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The developed theoretical model of track formation accounts for the inhuence of initial atomic dis-

placements, momenta, and initial heating of atoms on the plastic deformation of solids near the trajecto-
ry of a penetrating fast heavy ion. These initial conditions result from the energy and momentum
transfer from the excited electron subsystem to the ion one near the ion trajectory. The theoretical re-
sults obtained make it possible to investigate the dependencies of the anisotropic growth of amorphous
alloys irradiated with high-energy heavy ions on the inelastic and elastic energy losses of the moving ion
and on the irradiated temperature. A good agreement between these theoretical dependencies and exist-
ing experimental results was obtained.

I. INTRODUCTION

When a fast heavy particle with energy E —1

MeV/amu penetrates into a solid, the energy b,E —1 —10
keV/A is lost during a short time t ~10 ' s within a
small material volume surrounding the ion trajectory.
Subsequent energy and momentum transfer in the elec-
tron and ion subsystems may create a stable trail of dam-
aged material generated along the ion trajectory (track).
These tracks inhuence subsequent developments of the
material defect ensemble and the physico-mechanical
property changes of the irradiated materials. The aniso-
tropic growth of the dimensions of amorphous materials
under heavy-ion irradiation is also related to the track
formation. Therefore soon after the discovery in 1958 of
the formation of particle tracks in solids this research
field rapidly grew up due to numerous applications in
various scientific fields. '

The total energy loss of a fast charged particle in a
solid includes the electronic energy 1oss, resulting from
interaction of the particle with the electron subsystem of
the irradiated solid, and the elastic energy loss, due to the
elastic scattering of the particle on the material ion core.
At the relevant particle energies (E—1 MeV/amu), the
electronic energy loss constitutes more than 90% of the
total energy loss. It was long thought and supported by
theoretical arguments ' that particle tracks may be
formed in bulk samples of insulating material but not in
metals and good conductors. The principal argument
was that electronic excitations would be so rapidly and
efficiently shared among the continuum electronic states
in the conduction band that these excitations would be
neither spatially localized nor retained in sufficiently
large numbers to produce atomic displacements. ' The
borderline between insulators and electrical conductors
has been located at an electrical resistivity p of about
2X10 Qcm in bulk samples' and 1X10 Qcm in thin
films. The experimental situation changed when a new
generation of ion accelerators allowed experiments with

ions of electronic energy loss much larger than that pre-
viously possible. A few years ago it became clear that
particle tracks are formed also in metals and alloys with

p (2X 10 Q cm provided the electronic energy loss is
sufficiently high. ' ' A particularly interesting case is
track formation in high T, -superconductors (p=10
0 cm) because in these materials particle tracks are ideal
pinning centers for Aux lines. '

These new experimental facts stimulated additional
theoretical investigations of the mechanisms which con-
vert electronic excitation energy into atomic motion.
Both the ion-explosion spike ' and the thermal spike
mechanisms have been revised and modified to account
also for the more recent observations. It has been ar-
gued ' that the Coulomb repulsion in the ion-explosion
spike generates a collective motion of atoms which finally
results in atomic rearrangements in amorphous metals
and crystalline metals with soft phonon modes. On the
other hand, it has been argued that even in metals the
electron-phonon interaction might be strong enough to
induce local melting if the electronic energy loss is
sufficiently high. The model used in Ref. 25 to analyze
energy dissipation near the penetrating ion trajectory
considered the inAuence of a pressure gradient of the ex-
cited electron gas on the ions as an effect of some volume
force. This inhuence was interpreted as an "instantane-
ous" blow of electron pressure to the ion subsystem,
which may cause a shock wave near the ion trajectory.

However, the physical picture of the track formation in
solids irradiated with high-energy heavy ions is now far
from complete in spite of quite a number of models of
this phenomenon. Moreover, up to now, there exists no
treatment which includes the above-mentioned mecha-
nisms at a comparative level. It is the purpose of this pa-
per to make a first step in this direction. Besides that, we
investigate the inAuence of the behavior of the viscosity
of the material in the track region and surrounding ma-
trix on the track formation ability.

