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Abstract.  Based on the numerical simulations, we estimate the pos-
sibility of generating positrons by low-energy electrons (below 
10 MeV) produced by electron accelerators and femtosecond lasers. 
A review of experimental work reported in the literature is pre-
sented. The simulation is carried out using the GEANT-4 software 
package for the particular conditions of a possible experiment at 
the terawatt femtosecond laser facility of the International Laser 
Centre at the Moscow State University and the LUE-8 MeV linear 
electron accelerator at the Institute for Nuclear Research, Russian 
Academy of Sciences.
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1. Introduction

The investigation of generation of low-energy (up to 10 MeV) 
positrons has actively developed in recent years, including the 
techniques using femtosecond lasers (see, e.g., review [1]). The 
reason is that these studies are important for the solution of 
fundamental and applied problems. Thus, at CERN, the 
investigation devoted to the dark matter search and the pro-
cesses beyond the Standard Model are in progress [2]. An 
important applied method is the annihilation spectroscopy 
that allows a structure of different materials to be studied, 
including metals, polymers, ceramics, composites, etc. [3], at a 
microscopic level.

The major amount of work in this field is presently imple-
mented on accelerators of electrons. Among the latter, worth 
noting is the linear accelerator at the Argonne Laboratory 
(USA) with an electron energy of 15 MeV and a beam current 
of 200 mA, the AIST linear accelerator (7 – 70 MeV, 100 mA) 
in Tsukuba (Japan), the NAMI microtron (170 MeV, 75 mA) 
in Mainz (Germany). These accelerators allow the generation 
of positron beams with the flux up to 108 positrons per sec-

ond. Such a flux is achieved using the technologies, related to 
porous thin-film targets and magnetic traps [4].

In a wide class of problems an alternative to the above 
accelerators of electrons are the laser plasma accelerators of 
electrons [5, 6], based on the excitation of a so-called plasma 
wakefield. To date, the experimental techniques are found 
and experimentally approved, providing the formation of the 
electron pulse with a mean electron energy up to a few GeV, a 
spectral width equal to parts of percent of the energy value, a 
charge up to 1 nC, and a beam divergence of a few mrad. 
However, the low repetition rate of the laser and, therefore, 
the electron pulses (certainly lower than 10 Hz) provides no 
possibility of obtaining a high mean beam current, which 
makes photonuclear studies difficult. It is interesting to com-
pare different methods in order to implement their positive 
features.

The main specific feature of laser methods is a very small 
pulse duration and a gamma spectrum envelope sharply fall-
ing with increasing energy. This allows one to measure the 
probability (cross section) of photonuclear processes having 
threshold behaviour within a relatively narrow energy range 
of the incident gamma quanta and refer such pulses of gamma 
quanta to as monochromatic ones.

Positrons can be generated also in the process of direct 
interaction of a high-power relativistic laser pulse with a 
dense target, leading to the acceleration of electrons deep into 
the target. In this case, the energy of the electrons appears to 
be essentially lower, but their number is significantly higher. 
Further interaction of such electrons with the same target 
leads (if the energy of electrons is sufficient) to the production 
of electron – positron pairs.

Note that in the long term at a laser intensity above 
1028 W cm–2, which is by six orders of magnitude higher than 
the up-to-date intensities at top-class facilities, it will be 
possible to consider the electron – positron pair production 
due to the vacuum polarisation [7]. The situations are being 
theoretically considered, in which this threshold can be essen-
tially lowered at the expense of quantum electrodynamic cas-
cades [8], special field geometry [9], etc. The experimental 
observation of this effect is hardly probable in the nearest 
future.

