Safe Nuclear Energy

(15 Nov 2012, Lockheed ATC, 6 Feb 2013 EDF, 18 Apr OAEP, 8 May ASM, 7 Oct SRI)

“Let’'s work the problem.
Let’s not make things worse by guessing.”

Eugene Kranz, Apollo 13 Flight Director, April 1970

Problem
Dr. Alexander Cannara

650-400-3071
cannara@sbcglobal.net




Thorium-Based Molten-Salt Reactors

« Thorium is far more common & cheaper than Uranium...
— No ‘enrichment’  $ or energy wasted — 232Th is just a metal common in “rare-earth” ores.
— All Thorium is consumed — no ‘spent’ fuel (>90% of BWR/PWR Uranium goes unused).

« Thorium-Fluoride salt is the ‘fertile fuel’ input (ThF, MSR -- LFTR)...
— Exceedingly stable inexpensive salt, of no weapons value .
— No refuelling shutdowns needed, no excess fuel in core.

— 232Th |s neutron-bred in core to 23Uranium within the molten salt — no external fissiles
after startup .

— 233y fissions better than higher U isotopes, so far less Actinide waste

« MSRs automatically throttle via thermal expansion of salt...
— As thermal load changes, fission rate tracks salt density
— No runaway or ‘meltdown’ -- salts are radiation stable, gravity removes melt from core.

« MSRs have higher temp & power density so ~30% better thermal efficiency
— ~1000°C unpressurized temp range from solid to vapor — water only has 100C.
— De-commissioned BWRs/PWRs can become ~3x more potent MSR/LFTRS.
— Gas (Brayton) or steam-turbine cycles possible — no water needed for cooling

« MSRs can consume existing BWR/PWR fissile/fertile wastes...
— Typical wastes from a 1GWe LFTR, over 30 years, is under 100lbs (<1/2 cubic foot).

— A 1GWe LFTR makes 1/1000 the Plutonium of a BWR/PWR & MSR can consume that.
— Reduction of wastes onsite , down to whatever low level is desired — no ‘spent’ fuel .

« MSRs have no expensive control/containment or emergency systems.
— LFTR cost ~$3/Watt (far less than current 235U LWRS) — less than coal .
— Scalable from 1MW to multiple GW — siting anywhere on Earth or in space.
— Initial working MSR was for the 1960s DoD Atomic Plane — had to be small & safe .




THORIUM
energy cheaper
than coal

See movie “Pandora’s Promise”
http://pandoraspromise.com/
by Richard Stone

" THORIUM, THE GREEN ENERGY
I'm lunli :nu'u i Wm butI'm not mmmtgd S e Fy e

https://www.youtube.com/watch?v=nQpuGwWyFQO RI [:H A RWDM ARTIN



Why? -- Emissions Effects

~40% of all CO , emissions are now in oceans creating more
acidic seawater, preventing plankton growth, affect Ing entire
sea food chain --- sea life provides 20% of human fo ___od protein ...
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http://tinyurl.com/m6gvgp4 (2013) Warmer & acidifying North Atlantic



Emissions Effects — Land & Sea

Average temperature for 2000-2010 relative to 1900-1910
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The Carbon Cycle (3 Numbers)

Cyanobacteria, plankton & algae produced most of th e Oxygen we have to
breathe & use , starting ~2 billion years ago, with the earliest photosynthesizing
ocean life. Land plants later evolved & helped. All fossil fuels we dig up were

made this way. Carbon emissions today are ~9Gt (>30Gt CO,)

www3.geosc.psu.edu/~jfkd/PersonalPage/Pdf/annurev_0  3.pdf http://tinyurl.com/m6égvgp4
www.atmo.arizona.edu/courses/fall07/atmo551a/pdf/Ca  rbonCycle.pdf
www.annualreviews.org/doi/abs/10.1146/annurev.earth  .031208.1002067?journalCode=earth
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~0.3, AAAS Science, Canfield & Kump, vol 339, p533, 1 Feb 2013




Areas Needed to Replace US Fossil Fuels
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Nuclear Power Safety

Present Civilian & Naval Nuclear Power is the Safes t Form of Power

Generation Ever Deployed by Humanity: http://tinyurl.com/42wvr9l  (1998)
www.scientificamerican.com/article.cfm?id=the-human -cost-of-energy  (2013)

US GigaWatt Hours Delivered per Life Lost (2003-2012)
Gas

Nuclear i
7,900,000 GWh / life &:©

Solar
2500

Coal
140

http://thoriumremix.com/th/




Relative Power Dangers

FREL STREERER ILHETHIMI

The Energy Departmenis
ﬁ:- Laboratory for Energy Systems Analysis
Technology Assessment
Severe accidents with at least 5 fatalities (1970-2005)
e e
Energy chain nts .. F Accidents | Fatalities
Coal 41 942
Qil 64 1236
Natural Gas 33 337
LPG 20 559
Hydro 1 116 (b)
Nuclear s -

