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“Bhabha’s Vision”

The three-stage program as outlined in 1958

Pressurized heavy-water reactors using natural uranium fuel

Rationale: simple technology, produce plutonium, no access to enriched uranium needed

Fast-neutron (breeder) reactors using plutonium from PHWRs for initial cores

Rationale: increase plutonium stockpile, while reducing uranium-ore requirements

Advanced thorium reactors (thermal and fast, Pu/U-233 as fissile isotopes)
Rationale: finally use large domestic thorium-resources, achieve self-sufficient large nuclear program




= Apsara Research Reactor

* Bhabha Atomic Research Canter (BARC)
* Boron Enrichment Plant {BEP)

= Cantral Workshops

* Plulonium Reprocessing Plant

« Purnsma |, Il, & Il Research Reactors

+ Uranium Conversion Plant

= Uranium Enrchment Plant

+ CIRUS Ressarch Reactor

« Dhruva Research Reactor

« Baroda Heavy Water Plant
= Gujarat State Fertilizers &
Chemicals Limited (GSFC)

Institute of Plasma Research

= Hazira Heawy Water Plant
= Larsen & Toubro, Hazira Works

Kakrapar Atormic Power Station (KAPS)

= Advanced Fuel Fabrication Facility (AFFF)
= Tarapur Afomic Power Station (TAPS)
= Power Reactor Fuel Reprocessing

Plant (PREFRE)

= Beryllium Machining Facslity (BMF)
= Construction Services and Estate
Management Group (CSEMG)
* Directorate of Purchase and Stores (DPS)
= Heawvy Water Board
« Tata Institute of Fundamenial
Research (TIFR)

* Rashtriya Chemicals
& Fenrtilizers Limited {RCF)
= Thal-Vaishet Heawvy Waler Plant

« Center for Development of
Advanced Computing (C-DAC)
+ Kirloskar Brothers Limited
« Walchandnagar Industries Limited {WIL)

V/

« Bharat Heavy Electricals Limited (BHEL)
* HMT Machine Tools Limited (HMT-MTL)
= Indian Insfitute of Science (I152)
= Supercompuier Education

& Research Center (SERC)

+ Rajasthan Atomic Power Station (RAPS)

* Kata Heawy Water Plant

Mangal Heavy Water Plant
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= Variable Energy Cyclotron Center (VECC)
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Sciences (IMSc) Characterization of Materials (NCCCM)

« New Zirconium Sponge Plant (New ZSP)

« Nuclear Fusl Complex (NFC)

« Special Materals Plant

= Lirarium Fual Assambly Plant

« Zirconium Fabnrcation Plant (ZFP)
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= Fast Breader Test Reactor (FETR)

* Fast Reactor Fuel Reprocessing Plant (FRFRF)

= General Services Organization (GS0)

= Indira Gandhi Center for Atomic Research (IGCAR)
= Kalpakkam Atomic Reprocessing Flani (KARP) 5
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"!:; Kalpakkam Reprocessing Plant

Heavy-water reactors
(Madras-1 and -2)
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Prototype Fast Breeder Reactor
(PFBR) construction site
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Nuclear Facilities and Materials at
the Kalpakkam / IGCAR Site

HEEEN

11 — — —

= ['ml
Madras-1 Madras-1 Kalpakkam Reprocessing Plant (KARP)
(170 MWe) (220 Mwe) 100 MT(HM)/yr

About 170 kg of plutonium per year Fast Reactor F.uel Reprocessmg Plant (FRFRP)
in planning stages

Fissile fraction: about 77% (capacity on the order of 10-15 MT(HM)/yr)

Cumulative local plutonium production by 2010: more than 4000 kg
Reprocessed fraction: unknown (but presumably high)

Local plutonium stockpile is likely to be (much) higher due to spent fuel transfers from other sites
Spent fuel from the Kaiga-1 and -2 reactors would add about 2000 kg of plutonium

KARP could separate more than 10,000 kg of plutonium by 2010

(500 MWe)

Plutonium requirements
for operation in
civilian and military mode?




