
Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.
Introdu
tion to the Continuum Dis
retized CoupledChannels method (CDCC).CHAU Huu-Tai PierreCEA, DAM, DIF F-91297 ArpajonDe
ember 5-9, 2011

CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Contents1 Introdu
tion2 The CDCC formalism.Referen
es.The CDCC re
ipes.3 Appli
ations: 
al
ulation of elasti
 
ross se
tion.E�e
ts of the deuteron wave fun
tion.E�e
ts of the 
ontinuum dis
retization.E�e
ts of the value of kmax.Con
luding remarks.4 Transfer rea
tion.Formalism.Examples.5 Con
lusion.6 Core ex
itations.Formalism.Example of appli
ations7 Target ex
itations.Formalism.Appli
ation.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Introdu
tion: an example of (d,p) rea
tion.
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Introdu
tion: what 
an we learn from d indu
ed rea
tions?Nu
lear spe
tros
opy from deuteron s
attering.1 From transfer rea
tion AZX(d,p)A+1Z X:1 The spe
trum of the nu
leus A+1Z X.2 The spin and parity of the levels of this nu
leus.2 From elasti
 and inelasti
 s
attering AZ X(d,d')AZX∗:1 The ex
itations energies of the nu
leus AZX.2 The deformation parameters of this nu
leus.The deuteron features in the 
ross se
tion 
al
ulations.Our goal is to in
lude the deuteron properties in the 
ross se
tion
al
ulations. We wish to take into a

ount that the deuteronis a 
omposite system;and it is a weakly bound nu
leus (low binding energy (2.2 MeV) and noex
ited states).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.Introdu
tion.The CDCC approa
h is a quantum me
hani
al des
ription of the s
atteringof a 
omposite proje
tile by a nu
leus whi
h in
ludes the stru
ture of thisproje
tile. But sin
e this problem is very 
omplex, some approximations andsimpli�
ations will be done.First simpli�
ations. To des
ribe the 3-body system, one should usethese three partitions but within the CDCCapproa
h, only the �rst partition is taken intoa

ount.A quantum me
hani
al approa
h: (Ĥe� − E)ΨJ
M = 0.�Quantum me
hani
s� means that:1 the dynami
s of the �deuteron+target� (d+A) system will be obtainedby solving the S
hrödinger equation for a given Hamiltonian, Ĥe�.2 the d+A system will be des
ribed by a wave fun
tion, ΨJ

M .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the Hamiltonian.Some notations: the 
.m. 
oordinates and the relative ones.
~R

~ρ

~rn

~rp

{
~R = 1/2 (~rn + ~rp)
~ρ = (~rn − ~rp)

{

~rn = ~R+ 1/2 ~ρ

~rp = ~R− 1/2 ~ρ

ri =
√

a2
iR

2 + b2i ρ
2 + 2aibiRρ cos(~R, ~ρ)with ai = 1 and bi = ±1/2.The e�e
tive 3-body hamiltonian: (Ĥeff − E)ΨJ

M = 0

Ĥe� = p̄






T̂~R

+ Up(~rp) + Un(~rn) + T̂~ρ + Vpn(~ρ)
︸ ︷︷ ︸

Ĥpn +V (Coul)
p (R)






p̄ .

e� pne� pne� pn
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the Hamiltonian.An e�e
tive Hamiltonian: 
hoi
e of the intera
tions.CDCC is an e�e
tive formalism in whi
h it is assumed that1 The target remains inert.2 The energy of ea
h nu
leon of the proje
tile is E/2.3 The intera
tion between the nu
leon and the target is given by a lo
alopti
al potential
Ui(~ri) = Ue�(~ri, E/2).4 The intera
tion between the proton and the neutron is ajusted toreprodu
e the binding energy, the phase shifts...
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the Hamiltonian in the spheri
al 
ase.Multipole expansion of the potentials: Ui(~ri) ≡ Ui(ri) (i = n or p).The opti
al potential depending on ri will be written as fun
tion of R, ρ andthe angle between ~R and ~ρ:
Ui(ri) = Ui

(√

a2
iR

2 + b2i ρ
2 + 2aibiRρ cos(~R, ~ρ)

)

= Ui(R, ρ, γ)

=
∞∑

λ=0

Vi,λ(R, ρ)Pλ(γ)where γ = cos(~R, ~ρ). Due to the orthogonality properties of the Legendrepolynomials, these Vi,λ(R, ρ) are given by:
Vi,λ(R, ρ) =

2λ+ 1

2

∫ +1

−1
Ui

(√

a2
iR

2 + b2i ρ
2 + 2aibiRργ

)

Pλ(γ) dγ .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the multipole expansion Vi,λ(R, ρ).
The real part of Vi,0(R, ρ)

The imaginary part of Vi,0(R, ρ)

The real part of Vi,1(R, ρ)

The imaginary part of Vi,1(R, ρ)

The real part of Vi,2(R, ρ)

The imaginary part of Vi,2(R, ρ)CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the Hamiltonian in the spheri
al 
ase.Multipole expansion of the potentials: Ui(~ri) ≡ Ui(ri) (i = n or p)The multipole expansion of the opti
al potential is given by:
Ui(ri) =

∞∑

λ=0

Vi,λ(R, ρ)Pλ(γ) .Using the addition theorem (Messiah p. 422)
2λ+ 1

4π
Pλ(γ) =

λ∑

µ=−λ

Y µ∗
λ (R̂)Y µ

λ (ρ̂) ,the opti
al potential reads:
Ui(ri) = 4π

∞∑

λ=0

λ∑

µ=−λ

Vi,λ(R, ρ)

2λ+ 1
Y µ∗

λ (R̂)Y µ
λ (ρ̂) .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the Hamiltonian in the spheri
al 
ase.Multipole expansion of the potentials: Ui(~ri) ≡ Ui(ri) (i = n or p).
Ui(ri) = 4π

∞∑

λ=0

λ∑

µ=−λ

Vi,λ(R, ρ)

2λ+ 1
Yλ

µ∗(R̂)Yλ
µ(ρ̂)

= 4π

∞∑

λ=0

λ∑

µ=−λ

Vi,λ(R, ρ)

2λ+ 1
(−1)µYλ

−µ(R̂)Yλ
µ(ρ̂)

= 4π

∞∑

λ=0

Vi,λ(R, ρ)

2λ+ 1
(−1)λ

√
2λ+ 1

[

Yλ(R̂) ⊗ Yλ(ρ̂)
](0)

0

= 4π

∞∑

λ=0

Vi,λ(R, ρ)√
2λ+ 1

(−1)λ
[

Yλ(R̂) ⊗ Yλ(ρ̂)
](0)

0
.

