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Bubble and LS splitting
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Alpha decay (Rutherford, 1899)
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Resonating Group Method (RGM, "37)

Molecular Viewpoints in Nuclear Structure

JouN ArcHIBALD WHEELER!
University of North Carolina, Chapel Hill, North Carolina

(Received August 17, 1937)
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Molecular orbital model ("73)

MOModel
—_—— —:(X-Particle Model
P

88e : f(2)

L 22

[/ d=40fm
0 1

i

-2 -1 2 zIib

Fig. 8. The density distributions for ®Be
along z-axis. The solid lines are given
by the molecular-orbital model and the
broken lines by the alpha-particle model.
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. 10. Total energy curves of the lowest normal parity states of Be isotopes.
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Linear chain alpha states ('56)

Interpretation of Some of the Excited States of 4n Self-Conjugate Nuclei*
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Energy (MeV)

Game changer 1: no or least assumption of clusters
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Game changer 1: no or least assumption of clusters

Anti-symmetrized Molecular Dynamics (AMD)
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Excitation energy

Game changer 2: radioactive beams
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Game changer 3: RI-beam light-ion reactions
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Game changer 3: detectors for RIB reactlons

Type |: Strip-silicon array
*  MUSTIH/MUST2[2I (GANIL)
* HIiRABI(NSCL)

e Tiara!¥ (UK)

* HeliosP! (ANL)

[1] Y. Blumenfeld et al., Nucl. Instr. Meth. A 421, 471 ("99)
[2] E. Pollacco et al., Eur. Phys. J. A 25, 287 ('05)

[3] N.S. Wallace et al., Nucl. Instr. Meth. A 583, 302 ('07)
[4] M. Labiche et al., Nucl. Instr. Meth. A 614, 439 ('10)
[5] J.C. Lighthall et al., Nucl. Instr. Meth. A 622, 97 ('10)

A. Matta et al.,
Phys. Rev. C 92, 041302(R) ('15)

AT-TPC concept

Type II: Active gas target
e MSTPCHII (RIPS)

« TACTIC2 (TRIUMF)

* Mayal3! (GANIL)

e AT-TPC (NSCL)

« CATI (CNS)

e Maikol! (Kyoto)

[1] Y. Mizoi et al., Nucl. Instr. Meth. A 431, 112 ('99)

[2] A.M. Laird et al., Nucl. Instr. Meth. A 573, 306 ('07)

[3] C.E. Demonchy et al., Nucl. Instr. Meth. A 583, 341 ('07)
[4] S. Ota et al., J. Radioanal. Nucl. Chem. 305, 907 ("15)
[5] T. Furuno et al., J. Phys.: Conf. Ser. 569, 012042 ('14)




AT-TPC collaboration since 2008

Active Target Time Projection Chamber
P.I.: D. Bazin, W. Mittig

First experiments in 2011 A

« 10Be (8Be + 2n) and *C (*2C + 2n) via resonant a scattering.

* Essential roles of 2n from the simplest systems.
N\ J




10Be:
when molecules meet shells

D. Suzuki, A. Shore, W. Mittig, J.J. Kolata et al., Phys. Rev. C 87, 054301 ('13)



Evolution of berylium isotopes
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energy (MeV)

Molecular orbitals

o-orbital (chain)
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Signature of molecular orbitals

Resonant a scattering of °He beam
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Thick target method

K. P. Artemov et al., Sov. J. Nucl. Phys. 55, 1460 (’92)

®He + o > 19Be”

Cross
section

6 MeV Excitation energy 2 MeV

15MeV Beam energy 5 MeV

Inelastic Elastic



Thick target method

K. P. Artemov et al., Sov. J. Nucl. Phys. 55, 1460 (’92)

®He + o > 10Be”

Cross
section
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Time Projection Chamber (TPC)

