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Abstract
Plasma-based positron sources are attracting significant attention from the research community,
thanks to their rather unique characteristics, which include broad energy tuneability and
ultra-short duration, obtainable in a compact and relatively inexpensive setup. Here, we show a
detailed numerical study of the positron beam characteristics obtainable at the dedicated user
target areas proposed for the EuPRAXIA facility, the first plasma-based particle accelerator to
be built as a user facility for applications. It will be shown that MeV-scale positron beams with
unique properties for industrial and material science applications can be produced, alongside
with GeV-scale positron beams suitable for fundamental science and accelerator physics.

Keywords: positron acceleration, laser-plasma, laser wakefield acceleration

(Some figures may appear in colour only in the online journal)

1. Introduction

EuPRAXIA (European Plasma Research Accelerator with
Excellence in Applications) [1] is the first plasma-based accel-
erator proposed to be used as a user facility for practical
applications. The facility has been recently included in the
2021 European Strategy Forum on Research Infrastructures
(ESFRI) roadmap [2], which includes all research facilit-
ies of pan-European interest. In its baseline configuration, it
is designed to provide 30 pC, 5 GeV electron beams with
≃1% energy bandwidth, at a repetition rate in the range of
20–100 Hz, either in a laser-driven or beam-driven plasma-
based accelerator. Several user end-stations have been iden-
tified; of those, one is dedicated to provide high average-flux
low-energy (keV–MeV) positron beams for material science
and industrial applications, whereas another is dedicated to
production of GeV-scale positron beams to be mainly used as
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a test-beam for the development of advanced accelerators and
for fundamental science.

In both cases, the positron production mechanism is based
on the electromagnetic cascade initiated by an ultra-relativistic
electron beam propagating through a high-Z converter target.
Several works (see, for instance, [3–13]) have demonstrated
the possibility of generating positron populations from laser-
driven electron beams over a wide range of parameters, mainly
following two approaches based on whether the electrons are
generated during direct laser irradiation of the converter tar-
get or if they are first generated in a gaseous medium fol-
lowing, for instance, the laser-wakefield acceleration (LWFA)
mechanism [14].

Each positron application requires specific positron beam
parameters. Material characterisation exploiting, for instance,
Positron Annihilation Lifetime Spectroscopy (PALS) [15]
benefits from a high repetition rate source of keV to MeV
positrons with a high flux of particles per second, over a region
with mm to cm transverse size. Conventional systems dedic-
ated to PALS are already widely used thanks to several advant-
ages over other scanning techniques: PALS works virtually
with any type of material, it can identify even sub-nanometer
defects with concentrations as low as less than a part per
million, and it can provide information on the type of defect
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Table 1. Summary of positron beam characteristics obtainable at
existing positron facilities dedicated to PALS. Table adapted from
[17].

Positron source
Positron
flux (e+ s−1)

Beam
duration
FWHM (ps)

Positron
energy (keV)

ELBE [18] 106 250 0.5–15
NEPOMUC [19] 109 Continuous 1
PLEPS [20] 0.5–1× 104 260–280 0.5–20
PALS-200A (Fuji) [21] 5× 102 300 0.5–15
NANOPOS [22] 105 — 0.25–25
PULSTAR [23] 106–109 300 0.5–10

and its characteristic size [15, 16]. A summary of the typical
parameters obtainable at some of these facilities is given in
table 1.

All these machines guarantee a generally high flux of
positrons per second, ranging from a few hundreds all the
way up to 109 positrons per second. However, they all suf-
fer from two well-known main limitations. First, the positron
energy available is relatively small, in the keV range, ulti-
mately restrictingmaterial scanning capability to micron-scale
depths. As an example, a 10 keV positron will have a typical
penetration depth in aluminium of the order of 0.3 µm [24],
effectively limiting material characterisation only to surface
studies. Alternative positron sources able to reach multi-MeV
energies have also been recently proposed, for example by
exploiting positron generation within the sample from multi-
MeV gamma-rays [25]. While of great interest for mater-
ial characterisation studies, such a generation mechanism
presents, however, some limitations: for instance, the positron
energy is limited to a maximum of 6 MeV, it works mainly for
testing high-Z materials, and has some limitations in terms of
achievable spatial resolution.

