
Heiko Hergert

National Superconducting Cyclotron Laboratory


& Department of Physics and Astronomy

Michigan State University

From Atomic Nuclei to Stars:

Research at the NSCL


Honors Research Seminar - UGS200H



H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Faculty Supervisors

Scott Bogner

Professor of Physics

NSCL/FRIB and 

Physics & Astronomy

bogner@nscl.msu.edu

Sean Liddick

Associate Professor of

Chemistry

NSCL/FRIB and 

Chemistry

liddick@nscl.msu.edu

Heiko Hergert

Assistant Professor of 

Physics

NSCL/FRIB and 

Physics & Astronomy

hergert@nscl.msu.edu

Ryan Ringle

Staff Scientist and Adjunct 

Assistant Professor of 

Physics

NSCL/FRIB and 

Physics & Astronomy

ringle@frib.msu.edu

mailto:bogner@nscl.msu.edu
mailto:liddick@nscl.msu.edu?subject=
mailto:hergert@nscl.msu.edu
mailto:ringle@frib.msu.edu


H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Faculty Supervisors

Gregory Severin

Assistant Professor of 

Chemistry

NSCL/FRIB and 

Chemistry

severin@nscl.msu.edu

Artemis Spyrou

Associate Professor of 

Physics

NSCL/FRIB and

Physics & Astronomy

spyrou@nscl.msu.edu

Jaideep Singh

Assistant Professor of 

Physics

NSCL/FRIB and 

Physics & Astronomy

singh@nscl.msu.edu

Andrea Shindler

Associate Professor of 

Physics

NSCL/FRIB and 

Physics & Astronomy

shindler@frib.msu.edu

mailto:severin@nscl.msu.edu
mailto:spyrou@nscl.msu.edu
mailto:singh@nscl.msu.edu
mailto:shindler@frib.msu.edu


H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Faculty Supervisors

Remco Zegers

Professor of Physics

NSCL/FRIB and 

Physics & Astronomy

zegers@nscl.msu.edu

mailto:zegers@nscl.msu.edu?subject=


H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Faculty Supervisors



H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Faculty Supervisors

also see faculty websites:

www.nscl.msu.edu (NSCL/FRIB)

http://www.nscl.msu.edu


H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

• 3 credit total (FS & SS), pass/no pass


• Course Organization:


• 9/13 - 10/4: faculty presentations


• 10/4 - mid-March: research (meet with supervisor on own 
schedule)


• mid/late March (dates tba): student presentations


• 4/5/18: presentations at University Undergraduate 
Research and Arts Forum (UURAF)


• HRS website (including presentations): 


• https://www.nscl.msu.edu/researchers/HRS.html

Course Overview

https://www.nscl.msu.edu/researchers/HRS.html
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Faculty Presentation Schedule

9/13 HH - intro

9/20
Jaideep Singh 
Artemis Spyrou 
Sean Liddick

9/27
Ryan Ringle 
Scott Bogner 

Remco Zegers

10/4 Andrea Shindler 
Gregory Severin
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• Nuclear Physics Survey Course


• https://people.nscl.msu.edu/~witek/Classes/PHY802/NuclPhys802-2016.html


• 2015 NSAC Long Range Plan: Reaching for the Horizon


• http://science.energy.gov/~/media/np/nsac/pdf/docs/
nuclear_science_low_res.pdf


• "Nuclear Physics: Exploring the Heart of Matter", National 
Research Council Report


• http://www.nap.edu/catalog/13438/nuclear-physics-exploring-the-heart-of-
matter


• JINA-CEE YouTube Channel


• https://www.youtube.com/channel/UCTa4Bt0wQ6mYduyOCvsYR5A

Some Materials

https://people.nscl.msu.edu/~witek/Classes/PHY802/NuclPhys802-2016.html
http://www.nap.edu/catalog/13438/nuclear-physics-exploring-the-heart-of-matter
https://www.youtube.com/channel/UCTa4Bt0wQ6mYduyOCvsYR5A


