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Abstract—We present the results of irradiation experiments aimed at understanding the structural and
chemical evolution of silicate grains in the interstellar medium. A series of He* irradiation experiments
have been performed on ultra-thin olivine, (Mg,Fe),Si04 samples having a high surface/volume
(S/V) ratio, comparable to the expected S/V ratio of interstellar dust. The energies and fluences of
the helium ions used in this study have been chosen to simulate the irradiation of interstellar dust
grains in supernovae shock waves. The samples were mainly studied using analytical transmission
electron microscopy. Our results show that olivine is amorphized by low-energy ion irradiation.
Changes in composition are also observed. In particular, irradiation leads to a decrease of the atomic
ratios O/Si and Mg/Si as determined by x-ray photoelectron spectroscopy and by x-ray energy
dispersive spectroscopy. This chemical evolution is due to the differential sputtering of atoms near
the surfaces. We also observe a reduction process resulting in the formation of metallic iron. The use
of very thin samples emphasizes the role of surface/volume ratio and thus the importance of the
particle size in the irradiation-induced effects. These results allow us to account qualitatively for the
observed properties of interstellar grains in different environments, that is, at different stages of their
evolution: chemical and structural evolution in the interstellar medium, from olivine to pyroxene-
type and from crystalline to amorphous silicates, porosity of cometary grains as well as the formation

of metallic inclusions in silicates.

INTRODUCTION

The study of silicate dust in various astrophysical
environments has recently gone through a renewal of interest
with the extensive spectroscopic results provided by the
infrared space observatory (ISO) (Kessler et al., 1996). The
ISO spectroscopic results have shown the presence of
crystalline silicate dust grains in evolved star outflows (Waters
etal., 1996), in young star environments (Malfait et al., 1998;
Waelkens et al., 1996, 1998) as well as in some comets (Crovisier
et al., 1997). In contrast, crystalline silicate signatures are
absent in the interstellar medium: diffuse interstellar medium
and molecular clouds around some protostars are characterized
by the presence of fully amorphous silicate dust (Demyk, 2000;
Li and Draine, 2001). Since interstellar silicates originate

mainly from evolved star outflows, the absence of crystalline
signature shows that the dust undergoes a strong structural
modification in the interstellar medium during its lifetime,
between its formation in the envelopes of late-type stars, and
its incorporation into the regions around young stars and their
associated protoplanetary accretion disks.

Although the medium is very cold, the dust in the interstellar
medium is subjected to a wide variety of processes that can
modify its structure, for example, grain—grain collisions,
irradiation by cosmic rays or by light ions accelerated by shock
waves originating from supernovae (e.g., Jones et al., 1996).
A review of the evolution of interstellar dust was recently
presented by Jones (2000). Thanks to the ISO results, extensive
new data are now available for furthering our understanding
of dust evolution and the physical processes that can act on it.
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Inrecent years, the ISO spectra of the amorphous and crystalline
silicate signatures have been tested against the results of
laboratory and theoretical studies of annealing (e.g., Brucato
et al., 1999; Fabian et al., 2000; Hallenbeck et al., 1998) and
irradiation experiments (e.g., Demyk er al., 2001; Carrez et
al., 2002). From these joint approaches, significant advances
in our understanding of the origin and evolution of interstellar
silicates can be expected. Among these studies the physics of
the crystalline—amorphous transition in silicates is one of the
key points for study.

This study is the second contribution in an experimental
research program on silicate dust evolution under the effects
of irradiation. In our first contribution (Demyk ef al., 2001),
we have shown that the irradiation of dust in supernovae shock
waves can significantly alter the structural signature of the
silicates. The present study is a direct continuation of this
approach and includes additional results for He* ion
implantation into olivine by extending the energy range and
the fluence of the incident helium ions. The crystalline—
amorphous transition under ion irradiation has been investigated
in detail and the important role of the surfaces has been
considered. We also focus on studying the associated chemical
changes using analytical transmission electron microscopy
(ATEM) and x-ray photoelectron spectroscopy (XPS).

EXPERIMENTAL PROCEDURE
Sample Preparation

The samples selected in this study are terrestrial olivine
single crystals from San Carlos (Arizona), with Mg gFeq 2SiO4
composition. To reproduce the behaviour of small interstellar
silicate particles the samples must exhibit high surface/volume
ratio. Their geometry must also be adapted for a subsequent
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microstructural characterization. These requirements are met
with ultra-thin transmission electron microscope (TEM)
specimens. Sample preparation first involves making doubly-
polished 30 um thick specimen. The samples are then glued
on standard, 3 mm TEM Cu grids, and ion thinned with a low
(15°) beam angle with Ar* ions accelerated at 5 kV. Ion
thinning is stopped when a small hole is formed in the middle
ofthe sample. The rim of the hole gives a bevel-edged region
with a thickness decreasing to zero (Fig. 1). The edge of the
sample exhibits a very high surface/volume ratio, comparable
to that expected from a "classical” silicate dust grain in the
interstellar medium, and is transparent to electrons of a TEM
allowing microstructural investigations.

