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q  Global	
  warming?	
  Atmospheric	
  CO2	
  level	
  higher	
  than	
  ever	
  in	
  the	
  past	
  15	
  million	
  years,	
  
increasing	
  faster	
  than	
  ever	
  before	
  (IPCC	
  report,	
  March	
  2014	
  >	
  2˚C	
  more	
  likely	
  than	
  ≤	
  2˚C)	
  

Burning	
  fossil	
  fuel	
  Pll	
  the	
  end?	
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☛  Burning	
  coal	
  cost	
  Europe	
  alone	
  42.8	
  billion	
  Euros	
  in	
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  care	
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☛  The	
  ambient	
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  years,	
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  years,	
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  current	
  tendency	
  is	
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Energy	
  R&D	
  
q  InnovaQon	
  implies	
  investment	
  in	
  both	
  fundamental	
  research	
  and	
  applied	
  research	
  

☛ Without	
  fundamental	
  research	
  there	
  is	
  no	
  innovaPon	
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  increasing	
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q  Energy	
  R&D	
  has	
  to	
  be	
  systemaPc,	
  without	
  prejudice,	
  nuclear	
  fission	
  must	
  not	
  be	
  le[	
  out:	
  	
  
☛ No	
  CO2,	
  no	
  air	
  polluQon	
  (SOx,	
  NOx,	
  etc.)	
  
☛  PotenQal	
  to	
  produce	
  abundant	
  and	
  base	
  load	
  type	
  of	
  electric	
  energy	
  	
  
☛ Nuclear	
  fission	
  technology	
  exists	
  and	
  is	
  well	
  understood	
  
☛  Breeding	
  can	
  make	
  it	
  essenQally	
  “sustainable”	
  on	
  the	
  human	
  Qme	
  scale	
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  Mile	
  Island,	
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  Waste	
  management	
  (storage	
  over	
  ≤	
  one	
  million	
  years,	
  the	
  only	
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  developed	
  so	
  far)	
  
☛  	
  ProliferaQon	
  of	
  nuclear	
  weapons	
  (uranium	
  ≈	
  military)	
  
☛  	
  Sustainability	
  (<	
  100	
  yr	
  at	
  present	
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q  QuesPon:	
  Can	
  one	
  make	
  nuclear	
  energy	
  acceptable	
  to	
  Society?	
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Answer:	
  Yes	
  with	
  thorium!	
  
q  ThEC13	
  Conference	
  organized	
  by	
  the	
  internaPonal	
  Thorium	
  Energy	
  Commi_ee	
  (iThEC:	
  

hgp://www.ithec.org)	
  –	
  32	
  countries,	
  47	
  speakers,	
  including	
  presQgious	
  personaliQes	
  	
  

	
  
q  RepresentaQves	
  of	
  India	
  and	
  China	
  cited	
  energy	
  issues	
  as	
  their	
  prime	
  concern	
  and	
  

announced	
  strong	
  moQvaQons	
  to	
  do	
  R&D	
  on	
  thorium	
  hgp://indico.cern.ch/event/thec13	
  
q  Europe	
  is	
  not	
  representaPve	
  of	
  the	
  world:	
  

☛  PopulaQon	
  expected	
  to	
  decrease	
  
☛  Ligle	
  economic	
  growth	
  
☛ Highest	
  standard	
  of	
  living	
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*President	
  of	
  FoundaQon	
  for	
  the	
  Economy	
  and	
  sustainable	
  Development	
  of	
  the	
  Regions	
  of	
  Europe	
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CERN	
  DG	
   Claude	
  Haegi*,	
  Hans	
  Blix	
   Pascal	
  Couchepin,	
  Carlo	
  Rubbia	
  

Europe	
  should	
  play	
  the	
  leading	
  role	
  
in	
  this	
  type	
  of	
  R&D	
  as	
  Europe	
  
masters	
  the	
  know-­‐how	
  



Thorium	
  and	
  nuclear	
  industry?	
  
q Li_le	
  interest	
  in	
  thorium	
  unPl	
  now;	
  however,	
  the	
  increasing	
  

worldwide	
  pressure	
  is	
  finally	
  having	
  some	
  small	
  effect.	
  For	
  the	
  
first	
  Qme,	
  thorium	
  was	
  officially	
  menQoned	
  by	
  a	
  main	
  French	
  
nuclear	
  actor.	
  	
  

q At	
  ThEC13,	
  AREVA	
  and	
  SOLVAY	
  announced	
  an	
  agreement	
  on	
  
thorium:	
  
	
  

q However,	
  AREVA	
  is	
  only	
  considering	
  thorium	
  for	
  the	
  very	
  long	
  
term	
  (80-­‐100	
  years).	
  A	
  few	
  thorium	
  fuel	
  elements	
  inserted	
  in	
  a	
  
uranium	
  reactor	
  (Halden	
  research	
  reactor	
  in	
  Norway).	
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AREVA	
  and	
  SOLVAY	
  join	
  their	
  know-­‐how	
  to	
  add	
  value	
  to	
  
thorium’s	
  en=re	
  life	
  cycle	
   Luc	
  van	
  den	
  Durpel	
  

CERN,	
  Oct.	
  29,	
  2013	
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Thorium	
  (232Th90)	
  
q  Natural	
  thorium	
  is	
  isotopically	
  pure,	
  α-­‐decay	
  with	
  a	
  

half-­‐life	
  of	
  14	
  billion	
  years	
  (almost	
  stable,	
  no	
  
enrichment)	
  

q  Abundant	
  (1.2x1014	
  tons	
  in	
  the	
  Earth’s	
  crust),	
  as	
  
much	
  as	
  lead,	
  and	
  three	
  to	
  four	
  Qmes	
  more	
  than	
  
uranium:	
  
☛  Recovering	
  only	
  one	
  part	
  per	
  million,	
  that	
  is	
  1.2x108	
  tons,	
  

would	
  provide	
  the	
  present	
  world	
  power	
  consumpQon	
  of	
  15	
  
TW,	
  for	
  18’000	
  years.	
  “Thorium	
  is	
  a	
  source	
  of	
  energy	
  essenQally	
  
sustainable	
  on	
  the	
  human	
  Qme	
  scale”	
  

q  Known	
  and	
  esPmated	
  resources	
  ≈7x106	
  tons	
  (IAEA);	
  
probably	
  a	
  poor	
  indicator	
  because	
  not	
  searched	
  for	
  
systemaQcally	
  (≈1000	
  years	
  at	
  present	
  world	
  energy	
  
consumpQon)	
  

q  Thorium	
  occurs	
  in	
  several	
  minerals	
  including	
  thorite	
  
(ThSiO4),	
  thorianite	
  (ThO2	
  +	
  UO2)	
  and	
  monazite	
  (Ce,	
  
La,	
  Nd,	
  Th)PO4).	
  O[en	
  a	
  by-­‐product	
  of	
  mining	
  for	
  
rare	
  earths	
  (lanthanides	
  +	
  scandium	
  and	
  ygrium),	
  Qn,	
  
coal	
  and	
  uranium	
  tailings	
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Monazite	
  sample	
  containing	
  2	
  to	
  3%	
  of	
  thorium	
  
mixed	
  with	
  rare	
  earths	
  (from	
  the	
  Steenkamp-­‐
skraal	
  mine,	
  South	
  Africa	
  –	
  Trevor	
  Blench)	
  

