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Reserves	
  /	
  ProducIon	
  rate	
  
Oil:	
  53	
  years	
  
Gas:	
  56	
  years	
  
Coal:	
  110	
  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	
  consump?on	
  will	
  have	
  to	
  increase	
  by	
  a	
  factor	
  3	
  or	
  more.	
  

Renewables	
  
Nuclear	
  

Hydro	
  
Fossil	
  

2.1%	
  
4.4%	
  

6.7%	
  

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

87%	
  

Finite	
  fossil	
  resources	
  



Burning	
  fossil	
  fuel	
  Ill	
  the	
  end?	
  
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)	
  
q  Air	
  polluIon?	
  	
  

☛  Burning	
  coal	
  cost	
  Europe	
  alone	
  42.8	
  billion	
  Euros	
  in	
  annual	
  health	
  care	
  expenses	
  	
  
(2013	
  report	
  by	
  the	
  Health	
  and	
  Environment	
  Alliance)	
  	
  

☛  The	
  ambient	
  air	
  pollu?on	
  caused	
  the	
  premature	
  deaths	
  of	
  >	
  400	
  000	
  Chinese	
  in	
  2013	
  
☛ WHO:	
  in	
  2012	
  around	
  7	
  million	
  people	
  died	
  –	
  1	
  in	
  8	
  of	
  total	
  global	
  deaths	
  –	
  as	
  a	
  result	
  of	
  

air	
  pollu?on	
  exposure	
  

q  Running	
  out?	
  The	
  current	
  tendency	
  is	
  to	
  increase	
  the	
  use	
  of	
  fossil	
  fuel	
  
q  Way	
  out?	
  innovate!	
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Energy	
  R&D	
  
q  Innova?on	
  implies	
  investment	
  in	
  both	
  fundamental	
  research	
  and	
  applied	
  research	
  

☛  Brings	
  the	
  possibility	
  of	
  (good)	
  surprises	
  	
  	
  
q  Relying	
  en?rely	
  on	
  wind	
  and	
  solar	
  energy	
  by	
  the	
  end	
  of	
  the	
  century	
  would	
  imply	
  increasing	
  

their	
  contribu?on	
  to	
  the	
  world	
  energy	
  by	
  a	
  factor	
  130	
  or	
  more	
  (quite	
  a	
  challenge,	
  and	
  most	
  
likely	
  not	
  realis?c)	
  

q  Energy	
  R&D	
  has	
  to	
  be	
  systemaIc,	
  without	
  prejudice:	
  
☛  Improve	
  energy	
  efficiency,	
  storage,	
  transport,	
  etc.	
  
☛ Develop	
  renewable	
  energies	
  

•  Wind,	
  Solar	
  Photovoltaic,	
  Solar	
  thermal,	
  Biomass	
  (E.-­‐D.	
  Schulze)?,	
  Geothermal,	
  
Ocean	
  ?des,	
  waves,	
  etc.	
  

☛  R&D	
  on	
  nuclear	
  fusion	
  (no	
  conceptual	
  solu?on	
  yet)	
  
	
  (Magne?c	
  confinement:	
  ITER,	
  Iner?al	
  confinement:	
  NIF,	
  Mégajoule)	
  

☛  Improve	
  nuclear	
  fission	
  energy	
  (it	
  works	
  already!)	
  
•  Genera?on	
  IV	
  (cri?cal	
  fast	
  reactors	
  on	
  nuclear	
  industry	
  agenda)	
  
•  Innova?ve	
  nuclear	
  systems	
  based	
  on	
  thorium	
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Thorium	
  Energy	
  Conference	
  (ThEC13)	
  
q  Organized	
  by	
  the	
  internaIonal	
  Thorium	
  Energy	
  Commi_ee	
  (iThEC,	
  hkp://www.ithec.org)	
  
q  Par?cipants	
  from	
  32	
  countries,	
  47	
  speakers,	
  	
  

including	
  some	
  pres?gious	
  personali?es	
  	
  

	
  
q  Representa?ves	
  of	
  both	
  India	
  and	
  China	
  cited	
  energy	
  

issues	
  as	
  their	
  prime	
  concern	
  and	
  announced	
  strong	
  	
  
mo?va?ons	
  to	
  do	
  R&D	
  on	
  thorium	
  	
  
hkp://indico.cern.ch/event/thec13	
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Founda?on	
  for	
  the	
  Economy	
  and	
  sustainable	
  Development	
  of	
  the	
  Regions	
  of	
  Europe	
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China's Energy  Challenge 
& 	
   Analysis	
   and	
   forecast	
   on	
   na?onal	
   electric	
   power	
   in	
   China:	
   In	
  

2030,	
   the	
  electricity	
  demand	
  of	
  per	
  person	
  will	
  be	
  about	
  2KW,	
  
total	
   genera?on	
   capacity	
   will	
   reach	
   about	
   3000GW,	
   the	
  MW	
   -­‐	
  
level	
  power	
  sta?ons	
  will	
  need	
  3000.	
  	
  

	
  

Europe	
  not	
  representa?ve	
  
of	
  the	
  world:	
  
–	
  popula?on	
  to	
  decrease	
  
–	
  likle	
  economic	
  growth	
  
–	
  highest	
  standard	
  of	
  living	
  

6 



The	
  interest	
  of	
  nuclear	
  industry	
  
q The	
  increasing	
  worldwide	
  interest	
  in	
  thorium	
  is	
  finally	
  reaching	
  

nuclear	
  industry.	
  For	
  the	
  first	
  ?me,	
  thorium	
  officially	
  men?oned	
  
by	
  a	
  French	
  main	
  nuclear	
  actor.	
  	
  

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

q However,	
  AREVA	
  is	
  only	
  considering	
  an	
  “adiaba?c”	
  transi?on	
  
from	
  uranium	
  to	
  thorium	
  (80-­‐100	
  years),	
  star?ng	
  by	
  inser?ng	
  a	
  
few	
  thorium	
  fuel	
  elements	
  in	
  a	
  uranium	
  reactor.	
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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	
  in	
  Light	
  Water	
  Reactors	
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Halden	
  Research	
  Reactor	
  
Ins0tute	
  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	
  Ini?a?ve)	
  collaborates	
  with	
  Wes?nghouse	
  to	
  carry	
  
out	
  thorium	
  fuel	
  tests	
  in	
  the	
  Halden	
  research	
  reactor.	
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Nuclear	
  fission	
  energy	
  
q  	
  Why	
  is	
  it	
  a	
  priori	
  a_racIve?:	
  

☛ No	
  CO2,	
  no	
  air	
  pollu?on	
  (NOx,	
  etc.),	
  concentrated	
  
☛ Has	
  the	
  poten?al	
  to	
  produce	
  abundant	
  (base	
  load)	
  electric	
  energy	
  	
  
☛ Nuclear	
  fission	
  technology	
  exists	
  and	
  is	
  well	
  understood	
  
☛ Breeding	
  can	
  make	
  it	
  essen?ally	
  “sustainable”	
  on	
  the	
  human	
  ?me	
  scale	
  

q  Shortcomings	
  of	
  the	
  PRESENT	
  genera?on	
  of	
  thermal	
  neutron	
  
systems	
  based	
  on	
  uranium:	
  
☛ 	
  Accidents	
  (Chernobyl,	
  Three	
  Mile	
  Island,	
  Fukushima)	
  
☛ 	
  Waste	
  management	
  (storage	
  over	
  ≤	
  one	
  million	
  years	
  is	
  the	
  only	
  op?on	
  

developed	
  so	
  far)	
  
☛ 	
  Prolifera?on	
  of	
  nuclear	
  weapons	
  (uranium	
  ≈	
  military)	
  
☛ 	
  Sustainability	
  (<100yr	
  at	
  present	
  rate)	
  

q  Can	
  one	
  make	
  nuclear	
  energy	
  acceptable	
  to	
  Society?	
  
