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The atomic nucleus

Atomic nucleus: self-bound system of
neutrons (N) and protons (Z):

« Bound by strong force (short range)

« Coulomb repulsion (long range)

Z, number of proton

- Complex internal structure!

Importance of nuclear physics:

Z=82
[

« Beyond Standard model physics
 Nucleosynthesis

 Connection to heavy ion collisions
— Precise nuclear wavefunctions
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What is nuclear deformation?

Collective behavior of the nucleus
Liquid drop model resemblance
(Axial) quadrupole deformation:
R(0,p) = Ro{l + B2Y20(0, )}

* [3=0: Spherical

 (3>0: Prolate (elongated spheroid)
 [(3<0: Oblate (flattened spheroid) ’
— Larger § implies more deformation '%‘;

« - Typical values of 0.2<3<0.3
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What types of deformation?

Deformation parameter (B)
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Most nuclei are deformed:

* Prolate over oblate dominance

T
« Spherical: magic numbers 1264-AF
- Z(N)=2,8,20,28,50,82... s |
. _ s !
— Especially bound nuclei 2 gl
o e 50 = |
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Moller, P., et al., Atomic Data and Nuclear Data Tables, 109, 1-204 (2016)
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DEFORMATION RELEVANCE FOR
(OTHER) PHYSICAL FIELDS
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Neutrinoless double beta decay

Beyond standard model process:
27X =5 Y +2e” +27.)

* Are neutrinos its own antiparticle? 2vpp
 Matter-antimatter asymmetry
« Connection to neutrino mass: @
(TL57) ™" oc Mg, (m, )
* Nuclear matrix elements (M,):
Mo, = (f1O0uppli) 0vBB

- Depends on initial (i) and final (f)
nuclear wavefunction overlap
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Neutrinoless double beta decay

Initial deformation

Connection to deformation: 8 150Ng
- Different shapes - different nuclear 06 04 02 9 02 94 06 08
wavefunctions S o8 :,7;-,;’—/-'
If My, is proportional to the overlap: T o6 7 N
« Similar deformation enhance M,, E i 04 B
. Different deformation supress M,, N E: - e
« Largest value for both spherical ‘_é’ OZ 1
— Crucial to find easiest nuclei - 04 _I1
« Same operators as in 3-decay 0.6 i,
- Similar correlation is expected T RS, Serses sy
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Nucleosynthesis

Relative abundance of nuclei in Universe

 Light nuclei (Z<4) form at the beginning LT A VAREY AR
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Nucleosynthesis

r(apid neutron capture)-process

 Neutron star mergers s-process

* Faster neutron captures than B-decay
 Very heavy and neutron rich nuclei

 Exact path depends on masses

r-process
= stable

meassured
= FAIR

Arcones, A., Thielemann, FK. Astron Astrophys Rev 31, 1
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Neutron drip line

How many neutrons can a nucleus
capture before neutron emission?

- Neutron drip line

Deformed shapes allow for more
neutrons than spherical

Magic numbers delay r-processes:
— Larger abundances

Some magic numbers shift in
neutron-rich nuclei

- Knowledge of nuclear interactions

A

Energy

\

O More

bound Not bound

;‘- f.
Dripline 82=
| P
N v

N

r-process

m stable
meassured
= FAIR

Arcones, A., Thielemann, FK. Astron Astrophys Rev 31, 1
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HOW DO WE MEASURE
DEFORMATION?

ICCUB Winter Meeting
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Nuclear spectroscopy

Rotation of deformed shapes:

N

1(1+1)

* (Quantum) Rigid rotor: 8* cdhnnnge_~/,
« J: total angular momentum “ X
« J sequence: 0+, 2+, 4+, 6*... 42 —F¢ N
* In-band electromagnetic decays ¥
20 \ 4+
Measurements:
Y
« Probability of decay to a given 6 1’ — 2
state B(E2) = (3 0 0*

 Quadrupole moment: Q=r?Yy— £ 1+2 =>I: E2 y transitions
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Heavy ion collisions

New method of imaging
the nucleus shape:

« LHC heavy ion data

« Tip-tip: collisions along
symmetry axis

Body-bod
- Body-body: orthogonal axes o Ly e Vr o ¥
Boosted to v Pressure-driven = Particlization and
Y S h a pe iS re | ated to ove rI a p relativistic speed "= 100 hydrodynamic expansion free streaming

