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“Next-­‐genera+on	
  par+cle	
  beams	
  represent	
  
cheaper,	
  greener	
  alterna+ves	
  to	
  tradi+onal	
  
industrial	
  processes.	
  They	
  can	
  give	
  us	
  clean	
  
energy	
  through	
  safer	
  nuclear	
  power,	
  with	
  far	
  
less	
  waste.	
  They	
  can	
  clean	
  up	
  polluted	
  air	
  and	
  
water;	
  deliver	
  targeted	
  cancer	
  treatment	
  with	
  
minimal	
  side	
  effects;	
  and	
  contribute	
  to	
  the	
  
development	
  of	
  new	
  materials.	
  As	
  tools	
  for	
  
inspec+ng	
  cargo	
  and	
  improving	
  the	
  monitoring	
  
of	
  test	
  ban	
  compliance,	
  accelerators	
  can	
  
strengthen	
  the	
  na+on’s	
  security.”	
  
	
  
Accelerators	
  for	
  America’s	
  Future,	
  DOE	
  
Workshop,	
  Washington	
  DC,	
  June	
  2010	
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Is	
  high-­‐power	
  accelerator	
  
technology	
  ready	
  for	
  industrial	
  
applica7on?	
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Reserves	
  /	
  ProducGon	
  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	
  consump7on	
  will	
  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%/year	
  on	
  average,	
  
totally	
  dominated	
  by	
  fossil	
  fuels	
  

Fossil	
  fuel	
  resources	
  are	
  finite	
  

BP	
  Sta7s7cal	
  review	
  of	
  World	
  Energy	
  2014	
  

Not	
  sustainable,	
  even	
  
at	
  today’s	
  level	
  of	
  
energy	
  consump7on	
  

Coal	
  

Gas	
  

Oil	
  

86.7%	
  



q  Global	
  warming	
  Atmospheric	
  CO2	
  level	
  higher	
  than	
  ever	
  in	
  the	
  past	
  15	
  million	
  years,	
  
increasing	
  faster	
  than	
  ever	
  before,	
  with	
  most	
  likely	
  disastrous	
  consequences	
  (IPCC	
  reports)	
  

q  Air	
  polluGon	
  	
  
Ø  Burning	
  coal	
  costs	
  Europe	
  alone	
  40	
  billion	
  Euros	
  in	
  annual	
  health	
  care	
  expenses	
  	
  
Ø  The	
  ambient	
  air	
  pollu7on	
  causes	
  the	
  premature	
  deaths	
  of	
  0.5	
  M	
  Chinese	
  annually	
  
Ø  WHO:	
  1	
  in	
  8	
  of	
  total	
  global	
  deaths	
  is	
  the	
  result	
  of	
  air	
  pollu7on	
  exposure	
  

q  Ocean	
  water	
  polluGon	
  Induced	
  by	
  air	
  pollu7on	
  (SO2,	
  NOx)	
  and	
  CO2	
  in	
  the	
  atmosphere	
  

	
  

q  But	
  the	
  current	
  tendency	
  is	
  to	
  increase	
  the	
  consump7on	
  of	
  fossil	
  fuels!	
  Given	
  the	
  finite	
  
supply,	
  obviously	
  this	
  cannot	
  con7nue	
  for	
  ever	
  

q  Europe	
  not	
  representa7ve	
  of	
  the	
  world.	
  Globally,	
  1.1	
  billion	
  people	
  do	
  not	
  have	
  electricity.	
  	
  

Burning	
  fossil	
  fuel	
  Gll	
  the	
  end?	
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COP21:	
  cauGous	
  opGmism?	
  
195	
  countries	
  were	
  represented	
  in	
  Paris,	
  last	
  December:	
  
“World	
  Leaders	
  unanimously	
  agree	
  to	
  end	
  the	
  fossil	
  fuel	
  age	
  within	
  a	
  few	
  decades”	
  	
  
Global	
  Footprint	
  Network	
  	
  hdp://www.footprintnetwork.org	
  
	
  
“Under	
  US	
  insistence,	
  the	
  agreement	
  was	
  explicitly	
  craFed	
  to	
  EXCLUDE:	
  	
  
1)	
  any	
  binding	
  agreement	
  to	
  emissions	
  reduc+ons;	
  	
  
2)	
  any	
  binding	
  agreement	
  to	
  financing	
  of	
  emissions	
  reduc+ons	
  
3)	
  any	
  binding	
  agreement	
  to	
  fines	
  or	
  penal+es	
  of	
  any	
  kind	
  for	
  failure	
  to	
  reduce	
  emissions.	
  	
  
Only	
  one	
  thing	
  was	
  agreed	
  to	
  legally:	
  wri+ng	
  reports	
  every	
  five	
  years.”	
  	
  
John	
  Clark,	
  academic	
  environmentalist	
  
	
  
PoliGcians	
  are	
  stuck	
  for	
  poliGcal	
  reasons	
  and	
  because	
  they	
  cannot	
  invent	
  soluGons.	
  
