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This study investigates the effect of crystal electrons on the angular distribution of channeled
protons passing through a thin silicon crystal. The effect of crystal electrons on the 2 MeV
proton beam channeled through a thin Si crystal plays an important role in the experimentally
observed angular distributions. Using the crystal rainbow effect, we have morphologically
compared the experimental and theoretical angular distributions of channeled protons and
corresponding rainbow lines, with and without the effect of crystal electrons. Our results
demonstrate that the influence of crystal electrons affects the angular focus of the channeled
ions in the vicinity of the rainbow lines, which are the envelope of this angular distribution.
These findings provide insights into the energy loss mechanisms for protons channeled
through thin silicon crystals and can have implications for future studies in ion beam physics.
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INTRODUCTION

In recent years, there has been growing interest
in the study of ion-solid interactions due to their poten-
tial for diverse applications in various fields, such as
material science and engineering, and also in micro-
electronics, nuclear physics, and medical therapy [1,
2]. When an ion beam is incident on a crystalline solid,
it interacts with the lattice electrons and nuclei, lead-
ing to various phenomena such as radiation damage
and ion channeling [2-4]. The channeling process is a
phenomenon that takes place when an ion beam is di-
rected towards a single crystal in a direction close to a
major crystallographic axis. Under such conditions,
the ion will undergo a sequence of correlated grazing
collisions with the atoms of the strings forming the
crystal channel. As a result, the ion experiences an os-
cillatory motion as it travels through the spaces be-
tween the atomic strings, resulting in a well-defined
path within the crystal lattice, see fig. 1.

The energy loss theory attributed to electronic
stopping in amorphous media has been widely estab-
lished, with the Bethe-Bloch equation showing accu-
rate experimental results within a few percent [2]. In
amorphous media, after averaging all possible impact
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Figure 1. The schematic process of ion transmission
through an axial crystal channel

parameters, the local electron density distribution has
been also averaged and therefore does not exhibit a
distinct effect on the energy loss. However, for ions
transmitted through a single crystal, the distribution of
ion trajectories is altered due to the channeling effects,
highly deviating from its average distribution. As a re-
sult, channeled ions' energy loss relies on the distribu-
tion of ion trajectories and the local electron density
distribution. The phenomenon and theoretical analysis
of energy loss for channeled ions become more intri-
cate, as other factors that impact the trajectory or elec-
tron distribution can influence the energy loss. This
characteristic adds to the fascinating nature of study-
ing energy loss in channeled ions [4].

The dominant process that occurs in channeling
is the rainbow channeling effect, whose theory was
formulated by Petrovic et al. [5]. This theory accu-
rately predicts angular distributions of ions channeled



N. S. Starcevic, et al., Influence of the ion Beam Interaction with the Crystal ...
Nuclear Technology & Radiation Protection: Year 2023, Vol. 38, No. 3, pp. 162-168 163

through crystals. Analogous to the scattering of sun-
light from water droplets [6], the crystal rainbow effect
divides the angular distribution of transmitted ions
into the bright and dark parts i. e., the rainbow lines in
the rainbow channeling effect presents an envelope of
angular distributions of channeled ions. Furthermore,
due to a strong focusing of ions along the rainbow lines
they represent a "skeleton" of the angular distribution.
As the explanation of the so called "doughnut" effect,
that appears when an ion beam is not perfectly aligned
with the primary crystallographic axis, the existence
of rainbow lines has been proven in a series of
high-resolution ion transmission channeling experi-
ments through ultra-thin silicon membranes [7]. Sub-
sequent to these findings, it has been demonstrated
that the experimental results and theory underlying the
crystal rainbow effect have scientific applications in
accurately determining the interaction potential be-
tween ions and crystals [8]. In addition, recent re-
search has shown that the crystal rainbow effect can be
employed to identify the thermal vibrations and de-
fects of monolayer graphene sheets, which has impli-
cations for the development of novel materials and de-
vices [9, 10]. It is also possible to perform a
morphological analysis of graph sheets using the crys-
tal rainbow theory [11, 12]. The rainbow channeling
effect is so dominant that characteristic spatial rain-
bows are even observed in the case of transmission of
protons through octopole electrostatic lenses, where
dimensions of characteristic rainbow patterns are at a
macroscopic scale [13-15]. The various applications
of the rainbow channeling demonstrate its usefulness
as a precise theory for investigating the process of ion
channeling. Recently we managed to construct the
universal rainbow channeling interaction potential for
28 crystals with a cubic crystallographic structure via
the morphological method [16-18].

