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The	
  Dawn	
  of	
  the	
  XX	
  Century	
  	
  

The	
  twen%eth	
  Century	
  will	
  usher	
  in	
  the	
  physics	
  of	
  the	
  sixth	
  decimal	
  
place,	
  proclaimed	
  the	
  op%mists	
  at	
  the	
  turn	
  of	
  the	
  century,	
  elated	
  at	
  
all	
   the	
   physics	
   accomplishments.	
   By	
   this	
   they	
   mean	
   that	
   the	
  
remaining	
   task	
   was	
   simply	
   to	
   refine	
   –	
   based	
   on	
   the	
   exis%ng	
  
founda%ons-­‐	
  the	
  measurements	
  and	
  calcula%ons	
  further	
  in	
  order	
  to	
  
arrive	
  at	
  ever	
  more	
  precise	
  results	
  …	
  

The	
  more	
   important	
   fundamental	
   laws	
  and	
  
facts	
   of	
   physical	
   science	
   have	
   all	
   been	
  
discovered,	
   and	
   these	
   are	
   now	
   so	
   firmly	
  
established	
  that	
  the	
  possibility	
  of	
  their	
  even	
  
being	
   supplanted	
   in	
   consequence	
   of	
   new	
  
discoveries	
  is	
  exceedingly	
  remote	
  	
  
…..Our	
   future	
   discoveries	
   must	
   be	
   looked	
  
for	
  in	
  the	
  6th	
  place	
  of	
  decimals	
  
	
  
-­‐A.	
   A.	
   Michelson,	
   Light	
   Waves	
   and	
   Their	
  
Uses,	
  1903	
  [Holton	
  1988,	
  p.	
  88]	
  



Galileo´s	
  experiment	
  

What	
  is	
  radioac%vity	
  ?	
  …	
  
What	
  is	
  radioac%vity?	
  .	
  It	
  is	
  the	
  process	
  by	
  which	
  a	
  nucleus	
  of	
  an	
  
unstable	
   element	
   (or	
   atom)	
   loses	
   energy	
   by	
   emi%ng	
   radia%on,	
  
including	
  alpha,	
  beta,	
  gamma	
  and	
  conversion	
  electrons.	
  	
  
	
  
The	
  radia%on	
  can	
  ionize	
  gases,	
  produce	
  flourescence,	
  etc	
  
	
  
	
  

Henri	
  Becquerel,	
  1896	
  	
  



Radioac%vity	
  types	
  

Alfa (α ) 2
4 He

Beta ( _β, +β ) electrons, positrons
Gamma (γ ) electromagnetic radiation 
more exotic ones: p, fission, heavy ions

Rutherford	
  and	
  Soddy	
  
Transmuta%on	
  
Nobel	
  in	
  1908	
  



This	
  year	
  we	
  celebrate	
  the	
  100th	
  birthday	
  of	
  
nuclear	
  physics.	
  You	
  might	
  think	
  that	
  nuclear	
  
physics	
  is	
  already	
  an	
  old	
  science	
  and	
  all	
  
ques%ons	
  have	
  been	
  answered	
  but	
  …	
  

A	
  liele	
  history	
  …	
  

E.	
  Rutherford	
  

Just	
  recently	
  nuclear	
  physics	
  celebrated	
  its	
  
100th	
  birthday.	
  You	
  might	
  think	
  that	
  nuclear	
  
physics	
  is	
  already	
  an	
  old	
  science	
  and	
  all	
  
ques%ons	
  have	
  been	
  answered	
  but	
  …	
  

1911,	
  Rutherford,	
  Geiger,	
  Marsden	
  



The	
  nuclear	
  scale	
  …	
  

1	
  fm	
  (femtometer	
  o	
  Fermi)=	
  10E-­‐15	
  m	
  
1	
  pm	
  (picometer)	
  =10E-­‐12	
  m	
  
1	
  Å	
  =	
  10E-­‐10	
  m	
  	
  
	
  
	
  
197Au	
  example	
  
Radius	
  of	
  Au	
  nucleus	
  	
  aprox.	
  8.5	
  fm	
  	
  
8.5	
  x	
  10E-­‐15	
  m	
  
	
  
