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Track formation in SiOz quartz and the thermal-spike mechanism
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a-quartz has been irradiated with heavy ions: ' F, ' S, and 'Cu at an energy of about 1 MeV/amu in

order to cover a range of electronic stopping powers dE/dx between 2.4 and 9 keV/nm and "Ni, ' Kr,
Te, ' Xe, ' 'Ta, and Pb between 1 and 5.8 MeV/amu for dE/dx )7 keV/nm. The extent of the in-

duced damage is determined using Rutherford backscattering ion channeling with a 2-MeV 4He beam.
The damage cross section A is obtained using a Poisson law Fd = 1 —exp( —A Pt ), where P is the flux and
t the irradiation time. This damage cross section is linked to the effective radius R, through the relation
A =m.R„where R, is the radius of an equivalent cylinder of damage. Using high-resolution electron mi-

croscopy, cylinders of amorphous matter have been observed, whose radius corresponds to R, when the
track is continuous (i.e., for A ) 1.3 X 10 ' cm; R, & 2 nm). A thermal-spike model is applied to calcu-
late the radii of the observed tracks assuming that the observed amorphous cylinders correspond to a
rapid quench of a molten liquid phase along the ion path. The model is applied only when the latent
track is continuous and cylindrical. A good agreement is obtained taking into account that the initial
spatial energy deposition on the electrons depends on the ion velocity.

I. I¹RODUcaxON

In most insulators a strongly damaged zone is induced
along the ion path by the slowing down of a swift heavy
ion. Although much work has been done over the past
30 years' in order to describe the latent tracks, the
damage mechanism is still unclear. Several authors have
proposed different models in order to explain these mech-
anisms. For insulators resistant to radiolysis one may
think of the thermal spike, the ionic spike' (where atom-
ic motion is induced by the electrostatic repulsion of
close neighbor ionized atoms) or more reflned models. '

For example, the role of target inner-shell electron excita-

tions was invoked, as a source of local intense ionizations,
which trigger the damage formation process. However
it has been shown experimentally' that it is not neces-
sary to invoke the inner-shell electron excitation as the
major cause of the damage formation process. If the
ionic-spike model was proposed to account for the track
formation, ' Sigrist and Balzer" have shown later on that
the electronic stopping power threshold as deduced from
the chemical etching of several insulators cannot be
scaled by the parameters governing the ionic spike. On
the contrary a better correlation appears between this
threshold and the thermal conductivity of these insula-
tors. In the same way, the electronic sputtering' ' was
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also interpreted on the basis of a thermal process. Hence
it appears that the thermal spike could be the predom-
inant mechanism of the induced damage.

An other argument is in favor of the thermal spike: In
the past the ionic-spike model has been developed to take
into account the nonoccurrence of latent tracks in metal-
lic materials. On the contrary, numerous recent experi-
ments have shown that the electronic stopping power is
efficient to create damage in crystalline metals, ' ' in
amorphous metallic and semiconductor materials. '

From all these results it appears that materials with a
strong electron-phonon coupling such as amorphous me-
tallic alloys, or crystalline Ti and Fe, ' and materials with
a low value of melting point such as Bi,' are sensitive to
intense electronic excitations. These observations are in
favor of the thermal-spike model which describes the re-
laxation of the deposited energy through the electron-
electron and the electron-phonon interactions. The
thermal-spike model ' was developed further and could
explain quantitatively the damage creation in amorphous
materials ' and in pure metals. ' In insulators, electrons
can readily interact with the polar and acoustic modes of
the lattice vibrations indicating a strong electron-phonon
interaction. Based on this property of the insulators, the
thermal-spike model was previously developed to account
qualitatively for the latent tracks. ' ' Hence it is now
proposed to consider the conclusions of Sigrist and
Balzer" in the framework of the thermal-spike model. '

