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?

The most justifiable use of NIF may be as a “wind tunnel” for subscale modeling
of nuclear weapons, astrophysical processes, etc., and as a WPA project to retain
enough scientists/engineers with expertise relevant to nuclear weapons.
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Charged particles spiraling along
magnetic field lines B cannot
easily cross them to escape

Problem 1: Large particle losses
at ends, even with magnetic
mirrors, electrostatic plugs, etc.

Solution 1:
Eliminate the ends
by bending lines
into a closed
toraidal field B,

Y

\ Pparticles escape

Goals (somewhat conflicting):
Maximize p = plasma pressure /
magnetic pressure

Minimize B inside plasma to
avoid cyclotron radiation losses

Maximize fusion power density
to minimize hardware cost

Inner hardware subject to

radiation damage is inexpensive
and easlily accessible

Confine fuel lons and electrons
but let charged products escape

Provide for lithium-6 blanket if
necessary

Problem 2:
VB & ExB drifts

together let

drift Solution 2: Add
poloidal field B, to mix
particles in inner and
outer regions of torus

Tokamaks, stellarators, RFPs, FRCs,

etc. differ in how they create the
plasma current and B,, B, & B,

Solution 3: Add vertical
field B, that acts on toroidal
current J, to balance
outward forces on plasma

Outer wall of forus:

* Less magnetic pressure
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Neutrons

Novel methods of extracting
energy from:

Neutrons directly???

Recoil nuclei hit by neutrons

(n,y)-produced gamma rays

Electrons excited by those
gamma rays

L.l. Perkins et a| 1986, UCRL-93988
and 1988, Nucl. Instr. Methods A271:188

Heavy (e.g., recoil) nuclei
Travel <10 um in solids —

= Difficult for them to reach a
direct electric converter before §
their K.E. becomes heat

* Widely spaced «<10-um-thick
sheets are theoretically
feasible but generally
impractical

Ronen 2004, Nucl. Instr. Ab22:558
Slutz 2003, Phys. Plasmas 10:2883

Photons (esp. X & y rays)

Let photons impart their
energy to electrons via:

Photoelectric effect

Compton scattering

Pair production
* Etc.

Then extract that energy
from the electrons

L.L. Wood et al 1873, UCID-16229 & 16309




Fundamental Constraints on Fusion Approaches
(Barring Miracles —Wait One Slide...)

Fusion approaches that do not appear suitable for practical
power-producing reactors:

* Nonmagnetic confinement (inertial, electrostatic, electromagnetic,
and acoustic), excluding stars and bombs

 Plasma systems operating substantially out of thermodynamic equilibrium
 Advanced aneutronic fuels ((He+*He, p+''B, p+°Li, etc.)

* Most high-efficiency direct electric converters

T. H. Rider 1995, Ph.D. thesis, MIT
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(Barring Miracles —Wait One Slide...)

Fusion approaches that do not appear suitable for practical
power-producing reactors:

* Nonmagnetic confinement (inertial, electrostatic, electromagnetic,
and acoustic), excluding stars and bombs

 Plasma systems operating substantially out of thermodynamic equilibrium
* Advanced aneutronic fuels ((He+*He, p+''B, p+°5Li, etc.)

* Most high-efficiency direct electric converters

Best foreseeable 1 GW, (3 GW,) magnetic fusion reactors:

» D+T: 2.4 GW of 14-MeV neutrons, 1.6 giga-Curies (GCi) of T stockpile/year
 D+D w/o product burnup: 1 GW 2.5-MeV neutrons, 1 GW X-rays, 70 GCi T

* D+D with product burnup: 1.1 GW mainly 14-MeV neutrons, 180 MW X-rays
 D+3He w/o product burnup: 30 MW 2.5-MeV neutrons, 500 MW X-rays, 1.8 GCi T
* D+3He with product burnup: 150 MW mainly 14-MeV neutrons, 500 MW X-rays

* Mainly thermal (Carnot-limited) conversion of fusion energy to electricity

T. H. Rider 1995, Ph.D. thesis, MIT



Potential Thesis (or Nobel Prize) Topics

Fusion reactions:
* |In the table of possible fusion reactions, should additional reactions be green?
(Consider competing side reactions and idealized breakeven against bremssirahlung.)
* Are there any promising reactions not in the table (due to higher Z or shorter nuclide half-life)?



