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Neutron-nucleus reactions

Reaction: «X+a—=Y+b
* X(a,b)Y
» X(a,b)
Examples of 10B + 1n — 7Lj + 4He 238(J 4+ — 239*
equivalent notations: 0B +n — 7Lj + o 238 + n — 239U +y
1OB(I’1,OL) 238U(n,y)

Reaction cross section o, expressed in barns, 1 b =102 m?

Neutron induced nuclear reactions:
« elastic scattering (n,n)
* inelastic scattering (n,n’)
* capture (n,y)
» fission (n,f)
« particle emission (n,a), (n,p), (n,xn)

Total cross section o,,: sum of all reactions
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Neutron-nucleus reactions

Reaction: X+a—=Y+Db e () _ o
* X (YD b

- X(a,b)Y

Cross section: d?c (Eq, Ep, Q)
function of the kinetic energy of the particle a 7(Ea) = // dlgb dEpdS2

Differential cross section:

function of the kinetic energy of the particle a do(Eq, Ep) do(Eq, )
and function of the kinetic energy or the angle dEy df)
of the particle b

Double differential cross section: 0
function of the kinetic energy of the particle a d*0(Eq, Ep, 2)
and function of the kinetic energy and the angle dFE,dS2

of the particle b
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Neutron fluxes and cross sections
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Neutron fluxes and cross sections
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Neutron fluxes and cross sections
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Neutron fluxes and cross sections
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Yal|rfu Neutron induced reaction cross sections
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Neutron fluxes and cross sections
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Spulsed white sources

Neutron fluxes and cross sections
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Classical — Quantum Physics

Classical physics
» particles, Newton’s law of motion
* electromagnetic waves, Maxwell's laws of electromagnetism

Quantum physics
« particles (momentum) and waves (wavelength) are different
descriptions of the same thing. Related by Planck’s constant h.

h

De Broglie wavelength: A = —
p

From 1900, observations of electrons, photons behaving as particles or
waves in different experiments (black body radiation, photo-electric effect,
crystal diffraction).

Probability of a particle being at time ¢, having position x is related to a “wave
function”.

Probability (Born interpretation): w* ¢

The wave function is a solution of the Schrodinger equation (postulate).

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 15



The hydrogen atom

Hydrogen atom
« quantum system of one proton, one electron
« the system can be in well-defined energy states (electron orbits).

« transitions between these states can be observed as electromagnetic
radiation

« Observed: energy states: E,, = -13.6/n? eV, with n=1 the ground state

« wavelengths observed corresponding to transitions between
these states (AE=hc/\)

CE/RW
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The hydrogen atom — Bohr model
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The hydrogen atom — Bohr model
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The hydrogen atom — Bohr model
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Discrete states of the hydrogen atom

>

excitation
energy

E,=-13.6 eV

hydrogen atom
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DE LA RECHERCHE A LINDUSTRIE

SACLAY

Discrete states of the hydrogen atom

Hydrogen atom

» quantum system of one proton, one electron

* the system can be in well-defined energy states (electron orbits).

« transitions between these states can be observed as electromagnetic radiation

« energy states: E, = -13.6/n? eV, with n=1 the ground state

» wavelengths observed corresponding to transitions between these states (AE=hc/)\)

Ly-a Ba-a Pa-a Br-a Pf-a Hu-a

| | | |

: T
vibk
100 nm 1000 nm 10000 nm
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The Schrddinger equation
al Irfu

Time-independent, for a spinless, onedimensional particle:

wave function

Solutions: U, I v

. potential energy
w w Interpreted as probabitliy

CERN
\
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. The Schrodinger equation
valirfu

Time-independent. Equation for a spinless, onedimensional particle:

1 () _
O L V@) = By()
-V V(@) 9le) = B

Hy(z) = Ey(z)

l

Hamiltonian
CERN
\
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Quantum system: the infinite well

- lon, ﬁ2 d2
for » spiniess, ondimansional parte  — UE) v ye(e) = Ba)

2m  dx?
Probability 1™ 1))

Example: The infinite well A A V=

for a spinless, onedimensional particle:

Vir)=0 for 0<z<a

V(x) = oo elsewhere

Solution:

x=0 X=a

CERN
\
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Quantum system: the infinite well

- lon, ﬁ2 d2
for » spiniess, ondimansional parte  — UE) v ye(e) = Ba)

2m  dx?
Probability 1™ 1))

Example: The infinite well £ A A V=
for a spinless, onedimensional particle: n
=
V(z)=0 for 0<z<a c
5
V(x) = oo elsewhere
E, PN
Solution: 2 . nnx E;
(U (33) — A/ —SIn —— E,
a a c
h27T2 ) T — V=0
En — T X:O X=a

