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Influence of ion velocity on damage efficiency in the single ion-target irradiation system:
Au-Bi,Sr,CaCu,O,
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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 AyBiCaCuy0O, system shows that there is a critical velocity
v.~0.05% (c, the velocity of lighj at which the damage efficiency is maximum. By reanalyzing the previous
published data, we have found a similar critical velocity0.05%) in the Xe-YIG (yttrium garne} 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 s{&63-182609)00605-0

[. INTRODUCTION experiment data, they found that the electronic stopping
power dE/dx was not the only key parameter and the ion
lon irradiation has become a most effective method tovelocity also plays a very important role in the formation of
artificially create crystal defects for flux pinning and promi- iradiation damagé>?° For the same value afE/dx, the
nently enhance the critical current densiig)(in supercon- damage cross sectidi) produced by the low-velocity ion
ducting materials=’ The irradiation-induced defect mor- was §ys.temlat|cally higher than that p_roduced.by t.he. high-
phology, which greatly influences the efficiency of flux velocity ion in a large range afE/dx. Since the |rrad|a§|or'1
R : o . damage process is closely related to the species of incident
pinning, is mainly controlled by the specific energy deposi-

. £ incid . N th Al I th ion, it is very difficult to have a full understanding for the
tion process of incident fons in the target material. In heyeraieq influence of ion velocity on the damage process by
high-energy regioit>100 keV/amy, the incident ion depos-  5a1v7ing the mixed experimental data produced by different
its its energy in the target material mainly through the inter-in4s of incident ions.

action with the target electrons, which is called electronic  pjan-view methods such as chemical etchiag),?’ con-

stopping power. The ion energy deposited electronically i%/ersion electron Nissbauer spectroscogCEMS),2 chan-

very quickly transferred from the target electrons to the 'at'neling Rutherford backscattering spectromeé@RBS? and
tice and then a damag@radiation-induced defegiwill be

) il Th def ind plan-view electron microscopy have been widely used to
produced in the target material. The common defects in ucei‘f']vestigate the irradiation damage morphology in the irradi-

by high-energy ions are columnar 91efects with amorphougseq materials. Using the above methods, for one irradiation
cores in superconducting materiafs: _ sample only one damage-cross-section datum can be ob-
In the formation of irradiation damage, stopping powerained. For analyzing the influence of ion velocity on the
(dE/dx) is usually used as a main parameter for analyzintgamage cross section, we have to do a large amount of irra-
the origin for the change of damage morphology. Since thejiation experiments. It is both time consuming and expen-
irradiation damage is due to a certain amount of ion energgive. Recently we reported a continuous cross-sectional TEM
rapidly deposited in a localized area in the target material, ibbservation method by which we can effectively acquire a
is very easy to understand the importanced&/dx in the  series of damage-cross-section data in a large ion velocity
irradiation damage process as it gives the amount of the deange by one ion-irradiated sampfThis method also gives
posited energy in a unit length of ion path. However, forus a possibility to study the dependence of damage cross
such a complicated physical process as the irradiation dansection on ion velocity in a much simplified system, single
age process, it is hard to be completely described by onljon-target irradiation system. Since the ion species and the
one physical parameter. target material are both fixed in the single ion-target irradia-
In the last ten years, several research groups in Franaén system, we no longer need to consider how the damage
intensively studied the irradiation-damage process using seeross section is influenced by the different electronic density
eral kinds of heavy ions with different ion energies in ferri- distribution and the different crystal structure. Also we do
magnetic yttrium garnetY1G).'>=?® By summarizing their not need to consider how the damage cross section is influ-
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enced by the different species of incident ion and by theaveraging all the values of the measured columnar-defect
different incident direction of the ion beam with respect tosizes in the same depth region. Supposing that the damaged
the target crystal. Along the ion path, the difference for thearea is a regular cylinder, the damage cross seéioan be
damage cross section in two different ion penetration deptifurther calculated through the relatién= 7(D/2)?. Using a
regions only results from the different value of ion velocity high-energy-extendegbep-1computer codé? we can calcu-

and the different value of ion effective charge in these twolate the value of stopping poweiE/dx in each depth region.
depth regions. Since the ion effective charge has a simpleonsequently, the damage efficiencyn each depth region

functional relation with the ion velocit* therefore, if the  can be obtained through the relaties A/(dE/dX).
selected physical parameter is suitable the influence of the

ion effective charge on the irradiation damage process can be
minimized. Finally, we can study the pure influence of ion

velocity on the irradiation damage process using a single A. How to analyze the effect of ion velocity
ion-target irradiation system.

