Nuclei esotici: stati eccitati, reazioni e
importanza astrofisica (II)




Livelli di particella singola del nuclel

« Gia trattata: struttura a shell.

 Neil nuclei stabili i livelli di neutrone e protone, e In
particolare le rispettive energie di separazione (ultimi livelli
occupati) sono “abbastanza” simili: S, S, = 7-8 MeV.

* Questa situazione cambia al crescere di (N-Z)/A ...
N ~ z | N
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Evoluzione lontano dalla valle di stabilita

Una “regola” fondamentale: la forza pn € notevolmente piu

attrattiva della forza pp o nn. (Non & in contraddizione con le
proprieta fondamentali dell'interazione forte come si puO spiegare
usando il principio di Pauli).

Percio 1 neutroni sentono piu l'attrazione con i protoni che
non con gli altri neutroni. Analogamente si comportano |

protoni.

In un sistema con N-Z che cresce, i neutroni occupano livelli
sempre piu alti e i protoni diventano piu legati. Lo “squilibrio”
tra neutroni e protoni aumenta, S, >> S,..

Analogamente se N-Z diminuisce, S, >> S,..




Esempi (da: I. Hamamoto/H. Sagawa)
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22(C: lecito usare “neutron-rich”

(N-Z)/A = 0.45

100Sn: “proton-rich” ??
N=ZIl
“neutron-deficient”




Perche ci aspettiamo eccitazioni a bassa
energia ?

In meccanica quantistica
le transizioni sono favorite
tra stati in cui le particelle
hanno una distribuzione
spaziale simile.

Figura: M. Matsuo e T.
Nakatsukasa

Figure 2. Schematic picture depicting correlations in nuclei near the drip-line,
for which correlations involving the loosely bound and unbound continuum
orbits play essential roles.
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Modi di vibrazione del nucleo
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Un esempio: il dipolo “isovettoriale”
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Che succede nei nuclei ricchi di
neutroni o con alone ?

Eccesso neutronico =L e =S |

Photon Energy - MeV




Il cosiddetto dipolo “pygmy”

O.Wieland et al., PRL 102, 092502 A. Klimkiewicz et al., PRC 76, 051603(R)
(2009) (2007).4 :
10° \‘\ T '-[Surln ------ ._-GE.AN.T — 3l Mgy || Blgn
[ \. ----Target £ * _ 11 E 08 134
< - . — — Beam 3 . o S ]’
2101? * 010A++H‘E - 2L 129 ’ r' Sb
S s N’ Og o iz i 16 ] E l3SBa ’,’
g | R ey =1 142, 2 Ce o~ » g,
E ?i* D kg Nd T\ g -
w o[ esNi t4t ~ S\ g, P
E‘IO - “.;\;\T Tf f ll6anl ! 7 14g 1
| I i 1 0 | |
lllllll LT { ] 0.02 0.04 0.06
2 4 6 8 E1c[)M(1a€/] 14 16 18 20 o= (N - Z)YA2
 Molti esperimenti hanno identificato ?
stati dipolari ad energia piu bassa - I i
della cosidetta “risonanza gigante”. |

 E’ veramente una vibrazione della o
“‘pelle” di neutroni ?



Perche la spettroscopia € interessante ?

B

Deuteron [BECIY

prorpair sperfioidity?
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Conoscere gli stati eccitati € uno
dei modi per sapere come
I’energia del nucleo varia attorno
allo stato fondamentale...

E, come é noto, I’Hamiltoniana
nucleare non e ancora (!)
conosciuta con sufficiente
accuratezza.

(In particolare, ci si interroga
sulla sua evoluzione quando il
mezzo € a bassa densita).




Importanza astrofisica

La fisica nucleare € importante per conoscere processi
quali la sintesi degli elementi, le esplosioni di

supernova...
In molti di questi processi sono coinvolti nuclel esotici.

