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The post-asymptotic giant branch (post-AGB) star IRAS 14325-6428 exhibits a peculiar heavy-element abun-
dance pattern, characterized by a high [Ba/La] ratio and an anomalous odd-isotope Ba ratio (fodda = 0.25 +
0.08), which is difficult to explain via the classical slow neutron-capture process (s-process). In this work, we
theoretically investigate this abundance pattern by considering intermediate neutron-capture process (i-process)
nucelosyntheis. We employ a self-consistent computational framework. A stellar model representative of the
progenitor (1.5 My, Z =0.003) is evolved with MESA to the thermally pulsing AGB phase to obtain intershell
elemental abundances. These values are then used as input for i-process nucleosynthesis calculations performed
with a one-zone network (NucNet Tools) at constant temperature and density. The observed heavy-element
abundances are best reproduced by a model with neutron density N,, =5 x 10*® cm ™3 and neutron exposure 7
= 1.4 mbarn~?, followed by dilution with a scaled-solar composition. This model reproduces the high [Ba/La]
and [Ba/Ce] ratios and yields a post-dilution odd-isotop fraction foaapa ~ 0.51, consistent with the observa-
tional trend. The abundance pattern arises from the i-process path approaching the neutron magic number N =
82, where the flow slows and the material accumulates at '3°T, which subsequently 3~ -decays to **Ba. This
leads to enhanced Ba production and reduced synthesis of heavier species. These results, consistent with the
star’s multi-element classification as enriched in both s- and r-process elements, provide quantitative support
for an i-process origin of the heavy elements in IRAS 14325—6428, likely triggered by a relatively short-lived
proton-ingestion episode in its AGB progenitor.

Keywords: post-AGB stars — nucleosynthesis — stars: abundances — stars: evolution — stars: individual (IRAS 14325-

6428) — nuclear reactions, nucleosynthesis, abundances.

I. INTRODUCTION

The origin of elements heavier than iron in the universe
is primarily governed by neutron capture nucleosynthesis
processes[1]. Traditionally, slow (s-) and rapid (r-) neu-
tron capture processes have been considered the two domi-
nant mechanisms responsible for the production of heavy el-
ements. These processes are distinguished by their character-
istic neutron densities, which determine the competition be-
tween neutron capture and [3-decay [2], thus setting the nucle-
osynthesis path on the nuclide chart and shaping the resulting
abundance distributions. The r-process occurs at extremely
high neutron densities (IV,, > 102° cm~—3)[3] and is associated
with explosive astrophysical environments, such as neutron-
star mergers [4-9] and magnetohydrodynamically driven su-
pernovae or collapsars [10-16]. It is responsible for the syn-
thesis of elements such as Eu, Os, Au, and Pt. In contrast, the
s-process operates at much lower neutron densities (/V,, <
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10* cm~—3), mainly in asymptotic giant branch (AGB) stars
[17-23] and during core He burning in massive stars [24—27],
producing elements such as Sr, Y, Zr, Ba, La, Ce, and Pb.

The concept of an intermediate neutron-capture process
(hereafter i-process), operating at neutron densities (IV,, =
10'2-10%° cm—3) between those of the classical slow (s-) and
rapid (7-) processes, was originally introduced by Cowan &
Rose[28]. Recent renewed and significant interest in this
process stems from the growing number of observed stars
whose abundance patterns cannot be satisfactorily reproduced
by canonical s- or r-process nucleosynthesis, nor by a sim-
ple combination of these two processes. Instead, the chem-
ical signatures of these so-called r/s stars are successfully
matched by i-process models [29-32].

A prime example is the carbon-enhanced metal-poor stars
that exhibit simultaneous enhancements in both s- and r-
process elements (CEMP-s/r). These stars show significant
over-abundances of the canonical s-process indicator Ba and
the r-process indicator Eu (e.g. [Ba/Fe] > 1, [Eu/Fe] > 1,
and [Ba/Eu] > 0; [33]). If their carbon- and s-process en-
hancements are attributed to mass transfer from a binary AGB
companion, the origin of the concurrent Eu excess remains
unexplained. Hypotheses involving separate pollution events
from different s- and r-process sites have been found unsuc-
cessful [34-37]. In contrast, i-process simulations have been
shown to naturally reproduce the full heavy-element abun-
dance patterns of CEMP-s/r stars [33, 38—41]. Another im-
portant example comes from post-AGB stars, which bear the
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chemical imprint of their preceding AGB evolution, provide
another line of evidence. Observations of post-AGB stars in
the Small and Large Magellanic Clouds (SMC and LMC) re-
veal heavy-element enhancements. However, standard AGB
stellar models corresponding to their inferred masses and
metallicities tend to overpredict the abundance of Pb com-
pared to observational upper limits [43, 44]. Lugaro et
al.[45] suggested that these abundance patterns might be bet-
ter explained by i-process nucleosynthesis, a notion quantita-
tively supported by the one-zone i-process models of Ham-
pel et al.[38], which successfully match the observed heavy-
element enhancements without overproducing Pb. Further
support comes from the unique case of Sakurai’s Object, a
post-AGB star exhibiting extreme overabundances of first s-
process peak elements like Rb, Sr, and Y. This peculiar sig-
nature is interpreted as the result of i-process nucleosynthesis
activated during a very late thermal pulse (VLTP; [46, 47]).

