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* Fusion reactions by which stars convert hydrogen to helium
- The PP (proton-proton) chain: in stars the mass of the Sun and less

- The CNO cycle (Bethe-Weizsacker-cycle): in more massive stars

Nobel prize in physics 1967
“for his contribution to the
theory of nuclear reactions,
especially his discoveries
concerning the energy
production in stars”

Hans Albrecht Bethe
(1906. 7. 2 - 2005. 3. 6)




e The PP (Proton-Proton) Chain
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Sun <15x10°K

e Only 1.7% of 4He nuclei being
produced in the Sun are born
in the CNO cycle




Fusion in Nature

« CNO (Carbon-Nitrogen-Oxygen) Cycle

S

“C + p—>"N +1.9 MeV
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“N-o"®C+ 4" +v+1.5MeV t/y
BC+ p—>*N +7.6 MeV
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Fusion in Nature

Layers of Fusion in a Star

Nonburning hydrogen
Y

Hydrogen fusion
Helium fusion.

Oxygen fusion-—_Jj
Neon fusion |

fusion %
Silicon fusion
Iron ash”

B The Universe and theFormation of the Elements

Big
Bang
~ 15 Billion Years

H, He

http://jcconwell.wordpress.com/2009/07/20/formation-of-the-elements/

http://egseis.geosc.psu.edu/~cammon/HTML/Classes/IntroQuakes/Notes/earth origin lecture.htm!

Stellar
Fusion

4

Nova

He through Fe

~14105
Billion Years Ago

Heavier than
Fe

by neutron
absorption



http://jcconwell.wordpress.com/2009/07/20/formation-of-the-elements/
http://eqseis.geosc.psu.edu/~cammon/HTML/Classes/IntroQuakes/Notes/earth_origin_lecture.html

Physical Characterisation of Fusion Reaction

«a+b — (ab) — d+e+Q,,

- (ab) . a complex short-lived dynamic state which disintegrates
into products d and e

— The energetics are determined according to nucleon kinetics

analysis, with nuclear excitation and subsequent gamma ray

emission known to play a comparatively small role in fusion

processes at the energies of interest envisaged for fusion reactors.
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* The electrostatic force caused by positively charged nuclei is very strong
over long distances, but at short distances the nuclear force is stronger.
» As such, the main technical difficulty for fusion is getting the nuclei close

enough to fuse. Distances not to scale.



http://upload.wikimedia.org/wikipedia/commons/f/fb/Nuclear_fusion_forces_diagram.svg
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Physical Characterisation of Fusion Reaction
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Potential Surface of nucleus

barrier around a
uranium nucleus
presented to an
alpha particle. The

Energy

central well is due to - "
the average nuclear _ x
attraction of all the E # Alpha eorge Gamow

(1904-1968)

nucleons and the hill
15 due to the electric
repulsion of the
protons. Alpha
particles with energy
£ trapped inside the
nuclear well may

still escape to I
become alpha rays,

Electric repulsion

// grows near nucleus

by quantum 0
mechanically . —
] Radial distance
tunnelling through e e (1%%-%%9”0)

the barrier.

* By 1928, George Gamow had solved the theory of the alpha decay of
a nucleus via tunneling. After attending a seminar by Gamow, Max Born
recognized the generality of quantum-mechanical tunneling.

(Max Born, Nobel Prize in Physics 1954)




Thermal Kinetics

 Classical kinetic theory of gases augmented by EM force effects
can be used as a basis for the study of a plasma in which fusion
reactions occur.

« Assumption: thermodynamic equilibrium - processes such as
inelastic collisions, boundary effects, effect of a magnetic field etc.

not considered

PlziNimlﬁngiE I:)e:ENemeE:gNeE_e
3 3 3 3
Prove!
Homework
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« Maxwell-Boltzmann distribution function and parameters Prove!
_ Homework
oM (V)
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- Fusion reaction rate density dn, = —o7,(E)nyn,dx

dn, =n,F, (v,)d*v —>
R, =9 (—dn)=dndno, (v (%) N |
dt dnz =n,F, (Vz)d V, v, E
F; »: normalised distribution function ni
w=][oulv Vo [N (V)N Fy (v, )d v, d %y, e
Va Vy m
= N,N, Vjvjafu 2=V Fu (V) Fy (v, )d v, dy, F(v.)—> M. (v.)
_ Thermodynamic
R = NaN, <ov>, equilibrium
e 0-v parameter
<ov>, ”Gab 2 = Vo|Fa (V,) Fy (v,)dPv,d

