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Influence of ion velocity on damage efficiency in the single ion-target irradiation system:
Au-Bi2Sr2CaCu2Ox

D. X. Huang* and Y. Sasaki
Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta-ku, Nagoya 456-8587, Japan

Y. Ikuhara
Department of Materials Science, University of Tokyo, Tokyo 113, Japan

~Received 13 July 1998!

Based on the cross section measurement of the columnar defect along the ion path using high-resolution
electron microscopy, we developed a method to study the influence of ion velocity on ion irradiation damage.
The use of a single ion-target irradiation system avoids the influences of the different target materials and the
different species of incident ions on the irradiation damage. By investigating the dependence of damage
efficiency on the ion velocity, we can minimize the influence of the different ion effective charge on the ion
irradiation damage. The application on the Au-Bi2Sr2CaCu2Ox system shows that there is a critical velocity
nc;0.057c ~c, the velocity of light! at which the damage efficiency is maximum. By reanalyzing the previous
published data, we have found a similar critical velocity (nc;0.055c) in the Xe-YIG ~yttrium garnet! irradia-
tion system, indicating it is a quite general phenomenon. From this observation, the irradiation damage process
is divided into two stages. In the high ion velocity region the irradiation damage is ion velocity controlled and
in the low ion velocity region the irradiation damage is the energy-density threshold controlled. The peak of
damage efficiency corresponds to the turning point between two stages.@S0163-1829~99!00605-0#
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I. INTRODUCTION

Ion irradiation has become a most effective method
artificially create crystal defects for flux pinning and prom
nently enhance the critical current density (Jc) in supercon-
ducting materials.1–7 The irradiation-induced defect mor
phology, which greatly influences the efficiency of flu
pinning, is mainly controlled by the specific energy depo
tion process of incident ions in the target material. In t
high-energy region~.100 keV/amu!, the incident ion depos
its its energy in the target material mainly through the int
action with the target electrons, which is called electro
stopping power. The ion energy deposited electronically
very quickly transferred from the target electrons to the
tice and then a damage~irradiation-induced defect! will be
produced in the target material. The common defects indu
by high-energy ions are columnar defects with amorph
cores in superconducting materials.2,8–11

In the formation of irradiation damage, stopping pow
(dE/dx) is usually used as a main parameter for analyz
the origin for the change of damage morphology. Since
irradiation damage is due to a certain amount of ion ene
rapidly deposited in a localized area in the target materia
is very easy to understand the importance ofdE/dx in the
irradiation damage process as it gives the amount of the
posited energy in a unit length of ion path. However,
such a complicated physical process as the irradiation d
age process, it is hard to be completely described by o
one physical parameter.

In the last ten years, several research groups in Fra
intensively studied the irradiation-damage process using
eral kinds of heavy ions with different ion energies in fer
magnetic yttrium garnet~YIG!.12–26 By summarizing their
PRB 590163-1829/99/59~5!/3862~8!/$15.00
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experiment data, they found that the electronic stopp
power dE/dx was not the only key parameter and the i
velocity also plays a very important role in the formation
irradiation damage.23,25 For the same value ofdE/dx, the
damage cross section~A! produced by the low-velocity ion
was systematically higher than that produced by the hi
velocity ion in a large range ofdE/dx. Since the irradiation
damage process is closely related to the species of inci
ion, it is very difficult to have a full understanding for th
detailed influence of ion velocity on the damage process
analyzing the mixed experimental data produced by differ
kinds of incident ions.

Plan-view methods such as chemical etching~CE!,27 con-
version electron Mo¨ssbauer spectroscopy~CEMS!,28 chan-
neling Rutherford backscattering spectrometry~CRBS!29 and
plan-view electron microscopy10 have been widely used to
investigate the irradiation damage morphology in the irra
ated materials. Using the above methods, for one irradia
sample only one damage-cross-section datum can be
tained. For analyzing the influence of ion velocity on t
damage cross section, we have to do a large amount of
diation experiments. It is both time consuming and exp
sive. Recently we reported a continuous cross-sectional T
observation method by which we can effectively acquire
series of damage-cross-section data in a large ion velo
range by one ion-irradiated sample.30 This method also gives
us a possibility to study the dependence of damage c
section on ion velocity in a much simplified system, sing
ion-target irradiation system. Since the ion species and
target material are both fixed in the single ion-target irrad
tion system, we no longer need to consider how the dam
cross section is influenced by the different electronic den
distribution and the different crystal structure. Also we
not need to consider how the damage cross section is in
3862 ©1999 The American Physical Society
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enced by the different species of incident ion and by
different incident direction of the ion beam with respect
the target crystal. Along the ion path, the difference for
damage cross section in two different ion penetration de
regions only results from the different value of ion veloc
and the different value of ion effective charge in these t
depth regions. Since the ion effective charge has a sim
functional relation with the ion velocity,31 therefore, if the
selected physical parameter is suitable the influence of
ion effective charge on the irradiation damage process ca
minimized. Finally, we can study the pure influence of i
velocity on the irradiation damage process using a sin
ion-target irradiation system.

