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Broad topic Lecture title
Introduction / Review of nuclear physics
Interaction of neutrons with matter
Nuclear fission
Fundamentals of nuclear reactors

LWR plants

The diffusion of neutrons - Part 1
The diffusion of neutrons - Part 2
Neutron moderation without absorption
Neutron moderation with absorption
Multigroup theory
Element of lattice physics

Neutron kinetics

Depletion
Advanced LWR technology

Breeding and LFR
AGR, HTGR
Channels, MSR and thorium fuel

Review session
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 Interaction of neutrons with matter
» Cross sections

» Mechanisms of neutron interactions
 [llustrations of cross sections

» The Doppler effect

» Anisotropic scattering

* On cross section libraries
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The operation of a nuclear reactor depends fundamentally on the way in which neutrons

interact with atomic nuclei.

Reaction

(n,n)
(n,n’)
(n,y)
(n,p)
(n,0)
(n,2n)
(n,3n)
(n,np)
(n,fiss)

Is isotopic composition
of nucleus changed ?

No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Is internal energy
of nucleus
changed ?

No
Yes
Yes
Yes
Yes
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Yes
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CROSS SECTIONS I
P Neutron interactions in matter |_ |-

Atoms per
Interactions of neutrons with matter are described in terms of unit volume
cross sections (XS).

Considering monodirectional beam of neutrons of intensity I: Area

| = number of neutrons which strike the target per cm? per s Thickness

| = n X v =neutron density X neutron velocity

In this case the beam intensity is equal to the neutron
(scalar) flux @ [n/cm?s] — number of neutrons crossing a
unit area per s

Incident neutrons
Neutrons incident on a target
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Reaction rate |_ i

CROSS SECTIONS

Intuitive concept: Number of interactions per unit time per unit volume
(Interaction rate) [1/cm3s] =

Nucleus cross section [cm?] X
Number of nuclei per unit volume [1/cm3] X
Beam intensity (neutron flux) [n/cm?s]

— Interaction (or reaction) rate: F = X N X® <<

o is the microscopic cross section [barn]

— 1 barn (1b) is equal to 10-24 cm? [C%z]‘ \ :[cm'3]

. X =0 X N is the macroscopic cross section [1/cm]

T
U

— Interaction (or reaction) rate: F =X XD ¢

()
®[n/cm?s]

Neutrons incident on a target



CROSS SECTIONS _
| [
4 Type of interactions |_ i

Neutrons interact with nuclei in a number of ways and each type of interaction is
described by a characteristic cross section:

Scattering

Elastic scattering cross section o,
Cross section o

Inelastic scattering cross section o;

Radiative capture (n,y) cross section o,

> Total

Fission cross section o "
Cross section o,

Absorption
Cross section for (n,p) reaction o, Cross section o,

Cross section for (n,a) reaction o, )




NEUTRON INTERACTIONSTANDIMACROSCEOPI =
CROSS SECTIONS " "m

X

< [
< »

. Consider a target in monodirectional beam of intensity I,

Iy
i ; - - I(I:] = I{]E_NJEI
I(x) is the intensity of non-interacted neutrons.

Decrease of | while traversing dx of the target:

—dI(x) = Noy1(x)dx

—dI(x) Nod
= o:dXx
Ix) 5
Zt == NO-t

dl(x)

1(x)
interacted in dx

Is the fraction of neutrons which penetrated x without interaction and which

%, dx = Probability that a neutron interacts in dx ,
h

. X, Is the probability per unit path length that a neutron will undergo some sort of
interaction .



NEUTRON INTERACTIONSTANDIMACROSCEOPI =
CROSS SECTIONS " "m

Probability that a neutron has its first interaction in dx around x p(z)dz

Probability that neutron survives up to x without interaction: I(e)/, = e~ NotT = g~ =2
X
Probability that neutron does interact in the nextdx : %,

p(z)dz = Ee” =% dz

p(x) Is a first interaction (or first collision) probability distribution function

It represents the distribution of distances which neutron moves between
Interactions — free path.