Potential Thesis (or Nobel Prize) Topics

Fusion reactions:
* In the table of possible fusion reactions, should additional reactions be green?
(Consider competing side reactions and idealized breakeven against bremssirahlung.)
* Are there any promising reactions not in the table (due to higher Z or shorter nuclide half-life)?

Can one provide better evidence (especially experimental) for or against spin polarized fusion?

* Benefits of spin-polarized fusion (especially for D+D reaction enhancement or suppression).
* Methods of producing polarized nuclei.
e Mechanisms and rates of depolarization relative to the fusion rate.



Potential Thesis (or Nobel Prize) Topics

Fusion reactions:
* In the table of possible fusion reactions, should additional reactions be green?
(Consider competing side reactions and idealized breakeven against bremsstrahlung.)
* Are there any promising reactions not in the table (due to higher Z or shorter nuclide half-life)?

Can one provide better evidence (especially experimental) for or against spin polarized fusion?

* Benefits of spin-polarized fusion (especially for D+D reaction enhancement or suppression).
* Methods of producing polarized nuclei.
e Mechanisms and rates of depolarization relative to the fusion rate.

Fusion catalyzed by massive negative particles:
* Are there more efficient muon production methods?

Are there practical methods for unsticking muons from alpha particles?

Are there methods to reduce the muon catalysis cycle time?

Are there any massive negative particles that are more suitable than muons for catalysis?
Can the effective electron mass or charge be increased in useful ways?



Potential Thesis (or Nobel Prize) Topics

Fusion reactions:
* In the table of possible fusion reactions, should additional reactions be green?
(Consider competing side reactions and idealized breakeven against bremsstrahlung.)
* Are there any promising reactions not in the table (due to higher Z or shorter nuclide half-life)?

Can one provide better evidence (especially experimental) for or against spin polarized fusion?

e Benefits of spin-polarized fusion (especially for D+D reaction enhancement or suppression).
* Methods of producing polarized nuclei.
e Mechanisms and rates of depolarization relative to the fusion rate.

Fusion catalyzed by massive negative particles:
* Are there more efficient muon production methods?

Are there practical methods for unsticking muons from alpha particles?

Are there methods to reduce the muon catalysis cycle time?

Are there any massive negative particles that are more suitable than muons for catalysis?
Can the effective electron mass or charge be increased in useful ways?

Other ways to improve the tunneling factor:
* Is there a way to keep scattering from hindering shape-polarized fusion?

Is the resonant tunneling model valid, and does it have useful consequences?

Is fusion of light elements in liquid metallic states scientifically valid and practical to achieve?
Are there other ways to improve the tunneling factor?

Can one prove we have covered the complete phase space of ideas for improving the
tunneling factor?



Potential Thesis (or Nobel Prize) Topics

Fusion reactions:
* In the table of possible fusion reactions, should additional reactions be green?
(Consider competing side reactions and idealized breakeven against bremsstrahlung.)
* Are there any promising reactions not in the table (due to higher Z or shorter nuclide half-life)?

Can one provide better evidence (especially experimental) for or against spin polarized fusion?

* Benefits of spin-polarized fusion (especially for D+D reaction enhancement or suppression).
* Methods of producing polarized nuclei.
e Mechanisms and rates of depolarization relative to the fusion rate.

Fusion catalyzed by massive negative particles:
* Are there more efficient muon production methods?

Are there practical methods for unsticking muons from alpha particles?

Are there methods to reduce the muon catalysis cycle time?

Are there any massive negative particles that are more suitable than muons for catalysis?
Can the effective electron mass or charge be increased in useful ways?

Other ways to improve the tunneling factor:
* Is there a way to keep scattering from hindering shape-polarized fusion?

Is the resonant tunneling model valid, and does it have useful consequences?

Is fusion of light elements in liquid metallic states scientifically valid and practical to achieve?
Are there other ways to improve the tunneling factor?

Can one prove we have covered the complete phase space of ideas for improving the
tunneling factor?

