
Adam Tuff, Nuclear Physics Group  
Department of Physics, the University of York 

York, United Kingdom 
 

IoP Stimulating Physics Programme 
Queens College Oxford, Thursday 23th August, 2012 



• Nuclear mass makes up 99.9% of all mass that we see! 
 
Still many unanswered questions even though the field of nuclear physics is fairly 
mature field: 
• How and why does the shape of the nucleus change as you change what it’s 
made of i.e. add or remove protons and neutrons?  
• Why do we see the relative abundances (quantities of one element to the 
others) of elements in our universe? What are the reasons for more of one 
element to another?  
• How are these elements created in stars?  
 
• Development of radioactive ion beams and detector systems for study of 
radioactive nuclei allows access to nuclei previously unavailable for study – spin-
offs often have other applications e.g. medical processes like proton therapy. 
 

• Nuclear power – efficiency / safety of power stations. Alternative mechanisms 
for producing energy. How do we get rid the waste that is produced? 





X-ray bursts and novae 

Halo nuclei and exotic 

neutron-rich structure, R-

process 

Rapid proton-process,  

supernovae 

reactions 

Shell closure research 

Clustering, shape coexistence research 

(All over the place!) 

Super-heavy 

element research, 

fuels for fission 



Discover Magazine’s “11 Greatest Unanswered Questions in Physics”  



A red giant – neutron star accreting binary pair: A site for X-ray bursters 



Animation taken from J. Blondin, http://wonka.physics.ncsu.edu/~blondin/AAS/)” 

Binary star systems – Red giant star and a white 
dwarf or neutron star remnant from a supernova . 
 
Matter dragged off the surface of the red giant 
before it falls onto the surface of the companion star. 
 
Eventually lead to thermonuclear detonations and 
ejection of mass and huge amounts of energy are 
released (XRBs second brightest detonation to 
Supernovae!) 
 
Novae seed the interstellar medium with heavy 

elements. 
 

Temperatures in XRBs can exceed 1,000,000,000
 

K! 
 
 

http://wonka.physics.ncsu.edu/~blondin/AAS/


The Hot Carbon-Nitrogen-Oxygen 
cycle –is a processes that drive stellar 
energy generation. 
 
Competition between different 
reactions in these systems – at what 
temperatures does one win out over 
the other? 
 
These reactions have a significant 
bearing on nuclear abundance / 
energy releases – why we see 
particular amounts of specific 
elements compared to others – 
comparison of XRB observed bursts. Breakout from the Hot CNO cycle  



Heavy star has uses up all nuclear 
fuel - forms a nickel-iron core 
which collapses upon reaching the 
Chandrasekhar limit.  
 
Quick heating ignites nuclear 
reactions only possible at these 
incredible temperatures and 
pressures - supernova.  

Incredibly high temperatures, 
pressures, neutron fluxes, power 
the r-process (rapid neutron 
capture process) – 1 of 2 
processes accounting for the 
astrophysical abundances of 
neutron-rich elements heavier 
than iron.  

Remnant of supernova 1987a, Taken from  
http://www.weizmann.ac.il/home/galyam/SNF20070406-008.html 







 TRIUMF ISAC (TRI-University Meson Facility Isotope Separator and Accelerator) 
experimental hall 





Research covers many different topics, and is generally carried out using gamma-
ray spectroscopy techniques, with a particular emphasis on nuclei which are 
deficient in neutrons and reside close to the line of N=Z (neutron number = proton 
number). 
 
 
 
 What are the limits of nuclear existence? I.e. how big can nuclei get? How many 
protons / neutrons are allowed in the nucleus before it becomes unstable? 
  
Collective motion - how do the nucleons in the nucleus act? Do they have a 
collective motion or do one or two nucleons decide nuclear properties? What 
shape is the nucleus?  
 
Are there new forms of nuclear matter in very loosely bound nuclear systems? 
What happens in isotopes which are very proton or neutron rich? 
 



Traditional picture of the nucleus as a 
“homogenous (even) distribution of nuclei – 
many cases however are better described by 
a cluster model. 
The “Hoyle state” in 12C is essential for the 
nucleosynthesis of carbon via the triple-α 
process.   

Martin Freer (2010), 

Scholarpedia, 

5(6):9652. 

Clustering manifests in different ways – often 
as α-particle clustering.  
Many nuclei can be described as clusters of 
nuclei by examining nuclear excitations. 
Measurement of the moment of inertia of 
resonant states observed gives indication to 
the rotation of nuclei and thus their shape.  
 
 



Ikeda - Nuclei take on 
different cluster shapes at 
different excitation energies. 
 
Excited states in 8Be can be 
found with a moment of 
inertia corresponding to this 
shape. 
 
Only few of these 
predictions observed – 
rotations much more 
complex for uneven shapes 
(e.g. 20Ne as a 16O + α 
structure). 
 
