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neutrons are everywhere

Ingredients : Stardust
13% neutrons




Bound neutrons are everywhere
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Discovery of the neutron
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How neutrons are born

1. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV
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How neutrons are born

1. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

2. Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV
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1. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

How neutrons are born

2. Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV

3. Photo-dissociation: °Be(y,n)2a -1.66 MeV
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How neutrons are born
Alpha-induced reactions: °Be(a,n)?C +5.7 MeV
Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV
Photo-dissociation: °Be(y,n)2a -1.66 MeV

Spontaneous fission: 2°2Cf(sf)3¥*Te+°Pd+3n +212 MeV

Cf 251 Cf 252
898a | 2645a

1 6.118, 6.076

Cf 250

13.08a
a 8,030, 5.989._Ja 5679, 5.84¢
N1

sf, y(327,308...)] 1029...
o 700, o ~0.1 4 o; 1000




How neutrons are born
. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

Deuteron fusion: d(d,n)®He +3.3 MeV, t(d,n)*He +17.6 MeV
Photo-dissociation: °Be(y,n)2a -1.66 MeV
. Spontaneous fission: 2°2Cf(sf)134Te+15Pd+3n +212 MeV

Neutron-induced fission: 235U(n,f)34Te+°°Zr+3n +185 MeV

Pu238 Pu239 | Pu240
2.411110'a




How neutrons are born
. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

. Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV
. Photo-dissociation: °Be(y,n)2a -1.66 MeV

. Spontaneous fission: 2°2Cf(sf)134Te+15Pd+3n +212 MeV

. Neutron-induced fission: 23°U(n,f)134Te+%°Zr+3n +185 MeV

. Beta-delayed n emission: 8Br(f)3’Kr*— 8Kr+n +1.3 MeV
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How neutrons are born
. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

. Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV
. Photo-dissociation: °Be(y,n)2a -1.66 MeV

. Spontaneous fission: 2°2Cf(sf)*4Te+15Pd+3n +212 MeV

. Neutron-induced fission: 23°U(n,f)134Te+%99Zr+3n +185 MeV
. Beta-delayed n emission: 8Br(f)8’Kr*— 8Kr+n +1.3 MeV

. Spallation: 2%Pb(p,3p 20n)¥Au -173 MeV



High energy nuclear reactions




Spallation + Fragmentation + Fission
T 208Ph + H (1 A GeV)
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W. Wilazfo et al., Phys. Rev. Lett. 84 (2000) 5736.
T. Enqvist et al., Nucl. Phys. A 686 (2001) 481.



How neutrons are born

. Alpha-induced reactions: °Be(a,n)?C +5.7 MeV

. Deuteron fusion: d(d,n)3He +3.3 MeV, t(d,n)*He +17.6 MeV
. Photo-dissociation: °Be(y,n)2a -1.66 MeV

. Spontaneous fission: 2°2Cf(sf)**Te+15Pd+3n +212 MeV

. Neutron-induced fission: 233U(n,f)*4Te+%Zr+3n +185 MeV
. Beta-delayed n emission: 8/Br(f)%’Kr*— 8Kr+n +1.3 MeV

. Spallation: 2%Pb(p,3p 20n)¥Au -173 MeV
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Mass yields of fission fragments
A=95  A=137 235U+ n — 118pd + 118pd

[\ Q. = +184 MeV

235U + n — 138Xe + %8Sr
Q,py = +176 MeV

70

A=118
235U Fission
Fragments
T.G. Wang et al.
80 110 130 1650 170 I Eluid Mech

Mass number A of 354, 43 (1994)
fission fragment STS-50 flight
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T. Ichikawa et al. PRC 86, 024610 (2012)



A nuclear chain reaction

Fission Fraomem
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A single-pulse neutron source

Uncontrolled
chain reaction
of fast-neutron
Induced fission

~25 kg of 93% 23°U




Cross-section (b)

Energy dependence of cross-section

10000

1000

For most
Isotopes

w=—at Iow energles 1

G"‘"’" ||

10—
T~ V | || | |
Nl J '|L" i
———— 1/vregion 41 “I] ~
01—+ . __ﬁ.\\
\
0,01+ v
'*.
Y
0,001 + x.nh‘lll
— Resonance region—
1E-4 1
1E-11 1E-I1III 1E|-9 1EI-EI 1EI-? 1EI-E 1E|-5 1E|-4 I:I,I:IIIIH I:I,IIII1 I:I,I1 1I 1:II

Incident energy (MeV)




Bohr's compound nucleus model

Two separable steps:

1. Incident particle merges with target to form a compound nucleus.
Intermediate state lives “long” (fs — as) = thermal equilibrium

2. The compound nucleus deexcites by emitting gammas or particles.

The mode of decay (2.) is independent from the way the compound nucleus
was initially formed (1.).



Resonance reactions
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Enhanced cross-section (resonance) when energy
matches excited state in compound nucleus.



Cros=s Section (harns)d

235U(n,f) cross-section as function of energy
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A controlled nuclear chain reaction
using thermal neutron induced fission

Fission Fraomem

1. Moderate neutrons
2. Control neutron losses

k = multiplication factor = (neutrons produced in one generation) /
(neutrons produced in previous generation)
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Prompt neutron kinetics

Prompt neutron lifetime t_ Is the average time between the
birth of prompt fission neutrons and their final absorption.

