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Exotic nuclei explored at in-flight separators

T. Nakamura, H. Sakurai, H. Watanabe
Prog. Part. and Nucl. Phys.

https://doi.org/10.1016/j.ppnp.2017.05.001
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Physics with Exotic Nuclel

Shell Evolution : R-process path: Synthesis up to U
magicity loss and new magicity
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N EOS: asymmetric nuclear matter
Neutron Correlation in the SN explosion, neutron-star,
vicinity of the Drip-line gravitational wave
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1. In-flight facility
2. Shell evolution
3. r-process path
4. EOS

5. Facility upgrade



In-flight and ISOL methods to produce radioactive ions
In-Flight Method

Heavy ion beams Production
target Fragment separator

Fast RI beam

. Radioactive ion beam

' | E>Ferm1 energy ~ 304 MeV
projectile fragmenta.tlon
fission Q’I

Heavy ion
accelerator

| Experiment
ISOL Method
lon source Isotope/isobar

Transter u{e é ; Separator Slow RI beam
B e é Radioactive 1on beam
accelerator :I e very low energy
Production / .
target ~——| Experiment

target fragmentation or spallation
fission Postaccelerator

Radioactive 1on beam —\_ Experiment
E < Coulomb barrier ~ 104 MeV




New experimental techniques to have very slow RI beams

RIKEN, NSCL/MSU, ANL

Stopping & Cooling of
RI-Beams in He Gas
>100 MeV/u RI beam ' | ISOL

Heavy lon
Cyclotron

——

Fragment
Separator

|
Degrade‘ .
~1MeViu RF lonGuide

pure slow Rl
fo experiments

Te

% o
‘é . RF Carpet
& o

Target
/ courtesy of M.Wada
I
In-flight Method Gas-catcher system ISOL
High energy, large variety of species, large variety of species,
Poor optical qualities »  good optical qualities,

nice purity

Wada
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History of In-flight Method

0t Generation (70’s-80’s) LBNL
“Discovery” of Projectile Fragmentation

1 st Generatlon ( 80 ,S) G ANIL/ LISE LISE was originally designed for atomic-physics
Establishment of Separation Technique Bp-AE-Bp Method

2"d Generation (90’s) GSI/FRS, NSCI/A1200-1900, GANIL/SISSI, RIKEN/RIPS
Large-Collection Technique
Max. Bp and Large Acceptances  RIKEN/RIPS

Emittance-transformation GANIL/SISSI
Further Purification Methods

ExB filter GANIL/LISE

rf-deflector RIKEN/RIPS

In-flight Fission for neutron-rich nuclei GSI/FRS
Combination of separator

+High-Res. Spectrometer GANIL/SPEG, NSCL/S800,
+ storage ring GSI/ESR

3¢ Generation (00’s-20’s) RIKEN/RIBF, GSI/FAIR, MSU/FRIB
High-Power Heavy-lon Beams up to U




The First Rl Beam Experiment (1974)

4
10 T T I 1 T l T T .1
- Background counts (25/30 sec) were subtracted —|
— . _ to obtain measurements |
Rabbit Brain Exposure
. = Many pieces of interesting work
§ | Measurement of done at the Bevalac in biology
blood circulation . .
o using Rl beams _(1.25 x103 | USINg animals and plants
> 103 — : -l
= E Due to blood . \ Usually expected =]
8 - /I circulation I\ ]
o — Y inside the brain .\, —
- - N )
Z L / 3 ]
S i Typ=2min. e
2 - S N
© Water column + -
et+e ®2y

®) lon chamber (6.8 cm) Nal crystals
°®90% - =

— OXYGEN 0O (50 Bea J;. -

[ BEAM === : I~ Rabbit holder ]

[ (230 MeV/n) [7:] | _ _1

— %’ collimator ' —

N l | | | | | | | 1
0 1 2 3 4 5 6 7 8 9 10 COpy I'lgh.t
Minutes ' S. Nagamiya

Courtesy of C. A. Tobias XBL 743-505
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Progress of Research Opportunities with RI Beams

Construction of a dedicated facility for RI beam production
via the projectile fragmentation

RIPS (RIKEN Projectile-fragment Separator)

Slit
i Rl beam T.Kubo et al. NIMB70, 309(92)

: Second-generation PF separator
Intense Rl beams

Wedge required for secondary nuclear reactions

Energy-degrader
large momentum acceptance,

solid angle and high magnetic rigidity
=J RI production optimized for PF reaction

T target
g Challenge in methodology
Invariant mass spectroscopy

for particle unbound states
Intermediate energy Coulomb excitation

for B(E2)

Primary beam

etc.



Nuclear Physics Programs at RIPS ‘90-°98

| 90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98
New Isotope Search _Pparticle stabilty, instabilty 31Ne, 37.38Mg, 40, 41AI, 31F .
*61Ga, 63Ge, 65AS) -

—(beta)—
T1/p 19B.22C23N3INe3Ne
35-37Mg, 36-39AI, 37-42Si

Jpeta-spectroscopy  beta-p 20Mg, beta-n 19C, 17B, beta-y 17Ne, beta-n-y 14Be, 11Li .
Polarized g factor Q-moment 14B, 15B, 17B, 9C, 17N, 18N, 130 |
Rl beam * >

Jotal CS_11Li,88,9¢

Missing mass (P.P)X, €IC  Elastic+inelastic _ 6,9.11Li 4,6,8He 12,13Be___10He, excited states

Invarant 9oulomb Dissociation (y,n), (yv.2n)  Soft E1 11Li, 11Be, 19C, 17C, 15C

mass (Y.p) Astrophysics 140, 8B, 12N
ﬁp,n) IAS 11Li, 14Be

 J

| J

 J

\j

yray 9oulomb Excitation B(E2), BE1) 32Mg, 11Be, 56Ni
measurements Deformation (P.p") B(E2) 12Be

\J

- Sub-Barrier Fusion halo-skin dynamics 27, 29, 31Al 9,10,11Be
(p.2p). (P.pN)  hole-states
____‘d.n) 7Be -

Int. Summer School, Beijing
25-20th Julv. 1999

-
>

.

Joun) 8L _Astrophysics




To overcome Intensity, Purity and Emittance of in-flight beams

Counts/sec ( Stopped RI ) ( Reaction J Experimental Points
10-5 T~ Particle stability 1. Rl beam intensity — "Subjects" limited
strong isospin-dependence due to the intensity
1047
2. Rl beam purity — Particle identifcation for
10-3 + Half life Fraction of RI of interest is beam species
NOT 100%! TOF, dE, Bp, (E)

| B-delayed n, Pn dE E (TOF) =S ZA (Q

2
10 (w/ a 3He ball)

3. Large emittance —» To be measured if necessary

10-1 +— B-Y spectroscopy and energy spread Tracking, TOF or Bp

(w/ a Ge-ball) e ~afew 10 » mm.mrad

_ AE/E~0(10)%

1001 Total cross section

B-n spectroscopy

B-p spectroscopy 2, 3-> Detectors
101+ time response . ) ) )

pileup (cyclotron beams) Maximum beam intensity

10 2-1— B-n-y spectroscopy Coulomb excitation
103 ++ B-NMR Coulomb breakup

u, Q Elastic
104 Charge exchange

Inelastic (p,p’) etc

105 1+ Sub-barmier fusion

(d,n) reaction
106

Int. Summer School, Beijing
25-29th July, 1999



Stability Enhancement 1n

the neutron-rich F and Ne 1sotopes
Search for new neutron-rich nuclei1 at RIKEN-RIPS from 1996 to 2002

1995 particle unbound Now
SINE.....oreme:
(ﬁh;g | -"ﬁé..r:ticié ‘bound (fi}\){ig.
= T ‘A."3.£I'Ne .."\/ﬁ
particle bound
8 8
20 e e .
... particle-bound . |.¥..-:: S
........................... stability jump
29F drip-line nucleus? 280 between the O and F
o i 1Sot
neutron drip-line particle unbound 1S0TOpes
3INe, 3’Mg H.Sakurai et al., Phys. Rev. C 54, R2802 (1996)
31F, 280, ... H.Sakurai et al., Phys. Lett. B 448, 180 (1999)

34Ne, 37Na, #Si, ... M.Notani et al., Phys. Lett. B 542, 49 (2002)



Delivery of tagged RI-beam
Based on two-stage separator scheme
T. Kubo et al.