In the present paper the schemes of optimal experiments 
on generating low-energy positrons using the terawatt femto-
second laser facility of the International Laser Centre, 
Moscow State University, (ILC MSU) and the LUE-8 MeV 
electron accelerator at the Institute for Nuclear Research of 
the Russian Academy (INR RAS) are developed based on the 
numerical simulation. A review of papers devoted to the posi-
tron production by means of femtosecond lasers and accelera-
tors at energies below 10 MeV is presented.
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2. State of the art

At present two main processes are specified that lead to the 
electron – positron pair production in the interaction of rela-
tivistic electrons with a nucleus, namely, the Trident process 
(TP) [10] and the Bethe – Heitler process (BHP) [11]. The first 
of them is the scattering of an electron by the Coulomb field 
of a nucleus having a charge Z:

e– + Z ® e+ + 2e– + Z.

The total differential cross section of the TP can be described 
by the formula
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where Ea is the energy of the electron (MeV) (the cross section 
being expressed in microbarns).

The Bethe – Heitler process occurs in two stages. At the 
first stage, the electron interacting with the nucleus emits a 
high-energy bremsstrahlung photon g. At the second stage, 
this photon produces an electron – positron pair in the 
Coulomb field of the nucleus:

e– + Z ® g + e– + Z,

g + Z ® e+ + e– + Z.

Both processes strongly depend on the charge Z of the 
nucleus, so that for efficient generation one should use heavy 
nuclei as targets.

At high laser radiation intensities, the multiphoton Breit –
Wheeller effect is sometimes considered, in which the pair is 
produced due to the interaction of a bremsstrahlung photon 
gs with n photons of laser radiation glas:

gs + nglas ® e+ + e–.

Note for generality that the pair production is also possible as 
a result of the e– – e– and e– – g interaction. However, the cross 
section of these processes is small and, therefore, their effect is 
insignificant. In the present paper, only TP and BHP will be 
considered.

The published results obtained on accelerators at energies 
below 10 MeV are few. Figure 1 presents the dependences of 
the coefficient of e– – е+ conversion on a tantalum target (as 
thick as nearly one radiation length) on the energy of posi-
trons. The analysis of the data presented in Fig. 1 shows that 
they considerably differ among themselves and, as shown 
below, from the results of numerical simulation. Therefore, 
keeping in mind the present-day great interest to the construc-
tion of positron sources, one can conclude that new experi-
mental data are required.

As mentioned above, in the case of using intense laser 
pulse, two main schemes are applied to produce electrons 
with the energy required for subsequent positron generation. 
In the single-stage scheme, the electrons are produced in the 
process of interaction of laser radiation with a dense target, in 
which the positrons are generated. In the double-stage scheme, 
the beam of electrons is obtained by their acceleration in the 
plasma wave, excited in relatively rarified plasma, and then 
this beam is incident on a special target to produce positrons 
(Fig. 2). Let us consider these schemes in more detail.

The results of the experimental studies [14 – 22] of posi-
tron production by means of lasers are presented in Table 1. 
The first study of the single-stage scheme was performed in 
2009 [14]. The measurement of positron and electron spectra 
for different materials allowed experimental demonstration 
of the dependence of the cross section of positron production 
on the nuclear charge Z of the target. For the first time the 
anisotropy of the angular spectrum of positrons was experi-
mentally detected, namely, the emission from the front sur-
face of the target appeared to be nearly by 10 times greater 
than from the side surface.

In Ref. [15] the angular spectrum of positrons and the 
dependence of the obtained energies on the target thickness 
were thoroughly studied. It was shown that the positrons are 
generated in the form of a quasi-monochromatic beam with a 
divergence of ~20° (FWHM), which corresponds to the angu-
lar divergence of the formed electron beam. With increasing 
pulse energy, the mean energy of the generated positrons also 
increases and the divergence of the positron beam decreases. 
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Figure 1.  Dependence of the е– – е+ conversion coefficient K for the tan-
talum target on the energy of positrons Ee+ in the solid angle 5´10–3 sr 
for the energy of electrons Ee- = 9.3 MeV, the target thickness 0.5 – 2 mm 
[12] (a) and in the complete solid angle for different electron energies 
[13] (b).
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The increase in the target diameter is accompanied by the fall 
of the mean energy of the positrons. The optimisation of the 
experimental configuration allowed an essential increase in 
the number of positrons produced by a single laser pulse [16].

