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Neutron capture cross sections of light neutron-rich nuclei relevant for r-process nucleosynthesis
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The measurements of neutron capture cross sections of neutron-rich nuclei are challenging but essential
for understanding nucleosynthesis and stellar evolution processes in the explosive burning scenario. In the
quest of r-process abundances, according to the neutrino-driven-wind model, light neutron-rich unstable nuclei
may play a significant role as seed nuclei that influence the abundance pattern. Hence, experimental data for
neutron capture cross sections of neutron-rich nuclei are needed. Coulomb dissociation of radioactive ion beams
at intermediate energy is a powerful indirect method for inferring capture cross section. As a test case for
validation of the indirect method, the neutron capture cross section (n, y) for '*C was inferred from the Coulomb
dissociation of '3C at intermediate energy (600A MeV). A comparison between different theoretical approaches
and experimental results for the reaction is discussed. We report for the first time experimental reaction cross
sections of 2Na(n, y) ®Na, ®Na(n, y) **Na, 2Mg(n, y) ¥*Mg, and *Al(n, ) > Al. The reaction cross sections
were inferred indirectly through Coulomb dissociation of 2>**Na, **Mg, and * Al at incident projectile energies
around 400—430 A MeV using the FRS-LAND setup at GSI, Darmstadt. The neutron capture cross sections were
obtained from the photoabsorption cross sections with the aid of the detailed balance theorem. The reaction
rates for the neutron-rich Na, Mg, Al nuclei at typical r-process temperatures were obtained from the measured
(n, y) capture cross sections. The measured neutron capture reaction rates of the neutron-rich nuclei, 2Na, ¥Na,
and **Al are significantly lower than those predicted by the Hauser-Feshbach decay model. A similar trend was
observed earlier for '’C and '°N but in the case of '*C(n, y)'>C the trend is opposite. The situation is more
complicated when the ground state has a multi-particle-hole configuration. For **Mg, the measured cross section
is about 40-90 % higher than the Hauser-Feshbach prediction.
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I. INTRODUCTION

Understanding the chemical evolution of the universe is
a forefront research topic in nuclear astrophysics. The jour-
ney began 100 years ago when Arthur Eddington [1] first
proposed nucleosynthesis and later, when Fred Hoyle gave
a more precise formulation of the nucleosynthesis process.
Alpher, Bethe, and Gamow reported the first complete picture
of light-elements production in the early universe [2]. A more
complete review of the earlier days of nucleosynthesis can
be found in [3]. Since then, intense interdisciplinary activi-
ties involving state of the art radioactive ion beam research
and astronomical observation, as well as astrophysical model
calculations with the input of nuclear properties, have ad-
vanced our understanding of nucleosynthesis processes. In
recent times, in particular, we are witnessing a golden era
of understanding of the chemical evolution of the universe.
Once-hypothesized neutron star merger events are now an
observational fact, after the recent observations by LIGO [4]
and the gravitational-wave detection facility VIRGO. A large
number of heavy elements, such as platinum, gold, etc., were
observed during the neutron star merger event, which pro-
vided the first direct evidence of the long sought-after theory
of the r-process [4]. Recent astronomical observations are wit-
nessing a universal pattern of solar-like r-process abundances
in old and metal-poor stars. Almost half of the nuclei heavier
than iron in the universe are synthesized by rapid (r-) neutron
capture processes. More than 90% of the elements such as eu-
ropium, gold, and platinum in the solar system are believed to
be synthesized by the r-process. Initially, neutron capture on
heavy nuclei in the r-process was proposed to proceed faster
than 8 decay when the stellar matter expands and cools again
[5,6]. Thus the r-process produces highly unstable neutron-
rich nuclei and its path runs close to the neutron-drip line.
However, the astronomical site of this nucleosynthesis process
has not been determined with certainty. The abundance pattern
of r-process elements has been suggested to be independent
of the metallic content of the progenitor stars [7—10]. A recent
calculation [11] shows that neutron star (NS)—neutron star and
neutron star—black hole mergers could be the major sources
of r-process elements in our galaxy. The observed solar like
r-process pattern in metal poor stars could be due to NS
mergers but the rate of occurring NS mergers during the early
evolution of the Milky Way would have to be sufficiently
large [12], which is again a matter of debate. Recent simu-
lations [13] of the r-process for matter ejected dynamically
in a NS merger show the influence of 8 and neutron-induced
fission and their impact on r-process abundance signature
peaks. Even some interesting properties of neutron-rich nuclei
like pygmy resonances might influence r-process abundances
[14]. Over the years, detailed astronomical observations, sup-
ported by theoretical modeling of different possible sources
of high neutron flux, suggest a distinction between a main, a
weak and an intermediate r-process, each of these associated
to a specific type of source [15]. Historically, core-collapse
supernovae and neutron star mergers have been recognized
as the most promising scenarios for the r-process, where the
radiative neutron capture reaction of neutron-rich nuclei plays