Ist stage (2-bend FRS)

Cocktail beam ,
Production and

Taggfd_beam Dispersive focus A Z, (igxed |7 Separation of RI beams
To RI-beam F7 F3 F2
delivery line & <— Mgy 1 F4 D 0o {0 T Fl
experimental TOF %‘% F5 T
set-ups & AE W Isotope ‘
Bp measurement separation / oY T/
\ larget
‘ 2nd stage (4-bend FRS) Wedge X
Tagging of RI beams degrader from SRC
Identify RI-beam species Z, A/Q by measuring AE, Bp, TOF g?gﬂlght fission of
. . . U at 350 MeV/u
in an event-by-event mode using beam-line detectors on the AO~ 100 mr
2nd stage. Aim at tagging rate up to 1 x 10° pps. Ap/p~ 10 %
~ 0
Standard New Scheme
Bp-TOF-dE-E > Bp-TOF-dE
Z, A, Q Z,A/Q




\. .R | K.E N
. . . w2 NISHINA
Identification of new isotopes !2>-126Pd & CENTER
T. Onishi et al, JPSJ 77 (08)083201.

Pd(Z=46) isotopes

122

o) 123 O Q=2
; ? 0 Q=2-1
102 | wfl 12 A Q=7-2
()

119 | ll 125 (22counts)

121

Counts

117
126 (3cou

- .. : .o. . "
g il. 121 A ]J L : I
10 O 118 O 45 g %ﬂ o
IK A 119 X3 S
A - 266 268 37 593 554 556 58
120 118 1261 1424 AQ

10°-ODH|] OAD
Ll 10

2.60 2.65 2.70 2.75
A/Q

Total dose 3.6x10'2 for 25 hrs
[ ~0.01 pnA on average

A/Q resolution(r.m.s): 0.041% at Z=46
Bp resolution (r.m.s): 0.02%
AT resolution (r.m.s.): 40 psec

Cf. 124Pd 19 counts, '>’Pd(cand.) 1count at GSI, 1997
PLB 415, 111 (97); total dose ~1x1012
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Exploration of the Limit of Existence

B stable nuclei ~300 nucle1
unstable nuclei observed so far ~2700 nuclei
— drip-lines (limit of existence) (theoretical predictions) ~6000 nucleiy
—— magic numbers = ol O A"
= T ot o
: | HHa= HH
4000 species to be produced U) — i
(1000 more new isotopes) (Pb) _s2es - i |
= __dnaMtannl™
2 = i New Element
S = ' it 278113
5 ; : : 04 July 23 18:55
5_ (Sn) 50= of i ol 57 fb
R ~ R-process path
— s
= IZJ}” o (magic number)
(Ni) 28 4 i E - ﬂ-mfﬂ“ﬁugé Projectile Fragmentation
(Ca) 20 v N\ In-flight U fission & P.F.
I_d[; # ol 50
A LA . .
(O) & i 8Nj 10 particles/sec. (goal)
(He) 2 20 “°

2 8 by 1puA
neutrons




9]

ﬂ KHDITHVTF v o OEEEEBRIH DRI

RIV 7

«é“//

FBAGEER] B — A AR il A

M1 O00FEDREXD...

BFEED N
MEBEDD
BUIE—AY
BRITFHE

KRG

EXHIGRAE
HHIBIRREERTR

POERRE  \

PouE Ay fo X —

P

TERI19FEESTR

(BRI B — A i

SIS B — LT 4 L +SHARAQ, X

s

liy

B ACNS
T R20FE ESER




Physics with Exotic Nuclel

Shell Evolution : R-process path: Synthesis up to U
magicity loss and new magicity
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N EOS: asymmetric nuclear matter
Neutron Correlation in the SN explosion, neutron-star,
vicinity of the Drip-line gravitational wave
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O gl 3 X % e
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Shell evolution



Nuclear Magic Numbers
and Shell Evolution (1)

6hw
even

Shw
odd

Lhw
even

Jhw
odd

2hw
even

Thw
odd

o115 (16)—[184)—184
/ 3d¥%, (4)—
[ =4S ——=2L--4s'2 (2)—
e R 297 |-
3d \-,’ g2 1[1!/2_([13:_
Bl e 3d52 = (6)—
™ ) 10)—
—1i <. 2992 (10 jl:Z(;
A Y
N = 1i'3/z—1‘(112.:—[126]—125
- -=3p'n2 o
o re ?
- Jz \ .-— | ]
—2f—< 2t (8)—[100)
\ p 1h9%2 (10}—
| ’/
| —1h— 82 ?
™ 1h'Y2 (12)=[82] ——82
—35 ——-===3s'2 {2)—
2d - 2d¥2 (4)—
e 2d%2 (6)—[64] )
/ 1972 (8)— [
_15_:: 50
s 1992 (10)—[50]—50
_—2pV2 (21—[40]
. T Y—-ag 1572 (6)—[38]
{—lf—/\%-zo"" w—""128 r)
S 1f Y2 (8)=[28) =28
200 ——loss
—2 — 1d3; (4)==[20] =20
— 1 =252 (2)—[16] (
~ 1d54 (B1=—[14) 8
— -
1 c,,—1p'/2 (2)=[8) =8 IOSS
T ~=1p¥ (4)—[6] 2
— 1§ ————ee 1512 (2)=[2] —2

Stable nuclei

N
[N

Neutron-rich nuclei Mayer & Jensen

Nobel Prize 1963

Shell Structure
One-body potential
Large LS term
(surface contribution)

p(r)

A 51, 2 dyp,
2 drg. 194, Ty

2 pyp, 1, 2 Py

2 4[

20 "

1d,.2 S5, 1435

&

> 71 pen P12

1 sl(l
Reiner K

Magic numbers ->
2,8,20,28,50...



Nuclear Collective Motion

closed shell
at magic number

spherical nuclei

» | open shell

surface vibration deformed nuclei

=

Quadrupole

BI~0 <= deformation parameter § — Bl large

degree of collectivity

/

Quantum Liquid Drop Model

E(2")

Even-Even Nuclei

- E(2*) o 1/p2

B(E2)

E2 transition probability
between 2 and 0*

0* B(EZ) oC [32

ground state

E(2*) oc B(E2) -!

~

Energy of the first excited state




proton number

Magic number, E(27) and B(E2)

| | T

| 11




Magicity loss at N=8 and 20

E(2*) [keV]

B(E2)! [1/W.u.]

proton number

N=8



Experimental setup for in-beam gamma spectroscopy
with fast RI beams

Charged particle detectors
== [U particle identification for ejectiles

L gamma-ray detector array 5

observation of de-excited y rays

v-ray energy and emission angle ¥
for Doppler correction o
RI beam
~50 A MeV Nal detector
target E
1ot T T T Y
© 2'.0" (AR5 keV) J /9‘ -
. . [ ' : | "
Inverse reaction ok 208 g i 7)%8%_; beam

E;,=49.2 MeV/u

high energy beam ->

COUNTS/30keV

thick target ob ] i

: : . | i

kinematical focusing -> : Lol i
high efficiency o[ J T

~+—-RAY ENERGY (keV)

Doppler-shift corrected spectrum



B(E2:0%>2%) (e*m?)

