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Synthesis of heavy elements requires (n,g)

i-process: 
low-Z AGB (Cat 3), super AGB (Cat 4), RAWD (Cat 6)
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Figure 5: Schematic representation in the (N,Z) plane of the di↵erent astrophysical sites responsible for
the synthesis of the stable nuclides. The stellar sites are identified through the di↵erent categories (Cat.)
defined in the main text. Categories 6 and 8 refer specifically to explosive processes in binary systems.
The nucleosynthetic contributions by BBN and by GCR are also displayed. The open black squares
correspond to stable or long-lived nuclei and the open yellow squares to the nuclei with experimentally
known masses. Nuclei with neutron or proton separation energies tending to zero define the neutron or
proton “drip lines” (solid black lines), as predicted from a mass model.

ejected from the disc (though not sketched in Fig. 4). In contrast, some material, possibly of Big Bang
composition, might fall onto the disc (“infall”) from the galactic halo to dilute the stellar-processed
material.

If some rather clear conclusions are emerging from the very many studies of the highly complex
problems raised by the observations and modeling of the evolution of galaxies, one has still to live in
this field with many open problems and conflicting results, as summarized in e.g. [29].

5 Nuclear needs for astrophysics

As made clear in the previous sections, the Universe is pervaded with nuclear physics imprints at all
scales. Figure 6 illustrates the various nuclear data needs for stellar structure, stellar evolution and
nucleosynthesis applications in relation with the di↵erent astrophysical sites sketched in Fig. 5. The
modeling of nucleosynthesis is certainly the most demanding regarding nuclear data, some processes
requesting the consideration of as many as thousands of nuclides linked by a huge amount of nuclear
reactions (see especially Sections 8.4 and 8.5).

Impressive progress has been made over the last decades in the experimental and theoretical nuclear
data hunt of relevance to astrophysics. Still, major problems and puzzles remain. In particular, ex-
perimental information only covers a minute fraction of the needs. This situation results namely from
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Synthesis of A≈80: many (n,g) processes
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ejected from the disc (though not sketched in Fig. 4). In contrast, some material, possibly of Big Bang
composition, might fall onto the disc (“infall”) from the galactic halo to dilute the stellar-processed
material.
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Figure 17: Decomposition of the SoS abundances of heavy nuclides into s-process (solid line), r-process
(dots) and p-process (squares) contributions. The uncertainties on the abundances of some p-nuclides
that come from a possible s-process contamination are represented by vertical bars. See Fig. 18 for the
uncertainties on the SoS s- and r-nuclide data.

8 Nucleosynthesis of the heavy nuclides

8.1 The s-, r- and p-nuclides in the Solar System: generalities

Since the very beginning of the development of the theory of nucleosynthesis (e.g. [10, 11, 12]), it has
become a common practice to split the SoS abundance distribution of the nuclides heavier than iron
(Fig. 1) into three separate distributions giving the image of the SoS content of the so-called p-, s- and
r-nuclides. These are defined as the stable nuclides located in the chart of the nuclides on the neutron-
deficient side of the valley of nuclear stability (p-nuclides), at the bottom of the valley (s-nuclides) and
on its neutron-rich side (r-nuclides).

This splitting has greatly helped clarifying the very nature of the processes responsible for the
synthesis of the three classes of nuclides. It has been soon realized that the capture of charged particles
by nuclei heavier than the iron peak was in general ine�cient in stellar conditions. The Coulomb barriers
between interacting partners indeed turn out to be high enough for the lifetimes against charged particle
captures of the nuclei under consideration to be substantially longer than the typical stellar evolutionary
lifetimes. Neutron captures were consequently considered as the nucleosynthetic mechanism of choice,
at least for the s- and r-nuclides, and are referred to as the “s-process” (Section 8.2) and the “r-process”
(Section 8.4). The situation has been for long somewhat less clear-cut for the p-nuclides. It is now
considered that the “p-process” responsible for their production is dominated by photodisintegrations
of pre-existing s- and r-nuclides, with some corrections brought by neutron captures (Section 8.5). The
contribution of proton captures to some among the lightest p-nuclides has also been envisioned. The
corresponding process, referred to as the “rapid proton capture” (or rp) process (Section 7.1.3) has been
suggested to develop as a result of accretion of matter onto NSs, but is not expected to significantly
contribute to the Galactic enrichment.

A rough representation of the splitting of the SoS abundances above iron into s-, r- and p-nuclides
is displayed in Fig. 17. In its details, the procedure of decomposition is not as obvious as it might be
thought from the very definition of the di↵erent types of nuclides, and is to some extent dependent on
the models for the synthesis of the heavy nuclides (see Sect. 8.1). These models predict in particular that
the stable nuclides located on the neutron-rich/neutron-deficient side of the valley of nuclear stability
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the elements lighter than Te. Using the un-modified r-process
residuals over-predicts the [Ge/Fe] and [As/Fe] ratios but has
no substantial impact on Se or the Sr–Ru region. The i-process
contribution is still required regardless of whether we use the
modified or un-modified r-process pattern. The heaviest
elements ( Z 56) owe their origin only to the rprocess and
sprocess. The rprocess dominates the production of elements
near the rare-Earth and third peaks, while the sprocess
dominates the production of the light rare-Earth elements
and Pb.

Is HD94028 a single star, or does it have an unseen white
dwarf companion? HD94028 shows no compelling evidence
of radial velocity variations; measurements by Latham et al.
(2002) span more than 5100days and have an rms of only
0.64kms-1. If, however, there is a companion and the system
is observed face-on, it would also show no radial velocity
variations.
Is the presence of s-process material evidence that

HD94028 must be in a binary system with a white dwarf
companion? Casagrande et al. (2011) derived an age
of HD94028 of 12.35Gyr (7.5 to 13.8 Gyr at 95% confidence
intervals) from comparison with Padova and BASTI iso-
chrones. The longest-lived AGB star considered in Sections 5.1
and 5.2 has a lifetime of 1.4Gyr. Such stars could have
formed, evolved through the TP-AGB phase, and polluted the
ISM before HD94028 was born. In other words, the presence
of s-process material does not require a more-evolved
companion star for HD94028.
We are unable to exclude either the single-star or binary

system scenarios. We expect that HD94028 acquired its r-
process material from its natal cloud. The s-process and i-
process material may have also been present in the natal cloud
or added later by a companion.

