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A B S T R A C T

The investigation of the channeling phenomenon of positrons in single crystals relies on the availability of
high quality positron beams. At the Mainz Microtron MAMI a facility is under construction which will supply
a 500 MeV positron beam (Backe et al., 2022) with an emittance of 𝜖𝑣 = 0.055 𝜋 mm mrad (1 𝜎) in vertical
direction. The beam line allows focusing of the positron beam in the target chamber with an angular spread of
64 μrad (FWHM) at a beam width of 5 mm (FWHM). Employing a silicon detector oriented in (110) channeling
conditions, it is intended to measure in a triple coincidence the energy loss of the positrons in the silicon
detector, as proposed in a recent paper by Shchagin et al. (2022), the scattering angle and the energy of the
emitted photons. In this paper a case study is presented with the aid of simulation calculations for such an
experiment with special emphasis on the role of the plasmon resonances in silicon at 17 and 3.9 eV. Simulation
results are presented for an electron beam of 500 MeV from MAMI as well.
1. Introduction

It is well known that at passage of an ultra-relativistic positrons or
electrons through condensed matter, the lepton may suffer scattering
either at the screened Coulomb potential of an atomic nucleus or
at bound or free electrons. As introduced by Lindhard [1], in single
crystals atomic planes form potential walls with depths in the order of
tenth of eV in which the lepton may be captured. At a scattering process
the transverse energy changes resulting eventually in a de-channeling
process. For the calculation of the excitation energy and the energy
loss as function of the longitudinal distance the particle moves in the
crystal, the density of the atoms and electrons as well as differential
cross-sections are required as function of the transverse coordinate
across the channel. Various simulation codes were developed by a
number of authors, for an overview see, e.g., Korol et al. [2, Chapter 2].
The formalism applied in this paper is based on the continuum potential
picture, as others of e.g. Bagli and Guidi [3] and Sytov et al. [4] as well,
and was described in two recent publications in detail [5,6].

The change of the transverse energy is dominated by the electron-
atom scattering. The interaction with electrons is only a small cor-
rection. For the electron density a uniform distribution was assumed
in [5,6] which is a rather good approximation. However, for positron
channeling the situation turns out to be more complicated (see Fig. 3
below). The reason is that for deeply transversely bound positrons
in the channeling potential, the positron–electron interaction is the
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dominating one. As a consequence, the knowledge of the positron–
electron cross-section and the electron density distribution across the
channel is of crucial importance.

In this paper a more refined model has been developed to describe
the positron–electron interaction. It is also based on the relativistic
extended Ashley model which describes the double differential cross-
section as function of the momentum transfer 𝑞 and the energy transfer
𝑊 to an electron. From these quantities the scattering angle distribu-
tion and the energy loss can be calculated. It turns out that the double
differential cross-section must be separated into a distant collision part
which contains the strong low energy plasmon excitations, and a close
collision part which describes K- and L-inner shell excitations with delta
ray production.

The above outlined scheme has been applied for the calculation
of the energy deposited into the sensitive layer of a silicon detector,
aligned for (110) channeling, resulting in the characteristic energy
loss (Landau) distribution. For an overview of this field see the recent
publication of Shchagin et al. [7]. Our experiment will be performed
with 500 MeV positrons from the positron beam line at the Mainz
Microtron MAMI [8]. The experimental set-up will allow to measure
triple coincidences of the energy loss of the positrons in the silicon
detector, the scattering angle, and the energy of the emitted photons.
The question will be addressed which additional information of the
channeling process can be extracted from special conditions selected
by gates on the recorded triple coincidence distributions.
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Fig. 1. Positron scattering factors for atomic silicon. The black full curve 𝑓𝑀𝑒 represents
he Molière approximation [9] with the original parameter set, the red one 𝑓𝐷𝑇𝑒 that
f Doyle and Turner [11] in a six-parameter representation [10].

For comparison, some results of calculations for a 500 MeV electron
eam will be presented as well.