It	
  is	
  the	
  responsibility	
  of	
  the	
  scienGst	
  to	
  propose	
  new	
  opGons	
  through	
  R&D	
  followed	
  by	
  
innovaGon	
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Energy	
  R&D	
  to	
  provide	
  soluGons	
  
q  Innova7on	
  implies	
  investment	
  in	
  both	
  fundamental	
  research	
  and	
  applied	
  research	
  

Ø  Without	
  fundamental	
  research	
  there	
  is	
  no	
  innovaGon,	
  and	
  we	
  would	
  not	
  be	
  today	
  …	
  	
  
q  Energy	
  R&D	
  has	
  to	
  be	
  systemaGc,	
  without	
  prejudice:	
  Relying	
  en7rely	
  on	
  wind	
  and	
  solar	
  

energy	
  by	
  the	
  end	
  of	
  the	
  century	
  implies	
  increasing	
  their	
  contribu7on	
  to	
  the	
  world	
  energy	
  
by	
  a	
  factor	
  ≥	
  130	
  (Not	
  realisGc:	
  fluctua7ons?	
  storage?	
  space?	
  distribu7on?	
  cost?)	
  

q  R&D	
  on	
  nuclear	
  fusion	
  must	
  be	
  pursued	
  but	
  nuclear	
  fission	
  energy	
  must	
  not	
  be	
  lec	
  out:	
  	
  
Ø  No	
  air	
  pollu7on:	
  CO2	
  and	
  Chemical	
  (SOx,	
  NOx,	
  par7culate	
  mader,	
  etc.)	
  
Ø  Abundant	
  and	
  base	
  load	
  type	
  of	
  electric	
  energy	
  produc7on	
  	
  
Ø  Nuclear	
  fission	
  technology	
  exists	
  and	
  is	
  well	
  understood	
  
Ø  Breeding	
  can	
  make	
  it	
  essen7ally	
  “sustainable”	
  on	
  the	
  human	
  7me	
  scale	
  

q  Shortcomings	
  of	
  the	
  PRESENT	
  generaGon	
  of	
  uranium	
  power	
  plants	
  must	
  be	
  eliminated:	
  
Ø  	
  Accidents	
  (Chernobyl,	
  Three	
  Mile	
  Island,	
  Fukushima)	
  
Ø  	
  Waste	
  management	
  (storage	
  over	
  ≤	
  1	
  million	
  years,	
  the	
  only	
  op7on	
  developed	
  so	
  far)	
  
Ø  	
  Prolifera7on	
  of	
  nuclear	
  weapons	
  (uranium	
  ≈	
  military)	
  
Ø  	
  Sustainability	
  (<	
  100	
  yr	
  at	
  present	
  rate	
  of	
  uranium	
  consump7on)	
  

Can	
  this	
  be	
  achieved?	
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Answer:	
  Yes	
  with	
  thorium!	
  
q  ThEC13	
  organized	
  at	
  CERN	
  by	
  the	
  internaGonal	
  Thorium	
  Energy	
  Commifee	
  (iThEC:	
  

hdp://www.ithec.org)	
  –	
  India	
  and	
  China	
  cited	
  energy	
  issues	
  as	
  their	
  prime	
  moGvaGon	
  

q  ThEC15	
  organized	
  at	
  BARC	
  in	
  India	
  last	
  October	
  	
  
with	
  >	
  300	
  par7cipants.	
  A	
  lot	
  of	
  work	
  on	
  thorium!	
  

q  Most	
  developments	
  on	
  thorium	
  nowadays	
  are	
  in	
  India	
  	
  
and	
  China,	
  why	
  is	
  Europe	
  not	
  taking	
  the	
  leading	
  role?	
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CERN	
  DG	
   Claude	
  Haegi,	
  Hans	
  Blix	
   Pascal	
  Couchepin,	
  Carlo	
  Rubbia	
  

Revol/PSI/2016	
  	
  

AREVA	
  and	
  SOLVAY	
  join	
  their	
  know-­‐how	
  to	
  add	
  value	
  to	
  
thorium’s	
  enOre	
  life	
  cycle	
   Luc	
  van	
  den	
  Durpel,	
  CERN,	
  Oct.	
  29,	
  2013	
  

Spring
er	
  



Thorium	
  (232Th90)	
  
q  Natural	
  thorium	
  is	
  isotopically	
  pure,	
  α-­‐decay	
  with	
  a	
  

half-­‐life	
  of	
  14	
  billion	
  years	
  (largest	
  contribu7on	
  to	
  
geothermal	
  power)	
  

q  Abundant	
  (1.2x1014	
  tons	
  in	
  the	
  Earth’s	
  crust),	
  as	
  much	
  
as	
  lead,	
  and	
  three	
  to	
  four	
  7mes	
  more	
  than	
  uranium:	
  
Recovering	
  only	
  one	
  part	
  per	
  million,	
  that	
  is	
  1.2x108	
  tons,	
  would	
  provide	
  
the	
  present	
  world	
  power	
  consump7on	
  of	
  15	
  TW,	
  for	
  18’000	
  years.	
  