a crucial role and a large number of unstable neutron-rich
nuclei are synthesized. Presently, the consensus is that the
neutron star mergers may be a site for main r-process, while
the weak r-process may be linked to core-collapse supernovae
with neutrino driven winds [16]. One network study was cen-
tered on a neutrino-driven wind model [17] for the supernova
explosion with a very short dynamical expansion timescale of
a few milliseconds. This scenario reduced the production of
seed nuclei and enhanced the neutron-to-seed ratio, aiding the
synthesis of heavy r-process nuclei. The authors found that
the introduction of light neutron-rich nuclei to the reaction
network changed the abundance of heavy elements by up to
an order of magnitude. To understand the influence of light
neutron-rich nuclei as seed nuclei in the r-process or the syn-
thesis of heavier neutron-rich nuclei, accurate measurement
of the (n, y) capture cross sections of neutron-rich sd pf shell
nuclei are necessary. Until recently, the only reliable means
of obtaining this cross section was to measure it directly in
the laboratory with a low energy beam and extrapolate the
result to the energies relevant to astrophysical sites. The prin-
cipal difficulty for measuring radiative capture cross section
arises from the very low cross section (of the order of ub,
pb, nb) and the very low energy beam, requiring the target
thickness to be thin considering the energy loss of projectile.
In addition, at a number of astrophysical sites, such as nova
explosions, explosive supernovae (core-collapse), solar fusion
or explosive hydrogen burning, r-processes where the tem-
perature is high enough (*108 K), the interaction time can
be so short (* seconds) that the unstable nuclei formed in
the reaction can undergo subsequent nuclear processes be-
fore they decay to stable nuclei. In this scenario, radioactive
targets are necessary to study the capture cross sections of
unstable nuclei. In particular, the direct measurement of the
neutron capture cross section of unstable nuclei with very
short lifetimes is extremely difficult and many times impos-
sible. In order to overcome these limitations and difficulties,
various indirect methods have been explored in the recent
years at various laboratories in the world. These indirect mea-
surements are Coulomb dissociation (CD) [18-20], the ANC
method (asymptomatic normalization coefficient) [21,22] and
the Trojan-horse method [23,24]. Another popular indirect
measurement technique is the surrogate method [25-30]. In
this case, a different “surrogate” reaction is considered in
which the same compound nucleus as of the desired reac-
tion is formed and its decay products are observed in order
to extract the neutron capture Ccross section. A newer, novel
technique, known as the S-Oslo method [31], is also used
for (n, y) cross section estimates with promising results. In
this method, a daughter nucleus emits photons, the summed
energy of which is measured in coincidence with simultane-
ous B decay of an implanted isotope. Among these methods,
most attractive point of the Coulomb dissociation method is
the electromagnetic interaction, which is better known than
the nuclear interaction and whose parameters are well studied.
Moreover, for loosely bound or moderately bound nuclei,
the cross section is as larger compared to other methods. It
would be interesting to calculate (n, y) reaction rates deduced
using the different methods and compare them with the rates
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obtained by the CD method. An intermediate energy rela-
tivistic unstable beam can solve the problem of a radioactive
target. When the beam energy is high enough, one can use
a thick target, which provides a larger yield. The reaction
background is also under control in this case. The CD cross
section is an order of magnitude larger than the capture cross
section due to the phase space factor. Moreover, CD data at
one beam energy can provide capture cross sections up to
5-20 MeV in the center of mass energy, depending on the
adiabatic cutoff. Since the decay products are kinematically
forward focused, a smaller dimension detector can cover a
much larger solid angle to detect the reaction products. With
this indirect method, one can infer the capture cross section
of unbound nuclei which would not be possible in a direct
method.

In this paper, we shall present neutron capture cross sec-
tions and reaction rates at the temperature of r-process sites
for neutron-rich nuclei measured by the indirect method of
Coulomb dissociation. In the discussion section, we present a
very detailed comparison of the '*C(n, y) '3C reaction cross
section measured by different techniques and methods. The
results are also compared to different theoretical predictions.
Thus we provide confidence of the validity of the indirect
Coulomb dissociation method at intermediate energy. The
data for the neutron capture reaction rate on light neutron-
rich nuclei are also important for understanding r-process
concerning the neutrino-driven wind model and the impact
of light neutron-rich nuclei as seed nuclei. Until recently,
(n, y) capture cross sections measured using this method
have been reported only for lower sd-shell neutron-rich nuclei
[32,33]. In this work, we shall report the measurements of
the neutron capture cross sections for the upper sd and pf
shell neutron-rich nuclei, **Na(n, y)?’Na, ®Na(n, y) **Na,
2Mg(n, y)**Mg, and **Al(n, y)>>Al that were considered
as seed nuclei in the neutrino-driven wind model. We utilized
the indirect CD method to study the time-reversed reactions
PNa(y, n)%®Na, **Na(y, n)*Na, and **Mg(y, n) *Mg in
inverse kinematics. The CD cross sections were measured
through kinematically complete measurements using a 2*Pb
target and the FRS-LAND setup at GSI, Darmstadt, Ger-
many. Our analysis follows the procedure given in [18,19,34—
36], whereby we have obtained the (n, y) capture cross sec-
tions versus neutron energy E, from the time reversed (y, n)
photoabsorption cross sections. The deduced neutron-capture
reaction rates of the neutron-rich nuclei are also compared
with a Hauser-Feshbach calculation.

II. EXPERIMENTAL SETUP

The experiment was performed at GSI, Darmstadt in Ger-
many, where the isotopes >**°Na and **Mg and *>Al were
produced by fragmentation of a *° Ar beam with an energy of
540A MeV using the FRS-ALADIN-LAND setup. The frag-
ments were separated by the fragment separator (FRS) [37]
and the secondary beams were transported to the experimental
site for complete kinematic measurements using 208py 12,
and empty secondary targets. Each of the secondary targets
was surrounded by 162 Nal(Tl) detectors [38] for detecting
y rays emitted from the excited core of the projectiles after

F 102
13F A1
<12 g 1
e | »Na 3Na ]
10__||||||“$|||.i|..1l||||l.‘ -l
2.6 2.65 2.7 2.75 2.8 2.85
AlZ
150 102
M4 ]
[a] = 4
N
13 ~
o §10
S 120 ]
o ]
E £ o
o 1 n 1
g b
® 10
'S -
9_| YHE S ) R el pk e e g | L
9 10 11 12 13 14 15

Fragment charge (ZTFW)

FIG. 1. (Top) Identification plot for a mixed radioactive beam
impinging on the secondary targets. (Bottom) Charge distribution
of the outgoing fragments. Figure reprinted from [43], copyright by
Institute of Physics, 2017.

