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Abstract An intense positron sources is a demanding ele-
ment in the design of future lepton colliders. A crystal-based
hybrid positron source could be an alternative to a more
conventional scheme based on the electron conversion into
positron in a thick amorphous target. The conceptual idea of
the hybrid source is to have two separate objects, a photon
radiator and a photon-to-positron converter target. In such a
scheme an electron beam crosses a thin axially oriented crys-
tal with the emission of a channeling radiation, characterized
by a considerably larger amount of photons if compared to
Bremsstrahlung. The net result is an increase in the number
of produced positrons at the converter target. In this paper we
present the results of a beam test conducted at the DESY TB
21 with 5.6 GeV electron beam and a crystalline tungsten
radiator. Experimental data clearly highlight an increased
production of photons and they are critically compared with
the outcomes of novel method to simulate the number of radi-
ated photons, showing a very good agreement. Strong of this,
the developed simulation tool has been exploited to design a
simple scheme for a positron source based on oriented crys-
tal, demonstrating the advantages in terms of reduction of
both deposited energy and the peak energy deposition den-
sity if compared to conventional sources. The presented work
opens the way for a realistic and detailed design of a hybrid
crystal-based positron source for future lepton colliders.

a e-mail: iryna.chaikovska@ijclab.in2p3.fr (corresponding author)

1 Introduction

Linear and circular colliders are nowadays the most advanced
instruments to study fundamental particle physics. Both the
detailed study of the Standard Model (SM) of the funda-
mental interactions and the search for its possible extension
(BSM) require future colliders that could be the successors
of the present CERN Large Hadron Collider.

Electron-positron (e+e−) colliders offer a very clean col-
lision environment compared to hadron-hadron colliders
which, however, could reach more easily a higher center
of mass energy [1,2]. High precision measurement of the
SM processes might therefore prefer a e+e− collider while a
direct observation of potential BSM particles requires higher
colliding beam energies. A muon collider, despite the tech-
nical challenges to build it, might accelerate beams to multi-
TeV energies with a relatively clean environment.

For all these future accelerators, however, luminosity is the
key factor to reach the desired precision. For lepton colliders
– e+e− and μ+μ− with muons produced by positrons [3–
6] – the availability of intense and small emittance electron
and positron beams is a crucial element to reach the required
luminosity. In particular, a positron source represents a major
challenge [7].

For many years a conventional way to realize a positron
source consisted in using a target with a high atomic num-
ber Z (as tungsten) hit by a high-energy primary electron
beam. As shown in Fig. 1 left, photons are produced by
Bremsstrahlung within the target and are then converted in
e+e− pairs.
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Fig. 1 Single-target schemes
for the positron-source:
conventional one with an
amorphous tungsten target (that
with no alignment with the
impinging beam) (left) and
compact, crystal-based and
oriented target (right). Given its
relative compactness, the latter
configuration allows to attain
lower positron emittance

Incident electrons with high energy and rather thick targets
are needed to reach a large positron yield. The ideal target
thickness should correspond to the maximum of the transi-
tion curve, which represents the secondary particles yield as
function of the target thickness. The SLAC linear collider,
SLC, used such a conventional source with a 30 GeV inci-
dent electron beam and a 6 radiation length (X0) thick target.
As observed for the SLC target, important heat load and high
density of energy deposited in the target represented a crucial
problem [8].

A high rate of e+e− pairs produced in the target depends
on the generated photon yield. Besides those based on the
Bremsstrahlung process, others photon sources are consid-
ered for the positron sources necessary for e+e− colliders,
such as undulator radiation and Compton backscattering radi-
ation, which may provide polarized photons [9,10]. New
kinds of photon sources have also been studied for unpo-
larized positrons, for example the planar undulator radiation
for the unpolarized version of the TESLA project [11,12]
and the channeling radiation. Here, we focus our attention
on the possible development of a positron source for future
colliders based on channeling and its main advantages.

1.1 Channeling radiation in crystals

Radiation processes in oriented crystals opened a vast and
promising field for the photon production.

Indeed, light particles as e+ or e− penetrating a crystal
with a small angle with respect to the atomic rows (crystal
axes) or lattice planes are subject to very strong electric fields
generated by the atoms of the crystal. They, therefore, emit a
radiation that is defined as coherent since it is the result of the
coherent interaction of the single e+ or e− with all the atoms
in the crystal [13]. This radiation is particularly interesting
when the particles are penetrating the crystal along one of its
main symmetry axes. The particles with this orientation are
said to be channeled or quasi-channeled. The most intense
radiation arises from particles in the channeling condition,
i.e. with angles smaller than the critical angle �,

� =
√

2U0

E
, (1)

whereU0 is the atomic potential well depth and E the particle
energy. For instance, � is about 0.5 mrad in a tungsten crystal
kept at normal temperature, oriented along its 〈111〉 axis and
hit by a 10 GeV electron beam parallel to this axis.

