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weakly interacting state of clusters

decay threshold to clusters

T~

cluster structure with geometric shapes

Excitation/energy

7

mean-field, shell structure
(single-particle motion)
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Gas like cluster states become stable with geometric
shapes due to the glue effect of the neutrons?
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Collaboration with Frankfurt group
J.A. Maruhn et al.
* No assumption of cluster structure a priori,
the model is mean-field model

* Interactions are quite general ones

(Skyrme interactions designed for many nuclei including
heavier ones)

several years ago

Linear-chain structure of three clusters in C and 2°C

J.A. Maruhn, N. Loebl, N. ltagaki, and M. Kimura
Nucl. Phys. A 833 1-17 (2010).



Force || Eg |[726° |m°n*|n on’ |n or’ |7mom"”

SkI3 |[101.5(]19.5| 14.5 | 17.0 | 19.1 | 17.5

Skl4 [|100.81119.9 [15.7%| 17.6 | 19.7 | 18.0 Km=1
Sly6 ||100.6|] 18.9(15.4*] 17.0 | 19.0 | 17.3

SKM*|[115.0([{17.5(16.4%] 16.9 | 19.7 | 17.0

Force [[Bas 0" | a” |7n2on |moon [m-on |

SKI3 110.34]]0.821 0.69 | 0.76 | 0.88 | 0.76

SkI4 [[0.33]( 0.8010.68*| 0.75 | 0.86 | 0.74 .
Sly6 ||0.32|[ 0.81 [0.68*%] 0.75 | 0.87 | 0.75 K*=1
SKM™(|0.28]1 0.7910.66*%[ 0.73 | 0.85 | 0.73

Km=0* Km=0* Kr=2*
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Stability against bending motion

Time Dependent Hartree-Fock
Solid 29C (1m%026%)

Dotted 16&(114)
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Characteristic oscillation modes
of 3alpha chain state
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week ending

PRL 104, 212503 (2010) PHYSICAL REVIEW LETTERS 28 MAY 2010

Microscopic Study of the Triple-a Reaction

A.S. Umar,' J. A. Maruhn,* N. Ttagaki,” and V. E. Oberacker'

'Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA
YInstina fiir Theoretische Physik, Goethe-Universitit, D-60438 Frankfurt am Main, Germany
*Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan
(Received 24 March 2010; published 27 May 2010)

© 2500<T<4000 fm/c

T=5000 fm/c

FIG. 1: (Color online) Selected density profiles from TDHE
time-evolntion of the *He+"Be head-on collision for initial Be
orientation angle 3 = 07 (see small graphs in Fig. 2} using
the SLyv4 interaction, The initial energy is E. ., = 2 MeV,

configuration shown in the top pane, subsequently the system
changes its mode to a bending configuration shown in the
middle pane. and finally relaxes into a more compact config
uration as shown in the bottom pane. Note that the region
shown is only a part of the computational mesh,

V(R) (MeV)
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F1G. 2: (Color online) Potential energy curves for the collision
of the “He+"Be system as a function of B for three initial
alignments of the Be nuelens and at B, = 2 MeV.
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FIG. 4: Time spent in the linear chain configuration as a
: : : : : 4 8

function of the impact parameter b for the "He+"Be system
at E..,. = 2 MeV and 5 = 07 alignment.



Linear chain states can be excited
even in the case of
finite impact parameters?
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weakly interacting state of clusters
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Alpha Cluster Condensation in 12C and 190
A. Tohsaki,! H. Horiuchi,?> P. Schuck,? and G. Ripke*
' Depariment of Fine Materinls Engineering, Shinshu Universiy, Ueda 386-8567, Japan
Department of Physics, Kyoto University, Eyoto 606-8502, Japan

Hnstitur de Physigue Nucléaive, F-91406 Orsay Cedex, France
1FR Physik, Universitir Rostock, D-18051 Rostock, Germany
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P = dRdR, - - - dR,
A Gi(R1)G2(R2)G3(R3) « + - Gn(Ry)
X exp[—(ﬁ% + RE + RE caa ﬁi)/r:r?]