B(E2) for the N 20 1sotones

600

100

Large B(E2) observed for Mg

The dawn of in-beam y spectroscopy with fast RI beams

[ (=)

[ (v

|

1 1 | ]
“ap g gy 3zMg “Ne

18 16 14 12 10

T.Motobayashi, et al., PLB 346, 9 (1995)

Intermediate energy Coulomb excitation

E ~ 504 MeV >> Coulomb barrier ~ 54 MeV

inelastic scattering on heavy target such as Pb

E2 excitation: Coulomb dominant if Z>10
fast interaction -> single step excitation

2+

A

o o< B(E2)

O+




Density distributions for the C 1sotopes
AMD calculation by Kanada-En’yo and Horiuchi

protons  neutrons protons  neutrons
p Py Pr Pr
5Itlc
SEL JBK

19C
20

E 21C

=

Si.

x{tim)




Degree of collectivity for proton- and neutron matters

I 3p proton matter

T 3n neutron matter

N

ﬁp electromagnetic probe 2
e.g. Coulomb excitation B(E2)

B(E2) o< B2 0F

Bn strong-interaction probe . 0+

e.g. proton inelastic scattering s
c o P, o

6(pn) ~ 2 o(pp)
Since 1980’s, large difference between [, and 3, has been
searched for,

but |B,|/|B,| ~ 1 for stable and unstable nuclei observed so far .

even for ¥Mg, too



B(E2) measurement for the light mass region

lifetime

B(E2) stable nuclei | unstable nuclei
Coul. Ex.

ZSSi 3OSi 3ZSi 34Si 36Si 3SSi 40Si

24Mg 2Mg3Mg"Mg *Mg Mg M g3 Mg

20N e22Nel4Ne| 2°Ne28Ne3'NeP2Ne| 34Ne¢

160 | 1801200 220 | 240
/<8

‘IZC 4| 16C | 18C |20C | 22C

}“’Be 12Ba14Be

No data for the neutron-rich Be and C isotopes



How to measure B(E2)?

Intermediate energy Coulomb excitatior&+
for unstable nuclei

inelastic scattering on heavy target such as Pb G o B(E2)
E2 excitation: Coulomb dominant if Z>10

O—l—
Z7<8 Coulomb Ex. < Nuclear Ex.
Lifetime measurement of 2 state
for stable nuclei1 or nuclei close to stability line >+ T
.0’ 7), (t, py), and etc...
(P.p’7) +( pY) T oc 1/B(E2)
Doppler Shift Attenuation 0+ \

1970°s



New data for transition strengths in 6> 17:18C
based on an upgrade setup for recoil shadow method

I8C: Ong et al. PRC in press. !"C: Suzuki et al. PLB in press

® Increased detectors ® Measurement with/without
lead shield

=)  Rupo/Ruors

=) improved statistics
® Various combinations

mm) increased sensitivity )
towards lifetime




18C B(E2)
H.J. Ong et al., PRC

Lifetime measurement of 2+ state in '8C using an upgraded
Recoil Shadow Method

Mean lifetime:
7 =18.910.9(stat) = 4.4(syst)ps
B(E2)=4.3%0.2(stat) £1.0(syst)e’fm*
Small B(E2) (hindered E2 strength)

= suppressed proton contribution to quadrupole
collectivity in 18C

EX
74

EEEEEE



Lifetime of 2," state in 1°C revisited Ong et al.

1= 18.0 +/- 1.6(stat.) +/- 4.7(syst.) psec
B(E2) = 2.6 +/- 0.2(stat.) +/- 0.7(syst.) e*’fm*

72A MeV 1nelastic channel 17.7 +/- 1.6 +/- 4.6 ps
794 MeV break-up channel 19.5 +/- 7.7 +/- 4.5 ps

404 MeV i1nelastic channel 34 +/-14+/-7 ps

0.1z vy angular distribution Measured

W(135)/W(116) =1.0

R Predicted in the previous paper

ST TRy W(I3syW(116)=0.88 - 091 7
o || Ri
W\ % 77 +/- 14 +/- 19 ps
: : 1;\
(}) —

| |
! !

% .
5.cm

Tmai et al., PRL 92, 062501 (04)



B(E2) [e*tm®*] E(2%) [MeV]
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C Global Syst t1 1 _ 152 4-2/3
: obal Systematics 1 B(E2),,, =(5140+900)E'Z’ 4
- 1 S.Raman et al, ADNDT 78,1(2001)
3 ] significant discrepancy
from
i::::::::::ZQI:::?:::’_:::f'_3 Raman’s SyStemaﬁCS
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Comparison with B(E2) values from microscopic models

10

4
|

B(E2) [e3 fm
<N

(S

o

ol

.....

This

Wurl\x

Skyrme HF
Sagawa et al., PRC70, 054316(04)

L

Shell model
Fujimoto, Thesis, UT, 2003

AMD
Kanada-En’yo, PRC 71, 014310 (05)

AMD+MSD
Thiamova et al., EPJA 22, 461(04)

“No core” shell model
Fujii et al., PLB 650, 9 (07)

'.6('~

'.SC

In the shell models,
larger sub-shell gap for protons; Op3/2 - Opl/2
smaller effective charge e, ~0.2¢

due to s-wave dominance and week-bound neutrons




Excited states 1n even-even C 1sotopes

MeV
2+ 7012
B ‘;'_m"’??ilh
0+ 6589 2p-2h
6 - 1"7"%09% 1p-1n 14C double magic 79
A
5 =

- - s184-...GANIL, Eur. Phys. J.A 20, 95 (04)

N= gap ’ 3990
‘I” 7=6 gap

2+ 1766

140 16C 18C 200
=8 N=10 N=12 N=14



B(E2) [e*tm®*] E(2%) [MeV]
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Nuclear Collective Motion

closed shell

at magic number

spherical nuclei

surface vibration

» | open shell

deformed nuclei

B~0 —

Quadrupole
deformation parameter [3

— |3 large

0+

E(4*)/EQ2") |~1.8

degree of collectivity

0+ 2+ 3+ 4+ 6+

0+ 2+ 4+

2+

~2.2

~3.3




In-beam y-spectroscopy via

projectile-fragmetation
Mg E(2%) and E(47)?

Projectile- ar
fragmentation +
0 : E(4+)/E(2) = 2.6
+ (?pectre{szopy for ENAMOL
96 Be target 07 de-exciled y-rays  pyr 1AL 15,93(2002)
Primary Beam Projectile-fragment
B o0k 885 KeV BaF2 : 885 KeV Germanium
§ " 2t >0t ‘é | 2t >0t
Q =}
2500} e ™ 1430 KeV
s} l430>;(+v © ? >0t XXXVII Int. Winter meeting
et 4 . on Nuclear Physics
ok » (Bormio, ltaly, Jan. 99)

Ey (KeV) Ey (KeV)

Fig. 4 : Gamma energy specira of Mg in the BaF, (left) and in the
germanium (right).