5.7. The i-process in Other Stars in the Early Galaxy

Evidence for the iprocess has been observed in the post-
AGB star known as Sakurai’s object (V4334 Sgr; Herwig
et al. 2011) and in pre-solar grains found in pristine meteorites
(Fujiya et al. 2013; Jadhav et al. 2013; Liu et al. 2014). There
are hints that the iprocess may also be responsible for some of
the abundance patterns observed in young open clusters
(Mishenina et al. 2015), the CEMP-r/s stars (Dardelet
et al. 2015; Jones et al. 2016), and low-mass post-AGB stars
in the Magellanic Clouds (Lugaro et al. 2015).
Our observations may be generalized to suggest that super-

solar [As/Ge] and solar or sub-solar [Se/As] ratios could
signal the operation of the iprocess in the early Galaxy. These
are a common feature in the nine metal-poor stars analyzed by
Roederer (2012) and Roederer et al. (2012b, 2014c). The
[As/Ge] ratios range from +0.65 to +1.00 in five stars with
−2.5<[Fe/H] <−0.5. [As/Ge] is constrained to be
>+0.75 in two other stars, and only upper limits (<+1.34)
are available for two more. The [Se/As] ratios in these stars
range from −0.53 to +0.54, with a mean of −0.10. The
observational uncertainties on these ratios are typically
0.3–0.4 dex for [As/Ge] and 0.3–0.7 dex for [Se/As], which
reflects the challenge of measuring absorption lines in the
crowded regions of the NUV spectrum.
No non-LTE calculations exist for Ge I, As I, or Se I lines in

late-type stars. Ge has a lower first ionization potential
(7.90 eV) than As (9.79 eV) or Se (9.75 eV). If overionization
occurs, it is more likely to preferentially affect Ge I lines. This
would reduce the [As/Ge] ratios. Non-LTE corrections for
other species with low first ionization potentials are typically
0.1–0.2 dex and rarely exceed 0.5 dex (e.g., Takeda et al. 2005;
Bergemann et al. 2012; Yan et al. 2015) in late-type stars,
however. We conclude that it is unlikely that non-LTE effects
can produce solar or sub-solar [As/Ge] ratios in these stars.
Peterson (2011) pointed out that the enhanced [Mo/Fe]

ratios found in HD94028 and HD160617 were uncommon.
Subsequent data support this assertion. Mo was detected in
30 of the 311 metal-poor stars examined by Roederer et al.

Figure 7. Comparison of the observed abundance pattern in HD94028 and
contributions from the s-process (blue), r-process (red), and i-process (gold)
models. The s-process component is taken from the 1.7Me TP-AGB model
discussed in Section 5.2. The r-process component is based on the solar r-
process residuals and modified as described in Section 5.2. The i-process
component is based on the trajectory from Bertolli et al. (2013) and tuned to
maximize production in the As–Mo region as described in Section 5.4. The
solid black line marks the sum of the three processes for each element. The
overall normalization for each process has been adjusted by-eye. The
distribution is expressed as log and [X/Fe] in the top and middle panels,
and the bottom panel illustrates the residuals between the observed abundance
pattern and the sum of the models.
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Figure 17: Decomposition of the SoS abundances of heavy nuclides into s-process (solid line), r-process
(dots) and p-process (squares) contributions. The uncertainties on the abundances of some p-nuclides
that come from a possible s-process contamination are represented by vertical bars. See Fig. 18 for the
uncertainties on the SoS s- and r-nuclide data.

8 Nucleosynthesis of the heavy nuclides

8.1 The s-, r- and p-nuclides in the Solar System: generalities

Since the very beginning of the development of the theory of nucleosynthesis (e.g. [10, 11, 12]), it has
become a common practice to split the SoS abundance distribution of the nuclides heavier than iron
(Fig. 1) into three separate distributions giving the image of the SoS content of the so-called p-, s- and
r-nuclides. These are defined as the stable nuclides located in the chart of the nuclides on the neutron-
deficient side of the valley of nuclear stability (p-nuclides), at the bottom of the valley (s-nuclides) and
on its neutron-rich side (r-nuclides).

This splitting has greatly helped clarifying the very nature of the processes responsible for the
synthesis of the three classes of nuclides. It has been soon realized that the capture of charged particles
by nuclei heavier than the iron peak was in general ine�cient in stellar conditions. The Coulomb barriers
between interacting partners indeed turn out to be high enough for the lifetimes against charged particle
captures of the nuclei under consideration to be substantially longer than the typical stellar evolutionary
lifetimes. Neutron captures were consequently considered as the nucleosynthetic mechanism of choice,
at least for the s- and r-nuclides, and are referred to as the “s-process” (Section 8.2) and the “r-process”
(Section 8.4). The situation has been for long somewhat less clear-cut for the p-nuclides. It is now
considered that the “p-process” responsible for their production is dominated by photodisintegrations
of pre-existing s- and r-nuclides, with some corrections brought by neutron captures (Section 8.5). The
contribution of proton captures to some among the lightest p-nuclides has also been envisioned. The
corresponding process, referred to as the “rapid proton capture” (or rp) process (Section 7.1.3) has been
suggested to develop as a result of accretion of matter onto NSs, but is not expected to significantly
contribute to the Galactic enrichment.

