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and all images were made at airmasses less than 1.2 with Gemini facility guiding and tip-
tilt engaged. To improve the signal-to-noise ratio, the images displayed in Fig. 1 have been
smoothed with gaussians of FWHM of 0.223, 0.223, 0.267, 0.356 and 0.445 arcsec at 8.7,
11.7, 12.3, 18.3 and 24.6 pm, respectively.

The probability that the SW 52 AU clump is a chance superposition of an unrelated
background object is negligibly small (<4 X 10™°), as determined elsewhere®® for a source
of comparable brightness. Regarding the clumps apparent in the 24.6-pm image, we
estimate the contrast of the brightest clump at SW 60 AU with the adjacent inner minimum
to be approximately three times the noise, but the centroid of that clump is separated from
the minimum (SW 52 AU) by less than the 24.6-pm resolution of 14 AU (Table 1). Thus, we
make no firm judgement about the reality of the 24.6-pm clumps, ignoring for now the
detailed 24.6-pm structure. We note that, if ultimately confirmed, it could provide
significant additional insight into disk processes.

Dust mass and models

To characterize the NE disk emission, we considered a single population of dust grains
with the commonly used approximation that the emission efficiency Q, is proportional to
frequency. Other forms for Q, basically raise or lower the temperature and optical depth
distributions, but our purpose, which is to contrast the dust properties in the NE and SW
wings, is well served by our simple assumption. The assumed value for the stellar
luminosity is 8.7L o, where L is the luminosity of the Sun. The model disk extends out to
150 AU and is composed of 11 annuli that are 10 AU wide in the 0-110 AU region and one
annulus that is 40 AU wide in the 110-150-AU region. We ignore results for the region
within 20 AU of the star because of the contribution of the silicate feature and uncertainties
in the PSE. Each annulus is assumed to be uniform in temperature and density. The
modelling computes the distributions of temperature and face-on optical depth for the
annuli that give rise to the brightness distributions observed at 11.7 and 18.3 pm. The
models incorporate an inclination of the whole disk to the line of sight and opening angles
as free parameters for each annulus. Optical depths and temperatures of the annuli were
used to determine the flux in the appropriate wavebands emitted by the portion of the disk
in a narrow radial range. The model is three-dimensional, with flux spread evenly in both
latitude (in the range allowed by the disk opening angle) and longitude. The disk
observations were simulated with the flux from the model being integrated along the line
of sight of each pixel. The point-like stellar flux was then included at the centre. The image
was then convolved with the PSF observed at the appropriate wavelength and additional
smoothing added at the same level applied for the displayed images. The modelling
procedure started with initial values for the annuli, then the parameters for each annulus
were improved in turn by considering how varying them affected the resulting image. This
procedure worked from the outermost to the innermost annulus and was repeated until
the parameters converged. Uncertainties in the derived parameters were determined from
the pixel-to-pixel deviation in the observation. A detailed description of the modelling for
B Pic will be presented elsewhere by M.C.W. and co-workers.
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In the centres of stars where the temperature is high enough,
three a-particles (helium nuclei) are able to combine to form 2c
because of a resonant reaction leading to a nuclear excited state’.
(Stars with masses greater than ~0.5 times that of the Sun will at
some point in their lives have a central temperature high enough
for this reaction to proceed.) Although the reaction rate is of
critical significance for determining elemental abundances in the
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Universe', and for determining the size of the iron core of a star
just before it goes supernova?, it has hitherto been insufficiently
determined®. Here we report a measurement of the inverse
process, where a '>C nucleus decays to three a-particles. We
find a dominant resonance at an energy of ~11 MeV, but do not
confirm the presence of a resonance at 9.1 MeV (ref. 3). We show
that interference between two resonances has important effects
on our measured spectrum. Using these data, we calculate the
triple-a rate for temperatures from 10°K to 10'°K and find
significant deviations from the standard rates’. Our rate below
~5 X 107 K is higher than the previous standard, implying that
the critical amounts of carbon that catalysed hydrogen burning
in the first stars are produced twice as fast as previously believed®.
At temperatures above 10°K, our rate is much less, which
modifies predicted nucleosynthesis in supernovae™*.

