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Facing the energy challenge 

Electricity generation worldwide 

(OECD, 2007) 



IAEA report-2006 



üAt the present consumption level, known reserves for 
coal, oil and gas correspond to a duration: 

üCoal: 230 yrs 

üOil:   45 yrs  

üGas:  65 yrs  

üNuclear Power appears to be an inevitable option as 
future energy source; but disposal of nuclear waste is 
an important issue of concern in harnessing nuclear 
energy through ñcritical reactorsò, which needs to be 
addressed satisfactorily.  

ü Pu (total)    > 1000 tons. 
   Np and Am >   200 tons. 



Current  Challenges in Nuclear Waste Management 

Å  Long Lived Minor actinides (MA) & Fission products  

  

ÅMinor actinides with high activity  

Å 239Pu  (T1/2
  24110 yrs)  

Å 237Np  (T1/2
  2.1 million yrs)  

Å 241Am (T1/2
  432 yrs)  

 

Åb decay from fission products  

Å   90Sr (T1/2
 28.9yrs)  

Å  137Cs (T1/2
 30 yrs)  

Å  129 I (T1/2  15.7 million yrs)  

 

 



Adopting closed fuel cycle also reduces nuclear 
waste burden  

Radiotoxicity   of spent 
fuel is dominated by :  
 

FPs for first 100 years.  
 

subsequently,  Pu (>90%)  
 

After Pu removal  
 

Minor Actinides 
specially Am (~ 9% ) 

 Natural decay of spent 

fuel radiotoxicity 

With  early  introduction  of  fast  reactors  using (U+Pu+Am) based fuel,  
long term  raditoxicity  of  nuclear waste will  be reduced . 

200000 

years 

300 years 



A thorium fuel cycle offers several potential advantages over a uranium 

fuel cycle 

 

1. Greater abundance on Earth (1000+ year solution or a quality low-

carbon bridge to truly sustainable energy sources solving negative 

environmental impactò. 

2.  superior physical and nuclear fuel properties  

3.  reduced nuclear waste production.  

4.  However, development of thorium power has significant start-up costs.  

3.     lack of weaponization potential as an advantage of thorium 

http://en.wikipedia.org/wiki/Uranium_fuel_cycle
http://en.wikipedia.org/wiki/Uranium_fuel_cycle
http://en.wikipedia.org/wiki/Uranium_fuel_cycle
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 Attractive Features of Thorium / Thoria  

Å High Abundance  
ï Uniformly distributed in earth crust  
ï 3 to 4 times abundant than uranium  

Å Better Fuel Performance Characteristics  
ï Higher melting point  
ï Better thermal conductivity  
ï Lower fission gas release  
ï Good radiation resistance and 

dimensional stability  
ï Reduced fuel deterioration in the event 

of failure  
Å Relative ease in Waste Management  

ï No oxidation -Superior behavior and 
suitable for direct disposal in repository 
as it is mono -valent . 

ï Generates less plutonium and minor 
actinides  

MA MA from LMFBR (U-
Pu Cycle), kg/GWeY 

 MA from Th-U 
cycle, Kg/GWeY 

Np237 4.6 0.06 

Am241 4.0 1E-7 

Am242 0.07 0 

Am243 1.9 0 

Cm242 0.11 0 

Cm244 0.13 0 

Comparison of MAs produced in  
 (Th- U)  and (U ðPu) cycle  

Minor 
actinide 
(g/T) 

U235 +  
U238 

U235 
+Th232 

U233+ 
U238 

U233 
+Th232 

Np 900 107 13 3 

Am 470 0.28 117 0.0018 

Cm 220 0.14 132 0.00064 

Production of minor actinides in U and  
Th fuel cycle in g/t of heavy metals at 
60 GWD/t  

MA production in U 233 - Th232  cycle is 
few orders lower!  



Neutronic  characteristics of fissile and fertile nuclides  

Å Larger thermal capture cross - section of thorium leading to lower 
losses due to structural and other parasitic captures  
ï Improved conversion of Th 232  to U 233  

Å Constant ȁ value (> 2.0) over a wide energy range  
ï Higher conversion ratios with thorium utilisation  in reactors operating in 

the thermal/epithermal spectrum . 
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Neutron energy

Thorium  acts  as a burnable  poison in initial  stages  while contributes  towards  
additional  reactivity  through  U233  formation  at  a later  stage -  òfissible ó poison 



Thorium: Radioactive waste formation  

ÅCapture cross section  of  U233  is 
much smaller  than  U235  and 
Pu239 , but  the  fission  cross 
section  is of  the  same order   

ïLower non-fissile  absorption   

ïFeasibility  of  multiple  
recycling  of  U233 , as 
compared to  plutonium. 

By virtue  of  being lower  in the  periodic  table  than  uranium, the  
long-lived  minor actinides  resulting  from  burnup are in much 
lower  quantity  with  the  thorium  cycle . 

