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Damage morphology along ion traces in Au-irradiated Bi2Sr2CaCu2Ox
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We systematically observed the damage morphology along ion traces by transmission electron microscope
in 230 MeV Au-irradiated Bi2Sr2CaCu2Ox single crystals. The results gave us a basic understanding of how
high-energy ions interact with the target atoms, lose their energy, and are stopped. Three types of transitive
defect morphologies, large-angle-deflected columnar defects, cascade-defect-dotted columnar defects, and or-
dered cascade defects, were found to be located between two typical defect morphologies, parallel columnar
defects and disordered cascade defects, in different penetration depth regions. The mechanisms for the forma-
tion of these transitive defect morphologies were suggested. The analysis of ion-energy deposition in each
penetration depth region and the results obtained indicated that our suggested mechanisms are reasonable. This
study also supplied us with an effective experimental method to directly estimate the columnar defect size
distribution versus ion penetration depth and the ion-energy thresholds to produce columnar defects and
cascade defects.@S0163-1829~98!01422-2#
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I. INTRODUCTION

Ion irradiation has been widely used to artificially crea
crystal defects in superconducting materials which can ac
flux-pinning sites and prominently increase the critical c
rent density (Jc).

1–4 Since the efficiency of irradiation
induced defects in flux pinning strongly depends on th
microstructures and distributions, the morphologic study
such defects is the first important step in clarifying the orig
of flux pinning in irradiated superconductors. It can also s
ply the basic experimental data for an understanding of
mechanism of ion-target interaction. Usually, heavy-i
beams with very high energies, e.g., several GeV, are use
produce the columnar defects for flux pinning in superc
ducting materials. In thin-film samples, the induced def
morphology is quite simple and can be assumed to be pa
lel columnar defects with a highly uniform column siz
within the limited thickness of the target materials. The d
tailed microstructure and the two-dimensional distribution
the bombarded surface for this kind of columnar defect h
been intensively studied using plan-view observat
methods.5,6 For bulk samples, however, the irradiatio
induced defect morphology is very complicated and we a
do not have a good understanding of it now. Therefore, i
quite difficult to establish a good connection between
defect structures and their flux-pinning efficiency. Anoth
kind of irradiation-induced defect that has been extensiv
studied in irradiated materials is the collision cascade def
produced by ion beams with very low energies around s
eral MeV or less than 1 MeV. Since the ion species, the
energies, and the target materials previously used in
irradiation experiments are very scattered, the condition
generate the different kinds of irradiation-induced defects
570163-1829/98/57~21!/13907~8!/$15.00
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still unclear. Until now, to our knowledge there has been
direct experimental data to describe how the defect morp
ogy changes as the ion energy is gradually decreased in
target materials and how high-energy ions interact with
target atoms to be stopped.

In order to answer these basic questions in the i
irradiation research field, we designed an irradiation exp
ment for this study. The incident ion energy we selected w
230 MeV and the incident ion was the Au ion. In this cas
the ion penetration depth will be limited within 20mm and at
the same time parallel columnar defects can still be produ
near the bombarded surface layer in the target mater
Therefore, if we select target materials thicker than 20mm,
the incident ions will lose their energy gradually from 23
MeV and stop in the target material. The various dama
morphologies produced by ions with various energies fr
230 to 0 MeV will be presented in the target material a
located in different ion-penetration depth regions. By usin
cross-sectional observation method, we can obtain the r
tionship between the irradiation-damage morphology and
incident ion energy in a large energy region.

Based on the above consideration, Bi2Sr2CaCu2Ox single-
crystal plates~;20mm in thickness! were irradiated using
230 MeV Au ions. Here, we report on the continuous cro
sectional observation of irradiation damage morpholo
from the ion bombarded surface to a depth of about 20mm in
the target crystal using transmission electron microsc
~TEM!. A gradually changing process in irradiation-induc
defect morphology from parallel amorphous columns to d
ordered collision cascades was clearly observed. Three k
of transitive irradiation-induced defect morphologies pr
duced by the ions in middle energy region were found a
the forming mechanisms for these transitive defect m
13 907 © 1998 The American Physical Society
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phologies were suggested. Furthermore, we applied this
servation method in this study to measure the columnar
fect size distribution versus the ion penetration depth an
estimate the ion-energy thresholds to generate the colum
defects and cascade defects in Au-irradiated Bi2Sr2CaCu2Ox
crystals.

