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Ouverture

Reaction Theory for Unstable Nuclei

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

e Understanding the reaction mechanisms.

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

e Accuracy of methods and numerical implementations.
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Early experiments

Early experiments: halo nuclei
|. Tanihata et al., Phys. Lett. B 160, 380 (1985)
o) = TIR((P) + R (D2

- H
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Kox et al. (1987)

15
5 1%

Fig. 2.1 Interaction cross sections of light nuclei
determined by 8004 MeV reactions.
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Early experiments

Early eikonal model

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

@

Angela Bonaccorso (INFN, Sez. di Pisa)

These equations provide a
simple way to compare the
reaction cross sections at
different energies. However,
since they are purely empirical
formula, one should be careful
when applying them to an
exotic nucleus because of a
possible difference in the
surface diffuseness as well as
any proton-neutron density
difference. When one measures
OR using a B-unstable nucleus,
only rg is expected to change.

OR

| dba-Ism))
0

= O+ 0on
decoupling of core and halo

Pp = Pc+ pn (1)

e—lonn [dspp([b=—s])pt(s)]

— e_["’rm J ds/’cPt]e_[Unn J dspnptl

o 2
e = [ dblSee(6) o, 1)
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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): °He, ™Li, “Be

® Three-body model

® Importance of the n-core interaction
n—oLu 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

J. Margueron et al./ Nuclear Physics A 703 (2002) 105-129 119
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Fig. 5. Neutron angular distributions following breakup of !'Be at 41 A MeV for several targets (°Be,
4875, 197 Au). In the bottom figures the nuclear distribution is represented by the solid line, Coulomb
by the long dashed line, and the Coulomb-nuclear term by the dotted line. In the top figures the
coherent sum of the nuclear, Coulomb and Coulomb-nuclear terms by the solid line, the nuclear
plus the perturbative Coulomb incoherent sum by the dashed line. Experimental points are from
Ange [25].

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)

Transfer to the continuum

before collision

after

T
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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). >
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Direct reactions to study exotic nuclei Transfer to the continuum

Transfer to continuum (Resonances)

101 j

before after

oLi g 0L

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

9 (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
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Figure: 2Be (d,p) RIKEN (Korsheninnikov) (1995)

®
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Direct reactions to study exotic nuclei

Fragmentation
Fragmentation reaction (coincidence)

before

Be
148

* ok k()
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Direct reactions to study exotic nuclei

Fragmentation

Fragmentation (1°Li best example)

GSI, H. Simon et al. NPA791 (2007) 267; G. Blanchon et al. NPA791 (2007) 303

Table 3

Scattering length of the 2s continuum state, energies and widths of the p- and d.

strength parameters for the §V potential

in 1%Li and

£res (MeV) I (MeV) ag (fm—1) o (MeV)
21 172 ~10.0
1piy 0.63 035 33
1ds > 155 0.18 908
200 . T . T : T T T T T
| o Exp. data from [2] |
— 31%545%p
—  31% s 45% p with exp. conv
150 < 31% 5 45% p without d, , H
—— 31% s 45% p without d, , with exp. conv.
- j
5
:
= 100
o
B
50
0 .
0
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Direct reactions to study exotic nuclei

80

Fragmentation

60

(mb/MeV)

s
=

do/de,

20

Sia o8,

5120P 1
5”2 to dﬁn’?

c P oS,

p”2 o pl/?
pptods,

31% s 45% p without d,
31% s 45% p

Angela Bonaccorso (INFN, Sez. di Pisa)

Direct Reactions with Unstable Nuclei

Milano12

15 / 40



Direct reactions to study exotic nuclei

Coulomb breakup
Coulomb breakup (inclusive or coincidence)

before collision

Coulomb Breakup : core recoil
P

after

&
'@ @

Proton Coulomb breakup : core recoil +
before

direct term

z
T . ‘
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Formalism

Sketch of coordinates

Target
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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).

