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Low Energy Nuclear Experiments



Overview, part 1 (general properties of nuclei, mostly macroscopic)

• History ... the isotopes, the facilities we use 

• What can we measure/is observable? 

• Questions to ask about the nucleus 

- How much do they weigh? 

- What size are they? 

- What shape are they?

Attempt to use many accessible examples from recent literature, leaning towards the study of 
exotic nuclei where possible

What can experimentalists determine about a nuclear system in the lab?



Overview, part 2 (mostly direct reactions, not so exotic, microscopic)

• History 

• Reactions, reaction types, direct reactions 

• Observables 

• Energies, momentum 

• Spectroscopic factors, occupancies (in context of ‘modern’ [but stable-beam] examples) 

• Other reactions (pairing, cluster, charge exchange)

Attempt to steer clear of reactions for reaction’s sake, rather using them as a meaningful tool to 
gain insights into topical nuclear structure properties

The connection between direction reactions and nuclear structure



Overview, part 3 (mostly direct reactions, quite exotic, microscopic)

• History 

• Exotic beams 

• Kinematics 

• Spectrometers (with a focus on solenoidal spectrometers) 

• A few examples from the last few years (2014, 2017, 2017, 2019) (what drove 
them, reaction choices, results, commentary) 

The connection between direction reactions and nuclear structure



Reading

• Slides from past schools (NNPSS [Heather Crawford's are 
exemplary], EBSS) are impressive (next slide for references) 

• Books are good, but often dense and not always transparent (on 
direct reactions, my personal favorites are N. K. Glendenning’s 
Direct Nuclear Reactions, and C. A. Bertulani and P. Danielewicz’s 
Introduction to Nuclear Reactions. 

• Great papers (some of the older ones can be wonderfully 
pedagogical, others far less so). I will attempt to highlight some as 
I go through.



2002 (ORNL 1st), 2003 (NSCL 2nd), 2004 (ANL 3rd), 2005 (LBNL 4th) 2006 (ORNL 5th), 2007 (NSCL 6th), 2008 (ANL 7th), 2009 (LBNL 8th) 2010 (ORNL 9th)  

https://people.nscl.msu.edu/~zegers/ebss2011/cizewski.pdf (J. Cizewski of Rutgers, NSCL 2011) …10th in EBSS series 

http://www.phy.anl.gov/atlas/EBSS2012/NuclearReactions-ExperimentI.pptx (L. Trache of Texas A&M, ANL 2012) … 11th 
http://www.phy.anl.gov/atlas/EBSS2012/NuclearReactions-ExperimentII.pptx 

http://fribusers.org/documents/2013/ebssLectures/reactions1.pdf (Grigory Rogachev of FSU, LBNL 2013) … 12th 
http://fribusers.org/documents/2013/ebssLectures/reactions2.pdf 
http://fribusers.org/documents/2013/ebssLectures/reactions3.pdf 

http://fribusers.org/documents/2014/ebssLectures/hoffman_1.pdf (Calem Hoffman of Argonne, ORNL 2014) … 13th 
http://fribusers.org/documents/2014/ebssLectures/hoffman_2.pdf 

http://aruna.physics.fsu.edu/ebss_lectures/F_Lecture2.pdf (Ben Kay of Argonne, FSU 2015) … 14th 

https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_1.pdf (Alan Wuosmaa of UConn, NSCL 2016) … 15th 
https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_2.pdf 
https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_3.pdf 

http://www.phy.anl.gov/ebss2017/ebss-2017-zegers.pdf (Remco Zegers of NSCL, ANL 2017) … 16th 

And soon, these slides … 17th

Past schools … slides on reactions

https://people.nscl.msu.edu/~zegers/ebss2011/cizewski.pdf
http://www.phy.anl.gov/atlas/EBSS2012/NuclearReactions-ExperimentI.pptx
http://www.phy.anl.gov/atlas/EBSS2012/NuclearReactions-ExperimentII.pptx
http://fribusers.org/documents/2013/ebssLectures/reactions1.pdf
http://fribusers.org/documents/2013/ebssLectures/reactions2.pdf
http://fribusers.org/documents/2013/ebssLectures/reactions3.pdf
http://fribusers.org/documents/2014/ebssLectures/hoffman_1.pdf
http://fribusers.org/documents/2014/ebssLectures/hoffman_2.pdf
http://aruna.physics.fsu.edu/ebss_lectures/F_Lecture2.pdf
https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_1.pdf
https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_2.pdf
https://people.nscl.msu.edu/~iwasaki/EBSS2016/reaction_3.pdf
http://www.phy.anl.gov/ebss2017/ebss-2017-zegers.pdf


Part 1: General overview 
Isotopes, masses, sizes, shapes



https://people.nscl.msu.edu/~thoennes/isotopes/
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The proton-rich isotope 68Br was discovered in secondary fragmentation reactions of fast radioactive 
beams. Proton-rich secondary beams of 70,71,72Kr and 70Br, produced at the RIKEN Nishina Center and 
identified by the BigRIPS fragment separator, impinged on a secondary 9Be target. Unambiguous particle 
identification behind the secondary target was achieved with the ZeroDegree spectrometer. Based on the 
expected direct production cross sections from neighboring isotopes, the lifetime of the ground or long-
lived isomeric state of 68Br was estimated. The results suggest that secondary fragmentation reactions, 
where relatively few nucleons are removed from the projectile, offer an alternative way to search for new 
isotopes, as these reactions populate preferentially low-lying states.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The binding energy of a nucleus is a result of the interactions 
of all proton and neutron constituents. At the limits of nuclear 
binding, the neutron and proton drip lines, the separation ener-
gies become zero. A huge discovery potential is provided by the 
predicted 6900(500) bound nuclei [1], compared with 3252 discov-
ered to date [2,3]. In recent years, new isotopes have been mainly 
discovered by projectile fragmentation or fission of high intensity 
primary beams [4–11]. Most notably, the discovery of 60Ca, with 

* Corresponding author.
E-mail address: wimmer@phys.s.u-tokyo.ac.jp (K. Wimmer).

Z = 20 and N = 40 a doubly closed Harmonic Oscillator shell nu-
cleus, at the RIKEN Nishina Center [12] demonstrated the power of 
this technique.

On the proton-rich side, the limits of binding are experimen-
tally established up to A ∼ 80, as the repulsive Coulomb force 
between the excess protons puts it much closer to the valley of 
stability. The Coulomb interaction, combined with the angular mo-
mentum barrier, can lead to long lifetimes of nuclei beyond the 
drip line, i.e., with negative proton separation energies. Such res-
onances can be reconstructed from the invariant mass measure-
ment of the decay products. In some cases, these unbound nuclei 

https://doi.org/10.1016/j.physletb.2019.06.014
0370-2693/© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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r process, 0.4 s, 0.25 GK

Predicted limits of binding, >7000

Limits from Erler et al., Nature 486, 509 (2012), other information from https://www.nndc.bnl.gov/nudat2/help/index.jsp

World pop: 7.53 B 
Gas: 250 cents/gal.
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M. Thoennessen and B. Sherrill, Nature 473, 25 (2011)

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■

Michael Thoennessen and Bradley 
Sherrill are at the National Superconducting 
Cyclotron Laboratory and the Department 
of Physics and Astronomy at Michigan State 
University, East Lansing, Michigan 48824, USA. 
e-mails: thoennessen@nscl.msu.edu; 
sherrill@frib.msu.edu

THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■

Michael Thoennessen and Bradley 
Sherrill are at the National Superconducting 
Cyclotron Laboratory and the Department 
of Physics and Astronomy at Michigan State 
University, East Lansing, Michigan 48824, USA. 
e-mails: thoennessen@nscl.msu.edu; 
sherrill@frib.msu.edu

THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■
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THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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Isotopes

First challenge for an experimentalist 
is to make/probe the nucleus you 
want to study ...

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■
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THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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First challenge for an experimentalist 
is to make/probe the nucleus you 
want to study ...

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■

Michael Thoennessen and Bradley 
Sherrill are at the National Superconducting 
Cyclotron Laboratory and the Department 
of Physics and Astronomy at Michigan State 
University, East Lansing, Michigan 48824, USA. 
e-mails: thoennessen@nscl.msu.edu; 
sherrill@frib.msu.edu

THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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E.g. fusion(-evaporation)
122Ce discovered via 64Zn + 64Zn → 122Ce + α + 2n

 J. F. Smith et al. PLB 625, 203 (2005), Bark et al., Nucl. Phys. A 514, 503 (1990) (and A. N. Deacon's thesis, Manchester 2006)

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■
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THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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122Ce discovered via 64Zn + 64Zn → 122Ce + α + 2n

 J. F. Smith et al. PLB 625, 203 (2005), Bark et al., Nucl. Phys. A 514, 503 (1990) (and A. N. Deacon's thesis, Manchester 2006)

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■
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THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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Figure 4.3: [Colour] The various stages, (a)–(d), during and following a
heavy-ion fusion reaction, and how energy and spin change as the nuclear
system progresses through these stages. Refer to text for details.
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 J. F. Smith et al. PLB 625, 203 (2005), Bark et al., Nucl. Phys. A 514, 503 (1990) (and A. N. Deacon's thesis, Manchester 2006)

radioactive-decay studies showed that a 
given element can exist in different forms. 
The discovery of the neutron in 1932 revealed 
that the nucleus of an atom was composed of 
protons and neutrons. Soon after, Irène Curie 
and Frédéric Joliot used α-particles from 
polonium and targets of boron, magnesium 
and aluminium to create the first radioactive 
isotopes in the laboratory. The new isotopes 
of nitrogen, aluminium and phosphorus had 
one neutron fewer than the normal stable 
nuclides of these elements. 

Since then, researchers have been  
searching for the limits of nuclear existence, 
to discover what element may have the most 
protons and what are the largest (and small-
est) number of neutrons for a given element. 
Even today, the limit to the number of  
neutrons that an element can bind is known 
only for the lightest elements, from hydro-
gen to oxygen. That is one very small corner 
of the possible nuclear landscape (see ‘The 
nuclide trail’).

There are almost 300 stable nuclides on 
Earth and another 2,700 radioactive isotopes 
have been identified so far. This represents 
perhaps only half of all predicted isotopes. 
Around 3,000 have yet to be discovered (it 
might be as many as 5,000 or as few as 2,000). 
Although the different masses of isotopes do 
not influence their chemistry much, the pro-
duction and study of rare isotopes is crucial 
to understanding the process of nature that 
makes atoms in their birthplace.

Most of the elements in nature are created 
in stars and stellar explosions, and the iso-
topes involved are often at the very limits of 
stability. The next generation of rare-isotope 
accelerators will create, for the first time on 
Earth, most of the isotopes that are formed 
in stellar environments. Where physicists 
currently have to rely on theoretical mod-
els based on extrapolations, they will soon 
measure the properties of most of these 
isotopes directly. It could  help to answer 

other fundamental astrophysics questions 
on where in the cosmos these isotopes are 
created, why stars explode, the nature of 
neutron stars and what the first stars in the 
Universe were like.

MARCH OF MACHINES
The first particle accelerators, developed 
in the early 1930s, revealed many new  
isotopes. The Second World War delayed 
progress but, afterwards, neutron-capture 
and neutron-fission reactions in nuclear 
reactors continued the exploration. The next 
advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■

Michael Thoennessen and Bradley 
Sherrill are at the National Superconducting 
Cyclotron Laboratory and the Department 
of Physics and Astronomy at Michigan State 
University, East Lansing, Michigan 48824, USA. 
e-mails: thoennessen@nscl.msu.edu; 
sherrill@frib.msu.edu

THE NUCLIDE TRAIL
Isotope discovery over the past 100 years (below) has jumped with each introduction of new technology. Some 
2,700 radioactive isotopes have been discovered so far (below right), but about 3,000 more are predicted to exist. 
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advance was the development of heavy-ion 
accelerators in the 1960s, which produced 
heavy neutron-deficient isotopes in fusion 
evaporation reactions. 

With higher-energy accelerators in the 
1990s, scientists could create more neutron-
rich nuclei during in-flight fission or projec-
tile fragmentation of high-energy heavy ions. 
This has been the most productive route to 
isotope discovery in recent times. But in the 
past decade, the rate of discovery dropped 
to levels not seen since the 1940s. It became 
obvious that dedicated rare-isotope accelera-
tors were needed to make further progress.

The first of these facilities, the Rare Isotope 
Beam Factory, came online in 2007 in Wako, 
Japan. In 2010, it reported the discovery of  
45 new neutron-rich isotopes. 

To ensure that this is the beginning of a 
new era rather than just a discovery spike, 
it is crucial to continue efforts worldwide. 
Centres are under development, such as the 
Facility for Antiproton and Ions Research 
in Darmstadt, Germany, SPIRAL2 in Caen, 
France, and the Facility for Rare Isotope 
Beams at Michigan State University in East 
Lansing. Scientists in the United States have 
been trying to build a rare-isotope accel-
erator for almost 20 years. Funding for an 
earlier facility was halted during a previous 
period of austerity.

Today’s difficult financial conditions must 

not be allowed to halt the machine builders. 
The facility in Germany still needs to secure 
sufficient funding to start operations by the 
end of the decade. Isotope discovery over 
the past 100 years has been a worldwide 
effort, with more than 3,000 scientists in 125 
laboratories in 27 countries contributing. It 
will be a shame if the German facility — an 
international collaboration from its outset — 
does not move forward expeditiously.

Pushing science to the limits produces 
surprises. We have already learned that rare 
nuclei with extreme proton-to-neutron ratios 
don’t always follow the textbook behaviour of 
known stable isotopes. For example, the size 
of stable nuclei is proportional to their mass 
— it scales as A1/3 (where A is the mass num-
ber of neutrons and protons). However, this 
simple relationship ignores any differences 
between neutrons and protons. Some rare 
nuclei that exist only fleetingly have proved 
to be significantly larger. 

Other surprises may be in store. Hope-
fully, the next-generation facilities will  
create more than 1,000 new isotopes, and 
the limit of nuclear existence will be pushed 
towards heavier elements, up to zirconium 
(40 protons) but still some way from gold 
(79 protons). Fundamental phenomena 
are waiting to be discovered, and increased 
production of rare isotopes will bring new 
applications in medicine and other fields. We 
are confident that in the next 10–15 years, 
most of the isotopes needed to answer the 
question ‘What is the origin of elements in 
the cosmos?’ will be created in the lab for the 
first time. A fitting tribute to Rutherford. ■
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In-flight / fragmentation at e.g. NSCL

 https://www.nscl.msu.edu/public/virtual-tour.html
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GSI (Germany)
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the LISEþþ abrasion-ablation model and the Qg system-
atics, with masses calculated with the GXPF1B5 shell-
model interaction [9,13]. The 60Ca production exceeds
the prediction based on EPAX 3 [20] by a factor of 10.

The production cross sections and momentum distributions
for all neutron-rich nuclei observed here will be the subject
of a forthcoming publication [21]. Of special note are two
points: (i) the observation of 62Sc at these beam energies
and with a light target, for which the production involves a
net 9 proton stripping and one neutron pick-up and (ii) the
nonobservation of 55Ar, that had an expected yield of 3þ2

−1
counts based on Qg systematics [22] and yields measured
here. This corresponds to a 95:0þ4.3

−8.6% probability (Poisson
statistics) of the unobserved isotope being unbound.
Discussion.—The observation of 59;60Ca demonstrates

that the ab initio models [3] that predict them unbound are
missing aspects that lead to more binding for neutron-rich
nuclei. Certain other models do better at reproducing the
new isotopes observed in this study. We compare the
observation of particle stability in the neutron-rich region
for the elements with 11 ≤ Z ≤ 21 with the predictions of a
number of mass models. In a first step, 35 mass models and
mass tables were considered: AME mass tables [23,24]
with extrapolations using the LISEþþ liquid-drop model
(LDM1) [25], theWeizsäcker-Skyrme (WS) [26] and finite-
range droplet (FRDM) [27,28] macroscopic-microscopic
mass formulas, the TUYY and KTUY empirical mass
formulas [29,30], a series of nonrelativistic Hartree-
Fock-Bogoliubov (HFB) mass models (HFB-9,17,21-32
[6–8,31,32], six of the EDFs discussed in Ref. [5] and the
Gogny-HFB model [33]), relativistic mean-field (RMF)
models [10], and a shell model based on effective inter-
actions fitted in the neutron fp shell GXPF1B and

FIG. 2. Z versus A=q PID plot for nuclei observed in the
measurement reported here. The limit of previously observed
nuclei is indicated by the red solid line.

FIG. 3. The region of the chart of nuclides studied in this work. Nuclei highlighted by the red background were discovered in this
work; green squares denote nuclei discovered at the NSCL since 2007 [12,13,22,36]. The neutron drip lines predicted by the HFB-22
[7], UNEDF1 [35], and WS4RBF [26] mass models are indicated by the blue dotted, red solid, and green dashed lines, respectively. The
model WS4RBF appears to underestimate the bindings of isotopes in this region. HFB-22 and UNEDF1 seem to better predict the drip
line. The inset shows the predicted S2n values for even neutron-rich calcium isotopes.
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An unrivaled combination for direct reaction studies

• Stable beams at high intensity and energies up to 18 MeV/u 
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• Low energy CARIBU beams for ‘stopped beam’ measurements

3

Z,
 p

ro
to

ns

N, neutrons

stable
known
>103 pps

 www.anl.gov/atlas

E.g. "ISOL" and in-flight at Argonne

http://www.anl.gov/atlas


Primary beam from ATLAS, a few to 20 MeV/u, <few pμA

Provide in-flight beams 
to all experimental 
areas downstream of 
ATLAS
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252Cf

• Fission fragments stopped in 
high purity He 

• Ions transported by RF fields, 
DC gradients, and gas flow 

• Fast and essentially universal

DC gradient

RF field
4He gas flow

CARIBU
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HELIOS
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N =126



The ATLAS facility                  Guy Savard, Argonne National Laboratory                      LECM, South Bend,  August 12, 2016

208Pb

238U

Accessing new regions: deep-inelastic reactions to reach 
the far north-east of the nuclear chart

238U
1 GeV/u 238U + 1H
Armbruster et al.

The Science:
� nuclear shell structure at the extremes
� r-process: second abundance peak, fission 

recycling and termination
� fission barriers of neutron-rich nuclei and 

symmetry energy
� connection of hot-fusion SHE island and 

mainland

38

Production through                                         
deep-inelastic reactions

136Xe
extracted  

recoils

beam 
dump

rotating
198Pt target

to 
selection 

stage

target-like 
recoils

Efficient thermalization, extraction and separation 
through a CARIBU like large gas catcher and separator

38

198Pt

DC gradient

RF field
4He gas flow

Rotating target wheel

136Xe beam

Target-like recoils

Coming soon to the 
"BGO" area ...
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Production of N = 126 nuclei



Higher demand for ATLAS beam time resolved … 
• The nations premier stable beam facility (but longer experiments, higher 

demand …) 
• Unique RI beams at ideal energies (naturally longer experiments, higher 

demand …) 
… why not run both at the same time?

time

μs100 msμs
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More than one beam!?
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ATLAS idle

“Multi-user” facility
Higher demand for ATLAS beam time resolved … 

• The nations premier stable beam facility (but longer experiments, higher 
demand …) 

• Unique RI beams at ideal energies (naturally longer experiments, higher 
demand …) 

… why not run both at the same time?
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Modified injection and LEBT Pulsed 
switchyard

Future alt. ECR
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Key point: 
No 
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made — each 
beam is 
optimal
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Non-hadronic probes ...

https://cerncourier.com/electron-ion-collider-on-the-horizon/ 
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Nuclear cartography

© 2017 IOP Publishing Ltd1

1. Introduction
Atoms consist of a tiny, dense nucleus made of 
protons and neutrons, surrounded by a cloud of 
orbiting electrons. In a neutral atom, the num-
ber of electrons balances the number of protons. 
Protons and neutrons are very much heavier than 
electrons by a factor of about 1836, so the vast 
majority of the mass of an atom is contained 
within the nucleus. The number of protons in a 
nucleus  Z—also called the atomic number—
defines the  element to which it belongs, and 
associated with each element is a symbol, 
e.g.  carbon  =  C, magnesium  =  Mg, lead  =  Pb, 
which we generically denoted by X. Though all 
nuclei of a given element will have the same 
number of protons Z, they may have different 
numbers of neutrons N, giving different mass 
numbers A = Z + N. These are called isotopes. 
If we want to refer to a par ticular sort of nucleus, 

with specific Z and N, we use the word nuclide3, 
denoting a particular nuclide by A

ZXN. Since the 
element symbol X uniquely specifies the number 
of protons, Z and N are often neglected.

Nuclear physics has a wide number of 
 different applications in science and industry. 
These include producing electricity through 
nuclear fission, aiding medical diagnosis in posi-
tron emission tomography (PET), identifying the 
existence of recent near-Earth supernovae [3], 
and working out the age of individual cells within 
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Abstract
Nuclear masses and binding energies are some of the first nuclear properties 
met in high school physics, and can be used to introduce radioactive decays, 
fusion, and fission. With relatively little extension, they can also illustrate 
fundamental concepts in nuclear physics, such as shell structure and pairing, 
and to discuss how the elements around us were formed in stars. One way of 
visualising these nuclear properties is through the nuclide chart, which maps 
all nuclides as a function of their proton and neutron numbers. Here we use 
the nuclide chart to illustrate various aspects of nuclear physics, and present 
3D visualisations of it produced as part of the binding blocks project.

IOP
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3 A nuclide is a specific type of nucleus with particular 
numbers of protons and neutrons. Strictly isotope refers 
to variants of a particular element with different numbers 
of neutrons (e.g. 235U and 238U are isotopes of Uranium). 
Prior to the coining of the word nuclide in 1947 [1], isotope 
was often used to refer to designate any atomic species [2]. 
Today isotope and nuclide are often used interchangeably to 
designate any nuclear species, and should be read as such in 
the present article.
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Nuclear playground

https://people.physics.anu.edu.au/~ecs103/chart3d/
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As we move further away from the stable 
nuclides, the half-lives get progressively shorter. 
Most radioactive nuclides decay with half-lives 
in the range of microseconds to years. One exam-
ple is fluorine-18, which β+ decays with a half-
life of 110 minutes. Flourine-18 can be used for 
medical imaging in PET. Fludeoxyglucose is a 
fluorine containing molecule, which acts like 

glucose within the body. Fludeoxyglucose con-
taining 18F is put into the body and accumulates 
where glucose uptake is fastest—in, for exam-
ple, glucose hungry cancerous tumours. When 
18F decays it emits a positron. The positron is 
the antiparticle of an electron, and when the two 
meet they annihilate, producing two high energy 
photons that are emitted in opposite directions. 