Red: empirical

Blue: no pygmy

Relative Abundance

Green: with pygmy
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Stelle di neutroni

A NEUTRON STAR: SURFACE and INTERIOR
Sistema legato di neutroni che ®
esiste solo grazie all’attrazione §
gravitazionale — possibile se |l
numero di neutroni € molto

elevato (z1055_1 056) ' 1 ATMOSPHERE
- ol ENVELOPE
CRUST
Osservate sotto forma di pulsar [ B cove

(J. Bell, Cambridge).
Alcune proprieta sono note. / a5 F ———

Nucleo molto, molto esotico...

Meutron Superfluid +

Proton Superconductor
Meutron Vortex




‘ Chapter 3
SIZES AND ENERGIES OF EXOTIC NUCLEI 25

3.1 Ihtroduction

S —

The first experiments with unstable nuclear beams were designed to measure the
nuclear sizes, namely the matter distribution of protons and neutrons. For stable
nuclei such experiments are best accomplished with electron beams, which probe the
nuclear charge (proton) distribution. Electron scattering experiments with unstable 25
beams can only be performed in an electron-nucleus collider. Such machines are
not yet available. The easiest solution is to measure the interaction cross section in
collisions of unstable beams with a fixed target nucleus.
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The interaction cross section is defined as the cross section for the change
of proton and/or neutron number in the incident nucleus. To extract the interac-
tion radii of the radioactive secondary beam nuclei, one has assumed that it can be 20
expressed as [1] :

- 2
o1(P,T) =7 [R1(P) + Ri(T)] (6.1 FIG. 1. R; for Liand Be isotopes. The values obtained by

three different targets agree with each other showing the
separability of projectile and target R;.

where Ry(P) and R(T) are the interaction radii of the projectile and the target
nuclei, respectively. R;(T) can be obtained from ¢ in collisions between identical

The above equation assumes a separability of the projectile an rget radius.
This hypotheses has been tested by Tanihata and collaborators [1~"As an example,
the interaction radii R; for Li and Be isotopes have beep-6btained using three
~ different targets. The results are shown in Fig. 1.

In Table 3.1 we show in the first column the interaction radii of several nuclei » Table 3.1: cf. next
obtained with this technique [1]. In the last column the root mean charge radius age
of some nuclei obtained by electron scattering, RS__, are also shown. One observes Pag

that Rp., is almost constant for A > 6, while R; increases with A. One can
show that this difference is due to the definitions of the two radii but not due to a
difference between the charge and the matter distributions. To prove it we use an
eikonal calculation for the cross sections. The rms radius of the matter density can
be determined independently of the assumed model density functions. The eikonal
approximation and its use in nuclear physics is presented in Chapters 1éﬁd 2. 4

VOLUME 55, NUMBER 24 PHYSICAL REVIEW LETTERS 9 DECEMBER 1985




TABLE II. Interaction nuclear radii and rms radii, in fermis.

e scat. Gaussian Harmonic oscillator
RI Rfm.'s R rﬁw R ﬂ;m . R :-m: ! R me 4
‘He 1.41 +0.03 1.67 +0.01 1.72 + 0.06 1.72 +£0.06 1.72 £ 0.06 1.72 + 0.06
*He 2.18 +0.02 2.75 +0.04 273 +0.04 2.46 +0.04 287 +0.04
"He 2.48 +0.03 2.70 +0.03 2.69+0.03 23312003 2.81 £0.03
SLi 2.09+0.02 2.56 +0.10 2.54 +0.03 2.54 +0.03 2.54 +0.03 2.54 +0.03
Li 2.23 +0.02 241 £0.10 2.50+0.03 2.50+0.03 2.43 +0.03 2.54 +0.03
8Li 2.36 +0.02 2.51 £0.03 2.51 +£0.03 2.41 £0.03 2.57T +0.03
Li 2.41 £0.02 2.43 +0.02 2.43 002 2.30+0.02 2.50+0.02
1y 3.14 +0.16 3.27+0.24 3.27+0.24 3.03+£0.24 336 +£0.24
"Be 2.22+0.02 2.48 +0.03 248 +0.03 2.52+0.03 2.41 +0.03
‘Be 2.45 +0.01 2.52 +0.01 2.49 +0.01 2.50+0.01 2.47 +0.01 2.53 £0.01
"Be 2.46 £0.03 2.38 £ 0.02 2.39+0.02 2.34 £0.02 243 +0.02
g 2.61 +0.02 2.45+0.01 2.40 +0.02 2.43 +0.02 2.43 +0.02 2.43 £0.02

iSuperscripts m, ¢, and » indicate the nuclear matter, the charge, and the neutron matter distribu-
tions, respectively.
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and