“Thorium	
  is	
  a	
  source	
  of	
  energy	
  essenOally	
  sustainable	
  on	
  the	
  human	
  
Ome	
  scale”	
  

q  Known	
  and	
  esGmated	
  resources	
  ≈7x106	
  tons	
  (IAEA);	
  
probably	
  a	
  poor	
  indicator	
  because	
  not	
  searched	
  for	
  
systema7cally	
  (≈1000	
  years)	
  

q  Thorium	
  occurs	
  in	
  several	
  minerals	
  including	
  thorite	
  
(ThSiO4),	
  thorianite	
  (ThO2	
  +	
  UO2)	
  and	
  monazite	
  (Ce,	
  La,	
  
Nd,	
  Th)PO4.	
  Ocen	
  a	
  by-­‐product	
  of	
  mining	
  for	
  rare	
  
earths	
  (lanthanides	
  +	
  scandium	
  and	
  ydrium),	
  7n,	
  coal	
  
and	
  uranium	
  tailings	
  

q  Befer	
  thermal	
  conducGvity	
  and	
  mechanical	
  properGes	
  
than	
  uranium:	
  thorium	
  fuel	
  may	
  be	
  able	
  to	
  operate	
  at	
  
considerably	
  higher	
  temperatures	
  than	
  uranium	
  	
  
(S.	
  Peterson	
  et	
  al.,	
  ORNL-­‐TM-­‐1144)	
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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	
  

q Metallic	
  thorium	
  has	
  a	
  higher	
  
melGng	
  point	
  (1750˚C)	
  than	
  
metallic	
  	
  uranium	
  (1130˚C)	
  

q  Thorium	
  dioxide	
  (ThO2)	
  has	
  the	
  
highest	
  melGng	
  point	
  (3300	
  °C	
  
compared	
  to	
  2865	
  °C	
  for	
  UO2)	
  of	
  
all	
  oxides	
  and	
  is	
  one	
  of	
  the	
  best	
  
refractory	
  materials	
  Revol/PSI/2016	
  	
  



Fission	
  energy	
  from	
  232Th90	
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q  Thorium	
  is	
  ferGle,	
  not	
  fissile,	
  so	
  it	
  can	
  ONLY	
  be	
  used	
  in	
  breeding	
  mode,	
  to	
  produce	
  
233U,	
  which	
  is	
  fissile.	
  However,	
  this	
  gives	
  a	
  poten7al	
  factor	
  140	
  gain	
  compared	
  to	
  235U	
  in	
  
PWR	
  (in	
  addi7on	
  to	
  the	
  factor	
  3	
  to	
  4	
  in	
  abundance	
  on	
  Earth)	
  

q  Minimizes	
  nuclear	
  waste	
  produc7on,	
  as	
  it	
  is	
  7	
  neutron	
  captures	
  away	
  from	
  239Pu.	
  Can	
  
be	
  used	
  to	
  destroy	
  exisGng	
  nuclear	
  waste,	
  if	
  used	
  in	
  a	
  fast	
  neutron	
  system,	
  which	
  we	
  
want	
  to	
  do	
  also	
  for	
  other	
  reasons	
  (Extended	
  burnup,	
  breeding)	
  

Entry door to nuclear waste production"

Revol/PSI/2016	
  	
  

Neutron	
  capture	
  

β	
  
de

ca
y	
  

q With	
  Ac7nide	
  recycling,	
  the	
  thorium	
  fuel	
  cycle	
  
can	
  be	
  made	
  as	
  clean	
  as	
  required	
  



Breeding	
  properGes	
  of	
  233U	
  
q  233U	
  beder	
  than	
  239Pu	
  over	
  most	
  of	
  the	
  neutron	
  energy	
  spectrum,	
  but	
  not	
  where	
  we	
  want	
  

to	
  use	
  it,	
  in	
  the	
  fast	
  neutron	
  part.	
  This	
  is	
  where	
  an	
  external	
  neutron	
  source	
  will	
  help.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

q  As	
  thorium	
  has	
  a	
  higher	
  capture	
  cross	
  sec7on	
  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	
  thermal	
  neutron	
  reactors	
  (PWRs).	
  

10	
  

ε	
  
=	
  
ν	
  
–	
  
2(
1+
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ε	
  =	
  Average	
  number	
  of	
  neutrons	
  in	
  excess	
  of	
  the	
  2	
  neutrons	
  needed	
  to	
  run	
  the	
  fission	
  chain	
  

Revol/PSI/2016	
  	
  

One	
  of	
  the	
  reasons	
  
why	
  an	
  accelerator	
  
will	
  help	
  



How	
  to	
  use	
  thorium	
  in	
  pracGce?	
  
q  First	
  adempts	
  by	
  mixing	
  Th	
  fuel	
  with	
  U	
  fuel	
  in	
  criGcal	
  reactors	
  (Shippingport)	
  
q  Thorium	
  blankets	
  around	
  fast	
  criGcal	
  reactors	
  to	
  breed	
  233U:	
  the	
  Indian	
  approach,	
  at	
  

the	
  cost	
  of	
  maintaining	
  three	
  different	
  nuclear	
  reactor	
  technologies	
  	
  
q  ConGnuously	
  circulaGng	
  fuel	
  to	
  always	
  have	
  fresh	
  fuel	
  in	
  the	
  core	
  	
  

Pebble	
  Bed	
  or	
  Molten	
  Salt	
  	
  cri7cal	
  Reactors	
  (MSR)	
  
q  ConGnuously	
  moving	
  fission	
  reacGons	
  toward	
  fresh	
  fuel	
  (fast	
  breeding	
  and	
  fission)	
  

Travelling	
  Wave	
  Reactors	
  (TWR)	
  
q  Provide	
  extra	
  neutrons	
  with	
  an	
  accelerator:	
  ADS	
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Pebble-­‐Bed	
  Scheme	
  

