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The influence of nuclear multiple scattering on axially channeled protons with an energy of
7 TeV through a bent <100> Si crystal, is presented in this paper. The aims of the investiga-
tion are the processes correlated to the axial channeling, such as dechanneling, angular distri-
butions and energy loss distribution. The data for these processes are generated via the nu-
merical solution of the proton equations of motion in the transverse plane and the computer
simulation method. In the simulations, the crystal thickness is varied from 1 to 5 mm while
the bending angle is varied from 0 to 20 urad. The increasing of the transverse energy of axi-
ally channeled protons is due to its multiple scattering by atomic strings and the bending
dechanneling mechanism. The analysis of the generated data shows that in the cases we are
considering, the dechanneling function, the energy loss spectra, and the angular distributions
do not undergo to any significant changes when the effect of nuclear multiple scattering is in-
cluded in the ion-atom interactions.
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INTRODUCTION

The ion-atom interaction in a crystal, which is
oriented with respect to the atomic rows or planes, dif-
fers relative to the randomly oriented crystal. The main
reason for this is the specific motion of the ions into the
space between atomic strings (or planes), where the lo-
cal electron density is small [1]. Because of this, the
probability for transmitting of the ions through the
crystal is high. This penetration of the ions trough the
crystal is known as channeling.

One of the first experimental evidences of this ef-
fect was found in the energy loss distributions of protons
in a short straight crystal of silicon and germanium [2].

The possibility of steering the high energy ions
trough the bent crystal was predicted by Tsyganov [3].
First, his idea was proven in the computer simulation
of Taratin [4], and soon after that, it vas experimentally
confirmed by Elishev [5]. In the meantime, various as-
pects of ions channeling trough the bent crystals, such
as angular distributions, energy loss distributions,
beam collimation and beam deflection were investi-
gated experimentally, theoretically, and by using the
method of computer simulation [6-16].

During the passage of an ion through a crystal, as
aresult of ion-atom interaction, two mechanisms based
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on Coulomb multiple scattering are responsible for in-
creasing of the ion transverse energy. The first one is the
interaction of ion with crystal's nuclei and the second
one is its interaction with electrons of the crystal.

Increasing of the ion transverse energy causes
the increasing of the ion's scattering angle. When this
angle is larger than some critical value, the ion is
dechanneled, so the number of channeled ions is de-
creasing. The dechanneling investigation is based on
the Kitagawa theory [17], and has been well studied in
the case of planar channeling [18-20].

The possibility of using the bent crystal as a tool
for beam collimation in the Hadron colliders, have ini-
tiated an investigation of the elastic and inelastic scat-
tering of the ions by the nuclei of the crystals [21-24].

In this paper, based on the numerically generated
data, we analyze the influence of the nuclear multiple
scattering on the process of dechanneling, energy loss
spectra and angular distributions of the axially chan-
neled protons with energy of 7 TeV through a bent
<100> crystal of silicon.

THEORY

In this paper, we use a model for axial channel-
ing of ions through a bent crystal which takes into ac-
count the interactions of ions with the electrons and
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nuclei of the crystal. The continuum interaction poten-
tial of the ion and the atomic string is obtained from the
Moliere's expression for the ion-atom interaction po-
tential U(r) [25-27]

2
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where Z; and Z, are the atomic numbers of ion and at-

oms of the crystal, respectively, e is the elementary

charge, d — the distance between the atoms in the

atomic string, atr = 0.8853 a, (Zz)’l/3 — the screening

radius, ay is the Bohr radius, 7 (x, y) = (x* + »*)"? — the

distance between the ion and the i-th atomic string, and

Ky—zero-order modified Bessel function of the second

kind. The thermal vibrations of the crystal atoms are

taken into account [26, 27] and the continuum interac-

tion potential of the crystal is the sum of the continuum

interaction potentials of the atomic strings,
Uth — z U ith )

In the case of channeling trough a bent crystal,

the effective continuum interaction potential is given
by the following expression

O]

9]
Ut (x,y)=U" (x,y)—%q 2)

where the substitutions g = x or ¢ =y depends on the
crystal bending direction [27], p is the relativistic mo-
mentum of the ion, v — the corresponding velocity, and
R — the radius of curvature of the crystal.

