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Double Arm Spectrometer: Grand Raiden and LLAS
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Ab initio Green Function Monte-Carlo Calculation of Light Nuclei
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Figure 1. Binding energies of light nuclei. The experimental values are compared with Green's function Monte Carlo calculations performed
with only a two-nucleon potential (AV 18, blue/dark gray) and with the addition of a three-nucleon potential (IL7, yellow/light gray) [5].
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[S/1V-spin-M1 distribution
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Squared Nuclear Matrix elements

A UM1IERITYIEE

H. Matsubara et al., PRL115, 102501 (2015)
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A UM1IERITYIEE

H. Matsubara et al., PRL115, 102501 (2015)
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H. Matsubara et al., PRL115, 102501 (2015)
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Magnetic dipole (M1) operator

Hlﬁ
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Ys: magnetic susceptibility figffl3&
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Universal Existence of PDR in Nucle1 with A > ~90 ?
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Excess Neutron Oscillation of the PDR

Predictions of the transition densities. Dipole oscillation of the excess neutron on

208Ph
PDR
region

<+>

surface against the isospin saturated core?

EMPM
In both the IS and I'V response

—n Signature of the neutron excess oscillation

- sensitivity to the surface transition
- IS excitation

0 2 4 6 8 10 12 1.

- characteristic g-dependence

0.06

GDR 0.03
region °

<_> '0.03‘

1 EMPM

g Only 1n the IS response

;:ZJ\N‘ Out of phase n-p oscillation

\
\

~

‘ -0.060

"2 4 6 8 10 12 1.
r[fm]

D. Bianco et al., PRC 86 (2012) 044327

Equation of Motion Phonon Method Courtesy of A. Zilges



Experimental hints on the structure of the PDR

e Universal existence for nuclei with A~90?

o Splitting of the PDR strengths (a,0’)<(v,7’)

e Large cross section for surface sensitive probes

e Different angular distribution in (p,p’) at forward angle?
e Splitting of PDR in deformed nuclei?

e Larger strength (in TRK) in neutron rich nuclei
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Compton Array Gamma-ray spectrometer at
RCNP/RIBF for Advanced studies - CAGRA

E. Ideguchi and M. Carpenter

16 COIIlptOl’l Suppressed clover Ge : structures of the clover detector
from ANL, Tohoku U., ARL and IMP 70m

(supported by DOE and clover-share in US)

Discussions from 2008

Physics Runs from 2015

target-detector Absolute photo peak efficiency of CAGRA sim. by Y. Yamamoto
mm

distance. NN Simulated efficiency with a correction factor

142.8m - 142.8mm

2~10 MeV

beam axis

respect to the
beam axis

P
’ MeV.

photo peak efficiency [%)

16 clover Ge with BGO T —————

Energy [keV]




Construction of GRAF

GREI7€— FE—2A4 7 A4 ¥ (GRAF) =k, B L. BE. A
2012.12-2013.1 ¥z 234 BE (| . &40 FA8. HFO.

A B, @, R
2013.4.4 GRAF Project @ P-PAC

Y2013 GRAF 3l - i I
2013.11.28-29 GRAF Symposium o

2014.7 Physics Runs

GRAF under construction, March 17, 2014 \LAS at 61deg
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Design of the CAGRA+GR frame 2014 jan. - 2016 une

K. Nagayama, H.P. Yoshida, C. Iwamoto, T. Hashimoto, S. Noji, E. Ideguchl N. Aoi, A. Tamii
and Ref-tech Company b

Target Chamber
designed by C. Iwamoto

Inspection at Ref-Tech, 2016.6.30

Installation at RCNP, 2016.7.14  Equipped with the detectors
2016.9.29 151



CAGRA+GR Setup | 2016 July - September




CAGRA+GR Setup 2016 July - September




CAGRA+GR Setup 2016 July - September

.z Completion with the full-configuration
gl 2016.9.29

E. Ideguchi and M. Carpenter

12 Clovers from ANL, Tohoku, ARL and IMP j o
4 large volume LaBr; from Milano =




g CAGRA+GR Campaign Exp. Oct-Dec 2016

1. Structure of the PDR *1 (0,a’y) and (p,p’y) on ¢4Ni, 90.94Zr, 120.124Sp 206, 208Ph
2. Inelastic v-nucleus response

3. Super-deformed states, high-spin states

*1 A. Bracco, F. Crespi, V. Derya, M.N. Harakeh, T. Hashimoto, C. Iwamoto,
P. von Neumann-Cosel, N. Pietralla, D. Savran, A. Tamii, V. Werner, and A. Zilges et al.
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6B © 7 — & iRt T
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CAGRA+GR Campaign Exps. in Oct-Dec 2()164
>

