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Introduction
Exotic nuclear structures are found far from stability
E.g. halo nuclei with
peculiar quantal structure:

Light, n-rich nuclei

Largematter radius

Low Sn or S2n

Noyau stable

Noyau riche en neutrons

Noyau riche en protons

Noyau halo d’un neutron

Noyau halo de deux neutrons

Noyau halo d’un proton-N
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⇒ strongly clusterised system:
neutronstunnelfar from thecoreand form ahalo

Far from stability nuclei areshort-lived
⇒ studied inindirectways, e.g. through reactions

⇒need accuratereaction models
andobservablessensitive to nuclear structure
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Framework
Projectile(P ) modelled as a two-body system:
core(c)+loosely boundnucleon(f ) described by

H0 = Tr + Vcf(r)

Vcf adjusted to reproduce
bound stateΦ0

and resonances
TargetT seen as
structureless particle

R

b

r

Z T

P

c

f

P -T interaction simulated by optical potentials
⇒breakup reduces tothree-bodyscattering problem:

[TR + H0 + VcT + VfT ] Ψ(R, r) = ETΨ(R, r)

with initial conditionΨ(r, R) −→
Z→−∞

eiKZ+···Φ0(r)
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CDCC
Solve the three-body scattering problem:

[TR + H0 + VcT + VfT ] Ψ(r, R) = ETΨ(r, R)

by expandingΨ on eigenstates ofH0

Ψ(r, R) =
∑

i
χi(R)Φi(r) with H0Φi = ǫiΦi

Leads to set of coupled-channel equations (henceCC)
[TR + ǫi + Vii] χi +

∑
j 6=i

Vijχj = ETχi,

with Vij = 〈Φi|VcT + VfT |Φj〉
The continuum has to bediscretised(henceCD)
[Kamimuraet al. Prog. Theor. Phys. Suppl. 89, 1 (1986)]
codeFRESCO [Thompson, Comp. Phys. Rep. 7, 167 (1988)]
Fully quantalapproximation
No approx. onP -T motion, nor restriction on energy
But expensivecomputationally (at high energies)
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Time-dependent model
P -T motion described byclassical trajectoryR(t)
Time-dependent potentials simulateP -T interaction
P structure described quantum-mechanically byH0

⇒Time-dependent Schrödinger equation (TDSE)

i~
∂

∂t
Ψ(r, b, t) = [H0 + VcT (t) + VfT (t)]Ψ(r, b, t)

solved for eachb with initial conditionΨ −→
t→−∞

Φ0

Many codeshave been written to solveTDSE
[Esbensen, Bertsch and Bertulani, NPA 581, 107 (1995)]
[Typel and Wolter, Z. Naturforsch. A54, 63 (1999)]
[P.C., Baye and Melezhik, PRC 68, 014612 (2003)]

Lacksquantum interferencesbetween trajectories
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Dynamical eikonal approximation
Three-body scattering problem:

[TR + H0 + VcT + VfT ] Ψ(r, R) = ETΨ(r, R)

with conditionΨ −→
Z→−∞

eiKZΦ0

Eikonalapproximation: factoriseΨ = eiKZΨ̂

TRΨ = eiKZ [TR + vPZ +
µPT

2
v2]Ψ̂

NeglectingTR vsPZ and usingET = 1
2µPTv2 + ǫ0

i~v
∂

∂Z
Ψ̂(r, b, Z) = [H0 − ǫ0 + VcT + VfT ]Ψ̂(r, b, Z)

solved for eachb with conditionΨ̂ −→
Z→−∞

Φ0(r)

This is the dynamical eikonal approximation (DEA)
[Baye, P. C., Goldstein, PRL 95, 082502 (2005)]
Same equation asTDSEwith straight line trajectories
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DEA, TDSE and eikonal

i~v
∂

∂Z
Ψ̂(r, b, Z) = [H0 − ǫ0 + VcT + VfT ]Ψ̂(r, b, Z)

DEA 6= TDSEbecauseb andZ are quantal
⇒ includes interference betweentrajectories

The usualeikonaluses adiabatic approx.H0 − ǫ0 ∼ 0
⇒ neglects internal dynamics of projectile

Ψ̂eik(r, b, Z) = e−
i

~v

∫ Z

−∞
dZ

′[VcT (r,b,Z
′)+VfT (r,b,Z

′)]Φ0(r)