Coulomb breakup. Depending on their charge-to-momentum
ratios, the reaction fragments were deflected at different an-
gles inside ALADIN, which were measured by the GFI
detectors [39,40] placed at an angle of 15° from the original
beam direction at two different distances after ALADIN, and
were then detected at the time of flight wall detector (TFW).
From the energy loss measurements of the TFW and silicon
strip detectors (DSSD), the charge distribution of the outgoing
fragments was determined. Figure 1 (top) shows the incoming
beam identification plot with mass/charge distribution against
charge distribution. Figure 1 (bottom) shows the outgoing
particle charge identification plot. The neutrons emitted from
the decay of the excited projectiles were forward focused
and detected by the large area neutron detector (LAND) [41].
From the deflection angles measured by GFI, the time of flight
measurements of the reaction fragments, the energy loss at the
TFW and the magnetic rigidity of ALADIN, the masses of the
outgoing reaction fragments were determined. For the detailed
experimental setup and detector calibrations, see [42—44].
A direct breakup model [19,34,42,45-50] was used for the
analysis of the experimental data of the nonresonant contin-
uum contribution of the Coulomb excitation. The CD cross
section was measured using a Pb target. However, breakup
data were also taken for a carbon target to estimate nuclear
contributions of the Pb target and from an empty target for
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information on background reactions which could take place
in various detector materials. The nuclear contribution in the
Pb target was obtained from the C target data with a scaling
factor [42,48,49]. The scaling factor was determined using the
soft sphere model [51]. Thus, after subtraction of the empty
target data and C target data with normalization, one can
obtain a pure CD differential spectrum. Various components
of differential CD cross sections were obtained in coincidence
with the corresponding peaks of the summed energy of the
y-ray spectra. The y-ray spectra from reactions with high
energy projectiles on high-Z targets are strongly affected by
the low-energy (up to energies of a few MeV) background.
This background originates from atomic interactions of the
beam with the lead target [42,48,49]. That atomic background
spectrum was obtained by considering noninteracting beam
condition. Those spectra for the neutron-rich nuclei were
shown as a component in the summed energy spectra of the
y rays [42,48,49]. The summed energy spectrum of y rays
was obtained by summing energies of time-correlated y rays
events after Doppler correction followed by add-back. The
energy resolution is mainly originated from intrinsic resolu-
tion of the Nal crystal and the Doppler effect by the angular
opening of the Nal crystal. This resolution is around 15%.
The feeding corrections and efficiency correction were cal-
culated using a GEANT4 simulation (Cascade Bertini model)
[42,48,49,52,53]. For validation of simulation, the simulated
results have been compared with source data (133¢Cs, PCo)
and the results are in agreement with simulation within 10%.
To obtain the data for the capture cross section free from ex-
perimental constraints, such as statistical fluctuations, detector
response, acceptance and efficiency, we fitted the data with the
direct breakup model via x> minimization and the information
on the valence neutron occupation probability in a particular
orbital was obtained. In order to facilitate a comparison of
calculations within this model with the experimental data,
the calculated cross sections were convoluted with the in-
strumental response. The instrumental response was obtained
from Monte Carlo simulation [46,48,54]. The instrumental
response for a given value of E* is Gaussian distributed to
a good approximation; the width depends on the neutron-
fragment relative energy E (E* — S,) as X(Ey) = 0.04 +
0.19 x E%” [Z (Ew) and E in MeV]. Full geometrical
acceptance for one neutron is obtained up to 3.0 MeV relative
energy between core and neutron after which a smooth drop
is observed due to acceptance. Due to statistical fluctuations
in the data, we obtained an error in occupation probability.
In addition to that statistical error, a systematic error of 5%
was estimated. Thus, to obtain the photodissociation cross
sections, we have used direct breakup (DB) model data for
which the valence neutron occupying orbital (/) along with
spectroscopic factor were obtained from fitted experimental
differential CD cross section and normalized the DB model
data with the spectroscopic factor along with statistical error
and systematic error. The details of the direct breakup model
calculation and the process for obtaining the spectroscopic
factors of the valence neutron occupation orbitals were de-
scribed in previous publications [34,42,45,46,48,49].

The salient features of the analysis procedure and direct
breakup model calculation for Coulomb breakup at interme-

diate energy are mentioned in the next section. A detailed
response of the Nal detector array for detection of the sum-
energy spectrum of the y rays decaying from a particular
excited state in the experimental situation, has been generated
using the GEANT4 code (Bertini cascade model). In the simu-
lation, the decay scheme of various excited states of 28.29Na,
3 Al Mg [42,48,49] were considered according to the re-
ported values [55]. The partial exclusive Coulomb breakup
cross sections of 2>3°Na, 3Al, 3*Mg for populating various
excited states of 22°Na, *Al, 32Mg, respectively, have been
extracted from the invariant mass spectra in coincidence with
the sum energy of y rays with the different energy ranges.
The detection efficiencies and feeding corrections from higher
states of y rays have been obtained from detailed simulations.
For details see [42,48,49].

III. COULOMB DISSOCIATION OF UNSTABLE NUCLEI
AT INTERMEDIATE ENERGY AND CAPTURE CROSS
SECTIONS IN AN ASTROPHYSICAL SCENARIO

When a projectile moving with high velocity passes a target
of high nuclear charge Z, it may be excited by absorbing
virtual photons from the time-dependent Coulomb field [18].
The projectile may be excited to an unbound state and decays
into a core and a nucleon or cluster of nucleons. This CD
cross section jg is related to the photodissociation A(y, x)B
cross section, which in turn is related to the inverse reaction
B(x, y)A via the principle of detailed balance [18]:

lof y
g o %), 6]
o’ (y,x) — o (x, y). 2

By measuring the four-momenta of all decay products of
the projectile after inelastic scattering followed by breakup,
the excitation energy of the nucleus can be determined. The
electromagnetic excitation in energetic (several hundreds of
MeV /nucleon) heavy ion collisions is dominated by dipole
excitation. The nonresonant direct breakup cross section
do /dE* due to Coulomb interaction can be expressed as

do. 1673
dE*  9fc

ng1(E*) Y C*S(I7, nlj)

nlj

x ) alZe/Ary, 1))

m

| 2

3

Y j () represents the single-particle wave function of the va-
lence neutron in the projectile ground state and C2S(I7, nl j)
its spectroscopic factor with respect to a particular core state
(E¢; IT). The final-state wave function |g) of the valence
neutron in the continuum may be approximated by a plane
or distorted wave. The distorted wave calculation was per-
formed with an optical potential obtained from systematics.
Alternatively, an effective-range approach can be used [56]
to calculate the reduced transition probabilities (matrix ele-
ments). The single-particle wave functions have been derived
from a Woods-Saxon potential. ng; is the number of equiva-
lent dipole photons. The number of virtual photons of electric
dipole (E1) type for different excitation energies of the
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FIG. 2. Variation of number of virtual photons of E'1 type with
energy E, obtained from an %9Na beam with an energy of 4304 MeV
incident on a 2% Pb target.