(a)

A = 40

N = 8

N = 20

N = 28

N = 50

N = 82

N = 126

Proton
number

Neutron
number

A = 80

A = 120

A = 160

A = 200

Decay modes

(b) Half-life (s)

Binding energy per nucleon (MeV)

Neutron separation energy (MeV)

Binding energy second derivative (MeV)
–4.0 –2.0 0.0

10–20 10–10 1 1010 1020 1030

(c)

(d)

(e)

β
β
α

β

Figure 3. Nuclide charts showing all the known isotopes coloured by different properties (a) radioactive decay 
mode, (b) radioactive decay half-life, (c) binding energy per nucleon, (d) neutron separation energy Sn(A

ZXN), and 
(e) binding energy finite difference second derivative D(A

ZXN). The experimental data are taken from [6, 12] and 
the charts drawn using [11]. See the text for further discussion.

Phys .  Educ .  52  (2017)  064002

E. C. Simpson and M. Shelley, Phys. Educ. 52, 064002 (2017)

As experimentalists we can: 
• Determine the decay mode 
• Determine the half life 
• Determine the mass, binding 
• Reaction cross sections 
• Moments 
• Transition rates / energies

Nuclear playground



What can one observe, why is it tough?
• As you will have heard over the work shop, there are only a 

handful of physical properties of nuclei one can probe and link to 
models 

• For a low-energy experimentalists the challenges are many ... as 
we've just seen only about 4% of the nuclei predicted to be 
bound are stable, the rest we have to make ... 

• The best probes are typically nuclei themselves ... 

• Then there is the connection to theory and understanding, what 
we measure are not always instructive without model-dependent 
conversions (plenty of discussions in lectures 2 and 3)



To begin at the beginning …

 E. Rutherford, Philosophical Magazine 21, 669 (1911)

The Geiger-Marsden Experiment ... what was “supposed” to 
happen!

9

Note: the discovery of the nucleus used experimental apparatus which in essence, is 

very similar to how we do nuclear physics today

Gold foil

α

A few details
• Used a 0.1 Curie radium source
• ~1010 α particles per second bombard the thin gold foil
• The α particles had 7.7 MeV of energy
• A telescope was used to look at flashes of light on a zinc sulphide

Telescope

Vacuum chamber The plum-pudding idea seemed 

reasonable: this result would fit 

expectations

• A 0.1 Ci radium source 
• ~1010 α particles per second (~ 1nA of 4He) 
• α particles of 7.7 MeV (~1.9 MeV/u) 
• A gold foil of 0.00004 cm thick (~0.8 mg/cm2) 
• A telescope was used to look at flashes of light on a zinc sulphide screen

The Geiger-Marsden experiment



Reaction ... information
This has all the same 
ingredients a modern 
nuclear reaction 
experiment: 

• A beam 
• A target 
• A chamber 
• Reaction products 
• A detector 
• … deduce something 

about the gold ... its 

SIZE, that's 
it's bound,...

The Geiger-Marsden Experiment ... what really happened?

10

Gold foil

α

Telescope

Vacuum chamber1 in 8000!!!

“It was almost as incredible as if you fired a 15-inch shell 

at a piece of tissue paper and it came back and hit you.” 
–– Rutherford

The atom has a dense, positive 

mass  at the centre ... it is 

mostly empty!

<1 in 20,000!

The Geiger-Marsden experiment

“It was almost as incredible as if you fired a 15-inch shell at a piece of tissue 
paper and it came back and hit you.” — E. Rutherford. 

• A 0.1 Ci radium source 
• ~1010 α particles per second (~ 1nA of 4He) 
• α particles of 7.7 MeV (~1.9 MeV/u) 
• A gold foil of 0.00004 cm thick (~0.8 mg/cm2) 
• A telescope was used to look at flashes of light on a zinc sulphide screen

 E. Rutherford, Philosophical Magazine 21, 669 (1911)



Neutrons, strong force, shell structure

An old talk I gave 10 years ago ...
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1.1. Nuclear shell structure 23
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Magic systems still the pillars of our understanding

May 2019 ... Taniuchi et al., Nature 569, 53 (2019)

ARTICLERESEARCH

spectroscopic information on excited states that can be reached with 
current and next-generation facilities.

After the first production17 of 78Ni, enormous efforts have been made 
to investigate its structure. Previous measurements indirectly inferred 
persistent N = 50 (refs 18–22) and Z = 28 (refs 23–25) shell closures at 
78Ni. This notion has been supported theoretically by ab initio predic-
tions26. Conversely, studies of 66Cr (Z = 24) and 70,72Fe (Z = 26) 
revealed constantly low +21  excitation energies, which question the 
N = 50 shell closure for proton numbers below Z = 28 (refs 27,28). 
Likewise, several studies supported a reduction of the Z = 28 proton 
shell gap towards and beyond N = 50 (refs 29–33). A vanishing of the 
proton and neutron shell closures would be accompanied by an onset 
of deformation, implying considerable consequences, such as shape 
coexistence and gain in nuclear binding energy. The former signifies 
the occurrence of several quantum states of different shapes lying close 
and low in energy; the latter slants the two-neutron drip line and 
accordingly shifts the limits of nuclear existence towards heavier iso-
topes. Hitherto, no ultimate conclusion on the magic character of 78Ni 
has existed. Here, we provide first direct evidence from in-beam γ-ray 
spectroscopy in prompt coincidence with proton knockout reactions 
of fast RI beams.

Production of RI beams
The experiment was carried out at RIBF, which combines three 
injectors with four coupled cyclotrons. Neutron-rich RI beams were  
produced by induced relativistic in-flight fission of a 238U primary beam 
with energy of 345 MeV per nucleon on a 3-mm-thick beryllium produc-
tion target, located at the F0 focus of the BigRIPS fragment separator34 
shown in Fig. 2a. 79Cu and 80Zn particles, produced at rates of 5 and 290 
particles per second, respectively, were identified on an event-by-event 
basis from focal plane F3 to F7, before being guided to the MINOS reac-
tion target system35 (see Fig. 2b) located at F8, with a remaining energy 
of approximately 250 MeV per nucleon (61% of the speed of light).

γ-ray detection after secondary reaction
MINOS was composed of a 102(1)-mm-thick (all uncertainties 
correspond to one standard deviation, s.d.) liquid-hydrogen target 
and a time-projection chamber to reconstruct the reaction vertices.  
This allowed to overcome inaccuracies in the Doppler reconstruc-
tion that originated from the thick target (see Methods for details). 
The γ-ray spectrometer DALI236 surrounded MINOS to detect 
prompt de-excitation γ-rays with high efficiency. Secondary-reaction  
species were subsequently identified with the ZeroDegree spectrom-
eter from F8 to F11. An overview of the facility and the experimental 
setup, including all the focal points, is provided in Fig. 2 together with 
obtained particle identification plots.

γ-rays from the 79Cu(p, 2p) 78Ni reaction
The total reaction cross-sections for the production of 78Ni following 
the 79Cu(p, 2p)78Ni and 80Zn(p, 3p)78Ni reactions were 1.70(42) and 
0.016(6) mb, respectively, yielding 937 and 815 events. The energies of 
coincident prompt γ-rays were corrected for the Doppler shift in the 
spectra shown in Fig. 3. For the (p, 2p) reaction channel, the most 
intense γ-ray transition was observed at 2,600(33) keV with a signifi-
cance level (S.L.) of 7.5, and was tentatively assigned to the →+ +2 01 gs 
decay of 78Ni. Four weaker transitions, located at 583(10) keV, 
1,103(14) keV, 1,540(25) keV and 2,110(48) keV, were identified. All 
decay strengths (corrected for the γ-ray-energy-dependent detection 
efficiency of DALI2) and confidence levels are summarized in 
Extended Data Table 1 and Extended Data Fig. 2. Sufficient statistics 
allowed us to establish prompt coincidences between the 2,600-keV 
transition and all the weaker transitions (Fig. 3b), as well as a possible 
coincidence between the 583-keV transition and the 2,110-keV tran-
sition (Extended Data Fig. 1b). Conversely, no coincidence was 
observed between the 583-keV and 1,103-keV transitions (Extended 
Data Fig. 1b, c). These are therefore considered to decay independently 
into the proposed +21  state. On account of its correspondence to the 
theoretical descriptions discussed below, the 583-keV line is tentatively 
assigned to the →+ +4 21 1  transition. This leads to a ratio of R4/2 = 1.22(2) 
between +E(2 )1  and +E(4 )1 , which is comparable to those of the  
well known doubly magic nuclei 40Ca (1.35), 48Ca (1.18), 56Ni (1.45), 
132Sn (1.09) and 208Pb (1.06).

γ-rays from 80 Zn(p, 3p)78Ni
Although similar numbers of (p, 2p) and (p, 3p) events were detected, 
the findings were largely different. A transition remained visible at 
1,067(17) keV in the (p, 3p) spectrum (Fig. 3d), but no other promi-
nent peak was observed in the energy range up to 2,600 keV, with 
transitions reported for the (p, 2p) channel having an S.L. of only 
around 1. A surprising additional strength above the →+ +2 01 gs decay 
revealed a transition at 2,910(43) keV (S.L. = 3.5), which is either 
weakly or not populated in the (p, 2p) channel. This cannot be inter-
preted as a decay into the +21  state owing to the low intensity of the peak 
at 2,600 keV. Instead, it is ascribed to the decay of a second 2+ state to 
the 0+ ground state. This level placement is further corroborated by 
the spectrum for γ-ray-detection multiplicities of Mγ < 4 (Fig. 3c), 
which shows an enhanced peak-to-total ratio of decays from low-lying 
levels—in this case the 2,910-keV transition. By applying similar argu-
ments, the 1,067-keV transition has too large intensity to correspond 
to the 1,103-keV transition observed in the (p, 2p) channel, and is 
therefore considered to feed the 2,910-keV level. Taking all  
these observations into account, the level scheme shown in Fig. 4b is 
proposed for 78Ni.
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Fig. 1 | Experimental +E(2 )1  systematics of the even–even nuclear 
landscape. Shown are known +E(2 )1  of even–even isotopes40 and the value 
for 78Ni obtained in the present study. Canonical magic numbers are 
indicated by dashed lines and doubly magic nuclei are labelled. 68Ni, for 

which the number of neutrons, N = 40, matches the harmonic-oscillator 
shell closure, is also marked. The predicted two-neutron drip line and its 
uncertainties3 are shown in blue.
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Doubly magic 78Ni
The energies +E(2 )1  along the chain of nickel isotopes (Fig. 4a) exhibit 
a local maximum at 68Ni, which is attributed to the N = 40 harmon-
ic-oscillator shell closure. This assessment is reinforced by the isotope’s 
low quadrupole collectivity37; however, mass measurements identified 
this as a very localized feature38, and ref. 39 pointed out that quadrupole 
collectivity is dominated by neutron excitations. Beyond the harmonic- 
oscillator shell closure, in the independent-particle model, neutrons 
fill the ν0g9/2 SPO (ν and π denote neutron and proton orbitals, respec-
tively) with little impact on +E(2 )1 , until a steep rise is observed for our 
value at N = 50. In fact, the measured excitation energy of 2.6 MeV at 
that neutron number is essentially as high as the excitation energy of 
2.7 MeV reported for the doubly magic 56Ni (Z = N = 28)40—thus 
providing first direct experimental evidence for a comparable magic 
character. To gain further insight into the structural evolution of  
neutron-rich nickel isotopes, their +E(2 )1  values are compared with 
state-of-the-art theoretical calculations in Fig. 4a. Large-scale shell 
model (LSSM) calculations provided the two shell-model Hamiltonians 
outlined in refs. 28,41, with a transition at N = 44 from the LNPS to  
the PFSDG-U Hamiltonian. In particular, the LSSM calculations for 
78Ni included the full proton pf and neutron sdg harmonic-oscillator 
shells into their model space, which is crucial to pick up emerging 
quadrupole collectivity from quasi-degenerated neutron SPOs28.

The Monte Carlo shell model (MCSM)42 allows us to incorporate 
more SPOs into the calculation. For the MCSM predictions presented 
here, the A3DA-m Hamiltonian43 was employed for 64–76Ni, which 

encompasses the full pf shell as well as the 0g9/2 and 1d5/2 SPOs for 
protons and neutrons. To enable more detailed calculations for 78Ni, 
the A3DA-m Hamiltonian was extended to the full proton and neutron 
pf and sdg shells. The mean-field-based quasi-particle random-phase 
approximation (QRPA)44 calculations used the Gogny D1M effective 
force45. Finally, we present new ab initio results based on the valence-
space formulation46 of the in-medium similarity renormalization group 
(IM-SRG)47 and the coupled-cluster (CC) method26, both of which use 
two- and three-nucleon interactions derived from chiral effective-field 
theory48. All theoretical calculations describe well the pattern of +E(2 )1  
along the chain of nickel isotopes in Fig. 3a, notably the large enhance-
ment at N = 50, thus confirming that 78Ni is a doubly magic nucleus.

Two different shapes emerge
Complete predictions for the low-lying-level structure of 78Ni are pre-
sented in Fig. 4b next to the proposed experimental level scheme. The 
LSSM and MCSM calculations similarly predict competing spherical 
(quadrupole deformation parameter, β ≈ 0) and prolate deformed 
(β ≈ 0.3) intruder configurations, with one discrepancy: whereas LSSM 
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Fig. 2 | Layout of the experimental equipment and particle 
identification plots of isotopes. a, Schematic of the two final cyclotron 
stages (intermediate-stage ring cyclotron, IRC, and superconducting 
ring cyclotron, SRC) of the RIBF facility, along with the BigRIPS and 
ZeroDegree fragment separators. Sets of dipole and superconducting 
quadrupole triplet magnets are shown in blue and grey, respectively. 
Reaction residues cover a flight length of 126 m between creation at the F0 
production target and the final focal point, F11. Schematic, courtesy of N. 
Miyauchi. b, Layout of MINOS (grey) and the surrounding DALI2 γ-ray 
spectrometer (blue) located at the F8 focal plane. Incoming secondary  
80Zn and 79Cu beams (blue arrow) react and 78Ni exits the target  
(red arrow). c, Components of the radioactive beam accepted by the 
BigRIPS fragment separator. Events corresponding to 79Cu (red ellipse) 
and 80Zn (dashed red ellipse) are indicated. d, Reaction products accepted 
by ZeroDegree. 78Ni is indicated by the red ellipse. c, d share the colour 
scale in d, which indicates the number of events for different isotopes 
transmitted through BigRIPS and ZeroDegree.
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d

Fig. 3 | Doppler-corrected γ-ray energy spectra. a, De-excitation γ-rays 
measured in coincidence with 78Ni following (p, 2p) reactions. b, Prompt 
coincidences with the 2,600-keV transition following (p, 2p) reactions. 
The spectrum reveals coincidences between the 2,600-keV transition and 
other low-lying transitions. The coincidence range is illustrated by the 
hatched area. c, De-excitation γ-rays measured in coincidence with 78Ni 
following (p, 3p) reactions. To reduce events with multiple γ-ray hits from 
Compton scattering, the γ-ray detection multiplicity, Mγ, was restricted 
to values below 4. As a consequence, the visibility of the 2,910-keV 
transition is enhanced. d, Same as c, but for Mγ < 6. Observed transitions 
are indicated by their energies in a and c. Simulated response curves of 
the γ-ray detector for the individual transitions are illustrated by the 
light-blue solid (S.L. ≥ 3) and dotted (S.L. < 3) lines, whereas the fitted 
double-exponential background is shown by the dark-blue dashed line. 
The magenta solid lines show the sum of the background and individual 
transitions. Vertical error bars correspond to 1 s.d.
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puts the deformed 2+ state at 2.88 MeV, and thus below the spherical 
2+ state at 3.15 MeV, for MCSM the deformed 2+ state at 2.89 MeV lies 
above the spherical 2+ state at 2.57 MeV. The respective 4+ states are 
located approximately 0.5–0.7 MeV above the 2+ states, hence justifying 
the tentative spin assignment for the experimental level at 3.18 MeV.  
In addition, the calculated deformed 0+ states are located approxi-
mately 0.25 MeV below their respective deformed 2+ states. A possi-
ble unobserved transition from the deformed 2+ state to the deformed 
0+ state is expected to be several orders of magnitude weaker than 
direct decays to the ground state owing to the large energy difference of 
the latter. It is further noted that restricting the MCSM calculations to  
the A3DA-m Hamiltonian43 puts the first 2+ state at 2.89 MeV and the 
second 2+ state at 4.72 MeV, strikingly demonstrating the necessity 
for the inclusion of the full neutron sdg shell to properly characterize 
low-lying deformed configurations28.

It is important to stress the structural differences between the  
spherical and deformed configurations, specifically the average number 
of particle–hole excitations above Z = 28 ( −

πnp h) and N = 50 ( −
νnp h) for 

the 0+, 2+ and 4+ states. With MCSM, these numbers are 
0.4 ! !−

πnp h  0.9 and 0.7 ! !−
νnp h  1.7 for the three spherical states, 

whereas for the deformed states the respective values are ≈ .−
πn 2 5p h  

and ≈ .−
νn 2 7p h . Similar values are obtained with LSSM. Recollecting 

the different levels populated from the (p, 2p) and (p, 3p) reactions, the 
calculated spectroscopic factors, which quantify the overlap between 
final and initial state in single-nucleon knockout reactions, can help to 
unravel the nature of levels populated. Inspection of these spectroscopic 
factors from 79Cu to final states in 78Ni with the LSSM and MCSM 
Hamiltonians shows that spherical configurations are strongly 
favoured. In Fig. 5 experimental partial cross-sections to the individual 
levels are compared with calculated ones obtained within the distorted- 
wave impulse approximation (DWIA) formalism49 folded with the 
shell-model spectroscopic factors (see Methods). Although the assump-
tions of the DWIA and shell-model spectroscopic-factor calculations 
are not fully consistent, their combination provides a qualitative picture 
that can be compared with experimental results. We note that for the 
removal of a single proton from the π0f7/2 or π0f5/2 SPOs, the calculated 
cross-sections, which are weakly dependent on the projectile and 
excitation energy, are about 1 mb. The bulk of spectroscopic strength, 
which originates from the removal of a π0f7/2 proton, is calculated at 
energies of 4–5 MeV, with an abrupt increase that is not observed 
experimentally. However, this energy is close or beyond the evaluated 

neutron separation energy50, Sn = 5.16(78) MeV. Owing to the large 
uncertainty of Sn, quantitative comparisons between the experimental 
and theoretical total reaction cross-sections were not feasible, but we 
note that LSSM places the average of the distribution lower than 
MCSM. Good agreement between experiment and theory is observed 
for the ground state, which corresponds predominantly to the removal 
of a π0f5/2 proton, and the strikingly low direct population of the 
observed low-lying levels, which is illustrated by the similar integrated 
cross-sections in Fig. 5. So far, no theoretical framework can predict 
microscopic (p, 3p) cross-sections. It must be stressed, however, that 
the calculated two-nucleon overlaps between the ground state in 80Zn 
and the excited states in 78Ni also favour the population of spherical 
final states.

Nickel isotopes represent the neutron-rich frontier for ab initio cal-
culations. For the IM-SRG results in Fig. 4b (for details see Methods), 
we calculate = .+E(2 ) 3 35 MeV1  and = .+E(4 ) 3 75 MeV1  for 78Ni using 
a proton pf and a neutron sdg SPO valence-space Hamiltonian. This 
value of +E(2 )1  is several hundred kiloelectronvolts higher than the 
present measurement. Nevertheless, it is in good agreement with exper-
imental trends across the chain and also predicts a sharp decrease in 

+E(2 )1  for 80Ni. The average numbers of proton and neutron excitations 
for the +21  state are = .−

πn 0 9p h  and = .−
νn 1 3p h , analogous to the LSSM 

and MCSM results, and the partial cross-sections (Fig. 5d) follow  
a similar trend. However, a stark difference is found for the second  
2+ state, which lies at 5.81 MeV and is spherical. This deficiency is not 
unexpected, because ab initio methods are often built on truncations 
in allowed particle–hole excitations and thus fail to capture very col-
lective features sufficiently. In fact, the +E(2 )1  value for 78Ni only  
varies by about 100 keV when using several two- and three-nucleon 
interactions, so missing particle–hole excitations are probably the main 
uncertainty in the IM-SRG calculations. In particular, our IM-SRG 
results agree with the ab initio CC predictions of ref. 26 at the level of 
single and double correlations when using the same Hamiltonian. 
When triple correlations are further included, the +E(2 )1  value for 78Ni 
calculated with CC is found to be in good agreement with the present 
measurement.

In the case of QRPA calculations, 65% of the +21  wavefunction of 78Ni 
is composed of neutron excitations from the ν0g9/2 to the ν1d5/2 orbital 
across the N = 50 shell gap, whereas 28% are proton excitations from 
the π0f7/2 to the π0f5/2 orbitals. In this approach, the neutron shell gap 
at N = 50 is robust enough so that protons across the Z = 28 shell gap 
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Fig. 4 | Comparison of theoretical predictions with experimental data. 
a, Experimental +E(2 )1  values40 for even–even nickel isotopes are compared 
with calculations using phenomenological shell-model interactions 
(LSSM28,41 and MCSM43), the beyond-mean-field approach (QRPA), the 
ab initio approach (IM-SRG and CC26), as a function of neutron number, 
N. The present result for 78Ni is indicated by the red star. b, Experimental 
level scheme compared with detailed theoretical calculations for 78Ni. 