THEORY

The motion of an ion transmitted through a crys-
tal channel can be classically described using New-
ton's equation of motion [5]

dp
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where p is the ion momentum, ¢ — the time, U, — the
continuum ion-crystal interaction potential, and p —
the transverse vector of ion position relative to the
atom of atomic strings defining the crystal channel.
Figure 1 illustrates the process of ion channeling
through a (001) channel of a cubic crystal. The refer-
ence system has a longitudinal z-axis that aligns with
the channel axis, while the vertical and horizontal axes
are x and y, respectively. The ion's initial impact pa-
rameter is given by b= b(xy, ¥y)- The interaction be-
tween ions and crystals is modeled using the contin-

uum approximation and the ion-atom binary collision
model [4]. In this framework, the interaction potential
between a channeled ion and the atomic strings that
define the crystal channel reads [3, 4]
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where U, (p;) represents the continuum interaction po-
tential between the ion and the i ™ atomic string, d— the
distance between neighboring atoms within the atomic
string, p[2 = (x—x;)> + (y—y;)’ is the distance between
the ion and the i ™ atomic string, and x and y are the
transverse components of the particle position vector,
x;and y; are the coordinates of the iy, atomic string. The
ion-atom interaction potential is denoted by V. The
continuum ion-crystal interaction potential, Uy, is the
sum of the continuum potentials of all atomic strings
U, taken into account. In addition, the model incorpo-
rates the effects of thermal vibrations of the crystal at-
oms [5].

The theory behind rainbow channeling is based
on an analysis of the mapping of the impact parameter
(IP) plane to the transmission scattering angle (SA)
plane, which is determined by the channeling/trans-
mission process [5]. The obtained mapping is given by

0, =0,(xg,y0)and 0, =6, (xo,y9) (3

where 6, and 6, are components of the transverse exit
ion channeling angle.

The IP — SA mapping, defined by the functions
(3), depends on fixed parameters such as the ion en-
ergy, crystal channel, and thickness. To obtain this
mapping, one must solve the ion equations of motion
and determine its exit angle. Uniform initial positions
are selected for the ion in the entrance plane of the
crystal, and the initial ion velocity vector v, is parallel
to the z-axis. It is worth noting that the channeled ion
angle with respect to a channel axis is always smaller
than the critical angle for channeling [3, 4], and in this
case the transverse exit angles are: 0, = v,/v and 0,, =
= v,/v; the transverse components of the exition veloc-
ity are denoted by v, and v,, respectively.

As the components of the ion scattering angle re-
main small throughout the channeling process, the dif-
ferential transmission cross-section for the exit ions
corresponding to an impact parameter can be ex-
pressed as follows [5]
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where Jg (Xo, yo) = a)CO Hx ayo Gy — 8yo Hx aX() Gy is the
Jacobian of the mapping (3).
Therefore, the equation
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defines the rainbow lines in the impact parameter
plane. Along these lines the o is infinite. The rainbow
lines in the SA plane, which are the images of the map-
ping of the rainbow lines determined by function (5),
separate bright and dark regions of the angular distri-
bution of channeled ions. These lines represent the sin-
gularities of the corresponding mappings from the IP
plane to the SA plane. Thus, the rainbow effect is an
example of a singularity effect.

We applied the expression for the electronic en-
ergy loss of the ion to calculate the energy loss of the
channeled protons [19]
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The atomic number of the ion is denoted by Z;, v
is the incident ion velocity, the electron mass is m,,, and
o, — the angular frequency of the oscillations of the
electron gas of the crystal induced by the ion, average
density of the electron gas is n,, which varies with the
ion's position in the transverse plane (x, ), ¥ denotes
the thermally averaged continuum interaction potential
of the ion and the ith atomic string [19] and the number
of atomic strings taken into account is M. Equation (6)
represents the well-known Bethe formula, which is
commonly used to calculate the electronic energy loss
of high energy charged particles in matter.

