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• Fission Chain Reaction

Heavy Fission Product
(mass number ~ 139)

Light Fission Product
(mass number ~ 95)

+ 200 MeV Energy +

Neutrons
Neutrons

U - 235

• Production of Fissile Isotopes Pu239 & U 233

Neutrons

Neutrons

U238 U239 Np239 Pu239

Th232 Th233 Pa233 U233

U - 235

β -

β -

β -

β -

Fission

NUCLEAR FISSIONNUCLEAR FISSION
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Source of intense heat energy & Source of neutrons 

• Production of Radioisotopes

- Nuclear Medicine, Radiopharmaceuticals 
Radioimmunotherapy - 99mTc, I 131, Sm 153

, 
P32, etc.

- Cancer Diagnosis & Therapy
- Sterilisation of Medical Kits, Hospital 

Wastes & Sewage
- Food Irradiation & Preservation
- γ-radiography - Co 60

, Ir192 & Cs 137

• Production of Fissile Isotopes
(Pu 239 and U 233)

• Neutron Radiography, Neutron Diffraction & 
Neutron Activation Analysis

• Irradiation -Testing of Materials 

• Training, Education & Basic Research

• Generation of Electricity

• Production of Hydrogen

• Desalination of Sea Water

• District Heating

• Marine Propulsion

• Power Reactors:

• Non-Power Reactors:

NUCLEAR REACTORS & THEIR APPLICATIONSNUCLEAR REACTORS & THEIR APPLICATIONS
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443 Reactors in 31 
countries 3,69,552 MWe -
16% global electricity

27 Reactors under construction -
21,811 MWe

NUCLEAR POWER REACTORS
(July 2006)
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On-going International Programmes:

• IAEA-initiated INNOVATIVE NUCLEAR REACTORS & FUEL 
CYCLE PROGRAMME (INPRO)

• US-initiated Generation IV International Forum (GIF)

- Generation of Electricity. 

- Production of Hydrogen Fuel 

- Desalination of Sea Water

- District Heating

In both INPRO and GIF, nuclear power reactors have been 
perceived to be utilised for the following purpose:

Civilian Nuclear Power Civilian Nuclear Power ProgrammeProgramme in the 21in the 21stst Century: Century: 
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UNIQUE FEATURES OF NUCLEAR ENERGY & POWER 
 

• Relatively New          
 

"Nuclear Fission Energy" is very recent (< 60 years) in the time scale of human civilisation.  
First Nuclear Power Reactor in the world : 1955 
 
  High Energy Density :          1 atom of ‘C’ on combustion releases ~ 4 eV 

         1 atom of U235 on fission release  ~200 MeV 
Annual Fuel Requirement of a 1000 MWe Power Station: 
Nuclear  :  30 tons;  Coal :  2.6 million tons;   Oil :  2.0 million tons 
 
• Environment Friendly:  
 
Zero emission of CO2, SO2 & NOx – no global warming and acid rain 
Annual Discharge from 1000 MWe Power Station: 
Nuclear  :  3.5 tons spent fuel;               Coal Fired  :  6.5 million tons CO2 
 
CO2 emission per kWh:   0.967 kg Denmark     (82% Coal, 0% Nuclear) 

     0.63 kg UK                     (49.5% Coal, 28% Nuclear) 
     0.064 kg France             (77.36% Nuclear) 

 
• Generates man-made ‘fissile’ isotopes or fuels : 

 
Nuclear fuel is made up of ‘fissile’ (U235, Pu239 & U233) and ‘fertile’ (U238 & Th232) isotopes.  U235 is 
the only ‘fissile’ isotope occurring in nature.  The ‘fission’ process splits up ‘fissile’ nuclei, 
releases very high heat energy and generates extra neutrons which could convert naturally 
occurring ‘fertile’ isotopes, U238 & Th232 to man-made ‘fissile’ isotopes Pu239 & U233 respectively. 

Fresh Fuel Spent Fuel 

Reactor
U235, Pu239  or   U233   + 0n1           Fission Products  + 3 0n1 + 200 MeV     
    
   +  U238    + 0n1           U239           Np239                Pu239  

or 
                      + Th232   + 0n1          Th233        Pa233                 U233 

β- β-

β- β-

• 

• 

• High Safety & Security 
 

From radiation safety point of view, natural uranium (U235 & U238) and thorium (Th232) 
are mildly radioactive and have very little hazard from external radiation.  However, 
Pu239 (always associated with Pu240, Pu241, Pu242 & Pu238), U233 (always associated with 
U232) and fission products are highly radioactive and health hazardous & require
proper containment, beta, gamma neutron shieldings and remote handling. In order 
to ensure safety from any 'criticality accident' (uncontrolled nuclear fission chain
reaction), only limited and controlled quantity of 'fissile ' (U235, Pu239 or U233) materials 
are permitted to handle at a time. The radioactive waste has to be properly treated,
fixed and stored or disposed.  From security point of view, physical protection of
'fissile' material is essential to avoid proliferation risk for non-peaceful purpose. 
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Water-cooled Nuclear Power Reactor 