Transitions with S.L. ≥ 5 are represented by solid arrows and dotted 
arrows correspond to S.L. < 5. The 1.54-MeV transition is not placed, 
whereas the 2.11-MeV transition has S.L. < 3. The evaluated neutron 
separation energy, Sn, and its error50 (1 s.d.) are indicated by the orange 
dashed line and shading, respectively. Predicted deformed states are 
indicated by dashed lines. For convenience, theoretical predictions show 
only the two lowest 0+, 2+ and 4+ spin-parity values.
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78Ni revealed as a doubly magic 
stronghold against nuclear deformation
R. Taniuchi1,2, C. Santamaria2,3, P. Doornenbal2*, A. Obertelli2,3,4, K. Yoneda2, G. Authelet3, H. Baba2, D. Calvet3, F. Château3,  
A. Corsi3, A. Delbart3, J.-M. Gheller3, A. Gillibert3, J. D. Holt5, T. Isobe2, V. Lapoux3, M. Matsushita6, J. Menéndez6,  
S. Momiyama1,2, T. Motobayashi2, M. Niikura1, F. Nowacki7, K. Ogata8,9, H. Otsu2, T. Otsuka1,2,6, C. Péron3, S. Péru10,  
A. Peyaud3, E. C. Pollacco3, A. Poves11, J.-Y. Roussé3, H. Sakurai1,2, A. Schwenk4,12,13, Y. Shiga2,14, J. Simonis4,12,15,  
S. R. Stroberg5,16, S. Takeuchi2, Y. Tsunoda6, T. Uesaka2, H. Wang2, F. Browne17, L. X. Chung18, Z. Dombradi19, S. Franchoo20,  
F. Giacoppo21, A. Gottardo20, K. Hadyńska-Klęk21, Z. Korkulu19, S. Koyama1,2, Y. Kubota2,6, J. Lee22, M. Lettmann4, C. Louchart4, 
R. Lozeva7,23, K. Matsui1,2, T. Miyazaki1,2, S. Nishimura2, L. Olivier20, S. Ota6, Z. Patel24, E. Şahin21, C. Shand24, P.-A. Söderström2, 
I. Stefan20, D. Steppenbeck6, T. Sumikama25, D. Suzuki20, Z. Vajta19, V. Werner4, J. Wu2,26 & Z. Y. Xu22

Nuclear magic numbers correspond to fully occupied energy shells of protons or neutrons inside atomic nuclei. Doubly 
magic nuclei, with magic numbers for both protons and neutrons, are spherical and extremely rare across the nuclear 
landscape. Although the sequence of magic numbers is well established for stable nuclei, experimental evidence has 
revealed modifications for nuclei with a large asymmetry between proton and neutron numbers. Here we provide a 
spectroscopic study of the doubly magic nucleus 78Ni, which contains fourteen neutrons more than the heaviest stable 
nickel isotope. We provide direct evidence of its doubly magic nature, which is also predicted by ab initio calculations 
based on chiral effective-field theory interactions and the quasi-particle random-phase approximation. Our results also 
indicate the breakdown of the neutron magic number 50 and proton magic number 28 beyond this stronghold, caused 
by a competing deformed structure. State-of-the-art phenomenological shell-model calculations reproduce this shape 
coexistence, predicting a rapid transition from spherical to deformed ground states, with 78Ni as the turning point.

Characterization of the few doubly magic nuclei, known and predicted, 
provides a benchmark for our knowledge of the fundamental forces 
that drive the evolution of shell closures with proton-to-neutron asym-
metry1,2. With reliable and globally applicable interactions, accurate 
predictions of the location of the two-neutron drip line and the limits 
of the nuclear landscape can be made3. These, in turn, are critical for 
nucleosynthesis models, which rely on nuclear structure inputs.

An initial characterization of magicity is often provided by the excita-
tion energy of the first JΠ = 2+ (J, angular momentum; Π, parity) state, 

+E(2 )1 , as illustrated in Fig. 1 in a Segrè chart (a two-dimensional  
grid in which nuclei are arranged by their proton (Z) and neutron (N) 
numbers). Magic nucleon numbers (2, 8, 20, 28, 50, 82 and 126), which 
were first correctly reproduced theoretically for stable isotopes by intro-
ducing a strong spin–orbit interaction4,5, stand out in the chart, as 
excitation from the ground state requires promoting nucleons across 
major nuclear shells, and therefore more energy, given the large energy 
gaps involved. Further experimental observables, such as nuclear bind-
ing energies, charge radii or reduced γ-ray-transition probabilities, are 
indispensable for a comprehensive characterization of a nucleus. 
However, their acquisition is experimentally challenging.

With the extension of studies to unstable, radioactive isotopes (RIs) 
with a large neutron excess—also termed ‘exotic’ nuclei—magic num-
bers emerged as a local feature. In such nuclei, nuclear shell structure 

changes, sometimes drastically, as a function of proton (neutron) num-
ber along isotonic (isotopic) chains, revealing interesting properties 
of the underlying nuclear forces. For instance, it was recognized that 
several canonical neutron magic numbers6–9, such as N = 8, 20 and 
28, disappear far from stability, while new ones have been claimed at 
N = 16 (ref. 10) and N = 32, 34 (refs 1,2,11).

Shifts of these magic numbers challenge nuclear theory, and cer-
tain cases can be explained by drifts of single-particle orbitals (SPOs) 
with varying nucleon number12. The central potential of the nucleon–
nucleon effective interaction and the tensor force contribute strongly 
to this evolution13,14. Also three-nucleon forces, which originate from 
the composite nature of nucleons, have a substantial impact15,16. So 
far, a coherent picture of the nuclear shell structure and its evolution 
towards the most neutron-rich nuclei remains elusive.

The isotope 78Ni (28 protons and 50 neutrons) is a unique case, 
included in all motivations for planned and operating next-gener-
ation RI-beam in-flight facilities, such as the Radioactive Isotope 
Beam Factory (RIBF) in Japan, the Facility for Rare Isotope Beams 
(FRIB) in the USA and the Facility for Antiproton and Ion Research 
(FAIR) in Germany. Predictions regarding the neutron drip-line 
location3 of even–even nuclei, for which the two-neutron separation 
energy becomes negative (also shown in Fig. 1), have revealed that 
78Ni is the only neutron-rich doubly magic nucleus presently lacking 
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the body [4]. In each case it is absolutely essential 
to understand the detailed properties of particular 
nuclides.

Here we focus our discussion on two concepts 
from high school physics: the masses of nuclides 
and the corresponding nuclear binding energies, 
which are introduced in section 2. These are two 
of the first nuclear properties to be encountered, 
but they can easily built upon to devlve further 
into the physics of the nucleus, and make analo-
gies to related concepts in chemistry. In section 3 
we discuss how binding energies determine the 
energetics of nuclear fusion and fission, the pro-
cesses by which stars burn, and the abundances 
of the elements, allowing us to introduce the idea 
of exothermic and endothermic reactions. In sec-
tion 4 we present the properties of nucldies as a 
function of their proton and neutron numbers, 
using the nuclide chart. This illustrates the role 
that binding energies play in radioactive decays, 
the importance of pairing in nuclei, and quantum 
shell structure. In doing so, we can draw analogies 
between neutron separation energies and atomic 
ionization energies, and between nuclear magic 
numbers and the noble gases. In section 5 we pre-
sent different visualizations of the nuclide chart, 
produced as part of the binding blocks project [5], 
and in section 6 we give a brief a summary.

2. Nuclear masses and binding energies
The mass of a nuclide is one of its most fundamen-
tal properties that we can measure, and masses can 
reveal much about the nature of nuclei, their inter-
nal structure, and fundamental quantum mechan-
ics. The nuclear force, at distances of around 1 
femtometer (1 fm  =  10−15 m, or one millionth of 
a millionth of a millimetre), is strongly attractive, 
and pulls the protons and neutrons together. This 
has the effect of reducing their total mass, so that 
nuclear masses are universally smaller than the 
total mass of their constituents. We call this mass 
difference the mass defect, which for a particular 
isotope AX we denote by ∆m(AX):

∆m (AX) = Z(m p + m e) + Nm n − M(AX). 
(1)

The symbol M(AX) is the atomic mass of an atom 
of type AX, with Z protons and electrons, and 
N neutrons. mp, mn, and me are the masses of a 
proto n, neutron and electron respectively. Note 
that we use lower case m to denote the nuclear 
mass and upper case M to denote the atomic mass, 
which includes the mass of atomic electrons, such 
that M(AX) = m (AX) + Zm e.

Using the equivalence of mass and energy 
E = mc2 we can express the mass defect as an 
energy, the binding energy B(AX), defined as

B(AX) = ∆m (AX)c2

=
[
Z(m p + m e) + Nm n − M(AX)

]
c2 .

 (2)
The binding energy tells us how much energy is 
required to break up a nucleus into its constitu-
ent pieces. As the binding energies of nuclei scale 
with their mass—more nucleons lead to more 
binding—often we divide the binding energy by 
the number of nucleons A. The data for binding 
energy per nucleon against mass number is shown 
in figure 1, with data taken from the Atomic Mass 
Data Center [6, 7]. The curve has a characteristic 
shape: for very light nuclei (A < 20) the binding 
energies per nucleon are small, but they rapidly 
rise, peaking at A = 56. The binding energy per 
nucleon then slowly falls as the mass number 
increases.

Why does the curve have this characteristic 
shape? The force that binds nuclei together—the 
strong nuclear force—is short ranged. For very 
light nuclei, each nucleon is close enough to the 
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Figure 1. Binding energy per nucleon plotted as a 
function of atomic mass number. The dashed line shows 
the largest binding energy per nucleon for each element 
at the appropriate mass number. The coloured curves 
show binding energies per nucleon for selected chains 
of isotopes: oxygen, magnesium, calcium, nickel, zinc, 
tin, promethium and lead. The vertical dot-dashed line 
indicates A = 56, which is the peak of the curve, and 
the approximate boundary between which fusion and 
fission are energetically favourable.
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Terms and data

Nuclear mass: m(Z,N) 
Binding energy per nucleon 

Mass excess: {Zmp + Nmn - m(Z,N)}c2  
Separation energies, Sp and Sn (S2p + S2n)  
[difference in binding energies e.g. Sn = {m(Z,N-1) + mn - m(Z,N)}c2 = B(Z,N) - B(Z,N-1)] 

Atomic mass unit (mass of nucleon): 931.49410242(28) MeV/c2 

Mass databases compile these ...
e.g. https://www-nds.iaea.org/amdc/



Terms and data

e.g. https://www-nds.iaea.org/amdc/, the 2016 mass evaluation

• Masses
Mapping Nuclear Structure via Neutron Separation Energies

https://www-nds.iaea.org/amdc/


• Q-values
• Decays
• Kinematics ! = Σ$% − Σ$'

• Dispersion
– Spectrograph

• ToF
– Spectrograph

– Multi-reflection (MR-TOF)

• Frequency
– Penning trap
– Storage ringsIon source /

injection trap
Detector

Analyzer

( = 1
2$+

, = -./								⇒		
$
- ∝ 3,

-+4 = (6$7)(9:;<= >?@⁄ ),
B

⇒ $7 =
>?@
9:;<=

-4B
6

Various techniques to determine mass

Slide stolen from Chris Chiara, ARL, who was inspired by others ...



Precision, time, resolution

Modern techniques: 
•TOF (fast, low precision) 
•Storage rings (fast, many 
measurements at once) 

•MR-TOFs (fast, high 
resolution) 

•Penning traps ("slow", 
high resolution, high 
precision)

Plot from Rodney Orford, LBNL and proud Canadian
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in fig. 1 confirming that this group is associated with 
48Ca. With the 48Ca target data were recorded at 
three laboratory scattering angles with the indicated 
solid angles: 7.4 ° (~2 = 2.7 msr), 8.1 ° (f2 = 12 msr) and 
15 ° (£2 = 12 msr). 

The position spectra of  17C6+ ions recorded at 7.4 ° 
and 8.1 ° were kinematically shifted and summed to 
produce the spectrum displayed in fig. 1. Since there 
is no evidence for any peak to the right of  peak "1",  
we assume this corresponds to the ground state of  
17C, with the residual nucleus 49Ti also left unexcited. 
Peaks in the simultaneously recorded 16C spectra were 
nearly symmetric with 200 keV FWHM. Hence there 
is definitely at least a doublet in the low-lying spec- 
trum of 17C with peak "2"  presumably being the first 
excited state of 17C. There is also some very weak 
evidence for a second excited state (peak "3").  Since 
the first excited state of 49Ti is at 1.38 MeV, all events 
corresponding to excited states o f  49Ti must occur to 
the left o f  the vertical line labelled "4". The excitation 
energy in 17C which corresponds to the neutron sepa- 
ration energy occurs between "Y '  and "4"  in this spec- 
trum. Any 17C nucleus excited above this point would 
neutron decay before reaching the focal plane o f  the 
spectrograph. 

The focal plane calibration for the 17C6+ ions, 
shown along the horizontal axis of fig. 2, was deter- 
mined by the position o f  peaks in the 16C6+ spectra. 
The ground state, 1.554 MeV (2+), 2.675 MeV (4 +) 
and 3.198 MeV(6 +) states of  50Ti [11] were used in 
the cafibration. They were recorded in three overlap- 
ping spectra, to cover the region shown in fig. 2, with 
the first spectrum being recorded simultaneously with 
the I7C spectrum and the other two at t .3% and 3.0% 
higher magnetic fields. The Q3D multipole fields were 
not changed during this procedure. Independent cali- 
brations carried out for spectra recorded at 7.4 ° and 
8.1 ° were internally consistent to better than 10 keV, 
and the total uncertainty in the mass determination 
relative to 16C is estimated to be 30 keV. The result- 
ing mass excess for 17C, peak 1 in fig. 2, is 21023 +35 
keV. The estimated uncertainty has been increased tO 
account for the current 16C mass uncertainty [12] of 
16 keV. The excitation energy extracted for the first 
excited state o f  17C, peak 2 in fig. 2, is 292 + 20 keV. 

The Garvey-Kelson transverse mass relationship 
(G-K)  [13] allows the prediction o f  the mass of  a nu- 
cleus with isospin Tin terms of  the masses o f  five 
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Fig. 2. An energy spectrum of 17C6+ions obtained by sum- 
ming the spectra recorded at scattering angles of 7.4 ° and 
8.1 ° . Because of the aperture widths the angular range covered 
is from 4.8 ° to 11.4 °. The energy resolution is 200 keV FWHM. 

nearby nuclei with isospin less than T. (See ref. [14] 
for predictions in light nuclei.) Alternative predictions, 
which were more successful for T z = 5/2 nuclei in the 
sd-shell, are provided by the modified shell model 
mass equation (MSMME) [15]. For 17C the G - K  and 
the MSMME mass excess [15] predictions are 21.26 
and 20.86 MeV, respectively, differing by only 400 
keV, with the present experimental result falling al- 
most midway between them. For 18C the predictions 
of the above two methods [15] differ by 1 MeV. How- 
ever, this discrepancy is reduced to 280 keV by utiliz- 
ing the present results for 17C and the recent measure- 
ment [2] of the 19N mass to revise the G - K  prediction. 

The fact that two and possibly three energy levels 
occur close together in the low-lying spectrum of 17C 
is qualitatively consistent with simple shell model ar- 
guments. For example, the 1/2 + excited state in 170 
is shifted downwards by 1.62 MeV relative to the 5/2 + 
ground state by the removal of  two Pl/2 protons to 
form 15C, resulting in a 1/2 + ground state and 5/2 + 
first excited state at 0.75 MeV in 15C. If the same 
downward shift occurs for the 1/2 + state when two 
Pl/2 protons are removed from 190 then the 1/2 + level 
would occur 0.15 MeV below the 5/2 + level in 17C. An 
additional low-lying 3/2 + state is expected in 17C based 
on the (seniority 3) 3/2 + state at 0.1 MeV excitation 
in 190. In fact, a large-space shell model calculation 
[ 16] including the lPl/2 , 1 d5/2, and 2s 1/2 orbits, using 
a previously published residual interaction [17], does 
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Sn = {m(Z,N-1) + mn - m(Z,N)}c2 = B(Z,N) - B(Z,N-1)] = Q 
(with knowledge of other masses and beam energies) 

3.2. The Yale ESTU tandem Van de Graaf accelerator 58

Analysing magnet

Ion source

Tank

Direction
of beam

To switching
magnet

Accelerator columns

ESTU tandem
accelerator

Figure 3.1: [Colour] Schematic illustration of the ion source, the tandem tank and the
analysing magnet.

Volume 71B, number 2 PHYSICS LETTERS 21 November 1977 

THE MASS AND LOW-LYING L E V E L  S T R U C T U R E  OF 17 C 
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Spectra of l?c ions from the 4SCa(180, 17C) 49Ti reaction at 102 MeV were recorded with a Q3D spectrograph. 
The lowest state observed, assumed to be the ground state of 17C, has a mass excess of 21023 _+ 35 keV. An excited 
state of 17C was also observed at an excitation energy of 292 +- 20 keV. 

In this paper we report results on the energy levels 
and mass of 17C nuclei produced via the 48Ca(180,17C) 
reaction at a bombarding energy of 102 MeV. The on- 
ly previously measured property of this isotope is its 
particle stability [1 ]. The measurement of properties 
of new nuclei away from the valley of/3-stability is of 
general interest for the purpose of testing the predic- 
tion of nuclear model calculations which are carried 
out with parameters primarily determined from nuclei 
near the minimum of the nuclear mass surface. With 
the recent observations of 19N [2] and llLi [3] and 
the demonstrated particle instability of 13B [1,4] 
there remain only two particle stable T z = 5/2 neutron 
rich nuclei with unknown masses, 15 B and 17C. Recent- 
ly reported attempts to observe the low-lying energy 
levels of 15B [5] and 17C [6] were both inconclusive. 

The experiment was performed with a 102 MeV 
1808+ beam with a target-limited current of about 300 
enA from the Heidelberg MP tandem at a terminal 
voltage of 12 MV using the double foil stripper system 
[7]. As in our previous measurements [8] of62Fe,  
68Ni and 74Zn masses, the reaction products were mo- 
mentum analysed by the Q3D spectrograph [9] and 
detected by a 1.1 m long focal plane detector telescope 
[10]. Four-parameter event-mode data consisting of 
AE, E and two position signals were recorded on mag- 
netic tape via an on-line computer. With this system 
the stopped particles form well defined "islands" in an 

1 On leave from Michigan State University. 
2 On leave from Panjab University, Chandigarh, India. 
3 Present address: BBC, Mannheim. 
4 Present address: Lawrence Berkeley Laboratory. 
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Fig. 1. A section of an E-  z2~E plot in the region of the 17C6 + 
particle group. The ion energy (E) deposited in the second 
proportional counter is plotted versus the energy loss (AE)in 
the first detector. The vertically elongated groups at the left 
correspond to ion types which do not stop in the second de- 
tector. 

E -  AE plot as shown in fig. 1. The target was isotopi- 
cal!y enriched 48Ca about 25/Jg/cm 2 in thickness on 
a thin carbon backing. The Q-value for 17C production 
from 48Ca is less negative than for other possible tar- 
gets or impurities. In test runs with other targets, un- 
der otherwise identical conditions, indeed no "island" 
was observed at the position of the 17C group labelled 

with a width of about 2 ns can be produced with a chopper and a buncher on the low energy 
side and a chopper behind the tandem. 

In 2002 the Maier-Leibnitz-Laboratory (MLL) was founded by the Ludwigs-
Maximilians-Universität and the Technische Universität München, which now has the 
accelerator lab as one of its research activities besides high-energy, neutron, laser and medical 
physics. 

In a “laboratory portrait” 17 years ago [Fae01] a report on the lab was given with a 
special emphasis on interdisciplinary research. Here we also want to emphasize the important 
role, that our Q3D spectrograph played in the last decade in nuclear structure physics and its 
impetus on neighbouring fundamental disciplines, as astro- and particle physics. 
 
The Q3D Magnetic Spectrograph 

Today, the Q3D magnetic spectrograph at 
the MLL is world-wide unique as a precision 
instrument for nuclear structure physics. It was 
designed as a double-focusing instrument by Harald 
Enge [Eng70] from MIT around 1970 after he had 
designed the split-pole spectrograph and several 
others. The first two were built identically for 
Heidelberg and Munich (Fig. 1). They were the first 
intended for detectors with electronic readout and 
therefore had a huge dispersion of Gx/(Gp/p) ≈ 20 
cm/% along the focal plane, which is actually bent 
and tilted by about 45° against the incoming 
particles. The bending radius is 0.95 - 1.05 m and 
the maximum field about 1.6 T. The Munich version later on obtained a stronger quadrupole 
with independent power supply. The accepted solid angle is 14 msr, with a horizontal angle of 
6.8°. For the correction of the kinematic walk over this angular range a magnetic multipole 
element was provided between 1st and 2nd dipole, where there is an intermediate vertical focus. 
Using this an energy resolution of 2×10-4 (FWHM) over about 1.5 m of the focal plane can be 
achieved. Angular distributions can be measured between 0° and about 140°. As detectors for 
light particles (p,d,t,3He,D) in the focal plane we use most often a 0.9 m long detector, based on 
two single-wire proportional counters, one with a readout of 3 mm wide cathode strips for 
position (Gx ~ 0.1mm) and energy-loss information and a scintillator for the residual energy 
[Wir00]. For heavy ions we have two detectors: both use proportional counters for position and 
energy loss, one measures the residual energy in a 1 m long ionization chamber [May80], the 
other one in 128 Si-detectors, each 11 mm wide [Alb94]. 

 

Nuclear Structure Studies 

The heaviest doubly magic nucleus 208Pb  

Excited states in 208Pb have been studied extensively at the Q3D in the last decade. All 
the information gathered so far has been summarized in a detailed paper [Heu16]. Besides 
208Pb(d,d’) and 206,207,208Pb(d,p) reactions a special type of 208Pb(p,p’) reaction has been used, 
where the energy of the projectile is chosen such that it populates states in 209Bi which are 
isobaric analog states (IAS) of 209Pb states. The outgoing proton then leaves the final nucleus 
in particle-hole states, where the particle is determined by the IAS. I.e. this type of reaction is 
equivalent to a neutron pickup from a single particle state in 209Pb. Thus, neutron particle-hole 

 

Figure 1. Sketch of the Q3D 
spectrograph. 



e.g. TOF (and magnetic spectrograph)

e.g. Z. Meisel, Phys. Rev. C 93, 035805 (2016)



e.g. Penning traps

Images and suggestions from Rodney Orford (LBNL) and Jason Clark (ANL)

A somewhat de-facto approach for 30+ years

Ion confined in strong B field (radial confinement), with electrodes 
providing a potential for axial confinement and manipulation



Ion motion in Penning trap

22

ω- ~1.6 kHz
Mass independent

ω+  ~1 MHz
Mass dependent

Segmented Ring electrode allows for:
1. Driving of orbital motions through a dipole excitation
2. Interconversion of orbital motions through a 

quadrupole excitation at ωc

Penning trap motion

Nuclear forum - LBNL - R. Orford 

Images and suggestions from Rodney Orford (LBNL) and Jason Clark (ANL)



Penning trap mass measurements
TOF drift tube

MCP

Leads to Time-Of-Flight Ion-
Cyclotron-Resonance  
(TOF-ICR) method of mass 
measurements

Nuclear forum - LBNL - R. Orford 23

Images and suggestions from Rodney Orford (LBNL) and Jason Clark (ANL)
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Penning trap mass measurements
TOF drift tube

MCP
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TOF-ICR Method
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156Pr



Images and suggestions from Rodney Orford (LBNL) and Jason Clark (ANL)

PI-ICR technique

Nuclear forum - LBNL - R. Orford 27

General concept: Determine the cyclotron frequency of 
trapped ions by measuring the phase advance of ions over a 
period excitation free motion

• Use a position-sensitive detector to determine ion position



WORLDWIDE EXPLOSION OF PENNING TRAP 
PROJECTS

K. Blaum, Phys. Rep. 425 (2006) 1.
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e.g. Penning traps

K. Blaum, Phys. Rep. 425, 1 (2006)



Penning traps ... popular? (last 10 days)
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Mass measurements of neutron-rich isotopes near N = 20 by in-trap decay
with the ISOLTRAP spectrometer
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The masses of 34Si, 33,34Mg, and 34Al have been measured with the ISOLTRAP Penning-trap spectrometer
at ISOLDE/CERN. The results are in agreement with previous mass measurements and uncertainties have
been decreased. The mass of 34Al was determined in two configurations, one following direct production by
the ISOLDE facility, favoring the 4− state, expected to be the ground state, second by in-trap decay of 34Mg,
followed by recoil-ion trapping, favoring the production of the isomeric 1+ state. A position-sensitive detector
was used to clean the ToF-ICR resonance. In addition, the mass of the refractory doubly magic 34Si nucleus was
directly measured, using the in-trap decay of 34Mg, following two sequential recoil-ion captures. The approach,
challenges and conclusions are discussed.

