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Although high electronic excitations were neglected for a long time in radiation effect studies of metallic targets, it is now well

established that they can play a dominant role in the damaging processes of some metals. Iron is especially interesting in so far as,

accorcling to the rate of energy deposition in electronic excitations (dE /dx)., various behaviours are observed. Below (dE /dx).=
-10 keV/nm, due to electronic excitations, the amount of damage introduced in the sample is smaller than that expected from the

sole elastic collisions. On the contrary, at very high(dE/dx).levels, a strong enhancement of the damage occurs. After describing

the experimental results obtained during low temperature irradiations with a few 10 MeV/nucleon heavy (oxfgen to uranium) ions,

a phenomenological model which accounts for this intricate behaviour will be presented. Finally, a microscopic mechanism will be

proposed to explain how the energy given to the electronic system can play a role in damage processes involving atomic motion.

Molecular dynamics simulations validate this approach.

1. Introduction

In the frame of a systematic study of high electronic
excitation effects in crystalline pure metals, particular
attention was given to the case of iron, as the study of
defect creation is made easier due to the high thermal
stability of point defects (stage I migration occurs at

= 90 K). This paper will give an overview of all the
results relative to GeV heary ion irradiations of iron.

Some of them have been previously published [1-3].
During the last few years, it has been well estab-

lished that high levels of linear energy deposition in
electronic excitations (usually referred to as LET) dur-

ing swift heavy ion irradiations can induce structural
modifications in metallic systems, such as point defect

creation, phase transformation or even latent track
formation (for a review see ref' [4])' Thus, metals and

insulators do not behave so differently, although the

LET thresholds above which damage occurs differ by

at least one order of magnitude. The use of GeV heary

ions allows (i) to reach sufficient LET levels (typically

> 40 keVlnm) to damage metals and (ii) to minimize
the relative contribution of elastic collisions to damage
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creation. In the usual experimental conditions, the

ratio between the linear rates of energy deposition in
electronic and nuclear collisions stays greater than

= 1000.

ATter a short presentation of the experimental setup

and results, the various behaviour observed according

to the LET level are discussed. A phenomenological

model accounts for the experimental observations.

Moreover, a microscopic model based on the Coulomb

explosion mechanism is proposed to describe the ele-

mentary process allowing a conversion of part of the

energy lost in electronic excitation into atomic dis-

placements. Such an approach is confirmed by molecu-

lar dynamics simulations.

2. Experimental

High-purity iron ribbons (see ref. [2] for detailed

impurity content) were cold-rolled to thicknesses of 3

to 15 pm, annealed at 500-800"C under 1.5 atm of
purified hydrogen for 24 h. Their residual resistivity

ratios, p,oo «/pqr, were typicaliy of the order of 200'

In order to vary the LET level in the same irradia-
tion, such ribbons are piled up perpendicularly to the

ion beam. The total thickness of the stack is aiways

much smaller than the projected range of the projec-

tile, so that the stopping region of the ions is carefully
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avoided. These piled-up samples are introduced in a

liquid helium cryostat. Actually the temperature of the
samples is maintained close to 15 K, which implies a

limitation of the incident ion flux to a few 108

ions/cm2s. At such a low temperature, no thermal
migration of irradiation induced defects is possible in
iron.

In each sample, taking into account the slowing-
down of the ions in the cryostat window, gaseous

helium and preceding samples, it is easy to evaluate
the average energy E of the ions, their average LET

Table 1

Summary of the main experimental characteristics and extracted physical parameters defined in the text. The upper part of the
table corresponds to the low LET region (region I), whereas the lower part is relative to the high LET region (region II)

Sample u Ion E (dE/dx),
lcevl [keVlnm]

331

l:(dE/dx)"1 and the cross-section an [21 for elastic
collisions which are all reported in Table 1. Using swift
oxygen to uranium ions allows one to cover a wide
LET range going from 1, to 70keY /nm as can be seen
in Fig. 1 where points representative of the various
irradiations are reported.

