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We have studied the neutron-transfer reactions '""'?B(d, p)'>'>B in inverse kinematics to obtain information
about the neutron-capture reactions ''>B(n, ). These capture reactions are suggested to play a role in seeding
r-process nucleosynthesis through the production of light, neutron-rich nuclei. The neutron spectroscopic factors
of the states in '>!*B were deduced and the branching ratio of the neutron-unbound state at Ex = 3.389 MeV in
I2B was obtained to provide the ratio of partial widths, I,/ T, . The reaction rates for '"'?B(n, ) are estimated for
direct captures and resonant captures and compared with previous compilations. The astrophysical implications,
especially for neutrino-driven wind models in core-collapse supernovae, are discussed in the r-process network

framework using our updated reaction rates.
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I. INTRODUCTION

The determination of the possible astrophysical site and
understanding the mechanism of heavy-element production
are important problems in r-process nucleosynthesis. Because
of the predicted high neutron flux and temperature, it has been
suggested that the r-process occurs in explosive environments.
Observational studies [1,2] revealed that r-process elements
heavier than Ba show the same abundance pattern in dozens
of metal-poor stars with [Fe/H] > —3.1

This pattern also coincides with that of the solar 7-process
that is obtained by subtracting the theoretically predicted
s-process contribution from the observed solar abundances.
These observational facts suggest that the r-process for those
heavy elements is probably a primary process. The neutrino-
driven wind from proto-neutron stars in Type II supernovae
[3-5], neutron star mergers [6], and neutron-rich jets from
supernovae [7-9] and following y -ray bursts [10,11] have been
intensively studied as plausible sites.

Neutrino-driven winds or hot bubble models in core-
collapse supernovae [5] are expected to generate the high
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temperature and entropy regions outside the proto-neutron star
via neutrino-nucleus interactions. Under the high entropy con-
dition produced by neutrino heating, iron group nuclei formed
from prior quiescent burnings disintegrate into neutrons and
protons, which then start coalescing to form o particles as
the adiabatic expansion of the wind cools the star further.
With abundant « particles, seed nuclei with 70 < A < 120
are reassembled until the temperature becomes too low to
overcome the Coulomb barriers, a process referred to as the
a-process. A previous study of the importance of the role
of the a-process in r-process nucleosynthesis [12] showed
that a different abundance distribution of heavy elements can
be obtained by including the excess neutron flux during the
early reassembly of « particles. The large mass fraction of
neutrons and « particles could then enhance the formation of
12C through the reaction chain of a(an,y)’Be(a,n)'?C by a
factor of 10 compared to the usual triple-o reaction solely,
whose rate declines slowly for 7y > 1.

In particular, the neutrino-driven wind model in gravita-
tional core-collapse Type II supernovae with a short dynamic
time scale of the expanding wind [13,14] produces fewer seed
nuclei, yielding more neutrons available to be captured on
light, neutron-rich nuclei. This increase results in a higher
ratio of neutrons to seed nuclei, suggesting a promising site
for r-process nucleosynthesis.

Most of these r-process studies have considered neutron
captures on many (~6000) heavy nuclei and a limited number
of light nuclei. Recent efforts [14,15] to understand the wind
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models, however, have demonstrated the influence on the
final abundance of r-process nuclei from neutron captures
on light, neutron-rich nuclei. Terasawa et al. [14] studied
new reaction paths by extending their network to include
40 more neutron-rich nuclei with Z < 10. Under the same
astrophysical conditions, these additional neutron-rich nuclei
create extra paths to reach the carbon-isotope seeds through
the Be chain, a(an,y)9Be(n,y)1°Be((x,y)14C, and the Li-B
chain, a(t,y)’Li(n,y)8Li(a,n)''B, followed by successive
neutron captures on boron isotopes until B B decays to
15C. This comparison demonstrated differences in the final
r-process abundances of heavy elements produced by these
additional paths, in some cases by a factor of 10. Following
this, Sasaqui et al. [15] have quantified the uncertainty of
r-process nucleosynthesis, especially studying the dependence
of the sensitivities among 18 light, neutron-rich elements under
different explosive environments.