2ma?
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Quantum system: the infinite well

- lon, ﬁ2 d2
for » spiniess, ondimansional parte  — UE) v ye(e) = Ba)

2m  dx?
Probability 1™ 1))

Example: The infinite well £ A A V=
for a spinless, onedimensional particle: n
= AVAVAVAVAN
V(z)=0 for 0<z<a E A
V(x) = oo elsewhere
Solution: 2 . nnx E;
¢n (33) — — SIn —— E,
a a c
h27T2 ) T — V=0
En — T X:O X=a

2ma?
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Quantum system: the finite well

Solve Schrodinger equation in two regions:
* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a

Now the wave function exists also outside the well at x<0 and x>a

V=0
B2 d2y)
L) 4 apita) = Bl
0<z<a — W d*(x) + Vou(x) = Ev(x)
2m  dx? 0 B
2 72
r<0,z>a —;md;igx)zElb(af) —o——————
Vo
CERN x=0 X=a
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Quantum system: the finite well

Solve Schrodinger equation in two regions:
* inside and outside the well
* normalize solutions to match value and derivative and borders x=0 and x=a

Now the wave function exists also outside the well at x<0 and x>a

E/V,

2 g2 I V=0
h= dp(x) -
— _= E 08f
o a2 TV (@)(@) = EY(z) |
B2 d() o O\
f<w<a Tom dz Vou(z) = By(e) L Match value
12 a2 () “f ~——"  and derivative
r<0,z>a — = E(x) —o—1 ,
2m  dx? \ [
N S S S
[ LVO
_‘__L,sw,s
CERN x=0 X=a
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Quantum system: the finite well

Solve Schrodinger equation in two regions:
* inside and outside the well
* normalize solutions to match value and derivative and borders x=0 and x=a

Now the wave function exists also outside the well at x<0 and x>a

E/V,
10}

V=0

0.8

In general, a generic state can be written

as a linear expansion of it eigenstates: ‘ | T Q\
' Match value

@D(:U) — Z Ck Yk (aj) ot T ——"" 2 and derivative
. |

CE/RW x=0 X=a
\
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Quantum system: the potential barrier

Solve Schrodinger equation in three regions:

» free travelling particle of energy E

* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a
e transmission and reflection

o———>
V=V,
V=0
x=0 X=a
CERN
\
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Quantum system: the potential barrier

Solve Schrodinger equation in three regions:

» free travelling particle of energy E

* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a
e transmission and reflection

©\6>
Match value
and derivative

CERN
\
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Quantum system: the potential barrier

Solve Schrodinger equation in three regions:

» free travelling particle of energy E

* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a
e transmission and reflection

. | o @ &
1 (z) = Ae™®)T 4 BemtM®) E \\f\/\
. , -V,
wQ(x) - Celk(w)w * De_zk(x)x Match value
¢3 (CB) = Eeik(w)x + Fe_ik(x)x and derivative
k(z) = /2m(E — Vo) /h?
V=0
x=0 X=a

CERN
\
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Quantum system: the potential barrier

Solve Schrodinger equation in three regions:

» free travelling particle of energy E

* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a
e transmission and reflection

< P
< <

\ 4
\ 4
v

& ?

Y1 ()
¢2<33) = Ce'M) + De~k(@)z Match value
)

¢3 (CI? = Eeik(w)x -+ Fe_ik(x)x and derivative

k(z) = /2m(E — V) /h?

x=0 X=a

CERN
\
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Quantum system: the potential barrier

Solve Schrodinger equation in three regions:

» free travelling particle of energy E

* inside and outside the well

* normalize solutions to match value and derivative and borders x=0 and x=a
e transmission and reflection

< P
< <

\ 4
\ 4
v

1 (x) = AetF@T | Bemik(@)z : \\f\/\
. , -V,
vale) = Cer™®)® 4 Dem e Match value
¢3 (CB) = Eeik(w)x + Fe_ik(x)x and derivative
k(z) = /2m(E — Vp) /2
J= g, WTVY = VYY) V=0
x=0 X=a

C\ERN transmiSSion T — ‘F|2/‘A‘2 — jtrans/jinc
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Quantum systems

Other useful excercises in 1D:
* barrier potential

» finite potential well

* harmonic oscillator

More complicated in 3D, V=V(r), more particles, degeneracy:
« cartesian well

* spherical well

« harmonic oscillator

« realistic potentials (Wood-Saxon),

- No analytical solution possible,
numerical solutions

Apply to real quantum systems:
atoms (hydrogen) but also to nuclei.