RI beam fragmentation method

3234Mg E(2%) and E(4") o,

Two-steps RIKEN(99)

Projectile- g 63
fragmentation ot :
S 365;
Projectile- S|

40 Ar fragmentation

Primary Beam

one step
40Ar => 34Mg
40Ar primary
beam
high intensity

But...
limit of Intensity and
target thickness

to avoid accidental
coincidence

production o(1) nb
cross sections

0+

36 . Al \
Si 32,34Mg Mg ¥Mg 34IVIg_
2ndary-beam NL20
two steps
40Ar -> 365 e "'Tr+'2'+-'>?T' I
361 > Mg o |
36 . 1000 i_ . Jjjr 1 —
Si Rl beam 3., L b Mg
low intensity ST 5
% 500 | o l -
SO . E #ﬁ.ﬁﬂ_ﬁﬁ- b
thick production target  *° s 1)
N P RN BRI R

300 1000 1500 200C
Energy [keV]

0(0.1) mb Yoneda et al., PLB499, 233(2001)



Spectroscopy on **Mg via

RI beam fragmentation method
Yoneda et al., PLB499, 233(2001)
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(4b]
X
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@0
0 40 +
5 1460 keV
o
(&)
2 l

660 keV 34|\/|g |

Ly

500 1000 1500 2000 2500

Energy [keV]

34Mg E(21+) < 32Mg E(21+)
E(41+)/E(27%)~3.2

(497)

11460 keV
vy (297)

660 keV

A 4

E{Z') (geWd

Mg larger deformation
Zl\/lg

than

tentative JP
assignment

according to
relative gray strength
18,200' 22,24,26Ne
26,28Mg

population of excited
states along the Yrast line

o E(2+), of Mg isotopes |
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Doppler-corrected g-ray energy spectra
for the O, Ne, and Mg 1sotopes

o >
T 8g] ST Y i
N 300 ' ‘ O] =oeo 1511, Ne:
i \ 4 i ‘ 1
g 200 5 40 literature values
100 >0
1 1 1 1 1 1 1 1 1 +
DD 1000 ZDDDEnergyﬂceVE;U 1000 2000 Enewmy . 4
T keV ) :
300 — — .
% | > 600} v 28\ g :
200F 2
o | 400 . v
o 1 2+
~ 100f 200} A
D 1 1 1 1 L L 1 L 1
0 1000 2000Energy(kev?u 1000 2000 Enewmy 0+
gBUD T T ‘ 130 T (keV)
600 Mg
= ]
2400
5 1894
200[ ]
D 1 L 1 1 D L L 1 L 1
. 0 1000 2000g )0y ke )0 1000 2000 Enemy
500 T T T T keV )
= 24
400 . Nej
{2300 -
2
5200
100
D 1 1 1 1
0 1000 2000F pemyy keV)

Yoneda, PhD Thesis, U. Tokyo (2003)



Spectroscopy on nuclei
1n the island-of-inycrsion region
32Mg 341\/[g — 2000 : : SR

L
\\
E(2)[ke

\)
o0

8 \\

B(E2)[e*fm?]

1416 18 20 22 _14 16 18 70 22

w

The *°Ne isotope has a larger collectivity
than the Mg isotope??
N=22 is the center of deformation??

E(4")/E(2%)

14 16 18 20 22

—_
o

— Further investigation 1s necessary



Experiment at RIBF

At present facility

RI beams

v

A<~50
B~0.3

At RIBF

RI beams

7

Particle Identification for Ejectiles

—

charged particle detectors

targe

i

A<~200 2
B~0.6

N
7

v/jt

7z

gamma-ray detectors

high resolving power for heavy mass region

\

target

I

i

high resolution
DALI2 (Nal)

CNS-GRAPE (Ge)

high segmentation and/or

Zero-degree forward spectrometer

To determine final channels
To achieve good S/N ratios
for low-intensity RI beams
—— Nice quality of data



Magicity and its loss through determining E(27)

90
Z 80
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Spectroscopy via reactions

S | PID at ZeroDegree |
with in-beam gamma method

12 - 10°
N

Secondary target: H,, C, Pb.... £l g )
Gamma-detectors : DALI2 Nal array Z

. 10
to measure de-excited gamma rays E 10
S.Takeuchi et al., NIM A 763, 596-603 (2014) I L 1
29 3 3.1

Ca-48 Acceleration Ratio of Mass to Charge Number 4/Z

at Super-Conducting Cyclotron

32Ne
>
2 20H l E,=T722(9) keV
w
<15
£
4 S 10
| Ca-48 beam ,f' _ § |H
345A MeV ;“ 5| ]
x:’.. 0 ﬂlllllhﬂ'nﬁn lJl n I'III_ILI:II:I.HII.
0 1000 2000
Be production target E, (keV)
fragmentation

; Doornenbal, Scheit et al.
o oee U PRL 103, 032501 (2009)

Charge Number Z
=
I

10

[}
T

| 1 1 |
29 3 31 32
Ratio of Mass to Charge Number 4/Z



Achievements with DALI2 at ZD since 2009-

o H e N F — —
2+ and 4+ for Even-Even L ) 50 - dlaih : =\ Magicity at N=82 and Z=507?
: -~ . TR, N:: 126pd: Wang, PRC 88 054318 (2013)
Light n-rich nuclei J HHHHD 1%Sn: Wang, PTEP 023002 2014)
.. HHHT 126Cd: Wang, PRC 94 051301 (2016)
Shape transition .. PR ™~
D T Magicity at Z=50 and N=50?
[N A® 55 BENRSEES ] 1045n: Corsi, PLB 743, 451 (2015)
( I) 28 3 TR an 1045n: Doornenbal, PRC90, 061302 (2014)
y bissial Magicity at N=507?
{Ca) 20 = - TR AN 80.827n: Shiga, PRC 93, 024320 (2016)
Halo NuCIfl + ] . New Magicity ASteppenbeck, Nature 502, 207 (2013)
it \@\ N=32 34 YAr PRL 114, 252501 (2015)
(O) s T . ‘
g | Island-of-inversion region
©) 2 P and beyond (N=20-28) “SEASTAR” project (MINOS+DALI2)
2Ne : Kobayashl PRC 93, 014613 (2016) ;4“ ae s %
Ne:: Doornenbal, PRL 103, 032501 (2009) £
313233Na: Doornenbal, PRC 81, 041305R (2010) R Eaa—
333435\a: Doornenbal, PTEP 2014, 053D01 (2014) S =" o
3.3%Mg: Doornenbal, PRL111, 212502 (2013) = (S NI —opava
32Mg: Li, PRC 92, 014608 (2015) Z 0 . ggg;c Aot
428 : Takeuchi PRL109, 182501 (2012) - o New2;. (i)
40Mg : Crawford PRC 89, 041303 (2014) 1;52‘1140(1(1

3INe: Nakamura, PRL 103, 262501 (2009), 'l30l - ‘4()' - '5|0‘ - 60 70
PRL, 112, 142501 (2014) Neutron Number N
TMg: Kobayashi PRL 112, 242501,(2014)

®6Cr, 72Fe : Santamaria, PRL 115:192501 (2015)
30Ne, 3Mg B(E2): Doornenbal, PRC 93, 044306 (2016) 51




Island-of-inversion and beyond

3ON€ T

32Mg 20 M4Mg
N / -
B L] // L]
I[sland? E\_J H
\\.I " E 28

\/I\/I

{ | IXIXIXDX K31F

Stablhty enhancement

:

A large deformation at Z=10-12
in spite of N=20
A pilot-region for nuclear structure
Interplay of three ingredients:
Weakly-bound natures
Tensor forces
Pairing

RIBF

2Mg 20 Mg
N

_ SR

/ :

Penmsula" ........ O

] _| Ié%!, PXl........ e | SV -
Stablhty enhancement

Doornenbal, Scheit, et al.

Ne-32 1%t excited states: PRL 103, 032501 (2009)

New states in 31:32

Mg-36,-38: PRLI1

33Na: PRC 81, 041305R (2010)
11,212502 (2013)

F-29: in preparation

Takeuchi et al.
Si1-42 : PRL109, 1
P.Fallon et al.

82501 (2012)

Mg-40 : PRC 89, 041303 (2014)




Collectivity of the neutron-rich Mg 1sotopes

P. Doornenbal, H. Scheit et al. PRLI111 212502 (2013)

E. (MeV)

()

Excitation Energy of 27 and 4" in Mg

(47)

-y

B(E2) = 0.049 e°b°

A=32

N=20

~+

0.057(10)

0

34
22

AAl+ C > A1Mg

For A=34 to 38

E(27)~700 keV
E(4")/E(27)~3.1

At N=22, 24, 26 the nuclei
are well deformed

No increase of E(27) at N=26
N=28 for Mg is not magic?

