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T BT aivaaia. My fusion hobby
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REVIEWS OF MODERN PHYSICS VOLUME 45, NUMBER 1 JANUARY 1973

The Eigenchannel Method and Related Theories
for Nuclear Reactions

R. F. BARRETT,* L. C. BIEDENHARN,} MICHAEL DANOS,{ P. P. DELSANTO,§ W. GREINER, and

I]r l[l.l l-- 3 H. G. WAHSWEILER
[ 4 L Institut fiir Theorei. Physik der Universitit Frankfuri/Main, Frankfurt/Main, Germany
COMMUNICATIONS CONTENTS the understanding of nuclear physics achieved by

I Introduction. ... .........oovenneeeaeeaznn. . extending the nuclear structure calculations from the
) ) i, ., ., , ) , i ipti g jon Th o _
Received 24 Jan 2013 | Accepted 27 Aug 2013 | Published 8 Oct 2013 DOI: 10.1038/ncomms3506 I, TheonBiert Dty of Nuctear Reaction e treatment of bound states to the treatment of con

A. One-Particle One-Hole Nuclear Sta o tinuum states. In other words, the first aim concerns
B. Limitations of the 1p—1k Nuclear Mod .. mathematical methodology, the second aim concerns

. . M I _ C. The Eigenchannel Procedure in Detail. .. . e
Fusion reactions initiated by laser-accelerated e e e e
particle beams in a laser-produced plasma

C. Labaune', C. Baccou!, S. Depierreux?, C. Goyon?, G, Loisel', V. Yahia' & ). Rafelski®

J. Rafelski
CERN -- Geneva

Ref.TH.2679~CERN
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Nuclear fission is different from nuclear fusion

/

e Fusion processes transmute light nuclei  "© €}

o _ _ Natural fusion reactor |
Present 2 billion years ago aOklo, Gabon in Africa our Sun

Natural fission reactor

Transition Zone
. ~8500 Km

& Chromosphere 10000 K
~ 1500 Km ~

Photoéﬁhere 6000K
~500 Km

‘ N Convection Zone { 2000 000k
N ~ ~200,000 Km

Radiative Zone 8000000 K
~ 300,000 Km

Core 16000000 K
~ 200,000 Km

Man-made fission reactor
Pale Verde Generating
Station west of Phoenix, AZ




There are different nuclear fusion environs
natural and (planned) manmade

We will address the following four areas of nuclear fusion:

L 1.Most stellar nucleosynthesis is
S / an equilibrium process which is

= continuous and stable over large

= | 'Hl I periods of time.

’:I 04 2. Big Bang Nucleosynthesis (BBN) in a
lI homogenous thermally equilibrated

plasma which is dynamic and expands
over time.

B. Bome larger manmade fusion

< reactorsO (Al I A Oaal | Ao
: designed to operate for short pulsed
B« it r Y r periods of time.
Y33 Ya Qe 0 OCRZiol | H

11T CHHT T

4. Core of this lecture: Can we facilitate nuclear
fusion via a different path as compared to the
bomb? Example: Proton -Boron fusion ||

H F3= Muon -catalyzed fusion




1 The fusion reactor powering the solar system

The sun is primarily made up of primordial hydrogen and helium.

A The Sun produces energy by

Solar Fusion Reactor //Oc | converting hydrogen into helium=4.
\ Transition Zone Two processes are well known:
%:50:'(:' A Proton-Proton (PP) chain
~1500Km A Carbon-Nitrogen-Oxygen
Photosghere eon (CNO) cycle(Only possible for
- SEE | [ recent stars with recycled ashes)
el i A Gravity provides the confining force
Saoo00okm which balances the explosive
e | radiative pressure.
A ltproduceso® p m 7 and has
been continuously running for 4.6
billion years.

A The Earth is habitable by the grace
I £ 1 OOstablée Solaicbr®
fusion nuclear reactor.




Lesson #1: If you want to work -
on fusion, know how stars burn.