0

2

4

6

8

10

12
R

a
ti
o

 o
f 
fi
s
s
io

n
 a

n
d

 c
a

p
tu

re
 

c
ro

s
s
 s

e
c
ti
o

n
s
 (
s

f/ 
s

c
)  

U233 U235 Pu239 

Thorium:  Reduced formation of radioactive waste  



Country  Tons % 

India 846,000 16 

Turkey 744,000 14 

Brazil 606,000 11 

Australia 521,000 10 

USA 434,000 8 

Egypt 380,000 7 

Norway 320,000 6 

Venezuela 300,000 6 

Canada 172,000 3 

Russia 155,000 3 

South Africa 148,000 3 

China 100,000 2 

Greenland 86,000 2 

Finland 60,000 1 

Sweden 50,000 1 

Kazakhstan 50,000 1 

Other countries 413,000 8 

World total 5,385,000  

 

 

OECD NEA & IAEA, 

Uranium 2011: 

Resources, Production 

and Demand ("Red 

Book"), using the lower 

figures of any range 

and omitting óunknownô 

CIS estimate. 



Uranium reserves are limited and also Thorium offers a 

proliferation resistant fuel cycle 



üProduce Energy 

üEfficient use of Thorium resources 

üTransmutation of high level long-lived 

    radioactive waste 

ü Incineration of Minor Actinides 

 

India needs a system which 

cané 

ADS  



Accelerator Driven Sub-critical 
Reactor System (ADS) 

 

A new type of fission reactor, where 

nuclear power (say, 500-1000 MWe) 

can be generated in a neutron multiplying core  
(keff < 1.000 ) 

without the need of criticality. 

But, ADS has to be driven by an 

external neutron source and  

 hence it is inherently safe system 



ACCELERATOR DRIVEN ENERGY AMPLIFIER  

 

 

 

 

 

 

 

 

 

Target 

Gain 

G 

      Converter 

   hth = 40 ï 50% 

Accelerator 

hd = 40 ï 60% 

(50%) 

P (1-f)P 

180 MW 

30 mA, 1GeV, H+ 

30 MW 

Gtarget = 20-40 

f P 

f =12-25% 

  60 MW 

600 MW 

240 MW (40%) 

(25)% 

Carlo Rubia et al 



SCHEMATIC OF ACCELERATOR-DRIVEN SYSTEM 

LINAC 





ADS  
üEnergy generation using Thorium 

üTransmutation 

üIncineration 

VBy Spallation process with GeV 

energy protons striking on high Z 

target. 

VNumber of neutrons per proton 

per Watt of beam power reaches a 

plateau just above  1 GeV.   

Most cost effective way to produce 

neutrons 



( ) ( ) ( )
1
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thermal fission

k
P MW E MeV I A

k

n

n
=

-

Pth (MW)  I (mA) 

k=0.95 

1000 29.2 

1500 43.9 

2000 58.5 

2500 73.1 

3000 87.7 

Proton Energy : 1 GeV 

s˄ = 25 neutrons/proton 
 ˄ = 2.5 neutrons/fission 

 

I (mA) 

k=0.98 

10.2 

15.3 

20.4 

25.5 

30.6 

Beam current requirement  



Power required 

keff=0.95, i=33.7mA 

keff=0.99

i=6.5mA 

 

To meet a constraint of a 10 MW proton accelerator we need keff>0.985 
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Role of ADS in Indian nuclear power systems 

ÅFor sustainable thorium-based fuel 
cycle by introducing non-fission 
neutrons in the neutron inventory. 

ÅFor cleaner nuclear power from thorium 
that generates reduced minor actinides 
waste in the spent fuel. 

ÅA safer way to incinerate minor 
actinides from spent U-Pu fuel system 
of stages-1 & 2 of the 3-stage nuclear 
power programme. 



JAPAN 

 

 

KOREA 

 

ITALY 

 

 

CHINA 

 

 

BELGIUM 

 

 

FRANCE 

 

 

GERMANY 

 

RUSSIA 

 

USA 

 
 

 

 

Under its OMEGA (Option Making Extra Gains of Actinides and FP), that is 

extension of its earlier Actinides Burner Reactor (ABR). 

 

Under its HYPER (Hybrid Power Extraction Reactor) programme. 

 

Under its TRASCO (TRAnsmutazion SCOrie) Programme and, Industrial project 

undertaken by ANSALDO for EC. 

 

Proposed as CIAE+IHEP project but under an un-named ADS programme of 

Sino-Italian collaboration. 

 

Under MYRRHA project as extension of ADONIS (Accelerator-Driven Operated 

New Irradiation System) programme for radioisotope production. 

 

Its CNRS/IN2P3 institutes are spearheading waste incineration R&D with spinoff 

of its TRISPAL activities for accelerator to ADS. 

 

Activities under FZK in the yet un-named programme. 

     

Undertaken several study projects in ITEP/ISTC against the EC/US funding.  

