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1. Introduction

* Reaction processes:
need for the wave function of the projectile (target very stable)

* From reaction theory:
can we test the wave function of the projectile with reactions?

e Various types of structure models (stable and exotic nuclei)

/cluster
Non cluster / T~
microscopic Non-microscopic

Ab initio, shell model RGM: 2 clusters: Optical

L Resonating 3 clusters: hyperspherical
Nucleon-nucleon Group Method
interaction 2,3,... clusters Nucleus-nucleus .
interaction




1. Introduction

Hamiltonian of the nucleus:

H = ZT +ZV”+ Z Vijre +

Jj>i k>j>i
with
T; = kinetic energy of nucleon i
Vij = two-body nucleon-nucleon interaction

= Contains a nuclear part Vi’}': short range
= Contains a coulomb part Vlg: long range ~ e?/r
Vijk=three-body interaction (often neglected)

Question: how to solve the Schrodinger equation?

Several techniques:

e Ab initio calculations: provide « exact » solutions

¢ Shell model

e Cluster approximation



2. Cluster models

Cluster approximation
—

e Clustering: well known effect in light nuclei

e Nucleons are grouped in “clusters”

Best candidate: a particle (high binding energy, almost elementary particle)
- |keda diagram: cluster states near a threshold (2Be, 2°Ne, etc.)

e Halo nuclei: special case of cluster states

e Beyond the nucleon level:  hypernuclei
guarks

e Well adapted to reactions (not true for the shell model, ab initio models, etc.)

e Possibility to have 3,4,... clusters (example: 2 C=o+o+0o)



3. Non-microscopic models

Two clusters
Hamiltonian: H =T, + V(1)

G . Q Wave function: W™ = g¢(r)Y;"(Q)

e Structure of the clusters is neglected
* Pauli principle: approximated (appropriate choice of the potential)

* Low relative energies: real potentials (in general)
High relative energies: complex potentials (simulate absorption)

© Simple
- Widely used for the description of projectiles

© Ex:’Li=a+t, SLi=o+d, 1’F=1°0+p

@ Potential V(r) in general not known
Fitted on data (binding energies, phase shifts)
Obtained from folding

® Sometimes not adapted to the structure of the nucleus




3. Non-microscopic models

Many nuclei have a 3-body structure > Three-body problem must be solved
Hamiltonian: H = Tl + Tz —+ T3 + V12(|T1 — 1'2|) + V13(|T1 — T3|) + V23(|r2 — T3|)

Absolute coordinates

=

In hyperspherical coordinates: H = T, + V(p, a, ()., Qy)

Jacobi coordinates
(c.m. removed)

y

x=1‘2—1‘1
y=r3—(r1+ry)/2

.

Hyperspherical coordinates
Qys

* p=xZty?

* tana =

RIR

p =hyperradius
a= hyperangle

Eigenstates of T,:  hypersphercial functions y,%lxly (a, Q,, Qy) = ylL{y(Qs)

known functions (analytical)
extension of spherical harmonics ¥/ () in 2-body problems
K=hypermoment
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3. Non-microscopic models
 Schrédinger equation :HYM = FyiM

co

PM(H Q) = Z Z Uiy (Qs) Xiy (0)
y

K=0

1

The wave function is expanded in hyperspherical harmonics

™

Known functions

To be determined

n? [(d?> K(K+4)

B 2m
N K’,‘y

!

The radial functions are obtained from a set of coupled differential equations

VKy,K’y’ (p)XIL{y(p) = EXIL{)/(:D)

* Potentials Vi, 1,/ (p) are determined from V;, + Vi3 + Vo3

* Two-body potentials V;; contains spurious Pauli forbidden states 2 must be removed
* Equivalent to a standard coupled-channel problem (up to ~100-200 channels)
* Inpractice: summation over K is limited to K,,, 5

)(ILq,(p) are expanded over a basis (Lagrange basis here)

e General form of the system: identical to all coupled-channel problems




3. Non-microscopic models

Number of channels in 3-body problems
example: !Li=°Li+n+n (spin of the core neglected, S,,,, = 0 or 1)

K. ox J=0" K. ox J=1
8 15 / 26
12 28 11 S7
16 45 15 100
20 66 19 155
24 91 23 222
28 120

32 153



3. Non-microscopic models

Example: ®°He=a+n+n
® V : Kanada et al., Prog. Theor. Phys. 61 (1979) 1327

fits the experimental a-p phase shifts (gaussians)

180

120

6 (deg)

60

¢ V : Minnesota, Nucl. Phys. A286 (1977) 53

®He Theor. Exp

Energy -0.78 MeV -0.97 MeV 2 3 body effects?

V<r2> 2.42 fm 2.33+0.04 fm => “effective” interactions?