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Quantum systems

Other useful excercises in 1D:
* barrier potential

» finite potential well

* harmonic oscillator

More complicated in 3D, V=V(r), degeneracy:
« cartesian well

* spherical well

* harmonic oscillator

« realistic potentials (Wood-Saxon),

- No analytical solution possible,
numerical solutions

Apply to real quantum systems:
atoms (hydrogen) but also to nuclei.

A nucleus is a quantum system of
nucleons (protons and neutrons), bound
C\ERN together by the strong force.
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neutrons
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The nucleus as a quantum system, shell model
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The nucleus as a quantum system

shell model representation:

: : _ _ level scheme representation:
configuration of nucleons in their

excited states of a nucleus

potential (shell model and other states)
A
A 0
>
2
(0]
c C
"5_ (]
S S 3rd excited state
[ IS,
S S 2nd excited state
8 gejeleloleles Notolotetelen ©
Q 1st excited state
Ba 4 a a 2 s 2 ZCRCRCRCy ground state
Yy, oo 00 AX
neutrons protons
CERN
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The nucleus as a quantum system

shell model representation:

: : _ _ level scheme representation:
configuration of nucleons in their

excited states of a nucleus

potential (shell model and other states)
A
A 0
>
2
(0]
c C
"5_ (]
S S 3rd excited state
[ IS,
S S 2nd excited state
8 0@ 0000000000 ©
Q 1st excited state
00000 000000 ground state
Yy, oo 00 AX
neutrons protons
CERN
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The nucleus as a quantum system

shell model representation:

: : _ _ level scheme representation:
configuration of nucleons in their

excited states of a nucleus

potential (shell model and other states)
A
A 0
>
2
(0]
c C
"5_ (]
S S 3rd excited state
[ IS,
S S 2nd excited state
8 0@ 0080000000 ©
Q 1st excited state
@000 00000000 ground state
Yy, oo 00 AX
neutrons protons
CERN
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The nucleus as a quantum system

shell model representation:

: : _ _ level scheme representation:
configuration of nucleons in their

excited states of a nucleus

potential (shell model and other states)
A
A 0 .
>
>
< o 0@ @ 2
"5_ ()]
3 .5 31 excited state
I ® e g
§ % 2nd excited state
Q —O- 0000000000 -
Q 1st excited state
m 20 10100200 100 & ground state
A -V, @) | @O AX
neutrons protons
CERN
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........................

The nucleus as a quantum system

340
33470 1.93 MeV
L 16570 300 keV
2+ 16105.8 5.3 keV
S
1 15110
Level schemes from ENSDF :
www.nndc.bnl.gov/ensdf s E
2-) ,\«Qjééh 13352 375 keV
L il 12710 18.1 eV
= 11828 260 keV
- T 10844 315 keV
0+) MA” 10300 3.0 MeV
3= il 9641 34 keV
é‘)/
@
l\\v.
0+ > 7654.20 8.5 eV
14700 =700 keV &
¥ K -
7/2— 9670 ~400 keV = 4438.91 10.8x1073 eV
5/2— ——{———— 6680
5 0.88 MeV
& N
v & 4630
2= & 93 keV
(5
8
N
1/2— & 477.612 73 fs
32 L 2.0 stable 0+ 0.0 stable
73Li4 2¢

CERN 7L| 12C
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ceR The nucleus as a quantum system

SACLAY
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1— 192.9427 0.7 ns
0— 91.0040
1- 22. 1800 0.28 ns
2 0.0 2.6947 d

984U, 198Au

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014




DE LA RECHERCHE A LINDUSTRIE

ceR The nucleus as a quantum system

SACLAY 8RS
GES

11958.1

6920.
6743.

208
XZPb|26

CERN 208pp

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014

<0.17 fs
0.016 fs
0.585 fs
=<0.24 fs

=<0.51 fs

0.050 fs
0.025 fs

=1.8 fs

7.6 fs
194 fs
11.7 ps
>520 fs
4 ps
294 ps
16.7 ps
stable
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DE LA RECHERCHE A LINDUSTRIE

The nucleus as a quantum system

SAoxax
SENRT
EVENENANG
(1/2+) 3107.0+x
LI
O:F 1808.2+x

: 1717.1
' 0?9’ 1630.6+x
1626.9+x
1/2.3/2+ 1573.3
1/2-.3/2— : 1520.40
= 1481.60
1436.90
1399.6
(1/2-,3/2-) 1360.98
1/2-.3/2— 1306.22
1/2-.3/2— : X 1241.99
(3/2-) H .31
512+ :
(1/2)— / H
32+ / :
1/2+ / H