Such radiation has a larger power than the radiation pro-
duced from the same crystal but with a random orientation
with respect to the particle direction. In particular, at high
enough incident particle energy, the energy radiated in chan-
neling orientation is significantly enhanced if compared to
standard Bethe–Heitler Bremsstrahlung. This enhancement
depends on the type of the crystal, the axis of symmetry and
on the particle (e−) energy. As an example it appears at an
energy larger than 0.7 GeV for tungsten, and larger for Si and
Ge (1.3 and 1.9 GeV, respectively [14]).

It must be noted that for GeV energy photons the e+e−
pairs production in crystals is well described by the Bethe–
Heitler mechanism. However, for higher photon energies
(E > 20 GeV, for W crystal, E > 100 GeV for Ge, with both
crystals kept at normal temperature) the on-set of another
effect – the pair production in strong fields – appears, leading
to very large enhancements. As an example, an order of mag-
nitude larger pair production compared to the Bethe–Heitler
mechanism has been observed at CERN with 150 GeV pho-
tons impinging on a Ge crystal cooled at 100 K [15]. In the
application for positron sources described in this paper the
most common value for the incident electrons energy is of
few GeV, therefore well below the threshold for pair produc-
tion in strong fields.

In any case, for the energy range of interest an effective
radiation length can be introduced to describe the channel-
ing radiation, representing the mean distance over which
an electron loses all but 1

e of its initial energy by chan-
neling radiation. This distance is in fact much shorter than
the standard X0, which describes the typical length scale of
the Bremsstrahlung production. In fact an electromagnetic
shower development in a crystal deserve a specific descrip-
tion [16–18].

At the energies of interest, channeling radiation is com-
posed essentially of soft photons [19]. These photons gen-
erate mainly soft e+e− pairs (from some MeV to some tens
of MeV kinetic energy). It must be underlined that the soft
positrons are the most useful for the positron sources as they
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are easily captured by existing capture systems [20] for par-
ticle accelerators.

1.2 Crystal-based positron sources

A positron source driven by channeling radiation (Fig. 1,
right) was first proposed in 1989 [21]. Photons production
in Ge and Si crystals and their subsequent conversion into
pairs in a W amorphous target were studied. For a 20 GeV
e− beam impinging on a 1 cm thick Ge crystal the photon
yield was above 20 γ /e−. A proof of principle experiment at
the Orsay Linac (2 GeV) confirmed the relevance of this way
to produce photons [22].

The investigations on this kind of source with the asso-
ciated simulations rely on theoretical works developed at
the Budker Institute (Baier–Katkov–Strakhovenko) and by
a theoretician from LPT-Orsay and IPN-Lyon. Simulation
programs were developed to describe more carefully the pro-
cesses. These simulations were central to interpret the data
collected by the experiments [16,17]. The simulation used to
describe the channeling radiation relies on the Baier–Katkov
formula for radiation in non-uniform fields [23,24] that con-
siders the complete electron trajectory in the crystal. Another
approach – instead of taking into account the whole trajectory
– led to the FOT code developed by X. Artru, where the inte-
gration of the Baier–Katkov probability involves only parts of
the trajectory avoiding excessive computing time [25]. Other
simulation programs like SGC (Shower Generation in Crys-
tal) developed by V.M. Strakhovenko are taking into account
the electromagnetic interaction in axially oriented crystals.
They are all able to describe also the shower development in
amorphous targets [17].

Radiation and pair production methods have been devel-
oping in the Institute for Nuclear Problems (INP) in Minsk
since 90-th [26–29] and, for the last decade, jointly with a
Ferrara group [30], which developed its wide experimental
verification. During the last decade a lot of different orienta-
tional effects in crystals have been simulated by the collabo-
ration of the Ferrara and INP groups. Their results are in fair
comparison with experiments [30–38].

An experiment at CERN (WA 103) was performed in
2000–2001 with the aim of finding the actual positron yield
provided by the sources using channeling. This experiment
used thick tungsten crystals (4 and 8 mm thick), where photon
generation and pair production occurred in the same target.
The experimental results were compared to the simulations
and allowed their validation [39–41]. Positron source with
the crystal converter was also investigated experimentally at
KEK [42,43]. Though, as demonstrated by WA 103 exper-
iment, the positron yield obtained with thick crystals cor-
responded to the requirements for a linear collider positron
source [40], the problem of the heat load in crystals remained
outstanding.

