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Abstract. Pure bismuth samples were irradiafed at 20 K with swih heavy ions from "0 la 
in the GeV range. The rate OF the induced damage was deduced from in siru electrical resisrance 
measurementst Above a lhreshold in the electronic stopping power Se equal 10 24 keV run-', 
the damage is due to electronic slowing down Above 30 keV nm-', the elecmnic slowing 
down is efhcienl enough to induce latent uacks amibuled U) the appearance of a high-resistivity 
phase. The induced latent tracks radii can be up to 21.9 nm for S. = 51 keV MI-' which is 
the largest value reported so far for non-radiolytic materials. The evolution with S. of the lafen1 
vacks radii is calculaled on the basis of the thermal spike model. assuming a realistic value for 
the elecuon-phonon coupling conslant A rather good agreement i s  obtained which suppons the 
idea ha( lhe thermal spike could be operative in the observed radiation damage. 

1. Introduction 

In the last decade, the availability of swift heavy-ion facilities has allowed numerous 
irradiation experiments in the electronic slowing down regime. These experiments have 
demonstrated that the electronic slowing down is able to induce atomic movements not 
only, as expected, in insulators [I] but also in metallic systems [2-9]. However, the basic 
question which remains to be answered concems the mechanism by which the ion energy 
is transferred to the lattice atoms. Two models have been proposed to account for the 
experimental data: the thermal spike model [IC-121 and the ionic spike model [9,13]. 
The aim of the present paper is to decide whether or not the energy transferred to the 
host electrons can induce significant atomic motion through the electron-phonon (E+) 
interaction. Indeed, several experimental works suggest that b P  coupling might be a key 
parameter for the observed effects. For example, it has been shown [6] that the amount of 
electronic slowing down required to induce damage in amorphous NI-B alloy is lower than 
for its crystalline counterpart, and it is thought that for a given composition the E-P coupling 
is stronger in amorphous than in crystalline alloys; besides, amorphous alloys are extremely 
sensitive to radiation damage in the electronic slowing down regime [2, 31. On the other 
hand, no electronic slowing down effect is observed in crystalline noble metals such as Ag 
and Cu for which the E-P coupling is weak [7,14] whereas pure metals which are sensitive 
to swift heavy-ion irradiation exhibit soft-phonon modes and strong E-P coupling [7,15,16]. 

In the framework of the thermal spike model, Seitz and Koehler [ 111 predict that the 
lattice temperature in  the core of an ion track can reach 500 K in noble metals whereas in 
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transition metals with a strong E-P coupling the core temperature may reach up to 5 x 104 K. 
This result is in agreement with the idea that compounds with strong E P  coupling are 
susceptible to exhibit electronic-slowingdown-induced latent tracks. The thermal spike 
model has been extended to allow latent track radii calculations [17-211, based on the 
theoretical considerations made by Kaganov et U/ [22] and Allen [U] for the strength of the 
EP coupling, and by Martynenko and Yavlinskii [24] for the diffusivity of hot electrons. 
Using realistic values for the E-P coupling [ 171, the calculated radii of cylinders of matter 
melted and rapidly quenched along the ion path were in good agreement with the latent 
track radii either directly observed by transmission electron microscopy in aS i  and a-Ge 
I251 or deduced from a phenomenological model in a-FewBl5 1261. 