O& [ O0QI=El €

OEA 3
3AA Yy U a-=,

cycle, an example ofcatalytic aneutronic fusion

AEAT A 1T £ OOOAUS
End! :— ‘He ,3’3 1H

/—»j?j 2

w)& *

e o T Start! v E
T I 4 protons and 2 weak decays to v \v :
; A produce 1 alpha in steady state l Y
sl A o é!; B -
: IV 14N S =)
A » N =
) Proton V/ \ \ :)jg / V1\|_| )
) Neutron 'HO Y Gamma ray Y
Positron ) Neutrino V
O#¥ | EEL Co« EUA O

Graphics courtesy

of Wikipedia evaporating helium!

The CNO process overtakes the PP chain fo
stars above 1.3 solar masses.

The CNO cycle is
responsible for

1.7% of helium4 Tniple |
production within CNO Cycle
the Sun. \

In all these

reactions, notice

produced or

PP Chain

ﬁ s = o B consumed.

Sun log T



Primary power source of our Sun:

1 1

53e TG

2 /l\v . : /l\:)
i ol
v/l l\v

1 1
H )™H
_ Proton ‘He . )
) Neutron 4 Gamma ray Y
Pasitron Neutrino D

Graphic courtesy of Wikipedia

The aneutronic P-P chain

We note that both PP and CNO stellar burn processes are
aneutronic. Another manifestation of the anthropic principle?

This process is responsible for most of the energy
production within our Sun as well as most low-mass stars.

Every alpha produces releases about 27 MeV of energy from
the binding energy.

The PP chain uses both the weak and strong interactions:
A The very slow weak interaction converts two protons
in the first step into one deuteron.
A The strong interaction then accomplishes the second
and third steps to make intermediate helium-3 and
finally the product helium -4.



The proton-proton chain in detall

99,77 % 0,23 %

p+p—*°II+e + Vg p+e +p~2PI+v
: l | 10°% - Phe

84,92 % :

~N

2H -+ p® —3He ¥ ‘3He+p+—*4He+e++vC;
in all these ** ey iR
reactions, notice

there is 3He + “He - 7Be + Y | 0,1%
produced ; - = 4

or consumed. ‘ - g il

Besger= L1+ V, t ‘Besr-p©—>°B + vy
e TN
SHe'- L He — ‘He -I- 2p* g pf =24%He |- “He { SB = "Be* - et - P, }
84.990MLa0 15040220

| 8Be* = 4He + 4He |

Graphic courtesy of Wikipedia \ o, W



' Particles and Plasmas in the Universe: Making matter and n

Key epochs of the Universe

Big Bang nucleosynthesis (first fusion)

Str _ture
fc .nation

Cosmic Microwave

Background radiation

Accelerators is visible

ble universe

<

size of vis!
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RN S 2 ppearance of Antimatter &/ i3
- Vi
Kay (Reported by Andrew Steinmetz ) «
© quark i .
A(.-') g|uon 0— neutrino .‘9 ion * star
0@ electron W/@(A: bosons '° atom - galaxy
% muon qa meson
O T @ baen ¥ photon @

Particle Data Group,

The concept for the above figure originated in a 1986 paper by Michael Turner.

uclei

<~ N

A short survey of
matter -antimatter
evolution in the
primordial
universe

Dark energy
accelerated
expansion

J. Rafelski, JBirrell,
A. Steinmetz, C-T.
Yang

arXiv: 2305.09055
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The first nuclear burn Iin the universe:

Big Bang nucleosynthesis

BBN is an example of fusion network is
neither related to the Sun or the weapon.

A

P

Be

D
_ &
¥
g

Plasma screening of nuclear dust
(Reported by Chris Grayson )

BBN, which begins at _(d:p). o

SHe ——>*He

about 100 seconds age

of the Universe, has w ((N f
neutrons available

(lifetime of 880 p _W) | _@n_ g

seconds).
®) The dt weapon
fusion reaction

n

11

It would be nice if: BBN would be responsible for the

generation of the light elements | h) RO ‘Qwhile

heavier elements are products of stellar life and death.
10%5K

10°K 1085K

10z

10-°

1058

10-19

and big
is one of
many in BBN network

C. Pitrouh

10724

1000 16“
t(s) Standard burn model
'HO OAAEOEIT 1 " 6

10

AO Al 8



. . e = 12
Piesetifday nuclear ashes in the Universe [ SRGRCHEROHON=CHUBIAM

, : ; processeskFuture equillibrium yields mostly
And their role in energy production nickel and iron z in zillions of years, if at all.

