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Ouverture

Reaction Theory for Unstable Nuclei

Which is the rôle of Reaction Theory and how simple and/or ”complicated
vs accurate” does it need to be?

• Understanding the reaction mechanisms.

• Search for the best observable to be measured (in view of the reduced
intensity of RB).

• Accuracy of methods and numerical implementations.
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Early experiments

Early experiments: halo nuclei
I. Tanihata et al., Phys. Lett. B 160, 380 (1985)

Kox et al. (1987)
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Early experiments

Early eikonal model

I. Tanihata, Prog. Part. Nucl. Phys. 35, 505 (1995)

σR =

∫ ∞
0

db(1− |S(b)|2)

= σct + σnt

decoupling of core and halo

ρp = ρc + ρn (1)

|S(b)|2 = e−[σnn
∫

dsρp (|b−s|)ρt (s)]

= e−[σnn
∫

dsρcρt ]e−[σnn
∫

dsρnρt ]

σnt =

∫ ∞
0

db|Sct (b)|2Pbup (b)

(!)⊗
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Direct reactions to study exotic nuclei It all started with the halo...

Early theory: halo nuclei

P. G. Hansen and B. Jonson, Europhys. Lett., 4, 409 (1987).
see also B. Jonson, PR389 (2004).

• Large spatial extension

• One- or two- neutron halo nuclei

• Two neutron halo (Borromean
Systems): 6He, 11Li, 14Be

• Three-body model

• Importance of the n-core interaction
n-9Li, n-12Be (+)

Reaction theory: K. Yabana, Y. Ogawa,Y. Suzuki (1992); H.
Sagawa, N.Takigawa (1994), H. Esbensen and GF. Bertsch; C.
Bertulani and W.Bauer; M. Hussein and KW. MacVoy;
Barranco, Vigezzi & Broglia, G. Hansen(1996). Structure
theory: Zhukov and Thompson, Surrey group, Nordic
collaboration
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Direct reactions to study exotic nuclei It all started with the halo...

First attempt to disentangle breakup reaction mechanisms
CALCULATION: J. Margueron, A.B, D. M. Brink Coulomb-nuclear coupling and interference effects in the breakup of halo nuclei

DATA: R. Anne et al., PLB250, 19 (1990), PLB304 55 (1993), NPA 575 125 (1994). ⊗
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Direct reactions to study exotic nuclei Transfer to the continuum

Transfer to the continuum reaction (inclusive)

++
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Direct reactions to study exotic nuclei Transfer to the continuum

Transfer to the continuum (Knockout)
F. Flavigny, A. Obertelli, AB et al., PRL108 252501 (2012). ∗∗

AB et al., PRC49(1994)
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Direct reactions to study exotic nuclei Transfer to the continuum

Transfer to continuum (Resonances)

(+)
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Direct reactions to study exotic nuclei Transfer to the continuum

9Li (d,p) REX-ISOLDE, H.B. Jeppesen, PLB642, 449 (2006),
G.Blanchon, AB, N. Vinh Mau, NPA739, 259 (2004).

⊗
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Direct reactions to study exotic nuclei Transfer to the continuum

Figure: 12Be (d,p) RIKEN (Korsheninnikov) (1995)

⊗
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Direct reactions to study exotic nuclei Fragmentation

Fragmentation reaction (coincidence)

∗ ∗ ∗ (+)
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Direct reactions to study exotic nuclei Fragmentation

Fragmentation (10Li best example)
GSI, H. Simon et al. NPA791 (2007) 267; G. Blanchon et al. NPA791 (2007) 303
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Direct reactions to study exotic nuclei Fragmentation
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Direct reactions to study exotic nuclei Coulomb breakup

Coulomb breakup (inclusive or coincidence)
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Formalism

Sketch of coordinates
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Formalism Here we go...