Helium Ion Irradiation

The Het irradiation was performed on the ultra-thin TEM
samples (Fig. 1) at the Centre de Spectrométrie Nucléaire et
de Spectrométrie de Masse (CSNSM, Orsay, France) at room
temperature under vacuum at a residual pressure of 10-7 mbar.
The beam current density was maintained below 9 uA/cm?2
and the ion beam (section of 5 mm2) was scanned
homogeneously over the samples in order to prevent heating
during irradiation. He™ ions were accelerated at 4, 10 and
50 keV with fluences in the range 5 x 1015 to 1018 ions/cm2.
The experimental conditions are summarised in Table 1.

Transmission Electron Microscope Characterization

After irradiation the samples were investigated by different
TEM techniques (selected area electron diffraction (SAED),
bright- and dark-field imaging, x-ray microanalysis). Thus,
they were coated with a carbon layer (about 10-20 nm thick)
to prevent charging effects under the electron beam. The TEM

He" irradiation
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Experimental configuration of He* irradiation. Due to TEM specimen preparation, the sample is bevel-shaped with a hole in the
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TABLE 1. Summary of irradiation experiments.*

Sample Sample type Irradiation conditions
number
Energy Fluence
(keV) (ion/cm?)
0 Ultra-thin Not irradiated -
1 Ultra-thin 4 5x 1015
2 Ultra-thin 4 1016
3 Ultra-thin 4 5 x 1016
4 Ultra-thin 4 1017
5 Ultra-thin 4 5x 1017
6 Ultra-thin 4 1018
7 Bulk 4 1017
8 Ultra-thin 10 1018
9 Ultra-thin 50 1018

*Ultra-thin samples are designed for TEM observations. The bulk
specimen (experiment #7) was characterized by XPS.

investigations were performed with a Philips CM 30 operating
at 300 kV. The microscope is equipped with an x-ray energy-
dispersive spectrometer (EDS; Noran-Voyager) with a Ge
detector and an ultra-thin window, which allows low-energy
characteristic x-ray lines such as O line (523 eV) to be detected
with a good sensitivity. The detector sensitivity factors
(k-factors) which depends on the characteristics of the EDS
system, were determined by the "parameter less extrapolation
method" proposed by Van Cappellen (1990). Quantitative
microanalysis requires a precise thickness determination to be
performed. We used the absorption correction method
developed by Van Cappellen and Doukhan (1994} for
stoichiometric oxide compounds. By this method, the thickness
is deduced from spectra by comparing the intensity of O with
those of the different cations. Practically, thickness parameter
is adjusted until electroneutrality of the compounds is reached
in the quantification program. This requires a detector having
a good sensitivity to oxygen. A precise description of the
kysi factor determination and of k,},s measurements is given in
Carrez et al. (2001).

X-ray microanalyses were performed using the scanning
(STEM) mode with a low current density in order to minimise
possible electron irradiation damages occurring under the beam.
The evolution of the material under the electron beam was
monitored by chronospectroscopy. Three consecutive EDS
spectra were recorded at each point to follow the evolution of
the apparent composition with acquisition time. The true
composition was obtained by extrapolation at zero electron-
irradiation time. In general, this additional correction is low.

X-Ray Photoemission Spectroscopy

The chemical analysis of the bulk olivine samples were
performed by XPS which provides information from below
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(30-50 A) the surface, before and after He* irradiation. The
experiments were performed using the ESCALAB 220XL
spectrometer from Thermo VG Scientific. The non-
monochromatised aluminium source (Alg, = 1486.6 ¢V) was
used for excitation with a 300 W applied power. Analyses
were operated with a constant pass energy (CAE; E =40 ¢V),
using the electrostatic mode for the lens. Photoelectrons were
collected from a 5 mm diameter area by reducing the field of
view and angle acceptance apertures. The data were processed
by means of the Eclipse Software (from VG Scientific) after a
Shirley-type baseline removal (Shirley, 1972).

Atomic ratios of the outer layers were calculated from the
normalised area:

Normalized area = peak area / [T(E) x A(E) x o]

With, o cross-section of the core level (Scofield, 1976), T(E)
transmission function of the spectrometer and A(E) inelastic
mean free path of electron in inorganic compounds ~kE0.77
(Wagner et al., 1980; Tamuna et al., 1993).

The binding energy scale was initially calibrated against the
AU4f7/2 (84 eV), Cu2p3/2 (932.7 CV) and Ag3d5/2 (368.3 CV)
levels. The Mg KL»31.53 Auger peak (1180.4 eV kinetic energy)
was used as internal reference in case of large charging effect.

For XPS experiments, He* irradiation was performed in
the preparation chamber attached to the analysis chamber of
the spectrometer. The AG5000 cold cathode ion gun (VG
Scientific) was operated at 4 keV. Helium pressure was kept
~8 x 10-6 mbar. The measured sample current was 50 uA for
a beam diameter of 6 mm.