incident nuclei can be obtained from the relation
2 c\2 v2E?
n =—22a<—) KoKi — — (K> —K2)|. 4
g = —Zral - §KoK; 262(1 ) (€]
where Zr is the target charge, « is the fine structure constant,
v is the relative velocity between the projectile and the target,
and K (K,) is the modified Bessel function of order zero(one).
& is a dimensionless parameter known as the adiabatic param-
eter which is defined as
Wi
£E=——, &)
yv
where w = E*/h and rpi, = Ry + Ry, where R; and R, are the
radii of the projectile and target, respectively. Typical virtual
photon spectrum of E'1 type for different excitation energies
of 3°Na at an incident energy of 4304 MeV and 2%Pb target
is shown in Fig. 2. For measurement of the (n, y) neutron
capture cross sections of 28.29Na, 32Mg, and 3*Al, relevant
in an astrophysical scenario, the indirect CD method is very

useful due to the availability of radioactive neutron rich nuclei
at intermediate energy. The ground state configuration and a
part of the components of the ground state wave function of
29.30Na, Mg, and ¥ Al were studied by Coulomb breakup
[42,48,49,52,53] using those nuclei as radioactive beams with
energies of 400-430 A MeV and a 2*®Pb target. The projectiles
were excited to unbound states by absorbing virtual photons
from the Coulomb field generated due to their accelerated
motion in the vicinity of the target [18]. The valence neutron
is excited from the ground state to the continuum through a
predominantly E'1 type transition [47] and the nucleus breaks
into core and a neutron where the core is left as a spectator.
Thus, by detecting the neutron in coincidence with different
excited states of the fragment, different components of the
ground state wave function can be obtained for those nuclei.
After CD of **Na [48,52] and **Al [49,53], the core
is reported to populate mainly the ground state, with around
30—40 % of the population in the excited states. In the reaction
%Na beam at an energy of 410A MeV was bombarded on
a 2%Pb target. The **Na beam at an energy of 4304 MeV
was bombarded on a 2%®Pb target. A comparison with the
direct breakup model suggested that the predominant contri-
bution to the valence neutron occupation in the ground state
of ?Na (3/2*) and **Na (2*) was mainly in the d- with a
small contribution from the s orbital [48,52]. Rahaman et al.
[48,52] showed that after the Coulomb breakup of *’Na,
three excited states of the fragment 2*Na were populated,
at energies of 1.25 MeV, 2.12 MeV, and 2.71 MeV with
spin-parities (2%), (1%), and (17), respectively, apart from
the ground state with a spin-parity of 17 [48,57]. One of the
major components of the ground state configurations for each
of these nuclei were 28Nag,s,(ﬁ) ® vy 4 and 29Nag,s,(?»/ZJr) ®
vs.4, respectively [48]. The ground state spin and parity of
these nuclei obtained from the Coulomb breakup measure-
ment were in agreement with previous reported values and
the spectroscopic factor for the valence neutron(s) occupying

TABLE 1. Spectroscopic factors for the occupied orbitals of the valence neutron(s) in the ground state of ***Na [48], **Mg [42], and ** Al
[49] obtained from Coulomb breakup. The asterisk symbols () denote spectroscopic factors for the excited states of the cores, ***Na, Mg,

and 3*Al determined in this work.

Isotope Core state I (E. MeV) Neutron orbital Spectroscopic factor (measured)
Na (3/2%) 17 (0.0 ds) 2.1 +£0.3[48]
2+ (1.25) ds) 0.52 £ 0.05*
1t (2.12) ds 0.41 £0.1*
1" (271) S1/2 0.5+0.07*
3ONa (21) 3/2% (0.0) ds 2.03 0.3 [48]
(1/2%) (1.25) ds) 0.58 £+ 0.09*
(3/2%) (1.59) ds 0.64 +0.1*
0t (0.0) P32 0.19 £+ 0.1 [42]
3Mg(3/27) 2t (2.5) P32 0.26 + 0.07 [42]
1~ (3.49) s1/2 0.47 £ 0.08 [42]
(27) (4.8) s1/2 0.37 +£0.13 [42]
4~ (0.0) Pi 0.36 £ 0.09 [49]
BAl(5/2) 1t (0.046) ds) 1.47 +0.22 [49]
2%) (1.4) 512 0.16 +£0.01*
(37) (2.5) 2y 1.48 £0.18*
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FIG. 3. The data show invariant mass spectrum of *Na breaking
into 2®Na (2.7 MeV) and one neutron against excitation energy (E*).
Lines in three panels represent the fitted direct breakup model calcu-
lations folded with instrumental response where the valence neutron
is occupying the s, the p and the d orbital, respectively. The model
estimations are normalized with the fitted spectroscopic factors. The
shaded regions represent the errors of those.

the d orbital coupled to the core in the ground state was
deduced [48]. We have further extended the analysis to obtain
other components of the wave function of the ground state of
these nuclei. The spectroscopic factors for the valence neutron
occupying d orbital which is coupled with the core, 2Na(1.25
MeV, 2) and *Na(2.12 MeV, 1%), respectively, have been
deduced in the present work. Similarly, as for the s valence
neutron orbitals, the coupled with ®Na(2.71 MeV, 17) has
been obtained, also by comparing the invariant mass spectrum
in coincidence with the core state with the direct breakup
model calculations via x> minimization. The deduced spec-
troscopic factors for the valence neutron occupying orbitals
in the ground state of ’Na are presented in Table I. Figure 3
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E* [MeV]

Direct breakup model
using d-wave neutron

Experiment —e

€ do/dE* [mb/MeV]
)

e

056 & 10 1z 14 16 18 20 22
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FIG. 4. The data show the invariant mass spectrum of **Na
breaking into Na (1.25 MeV) and one neutron against £*. The line
in the top and bottom panels represents the DB calculation using the
p and the d wave for the valence neutron, respectively. The method
of fitting was the same as described in Fig. 3.

shows the measured invariant mass spectrum of >’Na breaking
into 2Na (2.71 MeV) and one neutron against E*. The line in
three panels of the figure represents the fitted direct breakup
model calculation folded with instrumental response, accep-
tance, and efficiency where the valence neutron is occupying
the s, the p, the d orbitals, respectively. The calculation was
fitted with data via x? minimization to obtain spectroscopic
factor. The shaded region in Fig. 3 represents the error of
the obtained spectroscopic factor. It is clear from the figure
that the valence neutron is occupying the s orbital where the
obtained x? value is minimum. Similarly, the spectroscopic
factors for the valence neutron orbitals occupied in the ground
state of **Na have been obtained when the valence neutron is
coupled to the core in the ground state [48]. In the present
work, the data analyses have been extended and the spectro-
scopic factors have been deduced when the valence neutron(s)
are coupled to the core (*’Na) in the excited states (1.25
MeV, 3/27" and 1.59 MeV, 5/27). The deduced spectroscopic
factors for the valence neutron in the ground state of **Na
are presented in Table I. Figure 4 shows measured invariant
mass spectrum of **Na breaking into ?Na (1.25 MeV) and
one neutron against £*. The line at the top and bottom panels
of Fig. 4 represents the fitted direct breakup model calculation
where the valence neutron is occupying the p and the d orbital,
respectively. The spectroscopic factors has been obtained in a
similar procedure as described earlier.