3. Non-microscopic models

®He wave functions (S=0)

“Dineutron”
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3. Non-microscopic models

Specific problems of 3-body scattering states (E > 0)

h? (d?> K(K+4)
 2my (dpz T 2 >X1L<y(P) + z Vieyx'y' (0D Xk, (0) = E Xty (P)

K’,y’

* Many hypermomenta (K-values)—> large set for large Kmax (slow convergence)

* Long range of the potentials: behave as ~ 1/p3
- the asymptotic coulomb behaviour is not reached before (~500-1000 fm!)
- propagation methods are necessary

R-matrix application to 3-body systems: P. D., E. Tursunov, D. Baye, Nucl. Phys. A 765 (2006) 370

300

®°He ®He
240 7 o 3-body a+n+n phase shifts (+wave functions)

=180 | 2" well known narrow resonance
S _ 0*,1: « broad structures »
w 120 H 1

60 | 0" Break-up cross sections:

D. Baye, P. Capel, P. D., and Y. Suzuki: Phys.
0 — Rev. C 79 (2009) 024607



3. Non-microscopic models

Recent work on 11Li
e Ref: E.C.Pinilla, P.D., D. Baye, Phys. Rev. C 85 (2012) 054610
o 111jdescribed by a °Li+n+n structure (spin of °Li is neglected)

three-body phase shifts

I e e e =
160 |
140 |
120 |
100 |
80 |
60 |
40 |
20 |
o

11|_i
Narrow 1- resonance near 0.5 MeV

§ (deg.)
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4. Microscopic models: overview

1. Overview of different models
2. Cluster models



4. Microscopic models: overview

Definition of a microscopic model

* Wave functions
e fully antisymmetric
» Depend on all nucleon coordinates = complicated many-body problem!
* Exchange of particlesiand |
Pauli principle

PiW(1,2, 0l oy A) = —W(1,2, ), oy o A)

H= ZT +2VU+ Z Vi + -

Jj>i k>j>i

e Hamiltonian
e given by

with
T; = kinetic energy of nucleon i
Vij = two-body nucleon-nucleon interaction
=  Contains a nuclear part VN short range
= Contains a coulomb part Vlg. long range ~ e?/r
Vijk=three-body interaction (often neglected)
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4. Microscopic models: overview

Main advantages
* Predictive power: in principle there is no parameter
* Coherent description of different processes:
* spectroscopy (energies, radii, electromagnetic transitions, etc.)

* scattering (elastic, transfer, radiative capture, etc.)

Main problems

« V) is not exactly known
— approximations, effective NN interactions (adapted to the model)
* The Schrodinger equation may involve many terms (A(A-1)/2)

—> cannot be solved exactly

» Difficult to apply to scattering states

—> various models

* Shell model (and extensions: No-core shell model)

* Fermionic Molecular Dynamics (FMD), Antisymmetrized Molecular Dynamics (AMD)

e Cluster models: Resonating Group Method (RGM), Generator Coordinate Method (GCM)



4. Microscopic models: overview

Cluster models

* the A nucleons form « clusters » inside the nucleus

* origin: the o particle is strongly bound = keeps its own identity in the nucleus

* typical clusters: strongly bound nuclei (alpha particle)

* example : 8Be=a+a - formed of 4 neutrons and 4 protons grouped in 2 o % g

* Cluster approximation ¥ = Ap,¢p,9(p)
with

¢4, ¢, = internal wave functions (input, shell-model)
g(p) =relative wave function (output)
A = antisymmetrization operator

=Resonating Group Method (RGM)

* Describes spectroscopy and reactions
— easy access to unbound states (+widths)
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4. Microscopic models: overview

12C described by 3 alphas

20Ne described by °0+al

Y

‘ ®He described by a+n+n

nucleon=« particular » cluster, numerical techniques
‘ identical
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4. Microscopic models: cluster models

Extensions
* 3 clusters (or more)
projection more complicated (multidimension)

* p, sd orbitals: many Slater determinants
—> analytical calculations not possible

* Multichannel calculations: ¥ = A¢,¢,9(p) + Apip59*(p) + -
—> core excitations (important in many nuclei)
—> better wave functions
- inelastic scattering, transfer

111



5. Applications of microscopic cluster models

2-cluster models
« YC/YNa (recent = exotic nuclei)

3-cluster models
* SHe=q+n+n
* 12C=q+o+a



5. Applications of microscopic cluster models: 1/C / 1’Na

The 17C and ”Na mirror nuclei

» Ref: N. Timofeyuk, P.D., Phys. Rev. C81 (2010) 051301

* 17Na unstable (no experimental data but °Na unstable)

* The mirror 7C nucleus is well known = test with charge symmetry
» Two-cluster systems: 6C+n, 1°*Ne+p

16C/16Ne a @ e

16C/16Ne wave functions: 6 protons (s2p*), 10 neutrons (s2,p%, sd?) = 15x66=990 SD

7_

I — 33— §F—
6 16C 16Ne
Al & = _ _
L 4 - Two NN interactions: MN and V2
% 4 . ) 3, =—
= L 47 2 i
< n B 4
ot B )
2_ " + £
2 1 o — n -
L 2 2 2
1_
ob 0 0 0" 0 0.