. Description of the model

For the calculation of the channeling potential, as well as the
ngular distribution of the scattered leptons, the Molière representation
or the electronic scattering factors [9] has been utilized which holds in
he Born approximation also for positrons. The parameters for silicon
re

= {0.514906, 0 , 0.485094}

𝛽 = {2.113681, 1.2, 0.41510}∕𝑎𝑇𝐹 . (1)

ere are 𝑎𝑇𝐹 = 0.8853 𝑎0 𝑍−1∕3 the Thomas–Fermi screening factor
ith 𝑎0 the Bohr radius, and 𝑍=14 for silicon. This parameter set
pproximates the six- parameter Doyle-Turner representation quoted
y Chouffani and Überall [10] to better than 8% in the full range of
≤ 𝑠∕Å ≤ 6, see Fig. 1. The quantity 𝑠 is related to the momentum

ransfer by 𝑞 = 2𝑝𝑣∕(ℏ𝑐) sin(𝜗∕2) = 4𝜋𝑠, with 𝑝 the momentum of the
article, 𝑣 its velocity, 𝑐 the speed of light, and 𝜗 the scattering angle.
or further details see [5].

The normalized scattering distribution function for lepton-atom
nteraction at an energy of 500 MeV is

(𝑎𝑡)
500 (𝜃𝑥) =

( 4.87068 ⋅ 10−10 + 𝜃2𝑥
(7.0885 ⋅ 10−11 + 𝜃2𝑥)3∕2

−
1.36902 ⋅ 10−9 + 𝜃2𝑥

(1.83793 ⋅ 10−9 + 𝜃2𝑥)3∕2
)

∕15.5081, (2)

ith 𝜃𝑥 the projected scattering angle. The numerical parameters are
elated to the Molière parameters of Eq. (1). The distribution function
s depicted in Fig. 2, red curve.

The potential 𝑈 (𝑥) has been calculated according to chapter 9.1 of
he textbook of Baier et al. [13]. The results for electron and positron
hanneling are shown in Fig. 3 together with positive 𝑛𝑝(𝑥) and negative
𝑒(𝑥) charge number densities across the channel. The latter has been
erived from 𝑈 (𝑥) with the aid of the one dimensional Poisson equation
o be

𝑛𝑒(𝑥) = −
𝑈0

4𝜋𝛼ℏ𝑐
𝑑2𝑈 (𝑥)∕𝑈0

𝑑𝑥2
+ 𝑛𝑝(𝑥), (3)

𝑛𝑝(𝑥) = 𝐴
√

2𝜋𝑢1
exp(−𝑥2∕2𝑢21), (4)

with 𝑢1 = 0.0784 Å at 293 K [14], and 𝐴 = 1.3425/Å2. Quite remarkable
differences can be recognized for electron and positron channeling. At
electron channeling a strong overlap between the particle with the
nuclear charge as well as the electron charge density exists. Since
the electron-atom scattering distribution is much broader than the
electron–electron one, the latter turns out to be a correction. This is
2

Fig. 2. Normalized lepton-atom (red) and lepton-electron (blue) scattering distributions
at 500 MeV. The FWHM amount to 13.7 μrad (atomic) and 0.096 μrad (electronic).
Both distributions have long tails taken into account in the numerical simulation up
to ± 0.033 rad. The root mean squared scattering angles amount to ⟨𝜃2𝑥⟩

1∕2 = 38.3
rad (atomic), and 12.3 μrad (electronic). The total scattering cross-sections are 𝜎(𝑎𝑡)𝑡𝑜𝑡 =
9.4⋅ 10−4 Å2 and 𝜎(𝑒𝑙)𝑡𝑜𝑡 = 5.17 ⋅10−4 Å2, the mean transverse energy gains ⟨𝛥𝐸⊥∕𝛥𝑧⟩𝑎𝑡

= 1.64 eV/μm and ⟨𝛥𝐸⊥∕𝛥𝑧⟩𝑒𝑙 = 0.137 eV/μm, and the mean number of collisions
.46/μm (atomic) and 3.62/μm (electronic), for the atomic and electronic contributions,
espectively.

