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Swift heavy ions in magnetic insulators: A damage-cross-section velocity effect
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The damage in ferrimagnetic yttrium iron garnet, Y3Fe50» or YIG, induced by energetic heavy-ion

bombardment in the electronic stopping-power regime has been studied in the low-velocity range (for a
beam energy E & 3.6 MeV/amu). Epitaxial thin films of YIG on [111]-Gd,Ga,O, z substrates were thus

irradiated at room temperature with 15-MeV ' F, 50-MeV ' S, 650-MeV ' 'Ta, 750-MeV 'Pb, and 666-
MeV ' U. The damage-cross-section A is extracted from channeling-Rutherford-backscattering spec-

troscopy and compared to previous works. All the experimental results show that at one given value of
dE/dx, the damage cross section is higher for low-velocity ions than for high-velocity ions over a large

range of dE/dx. At constant dE/dx, the larger the difference between the ion velocities is, the larger
the difference between the damage cross sections. Such a deviation might be explained by the effect of
the energy deposition being more localized for the low-velocity ions than for the high-velocity ions. This
work clearly indicates that the electronic stopping power is not the only key parameter in the creation of
ion tracks, and that the damage cross section depends on the lateral distribution of the energy deposi-

tion.

I. INTRODUCTION

The effects of heavy ions in yttrium garnet Y3Fe50&z,
abbreviated as YIG, have been extensively studied for the
past ten years. ' ' Swift heavy ions penetrating into
matter lose their energy (dE/dx) by elastic collisions
with the target atom nuclei (the nuclear stopping power),
and by interaction with the target electrons (the electron-
ic stopping power). For ions at a higher energy (~ 100
keV/amu), the energy (a few keV/A) is mainly deposited
via ionization and electronic excitation processes. In
most insulators, when the highly localized energy depos-
ited on electrons is transferred from the electrons to the
target atoms, an extended damage is induced along the
ion path: the so-called latent track.

The first observations of induced damage by swift
heavy ions in yttrium garnet were carried out by Hansen
and Heitmann' using Xe and U beams at an energy of
1.4 MeV/amu and at dE/dx =24 and 36 keV/nm, re-
spectively. They used the conversion electron Mossbauer
spectroscopy (CEMS) in order to deduce the damage
cross section A and, assuming a cylindrical geometry for
the defects, a radius of the latent track was calculated.
This work was completed using other physical characteri-
zations of the damage yield: channeling-Rutherford-

dE/dx
Ion (keV/m)

Beam energy
(MeV/amu)

R,
(nm)

Experimental
characterizations

U

24

36

1.4

1.4
1.4
1.4

6.7
5
8.7

Electron
microscopy {Ref. 4)

CEMS {Ref. 2)
RBS (Ref. 5)

CEMS (Ref. 2)

backscattering spectrometry (CRBS), electron microsco-

py, and Faraday rotation. Therefore, in the investiga-
tion range of dE/dx the radii of latent tracks ranged be-
tween 5 and 8.7 nm as quoted in Table I. On the basis of
these results, an extensive study of the damage creation
in yttrium garnet was undertaken using the Grand
Accelerateur National d'Ions Lourds (GANIL) accelera-
tor at Caen. In a wide range of the electronic stopping
power (6 & dE/dx &47 keV/nm), the damage cross sec-
tion and the damage morphology were deduced using
several physical characterizations and observations
(transmission Mossbauer spectrometry, high-resolution
electron microscopy, saturation magnetization, CRBS,
and chemical etching ' ). In the regime where the la-

TABLE I. Radius of latent tracts as determined in Refs. 2, 4,
and 5. R, is the effective radius.
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tent tracks are long and cylindrical (zone V in Ref. 14),
the extracted radii (Table II) are lower than the previous
determinations' for the same values of dE/dx (Table
I). The only difference between both works is the ion en-
ergy. In the latter case the ion energy ranged between 5
and 39 MeV/amu and was quite a bit higher than the
beam energy used by Hansen, Heitman, and Smit (1.4
MeV/amu). In the electronic stopping-power regime, it
is known that dE/dx is only the linear energy transfer
and does not characterize the energy density deposited in
the matter. From the calculations performed by Katz
and Kobetich and by Waligorski, Hamm, and Katz, '