Unlike 2°Na (3/2%) and 3°Na (21), for Mg (3/27) the
major part ~(70 £ 13)% of the cross section was observed
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FIG. 5. (Top) The data represent the invariant mass spectrum of
35 Al breaking into **Al (2.5 MeV) and one neutron against E*. The
line at top and bottom panels shows the DB model predictions where
the valence neutron is occupying the f and the p orbital, respectively.
The fitting procedure is same as described in Fig. 3.

to populate the excited states of >Mg after the Coulomb
breakup [42]. In that work, it was shown that the shape of the
differential CD cross sections in coincidence with different
core excited states favor the s1,, and the p3;, valence neutron
orbitals. Those experimental findings suggested a significant
reduction and merging of the sd-pf shell gaps at N ~ 20 and
28. Thus, the ground state configuration of **Mg is predomi-
nantly a combination of 32Mg (3.0,35MeV; 27,17 ® Vs,25
Mg (2.5 MeV; 27) ® v, ,, and Mg (0; 07) Q@ v, ,, etc.
[42]. The deduced spectroscopic factors for the valence neu-
tron(s) occupying orbitals in the ground state of **Mg [42] are
presented in Table 1. To deduce the ¥*Mg(n, y)**Mg capture
cross section, we have used the observation mentioned above
concerning the ground and excited states of 3>Mg that lead to
the ground state of *Mg.

The ground state configuration of *>Al was studied
by Coulomb breakup [49] and it was shown that after
Coulomb breakup, the ground state (4~) and various ex-
cited states with energies up to 2.5 (37 ) MeV were populated
[49,53]. Considering the detector resolution and statistics,
the simulated spectrum was fitted with experimental data
and several excited states were identified [49]. These states
are at energies of 2.5(37)MeV, 1.4 (2")MeV with an iso-
meric state at 0.046 MeV (11) [58]. Chakraborty er al. [49]
showed that the principal ground state configuration of 3> Al
was *A1(0; 47) ® v, ,, + *A1(0.046; 11) ® vy, [49]. The
deduced spectroscopic factors for the above mentioned con-

4 : : , : :
29 28
35 Exs0Mev ——  Nags(hm)"Nagy |
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FIG. 6. Variation of photoabsorption cross sections with the ex-
citation energy for Na(y, n) *®Na (top), **Na(y, n) Na (bottom).

figurations [49] are presented in Table I. We further extend
the analysis in this work by obtaining other components of
the ground state configuration of *>Al and observe that the
shape of the differential CD cross sections in coincidence
with the core excited states, 2.5 (37)MeV and 1.4 (2)MeV,
respectively, favor the p3/; and the sy, as the valence neutron
orbitals. The deduced spectroscopic factors for the valence
neutron(s) occupying orbitals which are coupled with excited
states are presented in the Table I. Figure 5 shows the mea-
sured invariant mass spectrum of 3° Al breaking into 3*Al (2.5
MeV) and one neutron against E*. The lines in the panels
of Fig. 5 represent the fitted DB model calculation folded
with instrumental response, as described earlier. The valence
neutron is occupying the f and the p orbitals, respectively.
As evident from fitted x2 value, the valence neutron is occu-
pying the p orbital. Thus, all the components of the ground
state wave functions of these nuclei have been considered to
obtain photoabsorption cross sections. The fits to the direct
breakup model CD cross sections were used to obtain the
photo-absorption cross sections [18] using the virtual photon
numbers and the equation given below:

do, 1

JE E”Elagl' (6)
The fitted direct breakup model calculations have been scaled
with the corresponding spectroscopic factors (Table I) for the
neutron-rich Na, Mg, and Al and the corresponding photoab-
sorption cross sections have been obtained. Figure 6 (top)
and (bottom) shows all the components of the deduced pho-
toabsorption cross sections for ’Na and *°Na. Similarly, the
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FIG. 7. Photoabsorption cross sections with variation of the
excitation energy for 3Mg(y, n) ¥*Mg (top) and ¥Al(y, n) *Al
(bottom).

different components of the photo-absorption cross sections
for 33Mg and Al are shown in Fig. 7 (top) and (bottom),
respectively. The neutron capture cross sections were obtained
from the photoabsorption cross sections using the detailed
balance theorem [36]

capture _ 2(2JA + 1) k)zx y
UE 1 = 72 E]v (7)
Qp+1)2,+ 1k

where k), = ’;;—; and k> = £ with 1 being the reduced mass
of the core and neutron after Coulomb breakup. Jy4, Jg, and J,
are the spins of the incoming beam, outgoing fragment, and
neutron, respectively. The spectra for neutron capture cross
sections versus neutron energies E, for 2Na and **Mg, 3*Al
are shown in Figs. 10 and 11, respectively. More details will

be given in the discussion section.

IV. ASTROPHYSICAL REACTION RATE

In astrophysics, the velocity distribution of neutrons in
thermal equilibrium with their stellar environment is ac-
counted for by the thermonuclear reaction rate [59,60]. It is
given in cm® mol~! s~! by

N, 8 /oodE (E)E e ( E )
= R a—— o xp (——
N TutksT)? Jo P\t )

®)

where kg is the Boltzmann constant, T is the temperature at
which the r-process occurs, N, is the Avogadro constant, £
and p refer to the relative energy and the reduced mass of
the outgoing fragment and neutron after Coulomb breakup,
and o (E) refers to the neutron capture cross section. The total
stellar reaction rate R was calculated from the neutron capture
reaction rates R; [calculated using Eq. (9)] of the excited states
E; with spins [; for the fragments 28.29Na, 32Mg, and *Al to
the ground state of 2**°Na, **Mg, and ** Al using the formula
[61]

Z giR;exp (—LT)
Y igiexp (=)

where g; = 2I; 4+ 1. In the next section, a detailed discussion
of the indirect measurement of the '“C(n, y)'°C capture
cross section and reaction rate in a stellar environment will
be presented. A detailed comparison between the present
measurement and other measurements, as well as various
theoretical predictions, will also be presented. New measured
results of (n, ) and thermonuclear reaction rates for 28.29Na,
32Mg, and **Al will also be presented and will be compared
with Hauser-Feshbach calculation.