We demonstrate that a possible plastic Aow of the ma-
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terial in the region near the particle trajectory is correlat-
ed with the momenta of the initial atoms, the initial atom
displacements, and the ion heating resulting from the en-

ergy and momentum transfer from the excited electron
subsystem to the ionic one. An investigation of this
correlation allow us to estimate the validity of models
such as the "thermal spike, " the "Coulomb explosion, "
and the "electron blow" for a description of the
material's plastic deformation in the track. Based on the
elaborated model we obtain theoretical dependencies of
the anisotropic growth rate of the dimensions of amor-
phous alloys irradiated with heavy ions on the electronic
and ionic energy losses of the penetrating particle as well
as on the irradiation temperature, which are in good
agreement with those observed in the experiments.

II. THE KINETICS OF MATERIAL
PLASTIC DEFORMATION

NEAR THE HEAVY-ION TRA JECTORY

The excited electrons near the heavy-ion trajectory are
thermalized a short time (t 5 10 '" s) after the ion
penetration. '"' ' In crystalline metals the energy of the
thermalized electron subsystem is transferred to the ionic
subsystem via the electron-ion interaction during the
characteristic time t„—10 "—10 ' s after the particle
passes. '"' ' ' Thus, after a short time t & t,~ the small

0

region near the particle trajectory, / (l —= 10—100 A,
where I is this region's radius) is characterized by a high
temperature, a sharp temperature gradient, and a high
defect concentration (due to elastic collision of the
penetrating ion with the material's atoms). Moreover,
these excited ions get initial displacements and initial mo-
menta in the direction normal to that of the incident par-
ticle beam, due to interaction with the charged particle
and excited electrons via Coulomb repulsion ' and/or
electronic blow.

Any solid can be characterized by its effective viscosi-
ty. However, the physical mechanisms creating viscous
Aow of a material depend on the solid structure, topolo-
gy, temperature, and loading conditions.

In materials with sharp temperature and defect-
concentration dependencies of the viscosity (like amor-
phous alloys ), such fast temperature and defect-
concentration increases lead to a drastic viscosity de-
crease during a short time t-t„ in a small material
volume near the fast-ion trajectory. In this case the large
temperature gradients, the initial atom displacements,
and the initial atom momenta near the particle trajectory
can induce plastic flow of the material in the direction
normal to that of the incident particle beam. This flow is
determined by the high ion temperature in the region
near the particle trajectory and not by the irradiation
temperature.

Thus in amorphous alloys a high plastic deformation
can be left near the particle trajectory after cooling of the
hot region (at times t ) t,'-l /4y; —10 ' —10 s,
where g; is the ionic temperature conductivity
coefficient). This region is not stable due to a compres-
sion which is induced by interaction with the surround-

ing matrix. Therefore after some time this expanded re-
gion should relax to the initial state. The characteristic
time of this reverse relaxation is determined by the ma-
terial viscosity at the irradiation temperature. Hence, the
lower the irradiation temperature, the larger is the re-
verse relaxation time in the region where the process of
plastic deformation occurred at the hot stage.

In order to describe the plastic deformation of amor-
phous alloys at times t &t„. in the region near the
heavy-ion trajectory, we consider these materials as
viscoelastic. We suppose also that at times t„. &t &t,'
("hot" stage) the plastic flow is characterized by the
viscosity g& averaged over the transient temperature Th

at the "hot" stage. Analogously, the reverse viscous How

in the second, "cold" stage at times t & t,' is characterized
by the effective viscosity g, depending on the irradiation
temperature T;„. Since TI, » T;„ it follows that
'9c »'9~

We also suppose that (a) all processes of energy and
momentum transfer from the excited electron subsystem
to the ionic one had finished during the time t„. —10
s and had resulted in the initial ion displacements, the ini-
tial ion momenta, and the initial ion heating; (b) the ini-
tial ion temperature increase does not exceed the material
melting temperature T . The last suggestion restricts
the value of the electronic energy loss for our model.

