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Abstract

For the purposes of mitigation, the internal structure of near-Earth objects (NEOs) remains one of the most impo
least understood parameters. From a science point of view, the internal structure is equally intriguing. Knowledge of the
structure can reveal the collisional history, and in the case of comets, may also reveal the accretional history. Here w
review some of our current understanding of asteroid interiors and focus on the application of radar and radiowave tom
techniques that may be applied to study NEO interiors.To cite this article: R.P. Binzel, W. Kofman, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Pour pouvoir envisager une protection contre les impacts des géocroiseurs (NEO) l’un des paramètres les plus i
est leur structure interne mais celle-ci reste aujourd’hui mal compris. D’un point de vue scientifique, leur structure in
intrigante. Sa connaissance nous permettra d’appréhender les processus collisionnels et dans le cas des comètes,
les mécanismes d’accrétion. Dans cet article, nous passons brièvement en revue nos connaissances actuelles co
structures internes d’astéroïdes et nous nous concentrons sur l’utilisation des radars et des techniques tomographiqu
étudier.Pour citer cet article : R.P. Binzel, W. Kofman, C. R. Physique 6 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

While spacecraft rendezvous and flyby missions have greatly increased our knowledge of asteroid and comet nucle
characteristics (e.g. Sullivan et al. [1]), our understanding of their interior properties remains minimal. For most obje
internal structure may be a complicated result of accretional structure, gravitational accumulation, and rock (or ice) me
Currently, the internal structure of small bodies is best described using terminology proposed by Richardson et al
further elaborated on by Binzel et al. [3].
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1631-0705/$ – see front matter 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crhy.2005.01.001
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We use the wordmonolithto describe an essentially wholly intact unit having a strength that is effectively equal to its t
strength, i.e. the maximum force per unit area that a body can withstand before fracture or rupture occurs. Anaggregateis
a body having less coherence than a monolith, being comprised by many different structural units with distinct bo
or interfaces between the units. If the interfaces are the result of the body’s primordial formation, rather than by co
fracturing, we use the termprimitive aggregate.For the case where the boundaries are sufficient to reduce the tensile str
we describe the body as beingfractured. We note that for a fractured body, its original shape remains mostly unaltere
is primarily the internal structure that has begun to make a substantial transition from being a monolith or an aggre
fractures increase, the object becomes ashattered body, where the interior structure is even more dominated by an abund
of joints and cracks. In this case, the relative tensile strength (defined as the effective tensile strength divided by the
its constituent material) may approach zero. Again the overall shape of the body may remain nearly unchanged in
Changes in overall outward shape and appearance may become apparent for a body that isshattered with rotated componen
whose interior has been thoroughly fractured (by collisions or tidal stresses) such that original interior units have been
and reoriented. An object is described as arubble pilewhen its interior has been completely shattered and reassembled
that the new structure is likely to be completely disorganized relative to its original state. If the units gain some cohes
reassembly, the body may be referred to as acoherent rubble pileor a coherent aggregate. A volatile-rich body may gain
cohesion through an increase in temperature and become athermally modified primitive aggregate, or in the case of stron
cohesion become alithified primitive aggregate.

At present, our ability to describe these possible states far exceeds our ability to measure them – yet this pro
challenge for our future exploration. In this article, we briefly review our current state of knowledge for asteroid and co
teriors, including our limited understanding for near-Earth objects (NEOs). We highlight the application of radar and ra
tomography techniques which may be the first to be applied for the in situ study of NEOs.

2. Current views

Although our current view of asteroid and comet interiors is limited, some basic and in some cases confusing info
is starting to emerge. Most basic is a calculation of an object’s bulk porosity, requiring both a mass and volume determ
While mass determinations have classically relied on mutual perturbations between the largest asteroids, the discove
lites among main-belt asteroids (Merline et al. [4,5]) and near-Earth objects (Margot et al. [6]) has substantially incre
available results. The astrometric capabilities of the GAIA mission are expected to further provide∼100 mass estimates fo
main-belt asteroids.