These are important developments, since small-scale
defects are likely to be present also in the bulk of the mater-
ial, as a result of heat and pressure treatments, new weld-
ing methods, radiation exposure, and impact damage. Even a
nanometer-scale defect can have a significant negative impact
on the performance and lifetime components, especially when
required to perform under hostile environments. For this
reason, defects in manufacturing account for one of the ‘Six
Big Losses in Manufacturing’, an internationally recognised
standard summarising the main causes of loss in a production
line.

Another limitation is the relatively long duration of
positron bunches available in these facilities, of the order of
250–300 ps. This has to be compared with the typical annihil-
ation lifetime of a positron in a material that, in the absence
of defects, is of the order of 200 ps [26]. This non-negligible
positron bunch duration significantly limits the resolution of
this technique. Ideally, one would like to have a positron bunch
duration that is much smaller than the typical timescales to
be detected, so that the system resolution is ultimately limited
only by the detector response.

Recently [17], we have numerically and experimentally
demonstrated that an alternative plasma-based source can be
used to mitigate these limitations, by providing positron pop-
ulations with an energy tuneable up to the MeV scale and
with a duration of the order of 50–60 ps. These prelimin-
ary results demonstrate the promise of this type of source to
deliver advanced capabilities in material scanning and indus-
trial applications.

On the other hand, positron beams at higher-energy (sub-
GeV to ≃GeV) are of particular interest for a wide range
of fundamental and accelerator science applications. For
instance, they would represent an ideal test beam for exper-
imental studies of plasma-based positron acceleration, an area
of research that is recently attracting significant attention in
the research community. The demonstration of high-efficiency
plasma-based positron acceleration is internationally recog-
nised as a fundamental milestone towards the construction
of a plasma-based lepton collider and it is included in sev-
eral international roadmaps for advanced particle accelerators
(see, for example, [27–29]). Several plasma-based accelera-
tion schemes have been identified, with first proof-of-principle
experimental results already reported: the quasi-linear regime
[30, 31], non-linear regime [32], hollow channel regime [33],
and wake-inversion regime [34, 35].

Whilst each regime has its unique advantages and attract-
ive characteristics, any one of them presents significant chal-
lenges. Experimentally, it is necessary to provide a test
positron beam with sufficient spectral and spatial quality,
which can then be synchronized with the positron acceler-
ating region of a plasma wakefield. In particular, one would
need low-emittance and short (⩽10 s of fs) beams with a non-
negligible charge (≃pC). Currently, the only facility able to
provide positron beams with such characteristics is FACET-II
at Stanford Linear Accelerator (SLAC).

Recently, we numerically demonstrated [36] that high-
energy positron beams with ultra-short duration, significant
charge per bunch, and sufficient spectral and spatial qual-
ities can be obtained following irradiation of solid targets
with typical electron beam parameters within reach of plasma-
based accelerators. These numerical results have been valid-
ated at low-energy (≃100 MeV) in a first proof-of-principle
experiment [37].

Using thicker converter targets (4–5 radiation lengths), it
is also possible to generate dense and quasi-neutral electron–
positron beams following a similar experimental configuration
[5]. These beams can then be used to experimentally study sev-
eral aspects of pair beam dynamics of direct relevance to astro-
physics, including filamentation in a background plasma and
the subsequent collision-less dissipation of Weibel-like mag-
netic fields [5, 38, 39].

Here, we will show the expected positron parameters
obtainable at the EuPRAXIA facility. For the low-energy part
(section 2), we will assume direct positron generation fol-
lowing the interaction of one of the proposed laser beams in
EuPRAXIA (50 J, 50 fs laser at a repetition rate of 20 Hz)
with a mm-scale high-Z solid target. For the high-energy part
(section 3), we will instead assume the interaction of a 5 GeV,
30 pC electron beam with a mm-scale high-Z solid target.
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Numerical modelling demonstrates that positrons with char-
acteristics of relevance to the aforementioned applications can
be achieved in both cases.

