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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 (fodd,Ba = 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 M⊙, 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 Nn = 5 × 1013 cm−3 and neutron exposure τ
= 1.4 mbarn−1, 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 fodd,Ba ≈ 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 135I, which subsequently β−-decays to 135Ba. 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. INTRODUCTION1

The origin of elements heavier than iron in the universe2

is primarily governed by neutron capture nucleosynthesis3

processes[1]. Traditionally, slow (s-) and rapid (r-) neu-4

tron capture processes have been considered the two domi-5

nant mechanisms responsible for the production of heavy el-6

ements. These processes are distinguished by their character-7

istic neutron densities, which determine the competition be-8

tween neutron capture and β-decay [2], thus setting the nucle-9

osynthesis path on the nuclide chart and shaping the resulting10

abundance distributions. The r-process occurs at extremely11

high neutron densities (Nn > 1020 cm−3)[3] and is associated12

with explosive astrophysical environments, such as neutron-13

star mergers [4–9] and magnetohydrodynamically driven su-14

pernovae or collapsars [10–16]. It is responsible for the syn-15

thesis of elements such as Eu, Os, Au, and Pt. In contrast, the16

s-process operates at much lower neutron densities (Nn <17
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1011 cm−3), mainly in asymptotic giant branch (AGB) stars18

[17–23] and during core He burning in massive stars [24–27],19

producing elements such as Sr, Y, Zr, Ba, La, Ce, and Pb.20

The concept of an intermediate neutron-capture process21

(hereafter i-process), operating at neutron densities (Nn ≈22

1012–1020 cm−3) between those of the classical slow (s-) and23

rapid (r-) processes, was originally introduced by Cowan &24

Rose[28]. Recent renewed and significant interest in this25

process stems from the growing number of observed stars26

whose abundance patterns cannot be satisfactorily reproduced27

by canonical s- or r-process nucleosynthesis, nor by a sim-28

ple combination of these two processes. Instead, the chem-29

ical signatures of these so-called r/s stars are successfully30

matched by i-process models [29–32].31

A prime example is the carbon-enhanced metal-poor stars32

that exhibit simultaneous enhancements in both s- and r-33

process elements (CEMP-s/r). These stars show significant34

over-abundances of the canonical s-process indicator Ba and35

the r-process indicator Eu (e.g. [Ba/Fe] > 1, [Eu/Fe] > 1,36

and [Ba/Eu] > 0; [33]). If their carbon- and s-process en-37

hancements are attributed to mass transfer from a binary AGB38

companion, the origin of the concurrent Eu excess remains39

unexplained. Hypotheses involving separate pollution events40

from different s- and r-process sites have been found unsuc-41

cessful [34–37]. In contrast, i-process simulations have been42

shown to naturally reproduce the full heavy-element abun-43

dance patterns of CEMP-s/r stars [33, 38–41]. Another im-44

portant example comes from post-AGB stars, which bear the45
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chemical imprint of their preceding AGB evolution, provide46

