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K-shell ionization and characteristic X-ray radiation (CXR) by high-energy electrons and positrons in oriented
silicon crystals are investigated on the basis of computer simulation. A method for this simulation has been developed.
The evolution of the CXR yield from the upstream surface of the crystal with changes in the angle between the incident
particle momentum and the crystal (100) axis or (100) plane, as well as with changes in particle energy over a wide
range (from 1 GeV to 1 TeV), is investigated. A new method for measuring the electron dechanneling length, based
on the detection of CXR from the lateral surface of a crystal, is proposed. The feasibility of this method is investigated.

PACS: 34.80.Dp, 78.70.En

INTRODUCTION

When high-energy charged particles move in a me-
dium, they ionize atomic shells, which leads to emission
of photons or Auger electrons as a result of further refill-
ing of these shells. This process is of special interest for
inner atomic shells, in particular K shell, since the emit-
ted photons in this case belong to the X-ray range and are
rather weakly absorbed. Such an emission, known as
characteristic X-ray radiation (CXR), is widely applied
as a source of monochromatic X-rays and for spectros-
COpY purposes.

In oriented crystals, CXR by ultrarelativistic charged
particles has been investigated experimentally in a series
of works [1-3] for protons, electrons, 7+ and 7~ mesons
in Ge and W crystals. In all these works, the crystal was
oriented near the axial direction relative to the particle
beam. Pronounced dips in the orientational dependence
of CXR yield were registered for protons and =* mesons,
when a crystal axis was aligned with the particle beam,
whereas for electrons and =~ mesons a smaller peak in
this dependence was observed in this case. These effects
are caused by the fact that most of positively charged
channeled particles do not approach the atoms very
closely, which reduces the probability of colliding with a
K-shell electron and creating a vacancy in this shell.
Channeled negatively charged particles, on the contrary,
experience an increased probability of hard collisions
with atoms compared to an amorphous target.

Theoretical calculation of K-shell ionization cross
sections for ultrarelativistic channeled electrons and pos-
itrons was carried out in [4]. However, these calculations
were analytical and were not based on realistic particle
trajectories in the crystal. The authors also did not take
into account the gradual onset of the density effect in K-
shell ionization as the particle penetrates deeper into the
target, which led to an underestimation of the relative
magnitude of the crystal orientation effect at high particle
energies.

In the present work, we develop a method of com-
puter simulation of the process of K-shell ionization and
CXR by high-energy particles in oriented crystals. The
method is based on simulation of particle trajectories in
the crystal through numerical solution of the equation of
motion in the realistic potential of crystalline planes and

atomic strings. The incoherent scattering of particles by
atomic electrons and thermal vibrations of atoms is taken
into account. We also take into account the evolution of
the electromagnetic field around the particle as it enters
the crystal, associated with the formation of TR, which
leads to the onset of the density effect in K-shell ioniza-
tion. Such an approach makes it possible to describe the
CXR vyield from the upstream surface of the target (as
well as from the downstream one) as registered by a de-
tector placed at an arbitrary position, in particular at rel-
atively small angles to the direction opposite to the parti-
cle motion. In this direction the CXR originates from a
boundary layer that is wider than the distance over which
the onset of the density effect is almost completed. It also
allows taking into account the influence of dechanneling
on the ionization and CXR vyield, which is significant for
electrons.

For the case of the planar (110) orientation, the influ-
ence of the electron dechanneling process on their CXR
from the lateral surface of the crystal has been investi-
gated for beam propagation parallel to this surface. The
possibility of measuring the absolute value of the dechan-
neling length and its energy dependence in this geometry
by detecting CXR is demonstrated.

1. SIMULATION METHOD

For simulation of K-shell ionization by high-energy
incident particles in oriented crystals we separately con-
sider contributions from distant and close collisions. Sim-
ulation of distant collisions is based on separate treatment
of interactions with the atoms on small (p < p,) and
large (p > p,) distances p from the particle trajectory.
For the first ones, the simulation is based on the ioniza-
tion probability which depends on the particle coordi-
nates (x,y) in the plane perpendicular to its direction of
motion inside the crystal unit cell. The particle is sup-
posed to move at a small angle with respect to the crystal
axis (100) parallel to the z axis or at a small angle to the
plane (100) or (110).