The kinetics of damage creation is followed by
in-situ electrical resistance measurements performed
during beam stops. At the end of each irradiation up to
fluences @-u* (quoted in Table 1), isochronal anneal-
ing up to 250 K is performed: after heating up the

(tn @** Àp (@-*) c4 ct 7o àît't. Trt,
lx 10- te Ix 1012 [po cm] [x 10 t0 [x 10 16 ( 150 K) [kev]
cmzl cm 2l cm2l cm2l

o1-1 160 0.18
o1-2 160 0.096
Ar1 36A1 0.35
Kr1-1 84Kr 2.34
Krl-z 84Kr 1.97

Kr1-3 84Kr 1.32

l«2-1 84Kr 2.36
l«2-2 84Kr 1.99

Kr2-3 84Kr 1.35

Kr2-4 84Kr 0.60
Kr2-5 84Kr 0.22
Xe1-1 t2exe 

2.81.

xel-2 t"x" 
2.81

Xe1-3 12exe 2.37
xe1-4 12exe 

1.g2

Xe1-5 t2exe 
1.44

Xe1-6 "nx. o.g7
xel-:, 12exe 

0.57
Xe1-8 l2exe 

0.57
xe} 12exe 4.68

Pb1-1 2o8Pb 
4.43

Pb1-2 2o8Pb 4.18
Pb1-3 2o8Pb 

3.35

u1-1 * 238u 
2.63

tJ7-2 * 238u 
2.2s

u1-3 x 238u l.i1
rJl-4* 238u 

1.35

u1-5 * 238u 
1.oo

u1-6 * 238u 
0.75

rJ2-t 238u 4.oo
uz-z 238u 2.io
u3-1 238u 

4.61

u3-2 238u 
2.75

u3-3 238rJ 
2.62

u3-4 238u 
1.65

u4-r 238u 
4.4s

tJ4-z 238u 
2.32

u4-3 238u 
o.g7

0.38 0.0056 110

0.51 0.0099 110

0.86 0.032 43

1.03 0.040 5.8
1.10 0.046 5.8

1,.29 0.067 5.8

1.03 0.040 14

1.10 0.045 14

1.28 0.066 14

1.68 0.142 14

2.14 0.342 14

l.60 0.102 11.6

1.60 0.t02 11.6

1.69 0.11.4 11.6

1.81 0.142 1t.6
1.98 0.189 1t.6
2.19 0.264 11,.6

2.46 0.429 1,1,.6

2.46 0.429 11.6

t.32 0.062 18.5

2.21 0.203
2.25 0.207
2.39 0.253
2.82 0.463
2.9L 0.520
3.05 0.637
3.t9 0.836
3.34 1.057

3.47 1,.297

2.55 0.316
2.80 0.456
2.46 0.271

2.79 0.451
2.82 0.463
3.09 0.7t9
2.49 0.271

2.89 0.487
3.36 1.080

1.32

2.02
6.75

t1.3
t2.6
16.0

11.3

12.5

15.9

21.6

24.8
25.2
25.2
28.2
29.6
32.6
36.0
38.3

38.3

19.2

4.71

48.0
51.5

64.3

65.8

67.t
67.8
67.4
65.8
58.7
64.t
56.6
63.9
64.4
67.6
56.7

65.5

67.1

0.046
0.053

0.060
0.010
0.0t2
0.022
0.025
0.027
0.042
0.055
0.082
0.041

0.036
0.045

0.048
0.055
0.063
0.086
0.077
0.044

0.122
0.t25
0.049
0.204
0.214
0.275
0.317
0.391

0.535

0.180
0.460
0.010
0.029
0.033
0.063

0.052
0.166
0.4t4

0.0037
0.0046
0.013
0.017
0.019
0.027
0.015
0.017
0.023
0.043
0.078
0.028
0.025
0.031

0.033
0.038
0.044
0.059
0.053
0.022

0.081

0.085
0.15

0.69
0.74
1.06

1.39

1.78

2.71

0.29
0.83

0.16
0.47
0.57
1.15

0.1.7

0.63

2.08

610
630

t940
2070
2790
3680
4070
4810
930

2400

1960

2790
4790

1.6

1.8

t.4
2.2
2.7
3.0
2.2
2.7
3.0
3.9
7.7

4.6
4.6

5.8

5.6
5.7
8.9

10.5

10.5

4.0

70

68

55

52
48
38
35

40

31

3t
36

36

-1-'

34
JJ
40

3l
31.