Can	
  a	
  different	
  nuclear	
  energy	
  based	
  on	
  thorium	
  instead	
  of	
  uranium	
  
have	
  the	
  poten?al	
  for	
  elimina?ng	
  all	
  of	
  the	
  above	
  issues	
  of	
  the	
  
present	
  nuclear	
  power	
  scheme?	
  
	
  jpr/Varenna-­‐2014	
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Thorium	
  (232Th90)	
  
q  Abundant	
  (1.2x1014	
  tons	
  in	
  the	
  Earth’s	
  crust),	
  as	
  

much	
  as	
  lead,	
  and	
  three	
  to	
  four	
  ?mes	
  more	
  than	
  
uranium	
  

q  Recovering	
  only	
  one	
  part	
  per	
  million	
  (10-­‐6),	
  that	
  is	
  
1.2x108	
  tons,	
  would	
  provide	
  the	
  present	
  world	
  power	
  
consump?on	
  of	
  15	
  TW,	
  for	
  18’000	
  years.	
  “Thorium	
  is	
  
a	
  source	
  of	
  energy	
  essen?ally	
  sustainable	
  on	
  the	
  
human	
  ?me	
  scale”	
  

q  Isotopically	
  pure,	
  α-­‐decay	
  with	
  a	
  half-­‐life	
  of	
  	
  
14	
  billion	
  years	
  (almost	
  stable)	
  

q  Thorium	
  occurs	
  in	
  several	
  minerals	
  including	
  thorite	
  
(ThSiO4),	
  thorianite	
  (ThO2	
  +	
  UO2)	
  and	
  monazite	
  (Ce,	
  
La,	
  Nd,	
  Th)PO4).	
  Oeen	
  a	
  by-­‐product	
  of	
  mining	
  for	
  
rare	
  earths)	
  (lanthanides	
  +	
  scandium	
  and	
  ykrium),	
  
?n,	
  coal	
  and	
  uranium	
  tailings	
  

q  Known	
  and	
  es?mated	
  resources:	
  ≈7x106	
  tons	
  (IAEA);	
  
poor	
  indicator	
  because	
  not	
  searched	
  for	
  
systema?cally;	
  ≈1000	
  years	
  at	
  present	
  world	
  energy	
  
consump?on	
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Monazite	
  sample	
  containing	
  2	
  to	
  3%	
  of	
  thorium	
  
mixed	
  with	
  rare	
  earths	
  (from	
  the	
  Steenkampskraal	
  
mine,	
  South	
  Africa	
  –	
  Trevor	
  Blench)	
  

C.	
  Rubbia	
  @	
  ThEC13	
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half-­‐life	
  
26.967	
  days	
  

Thorium	
  chain	
  

β	
  decay	
  

β	
  decay	
  

Neutron	
  capture	
  

ferIle	
  

fissile	
  

half-­‐life	
  
27	
  days	
  

half-­‐life	
  
22.3	
  mn	
  

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

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

(in	
  addi?on	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance)	
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Β	
  decay	
  

Β	
  decay	
  

Neutron	
  capture	
  

ferIle	
  

fissile	
  

Uranium	
  chain	
  

half-­‐life	
  
2.3	
  days	
  

fissile	
  

Neutron	
  capture	
  

half-­‐life	
  
26.967	
  days	
  

β	
  decay	
  

β	
  decay	
  

Neutron	
  capture	
  

ferIle	
  

fissile	
  

half-­‐life	
  
27	
  days	
  

Thorium	
  chain	
  

half-­‐life	
  
22.3	
  mn	
  

Fission	
  energy	
  from	
  232Th90	
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β	
  decay	
  

β	
  decay	
  

q  Thorium	
  is	
  ferIle,	
  not	
  fissile,	
  so	
  it	
  can	
  ONLY	
  be	
  used	
  in	
  breeding	
  mode,	
  by	
  producing	
  
233U	
  which	
  is	
  fissile	
  	
  

q  However,	
  this	
  gives	
  a	
  poten?al	
  factor	
  140	
  gain	
  compared	
  to	
  235U	
  in	
  PWR	
  	
  
(in	
  addi?on	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance)	
  

half-­‐life	
  
23.45	
  mn	
  



half-­‐life	
  
26.967	
  days	
  

Thorium	
  chain	
  

β	
  decay	
  

β	
  decay	
  

Neutron	
  capture	
  

ferIle	
  

fissile	
  

half-­‐life	
  
27	
  days	
  

half-­‐life	
  
22.3	
  mn	
  

Fission	
  energy	
  from	
  232Th90	
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q  Thorium	
  is	
  ferIle,	
  not	
  fissile,	
  so	
  it	
  can	
  ONLY	
  be	
  used	
  in	
  breeding	
  mode,	
  by	
  producing	
  
233U	
  which	
  is	
  fissile	
  	
  

q  However,	
  this	
  gives	
  a	
  poten?al	
  factor	
  140	
  gain	
  compared	
  to	
  235U	
  in	
  PWR	
  	
  
(in	
  addi?on	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance)	
  

q  Thorium	
  dioxide	
  (ThO2)	
  has	
  the	
  highest	
  mel?ng	
  point	
  (3300	
  °C	
  compared	
  to	
  2865	
  °C	
  for	
  
UO2)	
  of	
  all	
  oxides	
  and	
  is	
  one	
  of	
  the	
  	
  
best	
  refractory	
  materials	
  

q  Minimizes	
  nuclear	
  waste	
  produc?on,	
  
can	
  be	
  used	
  to	
  destroy	
  exisIng	
  nuclear	
  waste	
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Nuclear	
  Waste	
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235U 236U 237U 238U 239U 240U

237Np 238Np 239Np 240Np

238Pu 239Pu 240Pu 241Pu 242Pu 243Pu

241Am 243Am

6.75 d 23.5 mn 14.1 h

2.12 d 2.35 d 61.9 mn
(7.2 mn)

14.3 yr 4.96 h

582 15

2100

78 742 1100 200

3

98.3 5.11 440 2.75 22

180 2.75 68

540 269 290 380 18.5 90

242Am
580 74

!!

! !
90Br 90Kr 90Rb 90Sr 90Y

143Xe 143Cs 143Ba 143La 143Ce 143Pr

! "# "#

(neutron)

Fission Fragments

Gamma Radiation

Stable

Stable

235U

! "# ! "# ! "# ! "#

143Nd

! "# "#! "# ! "# ! "#

90Zr

n

n
n

n
0.3 s 1.78 s 14.33 s 14.2 mn 33 h 13.57 d

1.92 s 32.32 s 2.63 mn 28.78 y 64.1 h

q TRansUranic	
  elements:	
  
(1.1%	
  	
  of	
  spent	
  fuel)	
  
produced	
  by	
  neutron	
  capture	
  
and	
  subsequent	
  beta	
  decay;	
  
dominated	
  by	
  plutonium.	
  	