3

Quark-gluon plasma evolution

- hydrodynamics o /////\\\\\
configuration d -\
. 6o yarge < v \arge Pt
¢ Measurement Of partICIe Shower TimescaI;r~§:i\‘~0.1 fm/c r~?:':1\1;’c r~ 10" fm/c
STAR Collaboration, Nature 635, 67-72 (2024). exposure expension detection
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THEORETICAL DESCRIPTION OF
DEFORMATION

04/02/2025 ICCUB Winter Meeting
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The many-body problem

|Schrédinger equation: E¥=HY| Empty space
Nuclear shell model: 1p1/2 8?9’2
. . . 5/2
 Harmonic oscillator basis 1ps. Of
Nuclear interactions: 0ds/2
« Phenomenological nucleon scattering 2000880052 15172
o . Valence space
» ab-initio interactions: XEFT 0p
1/2
Valence space: active particles 0830 0p3/2
— Diagonalization of 10°x10° or larger
matrices in valence space e 0s1/2
Occupied space
04/02/2025 ICCUB Winter Meeting 2025 15




Deformation in the sd shell

sd shell: from N(Z)=8 to N(Z)=20 Even-even N=Z nuclei:

* Quick evolution of shapes e 100: spherical

i X Y (deg)
« Axial: prolate (0°) / oblate (60°) * 20Ne: prolate |sdshell

. . USDB . &
* Triaxial: 0°<~vy <60° « 2*Mg: triaxial

Deformation pa amete (ﬁ)

o S . . 28Sj: oblate S \go

-—

g 1] “" N

EW e 0 T o
0.0 0.2 0.4 0.6 0.8

840

8 10 12 14 16 18 20 B

Neutron number (N)
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Shape coexistence in 8Si

- 0. o
Three shapes coexisting: 200
- Oblate rotational band (ground state) 17
i >
* Prolate rotational band (~7 MeV) 2 15.0
 Superdeformation (E~20 MeV) % 125
()
Lo QeI @) 60 v (deg) S 10.0
4T T 28g; c
N - USDB \g5 5 75
g 14 1
: s 2.5 1
§12~ 15
N | 0.0 1
— -é E 10 12 14 16 18 20 0

Neutron number (N} 00 ‘ 6:21 1 o4 06 D. Frycz, et al. Phys. Rev. C 110, 054326 (2024)
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Conclusions

Deformation parameter (B)
-0.2 0.0 0.2

0.4 0.6

Deformation is everywhere:

 Quadrupole axial dominance
« Affects 8 and 0v33 decays

* Impact on nucleosynthesis

8 2028 50 82 126 184

Measurement of deformation o e
06 -04-02 0 02 04 06 08 <d shell 60 y (deg)
* Spectroscopy o " N\us
. _ 0.6 e
 Heavy ion collisions N\
Complexity of deformation: 2, z g 15
* Rapid shape evolution e |
) 06 4 - 00 02 04 06 08
 Shape coexistence B
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THANK YOU!!!
FEEL FREE TO ASK :)

ICCUB Winter Meeting
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Shape coexistence in “°Ca

Three shapes coexisting:
 Spherical ground state
* Prolate normal deformed

* Superdeformed band

Subtleties:
* Spherical: 340, 0°<y <60°
« ND: large fluctuations

« SD: most pure one
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Characterization of the deformation

Nucleus surface:

Y(0,0) =Ro |1+ Z/BAYAPL(Q» )

For quadrupéle shapes:
Y(0,¢) = Ro{l + B2[Y20(0, p)cosy + Yaa (8, ¢)siny]}
S : magnitude of deformation
~ : type of deformation

 0°: oblate / 60°: prolate
Triaxial: 0°<y<60°

04/02/2025 ICCUB Winter Meeting 2025
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Traditional measuring methods

Coulomb excitation

e Scattering with high Z nuclei
 Only Coulomb field involved

* Probability of exciting a state
 Measures B(E2, J— J) —

target
v b r(t) =
projectile 2
S-a =l
a b’

04/02/2025

Laser spectroscopy

Laser beam probes atomic levels
Hyperfine splitting and isotope shifts
Better for exotic nuclei

Measures Q.. — B

Point nucleus + Finite size + magnetic + electric + higher
nucleus dipole quadrupole multipoles

atomic state F=5/2
Isotope A /" 1
’

<x
S~ -

'/’ P ~— T
/:/’|sotope (A-1) F=1/2
Isotope (A-1) |,s%7” 7e*
=" |Epy =2 (2 )p(O)f
Isotope A 6¢,

