ransm

. -(Fiss"ion-aﬁd"Fusion) o A

| A "_.g-..,-t"_' -

= The Diablo Canyon NPPT produced
CO,-free electricity at 2¢/kwh, half
the state’s (CA) average cost.
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Energy Generation from Nuclear Fission
U.S./World trends,
Nuclear fuel resources (U.S.),
Fission chain reaction and reactor control,
Reactor types,
Fuel cycles, radioactive waste & storage.

New Nukes: Advanced Nuclear Energy Technologies
Small modular plants,
Advanced (Gen IV) reactors,
U & Th breeder reactors, subcritical reactors,
Closed fuel cycle,
Non-fission applications: Radioisotope Thermoelectric Generators (RTG)

Energy from nuclear fusion reactions
Fusion energetics, critical
Principles of magnetic and inertial confinement

Strategic Issues for Nuclear Power
Sustainability, reliability, scalability, safety, eco-footprint, cost



U.S./World Trends in Nuclear Energy Production

Steady increase of nuclear power output over 30y. Efficiency ¢ .~
Now: ¢ = 90% - equivalent: 24 quads of oil. NPP lifetime 40a - > 60a

World 2023 (US): 440 (92) reactors; 400 (100) GW, 2.5 PWh > Modernize !

World Trend
generation thousand MWh | >53 new NPPt

a0 | =2050: 600GW ?
9 300.000 .
] US(since 2012):
700,000 +3 -6
> 20 planned (?)
600,000 license a
','5 Gg/(\)/o/\ Current fleet with 60-year operating life SDS’. - pp
With planned construction ® SDS  |.*” oUu.000 )
With planned construction _ ,_’,’,T.V A US pOtentIaI:
& gl e e et : 40000 | 1.Extend plant
N b Current fleet with 60-year operating life \\‘\ ||fet|me,
Without additional construction 300.000 2 N n ew reactors /a
2000 ManAck roarart | aan c (@ $(3'4)B/Gwe 2
2 ﬂ"oshreceﬂh 20001 (5-10)¢/kWh)
O20I00 20110 20|2() 20|30 QOd(]) i Several neW
0 i , i ] 7 | companies -2
1957 1967 1977 1987 1997 2007 2017 SMR, Na-cooled
Microreactors

Fusion Demos




U.S. Uranium Resources/Used Fuel Elements

Used fuel elements in NP stations
is U enriched in U-235. Used fuel
i, | , | elements: < 3 % U-235, > 95%
Jk“ > U-238= fertile fuel for breeding.
W § Future small modular ppt,
T .. > U, Th breeder reactors,
P 3 Nuclear Magnetic Confinement

fusion demos.

‘ % ' . Used Nuclear Fuel in Storage

(Metric Tons, End of 2011)

1GWe nuclear reactor requires
yearly core load of (17.5-20) t
low-enriched uranium U;Ogq

(3.5 -5)% U-235, > 95% U-238

”“(, X “, Y B Usod Muckear Fusd 10 MT Spent Fuel
- '.1,,, [ <1-100 MY Spent Fuel
y e \ T1101-1000 MT Spent Fuel
&A’ [ 1000 MT Spent Fusl
-~ J.--

net



Basic Nuclear Properties

Atom of element Z: Z negatively charged electrons orbit around
a Z-times positively charged, small nucleus in center of atom.

Nucleus= (Z protons, N neutrons), mass number A = N+Z
Nuclear radii range from Ry geus ©(1-10)-101>m. (1 fm= 10-1°>m)

Nuclear radius Ry geus € Ratom atomic radius ( 1A=10-10m)

Nuclear mass m, < N-Myeutron + Z-Mproton =
Am-c2 = binding energy B >0.

LI
Mean Specific Nuclear Binding Energy B/A

PR LY L U T OO
M Sl LT
Ty "“'lllllm
8+ W& O gy
K { m

Classical Model of Atom

Isotope Terminology

) I T
mass ", -
A pumber 14 s Fe, Ni
atomic C bl _-*
Znumber 6 5.