(3/2+4) |

(1/2+,5/2+)

(3/2)+
3/2—
S g ' 1539.200
(3/2-) v 477.8+x
(11/2-) 372.7
(7/2-) 292.5872
5724 193.987
B A23.987
174.0+x
32+ T ST o v - N 145.769
U —— \133.7990 .78 us
7/2+ 42.543
(5/2+4) 0.0+x >0.25 us
512+ A M A 0.0 23.45 min
239
92Ul47

CERN 239U

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



Nuclear levels

O
HL
o
0]
<

neutron separation energy

nuclear levels (238U: 400000)
level density =
number of levels per unit energy

(O—> D =100 keV

S, =10 MeV

ground-state

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 46



Compound neutron-nucleus reactions

m—

E.f - s5==)—>D=10eV |
n + /i ----- e L ____b Y eI
AX —
(O— D =100 keV
S, =10MeV| __ ~

@ ;é - X
— Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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n +

compound
nucleus reaction

4+f§$—»@

T~ 10710
E, < 10 MeV

(O— D =100 keV

S, =10 MeV

@ A+1X

— Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 48




Neutron induced reactions:
Chart of nuclides

proton number Z
A o © O
o o o o

N
o

20 40 60 80 100 120 140 160 180

120{
0
0

neutron number N

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 49



Neutron induced reactions:
Chart of nuclides

120
proton drip line
N 100 \
o
o 80
S
c 60
G
s 40
a
20 neutron drip line
0

0 20 40 60 80 100 120 140 160 180
neutron number N

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Chart of nuclides

120
N 100
o
o 80 ey
c 60 i"_,_r"
g _ _,n'" : M stable
s 40 'I";r"
S A -

20 'f"r“
0

0 20 40 60 80 100 120 140 160 180
neutron number N

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Chart of nuclides

120

-
-
o

Qo
o

(@)
o

B stable

proton number Z
S

N
o

0 20 40 60 80 100 120 140 160 180
neutron number N

!—/; Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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100 ¢

90}

80t

70}

60

S0

40|

30t
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Neutron separation energy

a0 E

4 -10 MeV
for stable nuclei

0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150

N

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Fission of 23°U+n et 238U+n

lble
n+ I A
235U
n -+ A
6.6 MeV
238
S, =6.5MeV U
S,=4.8MeV
236U excitation
239U energy

— Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 54



Elrfu Decay of a nuclear state

eigen state,
state with a life time : E, transitition E,—E;
. life time t
lp(t) — ‘I’Oe_lEot/he_t /12T
E y
definition (Heisenberg): f
h
r=-—
T
Fourier transform gives energy profile:
r
'/ 2m
M) = E By 1714 |
( _ o) + E E

0
C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 55



Neutron-nucleus reactions

— VW

scattered
incident radial wave
pIain wave .
]out
) nucleus as
Jinc 2mz 5 (VY —pVyT) potential well

Conservation of probability density: 7(Q) = r? ]ogt(rr Q)
Jinc
Solve Schrodinger equation of system to get cross sections.
Shape of wave functions of in- and outgoing particles are known,
potential is unknown. Two approaches:
» calculate potential (optical model calculations, smooth cross section)
* use eigenstates (R-matrix, resonances)

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 56



OV R-matrix formalism
oa] Irfu

partial incoming wave functions: IC :
cross section:

partial outgoing wave functions: O o _ 2|5 2
¢ Occ! = 7T/\c|oc’c - uc’c|

related by collision matrix: ucc’

External region (r>a., well separated particles):
* no interaction, Schrddinger equation solvable.

a N a N
entrance channel compound nucleus exit channel
c={a,b,j,]mp}t o d={a ) ) my

Y

Internal region (r<a, compound nucleus):
» wave function is expansion of eigenstates A.

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Find the wave functions

2 y ' > d, external region
' e I < d¢ internal region

y T > ' = A, match value and derivate of ¥
separation distance d? f(ﬁ + 1) 2m,.
_—— — - V—-—FE)|rR(r) =0
[er r2 h2 ( ) (r)
External region: easy, solve Schrodinger equation
central force, separate radial and angular parts. Y(r,0,¢) = R(r)O(0)P(¢)

solution: solve Schrodinger equation of relative motion:
» Coulomb functions
* special case of neutron particles (neutrons): fonctions de Bessel

Internal region: very difficult, Schrodinger equation cannot be solved directly
solution: expand the wave function as a linear combination of its eigenstates.