Figure adapted and evolved from Wikipedfa

=
(383

11 . Outcome of BBN and stellar nucleosynthe3|s .
10 | Abundance of Si 3
oL .He Fu S I O n is normalized to 10°
Hans Bethe : ]
8 CNO cycle Most bound nuclei and thus ! ! .
= EMgSi ” relatively more abundant FlSS | O n -
S 6 .\ " e =
ARSIV :
§ § \ ok = 4 ./ \T,i /.l\'ﬂnllii; \ Zn U decays faster than 7]
b GKiM D Th so less abundant.
& - L V LR 5 s St Zr -
<. ca \-”é" \'f.\"'\ MoR g ST s 8 Ce o g
o (Li, B,iRe¥F, Sc) As” RoY ',.h.\.’.‘o’.\/ \i/\l./\o'/\o"\ 12 i%mcjdEVEr YbeWO'S'.\Hg/ \
-1 Hard to make and Nb RhAg®sh’ Csla® = AR 2 [ ne
il Pr BU tpHo 1%, J Re Bi
ay be nuclear burn depleted m-UTa
- R I5 IIIIIII 15I = IEUI ® I25I 4 ISOI | 35 40 45 50 55 60 65 70 5 80

Z, Atomic number

H-bomb Some light elements such as boron or beryllium Fuel for standard
and ITER can serve in aneutronic fusion cycle. fission reactors
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Inertial confinement indirect drive fusion
Exact imitation of micro -Nuclear Weapon with high power lasers

[ Alert#L:de£OOCET 1T EO ORI O] ET

REVIEW ARTICLES IN S | G HT NATURE PHYSICS pot: 10.1038/NPHYS3736

Indirect drive Direct drive

Shel JAHM Alternate process
\ / attempted by NIF,

¢ cesle - Qmega and Megajoule
\"‘\ STgas

Lasers

DT fuel . \

Problems
~ with tritium and
? neutrons apply to all
inertial confinement
and plasma fusion.
Weapon neutrons
used to breed
tritium from
lithium.

ILasers

t=0 ,l t~5-10ns t~10-16ns t ~ peak compression
1
Ablator ’

| Originally envisioned
| with heavy-ions, but
| ultimately developed
| using laser pulses.

Ablated plasma Ablated plasma

DT fuel

Hotspot




Trouble with bottling the weapon *

e 7
/ ("/ CY \ : :
A . o \, '-*g 0 Alert #2: dt-fusion creates safety
N \\ \\\\ H H
| concerns and a lot of radioactive waste
{H 0 h; e Appelbe, B., and J. Chittenden. "Relativistically correct DD and
DT neutron spectra." High Energy Density Physics 11 (2014)=3b.
i 10
A & —— :,
B O > ; 10~
mi;} HIE 1,1‘-1 l}‘h le LIJ 14‘1 144 I-f,n |-1?s II,“\
JWUU\ M’\f\ JWW JU\ Fig. B.4. The DT neutron spectrum for ion temperatures of 5 keV and 10 keV showing
the asymmetry of the spectrum with a greater intensity in the high-energy tail
o $ compared to the low-energy tail of the spectrum.
N »°

p = ABeutrons paper Aluminium Lead Thermal neutron absorber
(dt process)

b myod |0 @ wTIAB|Q 00| (o- AP t(pt+ AP
dt-fusion leads to superfast neutrons and associated problems: Civilian We return to this
nuclear fusion should seek the development for energy use aneutronic fusion POt Pelow
In a dynamic regime i.e. nonthermal equilibrium, forbidden by brems-losses:

MeV energy units: M = million and eV is the kinetic energy a unit charged particle acquires in a 1 Volt step
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All fusion reactor projects (ITER,etc8

arenotO" 1 OOl E1I C OEA 3.
Fusible materials used and processes occurring in plasma or inertial fusion have little
relation, if at all, to fusion reactions within our Sun, or in any other stellar object. Maybe
the purpose of current inertial confinement and/or plasma fusion is to imitate nuclear
weapons in near equilibrium burn process. Money flow from US DOE/DOD
There are large technical problems: (weapons programs)
It is commonly believed that civilian fusion programs beganbefore there was adequate
understanding of the required science and technology. People in charge of developing
fusion energy are trained in engineering, material science, and management while makinc
decisions about yetto-be understood nuclear technology concepts.