Assuming, as suggested above, that the thermal spike is a dominant mechanism for 
the irradiation damage induced by electronic slowing down, the largest effects should be 
expected in materials which exhibit (i) strong E-P coupling, (ii) low melting temperature 
and (iii) specific volume larger in the solid than in the liquid phase, in order to avoid 
any inhibition of the melting due to compressive stresses. This is the case of bismuth 
which, in addition, can be amorphized by vapour deposition on cold substrate L27.281. It is 
worthwhile to notice that when a 40 nm thick amorphous bismuth film, vapour deposited at 
4 K. is annealed at a rate of 5 K min-', a crystalline phase starts to appear at a temperature 
of 10 K. At 20 K, crystallization is achieved and the resistivity of the recrystallized phase 
(of the order of 1500 pQ cm at 20 K 127,281) is much higher than the resistivity of 
both bulk Bi (7 ps1 cm, see table 1) and amorphous Bi films (100 ps1 cm). Moreover 
this high-resistivity phase is stable up to 85 K [28]. Another striking difference between 
the asdeposited and the annealed phase lies in the superconducting properties: while the 
amorphous phase exhibits a superconducting transition at 6 K the annealed phase remains in 
the normal state down to 4 K. As will be Seen in section 3 this set of peculiar properties can 
be used as a probe for the radiation damage. Moreover, the radiation damage of bismuth in 
the nuclear stopping power regime has been widely studied [29-331. In particular. electron 
irradiation experiments have allowed the measurement of the threshold displacement energy 
(Td = 13 eV) and the Frenkel pair resistivity (pm = 0.6 52 cm) [32]. The saturation 
resistivity is of the order of 400 pQ cm and the spontaneous recombination volume lies 
between 100 and 200 atomic volumes 132,331. It must be pointed out that, due to the 
semi-metallic character of bismuth, the radiation damage occurs in two steps. IndeeQ in the 
first step, the defects created by nuclear collisions act as donors, compensating holes which 
are dominant carriers in non-irradiated pure Bi. The measured resistivity increment is then 
due first to the decrease of both the canier density and mobility. In the second step, after 
hole compensation, the resistivity increment is due only to the reduction in canier mean 
free path as usual in irradiated crystalline metals. The data obtained from both the 5 MeV 
wparticle 1341 and fast-neutron irradiations 1351 are in overall agreement with the results 
of electron irradiation. 

2. Experimental details 

The samples were prepared from pure bismuth by melting and subsequent casting under a 
controlled atmosphere, Polycrystalline ingots were annealed and cut with a wire saw in the 
form of ribbons, typically 0.5 mm wide and 1 cm long. The samples were then chemically 
thinned down to 50 pm and, finally, four platinum or gold wires 20 or 50 pm in diameter 
were soldered on the ribbon surface in order to perform conventional four-point resistance 
measurements. The residual resistivity ratio m o o  K/P,O K ranged from 6 to 28 (table 1) as 
expected for pure bismuth 1361. 
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Heavy-ion irradiations (from "0 to 23RU) were performed at GANLL either in the 
IRABAT [37] or the IRASME 1371 facilities. Table 1 summarizes the experimental 
conditions, in particular the electronic stopping powers which ranged from 1.2 to 51 keV 
nm-' as given by TRIM [38]. When the ion projected range was large enough (Kr, Xe, Ta), 
two samples separated by an aluminium or copper foil degrader were irradiated so that two 
values of S. were investigated. In all cases, the total sample thickness was kept smaller than 
the ion projected range. Irradiations were performed in cold ( I O  K) helium gas at normal 
pressure and the flux was limited to avoid any temperature larger than 20 K. 

The sample resistance was measured in situ as a function of the ion hence. After the 
irradiation IO minute isochronal annealings were performed with resistance measurements 
in situ. 

3. Results and analysis 

Figures I and 2 show the variation of resistivity Ap as a function of  the ion fluence 
Cv for 0.189 GeV '*O. and 3.99 GeV ulsPb ions respectively. The influence of the 
electronic slowing down [38] on irradiation damage is demonstrated in figure 3 where 
pd = (dAp/d@t)o/uN in which (dAp/dCv)o is the initial damage rate and UN the nuclear 
collision cross section 138,391 is plotted as a function of the electronic energy loss Se. Three 
Se regimes can be distinguished in the figure: 

(i) for S, less than 20 keV nm-', pd is lower than in the case of electron irradiation I321 
for which pd = 0.6 52 cm. Such behaviour may be due to intra-cascade recombination of 
vacancies and interstitials as in copper [43] or to defect annealing by electronic excitations as 
in nickel [4], or iron at low Se [5]. Whatever the irradiation-induced annealing mechanism, 
the defect creation can be attributed to nuclear collisions in this Se regime which will be 
called the 'nuclear collision regime' in the following. 

(ii) for S, ranging from 20 to 30 keV nm-', pd is an increasing function of  Se which 
is the signature of a growing contribution of the electronic slowing down to the irradiation 
damage. This Se range will be referred in the following as the 'threshold regime'. It must 
be noted that the Se threshold value (24 keV nm-I), although higher than in amorphous 
FeaBls (z 10 keV nm-' [3]), is lower than in crystalline iron (40 keV nm-l [SI) and 
crystalline Ni3B (30 keV nm-' [6]). 