another line of evidence. Observations of post-AGB stars in47

the Small and Large Magellanic Clouds (SMC and LMC) re-48

veal heavy-element enhancements. However, standard AGB49

stellar models corresponding to their inferred masses and50

metallicities tend to overpredict the abundance of Pb com-51

pared to observational upper limits [43, 44]. Lugaro et52

al.[45] suggested that these abundance patterns might be bet-53

ter explained by i-process nucleosynthesis, a notion quantita-54

tively supported by the one-zone i-process models of Ham-55

pel et al.[38], which successfully match the observed heavy-56

element enhancements without overproducing Pb. Further57

support comes from the unique case of Sakurai’s Object, a58

post-AGB star exhibiting extreme overabundances of first s-59

process peak elements like Rb, Sr, and Y. This peculiar sig-60

nature is interpreted as the result of i-process nucleosynthesis61

activated during a very late thermal pulse (VLTP; [46, 47]).62

The intermediate neutron densities required for the i-63

process are primarily generated by the reaction 13C(α, n)16O64

as in the s-process, but under specific conditions that trig-65

ger a neutron burst. This burst is typically triggered by a66

proton-ingestion episode (PIE), where protons are entrained67

into He-burning driven convective layers rich in He and C.68

Within this high-temperature environment (T > 108 K), the69

reaction chain 12C(p, γ)13N(β+ν)13C(α, n)16O is activated,70

rapidly generating neutron densities of the order of Nn ≈71

1012–1020 cm−3 [39, 46, 48, 49]. A diversity of astrophysi-72

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

process, have been proposed. The range of astrophysical sites74

capable of PIEs has been systematically listed by Choplin et75

al. [39]. Their series of works has quantitatively explored76

PIEs in low-metallicity, low-mass AGB models, and investi-77

gated the effects of the extra mixing scheme (overshoot, [41])78

and rotation [42]. Notably, including overshoot mixing at the79

top of the convective thermal pulse significantly expands the80

range of stellar masses and metallicities for which PIEs can81

occur. Under certain overshoot parameters, PIE may even be82

possible at nearly solar metallicity [41]. It is important to83

note, however, that these multi-zone stellar models can show84

discrepancies in reproducing the observed abundances of the85

first s-process peak elements (e.g., Y, Zr) in post-AGB stars86

[41]. In contrast, the one-zone i-process framework employed87

by Hampel et al. [33, 38] adopts a constant temperature, den-88

sity, and neutron density. Although this approach does not89

simulate the dynamic stellar structure of a PIE event, it pro-90

vides a powerful tool to isolate and study the details of heavy-91

element nucleosynthesis pathways under controlled i-process92

conditions.93

In the classical s-process, the characteristic abundance94

peaks are formed at isotopes with magic neutron numbers.95

Specifically, the second peak is dominated by the stable bot-96

tleneck isotopes 138Ba, 139La, and 140Ce, which all have97

the magic neutron number N = 82. In contrast, the much98

higher neutron densities of the i-process shift the nucleosyn-99

thesis path away from stability. This moves the N = 82100

bottleneck to lighter isotopes, mainly the neutron-rich, un-101

stable 135I. Its subsequent β− decay significantly enhances102

135Ba production, while the bottleneck strongly suppresses103

the synthesis of heavier elements like La and Ce. This104

mechanism naturally yields the distinct signature of elevated105

[Ba/La] and [Ba/Ce] ratios, which cannot be reproduced by106

standard s-process models and acts as a direct observational107

tracer of i-process nucleosynthesis,and has been proposed as108

a possible origin of the Ba excess observed in open clus-109

ters [29]. To move from this diagnostic potential to precise110

physical understanding, quantitative constraints from individ-111

ual, well-characterized stars are essential. The post-AGB112

star IRAS 14325−6428 is a prime target for such a study.113

It exhibits both a high [Ba/La] ratio and an anomalous Ba114

odd-isotope ratio (fodd,Ba
5) [50],providing two independent115

and strong constraints that make it an ideal laboratory for116

quantitative studies of the i-process. This work aims to es-117

tablish a self-consistent computational framework—linking118

stellar evolution to nucleosynthesis—to quantitatively fit the119

heavy-element abundances of IRAS 14325−6428, determine120

its optimal i-process parameters, and elucidate the origin of121

its anomalous abundance features from the perspective of122

neutron-capture paths. Thereby, we seek to provide a robust123

i-process interpretation for the heavy-element enrichment his-124

tory of this star.125

This paper is organized as follows. In Section II, we126

present the observed heavy-element abundance anomalies127

in IRAS 14325−6428 and compare them with standard s-128

process models. Section III details our self-consistent compu-129

tational method, which combines stellar evolution modeling130

with MESA and one-zone i-process nucleosynthesis calcula-131

tions. Our main results, including the best-fitting i-process132

parameters, the analysis of neutron-capture paths, and the di-133

agnostic implications of the Ba odd-isotope ratio, are pre-134

sented and discussed in Section IV. Finally, we summarize135

our findings and conclusions in Section V.136

II. HEAVY ELEMENT ABUNDANCE ANOMALIES IN137

IRAS 14325−6428138

IRAS 14325−6428 is a post-AGB star, and the abundances139

of some elements have been measured by De Smedt et al.140

[51] and Tian et al. [50]. The latter study gave a metallicity141

of [Fe/H]= −0.75± 0.05, corresponding to Z = 0.0025. The142

abundances of elements heavier than Fe are listed in Table 1143

and plotted in Figure 1. The local thermodynamic equilib-144

rium (LTE) results from the two measurements are relatively145

close. However, the Nd abundance measured by Tian et al.146

[50] is 0.61 dex lower than that of De Smedt et al. [51]. This147

difference is attributed to the adoption of different log gf val-148

ues and the differences in equivalent widths caused by the149

placement of the continuum. For the key neutron-capture150

elements Ba and Eu, the non-local thermodynamic equilib-151

rium (NLTE) corrections increase the abundances by 0.62 and152

0.43 dex, respectively, compared to their LTE values. In par-153

ticular, the abundance of Eu is sensitive to the adopted atomic154

5 fodd,Ba = [N(135Ba) +N(137Ba)]/N(Ba).
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data: if the gf value for the Eu II line at 4129 Å is taken from155