A consistent formalism for various breakup reactions
The core-target movement is treated in a semiclassic way, but
neutron-target and/or neutron-core in a full QM treatment.
AB and DM Brink, PRC38, 1776 (1988), PRC43, 299 (1991), PRC44, 1559 (1991).

dσ

dεf
= C 2S

∫ ∞
0

dbc
dP−n(bc)

dεf
Pct(bc ),

⊗

Use of the simple parametrization
Pct(bc ) = |Sct |2 = e(− ln 2exp[(Rs−bc )/a]),

Rs ≈ 1.4(A
1/3
p + A

1/3
t )fm

’strong absorption radius’.

Two aspects are important:
Shape of the spectra, Absolute cross sections
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Formalism TC

Transfer to the continuum
First order time dependent perturbation theory amplitude:

Afi =
1

i~

∫ ∞
−∞

dt < φf (r)|V (r)|φi (r − R(t)) > e−i(ωt−mvz/~) (2)

ω = εi − εf +
1

2
mv2

dP−n(bc )

dεf
=

1

8π3

m

~2kf

1

2li + 1
Σmi |Afi |2

≈ 4π

2k2
f

Σjf (2jf + 1)(|1− S̄jf |
2 + 1− |S̄jf |

2)F ,

see also Trojan horse

F = (1 + Flf ,li ,jf ,ji )Blf ,li
Blf ,li =

1

4π

[
kf

mv2

]
|Ci |2

e−2ηbc

2ηbc
Mlf li

⊗ ∗
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Formalism Kinematics

Kinematics

From Eq.2 by the change of variables dtdxdydz → dxdydzdz ′

e−i(ωt−mvz/~) → e−ik1z ′e ik2z neutron energies to neutron parallel momenta
with respect to core

k1 =
εf − εi − 1

2mv2

~v
;

to target

k2 =
εf − εi + 1

2mv2

~v
;

to core parallel momentum

P// =
√

(Tp + εi − εf )2 + 2Mr (Tp + εi − εf ), (3)

breakup threshold at εf = 0
++∗∗
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Formalism Kinematics

Example of kinematical effects PRC60(1999) 054604,PRC44(1991) 1559

(+)
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Formalism Kinematics

Example of kinematical effects AB and GF Bertsch, PRC63(2001) 044604; F. Flavigny et al.,

PRL108 252501 (2012).
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Formalism Eikonal

Eikonal limit

Small neutron scattering angles

Mlf li ≈ Pli (Xi )Plf (Xf ); Plf (Xf )→ I0(2ηbv)

large n-t angular momenta

4π

2k2
f

Σjf (2jf + 1)→
∫ ∞

0
dbv

both conditions might not be well satisfied for stripping of deeply bound nucleons unless

the core-target scattering is very peripheral. Verify core angular distributions.

P−n(bc) =
∫∞

0 dbv(|1− S̄(bv )|2 + 1− |S̄(bv )|2)|φ̃i (|bv − bc|, k1)|2
Notice k1 → −∞ not strictly necessary.
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The proton halo problem

Coulomb breakup
Bertulani&Baur, Typel, Surrey group,Bertsch&Esbensen, Baye &Co.

• Contradictory experimental results on the existence of a proton halo.

• Candidates 8B and 17F, both weakly bound, strong astrophysical interest.

• Hypothesis: proton behaves like a neutron with a larger (effective) separation energy.

AB, DM Brink, C. Bertulani, PRC69 024615(2004).
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The proton halo problem Eikonal with Coulomb

A. Garćıa-Camacho et al., PRC76, 014607 (2007)

OK for nuclear breakup.

Ravinder Kumar and AB, PRC84, 014613 (2011)⊗

• More complicated for Coulomb
breakup because of the direct p-t
Coulomb term.

• Proton angular distributions are the
”clean” observable.

