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Background	

B.	Microscopic	coupled-channel	calcula4ons	

Evolu4on	of	Airy	structures	are	confirmed	in	the		12Cg.s.→	12C(02+)	sca:ering	

A.		Diffrac4on	model　	

An	enhanced	diffrac4on	radius	is	obtained	in	the	transi4on	of	12Cg.s.→12C(02+)	

There	are	several	studies	that	try	to	get	the	signature	of	the		
enhanced	3α	radius	in	the	inelas4c	sca:ering	of	12Cg.s.→12C(02+).	

⇒ Inelas4c	sca:ering	to	Hoyle	state	does	NOT	reflect	the	size	of	the		3α	ma:er	radius		

Radius	
3.47[fm]	

Radius	
2.40[fm]	p	+	12C:		K.	Iida	et	al.,	MPLA27		(2012)	

light-ion	+	12C:		A.	N.	Danilov	et	al.,	PRC80		(2009)	

α +	12C	inelas4c	sca:ering:		S.	Ohkubo	et	al.,	PRC70	(2004)	

Cri4cism	by	M.	Takashina	et	al.,	PRC78	(2008),	PRC74	(2006)		

Ground	01+	

Excited	02+	

Angular	distribu4on	is	mainly	determined	by	the	size	of	the	coupling	poten4al	
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Problem	to	get	a	sign	of	enhanced	3α	radius	in	12C	inelas4c	
sca:ering	
1.	Comparison	of	01+	with	02+ 

2.	Comparison	of	21+,	31-	with	02+ 

01+	⇒ Elas4c	sca:ering 
02+	⇒ Inelas4c	sca:ering 

There	are	finite-spin	effects	in	
	the	21+	and	31-	channels 01+ 

21+ 

31- 

02+ 

22+ 

⇒Invalid	comparison	! 

⇒Unfair	comparison	! 

Our	viewpoint 

We	consider	comparisons	of	21+	with	22+	channels	(Fair	comparison) 

M.	Itoh,	PRC84	(11) 
M.	Freer,	PRC80	(09) 

22+	EXP. 

Theory,	Y.	Funaki,	EPJ24,321	(05) 

The	difference	of	the	21+	and	22+	channels	is	just	a	size	of	their	ma:er	radius	 



framework	

Coupled-channel	equa4on	

real	poten4al	

α+12C：Folding	pot.	

α	par4cle	

Present	report	
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Coupling	poten4al	

We	demonstrate	that	a	sign	of	the	enhanced	radius	of	22+	appears	in		
α	+	12C	inelas4c	sca:ering	by	performing	the	microscopic	coupled	channels.	 

:	12C	density	is	calculated	by	M.	Kamimura	3α	RGM	　	Channels:	01+,02+,03+,21+,22+,31-	 
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31- 

02+ elas4c 

21+ 

Elab	=	386	MeV	 ●：experimental	data	(M.	Itoh,	PRC84)			Blue	curves:	Coupled-channels	

Results	of	the	differen4al	cross	sec4on	in	α	+	12C	
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Comparison	of	α	+	12C(01+)	⇒α	+	12C(21,2+) 

01+	⇒ 21+	

01+	⇒ 22+	

01+	⇒ 22+	

01+	⇒ 21+	

Distribu4on	of	22+	is	Shrunk	 Distribu4on	of	22+	is	Extended	

θL=Const	

30=L

ΔRsc		=	RSC(	22+	)	―	RSC(	21+	)	=	0.6	fm	⇒ 3α	structure	in	22+	

34=L

→= SCkRL RSC(	22+	)	=	5.2	fm,		   RSC(	21+	)=	4.6	fm,  



Energy	systema4cs	of	enhancement	of	Rsc(2+)	
(	f
m
	) 

Difference	of		
ma:er	radii	
(Theory	of	structure) 

ΔRSC	=	RSC(22+)	－ RSC(21+)	〜 1	fm 

ΔRCP	=	VPEAK(22+)	－ VPEAK(21+) Size	difference	of		
coupling	poten4al;		
VPEAK(01+→2+) 

Difference	of		
sca:ering	radii 

Rm(22+)	≧3.4	fm		 

ΔRm	=	Rm(22+)	－ Rm(21+) 



Summary	

Results	

Future	subject	

•  We	introduce	the	sca:ering	radius	(Rsc)	to	characterize	a	size	of	reac4on.		

•  A	comparison	of	21+	and	22+	exit	channels	is	possible	to	probe	an		
enhanced	radius	of	Hoyle	rota4onal	22+	state.	

•  Rsc	of	22+	is	enhanced	by	about	1	fm	in	comparison	to	that	of	21+.	