2. Low-energy positron production at EuPRAXIA

In this section, we will show numerical results of the expec-
ted positron parameters obtainable during the interaction of
a 50 J, 50 fs laser beam (one of the lasers proposed in the
EuPRAXIA Conceptual Design Report [1]) focussed, as an
example, down to a focal spot with a Gaussian profile with
a standard deviation of 10 µm. In this case, the laser gen-
erates, mainly via the J⃗× B⃗ mechanism, a dense population
of hot electrons with a Maxwellian-like energy distribution,
which triggers a quantum electromagnetic cascade in the solid
target, in a configuration similar to that reported in [17]. For
material scanning application, one would require a high num-
ber of positrons per steradian, with a characteristic energy of
the order of the MeV. In the laser-solid interaction, it is thus
necessary to generate the highest number of primary electrons
with the smallest divergence possible. In order to estimate the
most suitable laser beam parameters, wewould assume the fol-
lowing scalings for electron temperature (Te, obtained from the
scaling of the J⃗× B⃗ acceleration mechanism [40]), divergence
(θe, obtained from the scaling laws presented in [41]), and total
number (Ne):

Te[MeV] = (
√
1+ IL[Wcm−2]/2.8× 1018 − 1) · 0.511

θe[sr] =
(
13.2 · log10(IL[Wcm−2]− 219.4

)2
/3282.7

Ne = fEL[J]/(Te[MeV] · 1.6× 10−13)
(1)

where IL and EL are the laser intensity and energy in focus. f
represents the fraction of laser energy converted into hot elec-
trons, and can be estimated as f= 1.2× 10−15IL[Wcm−2]0.74

[42]. Even though these scalings were originally experiment-
ally verified for laser pulse durations down to 300 fs, they have
been since experimentally confirmed down to pulse durations
in the range of 10 s of fs (see, e.g. [43, 44]). This is to be under-
stood by considering that, in this regime, the electron beam
parameters are predominantly dependent on the laser intens-
ity and energy, and only weakly dependent on the laser pulse
duration. Assuming a constant laser energy of 50 J and a con-
stant focal spot diameter of 10 µm, the expected temperature,
divergence, and number of hot electrons produced as a func-
tion of laser pulse duration are shown in figure 1.Wewill focus
now on two representative cases: a hot electron temperature
of 1.2 MeV for the production of sub-MeV positrons (similar
to the case presented in [17]) and an electron temperature of
8 MeV for the production of multi-MeV positron beams. The
first case would correspond to a laser pulse duration of 2.5 ps
and result in approximately 7× 1011 electrons contained in
0.34 sr, whereas the latter would correspond to a laser pulse
duration of 50 fs and result in approximately 2× 1012 elec-
trons contained in 1 sr.

Figure 1. Analytical estimates of temperature, total charge, and
divergence of hot-electron populations generated during the
interaction of the 50 J EuPRAXIA laser focussed down to a focal
spot diameter of 10 µm with a thin metallic target, as a function of
laser pulse duration. Highlighted by the dashed red ellipses are the
two working points taken as examples in the rest of the article.

Numerical simulations of the positron generation within
solid target for these two cases have been performed using
the Monte-Carlo scattering code FLUKA [45, 46]. The code
takes into full account the cross section for each electromag-
netic process in the target and its predictions in similar condi-
tions have been validated by several recent experiments (see,
e.g. [4, 5, 17, 37]. In the first set of simulations (see figure 2),
7× 1011 electrons contained in 0.34 sr and with a Maxwellian
spectrumwith a temperature of 1.2MeV are modelled to inter-
act with a tantalum target of various thicknesses, ranging from
0.5 to 5 mm. In figure 2(a), the number of positrons escaping
the rear surface of the tantalum converter is shown for dif-
ferent positron energies and for different thicknesses of the
converter. Here, we only show the positrons contained within
0.1 sr, since this is the acceptance angle of the first focussing
element in the positron beamline proposed for EuPRAXIA
[1]. Figures 2(b) and (c) show instead the spectrum of all
positrons escaping the converter target for two exemplary tar-
get thicknesses of 0.5 and 5 mm, respectively. As theoretically
expected the spectrum of the positrons is well reproduced
by a Maxwell–Jüttner distribution [5], with a temperature
of the order 0.5 MeV, only weakly dependent on the target
thickness.

