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Halo nuclei in nuclear chart
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Nuclear reaction approach
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Elastic scattering between Halo and stable nuclei
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What happens in nuclear reaction with weakly bound nuclei
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Generalized Optical potential
P, Q : Feshbach projection operators

P : elastic channel

(H _ E) (P 4 Q)\Ij — 0 Q : reaction channel

(PHP + PHQ)V = FPV  P¥ =V, PHP=Hpp
(QHP + QHQ)V = EQV Qv =y, PHQ = Hpg

| |
Vo = E-H, Hyv, Hpb, + HPQ¢Q = Ly,

1
<HPP + HPQE 7 HQP>1//P = Eyp  Effective Hamiltonian
— oo
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Generalized Optical potential
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Phenomenological optical potential

Vo = (2.0|V ao>+2< 0,0|Vey |20 ) G (0, [V | 200)

elastic contribution reaction channel contribution

v ‘

back to elastic channel go out to other channel

v

real potential real potential Imaginary potential
(treating as optical absorption)
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Phenomenological extended optical potential

VI =V iW=Vy+ Vo + Vi, ~ (Vi +iWe) + (Vi + iWier) + (Vi + Wy,

Elastic scattering
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Construction potential with weakly bound nuclei
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‘ ' and .V\/\/\

elastic scattering + inelastic scattering + Coulomb breakup

contribution of dipole Coulomb excitation
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Example : Coulomb dipole excitation(CDE) of !lLi.
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* Exp.
Set ()
- — -Set (Il
---- Set ()

0., (deg)

(a) Elastic Scattering

1 120
Be + “Sn |

* Exp.
Set (i)
— — - Set (ii)
- - - - Set (iii)

30 60
O,.m. (deg)

L) - L) h L)

(b) Breakup reaction | [ v"Be+12°Sn * Exp.

Set (i) T
""Be +*Zn — — -Set (ii) ]

-~ - - Set (i)

=]
o
o

D
o
o

* Exp.
Set (I)
- = -Set (ll)
---- Set ()

do,, / dQ (mb/sr)

do,, / dQ (mb/sr)
5
o

8

(b) Breakup reaction
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W.Y.So, K. S. Kim K. S. Choi and Myung-Ki Cheoun: Phys. Rev. C 93 054624 (2016)
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10C+ 208Pp case (elastic and inelastic)
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Fusion reaction: compound nucleus formation

Projectile

>0+ @

fusion compound formulation

target

=
-0-Q-+1-0-@

Sexitodium — Kr-86  Pb-208 Fusion C:‘rzzz:ls\d Ele;r;;nt 0 Brator Y Gamma Ray
69\ @ G Neutron
@ nucleosynthesis
& super heavy elements
©

Tritium Neutron

https://fusionforenergy.europa.eu/

energy DFOdUCtIOﬂ In stars https://www.thphys.uni-heidelberg.de




Extension of the fusion-by-diffusion model
K.H., PRC98 (‘18) 014607

Fusion-by-diffusion model
W.J. Swiatecki et al., Acta Phys. Pol. B34 (°03) 2049
PRC71 (‘05) 014602

simplified C.C.

. Quasi-fission
—~ ®e diffusion of a 1D parabolic
barrier (inner barrier)

@) O fusion-

fission  Statistical model

owR(E) = 73 (2l + DTH(E) Pus(ED) Par(E*1)
[

Fresentation of K.Hagino :2018.09. 21




V(r)=Vn(r)+Vo(r)

} - ZPZT€2 B
1 Vel(r) =
----- Couiomb _ r
--- Nuclear - Vo A
— Total 7  Vn(r)=—
o 1 n(r) 1 4+ exp|(r — Ry)/al 0 2-body assumption
15 20
r (fm)

incoming wave boundary condition (IWBC)

k " '
) =\ Tew (= [ ki) <

Tabs

k= +/2uE/h?

ki(r) = \/2—‘; (E —V(r) - l(l;;;)hz) Hl(_)(kr) — 5 Hl(+)(kr), r — 00

H,(+)(k'r) and H,(_)(kr) are the outgoing and the incoming Coulomb waves

P(E) =1—|S* = 7|’




Fusion reaction with Coupled-Channel method in BPM

(Barrier penetration model)
Coupled-channel equations

[ % d? J(J + Dk?

