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of nuclear reactions below 200 MeV. It is used worldwide 2.3.5 Gamma-ray production cross sections . . 13
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Why do we need nuclear data and which accuracy ? W

Nuclear data needed for

Understanding basic reaction mechanism between particles and nuclei

Good accuracy if possible = good understanding or room for improvements
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NN
Why do we need nuclear data and which accuracy ? W

Nuclear data needed for

Understanding basic reaction mechanism between particles and nuclei

Astrophysical applications (Age of the Galaxy, element abundances ...)

Good accuracy if possible = good understanding or room for improvements

Predictive power important = sound physics (first principles)
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NN
Why do we need nuclear data and which accuracy ? W

Nuclear data needed for

Understanding basic reaction mechanism between particles and nuclei

Astrophysical applications (Age of the Galaxy, element abundances ...)

Existing or future nuclear reactor simulations

Good (Excellent) accuracy required = reproduction of data, safety

Predictive power less important = Reproductive power
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NN
Why do we need nuclear data and which accuracy ? W

Nuclear data needed for

Understanding basic reaction mechanism between particles and nuclei

Astrophysical applications (Age of the Galaxy, element abundances ...)
Existing or future nuclear reactor simulations

Medical applications, oil well logging, waste transmutation, fusion, ...

Good accuracy required = reproduction of data

Predictive power less important = Reproductive power
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NN
Why do we need nuclear data and which accuracy ?

Nuclear data needed for

Understanding basic reaction mechanism between particles and nuclei

Astrophysical applications (Age of the Galaxy, element abundances ...)
Existing or future nuclear reactor simulations

Medical applications, oil well logging, waste transmutation, fusion, ...

Good accuracy required = reproduction of data

Predictive power less important = Reproductive power

Finite number of experimental data (price, safety or counting rates)

Complete measurements restricted to low energies (<1 MeV) and scarce nuclei

‘ Predictive & Robust Nuclear models (codes) are essential
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Predicted nuclei
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Predicted nuclei, known masses
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Predicted nuclei, known masses, known capture
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NN
Do application (except astrophysics) care about exotic nuclei ?
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Cross section stongly vary !
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- General features about nuclear reactions

* Time scales and associated models
* Types of data needed
e Data format = f (users)

Optical model and compound nucleus model
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Typical spectrum shape

Fe(p,xp) @ 62 MeV
Double differential cross sections

15.0

10.0 15

5.00
70

100 Angle (deg)

10

20 135

9 40

Energy (MeV) 50 oo 0

g Optical model and compound nucleus model

3 regions :

Red : « evaporation » peak

always present and low outgoing energy

Green : « flat » intermediate region

width increases with incident energy

Blue : « discrete » peaks

outgoing energy close to incident energy

WW
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Time scales and associated models

d’c | dQdE %
>« >
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Reaction time Emission energy
Realscale : 107's 1022 s
Human scale: year S
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Time scales and associated models

d’c | dQdE %
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Reaction time Emission energy
Realscale : 107's 1022 s
Human scale: year S

g Optical model and compound nucleus model
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Time scales and associated models

d’c / dQdE %
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Time scales and associated models

d’c / dQdE ¢
Compound

Nucleus

Direct
components

< > <
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High emission energy
Reaction time =~ 102! s
Anisotropic angular distribution
- forward peaked
- oscillatory behavior
.. = spin and parity of

residual nucleus

Reaction time

Realscale : 107's
Human scale: year

@ Optical model and compound nucleus model
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Time scales and associated models

d’c / dQdE %
Compound - Direct
Nucleus Pre-equilibrium components
e =~ pe——
MSC MSD

Intermediate emission energy

Intermediate reaction time

Anisotropic angular distribution smoothly
increasing to forward peaked shape
with outgoing energy

Emission energy

Reaction time

Realscale : 107's 1022 s
Human scale: year S
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NN
Models sequence and required ingredients W

Direct (shape) elastic

Elastic channel

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
MODEL

T

] Inelastic channel
(n,n’), (n,a),
Direct inelastic components (n,y), etc...
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NN
Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Total level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities "
Transition densities Fission paths

CSReaction cSNC

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
MODEL

T, .
J Inelastic channel

(n,n’), (n,a),
Direct inelastic components (n,y), etc...
@ Optical model and compound nucleus model 19/10/2023 19
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Time scales and associated models W

Emission Fig.2 in TALYS paper

Reaction mechanisms spectrum

Elastic scattering

Elastic peak

Fission

Fe(p,xp) @ 62 MeV

. a—— Double differential cross sections

low energy
hump

Fission

Projectile

High and medium
energy
structureless 15.0
spectrum

10.0

5.00
70

Angle (deg)

High energy o
discrete peaks

40
Energy (MeV) 50 o0 160
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Content

- General features about nuclear reactions

* Time scales and associated models
* Types of data needed
e Data format = f (users)

Optical model and compound nucleus model
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Types of data needed

Cross sections :

total, reaction, elastic (shape & compound), non-elastic, inelastic (discrete levels & total)
total particle (residual) production
all exclusive reactions (n,2n), (n,p), ...., (n,nd2a)
all exclusive isomer production
all exclusive discrete and continuum y-ray production

Sections efficaces (barn)

(5]
T

25
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L dnd) 1 115
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Ty TTT™T T T L | L L S B rL L g
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o e
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107 19° % 1 w 3 10 15 20

Energie Neutron (MeV)

Optical model and compound nucleus model
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Cross Sections (b)
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Neutron Energy (MeV)
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Types

of data needed

Cross sections :

total, reaction, elastic (shape & compound), non-elastic, inelastic (discrete levels & total)

Spectra

total particle (residual) production
all exclusive reactions (n,2n), (n,p), .

all exclusive isomer production

all exclusive discrete and continuum y-ray production

elastic and inelastic angular distribution or energy spectra

.ess (N,nd2a)

all exclusive double-differential spectra

total particle production spectra

compound and pre-equilibrium spectra per reaction stage.

g Optical model and compound nucleus model

10 |

c(0) (b/sr)

N

x3

G. Haout
el +32°

A.B.Si

mith, P. T. Guenther
el + 8 inl=( E" < 300 keV) E=3.55 Mev

E=3.4MeV |
E=3.53\MbV |

180
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Types of data needed

Cross sections :

total, reaction, elastic (shape & compound), non-elastic, inelastic (discrete levels & total)
total particle (residual) production

all exclusive reactions (n,2n), (n,p), ...., (n,nd2a)

all exclusive isomer production

all exclusive discrete and continuum y-ray production

Spectra : 239Py neutron multiplicity

elastic and inelastic angular distribution or energy spectra e
. _di . - K
all exclus1.ve double d.lfferentlal spectra o[ * This work ¥
total particle production spectra - & Fréhaut o
- oge . . — o N ‘r.‘ T :
compound and pre-equilibrium spectra per reaction stage. - * Wakh e i
o e 45— * Hopkins V.}.A ]
Fission observables : - o Johnstone o |
cross sections (total, per chance) o [ Wiherey L y
. . N 1> ,[_ -~ ENDF/B-VII..O oW ]
fission fragment mass and isotopic yields a JEFF 3.3 o . =
fission neutrons (multiplicities, spectra) B 4 ¥ 9 A
C e 10F =)
3.51 e ,..-«*"'/ _
- 28 5| e ]

- ;gnf'- o - ‘ .

Tl . RN

Incident neutron energy (MeV)
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Types of data needed

Cross sections :
total, reaction, elastic (shape & compound), non-elastic, inelastic (discrete levels & total)

total particle (residual) production
all exclusive reactions (n,2n), (n,p), ...., (n,nd2a)
all exclusive isomer production

all exclusive discrete and continuum y-ray production 20 MeV n + “Si: recoil spectrum

Exact approach
=== fyorade oNoegy appron mation

Spectra :

elastic and inelastic angular distribution or energy spectra
all exclusive double-differential spectra

total particle production spectra
compound and pre-equilibrium spectra per reaction stage.

§
T

Fission observables :
cross sections (total, per chance)
fission fragment mass and isotopic yields
fission neutrons (multiplicities, spectra)

Crss sscibn (mhWey |
¥
]

T4
=
L]

1 1 1 Pl TP, -

Miscellaneous :
recoil cross sections and ddx 0 — ]
0 2 3 4
particle multiplicities Fecollenergy of “Mg (MeV)
astrophysical reaction rates Fig. 8 Example of the difference between exact and
. . . approximative recoil treatment in TALYS.
covariances informations
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Content

- General features about nuclear reactions

* Time scales and associated models
* Types of data needed
 Data format ={ (users)

Optical model and compound nucleus model

19/10/2023

d

26



Data format

 Trivial for basic nuclear science : x,y,(z) file

* Complicated (even crazy) for data production issues : ENDF file

Optical model and compound nucleus model

N

19/10/2023

27



Data format : ENDF file

Content nature (o)

Target identification ('*'sm) Target mass

/
6.215100+4 |1,496234+2 0 0 0 06210
. . 0 0 i }36210
| 133 2 | 6210

6.200000+6 7,538900-2 \',300000+6 1,119810-1 6.400000+6 1.51520— 5210
—{ 6,500000+6 2,016680-1/ .\ B00000+6 2,528690-1 6.700000+6 3,144490-16210
. . 000000+6 5,136740-16210

NANNNNNANNANNNNANNNNANN
AAAZZZZAZZAZRAZAAAZ

Interpolation scheme Material number
g Optical model and compound nucleus model

\

W i V4 V4 V4

ot daddadde oo bdagegals

“~ Number of lines

Values Number of values
& Content type (n,2n)
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Content

- Nuclear Models

* Basic structure properties
* Optical model

* Pre-equilibrium model

* Compound Nucleus model

Optical model and compound nucleus model
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NN .
Basic structure properties : what is needed ?

