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Abstract.  

Carbon-rich presolar grains are found in primitive meteorites, with isotopic measurements to date suggesting a 

core-collapse supernovae origin site for some  of them. This holds for about 1-2 % of presolar silicon carbide (SiC) 

grains, so-called Type X and C grains, and about 30 % of presolar graphite grains. Presolar SiC grains of Type X 

show anomalous isotopic signatures for several elements heavier than iron compared to the solar abundances: 

most notably for strontium, zirconium, molybdenum, ruthenium and barium. We study the nucleosynthesis of 

zirconium and molybdenum isotopes in the He-shell of three core-collapse supernovae models of 15, 20 and 25 M☉ 

with solar metallicity, and compare the results to measurements of presolar grains. We find the stellar models show 

a large scatter of isotopic abundances for zirconium and molybdenum, but the mass averaged abundances are 

qualitatively similar to the measurements. We find all models show an excess of 96Zr relative to the measurements, 

but the model abundances are affected by the fractionation between Sr and Zr since a large contribution to 90Zr is due to the 

radiogenic decay of 90Sr. Some supernova models show excesses of 95,97Mo and depletion of 96Mo relative to solar. 

The mass averaged distribution from these models shows an excess of 100Mo, but this may be alleviated by very 

recent neutron-capture cross section measurements. We encourage future explorations to assess the impact of the 

uncertainties in key neutron-capture reaction rates that lie along the n-process path. 

 

 

1. INTRODUCTION 

Core collapse supernova (CCSN) events are the final life stage of massive stars (M > 8 M☉, e.g., Nomoto et al. 2013, Jones et al. 2013). In CCSN ejecta, several 

types of dust find favorable conditions to condense. Dust made in old CCSNe before the formation of the solar system can still be identified today in primitive 

meteorites and their measured isotopic abundances provide crucial information about their parent CCSNe (e.g., Clayton & Nittler 2004, Zinner 2014). 



  

 

Presolar grains can be distinguished in two large categories categories based on their chemical compositions, O-rich and C-rich grains. C-rich grains most likely 

require a stellar environment with more C than O to form (C/O > 1). Otherwise, all the C would be bound as CO, and no C-rich molecules and dust could 

condense efficiently (Ebel & Grossman, 2001). Clayton et al. (1999) and subsequent work explored the possibility to condense C-rich grains from O-rich 

material, but this scenario is still controversial, also considering the isotopic compositions of presolar C-rich grains (e.g., Lin et al., 2010). 

Presolar C-rich grains made by CCSNe are low-density (LD) graphite grains, carrying the Ne-E(L) component (Amari et al. 1990), nano-diamonds carrying the Xe-

HL component (Lewis et al. 1987), and silicon carbides (SiC) of Type X (see e.g. Besmehn et al. 2003), of Type C1 (Pignatari et al. 2013) and Type C2 (Liu et al., 

2016). At least some of the putative Nova SiC grains were made by CCSNe (Nittler & Hoppe 2005, Pignatari et al. 2015, Liu et al. 2016, Hoppe et al. 2017), and 

the same may hold for some SiC grains of Type AB (Zinner 2014, Pignatari et al. 2015).  

The main diagnostic to infer the origin of presolar grains is the isotopic compositions of light elements (e.g., C, N, O, Si), and the presence of abundance 

anomalies due to the decay of live radioactive isotopes after grain condensation (e.g., 22Na, 26Al, 32Si, 44Ti, 49V) in single grains. The exception to this are nano-

diamonds. Their small size of only a few nanometers makes the analysis of single grains extremely difficult and the majority of the information we have comes 

from isotopic analyses performed on bulk samples containing billions of nano-diamonds. This may lead to ambiguous results, since only a small fraction or none 

of the nano-diamonds might be presolar (e.g., Dai et  al. 2002, Stroud et al. 2011). 

Also available for a subset of single presolar SiC grains from CCSNe are the isotopic abundances of a few elements heavier than Fe. For SiC X grains, isotopic 

data are available for Ni, Sr, Zr, Mo, Ru and Ba (e.g., Pellin et al. 2006, Marhas et al. 2007, 2008, Kodolányi et al. 2016, Stephan et al. 2017). For a SiC AB grain 

Mo and Ru isotope data are available, with anomalous signatures that seem to be consistent with a CCSN origin (Savina et al. 2003, 2007). There are no 

available measurements for heavy elements in  SiC Type C1 and C2, or in putative nova grains (e.g., Liu et al. 2016). Nicolussi et al. (1998) measured Zr and Mo 

in single high-density (HD) graphites, finding two of them with anomalous high 96Zr. While most of presolar HD graphites are considered to condense around 

low-mass asymptotic giant branch (AGB) stars, some of them may have condensed in CCSN ejecta (Amari et al. 2014), which would be consistent with the 96Zr-

excess.    

