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Motivation
• Our SKKU Group works on the thorium-based ADS.
• An exercise on Subcritical ADS with Molten Salt Fuels.
• We consider three types of fuels based on Thorium and
compare the results on
- Neutronic analysis
- Transmutation of Minor Actinides
- Breeding ratios, etc.

The main motivation is to evaluate
• the transmutation potential of different Molten
Salt fuels
(Pure Minor Actinide + additionally Pu),

• the breeding potential for Th-based fuels,
• the safety characteristics of such systems
(Temperature and void coefficients)

Why thorium ?
Th is a fertile material which generates a fissile isotope: 233U
232Th + n  233Th (22 min)  233Pa (27 days)  233U (1.5 105 years)
comparable to :
238U + n  239U (23.5 min)  239Np (2.3 days)  239Pu (24 000 years)
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• 233U is rather unsensitive to neutron energy (a and h)
• 233U is the best fissile isotope in thermal range
• There is a potential for breeding in thermal spectrum with the Th/U system

Thorium cycle and waste minimization
Thorium cycle is efficient for the minimization of MA production

MA production
0.5 kg/TWhe with 233U/Th (mainly Np)
3 kg/TWhe with 235U/U
12 kg/TWhe with MOX fuel

Less heavy and radiotoxic elements formed with thorium cycle
(Th-U) until 10000 years
But production of highly radiotoxic actinides later (231Pa )

Methods
• Reactor Geometry
• Monte Carlo Simulations
- EA-MC (Energy Amplifier Monte Carlo)
- FLUKA
• Fuels
- Li-Be Fluoride
- Na(Sodium) Chloride
- Pb (II) Chloride

Reactor Geometry

Y.Kate, et al. (JAERI),
Meeting on Accelerator Based Transmutation, PSI, 1992

Zones
I: Molten Salt Core
II: Internal reflector
III: Heat Exchanger
IV: External reflector
V: Beam Line

Molten Salt Fuels
Li-Be Fluoride, Na Chloride and Pb (II) Chloride
Reference Fuel

Fuels in this work

72% 7LiF, 16% BeF2, 12% ThF4, 0.3% UF4
(Oak Ridge National Laboratory)

72.76% 7LiF, 15% BeF2,
12.24% (Th,233U Fluoride

64% 7Li, 18% BeF2, 17.5% ThF4, 0.5% UF4
(Accelerator Molten Salt Breeder)

64% 7Li, 18% BeF2,
18% (Th,233U) Fluoride

64% NaCl, 36% MACl3
(Japan Atomic Energy Research Institute)

64% NaCl, 36% (Th,233U) Chloride

85% PbCl2, 15% PuCl3
(Japan Atomic Energy Research Institute)

85% PbCl2, 15% (Th,233U) Chloride
64% PbCl2, 36% (Th,233U) Chloride

Monte Carlo Simulations
1. EA-MC (Energy Amplifier Monte Carlo)
Monte Carlo code for neutronic analysis of (fissile) multiplying media, developed
by C. Rubbia and his coworkers at CERN.
• Simulates the cascade generated by a neutron inserted into the system
• Computes the relevant neutron multiplication and the related criticality factor. It al
lows for the evaluation of the effective criticality factor Keff.
•

2. FLUKA
FLUKA is a Monte Carlo code which is a general purpose tool for calculations
of particle transport and interactions with matter, covering from proton and
electron accelerator shielding to target design, calorimetry, activation,
dosimetry, detector design, Accelerator Driven System, radiotherapy etc.

we have used two calculational methods:
• one based on a simulation of an external spallation
neutron source (D+D fusion source) with EAMC code
• the other one using FLUKA with the correct simulation of
the spallation process induced by high energy protons
impacting directly on the molten salt fuel
EA-MC
Neutron
Source

FLUKA

- D+D fusion neutron
1 GeV, 1mA proton beam for a
(En = 2.2 MeV)
given target
- Source strength 1010 n/s