For this purpose SiOz quartz has been chosen in order to
quantify experimentally the damage induced by swift
heavy ions. In Si02 quartz all the physical and structural
properties are well known in both its crystalline and
amorphous phases. a-quartz (crystalline Si02) is known
to be sensitive to high electronic excitations. " ' But
there are only some scarce data' on the damage cross
section evolution after swift heavy-ion irradiations.
Therefore a systematic study of the damage creation in
Si02 quartz has been undertaken over a wide range of the
electronic stopping power (1.6 keV/nm&dE/dx &27.8
keV/nm). The radii of the latent tracks have been mea-
sured using Rutherford backscattering ion channeling
(RBS-C) and electron microscopy. Furthermore the
thermal-spike model is applied to calculate the radii of
the observed latent tracks assuming that the observed
disordered cylinders result from a rapid quench of a mol-
ten liquid phase.

II. EXPERIMENTAL CONDITIONS
AND DAMAGE ANALYSIS

Slabs of synthetic optical quality, u-quartz single crys-
tals, were purchased from "Quartz et Silice." They were
1.5 mm thick and covered with a 50-nm carbon layer in
order to avoid electrostatic charging during irradiation or
analysis.

Several different irradiations were performed at room
temperature at the 7-MV tandem Van de Graaff at
Bruyeres le Chatel and at the Grand Accelerateur Na-
tional d'Ions Lourds (GANIL) accelerator in Caen using
the medium energy line facility. The different experi-
mental conditions are the following for the Van de Graaff
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FIG. 2. The effective radius R, = &A/m. vs the electronic
stopping power dE/dx. A is the damage cross section. ~:
present work, 0: (Ref. 9), 8: electron microscopy (present
work).

FIG. 1. Energy spectra of backscattered He on a-quartz.
Curve 1: (0001) virgin sample in channeling conditions.
Curves 2 and 3: 11 MeV Cu irradiated quartz, at 1.4X10'
and 2.8X10' cm, respectively. Curve 4: Virgin sample ran-
domly oriented.

accelerator: ' F, S, and Cu beams were used at in-
cident energies of 0.79, 1.56, and 0.79 meV/amu, respec-
tively, in order to cover a range of dE/dx between 2.4
and 9 keV/nm. Degradors before the samples were used
to get different values of dE/dx with the same ion beam.
For the GANIL accelerator, the beams were Ni, Kr,

Te, ' Xe, ' 'Ta, and Pb at incident energies of 5.8,
3.4, 2.1, 1.5, 1.1, and 5.0 MeV/amu with dE/dx ) 7
keV/nm, also by using a degrader when possible. The
dE/dx values were calculated using the TRIM 91 code.
The beam flux was of the order of 10 ions/s/cm at the
tandem Van de Graaff and 3X10 ions/s/cm at the
GANIL accelerator. The maximum fluences range be-
tween 10" and 10' ions/cm depending on the induced
damage yield.

For the analysis of the radiation damage, Rutherford
backscattering ion channeling (RBS-C) was performed on
all the samples at the 4-MV Van de Graaff accelerator at
the Centre de Recherches Nucleaires in Strasbourg. Fig-
ure 1 shows some RBS-C spectra of irradiated and nonir-
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TABLE I. Experimental data. A, R„andR~ are the damage cross section, the efFective radius of
the latent track, and the radius cylinder in which 65% of dE/dx is deposited, respectively.

Sample
number Ion

Energy Rz (Ref. 32) dE/dx
[MeV/amu] [nm] [keV/nm]

A

[cm']
R,

[nm] Reference

16~

2 19F

"Cl
4 32$

5 Cu
6 '8Ni

7 "Cu
8 "Ni
9 Kr

10 128

127I

13 128T

181Ta

208Pb

238U

17 208pb

18 ' 'Pb [Micr.]

