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Physics Background

Study of two “opposite” aspects of
nuclear structure

Collective description Single-Particle description

Er— TR

* All the nucleons are involved * Independent particles

* Deformation move in a central potential
* Vibration e Shell structure

* Rotation * Magic numbers



Physics Background

Giant Resonances:

» Coherent motion of nucleons together
» Motion involved charge, space and spin degree of freedom
» Giant Resonances like to fundamental properties of the nucleus

> IVGDR: Oscillation of protons against neutrons
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Physics Background

Giant Resonances:

» Coherent motigisma

> Motion involvd

» Giant Resonanf§

»IVGDR: Oscil

Provide information on the nuclear matter equation of state
(incompressibility, symmetry energy).
Equation of state used to describe neutron stars and supernova
explosion.

A1=0 Al=1 Al=0 Al=1
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The Isospin symmetry

Nuclear Interaction:

» Charge symmetry: nn interaction is the same as the pp

interaction

» Charge independence: np interaction is also the same

!

Isospin symmetry: neutrons and protons can be

considered as the same particle, the nucleon



The Isospin symmetry

NN experiments:

| alfm] | rlfm]

PP 173+ 0.4 2.85 + 0.04
nn 18.9 + 0.4 2.75 + 0.11
np 23715+ 0.015 273 £ 0.03

» Free nucleon-nucleon interaction

»Both conditions are slightly broken, nuclear interaction is motre
complicated.

» Charge-symmetry breaking=> n,p mass difference (involves u and d quark)
» Charge-Independence breaking=> pion-mass splitting

Lenzi, S.M., Bentley, M.A. Notes Phys. 764, 57-98 (2009)
R. Machlezdt, PRC 63, 024001 (2001)



The Isospin symmetry

From an gkperitg

> FrePnucleon-nucleon

»Both conditions are slightly broken, nuclear intetaction

is more complicated.

Lenzi, S.M., Bentley, M. A. Notes Phys. 764, 57-98 (2009)




The Isospin symmetry

The nucleus is sensitive to the effective nucleon-nucleon
interaction in the nuclear medium

. . Mirror nuclei to
Mn (Z=25, N=23) ) 5 1 V (Z=23, N=25) Check the isospin
+ symmetry
0074170 472 157 4148 10*
“‘Ei.f) The internal structure is
% P almost identical

1371

Lenzi, S.M., Bentley, M.A. Notes Phys. 764,
57-98 (2009)




The Isospin symmetry

The nucleus is sensitive to the effective nucleon-nucleon
interaction in the nuclear medium

6291 13" 4qar  gog2

48
Mn (Z=25, N=23) V (Z=23, N=25)
1950 1937

What about the Coulomb interaction
inside the nucleus??

‘ almost identical ‘

) ‘ Mirror nuclei to ‘
check the 1sospin

D. Warner, Bentley, Nature

Physics volume 2, pages 311—
318 (20006)




The Isospin-symmetry breaking

»The presence of the Coulomb interaction inside the
nucleus causes a mixing between states with different
isospin (Isospin mixing)

»In a perturbative way the mixing probability in the

nuclear ground state 1s defined as:
LI =1HT=0) P
AVIE:
|A) = B[0) + 1)

G. Colo et al ., PRC 54 (1996) H. Sagawa et al PLB 444 1998. 1-6




The Isospin-symmetry breaking
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Isospin symmetry breaking

» At high excitation energy the number of levels is
very high. A=100 EX=50 MeV-> 10" states/MeV

> The nucleus has a finite lifetime
>

Mixing governed by the competition with the

CN decay

»The nucleus can decay before the mixing effects

— »No mixing effects

H. Morinaga, Phys. Rev. 97, 444 (1955)
D



Isospin symmetry breaking

IS S S [ S S SN SN (S
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o Temperature [MeV]
» Competition between the decay and the mixing process

» At high E*(or T) a better symmetry is expected
» dynamical behavior

G. Colo et al ., PRC 54 (1996) H. Sagawa et al PLB 444 1998. 1-6



Beyond nuclear structure: CKM matrix
4Rb
Superallowed Fermi =1 N
beta transitions ] =0
l 07 — 07, AT =0

ft depends only on universal quantity. Universality of the
It should be indiependent on the vector coupling

nstant
nuclear mass. cons Gv

o K K
Mp|*GY |[Mp|PGLV2,

Measuring ft values in several nuclet one can extract <ft>
=2 <Gv> & <Vud> & unitarity of CKM
ey



