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The many features of Heavy-Ion fusion reactions
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.. and the study of >2Ni+°°Ni revealed for the first time
the existence of a barrier distribution with several well-defined peaks
explained by multi-phonon couplings.

—cc 2" B =0.26 3phonon
no coupllng E

The fusion cross sections near and below
_ the barrier show a huge enhancement with
. _— respect to the one-dimensional barrier limit

The excitation function seems to be
structureless and it is not easy to identify the

"~ CC 2", =0.26 3-phonon * % T + l

' ] channel coupling(s) producing such
enhancement.

™~~_This is best revealed by the barrier distribution
| that displays a clear structure with three well-
defined peaks.
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The effect of coupling to transfer channels
in several Ca+Zr systems

The modified energy scale E"
takes into account the
different Coulomb barriers
and the high energy octupole
vibrations of 4°Ca and *8Ca /7
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Fusion hindrance far below the barrier J
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The “classical” case ¢*Ni+6*Ni

Standard CC calculations based on a

— Woods-Saxon ] Woods-Saxon potential overpredict
—MBY + rep. E . . c
----- no coupling the excitation funCTlon

l The astrophysical S factor develops
: a maximum at the energy where the
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Logarithmic derivative of the fusion excitation function of #8Ti+58Fe
and °8Ni+>*Fe, and comparison of the S-factors for the two systems

3.5 [ | | | | | | | 1011 E I l l | '

g 1 ue) _f ®. _

31 h58Ni+54Fe L S Y

. L ] i ° 1

—~ 25¢[ \cs 1 < 10°¢ ° J
s | T TR
L L [ ) 1

< 2f L§ : L 7 S 10°] Tf P e E
S : sy E | . f
5 15[ ¢ ¢ 1 & 107L ® ]
i 1 (@] E =

s 1f o ‘OTiyBFe 1 @ 10F e sy, 50 : e
([ J L ]

i o [ o 48T 58 i

0.5 2 .. .. 1 105 . Tl + Fe .

oL . | | °° ] | | |. ? 104 I ! | | ! ! o]

65 70 75 80 85 90 95 -8 -6 -4 -2 0 2

Ec.m. (MeV) Ecm : Vb
The slope of “Ti+>%Fe saturates below the A clear maximum of the S-factor develops
barrier, while it keeps increasing for *¢Ni+>*Fe for >®Ni+>*Fe, but no maximum is observed
for 48Ti+>8Fe

CN oS
k a )}\\\/ G.M., NSD Venezia, May 14, 2019 L/



S-factor (arb. units)

Several cases involving medium-mass nuclei
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The system evolves in the classically forbidden
region fowards the compound nucleus

Two-Body Region
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How does one understand the
fusion hindrance effect ?

A shallow pocket develops inside the barrier due
to the saturation properties of nuclear matter

Nucleus-Nucleus potential: the barrier is thicker
when the Pauli principle is taken into account
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The system evolves in the classically forbidden
region fowards the compound nucleus

Two-Body Region
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Nucleus-Nucleus potential: the barrier is thicker
when the Pauli principle is taken into account
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A shallow pocket develops inside the barrier due
to the saturation properties of nuclear matter
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Is there something special with systems

having Qs > 0 ?
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Light systems with Q>0: the case of 2*Mg + 30Si
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Excitation function compared with CC calculations ;
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Logarithmic slope and S factor for 12C+30Si A
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The case of 12C + 24Mg (preliminary data) J

- b The threshold cross section is very high
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The system '2C + 30Si has a  parameter

fusion is positive (Q=+14.1 MeV)

very recently

obtained only from extrapolations)

Threshold energies for hindrance in light systems J
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The case of 12C + 20Ne J

. 10° .
10 E 1 T T T T T T T3 F
102 [ oo ] T
E o® E S
Cal S
101 B .. i =
— .. _.9 1i
g s :
SN—" 100 = .. a by
3 12 20 n :
3 . C + Ne 102 L
° 10" [ o ] ?
. Increase of the ;
1072 . ] S factor I? 6
E o 3 L
[ J 5L
10-3 1 1 1 1 1 1 1 1 —
6 7 8 9 10 11 12 13 S
()
E (MeV) = 3
c.m. —
m
'

This system was measured down to a few ub, but no

hindrance seems to show up. Indeed from the systematics 1}

of Jiang one expects that the threshold is below 6 MeV
where the cross section is probably = 0.2-0.5 ub

G. Hulke et al., Z. Physik A 297, 161 (1980)

....'0'.
....-
R
+'} ~.._cs
s :
3 % |
R ALY
6 7 8 9 10 11 12 13
Ec.m. (MeV)

G.M., NSD Venezia, May 14, 2019

INFN
(s



Logarithmic derivative for heavy and light systems IJ
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Further systematic trends J
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Fusion of the light system 2C + 16OJ
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Summary J

The phenomenon of hindrance in sub-barrier heavy-ion fusion
is a general phenomenon.

It is recognized in many cases by the trend of the
logarithmic slope and of the S factor at low energies.

The comparison with standard CC calculations is a more
quantitative evidence for its existence.

Hindrance is observed even in light systems, independent of
the sign of the Q-value, with different features.

In the two cases 12C + 30Si, 24Mg the hindrance effect is small
but it is clearly recognized.

Near-by cases show evidence for systematic behaviors.

The consequences for the dynamics of stellar evolution have
to be clarified by further experimental and theoretical work.
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Astrophysical S-factor and logarithmic slope L(E) J

L(E) = d[In(Eo)]/dE

dS/dE = S(E)[L(E) - mn/E]

S has a maximum when dS/dE = 0, i.e. when L(E) = n/E = Ls

The energy E = Eswhere this happens (if it happens !) has been usually
taken as the threshold energy for hindrance.

From the empirical systematics of Jiang et al. one obtains

Es %~ 0.356 [Z1ZZJ-LI]2/3 MeV

C.L.Jiang et al., PRC 73, 014613 (2006) /')
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