The anomalous Mo isotopic abundances measured in five SiC X grains generated a particular interest. The efficient production of Mo proton-rich stable 

isotopes 92,94Mo are matter of debate in nuclear astrophysics, where it is not clear what type of p-process in supernovae is responsible of their nucleosynthesis 

(Rauscher et al. 2013, Pignatari et al. 2016 and references therein). The isotope 96Mo is an s-only isotope, i.e. it is mostly made by the slow-neutron capture 

process (s-process, e.g., Kaeppeler et al. 2011). In particular, most of the s-process abundance of 96Mo is made in low-mass AGB stars, not in CCSNe (e.g., 

Bisterzo et al. 2014). Finally, the isotope 100Mo is mostly made by the rapid neutron-capture process (r-process, Thielemann et al. 2011 and references therein). 



  

 

In SiC X grains, on the other hand, the p-process isotopes 92,94Mo, the s-process isotope 96Mo, and the r-process isotope 100Mo are depleted compared to 95Mo 

and 97Mo and solar isotope abundances (Pellin et al. 2000, 2006). Such anomalous abundance patterns have been associated with the neutron-burst triggered 

at the SN shock passage in the He shell of CCSNe (Meyer et al. 2000). Pre-explosive He shell nucleosynthesis in massive stars is characterized by partial He-

burning, causing 12C to be more abundant than 16O, and by a mild s-process signature due to partial activation of the 22Ne(α,n)25Mg reaction (e.g., Limongi et al. 

2000, Rauscher et al. 2002). The condition of C/O > 1 makes the He-burning ejecta a suitable environment for presolar SiC grains to condense, in particular in 

the C/Si zone formed at the bottom of the He shell (Pignatari et al. 2013). The He shell abundances are modified by the SN shock passage. Material is 

compressed and temperature and density quickly reach a maximum, followed by an expansion where they subsequently decrease rapidly on a timescale of a 

second (e.g., Woosley et al. 2002). The high peak temperature causes an efficient activation of the 22Ne(α,n)25Mg reaction, which triggers a neutron burst with 

neutron density peaks up to 1018 neutrons cm-3 or higher.  This nucleosynthesis process was called the n-process.  The 22Ne fuel to power the n-process is made 

from the initial CNO abundances, making this process secondary. After being proposed as a potential scenario to explain the r-process, the n-process conditions 

appeared to be not suitable to produce the r-process abundance pattern observed in the Solar System, and therefore this scenario was ruled out (Blake et al. 

1976, Thielemann et al. 1979, Blake et al. 1981). Nevertheless, the isotopic distribution of heavy nuclei is strongly affected by this neutron burst, and Meyer et 

al. (2000) showed that the n-process may be compatible with the 95Mo and 97Mo excess observed in SiC X grains.  

Alternative scenarios to explain neutron-capture signatures in Mo and in all other elements measured in SiC X grains include the neutrino-wind components 

from the forming neutron star as a source (Hallmann et al. 2013, Bliss & Arcones 2014). In this work, we will instead consider the most established scenario to 

explain the Mo isotopic signature, i.e., where the neutron burst triggered by the 22Ne(α,n)25Mg reaction is the responsible source.   

The paper is organized as follows. In Section 2 we describe stellar models and the nucleosynthesis for Zr and Mo isotopes, in Section 3 we define the method to 

compare theoretical results with measurements for SiC X grains. Finally, in Section 4 results are summarized. 



  

 

2. Results 

2.1. Stellar models 

In this study, we consider three SN explosion models for stars with initial masses of 15, 20, and 25 M☉, and metallicity Z = 0.02 (Pignatari et al., 2016; models 

15d, 20d and 25d, respectively). The metallicity is the fraction of material that is not hydrogen or helium. The massive star progenitors are computed with the 

stellar evolution code GENEC (Eggenberger et al., 2008). The SN explosion simulations are based on the fallback prescription by Fryer et al. (2012). The initial 

shock velocity used beyond fallback is 2•109 cm s-1. The post-processing code MPPNP is used to calculate the nucleosynthesis in the star before and during the 

explosion, adopting a network of more than 5000 isotopes (see Pignatari et al., 2016, for details). In particular, the network is well suited to cover the complete 

n-process path, involving radioactive isotopes with up to ten more neutrons compared to the stable isotopes belonging to the same element. 

 

2.2. Nucleosynthesis in the explosive He-burning shell: Zr and Mo 

As we have mentioned in the Introduction, the n-process is due to the activation of the 22Ne(α,n)25Mg reaction in the explosive He-burning shell. Since we are 

interested in the n-process products, we focus on the C-rich explosive He burning layers, including the He/C zone, the C/Si zone and a small part of the O/C 

zone (Meyer et al. 1995, Pignatari et al. 2013). The conditions for the activation of the 22Ne(α,n)25Mg reaction change depending on the considered He shell 

zone: the neutron density peak reaches values exceeding 1020 neutrons cm-3 in the C/Si zone, while lower densities are obtained in the He/C zone and outward. 