The most important resonance in '*C for astrophysics is situated
7.65 MeV above the ground state, and has spin and parity 0" (ref. 7).
Hoyle suggested this resonance in 1953 in order to reproduce the
observed abundances of '>C and '°O, respectively the fourth and
third most abundant nuclear species in the Universe®. This so-called
Hoyle resonance was soon discovered experimentally’, and its
properties were established'® on the basis of a measurement of
a-particles emitted in the B-decay of '*B. In 1956 it was predicted"'
to have the structure of a linear chain of three a-particles, and it
was further conjectured that there had to be another resonance at
9-10 MeV with spin-parity 2. A resonance was found soon after'?
at 10.1 MeV with a very large width of 3 MeV, but its spin-parity
could only be determined as 0 or 2%, The past half-century has
brought little clarification to this problem, but the 2* resonance (at
9.1 MeV with width 0.56 MeV) is still included in the current
NACRE (Nuclear Astrophysics Compilation of Reaction Rates)
compilation of astrophysical reaction rates’, where it enhances the
30 — '*C reaction rate by more than an order of magnitude for
temperatures above 10°K.

We use the B-decay of the two isotopes '*N and '*B, produced
using the ISOL method (see Methods), to access the interesting
resonances in '2C. As a decisive improvement over previous
measurements, our detection system (see Methods) allows us to
construct the excitation energy in '2C in a model-independent way
when at least two of the a-particles are detected in coincidence. If all
three a-particles are detected, the '>C energy is just the sum of their
energies added to the 3a-threshold energy of 7.275 MeV; if only two
particles are detected, the missing energy can be calculated from
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energy and momentum conservation. The contour plot of Fig. 1
allows the break-up pattern of the resonances to be immediately
identified. The structure observed at 8—11 MeV excitation energy is
the elusive 10-MeV resonance. It decays to the 3« final state in a two-
step process via the unbound ground state of *Be: the diagonal to the
right comes from the a-particle emitted from '°C; the broad
region to the left comes from the two a-particles from ®Be (this is
the time-reverse of the triple-a reaction in stars). The 12.71-MeV
resonance can be seen to decay differently, as discussed in detail
elsewhere’.

The events in Fig. 1 that follow the diagonal must originate from
0" or 2% resonances in '*C owing to angular momentum and parity
conservation. We use these events to extract the excitation energy
spectra in Fig. 2. Apart from lower detection thresholds in the '“B
experiment and the difference in Qg energies (see Methods), which
explains why the >N spectrum extends to higher energies, the
agreement between the experimental data sets is very good and
supports the correctness of the spectrum. An R-matrix fit (see
Methods) using the currently believed best values’” (energy
10.3(3) MeV and width 3.0(7) MeV) to describe the resonance
(dashed-dotted curve, Fig. 2a) is consistent with the old data, but
clearly does not describe our improved data. The choice of 07 or 2™
for the spin gives the same quality of the fit to the old data. In
contrast, only when we assume spin 0" for the 10-MeV resonance
and include the 0" resonance at 7.65MeV can we fit our data
(Fig. 2b), owing to the inevitable interference effects caused by
coherent population of two resonances with identical spin-parity™.
The presence of a separate resonance at high energy in the '°N data,
already suggested in Fig. 1 by the continuation of the diagonal up to
more than 14 MeV, becomes very clear in the spectra of Fig. 2. When
including this high-energy region in the analysis, we have to
introduce a new resonance to fit the data. A 0" assignment for
this resonance will not fit our data owing to interference with the
lower two 0" resonances, but when we assume a 2" resonance we get
a good reproduction of the data (Fig. 2b). We determine the energy
of the 10-MeV resonance to be 11.23(5)MeV with width
2.5(2) MeV, and the 2" contribution gives 13.9(3) MeV with
width 0.7(3) MeV.

Our results are in qualitative agreement with recent '*C(a,a’)*C
experiments'>'°, which observe a dominant 0" component in the
10-MeV region. However, our data clearly demonstrate the import-
ance of including the appropriate interference between the two 0™
resonances. The 2* resonance observed near 14 MeV in our data is

- T T | = T T ] 200
161 .
L 1 1511 Mev 1+ 180
C ] 160
14+ Qg threshold 140
2 Eoicensg 7T g 12.71 MeV 1+ 120
= 12 N 100
o L ’
- -4 = 80
o [ ] 10 MeV (0+, 2+)
10 . 60
] 40
12B(B) -
8 B3 765 mevor 20
= 1 1 s O
0 2 4 6 OO+
Eq1,2 (MeV) Eq1,2 (MeV)

Figure 1 o.-particles emitted from resonances in '2C populated in the decays of '?B and
"2, The central panel shows the four resonances previously observed in these decays.
The contour plots (colour levels given on vertical bar give the number of counts per pixel)
show the excitation energy in '2C, £(*2C), plotted against the energy of individual
a-particles, Eouq o; Qg, energy released by nucleus in 3-decay. Left panel, 12B; right
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panel, 2N. In our data, the 7.65-MeV resonance is below the detection threshold and
therefore not observed, the broad 10-MeV resonance is identified in both decays, whereas
the 12.71-MeV resonance is clearly seen in the >N data and weakly in the '?B data. The
15.11-MeV resonance mainly decays by ~-emission and is therefore not observed.
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consistent with earlier '*C(e,e’)'?C experiments’, but is not
observed in the recent C(a,a’')'?C experiments'>'®, We have
searched for a 2% resonance with the properties given in the
NACRE compilation (position at 9.1 MeV, width 0.56 MeV). The
ft-value (see Methods) for feeding such a resonance must be at least
a factor of 50 larger than the one for the Hoyle resonance to fit our
data. This seems unlikely, and the existence of this resonance is
therefore doubtful.