MSR	
  Scheme	
  

China	
  taking	
  the	
  lead	
  TerraPower	
  

è	
  



ADS:	
  the	
  subcriGcal	
  approach	
  
q  A	
  par7cle	
  accelerator	
  to	
  provide	
  an	
  external	
  neutron	
  

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

neutrons	
  are	
  at	
  work	
  –	
  with	
  a	
  moderator	
  least	
  
moderaGng	
  to	
  allow	
  for	
  a	
  fast	
  neutron	
  spectrum	
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Fission	
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Non	
  negligible	
  contribu7on	
  from	
  
the	
  high	
  energy	
  tail	
  (n,xn)	
  
reac7ons	
  on	
  Pb.	
  See	
  later	
  the	
  
effect	
  on	
  kS	
  

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



Theory	
  of	
  subcriGcal	
  systems	
  
q  Physics	
  is	
  very	
  well	
  understood.	
  Theory	
  of	
  subcri7cal	
  systems	
  is	
  interes7ng	
  

by	
  itself.	
  Proper7es	
  are	
  quite	
  different	
  from	
  those	
  of	
  cri7cal	
  systems	
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  Fission	
   Absorp7on	
   Leakage	
  Source	
  

Switching	
  off	
  the	
  neutron	
  source	
  not	
  only	
  stops	
  the	
  
main	
  power	
  genera7on,	
  but	
  also	
  moves	
  the	
  system	
  
further	
  away	
  from	
  prompt	
  cri7cality,	
  ks	
  to	
  keff.	
  	
  
(Y.	
  Kadi	
  et	
  al.,	
  Landolt-­‐Börnstein,	
  Accelerators	
  in	
  
Energy	
  Research,	
  2013)	
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C.	
  Rubbia,	
  CERN/AT/ET/Internal	
  Note	
  94-­‐036	
  



q  Simula7on	
  available	
  and	
  more	
  and	
  more	
  accurate	
  –	
  
Impressive	
  measurements	
  of	
  neutron	
  proper7es	
  at	
  CERN	
  
n_TOF.	
  
	
  

q  What	
  remains	
  to	
  be	
  achieved	
  is	
  to	
  couple	
  for	
  the	
  first	
  7me	
  
a	
  proton	
  beam	
  to	
  a	
  subcri7cal	
  core	
  at	
  substanGal	
  power	
  	
  
(P	
  ≥	
  1	
  MW).	
  This	
  is	
  much	
  more	
  a	
  poli7cal	
  issue	
  (funding)	
  
than	
  a	
  scien7fic	
  one.	
  	
  

ADS	
  demonstrator	
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First	
  adempt	
  by	
  C.	
  Rubbia	
  et	
  al.,	
  
in	
  1999	
  
Ansaldo	
  engineering	
  design	
  	
  
for	
  the	
  Energy	
  Amplifier	
  	
  
Demonstra7on	
  Facility	
  (EADS)	
  	
  
EA	
  B0.00	
  1	
  200	
  (Jan.	
  1999)	
  

Forced	
  
convec7on	
  

232Th(n,γ)	
  

Revol/PSI/2016	
  	
  



Europe	
  ADS:	
  MYRRHA	
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Hamid	
  Aït	
  Abderrahim	
  

In	
  principle	
  MYRRHA	
  should	
  be	
  
the	
  flagship	
  of	
  ADS	
  projects.	
  
Strong	
  support	
  from	
  the	
  Belgian	
  
government,	
  however:	
  
–	
  several	
  challenges	
  faced	
  at	
  
the	
  same	
  7me:	
  the	
  accelerator,	
  
the	
  subcri7cal	
  core	
  and	
  their	
  
coupling	
  
–	
  no	
  thorium	
  in	
  the	
  plans	
  
–	
  will	
  not	
  remain	
  an	
  ADS,	
  	
  and	
  
will	
  turn	
  into	
  a	
  cri7cal	
  reactor	
  
–	
  only	
  par7ally	
  funded	
  
–	
  not	
  before	
  2025?	
  

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

Revol/PSI/2016	
  	
  



China	
  ADS:	
  ADANES	
  	
  
q  Wenlong	
  Zhan,	
  Vice	
  President	
  of	
  the	
  Chinese	
  Academy	
  of	
  Sciences	
  
q  The	
  Chinese	
  Accelerator-­‐Driven	
  System	
  (ADS)	
  project	
  started	
  5	
  years	
  ago,	
  

including	
  the	
  accelerator,	
  the	
  target	
  and	
  the	
  blanket.	
  The	
  idea	
  of	
  
Accelerator-­‐Driven	
  Advanced	
  Nuclear	
  Energy	
  System	
  (ADANES)	
  is	
  proposed	
  
as	
  a	
  complete	
  energy	
  system,	
  integra7ng	
  nuclear	
  waste	
  transmuta7on,	
  
nuclear	
  fuel	
  mul7plica7on	
  and	
  energy	
  produc7on.	
  ADANES	
  has	
  the	
  
poten7al	
  to	
  reach	
  the	
  requirements	
  of	
  sustainable	
  development,	
  safety,	
  
economic	
  compe77veness,	
  and	
  nuclear	
  weapon	
  non-­‐prolifera7on.	
  

q  Innova7ve	
  spalla7on	
  target,	
  aiming	
  at	
  1000	
  MWe,	
  aggressive	
  schedule,	
  
backed	
  through	
  the	
  strong	
  support	
  for	
  R&D	
  within	
  China	
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Two	
  injector	
  solu7ons	
  
developed	
  in	
  parallel	
  

in	
  2022	
  

5-­‐10MW	
   100MW	
   1000MW	
  



India	
  ADS:	
  at	
  BARC	
  

Revol/PSI/2016	
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Study	
  of	
  a	
  high-­‐current,	
  high-­‐
energy	
  proton	
  accelerator	
  	
  
(1	
  GeV	
  and	
  30	
  mA),	
  in	
  
collabora7on	
  with	
  the	
  USA	
  
(Project	
  X).	
  	