•  Shrunk	differen4al	and	extended	par4al	cross	sec4ons	are	observed	in	22+		

⇒ Calcula4on	predicts	that	extension	of	Hoyle	rota4onal	22+	can	be	probed.	

•  Microscopic	coupled-channels	of	α	+	12C	are	performed	and	sca:ering	
radii	(Rsc)	are	derived	for	various	exit	channels.		

•  Measurement	of	Ex=10MeV	cross	sec4on	over	a	wide	energy	and	sca:ering	angle		
							is	important.		

•  Careful		MDA	should	be	done	for	the	differen4al	cross	sec4on	of	Ex=10MeV	state.	





Applica4on	of	the	diffrac4on	theory	
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Rela4on	of	sca:ering	radius	and	3α	ma:er	radius		

In	a	naïve	considera4on,	we	can	image	the	following	rela4on,	

We	can	speculate	the	lower	limit	of	the	ma:er	radius	of	22+	

Rma:er(22+)		≧  Rma:er(21+)		+		ΔRsc(2+) 

Predic4on	at		
Elab	≦ 240	MeV	 

〜 1	fm Rma:er(01+) 
=	2.4	fm 

≒ 

＝
 

Rma:er(22+)		≧  3.4	fm 



ΔRsc	=	0.6	fm 

Comparison	of	experiment	and	Theory	(	Elab	=	386	MeV	)	

Present	calcula4ons 
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In	the	22+	distribu4on,	shrinkage	and	rapid	fall	down	can	be	clearly	observed 

ΔRSC	=	Rsc(	22+	)	－RSC(	21+	)	=	0.6	fm				(	ΔRsc	～	1	fm,			Elab≦240	MeV	)	

Exp.	MDA	by	M.	Itoh	et	al.,	PRC84	(2011) 
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22.87	 29.67	 33.83	33.69	31.76	

3.53	 4.58	 5.21	 5.20	 4.90	

2.40	 2.38	 3.47	 4.00	 2.76	

Sca:ering	radius	in	α	+	12C	(	Elab	=	386	MeV	)	

Ref.:	M.	Tomita	et	al.,	PRC89	(2014)	

※M.	Kamimura,	NPA351	(1981).	

RSC(	22+	)	is	more	enhanced	by	about	0.62	fm	than	RSC(	21+	)　⇒ 3α	structure	in	22+	
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Transi4on	densi4es	and	coupling	poten4al:	01+	⇒ 21+,	22+				
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α	+	12C	Folding	poten4al	
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The	coupling	poten4al	to	22+	is	extended	by	about	0.5	fm	in	comparison	to	21+	 

The	extension	of	the	coupling	pot.	of	22+	is	due	to	the	developed	3α	structure 



Sensi4vity	to	the	size	of	the	22+	state	
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Sca:ering	angle	(	degrees	) 

α	+	12C	⇒ α	+	12C(22+) 

Rapid		
Fall	down 

Rm(22+)=2.54	fm 

Rm(22+)=5.03	fm 

Rm(22+)=3.87	fm 



Sensi4vity	to	the	size	of	the	02+	state	

Larger	R(	02+	)	 
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Sca:ering	angle	(	degrees	) 

α	+	12C	⇒ α	+	12C(02+) 

Rm(02+)=2.97	fm 

Rm(02+)=5.65	fm 

Rm(02+)=3.80	fm 

Fall	down 



Final	state	distor4on	and	CC	effect	

2ch.	w/o	
Distor4on 

2ch.	With	
Mono-Dis. 

2ch.	With		
Full-Dis. 

Full	CC		
calcula4on 

Rsc(21+) 3.92	 4.37 4.36 4.37 
Rsc(22+) 4.42 5.15 5.16 5.30 
ΔRsc 0.50 0.78 0.80 0.93 

ΔR(Vcp) 0.60 0.60 0.60 0.60 

VCP:54%,		Distor4on:33%,		CC-effect:13% 



Systema4cs	of	the	coupling	poten4al:	01+	⇒ 21+,	
22+				

(X	2.2)	

( ) fmR 1.420 11 =→ ++

( ) fmR 7.420 21 =→ ++

fmR 6.0=Δ

(X	2.0)	

( ) fmR 1.520 11 =→ ++

( ) fmR 6.520 21 =→ ++

fmR 5.0=Δ
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Sensi4vity	of	the	transi4on	density	to	the	ma:er	radius	
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Monopole:	01+	⇒ 02+	

Quadrupole:	01+	⇒ 22+	

Radius	of	01+	



Black	sphere	limit	of	the	sca:ering	radius	

We	consider	the	high	energy		sca:ering	by	a	black	sphere	poten4al	

Black	sphere	poten4al	
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matterBS rr ≈

A.	Kohama	et	al.	
	PRC69	(2009)	

matterSC rRkL 05.1≈= (		high	Energy	limit	)	

a

Par4al	cross	sec4on	of	the	BS	sca:ering	



Comparison	with	the	complex	g-matrix	NN	int.	

