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E FMD - Hilbert Space

Fermionic
Slater determinant

Antisymmetrization
|Q):g((|ql>®...®|CIA>) /\‘\
[1 antisymmetrized\-body state

Molecular

single-particle states ~—
<X|q>—ZC|eXP{— > }®lx.>®|§>

[J Gaussian wave-packets in phase-space,
spin is free, isospin is fixed

Dynamics in Hilbert space

- )
0 Hilbert space contains spanned by one or several non orthogc}@? )

shell-model, clusters, halos, | - x _
|\P’ JM) = Z%,K’ E#/IK’EP 0| Q(a)>

\@g states aK'
(a

variational principle» Q@ = { q¥,v=1---A}, Yax
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E Nucleon-Nucleon Potential

Effective two-body interaction

[ correlated 2-body interactid:ﬁ = QTI:I C=T+ Vuycowm
treats short range repulsive and tensor correlations
[ additional small 2-body correctiompomentum-dependent

andspin-orbi) to make up for 3-body forces and
long range tensor correlations

p(r) [po]

[J fit correction term to binding energies and radii of
“closed-shell” nuclei

[] altogether d.5% correction to theb-initio Vycom

160 and*°Ca are not

“closed shell” nuclei !
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Projection to restore Symmetries

Projection After Variation (PAV)

[J mean-field may break symmetries of Hamiltonian

[ restore inversion, translational and rotational symmetry e _ 1 fdsx expl—i(P - P) - X]
by projection on () >

e parity 23+ 1
e linear momentum pl, == fd?’Q D2 (Q) R(Q)
e angular-momentum

[ projected state |Q; I"M,K) = P* Py P°|Q)

Variation After Projection (VAP)

[] effect of projection can be large
[0 perform Variation after Parity Projection PAV Q) =1 (1 + g) Q)

[1 perform PAV* by applyingconstraintson
radius dipole moment,quadrupolenoment or
octupolemoment and minimize the energy in the
projected energy surface (GCM)

[] perform true VAP
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Multi-Configuration Mixing

[J most general projected state for multi-configuration dalioins

[I'M W) = > wica PPy PP Q@)
K’a

[] task: find a set of intrinsic stata{s{s Q@Y. ,a=1,...,N } that describe the physical situation well

Multi-configuration calculations

H|J*M,n) = E; | I*M,n)

[ diagonalizeHamiltonian in this set of nonorthogonal projected inticnstates

J pP=0| (b NG J pP=0| b
2 (QUHPEP™[QD) -l = BV ) (Q?|PL PP QW) - o),
K'b K'b
[0 energy levelsEl" and eigenstate{sJ”M,n) describing nuclear many-body system

[I"M,n) = " cl PP PP Q)
K’b

Halo06 -5



E FMD - Variation, PAV ”, Multiconfig.

E[MeV] raarge [fM]  B(E2) [*fm?]

12C V/PAV -81.4 2.36 -

V/PAV

PAV -88.5 251 36.3
Multiconfig(4) -92.2 2.52 42.8
Multiconfig(14) -92.4 2.52 42.9
EXp -92.2 2.47 39 + 3.3
~70 —3 12C
P — T — —
I —
-75 |
I 47" cm— 4" — e 0~
- - , 0" e b= —1 4 — _
Multiconfig(4) _— _ = b= =
2 i —s 0= ZF
© W g | 2T - o
e 2 — 2 emm— 2" cm—
-90 |
0" — o ot
O\ 0 [
-95 PAV* Multiconfig(4) Multiconfig(14) Experiment
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[(-|05) =076 [(-|05) =071 [(-]05)| =050

@)

-0 =069 |-|05)]=065 [(-[03) =044

Multiconfig  Experiment
Ep [MeV] 92.4 92.2
rcha_rge[fm] 2.52 2.47
B(E2)(0f — 2}) [¢*fm?] 42.9 39.7+ 3.3
M(EO)(0f — 03)[fm?] 5.67 5.5+ 0.2
rrms(07)[fM] 2.38
rrms(03)[fm] 3.42
rrms(03)[fm] 3.85
rrms(25)[fm] 2.44
rrms(23)[fm] 3.64
Frms(23)[fm] 3.63
Q(21)[efm?] 5.85
Q(25)[efm?] -23.65
Q(25)[efm?] 5.89