e Fusion power density
I:)fu — Rfu(gfu = NaNb <oV >ab qu
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 Possible fusion reactions

d+t—>n+a+17.6 MeV

d+d > p+t+4.1MeV
— n+°He + 3.2 MeV

d+°He > p+a +18.3 MeV

d+°Li—>'Be+n+3.4 MeV
—'Li+ p+5.0 MeV
—> p+a+t+2.6 MeV
— 20 +22.3MeV
—°’He+a+n+1.8 MeV

p+°Li—>°He + a + 4.0 MeV

p+Be > a+°Li+2.1MeV
—>d +2a +0.6 MeV

p+"'B - 3a+8.7 MeV

t+t—>2n+a+11.3 MeV
*He+’He - 2p+a +12.9 MeV

t+'He > n+ p+a +12.1MeV




Fusion Fuels

« Choice of a fusion reaction as a fuel in a fusion reactor
- Availability of fusion fuels

- Requirements for attaining a sufficient reaction rate density

 D-T reaction: 1st generation d+t—>n+a+17.6 MeV
- Considered for the first generation of fusion reactors
- Ample supply of deuterium: d/(p+d)~1/6700 in the world’s oceans,
fresh water lakes, rivers
- Scarce of tritium: radioactive g~ decay with a half life of 12.3 years.
total steady state atmospheric and oceanic
quantity produced by cosmic radiation ~ 50 kg

19
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Fusion Fuels

 D-T reaction: 1st generation

- Tritium breeding
n+°Li — t+*He + 4.78 MeV

n+'Li — t+*He + n'=2.47 MeV

1000

100 e 5|_] (n,(l) t

w

=

- =

.5 Li-6(n,a) t

E =====Lj-7(n,na)t

@ 10 S

N

S \ A

c

b 1 N

5 T/ \

T

S Ak
a \\.: )
£ 1

s 0.1

£ Li (n;n'a) t !

0.01

1 10 100 1000 10* 10° 10° 107

Neutron Energy (eV)

7.42% of natural Li

92.58% of natural Li

The 7Li(n,n’a)t reaction is
a threshold reaction and
requires an incident
neutron energy in excess
of 2.8 MeV.
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e d+t — n+e, Q4= 17.6 MeV

Ry (F.1) = [ [ N (F, ¥, N, (F, ¥, ) (V, — V|V, — ¥, [d v, d,
= NGN; [ [ £, (7,9, 0 1,70, ) 0 (7, — V|V, — ¥ [d v, d,

=Ny (F,H)N(F,1) '” fo (T, ¥s. 1) ft(r’v“t)adtqu —Vt‘)Vd _Vt‘dgvddgvt

[ 1o (79,0 17,9, ) v dy,
=N, (F,H)N,(F,t) < ov >, (F,1)

P, (F,t1) =R, (F,1)Q, = N, (F,t)N,(r,t) <ov >, (F,1)Q,




* Fuel balance equations for D-T burn

dt .
dNt = Ft - Nd (t)Nt(t) <OV >y — Nt(t)
dt T,

SN, +N) = (Fy +F) 2N, ON, O < ov >, —[Nd“) - Nt“)j

Ty Ty

N, = N, 0+ N, (0 =L S0

Fi:F(],jtFt:%jt5 T

2 |:Td:z-t

%— Fi _ﬂ NiZ(t)_ Nl(t)
dt 2 T,

, 0<t<r, Ricatti’s equation




* For the case fuel injection and leakage is balanced.

dN;  <ov>, N2(1)

dt 2
N; (1) t t
d—hLi:—lI<av>dtdt o1 + = =—£I<0V>dtdt
N i 2% Ni(t) Nio 2y
1 1

N. (t) = n t ~ 1

+_[<ov>dtdt <oV >yt

Ni, 2 : N;

N.,—N.

f, =2 (@) _ L Fuel burnup fraction

Nio |:Ni0 "
1+ 2’ <oV >, T,




e Fusion power and total energy released in a unit volume

N2 (t 1 1
Pdt(t) = —] ( ) <OV >y (t)th - "
4 1 1 |
+ [<ov>y ()t
| Nio 2 0
Ey = J- P, (t)dt = Qu _[ <V >y () dt