{a)  First line: coal non-OECD without China; second line; coal China
{b)  Belci dam Romania (1991)
()  Bangiao and Shimantan dam fallures alone caused 26'000 fatalities

{d) Latent fatalities treated separately Surgherr & Hirschbearg, 2008

. . ) DR, 25 - % August 7008, Daves, Switzarand
OECD = Organisation for Economic Co-operation and D  evelopment



2351238 ranium Light-Water Reactors

Fuel Rods
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Containment Structure >7% Transmission Loss
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of Pressure in Event
of Reactor Runaway www.thoriumremix.com/2011

11/30/2011, Dr. A. Cannara; cannara@sbcglobal.net



2351238 ranium Light-Water Reactors

Rod cluster
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MSR Versus LWR

Uranium- 235238 Cycle

Back Endof Cycle 0904 U
S Wasted

Conversion

Nl

Front End of Cycle

*Spent Fuel Reprocessing is emitied from the cycle in
ies, including the United States

Normal Solid-Fuel Pellet

1st Civilian Uranium Solid- Damage In <5 Years,
Fuel Core LWR, 60MW Cladding Must Hold Unused

Fuel + Wastes For Millennia

General MSR design: http://tinyurl.com/8xmso5v



2351238 ranium Light-Water Reactors
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Scales of Reality

Nuclear ‘Strong’ Force

~1/1000000000000” Electromagnetic Force
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Elements & Origins
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Nuclear Energy
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Fusion o
< > | < Fission >
. Fe Moderator <
i The "iron growp” : from l
ar of isotopes are the I laat fiesian

B most tightly bound, i Slow (Thermal) Neutron
= B e _ !
E ﬁ T o5 NE; {rost tightly bound) i i
E = 6| E‘EFG : Clements heavier : > -
5= 26 Fe : than iron can yield : & [ i o . Uranium
2= H oG 5 anergy by nuclear : ..
> & have BEMeVE : Fission
E E ] FllEf I'IlJElEIﬂI'I : IZs10n. : ‘L Deformation o ‘*’
4 k] g ,q_ | '!||'|g||j TFOMm blndlng Eﬂerﬂyl i : T Excited state
5 5 i "UE‘E‘E[ fl,.lSiDl'l : ){ 235 Ground state
go 01y | Nutleons | l» =200 MeV | a6y Unstable U
2 % ' l “1r ey i . — =" | released
ma 2 released ! 5 per U atom -

er D-T i :
P ' Average mass ; Daughters
I fusion + of fission fragments 035 Q
i is about 118, i igg K
L1 I'_P-J!D L1 I1éﬁnl il I1EJT:|I |- IET[!‘E]I L1 Less Mass - ”
Mass Number, A T E =mc? &
232Thorium

Fast Neutrons

Gamma (v = ~10% c)
Rays



—p  Reactor Neutron

Neutron from @
reactor core

Helium
%Neutron

Lithium 6
y 4

Helium

Neutron Economy
Is Key

Deuterium-Tritium

Hydrogen-Hydrogen Fusion (Our Sun)
Any 2 Protons Take ~8 billion Years

1 7 Hydrogen X ?
Positron
/f Neutrino J/T\ v

Fusion

Carbon-Nitrogen-Oxygen

Before Fusing

Fusion Cycle (big stars)

'HE‘

iH

@
@

. 4 Positron
Fusion (NIF)  iium must - -‘!-'.f1|r
I 4, be bred from /0 x '
o &= 5N Y
Neutrinos ¥ ' Gamma Rays )
‘ . H
Gamma Rays ‘ Hi
' Prodim T Gowwma Ry
Helium I i ! nu
Q " i reu YV s
Q # Pizarmn
. He + 3.5 MeW
N+ 141 May Y coumma Q Helium (fused
Fast Neutron — neXt)




Natural Radiation — Solar Fusion

Sun’s energy density is low — about % that of a resting human’s body heat:
260uW/cm3) -- lower than a candle’s -- why it's been around for over 4 billion years,
turning Hydrogen into Helium, then Beryllium, plus neutrinos and gamma rays (light).