C.	
  Rubbia	
  @	
  ThEC13	
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q  Thorium	
  dioxide	
  (ThO2)	
  has	
  the	
  
highest	
  melPng	
  point	
  (3300	
  °C	
  
compared	
  to	
  2865	
  °C	
  for	
  UO2)	
  of	
  
all	
  oxides	
  and	
  is	
  one	
  of	
  the	
  	
  
best	
  refractory	
  materials	
  

q Metallic	
  thorium	
  has	
  a	
  melQng	
  
point	
  of	
  1750˚C	
  compared	
  to	
  
1130˚C	
  for	
  metallic	
  uranium	
  



Fission	
  energy	
  from	
  232Th90	
  
q  Thorium	
  is	
  ferPle,	
  not	
  fissile,	
  so	
  it	
  can	
  ONLY	
  be	
  used	
  in	
  breeding	
  mode,	
  by	
  producing	
  

233U,	
  which	
  is	
  fissile	
  	
  
q  However,	
  this	
  gives	
  a	
  potenQal	
  factor	
  140	
  gain	
  compared	
  to	
  235U	
  in	
  PWR	
  	
  

(in	
  addiQon	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance)	
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  it	
  can	
  ONLY	
  be	
  used	
  in	
  breeding	
  mode,	
  by	
  producing	
  
233U	
  which	
  is	
  fissile	
  	
  

q  However,	
  this	
  gives	
  a	
  potenQal	
  factor	
  140	
  gain	
  compared	
  to	
  235U	
  in	
  PWR	
  	
  
(in	
  addiQon	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance)	
  

q  Minimizes	
  nuclear	
  waste	
  producQon,	
  as	
  it	
  is	
  7	
  neutron	
  captures	
  away	
  from	
  239Pu	
  
q  Can	
  be	
  used	
  to	
  destroy	
  exisPng	
  nuclear	
  waste,	
  if	
  used	
  in	
  a	
  fast	
  neutron	
  system	
  

Entry door to nuclear waste production"



Fission	
  energy	
  from	
  232Th90	
  
q  For	
  fast	
  neutron	
  breeder	
  reactors	
  233U	
  is	
  not	
  as	
  good	
  as	
  239Pu	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

q  As	
  thorium	
  has	
  a	
  higher	
  capture	
  cross	
  secQon	
  than	
  238U,	
  and	
  it	
  takes	
  much	
  longer	
  
to	
  breed	
  the	
  fuel	
  (233U)	
  because	
  of	
  the	
  long	
  half-­‐life	
  of	
  233Pa),	
  one	
  cannot	
  simply	
  
replace	
  238U	
  by	
  232Th	
  in	
  current	
  reactors.	
  

Revol/LINAC14	
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ε	
  =	
  Average	
  number	
  of	
  neutrons	
  in	
  excess	
  of	
  the	
  2	
  neutrons	
  needed	
  to	
  run	
  the	
  fission	
  chain	
  



How	
  to	
  use	
  thorium	
  in	
  pracPce?	
  
q  Thorium	
  blankets	
  around	
  fast	
  criPcal	
  reactors	
  to	
  breed	
  233U:	
  the	
  Indian	
  approach,	
  

at	
  the	
  cost	
  of	
  maintaining	
  three	
  different	
  nuclear	
  reactor	
  technologies	
  	
  
q  ConPnuously	
  circulaPng	
  fuel	
  to	
  always	
  have	
  fresh	
  fuel	
  in	
  the	
  core	
  	
  

Pebble	
  bed	
  or	
  molten	
  salt	
  	
  criQcal	
  reactors	
  (MSR)	
  
q  Provide	
  extra	
  neutrons	
  with	
  an	
  accelerator:	
  ADS	
  

Revol/LINAC14	
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Pebble	
  –bed	
  and	
  Molten	
  salt	
  
reactors	
  both	
  systems	
  have	
  
severe	
  issues	
  to	
  be	
  resolved,	
  
mainly	
  in	
  terms	
  of	
  safety,	
  in	
  
addiQon	
  to	
  the	
  fact	
  that	
  they	
  do	
  
not	
  provide	
  a	
  fast	
  neutron	
  flux	
  

Pebble	
  bed	
  Scheme	
  

MSR	
  Scheme	
  

China	
  taking	
  the	
  lead	
  



How	
  to	
  use	
  thorium	
  in	
  pracPce?	
  
q  Thorium	
  blankets	
  around	
  fast	
  criPcal	
  reactors	
  to	
  breed	
  233U:	
  the	
  Indian	
  approach,	
  

at	
  the	
  cost	
  of	
  maintaining	
  three	
  different	
  nuclear	
  reactor	
  technologies	
  	
  
q  ConPnuously	
  circulaPng	
  fuel	
  to	
  always	
  have	
  fresh	
  fuel	
  in	
  the	
  core	
  	
  

Pebble	
  bed	
  or	
  molten	
  salt	
  	
  criQcal	
  reactors	
  (MSR)	
  
q  Provide	
  extra	
  neutrons	
  with	
  an	
  accelerator:	
  ADS	
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Last	
  March,	
  the	
  Chinese	
  government	
  decided	
  that	
  the	
  first	
  fully-­‐
funcQoning	
  thorium	
  MSR	
  reactor	
  should	
  be	
  built	
  within	
  10	
  years,	
  instead	
  
of	
  25	
  years,	
  as	
  originally	
  planned	
  (Shanghai	
  InsQtute	
  of	
  Applied	
  Physics)	
  

Pebble	
  –bed	
  and	
  Molten	
  salt	
  
reactors	
  both	
  systems	
  have	
  
severe	
  issues	
  to	
  be	
  resolved,	
  
mainly	
  in	
  terms	
  of	
  safety,	
  in	
  
addiQon	
  to	
  the	
  fact	
  that	
  they	
  do	
  
not	
  provide	
  a	
  fast	
  neutron	
  flux	
  

Pebble	
  Bed	
  Scheme	
  

MSR	
  Scheme	
  



A	
  short	
  history	
  of	
  ADS	
  
q  The	
  basic	
  process	
  in	
  ADS	
  is	
  nuclear	
  transmutaPon	
  

☛ 1919	
  Rutherford	
  (14N7	
  +	
  4He2	
  →	
  17O8	
  +	
  1p1)	
  210Po	
  accelerator!	
  
