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regolith build-up. In contrast, on a highly porous asteroid, only
small impacts (perhaps D , 1 km for Mathilde) produce ejecta
deposits outside the crater rim (like shot 1648), whereas blankets
would be absent around large craters. Only a small amount of ejecta
would escape Mathilde. Such asteroids would liberate signi®cant
meteoritic material only from catastrophic impacts that shatter and
disperse the whole body.
High porosity does not guarantee formation of compaction
craters. For example, dry sand has a porosity of 35%, but sand
craters form primarily by excavation, with signi®cant ejecta blankets
at all sizes. Compaction in sand is minimal because it is already near
a `fully dense' state (the most ef®cient packing of particles). In this
case, compaction cratering could only occur by crushing of the
constituent sand grains, which requires stresses much higher than
those experienced by most of the cratered material. Most granular
silicate materials are at their fully dense state when their bulk density
is in the range 2±3 g cm-3. Thus, compaction cratering in silicates
can only occur if the bulk density is well below ,2 g cm-3. We note
that large craters on the martian moons Phobos and Deimos
(densities ,1.9 g cm-3) do not show strong evidence of compaction
effects12, probably because they are close to the fully dense state.
Furthermore, even initially highly porous asteroids about ten times
larger than Mathilde's diameter would have lithostatic stresses
comparable to the crush pressure of the material used here, and
would naturally compact to near a fully dense state due to selfgravity. Therefore, compaction cratering is not expected to be
common on large asteroids.
High porosity may even be a ¯eeting characteristic of Mathildesized asteroids. As shown by laboratory experiments13,14, and by
Mathilde, highly porous bodies can withstand multiple large
impacts without disruption. Each impact locally compresses the
asteroid, because its volume decreases by the crater volume, while all
mass is retained. Formation of the ®ve largest craters on Mathilde
(DM . 20 km), increased its bulk density by ,20%. Hence,
Mathilde's initial density may have been even lower than the present
value, especially considering that additional large craters may exist
on the unobserved half of its surface. Over time, porous bodies may
be compacted by impacts to the point of being fully dense. Ejection
velocities would then increase, allowing escape of some debris and
formation of ejecta blankets around large craters, much as we expect
for compact, rocky bodies.
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Energetic, positively charged particles travelling along a lowindex crystal direction undergo many highly correlated, smallangle scattering events; the effect of these interactions is to guide
or `channel' (refs 1±8) the particles through the lattice. Channelling effectively focuses positive particles into the interstitial
regions of the crystal: nuclear collisional processes such as
Rutherford backscattering are suppressed, while the number of
interactions with valence electrons increases. The interaction of
channelled positrons with electrons produces annihilation radiation that can in principle9±12 serve as a quantitative, spatially
selective probe of electronic charge and spin densities within the
crystal: in the interstitial regions, two-photon annihilation is
enhanced relative to single-photon annihilation, because the
latter process requires a nuclear recoil to conserve momentum.
Here we report observations of single- and two-photon annihilation
from channelled positrons, using a monoenergetic beam ¯ux of
105 particles per second. Comparison of these two annihilation
modes demonstrates the ability of channelled positrons to selectively sample valence electrons in a crystal. Useful practical
implementation of the technique will require the development
of more intense positron beams with ¯uxes approaching 107 particles
per second.
These experiments were performed at the recently constructed 3MeV monoenergetic positron beamline at Lawrence Livermore
National Laboratory. An electrostatic accelerator was modi®ed to
accommodate a 109 mCi 22Na positron source, a tungsten moderator,
as well as appropriate focusing optics in the terminal. The positrons