Note that in this method of positron beam generation the 
beam divergence appeared smaller by nearly two times than 
the values, typical for the beams obtained at linear accelera-
tors (see Table 1). However, the present data are insufficient 
for final conclusions. 

In Ref. [17], the spectra of positrons for different shapes of 
the target were analysed. It was found that the positron yield 
significantly increases in the targets having the shape of rods, 
since in this case the thickness of the target is sufficient for 
efficient pair production and the losses due to the emission of 
positrons in the radial direction are minimal at the expense of 
the small rod diameter. At the same time, the maximal density 
of electron – positron pairs is achieved using thick targets hav-
ing the shape of a disc.

The pioneering experiments on the positron generation 
using the double-stage scheme were implemented at the very 
beginning of the XXI century [18, 19]. In these studies, the 
positron detection threshold amounted to ~2 MeV, the posi-

Table  1.  Review of experimental schemes of positron production. 

Facility Parameters
Range of detected 
positron 
energies/MeV

Material, shape, and
geometric parameters
of the target

Number of 
positrons 
per pulse

Reference

Titan laser,
Jupiter laser
(LLNL)

l = 1054 nm
t = 0.7 – 10 ps
Elas = 120 – 250 J

0.1 – 100
Au, Ta, Sn, Cu, Al,
disks, d = 6.4 mm,
h = 0.1 – 3.1 mm

109 [14]

Titan laser (LLNL),
OMEGA EP

l = 1054 nm
t = 10 ps
Elas = 100 – 850 J
I = 1019 – 5 ́  1020 W cm–2

0.1 – 100
Au, disks,
d = 1 – 20 mm,
h = 1 mm

1010 – 1012 [15, 16]

Texas Petawatt laser

l = 1057 nm
t = 130 – 245 fs
Elas = 80 – 130 J
I = 1021 W cm–2

1 – 130

Au, Pt, disks,
d = 2 – 4.5 mm,
h = 0.1 – 6 mm;
rods, d = 2 – 3 mm,
l = 4 – 10 mm

1010 [17]

MPQ
(ATLAS laser)

l =790 nm
t = 130 fs
Elas = 220 mJ
I = (4 – 6.5) ́  1018 W cm–2

2
Gas – He,
target – Pb,
h = 2 mm

106 [18, 19]

HERCULES laser

l = 800 nm
t = 30 fs
Elas = 0.8 J
I = 6 ́  1018 W cm–2

80 – 250
Gas – 97.5 % He, 2.5 % N2, 
targets – Cu, Sn, Ta, Pb,
h = 1.4 – 6.4 mm

105 [20]

Callisto laser (LLNL)
l = 800 nm
t = 60 ps
Elas = 6.5 or 10 J

0 – 350
Gas – He, target – Ta,
h = 1.5, 3 mm

– [21]

ASTRA-GEMINI

l = 800 nm
t = 38 – 46 fs
Elas = 14 J
I = 3 ́  1019 W cm–2

120 – 1200
Gas – He с 3.5 % N2, 
target – Pb,
h = 0.5 – 4 cm

108 [22]

Shanghai Institute of 
Optics and Fine 
Mechanics

l = 800 nm
l = 45 fs
Elas = 3.75 J
I = 3.5 ́  1019 W cm–2

0 – 50
Gas –Ar, 
target – Pb, Cu,
h = 2 mm

106 [23]

Stanford Linear 
Collider

Electron beam:
120 Hz, 30 GeV, 30 kW.
The accelerator length
is 2 km.

2 – 20
W(90 %) – Rh(10 %)-target,
h = 24 mm

1010 [24]

Note:  d, h and l are the diameter, thickness and length of the target;  l, t,Elas and I are the radiation wavelength, pulse duration, energy and intensity 
of the laser pulse, respectively.