After entering the crystal, the ion transverse en-
ergy is increasing as a result of its interactions with
atomic strings and the influence of the centrifugal
force. It means that the average angle of the ion veloc-
ity vector v, in the transverse plane with respect to the
crystal axis, increases too. When this angle is larger
than the critical angle for axial channeling vy, the ion
is dechanneled and disregarded [27]. So, decreasing of
the number of channeled ions in a bent crystal is a re-
sult of two dechanneling mechanisms: the first one is
the multiple scattering from the crystal's electrons and
the crystal's nuclei, and the second one is the bending
dechanneling mechanism which originates from the
crystal curvature [18-20].

It is well known that the process of dechanneling
depends on (total) energy losses of channeled ions. In
our model, the electronic energy loss of the ion was
calculated using the expression for the trajectory de-
pendent stopping power [19, 28]
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where D =4mr;m,c* Z} (n), r. is the classical radius of
the electron, (n) = NZ, —the averaged electron density,
N—the crystal atom density, p. (x, y) =, (x, )/ (n) is
the normalized local electron density and the rest are
standard notations [19, 29, 30].

The local electron density n.(x, y) averaged
along z-direction is calculated by Poisson eq. [20, 27]

AU (x, ) ==4[0, (x, )+ 0, (. )] (4)

where Q. (x, y) = —en, (x, y) is the local density of the
negative (electron) electric charge and O, (x, y) = Ze
n, (x, y) — the local positive (nuclei) electric charge.
For the local nuclei density n,(x, y) we use the expres-

sion [17, 27]
I 2
7dzexp _% (5)
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where d and L4 are the distance between atoms and lin-
ear density of atoms in <100> axial direction of sili-
con, respectively, and r(x, ) is the position of the ion
in the transversal plane. The one-dimensional ampli-
tude of the thermal vibration of silicon atoms oy, is
0.00744 nm [31, 32].

The mean-square scattering angle of the ion per
unit length, caused by its interaction with electrons of
the crystal, is [20, 27]

d2?  m.D 2m.c*Bry?
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n, (x,y)=

while the corresponding uncertainties of the ion scat-
tering angle, which is a result of its interaction with the
crystal nuclei, is calculated by
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In this expression £y and v are initial kinetic en-
ergy and speed of the ion, respectively, m, is the mass
of the crystal nucleus, m, is the ion mass and the rest
are already given notations [17, 20].

Taking into account the partial uncertainties of
the ion scattering angle, the total mean-square scatter-
ing angle could be calculated by the expression

dQ? _do; 4,
dz dz dz
where the transversal components of scattering angle
£, and 2, fulfill the expression 2, = _Qy =0/ \/5

The simulated angular distributions, energy loss
distributions and corresponding dechanneling func-
tions of axially channeled protons, were obtained via
the numerical solution of the ion's equations of motion
in the transverse plane [16, 27] and the uncertainties of

the ion scattering angle was calculated by the expres-
sion (8).

(®)
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RESULTS AND DISCUSSION

We shall analyze here in details the influence of
nuclear multiple scattering on axially channeled 7 TeV
protons through a bent <100> silicon crystal. The dis-
tance between atoms d, along the <100> atomic string,
is 0.543082 nm [33] and the critical angle of axial
channeling . is 4.6 rad. The proton beam divergence,
before its interaction with the crystal, was taken to be
0.46 rad.

The dechanneling of protons depending on the
bending angle was investigated in the case of a crystal
with constant thickness of L = 1 mm and a bending an-
gle that varies from 5 to 20 prad. The initial number of
the ions was N,,= 103,041 and their initial positions in
the transversal plane of the channel were distributed
uniformly. The ion whose initial position lies within
the screening radius around the atomic strings defin-
ing the channel, was treated as backscattered and dis-
regarded.