Multipole expansion of the potentials: Ui(~ri) ≡ Ui(ri) (i = n or p)
Ui(ri) = 4π

∞∑

λ=0

Vi,λ(R, ρ)√
2λ+ 1

(−1)λ
[

Yλ(R̂) ⊗ Yλ(ρ̂)
](0)

0

Ui(ri) = 4π

∞∑

λ=0

Vi,λ(R, ρ)√
2λ+ 1

(−1)λ
[

Yλ(R̂) ⊗ Yλ(ρ̂)
](0)

0

Ui(ri) = 4π
∞∑

λ=0

Vi,λ(R, ρ)√
2λ+ 1

(−1)λ
[

Yλ(R̂) ⊗ Yλ(ρ̂)
](0)

0

The potentials between the nu
leons of the deuteron and the target 
anthus be written as1 a term depending on the radial variables,2 a term depending on the angular variables asso
iated to ,3 and a term depending on the angular variables asso
iated to .
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the wave fun
tion.The wave fun
tion for the d+target system.The wave fun
tion ΨJ
M(~R, ~ρ) of the 3-body system reads as a superpositionof states:

ΨJ
M =

J+1∑

L=|J−1|

[

Φ0(~ρ) ⊗ χ0(L, J ; P0, ~R)
]J

M
+

∞∑

l=0

l+S∑

I=|l−S|

J+I∑

L=|J−I|

∫ ∞

0

[

Φ(2S+1lI ; k, ~ρ) ⊗ χ(2S+1lI , L, J ; Pk, ~R)
]J

M
dk

︸ ︷︷ ︸

BUlSILJ

.1 The Φi are known wave fun
tions of the p-n hamiltonian:
ĤpnΦ0 = ε0Φ0 and ĤpnΦ = εkΦ with ε0 < 0 and εk > 0.2 The �rst term des
ribes the motion of the deuteron.3 The BUlSILJ term des
ribes the motion of a broken pair with relativemomentum ~k.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the wave fun
tion.Total energy 
onservation : relation between E,P0, Pk, ε0, εk.
E = ~

2P 2
0 /2µR + ε0 where ε0 is the deuteron ground state energy.

E = ~
2P 2

k /2µR + εk with εk = ~
2k2/2µρ and ĤpnΦ = εkΦ .How to handle states into the 
ontinuum?Sin
e the wave fun
tion ΨJ

M (R, ρ) of the 3-body system reads as:
ΨJ

M =

J+1∑

L=|J−1|

[

Φ0(~ρ) ⊗ χ0(L, J ; P0, ~R)
]J

M
+

∞∑

l=0

l+S∑

I=|l−S|

J+I∑

L=|J−I|

∫ ∞

0

[

Φ(2S+1lI ; k, ~ρ) ⊗ χ(2S+1lI , L, J ; Pk, ~R)
]J

M
dk

︸ ︷︷ ︸

BUlSILJ

J+1∑ [ ]J

some transformations will have to be performed.
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The 
ontinuum dis
retization.We dis
retize the 
ontinuum into bins and we assume that, for ea
h bin
[ki, ki+1]:

χ(2S+1lI , L, J ; Pk, ~R) ∼ χ(2S+1lI , L, J ; P̂i, ~R) ,∀k ∈ [ki, ki+1] .The BU term transformation by the �average method�.
BUlSILJ =

∫ ∞

0

[

Φ(2S+1lI ; k,~ρ) ⊗ χ(2S+1lI , L, J ; Pk, ~R)
](J)

M
dk

=

∞∑

i=1

∫ ki+1

ki

[

Φ(2S+1lI ; k,~ρ) ⊗ χ(2S+1lI , L, J ; Pk , ~R)
](J)

M
dk

∼
∞∑

i=1

[∫ ki+1

ki

Φ(2S+1lI ; k,~ρ)dk ⊗ χ(2S+1lI , L, J ; P̂i, ~R)
](J)

M

=
∞∑

i=1

[

Φ̃i(
2S+1lI ; ~ρ) ⊗ χ̃i(

2S+1lI , L, J ; ~R)
](J)

M
.

The BU term transfomation by the �average method�.
BUlSILJ ∼

∞∑

i=1

[

Φ̃i(
2S+1lI ; ~ρ) ⊗ χ̃i(

2S+1lI , L, J ; ~R)
](J)

M
.

Dis
retization & Trun
ation: i ≤ N et l ≤ lmax.
BUlSILJ ∼

N∑

i=1

[

Φ̃i(
2S+1lI ; ~ρ) ⊗ χ̃i(

2S+1lI , L, J ; ~R)
](J)

M
.The CDCC wave fun
tion.

