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1. INTRODUCTION

Research on the influence of irradiation with swift heavy ions has been
carried out intensively for the last 10-15 years practically at most accelerator
centers. As is well known, the problems of ion track creation were connected
with two old models: a Coulomb explosion 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.

It is very interesting to study the interaction of swift heavy ions with
metals, dielectrics, semiconductors and with amorphous metals. The structure
of amorphous metals is very interesting, indeed. It is characterized by only a
short-range order in atomic arrangement without a long-range order. So the free
electrons have a small projected range around the ion trajectory and as a result
can release enough energy for the yielding temperature higher than necessary
for thermal peak and higher than melting point or evaporation temperature for a
given material.

The purpose of this article is to verify these models and to study the role of
each model in the surface structure evolution. We carried out the research on
surface structure changes during ion irradiation of some metals, high-oriented
pyrolytic graphite (HOPG) and amorphous metal alloys.

2. SPUTTERING OF METALS WITH SWIFT HEAVY IONS AT HIGH
FLUENCES

Research on the sputtering of coarse-grained metals by heavy ions in the
inelastic energy loss range was started only about ten years ago in connection
with acceleration and storage requirements for high-intensity heavy ion drivers
[1]. The sputtering yields of coarse-grained gold with high-energy 2% and ¥Kr
ions have been measured experimentally [2, 3], and experimental data on the
sputtering of Au, Zr and Ti by Au swift ions has been recently obtained [4]. As
analysis of experimental results has shown [2-4], the difference between the
experimental sputtering yield and the yield calculated according to cascade
theory is generally insignificant.

In a heavy ion driver, heavy ions, which left the mode of acceleration or
accumulation, will irradiate structural metal elements, where they create defects
in the initial crystalline structure due to elastic collisions. These defects persist
during irradiation. In this case the sputtering mechanism can be changed [5, 6].
The samples of all studied materials (Ni, W, stainless steel, amorphous alloys
and pyrographite) were irradiated with the use of the set-up described recently
[7,8].



The samples of Ni, W and stainless steel (SS) were irradiated with 8Ky
ions [9-12]. Before irradiation all samples were annealed at 700°C for 1 h and
then were electrochemically polished. Before and after irradiation the samples
were characterized by means of a scanning electron microscope JSM-840.

The scanning electron microscopy (SEM) images for Ni are presented in
Fig.1, where (a) is the unirradiated surface and (b) shows the surface after
irradiation with 305 MeV *Kr ions up to fluence F+=2x10" ion/em’. One can
see that the metal surfaces were polished by irradiation, and surface
irregularities are sputtered. Furthermore, from Fig.1 it is possible to see a
considerable material sputtering near the grain boundaries. The yield of the
grain boundary sputtering S is more than 2000 atom/ion. The sputtering yield
has been estimated by approximating the volume of the material sputtered on
grain boundary.

To estimate sputtering yield for grain body, a nickel sample was irradiated
up to the fluence F+=2x10" ion/cm” using a mask. The mask was placed over
the half of the irradiated surface and then the exposed area was reirradiated with
245 MeV *Kr ions up to the fluence of F+=1x10"" ion/cm®. The thickness of
the sputtered material layer, which is equal to difference between thickness for
the single- and double-irradiation parts of the nickel sample (see Fig.2), was
h~0.35 um, which allowed one to estimate a sputtering yield as
Sy=3000 atom/ion.
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Fig. 1. The surface structure of polycrystalline Ni before (@) and after irradiation (b)
with 305 MeV %*Kr ions up to fluence F 1=2x10" jon/cm®. The images were obtained
using SEM technique

Double irradiation allowed one to decrease possible swelling influence on
the estimation of the experimental sputtering yield. In this experiment, the
swelling of Ni can only decrease estimations of the sputtering yield. More high
yield of grain boundary sputtering can be explained by its initially defected
crystal structure.



Fig.2. The surface structure of
polycrystalline Ni previously
irradiated with 305 MeV **Kr ions up
to fluence F+=2x10" ion/cm® and
then irradiated with 245MeV **Kr
1onstup.- to. the  fluence = of
F+=1x10" jon/em® (the upper part
was covered by mask). One can see a
step on the boundary between single-
and double-irradiated regions

The presence of radiation defects in metals essentially increases the
influence of inelastic energy loss of swift heavy ions on the sputtering yield.
Thus, the sputtering yield for the metal having a low defect concentration in the
crystalline structure is in the range of 1-10 atom/ion [3-5]. Experiment [9] has
shown that the sputtering yield for coarse-grained metals with swift heavy ions
increases by a factor of 10%-10° at high irradiation fluences
(F-+=2x10" ion/cm®) at the expense of accumulating radiation defects in the
target crystalline structure. The high sputtering yield for nickel observed
experimentally is possibly explained by atom evaporation from the ion track
surface, which has been heated up to temperature higher than a boiling point.
The observed effects can be understood on the basis of the model that will be
presented below.
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Fig.3. The nickel surface structures in initial sample (a, the scanning area is 2.6 pm x
2.6 um and height is 54 nm) and after irradiation with 305 MeV Kr ions up to fluence
F1=2x10" jon/cm? (b, the scanning area is 3.15 um x 3.15 um and height is 47 nm). The
images were obtained by means of STM technique

The STM-images of the surface structure for Ni grain body are presented
in Fig.3. One can see the initially electrochemically polished nickel surface
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structure before irradiation (a) and after irradiation () with 305 MeV **Kr ions
up to fluence F+=2x10" ion/cm®. The images (scans) were obtained by the
STM technique.