Do:ed	curve:	complex	g-matrix	NN	int.	 
Solid	curve:	DDM3Y	NN	int.	 
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Differen4al	and	Par4al	cross	sec4ons:	16O	+	12C	
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16O	+	12C(01+)	⇒ 16O	+	12C(2+)	

Distribu4on	of	22+	is	shrunk	 Distribu4on	of	22+	is	Extended	

!≈θLUncertainty	Rela4on:		

01+	⇒ 21+	

01+	⇒ 22+	

01+	⇒ 22+	

01+	⇒ 21+	



Differen4al	and	Par4al	cross	sec4ons:	1H	+	12C	
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p+	12C(01+)	⇒ p	+	12C(2+)	

Distribu4on	of	22+	is	shrunk	 Distribu4on	of	22+	is	Extended	

!≈θLUncertainty	Rela4on:		

01+	⇒ 21+	

01+	⇒ 22+	

01+	⇒ 22+	
01+	⇒ 21+	



Rsc(	21+	)	

Rsc(	22+	)	Target	dependence	of	Rsc	

P	+	12C	
E/A=40	MeV	

α	+	12C	
E/A=30	MeV	

16O	+	12C	
E/A=38	MeV	

Systema4cs	of	the	sca:ering	radii	(1)	
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ΔRSC	=	Rsc(	22+	)	－RSC(	21+	)	=	1.0	fm	in	average	



P	+	12C	
E/A=40	MeV	

α	+	12C	
E/A=30	MeV	

16O	+	12C	
E/A=38	MeV	

Comparison	of	Rsc	and	coupling	poten4al	

ΔR(VCP)	

ΔRSC	

Systema4cs	of	the	sca:ering	radii	(2)	
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ΔRSC	is	about	1.3～2	4mes	larger	than	ΔR(VCP)		



Transi4on	Densi4es:	01+	⇒ 21+,	22+				
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 K.	Iida,	A.	Oyamatsu,	A.	Kohama,	MPLA27		(2012)	

The	enhancement	of	the	diffrac4on	radius	is	clearly	confirmed,		
but	the	rela4on	of	the	3α	wave	func4on	and	diffrac4on	radius	s4ll	remains	
unclear.		
Diff.	radius	⇒	the	size	of	the	coupling	poten4al	??	(Pointed	out	by	Takashia).	

Previous	works	(1):	Diffrac4on	model	（p+12C）	

In	12Cg.s.→12C(02+)	,	diffrac4on	radius	is	enhanced	in	the	3α	final	channel.	

Formula	of	the	inelas4c	Fraunhofer	diffrac4on		

Enhanced	radius	in	3α	 Inelas4c	Fraunhofer	diff.	pa:ern	

Inelas4c	
elas4c	

Diff.	radius	



Previous	works	(2):	Microscopic	coupled-channel	(α+12C)	

In	12Cg.s.→	12C(02+),	Evolu4on	of	the	Airy	minima	is	observed.	

Airy	min.	

S.	Ohkubo	and	Y.	Hirabayashi,	Phys.	Rev.	C70,	041602(R)		(2004)	

The	microscopic	coupled-channel	calcula4on	is	performed		for	an	α	sca:ering	by	12C	

(	Folding	model	with	3a	RGM	w.f.	+	DDM3Y	NN	int.		)	
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⇒ Evolu4on	is	a	sign	of	the	enhanced	a:rac4on	at	the	surface	region	of	the	3a	state	!?	



Previous	works	(3):	Analysis	of	the	MCC（4He+12C） 	

M.	Takashina	and	Y.	Sakuragi,	Phys.	Rev.	C74,	054606		(2006)	
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In	the	microscopic	coupled-channel	calcula4on,	the	sensi4vity	of	the	angular		
distribu4on	to	the	size	of	the	3α	state	is	inves4gated.	

3α
	ra

di
us
		

small	

large	

Oscilla4ng	pa:ern	is	quite	INSENSITIVE	to	the	radius	of	the	final	3α	state	

Oscilla4on	is	quite	SENSITIVE	to	a	size	of	the	transi4on	poten4al	of	12Cg.s.→	12C(02+)	


