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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 proton energy is 7 TeV and the thickness of the crystal is varied from 1 mm to 5 mm, which corresponds to the reduced crystal thickness, L, 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. The energy loss distributions of the channeled protons were generated by the computer simulation method using the numerical solution 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 channeled, their motion is mostly restricted in the region
with lower electron density, and, accordingly, its energy loss is mostly determined from the distant collisions with the crystal’s electrons. In the case of random 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 computer simulations [5, 6]. It has been also shown that the
reduced crystal thickness L 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: L = f.L/n, where f is the frequency of transverse motion of ion moving close to the
atomic strings, L – the crystal thickness, and n – the
ion velocity. Frequency f is 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
of L = 0, 0.5, 1, … correspond to the beginnings of the
angular distribution cycles [10].
In this work, the energy loss distributions of relativistic protons channeled in the bent <100> Si crystal,
with the constant curvature radius, R = 50 m, are studied. The proton energy is 7 TeV and the thickness of
the crystal is varied from 1 to 5 mm, which corresponds 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 a result 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 interaction 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-
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gle for channeling [1] yc = (4Z1Z2e2/pud)1/2, where Z1
and Z2 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 assume 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]
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where pi is the distance between the ion and the i-th
atomic string, as = [9p2/128]1/3(Z12/3 + Z22/3)–1/2 a0 – the
screening radius, a0 – the Bohr radius, and C – the
screening constant. The thermal vibrations of the crystal atoms are taken into account via expression [10]
Ui =
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where Ui is the continuum potential of the i-th atomic
string with the thermal vibrations of the atoms neglected, D º ¶xx + ¶yy, x and y are the transverse components of the ion position, and sth is the one-dimensional thermal vibration amplitude of crystal atoms.
The continuum potential of the crystal, Uth, 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 we = (4pe2ne/me)1/2 and ne = DUth/4p, me is the
electron mass, b = n/c, where c is the speed of light,
g 2 = 1 – b2, we – 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 potential of the ion and the crystal is given by [9]
pu
th
(4)
U eff
( x, y ) = U th ( x, y ) y
R
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].

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) L = 2.5, (b) L = 3.5, (c) L = 5.0, and (d) L = 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) L = 2.5, (b) L = 3.5, (c) L = 5.0, and (d) L = 10.5

RESULTS AND DISCUSSIONS

As we have already mentioned, we shall analyze
here the energy loss distributions of relativistic protons 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 crystal, L, varies from 1 mm to 5 mm, which corresponds to
the reduced crystal thicknesses, L, from 2.1 to 10.6.
The distance between the atoms in the atomic string is
0.543082 nm [15]. The one-dimensional thermal vibration 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 mrad.

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 0.1yc = 0.46 mrad.
Figures 1(a)-(d) show the energy loss distributions of the channeled protons for the reduced crystal
thicknesses: L = 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
L = 2.5 characterized by two peaks, the low energy one
which is narrower and located at DE1 = 0.27 MeV and
the medium energy one, which is broader and located at
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the reduced crystal thickness, L, from 2.1 to 10.6, respectively. The proton impact parameters generating
the energy loss distributions are shown. The observed
low energy peaks in the energy loss distributions originate from the sickle like areas passing through the
channel centre while the high energy tails are generated by the protons being around the atomic strings.
The calculated dechanneling curve can be fitted
with an exponential function, characterized by the
dechanneling range Ld = 0.9, which corresponds to the
crystal thickness of 0.4 mm.
Figure 3. Dependence of number of the dechanneled
protons on the reduced crystal thickness

DE2 = 0.38 MeV, and the high energy tail. In the energy
loss distribution for L = 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 DE = 0.36 MeV. The energy loss distributions for L= 5.0 and 10.5 confirm this trend, i. e. the
low energy peaks remain, located at DE = 0.51 MeV and
DE = 1.08 MeV, for L = 5.0 and 10.5, respectively,
while, for L = 10.5, one can also observe small and
broad high energy peak originating from the corresponding high energy tail.
Figures 2(a)-(d) show protons in the impact parameter plane that generate the energy loss distributions for the reduced crystal thicknesses: L = 2.5, 3.5,
5.0, and 10.5, respectively. It is clear from theses figures that the low energy peaks in the energy loss distributions are generated by the protons originating from
the sickle like areas passing through the channel centre, corresponding to the low crystal electronic density, while the high energy tails are generated by the
protons being around the atomic strings, corresponding to the high crystal electronic density.
The dechanneling function of protons, representing 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: Nd/N 0' = 1
–exp(–x/Ld), where Nd is the number of dechanneled
protons, N 0' – the initial number of protons without the
backscattered ones, and Ld – the fitting parameter,
which represents the dechanneling range, while 1/Ld
is the dechanneling rate. It follows that Ld = 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 channeled through the bent <100> Si crystals, with the constant curvature radius, R = 50 m, while the crystal
thickness varies from 1 mm to 5 mm, corresponding to
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Nace STOJANOV, Sr|an M. PETROVI], Neboj{a V. NE[KOVI]
RASPODELE ENERGIJSKIH GUBITAKA PROTONA OD 7 TeV
KANALISANIH U ZAKRIVQENIM KRISTALIMA SILICIJUMA
Izu~avane su energijske raspodele relativisti~kih protona koji su aksijalno
kanalisani kroz zakrivqene <100> Si kristale, ~iji radijus krivine iznosi R = 50 m. Energija
protona iznosi 7 TeV, a du`ina kristala se mewa od 1 do 5 mm, {to odgovara redukovanoj du`ini
kristala od 2.1 do 10.6. Energija protona je izabrana u skladu sa projektom velikog hadronskog
sudara~a Evropske organizacije za nuklearna istra`ivawa u @enevi, [vajcarska. Energijska
raspodela kanalisanih protona dobijena je pomo}u metoda kompjuterske simulacije koriste}i
re{ewa jedna~ina kretawa protona u transverzalnoj ravni. Disperzija ugla rasejawa jona koja je
posledica wegovih sudara sa elektronima kristala ukqu~ena je u prora~un.
Kqu~ne re~i: relativisti~ko kanalisawe, zakrivqen krista, raspodela energijskih gubitaka