The difference between the heights of relief for unirradiated (a) and
irradiated (b) samples, as one can see from Fig.3, is very high: 53.97 nm and
11.66 nm, respectively. We calculated the mean height values using a lot of
scans for unirradiated (a) and irradiated (b) nickel. These values turned out to
be H,=46.97 nm and H,=21.15 nm. The approximating number of atoms, Ny;s,
evaporated (sputtered) from the nickel surface under the irradiation with ¥Kr
ions has been estimated by means of simple expression

Nyis~(H, — Hy)-Ny; = 2.36x10"” atom/cm’, (1)

where NN,=9.125x1022 atom/cm’ is the number of atoms per 1 cm’. So the
sputtering coefficient (or, most probably, evaporation coefficient) has an
approximating value S,.=Ny/F =1.2x10* atom/ion.

As is very easy to estimate, the pressure in the area around the hot ion
track in metals at the temperatures about T,~10* K (without any volume
changes) must be approximately 10° kbar [51, 52]. So the target atoms can be
thrown out from the surface by high pressure, too. Time for energy transfer
from electrons heated with heavy ions to lattice atoms is t~10"% s, and lattice
atoms cannot obtain high temperature [14]. In the case of crystal with the high
defect concentration, the energy transfer time can decrease down to 10" s and
the temperature of the lattice around the ion trajectory must be very high. It can
cause lattice melting and ion track creating. The final temperature on the track
axis may be estimated with the help of expression [14]

T(0) = {4-h-S*N-0y are® Ty *{(To/&r) -1} /(9-a- B} . ()

Here o0y=2-7may’, ao 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. Using this expression, it is possible to estimate the temperature in the
ion track area. The temperature estimated with the use of eq.(2) (T=3700 K) is
higher than the nickel melting point (7,,,,=1873 K). Thus, the processes of Ni
atom evaporation must take place with the increasing of damage concentration.
And this fact allows one to understand such a high sputtering yield for Ni.

Study of the sputtering yield for W single crystal and stainless steel
Cr18Nil0 (SS) was carried out for comparison. And the chemical element
composition of irradiated SS was determined too.
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Fig.4. The surface structures of single tungsten crystal before (a) and after (b) irradiation
with 305 MeV *Kr ions up to the fluence F=2x10'""ion/cm® The images were
obtained using SEM technique

The surface structures of tungsten single crystal before (a) and after (b)
irradiation with 305 MeV *Kr ion up to fluence F+=2x10'°ion/cm’® are
presented in Fig.4. The images were obtained by scanning electron microscopy
(SEM). The initial W single crystal exhibits a very good characteristic — the
ratio of its resistivity at room temperature and that at liquid helium temperature
was p(300 K)/p(4.2 K)=80000. On Fig.4 one can see the initially polished
tungsten surface after Kr heavy ion irradiation.
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Fig.5. The tungsten surface structures in initial state (@) and after irradiation (b) with
305 MeV Kr ions up to the fluence (£ 't)2=2><10[5 ion/cm®. The scanning area is
1500 pm x 1500 pm. The relief heights are 116.5 nm (@) and 27.68 nm (b). The images
were obtained by using of the STM technique

To estimate the surface relief inhomogeneities on small area, the scanning
tunneling microscopy (STM) was used. In Fig.5 the surface structures of the
initial (a) tungsten crystal and the one irradiated with 305 MeV Kr ions up to
the fluence F+=2x10"" ion/cm® (b) are presented. As one can see from Fig.5, the
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difference between the relief height for unirradiated and irradiated sample is
significant: 75.5 nm and 8.73 nm, respectively. We calculated the mean height
values using a lot of scans for unirradiated (a) and irradiated () tungsten. These
values turned out to be H,=61.08 nm and H,=21.96 nm. The approximating
number of atoms Ny evaporated (sputtered) from the metal W surface under
the irradiation with **Kr ions has been estimated by means of expression (1). So
one can obtain NWS~(HQ—H,,)-NW=2.47><1017 atom/cm’, where = Ny=
6.32x10* atom/cm” is atom number per 1 cm’. In such a manner the sputtering
coefficient (or, most probably, the evaporation coefficient) has an
approximating value S,.=Nys/(F1)=1.23x10* atom/ion.