In this study, the damage cross-sectionA in each penetra-
tion depth in the 230-MeV Au-irradiated Bi3Sr2CaCu2Ox
crystal was estimated by cross-sectional high-resolution e
tron microscopy~HREM!. Instead of the damage cross se
tion A, the damage efficiency«(«5A/dE/dx) was used to
describe the amount of damage in the target material.
influence of ion effective charge in the damage process
minimized. By combining with two previously reported da
in the same ion-target system, then we successfully car
out an investigation for the pure influence of ion velocity
the irradiation damage process. Using the same rese
method suggested in this study, we reanalyzed the exis
experimental data for YIG irradiated by several kinds
ions. The obtained results for these two kinds of ion-tar
systems were further compared. Finally, a two-stage mo
has been suggested to explain the experimental results.

II. EXPERIMENTS AND ANALYSIS METHODS

A. Ion irradiation and TEM observation

The Bi2Sr2CaCu2Ox crystal sheet with a thickness o
about 20mm has been used for the present irradiation exp
ment. The surface of the crystal sheet is a cleaveda-b plane
of the Bi2Sr2CaCu2Ox crystal. A 230-MeV Au ion beam was
used to bombard the crystal sheet at room temperature
an incident direction perpendicular to the sample surfa
The incident Au141 ions were produced in a Tandem acc
erator at the Japan Atomic Energy Research Institute.
used ion dose in our experiments was about
31010 ions/cm2. A standard method was used to prepa
cross-sectional TEM specimens for the further TEM ana
ses. A series of low- and high-resolution images were ta
along the ion penetration path using a Topcon EM-00
high-resolution TEM~HREM, 200 keV! with a point-to-
point resolution of 0.18 nm.

B. Measurement of damage efficiency

The damage cross sectionA in each penetration dept
region was measured by the high-resolution TEM ima
taken in the corresponding depth region. The detailed s
for the measurement are described as follows. First, using
cross-sectional HREM observation method, we can ob
many sectional images for the columnar defects produce
different incident ions in each depth region. Next, from t
obtained HREM images we can accurately measure the
of amorphous area in each columnar defect. Then, the d
age diameter~D! in each depth region can be obtained
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averaging all the values of the measured columnar-de
sizes in the same depth region. Supposing that the dam
area is a regular cylinder, the damage cross sectionA can be
further calculated through the relationA5p(D/2)2. Using a
high-energy-extendedEDEP-1computer code,32 we can calcu-
late the value of stopping powerdE/dx in each depth region
Consequently, the damage efficiency« in each depth region
can be obtained through the relation«5A/(dE/dx).

III. RESULTS AND DISCUSSIONS

A. How to analyze the effect of ion velocity

As mentioned above, many factors influence the dam
cross section. In order to understand the detailed relation
between ion velocity and damage cross section, we hav
simplify the research object. First, we should fix the targ
material. This is because the incident ion in the differe
target material has a different energy-deposition process
the dependence of damage cross section on ion velocity
also be different. Secondly, the different species of incid
ion will result in a different changing process of the effecti
ion charge and further result in a different rate of ion ene
deposition in the target material. It will also change the d
pendence of the damage cross section on ion velocity. T
we should ideally fix the species of the incident ion. Third
the different ion velocity will certainly result in a differen
value ofdE/dx. We all know that the damage cross secti
of an energetic ion in the target material is strongly infl
enced by the value ofdE/dx. Therefore, for the same ion
with two different values of velocity, the difference of th
produced damage cross section will result from two reaso
The first is the direct influence of ion velocity. The second
the indirect influence of ion velocity through the change
dE/dx induced by the different value of ion velocity. Tw
reasons are mixed together and very difficult to separ
Therefore, if we simply investigate the changing relation
the damage cross section with ion velocity, we can har
distinguish that the change of the damage cross sectio
caused by the difference of ion velocity or by the differen
of the dE/dx value. The damage efficiency~«!, however,
seems more appropriate than the damage cross sectio
investigating the influence of ion velocity on the process
irradiation damage. This is because« is the damage cros
section per unitdE/dx and it only includes the high-orde
influence ofdE/dx on the damage cross section. Therefo
to study the changing process of damage efficiency aga
ion velocity can help us to reveal the direct influence of i
velocity on the process of irradiation damage more clea
Based on the above three points, to investigate the effec
ion velocity in the process of irradiation damage, we sho
select a single ion-target irradiation system and start the
vestigations from analyzing the changing process of dam
efficiency with the incident ion velocity.

