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Abstract. We describe an experimental arrangement suitable for performing microwave spectroscopy mea-
surements of the positronium (Ps) n = 2 fine structure using Ramsey interferometry. Simulations are
presented concerning the production of energetic 2 3S1 Ps atoms from a Xe gas cell, and their subsequent
interactions with a pair of waveguides in which coherent microwave radiation fields are applied. We con-
clude that for realistic experimental parameters, optimized using a Monte Carlo simulation, a gas cell
length of 10 cm with a gas pressure of 0.5 Pa and a positron beam energy of 40 eV, count rates on the
order of 50 Hz should be possible.

1 Introduction

Because positronium (Ps) [1] has no nuclear structure
[2] it is expected to be described by QED theory to
extremely high precision [3], with weak force contri-
butions occurring at the part per trillion level [4]. As
a result Ps can, in principle, be used to search for
‘new physics” [5], since any confirmed deviation of Ps
properties from QED would necessarily involve phys-
ical mechanisms not included in that theory [6]. Such
investigations are only possible, however, if Ps measure-
ments can be performed with a precision comparable to
that of the corresponding calculations. Unfortunately
Ps experiments are in general far less precise than the-
ory.

QED calculations of Ps energy levels are complete up
to order O(mα6) (e.g., [7,8]), and work on the higher-
order terms is ongoing (e.g., [9]). For the n = 2 fine
structure intervals, the uncertainty in theory, obtained
from estimates of the magnitudes of uncalculated terms,
is 80 kHz [10]. Until recently, the experimental uncer-
tainties of these intervals were on the several MHz scale
[11–13].

Recently, new measurements of the Ps n = 2 fine
structure 2 3S1 → 2 3PJ (J = 0, 1, 2) have been per-
formed [14,15]. For these measurements, a positron trap
was used to generate a pulsed positron beam [16] which
was implanted into a mesoporous silica film to gener-
ate a pulsed Ps gas [17]. Excited state Ps atoms were
then obtained using laser excitation [18]. This approach
is more efficient than the previous methods [19], and
also results in the creation of slower atoms, with typi-
cal energies of around 50 meV [20]. This means that
Ps atoms passing through waveguides (whose size is
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dictated by the frequency of the radiation used) experi-
ence less transit-time broadening, and that lower power
microwave radiation can be employed, reducing power
broadening effects (e.g., [21]), and thus resulting in nar-
rower lineshapes.

These advances allowed sub-MHz precision to be
obtained, with limitations arising primarily from statis-
tical uncertainties. However, despite the improved pre-
cision, a disagreement with theory was observed [14],
as well as asymmetries in some of the measured line-
shapes [15], suggesting the presence of unknown sys-
tematic effects. Subsequent numerical simulations of
the experimental apparatus have indicated that reflec-
tions of microwave radiation in the vacuum chamber
back into the waveguides may have been responsible
for the observed asymmetries [22].

An intrinsic limitation of direct spectroscopic mea-
surements of the Ps n = 2 fine structure is that the
transitions have a natural linewidth of 50 MHz, deter-
mined by the 3.19 ns radiative lifetime of the 2 3PJ lev-
els. In order for experiments to reach a level of precision
commensurate with the 80 kHz theory uncertainties,
the 50 MHz line must be split by approximately 1000.
While this is certainly possible (for example Beyer and
co-workers have obtained measurements with a preci-
sion corresponding to one part in 10,000 of the 20 MHz
linewidth in one-photon 2S-4P transitions in hydrogen
[23]), it requires a complete understanding of the line-
shape; even small effects that distort such broad line-
shapes can result in large uncertainties in the inferred
transition frequencies.

