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The incoherent bremsstrahlung of high energy electrons in crystal is caused by thermal spread of atoms from
their equilibrium positions in the lattice. In the present article the simulation procedure for the intensity of
incoherent radiation based on the quasi-classical formulae of the bremsstrahlung theory is developed. Substantial
orientation dependence of the intensity of hard incoherent radiation is demonstrated under the angles of incidence of
the particles to the crystallographic plane, close to the critical angle of planar channeling. The dechanneling effect
leads to decrease of that orientation dependence. The results of simulation are in a good agreement with the

experimental data.
PACS: 02.70.-c, 41.60.-m, 61.85.+p

1. INTRODUCTION

Under motion of fast charged particles in a crystal
along one of crystallographic axes or planes the
channeling phenomenon is possible, when the particles
move in channels formed by atomic strings or planes in
the crystal (see, e.g., [1-3]). The redistribution of the
particle flux in the crystal takes place under the
channeling. Due to this fact both increase and decrease
of yields of the processes connected with small impact
parameters are possible. This is connected to the fact
that positively charged channeling particles couldn’t
come to small distances to the positively charged atomic
nuclei in the lattice, so such particles would collide with
the atomic nuclei in the crystal more rare than under
absence of the channeling. For negatively charged
particles the inverse effect takes place.

Under disorientation of the crystal on small angle to
the incident beam the particles performing the above-
barrier motion in relation to the atomic strings or planes
in the crystal appears together with the channeled
particles [3-5]. For the above-barrier particles some
redistribution of the particle flux in the crystal also takes
place. However, this effect has substantially different
form than the redistribution of the flux of channeled
particles. Namely, under above-barrier motion near
atomic planes in the crystal the positively charged
particles “hang” for a relatively long time in the region
of atomic nuclei location in the crystallographic planes,
whereas negatively charged particles fly across this
region faster than positively charged ones. At last, if the

angle of the crystal disorientation substantially exceeds
the critical angle of channeling the effect of redis-
tribution of the particle flux in the crystal is absent [3].

So, in the case of disorientation of the crystal by the
angles of order of the critical channeling angle
substantial orientation dependence of yields of the
processes connected to small impact parameters must
take place. Such orientation dependences have been
observed earlier for the nuclear reactions yields, &
electron yield, and a number of other processes (see,
e.g., [2,3,6,7]).

The present paper is devoted to the analysis of
orientation dependence of the yield of incoherent
radiation of relativistic electrons and positrons under
motion of the particles in the crystal near one of
crystallographic planes. The simulation procedure for
this process based on the model in which the atomic
planes in the crystal are treated as rows of atomic strings
is presented. In the frames of this model both the
coherent scattering of the particles on the uniform
atomic string potentials and the incoherent scattering on
the thermal vibrations of the lattice atoms are taken into
account. So, our procedure permits to take into account
the effects of dechanneling and rechanneling of the
particles, that makes it applicable to the targets of
arbitrary thickness. The results of simulation are
compared to the experimental data on the orientation
dependence of the radiation yield in the range of photon
energies close to the energy of the radiating electron,
obtained earlier in KIPT [7].
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2. SIMULATION OF THE INCOHERENT
RADIATION

Radiation of relativistic electron in matter develops
in a large spatial region along the particle’s momentum
called as the coherence length [3,8]. If the electron
collides with a large number of crystal atoms in the
coherence length, the effective constant of the
interaction of the electron with the lattice atoms may be
large in comparison with the unit, so we could use the
semiclassical description of the radiation process. In
thedipole approximation the spectral density of
bremsstrahlung is described by the formula [3]
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Particularly, for the case of radiation of the electron in

the field of single atom (using the screened Coulomb
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v is its velocity, ¢'=¢ - 0w, W, =

the direction orthogonal to v, § =

potential U(#)= Ze ¢ , as the potential of the atom,

where Z is the atomic number, R is Thomas-Fermi
radius) we have:
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where K(x) is the modified Bessel function of the
third kind, po is the impact parameter. Since the
characteristic values of ¢ making the main contribution
to the integral (1) are ¢ ~0 << R,
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Integrating over ¢, and after that over the impact
parameter, we obtain with logarithmic accuracy the
Bethe-Heitler result for radiation efficiency by the unit
particle flux in the field of the atom:
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Note that the integral over the impact parameter
diverges at small values of 0. The divergence results
from the use of the dipole approximation, which is valid
at po2 0/mec. We take this constraint into account by
introducing the lower limit of integration (
= 0/mc that is the Compton wavelength of the

we can take ¢ = 0

p min

113

electron), so this result is obtained with logarithmic
accuracy.

