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This study in ves ti gates the ef fect of crys tal elec trons on the an gu lar dis tri bu tion of chan neled
pro tons pass ing through a thin sil i con crys tal. The ef fect of crys tal elec trons on the 2 MeV
pro ton beam chan neled through a thin Si crys tal plays an im por tant role in the ex per i men tally 
ob served an gu lar dis tri bu tions. Us ing the crys tal rain bow ef fect, we have mor pho log i cally
com pared the ex per i men tal and the o ret i cal an gu lar dis tri bu tions of chan neled pro tons and
cor re spond ing rain bow lines, with and with out the ef fect of crys tal elec trons. Our re sults
dem on strate that the in flu ence of crys tal elec trons af fects the an gu lar fo cus of the chan neled
ions in the vi cin ity of the rain bow lines, which are the en ve lope of this an gu lar dis tri bu tion.
These find ings pro vide in sights into the en ergy loss mech a nisms for pro tons chan neled
through thin sil i con crys tals and can have im pli ca tions for fu ture stud ies in ion beam phys ics.

Key words: ion-solid in ter ac tion, chan nel ing, crys tal rain bow, in ter ac tion po ten tial

IN TRO DUC TION

In re cent years, there has been grow ing in ter est
in the study of ion-solid in ter ac tions due to their po ten -
tial for di verse ap pli ca tions in var i ous fields, such as
ma te rial sci ence and en gi neer ing, and also in mi cro -
elec tron ics, nu clear phys ics, and med i cal ther apy [1,
2]. When an ion beam is in ci dent on a crys tal line solid,
it in ter acts with the lat tice elec trons and nu clei, lead -
ing to var i ous phe nom ena such as ra di a tion dam age
and ion chan nel ing [2-4]. The chan nel ing pro cess is a
phe nom e non that takes place when an ion beam is di -
rected to wards a sin gle crys tal in a di rec tion close to a
ma jor crys tal lo graphic axis. Un der such con di tions,
the ion will un dergo a se quence of cor re lated graz ing
col li sions with the at oms of the strings form ing the
crys tal chan nel. As a re sult, the ion ex pe ri ences an os -
cil la tory mo tion as it trav els through the spaces be -
tween the atomic strings, re sult ing in a well-de fined
path within the crys tal lat tice, see fig. 1.

The en ergy loss the ory at trib uted to elec tronic
stop ping in amor phous me dia has been widely es tab -
lished, with the Bethe-Bloch equa tion show ing ac cu -
rate ex per i men tal re sults within a few per cent [2]. In
amor phous me dia, af ter av er ag ing all pos si ble im pact

pa ram e ters, the lo cal elec tron den sity dis tri bu tion has
been also av er aged and there fore does not ex hibit a
dis tinct ef fect on the en ergy loss. How ever, for ions
trans mit ted through a sin gle crys tal, the dis tri bu tion of
ion tra jec to ries is al tered due to the chan nel ing ef fects,
highly de vi at ing from its av er age dis tri bu tion. As a re -
sult, chan neled ions' en ergy loss re lies on the dis tri bu -
tion of ion tra jec to ries and the lo cal elec tron den sity
dis tri bu tion. The phe nom e non and the o ret i cal anal y sis 
of en ergy loss for chan neled ions be come more in tri -
cate, as other fac tors that impact the tra jec tory or elec -
tron dis tri bu tion can in flu ence the en ergy loss. This
char ac ter is tic adds to the fas ci nat ing na ture of study -
ing en ergy loss in chan neled ions [4].