- Keff
Calculated
- Neutron flux,
quantities
- Number of reactions

- Distribution of the particles
(neutron, photon,
charged particles)
- Energy distribution
- Neutron flux
- Number of secondary
particles per incident

Preliminary Results

Neutron flux in molten salts (without Th, 233U, etc)
LiF+BeF2 (78 : 22 % mol.)
NaCl
PbCl2

LiF+BeF2 has thermal neutron spectrum.
Neutron spectrum of PbCl2 is similar to NaCl’s spectrum.
Different moderating power (because of atomic mass and,)

1 GeV 1mA proton
beam impacts on
the fuel directly

(n,gamma) cross section of Fluoride and Chloride

Fluorine-19
Chlorine-35
Chlorine-37

Chlorine-35 has high neutron capture cross section in thermal energy region,
Fluorides are more suitable when breeding is required in thermal spectrum

Neutron flux in molten salts with Thorium
LiF+BeF2 + ThF4 (64 : 18 : 18 % mol.)
NaCl + ThCl3 (64 : 36)
PbCl2 + ThCl3 (64 : 36)
(n,gamma)
Resonance
Of Th-232

Thorium makes neutron spectrum more harder,
and captures neutrons in thermal to resonance region

1 GeV 1mA proton
beam impacts on
the fuel directly

U Enrichment for Keff ~ 0.98
Keff has been calculated with different Uranium enrichment, and selected Keff is 0.98
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LiF+BeF2 + ThF4 + UF4 (64 : 18 : x : y)
NaCl + ThCl3 + UCl3 (64 : x : y)
PbCl2 + ThCl3 + UCl3 (64 : x : y)
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LiF+BeF2 based salt require much less enrichment than NaCl or PbCl salts
because of spectrum (thermal/epithermal with LiF+BeF2 versus fast with NaCl or PbCl).
This is also reflected in the rate of neutron leakage.
more leakage for fast system, thermal neutrons are more confined

Breeding ratios
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Breeding ratio

Breeding
Ratio
(at Keff
~0.98)

Fuel
(% in moles)
7LiF

LiF+BeF2 + ThF4 + UF4 (64 : 18 : x : y)
NaCl + ThCl3 + UCl3 (64 :x : y)
PbCl2 + ThCl3 + UCl3 (64 : x : y)

0.30
0.19

The best breeding ratio is achieved for thermal/epithermal systems (LiF based fuels)
Difficult for fast molten salt systems, but all are below 1 which means that they are
not efficient fuels for breeding thorium
Design must improved to reduce parasitic captures and leakage or one has to
thermalize more the neutrons spectrum

Spectral index
This result also shows LiF+BeF2 based fuel has thermal/epithermal neutron
spectrum
LiF+BeF2 + ThF4 + UF4 (64 : 18 : x : y)
NaCl + ThCl3 + UCl3 (64 : x : y)
PbCl2 + ThCl3 + UCl3 (64 : x : y)

Neutron Flux in the Molten Salt Core Zone
EAMC

LiF+BeF2 + ThF4 + UF4 (64 : 18 : 15.6 : 2.4)
NaCl + ThCl3 + UCl3 (64 : 27.8 : 8.2)
PbCl2 + ThCl3 + UCl3 (64 : 25 : 11)

Neutron Flux in the Molten Salt Core Zone
FLUKA

LiF+BeF2 + ThF4 + UF4 (64 : 18 : 15.6 : 2.4)
NaCl + ThCl3 + UCl3 (64 : 27.8 : 8.2)
PbCl2 + ThCl3 + UCl3 (64 : 25 : 11)
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Temperature coefficients should be negative for reactor safety:

Thermal/epithermal molten salt is better than a fast one for
a pure Th-U fuel (better breeding ratio, better fuel safety
characteristic)
However, the breeding ratio remains less than 1 which is
the disadvantage of Molten salt fuel in general (too much
parasitic capture in the salt (Cl-35) ) and call for a more
thermal system or a better control of the neutron inventory
in the system

