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Macroscopic Approach: Collective Coordinates

Select d.o.f which are expected to be relevant to the reaction

If scattering ... . If fission ...
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f: Rotation angle Shape coordinates

Y. Aritomo’s slide




Fluctuation and Dissipation in Nuclear Reactions

Beyond collective coordinates

=
v Energy dissipation igmi
v Fluctuation =

which are originated from internal motion | 1 | | 1

20 40 60 80
fragment atomic number

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

—

Phenomenologically

N




Application of the Langevin Method

https://www.youtube.com/watch?v=7A83IXbs6lk

Langevin method
xX=p/M Energy dissipation
p=-V(x)—yp+I{
{(((t)) =0 Fluctuation

({()¢(s)) = (2My/B)é(t — 5)

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

s00f 86Ky + 166y ®  Applicability:
%400: \Eé;fg;ﬁerﬂeva Vi € Fission
§300: ' / W Voo (Recasin) € Fusion
ol 0) A 2or s SN ¢ Quasi fission
I T 7 "o | @ Deepinelastic sc
20 20 0 80 50 100 150 200 at above barrier

fragment atomic number fragment mass number


https://www.youtube.com/watch?v=7A83lXbs6Ik
https://www.youtube.com/watch?v=7A83lXbs6Ik

Necessity of Quantum Treatment (Low Energy)

If scattering ... If fission ...

Energy Definitions 232Th
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Nuclear Deformation (Q,/b)"?
. . P.Moller,A.J.Sierk,T.Ichikawa,H.Sagawa,arXiv:nucl-th/1508.06294
If (Incident energy) <(Barrier) ...

Penetration through Quantum Tunneling



Our GOAL is

To describe low-energy nuclear reactions with single method
(from to above barrier)

What is problem ?

The present Langevin approach is based on classical mechanics,
and is inapplicable to reactions

How to achieve ?

Quantum mechanical extension
of the Langevin approach



Open Quantum System

From more general point of view ...

Htot
Universe

H .
I  Environment

Open Quantum System

For nuclear reactions ...
System: collective motion
Environment: internal motion

If fission ...

S plus E model

HtOt=HS+HE+HI

Choose simple and reasonable Hg, H;




The Caldeira-Leggett Model

H,;, System of interzest (arbitrary)
Universe p
H + U(x
s =5+ U

Hi  covironment
Environment (HO bath)
System ;
Hg Hp = z_hwiai a;
l

lai,a; | =0,]a;a;t| = 6;;

Interaction (linear)

HtOt=HS+HE+HI -|-
A.O.Caldeira and A.J.Leggett, Physica 121A, 587 (1983) HI — h(x) z _dl (al + al )
l

A.O.Caldeira and A.J.Leggett, Ann. Phys. 149, 374 (1983)




Derivation of the Langevin Equation 1

HCL—Zp—M+U(x)+z hw;a;Ta; +h(x)2dl(a + a;N

Heisenberg equation of motion ...
Sys: pr =-U"(x¢) — h'(x¢) Zidi(ai,t + aTi,t) e (%K)
Env: di,t = —lw;a; — (ldl/h)h(xt)
Environment part can be solved analytically ...
a;¢ =a_l-exp(—ia)it) — (id;/h) th ds exp(iw;(s — t))h(xs)

Initial condition of env Sys-Env Coupling

Substituting this into Eq.(%k) and sorting out ...
p, = (Potential) + (Coupling) + (Initial env)



Derivation of the Langevin Equation 2

P
Hoy = —

+U(x)+z hw;a;Ta; +h(x)Z d;(a; + a;")

In the classical limit ...

G.W.Ford, J.T.Lewis, and R. F.O’Connell, PRA 37, 4419 (1988)

p. = —V'(x) — [, dsy(t,s) ps + b (x){(8)

K(t) = 2%,;(d} /hw)cos(w;t)

Potential Coupling
V(x) = U(x) — h*(x)K(0)/2 y(t,s) = K(t —s)h' (x)h' (x5) /M
Initial NV Suppose h(x;-0) =0  pg o« exp(—BHg) [ ({(t)) = 0 (0) = Trg[Opg]
((6) = % dy(ae ™t + qfeiwt) —o—> { ((D(0)) = K(t)/p

If HOs are distributed as K (t) « §(t) 1 » Classical Langevin




Coupled Channels Method

Hc = Zp_M+ V(ix) + z hw;a;Ta; + h(x)z d;(a; + a;"
v' Coupled channels method a;Ta;|n;) = ny|n;)
EPEN =D a5 DRy )
Total WF thz,-

Not for a large number of HOs
v New basis (M.T and K.Hagino, arXiv:quant-ph/1909.10418) oot -

~ ) M@ (®)
— T k=1
b= ) m@al @)=Y e GOl i)
J1,-wJK

4 [brbg'] = 8ig The number of basis vectors is ...
® independent of the number of HOs

kabkljk) = Jrlir) ® dependent on max(w;) X(Running time) and d;