the energy density is higher at low velocity than at high
velocity. More recently Costantini et al. ' ' have
confirmed the track radius for the same dE/dx and ion
energy as Hansen, Heitmann, and Smit. These authors
thus confirm that the latent track radii (determined from
CRBS and high-resolution electronic microscopy,
HREM) are larger for low-energy ions than for high-
energy ions for the same values of dE/dx. In this work
yttrium garnet was irradiated by several ions at low ener-
gies in order to cover a wide range of dE /dx
(3.5&dE/dx&43. 5 keV/nm). The deduced damage
cross sections are compared with the previous ones (Refs.
6—17 and Table II). Since at low energy the variation of
dE/dx versus energy cannot be constant in a thick sam-
ple, the characterization technique of the damage used
here was the CRBS method which is a near surface
analysis (=0.5 —1 pm under the surface). This experi-
mental technique was previously used for samples irradi-
ated by high-energy ions' and it has been shown that the
latent track radii deduced from CRBS were in fairly good
agreement with the data deduced from transmission

Mossbauer spectrometry' and high-resolution electron
microscopy. '

II. EXPERIMENTAL TECHNIQUES
AND DAMAGE ANALYSIS

Epitaxial thin films of YIG on [111]-Gd3Ga50,z have
been used for these experiments. Several different irradi-
ations were performed at room temperature at the 7-MV
Van de Graaff tandem of Bruyeres-Le-Chatel' and at the
GANIL accelerator in Caen using the medium-energy
line facility. The irradiated surface of the target was
defined with good accuracy by means of horizontal and
vertical sweeping magnets and using adjustable slits
placed along the ion-beam path. The irradiation was al-
ways performed perpendicularly to the sample. The
different experimental conditions are the following for
the Van de Graaff accelerator: ' F, S beams were used
at incident energies of 15 and 50 MeV, respectively.
Beams were scanned over the sample surface (1 cm ).
The Auence is determined by measuring the backscat-
tered particles on a thin film of gold evaporated on a
small area (6 mm ) of the target, after calibration by
means of the Faraday cup. For the GANIL accelerator,
the beams were '8'Ta, 8Pb, and U at incident energies
of 650, 750, and 666 MeV, respectively. The particle Aux
is continuously monitored by collecting the secondary
electrons emitted from a thin foil of titanium inserted in
the ion Aow after calibration by means of the Faraday
cup. The beam Aux was of the order of 10
particles/scm at the Van de Graaff tandem and 3.10
particles/s cm at the GANIL accelerator. Several
Auences were always used in order to follow the damage

TABLE II. Experimental data in the high-velocity ion regime. 3, R„and D, are the damage cross section, the effective radius,
and the mean energy deposited, respectively. Rd is the cylinder radius in which 66%%uo of dE/dx is deposited. v and c are the ion ve-

locity and the light velocity, respectively.

Sample
No. Ion

dE/dK
(keV/nm)

Mean energy Relative velocity
(Me V/amu) (p=v/c) (cm )

R,
(nm)

D,
(eV/atom)

Rd
(nm) Ref.'

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

Ar
Kr
Kr
Kr
Kr
Kr
Kr
Mo
Xe
Xe
Xe
Xe
Xe
Xe
Pb
Pb
Pb
U

6.2
6.7
7.2
7.8
9.4

11
13
18
19
20
22
25
25.6
27.5
35
37
40
47

5
38.7
33~ 3
29.0
21.4
15.7
10.7
8.0

19.6
17.4
13.6
8.3
7.6
4.9

19.7
16.5
12.0
10.5

0.10
0.29
0.27
0.25
0.21
0.18
0.15
0.13
0.21
0.19
0.17
0.13
0.13
0.10
0.21
0.19
0.16
0.15

(6.0+2.0) 10
(2.1+0.5)10
(8.1+1.6)10-"
(1.0+0.2) 10
(2.3+0.5 ) 10
( 5.0+1.0)10
( 1.2+0.4) 10
(2.3+0.7) 10
(3.0+0.6)10
(4.4+0.4) 10
( 3.6+0.4) 10
(5.5+0.5)10
(6.4+0.7) 10
(8.2+ 1.0)10
(6.4+1.0) 10
(9.7+0.9)10
(8.2+1.5)10
(9.8+1.4) 10

