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INTRODUCTION

Research on the influence of irradiation with swift heavy ions at high
inelastic energy loss range began to develop very intensively during last 15-
20 years practically at most heavy ion accelerator centers. As is well known, the
problems of ion track creation were connected with two old models: a coulomb
expldsion model and a thermal spike (thermal peak) one. With the development
of some new methods for the study of irradiated surfaces (such as scanning
tunneling (STM) and atomic force microscopy (AFM)) the possibilities of
irradiated surface investigations gained a new life.

Research on the sputtering of coarse-grained metals by heavy ions in the
inelastic energy loss range was induced by the development of acceleration and
storage requirements for high-intensity heavy ion drivers and collected rings
[1]. The sputtering yields of annealed coarse-grained gold with high-energy
28U and ¥Kr ions have been measured experimentally [2-6], and experimental
data on the sputtering yields of Au, Zr and Ti annealed metallic foils by Au
swift ions were obtained recently [4].

It is very significantly and interesting to research the interaction of swift
heavy ions with metals and alloys. There is opinion that in metals it is
impossible to obtain the structure of so-called “ion track” with swift heavy ion
irradiation and there is nothing any the inelastic energy loss influence of heavy
ions on the damage creation too. This point of view is connected with the
opinion that impossible to obtain the temperature around ion trajectory which is
comparable with the metal melting point or evaporation temperature because
the hot electrons have quite enough time (about t~1 o' s)ii for energy
dissipation. The characteristic time for electron-phonon interaction is about
7t,~107'712757; so t>>t, it means that electron-atom interaction time much more
than the electron-electron interaction time. As a result the thermal spike model

~ cannot work here and the damage can be produced by elastic energy loss only.
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The recent experimental results showed that the picture of swift heavy ion

interaction with matter is a much more complicated.

The purpose of this article is to verify these models and to study the role of

each models in the surface structure evolution. We carried out the research on
surface structure changes during ion irradiation for the model material — the

cbld—deformed gold sample.

EXPERIMENTAL RESULTS AND MODELS OF GOLD SPUTTERING
UNDER IRRADIATION WITH KRYPTON IONS

The sputtering yields for various gold samples under the irradiation with
fission fragments (ff) of *>Cf source are presented in Table 1 (see review [7]).
The gold samples were prepared in various structural states (the initial
structures were the following: the grains with the diameters of 50-80 A, 100-
200 A, 300-500 A, “flat island” with the size of about 1000 A and hot annealed

foil with the thickness of 20 x#m and annealed polycrystalline samples with the
thickness of 0.2 mm [7]).

Table 1. The sputtering yields S, (atom/ff) of gold targets with the various structure
under the irradiation by fission fragments with the inelastic energy losses
(dE/dx)inex2.0-2.3 keV/A. Here S; and Sc 7 are the calculated values in the
isolated grain model [8, 9] and the cascade sputtering model [1, 10]

respectively
Surface Diameter { Diameter | Diameter Flat Annealed Annealed
structure | 50-80A | 100-200A | 300-500A | island | foil, 20 um | polycrystal
~1000A 0.2 mm
4000 1100
Sex atom/ff + + +
ex AtO! +600 +180 42413 10+4 1545 3+1
Sic™”, 9] (9] ol 0] tio] L)
5 o 2300 2100 24 4 4 4t




The sputtering yields for the fine-grained gold samples (with grain size
about 50-200 A) are very high (>10° atom/ff). Such high value is proportional
to the atom number in grain. Also it was shown that the grain is sputtered
totally if the grain diameter was less than critical one. The sputtering of fine-
grained coatings on the substrate can be explained by disengagement of atomic
clusters or whole grains [7, 8]. So the thermal spike model is realized and the
sputtering takes place on the evaporation mechanism for the gold samples with
the fine grains.

The sputtering coefficients for annealed gold foils irradiated with **U,
" Au and ¥*Kr swift heavy ions are presented in Table 2 [2—4]. As one can see,
the experimental values of the sputtering coefficient are S,,~1-12 atom/ion. The
Au sputtering coefficients calculated with the help of the cascade sputtering
model (Scr), differ substantial from experimental values, especially for
irradiation with ***U and '"Au ions with high level of inelastic energy losses.
The projected ranges of 2*U, "Au and *Kr ions in Au, the elastic cross-
section near the surface o, and inelastic energy losses (dE/dx),,, are presented
in Table 3.