Nuclear Masses :

—> basic information to determine reaction threshold

Excited levels :
—> Angular distributions (depend on spin and parities)
—> Decay properties (branching ratios)
—> Excitation energies (reaction thresholds)

Target levels’ deformations :
—> Required to select appropriate optical model

— Required to select appropriate coupling scheme

‘ Many different theoretical approaches if experimental data
are missing
Recommended databases (RIPL!)

Optical model and compound nucleus model 19/10/2023 31



NN
Basic structure properties : mass models W

Reliability Accuracy

* Macroscopic-Microscopic Approaches

Liquid drop model (Myers & Swiateki 1966) —— + +

Droplet model (Hilf et al. 1976) —— + +

FRDM model (Moller et al. 1995) + — ++

KUTY model (Koura et al. 2000) + — ++
* Approximation to Microscopic models

Shell model (Duflo & Zuker 1995) + +++

ETFSI model (Aboussir et al. 1995) + + +
* Mean Field Model

Hartree-Fock-BCS model + + + +

Hartree-Fock-Bogolyubov model +4+4+ v v 4+ 4+

EDF, RHB, Shell model + + + —+

* Typical deviations for the best mass formulas:
. rms(M) = 500-700 keV on Z > 8 experimental masses

@ Optical model and compound nucleus model 19/10/2023 32
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Basic structure properties : mass models’ predictive power

Comparison between several mass models adjusted with 2003 exp and tested with 2012 exp masses

1-0 | ) I 1 I 1 ! I ] 1 I I 1
o8k . Global ]
8F /. .
[ ms s
< 06F ¢ \ / 2 :
| ¢ ] Current status
= - .
= 04} R 7 rms <1 MeV (masses = GeV)
o # \ - .
% i S 3 ‘\ ; micro ~ macro
g 02F sme o - / - - micro more predictive
E I o O 5" :
0.0 - WEER——— e ]
-0.2 1 1 ] 1 1

PHYSICAL REVIEW C 9, 017302 (2014
Model

. . Predictive power of nuclear-mass models
Microscopic models 5

Adam Sobiczewski' =" and Yuri A. Litvinov-
"National Centre for Nuclear Research, Hoza 69, 00-681 Warsaw, Poland
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Basic structure properties : Nuclear structure & level scheme

= General level sequence for a spherical even-even nucleus

= 0%,2%,3%,4%, 6"
E2+ —

Y= 09,2547
E,, | =

X 27
K,

A4 0+

Optical model and compound nucleus model

3 coupled phonons

2 coupled phonons

1 phonon

other levels

19/10/2023
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Basic structure properties : Nuclear structure & level scheme

JJ+1) - K2
= General level sequence for a deformed even-even nucleus : E,(J,K) =
E*  GSband 25, (U,p)
quadrupole bands octupole bands
12+ 8t A A
1 [ \ [ |
i +
0 6 —5 —5
1 6"
i 6+ —4 —4
— -
+
6+ g+ —5 — 4 —3 3
4 . 4+ _ 3_ _ 2_
o —4 =27 3 — 3 —2
0 . L —
1 0+ K=+ K'=0" K=" K= K'=3"
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Basic structure properties : Nuclear structure & level scheme

LDy 105
it-Fd-LD_l %Pdul'l

Adopied Levels, Gammas

= energy, spin, parity, decay modes, ... :

Type Author A Citalion Cutodf Drate
Full Bvalaation . De Frenne and A. Megret NDS 109 943 (2008)  1-May-2007
Q= 1= -1965 & S(m=05610 % Spi=93458 M: Qu)=—32294 16  017Wals informations complled in ENSDF database

Mole! Current evaluation has used the following ©) recond
QST =-2965 3 Snk=056L0 2 S(pi=93458 25 Qhr)=—32294 20034003

105pg | evels
Cross Refrence (XREF) Flags = Level scheme = deformation evidence
& g G decay (3007 s) I msi’din.yj E=res: v Q mc'Pdrp.p'-,r!l
B "pha decay (130 mini 1 "YPdiny) E=2kVres R Pdier.o’)
E ]"".ﬂ.,g & dacay (231.9% min) K msi"din.yj E=MEVmEs 5 Coolomb excitation
0 Map . decay (828 d) L "pagap) T gy
E "t 3w n Py v 1®agipan
F o MRn(e Iny) 8 1P o) v 1080d 384 dacay
G 5pgin y)(ng) E=thermal © 108 plim, ' )
B "5Pdiny} E=resonance P %pdipptidd)
Eftevali i Tin XREF Comments
one i stable ARCDEFGHIJELMKOP RSTUV  rms charge radius: 4.5322 fm 28 (2004 An14).
S1I.BSDT 23 2* 122 ps4 ABCDEFGHIJELMBOP RSTUV =074 3
Q=-03517
Tyyz: from BIEZ=00670 19 in Cool. ex. Others: 3.6 ps &4
via (y,3") (1977Ga06) 14.3 ps 4 from (22"} (1991 Wel3)
jo Okhar: +00B0 4 (1980Ral TL
F Lipte=1
0 Deduced from ee’) BE= 183250 MeV (197 3Ho05 ) Others:
(156 8 or 041 and -0.51 7 {|989RalTh
112802 3 r* 112ps 25 ABCODEFGHIJEL KOP RSTON  p=+058 0
Tapz: from BIE2=00175 12 in Coul. ex. with branching
(112By)=35.2% 6,

1% from E2 to g.s.
joOiher: +0060 12 (19891 T
1133764 o 58psl3 AC GHIK O RSTY J¥ from ED g
BiE2)[I+(511 ke¥) to O+(1133 keV )}=0.021 4: weighted
average of DLO1ES (1969R005) and 0.026 5(19955v01) in
Coal. ex.
Ty from BIED[2+{511 ke¥W) to B+ 1133 kaV')]=0.021 4.
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Nuclear structure & level scheme : spherical nucleus

Optical model and compour

106 106
16 Pdey-14 16 Pdgp-14
Adopted Levels, Gammas
Legend
) | VY, ", I, RO SN S . . 1 .
(6 / l | 260937
57 2366.01
4+ r 2350.86
4- 2305.62
67 v 2077.01
4+ ¥ 1932.32
2 1562.25
3= h 1557.68
47 3 1229.30
o7 r 1133.76
2 X L 1128.02
Fy 511.850
() .0}
E—

106
46 Pd 60

ns
05ns/

20ns35

049ps 5

LI6ps 16

1.31ps 18
58psl3
312ps 25

122ps4

stable

14
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Nuclear structure & level scheme : spherical nucleus

106, 106
95pd, 14 90pd, 14
Adopted Levels, Gammas
Legend
Tomegml O e Cmm b fnar PN ns
(6) / l | 269937 p5ns/
57 2366.01
4t v 2350.86
4- 230562 20ns35
[N y 2077.01  049ps3
4 ¥ 193232 LlGpsi6
24 1562.25
3+ 3 1557.68
= 3 1229.30 1.31 ps 18
o7 r 113376 58psl3
2 X 3 1128.02 3.12ps25
Quadrupole vibration —-[ 2 SILESD 122984
(one phonon)
(Ui 0.0 stable
106
46 Pd60
Optical model and compour 14 9/10/2023

d
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Nuclear structure & level scheme : spherical nucleus

1%5pd, -14 1%pd, ;-14
Adopted Levels, Gammas
Legend
Tomegml O e Cmm b fnar PN ns
| l | 260937 05ns!
55 2366.01
4+ v 2350.86
4 230562 20ns5
67 v 2077.01 049ps 5
41 v 1932.32 LI6ps 16
24 1562.25
3+ 3 1557.68
Quadrupole vibration ¥ ; 12030 131ps 18
o7 y 113376 58psl3
(two phonons) 2 i : T
Quadrupole vibration —-[ 2 SILESD 122984
(one phonon)
(Ui 0.0 stable
s Pdgy
Optical model and compour 14 9/10/2023
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Nuclear structure & level scheme : spherical nucleus

Quadrupole vibration
(three phonons)

Quadrupole vibration
(two phonons)

Quadrupole vibration
(one phonon)

Optical model and compour

_{

106 106
16 Pdey-14 16 Pdgp-14
Adopted Levels, Gammas
Legend

X , U, i Tic N AR S . . ns
& l | 269937 o5nsy
57 2366.01
4t v 2350.86
3 230562 2.0ns3
b - 2077.01  049ps3
4 ¥ 193232 Ll6psi6
27 1562.25
F b 1557.68
= k. 1229.30 L3l psi&
o 3 113376 S8psl3
2 X L 1128.02  3.12ps25
= 511850  12.2ps4
Ll 0.0 stable