the NIST database instead of DeSmedt et al. [51], the result-156

ing NLTE [Eu/Fe] drops to approximately 0.3 dex.157

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

Z Species [X/Fe]a σ [X/Fe]b σ
(dex) (dex)

26 Fe I 0.00 0.05 0.00 0.04
26 Fe II 0.00 0.07 0.00 0.04
28 Ni I 0.12 0.06 0.12 0.08
28 Ni II 0.11 0.03 0.08 0.10
30 Zn I 0.13 0.14 ... ...
38 Sr I <1.80 ... ... ...
39 Y II 1.41 0.05 1.34 0.26
40 Zr II 1.15 0.12 1.16 0.16
56 Ba II(LTE) 1.46 0.06 1.48 0.42
56 Ba II(NLTE) 2.08 0.02 ... ...
57 La II 1.18 0.10 1.31 0.35
58 Ce II 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 Eu II(NLTE) 1.25 0.13 ... ...
64 Gd II ... ... 1.25 0.34
66 Dy II ... ... 0.94 0.39
71 Lu II ... ... 1.31 0.28
72 Hf II ... ... 1.24 0.25
82 Pb II ... ... < 2.60 ...

a Tian et al.[50]. b De Smedt et al.[51].

We compare the observed heavy-element pattern with158

predictions from AGB stellar evolutionary models in the159

FRUITY (FUll-Network Repository of Updated Isotopic Ta-160

bles & Yields) database [21, 52–59]. For IRAS 14325−6428,161

with an estimated initial mass of 1.5 – 2M⊙ [60] and metal-162

licity Z ≈ 0.0025, we select FRUITY models of 1.5M⊙ and163

2.0M⊙ with Z = 0.003. Their surface abundances after the164

last third dredge-up (TDU) are shown in Figure 1. The la-165

bels ’ST’ and ’EXT’ denote a standard and an extended 13C166

pocket, respectively [53].167

The M1.5Z3m3-ST model underestimates the first s-168

process peak (Sr, Y, Zr) and significantly underproduces169

Ba compared to the NLTE measurement. The M2Z3m3-170

ST model matches better the elements in the first-peak171

and approaches the observed NLTE abundance of Ba, how-172

ever, it over-predicts La, Ce, Nd, and especially Hf (by173

> 0.5 dex). Models with an extended 13C pocket (‘EXT’)174

produce higher overall heavy-element abundances. Conse-175

quently, the M2Z3m3-EXT model, which shows the high-176

est yields and the closest match to the NLTE Ba value, fur-177

ther exacerbates the overproduction of elements from La to178

Hf seen in the M2Z3m3-ST model. It should be noted that179

the s-process occurring in the 13C pocket of low-mass AGB180

star models typically enhances the second s-process peak el-181

ements (Ba, La, Ce) simultaneously, with Ce being the most182

enhanced. In contrast, IRAS 14325−6428 exhibits the NLTE183

Ba abundance that is significantly higher than those of La and184

Ce, a pattern that standard s-process models fail to reproduce.185

30 40 50 60 70 80
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3  Tian et al.(2025)
 Tian et al.(2025)(NLTE)
 Tian et al.(2025)(NLTE,gf from NIST)
 De Smedt et al.(2016)
 M1.5Z3m3(FRUITY,ST)
 M2Z3m3(FRUITY,ST)
 M1.5Z3m3(FRUITY,EXT)
 M2Z3m3(FRUITY,EXT)

[
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/
F
e
]

Z

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 gf value of the Eu II line at 4129 Å 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 Å 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=3×10−3 (i.e., 0.003).

