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Abstract: The role of near neutron-drip-line nuclei in the rapid neutron-capture process (7-process) is studied with
the classical 7-process model. Simulations under different astrophysical conditions (7 n,) show that r-process paths

approach the neutron-drip line under low-temperature and high-neutron-density conditions. A sensitivity study re-

veals that variations in the nuclear masses of these exotic nuclei lead to obvious abundance variations in the

A=110-125, A=175-185, A =200-205, and superheavy regions. By contrast, the r-process rare-earth peak and

the A = 130,195 peaks remain largely unaffected. The nuclei that obviously impact 7-process abundances are mainly

distributed in the region of 25 <Z <90 and 50 < N < 180, with the nuclei around neutron magic numbers found to

be particularly important for the r-process, even in the near-neutron-drip-line region.
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I. INTRODUCTION

The production of about half of the heavy elements
found in nature is assigned to a specific astrophysical
nucleosynthesis process, i.e., the rapid neutron-capture
process (r-process). Although this idea was. proposed
about seven decades ago [1], a full'understanding of r-
process remains one of the most challenging topics due to
the respective difficulties in both astrophysics and nucle-
ar physics [2—6].

The astrophysical sites responsible for the r-process
abundances are still not fully understood, with some pro-
posed scenarios still under debate. Ejecta from neutron
star mergers (NSMs) is supported to be an r-process site
by the GRB170817 kilonova [7-9] associated with grav-
itational waves from GW170817 [10]; however, its role
in producing the r-process abundances observed in the
oldest metal-poor stars remains debated due to the “time
delay”. The neutrino driven wind (NDW) [11] and the
magneto-hydrodynamic jet (MHDJ) [12, 13] from core-
collapse supernova (CCSN), as well as the outflows from
collapsar [14—16] are favored r-process candidate sites
that could have occurred in the early Universe. This
makes them suitable for studies of nuclear cosmochrono-
logy [17—20]. However, there are debates on whether de-
sired high-entropy conditions to produce actinides can oc-
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cur in the NDW from CCSN [21]. The rapid time scale of
the MHDJ from CCSN and the outflows from collapsar
would lead to the underproduction of isotopic abund-
ances above and below the main r-process peaks [5],
which are different from the observed r-process abund-
ances.

The r-process nucleosynthesis path in the nuclear
chart runs to the very neutron-rich region, where
presently only limited experimental information is avail-
able, thus relying heavily on theoretical predictions of
nuclear properties. For extreme r-process astrophysical
conditions with lower electron fraction Y, (higher neut-
ron fraction) or lower density, the r-process path may
even run close to the neutron-drip line, i.e., boundary of
bound nuclei. The study of exotic nuclei near the neutron-
drip line is therefore important not only for satisfying hu-
manity's curiosity to understand exotic nuclear structures
but also for understanding the origin of elements in
nature. It is thus important to know (1) under what specif-
ic astrophysical conditions the nuclear properties of exot-
ic nuclei near the neutron-drip line play an important role
in the r-process and (2) how the r-process abundances are
affected by uncertainties in the properties of these exotic
nuclei.

In this work, the r-process conditions that lead to 7-
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process paths close to the neutron-drip line are studied
with the classical »-process model. Under these typical
conditions, the impacts of uncertainties in the nuclear
masses of these exotic nuclei near the neutron-drip line
on the r-process abundances are analyzed.

II. CLASSICAL R-PROCESS MODEL

Based on the situation that astrophysical sites re-
sponsible for the r-process abundances are still not fully
understood, we perform r-process simulations based on a
site-independent r-process model, the so-called classical
r-process model [22—27], which can be regarded as a
simplification of the dynamical 7-process model, and has
been successfully employed in describing r-process pat-
terns of both the solar system and metal-poor stars.

In the classical r-process model, iron group seed nuc-
lei are irradiated by high-density neutron sources with a
high temperature T > 1.5 GK. The r-process abundances
are obtained by the superposition of abundances from the
simulations in several neutron flows with different neut-
ron densities, temperatures, and irradiation times. The
weights can be determined by fitting to the solar »-pro-
cess abundances.