  
The	
  others	
  are	
  called	
  Minor	
  AcInides	
  

q  Fission	
  Fragments:	
  
(4%	
  of	
  spent	
  fuel)	
  
the	
  results	
  of	
  fissions	
  
	
  



Nuclear	
  Waste	
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Typically 250kg of TRU and  
830 kg of FF per GWe/year#Coal	
  ashes	
  

q  TRU	
  cons?tute	
  by	
  far	
  the	
  main	
  problem	
  [long	
  life?me	
  –	
  reac?vity].	
  	
  



Thorium	
  and	
  nuclear	
  waste	
  
q  Thorium	
  minimizes	
  nuclear	
  waste	
  produc?on,	
  because	
  it	
  is	
  7	
  neutron	
  captures	
  

away	
  from	
  plutonium-­‐239	
  

q  Used	
  in	
  a	
  fast	
  neutron	
  flux,	
  thorium	
  represents	
  a	
  unique	
  poten?al	
  	
  
for	
  nuclear	
  waste	
  elimina?on	
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Thorium chain in a fast neutron flux#

Entry door to nuclear waste 
production#
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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	
  simula?on)	
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q  Fast	
  spectrum,	
  implies	
  as	
  likle	
  moderaIon	
  	
  
as	
  possible:	
  
	
  –	
  Sodium	
  or	
  gas	
  used	
  in	
  GENERATION	
  IV	
  
	
  –	
  Molten	
  salts	
  in	
  MSR	
  
	
  –	
  Pb	
  or	
  Pb-­‐Bi	
  eutec?c	
  in	
  ADS	
  systems	
  

	
  



Fission	
  energy	
  from	
  232Th90	
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C.	
  Rubbia	
  
ThEC13	
  

! !"
# f

# f +# c

Br
ee
di
ng
	
  p
os
sib

le
	
  

Neutrons	
  produced	
  per	
  
neutron	
  absorbed	
  

q  233U	
  is	
  an	
  excellent	
  fuel	
  for	
  a	
  breeder	
  system	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

q  But	
  the	
  other	
  elements	
  in	
  the	
  fuel	
  have	
  to	
  be	
  taken	
  into	
  account	
  (232Th,	
  238U).	
  Thorium	
  +	
  
233U	
  cannot	
  be	
  subs?tuted	
  simply	
  to	
  PWR	
  fuel	
  because	
  of	
  neutron	
  inventory	
  issues	
  
(capture	
  rate	
  on	
  thorium	
  and	
  long	
  half-­‐life	
  of	
  233Pa)	
  	
  

jpr/Varenna-­‐2014	
  



Neutron	
  Captures	
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PWR	
   Fast	
  Breeders	
  



How	
  to	
  use	
  thorium	
  in	
  pracIce?	
  

q 	
  Three	
  general	
  opIons?	
  
☛ 	
  Thorium	
  blankets	
  around	
  reactors,	
  to	
  breed	
  233U	
  and	
  
introduce	
  233U	
  in	
  fuel	
  
(n	
  +	
  232Th	
  è233Th	
  è233Paè233U)	
  

☛ 	
  ConInuously	
  move	
  the	
  fuel	
  out,	
  such	
  as	
  to	
  always	
  have	
  
fresh	
  fuel	
  

•  Pebble	
  bed	
  reactors	
  (once	
  through)	
  
•  Molten	
  salt	
  reactors	
  (reprocessing	
  on-­‐line)	
  	
  

☛ 	
  Accelerator	
  Driven	
  Systems	
  (ADS),	
  providing	
  an	
  external	
  
neutron	
  source:	
  this	
  is	
  the	
  solu?on	
  proposed	
  by	
  C.	
  Rubbia	
  
at	
  CERN	
  in	
  the	
  1990’s	
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Thorium	
  blanket:	
  Indian	
  strategy	
  
q  India,	
  with	
  likle	
  uranium	
  resources	
  but	
  a	
  lot	
  of	
  thorium,	
  has	
  the	
  most	
  advanced	
  

prac?cal	
  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	
  criIcal	
  reactors	
  	
  
q  Proposed	
  by	
  Farrington	
  Daniels	
  at	
  Oakridge,	
  in	
  the	
  1940s.	
  Ini?al	
  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	
  convec?on	
  
☛ Not	
  discussed	
  at	
  ThEC13	
  

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

natural	
  air	
  convec?on	
  
☛ 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	
  criIcal	
  reactors	
  	
  
q  This	
  is	
  clearly	
  a	
  technology	
  that	
  is	
  concentra?ng	
  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	
  par?cularly	
  well	
  focussed	
  and	
  	
  
most	
  ambi?ous	
  effort	
  in	
  China	
  (Xu	
  Hongjie,	
  	
  
Shanghai	
  Ins?tute	
  of	
  Applied	
  Physics)	
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F-­‐Li-­‐Be	
  salt	
  	
  
(Flibe)	
  

Chemistry	
  on-­‐line	
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End	
  of	
  March,	
  the	
  Chinese	
  Government	
  decided	
  
that	
  the	
  first	
  fully-­‐func?oning	
  thorium	
  MSR	
  
reactor	
  should	
  be	
  built	
  within	
  ten	
  years,	
  instead	
  
of	
  25	
  years,	
  as	
  originally	
  planned	
  	
  



ADS:	
  the	
  subcriIcal	
  approach	
  
q  A	
  par?cle	
  accelerator,	
  to	
  provide	
  a	
  neutron	
  source	
  
q  A	
  core	
  in	
  which	
  both	
  source	
  neutrons	
  and	
  fission	
  

neutrons	
  are	
  at	
  work	
  –	
  restricted	
  here	
  to	
  the	
  case	
  of	
  
a	
  moderator	
  allowing	
  for	
  a	
  fast	
  neutron	
  spectrum	
  	
  

q  Two	
  main	
  areas	
  of	
  physics:	
  
☛ Neutron	
  produc?on	
  	
  

by	
  spalla?on	
  from	
  the	
  beam	
  
☛ Neutron	
  transport	
  and	
  interac?on	
  	
  

in	
  the	
  core	
  
q  Physics	
  also	
  drives	
  other	
  ADS	
  elements:	
  

☛  Cooling	
  (possibility	
  of	
  natural	
  convec?on)	
  
☛  Electric	
  power	
  produc?on	
  efficiency	
  	
  

(go	
  to	
  highest	
  possible	
  temperature)	
  
q  Physics	
  tested	
  at	
  CERN	
  and	
  well	
  understood	
  

Conceptual	
  phase	
  completed,	
  unlike	
  fusion	
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A	
  short	
  history	
  of	
  ADS	
  
q The	
  basic	
  process	
  in	
  ADS	
  is	
  nuclear	
  transmutaIon	
  

☛ 1919	
  Rutherford	
  (14N7	
  +	
  4He2	
  →	
  17O8	
  +	
  1p1)	
  210Po	
  accelerator!	
  
☛ 1940	
  E.O.	
  Lawrence/USA	
  and	
  W.N.	
  Semenov/USSR	
  proposed	
  to	
  
use	
  a	
  parIcle	
  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	
  
TesIng	
  Accelerator	
  (MTA)	
  at	
  the	
  Lawrence	
  	
  
Livermore	
  Radia?on	
  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)	
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A	
  short	
  history	
  of	
  ADS	
  
q  MTA	
  and	
  Lewis’	
  projects	
  dropped	
  or	
  slowed	
  down	
  when	
  (a)	
  rich	
  uranium	
  

deposits	
  were	
  discovered	
  in	
  the	
  USA,	
  and	
  (b)	
  it	
  was	
  realized	
  that	
  it	
  required	
  
several	
  hundred	
  mA	
  of	
  beam	
  intensity,	
  hundreds	
  of	
  MW	
  to	
  produce	
  the	
  beam!	
  	