II. EXPERIMENTAL

The Bi2Sr2CaCu2Ox single crystals used for ion irradia
tion were prepared using the floating-zone melting metho7

The crystals were cleaved into thin sheets of about 20mm
thickness along thea-b plane and cut to about 1-mm wid
and 2-mm long. Perpendicular to the surface of the t
sheets, 230-MeV Au-ion irradiation was performed with
dose of 9.731010 ions/cm2 at room temperature using a Ta
dem accelerator at the Japan Atomic Energy Research I
tute. Cross-sectional samples for TEM observation were
pared by pasting the ion-irradiated samples between sil
pellets and cutting them into slices along thea or b axis of
the crystal. The slices were then mechanically ground
40–50mm, dimpled to about 10mm, and finally ion-milled
with a liquid-nitrogen cold stage. The TEM analyses of da
age morphology along the ion traces were performed usin
Topcon EM-002B high-resolution TEM operated at 2
keV.

A high-energy-extendedEDEP-1computer code8 was used
to calculate the damage depth profile of high-energy he
ions in the target material. Using this software, the distrib
tions for stopping power and ion residual energy against
penetration depth were estimated. The energy transferen
the nuclear collision between high-energy incident ions a
target atoms was calculated based on the rigid-ball ela
collision model. In the formation of cascade defects,
method9 based on Boltzmann transport theory and the th
mal spike model was employed to estimate the energy tr
ference from the incident ions to primary knock-on ato
~PKA’s!.

III. RESULTS AND DISCUSSIONS

A. Defect morphologies along ion traces

Figure 1 is a series of bright-field images taken along
ion penetration path in the 230 MeV Au-irradiate
Bi2Sr2CaCu2Ox crystal. It shows the change in th
irradiation-induced defect morphology as the Au ions p
etrate through the target material. Between the two typ
ion-irradiation-induced defect morphologies~parallel colum-
nar defects and disordered cascade defects!, we found three
types of transitive defect morphologies which we nam
large-angle-deflected columnar defects, cascade-de
dotted columnar defects, and ordered cascade defects.
detailed distribution state for all the defect morphologies c
be described as follows.~1! Parallel columnar defects. Near
the irradiated surface layer, the defects generated by s
high-energy incident ions are amorphous columns with
most parallel orientation along the ion incident direction.
they penetrate into the target, the ions slow down throu
interaction with the target electrons and/or atoms. The siz
the produced amorphous column also gradually decrea
~2! Large-angle-deflected columnar defects. Starting from a
b-
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depth of 2mm, we found a few columnar defects to be d
flected from the ion incident direction with angles larger th
30°. As the ions penetrated deeper, the density for this k
of large-angle-deflected columnar defect was found to
crease.~3! Cascade-defect-dotted columnar defects. When
the ions penetrated to a depth of about 5mm and their energy
was reduced to some specific value, we found a region
which the columnar and cascade defects coexisted and
cascade defects were distributed in order along the axe
the columnar defects.~4! Ordered cascade defects. As ion
energy decreased further in the target crystal, the continu
columnar defects disappeared and, instead, a kind of cas
defect with a tail appeared. We found that this kind of ca
cade defect with a tail arranged in lines along the exten
direction of the tails.~5! Disordered cascade defects. After
the appearance of ordered cascade defects, only pure d
dered spherical cascade defects were found to exist in
target material. When the ions penetrated deeper, the de
of the cascade defects gradually decreased. Finally, when
ions penetrated deeper than 11mm, no cascade defects cou
be observed by TEM.

B. Energy thresholds to produce five kinds
of defect morphologies

It is well known that the morphology of irradiation
induced defects strongly depends on the mechanism of
target interaction. Up to now, only two types of defects ha
been observed by TEM in ion-irradiated materials. The fi
is amorphous columnar defects in the ion incident directi
The corresponding mechanism for ion energy deposition
target materials is called electronic energy deposition (Se),
which results from the ionizations and/or electronic exci
tions of target atoms induced by high-energy ions. The s
ond is cascade defects which are generated by low-en
ions through nuclear collisions with target atoms. This p
cess of ion-energy deposition is called nuclear energy de
sition (Sn). According to the existing experimental know
edge, the parallel columnar defects are produced by he
ions with energies from several hundred MeV to seve
GeV and the cascade defects are produced by incident
with energies around 1 MeV. These two types of defe
produced by energetic ions with very different energies h
only been observed separately. Even though the threshold
ion energy and stopping power for producing both kinds
defects have often been mentioned,10,11detailed experimenta
data for an understanding of such thresholds have not b
obtained until now. The continuous observation of def
distribution along the ion traces in this study has provided
with direct experimental data allowing us to understand th
energy thresholds and the relationship between them in
Au-irradiated Bi2Sr2CaCu2Ox single crystal.