1.88
0.79
4.29
1.56
0.17
5.82
0.79
1.9
3.4
2.1

1.48
1.5
1.2
1.1
1.0

15.2
5.0
0.3

4.2
2.9
5.7
3.8
1.5
6.5
2.8
4.2
5.2
4.3
3.7
3.7
3.5
3.3
3.2
9.5
6.2
1.9

1.61
2.44
3.82
4.6
5.2
7.1
9.0
9.2

12.0
15.2
16.4
16.7
17.4
19.2
20.9
27.2
27.8
14.0

(7.5+1.5)10
(1.1+0.3)10
(4.0+0.8)10 '

(1.2+0.3)10
(2.2+0.4)10
(2.1~0.4)1O-"
(2.6~0.S)1O-"
{4.220.9)10
(3.3+1.0)10
(8.5+2.5)10
(5.0~1.0)10-"
(5.0~1.O) 1O-"
(6.3+1.0)10
(9.1+1.6)10
(9.3+2.1)10
(2.1+1.0)10
(2.1+0.5)10

0.15+0.02
0.6+0.1

1.1+0.1

2.0+0.3
2.7+0.3
2.6+0.3
2.9+0.3
3.7+0.4
3.2+0.5
5.2+0.8
4.0+0.4
4.0%0.4
4.5+0.4
5.4+0.5
5.4+0.6
&.2+2.0
8.2+1.0
5.5+1.0

9
Present work
9
Present work
Present work
Present work
Present work
9
Present work
Present work
9
Present work
Present work
Present work
Present work
9
Present work
Present work

radiated Si02 quartz in channeling conditions along the
(0001) direction. Using the surface approximation, the
backscattering yield g was measured by extrapolating the
energy evolution of y over the first 500-nm up to the
mean energy of the random edge. The evolution of the
fraction of damaged material F& can be calculated

(y; —y„)/(y„—y„),where y;,g„,y„are the backscatter-
ing yields of the irradiated sample and of the virgin sam-

ple in channeling conditions and in random orientation,
respectively. The damage cross section A was extracted
using a Poisson law Fd =1—exp( —Aft), where P is the
fiux and t the irradiation time. The damage cross sec-
tions A deduced from Ref. 10 and from this work are
given in Table I. The effective radius R, (Ref. 6) is de-
duced from the damage cross section A =nR, and is
plotted versus dE/dx (Fig. 2). R, corresponds to the ra-
dius of an equivalent cylinder in which the disordered
phase is concentrated.

trix. The number of white dots (1.2X10" holes/cmi) is
quite in agreement with the fiuence (1.4X10" Pb/cm~)
suggesting that they correspond to the latent tracks. The
high-resolution electron microscopy (HREM) study was
performed with a TOPCON 002B electron microscope
having a point resolution of 0.18 nm. The HREM image
(Fig. 4} corresponds to the projected electron density im-

age of the (0001) crystallographic plane of a-quartz.
The inset (Fig. 4} shows the amorphous character of the
latent track core in the crystalline matrix. From such an
image, the radius of the amorphous cylinder can be easily
measured: R =(5.5+1.0) nm. This radius is in agree-
ment with the efFective radius deduced from the RBS-C
experiments (see Table I; R, =5.2 nm at dE/dx =15.2
KeVlnm). This result is also in agreement with the pre-
vious observation. ' The typical long and cylindrical

III. ELEC.TRON MICROSCOPY

A sample irradiated by lead ions was examined by elec-
tron microscopy. The nonirradiated face of a single crys-
talline slab has been chemically thinned in a Quorhydric
acid solution down to 80 IMm thickness. The slab was
then thinned down on both faces by an argon beam in a
Tech Ltd. ion-milling system leaving a hole in the center
of the slab. The edges of the hole in the middle of the
thickness at 40 pm from both faces were observed. This
part of the sample corresponds approximately to a beam
energy of the order of 0.3 MeV/amu (dE/dx = 14
keV/nm).

The bright-field images (Fig. 3), obtained from a JEOL
200 CX transmission electron microscope, show a distri-
bution of almost circular and regular areas exhibiting a
white contrast with regard to the surrounding dark ma-

FIG. 3. Medium resolution electron microscopy observation
of Si02 quartz irradiated by Pb ions (E=0.3 MeV/amu;
Pt = 1.4X 10"ions/cm ).
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FIG. 4. High-resolution electron micro-
graph of an amorphized fragment of Si02 irra-
diated by Pb ions {0.3 MeV/amu). The elec-
tron diffraction in the inset shows typical
diffuse rings indicating the presence of the
amorphous phase.

shape of the latent tracks appears only R, &2 nm (or
A & l. 3 X 10 '3 cm ), (as observed by HREM, R, =R ).

