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Exotic nuclei

= About 7000 bound nuclei exist Nuclear Landscape

= over 3000 nuclides of 118 elements are known

= another 1500 nuclides are waiting to be discovered stable nuclei

= 285 stable isotopes of the elements that build up nature

Exotic nuclei

= contain many more or many fewer neutrons than a stable isotope.
= Jie far away from stability line in the chart of nuclei.

= can be found in the crust of neutron's stars.

= are so short lived and rapidly decayed. 2

Tanihata experiment

= A series of experiments with RNB led to the discovery of the neutron halo

2 o .
structure in light nuclei near the neutron dripline. O, (P,t)= ﬂ[R| (p)+ R, (t)] ** 800 MeV/u ''B primary beam
**» Fragmentation

= |n 1985, Tanihata and his collaborators at Lawrence Berkeley Laboratory . Z,A,ﬁ < Fragment Separator FRS

measured the interaction radius of exotic nuclei as He,Li,Be isotopes. Prod f, >

ro [
= They discovered abnormally spatially extended nuclei (°He,!1Li,'Be) I Z, A-1,B + 8B
. : \ rﬁ%r : j

= The rms radius deduced about 1.5 times larger than a stable nucleus as om Nt o 7

proportional ~1.18 A3 Reac. r‘%_
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Halo nuclei |

. . . . . . 11Li densit
Halo nuclei are exotic nuclei with the following properties: g

= Strong cluster structure they are described as a core plus halo neutrons.
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Weakly bound Their separation energy less than 1 MeV whereas in stable nuclei

is about 6 ~ 8 MeV. They typically decay by B emission. P (r)oc e = /Zﬂ:;uzn
r
= Extend density Their neutron density distribution shows an extremely long tail.

Very narrow momentum distributions in comparison with stable nuclei. 50
Ap-AX > hl?2

small — large

Lower Complete Fusion at energies above the Coulomb barrier.

It may be reduced by breakup and incomplete fusion.
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Halo nuclei |l

= Large root-mean-square radius Their rms is quite large and the

11
valence neutrons are mostly located far from the core.
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= Short lived They have decay lifetime in order of ms~s and cannot be
used as targets. Instead, direct reactions done in inverse kinematics.

= Large electromagnetic dissociation cross section close to one barn.
This was interpreted as evidence of an enhanced electric dipole (E1)
response at low excitation energies, called Soft E1 excitation. ’

Li “n “76m n

= Borromean nuclei Three-body systems with no bound binary sub-
systems like ®He and 11Li.

Coat of arms of the Italian aristocratic
family Borromeo from Milan.
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Examples of Halo Nuclei

Candidates | Valence Separation Half-time two proton radioactivity  gj [35]23]2a]25]26 27 [EEE 31]32] 33]34] 35[36]37[38]30] 40 41]42] 43]
nucleons energy (MeV) Al [21]22(23]24|25]26 28(29(30(31|32(33(34|35|36[37|38]39]|40| 41
one proton radioactivity Mg 20[21(22]23 % A 27(28[29]30] 31]32{33|34[35)f 36|37[38
0.975 801(10) Na |19 ]20] 21228 24|25 [26 27 ]2 2030 313233 34[35]  [37] 28
. e Del@is]io 23[24[25|26[27]28[29]30(B1) 32| |34
Hpj 2n 0.369 8.75(14) Proton Halo ¥ A3l [id) 18 jBl20] 21[22[23]24[25]26[27] 28[ 20} [31
7l13]1a 15 B A 19[20]21]22|23]24 '
11Be 1n 0.502 13810(80) \ N 12 13 EREY 16]17]18[19[20]21]22]23 P
1011 14[15) 16[17]18 [19) 20 20
19C 1n 0.580 292(13) 7 (8 IR 1213|1415 16 Shell closure weakend: Deformation
Be 7 Miofanfi12; |14 ~
’p 1p - 770(3) BT —+ : ‘\i Shell closure stengthened
2 He 6 '\ ' ~~_Neutron Halo
7Ne 2p 0.933 109,2(6) H 3145 7 two neutron radioactivity . @ : three-body system
8 ™ four neutron halo

) O : two-body system

Study of the halo nuclei:

= Exploring many nuclear structure and reaction models. = Medium mass halo nuclei: 22C, 2°F, 3’Mg

= Extend our understanding of the nuclear force = The future of halos looks promising where theoretical
studies predict halo-candidate nuclei such as °Ne, 31F,
3439Na, Mg, *2Al, and even in heavier isotopes like
62’72C3.

= Check the limits of validity of structure models.

16 Jan 2025

Hasan Maridi, University of Manchester




New two-cluster approach

= We derived the expression for the distance between two clusters | neut;on or
in weakly-bound and halo nuclei. o Cluster o lneutrons.
. A
«\\(\\a\ "F—(-ﬁ'ﬁz""-..Z IAU, n J
A \ ’I/;’ Z 1/2 ‘\\\‘
s = 2) — Ac(re) — Ayfr2,) e\ P SN
AcA, @(ﬁ K e” T e T N
ST
\ T (/, \\\ N "\ valence
Halo nucleus core Core: ZC’AC’ IZT :‘ ,,’ ',' \\ ‘\‘ ‘\‘c_luster
. . —_— I'ey v !
rms radius rms radius VaIence.cIuster — P 2 P T iz
rms radius S T VA N — T

H.M. Maridi, J. Singh, N.R. Walet, D.K. Sharp, arXiv: 2407.03044 Halo nucleus: core

Z,A,J"=IT®nl; . TS
Nucl | Core | Sep.en. |r., o exp. r, (fm) A, =1 o
(MeV) (fm) fm (fm)

2225 084 1.98 3.60 3.94(1)

