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Abstract In the present paper, latent track formation in yttrium iron garnet (YIG) produced by high energy Ar ions

is briefly reported at first. Then, in the framework of thermal spike model, a phenomenological parameter describing

the effective energy transfer from excited electrons to lattice atoms, effective energy deposition Qefr, is deduced. Qe

is a function of ion velocity, electronic energy loss (S¢) and mean free path A of excited electrons in the matter, and is

a time moderate term initialized by Waligorski’s function of spatial energy deposition of secondary electrons ejected

by incident ions. Size of ion latent track is proportional to Qetr value. From Qefr obtained by use of realistic A values,

the sizes of latent tracks in SiO2, YIG, Ti and Zr produced by given swift heavy ion irradiations are deduced and

compared with experimental results. It is found that, from the fits to experimental results, the best A values for SiOz,

YIG, Ti and Zr are (6x1), (8£2), (6.1£1.0) and (9.6£1.0) nm, respectively. Moreover, the relationship between ex-

perimental damage and Qefr is discussed.
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1 Introduction

When passing through a matter, an energetic ion
loses its energy via collisions with target nuclei and
electrons. The energy losses on target nuclei and elec-
trons, named nuclear energy loss S, and electronic
energy loss S, will result in defect creations (point
defect creation, clustering of defects, phase change of
a crystal, and so on) in the matter. In solids, dense de-
fects created in the wake of a single ion is called latent
track.

In the case of swift heavy ion irradiations, Sc may
be 1000 times higher than S,, and it will play an im-
portant role in the ion latent track formation. Indeed,
since the new generation of GeV heavy ion accelera-
tors such as VICKSY at Berlin, UNILAC at Darm-
stadt, GANIL at Caen and HIRFL at Lanzhou ap-
peared in the 1980’s, especially high mass cluster par-
ticles such as Cgo projectile being accelerated to MeV,
the range of S has been enlarged up to or much higher

than that corresponding to Bragg peak of a uranium

beam and then the ion latent track formation by S. was
extensively studied. It is now well known that very
high Se can induce latent track formation in solids
even if in pure metals.['>) Two models, thermal spike
model [#! and Coulomb explosion spike model,!"!
have been used to explain defect creation and ion
track formation in various condensed materials. In the
time scale of a swift heavy ion passing through a met-
al, the duration of nuclear collision between the inci-
dent ion and a target atom is extremely short (of the
order of 107'° s) and the electronic excitation induced
thermal spike will last long enough (about 107'2—
10%) compared to the lattice excitations (phonon
frequency of the order of 10'* s!). Thus, the electronic
process will cover the nuclear process. The purpose of
the present paper is, based on the thermal spike model,
to give effective energy deposition Qcs, a phenome-
nological parameter, which can be used to simply
evaluate magnitude of the energy of excited electrons
converted into kinetic energy of the target atoms and
the formation of ion tracks in solid materials.
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In the following, damage formation in yttrium
iron garnet YIG (Y3FesO12) produced by high energy
argon ions is briefly reported at first. Then, in the
framework of thermal spike model, the energy transfer
from excited electrons to the target atoms is discussed
and the Qefr is deduced. From Qcf, ion track radii in
several solid materials are evaluated. Furthermore, the
affection of some irradiation parameters to damage
level in solids is also discussed.

2 Latent track in YIG produced by high
energy argon ion irradiation

Stacked polycrystalline YIG samples with 5 mm
in diameter and 60-120 um in thickness were irradi-
ated with GeV energy “°Ar ions delivered from HIRFL
at temperature (195+£0.1) K. The irradiation induced
amorphisation of YIG was investigated by use of
MoOssbauer spectra and saturation magnetization
(4nMs) analysis. In the analysis the fraction of dam-
aged material Fq is described by Poisson’s distribution
Fs=1-exp(—o¢) where ¢ is the ion irradiation fluence
and o is the damage cross section. If we consider that
o corresponds to the theoretical cross sectional area of
the latent track, there is o= mR.> where R. is the track
radius. Some results of YIG irradiated with swift Ar
ions are shown in Table 1, where Ej, and Eqy are the
energies of ion beam in and out of the sample respec-
tively, and <S¢> is the mean S, value in the sample.
From the deduced R. values, we can see that they are
in the region II criticized by Meftah et al.!*! and it im-
plies that though the electronic damage may overcome
the nuclear damage, the extended defects are nearly
spherical and no continuous track formation could be
concluded in the condition of the present work.

