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Limits of stability: Halo nuclel
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% 800 MeV/u 1B primary beam

% F ] "fL(“\(
% Fragmentation
<+ FRagment Separator FRS Prod. r‘fr'-f

Oreaction = T * _[Rp + Rt]_z . (1

N [ I I [ 1
TABLE 1. Interaction cross sections (e;) in millibarns.
Target

Beam Be C Al

Li 651 +6 688 £ 10 1010 £+ 11 E
TLi 686 + 4 736 £ 6 1071 +7 -
8Li 727+ 6 768 + 9 1147 £ 14 =
Li 73945 796 + 6 11357

"Be 682 +6 738 +9 1050 + 17

‘Be 755+ 6 806 +9 1174 + 11
Ba 755 +7 813 +10 1153 16
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Light drip line nuclei
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Ui is the heaviest bound Li isotope
10Li not bound

S,,(*Li) = 295(35) keV

only bound in its ground state

Measurement of the total reaction cross section
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reason for larger radius?

deformation
o=naR*

extended wave function
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At the limit of the strong force — halo nuclel

reason for larger radius?
deformation
extended wave function

= measurements of magnetic moment and quadrupole moment

(L) =3.667(3) - 1
Hsp (72- P32 ) =3.79- Hy

1L consists in its ground state of paired neutrons and p;, proton

» g-factor of nucleons:
proton:  g,=1;, g,=+5.585
neutron: ¢,=0; ¢,=-3.82

((j +2.293)- 1, fir j=1+1/2
proton: <ﬂz>:< (j—2-293)'.i°,u;< far j=I 1/2}

| j+1

(~1.91- 4, fir j=1+1/2
neutron: <ﬂz>=< +1_91.j+-r1.ﬂK far j=I —1/2}
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At the limit of the strong force — halo nuclel

reason for larger radius?
deformation

“Li @8 extended wave function
+
14 . = measurements of magnetic moment and quadrupole moment
" (L) =3.667(3) - 1
l :usp(ﬂ- p3/2)=3.79-,uN
=
L1 ? ILi consists in its ground state of paired neutrons and a p,, proton

Qa(tt—ii; ~1.09(5) Q(*Li)=0.0312(45) b

3 borromean rings
— spherical and large radius not because of deformation

a normal °Li nucleus with a halo of two neutrons. Halo nuclei form borromean states, they are

HALO:

| Exotic nuclei with large neutron excess form nuclei with halo-structure: *Li nuclei consist of

interlocked in such a way that breaking any cycle allows the others to disassociate.
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Single particle potential

outside of the square-well potential:

AV(x) 2
d 2:m 2:m
{WJ’?'E}‘“"):O K==k
a
—_—— N
£ 0 » X Losung: ¢, (x)=A-e* +B-g™*
inside of the square-well potential:
@ @ @ d>? 2-m 2.m
{W_l_ 72 '(E+Vo)}¢(x)=0 k? = — 7 -(E+ V)
-V
Losung: ¢ (x)=C-cos(k -x)+ D-sin(k - x)
- - . . a __E
_1,k \ \\ol‘5 5 continuity of the wave function: Co{kij_ ”

E/V,

-5,0 44

graphical solution of
the eigenvalue problem
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Energy eigenvalues

4 Schrodinger equation:
Vir} 2
[— i vm] Y(r) = Ep(r)
LP(r) =Uy (r) 'Ylm(‘9’¢)
i - 2d £-(£+1)
L u u .
E-V - =0
I =+ drz rdr [ ( (r )) r2 ]u(r)
Vg with = Mpn-\Ma— p,n)Emp’n ( Mer
{=0 energies:
E
E-coté=-n = cot(0.2187~R-1/V0—|Ens|)=— V|—|E||
0~ [Fns
(=1 energies:
2
k-R-cot(k-R)=1+k—2-(1+rc-R)
K
(=2 energies:
1 3 k? 1
i = A1+ — |+
Orbital Ent (MeV) 1-k-R-cot(k-R) k?-R? k?) 1+x-R
né 36Ca R=3.96fm
1s 13.16
1p 26.90
1d 44.26
2s 52.61 N_7
1f 65.08 Vo [51 33.1- A} MeV R=12-A" [fm]
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Energy eigenvalues

R=1.9fm | R=3.0fm| R=4.1fm R=7.11fm
| HE
s 2s 3s

2S

Is s

Energy eigenvalues for £=0 in “He, 60, 4°Ca und 2°%8Pb
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Wave function of the deuteron