The intermediate neutron densities required for the i-
process are primarily generated by the reaction 13C(a, n)¢0O
as in the s-process, but under specific conditions that trig-
ger a neutron burst. This burst is typically triggered by a
proton-ingestion episode (PIE), where protons are entrained
into He-burning driven convective layers rich in He and C.
Within this high-temperature environment (" > 10® K), the
reaction chain '2C(p, v)'3*N(8+1)3C(a, n)'60 is activated,
rapidly generating neutron densities of the order of NV,, ~
10'2-10%2° cm ™3 [39, 46, 48, 49]. A diversity of astrophysi-

73 cal sites capable of hosting such PIEs, and by extension the i-

process, have been proposed. The range of astrophysical sites
capable of PIEs has been systematically listed by Choplin et
al. [39]. Their series of works has quantitatively explored

#7 PIEs in low-metallicity, low-mass AGB models, and investi-

gated the effects of the extra mixing scheme (overshoot, [41])
and rotation [42]. Notably, including overshoot mixing at the
top of the convective thermal pulse significantly expands the
range of stellar masses and metallicities for which PIEs can
occur. Under certain overshoot parameters, PIE may even be
possible at nearly solar metallicity [41]. It is important to
note, however, that these multi-zone stellar models can show
discrepancies in reproducing the observed abundances of the
first s-process peak elements (e.g., Y, Zr) in post-AGB stars
[41]. In contrast, the one-zone i-process framework employed
by Hampel et al. [33, 38] adopts a constant temperature, den-
sity, and neutron density. Although this approach does not
simulate the dynamic stellar structure of a PIE event, it pro-
vides a powerful tool to isolate and study the details of heavy-
element nucleosynthesis pathways under controlled i-process
conditions.

In the classical s-process, the characteristic abundance
peaks are formed at isotopes with magic neutron numbers.
Specifically, the second peak is dominated by the stable bot-
tleneck isotopes '3®Ba, !39La, and '4°Ce, which all have
the magic neutron number N = 82. In contrast, the much
higher neutron densities of the i-process shift the nucleosyn-
thesis path away from stability. This moves the N = 82
bottleneck to lighter isotopes, mainly the neutron-rich, un-
stable 13°L. Its subsequent 3~ decay significantly enhances
135Ba production, while the bottleneck strongly suppresses
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the synthesis of heavier elements like La and Ce. This
mechanism naturally yields the distinct signature of elevated
[Ba/La] and [Ba/Ce] ratios, which cannot be reproduced by
standard s-process models and acts as a direct observational
tracer of i-process nucleosynthesis,and has been proposed as
a possible origin of the Ba excess observed in open clus-
ters [29]. To move from this diagnostic potential to precise
physical understanding, quantitative constraints from individ-
ual, well-characterized stars are essential. The post-AGB
star IRAS 14325—6428 is a prime target for such a study.
It exhibits both a high [Ba/La] ratio and an anomalous Ba
odd-isotope ratio ( fodd,BaS) [50],providing two independent
and strong constraints that make it an ideal laboratory for
quantitative studies of the i-process. This work aims to es-
tablish a self-consistent computational framework—linking
stellar evolution to nucleosynthesis—to quantitatively fit the
heavy-element abundances of IRAS 14325—6428, determine
its optimal i-process parameters, and elucidate the origin of
its anomalous abundance features from the perspective of
neutron-capture paths. Thereby, we seek to provide a robust
i-process interpretation for the heavy-element enrichment his-
tory of this star.

