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TEC  jnternational Thorium Energy
Committee (iThEC)

* Non-profit association, under Swiss law, founded in 2012: Physicists, engineers,
politicians and other citizens concerned about energy issues, acting to promote
R&D on the use of thorium in general and on Accelerator-Driven Systems (ADS) in
particular.

* 14 nationalities represented in iThEC, strong CERN base: Carlo Rubbia (Nobel Prize
Laureate, Honorary President), Maurice Bourquin (Former Rector of UNIGE, former
President of CERN Council), Yacine Kadi (CERN, Isolde), Frank Gerigk (CERN,
accelerator), Pierre Mandrillon (AIMA, accelerator), Stefano Buono (AAA, medical
radioisotopes), Jean-Pierre Delahaye (Former Head of CLIC), etc.

* First task for iThEC:

— Organize the 2013 Thorium Energy Conference (ThEC13) at CERN in the Globe of Science and
Innovation — Review of the status of thorium R&D
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ThEC13@CERN

 Main world actors all represented (200 participants, 32 countries, more than 5000
Web connections)

e Support from prestigious scientific and political figures who understand the
importance of R&D in the energy domain, on thorium in particular

—

Anil Kakodkar, Xu Hongjie Claude Haegi (President of FEDRE*) Pascal Couchepin (ex Swiss President)
Jean-Christophe de Mestral (Green Atom) Carlo Rubbia (Nobel Prize 1984)
Hans Blix (ex DG of IAEA)
*Foundation for the Economy and sustainable
Development of the Regions of Europe

e ThEC13 allowed iThEC to identify strategically important projects

* Proceedings published by Springer, 2016: “Thorium Energy for the World”,

A basic reference on thorium
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Jean-Pierre Revol
Maurice Bourquin
Yacine Kadi

Eqil Lillestol | Conference slides and videos
: publicly available on CERN indico:
http://indico.cern.ch/event/thec13

Jean-Christophe de Mestral
Karel Samec Editors

B i AT

Thorium Energy
for the World

Proceedings of the ThEC13 Conference, CERN,

Globe of Science and Innovation, Geneva, Switzerland,
October 27-31, 2013

ThEC13 Proceedings available on line:
www.springer.com/gb/book/9783319265407
They contain all (> 80) contributions

S > 27’000 downloads at end of September 2016
international Thorum uTh

& Energy Commities

@ Springer


http://www.springer.com/gb/book/9783319265407
http://indico.cern.ch/event/thec13

iThEC’s motivations
or
A physicist’s view of the
energy problem



—— Society’s biggest challenge:
Replacing fossil fuels

* Fossil fuels in finite quantities in the Earth’s crust — to run out sooner or later

e It does not make sense to burn fossil fuels till the end:

— Global warming more and more of a consensus that it is a serious problem —
Precautionary principle

"Air pollution poses the single largest
environmental health risk in Europe today”

— Air pollution with us today it is a global and urgent issue  gyropean Environment Agency

&

CO2 levels over the last 10,000 years

——Taylor Dom Ice Core
——Law Dome Ice Core
— Mauna Loa, Hawaili
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e Burning coal costs Europe alone 43 billion Euros in 2014 health care expenses (Heinrich Boll Stfitung);

* More than 0.5M deaths per year in China due to air pollution (Tsinghua University);

e 1in 8 of total global deaths are the result of air pollution exposure (WHO).

— Better use of oil: plastics, rubber, tires, paints, glue, drugs, cosmetics, detergents, ...

 However, as they are cheap and abundant, the current tendency is still to increase fossil

fuel consumption!
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ThEc World Primary Energy Consumption

World consumption o )
Million tonnes ol equivalent BP statistical review of world energy 2016

14000

Coal
Renewables
Hydroelectricity
Muclear energy
Matural gas

ail

13000

Totally dominated by
fossil fuels

e Not sustainable, not 2000
desirable 1000
a0 o1 G2 a3 94 a5 96 a7 98 99 00 01 02 03 04 05 06 o7 0B [h:] 10 11 12 13 14 156 4]

If, by end of the 215t century, people in developing countries were to live as well as people do in Europe today,
then, the world power consumption would have to increase by a factor 3 or more (would exceed geothermal power!).
Europe not representative of the entire world. Today, 1.1 billion people in developing countries do not have electricity.
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Solutions must come from R&D

e |tis the responsibility of scientists to propose new options,
through R&D and innovation. Politicians cannot invent solutions.

 R&D must be systematic, it must include the nuclear domain
(opposed by some political groups and by nuclear industry)

 Nuclear energy: abundant, energy-intensive (1 ton of thorium =
2.6 million tons of coal = 50 km? of solar cells), can ensure base load
production, produces no greenhouse gases or air pollution, could
be made sustainable

— |If it were not for accidents, waste management, proliferation
issues, nuclear energy would be ideal — Can we make nuclear
energy acceptable to society?

— Regardless of national policies, the problem of nuclear waste
management must be solved



IThEC
Nuclear waste

e Two components of radioactive waste generated in nuclear fuel cycles:

— TRansUranic elements (TRU), 1.1 %: Np, Pu, Am, Cm, Bk, etc.,
resulting from neutron capture in the fuel and subsequent decay
(i.e.: n+ 238U — 29U(t, , ~ 23 mn) — #°Pu, etc.). (~100 t/year of 23°Pu
produced in the World + Military Pu)

— Fission Fragments (FF), ~4%, produced in the fission process

PWR Spent Fuel (ORIGEN2 Updated RadioToxicity)
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TRU BAU Inventory Evolution

Nuclear Waste (TRU) inventory
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e The added requirement of retrievability makes geological repository
strategy more questionable, so something else must be done
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A strategy for nuclear energy

 The present nuclear energy was not chosen to
make it acceptable:

— The uranium fuel cycle was chosen in order to
produce plutonium for nuclear bombs

— Pressurized Water Reactors (PWR) were invented to
fit on a submarine

e Is there a better choice for nuclear energy?