B. Experimental measurements of damage efficiency

A series of HREM images for the irradiation-induced c
lumnar defects have been taken continuously along the
penetration path. Figure 1 shows four pieces of typical i
ages picked out from them. From this figure, we can see
the diameter of the damaged amorphous cylinder gradu
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3864 PRB 59D. X. HUANG, Y. SASAKI, AND Y. IKUHARA
decreases from 13.5 to 3 nm when the penetration dept
the incident Au ion in the target changes from 1 to 7.5mm.

The damage cross section and the corresponding dam
efficiency in each penetration depth region were estima
using the method introduced above. The values of the s
ping power, the residual ion energy, and the relative
velocity in each penetration depth region were all calcula
by the EDEP-1 computer code.32 All the measured data, cal

FIG. 1. HREM images respectively taken at penetration dep
of about~a! 1 mm, ~b! 3 mm, ~c! 5 mm, and~d! 7.5mm along the ion
path, showing the change of the columnar defect size with the p
etration depth.
of

ge
d
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culated data, and two previously reported data10,11 for the
same ion-target irradiation system have been summar
and shown in Table I.

C. Effect of ion velocity on the irradiation damage process

1. In the multiple-ion-target system

A few years ago, Meftahet al.21 analyzed the changing
relation of damage efficiency with the stopping pow
dE/dx by summarizing the experimental data in YIG irrad
ated by several kinds of energetic heavy ions. The res
indicated that the damage efficiency in the low-ion-veloc
region was systematically higher than the damage efficie
in the high-ion-velocity region for the same value ofdE/dx.
The plateau of damage efficiency in the highdE/dx region
for the high-velocity-ion irradiation did not appear again f
the low-velocity-ion irradiation in the samedE/dx region.
Instead, for the low-velocity-ion irradiation, there was a pe
value for the damage efficiency in the highdE/dx region.
When thedE/dx becomes higher and higher, the dama
efficiency does not keep constant and decreases gradua

Using the data summarized by Meftahet al.,25 we plotted
another damage efficiency curve against the ion velocityv,
which is shown in Fig. 2. Since the experiment data are
scattered, it is very difficult to obtain the detailed changi
relation of damage efficiency with the ion velocity from su
a «-n curve. However, we can see the tendency for
change of damage efficiency with the ion velocity. From th
curve, we can find that the damage efficiency increases
tematically when the ion velocity decreases gradually.
indicated by the solid dots, there are three specific data
Fig. 2, which have a large deviation from the general cha
ing law of damage efficiency with ion velocity. These thr
data were obtained from the Ar-, S-, and F-ion irradiati
experiments. We can see that all three kinds of ions are m
lighter than the ions usually used to bombard the YIG cr
tal, e.g., Xe, Kr, Pb, and U ions. This indicates that the da
age process in the light-ion irradiation case will be mu
different from that in the heavy-ion irradiation case. Co
cerning the damage behaviors for the light-ion irradiation
will be the main topics for our next paper.33

2. In the single ion-target system

Using a single ion-target irradiation syste
Au-Bi2Sr2CaCu2Ox , we investigated the effect of ion veloc
ity on the irradiation damage process. Figure 3 shows a cu
of damage efficiency versus ion velocity in electronic sto
ping power region by using the measured data in this st
and combining with two previous data10,11 in the same ion-
target irradiation system. As shown by this curve, in t
high-velocity region, the damage efficiency increases w
the decrease of ion velocity along the ion penetration pa
which is very similar with the results obtained in the multip
ion-target irradiation system in last section. When the
velocity decreases to some value around 0.057c, however,
the damage efficiency reaches a maximum value. Then
the ion velocity decreases further in the region of ion velo
ity less than 0.057c, the damage efficiency turns to decrea
gradually. There is a peak of damage efficiency on the«-n
curve in the low-velocity region.

s

n-
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TABLE I. Experimental data measured by the HREM method in Au-irradiated Bi2Sr2CaCu2Ox single
crystals.D and A are the damage diameter and damage cross section, respectively.« is damage efficiency
calculated by the formula of«5A/(dE/dx).