This paper is organized as follows. In Section II, we
present the observed heavy-element abundance anomalies
in IRAS 14325—6428 and compare them with standard s-
process models. Section III details our self-consistent compu-
tational method, which combines stellar evolution modeling
with MESA and one-zone i-process nucleosynthesis calcula-
tions. Our main results, including the best-fitting i-process
parameters, the analysis of neutron-capture paths, and the di-
agnostic implications of the Ba odd-isotope ratio, are pre-
sented and discussed in Section IV. Finally, we summarize
our findings and conclusions in Section V.

II. HEAVY ELEMENT ABUNDANCE ANOMALIES IN

IRAS 14325—-6428

IRAS 14325—6428 is a post-AGB star, and the abundances
of some elements have been measured by De Smedt et al.
[51] and Tian et al. [50]. The latter study gave a metallicity
of [Fe/H]= —0.75 £ 0.05, corresponding to Z = 0.0025. The
abundances of elements heavier than Fe are listed in Table 1
and plotted in Figure 1. The local thermodynamic equilib-
rium (LTE) results from the two measurements are relatively
close. However, the Nd abundance measured by Tian et al.
[50] is 0.61 dex lower than that of De Smedt et al. [51]. This
difference is attributed to the adoption of different log g f val-
ues and the differences in equivalent widths caused by the
placement of the continuum. For the key neutron-capture
elements Ba and Eu, the non-local thermodynamic equilib-
rium (NLTE) corrections increase the abundances by 0.62 and
0.43 dex, respectively, compared to their LTE values. In par-
ticular, the abundance of Eu is sensitive to the adopted atomic

7 foaasa = [N(**°Ba) + N(**7Ba)] /N (Ba).
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155 data: if the ¢ f value for the Eu 11 line at 4129 A is taken from
156 the NIST database instead of DeSmedt et al. [51], the result-
157 ing NLTE [Eu/Fe] drops to approximately 0.3 dex.

Table 1. The Abundances of Elements Heavier than Fe in the Star
IRAS 14325-6428.

Z Species [X/Fe]® o [X/Fe]® o
(dex) (dex)
26 Fel 0.00 0.05 0.00 0.04
26 Fell 0.00 0.07 0.00 0.04
28 Nil 0.12 0.06 0.12 0.08
28 Nill 0.11 0.03 0.08 0.10
30 Znl 0.13 0.14
38 Srl <1.80
39 Y I 1.41 0.05 1.34 0.26
40 Zr 11 1.15 0.12 1.16 0.16
56 Ba II(LTE) 1.46 0.06 1.48 0.42
56  BalI(NLTE) 2.08 0.02
57 Lall 1.18 0.10 1.31 0.35
58 Cell 1.16 0.14 1.27 0.35
60 Nd II 0.78 0.10 1.39 0.40
62 Sm II 1.33 0.13 1.35 0.41
63 Eu II(LTE) 0.82 0.14 0.79 0.41
63  EuII(NLTE) 1.25 0.13
64 GdII 1.25 0.34
66 Dy II 0.94 0.39
71 Lull 1.31 0.28
72 Hf II 1.24 0.25
82 PbII < 2.60

¢ Tian et al.[50]. ® De Smedt et al.[51].

158 We compare the observed heavy-element pattern with
18 predictions from AGB stellar evolutionary models in the
1e0 FRUITY (FUIl-Network Repository of Updated Isotopic Ta-
161 bles & Yields) database [21, 52-59]. For IRAS 14325—6428,
1é2 with an estimated initial mass of 1.5 — 2 M, [60] and metal-
1es licity Z ~ 0.0025, we select FRUITY models of 1.5 M, and
164 2.0 M with Z = 0.003. Their surface abundances after the
1¢s last third dredge-up (TDU) are shown in Figure 1. The la-
1és bels *ST” and "EXT’ denote a standard and an extended '3C
17 pocket, respectively [53].

¢ The M1.5Z3m3-ST model underestimates the first s-
169 process peak (Sr, Y, Zr) and significantly underproduces
Ba compared to the NLTE measurement. The M2Z3m3-
ST model matches better the elements in the first-peak
and approaches the observed NLTE abundance of Ba, how-
173 ever, it over-predicts La, Ce, Nd, and especially Hf (by
174 > 0.5dex). Models with an extended '*C pocket (‘EXT’)
175 produce higher overall heavy-element abundances. Conse-
176 quently, the M2Z3m3-EXT model, which shows the high-
177 est yields and the closest match to the NLTE Ba value, fur-
ther exacerbates the overproduction of elements from La to
Hf seen in the M2Z3m3-ST model. It should be noted that
the s-process occurring in the 3C pocket of low-mass AGB
star models typically enhances the second s-process peak el-
ements (Ba, La, Ce) simultaneously, with Ce being the most
enhanced. In contrast, IRAS 14325—6428 exhibits the NLTE
184 Ba abundance that is significantly higher than those of La and
15 Ce, a pattern that standard s-process models fail to reproduce.
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Fig. 1. Abundances of elements heavier than Fe for