From the TEM observation results in Fig. 1, we c
clearly see that the columnar defects exist in a depth reg
ranged from the ion-bombarded surface to a depth of ab
7.5 mm. The depth region where the cascade defects are
cated is found to be from 5 to 11mm. Using a high-energy
extendedEDEP-1 code,8 the lower limits of stopping power
(dE/dx) and ion residual energy were estimated to be ab
16 MeV/mm and 50 MeV/ion, respectively, to produce th
visible columnar defects in Au-irradiated Bi2Sr2CaCu2Ox
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FIG. 1. A series of bright-field images picked out at an equal distance from the continuously observed images along the ion tr
corresponding depth from the ion bombarded surface for each image is presented at the bottom corner. The black triangles
large-angle-deflected columnar defects.
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single crystal. This value agrees well with the lower thre
olds of electronic energy-loss rate reported by Leghi
et al.12 and by Kumakuraet al.13 Furthermore, the estimate
regions fordE/dx and ion residual energy to produce th
visible cascade defects in the Bi2Sr2CaCu2Ox crystal ranged
approximately from 22 to 8 MeV/mm and from 100 to 10
MeV/ion.

Two different morphologies for pure columnar defec
produced by high-energy heavy ions were observed in
study. The first is the pure parallel columnar defects t
were previously reported, which are located within a de
region from the ion-bombarded surface to a depth of abo
mm. In the depth region from 2 to 7.5mm, another kind of
columnar defect was found to be deflected at a large a
from the ion incident direction, and two kinds of column
defects were mixed in this depth region. The estimated lo
ion energy threshold to produce pure parallel columnar
fects was 170 MeV/ion and the corresponding lower limit
stopping power was about 27 MeV/mm. The regions for ion
energy and stopping power to produce the mixed morph
-
a

is
t

h
2

le

er
-

f

l-

ogy for the two types of columnar defects ranged from 1
to 50 MeV/ion and from 27 to 16 MeV/mm, respectively.

In the changing process of defect morphology, there wa
depth region where two kinds of columnar defects coexis
with cascade defects, which could clearly be observed in
Au-irradiated Bi2Sr2CaCu2Ox crystal in this study. The spe
cial energy region to produce such defect morpholo
ranged from 100 to 50 MeV/ion and the corresponding
gion for stopping power ranged from 22 to 16 MeV/mm. In
this energy region, we could observe three kinds of def
morphologies, parallel columnar defects, large-ang
deflected columnar defects, and cascade defects. This im
that three different kinds of ion-target interaction mech
nisms can work in the same energy region. The cascade
lisions can not only take place in the low-energy region, b
they can also take place in the high-energy region~e.g., 100
MeV/ion! where the columnar defects can still be produc

In the pure cascade defect area, the defect morpholog
also not only of one kind. Except for the typical disorder
cascade defect morphology, there was another ordered
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13 910 57D. X. HUANG et al.
cade defect morphology in the target crystal when the
energy was just a bit higher than the ion energy to prod
disordered cascade defects. The regions of ion residua
ergy anddE/dx to produce ordered cascade defects rang
respectively, from 50 to 36 MeV/ion and from 16 to 1

FIG. 2. A schematic showing five kinds of irradiation-induc
defect morphologies in different ion-energy regions. The attac
curves are the depth profile calculation results using high-ene
extendedEDEP-1code which showed the changing process of st
ping power~up side! and ion residual energy~down side! as the
penetration depth increases gradually in the target material.
n
e
n-

d,

MeV/mm. To produce pure disordered cascade defects,
ion energy anddE/dx should be lower than 36 MeV/ion an
13 MeV/mm.

Figure 2 is a schematic for showing the five kinds
defect morphologies distributed along the ion traces in de
In order to get a clearer impression of the energy conditi
to produce these defects, the depth profiles for stopp
power and ion residual energy estimated byEDEP-1code are
attached above and below the schematic. Table I shows
detailed data of the distribution regions for penetration dep
ion residual energy, and stopping power to produce e
kind of defect morphology.