113
V2 MN exp exp V2



5. Applications of microscopic cluster models: 1/C / 1’Na

17C spectrum (positive parity)
Two NN interaction V2 and MN (+spin-orbit)

1
: 5
6 5
1,7 7
3 (5)
7
=
— 4 - g
% 9 (5,7,9)
s I 9 N
: (9)
w o 3 9
57
L} 7 -
9
3 3,7
i 3 (3,7)
0 16C+n threshold
5 5 5
1 1 1| —
L 3 3 3
V2 MN exp
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5. Applications of microscopic cluster models: 1/C / 1’Na

17Na spectrum

| 92" J E ro+t) reEm
P -3/27,5127)
sk 1/2+ 240  1.36
i 7 mmmmmmmmmmmna >(512",312")
4k 7 772" 3/2+ 2.57 0.001 0.024
S
Z 5/2+ 297 0123  0.021
= 3F 52" 8
. 32" 7/2+ 4.35 8x10 0.025
7 12
T z ’ ”Na
1 L
oL 7 ¥z
16Ne

» all states are unbound = importance of continuum
* ground state: broad (¥ = 0) resonance
* excited states: narrow (£ = 2), important decay to the ®Ne(2*)+p channel

=» 3 proton emittors 115



5. Applications of microscopic cluster models: ®He and °Li

S. Korennov, P.D., Nucl. Phys. A740 (2004) 249

R Hypershperical coordinate:
2

1 R ~ R’ +R’

10+ &

E(R), MaV
.
Q
E. MeV
(=] P
(%]
E. MeV
=

. 6l Tr=-
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5. Applications of microscopic cluster models: éHe and Li

Energy convergence, 0"

5 -
4 -
Kmax
3_ _._2
—e 4

E, MeV
o |
/
o

0 \‘ . u a [ | [ ]
. YT e—e e _0975MeV
—p A v
A - F—F—F
1 1 1 1 ' 1 1 1 1
2 4 6 8 10 12 14 16

Generator p, fm
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Applications
CDCC
e 2-body: 'Be+%%Zn
* 3-body: °Be+2%pb
* Microsopic CDCC: “Li+%%8Pb

Eikonal:
 Three-body breakup
* Microscopic eikonal (elastic scattering)



1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

910,11Be+%4Zn at 25 MeV:
A. Di Pietro et al., Phys. Rev. Lett. 105, 022701 (2010)
A. Di Pietro et al., Phys. Rev. C85, 054607 (2012)

1x100 |
9,10Be o 1x10°1]
b
1 ©
3
B 100
0.5
0
0 S0 100
0. m(deg)

Important difference between °1°Be and ''Be: role of the halo structure
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1. CDCC METHOD WITH 2-BODY PROJECTILES: 1135+64ZN

Recent work: T. Druet, P.D., Eur. J. Phys. 48 (2012) 1

Main goal: to analyse the convergence of the cross sections (elastic, inelastic, breakup)

Conditions of the calculations: 3 potentials

» 10Be+%4Zn: optical potential from experiment

* n+%Zn: global parametrization of Koning-Delaroche

* n+10Be: P. Capel et al., PRC 70 (2004) 064605: reproduces bound states and 5/2* resonance

i SRR TR I RN N,
FE TR R ]

778 . (572, 121"

03200 e 003
— Oge+r

gy, SHE
;"B 1\
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1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

Elastic cross section (data contain inelastic components)
First calculation : no spin-orbit force = reduces the size of the system by a factor 2

convergence with £ (n+1°Be angular momentum)

1.2

i
0.8
0.6
0.4
0.2

0

Mo contlnuum -—=-----

dﬁd/dGR

0 20 40 60 &0 100

=>» slow convergence
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1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

Convergence with the pseudostates

2.0
q B o - =
i T s
| o — T e ————
LE 1 —— . Threshold eneigy
< st = = = = =
0 CEE Resonant :tr:.‘l:e‘/ 1 - 2
Y Mo continuum --------
_0.5 L - 1 1 ; l.t
J=3 3 2 2 2

dJel/dJR




1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

Comparison with experiment
Calculation with Imax=2 (small inacurracy near 8 ~ 40°)
1.2
:
0.8
0.6
0.4
0.2
0

dﬁd/dﬁﬁ

0 20 40 60 &0 100

=» importance of break-up channels!
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1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

Influence of the collision energy

E..=20.5 MeV

1.2
Y o continuum -=------
1 = e = 0
é‘j 0.8 } :
& E._=44 MeV
~ 056 | o
i)
!
i~ 04 i ]_2 - P Mo continunm ---==---:
0.2 1 | J e =0
0 0.8 | ' e
0 0.6 o
Oc . (deg) 0.4 | .
02 ) Bi—
Slow convergence 0 | _ e .
| =5 not sufficient 0 10 20 30 40 50 6(

0, (deg)

Fast convergence
| =2 sufficient
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1. CDCC METHOD WITH 2-BODY PROJECTILES: 1BE+%4ZN

Influence of the binding energy of the projectile (humerical simulation)
Original (experimental) energy: E;=0.5 MeV

Eg=2 MeV Eg;=4 MeV
1.2 1.2
'_-'f‘; Mo continuiim ========- :..""?':'-1- Mo continuum --------
éﬂ d
= 08}
i
& 0.6}
=
0.4
02
0

=>» faster convergence when the binding energy increases
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2. CDCC METHOD WITH 3-BODY PROJECTILES: °BE+208PB

°Be

o
target: 298Pb

e

Description of °Be=a+a+n (preliminary results!)
* o+ao potential: Buck et al.

