
Neutron capture cross sections for s-process branch points and other short-lived 
isotopes can be obtained from a combination of surrogate reaction data and theory 

Inelastic scattering as a surrogate: 
• Inelastic scattering on 154Gd provides 

crucial information on decay model 
• Theory is used to extract the desired 

153Gd(n,g) cross section
• Similarly for 95Zr(n,g) and other 

unstable isotopes
• Method applicable in regular and 

inverse kinematics
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small neutron burst with a high neutron density peak (up to
∼1010 neutrons cm−3).

Branching points on the s-process path at 151Sm, 153Sm, 152Eu,
and 153Gd affect the production of 151Eu and 153Eu isotopes in
the He-intershell of AGB stars (Figure 2(a)). The competition
between neutron capture and β-decay at these branching points
can be expressed by a branching factor (fn), calculated from

fn = λn

(λn + λβ)
,

where λn = Nn νT ⟨σ ⟩ and λβ = ln2/t1/2 are the neutron
capture rate and the β-decay rate, respectively. Here, Nn, νT ,
⟨σ ⟩, and t1/2 are the neutron density, the thermal velocity, the
Maxwellian averaged (n, γ ) cross section (MACS), and the half-
life, respectively. Branching factors were calculated for 151Sm,
153Sm, 152Eu, and 153Gd as a function of neutron density for
thermal energies of kT = 8 keV (T ∼ 0.9 × 108 K) and kT =
23 keV (T ∼ 2.7 × 108 K). The results are given in Figures 2(b)
and (c). We used the β-decay rates reported by Takahashi
& Yokoi (1987) and the latest accepted neutron-capture rates
from Dillmann et al. (2006). Note that the branching at 152Eu
is peculiar, since it involves the competition between neutron
capture, β-decay, and electron capture (EC). The branching at
153Gd is governed by electron capture and neutron capture.

During the interpulse periods most of the s-process flow
proceeds via the sequence 151Sm(n, γ ) 152Sm(n, γ ) 153Sm(β, ν)
153Eu bypassing 151Eu. After the neutron flux is extinguished,
151Eu is fed by the radioactive decay of 151Sm. During the
thermal pulses, the β-decay rate of 151Sm is increased by a
factor of ∼26 (Takahashi & Yokoi 1987) and the s-process
path can branch toward 151Eu. However, the neutron-capture
channel on 151Sm is also enhanced since higher neutron densities
are produced together with higher temperatures. The branching
points at 153Gd and 153Sm are largely open at these high neutron
densities, feeding 154Gd and 154Sm, respectively, which result
in a smaller s-process contribution to 153Eu. The AGB model
predictions shown in Figure 3 demonstrate that the final result
is a very mild enhancement of fr(151Eu) values in the stellar
envelope.

In Figure 3, the stardust SiC-enriched bulk data are compared
to the s-process AGB predictions from the FRUITY database
(for details, see Cristallo et al. 2009, 2011). In all stellar
models, the fr(151Eu)envelope is not significantly different from
the solar value. The close-to-solar metallicity models (Z =
0.01 and Z = 0.014, Figures 3(a) and (b), respectively) show
fr(151Eu)envelope approximately 2% higher than the fr(151Eu)⊙
value (Lodders 2003). The low-metallicity models (Z = 0.0001
and Z = 0.0003; Figures 3(c) and (d), respectively), on the other
hand, show fr(151Eu)envelope values that are about 4% lower than
the fr(151Eu)⊙ value. It is important to note that Cristallo et al.
(2009, 2011) adopted the experimental 151Sm(n, γ ) cross section
reported by Marrone et al. (2006), which is significantly higher
than the value used by Arlandini et al. (1999). This higher cross
section results in a lower fr(151Eu) as more 151Sm is destroyed
by neutron captures. The fr(151Eu) derived for the SiC-enriched
bulk sample (KJB) shows a higher fr(151Eu) value than those
predicted by Cristallo et al. (2009, 2011).

The fr(151Eu) values derived from our measurements agree
well with fr(151Eu) values derived from astronomical observa-
tions (Figure 1). Aoki et al. (2003b) reported fr(151Eu) for two
CEMP stars, LP 625-44 and CS 31062-050, which show ex-
cesses of s-process elements. These stars are very metal-poor
subgiants with [Fe/H] of −2.7 (LP 625-44; Aoki et al. 2000)
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Figure 4. Evolution of fr(151Eu) in the envelope as a function of ∆tTP-AGB (time
from the beginning of the TP-AGB phase) for a M = 2 M⊙ and Z = 0.01
AGB model using two different 151Sm(n, γ ) reaction rates. The shaded area
(plotted only for the C-rich phases of the evolution) represents the associated
uncertainties. M06 represents the experimental rate from Marrone et al. (2006)
multiplied by the SEF from Bao et al. (2000). R12 represents the stellar rate
computed using the method of Rauscher (2012) including the experimental data
from Marrone et al. (2006).