The dom i nant pro cess that oc curs in chan nel ing
is the rain bow chan nel ing ef fect, whose the ory was
for mu lated by Petrovi} et al. [5]. This the ory ac cu -
rately pre dicts an gu lar dis tri bu tions of ions chan neled
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Fig ure 1. The sche matic pro cess of ion trans mis sion
through an ax ial crys tal chan nel
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through crys tals. Anal o gous to the scat ter ing of sun -
light from wa ter drop lets [6], the crys tal rain bow ef fect 
di vides the an gu lar dis tri bu tion of trans mit ted ions
into the bright and dark parts i. e., the rain bow lines in
the rain bow chan nel ing ef fect pres ents an en ve lope of
an gu lar dis tri bu tions of chan neled ions. Fur ther more,
due to a strong fo cus ing of ions along the rain bow lines 
they rep re sent a "skel e ton" of the an gu lar dis tri bu tion.
As the ex pla na tion of the so called "dough nut" ef fect,
that ap pears when an ion beam is not per fectly aligned
with the pri mary crys tal lo graphic axis, the ex is tence
of rain bow lines has been proven in a se ries of
high-res o lu tion ion trans mis sion chan nel ing ex per i -
ments through ul tra-thin sil i con mem branes [7]. Sub -
se quent to these find ings, it has been dem on strated
that the ex per i men tal re sults and the ory un der ly ing the 
crys tal rain bow ef fect have sci en tific ap pli ca tions in
ac cu rately de ter min ing the in ter ac tion po ten tial be -
tween ions and crys tals [8]. In ad di tion, re cent re -
search has shown that the crys tal rain bow ef fect can be
em ployed to iden tify the ther mal vi bra tions and de -
fects of monolayer graphene sheets, which has im pli -
ca tions for the de vel op ment of novel ma te ri als and de -
vices [9, 10]. It is also pos si ble to per form a
mor pho log i cal anal y sis of graph sheets us ing the crys -
tal rain bow the ory [11, 12]. The rain bow chan nel ing
ef fect is so dom i nant that char ac ter is tic spa tial rain -
bows are even ob served in the case of trans mis sion of
pro tons through octopole elec tro static lenses, where
di men sions of char ac ter is tic rain bow pat terns are at a
mac ro scopic scale [13-15]. The var i ous ap pli ca tions
of the rain bow chan nel ing dem on strate its use ful ness
as a pre cise the ory for in ves ti gat ing the pro cess of ion
chan nel ing. Re cently we man aged to con struct the
uni ver sal rain bow chan nel ing in ter ac tion po ten tial for
28 crys tals with a cu bic crys tal lo graphic struc ture via
the mor pho log i cal method [16-18].

THE ORY

The mo tion of an ion trans mit ted through a crys -
tal chan nel can be clas si cally de scribed us ing New -
ton's equa tion of mo tion [5]
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the trans verse vec tor of ion po si tion rel a tive to the
atom of atomic strings de fin ing the crys tal chan nel.

Fig ure 1 il lus trates the pro cess of ion chan nel ing
through a (001) chan nel of a cu bic crys tal. The ref er -
ence sys tem has a lon gi tu di nal z-axis that aligns with
the chan nel axis, while the ver ti cal and hor i zon tal axes 
are x and y, re spec tively. The ion's ini tial im pact pa -
ram e ter is given by 

r
b = b(x0, y0). The in ter ac tion be -

tween ions and crys tals is mod eled us ing the con tin -

uum ap prox i ma tion and the ion-atom bi nary col li sion
model [4]. In this frame work, the in ter ac tion po ten tial
be tween a chan neled ion and the atomic strings that
de fine the crys tal chan nel reads [3, 4]
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where Ui (ri) rep re sents the con tin uum in ter ac tion po -
ten tial be tween the ion and the i th atomic string, d – the
dis tance be tween neigh bor ing at oms within the atomic 
string, ri

2  = (x – xi)
2 + (y – yi)

2 is the dis tance be tween
the ion and the i th atomic string, and x and y are the
trans verse com po nents of the par ti cle po si tion vec tor,
xi and yi are the co or di nates of the ith atomic string. The
ion-atom in ter ac tion po ten tial is de noted by V. The
con tin uum ion-crys tal in ter ac tion po ten tial, Uch, is the
sum of the con tin uum po ten tials of all atomic strings
Ui taken into ac count. In ad di tion, the model in cor po -
rates the ef fects of ther mal vi bra tions of the crys tal at -
oms [5].

