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The exhaustion of fuel means that the core can
no longer support its own weight. It contracts
and heats up, until helium burning provides
enough power to again support the core. This
process happens repeatedly, with each contrac-
tion halting when the products of the previous
cycle begin burning in the core. After hydrogen
burning, the fusion proceeds in multiple layers,
with different elements burning in a series of
shells around the core.
The most massive stars reach the highest core

temperatures because they can release the most
gravitational potential energy. Stars with masses
greater than ~8 M☉ get hot enough to produce
the iron-peak elements, such as iron and nickel.
The series of burnings proceed in this order:
Hydrogen fuses to helium. Helium ignites at
~108 K, fusing to carbon and oxygen. When
carbon ignites, the nuclear reactions become
more varied because 12C+12C not only forms
24Mg but also 23Na+1H, 20Ne+4He, and other
related nuclei (15). At the next stage, some neon
nuclei are ripped apart by energetic photons
and react with other 20Ne to produce 24Mg. The
oxygen left over from helium burning is inert at
the temperatures of carbon and neon burning,
but at 1 billion K, it too ignites (11, 15). As with
carbon burning, the fusion of two oxygen nuclei
can lead to several different daughter products,
and even more elements are produced from
side reactions. After oxygen is exhausted, the
core contracts and heats up to 3 billion K, at
which point the final set of nuclear reactions
during the star’s life begins.

The electric repulsion between two silicon
nuclei is so large that even at 3 billion K, they
cannot get close enough to fuse. Instead, high-
energy photons rip particles off existing nuclei,
then these lighter particles fuse with silicon,
sulfur, and other nuclei to reach the iron peak.
The relative abundances of the nuclei produced
in silicon burning depend on their nuclear
binding energies and the neutron-to-proton
ratio (15). 56Fe is the most tightly bound of
the nuclei produced in this process, so its pro-
duction is favored, but not exclusively.
Each stage of these burnings takes less time

than the previous one because less energy is
released per reaction, and more energy is carried
away from the core by neutrinos. The reaction
rates must be higher to support the star, con-
suming the available fuel more rapidly. For a
15-M☉ star, core hydrogen burning millions of
years, carbon burning lasts a few thousand
years, oxygen burning lasts a few weeks, and
silicon burning lasts a few days (16). Near the
end of its life, the star has a 1.4-M☉ silicon-
burning core surrounded by a series of shells
where hydrogen, helium, carbon, neon, and
oxygen burning flicker on and off. Each shell
(except neon) contains ≥0.5M☉ of material that
could contribute to the enrichment of the Uni-
verse if ejected from the star. Whether that
happens depends on how the star dies.

Exploding massive stars

With the end of core silicon burning, the star
approaches the “iron catastrophe.” Once again

no longer able to produce enough fusion power
to support itself against gravity, the core initial-
ly contracts slowly, but two processes rapidly
remove energy from it. First, some iron-peak
nuclei absorb high-energy photons and dis-
integrate. Second, when the temperature reaches
10 billion K, protons and electrons have enough
energy to make neutrons, as they did in the Big
Bang. What starts as a slow contraction becomes
a freefall when the gas pressure plummets far
below the amount needed to support the core.
As the density of the falling material increases,
it briefly exceeds that of an atomic nucleus. The
strong nuclear force pushes back against this
excessive density, causing the infalling material
to bounce back and launching an expanding
shock wave. In at least some massive stars,
the shock wave, in combination with additional
physical effects that are currently under debate
(17–19), causes much of the material beyond the
original iron core to be ejected in an explosion
of neutrinos, photons, and kinetic energy that
we observe as a core-collapse supernova.
These supernovae enrich the Universe in

three ways. First, they eject the products of
nucleosynthesis built up over the star’s life-
time (Fig. 2). Most carbon, oxygen, and magne-
sium, for example, are made before the core
collapse, and the explosion simply distributes
these elements into space (20). Second, the
extreme temperatures and densities caused by
the shock wave drive additional nucleosynthesis.
In particular, the iron ejected by core-collapse
supernovae comes not from the core but from
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Fig. 1. Nucleosynthetic sources of elements in the Solar System. Each element in this periodic table is color-coded by the relative contribution of
nucleosynthesis sources, scaled to the time of Solar System formation. Only elements that occur naturally in the Solar System are shown; artificially made
elements and elements produced only through radioactive decay of long-lived nuclei are shown in gray. The data plotted in this figure are available in table S1.
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Exploding massive stars: 
Weak r process 