(iii) for Se higher than 30 keV nm-'. pd saturates towards a very high value, of the 
order of 100 52 cm dpa-', i.e. about 160 times higher than for electron irradiation. This 
regime will be called the 'electronic regime' in the following. 

All experimental data have been analysed using the phenomenological equation: 

Ap = ApJI - exp(-u@t)] (1) 

where Aps is the saturation resistivity increment and U is a cross section. As it will be 
seen, the physical meaning of those parameters depends on the damage mechanism. 

In the nuclear collision regime, only the high-fluence part of the damage curve can 
be accounted for by ( I )  as can be seen in figure 1, where the solid line fits (I). Such 
behaviour can be interpreted on the basis of the two-step damage process mentioned in 
the introduction: at low fluence, the damage is due to the decrease in both the carrier 
concentration and the mean free path while at higher hence, the damage is only due to 
the decrease in the mean free path. In the framework of the recombination volume model 
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~ u c n c c  ~t (ions em.3 Flvence 01 (ions cm.') 
Figure 2. Same as figure 1 for lead irradiation. The line 
is a fit of the data using (1). leading to Aps = 2690 sCJ 
cm and OE = 5.9 x IO-'' cm'. Note that the saluration 
resistiviry is reached at a very low Ruence wmpared to 
figure 1. 

Figure 1. Resistivity incremenl of Bi irradiated 
by oxygen ions. The squares wrrespnd to the 
experimenral results. The line corresponds lo the fit of 
the data in the high Ruence range using ( I )  to determine 
Aps = 480 p a  cm and !h = 190 atomic volumes. The 
amplation to low Huence of the fit in lhe high Ruence 
regime confirms the two-step processes in the damage 
creation in bismuth. 

[40], 5 of ( I )  can be written 5 = 2 1 ~ 0 5 ~  where vo is the number of atomic volumes where 
spontaneous recombination occurs, and ON is the nuclear collision cross section [38,39]. In 
the nuclear collision regime, vo is close to 190 atomic volumes in agreement with electron 
irradiation data [ 321. Moreover, an extrapolation of the data in figure I according to ( I  ) 
indicates a saturation resistivity of the order of 480 p B  cm as is the case for electron 
irradiation [32]. 

In the electronic regime, good agreement between ( I )  and experimental data is obtained 
irrespective of irradiation fluence, as demonstrated in figure 2. The resistivity increment 
at saturation Aps is equal to 2690 p B  cm (see table 2). This value is five times higher 
than in the nuclear collision regime. Such behaviour is drastically different from that of 
e.g. iron 15,411 for which the saturation resistivity decreases as Se increases. It appears that 
the irradiation in the Se regime induces drastic changes in Bi. Such changes are assumed 
to occur by the following process: melted zones are formed in the wake of the incoming 
ions and are quenched into the amorphous state. These amorphous zones should be instable 
against crystallization due to the irradiation temperature higher than the temperature at 
which the onset of crystallization takes place in thin Bi film [27,28]. Indeed, in contrast 
to the case of amorphous Bi, no sign of superconductivity could be detected down to 3 K 
in our irradiated samples and the saturation resistivity is of the same order of magnitude 
as that of the high-resistivity phase obtained after crystallization of an amorphous Bi film 
127,281. Thus the proposed process leads to the formation of transformed bismuth, and the 
resulting structure of the tracks could well be close to that of the high resistivity phase above 
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Figure 3. Initial slope of A B ( @ )  curve normalized by 
a~ versus Se. The sharp increase of M for S. > 24 keV 
m-l indicates the creation of ihe high-resistivity phase 
of Bi by the electronic excitalion. 

Figure 4. isochronal annealing of Bi inadiated wilh 
M& Kr and U ions. ARa is the resistance increase due 
to the irradiation. A R  is the resistance i n c m  due 
to i,nadialion and annealing at temperature T .  ARo 
and A R  were both measured at 20 K. In the nuclear 
collision regime (Mg and Kr ions) the recovery stage a1 
45 K is c l k l y  seen. For uranium irradiations lhe first 
stage annealing appears aI 150 K. 

mentioned [27,28]. Aps can then be regarded as the difference between the resistivities of 
non-irradiated and irradiated zones respectively. The parameter U then represents the cross 
section area UE of the tracks. Assuming further a cylindrical geometry allows calculation 
of the tracks' radii, which can reach up to 21.9 nm for Se = 51 keV nm-' (see table 2). So 
large values have never been observed in non-radiolytic materials: neither in metals [9], in 
semiconductors [25] nor in insulators [42]. 