To Science!
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Nuclear Physics at Different Scales
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Nuclear Physics at Different Scales
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Nuclear Physics at Different Scales
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Nuclear Binding Energy

energy released 

by process

1 MeV = 1.602×10-13 J

           = 3.823×10-17 kcal
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Fusion vs. Fission

Fusion Fission

image: User:Borb@Wikimedia Commons, 

CC BY-SA 3.0
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Nucleosynthesis
“We are made of star stuff.” - Carl Sagan, Cosmos

• F. Hoyle (~1952): excited 0+ state in 12C to explain the 
abundance of carbon in the observable universe


• state found & properties confirmed by 1957

image: User:Borb@Wikimedia Commons, 

CC BY-SA 3.0

4 M. Freer, H.O.U. Fynbo / Progress in Particle and Nuclear Physics 78 (2014) 1–23

Fig. 2. Schematic of the decay process by which 12C is formed from the radiative 8Be + 4He capture.

partial widths of the Hoyle-state. Since, to a good approximation, � = �⇥ then the proportion of times the Hoyle-state
decays to the ground state of carbon-12 is given by the ratio �rad/� . This has a weighted average of (4.03 ± 0.10) ⇥ 10�4

corresponding to a probability for radiative decay to the ground state of 1 part in 2500.
The energy of the Hoyle-state lies 285 keV above the 8Be + ⇥ decay threshold. This would correspond to the peak of

the Gamow window for temperatures close to 2.5 ⇥ 108 K. Again, the presence of the state close to the critically sensitive
region for synthesis of carbon-12 is crucial, providing an enhancement by approximately 7–8 orders of magnitude [3], a few
hundred keV higher in energy and the dominant influence of the state would effectively be lost.

Critically, the energy production at temperatures close to 109 K is proportional to T 41 (T being temperature) and hence
the triple-⇥ process occurs most strongly in the highest temperature regions of the star; and is predominantly responsible
for the luminosity of red giants [15].

The ratio of carbon to oxygen observed in the Universe is C/O = 0.6. Just as it is crucial that there is a resonance at the
right energy to synthesise 12C at 2 ⇥ 108 K, it is equally important that there is not a similar resonance in 16O to destroy
the carbon, as it is manufactured, through the 12C(⇥, ⇤ )16O reaction. In the case of 16O the presence of the 7.117 MeV, 1�

state, just below the 7.16 MeV ⇥-decay threshold and the 8.87 MeV, 2�, state being unavailable due to it having unnatural
parity, is perhaps just as fortuitous as the Hoyle-state having the right energy. In any case, it is unlikely that nature would
have found a way to construct the observed universe without the precise arrangement of states in 8Be, 12C and 16O.

The theoretical calculation of the reaction rate of the 3⇥ reaction has in the last five years been intensely debated. This
development started by a calculation using a continuum-discretised coupled channels method (CDCC), which predicted
much higher reaction rate at temperatures below 108 K than previous calculations [18]. This result has triggered a number
of new calculations using a range of calculating techniques, including hyper-spherical harmonics expansions [19], extended
Breit–Wigner formalism [20], Faddeev equations [21], and an imaginary time method [22]. While there is still considerable
variations between the reaction rate calculated by the different methods, there is now a consensus that the result from
the CDCC calculation overestimated the low-temperature rate by many orders of magnitude. It turns out that the different
calculations also predict different ⇥-decay of the Hoyle-state, and this can therefore be used to provide some experimental
insights into the validity of the different calculations. This will be discussed further in Section 5.2.

It is interesting to note that Hoyle’s original line of work related to using the observed elemental abundances to infer
constraints on the reaction rate for forming 12C is still being pursued. As an example Austin, West and Heger have used the
abundances of elements predominately produced in core collapse supernovae to infer effective reaction rates for the 3⇥
and 12C(⇥, ⇤ )16O reaction rates, and then used these rates to more reliably predict the abundance of 11B to constrain the
neutrino emission from supernovae [23].