In the astrophysical environments with high-temperat-
ure T 2 1.5GK and high neutron density n; 2 10%* cm=,
the equilibrium between neutron capture and photodisin-
tegration reactions can be achieved, and the abundance
ratios of neighboring isotopes on an isotopic chain can be
obtained by the Saha equation [2, 28, 29]

Y(ZA+1) ([ 27R ”ﬂx1A+U(A+1Y”
Y(ZA) _m<%w> 26ZA) \ A
cexp {Sn(Z,A+1)}’
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where Y(Z,A),S,(Z,A), and G(Z,A) are, respectively, the
abundance, one-neutron separation energy, and partition
function of nuclide (Z,A), and 7, k, and m, are the Planck
constant, Boltzmann constant, and atomic mass unit, re-
spectively. Note that the neutron separation energy S, de-
duced from nuclear masses appears in the exponential,
suggesting the importance of nuclear masses in the equi-
librium. Note that here in the classical r-process model,
the r-process path is defined as the path that goes through
the most abundantly distributed nucleus in each isotopic
chain, as determined by Eq. (1).

The abundance flow from one isotopic chain to the
next is governed by S decays and can be expressed by a
set of differential equations

dY(Z)
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where /lg’A is the p-decay rate of the nucleus (Z,A),
YZ2)=>,Y(Z, A)=>_4P(Z,A)Y(Z) isthe total abund-
ance of each isotopic chain, P(Z,A) is the individual pop-
ulation coefficients. By using Egs. (1) and (2), the abund-
ance of each isotope can be determined. After the neut-
rons freeze-out, the unstable isotopes on the neutron-rich
side will proceed to the stable isotopes mainly via § de-
cays, and the final abundances are obtained.

The nuclear physics inputs for the classical r-process
model involve nuclear masses and S-decay half lives. The
nuclear masses are taken from one of the WS4 nuclear
mass model [30], if the experimental data [31] are not
available. For the f-decay rates, the empirical formula
[32] is adopted with decay energies from the adopted
nuclear masses. if the experimental data [33] are not avail-
able.

III. 'R-PROCESS CONDITIONS FOR YIELDING
NEUTRON-DRIP-LINE R-PROCESS PATHS

The first step is to identify the astrophysical condi-
tions that cause the r-process nucleosynthesis paths to go
close to the neutron-drip line. The r-process paths under
different astrophysical conditions (7,n,) are presented in
Fig. 1. It can be seen that the r-process paths are closer to
neutron-drip line for both higher neutron density n, and
lower temperature 7. This can be easily understood with
Eq. (1), as both higher neutron density n, and lower tem-
perature 7 would lead to a larger ratio of
Y(Z,A+1)/Y(Z,A). This thus leads to a more extensive
abundance distribution on the neutron-rich side, i.e., 7-
process paths shift toward the neutron-rich region.

The r-process abundances corresponding to different
sets of astrophysical conditions (neutron number density
n,; temperature 7) and a fixed irradiation time of
7 =850 ms are presented in Fig. 2. It can be observed that
as both neutron densities increase and temperatures de-
crease, the r-process abundance distribution shifts to-
ward the region of heavier nuclides. This may indicate
that the properties of near-neutron-drip-line nuclei are
likely to be more important for determining the r-process
abundances of heavier nuclides.

In order to quantitatively determine the relationship
between the proximity of r-process paths to the neutron-
drip line and astrophysical conditions, the average dis-
tance between an r-process path and the neutron-drip line
is defined as follows:

Zs

77 > IN(Z)=N2)],

i 7=7,
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)

where N,(Z) and N,(Z) are the neutron numbers of the
neutron-drip-line nucleus and the r-process path nucleus
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(color online) The r-process abundances under different astrophysical conditions, characterized by temperature (7) and neut-
ron number density (n,), with a fixed irradiation time of 7 = 850 ms.
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in the isotopic chain of a given proton number Z, respect-
ively. Z; and Z, are the picked initial and final proton
numbers along the r-process path, which define the spe-
cific segment of the r-process path. Note that each r-pro-
cess path nucleus is characterized by a specific (Z,N)
pair, therefore, Z; (Z;) also corresponds to a specific N;
(N¢). The smaller the distance L is, the closer the r-pro-
cess path is to the neutron-drip line. When L =0, the r-
process path lies directly on the neutron-drip line—a scen-
ario that corresponds to extremely neutron-rich astro-
physical conditions.

