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Abstract 

In order to understand concurrent effects of damage cascades, isolated point defects and ionization on the 
formation process of defect clusters in covelent and ionic crystals, in-situ observations of Ge, Si and Mgml20 4 
crystals have been performed under dual-beam irradiation with ions and electrons in the HVEM accelerator facility 
at Kyushu University. Damage cascades in the covalent crystals show up their contrast through overlap or help from 
other damage cascades. Simultaneous electron irradiation eliminates damage cascades in the covalent crystals 
through the irradiation-induced and -enhanced migration of point defects. In the ionic crystal, on the other hand, no 
damage cascades show up their contrast, but interstitial loops are formed through the nucleation and growth 
process. Effects of concurrent irradiation with ions and electrons on this process are based on defect reactions 
among damage cascades and isolated point defects. Homogeneous ionizing radiation plays no significant role on the 
nucleation and growth process of defect clusters. 

I. Introduction 

Fast neutrons transfer their kinetic energy to pri- 
mary knock-on atoms (PKAs), producing PKAs with a 
variety of energies. The PKAs introduce not only dam- 
age cascades but also other elementary defects such as 
isolated point defects, irradiation-induced migration of 
point defects and ionization [1,2]. Therefore, it is im- 
portant to understand the concurrent effect of those 
elementary processes on the accumulation process of 
damage cascades. Dual-beam irradiation with ions and 
electrons provides independent factors controlling ra- 
diation damage processes; heavy ions with energies of 
several tens keV generate primarily damage cascades 
in contrast to fast electrons which induce isolated point 
defects, ionization and athermal migration of point 
defects. Thus, dual-beam irradiation gives important 
information on the concurrent effect of those elemen- 
tary processes on accumulation, structure and stability 
of damage cascades [3]. 

The first objective of the present paper is to get 
insights into the concurrent effect of damage cascades, 
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isolated point defects a n d / o r  ionization on the accu- 
mulation process of defect clusters in Ge and Si. The 
second one lies on understanding the concurrent effect 
of atomic displacements and ionization on the nucle- 
ation and growth process of defect clusters in MgAI204. 

2. Experimental procedures 

Single crystals of Ge, Si and MgAI204 were sup- 
plied by Sumitomo Met. Min. Co., Kyushu Elee. Co. 
and Union Carbide Co., respectively. They were cut 
into 3 mm diameter discs with an ultrasonic cutter and 
mechanically polished to get the thickness of ~ 200 
Ixm. Polished discs were dimpled into ~ 30 ~m in 
thickness at the center of the discs. Ge and Si discs 
were further thinned to TEM foils with chemical pol- 
ishing solutions [4] at room temperature, then rinsed in 
water, methanol and ethanol in that order. MgA1204 
discs were subjected to ion thinning with 6 keV Ar + 
ions whose incident angle was 20 ° from the surface of 
discs by using a cold stage cooled by liquid nitrogen, 
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Fig. 1. Schematic diagrams of the profiles of ion and electron 
fluxes (a) and of the positional distribution of the ratio of 
ionizing to displacive stopping powers, S i / S  n (b). The critical 
value of S i /Sn  is explained in Section 4. 

until perforat ion occurred ( ~  20 h). The final polishing 
for M g A I 2 0  4 was per formed for 1 h with 4 keV Ar  + 
ions whose incident angle was 14 ° . The  ion-thinned 

discs were annealed at 1670 K for 2 h in air with an 
electric furnace to remove defects and Ar  atoms intro- 
duced by ion-thinning. During annealing, the discs 
were put in a small AIzO 3 crucible to minimize con- 
tamination. 

The thin foil specimens of  Ge and Si were subjected 
to irradiation with homogeneous  ion and electron 
beams in the H V E M  accelerator facility at Kyushu 
University [2,5]. The  accumulation process of  damage 
cascades in Ge and Si was examined under  irradiation 
with 30 keV Xe ÷, 30 keV Ar ÷ or 60 keV Ar  2+ ions at 
room temperature.  Relatively low ion fluences, less 
than 1017 i o n s / m  2, were used with various ratios of the 
1 MeV electron flux (1022-1023 e / m  2 s) to the ion flux 
( ~  1015 i o n s / m  2 s). Concurrent  irradiation of the an- 
nealed MgAI20  4 specimens was performed with a fo- 
cused 1 MeV electron beam and a homogenous ion 
beam such as 30 keV He + , Ar  + or  Xe + ions. The 
profile of  flux of  the focused electron beam showed a 
Gaussian distribution, but the profile of ion flux was 
almost uniform, as schematically shown in Fig. la.  
Depending on the flux profile of  electrons, therefore,  
there is a positional distribution of  the radio of ioniz- 
ing to displacive irradiation or the ratio of ionizing to 
nuclear stopping powers (Si//Sn) shown in Fig. lb. The 
nuclear and ionizing stopping powers of electrons were 
calculated from McKinley-Feshbach  [6] and Bethe [7] 
formulas, respectively. The nuclear and ionizing stop- 
ping powers of  ions were based on the T R I M  code [8]. 