☛ 1940	
  E.O.	
  Lawrence/USA	
  and	
  W.N.	
  Semenov/USSR	
  proposed	
  to	
  use	
  a	
  parPcle	
  

accelerator	
  as	
  a	
  neutron	
  source	
  
☛ 1942	
  G.	
  Seaborg	
  produced	
  the	
  first	
  μg	
  of	
  	
  

239Pu	
  with	
  the	
  Berkeley	
  60	
  inch	
  cyclotron	
  
☛ 1950	
  E.O.	
  Lawrence	
  proposed	
  the	
  Materials	
  

TesPng	
  Accelerator	
  (MTA)	
  at	
  the	
  Lawrence	
  	
  
Livermore	
  RadiaQon	
  Lab,	
  to	
  produce	
  239Pu	
  	
  
from	
  Oak	
  Ridge	
  depleted	
  uranium	
  

☛ 1952	
  W.B.	
  Lewis	
  in	
  Canada	
  proposed	
  to	
  use	
  	
  
an	
  accelerator	
  to	
  produce	
  233U	
  from	
  thorium	
  	
  
for	
  CANDU	
  reactors	
  (electro-­‐breeder	
  concept)	
  

21	
  Revol/LINAC14	
  



A	
  short	
  history	
  of	
  ADS	
  
q  1980s:	
  Renewed	
  interest	
  in	
  ADS	
  as	
  the	
  USA	
  decided	
  to	
  slow	
  the	
  development	
  of	
  fast	
  criQcal	
  

reactors	
  (Fast	
  Flux	
  Test	
  Facility	
  @	
  ANL):	
  
☛  H.	
  Takahashi	
  at	
  BNL:	
  several	
  proposals	
  of	
  ADS	
  systems	
  (PHOENIX),	
  including	
  the	
  idea	
  of	
  burning	
  minor	
  acPnides;	
  
☛  Ch.	
  D.	
  Bowman	
  at	
  Los	
  Alamos:	
  thermal	
  neutron	
  ADS	
  (ATW)	
  with	
  thorium;	
  
☛  Japan	
  launched	
  the	
  OMEGA	
  at	
  JAERI	
  (now	
  JAEA).	
  

q  1990s:	
  Big	
  push	
  to	
  ADS	
  by	
  C.	
  Rubbia	
  through	
  a	
  vigorous	
  research	
  
programme	
  at	
  CERN:	
  
☛ Development	
  of	
  innovaPve	
  simulaPon	
  of	
  nuclear	
  systems	
  	
  
☛  Specific	
  experiments	
  to	
  test	
  basic	
  concepts	
  (FEAT,	
  TARC)	
  
☛  ConstrucQon	
  of	
  advanced	
  neutron	
  

Time	
  of	
  Flight	
  facility	
  (n_TOF)	
  
	
  

q  Accelerator	
  driven	
  subcriPcal	
  ADS:	
  
☛  Fast	
  neutrons	
  
☛  Thorium	
  rather	
  than	
  uranium	
  
☛  Lead	
  as	
  spallaQon	
  target,	
  moderator	
  and	
  coolant	
  
☛ DeterminisPc	
  safety	
  with	
  passive	
  cooling	
  elements	
  	
  

Revol/LINAC14	
   C.	
  Rubbia,	
  et	
  al.,	
  «	
  Conceptual	
  Design	
  of	
  a	
  Fast	
  Neutron	
  Operated	
  High	
  Power	
  
Energy	
  Amplifier	
  »,	
  CERN/AT/95-­‐44	
  (ET)	
  



ADS:	
  the	
  subcriPcal	
  approach	
  
q  A	
  parQcle	
  accelerator	
  to	
  provide	
  a	
  neutron	
  source	
  

through	
  spallaPon	
  
q  A	
  core	
  in	
  which	
  both	
  source	
  neutrons	
  and	
  fission	
  

neutrons	
  are	
  at	
  work	
  –	
  with	
  a	
  moderator	
  least	
  
moderaPng	
  to	
  allow	
  for	
  a	
  fast	
  neutron	
  spectrum	
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Non	
  negligible	
  
contribuQon	
  from	
  
the	
  high	
  energy	
  tail	
  
(n,xn)	
  reacQons	
  on	
  
Pb.	
  See	
  later	
  the	
  
effect	
  on	
  kS	
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Turning	
  off	
  the	
  accelerator	
  
turns	
  off	
  the	
  chain	
  reacQon	
  



q  Theory	
  of	
  subcriPcal	
  systems	
  interesQng	
  in	
  itself.	
  ProperQes	
  are	
  quite	
  
different	
  from	
  those	
  of	
  criQcal	
  systems	
  (C.	
  Rubbia,	
  CERN/AT/ET/Internal	
  Note	
  94-­‐036)	
  

q  MC	
  simulaQons	
  are	
  needed	
  for	
  quanQQve	
  properQes.	
  Neutron	
  flux	
  geometry	
  
important	
  to	
  determine	
  the	
  generated	
  power	
  distribuQon	
  and	
  the	
  uniformity	
  
of	
  fuel	
  burnup	
  

q  AnalyQcal	
  approach	
  to	
  get	
  insight	
  into	
  the	
  physics.	
  The	
  basic	
  equaQon	
  similar	
  
to	
  that	
  of	
  a	
  criQcal	
  reactor,	
  but	
  with	
  an	
  external	
  neutron	
  source	
  term	
  in	
  
addiPon,	
  allows	
  to	
  obtain	
  the	
  qualitaQve	
  properQes	
  of	
  the	
  system:	
  

	
  
	
  

Theory	
  of	
  subcriPcal	
  systems	
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Switching	
  off	
  the	
  neutron	
  source	
  not	
  
only	
  stops	
  the	
  main	
  power	
  generaQon,	
  
but	
  also	
  moves	
  the	
  system	
  further	
  away	
  
from	
  prompt	
  criQcality,	
  ks	
  to	
  keff.	
  	
  



FEAT	
  and	
  TARC	
  experiments	
  at	
  CERN	
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  subcriPcal	
  systems	
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C.	
  Rubbia’s	
  EA	
  with	
  	
  
natural	
  convecQon	
  

q  SubcriQcal	
  systems	
  are	
  insensiQve	
  to	
  delayed	
  neutron	
  fracQon	
  (β);	
  safety	
  margin	
  (distance	
  
from	
  prompt	
  criQcality)	
  is	
  a	
  design	
  choice,	
  it	
  is	
  not	
  imposed	
  by	
  Nature!	
  

q  The	
  reacQvity	
  changes	
  only	
  very	
  slowly;	
  the	
  beam	
  can	
  be	
  switched	
  off	
  very	
  quickly,	
  reducing	
  
ks	
  to	
  keff.	
  It	
  is	
  possible	
  to	
  choose	
  a	
  higher	
  ks	
  in	
  order	
  to	
  reduce	
  the	
  load	
  on	
  the	
  accelerator	
  	
  
(Takahashi	
  at	
  BNL,	
  ks	
  =	
  0.99)	
  

Delayed	
  neutron	
  	
  
fracQon	
  

DeterminisQc	
  
control	
  

There	
  is	
  enough	
  Qme	
  
for	
  the	
  natural	
  
convecQon	
  to	
  adapt	
  
	
  
The	
  CERN	
  LHC	
  beam	
  
can	
  be	
  switched	
  off	
  in	
  
270µs,	
  the	
  CERN	
  SPS	
  in	
  
46	
  µs,	
  and	
  a	
  smaller	
  
accelerator	
  for	
  ADS,	
  
even	
  much	
  faster.	
  	