Positron annihilates with an electron

Gammas take

! releasing ~1MeV more as Gamma rays
Sun’s average pI‘O'[OI’] Ing y ,,_106 years to

pair waits ~8 b”“(_)n gt 2.0ne proton Is transmuted
years to fuse & via o to & neutron, forming

deuterium.

this chain, emit @ ov—> Neutrino
~27 MeV @ 240,000 years

1. Protons
fuse % /
Each second, 600 million tons of Sun ‘s I'4

Hydrogen fuse to form 596 million tons of ‘"

Helium -- 4 million tons of matter is

reach surface
as light

/'

converted into 3.9x10 26 Watts (E = mc 2), 3. Deutarium I'qucg,

which is just 1 picoWatt per Helium atom with another 5 An alpha particle

produced. r:rn:lh:ln forme with the Nextis ,Be
anarget ¢ ralaase 4

< 2 seconds 4. Twa of the resulting

hielium nuclel fusa,

Courtesy Wikipedia & Institute for Advanced Study at Princeton

~107 Joule/kg >1013 J/kg

of two potonsto ~ ~108 years
complate the
process.

~1015 J/kg

Fusion

~10kWattHr/Ib X>500,000 =—» ~3GWHr/Ib X100 = ~1011WHTr/lb



Fission Choices

Starting Fission with Thorium vs  238Uranium

Thorium bred to 233U with a neutron

(via Protactinium decay), or via _
proton-beam spallation f— #32Th + 1 Neutron j] Fertile 33813+ 1 Neutron
M .
Next neutron hitting 233U has a 0 ¥ p I/ \
i o g ) 2333, (274 Days) | 2%y 2.3 Days)
very high probability of causing L Beta Decay | L Beta Decay |
fission & releasing ~180I\_/IeV_energy, ~ -LL L
but 238U bred to Plutonium is much ~—— —= \
. .. - 3331) 4+ | Meutron - 39y, + | Neutran
less likely to fission, thus building 90 Fission Fissile 659 Fission
up higher-mass Pu, which has 10% Capturs W33 Caplre
bomb-making potential, plus Am & J} > J,;
other long-lived, transuranic wastes e o = )
| U+ 1 Mentron __J Fertile Pu+ 1 Mentron )
Because Thorium starts at ' L
mass ( 3355 + 1 Neutron g # 24Py + 1 Neutron 0
B0% Fission Isatle 75% Fission
232 & neutron captures St | Stk |
rarely exceed 236 (< 20% of — i 4
10% = 2%), 2%8U & Pu are } b
rarely produced, but are [ 26 4 1 Neutron Tl Parasite #2py + | Neutron ;L
consumed if fissile f ~
<2% waste = l; ~9% waste
transuranics BThn M3, transuranics
Graphics Courtesy of Wikipedia Chemically Separable Chemically Separalble




hydrogen

- The Elements

helium
1 2
H He
1.0079 4.0026
lithium berylium . , boron carkon nitrogen oxygen fluorine necn
3 4 | Heaviest Atom Sun’s 5 6 7 8 9 10
Li | Be | Fusion can Build _ 1 B|C|N|O| F |Ne
5,941 90122 10811 12.011 14.007 16.999 18.998 20.180
S?Jdium magnesium HeaVIeSt Atom Any Star S aluminium silicon phosphorus sulfur chlorine argon
1" 12 FUSion Can BUlId 13 14 15 16 17 18
Na | Mg / Al | Si| P | S | CI|Ar
22.990 24.305 26.982 28,086 20974 32.065 35453 39.948
potassium caleium scandium titanium vanadium chromium | manganese iron cobalt nickel copper zine gallium germanium arsenic selenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K |Ca Sc|Ti|V|Cr{Mn|{Fe|Co| Ni|Cu|Zn|Ga|Ge|As|Se | Br|Kr
39.008 40.078 44,956 47 867 50.942 51.996 54.938 55,845 58,933 58.693 63,546 65.39 69.723 72.61 74.922 78.96 79.904 823.80
rubidium strontium itrium Zirconium niobium | molybdenum| technetium | ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine Xenon
37 38 39 40 M 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y |Zr |[Nb({Mo| Tc |Ru|Rh|Pd|Ag|Cd| In ([Sn|Sb|Te| | | Xe
85468 47.62 88,906 91.224 92.908 95.94 [98] 101.07 102.91 106.42 107.87 112.41 114 .82 118.71 121.76 127.60 126.90 131.29
caesium barium lutetium hafnium tantalum tungsten rhenium osmium iridium platinum gold mereury thallium lead bismuth polonium astatine radon
55 56 57-70 7 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| * [LUu|{Hf [ Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl | Pb| Bi | Po| At |Rn
132.91 137.33 ‘ 174.97 178.49 180.95 18384 186.21 190.23 192.22 195.08 196.97 200.59 20438 207.2 208.98 [209] [210] [222]
francium radium lawrencium Jrutherfordium| — dubnium | seaborgium bohrium hassium meitnerium | ununnilium | unununium | ununbium unungquadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112 114
Fr | Ra|x ¥\ Lr | Rf | Db| Sg | Bh| Hs | Mt |Uun|Uuu|Uub Uuqg Heaviest
[223] [226] [262] [261] [262] [266] [264] [269] [268] [271] [272] [277] [259]
Stable Atom
lanthanum cerum praseodymiumy neodymium | promethium | samarium europium gadolinium terbium dysprosium holmium erbium thulium yiterbium
57 58 59 60 61 62 63 64 65 67 68 69 70
* : .
Lanthanides: \ La|Ce| Pr |Nd|{Pm|Sm|Eu|Gd| Tb|Dy|Ho| Er |Tm| Yb
138.91 14012 140.91 144.24 [145 150.36 151.96 157.25 1568.93 162.50 164.93 167.26 168.93 173.04
ctinium thorium protactinium|  uranium neptunium plutonium americium curium berkelum | californium | einsteinium fermium | mendelevium|  nobelium
B ' 89 90 9 92 93 94 95 96 97 98 99 100 101 102
** - .
Actinides: |Ac|Th|Pa| U |[Np|Pu|Am|Cm|Bk| Cf [ Es |Fm|Md| No
[227] 232.04 231.04 238.03 [237] [244] [243] [247] [247] [251] [252] [257] [258] [259]
. Transuranics R