B(E2)?

Mn/Mp?

E(2%), E(4") in “‘Mg?

Energy of single particle states?



New “Magicity” of N=34 in the Ca 1sotopes

D. Steppenbeck et al., Nature 502

Zn-70 primary beam (100 pnA max)
T1-56 120 pps/pnA, Sc-55 12 pps/pnA

Zn-70 > Ti-56, Sc-55 -
. (NG
Ti-56, Sc-55 + Be -> Ca-54 + X T By e
200 ——— : : : . B _ Ny
MAGICOMENTS
or 3 > 2 " u.; / ‘ E o»-vw:w-
g T hooE ’(3-) ’3,699(28,)
° sol (2*)E|E 2,043(19)
¥ %ica l'f
A NN RE-- S
, , ,
' ': V0 P
5 ’ 32
4- "
—OV0V0—
I ’ VPasn
3t ¢
2t . - 2
L Tf//? ' V
Al VOV
“Ca (Z = 20)



“Magicity” in the Ar 1sotopes : Ar-50 (N=32) 2012

Counts / 40 keV

D. Steppenbeck et al., Phys. Rev. Lett. 114, 252501 (2015)

Sum of the reaction channels

"Be(°*Ca,”Ar+y)X
"Be(°>Sc, Y Ar+y)X
"Be(°Ti,>°Ar+y)X
| @AIM, 1 (b)M, <4
1.18(2) MeV
20F 2+ >0 o - M
0"500 1500 2500 3500
or 1.58(4) MeV 4+ ->2*
|— et S o B lulu!]]!xf': n“]’" M
% 1000 2000 3000 4000 5000

Transition energy (keV)

Level energy (MeV)

S
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3

2F

1

__ } SDPF-MU (modified)
P -

— "} SDPF-MU (original) E(4 1)

/
/
AN /
¥ \ p,
A ’ .
/s /
A+ /
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To! /N '-
N N
-(_ -/ } ”
~ Al Mt
L /s +

N E2)

Rd
et ®

1 1 1
40 -
Ar22 Ar"B Ar30 Ar34

N=22 24 26 28 30 32 34

N=

32 gap in Ar 1s similar at

that in Ca and Ti...
How about Ar-52 (N=34)?

Ca-56 (N=36)?



@ MINOS : Magic Numbers Off Stability

L PR 1
' ‘ In-beam knockout experiments
Position sensitive detector: X,Y } { ' ‘
Drift time: Z beam-axis direction , , |
| 4
proton )
l[ i
@ cathode

& +6000V

Vertex resolution : <5 mm FWHM _ y : .‘*—7 s {
Detection efficiency > 85% 1 | oroton
m oo f

A. Obertelli et al., Eur. Phys. Jour. A 50, 8 (2014)
http:/minos.cea.fr A Obertelli



Shell Evolution And Search for Two-plus energies
At the RIBF (SEASTAR) — a RIKEN Physics Program

Spokespersons: P. Doornenbal (RIKEN), A. Obertelli (CEA, RIKEN)
New collaboration scheme; Nuclear Physics News, 24 No2, 35 1107,

L BN | 1
The Third Campaign : n-rich Ar, Ca and Ti in 2017 |
2Ar (N=34), >¢Ca (N=36), 52Ti (N=40)...

April-May-2015

778\ 1
N1 [—Observed

m Stable |

.May-2014 @ EURI(;A 27

i ® New 2} @)

® New 4,
Even-Odd

30 40 50 60 70
Neutron Number N

MINOS (100-mm thick Liq.H, target and TPC system, A =20% )
-> high luminosity and vertex position determination

DALI2 -> high efficiency 57

to access very neutron-rich nuclei

Atomic Nun

62T




SEASTAR : The First Campaign May 2014

. . Cr isotopes Fe isotopes
(1) Extension of the N=40 Island-of-Inversion I —iNesm o
“F O Literature |
towards N=50 Spectroscopy of °°Cr, 7%72Fe s b o This work ®
Z: O 4 3 - -e oo
Santamaria, Louchart, Obertelli et al, @ cee T
= [ [ ]
PRL 115, 192501 (2015) “ost e o 2 L f o e e
- t 683k V E | 1 1 1 1 E | | | | | 1
< 100 "er :Z o ° 32 L
0 -
% 10 ﬁ 3 -
X 5 =28F - -
& 0= 500 1000 1500 E’Z-G-‘ g ¢ 9 r © ;
% 50 ! o &
g ST -
§ = 1_2_—9 -
S . b ++++:.+‘*++++++g,¢it_,_m_+m B R TR R R TR
Neutron number Neutron number
= B 70Fe ' gate 866 keV
S 100 T (2) First spectroscopy of 78Ni
o s "l‘
8 T '#];HOE Taniuchi, Doornenbal, Yoneda et al., in preparation
£ 50
2
O g
i 7
= 72 6 gate 520 keV -~
s Fe . JJ‘ g
® 5
= W o, 0 o
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First spectroscopic information on
“Southeast” of 132Sn; 132Cd wangetal., PRC 94, 051301 (R), 2016

Proton number Z

=

Neutron number N

136 | 137 | 138 | 139 | 140 | 141 | 1427 | 143 : O Present Work (b)
HSSb 136Sb ]"’?Sb 13SSb W_WSb ]‘me 14-le —_ 2000 | E O Cd. (Z=48)
1308 | 1- 1358n|368n| 137Sn|1388n|1#Sn| Z = 50 %) : x Te (Z=52) '
3 ; HFB—5DCH L
129T [ 13 134T 1_151“‘ 13611,1‘ P”'In‘ ? O - QRPA+SIY4 _ y -~ é" 618(8) keV ‘
25012 cd 1-‘3)'.(1 132 o ---DDDI ,
I T I Cd < 1000} :0 x:i_ V7
‘-ng‘-"Ag l-gAg 1"“:’-\;; _wn‘? R_Ag L ' Q o ) $<- % ;
126pd| 1 7pdli2spal opa| 3 Experimentally identified @ RO @@"@-&j 6‘6 O O o\
) _ N ?", Even-even nuclei with :
'2Rh|Rh{'*Rh ) spectroscopic information : '
1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1
124 & P rork 0
R | . 50 54 58 62 66 70 74 78 82 86

Neutron number N

Neutron domlnant excitation beyond N=82

N=ga |12% B2Cd> = (0.13)V2| 2> +/1(0.87 )2 | v2>
|2*; 13¢Te> = (0.15)Y/?| n 2> +/-{(0.85)/%| v*>
Nogp |12 17ECd> = (0.46)12| 12> +/- (0.54)/2] v2>

| 2+; 132Te> =

(0.45)Y2| 1t 2> +/- (0.55)/2| v2>

Small B(E2) of 136Te
Radford et al., PRL88, 222501 (02)

Precise mass measurement
Hakala et al., PRL 109, 032501 (12)
Neutron-pairing gap at Z=50

Is quenched beyond N=82... 17

59



Decay Spectroscopy Setup |

1somer
Beta—deca}x i Y
Beta-delayed gamma I ot Y
-> (e detectors ‘
HI implanted and beta-rays v

-> active stopper (DSSSD)

O_|_ v

U-238 Acceleration
at Super-Conducting Cyclotron

15t decay spectroscopy 2009 Dec.
U beam intensity

| U-238 beam

0.1-0.2 pnA on average
2.5 days for data accumulation

345A MeV

Exotic Collective-Motions
at A~110 and Their Applications
to the R-process

S. Nishimura et al., PRL 106, 052502 (2011)

T. Sumikama et al., PRL 106, 202501 (2011)
Particle Identification of |  H. watanabe et al., Phys.Lett.B 704,270-275(2011)
Rl beams H. Watanabe et al., Phys. Lett. B 696, 186-190 (2011)