* o+n: Kanada et al.

Both reproduce the experimental phase shifts
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2. CDCC METHOD WITH 3-BODY PROJECTILES: °BE+208PB

Discretization of the three-body a+ao+n continuum

8 L — 1
(i _ e — E— -
e [ —————— . —
== _ VY == === many pseudostates!
— 4 L - E———a 0 = )
- —_—— e — .
E .-} — s —— T — — —
w3 = _ ————— —
0
_2 [ 1 1 L
i g == 5+ T
3 3 2 3z J

Ground-state of °Be J=3/2-

Fitted by renormalizing the a—a potential by 0.94
rms radius:

* theory: 2.41 fm

e exp:2.45+ 0.01fm



2. CDCC METHOD WITH 3-BODY PROJECTILES: °BE+208PB

Elastic scattering °Be+2%8Pb

* 0+298Pbh and n+2%8Pb optical potentials taken from literature
e Convergence with
* Kmax (typical of 3-body problems)

* jmax

e discretization

doe /dog

9Be + 298Ph at 44 MeV

—

\‘

;S | | S
B =1 ceus
e —2)

40

80
-HC.IH.

120 160
(deg)

convergence with Kmax
Binding energy readjusted
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2. CDCC METHOD WITH 3-BODY PR

doe/dog

doe /dog

1.2
1

08 ¢
0.6 ¢
04 ¢
02 ¢t

0

12

0.8 t
0.6 f
04 ¢
02 t

0

9Be + 298Ph at 44 MeV

1 channel
nps = 10 ——--
nps = 30

npg = B} coanns

W ps = 70 —

.

40 80 120 160

Ocm. (deg)

9Be + 2U8Ph at 44 MeV

1 channel

+

\‘I 3— 5- l-{—
M ¥. 392 19

b

Projection ---—-

e e, |

40 80 120 160
Ocm. (deg)

OJECTILES: °BE+298PB

discretization: number of pseudostates

nps

convergence with jmax
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3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: 7L14208pp

Comparison between both variants

Non-microscopic CDCC Microscopic CDCC

o o

H = Ho(r)——AR+Vct (-Zr+R)+
Vft( r+R)

*Depends on nucleus-target interactions
between the core/fragment and the target

hZ
H=Hy(ry..ry) — ZAR +;v(r; — R)

Depends on a nucleon-target
interactions (in general well known)

Accurate wave functions of the

*Approximate wave functions of the projectile R
projectile

*Core excitations difficult (definition of the
potentials?)

Core excitations « automatic »
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3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

First step: wave functions of the projectile

Solve HOCI)i = Ekcbi for several J: ground-state but also additional J values 9

with  Ej, < 0: physical states
E;,, > 0: pseudostates (approximation of the continuum) @

RGM: CID,](= A®1¢2g,£(r) : combination of Slater determinants

RGM=Resonating Group Method (cluster approximation)

e 2 or 3 cluster models

« Core excitations: ®/= Y, APL D, g/ (1), with ®} = excited states of cluster 1
Example: 19Be+n

* Well adapted to halo nuclei

 Many RGM wave functions are available




3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

Second step: wave function for projectile + target G

H=H —_AR+ZU(7”1 R) @

Expansion over prOJectlle states: W(;, R) = X i oY (rl))(k (R)
—> Set of coupled equations (_ZAR + E,{ — ))(k(R) + 2k Vik i (R) )(,i,(R) =0

Z v(r; — R)

l

Vi e (R) =< @1(1) ol (1) >

* Matrix elements between Slater determinants: standard techniques

* Can be also computed with the densities and folding procedures = tests are possible




3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

* Data: E_,=27 to 60 MeV (Coulomb barrier ~ 35 MeV)

* Non-microscopic calculation at 27 MeV:
* Parkar et al, PRC78 (2008) 021601

« uses a—>"8Pb and t—2°8Pb potentials renormalized by 0.6!

e Microscopic calculation
* Ref.: P.D., M. Hussein, Phys. Rev. Lett. 111 (2013) 082701

 ’Li wave functions: include gs,1/27,7/2-,5/2- and pseudostates (E>0)
Nucleon-nucleon potential: Minnesota interaction
Reproduces “Li/’Be, a+3He scattering, 3He(a.,y)’Be cross section

* Q(3/2-)=-37.0 e.mb (GCM), -40.6 + 0.8 e.mb (exp.)
B(E2, 3/2~ > 1/27)=7.5 e*fm* (GCM), 0.3 £+ 0.5 e*fm*(exp)