40
38
37
43

44

43

40
40
35

24

3.5

3.9
3.9
3.9
3.9
3.9

3.9

tl.4
tt.4
0.5

0.5

0.5

0.5

3.36
J.JO

3.36

u AJI experiments were performed at a temperature lower than 15 K on the GANIL accelerator in Caen (France) except those
quoted by (*) which were performed at =90 K on the GSI accelerator in Darmstadt (Germany).
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Fig. 1. Linear rate of energy deposition in electronic excita-

tion of different projectiles in iron targets as a function of the
projectile energy. Each experiment is indicated by a full circle.

samples during 10 min at increasing temperatures, the
electrical resistances of the samples are measured at
15 K in order to evaluate the proportion of irradiation
defects which have disappeared. Electron microscopy
observations at 300 K have then been performed on
some samples.

3. Results

3.1. Damage production

Some typical damage production curves are pre-
sented in Fig. 2. Strong contradictions appear if the
following assumptions are made:

(i) As usually admitted, the electrical resistivity
increase, Ap, is proportional to the defect concentra-
tion c (Ap:cpF, ii which pr is the Frenkel pair
resistivity), so that the experimental cross-section ao

for damage production is defined by A io :
(d A,p/dtP)6:o: oapp.

(ii) Damage results only from elastic collisions
(which implies o6 : on).

For instance, comparing the results relative to Ar1,
Xe2 and U4-3 samples, it is obvious that:

0.5

0.4

0.3

0.2

0.1

0 0 2 4 6 I 10 12

Fluence (10" cmz)
Fig. 2. Electrical resistivity variations at 15 K as a function of
the ion fluence of iron targets for various irradiations: 0.35

GeV Ar,4.68 GeV Xe, 3.35 GeV Pb, 4.45 and 0.97 GeV U.

- Ar1 and Xe2 curves are almost superimposed,
whereas the elastic cross-sections o. differ by a factor
of 2 (Table 1);

- The rate of variation of U4-3 curves is about 100

times greater than that of Xe2, although the corre-
sponding o. differ by a factor of = 17.

These inconsistencies cannot be ascribed to hypoth-
esis (i) above. In the energy range considered here, the
cross-sections for elastic collisions follow a Rutherford
law [5] which favours low energy transfers, so that most

of the defects are isolated. A rough estimation gives an

average number of displaced atoms per primary knock-
on atom smaller than 10 and a mean free path between
two primary collisions greater than 100 nm.

Hypothesis (ii) has thus to be ruled out: elastic

collisions alone cannot account for the experimental
evidences. A convenient way to evidence the relative
contribution of inelastic collisions to the measured

damage is to normalize the observed damage rate to
that expected from nuclear collisions. An efficiency, §,
is defined bV 6: o6/nn. '[he cross-sections, o^, for
defect production in elastic collisions (see Table 1)

have all been calculated using a displacement thresh-
old energy Ed : 25 eV by integrating the integral equa-

tions of Lindhard et al. [6], governing radiation dam-

age, which were slightly modified [2].
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It has to be noticed that the absolute values of 6
depend on the Frenkel-pair resistivity pF used in the
normalisation: among all the published values for iron,
pr:7250 pO cm [7] has been retained here. This
choice of p" is unimportant as long as one intends to
correlate f with inelastic processes. The most straight-
forward parameter characterizing the inelastic colli-
sions is the LET level. Fig. 3 shows that ( and
(dE/dx). are rather well correlated. Two regimes
appear clearly: (i) in region I below 40 keV/nm, the
efficiency decreases monotonically, whereas (ii) in re-
gion II above 40 keV/nm a spectacular increase of § is
observed.

3.2. Damage annealing

Fig. 4 shows the evolution of the percentage of
recovery of the electrical resistivity as a function of the
annealing temperature for a few typical irradiations.

After irradiation with oxygen ions (low LET level),
the annealing behaviour is very close to that observed
after MeV electron irradiation [8]. As the LET level
increases in region I, the amount of annealing de-
creases continuously, whereas in region II at high LET
levels the annealing starts increasing again. This be-
haviour is more obvious in Fig.5, where the amount of
annealing at the end of stage I (= 150 K) has been

o) 20

=(g
oc 40
(E

Fig. 3. Semi-logarithmic plot of the evolution of the damage
efficiency, f, as a function of the LET level.