were accelerated to 2.65 MeV and then passed through two bending
magnets, two solenoid focusing lenses and two quadrupole
astigmatism correctors, all designed, constructed or modi®ed for
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Figure 1 Experimental set-up. Shown is a diagram of the ®nal leg of the 3-MeV
monoenergetic positron beamline at Lawrence Livermore National Laboratory.
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where mc2 is the rest mass energy of the electron, T+ is the positron
kinetic energy and Eb is the electron binding energy. Single photon
annihilation is easily identi®ed in curve A (that is, no coincidence
required) of Fig. 2. The K-shell (jEbj=81 keV), L-shell (jEbj=13 keV)
and M-shell (jEbj=2.6 keV) annihilation events are seen at 3,591 keV,
3,659 keV and 3,670 keV respectively. The requirement of a nuclear
recoil severely restricts this annihilation process to the most tightly
bound electrons14.
Two-photon annihilation does not require a nuclear recoil and
can therefore occur with all electrons in the target material. The two
emitted photons have energies that depend strongly on the emission
angles. For 2.65-MeV positrons the photon energies range from 276
158
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this experiment. The beam was then delivered to the stretch of
optics shown in Fig. 1, where the channelling experiments were
performed.
The positrons passed through a ®nal solenoid focusing lens and a
pair of collimation slits that de®ned the angular divergence and
spatial size of the beam as it impinged on the target. Typical beam
characteristics on target were 200,000 positrons per second in a spot
3 mm in diameter, with a maximum angular divergence of 0.258.
The energy spread of the beam was less than 0.4% of the full beam
energy. The target was a 0.6-mm-thick free-standing gold crystal
oriented in the h110i direction grown at the University of Aarhus
with a surface minimum yield of 3% for 2 MeV a-particles. It was
housed in a two-axis goniometer with a scintillator mounted on the
front side. The scintillator had a hole 4.5 mm in diameter aligned
with the target and was used for beam optimization and background subtraction.
A large-angle scattering scintillator was placed behind the target
that detected positrons scattered between 108 and 208. Further
downstream a 758 bending magnet de¯ected the transmitted
positrons to a well shielded beam dump. This was a specially
designed double-focusing magnet with a 108 vertical and horizontal
acceptance angle. Multiple scattering measurements and calculations predicted an angular divergence of half this value, ensuring
ef®cient collection of the transmitted beam13. A scintillation detector used for normalization was positioned in the focal plane of the
758 magnet.
A multiple g-ray spectroscopy system, consisting of a high purity
germanium (HPGe) detector 7.3 cm in diameter and two 3-inch
NaI scintillators, recorded annihilation photons from the gold
crystal. The HPGe detector was placed in the forward direction
37.5 cm from the target and subtended a half angle of 5.68.
Annihilation photons with energies in excess of 3.3 MeV were
constrained to emit in this forward cone by momentum conservation. The two NaI scintillators were placed on either side of the
target chamber 8.9 cm in front of the target, collecting photons
emitted between 1428 and 1638. These detectors recorded the
,300 keV photons emitted in coincidence with the forward ,3.37
MeV g-rays from two-photon annihilation. The signals from all
detectors were routed to a multiple-parameter data acquisition
system that recorded energy and time information for each
detector on an event by event basis. Low background twophoton annihilation energy spectra were obtained by requiring a
coincidence within 30 ns between the HPGe detector and one NaI
scintillator. To identify single-photon annihilation events, a spectrum from the HPGe detector was collected concurrently with no
coincidence requirement.
Figure 2 shows energy spectra obtained from the HPGe detector
without (curve A) and with (curve B) the coincidence requirement.
These particular demonstration spectra were obtained using a 3.6mm-thick amorphous gold foil for enhanced statistics. In the singlephoton annihilation process a monoenergetic g-ray is emitted with
the nucleus recoiling to conserve momentum. The energy of the
photon, Es, is given by

