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Our main focus here is on how experimental advances drive Nuclear Physics 
 forward- on how they create a new paradigm.  

Today’s themes 

E.O.Lawrence, Ohio journal of Physics 35,Issue 5, 388(1935) 
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E.O.Lawrence, Ohio journal of Physics 35,Issue 5, 388(1935) 

We	  should	  not	  forget	  that	  these	  leaps	  forward	  are	  also	  o<en	  the	  basis	  for	  new	  applica?ons	  
and	  nuclear	  physics	  has	  been	  a	  par?cularly	  rewarding	  ac?vity	  in	  this	  regard.	  

                                Ferid Haddad 
                          Radioisotope Production 
              From nuclear physics to nuclear medicine 

4	  
2	  
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Today’s sub-themes 

 1. Descriptions of developments in nuclear Physics (and science generally) 
        in textbooks, literature and the web often provide a plausible story 
        rather than reality 
 
  2. No doubt you often rely on databases and papers for information. Be 
        sceptical - look at the sources of the information and decide if it is reliable 
        or not!! 

*	  “Surely	  you’re	  joking	  Mr	  Feynman”	  
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Main areas of activity 

Nuclear structure 
 
 
Nuclear Astrophysics 
 
 
Hadron Physics 
 
 
Phases of strongly interacting matter 
 
Applications:  
Medical, security, environmental..... 
 

Nuclear Physics Research – very diverse 
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The Wilson Cloud Chamber 

Remember	  E.O.Lawrence’s	  	  
	  
“How	  greatly	  was	  nuclear	  physics	  	  
	  enriched	  by	  the	  Cloud	  Chamber	  
	  of	  C.T.R.	  Wilson!”	  
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Beta	  Par?cles	  

Electrons	  produced	  by	  
Gamma	  rays	  
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Discovery of the positron 

•	  C.D.Anderson:-‐	  Science	  76	  (1932)	  238	  

•	  C.D.Anderson:-‐	  American	  Journal	  of	  Physics	  29	  (1961)	  825	  
	  	  	  	  	  	  	  	  “—played	  no	  part	  whatsoever	  in	  the	  discovery	  of	  the	  positron”	  
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The counter controlled Cloud Chamber 

•	  P.M.S.Blackec	  and	  G.Occhialini,	  Proc.Roy.Soc.A139	  (1933)	  699	  
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How can we study the properties of Atomic Nuclei? 

Radioactive Decay:- α, β ,γ , p, β-delayed p, 2p, 3p, n, 2n, d etc 

14N ( 4He,p) 17O 

Nuclear Reactions 
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A.W.Sunyar	  and	  P.Thieberger,	  Phys.Rev.151	  (1966)	  

3”	  x	  3”	  NaI(Tl)	  

3”	  x	  3”	  NaI(Tl)	  

300	  mCi	  210Po	  in	  Hf	  
	  	  	  teflon	  holder	  

•	  19F(	  5.3MeV	  α,n)22Na*	  reac?on	  

0	  

590	  keV	  [243(2)	  ns]	  
663	  keV	  0+	  

1+	  

3+	  

6kG	  

22Na	  
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To go further required higher energy particles 

E.O.Lawrence,	  Ohio	  journal	  of	  Physics	  35,Issue	  5,	  388(1935)	  

Lawrence	  classified	  the	  possible	  methods	  as	  follows:	  
	  
A.  The	  “High	  Voltage”	  method-‐the	  ions	  fall	  through	  a	  poten?al	  difference	  in	  a	  vacuum	  tube.	  

	  	  	  	  	  	  	  	  	  	  	  -‐the	  Cockcro<	  –Walton	  and	  van	  de	  Graaff	  accelerators	  
	  
B.  The	  “surf	  board”	  method	  –	  the	  ions	  travel	  along	  in	  the	  field	  of	  a	  travelling	  wave.	  

	  	  	  	  	  	  	  	  	  	  	  	  -‐	  the	  Linear	  accelerator	  
	  
C.  The	  “resonance”	  methods-‐	  or	  methods	  involving	  mul?ple	  accelera?on	  

	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  the	  Cyclotron	  and	  Synchrotron	  
	  