ΨJ
M ∼

J+1∑

L=|J−1|

[

Φ0(~ρ) ⊗ χ0(L, J ; P0, ~R)
]J

M
+

lmax∑

l=0

l+S∑

I=|l−S|

J+I∑

L=|J−I|

N∑

i=1

[

Φ̃i(
2S+1lI ; ~ρ) ⊗ χ̃i(

2S+1lI , L, J ; ~R)
]J

M
.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC wave fun
tion.The wave fun
tion: how to derive the Φ̃j(
2S+1lI ; ~ρ)?Ea
h Φ̃j(

2S+1lI ; ~ρ) of the wave fun
tion 
an be written as:
Φ̃j(

2S+1lI ; ~ρ) =

[

il
φ̃jl(ρ)

ρ
Yl(ρ̂) ⊗ ηS

]I

.To derive the φ̃jl(ρ), ie the radial parts of Φ̃j, we �rst solve the followingequation:
− ~2

2µρ

d2φkl

dρ2
+

~2l(l + 1)

2µρρ2
φkl + Vpnφkl = εkφklwith εk = ~2k2/2µρ and with the asymptoti
 form:

φk ∼ sin(kρ− lπ/2 − δ(l, k)) .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC wave fun
tion.Derivation of the
Φ̃j(

2S+1lI ; ~ρ):
al
ulation of statesinto the 
ontinuum.Four examples of
ontinuum wavefun
tions (bla
k lines)and their asymptoti
forms (red dashedlines) are plotted for
k = 0.35 fm−1,
k = 0.64 fm−1,
k = 0.86 fm−1and k = 0.93 fm−1.

Example of continuum state with l=0 and k=0.35 fm-1.

Example of continuum state with l=0 and k=0.86 fm-1

Example of continuum state with l=0 and k=0.64 fm-1

Example of continuum state with l=0 and k=0.93 fm-1
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC wave fun
tion.Derivation of the Φ̃j(
2S+1lI ; ~ρ): dis
retization by integrating over k (theaverage method).On
e we get the 
ontinuum states, the dis
retization 
an be performed byintegrating over k within ea
h bin [ki, ki+1].If it is assumed that the phase shifts δ(l, k) remain 
onstant and equal to δthen an approximation of the dis
retized states is given by:

∫ kf

ki

sin(kρ+ δ)dk = −1

ρ
[cos(kρ+ δ)]

kf

ki

=
2

ρ
sin(∆kρ) sin(kaρ+ δ)where ∆k = (kf − ki)/2 and ka = (kf + ki)/2. Thus the dis
retized statesshould behave as 1/ρ sin(∆kρ) sin(kaρ+ δ).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC wave fun
tion.Example of the
Φ̃j(

2S+1lI ; ~ρ).Four examples ofdis
retized wave fun
tions(red lines) and theirasymptoti
 forms (bla
klines) are plottedassuming that
kmax = 1.4 fm−1 andusing 10 bins to dis
retizethe 
ontinuum. Theasymptoti
 form is de�nedby
1/ρ sin(∆kρ) sin(kaρ+δ).

j=1 and l=0

ka=0.07 fm-1

∆k=0.14 fm-1

j=6 and l=0

ka=0.78 fm-1

∆k=0.14 fm-1

j=3 and l=0

ka=0.35 fm-1

∆k=0.14 fm-1

j=8 and l=0

ka=1.06 fm-1

∆k=0.14 fm-1
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC wave fun
tion.Other mehods to dis
retize the 
ontinuum.Some other methods have been proposed to dis
retize the 
ontinuum:The mid-point method in whi
h the 
ontinuum states are the s
atteringstates for given values of s
attering energies.Some authors [9, 11, 12℄ have also developed approa
hes based uponpseudo-states (PS): the proje
tile wave fun
tion are eigenstate of theHamiltonian in a trun
ated basis of square-integrable fun
tions.Some studies have been performed to 
ompare these di�erent methods ofdis
retizations [10, 13℄ and the pseudo-state method has been improved byintrodu
ing some transformed harmoni
 os
illator basis in order to over
omesome issue streming from the gaussian asymptoti
 de
ay of the HO basis.
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.Derivation of the CDCC equations.To obtain the CDCC equations, just follow the re
ipes:Introdu
e the CDCC wave fun
tion into the S
hrödinger equation.Left-multiply the S
h. equation by [

Φ̃i(
2S+1lI , L, J ; ~ρ) ⊗ YL(R̂)

](J)

M
.Integrate over ~ρ and the angular variables R̂.Solve the following set of 
oupled di�erential equations for the radialparts uJ

c (R) of the wave fun
tions :
(

− ~2

2µR

d2

dR2
+

~2L(L+ 1)

2µRR2
+ V (Coul)

p − Ei

)

uJ
c (R) = −

∑

c′

F J
cc′(R)uJ

c′(R)with uJ
c (R) → δc0c U

(−)(P̃iR) −
√

P̃i/P̃0 Ŝ
(J)
c0c U

(+)(P̃iR) ,where Ŝ(J)
c0c are the CDCC S-matrix elements, c0 denotes the elasti
 
hanneland U (+) and U (−) are the outgoing and in
oming Coulomb wave fun
tions.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.De�nition of the form fa
tors.The form fa
tors are thus de�ned by
F J

cc′(R) = 〈
[

Φ̃i ⊗ YL(R̂)
](J)

M
|UpA + UnA|

[

Φ̃i′ ⊗ YL′(R̂)
](J)

M
〉
R̂,ρ̂,ρ

.The bra
kets 〈 〉
R̂,ρ̂,ρ

denote the integration over R̂ and ~ρ.Derivation of the form fa
tors by using the multipole expansion.The easiest way to 
ompute these form fa
tors is to use the previous multipoleexpansion of the potentials:
Ui(ri)=4π

∞∑

λ=0

Vi,λ(R, ρ)√
2λ+ 1

(−1)λ
[

Yλ(R̂) ⊗ Yλ(ρ̂)
]0

0
,where i denotes proton or neutron.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.Derivation of the form fa
tors.The integration over the angular variables 
an be performed by using theWigner-E
kart theorem :
4π

λ̂
(−1)λ〈

[

Φ̃i ⊗ YL(R̂)
](J)

M

∣
∣
∣
∣

[

Yλ (ρ̂) ⊗ Yλ

(

R̂
) ](0)

0

∣
∣
∣
∣

[

Φ̃i′ ⊗ YL′(R̂)
](J)

M
〉
R̂,ρ̂

=
4π

λ̂Ĵ
(−1)λ〈

[

Φ̃i ⊗ YL(R̂)
](J)

