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1. Context and PhD motivations

Réacteur Jules
Horowitz
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Multiphysics
simulation code

What are nuclear data ?

Cross sections

Fission yields

TKE

Fragments (A, Z, spin ...)
Distributions

Reaction products

&

Nuclear data ’
03 -
.

How to obtain these data ?

o EXPERIMENTS



1. Context and PhD motivations

=

Propulsion navale

Réacteur Jules
Horowitz

dGdda

Centrale REP
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Proton numberZ

simulation code

Multiphysics

« Cross sections
« Fission yields
e TKE

« Distributions
« Reaction products

What are nuclear data ?

«  Fragments (A, Z spin ..)

I
N=258

B stable isotopes

W radioactive decay chain

B light particles

B fusion/transfer

B fragmentation
unknown

B predicted driplines

@ @ 3

Nuclear data

How to obtain these data ?

o EXPERIMENTS

e MODELS (CONRAD, FIFRELIN)

@

Microscopic data

Pre-emission neutron fission yields
Levels densities
Transition probabilities
Need a predictive model to explain
» all nuclear observables along the
chart

40 80 120 160

200 240 280

Neutron number N




1. Context and PhD motivations

Spectra and transition strengths

A 6+ 1606
5+ 1432
6+ 1365 5-__ 1404
4+ 1263 3- 1251
8+ 1144 3+ 1127
4+ 1047
1000 + 2+ 9%
436
2+ 815
)
> 6+ v 7117 oy eso
)
ST 154Gd
4+ 371 5
Ll
247
2+ 23
o+ 1% ENSDF database, IAEA

= Angular momentum
- Level parities : { *

- Modes :

\——

Vibrations Rotations
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1. Context and PhD motivations

Spectra and transition strengths

6+ 1606
A —
o P2 s GCM Why .choqse 3uadrupole Bohr
4+ 1263  3- 1251 HCImIItonlqn H
8+_ 1144 3+ 1127 '?/9. ) ) )
1000 1 e VR QRPA g + Vibrational et rotational
436
—~ 2+ 815 Z.O/' + FCISt
> 6+__ v 717 o, 1o, hr oo
Qo 154G d BO ‘Lronian - Even-even nucleus
I R Hami - Positive parity levels
247
é: T 3023 ENSDF database, IAEA

= Angular momentum
- Level parities : { *

- Modes :

\——

Vibrations Rotations
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1. Context and PhD motivations

Spectra and transition strengths

6+ 1606
A —
o P2 s GCM Why .choqse 3uadrupole Bohr
4+ 1263  3- 1251 HCImIItonlqn H
8+_ 1144 3+ 1127 '?/9. ) ) )
1000 1 e VR QRPA g Vibrational et rotational
at6
—~ 2+ 815 Z.O/' Fast
> 6+__ v 717 o, 1o, hr oo
Qo 154G d BO ‘Lronian Even-even nucleus
I R Hami Positive parity levels <=
247
é: T 3023 ENSDF database, IAEA

= Angular momentum
- Level parities : { *

- Modes :

\——

Rotations

Vibrations
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PhD objectives ?

0 Quadrupole Bohr Hamiltonian formalism

O Bohr Hamiltonian code

O Obtain levels scheme

-> Octupole degrees of freedom

A. Dobrowolski, K. Mazurek,
and A. Gozdz -2016
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2. Quadrupole Bohr Hamiltonien formalism

Step 1: Definition of collectives parameters

.

A nucleons Nuclear surface
oscillations

Aage Bohr - 1952

00 A
R(O,®,t) = Ry | 1 + z Z 0 (DY, (6, D)
A=0 u=-A

g
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2. Quadrupole Bohr Hamiltonien formalism

Step 1: Definition of collectives parameters

.