Reactor Model and Simulations
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Computational System
for Neutronics Calculations

Mathematica
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Nuclides in Burnup Calculations

130 Actinides

cti Cm-243 | Cm-244 | Cm-245
850 Fission products 291a | 1810a | 8500a
720 Activation products
Am-240 | Am-241 | Am-242 | Am-243 | Am-244
50.8 h 13222 [ Twenl 7370a 10.1h
Pu-237 | Pu-238 | Pu-239 | Pu-240 | Pu-241 | Pu-242 | Pu-243
4524 8774 a 2.411 10%a 6563 a 1435a 3.75010° a 4,956 h
Np-236 | Np-237 | Np-238 | Np-239 | Np-240
1.5410°a | 2.14010%a 2.117d 2.355d 65m
U-234 | U-235 U-238
U-232 | U-233 0.0055 0.7200 U-236 | U-237 BEIRYZAEE U-239
689a | 159210° [ oooo | Soaeie. | 23621072 | 675d [ o ] 235m
Pa-231 | Pa-232 | Pa-233 | Pa-234
3.276 10* a 1.31d 270d 6.70 h
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Fuel Pin and Assembly Characteristics

Core and
axial blanket

Pellet diameter: 5.330 mm 12.760 mm

Gap thickness: 0.185 mm 0.185 mm

Cladding thickness: 0.450 mm 0.600 mm

Outer diameter of fuel pin: 6.600 mm 14.330 mm

Radial blanket

Fuel pins per assembly: 217 61
Lattice pitch: 13.50 cm
Outer width across flats: 13.16 cm
Thickness of hexcan: 0.32 cm
Inner width across flats: 12.52 cm
Available volume in assembly: 135.75 cc per cm
Fuel fraction: 35.66% 57.46%
Void fraction: 5.13% 3.38%
Cladding fraction: 13.90% 11.63%
Sodium fraction: 45.31% 27.53%

Data retrieved or inferred from the IAEA Fast Reactor Database (www-frdb.iaea.org)
Also: S. C. Chetal et al., The Design of the Prototype Fast Breeder Reactor, Nuclear Engineering and Design, 236 (2006), 852-860
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Fuel and Radial Blanket Assemblies
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PFBR Core Layout

B Core w/ 21% plutonium in MOX
] Core w/ 28% plutonium in MOX

B Radial blanket w/ depleted uranium
B Control assembly

160
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Main Operational Characteristics

Power level: 500 MWe
1250 MWth (40% thermal to electric efficiency)

Cycle length: 180 effective full power days (EFPDs)
Reloading pattern:  1/3 of the core and 1/8 of the radial blanket

on average: about 60 plus 15 elements, respectively

540 EFPDs for average fuel element in core
1440 EFPDs for average fuel element in the radial blanket

Capacity factor:  75%

on average: 1.52 reloads per year
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Methodology

Core run
(with average blanket)

LICJ
) =)

=)

(E=)

Blanket run
(with average core)

(&)

average core ]

7

faverage blanket]

\ for blanket run J

L]

for core run

=D

Initial run
(all materials fresh)

0 180

360 540

120 900

Effective full power days

1080

1260

1440
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Results
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Plutonium inventory [kg]
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Average Plutonium Inventory
in the Fuel Elements of the Core

outer zone
(28% Pu)

\

1 |

10 |

‘\\

inner zone
(21% Pu)

\\\\.

180 360 540
Effective full power days
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in a Fuel Element of the Radial Blanket

5 F

Plutonium inventory [kg]
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Average Plutonium Inventory
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Plutonium Isotopics in the Blankets

N
Do
N

Plutonium-239 fraction [wt%]

100
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98
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™

95

%

Effective full power days

Axial blanket
Radial blanket ‘\
0 180 360 540 7120 900 1080 1260 1440
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Plutonium Isotopics in the

Blankets of a Fast Neutron Reactor
(Why is it weapon-grade?)

Heavy water reactor Fast neutron reactor

Fission x-section

U-238

Capture x-section

Fission x-section
Pu-239
Capture x-section

Fissions per absorption in Pu-239 69% 78%

Assume 1% Pu-239 in 99% U-238
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Annual Reload/Discharge Analysis

ANNUAL RELOAD

U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
Core 4.0 kg 3.1 kg | 3074.5 kg 2.7 kg 655.4 kg 279.4 kg 47.5 kg 26.5 kg
Axial Blanket 3.1 kg 2.4 kg | 2449.8 kg 0.0 kg 0.0 kg 0.0 kg 0.0 kg 0.0 kg
Radial Blanket 3.4 kg 2.6 kg | 2617.1 kg 0.0 kg 0.0 kg 0.0 kg 0.0 kg 0.0 kg
Total 10.5 kg 8.1 kg | 8141.4 kg 2.7 kg 655.4 kg 279.4 kg 47.5 kg 26.5 kg
0.13% 0.10% 99.77% 0.3% 64.8% 27.6% 4.7% 2.6%
Overall Total 8160 kg 1012 kg
Fissile Fraction 0.13% 69.5%
ANNUAL DISCHARGE
U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
Core 2.4 kg 3.1 kg | 2862.5 kg 2.2 kg 541.6 kg 284.7 kg 449 kg 26.6 kg
0.08% 0.11% 99.81% 0.2% 60.2% 31.6% 5.0% 3.0%
Axial Blanket 2.5 kg 2.5 kg | 2388.7 kg 0.016 kg 51.76 kg 1.78 kg 0.055 kg 0.001 kg
0.10% 0.10% 99.80% 0.030% 96.543% 3.323% 0.103% 0.001%
Radial Blanket 2.2 kg 2.6 kg | 2500.2 kg 0.056 kg 91.04 kg 5.26 kg 0.215 kg 0.005 kg
0.09% 0.11% 99.80% 0.058% 94.265% 5.449% 0.222% 0.006%
Total 7.1 kg 8.2 kg | 7751.4 kg 2.3 kg 684.4 kg 291.7 kg 45.2 kg 26.6 kg
0.09% 0.11% 99.80% 0.2% 65.2 % 27.8% 4.3% 2.5%
Overall Total 7767 kg 1050 kg
Fissile Fraction 0.09% 69.5%