Fig.6. The stainless steel surface structure in the initial state (¢) and after irradiation (b)
with 245 MeV **Kr ions up to fluence F 1=2x10" jon/cm’. The images were obtained
by using the STM technique

The surface structure of chromium-nickel stainless steel (Cr18Nil0)
irradiated with **Kr ions is presented in Fig.6. Figures 6a and 6b show the SS
surface structures in initial state and after irradiation with fluence up to
F+=2x10" jon/cm?, respectively. As one can see, the irradiated surface exhibits
an interesting structure. The whole irradiated area is covered by the so-called
hillocks. The ion irradiation fluence was the same as in the case of Ni.
Analogous surface structure of the SS irradiated with 124 MeV 12X e jons was
recently observed by the authors at very high fluences [13]. The electron
microprobe analysis for the SS samples irradiated with 245 MeV *Kr ion up to
fluence F#=5x10" jon/cm’® was carried out with the electron scanning
microscope JSM-840. It was found that the chemical compositions of SS
sample change from Fego7Cri76Nij27 to Fes37Crio7Nige. So the Ni content
becomes about twice as much, but concentration of other elements decreases. It
means that the processes of sputtering took place under irradiation.

Calculated values of projected ranges R, and inelastic energy loss
Sine=(dE/dx),,; for the Ni, W and SS targets are presented in Table 1. These
calculations were made by means of a computer code TRIM-2000. To estimate
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temperature on the track axis using the calculated values S;,.;, we used the
expression which is more simple than (2) (see [13, 15]):

Ttr = Sinel(x)/(ﬂ-'Rtrz'Ci p:) + TO' (3)

Here C; is a specific capacity, p; - material density, R, - track radius, Tj -
irradiation temperature. We will use a simple model for evaporation: the target
atoms can evaporate from the cone with the diameter D,,,, and the depth H,,,,
and H,,z~D,yqp. Then the volume of the evaporated materials can be calculated
by means of the expression

V= 7Devap’ Hovap! 12=Ser/ Nypar. (4)

Here S,, and N, are sputtering yield and the number of atoms in 1 cm’,
respectively. The total volume of the evaporated materials was estimated from
SEM- and STM-images. The explanation of such large values of sputtering
yield can be carried out on the base of thermal spike model, i.e. that for all
studied metals the temperatures in the area around the tracks are higher than the
melting point and evaporation temperature too. As was shown in ref. [14], the
temperature on the track axis at metallic single crystals cannot be higher than
the melting temperature because the electron-electron interaction must dissipate
the ion energy transfer to electrons on the crystal. But for crystals with high
defect concentration the situation can be another. For amorphous metallic alloys
this temperature may be higher than the melting and evaporation temperatures
if the inelastic energy is more than threshold energy for hot ion track creation.
This effect takes place at metals irradiated by high ion fluences. Thus, the
evaporation processes will take place.

Table 1. TRIM-calculated values of projected range R,, inelastic energy losses
Sine=(dE/dx)ines, track temperature Ty, sputtering yield K, crater diameter D,,, and
published data about melting point 7., for nickel, stainless steel (SS) and
monocrystalline tungsten

Material Ni SS W
R,, yum 14.2 15.4 11.9
Sinets MeV/um 28 24.5 35
T,, K 1.04x10* | 0.95x10* 2x10*
T eirs K 1728 1673 3693
K, atom/ion >120 >100 >120
Crater diameter, >17 >16 >20
Doyapy A




In ref. [15] the estimations for tracks in Fe irradiated with fission
fragments (energy of fragments such as krypton and xenon is about
1 MeV/amu) were carried out and the estimated track temperature was about
T,~6000 K.

Thus, one can conclude that the thermal spike model at damaged materials
can explain the high value of sputtering yield for some metals irradiated with
swift heavy ions up to high fluences.

3. STRUCTURAL CHANGES IN AMORPHOUS ALLOYS UNDER
IRRADIATION WITH SWIFT HEAVY IONS

The study on structural changes and other properties of amorphous metal
alloys irradiated with swift heavy ions is really of great interest for a number of
reasons. First of all, such systems do not have a long-range order in atomic
arrangement and exhibit only a short-range order. Practically amorphous
systems are disordered materials.

The investigations of amorphous alloys under heavy ion irradiation attract
interest of specialists [16-23]. The main results were the following:

1. Under irradiation with heavy ions, the dimensions of samples
perpendicular to the ion beam direction increased, but the sample
dimension along the ion beam shrunk.

2. The processes of sputtering did not take place practically.

3. These irradiation-induced dimension changes were not accompanied by
volume changes.

4. The consistent studies of sputtering yields of metallic amorphous alloys
were not carried out.

The purpose of this paragraph is to study the radiation phenomena in
amorphous alloys such as NisgNbg,, Feg7Ni,Sij4B7, Feg;Siiz sB3 s and Taz7Nie at
high fluences of heavy ions [24, 25].

The samples of amorphous alloys NisgNbyy, FessSij3sB3s and TassNies
were irradiated with 245 MeV *Kr ions up to the fluences 10" and
10" jon/cm? and 710 MeV **Bi ions up to the fluences 10'* and 10" ion/cm’.
The irradiation temperature was less than 100°C. The irradiation was carried
out at the installation which was described in [7, 8]. The mean ion beam
intensities (flux) were F<10'' ion/(cm*-sec) or less.