The ion current  was measured with a Faraday cup 
which has an aperture with diameter  of  200 mm, lo- 
cated at the specimen position of a specimen holder. 

5 . 7  s . I s i 0 . 6  s 

Fig. 2. A sequence of weak-beam dark-field images on a TV monitor showing the evolution of cascade contrast in Ge irradiated 
with a 30 keV Xe ÷ flux of 5.0 × 1015 ions/m 2 s and a 1 MeV electron flux of 1.8 × 1023 e / m  2 s. Some of the cascade contrast 
features indicated by arrows disappeared during irradiation. 
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3. Accumulat ion  process  of  damage cascades  in Ge and 
Si under  concurrent  irradiat ion with ions and  elec- 
trons 

Tiny defect  clusters were  observed in Ge  and Si 
irradiated with 30 keV Xe ÷ ions even at very low ion 
fluence of less than 1015 i o n s / m  2. Most  of these con- 
trast features may be attributable to amorphous zones 
[9-12], which essentially means that they correspond to 
damage cascades; such contrast will be referred as 
'cascade contrast '  in this paper. Fig. 2 shows sequential  
micrographs showing accumulation of cascade contrast 
in Ge  irradiated with 30 keV Xe ÷ ions. Damage  cas- 
cades show up their  contrast and increase in their 
number  with irradiation time. The  electron irradiation 
induces no significant change in cascade contrast fea- 
tures at the early stage of  irradiation. However,  contin- 
uous ion and electron irradiation annihilates some of 
cascade contrast as indicated with arrows in the figure. 
The  annihilation can be observed through shrinkage of 
cascade contrast features. 

The  areal density of  the cascade contrast was mea- 
sured to clarify the effect of concurrent  irradiation 
with ions and electrons on the accumulation process of 
damage cascades. Fig. 3 shows typical accumulation 
curves of  the areal density of damage cascades in Ge 
irradiated with 30 keV Xe ÷ ions. The  values of the 
longitudinal axis in Fig. 3 are the fractional area of 
cascade contrast regions to fit the data with kinetic 
equations which will be described later. In those exper- 
iments the statistical error  of the areal density ranges 
from 30 to 10% in accordance with the fraction from 
10 -3  to 10 -1, which almost corresponds to the areal 
density from 1014 to 1016/m 2, while the error  of irradi- 
ation time is less than 0.5 s. The  cascade contrast 
increases in number  within a few seconds, following 
(~bit) x at the early stage of  irradiation, where ~i and t 
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Fig. 3. The fractional density of cascade contrast as a function 
of irradiation time in Ge irradiated with 30 keV Xe ÷ ions 
and 1 MeV electrons. The solid lines are the parametric 
fitting curves based on the kinetic equations (Eq. (1) or (2)). 
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Fig. 4. The saturated areal density of damage cascades in Ge 
and Si as a function of 1 MeV electron flux for various 
irradiation conditions. (1) Ge irradiated with a nominal 30 
keV Xe + flux of 3.0x 1015 ions/m 2 s. (2) Ge irradiated with 
an actual 30 keV Ar + flux higher than 2.3:,< 1015 ions/m 2 s. 
(3) Ge irradiated with an actual 30 keV Ar + flux lower than 
2.3× 1015 ions/m 2 s. (4) Si irradiated with a nominal 60 keV 
Ar 2+ flux of 2.2× 1014 ions/m 2 s. 

are ion flux and irradiation time, respectively. The 
values of  x are est imated to be 1.0-1.7 for Ge irradi- 
ated with 30 keV Xe + ions, indicating that some of the 
damage cascades induce cascade contrast directly and 
others induce cascade contrast via the overlap of dam- 
age cascades or help from other  damage cascades. The  
mechanism whereby neighboring damage cascades as- 
sist the formation of a visible amorphous zone is uncer- 
tain; it may be a plasticity spike (shock wave [13]) or a 
substantial flux from other  damage cascades. 