Scattering angle uncertainty caused by the
ion-electron collisions within the crystal is taken into
account via the following formula [20],

dQ? m, ( dE
e ©)
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Q. is the mean square angular deviation and m; — the
ion mass. Our study has been focused on the influence
of the ion scattering with the crystal's electrons on the
angular distributions of 2 MeV H" ion beams oriented
along the three major crystallographic axes in a Si
crystal. We used numerical solutions of the ion's equa-
tions of motion and computer simulation methods to
determine the angular distributions of channeled ions.
The fourth-order Runge-Kutta method [21] was uti-
lized for the simulations. To ensure a random distribu-
tion of ions within the crystal channel, we uniformly
distributed the ion's initial positions in the transverse
plane.

Our morphological method involves comparing
the rainbow lines in the SA plane with the experimen-
tal and theoretical angular distributions of channeled
2 MeV protons passing through thin silicon mem-
branes in all three major crystallographic orientations,

both with and without the effect of scattering with the
crystal's electrons. This method can improve our un-
derstanding of the channeling process and more accu-
rately reproduce the future channeling experimental
result. One benefit of this method is that it can lead to
more precise measurements of the ion-atom interac-
tion potential.

RESULTS AND DISCUSSION

The effect of the interaction of a channeled ion
with crystal electrons is primarily influenced by the lo-
cal electron density distribution. Therefore, this effect
is trajectory dependent. This chapter presents our the-
oretical results on the angular distribution of chan-
neled 2 MeV protons passing through thin silicon
membranes in all three major crystallographic orienta-
tions. Our approach utilizes a morphological method
that compares the rainbow lines in the SA plane with
the experimental [§8, 16-18] and theoretical [16-18] an-
gular distributions of channeled ions, both with and
without the effect of crystal electrons.

The shape and size of the silicon crystal channel
varies depending on its orientation. The (001) orienta-
tion has a square-shaped channel defined by a single
atomic array per node. The (011) orientation has a
rhombus-shaped channel defined by two atomic ar-
rays per node. The (111) orientation has a hexago-
nal-shaped channel consisting of two sub-channels in
the shape of equilateral triangles defined by a single
atomic array per node. The thicknesses of the crystals
were 55 nm, 29 nm, and 43 nm, for the (001), (011),
and (111) orientations, respectively that correspond to
approximately 101, 75, and 91 atomic layers. We took
into account atomic strings lying on the three nearest
symmetrical coordination lines relative to the channel
axis, with values of M = 36, 72, and 36, for the (001),
(011), and (111) orientations, respectively. The varia-
tions in channel shape and size, along with crystal
thickness, play a crucial role in determining the angu-
lar distribution of channeled ions and the morphology
of the rainbow lines, ultimately providing valuable in-
sights into the structural properties of the crystal and
the interaction mechanisms between the ions and the
crystal atoms. The ion energy was taken to be 2 MeV,
and a total of4-10° incident ions were used in the simu-
lations. Circular regions with a radius equal to the
screening length around atomic arrays exhibiting
strong potential values that can cause significant scat-
tering of fast-moving ions, rendering them unable to
follow a path through the crystal lattice. As a result,
these regions are not available for channeled ion posi-
tions, and their avoidance is necessary for reliable
channeling simulations. Using computer simulation
methods, we obtained the angular distributions of the
transmitted ions by numerically solving the equations
of motion of the ion-equations (1). Using the crystal
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rainbow theory, we compared the rainbow lines in the
scattering angle plane without the effect of the scatter-
ing of ions with the crystal's electrons and the ions' an-
gular distributions, taking into account the scattering
of ions with the crystal's electrons.