(unwanted)




Uranium Concentrations in Rock
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Thorium Breeding Cycle

U-233 captures a neutron and fissions. When the

Thermal Neutron atom fissions it generates 198 MeV of energy.

(<leV)
From Prior Fission

Fission

®  233Yranium

Pa-233 has a half life of
27 days. Pa-233 beta decays
to U-233.

Uranium 233
P: 92 N: 141

Fast Neutrons
(1-1MeV)

233Protactinium

Electron +
Neutrino

232Thorium @
(<leV)

Th-233 has half life
of 22 minutes. A neutron
undergoes beta decay and
turns into a proton. The
decay releases an electron _ ]
and an anti neutrino. Te ""a_ﬁl'- r %
The resulting element
is Pa-233.

Electron + Neutrino

Th-232 absorbs a neutron and transmutes to Th-233,

Start |

Fission-Product Pairs
(~20 Possible Daughters)

The nucleus splits into two new
elements of unequal size, one heavy
and one light. In addition, two or
three neutrons are released. Many
of these elements such as xenon
and neodymium can be collected
and sold.

12C Moderator
(Graphite...)

The neutrons that come from fission
are moving very fast, and are not
likely to cause fission or be absorbed.
By striking carbon nuclei in graphite
they give up almost all of that kinetic
energy without being absorbed.

The neutrons are then called
"thermal neutrons" because they're
at the same temperature as the rest
of the salt mixture.




Thorium Abundance

Rare Earth Distributions | By Mineralization

Distribution of rare earth elements in selected rare earth deposits (USGS).
*Pea Ridge RE resources: Breccia Pipes (primarily Monazite / limited Xenotime).
**Rare Earth Enriched Apatite (Monazite / Xenotime), a no cost byproduct of iron ore mining.

Mt. Pass China HRE-China Selected Pea Ridge* Pea Ridge**
Bastansite = Byan Obo Laterite Monazite Breccia RE-Apatite
Lanthanum 33.8 27.1 1.8 17.5 27.5 18.6
Cerium 49.6 49.8 0.4 43.7 38.8 34.6
Praseodymium 4.1 5.15 0.7 5.0 4.4 35
Neodymium 11.2 15.4 3.0 17.5 15.4 12.7
Samarium 0.9 1.15 2.8 4.9 23 25
Europium 0.1 19 0.1 0.2 0.3 3
Gadolinium 0.2 0.4 6.9 6.6 1.5 2.8
( Terbium 0.0 0 1.3 0.3 27 3 )\

Dysprosium 0.0 0.3 6.7 0.9 Heavy 1.5 2.8
Holmium 0.0 0 1.6 0.1 Lanthanides .28 5
Erbium 0.0 0 4.9 Trace .81 1.8
Thulium 0.0 0 0.7 Trace A3 .2
Ytterbium 0.0 0 2.5 0.1 .96 1.5
Lutetium Trace 0 0.4 Trace 0.1 2

\Yttrlum 0.1 0.2 65.0 2.5 o. 1> )
Percent Heavy 1% 5% 83.1% 3.9% 9.7% 25%
RE Occurrence in Ore 8% 5% 2% 10 to 15% 12% 1.4%

| Percent Thorium 1% 3% >.1% 4-12% 3.5% >1%

Courtesy Wings/Pea-Ridge

[T —
17 0
Thorium (parts per million)

Moon

In order of Geologic Occurrence — Bastansite, Monazite, HRE Laterite

Th on

Mars




MSR/MSBR/LFTR History

What we were supposed to be doing by 2000

In 1962, President Kennedy requested an AEC civilia___n power study ... “Your study should
identify the objectives, scope and content of a nuc lear power development program, in
light of the nation’s prospective energy needs and resources...recommend appropriate
steps to assure the proper timing of development an d construction of nuclear power
projects , including the construction of necessary prototypes.”