Other improvements to gj,,:
* Are there ways to improve the wavefunction cross-sectional area factor in o;,.?

* Are there ways to improve the Breit-Wigner compound nucleus energy resonance factor in o,,?
* Are there any other categories of ways to influence o;,?
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More Potential Thesis (or Nobel Prize) Topics

Fusion products:
* Are there practical ways to influence the reaction channels and products?

Plasma properties:
* Are there realistic ways to recirculate power and maintain ions in a monoenergetic or

anisotropic state, or two ion species at different temperatures (e.g. hot 3He and cold D
or hot p* and cold "B)?

* Are there practical ways to reduce ion-electron energy transfer or recirculate power

from the electrons back to the ions?

e Are there ways to reduce and/or convert radiation power losses, especially bremsstrahlung?

Confinement of particles and energy:

Are there practical lessons we can learn from stellar fusion and use to improve fusion reactors?
Are there ways to overcome the main practical difficulties with inertial confinement fusion?
Which existing magnetic confinement approach is best, or can a better one be created?

Can the conduction losses be reduced to make acoustic confinement practical?

Can fusion-fission hybrids be made more attractive?

How is ball lightning confined, and can fusion reactors employ a similar approach?

Is there any feasible way to create a small black hole?

Are there any other confinement approaches worthy of investigation?

Conversion to electrical energy:

What are the most efficient and/or most compact thermal-to-electric converters?
What are the best converters for light nuclei—inverse linear accelerators, inverse cyclotrons, etc.?

Are there practical ways to directly convert the energies of recoil nuclei or other heavy nuclei
emitted by solid materials?

What are the best converters for electrons?
How practical and efficient can neutron energy conversion methods be [Perkins 1986, 1988]?
How practical and efficient can X-ray and y-ray energy conversion methods be [Weaver 1973]?



Binding Energy per Nucleon
And Methods of Tapping It
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Fission Process

E 72 0427 Parent nucleus @\
ECoulomb o A ~ for heavy ) N Loy O ) ) f F|55|ont
surface nuclei ragments
Fission barrier height: |
Ve ~ 8 A®3[1 - (Z%/A)/49] MeV Ground state | Valley in barrier
of heavy nuclaus is due to shell etfects
0.3 MeV if odd-odd EHI|;|!-.H'-_.]|'r deformed (fisslon Isomers
+ 0 MeV if odd-even due 1o shell effects | | with ~ns half-lives)
-0.3 MeV if even-even £ 4 1
+ shell corrections = 7 .
v
~ 5.6 MeV for even U/Pu isotopes » q : . ::fcc::?l:;tio n/
~ 6.2 MeV for odd U/Pu isotopes -5 tm for separation
Captured neutron adds energy to nucleus: U & Pu
~ 5 MeV for even U/Pu compound nucleus
~ 6.5 MeV for even-odd compound nucleus noGtTop:c'asle Net energy release:
‘ \ 4 YA - 17) MeV

Z<90: barrier too high for fission

Z>96: barrier too low; rapid a decay/spontaneous fission
Even-Z nuclei generally better for fission (U, Pu, etc.)

Odd-N target nuclei generally better for n-induced fission
(335U vs. 238, etc.)




Fission Fuels and Sources

Energy Production

Only 3 natural actinide resources:
235U

» Directly useful as fuel
» Naturally mixed with 238U

* >3x108 kg readily accessible to mining
— >3x105 GWe-years (1/3 thermal effic.)
— >15 years of present global energy

consumption rate

238

*» Transmute to 22°Pu fuel in breeder reactor
(n + 28y — 238y £, 238Np £, 230pyy)

* »4x10'° kg readily accessible to mining
— >4x107 GWe-years
— >2000 years of global consumption

232Th

*» Transmute to 233U fuel in breeder reactor
(n + 232Th — 233Th £, 233py £ 233)

» >8x10° kg readily accessible to mining
— >8x106 GWe-years
— >400 years of global consumption

Anderson 1989, A Physicist’s Desk Reference, AlP. www.lea.org. yearbook.enerdata.net. www.world-nuclear.org.
Anno et al 2003, Actinides Critical Masses and the Paxton Woodcock Rule, Proc. ICNC 2003:71.