Angela Bonaccorso (INFN, Sez. di Pisa) Direct Reactions with Unstable Nuclei Milano12 25 / 40



The proton halo problem Comparison CDCC vs semiclassical
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The proton halo problem Consequences for Nuclear Astrophysics
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The proton halo problem Consequences for Nuclear Astrophysics
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13Be and 14Be problem ... an open question

14Be structure

The ground state of 14Be has spin Jπ = 0+. In a simple model assuming
two neutrons added to a 12Be core in its ground state the wave function is:

|14Be >= [b1(2s1/2)2 + b2(1p1/2)2 + b3(1d5/2)2]⊗ |12Be, 0+ >

Then the bound neutron can be in a 2s, 1p1/2 or 1d5/2 state. However,
the situation is much more complicated and in particular the calculations
of Tarutina, Thompson and Tostevin show that there is a large component
(2s1/2, 1d5/2)⊗ |12Be, 2+ > with the core in its low energy 2+ state which
can modify the neutron distribution.
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13Be and 14Be problem ... an open question

13Be experimentally

It is experimentally proved that

• 13Be is not bound

• 5/2+ resonance at 2MeV

• S2n(14Be) =1.34±0.11MeV
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13Be and 14Be problem ... an open question

Fragmentation of a 2n-halo nucleus ∗ ∗ ∗

Inelastic-like excitations can be described by the first order time dependent
perturbation theory amplitude ⊗:

Afi =
1

i~

∫ ∞
−∞

dt〈ψf (t)|V2(r − R(t))|ψi (t)〉

This method has the advantage that different potentials can be used for
the determination of ψi and ψf .
Which components of the initial wave function show up in the
continuum??
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13Be and 14Be problem ... an open question

Determination of the bound and unbound (via optical model n-core

S-matrix) states.

U(r) = VWS + δV

δV (r) = 16α
e2(r−R)/a

(1 + e(r−R)/a)4

VWS = Woods-Saxon + Spin orbit
δV = Correction to the potential

originated from p.v. coupling (N. Vinh
Mau and J. C. Pacheco, NPA607 (1996)

163)
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13Be and 14Be problem ... an open question

Fragmentation: (13Be puzzle)
(a)

Figure: (a) LPC & GANIL, Lecouey, Orr et al. 2002.

(b)

Figure: (b) LPC & GANIL, G. Randisi, N.Orr et al. 2012,
DREB12’s talk and private comm.
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13Be and 14Be problem ... an open question

Figure: (a) GSI, H. Simon et al.
NPA791 (2007) 267.

Figure: (b) G.Blanchon et al. NPA784
(2007) 49.
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13Be and 14Be problem ... an open question

Figure: (b) RIKEN, Y. Kondo et al. PLB690 (2010) 245; G. Blanchon, private
communication.
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13Be and 14Be problem ... an open question

Theoretical models (structure)

• Generator coordinate model (Descouvemont)

• Lagrangian mesh calculation (Baye)

• Fadeev calculation (Zhukov and Thompson)

• Macroscopic model with deformation (Tarutina, Thompson, Tostevin)

• RPA particle-particle (Pacheco and Vinh Mau)

• Antisymmetrized molecular dynamics (Y. Kanada-En’Yo)
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13Be and 14Be problem ... an open question

12Be and 14Be in pp-RPA: inversion (B), non inversion (A)
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13Be and 14Be problem ... an open question

Strength of every transition

Gives information about the ’mother’
nuclei

Dependence on the scattering length
of the final s-state

⊗
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13Be and 14Be problem ... an open question

Past-Present-Future

My whish-list:

• Knockout: kinematical complete experiments with reconstruction of
target final state.

• Projectile-fragmentation...perhaps the most difficult experiments to
make...and interpret?

• More proton breakup experiments since we now understand better the
dynamics.

• The past has been characterized by studies at high incident energy
and for weakly bound projectiles. In the future more and more
strongly bound nuclei will be studied at lower energies at ISOL-type
facilities.
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13Be and 14Be problem ... an open question

Some of my co-authors, in historical order:

D. M. Brink
N. Vinh Mau
F. Carstoiu
J. Margueron
G. Blanchon
G. F. Bertsch
C. Bertulani
Awad Ibraheem
M. Thoenessen, A. Spyrou and the MONA collaboration
A. Garćıa-Camacho
Ravinder Kumar
L. Trache, A.Banu
C. Rea
the MAGNEX group (LNS-CT)
L. Sobotka, R. Shane
F. Flavigny, A. Obertelli
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