As discussed in more detail in Sect. 4, this problem
can be mitigated using the Ramsey technique of sep-
arated oscillatory fields (SOF) [24]. The SOF method
addresses the linewidth problem because it allows one
to effectively obtain narrower linewidths by replacing
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the single interaction region with a pair of (coherent)
microwave radiation fields, separated by some distance
D. Atoms are excited to a superposition state in one
field, and then pass with speed v through the field-free
region for a time T = D/vPs. The second interaction
returns the atoms to the initial state, yielding an inter-
ference effect that narrows the line by a factor of two,
even for T = 0. For T > 0 the linewidth is further
narrowed, and depends on T , rather than the Ps life-
time (essentially, by selecting longer-lived atoms). The
price of this advantage is loss of signal; the loss fraction
depends on the particular superposition state popula-
tions, but for lifetimes close to 3.2 ns, a factor of 5
linewidth reduction (i.e., T = 16 ns), would incur a
signal loss of two orders of magnitude. This highlights
why standard Ps production methods [19] cannot be
used for SOF measurements: 50 meV Ps atoms have
a speed vPs = 9 × 106 cm/s, which would travel only
0.14 cm in 16 ns. Since this is much less than the ≈ cm
dimensions of the relevant waveguides used for the fine
structure measurements [15], a SOF signal cannot be
obtained using such slow atoms.

Here we discuss an experimental scheme in which
a beam of Ps atoms in the 2 3S1 level (henceforth
Ps*) may be generated with an energy sufficient to
allow SOF measurements of the Ps fine structure to
be performed. Such measurements require atoms with
energies of several 10’s of eV, allowing them to travel
cm scale distances during the mean 2P lifetime rather
than mm, so as to match the waveguide length scales.
Most solid-state Ps converters emit low energy Ps
atoms, and offer no or limited energy tunability [19].
Some materials do emit more energetic Ps (for exam-
ple, MgO emits 4 eV Ps [25]), but they generally do so
with broad energy and angular distributions [26].

Forward directed Ps beams with higher energies and
lower energy spread can, however, be obtained using a
gas cell target [27,28], a beam-foil method [29], or a
photodetatched Ps ion beam [30,31]. The latter tech-
nique is somewhat involved and is not well-suited to
the production of excited state Ps beams. The beam
foil method has a low efficiency, and it is not known if
there is any significant fraction of excited state atoms

produced. However, gas cell beam production is rela-
tively straightforward, and has the advantage that, for
certain gas targets, a useful fraction of excited state
(n = 2) atoms will be spontaneously generated [32,33],
allowing for the production of a forward directed and
energy-tunable Ps* beam. Using Monte Carlo methods,
we simulate the properties of such a beam and describe
its interaction with two spatially separated waveguides
to generate SOF lineshapes for different experimental
conditions.

2 Experimental apparatus

A schematic of the proposed experimental setup is
shown in Fig. 1. A standard [34] slow positron beam
is produced using a 22Na radioactive source with solid
neon moderator [35]. Typical conical neon moderators
have efficiencies of ≈ 0.5%. [36] (NB: higher values
that have been reported in the literature probably do
not represent long-term beam production). Thus, using
a 50 mCi (1.85 GBq) source it is possible to gener-
ate positron beams of ≈ 107 s−1. The DC positron
beam will be magnetically guided and passed through
a gas cell to generate both ground state and excited
state Ps atoms [37]. The length of the gas cell and the
gas pressure required to optimize Ps* production have
been determined by Monte Carlo simulations, as dis-
cussed in Sect. 3. Experimentally, Ps* production will
be optimized by measuring the beam intensity on a
position sensitive multi channel plate (MCP) detector.
The MCP will be used to measure both the efficiency
of Ps* production and the Ps* beam divergence; the
latter can be inferred by measuring the spatial profile
of the beam at different distances from the gas cell.

In a magnetic field free region, the Ps* mean life-
time will be 1136 ns [38], which means a 30 eV beam
(see below) will travel ≈ 261 cm in one lifetime. The
experiment therefore requires simultaneous optimiza-
tion of the beam loss through annihilation, transmission
through the waveguides and detection, gas cell pres-
sure/length and the positron beam energy. Moreover,

Fig. 1 Schematic of the Ps* beam and waveguide arrangement. Excited state (2 3S1) atoms are emitted from the Xe gas
cell and subsequently pass through a double waveguide SOF setup. The microwave radiation in the two waveguides (WG1
& WG2) are controlled by two phase-locked signal generators (RFG1 & RFG2), and the transmitted atoms are detected
using a microchannel plate detector (MCP) after passing through a set of electric field quenching plates (QP)
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ground state atoms will also be produced with almost
the same energy as the Ps* beam. Therefore, the sys-
tem geometry must also take into account the require-
ment to reduce shorter lived ground state Ps detection
(i.e., by using longer path lengths). We note also that,
by using mu-metal shielding, we expect to reduce the
magnetic field in the measurement region to negligible
levels. Ps* detection can be verified and discriminated
from Ps, electron, or positron detection in various ways:
(1) a transverse magnetic field can be applied to deflect
charged particles away from the MCP, (2) an electric
field can be applied using a set of quenching plates to
induce Ps* to decay (3) the MCP front plate can be
biased to reflect charged particles (either positive or
negative).

