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What havewe done?

Developed a scatteringmethod Multi-ChannelAlgebraic
Scattering(MCAS)

{ Starts from Coupled-Channelinteraction method.

{ Expandsthe CC potential usinga Sturmian-expansion
method

{ Computesalgebraically the S-matrix

{ Extracts from the S-matrix all structure and resonance
informations(bound-states,shape resonances,Fano-Feshbach,
etc.)

{ Includesthe e�ects of the Pauli exclusionprinciple between
the incomingnucleonand the targets.

Presently, analyzedspectra of medium-lightnucleiC-13,
N-13, C-15, (F-15), (He-7), (B-7), Be-7, Li-7, Be-9, C-17,
C-19, 9

� Be, 13
� C.
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Levchuk(Ukraine), Shebeko (Ukraine).
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Sturmians

Part I

Sturmians
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

Sturmians(aka Weinberg states): a di�erent way to QM.
Considera two-body like Hamiltonian:

(E � Ho)	 E = V 	 E ; (1)

whereE is the spectral variable, and 	 E is the eigenstate.
Sturmiansare the eigensolutionsof:

(E � Ho)� i (E) =
V

� i (E)
� i (E) ; (2)

whereE is a parameter. The eigenvalue� i is the potential scale.
SPECTRUM:all the potential rescalingsthat give solution to that
equation,for givenenergyE, and with well-de�ned boundary
conditions.
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

Standard boundary conditionsof � i (E):

E < 0 Bound-statelike; normalizable.

E > 0 Purelyoutgoing/radiating waves;nonnormalizable.

The spectrum of eigenvaluesis purelydiscrete,and bound
absolutely. For short-range (nuclear-type) potentials, the
eigenvaluescan accumulatearound 0, only.
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

Then, the single-channelS-matrix can be written as

S(E) =
� i (1 � � i (E(� ) ))
� i (1 � � i (E(+) ))

(3)

Alternatively, introducingthe factor �̂ i (E; k) in momentumspace

�̂ i (E; k) = < k; cjV j� i (E) > ; (4)

the S-matrix can be rewritten alsoas

S(E) = 1 � i � k
X

i

�̂ i (E(+) ; k)
1

1 � � i (E(+) )
�̂ i (E(+) ; k) (5)
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

Most interestingly, the last expressioncan be generalizedto
coupled-channeldynamics:onestarts from a coupled-channel
hamiltonianwith potential Vcc0, and obtainsan S-matrix of the
form:

Scc0(E) = � cc0� i �
p

kck0
c

X

i

�̂ ci (E(+) ; kc)
1

1 � � i (E(+) )
�̂ c0i (E

(+) ; kc0)

(6)
The following interpretation can be givento the last expression:
the scatteringprocessinitiated in channelc is \captured" into
Sturmians.Subsequentlythe Sturmianpropagates,and �nally
decays into the outgoingchannel.(Similar Structure of the
R-matrix formalism,but .... better?).
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

How resonancesand bound statesare found in Sturmian theory.
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

The caseof neutron-12C in the 3/2+ channel
A realisticcase:low-energyresonancesin 3/2 + n-12C system.
Sturmianpatterns(left) and 3/2+ resonantX-sect (right).
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Model potential and OPP (MA CRO deformed-potential)

Part II

CollectiveCoupled-Channelpotential andOPP
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

Current description:nucleon-nucleusscattering(light nucleiwith
0+ g.s.) including�rst core excitation of collectivenature
(quadrupole, octupole, etc).

Vcc0(r ) =
X

n= C;LS;LL;SI

Vn < (`s)jI ; J � jOnfn(r ; R; � r;R)j(`0s)j 0I 0; J� >

For all operators, the functional forms are expandedto second
order in the core-deformation parameter(R = R0(1 + � 2P2(� ))

fn(r ; R; � ) = f (0)
n (r ) � � 2R0P2(� )

d
dr

f (0)
n (r )

+
� 2

2R2
0

2
p

�

 

P0 �
2
p

5
7

P2(� ) +
2
7

P4(� )

!
d2

dr2 f (0)
n (r )
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

The radial forms f (0) (r ) are spherically-symmetricfunctions.
For the CENTRAL, ORBIT-ORBIT, & SPIN-SPINterms:

f (0)
n (r ) = [1 + exp

r� R
a ]� 1 for (n = C; LL; SI) (7)

For the SPIN-ORBITterm we considerthe LS operator OLS only
(not the full Thomasterm), with the following radial form.

f (0)
LS (r ) =

1
r

d
dr

[1 + exp
r� R

a ]� 1 for (LS) (8)

ECT* 2010 5-10 April Trento Low-lying resonances...



Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

Figure: The core spectrum usedas inut.
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

First applicationn � C12 aborted: Why?

The deepforbiddenstates
contaminatethe physical
solutiondue to CC. Problems
in CC formalisms(but not
only).

ECT* 2010 5-10 April Trento Low-lying resonances...



Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

The solution: Eliminationof theseforbiddenstatesin the de�nition
of the Hamiltonian.

The OPP techniquehighly nonlocal. ( Kukulin et al. '74)

(OCM) constrainedhamiltonian. (Saito '69)

The OPP approach(Kukulin et al.) eliminatesthe deepbound
statesintroducinga new term in the nuclear potential.
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

The full nuclear potential Vcc(r ) is not the local potential n � C12:
The \complete" potential is (in partial-wavedecomposition)

Vcc0(r ; r 0) = Vcc0(r )� (r � r 0)

+ � cc0� cAc(r )Ac(r0)( � c= s 1
2

+ ) + � cc0� cAc(r )Ac(r0)( �
c= p 3

2
� )

Ac(r ) are the Pauli-forbiddendeep(CC-uncoupled)bound states.

A state in the OPP approachis:
forbiddenin the limit � ! + 1
allowed when� ! 0
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

Table: Pauli e�ects on sub-thresholdand bound statesin the continuum
in the limit � 2 ! 0 (with Vss = 0). L.Cantonet al. PRL 94 ('05)

J� With Pauli (OPP) No Pauli n+ 12C
1
2

+
- � 26.57 0s1=2 + 0+

1
3
2

+
; 5

2
+

- � 22.13 0s1=2 + 2+
1

1
2

+
- � 18.91 0s1=2 + 0+

2
3
2

�
- � 8.849 0p3=2 + 0+

1
1
2

�
� 4.685 � 4.685 0p1=2 + 0+

1
1
2

�
; 3

2
�

; 5
2

�
; 7

2
�

- � 4.410 0p3=2 + 2+
1

3
2

�
- � 1.195 0p3=2 + 0+

2
1
2

+
� 0.837 � 0.837 1s1=2 + 0+

1
3
2

�
; 5

2
�

� 0.246 � 0.246 0p1=2 + 2+
1

5
2

+
� 0.171 � 0.171 0d5=2 + 0+

1
1
2

�
2.969 2.969 0p1=2 + 0+

2
3
2

+
; 5

2
+

3.601 3.601 1s1=2 + 2+
1

1
2

+
; 3

2
+

; 5
2

+
; 7

2
+

; 9
2

+
4.267 4.267 0d5=2 + 2+

1
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Model potential and OPP (MA CRO deformed-potential)
First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials
The � 2 dependence

Theoretical (� 2: 0 ! -0.52) & Experimental

ECT* 2010 5-10 April Trento Low-lying resonances...



Applications of MCAS theory

Part III

Applicationsof MCAStheory
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Analyzingpowersof nucleonso� 12C

First MCAS results:
K.Amos et al NPA 728 ('03); PRC 72 ('05)

Experimentaldata AY :
TUNL data on ~n-12C Ay 2:2 < E < 8:0 MeV
(� E ' 0:2 � 0:4)
C.D. Roper, W. Tornow, et al. PRC 72 ('05)

Teststhe spin-structureof our interaction. Spin-orbit needs
additional terms at theseenergies?
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Scatteringamplitudes:

A(� ) = fC(� ) +
1

2ik

X

`

e2i � `
�
(` + 1)S>

` + `S<
` � (2` + 1)

�
PL(cos� )

B(� ) =
1

2ik

X

`

e2i � `
�
S>

` � S<
`

�
P1

L (cos� )

Observables:

d�
d


= jAj2 + jBj2

P = Ay (� ) =
2= AB �

jAj2 + jBj2

ECT* 2010 5-10 April Trento Low-lying resonances...



Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Analysisof 15F (vs. 15C mirror partner)

Triggeredby recentdata by:
V.Z. Goldberg et al. PRC 69 ('04)
F.Q. Guoet al. PRC 72 ('05).