Next step.
Transmutation of Minor Actinides

Capture & fission cross sections of some MA
Np-237

Am-241

Capture

Fission
Above 4~800keV, Capture cross section is getting lower than fission cross section
Am-243

Cm-244

Molten salts with Minor Actinides.
Kept molten salt fraction like as U-Th calculation, added minor actinides
instead of U-Th
Fuel
(% in moles)

+ BeF2 + MA-F3
64-18-18

7LiF

+ BeF2 + MA-F3
72.76-15-12.24
NaCl + MA-Cl3
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PbCl2 + MA-Cl3
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Fission per absorption
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2.0
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LiF+BeF2+MAF3 (64-18-18)

7
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NaCl+MACl3 (64-36)
PbCl2+MACl3 (64-36)

Fission per neutron capture
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0.8
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0.4
0.2

The ratio (fis./cap.) of MA of
PbCl2 fuels is much higher
than LiF+BeF2 one.
Fast system is good for MA
transmutation.

0.0
Np-237
Np-237

Am-241
Am-241

Am-243
Am243

* MA : 237Np + 241Am + 243Am + 244Cm
(12.5-50-25-12.5)

Cm-244
Cm-244

Molten salts with Minor Actinides.
incident proton beam is 1 GeV, 1mA,

* MA : 237Np + 241Am + 243Am + 244Cm
(12.5-50-25-12.5)

Keff

Expected
Transmutation of
MA*
(kg/year/mA)**

Initial Inventory of
MA
(kg)

+ BeF2 + MA-F3
64-18-18

0.7019
+/- 0.0007

1.3

3350
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72.76-15-12.24

0.5851
+/- 0.0007

0.7

2537

3

NaCl + MA-Cl3
64-36

0.9382
+/- 0.0003

8.4

2780

4

PbCl2 + MA-Cl3
64-36

0.8809
+/- 0.0003

4.6

1973

Fuel
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1
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.
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Keff values of LiF+BeF2 based fuels are low.

Transmutation of MA with Pu
Pu added into fuels for Keff ~ 0.98
Doping with Pu improves the transmutation of MA?
Fuel
(% in moles)

7LiF

+ BeF2 + MA-F3 + PuF3
64-18-13-5
+ BeF2 + MA-F3 + PuF3
72.76-15-7.54-4.7

NaCl + MA-Cl3 + PuCl3
64-33.8-2.2
PbCl2 + MA-Cl3 + PuCl3
64-30.5-5.5

LiF+BeF2+MAF3PuF3 (64-18-13-5)
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7.0

NaCl+MACl3+PuCl3 (64-33.8-2.2)
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6.0
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5.5
5.0
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1.0
0.5
0.0
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Pu-239
Pu-240
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Am243
Cm-244

• MA : 237Np + 241Am + 243Am + 244Cm (12.5-50-25-12.5)
• 239Pu : 239Pu = 80:20

Transmutation of MA with Pu
incident proton beam is 1
Fuel
(% in moles)
+ BeF2 + MA-F3 +
PuF3
64-18-13-5

0.9795
+/- 0.0001

27.8

11.8
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+/- 0.0001
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PbCl2 + MA-Cl3 + PuCl3
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0.9808
+/- 0.0002

15.3

21.5

1670

1
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• MA : 237Np + 241Am + 243Am + 244Cm (12.5-50-25-12.5)
GeV, 1mA, • 239Pu : 239Pu = 80:20
Estimated
Initial Inventory
Transmutation of
Keff
Enrichment (%)
of MA
MA*
(kg)
(kg/year/mA)**

7LiF

Compare with ‘Molten salt and MA’ without Pu,
Fission per capture ration is little bit decreased when Pu is added.
But increased Keff multiplies neutrons so that transmutation ability
is increased.