C. Depth distribution of columnar defect size

Although clarifying the distribution of columnar defec
size versusdE/dx is very arduous, it has to be done becau
it is a necessary step in clarifying the process of electro
energy deposition of incident ions in the target material. F
only a few target materials such as mica, Y3Fe5O12 and
YBa2Cu3O72d, the distribution curves of columnar defe
size versusdE/dx have been given by summarizing all th
extant related experimental data.11,14,15However, there is in-
sufficient experimental data to plot such a curve
Bi2Sr2CaCu2Ox crystal. The continuous observation of c
lumnar defects along the ion traces done in this study se
a very effective means to acquire the data to plot suc
distribution curve. Since ion energy anddE/dx continuously
change along the ion traces, theoretically, we can obta
continuous distribution for columnar defect size vers
dE/dx or ion energy using one irradiated sample. Also w
do not need to consider experimental errors from differ
incident ions, different target materials, and so on. In t
study the columnar defect size at each penetration depth
measured using high-resolution electron microsco
~HREM! images taken in the same depth region. The dis
bution curve obtained for columnar defect size versus p
etration depth is shown in Fig. 3~a!. Using high-energy ex-
tendedEDEP-1software,8 we can calculate thedE/dx and ion
energy at each penetration depth in the target mate
Therefore, we can also easily obtain the correlation of
lumnar size withdE/dx or ion residual energy. Figure 3~b!

d
y
-

ds of
TABLE I. Regions of ion penetration depth, ion energy, and stopping power for generating five kin
defect morphologies.
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shows the columnar size distribution againstdE/dx. If we
do a linear extrapolation of this curve to a highdE/dx value
of 31.5 MeV/mm, the corresponding columnar size will b
about 16.3 nm. This value coincides quite well with the c
lumnar defect size~16 nm! observed by Zhuet al.5 in 300
MeV Au-ion-irradiated Bi2Sr2CaCu2Ox crystals.

D. Discussion of mechanism for transitive defect morphologies

1. Large-angle-deflected columnar defects

It has been well known that pure parallel columnar d
fects are produced by an interaction process between inci
ions and target electrons. Through this process, a great
of ion energy is instantly transferred to the target electr
and the energy of the excited electrons is very quickly c
verted into the thermal energy of the lattice in a very loc
ized region. When the local temperature of the lattice
higher than its melting point, a localized melting region w
be formed. As a result, an amorphized zone can be obse
by TEM. For a high-energy moving ion, a continuous am
phous columnar defect along the ion penetration path wil
produced in the target crystal. However, there has bee
very limited understanding for the nuclear collision of
high-energy incident ion with target atoms and the cor
sponding damage produced in the target material. We o
know that the possibility of nuclear collision between hig
energy ions and target atoms is not zero, theoretically.

The large-angle-deflected columnar defects observe
this study provided us with important information allowin

FIG. 3. Distributions of columnar defect size versus~a! ion pen-
etration depth and~b! stopping power measured by HREM image
The value of stopping power in each penetration depth is given
the curve~up side! presented in Fig. 2.
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us to understand the nuclear collision of incident ions w
target atoms in the high-energy region. As shown in Tabl
this energy region ranged approximately from 170 to
MeV. It is very easy to understand that the density of t
deflected columnar defects increased with the increase in
ion penetration depth~Fig. 1!. This is because as the ion
penetrate into the target material, the ion energy and velo
gradually decrease, thus the mean free path for this kind
nuclear collision decreases and the collision probability
higher. Finally, it will result in a higher density for the de
flected columns in the target materials.

As Fig. 1 shows, there is not an obvious melting ar
~amorphous area! around the collision site which can be ob
served by TEM. This implies that the energy transferred
the crystal lattice is very little at the moment of collisio
Therefore, we can approximately consider this kind of co
sion to be an elastic collision. Using the rigid-ball collisio
model, we briefly estimated the ion deflection angle, the
ergy transference, and the probable defect morphology
duced by this kind of collision. The result indicates that t
deflected columnar defects with a deflection angle of lar
than 30° are produced by the collisions between Au ions
heavy target atoms, Bi atoms. For a collision to produc
32° deflected columnar defect as shown in the TEM ima
taken at a penetration depth of about 2mm ~Fig. 1!, the
residual energy of the deflected Au ion and the transfer
energy from the Au ion to the Bi atom in this collision wa
estimated to be about 125 and 45 MeV, respectively. T
average Au ion energy in this depth region is about 1
MeV. According to the analyses of the ion energy and
corresponding stopping power in the target material, the s
ondary Bi ion with an energy of 45 MeV is insufficient t
produce a visible columnar defect in the Bi2Sr2CaCu2Ox
crystal. The defect morphology around the collision ar
should be as that schematized in Fig. 5~b!. The TEM obser-
vation results in Fig. 1 also confirmed this fact. There w
only a deflected columnar defect and no accompanying
lumnar defect produced by an ionized Bi atom in the co
sion area. Concerning the lighter target atoms such as Sr
Ca, and O, the collisions of Au ions with them only cause
small-angle scattering (,10°) of the incident Au ions. De-
tailed analyses on the nuclear collision between high-ene
ions and target atoms will be reported elsewhere.