Assumptions:
-No delayed neutrons
-Infinite reactor, multiplication factor k.= k

(k-1),

dn k-1

' = n=n(t) =n(0)e
time [N(t) T (t) =n(0)
0 n T
Time constant _ T = —2"
T, KN k-1
) 2N Exponential decrease (k<1)
tp A or exponential growth (k>1)
3
3Tp K°n cf. demographic projections for Germany
Fertility: 1.5 child/women -> k=0.75

T=25 years / (1-0.75) =100 years



Tp

Prompt neutron kinetics

= 1, + T4 = Slowing down time + diffusion time

In thermal reactors: 14 << 14, I.€. T, =14

4= A /v =10 cm/ (2000m/s)
T, = 14= 50 usec

Example: step of reactivity from k=1.000 to k=1.001

k(?) 4

1.001

|

“Prompt” control is not possible!



Chernobyl: a criticality accident




An Interesting equation

n(t) = N(0) eXP((k-1)/teyci6 V)

T2 = In(2) Teycle / (k'l)

k = R, basic reproduction number ¢
~ incubation period g

10

Tcycle

k<1: T1/2 - In(2) Teycle / (k'l)

Teyele = £ 0; k=0.8 =T, = 3.5 weeks
Teyele = 1 0, k=0.9 =T, =7 weeks
Teyele = 7 d; k=0.99 = T, = 70 weeks

The greatest shortcoming of the human race is our inability
to understand the exponential function. [Prof. Al Bartlett]
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“Everything passes and this will pass.” “Brazilians never catch anything.”



Delayed neutron emission from fission products

B Possible precursors
87T R
n Bi
38Ry, 137] 136Te, 134Gp, 141Cs
Y : . , ,
Qﬁ _________ 89Br, 138], 9293Rb, 147 a, 87Se, B4As
T SSAS, ‘)OBI‘, 13581‘), 94Rb,1391, 98‘99Y, '42CS, SOGa
Y Sn 86.87Ag, 136Gh, 147.148B, 81,82y 140.141T 9B
1348n I4SCS 89Se
T T T l 83Ga. 1461470, 95.9697.9899R . 92Br. 91Se
M. & ¥
AZ A,Z+1 A-1,7+1

B= percentage of delayed neutrons  average emission time
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20 7B v | v vV,
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Neutron lifetime,
taking into account delayed neutrons

Fission Absorp. Del'ay.ed Absorp.
emission
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k = kprompt T kdelayed =1= (1_18) +ﬂ
U= (1_ IB)Tp + /B(Tdelayed + Tp) ~ IBTdelayed = O'OSSEC

Now for step from k=1.000 to k=1.001

T=P1gelayed/(K-1)= 80 seconds



Reactor response to a step of reactivity
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Thermal neutron induced fission

Fission " rodcts ‘




mlysical Principles of a Nuclear Reactor

E4 40%2.5 = 100
2 MeV 4 100 103
S
S
> NG 8
: e >
L N, S
O
%

l eV 4

e

neutron numbers are given for a typical PWR reactor



ﬁhysical Principles of a Nuclear Reactor

F A

2 MeV =

Energy

leV 4

40*2.5 = 100

100

k

k5
Nl

\

08

Slowing down

)

\

Research reactor
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Components of a nuclear reactor

Fuel

Moderator

Control rods

Coolant

Pressure vessel

Containment

Steam generator (for power plants) or

experimental facilities (for research reactors)



Moderator

elastic collisions with light atoms (mass A):
average energy loss E,,, - E, =2 E, A/(A+1)?

INE,) = IN(Epey) = & = 1 — (A-1)?/(2A) * In[(A+1)/(A-1)]

>=Noc=m/Moc

Moderating power: EX e catter

Moderating ratio: EX e catter Zabs.
Light water (H,O) 1.28 58
Heavy water (D,0) 0.18 21000
Beryllium (Be) 0.16 130
Graphite (C) 0.064 200

Polyethylene (CH,), 3.26 122



Q4: The moderator of the first nuclear reactor

U 235 U 238

0.7204 . 99.2742

0.1% el : S ——— :  W— : I : L 3

-5000 -4000 -3000 -2000 -1000 0
Time before now (My)




Choice of coolant

coolant = moderator
—> passive regulation
= Intrinsic safety

RBMK:

graphite moderator

water cooling

= positive void
coefficient !




RHF fuel element

'l"’"z.l
t! 1""\““““‘“‘ NN R

3

8.6 kg 23°U, 93% enriched




8 December 1987: Intermediate-Range Nuclear Forces Treaty
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45,000 USSR/Russia
40,000

35,0001 United States
30,000
25,000
20,000
15,000
10,000

5,000

Number of warheads

1945 1955 1965 1975 1985 1995 2005
Year

1 warhead = 25 kg HEU = 3 fuel elements for ILL
The ILL reactor contributes to permanent disarmament!



The reactor core and vessel

Fuel element :
-R; =14 cm
-R, =19 cm

Vessel:
R =125cm

Beam tubes :
-13 Horizontal
-4 inclined

Sources

-VCS

-HCS
-HS



Spectral shaping with dedicated moderators

D>0O Moderator

(~ 300 K) | - D Cold-Neutron
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Spectral shaping with dedicated moderators

Neutron Flux (Wem?/sA)
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Power reactor N—

heat used to produce
electricity

neutrons just to maintain
chain reaction

needs high power,

high temperature and high
pressure for good thermal
efficiency

BWR: 75 bar, 285°C
PWR: 155 bar, 315°C

25 cm thick steel pressure
vessel = defines lifetime
(40..60 y)

Research reactor

neutrons used for applications
heat not used

operates at lower power,
low temperature (ILL 30-48°C)
and low pressure (<14 bar)

vessel and all inserts made
from pure Al-alloy

modular and exchangeable
= no finite lifetime



ILL: Replacement of the reactor vessel 1990-94




