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Nuclear clusters and alpha condensation physics with THSR ansatz
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So-called " THSR” wave function (or condensate w.f.)
A. Tohsakiet al, PRL 87, 192501(2001), Y. F. et al, PTP 108, 297 (2002)
X,¥,Z 2

D, (B, b) = exp <_2 Z b2 -|1:k2,3,%> $a(b)
k

O (B,b) = Vg A{Do (B, b) Do (B, b)P (B, ) }

:dq{

Bl =b*+28 (k=x,y,2)

o Internal w.f. of aparticle
Y. : Total center-of-mass w.f. to be eliminated

p=1.35 fm: fixed
Two limits Palb) = \__

B =h: Shell model w.f.
B >>b: Gas of independent « -particles



[ Why the Hoyle state is the 3a condensate ?

The 3aRGM/GCM eq. of motion gives the solution,
which is very 3a cond. w.f.

The 3o RGM/GCM: to give solutions of full 3a problem in a microscopic way
RGM w.f.

(¢ ()| H — E|Alx(s,7)¢"(a)]) = 0 s 8
M. Kamimura, NPA 351, 456 (1981). -’4 88

T

3a cond. w.f. (THSR w.f.)
N
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B
Y. F. et al, PRC 67, 051306(R) (2003).




[ Comparison with exp. data for the Hoyle state (0,* of 12C) (THSR w.f.) ]

Inelastic electron scattering (0,*- 0,7)

Energy (MeV)
Data from T. Neff and Ecal — E;Z =0.38
M. Chernykh et al, PRL 98, 032501 (2007). E —E" =023
j [% F. et al, EPJA 28, 259 (2006) ] o e
10 THSR (0} — 0}) —— a-decay width (MeV)
107 r_ =77x10"

I.,=8.5(10)x10™

Monopole M.E. (fm?)
M(EOQ; 0] > 0,)=6.4 (Exp: 5.4(2))
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B(E2) (e2fm?)

B(E2; 27 — 07)=2.4 (Exp: 0.73(13))
Y. F. et al., PRC 67, 051306(R)(2003).
Y. F. et al., EPJA 24, 321(2005).
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Very nicely reproduced by THSR w.f.



GFMC (data from Wringa) and Comparison with THSR

One-hody density distribution

g.s. (THSR)
Hoyle (THSR) ——

os. @rvo) ——  THSR, for the Hoyle
Hoyle (GFMC) —»— ers=3-8 fm

GFMC

For Hoyle state

R/=3.0 fm ~ 3.5 fm

r (fm) For Hoyle state

AV18+IL7: 10.4 MeV
Exp: 7.65 MeV




THSR + GCM (for 12C)
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Y. F. et al., Progress in Particle and Nuclear Physics 82, 78-132 (2015).
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THSR + GCM (for 12C)
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Y. F. et al., Progress in Particle and Nuclear Physics 82, 78-132 (2015).
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New observed states are consistently reproduced.

except for the
states
(01+121+141+

3.7 fm ~ 4.7 fm

shell-model-like

: ~2.4 fm)

All excited states above the threshold are governed by cluster dynamics
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THSR + GCM (for 12C)
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e 2%)
transition strengths (
(unit: e2fm? for B(E2). efm? for M(EQ)) New states observed recently
4% 4"
T " : :
4 4 Decay widths (unit: MeV)
AN 24 +
V23 304 43 Vi | —7—%0 24 ['(0))=0.6 (Exp: 1.42)
601 L. 0. fen /7 02 0" N _ :
} 19 W95 591 52/ A 4 — I'2,)=1.1 (Exp: 1.01)
o A\ I'4))=2.4 (Exp: 1.7
] lﬂﬁlﬂf.;:'-a.._ 5125 \ A 4 }./ 0" ( 2) ( P )
35 N 295 Hoyle state
‘ + + . .
}Hﬂﬂi_w UA‘/301’ s orbiting in an S-wave
ff \
/ 0.73 3-a breakup threshold
117 7 hH

New observed states are consistently reproduced.

Rich alpha cluster dynamics built on the Hoyle state, as if
the Hoyle state were the g.s. of cluster excitations

All excited states above the threshold are governed by cluster dynamics
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Container picture with THSR ansatz



First success of container picture for ordinary cluster state

Characterized by rel. distance
parameter R, .
Localized clustering.

' 8 z _Rz 2
@ @ whrink(p b) = Jl{exp( ¢ = ) >¢a(b)¢16o(b)}
\
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Characterized by the size of
container B.
Non-localized clustering.