Target Ion
Energy
~MeV!

Energy
~MeV/amu!

dE/dx
~keV/nm!

D
~nm!

A
~nm2!

Relative velocity
v/c

«
~nm3/keV! Ref.

Bi-2212 Au 2640 13.4 38.5 7.1 39.59 0.169 1.03 2
Au 300 1.52 31.5 16 201.06 0.057 6.38 25
Au 200 1.02 28.8 13 132.73 0.047 4.61
Au 172 0.87 27.2 10 78.54 0.043 2.89
Au 120 0.61 23.8 7 38.48 0.036 1.62
Au 98 0.5 21.9 6 28.27 0.032 1.29
Au 77 0.39 19.8 4.8 18.1 0.029 0.91
Au 59 0.3 17.3 3.6 10.18 0.025 0.59
Au 50 0.25 15.9 2.8 6.16 0.023 0.39
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It is interesting that when we pick out all the report
experimental data for YIG irradiated by the same ion sour
e.g., Xe, and plot a«-n curve, we can also find a similar pea
in the low-ion-velocity region. The corresponding value
ion velocity for this peak of« in Xe-irradiated YIG is about
0.055c, which we can also see in Fig. 3. All of these give
the important information that the appearance of the« peak
in the low-velocity region is a general phenomenon exist
in the process of irradiation damage. The detailed data
the Xe-YIG irradiation system, which were picked up fro
the data summarized by Mefathet al.,25 are shown in
Table II.

D. The origin of the « peak in the low-velocity region

1. A consideration from the threshold of dE/dx

It is known that there is an energy threshold for perm
nently moving an atom away from its lattice site. The d
tailed value of this energy is different for the different targ

FIG. 2. Dependence of damage efficiency on ion velocity
YIG irradiated by many kinds of incident ions. The circles give o
the data obtained in heavy ion irradiation experiments. The s
dots show the data obtained in light ion irradiation experimen
The characters near each solid dot show the detailed species o
incident ion.
e,

f

g
or

-
-
t

crystal. When the energy supplied from outside is lower th
this energy threshold, the atom will only have a vibrati
around its lattice site and never be moved away permane
In the damaged area by ion irradiation, the target crysta
found to be amorphized. This means that there are a la
number of target atoms that are moved permanently fr
their own places by the energy deposited from incident io
Because the energy threshold exists for moving one a
from its lattice site, to move a large number of atoms, e.g.
the case of irradiation damage, an energy threshold sh
also exist.

Actually, many attempts have already been made to try
experimentally estimate the values of some important ene
thresholds for generating different damage morphologies
ion irradiation in different target materials.21,23,26,30,34–36For
ion-irradiated Bi2Sr2CaCu2Ox crystals, a threshold ofdE/dx
(Sc) for producing a continuous columnar defect was su
gested by Leghissaet al.35 and by Kumakuraet al.36 Re-
cently, we further confirmed that the value of this thresho
is about 16 keV/nm in the Au-ion irradiation case by cros
sectional TEM observation.30 We believe that the existenc
of damage threshold is the reason for the limit on the

t
id
.
the

FIG. 3. Dependence of damage efficiency on ion velocity
single ion-target irradiation system. All circles are for th
Au-Bi2Sr2CaCu2Ox ion-target system and all solid triangles are f
the Xe-YIG system.
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TABLE II. Experimental data for YIG irradiated by Xe ions with different ion velocities picked out fr
the summarized data by Meftahet al. ~Ref. 21!. D andA are the damage diameter and damage cross sec
respectively.« is damage efficiency calculated by the formula of«5A/(dE/dx).

Target Ion
Energy

~MeV/amu!
dE/dx

~keV/nm!
D

~nm!
A

~nm2!
Relative velocity

v/c
«

~nm3/keV! Ref.

