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1. Foundation of CDCC
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CDCC-equation
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Faddeev equations

Faddeev decomposition
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Comparison between CDCC and Faddeev solutions

A. Deltuva, A. M. Moro, E. Cravo, F. M. Nunes, and A. C. Fonseca, Phys. Rev. C 76 (2007), 064602.

d+12C at 56 MeV
Elastic scattering



12C(d,pn) at 56 MeV



What is CDCC?
The primary approximation of CDCC is the model-space 
approximation. 
The discretization of k-continuum is the secondary approximation.



2. Microscopic version of CDCC



Scattering of unstable nuclei

Unstable nucleus

Stable nucleus

Microscopic reaction theory

Breakup process

No optical potential 



Many-body Schrödinger equation with realistic NN interaction
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Realistic NN interaction



Effective NN interaction = G-matrix interaction

Schrödinger equation with resummation
M. Yahiro, K. Minomo, K. Ogata, M. Kawai, Prog.Theor.Phys.120:767-783,2008. 

P A

0)(
,

=Ψ−+++ ∑
∈∈ AjPi

ijAP EhhK τ

0)1(
,

=Ψ−
−

+++ ∑
∈∈ AjPi

ijAP E
Y

YhhK τ

1441212 =×⇒= TP AAY for 12C+12C scattering



2.1. Double-folding model
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Folding potential 

G-matrix: K. Amos et al., 
(Melbourne group)
Adv. Nucl. Phys. Vol.25 (2000) 275

Microscopic calculation such as 
HF and AMD
with Gogny D1S interaction.

Bonn-B NN interaction 
+ phenomenological imaginary potential. 
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Schroedinger equation for proton scattering 

Proton scattering as a simple case

Non-local



The proton scattering from 90Zr
K. Minomo, K. Ogata, M. Kohno, Y.R. Shimizu, M. Yahiro, J.Phys.G37:085011,2010.



The Brieva-Rook localization
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Nucl. Phys. A291,317

The mixed density

K. Minomo, K. Ogata, M. Kohno, Y.R. Shimizu, M. Yahiro, J.Phys.G37:085011,2010.

)(),()(),( )( RRdeRRURdRRRU RRki
EXEX χχ ′′≈′′′ ∫∫ −′⋅

rrr

The validity is tested in 





2.2. Application of double folding model
to total reaction cross section

Spherical-HF or AMD

ρ Electron scattering

For stable nuclei

For unstable nuclei

ρ



Variational Wave Function : Parity projection, Gaussian wave packets

Theoretical Framework of AMD
N-body Hamiltonian : Gogny D1S effective interaction

Variational Parameters:  Width and centroids of Gaussian, nucleon spins

Centroid of Gaussian wave packets (complex valued 3D vector)
Deformation  and radius of Gaussian wave packets (real valued 3x3 matrix)

Direction of nucleon’s spin (complex valued spinor)



Theoretical Framework of AMD
J-projection: Full 3D projection (non axial intrinsic state)

GCM: Generator Coordinate is the quadrupole deformation β

in the intrinsic frame in the space-fixed frame

enlarge R and enhance σR

Hill-Wheeler equation

Static deformation effect:



Nuclei near the neutron drip line

ex.) 31Ne



Reaction cross section
12C scattering at 240 MeV/nucleon

Projectile and target densities

Electron scattering

Exp.

12C

20Ne
23Na

27Al

No medium effect



Further analysis for 31Ne

The discrepancy 

Breakup effect
10 mb

Tail correction to 
AMD density

30Ne n
RGM+AMD



Density profile of 31Ne



30Ne n

Core excitation



Deformed Woods-Saxon model

Diffuseness, 
depth,  
Spherical radius

The spectroscopic properties 
of high-spin states 
from light to heavy 
deformed stable nuclei, 
and also the RMS radii.

Wyss parametrization

Deformation AMD calculation



Ramon Wyss parametrization





Adiabatic rotational motion
(dynamical rotation effect) 

Adiabatic and eikonal approx.
Ω (Euler angles)
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Total reaction cross sections for Ne isotopes
at low and high incident energies

1. Low Energy (33-60 MeV/nucleon)
Exp. Data at GANIL

2. High Energy (950 MeV/nucleon)
Exp. Data at GSI



3. Eikonal reaction theory (ERT)

An extension of CDCC to inclusive reactions such as 
one-nucleon removal reaction.         

Yahiro, Ogata and Minomo,  Prog. Theor. Phys. 126(2011), 167-176.
Hashimoto, Yahiro, Ogata, Minomo and Chiba, Phys. Rev.  C83(2011), 054617.

Minomo-kun



One nucleon removal reaction

CDCC Eikonal reaction theory
(ERT)

○ ×
Glauber △ △

×
(Coulomb elastic breakup)

Minomo-kun

DEA, CCE Baye-san



One nucleon removal reaction

CDCC

This framework is applicable for the scattering system 
with strong Coulomb interaction.

ERT



Eikonal Reaction Theory
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Path ordering
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Eikonal decomposition of S
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Yahiro, Ogata and Minomo,  Prog. Theor. Phys. 126(2011), 167-176.



How to get Sc

0)ˆ
2

(
2

=−−−Δ− ψ
μ cn VVhE h

0)ˆ
2

(
2

=−−Δ− ccVhE ψ
μ
h

K.Ogata, Hashimoto, Iseri, Kamimura, and Yahiro,
PRC73, 024605 (2006).

Eikonal CDCC



One nucleon removal reaction

CDCC ERT



Accuracy of the Glauber model 
Hashimoto, Yahiro, Ogata, Minomo and Chiba, Phys. Rev.  C83(2011), 054617.

Deuteron scattering from several targets at 200 MeV/nucleon

A

(Target mass number)



d+58Ni elastic scattering at 400 MeV



A-dependence of stripping cross section



A-dependence of reaction cross section 

fusioncompletefusionincompletebreakupElasticR −−− ++= σσσσ

incomplete fusion



4. Four-body CDCC

It is the method for four-body breakup.

Matsumoto, Kato and Yahiro, Phys.Rev.C82:051602,2010. 
M. Rodriguez-Gallardo, J. M. Arias, J. Gomez-Camacho, A. M. Moro, I. J. Thompson, 
and J. A. Tostevin, Phys. Rev. C 80, 051601(R) (2009).

Matsumoto-san



Summary
A goal of nuclear physics is to construct the microscopic reaction 
theory. CDCC+AMD is a candidate for the theory.  The theory 
can predict physics of unstable nuclei before the measurement. 
This method was applied for the reaction cross section of the 
scattering of Ne isotopes from C target at 250 MeV/nucleon. The 
static deformation effect is important, but the projectile breakup 
effect is small. 31Ne  is a halo nucleus with large deformation. 
We proposed ERT to treat inclusive reactions. ERT can treat 
Coulomb breakup properly. 
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