A nucleons

g

Nuclear surface
oscillations

Aage Bohr - 1952

o A
RO,9,0=Ro[ 1+ ) ¥ [an (050, ®)

A=0 u=-A

Monoypole :
Volume variations

Dipole :
Center of mass

Quadrupole :
Elongation

Octupole :
Asymmetric deformation
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2. Quadrupole Bohr Hamiltonien formalism
Step 1: Definition of collectives parameters

Laboratory frame
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2. Quadrupole Bohr Hamiltonien formalism

Step 1: Definition of collectives parameters

Laboratory frame Intrinsic frame
a
0o Rotation 0 a, = Bcosy
Euler angles _ :
« _ a, = [sin
= a21 Q=(9,6,¥) a, = | Qo 2 = Psiny
oy = 20 > 0
o1 {ﬁ’ Y!¢!0! q’}
A2-2
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2. Quadrupole Bohr Hamiltonien formalism

Step 1: Definition of collectives parameters

Laboratory frame Intrinsic frame

a
0o Rotation 02 ay = Bcosy
o E;I_er angles o = | ag a, = Bsiny
o, =| Q20 ~(©8%) > i 0
o1 {ﬁ’ Y!¢!0! q’}

There are 48 ways to position the frame
within the intrinsic axes of the nuclei. = Octahedral group O
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2. Quadrupole Bohr Hamiltonien formalism

Step 2 : Obtain collective quantum Hamiltonian

Classical Hamiltonian

_ 1
coll = Z aZu 2 2 (az)dzy +Veou (“2)
2,/ldet(B, )[4z
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2. Quadrupole Bohr Hamiltonien formalism

Step 2 : Obtain collective quantum Hamiltonian

Classical Hamiltonian

g
aZMBZa,Z (“2)“21/ +Vcoll (“2)
2,/ldet(B, )[4z

-~

Heoy =

Podolsky-Pauli prescription

—~ 1 ~ ~
Hcoll = 2,/[det(B, 2| Zu,v T[;, / dEt(BZ,Z) GZu,Zv (“2)”5} - Vcoll(az)

Quantum Hamiltonian
Heoy =Hyip+Hpge + Vo

hZ
PN
1 0

1 0 0 1 d

—

vib —

B
T p4 Yy
55257 V6 G, 95 T FTsin3y 3y

0 1 0

B
- Y32y 2 Y
55 o5 P V6 G, oy Femay oy 3VVE

_ 1[12 I3 12

Hipp= 5 |[—+—+—
ot 2 Iy T

[

G = |det(B)|

—sin 3y\/E

Bgg 0
Gvib ay
Bﬁyi ]

Gvib aﬁ

Gyip=BpgpByy — Bffy
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2. Quadrupole Bohr Hamiltonien formalism

Step 2 : Obtain collective quantum Hamiltonian

Classical Hamiltonian

1
7 . lab :
coll — E aZ[,lBZ,u,Zv(QZ)aZV +Veou (“2)
2,/|det(B;2)| ey

Podolsky-Pauli prescription

Quantum Hamiltonian

ﬁcoll — ﬁvib + ﬁrot
o139 4 10 a
= To0G B 0B Y Naudop F sy oy Y e oy
Lo @ S @ ]
- — - A
ﬁ‘*aﬁﬁ oy Bsindy oy " VVRG, 58

G = |det(B)| Guir=BggBy, — B%,

@ PhD days - Clémentine Azam

= _ 1 AU - ‘ A
HCOll = 2 |det(Bz,2)|Z”’v 7T2 GZp,ZV(“Z)T[%} 2)

Mass parameters and inertia

Potential



2. Quadrupole Bohr Hamiltonien formalism

Step 2 : Obtain collective quantum Hamiltonian

ﬁcoll — ﬁvib + ﬁrot + Veour

Phenomenological calculations

Bgg, Bgy,Byy, Jx 1y )2 - Constcm’g free parameters
to be adjusted

V.on : Phenomenological potential

Y(B,y,®,0,¢) : Analytical solutions
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2. Quadrupole Bohr Hamiltonien formalism

Step 2 : Obtain collective quantum Hamiltonian

ﬁcoll — ﬁvib + ﬁrot + Veour

Phenomenological calculations

Bgg, Bgy,Byy, Jx 1y )2 - Constqn’g free parameters
to be adjusted

V.on : Phenomenological potential

Y(B,y,®,0,¢) : Analytical solutions

Microscopic calculations

Bgg, Bgy, By, Microscopic calculations for each
Jx ]y Jz Vcoll deformation (ﬁr )’)

w(B,y,®,0,¢) Construction of th.e wave
function basis J. Libert P. Quentin - 1982

< ¥|H.y; |?¥ > Diagonalization
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis
J. Libert, P. Quentin - 1982

IM —up?/2pn (€OSTYY _p, —I<L<I
qJLmn(Bry' D, 9, LIJ) =eH B {Sil’l mY} DML(CDJ 6) l{J) m=0,1 .., Mpyay

n=mm-+2,..

