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“Thirty-five years ago | was an expert precious-metal quartz-miner.
There was an outcrop in my neighborhood that assayed $600 a ton—
gold. But every fleck of gold in it was shut up tight and fast in an
intractable and impersuadable base-metal shell. Acting as a
Consensus, | delivered the finality verdict that no human ingenuity
would ever be able to set free two dollars’ worth of gold out of a ton
of that rock. The fact is, | did not foresee the cyanide process...
These sorrows have made me suspicious of Consensuses... | sheer
warily off and get behind something, saying to myself, ‘It looks
innocent and all right, but no matter, ten to one there’s a cyanide
process under that thing somewhere.’”

-Mark Twain, “Dr. Loeb’s Incredible Discovery” (1910)
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* Politically incorrect amount e Also quﬂe radioactive and more
of radioactivity during and expensive than fission reactors
long after operation [>$50B for ITER]

* Conventional reactors are * Still decades in the future after
very expensive [>$10B each] over 90 years of work

= We will try to “rederive” nuclear power from first principles,
looking for better approaches at each step along the way.



Wish List of Characteristics
For the Perfect Nuclear Energy Source

Little or no radiation and radioactive waste

Minimal shielding

Scalable to power everything from computer chips to GW reactors
High-efficiency direct conversion to electricity

Utilizes readily available fuel

Cannot explode, melt down, or frighten Jane Fonda

Not directly or indirectly useful to terrorists or unfriendly countries

Can we come closer to meeting these goals?
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Nuclear processes rearrange protons & neutrons and release ~10°-10* more
anergy than chamical reactions, which rearrange atomic siectrons (MsV ve. aV)

A nuclear particle has anough energy to break ~10%-10° chemical bonds

- Gan damage reactor componants, depending on particle type & componsnt material
— Especially bad for DNA and other bioiogical molecules
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Input nucleus 1

Possible Fusion Reactions
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Physical Factors in Fusion Cross Section (in barns)
As a Function of Center-of-Mass Energy E), (keV)
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Are there any ways to improve or
alter this factor other than its obvious
dependence on A, and E,?




Physical Factors in Fusion Cross Section (in barns)
As a Function of Center-of-Mass Energy E.,, (kaV)
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Shave the Outer Edge of the Coulomb Barrier
~85.5% of muons @ Muon Catalysis [1]
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[1] Brunsil & Lagiis 1587, Muon-OCelalysed Fusion and Foafpn sl Poderizod Mucial Plenium Pross.

[2] Fujtwars of gl 2000, Phive. A Lofl BE:1842-gnly docronsas the time for the fref cycla, not isler ones.

(1 Morgan, Peridne, & Haney 1996, Myperfine Intersctfons 1026038,

[4] Lendls & Hulzenga 1989, Beport DDEA-00TY, wene.osilgowserviatapurlB1adTre.

(8] Yakoview & Shalybkow 1987, Sov. Aslron. Lefl 13:4:208. ichimaru 1893, Rex. Mod Fhive. BE288,
Allotia & Langaniks 2022, Fromilers in Physics 10:942728.
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Physlcal Factors In Fuslon Cross Sectlon (In barns)
Az a Function of Center-of-Mass Energy E., (keV)
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Physical Factors in Fusion Cross Section (in barns)
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As a Function of Center-of-Mass Energy Eg,, (ke¥)
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Physical Factors in Fusion Cross Section (in barns)
As a Function of Center-of-Mass Energy Eg,, (ke¥)
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Cross Sections for Major Fusion Reactions

Og,s [PaArnsj for
major reactions
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Electrons

You Can’t Live Without Them

Space-charge-limited Brillouin
density for ions without electrons:

Confining field S lon rest
energy density energy density
B2/2y,

=P, < >
mc

~ 5x10""cm= forA~2 & B~20T

Fusion power density limited to:

g 2
Pius ~ 1x107 Ep\p mav {OV)emarsac Micma W/M3

~ 100 W/m?3

Electrons must be present to
reach useful fusion power densities.




Electrons

You Can’t Live Without Them

Space-charge-limited Brillouin
density for ions without electrons:

Confining field > lon rest
energy density energy density
B%/2,.,

m;c?

~ 5x10" cm= forA~2 & B~20 T

=N, <

Fusion power density limited to:

- 2
Pfus ~1x107 Efus, MeV (Ov)cmalsec Nicm-3 W/m3

~ 100 W/m3

Electrons must be present to
reach useful fusion power densities.