⇒ dynamical eikonal generalises TDSE and eikonal
improves TDSE by includingquantalinterferences
improves eikonal by includingdynamicaleffects

How doCDCC, TDSEandDEA compare?
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Energy distribution: 15C+Pb @ 68AMeV

CDCC
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TDSE
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Excellentagreement between all three models

Excellent agreement with experiment
[Nakamuraet al. PRC 79, 035805 (2009)]

⇒Confirms the validity of the approximations
. . . and the two-body structure of15C
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Angular distribution: 15C+Pb @ 68AMeV
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TDSElacks quantum interferences
but reproducesthe general trend at smallθ
and observables integrated over angles

DEA exhibits the quantum interferences
much less time consuming thanCDCC
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15C+Pb @ 20AMeV

TDSE

CDCC

DEA

TDSE (straight lines)
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Disagreement betweenDEA andCDCCincreases
With Coulomb trajectoriesTDSE follows CDCC
With straight lines TDSE follows DEA

⇒DEA lacks Coulomb deflection
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Conclusion of the comparison
Various nuclear-reaction models exist
Built on simple description of nuclei
usingphenomenologicalpotentials
see review article [Baye, P.C. arXiv:1011.6427 (2010)]

All models agree in energy distribution
agree with exp.⇒mechanism well understood

TDSElacksinterferencesin angular distribution
because of semiclassical approximation
DEA reproducesCDCCresults
while less time consuming
but lacks Coulomb deflection

⇒CDCCcan be replaced byDEA at high energies
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Study of halo nuclei (TDSE)
19C on Pb @67AMeV
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[Typel and Shyam, PRC 64, 024605 (2001)]

Exp. [Nakamuraet al. , PRL 83, 1112 (1999)]

11Be on C @67AMeV

Experiment
Convoluted
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[P.C., Goldstein, Baye, PRC 70, 064605 (2004)]

Exp. [Nakamuraet al. PRC 70, 054606 (2004)]

Sensitive tobinding energy
Sn = (a) 530keV; (b) 650keV
Probes structure ofcontinuum(5/2+ resonance)
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Reaction dynamics (DEA)
8B on Pb @44AMeV

θc = 1.5°θc = 2.4°θc = 3.5° 44AMeV
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DEA calculations
[Goldstein, P.C. and Baye, PRC 76, 024608 (2007)]

agree with data
[Davidset al. PRL 81, 2209 (98)]

validate7Be + p structure
of 8B

presence ofE2 transitions

higher-ordereffects
(couplings in continuum)

⇒ significant reaction dynamics
⇒attention when extracting info. from breakup data
(e.g.dB(E1)/dE)
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Application to astrophysics (CDCC)
15C on Pb @68AMeV
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[Summers and Nunes, PRC 78, 011601(R) (2008)]

CDCCcalculations with various15C models
ExtractANC from comparison with data

[Nakamuraet al. PRC 79, 035805 (2009)]
Deduceσcapt for 14C(n, γ), agrees with direct measure

Same analysis withTDSE[Esbensen PRC 80, 024608 (’09)]
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Sensitivity to model inputs
Breakup is used to infer information about

exotic nuclear structure (halo nuclei)

radiative capture of astrophysical interest

Reaction process is complex (E2, higher-orders. . . )

Calculations sensitive to
optical potentialsVPT

Ex. 11Be+C @69AMeV
[P.C., Goldstein, Baye, PRC 70, 064605 (2004)]

RPP+CKRPP+BGATB+CKATB+BGExp.
E (MeV)

d� bu=dE(b/
MeV)

3.532.521.510.50
0.060.050.040.030.020.010

Is there an observableinsensitiveto reaction process,
VPT , and that gives direct access to nuclear structure ?
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Angular distributions
11Be+Pb @69AMeV [P. C., M. Hussein, D. Baye, PLB 693, 448 (2010)]

dσbu/dEdΩ

dσel/dσR

θ (deg)
1086420
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10−2

Very similar features forscatteringandbreakup:
oscillations at forward angles
Coulomb rainbow (∼ 2◦)
oscillations at large angles

