Heavy-Ion Fusion Experiments and
their possible Astrophysical Interest

G. Montagnoli
Universita degli studi di Padova - INFN

Nuclear Physics
Heavy-Ion fusion

@ar‘r‘ier hin@

Light systems
Stellar evolution
Astrophysics
IN

N
G.M. SRNA, Strasbourg 2017 (
1 o di Fisica Nucleare




L~
o

)
INFN

- Istituta Nazionale
G.M. SRNA, Strasbourg 2017 2 L./ 9 Fisica Nucioars




Fusion hindrance far below the barrier J
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The logarithmic derivative (or slope) L(E) = dIn(Ec)/dE is a useful quantity,
because it allows plotting the trend of cross sections
extending over several decades in a linear scale
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Logarithmic derivative of the fusion excitation function of 48Ti+8Fe
and °8Ni+>*Fe, and comparison of the S-factors for the two systems
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The slope of 48Ti+>8Fe saturates below the
barrier, while it keeps increasing for *¢Ni+>*Fe
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A clear maximum of the S-factor develops
for *2Ni+°*Fe, but no maximum is observed
for *8Ti+>8Fe



S-factor (arb. units)

Several cases involving medium-mass nuclei
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Is there something special with systems
hGVing qus >07?
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Light systems with Q>0: the case of 2*Mg + 30Si
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C.L.Jiang, A.M.Stefanini, H.Esbensen et al.,

An S-factor maximum has been observed
for 24Mg + 39Si (Q¢,s = +17.89 MeV)
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The system evolves in the classically forbidden
region towards the compound nucleus

Two-Body Region

Potential Energy

Touching
Point

Center-of-Mass Distance r
T.Ichikawa et al. PRC75, 064612 (2007)

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 towards the compound nucleus

Potential Energy

Center-of-Mass Distance r
T.Ichikawa et al. PRC75, 064612 (2007)

Nucleus-Nucleus potential: the barrier is thicker
when the Pauli principle is taken into account
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How does one understand
fusion hindrance effect ?
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A shallow pocket develops inside the barrier due
to the saturation properties of nuclear matter
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Excitation function compared with CC calculations A
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The CC calculations employ Woods-Saxon (left) and Yukawa plus
exponential (right) potentials, with and without damping of the EN

coupling strengths
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Logarithmic slope and S factor for 12C+30Si
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The logarithmic slope (left) crosses the L. value at the lowest energies where the S

factor (right) appears to develop a maximum. In both cases a phenomenological

extrapolation is shown, based on the systematics of C.L. Jiang
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Threshold energies for hindrance in light systems J

The system 2C + 39Si has a { parameter
very near to the lighter systems important
for stellar evolution. Its Q-value for fusion
is positive (Q=+14.1 MeV)

12C + 24Mg (Q=+16.3 MeV), is even nearer
to the light systems and has not been
measured

The case of '“C + ““Ne raises questions ...

N.B. (the points of C+C and O+O are
obtained only from extrapolations)
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S factors trend for medium-light systems with positive fusion Q-value
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The case of 2C + 20Ne J
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Logarithmic derivative for heavy and light systems J
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Various heavy and light systems are
represented here. In each case the Q
value for fusion is indicated, as well as
the system parameter C.

The dashed line is Ls(E), the red one is
a simple extrapolation and the green
lines are standard CC calculations.

For lighter systems, L(E) and L_(E) are
two nearly parallel or overlapping
curves so the crossing point is rather
undetermined and the S factor
maximum becomes broader
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Further systematic trends J
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Measured vs. calculated fusion cross sections.
Calculations have been performed with CCFULL

using a standard WS potential

A.Shrivastava et al., PLB 755, (2016) 332
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Fusion of the light system 2C + 160J
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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.

The case of the 12C+ 30Si system: 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(Ec)]/dE

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

S has a maximum when dS/dE = O, i.e. when L(E) = mn/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

E. % 0.356 [Z,Z/u]¥3 MeV
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