The initial surface of NisgNb,, sample is presented in Fig.7a. One can see
the structural defects on the surface - the frozen melt drops.

The surface structure of irradiated amorphous alloy NisgNby, is presented
in Fig.7(b, ¢). One can see that at temperature 7=300 K the samples changed
strongly. The areas with the freezing melt drops practically kept the position on
the surface, but the relatively smooth area around these drops was displaced
along ion bombardment direction so that the drops became immersed under the
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smooth surface part. The swelling value of samples irradiated with 245 MeV
%Kr jons at F+=10" ion/cm® is found to be AV/F~15%. And the chemical
composition on the sample surface is found to change, too. The alloy chemical
composition can be expressed as Nisg Nbyy.,, where x=1.60 at ion fluence
F+=10" jon/cm” and x=1.48 at ion fluence F+=10"* ion/cm”. One can conclude
that the significant changes of chemical composition at relatively low fluences
must be caused by evaporation processes of rather Ni than Nb atom as the latter
is more refractory atom.

Fig.7. The amorphous NisgNby, alloy
surface structure: @ - unirradiated; b -
irradiated with **Kr ions (245 MeV)
up to the fluence of
F1=1x10" ion/em?; and ¢ is the
structure of the sample partially
masked by foil (on the left is the
unirradiated region and on the right -
irradiated one)

In Fig.8 the NisgNby, surface structures obtained by scanning tunneling
microscopy are presented. One can see that the volume increasing is connected
with the multistep volume growth, but not with surface growth. The projected
range of **Kr ions in NisgNby, alloy is R,=13.4 um (the density of this alloy is
p=8.54 g/em’, the threshold energy for damage creation E,=30eV). The
inelastic energy loss is (dE/dx);,,~24 MeV/um and the damage doses created in
the processes of the elastic collisions are D,~0.037 dpa and D,=0.0037 dpa for
the ion fluences 10" and 10" ion/cm?, respectively; the cross section of target
atom displacement is o= 3.7x10™"7 dpa-cm*/ion.
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Fig.8. The structure of amorphous NisgNby, alloy irradiated with 245 MeV 8K r jons up
to the fluence F+=1x10" ion/cm? (b — 300 nm x300 nm x 44.9 nm) and unirradiated
(a— 230 nm x 230 nm x 34.5nm). The structures were obtained with the STM
technique

The temperature around ion track can be calculated using some
publications [9, 26-28]. The temperature peak (thermal spike) model was used
for description of the radiation phenomena under irradiation with swift heavy
ions of solids (e.g. [26]). This model is based on earlier publications [27, 28].
The expressions have the form

Ce'(dTe/dt) = Wk VTe % a'(Te S Tt) ar A(pr t)a (Sa)
Ct’ (dT,/dl’) =_VK; We w a'(Te = Tl) (Sb)

Here C, and C; are specific capacities for electrons and lattice atoms, and K,
and K, are electronic conductivity and lattice conductivity, respectively; C and
K are temperature-dependent parameters; « - the constant of electron-phonon
interaction. The electronic temperature can be estimated by means of
expressions [27]

Tu(p) = HdE/dx),e(7Cor ) -exp(-pIpc). (6)

If parameters C,, C;, K, and K; do not depend on temperature, the solution
of system (5) can be written in the form [27]

T(p.H) = a (dE/dx)ue/ (2:m:CorCy)- | {exp(-onf)-exp(-ant) } X
xexp(-kp,)*-Jo(kp)kdk/( @, - @), (7
parameters @, and @ are presented in ref. [27].

The using of expressions (2), (3), (5) and (7) allows one to estimate the
temperature on the axis of Kr ion track in amorphous alloys. The temperature is
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T,=4000 K and it is higher than the melting point and the evaporation
temperature for this material. So in this system the evaporation (sputtering)
processes must take place.

4. THE CHANGES OF SURFACE STRUCTURE OF HIGHLY
ORIENTED PYROLYTIC GRAPHITE (HOPG) IRRADIATED WITH
SWIFT HEAVY IONS

The results of this review paragraph are the continuation of the cycle of
publications on the influence of high inelastic energy losses of swift heavy ions
on the structure and properties for conductive polycrystalline materials (e.g. [1-
6]) and for HOPG [29-34]. First of all, such studies are also important for
understanding the fundamental laws of charge particles interaction with solids;
secondly, they have gained applications for the construction and creation of
nuclear physics accelerators, reactors and heavy ion drivers to solve problems
related to creating thermonuclear fusion reactors [2].

In ref. [35] on the surface of HOPG irradiated with 10-100 MeV “Ar ions
a lot of hillocks were observed. A characteristic hillock diameter was less than
3 nm. The hollows (craters) were found on the hillock peaks. In the work [35]
the hillock creation was connected with the inelastic energy losses
(dE/dx),ne=5 keV/nm for Ar ions, but no explanation of hollows creation has
been provided yet.