. The average distance between two interactions — mean free path

A= L0 _ = Et[ ze Sy = — At
f p(z)dz ’
0 8



CROSS SECTIONS OF MIXTURESFANDIMORECUEES l_ l_

Homogeneous mixture of two nuclear species X and Y (Ny and N, atoms per
cm?d)

- Nxox - Probability per unit path that neutron interacts with a nucleus X
- Nyoy - Probability per unit path that neutron interacts with a nucleus Y

- Probability per unit path that neutron interacts with either X or Y :
= E;{ + E}f = iVxETX + IV}JEFy

- For the molecule XY,
Y=Nx v.ox. v, = Nx_vy (mox 4+ noy)

. These equations are based on the assumption that the nuclei X and Y act
independently when they interact with neutrons.

- for low-energy neutrons undergoing elastic scatterings on molecules, this
assumption is not valid.



» OF NEUTRONIINTERACILION : P : L
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Neutron-electron interactions are negligible (infinitesimal cross sections)

Neutron-neutron interactions are negligible (probability to meet a nucleus is ~1014
times higher than to meet another neutron)

Two fundamentally different mechanisms of neutron interaction with nucleus:

- compound nucleus formation:
neutron is absorbed, exciting nucleus which then relaxes by emission of:

. one neutron: elastic scattering

. one neutron and y-ray: inelastic scattering
. y-ray: (n,y) reaction

. proton: (n,p) reaction

. a-particle: (n,a)

. In special case, fission (Chapter 3)

- potential or shape scattering:
neutron is not absorbed, but interacts with a nucleus as billiard balls do.

10
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neutron interaction
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- NEUTRON'INTERACTION I-
Resonances |

Probability of formation of the compound
nucleus is high if there is an excited state in
the nucleus ZA*! near E_+B.

__— Resonances

L\

XS

. The cross sections for neutron interactions
(e.g. elastic scattering) through a compound
nucleus formation can be written as:;

I,
04(E.) =(@oRIED = E

neutron

Total cross section for the  Probability that the
formation of a compound * compound nucleus decays by
nucleus elastic neutron emission

. The energy dependence near an isolated
resonance E, can be approximated by

constant

TCN (EC‘] —

12



NEUTRONIINTERACTION |-
Potential scattering |_

. The cross section for compound elastic scattering is significant only when neutron energy
Is close to the nucleus resonance.

. Potential elastic scattering on a nucleus takes place at any energy of incident neutrons.

_ 20 Potential scattering 016
o 5 . Resonances
55
2= 10
O O
2 5
S a5
] 2
s e N x_\‘_/_L.
0

00 02 04 06 038 1.0 1.2 1.4 1.6 1.8 20
Neutron energy (MeV)
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THE TOTAL CROSS SECTION = .
) Data g "I

Let us consider now (in a limited way) actual ]
( Y) eLight (4 < 25)

experimental cross-section data. These data depend on:

eMagic (NorZ=2,6, 8, 14,
20, 28, 50, 82, 126)

. the energy of the incident neutron

. the nature of the target nucleus.
eintermediate (25 < 4 < 150)

n
z"—ts*\

1 1
1@ A Heavy (4 Z 150) [ 2@
H Y ¥ He
Hydrogen \ ’ Helium
1.00794 AN %4 4.003
3@ 4@ 5@ @ 7@ 3@ 0@ 10@
Li Be B C N O F Ne
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Nean
6941 | 9012182 10811 | 12,0107 | 1400674 | 159994 |18.9984032] 20.1797

1@ 12@ 3@ 4@ 150 160 170 150

Na | Mg Al Si P S Cl Ar
Sodium | Magnesium Aluminum Silicon | Phosphorus Sulfur Chiorine Argon
22989770 24.3050 26981538 | 28.0855 |30.973761 | 32.066 35.4527 39948

190 20@| 210| 220| 23@| 24@| 250| 200| 270| 28@| 290 300| 310| 320| 330 340 350| 360
K Ca Sc Ti \'% Cr Mn Fe Co Ni Cu n Ga Ge As Se Br Kr
Zi

Potassium Caleim Titanium Vanadiun Chromium Manganese Coball Nickel Gallium Ciermanium Selenium Bromine Kryplon