dT,c = C25/ dbe nlbe )Pct(bc),
®,
[ ] Use of the simple parametrization
. = prveans Pct(bc) — |Sct|2 — e(=In 2exp[(Rs—bc)/a])v
5 / ////// R, ~1. 4(A1/3 %/3)fm
. / TEL '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 = Ilh/: dt < o7 (r)|V(r)|di(r — R(t)) > e~ "wt=mvz/h)(2)

w:€;—6f—i—§mv2

dP_,(bc) 1 m 1 P

der 8m3 hzkf 26 +1

Q

47 . - _
@ij(QJf + 1)(’1 - 5]f|2 +1- ‘ij‘z)]:

see also Trojan horse

F= (1 + F/f7/iJfJi)B/f7/i BIFJ" T 4w [mvz} ’ I| 2nb, lel

X *
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Formalism Kinematics

Kinematics

From Eq.2 by the change of variables dtdxdydz — dxdydzdz’

; e 5T .
eiwt=mvz/h) _y o—ikiz' gik2z neytron energies to neutron parallel momenta
with respect to core

1,2
k1: 6{—6,‘—§mv ;
hv
to target
o — €f—€;+%mV2.
2 = iy ;
to core parallel momentum
P, = \/(Tp+5;—5f)2+2l\/l,(Tp+5,-—5f), (3)

breakup threshold at ef =0
+tkok

Angela Bonaccorso (INFN, Sez. di Pisa) Direct Reactions with Unstable Nuclei Milano12 20 / 40



Formalism Kinematics

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

u e . -
©
ol 100 &
E
ors
e 3
s 050
T aw— 025
£ u
&
L 000 L
o5 K, (fm™')
! N F FIG. 11. Initial-state momentum distributions in *Ne ac-
oo sl Ll i) o e B, " cording to Eq. (2.3a). The solid curve is for the 25,3 state, the
K (m K dashed curve is the for 1p, ,, while the dotted curve is for the
1dy, state.
H £
2 ]
2 1 5
. { £
3 E =
3 i 2
] 3
w
& wen
w0
. 7. Calculated total spectrum of the reaction o (V)
"‘Pb(”Ne,"’Ne)"”P’b at E, =40 MeV/nucleon. The solid FIG. 8. Calculated total spectrum of the reaction
curve is for the 23, initial state, the dashed curve is for the 04pi(9Ne, *Ne)Pb for the 2s, , initial state. The solid curve
1py2 initial state, while the dotted curve is for the 1ds; initial is at Ej,.=25 McV/nucleon, the dashed curve is at By, =30
state. MeV/nucleon, and the dotted curve is at E;, =40

( + ) MeV/nucleon.
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Formalism Kinematics

Exa m ple Of kinematical effects AB and GF Bertsch, PRC63(2001) 044604; F. Flavigny et al.,

PRL108 252501 (2012).

S, (McV)
Ew (MeV/nucleon)

0 . N N L L " N »
20 25 30 35 40 45 50 55 60 0 1o s 20
ucieon (MEV)

Beam Energy (MeV/nucleon)

. . . . FIG. 3: (Color online) Nucleon-removal experiments from the

FIG. 1. Ratio of phase space integrals with and without momen- ummur(e 17, 22, 34] :.vlul.lud asa [uncl.iunp of the energy per
tum cutoffs, for a d-wave neutron wave function. The effect of the nucleon of the projectile and the separation energy of the
cutoff is to include less than 90%, between 90% and 95%, and more removed nucleon. The lines correspond to cutoffs appearing
than 95% of the imtial momentum distribution as marked on the at ép = 100 and 150 MeV /¢ with respect to the center of the
figure. SE distribution. Data from the present experiment are in red.
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Formalism Eikonal

Eikonal limit

Small neutron scattering angles

M1, = Pp(Xi)Pr (Xe); Py (X¢) — lo(2nby)
large n-t angular momenta

47

X (2 +1) = db,
T2 e 1 [

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(be) = J5~ dby(|1 = 5(by)[* + 1 |5(b,) )| i(|by — be|, k1)|>

Notice ki — —oo 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 B and '7F, both weakly bound, strong astrophysical interest.
® Hypothesis: proton behaves like a neutron with a larger (effective) separation energy.