Fig. 3. Upper part: (a) Electron density 𝑛𝑒(𝑥), and density of positive charge 𝑛𝑝(𝑥)
as function of the distance coordinate 𝑥 across the planes. The inter-planar distance
amounts to 𝑑𝑝 =

√

2𝑎∕4 = 1.920 Å, with 𝑎 = 5.431 Å the lattice constant of crystalline
silicon at 300 K [12]. The quantity (1∕𝑑𝑝) ∫

𝑑𝑝∕2
−𝑑𝑝∕2

𝑛𝑒(𝑥)𝑑𝑥 = 𝑍 ⋅ (8∕𝑎3) = 0.699/Å
3

is the
ean electron density for silicon with 𝑍 = 14. (b) Potential of the (110) plane for

lectron channeling normalized to the potential depth |𝑈0| = 21.09 eV. Lower part:
ame for positron channeling.
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Fig. 4. Double differential cross-section for lepton-lepton interactions as function of
the energy loss 𝑊 and momentum transfer 𝑞𝑎0. The kinematical allowed region lifts
clearly out from the gray area. Two dominating features are the plasmon resonance at
𝑊 = 17 eV and 𝑞𝑎0 ≃ 0.0045, and the resonance of the transverse excitation at 𝑊 =
3.9 eV and 𝑞𝑎0 ≃ 0.0013 which is some orders of magnitudes higher than shown.

not at all the case for positron channeling for which the positron–
electron interaction dominates for transverse binding energies 𝐸⊥ <
−0.4 𝑈 (𝑥)∕𝑈0. This fact requires special considerations as described
below.

3. Differential cross-sections for scattering at electrons

Let us turn to the discussion of the cross-section for the positron–
electron scattering. The calculation will be performed with the Møller
rather than the Bhabha representation since for a low energy transfer
both cross-sections are essentially the same. Generally, the double
differential cross-section 𝑑2𝜎∕𝑑𝑊 𝑑𝑞 is a function of the momentum
transfer 𝑞 and the energy transfer 𝑊 . For longitudinal excitations it
has been derived from the complex dielectric function Im[−1∕𝜖(𝑞,𝑊 )],
which was extended from 𝑞 = 0 by the relativistical extended model
of Ashley [15, and references cited therein]. The quantity 𝜖(𝑞 = 0,𝑊 )
was constructed in the energy region 30.85 eV ≤ 𝑊 < 30 keV from the
Henke tables [16,17], and for 1.1 eV ≤ 𝑊 < 30.85 eV from Bichsel data
for the optical oscillator strength (OOS) [18]. The contribution of the
transversal cross-section was calculated with the model of Fernández-
Varea et al. [19] and added to the longitudinal cross-section. Further
details were described in [5] for a diamond single crystal which have
been applied mutatis mutandis for silicon. The low energy part of the
double differential cross-section at scattering on atomic electrons is
shown in Fig. 4.

The energy differential cross-sections as function of the energy loss
𝑊 and momentum transfer 𝑞𝑎0, with 𝑎0 the Bohr radius, are obtained
after proper integration over the kinematical allowed 𝑞𝑎0 and the
kinematical allowed 𝑊 , respectively. The result is shown in Fig. 5.
Qualitatively two domains can be distinguished: the resonance region
below the binding energy of 100 eV for the L electrons, and the inner-
shell excitation region above. To proceed further model assumptions
were made. To be specific, (i) for the resonance region it was assumed
that it has a sharp cut-off at the L-shell binding energy 𝐸𝐿 = 99.2 eV,
and (ii) the inner shell excitation above that energy has an upper limit
at twice the K-shell binding energy of 𝐸𝐾 = 1838.9 eV. Assumption
(i) neglects a small part of the double differential cross-section above
min[𝑊𝑙𝑜𝑤(𝑞𝑎0) + 𝐸𝐿,𝑊ℎ𝑖𝑔ℎ(𝑞𝑎0)], and (ii) truncates the double differen-
tial cross-section at min[𝑊𝑙𝑜𝑤(𝑞𝑎0)+2𝐸𝐾 ,𝑊ℎ𝑖𝑔ℎ(𝑞𝑎0)] with 𝑊𝑙𝑜𝑤(𝑞𝑎0) and
𝑊ℎ𝑖𝑔ℎ(𝑞𝑎0) the limits of the kinematical allowed region, see Fig. 4. The
implication of these approximations will be discussed below.