Post-AGB stars are considered potential astrophysical sites186

where the i-process occurs. The recent measurement of the187

odd barium isotope ratio in IRAS 14325−6428, fodd,Ba = 0.25188

± 0.08 [50], provides a direct isotopic hint that its heavy189

elements may originate from an i-process rather than the190

classical s-process. Motivated by these abundance anoma-191

lies—the high [Ba/La] and [Ba/Ce] ratios and the anomalous192

fodd,Ba—we proceed to test the i-process hypothesis by fit-193

ting its heavy-element abundance pattern with dedicated nu-194

cleosynthesis models.195

III. ONE-ZONE i-PROCESS MODEL196

We calculate the nucleosynthesis of i-process using a197

one-zone model under the assumption of a constant neu-198

tron density, following the methodology of Hampel et al.199

[33, 38]. The reaction network is solved with the NucNet200

Tools software package [61]. Our custom network file201

(my_net.xml) includes 7,852 isotopes linked by 51,395202

reactions. Nuclear physics data (reaction rates, masses and203

decay properties) are from the JINA Reaclib database (June204

2021 release) [62], converted to the required XML format us-205

ing the jina_to_webnucleo utility.206

For the thermodynamic conditions, we adopt the canonical207
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values used in previous i-process studies: T = 1.5 × 108 K208