The number of positrons within a 0.1 sr cone is seen to
decrease as their energy increases, with only a relatively weak
dependence on the target thickness (figure 2(a)). This is to be
understood by considering that, while thicker targets would in
general produce more positrons, they will also induce more
straggling as the generated positrons propagate through the
remainder of the solid target, resulting in fewer positrons being
contained in the central cone of 0.1 sr. The temperature of the
positrons is also seen to slightly increase as the target thickness
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Figure 2. (a) Number of positrons generated within 0.1 sr as a function of target thickness, assuming a primary electron population with a
temperature of 1.2 MeV. Each line corresponds to a specific energy with a bandwidth of ±0.5 MeV. (b) Spectrum of all positrons escaping
the converter target per primary electron for a tantalum target thickness of 0.5 mm. In blue, the fit of a Maxwell–Jüttner distribution with a
temperature of Te+ = 0.52 MeV. (c) Spectrum of all positrons escaping the converter target per primary electron for a tantalum target
thickness of 5 mm. In blue, the fit of a Maxwell–Jüttner distribution with a temperature of Te+ = 0.58 MeV.

Figure 3. (a) Number of positrons generated within 0.1 sr as a function of target thickness, assuming a primary electron population with a
temperature of 8 MeV. Each line corresponds to a specific energy with a bandwidth of ±5 MeV. (b) Spectrum of all positrons escaping the
converter target per primary electron for a tantalum target thickness of 0.5 mm. In blue, the fit of a Maxwell–Jüttner distribution with a
temperature of Te+ = 1.5 MeV. (c) Spectrum of all positrons escaping the converter target per primary electron for a tantalum target
thickness of 5 mm. In blue, the fit of a Maxwell–Jüttner distribution with a temperature of Te+ = 1.8 MeV.

is increased (compare figure 2(b) with figure 2(c)). This can
be qualitatively understood by considering that lower energy
positrons are more likely to be scattered at wider angles or
reabsorbed in a thicker target. Nonetheless, a maximum num-
ber of 1.8× 106 positrons with an energy of 1.0± 0.5 MeV is
obtained for a target thickness of 2 mm. This implies approx-
imately 2× 105 positrons per laser shot in a 50 keV bandwidth
around 1 MeV, the required energy spread for the low energy
positron beam-line in EuPRAXIA. Assuming operating at a
repetition rate of 20 Hz and an ideal efficiency of the beam-
line, these values correspond to a maximum flux exceeding
106 e+ s−1 (up to 107 e+ s−1 assuming operations at 100 Hz)
with an energy of 1.00± 0.05 MeV, in line with the require-
ments for PALS.

The second set of simulations, while still assuming interac-
tion with a tantalum target with variable thickness, are now run
using 2× 1012 electrons contained in 1 sr, with a temperature
of 8 MeV. These electron beam parameters would correspond
to irradiating the tantalum target with the EuPRAXIA 50 J
laser fully compressed down to a pulse duration of 50 fs (see
figure 1). Figure 3(a) shows the number of positrons escap-
ing the rear surface of the converter within 0.1 sr cone, as
a function of energy and thickness of the converter. In all
cases, there seems to be a relatively weak dependence on target

thickness, similarly to the lower energy case discussed above.
As an example, the simulations predict approximately 4× 108

positrons in a 0.1 sr with an energy of 10± 5 MeV from a
2 mm thick tantalum target, which would translate, assuming
operations at 20 Hz, in a positron flux of≈8× 107 e+ s−1 with
an energy slice of 50 keV around 10 MeV.

Figures 3(b) and (c) show two examples of the spectra of all
positrons escaping the rear surface of the converter, for a thick-
ness of 0.5 and 5 mm, respectively. In both cases, the spectra
peak at approximately 1–2 MeV, with a shape that is reason-
ably reproduced by a Maxwell–Jüttner distribution. However,
the numerical spectra show a noticeable departure from the
theoretical distribution, being slightly skewed towards lower
energies. This can be attributed to the fact that the spectral
distribution of the primary electrons is assumed to be a relativ-
istic Maxwellian with a temperature of 8 MeV. The numerical
spectra can thus be interpreted as a convolution of the spec-
trum of the primary electrons and the Maxwell–Jüttner distri-
bution more directly involved in the pair-production and strag-
gling processes at relativistic energies. The contribution of the
spectrum of the primary electron beam is more noticeable here
than in the case of lower energies discussed above (compare
figure 3 with figure 2). This can be understood by consider-
ing that, at lower energies, the straggling within the target is
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Figure 4. (a) Spectral density and (b) normalised emittance of positron beams generated by the collision of a 30 pC, 5 GeV electron beam
with lead converter of different thicknesses. For the emittance plot, the points are calculated using a 5% bandwidth around each central
energy, and the lines show the best fits of the form ϵn = aEb.

