time
in the nanochannels losing energy by interaction with
the walls while fast Ps are emitted in a very short time
(few ns) [24, 25]. The brief duration and the limited
spatial dimension of the exciting UV laser pulse allow to
address only the fraction of the emitted Ps in front of the
target at the time when the laser is shot. Ps atoms with
different velocities can be thus excited to the 32P level
(subsequently decaying to the 23S level) varying the time
at which the laser is shot [16].

In the inset of Fig. 2, we show two examples of —§
parameter evaluated as a function of the time elapsed
from the prompt peak in time windows of 300 ns with
steps of 50 ns starting from 150 ns for two different UV
laser delay. The plot shows that the time position of the
signal excess given by 23S annihilation on the chamber
walls is progressively delayed by retarding the UV pulse.
When the UV laser pulse is shot 20 ns after e™ implan-
tation, the 23S signal excess peaks at around 650-700 ns
(Fig. 2 in the inset). This time increases to 900 ns when
the UV pulse is delayed to 50 ns. We have observed
that, at 65 ns, the excess of annihilations disappears [16]
pointing out that also very slow Ps emitted by the con-
verter has already left the laser spot. By knowing the
distance between the target and the chamber walls (6 cm
on average), the average velocity of the produced 23S
Ps has been estimated to be (1.0 £ 0.1) x 10°> m/s and
(0.7 4 0.1) x 10° m/s, for an UV delay of 20 and 50 ns,
respectively [16].
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Fig. 3. Normalized number of gamma rays counted by

the LaBrs(Ce) scintillator in the stopper region (30 cm
far from the converter) with and without the laser pulse.
The continuous line is a guide for the eyes.

Given this monochromatic 23S Ps source, a beam of
23S can be produced by placing an iris of 1.6 cm of di-
ameter at a distance of 10.8 cm from the target [26].
This iris selects a beam expanding within a solid angle
of =~ 17 msr. The beam within this angle has been let to
freely expand up to a distance of 30 cm from the con-
verter. At that distance a stopper for the beam has
been placed and the gamma rays generated by the 2y
annihilations of 23S Ps atoms on the stopper have been
monitored by a 76.2 x 76.2 mm? LaBrz(Ce) scintillator,
coupled to a PMT Hamamtsu R10.233-100-01. Thanks
to its excellent energy resolution (= 3% at 662 keV) and
very high light yield (= 160% of Nal) [27], LaBrs(Ce)
scintillator allows to distinguish individual 511 keV gen-
erated by Ps pick-off annihilations and record them with
high efficiency. In our experimental condition, this scin-
tillator operated in single counting mode. Lead shields
have been used to reduce the background signal given by
gamma rays coming from the e™ annihilation in the con-
verter. The PMT was also shielded by u-metal foils from
the magnetic fields generated from the positron transfer
line [17].

In Fig. 3, we show a preliminary measurement of the
time distribution of the 511 keV gamma rays detected
by the LaBrs(Ce) scintillator in the stopper region in
the case of laser off (no 23S production) and on (239
annihilations on the stopper). In the presence of the UV
laser pulse (delay of 15 ns from the prompt peak), it is
evident an increase in the number of the counts between
1600 and 2250 ns (corresponding to an average velocity
of (1.6 £0.4) x 10° m/s).

The intensity of this collimated monochromatic beam
(currently of the order of 1076 23S atoms per implanted
e™ at a distance of 30 cm from the source [26]) is strongly
limited by the low branching ratio of the 3°P — 238
spontaneous decay. Tests of stimulated 33P — 23S tran-
sition have been performed by adding an IR pulse at
~ 1312 nm simultaneous with the UV pulse at 205 nm.
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In presence of the stimulating IR laser pulse, an increase
in the number of produced 23S atoms of a factor ~ 3 has
been observed (the interested reader is referred to [28]).

3.2. Position-sensitive detector
for a pulsed beam of slow Ps

In view of the possible application in the spatial char-
acterization of 23S Ps beams, a position-sensitive detec-
tor for a pulsed beam of positronium has been devel-
oped [17, 29]. The detector is based on a microchannel
plate (MCP)—phosphor screen assembly, housed ina 1 T
magnetic field, and an ionization laser with ns-long pulse.
Photo-e™ and photo-e™, freed by the Ps ionization, are
bound to their magnetic field line, thus conserving the
original positronium position in the plane transverse to
the magnetic field (z—y plane) at the ionization instant.
By negatively biasing the MCP front face, electrons are
repelled while positrons are attracted and their spatial
distribution is imaged.

The spatial resolution of the detector system has been
determined by photoionizing a Ps cloud whose view of the
MCP was partially shadowed by a sharp edge (Fig. 4).

The dark region in the upper part of the picture (neg-
ative x) is due to the shadow of the edge while the bright
part below (positive x) is given by photo-e™ able to reach
the MCP assembly. The sharp edge generates a step
transition between the two regions that is smoothed by
the spatial resolution of the detector. The intensity of
the image has been integrated in y in the marked re-
gion. The obtained plot of the intensity I as a function
of the z-position is reported in the left part of Fig. 4.
The transition from the no-signal to the maximum in-
tensity region has been found to occur in (88 £+ 5) um
(FWHM of the derivative of I, dI/dx) indicating that
the resolution of this position sensitive detector for Ps is
of the order of 90 pm [17].
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Fig. 4. Spatial distribution in the plane transverse to

the 1.0 T field of photo-e™ produced by the Ps pho-
toionization. The bright part (positive-z) is given by
photo-e™ able to reach the MCP assembly while the
dark (negative-z) is due to the presence of a sharp edge
used to partially shadow the MCP (see text for details).
The intensity I profile along the z-axis, calculated in the
indicated perimeter, is shown on the left of the image.
The derivative of the intensity dI/dz is also reported.

4. Conclusions

In this work, we have demonstrated the possibility to
realize a pulsed monochromatic source of 23S positro-
nium via spontaneous decay from 33P level previously
populated by exciting 1S Ps with an UV laser pulse at
around 205 nm. The possibility to tune the velocity of
the produced 23S Ps in the range of high-10* low-10° m /s
has been shown. A low divergence 23S beam (17 msr)
has then been selected by employing an iris. The 23S
beam within this solid angle has been let to freely ex-
pand up to a distance of 30 cm from the converter. The
annihilations of the 23S atoms on a stopper have been
detected with a LaBrs(Ce) scintillator. The possibility
to increase the intensity of the 23S source by employing
a scheme of 32P — 23S stimulated emission has been
also shown.

Finally, we have described a position-sensitive detector
for a pulsed beam of Ps based on the imaging of photo-
e’ freed by photoionization of positronium in a strong
magnetic field. A spatial resolution of around 90 pym has
been demonstrated. We plan to use this detection scheme
for the spatial characterization of the 23S beam.
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