Radius	
  of	
  Au	
  atom	
  approx	
  174	
  pm	
  
174	
  x	
  10E-­‐12	
  m	
  
1.7	
  x	
  10E-­‐10	
  m	
  =	
  1.7	
  Å	
  
	
  	
  

	
  
1	
  Å	
  =	
  10E-­‐10	
  m	
  	
  

2
4He



The	
  ingredients,	
  two	
  baryons	
  …	
  

Neutron	
  (n)	
   Proton	
  (p)	
  

Sta%s%cs	
   Fermion	
   Fermion	
  

Interac%ons	
   Gravity,	
  strong,	
  weak,	
  
electromagne%c	
  

Gravity,	
  strong,	
  weak,	
  
electromagne%c	
  

Discovery	
   Chadwick,	
  1932	
  
Theorized	
  by	
  Rutherford	
  
(1930)	
  

Rutherford	
  (1917-­‐1919)	
  
Theorized	
  by	
  William	
  Prout	
  
(1817)	
  

T1/2	
   881.5	
  (15)	
  s	
  (~14.7	
  min)	
   >	
  2.1	
  x	
  1029	
  years	
  

Mass	
   939.5654133(58)	
  MeV/c2	
  
1.674927471(21)	
  x	
  10-­‐27	
  kg	
  

938.2720813	
  (58)	
  MeV/c2	
  
1.672621898(21)	
  )	
  x	
  10-­‐27	
  kg	
  

Spin,	
  isospin	
  
Charge	
  

1/2,	
  1/2	
  
0	
  

1/2,	
  1/2	
  
+1	
  e	
  

Baryon:	
  par%cle	
  composed	
  
by	
  three	
  quarks	
  
	
  
No	
  fundamental	
  par%cles	
  
(composite	
  ones)	
  



What	
  keeps	
  the	
  nucleus	
  together	
  ?	
  
Rela0ve	
  strenght	
   Range	
  

Gravity	
   1	
   Infinite	
  

Electromagne%c	
   1036	
   Infinite	
  

Strong	
   1038	
   10-­‐15	
  m	
  

Weak	
   1026	
   10-­‐18	
  m	
  



Lets	
  put	
  some	
  order	
  …	
  
A	
  chemical	
  element	
  or	
  element	
  is	
  a	
  species	
  of	
  atoms	
  having	
  the	
  same	
  number	
  of	
  protons	
  in	
  
their	
  atomic	
  nuclei	
  (118	
  in	
  total,	
  94	
  in	
  nature,	
  24	
  ar%ficial	
  created	
  in	
  nucl.	
  labs	
  and	
  reactors)	
  



Some	
  basic	
  concepts:	
  isotopes	
  

� 

1
1H0 

� 

1
2H1 

� 

Z
AHN  

� 

1
3H2 

Atomic	
  masses	
  not	
  
integers	
  
	
  
Frederick	
  Soddy,	
  1913	
  
Studies	
  between	
  Pb,	
  and	
  U	
  
40	
  nucl.	
  species	
  vs.	
  11	
  
elements	
  



The	
  simplest	
  nuclear	
  model:	
  the	
  liquid	
  drop	
  

E = mc2

Mc2 ≤ Zmpc
2 + Nmnc

2

B = (Zmpc
2 + Nmnc

2 )−Mc2

Gamow,	
  Bohr,	
  Wheeler:	
  the	
  nucleus	
  is	
  a	
  fluid	
  composed	
  of	
  	
  n-­‐s	
  and	
  p-­‐s	
  	
  
keep	
  together	
  by	
  the	
  strong	
  interac%on	
  



The	
  simplest	
  nuclear	
  model:	
  B/A	
  



The	
  simplest	
  nuclear	
  model	
  

B = avA − asA
2/3 − acZ(Z −1)A−1/3

−asym
(A − 2Z )2

A
+δ

δ =

+apA
−3/4

−apA
−3/4

0

for Z, N even
for Z and N odd

for A odd

⎧

⎨
⎪⎪

⎩
⎪
⎪

Carl	
  Friedrich	
  von	
  Weizsäcker	
  in	
  1935	
  

av ≈16MeV
as ≈ 20MeV
aC ≈ 0.75MeV
aSym ≈ 21MeV

R = RoA
1/3     Ro =1.2 fm Nuclear	
  Radius	
  



The	
  simplest	
  nuclear	
  model	
  

av ≈16MeV
as ≈ 20MeV
aC ≈ 0.75MeV
aSym ≈ 21MeV



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  The	
  nuclear	
  force:	
  the	
  real	
  nightmare	
  



