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spires to possess magnetic properties common to both of the
other carbon allotropes: it has a feeble diamagnetism, much
like diamond (Fig. 1), but possesses ring currents, as in
graphite. O
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HIGH-ENERGY cosmic rays (relativistic heavy nuclei) play an impor-
tant role in heating interstellar matter in the Milky Way'?, and
they affect chemical abundances through collisions with atoms in
the interstellar gas®. Although it has long been thought that these
cosmic rays arise from supernovae3‘4, direct evidence for such an
association has been lacking. Here we report X-ray observations
of the remnant of supernova 1006, made by the ASCA satellite,
which indicate that emission from the edges of the remnant shell
is dominated by radiation from electrons accelerated to energies
of ~100 TeV within the shock front. Ions in the shell are likely to
have been accelerated to similar energies, thus giving rise to very-
high-energy cosmic rays.

The X-ray CCD cameras on the ASCA observatory (the Solid-
state Imaging Spectrometers) offer unprecedented capability for
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carrying out spatially resolved X-ray spectroscopy, with a broad
bandpass (0.5-10 keV) and good spectral (~100eV at 1 keV)
and spatial (1 arcmin full width at half maximum) resolution”.
Two 25-ks pointings were performed at the ~30-arcmin-
diameter supernova remnant SN1006 with the 22 X 22 arcmin
field of view CCD instruments: one centred on the remnant and
the other on the northeastern rim. Figure 1 shows a mosaic 0.4
8.0 keV image of SN1006. As with the previous observations®”,
we observe a shell-like structure, dominated by the northeastern
(NE) and southwestern (SW) rims, whose surface brightness is
an order of magnitude higher than in the other regions. The
limb-brightened X-ray morphology is typical of supernova
remnants (SNR) dominated by thermal processes in the shock-
heated interstellar material and/or supernova ejecta.

Figure 2 shows X-ray spectra from regions along the bright
NE rim (Fig. 2a) and near the (projected) centre of the remnant
(Fig. 2b). The spectrum of the rim (Fig. 2a) is virtually
featureless. The overall 0.4-8.0 keV spectrum is well fitted (y>=
344, with 332 degrees of freedom) by a model consisting of a
power law with energy spectral index ¢ =1.95+0.20, and two
emission lines (K-shell resonance transitions of He-like and H-
like O at 574eV and 653 ¢V). Substitution of a thermal
Bremsstrahlung model for the power law yields an unacceptable
fit (x>=930). As the bright rims are responsible for ~75% of
the X-ray flux from SN1006 above 1 keV, this is the integrated
spectrum measured by previous detectors lacking spatial
resolution® ''. The best-fit energy spectral index found by ASCA
is steeper than the a=1.2 inferred from the -earliest
observations®, but consistent with the most sensitive
observations''. It is also steeper than the a ~ 1.0 characteristic
of the Crab Nebula and similar SNR, whose centrally con-
centrated X-ray emission arises from synchrotron radiation
produced by electrons accelerated to high energy in the pulsar
magnetosphere'>. The featureless spectrum from SN1006 is a
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long-standing mystery. The X-ray spectra of all other young
SNR with shell-like morphologies (for example, Cassiopeia
A", Tycho'*'® and Kepler'’) are dominated by emission lines
characteristic of shock-heated, optically thin plasma.