3. Theoretical approaches and models of 12C and the Hoyle-state

A variety of models have been deployed to try and understand the structure of states in light nuclei and in particular 12C.
These vary tremendously in both character and complexity. At the single particle limit there lies the nuclear shell model.
Such calculations, for example those of Ref. [24], reproduce rather well the energy of the first 2+ (4.44 MeV) excitation,
illustrating the overlap of this state, together with that of the ground-state, with the independent particle limit. However,
in the region of the second 0+ state (0+

2 ), the Hoyle-state, there is a void in such calculations; the energy of this state cannot
be reproduced within this shell-model description.

This lack of ability of the shell model to reproduce the energy of the Hoyle-state has been taken as a signature of an
alternative structure. This strongly resonates with the ideas articulated in Section 1, where the Ikeda prescription suggests

from: M. Freer, H. Fynbo, 

Prog. Part. Nucl. Phys. 78, 1 (2014)
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Supernovae

image: R.J. Hall@Wikimedia Commons, CC BY-SA 2.5

remnant

neutron star or 


black hole

• heavy elements (beyond iron) are produced in old, carbon-
burning giant stars (~2-10 solar masses) or supernovae


• core collapse supernova scenario:

details depend on 
nuclear  structure! use observation & theory 

to learn about progenitor

shockwave, 
“bounce”
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• a “gigantic nucleus”: 15-20 km radius (vs. ~ 2-10 fm), as 
heavy as our sun (2×1030 kg)


• stability against gravitational collapse depends on 
nuclear matter properties 


‣ constrained by astronomical observations

Neutron Stars
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Panel discussion on the impact of the NSM GW170817:


• https://www.youtube.com/watch?v=CxxmaLx-4e0&t=2s

Neutron Star Mergers

https://www.youtube.com/watch?v=CxxmaLx-4e0&t=2s
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What are the Limits of Nuclear Existence?
[from

 J. Erler et al., N
ature 486, 509 (2012)]

application of modern optimization and statistical methods, together
with high-performance computing, has revolutionized nuclear DFT
during recent years.
In our study, we use quasi-local Skyrme functionals15 in the

particle–hole channel augmented by the density-dependent, zero-
range pairing term. The commonly used Skyrme EDFs reproduce total
binding energies with a root mean square error of the order of
1–4MeV (refs 15, 16), and the agreement with the data can be signifi-
cantly improved by adding phenomenological correction terms17. The
Skyrme DFT approach has been successfully tested over the entire
chart of nuclides on a broad range of phenomena, and it usually per-
forms quite well when applied to energy differences (such as S2n), radii
and nuclear deformations. Other well-calibrated mass models include

the microscopic–macroscopic finite-range droplet model (FRDM)18,
the Brussels–Montreal Skyrme–HFB models based on the Hartree–
Fock–Bogoliubov (HFB) method17 and Gogny force models19,20.
Figure 2 illustrates the difficulties with theoretical extrapolations

towards drip lines. Shown are the S2n values for the isotopic chain of
even–even erbium isotopes predicted with different EDF, SLy421, SV-
min13, UNEDF015, UNEDF122, and with the FRDM18 and HFB-2117

models. In the region for which experimental data are available, all
models agree and well reproduce the data. However, the discrepancy
between various predictions steadily grows when moving away from
the region of known nuclei, because the dependence of the effective
force on the neutron-to-proton asymmetry (neutron excess) is poorly
determined. In the example considered, the neutron drip line is
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Figure 2 | Calculated and experimental two-neutron separation energies of
even–even erbium isotopes. Calculations performed in this work using SLy4,
SV-min, UNEDF0 andUNEDF1 functionals are compared to experiment2 and
FRDM18 andHFB-2117 models. The differences betweenmodel predictions are
small in the region where data exist (bracketed by vertical arrows) and grow

steadily when extrapolating towards the two-neutron drip line (S2n5 0). The
bars on the SV-min results indicate statistical errors due to uncertainty in the
coupling constants of the functional. Detailed predictions around S2n5 0 are
illustrated in the right inset. The left inset depicts the calculated and
experimental two-proton separation energies at N5 76.