Figure 2 displays the angular distributions of
channeled protons through a 55 nm thick silicon crys-
tal oriented along (001), with rainbow lines generated
using different interaction potentials, considering both
without fig. 2(a) and with the effect of crystal electrons
fig. 2(b), respectively. We chose a thickness of 55 nm
for a Si crystal oriented along the (001) direction be-
cause it has been both experimentally and theoretically
established that under these conditions, the angular
distributions of 2 MeV channeled protons can be accu-
rately described using crystal rainbow theory [8]. It is
worth noting that, to the best of the authors' knowl-
edge, this experimental result represents the only in-
stance in channeling where a sufficiently high resolu-
tion has been achieved to enable a meaningful
comparison between the angular distributions of trans-
mitted ions and the crystal rainbow lines. Also, in the
work presented in ref. [8] the crystal rainbow theory
and a morphological method were used to construct
the rainbow interaction potential. The angular distri-
butions of channeled protons exhibit a remarkably
close agreement with the inner and outer rainbow lines
generated using the rainbow interaction potential. Ad-
ditionally, the inner rainbow lines generated using the
Moliere interaction potential align well with the inner
angular distributions of channeled protons, while the
outer rainbow line generated using the famous Ziegler,
Biersack and Littmark interaction potential (ZBL fur-
ther in text) corresponds favorably with the outer an-
gular distribution. These findings, extensively dis-
cussed in refs. [8, 16-18], emphasize that the crystal
rainbow theory appropriately explains the channeling
effect. Our rainbow interaction potential proves to be
an exceptionally precise description of the angular dis-
tributions of channeled protons. Comparing fig. 2(a)
and 2(b) demonstrates that the proton beam's angular
distribution is notably influenced by crystal electrons,
particularly in the proximity of the rainbow lines. Fig-
ure 2(b) and the discussion in ref. [8] indicate that ac-
counting for crystal electron influence through our nu-
merical model, utilizing the adopted energy loss
mechanism aligns the resulting angular distributions
of channeled protons with those obtained using the re-
alistic FLUX three-dimensional simulation code [22].
This observation underscores the satisfactory perfor-
mance of our model.

Figure 3 presents the angular distributions of
2 MeV protons channeled through a 29 nm thick sili-
con crystal in the (011) orientation relative to the pro-
ton beam and their corresponding rainbow lines. Fig-
ure 3(a) showcases the angular distributions without
considering the interaction with the crystal's electrons,
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Figure 2(a). Angular distributions of protons transmit-
ted through (001) oriented Si crystal without the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black— ZBL
potential, in electronic version)
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Figure 2(b). Angular distributions of protons transmit-
ted through (001) oriented Si crystal with the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black — ZBL
potential, in electronic version)

while fig. 3(b) demonstrates the same distribution with
the inclusion of the interaction with the crystal's elec-
trons. As already mentioned in a previous case, the
corresponding inner and outer rainbow lines are the
envelopes of the calculated angular distributions.
Since the (011) channel of the Si crystal is one of the
largest channels in nature, from fig. 3 and eq. 6, it is
clear that the influence of crystal electrons is much
more prominent in the outer region of the angular dis-
tribution, i. e., in the vicinity of the outer rainbow line.
Also, it is clear that the channel area in the vicinity of
the outer rainbow line, undergoes a considerably more
significant influence compared to the area in the vicin-
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Figure 3(a). Angular distributions of protons transmit-
ted through (110) oriented Si crystal without the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black— ZBL
potential, in electronic version)
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Figure 3(b). Angular distributions of protons transmit-
ted through (110) oriented Si crystal with the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black — ZBL
potential, in electronic version)

ity of the inner rainbow line. Further, it should be
stressed that the difference between the inner rainbow
lines generated by the ZBL and the rainbow potential
is very pronounced showing an excellent case for the
experimental test of the validity of the rainbow poten-
tial.

Figure 4 shows the angular distributions of 2 MeV
protons channeled through a 43 nm thick silicon crystal in
the (111) orientation relative to the proton beam and their
corresponding rainbow lines. Figure 4(a) displays the an-
gular distributions without considering the interaction
with the crystal's electrons, while fig. 4(b) shows the iden-
tical distributions with the inclusion of the interaction with
the crystal's electrons. As mentioned earlier, the morphol-

Figure 4(a). Angular distributions of protons transmit-
ted through (111) oriented Si crystal without the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black— ZBL
potential, in electronic version)
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Figure 4(b). Angular distributions of protons transmit-
ted through (111) oriented Si crystal with the effect of
crystal electrons, and corresponding rainbow lines (red —
Rainbow potential, blue — Moliere potential, black — ZBL
potential, in electronic version)

ogy of proton angular distributions and the shape of their
corresponding rainbow lines are primarily determined by
the positions of atomic strings defining the crystal channel
rather than the overall shape of the channel. Consequently,
even though the (011) and (111) orientations share the
same rhombus-shaped channel, the distinct arrangements
of atomic strings in these orientations lead to a clear differ-
ence in angular distributions of channeled protons and the
positions and shapes of the rainbow lines. This distinction
highlights the sensitivity of the channel's geometry to the
precise positions of atomic strings, ultimately shaping the
scattering behavior and accounting for the observed dif-
ferences in the angular distributions. In the case of the
(111) orientation of the Si crystal, which has a much
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smaller channel compared to the (001) and (011) orienta-
tions, the influence of electrons on the angular distribu-
tions is strong throughout the entire area of the crystal
channel. This means that both the inner and the outer rain-
bow lines are similarly influenced.