The the ory be hind rain bow chan nel ing is based
on an anal y sis of the map ping of the im pact pa ram e ter
(IP) plane to the trans mis sion scat ter ing an gle (SA)
plane, which is de ter mined by the chan nel ing/trans -
mis sion pro cess [5]. The ob tained map ping is given by

q q q qx x y yx y x y= =( , ) ( , )0 0 0 0and (3)

where qx and qy are com po nents of the trans verse exit
ion chan nel ing an gle.

The IP ® SA map ping, de fined by the func tions
(3), de pends on fixed pa ram e ters such as the ion en -
ergy, crys tal chan nel, and thick ness. To ob tain this
map ping, one must solve the ion equa tions of mo tion
and de ter mine its exit an gle. Uni form ini tial po si tions
are se lected for the ion in the en trance plane of the
crys tal, and the ini tial ion ve loc ity vec tor vz is par al lel
to the z-axis. It is worth not ing that the chan neled ion
an gle with re spect to a chan nel axis is al ways smaller
than the crit i cal an gle for chan nel ing [3, 4], and in this
case the trans verse exit an gles are: qx = vx/v and qy =
=.vy/v; the trans verse com po nents of the exit ion ve loc -
ity are de noted by vx and vy, re spec tively.

As the com po nents of the ion scat ter ing an gle re -
main small through out the chan nel ing pro cess, the dif -
fer en tial trans mis sion cross-sec tion for the exit ions
cor re spond ing to an im pact pa ram e ter can be ex -
pressed as fol lows [5]
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where Jq  (x0, y0) = ¶x0 qx ¶y0 qy – ¶y0 qx ¶x0 qy is the
Jacobian of the map ping (3).

There fore, the equa tion

J x yq ( , )0 0 0= (5)
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de fines the rain bow lines in the im pact pa ram e ter
plane. Along these lines the s is in fi nite. The rain bow
lines in the SA plane, which are the im ages of the map -
ping of the rain bow lines de ter mined by func tion (5),
sep a rate bright and dark re gions of the an gu lar dis tri -
bu tion of chan neled ions. These lines rep re sent the sin -
gu lar i ties of the cor re spond ing mappings from the IP
plane to the SA plane. Thus, the rain bow ef fect is an
ex am ple of a sin gu lar ity ef fect.

We ap plied the ex pres sion for the elec tronic en -
ergy loss of the ion to cal cu late the en ergy loss of the
chan neled pro tons [19]
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The atomic num ber of the ion is de noted by Z1, v
is the in ci dent ion ve loc ity, the elec tron mass is me, and
we – the an gu lar fre quency of the os cil la tions of the
elec tron gas of the crys tal in duced by the ion, av er age
den sity of the elec tron gas is ne, which var ies with the
ion's po si tion in the trans verse plane (x, y), Vi

th de notes
the ther mally av er aged con tin uum in ter ac tion po ten tial
of the ion and the ith atomic string [19] and the num ber
of atomic strings taken into ac count is M. Equa tion (6)
rep re sents the well-known Bethe for mula, which is
com monly used to cal cu late the elec tronic en ergy loss
of high en ergy charged par ti cles in mat ter.

Scat ter ing an gle un cer tainty caused by the
ion-elec tron col li sions within the crys tal is taken into
ac count via the fol low ing for mula [20],
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We is the mean square an gu lar de vi a tion and mi – the
ion mass. Our study has been fo cused on the in flu ence
of the ion scat ter ing with the crys tal's elec trons on the
an gu lar dis tri bu tions of 2 MeV H+ ion beams ori ented
along the three ma jor crys tal lo graphic axes in a Si
crys tal. We used nu mer i cal so lu tions of the ion's equa -
tions of mo tion and com puter sim u la tion meth ods to
de ter mine the an gu lar dis tri bu tions of chan neled ions.
The fourth-or der Runge-Kutta method [21] was uti -
lized for the sim u la tions. To en sure a ran dom dis tri bu -
tion of ions within the crys tal chan nel, we uni formly
dis trib uted the ion's ini tial po si tions in the trans verse
plane.