The AEC report concluded...  http://tinyurl.com/6xgpkfa  “The overall objective of the [Seaborg]
Commission’s [AEC’s] nuclear power program should be to foster and support the growing use
of nuclear energy and...make possible the exploitation of the vast energy r  esources latent
in the fertile materials, uranium-238 and thorium.”

Why did we fail?... “...[enriched, natural U] pressurized water had been chosen to power
submarines because such reactors are compact and simple. Their advent on land was
entirely due to Rickover’'s dominance in reactor development in the 1950s, and once
established, the light-water reactor could not be displaced by a competing reactor. To claim
that light-water reactors were chosen because of th eir superior safety belied an
ignorance of how the technology had actually evolve d... Although the AEC established
an office labeled ‘Fast Breeder,’ no corresponding o ffice labeled ‘Thermal Breeder’ was
established ." (A. Weinberg,1994).

AEC Reactor Engineering Director, Shaw, a protégé of Adm. Rickover, but saw only the solid-
fuelled, water-cooled designs used by the Navy as worthwhile. He asked MSR & MSBR
engineers to “clear their desks into their wastebaskets” when ‘70s funding died:

http://tinyurl.com/alShlap  especially due to Nixon: http://tinyurl.com/73p7ler



Aircraft Reactor Experiments

HTR-1 was operated for >5 GWHrs. ORNL ARE (1954-56) = #&°

Salt: Sodium, Ziconium, Uranium Fluorides
http://en.wikipedia.org/wiki/Aircraft_Nuclear_Propu Ision

INL NEPA, ANP (1946-1951)

X6 (B36 Testbed)

Turbine | __—¥ )

Engines

http://moltensalt.org/references/static/downloads/p df/NSE_ARE_Operation.pdf
http://large.stanford.edu/courses/2012/ph241/omar2/



The MSR (Molten-Salt Reactor)

Molten-Salt Reactor & Shutdown Sump Structure...

7MW MSRE

ceLL

CATCH
PAN

Shutting down simply
means allowing the
‘freeze’ valve to warm
up, thus allowing salt to
flow from core/piping to

sump, ending fissioning.

FUEL $ALY
DIRAIN LN

EMERGENCY
DRAIN LINE

Drain Sump

! Freeze Valve
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I\/Iolten Salt Reactors (MSRE)

Seaborg Turnlng It On

1960s MSRE
7MW, 17,000Hrs

Typical Fluoride Salt
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Fission Neutron Economy

Neutrons: Immedi + Del
eutrons ediate € ayed Much Less Red for Fast Neutrons
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Fission Products
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7 % sei Te
U-233
\
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Neutron Hog
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Fission-Daughter Mass (Nucleons)

Asymmetrical yields of thermal-fission-product pair s versus fissile element



Fission-Product Radiation

235 fission can result in the FP pair %4Strontium and 149Xenon, which are
Highly radioactive, due to excess of several neutrons each. They decay within
minutes or days to stable Zirconium and Cerium, by shedding Beta particles
(electrons), thus moving up the Periodic Table to higher Proton/Neutron ratios..

i0 56 Neutrons 86 Neutrons

4 40}( T=14
E -k = =1
Sr 2
1 1-4DC
2 g B T=64s
% 140
= Ba = § T=13d
= “u,
51 141::L
E 0.01} a = [i T=d40hr
A=118 —
Ce Stable I 58 Protons, 82 Neutrons
0.001 233 Fission 4 = o
- —
Fragments S S
L T T 1 T 04 .
70 90 110 130 150 170 Y =3 T=19 min

Mass number A of

| 94
- bbbl Lol ‘ -- 40 Protons, 54 Neutrons
Georgia State U. Zr  Stable




Natural Radiation -- Fission

The mountains in Oklo, south-
eastern Gabon are home to several
natural 23>Uranium fission reactors.
They operated about 2 billion years
ago, when the 700-million-year half
life of that isotope would have
meant it was about 8 times as
abundant in typical rock containing
Uranium ore. The Earth’s growing
atmospheric Oxygen content, water
& bacteria concentrated UO
enough that rainfall & groundwater
acted as a neutron moderator to
enhance fission by slowing
neutrons to ‘thermal’ speeds,
making their capture by 235U nuclei
more probable. When water
stopped flowing, the reactors
stopped fissioning. When it flowed
again, they restarted. The site is
now useful to judge stability of
fission wastes. Niger & Gabon
have very significant U deposits.