  
First	
  phase:	
  development	
  of	
  
a	
  30	
  mA,	
  20	
  MeV	
  linac	
  
injector	
  (LEHIPA).	
  	
  
Second	
  phase:	
  accelera7ng	
  
the	
  beam	
  to	
  an	
  energy	
  of	
  1	
  
GeV	
  by	
  way	
  of	
  a	
  
superconduc7ng	
  linac.	
  	
  

Shashikant	
  Degweker	
  



Other	
  ADS	
  projects	
  and	
  acGviGes	
  
q  UK,	
  Ukraine,	
  Japan,	
  Korea,	
  Russia,	
  USA,	
  Turkey,	
  Venezuela:	
  

Ø  Complete	
  engineering	
  design	
  by	
  Aker	
  SoluGons	
  for	
  the	
  1500MWth/
600MWe	
  Rubbia	
  Energy	
  Amplifier	
  	
  

Ø  200	
  kW	
  uranium-­‐based	
  ADS	
  prototype,	
  driven	
  by	
  an	
  electron	
  beam,	
  due	
  
for	
  comple7on	
  in	
  2014	
  at	
  the	
  Karkhov	
  Ins7tute	
  of	
  Physics	
  and	
  
Technology	
  (KIPT).	
  Should	
  be	
  in	
  the	
  commissioning	
  phase!	
  

Ø  KURRI	
  irradia7on	
  studies	
  of	
  a	
  Thorium-­‐-­‐loaded	
  ADS	
  Experiment	
  at	
  Kyoto	
  
University,	
  in	
  Japan	
  (see	
  Cheolho	
  Pyeon	
  @	
  ThEC13)	
  

Ø  ADS	
  research	
  at	
  KAERI:	
  HYbrid	
  Power	
  Extrac7on	
  Reactor	
  now	
  KOMAC	
  
only	
  an	
  accelerator	
  at	
  100	
  MeV,	
  Sungkyunkwan	
  University,	
  in	
  Suwon,	
  and	
  
Seoul	
  Nat.	
  U.,	
  Korea	
  (see	
  Jong-­‐Seo	
  Chai	
  @	
  ThEC13)	
  

Ø  Strong	
  focussing	
  cyclotron	
  developed	
  at	
  Texas	
  A&M,	
  by	
  Peter	
  McIntyre	
  
et	
  al.,	
  for	
  ADS	
  in	
  a	
  molten	
  salt	
  core	
  (290	
  MWth).	
  

Ø  A	
  study	
  of	
  ADS	
  within	
  Turkic	
  Accelerator	
  Complex	
  (TAC)	
  Project	
  (Arik	
  et	
  
al.)	
  

Ø  A	
  study	
  of	
  AD-­‐MSR	
  with	
  1	
  GeV	
  protons,	
  1	
  to	
  4	
  MW,	
  by	
  Laszlo	
  Sajo-­‐Bohus,	
  
in	
  Caracas	
  

Ø  1-­‐3	
  MW	
  TROITSK	
  ADS,	
  90	
  kW	
  proton	
  beam,	
  rearranging	
  exis7ng	
  
elements	
  (accelerator,	
  neutron	
  source,	
  etc.).	
  Has	
  the	
  poten7al	
  of	
  
becoming	
  the	
  next	
  significant	
  step	
  in	
  ADS,	
  reaching	
  for	
  the	
  first	
  7me	
  	
  
the	
  MW	
  thermal	
  energy	
  range.	
  	
  	
  

q  Many	
  scadered	
  projects,	
  represen7ng	
  na7onal	
  interests.	
  
Some	
  kind	
  of	
  coordina7on	
  should	
  be	
  ac7vated.	
  IAEA?	
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S. Sidorkin, Troitsk	
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P.	
  McIntyre,	
  Texas	
  A&M	
  



History	
  of	
  ADS	
  projects	
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Project –  Neutron Source Core Purpose 
FEAT 
(CERN) 

Proton (0.6 to 2.75 GeV) 
(~1010p/s) 

Thermal  
(≈ 1 W) Reactor physics of thermal subcritical system (k≈0.9) with spallation source – done  

TARC 
(CERN) 

Proton (0.6 to 2.75 GeV) 
(~1010p/s) 

Fast 
(≈ 1 W) Lead slowing down spectrometry and transmutation of LLFP - done  

EADF 
(Europe) Proton (0.6 GeV) Fast 

(80 MW) Energy Amplifier Demonstration Facility, proposed in 1999 – Not approved 

MUSE  
(France) DT (~1010n/s) Fast  

(< 1 kW) Reactor physics of fast subcritical system - done  

YALINA 
(Belorus) DT (~1010n/s) Fast  

(< 1 kW) Reactor physics of thermal & fast subcritical system - done  

MEGAPIE 
(Switzerland) 

