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What havewe done?

)

)

Developd a scatteringmethod Multi-Channel Algelraic
Scattering(MCAS)

{ Starts from Coupled-Channehteraction method.

{ Expandsthe CC potential usinga Sturmian-expansion
methad

{ Computesalgelraically the S-matrix

{ Extractsfrom the S-matrix all structure and resonance
informations (bound-states shape resonancesf-ano-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,° Be, B C.
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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 g, 1)

whereE is the spectral variable,and g is the eigenstate.
Sturmiansare the eigensolution®f:

\Y,
E Ho) i(E)= —= i(E); 2
( o) i(E) G i(E); 2
whereE is a parameter. The eigenvalue ; is the potential scale.
SPECTRUM:all the potential rescalingghat give solutionto that
equation,for givenenergyE, and with well-de ned bounday
conditions.
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Sturmians Sturmians ...

The Sturmian way to resonancesand bound states

Standad bounday conditionsof ;(E):
E < 0 Bound-statelike; normalizable.
E > 0 Purelyoutgoing/radiating waves;nonnamalizable.

The spectrum of eigenvaluess purely discrete,and bound
absolutely For shat-range (nuclea-type) potentials, the
eigenvaluegan accumulatearound 0, only.

Low-lying resonances...



Sturmians Sturmians ...

The Sturmian way to resonancesand bound states

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

(1 (EC)

SE)=—a E®)

®3)

Alternatively introducingthe factor #;(E; k) in momentumspace
MN(E K) =< kicjVj i(E) >; 4)
the S-matrix can be rewritten alsoas

X
S(E)y=1 i k Ai(E“);k)l NED K (B)

i(E®))
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Sturmians Sturmians ...

The Sturmian way to resonancesand bound states

Most interestingly the last expessioncan be generalizedo
coupled-channetlynamics:one starts from a coupled-channel
hamiltonianwith potential Ve, and obtainsan S-matrix of the
form:

Ao (E(+) 1 Keo)

(6)
The following interpretation can be givento the last exgression:
the scatteringprocessinitiated in channelc is \captured” into
Sturmians. Subsequentlthe Sturmian propagates,and nally
decas into the outgoing channel. (Similar Structure of the
R-matrix formalism, but .... better?).

p X
Seco(E) = 0 i kKO AG(EM k)

1 (EM™)
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Sturmians ...

Sturmians The Sturmian way to resonancesand bound states

How resonancesind bound statesare found in Sturmiantheary.

( NE)=1+i8

Resonance

Re

Bound-state

nE)=1
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Sturmians Sturmians ...
The Sturmian way to resonancesand bound states

The caseof neutron#?C in the 3/2* channel
A realistic case:low-energyresonanceén 3/2* n-12C system.
Sturmian patterns (left) and 3/2* resonantX-sect (right).
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CollectiveCoupled-Channgdotentialand OPP
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

Currentdescription: nucleon-nucleuscattering(light nucleiwith
0" g.s.) including rst care excitation of collectivenature
(quadrupole, octupole, etc).

X
Veeo(r) = Vi< (9)il;d jOnfa(r;R; rR)IC %)% >
n=C;LS;LL;SI

For all operatas, the functional forms are expandedo second
order in the care-defomation parameter(R = Ro(1+ 2P2( ))

BRI = 100 RePo() 5 10(0)
2 Pz '
+ 22 py Z2p()+ Zpu()

2

gz (1)

2
2 7
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

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

Q)= [1+expa] ! for (n= C;LL;SI) @)

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

f(o)()— = [1+exp “11 for (LS) (8)
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

The n + '2C system used in MCAS I

0, (7.63) CLOSED
i h = [ueE, - B)1"
i
:
& E
: -—
i
i —~ ~
i 2" (4.43) OPEN
i k, = [W(E — 1"
a
L
A
P
b P OPEN
: 0 (g-s.) k.= ln B

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

The 5 dependence

First applicationn C12 aborted: Why?

TABLE I: n+"C potential parameters (strengths in MeV).