Using thick crystals may, in fact, lead to an important
energy deposition in the crystal itself associated to the shower
development. Besides the problem of the survival of the crys-
tal for high deposited power, this has the consequence of
reducing the channeling potentials in the crystal due to the
increased thermal vibrations. Eventually, this results into a
decrease of the expected enhancement. Simulations using
Baier’s formula for the potential [14] allowed estimation of
the possible losses in positron yields [44].

Henceforth the positron source using channeling is better
conceived as a compound or hybrid target with two elements,
a crystal with the function of radiator followed downstream
by an amorphous target acting as converter of photons into
e+e− pairs [45], as sketched in Fig. 2. Studies and experi-
ments, thus, enhanced the interest on such sources [46–54].

Rather thin crystals with a thickness of 1–2 mm in the
considered energy range may provide a high rate of photons.
In this way the heat load in the crystal itself is limited. The
thick converters (few X0) are subject to a much more impor-
tant heat load and its level and the power density must be
seriously studied.

The energy deposition in the converter is far from being
homogeneous, leading to possible thermal stresses. The
stresses are particularly strong on the exit part of the con-
verter, where the electromagnetic shower is at its maximum
and presents a peak of the deposited power density. The
breakdown of the SLC target due to the thermal stresses led
to the systematic determination of the Peak Energy Deposi-
tion Density (PEDD). The studies undertaken at LANL and
LLNL [55,56] concerning the SLC target showed that the
PEDD of 35 J/g might not be exceeded. This is now con-
sidered as a maximum tolerated value of the PEDD in the
tungsten targets for a positron source design. These problems
have been reviewed in [57]. Investigations on hybrid positron
sources have been also carried out by different groups [58].
In order to more accurately design a hybrid positron source
further investigations are needed. Improvement in hybrid
sources regarding the thermal stresses led to the choice of
a granular converter, where the shock waves associated to
the stresses can be considerably reduced [59,60].

In this paper we present the experimental investigation of
the channeling radiation produced in an oriented 2 mm tung-
sten crystal by the passage of 5.6 GeV electrons. In particular,
the total energy lost by each electron crossing the crystal in
the form of radiation has been measured. At the same time
a fraction of this radiation is converted into e+e− pairs by a
thin copper converter and the e+e− pairs are directly detected
and counted. The main goal of this experimental test was to
validate our improved simulation toolkit that includes a better
description of the number of photons composing the channel-
ing radiation. The results of a simulation of the processes of
radiation production under channeling condition are reported
and validated with data along with a full Geant4 simulation
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Fig. 2 Hybrid schemes for the
positron source. Simple
two-stage version, which
features a crystalline photon
radiator followed by an
amorphous converter (top), and
optimized version, in which a
bending magnet is placed
downstream with respect to the
photon converter to redirect all
the e+e− generated in the first
stage away (bottom)

of the experimental apparatus. In particular, the experimental
signal of the photon conversion system to count the photons
was well reproduced by full simulations. Strong of this, we
exploit simulation to investigate the performance of a hybrid
source and compare it with a conventional source. The energy
case selected for this study was the one of interest for future
colliders included in the European Strategy for High-Energy
Physics.

2 Crystal characterization at the DESY T21 beamline

A study of the radiation emitted by a high-quality tungsten
crystal was performed using the DESY beamtest facility T21
[61] where a 5.6 GeV electron beam was available.

2.1 Tungsten crystalline target

The tested W was 2.25 ± 0.05 mm thick (equivalent to
0.65X0), with a ∼ 7 × 7 mm2 square transverse section.
This crystal was manufactured by the Laboratory of Mate-
rials Science (LMS) in the Institute of Solid State Physics
of the Russian Academy of Science (ISSP RAS). The crys-
tal was installed with its 〈100〉 axial direction oriented along
the beam axis. For this axial orientation � = 0.52 mrad.
The lattice quality of the sample was estimated via X -ray
diffraction, in particular the mosaicity (i.e. the mean angu-
lar spread of crystallites within the sample) was assessed.
Indeed, this is a critical quantity affecting the effective per-
formance given the strong angular dependence of the axial
effect. The measurements were performed at the synchrotron

facility ESRF (beamline BM05). The facility allowed both
high spatial (≈ 5µm) and angular (≈ 1µrad) resolution
thanks to the high intensity and energy of the diffracting
photons (20 keV). Analysis of x-rays diffraction intensity
recorded as the crystal rotated in and out of Bragg diffrac-
tion condition allowed to define mosaicity on each position
of the sample surface (as shown in Fig. 3) . The results show
a remarkably low mosaicity, with most of the crystal show-
ing values ≤ 60 µrad. Region of largest mosaicity are still
below 150 µrad, and are found in correspondence to small
surface scratches, thus are most probably limited to surface
of the sample. Ultimately, for the entire sample the mosaicity
observed is well below the critical angle, hence the crystal is
well suited for investigation of axial effects.