390983 40.078 4:“;22?” 0] 47.867 50.9415 51,9961 |54 “),’18040 5511‘!::15 58033200 | 58.6934 (:';“:Tﬁ n’aSI.‘;“J 69.723 72.61 744.:)“2“1“(“(! 78.96 79,904 83.80
370 33@| 9@ 0@ 410 420 30| 40 150 460 70| 10| 90| 0@ 510 520 30| 540
Rb | Sr Y Zr [ Nb [ Mo | Tc | Ru | Rh | Pd | Ag | Cd In Sn | Sb | Te | Xe

Rubidium Strontium Yurum Zirconium Niobium Molvbdenum | Technetium Rutheniun Rhodium Palladium Silver Cadmivm Indium Tin Antimony Tellurium lodine Xenon
854678 87.62 B8.O0585 | 91.224 92.90638 95.94 (98) 10107 110290550 10642 107.8682 [ 112.411 114818 118.710 121.760 127.60 112690447 131.29

550 560 7@ 72 73 74 75 76 77 78 79 80 81 2@ 3@ 384 85 86
Cs | Ba | La | Hf | Ta | W Re | Os Ir Pt | Au | Hg | TI Pb Bi Po At | Rn

Barium Lanthanum Hafnium Tungsten Rhenium Osmium Platinum Gold Mereury Thallium Lead Bismuth Astating Radon

Cesium Tantalum ridium 0 Polonium
13200545 | 137327 | 1389055 | 17840 | 1809479 | 183.64 | 186.207 | 19023 | 192217 | 195078 |196.96655] 20050 | 2043833 | 2072 |20808038| (209 | (2100 | (20)
87 88 89 104 105 106 107 108 109 110 111 112 113 114
Fr | Ra | Ac Rf | Db Sg Bh | Hs | Mt
Francium Rad Acti i Scab Bol

ium Actinium E ohrium Meitnerium
(223) (226) (227) (2601) (262) (263) (262) (265) (266) (269) (272) 277y

58@ 59@ 600 610 62O 63 64 65 66 67 68 69 70 71
Ce | Pr | Nd ([Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

Cerium Praseodymium | Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Exbium Thulium Yuerhinm Lutetium

140,116 | 140.90765 | 14424 (143) 150.36 151,964 157.25 |158.92534] 162,50 |164.93032( 167.26 |168.93421| 173.04 174.967
90 91 92 93 94 95 96 97 98 99 100 101 102 103
Th | Pa U |[Np| Pu |Am | Cm | Bk | Cf | Es | Fm | Md | No | Lr

Thorium Protactinium Uranium Nepiunmm Plutonmm Amencum Curium Berkelium Californium Fermium Nobelium Lawrencium
232 0381 |231.03588 | 238 0289 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)




THE TOTAL CROSS SECTION

Measured in transmission experiments

! '
U¢=Cl—|—\/—% or c:rt=l'j1—|——2 ![
(il

[wikipedia]

C, is determined by the elastic scattering cross sections

C, depends on (n,y) or any other exothermic reaction

10° " , )
— : |
= 104 : C1=20.1 i — ol
é 104 C2=34 : C2=038 - —  Oclas. scat.
203 Cl1>C2 : C1>>C2 :
S 1 , .
T 102 : - |
o T ! | No resonances
7 101 _ | | \
w2 . |
Qg 1001 : :
_ 1 | [ENDF/B-VII.1] . .
107 ‘ 1 L

108 102 10° 10f 100 10° 107
Energy [eV] 16
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THE TOTAL CROSS SECTION -
3 Light nuclides

Measured in transmission experiments

G‘ !
Ut=Cl+T% or .:r¢=[?1+—9_£
o

[wikipedia]

C, is determined by the elastic scattering cross sections

C, depends on (n,y) or any other exothermic reaction

Incicdent neutron data / ENDF/B-VII.1 / H1 / / Cross section

000000
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Cross Section [barn]
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101

Cross Section [barn]

10-1

THE TOTAL CROSS SECIION

e

Gtotal

12C

1077102 10!

