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Role of internal degrees of freedom in low-energy nuclear reactions



Introduction

nuclear spectrum

E*

These states are excited 

during nuclear reactions in a 

complicated way. 

nuclear intrinsic d.o.f. 

act as environment for 

nuclear reaction processes

atomic nuclei: microscopic systems

little effect from externalenvironment

ñintrinsicenvironmentò



How have ñinternal excitationsò been treated in nuclear physcs ?

1. Optical potential

elimination of ñenvironmentalò d.o.f. effective potential

VFeschbach formalism

VPhenomenological potential

absorption of flux

2. Coupled-channels method (Close coupling method)

Coupling between rel. 

and intrinsic motions

0+ 0+

0+ 0+

2+ 0+

entrance 

channel

excited 

channel

4+ 0+ excited 

channel

treat a few (collective) 

states explicitly



3. Classical treatment

e.g., Langevin calculations for superheavy elements

Courtesy Y. Aritomo (JAEA)



nuclear spectrum

E*

ñintrinsicenvironmentò

nuclear excitations

In this talk:

üMott scattering and quantum 

decoherence

üRole of s.p. excitations in 

quantum tunneling

c.f. Random Matrix Model



Mott scattering and quantum decoherence

Kouichi Hagino (Tohoku University)

M. Dasgupta (ANU)

D.J. Hinde (ANU)

R. McKenzie (Queensland)

C. Simenel (ANU)

M. Evers (ANU)

on-going work



Mott Oscillation

scattering of two identical particles

expt: D.A. Bromley et al., Phys. Rev. 123 (ó61)878ñQuantum Physicsò, S. Gasiorowicz

cf. Vb ~ 10.3 MeV



Comparison between 16O+16O and 18O+18O

18O+18O : much less pronounced interference pattern

16O, 18O: Ip (g.s.) = 0+

(both are bosons)

Vb ~ 10.3 MeV

Ecm ~ 2.5 Vb

18O = 16O (double closed shell) + 2n 

stronger coupling to environment

manifestation of environmental decoherence?



Optical potential model calculation

The data can be fitted with an 

opt. pot. model calculation. 

W = 0.4 + 0.1 Ecm (MeV)

R.H. Siemssen et al., PRL19 (ó67) 369

However,the same opt. pot. 

does not fit 18O+18O

need to increase Wby a factor 

of 3.5



The origin of stronger absorption?

16O 18O

0+

0+
3-

0+

2+

0+,2+,4+

3-

(MeV)

6.13

1.98

3.92

5.10

Coupling to low-lying 2+ state: insufficientto damp the oscillation

role of single-particle (non-collective) excitations



Spectra up to E* = 13 MeV

16O 18O

20 levels 56 levels



N(E*,R): the density of accessible 

1p1h states(TCSM)

C. Von Charzewski, V. Hnizdo, and 

C. Toepffer, NPA307(ó78)309

F. Haas and Y. Abe, PRL46(ó81)1667

The number of open channels

18O+18O

16O+16O



Mechanisms of the oscillatory structure

The unsymmtrized cross sections

already show strong oscillations

interference due to:

Vsymmetrization of wave function

(q~ 90 deg.)

+ 

Vanother mechanism 



near side-far side interference

R.C. Fuller, PRC12(ó75)1561

N. Rowley and C. Marty, 

NPA266(ó76)494

M.S. Hussein and K.W. McVoy, 

Prog. in Part. and Nucl. Phys. 

12 (ó84)103



The far-side component is largely damped in 
18O+18O due to the strong absorption.

less oscillatory pattern



The distance of closest apporach: different between F and N

F and N are distinguishable (in principle) 

by looking at how the nuclei get excited

ñwhich-way informationò



M.S. Hussein and K.W. McVoy, 

Prog. in Part. and Nucl. Phys. 12 (ó84)103

analogy to the double slit problem

J. Al-Khalili, ñQuantumò



P. Sonnentag and F. Hasselbach, 

PRL98(ó07)200402

close analogy to 

environmental 

decoherence?



Subbarrier fusion reactions

with dissipative couplings

Kouichi Hagino (Tohoku University)

Shusaku Yusa (Tohoku University)

Neil Rowley (IPN Orsay)

in preparation



154Sm 16O

Introduction

Subbarrier enhancement of fusion cross section

channel coupling effects

Coupling of the relative motion

to collectiveexcitations in the 

colliding nuclei



Coupling between rel. 

and intrinsic motions

0+ 0+

0+ 0+

2+ 0+

entrance 

channel

excited 

channel

Coupled-channels framework

4+ 0+ excited 

channel

üQuantum theory which incorporates excitations in the colliding nuclei

üa few collective states (vibration and rotation) which couple strongly 

to the ground state + transfer channel



collective state: 

strong 

coupling

single-particle (non-collective) state

weak, but many

IS Octupole response of 48Ca (Skyrme HF + RPA calculation: SLy4)



Coupling between rel. 

and intrinsic motions

0+ 0+

0+ 0+

2+ 0+

entrance 

channel

excited 

channel

Coupled-channels framework

4+ 0+ excited 

channel

üQuantum theory which incorporates excitations in the colliding nuclei

üa few collective states (vibration and rotation) which couple strongly 

to the ground state + transfer channel

üseveral codes in the market:  ECIS, FRESCO, CCFULLéé

has been successful in describing heavy-ion reactions

However, many recent challenges in C.C. calculations!



16O + 144Sm

K.Hagino, N. Takigawa, and S. Kuyucak,

PRL79(ô97)2943

144Sm

0+

3-1.8 MeV

Barrier distribution



Scattering processes:

Double folding potential

Woods-Saxon (a ~ 0.63 fm)

Fusion process: not successful

a ~ 1.0 fm required (if WS)

surface diffuseness anomaly

successful

A. Mukherjee, D.J. Hinde, M. Dasgupta, K.H., et al., 

PRC75(ô07)044608



C.L. Jiang et al., PRL93(ô04)012701

ñsteep fall-off of fusion cross sectionò

Deep subbarrier fusion data

K. H., N. Rowley, and M. Dasgupta, 

PRC67(ô03)054603

M.Dasgupta et al., PRL99(ô07)192701


