Nuclear mass unit: u := 931.5 MeV/c?
4+ Mproton =1.00728 U, Myeyr0n= 1.00866 U

neutron
imsber = Al— Z

' Mpeutron = mproton

12C =stable isotope
>>>14C or C-14<<<
=radioactive isotope

Average Binding Energv/Nucleon (MeV)

0 50 100 150 200 250
A=Z+N



Basic Energetics: Nuclear Rearrangement Energies

Mass M\ 2y < N:‘M, + Z:M, <> AM < B(A=N+2Z)®

Einstein: equivalence

Energy of fusion: B=AM-c? is released

mass = energy E = M-c?

A Most
~ 10 - Stable
= Nuclei
Q
L .t
E g —U> 236()
5 Fe “Ni
2

6 -
S L = (=
& Energy Energy Energy
6 4 4| Gainby Gain by Gain by
Fusion Fission or Fission or
< Spallation Spallation
~
R 24
0 T T T T T
0 50 100 150 200 250
Mass Number (A ) Fission of 235:238U from g.s. is not
M(235U) —47mg AM;M>.<10_3 SAE =47 ug-c® ~4.10°J spontaneoqs 9 Activa_tion
sston energy = Fission Barrier

M(TNT) = 1t Corffg;fﬁon > AE ~4.10°J Pass via n-capture 23°U+n->236U*




Fuel Energy Density

P(**U)/ P(Coal) = 3x 10°

Storage material Energy type

MJ per kilogram MJ per liter (litre)

|]eur_erim'n—r_rir_ium MNuclear fusion 330 000 000 6 366 000 DUU|
I Uranium-235 Muclear fission 75 500 000 1534 000 UUUI
Hydrogen (compressed at 700 bar) Chemical 123 5.6
Gasoline (petrol) / Diesel Chemical ~45 ~36
Propane (including LPG) Chemical 46.4 26
Fat (animal/vegetable) Chemical 3T
[Coal Chemical 24 |
Carbohydrates (including sugars) Chemical 17
Protein Chemical 16.8
Wood Chemical 16.2
THNT Chemical 4.6
Gunpowder Chemical 3
Lithium battery Electrochemical 18 432
Lithium-ion battery Electrochemical 0.7z 0.9-223
Alkaline battery Electrochemical 0.59
Nickel-metal hydride battery Electrochemical 0.288 0.504-1.08
Lead-acid battery Electrochemical 0.1
Electrostatic capacitor Electrical 0.000036

108 235 238 232
U, 2%U, #*Th
Low Enrich NUCLEAR
d-°H,d -3*He
107
~~
o
v
S~
=
=
~ Hydrogen
3 Matural Gas
)
S Coal
8 HYDROCARBON
Wood
3 Straw
|-
v Dun
ut_: 9 CARBOHYDRATE
100 - ———
Subsistence Deveioping Industrial

Laptop computers, mobile devices, some modern automotive engines

Portable electronic devices, flashlights
Portable electronic devices, flashlights
Automotive engine ignition

Electronic circuits

Nuclear fuel has highest known material energy density (~107)
- potentially lowest environmental impact (“footprint”)

Fission Reactions




Energy Release in n, -Induced Fission

‘thermal% E= (3/2)ksT, kgT=25meV

- iti . 239
2350 4 n, — 250" 5 2FF +2(3)n+200MeV| | Aoditonal fuels: T by

Fission fragments have a distribution P- =P (ZF : AF)

Example: #°U" - La +%Br" +2n.,
fission Al
] n
ragmen 00—

highly
unstable

= fisSion

Fertile actinides 223Th,
238 can be made into
nuclear fuel by neutron
irradiation (“breeding”)

fragment

Converts 0.1% of the mass
- energies of fragments+n

- Thermal energy/heat
1g 236U/day = 1MW

>106 x chemical energies

Ex =168 MeV
E ot = 5 MeV
E, = 7MeV
FF B-decay = 27 MeV
total = 207 MeV




()}

Energy

B—-Delayed Neutrons

87% of fission energy (2200 MeV) promptly in fission < 10-14s
13% emitted in p-decays of fission fragments, range of life times >
delayed emission of B+, B, v, 7, N