INVESTIGATION OF THE IRRADIATED SAMPLES
Microstructural Evolution

The TEM micrograph of the non-irradiated sample is
characterized by the typical contrast of a perfect crystal with
Bragg contours (which appear dark in bright-field)
corresponding to the locus of the exact Bragg conditions.
Samples #1 and #2 irradiated at 4 keV with fluences of 5 x
1015 and 1016 jons/cm2, respectively, present these Bragg
contours and are thus similar to the reference sample, even if
they present tiny bubbles or voids making the surface appearing
like an "orange skin". Samples irradiated at higher fluences
(ie., 5 x 1016 jons/cm? and above: samples #3 to #6) exhibit
several characteristic features (Fig. 2). The most prominent
feature is the rim that appears in the thinnest part of the
specimen. This rim is easily recognised because it contains no
Bragg contours, whatever the orientation of the sample,
suggesting an amorphous structure. This is confirmed by
SAED performed on the rim and which shows the typical
diffuse rings of amorphous materials. Microanalysis shows
that the rim is close to olivine composition. SAED performed
on crystalline regions (which display Bragg contours, in black
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FIG. 2. Typical features of irradiated sample as observed at the TEM (here sample #3, irradiated with 4 keV He™, fluence 5 x 1016 jons/cm?2).
The sample is seen in plan view; it exhibits dark fringes corresponding to crystalline matter in Bragg position. The rim without any contrast
is characteristic of an amorphous region. Diffraction (in the top right corner) confirms that the rim is amorphous. In thicker part, diffraction
(bottom) reveals the superposition of amorphous compounds with the initial olivine. An EDS spectrum recorded on the rim confirms that
olivine elements are presents.
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FiG. 3. TEM bright-field images from four samples (irradiated at 4 keV with different fluences: (a) 5 x 1016 Het/cm2, (b) 1017 Het/cm2,
(c) 5x 1017 He*/cm2, (d) 1018 He*/cm?2). In these plan views, upper left corners correspond to the edge of the sample and arrows indicate the
increasing thickness. A large amount of bubbles are visible with a mean size of bubbles increasing as fluence is higher.

on Fig. 2) adjacent to the amorphous rim show normal spot
patterns characteristic of olivine with still some diffuse rings
superimposed to them. These diffuse rings are no more visible
when SAED patterns are recorded in thicker regions.

The second feature corresponds to numerous gas bubbles
or voids that are pervasive in the crystalline regions and extend
partly into the amorphous rim. These bubbles are more easily
seen on samples irradiated at higher fluences, although they
can be seen in sample #3 if the magnification is increased (see
Fig. 3a). Figure 3 shows that the mean size of the bubbles
increases with the irradiation fluence. Only the thinnest part
of the rim is free of bubbles. Figure 4a,b shows that very similar

features are present in samples #8 and #9 irradiated with more
energetic ions (10 and 50 keV, respectively). The only
difference might stem from the width of the bubble-depleted
region near the edge of the sample which increases with
increasing energies, as well as the width of the amorphous
region.

Chemical Evolution
We have investigated the chemical composition of the

amorphous rim produced by the irradiation. We have performed
line profiles from the tip of the rim to thicker areas. Figure 5
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FIG. 4. TEM micrographs of irradiated samples with a fluence of 1018 jons/cm?2. (a) 10 keV irradiation (sample #8) and (b) 50 keV irradiation
(sample #9). Note the rim near the edge, which corresponds to the ion-transparent region of the sample. Compared to a 4 keV irradiation, the

width of the bubble-depleted region is larger.

FIG. 5. Bright-field TEM image of sample #5 after chemical
characterization. Black dots visible on the image are contamination
spots and represent locii of analyses. EDS analyses were performed
from the edge of the specimen to thicker regions.

presents a TEM micrograph illustrating the measurement: the
black spots are the locii (sample #5) where the probe was
positioned for individual analysis; they are due to
contamination. The composition profile corresponding to this
micrograph is displayed in Fig. 6, in which is also plotted for