- All these functions constitute a representation of the continuous group of rotations in space S0(3)
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis
J. Libert, P. Quentin - 1982

—I<L<I
cosmyy . SL=
LIJIE%H(BI Y, CD, 9, l{J) — @ ! {Sil’l my} D%VIL(CD’ 9) l{J) m =20 ’ 1 o Mmax

n=mm-+2,..

- All these functions constitute a representation of the continuous group of rotations in space S0(3)
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis
J. Libert, P. Quentin - 1982

—I1<L<I
cosmyy . SL=
LIJIE%H(B' Y; CD, 9, l{J) — @ ’ {Sil’l my} D%VIL(CD’ 9) l{J) m =0 ’ 1 o Minax

n=mm-+2,..

- All these functions constitute a representation of the continuous group of rotations in space S0(3)

o Symmetries of the problem

Rotation .« .
Laboratory Intrinsic : , '
frame —p frame :

48 ways to define the
inrtinsic frame

‘ =) R, R, R,

Wave funtions must be Rkl,U£%n - i%n
invariants

= Octahedral group O,
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis
e Definition of the matrix elements of the Hamiltonian <Y H.y; |¥ >

Problem ?

@ PhD days - Clémentine Azam
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis

a Definition of the matrix elements of the Hamiltonian <Y H.y; |¥ >

Problem ? Solution ? After the symmetrization procedure, our

basis is redundant
/%\7 Making linear combinations — =|¥Y>=|¥>=0
L 2
Hrot — A @
X
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2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis

a Definition of the matrix elements of the Hamiltonian <Y H.y; |¥ >

Problem ?

AVAY
e
e )

@ PhD days - Clémentine Azam

Solution ? After the symmetrization procedure, our

basis is redundant

Making linear combinations — =|Y>=|">=0

How many linearly independent functions?

— | want to know the number of linearly independent
functions that can be formed from this set of functions, taking
into account the symmetries of the 0, group

— This is equivalent to decomposing the problem into the
irreducible representations of the 0, symmetry group

n



2. Quadrupole Bohr Hamiltonien formalism

Step 3 : Construction of function basis

e Orthogonalization j dp j dy J dQVG B4 sin3y | WM WM = 518008110 S mm! S

I=3 L=2 m=6 n=8

=2 L=0 m=1 n=3 =4 L=0 m=3 n=19

1.79 2.8 1.79

1.49 1.49

1.19

1.19

r0.89 L0.89

r0.59 L0.59

r0.29

-0.01

-0.31

-0.61

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 . 0.2 0.3 0.4 0.5 0.6 ) 0.8 —-0.91

Probability density (on the By—plone) is obtained by integration of |¥|? over the Euler angles P = Z\/EB‘H sin 3y ||‘P{,";’m([3,y)|2
K
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Benchmark with analytical potential

Infinite-square potential B = Bgg = =Jx=Jy=1,=0.5

Bg, =

Y(B, v, Q) = f(B)P(y,. Q)

h? 1 0 0 A?
\ZB(_ﬁ‘* aﬁﬁ4a/3 ﬁ2)+V(ﬁ)}f(ﬁ)—Ef(ﬁ)

; 3
1 0 2 +12
smBy@ySln Yoy "4 - (

/\

A

?(y, Q) = A2 (y, Q)

hsin(y — = k))

» Analytical solutions
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L. Fortunato - 2005




—I<L<I

LIJ]E%H(B’ Y’ CI)’ e’ LIJ) — an(B) Fll,mn(Y) D%\ZL(CI)’ 6, LIJ) m = 0 ) 1 "t mmax

n=mm-+ 2, .., Nnax
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—I<L<I
LIJ]E%H(B’ Y’ CI)’ e’ LIJ) — an(B) Fl{mn(Y) D%\ZL(CI)’ 6’ LIJ) m = 0 ) 1 "t mmax

n=mm-+ 2, .., Nnax

“ 1My, 0 ~ truncation of the basis

Number of state in function of I and m,,,;,

1400 1

ti4d

1200 1

1000 1

= O 0~ U WwNO

bt

@ PhD days - Clémentine Azam



—I<L<I
LIJ]E%H(B’ Y’ q)’ e’ LIJ) — an(B) Fl{mn(Y) D%\ZL(QD’ 6’ LIJ) m = 0 ) 1 "t mmax
n=mm-+2, .., Nnax
;
" 1L > free parameter e~ HB%/2 " 1M,,,4x - truncation of the basis