0.65% of neutrons from 236U fission are delayed (occur after fission) ->
= Essential for sustaining chain rxn + control function

A 87Br

Example

B—delayed neutron
(55.6 5) \ - (2%) @@=  _A\t-~80s

86
% Kr+n

ﬂ_ 87Kr
(98%) (76 m)

k<l > K ~1
Effective neutron
multiplication factor, but
not all “survive”

Most have “wrong” energy

for 235U chain rxn

“Ignition” possible? - self-sustaining chain reaction
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Self-Sustaining Fission Chain Reaction

Neutron multiplication through fission: k=2.4, minus

N Leo Szilard losses (capture, leaking, escape,..) & effective k < 1.
p 1938 One n used in each fission - effective multiplication k-1

dN,, /dt ~ (k —1)N, [z -

N_(t) ~ N, (0)- ekt

23SU
fission ¢ fission .
st 9 N e k >1'. avalanche of n .
! T4 ) 1 = time between generations
U (t ~ 40us in critical reactors

Tt ~ ns in explosive devices)

keff = kprompt + kdelayed
Reactor Control: delayed n’'s

Characteristic time period

= k(f<ffz1103
(keff — 1) €.9.,Kefr= L.

|:> Most fission neutrons are lost or not useful for further fission.

Fission fragments = “reactor poison” 2> k. < 1 stops chain reaction!




> “‘

10-24cm?)

+2 Quantum Mech.

235U+n
0.7% nat

239J “resonan

/

Neutron Capture and Fission Cross Sections (b

n

Ce

238 4
99.3% nat |

103 102 107 1

102 103 104

Neutron Kinetic Energy (eV)

Fission and n-Capture Probabilities (*Cross Sections”)

“cross section” « Probability/Nucleus J

Central Problem:
Ignition of a self-sustaining fission reaction.
- Moderate & recycle fission neutrons!

naty: 99.3% 238U, 0.7% 23°U

Fission cross sections = typically small,
238: ¢~ 1bforE, > 1 MeV

~ ObforE,<1 eV
dominating: scattering (~8 b) + capture

235U: of ~ 1-2 b for E, > 1 MeV
~ 103 pforE,< 1 eV large!!
dominating: (n, f) fission

1b =10%cm?

Observed natU fission is due to (0.7%) 23°U

—~isotopically enrich 233U, > 4% -20% for
higher efficiency (« output fission
energy/input neutron energy)

4a=—mmm S|ow neutrons > large o!

Slowing-down (moderation) of fission n's by
elastic n scattering on light moderator
nuclei (H, C,...)



Neutron Energy Moderation

Relative intensity

12

| T |
Fast Neutrons from
U-236 Fission

| Slow down
for capture !

| |

0

Median Residual Energy/E-initial
[ —
— —
o ©

—
—
=)

2 4 6
Neutron cnergy (MeV)
Energy Decrement in n-A Collisions
N =
".. 1 + :

. '.‘. 1 -

t % T i
—_ — E ;
5 [ ‘7 - [ |
—— = Sat
- X I 2 T
4_;;_ - i ~
=3 A=65— ==
~a [ T RS
PR [ ‘
A=12 g
:. 32 ‘1\ i‘.-“
A=1

X e ' 1

500 1000 1500 2000

Number of Collisions (N)

H, D are best moderators

Fission neutrons too energetic, -

“thermalize” to maximize o,,ss fOr 23°U !

- multiple elastic scattering ("moderation”)

moderator: small 6., !

Need:2 MeV - 0.025 eV/2MeV (= 10-8)
Must “miss” 238U capture resonances
(2eV < E, <10keV)

H,O, D,O, Be, C(graphite), prevent n leakage

Needed: moderator and fuel coolant

Control rods (Cd,..) capture n's > k4 =1
Cd

Contr.

