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The energy loss distributions of relativistic protons axially channeled through the bent
<100> Si crystals, with the constant curvature radius, R = 50 m, are studied here. The pro-
ton energy is 7 TeV and the thickness of the crystal is varied from 1 mm to 5 mm, which corre-
sponds to the reduced crystal thickness, A, from 2.1 to 10.6, respectively. The proton energy
was chosen in accordance with the large hadron collider project, at the European Organiza-
tion for Nuclear Research, in Geneva, Switzerland. The energy loss distributions of the chan-
neled protons were generated by the computer simulation method using the numerical solu-
tion of the proton equations of motion in the transverse plane. Dispersion of the proton
scattering angle caused by its collisions with the crystal’s electrons was taken into account.
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INTRODUCTION

It is well known that the energy loss of an ion
during its passage through the crystal depends on its
orientation with respect to the crystallographic axis or
planes [1]. When high energy charged ion is chan-
neled, their motion is mostly restricted in the region
with lower electron density, and, accordingly, its en-
ergy loss is mostly determined from the distant colli-
sions with the crystal’s electrons. In the case of ran-
dom orientation of the ion beam with respect to crystal,
the ion energy loss is determined from both close and
distant collisions with the crystal’s electrons [2].
Therefore, the random (average) ion energy loss is
larger than the channeling one.

The channeling effects in the straight and bent
crystals have been studied in details theoretically [2],
experimentally [3, 4] and using methods of the com-
puter simulations [5, 6]. It has been also shown that the
reduced crystal thickness A can classify the angular
distributions of axially channeled ions in the straight
or bent crystals [7-9]. The reduced crystal thickness is
defined by the expression: A =f L/v, where fis the fre-
quency of transverse motion of ion moving close to the
atomic strings, L — the crystal thickness, and v — the
ion velocity. Frequency fis determined from the Tay-
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lor expansion of the continuum potential of the crystal
in the vicinity of the channel axis [9, 10]. The values
ofA=0,0.5,1, ... correspond to the beginnings of the
angular distribution cycles [10].

In this work, the energy loss distributions of rela-
tivistic protons channeled in the bent <100> Si crystal,
with the constant curvature radius, R = 50 m, are stud-
ied. The proton energy is 7 TeV and the thickness of
the crystal is varied from 1 to 5 mm, which corre-
sponds to the reduced crystal thicknesses from 2.1 to
10.6, respectively. The proton energy was chosen in
accordance with the Large Hadron Collider project, at
the European Organization for Nuclear Research, in
Geneva, Switzerland.

THEORY

The system under consideration is an ion which
enters a bent silicon crystal at small angles with respect
to some of the main crystallographic axis. As aresult of
the ion-crystal interaction, which consists of ion-atomic
strings interactions, the centrifugal force due to the
crystal curvature acting on the ion, and the ion interac-
tion with the crystal’s electrons, the (average)
transversal kinetic energy of ion is increasing as the ion
passes through the crystal, meaning that (average) angle
of ion velocity vector with respect to the crystal axis is
increasing. When this angle is larger than the critical an-



N. Stojanov, et al.: Energy Loss Distributions of 7 TeV Protons Channeled in a ...

32

Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 1, pp. 31-35

gle for channeling [1] w, = (4Z,Z,e*/pvd)'?, where Z,
and Z, are the atomic numbers of ion and atoms of the
crystal, respectively, e is the elementary charge, p — the
ion (relativistic) impulse and d — the distance between
the atoms in the atomic string; the ion is treated as being
dechanneled.

In the calculation of the ion energy loss, we as-
sume that the continuum interaction potential of the
ion and the i-th atomic string of the crystal is given by
the Lindhard’s expression [1]

2 2
U =lezeln[C“; +1J
pi
where p; is the distance between the ion and the i-th
atomic string, as=[97%/128]"3(Z,** + 2,**y " ay—the
screening radius, @y — the Bohr radius, and C — the
screening constant. The thermal vibrations of the crys-
tal atoms are taken into account via expression [10]
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where U; is the continuum potential of the i-th atomic
string with the thermal vibrations of the atoms ne-
glected, A=0yy + 0y, x and y are the transverse compo-
nents of the ion position, and oy, is the one-dimen-
sional thermal vibration amplitude of crystal atoms.
The continuum potential of the crystal, U”, is the sum
of the continuum potentials of the atomic strings.

For the relativistic ion stopping power we use
expression [11, 12]
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where w. = (4ne’n/me)"? and n. = AU"/Ar, m. is the
electron mass, 8 =v/c, where c is the speed of light,
y*=1-p7% o.— the angular frequency of the electron
gas oscillations of the crystal induced by the ion, and
ne = ne(x, y) is the (average) electron gas density.

The mean-square angular deviation of the ion
due to its collisions with the electrons of the crystal
and the ion beam divergence before its interaction with
the crystal are taken into account [11]. The energy loss
straggling effect is neglected [13, 14].

Due to the action of the centrifugal force on the
channeled ion, the effective continuum interaction po-
tential of the ion and the crystal is given by [9]

19}
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dz  mo?
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We chose the co-ordination system in which the
centrifugal force is directed toward —y axis.