Fission Fuels and Sources

Energy Production

Only 3 natural actinide resources:
235U

» Directly useful as fuel
» Naturally mixed with 238U

* >3x108 kg readily accessible to mining
— >3x105 GWe-years (1/3 thermal effic.)
— >15 years of present global energy

consumption rate

238

*» Transmute to 23°Pu fuel in breeder reactor
(n + 238 — 239 LY 239Np 22 239py)

* >4x10'? kg readily accessible to mining
— >4x107 GWe-years
— >2000 years of global consumption

232Th

» Transmute to 233U fuel in breeder reactor
(n + 22Th — 233Th & 233p, £, 283)

» >8x10° kg readily accessible to mining
— >8x106 GWe-years
— >400 years of global consumption

Energy Storage

Most fissile isotopes that
can be artificially produced:

242[“Am
» Critical mass ~ 23 g dispersed in water
* 141-year half-life

» Small quantities produced in U or Pu
reactors; final step is 21Am(n,y)2*2"Am

245Cm

» Critical mass ~ 47 g dispersed in water
* 8500-year half-life

= Small quantities produced in U or
Pu reactors

2540 f
» Spontaneous fission dominates decay
» 60.5-day half-life

* Minute quantities produced in reactors

Anderson 1989, A Physicist’s Desk Reference, AlP. www.lea.org. yearbook.enerdata.net. www.world-nuclear.org.
Anno et al 2003, Actinides Critical Masses and the Paxton Woodcock Rule, Proc. ICNC 2003:71.




Fission Waste Production

Fission fragments

Asymmetrlc & mde range of fragments
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Fission Waste Production

Fission fragments
Asymmetrlc & wide range of fragments

Neutron activation within fuel

Ci1  Possible fusl Posalbla ~—
Am componanta producta =

-g Pu 244
£ Np 241 342 243
bu
< B
Pa 235 234 307 236 109 340
Th {n,2n) (nyy)

Aw 231 292 233 234 a

* Few chaices for fiasile fuel to control products

* Eliminating other actinidea from freah fuel
reduces waste but makes fuel a proliferation
& criticallty hazard and also preventa breeding



Fission Waste Production

Fission fragments Neutron activation within fuel
Asymmetrlc & mde range of fragments

G Posalbie fusl Posalble

T

. 10 ' Am componanta producta =
E - Pu 244
% 1T } E Np 241 343 243
S 107 , y 2 ;
] Etfect\ /! Pa 235 134 227 218 129 3 F
e 1007 of : - Th {n,2n) 1 (nsy)
5104-- paremt 259 1 1 pneor e X

. mass i":ﬁ: Input snargy * Few chaices for fiasile fuel to control products

au 1nn 120 140 1iu 80 100 120 140 160
Flsalon fragment masses for n + 25U

* Eliminating other actinidea from freah fuel
reduces waste but makes fuel a proliferation
& criticallty hazard and also prevents breeding

Fragments must be (" amittars Other neutron activation
100 —— : |
- Low-activation matorials
80 Moderators: H,0, D,0, *C, atc.
i Coolants: H,0, D,0, ¥Na, stc.
80 Control roda: 089, 15Cd, atc.
Z Reflectors: Ha, 12C, etc.
40 Structural metals: #Zr, Mo, ate.
20 + Soma tritium Is produced by D,0, "B, atc.
| - [
o o » Still room for impravament in low-cosat,

0 20 40 60 60 100 120 140 180 high<temperature aloys that minimize

sctivation or embritiement by neutrons



Fission Power

Are there any ways to intervene at the nuclear level to make the fission
process cleaner, easier, or better?

What are the best sources and methods for obtaining fission fuel?
What are the best materials to use in fission reactors?
What are the safest, cheapest reactor designs for using fission fuel?

What are the most efficient methods for converting fission energy to
electrical energy? (Convert fission fragment K.E. to electric energy?)

What are the most efficient methods for harnessing fission energy for
rocket propulsion?

What are the best ways of separating/reusing/burning up/storing waste?