ITER: Risky project at gigantic

@y BOtt"ng the Sun Size W|h explodi cot. |

The world has been trying to master this limitless clean
energy source since the 1930s. We're now closer than ever

Ale rt #3 DO Story by Bostjan Videm3ek
not believe Photographs by MatjaZ Krivic
propaganda. i




[ Alert #4: One experimental ] The trouble with tritium su
reactor (ITER) burns it all. A

30
Supplies peak ——
before 2030.

25

Decline accelerates —s
as ITER burns 0.9 kg
of tritium per year.

™o
(e

Published in

June 24h 2022

Tritium supplies (kg)
G

Ak Al AAOOIT O
0] = T Tt e
AR T T
Even without ITER, 7 6! @t ptA6 YO
supplies would decline A 6
because of CANDU 4 g R . R R R (p& T pTT _6
retirement, tritium Ml AEOOBIBIOD AFEYA A
deca_y._andqthersales. P ﬁ)- A6
radioacive e W TT
< 8 ory R 8 |

¥ e | "H'HI T H

One 1 GW electrical power reactor needs to produce abou
2.8 GW thermal power and this requiresp 1 dt-fusions
f per second. Per year this amounts to

ITER
10 ‘ T T T
e Nl FEOOCEDDAOA A MDA AGP L p Tt
Clery, D. "Out of gas." Science (New e
York, NY) 376.6600 (2022): 1372376. * j A o
: Ivertory oot as which is 160 kg of tritium DAer ‘veieer." ol
decommissioned ITER (p8'[ C PTT OOEO |O'C, OAIl O
returns unused tritium. — e

O ! !

Cost of artificially made tritium per gram:

! I
2000 2010 2020 2030

| T !
2040 2050 2060

$30,000-$300,000

________________________________________________________________________________



The few kilograms of commercially available tritium come from CANDU = R A =3 7
plants, atype of nuclear reactor in Canada and South Korea. According O / O O l /CE (; A O 5

to ITER projections, supplies will peak this decade, then begin a steady
decline that will accelerate when ITER begins burning tritium. Today there is not enough tritium
. fuel to initiate one reactor.
Supplies peak ——* Even without ITER, The tritium producing CANDU fission reactors are being,s;hu_;
before 2030. supplies would decline ~ Active CANDU reactors {ea) |
because Of CANDU Tod.-ay there are .31 CANDU reactors in use ar-ound the world, and 13 "CANDU-derivtalives“- in Ind-ia, developed from .lhle CANDU , " .
25 . o design. After India detonated a nuclear bomb in 1974, Canada stopped nuclear dealings with India. The breakdown is: :
retirement, tritium «Canada: 19 and 5 decommissioned.  +Argentina: 1
decay,and ofher sales. | ;oo o et T b e e e
\ tritium is e India: 2 13 active CANDU-derivatives, and 5 CANDU-derivatives under construction. g
~ 20 Decline accelerates —* | radioactive _ _— »%
o as ITER burns 0.9 kg | < 8 « » v| Breeding a large excess amount of tritium required in
e of tritium per year. '\\ ‘ growing the dt -fusion economy (with many reactors in a
= large network) is an unsolved problem and a nuclear
§ 15 - proliferation nightmare.
£ Published in f =
3 June 24h, 2022 -
e ITER
=10 ‘ experimental
burn range 100year horlzon
o ) 376 889 o3 31T HOT AE]
5 Inventory boosted as
decommissioned ITER _r Government bets
returns unused tritium. were placed on the
0 . . . . . — wrong horse.

2000 2010 2020 2030 2040 2050 2060

O
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Comparing traditional thermal nuclear fusion to
modern nuclear fusion approaches

Modern nuclear fusion processes occur under nonequilibrium conditions

with the objective to spark a nano

-fusion explosion which is short lived.