IRAS 14325—6428 as a function of atomic number Z. The red
circles denote the LTE results from Tian et al. [50]; the red
upward-pointing triangles represent their NLTE results for Ba and
Eu (for Eu, the g f value of the Eu 11 line at 4129 A is adopted from
De Smedt et al. [51]; the red downward-pointing triangle marks
the NLTE abundance of Eu obtained using the gf value for the
4129 A line taken directly from the NIST Atomic Spectra Database.
Blue open squares show the LTE measurements from De Smedt et
al. [51]. Grey lines depict AGB stellar evolutionary models from
the FRUITY database [57] for stars with masses and metallicities
similar to IRAS 14325—6428. Model labels indicate the initial mass
(in solar masses, following M) and metallicity (following Z); for
example, “Z3m3’ signifies a metallicity of Z=3x 1072 (i.e., 0.003).

Post-AGB stars are considered potential astrophysical sites
where the i-process occurs. The recent measurement of the
odd barium isotope ratio in IRAS 14325—6428, fodaBa = 0.25
+ 0.08 [50], provides a direct isotopic hint that its heavy
elements may originate from an i-process rather than the
classical s-process. Motivated by these abundance anoma-
lies—the high [Ba/La] and [Ba/Ce] ratios and the anomalous
foda.Ba—We proceed to test the i-process hypothesis by fit-
ting its heavy-element abundance pattern with dedicated nu-
cleosynthesis models.

III. ONE-ZONE :-PROCESS MODEL

We calculate the nucleosynthesis of i-process using a
one-zone model under the assumption of a constant neu-
tron density, following the methodology of Hampel et al.
[33, 38]. The reaction network is solved with the NucNet
Tools software package [61]. Our custom network file
(my_net .xml) includes 7,852 isotopes linked by 51,395
reactions. Nuclear physics data (reaction rates, masses and
decay properties) are from the JINA Reaclib database (June
2021 release) [62], converted to the required XML format us-
ing the jina_to_webnucleo utility.

For the thermodynamic conditions, we adopt the canonical
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values used in previous i-process studies: 7 = 1.5 x 108K
and p = 1600 gcm—3 [33, 38]. The abundance pattern of i-
process elements is primarily governed by the neutron den-
sity N,, and the neutron exposure 7, with neutron-capture
cross sections being less temperature-sensitive than charged-
particle reactions. The neutron exposure 7 quantifies the inte-
grated neutron irradiation experienced by the seed nuclei. It is
defined as the time-integrated product of the neutron density
N,, and the mean thermal neutron velocity vp:

T = /Nn v dt = /Nn\/QkBT/mn dt, e
where kg is the Boltzmann constant and m,, is the neutron
mass.

The initial isotopic composition for the network calcula-
tion is a critical input. Unlike previous studies of one-zone

2 I-processes that adopted pre-computed intershell abundances

[63, 64], we generate this composition self-consistently. We
use the stellar evolution code MESA (Modules for Exper-
iments in Stellar Astrophysics) [65-70] for this purpose.
MESA is a robust open-source code whose modular design,
extensive physics options, and regular updates make it a ver-
satile tool for a wide range of stellar astrophysics problems.
We simulate a stellar model appropriate for the progenitor
of IRAS 14325—6428, with an initial mass of 1.5 M and