« n—298pp potential:

local potential of Koning-Delaroche (Nucl. Phys. A 713 (2003) 231)
« p—298pp potential:

only Coulomb (Ep=27/7 ~4 MeV, Coulomb barrier ~12 MeV)
=>» NO PARAMETER

b




3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

« Convergence test:  single-channel: “Li(3/27) + %°®Pb
two channels: “Li(3/27,1/27) + 2°%Pb
multichannel:
"Li(3/27,1/27,...) + “°®Pb

Elastic scattering at Elab=27 MeV

1.05

Inelastic scattering

1.00
4
[a's
L o095 |
o)
3
=)
0.90 } =
e 2
=
\
0.85 S .
0 60 120 180 1T
0 (deg.) 0
100 120 140 160 180
0 (deg.)
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3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

Elab=35 MeV
1.4
1.2 ® 35 MeV
1 — v
6: — )\ 61
0.8 13 -
\b J 1/ b
—ij=1,3,5
0.6 o
i Elastic 7Li+2%8pb —j=1,3,5,7
04 - Egp=35MeV
0.2 F
0 ! |
0 60 120 180

0 (deg.)

10 ¢

01 -

0.01 -

0.001

Elastic “Li+2%8Pb
E,.,=35 MeV

® 35 MeV

| o]V

120=—2v
—i=1,3
—i=1,3,5

130

0 (deg.)

135



3. CDCC METHOD WITH MICROSCO

PIC PROJECTILES: ’LI+298PB

Elab=39 MeV
10 1.401
— ] \/ 1.201
1 G —2v 1.001 A
o 120 .
© —ij=1,3 b
B © 0801
© 0.1 ¢ —ij=1,3,5
- Elastic "Li+2%8Pb 0.601
B E|ab=39MeV
0.01 - 0.401
: 0.201
0.001 0.001

0 (deg.)

| E,=39MeV

— 1V
— )V
—j=1,3
—j=1,3,5

: 7] :4.208
Elastic ‘Li+?°Pb —j=1,3,5,7

120
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3. CDCC METHOD WITH MICROSCOPIC PROJECTILES: “LI+298PB

Elab=44 MeV

14 + g

12 | — 1L —1v

1k v 0 1270~
[a's . o B .
L o8 ! —FL3 b 01 L —13
© o6 | —i=1,3,5 © F —i=1,3,5

04 | Elastic 7Li+298Pb TS 001 £ Elastic 7Li+203pb

02 - E. =44 Me - E..=44 MeV

) I Iabl 0.001 ! lab

0 60 120 :
0.0001
0 (deg.) 0 (deg.)

Underestimation at large angles and high energies.

N. Timofeuyk and R. Johnson

* Phys. Rev. Lett. 110, 112501

» suggest that the nucleon energy in A(d,p) reaction mush be larger than Ed/2

- Similar effect here?
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Applications of the eikonal method



4. APPLICATION OF THE EIKONAL METHOD

Three-body breakup cross sections: D. Baye et al., Phys. Rev. C79 (2009) 024607

H®(R,x,y) = E®(R, x,y)

N@ R = (b, Z), b=impact parameter
target

projectile

Eikonal approximation ®(R, x,y) = e?® (R, x, y)
with EI\) (Rl X, y) ~ LI',O('x) y)exp[_h_lvf_zoo VPT(bI Z’; X, y)dZ’]

Then: eikonal amplitude
Tr; =< e R~ (x,3) | Vpr | ® (R, x,y) >

!

3-body scattering wave function
(expanded in Jm)—> heavy calculations

From the eikonal amplitude = cross sections (breakup, elastic)



4. APPLICATION OF THE EIKONAL METHOD
Results for ®He: D. Baye et al., Phys. Rev. C79 (2009) 024607

0.5
0.4
®He+298Pb breakup at 240 MeV/A
% 0.3 Data from T. Aumann et al., PRC59 (1999) 1252
= 0.2
=2 E1 dominant (2* narrow resonance near 0.9
0.1
o MeV)
S o0
0.6

% 0.5 A

Né 0.4 - Convergence with Kmax:

e K Slow!

v ma ow!

CEJ/ 0.3 - 19

Ll 117 TT17 -

€ 02 11s 1IN 1]

m 014131 :

@ 131

T 0.0 ++— . - . . . . .

0 1 2 3 4 5

140



4. APPLICATIONS OF THE EIKONAL METHOD

Recent work on 11Li
e Ref: E.C.Pinilla, P.D., D. Baye, Phys. Rev. C 85 (2012) 054610
» 111jdescribed by a °Li+n+n structure (spin of °Li is neglected)

First step: three-body phase shifts and wave functions

80 ——
160 |
140 |
120 |
100 |
80 |
60 |
40 |
20 |
N

§ (deg.)