Proton (600 Me) 
+ Pb-Bi (1MW) 

----- Demonstration of 1MW target for short period - done  

TRADE  
(Italy) 

Proton (140 MeV) 
+ Ta (40 kW) 

Thermal 
(200 kW) Demonstration of ADS with thermal feedback - cancelled  

TEF-P 
(Japan) 

Proton (600 MeV) 
+ Pb-Bi (10W, ~1012n/s) 

Fast 
(< 1 kW) 

Coupling of fast subcritical system with spallation source including MA fuelled configuration – 
reactivated => 2020 

SAD 
(Russia) 

Proton (660 MeV) 
+ Pb-Bi (1 kW) 

Fast 
(20 kW) Coupling of fast subcritical system with spallation source - cancelled  

TEF-T 
(Japan) 

Proton (600 MeV) 
+ Pb-Bi (200 kW) 

----- Dedicated facility for demonstration and accumulation of material data base for long term - 
reactivated => 2020 

MYRRHA 
(Belgium) 

Proton (600 MeV) 
+ Pb-Bi (1.8 MW) 

Fast 
(60 MW) Experimental ADS – under design – 2025 

CADS 
(China) 

Protons (0.6 – 1.5 GeV) 
+ Gravity-driven granular W 

Fast (100–
>1000 MW) Four phase project: 2011 – 2031 

U-ADS 
(Ukraine) 

Electrons (100 MeV, 100 kW) 
+ U / W 

Thermal 
(131-192 kW) Uranium-based ADS prototype (KIPT), sponsored by the USA: in commissioning stage? 

ADS  
(Russia) 

Protons (250-300 MeV, 
 ≤ 100 kW) + W 

Fast 
1-3 MW 

First beam-core coupling at significant power and MA transmutation tests – Troitsk – core 
under design, proposal in preparation – 2021 (5 years) è	
  



Using	
  an	
  exisGng	
  facility	
  at	
  Troitsk	
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Visit	
  of	
  the	
  Troitsk	
  LINAC	
  by	
  iThEC	
  experts	
  

The	
  accelerator	
  



Using	
  an	
  exisGng	
  facility	
  at	
  Troitsk	
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ADS	
  experimental	
  cell	
  

Pulsed	
  neutron	
  source	
  



Troitsk	
  simplified	
  core	
  concept	
  
q  Both	
  an	
  ADS	
  experiment	
  and	
  a	
  fast	
  

neutron	
  test	
  facility	
  
q  INR	
  Moscow,	
  in	
  coopera7on	
  with	
  iThEC,	
  

and	
  a	
  few	
  other	
  ins7tutes	
  in	
  Russia	
  and	
  
abroad	
  (under	
  discussion	
  with	
  EPFL,	
  PSI,	
  
Řež,	
  and	
  CERN	
  to	
  form	
  a	
  collabora7on)	
  

q  Goal:	
  Study	
  for	
  the	
  first	
  7me	
  the	
  coupling	
  
of	
  a	
  proton	
  beam	
  to	
  a	
  subcri7cal	
  fast	
  
neutron	
  core	
  at	
  substan7al	
  power	
  (1	
  to	
  3	
  
MWth).	
  Demonstrate	
  safety	
  and	
  minor	
  
acGnide	
  destrucGon.	
  	
  

q  Control	
  and	
  protec7on	
  system	
  (CPS)	
  and	
  
the	
  physical	
  and	
  technical	
  parameters	
  of	
  
the	
  ADS	
  must	
  comply	
  with	
  regula7ons	
  of	
  
the	
  Russian	
  Federa7on:	
  
Core	
  to	
  be	
  designed	
  and	
  submifed	
  for	
  
approval	
  to	
  Russian	
  safety	
  authoriGes	
  by	
  
ROSATOM	
  specialized	
  Agencies	
  

q  Conceptual	
  design	
  in	
  prepara7on	
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Φ	
  =	
  1.5m	
  

Reflector,	
  already	
  
in	
  place	
  

Principle	
  of	
  the	
  
new	
  core	
  



ADS	
  accelerator	
  power	
  
q  Applica7ons	
  range	
  from	
  50	
  MWth	
  for	
  

sea	
  water	
  desalina7on	
  to	
  1000	
  MWe	
  
for	
  electricity	
  produc7on.	
  In	
  the	
  USA,	
  
SMR	
  ≤	
  300	
  MWe.	
  Economics	
  
op7misa7on	
  of	
  ADS	
  needed.	
  

q  The	
  applica7on	
  defines	
  the	
  power	
  
output	
  PADS:	
  

	
  
q  For	
  a	
  given	
  power	
  output,	
  the	
  energy	
  

gain	
  G	
  (choice	
  of	
  ks	
  and	
  G0)	
  
determines	
  the	
  accelerator	
  power.	
  	