106
46 Pd60
14 9/10/2023
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Nuclear structure & level scheme : deformed nucleus

15 15
2Gdgy59 21 Gdgy-59

Adopted I

Level Scheme (continued)

Intensities: Relative photon branching from each level
& Multiply placed: undivided intensity given
@ Multiply placed: intensity suitably divided

Optical model and compound nucleus model

3
>
7
4 ;
IS i
3 i
i
I
|
i
i
i
5 ) 1622.535
i
3 : 1538851 20156
4 s I 189pss
5 ! 04 ps +8-3
4 ;
k3 ; 015ps +12-2
i E— ! 17656
4 ¥ 1355.422
4 1207.822
3 1276.138
2 / N 1258075
3 1248.006
1 3054220
2 1154152 0.568 ps 19
2 1129. 159 ps 11
8 965.134  432ps23
6 584715 1S8psd
= 288187 1119ps17
970, 221ns2
{i 90, stable
156,
o1 Gdgy
59
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Nuclear structure & level scheme : deformed nucleus

-
5 ] ¥ ¥ 1622.535
I

3 i | 1538851 20fs6

47 I ¥ 1510.594 189ps 5

- : 1506863 04ps+8-3

IE | 1462.297

5 | + + 1408133 0.15ps+12-2

I - - . 1366529  |7fs6

% - N ¥ r 1355422 0.54ps +15-12

44 2 - 2 1 1207822 L6ps+8-5

3 < I 5 P P 1276.138  0.098 ps 20

27 i i N, 1258.075 1.54psis

3! v y 1248.006 058 ps it

= 1242480 3] fs +272—9

27 ¥ v 1154.152  0.568ps 19

2% Y Y 1129437  1.59psil
@ 065.134  4.32ps23

GS band

584715 158 ps4

®

288.187  111.9ps?7

(B

88970, 221ps2

0.0, stable

5665[02
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Nuclear structure & level scheme : deformed nucleus

3 1366529 17 fs 6
1355422 054 ps +15-12

1297.822  L6ps+8-5

|
5 ] ¥ ¥ 1622.535
I
3 i | 1538851 20fs6
ok = ] L ] 1510.594 189ps 5
- : 1506863 04ps+8-3
IE | 1462,207
5 | + + 1408133 0.15ps+12-2
= K )
A+ ¥ r
4t . r
|- — r Y

: 77 ) 3 ) 1276138 0.098ps 20
= /, \__ 1258.075 154psis
3 2 J 1248.006 058 ps il

S 1242480 3] fs +22-9

T v 1154152 0.568 ps 19
(=29) ¥ Quadrupole ,Y Ir 1129437  1.39psi?
band

& 965.134  4.32ps23
= = 584715 158 ps4
- . 288.187  111.9ps17
= S8970. 221ns2
- 0.0 stable

156

61 Gdygy
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Nuclear structure & level scheme : deformed nucleus

- = 1366.520  17fs6

Octupole ba“d r 1355422 0.54ps +15-12
1207822 L6ps+8-5

1276138 0.098 ps 20

1258.075  1.54psis

L 1248.006 (.58 ps it

1242480 31 fs +22-9

1154.152 0568 ps 19
! A 1129437 159psil

%

5 ] ¥ ¥ 1622.535

I
2 v 1538851 206
ok = ] L ] 1510.594 189ps 5
5. ' 1506.563 0.4ps +8-3
- 1462297
5) + 1408.133  0.15ps+/2-2
A Tz

e \
|
|

P |
g

965.134  4.32ps23

= = 584715 158 ps4
- . 288.187  111.9ps17
= S8970. 221ns2
- 0.0 stable

156

61 Gdygy
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Introduction

We describe the physics and data included in the Reference Input Parameter Library, which is devoted to input parameters needed in calculations of nuclear reactions and nuclear data evaluations. Advanced medelling
codes require substantial numerical input, therefore the International Atomic Energy Agency (IAEA) has worked extensively since 1993 on a library of validated nuclear-model input parameters, referred to as the Reference
Input Parameter Library (RIPL). A final RIPL coordinated research project {RIPL-3) was brought to a successful conclusion in December 2008, after 15 years of challenging work carried out through three consecutive TAEA

projects, The RIPL-3 library was released in January 2009, and is available on the Web through http://www-nds.iaea.org/RIPL-3/. This work and the resulting database are extremely important to theoreticians involved in
the development and use of nuclear reaction modelling {ALICE, EMPIRE, GNASH, UNF, TALYS) both for theoretical research and nuclear data evaluations.

The numerical data and computer cedes included in RIPL-3 are arranged in seven segments: MASSES contains ground-state properties of nuclei for about 9000 nuclei, including three theoretical predictions of masses and
the evaluated experimental masses of Audi et al. (2003). DISCRETE LEVELS contains 117 datasets (one for each element) with all known level schemes, electromagnetic and y-ray decay probabilities available from
ENSDF in October 2007. NEUTRON RESONANCES contains average resonance parameters prepared on the basis of the evaluations performed by Ignatyuk and Mughabghab. OPTICAL MODEL contains 495 sets of
phenomenclogical optical model parameters defined in a wide energy range. When there are insufficient experi al data, the I has to resort to either global parameterizations or microscopic approaches. Radial
density distributions to be used as input for microscopic calculations are stored in the MASSES segment. LEVEL DENSITIES contains phenomenological parameterizations based on the modified Fermi gas and superfluid
maodels and microscopic caleulations which are based on a realistic micrescopic single-particle level scheme, Partial level densities formulae are also recommended. All tabulated total level densities are consistent with both
the recommended average neutron resonance parameters and discrete levels. GAMMA contains parameters that quantify giant resonances, experimental gamma-ray strength functions and methods for calculating gamma
emission in statistical model codes. The experimental GDR parameters are represented by Lorentzian fits to the photo-absorption cross sections for 102 nuclides ranging from Sy o 2
prescriptions for fission barriers and nuclear level densities at fission saddle points based on microscopic HFB calculations constrained by experimental fission cross sections.

Pu. FISSION includes global

IAEA.org | NDS Mission | About Us | Mirrors: India | China

RIPL:2 Handbook
Ducuments listing (ft,

4 Segments (ftp)

RESONANCES (ftp)

DENSITIES (frp) |
GAMMA (ftp)

CODES (ftp;

Last Updaled: 08/22/2013 12:00:23
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Introduction

We describe the physics and data included in the Reference Input ™gggeter Library, which is devoted to input parameters needed in calculations of nuclear reactions and nuclear data evaluations. Advanced medelling
codes require substantial numerical input, therefore the International Atol Rergy Agency (IAEA) has worked extensively since 1993 on a library of validated nuclear-model input parameters, referred to as the Reference
Input Parameter Library (RIPL). A final RIPL coordinated research project {RIPL- brought to a successful conclusion in December 2008, after 15 years of challenging work carried out through three consecutive TAEA
projects, The RIPL-3 library was released in January 2009, and is available on the Web Wl hitp://www-nds.iaea.org/RIPL-3/. This work and the resulting database are extremely important to theoreticians inveolved in
the development and use of nuclear reaction modelling {ALICE, EMPIRE, GNASH, UNF, TALYS) tgfor theoretical research and nuclear data evaluations.

The numerical data and computer cedes included in RIPL-3 are arranged in seven segments: MASSES corl™™egground-state properties of nuclei for about 9000 nuclei, including three theoretical predictions of masses and
the evaluated experimental masses of Audi et al. (2003). DISCRETE LEVELS contains 117 datasets (one for Deggelement) with all known level schemes, electromagnetic and y-ray decay probabilities available from
ENSDF in October 2007. NEUTRON RESONANCES contains average resonance parameters prepared on the basis O™igg evaluations performed by Ignatyuk and Mughabghab. OPTICAL MODEL contains 495 sets of
phenomenclogical optical model parameters defined in a wide energy range. When there are insufficient experimental data, &ya/uator has to resort to either global parameterizations or microscopic approaches. Radial
density distributions to be used as input for microscopic calculations are stored in the MASSES segment. LEVEL DENSITIES contalfmghenomenological parameterizatiuns based on the modiﬁed Fermi gas and superﬂuid
models and microscopic calculations which are based on a real\snc mlcroscop\c smg\e partlels level scheme, Partial [evel densltles formulae =1

the recommended average neutron resonance paragogig

[ 2 Seqments (ftp)
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|§ A Documents
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emission in statistical model codes. The experimg
prescriptions for fission barriers and nuclear level dj

* ~ 2500 nuclei

l

* ~ 110000 levels
* = 13000 spins assigned
* ~ 160000 y-transitions

Discrete level schemes 1, p, y-transitions, branching ratios
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- Nuclear Models

 Basic structure properties
* Optical model

* Pre-equilibrium model

* Compound Nucleus model
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Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities "
Transition densities Fission paths