This part gives the results of our studies about HOPG surfaces irradiated
with 305 MeV *Kr and 705 MeV 2®Bi ions by air STM [36, 37]. The
possibilities of high resolution STM allow us to study ion effect on a surface
structure at low ion fluences (about 10''-10" jon/cm®).

The STM image of HOPG surface before (a) and after irradiation (b) with
305 MeV *Kr ions at the fluence of 5x10' jon/cm? is presented in Fig.9. Part
of the sample surface was covered by a special mask and did not irradiate,
while the other one was irradiated with ions. Then the grain boundaries were
studied in detail with the use of STM technique. On the unirradiated part of the
HOPG sample one can see a boundary between two crystal grains, while on the
irradiated part one can see a strongly sputtering boundary. The boundary depth
in Fig.9(a) is estimated to be 5 A, while in Fig.9(b) it is equal to 47 A. So, it is
easy to see here, that the boundary sputtering predominates over body grain
sputtering. For grain boundaries the sputtering coefficient is very high. It means
that the **Kr ions produce the hot tracks connected with the high inelastic
energy loss (dE/dx);,.=10 MeV/um in the area where the crystal structure has
high defect concentration and is disordered. The hot tracks on and near the
surface have temperature higher than the sublimation and evaporation
temperatures for graphite.
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Fig.9. The STM-images of initial (a) and irradiated with 305 MeV **Kr ions up to
fluence 5x10'% ion/em?® () HOPG surfaces. The scanning areas are 128 nm x 128 nm
(@) and 167 nm x 160 nm (b) and the vertical sizes are 5 A (a) and 47 A (b)
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Fig.10. The STM-image of the
HOPG surface structure
irradiated with 705 MeV **Bi
ions up to the fluence of
10" jon/em?. On the top figure
one can see the scanning profile
along the line shown on the
bottom figure

The STM image of HOPG irradiated with **Bi ions at the fluence
10" jon/em® with energy 705 MeV is presented in Fig.10. One can see the
craters which were formed on the surface of individual HOPG grain after **’Bi
ion irradiation. The analysis of all STM images has shown that the mean
surface crater concentration is only about 2-3% of the total ion fluence
(10" jon/cm?®). This means that the crater creation process is probable, i.e., is
related to thermal fluctuations and only a small part of ions can produce the hot
tracks in which the temperature is high enough to evaporate carbon atom. The
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predominant character of boundary sputtering under irradiation with Kr ions
allows us to explain this fact. The craters can be created in the volume near the
surface of material in which HOPG grains have local surface disordered
crystalline structure. The small craters on some hillocks with diameter ~3 nm
under irradiation with 10-100 MeV Ar ions [35] can be explained by the same
phenomenon. Inelastic energy losses for 705 MeV 2%Bj jons and for 10-
100 MeV “°Ar ions are equal to (dE/dx)i =27 MeV/pum and (dE/dx);ne
=5 MeV/um, respectively. It is a reason for a bigger crater diameter in case of
2Bi jons in comparison with crater production under *’Ar ion irradiation.

It is well known that hillocks under HOPG irradiation with 3 MeV/amu
heavy ions are of fluctuation character and very small sizes: their height is
<0.5 nm and the diameter is ~1 nm [38, 39]. At our experiments the scanning
step was 10 A, and as a result it was impossible to observe the hillocks on the
HOPG surface (see Fig.9).

A cylindrical region of excited electrons will be formed around the ion
trajectory in a solid target. The radius of this region is ro~10 A and initial
electron gas temperature. is about 20-40 eV [14]. The relaxation of excited
electrons will be owing to electron-electron collisions (electron thermal
conductivity) and electron-lattice interactions, which can lead to lattice atom
heating. In the HOPG case the excited electron region cooling based on electron
thermal conductivity will be strongly straitened because the free electron
density for single crystal graphite is practically by three orders of magnitude
less than that in metals and has a value ~5x10'® electron/cm’ [40]. Thus, a
significant part of excited electron energy will be transferred to ionized lattice
atoms and this phenomenon takes place in a cylindrical excited electron region.
However it does not lead to hot track formation because the HOPG has high
lattice thermal conductivity. Fig.11 shows the dependence of HOPG lattice
thermal conductivity y; in direction parallel to surface versus the lattice
temperature. The dependence of lattice thermal conductivity y;, was calculated
on the basis of published data [40]. The characteristic time for energy transfer
from electrons excited by ion to lattice atoms is equal to T~107"% s [41].