Table 1 Damage cross section o of YIG under high energy
argon ion irradiation

Ein Eoul < Se > o Re

MeV) (MeV) (keV-nm!) (nm?) (nm)

960 724 2.9 0.011+0.004  0.06+0.01
720 434 5.8 0.13£0.05  0.20+0.04
427 45 6.2 0.26£0.10  0.29+0.05

3 Effective energy deposition by Se and ion
track formation

Because the relationship between the energy of
the excited electrons and the motion energy of target
atom is still an open question, it is difficult to trace the
entire details of damage process in solids under irradi-
ations. In order to face the challenge of describing
how the energy deposited into the target electrons
transfers to atomic motions and induces latent track
formation, a phenomenological parameter called ef-
fective energy deposition to target atoms from excited
electrons, Qefr, is introduced based on the thermal
spike model.

In the thermal spike model of the interaction of
energetic ion with matter, it is assumed that the energy
deposited instantaneously in a very small region, pro-
ducing a localized increase of temperature which
spreads and cools according to the classical laws of
heat conduction in a homogeneous continuum. In a
cylindrical geometry with the center of ion path as the
cylinder axis, the energy transfer process for the

atomic system can be expressed as
C(T)%=V[K(T)VT]+A(r,t) (1)

where C(T), K(T) and T(r,t) denote the specific heat,

thermal conductivity and absolute temperature, r and t

denote the cylinder radius and time, respectively. A(r,t)
is the energy density rate converted from excited elec-

trons to target atoms at r and t, and there is

2

A(rt) =———>¢ exp{—%—lJ
n(Ry +4At/0)r Ry +4At/t ¢

)
with A and 7 are the mean free path and relaxation
time of excited electrons in the matter, Rqis a critical
radius determined by fitting the original expression
given by Waligorski et al.l'” and is a function of the
incident ion energy and the target properties. Taking
into account two boundary conditions of the energy
transfer process for the atomic system:

i) t=0, there is V(KVT)=0, C(dT/ot) 1=0=A(r,0),
and ii) t=ty, there is OT/0t=0, T=Tmax, V(KVT)HO:
—A(I’, to),
the maximum energy transfer from excited electrons
to atomic system within a cylinder body with radius r,
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effective energy deposition
Qerr(r,to), can be expressed as

rt

Q. (1,t,) = j j C—2nrdrdt

)

= [[[V(KVT)+ A(r,t)]x 2zrdrdt

o'—,*

z[l exP( 2/Rj)][l—exp(—to/r)] (3)

If Qeri(r,to) is equal to the energy needed to melt the
material within the cylinder, we denote that the latent
track radius is r=R.. Moreover, we suppose that
to/=R0o*/(44%). Thus, there is

R?=R; |:l exp(—i—zﬂ{l exp[ f};ﬂ 4)

S
with R7 = H
e

Tm
and AH, = deT +L, where

f T,

Tir, Tm and L are irradiation temperature, melting
point and latent heat of the target material, respective-
ly. In Eq.(4), 4 is the only free parameter. For a mate-
rial with given energetic ion irradiation, Tir, Tm, L, Se
and Rq are known and thus the ion latent track radius

can be deduced by Eq.(4) using realistic A value.

4 Results and discussion

Sizes of ion tracks in SiO,, YIG, Ti and Zr under
Table 3 Latent track in SiO2

energetic heavy ion irradia-
tions have been evaluated by use of Eq.(4). Table 2
gives the used A/, and A values in which Ti»=300 K is
considered.