  
[Pu,	
  no	
  amplifica0on]	
  today	
  ≈	
  10	
  MW	
  beams	
  seem	
  sufficient	
  

q  Renewed	
  interest	
  in	
  ADS	
  in	
  the	
  1980’s,	
  when	
  the	
  USA	
  decided	
  to	
  slow	
  the	
  
development	
  of	
  fast	
  cri?cal	
  reactors	
  (Fast	
  Flux	
  Test	
  Facility	
  @	
  Argone	
  Na?onal	
  
Lab.):	
  
☛ 	
  H.	
  Takahashi	
  at	
  Brookhaven	
  Na?onal	
  Lab:	
  several	
  proposals	
  of	
  ADS	
  systems	
  

(PHOENIX),	
  including	
  the	
  idea	
  of	
  burning	
  minor	
  acInides	
  (Fast	
  neutrons	
  –	
  
ks	
  ≈	
  0.99);	
  

☛ 	
  Ch.	
  D.	
  Bowman	
  at	
  Los	
  Alamos:	
  thermal	
  neutron	
  ADS	
  (ATW)	
  with	
  thorium	
  &	
  
chemistry	
  on-­‐line	
  for	
  FP	
  and	
  233Pa	
  extrac?on;	
  

☛ 	
  Japan	
  launched	
  OpIons	
  for	
  Making	
  Extra	
  Gains	
  from	
  AcInides	
  (OMEGA,	
  
now	
  JPARC)	
  at	
  JAERI	
  (now	
  JAEA).	
  

27	
  jpr/Varenna-­‐2014	
  



A	
  short	
  history	
  of	
  ADS	
  
q  In	
  the	
  1990s,	
  Carlo	
  Rubbia	
  gave	
  a	
  big	
  push	
  to	
  the	
  ADS,	
  by	
  launching	
  

a	
  vigorous	
  research	
  programme	
  at	
  CERN	
  based	
  on:	
  
☛ development	
  of	
  innovaIve	
  simulaIon	
  of	
  nuclear	
  systems	
  	
  
☛ specific	
  experiments	
  to	
  test	
  basic	
  concepts	
  (FEAT,	
  TARC)	
  
☛ construc?on	
  of	
  an	
  advanced	
  
neutron	
  Time	
  of	
  Flight	
  	
  
facility	
  (n_TOF)	
  to	
  acquire	
  
neutron	
  cross-­‐sec?on	
  data,	
  	
  
crucial	
  to	
  simulate	
  reliably	
  	
  
any	
  configura?on	
  with	
  new	
  	
  
materials	
  	
  

–	
  Followed	
  by	
  several	
  proposals	
  	
  
for	
  demonstrators	
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C.	
  Rubbia	
  triggered	
  a	
  major	
  R&D	
  effort	
  on	
  
ADS	
  worldwide	
  

jpr/Varenna-­‐2014	
  



Carlo	
  Rubbia’s	
  Energy	
  Amplifier	
  
q  Proton	
  accelerator	
  driven	
  subcriIcal	
  system:	
  

☛  Fast	
  neutrons	
  (104	
  to	
  106	
  eV	
  range)	
  
☛  Fuel	
  based	
  on	
  thorium	
  rather	
  than	
  	
  

uranium	
  (minimize	
  waste,	
  less	
  prolifera?ng)	
  
☛  Lead	
  as	
  spalla?on	
  target,	
  moderator	
  	
  

and	
  coolant	
  
☛  DeterminisIc	
  safety	
  with	
  passive	
  elements	
  

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

q  C.	
  Rubbia	
  et	
  al.,	
  	
  	
  
«	
  A	
  Realis?c	
  Plutonium	
  Elimina?on	
  Scheme	
  
with	
  Fast	
  Energy	
  Amplifiers	
  and	
  	
  
Thorium-­‐Plutonium	
  Fuel	
  »,	
  
	
  CERN/AT/95-­‐53	
  (ET)	
  

q  Jean-­‐Pierre	
  Revol,	
  "An	
  Accelerator	
  Driven	
  System	
  for	
  	
  
the	
  Destruc?on	
  of	
  Nuclear	
  Waste”,	
  	
  
Progress	
  in	
  Nuclear	
  Energy,	
  Vol.	
  38,	
  No.	
  1-­‐2,	
  pp.	
  153-­‐166,	
  2001.	
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ADS	
  
q  The	
  main	
  issue	
  for	
  ADS	
  today	
  is	
  the	
  absence	
  of	
  a	
  

demonstrator.	
  This	
  is	
  much	
  more	
  a	
  poli?cal	
  issue	
  
(funding)	
  than	
  a	
  scien?fic	
  one.	
  	
  

q  The	
  technology	
  for	
  a	
  demonstrator	
  with	
  power	
  of	
  	
  
≈	
  100	
  MWth	
  is	
  ready.	
  	
  

q  The	
  physics	
  simula?on	
  is	
  available	
  –	
  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	
  	
  
Demonstra?on	
  Facility	
  	
  
EA	
  B0.00	
  1	
  200	
  (Jan.	
  1999)	
  

Forced	
  
convec?on	
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q  Theory	
  of	
  subcriIcal	
  systems	
  interes?ng	
  in	
  itself,	
  to	
  get	
  insights	
  into	
  the	
  
physics.	
  Proper?es	
  are	
  quite	
  different	
  from	
  those	
  of	
  cri?cal	
  systems	
  
(C.	
  Rubbia,	
  CERN/AT/ET/Internal	
  Note	
  94-­‐036)	
  

q  Neutron	
  flux	
  geometry	
  important	
  to	
  determine	
  the	
  generated	
  power	
  
distribu?on	
  and	
  the	
  uniformity	
  of	
  fuel	
  burnup	
  

q  Some	
  simplifying	
  assump?ons	
  (uniform	
  material	
  and	
  mono-­‐energe?c	
  
neutrons,	
  small	
  absorp?on)	
  to	
  get	
  a	
  basic	
  equa?on	
  similar	
  to	
  that	
  of	
  a	
  cri?cal	
  
reactor,	
  but	
  with	
  an	
  external	
  neutron	
  source	
  term	
  in	
  addi?on:	
  

	
  

Simplified	
  model	
  of	
  subcriIcal	
  systems	
  

31	
  

!n !r, t( )
!t

=! f! "
!r, t( ) +C

!r, t( ) # a! "
!r, t( ) + D 2

$ "
!r, t( )

Fission	
   SpallaIon	
   Absorp?on	
   Leakage	
  

jpr/Varenna-­‐2014	
  



q 	
  Example	
  of	
  finite	
  system	
  at	
  equilibrium:	
  

	
  
q 	
  Two	
  regimes	
  corresponding	
  to	
  two	
  classes	
  of	
  solu?ons:	
  