4. Test of the model

The reliability of the described model can be tested by different
means. First of all, it was found that asymptotically the differential
3

Fig. 5. Sum of longitudinal and transverse differential cross-sections as function of the
energy loss, derived from Fig. 4.

Fig. 6. Probability density for the energy loss distribution of a 160 μm thick silicon
crystal in random orientation, i.e. amorphous matter.

cross-sections merges into the Møller cross-sections for the interac-
tion with free electrons, as required. Further quantities which can
be compared with other references are the total electronic energy
loss per collision with an electron, resulting in 2.044 MeV/(g/cm2),
which should be 2.046 MeV/(g/cm2) [20], and the logarithmic mean
excitation energy 162.3 eV, which should be 173.0 eV [21].

Although the electronic mean energy loss is predicted quite ac-
curately by the model, simulation calculations impose restrictions at
high energies due to lack of statistics. However, looking only to the
region of the most probable energy loss, i.e. the Landau distribution,
the mentioned restriction can be largely neglected. Fig. 6 shows a
simulation result for a crystal with a thickness of 160 μm in random
orientation.

This distribution can be compared with results obtained by H.
Bichsel [18]. In TABLE V and VI of his review article the most prob-
able energy loss 𝛥𝑝 and the full width of half maximum (FWHM) 𝑤
are tabulated for various thicknesses of the silicon absorber 𝑡. For a
comparison the values 𝛥𝑝 = 43.4 keV and 𝑤 = 18.3 keV at 𝑡 = 160 μm
are of relevance which agree with Fig. 6 within +1.8% and −8.2% for
the most probable energy loss and the FWHM, respectively, i.e., the
calculated Landau distribution of this work agrees well at the energy
position but the width is somewhat narrower.

Also the K- and L-shell ionization cross-sections can be calculated
with the model and compared with measurements of D.H.H. Hoffmann
et al. [22]. For both, the K- and L- shell ionization, the 𝐸0∕𝐼 scale of the
graph Fig. 13 [22] must be extrapolated far beyond the shown upper
limit. It is doubtful, on the one hand, to compare the extracted value
of the cross-sections 𝜎𝐾 = 10 ⋅ 10−6 Å2 and 𝜎𝐿 = 2.2 ⋅ 10−4 Å2 with the
values obtained in this work which are 2.7 ⋅ 10−6 Å2 and 1.0 ⋅ 10−4 Å2

for K- and L-shell excitation, respectively. On the other hand, one can
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doubt the reliability of the relativistical extended Ashley model for such
a comparison as well.

5. Dynamics

The model described sofar is a static one and applies to amorphous
matter. To describe the (110) channeling which is a dynamic process,
the scattering of the positrons at the screened atoms and electrons
must be considered. How this dynamical process can be included into
the model has been described in detail in [5] for diamond single
crystals and electron channeling. The formalism can be adapted also
for positron channeling, however, special care has to be taken on the
positron electron interaction since it is for deeply bound channeled
positrons the dominating process. In order to proceed further, the elec-
tron density and the positron–electron cross-sections must be known
both as function of the interplanar coordinate 𝑥.