YIG Xe 19.6 19 6.2 30.19 0.205 1.59 21
Xe 17.4 20 7.4 43.01 0.193 2.15 21
Xe 13.6 22 6.8 36.32 0.171 1.65 21
Xe 8.3 25 8.4 55.42 0.133 2.22 21
Xe 7.6 25.6 9 63.62 0.128 2.49 21
Xe 4.9 27.5 10.2 81.71 0.102 2.97 21
Xe 1.4 24.6 12.8 128.68 0.055 5.23 21
Xe 0.42 19 9.2 66.48 0.03 3.5 21
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crease of damage efficiency as the ion slows down in
low-velocity region. We all know that as an incident io
penetrates a target crystal, it will lose its energy on its p
etration path and slow down gradually. The correspond
stopping powerdE/dx for this slowing ion will also decreas
gradually. When thedE/dx decreases to a value less than t
thresholdSc , there will no longer be any columnar defec
that can be observed by TEM. As thedE/dx decreases fur-
ther, there will not be any damage that can be produced
such an incident ion. This means that the damage cross
tion A in this case will be zero. As a result, the dama
efficiency «5A/(dE/dx) should also be zero. It is easy t
imagine that as the ion velocity decreases further and furt
a turning point (vc) must appear for the damage efficien
changing from continuously increasing to a value of ze
Therefore, when we consider that the givendE/dx threshold
existed in the formation of irradiation damage, the chang
process of damage efficiency with ion velocity can be sim
described as follows. First, when the ion velocity is larg
than the turning pointvc , the damage efficiency increase
with the decrease of ion velocity. Second, as the ion velo
gradually decreases to be smaller thanvc , the damage effi-
ciency will decrease as the ion slows down. Finally, wh
the ion velocity decreases to some value, thedE/dx reaches
its lower limit for producing damage in the target cryst
The damage efficiency will reach a value of zero. T
damage-efficiency peak on the measured«-n curve experi-
mentally confirmed the existence of this kind of turning po
in the irradiation-damage process.

2. A consideration from the radial distribution
of the deposited-energy density

We all know that the irradiation damage is due to t
energy deposition of the energetic ions in the target mat
als. It is very easy to understand that the stopping po
(dE/dx) is one key parameter to analyze the irradiati
damage process, which gives the total deposited energy
unit length of path. However,dE/dx only can give a linear
description for the ion-energy-deposition process in the
get crystal. It does not provide any information to understa
the radial distribution of the deposited energy density aro
the ion penetration path. As a result, in the description
damage morphology usingdE/dx, we had a lot of trouble.
For example, the irradiation-induced defect size is radica
e
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not a single-value function todE/dx. It means that, for the
same irradiation system, the samedE/dx can produce two
kinds of columnar defects with different sizes, depending
the ion velocity. IfdE/dx is the same, the higher the veloc
ity, the smaller the size of the produced columnar defe
Also for a given columnar defect size, in the same ion-tar
system there are two kinds ofdE/dx values corresponding to
it. As an example to produce a columnar defect of 7 nm
diameter in the Au-irradiated Bi2Sr2CaCu2Ox crystal, we can
use both the Au ion with a velocity of 0.169c ~Ref. 11! and
the Au ion with a velocity of 0.036c ~Ref. 30! to bombard
the target. The corresponding values ofdE/dx are much dif-
ferent. For the ion with a velocity of 0.169c, the value of
dE/dx is about 38.5 keV/nm and for the ion with a veloci
of 0.036c, the value ofdE/dx is about 23.8 keV/nm.

As early as the late 1960’s, Katzet al. already tried to
theoretically predict the initial radial distribution of the de
posited energyD(r ) around the ion path.37 About fifteen
years later, Zhanget al.38 and Waligórski et al.39 established
an analytic formula to estimateD(r ) by fitting the available
experimental data and the Monte Carlo simulation resu
The circle-dotted curve in Fig. 4 shows an example of
calculated radial distribution of the deposited ener
D(r ) using above method in 200-MeV Au-irradiate
Bi2Sr2CaCu2Ox crystals. The corresponding ion velocity
0.047c.