0.14+0.03
0.26+0.03
0.51+0.05
0.56+0.06
0.86+0. 10

1.3+0.2
2.0+0.4
2.7+0.4
3.1+0.3
3.7+0.2
3.4+0.2
4.2+0.2
4.5+0.3
5.1+0.6
4.5+0.4
5.6+0.3
5.1+0.5
5.6+0.4

0.8
0.9
1.2
2.0
2.0
3.4
1 ' 5
1.8
2.4
3.0

4.6
9.7
9.3
8.8
7.9
7.1

6.3
5.6
7.7
7.3
6.7
5.6
5.6
4.5
7.7
7.2
6.5
6.2

9
14
14
14

8
14
14
10

8

8, 14, 10
14, 10
8, 10
10
10
16
16
16
14

'When several references are quoted, a mean value of A was adopted.
"Recalculated with TRIM91.
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yield evolution. The maximum Auences are between 10'
to 10' p/cm depending on the induced damage yield. A
degrador has been used whenever possible for covering
different values of dE/dx in the same irradiation for
Xe, ' Ta, Pb, and U irradiations. The dE/dx values were
calculated using the TRIM91 code.

For the analysis of the radiation damage, channeling
Rutherford backscattering (CRBS) was performed on all
the samples at the 4-MV Van de Graaff accelerator at the
Centre de Recherches Nucleaires of Strasbourg. Typical
results are presented on Fig. 1 showing CRBS spectra for
yttrium iron garnet Y3Fe50&2 in channeling conditions
for the irradiated and nonirradiated parts of the same
sample in the [111]direction. The random spectrum is
also plotted out (Fig. 1) and simulated with the SAM pro-
gram using the present experimental conditions (parti-
cle detector at 160, solid angle of 0.65 mrad and a num-
ber of particles of 6.3 X 10' a). Using the surface approx-
imation, the backscattering yield y was measured by ex-
trapolating the energy evolution of y over the first 60 nm
thickness up to the mean energy of the random edge.
The evolution of the fraction of damaged material Fd can
be calculated by (y; —y, )/(g„—y, ), where y;, y„,y„are,
respectively, the backscattering yields of the irradiated
sample and the virgin sample in channeling conditions
and in random orientation. The damage cross section 2
was extracted using a Poisson's law Fd = 1 —exp( —A Pt),
where P is the flux and t is the irradiation time. In the
present work, A defines the cross section of a cylinder in
which is created an amorphous phase as observed by elec-
tron microscopy. ' lt has been shown that the radius R
of latent track cylinder determined by high-resolution
electron microscopy' ' is directly correlated to the dam-
age cross section ' deduced from CRBS, ' or from
Mossbauer spectrometry' for values of 3 bigger than
3 X 10 ' cm (Ref. 14) through the relation A =nR

t.00

o.5o-

tg
E
Co

200
I

400

Channel

I

600 800

FICx. 1. Energy spectrum of backscattered He on yttrium
garnet thin film Y3Fe50». Curve 1: Virgin sample in channel-

ing conditions. Curve 4: Random oriented (experimental and

simulation IRef. 24]). Curves 2 and 3: 666-MeV "U irradiated,
respectively, 4X 10"p/cm and 9 X 10"p/cm .

III. RESULTS AND DISCUSSION

A. Damage cross section and damage morphology

The damage cross sections 2 deduced from the low-

energy experiments are given in Table III. Systematically
for the same value of dE/dx, the damage cross section
deduced from the low-energy experiments is higher than
the one deduced from the high-energy experiments (Table
II). The damage cross section reaches a maximum value
of approximately 1.5 X 10 ' cm, which was not ob-
served in the high-energy regime. ' Moreover for the
same value of dE/dx, the larger the difference between

TABLE III. Experimental data in the low-velocity ion regime. A, R„and D, are the damage cross section, the effective radius,
and the mean energy deposited, respectively. Rd is the cylinder radius in which 66% of dE/dx is deposited. v and c are the ion ve-

locity and the light velocity, respectively.