☛ k∞	
  <	
  1:	
  the	
  system	
  is	
  intrinsically	
  subcri?cal	
  (FEAT	
  
experiment:	
  k∞	
  ≈	
  0.93)	
  –	
  	
  SoluIon	
  is	
  an	
  exponenIal	
  

☛ k∞	
  >	
  1:	
  subcri?cality	
  comes	
  from	
  the	
  lack	
  of	
  confinement,	
  
it	
  is	
  a	
  geometrical	
  issue	
  –	
  SoluIon	
  is	
  oscillatory	
  	
  
(C.	
  Rubbia’s	
  EA:	
  k∞	
  ≈	
  1.2-­‐1.3)	
  

q 	
  All	
  modes	
  are	
  excited	
  
Important	
  theorem:	
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  mode	
  subcri?cal	
  =>	
  all	
  modes	
  are	
  subcri?cal	
  	
  



Main	
  results	
  from	
  FEAT	
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  3.62	
  t	
  of	
  natural	
  uranium	
  at	
  CERN	
  PS;	
  keff	
  ~	
  0.9	
  

k∞	
  <	
  1:	
  exponen?al	
  



TARC	
  at	
  the	
  CERN	
  PS	
  
q  Neutron	
  phenomenology	
  studies	
  in	
  the	
  TARC	
  experiment	
  at	
  the	
  CERN	
  PS	
  (1996-­‐1997).	
  
q  Tes?ng	
  both	
  the	
  spalla?on	
  process	
  and	
  neutron	
  transport	
  in	
  lead	
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Nucl.	
  Instr.	
  Methods	
  Phys.	
  Res.,	
  A478	
  (2002)	
  577-­‐730	
  	
  

334t	
  of	
  pure	
  lead	
  



Neutron	
  mulIplicaIon	
  factor	
  
q  The	
  neutron	
  mul?plica?on	
  factor	
  whether	
  the	
  accelerator	
  is	
  on	
  or	
  off:	
  

	
  

q  Switching	
  off	
  the	
  neutron	
  source	
  not	
  only	
  stops	
  the	
  main	
  power	
  genera?on,	
  but	
  also	
  
moves	
  the	
  system	
  further	
  away	
  from	
  prompt	
  cri?cality,	
  ks	
  to	
  keff.	
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C.	
  Rubbia’s	
  EA	
  with	
  	
  
natural	
  convec?on	
  

q  Subcri?cal	
  systems	
  are	
  insensi?ve	
  to	
  delayed	
  neutron	
  frac?on	
  (β);	
  safety	
  margin	
  (distance	
  
from	
  prompt	
  cri?cality)	
  is	
  a	
  design	
  choice,	
  it	
  is	
  not	
  imposed	
  by	
  Nature!	
  

q  The	
  reac?vity	
  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	
  	
  
frac?on	
  

Determinis?c	
  
control	
  

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.	
  So	
  
the	
  reac?on	
  ?me	
  will	
  
not	
  be	
  limited	
  by	
  the	
  
accelerator.	
  The	
  
typically	
  response	
  ?me	
  
of	
  a	
  cri?cal	
  system	
  to	
  
reac?vity	
  inser?on	
  is	
  of	
  
the	
  order	
  of	
  5	
  ms.	
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Advantages	
  of	
  ADS	
  
q  Safety	
  –	
  a	
  determinis?c	
  as	
  opposed	
  to	
  probabilis?c	
  approach:	
  

☛ Eliminate	
  cri?cality	
  accidents	
  by	
  making	
  the	
  system	
  subcri?cal	
  	
  
(void	
  coef.,	
  T	
  coef.,	
  βeff	
  no	
  longer	
  “cri?cal”	
  parameters)	
  
	
  This	
  requires	
  an	
  external	
  proton	
  source!	
  

☛ Operate	
  system	
  with	
  passive	
  safety	
  elements	
  in	
  addi?on	
  to	
  avoid	
  core	
  mel?ng	
  
or	
  limit	
  its	
  consequences,	
  borrowing	
  features	
  from	
  US	
  advanced	
  fast	
  cri?cal	
  
reactor	
  designs;	
  

☛ Avoid	
  dangerous	
  coolants	
  such	
  as	
  liquid	
  sodium	
  in	
  Genera?on	
  IV	
  (use	
  lead)	
  
q  Waste	
  management:	
  

☛ Use	
  (1)	
  fast	
  neutrons,	
  (2)	
  thorium	
  fuel,	
  and	
  (3)	
  recycle	
  long-­‐lived	
  transuranic	
  
ac?nides	
  (TRU)	
  to	
  minimize	
  waste	
  produc?on	
  or	
  destroy	
  exis?ng	
  waste	
  

q  Military	
  proliferaIon:	
  
☛ Use	
  thorium	
  fuel	
  (very	
  small	
  Pu	
  prod.,	
  233U	
  very	
  difficult	
  mixture)	
  
☛ Avoid	
  Pu	
  separa?on	
  (Purex),	
  use	
  pyro-­‐electro	
  reprocessing	
  instead	
  (developed	
  

for	
  uranium	
  at	
  Argone	
  N.L.)	
  
☛ Chemistry	
  on-­‐line	
  in	
  Thorium	
  MSR	
  poten?ally	
  prolifera?ng	
  (233Pa)	
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ADS	
  @	
  ThEC13	
  
q  Largest	
  number	
  of	
  talks	
  at	
  ThEC13	
  (17	
  talks)	
  	
  
q  Status	
  of	
  readiness	
  of	
  technologies:	
  

☛  Accelerator(s)	
  (cyclotrons,	
  linacs,	
  Fixed	
  Field	
  Alterna?ng	
  Gradient)	
  
☛  Spalla?on	
  targets	
  
☛  Core	
  designs	
  

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

in	
  India	
  to	
  use	
  ADS	
  to	
  simplify	
  the	
  present	
  thorium	
  u?liza?on	
  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	
  spalla?on	
  target	
  (MEGAPIE@SINQ	
  (Swiss	
  Spalla?on	
  Neutron	
  Source),	
  	
  

SNS	
  (1.4	
  mA	
  x	
  1	
  GeV,	
  1.4	
  MW	
  Spalla?on	
  Neutron	
  Source	
  at	
  Oakridge	
  N.L.	
  ),	
  etc.)	
  
☛  Reac?vity	
  measurement	
  by	
  beam	
  pulses	
  (Cheol	
  Ho	
  Pyeon,	
  from	
  Korea)	
  
☛  Corrosion,	
  material	
  compa?bility,	
  etc.	
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  Successful	
  run	
  at	
  PSI	
  4	
  months	
  in	
  2006	
  



Accelerator	
  Driven	
  Systems	
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Hamid	
  Aït	
  Abderrahim	
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Most	
  important	
  project	
  in	
  
Europe,	
  with	
  strong	
  support	
  
from	
  the	
  Belgian	
  government:	
  
–	
  par?ally	
  funded	
  
–	
  no	
  thorium	
  
–	
  will	
  not	
  remain	
  an	
  ADS,	
  	
  
will	
  turn	
  into	
  a	
  cri?cal	
  reactor	
  



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	
  comple?on	
  in	
  2014	
  at	
  	
  the	
  Karkhov	
  Ins?tute	
  of	
  Physics	
  and	
  
Technology	
  (KIPT)	
  	
  

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

☛  Virginia	
  Nuclear	
  Energy	
  Consor?um	
  Authority	
  associated	
  to	
  Jefferson	
  
Lab,	
  in	
  the	
  USA,	
  with	
  a	
  view	
  to	
  create	
  a	
  “Science	
  &	
  Technology	
  
Center	
  (STC)	
  for	
  the	
  Applica?on	
  of	
  High-­‐Power	
  Accelerators	
  for	
  the	
  