Consider now the radiation of the electron
interacting with the crystal that is the system of atoms
periodically arranged in space. The case of our interest
is the electron incidence onto the crystal under small
angle ¥ to one of its crystallographic axes (the z axis).
It is known [3] that averaging of the equation for the

2
‘Wq‘ over the thermal vibrations of atoms in the lattice

leads to the split of this value (and so the radiation
intensity) into the sum of two terms describing coherent
and incoherent effects in radiation:
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where the indexes n and m numerate the atoms under

collisions, f, is the time moment when the electron

collides with the n-th atom, p, = p(z,)- p° is the
impact parameter of the collision with the n-th atom in

its equilibrium position p?, p(¢) is the trajectory of
the electron in the plane orthogonal to the z axis, and
u, 1is the thermal shift of the n-th atom from the
position of equilibrium.

Consider the situation when the electron moves
under small angle 6 to one of the crystallographic
planes densely packed with atoms (the (x, z) plane).
Assume also that the motion takes place under small

angle ¥ to the z axis, namely 8 << ¥ <<1_ 1In the
range of frequencies
w >> 2e¢'f /mcay (6)

where 4, is the distance between such atomic planes,

the incoherent component of radiation is predominant
[3]. Like in the case of the radiation on the single atom,
we take ¢ = 0 and then, substituting the formula for

W from (3), we find the following expression for the
incoherent part of the quantity of interest:
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It is convenient to compare the efficiency of the
incoherent radiation in the crystal with the radiation
efficiency in amorphous medium (with equal numbers
of collisions with atoms in both cases). The ratio of
these two values is equal to
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where N is the whole number of atoms with which the
electron collides under motion through the crystal,

integration over d’p o means the integration over all

possible points of incidence of the beam onto the crystal
surface. This integration can be effectively reduced to
the integration over one elementary cell in the plane

().
Under computing the value
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we substitute 0 = 0 min When P < 0 i to take into

account the constraint under small distances, like in the
case of a single atom. Averaging over thermal
vibrations is made by integration with Gaussian
distribution. This integration could be carried out only

numerically, so the values of the function F(0) in (8)
are determined by interpolation of the results of
numerical integration for the finite set of the values f .

The impact parameters of the collisions with atoms f,

are determined using the simulated trajectory of the
electron in the crystal (see below). Integration over

d*p o can be carried out using Monte-Carlo techniques.

3. SIMULATION OF THE PARTICLE
TRAJECTORY IN THE CRYSTAL

Consider the motion of the electron in the crystal
under small angle ¥ to one of crystallographic axes
densely packed with atoms. Let this angle is small
enough to validity of the approximation of the uniform
potential of the atomic string, but much larger than the
critical angle of axial channeling. In this case the
problem of motion of the electron in the crystal is
reduced to the two-dimensional problem of motion in
the (x, y) plane, which is perpendicular to the axes of
atomic strings. The electron’s trajectory f(¢) is
determined by the equation of motion [1-3]
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where Up(p - pf) is the potential energy of the

electron interaction with the uniform potential of the

atomic string parallel to the z axis, p f is the position of

the string in the (x, y) plane.

The potential of the atomic string decreases rapidly
with distance increase, so the curvature of the electron
trajectory takes the place mainly on a small, least distant
to the string axis part of it. So we can approximate the
real trajectory of the electron by the broken line, the
angles between parts of which in the (x, y) plane are
equal to the angles of scattering (deflection) of the
particle in the field of corresponding strings:
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where b is the impact parameter of the collision with the
string, £- =60 %/2, P is the minimal distance

between the electron and the axis of the atomic string
(see [3,4]). During the simulation process the successive
steps from one collision with the string to the next one
are made. On every such step the parameters of the
current rectilinear part of the trajectory are used in
looking for the coordinates of the next string under
collision and the impact parameter of that collision.
Realization of this algorithm using MathCAD package
is published on the address [9].

Thermal spread of the atoms from their positions of
equilibrium in crystal leads to arising the incoherent
scattering of the electrons on the thermal vibrations of
atoms together with the coherent scattering on the
uniform potentials of the atomic strings (see, e.g., [3],
§57).