E [MeV]

-70 |

-75 |

-80 |

-85 |

-90 |

-95 |

Multiconfig(4)

Multiconfig(14)

oN
=
T F +-l>+

Experiment
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g C(ee€)°C

Ex = 7.65 MeV

q[fm™]

0.08¢

0.04f

0.04f °

0.02f

0.00

= Experiment

- - FMD

——o-cluster

—-—“BEC”

r [fm]

"BEC” formfactors: Y. Funaki et al. EPJA 28(2006)259 andrate communication

e calculate formfactors,
center-of-mass treated
properly, formfactor is a
A-body operator

F(a) = ) (Wa| €76 )

e compare to experiment
in Distorted Wave Born
Approximation

e «-cluster and "BEC”
calculated with mod.
\Volkov interation

M. Chernykh, P. von Neumann-
Cosel, A. Richter et al. submitted
to PRL
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dipole and quadrupole constraints

e i ‘He 0.001 He
5t ' 5 007 '
10t} 107¢
E 0 g 10?2 E 0 ~ %O 10?
N = N ?o =
= 10°F O\O’ ° 10°
5t 5t %
10" 10"
8 10 5 0 5
X [fm]
1E SHe 0.001 He
5t 5 0.0z
10}
E o < 102} Eo 2 g
N % . N Qo \3_’
1070 total 0,0‘;
-5r .| — neutron -5r 7
10"F — proton
0 2 4 6 8 10 5 0 5
r [fm] X [fm]
5t e .
101 [J intrinsic densities of VAP states
— - +\ _ 1
E o = 107} 'Q >—§(1i1:,[)|Q>
10°} [ radial densities from multiconfiguration
! 104} calculations
5 0 5
X [fm]
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E Helium Isotopes

_22 [
- Rindi i — PAV”
ol Binding energies — Multiconfig
B — Experiment
< —-26 | 32
é ? 3/2_ 3/2- . =
L — + _
= -28 | 0+ 0+ O+ o o 3/2— 32 .
-30
0+ o+
-32
35} -
Matter & charge radii
3.0 | 32
+ ot
— 55 | 0" o 32~ 3/2° O—_0_+
£~ o T — T
e S/L’ —
2.0 — T o —F "oh
ch ch _ch
15+ ____"0o
0+ q+ | | | |
He4d Heb He6 He7 He8

Exp: Ozawa,Suzuki, Tanihata, RB93(2001)32; Raman,Nestor, Tikkanen, Atomic Data and NuctaOables/8(2001)1
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—22 [
- Bindi ' — PAV”
ol Binding energies — Multiconfig
S — Experiment
< —26 32—
s | eoge =
= —-28 | 0+ 0+ O - 3/2—
28 i + + + i N /_:& .,
30 Hilbert space for ®He configuration mixing 0 o
~32 states created with dipol constraint
35 |
Matter & cf
3.0
g 25 2o 32 o_+0_0_+
= 2 zero-point oscillationsof the
20 | — soft-dipole mode essential for _
¢ ch ch description of binding energies chch
15 | — and radii
. TT \ ! !
He4 Heb He6 He7 He8

Exp: Ozawa,Suzuki, Tanihata, RB93(2001)32; Raman,Nestor, Tikkanen, Atomic Data and NuctaOables/8(2001)1
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E Beryllium Isotopes

n
5F 5F
Eo Eo
5+ -5F
n
5F 5}
Eo Eo
5+ -5F
cluster structure
changes with
n oo
of ol - addition of neutrons
Eo Eo
5+ -5F
n
5F 5}
E o E o
5+ -5F
5 0 5 5 0 5 5 0 5 5 0 5
X [fm] X [fm] X [fm] X [fm]
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- 3/2°
Tz

— PAV”
e Multiconf

1s/, state
coming down
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0—+» 3/2—
ORI T3 30
- -
0 .
i . 1/2*
Matter & charge radi —
i 0+ —
i 1/2*
120
+ o*
| 0 T —
) . <h S 12 -
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i : T
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E [MeV]