You Can’t Live With Them

lon-electron energy transfer
rate (P,) if T, >> T,: a2

P 3x1071¢  Z3 InA T;

i
~ 7 |
I:'fus Efus, MaV (Ov)cmafsec A TI, keV Ta ]

~1 for Z~1,InA~20, E; ~18 MeV
{ov)~2x10-1¢ cm?3/sec,
T/T~5, A~2, T~100 keV

I:,fus>>|:,lnput! §0 l:’Ier>>|:’lnput

Thus T, must be ~T, in equilibrium.

There are Z electrons for every ion,
so electrons soak up ~Z/(Z+1) of
the input energy without directly

contributing to the fusion process.

Actually it's worse—see next slide...




Electrons Lose Energy via Bremsstrahlung Radiation

+ P}npu!

Fuel ions

.

Electrons
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Photons




Electrons Lose Energy via Bremsstrahlung Radiation

If photons are confined

Photon vs. ion energy densities + .
for equilibrium (T, ons ~ Ty = T): o
Fuel ions
Eohotons , 8o T + P,
Eions 3 ckgn,
Electrons
Maximum achievable temperature + =
before radiation soaks up most of
Photons

the input energy (Eo10ns>Eions):

173
Ty ~ 2.6x1038 N, cm-3

Just ~10 keV even for a
stellar core (n, ~ 1026 cm3)

Photons must be allowed
to escape in order to reach
useful lon temperatures
at attainable densities
(& thus useful power densities)




Electrons Lose Energy via Bremsstrahlung Radiation

If photons are confined

Photon vs. ion energy densities
for equilibrium (T o100s ~ Ty = T):

Enhnl;nns _SE_B Ogp T°
Eions 3c kB r‘i

Maximum achievable temperature
before radiation soaks up most of
the input energy (E;ot0ns>Eions):

Teev ~ 2.6x10% 0,5

Just ~10 keV even for a
stellar core (n; ~ 1026 cm)

Photons must be allowed
to escape in order to reach
useful ion temperatures
at attainable densities
(& thus useful power densities)

+ Pinpul

Fuel ions

Photons

If photons escape

E.g.: 1:1 D+3He with T;=100 keV
°-s Pic/PI'us Pie/PI'us
(InA=5) (InA=20)
0.4
Eqqalmium poinl

0.3 far mikzmetic Mo
Pﬂ)r"s Eqaiiibirium print

0.2+ lor invrtial Mmisn

Pbrem‘r‘Pfus

09 20 40 60 80
T, [keV|

Minimum P, . /P, (Magnetic)

D+T 0.007 |
D+*He (no D+D) 0.19
D+D w/ TAHe burnup 0.059
D+D no TAHe burnup 0.35 .

p+''B 119
SHe+*He 139 »
p+5LI 481 |

Feasible

Ouch




Required Power to Maintain a Nonequilibrium Plasma

i1 fuel ions (high energy)l

Pit.ia + +Frmir|: = Piiia

i2 fuel ions (low energy)
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T,,>>T, T,>T,
i1 fuel ions (high energy)l Fuel ions (high energy)
Pii-iz + +Frmir|: - PFI-P.! l:,ie+ +Pra1:irr. - Pia o Fhrarn
i2 fuel ions (low energy) Electrons (low energy)
¢ Pbrem




Required Power to Maintain a Nonequilibrium Plasma

i1 fuel ions (high energy)|

Pit.ia + +Frmlrl: = Piiia

i2 fuel ions (low energy)

T, >> T,

Fuel ions (high energy)

l3ie+ +Pra1:irr. = Pis * Piram

Electrons (low energy)

¢ Pbrem

Non-Maxwellian Distribution f(v)

f(v, t0) if collisional
effects are not
........... . counteracted

S
~
¥
L]
&

e

'

Accelerate slow particles  Decelerate fast particles

) /,\.Tl |

Extract
energy
P racie =J (dv 4rv?) {mv3/2) (atfat) ., BlJH(V)]
? (3t) o, = -V, - J(V)




Required Power to Maintain a Nonequilibrium Plasma

T,,>>T, T,>>T, Non-Maxwellian Distribution f(v)
fv) 4 1(v, t=0) f(v, t':O) t: collisi(t:mal
erecis are no
I1 fuel lons (high energy)l dons (ghvenerg@hlll | | ] _ counteracted
Pitia + +Pm|:-ir|: = Pii.a P!e+ +Pra1:irr. = P = Porem i J e
i2 fuel ions (lOW energy) Electrons (Iow energy) Accelerate slow particles Decelerate fast particles
f F 3
e A el )
col Ngiow Vd Niaet =
Idea_lllzed system for Add Neiow Nest/ L Extract
recirculating power energy energy
. . - .
to maintain a Pracee = (0 4?) (mva/2) (at),., BLI())
nonequilibrium plasma ’ (3H/0) =¥, - J(V)