10

- 10 10
Energy [eV]

100 i

12C

Cl=42
C2=01

Cl=4.7
C2=01

——  Ototal
Oscattering

O capture

E =2 MeV
I'=7keV

[ENDF/B-VII.1]

—_

1073 102 10 ¢

D—-—-—-—-—-—-—-—l

[ TR TiE
Energy [eV]

107

10°  10° 107
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THE TOTAL CROSS SECTION
, Light nuclides

51 Gtotal

e

Cross Section [barn]

10" 12C

—_
=

—1 ‘ . . ‘ ‘ o o
10=° 1072 107 10" 10" 107 10° 10*
Energy [eV]

Incident neutron data /| ENDF/B-VIL.1 / CNat / / Cross section

ection (b}

+ +
165 164 0.001 001 0.1 1 10 100
Incident energy (MeV) 19



Cross Section [barn]
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Cross Section [barn]

10-1

103

10!}
100 i

THE TOTAL CROSS SECTION

e

6total

:":-_'-—'_——__

12C ]_-GO

102 10 ¢

10

o 107 107 107
Energy [eV]

160

Cl1=385
C2=01

Cl1=39
C2=01

Ototal
Oscattering

O capture

[wikipedia]

100 10° 107

E =443 keV
/

[ENDF/B-VII.1]
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10° 10° 107
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THE TOTAL CROSS SECITION

10°

10°! Oiotal

10" _ &
3 [wikipedia]

10°)

W0~

10"} 12C 160
-1 ‘ . . ‘ ‘ L . . L
10735 1072 100 10¢ 101 107 10° 107 10° 10° 107

T~ r =« -

Incident neutron data / ENDF/B-VIl.1 / 016 / / Cross section

Cross Section [barn]
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THE TOTAL CROSS SECTION

23Na - [http://www.mtauxs;eciaux.fr

,1H ;
1

10" 12C 180

Cross Section [barn]

—_
=
—_

T e T L T A T A L T T
Energy [eV]

;1 2Na

——  Ototal
Oscattering

O capture

00
————

10"}
10—1W Ao | i

10 102 10~ 10° 10" 102 10° 108 100 10° 107
Energy [eV] 22

Cross Section [barn]




THE TOTAL CROSS SECTION |:
F Light and magic nuclides

. Gtotal

10! 209Bj

23Na

10"} 12C 160

T e T L T A T A L T T
Energy [eV]

Cross Section [barn]
/ T

—_
CJ

,_.
o

10°

—  _|200Bj L
E 10° _ - ——  Ototal
R Magic! 126 + 83 = 209 1 G
P . scattering
|

CC:) ]_03 i | ——  Ocapture
@ 107} | -
P -
z 10 wuummnw\
=100 | ,
QO . 1JEN_DF/B-\(||.1] | | | o |ML|.|. | i

107 107 10 10" 10! 107 10° 10* 10° 10°

Energy [eV] 23



THE TOTAL CROSS SECTION |:
E Heavy nuclides P F L

. Gtotal

10! 209Bj

23Na

Ly

Cross Section [barn]
T

—_
=

L
-

T e T L T A T A L T T
Energy [eV]

100 .
— 1233 I I
- _ _
g 10 © Resonance region Ototal
o
2 10 : Sharp resonances - —  Oscattering
1/v I I Unresolved
- 103 7 I'<<leV . ——  Ofission
ks | I I resonances |
8 102 . ! o O-(fﬂ,ptll]‘(‘.
95
» 10 I —_—
5 1001 I ]
10_1 [ENDF/B-VII.l] . 1

107 102 10 10° 10" 102 10° 108 10° 10° 107
Energy [eV] 24



THE TOTAL CROSS SECIION

Heavy nuclides E P F L

10°

Cross Section [barn]

—1 ‘ . . | | . . . . ~
1010_‘j 102 107" 10V 10" 107 10° 10 10° 10° 10°
Energy [eV]
10° 235 ‘ — : ‘ ‘
? 105 U : ——  Ototal
<
=, ].OJ‘ | —  Oscattering
Cg) 103 | ——  Ofission
E 102 \ ——  Ocapture
! ' 4 — _
2 10°F I -
= 109 ,
& 1)1 LIENDF/B-VIL] r | | | o | -
- w02 10t 1w 1wt 10* 1w 10t 100 10° 10

Energy [eV]
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THE TOTAL CROSS SECTION |:
E Heavy nuclides P F L

10°
10°
10
10°%}
10%F

Cross Section [barn]

