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P Introduction to heavy-ion fusion reactions
— Langevin equation = — Coupled-channels method — A unified description



Fusion: transmission of the coulomb barrier
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E > Vg: Deep inelastic scattering and Langevin equation s

. . . E/Vy = 1.93
Deep inelastic scattering /Ve
5001 86 Kr + 166 Ey
— - E o= 464 MeV
<4 (r %400— il experiment /A
% _o@ Ny
«— 2 :J%J 300: | /
and Fluctuation 20T ¥
(Complex internal excitations) S ST S S——
fragment atomic number
D.A.Bromley, Treatise on Heavy-lon Science,Vol2, (Plenum Press New York,1984)
P.Frobrich and J.Marten, Z.Phys.A339(1991)175 _ 5001 _ (b)
. . . Brownian T
(Classical) Langevin equation  gtion 3
S L N\ M : : w 3000
~ acroscopic coordinates v
- Q — P/M (Relative distance, Deformations, etc) " 200l
» /
 P=-V'(Q)—yP+ &) A |

| |
150 200

|
50 100

(C(t» =0, (((t)((s)) = (ZM)//,B)5(t — S) fragment mass number

V.Zagrebaev and W.Greiner,J.Phys.G:Nucl.Part.Phys.31(2005)825



E < Vg: Quantum tunneling and channel coupling
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Unified description 7

@ Experimental Data
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To construct a unified model ...
Quantum mechanical description of dissipation and fluctuation
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Quantum mechanical description of energy dissipation
and application to heavy-ion fusion reactions

P Methodology
— Caldeira-Leggett model — Why good ?



Quantum dissipation model 9

(Classical) Langevin equation

Old model of dissipation ... 0 Based on classical e.0.m
L Quantum mechanics: Hamiltonian

originally for Brownian motion
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System(Hs): Relative motion
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Caldeira-Leggett model

Bath Interaction
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Langevin equation
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Quantum mechanical extension of the Langevin equation



Numerical method

-

p2 . ,
Heye = o + U(R) + § hwgala; + h(R) E di(a; + a))
i i

Naive basis 1_[ (aj)"i /77 10)
(RIW(t)) = z Wy (RO Ingny ) ?
Ty
Not suitable for a large number of HO modes
New basisS M.TandK. Hagino, Ann. Phys. 412 (2020) 168005

K Jk
| X [T )" 1o
em @t = ) y(w)vi (D) . =t L
e RIU@) =) W Byl i)
b;\[, - z.di)(k(a)i)a;r / JurJK

S g The number of b-modes = K
o (i :Tl’ - K Boson < Independent of the number of HO modes
[bk, bg] = dk,q operators < Dependent on max(w;) X(Running time)

~—



Quantum mechanical description of energy dissipation
and application to heavy-ion fusion reactions

» Application to a fusion problem
— Results — Effects of energy dissipation = — Remark on a unified description

» Summary
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Calculation details
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Result: Excitation spectrum (Kinetic energy loss dist.)
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Result: Fusion cross sections
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E < Vg: Bath coupling before reaching the barrier ?
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Bath coupling during tunneling

ﬂ 1D calculation

Bath coupling 80
duri o 1
uring tunneling “ v
6ol BT 0.8
0 0.6
= 40| .l
A Exponential 0.4
% e >
0.2
Interaction form factor (h) | j \ |
01510 -5 0 5 10 15°
> R (fm)
R h: Localize near the tunneling exit




1D calculation
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Unified description ?

0 Experimental data: c.R.Morton et al,Phys.Rev.C60(1999)044608
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Microscopic treatment of dissipation-fluctuation
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Summary

Introduction to heavy-ion fusion reactions

» E > Vg: Classical Langevin equation (Dissipation, Fluctuation)
» E < Vg: Quantum coupled-channels method (Tunneling, Low-lying excitations)
» Quantum mechanical description of dissipation and fluctuation

Methodology Hiot = B2/2u + U(R) + z_hwiaj‘ai + h(R) z_di (a; + a])
> Caldeira-Leggett model l l
» Classical limit = Langevin equation

» Numerical method based on non-trivial boson operators

Application to a fusion problem

> Excitation spectrum and fusion cross sections { > E > Vp: Before the barrier
> Suppression at above and sub- barrier energies 1 > £ < Va: During tunneling
» Unified description: Microscopic treatment of dissipation-fluctuation (Conjecture)