5.1. Decomposition of the electron density across the transverse (110)
channel

It can be seen from Fig. 7(a) that for positron channeling the
electron distribution 𝑛𝑒(𝑥) peaks at 𝑥 = ±𝑑𝑝/2, i.e. at the position
where the atomic density is largest. It can be seen further that the
density approaches a constant value at 𝑥 = 0, and in addition, that the
assumption of a mean value 𝑛𝑒(𝑥) for the electron density across the
channel would be extremely poor. It is obvious that the peak structure
originates from the atomic core of the silicon atom with closed K-
and L shells, i.e. a Ne-like structure, while the remaining outer four
M electrons which form the valance band are unbound. The latter
are of crucial importance since they are responsible for the plasmon
resonances with huge cross sections, as shown in Figs. 4 and 5. In
principle, quantum mechanical calculations are required to obtain the
wanted densities across the channel. However, this is bejond the scope
of this paper and the following is based on model assumptions. In
lowest order it will be assumed that the valence electron distribution
is a constant across the channel with 𝑛𝑣𝑎𝑙𝑒 (𝑥) = 4∕14 𝑛𝑒(𝑥). The core
distribution would be in this case 𝑛𝑐𝑜𝑟𝑒𝑒 (𝑥) = 𝑛𝑒(𝑥) − 4∕14 𝑛𝑒(𝑥). This
s already a rather good approximation as can be seen from Fig. 7(a).
owever, it turns out that the mean value 𝑛𝑒(𝑥) = 0.020/Å3 is slightly

larger than 𝑛𝑒(0) = 0.185/Å3 at 𝑥 = 0. As a consequence, either the
functional core or the valence electron density, or both, must be slightly
adjusted. Adjusting only the core electron density by a function 𝑔(𝑥),

ith the side condition 𝑔(𝑥) = 0, which takes away density for 𝑥 close
to zero and redistributes it to ±𝑑𝑝∕2, cures the problem.

5.2. Decomposition of cross-section

The total energy differential cross-section is shown in Fig. 5. As
already mentioned, two domains can clearly be recognized which are
separated by the L edge at 99.2 eV. The low energy part is the plasmon
region which originates from the four ‘‘dissolved’’ M electrons, the
high energy part, the inner-shell excitation region, originates from the
Ne-like core. It can be concluded from Fig. 5 that the dominating cross-
section originates from distant collisions with energy transfers less that
about 100 eV, i.e., the plasmon resonance region. In particular, in the
middle of the channel around 𝑥 = 0 the inner shell excitation is nearly
absent since the density from the neon-like electron core levels off here.
The cross-sections are predicted by the model and are for the plasmon
region 𝜎𝑣𝑎𝑙 = 4.30 ⋅10−3Å2, and for the inner-shell region 𝜎𝑐𝑜𝑟𝑒 = 0.88
⋅10−3Å2, with total cross section 𝜎𝑡𝑜𝑡 = 5.17 ⋅10−3Å2. Due to the lack
of better knowledge, the differential cross-section across the channel is
assumed to be a constant as shown in Fig. 7, lower part.

The simulation procedure follows the scheme described in [5, Chap-
ter 2]. For the movement of a particle at position 𝑥𝑘 with transverse
energy 𝐸 to 𝑥 = 𝑥 +𝛥𝑥 a time 𝛥𝑡 is required which corresponds
4

⊥,𝑘 𝑘+1 𝑘 𝑘 𝑘
Fig. 7. Upper part: Electron density across the (110) channel which can be decomposed
in a core electron and a valence electron part. For details see text. Lower panel: Model
of normalized cross-sections across the channel. Red-dashed: valence electrons in the
plasmon region, blue-dashed: inner-shell excitation, black: sum of both.

to a step size 𝛥𝑧𝑘 in beam direction. According to the electron density
t 𝑥𝑘 and the total cross-section 𝜎𝑡𝑜𝑡, a collision with an electron may
ccur, or not. In case of a collision it will be randomly decided, on the
asis of the cross-section distribution shown in Fig. 7(b), whether it
as a collision with valence or core electrons. This distinction allows
n investigation of the role of the plasmon resonance by switching
he plasmon region in the simulation on or off. With the aid of the
wo dimensional cross-section shown in Fig. 4, a random momentum
ransfer 𝑞𝑎0 and energy transfer 𝑊 are determined. The energy loss
s directly given by the energy 𝑊 , the scattering angle has been
etermined with Eq. 50 of [5] in which 𝑞𝑎0 and 𝑊 enter.