Under the electron beam of the microscope used for
the observation, the image appears stable during a few
minutes. Then as observed by Pascucci, Hutchinson, and
Hobbs the latent track radius starts to increase induc-
ing a progressive and complete amorphization of the ma-
trix. The phenomenon occurs sooner when increasing
the electron beam fiux.

IV. THE EFFECT OF THE ION VELOCITY
ON THE DAMAGE YIELD

Recently ' it has been shown that the damage cross
section in yttrium iron garnet Y3Fe50,2 is higher at low
ion velocity than at high ion velocity for the same value
of dE/dx. Katz and Kobetich have calculated the spa-
tial energy distribution of the energy deposited on the
electrons: This distribution is broader at high velocity

than at low velocity. That is to say that for the same
value of dE/dx the local deposited energy per unit
volume is larger at low velocity than at high velocity.
Waligorski, Hamm, and Katz have proposed an analyti-
cal formula to describe the radial profile of the spatial en-
ergy deposition deduced from a fit of Monte Carlo re-
sults. Using this formula, the fraction of deposited ener-

gy in a cylinder of radius Rz is calculated and reported in
Fig. 5 for different values of the incident energy. As it
was defined for Y3Fe50,z,

' the Rz value (Table I) is the
radius of a cylinder which absorbs 65%%uo of the incident
energy. For each value of dE/dx, the energy density D,
is defined as

0.65(dE /dx )

N, 77Rd

where N, is the atomic density. The effective radius R, is
plotted versus D, in Fig. 6. A guide line links the
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FIG. 5. The fraction of the deposited energy in a cylinder of
radius R vs R, deduced from the calculation from Waligorski,
Hamm, and Katz {Ref.32). The incident ion energies are quot-
ed on the curves.

FIG. 6. The effective radius R, vs the energy density D, de-

posited in the core of the track. The lines are only to guide the
eyes and link the R, values corresponding to a speci6c range of
R&, where Rz is the radius of the cylinder in which 65% of
dE/dx is deposited.
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different values of R, corresponding to a specific range of
R&. When the same energy density is deposited in a
larger cylinder, the effective radius R, (or the damage

cross section) is larger. Knowing Rd and D„such a
description (Fig. 6) enables one to predict the amount of
ion-transformed quartz for any projectile at any velocity.
Values of R, in yttrium garnet can also be plotted out as
a function of D, (Ref. 31) and one can now explain all the
previous results in Y3Fe,0,2.

V. CALCULATION OF THE LAIL;NT TRACK RADII:
THE THERMAL-SPIKE MODEL

The thermal-spike model was used ' in order to calcu-
late the radii of the latent tracks in amorphous semicon-
ductors and metallic materials assuming that the latent
tracks result from a rapid quenching of a liquid phase. In
the same way, it is assumed that amorphous Si02 results
from a quench of liquid Si02. This result is based on the
fact that the observed phase transformation induced by
heavy-ion irradiation may result from an increase of the
lattice temperature through a two step process: thermali-
zation of the electrons via electron-electron interaction
and transfer of the deposited energy to the lattice via the
electron-atom interactions. An analytical solution of this
process is given by two coupled equations 2'2~'34 which
describe the energy diffusion and the energy exchange
over the electronic and over the atomic subsystems, re-
spectively.