  

Revol/LINAC14	
  

ComparaQve	
  response	
  to	
  reacQvity	
  inserQon	
  	
  



ADS	
  demonstrator	
  
q  The	
  next	
  step	
  for	
  ADS	
  today	
  is	
  a	
  demonstrator	
  of	
  

significant	
  power.	
  This	
  is	
  much	
  more	
  a	
  poliQcal	
  issue	
  
(funding)	
  than	
  a	
  scienQfic	
  one.	
  	
  

q  The	
  technology	
  for	
  a	
  demonstrator	
  or	
  prototype	
  	
  with	
  
power	
  of	
  ≈	
  100	
  MWth	
  is	
  ready	
  –	
  the	
  goal	
  is	
  to	
  validate	
  
technological	
  soluQons	
  and	
  to	
  learn	
  how	
  to	
  run	
  such	
  
system	
  

q  The	
  basic	
  physics	
  is	
  well	
  known,	
  and	
  simulaQon	
  is	
  
available	
  and	
  presumably	
  reliable	
  –	
  Impressive	
  
measurements	
  at	
  CERN	
  n_TOF	
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First	
  proposal	
  by	
  C.	
  Rubbia	
  et	
  al.,	
  
in	
  1999	
  
Ansaldo	
  engineering	
  design	
  	
  
for	
  the	
  Energy	
  Amplifier	
  	
  
DemonstraQon	
  Facility	
  	
  
EA	
  B0.00	
  1	
  200	
  (Jan.	
  1999)	
  

Forced	
  
convecQon	
  Revol/LINAC14	
  

232Th(n,γ)	
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  Successful	
  4	
  month	
  run	
  at	
  PSI	
  in	
  2006,	
  1	
  MW	
  



ADS	
  demonstrator:	
  MYRRHA	
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Hamid	
  Aït	
  Abderrahim	
  

Revol/LINAC14	
  

Most	
  important	
  project	
  in	
  
Europe,	
  with	
  strong	
  support	
  
from	
  the	
  Belgian	
  government:	
  
–	
  parQally	
  funded	
  
–	
  no	
  thorium	
  
–	
  will	
  not	
  remain	
  an	
  ADS,	
  	
  
will	
  turn	
  into	
  a	
  criQcal	
  reactor	
  

Hamid	
  Aït	
  Abderrahim	
  
SCK•CEN,	
  Boeretang	
  200,	
  2400	
  Mol,	
  Belgium	
  



Industrialized	
  ADS	
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Carlo	
  Rubbia	
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Other	
  ADS	
  projects	
  
q  China,	
  Japan,	
  Korea,	
  Russia,	
  USA,	
  Venezuela	
  and	
  Ukraine	
  	
  

☛  200	
  kW	
  uranium-­‐based	
  ADS	
  prototype,	
  driven	
  by	
  an	
  electron	
  beam,	
  
due	
  for	
  compleQon	
  in	
  2014	
  at	
  	
  the	
  Karkhov	
  InsQtute	
  of	
  Physics	
  and	
  
Technology	
  (KIPT)	
  	
  

☛  10	
  MW	
  TROISKS	
  ADS,	
  300	
  kW	
  proton	
  beam,	
  rearranging	
  exisQng	
  
elements	
  (accelerator,	
  neutron	
  source,	
  etc.)	
  

☛  Virginia	
  Nuclear	
  Energy	
  ConsorQum	
  Authority	
  associated	
  to	
  Jefferson	
  
Lab,	
  in	
  the	
  USA,	
  with	
  a	
  view	
  to	
  create	
  a	
  “Science	
  &	
  Technology	
  
Center	
  (STC)	
  for	
  the	
  ApplicaQon	
  of	
  High-­‐Power	
  Accelerators	
  for	
  the	
  
Advancement	
  of	
  InnovaQve	
  MulQdisciplinary	
  Science”	
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S. Sidorkin, Russia	
  

Next	
  ADS	
  Conference	
  
Lei	
  Yang,	
  IMP,	
  China	
  

Lack	
  of	
  coordinaPon	
  



Required	
  accelerator	
  power	
  

q  For	
  a	
  given	
  power	
  output,	
  the	
  energy	
  gain	
  
(choice	
  of	
  ks	
  and	
  G0)	
  determines	
  the	
  
accelerator	
  power	
  	
  
Trade-­‐off	
  between	
  accelerator	
  power	
  
and	
  criPcality	
  margin	
  

q  Possibility	
  of	
  modulaQng	
  the	
  beam	
  
intensity	
  to	
  allow	
  variaQons	
  in	
  the	
  power	
  
output	
  (complementary	
  with	
  a	
  
fluctuaPng	
  renewable	
  energy	
  source)	
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1500	
  MW	
  1000	
  MW	
  

500	
  MW	
  

Rubbia’s	
  EA	
  

MEGAPIE	
  

Pbeam =
1! ks( )
ksG0

PADS

PSI	
  separate	
  turns	
  cyclotron	
  	
  
(2.4	
  mA	
  and	
  1.4	
  MW,	
  with	
  0.59	
  GeV	
  protons).	
  	
  
PADS	
  =	
  210	
  MWth	
  with	
  k	
  =	
  0.98	
  
MYRRHA	
  LINAC	
  
(≤	
  1	
  to	
  4	
  mA	
  and	
  ≤	
  2.4	
  MW,	
  with	
  0.6	
  GeV	
  protons)	
  
PADS	
  =	
  50-­‐100	
  MWth	
  with	
  k	
  =	
  0.95	
  	
  

Assuming	
  Pb	
  target	
  

Margin	
  of	
  
present	
  
PWR	
  

MYRRHA	
  

Revol/LINAC14	
  

100	
  MW	
  



Accelerator	
  requirements	
  
q  In	
  	
  principle,	
  it	
  does	
  not	
  mager	
  how	
  the	
  external	
  neutron	
  source	
  is	
  provided.	
  In	
  pracQce,	
  for	
  

industrial	
  applicaQons,	
  there	
  are	
  a	
  number	
  of	
  well-­‐defined	
  requirements	
  for	
  the	
  accelerator:	
  	
  
☛ Beam	
  parPcle:	
  protons	
  
☛ Beam	
  Energy:	
  Ebeam	
  ≥	
  900	
  MeV	
  
☛ Beam	
  power:	
  a	
  few	
  to	
  ≈	
  10	
  MW	
  depending	
  on	
  choice	
  of	
  ks	
  value,	
  and	
  required	
  power.	
  