Ill. RESULTS AND DISCUSSIONS

4 . As mentioned above, many factors influence the damage
In this study, the damage cross-sectim each penetra cross section. In order to understand the detailed relationship

tion depth in the 230-MeV Au-irradiated §Br,CaCyQ, between ion velocity and damage cross section, we have to
crystal was estimated by cross-sectional high-resolution elec-. y 9 '

tron microscopy(HREM). Instead of the damage cross Sec_smphfy the _res_earch object. F|_rst,_ we s_houl_d fix the_ target

. . material. This is because the incident ion in the different
tion A, the damage efficiency(s=A/dE/dx) was used to target material has a different energy-deposition process and
describe the amount of damage in the target material. Th 9 gy-aep P

) i : . e dependence of damage cross section on ion velocity will

influence of ion effective charge in the damage process was . : ) S
o . ) . also be different. Secondly, the different species of incident

minimized. By combining with two previously reported data .

in the same ion-target svstem. then we successfully carried” will result in a different changing process of the effective
out an investi ationgfor tze ur,e influence of ion velgcit on'o" charge and further result in a different rate of ion energy
9 P y dﬁaposition in the target material. It will also change the de-

the iradiation damage process. Using the same resears ndence of the damage cross section on ion velocity. Thus
method suggested in this study, we reanalyzed the existeRt. 9 y:

experimental data for YIG irradiated by several kinds of Ve should ideally fix the species of the incident ion. Thirdly,

. : . : he different ion velocity will certainly result in a different
ions. The obtained results for these two kinds of ion-targe .

) alue ofdE/dx. We all know that the damage cross section
systems were further compared. Finally, a two-stage mode

has been suadested to explain the experimental results of an energetic ion in the target material is strongly influ-
99 P P " enced by the value ofE/dx. Therefore, for the same ion

with two different values of velocity, the difference of the

[l. EXPERIMENTS AND ANALYSIS METHODS produced damage cross section will result from two reasons.
The first is the direct influence of ion velocity. The second is
the indirect influence of ion velocity through the change of

The BiLSr,CaCyO, crystal sheet with a thickness of dE/dx induced by the different value of ion velocity. Two
about 20um has been used for the present irradiation experireasons are mixed together and very difficult to separate.
ment. The surface of the crystal sheet is a cleadriplane  Therefore, if we simply investigate the changing relation of
of the BLSrL,CaCuyO, crystal. A 230-MeV Au ion beam was the damage cross section with ion velocity, we can hardly
used to bombard the crystal sheet at room temperature wittlistinguish that the change of the damage cross section is
an incident direction perpendicular to the sample surfacecaused by the difference of ion velocity or by the difference
The incident Ad** ions were produced in a Tandem accel- of the dE/dx value. The damage efficiendy), however,
erator at the Japan Atomic Energy Research Institute. Theeems more appropriate than the damage cross section for
used ion dose in our experiments was about 9.7nvestigating the influence of ion velocity on the process of
X 10 ions/cnf. A standard method was used to prepareirradiation damage. This is becauses the damage cross
cross-sectional TEM specimens for the further TEM analy-section per unidE/dx and it only includes the high-order
ses. A series of low- and high-resolution images were takeinfluence ofdE/dx on the damage cross section. Therefore,
along the ion penetration path using a Topcon EM-002Bto study the changing process of damage efficiency against
high-resolution TEM(HREM, 200 keV} with a point-to-  ion velocity can help us to reveal the direct influence of ion
point resolution of 0.18 nm. velocity on the process of irradiation damage more clearly.
Based on the above three points, to investigate the effect of
ion velocity in the process of irradiation damage, we should
select a single ion-target irradiation system and start the in-