A H/dR G;(R;) exp[— K2 /o?),

THSR wave function



Discussion for the gas-like state of alpha’s

LA~ P
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Gas-like state of three alpha’s around 4°Ca?

Tz. Kokalova et al. Eur. Phys. J A23 (2005)
ESDU I | | | | | | | | I |

ext step — to heavier regions

ort
T R IR R N . .
LI

2000 —
28Si+24Mg
- >’Fe

1500 —

Counts
|

1000 —

300 —

0 20 40 60 30 100 120 1440
B [MeV]
S11IT1

Enhancement of emission of gas-like states from the compound state
in low-energy regions compared with the sequential o emission



Is it due to the lowing of the Coulomb
barrier for the gas-like state?
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FIG. 1. The folded potential (V in the text) for 12 emission as
a function of the distance (R in the text) between the '2C and the

4 (a core. The solid, dashed, and dotted lines correspond to the
condensed, cluster, and ground states of 2C, respectively.

Tz. Kokalova, N.Itagaki, C. Wheldon, and W von Oertzen, PRL 96 (2006)



To apply THSR wave function to heavier systems,
we must simplify it

Integral over {Ri} in the THSR wave function
Is performed by Monte Carlo integration

Virtual THSR wave function

N.ltagaki., M. Kimura, M. Ito, C. Kurokawa, and W. von Oertzen,
Phys. Rev. C 75 037303 (2007)
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Alpha cluster state around 4°Ca core

N. Itagaki, Tz. Kokalova, and W. von Oertzen, Phys. Rev. C 82.014312 (2010).
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Gaussian centre parameters ({R;}) are randomly gener-
ated by the weight function W with a Gaussian shape:

[T(ﬁt) X exp[—ﬁf/ﬂg}.



Concept of the virtual THSR wave function




3alpha state
around 49Ca core
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N. ltagaki, Tz. Kokalova, and W. von Oertzen, Phys. Rev. C 82.014312 (2010).



Potential +Coulomb energy

for one alpha around 4°Ca THSR wave function
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FIG. 1: The expectation value of potential plus Coulomb en-  F1G. 2: J_)t‘.n.b%'il.y distribution of THSR wave 1{:}1{1(1[.1(}11. This
ergies for the relative motion between one a cluster and *°Ca 19 lh_(‘- case of only one a (illl.‘sl:f‘.r \-'\"%Lh(}m. the . YCa core. (“.m
as a function of relative distance R (fm) (before the angular densities are multiplied by »°. ‘The cases from ¢ = 1 fm
momentum projection). (dotted line) to 5 fm (dash-dotted line) with a step of 1 fm

are shown. The solid line is for ¢ = 4 fm.

N. Itagaki, Tz. Kokalova, and W. von Oertzen, Phys. Rev. C 82.014312 (2010).



Height of the Coulomb barrier, o =7 fm
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FIG. 5: The energy convergence of one « cluster around #*Ca for the case of ¢ = 7 fm.

N. Itagaki, Tz. Kokalova, and W. von Oertzen, Phys. Rev. C 82.014312 (2010).
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Visitors of
Yukawa Institute for Theoretical Physics,
Kyoto University

e Peter Schuck (Orsay)
28 November -2 December 2010

e Joachim A. Maruhn (Frankfurt)
JSPS short-term visitor, March 2011

* Pierre Descouvemont (Brussels)
Guest professor of Kyoto University, FY2012 for 3 months



Conclusions

* Geometric configurations of clusters are stabilized
by valence neutrons, and linear chain
configurations of three alpha’s are examples

* The study on Gas-like cluster state can be extended
to heavier nuclei, and the three-alpha state around
40Ca has the energy below the threshold energy
when the spatial extension is comparable to the
second 07 state of 1%C

* Coupling effect between the gas-like state and
normal cluster states can be taken into account in
the case of *0O+2alpha’s