	  
	  

D.	  The	  laser	  Wakefield	  method	  –	  Tajima	  and	  Dawson	  PRL43	  (1979)267	  
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Disintegra?on	  of	  Lithium	  by	  swi<	  ions	  
J.D.Cockcro<	  and	  E.T.S.Walton	  
Nature	  129	  (1932)649	  

The Cockcroft-Walton Accelerator 

7Li + 1H       4He +4He +     MeV 
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Cockcroft-Walton Generator 
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Van de Graaff Accelerator 
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Linear Accelerator 

• Drift tubes-no acceleration since tubes act as Faraday cages 
 
• Frequency of driving signal and gap spacings designed to give 
   maximum acceleration as the particles cross the gap. 
 
• Lenses (magnetic or electrostatic) to manipulate beam. 
 
 
     Drift tubes in TEVATRON Linac 23	  
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Gamma-ray Spectroscopy  
        – A big step forward 

•Many	  of	  the	  Early	  studies	  in	  Nuclear	  	  
	  	  	  	  	  	  Physics	  used	  the	  Spinthariscope	  
	  
	  
	  

Curran	  and	  Baker,	  Rev.Sci.Inst	  19	  (1948)116	  
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The Lithium-drifted Ge detector –Ge(Li) 

• Li-drifted Si – E.M.Pell, J.Appl. Physics31 (1960)291 
 
• First  Ge(Li) -    D.V.Freck and J.Wakefield, Nature 193 (1960) 669 
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D.V.Freck and J.Wakefield, Nature 193 (1960) 669 

First gamma-ray spectrum with a Ge(Li) in print 

Spectrum taken with a single channel pulse height analyser and scaler 
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A.J.Tavendale and G.T.Ewan,  NIM 25 (1963) 185 

First Spectroscopy Quality Ge(Li) 

•Many	  acempts	  to	  produce	  bigger	  and	  
becer	  Ge(Li)	  detectors	  
	  
•1963	  Tavendale	  at	  Chalk	  River	  
	  	  	  produced	  	  detectors	  of	  sufficient	  quality	  
	  	  	  to	  allow	  real	  spectroscopy.	  
	  
•He	  and	  George	  Ewan	  started	  to	  look	  
	  	  	  	  at	  all	  the	  things	  one	  could	  do	  with	  
	  	  	  	  such	  detectors.	  
	  
•Here	  we	  see	  an	  example	  of	  the	  
	  	  	  spectrum	  from	  60Co	  taken	  with	  one	  of	  
	  	  	  their	  detectors	  compared	  to	  the	  
	  	  	  spectrum	  in	  a	  3”	  x	  3”	  NaI(Tl)	  	  

29	  Joliot-‐Curie	  -‐2/10/2015	  



Gamma-rays from fusion-evaporation reactions 
H.Morinaga and P.C.Gugelot, Nuc.Phys.46 (1963)210 

156Gd(4He,4n)156Dy 
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First Evidence of backbending 

A.Johnson, H.Ryde and J.Sztarkier, Phys. Letters 34B (1971) 605 
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The scattering problem… 

High background hence suppression shields 
 
High efficiency hence arrays of ESS 

High resolution gamma spectroscopy 
 

Germanium detectors are the best 



The first Gamma-ray arrays 

P.J.Twin et al., Nucl.Phys. A409 (1983) 343c 
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The first case of a high spin 
superdeformed band 
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The 12 valence particles move in 
equatorial orbits, driving the 
nucleus to an oblate shape! 

Simpson et al., Phys. Rev. Lett. (1984) – prolate-oblate shape change 
P.O.Tjom et al., PRL 55 (1985) 2405 –lifetime measurements           
T.Bengtsson and I. Ragnarsson, Physica Scripta T5 (1983) 165  
J. Dudek, W. Nazarewicz Phys. Rev C32 (1985) 298 
Ragnarsson, Xing, Bengtsson and Riley, Phys. Scripta 34 (1986) 651 35	  



Steps on the way to Modern γ-ray Spectroscopy with Ge Detectors. 