Sample
No.

dE /61%

Ion (keV/nm)
Mean energy Relative velocity
(MeV/amu) (p= v/c)

A

(cm )

R,
(nm)

D, Rd
(eV/atom) (nm) Ref.

19
20
21
22
23
24
25

26
27
28
29
30

31
32
33

F
S
Cu
Kr
Xe
Xe
Xe

U
Ta
Pb
Ta
U

Ta
Pb
U

3 ' 5

6.9
13'
17
19
24.6'
24.6

29
30
31
31.5
36

37.5
41
43.5

0.8
1.56
0.8
2.8
0.42
1.4
1.4

0.8
1.3
1

1.6
1.4

3.6
3.6
2.8

0.041
0.058
0.042
0.078
0.031
0.055
0.055

0.042
0.047
0.047
0.059
0.055

0.088
0.088
0.078

(7.9+0.8) 10
(3.5+0.4) 10
(5.3+0.9)10
(5.3+0.8) 10
(6.7+1.0)10
(1.3+0.2) 10
{1.1+0.2) 10

(1.2+0.3)10»
(1.3+0.3)10
(1.3+0.3)10
(1.4+0.3)10
( 1.5+0.4) 10

(1.4+0.3)10
(1.1+0.3)10
( 1.2+Q. 3)1Q

0.16+0.01
1.1+0.1

4.3+0.4
4.1+0.4
4.6+0.4
6.4+0.5

5.9+1.0

6.2+0.8
6.4+0.8
6.4+0.8
6.7+0.8

6.9+1.5

6.7+0.8
5.9+0.8
6.2+0.8

5.6
2.6

14.5
5.9
5.9

12.5
8.3

10.6
6.8
8.6

5.9
5.5
6.6

2.4
3.3
2.4
4.0
1.8
3.2
3.2

2.4
3.0
2.7
3.4
3.2

4.3
4.3
4.0

Present work
Present work

18
18
18
18

Mean value
of Table I

Present work
Present work
Present work
Present work
Mean value
of Table I

Present work
Present work
Present work

'Surface approximation (CRBS value).
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the ion velocities is, the larger the difference between the
damage cross sections. For example, at dE/dx =13
keV/nm, the difference in the damage cross section is
large: 5.3X10 ' cm and 1.2X10 ' cm for beam en-
ergies of 0.8 and 10.7 MeV/amu, respectively, while the
difference is small at dE/dx =40 keV/nm where the
measured damage cross sections are 11 X 10 ' and
8.2X10 ' for beam energies of 3.6 and 12 MeV/amu,
respectively. This result confirms the previous experi-
ments' ' ' over a larger range of dE/dx. The sys-
tematic difference between the low- and the high-velocity
ion regimes is only due to the fact that for the same value
of dE/dx, there are only two measurements of the dam-
age cross section corresponding to beam energies which
are around 2 MeV/amu for the lower-energy irradiation
and around 20 MeV/amu for the higher ones. Thus at
constant dE/dx one should observe a monotonical in-
crease of the damage cross section when the energy of the
different ions used decreases monotonically.

Studer et al. ' have linked the damage morpholo-
gy' to the damage efficiency e= 3/dE/dx (Fig. 2).
The appearance of a plateau in the high-velocity ion re-
gime was correlated to the existence of long and cylindri-
cal latent tracks. In the present experiment, the damage
efficiency is larger than in the previous experiments and
the plateau has disappeared (Fig. 2). A decrease of e
from 0.44 to 0.23 (eV/atom) ' for dE/dx ranging be-
tween 25 and 43.5 keV/nm is observed. Therefore, the
correlation between the damage efficiency and the dam-
age morphology is velocity dependent and another phe-
nomenological description has to be found.

Another representation is to calculate the effective ra-
dius R, from the amorphization cross section A =~R, .