A rough representation of the splitting of the SoS abundances above iron into s-, r- and p-nuclides
is displayed in Fig. 17. In its details, the procedure of decomposition is not as obvious as it might be
thought from the very definition of the di↵erent types of nuclides, and is to some extent dependent on
the models for the synthesis of the heavy nuclides (see Sect. 8.1). These models predict in particular that
the stable nuclides located on the neutron-rich/neutron-deficient side of the valley of nuclear stability
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FIG. 7. Combined results of fifty-five neutron capture rate sensitivity studies run under a range of distinct astrophysical
conditions. The shading indicates the maximum sensitivity measure F obtained in the full set of sensitivity studies, with the
darkest squares indicating maximum F measures of greater than 20. Note nuclei are shaded only if their sensitivity measures
F exceed 0.5 in more than one set of astrophysical conditions.

TABLE II. Nuclei with maximum neutron capture rate sensitivity measures F > 10 from the
combined results of fifty-five neutron capture rate sensitivity studies run under a range of
distinct astrophysical conditions, from Fig. 7.

Z A F

26 67 15.8
26 71 11.2
27 68 11.6
27 75 17.3
28 76 17.2
28 81 34.1
29 72 10.4
29 74 15.1
29 76 25.0
29 77 12.5
29 79 10.2
30 76 13.1
30 78 23.5
30 79 15.2
30 81 13.6
31 78 12.8
31 79 12.1
31 80 26.0
31 81 18.8
31 84 10.3
31 86 11.0
32 81 17.5
32 85 13.1
32 87 19.1
33 85 10.5
33 86 22.5
33 87 17.8
33 88 22.6
34 87 18.0
34 88 11.2
34 89 10.3
34 91 15.3
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The impact of (n,γ ) rate uncertainties 5181

Table 1. The strongest correlations between the (n,γ ) reaction rate variations and the i-process elemental abundances found in our MC simulations.

Reaction Element rP (1-zone, 973rd time-step) rP (1-zone, 979th time-step) rP (Nn = 1016 cm−3) rP (Nn = 1015 cm−3)

66Ni Zn − 0.7793 − 0.7108 − 0.7497 − 0.7948
Ge 0.3079 − 0.1255 0.1384 0.2286
As 0.2298 − 0.0583 0.1387 0.1969
Se 0.4922 0.1412 0.4309 0.5210
Br 0.4391 0.1340 0.3862 0.4240
Kr 0.5031 0.3807 0.4938 0.6293
Rb 0.4130 0.3387 0.3984 0.5215
Sr 0.3601 0.3133 0.3475 0.4463
Y 0.3093 0.2826 0.2929 0.4427
Zr 0.4021 0.4435 0.3682 0.4646
Nb 0.2906 0.2905 0.2706 0.3490
Mo 0.3583 0.4046 0.3174 0.3919

69Cu Ga − 0.6776 − 0.6071 − 0.6500 − 0.6022
72Zn Ge − 0.5842 − 0.6450 − 0.5892 − 0.5943
75Ga As − 0.7021 − 0.7291 − 0.7040 − 0.7725
78Ge Se − 0.5292 − 0.7188 − 0.5636 − 0.5308

the default value fi = 1. This option is used in our Monte Carlo
(MC) simulations of the impact of reaction rate uncertainties on the
predicted abundances.

The benchmark one-zone simulation uses the above described
PPN code set-up with fi = 1 and runs until its predicted decayed
elemental abundances match, as well as possible, those observed in
HD94028.

2.2 Reaction rates & maximum variation factors

The abundances obtained in the benchmark simulation depend
on the (n,γ ) reaction rates for unstable isotopes. Most of these
(n,γ ) rates in the default set-up of the PPN code come from the
JINA REACLIB v1.1 library (Cyburt et al. 2010) that recommends
theoretical values calculated using the Hauser–Feshbach model
code NON-SMOKER (Rauscher & Thielemann 2000). However,
different Hauser–Feshbach models predict different (n,γ ) rates for
a same unstable isotope (e.g. see fig. 5 in Bertolli et al. 2013),
which therefore makes these rates quite uncertain. To take these
uncertainties into account, we follow the same procedure as in Paper
I. First, we use charts of n-capture reaction fluxes at the maximum
neutron density obtained in the benchmark simulation to select those
unstable isotopes whose (n,γ ) reaction rate variations can affect the
predicted abundances. For each of these isotopes, we find a set
of (n,γ ) rates ri calculated with the Hauser–Feshbach code TALYS2

(Bersillon et al. 2008) using 20 different combinations of the nuclear
level density and γ ray strength function models listed in Table 1 of
Paper I as input physics data. The rate uncertainty is assumed to be
represented by the ratio of the largest to the lowest rate from this set,
vmax

i = rmax
i /rmin

i , that we call the rate’s maximum variation factor.
The 113 unstable isotopes selected for the uncertainty study in this
work are displayed with their radiative n-capture rates’ maximum
varation factors in Fig. 1.

2.3 The Monte Carlo simulations

Our reaction rate uncertainty study is based on MC simulations in
which we perform 10 000 runs of the PPN code with initial set-ups
that differ from the benchmark simulation only by different choices

2http://talys.eu

Figure 1. The unstable isotopes whose (n,γ ) reaction rates were varied
in this study and the maximum variation factors used for the rates. The
maximum variation factors for 65Co, 68Ni, 70Ni, 69Cu, 71Cu, 76Zn, 83As,
84Se, 87Se, 87Br, 91Kr, and 93Rb exceed the maximum value of vmax

i = 15
assigned to the colour map.

of the rate multiplication factors for the selected (n,γ ) reactions.
Each of the MC simulation runs uses a different set of these factors
in which fi = (p/vrand

i ) + (1 − p)vrand
i , where p is assigned a value

of either 0 or 1 with equal probability, and vrand
i is randomly selected

from a uniform distribution between 1 and vmax
i (Paper I).