CSReaction cSNC

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
MODEL

T, .
J Inelastic channel

(n,n’), (n,a),
Direct inelastic components (n,y), etc...
@ Optical model and compound nucleus model 19/10/2023 42




NN
Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Level densities

Matter densities gefo_rmla t'ﬁ nls level densiti Gamma strength functions
Transition densities articule-hole level densities Fission paths

‘ Transition densities

paction cSNC

OPTICAL COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL MODEL

T, .
J Inelastic channel

(n,n’), (n,a),
Direct inelastic components (n,y), etc...
@ Optical model and compound nucleus model 19/10/2023 42




NN
Typical spectrum shape W

“Fe(p,xp) @ 62 MeV 3 regions :
Double differential cross sections

* Red: « evaporation » peak
always present and low outgoing energy

Green : « flat » intermediate region
width increases with incident energy

Blue : « discrete » peaks

outgoing energy close to incident energy
15.0

10.0 15

5.00
70

100 Angle (deg)

10

20 135

30
40
Energy (MeV) 50 oo 0
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The optical model : why such a name ? W

10°) 20 MeV **Pb(n,n)***Pb
= diffraction patterns observed

| experqnentally
3 = optical model
g
\6"102—
S

10 3

g Lo o 1wy oo Toyo9 ey |y |

0 30 60 a0 120 150 180

O (deg.)
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The optical model : basics

Direct interaction of a projectile with a target nucleus considered as a whole
Quantum model — Schrodinger equation

V 2 +U—-F Y =

Complex potential:
U=V+iWw

J J . = :
I d | & % o~ s '
5 %ot % | oy £
» /] \ ‘ . LR S | s N\ \ '
g Y A v . r T T
\ R i \ .
) i ’ 4 ‘ I ' e
W \ ~ . T ' h v ! v oo
|\ L (] " . . "
\ v ' e . ¥ ¥
\ % Lo
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\ \ P
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i \ 9N
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Refraction Absorption
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The optical model : output ? W

The optical model yields :

Integrated cross sections Transmission coefficients Angular distributions

L A B O A AL S A IR AR 1 AR
r 151 g
A +298p) 03 | n+" Eu

08 |

A\ 20 MeV ®Pb(n,n)**Pb

07 |

06 |

Elastique

do /dQ (mb/sr)

Reaction

| |\||H|| 1 I\iIHI‘
2
10 1 10 10 10

E (MeV)

0 30 60 90 120 150 180
0 (deg.)
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The optical model : various approaches W

(Semi-)microscopic

No adjustable parameters
Usable without exp. data
Less precise ( = 5-10 %)
Quasi-automated

Phenomenological

20 adjusted parameters
Weak predictive power
Very precise ( ~ 1%)
Important work

Total cross sections

10

o (b)

I | L R R L P R S T |

2L ... A
10" 10° 10’ 10 | | | |

=2

E (MeV) 10 10

Optical model and compound nucleus model E (MeV) 47



The optical model : phenomenological model

102

- ~ 20 adjusted parameters
- Very precise (1%)
- Weak predictive power
- Requires data
- Local models
=> Global models

Total cross section (barn)

L L T W NN SR L Ab 1 .34 A IR S B n s 444 sl
1 10 10° 1 10 10°

Neutron energy (MeV)

Optical model and compound nucleus model 19/10/2023

d
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NN
The optical model : phenomenological model W

——

U(r,E) = V(E,r) + i W(E,r) + {V(E,r) + i W (E,r) } Is

Central term Spin orbit term

g Optical model and compound nucleus model 19/10/2023 49



NN
The optical model : phenomenological model W

—>—>
U(r,E) = V(E,r) + i W(E,r) + {V(E,r) + i W (E,r) } Is
Central term Spin orbit term
Let’s neglect SO

g Optical model and compound nucleus model 19/10/2023 49
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The optical model : phenomenological model W

U(r,E) = V(E,r) + i W(E,r)

Central term

g Optical model and compound nucleus model 19/10/2023 49
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The optical model : phenomenological model W

UrE)= [ VW(E)f(r. Ryay) + Vs(E) o R ag) |
+i [ WUE) f(rRy.ay) + We(E) 9(r.Rs ) |
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The optical model : phenomenological model

UrE) = [@WE)ir Ryay) + Vs(E) a(rRs ) |
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The optical model : phenomenological model

UrE)= [ Vu(E) . Ryay) + Vs(E) a(rRs ag) |
i [ WuE) rRy.ay) + (1 Rs as) |
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The optical model : phenomenological model

UrE)= [ Vu(E) . Ryay) + Vs(E) a(rRs ag) |
i [ WUERyay) + Ws(E) o Re.ag) |
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The optical model : phenomenological model

50

S
[}
=
'
(72}
£ s
Q.
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©
2

f(r,R,a)=
1+exp((r-R)/a)
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The optical model : phenomenological model

50

Well depths (MeV)
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The optical model : phenomenological model W

UrE)= [ Vu(E) . Ryay) + Vs(E) a(rRs ag) |

4 6
r (fm)

S
Qo 40
=
(72}
< so
o
D e Surface absorption vanishes with
2 increasing energy
Incident energy (MeV)
-1 ‘ S
f(r,R,a)= 0 g(r,R,a) = - df/dr o
1+exp((r-R)/a) % -0.25
0.5 |- -0.5
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1 2l d
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The optical model : phenomenological model

OMP
&
its parameters

!

Solution of the
Schrodinger equation

§

Calculated observables
Gel-inl (9), Ay(e)! Gtots Oreacs SO’S1
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W i V4 V4 V4
The optical model : phenomenological model

OMP
&
its parameters

!

Solution of the
Schrodinger equation

§

Calculated observables ﬁ Experimental data
Gel-inl (9), Ay(e)! Gtots Oreacs SO’S1 Ge|_in|(9), Ay(e)! Gtots Oreac » SO’S1
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The optical model : phenomenological model

OMP
&
its parameters

!

Solution of the
Schrodinger equation

§

Calculated observables ﬁ Experimental data
Get-int (0) Ay(e)! Ctotr Oreacr D011 Oetini(0); Ay(e)! Ctots Oreac » D011
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The optical model : phenomenological model W

OMP
&
its parameters

!

Solution of the
Schrodinger equation

§

Calculated observables ﬁ Experimental data
Get-int (0) Ay(e)! Ctotr Oreacr D011 Oetini(0); Ay(e)! Ctots Oreac » D011
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The optical model : semi-microscopic model

-

- No adjustable parameters
- Based on nuclear structure properties -,

n + “®pp

= usable for any nucleus i

- Less precise than the :

phenomenological approach L
Y

Energy (MeV)
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The optical model : semi-microscopic model W

Optical potential = Effective ® Radial d iti
P P Interaction adial densities
25 MeV n+®Pb
ol 32 V(o) n%Eo:tiséeMﬁelJ\;:leoire‘ | 7 [ 2"g’Pb rodiolldens%ties]

@

p (fm™)

1 ]
N 0 0.05 0.1 0.15 ®
T T T 3

ok 3
3 0k 3
S al 3
= o f W(p) matiere nucleaire ]
P LE E=25 MeV

W(r) (MeV)
|
o o -+ o N - o o

. I N
12 0 0.05 0.15

lp(fof;w")
U(p(r’),E
ure) = P05 p(r)
p(r’)
Depends on the nucleus Independent of the nucleus Depends on the nucleus
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The optical model : semi-microscopic model W

Unique description of elastic scattering

Optical model and compound nucleus model 19/10/2023 53



NN
The optical model : semi-microscopic model W

Unique description of elastic scattering (n,n)

40 MeV **Pb(n,n)**Pb

do/dQ (mb/sr)
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The optical model : semi-microscopic model W

Unique description of elastic scattering (n,n), (p,p)

104

40 MeV **Pb(n,n)**Pb 'k 40 MeV **Pb(p,p)**Pb

o
[

do/dQ (mb/sr)

9(6)/ T (mb/sr)
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The optical model : semi-microscopic model W

Unique description of elastic scattering (n,n), (p,p) and (p,n)

b 10 F T ‘ T T | T T | T T T -l ‘ T 3
40 MeV *Pb(n,n)**Pb 45 MeV *Pb(p,n)™ 8 : b 40 MeV **Pb(p,p)**Pb

g, -
B 103} + L
o o o~
E 0 B
— ~ 0
P! o ™~
o
& E £
o 102k c gl
B X
© )
g
)
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The optical model : semi-microscopic model W

Enables to give predictions for very exotic nuclei for which there exist no experimental data
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The optical model : semi-microscopic model W

Enables to give predictions for very exotic nuclei for which there exist no experimental data
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The optical model : semi-microscopic model W

Enables to give predictions for very exotic nuclei for which there exist no experimental data
30g

53 Mev Sx{p. 7S
—0¥

(OOBTS semmtion)

Experiment
performed
after calculation

w £ 5 ®
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—ao+
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The optical model : direct reaction description

- Spherical OMP

= Shape elastic only
= Absorbed flux distributed with CN model
= Generally bad for inelastic scattering off collective levels

- Coupled chanel approach

= Both elastic and few « well chosen » inelastic levels
= Absorbed flux distributed with CN model
= Good description of collective levels if the coupling model is appropriate

* DWBA approximation for spherical or weakly deformed nuclei
* CC approach for well deformed nuclei (various options)

—The choice of the « well chosen » inelastic levels relies on the experimental level scheme
or on theoretical predictions of the nuclear deformation and excited levels

g Optical model and compound nucleus model 19/10/2023 55



Nuclear structure & level scheme : spherical nucleus

Quadrupole vibration
(three phonons)
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Nuclear structure & level scheme : deformed nucleus
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The optical model : DWBA vs CC

o'l CcCJU=g —
DWBA J'=3 —
100 | . . |
DWBA : good approximation DWBA : bad approximation
DWBA and CC quasi-identical factor 100
-1
g 10| ' = between DWBA and CC !!!
s :
Y 102 o
& &
1073}
208 Y oo o
104! Pb(n,n’) ratios _ 4 ,f 238U (n,m) ratios
to elastic cross section 10 " to elastic cross section

5 10 15 20 25 30 .