Our mor pho log i cal method in volves com par ing
the rain bow lines in the SA plane with the ex per i men -
tal  and  the o ret i cal  an gu lar  dis tri bu tions of chan neled
2 MeV pro tons pass ing through thin sil i con mem -
branes in all three ma jor crys tal lo graphic ori en ta tions,

both with and with out the ef fect of scat ter ing with the
crys tal's elec trons. This method can im prove our un -
der stand ing of the chan nel ing pro cess and more ac cu -
rately re pro duce the fu ture chan nel ing ex per i men tal
re sult. One ben e fit of this method is that it can lead to
more pre cise mea sure ments of the ion-atom in ter ac -
tion po ten tial.

RESULTS AND DISCUSSION

The ef fect of the in ter ac tion of a chan neled ion
with crys tal elec trons is pri mar ily in flu enced by the lo -
cal elec tron den sity dis tri bu tion. There fore, this ef fect
is tra jec tory de pend ent. This chap ter pres ents our the -
o ret i cal re sults on the an gu lar dis tri bu tion of chan -
neled 2 MeV pro tons pass ing through thin sil i con
mem branes in all three ma jor crys tal lo graphic ori en ta -
tions. Our ap proach uti lizes a mor pho log i cal method
that com pares the rain bow lines in the SA plane with
the ex per i men tal [8, 16-18] and the o ret i cal [16-18] an -
gu lar dis tri bu tions of chan neled ions, both with and
with out the ef fect of crys tal elec trons.

The shape and size of the sil i con crys tal chan nel
var ies de pend ing on its ori en ta tion. The (001) ori en ta -
tion has a square-shaped chan nel de fined by a sin gle
atomic ar ray per node. The (011) ori en ta tion has a
rhom bus-shaped chan nel de fined by two atomic ar -
rays per node. The (111) ori en ta tion has a hex ag o -
nal-shaped chan nel con sist ing of two sub-chan nels in
the shape of equi lat eral tri an gles de fined by a sin gle
atomic ar ray per node. The thick nesses of the crys tals
were 55 nm, 29 nm, and 43 nm, for the (001), (011),
and (111) ori en ta tions, re spec tively that cor re spond to
ap prox i mately 101, 75, and 91 atomic lay ers. We took
into ac count atomic strings ly ing on the three near est
sym met ri cal co or di na tion lines rel a tive to the chan nel
axis, with val ues of M = 36, 72, and 36, for the (001),
(011), and (111) ori en ta tions, re spec tively. The vari a -
tions in chan nel shape and size, along with crys tal
thick ness, play a cru cial role in de ter min ing the an gu -
lar dis tri bu tion of chan neled ions and the mor phol ogy
of the rain bow lines, ul ti mately pro vid ing valu able in -
sights into the struc tural prop er ties of the crys tal and
the in ter ac tion mech a nisms be tween the ions and the
crys tal at oms. The ion en ergy was taken to be 2 MeV,
and a to tal of 4×106 in ci dent ions were used in the sim u -
la tions. Cir cu lar re gions with a ra dius equal to the
screen ing length around atomic ar rays ex hib it ing
strong po ten tial val ues that can cause sig nif i cant scat -
ter ing of fast-mov ing ions, ren der ing them un able to
fol low a path through the crys tal lat tice. As a re sult,
these re gions are not avail able for chan neled ion po si -
tions, and their avoid ance is nec es sary for re li able
chan nel ing sim u la tions. Us ing com puter sim u la tion
meth ods, we ob tained the an gu lar dis tri bu tions of the
trans mit ted ions by nu mer i cally solv ing the equa tions
of mo tion of the ion-equa tions (1). Us ing the crys tal
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rain bow the ory, we com pared the rain bow lines in the
scat ter ing an gle plane with out the ef fect of the scat ter -
ing of ions with the crys tal's elec trons and the ions' an -
gu lar dis tri bu tions, tak ing into ac count the scat ter ing
of ions with the crys tal's elec trons.