Transmutation of MA with Pu & Th
This is also the case when in the presence of Thorium (Pu is enriched for keff~0.98)
Keff

Enrichment (%)

Breeding Ratio

Estimated
Transmutation of
MA*
(kg/year/mA)**

+ BeF2 + ThF4 + PuF3 +
MA-F3
64-18-12.6-4.9-0.5

0.9797
+/- 0.0003

13.6

0.40

0.4

81

+ BeF2 + ThF4 + PuF3 +
MA-F3
72.76-15-8.1-3.8-0.34

0.9817
+/- 0.0001

31.1

0.35

0.3

63.7

3

NaCl + ThCl3 + PuCl3 + MACl3
64-24.5-10.5-1

0.9810
+/- 0.0001

29.2

0.27

0.7

75.8

5

PbCl2 + ThCl3 + PuCl3+ MACl3
64-21.4-13.3-1.3

0.9799
+/- 0.0002

36.9

0.53

0.9

70.1

Fuel
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1

2

7LiF

7LiF

Initial Inventory
of MA
(kg)

Estimated transmuted MA is too small because Initial Inventories of MA are also small,
but fast fuel salts is preferred for the transmutation of Minor Actinides.
When mixed with MA & Pu, thorium based fast molten salts (NaCl or PbCl2)
have similar breeding capability as thermal/epithermal salts (LiF + BeF2)

Transmutation of MA with Pu & Th
LiF+BeF2+ThF4+PuF3+MAF3
6.0
5.5

fission per absorption

5.0
4.5
4.0
3.5
3.0

(64-18-12.6-4.9-0.5)
LiF+BeF2+ThF4+PuF3+MAF3
(72.76-15-8.1-3.8-0.34)
NaCl+ThCl3+PuCl3+MACl3
(64-24.5-10.5-1)
PbCl2+ThCl3+PuCl3+MACl3
(64-21.4-13.3-1.3)

Fission per neutron capture

2.5
2.0
1.5
1.0
0.5
0.0
Np-237
Pu-239 Pu-240
Pu-240
Am-241
Am-243 Cm-244
Cm-244
Np-237
Pu-239
Am-241
Am243

Neutron Flux in Molten Salt Core Zone

LiF+BeF2 + ThF4 + PuF3 + MAF3(64 : 18 : 12.6 : 4.9 : 0.5)
NaCl + ThCl3 + PuCl3 + MACl3 (64 : 24.5 : 10.5:1)
PbCl2 + ThCl3 + PuCl3 + MACl3 (64 : 21.4 : 13.3 : 1.3)

Temperature Coefficient
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Fuel
(% in moles)
1
2

Temperature Coefficient
(PCM/K)
900K – 800K

900K-973K

7LiF

+ BeF2 + ThF4 + PuF3 + MA-F3
64-18-12.6-4.9-0.5

-1.0

-1.9

7LiF

+ BeF2 + ThF4 + PuF3 + MA-F3
72.76-15-8.1-3.8-0.34

-1.3

-1.1

3

NaCl + ThCl3 + PuCl3 + MA-Cl3
64-24.5-10.5-1

0.1

-0.2

4

PbCl2 + ThCl3 + PuCl3+ MA-Cl3
64-21.4-13.3-1.3

-0.5

0.04

Temperature coefficients should be negative for reactor safety:

Summary
• For a pure Th-U fuel thermal/epithermal molten salt is better than
a fast one (better breeding ratio, better fuel safety characteristic)

• However the breeding ratio remains less than 1 (at Keff ~ 0.98)
in general, there are too much parasitic capture in the salt
• fast fuel salts is preferred for the transmutation of Minor Actinides.
• When mixed with MA & Pu, thorium based fast molten salts (NaCl
or PbCl2) have similar breeding capability as thermal/epithermal
salts (LiF + BeF2)