The characteristic time for HOPG atoms cooling in a wide temperature T}
range (up to 1000 K) as a result of lattice thermal conductivity must be
n~re/ ;{L<10'14 sec. The condition 7;<<7, means that the lattice atoms will not
be heated and fast heavy ions will not create hot tracks and, respectively, the
craters will be absent on the surface. On the boundaries between the crystal
grains and in the positions with a local disordered crystalline structure the
condition 7;<<7, will be disturbed. Firstly, 7, decreases down to ~10" s [14,
41]. Secondly, the lattice thermal conductivity and, respectively, the
temperature conductivity strongly decrease, too. As a limit case for the
amorphous graphite its heat conductivity is two orders of magnitude less than
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that for HOPG [42]. So in the process of fast heavy ion passing through the
regions with strongly defected crystalline structure the hot track formation and
carbon atom evaporation from the surface will be observed.
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Fig.11. The HOPG lattice thermal conductivity y; in direction parallel to the surface as
a function of the lattice temperature

5. THE SPUTTERING OF GOLD IRRADIATED WITH SWIFT HEAVY
IONS

The sputtering coefficients for annealed gold foils irradiated with 3y,
1% Au and %Kr swift heavy ions are presented in Table 2 [3-6]. As one can see,
the experimental values of the sputtering coefficient are Sex~1-12 atom/ion. The
Au sputtering coefficients calculated with the help of the cascade sputtering
model, Scr, differ substantially from experimental values, especially for
irradiation with *®U and "*°Au ions with high level of inelastic energy losses.
The projected ranges of B8y, " Au and 8Kr ions in Au, the elastic cross-
section near the surface o, and inelastic energy losses (dE/dx);,, are presented
in Table 3.

At the calculations of Au atom displacement under elastic collisions oy
with ions, the threshold energy was taken as E,;=20 eV (see Table 3).

As one can see, the elastic cross-section of the Au atom displacement has
the biggest value in the case of irradiation of annealed gold thick foil with %Au
ion, but the sputtering coefficient S,, is less in comparison with irradiation with
2% ions: 9.3 atom/ion and 12 atom/ion, respectively. This difference between
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the sputtering coefficients can not be explained by using only elastic collisions.
It is necessary to take into account also the inelastic energy losses and the
temperature effects (thermal spike model). The inelastic energy losses
(dE/dx);,; for 287 are more than those for '**Au ion irradiation by a factor of
~1.8.

Table 2. The experimental sputtering yield in the inelastic energy loss range for the
gold polycrystalline targets irradiated with heavy ions

. . . . Inelastic energy
Ton/Material | Energy, Spurt§r1ng yield | Sputtering yield, losses,
MeV expermnllt/t_nt, Sexs cascade theer, (dE/dX)ner
atom/ion Sc.7, atom/ion KeV/A
Z8U/MAu | 1400 1242 <1 9.82
°Au/Au| 230 9.3+0.9 ~3 5.52
Y¥Kr/Au | 200 1.0£0.2 <1 3.28

Table 3. The calculation values of projected ranges, R,, elastic cross-section near the
surface, oy, and inelastic energy losses, (dE/dx);nes, for some ions in Au

Proiected Inelastic energy Elastic cross-

Ion/Material | Energy, MeV ro"ig ed range, losses, section, oy,
P> MM (dE/dx)ina, keV/A | dpa-cm’/ion

28/ Au 1400 21.26 9.82 3.7-107'¢

1% Au/"Au 230 7.65 55 1.1-.10"
8K/ Au 253 10.78 3.33 1.65-107'°

Then the gold samples underwent cold deformation to create high
concentration of dislocations as drawing defects (the gold purity was 99.0%)
were irradiated with 253 MeV *Kr ions up to 10" jon/cm®. The mean ion flux
was 3.7x10° ion/(cm*s) during irradiation. The images of initial (a) and
irradiated with **Kr ions (b) surface structures of gold samples obtained with
the help of STM are presented in Fig.12. As one can see, the mean relief height
in images (a, ¢) and (b, d) is H,=27.19 nm and H,=11.66 nm, respectively. The
approximating number of atoms evaporated (sputtered) from the gold surface
under ¥Kr ion irradiation has been estimated by simple expression (1):

Niu ~ (H, — Hy)xN4,=9.17x10'® atom/cm?, ®)



where NA,,=5.903><1022 atom/cm’ is the atom number per 1 cm®. Thus, the
sputtering coefficient (or, most probably, the evaporation coefficient) has an
approximating value S,,.=N,,/(F)=9.17x 10? 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.

Fig.12. The STM-images of good pohshed initial (a4, ¢) and irradiated (b, d) with
253 MeV **Kr ions up to fluence 10" jon/cm* gold surfaces. The areas of scanning and
the heights of relief have the values: @) 600 nmx600 nmx30.87 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 second case can be
explained only by the processes of gold atom evaporation from the surface
under 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
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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
expression (4) and the equation from [43]:

To(r,8) = Sinell (4 -7y, 1)-exp{(-Crr*)(4 -y, £)} + T, 9)

where Ty 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=159 J/(kg K) at
temperature 7=1500 K. So, we took into account the parameter value for a high
temperature. Using the expression (4) and the mean value for the crater
diameter on the surface of cold-deformed gold samples irradiated with **Kr ions
(see Fig.11b) was calculated: D.,~40 A. One can obtain the temperature at the
volume around the ion trajectory, ion track, from the expression (3):
T,~23000 K for the track diameter D,=100 A. The melting point and
evaporation temperature for gold are much less, i.e. 1336 K and 3150K,
respectively.