Be production target
fission




Exotic Collective-Motions at A~110 and
Their Applications to the R-process Nucleosynthesis
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(b) .
e New Half-life data for Bt A N 00
18 new isotopes . . . g “gj
S. Nishimura et al., % il b 1:4) |]
| rowawmed” | PRL 106, 052502 (2011) 3 b Rl
- | - Fromeareapr = Pd (2 = 46)
l 3 ~ L Y——y W]
. N /'r" LI VS
Deformed magic N=64 N W iy
in Zr isotopes =k A o - ]
T. Sumikama et al. S
PRL 106, 202501 (2011) 0 [T T T N S AT N N B B
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Low-lying level structure of Nb-109: ol p = [ |os| Development of axial
A possible oblate prolate shape isomer _;s| - | ~ || asymmetry in neutron-rich
H. Watanabe et al., Tiop— g f | . nucleus Mo-110
Phys. Lett. B 696, 186-190 (2011) Tosp Blae o / ~ m.,s H.Watanabeetal.,
oor e 7 e 7o N, Phys.Lett.B 704,270-275(2011)
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EURICA Invitation

First decay spectroscopy in 2009

e

|
= —
—

[HIBE

-—

ikl

U-beam intensity ... x 50 times
-0.2 pnA 2> 10 pnA
Gamma-ray efficiency ... x 10 times
- 4 Clover detectors (Det. Effi. ¥1.5% at 0.662 MeV)
— 12 Cluster detectors (Det. Eff. ¥~ 15 % at 0.662MeV)
Beam time x40 times
- 2.5 days (4 papers) = 100 days ... (160 papers)




EURICA Installation

| Nov:02,:2011

'1
¥

%1

'

>
- Feb.04, 2012

lvan Kojouharov Nick Kurtz Henning Schaffner



EURICA
EUroball-RIKEN Cluster Array 2012-2016

12 Euroball Cluster detectors
Support structure
== I Electronics/daq used for RISING

mpegzs  RIBF: decay station
> RIKEN Active stopper: DS-SSD (WAS3ABI)
Lig. N, system, other infrastructures

+Additional detectors (LaBr,, Plastic ...)

230 collaborators from 19 countries
About 100 days were approved for physics run
Commissioning March 2012 NIM B 317, 649 (2013)
Physics Run June 2012 - June 2016
Publication at this time (September 2016)
23 papers (8xPRL, 5xPLB, 3xPRC(R), 7xPRC)
9 PhD Thesis + 1 Master Thesis
31 proceedings I[J\]w s Decay-station
. : ) 4
8 technical articles | o 2P
“End-of-Campaign WS Sept.6-7th, 2016 N 64

WAS3ABI




1Isomers

EURICA Achievements (2012-):

Proton nhumber

65

60

55

50

45

40

35

30

25

Lailia A. Gurgi, Friday

164Sm, 166Gd:Patel et al., PRL 113, 262502 (2014)

160Sm : Patel et al., PLB, 753, 182 (2016)

172Dy: Watanabe et al., PLB 760, 641 (2016)

QY]
E(2%)

1365h: Lozeva et al., PRC 91, 024302(2015)

140Sh: Lozeva et al., PRC 93, 014316 (2016)

—11200

| | | | l | | | | l | 1

Proton Magicity
nl Z=50

O

Ly AR
.........
......

136,1385n: Simpson, PRL 113, 132502 (2014)

Neutron Magicity
N=82 400

r-process path

(prediction)
1 11 [ T B T 0

Neutron Magicity
N=50

80 90 100

Neutron number
76Co, 7®Ni: Soderstrom et al., PLB 750, 448(2015)

65



Isomers in 28Pd and '46Pd:

H. Watanabe et al., PRL 111, 152501 (2013)
H. Watanabe et al., PRL 113, 942502 (2014)

2151 5.8(8) us

7 . . .
§5;ﬂ86-2 2023 0.334) s >:-! Typical senority-isomer

5424 g8 observed in Pd-128
S 1481 50“ - No evidence of
1330.2 1311 .
- _ shell-quenching ....
(27 693 1311.4
693.3
0" 0
) 2.0 — . . . . . . . . 0.10 (— . . . . . . . .
EPdg N=80 HPde h g’&p(e&@‘i”%‘éabav) @ ®
15 F E(lO)Em{— SM (MC = -0.1 M:V) :
—— SM (MC =-0.2 MeV) 0.08
(10%) 2406 23.0(8) m T o}
i 2967 ..o 4ii: *~J3 s 3 o
7 p—a i V) U"l"l'..-\;?}].h‘.l s 5 sl 12
(5 )_I_ o= 2023 0. 33(4) ‘ -—— - -- (21214'1) % " /& FZEEE) % 0.04
542.4 359.5 5 of
(4%) 81 T4 (17624x) °© ' |
1330.2 27198 sy ot T NONmm e | .
7877 “,..“" . CentraI+Tensor (shmed by423 keV) . ) . . ) . ) . .
1 741.8 e Mo Ru Pd .Cd _sn _Te _Xe _Ba _Ce ° Mo Ru _Pd Cd _sSn _Te _Xe _Ba _Ce
(24 693
I ---¥__ (792+x)
6913.3 5081 Small energy difference between (10*) and (7°)
0* 0 48.6(8) ms 194+x (a!xlh_2 )
2w (v1h7]! ,2d -
126 19378 11/ ( 11/2 3/’7)?
26Pdgo

126 o Information for shell-model interactions
477979



Beta- gamma

EURICA Achievements (2012-):

Proton number

65

60

55

50

45

40

35

30

25

138Te: Lee et al., PRC 92, 044320(2015)

129In: Taprogge et al., PRC 91, 054324 (2015)

130In: Jungclaus et al, PRC 94, 024303 (2016)

31Tn: Taprogee et al, PRL 112, 132501 (2014)
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104.1067r: Browne et al., PLB 750, 448(2015)

........
..........

l‘ll

pO® i
i 800

16,118Ry: Soderstrom et al., PLC 88, 024301(2013)

Neutron Magicity
N=82 400

r-process path

68,69, 70Mn: Benzoni et al., PLB 751, 107(2015)

7==28
(predlctlon)
) I oo e 1 11 [ T B T 0
30 0 50\ "\ _6 70 80 90 100
Neutron Magicity
N=50 Neutron number

76Co, 7®Ni: Soderstrom et al., PLB 750, 448(2015)

72Ni: Morales et al., PRC 93, 034328 (2016)
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Lifetime of measurements of the first 27 states in
104,1067r: Evolution of ground-state deformations

Browne et al., Phys. Lett. B 750 448-452 (2015)

LaBr;(FATIMA) E and T resolution, 10% and 0.8 ns (FWHM), respectively for 150-170 keV gamma
EURICA Feeding analysis 50% from 4%, 20% from others

25_ |{a} '.. '
L Pb X-rayy’
20— gLt
E 15 I: I.l
=1 10 o
L1

P N A

Confirmation of Deformed Magic of N=64

152 keV; 213 0,

324keV: 4 — 2
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Shell Evolution
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New Magicity of N=34

32Ne:: Doornenbal, PRL 103, 032501 (2009)
31,32,33Na: Doornenbal, PRC 81, 041305R (2010)
33,.34.35Na: Doornenbal, PTEP 2014, 053D01 (2014)
32Mg: Li, PRC 92, 014608 (2015)

36.38\Mg: Doornenbal, PRL111, 212502 (2013)
42Si : Takeuchi PRL109, 182501 (2012)

40Mg : Crawford PRC 89, 041303 (2014)

54Ca: Steppenbeck , Nature 502, 207 (2013)
50Ar : Steppenbeck, PRL 114, 252501 (2015)
66Cr, 72Fe : Santamaria, PRL 115:192501 (2015)
126Pd: Wang, PRC 88 054318 (2013)

13635n: Wang, PTEP 023D02 (2014)

106.1087r-: Sumikama, PRL 106, 202501 (2011)
126128pq : Watanabe, PRL 111, 152501 (2013)
"®Ni: Xu, PRL 113, 032505 (2014)

136,1385n : Simpson, PRL113, 132502 (2014)



Nuclear Magic Numbers 1 dependence of

and Shell Evolution

Neutron-rich nuclei

~1 Me

v

A

Residual interactions?

