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Exploration of the Limit of Existence

B stablenude ~300 nuclei
unstable nuclel observed so far ~2700 nucle
drip-lines (limit of existence) theoretical predictions) ~6000 nuclei
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from stable nucla to neutron-rich nucle

Nuclear Structure

" “magicity loss’ N=8, 20, ...
“new magic numbers’ N=6, 16, ...
large changes of shell structures
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Nuclear Matter

("isospin dependence of nuclear radii
r=ryX A¥3 (r,=1.2fm) ?

new forms of nuclear matters

neutron-skin nuclei
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In-Tlight and | SOL methoas to produce radioactive 10ns
In-Flight Method

Heavy ion beams Production
target Fragment separator

------------------ i Fast RI beam

Radioactive ion beam
E>Fermi energy ~ 30A MeV

Heavy ion
accelerator

projectile fragmentaiti on
fission '

Experiment

|SOL Method
lon source | sotope/isobar

Transfer tube

N <\Separator Slow RI beam
Production é’ Radioactive ion beam
accelerator il :l . /ver y low energy
target \_. Experiment

target fragmentation or spallation
fission Postaccel erator

Radioactive ion beam —\_ Experiment
E < Coulomb barrier ~ 10A MeV
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RIKEN Facility

In-flight Rl beam production
RIPS (Riken Projectile Fragment Separator)  RIKEN Ring Cyclotron

Rl beam E/A~30-90 MeV Primary beam E/A~64-135 Me




Progress of researcn Opportunities with RI beams

Construction of a dedicated facility for Rl beam production
viathe projectile fragmentation

RIPS (RIKEN Projectile-fragment Separator)
Slit " T.Kubo et al. NIMB70, 309(92)

" Second-generation PF separator
Intense Rl beams

Wedge required for secondary nuclear reactions
RN large momentum acceptance,

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

target .
*Primary veam Challenge in methodology
Invariant mass spectroscopy

for particle unbound states
Intermediate energy Coulomb excitation

for B(E2)

etc.
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RI Beam Factory : the 3 generation facility

limit of production
at RIBF

u unstable nuclei observed so far ,

. stable nuclei

—— Magic number

neutron drip-line

RIBF .

(prediction)
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lnvestigation on Nuclear Structure
via ln-beam y Spectroscopy

- “Magicity Loss’ and Collective Motion -

Present Facility RIPS
— 1. Magicity loss at N~20
2. 1°C
he New Facility RIBF
3. Future




Magicity Loss at N~20
|sland-of-Inversion region Z~11 and N~20

upto 1995
1905 32Mg — Stability
- / 17 Extra-enhancement of
I W m binding energies around *!Na
1/ | massmeasurement at CERN-ISOLDE,
_\ LANL-TOFI and GANIL-SPEG
T 28
Low lying excited states E(2*)
0N 31N g Anomalous energy of E(2*) of Mg
20 B-y-spectroscopy at CERN-ISOLDE
B(E2)

Large B(E2) 3°Mg
In-beam y-spectroscopy at RIKEN
Coulomb excitation at intermediate energies



Stalllily Elifiaricel rict i il
the neutron-rich F and Ne isotopes

Search for new neutron-rich nucla at RIKEN-RIPS from 1996 to 2002

1995 particle unbound Now
SlNe ..... sse88s *oele,,
v7 - . “;'BQI-Ne ..."\/—\
particle bound
8 8
., 3lF
20 r;gr't'l'de-bound .......... S
.................... i tability jump
29F drip-line nucleus? 280 between the O and F
neutron drip-line particle unbound Isotopes
3INe, Mg H.Sakurai et al., Phys. Rev. C 54, R2802 (1996)
31, 280, ... H.Sakurai et al., Phys. Lett. B 448, 180 (1999)

3Ne, 3'Na, ©Si, ...  M.Notani et al., Phys. Lett. B 542, 49 (2002)



Now

|Sland-or-1Nversion region
/~11 and N~20

2 .
; Mg Stability

/

/

binding energies around 3!Na

:3 Extra-enhancement of

Mass measurement

28

X

20

N — Low lying excited states E(2*)