OUR STUD Y
L.Canton,G.Pisent,J.Svenne,K.Amos,et al.: PRL 96 ('06)

used15C in �t -analysisto predict newstatesin 15F
Introducedin collective-type potential modelsa
new concept: Pauli Hindrance.
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

15F (top, p � 14 O � cm = 180o) & 15C (bottom)
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Applications of MCAS theory
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P-shells in mass=7 nuclei
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

15F (p � 14 O � cm = 147o)
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

n � 15 C PARAMETERS
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

The conceptof Pauli hinderedstates:
Pauli Forbidden(� ' 1GeV):

0s1=2 + 0+
1 0s1=2 + 0+

2 0s1=2 + 2+
1

0p3=2 + 0+
1 0p3=2 + 0+

2 1p3=2 + 2+
1

0p1=2 + 0+
1 � �

Pauli Hindered (� ' 1 � 50MeV)

� 0p1=2 + 0+
2 0p1=2 + 2+

1Pauli Allowed (� ' 0MeV)

1s1=2 + 0+
1 1s1=2 + 0+

2 1s1=2 + 2+
1

0d5=2 + 0+
1 0d5=2 + 0+

2 0d5=2 + 2+
1

0d3=2 + 0+
1 0d3=2 + 0+

2 0d3=2 + 2+
1

� � � � � � � � �
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

The conceptof Pauli HINDRANCE....

[Eric.Schmid,1978] \The statescan be Pauli-forbidden,
Pauli-allowed, or Pauli-suppressed" Trieste,IAEA Few-Body
Conference.

[Langanke-Friedrich, 1986] \The role of partially redundant
states" Adv in Nucl. Phys.
RGM theory:

Forbidden- Eigenvaluein the Norm Kernele = 0
Allowed - Eigenvaluein the Norm Kernele = 1
Quasi-Rendundant- Eigenvaluein the Norm Kernel0 < e < 1
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

A=7 nucleiasn + halo-core

7Li $ p+ 6He(0+
1 [g:s:]; 2+

1 [1:78MeV]; 2+
2 [5:6MeV])

7He $ n+ 6He(0+
1 [g:s:]; 2+

1 [1:78MeV]; 2+
2 [5:6MeV])

7Be $ n+ 6Be(0+
1 [g:s:]; 2+

1 [1:70MeV]; 2+
2 [5:6MeV])

7B $ p+ 6Be(0+
1 [g:s:]; 2+

1 [1:70MeV]; 2+
2 [5:6MeV])

SeePhys. Rev. C, 74 (2006) for comparison with the clusterpicture:

7Li $ t + �
7Be $ 3 He+ �

& with shellmodel approach(Amos-Karataglidis):

7Li $ 3p + 4n 7He $ 2p + 5n
7Be $ 3n + 4p 7B $ 2n + 5p
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Exp spectra:

6He + p !
8 statesbelow
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Table: Parametervaluesof
the (negativeparity) potential.

V0(� ) V`` V`s VIs

� 36.817 � 1.2346 14.9618 0.8511
R0 fm; a fm; Rc fm; � 2

2.8 0.88917 2.0 0.7298

Table: Experimentaldata and theoretical
resultsfor 7Li and 7Be states(in MeV).

J� 7Li 7Be
Exp. Theory Exp. Theory

3
2

�
� 9.975 � 9.975 � 10.676 � 11.046

1
2

�
� 9.497 � 9.497 � 10.246 � 10.680

7
2

�
� 5.323[0.069] � 5.323 � 6.106[0.175] � 6.409

5
2

�
� 3.371[0.918] � 3.371 � 3.946[1.2] � 4.497

5
2

�
� 2.251[0.08] � 0.321 � 3.466[0.4] � 1.597

3
2

�
� 1.225[4.712] � 2.244 �� ��

1
2

�
� 0.885[2.752] � 0.885 � 2.116

7
2

�
� 0.405[0.437] � 0.405 � 1.406[?] � 1.704

3
2

�
�� �� � 0.776[1.8] � 3.346

3
2

�
1.265(0.26) 0.704(0.056) 0.334(0.32) � 0.539

1
2

�
1.796(1.57) 0.727(0.699)