Unfortunately, most reaction rates for neutron-rich ra-
dioactive nuclei are still unmeasured or poorly known ex-
perimentally in the temperature range of Ty < 2. Although
neutron capture is one of the most important reactions in
different astrophysical models, it cannot be studied directly
in the laboratory with short-lived radioactive targets. Some of
the relevant information can be obtained indirectly through the
study of neutron-transfer reactions. To better understand (n,y)
reaction rates from (d, p) measurements, we have studied the
(d, p) reaction on the boron isotopes ''B and radioactive >B.

Rauscher et al. [16] estimated the uncertainties of the
reaction rates for the "B(n,y) and '>B(n,y) reactions to
be at least a factor of 2, based on the limited spectroscopic
information on '>'3B and by considering direct and resonant
captures. Although there have been several investigations
of the structure of B [17,18], such as single-nucleon
knockout [19], a proton intruder study [20], and a search for
isobaric analog states [21], as well as theoretical efforts in
cluster models [22], the spins and parities of most excited
states and their neutron spectroscopic factors are not well
determined [23].

In this article, we present the results of studies of ''B(d, p)
and ?B(d, p) in inverse kinematics. Section II describes the
experimental techniques and results. The deduced spectro-
scopic factors and neutron-branching ratio of the unbound
states are used to estimate the reaction rates of the 'B(n,y)
and '?B(n,y) reactions in Sec. III, and the results of
r-process network calculations with the updated reaction rates
are discussed in Sec. IV with a focus on the impact of
light, neutron-rich nuclei in heavy-element production. The
conclusions are summarized in Sec. V.

II. EXPERIMENTAL METHODS AND RESULTS

The measurement was performed using the ATLAS facility
at Argonne National Laboratory. A radioactive '>B beam was
produced using the in-flight method [24] via the (d, p) reaction,
by bombarding a deuterium gas cell with an §1-MeV primary
B beam with an intensity of approximately 100 pnA. The
resulting '>B beam had an energy of 75 MeV, was separated
from the primary beam using a dipole magnet, and was
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delivered to the scattering chamber with an average intensity
of 1.2 x 10° pps.

The experimental setup consisted of a 150 ug/cm? CD,
target and three annular double-sided silicon strip detectors
(DSSD) for the detection of the protons at backward angles
between 110° and 161° in the laboratory system. The recoiling
B ions ('"'213B) were detected in a telescope of AE — E
silicon detectors segmented into four quadrants covering the
forward angle range of 1.3° — 7.2° in the laboratory system.
A silicon surface-barrier-detector telescope was positioned at
0° with a mesh attenuator to reduce the direct beam by a
factor of 100 to monitor the beam intensity. The DSSDs, with
thicknesses of 500 um each, were segmented into 16 annular
rings on the front and 16 azimuthal wedges on the back. The
energy resolutions of DSSDs were measured to be 3545 keV
FWHM with « particles from a >?Th source. The forward
telescope detector consisted of a 75-um-thick A E detector and
a 1000-um E detector. The setup and the detection technique
are described in detail in Ref. [25].

For the radioactive 2B beam, bound and unbound states
in 1°B are separated by identifying '>B and '*B nuclei in
the AE-E telescopes. Figures 1(a) and 1(c) show typical
particle-identification spectra from !'"12B 4+ CD; interactions,
respectively. The '>!3B and '"'?B recoil ions are clearly sep-
arated. Figures 1(b) and 1(d) show excitation-energy spectra
for the ''B(d, p)'?B and '?B(d, p)'3B reactions with selections
on the beamlike recoil ions described above. This approach
permits a separation of events populating neutron-bound and
unbound recoils and permits the determination of branching
ratios for neutron and y-ray decay.