The damage cross sectigh in each penetration depth vestigations from analyzing the changing process of damage
region was measured by the high-resolution TEM imagesfficiency with the incident ion velocity.
taken in the corresponding depth region. The detailed steps
for the measurement are described as follows. First, using the
cross-sectional HREM observation method, we can obtain
many sectional images for the columnar defects produced by A series of HREM images for the irradiation-induced co-
different incident ions in each depth region. Next, from thelumnar defects have been taken continuously along the ion
obtained HREM images we can accurately measure the sizgenetration path. Figure 1 shows four pieces of typical im-
of amorphous area in each columnar defect. Then, the danages picked out from them. From this figure, we can see that
age diametefD) in each depth region can be obtained bythe diameter of the damaged amorphous cylinder gradually

A. lon irradiation and TEM observation

B. Measurement of damage efficiency

B. Experimental measurements of damage efficiency
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culated data, and two previously reported dtafor the
same ion-target irradiation system have been summarized
and shown in Table .

C. Effect of ion velocity on the irradiation damage process
1. In the multiple-ion-target system

A few years ago, Meftatet al?! analyzed the changing
relation of damage efficiency with the stopping power
dE/dx by summarizing the experimental data in YIG irradi-
ated by several kinds of energetic heavy ions. The results
indicated that the damage efficiency in the low-ion-velocity
region was systematically higher than the damage efficiency
in the high-ion-velocity region for the same valued®/dx.

The plateau of damage efficiency in the higE/dx region
for the high-velocity-ion irradiation did not appear again for
the low-velocity-ion irradiation in the sam&E/dx region.
Instead, for the low-velocity-ion irradiation, there was a peak
value for the damage efficiency in the hight/dx region.
When thedE/dx becomes higher and higher, the damage
efficiency does not keep constant and decreases gradually.

Using the data summarized by Meftahal,?® we plotted
another damage efficiency curve against the ion velagity
which is shown in Fig. 2. Since the experiment data are too
scattered, it is very difficult to obtain the detailed changing
relation of damage efficiency with the ion velocity from such
a e-v curve. However, we can see the tendency for the
change of damage efficiency with the ion velocity. From this
curve, we can find that the damage efficiency increases sys-
tematically when the ion velocity decreases gradually. As
indicated by the solid dots, there are three specific data in
Fig. 2, which have a large deviation from the general chang-
ing law of damage efficiency with ion velocity. These three
data were obtained from the Ar-, S-, and F-ion irradiation
experiments. We can see that all three kinds of ions are much
lighter than the ions usually used to bombard the YIG crys-
tal, e.g., Xe, Kr, Pb, and U ions. This indicates that the dam-
age process in the light-ion irradiation case will be much
different from that in the heavy-ion irradiation case. Con-
cerning the damage behaviors for the light-ion irradiation, it
will be the main topics for our next papét.

2. In the single ion-target system

Using a single ion-target irradiation system
Au-Bi,Sr,CaCy0O,, we investigated the effect of ion veloc-
ity on the irradiation damage process. Figure 3 shows a curve
of damage efficiency versus ion velocity in electronic stop-
ing power region by using the measured data in this study
nd combining with two previous dafa!in the same ion-
target irradiation system. As shown by this curve, in the
r’High-velocity region, the damage efficiency increases with
the decrease of ion velocity along the ion penetration path,
decreases from 13.5 to 3 nm when the penetration depth afhich is very similar with the results obtained in the multiple
the incident Au ion in the target changes from 1 to s,  ion-target irradiation system in last section. When the ion

The damage cross section and the corresponding damagelocity decreases to some value around OcQSvwever,
efficiency in each penetration depth region were estimatethe damage efficiency reaches a maximum value. Then, as
using the method introduced above. The values of the stoghe ion velocity decreases further in the region of ion veloc-
ping power, the residual ion energy, and the relative ionty less than 0.057, the damage efficiency turns to decrease
velocity in each penetration depth region were all calculatedyradually. There is a peak of damage efficiency ondhe
by the EDEP-1 computer codé? All the measured data, cal- curve in the low-velocity region.

