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Fusion: compound nucleus formation
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Inter-nucleus potential
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Why subbarrier fusion?

Two obvious reasons:

New lands Microscopic theory
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Why subbarrier fusion?

Two obvious reasons:

v'discovering new elements (SHE)
v'nuclear astrophysics (fusion in stars)

Other reasons:

v'reaction mechamism
strong interplay between reaction and structure
(channel coupling effects)
cf. high E reactions: much simpler reaction mechanism
v'many-particle tunneling
cf. alpha decay: fixed energy
tunneling in atomic collision: less variety of intrinsic motions
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the simplest approach to fusion cross sections: potential model

otus(E) = 5 > (2l + 1 A(E)
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Low-lying collective excitations in atomic nuclel

Low-lying excited states in even-even nuclei are collective excitations,

and strongly reflect the pairing correlation and shell strucuture
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Coupled-Channels method

Coupling between rel. and
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Subarrier fusion:

strong interplay between
reaction and structure
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Two effects of channel couplings

v'energy loss due to inelastic excitations

*Ni (inert) + °Ni (2" 2"x2"

“%pp (inert) + °Ni 2*.2"x2"

10 £ ! ' §
- T no Coul-ex s
10°E
o)
£
T O0'E ;
g 5 H PP No Coupling C
i i |— Full Coul-ex. (R__ 550 fm) 1l-ex
0 H —— NoCoul-ex. (R___=[15fm) |
IO .:..’_ : max _:— -
F I
L [}
I 1 'f ? 03 16 I1 4 | |
-1 4 | I | 1 L 3 1 544
10 99 100 110 120 230 240 - O Sm _—— Spherical
E_ (MeV) 60| N\ — 0=0deg. |
= / — 0=090 deg.
v i ificati 3 ®
dynamical modification of the =g ; il
Coulomb barrier = *

mmmmm) large enhancement of
fusion cross sections

tN
=

45

5

cf. 2-level model: Dasso, Landowne, and Winther, NPA405(83)381

(fm)

20



Coupling to excited states — distribution of potential barrier

multi-dimensional potential surface
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logarithmic derivative (~00’s)
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deep subbarrier hindrance of fusion cross sections
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Systematics of the touching point energy and deep subbarrier hindrance
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Fusion of unstable nuclei
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Fusion of stable nuclei: large enhancement of fusion cross sections

‘ Fusion of unstable (weakly bound) nuclei?
fusion cross section: enhanced? hindered? no change?

still not known completely



Two effets

1. Lowering of potential barrier
due to a halo structure
—> enhancement

2. effect of breakup
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Experimental data

4,68He + 197Au
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» large transfer cross sections
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3 . S - 'I‘i‘"""‘-l-:_— —sk
___....l." o 4_-_'
"’é .r‘;
i iy
; f -'i Fusion —e-
i "" I*"_,.-"' MNeutron Transfer -«
.'Ili'lll
|.|l .. UB
IS
12 16 20 24 28
Ecm [MeV]

A. Lemasson et al.,
PRL103(“09)232701

@ (mhb)

6He + 238
[T T T 1T [T T 1T 1T [ T T T T[T 1T T 1T [T T T T
- [ Fission
103 e Fusion
E * 2n-transfer
108
i ®
10E ®
T
o (9
]D—‘ 1 1 |& |
10 15

Ecm (MeV)

R. Raabe et al.,
Nature 431 (‘04)823



a (mb)

H]{m 1 1 1 | L | L | L | | I
| v 13C, Ref. [24]
0 I.?C
o HC
100 — - 15C Ir'?f’ —
o . 7 1 e '2C, cC -
. + 3¢ cC _
R l-l-':"_ CC
14
{00 |- .' - C.nocoupl.
L adir | ] |II ] | L 1 1 | | I | | L 1 1
32 36 60 64 68

E.p, (MeV)

T

I

Very recent data for
12,13,14,15C 4 232Th

M. Alcorta et al.,
PRL106(“11)172701

15C: 1n halo nucleus

— enhanced fusion cross
sections



Calculations: need to include breakup and transfer in a consistent way

(very hard)
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Pair Transfer Calculations: need to include breakup and

6He + 238
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role of dineutron correlation?



Pair correlation and pair transfer

pair transfer probability strongly reflects the pairing correlation
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Pair transfer:

v'Reaction mechanism?
- sequential vs simultaneous
- Q-value, angular momentum matchings
v'Role of dineutron correlation (on the surface)?
v'Influence to other reaction processes (e.g., subbarrier fusion)?
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Recent experiments for transfer reaction of neutron-rich nuclei
°He + %Cu IH(Li,°Li)3H
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It is timely to construct:
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Role of multi-neutron transfer process in subbarrier fusion
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Heavy-ion fusion for SHE

CHART OF THE NUCLIDES
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Theoretical treatment
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Theory: Lagenvin approach
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Heavy-ion subbarrier fusion reactions

v'strong interplay between reaction and structure
v'guantum tunneling with several kinds of environment

Open questions

v’how do we understand many-particle tunneling?
- related topics: fission, alpha decays, two-proton radioactivities
Large amplitude collective motions
v'role of dissipative environment?
- dissipation, friction, quantum decoherence?
v"'microscopic understanding of subbarrier fusion?

v'fusion of unstable nuclei?
- breakup, (multi-nucleon) transfer
v fusion for superheavy elements - quantum effects?
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