3 R ESULTS

3.1 One-zone simulations of the i process

Fig. 2 shows how the neutron number density Nn changes with time
in our benchmark simulation. It reaches a value of ∼1016 cm−3

at its maximum, indicating an i-process activation. The final
nucleosynthesis yields in the i process also depend on its duration
t, or on the neutron exposure

τ =
∫ t

0
Nnvthdt,

where vth is the thermal velocity of neutrons. The evolution of the
neutron exposure in our benchmark simulation is also shown in
Fig. 2. In the weak i process, the latter never reaches the values of τ

∼ 10 – 100 at which abundance ratios of neighbouring elements of
the first (N ≈ 50) and second (N ≈ 82) n-capture peaks attain their
equilibrium values.

MNRAS 491, 5179–5187 (2020)
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D2

D1
Q1-Q2

(d,p) with 84Se 45 MeV/u NSCL beams
• CD2 targets
• Upstream beam tracking
• ORRUBA (Oak Ridge Rutgers 

University Barrel Array) + SIDAR
• Heavy recoils S800 focal plane

MCP 1 MCP 2 SIDAR
ORRUBA

Beam

Target

S800

(d,p) reaction 45 MeV/u N=50 84Se beams

D. Walter, 2018
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Extracting Spec Factors => Direct capture

§ 45 MeV/u at NSCL

H.E. Sims Phd Dissertation (2020)
H.E. Sims, D Walter et al., 

in preparation for PRC (2023)
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Excitations in 85Se
S800 FP particle ID

• (red) gate on ORRUBA
• Gate on 85Se 
Ø Q-value spectra 
Ø
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Extracting Spec Factors => Direct capture

§ 45 MeV/u at NSCL

H.E. Sims Phd Dissertation (2020)
H.E. Sims, D Walter et al., 

in preparation for PRC (2023)

neutrons

d5/2

g7/2
s1/2

d3/2
h11/2

50

82

g9/2

5/2!	Ex = 0 𝑆 = 0.28	(4)
1/2!	Ex = 0.462	MeV 𝑆 = 0.26	(6)

𝑆 = !"
!# $%&

/ !"
!# '()

 

Excitations in 85Se

FR-ADWA w/ KD OPM
FIG. 4. Q-value spectra for each of the four angular bins: (a) Downstream ORRUBA 1 (125�-136�),

(b) Downstream ORRUBA 2 (136�-147�), (c) Upstream ORRUBA (147�-156�), (d) SIDAR (159�-

171�). Peak widths were fixed to those predicted by VIKAR for each angular bin, reducing the

phase space to be minimized. The peak positions were also fixed. The fits included 5 Gaussian’s,

with the positions fixed at Q = 2.312 MeV (g.s.), 1.850 MeV, 0.781 MeV, 0.309 MeV, -0.139 MeV.

Rate-limiting gas detectors in the S800 restrict the ability to capture all of the 85Se recoils.

The momentum spread of the beam together with the similarity in magnetic rigidity between

the unreacted beam and the recoil necessitates a blocker in front of the S800 focal plane so

as to not overwhelm these detectors with the unreacted beam. Therefore, a fraction of the

recoil of interest was also blocked. The S800 acceptance was calculated to be 26.75% ± 2.50%

using the integrated counts from the S800 coincident and the background-subtracted non-

coincident data.

12

𝜃"#$ ≈ 165°
𝜃%& ≈ 4°	

𝜃"#$ ≈ 151°
𝜃%& ≈ 8°	
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FIG. 19. (a) Individual DSD reaction rates for 84Se(n,�) to the 5/2+ ground state, using both the

canonical (light blue) and newly constrained (dark blue) (r0,a) parameters (as seen in Table ??)

for the bound-state potential. (b) The same as (a), but for the 1/2+ first excited (0.426 MeV) state

- orange is canonical, and red is newly constrained (r0,a) parameters. (c) Sum of 84Se neutron

capture cross sections to the ground- and first excited-states for direct-semi direct capture (orange),

and direct capture only (cyan) using the newly constrained values for (r0, a). All uncertainties

represent the uncertainty in the deduced spectroscopic factors.

27

Neutron Energy (MeV)

s
(µ

b/
sr

)
(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

H.E. Sims Phd Dissertation (2020)
H.E. Sims, D Walter et al., 

in preparation for PRC (2023)

Direct-semi-direct (DSD) capture
• Cross sections small ≈20 µb/sr; 𝑝-wave capture
• Statistical capture? 𝜎 much larger?
Ø Need measure g rays

g
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(d,p) studies with 4.5 MeV/u & 45 MeV/u 84Se beams

H.E. Sims Phd Dissertation (2020)
H.E. Sims, D Walter et al., 

in preparation for PRC (2023)
J.A. Cizewski et al, 

AIP CP 1090, 463 (2009) 
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FIGURE 1 (color on line).  Direct and direct semi-direct (DSD) p-wave neutron capture cross sections 

on 
82

Ge and 
84

Se.  Cross sections with the density form of the electromagnetic (EM) operator are black, 

solid lines with only direct contributions and blue, dot-dashed lines with DSD included; with the current 

form of the EM operator green, dashed lines represent only direct contributions and red, double dot-

dashed lines include DSD.  Taken from [8]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (color on line).  Hartree Fock compound nucleus neutron capture cross sections combined 

with DSD capture on 
82

Ge and 
84

Se.  The vertical lines indicate the limits of validity of the HF 

calculations.  See text for details. 
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)Direct-semi-direct capture
• Cross sections small ≈20 µb/sr for 𝑝-

wave capture
• Statistical capture? 𝜎 much larger?
Ø Need valid (n,g) surrogate reaction
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Surrogate reaction concept & 
Hauser-Feshbach formalism

A

“Surrogate”
reaction

d
p

A+1*

An

“Desired” reaction

A+1
g

Compound nucleus

Surrogate particle-gamma 
coincidence can be written as 
product of compound nucleus 
formation and decay for every spin 
and parity:

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

(n,g) cross section can be written 
as product of compound nucleus 
formation and decay for every 
spin and parity:

σ nγ (En)= σ n
CN

J ,π

∑ (Ex ,J,π )Gγ
CN (Ex ,J,π )

6+
4+

2+

0+

Z A N
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≈
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Forming compound nucleus in (d,p)