3INa Anomalous energy of E(2*) of Mg
B-y-spectroscopy at CERN-ISOLDE

— B(E2)
Large B(E2) 3°Mg
In-beam y-spectroscopy at RIKEN
Coulomb excitation at intermediate energies
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closed shell | < >

open shell

at magic number

spherical nuclei

BI~0 +<— deformation parameter p — IBI large

Quadrupole

degree of collectivity

-

Quantum Liquid Drop Mod€

surface vibration deformed nuclei

~

Even-Even Nucleéi  Energy of thefirst excited state

E2) >

E(2Y) 1/p?
E2 transition probability

B(E2) between 2* and 0

0 B(E2)

ground state

BZ
E(2Y) B(E2) L




proton number

Magic number, E(27) and B(E2)
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Y-Idy SJECLOSLOPY Ol TUCiCl
for particle-bound states

[3—y SPECIrOSCOpPY to observe de-excitation y-rays in beta decay process

4 I
unstable nucl ei\ beta decay
\ /

IN-beam y spectroscopy
to observe de-exitation y-rays from excited states produced by reactions

— particledecay . . .
) ) Direct reactions
Hot reactions ' e.g. inelastic scattering

e.g. fusion Re.actions. to produce
high excited states

\high Spin states

D low excited states

low spin states
Isomer spectroscopy
delayed coincidence measurements through isomeric states....
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200

Large B(E2) opserved 1or *<Mg

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

B(E2) for the

|
[ ()

e %5 g, Y Py

N=20 isotones

o

18 16 14 12 10

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

| nter mediate energy Coulomb excitation

E ~50A MeV >> Coulomb barrier ~ 5A MeV

Inelastic scattering on heavy target such as Pb

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

2+

‘ c B(E2)

O+

Z



cXperimernta setup 1or in-pearr garmima SOeCtrOsCOpy
with fast Rl beams

Charged particle detectors

P ————

particle identification for gectiles

gamma-ray detector array

"..l:l-)P.t i ‘_'-EHI'L uE"-‘lﬂ - ] SUH Iy —

ot
observation of de-excited y rays
v-ray energy and emission angle Y
. O+
Rl beam for Doppler correction v
50 A MeV Nal detector
tar get _ . E
““-_l n‘-.-'-'l ||.'||1.=. ];ET o _ \/9’ y
Inverse reaction - ! ' beam
high energy beam -> 3 [ ] £ —40.2 Mev/u
thick target 2 ol ] l-' \ E
kinematical focusing -> ; ‘ fﬂ"q -
) J' J.—"rrl.l-j:,l- -.J‘i-'- '-ﬂa..n.-'.“'-'.-r’w""‘-'r_-r-:l

[&] (] +) a1 L FO0H L[N
v RAT ENERGYT (e

Doppler-shift corrected spectrum

high efficiency
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From 1995 to 1999

1HHicasul cl Il ILo
viathe Coulomb excitation

42Ar

44Ar

‘|-6Ar

405

429

44G

38S|

A0S

A2G|

3Mg

S~

35N;

240

N=28

B RikeN

Motobayashi et al.
Phys.Lett. B346, 9 (95)

MSU

Glasmacher's group

Phy.Rev.Lett. 77, 3967(96)
Phys.Lett. B395, 163(97)
Phy.Rev.Lett. 80, 2081(98)

Phys.Lett. B461, 322(99)



Further investigation for the island-of-inversion region
How isthe region extended ? lower Z and larger N

36 -

32 34
I\/I\g ? Mg

/

/
_

/
28
\
\
20 °“Ne
2Mg E(2Y) |SOLDE
B(E2) RIKEN

E(4*)/E(2*) GANIL

34Mg E(2%), B(E2)
Coulomb excitation
34Mg beam + Pb target
Intensity ~3/sec
SONe E(2%)
proton inelastic-scattering

'Nle beam+ hydrogen target
intensity ~0.3/sec

3AM g E(2%), E(4*) for E(44)/E(2Y)
Rl beam fragmentation method

projectile fragmentation reaction

%S beam + Be target
intensity ~10%/sec



Counts/40keV

Ud il dy SJCULU USLUJY Ul = IvEy

viathe Coulomb excitation
lwasaki et al., Phys.Lett. B 522, 227(2001)