During the SN shock the temperature at the bottom of the He-shell where the C/Si zone eventually forms changes by about a factor of three between 

model 15d and model 25d (2.3∙10
9
 K and 0.7∙10

9
 K, respectively, Pignatari et al. 2013). The electron fraction (Ye) is being mostly set by the 

22
Ne 

abundance in models 15d and 20d (Ye = 0.4993 and 0.4986 in the He shell, respectively), which in turn depends on the metallicity of the progenitor. 

The amount of 
22

Ne depleted by nuclear reactions during the SN shock at the bottom of the He shell depends mostly on the SN explosion energy,  

while it is negligible in the outer part of the He shell. The model 25d instead shows a preSN Ye in the He shell between 0.5052 and 0.5205, due to the 

ingestion of hydrogen before the progenitor exploding as a supernova (Pignatari et al. 2015).  

In the present study, we explore the production of Zr (Z=40) and Mo (Z=42). The abundances as a function of mass coordinate of the key species 4He, 12C, 16O, 

and 28Si are shown in Fig. 1 together with the stable Zr isotopes 90,91,92,94,96Zr for model 15d. The key species can be used to identify the relevant CCSN 

nucleosynthesis in this part of the ejecta. Zones 2 (M=3.15M☉),  3 (M=3.50M☉) and 4 (M=3.85M☉) in the figure are representative of the He/C zone. They 



  

 

include about 0.01M☉ each. Zone 1 (M=2.95M☉) has a similar size, and is representative of the C/Si zone. As shown in Fig. 1, at the bottom of the He/C zone 
16O is destroyed, feeding the production of heavier species like 28Si via α-captures. In contrast, 12C is not efficiently depleted, due to the much lower α-capture 

rate compared to the 16O(α,γ)20Ne reaction. In these conditions, the C/Si zone is formed at the bottom of the He/C zone by the SN shock, where C and Si are the 

most abundant elements (Pignatari et al. 2013). 

In Fig. 1 the abundance profiles of Zr isotopes show large variations within the C-rich stellar layers (M>2.92M☉ in the figure). In zone 1 (representative of the 

C/Si zone) there are large abundance variations, with 96Zr typically less abundant than the lighter Zr isotopes. In zone 2, 90Zr is the most abundant isotope, but 

with more significant enrichments for other Zr isotopes compared to the initial composition. In zone 3, 96Zr is the most abundant isotope, and finally in zone 4 
90Zr is again the most abundant Zr isotope. Zone 4 and the most external He shell layers are not modified by the SN shock. They carry a mild s-process 

nucleosynthesis signature with a small 96Zr deficit, due to the partial activation of the 22Ne(α,n)25Mg reaction. For model 15d, the Zr isotope composition in 

these more external He-shell layers is not far from the solar abundance distribution. The main goal in showing these profiles, is to make clear that they are 

indeed complicated. There is not a particular n-process signature, given from some specific neutron density. Meyer et al. (2000) discussed the n-process 

nucleosynthesis for a single setup of initial abundances (weak s-process seeds), temperature and density peak (temperature = 109 K and density = 1500 g cm-3, 

respectively). Instead, in model 15d as well as the other models presented in this work the He shell is made out of hundreds of mass zones. Since the pre-SN He 

shell is convective, the composition of most of these zones at the onset of the SN explosion is relatively homogeneous. However, the SN shock conditions 

significantly change across the C-rich zones shown in Fig. 1, depending on their distance from the center of the star (e.g., Woosley et al. 2002). The temperature 

(density) peaks calculated for model 15d are 2.0·109 K (7.5·103 cm-3), 1.3·109 K (2.1·103 cm-3), 0.9·109 K (6.2·102 cm-3) and 0.7·109 K (2.3·102 cm-3) in zones 1, 2, 3 

and 4, respectively. Consequently, the neutron density varies by orders of magnitude, up to values beyond 1020 neutrons cm-3 in the C/Si zone.  

Under these conditions the heavy isotopes may have different production channels in different He-shell zones. In Fig. 2, we show in detail the production of 
90Zr. It is only in zone 4 that 90Zr does not receive a substantial contribution from its radioactive, neutron-rich isobars. At 2.5 seconds after the SN shock in zone 

3, 90Sr is the most abundant species among the radioactive parents of 90Zr. In zone 1 and 2, 90Kr is instead the most abundant isobar.  

Similar large variations are observed for Mo isotopes (Fig. 3). As for Zr, in zone 1 there are large variations, but overall 95Mo and the r-only 100Mo are the most 

abundant Mo isotopes. In zone 2, 95Mo is the most abundant Mo isotope, the same holds for 97Mo in zone 3. Finally, zone 4 shows close to initial abundances. 