5 10 15 20 25 30
Incident energy in lab. sys. (MeV)

Incident energy in lab. sys. (MeV)
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The optical model : coupling scheme saturation W

30

238
n+"U Great but
not trivial

Cross section (barn)

OcN=OROpy

19 coupled levels
| 1 11 1111 1 L 11 1111 | 1 Il 111111 | 1
i — —
10 10 10 1
Incident neutron energy (MeV) 19/10/2023 59
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The optical model : coupling scheme saturation W
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The optical model : optimisation W

All data must be simultaneously described at best
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The optical model : optimisation

All data must be simultaneously described at best
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The optical model : optimisation W

All data must be simultaneously described at best

E = 0.7 MeV
12" +3/2" tot. |
172" tot. |

p—
(=}
e

—
-

<L

= | ®G. Haouat

é | and the whole reaction process matters
D02 1/2" dir.

%“’ 3/2" tot.

1/2" comp.

10 ©

3/27 dir.

239py(n,n’)
Lo % 120 180

Oc.m, (deg)
Optical model and compound nucleus model o 19/10/2023 62




NN
The optical model : optimisation )

All data must be simultaneously described at best

238 outgoing neutron spectrum and the whole reaction process matters
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The optical model : optimisation )

; All data must be simultaneously described at best
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The optical model : impact of deformation

g Optical model and compound nucleus model
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The optical model : impact of deformation
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The optical model : impact of deformation
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The optical model : impact of deformation
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The optical model : impact of deformation
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The optical model : impact of deformation
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The optical model : impact of deformation W
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The optical model : impact of deformation on cross sections

182yy (n,n) 18248*

- Compound nucleus component
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The optical model : impact of deformation on cross sections
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The optical model : impact of structure description W

36 —— HFB+ZPE
—— HFB
S 2

60° 16 T = Nearly spherical nucleus
Binding Energy ol = Structure with 5SDCH (GCM) probably not perfect
5DCH=305.380 MeV 45° t = QRPA option could be more appropriate
Exp= 308.714 MeV (ext) Z
é L
% * ="
““““ O-Illll IIIIIII
0.5 0.0 0.5
B
15°
0.0 0.2 0.4 0.6 0.8 0’
B
S. Hilaire & M. Girod, Eur. Phys. J. A33 (2007) 237. HFB-DIM S. Goriely et al., Phys. Rev. Lett. 102 (2009) 242501.
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The optical model : impact of structure description W

28. MeV *S(p,p’)*S
GCM(D1S)  QRPA(DIS)
e D

CCC JM

N Cge—

o]

0(0)/0sm do/dQ (mb/sr)

‘IO 1 1 1 1 1 1 1 1 i
0 20 40 60 80 100 120 140 160 180

Ocm (deg.)
g Optical model and compound nucleus . _ _ _. 19/10/2023 67




NN . /
The optical model : deformation and outgoing spectrum W
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The optical model : deformation and giéasaing spectrum W
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The optical model : deformation and outgoing spectrum W

T

experiment

1.0

/

o
i
I

o
o
=k
|
I

Spectrum (barn.MeV™')

0.001 I I I | I | |
2 4 6 8 10 12 14 16

Emission energy (MeV)

Optical model and compound nucleus model 19/10/2023 68



NN .
The optical model : deformation and outgoing spectrum W
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The optical model : deformation and outgoing spectrum W

| —|
o

experiment

1.0 ;

/

o
i
I

o
o
=k
|
I

Spectrum (barn.MeV™')

0.001 I I I | I | |
2 4 6 8 10 12 14 16

Emission energy (MeV)

Optical model and compound nucleus model 19/10/2023 68



NN
The optical model : deformation and outgoing spectrum W
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The optical model : RIPL inputs

International Atomic Energy Agency

IAEA,org | NDS Mission | About Us | Mirrors: India | C

& ¢ Nuclear Data Services search [ (-
8 & Seccidn Datos Nucleares, OIEA

002 DFF

RIPL-2
CRP (RIPL-3

Nuclear Data Services
Nuclear Data on CD's |

4 Documents

RIPL-2 Handbook

Reference Input Parameter Library (RIPL-3)

R. Capote, M. Herman, P. Oblozinsky, P.G. Young, S. Goriely, T. Belgya, A.V. Ignatyuk, A.J. Koning, S. Hilaire, V.A. Plujko, M. Avrigeanu, O. Bersillon,
M.B. Chadwick, T. Fukahori, Zhigang Ge, Yinlu Han, S. Kailas, 1. Kopecky, V.M. Maslov, G. Reffo, M. Sin, E.Sh. Soukhovitskii and P. Talou

Ducuments listing (ft

BUORES W

Nuclear Data Sheets - Volume 110, Issue 12, December 2009, Pages 3107-3214

RIPL discrete levels database should be corrected for +X,.. levels, new release soon.

:f:V__L_IDat

DENSITIES
EMPIRE-IL

ftp)

Nuclear Data Sheets [Introduction | [ MASSES | [ LEVELS | [ RESONANCE B |[ OPTICAL ||| DENSITIES | [ GAMMA | [ FISSION |[ CODES ][ Contacts |

FISSION (ftp)

| CODES (ft] )
Introduction

We describe the physics and data included in the Reference Input Parameti
codes require substantial numerical input, therefore the International Atomic
Input Parameter Library (RIPL). A final RIPL coordinated research project {RIPLY
projects. The RIPL-3 library was released in January 2009, and is available on the
the development and use of nuclear reaction modelling (ALICE, EMPIRE, GNASH, Ul

Library, which is devoted to input parameters needed in calculations of nuclear reactions and nuclear data evaluations. Advanced modelling
rgy Agency (IAEA) has worked extensively since 1993 on a library of validated nuclear-model input parameters, referred to as the Referance

was brought to a successful conclusion in December 2008, after 15 years of challenging work carried out through three consecutive IAEA
eb through http://www-nds.iaea.org/RIPL-3/. This work and the resulting database are extremely important to theoreticians involved in
TALYS) both for theoretical research and nuclear data evaluations.

The numerical data and computer codes included in RIPL-3 are arranged in seven segm
the evaluated experimental masses of Audi et al. (2003). DISCRETE LEVELS contains
ENSDF in October 2007. NEUTRON RESONANCES contains average resonance paramet
phenomenological optical model parameters defined in a wide energy range. When there are
density distributions to be used as input for microscopic calculations are stored in the MASSES
models and microscopic calculations which are based on a realistic microscopic single-particle lev
the recommended average neutron resonance parameters and discrete levels. GAMMA contains pa
emission in statistical model codes. The experimental GDR parameters are represented by Lorentzi
prescriptions for fission barriers and nuclear level densities at fission saddle points based on microscopic

ts: MASSES contains ground-state properties of nuclei for about 9000 nuclei, including three theoretical predictions of masses and
7 datasets (one for each element) with all known level schemes, electromagnetic and y-ray decay probabilities available from
prepared on the basis of the evaluations performed by Ignatyuk and Mughabghab. OPTICAL MODEL contains 495 sets of
ufficient experimental data, the evaluator has to resort to either global parameterizations or microscopic approaches. Radial
ment. LEVEL DENSITIES contains phenomenological parameterizations based on the modified Fermi gas and superfluid
cheme. Partial level densities formulae are also recommended. All tabulated total level densities are consistent with both
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fits to the photo-absorption cross sections for 102 nuclides ranging from *ly to 2%u, FISSION includes global
B calculations constrained by experimental fission cross sections.