comparison a line profile into non-irradiated olivine using
exactly the same experimental procedure (samples #5 and #0).
It is important to remember at this stage that the quantification
in the TEM requires a precise determination of the thickness
at the exact probe location. With the line profile being recorded
on a bevel-shaped specimen, this parameter varies at each point.
The thickness determination in silicates is usually obtained
following the procedure proposed by Van Cappellen and
Doukhan (1994). However, this method is based on the crystal
chemistry of the specimen which is shown here to deviate
significantly from stoichiometry at the rim (Fig. 6). A specific
procedure has been developed to overcome this problem and
is described in the appendix. Figure 6 shows that, compared
to the non-irradiated sample, a composition profile develops
in the amorphous rim formed in samples irradiated at 4 keV.
This composition profile corresponds to a deviation of both
the O/Si and the Mg/Si ratio from their initial values (O/Si =4
and Mg/Si = 1.8, characteristic of our San Carlos olivine).
Above a fluence of 5 x 1016 He+/cm?2, all samples exhibit such
a composition profile. It is more and more pronounced when
the fluence increases. Figure 7 shows the composition reached
at a given arbitrary thickness as a function of the increasing
fluence (data are extracted from profiles similar to Fig. 6). At
a given fluence (1018 ions/cm2), the profile is even more marked
when the irradiation energy is increased from 4 to 10 keV
(Fig. 8). However, the sample irradiated at 50 keV has an
amorphous rim that exhibits no significant deviation from the
olivine stoichiometry (Fig. 8).
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FIG. 6. Composition profile of an irradiated olivine (here sample #5, filled marks) compared with a similar profile recorded on a non-
irradiated sample (sample #0, open marks). Atomic ratio O/Si (circle) and Mg/Si (rectangle) are plotted against thickness. The solid curves,
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FIG. 7. Results of 4 keV irradiations (samples #3, #4, #5 and #6)
plotted as the evolution of O/Si (circle) and Mg/Si (rectangle) atomic
ratios function of fluences. Atomic ratios are those reached in 30 nm
thick region. Amounts of chemical damages are increasing as fluences
are higher.

X-Ray Photoemission Spectroscopy

XPS data confirm the chemical information derived from
analytical TEM study. Indeed, 4 keV Het irradiation is found
to induce decreasing O/Si and Mg/Si ratios below the surface
(see Table 2). In addition, XPS provides information on iron
and its valence state that cannot be extracted from ATEM.
Figure 9 shows a detail of the XPS spectra in the Fey,, region
for both the reference (non-irradiated) and irradiated sample
(#7). Tt shows that prior to irradiation, iron is in the ferrous
{(Fe2*) state in the sample, according to the Feyp, photopeak
profile showing a 6 eV separation between the main line and
the satellite structure (Maschhoff and Armstrong, 1991). After
bombarding the sample with ~1017 He* ions/cm?2, the two peaks
characteristic of iron in the metallic state Fe,1/2 and Feppsp
(at 720.2 and 707 €V, respectively) appear showing that iron
has been reduced during irradiation. The ratio Fe0/Fe2* is then
determined by spectra difference, considering the defined
criteria: energy alignment, baseline removal and area
normalization. The reduction effect is significant, the difference
in the two spectra reveals that more than 40% of the native
Fe2+ iron atoms have been reduced to Fe0,
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open circles; sample #8, grey squares; sample #9, black triangles, respectively). One notes that a 50 keV irradiation does not induce

detectable chemical changes.

TABLE 2. Results of XPS analysis (sample #7).*

Sample O/Si Mg/Si Feg/Feyot
(atomic ratio)  (atomic ratio) (%)

Reference 3.8 1.7 0

He* irradiated 3.1 1.4 43

*The amount of reduced iron is deduced by spectra difference of the
XPS data (as explained in text).

DISCUSSION
Structural Evolution: Crystalline to Amorphous Transition

It is well known that ion irradiation causes amorphization
in a large number of materials. When an ion goes through the
target it loses its energy by electronic (ionization) and nuclear
(elastic collision) interaction (e.g., Weber ef al., 1998, and
references therein). Nuclear interactions are found to
predominate for a low ion velocity while ionization occurs
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FIG. 9. Comparison of XPS spectra for iron. After He* irradiation, a
part of FeO is reduced into metallic iron as revealed by the appearance
of new peaks characteristic of FeO.
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FIG. 10. Schematic view of a TEM sample after irradiation. The specimen is composed of three different layers. On the top, there is an
amorphous layer above the region of helium implantation. Below these two highly damaged layers, one finds the initial and undamaged

olivine crystal.

mostly at high velocity. In our experiments He™ irradiation were
performed at low energy, for which there is a predominance of
nuclear interaction with the target atoms. The series of
experiments performed with 4 keV He* ions under various
fluences shows that above a fluence of 5 x 1016 jons/cm2, the
surface exposed to the ion beam (i.e., the upper surface layer)
is fully amorphous. Below this fluence, the samples remain
crystalline although some defects are present. They probably
reflect a progressive crystalline to amorphous transformation.
Amorphization occurs as consequence of the direct collisions
of the incident He* ions with the target atoms. Each incident
ion gives rise to a displacement cascade at the end of the
implantation track, leading to the formation of an amorphous
region by local collapse of the crystalline structure. The average
number of atomic displacement produced per He implantation
event can be evaluated with the Monte Carlo computer code
TRIM (TRansport of Ions in Matter; Ziegler ef al., 1996).
Assuming a displacement energy of25 eV for all species (Wang
et al., 1999), there were ~40 (4 keV), 70 (10 keV) and 120
(50 keV) atomic displacements per He implantation. The
completely amorphous state is the consequence of accumulation
and overlap of the individual events. Our experiments on 4 keV
He* irradiation determine a critical fluence for amorphization
in between 1016 and 5 x 1016 He+/cm2.