•	  1960:-‐	  First	  Ge(Li)	  detector	  -‐	  Freck	  and	  Wakefield	  
	  
•	  	  1963:-‐	  First	  Ge(Li)	  detectors	  of	  spectroscopic	  quality	  –	  Tavendale	  
	  
•	  late	  1970s:-‐	  HPGe	  detectors	  take	  over	  from	  Ge(Li)	  
	  
•	  1981:-‐first	  TESSA	  array	  with	  NaI(Tl)	  suppression	  shields	  
	  
•	  1985:-‐	  BGO	  suppression	  shields	  introduced	  
	  
•	  	  1994:-‐	  Cluster	  detector	  
	  
•	  1996:-‐	  Clover	  detector	  
	  
•	  2003:-‐	  MINIBALL	  with	  Digital	  processing	  of	  preamplifier	  signals	  
	  
•	  XXXX:-‐	  Gamma	  ray	  tracking	  –AGATA	  and	  GRETA	  
	  
See;-‐	  J.Eberth	  and	  J.Simpson,	  Prog.	  In	  Part.and	  Nucl.	  Physics	  60(2008)283	  
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Why	  do	  we	  need	  more	  efficiency?	  

•  Low	  intensity	  
•  High	  background	  
•  Large	  Doppler	  broadening	  
•  High	  coun?ng	  rates	  
•  High	  gamma-‐ray	  mul?plici?es	  

High	  efficiency	  
High	  sensi?vity	  
High	  throughput	  
Ancillary	  detectors	  

FAIR	  
SPIRAL2	  
SPES	  
HIE-‐ISOLDE	  
FRIB	  
RIBF,RIKEN	  	  
etc.	  

Harsh	  condi?ons	  
Need	  instrumenta?on	  with	  

Conven?onal	  arrays	  will	  not	  suffice!	  

Radioac?ve	  beams	  
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Tracking	  Arrays	  based	  on	  
Posi?on	  Sensi?ve	  Ge	  Detectors	  

Large	  Gamma	  Arrays	  based	  on	  
Compton	  Suppressed	  Spectrometers	  

ε ∼ 40 — 20 % 
        ( Mγ=1 —  Mγ=30) 

ε ∼ 10 — 5 % 
        ( Mγ=1 —  Mγ=30) 

GAMMASPHERE EUROBALL GRETINA/GRETA	  AGATA 

Idea of γ-ray tracking 

Huge increase in sensitivity 



The	  innova?ve	  use	  of	  detectors	  (pulse	  shape	  analysis,	  γ-‐
ray	  tracking,	  digital	  DAQ)	  will	  result	  in	  high	  efficiency	  
(~40%)	  and	  excellent	  energy	  resolu?on,	  making	  AGATA	  
the	  ideal	  instrument	  for	  spectroscopic	  studies	  of	  weak	  
channels.	  

AGATA	  

Conven?onal	  
array	  

Segmented	  
detectors	  

γ-‐ray	  tracking	  

Energy (keV) 

v/c	  =	  50%	  

The	  effec?ve	  energy	  resolu?on	  
is	  maintained	  also	  at	  “extreme”	  
v/c	  values	  

180	  large	  volume	  36-‐fold	  segmented	  Ge	  crystals	  	  
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AGATA	  and	  KE	  	  
Direct	  applica?on	  in	  medical	  and	  security	  areas	  as	  evidenced	  by	  funding	  from:	  
CLASP/PNPAS,	  EPSRC/TSB,	  MRC,	  NHS,	  NNL	  (NDA),	  AWE	  	  
	  
SMARTPET	  
•  Novel	  Small	  Animal	  PET	  system	  
	  
PORGAMRAYS	  /	  PGRIS	  
•  Hand-‐held	  radia?on	  iden?fica?on	  and	  loca?on	  device	  
	  

PROSPECTUS	  
•  Novel	  SPECT	  imaging	  system.	  