AGB red giants: 
s process 

Synthesis of Z>28 elements: neutron capture

users.monash.edu.au

Merging neutron stars: r process



§ Slow neutron capture
§ Takes place in later stages of 

stellar burning
§ s process nucleosynthesis
§ Along stable nuclei

§ Rapid neutron capture
§ Believed to take place in 

supernovae explosions and/or 
binary neutron star mergers

§ r process nucleosynthesis
§ Far from stability

http://www.nasa.gov/centers/marshall/multimedia/photos/2004/phot
os04-222.html_prt.htm

Neutron induced reactions in stars &
r-process nucleosynthesis

users.monash.edu.au
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2. HEAVY ELEMENT FORMATION
Stellar fusion of elements heavier than iron is endothermic: It requires energy. Also, Coulomb
barriers for charged-particle reactions increase at heavy proton number. As a result, the nuclei
beyond the Fe group are generally not formed in charged-particle fusion but instead are created
in n-capture processes; there are no Coulomb barriers. Neutrons are captured onto nuclei that
can then β decay if they are unstable, transforming neutrons into protons. In this manner, element
production progresses through the heaviest elements of the Periodic Table. This process is defined
as slow (rapid) if the timescale for neutron capture, τ n, is slower (faster) than the radioactive decay
timescale, for unstable nuclei. Generally we refer to these as the s-process or the r-process.

The r-process and s-process were initially described and defined in 1957 by Burbidge et al.
(1957) and Cameron (1957a,b). The s-process (τn ≫ τβ ) is defined by virtue of the long times
(hundreds or thousands of years) between successive neutron captures on target nuclei. It thus
operates close to the so-called valley of β-stability, as illustrated in Figure 1 (Möller, Nix &
Kratz 1997, their figure 16). Consequently the properties (e.g., masses and half-lives) of the stable
and long-lived nuclei involved in the s-process can be obtained experimentally. As the s-process
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Figure 1
Chart of the nuclides showing proton number versus neutron number after Möller, Nix & Kratz (1997).
Black boxes indicate stable nuclei and define the so-called valley of β-stability. Vertical and horizontal lines
indicate closed proton or neutron shells. The magenta line indicates the so called r-process path, with the
magenta boxes indicating where there are final stable r-process isotopes. Color shading denotes the
timescales for β decay for nuclei and the jagged black line denotes the limits of experimentally determined
nuclear data at the time of their article.
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Understanding r-process nucleosynthesis
depends on nuclear data

Sneden, Cowan, Gallino, Annu. Rev. 
Astron. Astrophys. 46:241-288 (2008)

Need nuclear data
§ Masses

§ Reaction, decay & direct measurements
§ Beta-decay half lives
§ Beta-delayed neutron probabilities
§ Nuclear structure ç reaction, decay & theory
§ (n,g) rates ç reaction exp & theory studies
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r-process nucleosynthesis
depends on (n,g) rates and site of r process104 M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86–126

Fig. 16. Important neutron capture rates in four astrophysical environments (a) low entropy hot wind, (b) high entropy hot wind, (c) cold wind and
(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
not captured by this measure.
(3) The four sets of astrophysical conditions chosen for the studies are meant to be representative of a variety of possible
scenarios but are by no means exhaustive. Different astrophysical conditions will produce different F measures, and some
nuclei labeled with asterisks in the table may be important in other scenarios, or with a different choice of baseline nuclear
data.