What are the best ways to make fission reactors resistant to accidents,
terrorism, nuclear weapons proliferation, etc.?
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Alpha Decay

Tunnaling

-

104

Binding snargy provents
amizsion of other gt nucial
or individual nusisons.
Tunnaling probabliity I

Some o emithers Dacay an

101 1 100 10 10 10 [sec]
Nucleus | Energy | Hali-ife _|inkial power]
mpg | 5.8 MeV | 136 days | 141 Wig
#2om | 6.1 MeV | 163 days | 12D Wig
wem |S8MHev |181yrs | 284 W
wpy |G5MeY |88yra | D.68 Wiy
Wam |55MeV |432ys | 011 Wig
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¢. Nearly postiive charges to Incrasss Coulomb barrier?
d. Strong Neide—sleciric, magnelic, slectromagnetic, stc.?
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». Get hot enough for Stiring engines, gas turbines, olc. ¥
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E Nucleus | Energy | Haif-iife [initial power
MRy | 394keV | 102w |31BWY
E | '"Ce |310keV |285days| 255 Wi
e | ™Co ¥FaksV |53yr |175Wig
Tm | 988 keV | 129 days | 11.9 Wig
é wgy 48 kaV | 221yr | DO2Wiy
g =iy 687 keV | 107w | 0.59W/ig
o | "Cs |FldkeV |302w |0A43IWAp
& | wpm |224ksV |282yr |034WYg
§ H 18.8keV [ 123y |0O.32 Wiy

intiel poevern keohudé deuglvisr redabons: Enclis Ahomin
Py L 2010, Miusciidhid amd Enolopats Tt of thae Nac ks,

Batt & Welselopd 1963, Thoonsticnl Nuclear Pivpsics. Segrd 1577, Nudel

and Pardcies. Dethallt & Fashbach 1974, Thearsteall Neclear Piiysies.
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htn‘ﬂnﬂ‘rtrﬂuﬂhrh:lmphrhltll“md
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nesded during an Imterpianstary mlesion)?

. The B decay mis l» coniralisd by the properies of the
nucigie, which probably cannol be siiered much withouwt
=fin¥ of Input snergy, which would |Esly b prohibiivaly

lmrgs. Nonsithelsss, it s good io conalder all possibliites
mrvd conchusiveldy rule them in or out.

b. Could nuolear angular momantum be alteresd snough ta
femporarily) incrssse or decrease the p decay rate?

. Could eavificlently atrong slaciric, magnetic,
andior other fislde parheb nucissr sietes

Nucleus | Enorgy | Hall-iifs linitial power snough to lemporerly) Incresssfdecresss the B decay rate?
¥Ry 304 keV |1.02w | 318 W/ d Could the captum of & neutron, slsctron, antipraton, or
£ 18480y 310 koV | 285 days | 25.5 Wig other particle by the nuclels Inoresss the  deoay rate’?
"16 B Fd kaV |53yr 17.5 Wig & Could the B decay rae be Increased by adding encugh
snergy o the mucisus NI naqtrons, or othor
é ™Tm  (9eBkeV |120days| IOWE | ey than ety mwmcing et anargy (a e
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g | Pm |224keV |262yr | 0.34Wig ditficult, but not necossarly Impossile, to Lse amything
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b. 8o provicun silkde for some ressurch directions thst are
applicable to B decay ae well &8 o decay.

intiel poevern keohudé deuglvisr redabons: Enclis Ahomin
Py L 2010, Miusciidhid amd Enolopats Tt of thae Nac ks,

Batt & Welselopd 1963, Thoonsticnl Nuclear Pivpsics. Segrd 1577, Nudel

and Pardcies. Dethallt & Fashbach 1974, Thearsteall Neclear Piiysies.
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AE huva very ahort hal-Evas
unisss the decay requines & large
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Gamma Decay
Tip « (1094 (AE)-GAI+1)