Not shown in the figure, the p-process isotopes 92,94Mo are depleted in zones 1, 2 and 3, and only reduced by a small amount in zone 4. 100Mo shows a complex 

profile. From Fig. 4, the abundant 100Mo peak between zones 3 and 4 is due to direct production of 100Mo, which is formed via neutron capture from lighter Mo 

species. In the rest of the He-shell layers 100Mo originates from the decay of radioactive 100Zr, formed in a neutron-capture path far from the valley of stability. 



  

 

In Fig. 3, the depletion of the s-process isotope 96Mo can be clearly seen. Therefore, the deficiency of 96Mo compared to the nearby species 95Mo and 97Mo, all 

measured in SiC X grains (Pellin et al. 2006, Zinner 2014), does not come as a surprise. All of the other Mo species shown in Fig. 3 are instead enhanced in 

extended He shell regions. As for 100Mo, the final complex profile of 95,97,98Mo is due to the contribution from different nucleosynthesis paths in the He shell. 

This makes the analysis of the n-process abundance patterns a powerful diagnostic for nuclear astrophysics. The neutron capture rates far from the valley of 

stability can only be provided by theory at the moment, and the impact of their uncertainties needs to be taken into account during the direct comparison with 

observations.   

The model 20d show similar n-process nucleosynthesis compared to model 15d, and we will see in the next sections that similar isotopic ratios for Zr and Mo 

are also obtained. On the other hand, in the model 25d the SN shock produces much smaller temperature and density peaks compared to the models 15d and 

20d, resulting in much milder isotopic anomalies with respect to the initial composition in the final ejecta. 

 

3. Discussion 

 

We have presented the abundance patterns of Zr and Mo for model 15d. We showed that there is not only one n-process pattern in the explosive He shell. 

Instead, the large range of SN conditions that are naturally found in the explosive He-burning layers of the ejecta generate a large variety of isotopic patterns. A 

relevant point to clarify before moving forward is how Zr and Mo made their way into presolar grains. Previous works have found a complex sub-grain zoo in 

stellar dust (Zinner 2014 and references therein). Are there sub-grains dominating the whole grain signature observed for heavy elements in X grains? The 

answer is probably no. 

Low-density graphite grains, believed to have formed in SN explosions, contain abundant TiC subgrains, but no subgrains rich in heavy elements such as Mo are 

observed in high-density graphite grains, believed to come from AGB stars (see e.g., Croat et al., 2003). In SiC X grains there are Fe-and Ni-rich subgrains 

(Marhas et al., 2008; Hynes et al., 2010), and Ti-rich subgrains have been identified, e.g., in the Bonanza grain (e.g., Zinner et al., 2011, Gyngard et al. 2017, 

submitted to the same GCA issue). In contrast, no evidence for subgrains rich in heavy elements in X grains was found. Therefore, for now we will assume that 

heavy elements like Zr and Mo are uniformly distributed in SiC X grains, and have no subgrain carriers.  



  

 

 

3.1. Zr: Model predictions vs. SiC X grain data 

In Fig. 5a, we show the Zr production factors normalized to 94Zr for models 15d, 20d, and 25d, integrated over hundreds of zones in the C-rich He shell layers 

weighted by mass. This simple approach is assuming complete mixing of all the C-rich zones. However, typically heterogeneous mixtures of stellar ejecta are 

needed to consistently reproduce all isotopic ratios in single grains. More detailed mixing recipes guided by matching also other isotopic ratios can be tested in 

future works. For model 15d the mass range considered is 2.92-4.51 M☉, and for models 20d and 25d 4.68-6.66 M☉ and 6.82-9.23 M☉, respectively. The zone 

resolution of stellar models may change significantly across the ejected material.  

Assuming a similar SN explosion energy for the three models, the power of the SN shock in the He shell layers becomes weaker with increasing progenitor 

mass. Therefore, Fig. 5 provides a good indicator of the impact of varying the initial mass of the CCSN progenitor. We would have obtained an analogous effect 

on the n-process products by changing the SN explosion energy for the same massive star progenitor. The isotope 96Zr is enhanced compared to the other Zr 

species in all cases. For comparison, in the same figure we show the abundance patterns observed for two SiC X grains B2-05 and 196-5 by Pellin et al. 2006, 

which have the highest (lowest) 96Zr/94Zr ratio and the lowest (highest) 90Zr/94Zr ratio, respectively, among the studied SiC X grains. The range of 96Zr-excess 

obtained is consistent with the observed range.  This result is remarkable, considering that we are averaging over hundreds of zones with different abundance 

patterns. Interestingly, model 20d shows a higher 96Zr/94Zr ratio than model 15d, where the He shell is exposed to more extreme conditions. There is no linear 

relation between the 96Zr/94Zr ratio and the progenitor mass (or the SN explosion energy). This nonlinearity is due to the fact that most of the Zr species are 

made both directly and as radiogenic products. In models 15d and 20d, 94Zr receives a major contribution from the radiogenic decay of 94Sr. Depending on the 

material ejected 96Zr is made as 96Sr, 96Y or directly as 96Zr in model 15d, and as 96Y and 96Zr in model 20d. In contrast, in model 25d the n-process is significantly 

weaker compared to the models with smaller initial mass, and the radiogenic contribution is not relevant for 96Zr. 