The interactions at p > p,, are supposed to occur like
in an amorphous medium and the corresponding proba-
bility of energy transfer is not sensitive to the exact par-
ticle position inside the cell. In this region of p, it is nec-
essary to take into account the transformation of the
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electromagnetic field around the particle due to the for-
mation of transition radiation (TR) as the particle enters
the target, which is performed on the basis of the equiva-
lent photon method. In this method, the spectral distribu-
tion of the number of equivalent photons in the region
around the particle on distances p > p, from its trajec-
tory can be expressed through the electric field Fourier
component E,, as follows:

dNe, ¢
do  4mho

f |E,|*2mpdp . (0

Po

The quantity E,, is computed by solving the Max-
well’s equations with the boundary conditions on the
crystal surface. A compact analytical expression for
d N,q/dw under condition py* > w, » w/y is derived.
Based on (1), the contribution to K-shell ionization cross
section from the region of impact parameters p > p, can
be calculated as

dN,
Oprp0 = | et ofu(@)do, @
(2)¢
where agh(w) is the cross section of K-shell photoioni-
zation.

The contribution from close collisions is derived
based on the model of binary collisions between the inci-
dent particle and atomic electrons using the Mdller cross
section, which in the considered case takes the form of
the Rutherford cross section. Based on the simulated
number of K-shell ionization events along the particle
trajectory in the crystal, it is possible to directly deter-
mine the number of CXR photons emitted from the up-
stream surface of the crystal.

2. SIMULATION RESULTS

Let us denote by 9 the angle between the observation
direction and the direction opposite to the initial direction
of the incident particle motion, which is supposed to be
orthogonal to the crystal surface. Fig. 1 shows the orien-
tational dependence of the the angular density dN /do of
the number of CXR photons emitted from the upstream
surface of the crystal at 9 = 30°. For the planar orienta-
tion (100), @ is the angle between the (100) plane and the
momentum of the particles incident on the crystal. For
the axial orientation (100), @ is the angle between the
{100) axis of the crystal and the particle momentum. In
the latter case, the direction of crystal rotation is chosen
such that, with increasing 6, the crystal gradually ap-
proaches the (100) planar orientation. In this case, the
transition from the axial to the planar orientation occurs
at angles & much larger than the critical angle for axial
channeling, which, for the considered particle energy of
1 GeV, is about 385 prad.

It can be seen that, for both positrons and electrons,
the transition from the planar channeling regime to over-
barrier motion corresponds to a non-monotonic change in
dN /do. For positrons, at an angle 8 equal to the critical
planar channeling angle (which is roughly half the critical
axial channeling angle), dN /do reaches a maximum, in
which the photon vyield exceeds the yield (dN/do)g
characteristic of the randomly oriented target. For elec-
trons, the photon yield reaches a minimum at this angle,
where it is slightly smaller than (dN/do)g. These
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extrema are associated with the so-called ‘hanging-over’
effect in the particle motion in the crystal. It should also
be noted that the small extrema near 8 = 2 mrad corre-
spond to planar channeling in high-index planes, which
in the present case is (150) plane.

In the case of the axial crystal orientation, a non-mon-
otonic variation of dN /do with increasing angle between
the particle momentum and the (100) axis also occurs.
However, in this case, the non-monotonicity is mainly
due to the fact that when 6 exceeds the critical angle for
axial channeling, particles begin to be captured into the
planar channeling regime in the field of atomic planes
(100), which, in the limit of large angles, causes dN /do
to approach the value characteristic of planar channeling.
In the intermediate range of 6, the photon yield ap-
proaches (or even reaches) the value (dN/do)y charac-
teristic of the amorphous target, which is higher (for pos-
itrons) or lower (for electrons) than the values typical of
both axial or planar channeling.

The evolution of CXR relative intensity
(dN/do)/(dN/do)g with increasing particle energy
has been investigated over a wide energy range, from
1 GeV to 1 TeV, for the axial crystal orientation (100). It
is shown that for electrons, this evolution is non-mono-
tonic and exhibits a maximum whose position depends
on the CXR observation direction, which is explained by
the influence of the dechanneling process on electron mo-
tion (for details see [5]).
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Fig. 1. Dependence of the angular density of the
number of CXR photons emitted from the upstream
surface of the crystal on the angle between the
atomic axis/plane and the momentum of the particles
incident on the crystal. The particle energy is 1 GeV