— Physicist's answer: Thorium fuel in fast neutron
Accelerator-Driven Systems (ADS)

Revol/Lund/Nov.1.2016 11
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Thorium: 232Th132

Abundant (1.2x104 tons in the Earth’s crust), as much as lead, and three to four times

more than uranium

— Known and estimated resources: 6.3x10° tons, probably more (> 2000 years of world electric energy

consumption®);
C. Rubbia @ ThEC13
Thorium occurs in several minerals including thorite
(ThSiO,), thorianite (ThO, + UO,) and monazite
(Ce, La, Nd, Th)PO,. Often a by-product of rare earths
mining, found also in tin, coal and uranium tailings

Excellent physical properties: Higher melting point of
metallic thorium (1750°C) compared to metallic uranium
(1130°C) and of ThO, (3300°C) compared to UO, (2800°C).
ThO, has better thermal conductivity, smaller expansion
coef. than UO,:

=» Higher margins for design and operation, longer burnup

Smaller production of TRU (Pu and MA) than uranium

“Thorium is a source of energy essentially sustainable on the human time scale”

Proliferation resistant

Steenkampskraal mine, South Africa.

India 846,000
Brazil 632,000
' | Australia 595,000
LUSA 595,000
Egypt 380,000
Turkey 374,000
| | Venezuela 300,000
| Canada 172,000
Russia 155,000
. | South Africa 148,000
China 100,000
Norway 87,000
Greenland 86,000
Finland 60,000
Monazite sample containing 2 to 3% of Th || Sweden 20,000
mixed with rare earths, from the Kazakhstan 50,000

] ) Revol/Lund/Nov.1.2016
*World electrical power consumption: =2.5 TW

Other countries 1,725,000

World total

6,355,000
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Fission energy from #3?Thg,

O Thorium is fertile, not fissile, so it can ONLY be used in breeding mode, by producing 233U
which is fissile

Neutron capture

fertile 232Th L 233Th

B decayihlz =223 mn

233P a

B decay |t12=27d

fissile

Th-U Breeder;
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Fission energy from #3?Thg,

L 232Th chain analoguous to 233U chain (Superphenix type of reactor / GEN V)

fertile

Neutron capture Neutron capture

238

U

\ »| 239 fertile |2321 L 2331y,

B decaylm =2245mn B decaylh/z =22.3 mn
239Np 233Pa
f decay |t12=23d B decay |t12 =27 d

fissile ﬁ fissile

U-Pu Breeder Th-U Breeder .,
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Fission energy from #3?Thg,

L However, breeding gives a factor 140 gain compared to 23°U in PWR (in addition to the
factor 3 to 4 in abundance): resource 500 times more abundant than 23U

O Efficient breeding requires fast neutrons

Neutron capture

fertile 232Th L 233Th

B decayihlz =223 mn

233P a

Only 0.7% of natural
uranium p decay |tie=27d

fissile fissile

PWR Th-U Breeder



ITHEC
Fission energy from #3?Thg,
Oy
Number of neutrons produced per neutron absorbed: p= vy
| =2 required to maintain chain reaction O,+0,
R | > 2 to make breeding possible
990K Molten salts — L-Na | i L-Pb
% 45 >
2 4.0 ~ | _hnn_ | |
S PWR |
- o | : Fast
&z Rl Thjrma! Resonance region | FF’/UEE-Q
g : 2.5 :. . '4. / X ‘ ] -__.——/’;:/:‘r/
B0 = : Trapilll] ereeTT]
1.0 U285 C. Rubbia
0.5 | | ThEC13
1x102 1x10"! 1x10° 1x10" 1x107 1x103 1x10% 1x10° 1x10° 1x107

Energy, eV
CERN_Oect_2013

233U is an excellent fuel for a breeder system, over the whole neutron energy

spectrum, but especially with fast neutrons
Revol/CIAE/Aug.12.2016 16



Thorium and nuclear waste

e Thorium minimizes nuclear waste production, because it is 7 neutron captures
away from plutonium-239

1 Thorium chain in a fast neutron flux
7.2 mn
Y
250, Entry door to nuclear waste
— production
i %55 4:3 %ﬁg /u_lna
235u 0-3?__ EﬂﬁU 0.4 - 23?'“ 0-35__ 23EIU 0-22__ 239U - Zall)u
6.75d 235mn 141h
K S v S
ebam, (n, v) capture 2N 11 28Ny 03 »239Np 127, 240y,
212d 235d 1.9 mn
i{is&rﬁer} f-decay < 10 years \ /1{1%:.65 M%E % Ad %54
238Pu 0. 239pu 1 24l]Pu 0.4 241Pu 0.27 242Pu 0.34 24-3Pu 0.24!
ﬁam; Fission
143 yr 496 h
(n, 2n) o2 %? Y 047
slbam)  (E_: =6 MeV) 1, 242, u_iﬂ 243,
1.2 02) 1.0

e |fin a fast neutron flux, then all TRU can fission, so they can be eliminated and

produce energy
Revol/Lund/Nov.1.2016 17
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PWR Spectrum (ORIGEN, ORNL-4628)

Advantages of fast neutrons

Thermal Neutrons

Fast Neutrons
Fast Energy Amplifer Spectrum

Favourable to breeding -~ . Sl HU T
11 L ogol L[ ™| l]] e m
Enhanced TRU fission probablllty(\._ | ool [LI || BRI LTI L
hence they can be used a fuel o] Ml LU
B 5 o |
(transmutation of waste) goeol T ST mti
l:L(J.S(J- nc'o_so.. INE_RERNERE
Extended burnup and longer loading 3,/ | | \| R R
time thanks to reduced captures on oo 111 ”'\N | asol UL
i i 20\— R e S 0.204— IHEE_SENEE IEEEEEEEEE .
FF (120 GW.day/t achieved in the fast — A
electro-breeder at Argonne N.L.,, and  *° | & T
M H. M M 0.00 0.00
in Rubbia’s EA simulation) (System e EEmETET

could be sealed for 10 years or more)
Simplified reprocessing
— Remove fission fragments only

— No need to separate out Pul!
(Pyro-Electro reprocessing?)