In addition to Ps* beam optimization, it will also
be necessary to investigate the conditions for optimal
signal generation. The main compromise will be the
improved resolution versus the increased loss obtained
as the length of the region between the waveguides is
increased. Details regarding the expected SOF signal
are discussed in Sect. 4, but in general a waveguide
separation of several cm will be required. This spacing
is a crucial parameter for SOF measurements, and the
waveguides will be built so that their separation can be
varied in situ.

3 Gas cell simulations

Ps beams based on gas cells are useful in that they are
energy tuneable over a broad range, as opposed to the
relatively slow quasi-monoenergetic emission from solid
targets. However, the Ps production in gas cells may be
limited by secondary processes such as fragmentation or
scattering. In order to optimize the gas cell length and
gas pressure, and to estimate the fraction of excited
state positronium produced in the experimental appa-
ratus, a Monte Carlo simulation was performed. In this
simulation positrons were generated with an energy dis-
tribution expected to match the beams produced by
neon moderators, i.e., with a variable beam energy and
an intrinsic energy spread of ≈ 2 eV full-width-half-max
(FWHM) [39]. The beam was modeled considering only
the 1-D velocity distribution in the z direction, defined
as the positron beam axis. The fraction of Ps* emit-
ted into the forward angles (0 to 6 degrees) was esti-
mated using the calculated differential cross sections of
McAlinden and Walters [40]. This data gives the frac-
tion of positronium scattered into the forward angles as
22%. This number was then verified using the experi-
mental data of Shipman et al. [41].

The MC code propagated incident positrons through
the gas cell, with a spatial step size dl = 1 mm.
The probability of generating Ps atoms was determined
using the (measured) Ps formation cross section QPs

[42] for Xenon. The cross section is related to the cell
parameters and Ps intensities via the following relation-
ship:

QPs =
−1
ndl

ln

[
IT

I0

]
, (1)

where nd is the number density of the gas, l is the gas
cell length, IT is the transmitted intensity, and I0 is the
initial intensity. This equation was used to determine
the probability that a positron entering the cell will
form a ground-state Ps atom.

The energy of the produced positronium is given by
the relation:

EPs = E+ − Ei +
(6.8 eV

n2

)
, (2)

where E+ is the energy of the incoming positron beam,
Ei is the ionization threshold of Xenon, and n is the
principle quantum number. The ionization threshold for
Xenon is 12.13 eV [43].

The probability that a Ps atom was formed in an
excited (n = 2) state was obtained using Q2P , the cross
sections measured by Murtagh et al. [33]. These mea-
surements, shown in Fig. 2a, give the fraction of Q2P

formation, relative to the total positronium formation
(QPs) for all n. The measured data were sensitive to Ps
atoms produced in 2P states. Assuming that all n = 2
Ps states are populated equally in positron-Xenon colli-
sions, the cross section for Ps* formation will be a factor
of 4 smaller than Q2P . To give a crude approximation,
a 4th-order polynomial fit to Q2P was used to interpo-
late the cross section to arbitrary positron energies (see
Fig. 2a).

Excited state Ps atoms were further propagated
through the gas cell with checks for fragmentation. If

(a)

(b)

Fig. 2 a Measured Q2P data from ref [33] and a polyno-
mial fit (see text for details), expressed as a fraction of the
Ps formation cross section QPs. b Maximum Ps* produc-
tion efficiencies obtained from simulations with a gas cell
pressure of 0 to 6 Pa and a length of 0–15 cm
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the Ps* atoms were ionized, then the positron contin-
ued through the cell and was checked for further Ps
production. Ps fragmentation was determined using cal-
culated ionization cross sections of Starrett et al. [44]
These calculations, performed for ground state atoms,
show that the Ps fragmentation cross section increases
rapidly from 0 eV and peaks around 50 eV, meaning
that Ps* beam losses due to fragmentation will increase
for higher positron beam energies in the range of inter-
est. Based on geometrical scaling, one can expect this
cross section to scale with n4 [45], meaning that it will
be a factor of 16 times larger for Ps*. The calculated
ionization cross sections are in agreement with measure-
ments [46] performed in the Ps energy range 18–30 eV.