20 TABLE 1. Barrier radii, initial binding energies, and effective
energy paramelers for a **Pb targel.

A oF = —'T = £ == B 7= R Ie
= F L E
= [ [ [ R; (fm) 6.0 6.5
= -20— - - & (MeV) —0.14 1pyz -06 1dsy
3 - F E & (MeV) —0.57 1pip 0.1 2sip
= - t k —A (MeV) 04 -1.2
+ -40— — | £ (MeV) —0.54 1pas ~1.8 1ds;y
g 20 o Y 1Y P PO Y I - PR Y Y T PO L [P PP P | £ (MeV) 097 1p 13 i
Lo [ N F
o N L F
B [ :ﬂ’ | FIG. 2. Nuclear-Coulomb potentials for *B
> or - - +Ni (top) and "F +2%5Pb (bottom) at distances
r [ r between the centers equal to d= 1.4(.-1},’j
20 L r L +A}“) fm+s, with s=5, 15, and 30 fm. Short and
[ [ [ long dashed lines are the projectile and target po-
r [ C tentials, respectively. Full line is the projectile-
-40— I - target combined potential.
i TP O | N OV AN OO O PO [
-20 0 20 40 B0 B0 -20 0 20 40 60 B0 -20 O 20 40 60 BO

r (fm) r (fm) r (fm)

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

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

Eikonal with Coulomb

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

88 17F
—— Proton (Sp = 0,137 MeV) == Proton (Sp = 0.6 MeV)
- = Neutron (Sn = 0.137 MeV) - = Neutron (Sn= 0.6 MeV)

o Neutron (Sn =06 MeV) s - Neutron (Sn=1.7 MeV) 8B+208PD at 72 A MeV in Coul. breakup 17F+208Pb at 72 A MeV in Coul. breakuy
& a 10°4 = Proton(Sp =0.137 MeV) (Both Term) 10' 3 e Proton(Sp =0.6 MeV) (Both Term)
3 'T‘E + = =Proton(Sp =0.137 MeV) (Recoil Term) g roton(Sp =0.6 MeV) (Recoil Term)
E £ Proton(Sp =0.137 MeV) (Direct Term) roton(Sp =0.6 MeV) (Direct Term)
= = &\ =« Neutron(Sn =0.137 MeV) = Neutron(Sn =0.6 MeV)

z = \ Neutron(Sn 0.6 MeV) Neutron(Sn =1.7 MeV)
= N 10'H +
10* 10 \ 10°4
K \ K
c I *,
= b= \
. 104 3 .
10" = 107 3 3 %10‘"
5 10 15 20 25 30 5 10 15 20 .S _8
r (im) r (im) 10" Y =
\ ‘ A
10°4 \ SO \
17F+208Pb at 72 A MeV stripping reaction  17F+208Pb at 72 A MeV diffraction reaction " 7 4 N
— Proton (Sp=0.6 MeV) {0-=23.98 mo) — Proton (Sp=0.6 MeV fa =11.13 mb) 1074 N
— -Neutron (Sn=1.7 MeV) (0 =24.23 mb) ~ -Neutron (Sn=1.7 MeV) {o = 12.78 mb) A\
10 10
g $ 10 =77 T
> ] 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
= = 0 (deg.) 6 (deg.)
5 3
Eos Eos
N xN
3 k)
© g i
i = ® More complicated for Coulomb
N .
.0+ 0+ )=
AR Ay S e T T 2t breakup because of the direct p-t
kz (Mevic) kz (MeVic) Coulomb term.

® Proton angular distributions are the

OK for nuclear breakup. "clean” observable.

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



The proton halo problem Comparison CDCC vs semiclassical

PHYSICAL REVIEW C 86, 034601 (2012)

Y. KUCUK AND A. M. MORO

n T T T T
— proton

— proton: Vp‘ Coulomb

__ proton: V o \ o nuclear
. Vm=0

—— neutron: S =0.6 MeV/

- neutron:

- neutron:

6 (deg)

FIG. 8. (Color online) Proton angular distribution following the
breakup of '’F on **Pb at 170 MeV. See text for details.
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The proton halo problem

Consequences for Nuclear Astrophysics

The interplay of nuclear and Coulomb effects in proton breakup from exotic nuclei

Ravinder Kumar®? and Angela Bonaccorso®

TABLE II: 04, (mb) for nuclear and Coulomb mechanisms
as indicated, for ®B, 1ps» initial state, and '"F, 1dsy initial
state, on '2C and 2°°Ph targets at Ein.—40, 60, 80MeV.