The future of nuclear energy is with
fast neutrons

Revol/Lund/Nov.1.2016

Element

Thermal neutrons
All fission

Fast neutrons
All fission

60 80 100 120
Integrated Burn-up rate, Gwattxday/t

20 *40

PWR

140 + 160

EA18
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How to use thorium in practice?

 One cannot simply replace uranium fuel with thorium fuel,
because of neutron inventory issues (capture rate on
thorium, long half-life of 233Pa, need for breeding)

e What are the options?

— Use thorium blankets around fast critical reactors to breed
233U and introduce 233U in fuel (India’s strategy)

— Continuously move the fuel, such as to always have fresh fuel

* Pebble bed reactors

* Molten salt reactors

e Traveling wave reactor? (It’s the neutron wave that moves. Recently encouraged by
Bill Gates in Terra Power, but still to be developed)

— Provide an external neutron source to maintain chain
reaction — so-called Accelerator-Driven Systems (ADS): this is
the solution proposed by Carlo Rubbia at CERN in the 1990’s

Revol/Lund/Nov.1.2016 19
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Pebble-Bed Scheme MSR Scheme

Initial developments in Germany (AVR Jilich), Pioneered at Oakridge in 1960 (Molten
followed by THTR-300MW (1983-1989) Salt Reactor Experiment, UF4, 7.4 MWth)

Reactor wall

¢ new fuel pebbles
cooling gas

Bubbling gas treatment
B

heated fluid
to turbine

-—

cold fluid
from turbine

pump

reinforced
concrete

China taking the lead

(Xu Hongjie,

Shanghai Institute of Applied Physics)
Revol/Lund/Nov.1.2016 20



Accelerator-Driven Systems

Proton Beam

Beam channel -~

Extended lead
molten medium

Beam
window

Fission ~
(**3U — Fission Fragments)

i~

™~ Collimator

_ Liquid Lead
/

.//

- Fuel
.// e

Breeding
Ul (22Th = 28
//

™ Spallation

Nautren Source Spactrum (arbltrary units)

140

(ADS)

1E-1

1E-2

1E-3

1E4

1E-5

1E6

m Fission Source

e Spallation Source

Spallation

B AkerSolutions

ADS is controlled by the accelerator
(non-self sustained mode)
— can be subcritical (no criticality accident)

— much flexibility in the choice of fuel Rfevol/tund/Nov.1.2016

1E2 1Es3 1E4 1E 1E+6 1Es7
Enermyiev)

Non negligible
contribution from the
high energy tail

(n,xn) reactions on Pb

14

A Thorium fuelled reactor for
power generation

Carlo Rubbia & Aker Solution
1500 MWth/600 MWe

21
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A short history of ADS

 The basic process in ADS is nuclear transmutation

1919 Rutherford (4N, + “He, — 1O, + p,): The accelerator was ?'°Po (5.3 MeV a)

1940 E.O. Lawrence/USA and N.N. Semenov/USSR proposed to use a partlcle
accelerator as a neutron source e Y

1942 G. Seaborg produced the first pg of
239py with the Berkeley 60 inch cyclotron

1950 E.O. Lawrence proposed the Materials
Testing Accelerator (MTA) at the Lawrence
Livermore Radiation Lab, to produce %3°Pu
from Oak Ridge depleted uranium

1952 W.B. Lewis in Canada proposed to use
an accelerator to produce 33U from thorium
for CANDU reactors (electro-breeder concept)

MTA and Lewis’ projects dropped or slowed down when (a) rich uranium deposits were
discovered in the USA, and (b) it was realized that it required several hundred mA of
beam intensity, hundreds of MW beam! [Pu, no amplification]

today = 10 MW beams seem sufficient

jpr/CERN-2014 22
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A short history of ADS

Renewed interest in ADS in the 1980’s, when the USA decided to slow the development
of fast critical reactors (Fast Flux Test Facility @ Argone National Lab.):

— H. Takahashi at Brookhaven National Lab: several proposals of ADS systems
(PHOENIX), including the idea of burning minor actinides (Fast neutrons — k.= 0.99);

— Ch. D. Bowman at Los Alamos: thermal neutron ADS (ATW) with thorium &
chemistry on-line for FP and 233Pa extraction;

— Japan launched Options for Making Extra Gains from Actinides (OMEGA, now
JPARC) at JAERI (now JAEA).

In the 1990s, Carlo Rubbia gave ADS a big push, by launching a vigorous research
programme at CERN based on:

— Development of innovative simulation of nuclear systems
— Specific experiments to test basic concepts (FEAT, TARC

— Design and construction of an advanced neutron
Time of Flight facility (n_TOF) to acquire
neutron cross-section data, crucial to simulate
reliably any configuration with new materials

— Followed by several proposals for demonstrators

C. Rubbia triggered a major ADS R&D wave worldwide

jpr/CERN-2014 o | 23
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Summary of ADS projects