Thorium cycles have been widely investigated in the past. These studies show that
virtually every type of reactors can accomodate thorium-based fuels.
Thorium cycle has a good potential, but its deployment at short-mid term should be
motivated by a very specific local or regional context. It can be useful to devote
some R&D efforts on this cycle to better assess its assets and to seek
technical solutions able to improve the conditions of its implementation in the
longer term.
MSR concepts (TMSR) offer alternative options for breeding and waste reduction
with the added value of liquid fuel
MSR is specially well fitted to thorium cycle. MSR opens wider the perspectives of
thorium cycle development, by addressing some of the drawbacks of solid fuel
reactors in thorium cycle.

Thank you !!

LiF+BeF2
For thermal power reactor fuels, fluoride of 7Li & Beryllium are preferred
because of their low parasitic neutron capture rate.
Mixtures of these with fluorides of thorium and uranium (5~15 m/o) have
Liquidus temperatures below 540C.

Conclusions : thorium cycle

Thorium cycles have been widely investigated in the past. These studies
show that virtually every type of reactors can accomodate thorium-based
fuels.
The use of Th in « conventional » reactors has several advantages (very
high melting point of ThO2, good neutronic properties of 233U, potential for
high conversion ratios, etc.) but presents some drawbacks (high
concentration of 233Pa). Breeding in thermal neutron spectrum cores is very
difficult to achieve
Radiotoxic inventory of ultimate waste from thorium cycles is less than the
one of U/Pu cycles until 10000 years, there is a penalty lfor longer term
Thorium cycle implementation has a strong impact on dose rates (g-emitting
isotopes) in fuel cycle facilities
Thorium cycle has a good potential, but its deployment at short-mid term
should be motivated by a very specific local or regional context. It can be
useful to devote some R&D efforts on this cycle to better assess its
assets and to seek technical solutions able to improve the conditions of
its implementation in the longer term

Conclusions : MSR and thorium cycle
MSR offers very attractive specific characteristics among other 4th generation
systems. However MSR is often considered more innovative and less mature
than other systems, thus requiring long term R&D effort for viability
demonstration
MSR concepts (TMSR) offer alternative options for breeding and waste
reduction with the added value of liquid fuel (intrinsic safety features, fuel cycle
flexibility, fuel refabrication not required)
MSR is specially well fitted to thorium cycle. MSR opens wider the perspectives
of thorium cycle development, by addressing some of the drawbacks of solid fuel
reactors in thorium cycle (Pa management, tight neutron balance, time for
deployment, safety concerns, fuel refabrication ?)
The potential of MSR concepts is mainly substantiated by theoretical studies, to
be confirmed. Some critical key-points must be addressed because of complex
and rather poorly known behaviour of liquid salts as working fluids (chemistry
control, pyrochemical fuel salt treatment, materials interactions,…). The
scenarios for the production of initial 233U load must be be assessed.
The R&D effort at international level (Euratom, Generation IV) is well
coordinated. However, the available funding is rather limited today and should be
increased to develop the experimental infrastructures (analytical and integral salt
loops) required for qualification of liquid salt technologies (thermal-hydraulics
and chemistry)

Thorium in nuclear reactors
Nuclear reactors using (or having used) thorium fuels (partially or completely)
Country

Power Startup
(MW)
date

Name

Type

Fuel

Indian point 1

PWR

265e

1962

ThO2 - UO2

Pow er includes 104 Mw e from oil-fired superheater

Elk River

BWR

22e

1964

ThO2 - UO2

Pow er includes 5 Mw e from coal-fired superheater. Th loaded in the first core only

Shippingport

PWR

60e

1957

ThO2 - UO2

Used both U235 and Pu as the initial fissile material. Successfully demonstrated thermal
breeding using the "seed/blanket" concept (TH/U233)