	
  	
  	
  	
  The	
  nuclear	
  force:	
  the	
  real	
  nightmare	
  

Proper0es:	
  
•  Short	
  range	
  force	
  (strong	
  at	
  the	
  order	
  of	
  1	
  fm)	
  
•  Charge	
  independent	
  (np,	
  pp,	
  nn	
  is	
  the	
  same)	
  
•  Shows	
  a	
  satura%on	
  feature	
  (only	
  interact	
  with	
  its	
  neighbours)	
  
•  Do	
  not	
  obey	
  1/r2	
  law,	
  non	
  central,	
  non	
  conserva%ve	
  forces	
  

(orbital	
  momentum	
  is	
  not	
  conserved	
  because	
  of	
  the	
  tensor	
  
part	
  of	
  the	
  poten%al)	
  

	
  
	
  
The	
  force	
  depends	
  on	
  the	
  orienta%on	
  of	
  the	
  spins,	
  and	
  on	
  the	
  
veloci%es	
  of	
  the	
  nucleons.	
  etc.	
  	
  
It	
  is	
  possible	
  to	
  measure	
  pp,	
  np,	
  components	
  of	
  the	
  poten%al	
  
energy	
  
	
  



The	
  nuclear	
  force:	
  the	
  real	
  nightmare	
  

V (r) =VCl (r)+V T (r)ΩT

          +VSO (r)ΩSO +VSO2 (r)ΩSO2  

ΩT = 3
(σ1 ⋅r)(σ 2 ⋅r)

r2
−σ1 ⋅σ 2

!ΩSO = (σ1 +σ 2 ) ⋅L
!2ΩSO2 = (σ1 ⋅L)(σ 2 ⋅L)+ (σ 2 ⋅L)(σ1 ⋅L)



Shells	
  in	
  the	
  nucleus?	
  



Shells	
  in	
  the	
  nucleus?	
  

Goeppert-­‐Meyer	
  and	
  Jensen	
  
Nobel	
  prize	
  1963	
  
(shared	
  with	
  E.	
  Wigner)	
  	
  	
  



Shells	
  in	
  the	
  nucleus?	
  



Nucleus	
  as	
  a	
  rota%ng	
  or	
  vibra%ng	
  object?	
  	
  
The	
  collec%ve	
  	
  model	
  

114Cd	
  

Bohr,	
  Moeelson,	
  Rainwater	
  
Nobel	
  prize	
  1975	
  	
  

E = J(J +1)
2Θ

E = !ω (N + 5
2
)



Summary:	
  what	
  is	
  the	
  nucleus	
  then?	
  
Nuclei	
  show	
  also	
  excited	
  states	
  that	
  can	
  be	
  populated	
  in	
  beta,	
  alpha	
  decay	
  
and	
  in	
  nuclear	
  reac%ons.	
  These	
  states	
  have	
  to	
  be	
  interpreted	
  using	
  nuclear	
  
models.	
  This	
  is	
  one	
  of	
  the	
  major	
  challenges	
  in	
  nuclear	
  physics.	
  
	
  
We	
  will	
  see	
  that	
  to	
  understand	
  those	
  states	
  we	
  will	
  use	
  different	
  models,	
  
apparently	
  contradictory	
  among	
  themselves,	
  but	
  highly	
  successful	
  and	
  that	
  
show	
  the	
  complexity	
  of	
  the	
  nuclear	
  world.	
  	