©))

V. DISCUSSION

The reaction, "*C(n, ¥) '°C is important at multiple sites
of nucleosynthesis processes. Wiescher et al. reported the
possible role of this reaction in the neutron-induced CNO
cycle [62,63] but the first direct measurement [64] at a neutron
energy of 23 keV was a factor of five smaller than a direct
capture model calculation [65]. It is interesting to note that
in AGB stars [66], a relatively large amount of '*C exists
on top of the layer of '3C pocket and '*C(n, y) can act as a
neutron poison. However, this reaction does not effect model
calculations of three solar mass stars [67]. But it would be
interesting to check the effect of this reaction in low metal-
licity stars. That information together with the availability of
the radioactive ion beam encouraged us to study the capture
cross section measured by Coulomb breakup. Previously, the
Coulomb breakup of loosely bound, '>C was studied at an
energy 605A MeV [34]. The measured differential Coulomb
dissociation cross section of '>C against excitation energy was
in good agreement with a direct breakup model calculation.
In the calculation it was considered that the valence s-wave
neutron in the ground state of °C was excited to a contin-
uum p wave. The valence neutron spectroscopic factor was
obtained, which was coupled with '#C(0"). For the outgoing
neutron, both a plane wave and a distorted wave [34] were
considered. The interaction between the core and the neutron
in the continuum was studied using effective range theory
[56]. It is interesting to note that the data of Coulomb breakup
of 13C is in good agreement with a plane wave calculation and
the calculation with the effective range theory with scattering
length parameter of al/ 2 ?/ ? = —1.37 fm®. The values of
these two fitted curves are the same (within the error limit, i.e.,
5%). So the direct capture cross section is also the same. These
facts may be interpreted as indicating that the final state of
interaction is negligible for 'C. The analysis for the neutron
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Wiescher et al. (1990) - - -
Descouvemont (2000) - - - - -
Horvath et al. (2002)
Timofeyuk et al. (2006)
Reiferth et al. (2008) — -
Nakamura et al. (2009) = - -
McCleskey et al. (2014)
""""""" - .Moschini et al. (2019) — —
©=~-.._ This work
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FIG. 8. Plot of o(n, y) E~'/? as a function of relative energy
between '“C and neutron, E,,, obtained from different direct and
indirect methods, as well as from calculations.

capture cross section of “C(n, y) °C was deduced from the
fitted direct breakup model calculation using the equations
mentioned in the previous section. The estimated error for
the present capture cross section data was obtained from the
statistical fluctuations of the CD data [34]. To remove the JVE
energy dependence in the cross section arising from the orbital
momentum barrier due to p-wave capture, a plot of o(n, y)
E~'/2 was produced (see Fig. 8). A comparison of several
available data in the literature along with the present data
obtained indirectly from CD data is shown in Fig. 8. The direct
neutron capture measurement was performed several times
using a radioactive '*C target and a neutron beam at Karlsruhe
[68] to improve the accuracy of the measurement and the
latest measurement is in agreement with the value obtained
from CD data for '>C [34,69]. Our result is in good agreement
with the one calculated by Moschini et al. [70] based on a
halo effective field theory model and CD data at lower energy
(60A MeV) [20]. The values obtained by the direct neutron
capture cross section calculation of Wiescher et al. [65] is
also close to present work. The calculation based on charge
symmetry in the 15¢ and 'F mirror nuclei [71], and cross
sections evaluated using the asymptotic normalization coef-
ficients (ANCs) [72] are slightly above the values obtained
from the present measurement. A large deviation is observed
for the results obtained from microscopic cluster model [73]
and from Coulomb breakup at 35 MeV per nucleon [74].
Since the relevant energy for the hot CNO cycle is 23.3 keV,
the first direct measurement by Beer et al. [64] reported a
14C(n, ) 1C cross section at 23.3 keV. A value of 4.4 4 0.3
ub is obtained from CD at that relative energy which is in
good agreement with that of [70] but slightly below that of
[20]. A comparison of cross sections at 23.3 keV is given in
Table II. The reaction rate for neutron capture by '*C in its
ground state to the ground state of '>C was determined and
compared with HF calculation (see Fig. 9).

Owing to the short-lived nature of the nuclei 28Na,
Na, 32Mg, and 3*Al, we had to take recourse to the
indirect measurement method of CD because direct mea-
surement would have been difficult. The components of the
ground state wave function of PNa are 28Nagls,(ﬁ) ® vy

TABLE II. Comparison of '“C neutron capture cross sections at
an energy of 23.3 keV, obtained from various measurements and
theoretical predictions.

Reference Year o(n,y)in ub
[64]* 1992 1.72 £ 0.43
[74] 2002 2.64+09
[717° 2006 53+03
[68] 2008 52+03
[207* 2009 6.1 £0.5
[72] 2014 54405
[70] 2019 4.66 +0.14
This work 44+03

4denotes a Maxwellian averaged cross section at kT = 23.3keV.
bdenotes cross section at a neutron energy of 23.3 keV. Other cross
sections were reported at E. ,, = 23.3keV

[48], ®Na(2*, 1.25MeV) ® vy, 2Na(2*, 2.12 MeV) ® vy,
and 28Na(2+, 2.71MeV) ® vy, 1o €tC. We have deduced the
photoneutron cross sections for ’Na(y, n) 2Na* and the neu-
tron capture cross section 2Na*(n, y)nga. Figure 6 (top)
shows the photoneutron cross sections of 29Na(y, n) 2Na*
which populate various states of **Na while Fig. 10 (top)
shows the same or the neutron capture by 2*Na in the ground
state and the excited states with energies, £ = 1.25 MeV,
2.12 MeV, 2.71 MeV and after neutron capture, the reactions
populate the ground state of *’Na. Figure 12 (top) shows
the neutron capture reaction rate for the *Na*(n, y)*Na
reaction for various excited states of 2Na as a function of the
temperature Ty, where 7o = T in K/109. The reaction rates
have been compared with Hauser-Feshbach calculations [75].
Figure 12 (top) shows the comparison between the Hauser-
Feshbach calculation [75] with the measured reaction rates
for ®Na in the ground state or in the excited states at 1.25
MeV, 2.12 MeV, 2.71 MeV energies, respectively. Similarly,
the extracted components of the ground state wave function of
3Na are Na, 5 (3/2%) ® vy [48], Na(3/2+, 1.25MeV) ®
vg and ®Na(5 /2%,1.59MeV) ® v,. The photoneutron cross
section of **Na (y,n) ?Na* and neutron capture cross section

e This work ——

- T. Rauscher - - -

N, <o(m,y)v> [cm3 mol’! s'l]