The threshold regime represents an intermediate case between nuclear collisions and 
electronic regimes respectively: both Aps and ue start to increase as soon as Se exceeds 
24 keV nm-'. It m k t  be noted that while uB continues to increase, ApI stays at a mean 
value of 2610 /LQ cm when Se is higher than 30 keV nm-' (table 2). 

As emphasized above, both the damage mechanism and the nature of the irradiation- 
induced damage are not the same according to the value of the electronic stopping power. 
This point is in agreement with the isochronal annealing data presented in figure 4. In the 
nuclear collision regime, the annealing curves of figure 4 are in qualitative agreement with 
the data recorded after electron irradiation [29-331: a well defined recovery stage regardless 
of the value of S. in which about 30% of the irradiation-induced resistivity increment is 
recovered takes place at 45 K. This stage which can be attributed to the annealing of 
close Frenkel pairs is followed by a slower decrease in resistivity which is not completely 
recovered at room temperature. 

The electronic regime gives rise to a strikingly different annealing behaviour (see 
figure 4). The 45 K annealing stage is no longer present and the recovery only starts 
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Table 2. Results in the electronic stopping power regime. i.e. for S. = dE/& larger Ihan 30 keV 
MI-'. All the definitions are given in table 1 except for Ap, which is the saluuration resislivily, 
CTE the electronic slopping power damage cross section and R Ihe radius, i.e. 0~ = k R'. 

dAP/d@ 
dEJdx at bf = 0 AA m R 

Ion (keV nm-') (52 cm3/rans) ( ~ 6  cm) (Az) (nm) 

Ta 31 1.9 x 10-16 $ 7.3 x 10-14 1.5 
37 3.0 x 10-15 t 1.1 x 6.0 
38 6.1 10-15 t 2.3 x IO-" 8.5 

4.8 10-15 t 1.8 x IO-'' 7.6 
P b 4 4  1.6 Y 10-14 2690 5.9 x IO-" 13.8 
U 49 2.7 x IO-" 2600 10 x IO-" 18.2 

50 3.1 x IO-" 2560 14 x 21.4 
3.6 x IO-" 2560 14 x IO-'' 21.4 

51 3.9 10-14 2590 15 x IO-'' 21.9 

t Assuming ApI = 2610 p52 cm mean value of Pb and U resulls 

at a temperature of 150 K. Although this disappearance of the first annealing stage as Se 
increases is a general behaviour of metals [4,41,43] sensitive to electronic excitation, the 
data for irradiated Bi are unusual since the 45 K annealing stage disappears completely 
within a very small range of Se at the onset of the electronic regime. This behaviour can 
then be related to the change of the damage mechanism as a function of Se. At low electronic 
slowing down, the damage almost consists in Frenkel pairs creation which recover during 
annealing, while at high Se a new phase is induced by irradiation. Finally, an increase of 
the sample resistance dunng annealing can be observed in the temperature range from 50 to 
I30 K. Such behaviour has already been observed in irradiated Bi and attributed to a lattice 
disordering which takes place before vacancy migration. 

4. Discussion: latent tracks radii calculations 

The aim of this section is to present, in the framework of the thermal spike model, a 
calculation of the radii of the latent tracks assumed to be induced by swift heavy-ion 
irradiation in bismuth and to check the consistency of the obtained results assuming that 
the molten phase should initlate the observed defect creation. 

When ion energy is lost in a solid by electronic slowing down, the electronic system 
locally undergoes a rapid heating up to a temperature T, of the same order of magnitude as 
the Fermi temperature. The deposited energy is then shared between the target electrons and 
the lattice atoms via respectively electron-electron and electron-phonon interaction. This 
phenomenon can be accounted for by a set of coupled equations in cylindrical geometry: 

cmawar = v(K,(T.)vT.) - 
c(T)aT/af = V ( K ( T ) V T )  +g(T, - T). 