4 metallicity Z = 0.003. The simulation uses the MESA re-

lease r24.08.1. The input physics primarily follows the setup
of Huscher et al. [71], which employs scaled mixing-length
and mass-loss parameters and includes a custom routine [72]
to improve numerical convergence during thermal pulses.
The convective boundary mixing is treated with the diffu-
sive overshoot scheme of Herwig [73] at the bottom of the
convective envelope and at the boundary of the He-burning
shell. The initial composition uses the photospheric solar
abundance scale of [74], supplemented where necessary with
the abundances of [75] (set by initial_zfracs 9 in
MESA). The in-built reaction network in MES A, which we
use for the stellar structure and evolution calculations, is tai-
lored for s-process studies. It contains 551 isotopes from H
to Po, encompassing all stable isotopes and extends to ra-
dioactive species with up to approximately two neutrons be-
yond the most neutron-rich stable isotope for a given ele-
ment. This coverage provides a sufficiently broad baseline
near stability for reliably computing the intershell composi-
tion, which subsequently serves as the seed for our dedicated
i-process network calculation. The model evolves from a pre-
main sequence of uniform composition. The evolution is di-
vided into five key phases, with control parameters adjusted
as needed: (1) main sequence, (2) red giant branch, (3) hor-
izontal branch, (4) early AGB before thermal pulses begin,
and (5) the thermally pulsing AGB (TP-AGB) phase. We ex-
tract the uniformly mixed intershell material after the second
thermal pulse to serve as the starting composition for the i-
process network calculation.

To compare the model output with the observed surface
heavy-element abundances of the star, the synthesized i-
processed material is mixed with material of scaled-solar
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composition—a dilution controlled by a factor d (equation
(2) of Hampel et al. [38]) that simulates astrophysical pro-
cesses such as dredge-up or mass transfer in a binary system.
The heavy-element abundance pattern obtained from our cal-
culations is primarily influenced by the neutron density N,
and the neutron exposure 7, while d affects only the overall
scaling, not the pattern’s shape.

IV. RESULT AND DISCUSSIONS

The most prominent feature in the heavy-element pattern
of IRAS 14325-6428 is the exceptionally high NLTE abun-
dance of Ba relative to the subsequent elements La and Ce,
resulting in large [Ba/La] and [Ba/Ce] ratios. To reproduce
this signature, nucleosynthesis must be arrested at the N=82
neutron magic number. This requires a model with a rela-
tively small neutron exposure 7, such that the neutron-capture
path reaches this bottleneck but does not leak significantly be-
yond it to produce substantial amounts of La and Ce. There-
fore, by adjusting the neutron density V,, and exposure T,
we find the best fit to the observed abundances (Figure 2) is
achieved with N,, = 5 x 103 ecm™3, 7 = 1.4 mb~!, and
a dilution factor d = 0.9975. This i-process model success-
fully reproduces the overall pattern, most critically matching
the high NLTE Ba abundance and the abundances of La and
Ce, thereby naturally explaining the high [Ba/La] and [Ba/Ce]
ratios. A detailed comparison reveals that the model over-
predicts Zr (Z = 40), while for most elements from Ba to
Hf, the predictions agree with the observations within the re-
spective measurement uncertainties of De Smedt et al. [51]
(see the lower panel of Figure 2). The calculated value of
Nd (Z = 60) is between the two measured ones, and Sm, Gd,
and Dy are slightly underestimated. The Eu abundance of
the model agrees with the LTE measurement. In particular,
the heavier elements Lu (Z = 71) and Hf (Z = 72) are well-
matched. Most importantly, unlike standard s-process mod-
els, our i-process fit self-consistently explains the key abun-
dance anomalies, providing strong, independent theoretical
support for the i-process origin proposed by Tian et al. [50].

To validate the analysis, Figure 3 displays the neutron-
capture paths at t = 1.78 x 10° s (corresponding to 7 =
1.4 mb~!) for our best-fit model (N, = 5 x 10'3 cm™3).
It is evident that, unlike the s-process which operates close to
the valley of stability, the i-process path at this neutron den-
sity proceeds far from stability. Due to relatively low neutron
exposure (7 = 1.4 mb~1), the main reaction flow stagnates in
the IV = 82 neutron magic-number bottleneck, causing a pro-
nounced pile-up of isotopes, most notably the radioactive nu-
cleus 13° and the stable '**Xe. The subsequent 3~ -decay of
1351 feeds the production of '35Ba, thus significantly enhanc-
ing the total abundance of Ba, while blocking the neutron-
capture flow at IV = 82 strongly suppresses the synthesis of
heavier elements such as La (Z = 57) and Ce (Z = 58). This
dual effect — the selective enhancement of Ba coupled with
the inhibited production of La and Ce—directly explains the
observed high [Ba/La] and [Ba/Ce] ratios. The dominance of
the 1351 — 135Ba channel also predicts an extreme odd-to-
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Fig. 2. The top panel compares the observational data (see Figure 1
for details) with the best-fitting i-process model (solid black line) for
the parameters N,, =5 X 102 em™3, 7=1.4mb ™}, and d = 0.9975.
The bottom panel shows the corresponding residuals (observed —
model). The red and blue shaded regions represent the observational
uncertainties in the measurements of Tian et al. [50] and De Smedt
etal. [51], respectively.