Mass 13 bound states ' parity central orbit-orbit spin-orbit spin-spin

- -49.1437 45588 7.3836 -4.7700

Proton (217 Neutron (259 + 47,3627 0.6098 9.1760 ~0.0520

3 1" other paramelers:

T ;: 3 o= 1.35 fm. a9 = 0.65 fm. By=-052

s s o — )

’ o The deepforbiddenstates

§ s contaminatethe physical

o . solutiondueto CC. Problems

“ s in CC formalisms(but not

' only).

Energies in reference to p + 12G and n + '2C thresholds

e Problem:— Pauli principle violated

Low-lying resonances...



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

The 5 dependence

The solution: Elimination of theseforbiddenstatesin the de nition
of the Hamiltonian.

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

Low-lying resonances...



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

The 5 dependence

The solution: Elimination of theseforbiddenstatesin the de nition
of the Hamiltonian.

@ The OPP techniquehighly nonlocal. ( Kukulin et al. '74)
o (OCM) constrainedhamiltonian (Saito '69)

The OPP appoach (Kukulin et al.) eliminatesthe deepbound
statesintroducinga newterm in the nuclea potential.

Low-lying resonances...



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

The 5 dependence

The full nuclea potential Vc(r) is not the local potentialn  C12:
The \complete" potential is (in partial-wave decompsition)

Vcco(r;r(b = Veco(r) (r I’(b

+ 0 cAc(nA(r( c:s%+)+ cco cAc(N)Ac(r( c=p3 )

Ac(r) are the Pauli-forbiddendeep(CC-uncoupled)ound states.
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

The full nuclea potential Vc(r) is not the local potentialn  C12:
The \complete" potential is (in partial-wave decompsition)

Vcco(r;r(b = Veco(r) (r I’(b

+ coo cAc(N)A(rY( cmslt) T ce cAc(NA(r9( c=p2 )
2 2
Ac(r) are the Pauli-forbiddendeep(CC-uncoupled)ound states.
A state in the OPP approachis:

forbiddenin the limit | +1
allonedwhen ! O

Low-lying resonances...
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) ng the Orthogonalizing Pseudo-Potentials

2 dependence

The dependencel00
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First application: n-12C (aborted...)
ng the Orthogonalizing Pseudo-Potentials
2 dependence

Model potential and OPP (MA CRO deformed-potential)

The dependence 200
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First application: n-12C (aborted...)
ng the Orthogonalizing Pseudo-Potentials
2 dependence

Model potential and OPP (MA CRO deformed-potential)

The dependence 300
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

The dependence 500
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

The dependence 1000
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First application: n-12C (aborted...)
Model potential and OPP (MA CRO deformed-potential) Introducing the Orthogonalizing Pseudo-Potentials

The 5 dependence

Table: Pauli e ects on sub-thresholdand bound statesin the continuum
inthelimit ,! 0 (with Vgs= 0). L.Cantonet al. PRL 94 ('05)

J With Pauli (OPP) No Pauli  n+%2C
1 - 26.57 0sy-, + O}
3% - 2213 Ospp+ 2}

;
1 - 18.91 0s;, + O}
3 - 8.849 Ops, + O;
1 4.685 4.685 Opjp + O]
1.8,5,:7 - 4410 Opg=, + 2]
3 - 1.195 Ops-, + O
i 0.837 0.837 1sp + O}
3.3 0.246 0.246 Opyp+ 2]
5 0.171 0.171 0ds, + O}
1 2.969 2,969 Opyp + 0}
N 3.601 3.601 1sj,+ 2F
+ + + + +

17,87, 50, 17,8 4.267 4.267 0Ods— + 27

Low-lying resonances...



First application: n-12C (aborted...)
Introducing the Orthogonalizing Pseudo-Potentials

Model potential and OPP (MA CRO deformed-potential)
The 5 dependence

Theaetical ( 2: 0! -0.52) & Experimental

E (MeV)
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5 el b -
unperturbed theoretical experimental
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Applicationsof MCAStheay
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Analyzing powers of nucleonso Cc
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Analyzingpowers of nucleonso *2C

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

Low-lying resonances...