DOI: 10.1103/PhysRevC.100.014304

I. INTRODUCTION

One of the main discoveries concerning exotic nuclei is
the so-called island of inversion around N = 20, discovered
by mass measurements that showed an unexpected increase in
binding energy for 31,32Na [1]. For the first time the possibility
that a magic number might vanish far from stability was
raised. In this N = 20 case, it has then been shown that
the attractive character of the tensor part of the monopole
interaction πd5/2-νd3/2 leads to a less bound d3/2 orbital
energy when removing protons from the πd5/2 orbital [2,3],
in turn decreasing the N = 20 gap and creating a new shell
gap at N = 16. This effect can be observed in Fig. 1, which
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shows the two-neutron separation energies S2n = B(Z, N ) −
B(Z, N − 2), i.e., the binding energy difference between two
isotopes having neutron number N and N − 2. S2n is an
indicator of shell-closure evolution and deformation. Here,
one observes that the decrease of S2n between N = 20 and
N = 22, i.e., how much less the last two neutrons are bound
above N = 20, is smaller for Mg and Na than for Si, which is
an indication of shell quenching.

This reduced shell gap facilitates neutron excitations to up-
per p f orbitals, called intruder states. In addition, an increased
quadrupole correlation energy [6] lowers these intruder con-
figurations at low excitation energies, even becoming the
ground states for some nuclei, forming the so-called island of
inversion. Since its discovery, this region has been intensively
studied, in order to describe the inversion mechanism and de-
fine the region’s still unknown boundaries. The ground states
of 31–34Mg and 30,31Ne were shown to be highly dominated
by intruder configurations [7–10]. 31–34Al isotopes, supposed
to be transition isotopes between the spherical Z = 14 and
the deformed Z = 12, were also studied in detail by decay
spectroscopy [11], β-NMR [12–15], and mass measurements
[5,16]. A unique feature of the S2n values resulting from mass
measurements was observed at N = 21 where the Al and
Mg curves cross (see Fig. 1) [5]. This unexpected behavior
triggered dedicated studies to see if 34Al would be in the island
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Direct determination of the 138La β-decay Q value using Penning trap mass spectrometry
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Background: The understanding and description of forbidden decays provides interesting challenges for nuclear
theory. These calculations could help to test underlying nuclear models and interpret experimental data.
Purpose: Compare a direct measurement of the 138La β-decay Q value with the β-decay spectrum end-point
energy measured by Quarati et al. using LaBr3 detectors [Appl. Radiat. Isot. 108, 30 (2016)]. Use new precise
measurements of the 138La β-decay and electron capture (EC) Q values to improve theoretical calculations of
the β-decay spectrum and EC probabilities.
Method: High-precision Penning trap mass spectrometry was used to measure cyclotron frequency ratios of
138La, 138Ce, and 138Ba ions from which β-decay and EC Q values for 138La were obtained.
Results: The 138La β-decay and EC Q values were measured to be Qβ = 1052.42(41) keV and QEC =
1748.41(34) keV, improving the precision compared to the values obtained in the most recent atomic mass
evaluation [Wang et al., Chin. Phys. C 41, 030003 (2017)] by an order of magnitude. These results are used for
improved calculations of the 138La β-decay shape factor and EC probabilities. New determinations for the 138Ce
2EC Q value and the atomic masses of 138La, 138Ce, and 138Ba are also reported.
Conclusion: The 138La β-decay Q value measured by Quarati et al. is in excellent agreement with our new result,
which is an order of magnitude more precise. Uncertainties in the shape factor calculations for 138La β decay
using our new Q value are reduced by an order of magnitude. Uncertainties in the EC probability ratios are also
reduced and show improved agreement with experimental data.

DOI: 10.1103/PhysRevC.100.014308

I. INTRODUCTION

Historically, nuclear β-decay studies have played a crucial
role in our understanding of nuclear and particle physics and
in the development of the Standard Model. Presently, high-
precision and low-background nuclear β-decay experiments
are being used to test the assumptions of the Standard Model
and to search for new physics, e.g., [1,2]. In addition to the
exotic neutrinoless double β-decay process [3], interest in
other rare weak decay processes such as ultralow Q value
β decays [4] and forbidden β decays, e.g., Refs. [5– 8], has
grown in recent years. The need for more-precise β-spectrum
shape measurements and calculations for forbidden β decays
is becoming apparent in a number of applications [9]. For
example, such input is necessary in the use of the proposed
spectral shape method (SSM) to determine the effective value
of the weak axial vector coupling constant, gA [10], and for

*sandler@nscl.msu.edu

understanding antineutrino spectra in context of the reactor
antineutrino anomaly [11,12].

In this paper, we focus on the second forbidden unique
decay of 138La. Naturally occurring 138La has a half-life of
1.03(1)×1011 years and can undergo both β− decay to the
2+ state in 138Ba and electron capture (EC) to the 2+ state
in 138Ce. In addition, 138Ce is energetically unstable against
double EC to the 138Ba ground state. However, this decay has
not been observed [13]. A schematic of the decay scheme for
this isobaric triplet system is shown in Fig. 1.

Evidence for the radioactive decay of 138La was first ob-
tained in 1950 [14], just a few years after its discovery [15].
Since then, a series of measurements were performed that
provided an understanding of the 138La decay scheme and
more precise determinations of the partial and total half-lives
[16– 26]. The long half-life has enabled the use of 138La for
geochemical dating [27] and as a nuclear cosmochronometer
[28].

Recently, the development of LaBr3 and LaCl3 scintillation
detectors has enabled new measurements of the 138La β-decay
and EC x-ray spectra [29– 32]. From these measurements,

2469-9985/2019/100(1)/014308(9) 014308-1 ©2019 American Physical Society
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FIG. 1. Two-neutron separation energies S2n in MeV (from [4])
for Si, Al, Mg, and Na isotopes. The insert is a zoom on the crossover
of Mg and Al curves at N = 21 (see [5]).

of inversion. If this were the case, then the one-particle–one-
hole (1p1h) intruder state 1+ would be the ground state instead
of the 4− measured in mass measurements, explaining this
crossover. However, a recent β-decay spectroscopy experi-
ment performed at IDS/ISOLDE refuted this hypothesis [17].
Therefore, a direct mass measurement of the 1+ state could
help to confirm this assignment. The mass measurement of
34Al was performed recently at TITAN/TRIUMF [5,16] but
no sign of the 1+ state could be observed.

Si isotopes around N = 20 have also been of high interest
[11,18,19], experimentally and theoretically. In particular,
34Si is now a well-established doubly magic nucleus and,
as shown recently, the first known bubble nucleus [20,21].
However the mass of this key nucleus was never directly
measured.

Penning-trap mass spectrometry is very powerful in terms
of accuracy and precision. However, contrary to in-flight (or
IGISOL) facilities, access to the properties of exotic nuclei
at ISOL facilities strongly depends on the elements’ chem-
istry. In particular, the refractory elements, with very long
extraction times from the target, cannot be provided with
reasonable yields. This is the case for the element silicon.
Different target-ion-source developments are ongoing to solve
this problem. Another way to access these elements is to
produce them by β decay of well-produced isotopes, although
the daughter nuclei will be less exotic. If this β decay occurs
in a gas-filled Penning trap, the decay products can be cap-
tured, cooled, and sent to another setup for the measurement.
This in-trap decay technique was first implemented using
ISOLTRAP [22,23], and allowed to measure the refractory
daughter isotopes 61–63Fe from the decays of 61–63Mn.

In the present work, a 34Mg beam delivered by ISOLDE
allowed to measure the mass of its grand-daughter 34Si iso-
tope, by sequentially capturing the recoil ions 34Al and 34Si.
Moreover, due to the selection rules of β decay, this technique
can give access to long-lived isomers that are not produced or
extracted from the target. As the β decay of 34Mg populates
mostly (>99%) the 1+ state in 34Al, as shown in Ref. [24],

FIG. 2. Sketch of the ISOLTRAP spectrometer consisting of four
ion traps: the RFQ cooler-buncher, the MR-ToF component, and the
two Penning traps. See text for details. The insert shows a simplified
decay scheme of 34Mg (adapted from [17]), populating mostly the 1+

state in 34Al, which further decays to 34Si.

the in-trap decay was also used to produce 34mAl(1+), of
only 26 ms half-life, the shortest-lived isotope ever attempted
with ISOLTRAP. In this article, we report the first Penning-
trap mass measurement of the refractory isotope 34Si and
the masses of 33,34Mg and 34Al with the mass spectrometer
ISOLTRAP [25].

II. EXPERIMENTAL SETUP AND IN-TRAP
DECAY PRINCIPLE

In the present experiment, the nuclei of interest were
produced in two different ways. The 34Mg and 34Al isotopes
were delivered by the radioactive ion-beam facility ISOLDE
at CERN. To this end, a proton beam of 1.4 GeV was sent on
a uranium-carbide target, producing neutral fission products.
After extraction from the target, these were laser-ionized by
RILIS [26], before being sent to the ISOLTRAP mass spec-
trometer. A sketch of the setup, consisting of four ion traps, is
shown in Fig. 2. More details can be found in Refs. [25,27].

The ions were first trapped for about 5 ms in the helium-
filled radiofrequency quadrupole (RFQ) and extracted as
cooled ion bunches. They were then sent through the elec-
trostatic MR-ToF trap [28] up to the preparation Penning trap.
This trap was used to further cool the ions and center the ions
of interest, which were then sent to the precision Penning trap,
in order to perform the mass measurement via the ToF-ICR
method [29,30]. During the present experiment, the MR-ToF
component was not used for mass separation [31] nor mass
spectrometry [32] due to a short on one of the electrostatic
mirrors.

The two other nuclides whose masses are reported in this
paper, 34mAl and 34Si, are not directly accessible via the
ISOLDE production method. It will be shown in the following
that the presence of the aluminium isomer in the ISOLDE
beam could not be identified on the last MCP detector of
ISOLTRAP. Concerning 34Si, silicon is a refractory element,
thus has a poor ionization efficiency and a slow release time.
However, as shown in the inset of Fig. 2 (adapted from
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FIG. 1. Decay scheme for the Ba-La-Ce A = 138 triplet. Qgs
β and

Qgs
EC are the ground-state-to-ground-state β-decay and EC Q values

measured in this work, corresponding to the energy equivalent of the
mass difference between parent and daughter atoms. Q(2+)

β and Q(2+)
EC

are the β-decay and EC Q values to the 2+ daughter state in 138Ce and
138Ba, calculated as Q(2+) = Qgs–Eγ . All Q values and γ energies are
given in keV.

more precise determinations of the relative EC probabilities
and the β-decay spectrum shape can be made and compared
with theoretical calculations. An experimental quantity that
enters into these calculations is the Q value for the decay, cor-
responding to the energy equivalent of the mass difference be-
tween the parent and daughter atoms, taking into account the
energy of the daughter nuclear state. Before the 138La β-decay
spectrum measurement by Quarati et al. [32], the uncertainties
in the relevant Q values were limited by the uncertainties in
the masses of 138La and 138Ce, as given in the 2012 atomic
mass evaluation (AME2012) [33]. The determination of the
138La β-decay spectrum end-point energy in Ref. [32] reduced
the uncertainty in the 138La β-decay and EC Q values to 4.0
and 3.2 keV [33], respectively. In this paper, we present for the
first time direct determinations of the 138La β-decay and EC
Q values using Penning trap mass spectrometry. We use these
new Q values to calculate EC ratios and β-spectrum shape
factor coefficients. We also provide updated atomic masses
for 138Ba, 138La, and 138Ce and for the 138Ce 2EC Q value.

II. EXPERIMENTAL DESCRIPTION

The 138La β-decay and EC Q value measurements and ab-
solute mass measurements were performed at the Low Energy
Beam and Ion Trap (LEBIT) Penning trap mass spectrometry
facility at the National Superconducting Cyclotron Laboratory
(NSCL), a schematic of which is shown in Fig. 2. LEBIT
was designed for online measurements of rare isotopes from
the Coupled Cyclotron Facility but also houses two offline
sources—a laser ablation source (LAS) [34] and a plasma
ion source—that can be used for the production of stable and
long-lived isotopes. These offline sources provide reference
ions during rare isotope measurements but also provide access
to a wide range of isotopes that have been used for studies

FIG. 2. A schematic overview of the sections of the LEBIT
facility used for this experiment.

related to neutrinoless double β decay [35–40], highly forbid-
den β decays [7,8], and ultralow Q value β decays [41].

The LAS, described in detail in Ref. [34], uses a pulsed
Nd:YAG laser to ablate material from a solid target. For this
experiment, the LAS was fitted with 25-mm × 12.5-mm × 1-
mm-thick Ba, La, and Ce sheets of natural isotopic abundance
[42]. Two targets were placed on either side of the holder at
one time and a stepper motor was used to alternate between
the two sides. The high temperatures produced by the laser
pulse results in the evaporation of surface material and the
emission of positive ions and electrons to produce a high-
temperature plasma. In addition to surface ionization, electron
impact ionization of the ablated material, as well as other
mechanisms, contribute to the total ion production, see, e.g.,
Ref. [43] for a complete description. After production, ions
are accelerated to an energy of 5 keV and focused into a 90◦

quadrupole bender that steers them into the main beamline.
The plasma ion source is a DCIS-100 Colutron hot cathode

discharge source [44]. It consists of a tungsten filament within
an alumina chamber. The chamber is filled with helium gas
mixed with a small amount of xenon gas. As current is run
through the filament it produces a discharge, creating a plasma
within the gas-filled chamber. The ions are extracted through
a radiofrequency quadrupole (RFQ) mass filter to suppress the
helium ions, after which the xenon ions are focused into the
other side of the 90◦ quadrupole bender and steered into the
main beamline.

After entering the main beamline, ions are injected into
an RFQ cooler and buncher [45]. Helium buffer gas is used
to thermalize the ions, which are then released in packets of
100-ns duration to be accelerated to 2 keV and transported
into the 9.4 T magnet containing the LEBIT Penning trap.
At the entrance of the magnetic field is a fast electrostatic
kicker, which only allows ions of the chosen A/qto pass based
on their time-of-flight. A series of electrodes decelerates the
remaining ions to be captured in the Penning trap.

The Penning trap itself consists of a hyperbolic ring elec-
trode, two hyperbolic endcap electrodes, and two correction
ring and correction tube electrodes that sit within a uni-
form magnetic field produced by a 9.4-T superconducting
solenoidal magnet. The ring electrode of the Penning trap is
segmented so that dipole and RFQ fields can be applied to
address the radial modes of the ions’ motion. Ions are confined
radially in the trap via their cyclotron motion in the magnetic
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Two examples: Ca isotopes, neutron-rich isotopes (linked to astro) 
 

Ions cycle back and forth. A time separation occurs such that t ~ √m/q. Fast. High resolution.
Images and suggestions from Rodney Orford (LBNL) and Jason Clark (ANL)



ATLAS

• Stable beams at high intensity and energies up to 18 MeV/u 
• In-flight beams approx. 10 < A < 50 at energies up to 15 MeV/u 
• Reaccelerated CARIBU beams at energies up to ~15 MeV/u 
• Low energy CARIBU beams for ‘stopped beam’ measurements

3 https://www.anl.gov/atlas
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Deformed, neutron-rich nuclei

N=82

N=126

CARIBU allows access to terra 
incognita: What stabilizes these 
deformed shapes? What role does the 
structure of these nuclei have on the r-
process abundance?
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National Laboratory. For the mass measurements,
CARIBU beams of the desired mass-to-charge ratio were
further purified at a resolving power in excess of m=Δm ≈
100000 by a multireflection time-of-flight mass separator
[16] before being delivered to the Canadian penning trap
mass spectrometer [17]. The phase-imaging ion-cyclotron-
resonance technique [18] was used to directly measure the
cyclotron frequencies (νc) of 160g;mEu2þ, 162g;mEu2þ, and
84Krþ ions by measuring the phase advance of the orbital
motion of trapped ions during a period of excitation-free
accumulation time as outlined in Ref. [19]. This technique
enables fast high-resolution νc measurements and is
capable of producing results with sub-keV mass precision.
Masses were then determined relative to the measured νc of
84Krþ and the values are given in Table I. From the obtained
new results, isomers in both 160Eu and 162Eu were estab-
lished for the first time at excitation energies of 93.0 (12)
and 160.2 (24) keV, respectively.
The nuclear structure properties of the ground and

isomeric states in 160Eu and 162Eu were subsequently
investigated through β-decay measurements. The
CARIBU beams were directed onto a β-decay counting
station [21] composed of the SATURNmoving tape system,
four scintillator detectors for β-particle detection, and the
X-Array spectrometer,with fourgermaniumclover detectors,
and one low-energy photon spectrometer, for γ-ray detection.
The signals from the γ-ray and β-particle counters were
processed with a digital data acquisition system and written
onto disk in an event-by-event mode. Given the previously
known β-decay lifetimes of 160;162Eu [22,23], tape-moving
cycles of 180 s growth, 180 s decay time for 160Eu and 50 s
growth, 50 s decay time for 162Eu,with 1 s for tapemovement,
and 4 s for background detection were selected in the present
β-decay studies. In the off-line analysis, severalmatriceswere
generated, including β-particle gated Eγ-Eγ coincidence
matrices that were used to construct the decay scheme of
the 160Gd and 162Gd daughter nuclei, as well as β-particle
gated Eγ-time histograms to deduce the half-lives of the
observed β-decaying states.
Examples of β-particle gated γ − γ coincidence spectra

are presented in Figs. 1(a) and 1(b). It can be seen that in
160Gd and 162Gd the ground-state bands are populated up to

a spin of Iπ ¼ 6þ and 8þ, respectively, thus implying that
both 160Eu and 162Eu parent nuclides have a relatively high-
spin β-decaying state.
Prior to the present Letter, the 160Eu decay was studied in

Refs. [24–27], where only a single low-spin β-decaying
state with a half-life of T1=2 ¼ 38 ð4Þ s [22] was reported.
In contrast, our data clearly indicate the presence of two β-
decaying levels, one of high spin and the other of low spin.
The former preferentially decays to the 1999-keV level of
the daughter 160Gd nuclide, shown in the decay scheme of
Fig. 2. The observed depopulating transitions, coupled
together with the previously known structure of 160Gd [22],
suggest spin and parity of Iπ ¼ 4þ, 5% , or 6þ for this level.
However, Iπ ¼ ð5−Þ is preferred given the proposed con-
figuration for the 1999-keV state, as discussed below. The
strongest depopulating branch occurs via the 516-keV γ ray
to the newly identified Iπ ¼ 4þ state at 1483 keV. The spin
and parity of this level are established by the observation of
1408-, 1235-, and 968-keV transitions to the Iπ ¼ 2þ, 4þ,
and 6þ members of the ground-state band, respectively. The
transitions that follow the decay of the 1999-keV state
exhibit similar half-lives and, after adding several time
spectra together, a value of T1=2 ¼ 42.6 ð5Þ s was deduced
for the high-spin β-decaying state of 160Eu, as seen in
Fig. 3(a). Transitions that were identified as only resulting

TABLE I. Measured frequency ratios and determined
mass excess (ME) for the ground and isomeric states in
160Eu and 162Eu.

Ion 84Krþ νc ratio ME (keV)
84Krþ 1.0 −82 439.335 ð4Þa
160Eu2þ 0.952 978 970 2 (58) −63 493.4 ð9Þ
160mEu2þ 0.952 979 565 4 (51) −63 400.4 ð8Þ
162Eu2þ 0.964 926 876 6 (97) −58 723.9 ð15Þ
162mEu2þ 0.964 927 901 (12) −58 563.7 ð19Þ
aME value for 84Kr taken from Ref. [20].
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FIG. 1. (a) Spectrum of 160Gd γ rays in coincidence with the
516-keV transition; the transitions labeled with a star feed the
1999-keV state. (Inset) Display of the high-energy lines from
the same spectrum. (b) Summed spectrum resulting from
coincidences with the 166- and 255-keV γ rays in the
ground-state band of 162Gd.
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E2þ values; therefore, Fig. 5 suggests the presence of a
localized maximum in deformation at N ¼ 98 and near
Z ¼ 64, which is the midshell for the protons.
In summary, masses, half-lives, and decay properties of

multiple β-decaying states were studied in the neutron-rich
odd-odd 160Eu and 162Eu nuclei. For the first time, long-
lived β-decaying isomers were identified. While multi-
quasiparticle blocking calculations using a Woods-Saxon
potential with universal parameters correctly predict the
properties of the β-decaying states in 160Eu, they fail to
describe the observed structure of the 162Eu isotope. It was
found that the raising of the 1=2½521$ neutron orbital above
the 7=2½633$ one is required to explain the decay properties
of 162Eu. This also increases the size of the N ¼ 98 gap in

the single-particle spectrum, which then accounts for the
unusual behavior of the first 2þ level energies for neutron-
rich even-even nuclei in the vicinity of the Z ¼ 64midshell
in this region.
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FIG. 5. Energies of the lowest 2þ states of even-even nuclei in
the rare-earth region versus neutron number. Data are taken from
the ENSDF database [47].
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The single-particle energy level scheme near the neutron Fermi
surface for these isotopes.
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for the hundreds of nuclear masses in the rare-earth region.
We setC ¼ 60 based on numerous preliminary runs inwhich
this quantity consistently floated to this value and set f ¼ 10
to ensure only local features in themass surface are produced
to avoid modifying mass trends near stability. We model 28
aN parameters for N ¼ 93–120. Although we consistently
find N < 109 to dominate peak formation, we choose to
allow N ¼ 109–120 to float in order to prevent any edge
effects from influencing our results in the peak region of
A ∼ 159–169. Updates to separation energies, Q values,
β-decay rates, and neutron-capture rates for the roughly 300
nuclei in the region are performed at each time step in order to
calculate the abundance prediction in a self-consistent
manner [53]. This procedure leads to highly correlated
parameters which cause a long integrated autocorrelation
time and slow convergence. To explore the full parameter
space, we make use of the parallel chains MCMC method.
Our statistics were determined by considering the lowest χ2

configuration (best step) of 50 independent, parallel MCMC
runs. The calculation begins from Duflo-Zuker masses with
an abundance pattern fit giving a χ2 ¼ 200, and each run is
allowed to explore the parameter space for 10 000–20 000
steps. As our parameters evolve away from zero, many
solutions with 28 < χ2 < 200 are readily found, but solu-
tions with χ2 ≤ 28 (as are the best steps of all runs) are more
unique.
Initial runs located a number of solutionswith an inversion

of the odd-even behavior in one-neutron separation energies
(Sn). We considered this to be an unphysical mechanism of
peak formation and so discarded all such solutions. For
subsequent runs, we introduced a veto in the algorithm, so it
cannot explore mass surfaces with this reversal. This was
implemented by requiring that the neutron pairing metric
DnðZ;AÞ¼ð−1ÞA−Zþ 1½SnðZ;Aþ 1Þ−SnðZ;AÞ& remains pos-
itive. The result shown in Fig. 2 as the red band was
determined by the average and standard deviation of 50
such runs, which have an average χ2 ∼ 23. The dip in the red
band mass surface of Fig. 2 atN ¼ 104 produces an upward
kink in the separation energy surface where the material,
which eventually forms the peak, accumulates as the
r-process path moves toward stability. In future work, we
expect to be able to subdivide these runs by the details
of the peak formation mechanism.
In Fig. 3, we estimate the role of differing thermody-

namic conditions, by taking the average mass values from
the red band in Fig. 2 and running this solution through the
reaction network with a variety of similar astrophysical
conditions. As can be seen from the figure, this produces
relatively little variation in the abundance pattern.
The parameterization we used is able to find the trends in

the mass surface needed for all nuclei which contribute to
rare-earth peak formation; however, because relative
differences in masses between isotopes are most relevant
for peak formation, it allows only for the absolute scale of
the neodymium (Z ¼ 60) isotopic chain to be predicted by

our MCMC procedure. Therefore, when we display our
mass predictions for samarium in Fig. 2, we pin the
predicted trend to AME2012 data. The black triangles in
Fig. 2 show the newly measured masses for 154;156;158−160Nd
and 162−164Sm determined by the CPT and listed in Table I.
The local features in the mass surfaces predicted by our
reverse-engineering analysis given the astrophysical

FIG. 2. Comparison between experimental values and theoreti-
cal predictions (red band) of the nuclear masses relative to the
Duflo-Zuker mass model for neodymium and samarium isotopes
in a merger accretion disk wind scenario (s=kB ¼ 30, τ ¼ 70 ms,
and Ye ¼ 0.2).