Fig ure 2 dis plays the an gu lar dis tri bu tions of
chan neled pro tons through a 55 nm thick sil i con crys -
tal ori ented along (001), with rain bow lines gen er ated
us ing dif fer ent in ter ac tion po ten tials, con sid er ing both 
with out fig. 2(a) and with the ef fect of crys tal elec trons 
fig. 2(b), re spec tively. We chose a thick ness of 55 nm
for a Si crys tal ori ented along the (001) di rec tion be -
cause it has been both ex per i men tally and the o ret i cally 
es tab lished that un der these con di tions, the an gu lar
dis tri bu tions of 2 MeV chan neled pro tons can be ac cu -
rately de scribed us ing crys tal rain bow the ory [8]. It is
worth not ing that, to the best of the au thors' knowl -
edge, this ex per i men tal re sult rep re sents the only in -
stance in chan nel ing where a suf fi ciently high res o lu -
tion has been achieved to en able a mean ing ful
com par i son be tween the an gu lar dis tri bu tions of trans -
mit ted ions and the crys tal rain bow lines. Also, in the
work pre sented in ref. [8] the crys tal rain bow the ory
and a mor pho log i cal method were used to con struct
the rain bow in ter ac tion po ten tial. The an gu lar dis tri -
bu tions of chan neled pro tons ex hibit a re mark ably
close agree ment with the in ner and outer rain bow lines 
gen er ated us ing the rain bow in ter ac tion po ten tial. Ad -
di tion ally, the in ner rain bow lines gen er ated us ing the
Mo liere in ter ac tion po ten tial align well with the in ner
an gu lar dis tri bu tions of chan neled pro tons, while the
outer rain bow line gen er ated us ing the fa mous Ziegler, 
Biersack and Littmark in ter ac tion po ten tial (ZBL fur -
ther in text) cor re sponds fa vor ably with the outer an -
gu lar dis tri bu tion. These find ings, ex ten sively dis -
cussed in refs. [8, 16-18], em pha size that the crys tal
rain bow the ory ap pro pri ately ex plains the chan nel ing
ef fect. Our rain bow in ter ac tion po ten tial proves to be
an ex cep tion ally pre cise de scrip tion of the an gu lar dis -
tri bu tions of chan neled pro tons. Com par ing fig. 2(a)
and 2(b) dem on strates that the pro ton beam's an gu lar
dis tri bu tion is no ta bly in flu enced by crys tal elec trons,
par tic u larly in the prox im ity of the rain bow lines. Fig -
ure 2(b) and the dis cus sion in ref. [8] in di cate that ac -
count ing for crys tal elec tron in flu ence through our nu -
mer i cal model, uti liz ing the adopted en ergy loss
mech a nism aligns the re sult ing an gu lar dis tri bu tions
of chan neled pro tons with those ob tained us ing the re -
al is tic FLUX three-di men sional sim u la tion code [22].
This ob ser va tion un der scores the sat is fac tory per for -
mance of our model.