The total Ps* production efficiency, including Ps
fragmentation, is shown in Fig. 2b. This percentage is
relative to the sample number of incoming positrons,
which was 100,000. These data indicate that useful Ps*
production should occur for positron beam energies up
to 50 eV.

The optimum gas cell pressure and length were deter-
mined from MC simulations performed for positron
energies ranging from 0 to 60 eV, pressures ranging
from 0 to 6 Pa, and for cell lengths up to 15 cm. The
results of these simulations using positron energies of 21
and 40 eV are shown in Fig. 3a, b, respectively. These
data show that the optimum Ps* formation can occur
over a range where there is a balance of the gas pressure
and cell length. That is, a greater cell length allows for
more positronium production, but the positronium pro-
duced has to travel further to exit the cell, increasing
chances of fragmentation. Similarly, a higher gas pres-
sure increases the efficiency of positronium formation
but also increases chances of fragmentation. For both
of these positron beam energies, the optimum gas cell
length and cell pressure were found to be 10 cm and
0.5 Pa. However, there is also good Ps* production for
lower cell lengths and higher pressures, for example at
7 cm and 1 Pa for a 21 eV beam. Due to the large error

in the experimental data used for this MC, there is a
large estimated uncertainty (> 30% in the MC results).

4 Separated oscillatory field lineshape

The Ps fine structure comprises three intervals 2 3S1 →
2 3PJ (J = 0, 1, 2). For the present discussion, we focus
on the transition to J = 0 states, which is expected
to occur with a transition frequency of 18.49825 GHz
[10]. The waveguides used for these measurements are
therefore type WR-51, which have dimensions 12.95 ×
6.48 mm [15], meaning that the d dimension described
in Fig. 4 is 6.48 mm. The field-free region is a parameter
that will need to be optimized experimentally. For the
current simulations we use a spacing of 4×d = 25.92 cm.

A general schematic of the SOF measurement scheme
is shown in Fig. 4, in which two waveguides define
regions of width d containing an RF-field, and are sep-
arated by a field-free region of width D. For a positron
beam energy of 40 eV, the mean Ps n = 2 energy is
29.6 eV, with a Ps speed of 2.3 × 108 cm/s. Thus the
field interaction time is τ = 2.8 ns, and the field free
interaction time is T = 11.4 ns. The maximum loss
of signal due to radiative decay from the 2P compo-
nent of the superposition states will be proportional
to exp[−γ2(τ + T )]. For the parameters above, this
amounts to a loss of 98.8% of the signal. Note that
this loss rate will be lower for superposition states con-
taining more S character.

In SOF measurements linewidth reduction occurs
via two effects, termed interference narrowing and
uncertainty-principle narrowing by Fabjan and Pipkin
[47]. Interference narrowing arises from the combined
effect of the two separated field regions (d) and depends
on their relative phase. Uncertainty principle narrowing
occurs by selecting longer-lived atoms that are able to
traverse the region D.

(a) (b)

Fig. 3 Ps* production for a positron beam energy of a 21 eV, and b 40 eV, for different gas cell lengths and pressures.
The total number of positron trajectories used in each simulation was 105
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D

d

Waveguides

d

Fig. 4 Schematic representation of the Separated Oscilla-
tory Fields (SOF) setup, showing two waveguides, where an
RF field is applied (d), separated by a field free region (D).
The (green) cone indicates a diverging beam of Ps* atoms.
Ps* is admitted into the waveguide by 95% transmission
tungsten mesh

The expected SOF lineshapes were modeled following
the treatment of Fabjan and Pipkin [47] in which the
system is described by a wave function of the form:

|ψ〉 = c1(t) |1〉 + c2(t) |2〉 , (3)

where |1〉 corresponds to the 2 3S1 level and |2〉 cor-
responds to the 2 3P0 level. The decay rate of |1〉 is
γ1 = 1/1136 ns, the 2 3S1 annihilation rate. The decay
rate of |2〉 is γ2 = 1/3.2 ns, which is the 2P radiative
decay rate.