	  
	  
All	  projects	  are	  collabora.ons	  (University	  of	  Liverpool)	  some	  with	  industrial	  partners.	  	  
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Steps on the way to Modern Spectroscopy with Ge Detectors. 
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The beginnings of Science with radioactive beams. 

•	  O.Kofoed-‐Hansen	  and	  K.O.Nielsen,	  
	  	  	  	  	  Phys.Rev.82	  (1951)	  96	  
	  
	  -‐	  Fission	  of	  uranium	  by	  deuterons	  
	  
	  -‐	  Kr	  isotopes	  pumped	  into	  the	  ion	  source	  
	  
	  -‐	  Defini?on	  of	  On-‐line	  isotope	  separa?on	  
	  
	  	  	  	  Cyclotron	  and	  Separator	  run	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  simultaneously	  

Full	  Paper	  
O.Kofoed-‐Hansen	  and	  K.O.Nielsen,	  
Kongl.Danske.Selsk.Mat-‐fys.Medd	  
26	  (1951)	  7	  
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O.Kofoed-‐Hansen	   K.O.Nielsen	  
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Radioactive species are created in nuclear reactions 
in a target-ion source maintained at high T. 
They diffuse/effuse from the target into an ion source where are ionised 
and then extracted by an electric field of ~ 60 keV. 
Following mass separation they can be used at 60 keV or injected into a 
post-accelerator to take them to the Coulomb Barrier or beyond. 
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ISOLDE at CERN –the Archetypal ISOL Facility 

1964 – Start of ISOLDE at CERN. This is by far the most successful of all on-line  
Isotope separators.  
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Louvain-‐la-‐Neuve	  Louvain-la-neuve –the first ISOL-based RNB facility 
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TESSA	  

LEDA	  

at	   Louvain-‐la-‐Neuve	  

W.N. Catford et al., NIM A371 (1996) 449 
                                 Nucl Phys A616 (1997) 303 
                                 J Phys G24 (1998) 1377 

TaLL 

19Ne(40Ca,3pnγ)55Fe	  
First	  fusion-‐evapora?on	  study	  with	  RNB	   47	  



Projec?le	  Fragmenta?on	  Reac?ons	  

hotspot 

Excited  
pre-fragment 

Final 
fragment 

projectile 

target 
Early	  1970s:-‐	  BEVALAC	  created	  –	  aimed	  at	  EOS	  of	  nuclear	  macer	  
	  
T.M.Symons,	  Phys.Rev.lecs	  42	  (1979)40	  –	  realised	  a	  wide	  range	  of	  nuclear	  species	  produced	  	  
	  	  	  	  in	  fragmenta?on	  reac?ons.  
 
Energy (velocity) of beam > Fermi velocity inside nucleus ~30 MeV/u 
Can ‘shear off’ different combinations of protons and neutrons. 
Large variety of exotic nuclear species created, all at forward angles 
with ~beam velocity.  
Main	  Difficulty	  –	  beam	  is	  a	  cocktail	  of	  many	  species.	  Requires	  a	  sophis?cated	  spectrometer.	  
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Neutron haloes – I.Tanihata et al., Physics Letters B160 (1985) 380 

•	  BEVALAC	  	  
	  
•	  11B	  at	  800	  MeV/u	  	  	  	  	  	  	  	  He	  beams	  
	  
•	  ơI	  (p,t)	  =	  π[RI(p)	  +	  RI(t)]2	  

The	  interac?on	  radius	  for	  11Li	  turned	  
	  
out	  to	  be	  much	  larger	  than	  one	  would	  	  
	  
expect	  from	  the	  well	  known	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  R	  =R0.A1/3	  
	  

formula	  where	  R0	  =	  1.2F	  
	  

Interpreta?on:-‐P.G.Hansen	  and	  B.Jonson,	  
	  	  Europhysics	  Lecers	  4(1987)	  409	  
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Production techniques  