=1-1/2

y

proton

/

neutron

single-particle energies
Lower L orbits are less sensitive
to binding energies

LS term ?: proportional to dp/dr

A typical skin thickness is  Density
order of 1fm. S

ngh L orbits may ::; \\ nedtron-skin
have some effects = inieg

Coupling with continuum states?

Pairing effects might be changed
Dynamical properties become softer?

=1+1/2 INF?
Strong p-n interactions between  gb-initio +
j=1-1/2 and j=1+1/2 orbits, chiral-perturbation
because of tensor terms.
Shell gaps depend on number of
nucleons in the orbits



Mass measurements for shell evolution

Yamaguchi (Saitama U.), Wakasugi (RIKEN), Uesaka (RIKEN), Ozawa (Tsukuba U.), et al.

90 _
B Neutron shell gap S ___é
- ‘”‘ Rare RI Ring =S

70 ‘

i i
. ﬁl m. .
40 |

1":-r.,

o P Key technologies:

80 roton shell gap ”| Isochronous ring

70 AT/T < 10 for 6p/p==%0.5%

60 Individual injection triggered by

50 a detector at BigRIPS

40 efficiency ~ 100%

30 even for a “cyclotron” beam

Schedule:
2015 Commissioning run
2016~ Mass measurements of RI
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r-process path
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FE= (28Si=109)
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FE= (28Si=109)
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Future: BRIKEN

B-Delayed Neutron Study

166 He-3 tubes

ORNL-JINR-GSI-UPC-RIKEN

—e— Hybrid—148 counters
—+— Compact-166 counters

T TR RTTTY BRI TSR ETTT B ETETTITT B i1 T
107* 107 _102 107" 1 35
Energy (MeV)

Systematics Study of

Decay Properties (T, P,)

K. Rykaczewski, J. Tain,
R. Gryzywacgz, |. Dillmann
- 20 new P values
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- -l -l
. ol
-
D
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------------------- |

(1) (unexpected) trends = Nuclear structure
3 cess nucleosynthesis

R.Caballero-Folch, Wed.

""" 1 SN T CE OB T
2016 : Commissioning FEErErrrEmammmen s THESSSES -
2017- : physics run CEEEELERE L] faanal o
: ma B
; ];. h -
OPEEEITLET ‘B EF.DG

. Lorusso, A. Estrade, F. Montes

- 33 new P values

S. Nishimura, A. Algora
-125P, (63~ 96 new P, )
-36 ~ 47 New P,,,

2.

40

B - Stable

[0 - Delayed Neutron

Emission Not Possible
[ - Potential Precursor

B - %B-n measured

] - Not Observed/Unbound

2=

28

S. Nishimura
NIC-XIV June, 2016




EURICA Achievements (2012-)
new 1sotopes and proton emitters

New Isotopes: %°In, 24Cd, °2Ag, °°Pd, New proton emitters: 8Rh, 3 Ag
Celikovic et al., PRL 116, 162501(2016)

Proton number
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Plans for shell evolution

[ Mass measurement = . — = Next Generation Gamma Detectors
Rare RI Ring — ; { T

. under commissioning
Physics run 2017-

o\
‘m‘ ," 3
49

A)" j SHOGUN (LaBr,) Tracking Ge detéctbr/;+

(less than 5 years) SHOGUN (within 5-10 years)
under discussion with RCNP-HKU-IMP...

(CAGRA clover array at RCNP -> RIBF 2018-)

e '/Ap
¥ | / J ﬂ
/4

atomic spin

. RI at ic beam atomic spin resonance = nuclear spin,
RI Atomic Beam Resonance Spectroscopy rosonance - |
. (RIABR) system
5-10 years project Y] L

vvvvvvvvvvvvv | r—
i OO

Rl'o T y F
ne-tll(t’:alizer Q D

reaction-free and element-free measurement

of moments coupled with SLOWRI on dfiectr FQ
A-magnet B-.magnet C-magnet particle
. . ole (dipole) (quadrupole) etector
Design work has been finished. oroey TR TAmE et
RI-ion neutralizer section miror .\ Ry
+ Atomic beam method section Cectoseony = !
(NLS) system ion deflector optical V
laser-1 detector laser-2 86



SLOWRI Device for Trap Experiments

900

Wada, Sonoda et al. I)Optical spectroscopy

g _— 3 7\ T 850 ) HF$ of | |Be+
800

750 “

counts / bin

»
700 1 M\‘M '

650 ,“"i""l ‘ | ‘ “"“ | nkli
e !

600

550

1 1 1 1 1
340 360 380 400 420
Microwave Frequency [kHz] - 2677 MHz

Takamine et al, PRL 112(2014)162502

RF-carpet| |77 -1t
Gas Ce il NN

2)Mass measurements

5 s & of short-lived nuclei
. ' buncher ,i,"f,",‘iﬂ, ion7@177ioggetector
Y . - FS?% ! } Pl ‘-“: ‘;\ "”' ' ﬁ___ asass A\
BigRIP | A~ N
3)Resonance lonization Spectrosco =
) P PY “ = 8Li ToF spectrum
Parasitic Rl beam production, spin, moments, radii.. . -
% ToF = 7,994,989.2(8) ns
: Rm ~ 173,000

'
5400 5450 5500 5850 S600 5650 5700
Time-of-Flignt - 7,991,648 (ns)

Ito, Schury et al, PRC 88(2013)011306R
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Deformed Halo Nuclei, Ne-31 and Mg-37, found at RIBF

| L 31
g e e Ne

l

37
! Mg
37 1
F LA — — M
O Deformed |

<
Q :
™ ™™D

<.

p-wave halo neutron

3INe region

O
[

16 20 28

Inclusive Coulomb and Nuclear Breakup at
ZDS T.Nakamura et al., Phys.Rev.Lett.103,262501 (2009).
N.Kobayashi et al., PRC 86, 054604 (2012)
T.Nakamura,et al., Phys.Rev.Lett.112,142501 (2014).
N.Kobayashi et al., Phys. Rev. Lett. 112, 242501 (2014)
Total Interaction Cross Section at BigRIPS
M. Takechi et al., Phys. Lett. B 707, 357 (2012)
M. Takechi et al., Phys. Rev. C 90, 061305(R) (2014)



Element Number Zero: Tetra-neutron system

Kisamori, Shimoura et al.,
PRL 116, 052501 (2016)

147 l B AR RALE IS RARRE RELLE LA
i —— continuum with n-n FSI -
072 background x 10 —
> 10 :_ wave packet just after reaction _:
@ Proton g 8 _
# Neutron g N resonanci'/ flrect decay 7]
g6 —
(3 N ]
4 ~
2f =
0 - - -
“Nucleus made only of neutrons™ Clear strength with 4.9 o significance level
B;nlzhmark for ab 1n1t10. calcu1a.t10n5 E,, = 0.83 + 0.65 (stat.) + 1.25 (syst.) MeV
» NINN, NNNN. .. interactions Upper limit of T = 2.6 MeV (FWHM)
T=3/2, 2 interactions ?? .
T=1/2 d#p Cross section: 3.8 nb
K. Sekiguchi et al., Phys.Rev. C 83, 06100 (integrated up to Oq; < 5.4 degree)
(2011); Phys. Rev. C89, 064007 (2014) Energy resolution: 1.2 MeV
A high statistics experiment was conducted Uncertainty of calibration: + 1.3 MeV

June 2016. Background : 0.02 events/2MeV 90



260 : barely unbound nucleus

6
| 2IF+C—>250->240+2n ~
 26/snt Q
50 0(0") , S
> ) 1“4 & g
2 JN """"" 02 < B
e o 3}
~— (e :
5 P2 g
O . 5 =
* =

OHH'IHH2“H3HH4HHSH”6

Decay Energy (MeV)
Ground state
5 times higher statistics than previous study
Egecay = 18 T 3(stat) * 4(syst) keV
Finite value is determined for the first time
2* excited state

Edecay = 1.28+0'11_0.08M6V
Observed for the first time
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Excitation Energy (MeV)
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I(b)IN=I18 |

260

O 1 L 1 L
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Atomic number Z

N=16 shell closure is confirmed USDB
cannot describe 2* energy at 260

- effect of pf shell? and/or continuum?