This radius R, corresponds to a cylinder in which the
amorphous phase is concentrated and is plotted versus
dE/dx (Fig. 3). In the high-velocity ion regime, four
ranges of R, are defined taking into account the HREM
observations' and the chemical etching experiments. It
is only for R, )3. 1 nm that R, equals the radius of the
latent track observed by HREM. ' Applying this
description to the low-velocity ion regime, long and con-
tinuous cylindrical tracks should appear for dE/dx )9
keV/nm. This is in good agreement with an HREM ob-
servation carried out on the sample labeled 21 corre-
sponding to dE/dx =13 keV/nrn. ' In this representa-
tion (Fig. 3) in the low-velocity ion regime the extrapola-
tion to R, =0 gives a dE/dx threshold value of 3
keV/nm for the appearance of cylindrical latent tracks.
This value is much lower than the one determined previ-
ously. It confirms a higher efficiency of the damage
creation with a low-velocity beam.

Such a description is valid for other materials in the
high- and low-velocity ion regimes. In the high-velocity
ion regime, kriowing that the damage cross section in an
amorphous metallic alloy (a-FessB, 5 (Ref. [26]) is larger
than 3 X 10 ' cm (i.e., R, ) 3 nm) for dE/dx ) 32
keV/nm, the chemical etching was successfully undertak-
en at dE/dx =55 keV/nm. In the low-velocity ion re-

28, 29gime, the same conclusion arises for Si02 quartz.
28Chemical etching appears at dE/dx ~ 4.5 keV/nm,—13when the damage cross section is of the order of 10

cm (i.e., for R, = 1.8 nm). This phenomenological
description seems to be rather universal.

R (nm) 7

0.50

0,40 .
6
O
CO

0.30-
10 20 30 40 50

dE/dx (keV/nm)

3g 0-13 cm2

IV

A 10-13cln2

III

A = 10 14cm2

~o e

0.20 .

0, 10 .

0.00'
0 10 20 30 40 50

dEt'dx (keVlnm)

FIG. 2. Damage efFiciency (A/dE/dx) vs dE/dx for the
high-velocity regime (black dots) and the low-velocity regime:
(Cl) present work and Ref. 18; (A, Q) from Refs. 2, 4 and 5.
The lines are only to guide the eyes.

FIG. 3. Effective radius R, = &A /m vs dE/dx and the cor-
responding damage morphology. The symbols have the same

significance as in Fig. 2. The lines are only to guide the eye.
Range II: For R, &0.56 nm; A &10 ' cm, the electronic
damage overcomes the nuclear damage. The extended defects
are nearly spherical with a diameter of 3 nrn. Range III: For
0.56&R, & 1.8 nm; 10 ' & A & 10 ' cm, by overlapping
spherical effects, cylindrical defects of 3-nm diameter appear.
Range IV: For 1.8&R, &3.1 nm; 10 "&A &3X10 ' cm,
the cylindrical defects overlap and the chemical etching of la-

tent tracks begin to be efficient. Range V: For R, &3.1 nm;
A & 3X10 ' cm, the defects are long cylinders of amorphous
material and the damage is homogeneous inside the cylinder.
The range I where the damage arises from nuclear collisions

( A = 10 ' —10 ' cm ) is not represented on the figure.
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B. Damage cross section and localization
of the electronic energy deposition

0.8

r a a aaaai ~a a a aaaai a a r a san aap

NleV/amu g9.7 MeV/amu 3 6 MeV/amu

66%

0.4

This result clearly shows that dE/dx is not the most
relevant parameter to explain the damage evolution since
the spatial distribution of the energy deposited in the lat-
tice is velocity dependent. ' ' Semiempirical calculations
and numerical Monte Carlo simulations ' ' have pre-
dicted the initial radial distribution of the deposited ener-

gy D(r). Waligorski, Hamm, and Katz ' have proposed
an analytical formulation of D(r) by fitting the Monte
Carlo simulations. By integrating D(r) in a cylindrical
geometry, the fraction of the energy deposited in a
cylinder R is calculated and plotted in Fig. 4. The larger
the ion velocity, the larger is the volume in which dE/dx
is deposited. Two regimes appear: the core in which ap-
proximately 66% of the energy is deposited in a small
volume and a crown in which the remaining energy is de-
posited in a large volume. The energy density D, depos-
ited in the core ranges between 1 and 10 eV/atom while
in the crown it is between 0.01 and 0.1 eV/atom or less.
This large difference in the deposited energy in the two
volumes leads us to assume that the core energy could be
the driving force for the latent track appearance in non-
radiolytic materials. Thus for each incident ion we deter-
mine the cylinder radius Rd (Tables II and III) in which
66% of dE/dx is deposited and we calculate the mean
energy density D, . For latent tracks with a radius bigger
than 3 nm (i.e., only for long and cylindrical latent
tracks, regime V in Fig. 3) the damage cross section is
plotted versus D, (Fig. 5). The overall behavior of the
curve in Fig. 5 is independent of the initial conditions
needed to calculate D, . There is only a change in the D,
scale. Within the experimental scattering of the data
points, this representation is enticing since the larger D,
is the larger 2 up to a saturation value. Moreover, in
this representation the damage-cross-section value corre-
sponding to the lowest D, value in the low-velocity ion