0 40 80 120 160 200 240  280

Neutron number, N

 0

 40

 80

 120

P
ro

to
n 

nu
m

be
r, 
Z

Two-proton drip lin
e

Two-neutron drip line

 90

 110

100

Z = 50

Z = 82

N = 50

N = 82

N = 126

N = 20

N = 184

 SV-min 

N = 28

Z = 28

230 244

N = 258
Drip line

Known nuclei

Stable nuclei

S2n = 2 MeV

Z = 20

232 240 248 256

Figure 1 | Nuclear even–even landscape as of 2012. Mapof bound even–even
nuclei as a function of Z and N. There are 767 even–even isotopes known
experimentally,2,3 both stable (black squares) and radioactive (green squares).
Mean drip lines and their uncertainties (red) were obtained by averaging the
results of different models. The two-neutron drip line of SV-min (blue) is
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error bars). The S2n5 2MeV line is also shown (brown) together with its
systematic uncertainty (orange). The inset shows the irregular behaviour of the
two-neutron drip line around Z5 100.
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A Discovery Machine
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Why are only certain discrete excitation energies observed? 


Quantum Physics!

A Bit of Theory

4 M. Freer, H.O.U. Fynbo / Progress in Particle and Nuclear Physics 78 (2014) 1–23

Fig. 2. Schematic of the decay process by which 12C is formed from the radiative 8Be + 4He capture.

partial widths of the Hoyle-state. Since, to a good approximation, � = �⇥ then the proportion of times the Hoyle-state
decays to the ground state of carbon-12 is given by the ratio �rad/� . This has a weighted average of (4.03 ± 0.10) ⇥ 10�4

corresponding to a probability for radiative decay to the ground state of 1 part in 2500.
The energy of the Hoyle-state lies 285 keV above the 8Be + ⇥ decay threshold. This would correspond to the peak of

the Gamow window for temperatures close to 2.5 ⇥ 108 K. Again, the presence of the state close to the critically sensitive
region for synthesis of carbon-12 is crucial, providing an enhancement by approximately 7–8 orders of magnitude [3], a few
hundred keV higher in energy and the dominant influence of the state would effectively be lost.

Critically, the energy production at temperatures close to 109 K is proportional to T 41 (T being temperature) and hence
the triple-⇥ process occurs most strongly in the highest temperature regions of the star; and is predominantly responsible
for the luminosity of red giants [15].

The ratio of carbon to oxygen observed in the Universe is C/O = 0.6. Just as it is crucial that there is a resonance at the
right energy to synthesise 12C at 2 ⇥ 108 K, it is equally important that there is not a similar resonance in 16O to destroy
the carbon, as it is manufactured, through the 12C(⇥, ⇤ )16O reaction. In the case of 16O the presence of the 7.117 MeV, 1�

state, just below the 7.16 MeV ⇥-decay threshold and the 8.87 MeV, 2�, state being unavailable due to it having unnatural
parity, is perhaps just as fortuitous as the Hoyle-state having the right energy. In any case, it is unlikely that nature would
have found a way to construct the observed universe without the precise arrangement of states in 8Be, 12C and 16O.

The theoretical calculation of the reaction rate of the 3⇥ reaction has in the last five years been intensely debated. This
development started by a calculation using a continuum-discretised coupled channels method (CDCC), which predicted
much higher reaction rate at temperatures below 108 K than previous calculations [18]. This result has triggered a number
of new calculations using a range of calculating techniques, including hyper-spherical harmonics expansions [19], extended
Breit–Wigner formalism [20], Faddeev equations [21], and an imaginary time method [22]. While there is still considerable
variations between the reaction rate calculated by the different methods, there is now a consensus that the result from
the CDCC calculation overestimated the low-temperature rate by many orders of magnitude. It turns out that the different
calculations also predict different ⇥-decay of the Hoyle-state, and this can therefore be used to provide some experimental
insights into the validity of the different calculations. This will be discussed further in Section 5.2.