Laser 
radiation

Target

е+

е–

а

Laser 
radiation

е–

е–

Gas jet
е+

Converter target
b

Figure 2.  (a) Single-stage and (b) double-stage schemes of positron 
generation.
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tron yield being about 25 positrons per pulse. Such a small 
number of the observed positrons led to the fact that the next 
experiments using this scheme were undertaken only 10 years 
later [20].

In these experiments, in agreement with the theory, the 
maximal positron energy and yield were observed in the tar-
gets with a higher Z. The dominant mechanism was the BHP, 
for which the number of positrons is proportional to the 
square of the target thickness h. Good agreement with this 
dependence was obtained in Pb and Ta targets. While in the 
earlier experiments not enough attention was paid to the opti-
misation of electron acceleration in the gas jet, in the recent 
paper [21] the study of double-stage positron generation using 
the electrons accelerated in the wakefield was presented. 
However, at the parameters of the setup, similar to those of 
Ref. [22], no positron signal was detected, which might be due 
to the high detection threshold.

Further optimisation of the experimental scheme [23] from 
the point of view of improving the parameters of the electron 
beam (the maximal energy 600 MeV, the angular divergence 
2 mrad (FWHM), the flux ~109 electrons per second) allowed 
essential improvement of the resulting positron yield. The 
maximal energy of the positrons was achieved at the con-
verter target thickness of 0.5 cm, which is nearly equal to the 
radiation length of electrons for Pb, and the maximal yield 
was observed at the thickness of 1 cm. At the target thickness 
~2.5 cm, the electron – positron plasma became neutral with 
the total number of particles of each sort, 3 ́  107, and the 
beam divergence 5 – 20 mrad. Similar results were obtained in 
Ref. [24]. The produced beam of electrons with the energy 
50 MeV and the total charge 1.23 nC produced the positrons 
with the energy up to 42 MeV and the total number 9.2 ́  106.

Thus, one can observe rapid progress in the positron beam 
generation using high-power laser pulses during the recent 
time. Two parallel approaches to the problem yield interest-
ing and promising results. The scheme with direct irradiation 
of heavy targets at present provides a higher number of posi-
trons per laser pulse; however, in this case the consumed 
energy of the laser pulse is essentially higher, too. Besides 
that, the best results are obtained using relatively long subpi-
cosecond laser pulses. It is worth noting that in this case the 
positron beam divergence is rather large, although it appears 
to be smaller than that in the case of using linear accelerators 
of electrons. A much smaller divergence of the positron beam 
can be obtained using the second scheme with separate stages 
of laser-plasma acceleration of electrons and the production 
of positrons. In essence, this scheme is analogous to that 
applied in linear accelerators; however, the possibility to place 
the converter target very closely to the region of electron 
acceleration provides a small size of electron beam and allows 
the positron beam collimation to be achieved. We should note 
that to date the results on the production of positrons using 
both accelerators and high-power lasers are far from com-
pleteness and strongly differ. Therefore, new experimental 
and numerical studies are required to design positron sources 
with optimal parameters.

All considered schemes of positron production yield the 
particles with a rather high energy of a few tens or hundreds 
of MeV. At the same time, for applications the positrons of 
significantly lower energies are interesting. In this context, an 
important problem is also the production of electron – posi-
tron pairs near the reaction threshold, i.e., when the energy of 
electrons and gamma-quanta slightly exceeds 2me c2. To obtain 
such electrons, it seems reasonable to use compact electron 

accelerators providing energies below 10 MeV and ‘tabletop’ 
femtosecond lasers with a peak power of a few terawatts. 
Moreover, these facilities are the ones that can find wide 
application due to their compactness and relatively low cost.

3. Simulation results and substantiation  
of planned experiments

To simulate numerically the process of positron generation by 
an electron beam, we exploited the widely used GEANT-4 
software package [25]. The initial beam parameters were spec-
ified based on our previous experimental measurements of the 
spectra of electrons and gamma-radiation from the laser 
plasma at high contrast of the laser pulse [26 – 28], or cor
responding to the parameters of the electron beam from the 
LUE-8 accelerator [29].