FIG. 3. Rare-earth peak abundances using Duflo-Zuker masses
(black dashed line) as compared to the result for this same
astrophysical trajectory after the algorithm finds the mass
predictions in Fig. 2 (solid red band). Pink and blue curves
serve to show the change in the abundance pattern obtained from
using other disk wind parameters but with the same mass surface.
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expected ion rate based on extrapolation from fission yields
in Ref. [45] relative to nearby isobars. As further proof, the
measurement cycle was increased from 200 to 1700 ms,
allowing for short-lived isotopes to decay in the preparation
trap, and an identical final phase was measured. After
accruing similar total statistics, the number of detected
160Nd2þ ions had decreased consistent with having a half-
life of under 1 s. All masses were calibrated within 48 hr of
measurement and, with the exception of 159Nd2þ, were
done online with isobarically pure beams of stable Krþ

isotopes originating from trace amounts found in the 4He
gas inside the gas catcher. Each calibration run was done at
the same νþ radius in the Penning trap with similar
accumulation times as the target measurement under the
same trapping conditions. For the case of 159Nd2þ, offline

calibration with 133Csþ was required due to a vacuum
failure at CARIBU. Because of the large difference in νc, a
mass-dependent systematic uncertainty was later evaluated
by measuring the masses of 82;84;86Krþ with respect to
133Csþ leading to a 7 keV correction in the final 159Nd mass
excess value. The new mass results are summarized in
Table I. Previously, none of these masses had been
measured directly, and only 154;156Nd had measurements
available in the literature [46,47]. In the case of 154Nd, we
observe a 4.8σ discrepancy from the AME2016 evaluated
mass, which is not unexpected since the value is deduced
from a β-endpoint energy measurement [46] using an
inferred level scheme [48]. Precision mass values measured
as described here are key in reducing the uncertainties
within astrophysical calculations.
In the astrophysical context of a neutron star merger wind

scenario, we compare the new mass measurements with
predictions from our “reverse engineering” MCMC pro-
cedure. This procedure inverts the traditional approach of
evaluating nuclear mass models through their r-process
abundance predictions and instead uses the observational
data for the rare-earth peak to find the nuclear masses
required to fit this region [29,30]. We adopt conditions
guided by merger wind simulations [50–52]—a hot wind
with an entropy of 30 kB=baryon, a dynamical timescale (τ)
of 70ms, and an electron fraction (Ye) of 0.20. Toperform the
fit to the observational abundance data, Y⊙ðAÞ [5,31,32],
we use the Metropolis-Hastings algorithm, where the agree-
ment between calculated abundances, YðAÞ, and solar
data, evaluated as χ2¼

P
180
A¼150 ½YðAÞ−Y⊙ðAÞ&2=ΔY2

⊙ðAÞ,
guides the evolution of the Markov chain. In addition, we
impose the physical constraint that the root mean square of
our mass predictions with respect to AME2012 data [27] is
no larger than the root mean square of Duflo-Zuker mass
predictions with respect to AME2012. We make predictions
for themass corrections to the Duflo-Zuker mass model with
the following mass parameterization:

MðZ;NÞ ¼ MDZðZ;NÞ þ aNe−ðZ−CÞ
2=2f ð2Þ

FIG. 1. A typical histogram of a final phase measurement
showing the positions of ions on the detector plane. Each cluster
corresponds to a different ion species present in the beam. Here
we show a tacc ¼ 55.001 ms measurement of 160Nd2þ (circled).
In this example, of the 440 total ions detected in 3 hr, we observed
40 counts of 160Nd2þ. Also present in this spectrum are clusters of
160Pm2þ, three contaminant species, and some unexcited ions
near the trap center.

TABLE I. CPT mass results from this work showing cyclotron frequency ratios (r) and mass excess values. A comparison with the
masses from the 2016 Atomic Mass Evaluation [49] is made. The # symbol indicates that these values are based solely on extrapolation.

Mass excess of neutral atom [keV]

Ion Campaign Reference ion r ¼ ½νcðrefÞ=νc& CPT AME2016 ΔðCPT-AME2016Þ
154Nd2þ IV 82Krþ 0.939 586 066 7(66) −65579.6ð1.0Þ −65820ð50Þ 241(51)
156Nd2þ IV 82Krþ 0.951 829 389 4(87) −60202.1ð1.3Þ −60470ð200Þ 267(200)
158Nd2þ IV 84Krþ 0.941 123 358 2(83) −53835.1ð1.3Þ −54060ð200#Þ 225(200#)
159Nd2þ I 133Csþ 0.597 967 11(12) −49724ð30Þ −49810ð300#Þ 86(300#)
160Nd2þ II 84Krþ 0.953 086 24(30) −46725ð47Þ −47130ð300#Þ 405(300#)
162Sm2þ III 84Krþ 0.964 954 683(32) −54377.0ð5.0Þ −54530ð200#Þ 153(200#)
163Sm2þ III 84Krþ 0.970 937 545(47) −50599.6ð7.3Þ −50720ð300#Þ 120(300#)
164Sm2þ III 84Krþ 0.976 913 350(26) −47925.3ð4.0Þ −48100ð300#Þ 175(300#)
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“Construction of this flagship 

experiment is expected to require 

five years, with capital investment 

peaking at about $50M/year during 

this period.” 
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devices, and new computing techniques are themselves 

great achievements (see Sidebar 5.1). Several 

experiments are currently operational or about to come 

online with half-life sensitivities for the neutrinoless 

decay mode in the range of 1025–1026 years; they will 

also provide us with critical guidance about how best to 

take the next steps.

Next-generation neutrinoless double beta decay 

experiments have enormous potential to discover 

this process. With masses of isotope on the scale of 

tons, expected improvements in half-life sensitivity 

are two orders of magnitude or more over existing 

limits (i.e., 1027–1028 years). Results from solar, reactor, 

and atmospheric neutrino oscillation experiments 

have shown that there must be a neutrino mass 

state of at least 50 meV. When interpreted within the 

simplest lepton-number-violating mechanism (i.e., the 

exchange of light Majorana neutrinos), such “ton-scale” 

experiments can discover neutrinoless double beta 

decay if the lightest neutrino mass is above 50 meV or 

if the spectrum of neutrino masses is “inverted” (see 

Figure 5.2). Even if neither condition is realized in nature, 

a discovery is possible if other mechanisms beyond the 

simplest one contribute to the decay. Well motivated 

alternative mechanisms involving new super-heavy 

particles more than 10 times heavier than weak force 

carriers (the W and Z particles) provide additional strong 

motivation for next-generation experiments.

Within the simplest mechanism (light Majorana neutrino 

exchange), the measurement of the decay half-life 

of the neutrinoless mode combined with input from 

nuclear theory allows a determination of the effective 

neutrino mass. This effective neutrino mass is a special 

quantum mechanical sum of all of the neutrino masses 

and is distinct from the individual neutrino masses. In 

this context, then, the search for neutrinoless double 

beta decay not only tests the fundamental law of lepton-

number conservation but also provides quantitative 

information about the absolute scale of neutrino mass, 

complementing direct neutrino mass and cosmological 

measurements. In combination with these probes, 

the absence of a signal in the ton-scale search for 

neutrinoless double beta decay would imply the 

presence of a Dirac component of the neutrino masses, 

with significant ramifications for our understanding of the 

origin of neutrino masses.

Figure 5.2: Effective average neutrino mass from neutrinoless double beta decay vs. the mass of the lightest neutrino. Current limits and expected limits 
from ongoing experiments are shown as gray and blue horizontal bands. The green (for inverted hierarchy) and red (for normal hierarchy) bands show the 
expected ranges within the light Majorana neutrino exchange mechanism. Next-generation ton-scale experiments aim to probe effective Majorana neutrino 
masses down to 15 meV, shown as the horizontal dashed line.
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Figure 5.3:  Possible timeline for the development of a ton-scale neutrinoless double beta decay experiment.

Neutrino Mass, Mixing, and Other Puzzles
Neutrino mass can be directly measured via a careful 

study of the spectrum of electrons emitted in ordinary 

beta decay. Such measurements are independent of 

the Majorana nature of the neutrino and are more direct 

than measurements inferred from studies of the cosmic 

microwave background radiation. The U.S. has joined 

Germany and three other nations to build the KATRIN 

experiment to measure the mass of the neutrino from 

the beta decay of tritium. This experiment is expected to 

be complete within the duration of this Long Range Plan. 

Although KATRIN will be sensitive to masses as small as 

0.2 eV, a factor of 10 below current limits, the mass could 

be smaller still, down to the oscillation limit of 0.02 eV 

(the smallest possible average mass of the 3 neutrino 

states). A new idea is being explored, called Project 8, 

which uses cyclotron radiation to measure the beta 

spectrum of tritium. The basic concept was successfully 

demonstrated in 2014.

The neutrino mass hierarchy is one of the key remaining 

unknowns in the neutrino sector, with important 

implications for a number of nuclear physics problems. 

Prospects for answering the open questions of the 

hierarchy and the possible violation of time-reversal 

invariance by neutrinos were dramatically advanced 

in 2012 when experiments using reactor antineutrinos 

at Chooz in France, Daya Bay in China, and Hanbit 

(RENO collaboration) in Korea measured the previously 

unknown neutrino “mixing angle” known as q
13

. A 

number of groups are proposing to use atmospheric 

neutrinos to determine the mass hierarchy, for example 

PINGU in the Antarctic ice cap, leveraging major 

U.S. investment in IceCube.

The value of the q
13

 mixing angle has also made it 

possible to complete designs for the future long-baseline 

neutrino oscillation experiments. A major U.S. initiative 

in high energy physics is DUNE, the Deep Underground 

Neutrino Experiment at the new Sanford Underground 

Research Facility in South Dakota. The expertise of 

nuclear theorists will be called on to calculate the 

interactions of neutrinos with nuclei, using input from 

several experiments focused on neutrino cross sections.

Improved knowledge of neutrino interactions is also 

needed at lower energies, for example in the regime 

of relevance for understanding of supernova neutrinos. 

Additionally, the elastic scattering of neutrinos from 

nuclei is expected to be enhanced by quantum 

mechanical interference effects, but this has never been 

seen experimentally. New experiments, CENNS and 

COHERENT, are planned to test this prediction.

Neutrinos from the sun and neutrinos produced by 

cosmic rays in the earth’s atmosphere were the key to 

the discovery of neutrino oscillations. They continue to 

provide an unparalleled resource for scientific discovery. 

Over the past decade the Borexino experiment, a 

100-ton liquid scintillation detector located in Italy’s 

Gran Sasso underground laboratory, has detected 

neutrinos from specific nuclear processes in the sun’s 

core, the pp reaction, the pep reaction, and the decay 

of 7Be, confirming for the first time explicit predictions 

“The second recommendation specifically targets 
the development and deployment of a ton-scale 
neutrino- less double beta decay experiment. 
Demonstration experiments at the scale of 100 kg 
are currently underway to identify the requirements 
and candidate technologies for a larger, next-
generation experiment, which is needed to be 
sensitive to postulated new physics. An ongoing 
NSAC subcommittee is helping to guide the 
process of the down-select, from several current 
options to one U.S.-led ton-scale experiment.” 

Since neutrinoless double beta decay 
measurements use the atomic nucleus as a 
laboratory, nuclear theory is critical in connecting 
experimental results to the underlying lepton-
number violating interactions and parameters 
through nuclear matrix elements, which account for 
the strong interactions of neutrons and protons. 
Currently, there exists about a factor of two 
uncertainty in the relevant matrix elements, but by 
the time a ton-scale experiment is ready to take 
data, we expect reduced uncertainties as a result 
of the application to this problem of improved 
methods to solve the nuclear many-body physics. 

“Construction of this flagship experiment is 
expected to require five years, with capital 
investment peaking at about $50M/year during this 
period.”

“The second recommendation specifically 

targets the development and deployment of a ton-

scale neutrino- less double beta decay 

experiment. Demonstration experiments at the 
scale of 100 kg are currently underway to 

identify the requirements and candidate 

technologies for a larger, next-generation 

experiment, which is needed to be sensitive to 

postulated new physics. An ongoing NSAC 
subcommittee is helping to guide the process 
of the down-select, from several current 
options to one U.S.-led ton-scale experiment.”

“Since neutrinoless double beta decay 

measurements use the atomic nucleus as a 

laboratory, nuclear theory is critical in 
connecting experimental results to the 
underlying lepton-number violating 
interactions and parameters through nuclear 
matrix elements, which account for the strong 

interactions of neutrons and protons. Currently, 

there exists about a factor of two uncertainty 
in the relevant matrix elements, but by the 

time a ton-scale experiment is ready to take 

data, we expect reduced uncertainties as a 

result of the application to this problem of 

improved methods to solve the nuclear many-

body physics.” 



10 Oct 2002 10:51 AR AR172-NS52-04.tex AR172-NS52-04.SGM LaTeX2e(2002/01/18) P1: IBC

120 ELLIOTT ⌅ VOGEL

Figure 2 “Moore’s law” of ��(0⌫) decay: the limit of the effective neutrino mass
versus time. The corresponding experiments are denoted by the symbol for the ini-
tial nucleus. The uncertainty in the nuclear matrix elements is not included in this
illustration. The gray band near the bottom indicates the neutrino mass scale
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Majorana particles are identical with their own antiparticles whereas Dirac
particles can be distinguished from their antiparticles. This implies that Majorana
fermions are two-component objects whereas Dirac fermions are four-component.
In order to avoid confusion and to derive the formula for the ��(0⌫) rate mediated
by the exchange of massive Majorana neutrinos, we briefly discuss the formalism
needed to describe them (for more details see, e.g., References 21, 31–33).

Massive fermions are usually described by the Dirac equation, in which the
chirality eigenstates  R and  L are coupled and form a four-component object of
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EXO-200: 200-400 meV 
KamLAND-Zen: 61-165 meV 
(~1 year ago)
GERDA: 200-400 meV.
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Next Gen. >15 meV

The search is on … what does the future hold?

(Neutrino-less) double beta decay
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Knowing the Q value is essential2764 Page 8 of 25 Eur. Phys. J. C (2014) 74:2764

Fig. 5 Spectra taken with all
the enriched coaxial (top) and
BEGe (middle) and a
non-enriched (bottom) detector.
The blinding window of
Qββ ± 20 keV is indicated as
green line. The bars in the color
of the histogram represent the
200 keV region from which the
BI of the dataset is determined

Fig. 6 Time distribution of background rate of the enriched coaxial
detectors in the energy range between 1550 and 3000 keV in 15 day
intervals. An increase of the BI after BEGe deployment in July 2012 is
clearly visible

decays. Thus, characteristic γ lines expected from known
background contributions might be visible only with the nat-
ural GTF 112 detector.

Data taken with enriched coaxial detectors in runs that
were not affected by the experimental performance such as
drift in gain stability, deterioration of energy resolution etc.
are contained in the SUM-coax data set. The energy spec-
trum of this data set is shown in Fig. 5, top. It has an over-
all exposure of 16.70 kg yr (see also Table 4). The higher
BI observed after the deployment of the BEGe detectors
dropped to the previous level after approximately 30 days
as shown in Fig. 6. Hence, the coaxial data are split: the

Table 4 Data sets, the detectors considered therein and their exposures
E for the data used for this analysis and the upcoming 0νββ analysis. E
is calculated from the total detector mass

Data set Detectors Exposure E

This analysis 0νββ analysis
(kg yr) (kg yr)

SUM-coax All enriched coaxial 16.70 19.20

GOLD-coax All enriched coaxial 15.40 17.90

SILVER-coax All enriched coaxial 1.30 1.30

GOLD-nat GTF 112 3.13 3.98

GOLD-hdm ANG 2, ANG 3,
ANG 4, ANG 5

10.90 12.98

GOLD-igex RG 1, RG 2 4.50 4.93

SUM-bege GD32B, GD32C,
GD32D, GD35B

1.80 2.40

SILVER-coax data set contains data taken during the 30 days
after the BEGe detector deployment. The GOLD-coax data
set contains the rest of the data. The detectors from the HdM
and Igexexperiments have different production, process-
ing and cosmic ray exposure history. A different background
composition could be expected, despite their common sur-
face reprocessing before insertion into the Gerdaexperi-
ment. Indeed, 210Po α-contaminations are most prominent
on detectors from the HdM experiment (see Table 6). The
GOLD-coax data set is therefore divided into two subsets
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M. Agostini et al., Eur. Phys. J. C 74, 2764 (2014) and G. Douysset et al., Phys. Rev. Lett. 86, 4289 (2001)
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FIG. 1. 76Ge double beta decay Q-value determinations.
(1) Deduced from Audi et al. [10]; (2) Ellis et al. [3];
(3) Hykawy et al. [4]; (4) this work.

determination confirms the last Manitoba determination
2 038.56(32) keV [4] but is a sixfold accuracy improve-

ment (see Fig. 1) that may be useful for future ex-
periments with higher detector resolution. Thus the new
Q value can be used with great confidence in the search
for neutrinoless double beta decay.
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Neutron and weak-charge distributions of the
48Ca nucleus
G. Hagen1,2*, A. Ekström1,2, C. Forssén1,2,3, G. R. Jansen1,2, W. Nazarewicz1,4,5, T. Papenbrock1,2,
K. A. Wendt1,2, S. Bacca6,7, N. Barnea8, B. Carlsson3, C. Drischler9,10, K. Hebeler9,10,
M. Hjorth-Jensen4,11, M. Miorelli6,12, G. Orlandini13,14, A. Schwenk9,10 and J. Simonis9,10

What is the size of the atomic nucleus? This deceivably simple question is di�cult to answer. Although the electric charge
distributions in atomic nuclei were measured accurately already half a century ago, our knowledge of the distribution of
neutrons is still deficient. In addition to constraining the size of atomic nuclei, the neutron distribution also impacts the
number of nuclei that can exist and the size of neutron stars. We present an ab initio calculation of the neutron distribution
of the neutron-rich nucleus 48Ca. We show that the neutron skin (di�erence between the radii of the neutron and proton
distributions) is significantly smaller than previously thought. We also make predictions for the electric dipole polarizability
and the weak form factor; both quantities that are at present targeted by precision measurements. Based on ab initio results
for 48Ca, we provide a constraint on the size of a neutron star.

A tomic nuclei are made of two types of fermions—namely,
protons and neutrons. Owing to their electric charge, the
distribution of protons in a nucleus can be accurately

measured and is well known for many atomic nuclei1. In contrast,
neutron densities are poorly known. An accurate knowledge of
neutron distributions in atomic nuclei is crucial for understanding
neutron-rich systems ranging from short-lived isotopes at the
femtometre scale to macroscopically large objects such as neutron
stars. The distribution of neutrons in nuclei determines the limits
of the nuclear landscape2, gives rise to exotic structures and
novel phenomena in rare isotopes3–5, and impacts basic properties
of neutron stars6–8. Because of its fundamental importance,
experimental e�orts worldwide have embarked on an ambitious
programme of measurements of neutron distributions in nuclei
using di�erent probes, including hadronic scattering9, pion
photoproduction10, and parity-violating electron scattering11.
As neutrons have no electric charge, elastic electron scattering
primarily probes the proton distribution, whereas parity-violating
electron scattering can occur only via the weak interaction and is
sensitive to the distribution of weak charge. As the weak charge of
the neutron, Qn

W ⇡�0.99, is much larger than that of the proton,
Qp

W ⇡ 0.07, a measurement of the parity-violating asymmetry Apv
(ref. 12) o�ers an opportunity to probe the neutron distribution.

Regardless of the probe used, direct measurements of neutron
distributions in nuclei are extremely di�cult. For this reason,
experiments have also focused on other observables related to
neutron distributions, such as the electric dipole polarizability ↵D.
Recently, ↵D was accurately determined in 208Pb (ref. 13), 120Sn
(ref. 14) and 68Ni (ref. 15), while an experimental extraction of ↵D

for 48Ca by the Darmstadt–Osaka collaboration is ongoing. For this
medium-mass nucleus, the calcium radius experiment (CREX) at
Je�erson Lab16,17 also aims at a measurement of the radius of the
weak-charge distribution. The nucleus 48Ca is of particular interest
because it is neutron rich, has doubly magic structure, and can now
be reached by nuclear ab initiomethods.

So far, much of the theoretical understanding of proton and
neutron distributions in atomic nuclei came from nuclear density
functional theory (DFT; ref. 18). This method employs energy
density functionals that are primarily constrained by global nuclear
properties such as binding energies and radii, and it provides us
with a coarse-grained description of nuclei across the nuclear chart.
Calculations within nuclear DFT generally describe charge radii,
and suggest that ↵D is strongly correlated with the neutron skin19–21,
thereby relating this quantity to the neutron radius. To be able to
tackle a medium-mass nucleus such as 48Ca with both ab initio
and DFT methods provides an exciting opportunity to bridge both
approaches. In the process, surprises are expected. For instance, as
discussed in this work, ab initio calculations show that the neutron
skin of 48Ca is significantly smaller than estimated by nuclear DFT
models. This result not only gives us an important insight into the
nuclear size, but also provides an opportunity to inform global DFT
models by more refined ab initio theories.

