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Nuclear physics needs

• Low Ye r-process abundances (dynamical ejecta)

• Very neutron-rich, cold merger outflows w/o reheating 

• Slow ejecta with reheating 

• 10 mass models and different fission models    

Symmetric fission       Asymmetric fission       
Cote et al,  APJ 2018



beamcollection, energymatching, and experiments are separated
for more efficient and optimized operation. This makes the
new ring complex an ideal tool for reaction studies at an internal
gas target or in combination with a small electron collider
ER (NUSTAR, 2007). Thus the exotic nuclei can be investigated
with new methods which are presently not available. The new
region of masses which can be accessed with such a next
generation facility is illustrated in Figure 48 on the example of
NUSTAR at FAIR.

The next generation mass and decay measurements will be
carried out in the framework of the ILIMA Isomeric beams,
(ILIMA, 2006) at the FAIR storage rings. IMS will be performed
at the CR where the experimental conditions are improved by
several orders of magnitude due to higher intensity of primary
beams and also the substantial increase of the phase space
acceptance compared to the present FRS–ESR complex. Similar
improvements are envisaged also for SMS in the NESR. A new
ion trap system will be installed in the framework of the
MATS (MATS, 2006) proposal at the low-energy branch of the
Super-FRS.

A clear goal of the NUSTAR program is to cover the
astrophysical r-and rp-processes paths, to collect first informa-
tion about changes of nuclear structure at the limits of nuclear
stability, and to provide pure isomeric beams for investigation
and reaction studies.

In conclusion, we have shown that mass spectrometry
and unique lifetime measurements with bare and few-electron
exotic nuclei havemade large progress in the recent years. A new
generation of accelerators in combination with rare-isotope
facilities which involve trapping and storage led to a fast
extension of the present knowledge of basic nuclear properties.
The new facilities going into operation or planned will lead us
to new, still more interesting regions far off the nuclear
stability line and thus will contribute to a better understanding
of nature and structure of nuclear matter. Mass and lifetime
measurements in storage rings with the capability to map large
areas of the nuclear chart will certainly play a key role in the
future too.
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FIGURE 48. Chart of nuclides with presently known masses (light gray or light blue). New regions to be
explored with NUSTAR at FAIR are marked in dark grey or red. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Nuclear physics needs

• Low Ye r-process abundances (dynamical ejecta)

• Very neutron-rich, cold merger outflows w/o reheating 
• Slow ejecta with reheating 

• 10 mass models and different fission models    

Symmetric fission       Asymmetric fission       
Cote et al,  APJ 2018
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Individual stellar abundance offsets with respect to Simmerer et al. (2004)

Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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solar r-process contribution: full r-process

• Metal-poor stars: full r-process stars and limited r-process stars

• Limited r-process stars abundances site:

• Purple kilonova

• Weak or incomplete r-process in neutrino winds in CCSNe

Limited r-process stars

Y.-Z. Qian, G.J. Wasserburg / Physics Reports 442 (2007) 237– 268 249
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Fig. 8. (a) Data on HD 122563 [squares (Honda et al., 2006)] compared with the solar “r”-pattern translated to pass through the Eu data (red curves).
The squares are connected with blue line segments as a guide. Squares with downward arrows indicate upper limits. The abundance pattern of heavy
r-elements [Ba (Z = 56) and above] in HD 122563 shown in (a) is similar to the corresponding part of the solar “r”-pattern but with substantial
differences, especially for Ce and Pr. Note that (Ba/Eu)HD122563 ≈ (Ba/Eu)⊙,r . There are also gross differences between the data and the translated
solar “r”-pattern for the CPR elements. Specifically, HD 122563 has much larger proportions of CPR elements relative to heavy r-nuclei as compared
to the solar “r”-pattern. (b) Comparison of the data on HD 122563 [squares (Honda et al., 2006)] with those on CS 22892-052 [red curves (Sneden
et al. (2003b))] normalized to the same log ϵ(Y) as for HD 122563. The large difference (by a factor of ∼ 20) in the production of heavy r-nuclei
relative to CPR elements shown in (b) suggests that only some sources for CPR elements can also produce heavy r-nuclei.

identical for the three stars with very different enrichments of heavy r-elements shown in Fig. 6. This suggests that the
heavy r-nuclei cannot be produced by massive stars of > 11 M⊙, which result in Fe core-collapse SNe and are sources
for the elements from O to Ge [see the review by Woosley et al. (2002) and Section 4.4].