  
	
  
The	
  nucleus	
  behaves	
  as:	
  
	
  
Collec%ve	
  system	
  like	
  the	
  liquid	
  drop:	
  it	
  rotates,	
  vibrates,	
  splits	
  (fission)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  COLLECTIVE	
  MODELL	
  
	
  
“Planetary	
  system”	
  like	
  the	
  atom:	
  it	
  shows	
  that	
  many	
  %mes	
  the	
  proper%es	
  of	
  
the	
  states	
  in	
  a	
  nucleus	
  are	
  determined	
  by	
  single	
  nucleons	
  in	
  discrete	
  states	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  SHELL	
  MODELL	
  
	
  
Cluster	
  system:	
  it	
  emits	
  cluster	
  (groups)	
  of	
  nucleons,	
  that	
  might	
  exist	
  in	
  the	
  
nucleus	
  

	
  CLUSTER	
  MODELL	
  
	
  
among	
  others	
  ….	
  
	
  



How	
  excited	
  states	
  can	
  be	
  studied	
  ?	
  

νe	
  



Nuclear	
  reac%ons	
  basics	
  

� 

4He+14N→17O+1H First	
  ar%ficial	
  nuclear	
  reac%on	
  	
  
(Rutherford,	
  1919)	
  

γ	
  

To	
  make	
  it	
  happen,	
  you	
  need	
  to	
  overcome	
  the	
  Coulomb	
  force	
  	
  

This	
  is	
  why	
  you	
  need	
  accelerators	
  to	
  study	
  nuclei,	
  and	
  why	
  they	
  
were	
  born	
  in	
  1932	
  ….	
  

V = kQq
r

V =
1.24*Zp *Zt

Ap + At

R = RoA
1/3

r	
  

Zp
Ap X Zt

AtY



Alchemy	
  

� 

196Pt+3He→197Au+1D
198Hg+1T→197Au+3He

Alchemy	
  is	
  a	
  philosophical	
  and	
  protoscien%fic	
  tradi%on	
  prac%ced	
  throughout	
  
Europe,	
  Egypt	
  and	
  Asia.	
  It	
  aimed	
  to	
  purify,	
  mature,	
  and	
  perfect	
  certain	
  objects.	
  
Common	
  aims	
  were	
  chrysopoeia,	
  the	
  transmuta%on	
  of	
  "base	
  metals"	
  (e.g.,	
  lead)	
  
into	
  "noble"	
  ones	
  (par%cularly	
  gold);	
  the	
  crea%on	
  of	
  an	
  elixir	
  of	
  immortality;	
  the	
  
crea%on	
  of	
  panaceas	
  able	
  to	
  cure	
  any	
  disease,	
  etc.	
  



What	
  we	
  detect	
  from	
  a	
  nuclear	
  reac%on	
  or	
  decay?	
  

Gamma	
  Emission	
  
Excited	
  nuclei	
  main	
  decay	
  modes	
  
	
  
•  p,	
  n,	
  alpha	
  emission	
  
•  gamma	
  emission	
  /electron	
  conversion	
  
•  beta	
  decay	
  
•  alpha	
  decay	
  
•  fission	
  
	
  
	
  From	
  the	
  gamma	
  decay	
  
(very	
  common)	
  
	
  
•  energies	
  of	
  states	
  
•  spin-­‐pari%es	
  of	
  state	
  
•  life-­‐%me	
  of	
  states	
  
•  etc.	
  



What	
  we	
  detect	
  from	
  a	
  nuclear	
  reac%on	
  or	
  decay?	
  
Excited	
  nuclei	
  main	
  decay	
  modes	
  
	
  
•  p,	
  n,	
  alpha	
  emission	
  
•  gamma	
  emission	
  /electron	
  

conversion	
  
•  beta	
  decay	
  
•  alpha	
  decay	
  
•  fission	
  
	
  
	
  



Why	
  Nuclear	
  Physics	
  is	
  s%ll	
  special?	
  