J. Benlliure  

Ø  Isotopic separation on-line (ISOL)     

ü  light projectile into a heavy target nucleus (target spallation) 
ü  charged and neutral projectiles (n,γ) 
ü  thick target (100% of range) and high beam current (1016 p/s) 
ü  high quality beams  
 
ü  long extraction and ionization time (ms) 
ü  chemistry dependent 
ü  target heat load   
ü  activation  

light projectile 

thick target 

diffusion 

ion source 

post-acceleration 

mass separator 
high-energy nucleus 
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Production techniques  

J. Benlliure  

Ø  Gamma/neutron converters     

low-energy nucleus 

e-, d 

thick target 

diffusion 

ion source 

post-acceleration 

mass separator 
high-energy nucleus 

converter 

γ, n 

• 	  This	  is	  the	  basis	  of	  SPIRAL	  II	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐	  one	  of	  the	  precursors	  of	  EURISOL,	  based	  on	  deuteron	  breakup	  

• The	  emphasis	  here	  is	  on	  the	  produc?on	  of	  neutron-‐rich	  species	  in	  the	  	  
	  	  	  fission	  of	  Uranium	  induced	  by	  photons	  or	  neutrons.	  
	  
• The	  advantage	  of	  this	  technique	  is	  that	  it	  separates	  power	  dissipa?on	  and	  	  
	  	  isotope	  produc?on.	  
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Production techniques  

J. Benlliure  

Ø  Gamma/neutron converters(A variant of ISOL scheme)     

Ø  Two-step reaction scheme(ISOL + Fragmentation)     

e-, d 

thick target 

diffusion 

ion source 

post-acceleration 

mass separator 
high-energy nucleus 

converter 

γ, n 

light projectile 

fission 

diffusion 

ion source 

post-acceleration 

mass separator fragmentation spectrometer 



Production techniques  

J. Benlliure  

Ø  In-flight fragmentation     

ü  heavy projectile into a light target nucleus (projectile fragmentation) 
ü  short separation+identification time (100 ns)  
ü  limited power deposition 
ü  Independent of Chemistry 
 
ü  thinner targets (10% of range) and lower beam currents (1012 ions/s) 
ü  beam is a cocktail of different nuclear species 

low-energy nucleus    high-energy nucleus    

heavy projectile 

thin target gas cell    spectrometer 
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Key features of New facilities 

•  low production cross-sections 
 
 
 
• very short half-lives of interest 
 
• Unwanted nuclear species usually 
   predominate 

• beam-target  combinations optimised 
   highest possible beam intensity 
   targets  must cope with power 
 
• Minimise losses due to delays 
 
• selection and/or identification 
   must  be effective. 
   Any manipulation must be 
   efficient 

Main prerequisites- high efficiency, selectivity, sensitivity, short delay times. 
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Basis of IGISOL System at Jyvaskyla 

•	  Many	  smaller	  scale	  niche	  facili?es	  
	  
•	  IGISOL	  at	  Jyvaskyla	  –excellent	  example	  
	  	  	  	  	  of	  a	  very	  produc?ve	  small	  facility	  
	  
•	  primary	  beam	  from	  K30	  or	  K130	  
	  	  	  	  	  cyclotrons	  
	  
•	  Thin	  target	  of	  238U	  or	  232Th	  
	  
•	  Primary	  ions	  survive	  in	  He	  buffer	  gas	  
	  
•	  They	  are	  extracted	  quickly	  (ms	  ?mescale)	  
	  
•	  Independent	  of	  Chemistry	  	  
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Overall View of the IGISOL Facility at Jyvaskyla 
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Penning Trap 

Penning trap = Strong homogeneous magnetic field + weak, electrostatic 
 quadrupole field. This gives radial and axial confinement  
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Double Penning Trap - JYFLTRAP 

Beam from 
 IGISOL 
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Schottky pick-ups

Mass	  measurement:	  	  SchoNky	  Mass	  Spectrometry	  
for	  ground	  states	  and	  isomeric	  states	  