Analyzing powers of nucleonso Cc
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Analyzingpowers of nucleonso *2C

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

o Experimentaldata Ay :
TUNL data on A-12C A, 2.2 < E < 8.0 MeV
( E'" 02 04
C.D. Roper, W. Tornow, et al. PRC 72 ('05)

Low-lying resonances...



Analyzing powers of nucleonso Cc
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Analyzingpowers of nucleonso *2C

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

o Experimentaldata Ay :
TUNL data on A-12C A, 2.2 < E < 8.0 MeV
( E'" 02 04
C.D. Roper, W. Tornow, et al. PRC 72 ('05)
@ Teststhe spin-structureof our interaction. Spin-abit needs
additionalterms at theseenergies?

Low-lying resonances...



Analyzing powers of nucleonso Cc
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Scatteringamplitudes:

X
AO)=fe()+ oo & (+DF+'ST (2+1) Pueos )
B()= 1 e? 8> s° Pl(cos )
2ik L
Observables:
d . ..
— = jAj?+ jBj?

d
2=AB
" A0 A e

Low-lying resonances...



Analyzing powers of nucleonso Cc
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

(em = 4336°)
[ ] RedData from TUNL (2005)
°'5TA ] , Blue Data A, from W. Bucher
Ay 0.0y < et al (1959),d from Fasoliet
-0.5~ < |
e al. (1973)
% 1.0; R
2.0 - 2‘5 3‘.0 3‘5 4.0
E, (MeV)
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Applications of MCAS theory
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Analyzing powers of nucleonso
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nuclei
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Applications of MCAS theory
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Low-lying resonances...

Analyzing powers of nucleonso Cc
Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

3.41 MeV
3.62MeV
3.78 MeV
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Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unl d states of 1°C and 1°F

P-shellsin mass=7 nuclei

Analysisof °F (vs. *C mirror partner)

o Triggeredby recentdata by:
V.Z. Goldkerg et al. PRC 69 ('04)
F.Q. Guoet al. PRC72 ('05).

Low-lying resonances...



Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Analysisof °F (vs. *C mirror partner)

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

OUR STUDY
e L.Canton, G.Pisent,J.SvenneK.Amosegt al.. PRL 96 ('06)
used!®C in t -analysisto predict newstatesin °F
Introducedin collective-ype potential modelsa
new concept: Pauli Hindrance

Low-lying resonances...



Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei
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Applications of MCAS theory Low-lying unbound states of 15¢ and
P .
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Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

BF (top, p *0O m = 180°) & °C (bottom)
1 2 3 4 5 6 7 8

1o
"G
=
0.5%
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4
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s 1 543p3 11
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Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and
P-shellsin mass=7 nuclei

15

s(q) (b/sr)

E. ., (MeV)
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Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

n 15C PARAMETERS

vi = asomev  v{ )= 042Mev
vi )= 7.0 Mev vl ) =
Rolag] = 3:1[0:65] fm 2= 0:50

8 —
X 32 —
2 52 —
3’ —_
6 i .
T 12 —
— 4 r
>
g NP7
- 2r ra \
L et b
O 14C+n O* 0+ MOHJ
— 5120 —
V7 S
2 MCAS “C “c Yo = MCAS

Low-lying resonances.



Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and

15

P-shellsin mass=7 nuclei
The conceptof Pauli hinderedstates:
Pauli Forbidden( ' 1GeV):
Os;+ 0] Osip+ 0; Osjo + 2)
Opsx + 07 Opzp+ 07 1pgp + 2]
0p1:2 + O-{

Pauli Hindered ( ' 1 50MeV)

Opi + 05 Opi—p + 2}
Pauli Allowed ( * OMev) 2 2 Pt A

Isip+ 0] 15+ 0 I+ 27
Ods—, + OI Ods—, + 0; Ods—, + 21-
Ods-, + OI Ods-, + 0; Ods-, + 21-

Low-lying resonances...



Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and

15F
P-shellsin mass=7 nuclei

The conceptof Pauli HINDRANCE....

[Eric.Schmid,1978]\The statescan be Pauli-farbidden,
Pauli-alloved, or Pauli-suppesset Trieste, IAEA Few-Bady
Conference.

[Langanle-Friedrich, 1986]\The role of partially redundant
states” Adv in Nucl. Phys.
RGM theay:

Forbidden- Eigenvaludan the Norm Kernele = 0
Allowed - Eigenvaluein the Norm Kernele = 1
Quasi-Rendundant Eigenvaluein the Norm Kernel0< e< 1

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

A=7 nucleias

Li$ p+ SHe(0] [g:s1]; 2] [L:78MeV]; 25 [5:6MeV])
"He$ n+ SHe(0} [g:s]; 2} [1:78MeV]; 25 [5:6MeV])
'Be$ n+ °©Be(0 [g:s]; 2] [L:70MeV]; 25 [5:6MeV])
'B$ p+ ©Be(0] [g:s1]; 2} [1:70MeV]; 25 [5:6MeV])
SeePhys. Rev. C, 74 (2006) for compaison with the cluster picture:
Lig t+
‘Be$ 3 He+
& with shellmodel approach (Amos-Kaataglidis):

Li$ 3p+4n "He$ 2p+ 5n
‘Be$ 3n+4p 'BS$ 2n+ 5p

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

EXxp spectra:

147
137
11747
“He+p+n 1124

SHe+ p! st

“He+p Jios
= 7454
6.604
4.652
o
27895
2467 N\ E e
“He+t “
0.9927 2508618
“Littd 047761 4| w0801
T
e
T4 < a8
. P
Li -7 TBia'Be
-
-17.3468 . na <7 112023
‘He+'He -p it "Be+p-'He

Figure 9: Energy levels of "Li. For notation see Fig. 5.

W-lying resonances.



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Table: Parametervaluesof Table: Experimentaldata and theoretical
the (negativeparity) potential.  resultsfor ’Li and ’Be states(in MeV).
VO( ) Ve V‘s Vls
36.817 1.2346 14.9618 0.8511 3 70 Be
Rofm: afm; Refm; 2 EXp. Theay EXp. Theay
28 08817 20 07298 9.975 9.975 10.676 11.046
9.497 9.497 10.246 10.680
r s = 1 5.323[0.069] 5.323 6.106[0.175] 6.409
S 3 3.371[0.918] 3.371 3.946[1.2) 4.497
- | = 2.251[0.08] 0.321 3.466[0.4] 1.597
Lo —— i 1.225[4.712] 2.244
g o 0.885[2.752] 0.885 2.116
. -1:9:-:!*\\\ ] " 0.405[0.437] 0.405 1.406[?] 1.704
3 0.776[1.8] 3.346
» 2= T 1.265(0.26)  0.704(0.056) | 0.334(0.32) 0.539
unperturbed
A\ 1.796(1.57) 0.727(0.699)
\\ 3.7(0.8) 2  2.981(0.99) 1.995(0.231)
i W= - 470.7)7?  3.046(0.75) 2.009(0.203)
. T 5 5.964(0.23) 4.904(0.150)
theoretical experimental z 6.76(2.24) | 65(65) 7  5.78(1.65)

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Statesfor "He and ’Li with the samenuclea potential
Only the OPP term changes:for ’Li
Pauli Forbidden ' 1GeV

031:2 + OI 051:2 + 21- 031:2 + 2;
Pauli Allowed ' OMeV

Opsx + 07 Opzp+ 2] Opgp+ 25
Opi2+ 0] Opip+ 2] Opip+ 25

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

for "He
Pauli Forbidden ' 1GeV

Osj+ 0] Os;+ 2] OS5+ 2

Pauli Hindered ' 1 10MeV

Opsp+ 0] Opgp+ 2] Opsp+ 2
Opi= + OI Opi=, + 2J1r Opi= + 2;

(Op3=2[07 ;27 ;25 ]) = 17:6MeV,
(Op1=2[07 ]) = 36:0MeV,
(Op1=2[2; ;25 ]) = 5:6MeV

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

Table: Experimentaldata and thearetical resultsfor "He and B states

(in MeV).
J "He B
Exp. Theay Exp. Theay

3 | 0.445(0.15) 0.43(0.1) | 2.21(1.4) 2.10(0.19)
! 1.70(0.03) 3.01(0.11)
I 11007572 279(4.1) 5.40(7.2)
3 3.35(1.99) 3.55(0.2) 5.35 (0.34)
3 16.24(4.007 6.24(1.9)

Low-lying resonances...



Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

Voices from experiments ...

n-12 C: Low energy details'

8 ‘ : ‘ MCAS, talk at the
Int'l Few-Bady 2006,
61 | Santos,Brasil
o
N— 4 L -
2]
2 L
0 5 " 5
10 10 10

E.,(MeV)

g resonanceentroid very sensitiveto Pauli blocking

Low-lying resonances...



Analyzing powers of nucleonso ec
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

Voices from experiments

OlenaGritzay, et al. Institute for Nuclea Reseech, Kyiv, UA
neutron-C12

48
47 A I
i [ | i l [
Di erence with ENDF Libraries .
is evident. Possibleexistence 54 ﬁ
of a very strong resonancen £, 1o
C-13in the 120-160KeV Region 2 A enouss "
Conference'Nuclear Data “ P
for Scienceand Technology" 7
Nice, France,2007 S
Energy, keV

Low-lying resonances...



Analyzing powers of nucleons o ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

Voices from experiments ...

15 F resonant states.

J | Theay E;(5) ExperimentE;(3)
i 1.31(0.8) 1.47 (1.00)

S 2.78(0.3) 2.77(0.24)

: 5.49 (0.005)

3 6.88(0.01)

3 7.25(0.04)

i 7.21(1.2)

St 7.75(0.4)

st 7.99(3.6)

Table: SeepublicationPRL 96 072502(2006)

Low-lying resonances...
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Voices from experiments ...

15 F resonant states.

J | Theay E;(5) ExperimentE;(5)
%: 1.31(0.8) 1.47 (1.00)
> 2.78(0.3) 2.77(0.24)
: 5.49 (0.005) 4.9(<0.2)
3 6.88(0.01) 6.4(<0.2)
% 7.25(0.04)
5 7.21(1.2)
§+ 7.75(0.4) 7.8(0.4) ?
3 7.99(3.6) ?
Table: Seepublication @ GSDarmstadt Mukha et al. PRC 79 061301

(2009)

Low-lying resonances...
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Applications of MCAS theory Low-lying unbound states of 15¢ and
P-shellsin mass=7 nuclei

15':

Voices from experiments ...

Table: Resultsfor "He .....

J He

Exp. Theay
3 | 0.445(0.15) 0.43(0.1)
I 1.70(0.03)
3 11.0(0.75) % 2.79(4.1)
> | 3.35(1.99) 3.55(0.2)
3 16244007 6.24(1.9)

The claim of a low-lying % @GS[Meister et al. PRL 88 (2002))
hasbeensupersededoy a more recentGSl-exp(Aksyutina et al,
Phys. Lett. 2009): concludingthat the Iow—lying% could not be
observed...

Low-lying resonances...
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P-shellsin mass=7 nuclei

Good news: Now MCAS is ableto dealwith core-excitedstates
that are, in fact RESONANCES:
n-Be (g.s.0", 2%, and 4*)

-0.0918
“He +*He

SeeP. Fraseret al. Phys. Rev. Lett. 2008, P. Fraser2009 PhD
Thesis,Universiy of Melbourne,2009

Low-lying resonances...
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“©

5
Low-lying unbound states of 15¢ and 1°F
P-shellsin mass=7 nuclei

What happenswhenthe care excited-levelsre not bound ?
n-Be (g.s.0", 2%, and 4*)

S ()]

| |
0 1 2 3 4
E,, (MeV)

Low-lying resonances...




