Properties of 1n halo nuclel

—bound state
—role of angular momentum
— Coulomb excitations and sum rules
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a typical example:!,Be;
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what Is a 1n halo nucleus?
1n separation energy
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1n halo nuclel

1n separation energy

a typical example: 11,Be,
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Interpretation: weakly bound neutron around °Be

Y(r) ~exp(—kr) k= 2mle/r

a weakly bound system

:

extended spatial distribution (halo structure)




Interpretation: weakly bound neutron around °Be

Y(r) ~ exp(—kr) K= \/2m|e|/ﬁ2

a weakly bound system

: ]

extended spatial distribution (halo structure)

density distribution that explains
the measured cross section
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M. Fukuda et al., PLB268(*91)339



momentum distribution
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FIG. 1. Transverse-momentum distributions of (a) °He
fragments from reaction ®He+C and (b) °Li fragments from
reaction ''Li+ C. The solid lines are fitted Gaussian distribu-
tions. The dotted line is a contribution of the wide component

in the °Li distribution.

T. Kobayashi et al., PRL60 (’88) 2599



one particle motion: a bound state

2-body problem of a core nucleus +
a valence neutron

@ r

Assume a spherical potential V(r) as a function
of r

The Hamiltonian for the relative motion:

'FLQ
H=——V?+V(r)
2/



@ The Hamiltonian for the relative motion:

V(r)

For simplicity, let us ignore the spin-orbit interaction
(the essence remains the same even without the Is interaction)

uy(r)
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@ The Hamiltonian for the relative motion:

V(r)

For simplicity, let us ignore the spin-orbit interaction
(the essence remains the same even without the Is interaction)

Wlmms(r) — Ulfjﬂ) }/lm('i;) Xmg
g K2 d? 114+ 1)r? B
[_Qp,dr? + 22 +V(r) —e|w(r) =0

Boundary condition (for a bound state):
w(r) ~ o't (r~0)

o More precisely, the modified spherical

— e (r — o) Bessel function (the spherical Hankel)



angular momentum and neutron halo

72 d2 + 11+ 1)R2
21 dr? 2ur2

—|— V(T) — €] ul(r) —= O

centrifugal potential



angular momentum and neutron halo
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the height of the centrifugal barrier:
0MeV (1=0),0.69MeV (1=1),2.94 MeV (1 =2)



wave function adjust V, for each | sothat e =-0.5 MeV
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| =0 :along tail
| = 2 : alocalization
| =1 : intermediate

the root-mean-square radius:
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behavior at zero binding
K. Riisager, A.S. Jensen, and P. Moller, NPA548 (“92) 393
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how does this behave ask — 0 ?
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* & (> kR) : a small number




behavior at zero binding
K. Riisager, A.S. Jensen, and P. Moller, NPA548 (“92) 393
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s-wave
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rms radius (fm)

the radius diverges for
=0 and 1
(in the zero binding limit)

J

‘halo (a very large radius)\
occursonly forl=0or1
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Coulomb excitations of a 1n halo nucleus

A key word of halo nuclei: weakly bound
— Vvalence neutron(s) easily separated

10 B | | | | | |
0
E 107 transition from the - Q
— 00 ground state to an ]
30T excited state by 7 Y
-40 absorbing y rays
50 | | | | | |
0 10 20 30

r (fm)

If excited to a continuum excitations due to the Coulomb
state: breakup process field of a target nucleus



electromagnetic transitions
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(the interaction
between a nucleus <— the Fermi golden rule

and the EM field) (the 15t order perturbation)
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electromagnetic transitions

core pQ p2
C n
— -+ + Vi(r
neutron 2Am  2m ()
-9 the EM Interaction:
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the origin
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the EM Interaction

1 Ze
Hint:A ' A-p
m c

E1 approximation (absorption of an E1 photon)

A = const.
g the Fermi golden rule

2 6(ef —e; — hw)

1 /Ze\? 1
Nisy = o (A) m‘(”‘#ﬂpzWi)

(z axis: the direction of the pol. vector)



(note) [pz,r] = —2¢hp H
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cf. photoabsorption cross section if this is devided by the photon
flux c /(2n)3
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E1 effective charge

42 Ze \2 2
oy = — (A-I-1> (ef —e;) [{(Wrlz])| 0(ef —e; — hw)
Z=7rCcosf = \/%rYlo(Q)
1673 Ze \?2 g
oy = () (er — e | eyir¥ioken)|” aGey — e = Tw)

dipole operator: Du — €E1 ’l“Yl,u(Q, ¢)

Z

E1 effective charge |eg; = L

(the charge distribution measured from c.m.)
Z1Ap — Zo Ay
€
A1+ Ao

In general:  ¢e1 =



Wigner-Eckart theorem and reduced transition probabilities
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cf. Wigner-Eckart theorem
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A simple analytical model for E1 transitions

consider a transition froml=0tol=1:

—

— KT

- el ] e - 2u|FE
Initial wave function: V. (r) =+vV2k Yoo(7?) k= “T‘LQ“
.. : 2uk . : : -
jlnal wave function p(r) = 1/m i1 (kr)Yy,,(7)  Jukn) .Sé)glsesrelfal