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )
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Neutron transfer (d,p) to unbound states,
non-elastic breakup and surrogate for (n,g)

Gregory Potel et al. PRC 92, 034611(2015) Þ path to CN formation  

Two-step process
§ d breakup; B.E. = 2.2 MeV
§ n propagation

§ Elastic breakup
§ Non-elastic breakup Þ  

CN and surrogate (n,g)
§ Predicts Jπ transfer
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Surrogate (n,g) with (d,pg)

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

(d,p) reaction to forms compound nucleus
v Need to measure P(d,pg)
v Need theory to calculate formation of CN: FCN

v Need to deduce decay of CN: GCN

Validate with 95Mo(d,pg) reaction & 96Mo gammas
ℓ = 0 capture on 5/2+ => 2+,3+

s(n,g) was measured and informed
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What we measured in normal kinematics

§ Channel Y:  individual discrete g transitions to low-lying states
§ Intensity (=counts/efficiency) of specific transitions

§ Number of times CN is formed
§ Intensity of single protons as a function of Ex

𝑃#$ 𝐸% = $
𝑁#$(𝐸%)
𝜀$

𝑁#(𝐸%)
§ Normal kinematics ”easy”

§ Stable heavy target; light stable beam
§ Silicon detectors predominantly at forward angles
§ Don’t need heavy recoil detection

𝑃#$(𝐸%) =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑁	𝑑𝑒𝑐𝑎𝑦𝑠	𝑣𝑖𝑎	𝑐ℎ𝑎𝑛𝑛𝑒𝑙	𝑌
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑖𝑚𝑒𝑠	𝑡ℎ𝑒	𝐶𝑁	𝑖𝑠	𝑓𝑜𝑟𝑚𝑒𝑑
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95Mo(d,pg)96Mo: Input for 𝐺&'((𝐸% , 𝐽, 𝜋)

Surrogate (d,pg) data

G. Potel et al, PRC 92, 034611(2015)

Potel: 96Mo Jπ population

Sn

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

A. Ratkiewicz et al., PRL 122, 052502 (2019)
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95Mo(d,pg): Input for GCN(Ex,J,p)

Surrogate (d,pg) data

Potel: 96Mo Jπ population

Sn

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

G. Potel et al, PRC 92, 034611(2015)

HF calculations (Jutta Escher)
§ FCN from Gregory Potel
§ Bayesian fit to observed P(d,pg)

§ Level density: Gilbert & Cameron
§ No norm to D0

§ Lorentzian g strength function; 
§ No <G(g)>

Ø GCN(Ex,J,p)
A. Ratkiewicz et al., PRL 122, 052502 (2019)
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95Mo(d,pg) validated (n,g) surrogate
Ppγ (Ex ,θ)= Fdp

CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

A. Ratkiewicz et al., PRL 122, 052502 (2019)
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95Mo(d,pg) validated (n,g) surrogate

σ nγ (En)= σ n
CN

J ,π

∑ (Ex ,J,π )Gγ
CN (Ex ,J,π )

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

A. Ratkiewicz et al., PRL 122, 052502 (2019)
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Goal:  Inform (n,g) on rare isotopes with (d,p)
§ Heavy beam on light (CD2) target = inverse kinematics
§ Proton detection: good energy and angle resolution:  ORRUBA
§ Challenge:  detecting discrete gammas

§ Relatively low gamma efficiency, especially discrete g
§ Away from even-even closed shells

§ High level density even at low Ex

§ Especially final odd-odd nuclei

§ Want Y – the gamma decay channel:
§ Not dependent on specific gammas

𝑃#$(𝐸%) =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑁	𝑑𝑒𝑐𝑎𝑦𝑠	𝑣𝑖𝑎	𝑐ℎ𝑎𝑛𝑛𝑒𝑙	𝑌
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑖𝑚𝑒𝑠	𝑡ℎ𝑒	𝐶𝑁	𝑖𝑠	𝑓𝑜𝑟𝑚𝑒𝑑

𝑃!"(𝐸#) =
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Inform (n,g) on 84Se (rare isotope) with (d,p)
§ 84Se(d,p) populates 85Se* CN
§ CN at 𝐸* < 𝑆+: only decays by gamma emission => 85Se
§ CN at 𝐸* > 𝑆+	: if decays by gamma emission => 85Se = channel Y
§ CN at 𝐸* > 𝑆+	: if decays by neutron emission => 84Se

§ Detection efficiency of heavy recoils > gammas
§ No dependence on details of g-decay
§ Need excellent separation of 85Se and 84Se

𝑃&<(𝐸%) =
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑁	𝑑𝑒𝑐𝑎𝑦𝑠	𝑣𝑖𝑎	𝑐ℎ𝑎𝑛𝑛𝑒𝑙	𝑌
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑖𝑚𝑒𝑠	𝑡ℎ𝑒	𝐶𝑁	𝑖𝑠	𝑓𝑜𝑟𝑚𝑒𝑑

𝑃&< 𝐸% = @
𝑁&=!">$(𝐸%)

𝜀
𝑁&(𝐸%)
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Three scenarios:
1. 84Se does not react with CD2 

target, continues with same 
momentum distribution as 
determined by slits in A1900

2. 84Se undergoes (d,p) reaction at 
CD2 => CN 85Se => g decays to 
85Se g.s.

• Know Ex from protons 

1. Same as point 2, except CN 85Se 
emits neutron => 84Se

A1900

84Se(d,p) 
reaction

84Se

SRM at S800 without detecting γ-rays

H.E. Sims, S.D. Pain, 2021
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Three scenarios:
1. 84Se does not react with CD2 

target, continues with same 
momentum distribution as 
determined by slits in A1900

2. 84Se undergoes (d,p) reaction at 
CD2 => CN 85Se => g decays to 
85Se g.s.