Considering the larger energy loss and straggling of a beam
in a target in inverse kinematics and the 3-mm-diameter spot
of the radioactive beam, the overall Q-value resolution was
approximately 250 keV (FWHM). To optimize this resolution,
it was necessary to correct for the azimuthal asymmetry
because of small misalignments (~2 mm) of the DSSD
detectors relative to the beam axis. The coincidence efficiency
between protons and recoils was obtained from Monte Carlo
simulations of the detection setup. These simulations included
the realistic detector geometry, nonworking strips, the beam-
spot size, and the actual energy thresholds and resolutions
for DSSDs obtained from «-source calibrations. The final
efficiency was calculated for the d('"'’B,p) reaction and
ranged from 40% to 95% for the angles in the center of
mass system larger than 10°. These results were then used to
reproduce the Q-value resolution of the d('>B, p) data resulting
from the detector angular offsets and beam-spot size. The same
analysis algorithm was applied to the simulation and data,
verifying the corrections applied for improving the Q-value
resolution.

A. d("'B,p)’B

We obtained angular distributions for states in '>B at Ex =
0.0,0.953,1.674, and 2.621 MeV, below the neutron threshold,
and for the unbound states at Exy = 3.389 and 4.301 MeV.
As shown in Fig. 2, the proton angular distributions for
most bound states are well described by distorted-wave Born
approximation (DWBA) calculations using the finite-range
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The minima in the ¢ = 0 angular distributions are smeared
out by the angular resolution, which is indicated by the
horizontal error bars in Fig. 2. For the 1.674-MeV state,
the calculated DWBA cross section was also averaged over
the same angular bins as the data to check the comparison
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FIG. 1. (Color online) Particle
identification spectra with '"1°B
beams. Panels (a) and (c) show plots
of AE versus E from the forward
recoil detectors and panels (b) and
(d) show excitation energy spectra
for 2B and "*B. The solid histogram
in panel (b) is obtained by selecting
events within the solid circle in panel
(a) (i.e., recoiling '?B from the (d, p)
reaction). The hatched histogram is
obtained by selecting events within
the dashed circle (i.e., recoiling ''B
from the (d, p)'?B(n)''B). Panels (c)
and (d) show the same as described
for panels (a) and (b) only for the B
beam.
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tracted spectroscopic factor is the same as that extracted from
the unaveraged curve, within the measurement uncertainty.
Also, the doublet at 2.621 and 2.723 MeV was unresolved
within our Q-value resolution, so the DWBA curve was
calculated for the sum of both transitions with previously

FIG. 2. (Color online) Angular-
distribution data for the !'B(d, p)'*B
reaction in inverse kinematics with
the DWBA calculations. The dashed
lines correspond to spectroscopic
factors from Ajzenberg-Selove [26]
and the solid lines are normalized
to the current data. See the text for
details.
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TABLE I. Optical-model parameters used in the DWBA
calculations.

Channel Vv 7o a W/Vso 1] a rc Ref.
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

2R+ g 81 1.15 0.81 8.6
2BB+p 40 12 07 10.9¢
LB 4+ n Varied 1.24 0.45 5°

1.34 0.873 1.3 [28]
1.2 046 1.3 [29]
1.12 057 13 -

W, 1}, a’) refer to the surface-derivative imaginary potential.
Y(Vso, ry, a’) refer to the spin-orbit potential.

determined spectroscopic factors. The spectroscopic factors
for bound states agree within 25% with the values from
Refs. [26,30] (dashed lines). The spectroscopic factors for
the unbound states are estimated with a form factor calculated
as though the states are bound at 50 keV. The ratio of the
neutron spectroscopic factors between the two unbound states
is expected to be the same as their neutron-reduced widths.
The spectroscopic factor for the 3.389-MeV state has been
previously reported to be 0.57 [31], which is consistent with
our value of 0.50 £ 0.13.

For the unbound state at 3.389 MeV in '’B, the partial
widths were previously measured to be I, = 3.1 £ 0.6 eV
andI', = 0.025 £ 0.008 eV [32], yielding aratioof I',/ "), =
124 £ 40. The value from the current measurement, obtained
by comparing the proton yields in coincidence with either
1B recoils (neutron emission) or with '>B recoils (y-ray
emission) as illustrated in Fig. 3, is 94 & 5, showing the
reduction of the fractional uncertainty by a factor of 6. These
experimental values are used to estimate the reaction rates in
Sec. III.