¢ Wiew = Qiogs

Non-equilibrium plasma
= Entropy generation rate S
* Thermodynamlc temperature T, ~ keV

Q= TETT S Prtr.'t:m - wm:im
— “'Tl.q-JT-ﬂ] Taﬂ S
engine “TaB

(Carnot)

Qloas = Tlow S~ (Tlow/Teﬂ) Prsclrc

Low-temperature reservoir
* Temperature T,,,, ~ eV




Required Power to Maintain a Nonequilibrium Plasma

Ty >>Tj

T,> T,

11 fuel lons (high energy)

Fuel lons (high energy)

Pit-iz + +Pm|:-ir|: = P

P!e+ +Pra1:irr. - Pia oy Fhram

i2 fuel ions (low energy)

Electrons (low energy)

¢ I:’brem

Idealized system for
recirculating power
to maintain a
nonequilibrium plasma

¢ Wiew = Qiogs

Non-equilibrium plasma
= Entropy generation rate S
* Thermodynamlc temperature T, ~ keV

Q= TETT S Prtr.'t:m - wm:im
. - ':t'TI.q-rt'rT-ﬂ] Taﬂ =
engine P T‘H =1

(Carnot)

Qloas = Tlow S~ (Tlow/Teﬂ) Prsclrc

Low-temperature reservoir
* Temperature T,,,, ~ eV

Non-Maxwellian Distribution f(v)

f(v, t=0 f(v, t0) if collisional
f(V) ( ) effects are not
----------- - counteracted

-
-~
W
*
LY

frar i
-

> v

Accelerate slow particles Decelerate fast particles

Wl Ll m

anawg Ntast Extract
i energy

P racie =J (dv 4rv?) {mv3/2) (atfat) ., BlJH(V)]
! (8/38)oq) =V, - J(V)

* P,ocird/Prus ~ 5-50 for most interesting cases

* Direct electric converters, resonant heating, etc.
would lose too much power during recirculation

* Need novel approaches (e.g., nonlinear wave-
particle interactions) that

— Are >»95% efficient

— Reclrculate the power Inside the plasma wlthout

running P ....>>P;, through external hardware

— Are resistant to Instabllitles

T. H. Rider, Phys. Plasmas 4:1039 (1997) and Ph.D. thesis, MIT (1995), including App. E



Stellar Confinement of Fusion Plasma
Key Differences from Fusion Reactors

(1) Fusion power density: (4) Particle confinement:
Sun

e 83 W/m3 in core » Mantle confines core

* 0.27 W/m? averaged
over solar volume

Mantle » Gravity confines mantle

(2) Fuel burnup time:
~10 billion years

(3) lon temperature:
1.4 keV in core

(5) Radiation losses:
*Teaa~T,

* Loss x T % but greatly
impeded by mantle



H-Bomb Confinement of Fusion Plasma
RDS-6/Joe 4 (1953) Shrimp/CstIe Bravo (1954)

Eal

All informaton comes from unclassified sources such as: Atzen] & Meyer-Ter-Vehn 2004, The Physicy of Inertial Fusion. Benediet et al 1981, Nuclear Chenrical Engineering. Coster-
Moullen 2012, Afom Bombs. Ford 2015, Building the H Bomb, Fortov 2016, Extreme States of Matter. Glasstone & Dolan 1977, The Effects of Nuclear Weapons. Goncharov 1996, Physics—
Uspekhi 39:10:1033. Goncharov 1996, Thermonuclear Milestones, Physics Today 49:11:44. Goncharov & Riabev 2001, Physics-Uspekhi 44:1:71. Gsponer & Hurni 2009, The Physical
Principles of Thermonuclear Explosives. Hansen 1988, U.S. Nuclear Weapons. Hansen 2007, Swords of Armageddon. Krehl 2009, History of Shock Waves, Explosions and Impect. Lindl
1998, Inertial Confinement Fusion. Morland 1981, The Secret That Exploded. Pondrom 2018, The Soviet Atomic Project Reed 2015, The Physics of the Manhatign Project. Reed 2019, The
History and Science of the Manhattan Project. Rhodes 1986, The Making of the Atomic Romb. Rhodes 1995, Dark Sun: The Making of the Hydrogen Bomb. Serber 1992, The Los Alamas
Primer. Smyth 1945, Atomic Energy for Military Purposes. Sublette 2019, nnclearweaponarchive.org. Wellerstein & Geist 2017, Physics Today 70:4:40. Winterberg 1981, The Physical

Principles of Thermonuclear Explosive Devices. Winterberg 2010, The Release of Thermonpuclear Energy by Inertial Confinement. Mauhattan District History, https://
1a802303.us.archive.org/26/tems/ManhattanDistrictHistory.