\oo\ 6o

80

100 0 100 200 300

T (K)
Fig.4. Some typical ten minute isochronal recovery curves of

heavy ion irradiated iron.

plotted as a function of the LET level for all irradiated
and annealed samples.

4. Discussion

The two LET regimes mentioned in section 3.1 will
now be discussed separately.

4.1. Region I: (dE / dx)" < 40 keV / nm

Let us recall that when the LET level increases,
both the efficiency, f, and the amplitude of stage I
recovery decrease, which can be interpreted as a par-
tial recovery during the irradiation of the defects re-
sulting from elastic collisions.

Efficiency values much smaller than 1 were also

found during irradiations of various metals with a few
100 keV ions. When the mass of the projectile in-
creases, i.e. when the primary recoil spectra becomes
harder, the measured efficiency decreases gradually
from about 1 to values as low as 0.3-0.4 [9,10]. In order
to characterize the recoil spectra, a median recoil
energy Trr, (stch that half of the defects created in
the target are due to displacements induced by pri-
maries of energies T > Tr/) has been defined. A good

correlation between { and Tr, was then established:
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in pure metals like Cu, Ag, A1 [9,10] the efficiency
decreases as Tr/2 increases but always stays greater
than 0.3.

In order to check the importance of such a mecha-
nism in the GeV ion range, Tr, vahes have been
calculated for our experiments and are reported in
Table L.

The open circles in Fig. 6 give the evolution of the
efficiency f versus Tr, for our experiments whereas
the full circles are relative to standard irradiations of
iron targets (10 to 16 MeV protons [11], fission neu-
trons [12,13], uranium fission fragments [14]). The be-
haviour of iron towards these standard irradiations
[11-14] is similar to that observed in other metals: as
Tr/, increases, the efficiency decreases but stays
greater than 0.4.

Much lower efficiencies (=0.1) are reached for
GeV ion irradiation indicating that the sole variation
of the primary recoil spectra cannot account for the
observed decrease of f in iron.

The energy deposited in electronic excitation is thus
responsible for the very low efficiency values observed.
Part of this energy is converted into atomic motion,
leading to a partial recombination of the defects just
created, decreasing, for one single ion, the number of
produced defects. This is consistent with the small

't 00

-oo\
20

0 20 40 60 80

(d E/dx) (keV/nm)
Fig. 5. Percentage of annealing at the end of stage I ( = 150 K)
as a function of the LET level after 15 K irradiations of iron

with swift heaq, ions.
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Fig. 6. Damage creation efficiency, §, as a function of the
energy,T172, characterizing the primary spectra (see text) for
our experiments (open circles) and for MeV protons [11],
fission neutrons [12,13] and uranium fission fragments [14]

(full circles).

amplitude of stage I annealing observed after irradia-
tion (Fie. 5).

This description agrees also with a previous experi-
ment [1] in which a 11 pm thick iron ribbon was
predoped at a low temperature with lattice defects by
implantation with 10 to 100 MeV iron ions arrd then
submitted, without any warming up, to 0.5 GeV iron
ions irradiation (these ions lose 140 MeV in the sam-
ple). During this second part of the experiment, both
the length and electrical resistivity of the sample de-
crease under irradiation, which shows that the elec-
tronic-excitation-induced annealing of the pre-existing
defects overwhelms damage creation.

4.2. Resion II: (dE / dx)"> 40 keV / nm

Above 40 keY /nm, the efficiency f starts increasing
again strongly, which indicates that a new mechanism
of damage production appears. Extrapolating the be-
haviour in region I (dashed line in Fig. 3), it is clear
that the overall effect of damage production in elastic
collisions and LET annealing (described in the preced-
ing section) becomes completely negligible as com-
pared to this new process of damage production. Thus,
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the experimental cross-sectior, û6, is equal in region II
to the cross-section, o", of damage production by elec-
tronic excitation.

What is the structure of the damage created by this
new process? A few indications suggest that one deals
mainly with isolated point defects:

(i) The percentage of annealing in stage I starts
increasing again slightly (Fig. 5).

(ii) No defect cluster could be seen by electron
microscopy observations at 300 K. Moreover, a careful
search of any hint indicating the appearance of a new
phase (similarly to what was observed in irradiated
titanium [15]) was unsuccessful.