 

Earlier as ATW. Now AAA (Advanced Accelerator Applications) aiming for having 

ADTF in 10 years from 2001. Full technological Demo in next 10 years. 

 

              

Some of the ADS Projects around the world 



Reactor 

Å Subcritical or Critical modes 

Å 65 to 100 MWth 

Accelerator 

(600 MeV - 4 mA proton) 

Fast 

Neutron 

Source 

Spallation Source 

Lead-Bismuth 

coolant 

Multipurpose 

Flexible 

Irradiation 

Facility 

MYRRHA - Accelerator Driven System 

D:/MYRRHA/Images&Figures/MYRRHA_DV-4.avi


MYRRHA Accelerator Challenge 

fundamental parameters (ADS) 

particle p 

beam energy 600 MeV 

beam current 4 mA 

mode CW 

MTBF > 250 h 

implementation 

superconducting linac 

frequency 176.1 / 352.2 / 704.4 MHz 

reliability = redundancy double injector 

άfault tolerantέ scheme 
24 

failure = beam trip > 3 s  



MEGAPIE (SINQ Facility, PSI) 
CYCLOTRON-DRIVEN 

 

Ran successfully for 4 months in 2006 

 

700 kW, CW, liquid Pb-Bi 

First Pb-Bi spallation target 

 

óMakes future licensing simplerô 



JAPAN: Subcritical Reactor Studies- 
FFAG-DRIVEN 

Y.Ishi et al., óPRESENT STATUS AND FUTURE OF FFAGS AT KURRI 

AND THE FIRST ADSR EXPERIMENTô, IPACô10 

Also RACE 

and TRIGA/TRADE planned experiments, e.g. Gabrieli, DôAngelo, Nucl. Eng. Design, 239, 2349 (2009) 



Accelerator Requirements 
Proton Energy ~ 1 GeV gives >20 spallation 

neutrons per proton.  
For 1GW thermal power: 
Å Need 3 1019 fissions/sec (200 MeV/fission) 
Å 6 1017 spallation neutrons/sec (k=0.98 

gives 50 fissions/neutron) 
Å 3 1016 protons/sec  
Current  5 mA. Power = 5 MW 
 
Reliable! Spallation target runs hot. If beam 

stops, target cools and stresses and cracks: 
no more than 3 trips per year ς but this is 
a controversial number 

  
Compare:  
PSI cyclotron:  590 MeV,  2mA, 1MW 
ISIS synchrotron: 800 MeV, 0.2mA, 0.1 MW 
Several trips per day 

C. Bungau et al., PACô09 



Proton & Heavy Ions 

 
ü 6 MV Folded Tandem Ion Accelerator (BARC, Mumbai) 

ü 14 MV Pelletron + SC Linac booster ( BARC/TIFR, Mumbai) 

ü K=130 Room temp cyclotron ( VECC) 

ü K= 500 Superconducting Cyclotron at Kolkata,VECC -under commissioning 

ü 3 MV Tandetron at Hyderabad 

ü 3 MV Pelletron at IOP, Bhuvaneshwar 

ü 1.7 MV accelerator at IGCAR, Kalpakkam 

ü 16.5 MeV Medical Cyclotron at RMC, Mumbai 

Electron  

 

Á 450 MeV INDUS-I  (SRS at RRCAT, Indore) 

Á 2.5 GeV INDUS-II ( SRS at RRCAT, Indore)- 24X7 operation.  

Á 10 MeV, 10 kW Linac at Mumbai for industrial application (BARC, Mumbai) 

Á 3 MeV DC accelerator at EBC (under commissioning) 

Á 10 MeV Electron Linac at RRCAT (Agriculture) 

Á 7 MeV Electron accelerator ( BARC, Mumbai) 

Á 2 MeV Electron Linac (ILU-6) at Mumbai- industrial applications 

Á 750 keV Electron DC accelerator at RRCAT 

Á 500 keV Electron DC accelerator at Vashi 

Projects 

 

× 1 GeV, 30 mA Linac ï ADS 

× 1 GeV pulsed accelerator- SNS 

× 6 GeV Advanced Synchrotron Facility 

× Hadron facility for Cancer therapy- TMC 

× Radioactive Ion Beam (ANURIB)- VECC 

 

 

Accelerators in DAE 



Proton IS 
50 keV 

RFQ 
3 MeV 

DTL 
20 MeV 

DTL/ 
CCDTL 

Super- 
conducting 

 

SC Linac 

 

1 GeV 

200 MeV 

Normal Conducting 

High current injector 20 MeV,  30 mA 

Scheme for Accelerator Development for ADS 

Design completed & fabrication is in progress 

ECR Ion Source LEBT  RFQ Drift Tube Linac 

60 kW RF System 1.3 MW  Klystron 

Phase 1 

Phase II 

Phase III 
LEHIPA 

50 kW RF Coupler 