K-Shel l
100

L-Shell
M-Shell

B
10

1
2,825

3,075

3,325

3,575

3,825

HPGe energy (keV)

Figure 2 HPGe energy spectra. Annihilation radiation results from 2.65-MeV positrons
impinging on a 3.6-mm polycrystalline gold foil. Curve A, no coincident photon required.
Curve B, coincident photon required within 30 ns in one of the 3-inch detectors.

keV for 1808 emission to 3,396 keV for 08 emission. The edge seen in
Fig. 2 at 3,390 keV is from the most forward directed of these
photons. By requiring a coincidence with the NaI scintillator the
background is dramatically reduced and two-photon annihilation is
clearly distinguished, as seen in curve B of Fig. 2. The peak at 3,370
keV is the signature of the forward-detected g-rays from twophoton annihilation. The full-width at half-maximum of 46.6 keV
is 6 times larger than the energy resolution of the HPGe detector
and is determined by the kinematics of the two-photon annihilation
process in conjunction with the angular acceptances of the detectors. The Compton edge at 3,130 keV and the continuous plateau at
lower energy are due to g-ray Compton scattering out of the HPGe
detector. The small peak at 2,859 keV is the single g-ray escape peak
from recombining positron±electron pairs created in the detector.
Both of these mechanisms allow valid two-photon annihilation
events to be recorded below the peak at 3,370 keV. Including the
events from ,1 MeV through the photo peak signi®cantly improves
the statistics in our channelling studies.
Using the scattering detector and spectra similar to those in Fig. 2,
the angular yields from large-angle scattering, two-photon annihilation
and K-shell one-photon annihilation were measured for positrons
channelled through the 0.6-mm-thick gold crystal near a h110i axial
direction. (With this crystal thickness, the positron ¯ux was too
weak to produce observable L-shell or M-shell one-photon
annihilation signals.) The results are plotted in Fig. 3. The
horizontal axis represents the angle between the positron beam
and the h110i axis of the crystal. The vertical axis is the observed
yield normalized to unity for a non-channelling direction. Each
annihilation datum took at least 12 hours to accumulate. For
scattered positrons the on-axis minimum yield is 6.5% and the
full-width at half-minimum of the channelling dip is 1.658. The onaxis reduction of large-angle nuclear scattering re¯ects the strong
channelling suppression of the small-impact parameter collisions
(b , 4 ´ 10-3 AÊ) required for de¯ection to occur into the scattering
detector. The observed width is 8% below the calculated value of
,1.88 obtained from a dynamical diffraction yield calculation3
which does not account for dechannelling processes. This calculation is based on a formalism that successfully describes the well
known phenomenon of electron-channelling radiation15. Inclusion
of dechannelling processes into the computation would improve the
agreement but is a complex task.
The similarity between the channelling yield curves for K-shell
annihilation and large-angle scattering may be understood by
considering the K-shell Bohr radius (a = 7 ´ 10-3 AÊ), the scattering
impact parameter (b = 4 ´ 10-3 AÊ) and the gold atomic thermal
vibration amplitude (r = 0.12 AÊ). Since both processes require close
proximity to the nucleus, smaller than the thermal vibration
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Figure 3 Normalized angular yield curves. Results are shown for 2.65-MeV positrons
undergoing large-angle scattering (solid line with ®lled circle), single-photon annihilation
(open circle) and two-photon annihilation (®lled square). Angle on horizontal axis
measured from the h110i axis of the 0.6-mm gold crystal. The dashed line is a dynamical
diffraction yield calculation for two-photon annihilation including a dechannelling
correction from the experimentally observed scattering minimum yield.