• Know Ex from protons 

3. Same as point 2, except CN 85Se 
emits neutron => 84Se

A1900

84Se(d,p) 
reaction

84Se

SRM at S800 without detecting γ-rays

H.E. Sims, S.D. Pain, 2021

• S800 is rate-limited to ~5 kHz => implement blocker
Ø Use the recoils to determine whether n/γ decay 

(84Se/85Se) – by tagging on the 85Se
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A1900

84Se(d,p) 
reaction

84Se

SRM at S800 without detecting γ-rays

H.E. Sims, S.D. Pain, 2021

Advantages:
• With (low intensity RIBs) all statistics in 

single observable
• ~25-30% detection efficiency (much better 

than γ efficiency ≈13%) 
• Can measure by looking at bound 

states
• Not reliant on simulations
• If can tighten up momentum 

acceptance, less beam-recoil overlap
• No need for complicated cascade info – get 

emission probability without knowledge of 
how gamma decay occurs

Difference:
• No details or constraint on specific gamma 

branches or cascade

Challenges:
• Need significant characterization of 

background from Carbon in target 
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SRM at S800 without detecting γ-rays: 
Pγ from S800 coincidences 

Proton singles 
(background 
subtracted)

Proton-S800 
coincidences

𝑃$(𝐸%) =
𝑁&''(()(𝐸%)/𝜀(

*+𝑆𝑒)

𝑁&',-./0),(𝐸%)

S800 
acceptance

H.E. Sims, 2023
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SRM at S800 without detecting γ-rays: 
Pγ from S800 coincidences 

Proton singles 
(background 
subtracted)

Proton-S800 
coincidences

𝑃$(𝐸%) =
𝑁&''(()(𝐸%)/𝜀(

*+𝑆𝑒)

𝑁&',-./0),(𝐸%)

S800 
acceptance

H.E. Sims, 2023

FIG. 22. Probability of gamma decay as a function of excitation energy. The neutron-separation

energy is shown in red.

Comparing the DWBA analysis of Thomas et al. using the canonical (r0, a) values, to the

current work using the same values demonstrates the systematic di↵erences between the two

formalisms. FR-ADWA reaction formalism predicts larger cross sections when compared to

DWBA calculations, due to the inclusion of the deuteron break-up - reducing the deduced

spectroscopic factors [28].

These newly deduced spectroscopic factors were then used as input to calculate the DSD

neutron-capture cross section as a function of incident neutron energy using the code CU-

PIDO. Significantly smaller cross sections were deduced in this work due to the smaller

spectroscopic factors and bound-state potential parameters used, as well as the full complex

Koning-Delaroche scattering potential.

The next step in deducing spectroscopic factors of neutron-rich nuclei around the N=50

shell-closure to inform direct (n,�) reactions near the r-process path will be a measurement

of the 80Ge(d,p�) reaction. A previous measurement of this reaction at 3.875 MeV/u by

Ahn et al. [29] was analyzed using FR-ADWA calculations with standard bound-state ge-

ometry parameterizations (r0=1.25 fm, a=0.65 fm) to extract the many-body ANC and

spectroscopic factors for the unresolved 1/2+ 679 keV and 5/2+ 711 keV doublet. A mea-

surement of this (d,p�) reaction with 45 MeV/u 80Ge beams to constrain the single-particle

ANC, and therefore reduce uncertainties on the deduced spectroscopic factors, has been ap-

32
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Pγ from S800 coincidences & theory 
⟹ 𝜎(𝑛, 𝛾)	from surrogate reaction data 

H.E. Sims, 2023
FIG. 22. Probability of gamma decay as a function of excitation energy. The neutron-separation

energy is shown in red.

Comparing the DWBA analysis of Thomas et al. using the canonical (r0, a) values, to the

current work using the same values demonstrates the systematic di↵erences between the two

formalisms. FR-ADWA reaction formalism predicts larger cross sections when compared to

DWBA calculations, due to the inclusion of the deuteron break-up - reducing the deduced

spectroscopic factors [28].

These newly deduced spectroscopic factors were then used as input to calculate the DSD

neutron-capture cross section as a function of incident neutron energy using the code CU-

PIDO. Significantly smaller cross sections were deduced in this work due to the smaller

spectroscopic factors and bound-state potential parameters used, as well as the full complex

Koning-Delaroche scattering potential.

The next step in deducing spectroscopic factors of neutron-rich nuclei around the N=50

shell-closure to inform direct (n,�) reactions near the r-process path will be a measurement

of the 80Ge(d,p�) reaction. A previous measurement of this reaction at 3.875 MeV/u by

Ahn et al. [29] was analyzed using FR-ADWA calculations with standard bound-state ge-

ometry parameterizations (r0=1.25 fm, a=0.65 fm) to extract the many-body ANC and

spectroscopic factors for the unresolved 1/2+ 679 keV and 5/2+ 711 keV doublet. A mea-

surement of this (d,p�) reaction with 45 MeV/u 80Ge beams to constrain the single-particle

ANC, and therefore reduce uncertainties on the deduced spectroscopic factors, has been ap-
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Theory: Escher, Potel, Gorton 
(prelim, 6/2024)

𝑃$ 𝐸% =3
1,3

𝐹!&45(𝐸%, 𝐽, 𝜋, 𝜃)𝐺645(𝐸%, 𝐽, 𝜋)

𝜎.6 𝐸. =3
1,3

𝜎.45(𝐸%, 𝐽, 𝜋)𝐺645(𝐸%, 𝐽, 𝜋)

45 MeV/u 84Se(d,p) 𝐹!&45 at Sn 

J–

J+

Ang. Mom. J

Preliminary
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Pγ from S800 coincidences & theory 
⟹ 𝜎(𝑛, 𝛾)	from surrogate reaction data 

Theory:
1. Reaction mechanism for (d,p) Jπ population 

vs Ex
2. Hauser-Feshbach code (YAHFC) and Jp
Ø Decay of the CN 85Se 𝐺"#$(𝐸% , 𝐽, 𝜋)