Participants from abroad Participants from Japan

Mike Carpenter ANL Nori Aoi RCNP

Agnieszka Czeszumska Berkley Atsushi Tamii RCNP

Dimiter Balabanski ELI-NP Eiji Ideguchi RCNP

Shumpei Noji FRIB Yoshitaka Fujita RCNP

Denis Savran GSI Hirohiko Fujita RCNP

Maria Kmiecik IFJ-PAN, Krakow Ong Hooi Jin RCNP

Mateusz Krzysiek IFJ-PAN, Krakow Johann Isaak RCNP

Michal Lukasz Ciemala IFJ-PAN, Krakow Nobuyuki Kobayashi RCNP

Adam Maj IFJ-PAN, Krakow Fang Yongde RCNP

Barbara Wasilewska IFJ-PAN, Krakow Kumar Raju RCNP

Sandrine Courtin IPHC — CNRS, Strasbourg Satoshi Adachi RCNP

Guillaume Fruet IPHC — CNRS, Strasbourg Azusa Inoue RCNP

Daniele Montanari IPHC — CNRS, Strasbourg Tetsuya Yamamoto RCNP

Simon Glynn Pickstone Koeln Yasutaka Yamamoto RCNP

Mark Spieker Koeln Hang Thi Ha RCNP

Julius Wilhelmy Koeln Takeshi Koike Tohoku Univ.

Muhsin Harakeh KVI Yuni Watanabe Tokyo Univ.

Nives Blasi Univ. Milano, INFN Chiriro lIwamoto CNS

Angela Bracco Univ. Milano, INFN

Franco Camera Univ. Milano, INFN Contributors in commissioning experiments.

Fabio Crespi Univ. Milano, INFN

Oliver Wieland Univ. Milano, INFN Calem Hoffman ANL Phaik Ying Chan  RCNP
Daniel Basin NSCL Satoru Terashima Beihang Univ. Guillaume Gey  RCNP

Juan Carlos Zamora Cardona NSCL Lei Yu Beihang Univ. Gaku Isago RCNP
Samuel Israel Lipschutz NSCL Motonobu Takaki CNS Takeshi Ito RCNP
Jaclyn Marie Schmitt NSCL Masatoshi Itoh CYRIC Masaki Miura RCNP

Chris Sullivan NSCL Takashi Hashimoto 1BS Hirotaka Suzuki  RCNP
Rachel Charlotte Taverner Titus NSCL Hiroyuki Fujioka Kyoto Univ. Tomokazu Suzuki RCNP
Remco Godfried Theo Zegers NSCL Takahiro Kawabata Kyoto Univ. Mana Tanaka RCNP

Carol Guess Swarthmore College Noritsugu Nakatsuka Kyoto Univ. Hidetada Baba RIKEN
Emily Hudson Swarthmore College Akane Sakaura Kyoto Univ. Natsumi Ichige Tohoku Univ.
Charles Kacir Swarthmore College Yassid Ayyad LBNL Kenjiro Miki Tohoku Univ.
Sergej Bassauer TU-Darmstadt Ou lwa Okayama Univ. Hirokazu Tamura  Tohoku Univ.
Tobias Klaus TU-Darmstaat Makoto Sakuda  Okayama Univ. Tomoyuki Ozaki  Tokyo Inst. Tech.
Peter von Neumann-Cosel TU-Darmstadt Atsuko Odahara  Osaka Univ. Yasuhiro Togano ~ Tokyo Inst. Tech.
Gerhart Steinhilber TU-Darmstadt Shinnosuke Yoshida Osaka Univ.

Volker Werner TU-Darmstadt

Lindsay Donaldson Univ. Witwatersrand .