We take the following dependence of the stress tensor
for viscoelastic isotropic media with a nonuniform tem-
perature field:

o;k = KaT5;k+—Kuii5 k+2@ u k uii

+0 il~ik+~ ) ik ll

&ik = '+

Here K is the bulk modulus, p is the shear modulus, g
is the bulk viscosity, q is the shear viscosity,
T= T,. —T;„, T, is the ion temperature, cx is the thermal
expansion coefficient, u,.k is the strain tensor, u is the dis-

placement vector in the deformed material, and 5,k is the
Kronecker symbol. The Einstein summation rule is as-
sumed in Eq. (1).

Substituting the stress tensor o;k (1) into the equation
of motion for a small material volume, we have

p( d u; /dt ) =Bo;k /Bxk,

where p is the material density. Taking into account the
shear viscous deformations only, we suppose that the ma-
terial density during this deformation is constant
(p =const, divu =0). Note that constant material density
was observed in the experimental investigations of the an-
isotropic growth of amorphous materials during irradia-
tion with high-energy heavy ions.

Usually the track length is much longer than its radius;
hence we can obtain the following equation for the radial
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component of the displacement vector u, in the cylindri-
cal geometry:

pu, = —Ea +p +-
Br Qr2 r Br

Qr

r 2

8 Qr 1 ()Q
+ Ih 2

+
Qr r Br

&t &t
r

(2)

u„(0, t ) =0, u„( ao, t ) remains finite .

We take initial conditions for Eq. (2) in the form

u„(r, O) =uor exp( r /R—t ),
u„(r, O) =uor exp( r —IR„) .

Here R& and R, are characteristic dimensions of the re-
gions where the initial ion displacements and initial ion
momenta appear, respectively; up and up are constants
which can be obtained, e.g. , from the Coulomb explosion
and the electron blow models.

Taking into account the cylindrical track geometry and
the restriction of atom displacements at large distances
from the track core, the boundary conditions for Eq. (2)
can be written as

pR,'
+QO

4gh r
1 CXP

R

2

TOE 0-R T+ 1 cxp
2'gh r

r 2

RT
(4)

The second stage of the track formation (cold stage) is
characterized by viscoelastic Aow at the constant irradia-
tion temperature T;„and the cold viscosity rI, (g, &)gi, ).
The equation describing variation of the radial com-
ponent of the displacement vector in this case is (t ) t,' )

H (f,s)= f rf(r)J (sr)dr,
0

f(r)= f sH (f,s)J (sr)dr .
0

Here J is the Bessel function of order m.
For times t„((. t-t,'=4RTly, . (t,' is the characteris-

tic time of cooling of the hot region) the backward trans-
formation of the general solution is easily performed and
gives at times t„. « t & t,'

r 2

u (r, t)= uor expr R I

dT "d T l "dT

Bt ' Qr2 r Br+l (3)

Equation (2) is supplemented by the equation describ-
ing the ion temperature variations in the hot region near
the particle track at the times t„. & t,

Bur 1 ~ur
pu„=p +-

r Br

0 Qr 1 Bur
+Dc 2

+
r r

Qr

r 2

Q

r 2
(5}

with T=T; —T;„. The initial and boundary conditions
for the ion temperature are chosen in the form

T(r, O) = To exp( r /Rz. ), —

T(O, t), T( co, t) remain finite .

Here Tp is the initial ion temperature increase at the
track axis, RT is the CA'ective radius of the hot region,
and y, is the temperature conductivity of the material at
high temperatures. The account of the inAuence of the
high ion temperature in the track region allows us to esti-
mate the applicability of the thermal spike model to in-
vestigation of the track formation.