amplitude, they are expected to exhibit very similar channelling
characteristics. In comparison, the sensitivity of two-photon annihilation to the outer and valence electrons causes a striking difference.
The full width is reduced to 1.25 6 0.098 and the minimum yield is
four times higher at 27 6 3%. This is unambiguously attributed to
the extended nature of the electron clouds around the nuclei and the
delocalized electrons in the interstitial region. Since the singlephoton annihilation cross-section for these electrons is negligible,
the smaller minimum yield of single- versus two-photon annihilation veri®es that annihilation with the outer and valence electrons is
enhanced by the channelling process.
Also shown in Fig. 3 is the dynamical diffraction yield calculation
for two-photon annihilation. The electron densities and crystalline
potential were calculated using a state-of-the-art augmented plane
wave method16. The calculated full width agrees well with the twophoton annihilation data and the calculated minimum yield is
14.5% in the absence of dechannelling. Dechannelled positrons are
not con®ned to the interstitial regions and consequently they may
interact with the core electrons which increases the annihilation
yield. From the observed scattering minimum yield we can estimate
that dechannelling will increase the two-photon minimum yield to
23%, which is 1.5 standard deviations from the experimentally
observed value. Using these calculations we can also estimate the
valence-electron contribution. In gold, we consider the valence
electrons to be the 10 electrons in the 5d shell and the electron in
the 6s shell. At large incident angles, where channelling does not
occur, positrons penetrate into all regions of the crystal and therefore sample all electrons equally. Since there are 11 valence electrons,
they constitute 14% of the total sampled at large angles. In contrast,
channelled positrons are focused into the interstitial region, where
the valence electrons account for almost all of the electron density
and their annihilation contribution increases to 56% at minimum
yield with the experimentally observed dechannelling correction
and background subtraction included. An implication of this
enhancement is the potential to investigate charge density effects
re¯ecting crystal bonding. For gold, our calculations predict a 3.5%
increase in minimum yield for the case of a bonded crystal
compared with a pseudo-crystal comprised of neutral unbonded
atoms. This effect would be easily measurable with an increase in
positron ¯ux of 2 or 3 orders of magnitude.
Thus the enhanced minimum yield observed for two-photon
over one-photon annihilation con®rms our expectations that twophoton annihilation channelling effects would be very sensitive to
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electron densities in the interstitial regions of crystals. Indeed, the
relative in¯uence of valence electrons on channelling annihilation
can be estimated to be about ten times larger than the relative
contribution of valence electrons to low-order Fourier components
of the charge density. These Fourier components are directly
measured by X-ray diffraction techniques and have been used to
determine electron densities in crystals17,18. These components have
also been obtained by dynamical electron diffraction methods19,20,
which have an advantage over X-ray methods in that the coreelectron contribution to the scattering is cancelled by the nuclear
potential. The spatial probe provided by positron-annihilation
channelling has an enhanced sensitivity to valence electrons that
is determined by the positive charge of the probe. It would be
interesting to determine whether a similar advantage exists for
positrons in dynamical diffraction transmission studies.
If the positron-channelling phenomena revealed by this research
are eventually to result in an accurate, easily applied probe of
electrons in solid-state materials, it is clear that thinner crystals
are required in order to reduce dechannelling effects and high
positron-beam currents are needed in order to perform experiments
on a practical timescale; monoenergetic MeV positron-beam
currents greater than 107 positrons per second will be required.
Stronger positron sources, improved moderators, polarization
control, and more ef®cient detection and beam transport
capabilities are possible with current technology. This new
capability will also enable signi®cant extensions of the experimental
approach reported here. A next-generation beam facility will allow
the development of practical atomic-scale channelling measurements of electronic spin densities9±12, and momentum pro®les in
addition to valence and bonding electron density maps. We particularly look forward to the prospect of performing spin-density
measurements on thin-®lm magnetic crystals ,1,000 AÊ in thickness. Similar measurements on such small samples are well beyond
the capabilities of neutron diffraction techniques.
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The mechanisms of atomic transport in supercooled liquids and
the nature of the glass transition are long-standing problems1±4.
Collective atomic motion is thought to play an important role4±6
in both phenomena. A metallic supercooled liquid represents an
ideal system for studying intrinsic collective motions because of
its structural similarity to the ``dense random packing of spheres''
model7, which is conceptually simple. Unlike polymeric and network glasses, metallic supercooled liquids have only recently
become experimentally accessible, following the discovery of
bulk metallic glasses8±12. Here we report a 9Be nuclear magnetic