OMP for more than 500 nuclei with projectiles ranging from neutron to “He
» standard parameters (phenomenologic)
 deformation parameters (levels from levels’ segment)
* energy-mass dependent global models and codes (matter densities from mass segment)
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NN
Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities "
Transition densities Fission paths

CSReaction cSNC

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
MODEL

T, .
J Inelastic channel

(n,n’), (n,a),
Direct inelastic components (n,y), etc...
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Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities Fission paths
Transition densities B

GRe Q N C
COMPOUND
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\[e]ln]
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NN
Typical spectrum shape W

“Fe(p,xp) @ 62 MeV 3 regions :
Double differential cross sections

* Red: « evaporation » peak
always present and low outgoing energy

Green : « flat » intermediate region
width increases with incident energy

Blue : « discrete » peaks

outgoing energy close to incident energy
15.0

10.0 15

5.00
70

100 Angle (deg)

10

20 135

30
40
Energy (MeV) 50 oo 0
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The pre-equilibrium model : history

Semi-classical approaches

- called « exciton model »

- « simple » to implement

- initially only able to describe angle integrated spectra (1966 & 1970)

- extended to ddx spectra in 1976

- link with Compound Nucleus established in 1987

- systematical underestimation of ddx spectra at backward angles

- complemented by Kalbach systematics (1988) to improve ddx description
- link with OMP imaginary performed in 2004

Quantum mechanical approaches

- distinction between MSC and MSD processes
MSC = bound p-h excitations, symetrical angular distributions
MSD = unbound configuration, smooth forward peaked ang. dis.
- MSD dominates pre-equ xs above 20 MeV
- 3 approaches : FKK (1980)
TUL (1982)
NWY (1986)
- ddx spectra described as well as with Kalbach systematics

Optical model and compound nucleus model 19/10/2023
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NN
The pre-equilibrium model : exciton model principle W

E A
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The pre-equilibrium model : exciton model principle W

E A

1p 2p-1th  3p-2h  4p-3h time
1n 3n s5n n
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NN . .
The pre-equilibrium model : master equation W

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.
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The pre-equilibrium model : master equation

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.

Evolution equation
dP(n,E,t)
dt

= Apparition

- Disparition
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The pre-equilibrium model : master equation

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.

Evolution equation

dP(n,E,t
=) P2, 0, (B) 4 POR2E O, ()

- Disparition
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The pre-equilibrium model : master equation

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.

Evolution equation

dP(n,E,t
=) P2, 0, (B) 4 POR2E O, ()

B P(n’ E’ t) [}" n, n+2 (E) +A n, n-2 (E) +A n, emiss (E)]
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The pre-equilibrium model : master equation

P(n,E,t) = Probability to find for at time t the composite system with an energy E and an exciton number n.

A . , (E) = Transition rate from an initial state a towards a state b for a given energy E.

Evolution equation

P(n,E,t
d (dt! ) — P(n-2, E, t) }\‘ n-

, (E) +P(n+2, E, ) &, . (E)

P, E)[2, L E) A, LE) A, ()]
Emission cross section in channel

do,_(E, &) = o j Y P(n,E ), (E)dt de,

o N, An=2
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The pre-equilibrium model : initialisation & transition rates W
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NN . .
The pre-equilibrium model : initialisation & transition rates W

Initialisation
P(n,E,0) =5

n,ng with ny=3 for nucleon induced reactions
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NN
The pre-equilibrium model : initialisation & transition rates

Initialisation

P(n,E,0) = Sn,no with n,=3 for nucleon induced reactions

Transition rates

2
Moz (E) =5 (M) (p,h,E) with p+h=n-2
2
Ao o (E)= % (M?) w(p,h,E) with p+h=n+2 ___ Original
’ formulation
_ 25 +1 w(p=-py,N,E=c = B))
A n, c (E) = 213 Mc €¢ Og,inv (gc) w(p,h,E)

—_—

Optical model and compound nucleus model 19/10/2023
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The pre-equilibrium model : initialisation & transition rates

Initialisation

P(n,E,0) = 8n,no with n,=3 for nucleon induced reactions

Transition rates

A (E)=—2hE (M?) w(p,h,E) with p+

n,

A (E)=% (M2) w(p,h,E) with p+

n,

2s +1 w( “Mby ,E- - )

A (E)= (n)
" n2h3 w(p,h,E)
Corrections for proton-neutron
distinguishability
&

complex particle emission

g Optical model and compound nucleus model 19/10/2023 76
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The pre-equilibrium model : initialisation & transition rates

Initialisation

P(n,E,0) = 8n,n0 with n,=3 for nucleon induced reactions

Transition rates

A (E)=%<M2> w(p,h,E) with p+h=

n,

Corrections for proton-neutron

27
) (E)=%<M2> w(p,hy

n, isﬁaBility
&
_ 25+ complex paittigle’emission= 5 )
Ao, (E) = 273 w(p,h,E) (")

State densities

W i V4 V4 V4

w(p,h,E) = number of ways of distributing p particles and h holes among all
accessible single particle levels with the available excitation energy E

76
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The pre-equilibrium model : state densities

State densities in ESM

 Ericson 1960 : no Pauli principle
» Griffin 1966 : no distinction between particles and holes

« Williams 1971 : distinction between particles and holes as well as between neutrons and
protons but infinite number of accessible states for both particle and holes

U-—ByM-!
wpﬂhnpvhv(U) — giﬂ"’hngfv'l'hy ( ) ’
2D, Bl BN (M —1)!

where M is the total number of particles and holes of both kinds and

1 2 2 _h 2 2 _
B=_(p,t+h,,+pn ., DL+ 4D, hv)_l(ﬁJrf{!)
4 g gy

2\g, 9,
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The pre-equilibrium model : state densities

State densities in ESM

Ericson 1960 : no Pauli principle
» Griffin 1966 : no distinction between particles and holes

« Williams 1971 : distinction between particles and holes as well as between neutrons and
protons but infinite number of accessible states for both particle and holes

+ Beétak and Dobés 1976 : account for finite number of holes’ states
* Oblozinsky 1986 : account for finite number of particles’ states (MSC)
* Anzaldo-Meneses 1995 : first order corrections for increasing number of p-h

» Hilaire and Koning 1998 : generalized expression in ESM

= .



NN
The pre-equilibrium model : master equation W

sressarannas Without pre-equilibrium
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NN
Models sequence and required ingredients W

i . Masses
Masses Direct (shape) elastic Deformations

Deformations Excited discrete levels
Excited discrete levels Level densities

Matter densities DI NP Gamma strength functions

Transition densities Particule-hole level densities "
Transition densities Fission paths

CSReaction cSNC

COMPOUND

PRE-EQUILIBRIUM NUCLEUS Fission channel
MODEL

OPTICAL
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Direct inelastic components (n,y), etc...
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Models sequence and required ingredients

i . Masses
Masses Direct (shape) elastic Deformations
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Excited discrete levels Level densities

Matter densities DI NP Gamma strength functions
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Typical spectrum shape W

“Fe(p,xp) @ 62 MeV 3 regions :
Double differential cross sections

* Red : « evaporation » peak
always present and low outgoing energy

Green : « flat » intermediate region
width increases with incident energy

Blue : « discrete » peaks

outgoing energy close to incident energy
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The compound nucleus model : initial population

After direct and pre-equilibrium emission

Oreaction — Odir + Gpre-equ

g Optical model and compound nucleus model
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After direct and pre-equilibrium emission
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The compound nucleus model : initial population
After direct and pre-equilibrium emission

Oreaction — Odir + Gpre-equ

X

N, No-dNj
Z, Z,-dZ;,
E*, E*,-dE*,
Jo Jo-dJp
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The compound nucleus model : initial population
After direct and pre-equilibrium emission

Oreaction — Odir + Gpre-equ

Y
No'dND'dNPE — N

N, Ny-dN,,
Z, Z,-dZ, Z,-dZ,-dZp =2
E*, E*-dE*, E*,-dE*p-dE*,g = E*
J Jo-dJp Jo-dJp-ddpe = J
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The compound nucleus model : initial population
After direct and pre-equilibrium emission

Oreaction — Odir + Gpre-equ

Y
No'dND'dNPE — N
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The compound nucleus model : initial population

After direct and pre-equilibrium emission

Oreaction — Odir + Gpre-equ

g Optical model and compound nucleus model

Y
No'dND'dNPE — N

N, Ny-dN,,
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The compound nucleus model : initial population
After direct and pre-equilibrium emission
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Y
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NN . .
The compound nucleus model : basic formalism W

Compound nucleus hypothesys

- Continuum of excited levels
- Independence between incoming channel a and outgoing channel b

(CN)
C.p, =0, Py
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The compound nucleus model : basic formalism W
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The compound nucleus model : basic formalism W

Compound nucleus hypothesys

- Continuum of excited levels
- Independence between incoming channel a and outgoing channel b
(CN)
Oap = Pb
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NN
The compound nucleus model : basic formalism W

Compound nucleus hypothesys

- Continuum of excited levels
- Independence between incoming channel a and outgoing channel b

(CN)
Gap = Py

SN =P o / \ o Ty
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NN
The compound nucleus model : qualitative feature W

Compound angular distribution & direct angular distributions 239py(n,n’)

E =0.7 MeV
1727 + 3/27 tot.
172" tot.

[
=
w

—
=

»n

=~ I

-E © G. Haouat
p— —

8 102

= [ 32" tot.
© |

10 |

3/2" dir.

45° 90° 135° 1 A T
0 60 120 180
Optical model and compound nucleus model GC.M1. {degp2s 85



NN
The compound nucleus model : complete channel definition

Channel Definition

a+A 5 (CN)* > b+B

] = I R
Incident channel a = (L, j.=l_+s_, J,,,, E,, E.)