∣
∣
∣
∣

∣
∣
∣
∣

[

Yλ (ρ̂) ⊗ Yλ

(

R̂
) ](0)

0

∣
∣
∣
∣

∣
∣
∣
∣

[

Φ̃i′ ⊗ YL′(R̂)
](J)

〉
R̂,ρ̂This redu
ed matrix element is transformed as follows

〈
[

Φ̃i ⊗ YL(R̂)
](J)

∣
∣
∣
∣

∣
∣
∣
∣

[

Yλ (ρ̂) ⊗ Yλ

(

R̂
) ](0)

0

∣
∣
∣
∣

∣
∣
∣
∣

[

Φ̃i′ ⊗ YL′(R̂)
](J)

〉
R̂,ρ̂

= Ĵ2







I ′ L′ J
λ λ 0
I L J






〈YL(R̂)

∣
∣
∣

∣
∣
∣Yλ(R̂)

∣
∣
∣

∣
∣
∣YL′(R̂)〉

︸ ︷︷ ︸

=A

〈Φ̃i ||Yλ(ρ̂)|| Φ̃i′〉
︸ ︷︷ ︸

=B

.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.Derivation of the form fa
tors: 9j 
oe�
ient.Firstly the 9j 
oe�
ient 
an be simpli�ed:






I ′ L′ J
λ λ 0
I L J






= (−1)R







I ′ L′ J
I L J
λ λ 0






=







I L J
I ′ L′ J
λ λ 0







=







I I ′ λ
L L′ λ
J J 0






=

(−1)J+λ+L+I′

Ĵ λ̂

{
I I ′ λ
L′ L J

}

=
(−1)J+λ+L+I′

Ĵ λ̂

{
L′ L λ
I I ′ J

}

=
(−1)J+λ+L+I′

Ĵ λ̂

{
L L′ λ
I ′ I J

}

=
(−1)J+λ+L+I′

Ĵ λ̂
(−1)I+I′+L+L′

W
(
LL′II ′; λJ

)
.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.Derivation of the form fa
tors: A = 〈YL(R̂)
∣
∣
∣

∣
∣
∣Yλ(R̂)

∣
∣
∣

∣
∣
∣YL′(R̂)〉.The 
al
ulation of A is straightforward:

A = 〈YL(R̂)
∣
∣
∣

∣
∣
∣Yλ(R̂)

∣
∣
∣

∣
∣
∣YL′(R̂)〉 =

L̂′L̂√
4π

(−1)L−λ〈L0L′|λ0〉 .Derivation of the form fa
tors: B = 〈Φ̃i ||Yλ(ρ̂)|| Φ̃i′〉.
B̂, the angular part of B, 
an also be transformed:
B̂ = (−1)I

′+l+S+λδSS′〈Yl ||Yλ||Yl′〉Î ′Î
{
l λ l′

I ′ S I

}

= (−1)I
′+l+S+λδSS′〈Yl ||Yλ||Yl′〉Î ′Î

{
l l′ λ
I ′ I S

}

= (−1)I
′+l+S+λδSS′〈Yl ||Yλ||Yl′〉Î ′Î (−1)l+l′+I+I′W

(
l l′ I I ′; λ S

)

= (−1)I
′+SδSS′

ll′√
4π

〈l0l′0|λ0〉Î ′Î (−1)l+l′+I+I′W
(
l l′ I I ′; λ S

)
.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.The formalism: the CDCC equations.Expression of the form fa
tors.Therefore the form fa
tors 
an be written as:
F J

cc′(R) =
∑

λ

Z(c, c′;λ, J)f(c, c′;λ)where
Z(c, c′;λ, J) = iL−L′l−l′(−1)J−S+λδSS′

Î Î ′L̂L̂′l̂l̂′

λ̂2
〈l0l′0|λ0〉〈L0L′0|λ0〉

W
(
LL′II ′; λJ

)
W

(
l l′ I I ′; λ S

)and
f(c, c′;λ) =

∫ ∞

0
dρ ϕ̃c(ρ)

(

U
(λ)
nA (ρ,R) + U

(λ)
pA (ρ,R)

)

ϕ̃′
c(ρ) .This expansion is very usefull sin
e one has only had to 
ompute aone-dimensional integral whi
h is independent of J .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.The CDCC re
ipes.Summary: the main CDCC ingredients
s waves

s wave of the deuteron g.s.

j=3 and l=0

ka=0.35 fm-1

∆k=0.14 fm-1

j=8 and l=0

ka=1.06 fm-1

∆k=0.14 fm-1

d waves
d wave of the deuteron g.s.

j=3 and l=2

ka=0.35 fm-1

∆k=0.14 fm-1

j=8 and l=2

ka=1.06 fm-1

∆k=0.14 fm-1

FoldingCoupl. 
han. eq.S-matrixCross Se
tions

Nu
leon-nu
leus opti
al potentials
Real part of V0(R, ρ).

Imaginary part of V0(R, ρ).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the deuteron wave fun
tion.Ground state and binding energy.We investigate the e�e
t of the shape of the ground state wave fun
tionsand of the binding energy on the 
ross se
tion 
al
ulations. These
al
ulations are performed assuming that:The target is the 58Ni.The nu
leon-target opti
al potentials are those proposed by A. Koningand J.-P. Delaro
he.The deuteron ground state is 
al
ulated with the Vpn intera
tion witha Gaussian shape for 3 sets of parameters: three di�erent wavefun
tions have been obtained with
εg.s. = −0.68 MeV,
εg.s. = −2.22 MeVand εg.s. = −4.32 MeV.The in
ident energy ranges between 5 MeV and 80 MeV.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the deuteron wave fun
tion.Cal
ulations with di�erent g.s. wave fun
tions.The radial part of the g.s. w.f.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Di�erential 
ross se
tion.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Ed=52 MeV

Form fa
tor obtained by folding.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Ed=52 MeV

d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Ed=52 MeVDi�erential 
ross se
tion.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Ed=56 MeV