Large	
  operaQonal	
  range	
  to	
  follow	
  demand	
  (factor	
  10?)	
  
☛ Beam	
  spot	
  size	
  (footprint):	
  large	
  on	
  impact	
  on	
  window	
  	
  

(studies	
  at	
  JAEA	
  è	
  OK	
  ≤	
  0.1-­‐0.2	
  mA/cm2	
  ),	
  MYRRHA	
  has	
  0.07mA/cm2	
  

☛ Beam	
  losses:	
  minimize	
  irradiaQon	
  of	
  the	
  accelerator	
  and	
  of	
  the	
  environment	
  (main	
  issue	
  
for	
  any	
  high	
  power	
  beam,	
  not	
  only	
  for	
  ADS);	
  impact	
  on	
  the	
  maintenance	
  and	
  repair	
  
(figure	
  of	
  merit	
  ≤	
  1W/m	
  for	
  LINACS,	
  for	
  cyclotrons	
  losses	
  are	
  localized)	
  

☛ Reliability:	
  The	
  limitaQon	
  comes	
  mainly	
  from	
  thermal	
  stress	
  inducing	
  faQgue	
  in	
  fuel	
  
structure.	
  minimize	
  beam	
  trips	
  (mulQple	
  sources);	
  For	
  instance,	
  for	
  MYRRHA:	
  

•  No	
  limit	
  for	
  trips	
  for	
  Ttrip	
  <	
  0.1	
  s	
  	
  
•  Not	
  more	
  than	
  100	
  trips	
  per	
  day	
  0.1	
  s	
  	
  <	
  Ttrip	
  <	
  3	
  s	
  
•  Not	
  more	
  than	
  10	
  in	
  three	
  months	
  for	
  Ttrip	
  >	
  3	
  s	
  	
  
•  AdministraQve	
  limit	
  if	
  SCRAM	
  event	
  (discovered	
  by	
  MYRRHA	
  CollaboraQon!)	
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Data	
  on	
  Beam	
  trips	
  

q  In	
  the	
  Beznau	
  nuclear	
  reactor	
  (KKB)	
  in	
  Germany,	
  for	
  instance,	
  which	
  has	
  been	
  
running	
  for	
  40	
  years,	
  they	
  were	
  iniQally	
  counQng	
  on	
  10	
  trips	
  per	
  year,	
  and	
  
nowadays,	
  they	
  hardly	
  get	
  one	
  trip	
  per	
  year.	
  Technology	
  is	
  evolving	
  …	
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Accelerator	
  requirements	
  
☛  Beam	
  power	
  stability	
  and	
  control:	
  1%	
  fluctuaQon	
  on	
  

beam	
  intensity	
  is	
  1%	
  fluctuaQon	
  on	
  the	
  thermal	
  power	
  	
  
☛  Energy	
  efficiency:	
  maximize	
  fracQon	
  of	
  electric	
  grid	
  

power	
  stored	
  in	
  the	
  beam.	
  Relevant	
  to	
  overall	
  energy	
  
efficiency	
  of	
  system	
  

☛  Size	
  of	
  accelerator:	
  for	
  waste	
  eliminaQon,	
  people	
  
might	
  want	
  to	
  fit	
  it	
  on	
  the	
  site	
  of	
  a	
  standard	
  nuclear	
  
power	
  plant	
  

☛  Cost:	
  This	
  is	
  very	
  important.	
  	
  
One	
  main	
  criPcism	
  of	
  ADS	
  has	
  been	
  that	
  “the	
  
accelerator	
  does	
  not	
  exist	
  and	
  will	
  be	
  too	
  expensive”	
  
	
  	
  

q  In	
  the	
  end,	
  the	
  soluQon	
  chosen	
  among	
  LINAC,	
  Cyclotron	
  or	
  
FFAG,	
  will	
  be	
  the	
  one	
  best	
  fulfilling	
  these	
  requirements	
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Injector	
   2.5	
  MeV	
  

RFQ	
  

1000	
  MeV	
  

DTL	
  

86.8	
  MeV	
  

To	
  
Ring	
  	
  

and	
  TGT	
  

CCL	
  

402.5 MHz 805 MHz 

SRF,	
  ß=0.61,	
  0.81	
  

186	
  MeV	
  

HEBT!MEBT	
  

Cyclotron	
  

SuperconducQng	
  SNS	
  LINAC	
  
H2

+ AIMA Cyclotron w reverse bend 
and multiple injection, 1.6 MW at 
800 MeV (P.MandrillonThEC13)	
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TransmutaPon	
  performance	
  of	
  ADS	
  
q  C.	
  Rubbia’s	
  EA	
  can	
  destroy	
  36	
  kg	
  of	
  TRU/TWth.h	
  	
  

(A	
  PWR	
  produces	
  14	
  kg	
  of	
  TRU/TWth.h)	
  

q  CalculaQons	
  of	
  specific	
  transmutaQon	
  rates	
  (Y.	
  Kadi)	
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Conclusion	
  	
  

q  There	
  is	
  no	
  reason	
  to	
  keep	
  thorium,	
  hence	
  ADS,	
  out	
  of	
  the	
  energy	
  R&D	
  effort.	
  
q  Developed	
  countries	
  which	
  have	
  the	
  know-­‐how	
  should	
  lead	
  the	
  R&D	
  effort.	
  
q  The	
  physics	
  of	
  Accelerator-­‐Driven	
  Systems	
  is	
  well	
  understood,	
  conceptual	
  

designs	
  exist.	
  
q  When	
  taking	
  into	
  account	
  the	
  need	
  for	
  safety,	
  waste	
  management	
  and	
  non-­‐

proliferaQon,	
  thorium	
  in	
  a	
  fast	
  neutron	
  ADS	
  is	
  a	
  most	
  interesQng	
  opQon	
  for	
  
energy	
  producQon	
  and	
  nuclear	
  waste	
  eliminaQon.	
  

q  ADS	
  is	
  a	
  challenging	
  innovaQon	
  but	
  there	
  is	
  no	
  show	
  stopper.	
  The	
  ball	
  is	
  in	
  
the	
  camp	
  of	
  the	
  accelerator	
  community.	
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Abstract	
  
•  Title:	
  Prospects	
  for	
  Accelerator-­‐Driven	
  Thorium	
  Reactors	
  

	
  