The mechanism of heat transfer from the electrons to
the lattice depends on whether the material is a metal or
an insulator. In metals, the heat conduction due to free
electrons essentially results in the replacement of hot
electrons inside the excited region by cold electrons from
the periphery of the region. In insulators, the charges are
immobile and there are no free electrons outside the ex-
cited region. Therefore Baranov et al. ' proposed the
following description: Hot electrons in the conduction
band behave like in metals. The energy dissipation in the
electronic system proceeds via bound electrons, when hot
electrons ionize atoms at the periphery of the excited re-
gion. The energy spread ceases when the electron tem-
perature becomes less than the optical band gap. But the
parameters describing the energy relaxation on the elec-
tron subsystem and the energy transfer to the atoms can-
not be determined as in a metal. ' Hence we shall only
use a simplified model of the thermal spike ' which sup-
poses that all the parameters describing the thermal evo-
lution of the excited electron system are constant. In this
model the main parameter is the mean free path of the
electron A, . The electron scattering taking into account
the electron-electron and electron-atom interactions are
included in A, . '

A, =&Dr where D is the thermal elec-
tron diffusivity of the hot electrons' and ~ the electron-
atom relaxation time. This parameter A, is the only free
parameter which is linked to the confinement of the ener-
gy deposited on the electrons by the optical band gap. '

Then the equation describing the energy dimusion equa-
tion on the electrons can be analytically solved. This
gives the amount N(r, t) of energy exchanged with the
atoms. Then only the heat de'usion on the atoms is nu-

merically solved. In that case the atomic temperature is

given by

E 1, t 1
N (r, t) = —exp —— exp

dx r r 4~tr~
J

where

2

4~2

Rg
0 = +Dt.

4

The thermal diffusivity of the excited electrons is in-
dependent of temperature and equal to 2 cm2/s. 3s'3s It
corresponds to a mean free path of one interatomic dis-
tance for an electron excited in the conduction band.
Two values of D and r leading to the same value of A, will

give the same result for the calculation, if D ranges be-
tween 1 and 10 cm /s.

Since all the parameters in the energy diffusion equa-
tion on the atoms are temperature dependent (Table II),
only a numerical solution has been performed taking also
into account the solid~liquid phase transition when the
temperature exceeds the melting temperature. In such a
calculation, the temperature evolution ' is followed
versus time in successive rings of matter around the ion
path. The purpose is to determine the radius of the
cylinder of molten matter and then to compare it with

R, . The cylinder of amorphous phase of radius R, is as-
sumed to result from the quench of the liquid phase. The
calculation does not take into account the thermal
behavior of amorphous Si02 during the quenching stage,
since the maximum radius of the molten phase is reached
during the heating of the crystal material. It is known
that the shape of the latent track is not always cylindrical
(Refs. 4, 6, 31, 37, and 38). From the work performed on
Y3FesO&z, a direct correlation appears between the ex-

TABLE II. Macroscopic thermodynamical parameters for
Si02 quartz.

Thermal conductivity (Watt/K cm)

Specific heat (J/gK}

Melting temperature (K)
Latent heat of fusion (J/g)
Vapor temperature (K)
Latent heat of vaporization (J/g)
Volumic mass (g/cm3)

Solid T&100 K
14/T
T& TF
0.01

Solid T & 100 K
3.3 X 10 T+0.65

Liquid 0.42
Tp=1972 K

142
3223
4715
2.62
2.32

Solid
Liquid

pC(T) = (K(T)) + +N(r, t),
dt dr dr r dr

where p, C ( T), K ( T), T, r, and t are the mass density, the
specific heat, the thermal conductivity, the temperature,
the radial distance, and the time, respectively. The ener-

gy deposition is given by N(r, t) in cylindrical coordi-..t.. '
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10
R (nm)

8

6

4

istence of continuous cylindrical tracks and the electronic
stopping power threshold of the chemical etching. In
Si02 quartz, this threshold lies between 4.7 and 7
keV/nm, ' corresponding to an effective radius larger
than 2 nm (Fig. 2). As the thermal spike is developed in a
cylindrical geometry, the comparison between theory and
experiment is limited for latent track radius larger than 2
nm.