3
2

�
3.7 (0.8) ?a 2.981(0.99) 1.995(0.231)

5
2

�
4.7 (0.7) ?a 3.046(0.75) 2.009(0.203)

5
2

�
5.964(0.23) 4.904(0.150)

7
2

�
6.76 (2.24) 6.5 (6.5) ?b 5.78 (1.65)
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Statesfor 7He and 7Li with the samenuclear potential
Only the OPP term changes:for 7Li

Pauli Forbidden � ' 1GeV

0s1=2 + 0+
1 0s1=2 + 2+

1 0s1=2 + 2+
2

Pauli Allowed � ' 0MeV

0p3=2 + 0+
1 0p3=2 + 2+

1 0p3=2 + 2+
2

0p1=2 + 0+
1 0p1=2 + 2+

1 0p1=2 + 2+
2
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

for 7He
Pauli Forbidden � ' 1GeV

0s1=2 + 0+
1 0s1=2 + 2+

1 0s1=2 + 2+
2

Pauli Hindered � ' 1 � 10MeV

0p3=2 + 0+
1 0p3=2 + 2+

1 0p3=2 + 2+
2

0p1=2 + 0+
1 0p1=2 + 2+

1 0p1=2 + 2+
2

� (0p3=2[0+
1 ; 2+

1 ; 2+
2 ]) = 17:6MeV,

� (0p1=2[0+
1 ]) = 36:0MeV,

� (0p1=2[2+
1 ; 2+

2 ]) = 5:6MeV
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Table: Experimentaldata and theoretical resultsfor 7He and 7B states
(in MeV).

J� 7He 7B
Exp. Theory Exp. Theory

3
2

�
0.445(0.15) 0.43 (0.1) 2.21 (1.4) 2.10 (0.19)

7
2

�
�� 1.70 (0.03) 3.01 (0.11)

1
2

�
1.0 (0.75) ?a 2.79 (4.1) 5.40 (7.2)

5
2

�
3.35 (1.99) 3.55 (0.2) 5.35 (0.34)

3
2

�
6.24 (4.0) ?a 6.24 (1.9)
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Voices from experiments ...

n-12 C: Low energy details

10
-2

10
-1

10
0

Elab(MeV)

0

2

4

6

8

s
 (

b)

MCAS, talk at the
Int'l Few-Body 2006,

Santos,Brasil

5
2

�
resonancecentroidvery sensitiveto Pauli blocking
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Voices from experiments ...

OlenaGritzay, et al. Institute for Nuclear Research, Kyiv, UA
neutron-C12

1 10 100

4,2

4,3

4,4

4,5

4,6

4,7

4,8

 e xp

 JE N D L -3 .3

Cr
os

s s
ec

tio
n, 

ba
rn

Energy, keV

Di�erence with ENDF Libraries
is evident. Possibleexistence
of a very strong resonancein
C-13 in the 120-160KeV Region
Conference"Nuclear Data
for Scienceand Technology"
Nice, France,2007
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Voices from experiments ...
15 F resonant states

J� Theory E; ( 1
2 �) ExperimentE; ( 1

2 �)
1
2

+
1.31 (0.8) 1.47 (1.00)

5
2

+
2.78 (0.3) 2.77 (0.24)

1
2

�
5.49 (0.005)

5
2

�
6.88 (0.01)

3
2

�
7.25 (0.04)

1
2

+
7.21 (1.2)

5
2

+
7.75 (0.4)

3
2

+
7.99 (3.6)

Table: SeepublicationPRL 96 072502(2006)
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Voices from experiments ...
15 F resonant states

J� Theory E; ( 1
2 �) ExperimentE; ( 1

2 �)
1
2

+
1.31 (0.8) 1.47 (1.00)

5
2

+
2.78 (0.3) 2.77 (0.24)

1
2

�
5.49 (0.005) 4.9 (< 0.2)

5
2

�
6.88 (0.01) 6.4 (< 0.2)

3
2

�
7.25 (0.04)

1
2

+
7.21 (1.2)

5
2

+
7.75 (0.4) 7.8 (0.4) ?

3
2

+
7.99 (3.6) ?

Table: Seepublication@GSIDarmstadt Mukha et al. PRC 79 061301
(2009)
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Voices from experiments ...

Table: Resultsfor 7He .....