Or other effects?

(such as 3N forces, 2n correlation)

Y. Kondo et al., PRL 116, 102503 (2016)
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EOS for Asymmetric Nuclear Matter

E (p, T=0, 5)=¢ (p, 6=0) +E_, &

Sym
Nuclear equation of state N=Z term: well known N#Z term
atp ~ po Asymmetry Energy

5=(N-2)/A

Neutron Matter

120 |

00 L Symmetric Matter _ - 5_ 1

50

40

-t RIBF

20 -

80 |

60 | .

E/N (MeV)

40 |

E/A (MeV)

20

10 [~ m
0

1 1 1 | 1 ]
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p/p. PB.A Brown, PRL 85, 5296(01),

-20
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More precise determination of slope parameter L

Esym(p) = E;sym(p()) +

L

3

P—=Py

Po

P=Po

150 .:_:;():Z<
§ 47.5
D
4120 —
- IAS
100 05 p/p, 1.0 , 15.0
- ]
) ——
= - —PDR J
50 :' (RS === 425
b HIC -
i | ~in(s
25 30 35

Esym(pO) (MGV)
Tsang et al., PRL 102, 122701 (09)

sym

P—=Py

18

Antiprotonic
Atoms

Nuclear
Model Fit

Heavy Ion
Collisions

—A scattering
harge Ex. Reac.
nergy Levels

BHF

PREX

Po

E n(Po)= 31-34 MeV

30-110 MeV

| 72 Emission Ratios

GDR
PDR

l Isoscaling

; =

oS Difasion

PDR

~Optical- Potentials - |

| Bare N-N Potential

Centelles ef al. PRL 102 (2009) 122502
Warda ef al. PRC 80 (2009) 024316
Danielewicz NPA 727 (2003) 233
Myers ef al. PRC 57 (1998) 3020
Famiano ef al. PRL 97 (2006) 052701
Shetty er al. PRC 76 (2007) 024606

Li et al. Phys. Rep. 464 (2008) 113

Xu et al. PRC 82 (2010) 054607.
Vidana ef al. PRC 80 (2009) 045806
X. Roca-Maza et. al. arXiv:1103.1762

(estimated error from PREX data centered
at L=61 MeV: average of all other estimates)

Xavier Roca-Maza, NuSYM11
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“Rare RI Ring” for mass measurement ‘j

Construction started in April 2012!
Ozawa, Wakasugi, Uesaka et al.

1ali Schottky o
Specialized to mass measurements detector _fif

of r-process nuclei
Low production rate (~1/day)
Short life time (<50ms)

Key technologies:

Isochronous ring
AT/T <107 for op/p==20.5%
Individual injection triggered by

a detector at BigRIPS
efficiency ~ 100% | Schedule:
even for a “cyclotron” beam 2014 Commissioning run
2015~ Mass measurements of RI




Halo Structures of 2°Ne and 3!Ne

Takechi et al. Phys Lett. B707, 357 (2012)
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Elastic scattering study for Exotic Nuclei with ESPRI

Terashima, Zenihiro, Sakaguchi et al.

Recoil Proton Spectrometer (RPS) In 2006-2008

Nal(Tl) E1

Experiments for C- and O-isotopes at HIMAC
9-11C, 200 at 300 MeV/u, 10° /s

In 2009-2010

Experiment for n-rich N1 isotopes at GSI
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SCRIT Facility for et+RI scattering

L

Electron beam 150MeV

s

Electron beam 2 \~ RI beam form ERIS
150~700MeV 7
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High-resolution spectrometer

ERIS

UCx Tar'ge’r in
C FEBIAD ion source

Electron

beam
SR2 (SCRIT-equipped RIKEN Storage Ring)
Energy 100 - 700 MeV
Stored current 300 mA (current operation)
Lifetime ~1AH
Circumference 21946 m
Tunes 162 /158
p-max 10.36 /4.09 m

Luminosity of 10%7/(cm?s) was achieved
at the e-beam current of 250mA.

| Efficiency improvement
| More high power beam 10W->1kW

> 10%°/cm?/s
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SAMURALI Spectrometer Kobayashietal 2012- % o 5,

versatile spectrometer with a large superconducting magnet

Bending Magnet
Superconducting
Large B-L (7Tm)
Large pole gap (80cm)
Weight ~ 600 ton

PDR study via
Coulomb excitation
PID performances

Fission study
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dp Elastic Scattering at RIBF and 3NF

Phys.Rev. C 83, 061001(2011)
dp @ 250 MeV/nucleon

K. Sekiguchi et al.,
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4n system study via double-charge exchange

45

“n production with *He(8He,8Be)
Small ¢ <- exothermic reaction
Double-Charge ~200nb/sr _ 40
8He :2x106/s at 190A MeV 3

S

SHe i SBC

4He—4n 30

Shimoura et al.

SHARA' spectrometer
to measure 2 al

T. Uesaka et al.,
NIMB B 266 (2008) 4218.

Momentum resolution
dp/p = 1/14700
Angular resolution

~ 1 mrad

/ 4He -> 4n /
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Density profile in HIC collisions at 400A MeV

80 Yong et al., Phys. Rev. C 73, 034603 (2006)
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Symmetry energy dependence of density in HIC 1s not so large

p~2p,

n/p ratios beyond normal density depends on symmetry energy



International collaboration towards the study of
nuclear symmetry energy
First RI collision expenment at RIBF at 2014




. MSU, RIKEN, Kyoto Univ,
STRIT Collaboration Texas A&M, Korea Univ, RISP, INP, TITech, CEA,
Tsinghua Univ., Rikkyvo Univ., Tohoku Univ.

SAMURAI Pion Reconstruction and Ion Tracker
NIMA 784 (2015) 513

STRIT-Time Projection Chamber

1328n + 124Sn @E/A=300MeV TPC Top view

Run#2852 - Event ID: 89 (Gain not calibrated) - Top view
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Hadron-Quark Crossover and Massive Hybrid Stars

2.5
Masuda, Hatsuda, Takatsuka J T T T | I
Hadronic EOS
Prog. Theor. Exp. Phys 2012
PSR J1614-2230
Astro. Phys. J. 764, 12 (2013) ‘F =
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“Phase diagram™ in proton- and neutron-densities

neutron-density

\| neutron star

Inner structure ??

EOS and Temperature dependence ?
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‘ Supernova Explosion

Finite system
r-dependence of densities ?

Density
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Toward high-density
Two-body forces ?
Role of three-body forces and isospins?
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Related activities at RIKEN

Old facility (RIPS)
Two neutron correlation in He-6(Lee, Nakamura)
Analysis for old data on He-6 breakup reaction

New facility SAMURAI
n-n correlation (Kondo, Nakamura)
n-p correlation (Lee)
exclusive C-12 breakup measurement
12C > 10B (-np), 1°C (-2n), °Be (-2p) @ 250 A MeV
cluster states in C-16 (Otsu)
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