FIG. 1. HREM images respectively taken at penetration depthg
of about(a) 1 um, (b) 3 um, (c) 5 um, and(d) 7.5 um along the ion
path, showing the change of the columnar defect size with the pe
etration depth.
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TABLE |. Experimental data measured by the HREM method in Au-irradiate®rgaCyO, single
crystals.D and A are the damage diameter and damage cross section, respectiielgamage efficiency
calculated by the formula of = A/(dE/dX).

Energy  Energy dE/dx D A Relative velocity €

Target lon (MeV) (MeV/amu (keV/nm) (nm) (nm) vlc (nmkeV) Ref.
Bi-2212 Au 2640 13.4 38,5 7.1  39.59 0.169 1.03 26

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 48 181 0.029 0.91

Au 59 0.3 17.3 36 10.18 0.025 0.59

Au 50 0.25 15.9 2.8 6.16 0.023 0.39

It is interesting that when we pick out all the reported crystal. When the energy supplied from outside is lower than
experimental data for YIG irradiated by the same ion sourcethis energy threshold, the atom will only have a vibration
e.g., Xe, and plot a-v curve, we can also find a similar peak around its lattice site and never be moved away permanently.
in the low-ion-velocity region. The corresponding value of In the damaged area by ion irradiation, the target crystal is
ion velocity for this peak of in Xe-irradiated YIG is about found to be amorphized. This means that there are a large
0.05%, which we can also see in Fig. 3. All of these give usnumber of target atoms that are moved permanently from

the important information that the appearance of éhgeak their own places by the energy deposited from _incident ions.
in the low-velocity region is a general phenomenon existing€cause the energy threshold exists for moving one atom
ofrom its lattice site, to move a large number of atoms, e.g., in

in the process of irradiation damage. The detailed data f . -

the Xe-YIG irradiation system, which were picked up from the case of irradiation damage, an energy threshold should

the data summarized by Mefatht al,?® are shown in also exist.

Table II. Act_ually, many attempts have already begn made to try to
experimentally estimate the values of some important energy

thresholds for generating different damage morphologies by

ion irradiation in different target materiad$2326:30-34=3¢or

ion-irradiated BjSr,CaCyO, crystals, a threshold afE/dx

. . (Se) for producing a continuous columnar defect was sug-

It is knO\_/vn that there is an energy thrgsholq for perMa-gested by Leghissat al®® and by Kumakuraet al®® Re-

nently moving an atom away from its lattice site. The de-cently, we further confirmed that the value of this threshold

tailed value of this energy is different for the different targetjs about 16 keV/nm in the Au-ion irradiation case by cross-
sectional TEM observatioif. We believe that the existence

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

1. A consideration from the threshold of dix

6 of damage threshold is the reason for the limit on the in-
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FIG. 2. Dependence of damage efficiency on ion velocity in
YIG irradiated by many kinds of incident ions. The circles give out
the data obtained in heavy ion irradiation experiments. The solid FIG. 3. Dependence of damage efficiency on ion velocity in
dots show the data obtained in light ion irradiation experimentssingle ion-target irradiation system. All circles are for the
The characters near each solid dot show the detailed species of thel-Bi,Sr,CaCyO, ion-target system and all solid triangles are for
incident ion. the Xe-YIG system.
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TABLE Il. Experimental data for YIG irradiated by Xe ions with different ion velocities picked out from
the summarized data by Meftat al. (Ref. 21). D andA are the damage diameter and damage cross section,
respectivelye is damage efficiency calculated by the formulasefA/(dE/dX).