2.2 Experimental apparatus

Electron beams are obtained from the DESY II synchrotron
by a double conversion: firstly, Bremsstrahlung photons are
generated by a carbon fiber target positioned in the syn-
chrotron beam orbit; then, these photons hit a secondary tar-
get generating e+e− pairs. From the latter, electrons with the
chosen momentum are selected with a dipole magnet. The
resulting electron beam comes in two 20–40 ms long (energy-
dependent) bunches for each 160 ms long DESY II cycle.
The DAQ (Data AcQuisition) exploited in this beamtest was
set to work on ∼ 10 s long cycles with the first ∼ 5 s for
the actual acquisition, the remaining time being exploited
to write the data on disk. A 5.6 GeV beam was used for
the studies described here, with a measured rate of ∼ 2–
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Fig. 3 Imaging of the sample mosaicity measured at BM05 beamline
of ESRF (Grenoble, France). Color indicates the mosaicity of the sample

5 × 103 particles/s at the upstream tracking detector. This
rate allows a single particle tracking with our apparatus.

In Fig. 4, the experimental apparatus installed on T21 lines
for the crystal studies is schematically outlined. The appara-
tus was composed of two sections – with a magnet in between
the two.

In the first section two silicon double-sided microstrip
detectors with a 2 × 2 cm2 area and a spatial resolution of
slightly more than 10 µm [62] at a relative distance of 41 cm
along z were installed upstream of the crystalline targets.
They were used to reconstruct the trajectories of the input
particles, and hence their incident angle with respect to the
crystal surface, and to monitor the transverse x–y size of the
incoming beam and its angular divergence in both the x–z
and y–z planes. In order to observe the channeling effect, the
beam angular divergence should be at most of the order of
the channeling critical angle �. The beam had a width much
larger than the sample size and a flat distribution at the target
z position. The distribution of the electron track angles was

found to be approximately Gaussian with a standard devia-
tion of 780 (720) µrad in the x–z (y–z) plane.

The crystalline target was mounted on a high-precision
goniometer equipped with two linear stages (vertical and hor-
izontal) to move the crystal under test into the beam path and
two rotational stages to orient its lattice planes or axes with
respect to the average beam direction [63]. The crystal was
mounted on a light plastic support that was built to guarantee
a pre-alignment of the order of 1 mrad at the installation on
the rotational stages.

Photons and secondary e+e− pairs were produced in the
crystal by the passage of the 5.6 GeV electrons. Downstream
the goniometer (at a 45.3 cm distance) a couple of silicon
10×10 cm2 area layers with a double-hit resolving power of
about 1 mm were used as charged track multiplicity counter.
This detector was used to identify the condition of alignment
with the target lattice planes or axes, which has the distinct
feature of a secondary pair production enhancement with
respect to random orientation. This alignment conditions
were usually obtained by taking data while the goniometer
angular positions are continuously changed (angular scan).

A dipole magnet was operated to generate a 1.339 T ver-
tical (i.e., along y) magnetic field that was uniform over a
150 cm long span along z. When the dipole magnet was pow-
ered, the primary electron beam and all the smaller energy
secondary charged particles generated inside the crystal were
swept away from the z axis and thus separated from the emit-
ted photons, which then were propagating down to the sec-
ond section of the apparatus. This second section featured
a series of scintillators, silicon trackers and – downstream
to the whole apparatus – a crystal electromagnetic (e.m.)
calorimeter.

A 10 × 10 cm2, 4 cm thick scintillating detector was
installed right after the magnet to further suppress the pos-
sible background induced by charged particles entering the
second section, mostly from photon conversion in the ∼ 7 m
of air and in other bulk layers across the photon path, within
and at the exit of the magnet. Indeed, events with a signal in
this scintillator were vetoed in the offline data analysis.

Fig. 4 Scheme of the DESY experimental apparatus
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Fig. 5 Scheme of the active photon conversion system. The veto scin-
tillator is also sketched

An active photon converter was used to estimate the aver-
age number of photons produced per electron interacting
in the crystalline target at different angular orientations. A
sketch of this detector is shown in Fig. 5. The copper layer
enhances the probability of conversion into e+e− pairs. An
overall thickness of 2.7 mm Cu (0.2X0) was chosen for these
layers. The number Nee of e+e− pairs generated inside the
copper layer is then measured by a pair of 10×10 cm2, 1 cm
thick scintillating detectors (S0 and S1 in Fig. 5).