3. Markov-Chain Monte-Carlo to fit HF decay 
parameters from surrogate observables

4. Calculate desired s 84Se(n,g) by sampling 
posterior parameter distribution

Theory: Escher, Potel, Gorton 
(prelim, 6/2024)

𝑃$ 𝐸% =3
1,3

𝐹!&45(𝐸%, 𝐽, 𝜋, 𝜃)𝐺645(𝐸%, 𝐽, 𝜋)

𝜎.6 𝐸. =3
1,3

𝜎.45(𝐸%, 𝐽, 𝜋)𝐺645(𝐸%, 𝐽, 𝜋)

45 MeV/u 84Se(d,p) 𝐹!&45 at Sn 

J–

J+

Ang. Mom. J
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Pγ from S800 coincidences & theory 
⟹ 𝜎(𝑛, 𝛾)	from surrogate reaction data 

Results
1. 𝜎(𝑛, 𝛾)	constrained by data, no 𝐷7 or < Γ6 >
2. Not sensitive to details of gSF
3. Similar results w/ different parameter vectors

Theory: Escher, Potel, Gorton 
(prelim, 6/2024)

𝑃$ 𝐸% =3
1,3

𝐹!&45(𝐸%, 𝐽, 𝜋, 𝜃)𝐺645(𝐸%, 𝐽, 𝜋)

𝜎.6 𝐸. =3
1,3

𝜎.45(𝐸%, 𝐽, 𝜋)𝐺645(𝐸%, 𝐽, 𝜋)

Theory:
1. Reaction mechanism for (d,p) Jπ population vs Ex
2. Hauser-Feshbach code (YAHFC) and Jp
Ø Decay of the CN 85Se 𝐺)*+(𝐸,, 𝐽, 𝜋)

3. Markov-Chain Monte-Carlo to fit HF decay 
parameters from surrogate observables

4. Calculate desired s 84Se(n,g) by sampling 
posterior parameter distribution

84Se(n,g) s from SRM

Preliminary
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New:  ORRUBA + GRETINA at FRIB
§ Measure: (d,pg) with ≈45 MeV/u 80Ge (N=48) and 75Ga beams + 

ORRUBA + GRETINA + S800
Ø Inform s(n,g)

§ No gamma surrogate reaction method
§ Discrete gamma SRM; Gamma rays would confirm isotopics

Ø Inform i- and weak r-process nucleoysnthesis

The impact of (n,γ ) rate uncertainties 5181

Table 1. The strongest correlations between the (n,γ ) reaction rate variations and the i-process elemental abundances found in our MC simulations.

Reaction Element rP (1-zone, 973rd time-step) rP (1-zone, 979th time-step) rP (Nn = 1016 cm−3) rP (Nn = 1015 cm−3)

66Ni Zn − 0.7793 − 0.7108 − 0.7497 − 0.7948
Ge 0.3079 − 0.1255 0.1384 0.2286
As 0.2298 − 0.0583 0.1387 0.1969
Se 0.4922 0.1412 0.4309 0.5210
Br 0.4391 0.1340 0.3862 0.4240
Kr 0.5031 0.3807 0.4938 0.6293
Rb 0.4130 0.3387 0.3984 0.5215
Sr 0.3601 0.3133 0.3475 0.4463
Y 0.3093 0.2826 0.2929 0.4427
Zr 0.4021 0.4435 0.3682 0.4646
Nb 0.2906 0.2905 0.2706 0.3490
Mo 0.3583 0.4046 0.3174 0.3919

69Cu Ga − 0.6776 − 0.6071 − 0.6500 − 0.6022
72Zn Ge − 0.5842 − 0.6450 − 0.5892 − 0.5943
75Ga As − 0.7021 − 0.7291 − 0.7040 − 0.7725
78Ge Se − 0.5292 − 0.7188 − 0.5636 − 0.5308

the default value fi = 1. This option is used in our Monte Carlo
(MC) simulations of the impact of reaction rate uncertainties on the
predicted abundances.

The benchmark one-zone simulation uses the above described
PPN code set-up with fi = 1 and runs until its predicted decayed
elemental abundances match, as well as possible, those observed in
HD94028.

2.2 Reaction rates & maximum variation factors

The abundances obtained in the benchmark simulation depend
on the (n,γ ) reaction rates for unstable isotopes. Most of these
(n,γ ) rates in the default set-up of the PPN code come from the
JINA REACLIB v1.1 library (Cyburt et al. 2010) that recommends
theoretical values calculated using the Hauser–Feshbach model
code NON-SMOKER (Rauscher & Thielemann 2000). However,
different Hauser–Feshbach models predict different (n,γ ) rates for
a same unstable isotope (e.g. see fig. 5 in Bertolli et al. 2013),
which therefore makes these rates quite uncertain. To take these
uncertainties into account, we follow the same procedure as in Paper
I. First, we use charts of n-capture reaction fluxes at the maximum
neutron density obtained in the benchmark simulation to select those
unstable isotopes whose (n,γ ) reaction rate variations can affect the
predicted abundances. For each of these isotopes, we find a set
of (n,γ ) rates ri calculated with the Hauser–Feshbach code TALYS2

(Bersillon et al. 2008) using 20 different combinations of the nuclear
level density and γ ray strength function models listed in Table 1 of
Paper I as input physics data. The rate uncertainty is assumed to be
represented by the ratio of the largest to the lowest rate from this set,
vmax

i = rmax
i /rmin

i , that we call the rate’s maximum variation factor.
The 113 unstable isotopes selected for the uncertainty study in this
work are displayed with their radiative n-capture rates’ maximum
varation factors in Fig. 1.

