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Uranium 235
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Atoms for Peace

President Eisenhower’s speech at the UN general assembly in 1953
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Weinberg's PWR was heterogeneous.
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Weinberg had proposed the PWR to
Rickover's team for naval propulsion.
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Nuclear Power Sites of the World
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USGS: U.S. Now No. 1 in Thorium Reserves

United States
Australia
India

Canada
South Africa
Brazil
Malaysia
Other

World

440,000
300,000
290,000
100,000
35,000
16,000
4500
90,000

1,300,000

Source: USGS Mineral Commodities Summarnes, Jan. 2010
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IAEA Estimates in tonnes (2003)
Country RAR Th | EAR Th

Estimated world thorium resources

.1

(Reasonably assured and Inferred

Australia 13,000 — rfasources fecoverable at
Brazi 606,000 700,000 up to 3680kg )
Canad 45 000 198 000 Country Tonnes % of total
ANaga ' ' Australia 488000 18
Greenland 51'-1-,[":"] 32,':":"] W= 4':”],':“:”:' 15
Egypt 15000 309,000 Turkey 344,000 13
India 319 000 . India 219,000 12
Morway 132000 132,000 venezuela Junono 1
_ Brazil 302,000 12
south Africa 18 000 — MOrwaY 132,000 5
Turkey 350,000 500,000 Eypt 100,000 4
United States 137 000 255 000 Fussia 74,000 3
Cther Countries f05 000 — Greenland 24,000 4
Canada 44 0100 4
World Total 2230 000 2130000 South Africa 18,000 1
Other countries 33,000 1

World total 2,610,000

Reasonably Assured Reserves (RAR)

Estimated Additional Reserves (EAR)



Fission neutrons availability in
breeder reactors

* Fuel doubling time
depends on: surplus
neutrons per
absorption in the
reactor fuel.

(However, all neutron
surpluses to be suitably
absorbed for safe reactor
operation.)

233U (2.28)
235U(2.04)
239Pu(1.94)

« 23py-fuel : has surplus

neutrons only in fast
spectrum.

« 231)-fuel : has similar

2 o o T s e o  heutron surpluses in
0 10 10 10 10 10 fast & thermal spectra.

Neutron energy (eV)
11



Weinberg and Oak Ridge developed the
first molten salt nuclear reactor in 1954.
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INDUSTRIAL EXPERIENCE OF THORIUM
Critical (Normal) Reactors - Selfsustaining

Country Name Type Power Operation
Germany AVR HTGR 15 MW, 1967 - 1988
Germany THTR HTGR | 300 MW, 1985 - 1989
UK, OECD-EURATOM
also Norway, Sweden & | Dragon HTGR |20 MW, 1966 -1973
Switzerland
USA Fort St Vrain HTGR | 330 MW, 1976 — 1989
USA, ORNL MSRE MSBR | 7.9 MW_ 1964 — 1969
A Shippingport & | | \ygr  [100MW, | 1977 - 1982
: . PWR 285 MW 1962 — 1980
Indian Point =
KAMINI, 30 kW,
India CIRUS & MTR 40 MW, In operation
DHRUVA 100 MW _




MOST PROJECTS USING THORIUM
WERE TERMINATED BY THE 1980s

Main Reasons:

* The thorium fuel cycle could not compete
economically with the well-known uranium cycle

* Lack of political support for the development of
nuclear technology after the Chernobyl accident

* Increased worldwide concern regarding the

proliferation risk associated with reprocessing of
spent fuel




Alvin Weinberg: Why wasn’t this done?

A* “Why didn't the molten-salt system, so elegant and so well

thought-out, prevail?

“I've already given the political reason: that the plutonium
fast breeder arrived first and was therefore able to
consolidate its political position within the AEC.