M.R. Mumpower, R. Surman, G.C. McLaughlin, 
A. Aprahamian, PPNP 86, 86 (2016)

N=82
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r-process nucleosynthesis
depends on (n,g) rates and site of r process

104 M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86–126

Fig. 16. Important neutron capture rates in four astrophysical environments (a) low entropy hot wind, (b) high entropy hot wind, (c) cold wind and
(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
not captured by this measure.
(3) The four sets of astrophysical conditions chosen for the studies are meant to be representative of a variety of possible
scenarios but are by no means exhaustive. Different astrophysical conditions will produce different F measures, and some
nuclei labeled with asterisks in the table may be important in other scenarios, or with a different choice of baseline nuclear
data.

M.R. Mumpower, R. Surman, G.C. McLaughlin, 
A. Aprahamian, PPNP 86, 86 (2016)

N=82

ANPC July 2019 (freeze out) high entropy, hot wind



Near shell closure 
neutron capture dominated by direct capture

Z A+1 N+1

Z A N

neutro
n

(n,g)
Sn

g

g

Inform by measuring neutron transfer 
e.g., (d,p) with n-rich RIBs

79 129 0.68
80 130 11.90
81 131 6.02
82 132 0.10
83 133 30.60
84 134 1.01
85 135 14.29

Z=50 isotopes high entropy hot site
Mumpower, et al. PPNP 2016
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Fig. 16. Important neutron capture rates in four astrophysical environments (a) low entropy hot wind, (b) high entropy hot wind, (c) cold wind and
(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
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changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
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data.



Identified 2f7/2, 
3p3/2, (3p1/2), 2f5/2

neutron strength in 
133Sn

K.L. Jones et al. 
Nature, 465,454 (2010)

Phys. Rev. C 84, 034601 (2011)  

Ex(keV) Jp Config SF 
(DWBA)

SF 
(FR-ADWA)

0 7/2- 2f7/2 0.86(14) 1.00(8)
854 3/2- 3p3/2 0.92(14) 0.92(7)

1363(31) (1/2-) 3p1/2 1.1(3) 1.2(2)
2005 (5/2-) 2f5/2 1.1(2) 1.2(3)

132Sn(d,p): N=83 single neutron states

Slj =
dσ exp

dσ DW

= Alj

2
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particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
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132,130,128,126,124Sn DSD (n,g)

30 keV
s(n,g) (µb)

132Sn(d,p) 134(17)
130Sn(d,p) 90(15)
128Sn(d,p) 51(8)
126Sn(d,p) 59(7)
124Sn(d,p) 56(6)

Sn(n,g) vs A
Theory: Chiba, et al. PRC 77, 015809 (2008)
Exp DSD: B. Manning, PRC 99, 041202(R) (2019)
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132,130,128,126,124Sn statistical (n,g)?

Near stability

Statistical (n,g) dominates s
when N<Nmagic

g
g

Z A+1 N+1

Z A N
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Z A N
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m
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Sn≈7-10 MeV

(n,g)

Z A+1 N+1
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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

Z A+1 N+1
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le

ve
ls

≈
(d,pg)

Z A N

Z A+1 
N+1

≈ m
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ve
ls

≈

Sn≈ 7 MeV

(n,g)



Forming compound nucleus in (d,p)

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

ANPC July 2019



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

ANPC July 2019



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 forms compound nucleus
v Need to measure P(d,pg)
v Need theory to calculate FCN

v Need to deduce GCN by fit to P(d,pg) accounting for FCN

Validate with 95Mo(d,pg)96Mo reaction

s(n,g) was measured and evaluated



Gamma-ray Emission Probability
Blue: Ex<Sn
Red: Ex>Sn

Measure p-g coincidences
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En > 095Mo(d,pg) Sn

Gamma-ray Emission Probability
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Surrogate (n,g) validated with 95Mo(d,pg)