1.6
H

1 0 2

O. S '-

a a a a a ~

27 28
26

0.4 ;

0.0 '

0
a ~ a a a a a a a a I

5 10
(eV/atom)

e

15

FIG. 5. Damage cross section 3 vs the energy density D, in
the core of the spatial distribution of the deposited energy. (~ )

High-velocity ion regime; (CI) low-velocity ion regime. The
number in the symbols corresponds to the sample number (first
columns of Tables II and III).

IV. CONCLUSIONS

regime (Kr, sample 22) is in agreement with the ones
measured in the high-velocity regime for same value D, .
But two points are still out of the frame and lead to ques-
tions: (1) The xenon irradiation (sample 23) shows a de-
crease of 3 for the highest value of D, . Other experi-
ments have to be done to confirm this decrease. (2) The
copper irradiation (sample 21) has shown a damage cross
section out of the general behavior. It should be noted
that these two results correspond to the lowest velocity
used and, if confirmed, this could show the limits of the
present explanation. Consequently one can assume that
energy density D, would be a better scale of the damage-
cross-section A evolution since it takes into account the
linear energy transfer and the spatial energy distribution.
Secondary ion emissions were greatly used in order to
study the effect of intense electronic excitation ' and
the same velocity effects were also observed: The yields
of atoms desorbed do not follow the dE/dx evolution
and the maxima are shifted toward lower velocities.
However, a correlation on the same material between
the yields of atoms desorbed and the radius of latent
track is lacking in the damage morphology range corre-
sponding to a long and cylindrical amorphous phase
(R, ~ 3 nm) even for SiOz quartz. ' So a detailed
experimental comparison between bulk latent tracks and
secondary ion emissions by intense electronic excitation is
presently not possible.

a a ~0 0
10 10 10 10 10 10

R (nm)

FIG. 4. Fraction of the deposited energy in a cylindrical ra-
dius R vs the cylinder radius R deduced from Waligorski,
Hamm, and Katz (Ref. 21). The energies quoted on the figure
correspond to the irradiation conditions of samples 26, 32
(Table III), and 15 (Table III), respectively.

Yttrium iron garnet has been irradiated by several ions
at low energy (E, =0.8 —3.6 MeV/amu for dE/dx rang-
ing from 3.5 to 43.5 keV/nm) and is compared with pre-
vious works (5 ~ E; + 38.7 MeV/amu and
6.2 (dE/dx (47 keV/nm). At the same value of
dE/dx, the damage cross section deduced from present
experiments is higher than the previous determination
over a wide range of dE/dx. It can be observed that the
higher the difference in the beam velocity is, the higher
the difference in the damage cross section. An effective
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radius R, has been extracted from the amorphization
cross section and has been plotted versus dE/dx. The
extrapolation to R, =0 has given a threshold value (=3.0
keV/nm) which confirms a higher efficiency of the dam-
age creation with low-velocity heavy ion beam. Using the
analytical formulation developed by Waligorski et al., we
have determined the cylinder in which 66% of dE/dx is
deposited. The damage cross section is plotted versus the
deposited energy density D, . It has been shown that for

the high-energy regime, the damage cross section linearly
increases versus D, while the damage cross section in the
high-energy regime reaches a saturation value. This
work indicates that the electronic stopping power is not
the only key parameter in the creation of tracks. The en-

ergy density has to be determined provided that the spa-
tial energy distribution is dependent on the ion velocity,
and the damage cross section is dependent on the lateral
distribution of the energy deposition.
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