0 . . , .
109,01 0.1 T 10 100
Ty [K /10°]
FIG. 9. Variation of reaction rates in cm?® mol™' s~! with tem-
perature Ty for '“C(n, ) '>C obtained from both CD data [34] and
Hauser-Feshbach calculation [75].
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FIG. 10. Neutron capture cross sections as a function of neutron
energy E, for BNa(n, y)¥Na (top), PNa(n, y)*Na (bottom).

of 2Na*(n, y)3°Na have been deduced for each component
of the ground state wave function for **Na and compared
with Hauser-Feshbach calculations [75]. Figure 6 (bottom)
shows all the spectra of the photoneutron cross section of
Na(y, n) ?Na* that populate various states of 2°Na. It is
clear from Fig. 6 that the major part of the photoneutron
cross section of >3°Na(y, n) populates the reaction product
in the ground state. Figure 10 (bottom) shows all the spectra
of the neutron capture reaction rate for 2Na*(n, y)*°Na reac-
tion for various ?Na ground and excited states. The reaction
rates were compared with a Hauser-Feshbach (HF) calcula-
tion [75]. In Fig. 12 (bottom), shows the HF calculation by
Rauscher [75] and various components of the inferred reaction
rate obtained from CD data when *’Na is in its ground state
or its excited states at (3/21)1.25MeV, (5/27)1.59 MeV en-
ergies, respectively.

The ground state configuration of **Mg was studied by
the CD method [42] and was reported to be predomi-
nantly a combination of **Mg(3.0, 3.5MeV; 27, 17) ® vy, ,,
Mg(2.5 MeV; 27) ® v, ,, and Mg(0; 07) ® vy, ,, etc.
[42]. Considering the components of the ground state wave
function, the photoneutron cross section of **Mg(y, n) *Mg*
and the neutron capture cross section of **Mg*(n, y)**Mg
have been deduced and compared with a Hauser-Feshbach
calculation [75]. Figure 7 (top) shows the photoneutron cross
sections of **Mg(y, n)¥*Mg* that populate various excited
states of 3*Mg. The solid line represents the cross section
that populates **Mg in its ground state and excited states at

N
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FIG. 11. Variation of the neutron capture cross sections with
neutron energy E, for *Mg(n, y)**Mg (top) and **Al(n, y) ¥ Al
(bottom).

(3.0, 3.5MeV; 27, 17), (2.5 MeV;2"), and (4.8 MeV; 27).
It is clear from the figure that the dominant channels for the
photoneutron cross sections of **Mg populate **Mg (3.0, 3.5
MeV; 27, 17) and yield a p wave neutron. Figure 11 (top)
shows various components of the neutron capture reaction
rates for **Mg* that populate the ground state of ¥*Mg. Fig-
ure 13 (top) shows all the measured neutron capture reaction
rates for 3*Mg* along with HF estimates [75] as a function of
temperature 7g.

Chakraborty et al. [49] showed that the principal
ground state configuration of Al is *Al(0;47)®
Vpy +21A10.046 MeV; 17) @ vy, [49]. In the present
work, two other components HAI(1.4 MeV; 17) ® Vs, +
HAL2.5MeV; 37) @ vy, , extracted. The

photoneutron cross sections have been obtained for *>Al
from the CD cross sections related to those components
of the ground state wave function. Figure 7 (bottom)
shows the variation of the photoneutron cross sections of
SAl(y, n)>*Al* with temperature (7). It is very clear from
the figure that the enhanced photoneutron cross section
of %Al populates the **Al (2.5 MeV; 37) state and yields
a p wave neutron. The neutron capture reaction rates for
the ground state and various excited states of **Al as
a function of the temperature 7y are shown in Fig. 13
(bottom). The measured reaction rates were compared
to a parametrization of Hauser-Feshbach estimates [75].

have been
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FIG. 12. Variation of reaction rates in cm® mol™' s~! with tem-
perature 75 for BNa(n, y) ¥Na (top), PNa(n, y)**Na (bottom). The
measured reaction rates (represented by the shaded region) have
been compared with Hauser-Feshbach estimates (represented by a
dot-dashed line) [75].

The measured reaction rates at the onset and end of the
r-process for the nuclear reactions considered are displayed
in Table III. The Hauser-Feshbach rates at these temperatures
are also shown. It is evident from Fig. 12 (top) and (bottom)
that the indirect measurement of (n, y) reaction rates for
28.29Na are significantly lower (several order of magnitude)
compared to Hauser-Feshbach calculations [75] at r-process
temperatures 0.62 < Ty < 2 [17]. This difference is greater
for loosely bound neutron-rich nucleus PNa(n, y) than that
for ZSNa(n, y). However, if one considers neutron capture
reaction rates for excited states of ®Na and, which can
populate the ground state of *Na and *°Na, respectively,
then the difference between the measured rates and the
Hauser-Feshbach estimates [75] are reduced, although the
difference is still an order of magnitude. Unlike, 28.29Na,
the reaction rate for *>Mg(n, y) at r-process temperature is
in close agreement with HF predictions. But the scenario
is different for the **Al(n, y) reaction rate at r-process
temperatures. If one considers only neutron capture of **Al
in the ground state, or the first or second excited states,
then the measured thermonuclear reaction rate is an order of
magnitude lower when compared to the HF prediction [see
Fig. 13 (bottom)]. However, the measured thermonuclear
reaction rate for neutron capture by excited **Al close to the

5
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FIG. 13. Variation of reaction rates in cm® mol™' s~! with tem-
perature Ty for **Mg(n, y)**Mg (top) and **Al(n, y) ** Al (bottom).
The measured reaction rates (shaded region) have been compared
with Hauser-Feshbach estimates dot-dashed line) [75].

