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Outline

➙ Motivation: weakly-bound systems

✏ The Borromean nucleus 9Be(α+ α+ n)

➙ Pseudo-State methods to obtain the structure:

✏ The analytical transformed harmonic oscillator
(ATHO) method

➙ What can we study for 9Be?

✏ The reaction rate for the radiative capture
α(αn, γ)9Be at T of astrophysical interest

✏ Direct reactions induced by 9Be on a stable target
using the 4b-CDCC formalism:

➮
9Be+208Pb at 44 and 38 MeV

➮
9Be+120Sn at 27, 28, 29.5 and 31 MeV

➙ Summary and conclusions
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Rodŕıguez
Gallardo

Motivation

n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

3Li 4Li 5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

5Be 6Be 7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

6B 7B 8B 9B 10B 11B 12B 13B 14B 15B 16B 17B 18B 19B 20B

8C 9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

10N 11N 12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

12O 13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

14F 15F 16F 17F 18F 19F 20F 21F 22F 23F 24F 25F

16Ne 17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne

0 2 4 6 8 10 12 14 16

0

2

4

6

8

10

N

Z

p-rich

1p halo

2p halo

n-rich

1n halo

2n halo

stable

unbound

17Ne

Borromean 2p halo?



Dynamics of 9Be
in a three-cluster

model

Manuela
Rodŕıguez
Gallardo

Motivation

n

1H 2H 3H 4H 5H 6H 7H

3He 4He 5He 6He 7He 8He 9He 10He

3Li 4Li 5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li 13Li

5Be 6Be 7Be 8Be 9Be 10Be 11Be 12Be 13Be 14Be 15Be 16Be

6B 7B 8B 9B 10B 11B 12B 13B 14B 15B 16B 17B 18B 19B 20B

8C 9C 10C 11C 12C 13C 14C 15C 16C 17C 18C 19C 20C 21C 22C

10N 11N 12N 13N 14N 15N 16N 17N 18N 19N 20N 21N 22N 23N

12O 13O 14O 15O 16O 17O 18O 19O 20O 21O 22O 23O 24O

14F 15F 16F 17F 18F 19F 20F 21F 22F 23F 24F 25F

16Ne 17Ne 18Ne 19Ne 20Ne 21Ne 22Ne 23Ne 24Ne 25Ne 26Ne

0 2 4 6 8 10 12 14 16

0

2

4

6

8

10

N

Z

p-rich

1p halo

2p halo

n-rich

1n halo

2n halo

stable

unbound9Be(α + α + n)

stable Borromean



Dynamics of 9Be
in a three-cluster

model

Manuela
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Why studying 9Be?

α+ α+ n

8Be + n

3/2−g.s.

1/2+

5/2−
1/2−

5/2+

3/2+

-1.5736 MeV

➙
9Be is stable but has a
small separation energy

➙ Breakup effects are
expected to be
important in reactions
induced by this nucleus
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Why studying 9Be?

α+ α+ n

8Be + n

3/2−g.s.

1/2+

5/2−
1/2−

5/2+

3/2+

-1.5736 MeV

➙
9Be is stable but has a
small separation energy

➙ Breakup effects are
expected to be
important in reactions
induced by this nucleus

➙ α(αn, γ)9Be followed by
9Be(α, n)12C may provide an
alternative path to the triple-alpha
process

➙ This process has been linked to the
r-process in type II supernovae
[Langanke & Wiescher, Rep. Prog.
Phys. 64 (2001) 1657]
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Weakly-bound systems

quantum system

ւ ց

unbound states bound states
⇓ ⇓

continuum spectrum discrete spectrum

non-normalizable normalizable

▼ ▼ ➥
system

tightly-bound

weakly-bound system

discretization methods ◆ ¿Which one?
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continuum spectrum discrete spectrum

non-normalizable normalizable
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weakly-bound system

discretization methods ◆ PS methods
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Weakly-bound systems

quantum system

ւ ց

unbound states bound states
⇓ ⇓

continuum spectrum discrete spectrum
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weakly-bound system

discretization methods ◆ THO
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THO method

☛ Example: deuteron in s-wave

r

p n
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Analytical THO (ATHO)

s(r) =
√

1
2b

[(
1
r

)m
+
(

1
γ
√
r

)m]− 1
m

➙ Easier to implement
➙ Flexibility in PSs distribution as function of γ/b
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But, what about three-body systems?

➙ The states of the system are expanded in
Hyperspherical Harmonics (HH)

φnjµ(ρ,Ω) =
∑

β Rnβj(ρ)Yβjµ(Ω5)

α

α

n

x

y

β ≡ K , ℓx , ℓy , ℓ, Sx , jab

tanα = x/y
ρ2 ≡ x2 + y 2

➙ The hyperradial functions Rnβj(ρ) are obtained with
the THO method

➙ The H is diagonalised in a THO basis with
i = 0, . . . , imax functions in each channel β
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Application to 9Be

Ĥ(ρ,Ω) = T̂ (ρ,Ω) + V̂ (ρ,Ω)

V = Vnα + Vnα + Vαα + Vnnα

α+ α+ n

8Be + n

3/2−g.s.