“But there was another, more technical reason. The
molten-salt technology is entirely different from the
technology of any other reactor. To the inexperienced,
[fluoride] technology is daunting... Perhaps the moral
to be drawn is that a technology that differs too much
from an existing technology has not one hurdle to
overcome—to demonstrate its feasibility—but another
even greater one—to convince influential individuals
and organizations who are intellectually and
emotionally attached to a different technology that they
should adopt the new path.

| suppose part of my admiration for Dr.
Nishibori arose from the enthusiastic

support he gave, even until his death in  “|t was a successful technology that was dropped because

his late eighties, to the molten-salt it was too different from the main lines of reactor
system. But despite his powerful development... | hope that in a second nuclear era, the
political connections and his prestige, [fluoride-reactor] technology will be resurrected.”

his support for the molten-salt reactor in
Japan never got very far.
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“Neutron multiplication factor” M

The number of fissions produced by a single fission in the
proceeding cycle : reproduction factor; K

2 3 4
M=1+k, +Kkq +Kg +Kg +....o.=

keﬁ<1;subcnncm

kefd;cnUcm



Ingestive Radiotoxicity index [Relative units]

0
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100 200 300 400 500 600 700 800 900 1000
Time after shutdown [years]
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Beam
Acceleratar Complex SnmoL
' Power Generation
i (600 MW)
=
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o
! Fump
Fuel Discharge
I
Y Fuel Loading
A Fresh
— - H?;mrﬁfs I?E Actinides | Fuelfabrication .« Thorium
d on EIJFIFI?
Spent fuel
Fission Fragments To Secular
Reprocessing Complex e W PaceRging hﬁapnsituw
(every =10 years)
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C_Rubbia2, Energy 2050, Stockholm
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15.5kWe ELFERMEFRTIFFEUJID

150MWe SMALL MOLTEN-SALT REACTOR “FUJI® -

HERI-V o REE
(ETEAM TURBINE

2 BHER GENERATOR
L

I-*-f" ACTOR GONTAINMENT

F, )
{(PLIMP) =

==
=l/m

GONTAINMENT
wAEE |
REACTOR VESSEL

IFAIE D90 %14
Ao, BUIIEHREL |

BaFl {29
EMERGENCY Y |
DRAIN-TANK

e

3 1575 kWe/NEIRANE KR EIR (FUJL) EE

[Hﬂﬂ]Furukawa, K_, et al, "Summary Report: Thorium Molten—Salt Nuclear Energy
Synergetics , J. Nucl. Sci. & Tech., Vol.27, No.12, p.1165¢{1990)



liquid-fluoride thorium reactor (LFTR)

l-_\-

Cantrod Pump
rod drive
system

ﬂughlh

blncks

&alt drain coeant
tank - e 2 draian lank
Salt treatment | = -;';'
and wasie Maolien salt
storage rooms, Mlodten 8818 00 and

Underground molten salt reactor by Moir and Teller



In LFTR the liquid Th-232 blanket
becomes the U-233 liquid fuel.

Waste

New U-233 fuel

' " L™ sa“
New Th-232 L35 DIBnKE

Turbine and generator

Robert Hargraves and Ralph Moir March 29, 2010



But US advanced nuclear fission R&D
has dropped — near zero for breeders.

$16 billion ($2011)
Cumulative LMFBR

investment.
x5

3

pd
T

— rdted Sates Total
RED

Fod

—— Niglear Breeder

SS (Bilsons)

0.5

SIS SSS

LREE ad WNler. Fared O Fricies Malerials Feb N0

2011 DOE Nuclear Energy
budget items

$103 million
NGNP high temperature gas
reactor with TRISO fuel.

$22 million
Advanced reactor concepts,
principally fast reactors.

$40 million

Advanced fuel cycles. but no
ligquid fuel, no closed fuel
cycle.
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Green Energy - Thorium |

World Thorium Resources

Country Reserves (tons)
Australia 300,000
India 290,000
Norway 170,000
USA 160,000
Canada 100,000

S. Africa 35,000
Brazil 16,000
Malaysia 4,500
Other Countries 95,000
World total 1,200,000 12

Dr. Banerjee

(o 0 — Thomas Jefferson National Accelerator Facility —r__‘ hﬁ;g

N N el i i i i e
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. A
India‘s Nuclear Energy R&D Programs