  
Trade-­‐off	
  between	
  accelerator	
  
power	
  and	
  criGcality	
  margin	
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Rubbia’s	
  EA	
  

PSI	
  Cycloton	
  

Pbeam =
1! ks( )
ksG0

PADS

Assuming	
  Pb	
  target	
  

Margin	
  of	
  
present	
  
PWR	
  

PADS =G!Pbeam =
G0ks
1" ks

!Pbeam

ESS	
  beam	
  power	
  



Accelerator	
  requirements	
  
q  In	
  	
  principle,	
  it	
  does	
  not	
  mader	
  how	
  the	
  external	
  neutron	
  source	
  is	
  provided.	
  In	
  prac7ce,	
  

for	
  industrial	
  applica7ons,	
  there	
  are	
  many	
  requirements	
  which	
  makes	
  the	
  accelerator	
  
challenging:	
  	
  
Ø  Beam	
  parGcle:	
  proton	
  
Ø  Beam	
  Energy:	
  ideally	
  Ebeam	
  ≥	
  900	
  MeV	
  (See	
  FEAT	
  experiment),	
  but	
  lower	
  energy	
  can	
  

be	
  compensated	
  by	
  higher	
  current	
  
Ø  Beam	
  power:	
  a	
  few	
  to	
  ≈	
  10	
  MW	
  depending	
  on	
  required	
  applica7on.	
  Large	
  

opera7onal	
  range	
  desirable	
  to	
  follow	
  fluctua7ng	
  demand,	
  if	
  associated	
  to	
  wind	
  or	
  
solar	
  energies	
  (factor	
  10?)	
  

Ø  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	
  

Ø  Beam	
  losses:	
  minimize	
  irradia7on	
  of	
  the	
  accelerator	
  and	
  of	
  the	
  environment	
  (main	
  
issue	
  for	
  any	
  high	
  power	
  beam,	
  not	
  only	
  for	
  ADS);	
  impact	
  on	
  accelerator	
  
maintenance	
  (figure	
  of	
  merit	
  ≤	
  1W/m	
  for	
  LINACS,	
  for	
  cyclotrons	
  losses	
  are	
  localized,	
  
at	
  injec7on	
  and	
  extrac7on)	
  

24	
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Accelerator	
  requirements	
  (cont.)	
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3.62	
  t	
  of	
  natural	
  uranium	
  at	
  CERN	
  PS;	
  keff	
  ~	
  0.9	
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FEAT:	
  op7mum	
  energy	
  gain	
  from	
  the	
  point	
  of	
  view	
  of	
  
the	
  spalla7on	
  process	
  reached	
  at	
  900	
  MeV	
  

Nucl.	
  Instr.	
  Methods	
  Phys.	
  
Res.,	
  A478	
  (2002)	
  577-­‐730	
  	
  

Revol/PSI/2016	
  	
  

D.	
  Hilschler	
  et	
  al.,	
  
NIM	
  A	
  414	
  (1998)	
  

SpallaGon	
  target	
  opGmizaGon:	
  maximize	
  
neutron	
  producGon,	
  with	
  at	
  the	
  same	
  7me	
  
adequate	
  mechanical	
  proper7es	
  (U,	
  Pb,	
  W,	
  
Pb-­‐Bi)	
  –	
  contributes	
  to	
  the	
  energy	
  efficiency	
  
	
  



Accelerator	
  requirements	
  
Ø  Reliability:	
  Limita7on	
  mainly	
  from	
  thermal	
  stress	
  inducing	
  fa7gue	
  in	
  beam	
  window,	
  

fuel	
  cladding	
  and	
  vessel	
  structure:	
  minimizing	
  beam	
  trips	
  is	
  a	
  significant	
  challenge;	
  
for	
  instance,	
  for	
  MYRRHA	
  (JAEA	
  limita7ons	
  not	
  as	
  stringent):	
  
•  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	
  	
  
•  Administra7ve	
  limit	
  if	
  SCRAM	
  event	
  

Revol/PSI/2016	
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Hamid	
  Aït	
  Abderrahim	
  
ThEC13	
  

While	
  accelerators	
  are	
  expected	
  to	
  
improve	
  with	
  7me,	
  requirements	
  may	
  
also	
  become	
  less	
  stringent	
  

1)	
  Make	
  the	
  accelerator	
  more	
  reliable:	
  
Redundancy	
  (several	
  sources,	
  several	
  
accelerators,	
  etc.)	
  
2)	
  Improvements	
  in	
  materials,	
  
maintenance	
  and	
  opera7on	
  (Beznau	
  
nuclear	
  reactor	
  (KKB)	
  in	
  Switzerland,	
  
running	
  for	
  40	
  years:	
  they	
  were	
  ini7ally	
  
coun7ng	
  on	
  10	
  trips	
  per	
  year,	
  and	
  
nowadays,	
  they	
  hardly	
  get	
  one	
  trip	
  per	
  
year.)	
  
3)	
  Relax	
  the	
  demands	
  from	
  ADS	
  (Molten	
  
Salt-­‐ADS)	
  

Hayanori	
  	
  
Takei	
  et	
  al.	
  



Molten	
  salt	
  ADS	
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Toshinobu	
  Sasa	
  @	
  ThEC13	
  

Pump

Molten-salt
Target

Reflector

Compact-Type
Heat Exchanger

Secondary 
Molten-salt 

Driving
Motor

Beam Duct

Inner
Reflector

1.5 GeV Proton

Molten-salt target/core system

Carlo	
  Rubbia	
  @	
  ThEC13	
  Revol/PSI/2016	
  	
  

q  Several	
  Molten	
  Salt	
  ADS	
  concepts	
  exist	
  which	
  have	
  
reduced	
  constraints	
  on	
  beam	
  trips,	
  and	
  other	
  advantages	
  

q  Only	
  the	
  beam	
  window	
  remains	
  affected	
  by	
  beam	
  trips	
  	
  
(≤	
  6x104	
  trip	
  per	
  year	
  stress	
  analysis	
  of	
  tungsten	
  window	
  
target	
  by	
  Y.	
  Wu	
  et	
  al.)	
  