Adam Sebastian Brown Univ. York Technical Staff

David Jenkins univ. vork Hidetomo P. Yoshida RCNP We gratefully appreciate the support
Paul John Davies Univ. York Keiichi Nagayama RCNP

Luke Morris Univ. York Michio Uraki RCNP from RCNP and the accelerator group.
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Photo-absorption Cross Section (mb)
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Photo-absorption Cross Section (mb)
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Level Density (1/MeV)

Total Level Density (MeV 1)
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Fine Structure of GDR and its direct g.s. gamma decay

(experiment running now)

fine structure of GDR 208ph(p.p’) at E,—295 MeV

| N 1
(p.p") at 0.0—-2.5 deg |

= | ]
P 1.5 —_
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= 2 > ]
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S osl- §
~ - .
R - ]
0.0k o rn. . TEe——
g.S. Excitation Energy (MeV)
do ( OO) B ( El) ST The total width I" will be determined
dQ 0 for each part of the GDR.

F ploneering works:
0
B.R.=— J. R. Beene et al., PRC41, 920(16B)0)
I A. Bracco et al., PRC39, 725(1989)



Counts/10 keV

Counts/100 keV

9077 1 7\ . RCNP-E498
L (P i ) at0 deg semi-online analysis
2018/07/27 Run #1100-1199

E,=392MeV
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I'$1: full acceptance
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Prompt Explosion

1D K. Sumiyoshi, Astrophys. J. 629, 922 (2005)

radius [km]

VI L—Y a3y TIRBREIFEEAL, R Zshock wave DB

EOS: Shen et al.
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Delayed Explosion

R, : neutrino sphere radius
R,: gain surface
R,: shock radius

shock gaiq Rns F.QU R RS Rgct D 9*1 J@tl: 75\\
radius PNS é

(convective) ] 7 75\ E) ﬁ&tlj é ;h,%)

Figure 9. Sketch of the stellar core during the shock revival phase. R, is the radius of neutrino — 1 |\ U / L: J\— ) _C
sphere, from which neutrinos are emitted freely. Ry is the radius of the protoneutron star, Ry is

the gain radius (see text) and Ry is the radius of the stalled shock. The shock expansion is impeded j_'}l] E4! é Jh,(neutnno-

by mass infall to the shock front at Rs by the mass infall at a rate M. This figure is taken from

Janka [168]. Kotake 2006, pp. 987. heating). shock wave
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Delayed Explosion

1D
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N 2L E— B

o (~1053erg) D 1% %= 22X
MEICEET IEMNT

o ENITBFHEISERT

-02Z2 -0 O 01 02 03 04 O5 06 OF 08 %
TIME

Figure 8. Successful delayed explosion taken from [382]. The x and y axes represent time in units
of second measured from core bounce and radius from the stellar centre in units of centimetre,
respectively. Lines are trajectories of selected mass zones. The dashed line represents the shock
front. In the figure 1.665 M, shows the mass point which is expelled outwards by the second shock
produced by the neutrino heating of the matter behind the stalled shock wave. Due to the neutrino-
heating mechanism, the shock wave once weakened at ~500 ms revives and then successfully
propagates to the surface of the iron core.

delayed explosion D EINI, J.R. Wilson, Numerical Astrophysics, 1985
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2D-Simulation
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— e ... model mass in solar
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;8 150 y - r rot
S sof = ... rotating model
& E 32, 64

= ... number of grids in 6
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Post—Bounce Time [s]

R. Buras et al., PRL90,241101(2003).
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Be(d, p)éBe

v 7Be(d, p)8Be A

It is suggested that

the cross section increases
by the reaction through

the resonance state.

[Cyburt & Pospelov(2012)]

\\

v Big Bang Nucleosynthesis
Temperature: ~0.8 GK

Energy: 100 — 400 keV
—->The (5/2+) state at 16.71 MeV
in 9B is located in this energy

Energy [MeV]

AR

region.

Background Purpose Experime

nt

(5/2+)  16.71
220 keV {PB
‘Be + d
3/2- 0.00
9B

8Be + p

Q value of ’Be(d, p)éBe: 16.7 MeVl

Analysis



Counts

Host target: Ag 20um
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Phase-| First Measurement 'Be(d,p)éBe
RCNP-CNS-JAEA Collaboration
By 7NV TTREK CTOLIE K ERE

Primary target
Q value = +16.7 MeV, T12= 53 days A 3{ |
CRIB D 14 :‘L_’j‘u@ P -
’Be implantation at CRIB ... 2x108 pps/22 mm2  o~~%"' ~ < Do oy
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1.2 days of implantation — 1012 /mm?2 Q@ @7 qq = g LQ] detectors
"Be (RI) beam
0 5m

'Be(d,p) at JAEA Tandem

C. Angulo et al., Astrophys. J 630, L105(2005)
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’Be target production: Activation

Van de Graaff, Osaka Univ.