Bl A+ ulA 2)4 1A+23 3.35
E=AZ_O2NA +§ —‘5( 0+)—§(0 )+ ()

Eliminating (Ao + 2) from the above equations and retaining terms of the highest

powers of (Ag -+ 2), we obtain
4/3
5 (gA> . (3.36)

IR

=
Feo

Or, using 3.32 and 3.33,
hw 41 A7V MeV. (3.37)

The giant dipole resonances in nuclei are excitations with A¢ = 41 do in fact vary
with the nuclear mass as A~1/3 and are a good example of application of 3.37.

3.3 Halo nuclei

In order to show that the rms radii obtained by a comparison of reaction cross
section calculations with the experimentally determined o qual, Fig. 3 shows
the calculated rms charge radii and those obtaj y electron-scattering experi-
ments for stable nuclei. Even the diffe etween the radii of 5Li and 7Li because
of the occupation-number di nce between protons and neutrons is reproduced
i ator distribution (solid line). The rms radii obtained with
istributions (which are the same for protons as for neutrons) is shown by
e dashed-line. i

The calculations also show that R; represents the radius where the matter
density is about 0.05 fm™3 for A > 6 nuclei. Now we can understand why the rms
radii and Ry behave differently with A. While the rms radii stay constant, the
absolute density increases with A. Therefore Ry » which represents constant density,
increases with A. These interesting results are presented in figure 5(a) where the
rms radii of He, Li, Be, and C isotopes are shown [7]. The curves are guides to the
eyes. . !

We observe a great increase in the rms radii for the neutron-rich isotopes SHe,
8He and 11Li. Thus, the addition of the neutrons to “He and Li nuclei increase their
* radii considerably. This might be understood in terms of the binding energy of the
outer nucleons. The large matter radii of these nuclei have lead the experimentalists
to call them by “halo nuclei”. The binding energy of the last two neutrons in 11 is
equal to 315 & 50 keV [6]. In SHe it is 0.97 MeV. These are very small values and
should be compared with S, = 6 — 8 MeV which is the average binding of nucleons
in stable nuclei.
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Figure 5 (a) Rms radii for the neutron-rich isotopes He, Li, Be, and C. (b) The matter
density radii of several light nuclei compared to the trend R ~ 1.18 A/3 fm (dashed
line) for normal nuclei. The solid lines are guide to the eyes.

The wavefunction of a loosely-bound nucleon (as in the case of the deuteron)
extends far beyond the nuclear potential. For large distances the wavefunction be-
haves as an Yukawa function,

e~

R(r)/r ~ (3.38)

r

where (hn)? = 2mB, with B equal to the binding energy and m the nucleon mass.
Thus, the smaller the value of B is, the more the wavefunction extends to larger 7's.
Thus the “halo” in an exotic unstable nuclei, like !Li, is a simple manifestation of
the weak binding energy of the last nucleons. What is not as trivial is to know why
®He and !!Li are bound while 5He and 19Li are not. We will continue this discussion
later.

Abnormally large radii were also found for other light neutron-rich nuclei [7]
as shown in figure 5(b).

The matter density radii of these nuclei do not follow the commonly observed
trend R ~ 1.18 A'3 fm of normal nuclei. Thus the halo seems to be a common
feature of loosely-bound neutron-rich nuclei. In Table 3.3 we list the spin, parities
and mass number of some light neutron-rich nuclei. The separation energy of one
neutron (S,) and of two neutrons (S2r) are also shown. One observes that the two-
neutron separation energies of 11Li, 14Be and "B are very small and are responsible
for large matter radii of these nuclei, as seen in figure 5(b). A nuclear chart with the
halo nuclei is shown in Figure 6.



Other evidences

« Other experiments which have been historically important, to make the
character of halo nuclei evident, are: (i) momentum distributions of
projectile fragments, and (ii) electromagnetic dissociation.