The important new information about SN1006 provided by
ASCA is the spectral character of the remainder of the SNR.
As shown in Fig. 2b, the spectrum of the interior contrasts
sharply with that of the northwestern (NE) rim. It is dominated
by emission lines characteristic of highly ionized elements, like
the X-ray spectra of other young SNR. To our knowledge, this
is the first detection of X-ray emission lines other than
oxygen'®'® from SN1006, and their presence is highly suggestive
of an origin in a hot plasma. The spectrum has been fitted using
time-dependent ionization models from the hydrodynamic simu-
lation codes (also known as non-equilibrium ionization models)
of Hughes and Helfand®® and Hamilton er al>'. The best-fit
model (x>=251, with 235 degrees of freedom), has an emission-
weighted electron temperature of 1.8 x 10’ K, and ionization
timescale nt ~300 cm > yr (where n and ¢ are the electron density
and elapsed time after the plasma was shock-heated to tempera-
ture k7). Although near-solar abundances of O, Ne and Fe are
required, the Si abundance is at least an order of magnitude in
excess of the solar value, and Mg and S relative abundances
comparable to Si are allowed. The relative abundances are con-
sistent with the calculated nucleosynthesis yields for type Ia
supernovae (a supernova caused by accretion-induced ignition
of a white dwarf, as opposed to core collapse of a massive star)>>.
The relatively low iron abundance is also consistent, as ultra-
violet absorption line measurements show iron concentrated
interior to the reverse shock and therefore not yet highly
ionized”* ?°. A contribution from a hard, featureless component
is required to obtain acceptable fits above 2 keV. The low nt
value implies that the plasma is at least as far from ionization
equilibrium as the younger remnants Tycho and Kepler®s. We
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FIG. 1 CCD (charge-coupled-device) image of SN1006 in the 0.4-8 keV
band, from the ASCA satellite. This image is an exposure-corrected
mosaic of two pointings, one centred on the SNR and the other on the
NE rim. The ‘boxes’ indicate the regions from which the spectra dis-
played in Fig. 2 were extracted. The odd shapes result from restricting
the extraction to events from single CCD chips from the 4-CCD mosaic-
ing comprising the Solid-state Imaging Spectrometer array for reduction
of calibration uncertainties. The filled rectangle at the upper left is ~1
arcmin on a side.
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found no evidence for strong spatial variation of the spectrum
with radius inside the shell or along the northwestern rim; that
is, the spectrum shown in Fig. 25 is representative of everywhere
in the remnant except the bright NE and SW rims. Also, the
surface brightness of the oxygen lines is approximately the same
at the rims as in the interior. This suggests that thermal emission
pervades SN1006, but is dominated by a second, featureless com-
ponent along the two rims.

Although previous measurements, most notably using the
Imaging Proportional Counter on the Einstein satellite®, indica-
ted strong spectral differences between the bright rims and else-
where in the remnant, the ASCA data dramatically reveal the
different character of the spectra from the two regions. Rosat
High Resolution Imager observations reveal that in addition to
this spectral difference there is a morphological difference: only
for the bright segments is there a strong correlation between
X-ray and radio surface brightness’.

Previous modelling efforts have focused on explaining the
featureless continuum which dominates the integrated spectrum
of SN1006 above 1keV (refs 27-30). The generally accepted
interpretation has been a shocked plasma under extreme non-
equilibrium ionization conditions. This model, developed by
Hamilton er al.**%, is based on a one-dimensional simulation
of layered ejecta propagating into a uniform interstellar medium
(ISM), wherein the X-ray emission arises primarily from reverse-
shocked ejecta. Bremsstrahlung emission from fully ionized car-
bon in the outer ejecta layer gives rise to a power-law continuum
X-ray spectrum with a =1 in this model. The extreme weakness
(that is, absence) of the X-ray lines compared with SNRs like
Tycho is simply a consequence of a weaker reverse shock propa-
gating into the ejecta, which in turn is due to expansion of the
forward shock into a substantially lower-ambient-density
medium. As a result, the layer containing the intermediate-mass
ejecta (Mg, Si, S) has not yet become sufficiently ionized to
produce copious X-ray line emission.