Analyzing powers of nucleonso ec -
Applications of MCAS theory Low-lying unbound states of 15¢ and 1°F

P-shellsin mass=7 nuclei

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

Zero-width Resonances Experiment
EF) () E@ (9 (exp.)

1.17 0.646 1.16 0.972 1.080 0.110
1.37 0.118 1.39 0.244 0.282 0.011
1.67 0.022 1.74 0.682 1.330 0.360
2.73 0.009 3.16 1.856 0.743 0.055
3.18 0.009 3.32 0.786 1.210 0.230
481 0.189 5.08 1.261 1.330 0.090

+ +

NI NI~ NI NI NIOTNIF | &
+

Low-lying resonances...
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P-shellsin mass=7 nuclei

Perspectives ... I

Extensionof the MCAS methad for radiative-capture
processe®f astrophysicainterests,radioactivebeams,
Nuclea-Data-group applications

Extensionto the structure of hypernuclea systems
Connectingthe model Hamiltonianto its microscopicorigin.
Extensionof the model to medium-heavynuclei.

Extensionfrom nucleon-cee to  -care dynamics.

Low-lying resonances...



Analyzing po of nucleonso *“C .
Applications of MCAS theory Low-lying unbound states of *°C and '°F

P-shellsin mass=7 nuclei

Radiative Capture: SHe+4He! "Be+

10 T T T
1t
—~ 0.1+t
g
<
o 0.01 +
LUNA, PRL 97 (2006) 122502 ———
preliminary ——
0.001 ¢ 1
0.0001 - - -
0 500 1000 1500 2000
E.m. (keV)

L. C., LeonidLevchuck,Nucl. Phys. A (2008).
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Three-nucleon scattering for nuclear scienceand atomic energy

What have we done?.

o Calculatedn-d scatteringwith rigorous three-lody methads
and realistic 2N potentials (CD-Bonn, Argonne-18.etc) using
Faddeevand Alt-Grasslerger-Sandhasquationsin
momentumspace.

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

o Developed a techniquefor the explicit treatment of the pion
degreesf freedomin the 3N system. Found irreducible3NF
diagrams,in particular, the OPE-3NFdiagramthat represents
a possiblesolution of the Ay puzzle.

Low-lying resonances...
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Neutron-deuterorscattering  rigorous tree-vody -

Three-nucleon scattering for nuclear scienceand atomic energy

Faddeev(1961)

T 1 =tP] 1 +tPGT] |

Alt-Grasslerger-Sandha§1967)

X
u = G+ t GU

Low-lying resonances...



Outline of the activity

N e UtrO n = d e Ute rO f$C3.tte rl n g Rigorous three-body scattering theories

Three-nucleon scattering for nuclear scienceand atomic energy

Convergenzdnd di erential cross-sectiorat 1.0 MeV)

600

| CDBONN = ¢
CDBEST -
. 500 % :
g 401
% 300 | . i
200 | e
100 ‘
1 05 0 05 1
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Outline of the activity

N e UtrO n = d e Ute rO mcatte rl n g Rigorous three-body scattering theories
Three-nucleon scattering for nuclear scienceand atomic energy

AECL Canada:K.Kozier, J.Svenneg(Chalk RiverL), L.Canton(INFN, It.)
DOE U.S.: M.E. Dunn, Nuclea Data GroupLeader,ORNL

EURATOM : A. Plompen (IRMM. JRC GeelBelgium)

os(E) for (n,d) scattering

600
—=—BonnB 180°
560 ——Bonn-B 90°
--a&--BonnB 0"
——ENDF/BMILO 130°
400 - —a—ENDF/B-VILO 90°
= ———ENDF/BVILO 0°
5
=
£ 300 -
o
8
200 4
100 A
0 -
0 1 2 3 4 5 3 T 8 9 10

Neutron energy (MeV)

New Experimentis plannedat Geelina,Belgium (EURATOM-AECL)

Low-lying resonances...