5. Models describing damage production by electronic
excitation

On the basis of the high density of very mobile
conduction electrons, the possibility of damaging a

metal by electronic excitation might appear very puz-
zling.

The energy deposition in electronic excitations is
mainly restricted to the vicinity close to the ion path, so

that an inhomogeneous repartition of the damage can
be expected. Based on this remark, a phenomenologi-
cal model describing the kinetics of damage production
is presented in section 5.1. A possible elementary
mechanism accounting for the conversion of this en-
ergy into atomic displacements is proposed in section
5.2, and validated by molecular dynamics calculations
presented in section 5.3.

5.1. A phenomenological model

The equation describing the evolution of the aver-
age concentration, c, of the defects as a function of the
ion fluence, @, must account for the various processes

encountered above:
(i) damage production in elastic collisions, de-

scribed by the cross-section ûnl
(ii) self-annealing of this damage mainly due to the

high LET levels, described by a cross-sectiofl (% u,
so that the net cross-section for damage creation is

o,I:or-t"-u,
(iii) damage production by electronic excitation, de-

scribed by the cross-section cre.

With these notations, - obeys the following equation:

da

6a:(o,i+o")(1 -2uoc),

which implies

oo: 
*[r - exp( -2uo(o! + a.)@)] .

(1)

(1u)
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In these equations, uo is the spontaneous recombi-
nation volume (expressed in atomic volumes). A previ-
ous irradiation of iron with MeV electrons [17] allowed
the determination of the ratio uo/p, (for pr:1250
pf,) cm this leads to uo= 100 atomic volumes). Eq. (1)

is similar to that proposed by Dettmann et al. [16] to
describe isolated point defect production during MeV
electron irradiation. Let us recall that it was pointed
out in section 4.2 that damage resulting from swift ion
irradiation very likely consists of rather isolated point
defects.

In region l, t. <<of , so that the initial damage
production rateis(dc/dD)o:o: oI:oa (Table 1). In
the domain of available fluences, the experimental
Ap(@) curves do not sufficiently deviate from linearity
to test with any confidence the exponential law (1a).

In region II, of << a" (see section 4.2), so that the
initial damage production rute is (da / daâ)o: o 

: t. : td
(Table 1). Moreover, in most cases a marked curvature
of the experimental damage production curves (some

of which are reported in Fig. 2) is observed, which
allows a tentative fit with the exponential law (1a).

Unfortunately, such a fit was proved to be absolutely
impossible due to the fact that both the initial slope
and curvature of the experimental data could not be
accounted for by the sole free parameter o" of Eq.
(1a). More precisely, the curvature of the experimental
data is much more pronounced than expected from
(la), which corresponds to a saturation resistivity in-
crease lower than po/2uo. Such a behaviour can be
accounted for by the addition in the right-hand side of
Eq. (1) of a recombination term (-o,ô) [16]. All the
experimental curves can now be well fitted with

de

aO 
:o.(t *2u6e) - o,c, (2)

o_
Lp: p, 

@,+;nr) [l - exP( -(o. + 2uoa)a)l'

(2a)

The two adjustable parameters o"(: oa) and o. have
been reported in Table 1 and plotted versus (dE/dx)"
in Fig. 7. It has to be noticed that the ratios(o,/2uoo.)
are of the order of a few tens, so that the recombina-
tion term governs the kinetics of damage production.

The recombination cross-sections, o., obtained for
GeV ions are much higher, by almost eight orders of
magnitude, than those corresponding to electron irra-
diation [17]. These large recombination cross-sections,
uî, caî be imaged as continuous cylinders, of diameters
ranging from 2.5 to L0 nm, in which annealing of
pre-existing defects takes places. Thus the overall
repartition of ttre damage in the sample is very inho-
mogeneous: point defects are located in the close ücin-
ity of the ion path, and are surrounded by large
defect-free regions.

A. Dunlop et al. / Nucl. Instr. and Meth. in Phys. Re§ B 90 (1994) 330-338
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A more realistic scheme of the recombination pro-
cess could be to suppose that the cylinder in which
annealing occurs is not completely free of defects, i.e.

contains some defect agglomerates. These defect ag-

glomerates would give an additional contribution to
the electrical resistivity, keeping in mind that the con-

tribution per defect in an agglomerate is much smaller
than p, [18]. Such an approach was previously consid-

ered to account for damage production in Co, Zt and
Ti irradiated with swift heavy ions [19]. Let us empha-

size that this implies the introduction of two other
parameters in the adjustment process.