•  Abstract:	
  To	
  meet	
  the	
  tremendous	
  world	
  energy	
  needs,	
  systemaQc	
  R&D	
  has	
  to	
  be	
  

pursued	
  to	
  replace	
  fossil	
  fuels.	
  Nuclear	
  energy,	
  which	
  produces	
  no	
  green	
  house	
  gases	
  
and	
  no	
  air	
  polluQon,	
  should	
  be	
  a	
  leading	
  candidate.	
  How	
  nuclear	
  energy,	
  based	
  on	
  
thorium	
  rather	
  than	
  uranium,	
  could	
  be	
  an	
  acceptable	
  soluQon	
  is	
  discussed.	
  Thorium	
  
can	
  be	
  used	
  both	
  to	
  produce	
  energy	
  or	
  to	
  destroy	
  nuclear	
  waste.	
  The	
  thorium	
  
conference,	
  organized	
  by	
  iThEC	
  at	
  CERN	
  in	
  October	
  2013,	
  has	
  shown	
  that	
  thorium	
  is	
  
seriously	
  considered	
  by	
  developing	
  countries	
  as	
  a	
  key	
  element	
  of	
  their	
  energy	
  
strategy.	
  However,	
  developed	
  countries	
  do	
  not	
  seem	
  to	
  move	
  in	
  that	
  direcQon,	
  while	
  
global	
  cooperaQon	
  is	
  highly	
  desirable	
  in	
  this	
  domain.	
  As	
  thorium	
  is	
  not	
  fissile,	
  an	
  
elegant	
  opQon	
  is	
  to	
  use	
  a	
  proton	
  accelerator	
  to	
  drive	
  an	
  “Accelerator	
  Driven	
  System	
  
(ADS)”,	
  as	
  suggested	
  by	
  Nobel	
  Prize	
  laureate	
  Carlo	
  Rubbia.	
  Therefore,	
  the	
  accelerator	
  
community	
  has	
  an	
  important	
  challenge	
  to	
  meet:	
  provide	
  the	
  required	
  proton	
  beam	
  for	
  
ADS.	
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Reserves	
  /	
  ProducPon	
  rate	
  
Oil:	
  53	
  years	
  
Gas:	
  55	
  years	
  
Coal:	
  113	
  years	
  

If,	
  by	
  end	
  of	
  21st	
  century,	
  people	
  in	
  developing	
  countries	
  are	
  allowed	
  to	
  live	
  as	
  well	
  as	
  we	
  do	
  in	
  
Europe	
  today,	
  then,	
  the	
  world	
  power	
  consumpQon	
  will	
  have	
  to	
  increase	
  by	
  a	
  factor	
  3	
  or	
  more.	
  

Renewables	
  
Nuclear	
  

Hydro	
  
Fossil	
  

2.2%	
  
4.4%	
  

6.7%	
  

Today	
  the	
  world	
  behaves	
  as	
  a	
  15	
  TW	
  engine	
  	
  
(≈2kW/capita)	
  +2%	
  between	
  2012	
  and	
  2013	
  

86.7%	
  

Finite	
  fossil	
  resources	
  

BP	
  StaQsQcal	
  review	
  of	
  World	
  Energy	
  2014	
  



China's Energy  Challenge 
& 	
   Analysis	
   and	
   forecast	
   on	
   naQonal	
   electric	
   power	
   in	
   China:	
   In	
  

2030,	
   the	
  electricity	
  demand	
  of	
  per	
  person	
  will	
  be	
  about	
  2KW,	
  
total	
   generaQon	
   capacity	
   will	
   reach	
   about	
   3000GW,	
   the	
  MW	
   -­‐	
  
level	
  power	
  staQons	
  will	
  need	
  3000.	
  	
  

	
  

Europe	
  not	
  representaQve	
  
of	
  the	
  world:	
  
–	
  populaQon	
  to	
  decrease	
  
–	
  ligle	
  economic	
  growth	
  
–	
  highest	
  standard	
  of	
  living	
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Thorium	
  in	
  Light	
  Water	
  Reactors	
  

43	
  

Halden	
  Research	
  Reactor	
  
InsGtute	
  for	
  Energy	
  Technology	
  (IFE)	
  

•  2	
  Rods	
  85%Th	
  -­‐	
  15%Pu	
  pellets,	
  ITU,	
  Germany	
  	
  	
  
•  2	
  Rods	
  7%Th	
  –	
  93%UOX,	
  IFE,	
  Norway	
  
•  1	
  Rod	
  65%Th	
  –	
  35%UOX,	
  IFE,	
  Norway	
  
•  1	
  UOX	
  Reference	
  rod	
  	
  

	
  

Thor	
  Energy	
  (The	
  Norwegian	
  Thorium	
  IniQaQve)	
  collaborates	
  with	
  WesQnghouse	
  to	
  carry	
  
out	
  thorium	
  fuel	
  tests	
  in	
  the	
  Halden	
  research	
  reactor.	
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Fission	
  energy	
  from	
  232Th90	
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C.	
  Rubbia	
  
ThEC13	
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Neutrons	
  produced	
  per	
  
neutron	
  absorbed	
  

q  For	
  fast	
  neutron	
  breeder	
  reactors	
  233U	
  is	
  not	
  as	
  good	
  as	
  239Pu	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

q  In	
  addiQon,	
  Thorium	
  has	
  a	
  higher	
  capture	
  cross	
  secQon	
  than	
  238U,	
  and	
  it	
  takes	
  much	
  
longer	
  to	
  breed	
  the	
  fuel	
  (233U)	
  because	
  of	
  the	
  long	
  half-­‐life	
  of	
  233Pa),	
  so	
  one	
  cannot	
  
simply	
  replace	
  238U	
  by	
  232Th	
  in	
  current	
  reactors.	
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Nuclear	
  Waste	
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Typically 250kg of TRU and  
830 kg of FF per GWe/year"Coal	
  ashes	
  

q  TRU	
  produced	
  by	
  neutron	
  capture	
  and	
  β-­‐decays	
  consQtute	
  the	
  main	
  problem,	
  
because	
  of	
  their	
  long	
  life	
  Qme	
  



Neutron	
  Captures	
  
q  Thorium	
  has	
  a	
  higher	
  capture	
  cross	
  secQon	
  than	
  238U,	
  and	
  it	
  takes	
  longer	
  to	
  breed	
  

the	
  fuel	
  (233U),	
  so	
  one	
  cannot	
  simply	
  replace	
  238U	
  by	
  232Th	
  in	
  current	
  reactors.	
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PWR	
   Fast	
  Breeders	
  

σ(
23
2 T
h(
n,
ϒ)
)/
σ(

23
8 U
(n
,ϒ
))	
  



Energy	
  flow	
  in	
  EA	
  

This	
  is	
  the	
  result	
  of	
  a	
  detailed	
  simulaQon	
  using	
  parQcle	
  
physics	
  methods,	
  starQng	
  from	
  single	
  protons	
  in	
  the	
  beam	
   47	
  

CERN/AT/95-­‐44	
  (ET)	
  



Thorium	
  blanket:	
  Indian	
  strategy	
  
q  India,	
  with	
  ligle	
  uranium	
  resources	
  but	
  a	
  lot	
  of	
  thorium,	
  has	
  the	
  most	
  advanced	
  

pracQcal	
  scheme	
  for	
  using	
  thorium	
  (including	
  front-­‐end	
  and	
  back-­‐end	
  of	
  the	
  
fuel	
  cycle):	
  