Outline of the activity

N e UtrO n = d e Ute rO mcatte rl n g Rigorous three-body scattering theories

Three-nucleon scattering for nuclear scienceand atomic energy

ExposingPion dynamicsin three-nucleorsystems: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 absaption

Low-lying resonances...
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Three-nucleon scattering for nuclear scienceand atomic energy

Pionic e ects not contained in 2N potentials I

U

00

p tNN P

O P
T e

Pion dynamicsin three-nucleorsystems:

L. C., Phys. Rev. C (1998)

L. C., Melde, Svenne Phys. Rev. C (2001)

L. C. W. Schadav, Phys. Rev. C (2000), (2001)

Low-lying resonances...
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Three-nucleon scattering for nuclear scienceand atomic energy

The One-Pion Exch 3NF

Elastic n-d scattering at 10 MeV

THE Ay PUZZLE
0.20 ‘ | |

0.15 |

> 010
tNN <

i 0.05 ¢

0 45 90 135
B¢.m. [deg]

Low-lying resonances...
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Outline of the activity

N e UtrO n = d e Ute rO Bcatte rl n g Rigorous three-body scattering theories

Three-nucleon scattering for nuclear scienceand atomic energy

THE Ay PUZZLE

See Refs.
theory
L. Canton, W, Schadow
Phys. Rev. C 62, 044005 2000
Phys. Rev. C 64, 031001 2001
L. C., W, Schadow, J. Haidenbauer
J. Eur.Phys. A 14, 225 2002

do/dQ [mb/st]

0.15
0.12 .
experlment
. 0.09
W. Tornow et al.

0.06

Phys. Lett. B 257, 273, 1991
o 45 90 135 P.Schwarz et al.

0., [deg]
 Oem Nucl. Phys A 398, 1 1983
n-d scattering at 8,5 MeV VA
T. Hongquin et al.

Chin. J. Nucl. Phys. 8, 50 1986

Low-lying resonances...
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Eigenvaluetrajectories

E (MeV)

151

50+ 7 e -
1- 1- _

0| 32 Il R %p
MCAS Experimental Shell model

Figure: (Colar online) The calculatedenergyspectra of ’Li compaed to
the experimentallyknown one. The left and right columnsare the MCAS
and the no-cae-shell-malel resultsrespectively The known spectrumis
givenin the middle column.

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

Sturmiantrajectories for various typesof nucleon-nucleon
potentials. Numericalconvergenceests by Rawitscher-Canton
Phys. Rev. C 44, (1991) 60

The singlet'Sy nucleon-nucleorstate

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleupotential in momentumspaceV .co(p; q):
Generalized-eigenvalygoblem:

X X
VecoGocoVeono] o >= Veco] o > 9)

c00¢0 co

Rawitscher-CantonPRC 44 (1991) 60;
Dortmans-Canton-Pisent-AmosPRC 49 2828;48 64 (1994)

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleugpot in r-spaceVco(r;r9 (if local,
Veeo(r) (r r9) [K. Amoset al NPA 728 '03, and ref. therein]:

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleugpot in r-spaceVco(r;r9 (if local,
Veeo(r) (r r9) [K. Amoset al NPA 728 '03, and ref. therein]:

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

X
Veeo(r;r9 i(r) ca(r (10)

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

Nucleon-nucleugpot in r-spaceVco(r;r9 (if local,
Veeo(r) (r r9) [K. Amoset al NPA 728 '03, and ref. therein]:

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

X
Veeo(r;r9 i(r) ca(r (10)

@ 2) Use a numerical Fourier-Bessel (or Fourier-Coulomb)
transformation and spline it.
Z,
Aci(p)l Fl(pr) ci(r)dr (11)
0

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

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

z Z
aE) o Ra00 g 00xax R G (0.8 ()X
b KX(E) x2+i o hE)+x2

(12)

Low-lying resonances...



Eigenvaluetrajectories
Computing sturmians

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

z Z
aE) o Ra00 g 00xax R G (0.8 ()X
b KX(E) x2+i o hE)+x2

(12)

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

X
G(E)nnoQnai (E) = i(E)Qni(E) (13)

no

Low-lying resonances...
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