It is interesting to note that Hoyle’s original line of work related to using the observed elemental abundances to infer
constraints on the reaction rate for forming 12C is still being pursued. As an example Austin, West and Heger have used the
abundances of elements predominately produced in core collapse supernovae to infer effective reaction rates for the 3⇥
and 12C(⇥, ⇤ )16O reaction rates, and then used these rates to more reliably predict the abundance of 11B to constrain the
neutrino emission from supernovae [23].

3. Theoretical approaches and models of 12C and the Hoyle-state

A variety of models have been deployed to try and understand the structure of states in light nuclei and in particular 12C.
These vary tremendously in both character and complexity. At the single particle limit there lies the nuclear shell model.
Such calculations, for example those of Ref. [24], reproduce rather well the energy of the first 2+ (4.44 MeV) excitation,
illustrating the overlap of this state, together with that of the ground-state, with the independent particle limit. However,
in the region of the second 0+ state (0+

2 ), the Hoyle-state, there is a void in such calculations; the energy of this state cannot
be reproduced within this shell-model description.

This lack of ability of the shell model to reproduce the energy of the Hoyle-state has been taken as a signature of an
alternative structure. This strongly resonates with the ideas articulated in Section 1, where the Ikeda prescription suggests
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• (stationary) many-body Schrödinger equation:


•        encodes the state (aka wave function) of the system 


• Hamiltonian H describes the interactions between 
nucleons


• E is just a number

A Bit of Theory

�
⇥⇥ �

= �
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�� �
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• represent        and H as a vector and a matrix:


• This is an eigenvalue problem! 

• yields allowed energies for nuclear ground (lowest 
eigenvalue) and excited states (everything else)


• eigenvectors represent the corresponding wave 
functions

A Bit of Theory

�� �

H
�
� = E

�
�
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• constructing and storing full H matrix is impossible


• matrices are sparse (many entries are zero), but problem 
is still hard

Basis Size “Explosion”274 C. Yang et al.
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Figure 1: The characteristics of the CI projected Hamiltonian Ĥ for a variety of
nuclei.

by more than one single-particle state, and a two-body integral becomes zero when a
and b differ by more than two single-particle states, etc. This observation allows us
to determine many of the zero entries of Ĥ without evaluating the numerical integral
in (5).

Empirical evidence suggests that the probability of two randomly chosen but valid
many-body basis states sharing more than k−2 single-particle states is relatively low.
As a result, Ĥ is extremely sparse. Figure 1 shows both the growth of the matrix
dimension (|A|) with respect to Nmax and the growth of the number of nonzero
elements in Ĥ with respect to |A| for a variety of nuclei for both two-body and two-
plus three-body potentials. In practice, we observe that the number of non-zeros in Ĥ
is proportional to |A|3/2.

To compute the eigenvalues of Ĥ efficiently on a high performance parallel com-
puter, the following three issues must be addressed carefully:

1. The generation and distribution of the many-body basis states — This step
essentially determines how the matrix Hamiltonian Ĥ or ĤZ is partitioned and
distributed in subsequent calculations.

2. The construction of the sparse matrix Hamiltonian Ĥ — This step is performed
simultaneously on all processors. Each processor will construct its portion of Ĥ
defined by the many-body basis states assigned to it. Because the positions
of the nonzero elements of the Hamiltonian is not known a priori, the key to
achieving good performance during this step is to quickly identify the locations
of these elements without evaluating them numerically first.

3. The calculation of the eigenvalues and eigenvectors using the Lanczos itera-
tion — The major cost of the Lanczos iteration is the computation required to
perform sparse matrix-vector multiplications of the form y ← Ĥx, where x, y
are both vectors. Performing efficient orthogonalizations of the Lanczos basis
vectors is also an important issue to consider.

3 Parallel basis generation

Because the rows and columns of Ĥ are indexed by valid many-body basis states, the
first step of the nuclear CI calculation is to generate these states so that they can be
used to construct and manipulate matrix elements of Ĥ in subsequent calculations. It

from: C. Yang, H. M. Aktulga, P. Maris, E. Ng, J. Vary, Proceedings of NTSE-2013



H. Hergert - “From Atomic Nuclei to Stars: Research at the NSCL”, 09/13/2018

Theory’s Discovery Machines