e T 5 "-+

.,._aa"-"?’_ HmoS-ple-ns

- N F - 7

http://www.ans.org/pi/np/oklo/
http://www.ans.org/pi/np/oklo/
http://en.wikipedia.org/wiki/Natural_nuclear_fissio
www.physics.isu.edu/radinf/Files/Okloreactor.pdf

n_reactor



The Molten-Salt Breeder

“During my life | have witnessed extraordinary fesitof human ingenuity. | believe that
this struggling ingenuity will be equal to the tasK creating the Second Nuclear Era. My
only regret is that | will not be here to withedss isuccess.”- Alvin Weinberg (1915-2006)

1962 AEC Seaborg Commission Report to the President (JFK)...

“This [AEC civilian reactor] program... leaned heavily upon, indeed it started from,
knowledge gained from other reactor programs, notably...reactors for making plutonium,
naval propulsion reactors and research and test reactors...Certain classes...notably water-
cooled converters [LWRs]...are now on the threshold of economic competitiveness...it is
important that the combination of breeders and converters reaches an overall net breeding
capability...The overall objective of the Commission’s nuclear p ower program should
be to foster and support the growing use of nuclear energy and...make possible the
exploitation of the vast energy resources latent in the fertile materials, uranium-238
and thorium.” -- http://energyfromthorium.com/pdf/CivilianNuclearPow er.pdf

Nowadays [1994], | often hear arguments about whether the decision to concentrate on the LWR was correct. | must
say that at the time | did not think it was; and 40 years later we realize, more clearly than we did then, that safety must
take precedence even over economics — that no reactor system can be accepted unless it is first of all safe.
However, in those earliest days we almost never compared the intrinsic safety of the LWR with the intrinsic safety of its
competitors. We used to say that every reactor would be made safe by engineering interventions. We never
systematically compared the complexity and scale of the necessary interventions for [different] reactors. So in this
respect, | would say that [AEC’s reactor-development director in 1955 | Ken Davis’ insistence on a single line,

the LWR ture. .
© » Was premature ...The Second Nuclear Era — A. Weinberg, 1994...

One publicist claimed that the light-water reactor had been chosen after long and careful analysis because it possessed
unique safety features. | knew this was untrue: pressurized water had been chosen to power submarin es because
such reactors are compact and simple. Their advent on land was entirely due to Rickover’s dominance in

reactor development the 1950s, and once established, the light-water reactor could not be displaced by a competing
reactor. To claim that light-water reactors were chosen beca  use of their superior safety belied an ignorance of
how the technology had actually evolved...the Army fi nally decided that even small light-water reactors were
too difficult and costly to maintain, and they were all eventually decommissioned.




Molten-Salt Reactors (MSRE)

« Operated from June 1965 to December 1969 A
* MW Thermal Power
« Started with 227kg 235/238Uranium
* In 1968, Fuel Changed to 233/235Uranium & 23Plutonium
e Salts: Lithium, Beryllium, Zirconium & Fuel Fluorides
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Funding History

Breeder Reactor Funding (1968-85)
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Molten-Salt Reactors

Thorium Alliance Research Reactor

OFFICES,
CONTROL ROOM,;
MAINTENANCE,

LABORATORY

HEAT LOOP

FOR WATER
DESALINATION
BRAYTON TYPE
TURBINE HALL
USING SUPER
CRITICAL CO2
HOT CELL
DRAIN TANKS, REACTOR
ONLINE REFUELING, CHAMBER i i
ISOTOPE PRODUCTION . ’ UNDER GROUND Thorium Energy Alliance
UNDER GROUND (C) 5-4-2011

www.thoriumenergyalliance.com



Thorium-233U Based Fission

Breeding Th232 to Slow neutrons
fissionable U233

Feedback chain

Graphite

Abundant, Fast &
Cheap_, I_ow ZTh)" [ = PR Delayed
radioactivity oo ) ' Neutrons

\ Gamma & particle
Naturally decays to radiation + nuclear
Radium, Actinium, & 98% of
Radon, Polonium & g 248 events fragments of mass 89
Lead :’ to 156
| 4
. Th Naturally decays 3,200,000kWHIrs/Ib
Alternatlvely, to Rad.ium, Actini.um, 4,300,000HpHTrs/Ib
accelerator- Francium, Astatine, (gasoline, 6kWHTrs/Ib)
.- Bismuth, Polonium,
Injected neutrons Thallium & Lead. It's —
can breed Th 232 responsible for ~60% — S
of Earth’s core heat. i

Bismuth 209 is the
heaviest, non-
radioactive element

Greek Alpha stands for an emitted
Helium nucleus (+2 charge), while Beta
stands for an electron (-1 charge).