• 	
  Quantum	
  system	
  of	
  variable	
  number	
  of	
  par%cles	
  (1≤A≤300)	
  
• 	
  Playground	
  of	
  the	
  strong,	
  electromagne%c	
  and	
  weak	
  interac%on	
  
• 	
  The	
  states	
  of	
  these	
  quantum	
  systems	
  can	
  be	
  excited	
  more	
  or	
  less	
  
flexibly	
  (by	
  means	
  reac%ons	
  and	
  beta	
  decay,	
  constrained	
  by	
  nature	
  
laws)	
  
• 	
  Test	
  ground	
  of	
  many-­‐body	
  approaches	
  
• 	
  Explain	
  many	
  things	
  related	
  also	
  to	
  the	
  macroscopic	
  World	
  
(nuclear	
  astrophysics,	
  the	
  internal	
  heat	
  of	
  our	
  planet,	
  etc.)	
  	
  
• 	
  Mul%ple	
  applica%ons	
  in	
  our	
  lives	
  (nuclear	
  energy,	
  medical	
  
diagnos%cs,	
  cancer	
  therapy,	
  non-­‐prolifera%on	
  control,	
  monitor	
  
climate	
  change,	
  material	
  analysis,	
  etc.).	
  



Main	
  ques%ons	
  in	
  current	
  Nuclear	
  Structure	
  Research	
  
• 	
  What	
  is	
  the	
  nature	
  of	
  the	
  nuclear	
  
force	
  that	
  binds	
  nucleons	
  in	
  stable	
  
nuclei	
  and	
  rare	
  isotopes	
  ?	
  How	
  it	
  
evolves	
  going	
  to	
  exo%c	
  regimes	
  ?	
  
	
  
• What	
  are	
  the	
  limits	
  of	
  nuclear	
  
existence?	
  What	
  is	
  the	
  heaviest	
  
element	
  we	
  can	
  make	
  and	
  where	
  does	
  
the	
  neutron-­‐dripline	
  lie?	
  	
  
	
  
• 	
  What	
  is	
  the	
  origin	
  of	
  the	
  elements	
  of	
  
the	
  cosmos	
  ?	
  

• What	
  is	
  the	
  origin	
  of	
  simple	
  paeerns	
  
in	
  the	
  spectrum	
  of	
  complex	
  nuclei	
  ?	
  	
  

Taken	
  from	
  NUPECC	
  long	
  range	
  plans	
  



The	
  nuclear	
  landscape	
  

Stable	
  nuclei:	
  288	
  (254	
  stable	
  +	
  34	
  long-­‐live	
  radioac%ve,	
  
	
   	
   	
   	
   	
  called	
  primordial)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  most	
  of	
  them	
  even-­‐even	
  (154	
  of	
  254,	
  60	
  %)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  only	
  a	
  few	
  odd-­‐odd	
  (5	
  of	
  254,2	
  %)	
  



The	
  nuclear	
  landscape	
  

The	
  present	
  status	
  of	
  knowledge:	
  ~3000	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



The	
  nuclear	
  landscape	
  

Predicted	
  :	
  ˜	
  6000-­‐8000	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  



How we produce “exotic” nuclei for study ? 
ISOL Method In-fligth separation 

Also from 
fission  
(in nuclear 
reactors or 
using fission) 



Some	
  examples	
  of	
  recent	
  work	
  (GANIL)	
  

58Ni + natNi   at  74.5 MeV / A



Some	
  examples	
  of	
  recent	
  work	
  (GANIL)	
  



Some	
  examples	
  of	
  recent	
  work	
  



Some	
  examples	
  of	
  recent	
  work	
  (Jyväskylä)	
  



The ion guide technique (ISOL, Jyväskylä) 

Generic ion guide: the nuclear 
reaction products are stopped 
in a gas and are transported 
through a differential pumping 
system into the accelerator 
stage of the mass separator. 

 The process is fast enough for 
the ions to survive as single 
charged ions. The system is 
chemically insensitive and very 
fast (sub-ms).  



Since the gamma detection is the only 
reasonable way to solve the problem, we 
need a highly efficient device:   

A TOTAL ABSORTION SPECTROMETER 

But we need a change in philosophy. Instead 
of detecting the individual gamma rays we 
sum the energy deposited by the gamma 
cascades in the detector. 

A TAS is like a calorimeter! 