The amplitudes of the wavefunction after passing
through the two separated waveguides are given by
equations 19a and 19b in reference [47]:

c1(τ + T + τ) = exp
[
−1

2
(γ1 + γ2)τ

−1
2
γ1T − i(ω + ω1 + ω2)τ − iω1T

]

×
[(

cos
1
2
ατ + i cos θ sin

1
2
ατ

)2

− exp
[
1
2
(γ1 − γ2)T − i(δ + ΩT )

]

sin2 θ sin2 1
2
ατ

]
,

(4)

c2(τ + T + τ) = exp
[
−1

2
(γ1 + γ2)τ

−1
2
γ2T + i(ω − ω1 − ω2)τ − iω2T

]

×
(

−i sin θ sin
1
2
ατ

)
[(

cos
1
2
ατ − i cos θ sin

1
2
αT

)

+ exp
[
1
2
(γ2 − γ1) + i(δ + ΩT )

]
(

cos
1
2
ατ + i cos θ sin

1
2
ατ

)]
,

(5)

Fig. 5 Normalized SOF lineshapes obtained using Eq. 13
for different Ps* energies as indicated in the legend

where

α = [4V 2 + (Ω + iQ)2]1/2, (6)
ω0 = ω1 − ω2, (7)
Ω = ω − ω0, (8)

Q =
1
2
(γ1 − γ2), (9)

sin θ = 2V/a, (10)
cos θ = (Ω + iQ)/a, (11)

and

V = −(1/2�) 〈1| μEE0 |2〉 , (12)

where μE is the transition dipole moment and E0 is the
amplitude of the applied RF field, ω1 and ω2 are the res-
onance angular frequencies of the respective sublevels.

These equations describe the evolution of the wave-
function of an atom that traverses two separated oscil-
latory fields in a time τ , and a field free region in a time
T. The first RF field is described by Ē0 cos(ωt), and the
second field by Ē0 cos(ωt+δ), with oscillating frequency
ω, amplitude Ē, and phase δ. We assume here that the
fields turn on and off instantly and with ideal ampli-
tude profiles. The measurement consists of detecting
the surviving Ps* fraction on the MCP detector. This
is equivalent to measuring c2(τ + T + τ), and the SOF
signal S is then given by the difference of measurements
with the fields in and out of phase:

S = |c2(τ + T + τ)|2δ=π − |c2(τ + T + τ)|2δ=0. (13)

Simulated SOF signals for different Ps* energies are
shown in Fig. 5. This signal is normalized and applies
to any arbitrary microwave power as long as there is no
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Fig. 6 Normalized SOF lineshapes for a 29.6 eV positro-
nium beam with no velocity spread (blue dash dotted line)
and with a 2 eV FWHM velocity spread (dashed red line).
The solid black line is a Lorentzian lineshape with a 50 MHz
width (FWHM)

significant power broadening. In this figure, the cen-
ter peak occurs at the resonant frequency ν0 = 18
498.25 MHz. This peak is narrower than the single exci-
tation lineshape owing to the interference term that
results from Eq. 13, as well as the selection for longer
lived atoms. Thus, the centre peak width is determined
by the interaction time within the field free regions (T )
[47]. Lower energy positronium beams will take longer
to traverse the field, and will therefore exhibit narrower
linewidths, although this comes at the cost of signal
intensity.

In a real experiment, the positron (and hence also
the positronium) beam, will have some spread in ener-
gies. Using a neon moderator, this is expected to be
≈ 2 eV [16]. An example of variations in the signal aris-
ing from this is shown in Fig. 6. A Ps* velocity spread
will result in a corresponding spread of field interaction
times which broadens the signal. It can be seen from
Fig. 6 that, while the linewidth is increased a SOF sig-
nal is still present. This is compared to a Lorentzian
with linewidth 50 MHz (representing the best-case line-
shape expected from a single-field measurement of the
23S1 → 23P0 interval [15]). These data indicate that
even after taking into account the beam velocity spread,
the SOF measurement still offers a significant improve-
ment in linewidth.