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

Measured P(d,pg) 
Calculate how (d,p) forms compound nucleus (Ex,J,p)
Ø Deduce GCN by fit to P(d,pg) accounting for FCN

ANPC July 2019



Potel model for d breakup and Jp distributions

Ex(MeV)

Potel d breakup calculations

95Mo(g.s)=5/2+

!=0 Þ 2+,3+ entry states
!=1 Þ 2- to 4- entry states



95Mo(d,pg): Input for GCN(Ex,J,p)

Surrogate (d,pg) data

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

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

96Mo spin distribution from Potel
HF calculations (Jutta Escher)
§ FCN from Potel
§ Bayesian fit to observed P(d,pg)

§ Simple level density: Gilbert & Cameron
§ No norm to n resonance spacings

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

Ø GCN(Ex,J,p)
ANPC July 2019



Calculating s(n,g)

§ Deduce GCN(Ex,J,p) from fit to data
§ Calculate sCN w/ Koning-Delaroche optical potentials
ØDeduce s(n,g) vs Ex

Ppγ (Ex ,θ)= Fdp
CN

J ,π

∑ (Ex ,J,π ,θ)Gγ
CN (Ex ,J,π )

σ nγ (En)= σ n
CN

J ,π

∑ (Ex ,J,π )Gγ
CN (Ex ,J,π )

ANPC July 2019



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 )

Excellent agreement between surrogate-deduced 
and measured/evaluated s(n,g)

A. Ratkiewicz et al., PRL 122, 052502 (2019)
ANPC July 2019



(d,pg) 
Good candidate for (n,g) surrogate with beams

Protons from 
(d,p)

Elastic carbon

Elastic  protons

Elastic deuterons

§ Relatively good match with spin distribution in 
(n,g) which is dominated by !=0

§ Reaction predominantly one-step transfer of 
j=!±1/2 neutron

§ “Easy” to produce CD2 targets
§ “Lower” beam energies (than heavier targets) to 

get above neutron separation energy
§ Kinematics favors cleaner reaction

ANPC July 2019



Coupling charged particle & gamma detector arrays

GODDESS:  Gammasphere ORRUBA 
Dual Detectors for Experimental Structure Studies

Measuring (d,pg) with radioactive beams

ANPC July 2019



GODDESS:  Gammasphere ORRUBA 
Dual Detectors for Experimental Structure Studies

(d,pg) with radioactive beams

Oak Ridge Rutgers University Barrel Array + endcapsANPC July 2019



A. Lepailleur, private communication

134Xe(d,pg) with GODDESS: levels+SF
N=80 isotone 

134Xe768 µg CD2

q (lab)

ANPC July 2019



A. Lepailleur, private communication

134Xe(d,pg) with GODDESS: levels+SF
N=80 isotone 

q (lab)

135Xe 135Xe Ex spectrum
Red:  QQQ5 (large q)

Low-! transfer important for DSD
Blue:  SX3 (90°<q<135°)

ANPC July 2019



A. Lepailleur, private communication

134Xe(d,pg) with GODDESS: levels+SF

Ex = Egamma Sn

E g
am

m
a

(k
eV

)

Excitation Energy (MeV)

q (lab)

135Xe

ANPC July 2019

135Xe
3/2+
1/2+ 288

11/2- 527*

2035 (6)
2406 (3)

15
08

 (6
)

21
18

 (3
)

24
11

 (6
)

* t1/2 ~15min

DSD (n,g) (3/2-)
(7/2-)



Many more nuclei can be studied
Gammasphere-ORRUBA GODDESS

N=82 N=126

N=82 (d,p)

CARIBU
252Cf fission fragments beams at ATLAS



GODDESS:  GRETINA ORRUBA 
Dual Detectors for Experimental Structure Studies

(d,pg) with radioactive beams

Gamma-Ray Energy Tracking In-Beam Nuclear Array
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Fig. 16. Important neutron capture rates in four astrophysical environments (a) low entropy hot wind, (b) high entropy hot wind, (c) cold wind and
(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
not captured by this measure.
(3) The four sets of astrophysical conditions chosen for the studies are meant to be representative of a variety of possible
scenarios but are by no means exhaustive. Different astrophysical conditions will produce different F measures, and some
nuclei labeled with asterisks in the table may be important in other scenarios, or with a different choice of baseline nuclear
data.