Rea
tion 
ross se
tions.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeVDi�erential 
ross se
tion.
d+58Ni

εg.s.=-2.22 MeV

εg.s.=-0.68 MeV

εg.s.=-4.32 MeV

Ed=80 MeV
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the deuteron wave fun
tion.E�e
t of the proje
tile wave fun
tion.From these �gures, we 
an draw the following 
on
lusions:1 The depth and the width of folding potentials are modi�ed.2 The threshold and the amplitude of the rea
tion 
ross se
tions dependstrongly on this w.f.3 The os
illary patterns of the di�erential 
ross se
tions also depend onthe proje
tile w.f.An a

urate measurement of the 
ross se
tions 
an thus provide a pre
iseinsight about the proje
tile features.
CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the 
ontinuum dis
retization.Continuum e�e
t.We want to 
he
k that the CDCC approa
h 
onverges while in
reasing thenumber of states (i.e. the number of bins) used to dis
retize the
ontinuum. We also wish to 
ompare the 
al
ulated 
ross se
tion with theexperimental one. The following 
al
ulations are performed assuming that:The target is the 58Ni.The nu
leon-target opti
al potentials are those proposed by A. Koningand J.-P. Delaro
he.The s and d waves of the deuteron g.s. and p-n 
ontinuum states areobtained by using the Reid93 potential.The deuteron is in
ident at 80 MeV on the target.The number of bins in
reases from 0 to 12.
kmax=1.5 fm−1.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the 
ontinuum dis
retization.Convergen
e of the CDCC 
al
ulations with the bin number.Di�erential 
ross se
tion.
d+58Ni

Ed=80 MeV

____ 12 bins

____ 10 bins

------  6 bins

____  4 bins

........  2 bins

------  1 bin

____  0 bin

Di�erential 
ross se
tion (log s
ale).
d+58Ni

Ed=80 MeV
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the 
ontinuum dis
retization.Continuum e�e
t.We 
an 
on
lude that:1 The 
al
ulations 
onverge while in
reasing the bin number.2 For this in
ident energy, the elasti
 
ross se
tion 
al
ulation has
onverged by using 4 bins to des
ribe the 
ontinuum .3 A better agreement with the experimental data is obtained by in
ludingthe 
ontinuum states.As expe
ted for weakly bound proje
tile, the 
oupling to 
ontinuum statesplays a 
ru
ial role onto the elasti
 
ross se
tions and it 
learly improves theagreement with the experimental data even though there are still somedis
repan
ies between the 
al
ulated 
ross se
tion and the experimental onemeaning that other 
hannels (inelasti
, transfer ?) should be in
luded.
CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the value of kmax.
kmax e�e
t.We have 
he
ked that the CDCC approa
h 
onverges while in
reasing thenumber of states (i.e. the number of bins) used to dis
retize the
ontinuum. We also 
ompare the 
al
ulated 
ross se
tion with theexperimental one. These 
al
ulations are performed assuming that:The target is the 58Ni.The nu
leon-target opti
al potentials are those proposed by A. Koningand J.-P. Delaro
he.The s and d waves of the deuteron g.s. and p-n 
ontinuum states areobtained by using the Reid93 potential.The deuteron is in
ident at 80 MeV on the target.The number of bins is set to 4.

kmax belongs to [0.1, 1.5] fm−1 .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.E�e
ts of the value of kmax.Convergen
e of the CDCC 
al
ulations with kmax.Di�erential 
ross se
tion.
d+58Ni

Ed=80 MeV

____ kmax=1.5 fm-1

____ kmax=0.1 fm-1

----- kmax=0.3 fm-1

........ kmax=0.4 fm-1

____ kmax=0.5 fm-1

------ kmax=0.7 fm-1

........ kmax=0.9 fm-1

........ kmax=1.1 fm-1

------ kmax=1.3 fm-1

____ kmax=1.4 fm-1

Di�erential 
ross se
tion (log s
ale).
d+58Ni

Ed=80 MeV

____ kmax=1.5 fm-1

____ kmax=0.1 fm-1

----- kmax=0.3 fm-1

........ kmax=0.4 fm-1

____ kmax=0.5 fm-1

------ kmax=0.7 fm-1

........ kmax=0.9 fm-1

........ kmax=1.1 fm-1

------ kmax=1.3 fm-1

____ kmax=1.4 fm-1
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Con
luding remarks.These 
al
ulations show that:1 The 
al
ulated 
ross se
tions depend on the shape of the proje
tilewave fun
tion.2 The CDCC 
ross se
tions 
onverge while in
reasing the bin number.3 The 
oupling between the elasti
 
hannel and the breakup ones has tobe in
luded to improve the agreement between 
al
ulations andexperimental data.4 It seems important to in
lude all the open 
hannels to des
ribe the
ontinuum.5 It seems also that it is ne
essary to go beyond CDCC 
al
ulations andto in
lude other rea
tion 
hannels :the inelasti
 
hannels to take into a

ount the target ex
itations(CDCC*) ?the 
hannels des
ribing the proje
tile ex
itations (XCDCC) ?the transfer 
hannels ?CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Transfer rea
tions.The partitions for the rea
tion a(= b+ x) +A→ b+B(= x+A).
~rαa Abx x bB ~rβ

︸ ︷︷ ︸

α partition
α = a(= b+ x) +A

︸ ︷︷ ︸

β partition
β = b+B(= x+A)The model wave funtion reads:

Ψmodel = uα(~rα)ψα(ξα) + uβ(~rβ)ψβ(ξβ)with ξα = ~xb and spin variables and ξβ = ~xA and spin variables.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Transfer rea
tions.The system is thus des
ribed by:
Ψmodel = uα(~rα)ψα(ξα) + uβ(~rβ)ψβ(ξβ)where α and β denote two partitions of the system : α = A+ a,

β = B + b and the uα(~rα), uβ(~rβ) are unknown fun
tions. For ea
hpartition, one 
an de�ne a basis:
Ψα = δα(~r − ~rα)ψα(ξα) and Ψβ = δβ(~r − ~rβ)ψβ(ξβ) .The S
hrödinger Equation reads:

Ĥ Ψmodel = EΨmodel .Thus one 
an get:
〈Ψα|

(

E − Ĥ
)

|Ψmodel〉 = 0 and 〈Ψβ |
(

E − Ĥ
)

|Ψmodel〉 = 0with the two equivalent forms of H: Ĥ = Hα +Kα +Vα = Hβ +Kβ +Vβ .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Transfer rea
tions.Derivation of the equations.Thus we get:






〈Ψα|
(

E − Ĥ
)

|Ψmodel〉 = 0

〈Ψβ|
(

E − Ĥ
)

|Ψmodel〉 = 0






〈Ψα|
(

E − Ĥ
)

|uα(~rα)ψα〉 + 〈Ψα|
(

E − Ĥ
)

|uβ(~rβ)ψβ〉 = 0

〈Ψβ|
(

E − Ĥ
)

|uα(~rα)ψα〉 + 〈Ψβ|
(

E − Ĥ
)

|uβ(~rβ)ψβ〉 = 0






〈Ψα| (E −Hα −Kα − Vα)uα(~rα)ψα〉 + 〈Ψα|
(

E − Ĥ
)

|uβ(~rβ)ψβ〉 = 0

〈Ψβ |
(

E − Ĥ
)

|uα(~rα)ψα〉 + 〈Ψβ | (E −Hβ −Kβ − Vβ) uβ(~rβ)ψβ〉 = 0






[ (E − εα) −Kα − 〈ψα|Vα|ψα〉] uα(~rα) = 〈ψα|
(

E − Ĥ
)

|uβ(~rβ)ψβ〉
[ (E − εβ) −Kβ − 〈ψβ |Vβ |ψβ〉] uβ(~rβ) = 〈ψβ |

(

E − Ĥ
)

|uα(~rα)ψα〉CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Transfer rea
tions.Example of 
oordinate transformation.
x• A•

b•
~rα

~rxA B

~rAb
~rxb

a ~rβ

a 
enter of mass of {(x,mx); (b,mb)} :

~xa =
mb

mb +mx

~xb .

B 
enter of mass of {(x,mx); (A,mA)} :

~xB =
mA

mA +mx

~xA .

~xA = ~xa+ ~aA =
mb

mb +mx

~xb+ ~aA =
mb

(

~xB + ~Bb
)

mb +mx
+ ~aA

=
mb

mb +mx

(
mA

mA +mx

~xA+ ~Bb

)

+ ~aA .

~xA =
(mb +mx)(mA +mx)

mx(mb +mx +mA)

(
mb

mb +mx
~rβ − ~rα

)

.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Examples.Evolution of the transfer 
ross se
tions with the Ed and Z.
AX(d,p)A+1Y di�erential 
ross se
tions for 3 ≤ Ed ≤ 30 (MeV).
28

14
Si(d,p)29

14
Si 
ross se
tions.

Neutron w. f.: 2s1/2.
29Si

ln=0 jn=1/2

118

50
Sn(d,p)119

50
Sn 
ross se
tions.

Neutron w. f.: 3s1/2.
119Sn

ln=0 jn=1/2

232

90
Th(d,p)233

90
Th 
ross se
tions.

Neutron w. f.: 4s1/2.
233Th

ln=0 jn=1/2
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Examples.Evolution of the transfer 
ross se
tions with the Ed and Z.
AX(d,p)A+1Y di�erential 
ross se
tions for 3 ≤ Ed ≤ 30 (MeV).
20

10
Ne(d,p)21

10
Ne 
ross se
tions.

Neutron w. f.: 1d3/2.
21Ne

ln=2 jn=3/2

90

50
Zr(d,p)91

50
Zr 
ross se
tions.

Neutron w. f.: 2d5/2.
91Zr

ln=2 jn=3/2

228

88
Ra(d,p)229

88
Ra 
ross se
tions.

Neutron w. f.: 3d5/2.
229Ra

ln=2 jn=5/2
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Examples.Evolution of the transfer 
ross se
tions with the Ed and Z.
AX(d,p)A+1Y di�erential 
ross se
tions for 3 ≤ Ed ≤ 30 (MeV).
58

28
Ni(d,p)59

28
Ni 
ross se
tions.

Neutron w. f.: 2p3/2.
59Ni

ln=1 jn=3/2

140

58
Ce(d,p)141

58
Ce 
ross se
tions.

Neutron w. f.: 2f7/2.
141Ce

ln=3 jn=7/2

208

82
Pb(d,p)209

82
Pb 
ross se
tions.

Neutron w. f.: 2g9/2.
209Pb

ln=4 jn=9/2
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Examples.E�e
t of the orbital angular momentum of the neutron w.f..Determination of the l of the g.s. from the 52Cr(d,p)53Cr 
ross se
tion.Di�erential 
ross se
tion.
52Cr(d,p)53Cr

ln=1 jn=3/2

Ed=10 MeV

52Cr(d,p)53Cr

ln=1 jn=3/2

Ed=10 MeV

Matching

Neutron wave fun
tion :
l = 1.

53Cr

Di�erential 
ross se
tion.
52Cr(d,p)53Cr

ln=3 jn=5/2

Ed=10 MeV

52Cr(d,p)53Cr

ln=3 jn=5/2

Ed=10 MeV

Not matching

Neutron wave fun
tion :
l = 3.

53Cr

Di�erential 
ross se
tion.
52Cr(d,p)53Cr

ln=4 jn=9/2

Ed=10 MeV

52Cr(d,p)53Cr

ln=4 jn=9/2

Ed=10 MeV

Not matching

Neutron wave fun
tion :
l = 4.

53Cr
CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Examples.E�e
t of the spin of the neutron w.f. on the 
ross se
tion.
52Cr(d,p)53Cr 
ross se
tion and ve
tor analyzing power.Neutron wave fun
tion:

l = 1 and j = 3/2.
53Cr

ln=1 jn=3/2

Neutron wave fun
tion:
l = 1 and j = 1/2.