5 Discussion and conclusions

We have shown via simulations that a beam of Ps*
atoms (i.e., atoms in the 2 3S1 level), suitable for per-

forming Ramsey SOF measurements can be produced
using a gas cell apparatus. For a positron beam energy
of 40 eV, the optimum value for the gas cell length
was found to be 10 cm, with a Xenon gas pressure of
0.5 Pa. Using these parameters and measured produc-
tion cross sections [33,42], the Ps* production efficiency
was estimated to be 0.9% for a positron beam energy of
40 eV, and concomitant Ps* beam energy on the order
of 30 eV. Based on the Ps* production cross sections, a
higher production efficiency is expected at lower ener-
gies, but the overall SOF count rates benefit from higher
Ps* energies.

Energetic Ps beams produced using gas cells have
not been previously used for spectroscopic measure-
ments, which generally require slow atoms to minimize
Doppler effects, transit-time broadening and various
other unwanted effects [19]. However, for SOF mea-
surements many of these effects are not significant.
Moreover, for measurements conducted with short-lived
superposition states, fast atoms are essential so as to
allow atoms to travel between different spatially sepa-
rated regions before they decay. We note that this is not
only a problem related to Ps experimentation: 30 eV
Ps atoms have a speed of ≈ 2.3 × 108 cm/s, which
is comparable to the 3.2 × 108 cm/s hydrogen atoms
recently used in a Lamb-shift measurement based on a
SOF variant [48] (frequency offset separated oscillatory
fields (FOSOF) [49]).

In the SOF measurements described in Sect. 4, Ps*
atoms are expected to pass through two waveguides
with an average loss fraction of 98.8%. Therefore, for
an incident positron beam intensity of 5 × 106 s−1 we
can expect an overall count rate on the order of 50 Hz.
This takes into account 78% loss through beam colli-
mation. The detection efficiency was estimated to be
50% for a MCP [50]).

If successful, the SOF measurements we have described
here could be extended to more advanced FOSOF
measurements [49]. Rather than measuring lineshapes
directly, the FOSOF technique relies on a frequency off-
set between the separated SOF fields, leading to a con-
tinuous phase shift between the two fields. The resulting
SOF interference signal then also includes an additional
oscillating component that depends on the applied off-
set frequency. Comparing this signal with the applied
offset signal allows the atomic resonance frequency to
be determined via a straight line fit, removing any
need to fit a (possibly inadequate) function to the full
spectral lineshape. Thus, the measurement is not sensi-
tive to the complete frequency response of the system,
because it depends on the phase of the signal rather
than its amplitude. Since variations in the frequency
response seem to be the limiting factor of our previous
Ps experiments [22], this would represent a significant
advantage for improved Ps n = 2 fine structure mea-
surements.
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Cassidy, Observation of asymmetric line shapes in preci-
sion microwave spectroscopy of the positronium 23S1 →
23PJ (J = 1, 2) fine-structure intervals. Phys. Rev. A
103, 042805 (2021)

16. B.S. Cooper, A.M. Alonso, A. Deller, T.E. Wall, D.B.
Cassidy, A trap-based pulsed positron beam optimised
for positronium laser spectroscopy. Rev. Sci. Instrum.
86(10), 103101 (2015)

17. L. Liszkay, M.F. Barthe, C. Corbel, P. Crivelli, P. Des-
gardin, M. Etienne, T. Ohdaira, P. Perez, R. Suzuki, V.
Valtchev, A. Walcarius, Orthopositronium annihilation
and emission in mesostructured thin silica and silicalite-
1 films. Appl. Surf. Sci. 255(1), 187–190 (2008)

18. A.M. Alonso, S.D. Hogan, D.B. Cassidy, Production of
23S1 positronium atoms by single-photon excitation in
an electric field. Phys. Rev. A 95, 033408 (2017)

19. D.B. Cassidy, Experimental progress in positronium
laser physics. Eur. Phys. J. D 72(3), 53 (2018)

20. D.B. Cassidy, P. Crivelli, T.H. Hisakado, L. Liszkay,
V.E. Meligne, P. Perez, H.W.K. Tom, A.P. Mills Jr.,
Positronium cooling in porous silica measured via
Doppler spectroscopy. Phys. Rev. A 81, 012715 (2010)
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