The averaged distances between r-process paths and
the neutron-drip line under different astrophysical condi-
tions are illustrated in Fig. 3. Each r-process path is sep-
arated into three segments: with N <82 for light nuclei,
82 < N <126 for medium nuclei, and N > 126 for heavy
nuclei. As can be seen in Fig. 3, the distance L decreases
monotonically as neutron density increase and temperat-
ure decrease, and the r-process paths reach the neutron-
drip line when the neutron density and temperature reach
certain values. Note that, in the region of light nuclei, the
r-process paths can get relatively closer to the neutron-
drip line under conditions of lower neutron density and
higher temperature. This is because the neutron-drip line
in the lighter nuclear region does not extend as far as in
the heavier nuclear region.
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Light Nuclei|
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Fig. 3. (color online) The averaged distances between r-pro-
cess paths and the neutron-drip line under different astrophys-
ical conditions, characterized by neutron number density n,
and temperature 7. Each r-process path is divided into three
segments based on neutron number N: N <82 (light nuclei),
82 < N < 126 (medium nuclei), and N > 126 (heavy nuclei). The
black lines denote the astrophysical conditions that first en-
able the r-process paths to reach the neutron-drip line.

IV. IMPACT OF NEAR-NEUTRON-DRIP-LINE
NUCLEI ON R-PROCESS ABUNDANCES

The next step is to examine the impacts of nuclear
properties of near-neutron-drip-line nuclei on the 7-pro-
cess. For this purpose, a sensitivity study similar to that in
Refs. [27, 34, 35] is conducted.

Four sets of r-process simulations under astrophysic-
al conditions with neutron number densities of
n,=10"cm™>, n,=10"cm>, n,=10%cm™>, and
n, =10* cm™, and a fixed irradiation time 7 =850 ms
and temperature 7 = 1.5 GK, are selected as typical cases
that represent astrophysical conditions corresponding to
the abundances of different mass regions. r-process simu-
lations with these conditions and unvaried nuclear phys-
ics inputs-are regarded as baseline simulations. Note that
the astrophysical conditions adopted in this work are rel-
atively extreme, which is intended to bring the r-process
path close to the neutron-drip line. Nevertheless, these
conditions remain reasonable and fall within the scope of
certain parameterized environments for supernova explo-
sions [36] and neutron star mergers [37] in the dynamic 7-
process studies. The r-process paths and r-process abund-
ances corresponding to these four sets of astrophysical
conditions are presented in Fig. 4. It can be observed
from Fig. 4 (a) that the r-process paths of these four cases
under the selected conditions are generally close to the
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Fig. 4. (color online) (a) r-process paths and (b) r-process

abundances under four typical sets of astrophysical conditions.
The neutron number densities are n,=10% cm™,
ny, =102 em™3, n, =10% cm™3, and n, = 10°° cm™3, with fixed

irradiation time 7 = 850 ms and temperature 7 = 1.5 GK.
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neutron-drip line. Note that not only the nuclei on the -
process paths can affect the r-process abundances, but
also those close to the r-process path can affect the r-pro-
cess abundances to varying extents. In this regard, the
properties of near-neutron-drip-line nuclei could, in prin-
ciple, potentially affect the results of all these four sets of
simulations. The r-process simulations under these four
cases correspond to the abundances of the A ~ 130 peak,
the rare-earth isotopes, the A ~ 195 peak, and superheavy
radioactive nuclei respectively. This will be helpful for
analyzing how the properties of near-neutron-drip-line
nuclei affect the r-process abundances of nuclei in differ-
ent mass regions. As can be seen in Fig. 4 (b), the
weighted superposition of these four sets of r-process
abundances can reproduce the Solar r-process abund-
ances quite well. This means that the current sets of simu-
lations represent reasonably some realistic scenarios for
r-process studies to reproduce the observed r-process
abundance.