In this work, the range of available fluences !ÿas too
restricted to allow a single-valued reliable set of four
parameters to be extracted from the fits.

5.2. A microscopic model

When a swift heavy ion penetrates a target, ionized
atoms are formed in the close neighbourhood of its
path and excited electrons are ejected [20].

Consideration of the energy carried away by these

ô-electrons leads to a so called "thermal-spike" model.
Such a model was invoked years ago for insulating
materials [21]; more recently a tentative extension to
metallic targets was published 1221. ln this model, the
kinetic energy of the electrons is converted into atomic
vibrations via electron-phonon coupling. The resulting

100

o
^ltâ^

o
aa

a?
,'

101

b' 1o-1

N- 10"to
(0
To

Fig. 7. Cross-section for damage creation (4") and recombina-

tion (r,) by electronic processes as a function of the I-ET
level.

10-2

n
Fig. 8. Cross-section for damage creation (r") by electronic
processes as a function of the Coulomb explosion parameter,

4. The continuous line corresponds to the 48 law (see text)'

heating-up of the lattice might well account for the
defect recombination and annealing described in this
paper.

Considering now the relaxation of the electrostatic
potential energy stored in the space charge resulting
from the ionization of the atoms leads to a Coulomb
explosion model that was already used in insulators
and organic materials [23]. Contrary to what happens

in insulators, the lifetime of the space charge in a

metal is extremely short, due to the presence of numer-
ous free conduction electrons. This lifetime, r, is

roughly given by ro;1= a few 10-16 s (<,r, is the
plasma frequency). Nevertheless, for sufficiently high
LET levels, when the ionization occurs inside a contin-
uous cylinder, it has been shown l24l that the recoil
energy, ,E., acquired by the ionized atoms due to
Coulomb repulsion can reach 0.1 to a few eV.

As far as indiuidual collisions are considered, recoil
energies smaller than the threshold energy Eo (=25
eV) cannot lead to defect creation. In such a scheme,

Coulomb explosion appears to be inefficient towards

damage creation. But, the collectiue and coherent as-

pects of the recoils have to be taken into account, so

that the concept of threshold energy, ,E6, becomes

meaningless. In fact, it has been shown that the spatial
and temporal coherence of these excitations allows an

easy coupling to the phonon spectrum [25]. More pre-

cisely, low frequency modes are preferentially excited,

10

104

102

N

E
O(o

I

O

tn
C
o,F
(J
oa
Ia
th
o
!-
(J

I O-z', '

40 50 60 70 80

(keV/nm)(dEldx).



which occurs (i) for acoustic waves (i.e. q = 0) and (ii)
for soft modes (usually at large q values) if any. In the
first case, a radial shock-wave is generated, whereas in
the latter large amplitude atomic movements are in-
duced. Either of these two processes can lead to struc-
tural modifications and/or to defect creation.

Damage creation by electronic excitations is gov-
erned by the recoil energy, 8,. For a given target, -8, is
related to the projectile characteristics by a unique
parameter 4, as detailed below. The space charge
created along the ion path varies roughly as (Zf /u)z
1241, in which u is the ion velocity aû Z'f (u) the ion
effective charge (which can be deduced from the
Northcliffe formula [26]). Introducing a dimensionless
parameter q: Z{ur/u (us is the Bohr velocity), the
electric field resulting from the space charge varies as

42, so that the ionized atoms receive during the life-
time z impulses proportionalto qa and acquire kinetic
recoil energies -8, u 48.

In the frame of this model, the pertinent parameter
governing dainage creation by electronic excitation
should be the Coulomb explosion parameter, q, ralher
than the LET. The damage cross-section, cre, is re-
ported in Fig. 8 as a function of 4. This plot empha-
sizes a good correlation between a" and 4. More
precisely, a. is proportional to 48, as indicated by the
solid line in Fig. 8, which is in good agreement with the
Coulomb explosion model.

Let us remark that the parameter 4 increases
monotonically as the ion slows down, whereas the LET
goes through a maximum. The points relative to irradi-
ation U1 corresponding to LET levels located on both
sides of the maximum are well aligned in Fig. 8, which
shows that 4 appears as a better parameter than the
LET to account for damage processes resulting from
high levels of energy deposition by electronic excita-
tion.