Eventually, the full energy of the radiation exiting the
crystalline target, Eloss , is absorbed and measured by the
e.m. calorimeter, only a small fraction of it being lost in
the upstream material. The calorimeter consists of a 3 × 3
matrix of tapered, 20.5X0 long BGO crystals with a square
front transverse section of 2.1 × 2.1 cm2 and a PMT-based
readout – each crystal was coupled to a Photonis XP1912
PMT [64].

A calibration of the calorimeter response was performed
by removing the target and switching off the dipole magnet.
In this configuration, the electron beam directly impinged on
the BGO calorimeter. Data were collected at various beam
energies between 2 and 5.6 GeV. A full simulation was per-
formed with the Geant4 toolkit [65] at all the energy points,
from which the value of energy deposited in the calorimeter
corresponding to each point was obtained. The signal equal-
ization of the nine BGO crystals and the calibration of the
total signal, performed with the aforementioned deposited
energy values, led to a resolution on Eloss of ∼ 800 MeV at
5.6 GeV.1

The same beam configuration was exploited, at 5.6 GeV,
to characterize the response of the active photon converter
to the passage of a single electron (whose deposited energy
is that of a Minimum Ionising Particle, or MIP), so that a
relation between the energy deposited in it and Nee could
be established. Again, a comparison with the full simulation

1 Better performance in terms of resolution could be attained by exploit-
ing muons (unavailable in this experimental facility) for the channel
equalization – details can be found, e.g., in [64].

was made, and an average energy deposit of 1.67±0.01 MeV
was estimated for a single MIP in both scintillators.

2.3 Results and comparison with simulation

The W crystal was probed with the particle beam for about
100 hours, at various orientations of the crystal with respect
to the beam.

Figure 6 shows the spectra of Eloss obtained in two very
different angular configurations, i.e., on axis (blue dots) and
at 28 mrad away from the axis (orange dots). This is in fact
an orientation sufficiently far from the crystal main axes to
consider the atom in the crystal as randomly distributed.
The latter (orange) distribution clearly shows the standard
Bremsstrahlung spectrum, which populates the whole phase
space continuously and decreases as Eloss grows. On the
other hand, the axial curve (blue) shows a significant sup-
pression of the low-energy component of the spectrum with
respect to the random orientation condition and a strong
enhancement at higher energies (i.e., at � 1.4 GeV) reaching
a maximum at ∼ 2.5 GeV. The errors on the ordinates are
statistical, whereas those on the abscissas are dominated by
the calorimeter energy resolution.

The Eloss spectrum transition from the axial configuration
to the random one was also studied by performing measure-
ments at different angles. Figure 7 shows all the resulting
spectra. It is clear that the strength of the coherent effects
decreases only slightly up to ∼ 8 mrad from the axis.

Since the W crystal thickness is comparable with its radi-
ation length, a detailed simulations of the e.m. shower devel-
oping in the crystal, both when oriented and randomly aligned
is necessary. E.m. shower in an oriented crystal can be simu-
lated by using the Baier–Katkov quasiclassical method [24].

This method includes a multidimensional numerical inte-
gral over a simulated particle trajectory and over the angles of
the radiation emission direction. It takes into account quan-
tum recoil of e+ and e+ in the photon emission but is based
on a classical trajectory.

Both radiation and pair production processes can be sim-
ulated by means of the Baier–Katkov method. The main dif-
ference is a necessity of detailed trajectory simulations for
radiation, while for pair production one may use an energy-
dependent cross-section. The simulations of classical trajec-
tories of e+ and e− are valid down to 100–200 MeV, while
below this energy domain threshold standard Bremsstrahlung
cross-sections should be used.

All these features have been included in the simulation
code [30,66,67]. In particular, to describe reliably the con-
tinuous process of soft photon formation in the field of mul-
tiple atomic strings, the Baier–Katkov formula integration
has been extended to the trajectory parts of several dozens
of micrometers, since soft radiated photons can be produced
at a rather long formation length [68]. At the same time,
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Fig. 6 Spectrum of Eloss in the
axial (blue) and random
(orange) angular configurations.
Both the experimental data
collected at DESY and the
corresponding simulated
distributions are shown

since incoherent scattering, which is quite important in high-
Z crystals, occurs with much shorter longitudinal separations,
the simulation step was considerably shorter than the integra-
tion interval. Since the W crystal is thick enough for allowing
multiple photon emission by primary electrons and pair pro-
duction by emitted photons, in order to simulate a realistic
photon yield one should continuously trace the radiation of
all the low-energy electrons and positrons. Lots of such elec-
trons are in the energy range of a few hundred MeV and will
mostly move far from the channeling conditions. That is why,
in order to speed up the simulation, these events can be gener-
ated by adopting the well verified and optimized procedures
from the GEANT4 toolkit [65].