Three Stage Nuclear Power Programme- Present Status

LI e “_l.d-".:m o e
T"ﬁ.__.-" e

A *a_f'
- World class

o T perfnrmémﬂ

ﬁ-h- 'l“'_l- l:‘l’- |!-.Ibm_ :
Stage — | PHWRs

* 15 - QOperating

* 3 - Under construction
« Several others planned
» Scaling to 700 MWe

* Gestation period has

been reduced
« POWER POTENTIAL =

10,000 MWe

LWRs

- 2 BWRs Operating
- 2 VWERs under

construction
LY V. T T

W offossan O

'-—r'“l—l"q—l"'—_r"'—i'

Cpesatad by the JelTowen Samee Asocaies for e LS. Departmenl (F Ensrgy

Stage - I
Fast Breeder Reactors

« 40 MWth FBTR -
Operating since 1985,
Technology Objectives
realized.

= 500 MWe PFBR-
Under Construction

« POWER POTENTIAL =
530,000 MWe

Thomas Jefferson National Accelerator Facility s

Glebally Un'i-qt;e

Etlg- =
Thorium Based Reactors

= 30 kWih KAMINI- Operating

= 300 MWe AHWR-
Under Development

POWER POTENTIAL IS
VERY LARGE

Availability of ADS can
enable early

introduction of
Thorium and enhance
capacity growth rate.
PF==" Office of

~d Science

Sl R i &

TEA M10 Sprinp Canfersace Gapels HY, Meustain Ve March 10 30, 2000 Cnsgat Mhyacai



India’s Advanced Reactor @

Advanced Heavy Water Reactor
(AHWR)

Technology demonstration for
large-scale thorium utilization

Vertical pressure tube.

Boiling light water cooled.

Heavy water moderated.

Fﬂu&ﬁad by 233U-Th MOX and Pu-Th

P ——

« Power output — 300 MWe with 500
m3/d of desalinated water.

« Core heat removal by natural
circulation.

A large fraction (65%o) of power
from thorium.

* Extensive deployment of passive « Currently under Pre-Licensing

safety features — 3 days grace

period, and no need for planning off- sttt L el

site emergency measures. International recognition as an
innovative design.

= Design life of 100 years.
Easily replaceable coolant channels.

13

= ol Cfd - — Thomas Jefferson National Accelerator Facility  mmmmm €Oy Smtoacny

\-i":—?'ll-l" U TSET LS A CNE R
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US-India Joint Development @

Schematic of ADS- energy balance

Accelerated protons

. 3
Subcritical Core -
o
~ 280 MWe = E
¥
Accelerator ~20 MWe LS

(LINAC or Cyclotron) Fraction f of the
enargy back to
drive accalarator

Spallation target

= 1000 MWt @
k=098 |  Eneray extraction

Efficlency = n, = 300 MWe @@
ne= 0.33
19
- :,A Trf ~aeeeeesssssssm | homas Jefferson National Accelerator Facility s _._..d m;:—
g ':-? L P ar pEr #

Cpesaiea by the Jeflerwon Samee Adioiaies Ton e LY. Departsent (F Ensrgy TEA N0 Spring Canfersace Cooels HY, Meoniain Vs March 190 S50, [l]l { izl Pefvmen



NEUTRON DATA of Interest to ADS programme

Need for more and improved quality data(abs, fiss,

fissprod, n mult) for Th — U Cycle Nuclei ( 231-233 Pa,
232,233U)- radioactive target

Data for Minor Actinides required ( Np, Am, Cm)

Need for data for Pb, Bi, Structural Materials at energies
Higher than 20 MeV

Prediction and Measurement of Rare Earth Alpha Emitters
Produced in LBE spallation target

Production of Light Radioactive/toxic nuclei like 7Be

Neutron capture data for long lived FF —
190l 1265 107PA Q27
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B.K.Nayak( Phys Rev. C (2009)rapid
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Fusion-fission hybrid thorium fuel cycle alternative

Li

UZ2 Fission

UE:H

Catalyzed

i o U?3Fission
DD Fusion

Th*=?