The solution of Eq. (3) with corresponding initial and
boundary conditions has the form

Here u „(r, t,' ) is defined by the expression (4) at
t = t,' =4Rr'Iy, :

r 2

u„(r, t, )=uor exp
R(

pR4
+up

lhr

r 2

1 —exp
R

U

The initial and boundary conditions for Eq. (5) are
defined by the values of the radial component of the hot
displacement vector and its variation rate near the
penetrating particle trajectory at the cooling time t,':

u„'(r, O) =u„(r, t,'), u„'(r, O) =0,
u„'(O, t)=0, u„'(oo, t) remains finite .

TOR TT(r, t)= Xexp[ r /(RT+4y, .t)] .—
(RT'+4y, t)

TpraRT4 1+ — 1 —exp
Sy;qh r

r 2

RT

Solving Eq. (2) with account of the relation for T(r, t ), it
is easy to obtain the general solution for the displacement
vector component u, in the inverse space of the Hankel
transformation:

Solving Eq. (5) and retaining the principal terms in the
solution obtained, we get the expression for the displace-
ment vector variations during the viscoelastic relaxation
at the second stage of the track formation (t & t,'):

u„(r, t }= . uor exp
pR4

+Qp 1 cxp
4qhr

r 2

R
To KczR T+ 1 cxp
8X;

r 2

RT
exp( @tlat, ) . —
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s,k
= J dS' f dt'u;k(r —r';t t'—)j(r', t')

BU; BUk+-
2 BXk ~+i

Without detailed analysis of the energy and momen-
tum transfer from the electron subsystem to the ionic
one, it is impossible to make an unequivocal statement
about the mechanisms causing the plastic deformation:
either the inAuence of the large initial ion velocities and
displacements or the effect of the high temperature gra-
dients in the region near the penetrating particle trajecto-
ry. But it is clear from Eq. (6) that a large difference be-
tween the material viscosities at the hot and cold stages
as well as a possible viscosity decrease created by irradia-
tion significantly facilitate the tract formation. It should
be noted that the viscosity of amorphous solids can con-
siderably decrease under irradiation.

It has been suggested that the temperature depen-
dence of the metal glass viscosity can be taken in the
form

'=(goT;) 'exp( —G/T;) .

Here rlo=(y Qnv) ', n is the atomic concentration of
the Aow defects, A is the Aow-defect volume; v is the fre-
quency of possible defect jumps, T, is the ion ternpera-
ture, and y is the strain per one defect jump.

High-energy heavy-ion irradiation significantly
inAuences the Aow-defect concentration due to creation
of new displaced atoms. Moreover, new low-activation-
energy channels of plastic Aow are perhaps opened by ir-
radiation in the excited material region near to the
penetrating particle trajectory. As local material exci-
tations disappear with time, these low-energy channels of
plastic Aow should degenerate when the irradiation is
over.

Under this assumption the plastic deformation of the
irradiated amorphous alloy results from a superposition
of different plastic Aow channels:

III. THE ANISOTROPIC GROWTH
OF AMORPHOUS SOI.IDS UNDER IRRADIATION

WITH HIGH-ENERGY HEAVY IONS

When a beam of fast ions with a kinetic energy E ) 1

MeV/amu penetrates amorphous samples with
thicknesses much smaller than the projected ranges of the
ions, a drastic anisotropy increase of sample dimensions
in the direction normal to that of the incident particle
beam takes place if the irradiation temperature is
sufficiently low (T;„(100 K). ' This phenomenon has
the following features.

(1) Large anisotropic variations of the sample dimen-
sions are produced by irradiation. The anisotropy is in-
duced by the incident particle beam (the growth direction
is normal to the beam direction).

(2) These dimensional changes start from incubation
dose B, reach 10%, and do not saturate with irradiation
dose.

(3) The effect strongly depends on the irradiation tem-
perature.

(4) The effect is observed both in amorphous metallic
alloys and in covalently bonded amorphous solids.

(5) A correlation between the magnitude of the effect
and the electronic energy loss (S, ) has been observed.
In amorphous alloys this dependence is nonlinear at low
(S, ) ((S, ) 520 KeV/nm for amorphous Pd80Sizo) and
degenerates to the linear one at higher electronic energy
loss ((S, ) R20 keV/nm).