The model of Hamilton er al.®%°, which assumes that the
spectrum is everywhere the same, cannot account for the
observed spectral variations in SN1006, nor can it account for
the revised value of a. The spectral differences along the rim
require an azimuthal asymmetry in either the ISM or the ejecta,
whereas a spectral index steeper than unity requires that the
initial density of either the ISM or the outer ejecta of ionized
carbon depends on the distance from the explosion centre.
Whereas the spatial uniformity of the line emission suggests that
oxygen and the intermediate-mass elements (Mg and Si in par-
ticular) are symmetrically distributed, the strong featureless con-
tinuum requires the fully ionized carbon to be concentrated in
the bright rims. As C and O are intimately related in nucleo-
synthesis processes, no supernova model predicts different spa-
tial distributions for these elements. Additionally, the strengths
of the lines from the intermediate-mass elements, which arise
deep within the ejecta layer, require a stronger reverse shock
(and thus a generally denser ISM) than is allowed by the model
of Hamilton et al. (the measured surface brightness of the Si
line at 1.86 keV is a factor of five higher than predicted). Finally,
as the volume emissivity of a thermal plasma is proportional to
the square of the density, one would expect that the density of
the X-ray-emitting plasma at the rims would be a factor of three
higher than elsewhere from the relative surface brightness across
the remnant. If this were so, then the line emission should be
stronger relative to the continuum at the bright rims, and not
weaker. These inconsistencies force us to conclude that in con-
trast with other young SNR, any thermal model attempting to
describe SN1006 must be extremely complicated, requiring ad
hoc assumptions about strong asymmetries in the ISM and pos-
sibly the ejecta.

A natural alternative is that the excess rim emission is intrins-
ically non-thermal’’*°, arising as synchrotron emission from
electrons accelerated to relativistic energies within the shock
region by the first-order Fermi mechanism®'. This additional
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FIG. 2 Spectrum of the bright NE rim of SN1006. g2 ot
The best-fit model consists of a power law with 3 Xf +
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0 lines. The O lines appear blended in the plot
of the residuals. b, Spectrum of the interior of
SN1006. Narrow emission lines, as marked on b
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the figure, are detected at energies of 0.574,
0.653, 0.915, 1.34 and 1.86 keV, corresponding
to the K-shell resonance transitions of He- and
H-like oxygen, and He-like Ne, Mg and S, respec-
tively. The line at 0.84 keV corresponds to an L-
shell transition of Fe. The solid curve represents
the best-fit non-equilibrium ionization model plus
a hard component.
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component is superposed on a thermal spectrum resembling that
of other young SNR, which can be described within the frame-
work of the Hamilton et al. model®*°. The synchrotron origin
of the excess emission is supported by the strong correlation
between the radio and X-ray surface brightness along the NE
rim, in contrast to the lack of correlation along the thermal NW
rim'®. Published models of this process reproduce the flat radio
spectrum and the steeper X-ray spectrum by predicting a power-
law spectrum whose slope breaks between the radio and X-ray
bands as synchrotron losses become important®’>°. Although
these models do not accurately produce the surface brightness
correlation, more recent work does so*”

The implications of non-thermal X-ray emission associated
with a supernova remnant shock are important. The energy of
a synchrotron photon E, is related to the electron energy E. and
the magnetic field B by:

E,~4keV x (B/1 mG) x (E./10 TeV)

There is no measurement of the magnetic field strength for any
type la SNR (of Wthh SN1006 is thought to be an example™ ).
The best estimate® is 6-10 uG. As the X-ray spectrum remains
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flat up to ~20 keV (refs 8, 11), we infer that electrons of energy
>200 TeV are being produced in the SN1006 shock. These
energies are among the highest inferred for electrons in any
astrophysical setting.

More fundamentally, the potential identification of the
SN1006 shell as a production site for such high-energy electrons
provides the first strong observational evidence that very-high-
energy cosmic rays are produced in SNR shocks. Theoretical
treatments of particle acceleration via first-order Fermi processes
do not draw distinctions between electrons and ions: highly rela-
tivistic particles (E>myc”) of either charge are accelerated as
the result of interaction with turbulence in the shock-compressed
magnetic field®'. Thus although the X-ray data provide direct
evidence for the presence of very-high-energy electrons, there
exists ample theoretical support for the presence of ions of simi-
lar energy—in other words, cosmic-ray nuclei. An energy of
200 TeV approaches the ‘knee’ of the cosmic-ray electron spec-
trum (~1,000 TeV), the energy at which it dramatically steepens.
Our observations thus directly support for the first time the long-
held assumption®**” that SNRs accelerate cosmic rays all the
way up to the ‘knee’, and provides a means for discriminating
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between competing models for the rate of energy gain during
diffusive shock acceleration®’.