1073 = | ‘ ‘ 105 108 10°  10° 107
Energy [eV]
10° , T ,
10°
10%]
103}
102|
101}
100_

10-1 [ENDF/B-VII.1]

1070 10°°

——  Ototal
Oscattering
——  Ofission

o capture

\__'_§

——

Cross Section [barn]

0° 10° 107
Energy [eV] 26



THE TOTAL CROSS SECTION .
g Heavy nuclides |_ "I

10°

Cross Section [barn]

igh energy
only

—_ 238 O ,
E 105 U I | ——  Ototal
v}
= 1 OJ‘ . | —  Oscattering
|
g ]_03 : | | ——  Ofission
5 107 | i Eission at
P .
U} ']
7]
O
—
QO

10-1 [ENDF/B-VII.1] | :

105 102 10" 100

10710 010
Energy [eV] 27




10° 2% Th ‘

— - | |

E 10” T . ' ——  Ototal

< 1 | |
=, 10 | | —  Oscattering

Cg) ].03 ] | | —  Ofission
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N 1 \\ .
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THE TOTAL CROSS SECTION I: .
Intermediate nuclides g P "I L

—— Ototal

Oscattering

103 | [wikipedia] . -_— U(fﬂptllr(:

Cross Section [barn]

—_
=

—1 ‘ . . _ ‘ . d_
10 10 107 10" 10! 107 10” 10°

Energy [eV]

g ——  Ototal

< |

e} I —  Oscattering

Cg) | ——  Ocapture

< : |

P 1 L _ .

o 107} Magic! 40 + 50 = 90 I aly BN

R i) E |
10*1 [ENDF/B-VII.l] . I

107 102 10 10° 108 102 10° 10 0° 10° 107
Energy [eV] 29



ELASTIC SCATTERING

Difficult to measure and analyze theoretically

Data E F L

Low energy to ~ keV region: almost constant

Elastic cross section (barn)

High energy: reduction + resonances

The bigger A the sharper and higher
resonances are and at lower energy

gt ] they start
X E
~130.1b
~301b  Ha 0-16
1x10' = 1220 i
1 l49b T |
il 40D
1x10° =
] C-0
110" =
1 Fe-56
1x107 =
1x10~ i Q"QZ§§EV"""'\ L L e L A
1x10° 1x10" 1x10° 1x10' 1x10° 1x10° 1x10" 1x10° 1x10° 1x10’

Neutron energy (eV) 30



ABSORPTION REACTIONS I-
g Radiative capture h P L

Possible at all energies, but most probable at low energies

For high A isotopes, capture and scattering resonances don’t have the same shapes
20

016 Oscattering = 104 3 U238 ]
10°}

cscapture |

[—
ot

Gtotal

—_
=}
o

Cross Section [barn]
SR=

Cross Section |barn
—
A

—_
-
L

[ENDF/B-VILY] | | ‘ ‘
80 02 04 06 08 1.0 1.2 1.4 16 20 40 60 80 100

Energy [MeV] Energy [eV]

-]

Possible for all nuclei, but becomes increasingly important with increase of atomic

number:
« After a neutron absorption the excitation energy is above the virtual state

(either nucleon or y-ray can be emitted)
« The excitation energy is divided between nucleons

« The more nucleons the lower probability that one nucleon receives

enough energy to leave the nucleus “



ABSORPTION REACTIONS .
| Radiative capture |_ "I

1x10° 4
1x101é
1x10°
1x10™ 3
1x102é
1x103é
1x104é
1x1o5é
lxlﬁéé

1x107 4

Radiative capture cross section (barm)

1x107 4

1x10” +— L ) L L L L B L L L B A B Y
1x10° 1x10™ 1x10° 1x10' 1x10° 1x10° 1x10* 1x10° 1x10° 1x10’
Neutron energy (eV)
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ABSORPTION REACTIONS