neutron threshold is closer to the HF prediction [75] [see
Fig. 13 (bottom)]. Thus, it is clear that the measured neutron
capture reaction rates for 28Na, Na are lower than the HF
predictions [75]. In contradiction, the trend is opposite, when
loosely bound valence neutron is occupying low-/ orbital
like, "*C(n, y) (see Fig. 9). But the situation is different
for the nuclei where the ground state configurations are
multi-particle-hole. In certain situations, (the 34 Al threshold
state here), the neutron capture reaction rate by the excited
nucleus is enhanced compared to others. Similarly, the
measured p-wave neutron capture reaction rate by **Mg(3.0,
3.5 MeV; 27, 17) has also been observed to be enhanced.
Since the r-process is a fast process of the neutron capture,
the capture by excited nuclei may play an important role and
it would be interesting to include those reaction rates in the
r-process network calculations for obtaining the abundance
curve. Thus, the inferred neutron capture cross section from
measured CD data can be useful for understanding impact
of the seed nuclei in r-process network calculations. On the
other hand in the explosive burning scenario, nucleosynthesis
process involves the unstable nuclei and capture reaction
rates of those unstable nuclei are necessary for astrophysical
model calculation. But as it is observed from present studies,
HF prediction for unstable nuclei are not always reliable for
the exotic nuclei. This can be understood with a simplified
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TABLE III. Capture cross sections and reaction rates for 2*Na(n, y)*Na, ?Na(n, y) **Na, ¥*Mg(n, y)*Mg, and *Al(n, y) ¥ Al at r-
process temperatures 0.62 < Ty < 2 [17] and corresponding relative energies 53 keV < E; < 172 keV. The measured reaction rates have
been compared with Hauser-Feshbach (HF) estimates [75]. The total cross sections are calculated by summing the cross sections of the ground

and excited states and the total reaction rates are calculated using Eq. (9).

Onset of r-process (Ty = 2, Ey; = 172keV)

End of r-process (Ty = 0.62, E,; = 53keV)

Na{ov) cm?® mol™! s~!

N, (ov) cm® mol ™! s~

Core state

Reaction E. MeV o(n,y)ub Exp HF o(n,y)ub Expt HF
BNa(n, y) 0.0 3.01+0.44 1549.04 £7.92 1.78 £ 0.26 510.11 £4.67

1.25 0.63 £0.08 321.77+4.89 0.37 £0.05 106.34 +2.89

2.12 1.00£0.27 515.09+15.71 0.60+0.16 170.48 £9.29

2.71 16.16 £2.78 7991.68 £+ 155.64 9.75+1.68 2755.89 £95.11

Total 20.80 +2.83 1547.59 £7.91 23967.14 12.5+1.71 510.11 £4.67 39167.15
PNa(n, y) 0.0 1.234+0.18 630.404+10.49 0.82+0.12 221.554+6.68

1.25 0.97+0.10 501.88 +5.76 0.54 +0.05 158.66 +3.26

1.59 0.72£0.08 375.88 +4.69 0.41£0.04 119.07 £2.66

Total 2.924+0.22 630.27 +£10.48 1584.51 1.77+0.14 221.554+6.68 2323.04
2Mg(n, ) 0.0 11.82£6.96 4270.17 +370.38 27.88 £16.41 5491.24 £ 892.34

2.5 10.96 +3.63 3931.75+£192.43 25.72 +£8.51 5066.49 + 462.22

3.5 17.424+3.49 7807.58 £ 180.28 18.49+£3.71 4245.45 +187.47

4.8 473+1.78 1741.00 £ 83.01 5.944+2.24 1285.36 £ 111.31

Total 4493 +8.77 4270.17 +370.38 3191.36 78.03 +18.99 5491.24 +£892.34 3165.61
#*Al(n, y) 0.0 14.66 £4.19 4982.98 +200.51 27.97 £ 8.00 5394.38 +380.26

0.046 4.53+0.70 2329.88 £40.01 2.54+0.39 743.25+22.80

14 8.81 +2.81 3785.99 + 142.46 12.48 +3.98 2823.82 £214.71

2.5 107.30 +12.84 51444.89 +909.53 288.73 +36.20 54355.02 +1704.76

Total 135.3£13.81 4443.65 4+ 159.93 50415.94 331.724+37.29 4819.91 +333.31 93557.84

vision by considering the fact that the density of states for
the loosely bound neutron-rich nuclei are different than the
normal nuclei. So it is expected that HF calculation may not
be suitable and a better theoretical approach is necessary.
The inferred neutron capture cross sections for neutron-rich
nuclei may also play a crucial role for validation of modern
theoretical model predictions.

VI. SUMMARY

The r-process conditions were assumed to correspond to
a neutrino-driven wind model of a core-collapse supernovae.
The neutrino-driven wind model has predicted that the neutron
capture reaction of light neutron-rich nuclei may influence
r-process abundances when those are considered as seed nu-
clei. For this purpose, we inferred the neutron capture cross
sections of '4C, ??°Na, Mg and **Al from measured data
of Coulomb dissociation at relativistic energies. We obtained
the neutron capture cross sections from the photoabsorption
cross sections of 2>3Na, **Mg, and ¥ Al which were used
to determine the corresponding neutron capture reaction rates
at typical r-process temperatures for nucleosynthesis. The
4C(n, y) reaction has been extensively studied by direct and
indirect measurements and has also been predicted by differ-
ent theoretical approaches. We have compared the neutron
capture reaction rate obtained from present studies with all
calculated and measured data using different approaches. This
comparison shows that the neutron capture cross section ob-
tained indirectly from CD data is in closer agreement with
that obtained from other CD measurements at lower energy

(60A MeV), as well as ANC measurement and direct method
measurements. The inferred reaction rates '“C(n, y) from
CD data is significantly higher than the Hauser-Feshbach
rates but theoretical approach provided by Moschini er al.
[70] is in good agreement. The inferred reaction rates for
neutron capture on 2>2°Na at the relevant r-process temper-
atures are significantly lower (an order of magnitude lower)
than those predicted by the Hauser-Feshbach calculation.
Previous reports on the indirectly inferred capture rates for
16C and '8N [32,33] were also significantly lower than the
Hauser-Feshbach estimates at such temperatures. However,
the situation is different for Mg and **Al, for which the
neutron capture reaction rates are close to the HF prediction.
Thus for a better understanding on the impact of seed nuclei
in r-process network calculations, a combined effort in exper-
imental and theoretical investigations is necessary.
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