Energy dE/dx D A Relative velocity €

Target lon (MeV/iamu  (keV/nm) (nm)  (nnv) vlc (nm’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 49 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

crease of damage efficiency as the ion slows down in th@ot a single-value function tdE/dx. It means that, for the
low-velocity region. We all know that as an incident ion same irradiation system, the sam&/dx can produce two
penetrates a target crystal, it will lose its energy on its penkinds of columnar defects with different sizes, depending on
etration path and slow down gradually. The correspondinghe ion velocity. IfdE/dx is the same, the higher the veloc-
stopping powed E/dx for this slowing ion will also decrease ity the smaller the size of the produced columnar defect.
gradually. When thelE/dx decreases to a value less than thea|so for a given columnar defect size, in the same ion-target

thresholdS., there will no longer be any columnar defects system there are two kinds dE/dx values corresponding to
that can be observed by TEM. As tdé&/dx decreases fur-

ther, there will not be any damage that can be produced b)ismeter in the Au-irradiated BSr,CaCy0
X

€%e both the Au ion with a velocity of 0.169Ref. 11 and
€the Au ion with a velocity of 0.036 (Ref. 30 to bombard
the target. The corresponding valuesi&/dx are much dif-
ferent. For the ion with a velocity of 0.169 the value of
dE/dx is about 38.5 keV/nm and for the ion with a velocity
'of 0.03&, the value ofdE/dx is about 23.8 keV/nm.

tion A in this case will be zero. As a result, the damag
efficiency e = A/(dE/dx) should also be zero. It is easy to
imagine that as the ion velocity decreases further and furthe
a turning point ¢.) must appear for the damage efficiency
changing from continuously increasing to a value of zero
Therefore, when we consider that the givid&/dx threshold As early as the late 1960's, Kagt al. already tried to
existed in the formation of irradiation damage, the changing{h ' ;

process of damage efficiency with ion velocity can be simply eqretically predict the initial radial dist%bution of_the de-
described as follows. First, when the ion velocity is Iargerposlted energyD(r) around the ion patfi. About fifteen

than the tUMing boint - . the damage efficiency increases Y€&rs later, Zhangt al*® and Waligaski et al*° established
) g poinbe, . 9 Y - an analytic formula to estimat@(r) by fitting the available
with the decrease of ion velocity. Second, as the ion velocit

- ’experimental data and the Monte Carlo simulation results.
gradually decreases to be smaller than the damage effi- P

. . . . The circle-dotted curve in Fig. 4 shows an example of the
ciency will decrease as the ion slows down. Finally, when

the ion velocity decreases to some value, dii#¢dx reaches calculate_d radial distribution . of the deposite_d energy

its lower limit for producing damage in the target crystal D(r) using above method in 200-MeV Au-iradiated
o : " Bi,Sr,CaCyO, crystals. The corresponding ion velocity is

The damage efficiency will reach a value of zero. The0 047

damage-efficiency peak on the measused curve experi- ' )

. X o ; . As is the case fodE/dx, a threshold for the density of
mentally confirmed the existence of this kind of turning point . . .
: . L the deposited enerdy, should also exist for producing per-
in the irradiation-damage process.

manent damage in the target crystals. OnEHe)-r curve
as shown in Fig. 4, we can find a value ofry, and the
corresponding value dd(r) equalsDy. When the value of
r is larger tharr,, the value ofD(r) will be less tharDg.

We all know that the irradiation damage is due to theThis means that there will be no damage that can be pro-
energy deposition of the energetic ions in the target materiduced in the area where the radial distance from the ion path
als. It is very easy to understand that the stopping poweis larger tharr,. Therefore the distance of actually cor-
(dE/dx) is one key parameter to analyze the irradiationresponds to the damage radius of the incident ion in the
damage process, which gives the total deposited energy parget crystal. According to the above analyses, not all the
unit length of path. Howeved E/dx only can give a linear deposited ion energy that can be used to produce the damage
description for the ion-energy-deposition process in the tarin the target materials. Only when tBgr) is higher tharD
get crystal. It does not provide any information to understanaan this part of energy produce damage in the target crystals.
the radial distribution of the deposited energy density around a. The explanation for the increase of damage efficiency
the ion penetration path. As a result, in the description ofwith the decrease of ion velocity in high-velocity regitve
damage morphology usingE/dx, we had a lot of trouble. calculated a series dd(r)-r curves with different ion ve-
For example, the irradiation-induced defect size is radicallylocities. From these curves we can directly find that the dis-