Project Neutron Source Core Purpose
FEAT Proton (0.6 to 2.75 GeV Thermal : ” , ,
1994 =~ -
(CERN) (~109p/s) (=1W) Reactor physics of thermal subcritical system (k=0.9) with spallation source - done
TARC Proton (0.6 to 3.5 GeV) Fast , .
(CERN) (~10%p/s) (=1 W) Lead slowing down spectrometry and transmutation of LLFP - done
MUSE 0 Fast , . ]
(France) DT (~10%n/s) (<1 kW) Reactor physics of fast subcritical system - done
YALINA a0 Fast , " ]
(Belorus) DT (~10%n/s) (<1 kW) Reactor physics of thermal & fast subcritical system - done
MEGAPIE Proton (600 MeV) .
(Swizerand) | +Pb-BicMW) | T Demonstration of 1MW target - done
TRADE Proton (140 MeV) Thermal : , )
(Italy) +Ta (40 kW) (200 kW) Demonstration of ADS with thermal feedback - cancelled
TEF-P Proton (600 MeV) Fast Coupling of fast subcritical system with spallation source including MA fuelled configuration —
(Japan) + Pb-Bi (10W, ~10%?n/s) (<1kW) reactivated after Fukushima accident
SAD Proton (660 MeV) Fast , - , ,
(Russia) + Pb-BI (1 kW) (20 kW) Coupling of fast subcritical system with spallation source - cancelled
TEF-T Proton (600 Mev) | Dedicated facility for demonstration and accumulation of material data base for long term —
(Japan) + Pb-Bi (200 kW) reactivated after Fukushima accident
MYRRHA Proton (600 MeV) Fast : .. 5
—> (Belgium) + Pb-Bi (1.8 MW) (60 MW) Under design, not fully funded, injector up to 100 MeV approved, 2025
ADANES Protons (0.6 - 1.5 GeV) Fast (100- . )
== (China) (10 MW) >1000MW) Four phase project: 2011 — 2032; second phase approved last December
U-ADS Electrons (100 MeV) Thermal . L
(Ukraine) 100 KW (200kW) Uranium-based ADS prototype (KIPT) Ready for commissioning
== | ADS (Russia) | Protons (300 MeV) Ti:ftl\/lw Using an existing facility at Troitsk — under consideration promoted by iThEC (5 years)
- 24
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Basic concepts carefully validated

3.62 t of natural uranium at CERN PS; k4~ 0.9
S. Andriamonje, et al.; Phys. Lett. B348, 697—-709 (1995)

A. Abdnades, et al.; NIM Phys. Res. A 478, 577—-730 (2002)
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Model subcritical systems

 Theory of subcritical systems interesting in itself, to get insights into the
physics. Properties are quite different from those of critical systems
(C. Rubbia, CERN/AT/ET/Internal Note 94-036)

 Neutron flux geometry important to determine the generated power
distribution and the uniformity of fuel burnup

e Some simplifying assumptions (uniform material and mono-energetic
neutrons, small absorption) to get a basic equation similar to that of a critical
reactor, but with an external neutron source term in addition:

@g 1) _ vy, ®(F,1) £ C(7,1) - ¥ ®(F,1) + DY ‘®(F,1)

Fission Spallation Absorption Leakage

jpr/CERN-2014 26
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Simplified model of subcritical systems

* Example of finite system at equilibrium: Diﬁ:si}w length
n oyl Do C i =2, 222

Ot L D Z, 2,
e Two regimes corresponding to two classes of solutions:
— k., < 1: the system is intrinsically subcritical
(FEAT experiment: k., = 0.93) — Solution is exponential

— k., > 1: subcriticality comes from the lack of confinement,
it is a geometrical issue — Solution is oscillatory
(C. Rubbia’s EA: k. = 1.2-1.3)

CF) =D ol (5) > OF) =12 3 2, (9
e All modedsre excited b o
Important theorem: K=k, LZBIZM
Vi, k <k |

jpr/CERN-2014 27
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Neutron multiplication factor

 The neutron multiplication factor whether the accelerator is on or off:

Fission
VZ Non-fission multiplication: For
k ~ / fast neutron systems,
eff E + DB2 (n,xn) reactions on Pb are
a important, in particular
Absorption Leakage for the source neutrons
Source Change of flux distribution

V!zfq)(,—;, t) T+ C(;:, t) >‘k/ jgjr(r:r;ultiplication in the

A ~ — 2 —
Y ®(F,1)- DY ®(F,1)
e Switching off the neutron source not only stops the main power generation, but also

moves the system further away from prompt criticality, k to k..
jpr/CERN-2014 28
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20 years history of ADS

— Phase 1: ADS basic concepts validated mostly at CERN: FEAT,
TARC (CERN patent), MUSE, Yalina, neutron cross section
data (n_TOF), simulation tools (FLUKA, EA-MC, GEANT4)

- Phase 2: All ADS basic elements developed and tested
separately — spallation neutron sources (MEGAPIE/1MW at
PSI, SNS, ESS/5MW), high power beam targets under
development (EURISOL DS/5MW at CERN, China DGT), high-
power accelerators — Cyclotrons (PSI, S2CD/AIMA, Texas
A&M), IPHI, LINAC4/CERN, high-power super-conducting RF
structures (SRF) — lead loops for corrosion resistant steel
(Eurofer) — Eurotrans program in the EU, etc.

<

S completed

completed

Revol/Lund/Nov.1.2016 29



'1" Proton beam power
Ny of 1.3 MW
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Designs exists to
reach 10 MW power

with both cyclotrons
and linacs




MEGAPIE TARGET Design parameters

p-beam energy: 575 MeV

Heat Exchanger (Oil) | p-current: 1.74 mA
10ils, 5.5 m/s - 3 val: 650 kW
140-175°C inside ] J— | Desugnp ure; 16/10 bar
JT W'y Heat Exchanger | JREGalt LRCILIS 400°C
41/s, 0.33 I/s/pin Cover gas press: 3.2 bar
- | L —] WLl Operation: 1 year
Main Pum : L
41/s,1.2 m,@ l | ¢ l I CIPLIIST Sl With. max 6000 mA h_
380°C _i LM e
— — ' e Bypass Pump
T l = 0.251/s, 0.2 m/s
Guide Tube 230°C
41/s,0.33 m/s 5
380°C \ﬂah
| Bypass Tube
Downcomer | T T 1| — 0.251/s, 1m/s
3.751s,0.33 mls — '1 230-240°C
230-240°C e e 1o
. \ l)
Beam Window ; /
\ | | —— Nozzle 1.2 m/s
B¢ agts!de :_?E—T'___:ﬂ Beam Window 1 m/s
330°C inside —’ : —
Successful 4 month run at PSI, Switzerland, in 2006, 1 MW
SNS in the USA with 1.4 MW on target (1GeV, 1.4 mA), ESS in Europe (5 MW at 2 GeV)
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The next steps for ADS

e Phase 3:

e Coupling a proton beam to a fast neutron subcritical core at
significant power (a few MW is sufficient) to characterise the
properties of ADS, demonstrate safety, learn how to operate
the system, define and adapt instrumentation to monitor ADS
=> optimize the design of an industrial system;