Big crystal, 4π 

TAGS measurements 

The 
decay 
seen 
by  
diff.  
detectors 

d = R(B) ⋅ f



Decay data needs for reactor applications 

Energy released in the fission of 235U 
Energy distribution MeV 

Kinetic energy light fission fragment 100.0 
Kinetic energy heavy fission fragment 66.2 
Prompt neutrons 4.8 
Prompt gamma rays 8.0 
Beta energy of fission fragments 7.0 
Gamma energy of fission fragments 7.2 

Subtotal 192.9 
Energy taken by the neutrinos 9.6 

Total 202.7 

James, J. Nucl. Energy 23 (1969) 517 

Each fission is approximately 
followed by 6 beta decays 
(sizable amount of energy 
released by the fission 
products)  





Nuclear reactors and neutrino phyisics I  
Neutrino postulated by Pauli, 1930 
Nuclear reactors are the strongest 
(peaceful) human source of 
antineutrinos . 
Reines, Cowan,1956 
 
  

� 

ν + p→e+ + n

� 

n+108Cd→109mCd→109Cd + γ

Neutrino flux at the Savannah River 
reactor: 5×1013 neutrino/s.cm2 

They detected 3 neutrinos/h 
Science 20, vol 124 no. 3212 pp. 103-104  



Why worth studying: neutrinos as messengers 
• We hear about many types of neutrinos: solar 
neutrinos, geo-neutrinos, atmospheric 
neutrinos, supernova neutrinos, Big Bang 
neutrinos, reactor neutrinos, etc., etc. 
•  They can provide information about the 
processes that happen inside those objects, 
because they can travel very long distances 
without interaction.  
• Quantum effects at macroscopic scales 

 

Osscilations !!! 
(solar neutrino deficit, atm. 
neutrino deficit, 238U,232Th, 40K 
content, etc.) 

 
 



Example	
  of	
  reactor	
  neutrino	
  oscilla%on	
  experiment:	
  	
  
Double	
  Chooz,	
  Θ13	
  	
  



Impact	
  of	
  our	
  data	
  (published	
  up	
  to	
  now)	
  

Ratio between 2 antineutrino spectra built 
with and without the 102,104,105,106,107Tc,
105Mo,101Nb TAS data	
  

M. Fallot et al., PRL 109.202504	
  

1.5%@2.5-3.5 MeV	
  

3.5%@2.5-3 MeV 	
  

8%@3-4 MeV 	
  

Dolores Jordan, PhD thesis	
  
Algora et al., PRL 105, 202501, 2010 



New questions: reactor anomaly ? 

From P. Vogel 



Another application: prediction of the neutrino 
spectrum from reactors for non-proliferation  

235U 239Pu 

Released E per fission 201.7 MeV 210.0 MeV 

Mean neutrino E 2.94 MeV 2.84 MeV 

Neutrinos/fission >1.8 MeV 1.92 1.45 

Aver.  Int. cross section 3.2x10-43cm2 2.8x10-43cm2 

� 

ν + p→e+ + n (threshold 1.8 MeV) 

• Relevance for non-proliferation studies 
(working group of the IAEA). Neutrino flux can 
not be shielded. Study to determine fuel 
composition and power monitoring. Non-
intrusive and remote method. 
  
• Recently performed experiment to study some 
Rb, Sr, Y, Nb, I and Cs (IGISOL, trap assisted 
TAS) (Fallot, Tain, Algora) 



Some	
  examples	
  of	
  recent	
  work	
  (ISOLDE,	
  CERN)	
  



Some	
  examples	
  of	
  recent	
  work	
  (ISOLDE,	
  CERN)	
  

1.4	
  GeV	
  



Some	
  examples	
  of	
  recent	
  work	
  (ISOLDE,	
  CERN)	
  

192Pb	
  (gs)	
  



Instrumentation developments  
The	
  advent	
  of	
  the	
  first	
  genera%on	
  of	
  RIBF	
  
facili%es	
  has	
  already	
  opened	
  up	
  a	
  new	
  era	
  
in	
  probing	
  nuclei	
  beyond	
  the	
  limits	
  of	
  
stability.	
  	