Advancement	
  of	
  Innova?ve	
  Mul?disciplinary	
  Science”	
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S. Sidorkin, Russia	
  

Next	
  ADS	
  Conference	
  
Lei	
  Yang,	
  IMP,	
  China	
  

Lack	
  of	
  coordinaIon	
  



TransmutaIon	
  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  Calcula?ons	
  of	
  specific	
  transmuta?on	
  rates	
  (Y.	
  Kadi)	
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ADS	
  energy	
  gain	
  
q  A	
  source	
  neutron	
  is	
  mul?plied	
  by	
  fissions	
  and	
  (n,xn)	
  reac?ons.	
  Since	
  ks<1,	
  neutron	
  

produc?on	
  stops	
  a�er	
  a	
  limited	
  number	
  of	
  genera?ons:	
  

q  The	
  energy	
  gain	
  G	
  is	
  a	
  characteris?c	
  of	
  ADS:	
  

	
  

	
  
	
  
	
  
q  G0	
  includes	
  informa?on	
  from	
  the	
  spalla?on	
  process	
  (G0	
  ~	
  3	
  for	
  uranium;	
  G0	
  ~	
  2.7	
  for	
  

lead,	
  etc.)	
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Main	
  results	
  from	
  FEAT	
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  t	
  of	
  natural	
  uranium	
  at	
  CERN	
  PS;	
  keff	
  ~	
  0.9	
  



Energy	
  gain	
  in	
  ADS	
  systems	
  
q  For	
  a	
  given	
  power	
  output,	
  the	
  energy	
  gain	
  

(choice	
  of	
  ks	
  and	
  G0)	
  determines	
  the	
  
accelerator	
  power	
  
Trade-­‐off	
  between	
  accelerator	
  power	
  and	
  
criIcality	
  margin	
  

q  Possibility	
  of	
  modula?ng	
  the	
  beam	
  intensity	
  
to	
  allow	
  varia?ons	
  in	
  the	
  power	
  output	
  
(complementary	
  with	
  a	
  fluctuaIng	
  
renewable	
  energy	
  source)	
  	
  

q  Neutronics	
  with	
  thorium	
  very	
  favourable	
  
compared	
  to	
  uranium	
  t1/2	
  (233Pa)	
  ~	
  27d;	
  t1/2	
  
(239Np)	
  ~	
  2.3d!	
  What	
  was	
  a	
  problem	
  in	
  the	
  
use	
  of	
  thorium	
  in	
  cri?cal	
  reactors	
  becomes	
  
an	
  advantage	
  in	
  the	
  case	
  of	
  ADS	
  

46	
  

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	
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  MW	
  



Accelerator	
  requirements	
  
q  In	
  	
  principle,	
  it	
  does	
  not	
  maker	
  how	
  the	
  external	
  neutron	
  source	
  is	
  provided.	
  In	
  prac?ce,	
  for	
  

industrial	
  applica?ons,	
  there	
  are	
  a	
  number	
  of	
  well-­‐defined	
  requirements	
  for	
  the	
  accelerator:	
  	
  
☛ Beam	
  parIcle:	
  protons	
  
☛ Beam	
  power:	
  a	
  few	
  to	
  ≈	
  10	
  MW	
  depending	
  on	
  choice	
  of	
  ks	
  value,	
  and	
  power	
  output	
  
☛ Beam	
  Energy:	
  Ebeam	
  ≥	
  800-­‐900	
  MeV	
  
☛ Beam	
  spot	
  size	
  (footprint):	
  large	
  on	
  impact	
  on	
  window	
  (studies	
  at	
  JAEA:	
  OK	
  ≤	
  0.1-­‐0.2	
  

mA/cm2	
  ),	
  MYRRHA	
  has	
  0.07mA/cm2	
  

☛ Beam	
  losses:	
  minimize	
  irradia?on	
  of	
  the	
  accelerator	
  and	
  of	
  the	
  environment	
  (main	
  issue	
  
for	
  any	
  high	
  power	
  beam,	
  not	
  only	
  for	
  ADS);	
  impact	
  on	
  the	
  maintenance	
  and	
  repair	
  

☛ Reliability:	
  minimize	
  beam	
  trips	
  (mul?ple	
  sources);	
  the	
  limita?on	
  comes	
  mainly	
  from	
  
thermal	
  stress	
  in	
  fuel	
  structure.	
  For	
  instance,	
  for	
  MYRRHA:	
  

•  Trip	
  <	
  0.1	
  s	
  no	
  limit	
  
•  0.1	
  s	
  	
  <	
  Trip	
  <	
  3	
  s	
  not	
  more	
  than	
  100	
  per	
  day	
  
•  Trip	
  >	
  3	
  s	
  10	
  in	
  three	
  months	
  
•  Administra?ve	
  limit	
  if	
  SCRAM	
  event	
  

☛ Beam	
  power	
  stability	
  and	
  control:	
  1%	
  fluctua?on	
  on	
  beam	
  intensity	
  is	
  1%	
  fluctua?on	
  
on	
  the	
  thermal	
  power	
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Accelerator	
  requirements	
  
☛  Large	
  operaIonal	
  range	
  of	
  beam	
  intensity:	
  	
  

to	
  follow	
  demand	
  (factor	
  10?)	
  
☛  Energy	
  efficiency:	
  maximize	
  frac?on	
  of	
  electric	
  

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

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

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

q  In	
  the	
  end,	
  the	
  solu?on	
  chosen	
  among	
  LINAC,	
  
Cyclotron	
  or	
  FFAG,	
  will	
  be	
  the	
  one	
  best	
  fulfilling	
  
these	
  requirements	
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Conclusion	
  	
  
q  There	
  is	
  no	
  reason	
  to	
  keep	
  thorium	
  out	
  of	
  the	
  energy	
  R&D	
  effort	
  in	
  Europe.	
  

Furthermore	
  Europe	
  has	
  all	
  the	
  know-­‐how	
  to	
  do	
  this	
  efficiently.	
  
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-­‐

prolifera?on,	
  thorium	
  in	
  a	
  fast	
  neutron	
  ADS,	
  is	
  an	
  interes?ng	
  op?on	
  for	
  
energy	
  produc?on	
  and	
  waste	
  elimina?on.	
  

q  It	
  is	
  a	
  challenging	
  innova?on	
  but	
  there	
  is	
  no	
  show	
  stopper.	
  Europe	
  cannot	
  
afford	
  not	
  to	
  built	
  a	
  “demonstrator”	
  of	
  significant	
  power	
  (MYRRHA?)	
  in	
  order	
  
to	
  validate	
  technological	
  solu?ons.	
  	
  

q  iThEC	
  in	
  Geneva	
  is	
  promo?ng	
  R&D	
  on	
  thorium	
  in	
  general,	
  and	
  on	
  ADS	
  in	
  
par?cular:	
  
hkp://www.ithec.org/	
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Thank	
  You!	
  