using the R-matrix: E YAcY ,\(
/\ -

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 58



The R-matrix formalism

neutron energy, A=238 (eV) ( P = Q¢ / )\)

2.9x10’ 2.9x10° 2.9x10° 2.9x10’
T T T T T TTT | T T T T T TTT | T T T T T T 17T |
1.0 — L=0 N
L — L=1 |
0.8 -
0.6 |
_63 0.4 —
0.2 |
0.0F QX )
02 .
1 1 1 1 I 111 | 1 1 1 1 I 111 | 1 1 1 1 I 111 |
107 10" 10° 10"

CERN
\

_~d Frank Gunsing, CEA/Saclay

pP = T/)\ (dimensionless)

Ecole Joliot-Curie, 29,30-09-2014
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w internal : external region

The R-matrix formalism

3 ‘@

match value and derivative

|,
WM%AAAAAAA

m\yVVVVVVV:

_—
e
_—

Frank Gunsing, CEA/Saclay
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The R-matrix formalism
2 ‘f&

w internal : external region

match value and derivative

|,
WM% NAAALLA

IAVATAAA'A
“ iaC U= ZyCI +> z0,

_—
e
_—

T - U,
R =5 e . —Ir““socW (0,0)/+v/ve
E\—FE

O, —Ocr_lgpczeYe (0, ¢)/\/ve

A
C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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The R-matrix formalism

The wave function of the system U — Z yeL. + } :QSC/O’
&
C c’/

is a superposition of incoming and
outgoing waves:

— —1 IAVS
Incoming and outgoing IC - ICT Pcl Ymg (‘97 ¢)/\/ Uc
wavefunctions have form: —1 O~V
Oc = Ocr™ i’ Y, (0,0)//ve

The phys.ical intera.c’Fion IS | Tor = — E UC,CyC
included in the collision matrix U:
C

The wave function depends on V= \IJ(RCC')
the R-matrix, which depends on R, — eV Ae!
the widths and levels of the cc’ — E\ — E

: A
eigenstates. A

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



The R-matrix formalism
al Irfu

The relation between the R-matrix and the collision matrix:

U=QPY2[1 - R(L-B)]"![1 - R(L*—B)|P~Y2Q

dO,.
with: L. = S, + 1P, = (Oic a0 )r:ac

The relation between the collision matrix and cross sections:

channel to one other channel: Oce! = w)\i[éc/c — UC/C|2
2 2
channel to any other channel: Ocr = W)\C(l — ’UCC’ )
2 2
channel to same channel: Oce = 7T)\C|1 — UCC‘
2
channel to any channel (total): Oc, T = O¢c = 271')\0(1 — Re UCC)
CERN
\
ard

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 63



The R-matrix formalism

neutron energy for A=238 (eV)

2.9x10" 2.9x10" 2.9x10° 2.9x10° 2.9x10"
| | | |
0.0
-1.0
=
\-:I -
7))
-2.0
L — L=0
— L=t
— =2
-3.0— L=3
| | | |
10° 10 10 10° 10’

CERN
\

_~d Frank Gunsing, CEA/Saclay

p (dimensionless)

Ecole Joliot-Curie, 29,30-09-2014
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The R-matrix formalism

Neutron energy for A=238 (eV)

2.9x107! 2.9x10! 2.9x103 2.9x10° 2.9x107
| | |

-
I
wWwnhN—=O

o
o
\

| |
1073 1072 1071 100 101
CERN p (Dimensionless)

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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The R-matrix formalism

Elrfu

The Breit-Wigner Single Level approximation:
total cross section:

['\I')\.cos2¢. + 2(E — B — A)\)F)\C Sil’l2gbc)

c — AQ c 4 si 2 c

neutron channel: € = T
only capture, scattering, fission: 1'y =1'=1,, + I‘7 + Ff

other approximations: y — ) cosgp. = 1 Singbc =p= ka, Ay =0

total cross section:

potential interference elastic capture fission
AT, (E — Eg)R' /A +T12 +T,I, + T,y
or(FE) = 47TR/2 -+ 7'(‘)\2 ( n Y
o I\ T (E—Eo2+ ([Tn+ 1, +T+)2/4

total width
CERN
\
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 66




The R-matrix formalism
al Irfu

The Reich-Moore approximation:

Use the fact that there are many photon channels, with Gaussian distributed
amplitudes with zero mean:

< YAcVpe == Vicdk,u

The sum over the amplitudes of the photon channels becomes then:

Z e Vue = Z Vg\cdk,u — F)\fyé)\,u

cEphoton cEphoton

Then photon channels can be eliminated in the R-matrix:

Yxe Y e/
Rcc’ — ; hot
XA:EA—E—zF,\,y/Q ¢ § photon

CE/RW
\

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



........................

