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Introduction: Sets of interplanetary dust particles
(IDPs) collected from the stratosphere provide samples
of parent bodies and/or astromaterials unlikely availa-
ble in collections of conventional meteorites [1-3].
Several techniques have been used to measure or infer
the bulk density of IDPs [3-6], an important property
that may have important implications for the origin of
IDPs. These measurements [3-6] have shown that the
density varied from one particle to another, particularly
with IDPs probably from different sources, with low
average density values of 0.6-1.0 g/em’ for typical
IDPs of likely cometary origins compared with a high
mean density value of 3.3 g/cm’ for dust particles like-
ly derived from asteroids [6].

Chondritic IDPs with low bulk density may well
have relatively high porosity or a combination of
abundances of pore spaces and low-density compo-
nents (e.g., carbonaceous material/organic matter).
Void spaces are frequently exhibited in TEM images
of microtomed thin sections of aggregate IDPs. How-
ever, much remains unknown concerning three-
dimensional (3D) details of porosities of IDPs, includ-
ing the morphology and types of pores, how they are
distributed throughout individual particles, and wheth-
er and to what extent pore spaces are connected to one
another. Elucidating these questions are of importance
to better understanding the formation and evolution of
IDPs and their parent bodies as well as the origin and
history of pores in IDPs. Given that typical IDPs are
fragile aggregates of submicron and nanoscale grains,
we have been developing and applying an X-ray phase
contrast nanotomography approach to nondestructively
characterizing IDPs, aimed at mapping the porous
structure and spatial distributions of grains and other
features of interest in intact IDPs in 3D nanoscale de-
tail by taking advantage of its high resolution and high
sensitivity.

Principles and Methods: X-ray imaging with
phase contrast is utilized to enhance imaging sensitivi-
ty to features of interest including pores and grains.
The interaction of X-rays with a heterogeneous struc-
ture can be described by a complex index of refraction
n, n=1-8-if, where d and P are the refraction (phase
shift) and absorption terms, respectively. Phase con-
trast imaging, unlike the conventional X-ray imaging
technique relying solely on absorption, utilizes the
refraction or phase shift of the transmitted X-rays,

which occurs upon X-rays travelling across interfaces
that define features of interest such as pores, mineral
grains and cracks. It transforms the phase modulation
into intensity variations through wave interference, as
a result, enhancing image contrast, for example, by
edge enhancement (Fig. 1). Moreover, for light-
element materials (e.g., carbon material/organic mat-
ter), the phase shift term & is dominant in the hard X-
ray regime, say, on the order of 10° =107 for & com-
pared with 10°-10"° for B. Hence, X-ray phase con-
trast imaging allows pores and individual grains
throughout a particle to be mapped in more detail,
making it possible to detect subtle structural-
ly/compositionally related features that may otherwise
be difficult to resolve with absorption contrast alone.

Advanced X-ray optics and a lens-coupled CCD
system were combined, which allowed of resolving
details of ~ 10 nm under favorable conditions. The
sample was carefully mounted on the top of a tungsten
pin with Scotch double-sided tape such that the entire
volume of a particle can be scanned for tomographic
imaging while high resolution was maintained. Prior to
being reconstructed, transmission images were manu-
ally aligned by taking positional shifts into account,
which occurred during data acquisition.
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Fig. 1. A varying refractive index across an X-ray wavefront
at a void interface results in a slight change in the direction
of wave propagation, which provides the basis for phase
contrast imaging of the void.

Results & Discussions: A cluster IDP of ~ 10 um
in length, U2015-M-1, was selected for examination.
This elongated chondritic particle has a bulky middle
and two somewhat tapered ends (Fig. 2). Part of the
interior of the particle, boxed with green markers (Fig.
2), is highlighted in Fig. 3, which appears to be com-
posed of extremely-irregular, submicron domains or
grain clusters that contain embedded mineral grains
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(brighter grainy features with typical sizes of ~ 15-50
nm) and smaller nanoscale-diameter pits or intra-
cluster pores (darker features), together with much
larger submicron pore spaces present between the clus-
ters. The domains or clusters are morphologically con-
sistent with carbonaceous material. Moreover, the
submicron pores are in effect connected to one anoth-
er, forming like a fairy-castle maze in 3D space,
which, together with the irregular submicron clusters,
tends to suggest that the particle constitutes sophisti-
cated, fractal-like structures. It is noted that the fractal
aggregate model of cometary nuclei was proposed to
account for the observed properties of comets [7].

Fig. 2. 3D rendering of the reconstructed volume
of an entire cluster IDP from an X-ray phase con-
trast nano-tomographic data set.

In two-dimensional (2D) settings, void spaces, par-
ticularly larger ones, are also discernable, but it is dif-
ficult to appreciate the essence of porous structure as
well as the spatial distributions of void spaces, not to
mention loss of the porous details both morphological-
ly and texturally, a likely key piece of information on
the history of the pores and particle. The maze-like
porous structure adds an extra challenge to accurate
porosity measurement, Both 2D and 3D preliminary
analysis, nevertheless, gives an average porosity esti-
mate of ~ 50%. No cracks have thus far been detected
inside pore walls, which may imply that no appreciable
compaction or density alterations occurred from at-
mospheric deceleration and sample collection. The
achieved imaging capabilities permit examination of
potential features of interest throughout the entire vol-
ume of the particle, including amorphous radiation-
damaged rims as well as magnetite rims arising from
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atmospheric entry heating and cracks or damage
caused by the aerodynamic and impact forces [3].
Analysis is ongoing, progress in this aspect will be
updated.

Summary: Porous structure is an essential part of
the intriguing story of IDPs. X-ray phase contrast
nano-tomographic imaging of an intact cluster IDP
reveals a small porous world that appears to be struc-
turally more complex and texturally richer than
thought. The observation provides information com-
plementary to other studies [e.g., 8] to help better un-
derstand the origin, formation and evolution of IDPs.

Fig. 3. A close-up of part of the interior enclosed
with green markers (Fig. 2) with the volume of
945x945x945 nm’.
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