Some |somers of Interest

“Nucious Erlnru_lr Ad HaliHits
L) ] 245 MaY 16 31 ysara
L 1T 812 kaV 10 2.3 days
Ta T7.1 kaV B »clQ1® yr
LG BT 970 knV B 1804 d
ETa 520 kaV T 15.8 min
ag | 108 keV 5 418 yr
15Te 145 loaV ] 57 days
Mam | 4688 kaV 4 141 yr
UNb | 30.7 kaV 4 18.1 yr
el - 143 koV 4 8 hr
Bo 25.0 knV 3 8.0 hr
50 0.8 kn¥V 3 5.8 hr
®Co B9 kaV 3 10.5 min
1HHo 298 kaV 3 1.1 sec

Isomers with inrge decay snarglea
AE huva very ahort hal-Evas
unisss the decay requines & large
niciear gpin change AJ
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Gamma Decay
Tip = (1094 (AE)-RAI+1)

Some |somers of Interest

“Nucious Erlnru_lr Ad HaliHits
L) ] 245 MaY 16 31 ysara
L 1T 812 kaV 10 2.3 days
Ta T7.1 kaV B »clQ1® yr
LG BT 970 knV B 1804 d
ETa 520 kaV T 15.8 min
ag | 108 keV 5 418 yr
15Te 145 loaV ] 57 days
Mam | 4688 kaV 4 141 yr
UNb | 30.7 kaV 4 18.1 yr
el - 143 koV 4 8 hr
Bo 25.0 knV 3 8.0 hr
50 0.8 kn¥V 3 5.8 hr
®Co B9 kaV 3 10.5 min
1HHo 298 kaV 3 1.1 sec

Isomers with inrge decay snarglea
AE huva very ahort hal-Evas

uniges the decey requirse a large
nicipar gpin changs AJ

1. Arm there any somere’y emitters theat aw sazier to produce anslior

sasier to use than those In the tebie?

Z Whet are the mo=t sificlnt ways o produse lsomemn of Intereet?

4. Ars thers any ways 1o suppiess the rads of y decay when It [» not
desired ardfor induce ¢ decay whan it ls desired?

a The y decay s s controlled by the ss of the nucleus,
whish probably cannot ba altered much without -sV of input ensrgy,
which would liinly be prohitively large. Nonsthelosa, It s good o
consider all possibiltties and conclusively rulke them In or out

b. Could Intemnal conversion, intemnal pair creation, and other etomic
sleolron procseses be Uealul?

& Could nuclmr angular mometium be alersd snough o
{mmporarily) incresss or decrouse the ¢ decsy ruie?

d Could sufficiently sirong slactric, magnelic, sleciromagnetic, nnd/
oF athar fiskis perbard nuciesr siviss enough to (emporeriy) incresss
or decraass the y decay rate?

e Could the capture of a neuriron, eleciron, antiproton, or other
partiole by the nucisus Inorsasa the y decsy rats?

f. Could the y decsy rate be Increased by adding enough shergy to the
riucleus (via 3, neulrons, or other mesns), then efficlently exirecting
that energy (plus the ususl v decay snergy) from the resulting decay?
§- Could y from ons lnomer decay Induce the decay of other Isomens?
4. Are there sfficient malhods o comvert the energy of 7 tov sleciricity
{inverss Compion sffect, #8c.)7

&. Could Isomers be tsad 10 crsate a practical ¥ lassr?
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Nucleon Transfer Between Nuclei
Nuclei contact each other

Temporarily form a compound nuclsus
—that Is just fuslon:

W
P ar
‘He
D compound

nuclesus

S

Do not form a compound nucleus
—that Is a direct reaction
(stripping or pickup):

* —0

Reguires E>10-20 MaV
T for de Broglle
wavelength to be
small enough for
individual nucisons
to Interact




Nucleon Transfer Between Nuclei

Nuclei contact each other

Temporarily form a compound nuclsus
—that Is just fuslon:

4I-Ie
compound
nuclesus

Do not form a compound nucleus
—that Is a direct reaction
(stripping or pickup):

0

' Ragquires E»10-20 MaV
for de Broglls

wavelength to be
small enough for
individual nucisons
to Interact

Much sasier to tranafer neutrons
than protons—no Coulomb barrier

Difficult to supply Input & remove
output energy without fisslon

Proposad magical neutron transfer
mathods (no evidence so far):

» Meshuganon/meshugairoen particle

* Polyneutrons

« Coherant neutron quantum states

* Lattice vibration snergy In solids
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Pinyeionl Effecte In Maipl Deutorides, wew.eer-oanrorg. Hegeleiel
Cheaypdhery 2013, Coment Feipace 18507, Hyubange 1993, Codd

Fusion: The Ecfentife Masco of the Cariury: Landes & Hulzenpa 1994,
A 44T Storme 2L A
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Gravitational Collapse
Extract energy from mass falling into black hole (Schwarzschild radius R,=2GM/c?)