The density of this kind of high-energy nuclear collisio
has been also briefly estimated for the Au incident ions in
depth region around 2mm. In this estimation, the ion energ
we used was 170 MeV and the nuclear stopping power e
mated by theEDEP-1software was about 0.314 MeV/mm. If
we suppose that all the nuclear collisions in this ion ene
region are strong collisions and the ion energy loss for e
collision is about 45 MeV as analyzed above, the collisi
density will be about 6.77 collisions/mm3 in an irradiation
experiment with an ion dose of 9.731010 ions/cm2. In other
words, the density of target atoms displaced by this kind
nuclear collision is 6.77 atoms/mm3 and the corresponding
displaced atom ratio is about 1.031027. For TEM observa-
tion, this collision density is quite low and the correspondi
crystal defects~large-angle-deflected columnar defects! in-
duced by this kind of collision are also quite difficult t
observe in a high ion-energy region such as that around
MeV, which has been confirmed in this study.
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2. Cascade-defect-dotted columnar defects

It was found that columnar and cascade defects coexi
in a depth region from about 5 to 7.5mm and the cascad
defects were only distributed along the axes of the colum
defects~Fig. 1!. In this depth region, the corresponding io
energy ranges from 100 to 50 MeV. This kind of on-ax
cascade defect had a similar shape and microstructure to
pure cascade defects produced by low-energy ions.16–18

Therefore, the generation mechanism should also be
same and one dotted cascade defect should result from
PKA. As to their special distribution state, there is only o
way to understand it: the cascade defects that appear a
columnar axis must be produced by the same ion that ge
ates the columnar defect itself. This implies that the co
plete cascade-defect-dotted columnar defect is originally
single defect which is inseparable. This kind of defect m
phology corresponds to the alternative energy-deposi
process of electronic excitation and nuclear collision.

Figure 4 shows the detailed microstructure for this kind
irradiation-induced defect morphology. The sizes of the c
cade defects distributed on the column axis are about 8 n
diameter. In order to further explain the formation mech
nism for the cascade-defect-dotted columnar defects, the
posited ion energy and the possible deflection-angle of
incident ion in the on-axis cascade collision has been a
lyzed in this study. Considering the healing effect in t

FIG. 4. HREM image showing the structural detail of th
cascade-defect-dotted columnar defect. The black triangles ind
the positions of cascade defects and the arrow shows the ion
etration direction. The columnar defect can be seen clearly betw
two cascade defects.
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formation of cascade defects, the volume of the dama
area we used in the analysis is about three times as
observed by TEM. By using a method9 based on Boltzmann
transport theory and the thermal spike model, the depos
energy of the incident ion to produce an 8 nm spherical c
cade defect is estimated to be about 16.8 keV. This valu
deposited energy is quite small compared with the origi
ion energy~100–50 MeV!. For one cascade collision, th
energy transferred from the incident ion to the PKA is le
than 0.1% of the original ion energy.

Furthermore, we estimated the ion deflection angle p
duced by this kind of high-ion-energy cascade collision.
the estimation, when we take the heaviest target atoms~Bi!
as PKA’s, the possible ion-deflection angle is less than 1
If the lighter atoms, such as Sr, Ca, Cu, and O, are con
ered to be the PKA’s, the deflected angle for the incident
will be smaller and less than 1°. The average deflection an
of incident Au ions induced by all probably occurring ca
cade collisions has been calculated to be about 0.6°. S
the deflection angle induced by cascade collisions in
high ion-energy region is too small, and also the direction
ion deflection by each on-axis cascade collision is rando
for TEM observation the defect morphology should look li
one straight columnar defect with many cascade defects
tributed along the column axis. These results indicate t
our original suggestion for the mechanism to produ
cascade-defect-dotted columnar defects is reasonable.

