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Steep falloff of fusion cross sections

Standard CC calculations largely deviate from experimental
data at below a certain threshold incident energy

C. L. Jiang et al., Phys. Rev. Lett. 93, 012701 (2004)
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Nuclei in Collision

When two large nuclei collide and fuse—
rather than flying apart—some of the credit
goes to the internal motions of protons and
neutrons that result in excited states of the
nuclei. The best models account for these
states in calculating the fusion rate. Butin the
9 November Physical Review Letters,
Australian physicists say their measurements
disagree with even these sophisticated
models. The researchers suggestthatthe
internal modes get out of synch even while
the collision is underway, so that the nuclei
behave more like a macroscopic classical
object than a tiny quantum one.

Two nuclei can overcome the "Coulomb
barrier” of repulsion of like charges and fuse
if they approach fast enough. Nuclei with less

G. Gilmour/Australian National Univ.

Nuclear smash-up. Oxygen nuclei moving
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highe New measurements of fusion cross sections at deep sub-barrier energies for the reactions 160 +

tart 204.208ph show a steep but almost saturated logarithmic slope, unlike ®*Ni-induced reactions. Coupled
Stat channels calculations cannot simultaneously reproduce these new data and above-barrier cross-sections
Slate

with the same Woods-Saxon nuclear potential. It is argued that this highlights an inadequacy of the
coherent coupled channels approach. It is proposed that a new approach explicitly including gradual
decoherence is needed to allow a consistent description of nuclear fusion.
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FIG. 3 (color online). Logarithmic slope as a function of
energy with respect to the barrier. Calculation with standard
parameters fail to match the measurements at low energy.



Steep falloff of fusion cross sections

Energy at touching configuration coincides with threshold
incident energy Es
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Correlation between Es and Viouch

Energy at touching configuration, Vioucn, strongly correlates
with threshold incident energy Es

TI, KH, and Al, Phys. Rev. C 75, 064612 (2007)
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Potential inversion method

m Extract the lowest eigen-potential for coupled
channel calculations from experimental data

K. H and Watanabe, Phys. Rev. C76, 021601(R) (2007)
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What happen below energy at touching point”?



Motivation

Steep fall-off phenomenon can be attributed to dynamics
after target and projectile touch with each other
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Sudden approach — Fusion takes place so rapidly
Adiabatic approach — Dynamical change in the density



Sudden and adiabatic approaches

® Sudden Approach

—Shallow potential pocket

® Frozen density approximation

S. Misicu and H. Esbensen, Phys. Rev. Lett. 96, 112701 (2006)

Misicu and Esbensen
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Sudden and adiabatic approaches

m Adiabatic approach

—Neck formations

e Density-constraint time-dependent Hatree-Fock model
Umar and Oberacker

A.S. Umar, V.E. Oberacker, Phys. Rev. C77, 064605 (2008)

¢ Macrosopic-microscopic model

Sudden picture works well
at before touching point
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Difficulties in adiabatic approach

Extension of the standard coupled-channel equation

B How do we describe the total wave function in the
one-body system?

e The total wave function is expanded by the asymptotic intrinsic
basis of the isolated nuclel

e Require to include all the intrinsic basis in the complete set
— Almost impossible in practice

® Double counting of CC effects

e Adiabatic one-body potential with neck formations already includes
a large part of the channel coupling effects



Standard coupled-channel model

ned>  J(J+ 1)
[_Zﬁ + 2,[11’2 + V(I’) T € — E] un(r) + Zn: <¢n ‘Vcoup| ¢n> un(r) =0

= Vibrational coupling (60 |Veoup| #n)

Veoup(rs O) = Ve (1, 0) + VS 1 (r, O)

_ Z (0lay {alI’0) Vi (r, A0) = VO ()6 m
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Extension of coupled-channel model

= Damping factor | (r 2 Ry + A)
O(r,,) = {

o~ —R=1)?2a% (1 < Rg + Aa)

R, = rd(AlT/ S 4 Allf 3) aq: Damping factor

dV](\(,))(r)ﬂ . 1 &2V e
dr T2 dr? ¢

Va(r, Aa) ~ V() + O(r, Ay)

Different touching point in each eigenchannel
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Input parameters

m CC calculation CCFULL (K. Hagino)
e 64Nj+%4Ni: C.L. Jiang et al., Phys. Rev. Lett. 93, 012701 (2004)
2+ F, = 1.35 MeV, B.=0.165, By = 0.185, 2ph
3" Ex= 3.56 MeV, B.=0.193, Bx= 0.20, 1ph
e S8Ni+°8Ni: H. Esbensen et al., Phys. Rev. C35, 2090 (1987).

2+. 3ph, 3: 1ph

e 160+208pp: C.R. Morton et al., Phys. Rev. C60, 044608 (1999)
208Pp — 37 Ex=2.615 MeV, Bc = 0.161, Bn= 0.733, 2ph
160 = 31 Ex=6.13 MeV, B =0.733, fnv=0.733, 2ph

= Damping factor
e %Ni+%Ni: ry=1.298fm,aq="1
o BNi+%Ni: ry=13fm, ag="

e 180 +208Pp: ry=1.28fm, aq="

Radius parameters are almost

.05fm
3 fm,
28 fm

the same as each system



Calculated results: fusion cross section
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First derivative of fusion cross section
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Astrophysical S-factor
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Adiabatic potential

Reproduce the thickness of the CC adiabatic potential
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Difference between two approaches

® Both the sudden and adiabatic models provide
similar results for the fusion cross sections

e \What is a difference between these two models?

— Average angular momentum of compound nuclei

A. Shrivastava et al, Phys. Lev. Lett. 103, 232702 (2009)
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By measuring average angular momentum,
we can discriminate the two approaches



Summary

= We have proposed a novel extension of the standard
CC calculations based on the adiabatic approach

Energy at touching point strongly correlates with threshold incident
energy for steep-falloff of fusion cross sections

Introduce the damping of CC forme factor inside touching point, to
simulate transition from sudden to adiabatic states

Sudden approximation works well before touching of two nuclei

Smooth transition from two-body to adiabatic one-body potential is
responsible for steep falloff of fusion cross sections

T. Ichikawa, K. Hagino, and A. lwamoto, Phys. Rev. C75, 057603 (2007):
Phys. Rev. C75, 064612 (2007): Phys. Rev. Lett. 103, 202701 (2009)