Peach Bottom

HTR

40e

1967

ThC2 - UC2

Coated particles fuel in prismatic graphite blocs - TH/HEU

Fort St. Vrain

HTR

330e

1976

ThC2 - UC2

Coated particles fuel in prismatic graphite blocs - TH/HEU

MSRE

MSR

10th

1965

ThF4 - UF4

Did operate w ith U233 fuel since october 1968 - No electricity production

Dragon

HTR

20th

1964

ThC2 - UC2

Coated particles fuel - No electricity production - Many types of fuel irradiated

AVR

HTR

15e

1967

ThC2 - UC2

Coated particles fuel in pebbles - Maximum burnup acheived : 150 GWd/t - TH/HEU

THTR

HTR

300e

1985

ThC2 - UC2

Coated particles fuel in pebbles - Maximum burnup acheived : 150 GWd/t - Th/HEU

Lingen

BWR

60e

1968

Th / Pu

Th/Pu w as only loaded in some fuel test elements

200e

1993/95

UO2-ThO2

Fuel : 19-elements bundles. - 500 kg of Th loaded

PHWR

200e

2000/03

UO2-ThO3

Fuel : 19-elements bundles. Th is used only for pow er flattening

Rajasthan (RAPS) 3 - 4 PHWR

200e

2000

UO2-ThO4

Fuel : 19-elements bundles. Th is used only for pow er flattening

-

U233

USA

UK

Germ.

Kakrapar (KAPS) 1 - 2 PHWR
Kaiga 1 - 2

Comments

India

KAMINI

Neut. S. 30 Kwe

Experimental reactor used for neutron radiography

Th. fuels have been also tested in several experimental reactors : CIRUS (India), KUCA (Japan), MARIUS (France), etc.

India plans to use thorium in an extensive way in its future nuclear programme => please note that T
horium was not tested in Molten Salt reactor experiment in the US (only pure U233)

MSR and thorium cycle
THE MSBR PROJECT (MOLTEN SALT BREEDER REACTOR)
2250 MWth – 1000 MWe
 FLUORIDE-BASED SALT
71%LiF-16%BeF2-12%ThF4-0.3%UF4
 TWO ZONES CORE
(“FISSILE” AND “FERTILE”)
GRAPHITE-MODERATED CORE (BREE
DING IN THERMAL NEUTRON SPECT
RUM, BR=1.06, IN 233U/Th FUEL CYCL
E)

 HIGH ENERGY CONVERSION EFFIC
IENCY (~45%)

SOME WEAK POINTS :
- QUASI-CONTINUOUS FUEL SALT TREATMEN
T WITH HIGH PROCESSING RATE (PROCESS TI
ME ~ 10 DAYS)
- FEEDBACK COEFFICIENT SLIGHTLY POSITIVE

PROJECT STOPPED
IN 1976

MSRE (MOLTEN SALT REACTOR EXPERIMENT)
EXPERIMENTAL REACTOR 8 MWth (ORNL)
3 FUEL TYPES:
URANIUM ENRICHED 30% WITH
PURE 233U
239Pu
FUEL SALT
66%LiF-29%BeF2-5%ZrF4-0,2%UF4
OPERATED 5 YEARS
(LOAD FACTOR 85%)
WITHOUT ANY INCIDENT

MSRE OPERATED 1965-1969,
SHUTDOWN IN 1969

235U

The MSR is one of the 6 systems selected in Generation IV
A REFERENCE CONCEPT: THE MOLTEN S
ALT BREEDER REACTOR (MSBR)

A set of unique characteristics:

- A molten salt mixture acting bot
h as coolant and fuel (actinides dis
solved in molten salt)
- The reactor coupled to a reproce
ssing plant (on-site reprocessing)
- Specific and favourable safety c
haracteristics (operation at low pre
ssure, low source term, small resid
ual heat, passive draining of liquid
fuel,…)
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OTHER CONCEPTS INVESTIGATED FOR BREEDING (AMSTER, TMSR) OR ACTIN
IDE BURNING (TIER, MOSART)