5.3. Molecular dynamics simulation

In order to test more quantitatively the ability of
numerous collective and coherent low energy transfers
to induce permanent lattice displacements, molecular
dynamics simulations have been performed 1271. In a
small perfect bcc, crysta1 containing about 6000 iron
atoms thermalized at a temperature of 50 K, the
Coulomb explosion has been simulated by imposing as
initial conditions that all .the atoms lying inside a
cylinder of radius = 10 A receive the same radial
outward kinetic energy E, (which was varied in the
range 0.5 to 2 eY/atom). The system relaxes then
freely in the simulation box.

The potential used in these simulations is a new
original N-body potential which reproduces well the
phonon spectrum 1271. The position of all the atoms is
followed during the relaxation of the system. When the
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Fig. 9. Region of an iron crystallite in which lattice defects
were detected after the passage on an ion along the [100] axis
(its trajectory is represented by the dashed line). In this
simulation, outward recoil energies of l.16 eY/atom were
given to atoms located inside a cylinder of radius 11.5 À. The
black spheres correspond to interstitial atoms, whereas the

hollow sphere corresponds to a vacancy (from ref. [27]).

system has lost the memory of the excitation (a few
10-12 s) and after using a damping procedure in order
to stabilize the system, the new positions of lattice
atoms have been examined in order to detect the
possible presence of permanent lattice defects. As soon
as the recoil energy -8, is higher than = 1 eV, lattice
defects are created (Fig. 9), with cross-sections of order
of magnitude comparable with the measured damage
cross-section a.. No influence of the incident ion beam
direction with respect to crystallographic directions
could clearly be put forward.

On the other hand, if in the same size cylinder, a

Maxwellian distribution of recoil energies centered on
the same value -E, is now applied but in random
orientations, no defect creation could be detected. This
emphasizes the crucial importance of the coherence of
the excitation in the collective process of damage cre-
ation by electronic excitation.

Finally, it appeared interesting to check whether
such a mechanism could also lead to the recombination
of pre-existing defects. Starting now with a crystal in
which a pre-existing stable Frenkel pair was intro-
duced, it was shown that recoil energies as low as 0.2
eY/atom were sufficient to induce the recombination
of this Frenkel pair lying in the vicinity of the ion path
[27].

6. Conclusion

In this detailed study of iron targets, various aspects
of the influence of high electronic excitation on the
processes of damage production have been put for-
ward. Although some metals are insensitive to elec-
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tronic excitation (Cu, Ag, W, . . . ), some of the effects
of high LET levels evidenced in iron are also encoun-
tered in quite a few other metals [28]:

(i) In certain metals (Ni, pd, pt, . ..), the damage
efficiency, §, decreases as the LET increases.

(ii) In others (Ti, Co, Zr,. . .), § increases as the
LET increases and can reach values much higher
than 1.

It has been pointed out that high values of s have
been up to now obtained only in metals exhibiting
various allotropic phases in the pressure-temperature
diagram. Recent results obtained in titanium, in which
high electronic excitations induce a phase transforma-
tion from the usual hcp, ct-phase towards the high-
pressure hexagonal o-phase [15], support the Coulomb
explosion mechanism in which a radial high pressure
shock-wave is generated. This phase change in tita-
nium is only observed at the highest LET levels (= 40
keV/nm), whereas at lower LET levels ( = 29 key /nm)
the observed damage could well be premonitory signs
of the a J <o phase transformation. In the same way,
the high values of f measured inZr and Fe could well
be related to the existence of high-pressure phases in
these two metals.

Let us finally point out that although it is straighfor-
ward to scale electronic excitation effects with the
linear rate of energy deposition (dE/dx)., the use of
the Coulomb explosion parameter, 4, is more perti-
nent. For a given target, this parameter depends only
on the atomic number and velocity of the projectile. At
veryIigh velocities, (dE/dx)" is almost proportional
to 42, so that the use of either of these parameters to
scale the effects is equivalent. On the contrary, at
lower velocities, namely in the vicinity of the Bragg
maximum, (dE/dx), is not related to 4 in a straight_
forward way.
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