and ρ = 1600 g cm−3 [33, 38]. The abundance pattern of i-209

process elements is primarily governed by the neutron den-210

sity Nn and the neutron exposure τ , with neutron-capture211

cross sections being less temperature-sensitive than charged-212

particle reactions. The neutron exposure τ quantifies the inte-213

grated neutron irradiation experienced by the seed nuclei. It is214

defined as the time-integrated product of the neutron density215

Nn and the mean thermal neutron velocity vT :216

τ =

∫
Nn vT dt =

∫
Nn

√
2kBT/mn dt, (1)217

where kB is the Boltzmann constant and mn is the neutron218

mass.219

The initial isotopic composition for the network calcula-220

tion is a critical input. Unlike previous studies of one-zone221

i-processes that adopted pre-computed intershell abundances222

[63, 64], we generate this composition self-consistently. We223

use the stellar evolution code MESA (Modules for Exper-224

iments in Stellar Astrophysics) [65–70] for this purpose.225

MESA is a robust open-source code whose modular design,226

extensive physics options, and regular updates make it a ver-227

satile tool for a wide range of stellar astrophysics problems.228

We simulate a stellar model appropriate for the progenitor229

of IRAS 14325−6428, with an initial mass of 1.5M⊙ and230

metallicity Z = 0.003. The simulation uses the MESA re-231

lease r24.08.1. The input physics primarily follows the setup232

of Huscher et al. [71], which employs scaled mixing-length233

and mass-loss parameters and includes a custom routine [72]234

to improve numerical convergence during thermal pulses.235

The convective boundary mixing is treated with the diffu-236

sive overshoot scheme of Herwig [73] at the bottom of the237

convective envelope and at the boundary of the He-burning238

shell. The initial composition uses the photospheric solar239

abundance scale of [74], supplemented where necessary with240

the abundances of [75] (set by initial_zfracs = 9 in241

MESA). The in-built reaction network in MESA, which we242

use for the stellar structure and evolution calculations, is tai-243

lored for s-process studies. It contains 551 isotopes from H244

to Po, encompassing all stable isotopes and extends to ra-245

dioactive species with up to approximately two neutrons be-246

yond the most neutron-rich stable isotope for a given ele-247

ment. This coverage provides a sufficiently broad baseline248

near stability for reliably computing the intershell composi-249

tion, which subsequently serves as the seed for our dedicated250

i-process network calculation. The model evolves from a pre-251

main sequence of uniform composition. The evolution is di-252

vided into five key phases, with control parameters adjusted253

as needed: (1) main sequence, (2) red giant branch, (3) hor-254

izontal branch, (4) early AGB before thermal pulses begin,255

and (5) the thermally pulsing AGB (TP-AGB) phase. We ex-256

tract the uniformly mixed intershell material after the second257

thermal pulse to serve as the starting composition for the i-258

process network calculation.259

To compare the model output with the observed surface260

heavy-element abundances of the star, the synthesized i-261

processed material is mixed with material of scaled-solar262

composition—a dilution controlled by a factor d (equation263

(2) of Hampel et al. [38]) that simulates astrophysical pro-264

cesses such as dredge-up or mass transfer in a binary system.265

The heavy-element abundance pattern obtained from our cal-266

culations is primarily influenced by the neutron density Nn267

and the neutron exposure τ , while d affects only the overall268

scaling, not the pattern’s shape.269

IV. RESULT AND DISCUSSIONS270

The most prominent feature in the heavy-element pattern271

of IRAS 14325-6428 is the exceptionally high NLTE abun-272

dance of Ba relative to the subsequent elements La and Ce,273

resulting in large [Ba/La] and [Ba/Ce] ratios. To reproduce274

this signature, nucleosynthesis must be arrested at the N=82275

neutron magic number. This requires a model with a rela-276

tively small neutron exposure τ , such that the neutron-capture277

path reaches this bottleneck but does not leak significantly be-278

yond it to produce substantial amounts of La and Ce. There-279

fore, by adjusting the neutron density Nn and exposure τ ,280

we find the best fit to the observed abundances (Figure 2) is281

achieved with Nn = 5 × 1013 cm−3, τ = 1.4 mb−1, and282

a dilution factor d = 0.9975. This i-process model success-283

fully reproduces the overall pattern, most critically matching284

the high NLTE Ba abundance and the abundances of La and285

Ce, thereby naturally explaining the high [Ba/La] and [Ba/Ce]286

ratios. A detailed comparison reveals that the model over-287

predicts Zr (Z = 40), while for most elements from Ba to288

Hf, the predictions agree with the observations within the re-289

spective measurement uncertainties of De Smedt et al. [51]290

(see the lower panel of Figure 2). The calculated value of291

Nd (Z = 60) is between the two measured ones, and Sm, Gd,292

and Dy are slightly underestimated. The Eu abundance of293

the model agrees with the LTE measurement. In particular,294

the heavier elements Lu (Z = 71) and Hf (Z = 72) are well-295

matched. Most importantly, unlike standard s-process mod-296

els, our i-process fit self-consistently explains the key abun-297

dance anomalies, providing strong, independent theoretical298

support for the i-process origin proposed by Tian et al. [50].299

To validate the analysis, Figure 3 displays the neutron-300

capture paths at t = 1.78 × 105 s (corresponding to τ =301

1.4 mb−1) for our best-fit model (Nn = 5 × 1013 cm−3).302

It is evident that, unlike the s-process which operates close to303

the valley of stability, the i-process path at this neutron den-304

sity proceeds far from stability. Due to relatively low neutron305

exposure (τ = 1.4 mb−1), the main reaction flow stagnates in306

the N = 82 neutron magic-number bottleneck, causing a pro-307

nounced pile-up of isotopes, most notably the radioactive nu-308

cleus 135I and the stable 136Xe. The subsequent β−-decay of309

135I feeds the production of 135Ba, thus significantly enhanc-310

ing the total abundance of Ba, while blocking the neutron-311

capture flow at N = 82 strongly suppresses the synthesis of312

heavier elements such as La (Z = 57) and Ce (Z = 58). This313

dual effect — the selective enhancement of Ba coupled with314

the inhibited production of La and Ce—directly explains the315

observed high [Ba/La] and [Ba/Ce] ratios. The dominance of316

the 135I → 135Ba channel also predicts an extreme odd-to-317
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 Tian et al.(2025)
 Tian et al.(2025)(NLTE)
 Tian et al.(2025)(NLTE,gf from NIST)
 De Smedt et al.(2016)

 Nn=5× 1013cm-3,t=1.4mb-1,d=0.9975
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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 Nn = 5 × 1013 cm−3, τ = 1.4 mb−1, 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
et al. [51] , respectively.

even barium isotope ratio, with a pre-dilution fodd,Ba = 0.96.318

Even after dilution (fodd,Ba = 0.51), this value remains vastly319

higher than the expectation of s-process (≲ 0.11). Thus, Fig-320

ure 3 provides the nuclear-physics foundation for the abun-321

dance anomalies and establishes fodd,Ba as a potent diagnostic322

to discriminate i-process from s-process enrichment.323
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Fig. 3. Neutron-capture paths in the nuclide chart for Sn to La el-
ements. The model parameters are Nn = 5 × 1013 cm−3, τ =
1.4 mb−1, and the shown time is t = 1.78×105 s (corresponding to τ
= 1.4 mb−1). Isotope positions are determined by neutron (N ) 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 nucleosynthesis324