B. d("’B,p) B

The angular distribution for the d('*B,p)'*B ground-state
transition was obtained in the same way as with the '' B beam.
Positive-parity states suggested in Ref. [33] were observed
near 3.6 MeV of excitation energy in '*B, but the members of
the expected doublet at Ex = 3.482 and 3.681 MeV could not
be resolved [see Fig. 1(d)]. Because of their low energies, the
energies of protons populating the neutron-unbound 5.105-
and 5.388-MeV states were very close to the electronic
thresholds of the DSSDs, and the efficiencies and yields
for these protons were quite sensitive to these thresholds.
Therefore, we have not reported angular distributions for these
states.

Figure 4 shows proton angular distributions for the ground
state. The spectroscopic factor for the ground state, S = 0.72,
previously used by Rauscher et al. for estimating the reaction
rates was based on shell-model predictions [34]. The nor-
malization of the current data to DWBA calculations using
the same parameters as Table I yields a value of 1.1 +0.3.
The uncertainty includes the statistical errors, the error in
beam-intensity normalization, and systematic uncertainties in
the DWBA calculations estimated by using different optical-
model parameters.
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FIG. 3. (Color online) Proton yields from ''B(d, p)!*B shown in
terms of the excitation energy in '>B. Panels (a) and (b) show counts
in coincidence with ''B and !B, respectively. The neutron threshold
is 3.37 MeV and the solid circles highlight the peak corresponding
to the unbound 3.389-MeV state, and the yields are integrated over
7°—22° in the center of mass system.

III. DETERMINATION OF REACTION RATES

Owing to the low-level density in light nuclei systems,
an estimation of the rate for the (n,y) reaction must take
into account both nonresonant and resonant captures. The
nonresonant capture includes contributions from both direct-
capture transitions (DC) and the low-energy tails of giant-
dipole resonances at higher energies. For the low-energy
neutrons that are most important for 7-process nucleosynthesis,
the electric dipole (E£1) transition is dominant. The DC cross
section for the transition from initial state i to final state f is
given [35] as

opc,.(ED)

167 egff k)/3(l 010|l 0)2 S /OO ( ) ( )d ?
= 5 7 U 3 u \r)r wi(r)ari| ,
9 k2 v PRI fy Y !

)

where k, is the photon wave-number corresponding to the
photon energy E,/hc and (....|..) is a Clebsch-Gordan
coefficient. w;, represents the continuum states of the target
coupled to a neutron and u;, represents the final bound state
with single-particle strength given by Sy, the spectroscopic
factor. For s-wave neutrons, the cross section is proportional
to the square of De Broglie wavelength X (~1/v) and the
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FIG. 4. (Color online) Measured angular distribution for the
12B(d, p)"*B reaction compared with the DWBA calculations using
the same optical-model parameters as in Table I. Details are discussed
in the text.

neutron partial width I',, (~v) thus is inversely proportional
to the velocity [36]. The reaction rate for low-energy s-wave
neutrons then may be expressed as

Na{ovipe = Naor (kT /), 2)

where ( is the reduced mass, and the cross section o7 and the
velocity of neutron are obtained at the same temperature 7.
Therefore, the DC reaction rate can be estimated using the
available thermal cross section, which was measured with
thermal neutrons, and Rauscher er al. used this method for
the ''B(n,y) reaction.

For resonant capture, the cross section can be described
using the Breit-Wigner formula. The width of the resonance is
typically small enough that the Maxwell-Boltzmann velocity
distribution inside the integral does not change appreciably,
and then the integral of the Breit-Wigner form is given by the
resonance strength

_ QJ+1) r,r,
QL+ DL+ 1) (T, +T)

wy

with J,, (J;) being the spin of the projectile (target) and I, (T",)
the partial width for neutron (y-ray) decay. The reaction rate
is expressed as the sum over for the individual resonance i at
the energy E; as

Nafov), = 1.54 x 10° =321,
x Za)yi exp (—1L60SES™ /Ty),  (3)

where Ty represents the temperature in 10° K.