We now turn to the implications of our findings for the synthesis
of '2C in the Universe: we estimate the influence on the triple-o
reaction rate of the broad 0" resonance and its interference with the
Hoyle resonance, and the effect of removing the assumed 27 state.
For temperatures between 10° K and 10°K, the rate is fully domi-
nated by the Hoyle resonance and may be determined by a simple
expression depending exclusively on the properties of that reso-
nance'. The calculation of the rate outside this temperature range is
the subject of several specialized papers focusing on specific tem-
perature regions, and is a subject of considerable complication.
Details of the rate calculation are beyond the scope of this Letter; we
use an expression that is general enough to be valid for temperatures
from 107 K to 10'° K, and which includes the influence of the broad
0" resonance (C.D., H.E. and K.R., manuscript in preparation). By
comparing our rate calculations (Fig. 3) with and without the
presence of the broad 0" resonance, we conclude that this resonance
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Figure 2 Excitation energy spectra in '2C. The spectra are corrected for the different
B-neutrino phase-space factors, and for detection efficiencies (arbitrary units on vertical
axis). Data from ®N/'?B decay are shown as the red/blue histograms. a, Comparison of
our spectra with that from the last published measurement using 3-decay™ (filled circles;
error bars, 10). The dashed-dotted curve shows the 10-MeV resonance using the
literature values before the experiment reported here. b, Our fit (solid curve), where the
7.65-MeV 0" resonance, and a 2™ resonance at high energy, are added (the individual
components are shown with the dashed curves).
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does not introduce a significantly increased uncertainty to the rate
despite its clear interference with the Hoyle resonance (Fig. 2).
Considering that the rates vary more than 80 orders of magnitude
over the illustrated temperature range, there is good general agree-
ment between our rates and the NACRE rate. In the most important
temperature range of 10°K to 10° K, our rate agrees with the rate
calculated from the simple expression', whereas there is a systematic
deviation from the NACRE rate that reaches 20% at 10°K, just
beyond their quoted error band. For the lowest temperatures, and
even more so for temperatures above 10°K, our rate deviates
significantly from NACRE. The latter is due to their inclusion of
an assumed 2 resonance at 9.1 MeV, an assumption that could not
be confirmed in this work.

The triple-a reaction is crucial for various astrophysical sce-
narios. Its ratio with the rate of the subsequent 2C(ayy) "0 reaction
in the temperature range between 10°K and 10° K determines the
carbon and oxygen abundances at the end of helium burning'’, with
important consequences for both nucleosynthesis and late-stage
stellar evolution'®. The size of the iron core in the pre-supernova
depends directly on this rate, and calls for better than 10% precision
of the triple-a rate in the 10° K to 10” K temperature range for use in
core-collapse supernovae simulations®. The carbon and oxygen
production as function of the triple-o rate is investigated in
ref. 19. The triple-o rate above 10° K is important for nucleosynth-
esis in the type II supernova shock front™ where, owing to the high
binding energy of '°C, the triple-o process is the first reaction to fall
out of equilibrium at relatively high temperatures of 3 X 10°K
(ref. 20). The effect of our lower rate for these high temperatures
is estimated as a reduction (by a factor of 2-3) of the mass fraction of
*°Ni, and hence a reduction of the mass fraction of heavy elements
present in proton-rich supernova matter (C. Frohlich, personal
communication). These high temperatures are also relevant for
X-ray bursts, which are explained as thermonuclear runaways in the
hydrogen-rich envelope of an accreting neutron star in a binary
system. One trigger reaction of the runaway is the triple-o reac-
tion*', which produces CNO nuclei that later serve as the material
for the main energy production in the early stage of the burst®>. A
better precision of the triple-a rate is also needed to determine the
ratio of "2C to 'O produced in the special conditions of helium
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Figure 3 The triple-o reaction rate from this work, ra,,, relative to the value from the
current NACRE compilation®, r3(NACRE). Ty is the temperature in 10°K. Solid line, our
rate including only the Hoyle resonance; dashed lines, our rate including the broad 0™
resonance and its interference with the Hoyle resonance; and grey band, estimated error
band from NACRE® (the uncertainty in the position of their assumed 2 resonance is not
included). We assume that the reduced ~ -decay width of the broad 0" resonance is equal
to that of the Hoyle resonance, and the dashed lines differ only in the sign of the
interference term.