In recent years, ab initio computations of atomic nuclei have
advanced tremendously. This progress is due to an improved
understanding of the strong interaction that binds protons
and neutrons into finite nuclei, significant methodological and
algorithmic advances, and ever-increasing computer performance.
In this work, we use nuclear forces derived from chiral e�ective field

© 2016 Macmillan Publishers Limited. All rights reserved
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Sizes

• Sizes of nuclei along with their mass (binding) is a fundamental 
property of the nucleus 

• Radius links to size of the nuclear potential 
• Matter and charge radii are similar for most nuclei, but dramatic 

differences seen in exotic systems 
• Neutron skins 
• Matter radii, neutron structure, can modify charge radius (or 

center-of-mass motion)? 
• Shapes of nuclei can result in changes in charge radii 
•  ..... a series of examples ... via dramatic examples



Proton, neutron, matter

• Can be probed via elastic 
scattering, isotope shifts 
(precise) 

• Matter distributions (radii) 
through interaction cross 
sections, or hadronic 
scattering reactions (less 
precise) 

• A global picture of 
something like r = r0A1/3 
emerges (r0 ~ 1.15-3 fm) 

Krane's text book ... Rolf's slides from this school
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FORM FACTORS OF NUCLEI AT LOW ENERGY

ds/d (and not ds/ddE) = sMF0
2(q)

Elastic scattering ÆW2 = M2Æ Q2 = 2M(E-E’) Æ Q2 and n are correlated

• For a point charge with charge Z one has F0(q) = Z.
• For a charge with a finite size F0(q) will be smaller than Z, because 
different parts of r(r) will give destructive contributions in the integral 
that constitutes F0(q).
• Often one includes the factor Z in sM and not in F0, such that F0(0) = 1.

 rdrqrr
Zq

qF )sin()(4)( rp

Scatter from uniform sphere with radius R at low q: sin(qr) = qr – (1/6)(qr)3

1st term disappears (charge normalization) 
2nd term gives direct RRMS measurement (for q low enough)
At higher q pattern looks like slit scattering with radius R

Krane's text book ... Rolf's slides from this school



Charge radiiG.J. Kramer et al. / Nuclear Physics A 679 (2001) 267–286 283

Table 3
Spectroscopic factors deduced from the reanalysis of existing (d,3He) data

Target Ex Jπ S (e,e′p) r0 S (d,3He) S (d,3He)
nucleus [MeV] [fm] literature reanalysis

12C 0.000 3/2− 1.72(11) [43] 1.35(2) 2.98 [44] 1.72
2.125 1/2− 0.26(2) 1.65(2) 0.69 0.27
5.020 3/2− 0.20(2) 1.51(2) 0.31 0.11

16O 0.000 1/2− 1.27(13) [45] 1.37(3) 2.30 [46] 1.02
6.320 3/2− 2.25(22) 1.28(2) 3.64 1.94

31P 0.000 0+ 0.40(3) [47] 1.27(2) 0.62 [48] 0.36
2.239 2+ 0.60(5) 1.18(3) 0.72 0.49
3.498 2+ 0.28(2) 1.12(3) 0.30 0.19

40Ca 0.000 3/2+ 2.58(19) [49,50] 1.30(5) 3.70 [51] 2.30
2.522 1/2+ 1.03(7) 1.28(6) 1.65 1.03

51V 0.000 7/2− 0.37(3) [3] 1.30(3) 0.73 [52] 0.30 [5]
1.554 7/2− 0.16(2) 1.31(4) 0.39 0.15
2.675 7/2− 0.33(3) 1.32(3) 0.64 0.26
3.199 7/2− 0.49(4) 1.34(3) 1.05 0.39
4.410 1/2+ 0.28(3) 1.22(3) 0.63 0.22
6.045 1/2+ 0.35(3) 1.27(4) 1.10 0.30

90Zr 0.000 1/2− 0.72(7) [3] 1.32(3) 1.80 [53] 0.60 [54]
0.909 9/2+ 0.54(5) 1.31(2) 1.25 0.30
1.507 3/2− 1.86(14) 1.27(2) 3.90 1.20
1.745 5/2− 2.77(19) 1.30(2) 8.90 2.40

142Nd 0.000 5/2+ 1.39(23) [55] 1.29(9) 2.53 [56] 1.25
0.145 7/2+ 3.14(43) 1.26(8) 6.28 3.79
1.118 11/2− 0.56(7) 1.28(8) 0.74 0.36
1.300 1/2+ 0.05(1) 1.26(9) 0.11 0.07

206Pb 0.000 1/2+ 0.68(6) [57] 1.23(9) 1.15 [58] 1.03
0.203 3/2+ 1.10(9) 1.27(9) 1.77 0.99
0.616 5/2+ 0.32(3) 1.23(8) 0.52 0.44
1.151 3/2+ 0.52(5) 1.28(9) 0.66 0.37
1.479 11/2− 3.58(32) 1.25(9) 6.94 5.21

208Pb 0.000 1/2+ 0.98(9) [57] 1.25(8) 1.8 [59] 1.5
0.350 3/2+ 2.31(22) 1.23(8) 3.8 2.2
1.350 11/2− 6.85(68) 1.16(9) 7.7 5.4
1.670 5/2+ 2.93(28) 1.19(8) 3.5 3.1
3.470 7/2+ 2.06(20) 1.15(9) 3.5 2.9

mainly due to to the large dependence of the spectroscopic factors on the rms radius of the
BSWF: "S/S ≈ 7"rrms/rrms.

In view of the above conclusion that the spectroscopic factors deduced from (e,e′p) and
(d,3He) reactions are in agreement, and exhaust only about 60% of the IPSM value, the
question may be asked why previously applied [60] spin-dependent sum rules for hadronic
transfer reactions yielded values close to 100%. As argued earlier by us [61], this sum rule,
which connects stripping and pick-up strengths, is only valid if all strength for a given spin

Kramer, Blok, Lapikás, Nucl. Phys. A 679, 267 (2001)
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Figure 2.2: [Colour] Illustrating the form of the various potentials used in the opti-

cal model. The scaling on the vertical axis is arbitrary in order to best illustrate the

shapes. The black lines (solid and dashed) show the summed result of the Coulomb,

nuclear and spin-orbit terms. The � · s term in the spin-orbit potential results in a

repulsive contribution for j = ⇥� s, which is smaller in magnitude than the attractive

contribution for j = ⇥ + s [35].
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Fig. 1.4. Confirmed and suggested halo nuclei. Neutron halo nuclei are shown by green square and candidates of neutron halo are shown by light green.
Orange squares show the proton halos. They are called candidates when only enhancements of the cross sections are observed. It is treated as confirmed
when both enhancement of the cross section and narrow momentum distribution are observed.

For a Borromean halo (most of the two neutron halos) the correlation between two-halo neutrons are important to
be understood. One is the spatial correlation so called di-neutron correlation. The other is the mixing of the orbitals with
different parity. Recent studies on these directions are presented in Section 8.

1.2. A bit of history of halo and traditional methods, and the introduction to the review sections

The reaction, interaction, and charge changing cross sections have been determined mostly by the transmission type
measurements. The reaction cross section (�R) and the interaction cross section (�I) are defined as,

�R = �t � �el,

�I = �R � �inel,

where �t is the total cross section, �el is the elastic scattering cross section, and �inel is the inelastic scattering cross section
of the reaction. The inelastic scattering here is defined as the excitation of the nucleus to its bound excited states without
emission of nucleons. The interaction cross section is measured by the transmission measurement by detecting the same
nuclide as the incident nucleus in the final state. At incident beam energies lower than 100AMeV, the reaction cross sections
are alsomeasured. At such incident energies, the energy of un-interacted (a nucleus with the same A and Z with the incident
nucleus) nucleus can be measured with good resolution so that any excitation of a part of the system can be detected and
thus the inelastic scattering cross section can also bemeasured by the transmissionmeasurement. It is this interaction cross
section measurement that gave the first evidence of the neutron halo [11,12]. Examples of the transmission measurements
of interaction cross sections are shown in [13] and recent reaction cross section measurements can be found in [14]. Those
measurements are extensively used for the determination of radii and also nucleon density distributions of unstable nuclei.
The details of such measurements can be seen in previous review papers [1,13]. Recent developments with these methods
are presented in Section 3.1.

The charge-changing cross section is defined as the total cross section of changing the number of protons froma projectile
nucleus. This is also determined by the transmission type measurement. Recently, the relation between proton distribution
radii and the charge-changing cross sections is one of the interesting possibilities.

The first measurement of the momentum distribution of the unstable nuclei was reported by Kobayashi et al. [15]. The
narrow momentum spread of the fragments were observed in this experiment and confirmed the neutron halo in 11Li. The
first EMD enhancement was also discovered by the target Z-dependence of the fragmentation cross section [9].

Those experiments used high-energy beams of radioactive nuclei, however many new experiments were made later by
the development of low energy radioactive beams from ISOL type (or re-acceleration type) facilities. Such development
together with the future perspective of radioactive beam facilities can be seen in [16].

In the following, firstly new developments in experimental techniques are reviewed in Section 2. In Section 3, the radii
and density distribution studies made after the last review [1] are presented. Not only the nucleon distribution but also the
recent development in charge radii of halo nuclei are reviewed. The knowledge that can be obtained by combining nucleon
radii and charge radii is also presented. In Section 4, the studies with the lowest energy beams, nuclear beta decay and
moments are reviewed. Recent studies with fragmentation are reviewed in Section 5 and studies with transfer reactions are
reviewed in Section 6. The details of the wave function of the halo nucleon are the subject of these sections. One of the most

I. INTRODUCTION

The 4He nucleus, or ! particle, is a stable and tightly
bound nuclear system, to which an additional neutron cannot
be attached. The would-be 5He nucleus is unbound; its
resonance state has an energy width corresponding to a
lifetime of 10!20 s (Firestone and Shirley, 1996). On the
other hand, an ! particle and two neutrons can form a 6He
nucleus that is stable under the strong interaction and unstable
only under the influence of the weak interaction; it decays by
" emission with a half-life of 0.8 s. Here the pairing between
the two additional neutrons and the three-body nuclear force
plays an essential role in stabilizing the 6He nucleus, which
can be viewed as a three-body system !-n-n. If any one of the
three constituents is removed, the remaining two bodies
become unbound. This interesting property is analogous to
the topological properties of the Borromean rings (Fig. 1),
thus earning 6He the nickname ‘‘Borromean nucleus’’
(Zhukov et al., 1993). The pairing of neutrons continues
along the isotope chain; 7He is unbound, and 8He is bound
with a half-life of 0.1 s due to " decay. While a typical
nucleus has a neutron-to-proton ratio in the range of 1–1.5,
for 8He the ratio is 3. Indeed 8He holds the highest neutron-to-
proton ratio among all known nuclides. At the same time, 6He
and 8He have some of the lowest two-neutron separation
energies. Both 6He and 8He consist of a tightly bound

! core with additional neutrons orbiting at a relatively large
distance, forming a halo (Fig. 2).

These exotic nuclear phenomena are interesting to explore
in their own right. Recent review articles covered studies of
halo structure in nuclei (Frederico et al., 2012; Tanihata,
Savajols, and Kanungo, 2013) and in quantum systems in
general (Jensen et al., 2004). Moreover, they offer oppor-
tunities to study nuclear forces under extreme conditions
in relatively simple systems (mass number A < 10), which
in turn helps the development of effective models of
nuclear forces that can be used to accurately describe nuclear
structure, interactions, and reactions. This Colloquium
reviews recent advances toward this goal in areas including
nuclear theory, atomic theory, and laser trapping and probing
of short-lived isotopes.

II. NUCLEAR RADII

A. Radii defined

The size of a nucleus is a fundamental property and, along
with its binding and excitation energy, is used to probe the
depth and range of the nuclear potential. Since the spatial
distribution of the protons and neutrons may differ, a phe-
nomenon that is particularly pronounced in halo nuclei, there
are several ways to describe the nuclear size. For example, the
rms charge radius (rc) is defined as

r2c ¼
1

Z

Z
#cðrÞr2d3r; (1)

where #cðrÞis the nuclear charge density normalized to the
number of protons Z. This is the radius that is directly probed
in atomic transition frequency measurements (see Sec. III).
Alternatively, when only concerned with the spatial distribu-
tion of the protons, one can define the rms point-proton radius
(rp) as

r2p ¼ 1

Z

Z
#pðrÞr2d3r; (2)

where #pðrÞis the density of the protons under the assump-
tion that each proton is a point particle. In other words, only
the center of mass of each proton is considered. This is a
theoretical concept introduced for the benefit of not having to
compute the size of the proton itself—a quantity beyond the

FIG. 1. Borromean rings depicted here as a marble inlay in the
Church of San Pancrazio, Florence. The topology is such that the
three rings are linked even though no two-ring pairs are linked.
Analogies are found in certain nuclear bindings such as the !-n-n
structure of 6He.

FIG. 2 (color). Illustration of the nuclear structure of 4He, 6He, and 8He. Red spheres represent protons, and blue spheres represent
neutrons. The red shadows indicate the areas of motion of the protons; the blue shadows indicate the areas of motion of the neutrons.
The nuclear charge radius is predominantly a measure of the center-of-mass motion of the charge carrying a 4He-like core in 6He and 8He and
depends on the correlation of the halo neutrons.
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The neutron-rich 6He and 8He isotopes exhibit an exotic nuclear structure that consists of a tightly
bound 4He-like core with additional neutrons orbiting at a relatively large distance, forming a halo.
Recent experimental efforts have succeeded in laser trapping and cooling these short-lived, rare
helium atoms and have measured the atomic isotope shifts along the 4He-6He-8He chain by
performing laser spectroscopy on individual trapped atoms. Meanwhile, the few-electron atomic
structure theory, including relativistic and QED corrections, has reached a comparable degree of
accuracy in the calculation of the isotope shifts. In parallel efforts, also by measuring atomic isotope
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spectroscopy, the charge radii of these light halo nuclei have now been determined for the first
time independent of nuclear structure models. The results are compared with the values predicted by
a number of nuclear structure calculations and are used to guide our understanding of the nuclear
forces in the extremely neutron-rich environment.
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I. INTRODUCTION

The 4He nucleus, or ! particle, is a stable and tightly
bound nuclear system, to which an additional neutron cannot
be attached. The would-be 5He nucleus is unbound; its
resonance state has an energy width corresponding to a
lifetime of 10!20 s (Firestone and Shirley, 1996). On the
other hand, an ! particle and two neutrons can form a 6He
nucleus that is stable under the strong interaction and unstable
only under the influence of the weak interaction; it decays by
" emission with a half-life of 0.8 s. Here the pairing between
the two additional neutrons and the three-body nuclear force
plays an essential role in stabilizing the 6He nucleus, which
can be viewed as a three-body system !-n-n. If any one of the
three constituents is removed, the remaining two bodies
become unbound. This interesting property is analogous to
the topological properties of the Borromean rings (Fig. 1),
thus earning 6He the nickname ‘‘Borromean nucleus’’
(Zhukov et al., 1993). The pairing of neutrons continues
along the isotope chain; 7He is unbound, and 8He is bound
with a half-life of 0.1 s due to " decay. While a typical
nucleus has a neutron-to-proton ratio in the range of 1–1.5,
for 8He the ratio is 3. Indeed 8He holds the highest neutron-to-
proton ratio among all known nuclides. At the same time, 6He
and 8He have some of the lowest two-neutron separation
energies. Both 6He and 8He consist of a tightly bound

! core with additional neutrons orbiting at a relatively large
distance, forming a halo (Fig. 2).

These exotic nuclear phenomena are interesting to explore
in their own right. Recent review articles covered studies of
halo structure in nuclei (Frederico et al., 2012; Tanihata,
Savajols, and Kanungo, 2013) and in quantum systems in
general (Jensen et al., 2004). Moreover, they offer oppor-
tunities to study nuclear forces under extreme conditions
in relatively simple systems (mass number A < 10), which
in turn helps the development of effective models of
nuclear forces that can be used to accurately describe nuclear
structure, interactions, and reactions. This Colloquium
reviews recent advances toward this goal in areas including
nuclear theory, atomic theory, and laser trapping and probing
of short-lived isotopes.

II. NUCLEAR RADII

A. Radii defined

The size of a nucleus is a fundamental property and, along
with its binding and excitation energy, is used to probe the
depth and range of the nuclear potential. Since the spatial
distribution of the protons and neutrons may differ, a phe-
nomenon that is particularly pronounced in halo nuclei, there
are several ways to describe the nuclear size. For example, the
rms charge radius (rc) is defined as

r2c ¼
1

Z

Z
#cðrÞr2d3r; (1)

where #cðrÞis the nuclear charge density normalized to the
number of protons Z. This is the radius that is directly probed
in atomic transition frequency measurements (see Sec. III).
Alternatively, when only concerned with the spatial distribu-
tion of the protons, one can define the rms point-proton radius
(rp) as

r2p ¼ 1

Z

Z
#pðrÞr2d3r; (2)

where #pðrÞis the density of the protons under the assump-
tion that each proton is a point particle. In other words, only
the center of mass of each proton is considered. This is a
theoretical concept introduced for the benefit of not having to
compute the size of the proton itself—a quantity beyond the

FIG. 1. Borromean rings depicted here as a marble inlay in the
Church of San Pancrazio, Florence. The topology is such that the
three rings are linked even though no two-ring pairs are linked.
Analogies are found in certain nuclear bindings such as the !-n-n
structure of 6He.

FIG. 2 (color). Illustration of the nuclear structure of 4He, 6He, and 8He. Red spheres represent protons, and blue spheres represent
neutrons. The red shadows indicate the areas of motion of the protons; the blue shadows indicate the areas of motion of the neutrons.
The nuclear charge radius is predominantly a measure of the center-of-mass motion of the charge carrying a 4He-like core in 6He and 8He and
depends on the correlation of the halo neutrons.
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In principle, an eA collision could be arranged in inverse
kinematics with a short-lived isotope beam scattering off
a target containing electrons. However, the difficulty with
this experimental design is that the momentum transfers
are too low for measurements of the nuclear form factors
and radii. At a beam energy of 0:7 GeV=u, the q2 is only
6! 10"7 GeV2 for eA collisions.

For these reasons, the determination of nuclear charge radii
for short-lived isotopes such as halo nuclei has not yet been
possible, except by the isotope shift method discussed in
Sec. III. Therefore, it provides a unique measurement tool
for this purpose.

III. THEORY OF THE HELIUM ATOM

The measurement of nuclear sizes by the isotope shift
method depends as much on accurate and reliable atomic
structure calculations as it does on the isotope shift measure-
ments themselves. This section discusses the relevant atomic
states in question and the theoretical methods used to calcu-
late the mass-dependent contributions to the isotope shift.
Figure 3 presents the helium atomic energy levels of interest.
Laser excitation of helium atoms from the ground state
requires vacuum ultraviolet photons at a wavelength of
58 nm—a region where precision lasers are not yet readily
available, although much progress has been made recently in
this area by using high-order harmonic generation of a
frequency-comb laser (Kandula et al., 2011; Cingoz et al.,
2012). Instead, most helium spectroscopy so far has been
performed on the long-lived metastable states (Vassen et al.,
2012). In a neutral helium atom, the nucleus occupies a
fractional volume on the order of 10"13, yet the minute
perturbation on the atomic energy level due to the finite
size of the nucleus can be precisely measured and calculated.
Figure 4(a) shows the electrostatic potential of a hypothetical
point nucleus with zero charge radius. The electrostatic
potential goes toward negative infinity as the electron

approaches the nucleus at the origin. On the other hand,
inside a real nucleus as depicted in Fig. 4(b), charge is
distributed over the volume of the nucleus, and the electro-
static potential approaches a finite value at the origin. This
effectively lifts the energy levels of the atomic states, with
particularly significant results on the s states whose electron
wave functions do not vanish within the nucleus. For ex-
ample, the transition frequencies of 2 3S1-3

3PJ in a helium
atom are shifted down by a few MHz, or a fractional change
of 10"8, due to the finite nuclear charge radius.

This section covers the necessary high-precision theory of
the helium atom. In calculations and discussions, it is conve-
nient to arrange the various contributions to the energy of the
atom in the form of a double perturbation expansion in
powers of the fine-structure constant ! ’ 1=137 and the ratio
of the reduced electron mass over the mass of the nucleus
"=M ’ 10"4. Table I summarizes the various contributions
to the energy, including the QED corrections and the finite
nuclear size term. Since all the lower-order terms can now be
calculated to very high precision, including the QED terms of
order !3, the dominant source of uncertainty comes from the
QED corrections of order !4 or higher. Yet, this QED uncer-
tainty (#10 MHz) is larger than the finite nuclear size effect,
thus preventing an extraction of the nuclear size directly from

FIG. 3 (color online). The energy level diagram of the neutral
helium atom. The 2 3S1 state is metastable. Laser excitation on the
2 3S1-2

3P2 transition at 1083 nm was used to trap and cool helium

atoms. Laser excitation on the 2 3S1-3
3PJ transition at 389 nm was

used to detect the trapped atoms and measure their isotope shifts.
Details are provided in Sec. IV.A.

FIG. 4 (color online). The electrostatic potential and energy of
bound s- and p-electronic levels are illustrated in (a) for a hypo-
thetical point nucleus, and in (b) for the real case of a nucleus with a
finite volume. The higher potential within the finite-sized nucleus
causes the electrons to be less bound. This so-called volume effect is
most pronounced for s electrons.

TABLE I. Contributions to the electronic binding energy and
their orders of magnitude in atomic units. a0 is the Bohr radius,
! $ 1=137. For helium, the atomic number Z ¼ 2, and the mass
ratio "=M# 1! 10"4. gI is the nuclear g factor. !d is the nuclear
dipole polarizability.

Contribution Magnitude

Nonrelativistic energy Z2

Mass polarization Z2"=M
Second-order mass polarization Z2ð"=MÞ2
Relativistic corrections Z4!2

Relativistic recoil Z4!2"=M
Anomalous magnetic moment Z4!3

Hyperfine structure Z3gI"
2
0

Lamb shift Z4!3 ln!þ ) ) )
Radiative recoil Z4!3ðln!Þ"=M
Finite nuclear size Z4hrc=a0i2
Nuclear polarization Z3e2!d=ð!a40Þ
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free of any contamination by the dominant 4He isotope
or any other atomic and molecular background (Chen
et al., 1999). The technique was developed at Argonne
National Laboratory and was first applied to laser spectros-
copy of 6He at Argonne’s ATLAS accelerator facility (Wang
et al., 2004). Later, following further developments, the
apparatus was moved to the GANIL accelerator facility
where an improved measurement on 6He and the first mea-
surement on 8He were carried out (Mueller et al., 2007).