2N

ol rod

S

“n-reflector

H can capture neutrons (k < 1 1):

H+n, 2 D+2.2 MeV



Reactor Control and Safety

“ReaCtIVIty dp/dT “; P = (keff _1)/keff

Reduce by n absorbers Cd, B (control rods, moderator)
Automatic: fission products= “reactor poisons"

Temperature dependent reactivity coefficient dp/dT<0

In BWR/PWR
Doppler Effect: broadening of resonance
and n spectrum leads to increased n-
capture by 238U > dp/dT <0

Density Effect: hot moderator expands,
lower density = longer mean free path,
less moderating efficiency > dp/dT <0

Dilatation Effect: hot moderator
delays slowing down 2> dp/dT <0

dp/dT = -(0.5-1)x104/°C PWR

dp/dT = - 1x10-3/9C Breeder, EA

_ Negative reactivity desirable (self-reqgulating).

Cd Control

—
<
w

Crogs Section (barns)
= =

spectrum effect MT = 102 18

o;U-235

oy Pu-139

A '*x,x . U-238

10" 10°
Neutron Energy (eV)




Principle Boiling Water Reactor

{) Contalnment Structure (3 Pump S0 e W
(©) Control Rods () Generator

(J Reactor (D) Turbine

@ Steam Generator o Cooling Water Condensor

(3 steam Line @) coollng Tower



Conventional Gen-II Nuclear BW Power Plant 1-2GW

_ i

e W Fail-safe operation
l< / Negative Reactivity
) |

W

) ‘_,;./ I Negative feedback loops:
‘" Reaction subsides when

 coolant gets too hot or
disappears (less dense,

Y~ %> less moderation)

9\(\ « fuel gets too hot
s & - (n capture increases)
&y > - control rods are not
i '~ moved out
e safety:

eSsure reactor vessel ~1’ thick steel,
pressure tubes,
Reactor containment building with several
3-5-feet-thick concrete walls, concrete +
water shielding on top of reactor vessel,
gravitation replaces mechanical pumps.

Fuel Elements #
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PWR Primary and Secondary Cooling Systems

Nuclear Island Generator Island

N

Moisture Separator
and Reheator

Pressurizer _
tower 13.5m |
4.4m @

HEEE.

Pressurizer

=

f == e = 1 Jh u.‘ Steam Generator

—
Containment
Wall

@ Nuclear Steam Supply System

MB 3618A




Nuclear Fuel Storage & Transport
T R i




Uranium and Thorium Fuel Cycles

“Spent fuel” still contains 97% of nuclear energy (23>238U, 239.240Pu) + FF & MA

Closed fuel cyclel with reprocessing
(France, Japan, Russia, India, ...

.,.~ &
a _,7i = m‘:_‘ !

Worldwide:

5 geological

depositories in
operation (US: 1)

Yucca Mountain
Stopped in 2010,
temporarily?

Geological Depository in Carlsbad/NM

Permanent storage of high-level
waste already paid for by consumers
¢0.1/kWh.

Uranium Fuel Conversion

35 tons Spent Fuel
Yucca Mountain
(~10,000 yoars)

* 3534 L urenium-238
QS 0.3 turanlum-235
RS +0.3 t plutonium € A, A+1,..
* 1,0 t finnlon products

g

Y

N
e

200 tons Ore \ 8

1ton
Natural Thorium

Within 10 years, 83%
of fission products are
stable and can be :
partitioned and sold.