Thorium Molten-Salt Reactor (LFTR)

“Hot” salt to heat exchanger

New Bred U InEhl::unTh
Fertile Salt tetrafluoride

)

HF Recycled
Fuel Salt
= N -~

= 3 ~100z/Hr 3 =
o —
= c 233y flow ~Mg)ssion reactions iNtHE =
® 3 for 1GWe I core sustain additional !
s 2 fission in the core and
5 : output 3 conversion in the blanket g -
B Z S

Thonum s

converting to
uranium-233
in the blanket

Fuel Salt

Recycled
ThF4 Fertile Salt

“Fuel” salt core

“Fertile” salt blanket

HF Electrolyzer (‘LiF-BeF,-*°UF,) (LiF-BeF,-ThF,)
& 2= 4
Internal continuous “Cold” salt from External “batch”
recycling of blanket salt heat exchanger  Courtesy Flibe Energy processing of core salt,

done on a schedule

Thorium is 4x as abundant as Uranium & nearly free ‘waste’ product of rare-earth mining. Inside
the reactor it breeds 233Uranium, which fissions easily, with low waste & va luable products.



LFTR Architectures

2-Fluid Pool & Solid Core Moderator 2-Fluid Lattice & Thorium Blanket

Waste &

chemical Thorium 900000
Salable "‘— separatinn o000000®
Products . Blanket 00000000
Slaeiding 000000000
separation
1 90000000000
2-Fluid LFTR uranum-233 ¢ A Fuel Salt 00000000000
thorium-232 | heat —> (flows in plane)

e Tl o L ST T -

NaF-BeF2 Coolant/
Moderator Salt

thorium-232

blanket

uranium-233 Hastelloy Lattice

fissile core

______ - BeF, Moderator in Coolant & Fuel

thorium-232 + neutron —» protactinium-233 — uranium-233

2 Courtesy Thorenco
(short-lived) ¥



Using MSR/LFTR Modules

From Coal/Gas/Uranium to Thorium

Molten-Salt Reactor www.CoalToNuclear.com
http://tinyurl.com/ye6leml

] Coal/Gas/Reactor Boiler & Smokestack Gone
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|
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Cooling Tower

Original power plant

Hual Exchanger
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Drain Tank Halding Tank Heat exchanger (4)

. Fission Squelch Rod Assambly
New thorium-fueled reactor
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Electricity and Isotope Production from LFTR

1000 kg of

Th-232 90% fission 85% fission 250 kCi of Pu-238
9000 GWe*hr 900 GWe*hr 8400 watts-thermal
$540-630M* $54-63M* $75-150M™*

= burning >13,000,000 barrels of oil

this way

1000kg = a 1000 kg of 15 kg of
17" Cube uU-233 U-234 1735 Np-237 Pu-238
15kg = a
213Bijsmuth \ _ 4.1" Cube
(fOI’ dispersed ~20 kg of medical molybdenum-99
cancers) is ~5 g (1 Ci) of thorium-229 used in targeted alpha therapy cancer treatments
only produced t ~20 kg (3300 watts-thermal) of radiostrontium (>90% *Sr, heating value)

~150 kg of stable xenon and ~125 kg of stable neodymium
Courtesy Flibe Energy

5 Oz. Thorium runs 1 American’s life for 1 decade




The Thorium Solution

Two breeding technologies provide
102 X more energy than 0.7% U-235.

nucleons Th90  Pa91  U92  Np93 Pu9d  Am95
I | | | | | |
40 | 2" - IFR
Plutonium 239 \,‘“}1\ > > 4
Uranium 238 Considerable ® fe.rt”e -
e | Long-Lived i o
_ Wastes | ok | | g’;} < %
236 Generated WR fission <
Uranium 235 | \'g LWR’s 23U Fuel- | —| &
2;} Enrichment Target , _
. betadecay 1>
| L?.‘R | t Th2s2’s Breeding T %
| = A~ > —> Bk Target = U 233 With
Thorium 232 = 90% Fission Rate neutron

& Low Waste | absorption

* Liquid-Metal Fast Breeder Reactor , ** Pressurized-Water Reactor (an LWR)



Thorium MSR & Uranium LWR Cycles

~200 Tons/GWe-Year L
Gas Diffusion
U238/235=» Mine=p Refine = Fluorinate = Enrich $$$ =» De-Fluorinate - Pelletize

$ Centrifuge l &%
LWR/PWR/BWR  Make Rods
Depleted UF6 in Ohio Load Rods
Weapons =» Remove U & Pu =p Fluorinate l
$3$3 Consume
Reprocess Spent Fuel <= <6% of Fuel,
\ Remove Rods
LFTR/IMSR Vent Noble Gas l
<30 Tons/GWe-Year (Krgs...) Fabricate
Th232 =» Mine =» Refine = Fluorinate = Circulate In Melt, Waste
Add ThF , as Needed l $55%
Periodic Salt Processing g l Store Waste For
¥\ Capture Gas, >10,000 Years
Sell or Store Fluorinate
For ~500 Years Out Wastes — >60,000 lbs/