4.2. Regularity and variability of the yield pattern of heavy r-nuclei

It appears that the heavy r-elements Ba and above exhibit an abundance pattern close to the corresponding part of
the solar r-pattern. This was recognized in all of the observational studies cited above. Two stars discussed above,
CS 22892-052 and CS 31082-001, have [Fe/H] ∼ − 3 but extremely high enrichments of heavy r-elements [(Eu/H)

∼ (1/30.1/20)(Eu/H)⊙]. These stars must represent contributions from single r-process sources. However, there is
no observational basis for believing that there is a single universal yield pattern even for the heavy r-nuclei. In fact,
observations show that CS 22892-052 and CS 31082-001 have log(Th/Eu)=−0.62 (Sneden et al. (2003b)) and −0.22
(Hill et al., 2002), respectively. This difference of 0.4 dex is much larger than the observational error of ∼ 0.05 dex
(Hill et al., 2002). Further, it cannot be attributed to the possible difference in age between the two stars as 232Th
(the only long-lived isotope of Th) has an extremely long lifetime of !232 = 20.3 Gyr—even if the two stars were born
13.5 Gyr (age of the universe) apart, this would only give a difference of 0.3 dex in log(Th/Eu). Therefore, there is
good reason to believe that the yields of Th and U relative to those of heavy r-elements (e.g., Eu) below A ∼ 195 should
be variable. This variation renders calculations of stellar ages from (Th/Eu) rather uncertain. Even a 30% shift in the
yield ratio of Th to Eu would give a shift of 6.1 Gyr in age due to the long lifetime of 232Th.

Further evidence for variations in the yield pattern of heavy r-nuclei has been found in HD 122563 with [Fe/H] =
−2.77 (Honda et al., 2006). The data on this star (squares) are compared with the solar “r”-pattern (red curves) translated
to pass through the Eu data in Fig. 8a. It can be seen that there is approximate accord between the data and the solar
r-pattern for the heavy r-elements (Z!56), but there are also large discrepancies, especially for Ce and Pr (see also
the comparison between the squares and the dashed curve in Fig. 6b). Clearly, it is important for future measurements
to determine whether such discrepancies extend to other heavy r-elements in HD 122563, particularly Os, Ir, and Pt
in the peak at A ∼ 195 of the solar r-pattern. Discovery of other stars of this kind would help establish the range of
variations in the yield pattern of heavy r-nuclei.
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Mass	known

Half-life	known
nothing	known

α process or incomplete/weak r-process

Full r process

Neutron-rich nucleosynthesis

Open questions: 
Are mergers the only site of r-process nucleosynthesis?
Are mergers the dominant site of r-process 
nucleosynthesis?
How important is an incomplete/weak r-process to 
solar system abundances?
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Neutrino-driven winds in core-collapse supernovae

νe + p ⟷ n + e+ 

νe + n ⟷ p + e-

2n + 2p ⟶ 4He

4He(αα,γ)12C
4He(αn,γ)9Be(α,n)12C

Ye < 0.5: n + seed → heavy nuclei
Ye > 0.5: 56Ni & other Fe peak nuclei

νe,μ,τ

νe,μ,τ

Rν

T ≈ 9 GKT > 10 GK T ≈ 6 GKT ≈ 8 GK

Proto-neutron
star

• Hot neutron star is born after core-collapse supernovae

• Mass outflow after explosive wave has dissociated collapsing matter → neutrino-driven wind

• Nuclear statistical equilibrium (NSE) at high temperature T⪆5-6 GK

• Heavier nuclei formed up to Z=30-35 during NSE → seed nuclei

• Alpha-process proceeds as temperature decreases

Duncan et al. 1986,
Meyer et al. 1992,
Woosley et al. 1994,
Witti et al. 1994
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Incomplete r-process 

Bliss , Arcones, Montes & Pereira, 
J. Phys. G (2017)