J� 7He
Exp. Theory

3
2

�
0.445(0.15) 0.43 (0.1)

7
2

�
�� 1.70 (0.03)

1
2

�
1.0 (0.75) ?a 2.79 (4.1)

5
2

�
3.35 (1.99) 3.55 (0.2)

3
2

�
6.24 (4.0) ?a 6.24 (1.9)

The claim of a low-lying 1
2

�
@GSI(Meister et al. PRL 88 (2002))

hasbeensupersededby a more recentGSI-exp(Aksyutina et al,
Phys. Lett. 2009): concludingthat the low-lying 1

2
�

could not be
observed...
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Good news:Now MCAS is able to dealwith core-excitedstates
that are, in fact RESONANCES:
n-8Be (g.s.0+ , 2+ , and 4+ )

SeeP. Fraseret al. Phys. Rev. Lett. 2008,P. Fraser2009PhD
Thesis,University of Melbourne,2009
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

What happenswhenthe core excited-levelsare not bound ?
n-8Be (g.s.0+ , 2+ , and 4+ )

0 1 2 3 4
Elab (MeV)

0

6

12

18

s
el
 (

b)

1/2-

5/2-

3/2-

5/2+

5/2+

3/2+

5/2+

f  g
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Table: 9Be state centroidsand widths (E & � in MeV) from calculation
with 8Be statestaken aszero-widthand then with known resonance
widths, and experimentalwidths.

Zero-width Resonances Experiment
J � E(f ) �(f ) E(g) �(g) �(exp.)
1
2

�
1.17 0.646 1.16 0.972 1.080� 0.110

5
2

+
1.37 0.118 1.39 0.244 0.282� 0.011

3
2

�
1.67 0.022 1.74 0.682 1.330� 0.360

3
2

+
2.73 0.009 3.16 1.856 0.743� 0.055

7
2

�
3.18 0.009 3.32 0.786 1.210� 0.230

9
2

+
4.81 0.189 5.08 1.261 1.330� 0.090
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Perspectives ...

Extensionof the MCAS method for radiative-capture
processesof astrophysicalinterests,radioactivebeams,
Nuclear-Data-groupapplications

Extensionto the structure of hypernuclear systems

Connectingthe model Hamiltonianto its microscopicorigin.

Extensionof the model to medium-heavynuclei.

Extensionfrom nucleon-core to � -core dynamics.
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Applications of MCAS theory
Analyzing powers of nucleonso� 12C
Low-lying unbound states of 15C and 15F
P-shells in mass=7 nuclei

Radiative Capture: 3He+ 4 He ! 7 Be+ 


0.0001

0.001
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LUNA, PRL 97 (2006) 122502
preliminary

L. C., LeonidLevchuck,Nucl. Phys. A (2008).
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

What have we done?

Calculatedn-d scatteringwith rigorous three-body methods
and realistic2N potentials (CD-Bonn, Argonne-18,etc) using
Faddeevand Alt-Grassberger-Sandhasequationsin
momentumspace.

Extendedn-d scatteringcalculationin the rangefrom 50 keV
to 10 MeV (commissionedby AECL) to build a nuclear-data
library neutron 
ux simulationsin heavywater nuclear
reactors (CANDU, ACR, IV generationconcepts).

Developed a techniquefor the explicit treatment of the pion
degreesof freedomin the 3N system.Found irreducible3NF
diagrams,in particular, the OPE-3NFdiagramthat represents
a possiblesolutionof the Ay puzzle.
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

Faddeev(1961)

T j� i = tPj� i + tPGoT j� i

Alt-Grassberger-Sandhas(1967)

U� � = �� � � G� 1
o +

X




�� � 
 t 
 GoU
 �
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

Convergenza(nd di�erential cross-sectionat 1.0 MeV)

 100
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

AECL Canada:K.Kozier, J.Svenne(Chalk RiverL), L.Canton(INFN, It.)
DOE U.S. : M.E. Dunn, Nuclear Data GroupLeader,ORNL
EURATOM : A. Plompen (IRMM. JRCGeelBelgium)

New Experiment is plannedat Geelina,Belgium(EURATOM-AECL)
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

ExposingPion dynamicsin three-nucleonsystems:L.C. PRC 1998;
A Faddeev equation for NNN system embedded in the
Faddeev-Yakubovski scheme for the NNN + � system.
It Couples
3N Scattering$ pion production
� 3N scattering$ pion absorption

ECT* 2010 5-10 April Trento Low-lying resonances...



Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy

Pionic e�ects not contained in 2N potentials

p

p
t p

tNN p
U

00

Pion dynamicsin three-nucleonsystems:
L. C., Phys. Rev. C (1998)
L. C., Melde,Svenne,Phys. Rev. C (2001)
L. C. W. Schadow, Phys. Rev. C (2000), (2001)
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy
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Neutron-deuteronscattering Outline of the activit y
Rigorous three-body scattering theories
Three-nucleonscattering for nuclear scienceand atomic energy
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Eigenvaluetrajectories
Computing sturmians

MCAS Experimental Shell model
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Figure: (Color online) The calculatedenergyspectra of 7Li compared to
the experimentallyknown one. The left and right columnsare the MCAS
and the no-core-shell-model resultsrespectively. The known spectrum is
givenin the middlecolumn.
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Eigenvaluetrajectories
Computing sturmians

Sturmian trajectories for various typesof nucleon-nucleon
potentials. Numericalconvergencetests by Rawitscher-Canton
Phys. Rev. C 44, (1991) 60

The singlet 1S0 nucleon-nucleonstate
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Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleuspotential in momentumspaceVcc0(p; q):
Generalized-eigenvalueproblem:

X

c00;c0

Vcc00G0c00Vc00c0j� c0i > = � i

X

c0

Vcc0j� c0i > (9)

Rawitscher-CantonPRC 44 (1991) 60;
Dortmans-Canton-Pisent-Amos,PRC 49 2828;48 64 (1994)
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Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleuspot in r-spaceVcc0(r ; r 0) (if local,
Vcc0(r )� (r � r 0)) [K. Amoset al NPA 728 '03, and ref. therein]:

1) Expand the solution in terms of some analytic
R-space sturmians at �xed energy,

Vcc0(r ; r 0) '
X

i

� ci (r )� c0i (r
0) (10)

2) Use a numerical Fourier-Bessel (or Fourier-Coulomb)
transformation and spline it.

�̂ ci (p) '
Z 1

0
Fl (pr )� ci (r )dr (11)
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Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleuspot in r-spaceVcc0(r ; r 0) (if local,
Vcc0(r )� (r � r 0)) [K. Amoset al NPA 728 '03, and ref. therein]:

1) Expand the solution in terms of some analytic
R-space sturmians at �xed energy,

Vcc0(r ; r 0) '
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i

� ci (r )� c0i (r
0) (10)

2) Use a numerical Fourier-Bessel (or Fourier-Coulomb)
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ECT* 2010 5-10 April Trento Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

3) Put the correct boundary conditions by calculating
the matrix elements of the Green's function:

G(E) ij '
openX

c

Z 1

0

�̂ ci (x)�̂ cj (x)x2dx
k2

c (E) � x2 + i �
�

closedX

c

Z 1

0

�̂ ci (x)�̂ cj (x)x2dx
h2

c(E) + x2

(12)

4) Calculate the sturmians by diagonalizing the
complex-symmetric matrix G(E).

X

n0

G(E)nn0Qn0i (E) = � i (E)Qni (E) (13)
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�

closedX

c

Z 1

0

�̂ ci (x)�̂ cj (x)x2dx
h2

c(E) + x2

(12)

4) Calculate the sturmians by diagonalizing the
complex-symmetric matrix G(E).

X

n0

G(E)nn0Qn0i (E) = � i (E)Qni (E) (13)

ECT* 2010 5-10 April Trento Low-lying resonances...


	Sturmians
	Sturmians
	Sturmians ...
	The Sturmian way to resonances and bound states


	Collective Coupled-Channel potential and OPP
	Model potential and OPP (MACRO deformed-potential)
	First application: n-12C (aborted...)
	Introducing the Orthogonalizing Pseudo-Potentials
	The 2 dependence


	Applications of MCAS theory
	Applications of MCAS theory
	Analyzing powers of nucleons off 12C
	Low-lying unbound states of 15C and 15F
	P-shells in mass=7 nuclei


	Neutron-deuteron scattering for science and applications
	Neutron-deuteron scattering
	Outline of the activity
	Rigorous three-body scattering theories
	Three-nucleon scattering for nuclear science and atomic energy