Conservation equations

* Totalenergy : E_. + E, =E;\=E, + Eg

- > o - -
* Total momentum : p_ + p, = pPen= Py, + Ps

e - - —
* Total angular momentum : |, +s_+ J, =J =1, + s, + Jg

* Total parity : 77, (-1)Ia =Ten = T (-1)Ib

Optical model and compound nucleus model 19/10/2023

d
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NN . .
The compound nucleus model : basic formalism W

In realistic calculations, all possible quantum number combinations have to be considered

cSab
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The compound nucleus model : basic formalism

In realistic calculations, all possible quantum number combinations have to be considered

max

I,+s,+1,

2J+1
Gab=k£2 2 Z (2J+1)

Vgl At QLAD (254D
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The compound nucleus model : basic formalism

In realistic calculations, all possible quantum number combinations have to be considered

I+s Given by OMP
- (2J+1)

7T
Ga —_— —
"k} 2 (21 +1) (25 +1)

a - T=
J_l IA_Sa|

g Optical model and compound nucleus model 19/10/2023 87



W e V4 V4 V4 %
The compound nucleus model : basic formalism

In realistic calculations, all possible quantum number combinations have to be considered

max

A Q2J+1)
b g 2 Z:+ 21 +1) (25 +1)
R EPEC I ! ‘
J+1, Jat S,

2 X

ja=|J_IA| lazlja_sa|
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The compound nucleus model : basic formalism

In realistic calculations, all possible quantum number combinations have to be considered

max

A Q2J+1)
b g 2 Z:+ 21 +1) (25 +1)
R EPEC I ! ‘
J+1, Jots, J+ 1 Js Sy

DI D)

J=NI=-1 0 L=l =8, =l T=1g| L=, —5,]
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-

The compound nucleus model : basic formalism
In realistic calculations, all possible quantum number combinations have to be considered

max

I,+s,+1
. Sz 5 Q2J+])
C.h= S
k -
Y g1, | =+ (21 ,+1) (2s,+1)
J+1, Jots, J+ 1 Js Sy

) D)

JSI=L L= =5 3=l I =gl 1=175=5]

Parity selection rules

Jr
Ta’ lys ], Tb lb’]b

Z C, c’.]c

g Optical model and compound nucleus model 19/10/2023 87




N %
The compound nucleus model : basic formalism W
In realistic calculations, all possible quantum number combinations have to be considered

max

I,+s,+1,
T (2J+1)
G = k_z 2 Z 7
S )

Width fluctuation correction factor

to account for deviations
a_ from independance hypothesis
Jo=1 =1, '

J
Ta{Z’ja Tb ;Z[;’jb WJ” . .
57[(61) 572.(b) a’ la’.]a) b’ lb’.lb

z c’ c’.lc

Optical model and compound nucleus model 19/10/2023 87



The

o [mb]

o [mb]

10°

10'

10"

107!

W i V4 V4 V4

compound nucleus model : quantum numbers rule

89Y Ground state : 1/2°
39Y (p,n) ¥Zr threshold = 3,65 MeV

Transmission coefficients incident proton at 4.5 MeV :
=T + 7+ ., 60%(=0=CNspin0, I
CN  Ttarget 35% (=1 = CNspin 0, 1, 2"
Transmission coefficients outgomg neutron at 1.0 MeV :
_ 1 70 % {=1 = residual spin 1/2°, 3/2,5/2°,1/2",3/2", 5/2", 7/2"
ICN Ires1dual + Z th= 25 % (=0 = residual spin 1/27, 3/2", 5/2°, 1/2*, 3/2*

897r Level scheme

3/2  1.094 MeV

I’I 8()Y( p.n)xC)Zr
N ——— 172 0.587 MeV
L 927 0.0 MeV
E [MeV]

= (p,y) decreases when (p,n) decay to the 1/2 level opens because the (p,n) decay to

9/2" is too weak for low energies du to too low transmission coefficients



NN . .
The compound nucleus model : width fluctuation W

Breit-Wigner resonance integrated and averaged over an energy width corresponding to the incident
beam dispersion
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The compound nucleus model : width fluctuation

Breit-Wigner resonance integrated and averaged over an energy width corresponding to the incident
beam dispersion

<cab>=:—§2—;° < F;F" >

tot
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NN . .
The compound nucleus model : width fluctuation W

Breit-Wigner resonance integrated and averaged over an energy width corresponding to the incident
beam dispersion

ki D Lot
Since Tocz o <Fa>
D
f . T, T,
(@) =
< ab> kfl ch Wab
—> A

with W b =
a

"
Optical model and compound nucleus model 19/10/2023 89
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The compound nucleus model : main methods for WFCF W
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The compound nucleus model : main methods for WFCF W

 Tepel method

Simplified iterative method
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The compound nucleus model : main methods for WFCF e W
 Tepel method
Simplified iterative method
* Moldauer method

Simple integral
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The compound nucleus model : main methods for WFCF e W
 Tepel method
Simplified iterative method
* Moldauer method
Simple integral
* GOE triple integral
« exact » result

Elastic enhancement with respect to the other channels
Inelastic enhancement sometimes in very particular situations ?
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The compound nucleus model : GOE triple integral

A1 = N)[A = Ay
A ADA (L4 Aa) (A + AD2(A + Ag)?

+0o0
Wai, 5. ks = ] A\ d/\g /d/\

1 —XT7
H ( cfcj'c) 5(“5(1 TJ )
c \/(l—f—/\lTCJf j)(1+A2TCJf J)
A X 9\ 2
1 2
1+0
LjL/\lTﬂ»f da —|—1+/\2be o +1/\Tajfa5a] + (1 + dap)

[ A (14 Ap) - Ao (14 Ag)
A+MT 5 )A+ Ty ) A+XT, )0+ X Ty, )

IA(L — \)
(1 — AT (1= ATy, j,)

aly.ja

Optical model and compound nucleus model

WW%
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NN
The compound nucleus model : WFCF flux redistribution W

n+2%Py

A(S;oE * Omoldauer)/C (%)

1 \\\\\Jll L \\\\\I\l \7

>

e

E o

.
L1 1 11 1 £ 1 1
§

L IIII\I\I 1 IIII\I'\I

ey

<

\HIlHIJI( TT

0]

n,inl

<

Sections efficaces (barn)

11 |}I11|\i\l \Illl}l‘l\\\’lkl\

T \\\\\\Il T \\]\\I\l T

Moldauer
)

-y

n,c_el
& GOE]

1 M
S
1
S
0
1.5
1
S
0
S
1

=
n

Hauser-Feshbach

HH‘HI}IHIlH\ }IIHI\IHH'I\IW

T\\III\\III

|\\}’I\\‘ll\

i e e i |

<o

1 \\\\\\Il L I I I}
-2

p—
<

VO
(\

10" 1 107
Energie neutron (MeV)

107" 1

Cross section (b)

WFCF

n+%8Sr

R T T T T
w
2z—(a) Xj
1ok
*———WH%*HM&
[ N T AN AT N N 115
0.001 0.01 0.1 1.0

Projectile energy (MeV)
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NN
The compound nucleus model : WFCF flux redistribution W

n+2%Py

A(S;oE * Omoldauer)/C (%)

>

e

E o

E" .
L1 1 11 1 £ 1
§

ey

<

Sections efficaces (barn)

0]

n,inl

11 |}I11|\l\l \Illi}l‘l\\\’l[l\

= S = S ’
_ U S U =l S N = U

HH‘HI}IHIlH\ }IIHI\IHH'I\I\ \HIlHIJl(H

=
n

T \\\\\\Il T \\1\\|\| T

Moldauer
)

n,c_el
& GOE]
Hauser-Feshbach .

T\\III\\III

|\\}’I\\‘ll\

i e e i |

—
(=]

VO
(\

2

107" 1

107

107" 1

Energie neutron (MeV)

n+%8Sr

12

T TTTI

10

T TIIIIIIIIII llﬁl TTT ITII T

Cross section (b)

T TTTT

T TTTI T

No elastic enhancement because

there is no flux to steal

2F (a)
Ll | Ll 111
1.2 T T T T T TTTT] TT1
= w
L L1til corrrnpl ol | 1:
0.001 0.01 0.1 1.0

Projectile energy (MeV)
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The compound nucleus model : Engelbrecht-Weidenmuller transformation

max

g AT (2J+1)
TS S
k, Sl s | Tt (21 +1) (2s,+1)
J+1, Jats, J+ 1 Jst Sy
J=VI=L L==s, =1 I=1g|l L=1,—5,]
T“{Z’ja Tb{z’jb WJ” : :
5ﬂ(a)§”(b) a, la’]a’ b) lb)]b

; TC;IZ’jc

Optical model and compound nucleus model

19/10/2023
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The compound nucleus model : Engelbrecht-Weidenmuller transformation

i s L AL = N)[Ap = A
["']["':"'J‘&1-ja-~bsiba_’;;b :/ ({./\1 / (Z/\Q /(Z/\ ( )‘ 1 2‘
0 0 0 \//\1(1+/\1)/\2(1+/\2)(/\+/\1)2(/\+/\2)?

