The fission barrier

O O OO0

Fig. 3.8. Potential energy during different stages of a fission reaction. A nucleus
with charge Z decays spontaneously into two daughter nuclei. The solid line corre-
sponds to the shape of the potential in the parent nucleus. The height of the barrier
for fission determines the probability of spontaneous fission. The fission barrier dis-
appears for nuclei with Z?/A 2 48 and the shape of the potential then corresponds
to the dashed line.



Deformation of a heavy nucleus

Fig. 3.9. Deformation of a heavy nucleus. For a constant volume V (V = 4xR*/3 =
4mab®/3), the surface energy of the nucleus increases and its Coulomb energy de-

creases.
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Fission Yield, percent

Fission of 23°U

Energy spectrum of prompt neutrons in 23U fission

235U+n->PRb + 141Cs + 2n

Thermal Neutron Fission of U-235
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Neutron energy (MeV?

BE(%3°U+n) = 6.4 MeV Fission Barrier = 6.3 MeV
--> slow neutrons (E~25 meV)
BE(%38U+n)= 4.8 MeV Fission Barrier= 5.8 MeV

--> fast neutrons (E>1.5MeV)



Neutron cross sections of uranium
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Fig. 124 Ubersichtiiber die Wirkungsquerschnitte bei Reaktionen von Neutronen mit Uran.
In den Bereichen dicht Hegender Resonanzen knnen die Strukturen in der Zeich-
nung nicht wiedergegeben werden. Es ist daher nur dic Einhiilllende der Resonanz-
maxima- und -minima eingezeichnet (gestrichelt). Ein Detail ist in Figur 107 wie-
dergegeben



Scheme of a nuclear

— Fuel elements

— moderator

-Shielding and
reflector

The moderator slows down the neutron from MeV
energy to thermal energies. Moreover it absorbs
the kinetic energy of the emitted fission
fragments.

fission neutrons o
= =V >1

absorbed neutrons 0, +0,

Vv =< number > neutrons pro fission
O, = fission cross —section

O, = neutron reactioncross — Sec tion

reactor

Delayed neutron
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NK Neutron must be moderated

outside the corellll

y

2354 (n,f)
thermal fission

238 (M) 2
— 239 pNe 239Py

"

Y | st fate of a neutron
I generation

Nne fast neutrons

» x (1-P,) fast neutrons escape

Nne P,
are moderated

»| x (1-p)  neutrons lost through
238U (n,y) resonances

Nne P p
thermal neutrons
are generated x (1-Py,) thermal neutrons escape

\ x (1-f) thermal neutrons absorbed
Y NnepfP P, = Nk in the moderator

thermal neutrons
are available




K.¢s= effective multiplication
K.¢¢>1 to start the reactor

K.ss=1 To keep it stationary

dp — keﬁ”p_p
dt t

0 = neutron number

t, = time between two neutron productions

= p(1) = poe;
tO
k=1
ky=10071=1ms= 1 =0.1s

Delayed neutron emission
235U+n->%Rb + 141Cs + 2n

Energy [MeV]

76ms
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2.1s B~
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15s
0 4 3 1 L (] e 1 . —
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These neutrons slow down the
reactor period



Fission Reactor

Ligth water reactor
P= 71 bar
T=286°C

15 Leiung zum Sromnetz

Moderator: To compensate for the n
absorption in H,O:

Natural Abundance 23°U:0.7%
D,0: d+n -->t --> (Ogpsorption = 0.5 mMb) lOWer neutron

absorption Enriched A. 23U ~ 4%

Hzo p+n ">d (Oabsor'phon = 33.3 mb)

Graphite: difficult to stop Overheating (Cernobyl)



Breeding reactions
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Fig. 127 Spalt-Brut-Ketten fiir den schnellen Briiter und den Thorium-Briiter
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Weizsdcker

parabola for even-odd isobars

—

\

e (-unstable
o stable

B i 1 i 1
42 43 44 45 46 4
Mo Tc Ru Rh Pd Ag

Fig. 3.2. Mass parabola of
the A = 101 isobars (from
[Se77]). Possible (-decays are
shown by arrows. The abscissa
co-ordinate is the atomic num-
ber, Z. The zero point of the
mass scale was chosen arbitrar-
ily.



Weizsdcker parabolas for
even-even and odd-odd isobars
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Fig. 3.3. Mass parabolas of
the A = 106-isobars (from
[Se77]). Possible B-decays are
indicated by arrows. The ab-
scissa coordinate is the charge
number Z. The zero point of
the mass scale was chosen ar-
bitrarily.



Beta decay of 4K

Energy

2 MeV |—

Lp=12710%
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Modification of the beta spectrum by
Coulomb interaction of §* and daughter nucleus

P

Fig. 17.17. Schematic appearance of the electron spectrum in 3-decay. The phase
space factor from (15.45) produces a spectrum with a parabolic fall off at both ends
(dotted line). This is modified by the interaction of the electron/positron with the
Coulomb field of the final state nucleus (continuous lines). These latter curves were
calculated from (17.49) for Z' = 20 and Ey; = 1 MeV.



Neutrino Detection
Indirect method: EC in 37Ar:
37TArt+e-->¥Cl+v +Am(=0.814 MeV/c?)

Monoenergetic neutrino and hence a fixed recoil momentum for 37Cl that
one can measure

Direct method: 1) neutrino source? (Reactor) 1953: v+p-->et+n

2) how to detect? 2001 water with Cadminucloride, g
detected by Scintillation Detector

Nobel Price for
Reines in 1995

!’m:utr.'mu

Ii‘
\ *.f !J'
f Y. v (511 keV)
_r‘
Cd

'\‘fj
v (511 keV)



SuperKamiokande

50000 Tonnen Wasser
11146 Photomultiplier
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The interaction of the neutrino with the proton in the water generates
either a myon or an electron and these will be detected and distinguished
via their Cerenkov-Radiaton

1

cost =g Massu=105,658 MeV/c?
B = ya Mass e=0.511MeV/c?
E
Myon Elektron




Neutrino Oscillations

Super-Kamiokande

"ca. 15 km

ca. 13000Kkm

obere Erdatmosphare

Ve (m=0)

Leptonen
€ (m=511 keV/c?)

The basics idea is to find out if the
atmospherical neutrinos do change their
flavours on the their way to the earth

(about 13000 km)
vV, tp-->e*tn

- +
Vu+p >uttn

(m=0) V_ (m=0) 0

Y T

7]

M (m=106 Mevrc?) T (m=1,77 GeV/c?)



Munich reactor