Insights into the interior are obtained through a comparison between the bulk porosity and the ‘grain density’,
average density of the constituent material at a scale of a few cm or smaller. Grain densities are obtained through l
measurements of meteorites (Consolmagno and Britt [7,8]), which also provide estimates for the ‘microporosity’ arisi
fractures, pores, and voids on the scale of millimeters to a few microns. Key to application of the grain densities in com
with bulk densities is the assumption of a particular correlation between a laboratory meteorite material and the aster
studied. As these correlations remain ‘best estimates’ for the present time, we must consider carefully what uncerta
introduced by these assumptions. Yet even with these uncertainties, distinct groupings in bulk porosities are beg
emerge. Britt et al. [9] find three basic groupings based on large scale voids or ‘macroporosity’. Objects having ef
zero macroporosity include the three largest asteroids Ceres, Vesta, and Pallas. Their sizes, (about 1000 km for Ceres
500 km for Vesta and Pallas) provide sufficient self-gravity to minimize macroporosity. Asteroids in the 30–300 km siz
may typically have macroporosities ranging from 15–25%. The only asteroid to be orbited to date, Eros (∼30 km in size), has
a macroporosity of∼20% (Wilkison et al. [10]). Results from the Near-Earth Asteroid Rendezvous mission (NEAR) giv
inference that Eros is a heavily fractured or shattered body, but has not undergone a history of being disrupted and reac
as a rubble pile. NEAR data suggest that the interior of Eros is highly homogeneous, with an offset of only 30–50 m
the center of mass from the gravity and shape models (Miller et al. [11]; Zuber et al. [12]; Thomas et al. [13]). Even
heavily fractured interior, structural features (ridges, grooves, etc.) visible on the surface demonstrate that still Eros reta
significant degree of tensile strength (Prockter et al. [14]). The third group of objects, mostly falling in the size range
250 km may have macroporosities in excess of 30%. Objects in this size range may be the best candidates for ‘rubble
these may be objects that have been substantially disrupted and reaccreted with a very different internal structure from
originated. A very bizarre case is 16 Pysche having an M-type reflectance spectrum and a strong radar reflectivity tha
a very dense (metallic) composition. Using an iron meteorite grain density and current mass estimates result in an
porosity of>70% for Psyche. Such a seemingly unphysical result clearly points to our limited current understanding
understandable is 253 Mathilde (50 km diameter) which is inferred to have a carbonaceous chondrite-like composit
macroporosity near 40%.
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Our understanding of internal structure down to the smallest sizes represented by the majority of NEOs remains
but inferences may be drawn from their rotational properties. Asteroid lightcurve studies (e.g. Pravec and Harris [15
a transition near 100 m. Objects larger than 100 m typically rotate with periods of∼2 hours or longer, suggesting they a
structurally weak – any faster rotation rate would place their interiors in tension and they would fly apart. Thus self-grav
be the most important factor in binding objects together all the way from stellar masses to∼100 m asteroids. Below∼100 m,
most NEOs are found to rotate faster than 2 hours, requiring tensile strength binding their internal structure. Thus it ap
∼ 100 m may represent the transition size between ‘intact’ monoliths and fractured/shattered bodies held together by

3. Radar techniques

Ultimately, the improvement in our understanding of the interiors for small bodies will require direct measuremen
niques. While orbiting spacecraft can give a global view of the average interior characteristics, direct measurement
techniques such as ground penetrating radars (GPR) can define much more localized subsurface properties. Up to no
the space missions (Earth Observation Program, Marsis on Mars Express, Cassini radar ) work essentially in the alti
SAR mode. Applications of these techniques to perform tomography is the next major step. Here we highlight the p
for applying this technique for small bodies such as NEOs.

An electromagnetic signal propagating within the interior of a small body is attenuated due to the object’s complex d
and magnetic properties. The properties of materials will depend in general on the composition, and for the case of ic
temperature, the nature and concentration of impurities. The complex dielectric constant and the complex permea
determining factors for the wave propagation. The attenuation, which is a major parameter for radar use depends o
tangents within the material medium:

tgδd = ε′′
ε′ = σ

ωoε
, tgδm = µ′′

µ′ , (1)

whereε′, ε′′, µ′, µ′′ are real and imaginary parts of dielectric constant and magnetic permeability,σ is the conductivity. The
attenuation factor is given by:

α = k · c

cmed

√
1− tgδd · tgδm

2

[(
1+ tg2(δd + δm)

)1/2 − 1
]
, k = 2π

λ
, (2)

wherec the velocity andλ wavelength in free space. For a non-magnetic medium with very low losses tgδd � 1, which is
probably the case for asteroids and comets, one has:

α = π

λ
· c · tgδd

cmed
. (3)

From Eq. (3), one sees that the attenuation coefficient is directly proportional to the frequency. Another way to s
results is that the losses are directly proportional to the conductivity of the medium. This formula can be used to eva
penetration depth in the cometary and asteroid materials. Other processes (scattering, multi-path propagation, reflecti. . .) also
contribute to the wave attenuation. As we want to use the radar to study interiors using the reflection (diffraction) of si
the discontinuities, the reflection and transmission coefficients are also factors determining how much of the incomin
amplitude is reflected and transmitted. These quantities allow the estimation of the power of the incoming radar si
therefore the radar capabilities.