Fig ure  3  pres ents   the  an gu lar  dis tri bu tions  of
2 MeV pro tons chan neled through a 29 nm thick sil i -
con crys tal in the (011) ori en ta tion rel a tive to the pro -
ton beam and their cor re spond ing rain bow lines. Fig -
ure 3(a) show cases the an gu lar dis tri bu tions with out
con sid er ing the in ter ac tion with the crys tal's elec trons, 

while fig. 3(b) dem on strates the same dis tri bu tion with 
the in clu sion of the in ter ac tion with the crys tal's elec -
trons. As al ready men tioned in a pre vi ous case, the
cor re spond ing in ner and outer rain bow lines are the
en ve lopes of the cal cu lated an gu lar dis tri bu tions.
Since the (011) chan nel of the Si crys tal is one of the
larg est chan nels in na ture, from fig. 3 and eq. 6, it is
clear that the in flu ence of crys tal elec trons is much
more prom i nent in the outer re gion of the an gu lar dis -
tri bu tion, i. e., in the vi cin ity of the outer rain bow line.
Also, it is clear that the chan nel area in the vi cin ity of
the outer rain bow line, un der goes a con sid er ably more
sig nif i cant in flu ence com pared to the area in the vi cin -
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Fig ure 2(a). An gu lar dis tri bu tions of pro tons trans mit -
ted through (001) ori ented Si crys tal with out the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in electronic version)

Fig ure 2(b). An gu lar dis tri bu tions of pro tons trans mit -
ted through (001) ori ented Si crys tal with the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in elec tronic ver sion)



ity of the in ner rain bow line. Fur ther, it should be
stressed that the dif fer ence be tween the in ner rain bow
lines gen er ated by the ZBL and the rain bow po ten tial
is very pro nounced show ing an ex cel lent case for the
ex per i men tal test of the va lid ity of the rain bow po ten -
tial.

Fig ure 4 shows the an gu lar dis tri bu tions of 2 MeV
pro tons chan neled through a 43 nm thick sil i con crys tal in
the (111) ori en ta tion rel a tive to the pro ton beam and their
cor re spond ing rain bow lines. Fig ure 4(a) dis plays the an -
gu lar dis tri bu tions with out con sid er ing the in ter ac tion
with the crys tal's elec trons, while fig. 4(b) shows the iden -
ti cal dis tri bu tions with the in clu sion of the in ter ac tion with
the crys tal's elec trons. As men tioned ear lier, the mor phol -

ogy of pro ton an gu lar dis tri bu tions and the shape of their
cor re spond ing rain bow lines are pri mar ily de ter mined by
the po si tions of atomic strings de fin ing the crys tal chan nel
rather than the over all shape of the chan nel. Con se quently, 
even though the (011) and (111) ori en ta tions share the
same rhom bus-shaped chan nel, the dis tinct ar range ments
of atomic strings in these ori en ta tions lead to a clear dif fer -
ence in an gu lar dis tri bu tions of chan neled pro tons and the
po si tions and shapes of the rain bow lines. This dis tinc tion
high lights the sen si tiv ity of the chan nel's ge om e try to the
pre cise po si tions of atomic strings, ul ti mately shap ing the
scat ter ing be hav ior and ac count ing for the ob served dif -
fer ences in the an gu lar dis tri bu tions. In the case of the
(111) ori en ta tion of the Si crys tal, which has a much
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Fig ure 3(a). An gu lar dis tri bu tions of pro tons trans mit -
ted through (110) ori ented Si crys tal with out the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in elec tronic ver sion)

Fig ure 3(b). An gu lar dis tri bu tions of pro tons trans mit -
ted through (110) ori ented Si crys tal with the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in elec tronic ver sion)

Fig ure 4(a). An gu lar dis tri bu tions of pro tons trans mit -
ted through (111) ori ented Si crys tal with out the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in elec tronic ver sion)

Fig ure 4(b). An gu lar dis tri bu tions of pro tons trans mit -
ted through (111) ori ented Si crys tal with the ef fect of
crys tal elec trons, and cor re spond ing rain bow lines (red – 
Rain bow po ten tial, blue – Mo liere po ten tial, black – ZBL 
po ten tial, in elec tronic ver sion)



smaller chan nel com pared to the (001) and (011) ori en ta -
tions, the in flu ence of elec trons on the an gu lar dis tri bu -
tions is strong through out the en tire area of the crys tal
chan nel. This means that both the in ner and the outer rain -
bow lines are sim i larly in flu enced.