In order to describe the total material deformation as
the sum of the deformations from all beam tracks, let us
introduce u(r —r'; t —t') as the displacement of the amor-
phous material at an arbitrary depth z (

—0. 5h (z
&0.5h) in a plane point r at time t resulting from the
heavy-ion track created in a point r' at time t'. The total
displacement U(r, t ) in the point r at time t in the irradi-
ated material is defined as

'=g rtk '=g ykQknkvkT; 'exp( —Gk/T; ) .
k k

Here nk is the concentration of defects supporting the k
channel of plastic Aow; yk, Qk, vk, and Gk are this defect
strain per jump, volume, jump frequency, and migration
barrier, respectively. Naturally, the lowest migration
barrier defines the main channel of plastic Aow.

The unstable material state near the penetrating ion
trajectory should relax with time. Hence the high con-
centration of Aow defects continuously decreases in this
region, leading to a sharp increase of the effective viscosi-
ty of the amorphous metal. Hence after some charac-
teristic time ~, fast plastic Aow of the excited material be-
comes impossible.

Experimental investigation of the inAuence of structur-
al relaxation on the viscosity of the amorphous alloy
Pd77 5Cu6Sii6 &

has shown that below T ( T (T ) the
viscosity increase due to the Aow-defect concentration de-
crease can be described by the "bimolecular" equation for
the Aow-defect concentration "

(10)
70

where ~0 is the characteristic time of Aow-defect recom-
bination. We suppose that a fast channel of the material
viscous Aow opens during the incubation dose B when a
threshold concentration of Aow defects is created in the
sample due to atomic displacement caused by the elastic
collisions of the penetrating ion with atoms of the materi-
al. Hence we take the following initial condition for Eq.
(10):

Here S is the sample surface area and j(r', t') is the parti-
cle Aux in the point r' at the time t'.

The total strain tensor c;k results from all beam track
contributions and is defined in the usual way: n(t =0)=n = (P )B,

U(r, t)= I dS' I dt'u(r r', t t')j(r', t') —. —
S 0
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where )d bbA=g (16)

n =np(1+t/~„) (12)

where 7 —70/np is the characteristic time for the Aow-
defect concentration decrease.

For the characteristic value no —10, ' and for the
smallest possible value of the characteristic time of the
Aow defect recombination, 7 0 10 ' s, the defect con-
centration remains constant (n =(P)B) during the time
t ((rp/B(P))=10 s. Hence, during the hot stage of
track formation t & t,' & 10 s, the Aow-defect concentra-
tion does not change (n = (,P )B=no).

Introducing Eq. (12) into Eqs. (6)—(8) we obtain the
space and time distribution of the displacement field for
constant penetrating ion Aux (j =const, t ) t,', t ))r„):

r

privyU =jt%'(r) exp —
wp exp( G /T ), (13)

Tirr

where
I

4(r)= f dS', &X&(/r —r'/),
s /r —r'/

@(r) = u pr exp( —r /R& )

(P) = J v(e) dE,E„dE
v(E) is the cascade function, (do/dE. )(E',E) is the
differential cross section of energy transfer E from a
penetrating particle with the initial energy E' to a target
atom, E is the maximum transfer energy, and Ed is the
threshold energy for the atom displacement. Solving Eq.
(10) with initial condition (11) we obtain

Using Eqs. (14) and (16), we obtain that A is described by
(t »r„)

P~o
A =(2/b )P„(b /2)exp

irr 90e
(17)

v 'ttR ) u ppR „.4uoR(

Xexp[ (pro/—gp )) .