The scattering angle of the electron is given by the
formula, which is distinct from Eq. (3) for the value

w® only by the coefficient c:

3 0(p,)= 22 k100 ]P0
R DR O,

After averaging the squared absolute value of the
sum of scattering angles on all atoms of the string over
thermal vibrations of atoms, we obtain the formula
analogous to (5), and find that the mean squared value

. . 2 . .
of the incoherent scattering angle <19 >inwh is described

by the formula coinciding to (7) with additional factor
c?.

In the simulation procedure for the electron’s
trajectory the incoherent scattering is taken into account
by addition the random value with Gaussian distribution

with the dispersion equal to < > /Y to the

azimuth value of the coherent scattering angle (9). Such
model is more realistic than [9]; it permits to take into
account the dechanneling phenomenon, when the
particles moving in the channels formed by atomic
planes of the crystal, could leave them because of the
scattering on thermal vibrations of the atoms.
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4. ORIENTATION DEPENDENCE OF
THE INCOHERENT RADIATION OF FAST
PARTICLES IN CRYSTAL

Specific parameters of the simulation are chosen in
correspondence to conditions of the experiment [7]. In
that experiment the photons of energy Uw = 1.1 GeV
emitted by electrons of energy ¢ = 1.2 GeV incident on
the silicon (Z =14, R= 0,194 A) crystal under small
angle 0 to the plane (110) (the (x, z) plane) had
registered. Under these conditions the angle of electron
incidence to the <001> axis (the z axis) had chosen
large enough to ensure the absence of axial channeling:

g ~100¢ .,
where the critical angle of the axial channeling

2
v, = A% 35007 rad
£a,

(the lattice constant along the <001> axis in silicon
crystal is a, = 5,431 A). The experimental data (see

Fig. 2 in [7]) and the results of simulation are presented
on Fig. 1. We see rather good agreement between them.
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Fig. 1. Photon yields with the energy 0w = 1.1 GeV
vs the incidence angle of electrons with the energy
£ = 1.2 GeV to the (110) plane of a 30 um thick silicon
monocrystal [7] (error bars) and the intensity of
incoherent radiation of electrons as a result of the
simulation with (circles) and without (solid line)
account of the incoherent scattering of the electrons on
the thermal vibrations of the lattice atoms

The character of the orientation dependence of the
incoherent radiation is determined by the specialties of
the particle’s dynamics in the crystal. This fact could be
illustrated under comparison of the orientation
dependencies of the incoherent radiation by electrons
and positrons under the same conditions (see Fig. 2,
where we have not take into account the incoherent
scattering of the particles on thermal vibrations of atoms
for more demonstrability). For the § values close to
zero the planar channeling takes place for the most part
of points of incidence of the particle onto the crystal.
The electron (negatively charged particle) under planar
channeling spends the most part of the time of its
motion through the crystal in close vicinity to atomic
plane, with small impact parameters of collisions with
atoms that leads to the maximum in the efficiency of
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incoherent radiation. On the other side, the positron
under planar channeling spends the most part of the
time far from atomic planes that leads to the minimum
in the incoherent radiation intensity.

In the case of 8 values close to the critical angle of

planar channeling 0, (for the case under discussion

.= 2010°* rad) the above-barrier positrons spend the

most part of the time in close vicinity to atomic planes
that leads to maxima in the incoherent radiation
efficiency. Oppositely, the above-barrier -electrons
rapidly move through atomic planes that leads to
minima in the incoherent radiation intensity.

Under 8 >> 0, the energy of transverse motion of

the particle ¢, = ¢6 2 /2 [3] exceeds by far the height

of the potential barrier formed by uniform potential of
the atomic plane in the crystal. In this case the trajectory
of the particle is almost rectilinear. For such trajectory
all possible impact parameters of collisions with atoms
are almost equiprobable, like in amorphous medium,
and the incoherent radiation efficiency become equal to
that in amorphous medium (in accuracy to Debye-
Waller factor) and independent on the crystal
orientation.