- T) + 4 r . r )  
(2) 

C, K and T are the specific heat, the heat conductivity and the temperature respectively 
of the electronic system (with a subscript e) and of the lattice (with no subscript). g is the 
electron-phonon coupling constant. A(r, f )  is the energy transferred to the electrons by the 
incident ion at a time I and at a radial distance r from the ion wake [19]: 

A(r, t )  = bS,exp[-(r - r~)*/2(u2]exp(-r/r~). (3) 
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to is the time, of the order of s [ZO], required for the electrons to reach the 
equilibrium distribution. This time corresponds to the time of flight of the mean energy 
delta electrons. The half-width of the Gaussian distribution (cl) is assumed to be equal 
to to. The rate of the exponential decay of the spatial distribution ro has been estimated 
(= 2.5 nm) by Waligorsky et a1 [44]. Finally b is a normalization constant chosen so that 
IJ%rA(r , t )drdt  =Se. 

All the parameters involved in the two equations are temperature dependent. Moreover, 
the calculations have to account for a solid to liquid phase transition so that only a numerical 
resolution of equations is possible 1191. 

In the Se range covered in the present experiments, it  can be assumed that the five 
valence electrons of bismuth atoms, located around the ion path in a spatial area larger 
than the ion track, are excited into the conduction band. In the following, the excited 
electron density is then n. = 1.42 x electrons and3 and assuming further a rigid 
band model, the Fermi energy is EF = 9.9 eV. The parameters C,, Kc and g can be also 
calculated using the formalism of the free electron model 1451. As long as To is lower 
than the Fermi temperature, the electron heat capacity can be considered proportional to Tc: 
C, = n,TeHk2/2€F. At the Fermi temperature (TF), C, becomes constant: C, = 3kn,/2. 
The electronic thermal conductivity K,(T.) is linked to the electronic diffusivity De(TJ 
through the relation K,(T,) = C,(T,)D,(T,). The evolution of De as a function of To has 
been evaluated by Martynenko and Yavlinskii [24]. In noble metals which are relatively 
well described by the free electron gas model, there is only a qualitative agreement between 
the theoretical predictions and the data. The difference comes from the fact that the free 
electron gas model does not take into account the crystal sbucture, the electron-phonon 
interaction and the electron4ectron interaction. Hence a precise prediction of D,(T,) is 
not possible. To overcome this we have assumed that De(T.) will follow the predicted 
evolution [24] scaled by measurements of the conductivity u,(T.) of a noble metal (gold) 
at 20 K (equal to the irradiation temperature). From [36],  ~ ~ ( 2 0  K) = IO* a-' cm-' 
leading to Q ( 2 0  K) = 3.8 x IO4 cm2 s-I [45].  This experimental scaling is used to take 
into account the interactions neglected in the free electron gas model. Hence &(re) can 
be approximated by a T;' law up to 300 K, followed by a T;' law until Dc(Te) reaches 
its minimum value (called D,,,) depending on the electron density [24]. The determination 
of De(T) at higher temperature can be neglected. For bismuth Dm = 4 cmz s-l. The 
De determination will be discussed later on in the light of the results of the track radii 
calculations. 

The electron-phonon coupling constant g is the key parameter goveming the rate of 
the electron energy relaxation towards the lattice. When the temperature of the electronic 
system is higher than the Debye temperature, the free electron model yields [22,23] 

g = (rr2/6)m,n,u2/r(T,)T, for Te >> TD (4) 

where U is the sound velocity and TD the Debye lattice temperature. The sound velocity 
U = k T ~ / h ( 6 R ~ n , ) ' / '  where n, is the atomic density and k is the Boltzmann constant. r(T,) 
is the electron mean free time between collisions at temperature Te and is related to the 
electronic conductivity 1451 of the irradiated metal. For T, > TD 

where L = ( a 2 / 3 ) ( k / e 2 )  is the Lorentz number and e the electronic charge. 
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Table 3 compares g values calculated at the temperature T, = 273 K with data derived 
from femtosecond pulse laser irradiation experiments of several metals [14,15]. Except in 
the case of Nb, equation (5) provides g values higher. by a factor of one to four, than the 
experimental data. On the other hand, g can be evaluated assuming the Wiedemann-Fmz 
law is valid (K(T, )  = Luc(Te)T) which yields, for bismuth, g values lower by a factor 
of ten than in table 3. Taking into account all these considerations, g could range from 1 
to 60 x IO" W K-' Since an accurate determination of g is not possible, g will 
be considered as a free parameter, independent of T, since r(T,) follows a T;' law. It 
is observed that, in the present formalism, &(re) only describes the energy diffusion in 
the electron subsystem while g accounts more specifically for the electronic properties of 
the irradiated metal [ I  I]. The values of the thermodynamic parameters involved in (2) are 
given in table 4. 

