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Intr oduction: Halo Nuclei
Characterisedby avery largematterradius

Exhibit a low separationenergy of 1 or 2 neutrons

) stronglyclusterisedsystem:
neutronstunnelfar from thecoreandform ahalo
Examples:

Nucleus Sn or S2n

11Be � 10Be+ n 0.504MeV
11Li � 9Li + 2n 0.300MeV
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Breakup reaction
Halonucleiareshort-lived) studiedin indirectways
Breakup= dissociationof thecore+ halostructure
by interactionwith a target
) Needaccuratetheoreticaldescriptionof breakup
coupledto realisticmodelof projectile

Variousbreakupmodelsexist:
Semiclassical: P-T motion� classicaltrajectory
(perturbationtheory, eikonal,time-dependent)

Quantum: fully quantum(DWBA, CDCC)
New model:DynamicalEikonalApproximation
uni�es eikonalandtime-dependent
D. Baye,P.C.,G. Goldstein,PRL95,082502(2005)
G. Goldstein,D. Baye,P.C.,PRC73,024602(2006)
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Inputs
Projectile(P) modelledasa two-bodysystem:
core(c)+looselyboundnucleon(f ) describedby
H0 = Tr + Vcf (r )

Vcf adjustedto reproduce
boundstatesand
someresonances

TargetT seenas
structurelessparticle

R

b

r

Z T

P

c

f

P-T interactionsimulatedby opticalpotentials

) breakupreducesto three-bodyscatteringproblem:

[TR + H0 + VcT + Vf T ] 	( R ; r ) = ET 	( R ; r )
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Dynamical eikonal approximation (1)
Three-bodyscatteringproblem

[TR + H0 + VcT + Vf T ] 	( r ; R ) = ET	( r ; R )
with condition	( r ; R ) � !

Z !�1
eiK Z � 0(r )

To suppresstherapidvariationin R we factorise
	( r ; R ) = eiK Z b	( r ; R ):

H 	 = eiK Z [TR + vPZ +
1
2

� PTv2

+ (H0 + VcT + Vf T )] b	

NeglectingTR vsvPZ andusingET = 1
2� PTv2 + E0

i~v
@

@Z
b	 (r ; b; Z ) = [H0 � E0 + VcT + Vf T ]b	( r ; b; Z )
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Dynamical eikonal approximation (2)

i~v
@

@Z
b	 (r ; b; Z ) = [H0 � E0 + VcT + Vf T ]b	( r ; b; Z )

is equivalentto aTDSEwith straightline trajectories
BUT hereb andZ arequantal) no trajectory

Theusualeikonalusesadiabaticapprox.H0 � E0 � 0
) neglectsinternaldynamicaleffectsof projectile

b	 eik(r ; b; Z ) = e� i
~v

RZ
�1 dZ 0[VcT (r ;b;Z 0)+ Vf T (r ;b;Z 0)]� 0(r )

) dynamicaleikonalgeneralisesTDSEandeikonal

improvesTDSEby includinginterferences

improveseikonalby includingdynamicaleffects

weknow how to solveaccuratelyTDSE
– p.7/21



Breakupcrosssection
Breakuptransitionmatrixelement:

Tbu
f i = heiK 0�R � (� )

k jVcT + Vf T jeiK Z b	 i ;

whereH0�
(� )

k = E� (� )

k (ingoingscatteringwave)

Tbu
f i = heiK 0�R � (� )

k jH0 � E + VcT + Vf T jeiK Z b	 i

= heiK 0�R � (� )

k ji~v
@

@Z
+ E0 � E jeiK Z b	 i

� i~v
Z

dbeiq�b
Z 1

�1
dZ

@
@Z

h� (� )

k j b	 i ;

assumingq = K 0� K bZ transverseandE � E0 � 0

Tbu
f i = i~v

Z
dbeiq�bh� (� )

k j b	( Z ! 1 )i
– p.8/21



Breakupcrosssection(2)
After integrationover � b,

Tbu
f i /

X

lm

Y m
l (
 k)ei (m0� m)'

Z 1

0
Jjm0� mj(qb)Sklm(b)bdb;

whereSklm(b) = h� klmj b	( Z ! 1 )i
containsall breakupinformation

Crosssections:
d� bu

dk d

/ jTbu

f i j2
R

d
 k ;
R

d

� ! d� bu

dEd
 andd� bu
dE

) DynamicaleikonalextendsTDSE
to new observables(differentialcrosssections)

takinginto accountinterferencesbetweentrajectories
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11Be
Weillustratethetechniquefor 11BeonC andPb
11Be is thebestknown one-neutronhalonucleus

Its breakuponC andPbmeasuredatRIKEN
Fukudaetal. PRC70,054606(2004)
10Be-npotentialchosento reproduce�rst threestates

1/2+ -0.504 1s1=2
1/2� -0.184 0p1=2

5/2+ 1.274 d5=2

WeuseaW-S with paritydependencedepthplusS-O

OpticalpotentialsVcT andVf T chosenin theliterature

) All parametersadjusteda priori : not �tting param.
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Breakupof 11Beon 12C @ 67AMeV
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Goodagreementwith
experiment(noparam.)