In contrast to the early stage of the accumulation 
process, clearly shown in Fig. 3 is a decrease in the 
saturation density with increasing electron flux. This is 
a kind of concurrent  effect of electron irradiation on 
the accumulation process of damage cascades. The  
annihilation of cascade contrast is presumably caused 
by both irradiat ion-enhanced and -induced diffusion of 
point defects. Here ,  the term ' i r radiat ion-induced dif- 
fusion' means the diffusion induced by the direct or 
indirect collision of incident particles, and it is distin- 
guished from ' i r radiat ion-enhanced diffusion' which 
consists of the enhancement  of thermally activated 
diffusion through the increase of diffusion carriers. 
The  areal density at the saturation levels is plot ted as a 
function of electron flux in Fig. 4 for Ge  irradiated 
with 30 keV Xe + ions together  with that for Ge and Si 
irradiated with 30 keV Ar  + or 60 keV Ar  2+ ions. The 
saturated density decreases with increasing electron 
flux. The  electron flux dependence  of  the saturated 
density is related to the stability of damage cascades 
under  simultaneous electron irradiation. The  induced 
and enhanced diffusion of point defects during elec- 
tron irradiation results in the shrinkage of damage 
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cascades. As will be revealed in the following, the 
saturated density depends not only on electron flux but 
also on actual ion flux. Some of the data in Fig. 4 show 
no dependence of electron flux on the saturated den- 
sity of damage cascades, which might be caused by very 
low actual ion fluxes in Ge though the nominal flux is 
2.3 × 10 as ions /m 2 s. Here, the nominal ion flux is 
defined as the averaged ion flux passed through an 
aperture (200 Izm diameter) of the Faraday cup. On 
the contrary, the actual ion flux is defined as the ion 
flux evaluated from analyses of the experimental data 
based on the kinetic equations which will be described 
later. The lower ion flux gives the lower rate of cascade 
accumulation. Many of the damage cascades are anni- 
hilated by electron irradiation a n d / o r  thermal anneal- 
ing without exhibiting their contrast. 

Based on the previous discussion, we construct ki- 
netic equations which describe the effect of simultane- 
ous electron irradiation on the accumulation process of 
damage cascades. A fraction c of damage cascades 
creates a sufficiently high density of defects around the 
trajectory of ions and the regions are altered directly 
into the cascade contrast regions. The remaining frac- 
tion of cascades (1 - c) creates 'pre-damaged'  regions, 
which transform into the cascade contrast regions via 
the overlap of damage cascades or the help from other 
damage cascades. Electrons induce the retardation of 
accumulation of damage cascades. The annihilation of 
amorphous and 'pre-damaged'  regions contributes to 
the increase of undamaged regions. The variation of 
the fraction of cascade contrast regions CA, that of 
'pre-damaged'  regions CD and that of undamaged 
regions C U under dual-beam irradiation with ions and 
electrons is given by 

dC~ 
dt = PiCD + c P i C  U - p ~ C A ,  

dCo 

dt  
P i e D  -f- (1 - c ) PiC U - PeCD,  

and 

dCo 
dt PiCu + Pc(CA + CO)'  (1) 

where the parameters Pi and Pc represent the cascade 
generation rate and the cascade annihilation rate, re- 
spectively, and c represents the fraction of damage 
cascades that result directly in the formation of cas- 
cade contrast regions. The parameter  Pi is described as 
the ion flux ~b i when one ion induces one damage 
cascade, and/De is proportioned to the electron flux ~b¢ 
required to annihilate a damage cascade. The terms 
P~C A and P~C D correspond to the annihilation of 
cascade contrast regions and 'pre-damaged'  regions, 
respectively. The solution of the simultaneous differen- 

tial equations for C A is described with the initial and 
the boundary conditions (C A = CD = 0 at t = 0 and 
C A q- C D -4- C U = 1) as 

Pi(Pi+cPe)[ { Pi(Pi+Pe)(1-c)'t} 
C A ( e l  + pc)2 l -  1 +  Pi '4-cee  

exp( - ( e i  + Pc) t } I" (2) X 

From Eq. (2), the saturation level C ° is expressed as 
functions of Pi, Pe and c by 

e i ( e i  +cee )  

c °  (el  + co)2 • (3) 