B N ZpZre?
2 dr? 2ur?

+ V() +

+ €n — E]%(F)+Zvnm(r)¢m(r) =0,

Coupled with excited states

_ J—
(2T ®37) '
— (MeV)
1.81 3
1.66 7"
(MeV)
\ 1.18 4t
\ / 1.16 3
0.55 2" 6
/)
/ \ . . >
| } 0 0 0 0 0 0 Oblate and Prolate nuclei
144 148 154
Sm Sm Sm
\ /
vibrational motion rotational motion

K.Hagino et al : CPC 123, 143 (1999)




AKyuz-Winther(AW) Potential(Global potential)

Vo
VN(’]”‘) p— , V(r) A
1 4+ expl|(r — Ro)/al

. . R

(typical Wood-Saxon potential form) / >
| r

VO = 167T’)/RCL, 'Vo |
Ry = Rp + Ry, attractive nuclear force
R; =1.20A4)° —0.09 fm, (i=P,T)

R = RPRT/(RP + RT),
' Np—Z Ny — 7
~ = 0.95 1—1.8( P P)( 2l T)] MeV fm™2,

Ap Ar
1/a=1171+053 (457 + A7) | fm,

R. A. Broglia and A. Winther, Heavy-lon Reactions (Addison-Wesley, New York, 1991).




[ | T | T | T T T T T T ]
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M. Dasgupta et al : Phys. Rev. C 70, 024606 (2004) unknown
Vj\(,o) Target excitation Projectile excitation
System Vo To ao ez (EX; Band) B e (E\; Band) B2
(MeV) (fm) (fm) (MeV) (MeV)
"Be+-"*Pb 52.104 1.178 0.636 2.616(E3; Vi.) 0.111 2.43(E2; Ro.) 0.875

Ki-Seok Choi et. al. :JKPS. 70,42 (2017)
R. H. Spear :At. Data Nucl. Data Tables 42, 55 (1989)
V.V. Parkar et al : Phys. Rev. C 82,054601 (2010)
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Total fusion reaction : ¢He+ 209Bj and !!Li+ 208Pp

w¢—_ - - [
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the projectile in the field of the target); however, its effect on fusion
is strongly disputed. If considered as any other channel, it should
enhance the sub-barrier cross-section®!*'%; on the other hand, the
breakup process could just prevent the capture of the whole
projectile, thereby inhibiting fusion®>""”. Here we use ‘fusion’ in
the sense of complete fusion'*"""” (the whole projectile and target
fuse together; evaporation of fragments may follow) as distinct from
incomplete fusion (only a fragment of the projectile is transferred to
the target; in light nuclei this is not distinguishable from a direct
transfer).

The halo-nucleus °He presents the peculiar properties mentioned
above, and has a relatively small breakup threshold (the two-
neutron separation energy is S,, = 0.973 MeV). It is a favourable
candidate for experimental studies, because it is available as a beam
of accelerated ions at various facilities. However, the weak intensity
of these radioactive beams sets a limit on the accuracy attainable in
cross-section measurements, and the results obtained so far have
not been conclusive. An enhancement was reported in the
°He + *”’Bi fusion cross-section at energies below the potential
barrier’, and then related to the presence of strong breakup and/or
transfer channels®. Our previous measurement with °He on ***U
target nuclei*” also showed a large probability for the sum of all
processes leading to the fission of the residual nucleus. The
measurement reported here, however, allows the identification of
the contribution of incomplete fusion (transfer) channels, which are
found to be the most important in the total reaction cross-section.
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dominant channel : °Li + 210Pb

J- Kelley et al : Nucl. Phys.A 880, 88 (2012)

9Li is also unstable!
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Modification of coupled channel equation
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ILi + 208Pph fusion reaction with transfer contribution
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Proton number

I5C + 2327h fusion reaction case
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Construction of Potential
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Summary

@ We introduced general formalism for direct and fusion reactions
including halo nuclei in our group.
@ Experimental data including weakly bound nuclei as halo nuclei are
successfully reproduced using extended optical model formalism.

Also, we looked around approaches for description of fusion reaction,
and verified contributions of halo properties in fusion process.

» More experimental data including halo and exotic nuclei are expected
- by improved facilities.