1 1
sl

2
<m>mmm)

2

<oV >y (1)Qy




» D-D reactions and side reactions
d+d > p+t+4.1MeV
— n+°He +3.2 MeV
d+t—>n+a+17.6 MeV
d+’He »> p+a +18.3 MeV

t+t—>2n+a+11.3MeV
*He+°He —» 2p+a +12.9 MeV

t+'He > n+ p+a+12.1MeV
—>d+a+14.3MeV




/ D-D Burn Modes

« PURE-D Mode

d+d > p+t+4.1MeV  Channel - ¢

> n+He+3.2 MeV Channel - 3He

N2
Ny
Ryg: = 5 <OV >yt

2
d

=—<oV>

3 — 3
dd,°He 2 dd,°He

At temperatures
of common interest

1
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/ D-D Burn Modes

« Semi-Catalyzed-D cycle (SCAT-D Mode)

d+d >t+p+4.1MeV Channel - ¢

reaction link

d+t—>n+a+17.6 MeV
d+d—>°He+n+3.2MeV Channel - 3He
5d — 2n+°He + a + p+24.9 MeV
Providing Ry, = Ry

N2
d —
—— <OV >y = NyN, <ov>,

N, _1<0V>d0.,t ~£<0V>dd

Ny 2 <ov>, 4<ov>,
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/ D-D Burn Modes

e Catalyzed-D cycle (CAT-D Mode)

d+d >t+p+4.1MeV Channel - t

reaction link

d+t—>n+a+17.6 MeV

d+d—’He+n+3.2MeV Channel - 3He

\ reaction link
d+°’He »> o+ p+18.3 MeV

6d > 2n+2a+2p+43.2 MeV
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 General D-D initiated fusion linkage processes
d+d—>t1.0)+ p(3.1)
d+t—>n(4.1)+ (3.5
t > n(5.0)+n(5.0)+ (1.3)
t+°He — p(5.7) + «(1.3) + n(5.1)
d +d—°He(0.8) + n(2.4)
d+°He - (3.7) + p(14.6)
*He+°He = p(5.7) + p(5.7) + a(1.4)




D-3He Fusion

d+°He »> p+a +18.3 MeV
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/ D-3He Fusion

« An attainable “clean” fusion reaction, direct energy conversion
- Tritium, neutron: problems of radiological safety,
first wall endurance, shielding and induced radioactivity
e Higher reaction temperature required
e More severe Bremsstrahlung radiation
» Scarce 3He: 3He/(3He+*He)~10-6
cf) Lunar Rock
t—>°He+ ", r,,=12.3 years

d+d — n+’He

d+He— p+a+183MeV, R, =<ov>. NN,




Apollo 17 astronaut Harrison Schmitt left the
moon 32 years ago with 244 pounds of rocks
and an abiding desire to see humankind contin-
ue its exploration of space. Now, in an exclusive
essay for PopuLAR MECHANICS, Schmitt explains
why the time is right for America to return.

dhor 1 92
oWk OHLICE,

i
4 1050 \
Lol Pl

FUTURE MINERS: Robotic equipment
would scrape and refine lunar soil.
Helium-3 would be sent to Earth
aboard a future space shuttle or per-
haps be shot from an electric rail gun.




/ D-3He Fusion

« An attainable “clean” fusion reaction, direct energy conversion
- Tritium, neutron: problems of radiological safety,
first wall endurance, shielding and induced radioactivity
e Higher reaction temperature required
e More severe Bremsstrahlung radiation
» Scarce 3He: 3He/(3He+*He)~10-6
cf) Lunar Rock

t—>°He+ ", r,,=12.3 years

Control on high

d+d — n+°He temperature and
3He and d fuel ions
for cleanliness

d+°He > p+a+183MeV, R, =<ov>. NN,

Rd3He _ <OV e N3He
unclean side reactions . Rea <oV>4, Ny
d+d >t+p+4.1MeV, R,, =<ov>,, Ng
' ) . h: <ov>..  Ng
d+d—°He+n+3.2MeV, R :<O-V>dd,3He7d R <OV>ge N

dd ,3He dd,sHe
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