⇒projectile scattered similarly bound or broken up
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Recoil Excitation and Breakup
Assumes [R. Johnsonet al. PRL 79, 2771 (1997)]

adiabatic approximation
VfT = 0

⇒excitation and breakup due torecoil of the core
Elastic scattering:dσel

dΩ = |F00|
2( dσ

dΩ)pt

F00 =
∫
|Φ0|

2eiQ · rdr Q ∝ (K − K′)
⇒ scattering ofcompound nucleus≡

form factor× scattering ofpointlike nucleus

Similarly for breakup: dσbu

dEdΩ = |FE,0|
2( dσ

dΩ)pt

|FE,0|
2 =

∑
ljm

∣∣∣
∫

Φljm(E)Φ0e
iQ · rdr

∣∣∣
2

⇒explains similarities in angular distributions
provides the idea for theratio technique. . .
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Ratio technique
dσbu/dσel = |FE,0(Q)|2/|F00(Q)|2

completelyindependentof reaction process
not affected byVcT

probes only projectile structure
no need to normalise exp. cross sections

Test this usingDEA

without adiabatic approximation
includingVfT

Alternative: dσbu/dσsum = |FE,0|
2

=
∑

ljm

∣∣∣
∫

Φljm(E)Φ0e
iQ · rdr

∣∣∣
2

with dσsum

dΩ = dσel

dΩ + dσinel

dΩ +
∫

dσbu

dEdΩdE
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Testing with DEA
11Be+Pb @69AMeV [P. C., R. Johnson, F. Nunes, arXiv:1104.2228 (2011)]

|FE,0|
2

Ratio
dσsum/dσR

dσbu/dEdΩ

θ (deg)
1086420

103

102

10

1

0.1

10−2

10−3

10−4

removes most of the angular dependence
REB predicts ratio= |FE,0|

2

confirmed by DEA calculations

⇒probestructurewith little dependence onreaction
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(In)sensitivity to reaction process

11Be+C @ 67AMeV

11Be+Pb @ 69AMeV
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Similar for Coulombandnucleardominated collisions

⇒nearlyindependentof the reaction process
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Sensitivity to projectile description
Study sensitivity to

bindingenergy bound-stateorbital

E0 = 5 MeV
E0 = 0.5 MeV

E0 = 50 keV
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Sensitive to bothbindingenergy andorbital
in bothshapeandmagnitude

Works better for loosely-bound projectile
(adiabatic approximation ?)
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Sensitivity to radial wave function
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2 similar to those inulj

Forward angles probeasymptoticsof ulj

Large angles probe theinterior of ulj

may be difficult to distinguish experimentally
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Summary of the ratio method
Breakup is a tool to study halo nuclei
Study hindered by reaction mechanism,VPT . . .
We propose aratio of angular distributions

[P. C., R. Johnson, F. Nunes, arXiv:1104.2228 (2011)]
Removes most of the dependence on reaction process
Probes

binding energy
partial-wave configuration
radial wave function

Openquestions
What happens for SF< 1 ?
Is this valid for two-neutron haloes ?
Can we extend this to proton haloes ?
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Perspectives
Most reaction models built on
simpleprojectile description
usingphenomenologicalVPT

Ratio techniqueremovesdependence onVPT

⇒gives access to finer information about projectile

Future: improve the description of projectile

include configuration mixing
XCDCC[Summerset al. PRC 74, 014606 (2006)]

useDEA, as less expensive than CDCC

three-body projectiles

CCE [Bayeet al. PRC 79, 024607 (2009)]

CDCC[Rodrìguez-Gallardoet al. PRC 80, 051601 (’09)]
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Role of VnT

VnT = 0

Ratio
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Large-angle oscillations due toVnT

VnT shifts oscillations[R. Johnsonet al. PRL 79, 2771 (97)]
shift vary with excitation energyE

VnT known⇒well under control
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Role of VnT on C

VnT = 0
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Oscillations at 2–4◦ due toVnT

VnT shifts oscillations[R. Johnsonet al. PRL 79, 2771 (97)]
shift vary with excitation energyE

VnT known⇒well under control
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Insensitivity to VPT (1)

Coul. P.-S.
C.+N.
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Without nuclear part ofVPT , differentdistributions:

different Coulombrainbow

differentoscillations

However,same ratio
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Insensitivity to VPT (2)

Coul P.-P.
Coul P.-S.
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However,same ratio
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Other ratios

10 × dσbu/(dσel + dσinel)
10 × dσbu/dσel
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Analysis
8B + Pb @ 44AMeV (MSU) [Davids PRL 81, 2209 (01)]
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Nuclear interaction
negligible
at forward angles

SignificantE1-E2
interference
(asymmetry)

First-order:
more asymmetric
⇒higher-order
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