 Development of a high-power proton beam adapted to
(optimized for) ADS in an industrial environment.

iThEC activities are presently centred on Phase 3

e Phase 4.

e Design and construction of an industrial prototype (MYRRHA
and ADANES) (= 2025);

* Development of an appropriate thorium fuel cycle (= 2032).
Phase 3 should provide invaluable input for Phase 4

32
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Europe ADS: MYRRHA

Hamid Ait Abderrahim
SCKeCEN, Boeretang 200, 2400 Mol, Belgium

MYRRHA - Accelerator Driven System

Accelerator ~Reactor
 Subcritical or Critical modes
(600 MeV -4 mA proton) « 65 to 100 MWth

Spallation Source

Multipurpose | -
: as
| Flz)fll:‘le - Neutron
rradiation S oAiien
Facility Lead-Bismuth

coolant

Revol/Lund/Nov.1.2016 33
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Europe ADS: MYRRHA
The most developed design. In Hamid Ait Abderrahim
principle MYRRHA should be the SCKeCEN, Boeretang 200, 2400 Mol, Belgium
flagship of ADS projects. MYRRHA - Accelerator Driven System
Strong support from the Belgian Aecalarator Reactor
government, however: (600 MeV - 4 mA proton) " Subertical or Lritica modes

— several major challenges faced
at the same time: the accelerator,
the subcritical core and their
coupling

— only partially funded™* (injector
up to 100 MeV approved)

— not before 20257

— no thorium in the plans

: _ Multipurpose / B
— will not remain an ADS, to be Flexible [ Fast \
] .. e —k Neutron
turned into a critical reactor after Irradiation \ Sourcs /
some time Facility N 4 Lead-Bismuth

coolant

*Europe spent 600 billion Euros on renewable energies, from 2005 to 2013 (Bloomberg New Energy Finance)
34
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China ADS: ADANES

e Accelerator-Driven Advanced Nuclear Energy System (ADANES)
proposed by Wenlong Zhan and his team, as a complete energy
system, integrating nuclear waste transmutation, nuclear fuel
multiplication and energy production, aiming at 1000 MWe.

* Includes a systematic R&D program on the various elements of the

system, and a lot of new ideas.

YANG Lei & ZHAN WenlLong, New concept for ADS spallation target: Gravity-driven dense granular
flow target in SCIENCE CHINA Technological Sciences, Jan. 2015 Vol.58 No.1: 1-7 doi:
10.1007/s11431-015-5894-0

Gramudar flow by gravly

dense
granular
target
DGT

% ldsdaml (i) & Also a linac approach for the accelerator
ECR RFQ ;1'NR‘sc—CH 1 Spoke Elliptical

P E y,  ESED s, (ESEDEE
%M T . 10MW 100MW ﬂi 1000MW { X

Two injector solutions developed in ﬁ_'l | | m

parallel (IMP Lanzhou and IHEP
Beijing)

CIADS: INITIAL FACILITY
250MeV@10mA RESEARCH FACILITY ~ DEMQ FACILITY

5-10MW in 2022

Elliptical

s 1y i
i
T
P
T o
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[ ]
India ADS: Accelerator
* |ndia has other plans for the
LEHIPA Normal Conducting .- . P . .
_ — = Phase Ill utilization of thorium and is
High current injector 20 MeV, 30 mA ‘ .
/ CCDTL mostly concentrating on the
Proton IS RFQ DTL —— SC Linac accelerator at this time.
50 keV 3MeV [ ] 20MeV Study of a high-current, high-
Phase 1 Super- t | t
Designh completed & fabrication is in progress FEEEE energy prO on accelerator

(1 GeV and 30 mA), in
o collaboration with the USA
EEE (Old Fermilab Project X).

ECR lon Source LEBT RFQ
1 == U= y Bl i i

- First phase: a 30 mA, 20
Sy MeV linac injector
(LEHIPA).
- - Second phase: accelerating
- e the beam to an energy of
- 1 GeV by way of a

Shashikant Degweker superconducting linac.

Other ADS R&D activities in many countries Japan, Korea, Turkey, Ukraine, UK (Aker Solutions

C. Rubbia), Venezuela, Chile, etc. — But lack of cooperation and coordination
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"Using an existing facility at Troitsk

X ADS experimental cell

A

Frank Gerigk (CERN/IiThEC), Stanislav Sidorkin (INR),
Alexander Feschenko (INR), Karel Samec (Rez/iThEC)

Existing INR Infrastructure

— Proton linac (design: 600 MeV, 300 kW, needs
refurbishing)

— Spallation neutron source

— Pit on a beam line to host a subcritical core

— Infrastructure (shielding, handling devices) to
manipulate highly radioactive material) 38
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Existing infrastructure at INR Troitsk

Reflector
& cooling

Alexander Feschenko (INR), Yacine Kadi (CERN/iThEC), Frank Gerigk (CERN/IiThEC)

- __ -__ . - _—\__-
7 o/mn ‘m'm'm'm

Fomeluerne Han 38LWMTOR BEICOTON ~ 2 M C 1 i3
fpaabopnon KPBILWEA (CheMHbIE GETOHHBIE NNMTE) | ?
l | H=48m
! ,
| [ A=331m
1
PERNXLEY
= T
T ( H=24m °
e . [
> l o -
) = | | H=19m
T
— SN T— . £ | H-15m
- s s Beam level
S seisw BT .| ———
=
w
= | i = H=03ssm:
& -
& S
— H=0:

Main goals of the Troitsk ADS experiment:
1) Measure physical properties of a 1 to 3 MW fast neutron ADS
2) Demonstrate transmutation of nuclear waste
(MA & LLFP/TARC)
3) Test the production of specific radioisotopes
4) Provide unique fast neutron subcritical test facility

Initial proposal by S.F. Sidorkin, A.D. Rogov, L.I. Ponomarey, E.A. Koptelov,
“Thorium Energy for the World”, Proceedings of ThEC13, Springer, 2016

Solid Lead
Driver Zone

Reflector with cooling

Beam Channel

—

Test Channel

Spallation
Target

Core conceptual design 39
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ADS Experiment at INR Troitsk

Positive feedback from the Russian Academy of
Sciences (RAS), however, Russian authorities
would like to see international support

(iThEC’s task is to help collect such support)

Recently, President Putin asked for a Russian
strategy concerning thorium:

Yacine Kadi, Vladimir E. Fortov (President of RAS), Jean-Pierre
Revol, Boris F. Myasoedov (Academician in charge of thorium).