~ - We-Year $?
<8 Ibs/GWe-Year, 2 Ibs/GWe-Yr GWe-Year $

~2 Gas Cylinders



235238 ranium Reactor Wastes (notes )

& =3 —:3
| Fertile | 3817 4+ 1 Neutron ,..-. Slow Neutron
>99% of : &
U Ore l? <1% of
1 239 (23 Days) | U Ore
L_ Beta Decay J ~
ﬂ i;:;ﬁi Gamma
e ( Py + | Newtron i \—wff Rays
Fissile L 65% Fission . /
35% Capiure
m . ) . l - - : . Mg Q FOMKI'
Indian Point NY (~2GWe) i} a
- D I:I
. - - | 240 _ 3
Enrichment Waste, U 235-Depleted Below Ore rertiie | bR suton ) &
= fl 1-4 Neutrons +
. [ 2%y 5 1 Newiren pairs of ~20 other
S e, -.__ Fissile 75% Fission possible Fission
FAFET 25% Capture fragments like:
0 i Rb, Cs, Sr, Xe...
~8% Waste =—»g, Plus ~200MeV or
L
Parasite 'h *2py + | Newtron -:f ~176 years of an
= ' American’s energy
'U use, per kilogram

Depleted UF6 in Ohio

Chemically Separable



Waste Comparisons

Conventional (LWR):
~30 Tons/GW -Year of Fission
Products, Uranium, Transuranics
& Assoclated Reactor Materials

Enriched

uranium fuel
>  Power reactor

96.5% U-238
3.5% U-235

\

x5 Enrichment Over Nature
Via Centrifuging UF

3% fission products

—

>
WASTE
1% plutonium
>
0.50% Pu-239 FUEL
0.25% Pu-240 future FUEL
0.15% Pu-241 FUEL
96% uranium
_)
0.83% U-235 FUEL
0.40% U-236 apoor FUEL
94.77% U-238 future FUEL

trace % minor actinides

Np, Am, Cm, ...

>

ainsodx3 Buissadsoiday



Waste Comparisons

Conventional LWR Transuranics
~600 Ibs/GW-Year

PWR uranium actinides

107

108

10? !

105 |

natural U ore

10°

10% Thorium fission products

MSR Transuranics T —

10°
<3 lbs/GW -Year _ =
102 | LFTR thorium actinides

10! Years
101 107 103 104 105 106 107

For 30 years total: . FUJI-U3 (1GWe) Relative to IGWe BWR
7.8 t (reusable) Japanese I

Radiotoxicity of wastes

MA (N]}/Aln/Cln) - 30 GW yrs
production

Example
T - |—



Alpha & Beta Decay Detall

Alpha Decay 70 Protons

/ 98 Neutrons

Decay Result

Neutrons = 2x Protons

Emitted Radiation

Alpha .. -2P —2N
Beta™ .. -1P +1N
Beta ..-1N +1P
EC ..-1le -1P +1N

Alpha .. Helium ion
Beta™ .. Positron

Beta .. Electron
EC .. X& Gamma rays

(EC = inner electron capture I '; 5 -
by a nuclear Proton) I 5 S Aang of
o ¥ stahility

70 Neutrons

Neutrons = Protons

+ Protons Define Elements
Electron Capture or Beta

70 Protons Neutrons Define Isotopes
Beta Decay pgaty”
Note 1: lllustrated decays would only occur Note 2: Decays are accompanied by
outside the Zone of Stability, or for isotopes Gamma or X radiation at some energies

not indicated by red dots, e.g., 13°Ba. reflecting needed nucleon reshufflings.



Relative Radiation Dangers

05 Radiation Exposure to General Public:
0.25v 7l gED 87% Nature, 13% Manmade

Food
12%

Air 51%

Radiation Exposure Cosmic Terrestrial
to British Public: 10% 14%
tnSV’()lz Mi | Medical
kT ISC | edica
pet 0.3%
year 4
0.08 © Occupational
s 0.2%
Chernobyl
0.04 April 1986
- Limited Test Ban Treaty
Denver October 1963

Radiation and Reason

gs61
0961
S961
0L61
CL61
0861
$861
0661



Thorium’s Radiation Exposure (notes)

2% h Thorium
14,1Bilion J 232
Yr
228

228 Courtesy of Wikipedia

~14 Billion Years

Times are half lives

~8 Years
Radon220
(Thoron) ~4 DayS
1Alpha every
69,000 sec.
Polonium 02pg Th o 40K

4400B(q In body
= 2gTh for 14B
years

Emissions
Alpha = Helium nucleus
Beta = Electron

Alpha & Beta can barely penetrate skin/paper

208 Thallium -
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