resonance study of Zr-based bulk metallic glasses8,9 in which we
investigate microscopic transport in supercooled liquids around
the glass transition regime. Combining our results with diffusion
measurements, we demonstrate that two distinct processes contribute to long-range transport in the supercooled liquid state:
single-atom hopping and collective motion, the latter being the
dominant process. The effect of the glass transition is clearly
visible in the observed diffusion behaviour of the Be atoms.
In the past few years, bulk metallic glasses with extraordinary
glass-forming abilities have been discovered, such as Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vit1; ref. 8) and Zr46.75Ti8.25Cu7.5Ni10Be27.5 (Vit4;
ref. 9). Their crystallization kinetics in the supercooled liquid state
(SLS) is very slow compared to conventional metallic glasses10, so
that investigations of atomic transport in the metallic SLS become
possible. For Vit1 and Vit4, the long-range atomic transport has
been investigated by diffusion measurements13±17. It is, however,
dif®cult to study atomic motion at microscopic scales in metallic
systems. The conventional probes of local structural relaxation, such
as dielectric measurement, are not applicable. For nuclear magnetic
resonance (NMR), the dif®culty arises from the fact that the
relevant timescale of atomic motion near the glass transition is
very long compared to the typical nuclear spin±lattice relaxation
time (T1) in metals. Fortunately, this is not the case for 9Be NMR in
Vit1 and Vit4 (T1 is about 4 s at 300 K for 9Be). It was shown
recently18,19 that the 9Be spin alignment echo technique (SAE) is very
effective in detecting Be hopping in glassy Vit1 and Vit4 with atomic
jump rates as low as 0.1 s-1.
Figure 1 shows the temperature dependence of the interdiffusion
coef®cients D of Be in Vit1 and Vit4. Below 620 K, which lies in the
calorimetric glass-transition regime, Be diffusion shows Arrhenius
behaviour with activation energies of about 1.1 eV in both alloys13,14.
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At higher temperatures, the temperature dependence of Be diffusion increases signi®cantly, resulting in kinks in the Arrhenius plot
of D. A kink has also been observed in D(T) data for other elements,
including Ni (ref. 15), B and Fe (ref. 16), and Co (refs 16, 17) in Vit4.
One explanation of the observed kink suggests15 that the diffusivity
with larger activation energy above the kink temperature represents
the intrinsic property of the SLS. The smaller activation energy
below the kink temperature is attributed to an incomplete structural
relaxation of the glassy state that would disappear after suf®ciently
long annealing. An alternative explanation13 assumes that the
observed low-temperature diffusion behaviour is an intrinsic
property of the relaxed glassy state. Diffusion both above and
below the kink temperature is attributed to hopping of single
atoms of Be. This model explains the higher apparent activation
energy above 620 K in terms of structural changes of the matrix in
the SLS on the timescale comparable to the time interval between Be
hopping events. It was assumed that such structural changes would
enhance the probability of Be hopping and lead to increased
diffusion13. Clearly, to elucidate the nature of atomic motion,
information at the microscopic scale is needed.
The SAE technique18±20 is based on the Jeener±Broekaert
sequence 908x ±t1 ±458y ±t±458±t2, where 908 and 458 are the tipping
angles of the radio-frequency pulses, x and y are the phases of the
pulses, and t1, t2 and t3 are delays between pulses. Here the ®rst two
pulses with a short t1 (6±15 ms) create a pure quadrupole order, and
a spin alignment echo is formed at t2 = t1 following the third pulse.
Under the condition t.T2 (the 9Be spin±spin relaxation time T2 is
about 1.5 ms), the echo amplitude is proportional to the ensembleaveraged correlation function f(t)=hsin(qt1)sin(q9t1)iexp(-at/T1).
Here a is a constant and is equal to 3 as measured in Vit1 and
Vit418,19. The frequencies q and q9, varying over a range of 2p ´ 100
kHz in Vit1 and Vit419, are determined by the truncated quadrupole
interactions experienced by the spin during t1 and t2, respectively18±20. The truncated quadrupole interaction with respect to the
external magnetic ®eld differs from site to site because of the
disordered atomic structure of glasses and materials in a SLS.
Thus, hopping of a Be atom is expected to change q randomly
within its range, and can be detected by the SAE technique through
f(t) decay. On the other hand, the SAE technique is not sensitive to
collective motion involving Be atoms and most of their nearest
neighbours. The truncated quadrupole interaction at the Be site
changes very little under collective translation. This technique is
also insensitive to constrained collective rotation with small rotation
angle because (q±q9)t1p1. In both Vit1 and Vit4, a single-exponential
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Figure 1 Elastic back-scattering of 6.5 MeV 4He2+ ions and SAE measurements in bulk
metallic glasses. The temperature dependence of Be diffusion coef®cients D (measured
by elastic back-scattering) and atomic jump rates  (measured by SAE) are shown for
Vit1 and Vit4. D (scale on the right) and  (scale on the left) are plotted versus 1,000/T.
A kink at 620 K, which is around the calorimetric glass-transition regime, is observed in
the D(T) curves in both Vit1 and Vit4. This kink is absent in the (T) curves, which follow
the same Arrhenius behaviour in both the SLS and glassy state.
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