 

Martin Freer (2010), 

Scholarpedia, 

5(6):9652. 

(Ikeda et al., 1968). 

http://www.scholarpedia.org/article/Clusters_in_nuclei


The nucleus minimizes its energy by 
changing to deformed nuclear shapes. In 
some cases, more than one shape can 
exist close together. 
 
Phenomenon well known in neutron-
deficient isotopes of lead, mercury and 
platinum. 
  
Shape coexistence manifests in terms of 
intruder states – changes in particle-hole 
excitations across  shell gaps.  

Nuclear shape changes, taken from http://wwwnsg.nuclear.lu.se/basics/background.asp 



Nuclear Physics Research at the University of York 
 

Known structure of light radon isotopes 



Halo nuclei exist as a core 
surrounded by a “neutron 
cloud” - breaks the classical 
picture of a bound collection of 
nucleons. 
 
Gives rise to a large nuclear 
radius – similar dimension to a 
lead nucleus nearly 20 times 
heavier - breaks the  
relationship of 1.2 x A1/3. 
 
Although a neutral halo, 
evidence that the halo deforms 
the shape of the core. 

http://www.rogerarm.freeuk.com/Pages/HaloNuclei.htm 

http://www.triumf.ca/laser-spectroscopy/%CE%B2-nqr-lithium-isotopes 



SAMURAI – 
Superconducting Analyser 
for Multi-particles from 
Radioactive Isotope 
beams.  
 
Neutrons pass through 
gap. 
 
Charged particles and un-
reacted beam “bent” by 
magnet (B = 3-4 Tesla).   
 
Charged particles IDed up 
and downstream of 
SAMURAI. 

NEBULA – NEutron detection system for Breakup and Unstable nuclei with Large 
Acceptance (plastic scintillator array). 





Colorado River Commission of Nevada Report 

“World Fossil Fuel Reserves and Projected Depletion” 

March 2002 



http://www.ecotricity.co.uk/our-green-energy/energy-

independence/the-end-of-fossil-fuels 



- Thorium – occurs naturally as 
232Th – un-fissile (Monazite 
minerals, contains 6-7% 
thorium - Rich deposits in 
India).  
- Neutron capture produces 
233Th which is fissile. 
- Around four times more 
abundant than Uranium (in 
soils and sands). 
- Higher ‘neutron yield’ 
(neutrons emitted in fission) 
than 238U cycles. 

- Much more efficient (unspent fuel can be recycled). 
- Desirable to chemical properties (higher melting point, higher heat capacity). 
- Significant reduction in production of transuranic elements (anti-proliferation of 
materials for nuclear weapons). 





Thorium ‘blanket’ 



Prototype reactors for dealing 
with high-level nuclear wastes 
through neutron-induced 
reactions. 
 

Long-lived waste radio 
isotopes transmuted 
(converted) into short-lived 
nuclei by high-intensity 
accelerators supplying 
neutrons.  
 
 Possibility for power 
generation (turn off beam, 
turn off reactor!) 
 http://myrrha.sckcen.be/en/MYRRHA/ADS 



http://www.lnl.infn.it/~ntof/ 

Neutrons are uncharged – 
can’t use charged particle 
detectors to stop neutrons.  
 
Measure their time of 
flight to calculate energies. 
 

nToF facility at CERN: designed to study neutron-nucleus reactions – produce large 
amounts (high fluxes) of neutrons. 



Want to measure resonant properties of 
nuclei – the reaction rate as you change 
neutron energies; energy production. 
 

Many nuclei wanted for study extremely 
radioactive – difficult to handle. 
 
Second facility at nToF under construction 
– greater neutron fluxes means you don’t 
need as much of the nuclei you want to 
study – allows safe study of very 
radioactive nuclei. 
 
Detail on nuclei not studied – more 
accurate results for current gen. nuclear 
data. 

https://ntof-exp.web.cern.ch/ntof-exp/index.php?page=basicNuc 



The University of York Nuclear Physics Group: http://npg.york.ac.uk 
(my email: agt112@york.ac.uk) 
 
TRIUMF ISAC Facilities Home Page: http://www.triumf.ca/research/research-facilities 
 
Energy from Thorium: http://energyfromthorium.com/about/ 
(Student-friendly video!): http://www.youtube.com/watch?v=N2vzotsvvkw 
 
Nuclear Energy Agency on ADS and Fast Reactors: 
https://www.oecd-nea.org/ndd/reports/2002/nea3109.html 
 
nToF @ CERN: http://public.web.cern.ch/public/en/research/NTOF-en.html 
 
JINA Astrophysics Resources: http://www.jinaweb.org/html/gallery_outrch.html 
 
Research @ RIKEN: http://www.rikenresearch.riken.jp/eng/hom/6363 

http://npg.york.ac.uk/
http://energyfromthorium.com/about/
http://www.youtube.com/watch?v=N2vzotsvvkw