and −2.4 (CS 31062-050; Aoki et al. 2002). Both stars show
variations of their radial velocities, indicating that they belong to
binary systems (Aoki et al. 2000, 2003b). According to the clas-
sification suggested by Jonsell et al. (2006), LP 625-44 and CS
31062-050 are CEMP-r+s stars, showing both s- and r-process
enhancements. One possible scenario to explain the enrichment
observed in CEMP-r+s stars is to assume that the parent cloud
of the binary system was already enriched in r-process elements,
while the s-process elements (and also carbon) were the result
of mass transfer from an AGB star to the lower-mass compan-
ion (e.g., Bisterzo et al. 2010). Lugaro et al. (2012) instead
propose that the composition of CEMP-r+s stars is the result
of a neutron-capture process in-between the s-process and the
r-process. The fr(151Eu) values derived by Aoki et al. (2003b)
for LP 625-44 and CS 31062-050 are 0.60 and 0.55, respec-
tively. These values are clearly higher than fr(151Eu)⊙ of 0.48
and current AGB model predictions from Cristallo et al. (2009,
2011).

To address this mismatch we performed several tests varying
the neutron-capture cross sections and beta-decay rates that
affect fr(151Eu) and found that the 151Sm(n, γ ) reaction rate
plays the major role in setting the predicted fr(151Eu) value.
In Figure 4, we show fr(151Eu) in the envelope of a 2 M⊙
model with Z = 0.01 computed with different theoretical
151Sm(n, γ ) reaction rates and their uncertainties. Models have
been calculated with the FUll-Network Stellar Evolutionary
Code (Straniero et al. 2006 and references therein). The results
labeled as “M06” were obtained using the experimental data
by Marrone et al. (2006), multiplied by the theoretical stellar
enhancement factor (SEF) from Bao et al. (2000). Marrone et al.
(2006) reported an experimental uncertainty on the order of
5%, which results in a narrow predicted range of fr(151Eu).
In previous investigations, applying the SEF was thought to
account for the contribution of excited nuclear states in stellar
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Inelastic scattering as surrogate mechanism opens up new opportunities for 
obtaining capture cross section for unstable isotopes!

Ratkiewicz et al, PRL 122 (2019) 052502

Escher et al, PRL 121 (2018) 025501

Accomplishments: Recent benchmarks 
demonstrate the use of surrogate 

reactions for determining challenging 
(n,g) cross sections indirectly

encompasses the latter within its 1σ uncertainty. The result
is a significant improvement over previous attempts to
determine capture cross sections from surrogate reaction
data and is notable since it is achieved for an isotope that is
very sensitive to spin-parity effects [26].
To summarize, we have presented a new approach for

determining neutron-capture cross sections for unstable
isotopes using a combination of surrogate reaction data
and theory. We have demonstrated that a theoretical descrip-
tion of the surrogate reaction is key to overcoming the
limitations encountered in previous applications of this
approach. The method makes no use of auxiliary con-
straining quantities, such as neutron resonance data, or
average radiative widths, which are not available for
short-lived isotopes. This approach will open up the pos-
sibility of determining unknown cross sections, with far-
reaching implications for improving our understanding of
stellar evolution and nucleosynthesis of the heavy elements:
near stability, stable-beam experiments can be used to
determine cross sections that shed light on the slow
neutron-capture process (s process) [66], while further away
from stability, radioactive beam experiments can provide
reaction data relevant to rapid-neutron-capture (r process)
nucleosynthesis [67].
Our approach of predicting FCN

δ and determining the
unknown decay parameters from Eq. (2) can be adapted to
determine other cross sections of interest. For example,
proton and α capture can be treated in direct analogy to the
cases presented here. Furthermore, other surrogate reaction
mechanisms can be used to form the CN, including
inelastic scattering and reactions that transfer nucleons to

the target: for the (d, p) reaction, a prime candidate for
inverse-kinematic experiments, a reaction description has
recently been developed [68–70] and surrogate benchmark
tests are underway [17,71]. Thus, the present work estab-
lishes a more general procedure for obtaining cross sections
for short-lived nuclei from light-ion surrogate reactions.
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FIG. 5. Results for Zr. (a)–(e) Coincidence probabilities used in the fit. (f) The extracted 90Zrðn; γÞ cross section is compared to direct
measurements and several evaluations [25,62–65]. The Forssen calculation usedD0 and hΓγi data, which are typically used—along with
cross section data–to constrain (n, γ) calculations. TENDL (shown with hatched uncertainty band) and ENDF introduced further
adjustments to agree more closely with the direct data.
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