In Fig. 5a the 90Zr-depletion compared to solar measured in grain B2-05 is not reproduced. However, for Zr there is another caveat to keep in mind when stellar 

nucleosynthesis calculations are compared with measurements in presolar grains. In Fig. 2, we showed that most of the radiogenic 90Zr is made as 90Kr and its 

daughter species 90Sr. 90Kr has a half-life of only 32 s and will be fully decayed when dust forms in the SN ejecta. However, 90Sr has a half-life of 28.64 years. 

Since stellar dust condenses in the SN ejecta in the first months to years after the explosion, this means that 90Zr and 90Sr (including the decayed 90Kr) condense 

as two separated species in SiC X grains, according to the thermodynamic properties of Zr and Sr, respectively. As far as the condensation into SiC is concerned, 

Zr, Nb, and Mo are expected to condense well into SiC, in contrast to Sr. This is evidenced by high abundances of Zr and Nb in SiC grains and the fact that Sr is 

depleted relative to Zr and Nb (Amari et al. 1995). These observations are in line with theoretical calculations of SiC condensation by Lodders & Fegley (1997): 



  

 

Zr, Nb, and Mo condense completely into SiC but Sr does not. In Fig. 5b we show again the Zr abundance patterns as in Fig. 5a, but assuming an arbitrary Zr/Sr 

fractionation of a factor of 10 during grain formation. As expected only 90Zr is affected with respect to Fig. 5a, obtaining a lower 90Zr/94Zr ratio.  

As mentioned earlier, the average used for Fig. 5 is based on the assumption of complete mixing of the C-rich ejecta. This is too simple to reproduce all 

measured isotopic ratios. For instance, the solar-normalized 12C/13C, 29Si/28Si and 30Si/28Si ratios for the mixture considered in Fig. 5 are 1449, 3.09 and 4.02 

(15d), 16234, 2.81 and 4.34 (20d) and 0.31, 5.81 and 3.04 (25d). Both  B2-05 and 196-5 are 28Si-rich compared to solar, while the considered average is  28Si-

poor.  

In Fig. 6, we report the same results as in Fig. 5, but for an average weighted by mass and “efficient” 12C available for condensation of C-rich dust (i.e., with 

Δ(12C) = X(12C)-X(16O), Fig. 6a) and  weighted by mass, “efficient” 12C and Si abundance (Fig. 6b). The same C-rich ejecta are used as in Fig. 5. The relative  12C/13C, 
29Si/28Si and 30Si/28Si ratios are reported in the Figure caption. The average in Fig. 6a is characterized by a stronger weight of the C/Si zone and the deeper He/C 

zone compared to the most external parts of the He/C zone, while that in Fig. 6b is more affected by the C/Si zone ejecta. In both cases, we do not consider 

possible Sr/Zr fractionation. The only mixture with 28Si-excess is obtained in Fig. 6b for model 15d, but with a strong 12C-excess. In this scenario we obtain a 
96Zr/94Zr ratio higher than solar, but 91,92Zr/94Zr ratios about a factor of two lower than solar. Finally, a 90Zr/94Zr ratio lower than solar is obtained, also without 

considering Sr/Zr fractionation.   

As mentioned at the beginning of this section, heavy elements in SiC X grains are likely condensing together with C and Si. This means that Zr and Mo together 

with the other heavy elements (when available) should be used to test mixture recipes together with light isotopes. Interestingly, the different types of average 

tested in this section all yield in general 96Zr-excesses, and, considering the uncertainty on the Sr/Zr fractionation, also the observed scatter for the 90Zr/94Zr 

ratio is a robust result. In contrast, the isotopic ratios of C and Si are strongly affected by the type of mixture. Thanks to the strong signature of the C/Si zone, 

model 15d seems to be better suited to produce SiC X grains that are 28Si-rich (see Pignatari et al. 2013) and showing n-process abundance patterns, compared 

to models 20d and 25d. Excepting model 25d, all of the mixtures show 12C/13C ratios higher than solar. The subsolar C ratio in model 25d is due to the ingestion 

of H in the He shell just before the CCSN event, producing large quantities of 13C (Pignatari et al. 2015). The production of heavy elements will also need to be 

explored in detail in CCSN H-ingestion models.  