Xu	
  Hongjie	
   Anil	
  Kakodkar	
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India – Vast Resources of beach sand minerals  
(Ilmenite, monazite, zircon) 

P.K.	
  Wakal	
  
BARC, India 



	
  
	
  
	
  

RESERVE	
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Results	
  from	
  TARC	
  

q  Demonstrated	
  AdiabaIc	
  Resonance	
  Crossing	
  
for	
  the	
  elimina?on	
  of	
  long-­‐lived	
  fission	
  
fragments,	
  an	
  idea	
  also	
  proposed	
  by	
  C.	
  Rubbia.	
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q  Diffusion	
  equa?on	
  (with	
  	
  	
  	
  	
  =	
  βn,	
  where	
  β	
  is	
  the	
  neutron	
  velocity):	
  

q  Case	
  of	
  a	
  neutron	
  pulse,	
  given	
  by	
  C0δ(t),	
  and	
  subs?tu?ng	
  	
  
	
  
	
  
	
  
provides	
  an	
  equa?on	
  for	
  the	
  ?me	
  dependence:	
  
	
  

	
  
	
   	
   	
   	
  	
  	
  	
  	
  	
  and	
  the	
  general	
  solu?on	
  

	
  
	
  
	
  
q  Characteris?c	
  decay	
  ?me	
  is	
  shorter	
  as	
  modes	
  become	
  higher.	
  At	
  the	
  cri?cality	
  limit	
  

(k1,1,1=1),	
  the	
  mode	
  is	
  infinitely	
  long.	
  Fermi	
  used	
  this	
  to	
  measure	
  the	
  approach	
  of	
  
cri?cality	
  in	
  his	
  Chicago	
  Pile	
  1	
  in	
  1942,	
  and	
  the	
  method	
  is	
  well	
  suited	
  for	
  ADS.	
  

Time	
  dependence	
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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	
  polluIon	
  in	
  China	
  
q Even	
  though	
  coal	
  accounts	
  for	
  70%	
  of	
  China’s	
  total	
  energy	
  

consump?on,	
  China	
  is	
  doing	
  beker	
  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	
  sta?ons	
  in	
  the	
  next	
  

two	
  years	
  (Blomberg,	
  Nov.	
  2013),	
  while	
  at	
  the	
  same	
  ?me	
  
expor?ng	
  subsidized	
  green	
  electricity	
  (Netherland)	
   56	
  

è	
  	
  

Source:	
  
IEA	
  2013	
  	
  
Key	
  World	
  	
  
Energy	
  Sta?s?cs	
  

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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RealisIc	
  ADS	
  system	
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Ansaldo	
  Engineering	
  design	
  	
  
for	
  the	
  Energy	
  Amplifier	
  	
  
Demonstra?on	
  Facility	
  	
  
EA	
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Energy	
  Amplifier	
  Conceptual	
  Design	
  
C.	
  Rubbia,	
  et	
  al.,	
  CERN/AT/95-­‐44	
  (ET)	
  

q  Today	
  one	
  can	
  simulate	
  in	
  
great	
  detail	
  any	
  realis?c	
  
system	
  of	
  this	
  type	
  (LHC	
  
experiments	
  have	
  up	
  to	
  30	
  
million	
  volume	
  elements	
  in	
  
their	
  simula?on)	
  	
  

q  The	
  physics	
  is	
  extremely	
  well	
  
known!	
  	
  

q  Use	
  passive	
  safety	
  –	
  physics	
  
does	
  not	
  fail!	
  

q  Neutron	
  data	
  are	
  improving	
  

Simula?on	
  never	
  beker	
  than	
  	
  
the	
  quality	
  of	
  input	
  data	
  :	
  	
  
Strategic	
  importance	
  of	
  n_TOF	
  at	
  CERN!	
  jpr/Varenna-­‐2014	
  



Neutron	
  cross	
  secIon	
  data	
  
q  Develop	
  precise	
  and	
  predicIve	
  	
  

simulaIon,	
  requires	
  precise	
  input	
  data:	
  
☛  n_TOF	
  facility	
  at	
  CERN	
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232Th(n,γ)	
  
Frank	
  Gunsing	
  

jpr/Varenna-­‐2014	
  



The	
  energy	
  problem	
  
q  If	
  the	
  rest	
  of	
  the	
  world	
  is	
  allowed	
  to	
  live	
  as	
  well	
  as	
  we	
  do	
  in	
  Europe	
  today,	
  then	
  the	
  

energy	
  produc?on	
  of	
  the	
  world	
  will	
  have	
  to	
  be	
  increased	
  by	
  a	
  factor	
  of	
  3	
  or	
  more,	
  
by	
  the	
  end	
  of	
  this	
  century,	
  when	
  the	
  world	
  popula?on	
  will	
  likely	
  approach	
  11	
  billon	
  
individuals	
  (from	
  15	
  TW	
  to	
  ≥	
  50	
  TW).	
  Most	
  of	
  the	
  popula?on	
  increase	
  is	
  expected	
  
in	
  developing	
  countries.	
  Europe	
  is	
  not	
  representaIve	
  of	
  the	
  world!	
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  “Visualiza?on	
  from	
  Gapminder	
  World,	
  powered	
  by	
  Trendalyzer	
  	
  
from	
  www.gapminder.org.“	
  

See	
  Prof.	
  Hans	
  Rosling’s	
  lecture	
  



Architecture	
  of	
  an	
  ADS	
  system	
  
q  Example	
  of	
  the	
  generic	
  1500	
  MWTh	
  system	
  (Energy	
  Amplifier),	
  designed	
  and	
  

simulated	
  by	
  C.	
  Rubbia	
  et	
  al.	
  (CERN/AT/95-­‐44	
  (ET))	
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CriIcal	
  versus	
  SubcriIcal	
  Systems	
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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

REFLECTOR

SUB-
CRITICAL
CORE TARGET

High intensity
Reliability
Stability
Efficiency
Activation

Losses
Monitoring
Expansion

High energy particles

Heat transfer
Thermal cycling

Neutronics
Performance
Kinetics
Fuel integrity
Subcriticality
monitor

Window thermal stress
Failure monitor
Radiation effects
Materials compatibility
Thermal  hydraulics
Liquid metal technology
Maintainability

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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Detailed	
  simulaIon	
  

66	
  

Carlo	
  Rubbia	
  

Impressive	
  demonstra?on	
  of	
  	
  
compensa?on	
  mechanism	
  	
  
allowing	
  extended	
  burnup	
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Abstract	
  
•  Title:	
  Thorium:	
  An	
  energy	
  source	
  for	
  the	
  world	
  of	
  tomorrow	
  ?	
  

	
  

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

pursued	
  to	
  replace	
  fossil	
  fuels.	
  The	
  ThEC13	
  conference	
  organized	
  by	
  iThEC	
  at	
  CERN	
  last	
  
October	
  has	
  shown	
  that	
  thorium	
  is	
  seriously	
  considered	
  by	
  developing	
  countries	
  as	
  a	
  
key	
  element	
  of	
  their	
  energy	
  strategy.	
  Developed	
  countries	
  are	
  also	
  star?ng	
  to	
  move	
  in	
  
the	
  same	
  direc?on.	
  How	
  thorium	
  could	
  make	
  nuclear	
  energy	
  (based	
  on	
  thorium)	
  
acceptable	
  to	
  society	
  will	
  be	
  discussed.	
  Thorium	
  can	
  be	
  used	
  both	
  to	
  produce	
  energy	
  
and	
  to	
  destroy	
  nuclear	
  waste.	
  As	
  thorium	
  is	
  not	
  fissile,	
  one	
  elegant	
  op?on	
  is	
  to	
  use	
  an	
  
accelerator,	
  in	
  so-­‐called	
  “Accelerator	
  Driven	
  Systems	
  (ADS)”,	
  as	
  suggested	
  by	
  Nobel	
  
Prize	
  laureate	
  Carlo	
  Rubbia.	
  CERN’s	
  important	
  contribu?ons	
  to	
  R&D	
  on	
  thorium	
  
related	
  issues	
  will	
  be	
  men?oned	
  as	
  well	
  as	
  the	
  main	
  areas	
  where	
  CERN	
  could	
  
contribute	
  to	
  this	
  field	
  in	
  the	
  future.	
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Contents	
  

•  The	
  energy	
  problem:	
  a	
  global	
  issue	
  	
  
•  Review	
  of	
  R&D	
  on	
  thorium	
  technologies	
  
(ThEC13	
  thorium	
  conference)	
  

•  Possible	
  ways	
  of	
  using	
  thorium	
  
•  Accelerator	
  Driven	
  Systems	
  (ADS)	
  	
  
•  CERN	
  contribu?ons	
  to	
  ADS	
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How	
  much	
  thorium	
  for	
  1	
  GWe?	
  