PHYSICAL REVIEW C 81, 015802 (2010)

- = ANL measurement -
= = Rauscher et al.
- — - DC contribution

—_
(=]

N, (ov) (cm3/s mol)

—_
(=

w
T

01 02 03 04 05 06 07 08 09 1
Temperature (10° K)

FIG. 5. (Color online) Total rate for the ''B(n,y) reaction ob-
tained from the current measurement (the thick solid line) compared
with Rauscher’s compilation (the thick dashed line). The thin solid
and dashed lines are upper and lower limits for the current and
Rauscher’s rates, respectively. The direct capture contribution is
shown by the dashed-dotted line.

For the '"B(n,y) reaction, the DC cross section was
calculated using Eq. (1). We calculated the s-wave neutron
wave function in the continuum using a Woods-Saxon (WS)
potential with a radius of ryp = 1.236 fm and a diffuseness
of d = 0.62 fm. The potential depth of V, = 56.5 MeV was
obtained by calculating the cross sections for different well
depths and then selecting the one that best reproduced the
experimental thermal cross section of oy, = 5.5 mb [37]. The
DC rate is shown by the dashed-dotted line in Fig. 5. The strong
resonant contribution at low temperatures is due to the 21-keV
unbound state at Ex = 3.389 MeV. The smaller branching
ratio (I',/T",) also leads to the larger resonance strength,
wy = (3.3 £0.6) x 1072 eV, using the neutron partial width

—— ANL measurement
10'F — — Rauscheretal.
— + =+ DC contribution
S |
E L
2
=)
2
=
L
<
Z .
10°F 7
el et v b b b b b b by
01 02 03 04 05 06 07 08 09 1

Temperature (10° K)

FIG. 6. (Color online) Total rate of the '>B(n, ) reaction obtained
from the current measurement (the thick solid line with upper and
lower limits by the dotted lines) compared with the Rauscher’s
compilation (the dashed line). The direct capture contribution is
shown by the dashed-dotted line.
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from Ref. [32]. The final uncertainty includes a 5% contribu-
tion from the uncertainty in our measurement and 19% from
the neutron partial width reported in Ref. [32]. It is compared
to the previous value of (2.2 4 0.8) x 1072 eV [16], which
was deduced from the direct measurements of the partial
widths [32]. The current data result in an increase of the
reaction rate by 50% and a reduction of the uncertainty by
a factor of 2 as shown in Fig. 5.

The '>B(n,y) reaction rate in Ref. [16] was estimated
considering s-wave direct capture to the ground state and
resonant capture to the first two neutron-unbound states at
5.106 and 5.388 MeV. The DC cross section was calculated
using first-order perturbation theory [38] and the nuclear
correction for the final state was obtained using the calculated
spectroscopic factor (S = 0.72) [34]. To estimate the reaction
rate from our data, we calculated the DC cross section using
Eq. (1) (Fig. 6). Because there is no measured thermal cross
section on a !B target, the WS potential parameters for the
s-wave neutron wave function were taken from the ones used
in the ''B(n,y) reaction. The bound final state was corrected
using our measured spectroscopic factor of S = 1.1 £0.3. In
contrast to the ”B(n,y) rate, the resonant capture contributes
only at Ty > 0.4, because of the rather high resonance energy
(Er = 228 keV) of the first unbound state. As discussed
previously in Ref. [39], we also observed a great sensitivity
to the choice of the potential depth in calculating the s-wave
neutron wave function for the 12B(n,)/) reaction and the lower
limit of the rate includes this uncertainty. This question could
only be answered through a measurement of the neutron
scatztering on 2B, which is unfeasible, due to the short lifetime
of ’B.

IV. ASTROPHYSICAL IMPLICATIONS

Using the updated ''''?B(n,y) rates from the current
measurement (ANL rates), the 7-process network calculations
were performed under different astrophysical conditions as

summarized in Table II. 7, represents the asymptotic temper-
ature, which characterizes how neutrons are consumed during
the r-process, S/ k is the entropy, and Y, is the initial electron
fraction. Sets (a), (b), and (c) were taken from the study of
Sasaqui et al. [15], as the B(n,y) reaction was expected to
have the greatest influence among boron isotopes. Figure 7
compares the abundances of ''"!?B over time using different
L.12B(n, ) rates. Results using the ANL rates, which are 50%
larger than the Rauscher rates, show different 12B abundances
and each parameter set demonstrates different evolutions of
the 1B abundance. The effective temperature for the impact
of the ANL rate in '>B abundances is shown to cover from
Ty ~ 1.5 and down to T, for all four sets.