Fuel Pellets 
(U & O) atoms 
U235,U238,O 

Cladding 

FRESH FUEL SPENT FUEL 
Spent Fuel Pellets 
U238,Pu239 & other 
Pu isotopes, 
fission products & 
unused U235 

U235 + 0n1            U236          Fission   + (2 or 3) neutrons + 200 MeV     
           Products 
 
U238 + 0n1            U239            Np239             Pu239 ß- ß-

Elements in Fresh & Spent Uranium Fuels 

Natural ‘U’ Nu:0.7% U235 
                       Rest U238 
 
SEU:       1 to 5% U235 
               Rest U238 

Cladding 

 U235: <0.2% for NU: Dep.U 
        0.8-1.2% for SEU: REU 
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Thermal 
Fission 

Fission Product

   Light          Heavy
(80-110) (125-155) 
 

Br, Kr, Rb                Te, I, Xe, Cs
Sr, Y, Zr, Nb,           Ba, La, Ce, 
Mo, Tc                     RE 
 

URANIUM
 
- 4 ppm in earth’s crust, Klaproth, 1789 
 
- Natural Uranium:  
 

U238(fertile): 99.3%; 4.5x109y 
U235(fertile): 0.7%; 8.0x108 y  
 
U235  (fissile) + n1    U236    M1(95)+M2(139)+(2-3)n1+200 MeV
    92                              0      92 

 
U238 (fertile) + n1    U239             Np239              Pu239  (fissile) 
    92                                0      92         23.5 m       93  2.35 days      94 
 
THORIUM 
 
- 12 ppm in earth’s crust, Berzellius, 1828 

 

Natural Thorium: No fissile isotope,  
                               

    Fertile Th232  (fertile); 1.4x1010y 
90

     
    Th232  (fertile) + n1              Th233                  Pa233               U233   (fissile) 
        90                            0                        90      23.5 min            27 days  
 
 
PLUTONIUM 
 
- Does not occur in nature; man-made, Seaborg, Wahl and Kennedy, 1941 
 
¾ Pu239  : ∝ ; 2.4 x 104 y 

¾ Pu240  : ∝, n ; 6.58 x 103 y 

¾ Pu241  : β - ; 13y, Am241    strong γ emitter 

¾ Pu242  : ∝, n ; 3.79 x 105 y 

¾ Pu238  : ∝, n ; 86.4 y 

 
- Maximum limits 

 

body burden   : 0.18 – 0.65 µ g 

concentration in air  : 2 x 10-12 µ curie per cc 

concentration in water : 10-4 µ curie per cc 

β- β-

FISSILE & FERTILE ISOTOPES 
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Formation of Minor Actinides (Np, Am & Cm) in reactor-

Important isotopes of minor actinides.

. 
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Elemental Constituents in Uranium Fuel Elemental Constituents in Uranium Fuel 
Discharged from a Typical PWR Discharged from a Typical PWR 

(30,000 (30,000 MWd/tMWd/t) 150 days after discharge) 150 days after discharge

Ref: Nuclear Chemical Engineering
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Ref: Nuclear Chemical Engineering

Actinides in Discharge Uranium Fuel Actinides in Discharge Uranium Fuel 
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Inventory of Actinides and Fission Products of Natural Uranium FInventory of Actinides and Fission Products of Natural Uranium Fuelled Spent uelled Spent 
PHWR Fuel (PHWR Fuel (burnupburnup: ~7000 : ~7000 MWd/tMWd/t HM) after 10 years of coolingHM) after 10 years of cooling

Ref: Final Safety Report of Darlington Waste Management Facility
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Actinides and Heavy Metals Inventory in Actinides and Heavy Metals Inventory in 
PHWR Fuel after days of coolingPHWR Fuel after days of cooling

Ref: Final Safety Report of Darlington Waste Management Facility

Typical PHWR Fuel Bundle Typical PHWR Fuel Bundle 
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Main long-lived or parent Radionuclides present in Irradiated Fuel 
 

Radionuclide Half-life (Year) 
Uranium 

U-234 
U-235 
U-236 
U-238 

 
2.46 x 105 
7.04 x 108 
2.34 x 107 
4.47 x 109 

 
Actinides (α emitters) 

 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Np-237 
Am-241 
Am-243 
Cm-245 
Cm-246 

 

 
 

87.7 
24,100 
6,560 
14.35 

3.74 x 105 
2.14 x 106 

432.7 
7,368 

8.5 x 103 
4.73 x 103 

Fission Products (β/γ emitters) 
 

Se-79 
Zr-93 
Tc-99 

Pd-107 
Sn-126 
I-129 

Cs-135 
 
 

 
 

6.5 x 105 
1.5 x 106 

2.13 x 105 
6.5 x 106 
1 x 105 

1.57 x 107 
2.3 x 106 

Activation Products (β/γ emitters) 
 

C-14 
Ni-59 
Ni-63 
Zr-93 
Nb-94 

 
 

5,715 
7.6 x 104 

100 
1.53 x 106 
2.03 x 104 
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What is Partitioning and Transmutation (P&T) ?What is Partitioning and Transmutation (P&T) ?