This amorphization process has been intensively studied
in a large number of materials, including olivine (Wang et al.,
1993, 1999, 2000; Eby et al., 1996). These authors (Wang et
al., 1993, 1999; Eby et al., 1996) have found a critical fluence
~5 x 1014 jons/cm? with Kr+ ions at 1.5 MeV. By fitting the
projectile ion and the associated number of atomic displace-
ments per incident ion we find that this value is comparable
with our results. Indeed, such experimental conditions (Kr* at
1.5 MeV) significantly increase the size of displacement
cascade. Thus, it is not surprising to find a higher critical
fluence for amorphization when less energetic ions are involved.

Only the top of the samples is exposed to the He™ ions.
Because of the bevel-shaped geometric configuration the
amorphous material can be observed solely at the edge of the
sample. In thicker areas the amorphous layer is superimposed
to the undamaged olivine. The geometric configuration after

irradiation is shown in Fig. 10. The thickness of the amorphous
layer can be measured by placing the probe at the boundary
between the amorphous rim and the "crystalline" region (see
Fig. 10) and by recording an EDX spectrum. The procedure,
described in "Transmission Electron Microscope Characterization"
and in the appendix, yields the thickness of the specimen at
this point and is the thickness of this amorphous layer. We
find45 = 15nmat4 keV and 90 = 15nm at 10 keV. At50keV
the thickness of the amorphous layer is larger than 200 nm but
this has not been accurately measured. These values compare
well with TRIM calculations, for which we have found 40, 95
and 380 nm for 4, 10 and 50 keV, respectively (Table 3 and
Fig. 11).

Helium Bubble Formation

The second feature seen in the images is the bubbles or
voids. They are absent at the extreme tip of the thin foils.
This suggests that they form a layer at the bottom of the
amorphous layer (see Fig. 10). For the 10 and 50 keV
irradiations most of the He* ions are transmitted through the
edge of the bevel of the samples. In these thin areas the He
concentration might be very low. On the TEM micrographs
we observed that the bubble density near the edge is very low.
Different fluences have been tested for a 4 keV energy. Because
of this low energy, the free rim is very narrow. This series of
samples allows observing the bubble size evolution. The
volume fraction of these bubbles, as well as their size, increase

TABLE 3. Comparison between experimental determination of the
amorphous thickness and penetration depths results of TRIM
calculations.

Ton energy Thickness of the Penetration depths of the
amorphous layer ions calculated by TRIM
(nm) (nm)
4 keV 45 = 15 40
10 keV 90 £ 15 950
50 keV n.d. 380
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FIG. 11. Results of helium implantation calculated with TRIM for 4,
10 and 50 keV irradiation.

with the He* fluence received. All these pieces of evidence,
together with the free bubble rim in samples irradiated at 10
and 50 keV, suggest that bubbles are filled with He gas. The
bubbles show no sign of over-pressurisation (internal stresses,
cracks, efc.) showing that relaxation of the olivine matrix has
occurred. The growth of the bubbles with the increasing fluence
requires some matter to be excavated to make space available.
These precipitation and growth mechanisms show that diffusion
of olivine species at room temperature must be assisted by
irradiation. Formation of He bubbles after He* irradiation has
already been reported in numerous studies (e.g., Johnson er
al., 2000 for insulating ceramic; Raineri et al., 2000; Sasajima
et al., 1999 for Al,O3).

All experimental evidence and the scheme presented in
Fig. 10 are in good agreement with TRIM calculation. Indeed,
results of TRIM on the penetration depth of He* ions in olivine
and He implantation are displayed in Fig. 11 and in Table 3.
They show that the amorphized layer corresponds to the
penetration depth of the ions and that the bubble layer is located
at the depths at which the ions stop in the specimen.

Chemical Modification

Our study has shown that He™ irradiation induces a chemical
fractionation below the exposed surface. This chemical
evolution with the He* fluence has been particularly
documented in case of 4 keV He* ions (samples #1 to #7) for
which a composition gradient has been shown when the fluence
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exceeds 1017 ions/cm2, This chemical evolution is induced by
collisions between the incident He* ions and the target. Letus
consider a displacement event occurring near the surface of
the sample. If the energy gained during the collision by the
target atoms is sufficient they can escape through the surface
into vacuum. This process, called sputtering, depends on the
energy of incident ions, the atom masses of both the projectile
and the target, the displacement energies, the binding energies
and the surface binding energy of the target atoms (see
Smentkowski, 2000, for details). The sputtering yield is the
mean number of sputtered target atoms per incident ion. It
depends on which lattice atom is knocked. For example, in
olivine, Mg or O will be more sensitive to sputtering than Si
and Fe. This effect can be responsible for chemical
fractionation by removing some species preferentially. The
sputtering yields for O, Mg, Si and Fe were determined using
TRIM calculation.