16.08.2016_MNo161 /
Putin Asks For '‘Coordinated Position’ On Use Of Thorium
Research & Development

Collaboration: INR Troitsk and iThEC will put together an international collaboration
Discussion with other institutes in Russia, with PSI in Switzerland, China, Rez in the Czech
Republic, South Korea, Chile, India — if approved it could become a CERN recognized
experiment (700 kS required by ROSATOM to submit to safety authorities)

ADS workshop to be organized at CERN in 7-8-9 February 2017

Good contacts with IAEA to set up a Coordinated Research Programme (CRP ) "



The CERN/iThEC
superconducting high-
power cyclotron project

...............



iThEC
C. Rubbia’s Energy Amplifier
C. Rubbia et al.
CERN AT/95-44 (ET) (Mg| ~ 45%)
Electrical
626 MWg Energy
Converter

Going from research
accelerators to industrial
high power accelerators

1500 MWy,

Accelerator

(’I’] ~ 430/0)
Revol/Lund/Nov.1.2016 (Energy Amp"ﬂer) 44
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Accelerator requirements

Beam parameters are well established:

— Protons of energy E ., = 1 GeV (See FEAT experiment), beam power ranging from
a few to = 10 MW depending on the application. Large operational range desirable to
follow fluctuating demand, if associated to wind or solar energies

Three possible accelerator techniques: linear accelerator (linac), cyclotrons and FFAG

For industrial applications, there are several specific requirements, which in some cases
make the accelerator challenging, and are the object of R&D, mainly:

— Beam losses: minimize irradiation of the accelerator components (impact on
accelerator maintenance). For cyclotrons losses are localized, at injection and for
linacs they are distributed all along the structure extraction

— Reliability: Limitation mainly from thermal stress inducing fatigue in beam window,
fuel cladding and vessel structure: minimizing beam trips is a significant challenge; for
instance, for MYRRHA:

— No limit for trips for T,._<0.1s

— Not more than 100 trips perday 0.1s <T

trip
<3s
>3s

trip
— Not more than 10 trips in three months for T,;,

— Cost: It is obviously most important to minimize the cost for industrial applications

Revol/Lund/Nov.1.2016 45
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High-power superconducting
cyclotron project

e European Union proposal: Project coordinated by CERN; partners: iThEC,
PSI*, AIMA** (France), ASG (Italy), Hydromine Nuclear Energy (Italy),
Nuclear-21 (Belgium)

e EU H2020 Call: "Future and Emerging Technologies (FET) shall support
collaborative research in order to extend Europe’s capacity for advanced and
paradigm-changing innovation. It shall foster scientific collaboration across
disciplines on radically new, high-risk ideas and accelerate development of
the most promising emerging areas of science and technology as well as the
Union wide structuring of the corresponding scientific communities.”

* Project baseline: Conceptual design of a superconducting one stage H,*
cyclotron, 600 MeV, 6 mA (3.6 MW)

e Applications: ADS, high flux particle beams, radioisotopes for medicine,
various other industrial applications

Proposal to be submitted by January 17, 2017

* Paul Scherrer Institute, Switzerland, operating the highest power cyclotron
**P. Mandrillon, cyclotron expert, designer of the EA cyclotron with Carlo Rubbia

Revol/Lund/Nov.1.2016 46
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A superconducting cyclotron for ADS

 Aninnovative simpler separate sector cyclotron,
with reverse valley B-field

 The concept was first presented by Pierre
Mandrillon (AIMA) at ThEC13: Cyclotron Drivers for
Accelerator-Driven Systems

e High reliability through redundancy: 3 sources;
smaller number of components compared to a linac

* High efficiency: cavities see the beam several times;
superconductivity reduces ohmic losses

 Low impact on the environment: beam losses
localized

e Cheaper infrastructure: the gain comes from the
much more compact infrastructure compared to a
linac

e Cost: the overall cost expected to be 2 to 3 times
lower than the cost of an equivalent linac (it is one
of the goals of the FET project to determine the cost
in a reliable way)

Revol/Lund/Nov.1.2016 47
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CONCLUSION

Thorium is an energy resource of the future, essentially
sustainable, which cannot be neglected

The ADS technology to use thorium is well understood and requires
only modest developments. It may even represent an opportunity
for countries developing their own nuclear industry

iThEC's priority is to get two initiatives approved:
— A first ADS experiment of significant power at Troitsk

— An innovative high-power cyclotron
which are the next natural steps toward an industrial ADS prototype

iIThEC and INR are seeking partners from the international scientific
community, and funding to obtain approval

Revol/Lund/Nov.1.2016 48



"eSystainable Thorium Energy for the
World

Jean-Pierre Revol
Abstract

To meet the tremendous world energy needs, systematic R&D has to be
pursued to replace fossil fuels. Nuclear energy, which produces no
green-house gases and no air pollution, should be a leading candidate.
How nuclear energy, based on thorium rather than uranium, could be
an acceptable solution is discussed. Thorium can be used both to
produce energy and to destroy nuclear waste. It is seriously considered
by some major developing countries as a key element of their energy
strategy. However, developed countries do not seem to move fast
enough in that direction, while global cooperation is highly desirable in
this domain. Various possibilities of using thorium, which is not fissile,
will be reviewed. An elegant option is a subcritical system driven by a
proton accelerator (ADS). Two new projects related to ADS proposed
by iThEC will be described.

Revol/Lund/Nov.1.2016 49
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What can ADS do?