Of crucial importance is a check of the assumptions for the cross-
ection distribution shown in Fig. 7. For off-channeling, the energy loss
istribution function of Fig. 6 should be reproduced approximately. To
chieve this goal, the electron density across the channel was varied
ith the function 𝑔(𝑥) by a trial and error method. The best result

obtained is shown in Fig. 8, blue histogram.
To investigate the role of the plasmon resonances for the most

probable energy loss, a low energy cut-off was introduced at 100 eV
resulting in a shift of the most probable energy loss by 10 keV towards
lower energies, see Fig. 8, red histogram. In other words, the plasmon
region contributes to the most probable energy loss by about 25%,
the remainder are from close collisions with bound K- or L-electrons.
Whether these values are connected to the equipartition rule [1,23],
applied by Trofymenko et al. [24], remains an open question. In case it
would, the rule is in our model not fulfilled since a ratio 50 to 50 would
be expected. Anyway, a precise measurement of the Landau distribution
function may contribute to solve the question whether the decay of
plasmon resonances occurs by electron–hole excitations, and this way
contribute to the energy deposition, or rather by other channels like
phonon excitations.

6. Results and discussion for positrons

6.1. Energy loss and scattering angle distributions

In an experiment the energy loss of the positrons in a silicon detector
and the scattering angle can be measured simultaneously for every
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Fig. 8. Probability densities for the energy loss distribution of a 160 μm thick silicon
crystal. Blue with plasmon resonances, red with cut-off at an energy of 100 eV. A
number of 10,000 events were randomly distributed across the (110) channel, and the
energy loss calculated with the distributions shown in Fig. 7 with adoptions described
in the text.

Fig. 9. Scatter plots, panels (a) and (c), and projections on the energy loss axis 𝑊 ,
anels (b) and (d). Panels (a) and (b) represent the random, panels (c) and (d) the
hanneling orientation. Crystal thickness 160 μm, 5000 events were collected.

vent. Fig. 9, left panels, show scatter plots for the detector oriented
andomly, i.e. de-tuned to 𝜓0 = 8 mrad with respect to the channeling
irection, and in the right panels at channeling with 𝜓0 = 0. For the
atter a large fraction of events features low energy loss and little
cattering. These are 3331 out of 5000 events which remain in the
hannel all the way to the exit of the crystal. It appears that these
vents form also a Landau-like distribution with a lower most probable
nergy loss of 17 keV. In case the positron suffers de-channeling, the
nergy loss and the scattering angle resemble both that of the randomly
riented crystal.

If the plasmon resonance region is turned off by a low energy cut-
ff in the energy loss 𝑊 at 100 eV, significant shifts were recognized
or the energy loss distribution (not shown here). However, as demon-
trated in Fig. 10, the projected scattering distributions are virtually
he same. Even the number of events that remain in the channel is
5

Fig. 10. Scattering angle distributions at off-channeling condition with 𝜓0 = 8 mrad,
panels (a) and (c), and at channeling with 𝜓0 = 0 mrad, panels (b) and (d). Thickness
of the crystal 𝑡 = 160 μm. The red curves in panels (a) and (b) are Gaussians with the
cattering distribution according to the Particle Data Group of 𝜎𝑃𝐷 = 8.512 ⋅ 10−4 rad.

Fig. 11. Transverse characteristics of a channeling trajectory. (a) Amplitude, (b)
transverse velocity and (c) transverse acceleration.

within statistics the same: 3330 out of 5000, without plasmons taken
into account, and 3331 out of 5000, with plasmons.

This finding suggests that scattering, and also de-channeling, is essen-
tially governed by collisions of the positrons with atoms, including bound
electrons, rather than plasmons.

6.2. Spectral power density analysis

At channeling in a deeply bound state the positron moves through
the crystal with only little interaction with electrons comprising the
crystal, and a quite regular transverse oscillation is expected. As an
example, Fig. 11 shows amplitude, transverse velocity and acceleration,
in panels (a), (b) and (c), respectively. A scattering process changes the
derivative of the trajectory, and, in particular, the acceleration. This
manifests itself in Fig. 11(c) by the spices.
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Fig. 12. Spectral power densities for positrons, panel (a) for a single trajectory, (b) the
mean for 2000 single trajectories, and (c) decomposed spectra according to windows
in Fig. 9(d) below and above 20 keV. Formally, 𝑓 transforms in an energy scale like
ℏ𝜔 = 2𝛾2ℏ𝑐 2𝜋𝑓∕(1 + 𝛾2𝜃2.

