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Motivation: General scheme

quantum system

ւ ց
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⇓ ⇓
continuum spectrum discrete spectrum

non normalizable normalizable

▼ ▼ ➥
strongly
bound
systemweakly bound system

discretization method
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Three-body discretization methods

➩ HH method: The states of the system are
expanded in Hyperspherical Harmonics

Ψjµn(ρ,Ω) =
∑

β Rβjn(ρ)
∑

νι〈jabνIι|jµ〉κι
I∑

mσ〈lmSxσ|jabν〉Υlxly
Klm(Ω)χσ

Sx

4

n

n

xy
He

Ω ≡ {α, x̂, ŷ}
β ≡ {K, lx, ly, l, Sx, jab}
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expanded in Hyperspherical Harmonics
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mσ〈lmSxσ|jabν〉Υlxly
Klm(Ω)χσ
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4

n

n

xy
He

Ω ≡ {α, x̂, ŷ}
β ≡ {K, lx, ly, l, Sx, jab}

➩ The hyperradial functions{Rβjn} can be
constructed by different discretization methods
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THO method: 2-body system

☛ M.V. Stoitsov and I. Zh. Petkov, Ann. Phys.,184, 121 (1988)

central potential

ϕB(r) φHO
0lB

(s)
s(r)

 

m
∫ r

0 |ϕB (r′) |2dr′ =
∫ s

0 |φHO
0lB

(s′) |2ds′
⇓

THO basis

ψTHO
nl (r) = ϕB (r) s(r)l−lBL

l+1/2
n

(
s (r)2

)
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THO method: 3-body system

➩ s(ρ) is calculated for each channelβ included in
the bound ground state
∫ ρ

0 dρ
′ρ′5/2|RBβ(ρ

′)|2 =
∫ s

0 ds
′s′5/2|RHO

0K (s′)|2

RTHO
iβ (ρ) = RBβ(ρ)L

K+2
i

(
sβ(ρ)

2
)
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➩ The Hamiltonian of the system is diagonalized in
a finite THO basis withi = 0, . . . , nb
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THO method: 3-body system

➩ s(ρ) is calculated for each channelβ included in
the bound ground state
∫ ρ

0 dρ
′ρ′5/2|RBβ(ρ

′)|2 =
∫ s

0 ds
′s′5/2|RHO

0K (s′)|2

RTHO
iβ (ρ) = RBβ(ρ)L

K+2
i

(
sβ(ρ)

2
)

➩ The Hamiltonian of the system is diagonalized in
a finite THO basis withi = 0, . . . , nb

➩ Finally the hyperradial functions are obtained as

RTHO
βjn (ρ) =

∑
iC

iβj
n RTHO

iβ (ρ)
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Bin method (I)

➩ Continuum states can be expanded in HH as

Ψκjµ(ρ,Ω,Ωκ) =
∑

ββ′ Rββ′j(κρ)Yβjµ(Ω)

× ∑
m′σ′〈l′m′S′

xσ
′|jµ〉Υl′xl′y

K′l′m′(Ωκ)

{β′} incoming;{β} outgoing;κ =
√

2mε/~
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Bin method (I)

➩ Continuum states can be expanded in HH as

Ψκjµ(ρ,Ω,Ωκ) =
∑

ββ′ Rββ′j(κρ)Yβjµ(Ω)

× ∑
m′σ′〈l′m′S′

xσ
′|jµ〉Υl′xl′y

K′l′m′(Ωκ)

{β′} incoming;{β} outgoing;κ =
√

2mε/~

➩ Bins for each incoming channel are calcuated as

Rbin
jβ{β′εav}(ρ) = 2√

πNβ′j

∫ κ+∆κ

κ dκfβ′j(κ)Rββ′j(κρ)

fn−r
β′j (κ) = e−iδβ′j(κ) f r

β′j(κ) = sin δβ′j(κ)e
−iδβ′j(κ)

Nβ′j =
∫ κ+∆κ

κ dκ|fβ′j(κ)|2
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Bin method (II)

➩ The inclusion of all incoming channels is
computationally unreachable for reaction
calculations presented next
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Bin method (II)

➩ The inclusion of all incoming channels is
computationally unreachable for reaction
calculations presented next

➩ So S-matrix is diagonalized for everyε obtaining
the eigenchannels and eigenphases

➩ Then bins are calcualted for each eigenchannel
such as explained before for incoming channels