Prepared to measure surrogate (n,g) w/ RIBs & (d,pg) 

Goal:  ≈132Sn isotopes important for r process nucleosynthesis
Will have to wait for FRIB

What can we do “now”?
• CARIBU 252Cf fragment beams
• Recently measured 134Te(d,pg) 

w/ GODDESS and GRETINA

• Could be first surrogate (n,g) on fission 
fragment to constrain (n,g) in this region 

• Also approved to measure 143Ba(d,pg) as 
(n,g) surrogate

ANPC July 2019

Understanding synthesis 
(and destruction of 134Te 
during r process (and freeze-
out) impacts observed Xe
isotope ratios



Prepared to measure surrogate (n,g) w/ RIBs & (d,pg) 

Goal:  ≈132Sn isotopes important for n-star mergers
Will have to wait for FRIB

041008-9 Surman et al. AIP Advances 4, 041008 (2014)

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

 All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See: http://creativecommons.org/licenses/by/3.0/
Downloaded to IP:  35.14.90.196 On: Thu, 27 Feb 2014 15:40:08
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(d) neutron star merger with stable isotopes in black. Estimated neutron-rich accessibility limit shown by a black line for FRIB with intensity of 10�4

particles per second [206].
Source: Simulation data from [122].

The complete sensitivity study results of Figs. 13–16 are included in a table in the Appendix. Sensitivity measures F are
stated explicitly wherever F > 0.01; an asterisk is used to indicate 0 < F < 0.01. Since the studies of masses started from a
different baseline nuclear data set than the other studies, the sets of nuclei included in each study do not necessarily overlap.
If a nucleus is not included in a particular study it is indicated by a dash in the table.

Some caveats regarding the table:
(1) All studies are for main A > 120 r processes. F measures are listed for some nuclei with A < 120; these indicate the
impact of their nuclear properties on A > 120 nucleosynthesis only.
(2) The sensitivitymeasures F are globalmeasures. The largestmeasures correspond to either large local abundance pattern
changes or somewhat smaller changes throughout the pattern, or some combination of the two. Modest local changes are
not captured by this measure.
(3) The four sets of astrophysical conditions chosen for the studies are meant to be representative of a variety of possible
scenarios but are by no means exhaustive. Different astrophysical conditions will produce different F measures, and some
nuclei labeled with asterisks in the table may be important in other scenarios, or with a different choice of baseline nuclear
data.

What can we do “now”?
• CARIBU 252Cf fragment beams
• 134Te(d,pg) and 143Ba(d,pg) w/ 

GODDESS
• NSCL ≈80 fast beams
• Approved to measure 

80Ge(d,pg) w/ 
ORRUBA+GRETINA



Many more nuclei can be studied
GRETINA-ORRUBA GODDESS

B. Sherrill

Facility for Rare Isotope Beams (FRIB) under construction at MSU

34

N=82 N=126
N=82 (d,p)



Thank you for your attention
§ Understanding abundances from r process is sensitive to 

(n,g) rates, especially near shell closures, e.g., 130Sn, and 
weakly bound nuclei with low level density
§ Need neutron transfer (d,p) to inform direct-semi-direct capture

§ Unknown competition between DSD and CN (n,g)
§ Need validated surrogate for (n,g)

§ Demonstrated that (d,pg) is valid surrogate for (n,g)
§ Demonstrated ability to measure (d,p) protons in coincidence 

with gamma rays
§ Near term

§ 134Te(d,pg),143Ba(d,pg) 
§ 80Ge(d,pg)

§ Goal:  FRIB (d,pg) 
e.g., with 130Sn beams

ANPC July 2019
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