more pronounced, thus reducing the influence of the original
spectral distribution of the primary electrons.

3. High-energy positron production at EuPRAXIA

Simulation results reported in [36] indicate that the interaction
of a pencil-like 5 GeV electron beam with a 10 mm lead target
would result in a positron beam containing, in a 5% bandwidth
at 1 GeV, approximately 5× 10−3 positron per incoming elec-
tron. The positron beam will have a source size of 20 µm and
a divergence of 10 mrad, resulting in a normalised emittance
of 190 π µm (127 π µm at 2 GeV). The temporal duration of
the beam would be comparable to that of the primary electron
beam (3–11 fs, [1]). Assuming a 30 pC electron beam, this
would then imply 0.5 pC in a 5% bandwidth at 1 GeV, and a
peak current of 40–160 A. Here, we show a parametric study
of how these quantities would change if different thicknesses
of the converter target are considered, in a parameter range of
relevance to EuPRAXIA. As an example, we will consider a
lead target with thicknesses of 0.1, 0.5, 1, and 2 cm, which
correspond to 0.18, 0.89, 1.79, and 3.57 radiation lengths.

Simulations were performed using FLUKAwith the default
electromagnetic cascade settings. The electron beam was ini-
tialised as monoenergetic at 5 GeV, with zero beam-width
and divergence. The beam collided with a variable thickness
5 cm diameter lead cylinder aligned so that the flat faces
were perpendicular to the initial electron propagation direc-
tion. Positrons were recorded as they transited the boundary
between the rear face of the lead cylinder and the void behind.
The spectral density (charge per 5% bandwidth) of the recor-
ded particles for different thicknesses of the converter, in the
range L = 0.05–2 cm, are shown in figure 4(a). It is seen that
the yield at all energies increases for thicker converters, until
the target reaches approximately one radiation length. Increas-
ing the target thickness beyond that reduces the yield of higher
energy positrons due to the larger number of collisions, and the
spectrum tends to the Maxwell–Jüttner distribution.

The normalised trace space emittance is defined as ϵn,x =

⟨γβz⟩
√
⟨x2 ⟩⟨x ′2 ⟩− ⟨xx ′⟩2, where γβz is the normalised

longitudinal electron momentum, x and x′ are the electron
transverse position and propagation angle respectively, and⟨
vk
⟩
is the kth central moment of the distribution of vari-

able v. The average of the two perpendicular components
of trace space emittance, ϵn = (ϵn,x+ ϵn,y)/2, was calculated
from the generated positron beam as a function of energy,
using particles within ±2.5% bandwidth of the central energy
E, and is plotted for each converter thickness in figure 4(b).
A power law fit of the form ϵn,fit = aEb was found by minim-
ising the error term (ϵn− ϵn,fit)

2/ϵn, with the resulting trend-
lines overlaid on the data.

The variation of positron charge per 5% bandwidth and
beam emittance within that energy band are plotted as func-
tions of converter thickness in figures 5(a) and (b) respectively.
The number of positrons per 5% bandwidth for central ener-
gies of 0.5, 1 and 2 GeV peaks for a 1 cm lead converter, equi-
valent to 1.8 radiation lengths. For 1 GeV, the peak is 0.3 pC
and for 2 GeV the peak is 0.1 pC. For the generation of lower
energy positrons E < 0.4 GeV, thicker converters (L > 1 cm)
are more efficient in terms of total positron yield.