The code used here with W crystalline target has been
already validated for e.m. shower in a lead tungstate crystal
exposed to 120 GeV/c electrons at CERN [18].

In order to simulate the full experimental setup shown in
Fig. 4, the Geant4 simulation toolkit [65] has been applied for
both axial and random cases. For axial orientation the output
of simulations of e.m. shower in oriented crystal containing
coordinates and momenta of both primary and secondary par-
ticles at the crystal exit has been used as an input of Geant4.
For the random case Geant4 has been also applied for e.m.
shower simulations in the crystal.

The output of Geant4 simulations includes the deposited
energy in the BGO calorimeter as well as in scintillators and
this deposited energy is then considered to be proportional
to the detector signal.

Figure 6 displays the simulated curves (continuous lines),
obtained with a beamtest full simulation, in comparison with
the experimental results. The overall agreement between sim-
ulation and data is in general satisfactory.

An investigation on the number of photons produced per
interaction between the beam particles and the crystalline
sample as a function of their relative orientation was also
performed during the experiment. This was done using data
from the active photon converter. Indeed, the signal in its
downstream stage should be proportional to the number of
charged particles originating in the Cu layer, and hence to

Nee. Although the pair production by photons is intrinsically
stochastic and the selected copper layer had limited thick-
ness (0.2X0 only) in order to minimize the contributions by
low-energy particle stopping and secondary Bremsstrahlung
emission (i.e., the start of an e.m. shower), this setup was
expected to be highly sensitive to the variation in the distribu-
tion of the number of photons coming from the crystal, which
is closely related to that of Nee, at different lattice orienta-
tions. The idea was taken from a previous experiment [39]
in which thick W crystals were tested in the Single-target
scheme configuration (see Fig. 1) and where a qualitative
enhancement of the signal at the preshower was measured in
case of axial alignment. The main novelty here is given by
the possibility to reproduce the experimental results with our
optimized simulation tool and thereby to eventually extrap-
olate the radiation spectrum and use it to design a realistic
positron source.

Figure 8 shows the results obtained with data from S0,
i.e., the upstream scintillator in the active photon converter
output stage (see Fig. 5). The results for the scintillator S1
are not presented since they lead to nearly identical outcome.
As an example, the spectrum of energy deposited in the scin-
tillator is shown for the random case (upper plot): the single-
MIP (i.e., single-electron or -positron) peak is clearly visible
and compatible with the reference value found in the single-
track calibration data described above (dashed red line), and
higher-multiplicity quantization can be observed up to 4
MIPs (corresponding to ∼ 7 MeV). The bottom plot in Fig. 8
shows the ratio between the distributions obtained on axis and
in random orientation. As expected, when in axial configu-
ration, the fraction of events with less than 3 MIPs is sup-
pressed with respect to the random case, whereas the higher-
multiplicity component is boosted up, thereby demonstrating
an increase in the number of photons. Such boost is observed
to become ten-fold when the energy deposit reaches a value
of ∼ 16 MeV, corresponding to 9–10 MIPs and, hence, to
Nee ∼ 5. We reasonably assume that the scintillator response
stays linear up to several MIPs. Again, Fig. 8 highlights the
good agreement with the Geant4 simulation. It has to be noted
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Fig. 7 Comparison between
experimental spectra of Eloss at
various angular configurations

Fig. 8 Top: spectrum of the
energy deposited in scintillator
S0 (i.e., the upstream output
scintillator of the active photon
converter) when the crystalline
sample is in random
configuration. Bottom: ratio
between the S0 signal spectra in
axial and in random
configuration. The experimental
(simulated) distribution is
shown in blue (orange), and the
single-MIP signal peak value is
indicated with a dashed red line

that the latter doesn’t reproduce the error contribution of the
finite detector resolution, which makes the peaks in the top
plot higher and narrower than the experimental ones.

The results shown in Figs. 6 and 8 demonstrate the very
good compatibility between the experimental data and the
outputs of the beamtest simulation. This proves the reliability
of the software tools that have been used to simulate the e.m.
interactions in oriented crystals. These tools could therefore
be exploited for the studies presented in Sect. 3.