T T T T T
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1
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@ 6000 |- 2 ]
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2
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Q4000 3 e
£
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2000 4
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L 1 1 1 1
0 50 100 150 200
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Fig.13. The temperature versus of the distance from the ion track axis for the various
times: 1 - £,=1x10""'5; 2 - ,=2x10"* s and 3 - ,=3x10™* s

In Fig.13 the temperature as a function of the distance from beam
trajectory axis is presented for various time ¢ (see [43] and equation (9)). The
curves /-3 were obtained using expression (9) [10, 11]. As one can see, the
temperatures at the area around the track axis with the radius about 50-75 A
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during the time up to 10" s are higher than the melting point and evaporation
temperatures.

One can conclude that the sputtering/evaporation coefficient strongly
depends on the defect concentration (point defects, defect clusters and drawing
defects-dislocations). That conclusion is in agreement with the results obtained
for irradiated metals, alloys and HOPG. The experimental results can be
explained by hot electron free path decreasing. Also the condition 1,<<7, (see
paragraph 4) will be disturbed and 7, decreases down to ~10"" 5. The lattice
thermal conductivity and consequently the temperature conductivity strongly
decrease, too.

6. CONCLUSION

The presence of radiation defects in metals essentially increases the
influence of inelastic energy losses 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
at high irradiation fluences (~2x10" ion/cm?) increases significantly at the
expense of accumulating radiation defects in the target crystalline structure. The
experimentally observed high sputtering yield for nickel can be explained by
atom evaporation from the track surface which has been heated up to boiling
temperature (7}) (i.e. a thermal spike). In this way we experimentally prove that
inelastic energy losses (dE/dx);,; of fast heavy ion have a strong influence on
sputtering the metal with a damaged crystal structure. The hot electron plasma
model [44] does not contradict the experimental result given in this 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.

Thus, the experimental research on swift heavy ion action on the surface of
metals, metallic alloys, amorphous alloys and HOPG in inelastic energy loss
region was carried out. The explanation of experimental results is given, too.
On the base of data obtained for Ni, Au and HOPG we have concluded that
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 in low-defect zone, the lattice atoms around the swift heavy ion trajectory
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 Ni previously irradiated with high fluence (so-called “step”
method, Fig.2) and for previously strongly deformed Au. As a result, when fast
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heavy ion passes through such areas, a 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 [44, 45] irradiated previously with 5 MeV
electrons (fluence 5x10'7 electron/cm?) and then with 250 and 340 MeV 1%e
and 245 and 210 MeV *Kr ions. Heavy ion tracks were also found in
amorphous Si and Ge [46]. 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., [47]). A model of disordering and
following crystal recrystallization under heavy ion irradiation was developed in
ref. [48, 49].

In the ref. [35] the hillocks creation on the HOPG surface was connected
with the inelastic energy loss. However, this conclusion is not proved properly.
The inelastic energy loss cannot have influence on the HOPG surface structure
changes except for the regions with a defected crystal lattice. The hillock
creation can be explained on the base of elastic energy losses of heavy ions,
which can produce collision cascades with displacement of lattice atoms and
the following processes like HOPG swelling in the place of ion passing through
the surface.

For the preparation of heavy ion program for CERN (LHC), accumulation
and cooling tests with lead ion beams have been performed in the LEAR
storage ring. These tests have revealed that, due to the unusually large
outgassing of the vacuum system, the dynamic pressure of the ring could not be
maintained low enough to reach the required beam intensities. An experimental
program has been initiated for measuring the molecular desorption yields of
stainless steel vacuum chamber by the impact of 4.2 MeV/amu lead ions with
the charge stage +27 and +53. The test chamber was exposed either to grazing
or to perpendicular incidence. Different surface treatment was reported in terms
of the molecular desorption yields for H,, CH,;, CO, CO,. Unexpectedly large
values of molecular yields per incident ion up to 2x10* molecules/ion have been
observed [50].

The hillock structures which look like the semi-sphere appear on the
stainless steel surface irradiated with *Kr ions (the energy is 245 MeV and the
fluence is 2x10'° ion/cm?). These structures are similar to the structures which
appear on the surface at the blistering phenomenon. It means that the surface
begins to accumulate the gases under irradiation, as a result the high pressure
arises and the flaking phenomenon takes place too. Similar structures and also
structures with flat tops and large squares were observed in ref. [53]. The
surface change of silicon single crystals irradiated with 'Xe ions (energy was
124 MeV and the fluence varied from 10" to 2.9x10'® ion/cm?) is presented in
this work. The creation of semi-spherical hillocks and structures of another
shape may be connected with the gas molecule accumulation near the surface
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under the irradiation (gas desorption processes). These gas molecules could be
accumulated in silicon single crystal at the processes of their growth. The
creation of such hillocks on the irradiated surface allows one to explain large
values of the desorption yield of gas molecules in the thermal spike model and
confirms the applicability of this model.