! : . JZ'”'(VO_|En.S|)
Vir} up,(r)=A-sin(k-r) with k= -
’2 ‘U |E ) |
u' (r)=B-e*" with =¥
| I | L
R r - 2
J i normalization: IUn,| (r)| dr=1
E 0
1
_I'||I|:| A: 2'K
l R sin(k-R)-cos(k- R) +sin?(k )
B=A-e"".sin(k-R)
— A
=
=1
f=
0.3 +
0z V, =51 MeV
R=1.65 fm
| -t
lR 1=05
: I l = | |=2.224 MeV
2 4 6

r (fm)
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Virl

Radius of the deuteron

e (17

<r2> =3.7 fm

|E,| = 2.224 MeV

r (fm)

<r2>:J‘P*-r2-‘P-r2drdQ
j\P*-\P~r2~drdQ

R ©
= J' A%.r?.sin?(kr)dr +_|'B2 r?erdr
0 R

Ao 2-x
K-R—E-sin(k-R)-cos(k-R)+sin2(k-R)

B=A-e"".sin(k-R)

V=51 MeV
R=165 fm

outer region

inner region

\

re— 2224 MeV

EIS (MeV)
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Limits of stability: halo nuclei

jr“dr(e"“r /zc-r)2
2 =
<r > J'rzdr(e"“r /zc-r)2

The smaller the binding energy, the more extended the wave function

2 E K2 K Uk ~r
2y . "R ~
(re) = > 12 (1+x-R) 4-p4-S, 7 MeV 0.35 fm?2 0.6 fm-L 1.7 fm
N 1 MeV 0.05 fm=2 0.2 fm1 4.5 fm
Fourier-transform:
0.1 MeV 0.005 fm2 0.07 fm? 14 fm
F)I? = h -
— K-
p 72 - (K2 - h2 + p?)2

—
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Limits of stability: halo nuclel

SRR muman e e B
UL+ C>%i+ Xat BOAMeV test of the extended wave function
ID[!]:* ' momentum distribution:
g L - wider momentum distribution for strongly bound particles
Q o
© : - narrow momentum distribution for weakly bound particles
500&‘ Ap-Ax = h
= small — large
interpretation:
ok - : One can simplify 1Li by describing it as a °Li core plus
-4(X) -200 0 200 4X) a di-neutron

Transverse momentum (MeV/c)

N

1d5/2
—100 231121 N=8
—10O0- 1p12 -

1p3/2
1s1/2 N=2

One can use the arguments of an
extended wave function with an
exponential decline:

S,,=250(80) keV

= 50%

2 Upp S
\P(r)ocT ? = 2;2 =
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Discovery of halo nuclei

. Momentum distribution of 11Li

ger/dg, [arb)

der/dp, [ord ]

[—

P, [Mmev/c)

HLi
(neutron-rich)

— SHe distribution from éHe

similar to Goldhaber model

Li distribution from ILi (very narrow !)

uncertainty principle

Ap - Ax = h

small — large

wider distribution is similar to Goldhaber

model

Hans-Jurgen Wollersheim - 2022 I N



RIS Momentum distribution of fragments

example: 34S fragments from 4°Ar + C @ 213 AMeV)

S0 I T T 5
a)
y 34 .
1oL o, =875 Mevic | 408 fragme.nts. 400 MeV/c narrow
Ar beam: 26600 MeV/c
30+~ = . . .
- Momentum distribution of fragments
& are represented by a simple formula
201 . based on the Goldhaber model
=4 i - F-(A-F)
R
00 Ba00EI00 6306 6 7300
Laboratory energy (MeV) A: beam mass number
e AR AR] SRS AR AR S F:. fragment mass number
e iy} 3
g ':2-}' 'Lr&;‘é’ﬁ%‘iﬁ&iﬂ“i—_
._g, 80— oi = &
3 3:% 3i§ wp=sarsMewec | | 6o=90 MeV/c
e {} ¢ 16
o2
b g b g br v bas e by g
15 20 s 30 35 40

Fragment mass number
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Limits of stability - halo nuclel

Why is the shell structure changing at extreme N/Z ?

radii of lighter nuclei

14 - Reys — 1.47 fm (*He)
12 -
10 -
B | +*
r 4 _ D9PI¢ ':'T"""
61 Q990000333
4 -
2 -
0 ' Nach Tanihata
0 5 10 15 20 25

Z=const

Neutron number ——»

Prog. Part. Nucl. Phys. 59 (2007), 432
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