The emittance values are taken from the power law best
fits shown in figure 4(b). The emittance was seen to grow in
as a power law of converter length, with the power increas-
ing from 1.34 to 1.48 as the central positron energy increases
from 0.5 GeV to 2 GeV. For positrons of 0.5, 1 and 2 (±2.5%)
GeV and a 0.5 cm lead converter, the normalised trace space
emittance was ϵn = (136± 14)π µm, ϵn = (82± 12)π µm and
ϵn = (51± 9)π µm respectively.

The positron beams will exit the converter target together
with a beam of scattered electrons, which can be separated
using magnetic elements (see, e.g. [4, 37]). It is worth noticing
that all the positron beam characteristics mentioned above can
be inferred from the measurement of the electron beam char-
acteristics [37], thus providing an online and non-invasive full
characterisation of the positron beams.

5
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Figure 5. (a) Spectral density and (b) emittances of generated positron beams within 5% bandwidth of the energy given in the legend, as
functions of converter thickness. The primary electron beam energy was 5 GeV. The error bars in (b) are taken from a 6-order polynomial fit
to the absolute relative error between the data and the power law fit in figure 4(b)).

4. Conclusions

In conclusion, we have reported on numerical predictions of
the parameters of the positron populations expected to be
obtained using the laser and electron beam parameters pro-
posed for the EuPRAXIA facility [1]. The facility aims at
delivering several end-stations to be used for scientific and
industrial applications; one of them is designed to deliver high
average flux and MeV-scale positron beams for material char-
acterisation. One of the key factors is to ensure a short positron
bunch duration at the sample to be studied, which is ultimately
dictated by the bandwidth of positrons to be carried and the
distance between the source and the sample. Recent numer-
ical work has shown [17] that this can be as short as tens of
picoseconds, significantly advancing existing facilities dedic-
ated to this kind of applications.

Here, we propose to use direct laser irradiation of the con-
verter target and show that different positron energies, ran-
ging from sub-MeV to more than 10 MeV, can be obtained
by varying the duration—and, hence, the intensity—of the
laser on target. For example, our numerical results show that
approximately 106–107 positrons per second can be provided
in a 50 keV bandwidth within an angular aperture compat-
ible with the beam-line proposed for EuPRAXIA [1]. Inter-
estingly, the positron beam mean energy can be easily tuned
by only varying the laser pulse duration, without noticeably
affecting the positron bunch duration, providing a significant
level of flexibility to the facility. It is worth mentioning here
that the repetition rate of the PALS data acquisition is ulti-
mately limited solely by the repetition rate of the laser. While
EuPRAXIA current design is centred around laser beams at a
maximum repetition rate of 100 Hz, several schemes have now
been proposed to bring high-power lasers to repetition rates
exceeding the kHz (see, e.g. [47]). This ongoing technological
development will in turn increase the positron flux per second
while maintaining the same experimental configuration for the
positron generation. Nonetheless, single-shot high-flux PALS
measurements have now been reported (see, e.g. [48]) with a
single-shot positron number of 1.5× 107. For the numerical
results reported here and assuming a repetition rate of 20 Hz,
this would translate in an acquisition time of approximately
75 s for 1 MeV positrons (≈2× 105 positrons per bunch) and

less than a second for 10 MeV positrons (≈4× 106 positrons
per bunch). A detailed study of a PALS end-station suitable
for the positron parameters achievable at EuPRAXIA is bey-
ond the scope of this article and is currently being carried out.

A second user-area within EuPRAXIA aims at providing
pC-class high-energy positron beams, mainly to be used for
high-energy physics experiments and for experimental tests
of advanced positron acceleration schemes. Recently [36], we
have shown that fs-scale positron beams with the required
characteristics can be produced using the main electron beam
proposed for EuPRAXIA (30 pC electron beam with a 5 GeV
central energy and %-level energy spread). Here, we expand
these preliminary results, by showing how the positron beam
main characteristics, charge and normalised emittance, vary
with the thickness of the converter. Our results show that
there is a clear trade-off between the maximum charge and
the smallest normalised emittance attainable, with thinner tar-
gets providing less charge with better normalised emittance.
This confirms that the converter parameters must be care-
fully chosen depending on the specific applications of these
positrons to be sought.

Data availability statement

Any reasonable query on the simulation results can be directly
addressed to the corresponding author.
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