53Cr

ln=1 jn=1/2

Di�erential 
ross se
tion:
l = 1 and j = 3/2.

52Cr(d,p)53Cr

ln=1 jn=1/2

ln=1 jn=3/2

Ed=10 MeVDi�erential 
ross se
tion:
l = 1 and j = 1/2.

52Cr(d,p)53Cr

ln=1 jn=1/2

ln=1 jn=3/2

Ed=10 MeV

Ve
tor analyzing power:
l = 1 and j = 3/2.

52Cr(d,p)53Cr

ln=1 jn=3/2

Ed=10 MeV

Matching

Ve
tor analyzing power:
l = 1 and j = 1/2.

52Cr(d,p)53Cr

ln=1 jn=1/2

Ed=10 MeVNot matchingCHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Core ex
itations: XCDCC.Introdu
tion.An extension to the CDCC approa
h has been proposed by N.C Summers, F.Nunes and I. Thompson to in
lude the 
ore ex
itations [1-2℄.
Figure 1: Coordinates for thethree-body problem. H = TR +Hproj +V ct +Vvt .

Hproj = Tr + Vvc(r, ξ) + hcore(ξ) .The wave fun
tion of the system reads:
ΦMT

JT
(R, r, ξ) =

∑

α

ΦJT
α (R)

[[

YL(R̂) ⊗ Φin
JP

(r, ξ)
]

⊗ ΦJt(ξt)
]MT

JT

.[1℄ N.C. Summers et al., Phys. Rev. C73, 0631603(R) (2006).[2℄ N.C. Summers et al., Phys. Rev. C74, 014606 (2006).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Core ex
itations: XCDCC.The XCDCC proje
tile wave fun
tion.The proje
tile ground state in
ludes 
ontributions of several 
ore states whi
hare 
oupled:
Φ0(r, ξ) =

∑

α

Φα(r) [[Yl(r̂) ⊗ χs] ⊗ φI(ξ)]JPBy denoting
〈R̂, r, ξ|α;JT 〉 =

[[

YL(R̂) ⊗ Φin
JP

(r, ξ)
]

⊗ ΦJt(ξt)
]

JT

,the form fa
tors to be 
omputed are given by
UJT

αα′(R) = 〈α;JT |Vct(R, r, ξ) + Vvt(R, r, ξ)|α′;JT 〉 .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Core ex
itations: XCDCC.The XCDCC form fa
tors.The form fa
tors have been derived by N.C Summers et al. by using amultipole expansion:
UJT

αα′(R) = L̂L̂′ĴP Ĵ
′
P (−1)JP +J

∑

Λ

(−1)ΛΛ̂2

(
Λ L L′

0 0 0

)

(
JP J ′

P Λ
L′ L J

)

FΛ
JP in:J ′

P i′n′(R)where
FΛ

JP in:J ′

P i′n′(R) =
∑

KQλa:a′

RKQλ
ain:a′i′n′(R)PKQλ:Λ

a:a′ .

CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Core ex
itations: XCDCC.The radial part and the angular part.The radial part and angular one are respe
tively given by
RKQλ

ain:a′i′n′(R) = K̂

∫ Rm

0
ui

a:n
∗
(r)V QK

ct (r,R)Rλ(−γr)Q−λ ui′

a′:n′(r) dr ,

PKQλ:Λ
a:a′ = (−1)j

′+l+l′+s+QQ̂K̂ ′ĵĵ′ l̂l̂′

√

(2Q)!

(2λ)![2(Q − λ)]!
〈I ‖ CQ(ξ) ‖ I ′〉

(
K λ Λ
0 0 0

)
∑

Λ′

Λ̂′2

(
K Q− λ Λ′

0 0 0

)(
Λ′ l l′

0 0 0

)

{
Λ′ Λ Q
λ Q− λ K

}{
j j′ Λ′

l′ l s

}






JP J ′
P Λ

j j′ Λ′

I I Q






.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Appli
ations
9Be(11Be,10Be+n) 60 MeV/nu
l.The model spa
e used by N.C. Summers et al.The 11Be(10Be+n) ground state is a JP = 0+ with two 
omponents: aneutron s wave 
oupled to a 0+ 
ore (10Be) state and a neutron d wave
oupled to a 2+ 
ore state.They have 
ompared the 
al
ulations in
luding the 
ore ex
itations with thoseobtained without these ex
itation (Single-Parti
le In
oherent Sum). The
omparaison is summarized in the table below:Model σ0+ (mb) σ2+ (mb) σ (mb)SPIS 109 1 110XCDCC 109 8 115They 
on
lude that the σ2+ is strongly underestimated by the SPIS model.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Target ex
itations: CDCC*.The 3-body wave fun
tion.
|ΨJT MT

(~R, ~ρ)〉 =
∑

i l S Ip L J It

|(i l S) Ip LJIt ;JT MT 〉where ~R denotes the deuteron 
enter of mass 
oordinates and ~ρ theproton-neutron relative 
oordinates. The 
hannels of the system for a given
JT are 
hara
terized by the following quantum numbers:The bin number i to dis
retize the 
ontinuum;The deuteron spin S = 1;The relative orbital angular momentum l asso
iated to ~ρ;The angular momentum J ;The orbital angular momentum L asso
iated to ~R;The spin of the target It.with ~S +~l = ~Ip, ~L+ ~Ip = ~J and ~It + ~J = ~JT .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Target ex
itations: CDCC*.The new S
hrödinger equation.The previous wave fun
tion satis�es the following S
hrödinger equation:
Ĥ|ΨJT MT

(~R, ~ρ)〉 = E|ΨJT MT
(~R, ~ρ)〉where

Ĥ = T̂R + VpA(~rp, ξt) + VnA(~rn, ξt) + VCoul + Ĥpn + ĤAwith
Ĥpn ϕil(~ρ) = εi ϕil(~ρ), ĤA ψIt(ξt) = ε̂It ψIt(ξt)and
V (~ri, ξt) = V (ri, θi, φi, ξt) =