 

3.2. Mo: Model predictions vs. SiC X grain data 



  

 

In Fig. 7, the Mo production factors averaged in the same way as Figure 5 and normalized to 98Mo are shown. For comparison, in the same figure we report the 

abundance pattern observed for two SiC-X grains B2-05 and 113-3 by Pellin et al. (2006). The Mo abundance pattern measured in B2-05 and 113-3 are 

representative of the n-process signature observed in SiC X grains, where  B2-05 is the grain showing the largest anomalies in 95Mo and 97Mo with respect to 
98Mo. Models 15d and 20d show an excess in 95Mo and 97Mo, but also a smaller enhancement in 100Mo, which is not observed in the SiC X grains. Model 25d 

shows milder signatures, as expected. In this model there is no 100Mo enhancement, 97Mo is enhanced but 94Mo is higher than 95Mo, which is not observed. 

However, this hint alone on Mo would not rule out model 25d from the analysis. Indeed, there are several C-rich layers ejected in the He/C zone with 95Mo- and 
97Mo-enrichments. The 95Mo/98Mo and 97Mo/98Mo ratios could be enhanced within mixing recipes with more material from those layers.  

Another anomaly not well reproduced by the models is the relative pattern of 92Mo/98Mo with respect to 94Mo/98Mo. The ratios are both sub-solar, as it would 

be expected in a stellar environment with neutron-capture processes activated and depleting the p-process isotopes. However, stellar models tend to predict a 

stronger depletion of 92Mo compared to 94Mo, while presolar grains do not show this signature. 

Despite the 100Mo enhancement in the 15d and 20d models and the 92Mo/94Mo trend, we also find the results for Mo promising. Not shown in the figure, the  
95Mo- and 97Mo-excesses are obtained also with other types of mixtures (see the discussion in Fig. 6 for Zr, and data in Tables 2 and 3), and it is a robust result 

of the n-process as indicated before by Meyer et al. (2000), despite the large variations of Mo isotopic production within the C-rich ejecta (Figure 3). The 

predicted 100Mo-excess needs to be evaluated taking into account nuclear uncertainties.  In Fig. 8, the integrated abundance pattern for model 15d is compared 

with the isotopic patterns in zones 1, 2, 3, and 4 (see Fig. 3). Zone 4 shows a mild s-process pattern with small enhancements in 94Mo and 96Mo, and depletions 

in 92Mo and 100Mo. Zone 3 shows a 100Mo/98Mo ratio lower than solar, and excesses in 95Mo and 97Mo. Zones 1 and 2 show a 100Mo/98Mo ratio higher than solar. 

In these mass regions, the final abundance of 100Mo depends on the production of 100Zr. This is a typical case where nuclear astrophysics needs to be taken into 

account. For the nucleosynthesis calculations of models 15d, 20d, and 25d, we have used the latest experimental cross sections of the stable Zr isotopes 

(Tagliente et al. 2012). However, Lugaro et al. (2014) provided a new evaluation of the 95Zr(n,γ)96Zr cross section based on the measurements on neighbor Zr 

species, which is more than a factor of two lower compared to the older rates used in this work (e.g., Bao et al. 2000). This would increase the production of 
95Zr by about a factor of two, increasing its radiogenic contribution to 95Mo, at the expenses of heavier Zr species along the n-process path. The impact on the 

production of 97,98,100Mo of the neutron-capture cross sections of Zr  isotopes 95,97Zr needs to be evaluated with a specific study. The results of Lugaro et al. 

(2014) seem to go in the right direction, boosting (at least) 95Mo compared to 100Mo. Note also that a lower 95Zr(n,γ)96Zr cross section would not remove the 
96Zr-excess obtained with the n-process, since in most of the models an important fraction of 96Zr is made from the radiogenic decay of the neutron-rich 

radioactive isotopes 96Sr and 96Y (see previous section). 



  

 

Theoretical results shown in Fig. 5 and 7 are summarized in Table 1. The results shown in Fig. 6 for Zr and the analogous data for Mo are given in Table 2 and 

Table 3, respectively. In the tables we also report the 12C/13C, 29Si/28Si and 30Si/28Si ratios normalized to solar for the different mixtures discussed in the text. 

 

4. SUMMARY AND CONCLUSIONS 

We report here a detailed analysis of Zr and Mo production by the n-process in the He shell in CCSNe of massive stars. We considered for the analysis three 

CCSNe models of the He shell, for different initial progenitor masses M=15, 20 and 25 M☉, and metallicity Z=0.02.  

We showed that, for Zr and Mo (but the same conclusions will hold for other elements), the resulting nucleosynthesis and isotopic distributions are strongly 

changing across the He shell. The pre-SN abundances are modified at the bottom of the He/C zone and in the C/Si zone. On the other hand, the external part of 

the He shell is not modified by the SN explosion, carrying a mild s-process signature due to the 22Ne(α,n)25Mg activation before the SN explosion. Therefore, we 

cannot clearly identify a typical n-process pattern in the explosive He shell. The anomalous abundance pattern measured in SiC X grains for Zr, Mo, and other 

elements is instead given by the composition of many different zones in the C-rich explosive He-burning ejecta.   