Table 2. The experimental sputtering yield in the inelastic energy loss range for the
gold polycrystalline targets irradiated with 28, "% Au and **Kr heavy ions

! ) . eld Inelastic
lon/Target | Energy, Sputte?rmg yield | Sputtering yield, energy loss,
MeV experiment, S,,, | cascade theory, (AE/dX) et
atom/ion Sc 7, atom/ion keV/A
801 Au 1400 12+£2 <1 9.82
% Au/ 4u 230 93409 ~3 5.52
YKr /"% 4u 200 1.0+£02 <1 3.28

At the calculations of displacement cross-section under elastic ion
collisions with Au atom, oy, the threshold energy was taken as E,=20 eV (see

Table 3).



Table 3. The calculating values of projected ranges (R,), elastic cross-section near the
surface (o), and inelastic energy loss (dE/dx);,, for the 287, " Ag and PKr
heavy ions in Au

Inelastic Elastic cross-
Ton/Target Energy, Projected range energy loss, sectioné Ous
MeV R, um (dE/dX)sper, dpa-cm®/ion
keV/A
S 4 1400 21.26 9.82 I
1% Aw/*4u 230 7.65 5.5 1.1:30°%
YKt/ 4u 253 10.78 3.33 1.65-10°¢

As one can see, the elastic cross-section of the Au atom displacement, o,
has the highest value when the annealed gold thick foil is irradiated with '"*Au
ion, but the sputtering coefficient S,, is less in comparison with irradiation with
38 {ons: 9.3 atom/ion and 12 atom/ion, respectively. This difference between
the sputtering coefficients cannot be explained by using only elastic collisions.
It is necessary to take into account also the inelastic energy loss and the
temperature effects (thermal spike model). The inelastic energy loss (d£/dx);.

for #**U are more than those for **Au ion irradiation by a factor of ~1.8.

a b

Fig.1. SEM-structure of the gold surface in initial state () and after irradiation with
253 MeV ¥Kr ions up to a fluence of 2x10" ion/cm? (b). One can see the grain
boundaries on the surface. The gold purity is 99.0 %.



Then the gold samples underwent cold deformation to create high
concentration of dislocations as a drawing defects (the gold purity was 99.9 %)
were irradiated with 253 MeV *Kr ions up to the fluences (F1)=10" and
(F1);=2x10" ion/cm®. The mean ion flux was F =3.7x10° ion/(cm*s) during
irradiation. The images of good polished initial (@) and irradiated with swift
heavy ions up to the fluence of (F 1),=2x10" ion/cm® (b) surfaces are presented
in Fig.1. The images were obtained with the help of scanning electron
microscope (SEM). It is very easy seen the grain boundaries on the gold surface
before irradiation. The depth of grain boundaries is not large before the
irradiation (see Fig.1a), while after irradiation the gold has the distinct outlined
grain boundaries. This irradiation was carried out with the use of the set-up
described recently [11, 12].

The STM-images of initial (g, ¢) and irradiated with 8Kr ions (b, d) gold
surface structures are presented in Fig.2. The maximum differences between the
surface top and bottom (the height of relief) are 30.87 nm (@) and 25.79 nm (c)
for unirradiated surface parts and 8.66 nm (b) and 7.54 nm (d) for irradiated
ones. The surface of gold samples begins to straighten and becomes smooth one
under the irradiation because the inhomogeneities of reliefs are sputtered more
effectively. The average differences of relief heights obtained by averaging of
large number of images for initial (a) and irradiated with ¥Kr ions up to fluence
(F£)=10" ion/cm® (b) gold surfaces are H,=27.19 nm and H,=11.66 nm
respectively [13]. The approximating number of atoms evaporated (sputtered)
from the gold surface under irradiation with 8Kr ions has been estimated by

simple expression:

Nsaw ~ (Hy — Hy)xN.y = 9.17x10 atom/cm?, (1)
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where N,;,=5.903x10* atom/cm’ is the atom number per 1 cm’. So the
sputtering coefficient (or most probably, the evaporation coefficient) has an
approximating value S,.=N../(F);=9.17x10* atom/ion. Comparison between
the sputtering/evaporating coefficients for annealed (the first case) and cold
deformed (the second case) gold samples irradiated with Kr ions shows that

they differ by a factor of 900 [9].

c d

Fig.2. Surface srtuctures of gold samples (STM) before irradiation (a, ¢) and
after irradiation with **Kr ions upto fluence of 10" ion/em’ (b, d). The scanning
areas and the relief heights have the following values: @) 600 nmx600 nmx
30.87 nm; b) 556 nmx556 nmx8.66 nm; ¢) 600 nmx600 nmx25.79 nm;
d) 1200 nmx1200 nmx7.54 nm