Thorium Fuel Conversion .

il — 8

Thorium introduced into
Fission products;

blanket of fluoride reactor; ® The remaining 17%

completely converted to ne uranium, fission products go to
uranium-233 and “burned" plutenium, or geologic isolation for!
other actinides ~300 years. |




Fuel Cycle: Fuel Enrichment

Y

N.i'

y:

e 2 LT TR Y B
i n

different sedi
rates
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Gas Diffusion Isotope Enrichment

UFs vath lower ratic of U-235
Matural UFs . L L ~ 6 GWh/a for 0.7 = 6% 235U
supplied from ' y UFs with higher ratio of U-235
natural uranium {ennched uranium} T
=0 | Weapons- Reactor—v
— Qutlet for UFe with higher ratic | Gradch Grade U
b of U-235 (HEU) (LEU) Natural U
-
, Pt ﬂ Rotor | U 0.12 0.025 0.0057
Convection —m | BT | 2y 94.00 3.500 0.7193
' H" 2 | 280 5.88 96475  99.2750
3 tr=Inlet for natural UFs
Revolution 1 Intermediate enrichment
~—Cutlet for UFE with lower ratio ~20% needed for research &
U35 radio-pharma reactors
Metar
I i
- i, | uF
UsO04 + HF + F, - F/‘I'\F + H0
Preferred technology: Gaseous diffusion J

of UF¢ (1°F mono-isotopic)

Laser ionization possible, economics

US: NPP (7TWh/a output) needs 250 GWh/a
for enrichment



Yucca Mountain (NV) Depository

Spent-fuel canisters, sealed in special casks, are
shipped to the site by truck or train.

Shipping casks are removed, inner tube with fuel
elements is placed in a steel, multilayered storage
container.

Automated system sends and manages storage
containers in underground tunnels.

Containers stored on their side along the tunnels.
Retrievable for later use (or not)

Yucca Mountain

/| Crosssecfion of unnels

800 foot

16 countries have geological depositories
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Dose (Sv/TWh) per ICRP-68

Radioactive Waste: Power Reactors/Weapons Stewardship

9
10 — 1 l"lll'l\ T IIITTII‘r 1 r'll‘"‘ L WIYYVYYIﬁ LA B} ’"I L) LB BRALAL
=
=
= N
e
.
Bl asa $8sl 'nge A, ( F8TTSN
10 &= =
=
=
:\

~

-t
o

K Nat
106; JUranium_ _
- Ore
F
10 =
10“ = A0 [T S Sl e S MR SRRET SRt 0 e, ¢
.E, ......................................... LT B DR L R T o -
103 1 'lllllll lgL'llllll J_llllllll L llLllul b ' 1 L L il 1l
10° 10 10° 103 10* 10° 108

Time (in years), after three years of cooling

Very-long-lived 2°Tc, 12°1 >could< dissolve in
groundwater and move through ecosystem >
disposal strategies for isolation.

Better: reprocessing,
transmutation/incineration of 2°Tc, 12°I, Np

1 Sv (Sievert) = 100 rem, biolog. equivalent to 1]J/kg X-rays
Radiotoxicity: R(Sv)=(Dose in Sv/decay), Activity/kg

High-level waste depository
for geological times 2 Yucca
Mtns/NV ?

Radio-chemical reprocessing

Evolution of radiotoxicity

State-of the-ant
1RROCeasing Nedvrg
035 ¢l he iy phatonem)

o — S—
Aavanced reprocessng
1 Neavng 0.1% o tha
Amancum and neptusem)

ASVances 1op0cessng
[maning ooly 0.1% of 1he it
amenicm, napiusem, and cutumjl
|

00 4
2
10%
|
100
R3: fast-n reactors
104 1 W B 174
(“incinerators”)
+reprocessing
100 T — T T
100 1w 102 108 104 10% 100

Number of years



Agenda

« New Nukes: Advanced Nuclear Energy Technologies
Small modular plants,
Advanced (Gen IV) reactors,
U & Th breeder reactors, subcritical reactors,
Closed fuel cycle,

Non-fission applications: Radioisotope Thermoelectric Generators (RTG)

 Energy from nuclear fusion reactions
Fusion energetics, critical

Principles of magnetic and inertial confinement

« Strategic Issues for Nuclear Power
Sustainability, reliability, scalability, safety, eco-footprint, cost
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