To perform the sensitivity study on how nuclei near
the neutron-drip line affect »-process abundances, the fol-
lowing steps are implemented: First, the neutron-rich
nuclei in each isotopic chain are classified into different
sets according to their distances relative to the neutron-
drip nucleus of that isotopic chain. Figure 5 shows the
collections of nuclei in set 1, sets 1 to 5, sets 1 to 10, and
sets 1 to 20, respectively. Sensitivity studies are then car-
ried out by varying each predicted nuclear mass.in these
collection (for different numbers of sets of nuclei) re-
spectively with AM = £0.5 MeV in the r-process simula-
tions. Note that only the upper and lower bounds of the
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Fig. 5. (color online) Illustrations of the different nuclear
collections varied in the sensitivity studies: set 1, sets 1 to 5,
sets 1 to 10, and sets 1 to 20. Each collection consists of neut-
ron-rich nuclei classified by their distance relative to the neut-
ron-drip line-of their respective isotopic chains. The r-process
path'is obtained by weighted superposition of the four paths in
Fig. 4 (a). The inset subplot shows the detailed partitioning of
the 20 most neutron-rich nuclei in each isotope chain into each
collection.

nuclear mass variations are considered. The f-decay half
lives are varied consistently with the mass variations by
imposing different Qs values in the empirical formula
[32]. Subsequently, a number of resultant r-process
abundance patterns are obtained, and they form a band as
shown in each subplot of Fig. 6.

As can be seen from Fig. 6, the variations in the nuc-
lear masses of near-neutron-drip-line nuclei can directly
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Fig. 6.

(color online) Variations of r-process abundances corresponding to the nuclear mass variations in the sensitivity studies. Each

subplot corresponds to the nuclear collection illustrated in the matching collection of Fig. 5: (a) variations for set 1 nuclei, (b) vari-
ations for sets 1 to 5 nuclei, (c) variations for sets 1 to 10 nuclei, and (d) variations for sets 1 to 20 nuclei. The bands in each subplot
represent the range of abundance variations caused by AM = +0.5 MeV nuclear mass variations.
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lead to significant variations in the abundances of super-
heavy nuclei, i.e., lead and actinide nuclei. The abund-
ances of these nuclei are mainly produced under the as-
trophysical condition with 7, = 10 cm™ (see Fig. 4 (b)),
and the r-process path associated with this condition is
mostly close to the neutron-drip line, as can be seen in
Fig. 4 (a).

One can also see from Fig. 6 that the abundance vari-
ations are obvious in the regions with A =110-125,
A=175-185, and A =200-205, just before respective
abundance peaks. The reasons for the variations with
A=110-125 and A = 175-185 are the same, which are
twofold. One reason arises from differences in abund-
ance magnitudes between these nuclei and the peak nuc-
lei. The abundances of these nuclei are lower by more
than one order of magnitude compared with the peak
abundances; therefore, even small variations in the
abundances of peak nuclei can lead to significant vari-
ations in the abundances of these nuclei. This reasoning
also applies to the A =200—-205 region. The other reason
involves neutron shell effects across different isotopic
chains. For example, the r-process path nuclei associated
with the N =82 neutron shell holds for isotope chains
with Z=40-47. The abundances accumulated in these
nuclei contribute to the abundances of nuclei in and
around the A = 130 r-process peak. Since the nuclei with
smaller Z, e.g., Z = 40, are closer to the neutron-drip line,
they are affected more significantly than the others in the
sensitive studies. This leads to larger abundance vari-
ations in nuclei with A = 122 and below, due to f-delay
neutron emissions, and this is the reason for the abund-
ance variations in the A = 110 - 125 region. Similar mech-
anisms also cause the obvious abundance variations in the
A =175-185 region, which relate to the N = 126 neutron
shell. Another reason for the nuclear mass variations in
the A =200-205 region is the same as that for lead and
actinide nuclei: the corresponding r-process path is
closest to the neutron-drip line.

One important indication is that the abundances of the
lanthanide nuclides, especially those in the r-process rare-
earth peak, are affected only when the number of vari-
ation sets reaches 20. This is good news for studies that
aim to understand the origin of the rare-earth peak, as it
may not be strongly affected by the large uncertainties of
nuclei close to the neutron-drip line. It should also be
noted that the r-process peaks at A = 130 and A = 195 are
not affected by variations in the nuclear masses of nuclei
close to the neutron-drip line. This is reasonable, as it is
well known that r-process simulations based on different
nuclear mass models, even those that differ in the loca-
tions of the neutron-drip line, always yield these two 7-
process peaks consistently.