0 , mrad

Fig. 2. The efficiency of incoherent radiation of
positrons (solid line) and electrons (dashed line) in the
crystal in ratio to that in amorphous medium with the
same number N of collisions with atoms as a result of
the simulation according to Eq. (8) under the conditions
of Fig. 1
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Fig. 3. Changing of the orientation dependence of
the incoherent radiation efficiency by the electrons
under the conditions of Fig. 1 with the increase of the
crystal thickness



The electron scattering on the thermal oscillations of
the lattice atoms could lead to the dechanneling of the
electron, when the motion in the planar channel changes
to the above-barrier motion. As a consequence, the
maxima and minima described above become less
marked (compare the results of simulation with and
without account of the incoherent scattering on Fig. 1).

As the crystal thickness grows, the probability of
dechanneling of the electrons increases that leads to the
gradual decrease of the orientation dependence of the
incoherent radiation efficiency (see Fig. 3).
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O HEKOI'EPEHTHOM U3JIYYEHUN
PEJATUBUCTCKHUX SJEKTPOHOB 1 TIO3UTPOHOB B KPUCTAJLJIE

H.®. lynvea, B.B. Cotuenko

HekorepeHTHOE TOPMO3HOE H3IJIyYEHHE HJIEKTPOHOB BBICOKHMX JHEPrHi B KpHUCTaJUIe OOYCIOBJICHO TEIUIOBBIM
pa3bpocoM aTOMOB OTHOCHTEIBHO MX PaBHOBECHBIX MOJIOKEHWH B pemieTke. B HacTosimed cTatbe pa3BHUTa
npouenypa MOAEJIUPOBAHUS HMHTECHCHUBHOCTHM HEKOI'€PEHTHOIO HW3JyYEHHsl, OCHOBAaHHAs Ha KBAa3UKJIACCHUYECKHUX
¢opMmynax TeopmM TOPMO3HOTO W3dMy4deHus. llokasaHa cymiecTBeHHass OpHEHTAIlOHHAs 3aBHCHMOCTB
WHTCHCHBHOCTH JKECTKOTO HEKOTEPEHTHOTO HM3IYYCHHS NPH yriaxX MaJeHUS YacTHI[ Ha KPHUCTAIUIOrPaPHISCKYIO
IDIOCKOCTD, OM3KHX K KPUTHIECKOMY YTIIy TUIOCKOCTHOTO KaHaTHpoBaHUA. J(P(PEeKT AeKaHaTHPOBAHUS IIPUBOIUT K
YMEHBIICHUIO 3TOH OPUEHTALMOHHON 3aBUCUMOCTU. Pe3ynpTaThl MOJEIUPOBAHUS HAXOASTCS B XOPOILEM COTJIaCUU
C JAHHBIMU JKCIIEPUMEHTA.

ITPO HEKOT'EPEHTHE BUITPOMIHIOBAHHS
PEJATUBUCTCBKHUX EJIEKTPOHIB TA IO3UTPOHIB Y KPUCTAJII

M. ®. Illlynvea, B.B. Cuwenko

HexorepenTHe ranbMiBHE BHUIIPOMIHIOBaHHS €JEKTPOHIB BHCOKHMX OHEpPridi y Kpucram oOyMOBICHO
TEPMOJMHAMIYHUMH (IIYKTyalisMH BIZIHOCHO PIBHOB2)KHUX IOJIOKEHb aTOMIB y rpaTli. Y Li€i CTaTTI PO3BUHYTO
MPOIICTyPy MOJCITIOBAHHS IHTCHCHBHOCTI HEKOI'CPEHTHOTO BHUIIPOMIHIOBAHHS, SKa OCHOBaHAa Ha KBa3iKIIACHYHHUX
(dopmynax Teopil radbMIBHOTO BUIpPOMiHIOBaHHA. [loka3aHO 3HA4YHY Opi€HTAIliifHY 3aJEeKHICTh IHTEHCHBHOCTI
JKOPCTKOTO HEKOT€PEHTHOI'0 BHIIPOMIHIOBAHHS MPH KyTax IMaJiHHSA YaCTHMHOK Ha KpHUCTaTorpadidHy IJIONIMHY, SKi
OJIM3Ki 10 KPUTHYHOrO KyTa IUIOLIMHHOTO KaHauroBaHHsA. EQeKT nexaHamroBaHHS NPHBOJHMTH OO 3MEHINCHHS L€l
opieHTaUifHOl 3anexHICTi. Pe3ynbTaTH MOIENIOBaHHS 3HAXOIATBCA Yy TapHOMY Y3TODKCHHI 3 JaHUMH
EKCIIEPHMEHTY.
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