3. EFFECT OF ELECTRON
DECHANNELING ON CXR

In this section, we consider the possibility of studying
the electron dechanneling process in silicon by detecting
CXR. We propose a configuration in which the beam
propagates parallel to the lateral surface of the crystal. A
fraction of the beam may travel inside the crystal, while
the remaining part propagates in vacuum. The transverse
beam size can typically be assumed to be much larger
than the characteristic thickness of the layer near the lat-
eral surface from which CXR can emerge. This thickness



is on the order of the CXR attenuation length. The radia-
tion can be collected from crystal segments of length Az
along the beam propagation direction. For this, the crystal
surface on both sides of such a segment should be cov-
ered with an ultrathin foil made of a material heavier than
silicon, which efficiently absorbs CXR photons originat-
ing from other parts of the crystal volume. At sufficiently
high electron energies, the effect associated with electron
scattering in the foil and the particle re-entry into the
crystal can be neglected. By moving the foil and the de-
tector relative to the crystal, one can determine the num-
ber of CXR photons emitted from segments Az located at
different depths along the beam direction, thereby study-
ing the influence of dechanneling on CXR. As a criterion
for a sufficiently intense CXR signal from the segment
Az, we adopt the condition that the angular density of
CXR per incident beam electron should be of the same
order of magnitude as a typical value of dN /do from the
upstream surface of the crystal.
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Fig. 2. Points: angular density of CXR photons emit-
ted from segments Az in the direction perpendicular
to the propagation of a 100 GeV electron beam.
Dash-dotted line: CXR angular density (dN/do)g
for an amorphous target. Solid line: numerical fit.
Dashed line: value of dN /do whose difference from
(dN/do)g is smaller by a factor of e = 2.72 than the
difference between the fitted dN /do
atz =0and (dN/do)g

Fig. 2 shows an example of the dependence of the an-
gular density of CXR photons emitted from a segment 4z
on the lateral crystal surface on the coordinate z of the
segment center for an electron energy of E = 100 GeV.
The particles enter the crystal along the (110) plane and
Az is chosen to equal 50 um. Here we see that the value
of dN/do is noticeably affected by the electron

dechanneling process, indicating that CXR can be used
to study this process. The solid gray curve represents a
numerical fit to the dependence shown by the points.

As the dechanneling length A, that can be determined
from Fig. 2, one may choose the value of z at which the
difference between the fitted curve and the value
(dN/do)y typical for an amorphous target (randomly
oriented crystal), decreases by a factor of e. The value of
dN /do at this z is indicated by the dashed line. In the
present case, A; = 0.8 mm. The ratio n = 1,/1, of this
value to the corresponding value [; obtained from the di-
rect numerical simulation of the fraction of channeled
particles, is 0.55. A similar analysis performed for elec-
trons with energies of 50 and 200 GeV yields the follow-
ing values of the dechanneling length 1, and the coeffi-
cient n: 1, =0.385 mm and A; =147 mm, n =
0.57 mm and n = 0.54, respectively. It follows that the
dechanneling lengths A; determined from the CXR data
are systematically smaller than the dechanneling lengths
[, obtained from the simulation of the fraction of chan-
neled particles. However, the ratio n for the considered
energies is nearly constant, indicating that 4, correctly
reproduces the energy dependence of [;. These results
demonstrate the principal possibility of experimentally
determining the dechanneling length [; from the analysis
of CXR data from the lateral crystal surface (using the
coefficient n obtained from simulations), as well as of
studying its dependence on the particle energy.
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OPIEHTALIHI EOEKTHU B IOHI3AHIT ATOMHUX K-OBOJIOHOK TA
XAPAKTEPUCTUYHOMY PEHTTEHIBCBKOMY BUITPOMIHIOBAHHI YACTUHOK
BUCOKHUX EHEPTTI Y KPUCTAJII KPEMHIIO
C.B. Tpogumenko, 1.B. Kupunnin

Ha ocHOBI KOMIT'FOTEPHOT0 MOICTIOBAHHS JTOCIIIIXKEHO 10HI3a1ir0 aToMHIX K-000JI0HOK Ta XapaKTEpUCTUIHE Pe-
HITeHiBChbKe BUMpoMiHIOBaHHS (XPB) enekTpoHiB i MO3UTPOHIB BUCOKHX CHEPTiil B OPIEHTOBAHUX KPUCTAJIaX KPeM-
Hito. Po3pobneHo MeTo Takoro MoaentoBaHHs. J{ociikeHo eBOIOIiI0 iHTeHCHBHOCTI XPB 3 BXiHOT MOBepXHi KpH-
CTaJia IPH 3MiHI KyTa MIX IMITyJIbCOM HaJITAaIOUMX YAaCTUHOK Ta KpucTanigHoro Biccto (100) abo momunoro (100), a
TaKOX 31 3MIHOIO €Heprii YacTHHOK y mmpokoMy niamasoHi (Bix 1 I'eB no 1 TeB). 3anponoHoBaHO HOBHH MeTO[
BUMIPIOBaHHS JOBXWHH JICKaHAIIOBAHHS €JICKTPOHIB Ha 0CHOBI peectpauii XPB 3 6iuH01 moBepxHi kpucrana. loci-

JUKEHO MO>KJIMBICTB MPAKTUYHOI pealtiamii [boro MeToxy.
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