For materials covering the likely composition of asteroids by taking into account the porosity of the materials, as d
above, using the Rayleigh mixing formula (Shivola and Kong [16]), it is possible to calculate the dielectric constant
attenuation. For porous granite, the attenuation is about 8 to 20 dB/km, while for basalt, it is 10 to 30 dB/km. If the absorption
is of the order of 10 to 30 dB/km, the radar will be able to investigate objects that are few kilometers in size or penetra
depth. However, if the absorption reaches 60 dB/km or more, the penetration will be limited to tens or hundreds of meter
best. These values are valid for a radar operating at a low frequency (e.g. 10 MHz). For a radar operating at 450 MHz,
are much higher and can be in the order of 2000 to 3000 dB/km for granite, for example. It is clear that even for very poro
materials, this radar will be unable to operate. Only a mapping of the surface or of a few meters of the sub-surface wi
possible. For cometary materials, the penetration will be much better due to the lower loss tangent. Kofman et al. [17] e
the loss to be of order 1 to 20 dB/km at 100 MHz. For icy satellites of the giant planets the penetration was evaluated
feasibility study of Europa Radar Sounder (Blankenship et al. [18]) and the frequency of 50 MHz was fixed for the rad

The scattering of radio waves by the surface and by internal irregularities is also an important factor which one
into account to evaluate the useful signal from the interior to surface echoes ratio. This ratio determines the signal det
These parameters are essential to the radar performances. The scattering depends strongly on wavelength and rough
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parameters ratios which of course depends on the studied body. The frequency dependence of attenuation makes
of low-frequency radars (5–50 MHz) strongly recommended in order to ensure a good penetration. For the case o
penetration can be of course higher as the attenuation is lower (tanδ = 0.004–0.01). The choice between different technique
GPR, sounder or tomography approach, depends on the type of explored object, scientific objectives and mission po
The choice of the low frequency naturally influences the overall instrument characteristics and essentially on the dim
the antenna. The exact choice of the frequency results from a trade-off between science and technical limitations.

4. Reflection tomography approach

In reflection tomography mode, data are collected (received) at the transmitter location. Assuming weak scattering
inversion technique is based on the equation:

Ẽ(�r) = − k2Et

4πεo

exp(jk(rt + ro))

rt ro

∫
v

(
ε(r ′) − εo

)
exp

(−jk(�n − �no)r ′)dr ′.

This formula means that the observed scattering field is the spatial Fourier transform of the dielectric constant of th
ing body at the spatial frequency�q = k(�n− �no) , which depends on the difference between scattered and incident wave v
Given our expectation of many fractures within interiors of NEOs, weak internal scattering inside the body is foreseea
reflection on the borders of the body has to be treated with other approaches. Probably the geometric optics and Fre
mulas will be efficient enough to describe the transition between outside and inside the object (Born and Wolf [19],
and Safeineli [20]). The weak scattering approach may not be valid and in this case, a more general non-linear fitting
the data and some assumed models should be developed. By measuring this for various positions of the transmitter a
and for large bandwidth signals, one obtains the set of measurements which can be inverted by the Fourier transfo
sampling in space is dense enough. The radar will measure the scattered signal around the body and using this formu
in principle, invert the data and deduce the dielectric properties of the body.