The result of the calculations (irradiation temperature
=300 K) is given in Fig. 7 for different values of A, and
for one value of Rd =4 nm. This shows that the calculat-
ed radius of an equivalent molten cylinder qualitatively
follows the evolution of R, . The A, range we use is small-
er than A, determined for amorphous metals and semicon-
ductors '

(A, =19 and 14 nm, respectively) due to the
confinement of the electrons energy by the optical band
gap. But the scattering of the data points compared to
the calculation is due to the initial energy deposition. It
can be seen from the experimental results that the same
value of R, can be reached for lower dE/dx, when the
ion velocity decreases. Taking the representation in Fig.
6, the radii have been calculated for different values of D,
(Fig. 8). Then the R, evolution versus D, can be calculat-
ed using a unique value of A, (A, =8 nm). Using a Monte
Carlo calculation, Gervais has shown that the fraction
of energy given up as kinematic energy to the electrons is
only 0.6 to 0.8 times dE/dx Takin. g such a fraction of
energy it is possible to fit the experimental results by
lowering A, but it is impossible to fit all the experimental
R, values if less than 60% of the dE/dx is given to the
electrons.

The model does not show any significant change of the
radius of the molten cylinder when the sample tempera-
ture is varied between 300 and 77 K. This is due to the
fact that the energy needed to melt the material at an ini-
tial temperature of 77 K is only 5% larger than the one
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8
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p
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0
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necessary to melt a sample at 300 K. The nondependence
of the damage yield on the irradiation temperature was
also observed by Sigrist and Balzer. " They have shown
that the electronic stopping power threshold for chemical
etching does not change in quartz if it is irradiated at 77
K. This result of the calculation is also in agreement
with the absence of any change in the damage of yttrium
iron garnet and barium hexaferrite irradiated at 77 and
300 K when the latent tracks are long and cylindrical. '

All these observations suggest that there is no significant
effect of the initial value of the thermal conductivity at
the irradiation temperature. This is due to the fact that
the energy diffusion at the solid-liquid interface in the
track core is controlled by the thermal conductivity at
the melting point regardless of the temperature of irradi-
ation. If even there was a correlation between the chemi-
cal etching and the thermal conductivity as stated by
Sigrist and Balzer" one would have to consider the
thermal conductivity at the melting point. Other materi-
als under irradiation should be studied if we want to
determine the influence of the parameters I, and/or K, at
the melting point. This would help us to understand
whether the melting temperature has any influence.

FIG. 8. The effective radius R, vs the energy density D, in
the core of the track. The lines are fitting curves calculated
from the thermal-spike model for various values of Rd and for a
unique value of A, (8 nm). Rz is the radius cylinder in which
65% of dE/dx is deposited. A, is the electron mean free path of
electrons. The comparison is only valid for cylindrical latent
tracks (i.e., R, )2 nm).

2

Kl
0

0
~ t' L i Js ~

5 10 15 20
dK/dx (keV/nm)

25 30

FIG. 7. The effective radius R, vs the electronic stopping
power dE/dx. The curves 1, 2, 3, and 4 have been calculated
from the thermal spike model for Rd =4 nm and for various
values of A, (3, 5, 8, and 11 nm, respectively). Rz is the radius of
a cylinder in which 65% of dE/dx is deposited. A, is the elec-
tron mean free path of electrons. The comparison between the
calculations and the experiment is only valid for R, & 2 nm.

VI. CONCLUSION

The cross section A of damage creation by heavy ions
has been measured in SiOz quartz by the RBS-C tech-
nique. Using high-resolution electron microscopy,
cylinders of amorphous matter have been observed whose
radius is correlated to the radius of an equivalent cylinder
of amorphous matter by the relation A =n.R, . The darn-

age cross section can be estimated using Fig. 6, giving the
energy loss and the extent R& of the initial energy distri-
bution. A thermal-spike model is developed in order to
test whether the latent track radius can be calculated as-
suming that the observed amorphous phase corresponds
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to the quench of a liquid phase. This assumption is
meaningful as long as the latent tracks are continuous
and cylindrical. Quantitative agreement is obtained tak-
ing into account the initial spatial energy deposition on
the electrons which depends on the ion velocity. The
thermal-spike model explains that no difference can be

observed in the chemical etching threshold when decreas-
ing the substrate temperature to 77 K. The good agree-
ment between the experimental results and a description
of the irradiation damage using the thermal-spike model
needs now to be checked on other materials such as
A1203.
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