11|_i
Narrow 1- resonance near 0.5 MeV
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4. APPLICATIONS OF THE EIKONAL METHOD

Second step : Breakup of Li on 2°8Pb @ 70 MeV/A
e E.C.Pinilla, P.D., D. Baye, Phys. Rev. C 85 (2012) 054610

* Exp. data from T. Nakamura et. al, Phys. Rev. Lett. 252502 (2006).
4 , T T T . T , T ' T T T ; T T

35 | I
3| '
25 |
5 L
15 |
|

do /dE (b/MeV)

0 05 1 15 2 25 3 35 4
E (MeV)

* Direct calculation of the BU cross section (no E1 distribution is needed)
e Heavy calculation

* E1 contribution strongly dominant -




4. APPLICATIONS OF THE EIKONAL METHOD: microscopic eikonal

Microscopic description of the projectile using the eikonal method
E. C. Pinilla and P. Descouvemont, Phys. Lett. B 686, 124 (2010)

Total Hamiltonian H = Hy(1r;) + Tx +€iv(ri — R)

Hamiltonian of the projectile Nucleon-target interaction

Ho®y(r;) = Eq®y(1;)

Eikonal approximation
Y = dy(r)e*?d(r;, b, 2)

Then

~ i z

B(r, b, 7) = exp(—ﬁz ] v(r; — R)dZ')
i — 00

(symmetric=> W remains antisymmetric)

arget

Projectile




4. APPLICATIONS OF THE EIKONAL METHOD: microscopic eikonal

General definition of the scattering amplitude

f(0) =ik j " db b Jo(gb)eXc®)[1 —< @ exp(—%z f wv(rl- — R)dZ)|Dy >]  + fc(6)
0 7 —00

J
y
S(b)

o particle: simple wave function (angular momentum 0+, all orbitals ¢, (;) centred at the
origin)

4 i
— ng*j(b) Si(b) =< (PO‘EKP(_E/ dzZVy(b,Z,ri)|@o >
i=1 T
With

( ) B% %/j / d‘-i’/ d}f/ d_gé' 32 1+:‘_ J—hj—vffmffZKI%(b,Zzl'i)

Cluster wave functions: angular momentum projection of @ is necessary = multiple
integrals




4. APPLICATIONS OF THE EIKONAL METHOD: microscopic eikonal

Elastic cross section of o +2%8Pb at 288 MeV for different oscillator parameters B
Nucleon-nucleus optical potentials: Koning and Delaroche, Nucl. Phys. A 713, 231 (2003).

L ] | | | | | ]
19

El_ab = 288 MeV

107! B

S 1072 =

‘ s
b

a

= =

1074 b
L 208pp(a, ) 298P

| | | | | |
0 5 10 15 20 25 30 35
Oc.m. (deg)
e Strong dependence on the oscillator parameter.
e The form for B=0.1 fm is far from the experimental data.
e A good Bis 0.95 fm.

14




4. APPLICATIONS OF THE EIKONAL METHOD: microscopic eikonal

Elastic cross section of a+°8Ni at 288 MeV for different oscillator parameters B

El_ab = 288 MeV

s

1074 b=
- 58Ni(a-,a)58Ni

l ] ] ] | |
0 5 10 15 20 25 30 35

Oiom. (deg)




4. APPLICATIONS OF THE EIKONAL METHOD: microscopic eikonal

Future projects:
* cluster calculations @5 = AP D, g(p)
* Must be projected on angular momentum

¢ S(b) =< Dy exp(—%zifjooo v(r; — R)dZ )|®, > is more complicated

147
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Nuclear astrophysics: brief overview

Types of reactions: general definitions valid for all models

Type | EBample __lorign

Transfer 3He(®*He,2p)a Strong

cross section

. . decreases
Radiative capture  2H(p,y)3He Electromagnetic

Weak capture p+p 2 d+et+v Weak

149



Nuclear astrophysics: brief overview

* Transfer: A+B = C+D (o, strong interaction, example: 3He(d,p)*He)

m 2] +1 2
/ E = — U / E
Treme (E) =193 £ (211+1)(212+1)| o' Bl
T

UC];T, (E) =collision matrix (obtained from scattering theory = various models)
¢, ¢ =entrance and exit channels

Transfer reaction: @_) (_@
Nucleons are transfered

T Scattering energy E

A+B threshold, ex: 3He+d

C+D threshold, ex: *He+p

Compound nucleus, ex: °Li 150



Nuclear astrophysics: brief overview

 Radiative capture : A+B = C+y (o, electromagnetic interaction, example: 12C(p,y)*3N)
Jrm o 2
oI (E) ~ Y K< W | ||
A Jimg

Jrmg=final state of the compound nucleus C
W/iti(E)=initial scattering state of the system (A+B)
M, ,=electromagnetic operator (electric or magnetic): M, ~ e r’lYA“(QT)

Capture re-zactio.n: ® y
A photon is emitted @

Long wavelength approximation:

Wave number k, = E, /hc, wavelength: 4, = 2m/k,,

Typical value: E;, = 1 MeV, A, = 1200 fm >> typical dimensions of the system (R)
=2 k, R < 1= Long wavelength approximation

151



Nuclear astrophysics: brief overview

/[ initial state E>0, contains all J;m;,

A+B threshold, ex: 12C+p

/ final statesEf <0, specific /71y

o™ (E) ~ z z k22| < WIrmr || vy Wi (B) >
Jimi 4
* k, = (E — Ef)/hc = photon wave number
* In practice

o Summation over A limited to 1 term (often E1, or E2/M1 if E1 is forbidden)

E2 .
=i (kyR) K 1 (from the long wavelength approximation)
o Summation over J;m; limited by selection rules

Ui—Jf| < A<Ji+ s

TTp = (—1)* for electric, T;Tp = (—1)**1 for magnetic




Nuclear astrophysics: brief overview

* Weak capture (p+p—2> d+v+e’): tiny cross section = no measurement (only calc.)