The various parameters used for this calculation are the
displacement energies £4, the lattice binding energies £y, and
the surface binding energies £;. The displacement energies
are known only for a few materials and not for olivine. We
have taken the approximation £4 =25 eV proposed by Wang
et al. (1999). We set the E}, value at 2 eV for each element
(Eby et al., 1996). For the surface binding energy of an atom
to a surface, again known only for a few materials, it is common
to use the heat of sublimation as an estimate (Ziegler et al.,
1996), for our olivine, E; = 5.6 eV. One specific detail of our
calculation is the particular geometric configuration we used
for the irradiations. The samples can be considered as ultra-
thin sample, in which two free surfaces are present. The results
of TRIM calculations are shown in Fig. 12. This figure shows
the evolution of total sputtering yield (O + Mg + Si + Fe) with
the sample thickness for the three acceleration voltages used
in the present study, assuming thin samples with parallel
surfaces. As expected, sputtering is found to be more and more
important as helium incident energy decreases (i.e., when nuclear
collision effects are predominant). These calculations highlight
also the influence of the free surfaces in the sputtering
efficiency. Indeed, it is found that sputtering is significant for
thin samples only for which displaced atoms have a chance to
escape from the specimen through a nearby surface. This
explains also why sputtering is negligible for 50 keV ions (Fig. 8)
for which displacements occur at greater depths, that is far
from the surface. The maximum sputtering yield is also found
to evolve with He incident energy. The maxima are found at
around 40, 90 and 400 nm for 4, 10, 50 keV, respectively; in
other words for thickness very close to the implantation
distances, where the nuclear interaction are maximum.

Using modelled sputtering yields, we can calculate the
composition profile which is expected to result from sputtering
from a bevel-edge TEM sample subjected to a given irradiation
(i.e., with an increasing thickness for a direct comparison with
our experimental results in the ATEM profiles; see Figs. 1 or 10).
Figure 13 shows the comparison between such a simulation
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FIG. 12. Total sputtering yields calculated by TRIM plotted as a
function of the sample thickness. Sputtering yields are found to be
higher for 4 or 10 keV irradiations compared to the 50 keV irradiation.
Note that sputtering is strongly enhanced for thicknesses comparable
to implantation depths.
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based on TRIM and our experimental results in case of sample
#6 irradiated with 1018 ions/cm? at 4 keV. It shows that nuclear
collision-induced differential sputtering can account for the O
and Mg depletion below the surface, and that the amount of
fractionation as well as the extent of the profile are in good
agreement with the experimental results at 4 keV. The influence
of the fluence, which gives deeper and steeper composition
profiles, is also well reproduced (Fig. 14). However, at 10 keV,
the experimental composition profile is more pronounced than
the one predicted by simulation (see Fig. 15). This
underestimation suggests that another process might contribute
to chemical fractionation. This process might be due to
ionization which has been shown to induce chemical
modification in olivine (Carrez ef al., 2001 in the case of high-
velocity electrons). In the case of 50 keV ions, the sputtering
yield is very low and the influence of the thickness described
in the previous paragraph can explain why the model predicts
no composition profile to form, in agreement with our
experimental results (Fig. 16).

Finally, TRIM calculations show that the sputtering yield
for iron atoms is negligible, whatever the irradiation conditions.
We thus assume that iron stays in the sample. As oxygen is
removed, iron is progressively reduced. This reduction process
has previously been reported by Dukes ef al. (1999). These
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FIG. 13. Comparison of TRIM calculated chemical profile and experimental data. Data come from sample #6 and the calculations (solid

lines) are obtained with a fluence of 1018 Het/cm2.
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authors found that under similar experimental conditions
(4 keV He™ irradiations) there was a reduction of iron and
silicon. If our experiments lead to a large amount of reduced
iron, no evidence for silicon reduction were found.
Nevertheless, the amount of reduced Si evidenced by Dukes
et al. (1999) was relatively low.

ASTROPHYSICAL IMPLICATIONS

Interstellar silicate dust is subjected to numerous processes
in different astrophysical environments (e.g., interaction with
cosmic rays, photons, electrons and ions accelerated by
supernovae shock waves). The small size (typically 200 nm)
renders the bulk of the dust particularly sensitive to irradiation.
A number of experiments have been performed to infer the
structural and chemical changes induced by the irradiation of
silicates (e.g., Borg et al., 1982; Bradley, 1994; Keller and McKay,
1997; Dukes ef al., 1999; Wang et al., 1999; Demyk et al.,
2001; Carrez et al., 2001). These changes generally include
amorphization and chemical fractionation but the nature of the
irradiation-induced effects strongly depends on the incident
particles, their energy and their fluence. Most of these works
are dedicated to the study of solar wind interactions with
interplanetary dust particles (IDPS) or with lunar regolith (e.g.,
Borg et al., 1982 or Keller and McKay, 1997). Nevertheless,
these experiments are also relevant to the study of irradiation
of dust in interstellar medium conditions since they deal with
ions, energies and fluences that can be found in shocked regions
of the diffuse interstellar medium (Jones et al., 1996; Demyk
etal.,2001). Theresults presented here are thus also interesting
for the study of the effects induced by the solar wind. For
example, the presence of helium bubbles implanted in our
irradiated samples confirms the hypothesis of Brownlee er al.
(1998) who observe bubbles in IDPs which they suspect to
result from helium implantation due to solar wind irradiation.