Average cross sections

Elrfu

The relation between the energy averaged collision matrix and
energy averaged cross sections:

2
average scattering: Oce — CQCH — cl2
: , 2
Se —
shape elastic (potential) 08¢ = Cgc ‘ 1 — |
compound elastic _ T |2
P Oce =T ch (‘UCCP Uee| )
: 2
average any reaction Oor — ﬂ-)\cgc(l _ ‘UCC‘Q)
2
average total Oc, T = 27T)\Cgc(1 — Re UCC)
2
average single reaction Ocel = TA gc|5cc — Ueger |2
— TT |2
average compound nucleus W)\cgc( _ ‘UCC’ )
formation

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 68



Average cross sections
al Irfu

- From optical model calculations one can calculate [/ .. but not ‘UCCP

- Therefore, only O¢ T, Ogn, Oc can be calculated, of which only

the total average cross section can be compared with measurements.

* In OMP one uses transmission coefficients TC =1- |UCC’2

 Average single reaction cross section (Hauser-Feshbach):
1. T,
C
. T

Weer

e 2
Ocer = 080cer + TALG

— Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



Measured reaction yield

1 1 1 1 ] 1 1 1 1 I 1 1 1 I I 1 1 I I I 1 Ll ] I 1 1 1 ] I I 1 1 I I i

| — no broadening ’

0.6+ isolated Breit-Wigner —

B resonance, decaying ]

= guantum state with half-

i life T=h/T :

T i ]

) B E

3, 0.41 ]

(<)) 5 -

T S -

= s _
et

Q. - -

© - A

0 . A

0.2 -

0 0 [N T NN WU SN (N R S I R T WO N1 1| I [ I | — L1 1 ]

1130 1140 1150 1160

Frank Gunsing, CEA/Saclay

neutron energy (eV)

Ecole Joliot-Curie, 29,30-09-2014
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Cross sections oy, 0,, 0, et o

235
U+n

10°F |— total
- | — elastic scattering

fission ﬁ

llllllll

— capture

1

llllllll

IIIIIII'
llllllll

T

100 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIII
0 1 2 3 4 5 6 7 8 9 10

neutron energy (eV)
C\E/RW

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



n +

compound
nucleus reaction

4+f§$—»@

T~ 10710
E, < 10 MeV

(O— D =100 keV

S, =10 MeV

@ A+1X

— Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 72




Nuclear level densities

level density i

> =
5 S| —— @ ]
| 9 n c 3
o - ) E
5 °
s |— :
= Qo
S .
i) E/ Sn neutron binding
x > energy ;
En | TN AT AN TN NI NI NI NI NI I NI NI N S S . 5
Y — excitation energy

low-lying levels: neutron resonances:
Count levels, all J© Count levels, selected JT,
extract D,

* All level density models reproduce the low-lying levels and D, at S

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Compound nucleus reactions

resonances, R-matrix

thermal RRR URR
OMP

4 :._l llllllll 1 llHIIl' UL Hll' I IIIIHII L IHIIH' UL I Illlln" I lllllﬂ] I IIIIIIII__

197 Au

total cross section (b)

neutron energy (eV)

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Compound nucleus reactions

resonances, R-matrix

thermal RRR URR
OMP

PP Ernm 1T TV PTT
4 | |

197 Au

UL Hll' 1 T

UL I llllln'l I |an| I llllllll =

neutron energy (eV)

total cross section (b)

Count the number of levels
in the energy interval - level density

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014

75



total cross section (b)

Frank Gunsing, CEA/Saclay

10’ | 208pp |
o+ _
10° ¢ -
‘°4_\/\MMNM\ |
211 Am -
0 - -
10 T ll""' 1 llll"l | ]l”"l L ll""l T ll]"l] 1 ll”"l T llll“[ | l]”"' L ll""l
102 10" 10° 10" 10® 10®° 10 10° 10° 10

neutron energy (eV)

Ecole Joliot-Curie, 29,30-09-2014



Level densities: the level spacing D,

* The level spacing D, at the neutron binding energy
is a crucial input parameter for calibrating level density models.
Level density: p = 1/D.

* D, is the spacing between levels excited by neutrons on nuclei bringing in
zero orbital momentum (s-wave resonances).

» Spacings from higher orbital momentum are equally important, but in
general much more affected by missing levels.