Partitioning is a series of physical and chemical separation processes of different 
radionuclides (radioactive isotopes of different chemical elements) from a mixture in the 
spent nuclear fuel. Some of these (uranium, plutonium, thorium) can be  recycled and 
used for fabricating new fuels. 

Partitioning is practiced in currently operating “reprocessing” plants which follows and 
aqueous route and PUREX process. The spent fuel is dissolved in acid, then uranium and 
plutonium are separated out sequentially as individual chemical precipitates. The fission 
products and Minor Actinides (MA: Np, Am, Cm) remain in the raffinate and treated as 
high level waste. 

Advanced Partitioning process aims at “proliferation resistance”. For this, separation of 
pure plutonium is avoided and MA are recovered and co-precipitated with uranium and/or 
plutonium. 

Transmutation involves the conversion of one chemical element into another by means 
of particle bombardment in a nuclear reactor or accelerator. Transmutation is the 
destruction of radionuclides by converting them to isotopes of lighter elements which are 
likely to have shorter half-lives and generally lower toxicity. Transmutation is achieved 
by subjecting the “partitioned” (separated) radionuclides to intense neutron or proton 
radiation in either a nuclear reactor or a particle accelerator.
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Benefits of P&TBenefits of P&T

.        
• Resource conservation by making maximum use of the energy available from the 

primary fuel materials, uranium. This has been pursued through the separation of re-
useable uranium and plutonium from spent nuclear fuel by means of reprocessing. 
The current trend of increase in price of uranium makes this unattractive and 
alternative.  

• Reduction of the heat generation capacity of wastes. Repository designs can 
incorporate temperature limits designed to guard against thermal degradation of the 
surrounding rock and prevention of boiling that impedes natural groundwater 
movement. The benefit derives from enlarging the capacity of repository and reducing 
the number of sites required.    

• Reduction of radiotoxicity of waste. By transmuting elements such as plutonium and 
americium, it is theoretically possible to transform the spent fuel so that it will decay 
to the activity of the original uranium in a few hundred (rather than tens of thousands) 
years, reducing the period over which it is a hazard.   
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Fresh 
unraium fuel 
(as oxide)

Pu

MA
FP

Radiotoxicity of wastes 
after 1000 years 

Closing the fuel cycle facilitates: a) Waste minimization [in terms of Pu & Minor Actinides (MA)]
b) Resource (natural uranium) utilization

EVOLUTION OF THE RADIOTOXICITY

Reactor

+ • U: 94-96%

• Pu: ~1%  

• FP:  3-4%

• MA: ~0.1% 

SPENT FUEL

Wastes
4%

valuable materials
96%

valuable materials
96%

+
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Goals of Partitioning Goals of Partitioning 
Several factors give rise to a more sophisticated view of reprocessing today, and use of the 
term partitioning reflects this. First, new management methods for high and intermediate-
level nuclear wastes are under consideration, notably partitioning-transmutation (P&T) and 
partitioning-conditioning (P&C), where long-lived radionuclides are the prime objectives to 
separate out. Secondly, new fuel cycles such as those for fast neutron reactors (including a 
lead-cooled one) and fused salt reactors, and the possible advent of accelerator-driven 
systems, require a new approach to reprocessing. Here the focus is on pyrometallurgical
processes ('pyroprocessing') in a molten salt bath, with electrochemical separation. 
The main radionuclides targeted for separation for P&T or P&C are the actinides neptunium, 
americium and curium (along with U & Pu), and the fission products iodine (I-129), 
technetium (Tc-99), caesium (Cs-135) and strontium (Sr-90). Removal of the latter two 
significantly reduces the heat load of residual conditioned wastes. In Japan, platinum group 
metals are also targeted, for commercial recovery. Of course any chemical process will not 
discriminate different isotopes of any element. 
Efficient separation methods are needed to achieve low residuals of long-lived radionuclides
in conditioned wastes and high purities of individual separated ones in transmutation targets . 
Otherwise any transmutation effort is a random process with uncertain results. In particular 
one does not want fertile U isotopes in a transmutation target with slow neutrons, or neutron 
capture will bne the main action and hence it will generate further radiotoxic transuranic
isotopes. 
Achieving effective full separation for any transmutation program is likely to mean 
pyroprocessing of residuals from the PUREX or similar aqueous processes. 