Applications

11Be positive parity intruder

11Be negative parity

11Be positive parity

Be-p "Be-p
St 5t 5t
% © E o E of
5} s -5F
5 0 5
x [fm]
e . p
5t sl sl
% 0 Eo E of
5} 5L -5F
5 0 5 5 0 X X
5 0 5 5 0 5 5 0 5 5 0 5
] [Eil X [fm] X [fm] X [fm] X [fm]
56 | Be e 19Be Be ; "Be | " “Be ]
-58 | 10" 10"
+— EO -2_ EO 2
60 | 3/2 = 10 = 10
27" cm— ket 5 ket 5
= + —3 /2 L "
| £ N — —— %I it —— / 1070 total 1070 total
s .} — neutron .| — neutron
(?) " cmm— 10} __ proton 10*F — proton
_64 L (’))+_ _‘]_/2+— L L L L L
N _ o —— . 0 2 4 6 8 10 0 2 4 6 8 10
1/2" e 172 —1/2 r [fm] r [fm]
66 |
Experiment PAV" (-3.6 MeV)
+
[1 1/2* state has a neutron halo
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[J localizedFMD wave packets can represent ‘

A: two nuclei at a distanc® | Q@) = A| Qc1, —Ra/2) ® | Qc2; Ra/2)  (“frozen states”)

©
T3 ERY

interaction region asymptotic channel boundary conc

B: compact configurations, lowest PAgtate, GCM states | Q@ ) = { Q%) Q) ... }

improved representation of interaction region
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Collective Coordinate Representation

Size Measure

[] OperatorB measures extension of the system

A
- 0~ X0

<j=

B

Asymptotic Interpretation r > Rc1 + Reo

[J Eigenvalues relate to relative distarrcdor eachJ™M)

B|g)=8|8)
A1A2 2

= B(r) = %( + A RS, + AZR%Z) = 1 o B

[ Eigenvectors are localized ghandr
(Bi|B?[B1)~ (Bl =0

= P(r) = (B | I*M;¥) relative wave function

localized state

|81) = | )
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E Boundary Conditions 1

Implement boundary conditions using the Collective Coordnate Representation

e Eigenvalue problem for scattering sta1e]”M; ¥)

N N-+n
[ IM®) = wak PRcPPO Q@)+ 37w PR PP Q)
akK aK=N+1

e Express unknowi, by known asymptotic solutiofr |W) = w(r) like

(Bu|[H. B | "M ¥y 1y [E& + 180y 1 22¢ )| |w)
(Bn|IM; ) (rn|w)
FMD many-body world = asymptotic point charge world

s=1---,n

[J Hamiltonian and Overlap matrix get modified
both depend on complex eigenvaltie
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Boundary Conditions 2

Different boundary conditions — Different physical situations

e Whittaker function
(r|w)=Wkr) , k=++-2uE

[ bound statewith tail tunneling into Coulomb barrierE < 0

e outgoing Coulomb scattering solution
(r|w) =iFkr) + Ge(kr) , k=++2uZ

[1 Gamov statewith resonance energy and widtld = E —iI'/2

e Coulombscattering solution with phase shift
(r|w) = Fr(kr) +tan(6,(E)) Ge(kr) , k = ++/2uE

[J continuum solution with phase shift 6,(E), E>0
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‘Be Levels

Bound and in Continuum

e implement boundary con-

Binding energies

ditions using theGamov —26 FMD  Exp. | Frozen  Frozen  Exp,

state, outgoing only _gg : P :

[0 Hamiltonian and Overlap _32 : _\x 5/2— |
matrix get modified, B 34 : - /2_§
complex eigenvalue I ’;
=36 Heasnes oo THn 12—

-38 Be7 Be7 %
-26 FMD Exp. Frozen Frozen+PAV"™ Exp.
e single Slater determinant 28 |
gives poor description for —30 52—
SHe ev] 22 I —
[1 use multiconfiguration —34 *
36 1
state for’He - e e 7me -

- " Be " Be B
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Phase Shift 7/2~ Resonance

200 1 | I I I | !