Diffractionpattern
in all partialwaves

Eikonal: differentpattern

Dominance: p at 0.1MeV;
d at 1.3MeV=Eres

DynamicaleikonalextendsTDSEto light targetsand
differentialobservables
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Breakupof 11Beon Pb @ 69AMeV
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Goodagreementwith experiment(noparameter)

p wavesat small � , whereCoulombdominates

All wavesat large� , wherenucleardominates
(theoryslightly underestimatesdata)

Eikonaldivergesat � = 0� ,
but agreeswith dynamicalat large�
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Comparisonwith eikonal
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Eikonalnot right asymptotics(1=bwhereasdyn. / e� ab)

) divergeswhenCoulombdominates(small� )
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Relativeenergy distrib ution
11Be+ 208Pb@ 69AMeV
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Goodagreementwith experiment
OK for � � 1:3� whereCoulombdominates
underestimatesdatawhenall � included(nuclear?)

Eikonaldiverges) needsacutoff at largeb
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Conclusion
Breakupis a tool to studyhalonuclei

DynamicalEikonalApproximation
is anew reactionmodel
uni�es Time-DependentandEikonal:

includesinterferencesbetweentrajectories
includesinternaldynamicsof theprojectile

) extendsTDSEto differentialobservables
Goldstein,Baye,P.C.,PRC73,024602(2006)
Goodagreementwith experiment
for bothlight andheavy targets

) Onemodelfor all targetsandcrosssections
at intermediateenergies
Future: improve theprojectiledescription
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Elastic scattering
Transitionmatrixelementsreads

Tel
f i = heiK 0�R � 0jVcT + Vf T jeiK Z b	 i

=
Z

dR ei(K Z � K 0�R )h� 0ji~v
@

@Z
� H0 + E0j b	 i

SettingS0(b) = h� 0j b	( b;Z ! 1 )i � 1 gives

Tel
f i � i~v

Z
dbeiq�bS0(b) = 2i� ~v

Z 1

0
J0(qb)S0(b)bdb

Usingq = 2K sin� =2, weget d� el
d
 / jTel

f i j
2

eikonalapprox.is obtainedreplacingb	 ! b	 eik

TDSEangulardistributionsuseof bcl: = 2�
K �

) no interference
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Elastic scatteringof 11Beon 12C
11Be+12C @ 50AMeV

�

�

�
�

�

�

�

�
�

�
	

�

�

�
�

�

�

�

�

�



��

�

� ��

�

�

�

�

�

����� ���

�

��� �

Goodagreementwith
experiment
(No �tting parameter)

Largeinterferences
) TDSEcannotbeused

Small difference between
dynamical and usual
eikonal

) little dynamicaleffectsin elasticscattering
(on light target?)
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Elastic scatteringof 11Beon 208Pb
11Be+208Pb@ 20AMeV
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Smallerinterferences
TDSEfairly valid at
forwardangles

Smalldifferencebetween
dyn. andusualeikonal
) little dynamicaleffects
in elasticscattering

Validatesusualeikonalfor describingelasticscattering
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Eikonal and time-dependentmodels
Eikonal: scatteringwave functionapproximatedby

	 eik = exp
�
� i

Z Z

�1
dZ 0VPT(b + Z 0bZ )

�
� 0

+ simpleapproximationwith all degreesof freedom
� no internaldynamicsof theprojectile
� nogoodasymptoticbehaviour
Time-dependent: P-T motion= classicaltrajectories
) wave functionsolutionof TDSE:

i
@	 TDSE

@t
= f H0 + VPT[R(t)]g 	 TDSE

+ includesdynamicsinsidetheprojectile
� classicaltrajectories) no interferenceeffects

– p.19/21



Coherent and incoherent rotations
Two waysof rotatingb	 along� b:

Incoherent: b	( r ; b;� b; Z ) = b	( r ; b;0; Z )

Coherent: b	( r ; b;� b; Z ) = ei(m0� lz )� b b	( r ; b;0; Z )
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Dif ferencein patternif m 6= m0
Eikonalassumedincoherent
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Energy distrib ution
11Be+12C 67AMeV

RPP+CK
RPP+BG
ATB+CK
ATB+BG

Riken exp.

E (MeV)

d¾
bu

=
dE

(b
/M

eV
)

3.532.521.510.50

0.06

0.05

0.04

0.03

0.02

0.01

0

Goodagreementwith experiment(No parameter)

d5/2resonanceexplainedby simple2-bodymodel
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