2. A consideration from the radial distribution
of the deposited-energy density
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100 useless for producing localized damage in the target materi-
= 0.023¢ als. Therefore, as the ion velocity increases, more and more
o 0.047¢ ion energy will be deposited in the area far from the ion path

and the damage efficiency will become lower and lower. The
e-v curves in Figs. 2 and 3 experimentally reveal this change
tendency of damage efficiency with the ion velocity in high-
velocity region.

b. A two-stage model to explain the peak of damage
efficiency in the low velocity regiomccording to above
analyses, there are two main factors influencing the damage
efficiency. One is the ion velocity. The second is the thresh-
old of the deposited energy density for producing permanent
damage in the target material. When the ion velocity is high,
the deposited energy density is much larger than the energy
density required to overcome this threshold. In this case, the
delocalization of deposited ion energy due to the high ion
velocity dominates the process of damage formation. Similar
to the analyzed results in last section, the damage efficiency
will increase with the decrease of ion velocity. However, in
the low velocity region, the deposited energy density

10 L

0.1

Deposited Energy Density (keV/nm®)

D,
0.01

0.001 . changes to be comparable with the energy density threshold.
0.1 1 10 In this case, the damage efficiency is mainly controlled by
Radius (nm) the energy density threshold for producing permanent dam-

L , age. When the ion velocity becomes lower, the total depos-

FIG. 4. The calculated radial distributions of deposited energyiaq energy will also become fewer. However, the energy
density in BpS,CaCyOy crystal for Au ions with velocities of —y oqh|d for producing damage in the target is a constant for
0.04% and 0.028, showing a more localized distribution of depos- a given target material and does not change with the ion
ited energy for the ion with a relative lower velocity. For a given velocity. This means that the lower velocity ion has to spend

threshold of energy densify, to produce a permanent defect in the lative high tio of its d ited ¢
target, the corresponding damage radigisan be estimated by this a relalive nigher ratio of Its deposited energy o overcome

curve. The area difference between two shadow areas indicates thﬂo&e energy threshold to produce the damage in the same tar-

the amount of deposited energy distributed beyond the damage@et matgrial, that is to say, the _da_mage efficiency will be
area is larger for the ion with higher velocity. lower. Finally, when the ion velocity is so low that almost all

the deposited energy is used to overcome this energy density

tribution of deposited energy becomes more and more deldlreshold, the damage efficiency in this case will equal zero.
calized as the ion velocity increases gradually. The thAccordlng t_o_the V|eWp0|nt dgscrlbed ab‘?VE' the peak of
exampleD(r)-r curves are shown in Fig. 4, briefly demon- damage efficiency appearing in low velocity can be under-
strating the change tendency Bfr) with the ion velocity. stood as a turning point at which the damage_ efficiency
This indicates that when the ion velocity is higher, as showrf;har'f?Jes from the_|on velo_C|ty control to_ the deposned energy
by the shadowed area in Fig. 4, there is more energy that wiff€nSity control. Figure 5 is a schematic to briefly show the
be deposited in the area where the distance from the ion pafﬁ‘_’o stages for thg changing process of damage efficiency
is larger tharry and actually this part of energy has no con- with the ion velocity.
tribution for producing permanent damage in the target.
Therefore, for the samdE/dx, the damage efficiency will
be lower for the incident ion with a relative higher velocity. It is known that the effective charg&t) of the incident
From the viewpoint of the interaction of a charged par-ion increases as the increase of ion velogityThe detailed
ticle with target electrons, when the ion velocity is higher,relation betweerz* and» was already suggested by Barkas
the interaction between the incident ion and the target eledn the early 1960'S! In the electronic energy loss region, we
tron will be stronger. There will be more high-energy secondcan approximately consider the target crystal as an electron
electrons that can be excited in the interaction of the highaggregate with a given electron density. For a particle with a
velocity ion with target electrons. This part of the high- higher charge moving in this electron aggregate, the Cou-
energy electrons will carry a lot of energy and go far fromlombic resistance from the target electrons should be higher.
the ion path. The part of the energy carried by high-velocityThis means that there will be more energy of the particle that
second electrons is usually useless for producing localizei$ deposited in the target through the Coulombic interaction
damage in the target material. Furthermore, as the ion veloavith the target electrons. As a result, the stopping power
ity becomes higher and higher, more and more inner-sheli E/dx should be higher. Since th#E/dx is influenced si-
electrons will be excited. Part of the energy of the excitedmultaneously by ion velocity and ion effective charge, it will
inner-shell electron will be used to excite the outer-shellbe hard to clarify the pure effect of ion velocity on the irra-
electron and the other part of energy will be released througbiation damage through studying the changing relation of
hard x ray. Since the hard x ray is almost transparent for the E/dx with ion velocity.
target material and it can go much farther than the electrons, However, according to the analytic formula suggested by
the part of energy carried by the hard x ray is also completelzhang® and Waligaski*® the radial distribution of depos-