Figure 1(a) shows the dechanneling functions of
the 7 TeV protons axially channeled through a bent
<100> Si crystal when the nuclear multiple scattering is
not taken into account. The simulated data can be excel-
lently fitted with the Gompertz type function [34, 27]

Ng _expi-exp[-k(a—ac )]} —exp[—exp(ka, )]

)
Ny 1—exp[—exp(ka, )]

where Ny is the number of dechanneled protons, N, =
= N — N, — the initial number of protons without the
backscattered ones, k£ — the dechanneling rate and .. —
the dechanneling range. The values of the best fitting
parameters are o, = 6.914 purad and = 0.386 prad .
When the nuclear multiple scattering is on, the
dechanneling function of axially channeled protons is
shown in fig. 1(b). It is obvious, as in the previous
case, that the simulated data can be fitted with the
Gompertz type function and the best fitting parameters
have almost identical values o, = 6.915 urad and k =
=0.386 prad!. This means that the effect of nuclear
multiple scattering does not affect the dechanneling

Nugclear seatlering is off

12t

Probability [%]

0.35 0.40 0.45 050 055 0.60
AE[MeV]

Nuclear scattering Is of
1 T ———
[ — [
L .
-
o 0B e
g 7
= P4
06 F /4
’l'
‘l
s
L .
04 ;
'J
s
/
o2} Vi
4
e
0.0 b===-e=="", | . .
0 5 10 15 g [urad) 20

Figure 1(a). The dechanneling functions of the 7 TeV
protons axially channeled through a bent <100> Si
crystal. The thickness of the crystal is L =1 mm and the
curvature of the crystal is varied from 2 prad to 20 prad;
the effect of nuclear multiple scattering is off
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Figure 1(b). The dechanneling functions of the 7 TeV
protons axially channeled through a bent <100> Si
crystal; the input parameters are the same as in the
fig. 1(a), but the effect of nuclear multiple

scattering is on

process, when the thickness of the crystal is constant
and the intensity of the centrifugal force increases by
increasing the bending angle of the crystal.

Figure 2 presents the energy loss distribution of
axially channeled protons for bending anglea ==
urad, when the nuclear multiple scattering is off [35].
For a better analysis of the data, the histogram is di-
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Figure 2. The energy loss distribution of 7 TeV protons axially channeled through a bent <100> silicon crystal when the ef-

fect of nuclear multiple scattering is off
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Figure 3. The energy loss distribution of 7 TeV protons axially channeled through a bent <100> silicon crystal when the ef-

fect of nuclear multiple scattering is on

vided into the two parts. The energy loss distribution,
which originates from the ions located in between
atomic strings and from the central area of the chan-
nel, is designated by (a), while the high energy tail of
the energy loss distribution, which originates from
the ions with initial positions in the vicinity of the
atomic strings, is designated by (b).

Figure 3 shows the energy loss distribution of
axially channeled protons for the same bending angle,
a =5 urad, when the nuclear multiple scattering is on.
It is obvious that this specific scattering mechanism of
the protons, from the nuclei of the crystal, causes only
extension of the high energy tail of ~31 %, till energy
of AE < 2.6 MeV, and minor “structural” modifica-
tion of the energy loss distribution in the area 0.6 MeV
<AE<0.8 MeV.

Further, we shall analyze the influence of the nu-
clear multiple scattering on the angular distributions
of 7 TeV protons, axially channeled through a bent
<100> Si crystal. In this case, the bending angle of the
crystal isa@ =5 prad and its thickness is L= 1 mm. Fig-
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Figure 4(a). The angular distributions of the 7 TeV
protons axially channeled through a bent <100> Si
crystal; the thickness of the crystal is L =1 mm and the
curvature of the crystal is 5 prad; the effect of nuclear
multiple scattering is off
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Figure 4(b). The angular distributions of the 7 TeV
protons axially channeled through a bent <100> Si
crystal; the thickness of the crystal is L= 1mm and the
curvature of the crystal is 5 urad; the effect of nuclear
multiple scattering is on

ure 4(a) shows the angular distribution when the nu-
clear multiple scattering is off and fig. 4(b) shows the
corresponding angular distribution when the nuclear
multiple scattering is on. Comparing the fig. 4(a) and
fig. 4(b), one can conclude that both distributions are
very similar to each other and are characterized by a
central maximum around zero angle and the two addi-
tional maxima close to the zero angle [12, 16]. The
only visible differences between the angular distribu-
tions are small structural changes in the vicinity of the
central maxima.