23
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Annual Reload/Discharge Analysis

ANNUAL DISCHARGE

U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
Core 2.4 kg 3.1 kg | 2862.5 kg 2.2 kg 541.6 kg 284.7 kg 449 kg 26.6 kg
0.08% 0.11% 99.81% 0.2% 60.2% 31.6% 5.0% 3.0%
Axial Blanket 2.5 kg 2.5 kg | 2388.7 kg 0.016 kg 51.76 kg 1.78 kg 0.055 kg 0.001 kg
0.10% 0.10% 99.80% 0.030% 96.543% 3.323% 0.103% 0.001%
Radial Blanket 2.2 kg 2.6 kg | 2500.2 kg 0.056 kg 91.04 kg 5.26 kg 0.215 kg 0.005 kg
0.09% 0.11% 99.80% 0.058% 94.265% 5.449% 0.222% 0.006%
Total 7.1 kg 8.2 kg | 7751.4 kg 2.3 kg 684.4 kg 291.7 kg 45.2 kg 26.6 kg
0.09% 0.11% 99.80% 0.2% 65.2 % 27.8% 4.3% 2.5%
Overall Total 7767 kg 1050 kg
Fissile Fraction 0.09% 69.5%

Blanket Subtotals

53.6 kg of plutonium with a fissile fraction of 96.6% contained in the axial blanket

96.6 kg of plutonium with a fissile fraction of 94.5% contained in the radial blanket

150.2 kg of plutonium with a fissile fraction of 95.3% contained in both blankets combined

24
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Annual Reload/Discharge Analysis

ANNUAL DISCHARGE

U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
Core 2.4 kg 3.1 kg | 2862.5 kg 2.2 kg 541.6 kg 284.7 kg 449 kg 26.6 kg
0.08% 0.11% 99.81% 0.2% 60.2% 31.6% 5.0% 3.0%
Axial Blanket 2.5 kg 2.5 kg | 2388.7 kg 0.016 kg 51.76 kg 1.78 kg 0.055 kg 0.001 kg
0.10% 0.10% 99.80% 0.030% 96.543% 3.323% 0.103% 0.001%
Radial Blanket 2.2 kg 2.6 kg | 2500.2 kg 0.056 kg 91.04 kg 5.26 kg 0.215 kg 0.005 kg
0.09% 0.11% 99.80% 0.058% 94.265% 5.449% 0.222% 0.006%
Total 7.1 kg 8.2 kg | 7751.4 kg 2.3 kg 684.4 kg 291.7 kg 45.2 kg 26.6 kg
0.09% 0.11% 99.80% 0.2% 65.2 % 27.8% 4.3% 2.5%
Overall Total 7767 kg 1050 kg
Fissile Fraction 0.09% 69.5%
ANNUAL MAKEUP
U-235 U-236 U-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
1.4 kg 0.4 kg 551.2 kg
0.25% 0.07% 99.68%
Total 393 kg + 160 kg
Fissile Fraction 0.25%
Makeup + Discharge 8.5 kg 8.6 kg | 8302.6 kg
0.10% 0.10% 99.80%
Total 8320 kg

Fissile Fraction

0.10%
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Breeding Ratio

MDISC D MLOAD

BR =1
Mpgst

Only fissile isotopes are considered for the determination of the breeding ratio
For uranium-plutonium fuel, these are U-235, Pu-239 and Pu-241

Fissile material is consumed by fission or neutron capture

738 kg — 711 kg
BR =14 ~ 1.
i 440 kg 06

Values quoted in the literature: 1.05-1.10
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Refueling Options for the PFBR

(Annual requirement: 1012 kg of plutonium with a Pu-FIS fraction of 69.5%)

Core Axial Blanket Radial Blanket CANDU
900 kg 54 kg 97 kg (unlimited supply)
65.2% Pu-FIS 96.6% Pu-FIS 94.5% Pu-FIS 77.1% Pu-FIS
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Plutonium Isotopics
of Heavy Water Reactor Fuel
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Plutonium Isotopics
of Heavy Water Reactor Fuel