Cd113

Gscattering

Gapture

F
Radiative capture - Cadmium g P "I

2. 10° ) )
o . Ototal (Very) high capture cross section
2 1
s 10 o at low energy
710
z Energy cut below 0.5 eV
S 107!
0 20 10 60 80 100
Energy [eV]
10° — A
— _ |
E 10° Cd113 I total
<
4 -
% 103 Py239
P! 101\\U \J M;hul‘“\ | 1 . ‘
% S J ~—— ammng__u._____n___:_ | T ‘"‘!‘-'Mhyl-“i‘-"---i*'hmn‘m
®) 0 S |
— 10 3 C12 16 | ! 238 \r :
@ 1)~ LIENDF/B-VILY] O | L | | Th 2 | U | |
0% 1007 1071 10° 10 10? 10° 10 10° 10° iy

Energy [eV]
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ABSORPTION REACTIONS .
a Charged particle reactions |_ |-

10° —
Examples: (n,p_), (n,oc?. Usually end(_)thermic and = 107| B10 Cooaterng |
threshold reactions with few exceptions. S~ Gcapture
=, 104} o
The most important exothermic charged particle 2 107 Gt
reaction in nuclear reactor is: 2 10
S _
B1%(n,a)Li’ 2ot
w2 r—
c% 10"
B0 enriched B,C is widely used as an absorber 10-1 ;
- 1 10710-20- 110" 10T 107 10° 107 10° 10° 107
material in control and shutdown systems Energy [eV]
nergy (e
Another important reaction is: s
N4(n,p)C14 = 107, Ototal Cdtss
_ 2 101
Cl — Iong-liv§d pot_entially_dangerous B-emitter. ERt
Nuclear explosion: nitrogen in atmosphere. 2 10
I
o 10
A source of water radioactivity : 2 100
OlG(n p)Nlﬁ o 10-1 [ENDF/B-VII.1]

1010-20~T10" 107 107 10* 107 10° 10° 107
N1¢ — B-decay with emission of 6-7 MeV y-rays. Energy [eV]
35



NEUTRON-PRODUCING REACIIONS

In an inelastic scattering most of the initial
Kinetic energy of an incident neutron
remains in the residual nucleus (after
emission of an inelastic neutron) and is
released as y-rays.

. When the initial energy becomes high
enough, the emission of the inelastic
neutron can be followed by the emission
of another neutron (instead of a y-ray).

Most nuclei have an (n,2n) threshold in the
range of 7-10 MeV. An important
exception is °Be: 1.8 MeV.

F
(n,2n) and (n,3n) reactions |_ P |-

€35 U238 ——  Oinel. scat. | 1
.ESO — On2n
= 2.5 On,3n
2 2.0 ’
g
215
2 1.0
= 0.5
O O O [ENDF/B—VII.l] ‘ .
0 5) 10 15 20
Energy [MeV]
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F
(v,n) reaction g P "I

NEUTRON-PRODUCING REACTIONS

. Energetic y-rays are produced in a nuclear reactor as a result of:
- fission;
- neutron-nucleus interactions (radiative capture, inelastic scattering, etc.);
- radioactive decay of fission products.

. An absorption of the most energetic y-rays can result in the excited states of a
nucleus which can decay with emission of a neutron: (y,n) reaction

. The thresholds of (n,2n) and (y,n) reactions are identical

Unlike the (n,2n) reaction, (y,n) reaction continues after the reactor shutdown.



THE DOPPLER EFFECI

Up to now : before a neutron-nucleus interaction nucleus was
supposed at rest in the laboratory (L) system.

However, atoms are in continual motion due to their thermal
energy.

The monoenergetic (in L-system) beam of neutrons appears to
have a smear of energies in center-of-mass (C) system, because
of the thermal motion of the target nuclei.

By analogy to similar phenomena in acoustics and optics this
effect is known as nuclear Doppler effect.

Christian Doppler (1803 — 1853)

38



THE DOPPLER EFFECT
e P = I
25000
E,=667eV o, = 23500 barn
20000 I =0.0265 eV
E Breit_Wigner formula oK F? =0.0230 eV
g y -
S E,\ /2 Il
8 15000 o,(E) = o (E_l) -
@ ¢ (Ec— E1)* + /4_
g 2
g 10000 x== (.~ )
&
@)

5000

I'=1000K

0
-0 9 8 -7 6 5 4 3 -2 -1 01 2 3 4 5 6 7 8 9 10
X

Increase of the temperature results in widening of resonances (radiative capture,
scattering, fission, ...)