Back-of-the-envelope Newtonian calculation of the total energy of
a mass m in a circular orbit with radius r and velocity v = (GM/r)"2;

E = mc? + 0.5mv? — (GMm/r)
= mc? — (GMm)/(2r)
= mc? [1 — (R)/(4r)]
Convert up to (R.)/(4r) of infalling matter’s rest mass to energy.

For closest stable orbit of nonrotating black hole, r = 3R.:
Convert ~8% (actually 6% from more detailed calculations).

For closest stable orbit of maximally rotating black hole: r = R/2:
Convert ~50% (actually 42% from more detailed calculations).

For comparison, fusion converts <0.7% of rest mass to energy.



Gravitational Collapse
Extract energy from mass falling into black hole (Schwarzschild radius R,=2GM/c?)

Back-of-the-envelope Newtonian calculation of the total energy of
a mass m in a circular orbit with radius r and velocity v = (GM/r)'2:

E = mc? + 0.5mv2 - (GMm/r)
= mc2 — (GMm)/(2r)
= mc? [1 — (R,)/(4r)]
Convert up to (R,)/(4r) of infalling matter’s rest mass to energy.

For closest stable orbit of nonrotating black hole, r = 3R;:
Convert ~8% (actually 6% from more detailed calculations).

For closest stable orbit of maximally rotating black hole: r = R /2:
Convert ~50% (actually 42% from more detailed calculations).

For comparison, fusion converis <0.7% of rest mass to energy.
Extract energy from the black hole itself

Nonrotating black hole:
- Hawking radiation (slow unless black hole is microscopic).

Rotating black hole—example processes:

* Penrose process for matter.

» Superradiant scattering for photons.

- Blandford-Znajek process for electromagnetic interactions.



DIY Black Hole

Implosion of Matter

Implode mass M to its
Schwarzschild radius R,:

R =R, = 2GM/c?

Before matter hecomes a black
hole, it becomes relativistic
neutrons with a huge positive
Fermi energy and a negligible
negative gravitational energy.

Total energy of N = M/m_,
neutrons compressed to R:

Ecompr =N Eavg Forml
= 0.6 (97v4)12 (hcN*3/R)
= 0.6 (97/4)'3 (hc/R) M4’3/mn4’3

Total energy of neutrons
compressed to R,:

Ecompr = 0.3(97V4)'3(hc¥/G)M'3/m ¥3
= 1.2x10%7 M, ;'@ Joules
= 1.2x10% Joules for 1 mg target

Required energy is actually much
larger, since only some of it goes
into the implosion.



DIY Black Hole

Implosion of Matter

Implode mass M to its
Schwarzschild radius R,:

R =R, = 2GM/c?

Before matter becomes a black
hole, it becomes relativistic
neutrons with a huge positive
Fermi energy and a negligible
negative gravitational energy.

Total energy of N = M/m_
neutrons compressed to R:
Ecompr=NE

= 0.6 (91v4)" (hcN*3/R)
= 0.6 (91v4)"? (hc/R) M*3/m 43

avg Ferml

Total energy of neutrons
compressed to R;:

Ecompr = 0.3(91V4)'2(hc3/G)M3/m +3
=1.2x10%7 M,,'? Joules
= 1.2x10% Joules for 1 mg target

Required energy is actually much
larger, since only some of it goes
into the implosion.

Focused Energy

Compress a mass M within its
Schwarzschild radius R:

M = (R,c?2)/(2G)
OR
Compress an equivalent amount
of energy within R,:
E = Mc2 = (R,c*)/(2G)

= 6.07x10" R; 1ers JOUlES
Diffraction limits focused size of

electromagnetic waves. Best to
use X- or y-rays.