Beyond nuclear structure: CKM matrix

3090 f

3080¢f

3070}

ft (s)

3060

3050} I
3040} } {

3030 A L 1 M " " :

Z of daughter J.C. Hardy and
.C. Hardy an
j% K I L.S. Towner

B M |2G? - M=12G2. 12 PRC 79, 055502
Mr v MG ud (2009)




Beyond nuclear structure: CKM matrix

Ft= ft(1+05)(1+dns — dc)

3090} T
£ 3080} } ) - .
® ! '

3070} } 4 L{' ! } ! { ! i

" % " ®m

Z of daughter

Isospin Mixing plays a role in the determination of Vud

J.C. Hardy and 1.S. Towner PRC 79, 055502 (2009), Nuclear Physics A844(2010)
ey



Beyond nuclear structure
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Experimental technique

» Isospin is not a observable quantity to be measured

>Electromagnetic transitions and weak interaction can

be used to test isospin invariance

»Searching for transitions that are forbidden by isospin

/N

Fermi B transition E1y transition
(N=Z nuclei) (only in N=Z7 nuclei)

conservation




Experimental technique

» Isospin is not a observable quantity to be measured

>Electromagnetic transitions and weak interaction can

be used to test isospin invariance

»Searching for transitions that are forbidden by isospin
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conservation
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Experimental technique

» GDR is present in almost all nuclei

»The B(E1) strength is concentrated in this resonance
»Study of the gamma decay of the GDR

—
I

B(E1)? (¢? fm?)

<
=

Excitation Energy (MeV)

»GDR is a perfect observable to investigate E1 transitions

J. A. Behr et al., Phys. Rev. Lett. 70, 3201 (1993)
M. N. Harakeh et al., Phys. Lett. B 176, 297 (1986)
S. Ceruti et al., PRL 115, 222502 (2015)



Experimental technique
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Experimental technique

AGATA - HECTORT array (@ LNL With AGATA we measure the evaporation

residues to tune statistical model

4 AGATA Clusters (12 capsules) 15x105 - T o
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Experimental technique

SIRb-HECTOR®*

10 Ecpr=16.4(2) MeV
I'wipta = 7.0(2) MeV
Strength = 0.90(5)

Yield |a.u.]

(a)
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Egpg = 16.4 + 0.2 MeV
Tepr= 7.0 + 0.4 MeV
Scpr (Y0)= 90 £ 5

Yield [a.u.]

830Zr—HECTOR?

10+

B I = 12(3) keV
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«*=0.046£0.007

S. Ceruti et al., PRL 115, 222502 (2015)
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Experimental technique

I T I T I I T I T T I I | I T T I I I I I T I I I T I I T I I I | T

0.07 F :
. A Satulaeral. |
0.06 F ® Corsieral
0.05 2 € This work °
E A + ;
0.04 - 2
(o} L 2
= - ]
0.03 F :
0.02 E
0.01 [ $ E
0 T T T S A TR S T

0 0.5 1 1.5 2 2.5 3

T [MeV]
Evidence of temperature dependence of o?

Satula et al., PRL 103 (2009), S. Ceruti et al., PRL 115, 222502 (2015)
A. Corsi et al.,, Phys. Rev. C. 84, 041304(R) (2011)



Experimental technique
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Satula et al., PRL 103 (2009), S. Ceruti et al., PRL 115, 222502 (2015)
A. Corsi et al.,, Phys. Rev. C. 84, 041304(R) (2011)




Experimental technique
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E. Farnea et al. Phys. Lett. B 551 (2002)




Experimental technique

ISOSPIN MIXING IN 60Zn

GALILEO
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Experimental technique

328 + 308 > 62Zn @ 75 MeV

o EXP DATA
—Statistical Model
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» GDR strength clearly inhibited

» BEvidence of E1 selection rule

» How muchr?—> Isospin
Mixing



Beyond nuclear structure: CKM matrix

PHYSICAL REVIEW C 82, 065501 (2010)

Comparative tests of isospin-symmetry-breaking corrections to superallowed 0* — 0*
nuclear 8 decay

I. S. Towner and J. C. Hardy'

- , tap T Damganibowt
ft:ff(1+5R)(l+5N5_6C) 1f  fromfdecay .
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» Giant Resonances are important tools to
investigate fundamental nuclear properties
»The isospin is a fundamental ingredient for
nuclear structure and nuclear reaction