2[,LEC
k= 2



A simple analytical model for E1 transitions

consider a transition froml=0tol=1:

—

L . e~ R 2ulE
Initial wave function: V. (r) =+vV2k Yoo(7?) k= “T‘LQ“
.. : 2uk . : : -
jlnal wave function p(r) = 1/m i1 (kr)Yy,,(7)  Jukn) .Sé)glsesrelfal

C 121 E,
k = 2
2
o vV 2ke FT 2uk
/ r2drr - e - \/—uz 71 (kr)
0 r wh

the integral can be done analytically
C dB(E1) _ 3R? , Byl B2

dB(FE1) 3 5
— S _C€E1
dF A

€
dE w2u S (Bl + Be)*

Refs. (for more general cases)
* M.A. Nagarajan, S.M. Lenzi, A. Vitturi, Eur. Phys. J. A24(05)63
 S. Typel and G. Baur, NPA759(‘05)247



dB(E1)

dE

3%2

2

— CE1
T2p (|Ep| + Ec)*

ECT

El

(I=1)

E=0
(1=0)

. 3
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the peak height; o 1/|E|*

the total probability:
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the total probability:
3%26%1
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»a sharp and high peak as the binding
energy gets smaller

»the peak position gets smaller as the
binding energy gets smaller

E pea = 0.3 MeV (E,=-0.5 MeV)



numerical calculations with a Woods-Saxon potential
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1Be=1Be+n 2s,,—>p state

»a sharp and high peak as the binding
energy gets smaller

o dB(FE1)

50 = /o BT

=1.53 e’fm? (E, = -0.5 MeV)
0.32 e’fm? (E, = -7 MeV)

»the peak position gets smaller as the
binding energy gets smaller

Epearc = 0.28 MeV (E,=-0.5 MeV)

0.96 MeV (E, = -7TMeV)



Sum Rules

SO:/OoodECdBd(EEcl)
the basicidea: S [(FIF|w) 2 = S (0| FIF)(FIE ;)
/ f
= (i F2|y;)
!

the completeness > _ |/} {f| =1
f



Sum Rules

o0 dB(E1
0 dE.

the basic idea: Y |(f] F|v;) |2 > (GIF|f){fIF|;)
J f

(i F2|y)
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the completeness > _ |/} {f| =1

/
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3 2,0




Sum Rules

dB(E1) 3 ,

o0
So= [ dE- == 2y,
0 /0 iE. 2 CE1T)
{\ the total E1 strength: proportional to the g.s. expectation
value of r?
00 dB(FE1)
_ So = / JE
o 1 °T Jo TT° dE,
ks =1.53 e2fm?2 (E, = -0.5 MeV)
é d —0SMev 0.32 e?fm? (E, = -7 MeV)
~ =7 MeV 3
5 05 | 1 e ()
= 41
=) ; o =1.62 e2fm? (E, = -0.5 MeV)
0 2 4 6 8 10 0.41 e?fm? (E, = -7 MeV)
E. (MeV)

* almost agreement.

a slight deviation due to the Pauli forbidden transition (2s — 1p)



dB(E1) 3 ,

cf. Pauli forbidden transition 0 5
So= [ dE = > ;
°= Jo "7 dE. 4 B

©  dB(E1
, 80=/O JE. (E'1)

dFE,
0 =1.5275 e2fm?
e:
e=-0.5 , 73 B(E1: 2s—>1p) = 0.0967 e°fm?
MeV |
| 3 2,0
: core nucleus 56510” )i
e=-3.0 — 1p =1.6244 ¢?fm?
MeV

N

@ 1.5275+0.0967 = 1.6242
\ J \ )
Y Y

physical  forbidden
transition transition




Sum Rules

© dB(E1) 3 5 , 5
So :/0 dFEc JF. = E€E1<7‘ i
{\ the total E1 strength: proportional to the g.s. expectation
value of r?
30 — . . | _

. { alarge radius for I=0 or |=1
0 | when the binding is weak
. = | @

5 151 — Ip | .
S r — 1d the total E1 strength: also increases
2 10 -
ol
5 - |
ol | | | | |
5 -4 3 2 -l 0

e (MeV)



Sum Rules

dB(E1) 3
50 —/ dlic Eeéﬂ r)i

dFE.
{\ the total E1 strength: proportional to the g.s. expectation
value of r?
30 — . . | _

. { alarge radius for I=0 or |=1
0 1 when the binding is weak
- O
5 151 — 1Ip | .

S r — 1d the total E1 strength: also increases
2 10 -
£

S / 1

[ | | | | ] -

0 i3 5 1 o Inversely, If a large E1 strength

£ (Me\-f) - IS observed — halo structure
(I=0 or 1)



candidate for 1n halo nuclei

19C: S = 0.58(9) MeV 3INe: S, = 0.29 +/- 1.64 MeV
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large Coulomb breakup
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T. Nakamura et al.,

19
the Coul. b.u. of ¥°C PRL103(“09)262501

T. Nakamura et al., PRL83(99)1112
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