The time variation of Ca was calculated from Eq. (2) 
for various combinations of the parameters Pi, Pe and 
c, and it is shown in Figs. 5a, 5b and 5c, respectively. 
Each result shows the accumulation of cascade con- 
trast regions eventually leading to saturation. The pa- 
rameter Pi affects the accumulation rate and the satu- 
ration level. With increasing value of Pi, the accumula- 
tion rate and the saturation level become higher. As 
for the parameter Pc, its effect is mainly on the satura- 
tion level; lower saturation levels occur for higher 
values of Pc. A slight difference in the initial slope of 
the accumulation process can be seen for different 
values of Pc in the figure. The initial slope of the 
accumulation process is mainly affected by the parame- 
ter, c, as seen in Fig. 5c. The lower value of c provides 
the higher accumulation rate of cascade contrast re- 
gions. The parameter c also affects the saturation level 
slightly. 

It is possible to extend Eq. (2) to multiple overlaps 
of damage cascades [14] assuming that electrons anni- 
hilate the 'pre-damaged'  regions with the same effi- 
ciency regardless of the number of overlaps (n) and 
that the parameter c is not incorporated. The time 
variation of C A is also shown in Fig. 5c as a function of 
n. For n > 2, the initial slope of the accumulation 
process is larger than 2 in the figure, i.e. x = 2.7, 4.3 
and 5.1 for n = 2, 4 and 6 in the relation C A at (~bit) x, 
respectively. Since the value of x for experimental data 
is between 1 and 2, the multiple overlap model is not 
applied to the experimental data. 

Eq. (2) describes the accumulation process of cas- 
cade contrast regions and the annihilation process. The 
solid lines in Fig. 3 are calculated from Eq. (2) so as to 
provide the best fit to the experimental results with the 
use of the least square method. The value of Pe thus 
obtained is plotted as functions of Pi and electron flux 
in Fig. 6. The parameters, Pi and Pc, are the accumu- 
lation rate and the annihilation rate of damage cas- 
cades, respectively. The parameter Pi is the product of 
the cross section required for damage cascades and the 
actual ion flux, and Pc is primarily that of the cross 
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Fig. 5. The fractional variation of cascade contrast regions, C A, as a function of irradiation time calculated from the kinetic 
equations or Eq. (1), adopting possible values for parameters Pi (a), ee (b) and c and n (c). 

section required for the cascade annihilation and the 
electron flux. The value of P~ increases with increasing 
electron flux, showing its higher electron flux depen- 
dence for the higher value of Pi under irradiation with 
30 keV Ar ÷ or Xe ÷ ions. Those results indicate that 1 
MeV electrons retard the accumulation of damage 
cascades through the irradiation-induced production of 
isolated point defects and their subsequent migration 
and that the retardation effect of electrons is relatively 
higher for the higher production rate of damage cas- 
cades. The finite value of P~ under ion irradiation 
without electrons might be attributed to the annealing 
effect of damage cascades themselves through migra- 
tion of point defects within cascades. 
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Fig. 6. The relation between cascade annihilation rate (Pc) 
and electron flux for Ge (solid lines and dashed lines) and Si 
(dot-dashed line) irradiated under various values of Pi- The 
values were obtained from Eq. (2) so as to provide the best fit 
to the experimental data shown in Fig. 3 as examples. 

4. Microstructural evolution in M g A ] 2 0 4  under con- 
current irradiation with ions and electrons 

The HVEM accelerator facility has been applied to 
the dynamical in-situ observation of microstructural 
evolution in various kinds of crystals under irradiation 
at room temperature with 30 keV Xe ÷ ions and 250 
keV electrons. No contrast corresponding to individual 
damage cascades was observed in MgA1204, but inter- 
stitial loops appeared through the nucleation and 
growth process of defect clusters after irradiation up to 
high fluence levels [15]. In-situ observations were per- 
formed under simultaneous irradiation with a homoge- 
neous 30 keV ion beam and a focused 1 MeV electron 
beam to investigate the concurrent effect of displacive 
and ionizing irradiation. Fig. 7 is a collection of weak- 
beam dark-field electron micrographs showing the se- 
quential evolution of microstructures inside and out- 
side the electron beam during irradiation with 30 keV 
He ÷ ions and 1 MeV electrons at 870 K. The values of 
S i / S  n were  estimated to be 500 and 6 inside and 
outside the electron beam, respectively. Defect clusters 
appear both inside and outside the electron beam after 
irradiation for about 100 s and increase their density 
with increasing irradiation time. Defect clusters which 
are observed as dot contrast grow into well defined 
loops. No significant differences between the forma- 
tion process of defect clusters inside and outside the 
electron beam are seen except for their density. The 
areal density of defect clusters is shown in Fig. 8 as a 
function of irradiation time, comparing the inside and 
outside of the electron beam. The areal density in- 
creases at early stage of irradiation, and then tends to 
saturate. The nucleation rate and the saturation den- 
sity of defect clusters inside the electron beam are 
larger than those outside the electron beam. In the 
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Outside 