☛ Use	
  heavy	
  water	
  reactors	
  (CANDU)	
  or	
  LWR	
  to	
  produce	
  plutonium	
  	
  
☛ Use	
  sodium	
  cooled	
  U-­‐Pu	
  fast	
  reactors	
  with	
  a	
  thorium	
  blanket	
  to	
  breed	
  233U	
  
☛ Reprocess	
  blankets	
  and	
  manufacture	
  233U-­‐Th	
  fuel	
  for	
  advanced	
  fast	
  

reactors	
  or	
  heavy	
  water	
  reactors	
  

q  The	
  Indian	
  scheme	
  works.	
  However,	
  several	
  issues	
  remain	
  concerning	
  
the	
  complexity	
  (three	
  technologies),	
  the	
  sustainability	
  and	
  nuclear	
  
waste	
  management.	
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Pebble	
  bed	
  criPcal	
  reactors	
  	
  
q  Proposed	
  by	
  Farrington	
  Daniels	
  at	
  Oakridge,	
  in	
  the	
  1940s.	
  IniQal	
  developments	
  in	
  

Germany	
  (AVR	
  Jülich),	
  followed	
  by	
  THTR-­‐300MW	
  (1983-­‐1989).	
  New	
  developments	
  in	
  
South	
  Africa,	
  now	
  in	
  the	
  United	
  States	
  and	
  Turkey.	
  
☛  Presented	
  as	
  passively	
  safe,	
  because	
  high	
  temperature	
  

systems	
  can	
  be	
  cooled	
  by	
  natural	
  air	
  convecQon	
  
☛ Not	
  discussed	
  at	
  ThEC13	
  

q  Several	
  severe	
  issues	
  to	
  be	
  resolved:	
  
☛ No	
  containment	
  building	
  if	
  cooling	
  by	
  	
  

natural	
  air	
  convecQon	
  
☛ Uses	
  flammable	
  graphite	
  as	
  moderator	
  	
  
☛  Produces	
  more	
  high-­‐level	
  nuclear	
  waste	
  than	
  	
  

current	
  nuclear	
  reactor	
  designs	
  	
  
☛  Relies	
  heavily	
  on	
  pebble	
  integrity	
  and	
  fuel	
  	
  

handling	
  (pebble	
  accident	
  in	
  THTR-­‐300)	
  
☛ Water	
  ingress	
  is	
  a	
  danger	
  
☛  Reprocessing	
  of	
  spent	
  fuel	
  virtually	
  impossible	
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Molten	
  salt	
  criPcal	
  reactors	
  	
  
q  This	
  is	
  clearly	
  a	
  technology	
  that	
  is	
  concentraQng	
  industry’s	
  interest	
  (10	
  talks	
  related	
  to	
  

the	
  subject	
  at	
  ThEC13):	
  China,	
  India,	
  UK,	
  USA,	
  Czech	
  Republic,	
  France,	
  Switzerland	
  
q  Pioneered	
  at	
  Oakridge	
  in	
  1960	
  (Molten	
  Salt	
  Reactor	
  Experiment,	
  UF4,	
  7.4MWth)	
  
q  Advantages:	
  

☛  Liquid	
  fuel	
  allows	
  extending	
  burnup	
  indefinitely,	
  	
  
because	
  of	
  reprocessing	
  on-­‐line	
  

☛  High	
  temperature	
  (500˚C	
  –	
  600˚C),	
  	
  
heat	
  produced	
  directly	
  in	
  heat	
  transfer	
  fluid	
  	
  

☛  Passive	
  cooling	
  for	
  decay	
  heat	
  removal	
  

q  Several	
  severe	
  issues:	
  neutron	
  emission	
  	
  
outside	
  core,	
  on-­‐line	
  chemistry	
  failure,	
  	
  
corrosion,	
  licencing	
  issues,	
  etc.	
  

q  Presently	
  not	
  using	
  a	
  fast	
  neutron	
  	
  
spectrum	
  (R&D	
  should	
  be	
  extended	
  to	
  	
  
other	
  salts	
  –	
  PbCl3,	
  to	
  minimize	
  waste)	
  

q  There	
  is	
  a	
  parQcularly	
  well	
  focussed	
  and	
  	
  
most	
  ambiQous	
  effort	
  in	
  China	
  (Xu	
  Hongjie,	
  	
  
Shanghai	
  InsQtute	
  of	
  Applied	
  Physics)	
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F-­‐Li-­‐Be	
  salt	
  	
  
(Flibe)	
  

Chemistry	
  on-­‐line	
  

End	
  of	
  March,	
  the	
  Chinese	
  Government	
  decided	
  
that	
  the	
  first	
  fully-­‐funcQoning	
  thorium	
  MSR	
  
reactor	
  should	
  be	
  built	
  within	
  ten	
  years,	
  instead	
  
of	
  25	
  years,	
  as	
  originally	
  planned	
  	
  



CriPcal	
  versus	
  SubcriPcal	
  Systems	
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Why	
  fast	
  neutrons?	
  
q  Advantages	
  of	
  fast	
  neutrons:	
  

☛  Favourable	
  to	
  breeding	
  	
  
☛  Enhances	
  TRU	
  fission	
  probability	
  
☛ No	
  need	
  to	
  separate	
  out	
  Pu!	
  	
  

simplifies	
  reprocessing	
  	
  
(Pyro-­‐Electro)	
  

☛  Reduces	
  captures	
  on	
  FF,	
  extends	
  
burnup	
  (be_er	
  use	
  of	
  fuel)	
  
(120	
  GW.day/t	
  achieved	
  in	
  fast	
  
electro-­‐breeder	
  at	
  Argonne	
  N.L.,	
  	
  
and	
  in	
  EA	
  simulaQon)	
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q  Fast	
  spectrum,	
  implies	
  as	
  ligle	
  moderaPon	
  	
  
as	
  possible:	
  
	
  –	
  Sodium	
  or	
  gas	
  used	
  in	
  GENERATION	
  IV	
  
	
  –	
  Molten	
  salts	
  in	
  MSR	
  
	
  –	
  Pb	
  or	
  Pb-­‐Bi	
  eutecQc	
  in	
  ADS	
  systems	
  

	
  



ADS	
  @	
  ThEC13	
  
q  Largest	
  number	
  of	
  talks	
  at	
  ThEC13	
  (17	
  talks)	
  	
  
q  Status	
  of	
  readiness	
  of	
  technologies:	
  

☛  Accelerator(s)	
  (cyclotrons,	
  linacs,	
  Fixed	
  Field	
  AlternaQng	
  Gradient)	
  
☛  SpallaQon	
  targets	
  
☛  Core	
  designs	
  

q  PresentaPon	
  of	
  systems:	
  	
  
☛ MYRRHA	
  (SCK•CEN,	
  Mol,	
  Belgium)	
  
☛  Troitsk	
  (Russia)	
  &	
  CADS	
  (China)	
  for	
  burning	
  minor	
  acQnides,	
  and	
  a	
  discussion	
  

in	
  India	
  to	
  use	
  ADS	
  to	
  simplify	
  the	
  present	
  thorium	
  uQlizaQon	
  scheme	
  
☛ Molten	
  Salt	
  ADS	
  (C.	
  Rubbia,	
  Japan,	
  Korea)	
  

q  Concrete	
  tests:	
  	
  
☛  PSI	
  cyclotron	
  beam	
  (1.4	
  MW	
  proton	
  beam	
  –	
  2.4	
  mA	
  x	
  590	
  MeV)	
  	
  
☛  0.8	
  MW	
  LBE	
  spallaQon	
  target	
  (MEGAPIE@SINQ	
  (Swiss	
  SpallaQon	
  Neutron	
  Source),	
  	
  

SNS	
  (1.4	
  mA	
  x	
  1	
  GeV,	
  1.4	
  MW	
  SpallaQon	
  Neutron	
  Source	
  at	
  Oakridge	
  N.L.	
  ),	
  etc.)	
  