It is also important to identify which nuclei near the
neutron-drip line are important for the r-process abund-
ances. To quantify the abundance variations caused by

varying the mass of each nucleus, the abundance devi-
ation AY is introduced

244
AY =5 > 1108 Ynn (4) = log Yin(A),

A=100

4)

where, Yn.x(A) (Ymin(A)) is the largest (smallest) abund-
ance obtained from r-process simulations with baseline
inputs, baseline inputs with AM = +0.5 MeV for a specif-
ic nucleus, and baseline inputs with AM = —0.5 MeV for
that nucleus.

The r-process-abundance deviations caused by vary-
ing the mass of each single nucleus are presented in Fig.
7. As can be seen from Fig. 7 (a), the nuclei that obvi-
ously impact r-process abundances are mainly distrib-
uted in the region of 25 <Z <90 and 50 < N < 180. In the
classical r-process model, one uses iron as the seed nucle-
us, so lighter nuclei are ignored. It is encouraging to find
that nuclei heavier than A = 270 cause relatively small un-
certainties in r-process abundances; otherwise, one could
lead to large uncertainties in understanding the r-process,
as there are still significant uncertainties in theoretically
describing these heavy neutron-rich nuclei. However, this
could also be due to the fact that fission is not included in
the classical -process model employed here. The masses
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Fig. 7. (color online) (a) Nuclear chart presenting the r-pro-

cess abundance deviations AY caused by varying nuclear mass
of each single nucleus. (b) The abundance deviations AY are
plotted as a function of neutron number to have a clear visual-
ization with colors label nuclei in different sets. Note that pan-
el (b) is just another representation of AY in panel (a), it does
not sum over AY caused by nuclei with the same M.
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of A > 270 nuclei can affect their fission rates, which in
turn can influence r-process abundances. As is clearly
shown in Fig. 7 (b), when varying the masses of nuclei
from set 1 (neutron-drip line nuclei) to set 20 (neutron-
rich nuclei), the nuclei that significantly impact r-process
abundances first appear around the neutron magic num-
bers N=50 with Z~28, N=82 with Z=~41, and
N =126 with Z ~ 66. It is then extend to other regions,
mainly around the rara-earth isotopes. This indicates that
nuclei around neutron magic numbers are important for
the r-process, even in the near-neutron-line region. Note
that a large deviation can be observed between N =82
and N =126 in Fig. 7 (b), which is related to the lanthan-
ide region. This region is of great interest to both nuclear
physics and astrophysics: it is the nuclear shape-trans-
ition region, and the origin of the rare-earth r-process
abundance peak in this region remains unresolved [38,
39]. Since the deviation here is quite significant for Sets
11 to 20, a more accurate description of nuclei located
over a dozen nucleons from the drip line is required to re-
veal the origin of the rare-earth r-process abundance.

V. SUMMARY

In summary, the role of near-neutron-drip-line nuclei
in the r-process is studied with the classical r-process
model. By performing »-process simulations under differ-

ent astrophysical conditions (7,n,), it is found that lower
temperatures and higher neutron densities drive r-process
paths to approach the neutron-drip line and shift abund-
ance distributions toward heavier nuclides. Quantitat-
ively, the distance between the r-process path and the
neutron-drip line decreases monotonically with increas-
ing neutron density and decreasing temperature across all
mass regions.

A weighted superposition of four sets of r-process
simulations under different neutron number densities re-
produces Solar r-process abundances quite well. Based
on this baseline, a sensitivity study further demonstrates
that variations in the nuclear masses of near-neutron-drip-
line nuclei significantly impact the abundances of super-
heavy nuclei and lead to obvious abundance variations in
the A=110-125, A=175-185, and A =200-205 re-
gions. In contrast, the r-process rare-earth peak and the
A =130, 195 peaks remain largely unaffected. The nuclei
that obviously impact r-process abundances are mainly
distributed in the region of 25 <Z <90 and 50 < N < 180,
with-the nuclei around neutron magic numbers found to
be particularly important for the r-process, even in the
near-neutron-drip-line region.

These results highlight the need for precise con-
straints on the properties of near-neutron-drip-line nuclei
to advance our understanding of r-process nucleosynthes-
is.
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