ToK(zR ~
P

2+I'Qh R(

(18)

The second term in (18) is of the order of (R&lb) & 10
(Rz-R„=Rt); thus it can be neglected and hence the
term resulting from the initial atom displacements near
the penetrating particle trajectory (-upR& ) is negligible.
For t ))w„ the irradiation growth rate of amorphous al-
lays has the form

uopR, T0KaR r
A = + exp[ —(prp/i)p, )] . (19)

2gh 2g' gh

IV. THE TEMPERATURE DEPENDENCE
OF THE IRRADIATION GROWTH RATE

OF AMORPHOUS SOLIDS

Substituting (13) into (17) and shifting the center of the
polar coordinate system to the point (b/2, 0) we obtain
for t ))w„

uopR, TpKuR&+ exp[ —(prp/i)p, )]
2'gh 2+i 9h

R4P U

uo
4nh.

r 1 —exp
p 2

R,
The irradiation temperature dependence of A ( T;„,) is

given by

ToKd ~+ — 1 —exp
8X;nh

r2

RT

A(T;,r)" Qh '(T;„+To)exp[ —[pro/'Qoc(Tirr)]J .

Retaining the main term we obtain

(20)

Irradiation-induced variation Ab of the sample dimension
along the symmetry axis OX is defined by (t ) t,', t ))1„,
r =b l2)

~ max
e"p [

—[V~o/ Io. ( T - ) ] l

P'To
bb =2j tf„(b l2)exp

Tirr 90c
(14)

where

Ab

b
=A(jt B) (jt)B), —

where 2 is the irradiation growth rate

(15)

ihip,
=exp( G /T ) /Qvy

Here b is the sample dimension perpendicular to the
beam direction and Ab is the increase of this dimension
during irradiation.

The experimental dependence of Ab/b is described by
the following expression:

=exp — exp( —G /T;„)
irr

(21)

where A,„=A ( T;„=0)and T =pwoAvy .
If T;„~0 then exp( —G/T;„)~0. The relaxation of

the deformations is suppressed and the effect of aniso-
tropic growth is at maximum. When the irradiation tem-
perature increases the function

T*
exp — exp( —G /T;„)

irr

sharply decreases and the effect vanishes. For parameter
values T*=4024 K and 6 =530 K the theoretical curve
for the temperature dependence of the irradiation growth
rate is in good agreement with the experimental one ob-
tain for PdspSizp metallic glass3' (see Fig. 1).
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tron excitations and g, »g;, g, t„.
Taking into account the Gaussian form of the initial

ion temperature and a constant value of the high-
temperature limit of the ion specific heat (c=3n„ for

T, &hvD, where vD is the Debye frequency and n„ the
atomic density), we obtain the following expression for
the ion temperature increase at the track axis:

(S, )
TO (25)

3mn„R~

For high temperatures the characteristic time of the ener-

gy transfer from the excited electron subsystem to the
ionic one, t„,has the form

FIG. 1. Experimental (Ref. 31) (+) and theoretical ( )

dependencies of the deformation rate of PdsoSi» versus irradia-
tion temperature. The normalization value is A,„=5.5

X 10 "cm for Pd80Si».

V. THE DEPENDENCE
OF IRRADIATION GROWTH RATE

ON THE ELECTRONIC ENERGY I.OSS

We assume that the efFect is determined by the initial
temperature increase only, whereas the inhuence of the
initial atom momenta on the irradiation growth is
neglected:

(T,KaRr4/y, )»~,pR„' .

In this case the electronic energy loss enters into Eq. (19)
through the initial ion temperature.

The temperature dependence of the ionic temperature
conductivity (y; ) is

tP~~(T, —T, )
' —T, ', T, ))T, . (26)

In this case we have from Eqs. (24) and (26)

~Tp

and the irradiation growth rate is defined by

(27)

= A, S, exp[ —G„/(T„+S,)],I'

The dependence of the electron temperature conduc-
tivity on the electron temperature y, ( T, ) is nonmonoton-
ic. ' This dependence has a deep fiat minimum (y, —1

cm /s) at temperatures Ef & T, &10E, (where e, is the
Fermi energy) and y, increases practically linearly for
higher T, (see Fig. 2).