even barium isotope ratio, with a pre-dilution fo4qp, = 0.96.
Even after dilution (fodasa = 0.51), this value remains vastly
higher than the expectation of s-process (< 0.11). Thus, Fig-
ure 3 provides the nuclear-physics foundation for the abun-
dance anomalies and establishes foq48a as a potent diagnostic
to discriminate i-process from s-process enrichment.
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Fig. 3. Neutron-capture paths in the nuclide chart for Sn to La el-
ements. The model parameters are N, = 5 X 103 crn_3, T =
1.4mb~!, and the shown time is ¢ = 1.78 x 10° s (corresponding to 7
= 1.4 mb™'). Isotope positions are determined by neutron (V') and
proton (Z) numbers. Stable isotopes are highlighted with bold black
borders. Magic proton number Z = 50 and magic neutron number
N = 82 are marked with red boxes. Color represents the logarithm

of the mass fraction log(X') for each isotope.

Figure 4 presents the results of i-process nucleosynthesis
for a neutron density of N,, = 5 x 10'3 cm™3 and a dilu-
tion factor of d = 0.9975. The upper panel shows the evolu-
tion of the abundances ([X/Fe]) of elements near the second
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s-process peak, from Xe to Nd, as a function of neutron expo-
sure 7 (ranging from 0.5 to 5.0 mbarn—!). The abundances of
these elements generally increase initially and then decrease
with increasing 7, reflecting the progression of the neutron-
capture path from lower mass numbers to the region of the
second s-process peak and beyond. A clear synchronization
can be seen in the evolution of the abundance of La, Ce, Pr,
and Nd. In contrast, Ba reaches its maximum abundance ear-
lier than these subsequent elements and exhibits lower abun-
dances at higher 7 values. This asynchronicity in the produc-
tion of Ba relative to La, Ce, Pr, and Nd creates the potential
for a high [Ba/La] ratio at low neutron exposures, as seen in
the abundance pattern of IRAS 14325-6428. The lower panel
shows that the [Ba/La] ratio indeed features a pronounced
peak at low 7. The underlying cause for this, as mentioned
earlier, is the role of 13°T as the main bottleneck isotope in the
i-process, a phenomenon not present in the s-process where
138Ba serves as the bottleneck isotope.
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Fig. 4. Upper panel: Abundances [X/Fe] of elements from Xe to
Nd as a function of neutron exposure 7 for a model with a fixed
neutron density of N,, =5 X 10"3 ¢cm~2 and a dilution factor of d
= 0.9975. Lower panel: Corresponding abundance ratios between
adjacent elements, i.e., [Ba/La], [La/Ce], [Ce/Pr], and [Pr/Nd].

Figure 5 illustrates the effects of the i-process near the N =
82 shell closure, specifically its impact on the isotopic com-
position of Ba. The panels show, for a model with N,, =5
x 10 cm™3 and d = 0.9975, the evolution with neutron ex-
posure 7 of: the isotopic fractions f of 134~13%Ba® (panels
a, b), the odd-isotope fraction fouqpa = f(**°Ba)+f(13"Ba)
(panel c), and the total Ba abundance (panel d). The total
abundance of Ba peaks at 7 =~ 2mbarn~!. In the low T case,
the high Ba abundance is dominated by '5Ba, produced from

6 f(134-138By) = N(134-138Ba) /N (Ba).
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the 3~ -decay of the bottleneck isotope '3°I, which also forces
foddBa to be dominated by 13°Ba, both for the pre- and post-
dilution. This early dominance of 13°Ba over the magic 1**Ba
is a distinct signature of the i-process, in stark contrast to the
s-process where 138Ba is produced promptly near stability. At
higher 7 (> 2.5 mbarn—!), the path of neutron-capture moves
beyond Ba, allowing '3®Ba and '3"Ba (the latter from decay
of 137Cs, t1,5 = 30yr) to become significant. Comparison
between pre- and post-dilution panels (a and b) reveals that
mixing with the scaled-solar composition (where *®*Ba ex-
ceeds 135Ba by an order of magnitude) is not a simple scaling
but selectively alters the final isotopic ratios, making the di-
lution factor d a critical parameter in shaping the observable
diagnostic foqdBa-

As shown in Figure 5 (c), for our best i-process fitting
model parameters (N, = 5 x 103 cm™3, d = 0.9975),