A. Trapping and probing of 6;8He

At GANIL, 6He and 8He were simultaneously produced
via spallation from a primary beam of 75 MeV=u 13C
impinging on a heated (2000 K) graphite target. Mass
selected, low-energy (20 keV) beams of either 6He or 8He
with yields of around 1! 108 and 5! 105 ions per second,
respectively, were delivered to an adjacent low-radiation area
(Landré-Pellemoine et al., 2002), where the helium ion beam
was stopped in a hot graphite foil for neutralization and fast
release. Neutral, thermal helium atoms were subsequently
compressed by a turbopump within 0.25 s into the atomic
beam apparatus at the rates of approximately 5! 107 and
1! 105 s"1 for 6He and 8He, respectively.

Figure 5 provides a schematic of the atomic beam and trap
apparatus. A beam of metastable helium atoms with a prob-
able velocity around 1000 m=s was produced through a
liquid-nitrogen-cooled gas discharge. Transverse cooling
and Zeeman slowing were applied to capture the metastable
helium atoms of a selected isotope into the MOT. Cooling and
trapping were based on repeated excitation of the cycling
transition 2 3S1-2

3P2 at the wavelength of 1083 nm (Fig. 3).
Detection and spectroscopy of the atoms captured in the MOT
were performed by exciting one of the three transitions
2 3S1-3

3PJ at 389 nm and imaging the fluorescence light
onto a photomultiplier tube. The signal-to-noise ratio of a
single trapped atom reached 10 within 50 ms of integration
time for photon counts. The total capture efficiency was
1! 10"7. When trapping 6He, there were typically a few
6He atoms in the trap, yielding a capture rate of around 20 000

6He atoms per hour. On the other hand, when trapping 8He,
single 8He atoms were captured at the rate of 30 per hour with
each staying in the trap for an average time of 0.1 s. Samples
of resonance peaks for 8He are given in Fig. 6, including the
spectrum of the very first 8He atom observed in the trap. It
stayed in the trap for a notably long duration of 0.4 s.

FIG. 5 (color online). Schematic of the 6;8He trap apparatus. A beam of metastable helium atoms is provided by a gas discharge source.
Subsequently, the atoms are collimated through transverse cooling, decelerated in a Zeeman slower and captured by a magneto-optical trap
(MOT). Light from the spectroscopy laser beams that is scattered by the trapped atoms is imaged onto a photon detector. More details are
provided in Wang et al. (2004).

FIG. 6. Sample spectra for 8He taken on the 2 3S1-3
3P2 transition

at a probing laser intensity of #3! Isat. Error bars are statistical
uncertainties, and the lines represent least squares fits using
Gaussian profiles. (a) Spectrum of a single 8He atom, the first
observed in the trap. It stayed in the trap for an extra long time
of 0.4 s. The fit results in a statistical frequency uncertainty of
320 kHz with !2 ¼ 0:84. (b) Spectrum accumulated over 30 trapped
atoms. Uncertainty is 110 kHz with !2 ¼ 0:87.
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Matter radii
• Matter radii can be determined from 

interaction cross sections
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He isotopes

I. INTRODUCTION

The 4He nucleus, or ! particle, is a stable and tightly
bound nuclear system, to which an additional neutron cannot
be attached. The would-be 5He nucleus is unbound; its
resonance state has an energy width corresponding to a
lifetime of 10!20 s (Firestone and Shirley, 1996). On the
other hand, an ! particle and two neutrons can form a 6He
nucleus that is stable under the strong interaction and unstable
only under the influence of the weak interaction; it decays by
" emission with a half-life of 0.8 s. Here the pairing between
the two additional neutrons and the three-body nuclear force
plays an essential role in stabilizing the 6He nucleus, which
can be viewed as a three-body system !-n-n. If any one of the
three constituents is removed, the remaining two bodies
become unbound. This interesting property is analogous to
the topological properties of the Borromean rings (Fig. 1),
thus earning 6He the nickname ‘‘Borromean nucleus’’
(Zhukov et al., 1993). The pairing of neutrons continues
along the isotope chain; 7He is unbound, and 8He is bound
with a half-life of 0.1 s due to " decay. While a typical
nucleus has a neutron-to-proton ratio in the range of 1–1.5,
for 8He the ratio is 3. Indeed 8He holds the highest neutron-to-
proton ratio among all known nuclides. At the same time, 6He
and 8He have some of the lowest two-neutron separation
energies. Both 6He and 8He consist of a tightly bound

! core with additional neutrons orbiting at a relatively large
distance, forming a halo (Fig. 2).

These exotic nuclear phenomena are interesting to explore
in their own right. Recent review articles covered studies of
halo structure in nuclei (Frederico et al., 2012; Tanihata,
Savajols, and Kanungo, 2013) and in quantum systems in
general (Jensen et al., 2004). Moreover, they offer oppor-
tunities to study nuclear forces under extreme conditions
in relatively simple systems (mass number A < 10), which
in turn helps the development of effective models of
nuclear forces that can be used to accurately describe nuclear
structure, interactions, and reactions. This Colloquium
reviews recent advances toward this goal in areas including
nuclear theory, atomic theory, and laser trapping and probing
of short-lived isotopes.

II. NUCLEAR RADII

A. Radii defined

The size of a nucleus is a fundamental property and, along
with its binding and excitation energy, is used to probe the
depth and range of the nuclear potential. Since the spatial
distribution of the protons and neutrons may differ, a phe-
nomenon that is particularly pronounced in halo nuclei, there
are several ways to describe the nuclear size. For example, the
rms charge radius (rc) is defined as

r2c ¼
1

Z

Z
#cðrÞr2d3r; (1)

where #cðrÞis the nuclear charge density normalized to the
number of protons Z. This is the radius that is directly probed
in atomic transition frequency measurements (see Sec. III).
Alternatively, when only concerned with the spatial distribu-
tion of the protons, one can define the rms point-proton radius
(rp) as

r2p ¼ 1

Z

Z
#pðrÞr2d3r; (2)

where #pðrÞis the density of the protons under the assump-
tion that each proton is a point particle. In other words, only
the center of mass of each proton is considered. This is a
theoretical concept introduced for the benefit of not having to
compute the size of the proton itself—a quantity beyond the

FIG. 1. Borromean rings depicted here as a marble inlay in the
Church of San Pancrazio, Florence. The topology is such that the
three rings are linked even though no two-ring pairs are linked.
Analogies are found in certain nuclear bindings such as the !-n-n
structure of 6He.

FIG. 2 (color). Illustration of the nuclear structure of 4He, 6He, and 8He. Red spheres represent protons, and blue spheres represent
neutrons. The red shadows indicate the areas of motion of the protons; the blue shadows indicate the areas of motion of the neutrons.
The nuclear charge radius is predominantly a measure of the center-of-mass motion of the charge carrying a 4He-like core in 6He and 8He and
depends on the correlation of the halo neutrons.
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1.681(4) fm 2.060(8) fm 1.959(16) fm
1.63(3) fm 2.33(4) fm 2.49(4) fm

Which is larger charge radius? 4He, 6He, 8He? 
Which is larger matter radius? 4He, 6He, 8He? 
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11Li and 208Pb
11Li is the archetypal halo nucleus and 
208Pb is the archetypal doubly magic 
spherical magic nucleus ... which one in 
larger? 

N

Z



• Masses

• Nuclear matter and charge radii (e.g. skins, halos; 
isotope shifts)

• Deformation: electric quadrupole (and higher) 
moments

• Spin and parity: magnetic dipole moments

• Decay

Wraith et al., 
PLB771, 385 (2017)

(Not sure who to credit for figure ... found as image online ...)

11Li and 208Pb
11Li is the archetypal halo nucleus and 
208Pb is the archetypal doubly magic 
spherical magic nucleus ... which one in 
larger? About the same size!
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sections, 80/o of the free-nucleon values, gave a good
fit in the present mass range. In Fig. 2, the rms radii
R 6, obtained after fitting the err by use of the Gauss-
ian distribution with effective XX cross sections are
shown by the dashed line. The solid line in the figure
indicates the charge rms radii R, , obtained in the
same way by use of the harmonic-oscillator distribu-
tion. It is seen that the R,', are well reproduced with
the fixed scaling factor for NN cross sections. Even
the difference between the R;, of 6Li and 7Li is
reproduced by the harmonic-oscillator distribution be-
cause of the occupation-number difference between
protons and neutrons.

This calculation also showed that RI represents the
radius where the matter density is about 0.05 fm 3 for
A ~ 6 nuclei. Now it can be understood why RI and
the rms radius behave differently with increase of A:
While the rms radius stays constant, the absolute den-
sity increases with A. Therefore RI, which represents
constant density, increases with A.

Having established that the rms radii of stable nuclei
derived from o-I agree with R; „we now extend the
calculations to unstable nuclei using the effective NN
cross sections. Column 4 in Table II shows the de-
duced R 6, and columns 5-7 show rms radii deduced
by use of the harmonic-oscillator distribution (R, „
matter radius; R; „charge radius; and R," „neutron
matter radius). The R,G, and R, , agree well for each
nucleus.

Calculations using the droplet model gave further
evidence that different distributions can give essential-
ly the same values for rms radii. In this model we
have two parameters, a size parameter (ro) and a dif-
fuseness parameter (b). It is found that a set of values
of ro and b which fit a a-I gives essentially same R, ,
values. The R, , were calculated with use of values'

of b from 0.4 to 0.8 fm for He, Li, Be, and ' C and
were found to be equal within 0.04 fm to those ob-
tained from the harmonic oscillator.

From the preceding discussion we conclude that the
nuclear matter radii deduced from o-I are insensitive to
the selection of the model density distribution. Figure
3 shows the R, , determined by use of the harmonic-
oscillator distribution. Appreciable differences of radii
are observed, for the first time, between pairs of iso-
bars with different isospin, 6He- Li, sHe-sLi, and 9Li-
Be. The larger radii of the neutron-rich isotopes He

and 8He, which have only two protons, suggest the ex-
istence of thick neutron skins as seen in differences
between R;, and R,", in Table II. On the other
hand, a pair of mirror nuclei 7Li- Be show the same
matter radius.

It is interesting to note that the nucleus "Li, with
the neutron number of p-shell closure in the naive
shell model, shows a considerably larger radius than
neighboring nuclei. It suggests the existence of a large
deformation and/or of a long tail in the matter distri-
bution due to the weakly bound nucleons. A weakly
bound nucleon may enhance o-I because it could be
kicked out from the nucleus with a small momentum
transfer. A rough estimation based on the energy dis-
tribution of nucleons after a nucleon-nucleon col-
lision, however, showed that the change in separation
energy from 10 MeV to zero affects o.i by only about
3%. This binding effect, therefore, cannot explain the
bulk of the observed deviation.

In summary, we have measured the interaction cross
sections o-I of nucleus-nucleus collisions using secon-
dary beams of unstable and stable Li and Be isotopes.
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FIG. 2. Charge rms radii. Circles indicate the radii 8, ,
determined by electron-scattering experiments. The dashed
line shows the result obtained by fitting the o-I by a
Glauber-type calculation employing a Gaussian density dis-
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FIG. 3. Matter rms radius 8, , Lines connecting iso-
topes are only guides for the eye. Differences in radii are
seen for isobars with A = 6, 8, and 9. The "Li isotope has a
much larger radius than other nuclei.
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Measurements of Interaction Cross Sections and Nuclear Radii in the Light p-Shell Region
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Interaction cross sections (o.t) for all known Li isotopes (6Li-"Li) and 7Be, 9Be, and 'aBe on
targets Be, C, and Al have been measured at 790 MeV/nucleon. Root mean square radii of these
isotopes as well as He isotopes have been deduced from the o-I by a Glauber-type calculation. Ap-
preciable differences of radii among isobars (6He- Li, SHe- Li, and Li-98e) have been observed
for the first time. The nucleus "Li showed a remarkably large radius suggesting a large deforma-
tion or a long tail in the matter distribution.

PACS numbers: 25.70.—z, 21.10.ov, 27.20.+n

Recently, exotic-isotope beams, produced through
the projectile-fragmentation process in high-energy
heavy-ion reactions, were used to measure the interac-
tion cross sections (o-t) for all the known He iso-
topes. ' This novel technique of using exotic nuclear
beams makes it possible to study systematically proper-
ties of unstable nuclei. In the present paper, we report
the trt for all the known Li isotopes (sLi, 7Li, sLi, 9Li,
and ttLi) and Be, Be, and ' Be on the target nuclei
Be, C, and Al at 790 MeV/nucleon. A firm basis has
been empirically established by use of a Glauber-type
calculation to extract root mean square (rms) nuclear
radii from the o-t.

The Li isotopes, except "Li, and the Be isotopes
were produced as secondary beams through projectile
fragmentation of the 800-MeV/nucleon "B accelerat-
ed by the Bevalac at the Lawrence Berkeley Laborato-
ry. The beam of 11Li was produced from a zoNe pri-
mary beam. The isotopes produced in a production
target of Be were separated by rigidity with the beam-
line magnet system as described in previous papers. '
The rigidity-separated isotopes were further identified
before incidence on a reaction target by velocity
[time-of-flight (TOP)] and by charge (pulse height in
scintillation counters). No contamination more than
10 was observed in any selected isotope beam.

The interaction cross section (o-t) was measured by
a transmission experiment using the large-acceptance
spectrometer as in the measurement of the He iso-
topes. ' Here o-I is defined as the total reaction cross
section for the change of proton and/or neutron
number in the incident nucleus. The obtained o-I are
listed in Table I. The largest systematic error on a-I,
up to about 0.3%, came from uncertainties in the es-
timation of the scattering-out probability of the nonin-

TABLE I. Interaction cross sections (o.t) in millibarns.

Beam
Target

C Al

'Li
Li

'Li
'Li
l 1Li

Be
'Be
10Be

651+ 6
686+ 4
727+ 6
739+ 5

682+ 6
755+ 6
755+7

688+ 10
736+ 6
768+ 9
796+ 6

1040 + 60
738+ 9
806+ 9
813 + 10

1010 + 11
1071 + 7
1147 + 14
1135 + 7

1050 + 17
1174 + 11
1153 + 16

teracting nuclei. All other systematic errors were es-
timated to be less than 0.2'/0 of a-t.

The interaction nuclear radius Rt is defined as

trt(p, t) = ~lRt(p) +Rt(t) ]',
where Rt(p) is the projectile radius and Rt(t) is the
target radius. The separability of projectile and target
radii assumed in the equation was examined by use of
o-I of various projectile-target combinations. Figure 1
shows AI of Li and Be isotopes obtained from dif-
ferent targets. Here the absolute scale of the radius
was determined from a least-squares fitting of o-I of
4He+ He, Be+ Be ' C+'2C, 4He+'2C, and
Be+' C reactions. ' lt is seen that a projectile ra-

dius is in fact independent of target variation. As a
result the assumption of the separability of projectile
and target radii was demonstrated to be valid within
+ 0.02 fm. This separability indicates that Rt is exper-

imentally a well-defined size parameter of a nucleus.
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FIG. 3: Connecting the very small to the very big. Despite a di↵erence in size of 18 orders of magnitude, the symmetry
pressure L controls both the neutron skin thickness of 208Pb as well as the radius of a neutron star. On the left hand panel
a large set of highly successful models are used to illustrate the correlation between L and R208

skin; figure adapted from Ref. [5].
The right hand panel displays the correlation between L and neutron star radii for one of these models: “FSUGold” [6].

various competing models. This results in a large model
spread for the neutron densities and consequently also for
the neutron skin thickness, whose values are indicated in
the legend and schematically depicted by the region be-
tween the two arrows. The inset in Fig. 2 isolates the
spatial distribution of the 44 excess neutrons in the form
of a running (or partial) sum. This running sum, which
naturally terminates at 44, represents the total number
of excess neutrons accumulated up to a distance r. That
models with a large symmetry pressure L (see legend)
push the excess neutrons farther out to the surface is
clearly evident from the figure.

To validate the strong correlation between the neutron
skin thickness of 208Pb (R208

skin) and the symmetry pres-
sure L, we show in Fig. 3 predictions from a large number
of theoretical models, all similar in spirit to the ones dis-
played in Fig. 2 [5]. With a Pearson-r correlation coe�-
cient of nearly one, the alluded correlation is very strong
indeed. This indicates how a fundamental parameter of
the equation of state of neutron-star matter can be mea-
sured in a terrestrial laboratory. The error bars in the
figure indicate the precision anticipated for the upcoming
PREX-II (at JLab) and MREX (at Mainz) campaigns.

Remarkably, it is the same symmetry pressure that
determines the radius of a neutron star; see right-hand
panel in Fig. 3. In this case, however, the symmetry
pressure pushes against the immense gravitational at-
traction encountered in the stellar interior. Yet regard-
less of whether pushing against surface tension or against
gravity, both R208

skin and the radius of a neutron star are
sensitive to the symmetry pressure in the vicinity of sat-
uration density. Thus, despite a di↵erence in size of 18
orders in magnitude, a powerful “data-to-data” relation
emerges: The thicker the neutron skin thickness of 208Pb,

the larger the radius of a neutron star. This correlation
is particularly strong for low mass neutron stars where
the interior density is only slightly larger than satura-
tion density. Indeed, as shown in the right-hand panel in
Fig. 3, the correlation coe�cient weakens slightly (from
r=0.99 to r=0.95) in going from a 0.8 to a 1.4 solar mass
neutron star.

Neutron stars
Neutron stars are fascinating dynamical systems where
a convergence of disciplines is required for their under-
standing. Although the most common perception of a
neutron star is that of a uniform assembly of neutrons
packed to enormous densities, the reality is far di↵erent
and much more interesting. While firmly established on
theoretical grounds since 1939, it would take almost three
decades for Jocelyn Bell, a talented young graduate stu-
dent from Cambridge, to discover neutron stars [7]. Al-
though it is well known that Jocelyn Bell was snubbed
by the Nobel committee in 1974—the year that her doc-
toral advisor Anthony Hewish shared the Nobel prize
in Physics with Martin Ryle—she has always displayed
enormous grace and humility in the face of this contro-
versy. Since then, Bell has been recognized with an enor-
mous number of honors and awards, including the most
recent 2018 Breakthrough Prize in Fundamental Physics.
Renowned for her generosity and support for underrep-
resented minorities in science, Professor Bell has decided
to donate the entirety of the 3 million dollar prize to
promote diversity in the field.
The role that nuclear physics plays in elucidating

the structure and composition of neutron stars is of
paramount importance. Unlike white-dwarf stars that
are entirely supported against gravitational collapse by
the pressure from its degenerate electrons, an important

Physics Today 72, 30 (2019) [two weeks ago]

2

correlation has been established between the thickness
of the neutron skin of 208Pb and the radius of a neu-
tron star [3]. To elucidate the underlying dynamics be-
hind such correlation we return to the liquid drop model
where the nuclear binding energy is encoded in a handful
of empirical parameters that represent volume, surface,
Coulomb, and symmetry contributions:

B(Z,A) = avA�asA
2/3�ac

Z2

A1/3
�aa

(N � Z)2

A
+. . . (1)

The volume term av scales with the total number of nu-
cleons A=Z+N , underscoring both the short-range na-
ture and saturation properties of the underlying nuclear
force. Nuclear saturation, the existence of an equilib-
rium or “saturation” density of about ⇢0 ⇡ 0.15 fm�3, is
a hallmark of the nuclear dynamics that is reflected in
the nearly constant central density observed in atomic
nuclei. The next three terms represent corrections to the
energy due to the development of a finite nuclear surface
(as), the Coulomb repulsion among protons (ac) and, for
asymmetric nuclei, quantum corrections due to the Pauli
exclusion principle . This last term—the symmetry en-
ergy (aa) and especially its density dependence—plays a
critical role in connecting the neutron skin thickness of
atomic nuclei to the radius of a neutron star.
Although the liquid drop model is successful in describ-

ing the smooth behavior of the nuclear binding energy, in
reality the atomic nucleus is not an incompressible liquid
drop. So although highly insightful, the semi-empirical
mass formula fails to capture the response of the liq-
uid drop to changes in the density. This information
is enshrined in the equation of state, which dictates how
the energy depends on the overall density and neutron-
proton asymmetry of the system. In the thermodynamic
limit and neglecting the long-range Coulomb interaction,
the energy per nucleon at the equilibrium density is given
entirely by the volume av and symmetry-energy aa terms.
The volume term av accounts for the dynamics of a sym-
metric system having equal number of protons and neu-
trons, while aa penalizes the system for breaking the sym-
metry. So what happens as the system departs from its
equilibrium position? Changes to the energy per nucleon
with density are imprinted in the pressure. However, the
contribution from the symmetric term to the pressure
vanishes at the equilibrium density. Thus, the entire con-
tribution to the pressure at saturation density is due to
the symmetry pressure, a quantity that is often denoted
in the literature by L and that it is closely related to
the pressure at saturation of a system made entirely of
neutrons; that is, P0⇡L⇢0/3. As we now elaborate, it is
this fundamental quantity that controls both the thick-
ness of the neutron skin of atomic nuclei and the radius
of a neutron star [4].

Connecting the very large to the very small
This brings us back to our original question of where do
the 44 excess neutrons in 208Pb go? Although the liq-
uid drop model favors the formation of a spherical drop

of uniform density, it is unclear what fraction of the ex-
cess neutrons should reside in the surface or in the core.
Placing them in the core is favored by surface tension
which tends to minimize the surface area, but disfavored
by the symmetry energy which is larger at the core than
at the surface. Conversely, moving them to the surface
increases the surface tension but reduces the symmetry
energy. Thus, the thickness of the neutron skin emerges
from a tug of war between the surface tension and the
di↵erence between the symmetry energy at saturation
density and at the lower surface density. This di↵erence
is nothing more than the symmetry pressure L. In par-
ticular, if the pressure is large, then it is energetically fa-
vorable to move the excess neutrons to the surface where
the symmetry energy is low, resulting in a thick neutron
skin [4].
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FIG. 2: Where do the excess neutrons go? Neutron
and proton densities in 208Pb as predicted by a variety of
models with di↵ering values for the neutron skin thickness
(see legend). The inset displays the running sum and indicates
how models with larger values of the symmetry pressure L (see
legend) are more e↵ective in pushing the 44 excess neutrons
to the surface.

These facts are nicely illustrated in Fig. 2, which dis-
plays neutron and proton densities for 208Pb as predicted
by a variety of models that successfully reproduce prop-
erties of finite nuclei and neutron stars. Given that the
proton (or rather the “charge”) distribution of 208Pb has
been measured with remarkable precision, no significant
spread is observed in the model predictions. Instead,
challenging parity-violating experiments are required for
a clean measurement of neutron densities. And whereas
PREX has provided an important first step, the preci-
sion attained was insu�cient to distinguish between the

Neutron rich matter in heaven and on Earth
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Despite a length-scale di↵erence of 18 orders of magnitude, the internal structure of neutron stars
and the spatial distribution of neutrons in atomic nuclei are profoundly connected.