Peter	
  McIntyre	
  
@	
  Texas	
  A&M	
  



Accelerator	
  requirements	
  
Ø  Energy	
  efficiency:	
  maximize	
  frac7on	
  of	
  electric	
  

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

Ø  Size	
  of	
  accelerator:	
  for	
  waste	
  elimina7on,	
  people	
  
might	
  want	
  to	
  fit	
  it	
  on	
  the	
  site	
  of	
  a	
  standard	
  
nuclear	
  power	
  plant	
  –	
  depends	
  on	
  applica7on	
  

Ø  Cost:	
  This	
  is	
  obviously	
  most	
  important	
  for	
  
industrial	
  applica7ons.	
  

q  In	
  the	
  end,	
  the	
  solu7on	
  chosen	
  among	
  LINAC	
  or	
  
Cyclotron	
  will	
  be	
  the	
  one	
  best	
  fulfilling	
  all	
  the	
  above	
  
requirements	
  

q  The	
  op7mum	
  technological	
  solu7on	
  likely	
  to	
  depend	
  
on	
  the	
  type	
  of	
  applica7on	
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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	
  

One	
  stage	
  cyclotron	
  

Superconduc7ng	
  SNS	
  LINAC	
  

H2
+ AIMA Cyclotron w reverse bend 

and 3 injections, 600 MeV, 6 mA  
(P. Mandrillon @ ThEC13)	
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ADS	
  Accelerator	
  Efficiency	
  

q  The	
  electric	
  power	
  to	
  run	
  the	
  accelerator	
  must	
  be	
  small	
  compared	
  
to	
  the	
  power	
  produced	
  in	
  the	
  ADS	
  core:	
  

	
  
q  Minimum	
  is	
  ηacc	
  =	
  0.2,	
  but	
  ηacc	
  =	
  0.4	
  should	
  achievable	
  and	
  in	
  that	
  

case	
  the	
  accelerator	
  takes	
  only	
  5%	
  of	
  the	
  electric	
  power	
  produced	
  
by	
  the	
  ADS,	
  which	
  seems	
  reasonable	
  

q  For	
  very	
  high	
  power	
  beams	
  (≥	
  10	
  MW),	
  every	
  MW	
  saved	
  maders,	
  
and	
  it	
  is	
  useful	
  to	
  have	
  the	
  highest	
  possible	
  accelerator	
  efficiency,	
  if	
  
it	
  does	
  not	
  compromise	
  other	
  proper7es	
  (cost,	
  reliability,	
  etc.)	
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PGRID = Pbeam
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1
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<< 50!!acc >> 0.02

For	
  a	
  typical	
  ADS	
  (Rubbia)	
  the	
  first	
  term	
  is	
  
of	
  the	
  order	
  of	
  50	
  



Conclusion	
  	
  
q  Energy	
  consump7on	
  in	
  developing	
  countries	
  will	
  determine	
  the	
  ecological	
  future	
  of	
  

the	
  Earth.	
  Why	
  are	
  developed	
  countries	
  which	
  possess	
  the	
  know-­‐how	
  not	
  leading	
  a	
  
global	
  coordinated	
  R&D	
  effort?	
  

q  ADS	
  physics	
  is	
  well	
  understood,	
  conceptual	
  designs	
  exist.	
  The	
  next	
  step	
  is	
  the	
  
coupling	
  a	
  proton	
  beam	
  to	
  a	
  subcri7cal	
  core,	
  at	
  significant	
  power.	
  Troitsk	
  proposes	
  
to	
  do	
  it	
  at	
  the	
  1	
  to	
  3	
  MW	
  level,	
  in	
  5	
  years,	
  at	
  minimum	
  cost	
  (55	
  M$).	
  

q  Today,	
  with	
  exis7ng	
  beams	
  (for	
  example	
  PSI	
  cyclotron	
  @	
  600	
  MeV,	
  1.4	
  MW),	
  ADS	
  
could	
  already	
  be	
  demonstrated	
  up	
  to	
  the	
  100	
  MW	
  level.	
  	
  

q  This	
  would	
  give	
  7me	
  for	
  the	
  accelerator	
  technology	
  to	
  get	
  to	
  the	
  power	
  and	
  quality	
  
required	
  for	
  an	
  industrial	
  demo	
  of	
  a	
  thermal	
  power	
  of	
  several	
  100	
  MW.	
  

q  The	
  following	
  step	
  would	
  be	
  a	
  ≥	
  10	
  MW	
  beam	
  for	
  an	
  industrial	
  system.	
  Only	
  a	
  
factor	
  2	
  in	
  power	
  from	
  ESS,	
  however,	
  quality	
  requirements	
  may	
  be	
  challenging	
  
(reliability,	
  beam	
  losses,	
  cost,	
  etc.).	
  	
  

q  With	
  ADS	
  the	
  accelerator	
  community	
  has	
  a	
  very	
  interes7ng	
  and	
  important	
  
challenge,	
  which	
  certainly	
  appears	
  to	
  be	
  achievable.	
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