1 the predicted post-dilution fo4apa varies significantly with

neutron exposure 7, reaching a maximum of 0.62 at 7 =
1.8 mbarn—!. For reference, Arlandini et al. [76] reported
fodaBa values of 0.11 for the pure s-process, 0.18 for the solar
system, and 0.46 for the pure r-process component of the so-
lar system. Similarly, Prantzos et al. [78] gave foddasa =~ 0.1
for the s-process and ~ 0.75 for the r-process, while Choplin
et al. [77] found a range of 0.6715°95 for their i-process mod-
els. As previously established, our model achieves the best
fit to the abundances of heavy-elements at 7 ~ 1.4 mbarn—1,
resulting in a post-dilution fyqqp, = 0.51. The observational
result of Tian et al. [50]is fogaa = 0.25 £ 0.08. While the ab-
solute values are not identical, both are unequivocally above
the s-process baseline (fodapa S 0.11), thereby robustly ex-
cluding a classical s-process origin. The observed value lies
between the pure s- and r-process components for the solar
system calculated by Arlandini et al.[76], a pattern indica-
tive of contamination by an i-process. Our theoretical value,
while higher than the pure r-process value from Arlandini
et al.[76], falls comfortably within the range reported for i-
process models by Choplin et al.[77] and remains below the
r-process value given by Prantzos et al.[78]. Therefore, our
theoretical foqq8, result also provides strong support for an
i-process origin.

Hampel et al. [38], whose calculations similarly employ
a one-zone model, found characteristic neutron densities of
N, = 10'3 to 10'* cm~2 and exposures 7 > 1.8 mbarn—!
for CEMP-s/r stars, whereas their Pb-poor post-AGB stars re-
quired N,, = 10*! to 102cm™3 and 1.0 < 7 < 1.3 mbarn L.
The best-fitting neutron density for the post-AGB star IRAS
14325—6428 in this work, N,, = 5 x 1083 cm™3, is com-
parable to their CEMP-s/r range. This is expected: adopting
the lower neutron density (N,, = 10! to 10'2cm~3) char-
acteristic of Pb-poor post-AGB stars in Hampel et al. [38]
would place the neutron-capture path much closer to the sta-
bility valley, and consequently, no choice of 7 could yield the
characteristically high [Ba/La] and [Ba/Ce] ratios observed in
IRAS 14325—6428. Indeed, the post-AGB selected in Ham-
pel et al. [38] do not exhibit such high ratios. In contrast,
the best-fitting neutron exposure for IRAS 14325—6428 (7 =
1.4 mbarn—1) is significantly lower than the CEMP-s/r range,
but lies near the upper edge of the post-AGB range.
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The heavy-element enrichment in a post-AGB star can be
attributed to nucleosynthesis that occurred during its prior
stellar evolution. The i-process in AGB stars is typically
triggered by PIEs, where protons entrained into He- and C-
rich convective layers produce high neutron densities via the
12C(p, v)13N(B1v)13C(ar, n) 100 chain. The low 7 for IRAS
14325—6428 may therefore indicate a weaker or shorter-
lived PIE. Stellar models support this picture. For example,
Choplin et al. [41], using a large nuclear network coupled to
chemical transport equations and setting convective boundary
overshooting above the convective pulse, showed that this al-
lows PIEs to occur at metallicities up to [Fe/H] ~ —0.5. The
metallicity of IRAS 14325—6428 ([Fe/H] = —0.75 %+ 0.05)
falls within this extended range and is notably higher than
that of the Pb-poor post-AGB stars in Hampel et al. [38].
It is worth noting that our best-fit IV,, is comparable to the
peak neutron density (V;, max) in their [Fe/H] = —0.5 models,
which is the smallest in their metallicity sequence — illus-
trating the trend of decreasing neutron density with increas-
ing metallicity. A similar trend is seen in models of rapidly
accreting white dwarfs [79-81]. Furthermore, the existence
of i-process-like nucleosynthesis at near-solar metallicity is
evidenced by Sakurai’s Object, where a PIE during a very
late thermal pulse has been invoked to explain its anoma-
lous abundances [46, 47]. Together, these studies contextu-
alize our derived parameters and strengthen the case for an
i-process origin in IRAS 14325—-6428.