1/2+

5/2−
1/2−

5/2+

3/2+

-1.5736 MeV

☛ Vnα: GPT Phys. Lett. B32 (1070) 591
☛ Vαα: Ali-Bodmer Nucl. Phys. 80 (1966) 99
☛ Pauli forbidden states: repulsive central Vnα in s-wave
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Rodŕıguez
Gallardo

Energy spectrum
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Energy spectrum

6 8 10 12 14 16 18
i
max

0

2

4

6

8

10
ε 

(M
eV

)
j=5/2

-
  K

max
=30  γ=2.0



Dynamics of 9Be
in a three-cluster

model

Manuela
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Radiative capture reaction rate

➙ The energy-averaged reaction rate for the radiative
capture of 3 particles (abc) into a bound nucleus A,
a + b + c → A+ γ, is given as function of T :

〈Rabc(ε)〉(T ) = N (kBT )−3
∫∞
0

ε2γσγ(εγ)e
−ε

kBT dε

0
εB

ε
εγ

➙ The photodissociation cross section σγ can be
expanded into electric and magnetic multipoles
(Oλ):

σ
(Oλ)
γ (εγ) =

(2π)3(λ+1)
λ[(2λ+1)!!]2

(εγ
~c

)2λ−1 dB(Oλ)
dε
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Photodissociation cross section for
9Be+γ → α + α + n
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γ (fm1/2)

K
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Photodissociation cross section for
9Be+γ → α + α + n
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Reaction rate for α(αn, γ)9Be
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✉ J. Casal et al., Phys. Rev. C 90 (2014) 044304
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Reactions induced by 9Be:

CDCC formalism
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projectile
target

R
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Reactions induced by 9Be:

CDCC formalism

������
������
������
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������

projectile
target

R

ΨM
J (~R , ξ) =

∑
φµ
jn(ξ)〈LMLjµ|JM〉 i

L

R
YML

L (R̂)f JLnj(R)
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Reactions induced by 9Be:

CDCC formalism

������
������
������

������
������
������

projectile
target

R

ΨM
J (~R , ξ) =

∑
φµ
jn(ξ)〈LMLjµ|JM〉 i

L

R
YML

L (R̂)f JLnj(R)

⇑
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Reactions induced by 9Be:

CDCC formalism

������
������
������

������
������
������

projectile
target

R

ΨM
J (~R , ξ) =

∑
φµ
jn(ξ)〈LMLjµ|JM〉 i

L

R
YML

L (R̂)f JLnj(R)

Coupled-channels system

[
− ~2

2mr

(
d2

dR2 −
L(L+1)

R2

)
+ εnj − E

]
f JLnj(R)

+
∑

L′n′j ′ i
L′−LV J

Lnj ,L′n′j ′(R)f
J
L′n′j ′(R) = 0

⇑
1, 2, 3 · · ·n particles
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Reactions induced by 9Be:

CDCC formalism

������
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projectile
target
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ΨM
J (~R , ξ) =

∑
φµ
jn(ξ)〈LMLjµ|JM〉 i

L

R
YML

L (R̂)f JLnj(R)

φjµ
n (ξ)?

⇐ discretization methods

ATHO
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9Be+208Pb at 44MeV
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✉ J. Casal et al., Phys. Rev. C 92 (2015) 054611
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9Be+208Pb at 44MeV: multipoles
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9Be+208Pb at 38MeV
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9Be+208Pb at 38MeV: resonances
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9Be+120Sn at TANDAR (Argentina)
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✉ Arazi et al., submitted to PRC (2017)
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9Be+120Sn at TANDAR (Argentina)
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✉ Arazi et al., submitted to PRC (2017)
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9Be+120Sn at TANDAR (Argentina)

(Buenos Aires, Argentina) in 2018/19
New experiment at TANDAR laboratory

2 alphas in coincidence
exclusive breakup
for elastic and

Simultaneous measurements

Argentina-Brasil-España
international

theory-experiment
Collaboration
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Summary and conclusions

➙ We have studied the Borromean nucleus
9Be(α + α + n) in a 3-body model

➙ We have used the ATHO method to obtain the
states of 9Be in this model

➙ We reproduce very well the σγ measured for 9Be
➙ We have estimated the reaction rate for

α(αn, γ)9Be for the T of astrophysical interest
✏ We find an important increase at the low-T region

➙ We have applied the 4b-CDCC formalism to
9Be+208Pb,120Sn at E around the Coulomb barrier

✏ The 4b-CDCC reproduces quite well the exp. data
in general but there is a discrepancy in the C-N
interference region

✏ A new experiment (elastic+bu) is underway
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In addition... Radiative capture reaction

rate from inclusive breakup measurements

Direct relation at first order for t = 1
kBT

〈Rabc〉(T ) = C t3e |εB |t d2

dt2

(
1
t2
Pr(t)

)

t = f (Elab, θ): collision time
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In addition... Radiative capture reaction

rate from inclusive breakup measurements

Direct relation at first order for t = 1
kBT

〈Rabc〉(T ) = C t3e |εB |t d2

dt2

(
1
t2
Pr(t)

)

t = f (Elab, θ): collision time

6He+208Pb

✉ J. Casal et al., Phys. Rev. C 93 (2016) 041602(R)
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Rodŕıguez
Gallardo

In addition... Radiative capture reaction

rate from inclusive breakup measurements

Previous experiment: 6Li+27Al
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Photodissociation cross section:

convergence in s-wave

0 0.5 1 1.5
ε  (MeV)

0

0.5

1

1.5
σ γ [

1/
2+

] 
 (

m
b)

K
s

max
 = 40

K
s

max
 = 60

K
s

max
 = 80

K
s

max
 = 100

K
s

max
 = 120

K
s

max
 = 140



Dynamics of 9Be
in a three-cluster

model

Manuela
Rodŕıguez
Gallardo

Radiative reaction rate: jπ contributions
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9Be+208Pb@60MeV: convergence in Kmax
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9Be+208Pb@44MeV: convergence in εmax
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9Be+208Pb@44MeV: convergence in imax
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