X,¥,Z
THSR _ 87"1?
OISR, b) = cﬂ{exp (Zk: S 23,3)) qba(b)gbmo(b)}
@ B = b% +2BF (k=x,v,2)
<€ B >

B Zhou, Y. F. et al, PRC86, 0714301 (2012); PRL 110, 262501(2013); PRC 89, 3319 (2014).



First success of container picture for ordinary cluster state Characterized by rel.

The energy levels of a+'0 inversion doublet bands in 2°Ne distance parameter R, .
Localized clustering.

2r
0% @ (o)
10 F - 0 \
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—F b z b
S5 at
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Experiment

B Zhou, Y. F. et al, PRC86, 0714301 (2012); PRL 110, 262501(2013); PRC 89, 3319 (20714).



Container picture succeeds in describing other non-gaslike cluster states.
. . T. Suhara, Y. F. et al., PRL112, 062501 (2014)
a Linear chain states __

/ Overlap between cond. w.f. and full sol.

Overlap between cond. w.f. and full sol.

J=0: 0.9873 (B,=B,,B,)=(0.1,5.1) j g 883‘118 EE g g; 281 42))
J=2: 0.9887 (B,=B,,B,)=(0.1,5.4)
J=4: 0.9806 (BX=Byy,BZ)=(o.1,6.6) =4 E3m§3°7 (B BV’B)( 90)

0.25 Strongly prolate

0.2

° . ® 1 config. of THSR w.f.
~ = full sol. of one-dim. Brink-
® GCM (300 configs.

10

11 %% Strongly prolate

0.02

5H 0.015
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J=2: 0.994 (B,= By,BZ) =(0.1,3.0) =tm
J=4: 0.977 (B, By,B)(O121)

Small size
\\Y- F. et al, PTEP (2014) 113D01. PN
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Container evolution for 190



4a extended THSR wave function

CDC((B' b) = exp <_

L
2 Z b? + 23,3) Pa (D)

O5o " (B1, B2, b) = W5 A{D, (B1,b) o (B1, D)o (B, )P (B2, b))

Y. : Total center-of-mass w.f. to be eliminated

Internal w.f. of a particle
b=1.44 fm: fixed b

G (D) = T



4a extended THSR wave function

X,¥,Z 2
o (B,b) = exp (—2 D s ﬁﬁ) ba(b)

O5o " (B1, B2, b) = W5 A{D o (B1, b)) g (B1, D)o (B, )P (B2, b))

Y. : Total center-of-mass w.f. to be eliminated

Hill-Wheeler eq. or GCM (generator coordinate method)

2 <p1\{1Kq)$ggSR(ﬁ1'ﬁ2'b)|ﬁ - E‘PA{IKCDEE(I){SR(.BILFZ;b))f(ﬁlbﬂlz) =0
B’l!ﬁ’Z
P’ + Angular momentum

o MK projection operator
Hamiltonian (NN force: F1 force)
A. Tohsaki, PRC 49, 1814 (1994). B=(B.=P,.5)
™) © ) With (axially symmetric)
H= ——z Vi —Tg; + Z(V- tV; ) + z Viik deformation

<j I<j<k
Spurious contmuum components are effectively eliminated by r? constraint method.
See Y. F. etal., PTP 115, 115 (2006).
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J7=0* spectra

Y. F, PRC 97, 021304(R)(2018)
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0
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+
. Y
a+>C OCM
Y. Suzuki, PTP 55, 1751 (1976); 56, 111 (1976).
¢THSR | a+"*C OCM EXP.
0; M(E0:0f -0;) | 59 |3.88 3.66+0.55
THSR 4o M EXP.
eTHS oC M(E0:0; >0;) | 5.7 |3.50 4.40+0.44




[MeV]

-10
-12
—-14
-16

—-18

J7=0* spectra

4 o cond.

Y. F, PRC 97, 021304(R)(2018)

* o 2C(1)+a(P)
v 12007+ a(S)

L 120(2%)+ a (D)

12G(1)+ a (P) structure is difficult
to describe by the present eTHSR

—  but extension is possible.

12G(0")+ a (S)

0;

eTHSR 40, OCM

EXP.

+

a+’C OCM
Y. Suzuki, PTP 55, 1751 (1976); 56, 111 (1976).

eTHSR | a+"*C OCM EXP.
M(E0:0; >0;) | 5.9 |3.88 3.66+0.55
M(E0:0; >0;) | 5.7 |3.50 4.40+0.44




Squared overlap surface with single config. of eTHSR [~~~ .
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Squared overlap surface with single config. of eTHSR [~~~ .
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Squared overlap surface with single config. of eTHSR | . 1
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Squared overlap surface with single config. of eTHSR | . 1
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Squared overlap surface with single config. of eTHSR orolate of S
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This is to deepen the understanding of
Ikeda diagram, that is,
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