for a neutron density of Nn = 5 × 1013 cm−3 and a dilu-325

tion factor of d = 0.9975. The upper panel shows the evolu-326

tion of the abundances ([X/Fe]) of elements near the second327

s-process peak, from Xe to Nd, as a function of neutron expo-328

sure τ (ranging from 0.5 to 5.0 mbarn−1). The abundances of329

these elements generally increase initially and then decrease330

with increasing τ , reflecting the progression of the neutron-331

capture path from lower mass numbers to the region of the332

second s-process peak and beyond. A clear synchronization333

can be seen in the evolution of the abundance of La, Ce, Pr,334

and Nd. In contrast, Ba reaches its maximum abundance ear-335

lier than these subsequent elements and exhibits lower abun-336

dances at higher τ values. This asynchronicity in the produc-337

tion of Ba relative to La, Ce, Pr, and Nd creates the potential338

for a high [Ba/La] ratio at low neutron exposures, as seen in339

the abundance pattern of IRAS 14325-6428. The lower panel340

shows that the [Ba/La] ratio indeed features a pronounced341

peak at low τ . The underlying cause for this, as mentioned342

earlier, is the role of 135I as the main bottleneck isotope in the343

i-process, a phenomenon not present in the s-process where344

138Ba serves as the bottleneck isotope.345
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 Nd
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 [Ba/La]
 [La/Ce]
 [Ce/Pr]
 [Pr/Nd]

[X
/Y
]

t/mbarn-1

Fig. 4. Upper panel: Abundances [X/Fe] of elements from Xe to
Nd as a function of neutron exposure τ for a model with a fixed
neutron density of Nn = 5 × 1013 cm−3 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 =346

82 shell closure, specifically its impact on the isotopic com-347

position of Ba. The panels show, for a model with Nn = 5348

× 1013 cm−3 and d = 0.9975, the evolution with neutron ex-349

posure τ of: the isotopic fractions f of 134−138Ba6 (panels350

a, b), the odd-isotope fraction fodd,Ba = f (135Ba)+f (137Ba)351

(panel c), and the total Ba abundance (panel d). The total352

abundance of Ba peaks at τ ≈ 2 mbarn−1. In the low τ case,353

the high Ba abundance is dominated by 135Ba, produced from354

6 f(134−138Ba) = N(134−138Ba)/N(Ba).
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the β−-decay of the bottleneck isotope 135I, which also forces355