∑

λ v
(λ)(ri)Pλ(cos(θ′i)) .Due to the deformation, for ea
h nu
leon, the opti
al potential depends on ~ri(i = n or p).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Target ex
itations: CDCC*.The starting point: T. Tamura's work [3℄.The opti
al potential between the target and a nu
leon was derived byT. Tamura and is given by
Vcoupl(~ri) =

∑

λ6=0, µ

λ̂(−1)λ+1v
(rot)
λ (ri)D

λ

µ0Y
λ
µ (r̂i) .The solid spheri
al harmoni
s addition theorem for ~ri = xi
~R+ yi~ρ

rλ
i Y

λ
µ (r̂i) =

∑

0≤p≤λ

√

4π(2λ + 1)!xp
iR

pyp
i ρ

λ−p

√

(2p + 1)!(2(λ − p) + 1)!

[

Y p(R̂) ⊗Y λ−p(ρ̂)
]λ

µ
.[3℄ T. Tamura, Rev. Mod. Phys. 37 (1965) 679.CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Formalism.Target ex
itations: CDCC*.The new form fa
tors Vc c′ = 〈c|V (~ri)|c′〉.For a rotating nu
leus, one gets:
Vc c′(R) =

∑

λ p σ L′′ l′′

(
1

4π

)2

(−1)p+σ+λ−p(−1)L
′+l′(−1)I

′

t−λ

l̂ÎpL̂Ĵ Ît l̂′Î ′pL̂
′Ĵ ′Î ′t σ̂L̂′′

2
l̂′′

2 ̂(λ− p)p̂ (−1)JT +MT







L Ip J
L′′ l′′ λ
L′ I ′p J ′







δs s′

(
σ p L′′

0 0 0

)(
σ (λ− p) l′′

0 0 0

)(
L L′′ L′

0 0 0

)(
l l′′ l′

0 0 0

)

{
λ l′′ L′′

σ p (λ− p)

}{
I ′p l′′ Ip
l s l′

}{
It I ′t λ
J ′ J JT

}(
I ′t λ It
0 0 0

)

∫
4π

σ̂
ul′(ρ)ul(ρ)v

(λ)σ
p (R, ρ)dρ .CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Appli
ation.Target ex
itations: CDCC*.Elasti
 and inelasti
 
ross se
tions for a magnesium target.
β2 = 0.4

0+

24Mg spe
trum
2+

4+

6+

CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Appli
ation.Target ex
itations: CDCC*.Convergen
e test: elasti
 and inel. 
ross se
tions for d+24Mg and Ed = 70.0 MeV0 bin: deuteron g.s.1 bin to dis
retize the 
ont.3 bins to dis
retize the 
ont.4 bins to dis
retize the 
ont.8 bins to dis
retize the 
ont.10 bins to dis
retize the 
ont.
24Mg(d,d)24Mg

σ
/σ

R
u

th
(θ

)

θc.m.(deg.)

70.0 MeV

24Mg(d,d')24Mg(2+
1)

σ
(θ

) 
(m

b
/s

r)

θc.m.(deg.)

70.0 MeV
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Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Appli
ation.Target ex
itations: CDCC*.Elasti
 and inelasti
 
ross se
tions (2+
1 state) for a 24Mg target and for

72.0 ≤ Ed ≤ 90.0 MeV.
24Mg(d,d)24Mg at 90.0 MeV

24Mg(d,d)24Mg at 80.0 MeV
24Mg(d,d)24Mg at 78.0 MeV
24Mg(d,d)24Mg at 76.0 MeV
24Mg(d,d)24Mg at 74.0 MeV
24Mg(d,d)24Mg at 72.0 MeV

24Mg(d,d)24Mg 24Mg(d,d')24Mg(2+
1) 24Mg(d,d')24Mg∗

24Mg(d,d')24Mg∗
24Mg(d,d')24Mg∗
24Mg(d,d')24Mg∗
24Mg(d,d')24Mg∗
24Mg(d,d')24Mg∗CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Con
lusion.Summary.Within this le
ture, we have tried to present1 The main ideas of the CDCC approa
h:1 How to 
hoose the intera
tions?2 How to dis
retize the 
ontinuum?3 How to 
ompute the equations?2 Some appli
ations (the e�e
t of the 
ontinuum on the elasti
 
rossse
tion...).We would like to emphasize that CDCC is an e�e
tive approa
h and thatthe 
onvergen
e must be tested by in
reazing the bin numbers, the angularmomentum trun
ation....
CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.Con
lusion.Extensions.The CDCC method has been applied to analyse rea
tion involving otherweakly bound proje
tiles su
h as 6Li, 6He, 7Li...The CDCC formalism has been extended to des
ribe other rea
tionme
hanisms:1 Core ex
itations have also been in
luded.N.C. Summers et al., Phys. Rev. C73, 0631603(R) (2006).N.C. Summers et al., Phys. Rev. C74, 014606 (2006).N.C. Summers et al., Phys. Rev. C76, 014611 (2007).2 The formalism has also been extended to in
lude the target ex
itations andto 
al
ulate the inelasti
 
ross se
tions (for rotationnal and vibrationnalnu
lei).3 4-body approa
hes have been developped.T. Matsumoto et al., Phys. Rev. C70, 061601 (2004).M. Rodríguez-Gallardo et al, Phys. Rev. C80, 051601 (2009).P.N. de Faria et al., Phys. Rev. C81, 044605 (2010).Some other formalisms have been developped to in
lude the breakup
hannels (e.g. O. A. Rubtsova et al., Phys. Rev. C78, 034603 (2008)).CHAU Huu-Tai Pierre - CEA/DAM-DIF Modern Methods in Collision Theory - 2011



Introdu
tion The CDCC formalism. Appli
ations. Transfer rea
tions. Con
lusion Core ex
itations. Target ex
itations.A
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