Such a high value of the evaporating coefficient in the case of cold-
deformed gold can be explained only by the processes of gold atom evaporation |
from the surface during the Kr ion passing through the surface. This means that
the temperature in the volume around swift heavy ion projected range in the
cold-deformed gold samples was higher than the melting point and the
evaporation temperature. So the thermal spike model must be valid in this case.
The approximating temperature in the volume around the ion track may be

calculated using the equation from refs. [14, 15]:
T, 1) = Sinetl (47011 1)-exp{(-Cr*Y(4 211} + Tntat 93]

here Tuuna is the irradiation temperature (room temperature). To calculate the
temperature we used the following parameter values: heat conductivity
2:=270 W/(mK) at temperature 7=1000 K and heat capacity
C=3069 kJ/(m® K) at temperature 7=1500 K. So, we took into account the

parameter value for a high temperature.
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Fig.3. The temperature as a function of the distance from ion track axis for the
various time: #; = 1x10™"%s, 1, = 2x10"® s and #; = 3x10 " s



Fig.3 shows the temperature as a function of the distance from beam
trajectory axis for various times: 1=1x10" s (); £=2x10"" s (2) and
£=3x107" s (3). The curves /-3 were obtained using expression (2) [14, 15].
As one can see, the temperatures at the area around the track axis with the
radius about 50-75 A during the time up to 10" s higher than the melting point
(1336 K) and the evaporation temperature (3150 K) for gold. Also the final
temperature on the track axis may be estimated with the use of the expression

from ref. [16]
T,(0)={4h S>-N-op-ari Ty {(T/er) >-13/9a P} +Tiviar.  (3)

Here 0p=2-7ay’, ap is the Bohr radius, S - the acoustic velocity, N - the atom
density for target material, r, - the initial radius of excited electrons, Tj - the
initial electron temperature in the excited area, a - the lattice constant, @ and
are constants (for the Z>20 they are equal to 0.05-0.1 eV), & - the Fermi
energy, Tiuia is the initial sample temperature (about room temperature). The
initial electron temperature T can be calculated with the use the expression

[16]:
Ty = [(dE/dx)e/ (g’ N)/(1.5a + B 4)

Using this expression, it is possible to estimate the temperature in the ion
track area. The temperature on the track axis 7, estimated by means of
expression (4) is higher than the melting point and the evaporation temperature
too. Practically the same order of temperature values (7;,>7,.;) follows from
the more simple expression, than expressions (2) and (3), for temperature

calculations presented at [17, 18]

Ty = Sinel (7R, Cip) + Thnitiar- )



So, according to expression (5) the temperature on the ion track axis will be
T,~2.2x10* K. The parameters for calculations were C=0.159 J/(gK) at
T=1500 K, R,~50 A, p=19.32 g/cm3 . One can see that the temperatures on the
axis of ion trajectory in gold calculated with the expressions (2), (3) and (5)
have the same order of magnitude.

Besides from the pressure (as very easy to estimate) in the area around the
hot ion track at the temperature T,~10* K (without changes of volume) must be
approximately 10> Kbar (see [19, p.249]). So the target atoms can be thrown out
from the surface by high pressure, too.

The time and distance dependence of temperature around ion track is
calculated using the expressions from some publications [20-22]. The
temperature peak (thermal spike) model was used for description of radiation
phenomena under irradiation with swift heavy ions of solids (e.g. [20]). This
model calculations is based on earlier publications [21, 22]. The expressions

which were obtained at these works have the form

C.-dT,/dt) = 1/r d(ry.dT,/dr)/dr - a«(T,- T) + A(p, 1), (6a)
C; [dT/dt) = Ur d(ry;dT/dr)/dr + a«(T, - T). (6b)

Here C, and C; are specific capacities for electrons and lattice atoms, and ., and
% are electronic and lattice thermal conductivities, respectively; C and y are
temperature dependent parameters; ¢ is the constant of electron-phonon

interaction. The electron temperature can be estimate by means of expressions

[21]:
Ty(p) = HdE/dx)inel (7 Cep.?) -exp(-pl ). (7

If parameters C,, C;, 7. and y; do not depend on temperature, the solution

of system (6) can be written in the form [21]



T{pt) = @ (dE/x)inef/ 2-7C.Ci)- | {exp(-@yt)-exp(-wat)} x

xexp(-kp.)’ Jo(kp)kdk/ @; - ), (3)

the parameters @, and @, are presented in ref. [21].

The using of the expressions (2), (3), (5), (6) and (8) allows one to
estimate the temperature on the axis of Kr ion track in gold. The temperature of
the ion track near the axis, T,, is higher than the melting point and the
evaporation temperature for this polycrystalline gold. It follows from all these
expressions. So, in this material the evaporation (sputtering) processes must
take place and the sputtering yield (or evaporation coefficient) have to be very
high.