fodd,Ba to be dominated by 135Ba, both for the pre- and post-356

dilution. This early dominance of 135Ba over the magic 138Ba357

is a distinct signature of the i-process, in stark contrast to the358

s-process where 138Ba is produced promptly near stability. At359

higher τ (≳ 2.5 mbarn−1), the path of neutron-capture moves360

beyond Ba, allowing 138Ba and 137Ba (the latter from decay361

of 137Cs, t1/2 = 30 yr) to become significant. Comparison362

between pre- and post-dilution panels (a and b) reveals that363

mixing with the scaled-solar composition (where 138Ba ex-364

ceeds 135Ba by an order of magnitude) is not a simple scaling365

but selectively alters the final isotopic ratios, making the di-366

lution factor d a critical parameter in shaping the observable367

diagnostic fodd,Ba.368

As shown in Figure 5 (c), for our best i-process fitting369

model parameters (Nn = 5 × 1013 cm−3, d = 0.9975),370

the predicted post-dilution fodd,Ba varies significantly with371

neutron exposure τ , reaching a maximum of 0.62 at τ =372

1.8 mbarn−1. For reference, Arlandini et al. [76] reported373

fodd,Ba values of 0.11 for the pure s-process, 0.18 for the solar374

system, and 0.46 for the pure r-process component of the so-375

lar system. Similarly, Prantzos et al. [78] gave fodd,Ba ≈ 0.1376

for the s-process and ≈ 0.75 for the r-process, while Choplin377

et al. [77] found a range of 0.67+0.09
−0.40 for their i-process mod-378

els. As previously established, our model achieves the best379

fit to the abundances of heavy-elements at τ ∼ 1.4 mbarn−1,380

resulting in a post-dilution fodd,Ba = 0.51. The observational381

result of Tian et al. [50] is fodd,Ba = 0.25 ± 0.08. While the ab-382

solute values are not identical, both are unequivocally above383

the s-process baseline (fodd,Ba ≲ 0.11), thereby robustly ex-384

cluding a classical s-process origin. The observed value lies385

between the pure s- and r-process components for the solar386

system calculated by Arlandini et al.[76], a pattern indica-387

tive of contamination by an i-process. Our theoretical value,388

while higher than the pure r-process value from Arlandini389

et al.[76], falls comfortably within the range reported for i-390

process models by Choplin et al.[77] and remains below the391

r-process value given by Prantzos et al.[78]. Therefore, our392

theoretical fodd,Ba result also provides strong support for an393

i-process origin.394

Hampel et al. [38], whose calculations similarly employ395

a one-zone model, found characteristic neutron densities of396

Nn = 1013 to 1014 cm−3 and exposures τ ≳ 1.8 mbarn−1
397

for CEMP-s/r stars, whereas their Pb-poor post-AGB stars re-398

quired Nn = 1011 to 1012 cm−3 and 1.0 ≲ τ ≲ 1.3 mbarn−1.399

The best-fitting neutron density for the post-AGB star IRAS400

14325−6428 in this work, Nn = 5 × 1013 cm−3, is com-401

parable to their CEMP-s/r range. This is expected: adopting402

the lower neutron density (Nn = 1011 to 1012 cm−3) char-403

acteristic of Pb-poor post-AGB stars in Hampel et al. [38]404

would place the neutron-capture path much closer to the sta-405

bility valley, and consequently, no choice of τ could yield the406

characteristically high [Ba/La] and [Ba/Ce] ratios observed in407

IRAS 14325−6428. Indeed, the post-AGB selected in Ham-408

pel et al. [38] do not exhibit such high ratios. In contrast,409

the best-fitting neutron exposure for IRAS 14325−6428 (τ =410

1.4 mbarn−1) is significantly lower than the CEMP-s/r range,411

but lies near the upper edge of the post-AGB range.412

The heavy-element enrichment in a post-AGB star can be413

attributed to nucleosynthesis that occurred during its prior414

stellar evolution. The i-process in AGB stars is typically415

triggered by PIEs, where protons entrained into He- and C-416

rich convective layers produce high neutron densities via the417

12C(p, γ)13N(β+ν)13C(α, n)16O chain. The low τ for IRAS418

14325−6428 may therefore indicate a weaker or shorter-419

lived PIE. Stellar models support this picture. For example,420

Choplin et al. [41], using a large nuclear network coupled to421

chemical transport equations and setting convective boundary422

overshooting above the convective pulse, showed that this al-423

lows PIEs to occur at metallicities up to [Fe/H] ≈ −0.5. The424

metallicity of IRAS 14325−6428 ([Fe/H] = −0.75 ± 0.05)425

falls within this extended range and is notably higher than426

that of the Pb-poor post-AGB stars in Hampel et al. [38].427

It is worth noting that our best-fit Nn is comparable to the428

peak neutron density (Nn,max) in their [Fe/H] = −0.5 models,429

which is the smallest in their metallicity sequence — illus-430

trating the trend of decreasing neutron density with increas-431

ing metallicity. A similar trend is seen in models of rapidly432

accreting white dwarfs [79–81]. Furthermore, the existence433

of i-process-like nucleosynthesis at near-solar metallicity is434

evidenced by Sakurai’s Object, where a PIE during a very435

late thermal pulse has been invoked to explain its anoma-436

lous abundances [46, 47]. Together, these studies contextu-437

alize our derived parameters and strengthen the case for an438

i-process origin in IRAS 14325−6428.439

To independently assess the heavy-element pattern of440

IRAS 14325-6428 and to provide additional evidence for its441