Application to 1D Barrier Transmission Problem

~ Scattering (System)
-®

—_ «——— Internal motion (Environment)

0.3 — .
X
0.25 |

v Solving Schrodinger equation
_ _ — 0.2
CEPE) =) W @Ol k) E
J1,-wJK |:|| 0.15 |
. . 2 ~
v Energy projection Hy, =2-+ ¥, hwala; 2o
<
P(E) x (¥7|6(Hy — E)|¥7) 0.05 |
K. Yabana, Prog. Theor. Phys. 97, 437 (1997) 0
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Calculating penetrability P(E) similar to this method X [fm]



Setup

(Classical) | p, = =V'(x,) = [y ds ¥ (t,5) ps + h' (x)3(D)
v(t,s) = K(t — s)h'(x)h' (x5) /M (¢(6)$(0)) = K(t)/B

: : | V(x) = 100 h(x) MeV
- 58 58
System: >°Ni + *°Ni h(x) = e-7/2X

ct [fm]
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Classical (C), Semi-Classical (SC), Quantum (Q)

Total = Scattering (x,p) ® Internal ({a;};=12 )

Is NO noise

|

Zero temperature
(Ground state initially)

e
N

Scattering Internal
C <
SC Quantum
Q Quantum | Quantum

Quantum

Is noise
(Quantum)




What to solve ?

110
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e Langevin (Q noise) ~ oz
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Energy Dependence of the penetrability 1

T2 0 27774 6 8 10
E-Vg [MeV]

(SC) = (Q)

The Langevin method with quantum noise
looks very similar to the quantum result



Energy Dependence of the penetrability 2

56 5 4 6 6
E-Vg [MeV] 08l
Fluctuation: SysQ, EnvQ 06|
SC: Only EnvQ T o4
Q: SysQ and EnvQ 0ol
— SysQ is masked by EnvQ i DU

E-Vg [MeV]



Summary

To achieve quantum extension of the Langevin method ...

2
HCL = Zp_M + U(x) + Z ha),-aiTai + h(x) z di(ai + aiT)
i i

Ho, = Her

Classically, : Quantum Langevin
Langevin equation

New basis: the number of basis vectors is independent of the number of HOs

v Application to a 1D barrier transmission problem

Around the barrier ...  (SC) = (Q)



Left blank



How the new basis works ?

In general ...
No idea how it evolves in the Hilbert space (H)
— The model space as large as possible

<x|lll(t)> = an,nz,... (pnl,nz,... (.’X,', t)|n1;n2: )

Im
O
The Caldeira-Leggett model ... zihwiaiTair zidi(ai +a) €/

Ce2-(@-C2

Relevant subspace o
expands with time P O) =2, jx Yinix QO i)



Quantum Langevin Equation

HCL—Zp—M+U(x)+z hw;a;Ta; +h(x)2dl(a + a;N

Pe = —V'(xy) — f(f ds K(t — s){h'(x,), (R (x,), p}}/AM
K(t) = 2%;(d} /hw;)cos(w;t) +{h'(x;), {(t)}/2

Initial env  Suppose h(x;—y) = 0 {(t) =Y,;d;(a;e @it + g;Tetwit)

pe « exp(—BHg) {(((t» =0 (0) = Trg[Opg]
> ({C@®),¢(00}) = (4/B) Xi(di/hw;) cos(w;t) (Bhw;/2)coth(Bhw;/2)

Gaussian

- 2Y. 4% ; 0 oo
(0, coyyy 2 2R costwit) # (B - )

- (2/B) Y;(d?/hw;) cos(w;t) (B —» 0) (classical)



Subbarrier energies
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Numerical details

Classical, and semiclassical calculation

cAt = 0.75 fm
One calculation takes less than 0.2 sec

Quantum calculation (for energy projection)
Ar = 0.125 fm, cAt = 0.1 fm —25 < r (fm) < 50

Without energy projection, it takes about one night (~6 hours)

With energy projection, it takes about 1 - 2 days



Property of the Bessel functions




Expansion of exp(—iw;t)

. K — —
Expand ... exp(—zwit) = thl Nk (wi)uk (t) — 7](%‘) ' u(t)
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Memory Effects and Energy Dissipation

‘.,t=

—f;dsK(t—s) Vg

v Single

K(t) < cos(I't)

Vvi/Vg = 0+ (1 —0)cos(I't)

v Non-Markov | K@) «xe™'*

Vi/Vp = €

—Tt/2

X [cos(T't/20) + Bsin(I't/20)]

v’ Markov

Vi/Vp = €~

K(t) < I'd(t)

I't

E(t)/E(0)

K(t) = 2 3,(d?/hw;)cos(w;t)




Effects of Fluctuation-Dissipation

Penetrability Barrier distribution
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€ The stronger friction = the higher effective barrier
€ The stronger friction = the broader effective barrier