Table 2 Mean electron free path A and melting energy AHs
values of several selected materials

Parameter Y3FesO12 SiO>  Ti Zr
A (nm) 8+2 6x1 6.1+1.0 9.6+1.0
AHf (eV-nm?) 375 304 419 30.5

Tables 3-5 show the comparison between the
calculated and experimental values of ion tracks, Rcal
and Rexp, in Si0,, YIG, Ti and Zr. It is found that the
best fits to Rexp occur when A=6x1, 812, 6.1£1.0 and
9.6£1.0 nm are used for SiO,, YIG, Ti and Zr, respec-
tively. Considering larger A values corresponding to
smaller Rexp values, the size of ion track is mainly af-
fected by the A value for the condition that R4 is much
smaller than Ry. More complete numerical calcula-
tions for the determination of the sizes of latent tracks
in SiO,, YIG, Ti and Zr were reported by Meftah et

31 and Wang et al.’®), and the corresponding A val-
ues were given as (4.0£0.3), (6.3£0.3), 6.1 and 9.6 nm.
The similarity of the A values obtained in the present
work and the previous reports suggest that latent track
formation in solids by Sc can be expressed by a tran-
sient thermal spike process and characterized by the
effective energy transfer from excited electrons to
target atoms.

Ton E (MeV-amu!) Se (keV-nm™) Rd (nm) Real (nm) Rexp (nm)[!
O 1.88 1.61 4.2 0.42£0.07 0.15+0.02
F 0.79 2.44 2.9 0.94+0.14 0.6x0.1
S 1.56 4.6 3.8 1.7£0.3 2.0£0.3
Cl 4.29 3.82 5.7 1.1+£0.2 1.1£0.1
Ni 5.82 7.1 6.5 2.240.3 2.620.3
1.9 9.2 4.2 3.620.5 3.7£0.4
Cu 0.17 5.2 1.5 22404 2.740.3
0.79 9 2.8 3.7£0.5 2.940.3
Kr 3.4 12 5.2 4.5+0.6 3.210.5
I 1.48 16.4 3.7 6.210.7 4.0£0.4
Te 2.1 15.2 43 5.8+£0.8 5.2+0.8
1.2 17.4 3.5 6.5£0.8 4.5+0.4
Xe 1.5 16.7 3.7 6.31£0.8 4.0+0.4
Ta 1.1 19.2 33 7.1+£0.8 5.440.5
Pb 1.0 20.9 3.2 7.5£0.8 5.410.6
5.0 27.8 6.2 9.4+0.9 8.2+1.0
0.30 14 1.9 5.440.7 5.5+1.0
U 1.52 27.2 9.5 8.4+0.8 8.242.0
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Table 4 Latent tracks in Ti and Zr

Sample Ton E (MeV-amu') Se (keV-nm) Rd (nm) Real (nm) Rexp (nm)B]
Ti Pb 4.06 36 3.8 9.1£0.8 ~2.5