As is the case fordE/dx, a threshold for the density o
the deposited energyD0 should also exist for producing per
manent damage in the target crystals. On theD(r )-r curve
as shown in Fig. 4, we can find a value ofr, r 0 , and the
corresponding value ofD(r ) equalsD0 . When the value of
r is larger thanr 0 , the value ofD(r ) will be less thanD0 .
This means that there will be no damage that can be p
duced in the area where the radial distance from the ion p
is larger thanr 0 . Therefore the distance ofr 0 actually cor-
responds to the damage radius of the incident ion in
target crystal. According to the above analyses, not all
deposited ion energy that can be used to produce the dam
in the target materials. Only when theD(r ) is higher thanD0
can this part of energy produce damage in the target crys

a. The explanation for the increase of damage efficie
with the decrease of ion velocity in high-velocity region. We
calculated a series ofD(r )-r curves with different ion ve-
locities. From these curves we can directly find that the d
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tribution of deposited energy becomes more and more d
calized as the ion velocity increases gradually. The t
exampleD(r )-r curves are shown in Fig. 4, briefly demo
strating the change tendency ofD(r ) with the ion velocity.
This indicates that when the ion velocity is higher, as sho
by the shadowed area in Fig. 4, there is more energy that
be deposited in the area where the distance from the ion
is larger thanr 0 and actually this part of energy has no co
tribution for producing permanent damage in the targ
Therefore, for the samedE/dx, the damage efficiency wil
be lower for the incident ion with a relative higher velocit

From the viewpoint of the interaction of a charged p
ticle with target electrons, when the ion velocity is high
the interaction between the incident ion and the target e
tron will be stronger. There will be more high-energy seco
electrons that can be excited in the interaction of the hi
velocity ion with target electrons. This part of the hig
energy electrons will carry a lot of energy and go far fro
the ion path. The part of the energy carried by high-veloc
second electrons is usually useless for producing local
damage in the target material. Furthermore, as the ion ve
ity becomes higher and higher, more and more inner-s
electrons will be excited. Part of the energy of the exci
inner-shell electron will be used to excite the outer-sh
electron and the other part of energy will be released thro
hard x ray. Since the hard x ray is almost transparent for
target material and it can go much farther than the electro
the part of energy carried by the hard x ray is also comple

FIG. 4. The calculated radial distributions of deposited ene
density in Bi2Sr2CaCu2Ox crystal for Au ions with velocities of
0.047c and 0.023c, showing a more localized distribution of depo
ited energy for the ion with a relative lower velocity. For a give
threshold of energy densityD0 to produce a permanent defect in th
target, the corresponding damage radiusr 0 can be estimated by thi
curve. The area difference between two shadow areas indicates
the amount of deposited energy distributed beyond the dama
area is larger for the ion with higher velocity.
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useless for producing localized damage in the target ma
als. Therefore, as the ion velocity increases, more and m
ion energy will be deposited in the area far from the ion p
and the damage efficiency will become lower and lower. T
«-n curves in Figs. 2 and 3 experimentally reveal this chan
tendency of damage efficiency with the ion velocity in hig
velocity region.

b. A two-stage model to explain the peak of dama
efficiency in the low velocity region. According to above
analyses, there are two main factors influencing the dam
efficiency. One is the ion velocity. The second is the thre
old of the deposited energy density for producing perman
damage in the target material. When the ion velocity is hi
the deposited energy density is much larger than the en
density required to overcome this threshold. In this case,
delocalization of deposited ion energy due to the high
velocity dominates the process of damage formation. Sim
to the analyzed results in last section, the damage efficie
will increase with the decrease of ion velocity. However,
the low velocity region, the deposited energy dens
changes to be comparable with the energy density thresh
In this case, the damage efficiency is mainly controlled
the energy density threshold for producing permanent d
age. When the ion velocity becomes lower, the total dep
ited energy will also become fewer. However, the ene
threshold for producing damage in the target is a constan
a given target material and does not change with the
velocity. This means that the lower velocity ion has to spe
a relative higher ratio of its deposited energy to overco
the energy threshold to produce the damage in the same
get material, that is to say, the damage efficiency will
lower. Finally, when the ion velocity is so low that almost a
the deposited energy is used to overcome this energy de
threshold, the damage efficiency in this case will equal ze
According to the viewpoint described above, the peak
damage efficiency appearing in low velocity can be und
stood as a turning point at which the damage efficien
changes from the ion velocity control to the deposited ene
density control. Figure 5 is a schematic to briefly show t
two stages for the changing process of damage efficie
with the ion velocity.