* Problems concerning the determination of Dy
- spin and parity assignment of levels
- corrections for missing levels (which are not
observed experimentally)

CE/RW
\

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Level spacing D,

proton number Z
A o ® O
o o o o

N
o

20 40 60 80 100 120 140 160 180

120{
0
0

neutron number N

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 78



Level spacing D,

120
100
N =
5 >
o 80 =
:E, '“?.,.'.lf""-i
c 60 -':r.'l:";
- _u-whi“
O S
s 40
-
Q.

N
o

0 20 40 60 80 100 120 140 160 180
neutron number N

!—/; Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014 79



Level spacing D,

= o* ®
10°F . ',
= y .. ¢ e y
4 - “os » ‘
S 10°F Ah .
o = T L .
~ 103 ._E' N ‘ 0.‘0 I 0... .: ¢
oc E v.';. ® ’v‘ .~.~ .’ L 0.
102 E_ d o : © : - 0.. ., :'..o »
- * B ':'o’ Cep e o ° o
10 L :.;°o ot o ’... M o :
E_ ® ‘O.. ° LA )
e
1 F‘ ? ° . .&t‘:
- | | T |
0

Frank Gunsing, CEA/Saclay
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50 100 150 200 250

A=N+2

Ecole Joliot-Curie, 29,30-09-2014
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........................

Level density basics

Elrfu

Level density definition: (U, J, ) = ON (géj’ m)
simplify, use factorization: o(U.J.7) = pu(U) x py(J) % po ()
+ parity distribution: p(r™) = p(n™) = %
- spin distribution: p(J) = exp ( ) _ exp ( JQJ; 21)

- energy distribution: p(U) = = eXp ( T >

(constant temperature) T

any more sophisitcated models, especially for p(U).
CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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........................

Level density by counting levels: staircase plot

Y
=k

D(€:O):D0:AE/N p(ézO)zN/AE
g ‘O —
2 351 T
e 30
2 -
o 2F
“6 205—
5 156
g o
S 50
o A R R R S R T R S R
0O 500 1000 1500 2000 2500

neutron energy (eV)

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Level density by counting levels: missing levels

b

197Au + n
o0 - | —L=0
= - | RIPL2:
c 200 | —p,
o -
\ C
9 150
h -
o n
qh, 100—
0 N
£ sof
= -
0_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III
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neutron energy (eV)
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Level density from resonance positions
a] Irfu

CERN
\

 Other information needed to estimate the number of missing levels.

» Use the properties of the statistical model of the nucleus to find missing levels.
Works for medium and heavy nuclei.

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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What is the statistical model for a nucleus?
valirfu

» Neutron resonances correspond to states in a compound nucleus, which is
a nucleus in a highly excited state above the neutron binding energy.

» The compound nucleus corresponds to a very complex particle-hole configuration.

- Gaussian Orthogonal Ensemble (GOE)

 The transition probability between two levels is related to the matrix elements of
the interaction between two levels.

» Matrix elements (amplitudes y) are Gaussian random variables with zero mean.
Observables are widths T" ~ 2.

CE/RW
\

S Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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g The statistical model
al Irfu

The nucleus at energies around S, can be
described by the
Gaussian Orthogonal Ensemble (GOE)

P(x)

The matrix elements governing the nuclear
transitions are random variables with a
Gaussian distribution with zero mean.

» Consequences:
» The partial widths have a Porter-Thomas
distribution.
 The spacing of levels with the same
J™ have approximately a Wigner
distribution.

P(x)

CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Chi-square distribution

* If v random variables x; have independent Gaussian distributions,
z = 3x7 has a chi-square distribution with v degrees of freedom.

E""|""|'"'|""|""|""|""|""|""|""E N I I I T T I I I ]
0.40F = 0.30F =
2 035F = Z . f v=1 |3
€ 0.30F = 2 "= v=3 3
S L F - S 0.20f =10 | 5
e = = 0 ]
S 0-15¢ E S o.10fF -
o 0.10F — o) - .
| . - . 1 | _
Q 0.05- = o 0.05:— \—:
O'OOE....|....|....|....|....|....|....|....|....|....; 0-00_...|...|...|...|...|...|...|...|...|...
5 4 3 2 -1 0 1 2 3 4 5 2 4 6 8 10 12 14 16 18 20
Y 4
CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



Chi-square distribution

* If v random variables x; have independent Gaussian distributions,
z = 3x7 has a chi-square distribution with v degrees of freedom.