➩ Now we include only up tonec eigenchannels that
corresponds to the biggest phase-shifts
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4-body CDCC formalism

Coupled channels system
[
− ~

2

2mr

(
d2

dR2 − L(L+1)
R2

)
+ εnj − E

]
fJ

Lnj(R)

+
∑

L′n′j′ i
L′−LV J

Lnj,L′n′j′(R)fJ
L′n′j′(R) = 0

������
������
������
������
������
������
������

������
������
������
������
������
������
������x

r

y
r

r

R
2

1

3 target

projectile
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Coupling potentials

V J
Lnj,L′n′j′(R) = 〈LnjJM |∑3

k=1 V̂kt(~rk)|L′n′j′JM〉

where

ΦJM
Lnj(R̂, ~x, ~y) =

∑
µML

ψjµn(~x, ~y)〈LMLjµ|JM〉YLML
(R̂

multipolar expansion

V J
Lnj,L′n′j′(R) =

∑
Q(−1)J−jL̂L̂′

(
L Q L′

0 0 0

)

×W (LL′jj′, QJ)FQ
nj,n′j′(R)
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Form factors

FQ
nj,n′j′(R) = (−1)Q+2j−j′ ĵĵ′(2Q+ 1)

× ∑
ββ′

∑3
k=1

∑
βkβ′

k
Nββk

Nβ′β′

k

× (−1)lxk+Sxk+j′abk−jabk−Ikδlxkl′xk
δSxkS′

xk

× l̂yk l̂′yk l̂k l̂′kĵabkĵ′abk

(
lyk Q l′yk

0 0 0

)

×W (lkl
′
klykl

′
yk;Qlxk)W (jabkj

′
abklkl

′
k;QSxk)

×W (jj′jabkj
′
abk;QIk)

∫ ∫
(sinαk)

2(cosαk)
2ρ5dαk dρ

×Rβjn(ρ)ϕ
lxklyk

Kk
(αk)Vk

Q(R, yk)ϕ
lxkl′yk

K′

k
(αk)Rβ′j′n′(ρ)

✾
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6He Hamiltonian

Ĥ(ρ,Ω) = T̂ (ρ,Ω) + V̂ (ρ,Ω)

V = Vnα + Vnα + Vnn + Vnnα

➩ n+ α Vnα = Vc + VSO

Vc, VSO: Woods-Saxon

➩ GPTn+ n Vnn = Vc + VSO + Vt

Vc, Vt, VSO: Gaussian

➩ n+ n+ α: power Vpow = a
[1+(r/b)c]

☛ Pauli forbidden states: repulsiveVc for s-waves
✼
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THO basis
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THO: Energy spectrum
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Bin: Energy spectrum
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6He+64Zn@13.6MeV: elastic
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6He+64Zn@13.6MeV: breakup
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2+ resonance
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6He+64Zn@10MeV: elastic
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6He+208Pb@22MeV: elastic
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6He+208Pb@22MeV: convergence
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6He+12C@229.8MeV: elastic
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Summary and conclusions

➩ We have presented two different discretization
methods for a three-body system,THO andbin,
based on expansion inHH.

➩ We have generalized theCDCCformalism for the
application to four-body reactions.

➩ The formalism has been applied to the Borromean
nucleus6He.

➩ We have seen as CDCC calculations with THO or
bin as discretization methods is an efficient
procedure for the study of four-body reactions.

Four-body CDCC calculations applied to the scattering of Borromean nuclei – p. 24/40


	Collaboration
	Outline
	Motivation: General scheme
	Three-body discretization methods
	Three-body discretization methods

	THO method: 2-body system
	THO method: 3-body system
	THO method: 3-body system
	THO method: 3-body system

	Bin method (I)
	Bin method (I)

	Bin method (II)
	Bin method (II)
	Bin method (II)
	Bin method (II)

	4-body CDCC formalism
	Coupling potentials
	Form factors
	$^6$He Hamiltonian
	THO basis
	THO: Energy spectrum
	Bin: Energy spectrum
	$^6$He+$^{64}$Zn@13.6MeV: elastic
	$^6$He+$^{64}$Zn@13.6MeV: breakup
	2$^+$ resonance
	$^6$He+$^{64}$Zn@10MeV: elastic
	$^6$He+$^{208}$Pb@22MeV: elastic
	$^6$He+$^{208}$Pb@22MeV: convergence
	$^6$He+$^{12}$C@229.8MeV: elastic
	Summary and conclusions