E. The effect of ion effective charge on the damage efficiency
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Emax section data along the ion path by using a continuous cross-
! sectional HREM observation method. By studying the
changing relation of damage efficiency with the ion velocity,
we further removed the influence of ion effective charge on

the irradiation damage process and finally revealed a pure
Z. influence of ion velocity on the irradiation damage process.
. é\ % - On the curve of damage efficiency versus ion velocity for

il v a single ion-target irradiation system Au-Bi,SaCy0, we
clearly see that the damage efficiency increases as the ion
velocity increases in the low velocity region. When the ion
FIG. 5. A schematic showing the two-stage model in irradiationVEIOC'ty reaches about 0.057the damage efficiency reaches

damage proces€l) Velocity controlled stage: For a given thresh- & P€ak value. After that, the damage efficiency will decrease
old of deposited energy densitP§) to produce a permanent dam- &S the ion velocity increases further.

age in a given target material, the damage efficiefadydecreases Both from the viewpoint of the threshold ofE/dx and
gradually with the increase of ion velocity in the high velocity from the viewpoint of radial distribution of deposited energy
region. This is because the higher velocity ion has a more delocadensity, we have given an explanation for the changing rela-
ized distribution of deposited ion energy and the effective energytion of damage efficiency with the ion velocity. Two stages
for producing damage as shown by shadow area is fewer relative tim the irradiation damage process have been suggested in this
the total deposited ion energ§2) Threshold controlled stage: Con- study. One is ion velocity controlled stage in the high ion
trary to the case for high-velocity ions, the damage efficiency develocity region. In this stage, as the ion velocity increases,
creases with the decrease of ion velocity in the low velocity regionthe probability of the excitation of the high-energy second
This is due to that the effective part of deposited energy for proelectrons will be higher. Since these high-energy second
ducing damage becomes smaller and smaller as the rapidly decreasiectrons usually go far from the ion path, the energy carried
ing of the total deposited ion energy resulted from the decrease qjy them will have no contribution for producing the local-
ion velocity in the onv.-velocity region. At a critical iop velocity jzed damage in the target material. Therefore the damage
(ve), the damage efficiency reaches a maximeimy, which cor-  efficiency will become lower for a higher ion velocity in the
responds to the trning point between these two stages. high ion velocity region. The second stage is in the low ion

. . . . velocity region, which is mainly controlled by the threshold
|te<_j energy densinD(r) is directly _proporuonal toZ*2, . for the energy density to produce permanent damage in the
This means that the value @ only influences the ampli- 500t As the ion velocity decreases, the part of the deposited

tude of theD(r)-r curve and does not influence the shape Ofion energy used to overcome the energy density threshold

the curve. Therefore, for a single ion-target system, the shapgi| become larger and larger. As a result, the damage effi-
of theD(r)-r curve only depends on the value of ion veloc- cjency will lower and lower. Due to the fact that the chang-
ity. If we normalize theD(r)-r curve, in other words, if we g rglations of the damage efficiency with ion velocity in
o.nly con5|d§r the rad|§\l distribution of dep03|ted. energy deNihe two stages are completely contrary, inevitably, a peak
sity for a unit of stopping power, thB(r)-r curve is exactly  yajye of the damage efficiency will appear at the turning
the same for the same ion velocity even though the ion efpoint between two stages.
fective charge is different. This means that the damage effi-
ciency, or the damage cross section per unit stopping power, ACKNOWLEDGMENTS
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