E""I""I""I""I""I""I""I""I""I""E N T I I T T I I I ]
0.40F = 0.30F =
> = E > C —1 ]
= 0.35F = 2 - Y ]
S 0.301 E S - .
': 0.25F = -: 0.20 v=10 | -
£ 0.20F = £ 015 £
Q 015 = re _ ]
® - E 8 0.10f E
(@] 0.10 ] (o] : 1
| . - - | . | _
o 0_05;_ _; o 0.05:— =
O'OOE....|....|....|....|....|....|....|....|....|....; 0-00_...|...|...|...|...|...|...|...|...|...
5 4 -3 2 1 0 1 2 3 4 5 2 4 6 8 10 12 14 16 18 20
Z
* neutron widths v =1
* radiation widths v = large number
* fission widths v ~ 4
CERN
\

_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014



Chi-square distribution

il Per(t) = ——— exp (— 2)
— €Tr) = eX — —
x <7 PT 5y p 9

For neutron widths (s-waves), use the effective reduced neutron width

Fg — Fn/\/ZE)

gI'y,
T =
< gl'Y >

C\ERN
_~d Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Chi-square distribution

2

1 xT
=1 Ppr(x) =

<2 > \/27m?exp<_§)

For neutron widths (s-waves), use the effective reduced neutron width

Fg — Fn/\/ZE)

and

CERN
\
—d Frank Gunsing, CEA/Saclay

Ecole Joliot-Curie, 29,30-09-2014



Neutron widths
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Neutron width distribution

N(z:) = No h Ppr(z)dz = No(1 — erfy/z:/2)
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g The statistical model
al Irfu

The nucleus at energies around S, can be
described by the
Gaussian Orthogonal Ensemble (GOE)

P(x)

The matrix elements governing the nuclear
transitions are random variables with a
Gaussian distribution with zero mean.

» Consequences:
» The partial widths have a Porter-Thomas
distribution.
 The spacing of levels with the same
J™ have approximately a Wigner
distribution.

P(x)
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Spacing distribution of two consecutive levels
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Evaluated nuclear data libraries

Libraries
« JEFF - Europe
« JENDL - Japon
« ENDF/B - US
« BROND - Russia
« CENDL - China

Common format:
ENDF-6

Contents:
Data for particle-induced reactions (neutrons, protons, gamma, other)
but also radioactive decay data

Data are indentified by “materials”
(isotopes, isomeric states, (compounds) )
ex. 160: mat = 825
naty/ mat = 2300
242mAm: mat = 9547

CE/RW
\
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SACLAY

Files for a material
from report ENDF-102

1 General information

2 Resonance parameter data

3 Reaction cross sections

4 Angular distributions for emitted particles

5 Energy distributions for emitted particles

6 Energy-angle distributions for emitted particles

7 Thermal neutron scattering law data

8 Radioactivity and fission-product yield data

9 Multiplicities for radioactive nuclide production

10 Cross sections for photon production

12 Multiplicities for photon production

13 Cross sections for photon production

14 Angular distributions for photon production

15 Energy distributions for photon production

23 Photo-atomic interaction cross sections

27 Atomic form factors or scattering functions for photo-atomic interactions
30 Data Covariances obtained from parameter covariances and sensitivities
31 Data covariances for nubar

32 Data covariances for resonance parameters

33 Data covariances for reaction cross sections

34 Data covariances for angular distributions

35 Data covariances for energy distributions

39 Data covariances for radionuclide production yields

40 Data covariances for radionuclide production cross sections

Frank Gunsing, CEA/Saclay Ecole Joliot-Curie, 29,30-09-2014
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Zand A
values

|

nuclear
mass

|

(7.919700+4) (1

.952740+2)

7.919700+4
1.000000-5
1.500000+0
1.952740+2
-3.380000+1
4.906000+0
4.645000+1

NN O WO

.000000+0
.000000+3
.800000-1
.000000+0 0

.000000+0 2.562000-1 1.
.000000+0 1.377000-1 1.
.000000+0 1.241300-1 1.

o oo

formalism
flag

o o(®™o o

562000-1 1.
520000-2 1.
300000-4 1.

Example: part of an evaluated data file

(5.810000+1)(1

.000000+0)(1.164000-1)(4.

400000-3 (1.

|

resonance
energy

— Frank Gunsing, CEA/Saclay

]

spin total
width

|

neutron
width

MF

material number

number of Number MT
resonances l ynnnber
. 1
1 07925 2151 2
0 07925 2151 3
1 07925 2151 4
1578 —> (2637925 2151 5
000000-1 0.000000+07925 2151 6
225000-1 0.000000+07925 2151 7
240000-1 0.000000+07925 2151 8
120000-1)(0.000000+07925 2151  ((9)
gamma fission line

width width number
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proton number Z

JEFF-3.1

The library JEFF-3.1

20 40
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Measured reaction yield
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Measured reaction yield
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Measured reaction yield
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Measured reaction yield
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