Although SN1006 is the only strongly supported example thus
far of a SNR with non-thermal X-ray emission from the shell,
there exist data suggesting this process occurs in other remnants
as well. The next best example is Cas A, where the 4-8 keV
continuum has an energy spectral index ¢ =1.7 and a morphol-
ogy highly correlated with that of the radio continuum, in sharp
contrast with that of the X-ray line emission'’. Other candidates
are 1C443, whose hard (5-20 keV) X-ray component can be fit-
ted by a power law with @ &2, and Tycho, for which theoretical
estimates suggest that the continuum above ~4 keV might be
dominated by non-thermal emission™. Careful spatially resolved
X-ray spectroscopic studies of these and other remnants must
be carried out before the prevalence of cosmic-ray acceleration
in SNR shocks can be assessed. O
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Quantum confinement and
light emission in Si0,/Si
superlattices
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PHOTONIC devices are becoming increasingly important in informa-
tion and communication technologies. But attempts to integrate
photonics with silicon-based microelectronics are hampered by the
fact that silicon has an indirect band gap, which prevents efficient
electron—photon energy conversion. Light-emitting silicon-based
materials have been made using band-structure engineering of SiGe
and SiC alloys and Si/Ge superlattices, and by exploiting quant-
um-confinement effects in nanoscale particles and crystallites'~>,
The discovery™® that silicon can be etched electrochemically into
a highly porous form that emits light with a high quantum yield
has opened up the latter approach to intensive study®'>. Here we
report the fabrication, by molecular-beam epitaxy, of well-defined
superlattices of silicon and SiO,, which emit visible light through
photoluminescence. We show that this light emission can be
explained in terms of quantum confinement of electrons in the two-
dimensional silicon layers. These superlattice structures are robust
and compatible with standard silicon technology.

The Si/SiO, superlattices were grown at room temperature on
phosphorus-doped n-type (100) Si wafers by molecular-beam
epitaxy in a VG Semicon V80 system. Thin Si films of various
thickness were deposited on the ultraviolet/ozone-oxidized
Si(100) wafer surface. A SiO- film ~1 nm thick was then grown
ex situ by a rate-limited ultraviolet/ozone oxidation process.
This procedure was repeated until a six-period Si/SiO, superlat-
tice was made. The Si layer thickness and density were deter-
mined by small-angle X-ray scattering'’>. Modelling of the
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reflectivity profiles established the periodic nature of the struc-
ture and revealed the Si layers to be of the same high density as
found in vacuum-deposited Si. This suggests that the concentra-
tion of hydrogen, if there is any, incorporated in the Si film
during growth should be very low. The chemical modulation
and high purity of the superlattices were confirmed by Ar’-
sputter profiling using Auger electron spectroscopy in a PHI
650 system. The physical structure of the superlattices was also
studied by cross-sectional transmission clectron microscopy
(TEM) using a Philips EM 430 TEM operated at 300 kV. Figure
1 shows a cross-sectional TEM micrograph taken on a six-period
Si0,/Si superlattice with Si layer thickness of 2.8 nm and SiO,

Surface

FIG. 1 Cross-sectional TEM micrograph taken from a six-period SiO,/Si
superlattice grown on Si(100) substrate. The alternating bright and dark
bands represent SiO, and a-Si layers, respectively, as marked. The
changes in the contrast on the right-hand side of the picture are caused
by cleavage steps during TEM sample preparation.
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