The importance of the sputtering problem for accelerator engineering and

for the high-energy heavy ion implantation into up-to-date materials makes it
necessary to continue the experimental and theoretical research in high-energy
heavy ions.
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Hunpix A. 10. u mp. E14-2002-243
DBOMOUMA CTPYKTYpbi IIOBEPXHOCTH TBEPABIX Tel
TpU OG/y4eHHH TAXKEIbIMA HOHAMH BHICOKUX DHEPIUil

TlpencranneHs! pe3ynbTaTh H3y4eHHs M3MEHEHHI CTPYKTYpbi IIOBEPXHOCTH TBEPABIX TeJl, Ta-
KHX KaK METa/Ulbl, META/UTHYECCKHE CIUTaBbi, aMOPHbIE METAUIHYECKHE CIUIABbI H BHICOKOOPHEHTH-
POBaHHBI MpoNHTHYecKHil rpacut (BOIIT), mon neitcTBHeM OOITydeHNS THXENBIMH HOHamu SOKr
‘(sHeprus HOHOB 245 MaB, dmoenck obnydenns 1013, 1014, 10'° cm ~2) u 29B;j (3Heprus HOHOB
705 MaB, ¢mioenct: obiyuerus 10'2, 10'3 cm ~2). Hamepenst koo(UIMEHTb! PACTIBUICHHS METan-
n0B (Ni, W, Au), nepxasetouteit cranu X18H10, amopdHoro cruraBa NisgNb,, u BOIIT. INokasaso,
410 K03 PHUHEHTH! PACTIBUICHHS OTOXKEHHBIX 06pa3uos nonukpHcTamios (Ni, Au), Kak ¥ MOHO-
xpucrannos (W, BOIIT), npu HU3KO# KOHLICHTpALMU AeeKTOB OTHOCHTENILHO HEBEJIMKH. Ha 310l
CTalMH NMPOHCXOMUT NPECHMYILIIECTBEHHOE pacIibuicHHe rpanull 3epeH (Ni, BOIII). Ilo mepe Hako-
TUIeHHs eeKTOB PAIMALMOHHOTO POUCXOXAEHH npH (moercax o61ydenus nopsaka 1015 cm 2
K0athHIUHEHTE! PaCMIbUIEHHA HAYHHAIOT 3HAUMTENILHO YBEJIMUMBATHECH. AHAIOMWYHbBIE PE3Y/IBTAThI
NOTy4eHbl Ha aMOP(HBIX CIUTaBaX, He MMEIOLIMX JATHHETO NOPANKA PELUETKH (TOILKO GIIUXHUI 1O-
PI0K), H Ha Xo0aHOACOPMHPOBAHHEIX 00pasuax 3001a. C pOCTOM BEJIMYHMHBI HOHH3ALHOHHbIX
(Heynpyrix) norepb :mepmn HaYHHAIOT MOABMATECS Kparephl Ha nosepxHoctd BOIII B mMectax
npoxoxueHuss HoHoB 2% Bi, HO HX KOHIEHTpAUMA COCTaBnger 2-3 % or ¢moeHca HOHOB. O6cy-
XneHa (eHOMEHOMOTHYECKad MOENb YKa3aHHOTO MOBENEHHS .

Pa6ora BemonHeHa B JIaGoparopuu spepHsix peakuuii uM. I'. H. ®neposa OUSIH.

CoobieHne O6GbenHHEHHOTO HHCTHTYTA SAePHBIX MccnenoBanuii. Jy6Ha, 2002

Didyk A. Yu. et al. E14-2002-243
Evolution of the Surface Structures of Solids under Irradiation
with High Energy Heavy lons

The results on the study of surface structure of solids, like metals, metal alloys, amorphous
metal alloys and highly oriented pyrolytic graphlte (HOPG) under irradiation with heavy 36Kr ions
(ion energy is 245 MeV, irradiation fluences are 10'3, 10'*, 10" cm ~2) and 2%°Bi (ion energy is
705 MeV, irradiation fluences are 10'2, 10'3 cm~2) are presented. The sputtering coefficients
for metals (Ni, W, Au), stainless steel Cr18Ni10, amorphous alloy NisgNb,, and HOPG are mea-
sured. It is shown that the sputtering coefficients of annealed polycrystals (Ni, Au) and single crys-
tals (W, HOPG) are not large at low defect concentration in materials. At this stage, the sputtering
of grain boundaries predominantly takes place. The sputtering yields become to increase signifi-
cantly with the growth of damage concentration at ion fluences of the order of 10'* cm ~2. Analo-
gous results were obtained for amorphous alloys, which do not have the long-range order (only
short-range order), and for cold-deformed Au samples. When ionized energy loss increases, in-
dmdual craters begin to appear on the irradiated surface of HOPG at the place of the passage

of 20°Bi ions, but their concentration is about 2-3 % from ion fluence. The applicability of thermal
spike model for the explanation of such behavior is discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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