Material flows in the DT (top) and Catalyzed DD fusion-fission hybrid (bottom)
Fuel Factory alternatives with U233 breeding from Th23,

Magdi Ragheb

Graduate seminar, department of nuclear, plasma and radiological engineering, University of lllinois at Urbana-
Champaign, 103 Talbot laboratory, USA, February 10, 2010



Laser fusion fissile generator plant with U2 breeding.
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European-ADS EFIT (lead coolant pool type, 400MWt)
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Figure 1: European ADS accelerator conceptual scheme.
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Figure 2: The reference linac front-end.



Table 1: European Transmuter Main Specifications

Transmuter demo Industrial transmuter
(XT-ADS5 / MYRRHA project) (EFIT)

50 — 100 MWth power Several 100 MWth power
kg value ~ 0.95 kg value ~ 0.97
Highly-enriched MOX fuel Minor Actinide fuel

Pb-Bi1 Eutectic coolant & target  Pb coolant & target




Figure 6: Accelerator GENEPI-3C assembled at LPSC

Figure 1: General layout of the GENEPI-3C machine. (March 09).

Table 1: Characteristics in pulsed and continuous mode.

Parameters Values

Energy 140 up to 240 keV (deuterons)

Pulsed mode Peak current: 40 mA on target
pulse duration ( FWHM) < 1pus
Repetition rate up to 5 kHz

Continuous DC current: 1 mA on target

mode Beam interruptions: 20 ps to 10 ms

Beam trip rate: 0.1 to 100 Hz
Rise/drop tumes: ~ 1 us

Beam diameter

GENEPI-3C 1s a neutron generator for ADS purposes.
~ 20 mm on target

Stability

TV It will be mnstalled at Mol (Belgium) after commissioning
— 0

Beam power

240 W on target (continuous at Grenoble (FRANCE)

mode)




n-TOF ADS

TABLE I. Main features of the n_TOF facility (CERN)

Neutron energy range 1 eV-250 MeV
Proton beam energy and intensity 20 GeV/c: Tx10'2 p/pulse
Pulse repetition frequency 0.25 s~ '{average in dedicated mode)

Neutron flux at 187.5 m (uncollimated)  4x10” n/cm?*/pulse

Neutron flux with ®=1.9 cm collimator  1.4x10° nfcm?/pulse

Fraction of flux in 1 eV - 1 Mev range  2/3

Resolution AEE 310 % at 1eV: 1.5x107 % at 30 KeV
Background (fluence out/in beam) 1"

8D Crm

Figure 1. Lay out of the TOF tube.
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Figure 3. Comparison between 235U data, measured at n_TOF and
the evaluated cross-section from ENDF-B/VI database.



TECHNOLOGY READINESS LEVELS

A White Paper
April B, 1935

NASA

John C. Mankins
Advanced Concepts Cffice
Office of Space Access and Technology
MASA

Technology Readiness Levels Summary

TRL 1
TRL 2

TRL 3

TRL 4
TRL S

TRL 6

TRL7

TRL 8

TRLY

TRL

Basic principles observed and reported
Technology concept and/or application formulated

Analytical and experimental critical function and/or characteristic proof-of-
concept

Component and/or breadboard validation in laboratory environment
Component and/or breadboard validation in relevant environment

System/subsystem model or prototype demonstration in a relevant
environment (ground or space)

System prototype demonstration in a space environment

Actual system completed and “flight qualified” through test and
demonstration (ground or space)

Actual system “flight proven” through successful mission operations

MA
FBR TRL4 ADS

TRL3

2010
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Figure 1. Horizontal cross section of the KUCA building
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FFAG-ADS Project

To study
Accelerator Driven Sub-critical Reactor (ADS)

- Narrow energy spectrum of n beam
- Energy and Flux of the n beam
can be easily controlled.

njecto Booster Main ring Target
ritical Assemb y
source

KUCA

100 keV 2.5 MeV 20 MeV 150 MeV
Max (variable energy)
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Fig. Results of pulsed neutron method at Th-Graphite core
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