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Introduction: The chemical composition, micro-
structure, and optical properties of grains on the surfaces
of airless bodies are predominantly altered by microme-
teorite impacts and solar wind irradiation. These pro-
cesses drive space weathering and result in the for-
mation of features including chemically-altered, amor-
phous grain rims, Fe nanoparticles (npFe), and vesicu-
lated grain textures [1]. These characteristics have been
identified in returned samples from the surfaces of the
Moon and asteroid Itokawa, e.g., [2,3].

In order to advance our understanding of the for-
mation of these microstructural and chemical features in
returned samples, we have simulated space weathering
processes for a variety of materials via laboratory exper-
iments. These experiments include ion irradiation to
simulate solar wind exposure and laser irradiation and
in situ heating to simulate micrometeorite impacts, e.g.,
[4,5]. While these experiments have provided consider-
able insight into the formation mechanisms of many
space weathering features, they are predominantly static
and typically performed separately. Here we present re-
sults from the simulated space weathering of olivine
grains via He irradiation and dynamic heating, both per-
formed in situ inside the transmission electron micro-
scope (TEM). These experiments allow for the real-time
observation of chemical and microstructural changes re-
sulting from the superposed effects of ion irradiation
and pulsed heating..

Methods: Grains of San Carlos olivine were drop-
cast onto C-coated Cu TEM grids and SiN MEMS-
based heating chips (Norcada) for analysis in the TEM.
We performed in situ irradiation experiments using 12
keV He ions at the intermediate-voltage electron micro-
scope tandem facility (IVEM) at Argonne National La-
boratory. We irradiated three individual samples, each
at a flux of 3x10'2 ion/cm?%s up to total fluences of
3.5x10' ions/cm?, 5x10'® ions/cm?, and 8x10'°
ions/cm?, respectively. After irradiation, we then per-
formed rapid in situ heating of the 8x10'¢ ions/cm? sam-
ple, at a rate of 100°C per second, up to 1000°C and im-
mediately returning to room temperature.

We imaged each sample before, throughout, and af-
ter the completion of irradiation and/or heating in the
300 kV Hitachi 9000 TEM at Argonne National Lab.

After in situ irradiation and heating, we performed sec-
ondary electron imaging to investigate the nature of the
grain surfaces. We also performed energy-dispersive x-
ray spectroscopy (EDS) to obtain chemical maps using
the Hitachi SU 9000/transmission scanning electron mi-
croscope (STEM) at the University of Arizona.
Results and Discussion: We imaged samples at var-
ious stages of the irradiation and heating process.
3.5x10%% ions/cm? Sample: At this irradiation fluence
we begin to observe the formation of vesicles around the
outer margins of grains, readily visible in secondary
electron (SE) and annular dark field (ADF) scanning
TEM (STEM) images (Fig. la-b). SE images reveal de-
pressions on the grain surface which correlate to the size
and location of vesicles in the ADF images, indicating
that they are concentrated in the outermost grain rims.
These vesicles range in size from a few nm to ~40 nm
in size. We estimate these vesicles are in the upper ~80-
100 nm of the olivine surface, based on calculations
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Figure 1: TEM data of grains after irradiation. A) SE
image of the 3.5 x 10'¢ ions/cm? irradiated grain show-
ing surface depressions corresponding to vesicles in the
B) ADF image. C) TEM image of vesicles in the sample
irradiated to 5x10'¢ ions/cm? and D) Selected-area elec-
tron diffraction pattern containing discrete reflections
and rings, indicating the start of amorphization.
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from the Stopping and Range of Ions in Matter (SRIM)
code [6]. These features appear similar in size to vesi-
cles observed on the surfaces of grains returned from
asteroid Itokawa [3]. The fluences experienced by the
grains in this experiment translate to ~10-100 years on
an airless surface at 1 AU, within range of the exposure
timescales estimated for Itokawa grains from solar flare
track analyses [7]. These results suggest solar wind im-
plantation may be a viable mechanism for vesicle devel-
opment, even over short timescales.

5x10" ions/cm? Sample: We observe the widespread
distribution of vesicles with larger average size than
those observed at lower fluences, up to ~60 nm in size
(Fig. 1c). SAED patterns indicate the grains are begin-
ning to amorphize (Fig. 1d). This breakdown of crystal
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Figure 2: A) TEM image of vesicles after 8x10'¢
ions/cm? irradiation. B) TEM image of smaller vesicles
and the presence of nanoparticles after flash heating. C)
SE image of the grain after heating showing nanoparti-
cles and pitted texture on the surface. D) Nanoparticle-

bearing rim. E-G) EDS maps for Fe, O, and Si showing
the composition of the nanoparticles and the matrix.
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structure begins at the critical amorphization fluence
proposed in [8]. The amorphization does not proceed to
completion, as the stopping range of the He ions in this
experiment is less than the thickness of the grains, and
because He likely only causes partial amorphization in
regions other than the outermost few nm [6].

8x10%9 ions/cm? Sample: At the highest irradiation
fluence we observe vesicles increasing in size, up to
~100 nm in diameter (Fig. 2a). After flash heating, the
overall size of the vesicles decreases substantially to
<10 nm, and become much more uniform. In addition,
we observe the formation of nanoparticles throughout
the sample, ranging from a few nm to 30 nm in diameter
(Fig. 2b). SE images of the heated sample shows that
some of these nanoparticles are on the surface of the
grain. The size and distribution of these nanoparticles
are similar to in situ heating experiments performed for
naturally solar wind irradiated lunar soils [9].

The images also reveal the presence of a pitted tex-
ture across localized regions of the grain surface, with
the depressions often being associated with surface na-
noparticles (Fig. 2¢). We hypothesize that these pits re-
sult from degassing He as the sample is heated. This loss
of He is also likely responsible for the reduction in size
of the vesicles. EDS maps of the heated grains show the
nanoparticles are enriched in Fe and at least some are
also enriched in Si (Fig. 2e-g).

While nanoparticles with Fe-Si composition have
been observed in isolated instances in lunar samples
[10], Fe® nanoparticles (npFe) are the expected for-
mation product of space weathering. However, such na-
noparticles are hypothesized to form with solar wind H
acting as a reducing agent. The absence of H in our ex-
periment may have prompted the formation of FeSi na-
noparticles. Nonetheless, simulating space weathering
conditions in situ using dynamic He irradiation and
rapid heating produces microstructural and chemical
features similar to those observed in returned samples.
These results suggest solar wind irradiation is a possible
mechanism for the formation of vesicles on the surfaces
of grains returned from Itokawa.
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