Activated target

Neutron
o

Protonbeam @& 1 & | _—7 =
- S
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7Be nuclei <)
s 7
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> i e TP
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PT100 £ 3 !
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'§ 200 .
Temperature o 100 " K. K. Sekharan et. al. (1976)
monitor 2 '
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A. Inoue et al., Incident Proton beam energy [MeV]
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He-Burning and Carbon Synthesis in Stars

double shell-
burning core
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Hertzsprung-Russell (HR) Diagram



He-Burning and Carbon Synthesis in Stars

planetary nebula

double shell-
o burning red glant

- - -«‘

helium- ﬂ
m
ing >

wd "9

star

Sun~"

white dwarf

Asymptotic Giant Branch (AGB)
stars:
C/O core, He-Shell Flash

Central Temperature Range:
107-108 K

red
glant

double shell-
burning core
Inert carbon

i helium-burning shedl

T~ hydrogen-burming shell

‘ /, helium buming
=~ hydrogen-burning shell

helium-burning

JSUPERGIANTS ’

star core
./- Inert hellum
T~ hydrogen-burning shell
subgiany/

red giant core

Copyright © Acdson Wesle

surface temperature (Kelwr

Surface Temperature (K)

Hertzsprung-Russell (HR) Diagram



Hoyle state
(0»* state of 12C)

70747 76542 O 7.3666
3a ‘Y e+_ e : (1-0-839

Y 449 2,
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1

Y s=0T=0 ¥

Close-up of core region fora 1 M@
Asymptotic Giant Branch star 120

Hydrogen-burning
J/ shell

Fred Hoyle

The Triple Alpha Process

(Helium Fusion) {gamma photon)

‘He
2 v Y 16
g ‘Be A_Jé‘ & I;;' O
NL R ' )

i e %
He/ Reversible «
@. / reaction / /

Carbon-oxygen core q » :
(no fusion) (not to scale) (alpha particle) SHe © &g :He

Helium layer

Helium-burning
shell

http://outreach.atnf.csiro.au/education/senior/astrophysics/stellarevolution_postmain.html



FEHORZSHK: FEHEERNY FILT7ILT 7 KIS

p 7> afew 108 K: resonant capture
12C (0+)

e R e

sBe (0+)

p 7 <108 K: nonresonant capture (Ternary Fusion Process)

Hoyle state a@ @ !
o
-

12C (2+)

The aao threshold is at 7.275 MeV.
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pd
v ——CDCC
s : Y, G this work: (a,-a.,)-0t,
= / resonance only

————— this work with RSM

—-— NACRE*

10° 10°

T (K)

from K.Ogata, M. Kan, and M. Kamimura, Prog. Theor. Phys. 122, 1055 (2009);

*C. Angulo et al., Nucl. Phys. A658, 3 (1999).
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Reaction in stars
. EZJJ" v Ezfr’ !
\)"’. - —
ot L2C*(2Y) 12C(g.s.)
Inverse reaction v
atis P
- -@®
12c>(-(2+) .
Proposed measurements
61

6/(\]30 ‘o

—= N~ @
2C(g.s.) ®

by 12C(p,p) and 13C(p,d)



EO Transition Strength to the Three-a Continuum

EO Transition Strength from *C(g.s.)

1.00E6

10000
1000
100

10

1

Q.1
0.01
0.001
1.00E-4

RSM

nsition Strength (A.U./MeV [s)

-y
o
o
M
Wl

[as]
N 1.00E-6
o 1.00E-7
L
1.00E-8
- (RN TR SR R N N |
1.00E ?35

Y

1.00ES CDCC Full 0+, Hoyle State
/’_\

Focus on this difference.

a1l 1 1 | PR (N TN TN S S NN S SN S
7.40 745 7.50 7.55 7.60 /.65 7.70

Excitation Energy of 1*C (MeV)

12C g.s. wave function from M. Kamimura et al.,

The aao threshold is
at7.275 MeV.



Differential Cross Section (Normalized)

Test Data: 13C(p,d) at O degree

g 2012.1.30 in RCNP-E365
< Achromatic Mode, 23 keV
3 60 minutes at 150 nA
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Differential Cross Section (Normalized)
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Comparison with 13C(p,d) Data
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T. lto et al.,
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