Breeding nuclear fuel (Pu?3° or U233 from U%3® orTh?3?), and
generate energy;

Extracting energy from nuclear waste, in particular minor
actinides, but also commercial and military Pu;

Producing radioelements by transmutation (alternative to
nuclear reactors — distributed systems)

— Radioisotopes for medicine and industry

— Anything that can be produced through transmutation

Providing fast neutron flux environment, for material tests
in subcritical systems (flexibility thanks to subcriticality)

Provide high fluxes of elementary particles (mesons,
neutrinos) for ultra high precision experiments in
fundamental research

Revol/Lund/Nov.1.2016 50
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Thorium blanket: Indian strategy

India, with little uranium resources but a lot of thorium, has the most
advanced practical scheme for using thorium (including front-end and
back-end of the fuel cycle):

— Use heavy water reactors (CANDU) or LWR to produce plutonium
— Use sodium cooled U-Pu fast reactors with a thorium blanket to breed 233U

— Reprocess blankets and manufacture 233U-Th fuel for advanced fast reactors
or heavy water reactors

The Indian scheme works. However, several issues remain
concerning the complexity (three technologies), the sustainability
and nuclear waste management.

Revol/Lund/Nov.1.2016
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Ta'da\?, the Large Ha_d'rgn_ Collider (LHC) is the flagship of the laboratory
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How does fundamental research feed innovation?

* Direct ways:
— For instance Faraday’s work

— The discovery of the spin of the proton opened the way to
medical imaging by Nuclear Magnetic Resonance technique

— Quantum Field Theory led to using antimatter
(e*te” tomography), etc.

* Indirect ways: Tools developed for fundamental
research find applications in other areas: Kl

— Application of accelerator & detector technology to medicine
* Hadron therapy (cyclotrons) [Centre Lacassagne, TERA, ...]
e Production of radioactive isotopes medicine & industry

— Industrial processes using accelerators _—

— Accelerator driven power plants using thorium for
energy production and destruction of nuclear waste

— WWW, Education, training, etc.
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™ CERN and PET/CT scanners

* First PET scanner developed in collaboration between CERN

and Geneva Cantonal Hospital.

(David W. Townsend, Alan Jeavons and Prof. Alfred Donath)

. 1982

ol/Lund/Nov.1.2016

W.C. Rontgen,
22 Nov. 1895




““*CERN invention of the World Wide Web
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D Tim Berners-Lee

. changed forever ¥ the way information
IS shared '

i WwWw >>> Sharing information



JERN and the World LHC Computing Grid

42 countries 170 computing centres 2 million jobs run every day
Without the GRID we could not have discovered the Higgs boson

GRID >>> Sharing computing resources



>

ITHEC CERN and thorium energy

The Energy Amplifier, an accelerator-driven
system proposed at CERN by Nobel Laureate
Carlo Rubbia

Concept validated by CERN FEAT and TARC

experiments, which led to other applications:

— Isotope production for medical diagnostics
(CERN Patent)
— Neutron facility n_TOF]

proton ; -

cire

Isolateur sismique

Cuve principlale

Cuve de confinement

Montée d'air chaud

Descente d'air froid

Silo principal

. Fubbla et al,
CERN/AT/SG-44(ET)

Passages de

ulation RVACS

Dome de_confinement

=
W cntrée d'air
b P

sortie d'air

Cheminée

Echangeur EBDY
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Parois
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Coeur
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COUGH, PLEASE 2
Health costs resulting from electricity generation by coal and lignite power plants, %
2009, and location of the 20 dirtiest coal-fired plants in the EU &
:
3
Cost per kilowatt-hour
in euro cents
Cost per person, To3 ; Fi
in euro | 3-10 = Coal-fired power stations with
LV Latvia 1 M 10-20 N SE @ especially high health-damaging
SE Sweden 1 B Over 20 e - "EE.  emissions
::: P““l“_ga' :g  No data Bi N S5 LV 1 Maritsalztok 2, BG 11 Longannet, GB
st LS SE 5 DK 2 Turceni, RO 12 Isainita, RO
S 2 Y o) 3 Belchatéw,PL 13 Galabovo, BG
BE Belgium A 4 MegalopolisA, GR 14 Novaky, SK
:_:Ts g“’i‘_’ 14 e T 5 Janschwaide,DE 15 NiederauBem, DE
ﬂ':a‘:l :13 - e & Rovinari, RO 16 Lippendorf, DE
NL H e Netherlands -E i BE 7 Drax.GB 17 Bobov Dol BG
Rl s - - DE 8 Turow.PL 18 Prunéroy, CZ
o F:ﬁ;‘;"d — : 9 Kozienice, PL 19 Deva, RO
| 3 1 10 Romag Termo, RO 20 Rybnik. PL
IE Ireland [ 45 ] FR e fEme. s
HR Croatia |55
GB United Kingdom I '
DE Germany 78] :
TR Turkey — ™.
Average |____95] PT g IT
Sl Slovenia ;Y ES ’
SK Slovakia 171
PL Poland I T~
CZ CzechRepublic |- |
RO Romania [ 798|
EE Estonia 332
GR Greece L3063 #
BG Bulgaria 608 e
RS Serbia . 580
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-~y Source: Wikipedia
iThEC
|1NEL e

Heat Flow (TW)

0

4.5 Ga present
Time

The total heat loss from the Earth is estimated at 44.2 TW (4.42 x 1013 watts).
The heat of the Earth is replenished by radioactive decay at a rate of 30 TW. The
radiogenic heat from the decay of 238U and 232Th are now the major
contributors to the earth's internal heat budget. Thorium dominates!

Revol/Lund/Nov.1.2016 60
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P.K. Vijayan, ThEC13

ThO,-4%Pu0, Failed ThO,-4%Pu0, Failed UO, U0,-4%Pu0,

Comparison of failed ThO,—4% PuO, (18500 MWd/tonne), UO, (400 MWd/tonne),
and UO,—4% PuO, (16000 MWd/tonne) fuels at indicated burnups

Revol/Lund/Nov.1.2016 61
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Main results from FEAT

14
» FEAT Exp. ( Ksrc ~0.915-0.005)
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Physics of subcritical systems

Subcritical systems are insensitive to delayed neutron fraction (B); safety margin (distance

from prompt criticality) is a design choice, it is not imposed by Nature!