One can see that the outer rainbow line forms a
cusped hexagon shape with its corners truncated by
the atomic screening radius. On the other hand, the in-
ner rainbow line is composed of two rainbow lines in
the shape of cusped equilateral triangles, which are a
consequence of two sub-channels. Due to the small
size of the (111) Si channel, the influence of crystal
electrons on the broadening of proton angular distribu-
tions is significant and the angular distribution appears
to lack its fine structure along rainbow lines. However,
the distinct outer and inner fine structure in the shape
of a six-pointed star which matches the outer and inner
rainbow line, is observable in fig. 4(b).

CONCLUSION

In this article, we employed the morphological
method to investigate the angular distribution of chan-
neled ions through thin Si crystals in all three major
crystallographic orientations. The investigation fo-
cused on understanding the influence of the effect of
the crystal electrons on the angular distributions of
transmitted protons. The influence of the crystal elec-
trons and its connection with the energy loss effect was
adopted from reference [4]. Crystal rainbow theory
was utilized to compare rainbow lines with theoreti-
cally obtained distributions of 2 MeV protons trans-
mitted through thin Si crystals oriented along (001),
(011), and (111) crystallographic directions. In all
three crystal orientations, the influence of the crystal's
electrons resulted in observable changes in the angular
distributions of transmitted protons, particularly in the
vicinity of the rainbow lines. It should be noted here
that the (011) and (001) orientation are in that sense
more favorable for the (experimental) analysis of the
inner structure, while the (001) and (111) for the outer
structure of the angular distribution. This conclusion
leads to an interesting possibility of connecting the
electron energy loss via the effect of the interaction
with the crystal's electrons. This method can contrib-
ute to advancing experimental studies in channeling
by providing a means to reproduce and interpret future
experimental results accurately, thus enhancing our
understanding of the phenomenon.
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Hukona C. CTAPYEBUR, Cphan M. IETPOBU'h

YTULIAJ UHTEPAKIMJE JOHCKOI' CHOITIA CA EJEKTPOHNUMA
KPUCTAJIA HA YTAOHY PACIIOAEJNY KAHA/IMCAHUX JOHA

OBga cryanja ucrpaxyje epekaT eJIeKTpOoHa KpUcTajla Ha yraoHy PacIofielly IIPOTOHA KaHATMCAHUX
KpO3 TaHKU KPUCTAJI CUIUIUjyMa. Y TUIAj €IEKTPOHA KpUCTalla Ha CHOIl KAHAJIMCAHUX MPOTOHA eHepruje 2
MeV kpo3 TaHak KpucTan Si Urpa BaXKHY YJOTY y €KCIEPUMEHTAHO JOOWjeHHM YraOHHUM pPacIofiesiama.
Kopucrehn eexraT kpucramae gyre, MOp(OIOIIKI CMO YIOPERIIH eKCIEPIMEHTAHE U TEOPHjCKE yraoHe
pucTpuOyIMje KaHallcaHuX NPOTOHA U OAroBapajyhux jguHuja fyre, ca u 0e3 yTulaja eaeKTpoHa KpHucTaa.
Hamm pesynraTu mokasyjy jla yTHIA] eIeKTpOHa KpHCTala yTHYe Ha yraoHW (POKYC KaHAIMCAHHUX jOHA Y
OKOJIVHM JIMHHja Ayre, Koje ITPEefCTaBibajy CKeleT yraoHe pacrnopene. OBH pesynaTaTu Ipyxajy YBH Y
MEXaHM3Me €HEeprujCcKuX ryONTKa MPOTOHA KaHAIMCAHUX KPO3 TAHKHW KPHCTAJl CHIIMIHjyMa W MOTY MMaTh
uMIIKanyje 3a oynyhe crynuje y ou3niy jOHCKOT CHOMA.

KwyuHe peuu: unitiepakyuja jona u 48pcitio? itiead, KaHaaucarbe, Kpuciiaana o0yza, noiieHyujan

UHlepaxkyuje