To get an idea on the emitted spectra, in Fig. 12(a) the power
density spectrum of a complete single trajectory is shown as calculated
with the function PowerSpectralDensity of the Mathematica 13.2 pack-
age. Assuming that this power density spectrum shifts relativistical in
forward direction like in an undulator, the transformed energy reads

ℏ𝜔 = 𝑘
4𝜋𝛾2ℏ𝑐

𝜆𝑈 (1 +𝐾2∕2 + 𝛾2(𝜃2𝑥 + 𝜃2𝑦 ))
. (5)

n lowest order 𝑘 = 1, 𝜃𝑥 = 𝜃𝑦 = 0, amplitude 𝐴 = 0.5 Å, period 𝜆𝑈 =
.04 μm, undulator parameter 𝐾 = 𝛾 ⋅𝐴 ⋅ 2𝜋∕𝜆𝑈 = 0.14 one obtains ℏ𝜔
1.16 MeV.
In reality, many of such spectra with various amplitudes and periods

uperimpose. The mean of 2000 trajectories is depicted in Fig. 12(b).
he two features at 0.42 and 0.44 /μm are not statistical artifacts.
hey appear more clearly in panel (c) in which the mean spectrum in
b) was subdivided by windows in the energy loss spectrum shown in
ig. 9(d) into two parts. A clear effect by the chosen energy window
elow and above 20 keV can be stated. The origin of the structures
round 0.44/μm is not quite clear. Probably they may reflect deviations
rom the harmonic potential. However, it should be mentioned that the
pectral distribution may be broadened by incoherent processes like the
ollision broadening which is not invoked in the results presented in
his work. Such effects were discussed in connection with experimental
bservations, see e.g. [25], in a number of publications in the 80s
nd 90s of the last century, see in particular the articles of Andersen
t al. [26] and Dabagov et al. [27]. Both aspects, structure and collision
roadening, may open novel insights into the channeling process of
ltra-relativistic leptons treated in this paper classically.

. Results and discussion for electrons

Although not the main aim of this work, in the following some
esults for electrons will be presented. The simulations were performed
or a somewhat thinner crystal of 40 μm since the de-channeling length
or electrons is smaller than for positrons. A beam with an emittance
6

f 𝜖𝑣 = 0.003 𝜋 mm mrad (1 𝜎) in vertical direction can be provided
Fig. 13. Scatter plots, panels (a) and (c), and projections on the energy loss axis 𝑊 ,
(b) and (d), for 500 MeV electrons. Panels (a) and (b) depict the random situation, (c)
and (d) for channeling. Crystal thickness 𝑡 = 40 μm, 5000 events.

by MAMI. An angular spread of 71 μrad (FWHM) and a beam width
of 0.236 mm (FWHM) were assumed. Contrary to positrons, electrons
channel in a region with enhanced electron density in the middle of
the channel. Consequently the energy loss increases in comparison to
positron channeling. The equivalent of Fig. 9 for positrons is shown for
electrons in Fig. 13. Although no peak can be observed in Fig. 13(d),
the effect of an enhanced energy loss can clearly be recognized by a
comparison with the random case panel (b) which exhibits a decrease
at the maximum in favor of a shoulder at the high energy side.

In Fig. 14 scattering distributions of the channeled electron are
compared with the distribution for the random case. The distribu-
tion for the channeling case appears to be somewhat broader. This
is expected because of the enhanced overlap of the trajectory with
atoms comprising the (110) plane, and therefore enhanced scattering
at atoms.