Taking into account this behavior of g, we will investi-

gate the following limiting cases.
(1) High electron temperatures

Te»E, , g ~T

A, c
XI, (22)

KoR vQ y
exp

10macT S* exp( —G /T;„)
Tirr

(28)

Here A, is the mean free path of phonons,
A;=a(20/I;)(T /T;), T is the melting temperature,
I; is the ionic Griineisen coefficient (I;=2), a is the in-
teratomic distance, and c is the sound velocity.

Supposing that the eA'ective viscosity at the hot stage of
the track formation is defined by the initial ion tempera-
ture in the track axis and substituting (22) and (8) into
(19), we obtain (r ))r„)

Z~4T0
exp[ —G/( T;„+To)],

m
(23)

3KavAy B T
10ac

exP T
exP—

irr

G„=G(3~nRI), T„=T;„(3~nRz ) .

According to the experimental results for the Pd80Si20
amorphous alloy, '

=i 3J

F2=~2+4~ t&E-4~ t&E (24)

where R 0 is the dimension of the region of the initial elec-

We suppose that T does not depend on temperatures Tp
and T, and, hence, on the electronic energy loss S, . The
value Rz- defines the region of initial ion heating at the
characteristic time of the energy transfer from the excited
electron subsystem to the ionic one t„

l
1 1 1 I I i

20 40 6Q 50 )00

FICx. 2. Electron temperature conductivity as a function of
the electron temperature y, ( T, ) (Ref. 42).
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=45(S, —2.45), (29)

O

where S, is measured in keV/A.
For large S, (S, » T„, S, )G„) the theoretical depen-

dence (28) is also linear:

( )
=A, (S,—G„) .

Hence, using the experimental values for 2, and 6„0

( A, =45, 6„=2.45 keV/A), we can estimate the parame-
ter R T. The value R T is de6ned by

' 1/2

valence zone of the material and localized electrons in the
ion shells to obtain the electron temperature dependence
on the electronic energy loss.

For the expected temperatures ( T, ) EJ ) the electron
plasma of the valence zone is described as a Boltzmann
electron gas with weak interaction between particles
(n, A, (& 1, where A, is the de Broglie electron
wavelength, n, l, «1, l, =e /T„and n, is the electron
density in the valence zone). We take the following
form for the Gibbs energy of the system of localized and
delocalized electrons:

6 Gld+ Oint+6
e e sh

RT= (31) =N, p', +—g N, p, T, ln. —
N;!

(33)

Substituting in (31) the values of G =530 K and
G„=2.45 keV/A as characteristic for the PdsoSizo amor-
phous alloy, we obtain

RT-—3.5X10 cm .

This value of R T coincides with its estimation
RT~=4y, t,a for t„=3.0X10 ' s (g, =l cm /s). Using
these parameter values we present the comparison be-
tween the theoretical dependence (30) and the experimen-
tal results for the Pd&0Si20 amorphous alloy in Fig. 3.

(2) For E ( T, &10E., g, =const and from Eqs. (24)
and (25) we obtain

where 6,' is the Gibbs energy of the ideal electron gas,
6,'"' is the Gibbs energy of the interaction between elec-
trons in the electron gas, G,h is the Gibbs energy of elec-
trons in the ion shells, N„ is the total number of atoms,
N, is the total number of electrons in the valance zone,
and N, is the number of i-ionized atoms, z is the max-
imum ion charge, and p', is the electron chemical poten-
tial in the ideal electron gas.

3/2

p, ',~ = T, ln(&, /p') ——', T, ln T, —T, ln 2

T e (32)

As the atom ionization time (t;,„—10 ' s) is much
smaller than the characteristic time of electron thermali-
zation (t, —10 ' s), we investigate the ionization equi-
librium between the excited electron plasma in the

where Vis the system volume, r~= I T, /[4m'(Ã, /V)e ]]
is the screening radius,

pk = —T, ln g g, exp( E, /T, )—

so.o "

SO.O -'

is the chemical potential of the k-ionized isolated shells
(k ion), E, are the electron energy levels of this k ion, and

g, is the degeneracy of these levels.
Using the equation of ionization equilibrium