»The isospin symmetry is broken in nuclei

» Importance beyond nuclear field
»GDR can be a good probe to observe the isospin
symmetry breaking
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Experimental technique

» In N=Z nucleil =0

» Electric Dipole transitions (E1) has an isovector nature

Selection rule:
E1 decays
correspond to
change of isospin

The mixing increases

the y decay yield

|

The observed E1
strength is a signature

of the mixing

E. Farnea et al. Phys. Lett. (2002)

02=2.50(+1.0-0.7)%




Beyond nuclear structure: CKM matrix
4Rb
Superallowed Fermi =1 N
beta transitions ] =0
l 07 — 07, AT =0

ft depends only on universal quantity. Universality of the
It should be indiependent on the vector coupling

nstant
nuclear mass. cons Gv

K K

ft: p—
Mp|*GY |[Mp|PGLV2,




Beyond nuclear structure: CKM matrix
4Rb
Superallowed Fermi =1 N
beta transitions ] =0
l 07 — 07, AT =0

ft depends only on universal quantity. Universality of the
It should be indiependent on the vector coupling

nstant
nuclear mass. cons Gv

o K K
Mp|*GY |[Mp|PGLV2,

Measuring ft values in several nuclet one can extract <ft>
=2 <Gv> & <Vud> & unitarity of CKM
ey



Beyond nuclear structure: CKM matrix

Cabibbo—Kobayashi—Maskawa matrix (CKM Matrix)
contains information on the strength of weak decay
between different quarks. 7

> u
4w w av)
d S u

7 \
\

NWT e
. . . v
Standard Model CKM is a unitary matrix: <

/@O ) \’Vud

CKM = O 1 0

\ 0 0 1)




Beyond nuclear structure: CKM matrix

Cabibbo—Kobayashi—Maskawa matrix (CKM Matrix)
contains information on the strength of weak decay
between different quarks.

Standard Model CKM is a unitary matrix:

x > V.-,]
0.9743470-00015  0.22506 £ 0.00050 0.00357 + 0.00015

Vekm = | 0.22492 £0.00050 0.97351 +0.00013  0.0411 4 0.0013
0.008751000035  0.0403+0.0013  0.99915 + 0.00005

\ 0 0 1)

C. Amsler et. al. [Particle Data Group/, Phys. Lett. B 667 (2008)




Beyond nuclear structure: CKM matrix
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Isospin symmetry breaking

6ot /nitial hot nucleus
Decay described by
using a statistical
approach

excitation energy
of nucleus (MeV)

30 40

angular momentum () S

Li(E* Jon) = L_, : de
(", Jen) 2ﬂ’pc‘\'(b',-fc.\')/ Z Z

.]d _U J(.' N™ .].,3

J+Si
Z Ti(e)pa(E™ — B; — €)
F. Puhlhofer, Nucl. Phys. A 280, 267 (1977) '=|J—5|




Isospin symmetry breaking

» At high excitation energy the number of levels is
very high. A=100 EX=50 MeV-> 10" states/MeV

> The nucleus has a finite lifetime
>

Mixing governed by the competition with the

CN decay

»The nucleus can decay before the mixing effects

— » At high excitation energy (and thus at short

lifetime) the isospin symmetry is restored
H. Morinaga, Phys. Rev. 97, 444 (1955)



Isospin symmetry breaking

IS S S [ S S SN SN (S
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o Temperature [MeV]
» Competition between the decay and the mixing process

» At high E*(or T) a better symmetry is expected
» dynamical behavior

G. Colo et al ., PRC 54 (1996) H. Sagawa et al PLB 444 1998. 1-6



Experimental technique

Symmetric fusion reaction to

form I = 0 compound nucleus

X
> N E n__»
Target Compound 1019 sec n

nucleus Formation

P PN
o = ;(H )} — ‘:*-\ }‘ = i I R -
’—o‘--. Fusion A 4 10-22 sec - L g™, & _ Groundstate
Waatas ;

Beam e ATAYAVAS R CaVaTaV, -
Nucleus 1075 sec

g Y

» g 'Y

¥
Rotation

fiw ~0.75 MeV
~2x1020 Hz

The isospin is a conserved

quantity in nuclear reaction!