Figure 8 shows the final r-process abundances with two
dynamic time scales in the fast steady state wind model,
Tgyn = 5 ms (a, b, ¢) and 74y, = 20 ms (d) using the ANL
and Rauscher rates. All the calculations include the effects of
fission recycling. Overall, the results from the final abundances
are insensitive to the differences in the (n,y) rates, due to such
a small variation comparing to the full scale in the change of
12B abundance. Different astrophysical conditions in sets (a),
(b), and (c) yield the different ratios of the second and third
r-process peaks relative to the first peak. The abundances using
the set (d) differin A < 75 and A > 140 compared to the other
sets, possibly influenced by the lower asymptotic temperature,
resulting in a longer r-process. As discussed in Ref. [15], the
final r-process abundances also can strongly be affected by the

TABLEII. Parameter sets used in the fast steady state wind model
for the r-process calculations.

Set T, (10° K) Tayn (0S) S/k Y, Ref. [15]
(a) 0.6 5 350 0.45 Table 10
(b) 0.6 5 200 0.20 Table 12
©) 0.6 5 200 0.35 Table 13
(d 0.1 20 250 0.45 —
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FIG. 8. (Color online) Final r-process abundances (arb. unit) as
a function of mass calculated using the ANL rate (solid line) and
the Rauscher rate (dashed line) with the four different astrophysical
conditions.

mechanism of supernova explosions, a subject which is still
actively under study.

V. CONCLUSION

The neutron-capture reactions '''?B(n,y) were studied
indirectly via neutron transfer using the '“'’B(d,p)'>'*B
reactions in inverse kinematics. The neutron-stripping spec-
troscopic factors for bound and unbound states in '>B and
3B were determined. The branching ratio of the unbound
3.389-MeV state in 2B was determined directly using the
coincidence detection of the ejected proton and the beamlike
recoil nuclei. In the present result, the llB(n,y) reaction rate
is 50% larger, and determined with a reduced uncertainty by a
factor of 2, than the previously accepted value. This technique
should prove useful for similar determination of the branching
ratios, I',/I"y,, I'/ I, and I',, / T, Tor the resonance strength
in other nuclei at near-threshold states, especially in the cases
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where the level density is too small to apply the statistical
approach or where measurements of the individual partial
widths are unfeasible.

The spectroscopic factor for the ground state of '*B, which
previously has only been estimated from shell-model, was
determined to be 50% larger than the calculated value. This
increase resulted in an enhancement of the reaction rate
of ”B(n,y), since direct capture dominates the reaction at
Ty < 1. The reaction rate of '>B(n,y) was estimated using
experimental information. Studies of resonant and nonresonant
captures on these light, neutron-rich nuclei might help us to
better understand neutron capture on heavy nuclei far from
stability, which have lower level densities and smaller neutron
separation energies, and eventually provide better nuclear
physics input to predict the r-process branching points and
the actual r-process path.

With several thousands of nuclei involved in the network,
our new rates did not show a significant influence on the final
abundances from r-process nucleosynthesis. We performed
the network calculations under different scenarios to improve
the understanding of the physical mechanism of supernova
explosions and confirmed the importance of sensitivity to
the dynamic time scale and the asymptotic temperature. In
addition, a recent study of neutrino-induced nucleosynthesis
[40] addressed the importance of these neutron-capture reac-
tions on light elements in connection to the weak r-process,
which could occur at the He-burning shell in core-collapse
supernovae. More experimental (n,y) studies up to Ty < 2
with light, neutron-rich nuclei can help to better constrain
current astrophysical models. These studies will benefit in the
near future from the greater availability of radioactive beams,
making possible further systematic measurements on more
light, neutron-rich systems.
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