Under passing of heavy ion through the solids around its trajectory will
be formed the cylindrical volume with excited electrons. The radius of this
volume is rp~10 A, and initial electron gas temperature is E=20-40 eV [16].
The relaxation of excited electrons will be due to electron-electron collisions
(electron thermal conductivity y.) and electron-lattice interactions, which can
lead to the heating of lattice atoms. The characteristic time for energy transfer
from hot electrons excited by flight ion to lattice atoms is 5=10" s [24]. The
characteristic time for lattice atoms cooling will be r.2rsl ;g,<10'14 s. The
condition 7,<<7, means that lattice atoms will not heat and swift heavy ions will
not create hot tracks in gold. Nevertheless at the volume with high local crystal
lattice disturbance the condition 7;<<7, may be breaks. First of all, time 7,
decreases up to 10" s [16, 24], secondly, the lattice thermal conductivity
decreases and consequently the temperature conductivity significantly
decreases too consequently.

So, one can conclude that the sputtering-evaporation coefficient strongly

depends on the defect concentration such as point defects, defect clusters and
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dislocations as drawing defects. That conclusion is in agreement with the results

obtained for irradiated metals, alloys and HOPG [23-27].
CONCLUSION

The presence of radiation defects in metals essentially increases the
influence of inelastic energy loss of fast heavy ions on the sputtering yield.
Thus, the sputtering yield for metal having a small defect number in its
crystalline structure is in the range 1-10 atom/ion [3-6]. Experiments show that
the sputtering yield for coarse-grained metals under swift heavy ion irradiation
increases very quickly with the increasing irradiation fluences and with
accumulation of radiation defects in the target crystalline structure. The
experimentally observed high sputtering yield for gold can be explained by
atom evaporation from the surface with the tracks which has been heated up to
the temperature higher than the boiling temperature (7,) (i.e. a thermal spike
model works here). In this way we experimentally proved that inelastic energy
loss (dE/dx);,,; of fast heavy ion strongly affects on the sputtering of metals with
damaged crystal structure. The hot electron plasma model [29] does not
contradict the experimental results presented in given work.

The scanning electron microscopy studies show strong inhomogeneity of
the metal surface sputtering with fast heavy ions. The sputtering yield near the
grain boundaries is greater than that from the grain bodies.

The explanation of experimental results is given. On the base of data
obtained for Ni, W and HOPG [23-28] we have concluded that the track
formation and consequently the high evaporation (sputtering) coefficients take
place in case of high disordered systems or in materials with relatively low
concentration of free electrons (like dielectrics and some semiconductors). It
has been shown that for conductive materials, when the condition 7;<<7, takes

place at low defect zone, the lattice atoms around the swift heavy ion trajectory

T



are cold and do not create a hot track. The condition 7;<<7, is disturbed on the
boundaries between grains and also in the area with high defect concentration,
as one can see for Au previously cold deformed. As a result, when the swift
heavy ion pass through such areas, the hot track is created and the target atom
evaporation takes place.

This conclusion is proved by the result of the studies about track formation
in single crystal InP semiconductor [30, 31] irradiated previously with 5 MeV
electrons (fluence 5x10" electron/cm?®) and then with 250 and 340 MeV '*Xe
and 245 and 210 MeV *Kr ions. Heavy ion tracks were also found in
amorphous Si and Ge [32]. The processes of damage concentration saturation in
some materials (like Ge, C, W etc.) versus swift heavy ion fluence were
observed in a cycle of publications (see, e.g. [33]). A model of disordering and
following crystal recrystallization under heavy ion irradiation was developed in
ref.[34].

The importance of the sputtering problem for accelerator engineering and
for the high-energy heavy ion implantation into novel materials makes it

necessary to continue the experimental and theoretical researches.
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HHM4 M HCIIAPEHUSA 30J10Ta.

PaGora Bemonxena B JlaGopatopun smepHbix peakumii um. I. H. ®neposa
OHWsIN.
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Didyk A. Yu., Hofman A., Semina V. K. E14-2002-270
The Sputtering of the Deformed Gold
under Irradiation with Krypton Swift Heavy Ions

The results about sputtering yield of gold irradiated by 36Kr ions with high
inelastic energy losses up to a fluence of 10'* ion/cm? are presented. It was shown
that the sputtering (evaporation) yield strongly depends on the initial defect con-
centration in gold. The sputtering yield begins to grow very strongly with the in-
creasing of damage created by heavy ion elastic and inelastic energy losses.
The temperature on the surface in the area around krypton ion trajectory is much
higher than the melting and evaporation temperatures for gold as follows from cal-
culations with the various expressions and models.

The investigation has been performed at the Flerov Laboratory of Nuclear Re-
actions, JINR.
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