In order to be able to image the interior of the object, radar measurements should be made over a region encircling
with sufficiently dense sampling to ensure adequate sampling of the spatial spectral domain of the object. The samplin
ment depends on the radar’s operation frequency and the object’s angular extent as viewed by the radar. Another critic
the determination of the radar position with respect to object. This is important since the data processing relies on the
combination of radar data. Currently, the radar positioning is a major driver in the design of a coherent tomographic
system and it also limits the maximum operation frequency. If the position accuracy required for the coherent processin
be met, the imaging will be done by combining the data after ignoring the carrier phase (incoherent imaging scheme
not ideal since the resulting image will be low resolution (defined by the signal bandwidth rather than carrier frequenc

Probably a good measurement strategy is to have the spacecraft in a nearly polar orbit. In the case when the orbita
the spacecraft around the object will be long in comparison with the spin period of the object itself it will be possible to
a wide range of viewing geometries and to measure backscattered field from a diverse set of viewing angles. The idea
data acquisition is to have measurements from all possible views with spacing on the order of the observation wavele
obtained data will be stored, sent to Earth, and the data processing will take place on the ground. The required reso
the final image of the object sets the system requirement for instrument bandwidth and spatial sampling.

5. Example system characteristics

An example system that could be flown on an NEO mission would operate in a low frequency (less than 20 M
penetrate deeply into the asteroid material. A bandwidth of 1 to 5 MHz is necessary to obtain a resolution on the order
meters. The radar should operate in the frequency range from 1–10 MHz, and perhaps higher if one would like to obt
resolution with less penetration. The bandwidth should be variable generated by the chirp transmission. With such
the transmitted pulse illuminates the object and the reflected energy is received at the same location by the same or
antenna. For a modest or slow rotation of the object and low operation frequency, there is sufficient time to coherently
many pulses to increase the signal-to-noise ratio. These data are then stored in the orbiter for transmission to Earth.
orbiter’s position relative to the object has moved sufficiently, this process is repeated until sufficient data has been
around the object. The general characteristics of such radar are summarized by the general parameters and requ
Table 1 (Kofman and Safeineli [20]).

Recently, in response to a European Space Agency Announcement of Opportunity, a project named ISHTAR was p
It is a radar tomographer, operating at two frequencies of 10 and 30 MHz, with the design capability to penetrate t
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Table 1
Suggested radar characteristics

Power: 10 W
Waveform: Coherent
Frequency:<50 MHz (enabling tomography)
Bandwidth:>2 Mhz
Antenna type: Cross-dipole

of over 300 m below the surface of an NEO with spatial resolution of up to 10 m (in length, width and depth). On IS
the radar tomographer is used in a synthetic-aperture reflection mode, where the signal reflected off the object is
from a ‘virtual’ grid of locations around the object, allowing reconstruction of a 3D image of the asteroid interior. The
resolution of this ‘SAR’ radar is determined by the number of points in the grid and the frequency used (Barucci et a
Within the United States, a mission called ‘Deep Interior’ has been proposed to the NASA Discovery program (E. A
personal communication). Deep Interior proposes to perform radio reflection tomographic imaging (Safaeinili et al. [22
a 30-m (tip-to-tip) cross-dipole antenna operating at 5- and 15-MHz, with >1 km and a few hundred meters being the re
penetration goals at these frequencies.

6. Concluding remarks

While our knowledge of asteroid surfaces and geology has increased, our understanding of their interiors has
limited. Future progress is most likely to be made through missions to near-Earth objects as these are the most
spacecraft destinations in the solar system. While science is our principal goal for studying these objects, there is als
important practical benefit of knowing their structures and devising strategies for how an externally applied force co
their orbital velocities (mm per second or cm per second) in the case that a future collision with Earth is predicted. R
reflection tomography represent promising new techniques for detailed interior studies over the types of interiors w
to encounter. For a low-density and relatively homogeneous objects, a low-frequency radar (∼10 MHz) is required for deep
penetration and tomography. The low frequency (∼10 MHz) radar is also required for the high-density homogeneous (
rock) objects. The radar and radio science can discriminate the type of asteroid and also provide the depth of regol
surface.

For inhomogeneous ‘rubble pile’ types of objects, a radar tomographer can determine the distribution of bould
through radar scattering. The radar requires a wide band of frequencies 10–100 MHz to discriminate between large
boulders. For a high-density inhomogeneous (fractured or shattered: 100 m to 1000 m blocks separated by deep fr
radar is expected to detect large fractures (i.e. voids between same rock type, with same permittivity) of approximatel
the wavelength (∼1 m at 30 MHz) or boundaries between different material if their permittivity differs by>10%. The system
requires a range of frequencies 10–100 MHz with wide bandwidth. Future missions such as the proposed ISHTAR p
Deep Interior may see the first applications of these techniques to NEOs.
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