To independently assess the heavy-element pattern of
IRAS 14325-6428 and to provide additional evidence for its
possible i-process origin, we employed the multi-element di-
agnostic scheme developed by Karinkuzhi et al. [31]. This
method quantifies a star’s deviation from a pure 7-process pat-
tern by calculating two key distance metrics—the signed dis-
tance, dg, and the root-mean-square distance, d,.,,,s (see their
Egs. (3) & (4))—based on a suite of heavy-element abun-
dances. The use of multiple elemental abundances makes this
a more robust diagnostic than traditional two-element abun-
dance ratios such as [Ba/Eu] or [La/Eu]. According to the
calibration in that work, a star is classified as enriched in the
s-process elements if dg > 0.6, and as enriched in both r-
and s-process elements if dg < 0.6. The d,.,,,s metric pro-
vides a consistent, complementary separation, with the for-
mer group typically occupying d,m,s = 0.7 and the latter in
a range of 0.5 < d,ms < 0.8. Applying this scheme to the
measured abundances of IRAS 14325-6428, we compiled a
set of heavy-element abundances ([X/Fe]) covering the range
from Z =31 (Ga) to Z = 82 (Pb), as available. For elements
with overlapping measurements in the two main studies, we
adopted the average value. For the critical elements Ba and
Eu, we specifically employed the NLTE abundances recom-
mended by Tian et al. [50] ([Eu/Fe] = 1.25, [Ba/Fe] = 2.08).
Based on this combined abundance set, the calculated dis-
tances are dg = 0.50 and d,.,,s = 0.67. These values place
IRAS 14325-6428 unequivocally within the diagnostic range
for stars enriched in both r- and s-process elements (dg <
0.6, 0.5 < drms < 0.8). This result provides an additional,
independent line of evidence supporting the i-process origin
for the heavy elements in this star.
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Fig. 5. Evolution of Ba isotopic fractions and total abundance as a function of neutron exposure 7 for an i-process model with a fixed neutron
density of N,, =5 X 103 cm ™ and a dilution factor of d = 0.9975. (a) Isotopic fractions F(A347138Bg) = N(134-138B,)/ N (Ba) pre-dilution.
(b) Same as panel (a), but post-dilution with scaled-solar material. (c) The odd-isotope fraction foqapa = (N (135Ba) + N (137Ba))/N (Ba),
shown for both pre- and post-dilution cases. (d) The total molar fraction of Ba, Y (Ba), pre- and post-dilution.

V. SUMMARY

In summary, this work presents a detailed investigation
on the origin of heavy elements in the post-AGB star IRAS
14325-6428. Motivated by its observed chemical peculiari-
ties—specifically, a high [Ba/La] ratio and an anomalous bar-
ium odd-isotope ratio (fogqBa = 0.25 + 0.08)—we tested the
hypothesis that its enrichment originates from the i-process.

We established a self-consistent computational framework
linking stellar evolution to nucleosynthesis. Using the MESA
code, we simulated a star with parameters comparable to
IRAS 14325-6428 (1.5 My, Z = 0.003) and extracted the
intershell composition after the second thermal pulse to serve
as the initial abundances for the i-process network calcula-
tion. The nucleosynthesis was computed using a one-zone
model with the NucNet Tools package, adopting a con-
stant neutron density.

Our best-fit i-process model, with parameters N,, = 5 X
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103 ecm=3, 7 = 1.4mb~1, and a dilution factor d = 0.9975,
successfully reproduces the key features of the star’s heavy-
element abundance pattern. The model accurately matches
the high NLTE abundance of Ba and the abundances of La and
Ce, resulting in the observed high [Ba/La] and [Ba/Ce] ratios.
The physical cause is traced to the i-process path stalling at
the N = 82 neutron magic number, leading to a pile-up of
135] that decays to °Ba, thus improving Ba production while
suppressing the synthesis of heavier elements such as La and
Ce. This mechanism also naturally predicts a high Ba odd-
isotope ratio (foqasa ~ 0.51 post-dilution), consistent with
the trend indicated by observations.

Furthermore, applying an independent, multi-element di-
agnostic scheme to the star’s abundances classifies it unequiv-
ocally as enriched in both r- and s-process elements, provid-
ing additional evidence supporting an i-process origin.

Therefore, this study provides robust, quantitative sup-
port through detailed modeling that the heavy elements in
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sos IRAS 14325-6428 were indeed synthesized by an i-process.
so7 The derived physical conditions (/V,,T) are consistent with
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a scenario involving a relatively short-lived proton-ingestion

so0 episode in its AGB progenitor, offering important constraints
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si0 on this nucleosynthesis pathway at moderate metallicity.
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