Dependence of the number of dechanneled pro-
tons on the crystal thickness, or so called the
dechanneling function, is presented in fig. 5. The anal-
ysis shows that simulated data can be fitted with the
Gompertz type function (9). In the case when the nu-
clear multiple scattering is on, the dechanneling rate
has a value k=1.724 mm™', whereas the dechanneling
range is o, = 0.994 mm.
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Figure 5. The dechanneling functions of the 7 TeV pro-
tons axially channeled through a bent <100> Si crystal;
the bending angle of the crystal is o = S prad, and its
thickness is varied from 1 to 5 mm; the effect of nuclear
multiple scattering is on

CONCLUSIONS

In this paper we have shown that in the case of
axial channeling of high energy protons through a bent
crystal with a constant thickness, L = Ilmm, the pro-
cess of protons dechanneling, energy loss distribution
and the angular distribution, do not undergo to any sig-
nificant changes when the nuclear multiple scattering
is taken into account. The main reason for this is the
fact that the area around the atomic strings, defined by
the screening radius, is very much smaller than the
area of the channel, which means that the effect of nu-
clear multiple scattering is not probable and can be ne-
glected under the axial channeling conditions.

The only significant change due to the effect of
the nuclear multiple scattering is an extension of the
high energy tail for around 31 %, in the case of a bent
<100> crystal of silicon. It means that the effect of nu-
clear multiple scattering occurs rarely, but it causes
more intense energy losses of the channeled protons
than multiple scattering by the electrons of the crystal.

The next important result is the estimation of the
dechanneling range of 7 TeV protons under axial chan-
neling condition. For this purpose the bending angle of
the crystal is @ = 5 prad, while its thickness is varied
from 1 to 5 mm. The analysis has shown that, the cal-
culated dechanneling function can be excellently fit-
ted by the Gompertz type function (9). The best fitting
values for dechanneling rate and dechanneling range
are k= 1.724 mm' and a, = 0.994 mm, respectively.
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Hane CTOJAHOB, Cphan M. IETPOBUR, [Iparan JAKUMOBCKU

YTULAJ BUHIECTPYKOI' HYKIIEAPHOI' PACEJAIbA HA AKCHJAJ/IHO
KAHA/IMCAHE IMPOTOHE Y 3AKPUB/LEHOM KPUCTAILY

Y oBOM pajy mprKa3aH je yTHIaj BUIIECTPYKOT HyKJIea pPHOT pacejara Ha aKCHjaTHO KaHAIMCaHe
npoToHe ca eHeprujom of1 7 TeV xpo3 <100> caBujenor Si kpucrana. LlnmbeBn ucTpakuBama Cy NpoecH
KOjU Cy y KOpeJalfju ca aKCHjaTHAM KaHaJCamEeM, Kao IITO Cy AeKaHaINcamke, yTaoHe paciopeie u
pacroyieie eHepreTCKuX ryonTaka jona. [Togamm 3a oBe mpoiiece reHepuIly ce IyTeM HYyMEPHUKOT pelleha
jemHaUMHA KpeTama IMPOTOHA y TPAHCBEP3aJHOj PaBHH W METONE KOMIjyTepcKe cuMmynanmje. Y
cuMysanujaMa fe6pruHa KprcTaia Bapupa off 1 mm o S mm, a yrao casujama Bapupa op 0 urad mo 20 prad.
[ToBehamwe TpaHcBep3adHEe €HEpruje akCHjaTHO KaHAIMCAHUX TPOTOHA j€ Ppe3ysTaT HUXOBOT
BHIIIECTPYKOT pacejamba ca aTOMCKAM HH30BAMa W MEXaHH3MOM JleKaHalncama 300T 3aKpUBJbEHA
KpucTana. AHajan3a FeHepHUCAHMX IMOflaTaka MoKa3yje Ja y ciaydajeBUMa Koje pa3MmaTpamo, (pyHKIuja
JeKaHaJNCcamka, CIEKTap CHEPreTCKUX ryonTaka 1 yraoHe pachofiese He NOAJIeKy HUKaKBUM 3Ha4YajHUM
poMeHaMa Kajia je y iHTepaKIije jOHa M aTOMa YKJby4eH U e(peKaT BUILIECTPYKOT HYKJIEAPHOT pacejama.

Kmwyune peuu: peaaitiu8uciiuiko KaHaAucarbe, 3aKpusbeHu KpUuciian, paciiooeaq eHep2Iujckoz

Zybuitika, hyHKyUja OeKaHaaucarba