Figures 3 and 4 show the spectra and the angular distribu-
tions of positrons, normalised to the solid angle, at the exit 
from a 0.8 mm thick tantalum target, calculated using the 
GEANT-4 programme for three values of the initial energy of 
electrons. For the total number of electrons 107, the yield of 
positrons at the initial energy of electrons Ee- = 5, 7.5, and 
19 MeV amounted to 2838, 13744, and 28906, respectively. 
Thus, the coefficient of Ee-  conversion has the order of 
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Figure 3.  Energy distributions of (a) positrons and (b) electrons from 
a 0.8-mm-thick tungsten target. The energy of the incident electrons 
Ee- = ( 1 ) 10, ( 2 ) 7.5, and ( 3 ) 5 MeV.
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10–4 – 10–3, which allows one to expect a sufficiently high 
(~104 s–1) yield of positrons from the ILC MSU facility. In 
this case, the calculation of the positron production process 
using the accelerator beam yields the positron flux higher by 
six orders of magnitude.

In the same figures, the spectra and the angular distribu-
tions are presented for the electrons, passed through the radi-
ator. It is seen that the electrons have a higher energy than the 
positrons. In contrast to the positrons, the upper boundary of 
the spectrum for the electrons is close to the initial energy of 
the beam. The energy of the positrons Ee+, corresponding to 
their maximal yield, weakly depends on the energy of the elec-
trons Ee- and amounts to approximately 1 MeV. The maxi-
mal number of both positrons and electrons is observed in the 
direction of the initial electron beam propagation. For the 
positrons, a sharp maximum is observed in this direction, the 
relative amplitude of which rapidly grows with the energy of 
the primary electrons. At the same time, in the direction mak-
ing an angle of 10° with this direction the number of positrons 
is only by two times smaller than in the direction along the 
axis.

The performed analysis has made it possible to propose 
the following scheme of a setup for studying the positron gen-
eration (Fig. 5). The key element of the setup is the magnetic 

spectrometer, described in detail in Ref. [30]. The beam of 
electrons with an energy from 1 to 8 MeV and a broad energy 
spectrum (up to 1 MeV) is incident on a tantalum converter 
plate having a thickness of 0.8 mm (the optimal thickness 
determined by means of simulation using the GEANT soft-
ware package). The electron beam diameter amounts to 
~0.8 cm. The produced positrons and part of electrons pass 
through a 1-cm-thick lead collimator and enter the permanent 
magnet with a diameter of 5 cm and a magnetic field of 0.3 T. 
At the exit from the magnet, ten-channel scintillation linear 
arrays, operating in a single-electron (current) mode, are 
installed. The shield protecting the detectors against back-
ground radiation is not shown in Fig. 5. Note that the require-
ments to the spectrometer resolution are minimal (~1 MeV). 
The main goal is to measure the coefficient of conversion 
е– – е+ in the range of electron energies 1 – 8 MeV. The experi-
ments are thought to be implemented independently on two 
facilities, the LYE-8 at INR RAS and femtosecond laser facil-
ity at ILC MSU. This will allow the improvement of the mea-
surement accuracy and the assessment of the laser capabilities 
to serve as a source of low-energy positrons.

4. Conclusions

The numerical simulation of the positron generation process 
and the analysis of the available literature data for the energy 
range below 10 MeV show that the positron source can be 
based both on the linear accelerator LUE-8 at INR RAS and 
on the femtosecond laser facility at ILC MSU. The flux of 
low-energy (up to a few MeV) positrons can achieve 1010 s–1 at 
the accelerator and from 104 to 106 s–1 at the laser facility 
depending on the mode of laser pulse interaction with the tar-
get. Note that only such facilities can provide mass applica-
tion of the developed approaches in different fields of research 
and engineering. The discussion of these issues is beyond the 
scope of the present paper and is a subject of multiple popular 
reviews available in the literature.
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