In the case of interstellar dust, interaction with light particles
ionized and accelerated in supernovae shocks is thought to be
one of the predominant process (Jones, 2000; Demyk et al.,
2001). The propagation of a supernova shock wave in the
diffuse interstellar medium ionizes the gas mainly composed
of H and He, and accelerates the ions to different energies
depending on the velocity of the shock. For example, a 430 km/s
velocity shock accelerates a column of gas of ~1017 Het/cm?2
with an energy of 4 keV (Jones et al., 1996). In this study,
olivine undergoes amorphization for a 4 keV He+ fluence of
between 1016 and 5 x 1016 ions/cm2. Thus, relatively high-
velocity shocks (V > 200 km/s) are efficient to amorphize
olivine dust.

In addition to the structural evolution, our experiments also
evidence a chemical fractionation, with a preferential loss of
O and Mg. Such changes have been previously observed by
Bradley (1994) with proton irradiation or by Dukes et al. (1999)
for helium irradiation. The specificity of our experiments is
the geometrical configuration we use since the irradiation is
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performed on pre-thinned TEM samples. The samples thus
have a high surface/volume ratio. Although non-spherical, the
beveled shape with continuously varying thickness is suitable
for studying size effects during an irradiation process and a
given thickness can be compared to a dust surface/volume ratio
expected from interstellar grains. Thin regions are very
sensitive to irradiation and exhibit the stronger chemical
changes. This comes from the fact that the efficiency of the
sputtering process is increased by the presence of free back
surface. As a result, not only the "classical” sputtering from
the top surface operates, but nuclear collisions occurring in
the bulk can provide enough energy to target atoms to escape
through the back surface and thus increase the amount of
sputtered elements. Consequently, for a 4 keV He* irradiation,
chemical changes are twice more important for 40-50 nm sized
grains compare to larger grains. More generally, in shocks,
dust grains having a size comparable to the penetration depth
of the incident ions will undergo an important differential
sputtering leading to chemical fractionation. The composition
of these irradiated silicates grains will then tend toward a
pyroxene-type composition (characterized by atomic ratios
O/Si=3 and Mg/Si=1). This kind of chemical evolution is in
agreement with the evolution of interstellar silicates. Indeed,
around protostars where grains end their life after their passage
though the interstellar medium, the silicates are observed to be
predominantly pyroxene (Dorschner ez al., 1988; Bowey et
al., 1998; Demyk et al., 1999) whereas their initial composition,
as observed in ABG stars, is mostly olivine.

The sputtering experienced during the irradiation process
is not stoichiometric. In particular, iron is not strongly
sputtered; it appears to be reduced and becomes metallic in the
irradiated samples. Iron may be an abundant constituent of
the dust as it is approximately as abundant as silicon (Snow
and Witt, 1996). However, the nature of its incorporation into
the dust is still a matter of debate. Several possibilities exist
such as the existence of oxide dust grains or inclusions in
silicates grains or the existence of pure metallic iron grains or
inclusions into silicates (Kemper et al., 2002). It could also be
part of the structure of silicates in the form of Fe-rich silicates
(Tielens et al., 1990; Molster et al., 2002). The results presented
here show that, if iron is indeed in silicate grains, it will tend,
under irradiation in the interstellar medium, to remain in the
matrix of the grain in a metallic form. Furthermore, since the
silicate matrix simultaneously loses Mg and O by sputtering,
the grains will tend to be enriched in Fe. The grains are then
expected to be iron enriched and to contain metallic iron
inclusions after a prolonged sojourn in the interstellar medium.

Part of the grains will end up in the circumstellar disks
around young stars as well as in planetary systems such as
ours. Pristine material possibly originating from comets are
extensively studied in the laboratory. In particular a good piece
of information comes from studies of IDPs (Bradley et al.,
1999). Our results concerning the chemical fractionation do
qualitatively agree with the observation of preponderance of
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pyroxene over olivine amongst chondritic porous IDPs
(Bradley, 1988; Messenger, 2000), as well as in comets
{(Wooden et al., 1999; Wooden, 2002). Since olivine appears
to be the dominant phase in AGB stars, ion bombardment of
these grains in the interstellar medium could explain the change
in mineralogy to that for the most interstellar medium like IDPs
(Wooden et al., 2000). In addition, the observed porosity in
our irradiated samples may help to understand the high porosity
of the silicates components deduced from analysis of Hale
Bopp's spectra (Harker et al., 2002), using a thermal model in
which the porosity is an important property. Similarly, our
results suggest that the presence of Fe and FeS nanoparticles
in glass with embedded metal and sulfides (GEMS) (Bradley
et al., 1999) could well be the results of ion irradiation either
in the interstellar medium or from early solar winds.