• Important reactions: (α,n), (p,n), β-decay

• τwind expansion << τβ → (α,n) are key reactions 

• α-process (Hoffman & Woosley 1992) 
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Effect of uncertainties in the weak r-process

Bliss, Arcones, Montes 
& Pereira, in prep.Bliss , Arcones (2014)

Astrophysical uncertainty
Nuclear physics uncertainty

• Both astrophysical and nuclear physics uncertainties 
critically influence synthesis

• Comparison with observations will constrain 
supernova conditions        
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(α,n) reaction rate uncertainities

Problems: 

• Heavier nuclei more problematic

• Few measurements on stable nuclei

• Gamow-window between 3–11 MeV 
→ no measurements 

• Measurements do not always agree

• inclusive vs exclusive CS

• Disagreement up to a factor of 10 at  
low energies              

  Reaction rate: < �⌫ >i,j=

✓
8

µ⇡

◆1/2

(kBT )
�3/2

Z 1

0
E �(E) exp(�E/kBT ) dE

experimental measurements

• For A ≈ 2–50 there is good agreement with experiments (Mohr 2015)
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Estimation of (α,n) reaction rates

• Based on Hauser-Feshbach model                      
(Hauser & Feshbach 1952)

• Reaction codes: TALYS (Koning et al. 2013),       
NON-SMOKER (Rauscher & Thielemann 
2000)

• Different intrinsic technical aspects and 
nuclear physics inputs

• Nuclear physics inputs (Pereira & Montes 2016, 
Mohr 2016): 

• α-optical potentials

• level densities

• binning of excitation energy          
Bliss , Arcones, Montes & Pereira, 

J. Phys. G (2017)



 beam stopping

Stopped beam area 
Relocated LEBIT
Laser spectroscopy

EBIT charge breeder

LINAC

Experimental 
stations

Fast beams ~100 MeV/u 
Fragment separator

Energy range 0.3-3 MeV for 238U
Energy range 0.3-6 MeV for 48Ca

75Ga

Neutron detector HABANERO 
Ahn et al. in prep.

neutron

He 
Gas cell 

Ionization 
chamber 
75Ga, As

75Ga(α,*n)As cross section measurement



EMMI The physics of neutron star mergers F. Montes

75Ga(α,*n)As cross section measurement

75Ga(α,1n)78As Cross Section [mb]

Prob [a.u.]
75
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n 
[m
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Prob [arb. u.]

Likelihood that cross sections explain neutron 
observations at E=4.02MeV/u
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75Ga(α,*n)As cross section measurement

Ahn et al. in preparation

Experimental 75Ga(α,2n)76As
TALYS 75Ga(α,2n)76As

Experimental 75Ga(α,1n)77As
TALYS 75Ga(α,1n)77As
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75Ga(α,*n)As cross section measurement

Possible explanations for the low (α,2n) compared 
to (α,1n)

Decrease level density in 78As: since the second 
neutron prefers high level states in 78As
Increase spin spread in 78As states: since 77As 
states have low spins
Increase gamma strength function
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Future experiments

Relevant (α,*n) 
reactions

Bliss, Arcones, Montes & Pereira, in prep.

PRELIMINARY



• Multiple nucleosynthesis process in the early Galaxy (not only full r-process)

• Current nuclear physics uncertainties need to be reduced to make full use of the 
observational data

• Better nuclear physics needed to also constrain the astrophysical conditions of an 
incomplete r-process

• Contribution of weak r-process to Galaxy abundances still to be determined

• (α,n) reactions need to be experimentally constrained

Summary
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beamcollection, energymatching, and experiments are separated
for more efficient and optimized operation. This makes the
new ring complex an ideal tool for reaction studies at an internal
gas target or in combination with a small electron collider
ER (NUSTAR, 2007). Thus the exotic nuclei can be investigated
with new methods which are presently not available. The new
region of masses which can be accessed with such a next
generation facility is illustrated in Figure 48 on the example of
NUSTAR at FAIR.

The next generation mass and decay measurements will be
carried out in the framework of the ILIMA Isomeric beams,
(ILIMA, 2006) at the FAIR storage rings. IMS will be performed
at the CR where the experimental conditions are improved by
several orders of magnitude due to higher intensity of primary
beams and also the substantial increase of the phase space
acceptance compared to the present FRS–ESR complex. Similar
improvements are envisaged also for SMS in the NESR. A new
ion trap system will be installed in the framework of the
MATS (MATS, 2006) proposal at the low-energy branch of the
Super-FRS.