possible i-process origin, we employed the multi-element di-442

agnostic scheme developed by Karinkuzhi et al. [31]. This443

method quantifies a star’s deviation from a pure r-process pat-444

tern by calculating two key distance metrics—the signed dis-445

tance, dS , and the root-mean-square distance, drms (see their446

Eqs. (3) & (4))—based on a suite of heavy-element abun-447

dances. The use of multiple elemental abundances makes this448

a more robust diagnostic than traditional two-element abun-449

dance ratios such as [Ba/Eu] or [La/Eu]. According to the450

calibration in that work, a star is classified as enriched in the451

s-process elements if dS ≥ 0.6, and as enriched in both r-452

and s-process elements if dS < 0.6. The drms metric pro-453

vides a consistent, complementary separation, with the for-454

mer group typically occupying drms ≳ 0.7 and the latter in455

a range of 0.5 ≲ drms < 0.8. Applying this scheme to the456

measured abundances of IRAS 14325-6428, we compiled a457

set of heavy-element abundances ([X/Fe]) covering the range458

from Z = 31 (Ga) to Z = 82 (Pb), as available. For elements459

with overlapping measurements in the two main studies, we460

adopted the average value. For the critical elements Ba and461

Eu, we specifically employed the NLTE abundances recom-462

mended by Tian et al. [50] ([Eu/Fe] = 1.25, [Ba/Fe] = 2.08).463

Based on this combined abundance set, the calculated dis-464

tances are dS = 0.50 and drms = 0.67. These values place465

IRAS 14325-6428 unequivocally within the diagnostic range466

for stars enriched in both r- and s-process elements (dS <467

0.6, 0.5 ≲ drms < 0.8). This result provides an additional,468

independent line of evidence supporting the i-process origin469

for the heavy elements in this star.470

C
h

in
aX

iv
:2

0
2

6
0

4
.0

0
2

9
9

v
1

T h i s  v e r s i o n  p o s t e d  2 0 2 6 - 0 4 - 2 0 .

https://chinaxiv.org/abs/202604.00299V1


7

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.0

0.2

0.4

0.6

0.8

1.0 Pre-Dilution

f

t/mbarn-1

 134Ba

 135Ba

 136Ba

 137Ba

 138Ba

(a) (b)

(c)

(d)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

f

t/mbarn-1

 134Ba

 135Ba

 136Ba

 137Ba

 138Ba

Post-Dilution

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

f od
d,
Ba

t/mbarn-1

 Pre-Dilution
 Post-Dilution

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
10-11

10-10

10-9

10-8

Y
(
B
a
)

t/mbarn-1

 Pre-Dilution
 Post-Dilution

Fig. 5. Evolution of Ba isotopic fractions and total abundance as a function of neutron exposure τ for an i-process model with a fixed neutron
density of Nn = 5 × 1013 cm−3 and a dilution factor of d = 0.9975. (a) Isotopic fractions f (134−138Ba) = N (134−138Ba)/N (Ba) pre-dilution.
(b) Same as panel (a), but post-dilution with scaled-solar material. (c) The odd-isotope fraction fodd,Ba = (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. SUMMARY471

In summary, this work presents a detailed investigation472

on the origin of heavy elements in the post-AGB star IRAS473

14325-6428. Motivated by its observed chemical peculiari-474

ties—specifically, a high [Ba/La] ratio and an anomalous bar-475

ium odd-isotope ratio (fodd,Ba = 0.25 ± 0.08)—we tested the476

hypothesis that its enrichment originates from the i-process.477

We established a self-consistent computational framework478

linking stellar evolution to nucleosynthesis. Using the MESA479

code, we simulated a star with parameters comparable to480

IRAS 14325-6428 (1.5 M⊙, Z = 0.003) and extracted the481

intershell composition after the second thermal pulse to serve482

as the initial abundances for the i-process network calcula-483

tion. The nucleosynthesis was computed using a one-zone484

model with the NucNet Tools package, adopting a con-485

stant neutron density.486

Our best-fit i-process model, with parameters Nn = 5 ×487

1013 cm−3, τ = 1.4 mb−1, and a dilution factor d = 0.9975,488

successfully reproduces the key features of the star’s heavy-489

element abundance pattern. The model accurately matches490

the high NLTE abundance of Ba and the abundances of La and491

Ce, resulting in the observed high [Ba/La] and [Ba/Ce] ratios.492

The physical cause is traced to the i-process path stalling at493

the N = 82 neutron magic number, leading to a pile-up of494

135I that decays to 135Ba, thus improving Ba production while495

suppressing the synthesis of heavier elements such as La and496

Ce. This mechanism also naturally predicts a high Ba odd-497

isotope ratio (fodd,Ba ≈ 0.51 post-dilution), consistent with498

the trend indicated by observations.499

Furthermore, applying an independent, multi-element di-500

agnostic scheme to the star’s abundances classifies it unequiv-501

ocally as enriched in both r- and s-process elements, provid-502

ing additional evidence supporting an i-process origin.503

Therefore, this study provides robust, quantitative sup-504

port through detailed modeling that the heavy elements in505
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IRAS 14325-6428 were indeed synthesized by an i-process.506

The derived physical conditions (Nn, τ ) are consistent with507

a scenario involving a relatively short-lived proton-ingestion508

episode in its AGB progenitor, offering important constraints509

on this nucleosynthesis pathway at moderate metallicity.510
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