Representation of the basis functions for Number of state in function of I and mynq,

different values of u —~—1=0
on) 712
207 A T K= ——1=4
‘ — H=10 1200 1 I=5
=6
< > H=7 1=7
154 < > u=>5 10001 -8
3 — m=20 2 ool 100
(%] o, —— =
& ————— m=10 3
S 107 =
--------- m=1
4001
54
N r"_‘#:/
0 a3 o =—
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 10 20 30 40 50
B Mmax
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20

15

- The larger m,,,,, the more basis functions we have and the
less important the value of u becomes, but the computation
time increases :

« As the value of u increases, the basis functions become more
localised, leading to a less accurate description of the
physical problem.

10

w2

1007 == Mmax = 10

—k— MmMax = 20
== Mpyax = 30

90 1

80 - Mmax = 40
Mmpax = 50
701 —g— Mmmax = 60

60 1

E21+ (MeV)

50 1

407

f—— 4 -+ —l— - -:—__-'='=-= -----

8.0 8.5 9.0 9.5 10.0 105 11.0 11.5 12.0
u

30 1
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E21+ (MeV)

1001

90 1

801

701

60 1

50 1

407

30 1

The larger m,,,,, the more basis functions we have and the
less important the value of u becomes, but the computation

time increases

As the value of u increases, the basis functions become more
localised, leading to a less accurate description of the

physical problem.

Mmax = 10

Mpax = 20
mmax = 30
Mmax = 40
Mmpax = 50
Mmmax = 60

10.0 105 11.0

u

9.5
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20
— u=10 .?
u=7
15 =5
gl — m=20
o ! 5 Y79y m=10
> 10 —— m=5
W« [ v Ay 7 m=1
5 -
0 =
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
B
+
—t— NMaAx = 20
—l— Myax = 30 B— O O o o m O
muax = 40
Muax =50 = 2 7 2 7 2t A
e NMAX = 60
® ® ® = ® = ® ® °
8.0 8.5 9.0 95 100 105 11.0 11.5 12.0
U
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Benchmark with analytical potential

Analytical solutions :

0+ 7577

44 67802+ 6780

Analytical

100 T,

T2+ -0+

Code results :
0+ 7588

44 678921+ 6789

Borh Hamiltonian

Phenomenological potential + constant mass parameters

@ PhD days - Clémentine Azam
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Benchmark with analytical potential

Final wave functions for the first two 2+ states

- Analytical solution 3.0 === Analytical solution
2.51 == = Basis solution == = Basis solution
2.51
2.01
@ 2.01
¥ 15 =
N 115
. =
1.0
S 1.0
0.5 0.51
0.0{ = 0.0{ =
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4
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Microscopic input data

)

72

ree = 107, 0 72

Hamiltonien quantique

ﬁcoll — ﬁmb + ﬁrot
H,;= * o
vib 2\/— [)’4 ’8 stm?wa
—— = @ —sm3y
ﬁ‘* aﬁ ﬁsm3v dy

—sm3

@y 3.
ot 0f

G = |det(B)| leb BBBBYY

v
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Microscopic calculations
A-body problem :

s A quantum system
Z protons of A interacting
O N neutrons particles

@ PhD days - Clémentine Azam

H|Y) =
A

pi_ 1
2M 2 L
l#]=1
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Microscopic calculations
A-body problem :

@ 7 protons
@ N neutrons

Problem n°l: Nuclear interaction vV

A quantum system
of A interacting
particles

=3

QCD (quark + gluons)

Problem n°2: A-body

Interaction  potential
arising from the
nucleons themselves

@ PhD days - Clémentine Azam

H\¥Y) = E|¥)
A A
_ Pl 1 1 A
A= itz 2, %5 2, ot
i—1 I#j=1 i#j+k
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Microscopic calculations