0
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FFT
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Schocky	  Mass	  Spectrometry	  

950 MeV/u 209Bi + Be à Projectile Fragments 
New and Reference Masses in the same Spectrum 

High Resolution  
and Sensitivity 

accuracy: 30 keV 
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Main Current In-flight facilities  

  Facility                      Accelerators               Energy              Typical Beam      Spectrometer 
 
• GANIL               2 sep.sect.cyclotrons      ≤ 100 MeVu-1      36S 1013 pps                  LISE 
 
• GSI                     Linac + synchrotron      ≤ 2 GeVu-1          1010 pps per spill          FRS 
 
• NSCL                  2 sup.cond cyclotrons    ≤ 200 MeVu-1      40Ar  5x 1011 pps          A1900 
 
• RIKEN                 Ring cyclotron              ≤ 100 MeVu-1      40Ar  5x 1011 pps          RIPS 

All four have major upgrades planned or, in the case of RIKEN completed. 
 
 

RIBF, RIKEN is the only “next generation” facility in operation 
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Main Current Isol facilities  

Facility                  Driver              Accelerator           Beam Energy      Beams 
 
•REX-ISOLDE   PSBooster         REX LINAC       0.3-3.0AMeV       Large variety 
                              1.4 GeV p 
 
 
•SPIRAL              GANIL              CIME cyclotron  2.7-25AMeV        He,Ne,Ar,Kr,N,O,F 
                              cyclotrons 
 
 
•TRIUMF             Cyclotron         ISAC1+ISAC2     0.2-11AMeV         Variety 
                                500MeV p       RFQ + LINAC 

All three laboratories have major upgrades planned  
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FAIR under construction at GSI. 

67	  Joliot-‐Curie	  -‐2/10/2015	  



10MeV/u	  in	  2017	  

5.5	  MeV/u	  by	  end	  of	  2015	  

10MeV/u	  by	  2017	   68	  Joliot-‐Curie	  -‐2/10/2015	  



RFQ - 0.75A MeV

ECRIS-HI 1mA

“SILHI-deuteron” 5mA

CIME Cyclotron 
RNB (fission-fragments) 

E < 6-7 MeV/u

SC - LINAC
E = 14.5 AMeV  

HI A/Q=3
E = 40 MeV  - 2H

Int. = 5mA

Production Cave
C converter+UCx target

Low energy RNB
> 1013 fiss./s

• What is SPIRAL2 ?

Note:-‐	  LINAG	  will	  be	  a	  major	  new	  accelerator	  in	  its	  own	  right	  because	  of	  high	  intensity.	  
	  	  	  	  	  	  	  	  	  	  	  System	  will	  also	  produce	  intense	  fluxes	  of	  fast	  neutrons.	  [Parallel	  opera?on]	  

LINAG	  
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Myrrha and ISOL@MYRRHA 

MYRRHA is designed to demonstrate that ADS technology works. 
ISOL@MYRRHA uses 200µA of the beam 
It will be used for experiments that require very long beamtimes. 
Beams could be ~ 100 x Isolde intensities  70	  



              Radioisotope production 
 
From nuclear physics to nuclear medicine 
 
                    Ferid Haddad 
 
       ARRONAX, Nantes, France 
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Lasers 

Detectors	  	  

Spectrometers 
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Schematic View of RIBF, RIKEN 

Cyclotrons 

Production target Spectrometer 

EURICA 
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BIGRIPS: A tandem two stage separator  
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What have we learned? 

1.Nuclear physics is indeed driven by advances 
                                        in experimental methods and techniques 

2. Typically there is an initial advance followed 
                             by successive improvements and developments  

3. We see this very clearly in the case of γ – ray spectroscopy 
                                                                       see Dino Bazzacco 

4. Be sceptical! It is always best to go back to the primary sources 
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What have we learned? 

We are lucky!! These are exciting times for nuclear physics 

JLAB 

LUNA 

ALICE 

RIKEN 
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