Where do the neutrons go? The elusive answer to such
a seemingly simple question holds the key to fundamental
new insights into the structure of both atomic nuclei and
neutron stars. To place this question in the proper con-
text we consider the nucleus of 208Pb, the most abundant
isotope of lead containing 82 protons and 126 neutrons.
As the heaviest known doubly-magic nucleus, 208Pb holds
a special place in the nuclear physics community. Just
as noble gases with filled electronic shells exhibit low lev-
els of chemical reactivity, doubly-magic nuclei with filled
proton and neutron shells display great stability. Being
heavy, the Coulomb repulsion in 208Pb is important, ul-
timately leading to a large neutron excess. The Lead
(Pb) Radius EXperiment (PREX) at the Thomas Je↵er-
son National Accelerator Facility (JLab) was conceived
with the sole purpose of measuring the location of the 44
excess neutrons [1]. In turn, a detailed knowledge of the
neutron distribution in 208Pb illuminates the structure of
a neutron star.

To understand how such challenging feat could be
achieved, we invoke the liquid drop model of Gamow,
Weizsäcker, Bethe, and Bacher developed shortly after
the discovery of the neutron by Chadwick in 1932. In
the liquid drop model the atomic nucleus is regarded as
an incompressible drop consisting of two quantum flu-
ids, one electrically charged consisting of Z protons and
one electrically neutral containing N neutrons. The ra-
dius of the charged drop, indeed the entire proton dis-
tribution, has been accurately mapped since the advent
of powerful electron accelerators in the 1950’s. In con-
trast, our knowledge of the neutron distribution comes
entirely from experiments involving strongly interacting
probes, such as pions and protons. Unlike electromag-
netic reactions involving weakly coupled photons, ex-
periments with strongly interacting probes are di�cult
to decode due to a myriad of theoretical uncertainties.
The PREX collaboration took advantage of the flagship
parity-violating program at JLab to infer the radius of
the neutron distribution in 208Pb.

In a parity violating experiment one measures the dif-
ference in the cross section between right handed and left
handed longitudinally polarized electrons. In a world in
which parity would be exactly conserved, this parity vi-

⇤Electronic address: jpiekarewicz@fsu.edu
†Electronic address: ↵attoyev01@manhattan.edu

olating asymmetry would vanish. However, the weak in-
teraction violates parity, so an asymmetry emerges from
a quantum mechanical interference of two Feynman di-
agrams: a large one involving the exchange of a photon
and a much smaller one involving the exchange of a neu-
tral weak vector boson Z0; these two Feynman diagrams
are depicted in Fig.1. Whereas photons couple to the
electric charge and are therefore insensitive to the neu-
tron distribution, the Z0 boson plays the complimentary
role. That is, the weak charge of the neutron is large as
compared to that of the proton, which is suppressed by
the weak mixing angle: Qp

wk = 1�4 sin2 ✓W ⇡ 0.072 [2].
The weak (or Weinberg) mixing angle ✓W is a fundamen-
tal parameters of the standard model that emerges from
the unification of the electromagnetic and weak interac-
tions.

A + AAZ0

FIG. 1: Probing the neutron distribution. The quan-
tum mechanical interference of the two Feynman diagrams
generates a di↵erence in the cross section between right and
left-handed polarized electrons. The induced parity-violating
asymmetry provides a powerful model independent tool to
probe the neutron distribution of neutron-rich nuclei.

These facts make parity violating electron scatter-
ing an ideal tool to determine the neutron distribution.
PREX has provided the first model independent evidence
that the root mean square radius of the neutron distribu-
tion in 208Pb is larger than the corresponding radius of
the proton distribution [1]. The di↵erence between these
two radii is known as the “neutron skin thickness”, a
dilute region of the nucleus populated primarily by neu-
trons.

Neutron skins
The development of a neutron rich skin in 208Pb has
important consequences in constraining e↵ective nuclear
models that aim to describe within a single unified frame-
work the dynamics of both atomic nuclei and neutron
stars. The connection between the very small and the
very large is particularly compelling given that a strong
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Nuclei ... neutron stars
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FIG. 3: Connecting the very small to the very big. Despite a di↵erence in size of 18 orders of magnitude, the symmetry
pressure L controls both the neutron skin thickness of 208Pb as well as the radius of a neutron star. On the left hand panel
a large set of highly successful models are used to illustrate the correlation between L and R208

skin; figure adapted from Ref. [5].
The right hand panel displays the correlation between L and neutron star radii for one of these models: “FSUGold” [6].

various competing models. This results in a large model
spread for the neutron densities and consequently also for
the neutron skin thickness, whose values are indicated in
the legend and schematically depicted by the region be-
tween the two arrows. The inset in Fig. 2 isolates the
spatial distribution of the 44 excess neutrons in the form
of a running (or partial) sum. This running sum, which
naturally terminates at 44, represents the total number
of excess neutrons accumulated up to a distance r. That
models with a large symmetry pressure L (see legend)
push the excess neutrons farther out to the surface is
clearly evident from the figure.

To validate the strong correlation between the neutron
skin thickness of 208Pb (R208

skin) and the symmetry pres-
sure L, we show in Fig. 3 predictions from a large number
of theoretical models, all similar in spirit to the ones dis-
played in Fig. 2 [5]. With a Pearson-r correlation coe�-
cient of nearly one, the alluded correlation is very strong
indeed. This indicates how a fundamental parameter of
the equation of state of neutron-star matter can be mea-
sured in a terrestrial laboratory. The error bars in the
figure indicate the precision anticipated for the upcoming
PREX-II (at JLab) and MREX (at Mainz) campaigns.

Remarkably, it is the same symmetry pressure that
determines the radius of a neutron star; see right-hand
panel in Fig. 3. In this case, however, the symmetry
pressure pushes against the immense gravitational at-
traction encountered in the stellar interior. Yet regard-
less of whether pushing against surface tension or against
gravity, both R208

skin and the radius of a neutron star are
sensitive to the symmetry pressure in the vicinity of sat-
uration density. Thus, despite a di↵erence in size of 18
orders in magnitude, a powerful “data-to-data” relation
emerges: The thicker the neutron skin thickness of 208Pb,

the larger the radius of a neutron star. This correlation
is particularly strong for low mass neutron stars where
the interior density is only slightly larger than satura-
tion density. Indeed, as shown in the right-hand panel in
Fig. 3, the correlation coe�cient weakens slightly (from
r=0.99 to r=0.95) in going from a 0.8 to a 1.4 solar mass
neutron star.

Neutron stars
Neutron stars are fascinating dynamical systems where
a convergence of disciplines is required for their under-
standing. Although the most common perception of a
neutron star is that of a uniform assembly of neutrons
packed to enormous densities, the reality is far di↵erent
and much more interesting. While firmly established on
theoretical grounds since 1939, it would take almost three
decades for Jocelyn Bell, a talented young graduate stu-
dent from Cambridge, to discover neutron stars [7]. Al-
though it is well known that Jocelyn Bell was snubbed
by the Nobel committee in 1974—the year that her doc-
toral advisor Anthony Hewish shared the Nobel prize
in Physics with Martin Ryle—she has always displayed
enormous grace and humility in the face of this contro-
versy. Since then, Bell has been recognized with an enor-
mous number of honors and awards, including the most
recent 2018 Breakthrough Prize in Fundamental Physics.
Renowned for her generosity and support for underrep-
resented minorities in science, Professor Bell has decided
to donate the entirety of the 3 million dollar prize to
promote diversity in the field.
The role that nuclear physics plays in elucidating

the structure and composition of neutron stars is of
paramount importance. Unlike white-dwarf stars that
are entirely supported against gravitational collapse by
the pressure from its degenerate electrons, an important

Physics Today 72, 30 (2019) [two weeks ago]

2

correlation has been established between the thickness
of the neutron skin of 208Pb and the radius of a neu-
tron star [3]. To elucidate the underlying dynamics be-
hind such correlation we return to the liquid drop model
where the nuclear binding energy is encoded in a handful
of empirical parameters that represent volume, surface,
Coulomb, and symmetry contributions:

B(Z,A) = avA�asA
2/3�ac

Z2

A1/3
�aa

(N � Z)2

A
+. . . (1)

The volume term av scales with the total number of nu-
cleons A=Z+N , underscoring both the short-range na-
ture and saturation properties of the underlying nuclear
force. Nuclear saturation, the existence of an equilib-
rium or “saturation” density of about ⇢0 ⇡ 0.15 fm�3, is
a hallmark of the nuclear dynamics that is reflected in
the nearly constant central density observed in atomic
nuclei. The next three terms represent corrections to the
energy due to the development of a finite nuclear surface
(as), the Coulomb repulsion among protons (ac) and, for
asymmetric nuclei, quantum corrections due to the Pauli
exclusion principle . This last term—the symmetry en-
ergy (aa) and especially its density dependence—plays a
critical role in connecting the neutron skin thickness of
atomic nuclei to the radius of a neutron star.
Although the liquid drop model is successful in describ-

ing the smooth behavior of the nuclear binding energy, in
reality the atomic nucleus is not an incompressible liquid
drop. So although highly insightful, the semi-empirical
mass formula fails to capture the response of the liq-
uid drop to changes in the density. This information
is enshrined in the equation of state, which dictates how
the energy depends on the overall density and neutron-
proton asymmetry of the system. In the thermodynamic
limit and neglecting the long-range Coulomb interaction,
the energy per nucleon at the equilibrium density is given
entirely by the volume av and symmetry-energy aa terms.
The volume term av accounts for the dynamics of a sym-
metric system having equal number of protons and neu-
trons, while aa penalizes the system for breaking the sym-
metry. So what happens as the system departs from its
equilibrium position? Changes to the energy per nucleon
with density are imprinted in the pressure. However, the
contribution from the symmetric term to the pressure
vanishes at the equilibrium density. Thus, the entire con-
tribution to the pressure at saturation density is due to
the symmetry pressure, a quantity that is often denoted
in the literature by L and that it is closely related to
the pressure at saturation of a system made entirely of
neutrons; that is, P0⇡L⇢0/3. As we now elaborate, it is
this fundamental quantity that controls both the thick-
ness of the neutron skin of atomic nuclei and the radius
of a neutron star [4].

Connecting the very large to the very small
This brings us back to our original question of where do
the 44 excess neutrons in 208Pb go? Although the liq-
uid drop model favors the formation of a spherical drop

of uniform density, it is unclear what fraction of the ex-
cess neutrons should reside in the surface or in the core.
Placing them in the core is favored by surface tension
which tends to minimize the surface area, but disfavored
by the symmetry energy which is larger at the core than
at the surface. Conversely, moving them to the surface
increases the surface tension but reduces the symmetry
energy. Thus, the thickness of the neutron skin emerges
from a tug of war between the surface tension and the
di↵erence between the symmetry energy at saturation
density and at the lower surface density. This di↵erence
is nothing more than the symmetry pressure L. In par-
ticular, if the pressure is large, then it is energetically fa-
vorable to move the excess neutrons to the surface where
the symmetry energy is low, resulting in a thick neutron
skin [4].
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FIG. 2: Where do the excess neutrons go? Neutron
and proton densities in 208Pb as predicted by a variety of
models with di↵ering values for the neutron skin thickness
(see legend). The inset displays the running sum and indicates
how models with larger values of the symmetry pressure L (see
legend) are more e↵ective in pushing the 44 excess neutrons
to the surface.

These facts are nicely illustrated in Fig. 2, which dis-
plays neutron and proton densities for 208Pb as predicted
by a variety of models that successfully reproduce prop-
erties of finite nuclei and neutron stars. Given that the
proton (or rather the “charge”) distribution of 208Pb has
been measured with remarkable precision, no significant
spread is observed in the model predictions. Instead,
challenging parity-violating experiments are required for
a clean measurement of neutron densities. And whereas
PREX has provided an important first step, the preci-
sion attained was insu�cient to distinguish between the

Neutron rich matter in heaven and on Earth
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Despite a length-scale di↵erence of 18 orders of magnitude, the internal structure of neutron stars
and the spatial distribution of neutrons in atomic nuclei are profoundly connected.

Where do the neutrons go? The elusive answer to such
a seemingly simple question holds the key to fundamental
new insights into the structure of both atomic nuclei and
neutron stars. To place this question in the proper con-
text we consider the nucleus of 208Pb, the most abundant
isotope of lead containing 82 protons and 126 neutrons.
As the heaviest known doubly-magic nucleus, 208Pb holds
a special place in the nuclear physics community. Just
as noble gases with filled electronic shells exhibit low lev-
els of chemical reactivity, doubly-magic nuclei with filled
proton and neutron shells display great stability. Being
heavy, the Coulomb repulsion in 208Pb is important, ul-
timately leading to a large neutron excess. The Lead
(Pb) Radius EXperiment (PREX) at the Thomas Je↵er-
son National Accelerator Facility (JLab) was conceived
with the sole purpose of measuring the location of the 44
excess neutrons [1]. In turn, a detailed knowledge of the
neutron distribution in 208Pb illuminates the structure of
a neutron star.

To understand how such challenging feat could be
achieved, we invoke the liquid drop model of Gamow,
Weizsäcker, Bethe, and Bacher developed shortly after
the discovery of the neutron by Chadwick in 1932. In
the liquid drop model the atomic nucleus is regarded as
an incompressible drop consisting of two quantum flu-
ids, one electrically charged consisting of Z protons and
one electrically neutral containing N neutrons. The ra-
dius of the charged drop, indeed the entire proton dis-
tribution, has been accurately mapped since the advent
of powerful electron accelerators in the 1950’s. In con-
trast, our knowledge of the neutron distribution comes
entirely from experiments involving strongly interacting
probes, such as pions and protons. Unlike electromag-
netic reactions involving weakly coupled photons, ex-
periments with strongly interacting probes are di�cult
to decode due to a myriad of theoretical uncertainties.
The PREX collaboration took advantage of the flagship
parity-violating program at JLab to infer the radius of
the neutron distribution in 208Pb.

In a parity violating experiment one measures the dif-
ference in the cross section between right handed and left
handed longitudinally polarized electrons. In a world in
which parity would be exactly conserved, this parity vi-

⇤Electronic address: jpiekarewicz@fsu.edu
†Electronic address: ↵attoyev01@manhattan.edu

olating asymmetry would vanish. However, the weak in-
teraction violates parity, so an asymmetry emerges from
a quantum mechanical interference of two Feynman di-
agrams: a large one involving the exchange of a photon
and a much smaller one involving the exchange of a neu-
tral weak vector boson Z0; these two Feynman diagrams
are depicted in Fig.1. Whereas photons couple to the
electric charge and are therefore insensitive to the neu-
tron distribution, the Z0 boson plays the complimentary
role. That is, the weak charge of the neutron is large as
compared to that of the proton, which is suppressed by
the weak mixing angle: Qp

wk = 1�4 sin2 ✓W ⇡ 0.072 [2].
The weak (or Weinberg) mixing angle ✓W is a fundamen-
tal parameters of the standard model that emerges from
the unification of the electromagnetic and weak interac-
tions.

A + AAZ0

FIG. 1: Probing the neutron distribution. The quan-
tum mechanical interference of the two Feynman diagrams
generates a di↵erence in the cross section between right and
left-handed polarized electrons. The induced parity-violating
asymmetry provides a powerful model independent tool to
probe the neutron distribution of neutron-rich nuclei.

These facts make parity violating electron scatter-
ing an ideal tool to determine the neutron distribution.
PREX has provided the first model independent evidence
that the root mean square radius of the neutron distribu-
tion in 208Pb is larger than the corresponding radius of
the proton distribution [1]. The di↵erence between these
two radii is known as the “neutron skin thickness”, a
dilute region of the nucleus populated primarily by neu-
trons.

Neutron skins
The development of a neutron rich skin in 208Pb has
important consequences in constraining e↵ective nuclear
models that aim to describe within a single unified frame-
work the dynamics of both atomic nuclei and neutron
stars. The connection between the very small and the
very large is particularly compelling given that a strong
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Shapes (and sizes)



ISOLDE and Hg beams

Nature Physics, October 10, 2018



Shapes

Multipole order: 2λ

20 = monopole - breathing mode
21 = dipole - centre of mass shift
22 = quadrupole - axial deformation
23 = octupole - asymmetric deformation
24 = hexadecapole - pinching



Shapes, spectroscopy

https://www.nndc.bnl.gov/nudat2/, quadrupole deformation (β2)

https://www.nndc.bnl.gov/nudat2/


Shapes, spectroscopy

https://www.nndc.bnl.gov/nudat2/, energy of the first excited 2+ state

https://www.nndc.bnl.gov/nudat2/


Strange shapes ... "pears"

Taken from L. P. Gaffney talk, EuNPC 2015

Reflection Asymmetry
Microscopically driven...

Intruder orbitals of opposite parity and 

∆J, ∆L = 3 close to the Fermi level
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It’s all gone ... pear shaped

 See write up in Nature 497, 190 (2013) [by C. J. (Kim) Lister …] ... and the BBC



Take a look at the Ba isotopes

Reflection Asymmetry
Microscopically driven...

Intruder orbitals of opposite parity and 
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Gamma ray tracking



• 144Ba lies in a region where suspected enhanced octupole 
correlations occur

– where long-range interactions between Δj = Δl = 3 
configurations, namely the πh11/2⊗πd5/2 and νi13/2⊗νf7/2, 
occur

• Coulomb excitation is a reliable probe to extract B(E3) values
– B(E3) = 48(+25–34) W.u., consistent with octupole collectivity

B. Bucher, S. Zhu et al., Phys. Rev. Lett. 116, 112503 (2016)

consisting of a ∼1.7 Ci 252Cf fission source coupled to a He
gas catcher capable of thermalizing and extracting the
fission fragments with high efficiency before filtering them
through an isobar separator [7,8]. To maximize the extrac-
tion of 144Ba from the system, the 2þ charge state was
selected for subsequent production of the A ¼ 144 beam.
The latter was charge bred in an electron cyclotron reso-
nance (ECR) ion source to charge state q ¼ 28þ before
acceleration through ATLAS. Unfortunately, a number
of stable contaminants with approximately the same
A=q ¼ 5.14, originating from the ECR source, were present
with the radioactive A ¼ 144 beam. These were 180Hf35þ,
134Xe26þ, 113Cd22þ, and 108Cd21þ and, additionally, 36Ar7þ

which was intentionally injected into the source as a pilot
beam for tuning purposes prior to the experiment.
The 650-MeV 144Ba beam was passed through a 5-mm

diameter collimator which was positioned 10.2 cm
upstream from a 1.0-mg=cm2-thick 208Pb target (99.86%
isotopic purity). The front surface of the target was coated
with a 6 μg=cm2 Al layer and the back with 40 μg=cm2 C.
The radioactive beam current was monitored with a large
HPGe detector positioned just behind the beam dump. The
absolute beam intensity was estimated based on the yield
of the 397-keV γ ray emitted following 144La β decay
(t1=2 ¼ 40.8 s [9]) and determined to be 8 × 103 144Ba ions
per second.
The experimental setup included the γ-ray energy

tracking in-beam nuclear array (GRETINA) [6] for γ-ray
detection and CHICO2, a recently upgraded version of the
compact heavy ion counter (CHICO) [10], for charged-
particle detection. CHICO2 is characterized by a much-
improved ϕ (azimuthal) angular resolution over that of
CHICO. It is composed of 20 parallel-plate avalanche
counters (PPACs) arranged symmetrically around the beam
axis. Each PPAC consists of an aluminized polypropylene

anode and a pixelated cathode board with a position
resolution (FWHM) of 1.6° in θ (polar angle) and 2.5°
in ϕ. The fast anode signal (1.2 ns, FWHM) provides the
time difference between 2 PPAC events and is used to
distinguish between heavy and light reaction products, as
well as to discriminate between the various beam contam-
inants. In addition, CHICO2 data provide the trajectories
of the reaction products required for a precise event-by-
event Doppler correction of the γ-ray information. This
correction also relies on the performance of GRETINA, a
spectrometer composed of seven modules, each with four
segmented HPGe detectors, where the segmentation allows
for a position resolution of 4.5 mm (FWHM) [6] and
enables the tracking of multiple interactions by a single γ
ray through the detector.
A time-of-flight (TOF) particle spectrum from CHICO2

and the corresponding γ-ray spectrum are presented in Fig. 1.
The various beam contaminants can be identified, and the
temporal and spatial resolutions are adequate to effectively
separate them from the 144Ba beam, except for the A ¼ 144
isobars and 134Xe. The right side of Fig. 1 displays the
corresponding γ-ray spectrum from GRETINA, with the
coincidence requirement of a A ¼ 144 particle detected
between 40° and 75°. Clearly, the contaminants add signifi-
cant complexity to the spectrum, particularly 134Xe whose
2þ → 0þ, 847-keV transition results in a significant back-
ground contribution under all the 144Ba γ rays of interest.
Nevertheless, a number of 144Ba lines have been clearly
associated with transitions from states with spin as high as
10ℏ. The spectrum includes deexcitations from negative-
parity levels which are populated in Coulomb excitation
primarily through E3 excitations.
In extracting the yields of the various γ rays of interest,

care was taken to identify all of the nearby contaminants,
often through the use of additional gates in the TOF

FIG. 1. Left: The particle spectrum from CHICO2 measured in coincidence with a γ ray in GRETINA. The plot provides the difference
in TOF between the beam and target nuclei vs the scattering angle (θ). The various beam contaminants are labeled. Right: The γ-ray
spectrum measured in GRETINA gated on the A ¼ 144 group in the CHICO2 spectrum (left). A number of contaminant peaks are
visible in addition to the 144Ba γ rays. Note that the energy-tracking capabilities of GRETINA have been utilized to help reduce the
Compton background produced by the high-energy 134Xe transition. Two examples of fits used to extract the yields for E1 transitions
from negative-parity states in 144Ba are shown in the insets.

PRL 116, 112503 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

18 MARCH 2016

112503-2

W. Nazarewicz et al., NPA 429, 269 
(1984)

B. Bucher, S. Zhu et al., Phys. Rev. Lett. 116, 112503 (2016)

Coulomb excitation of 144Ba



• Enhanced octupole correlations  
firmly established in both 144Ba and 
146Ba

• Suggests a ‘region’ not just isolated 
cases (how far does it extend?)

• Behavior of the dipole strength 
shows interesting behavior

14
4

14
6

?
B. Bucher, S. Zhu et al., Phys. Rev. Lett. 116, 112503 (2016)

Coulomb excitation of 144Ba



Summary

• The many varied techniques associated with determining even 
simple properties of nuclei can give tremendous insights ... and we 
have not even delved (much) into the microscopic structure of 
these systems yet .... 

• ... next two lectures focus on single-particle structure as probed 
through direct reactions 