AE - uB,(1.J) = %K =100 MHz

E- %QOVHPZ(COSG) =10 MHz
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Deformation is everywhere

Deformation parameter (|B8])
Most nuclei are deformed 0.0 0.1 0.2 03 04 0> 0.0

e Deformation — correlations

Quadrupole moment: Q=r?Yy

* Deviation from sphericity N
: 5,
Q=0 spherical §
* |Q|>0 deformed g
e  BxQ: deformation parameter £
Beta decay Double Neutrinoless double
beta decay beta decay
o ¢ & O
LAl LA | A t —t i t f
&,‘ &_‘ &, 8 20 28 50 82 126
) 3 ‘; A& ® Neutron number (N)
Antineutr?no Antineutrino/s e
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High energy collisions

04/02/2025

head-on collisions

-

nuclear configuration

event 1

event 2

Step 2
{am—

initial state to
nuclear structure

Step 3

shape: 3y, v
size: Ry, a

Compare systems

event1

event2 s

deformed

energy deposition
E——

initial state geometry

(e2), ((0d./d1)")
(c30d. /a.), (6, /a.)")

CREICH

hydrodynamics

Step 1
4

final state to
initial state

ICCUB Winter Meeting 2025
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Shape coexistence in 8Si

Two shapes coexisting:
e (Oblate rotational band

12 A

 Oblate vibration

=
o
1

* Prolate rotational band

[00)
]

 Superdeformation?

Excitation energy (MeV)
)]

Challenges: JdF T
* Large fluctuations
2 2t
« Weak B(E2) values
0 0"
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Deformation is everywhere

Deformation parameter (B8)

Most nuclei are deformed 0.0 01 0.2 03 0.4 05 06

Experimental measurements -
(=0 spherical
* [B]>0 deformed
 Hard to extract g from experiments

Deformation: correlations

Proton number (Z)

- lower energy
« Magic numbers: 2,8,28,50,82...

8 20 28 50 82 126
Neutron number (N)

04/02/2025
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New technique: heavy ions

New method of imaging * e &
the nucleus shape: It e
 Tip-tip collisions: alon
pP-tip g -

symmetry axis

awn
L]
I l:

 Body-body: along other axes

— Shape is related to overlap

Quark-gluon plasma evolution
- hydrodynamics
« Measurement of particle shower

STAR Collaboration, Nature 635, 67-72 (2024).

04/02/2025 ICCUB Winter Meeting 2025
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B. Bally, et aI.:EPhys. Rev. Lett. 128, 082301 (2022)
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What is nuclear deformation?

Collective behavior of the nucleus

* Nucleus surface parametrlzat|on

R(Hv 90) =

1+ ZBAY)\M(Qa )
A

 [3=0: spherical
B3o >0

(Axial) quadrupole deformation:

R(0,p) = Ro{l + B2Y20(0, )}
 (3>0: Prolate (elongated spheroid)
* [(<0: Oblate (flattened spheroid)

Higher multipoles (\>2) are less likely

04/02/2025 ICCUB Winter Meeting 2025

B20<0

Bao >0

9

B20>0

Ba <0
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Heavy ion collisions

Body-body
configuration Ti:;“ gl d, Ii_x \ Smamp"a
< \arge 2 Z \arg® e
Boosted to Pressure-driven Particlization and
relativistic speed "= 100 hydrodynamic expansion free streaming

A
Qua#‘@wn pest

— O NS
Tip-tip > /// |\\
configuration
\ £ ‘ia"'ge d'L . .\ﬁfge' ip';l
— Smﬂ.‘ o Sm{:ﬂ‘l Ua
Time scale: t ~ 2R,/I" ~ 0.1 fm/c r~ 10 fm/c r~ 10" fm/c
exposure expansion detection
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Heavy ion collisions

Prolate Overlap

New method of imaging * *~0_ Bodv-Bod
. \* y y
the nucleus shape: P a

\
€ CEXCIINTT ©

« LHC heavy ion data
" Tip-Tip .—— <—‘ ‘
« Tip-tip: collisions along

symmetry axis

swi

Oblate

D O e
« Measurement of particle shower

STAR Collaboration, Nature 635, 67-72 (2024). - B. Bally, et al. Phys. Rev. Lett. 128, 082301 (2022)
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 Body-body: orthogonal axes
- Shape is related to overlap
Quark-gluon plasma evolution

- hydrodynamics
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