H-Bomb Confinement of Fusion Plasma
DS-6/Joe 4 (1953) ~ Shrimp/Castle Bravo (1954)

_..:ln—*II|I all

Key Differences from Fusion Reactors

(1) A fission bomb is a compact, self-powering source of input energy-
not an option for fusion reactors.

(2) Fusion and fission reactions are complementary but together produce
too much radioactivity for a reactor (fusion-fission hybrid reactors).

(3) Large size of bomb aids energy confinement, but makes the yield far
too large for a reactor to contain.

(4) Large size of bomb also slows the expansion of the plasma, but again
makes the yield far too large for a reactor.

All informaton comes from unclassified sources such as: Atzen] & Meyer-Ter-Vehn 2004, The Physicy of Inertial Fusion. Benediet et al 1981, Nuclear Chenrical Engineering. Coster-
Moullen 2012, Afom Bombs. Ford 2015, Building the H Bomb, Fortov 2016, Extreme States of Matter. Glasstone & Dolan 1977, The Effects of Nuclear Weapons. Goncharov 1996, Physics—
Uspekhi 39:10:1033. Goncharov 1996, Thermonuclear Milestones, Physics Today 49:11:44. Goncharov & Riabev 2001, Physics-Uspekhi 44:1:71. Gsponer & Hurni 2009, The Physical
Principles of Thermonuclear Explosives. Hansen 1988, U.S. Nuclear Weapons. Hansen 2007, Swords of Armageddon. Krehl 2009, History of Shock Waves, Explosions and Impect. Lindl
1998, Inertial Confinement Fusion. Morland 1981, The Secret That Exploded. Pondrom 2018, The Soviet Atomic Project Reed 2015, The Physics of the Manhatign Project. Reed 2019, The
History and Science of the Manhattan Project. Rhodes 1986, The Making of the Atomic Romb. Rhodes 1995, Dark Sun: The Making of the Hydrogen Bomb. Serber 1992, The Los Alamas
Primer. Smyth 1945, Atomic Energy for Military Purposes. Sublette 2019, nnclearweaponarchive.org. Wellerstein & Geist 2017, Physics Today 70:4:40. Winterberg 1981, The Physical
Principles of Thermonuclear Explosive Devices. Winterberg 2010, The Release of Thermonuclear Energy by Inertial Confinement. Maphattan Distriet History, https://
1a802303.us.archive.org/26/tems/ManhattanDistrictHistory.




Inertial Confinement of Fusion Plasma

» Density ~ stellar core and temperature > stellar core, so pressure > stellar core.

» Without weight of an entire star to confine it, plasma expands rapidly,
limited only by its own inertia.

First wall

DT target
O,
L= |

Driver beams
(lasers, X-rays, or
%, particle beams)
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Inertial Confinement of Fusion Plasma

» Density ~ stellar core and temperature > stellar core, so pressure > stellar core.

» Without weight of an entire star to confine it, plasma expands rapidly,
limited only by its own inertia.

(1) Fuels other than DT would be  Major problems: (4) First wall must withstand
even much more difficult. ~1010 higher peak output
power than in continuous
(2) Cost: National magnetic fusion reactor.
Ignition Facility (NIF)
costs >$5B (as of 2012)

Ny (5) Driver beam and target
First wall injection ports must
be open several times
<« per second yet shielded
from damage by several
large blasts per second.
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Inertial Confinement of Fusion Plasma

» Density ~ stellar core and temperature > stellar core, so pressure > stellar core.

» Without weight of an entire star to confine it, plasma expands rapidly,
limited only by its own inertia.

(1) Fuels other than DT would be ~ Major problems: (4) First wall must withstand
even much more difficult. ~1010 higher peak output
power than in continuous
(2) Cost: National magnetic fusion reactor.
Ignition Facility (NIF)
costs >$5B (as of 2012)

— (5) Driver beam and target
First wall injection ports must
be open several times
<« per second yet shielded
from damage by several

and is still many
orders of magnitude
away from being a
full-fledged reactor.