CONCLUSIONS

He* irradiation has been performed on thin olivine
Mg gFe 2Si04 samples to simulate the physical and chemical
effects of supernovae shocks on dust grains travelling in the
interstellar medium. Our results can be summarized as follows:

(1) Amorphization of olivine occurs due to nuclear
collisions with low-energy helium ions.

(2) Chemical changes are observed under 4 and 10 keV
irradiation with a decrease of the atomic ratios O/Si and Mg/Si
(from 4 to 3 and 1.8 to 1, respectively). Differential sputtering
is at the origin of these damages.

(3) Reduction processes are also expected with the
appearance of metallic iron.

(4) The role of the surface, and thus of the dust size, is
emphasised in the sputtering process.

(5) The evolution of silicate grains in supernova shocks, as
expected from our results, is consistent with the observed
structural and compositional evolution of silicates in the
interstellar medium (i.e., from olivine-type to pyroxene-type
composition), as indeed observed thanks to recent ISO short
wavelength spectrometer measurements.

The structural and chemical changes indicated in our
experiments are compatible with the observed evolution of
silicate dust grains in the interstellar medium, that is, the
amorphization of the crystalline dust and the shift in its
composition from olivine- to pyroxene-type silicate while
passing from their site of production (late-type stars) to their
site of destruction (early-type stars/last stage of molecular cloud
evolution). Furthermore, we find that grains having sizes on
the order of and smaller than the penetration depth of the
incident ions will be the most chemically altered. In addition,
grains having a size on the order of, and smaller than twice the
penetration depth of the incident ions will be completely
amorphized throughout their entire volume. Thus, considering
the ion fluences at which theses changes occur in our
experiments, the propagation of supernovae shock waves
through the interstellar medium will efficiently alter the
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physical state of dust through the effects of shock-accelerated
incident ion irradiation experienced by interstellar grains during
their lifetime in our galaxy.
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APPENDIX

In this section we describe the experimental and data processing
methods used to obtain quantitative composition profiles on irradiated
samples recorded by analytical TEM. Two major issues are addressed:
(1) irradiated samples are unstable and might evolve under the electron
probe during the analysis; (2) quantitative analysis in the TEM requires
to determine the exact thickness of the specimen under the electron
probe.

(1) The first issue has been addressed by chronospectroscopy.
Three spectra have been recorded successively (i.e., after 20, 40, 60 s)
at each point, in order to detect a possible composition evolution
under electron probe. In EDS microanalysis, the detected signal is a
net count N or intensity / for each element detected. The
concentrations C are deduced with respect to the concentration of a
reference element, Si in our case. Using ky; factor (characteristic
of the EDS system) and the &,,5 absorption correction, Cy is deduced
from the following relation (Van Cappellen, 1990).

Cx/Csi = kxisi x kabs x (Ix/Isi)

Iy and Is; are the x-ray peak intensities of X and Si after background
subtraction. For the thickness determination (for computing k,ys),
the three spectra have been processed based on the Van Cappellen
and Doukhan method (1994) for oxide compounds. By this method,
thickness is deduced by comparing the intensity of O with those of
the different cations. The sample thickness is adjusted until
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electroneutrality is reached in the quantification program. This
processing yields a value for the thickness, which we call T, (Which
is approximately the same for the three spectra) and three
compositions. In case of a drift of the composition during spectra
acquisition, the initial true composition can be extrapolated at =0 s.
There is a potential problem however with this data processing
because the Van Cappellen and Doukhan method is based on the
assumption that the sample is stoichiometric, which is not verified
with irradiated samples. The calculated thickness T¢,. is then
overestimated due to the oxygen loss (as is the case for analyses
coming from the thinnest areas).

(2) To resolve the above problem, we have for each spectra
calculated the total number of detected counts N. This parameter is
directly proportional to the thickness of the analysed volume. Plotting
Nvs. Teale (Fig. 17) clearly shows the deviation from stoichiometric
compositions for very thin regions. This plot allows however to
determine the thickness profile of the specimen in the investigated
area. Indeed, in thick regions, deviation from stoichiometry is
negligible (because the thickness of the amorphized or damaged layer
is small compared to the sample thickness and its own composition
is not far from an olivine). The upper bound of the data points is thus
constituted of measurements that are not affected by stoichiometry
deviations. The true thickness profile (7i;,e) is obtained; it is shown
by the straight line in Fig. 17. This value Ti, is used to re-process
the three spectra recorded at each point. The three resulting
compositions are then extrapolated to zero acquisition time to obtain
the true composition at this point.
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