Coo 0.025 43 0.5 10.4£0.9 10.0£2.5
Zr U 233 41 5.1 9.71+0.8

Ce0 0.025 44 0.5 10.3+0.8 7.5£2.5

Table 5 Sizes of ion latent tracks in YIG

Ion E (MeV-amu) Se (keV-nm™) Rd (nm) Reat (nm) Rexp™* (nm)
S 1.56 6.9 33 1.7£0.4 1.1£0.1
Ar 19.6 29 7.7 0.33+0.08 0.06+0.01
8.1 5.8 5.6 1.1+£0.3 0.20£0.04
5.9 6.2 4.9 1.3+0.4 0.29+0.05
Cu 0.8 13 2.4 3.3+0.8 4.3+0.4
Kr 38.7 6.7 9.7 0.88+0.19 0.26+0.03
333 7.2 93 1.0+£0.3 0.51+0.05
29.0 7.8 8.8 1.2+0.3 0.56+0.06
214 9.4 7.9 1.7+£0.4 0.86%+0.10
15.7 11 7.1 2.240.5 1.3+0.2
10.7 13 6.3 2.840.6 2.0+0.4
8.75 15 5.8 3.4+0.8 2.87+0.33
2.8 17 39 42+1.0 3.30+0.30
2.8 17 39 42+1.0 4.1+£0.4
3.28 194 4.1 4.7+1.0 3.89+0.41
Te 1.24 22.8 2.9 5.5+1.2 5.92+0.54
2.17 26 3.6 6.2+1.3 5.97+0.56
Xe 0.42 19 1.8 4.7+1.0 4.620.4
1.74 20 73 4.4+1.0 3.7+0.2
1.36 22 6.7 5.0+1.1 3.4+0.2
14 24.6 3.2 5.9+1.2 6.410.5
1.4 24.6 3.2 5.9+1.2 5.9+1.0
8.3 25 5.6 5.9+1.2 4.240.2
7.6 25.6 5.4 6.0£1.3 4.5+0.3
4.9 27.5 4.5 6.5+1.3 5.1+0.6
Mo 8 18 5.6 42+1.0 2.7+£0.4
Ta 1.3 30 3.0 7.1+1.4 6.410.8
1.6 31.5 34 7.4+1.5 6.7+0.8
3.6 37.5 4.3 8.6+1.6 6.7+0.8
Pb 1.3 31 3.0 7.3%1.4 6.4+0.8
29 35 8.8 7.5%1.4 5.30+0.30
19.7 35 7.7 7.8%1.5 4.5+0.4
16.5 37 7.2 8.2+1.6 5.6+0.3
12 40 6.5 8.6+1.7 5.1+0.5
3.6 41 4.3 9.3+1.6 5.9+0.8
5 43 4.7 9.6£1.6 6.53+£0.74
U 0.8 29 2.4 6.9t1.4 6.2+0.8
1.4 36 3.2 8.3%1.5 6.9£1.5
2.8 43.5 4.0 9.8+1.7 6.240.8
10.5 47 6.2 10.3£1.9 5.6+0.4
Aug 25.4 17.6 0.30 4.3+1.0 4.240.2
Cao 55.8 26.1 0.58 6.2+1.3 5.7+0.4
Ce0 22.5 474 0.51 10.5+1.7 8.4+0.2
28.1 54.1 0.55 11.7+1.8 9.4+0.4
41.9 67 0.64 13.9+1.8 10.1+£0.4
55.8 78.3 0.73 15.5+¢1.8 10.7+0.6

Rexp values of Ar ions are from the present work, while the others are from Refs.[2-4].

In the quasi-free electron model, A can be ex- tron-phonon coupling factor and specific heat for
pressed as A=,/D,r where D. is the electronic electron system of the target material. D. and 7 depend

thermal diffusivity, and 7 is linked to the elec- on temperature and target electron structure'!l and
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their determinations are still

3811 Despite of like that, our analyses

in question.!
confirm that, whether in solid insulators or in solid
pure metals, the A value is the main parameter gov-
erning the formation of ion latent tracks in the selected
materials. From Eq.(4), it is also found that the ion
with higher velocity (Rq is larger) and lower tempera-
ture irradiation will produce latent track with smaller
size, and inversely, produce larger size track. The
same energetic ion irradiation will produce smaller
size track in the material with larger AHr value. By the
way, if we consider a given solid and take r = 4 in
Eq.(3), the Qcsr varies only with Rgq and S, which can
be used to explain the damage level in solids where
there is no track formation.

Based on the analyses shown above, one point of
view can be raised: from the experimental irradiation
results for a material we can deduce the A value, and
then can study the mechanism of energy transfer from
excited electrons to target atoms.

5 Summary

Latent track formation by S¢ in solid materials is
closely connected to the mean free path A of excited
electrons and the energy AHr necessary to melt. The
track radii increase as A and AHr decrease. These con-
clusions have been confirmed by experiments and the
analyses in the present work. From the idea of the ef-
fective energy transfer from excited electrons to target
atoms, the size evaluation of latent tracks was made
for SiO,, YIG, Ti and Zr which were well studied ex-

perimentally. It is found that
the best fit to experiments is obtained when A4 = (6+1),
(8%2), (6.1£1.0) and (9.6£1.0) nm were used for SiOs,
YIG, Ti and Zr, respectively. Furthermore, for the irra-
diation performed in the present work, argon ions with
several hundreds MeV can not produce continuous
latent track in YIG.
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