The first realization for PEP-4 with the 29 GeV e*-e collider at Stanford (’70s)

particles from
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drifting  Wire chambers
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~, _—padplane  Physics Today 31, 46 ('78)

central membrane
{cathode)

endcap endcap
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October 2015

) Reactions from 200
- AMeV 79Se+Al
7 10/23/2015, RIKEN
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on April 13, 2016

Event ID: 24 (Gain calibrated) - Beam right view

Cosmic shower

Coutesy B. Tsang




MA%A since 2003 at GANIL

Ancillary detectors

20 cm
Beam/Energy . Mixture Pressure
[MeV/u] Date Reaction Gas (%] (mbar]
Y *He @ 3.9 2003 *He(p,p*) C4Hio 100 1000
! Frisch grid s o .
2" Amplification wires He@3.5 2003 He(p,d)'He C4Hyo 100 525
~~ Segmented cathode PYF @500 2004 *F(d,’He)™*0 D, 100 2200
Bea SNi @500 2005 Ni(d,d") D, 100 1050
C.E. Demonchy et al., Nucl. Instr. Meth. A 583, 341 ('07) *He @ 15.4 2005 $He(™2C,*N)'H C.Hyo 100 30
5 ’ TRIUMF
~
% 45 I "Li@3.6 2006 "Li(p,d)"°Li C.Hyo 100 150
E 4 Li(p,t)’Li C.Hy 100 664
m" 3.5 410 *He @ 3.5 2007 He(p,n)°Li C4Hio 100 107
5 53_ ] %Ni @ 50.0 2010 ¥Ni(d,d") D, 100 1040
' 5 - ®Ni(o,a’) He+CF, 982 500
1 MeV L5, i Ni @ 50.0 2011 *Ni(a,a”) He+CF, 982 1200
iy 1 = *He @ 15.4 2011 SHe('’F,*°Ne)’H He +CF,  10/90 Ig?gLDE
0‘3‘% . o | | | | A “Be @ 3.0 2012 “Be(p,p’) CsHio 100 100
0 10 20 30 40 50 60 70 80 90 100 I

0, [deg.]
C. Monrozeau et al., Phys. Rev. Lett. 100, 042501 ('08)



Half-scale prototype of AT-TPC (2011 -)

PAT-TPC

Not just a prototype!

PAT-TPC Maya

Gas thickness 50 cm 28 cm

Pad size 2 mm (strip) ' 9 mm (hexagonal)




PAT-TPC: principle of operation
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Waveform digitizer

Neutrino flux monitor TPCs in Tokai-to-Kamiokande (T2K) experiment
T. Lux, J. Phys: Conf. Ser. 65, 012018 ('07)
P. Baron et al., IEEE Trans. Nucl. Sci. 55, 1744 ('08)
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Travel to South Bend
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Twinsol facility at Notre Dame

. . F. Becchetti et al., Nucl. Instr. Meth. A 505, 377 ('03)
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Reaction imaging
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°He(a,a): excitation energy spectrum
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°He(a,a): reaction vertices map
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°He(oa,a): cross sections breakdown
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Suppression of alpha decay width
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Melting alpha clusters in 2°Ne

Deformed-basis AMD

TABLE 1. Observed [10] and calculated a-RW {H::J- multiplied
by 100 at the channel radius a=6 fm. for K“=t};. 0, and 0, band
members. For comparison. the results of the (sd)* shell model (SM)
[18]. a+ %0 RGM (RGM) [19]. and (a+'%0)+ (*Be+1%C) coupled
channel OCM (OCM) [20] are shown.