•  Calcula?ng	
  the	
  amount	
  of	
  thorium	
  needed	
  for	
  producing	
  

1	
  GW	
  of	
  thermal	
  energy	
  during	
  one	
  year	
  is	
  a	
  straight-­‐
forward	
  calcula?on,	
  based	
  on	
  the	
  fact	
  that	
  the	
  energy	
  
released	
  as	
  heat	
  per	
  fission	
  is	
  about	
  189	
  MeV	
  (see	
  later)	
  

•  Calcula?ng	
  the	
  amount	
  of	
  thorium	
  needed	
  for	
  
producing	
  1	
  GW	
  of	
  electrical	
  energy	
  during	
  one	
  year	
  
requires	
  one	
  basic	
  assump?on:	
  
–  The	
  electrical	
  conversion	
  efficiency	
  taken	
  here	
  from	
  
the	
  validated	
  simula?on	
  of	
  C.	
  Rubbia’s	
  Energy	
  Amplifier	
  	
  
C.	
  Rubbia,	
  et	
  al.,	
  «	
  Conceptual	
  Design	
  of	
  a	
  Fast	
  Neutron	
  
Operated	
  High	
  Power	
  Energy	
  Amplifier	
  »,	
  	
  
CERN/AT/95-­‐44	
  (ET)	
  
	
  
For	
  1.5	
  GW	
  of	
  thermal	
  power,	
  645	
  GW	
  of	
  electrical	
  
power	
  are	
  sent	
  to	
  the	
  Grid	
  (see	
  later)	
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Energy	
  in	
  fission	
  reacIons 	
  	
  
•  (1)	
  Kine?c	
  energy	
  of	
  fission	
  fragments:	
  167	
  MeV	
  
•  (2)	
  Prompt	
  (<	
  10-­‐6	
  s)	
  gamma	
  ray	
  energy:	
  8	
  MeV	
  	
  
•  (3)	
  Kine?c	
  energy	
  of	
  fission	
  neutrons:	
  8	
  MeV 	
  	
  
•  (4)	
  Gamma	
  ray	
  energy	
  from	
  fission	
  products:	
  7	
  MeV	
  
•  (5)	
  Beta	
  decay	
  energy	
  of	
  fission	
  products:	
  7	
  MeV 	
  	
  
•  (6)	
  Energy	
  as	
  an?neutrinos	
  (ve):	
  7	
  MeV	
  
Adding	
  1,	
  2,	
  4	
  and	
  5	
  (clearly	
  neutrinos	
  do	
  not	
  deposit	
  
heat,	
  and	
  fission	
  neutrons	
  are	
  mostly	
  absorbed	
  to	
  induce	
  
fissions),	
  one	
  gets:	
  
	
  
189	
  MeV	
  for	
  the	
  contribuIon	
  to	
  the	
  heat	
  deposiIon	
  per	
  
fission	
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Energy	
  flow	
  in	
  EA	
  

This	
  is	
  the	
  result	
  of	
  a	
  detailed	
  simula?on	
  using	
  par?cle	
  
physics	
  methods,	
  star?ng	
  from	
  single	
  protons	
  in	
  the	
  beam	
   71	
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Amount	
  of	
  thorium	
  
•  To	
  produce	
  645	
  GWe	
  in	
  a	
  EA	
  requires	
  a	
  thermal	
  
power	
  of	
  1500	
  MW.	
  Energy	
  during	
  one	
  year:	
  
1500x106x365x24x3600	
  	
  =	
  4.73x1016	
  Joules	
  

•  Number	
  of	
  fissions	
  (1	
  eV	
  =	
  1.6x10–19	
  J):	
  
4.73x1016	
  /	
  (189x106x	
  1.6x10–19	
  )	
  =	
  1.564x1027	
  fissions	
  

•  The	
  number	
  of	
  232Th	
  atoms	
  consumed	
  to	
  have	
  one	
  
233U	
  fission	
  is	
  about	
  1.127	
  (see	
  later)	
  

•  The	
  mass	
  of	
  232Th	
  used	
  to	
  produce	
  1.564x1027	
  fissions	
  
is	
  (molar	
  mass	
  of	
  232Th	
  is	
  232.0381	
  g/mole,	
  and	
  one	
  
mole	
  =	
  6.022x1023	
  atoms):	
  
(1.127x1.1.564x1027/6.022x1023)x232.0381	
  =	
  
6.79x105	
  g	
  =	
  679	
  kg	
  =	
  0.679	
  t	
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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	
  enIre	
  world	
  power	
  consumpIon	
  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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Thorium	
  in	
  the	
  Earth’s	
  crust	
  

•  According	
  to	
  Wikipedia,	
  the	
  Earth’s	
  crust	
  contains	
  
1.2x1014	
  tons	
  of	
  thorium	
  

•  Recovering	
  only	
  one	
  part	
  per	
  million	
  (10-­‐6)	
  of	
  this,	
  
that	
  is	
  1.2x108	
  tons,	
  would	
  provide	
  the	
  present	
  
world	
  power	
  consump?on	
  of	
  15	
  TWth,	
  for	
  almost	
  
20’000	
  years:	
  
1.2x1014x10–6/6.79x103	
  =	
  1.77x104	
  years	
  	
  
≈	
  18’000	
  years	
  

•  Thorium	
  is	
  a	
  potenIally	
  sustainable	
  source	
  of	
  
energy	
  on	
  the	
  human	
  Ime	
  scale.	
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Annual	
  producIon	
  of	
  a	
  900MWe	
  PWR	
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Pyro-­‐electric	
  reprocessing	
  
q  Electrolysis	
  of	
  molten	
  salt	
  solu?on.	
  Ac?nides	
  are	
  separated	
  out.	
  Method	
  already	
  

tested	
  in	
  the	
  case	
  of	
  Uranium	
  at	
  Argone	
  Na?onal	
  Lab	
  (99.99%	
  efficiency	
  achieved).	
  
Plutonium	
  remains	
  combined	
  with	
  minor	
  ac?nides	
  (Np,	
  Am,	
  Cm,	
  etc.).	
  Simpler,	
  
nothing	
  goes	
  to	
  the	
  environment	
  (no	
  water)	
  unlike	
  Purex,	
  small	
  dimensions,	
  not	
  
prolifera?ng.	
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DestrucIon	
  of	
  nuclear	
  waste	
  
•  In	
  a	
  system	
  where	
  elements	
  can	
  be	
  both	
  created	
  and	
  generated,	
  the	
  concentra?on	
  

reaches	
  an	
  equilibrium	
  a�er	
  a	
  certain	
  ?me.	
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TransmutaIon	
  of	
  LLFF	
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