Table 3. Theoretical defenniMUOnS of the electroo+onon coupling g: comparison wilh lhe 
uperimental values for different metals [14-161. ~ ~ ( 2 7 3  K) is the electrical conductivity at 
273 K. TD is the Debye temperature. and ne is the eleclron densily. 

g g 
n&73 K) TD ne calculated measured 

Metals (Id a-' cm-I) (K) (1022 e c d )  IO"' J K-' cm-I s-' IO'O J K-' an-' s-' 

c u  645 315 8.5 9.7 4.8 
Ag 680 215 5.9 2.6 2.8 
Au 498 170 5.9 2.2 2.8 
CI 83 4Kl 8.3 156 42 
W 208 
V 55 

310 12.6 
390 14.1 

77 
560 

26 
523 

Nb 74 275 11.1 1 42 387 
n 26 380 11.3 809 185 
Pb 59 88 13.2 42 12 
Bi 9 5  120 14.2 560 I 
5 not measured by femtosecond laser experiments. 

Table 4. Lattice thermal parametere 

Thermal conductivity Solid T < 110 K K = 16.3 T-' 
(W K-' an-') T > 110 K K = 1.55 T-"' 

Liquid K = 0.17 

Speeific heat Solid T < so K c = 3.3 x 10-3 T - 4 x 10-3 
(J g-' K-I)  

Melting lempature: 7, = 544 K 
Latent heat of fusion: 54 J g-' 
Specific mass Solid 9.81.g an-' 

T > 50 K C = 9.6 x T + 9.2 x IO-' 
Liquid C = 0.15 

Liauid 10.02 r! cmW3 

The latent tracks radii, deduced from the cross sections reported in table 2, are plotted 
in figure 5 as a function of Se. The solid lines in this figure correspond to g values ranging 
from 3 to 8 x I O L '  W K-I cm-3. Tnese 8 values are in good agreement with the above 
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estimations. Taking into account the number of parameters which is used in the present 
calculations the results of the calculation are in good agreement with the experiment. 

The calculation results depend on the initial conditions of the input parameters. D,(20 K) 
is the crucial one: increasing it by a factor of ten allows us to predict the experimental points 
with g values ranging between 2 and 6 x IOi2  W K-l cur3 .  Even if we strictly used the 
predicted evolution of De(D,(20 K) = 6 x  IO6 cmz s-I [24] and TL2 law up to D,,, = 4 cmz 
5-I) with S, = 50 keV nm-I, ,q should be less than IOr2 W K-' to exclude melting 
in a cylinder of 1 nm. Therefore unrealistic values of De had to be used in order to avoid 
melting of Bi in the expected ,q range values. 

5. Conclusions 

Due to its peculiar physical properties, bismuth was thought to be a good candidate to 
ascertain whether the thermal spike phenomenon is able to account for irradiation damage 
in the electronic stopping power range. Polycrystalline bismuth ribbons were irradiated at 
20 K with swift heavy ions from '*O to 23RU in the GeV range. Above a Se threshold of 
24 keV nm-', a damage induced by electronic slowing down was clearly evidenced. Such 
a threshold value is lower than previously reported for other crystalline metals or alloys. 
Above 30 keV nm-', the electronic slowing down was efficient enough to induce large latent 
tracks up to a diameter of 43.8 nm for Se = 51 keV nm-' which is the largest value reported 
so far for non-radiolytic materials. In the Se range higher than 30 keV nm-', the irradiation 
induced a high resistivity phase probably linked to the crystallization of the amorphous 
latent tracks. As all these features demonstrated the expected sensitivity of bismuth against 
electronic slowing down, latent tracks radii calculations based on the thermal spike model 
were developed. Assuming a realistic value for the electron-phonon coupling constant 
(g = 3 to 8 x 10" W K-l it was possible to account reasonably well for the data. 
A good agreement was also obtained previously in the case of amorphous alloys [17-20] 
which supported the idea that the thermal spike model could account, at least in part, for 
the observed radiation damage. In this calculation, according to g determination, metals 
with a high electron density, high Debye temperature and low electrical conductivity would 
be good candidates for the investigation of damage creation by high electronic excitation. 
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