Focusing X-rays to create a black
hole of atomic size (~10'% meters)
would require ~103 Joules of
X-ray energy.

(NIF is only 4x10° Joules IR.)



DIY Black Hole

Implosion of Matter

Implode mass M to its
Schwarzschild radius R,:

R =R, = 2GM/c?

Before matter becomes a black
hole, it becomes relativistic
neutrons with a huge positive
Fermi energy and a negligible
negative gravitational energy.

Total energy of N = M/m
neutrons compressed to R:
Ecompr=NE

= 0.6 (9v4)"3 (heN**/R)
= 0.6 (9v4)' (he/R) M¥3/m, 43

avg Ferml

Total energy of neutrons
compressed to R,:

Ecompr = 0.3(97V4)3(hc/G)M'3/m, 43
=1.2x10% M,,'? Joules
= 1.2x1035 Joules for 1 mg target

Required energy is actually much
larger, since only some of it goes
into the implosion.

Focused Energy

Compress a mass M within its
Schwarzschild radius R,:

M = (R,c2)/(2G)
OR
Compress an equivalent amount
of energy within R_:
E = Mc? = (R,c*)/(2G)

= 6.07x10* R; nq1ers JOUlES
Diffraction limits focused size of

electromagnetic waves. Best to
use X- or y-rays.

Focusing X-rays to create a black
hole of atomic size (~10-19 meters)
would require ~1033 Joules of
X-ray energy.

(NIF is only 4x106 Joules IR.)

Particle Collider

Energy to create a black hole:
E = Mc? = (R,c*)/(2G)

=3.79x10%2 R, crors €V

Planck length—smallest size:
L, = (hG/c3)"2

= 1.62x1035 meters

R, ~ L for smallest black hole:
E ~ 6x10%7 eV
(Large Hadron Collider ~ 1013 eV.)

Any help from new physics
effects? (No signs so far.)

Tiny black holes would quickly
evaporate via Hawking radiation.



Binding Energy per Nucleon
And Methods of Tapping It

150

Antimatter + matter



Antimatter

Use
Antimatter + matter annihilation
< 100% of mass is converted to energy
(vs. <0.7% for fusion, ~0.1% for fission)
No natural sources of antimatter

- Useful for energy storage
but not energy production

Interstellar rocket propulsion is
most important application

* Needs highest possible energy density
* Limits casualties if confinement fails

Brillouin limit on nonneutral storage:

* Rest energy density of antiparticles
< energy density of confining field

-> Little better than just storing energy in
the form of the electric/magnetic field

- Must keep antimatter (nearly) neutral as
antiprotons + positrons (anti-hydrogen)

Energy produced as pions & y rays |
. T. H. Rider 1997, Journal of Propulsion and Power 13:435
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Use
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- 100% of mass is converted to energy
(vs. <0.7% for fusion, ~0.1% for fission)
No natural sources of antimatter

- Useful for energy storage
but not energy production

Interstellar rocket propulsion is
most important application

* Needs highest possible energy density
* Limits casualties if confinement fails

Brillouin limit on nonneutral storage:

* Rest energy density of antiparticles
< energy density of confining field

-> Little better than just storing energy in
the form of the electric/magnetic field

- Must keep antimatter (nearly) neutral as
antiprotons + positrons (anti-hydrogen)

Energy produced as pions & y rays

Production
Much more difficult to make

antiprotons (p’) than positrons (e*)

Proton (p*) beam-beam collid

er.

K.E.>>m c%1 GeV P p*
p* > ¢
P Other particles

» < 2x103 of K.E. converted into
<10~ g of p- per year

p+

o

* Colliding other particles even worse

Beam-target
5 E K.E.
collider: pfcess
p* —
S

7

Other particles
> 100 g of p- per year

» < 2x10* of K.E. converted into

%

%

Converting EM field into p~ + p*:
* Requires unattainable field strengths

» Still creates lots of unwanted particles

T. H. Rider 1997, Journal of Propulsion and Power 13:435




Binding Energy per Nucleon
And Methods of Tapping It

150

Antimatter + matter

Gravitational collapse