90s 480s 1380s 
Fig. 7. Weak-beam dark-field images showing the sequential microstructural evolution inside and outside a focused electron beam 
during irradiation with 30 keV He ÷ ions and 1 MeV electrons at 870 K. The fluxes of ions and electrons at the center of the 
electron beam were 4.0 × 1016 ions/m 2 s and 3.9 × 1023 e / m  2 s, respectively. 

case of  irradiation at 670 K, small defect clusters were 
formed and the difference between microstructures 
inside and outside the electron beam was not signifi- 
cant. 

Analogous microstructural  evolution was observed 
under  irradiation with a homogeneous  30 keV Ar  + and 
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Fig. 8. The irradiation time dependence of the areal density of 
dislocation loops in MgAI204 under irradiation with a homo- 
geneous 30 keV He + ion beam and a focused 1 MeV electron 
beam at 870 K, comparing the inside and the outside of the 
electron beam. 

a focused 1 MeV electron beam at 870 K and is 
compared inside (Si /Sn = 60) and outside ( S i / / S n  = 0 . 3 )  

the electron beam in Fig. 9. Defect  clusters are formed 
irrespective of  the inside and the outside of  the elec- 
tron beam and increase their  d iameter  and density 
under irradiation. Fig. 10 shows the irradiation t ime 
dependence  of the areal density of  defect clusters 
inside and outside the electron beam. The nucleation 
process is analogous to that under  irradiation with 
He  + ions and electrons, though the difference in the 
areal density between the inside and the outside is not  
significant at the early stage of irradiation. Fig. 11 
shows weak-beam dark-field images of microstructures 
inside (S i /S  n = 14) and outside (Si/Sn = 0.2) an elec- 
tron beam in M g A I 2 0  4 irradiated at 870 K to a 30 keV 
Xe ÷ ion fluence of  1 × 1019 i o n s / m  2 and a 1 MeV 
electron fluence of 1.8 × 1026 e / m  2 inside the electron 
beam. The formation process of defect clusters under  
irradiation with Xe ÷ ions is similar to that with Ar  + 
ions, though defect clusters appear  relatively soon after 
starting irradiation. The density of  defects scarcely 
depends  on the intensity or  the position of  the electron 
beam. 

Recently,  Zinkle [16] pointed out the importance of 
the ionizing to displacive ratio and observed no defect 
clusters around the higher ionizing region in M g A I 2 0  4 
irradiated with high energy light ions (e.g. 1 MeV He  ÷ 
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30s 51 0s 1 4 4 0 s  
Fig. 9. Weak-beam dark-field images showing the sequential evolution inside and outside of a focused electron beam during 
irradiation at 870 K with a 30 keV Ar + ion flux of 2.0 × 1016 ions/m 2 s and a 1 MeV electron flux of 4.3 × 1023 e/m 2 s. 

ions). According to Zinkle's criterion, the formation of 
defect clusters is expected to be suppressed inside the 
electron beam where the ratio of ionizing to nuclear 
stopping powers (S i /S  n) is higher than 10 as schemati- 
cally shown in Fig. 1, because of ionization-enhanced 
diffusion. In this study, no suppression effects of ion- 
ization on the formation of defect clusters was ob- 
served. Zinkle, however, used high energy heavy ions 
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Fig. 10. The irradiation time dependence of the areal density 
of dislocation loops in MgA1204 under irradiation with a 
homogeneous 30 keV Ar + ions and a focused 1 MeV electron 
beam at 870 K, comparing the inside and the outside of the 
electron beam. 