As a working hypothesis, we integrated the isotopic abundances with a weighted average via the mass of material in the C-rich He shell ejecta. For Zr, the 

resulting isotopic abundances show a 96Zr/94Zr ratio higher than solar for all the models considered. The 90Zr/94Zr ratio is affected by the fractionation Zr:Sr, 

since most of the radiogenic 90Zr is still in the form of 90Sr for the typical timescale of SiC grains condensation. For Mo, the 15 and 20 M☉ models show 

enhanced 95Mo/98Mo and 97Mo/98Mo ratios and depleted 96Mo/98Mo ratio, as observed in presolar SiC X grains. However, 100Mo is enhanced as well, which is 

not observed. This is probably due to the uncertainty of the neutron-capture reaction rates of the unstable species in the n-process path. In our calculations, 

the isotope 100Mo is made directly, or as a radiogenic product of 100Zr. A recent revision of the neutron-capture cross section of the unstable isotope 95Zr is 

going to increase the production of 95Mo compared to other Mo isotopes. The impact on Mo of the nuclear uncertainties of unstable Zr isotopes needs to be 

taken into account. Finally, the 25d model does not show an excess in 100Mo, but a mild enrichment is obtained also for 94Mo, due to the lower temperatures 

reached in the He shell in this model compared to lower masses at the SN shock passage. 

We tested two additional mixtures of the C-rich ejecta of the He shell, with weighted averages taking into account also the abundance of 12C relative to 16O, and 

the abundance of Si. Large changes are obtained for isotopic ratios of light elements like C and Si, but overall the main isotopic signatures on Zr and Mo are not 

so affected.    



  

 

An important thing to keep in mind is that the models adopted for these calculations are based on one-dimensional stellar progenitors. The final abundances in 

the He shell layers are sensitive to the peak density and temperature associated to the SN shock, which quantitatively depend on the pre-shock structure. In 

Pignatari et al. (2015), we have seen that ingestion of H could drastically affect not only the production of light elements, but also strongly reduce the n-process 

activation. On the other hand, in following works like Liu et al. 2016 it has been shown that neutron capture signatures are observed together with H-ingestion 

signatures. This is an indication that strong asymmetries are present in the He shell during the CCSN explosion, due to the pre-SN H-ingestion event. This is 

consistent with multi-dimensional hydrodynamics stellar simulations of these events (Herwig et al. 2014).     

Therefore, stellar evolution uncertainties can also have a relevant impact on the n-process products. In addition, SN explosion in one-dimensional models are 

artificial. The multi-dimensional nature of CCSN explosions and the details of SN-shock propagation across different stellar layers are not properly taken into 

account. The impact of stellar uncertainties can be difficult to disentangle from the impact of nuclear physics uncertainties. However, with the nuclear physics 

involved under control, the analysis of the abundances in SiC X grains can help to constrain the physics conditions in the He- and C-rich layers of real CCSNe, 

that made those grains.  

With simple averages over the He-shell material, our stellar models are capable of qualitatively reproducing the abundance pattern for Zr and Mo observed in 

SiC X grains. These promising results need to be confirmed by taking into account the nuclear uncertainties and stellar uncertainties involved along the n-

process path. The same analysis will be extended to Sr, Ru and Ba in future work. 
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FIGURE CAPTIONS 

 

Figure 1. Isotopic abundance profiles after the SN explosion in the top of the O/C zone, the C/Si zone, and the He/C zone of the model 15d. We show the 

abundance profiles for 4He, 12C, 16O and 28Si, together with the stable Zr isotope 90,91,92,94,96Zr abundances multiplied by 1000. All the unstable isotopes are 

assumed to have decayed completely to their stable daughter species. The numbers in the figure are used to identify the mass coordinates 2.95 M☉ (1), 3.15 

M☉ (2), 3.50 M☉ (3) and 3.85 M☉ (4). Zone 4 is representative of the composition of the external He shell layers, carrying the pre-SN nucleosynthesis signature.  

Figure 2. As in Fig. 1, but showing the abundances of directly produced 90Zr and its radioactive precursors at about 2.5 seconds after the SN shock passage. 

Figure 3. As in Fig. 1, but for the stable Mo isotopes 95,96,97,98,100Mo. 

Figure 4.  As in Fig. 2, but showing the abundances of directly produced 100Mo and its radioactive precursors.  

Figure 5. (a) Production factors of the Zr isotopes, integrated over the different C-rich He-shell layers, and normalized to 94Zr. For comparison, the profiles are 

shown for models 15d (black circles, see Fig. 1 and discussion in the previous section), 20d (blue triangles) and 25d (green squares). Data for two SiC X grains 

are shown by asterisk symbols and dashed lines. (b) As in Panel (a), but assuming a Sr:Zr fractionation of 1:10.  