NATURE | VOL 433 | 13 JANUARY 2005 | www.nature.com/nature




flashes during the asymptotic giant branch phase of stellar evolution
(AGB stars); such stars have been identified as the site of the main
component of s-process nucleosynthesis®. According to estimates
given in refs 2 and 24, the consequence of our modified rate is up to
a factor of 3 less carbon produced in AGB stars.

Finally, as the first stars in the Universe lacked the heavy elements
catalysing hydrogen burning, the evolution of these stars is believed
to be very sensitive to the triple-a reaction at temperatures below
10® K. For these primordial stars with masses similar to that of the
Sun, a small amount of '*C is produced by the triple-a: process
during the phase of central hydrogen burning. When the '*C
abundance reaches a critical level the CNO cycle is ignited*; this
level may be reached in half the time with our higher rate at the
lowest temperatures. This is important for the subsequent evolution
of the star, and for how the ashes of the nuclear burning, the basis
for the next generation of stars, are transported to the outer layers of
the star and ejected into the interstellar medium. Stellar model
calculations testing this effect using our triple-« rate are in progress
(J. Christensen-Dalsgaard, personal communication). 0

Methods

The ISOL method

The "N activity (half-life 11.0 ms) was produced at the IGISOL facility*® of the Jyviskyli
Accelerator Laboratory in Finland by using the "*C(p,n)'*N reaction with a 40-MeV
proton beam. The "B activity (half-life 20.20 ms) came from in situ decay of '*Be (half-life
21.5 ms) produced by 1-GeV proton-induced spallation reactions on a thick Ta target at
the ISOLDE facility*®, CERN. In both experiments, the produced nuclei were extracted,
accelerated to 40 keV, mass separated and finally transferred to a detection area where
they were stopped in a thin carbon collection foil. This is known as the isotope separation
on-line (ISOL) method.

By studying the B-decays of both '?B and >N we reduce sensitivity for systematic
errors. These two nuclei release significantly different energies in their 8-decays (known as
the Qg energy), which causes different excitation energies in '>C to be populated with
different weights owing to the strong energy dependence of the -neutrino phase-space.
The product of this phase-space factor and the partial half-life of a transition is the
ft-value, which is inversely proportional to the nuclear matrix element.

Detection system

The detection system consisted of two double sided silicon strip detectors (DSSSDs)
placed on either side of the collection foil. Owing to the presence of very low energy
a-particles in these decays, attention to energy loss effects in the collection foil and
detector dead-layers is crucial. In the 2N experiment, standard DSSSDs were used and a
special calibration and analysis procedure applied”’, whereas in the '*B experiment a new
DSSSD design with reduced dead-layers was used*®. Significantly reduced energy detection
thresholds were achieved in the B experiment, as may be seen in Fig. 2 where the '*B
spectrum extends well below that from '2N. The efficiency for detecting two or three
a-particles is determined from Monte Carlo simulations separately for the two experiments.

R-matrix fits

These are commonly used in atomic, nuclear and particle physics to achieve a
phenomenological understanding of data'*. We apply a formalism developed specifically
for 3-decay”. The method is used in general to connect observed peak structures with
parameter values of the states involved, in particular when interference effects or threshold
effects are dominant. In such cases, the position of states does not always coincide with
maxima of peaks in the observed spectra. The parameter values quoted here are the
so-called observed R-matrix parameters, which are introduced to correct for this
discrepancy. Here we use the same parameters for the Hoyle resonance as NACRE:
resonance energy 0.3798 MeV, a-width 8.3 eVand y-width 3.7 meV. The interference effect
is seen in Fig. 2 as an enhancement of the low-energy region between the two resonances
and a decrease on the high-energy side of the broad resonance. It causes the shift of the
energy of the broad 0" resonance from the previous value near 10 MeV to 11.23(5) MeV
even when using observed R-matrix parameters.
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Concentration oscillations are ubiquitous in living systems,
where they involve a wide range of chemical species. In contrast,
early in vitro chemical oscillators were all derived from two
accidentally discovered reactions' based on oxyhalogen chem-
istry. Over the past 25years, the use of a systematic design
algorithm™®®, in which a slow feedback reaction periodically
drives a bistable system in a flow reactor between its two steady
states, has increased the list of oscillating chemical reactions to
dozens of systems. But these oscillating reactions are still con-
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