A-body problem :

@ 7 protons
@ N neutrons

Problem n°l: Nuclear interaction vV

=3

QCD (quark + gluons)

Problem n°2: A-body

Interaction  potential
arising from the
nucleons themselves

@ PhD days - Clémentine Azam

of A interacting
particles

\

H\¥Y) = E|¥)

A
A quantum system . i R 1 R
A=) 5iita D, Pty ), Gt

Mean-field methods

® e® o i

@ Nucleons evolve within the nucleus under
® : .. ® the influence of a common potential, which
o ... @ is generated collectively by all of them.

: /

Effective A
interactions H = Hy+ Vies

Vij = Voss /

(Skyrme, Gogny ) Residual interations:
- Pairing (HFB)

21



Microscopic data

B”[ﬁzMeV‘1b‘2]

PES [MeV]

700

600

500

400

Bg,[h2MeV-1b2]

B
J,[h2MeV-1]

B,y[h2MeV-1b~2]

500

400

300

200

100

50

40

30

20

10

Result of a PANACEA constrained HFB calculation for °4Gd with DIS
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154Gd spectrum

1750 —

1500 —

1250 —

E (keV)

1000 —

750 =

500 —

250 —

0-—

ENSDF database, IAEA, https://www-nds.iaea.org/

6+ 1606
5+
6+ 1365 1232 5 1404
4+ 1263  3- 1251
8+ 1144 3+ 1127
4+ 1047 2+ 996
436
2+ 815
6+ 17 0+ $%so0
346 154Gc|
4+ 371 5
2{7
2+ 23
0+__ %70 Experiment
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8+
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2+
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1684 6+ 1670
6+_ 1365 4+ 1340
5+ 1134
4+ 946
879 - 2+ 867
3+_ 788
683 9+ g2
132
0 Theory
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154Gd spectrum

1750 —

1500 —

1250 —

E (keV)

1000 —

750 =

500 —

250 —

Q-

Improvement points :
- Zero point energy
- Mass calculation method: LQRPA, crancking

- Octupole degres of freedom

8+ 1684 6+ 1670
6+ 1606 -_— ———
5+ 1432 _

6+ 1365 —=" 5 __ 1404 6+ 1365 4+ 1340

4+ 1263  3- 1251 —_—

8+ 1144 A 3+ 1127 5+ 1134
T 2+ 996 4+ 946

426 o+ 879 _ 2+ 867

2+ 815 - R ]

6+ 717 134

0+ 680 4+ 683 943—233-
3{6 154Gc|
4+ 371 5
2{7
2+ 132

2+ 23
0+__ 0 Experiment 0+ 0 Theory

ENSDF database, IAEA, https://www-nds.iaea.org/
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Conclusions et perspectives

v Quadrupole Bohr Hamiltonian formalism

v Quadrupole Bohr Hamiltonian code

d Improve the quadrupole results

0 Addition of octupole degrees of freedom

@ PhD days - Clémentine Azam
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Ideas of improvment

72Ky
6T 214
The role of triaxiality for the
Improvement points . coexistence and evolution of
4t § 1322 shapes in_light krypton
/ v | . isotopes — M.Girod et all. -
- Zero point ener / 2024
p gy 2t § 7100 571 2 746 ' ’ ' ‘F
1000 626 ’f
- Mass calculation method: o ol
LQRPA, crancking experiment theory
plus mu est grand et plus la fonction est localisée

43
64 81—
2% 6
35 6'{-
Five-dimensional collective 03 4
Hamiltonian with improved 108
inertial functions — K. A2y
Washiyama et al. - 2024 M )
+1ﬁ i
oj/—-F--"

Cranking
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Cranking approximation

Perturbative w2 MY (q)
. Bij(q) = 2T (P
cranking : 2 M2 ()]
Y )_ZI (@|n.mv Qi PN D11y Q5| )]

(E, + EV)

n, Quasiparticle destruction operators
Q; Quadrupole operators

q Quadrupolar collective coordinates
E, Quasiparticles energies
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0.0

0.2

Bg,[h2MeV-1b~2]

0.4 0.6

B
J,[A2MeV-1]

0.8

Bpp[thev_lb_Z]
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