One can see that the outer rain bow line forms a
cusped hexa gon shape with its cor ners trun cated by
the atomic screen ing ra dius. On the other hand, the in -
ner rain bow line is com posed of two rain bow lines in
the shape of cusped equi lat eral tri an gles, which are a
con se quence of two sub-chan nels. Due to the small
size of the (111) Si chan nel, the in flu ence of crys tal
elec trons on the broad en ing of pro ton an gu lar dis tri bu -
tions is sig nif i cant and the an gu lar dis tri bu tion ap pears 
to lack its fine struc ture along rain bow lines. How ever, 
the dis tinct outer and in ner fine struc ture in the shape
of a six-pointed star which matches the outer and in ner
rain bow line, is ob serv able in fig. 4(b).

CONCLUSION

In this ar ti cle, we em ployed the mor pho log i cal
method to in ves ti gate the an gu lar dis tri bu tion of chan -
neled ions through thin Si crys tals in all three ma jor
crys tal lo graphic ori en ta tions. The in ves ti ga tion fo -
cused on un der stand ing the in flu ence of the ef fect of
the crys tal elec trons on the an gu lar dis tri bu tions of
trans mit ted pro tons. The in flu ence of the crys tal elec -
trons and its con nec tion with the en ergy loss ef fect was 
adopted from ref er ence [4]. Crys tal rain bow the ory
was uti lized to com pare rain bow lines with the o ret i -
cally ob tained dis tri bu tions of 2 MeV pro tons trans -
mit ted through thin Si crys tals ori ented along (001),
(011), and (111) crys tal lo graphic di rec tions. In all
three crys tal ori en ta tions, the in flu ence of the crys tal's
elec trons re sulted in ob serv able changes in the an gu lar 
dis tri bu tions of trans mit ted pro tons, par tic u larly in the
vi cin ity of the rain bow lines. It should be noted here
that the (011) and (001) ori en ta tion are in that sense
more fa vor able for the (ex per i men tal) anal y sis of the
in ner struc ture, while the (001) and (111) for the outer
struc ture of the an gu lar dis tri bu tion. This con clu sion
leads to an in ter est ing pos si bil ity of con nect ing the
elec tron en ergy loss via the ef fect of the in ter ac tion
with the crys tal's elec trons. This method can con trib -
ute to ad vanc ing ex per i men tal stud ies in chan nel ing
by pro vid ing a means to re pro duce and in ter pret fu ture
ex per i men tal re sults ac cu rately, thus en hanc ing our
un der stand ing of the phe nom e non.
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UTICAJ  INTERAKCIJE  JONSKOG  SNOPA  SA  ELEKTRONIMA
KRISTALA  NA  UGAONU  RASPODELU  KANALISANIH  JONA

Ova studija istra`uje efekat elektrona kristala na ugaonu raspodelu protona kanalisanih
kroz tanki kristal silicijuma. Uticaj elektrona kristala na snop kanalisanih protona energije 2
MeV kroz tanak kristal Si igra va`nu ulogu u eksperimentalno dobijenim ugaonim raspodelama.
Koriste}i efekat kristalne duge, morfolo{ki smo uporedili eksperimentalne i teorijske ugaone
distribucije kanalisanih protona i odgovaraju}ih linija duge, sa i bez uticaja elektrona kristala.
Na{i rezultati pokazuju da uticaj elektrona kristala uti~e na ugaoni fokus kanalisanih jona u
okolini linija duge, koje predstavqaju skelet ugaone raspodele. Ovi rezultati pru`aju uvid u
mehanizme energijskih gubitka protona kanalisanih kroz tanki kristal silicijuma i mogu imati
implikacije za budu}e studije u fizici jonskog snopa.

Kqu~ne re~i: interakcija jona i ~vrstog tela, kanalisawe, kristalna duga, potencijal
......................... interakcije