These are reviewed in papers e.g. by |. Tanihata.

The idea of the momentum distribution experiments is quite simple. If we
hit, e.g., "'Li on a C target at 800 MeV/u we can measure the transverse
momentum of the fragments and we find a “double” distribution.

The component with “small width” has a Ap of about 19 MeV/c. From the
| uncertainity principle
ﬂ

Ax ~ hc/Ap ~ 12 fm,

that is, the narrow component is
¢ = arising from the halo.

0
pr [MeVic]



The besi-fitted density dismibuibon pir) ! T T T T
for Y104 is shown in Fig. 10, For the halo 3 == lpwam
acutons, 1p or 25 orbits were aspumed, and the
both fits gave essentally the sume mmb-.mnnf
as seen in the figore. A difference was sesn 1n§ 0 ]
the orbital energy, which was ascribed to the
centrifugal-barrier effect. [t was noted here that £ E
the selection of orbital was more or kess arbimary b
and only the final density distribation had the 8
practical meaning. The obtined density 5 ™

2 wave

* H-F

digtribution gave the rms radii, & g0 YL ) =3.1
£03fem, and R (20} =4 8 £ 0.8 fm for the 108
1L nuclews and the halo neutrons, mspectively. 0 2 !"EI'II]' 6 B e
The size of the "L core (Reme ~2.6 fm) tomed

cat w be slightly Jarger than that of the *Li &g 1y
nucleus [Rm: =232 fu.uz fm). qualitatively mhﬁmmmm
consisient with the center-of-mass, motion of 911 siecdon of orbials, Ip or 1s for the halo
cone in BLi. mEmrOnE, Fave only a minor diffsrence. The

shaded anca shows the fiting unccrizinly.
Functional shapes other than the one The dosed line ghowe (ke H-F medsl

degcribed above were alzo investigated: a) erediction consicaingd by the lasl scaica
Single Gaussion gave no goad £t to the diia and sepasatian encigy.

was definiely inapproprine. b)Y Gaussian eore + Yukswa il pave alio & pood fit and
the obtained @ir) showed essentally the same halo tail but with a slightly higher central
density,

[ntensive theoretical siudics have been porformed o understand the strocture of
these halos by various awthors Bemsch, Brown and Sagawa ¥ made a Hartree-Fock
calcelation by constraining the separation energy of the kst occupied orbin. The
calculated deagity distributions are shown in comesponding fgures (Fig. 9 and Fig. 10},
They show good agreement with the present ssmi-smpirical regull. An important

implication of the HF caleulation i3 that the loag mil of the densicy distobution mainly
arises from the weakly-bound last neutron

A microscopic model of 1Li was developed by lkeda, Suzuka and their
collaboratars T by 2 hybeid model combining a clusier-ochital-shell model with an
extended clusier model The model gave a plausible explanation of the binding
mechanizm of the three-body system of PLi+n+n, and boch the rms radius and the last-
neutron bnding energy wers consisiendy reproduced,

43 Momentwn distributions

ﬂlul,ﬁc..sﬂf projectile fragmemtation at high cnergy (2400 MeVinucloon) shows that
the momenium distribution of nucleons inside a projectile noclous can be determined
from the momentun disiribotion of the projectile fragmenes. Exiending the method used

129

for srripping reaciions 1o many nucleon removal, the width of the Py digribution” of the
projectils fragmeant is expressed by the s.qunuun ENCTEY uﬂul rrbm:runs

Q0T sl ] LR
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where & is the momic mass unit 909
and <Eg is @n average o
scparation energy of the

removed nocleons. It is ¢

o= 2% & 1 HaVjo]

essentinfly the same conelasion 2”' _}r_ i
with the discussion in sec. 4.1, 3
The ransversc mamenium G vh’l
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MeVinucleon 3 Figure 11
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digeritution of (a) "Be fragment *25—
from 1 Be + C reaction and ()
ILi fragment from "lLi +C [
reaction both ar 8004 MeV,
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gaussians gives the width to be i
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expected in the newtron halo.
The Gwide 13 consistent with the mementom fluctuations of wsual nucleons,
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