3 Conventional and hybrid schemes for positron
production

As illustrated in the previous section the developed simula-
tion tool of coherent interactions leading to radiation emis-
sion in a crystal has been validated with data taken at the
DESY TB facility with 5.6 GeV electrons interacting with
a tungsten crystalline target, which is of great interest for

intense positron sources for future colliders. Therefore, to
illustrate the advantages of a crystal-based source two scenar-
ios using the conventional and the hybrid targets (see Figs. 1
and 2 ) have been studied. An electron beam of 6 GeV energy
has been here considered for a hypothetical positron source,
such configuration being interesting for the FCC-ee current
design. The hybrid scheme involving two targets without
magnet (Fig. 2 up) in between is studied due to potential
applications at the circular colliders, where the beam power
is considerably lower compared to linear colliders, where the
use of the magnet to sweep away the charged particles is of
greater importance (Fig. 2 bottom).

The first step is to optimize the crystal target for the hybrid
scheme. The simulations for radiation and pair production
in an oriented crystal and amorphous case (random orienta-
tion) were performed with the simulation code [30,66,67]
and Geant4 code [65] respectively. In both cases the targets
are made of tungsten W material. As previously stated, the
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Fig. 9 Radiation enhancement in the tungsten (W) crystal aligned
along 〈111〉 axes compared to the amorphous target having the same
thickness (random orientation of the crystal). Electron beam energy is
6 GeV

W crystals provide a deep atomic potential due to the high
value of atomic number Z . The orientation of the crystal is
fixed to be along the 〈111〉 axis allowing for higher values of
the atomic potential compared to the 〈100〉 axis described in
previous chapter (and used for the DESY experiment).

Figure 9 shows the simulation of the enhancement of the
photon yield in the oriented crystal with respect to an amor-
phous target (that is the crystal with random orientation)
having the same thickness, considering only photons with
energy lower than 100 MeV. This energy range has been
selected since these photons are responsible for the produc-
tion of positron within the typical capture system acceptance
[20], i.e., few tens of MeV. For a 1 mm thick W crystal, the
number of photons with energies lower than 100 MeV is 5.5
times higher compared to the photon production in the amor-
phous target. It can be also observed that the enhancement is
higher for thinner crystals.

The number of photons produced for different crystal
thicknesses is presented in Table 1. The results are given for

two energy domains: full energy spectrum and low-energy
part (5 MeV < E < 100 MeV) of the spectrum. As shown
in the Table 1, the enhancement in photon yield is higher for
the low-energy part of the spectrum compared to that of the
full spectrum case. This difference amounts for about 14 %
and illustrates a higher ratio of soft photons produced in the
oriented crystal. Based on these studies, a 2 mm thick crys-
tal has been selected to be used as a radiator for the hybrid
positron source. It provides a good photon yield and moder-
ate values of photon divergence and energy deposition in the
crystal.

The simulation of the positron production is performed
using a Geant4 code. The simulated positron source is based
on the target converter using a metal target in the conventional
scheme or compound target consisting of a crystal which
serves as a radiator of photons followed by the amorphous
metal target used for positron generation in the hybrid scheme
displayed in Fig. 2 up. The distance between the targets in
hybrid scheme is kept 0.2 m allowing the installation of a col-
limator to clean up the halo of photon and charged particle
distribution after the crystal. As the materials with high Z are
preferable for the positron converters, tungsten (Z = 74) was
chosen for the target-converter material in the simulations.
The incident beam has been set up as a 6 GeV electron beam
with the angular divergence 0.1 mrad and the r.m.s. transverse
beam size of 0.5 mm. After the optimization studies regard-
ing the positron yield at the target exit, a 17.6 mm thick target
made of tungsten has been used to simulate the production of
the positrons in the conventional scheme and 2 mm tungsten
crystal followed by the 10 mm thick amorphous tungsten tar-
get in the hybrid scheme. This choice provides the maximum
positron production rate for both schemes. In the real design
of positron sources, the final target thicknesses are defined

Table 1 Simulated number of photons produced by one incident 6 GeV electron for two tungsten (W) crystal orientations: crystal aligned along
〈111〉 axes and random orientation of the crystal. Low energy cutoff used in simulations is 5 MeV

Crystal thickness (mm) Nγ 1 2 3 4 5

< 100 MeV, amorphous 1.1 2.6 4.6 7.4 10.9

< 100 MeV, 〈111〉 axis 6.1 11.3 17.2 24.0 31.8

Full spectrum, amorphous 2.3 4.7 7.5 11.0 15.1

Full spectrum, 〈111〉 axis 11.0 17.6 24.0 31.0 38.8

Table 2 Results for the positron production simulations

Scheme Conventional Hybrid1

Target thickness (mm) 17.6 2 + 10

e+ production rate (Ne+/Ne− ) 14.4 15.1

Target deposited energy (GeV/e−) 1.44 0.946

PEDD (GeV/mm3/e−) 0.0416 0.0156

1The values are given for the amorphous target-converter installed after the crystal target
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(b)(a)