1-ATY, .
H _ ( - ’-_*"C‘J'C) - {5@(1 - Tcifﬁ_,ja)
U NT] )+ 2T )

r \ —I‘z

Using OMP transmission coefficients is OK for a diagonal S matrix (no coupled channels)
but not correct if off-diagonal S matrix elements are significant

B i) N Aa(1+ Ag)
(L+MT )+ M Thy,)  (L+XT )L+ X Thy, )

N1 — \)
— — , —
(1= AT, 1= ATpii)

(l.[(', ._ja
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N
The compound nucleus model : Engelbrecht-Weidenmuller transformation

-

1. One defines P=1— Ssft More details in Kawano T., Phys. Rev. C 94, 014612 (2016)
2. One diagonalize P and computes the U matrix such that UPUT = D,
3. Then A = USU! s diagonal
4. Using T. = 1—|Aua|? one gets the analogous of the usual T = 1 — |Saal?
5. Finally
Oab |L |2 Nn& -} Z L;{L[T Lcm DT + Lrﬁalfab)&aﬁ
a3
£ Z [];[IDT*{)U:)’G fj’b<Aaal4,3ﬁ>
a3
" Taf 17 Vi .
where —W,.s and W,z are calculed with ......

G-Ct' I."J_’ = ==
2.0

g d
!
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The compound nucleus model : GOE triple integral

A1 = N)[A = Ay
A ADA (L4 Aa) (A + AD2(A + Ag)?

+0o0
Wai, 5. ks = ] A\ d/\g /d/\

1 —XT7
H ( cfcj'c) 5(“5(1 TJ )
c \/(l—f—/\lTCJf j)(1+A2TCJf J)
A X 9\ 2
1 2
1+0
LjL/\lTﬂ»f da —|—1+/\2be o +1/\Tajfa5a] + (1 + dap)

[ A (14 Ap) - Ao (14 Ag)
A+MT 5 )A+ Ty ) A+XT, )0+ X Ty, )

IA(L — \)
(1 — AT (1= ATy, j,)

aly.ja

Optical model and compound nucleus model

WW%
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N

The compound nucleus model : Engelbrecht-Weidenmuller transformation

ZSHU(D_H.)ZSHU

ZSHU(I].I’I'}BHU 600
2000 1 449 keV 2' 148.4 keV 4'
- Caleuls avee E-W L Calculs avee E-W
1750 | o Calculs sans E-W =00 Calculs sans E-W
&1'! | ‘-"_ Calculs T. Kawano avec E-W Calculs T. Kawano avec E-W
B | I "
i AN .
—_— ] 0 j . 4'|| 'T‘fm\‘:. = AD —
2 AT 2
= L e I L " =
Gl'_ 0T .+'i i A .!.\'\:.. =
° # | AR © 30 \;.‘l-.:
1000 W " '\l L1
i -[ 2 g L 8 5
g = e, A
i | n \.:.”."I..
7RO _—# n = . 55
i | m HR"-I » = -
LIl ‘m -H 3
ao e | LB 9 ™ -
4 - - .- o gy .
| L ™ 1 = ] ._-_.. =
ong [ 2
1 1 1 1 | 1 1 1 1 1 1 1
E, (McV) E (MceV)
= Optical model re-optimisation required !
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The compound nucleus model : Engelbrecht-Weidenmuller transformation

Rgtlo Gn-*z/ ¢

o=

g
(&)

10

ENDFB-VIII

BRC2022 no EWT

BRC2022 with EWT

vl M AW |

-3
10

10 10
Neutron Energy (MeV)

g Optical model and compound nucleus model

1

Capture cross section shape modified
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NN
The compound nucleus model : multiple emission W

\ 4

N

Optical model and compound nucleus model 19/10/2023 929



The compound nucleus model : multiple emission

N

target
EA
Sp
S(x
Z
S,
Zc
2. /
> | 1 ; > N
N,-2 N,-1 .
g Optical model and compound nucleus model 19/10/2023
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The compound nucleus model : multiple emission W

target
,ﬂ
E4
Sp /,'
Z S(l //
Sa
—n///
ZC
Z-1 /
/ ; ', ; > N
N.-2 N-1 N,

g Optical model and compound nucleus model 19/10/2023 929



The compound nucleus model : multiple emission

WW

target Compound nucleus

@ Optical model and compound nucleus model

Z 1
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NN
The compound nucleus model : multiple emission W

target Compound nucleus

Z
N
Z
=N
=zl
o
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The compound nucleus model : multiple emission W

target Compound nucleus

N
—
—
—
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The compound nucleus model : multiple emission W

target Compound nucleus

N
—
—
—
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The compound nucleus model : multiple emission W

target Compound nucleus

fission

N
—
—
—
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The compound nucleus model : multiple emission W

target Compound nucleus

fission
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The compound nucleus model : multiple emission W

target Compound nucleus

fission
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The compound nucleus model : multiple emission W

target Compound nucleus

fission

N
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The compound nucleus model : multiple emission

WW

target Compound nucleus

fission

EA
Z.-1
/ t i > N
N -1 N,
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The compound nucleus model : multiple emission

WW

target Compound nucleus

fission

EA
Z.-1
/ t i > N
N -1 N,
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The compound nucleus model : multiple emission

WW

target Compound nucleus

fission

EA
Z.-1
/ t i > N
N -1 N,
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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The compound nucleus model : multiple emission W

target Compound nucleus
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NN .
The compound nucleus model : changing OMP within decay

4- Neutron emission

uoISSIWa uojoid

<
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NN .
The compound nucleus model : changing OMP within decay

N=82 < Neutron emission

uoISSIWa uojoid

<
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NN .
The compound nucleus model : changing OMP within decay

N=82 < Neutron emission

uoISSIWa uojoid

Spherical Vibrational Rotational
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The compound nucleus model : changing OMP within decay

N=82 < Neutron emission

uoISSIWa uojoid

Spherical Vibrational Rotational
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The compound nucleus model : changing OMP within decay

_n+"Eu

Target’s OMP

-

(n ] n'epd) .
(n, n’dk’?,""

raal PSS N | PR | PR

(n,non el)

LTV

e 3000

2500

~o3

E (MeV)

g Optical model and compound nucleus model

10

500 -

only

n+'*Eu

(MM}

L

L
~

(n,2n)

__(n,non el)
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The compound nucleus model : changing OMP within decay

B\ e 2T

Target’s and residuals’ OMP

1040 ot

(n,n's)

n+'"*Eu
™ T 3000 T T T T T T T T T T T T
Siranial) ] il i (n,nonel) |
(M) (n,2n) e
2000 |- / -
= £ (n,2n)
Ersoo | ’?%‘\ \
b y

500

10 L
167 10°2

Optical model and compound nucleus model

107"

E (MeV)

= Little impact compared to investment

19/10/2023
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NN
The compound nucleus model : summary

Rezllction
\ —————
1} Fission 7~
= \ Optical model
: - <z +
£ ‘1 ° o
< 10 Statistical model
5 +
o [ ] [ ] [ ]
o Pre-equilibrium model
7, 2
o 10
| -
o
Or= Og+t Opg T Oy
10 -3 A " . P S 1 " . P S—— " " " A e
10~ 107! 1 10

Neutron energy (MeV)
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The compound nucleus

N

model : summary

\

Reaction

Cross section (barn)

Fission

Neutron energy (MeV)

g Optical model and compound nucleus model

Optical model

<= +

Statistical model
+
Pre-equilibrium model

Or= Og+t Opg T Oy

= Opp T OpgT Opy T ...

19/10/2023
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NN
The compound nucleus model : compact expression

GNC = Zb: G., Whereb=vy,n,p,dt, ..., fission

Jn
2041 n T, () >
G2 2 1, - W
o R Tp e 3 < o>
’ ? d
o

a

|
with J=1_+s +1,=j, +1, and n=(-1) 7,

and < Tb(ﬁ)> = transmission coefficient for outgoing channel
associated with the outgoing particle b

@ Optical model and compound nucleus model 19/10/2023
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NN
The compound nucleus model : various decay channels W

Possible decays
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NN . .
The compound nucleus model : various decay channels W

Possible decays

* Emission to a discrete level with energy E

<T,(B>> = T,(5) given by the O.M.P.
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NN . .
The compound nucleus model : various decay channels W

Possible decays

* Emission to a discrete level with energy E

<T,(B>> = T,(5) given by the O.M.P.

* Emission in the level continuum

E +AE

Jn
<T, B> = | Ty(B) p(E.J,n) dE
E
p(E,J,n) density of residual nucleus’ levels (J,n) with excitation energy E
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NN . .
The compound nucleus model : various decay channels W

Possible decays

* Emission to a discrete level with energy E

<T,(B>> = T,(5) given by the O.M.P.

* Emission in the level continuum

E +AE

Jn
<T, B> = | Ty(B) p(E.J,n) dE
E
p(E,J,n) density of residual nucleus’ levels (J,n) with excitation energy E

» Emission of photons, fission
Specific treatment

Optical model and compound nucleus model 19/10/2023 104