It should be noted that this kind of mechanism in io
target interaction only works in a specific region of ion e
ergy which ranges from the upper threshold for produc
cascade defects to the lower threshold for generating col
nar defects, according to the distribution region for such n
defects confirmed by TEM observation. For Bi2Sr2CaCu2Ox
single crystal irradiated by Au ions, this energy regi
ranges approximately from 100 to 50 MeV/ion. Figure 5~c!
is a schematic which can help us to further understand
mechanism.

3. Ordered and disordered cascade defects

Around a depth of 8mm, ordered cascade defects wi
long tails can be found after the appearance of casca
defect-dotted columnar defects~Fig. 1!. All the cascade de-
fects are arranged along many straight lines and the ta
each cascade defect is oriented along these lines. This
of ordered cascade defect line can be understood as a c
nuity of cascade-defect-dotted columnar defects. As the
energy decreases further, the sizes of columnar defects
come smaller and smaller. The continuous columnar def
cannot be directly observed. However, when the colum
damaged area overlaps the spherical damaged area prod
by a cascade collision, a trace of the columnar defect
appears in the form of a tail for each cascade defect.
mechanism to produce such ordered cascade defects sh
be similar to the mechanism to produce cascade-def
dotted columnar defects, and one ordered cascade defec
should also be produced by one incident ion. The sa
analyses as on cascade-defect-dotted columnar defects
also carried out. The results indicated that the deflect
angle of the incident ion produced by each cascade collis
in this ion energy region~about 50–36 MeV! was less than
2°. If we consider the random distributions for the directio
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FIG. 5. ~Color! Suggested models to briefly describe the mechanisms in forming the five kinds of defect morphologies produce
ions in different energy regions.~a! is for parallel columnar defects,~b! for large-angle-deflected columnar defects,~c! for cascade-defect-
dotted columnar defects,~d! for ordered cascade defects, and~e! for disordered cascade defects.
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of ion deflections in cascade collisions, it is reasonable
expect that a morphology of ordered cascade defects ca
observed by TEM. The mechanism producing ordered c
cade defects is schematized in Fig. 5~d!.

As the ion energy decreased further, the deflection an
of incident ions induced by cascade collisions became la
and larger. The ordered cascade defect lines could bare
observed again, instead, only a disordered cascade-d
morphology could be observed. After several cascade c
sions, the ion residual energy will decrease to a value,
example, of less than 100 keV. The incident ion will beha
like one simple PKA producing a cascade defect by its
and finally it will stop in the target crystal. Therefore,
more and more incident ions stop in the target crystal,
density of the disordered cascade defects also decrease
nally, no defects could be observed by TEM as Fig. 1 sho

IV. CONCLUSIONS

Continuous TEM cross-sectional observation along
ion traces in the Au-irradiated Bi2Sr2CaCu2Ox crystals in this
study clearly showed the process of change in irradiati
damage morphologies as the ion energy decreased, a
also supplied the direct experimental data to understand
mechanism of ion-target interaction in each energy region
incident ions. It revealed that the columnar defect morph
ogy was not only parallel amorphous columnar defects
previously reported, but it also appeared in other morpho
gies, such as large-angle-deflected columnar defects
cascade-defect-dotted columnar defects. This kind of la
angle-deflected columnar defect resulted from the ne
elastic collision of high-energy ions with the target atom
And the cascade-defect-dotted columnar defects were ge
ated by the alternative energy deposition of electronic e
o
be
s-

es
er
be
ect
li-
r

e
lf

e
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s.

e
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tation and nuclear collision. There was also more than
kind of morphology for the cascade defects. As the ion
ergy changes in the target material, the defect morphol
also changes. In the high-energy region, the cascade de
have an ordered distribution along the direction of ion mo
ment. Even though the ion energy is high enough to crea
columnar defect, cascade defects can also be produ
These cascade defects produced by such high-energy
were found to be distributed in order along the axis of t
columnar defect. As the ions lose their energy in the tar
material, the size of the produced columnar defects
creases. When the size of a produced columnar defect i
small that it can hardly be observed by TEM and at the sa
time the ion energy is still quite high compared with th
transferred energy in each cascade collision, the ion-dam
morphology appears in the form of ordered cascade-de
lines. Further, all the cascade defects located on one col
axis or on one straight line should be produced by one in
dent ion, which was suggested in this study. Subsequen
when the ion energy becomes increasingly lower, the i
deflected angle induced by each cascade collision beco
increasingly larger and the distribution of cascade defe
gradually become disordered. The calculation of ion ene
deposition and the deflection angles of incident ions in
cascade collisions done in the study strongly supported
suggested mechanisms for ion-target interaction in each
energy region.
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