E. The effect of ion effective charge on the damage efficiency

It is known that the effective charge (Z* ) of the incident
ion increases as the increase of ion velocityn. The detailed
relation betweenZ* andn was already suggested by Bark
in the early 1960’s.31 In the electronic energy loss region, w
can approximately consider the target crystal as an elec
aggregate with a given electron density. For a particle wit
higher charge moving in this electron aggregate, the C
lombic resistance from the target electrons should be hig
This means that there will be more energy of the particle t
is deposited in the target through the Coulombic interact
with the target electrons. As a result, the stopping pow
dE/dx should be higher. Since thedE/dx is influenced si-
multaneously by ion velocity and ion effective charge, it w
be hard to clarify the pure effect of ion velocity on the irr
diation damage through studying the changing relation
dE/dx with ion velocity.

However, according to the analytic formula suggested
Zhang38 and Waligórski,39 the radial distribution of depos
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ited energy densityD(r ) is directly proportional toZ* 2.
This means that the value ofZ* only influences the ampli-
tude of theD(r )-r curve and does not influence the shape
the curve. Therefore, for a single ion-target system, the sh
of theD(r )-r curve only depends on the value of ion velo
ity. If we normalize theD(r )-r curve, in other words, if we
only consider the radial distribution of deposited energy de
sity for a unit of stopping power, theD(r )-r curve is exactly
the same for the same ion velocity even though the ion
fective charge is different. This means that the damage e
ciency, or the damage cross section per unit stopping pow
should be free from the change of the ion effective char
The change of damage efficiency along the ion penetrat
path is only due to the change of ion velocity. Therefore, t
«-n curve is an ideal curve for investigating the influence
ion velocity on the irradiation damage process in a sing
ion-target system.

IV. CONCLUSIONS

Instead of the multiple ion-target irradiation system us
ally used before, in this study we used a single ion-tar
irradiation system and measured a series of damage c

FIG. 5. A schematic showing the two-stage model in irradiati
damage process.~1! Velocity controlled stage: For a given thresh
old of deposited energy density (D0) to produce a permanent dam
age in a given target material, the damage efficiency~«! decreases
gradually with the increase of ion velocity in the high velocit
region. This is because the higher velocity ion has a more delo
ized distribution of deposited ion energy and the effective ene
for producing damage as shown by shadow area is fewer relativ
the total deposited ion energy.~2! Threshold controlled stage: Con
trary to the case for high-velocity ions, the damage efficiency d
creases with the decrease of ion velocity in the low velocity regio
This is due to that the effective part of deposited energy for p
ducing damage becomes smaller and smaller as the rapidly dec
ing of the total deposited ion energy resulted from the decreas
ion velocity in the low-velocity region. At a critical ion velocity
(vc), the damage efficiency reaches a maximum«max, which cor-
responds to the turning point between these two stages.
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section data along the ion path by using a continuous cr
sectional HREM observation method. By studying t
changing relation of damage efficiency with the ion veloci
we further removed the influence of ion effective charge
the irradiation damage process and finally revealed a p
influence of ion velocity on the irradiation damage proce

On the curve of damage efficiency versus ion velocity
a single ion-target irradiation system Au-Bi-Sr2CaCu2Ox we
clearly see that the damage efficiency increases as the
velocity increases in the low velocity region. When the i
velocity reaches about 0.057c, the damage efficiency reache
a peak value. After that, the damage efficiency will decre
as the ion velocity increases further.

Both from the viewpoint of the threshold ofdE/dx and
from the viewpoint of radial distribution of deposited ener
density, we have given an explanation for the changing re
tion of damage efficiency with the ion velocity. Two stag
in the irradiation damage process have been suggested in
study. One is ion velocity controlled stage in the high i
velocity region. In this stage, as the ion velocity increas
the probability of the excitation of the high-energy seco
electrons will be higher. Since these high-energy sec
electrons usually go far from the ion path, the energy carr
by them will have no contribution for producing the loca
ized damage in the target material. Therefore the dam
efficiency will become lower for a higher ion velocity in th
high ion velocity region. The second stage is in the low i
velocity region, which is mainly controlled by the thresho
for the energy density to produce permanent damage in
target. As the ion velocity decreases, the part of the depos
ion energy used to overcome the energy density thresh
will become larger and larger. As a result, the damage e
ciency will lower and lower. Due to the fact that the chan
ing relations of the damage efficiency with ion velocity
the two stages are completely contrary, inevitably, a p
value of the damage efficiency will appear at the turni
point between two stages.
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