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* Introduction
v Nuclear structure & collision dynamics

 Coherent coupled channels model

v Checking theory against measurements

* Quantum decoherence 1n nuclear collisions
v Picture & main ideas

v Decoherence in the complex-potential model ?

v Coupled-channels density-matrix approach

* Summary
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How do these excitations affect the nuclear collision dynamics ?



Low-Energy Collision Dynamics: Coherent Quantum Description
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Failure of the Coherent Quantum Description

Coupling Assisted Quantum Tunnelling: Nuclear Fusion
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Dasgupta, Hinde, AD-T, Bouriquet, Low, Milburn & Newton, PRL 99 (2007) 192701




Quantum Decoherence in Nuclear Collisions
AD-T, Hinde, Dasgupta, Milburn & Tostevin, PRC 78 (2008) 064604
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Quantum Decoherence in Nuclear Collisions
AD-T, Hinde, Dasgupta, Milburn & Tostevin, PRC 78 (2008) 064604
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Intrinsic quantum states

0p/ot=[Ly+Lplp, p0)=py Master equation

Lap = -i[H, fl/R Schrédinger description
Lpp=Y, (CepCL-3CLCui, | Decoherence
A &
i = T4l Absorption

In Practice (e.g, Pesce & Saalfrank, 1998)
plE) = X4 )10 5 (E) a1 (8] 5 p5510) = piyf0) = golr)gpl)

i)i=1,...N Intrinsic (energy) basis

rr=1,...M Coordinate (grid) basis




Absence of Decoherence in the Optical Potential Model

AD-T, accepted as a Rapid Communication in PRC
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Optical Potential Model
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Optical Potential Model
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Lindblad Dissipative Dynamics
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The absorption rate to state |2) is given by v2- = W (z)/h




Measure of Coherence

K. Blum, Density Matrix Theory and Applications (2" Edition, Plenum Press, 1996) p. 39

For a pure state described by the state vector |x):

p = |x) (x|, and Tr(p) = (x|x)-

p* = Ix) (xIx) (x|, and Tr(5*) = (x|x) (x|x) = [Tx(p)]*.

Hence,

Tr(p*)/[Tx(p)]* =1

, for nonzero values of Tr(p).

For a muzed state, there is no single state vector describing the system:

Tr(p?)/[Tr(A)]? < 1.

The transition from a pure state to a mixed state is caused by decoherence.



Absence of Decoherence in the Optical Potential Model

AD-T, accepted as a Rapid Communication in PRC
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Absence of Decoherence in the Optical Potential Model
AD-T, accepted as a Rapid Communication in PRC

Tunnelling probability

Incident
V wave-packet
0
V\ E(‘)‘—
X <0 AR X >0
e -iW(X)
']DI:I .' . T
N B OP
1o E: 0.3
- 1 E.- l-'-
10 = 08 F
i it LVN
10 = O4r =
10 L ' j - 0.2 - ' '
0.8 0.9 : 1.1 0 40 a0 120
Ep/Vi time (1 7% )

Decoherence significantly affects quantum tunnelling, and thus scattering as well



Coupled-Channels Density-Matrix Approach

Environment

Nucleonic d.o.f.

Rotational d.o.f.




Coupled-Channels Density-Matrix Approach

Environment
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Rotational d.o.f.
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where a« = (IL; JM), |a) and |r) are the coupled angular momentum basis
and the discrete grid-basis describing the internuclear separations, respectively.
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where N is determined from the normalization condition ), _ pI" — 1.




Coupled-Channels Density-Matrix Approach

Equations of Motion
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Expectation value of an observable: (O(t)) =



Coupled-Channels Density-Matrix Approach
Asymptotic Observables

The probability for producing the target in state (I, My) with the relative
coordinate in the direction 7”:

dWw
E(L My) = Z Cg?ijMI Yim (7)) Sya(ty)
q
X Cppmrinay Yirm: (),

where q = (L, T, Jﬂ' Ma Lfa mfaJ!a Mf):' B = (IL; JM): A= (IL!; Jfo)?
and Sﬂy}\(t,f) — Zr’ P,?;,; (tf)

Integrating over all directions 7/ of solid angles, and summing over all M7y,
the total probability for producing the target in state I (population) is obtained:

W(I) = Z Z (Ciffn/ffmf )2 Sy (tf)
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Coupled-Channels Density-Matrix Approach

Different Environments

united
system

(ZT+ ZP)

Nucleonic d.o.f.

Interacting
individual nuclei

nuclei with £
different charge e (Z)(Z,)

(Z.+2)(Z,-2) reduced system

Courtesy of David Hinde

Track decoherence and absorption through different environments
Environments are specific to particular degrees of freedom




Application: Understanding fusion of astrophysically-important

collisions at low energies

T. Spillane et al., PRL 98 (2007) 122501
E.F. Aguilera et al., PRC 73 (2006) 064601
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Fusion probability at astrophysical energies ?

Origin of the resonances ?

Complex excitation modes

in dinuclear system

AD-T, PRL 101 (2008) 122501
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Neutron molecular shell structure of two interacting deformed *C
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Summary

* Coupled-channels density-matrix approach, which
will quantify the importance of quantum decoherence

In various areas of nuclear reaction theory

* Decoherence should always be explicitly included
when modelling low-energy nuclear collision dynamics

with a limited set of (relevant) degrees of freedom



Application: Unified quantum description of reaction processes
of neutron-rich, weakly-bound nuclei
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