Fig. 15 depicts an electron trajectory, together with transverse
velocity and acceleration. The shown de- and re-channeling character-
istics turns out to be a quite general feature, which in thicker crystals
may repeat itself a number of times. Fig. 15(b) indicates above barrier
channeling at which the electron hobbles above the channels and still
feels the potential. The velocity and acceleration frequency is increased
at least by a factor of two. For electrons much more scattering processes
happen in comparison to positrons. Depicting also the spikes would
render the viewgraph quite confusing. Therefore the acceleration part
is represented by dots for which only a few are shown in the chosen
vertical scale.

Fig. 16 shows power density spectra. The single spectra are broad,
and consequently also their means over many trajectories. The channel-
ing radiation spectrum shifts to about twice the energy in comparison
to positrons, however, is rather broad. An effect of an energy loss
selection for electrons is less pronounced than for positrons. A window
for the energy loss region 11 keV < 𝑊 < 20 keV exhibits no clear
discrimination in comparison to the total spectra, or the ‘‘remainder’’
part not in this window.

A surface barrier detector allows to change the sensitive layer by
the reverse bias. In Fig. 17 the effect for different sensitive thicknesses
for a 60 μm thick crystal is shown. At entrance of the electron at
channeling condition 𝜓0 = 0 mrad is even for a thickness of 60 μm still
higher than for the off-channeling condition 𝜓0 = 8 mrad. This finding
may be interpreted as to originate from re-channeling which cannot
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Fig. 14. Scattering angle distributions at off-channeling condition for 500 MeV
electrons with 𝜓0 = 8 mrad (‘‘random’’), panel (a), and at channeling with 𝜓0 = 0
mrad, panel (b). Thickness of the crystal 𝑡 = 40 μm. The red curve in panel (a) is
a Gaussian with the scattering distribution according to the Particle Data Group of
𝜎𝑃𝐷 = 3.96 ⋅ 10−4 rad.

Fig. 15. Transverse characteristics for an electron channeling in a 60 μm thick crystal.
Part (a) shows the amplitude, (b) the transverse velocity, and (c) the transverse
acceleration.

be neglected even at those thicknesses. It is somewhat surprising that
at small sensitive thicknesses an expected strong change of the energy
loss seems to be absent. This effect may originate from a rapid first
de-channeling. It remains an open question which information on the
de-channeling process can be extracted from a measurement without
employing a model for the analysis.

8. Conclusions

Simulation calculations were performed for 500 MeV positrons and
electrons channeling in silicon single crystals. In particular, three quan-
tities were investigated which can be measured simultaneously event by
7

M

Fig. 16. Spectral power densities for electrons. Panel (a) shows a spectrum for a single
trajectory, panel (b) the mean for 1500 single trajectories in black, and decomposed
spectra with windows in Fig. 13 in the energy loss region 11 keV < 𝑊 < 20 keV in
red color, and the remainder of the spectrum in blue color. Formally, 𝑓 transforms in
an energy scale like ℏ𝜔 = 2𝛾2ℏ𝑐 2𝜋𝑓∕(1 + 𝛾2𝜃2.

Fig. 17. Energy loss as function of the sensitive thickness for a 60 μm thick detector
at channeling 𝜓0 = 0, and in random orientation 𝜓0 = 8 mrad.

vent. These are the scattering angle, the emitted photon energy and
he energy loss in the crystal if designed as a surface barrier detector.
ne of the main questions of this case study was to investigate the

mpact of the strong plasmon resonances below 17 eV. It was found that
hey have impact on the energy loss distribution but not the angular
nes. By windows on the energy loss spectra the spectral distribution
ay be narrowed. However, any kind of collision broadening was not

onsidered in this case study. Anyway, both effects may be of interest
o understand better the features of the channeling process.

The main shortcoming of the simulation calculations are crude
odel assumptions in Section 5.1 ‘‘Decomposition of the electron den-

ity across the transverse (110) channel’’ made for the density distri-
ution and the interaction cross-section of the relativistic lepton at
nteractions with lattice electrons, both as function of the interplanar
istance 𝑥. To overcome them, quantum mechanical calculations for
hese quantities are needed. However, the author hopes that the esti-
ates presented in this paper may be of some use to plan experiments at

he 500 MeV positron beam under construction at the Mainz Microtron
AMI.
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