Figure 6. (a) As in Fig. 5a, but with integrating over the different C-rich He-shell layers weighting by mass and “efficient” 12C (see text for explanation).  The 

solar-normalized 12C/13C, 29Si/28Si and 30Si/28Si ratios for this mixture are 5051, 1.31 and 2.09 (15d), 42918, 1.92 and 3.51 (20d) and 0.72, 7.62 and 3.63 (25d). (b) 

As in panel (a), but  with integrating over the different C-rich He-shell layers weighting by mass, “efficient” 12C and Si abundance. The solar-normalized 12C/13C, 
29Si/28Si and 30Si/28Si ratios for this mixture are 99010, 0.31 and 0.85 (15d), 990099, 1.36 and 2.86 (20d) and 16.67, 8.03 and 3.92 (25d). 

Figure 7. As in Fig. 5, but for Mo isotopes, normalized to 98Mo.   

Figure 8. For model 15d, the integrated Mo abundance distribution shown in Figure 7 is compared with the local abundances in zones 1, 2, 3 and 4 only (see 

Figure 3).   
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 

  



  

 

Table 1. Average isotopic compositions of models 15d, 20d and 25d in the C-rich He shell, for Zr and Mo. The Zr production factors are normalized to 94Zr, while 

for Mo the reference isotope is 98Mo. The average is weighted by mass.   

Model 90Zr 91Zr 92Zr 94Zr 96Zr 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo 
15d1 

 

0.838 

(0.313)2 

1.765 1.311 1.0 6.329 0.174 0.401 2.886 0.322 2.359 1.0 1.512 

20d1 

 

1.412 

(0.202)2 

1.834 2.318 1.0 8.560 0.060 0.157 3.829 0.141 2.737 1.0 2.078 

25d1 

 

0.741 

(0.606)2 

0.877 0.880 1.0 1.670 0.529 1.409 1.200 0.985 1.641 1.0 0.920 

1 The 12C/13C, 29Si/28Si and 30Si/28Si ratios normalized to solar for the mixture are 1449, 3.09 and 4.02 (15d), 16234, 2.81 and 4.34 (20d) and 0.31, 5.81 and 3.04 (25d). See the text and Figure 5 for 

discussion.  

2The 90Zr production factor normalized to 94Zr, assuming a Zr/Sr fractionation of 10. See text for details. 

 

 

 

Table 2. Average isotopic compositions of models 15d, 20d and 25d in the C-rich He shell, for Zr and Mo. The Zr production factors are normalized to 94Zr, 

while for Mo the reference isotope is 98Mo. The average is weighted by mass and “efficient” 12C  (Δ(12C) = X(12C)-X(16O)).    

Model 90Zr 91Zr 92Zr 94Zr 96Zr 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo 
15d

1 

 

0.613 1.128 0.888 1.0 4.166 0.109 0.255 2.765 0.205 2.074 1.0 1.907 

20d1 

 

1.764 2.180 3.982 1.0 10.663 0.038 0.100 3.785 0.095 2.315 1.0 2.178 

25d1 

 

0.458 0.671 0.650 1.0 2.070 0.267 0.719 1.818 0.509 2.815 1.0 1.425 



  

 

1 The 12C/13C, 29Si/28Si and 30Si/28Si ratios normalized to solar for the mixture are 5051, 1.31 and 2.09 (15d), 42918, 1.92 and 3.51 (20d) and 0.72, 7.62 and 3.63 (25d). See the text and Figure 6 for 

discussion.  
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Table 3. Average isotopic compositions of models 15d, 20d and 25d in the C-rich He shell, for Zr and 

Mo. The Zr production factors are normalized to 94Zr, while for Mo the reference isotope is 98Mo. The 

average is weighted by mass, “efficient” 12C  (Δ(12C) = X(12C)-X(16O)) and the Si abundance.    

Model 90Zr 91Zr 92Zr 94Zr 96Zr 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo 
15d1 

 

0.403 0.407 0.393 1.0 1.567 0.001 0.004 2.045 0.004 1.412 1.0 2.972 

20d1 

 

2.257 2.318 5.197 1.0 12.308 0.001 0.002 3.852 0.002 1.418 1.0 2.442 

25d1 

 

0.279 0.438 0.433 1.0 1.774 0.009 0.025 1.772 0.018 4.064 1.0 1.948 

1 The 12C/13C, 29Si/28Si and 30Si/28Si ratios normalized to solar for the mixture are 99010, 0.31 and 0.85 (15d), 990099, 1.36 

and 2.86 (20d) and 16.67, 8.03 and 3.92 (25d). See the text and Figure 6 for discussion.  

 