6He 4He 0975 157 2.48 3.79 3.36(39),3.9(2) Is the deuteron a
11Be  10Be 0502  2.39 291 6.15 5.77(16),6.1(5 -
— < halo nucleus?
L S 0369 312 253 494 5.01(32)

P Weakly-bound but stable
15 14C 1218 243 260 436 4.15(50)4.5(2)

deutero

15C  18C 0580 275 3.0 6.06 5.5(3),6.6(5) rm.s. radius of d - 2fm
He 1.46-1.67fm
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New bound-state wave functions

We presented ground-state wave functions, ur), as
a combination of s, p, d harmonic oscillator (HO)
states, R,(r), with

The HO size related to the separation energy as
RO = 4/ 3h2/2ﬂ€0.

the bound wave function may be given as a linear
combination of different core spins with valence

nucleon(s) spin
X

|JoMy) = Z a7, noby jolIT @ nty jo)

notojo

the ground state wave functions are used as inputs
of dipole response function dB(E1)/de calculations

dB(E1)
= [{q I—I‘Y [®(r)|?

dEg
l / . g.s w.f.

continuum w.f.
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Electric dipole strength distributions

= Halo nuclei have the so-called soft dipole excitations

= dB(E1)/de can be extracted from the measured
Coulomb dissociation cross sections

d(TCD l6]r3 dB (E 1)
= Np (E
dE,., 9hc e (Es) dE.

a) Stable nucleus Giand Dipole Resonance

P (GDR)

dB(E1
dEx
>

r 13~25MeV E,

b) Neutron-skin nucleus
Pygmy Dipole Resonance

P n (PDR)

neutron skin

r 5~10 MeV Ex
¢) Neutron-halo nucleus

Soft Dipale Excitation

(Soﬂ E1)
dB(ET)
neytron halo dEx

r ~1 MeV
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Dipole response functions

* This combination is applied successfully to the reproduce Ol @ T 1ol ®  |[ooe -
. .. ) S 0s-0 S 0s-0) 7
dB(E1)/de data by fitting the spd mixing. 0.8tk o E_uri;i? oo 1| o Nakamura et a. (2008) |
0.6 ) a NZkaiwjré(erar_)uggaf)__ 0.3 + *c
dB(E\) (2A+1) Loy wights H -
S — GQJ’;— Z": e 2 o Iﬂ,ﬂ él . 2/ 2 0.2+ ’ _
o 0 g (Zeq €) Z_[(c. ofojo)] Ya? = 4 TN
nofojo 02 014 o 1
2 - P J ’ TEoo oof T
[ . . ; ] ; o X 1 I ! ! | |
c2 =12 /R2  * ) (La0X0|(0) f dr v uly; (r) w (7) D ———
¢ 0 ﬁ 05 (9 . g:_g: 1s 1 14 @ —(5-0d-15 ]
. = [ |Wang et al (2002) o ﬂsa_l?:mura et al. (2006)
continuum w.f. ground-state w.f. 04l ] Aumann ctar o9 H 12 - ]
L [ Isunetal (2021) i
2,2 0.3 ] e
B(El)=@Q3/4n)(ZLe/A) (r) - *He -
0.2t . 2
H.M. Maridi, J. Singh, N.R. Walet, D.K. Sharp, arXiv: 2407.03044 o 1- -
System | weight o | B(E1) (e*fm?) ‘ oo (fm) 0l , , ‘ , , | , ]
1T 2 3 4 5 6 3
|Ds;’DS Op 04/0D 1s/15 x* |Calc. exp. |Calc. exp. & (MeV)
0.35 0.20 036 0.0 201
- , 0.00(6)[11], 1.3(3)[10]. 6.4(7)[10], 5.7(4)[I1], \X 04
Be+n 0.45 0.55 052 1.19 105(6)[12) 6.15 5.77(16). 6.1(5) [12 . @\(g\\
0.30 0.70 27.4 \\(\\ .
0.64 031 005 00 313 \X)\\SSX T
Yotn 075 0.25 6.02 0.73 0.53(5), 0.77(7) 4.36 4.5(2) «@ k.
0.62 0.38 4.15 Q :
‘He+2n 0.38 0.62 0.0 104 1.58 1.2(2) [4], 1.6(2) [6] 3.86 3.36(30)[4], 3.9(2)[6] N 2h
o 0.21 0.67 0.1 2.19 , _ , ,
Li+2n o 079 5 5o 1.60 1.42(18), 1.78(22) [9] 4.75 5.01(32) [0], 6.2(5) ol T
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Coulomb dissociation cross sections

Coulomb dissociation
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= The Coulomb dissociation can be taken place when a projectile
with several hundred of MeV/nucleon passes a heavy ion target

® |t may be excited by absorbing virtual photons from the target
Coulomb field (mostly dipole excitations).

= |t can be used to determine the astrophysical S(E) factor.

= The Coulomb dissociation cross sections do(E1)/de are given as
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Equivalent photon method

H.M. Maridi, J. Singh, N.R. Walet, D.K. Sharp, arXiv: 2407.03044 Future

In progress
v" in transfer-reaction calculations?

e (MeV)

v’ estimating density distributions using Glauber theory.
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Ssummary

This work

= The outlines about halo nuclei are presented.

Is
deuteron
a halo
nucleus?

Presenting new cluster approach for halo nuclei.

Presenting an expression for two-cluster distance in halo nuclei.

Presenting new bound-state wave functions from spd mixing of harmonic oscillator functions

This wave functions have succeeded to reproduce:

v' the dipole response functions dB(E1)/de of one and two-neutron halo nuclei (11Be, 15C, ®He, 11Li)
v the Coulomb dissociation do(E1)/de of these nuclei.

Future of this work

= Using the as inputs of the transfer-reaction calculations

= Estimating density distribution from these wave functions using Glauber theory.
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