: DT target large blasts per second.
(3) E\ferythlng must —
withstand ~1/4 ton @
TNT blasts several | | ' (6) Lithium breeder material

in walls must be converted
into precisely fabricated

round the clock, _

round the year. The (Iaggr":’xb‘r’:";sor DT targets and accurately
components most likely —~< particie be:m,s) positioned in chamber

to need replacing will '. with throughput of

also be the most radioactive. several per second.

times per second,




Inertial Confinement of Fusion Plasma
3.15 MJ fusion energy/shot (NIF, December 2022)

Gain compared to:

2.05 MJ laser UV (351 nm) energy ~1.5
4 MJ laser IR (1053 nm) energy ~0.79
8 MJ electrical energy with 50% efficient driver ~0.39

422 MJ laser electrical energy actually ~0.0075



Inertial Confinement of Fusion Plasma
3.15 MJ fusion energy/shot (NIF, December 2022)

Gain compared to:

2.05 MJ laser UV (351 nm) energy ~1.5

4 MJ laser IR (1053 nm) energy ~0.79

8 MJ electrical energy with 50% efficient driver ~0.39
422 MJ laser electrical energy actually ~0.0075

If fusion energy is converted to electrical energy
at 1/3 thermal efficiency: ~1.05 MJ electrical output/shot

Gain compared to:

2.05 MJ laser UV (351 nm) energy ~0.51
4 MJ laser IR (1053 nm) energy ~0.26
8 MJ electrical energy with 50% efficient driver ~0.13
422 MJ laser electrical energy actually ~0.0025

~500 MJ to power NIF itself + >500 MJ net output <0.001

For a power plant, gain would need to be increased
~1000x relative to current NIF performance.



Inertial Confinement of Fusion Plasma
3.15 MJ total fusion energy/shot (Dec. 2022) = 0.75 kg TNT equivalent.
Assume fusion energy converted to electrical energy at 1/3 thermal efficiency.

A power plant with 3 GWy,.,na 0F 1 GW .1 Would require:

1000 shots/second at3 MJ or 0.72 kg TNT per shot
100 shots/second at 30 MJ or 7.2 kg TNT per shot
10 shots/second at300 MJ or 72 kg TNT per shot
3 shots/second at 1000 MJ or 240 kg TNT per shot

1 shot/second at 3000 MJ or 720 kg TNT per shot



Inertial Confinement of Fusion Plasma
3.15 MJ total fusion energy/shot (Dec. 2022) = 0.75 kg TNT equivalent.

Assume fusion energy converted to electrical energy at 1/3 thermal efficiency.

A power plant with 3 GWy, ... 0F 1 GW .1 Would require:

1000 shots/second at 3 MJ or 0.72 kg TNT per shot
100 shots/second at 30 MJ or 7.2 kg TNT per shot
10 shots/second at300 MJ or 72 kg TNT per shot
3 shots/second at 1000 MJ or 240 kg TNT per shot
1 shot/second at 3000 MJ or 720 kg TNT per shot

How large can the shots be without damaging any equipment
(or requiring impractical amounts of protection)?

NIF now: ~1 shot/day ~ 3 MJ total fusion energy/day
[lasers.linl.gov/for-users/nif-target-shot-metrics]

Power plant: 3000 MJ total fusion energy/sec
~2.6x10% MJ total fusion energy/day

For a power plant, fusion energy output per day would
need to be increased ~10°x relative to current NIF performance.



Inertial Confinement of Fusion Plasma

It has taken over 60 years of ICF development to achieve the current state of NIF
[J.D. Lindl, 1998, Inertial Confinement Fusion, p. 16].

As of September 2012, NIF had cost over $5 billion [www.nytimes.com/2012/09/30/
science/fusion-project-faces-a-frugal-congress.html], not counting earlier ICF
machines and research.

What is the true total cost of NIF now? ~$10 billion? [current annual cost ~$0.624
billion, www.lInl.gov/news/national-ignition-facility-achieves-fusion-ignition]



Inertial Confinement of Fusion Plasma

It has taken over 60 years of ICF development to achieve the current state of NIF
[J.D. Lindl, 1998, Inertial Confinement Fusion, p. 16].

As of September 2012, NIF had cost over $5 billion [www.nytimes.com/2012/09/30/
science/fusion-project-faces-a-frugal-congress.html], not counting earlier ICF
machines and research.

What is the true total cost of NIF now? ~$10 billion? [current annual cost ~$0.624
billion, www.lInl.gov/news/national-ignition-facility-achieves-fusion-ignition]
Compared to NIF, a power plant would need to increase:

* Gain by ~3 orders of magnitude AND

* Fusion energy output per day by ~8 orders of magnitude

How much would such a power plant cost?
How complex would such a power plant be?
How many more decades would be required to achieve that goal?

Why would electric utility companies buy many ICF power plants like that instead
of cheaper, simpler, more readily available renewable, fission, or fossil fuel plants?