K™ J  Oula)*x100 SM RGM OCM AMD

6 8 10 12 J

T. Yamada, Phys. Rev. C 42, 1432 (’90)

0 6] 1.0£0.2 0.20 1.4 0.50 053
EI 0.094£0.027 0.020 0.24 0.10 0.08
K™ JT ”_'J (I:"rS)
0, 0 0.70 -5.2
27 0.68 -53
4] 0.54 -5.9
6, 0.34 -84
8] 0.28 -10.9

M. Kimura, Phys. Rev. C 69, 044319 ('04)
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Melting alpha clusters in 19Be 2*, 4* states

AMD VAP (variation after spin-parity projection)

10Be VAP

I

0+

Kanada-En’yo, Horiuchi, Doté,
Phys. Rev. C 60, 064304 ('99)

In the K"=0, band, the 2a cores weaken with the in-
crease of the total spin due to the spin-orbit force.\ The re-
duction of the clustering structure is more rapid in the case of

. . / . . e +
interaction (2) with the stronger spin-orbit force, and the 2,
and 4, states in case (2) interactions contain the dissociation
of a.

Vis=lurexp(—xm?)+uexp

- ;-Eal{l_P"} (1+P,)
I i

- ~ L ($;4Sy).  (15)

(1) U| = -U“ = 3000 ME‘V
(2) U| = -U“ = 3700 MeV

* Clustering and shell effects seem to be highly competitive in Be isotopes
* Effects of N = 6 subshell closure?



Effects of 1p, ,-1p;,, splitting

Molecular Orbital Model
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Probe ground state alpha clustering

Samurai 13
(D. Beaumel)

9 -
_ ’Be(p,pa) S, =0.45(2)
T T T T } )
L QBe(p,pa)sHe (c)
Ep=100 MeV
L 8pe8I1.2
By=-41.2
\ §
— 7 )
s,
b |
=T {-—-—38*-20
DWIA { —-— 35
- ---20
1 | | i l |
20 40 60

PROTON ENERGY (MeV)

P.G. Roos et al.,
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14C:
When nuclei become linear

A. Fritsch, S. Beceiro-Novo, D. Suzuki, W. Mittig et al., Phys. Rev. C 93, 014321 (’16)



Clusters and geometry

Magnetic nano cubic G. Singh et al., Science 345, 1149 ('14)

Zeeman coupling R 1D belt structure
= It & L & o

=\ Dipole-dipole
@ interactions

-7



Atlas of femto-scale geometries

RHB (Triaxial and reflection-asymmetric)
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J.-P. Ebran et al., Phys. Rev. C 90, 054329 ('14)
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AMD (’12)

3a linear chain puzzle in *2C

Fermionic Molecular Dynamics (FMD, '04)
T. Neff and H. Feldmeier, Nucl. Phys. A 738, 357

1" o
(=g
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Experiment

T. Suhara, Y. Kanada-En'yo,
Prog. Theo. Phys. 123, 303 ('12)

RHB ("14)

12C (K™ =01)

J-P. Ebran et al. Phys. Rev. C 90, 054329 ('14)

* Simplest linear chain
* Predicted slightly-bent chain for 0,* at 10.3 MeV
% And yet no experimental evidence
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Energy [MeV]
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T. Suhara, Y. Kanada-En’yo, Phys. Rev. C 82, 044301

Linear chain prediction in *4C
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Inelastic branching: degree of linearity

Pp  Pn

nop'non

[1/fm3]

0.425
0.375
0.325
0.275
0.225
0.175
0.125
0.075
0.025
—0.025
=0.075

Bethe-Bloch wavefunction

10
Be o

eee

1 L

0.8 -

@ 0.6 -
m L
QU 04
0.2 -

0=




Resonant a scattering of 1°Be with PAT-TPC

Elastic
40 — 7.0 MeV 4+
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T. Suhara, Y. Kanada-En’yo, Phys. Rev. C 82, 044301

promising candidate of 3a linear chain



How elusive is linear chain in 12C

Or why linear chain emergies in 14C?

GCM amplitudes
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Summary

* Halfscale PAT-TPC developped at the NSCL.

* First experiments carried out for clustering in 1°Be and C.
 Thick ‘active’ target method for resonant scatteirng
 ®He and °Be beam from Twinsol facility at Notre Dame
 Only 2 neutrons, but significant and essential evolution of

cluster structures.
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