Jrm o 2
o™ (B) ~ ) | < Wit | og | wim(E) >|
JiT;
o Calculations similar to radiative capture
o Og=Fermi (X; t;1+) and Gamow-Teller (};; t;+0;) operators

e Fusion: similar to transfer, but with many output channels
—> statistical treatment
- optical potentials



Nuclear astrophysics: brief overview

General properties

V(r)

£>0

Scattering energy E:  wave function ¥;(E)

common to all processes

Reaction threshold

E astro

Cross sections dominated by Coulomb effects
Sommerfeld parameter n = Z,Z,e?/hv

Coulomb functions at low energies
Fp(n,x) = exp(—mn) Fp(x),
Go(n, x) — exp(mn) Go(x),

Coulomb effect: strong E dependence : exp(27mn)
neutrons: ¢(E) ~ 1/v

Strong £ dependence

. h? £(¢+1
Centrifugal term: ~ oy (f+1)

7"2
—> stronger for nucleons (u = 1) than for a (u = 4)
154




Nuclear astrophysics: brief overview
General properties: specificities of the entrance channel 2 common to all reactions
* All cross sections (capture, transfer) involve a summation over ¢: (E) = Y., 0,(E)

* The partial cross sections g,(E) are proportional to the penetration factor

ka . .
P,(E) = PR Gk (a =typical radius)

1.E+01

1.E+00
Consequences

~>1.6-01 « £ > 0 are often negligible at low energies

e £ =471,,;,isdominant (often £,,;;, = 0)

1.E-02 * For? =0, Py(E) ~ exp(—2mn)

1.E-03

0 2 4
E (MeV)

Astrophysical S factor: S(E) = a(E)Eexp(2nn) (Units: E¥*L?: MeV-barn)

e removes the coulomb dependence = only nuclear effects
155

» weakly depends on energy 20 (E) = S, exp(—2mn) /E (any reaction at low E)



Nuclear astrophysics: brief overview
non resonant:S(E) = a(E)Eexp(2mn)

10° ¢
106 L .
- Example: 3He(a,y)’Be reaction
107 t &
c :
8 108 _ O Parker et al. -
Y g O Krawinkel et al. * Cross section o(E) Strongly
10° . ® Di Leva et al. depends on energy
: e Logarithmic scale

2 3 4
S factor
e Coulomb effects removed
5  Weak energy dependence
> M e Linear scale
£ o.\”'.
(Vp)

II]EJ Ifl:| O Parker et al.

O Krawinkel et al.
@ Di Lleva et al.

1 2 3 4 156




Nuclear astrophysics: brief overview

Resonant cross sections: Breit-Wigner form

T 2+ 1) [ (E)L(E)

k?(21; + 1)(2I, + 1) (Er — E)? +T?/4

* Jr, Ep=spin, energy of the resonance

* Valid for any process (capture, transfer)

» Valid for a single resonance = several resonances need to be added (if necessary)

or(E) =

e [}=Partial width in the entrance channel (strongly depends on E, ¥)
I, (E) = 2y2P,(E) with y#=reduced width (does not depend on E)

Pp(E) ~ exp(—2mn)
A resonance at low energies is always narrow (role of P,(E))

e [, =Partial width in the exit channel (weakly depends on E, ¥)

o Transfer: I[,(E) = ZyZZP{)f(E + Q) (ingeneralQ » E > P;.(E + Q) almost constant)

2
o Capture: I, (E) ~ (E — Ef)z +1B(E/l) - weak energy dependence

* Sfactor near aresonance S(E) = a(E)Eexp(2nn)

{r
SR (E) ~ (ER—);})Z-ZI-FZ/ Pf(E) eXp(Z”n)

'\Almost constant

- Simple estimate at low E (at the Breit-Wigner approximation)
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1000 ¢

S-factor (keV-b)

-

12C+p

100 |

10 |

13N
-

35

1/2

1/2-

)

"N

/

0.4

Note: BW is an approximation

* Neglects background, external capture
* Assumes an isolated resonance

V12F2

(ErR —E)?2+T?/4
V12F2

(Er —E)?2+T?/4

Sr(E) ~ P,(E) exp(2mn)

~

* For? =0:Py(E)exp(2nn) ~ constant
* For? >0, Py(E) < Py(E)
- £ > 0 resonances are suppressed

In 12C(p,y)13N:
e Resonance 1/2+: 4 =0
* Resonances 3/2-,5/2* ¥ = 1,2 = negligible

* |s more accurate near the resonance energy
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3He(d,p)*He: isolated resonance in a transfer reaction