2.3 The Monte Carlo simulations

Our reaction rate uncertainty study is based on MC simulations in
which we perform 10 000 runs of the PPN code with initial set-ups
that differ from the benchmark simulation only by different choices

2http://talys.eu

Figure 1. The unstable isotopes whose (n,γ ) reaction rates were varied
in this study and the maximum variation factors used for the rates. The
maximum variation factors for 65Co, 68Ni, 70Ni, 69Cu, 71Cu, 76Zn, 83As,
84Se, 87Se, 87Br, 91Kr, and 93Rb exceed the maximum value of vmax

i = 15
assigned to the colour map.

of the rate multiplication factors for the selected (n,γ ) reactions.
Each of the MC simulation runs uses a different set of these factors
in which fi = (p/vrand

i ) + (1 − p)vrand
i , where p is assigned a value

of either 0 or 1 with equal probability, and vrand
i is randomly selected

from a uniform distribution between 1 and vmax
i (Paper I).

3 R ESULTS

3.1 One-zone simulations of the i process

Fig. 2 shows how the neutron number density Nn changes with time
in our benchmark simulation. It reaches a value of ∼1016 cm−3

at its maximum, indicating an i-process activation. The final
nucleosynthesis yields in the i process also depend on its duration
t, or on the neutron exposure

τ =
∫ t

0
Nnvthdt,

where vth is the thermal velocity of neutrons. The evolution of the
neutron exposure in our benchmark simulation is also shown in
Fig. 2. In the weak i process, the latter never reaches the values of τ

∼ 10 – 100 at which abundance ratios of neighbouring elements of
the first (N ≈ 50) and second (N ≈ 82) n-capture peaks attain their
equilibrium values.
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FIG. 7. Combined results of fifty-five neutron capture rate sensitivity studies run under a range of distinct astrophysical
conditions. The shading indicates the maximum sensitivity measure F obtained in the full set of sensitivity studies, with the
darkest squares indicating maximum F measures of greater than 20. Note nuclei are shaded only if their sensitivity measures
F exceed 0.5 in more than one set of astrophysical conditions.

TABLE II. Nuclei with maximum neutron capture rate sensitivity measures F > 10 from the
combined results of fifty-five neutron capture rate sensitivity studies run under a range of
distinct astrophysical conditions, from Fig. 7.

Z A F

26 67 15.8
26 71 11.2
27 68 11.6
27 75 17.3
28 76 17.2
28 81 34.1
29 72 10.4
29 74 15.1
29 76 25.0
29 77 12.5
29 79 10.2
30 76 13.1
30 78 23.5
30 79 15.2
30 81 13.6
31 78 12.8
31 79 12.1
31 80 26.0
31 81 18.8
31 84 10.3
31 86 11.0
32 81 17.5
32 85 13.1
32 87 19.1
33 85 10.5
33 86 22.5
33 87 17.8
33 88 22.6
34 87 18.0
34 88 11.2
34 89 10.3
34 91 15.3
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D2

D1
Q1-Q2

• ORRUBA + GRETINA at S800
• beam tracking (gas) detectors

• S800 excellent PID
• Can separate isotopes
• Beam blocker

• Requires CD2 and CH2 data
S800

Unique opportunity at FRIB & S800

H.E. Sims 2021
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GRETINA + ORRUBA +S800 at FRIB
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A1900

80Ge(d,p) 
reaction

80Ge

SRM at S800 without detecting γ-rays

GODDESS at FRIB Spring 2024
§ Upstream beam tracking chamber
§ ORRUBA – charged particles
§ GRETINA – gamma rays
§ S800 – heavy recoils

§ Blocked 80Ge(32+) and 80Ge(31+) beams
§ ORRUBA-GRETINA-S800 coincidences
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Preliminary status
§ Can cleanly identify 81Ge channel from (d,p) on 80Ge(32+)

§ Need full analysis
§ Maximize proton energy resolution: Beam tracking
§ Isolate (d,p) protons: Subtraction of CH2 protons from CD2 data
§ Maximize ID of 81Ge recoils: use full suite of S800 FP detectors and TOF

ØProspects for surrogate (n,g) analysis promising
§ Unexpected preliminary results

§ See 80Ge(31+)(d,p)81Ge + n: prospects for surrogate (n,n’)?
§ See 80Ge(31+)(d,p)81Ge + 2n: prospects for surrogate (n,2n)?

§ Also, 75Ga(d,pg)76Ga* for surrogate (n,g) for i-process 
nucleosynthesis
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Summary
§ (d,p) and (d,pg) reactions inform i- and weak r- process A≈80 

nucleosynthesis
§ Direct-semi-direct capture near neutron closed shells

§ Measure spectroscopic factors with (d,p)
§ Deduce DSD (n,g)

§ (d,pg) validated surrogate reaction method (SRM) for (n,g)
§ Measure discrete gammas 
Ø Inform LD and gSF => 𝐺!"#(𝐸$, 𝐽, 𝜋) => inform s(n,g)

§ Prospects for No Gamma Surrogate (NGS) reaction method
§ Measure total population A+1 nucleus 
§ Details of gamma decay not needed
Ø 𝐺!"#(𝐸$, 𝐽, 𝜋) => inform s(n,g) with new SRM framework

§ Recent measurements 80Ge, 75Ga(d,pg) at FRIB 
ORRUBA+GRETINA+S800
§ Preliminary (and unexpected) results
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Thank you for your attention
§ (d,p) and (d,pg) reactions inform i- and weak r- process A≈80 

nucleosynthesis
§ Direct-semi-direct capture near neutron closed shells

§ Measure spectroscopic factors with (d,p)
§ Deduce DSD (n,g)

§ (d,pg) validated surrogate reaction method (SRM) for (n,g)
§ Measure discrete gammas 
Ø Inform LD and gSF => 𝐺!"#(𝐸$, 𝐽, 𝜋) => inform s(n,g)

§ Prospects for No Gamma Surrogate (NGS) reaction method
§ Measure total population A+1 nucleus 
§ Details of gamma decay not needed
Ø 𝐺!"#(𝐸$, 𝐽, 𝜋) => inform s(n,g) with new SRM framework

§ Recent measurements 80Ge, 75Ga(d,pg) at FRIB 
ORRUBA+GRETINA+S800
§ Preliminary (and unexpected) results
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