150 . -

— |
e ———
-—
-
-

O(E) H[deg]

MulticonfigurationSHe |

m Experimental data

Ve 7
YA || — 30 frozen + Be PAV"
2 PAV(712:) | _ _ 30 frozen configu:

-7 | . | * Resonancex
4 6 8 wave function large in interior
E [MeV] PAV~™ state essential

-

Data: R. J. Spiger, T. A. Tombrello, Phys. Rev. 163(1967)162
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Phase Shift 5/2 Resonance

200 ! | I | T | T | T
Multiconfiguration3He m Experimental data
- 3 3 - 7 i
30 frozen +Be PAV"
He((X,G) He --- 30 frozen configurations
150 _

O(E) [deg]

0 | | | | | * Resonancekx
0 2 4 6 8 wave function large in interior
E [MeV] PAV” state essential

-

Data: R. J. Spiger, T. A. Tombrello, Phys. Rev. 163(1967)162
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o(E) [deg]

180

| | | |
160 —
1401~ -
1201 —
100} —
80 __ = 3/2 Experimental data N - ]
|| — 3/230 frozen +Be PAV" SN
60kl =~ 3/2 30 frozen configurations
| | = 1/2 Experimental data T~~~ o |
40l — 1230 frozen +Be PAV" REG
| | == 1/2 30 frozen configurations |
201~ . —
| PAV l(1/2-) |
| | | | | | | | |
0
o 1 2 4 6 8
PAV'(3/2-) E [MeV]

Data: R. J. Spiger, T. A. Tombrello, Phys. Rev. 163(1967)162
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o(E) [deg]

[1 remaining task:

calculatedipole transitions from the
scattering states to the bound states
to obtain the cross-sections and the
S-factor

Data: R. J. Spiger, T. A. Tombrello, Phys. Rev. 163(1967)162
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Joummay

Unitary Correlation Operator M ethod

e explicit description of short-range central and tensoralations
e phase-shift equivalent correlated interactiGizom

e Vycowm Used in Hartree-Fock many-body pertubation theory,
no-core shell model, RPA .(see talk of Robert Roth)

Fermionic M olecular Dynamics,Vycom + 6V

e Structure of light nuclei
e Halos and clustering

e Resonances, scattering states, reactions

Microscopic unified approach for nuclear structure and readions
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E Collaborators

e S. Bacca, C. Barbieri, A. Cribeiro, R. Cussons,
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GSI Darmstadt

e T. Bohlen, P. Hedfeld, H. Hergert, N. Paar, P. Papakonstantinou
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Institut fur Kernphysik, TU Darmstadt

e T. Neff
NSCL, Michigan State University
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N
N

Multiconfig

Radius and Quadrupole Moment
\asGenerator Coordw

Feharge [fM]  Q[fm?]  B(E2) [¢?fm]
PAV 2.39 -6.25 9.31
VAP 2.49 -8.02 15.36
Multiconfig 2.74 -11.88 30.39
[MeV] 8
: Be
-40.0- 4t -40.6 " 41.0
-45.0 463 4+ -45.4
4+ -47.7
- + -49.6
-50.01 ? - -51.0
+ -52.7
0 + -53.5
o _ o 548 2F -54.2 2
1 _— o* -56.5
0+ -o/.
Variation PAV VAP Multiconf Exp

Halo 06

- 27



	1 - Title
	2 - FMD - Hilbert Space
	3 - Nucleon-Nucleon Potential
	4 - Projection to restore Symmetries
	5 - Multi-Configuration Mixing
	6 - FMD - Variation, PAV, Multiconfig.
	7 - 12C     excited 0+ and 2+ states
	8 - 12C     Hoyle State in Electron Scattering
	9 - Helium Isotopes
	10 - Helium Isotopes
	11 - Helium Isotopes - Multi-Configuration Mixing
	12 - Beryllium Isotopes
	13 - Beryllium Isotopes
	14 - Beryllium Isotopes
	15 - 11Be positive parity intruder
	16 - Many-Body Hilbert Space for Scattering
	17 - Collective Coordinate Representation 
	18 - Boundary Conditions 1
	19 - Boundary Conditions 2
	20 - 7Be     Levels      Bound and in Continuum
	21 - 7Be     Phase Shift     7/2- Resonance
	22 - 7Be     Phase Shift     5/2- Resonance
	23 - 7Be     Phase Shifts, nonresonant 
	24 - 7Be     Phase Shifts, nonresonant 
	25 - Summary
	26 - Collaborators