The energy loss distribution of the channeled
ions was obtained via the numerical solution of the ion
equations of motion in the transverse plane and the
computer simulation method [10, 11].
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Figure 1. Energy loss distributions of 7 TeV protons channeled through the bent crystals (R =50 m) for the reduced crystal
thicknesses equal to (a) A =2.5, (b) A =3.5,(c) A =5.0, and (d) A =10.5
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Figure 2. Protons in the impact parameter plane that generate the energy loss distributions given in fig. 1, for the reduced
crystal thicknesses equal to (a) A = 2.5, (b) A =3.5, (¢c) A =5.0, and (d) A =10.5

RESULTS AND DISCUSSIONS

As we have already mentioned, we shall analyze
here the energy loss distributions of relativistic pro-
tons axially channeled in the bent <100> Si crystal,
with the constant radius of curvature radius R = 50 m.
The proton energy is 7 TeV, the thickness of the crys-
tal, L, varies from 1 mm to 5 mm, which corresponds to
the reduced crystal thicknesses, A, from 2.1 to 10.6.
The distance between the atoms in the atomic string is
0.543082 nm [15]. The one-dimensional thermal vi-
bration amplitude of silicon atoms is 0.00744 nm [16].
The number of atomic strings is 36, i. e. we took into
account the atomic strings lying on the three nearest
square coordination lines. The critical angle for the
channeling is equal to 4.6 prad.

The initial positions of the ions in the transversal
plane were chosen uniformly within the crystal channel.
The initial number of the ions was 2,019,241. The ions
whose initial positions lie within the screening radius
around the atomic strings defining the channel were
treated as backscattered and disregarded. The proton
beam divergence was taken to be 0.1y, = 0.46 prad.

Figures 1(a)-(d) show the energy loss distribu-
tions of the channeled protons for the reduced crystal
thicknesses: A = 2.5, 3.5, 5.0, and 10.5, respectively,
which correspond to the crystal thicknesses: L = 1.2,
1.6, 2.3, and 4.9 mm, respectively.

Figure 1(a) shows the energy loss distribution for
A=2.5 characterized by two peaks, the low energy one
which is narrower and located at AE, = 0.27 MeV and
the medium energy one, which is broader and located at
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Figure 3. Dependence of number of the dechanneled
protons on the reduced crystal thickness

AE, =0.38 MeV, and the high energy tail. In the energy
loss distribution for A = 3.5, which is shown in fig. 2(b),
one can clearly observe that the corresponding medium
energy peak is diminishing, while the low energy peak
remains, located at AE'=0.36 MeV. The energy loss dis-
tributions for A= 5.0 and 10.5 confirm this trend, i. e. the
low energy peaks remain, located at AE=0.51 MeV and
AE = 1.08 MeV, for A = 5.0 and 10.5, respectively,
while, for A = 10.5, one can also observe small and
broad high energy peak originating from the corre-
sponding high energy tail.

Figures 2(a)-(d) show protons in the impact pa-
rameter plane that generate the energy loss distribu-
tions for the reduced crystal thicknesses: A = 2.5, 3.5,
5.0, and 10.5, respectively. It is clear from theses fig-
ures that the low energy peaks in the energy loss distri-
butions are generated by the protons originating from
the sickle like areas passing through the channel cen-
tre, corresponding to the low crystal electronic den-
sity, while the high energy tails are generated by the
protons being around the atomic strings, correspond-
ing to the high crystal electronic density.

The dechanneling function of protons, repre-
senting the dependence of the dechanneled protons
number in the crystal on its depth (reduced crystal
thickness) is shown in fig. 3. The analysis shows that it
can be fitted with an exponential function: Ny/N = 1
—exp(—x/A,), where N, is the number of dechanneled
protons, N, — the initial number of protons without the
backscattered ones, and A, — the fitting parameter,
which represents the dechanneling range, while 1/4 4
is the dechanneling rate. It follows that A ;= 0.9, which
corresponds to the crystal thickness of 0.4 mm.

CONCLUSIONS

We have presented here in details the evolution
of the energy loss distribution of 7 TeV protons chan-
neled through the bent <100> Si crystals, with the con-
stant curvature radius, R = 50 m, while the crystal
thickness varies from 1 mm to 5 mm, corresponding to
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Hane CTOJAHOB, Cphan M. IIETPOBU'hH, He6ojma B. HEHIKOBU'h

PACHOAEJE EHEPTUJCKUX I'YBUTAKA ITPOTOHA O 7 TeV
KAHA/IMCAHUX Y 3AKPUB/bEHUM KPUCTAIIMMA CWINIUJYMA

M3yuaBaHe cy eHEprujcke pacmojiesie pPENaTHBUCTHYKUX IMPOTOHA KOjH CYy aKCHjaTHO
KaHaJlmcaHu Kpo3 3akpuBibeHe <100> Si kpucrane, unju pagujyc kpuBuHe u3Hocu R = 50 m. Enepruja
npoTtoHa u3Hocu 7 TeV, a gy>kuHa Kpucrana ce Mema of 1 o 5 mm, mTo oAroBapa peayKoBaHO] Ty>KUHU
kpucrana ox 2.1 go 10.6. Enepruja npoToHa je m3abpaHa y CKiIajly ca MPOjeKTOM BEJMKOT XaJpOHCKOT
cymapavya EBporncke opraHm3sanuje 3a HyKieapHa ucrpaxkuBama y 2Kenesw, llIBajuapcka. Eneprujcka
pacrnopiesia KaHaJIMCaHUX MPOTOHA [OOMjeHa je MOMOhy MeTofa KOMIIjyTepcke CHMyJaluje Kopucrehn
peliena jeHaurHa KpeTama IPOTOHA y TPaHCBEp3aiHOj paBHH. [lycriep3unja yriia pacejama joHa Koja je
MOCTIEAIA HEeTOBHX CyJapa ca eIEKTPOHNMA KpHCTaja YKIbYUeHaA je Y IPOpavyH.

Kmyune pequ: peaattiu8uciiuiko KaHaAAUCarbe, 3aKPUmeH KPUCHid, paciiooend eHepzZujckux 2youitiaxka