The reactivity changes only very slowly; the beam can be switched off very quickly, reducing
k to k¢ It is possible to choose a higher k, in order to reduce the load on the accelerator

(Takahashi, k, = 0.99)

Response to reactivity insertion

The CERN LHC beam can
be switched off in 270us,
the CERN SPS in 46 ys,
and a smaller accelerator
for ADS, even much
faster. So the reaction

C. Rubbia’s EA with
natural convection

(Beam ON) time will not be limited
Fast Enoray Ampifier \ by ’Fhe accelerator. The
(keff = 0.98) (Beam OFF) typically response time of
a critical system to
reactivity insertion is of
: : - - p - -, the order of 5 ms.
Time (ms)

jpr/CERN-2014

PWR

SPX

CAPRA

Ac. Bumer (JAERI)

Takahashi (BNL)

Rubbia EA

EA Infr. Sub.

Distance from prompt criticality
=} =}

o
=)
n

~G20'0

Delayed neutron
fraction

Deterministic
control




T Annual production of a 900 MWe
PWR

 Assuming 33% efficiency and a duty factor of 70 %: 7.9 TWh
=> 5.5 TWh. Typically 225 kg of TRU and 745 kg of FF

Electricite 5,5 milliards de kWh
Combustible usage (a 33,000 MWd/) 21,5 tde UO,
Actinides 20 620 kg
Uranium 238U (avec 1,1% de 233U) 20 400 kg
Plutonium 232Pu, 241Pu (71%) 209 kg
Actinides mineurs (Np, Am, Cm, etc.) 16 kg
Fragments de fission (total) 745 kg
Fragments de fissions a vie longue 50 kg
Dechets de classe A (Gaines, materiaux 100 — 200 m3
structurels, etc.)

Revol/Lund/Nov.1.2016
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PcRiD

ADS Accelerator Efficiency

(M el)

Electric conversion efficiency

P,=n,xFk,

Electrical
Energy
Converter

Energy gain in core

F,=F,

t

Gk
eam (]k——-At)

Pth

GRID

Energy
Producing
Unit

(Go; K)  Running the accelerator

acc _ in
- n })beam o nacc X })acc

P _Pin . nelG()k . 1

el acc  ~ beam
1 - k nacc —

/ Electric power to

Electric power produced e e [
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ADS Accelerator Efficiency

P — P elG()k 1 For a typical ADS (Rubbia) the first term is
GRID =~ beam 1_ k of the order of 50

TZGCC-—

 The electric power to run the accelerator must be small compared to
the power produced in the ADS core:

b <<50=n__>>0.02

72&00

e Minimumis n,.=0.2, butn, = 0.4 should achievable and in that
case the accelerator takes only 5% of the electric power produced by
the ADS, which seems reasonable

* For very high power beams (> 10 MW), every MW saved matters, and
it is useful to have the highest possible accelerator efficiency, if it
does not compromise other properties (cost, reliability, etc.)

Revol/PSI/2016
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Pebble bed critical reactors

Proposed by Farrington Daniels at Oakridge, in the 1940s. Initial developments in

Germany (AVR Julich), followed by THTR-300MW (1983-1989). New developments in

South Africa, now in the United States and Turkey. Pebble Bed Reactor scheme

new fuel pebbles

— Presented as passively safe, as high temperature !
systems can be cooled by natural air convection H/ cooling gas

Several severe issues to be resolved:

— No containment building if cooling by
natural air convection

heated fluid
to turbine

— Uses flammable graphite as moderator

-

— Produces more high-level nuclear waste than
current nuclear reactor designs

cold fluid
from turbine

[~ pump

— Relies heavily on pebble integrity and fuel
handling (pebble accident in THTR-300) >[

reinforced

— Water ingress issue concrete ¥ spont fuel pebbles

— Reprocessing virtually impossible

Revol/Lund/Nov.1.2016
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Molten salt critical reactors

This is clearly a technology that is concentrating interest including in nuclear industry (10

talks on MSR at ThEC13): China, India, UK,

USA, Czech Republic, France, Switzerland

Pioneered at Oakridge in 1960 (Molten Salt Reactor Experiment, UF4, 7.4 MWth)

Advantages:

— Liquid fuel allows extending burnup indefinitely,
because of reprocessing on-line

— High temperature (500°C — 600°C),
heat produced directly in heat transfer fluid

— Passive safety based on liquid expansion
— Passive cooling for decay heat removal

Several severe issues to be resolved:

— Neutron emission outside the core,
on-line chemistry failure,
corrosion, licencing issues, etc.

— Presently not using a fast neutron
spectrum (R&D should be extended to
other salts — PbCl;, to minimize waste)

— Thereis a particularly well focussed and
ambitious effort in China (Xu Hongjie,
Shanghai Institute of Applied Physics)

Reactor wall

F-Li-Be salt
(Flibe)

. ‘ ‘ l____— — B == Bubbling gas treatment
Second barrier

Chemistry on-line B

Pool thermosiphon

Second fluid
circuit

Intermediate

fluid circuit

Fuel circuit

™ Pool

Dilution
= salt layer

Three circuits:
Fuel salt circuit

Intermediate circuit Elsa Merle-Lucotte @ ThEC13 g
Thermal conversion circuit




Traveling wave reactor

e Wave of fission/breeding neutrons moving through the fuel
e Critical sodium cooled reactor breeding 239Pu
e Still to be developed

Turns depleted uranium into electricity, using a
simple fuel cycle without requiring separations.

ri3m 600 MWe (Prototype Plant)
1150 MWe (Commercial Plant)

TEMPERATURE [EII‘NS
LA UAJ Low (Atmospheric)
A GARET IS Depleted Uranium
COOLANT [gelelsli¥igy

LN Sieam (Rankine Cycle)
CONVERSION

WASTE
REPROCESSING

Mot Required

TerraPower

Revol/Lund/Nov.1.2016
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