such as 1 MeV He + and Ar + ions, which induce highly 
localized ionization. In the concurrent irradiation with 
30 keV ions and 1 MeV electrons, on the other hand, 
ionization is mainly due to electrons and is distributed 
homogeneously in contrast to localized damage cas- 
cades induced by the ions. Hence, the value of Si//Sn 
under the concurrent irradiation is much smaller than 
that along the path of 1 MeV ions, even if average 
values of S i /S  . are the same in both experiments. 
Therefore, the ionization effect on the formation of 
defect clusters during concurrent irradiation cannot be 
evaluated in terms only of the parameter S i /S , .  How- 
ever, the possible impact of the implanted ions on the 
preferential nucleation of defect clusters requires fur- 
ther study, referring to the results which show the 
importance of implanted ion effects on the microstruc- 
tural evolution [17]. 

One MeV electrons themselves induce no defect 
clusters in MgAI20 4 [15] but enhance the nucleation of 
defect clusters under concurrent irradiation with ions, 
with the stronger effect observed for the lighter ions. 
Ions produce a high concentration of point defects 
within cascade regions which is favorable for the nucle- 
ation of defect clusters. The lighter ions, however, 
produce lower concentration of point defects within 
the larger cascade regions, forming a larger number of 
small subcascades. Furthermore, the average displace- 
ment rates under irradiation with 30 keV He +, Ar + 
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and Xe ÷ ion fluxes of 2 × 1016 ions /m 2 s are esti- 
mated to be 3 x 10 -5, 7 x 10 -4 and 2 x 10 -3 dpa/s ,  
respectively, in contrast to 5 x 10 -4 dpa / s  through 1 
MeV electrons of 3 × 1023 e / m  2 s which is a typical 
flux of the concurrent irradiation experiments. Based 
on the experimental results and discussion, therefore, 
the nucleation process of defect clusters in MgAI20 4 
shows a synergistic effect under concurrent irradiation 
with He ÷ or Ar + ions and electrons, though it is 
controlled only by Xe ÷ ions under irradiation with 
Xe + ions and electrons. 

5. Conclusions 

The HVEM accelerator facility has been extensively 
used for obtaining insights into the structure and the 
stability of damage cascades in Ge, Si and MgA120 4 
and into the concurrent effect of damage cascades, 
isolated point defects and /o r  ionization on the accu- 
mulation process of damage cascades or defect clus- 
ters. Concluding remarks are summarized as (1), (2) 
and (3) for Ge and Si and as (4) and (5) for MgAl204. 

(1) Damage cascades produce observable TEM con- 
trast in Ge and Si at the early stage (<  1015 ions /m 2) 
of irradiation with 30 keV Xe +, 30 keV Ar + and 60 

keV Ar 2+ ions, and they accumulate with increasing 
ion fluence following (q~it) x, eventually leading to satu- 
ration. The value of the power x depends on the 
combination of projectiles and target materials. The 
observed supralinear values for x indicate that some of 
the damage cascades directly produce cascade contrast, 
and others produce cascade contrast through the over- 
lap of damage cascades and /o r  through the help from 
other damage cascades, i.e., shock wave (plasticity 
spike). 

(2) The effect of concurrent irradiation with elec- 
trons and ions in Ge and Si is realized as the retarda- 
tion of the accumulation of cascade contrast. Some of 
the cascade contrast disappears under continuous irra- 
diation through their shrinkage without any structural 
change like loop formation. The areal density eventu- 
ally saturates and the saturated density decreases with 
increasing electron flux. 

(3) Kinetic equations have been developed to model 
the formation of cascade contrast regions via a cas- 
cade-overlap process, modified by an electron-damage 
component that serves to eliminate 'pre-damaged' and 
cascade contrast regions. The model well describes the 
observed phenomena. 

(4) The low density and homogeneous ionizing radi- 
ation plays no significant role on the formation process 
of defect clusters in MgAI20 4. 

inside of e - -beam Outside of e - b e a m  
Fig. 11. A pair of weak-beam dark-field micrographs comparing microstructures inside and outside a focused electron beam in 
MgAI204 irradiated at 870 K with a 30 keV Xe ÷ ion fluence of 1 x 1019 ions/m 2 and a 1 MeV electron fluence of 1.8 x 1026 
e / m  2 at the center of the electron beam. 
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(5) The  volume-averaged ionizing to displacive ratio 
Si/Sn is not  always a good parameter  for describing 
the ionization effect on the formation of defect clusters 
in dual-beam irradiated ionic crystals. 
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