— The neutron behaviour depends on the material temperature!
39



TRANSPORT CRSS E P F L

Scattered

neutron
: V,
| . < > -—

Incident Neutron /= ~Center: of Nucleus
neutron ‘mass

Recoiling)-

nucleus K Nucleus

=V,
Laboratory system Center-of-mass system

Elastic scattering of neutron by nucleus, as observed in laboratory
and center-of-mass coordinates.
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TRANSPORT CROSSISECTION _ -
=PrL

To take into account the effect of scattering angular distribution on the neutron motion, a
concept of the transport cross section is used. Consider scattering but non-absorbing medium.

Before the first collision: T, = A, average value of

. After the first collision:  z; = A cosf; = }LSE\_/// the cosine of the
projection to the axis of the original motion - scattering angle

. After the second collision: Ty = A;cosa = A, cosfy cosfy = A [
projection to the axis of the original motion

— lim T, =0

—r oo

. After the n collision: Tn = Asfh”
g <1

One can define the Transport mean free path:

Ar=Tg+ T+ T2+ .. = A+ AE+F NI+ ... =
Transport cross section:

- 1 When A, > A - forward os o= cos 6, cos B, —h' sin @, sin 5 cos ¢y
" Ng When A, <A - backward i e
tr i 18in#; sinfycos gy =0
otr = 0s(1 — 1) - "| - I
M ,;'L‘[} E]_ :‘BE

A
\ 4

A
A 4
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TRANSPORT CROSSISECIION : P -
] = L
In the case of isotropic scattering in the center-of-mass system:
_ 2
=34 AL

If absorption is present: oy = 0, + 05 (1 — ) =0y — 012 1 1 &

e - 9

Nucleus

Incident Ncu?ron

neutron

Recoiling ),

nucleus Nucleus

Laboratory system Center-of -mass system

Elastic scattering of neutron by nucleus, as observed in laboratory
and center-of-mass coordinates.
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CROSS SECTIONS AND UNCERTAINTIES
y Exemple of the 56Fe (n,y)

Incident neutron data f ENDF/B-VIILO / Fe56 | MT=102 : (z,g) radiative capture / Cross section

F T T T T T T T T T T T T T T T T T T T T T T T T T T =
100 —— RUSFOND-2010| |
——— JENDL-4.0 ]
—— JEFF-3.3
10— ENDF/B-V11.1 4
——— TENDL-2017 4
a1 1
5 M‘ |
o [
‘ﬁ 01T+ W  Exfor ({G}26-FE-57 Huang Zheng-De+, 1980 DATA .
* L ——— ENDF/B-VIILD MT=102 : {z,9) radiative capture Cross section RUSFOND-2010 | |
i ——— ENDF/B-VIILD MT=102 : (z,g) radiative capture Cross section JENDL-4.0
g ——— ENDF/B-VIILD MT=102: (z,9) radiative capture Cross section JEFF-3.3
oot -+ ENDF/B-VIIL.D MT=102: {z,9) radiative capture Cross section ENDF/B-VII.1
E ENDF/B-VIILD MT=102 : {z,q) radiative capture Cross section TENDL-2017
0001 1+ £
B €
2
o
1E4 g
2
| | 1 | 1 | 1 | [ &

1 5 10 50

Incident energy (MeV)

. The different libraries do not provide the same cross sections “values”...
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\TIES
Exemple of the 56Fe (n,y) E P F L

Reaction x Energy?-1720 MeV

)= ’
Onn On 0,044

10}
100
£ 107,
21072 .
10% ‘ 107° ﬂm*
— Onn — On 1902 _
102} —  ous X
= 10!
10! S
< 10()
10° & ; i
= p= ) - | II!
% 10- S - I\ il i
102 = i
P — = i ———
1072 g = == E
: i
10| — N |
p X | o %
0 ey S T kev MeV =
Energy =
<
[<P]
o
Ssame
“information”
-1 —0.5
Cross section dispersion Uncertainty + correlation matrix
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=PrL

Reaction rate = Flux x Cross-section (microscopic, macroscopic)

. Different types of reactions: absorption (fission, capture,...), scattering (elastic,
inel.),...

Energy dependence of cross-sections