A clear goal of the NUSTAR program is to cover the
astrophysical r-and rp-processes paths, to collect first informa-
tion about changes of nuclear structure at the limits of nuclear
stability, and to provide pure isomeric beams for investigation
and reaction studies.

In conclusion, we have shown that mass spectrometry
and unique lifetime measurements with bare and few-electron
exotic nuclei havemade large progress in the recent years. A new
generation of accelerators in combination with rare-isotope
facilities which involve trapping and storage led to a fast
extension of the present knowledge of basic nuclear properties.
The new facilities going into operation or planned will lead us
to new, still more interesting regions far off the nuclear
stability line and thus will contribute to a better understanding
of nature and structure of nuclear matter. Mass and lifetime
measurements in storage rings with the capability to map large
areas of the nuclear chart will certainly play a key role in the
future too.
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FIGURE 48. Chart of nuclides with presently known masses (light gray or light blue). New regions to be
explored with NUSTAR at FAIR are marked in dark grey or red. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Facility for Rare Isotope Beams

§ FRIB will be a $730 million national user facility funded by the Department of 
Energy Office of Science (DOE-SC), Michigan State University, and the State of 
Michigan

§ FRIB Project completion date is June 2022, managing to an early completion in 
fiscal year 2021

§ FRIB will serve as a DOE-SC national user facility for world-class rare isotope 
research supporting the mission of the Office of Nuclear Physics in DOE-SC

FRIB will enable scientists to make discoveries about the properties of these rare isotopes 
in order to better understand the physics of nuclei, nuclear astrophysics, fundamental 
interactions, and applications for society

A. Presenter, FRIB Project Overview, Date, Slide 3



§ Funded by U.S. Department of Energy Office of Science with 
contributions and cost share from Michigan State University 
and State of Michigan

§Serving over 1,300 scientists

§Key feature is 400 kW
beam power

§Separation of isotopes 
in-flight
• Fast development time

for any isotope
• Suited for all elements

and short half-lives

Facility for Rare Isotope Beams
A Future DOE-SC Scientific User Facility for Nuclear Physics

Fernando Montes, FRIB Project Overview, March 14 2017



§ Fragmentation, Fission, Multi-nucleon transfer production mechanisms
§ Fast beams (> 30 MeV/u)

• Total reaction cross section – size and shape
• Nucleon knockout – single particle nature, single particle states
• Nucleon pickup – high-l orbits
• Coulomb excitation – B(E2), low-lying structure
• Charge exchange – B(GT)

§Reaccelerated beams (ReA facility)
• Stripping and pickup reactions – constrain capture reactions, shell model 

studies
• ANCs – constrain capture reactions
• Surrogate Reactions
• Fusion
• Multi-nucleon transfer
• Deep inelastic

Reaction Mechanisms at FRIB
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§ Project started in June 2009: Cooperative Agreement between DOE-SC and MSU
• Project delivery per DOE Order 413.3B: Acquisition Executive SC-2 Dr. Patricia Dehmer, DOE-SC 

Office of Project Assessment reviews, Federal Project Director from SC-Chicago; MSU shares 
$94.5M in cost and contributions; decommissioning is MSU’s responsibility

§ CD-1 approved in September 2010: Conceptual design complete

§ CD-2 (Performance Baseline) and CD-3a (Start of Civil Construction) approved in August 
2013, pending notice to proceed for civil construction upon FY14 appropriation

§ Civil construction began March 3, 2014

§ CD-3b DOE-SC Office of Project Assessment review in June 2014 to assess readiness 
for technical construction

§ Technical construction started in October 2014

§ Managing to early completion in fiscal year 2021

§ CD-4 (project completion) is June 2022

§ Funding from DOE-SC - $635.5M
• Total project cost of $730M includes $94.5M MSU cost share (reimbursed from State of Michigan)
• Additional MSU contributions exceed $300M

FRIB Project Managed Like All 
Office of Science Projects
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