LULI pB nuclear fusion

Fusion reactions initiated by laser-accelerated particle beams in a laser-produced plasma

Scheme of the experimental set-up showing the laser beam configuration, the target arrangement
— CR39

and the diagnostics

Al Al
20um 10um
Pico pulse
20 J—1 ps —0.53 pm-----&--- Py g

\I

6x10'® W cm
CR39
CR39 \\ &
S /
CR39 \ P CR39
CR39 Nano pulse
; 400 J-1.5ns -0.53 um
M 1
ElRbe 6x10" W cm™

spectrometer

The long-pulsed nano-laser produces plasma and
sweeps electrons away. The shotpulsed pico-laser
produces a beam of reactant protons. Fusion reaction
occur prior to protons reaching thermal equilibrium.

Plasmonic nuclear fusion

Z Dielectric

E

o o i - X

Metal

Surface plasmon

The nano-sized antenna are
OAT AOCEUAAG6 Ol

by the incident laser and in the
brief moment before the antenna |
destroyed, the surface plasmons
accelerate particles to required
fusion conditions.




Explanation: 7 EU AAT OO

xA AOQOI

[

Lesson #2: Currently investigated modern
fusion requires non-equilibrium processes.

Y

(o (%=(e
LH tH O 0

0 No9o

AT Of

I
Comparing neutronic and
aneutronic fusion

El

0Q pe A6
o Most advanced fuels (such as boron) do not allow steady state
thermal fusion because of fusion output versus radiation loss.
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[ Lesson #3: There are many possible ] Incomplete look at a list of

nuclear reactions and zillions of cycles.

Lots of cooking recipes to be discovered.

Q values (MeV) of the fusion reactions, reduced mass 4 (MeV) of the nuclear
system, 1so penetration constant D,.,, and an estimate of the reduced direct nuclear
reaction rate (s '). ‘Optimistic’ and ‘pessimistic’ values of 0.5 and 1 were selected for
g, the optimistic values appearing in parentheses. Symmetry and quantum number
selection rules have been disregarded.

Reaction Q pn log(D150y log(A,) Reaction Q u log(Dy.,, log(4s)

H+p 6 625 —5(—3) 13(15) B +p 9 852 —6(—6) 12(13)

2H+d 24 938 —6(—4) 12(14) ‘B+d 25 1562 —8(—8) 10(11)

SH4p 20 703 —5(-3) 12(15) B+t 24 2159 —10(—9) 8(9)

*H+d 17 1125 -7 (—4) 11 (14) "B+p 16 860 —6(—6) 12 (13)

SH+t 12 1404 —8(—5) 10 (13) B +d 19 1586 ~8(—8) 10 (11)
11

He+d 17 1125 =7(=5) 11(13) pB|s B+t 21 2205 -10(-9  8(9)

He+t 16 1404 —7(—6) 11(12) P 2C+p 2 866 —6(—6) 12(13)

- 12

“He+d 2 1248 —7(-5) 11(3) Just &+d 10 1606  —9(-8)  10(10)
13

SLi+p 6 804 —6(=5) 12(13) C+p 8 871 —6(—6) 12(13)

SLi+d 22 1405 -8(—6) 1o0(2example,Std 16 1624 —9(—8) - 10(10)

SLi+t 18 1871 —9(—8) 9 (11) 3C+t 13 2280 —10(—10) 8(9)

Li+d 17 1457 —8(=7) 10(12) Lotd 111640 —9(—8)  10(10)

Be+d 16 1533 —8(=7) 10(11) S+d 21 1640 —9(-8)  10(10)
L5pn7

VBe+p 11 853  —6(=5) 12(13) sytp 12 879 =6(=6) 12(13)

©Be+d 13 1562 —8(=7) 10(li1) N+d 14 1654 —9(-8)  10(10)

light element fusion reactions

This list was prepared for
cycles relevant to muon
catalyzed fusion. But
many more cycles are
likely to exist requiring
imagination outside the
examples nature provides.

Lesson #4: We need ]
| more nuclear physicists.

/" Other catalytic N\
nuclear fusion cycles
remain to be invented
hopefully allowing us

to put fusion energy

\_ Onthetabletop.  /

Muon catalysed fusion of nuclei with Z>1, D Harley et al (1990) J. Phys. G: Nucl. Part. Phys. 16 (2) p281 https://doi.org/10.1088/0954-3899/16/2/017



https://doi.org/10.1088/0954-3899/16/2/017

Nuclear physics research continues:

Research toward$B fusion
Modern nuclear data acquired 10 years ago

The work
continues

today!
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