Fig. 10 (PZ–Pt ) Longitudinal-transverse momentum diagram for the positron produced for the conventional scheme (a) and hybrid scheme (b)

(b)(a)

Fig. 11 Positron transverse phase space at the target exit and the acceptance boundary for the conventional scheme (a) and hybrid scheme (b).
About 80% of the generated positrons are within the theoretical transverse acceptance in x–Px plane for both schemes

as the trade off between the positron production rate and the
deposited power in the target. The summary of the obtained
results is given in Table 2. For the comparable values of the
positron yield, the deposited energy and the PEDD are lower
for the hybrid scheme compared to the conventional one.

The PEDD with 2 bunches of electrons (3.5 nC/bunch) is
expected to be 14.5 J/g and 5.5 J/g in the case of conventional
and hybrid scheme, respectively. With these parameters, also
considered for the FCC-ee positron source, the obtained val-
ues stay well below the 35 J/g, limit imposed by the SLC
target breakdown. The energy deposited in the target and
PEDD are, from Table 2, respectively 34% and 63% lower
in the hybrid scheme case.

The created positrons are captured at the target exit by a
magnetic matching device being part of the positron cap-
ture system. The chosen one is the Adiabatic Matching
Device (AMD) [20], which exhibits a large momentum
acceptance. The generated positrons can be observed in a
(PZ–Pt ) diagram, as any matching device can be charac-
terized by its acceptance in longitudinal (PZ ) and transverse
(Pt ) momenta. Figure 10 shows such diagrams for the con-
ventional and hybrid schemes. The highest density for the
created positrons are in some restricted area of the domains.
It allows choosing the parameters of the capture system in
order to collect a large number of positrons.

The positron phase space at the target exit, presented
in Fig. 11 for both conventional and hybrid schemes, is
useful for determining the acceptance parameters of the
matching system as the geometrical acceptance (maximum
horizontal/vertical dimension) and the maximum (horizon-
tal/vertical) transverse momentum. According to the theoret-
ical considerations for this kind of the focusing system [20],
the acceptance ellipses in the phase space are calculated and
shown in Fig. 11. In such a way

rmax
0 =

√
Bs

B0
a Pmax

x = e
√
Bs B0a, (2)

where B0 and Bs are the maximum and minimum values,
respectively, of the AMD magnetic field and a is the aper-
ture radius in the capture section. The maximum transverse
momentum Pmax

x corresponds to the configuration, when the
target is placed in the focusing field of the AMD, while it is
twice smaller if the target is placed in a zero-field region.
For the chosen parameters of the AMD (B0 = 7 Tesla, Bs =
0.7 Tesla and a = 20 mm), we get rmax

0 to be 6.3 mm and
Pmax
x equals to 13.3 MeV/c. Taking into account the longi-

tudinal acceptance, which is PZ ≤ 34.9 MeV/c with the cur-
rent parameters, the capture efficiency (part of the transverse
and longitudinal accepted phase space) represents about 60%
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for both schemes (conventional and hybrid). In such a way,
given the same estimated value of the capture efficiency,
the advantages of the hybrid scheme are well highlighted in
Table 2 being lower values of the target deposited energy the
PEDD.

4 Conclusions and outlook

The challenge of designing and building future lepton col-
liders requires to study in depth new solutions for positron
sources. Positron sources are in fact complex devices, where
each stage (production, capture, acceleration, and injection
strategy) has an impact on the final efficiency of the sys-
tem. Therefore, start-to-end simulations and an optimization
have to be performed to evaluate the accepted positron yield,
which will be delivered to the interaction point of main accel-
erator. In this paper we presented new results for the study
of the radiation emitted by a W crystal in the condition of
axial alignment with an impinging 5.6 GeV electron beam.
This leads to the validation of a detailed simulation tool for
radiation emission in channeling orientation.

Two schemes using a conventional and a hybrid target
respectively are being considered in this paper implementing
the channeling radiation simulation along with a Geant4 sim-
ulation. Our studies show that both schemes provide a com-
parable positron yield at production and capture efficiency.
However, as far as reliability of the target is concerned, the
hybrid scheme is more attractive allowing lower deposited
power and PEDD in the production target. This results are of
great interest for the positron source of future circular collid-
ers, such as FCC-ee or CepC. Nevertheless, a detailed anal-
ysis of thermal load in the target including peak stress and
fatigue caused by the heat cycling load from the pulsed oper-
ation are indispensable and need to be further investigated
to make a real proposal for a future high-intensity positron
source.
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