Pi Pi+&+Pe ~

we obtain

20.0 q

»l

I

I
I
f

C;

C;+)C,
27r62

22/3 e 2/3

0 0Pi+1+Pi-=(X /To, )
~ exp

e
(35)

0.0 &0.0 20.0 30.0 40.0 50.0

( S~ )(I eV/n~ )

FIG. 3. Experimental (Ref. 31) ( + ) and theoretical depen-
dencies ( ) of the deformation rate of Pd8OSizo normalized
to the total displacement cross section (P ) as a function of the
electron energy loss (S, ) (Ref. 31).

Here C, =N;/N„, C, =N, /N„, and m* is the efT'ective

electron mass in the valence zone.
Summing in (35) over i, using the equation of particle

number conservation and supposing that p +] p. =J0 0

=const, we obtain
(a) for T, )J ( C, ~ T,~i

)

T (x(S)i
(b) in the opposite case T, &J (C, ~ T, )

T ~(S )t~~ (37)



12 114 A. I. RYAZANOV, A. E. VOLKOV, AND S. KLAUMUNZER 51

Thus combining Eqs. (36) and (37) we obtain that in the
broad region of S, variation the dependence of the elec-
tron temperature on the inelastic energy loss of the
penetrating particle has the form

Supposing that in this case the rate of the anisotropic
growth is proportional to the total melted material
volume

T, =(s, )'"rc (38)

where E does not depend on the electronic energy loss.
Substituting Eqs. (32) and (38) into Eq. (23), we obtain

the following expression for the irradiation growth rate
for this electron temperature region cj (T & 10Kj
(y, =const):

we obtain a linear dependence of this value on the elec-
tronic energy loss. Note that such behavior is charac-
teristic for irradiated amorphous SiO3.

This reasoning is insensitive to the type of solid and de-
pends only on the correlation between T; and T in the
small hot region near the particle trajectory.

(P)
-S'~ exp —G/(T +ITS ~

)irr e

The function

(39)

VI. CONCLUSION

=6.89S,'~ exp[ —G/(T;„+141.14S, )] (40)

(41)

where Q is the specific heat of melting of the material and

&S, ) =3~n„It.,'T

gives the best fitting of the experimental data ' for
PdsoSi2o for 1 ~ S, ~ 2.4 keV/A (see Fig. 3).

In the high ion temperature limit, when T; ~ T, the
plastic deformation is defined by the melted region that
can exist close to the moving ion trajectory. In such a re-
gion, the material viscosity q& and the defect concentra-
tion n, . correspond to their characteristic values for the
melted material and do not depend on the elastic energy
loss of the penetrating particle. Therefore no dependence
of the deformation near the trajectory of the penetrating
heavy ion on the elastic energy loss (S„)is manifested in
this case.

The radius R of the cylindrical melted region can be
estimated with the help of the expression

(S, ) —&S, ).
R

sr(3nT +Q)

(1) A theoretical model of plastic How of materials irra-
diated with high-energy heavy ions is presented. This
model is based on the viscoelastic behavior of the materi-
al and a drastic viscosity decrease in the small material
volume near the ion trajectory for a short time after the
ion penetration.

(2) The model takes into account the effect of initial
atom displacements, and momenta and initial ion temper-
ature gradients arising due to interaction of the excited
electron subsystem with the ionic one in the small region
near the particle trajectory on the material plastic flow in
the track.

(3) The theoretical model developed of the plastic flow
of the material in the tracks has been applied for investi-
gation of anisotropic irradiation growth of amorphous
solids irradiated with high-energy heavy ions. This
growth was described as resulting from superposition of
the material plastic flow in the tracks. The obtained
theoretical dependencies of the anisotropic growth rate of
amorphous alloys on the electron energy loss (S, ) and
elastic energy loss (P ) of the penetrating heavy particle,
as well as on the irradiation temperature, are in good
agreement with experimental results.
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