  	
  
	
  
But	
  there	
  is	
  s%ll	
  a	
  large	
  amount	
  of	
  work	
  to	
  
be	
  done.	
  Presently	
  we	
  only	
  know	
  
approximately	
  3000	
  nuclei	
  from	
  the	
  8000	
  
that	
  are	
  assumed	
  to	
  exist.	
  
	
  
Their	
  study	
  will	
  open	
  new	
  fron%ers	
  in	
  our	
  
knowledge.	
  
	
  



Development	
  of	
  instrumenta%on	
  

NaI(Tl)	
  

DTAS	
  detector	
  



Development	
  of	
  instrumenta%on	
  (BELEN)	
  

n γ 

ions 

n 

n 

nPolyethylene 

Proportional counter β 
decay 

n + 3He  → 3H + 1H + 765 keV 



Applica%ons	
  



The	
  abundance	
  of	
  the	
  elements	
  in	
  the	
  solar	
  system	
  

Light	
  nuclei:	
  4He,	
  2H,	
  from	
  
fussion	
  of	
  1H	
  in	
  the	
  early	
  
universe	
  
	
  
Nuclei	
  up	
  to	
  56Fe:	
  nuclear	
  
fussion	
  in	
  stars	
  
	
  
Heavier	
  nuclei:	
  explosive	
  
nuclear	
  enviroments	
  	
  
	
  
(figure	
  from	
  NASA)	
  



What	
  killed	
  the	
  dinosaurs	
  ?	
  



How	
  to	
  test	
  a	
  theory	
  ?	
  

Luis	
  W.	
  Alvarez	
  
Nobel	
  in	
  1968	
  
Liquid	
  H	
  bubble	
  chamber	
  



How	
  to	
  test	
  a	
  theory	
  

(37.3 % abund.) 191Ir+n→ 192Ir + γ → 192Pt
(62.7 % abund.) 193Ir+n→ 194Ir + γ → 194Pt

Ir	
  is	
  more	
  abundant	
  in	
  chondri%c	
  metheorites	
  than	
  in	
  the	
  earth	
  crust	
  

β

β



Forensic	
  science	
  example	
  
What	
  killed	
  the	
  emperor	
  ?	
  
Was	
  he	
  killed	
  by	
  poissoning	
  (arsenic)	
  or	
  just	
  cancer	
  ?	
  



Talking	
  moonshine	
  

September	
  12,	
  1932	
  	
  

Thesaurus	
  
Talking	
  moonshine:	
  foolish	
  or	
  visionary	
  talk	
  	
  



Talking	
  moonshine	
  

Times	
  edi%on,	
  September	
  12	
  1932	
  	
  
A�er	
  reading	
  the	
  ar%cle	
  in	
  a	
  depressing	
  morning	
  in	
  London,	
  Szilard	
  Leo,	
  an	
  inmigrant	
  
hungarian	
  physicist	
  thinks	
  that	
  Rutherford	
  is	
  wrong.	
  The	
  neutron	
  was	
  discovered	
  in	
  
1932,	
  and	
  he	
  thinks	
  that	
  the	
  only	
  thing	
  necessary	
  to	
  produce	
  energy	
  is	
  to	
  find	
  a	
  
reac%on	
  that	
  produces	
  more	
  par%cles	
  and	
  liberates	
  energy.	
  As	
  in	
  chemistry	
  was	
  
already	
  showed:	
  chain	
  reac%on	
  (see	
  Polanyi)	
  
	
  
Leo	
  was	
  a	
  key	
  member	
  of	
  the	
  Manhatan	
  project	
  and	
  a�er	
  the	
  comple%on	
  of	
  the	
  
atomic	
  bomb,	
  he	
  wrote	
  a	
  leeer	
  with	
  Einstein	
  to	
  not	
  use	
  it.	
  His	
  ideas	
  were	
  
fundamental	
  in	
  the	
  construc%on	
  of	
  the	
  first	
  nuclear	
  reactor	
  by	
  Fermi.	
  	
  



Thank	
  you	
  for	
  your	
  aeen%on	
  

NGC	
  6960:	
  The	
  Witch's	
  Broom	
  Nebula	
  	
  