20
—3/2+/ lr.
3He+d — _
15 F
o
Q=18.4 MeV é ol
o |
S
N 1/2_ 5 A l A Zhichang 77
@ Krauss 87
o+p . 3/2- L %He(d,p)*He - eeicto
0
0.001 0.01 0.1 1
Ecm (MeV)

3/2+ resonance:
e Entrance channel: spin S=1/2,3/2, parity+ 2> £ = 0,2
e Exit channel: spin S=1/2, parity+ 2 £ =1

159
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Breit Wigner approximation

o0 (E) T (2Jg +1) [q (B, (E)
WUk 2L+ 1)1, + 1) (Eg — E)? +T2/4

20

15
>
= Width at half maximum=total width I"
>
© 10 |
=3
@ l { Amplitude: ~ T [, /T*
T :::':::::::::::::::_l::-.ri- y Zhichang 77 /7
@ Krauss 87
3He(d,p)4He O Geist 99 ‘e
, \ A S(E) constant for £ = 0
0.001 0.01 0.1 1
Ecm (Me
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Selection of the main resonances

7 Il/.i89/ 77T ////1/-' 11C(p,Y)12N (Spin 11C=3/2')
. 27
70,960 :2_'_ 0.60 e Resonance2:¥ =0, E1
™ ||‘ * Resonance2*:¥ =1, E2/M1
JT::+ C+p - negligible
C2{ IZN :
0 ,/
725 o __]
6.74
6.4112
“Erp "836'01 18F(p,(1)150 (spin 18F=1")
2.
121535 - * Many resonances
5-@ Rl S * Only ¢ = 0 resonances are important
1.&*—*1%34'64 a li:i 9] = 1/2+, 3/2+ only
{1;2‘}“4'034. 14 4.20 ;?EZ) (9/2Y] -

=>» In general a small number of resonances play a role 161
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Many different situations
» Transfer cross sections (strong interaction)

— Non resonant: 6Li(p,at)3He
—  Resonant, with £.=( . : 3He(d,p)a
— Resonant, with {>¢ . - 11B(p,0t)®Be
—  Multiresonance: 22Ne(o,n)?>*Mg '®
O
» Capture cross sections (electromagnetic interaction) wn
— Non resonant: ®Li(p,y)’Be 0
n
— Resonant, with £=¢_. 12C(p,y)*N M
—  Resonant, with £>¢, . : 7Reln v18R Q
—  Multiresonance: 22 0 .
. LA A Ay s s
—  Subthreshold state: 13 = P S %
= "Li(p,o) He
2 01 ¢
* Weak capture cross sections (weak interaction| % or |
—  Non resonant p| &
3| o 0.001 - . ,
0.0001 . “m‘ml—l(pﬁ) Be
0.00001 i —
0.01 0.1 1 10
E (MeV)




120

S-factor (eV-b)

200

S-factor (eV-b)

1000 ¢

S-factor (keV-b)

80 |

40 |

Non resonant

150
100 r

50 r

Resonant
eminzol El
£R=1, M1

é 5
j{ M + # + "Li(p.y)'Be Litp -
+ ﬁ# ! H * o+3He —_—
. yE
0.5 1 15 k ’Be /
\/ 3+ \
g/ 7Be(p,y)8B \
@
— 14
=,?-I o .oo'"!'ooo" ’Be+p 24
. 1 . : : k 8B /

100 L

10

04 0.6

13N

5/2+\

3/2-

1/2+

1/2-

Resonant
L. =0

min~—

£,=0
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100

S-factor (keV-b)

10"

S-factor (MeV-b)

10 ¢

T ﬁmc ay)'°0

Hgﬁ@ e

—|:|-

10" |

108 |

*2Ne(a,n)*°Mg

wfw-,

E (MeV)

-

—_— 2+
- 1-
—_— 9.
o+2C @ ——————  1-
2+
- 3_
0+
0+
K 160 /
/ n+25®
20 states _
o+22Ne
125 states
0 0+
ZGMg

\_

Subthreshlod
states 27, 1-

Multiresonant

General situation
for heavy nuclei
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Theoretical methods: Many different cases = no “unique” model!

Model Applicable to | Comments
Potential/optical Capture  Internal structure neglected
model Fusion « Antisymetrization approximated
_ o , Light
R-matrix Capture » No explicit wave functions systems
Transfer « Physics simulated by some parameters
Low level
DWBA Transfer » Perturbation method densities
» Wave functions in the entrance and exit
channels
Microscopic Capture « Based on a nucleon-nucleon interaction
models Transfer « A-nucleon problems
» Predictive power
Hauser-Feshbach | Capture  Statistical model
Transfer Heavy
. systems
Shell model Capture « Only gamma widths




Conclusion

Reactions with exotic nuclei require
» Accurate scattering theory: CDCC / eikonal
* Accurate description of the projectile 2> microscopic models

Open questions/outlook

* Predictive power?

* Reducing the number of channels in CDCC - stochastic methods?
* Excitations of the target?

e Choice of nucleus-target or nucleon-target interaction?

e Absorption?

* Probably many others!

Nuclear astrophysics

* Many reaction rates are needed
 Many different types of reactions!
- No systematics!