Pu-238 | Pu-239 | Pu-240 | Pu-241 | Pu-242
at discharge | 0.07% | 74.92% | 20.05% | 4.19% | 0.77%

6.0 MWd /kg 5 5 5 5 5
cooled 0.07% | 75.60% | 20.23% | 3.32% | 0.78%
at discharge | 0.09% | 71.71% | 22.23% | 4.89% | 1.08%

7.0 MWd /kg 5 5 5 5 5
cooled 0.09% | 72.48% | 22.46% | 3.88% | 1.09%
at discharge | 0.11% | 68.75% | 24.18% | 5.52% | 1.44%

8.0 MWd /kg 0 0 0 0 0
cooled 0.11% | 69.58% | 24.46% | 4.39% | 1.46%
at discharge || 0.13% | 66.03% | 25.90% | 6.09% | 1.85%

9.0 MWd /kg 5 5 5 5 5
cooled 0.13% | 66.91% | 26.24% | 4.85% | 1.87%
at discharge || 0.16% | 63.52% | 27.42% | 6.61% | 2.29%

10.0 MWd /kg 0 0 : : :
cooled 0.15% | 64.44% | 27.81% | 5.27% | 2.33%

Plutonium compositions in CANDU fuel irradiated to various discharge burnup levels.

Decay-corrected compositions are for a five-year storage period before reprocessing of the fuel.
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Fissile Fraction of Plutonium

N

| CANDU
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Refueling Options for the PFBR

(Annual requirement: 1012 kg of plutonium with a Pu-FIS fraction of 69.5%)

Core Axial Blanket Radial Blanket CANDU
900 kg 53.5 kg 96.5 kg (unlimited supply)
65.2% Pu-FIS 96.6% Pu-FIS 94.5% Pu-FIS 77.1% Pu-FIS

not reused

requires chopping of core fuel and separation of axial blanket segments prior to reprocessing

not reused

not reused




Alexander Glaser, Weapon-Grade Plutonium Production Potential in the Indian Prototype Fast Breeder Reactor, December 2006

Nuclear Facilities and Materials at
the Kalpakkam / IGCAR Site

HEEEN

11 — — —

T I'm

Madras-1 Madras-1 Kalpakkam Reprocessing Plant (KARP)
(170 MWe) (220 Mwe) 100 MT(HM)/yr

About 170 kg of plutonium per year Fast Reactor F.uel Reprocessmg Plant (FRFRP)
in planning stages

Fissile fraction: about 77% (capacity on the order of 10-15 MT(HM)/yr)

Cumulative local plutonium production by 2010: more than 4000 kg
Reprocessed fraction: unknown (but presumably high)

Local plutonium stockpile is likely to be (much) higher due to spent fuel transfers from other sites
Spent fuel from the Kaiga-1 and -2 reactors would add about 2000 kg of plutonium

KARP could separate more than 10,000 kg of plutonium by 2010

(500 MWe)

Plutonium requirements
for operation in
civilian and military mode?
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What Does All That Mean?
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Fissile Material Inventories and
Production Capacities in South Asia

(military material only)

India Pakistan

Plutonium HEU Plutonium HEU

Estimated Inventory (as of 2006, rounded)

Inventories are roughly comparable in terms of nuclear-weapon equivalents
(about one hundred each)

Source: Mian et al., Fissile Materials in South Asia and the Implications of the U.S.-India Deal
Science and Global Security, 14: 117-143, 2006
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Fissile Material Inventories and
Production Capacities in South Asia

(military material only)

India Pakistan

Plutonium HEU Plutonium HEU

up to 150 kg/yr 10-40 kg/yr

(The planned power level for the Khushab-2 reactor is unknown; the given range corresponds to a thermal power of 50-200 MW)




Conclusion

About 150 kg of weapon-grade plutonium will be generated annually
in the blankets of the Indian Prototype Fast Breeder Reactor

once the reactor is operated under equilibrium conditions
and achieves a capacity factor of 75%

Straightforward options exist that allow for
“diversion” of weapon-grade plutonium from the blankets
by topping-up the PBFR-core with CANDU-plutonium

(e.g. OLD CORE + 250 kg of CANDU-Pu = NEW CORE + 100 kg of WPu + 190 kg of PFBR-Core-Pu)
CANDU-plutonium will be needed for the initial cores of the PFBR anyway

Given the current dynamics of the South-Asian nuclear weapon programs,
it seems implausible that the DAE would not consider/exercise this option sooner or later

(suspicions/allegations will arise sooner or later that the PFBR is used for weapons purposes)