☛  ReacQvity	
  measurement	
  by	
  beam	
  pulses	
  (Cheol	
  Ho	
  Pyeon,	
  from	
  Korea)	
  
☛  Corrosion,	
  material	
  compaQbility,	
  etc.	
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ADS	
  energy	
  gain	
  
q  A	
  source	
  neutron	
  is	
  mulQplied	
  by	
  fissions	
  and	
  (n,xn)	
  reacQons.	
  Since	
  ks<1,	
  neutron	
  

producQon	
  stops	
  a�er	
  a	
  limited	
  number	
  of	
  generaQons:	
  

q  The	
  energy	
  gain	
  G	
  is	
  a	
  characterisQc	
  of	
  ADS:	
  

	
  

	
  
	
  
	
  
q  G0	
  includes	
  informaQon	
  from	
  the	
  spallaQon	
  process	
  (G0	
  ~	
  3	
  for	
  uranium;	
  G0	
  ~	
  2.7	
  for	
  

lead,	
  etc.)	
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Fossil	
  Fuel	
  Proven	
  Reserves	
  
•  Newly	
  discovered	
  resources	
  are	
  also	
  ge�ng	
  more	
  expensive	
  to	
  extract	
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Energy	
  and	
  polluPon	
  in	
  China	
  
q Even	
  though	
  coal	
  accounts	
  for	
  70%	
  of	
  China’s	
  total	
  energy	
  

consumpQon,	
  China	
  is	
  doing	
  beger	
  than	
  most	
  European	
  
countries,	
  in	
  terms	
  of	
  CO2	
  emissions:	
  no	
  point	
  telling	
  China	
  to	
  
stop	
  burning	
  coal	
  …	
  	
  

	
  
q Germany	
  to	
  open	
  10	
  new	
  coal-­‐fired	
  power	
  staQons	
  in	
  the	
  next	
  

two	
  years	
  (Bloomberg,	
  Nov.	
  2013),	
  while	
  at	
  the	
  same	
  Qme	
  
exporQng	
  subsidized	
  green	
  electricity	
  (Netherland)	
   57	
  

è	
  	
  

Source:	
  
IEA	
  2013	
  	
  
Key	
  World	
  	
  
Energy	
  StaQsQcs	
  

Country	
   ton	
  of	
  CO2	
  per	
  capita	
  

USA	
   16.94	
  

Germany	
   9.14	
  

Denmark	
  	
   7.48	
  

China	
   5.92	
  

France	
   5.04	
  

World	
   4.50	
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R&D	
  in	
  Europe	
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Many projects carried out since the EU FP5 and FP6 (Eurotrans) in the field  
of partitioning and transmutation. All aspects covered. 
	
  

ACCELERATOR

BEAM TRANSPORT

SHIELDING

HEAT
TRANS-
PORT
SYSTEM
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SUB-
CRITICAL
CORE TARGET

High intensity
Reliability
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Efficiency
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Losses
Monitoring
Expansion

High energy particles

Heat transfer
Thermal cycling

Neutronics
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Kinetics
Fuel integrity
Subcriticality
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Window thermal stress
Failure monitor
Radiation effects
Materials compatibility
Thermal  hydraulics
Liquid metal technology
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MA Fuel.
Coolant

Fuel fabrication

Spent fuel
reprocessing

(Source:PSI)
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Molten	
  salt	
  ADS	
  	
  
q  Several	
  Molten	
  Salt	
  ADS	
  concepts	
  were	
  

discussed:	
  Carlo	
  Rubbia,	
  Toshinobu	
  Sasa	
  
and	
  Laszlo	
  Sajo-­‐Bohus.	
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Carlo	
  Rubbia	
  

Toshinobu	
  Sasa	
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Molten-salt 

Driving
Motor

Beam Duct

Inner
Reflector

1.5 GeV Proton

Molten-salt target/core system
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Thorium	
  for	
  1	
  GWexYear	
  
•  645	
  GWe	
  for	
  one	
  year	
  requires	
  0.679	
  ton	
  of	
  thorium	
  in	
  C.	
  Rubbia’s	
  

Energy	
  Amplifier,	
  hence	
  for	
  producing	
  1	
  GWe	
  during	
  one	
  year	
  
takes	
  1.05	
  ton	
  of	
  thorium	
  	
  

•  Note	
  that	
  to	
  produce	
  1	
  GW	
  of	
  thermal	
  energy	
  	
  during	
  one	
  year	
  
requires	
  only	
  0.453	
  ton	
  of	
  thorium	
  (6.79	
  kt	
  of	
  thorium	
  per	
  year	
  
for	
  the	
  enPre	
  world	
  power	
  consumpPon	
  of	
  15	
  TW)	
  

•  Given	
  that	
  the	
  density	
  of	
  thorium	
  is	
  11.7	
  g/cm3,	
  it	
  takes	
  a	
  cube	
  of	
  
thorium	
  of	
  side	
  a	
  =	
  33.8	
  cm	
  to	
  produce	
  1	
  GWth	
  during	
  one	
  year!	
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Annual	
  producPon	
  of	
  a	
  900MWe	
  PWR	
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Pyro-­‐electric	
  reprocessing	
  
q  Electrolysis	
  of	
  molten	
  salt	
  soluQon.	
  AcQnides	
  are	
  separated	
  out.	
  Method	
  already	
  

tested	
  in	
  the	
  case	
  of	
  Uranium	
  at	
  Argonne	
  NaQonal	
  Lab	
  (99.99%	
  efficiency	
  
achieved).	
  Plutonium	
  remains	
  combined	
  with	
  minor	
  acQnides	
  (Np,	
  Am,	
  Cm,	
  etc.).	
  
Simpler,	
  nothing	
  goes	
  to	
  the	
  environment	
  (no	
  water)	
  unlike	
  Purex,	
  small	
  
dimensions,	
  not	
  proliferaQng.	
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TransmutaPon	
  of	
  LLFF	
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  Energie du Neutron (eV)
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