Target = "Pb
Einc(AMeV) 40 60 80 40 60 80
Projectile B "F B F B F B "F B F B F
Stripping 51.62 18.06 41.17 13.49 34.79 10.93| 10594 29.97 88.59 23.00 78.16 19.29
Diffraction 3172 819 23.16 542 1886 4.15| 7042 14.08 58.84 10.99 52.39 9.36
Coulomb recoil 0.10 0.007 0.05 0.004 0.03 0.002| 53418 65.98 26223 31.74 159.00 19.14
Coulomb direct 209 058 1.01 028 061 017 |4562.66 1200.35 2578.76 624.61 1741.04 394.54
Total Coulomb 251 067 121 032 073 0.19 |4129.47 1542.39 2796.84 874.40 1925.34 611.52
Coulomb and Diffraction|60.20 22.79 39.74 13.18 30.89 9042 |4228.56 1608.39 2740.82 956.64 1928.03 691.09
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The proton halo problem

Consequences for Nuclear Astrophysics
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13Be and *Be problem ... an open question

14Be structure

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

MBe >= [b1(2512) + b2(1p1/2)* + b3(1ds2)°] @ |**Be, 0™ >

Then the bound neutron can be in a 2s, 1p; > or 1ds/, 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

(251/2,1ds5/5) ® |*?Be, 2" > with the core in its low energy 2% state which
can modify the neutron distribution.
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13Be and *Be problem ... an open question

13Be experimentally

It is experimentally proved that
e 3Be is not bound
e 5/2% resonance at 2MeV
o Sn(1*Be) =1.3440.11MeV
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13Be and *Be 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 ®:

1 o0
Ai= 5 | delor@]Valr — R ()
This method has the advantage that different potentials can be used for
the determination of ¢; and r.

Which components of the initial wave function show up in the
continuum??
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13Be and *Be problem ... an open question

Determination of the bound and unbound (via optical model n-core
S-matrix) States.

r
2 4 & e 10 12
-10 y

I s-state potential - / p-state potential
/
; 0
- —-40 -
(Mev)
2 i 3 g ¥ (m)
77
10 S
/ R ——— )
20 / 5 _
/ e
/ H R ——
30 / L e e <— threshold
e _ 2

1s1/2

Viws = Woods-Saxon + Spin orbit

U(r) = Vs + 4V 0V = Correction to the potential

e2(r—R)/a originated from p.v. coupling (N. Vinh
5V(r) =160—m —— Mau and J. C. Pacheco, NPA607 (1996)
(1+elr=R)/a)4 163)
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13Be and *Be problem ... an open question

Fragmentation: (}*Be puzzle)

(a) (b)

140

o
£ | (0.70, 1.65) MeV

No Background H o (B 1) = (240, 0,60) MeV
o

E=8T;=2 MeV

$IN =0.67
100

i

wn s
E 80 E, (MeV)
=
=)

QO 60
40 2 — Blanchon et al.
E!
5]
200
20
0 n . A
0s 1 15 2 28
Figure: (a) LPC & GANIL, Lecouey, Orr et al. 2002. Eq (MeV)

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

60
=
%
2, "
S o 2
E E
. £l
53] g
B 2 3
>
3

Figure: (a) GSI, H. Simon et al. Figure: (b) G.Blanchon et al. NPA784
NPA791 (2007) 267. (2007) 49.
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13Be and *Be problem ... an open question

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

12Be and *Be in pp-RPA: inversion (B), non inversion (A)

1 14
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FIG. 3. Low-lying spectra of '“Be obtained with pp-RPA without

FIG. 1. Low-lying spectra of '?Be obtained with pp-RPA com-
(A) and with (B) inversion in '*Be compared to experiment.

pared to experiment.

—
S2("2Be) S,(**Be) )% ()
A 291 0.51 345 8.45 545 -
B 3.71 1.29 291 4.56 4.02 \\‘

N

Experimental  3.673£0.015 1.26£0.01 3.10£0.15 54£1.0 42%17
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13Be and *Be problem ... an open question

Strength of every transition

Dependence on the scattering length
Gives information about the 'mother’ of the final s-state
nuclei
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13Be and *Be problem ... an open question

Past-Present-Future

My whish-list:
e Knockout: kinematical complete experiments with reconstruction of
target final state.
o Projectile-fragmentation...perhaps the most difficult experiments to
make...and interpret?
e More proton breakup experiments since we now understand better the
dynamics.

e 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.

EU NET
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13Be and *Be problem ... an open question
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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. Garcia-Camacho

Ravinder Kumar

L. Trache, A.Banu

C. Rea

the MAGNEX group (LNS-CT)
L. Sobotka, R. Shane
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