B(E2) of 3*Mg larger than that of Mg
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Further investigation for the island-of-inversion region
How isthe region extended ? lower Z and larger N

36G Mg E(2"), B(E2)
32I\/I\g ? Mg Coulomb excitation

/
_

/ 34Mg beam + Pb target
)

/ intensity ~3/sec

—30Ne E(24)

28 proton inelastic-scattering
'Nle beam+ hydrogen target

\

N Intensity ~0.3/sec
20 “Ne
3AM g E(2%), E(4*) for E(44)/E(2Y)
Rl beam fragmentation method
Mg E(2%) | SOLDE projectile fragmentation reaction
B(E2) RIKEN %S beam + Be target

E(47)/E(2") GANIL intensity ~10%/sec



Counts/40keV

Counts/40keV

=(Z7) measurement 1or **Ne via (p,p’)

10F

25

S N s~ O 0
TT TTITJTTIT]TT

20 F

Y anagisawa et a., Phys. Lett. B566 ,84 (2003)

(p,p) liquid hydrogentarget ~200mg/cm?
Number of target nuclei
t[g/cm?] hydrogen A=1
A XNa  pptarget A =208
s w/0 Doppler W Doppler
S IRRE:
i
0 500 1000 1500 ZCIDO 500 1000 1500 2000
Energy[keV] Energy[keV]
S (IR A A USSR B 130 |~0.3/
T soNe _3°YNe beam .3/sec
E(27) =790 +10 +20 keV
stat. sys.

15F

10 F

0 500 1000 1500 ZGZDO 500 1000 1500

Energy|[keV]

Energy|keV]

cf 32Mg 890 keV
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closed shdll

spherical nuclei

E(4%)/E(2")

at magic number

BI~0 +~—

surface vibration

> | open shell

deformed nuclei

Quadrupole
deformation parameter [3

— |B| large

~1.8

degree of collectivity

O+ 2+ 3+ 4+ 6+

O+ 2+ 4+

~3.3




HiIFJCA 1l V=oJTULLI USLUMY Via
projectile-fragmetation
Mg E(2*) and E(4")7?

Projectile-

. E(4*)/E(2*) = 2.6
Spectroscopy for ENAMO1

36 Be target o de-excited y-rays gy 5. 15, 93(2002)

Primary Beam Projectile-fragment
.'E :-am:"- BES KeV BaF? I E_E\S-m Germaniom
:E : y i | E ‘ AN | g
\/ S n ’l 1430 KeV
g ? >0t XXXVII Int. Winter meeting

3 i 4 » . on Nuclear Physics
o . (Bormio, Italy, Jan. 99)
ad i " _
Awmmwmﬂn&m—m H Cr

Ey (KeV) Ev (KeV)

Fig. 4 : Gamma energy spedra of “Mg in the BaF, (left) and in the

. .
R RN A B FSS a4 cE b



Further investigation for the island-of-inversion region
How isthe region extended ? lower Z and larger N

36G Mg E(2"), B(E2)
32I\/I\g ? Mg Coulomb excitation

/
_

/ 34Mg beam + Pb target
)

/ intensity ~3/sec

SONe E(2%)

28 proton inelastic-scattering
'Nle beam+ hydrogen target

\

X Intensity ~0.3/sec
20 “Ne
— 3*M(g E(2"), E(4*) for E(4*)/E(2")
Rl beam fragmentation method
Mg E(2%) | SOLDE projectile fragmentation reaction
B(E2) RIKEN %S beam + Be target

E(47)/E(2") GANIL intensity ~10%/sec



I pedan rragmentatl on metnoa
3233 Mg E(2*) and E(4%)? o,

Two-steps RIKEN(99)

Projectile-
fragmentation

+
4 6<‘

Si

Projectile- 0* Al
40 fragmentation )
Ar 36g;j 32,34M1g vg ¥ 3401
Primary Beam 2ndary-beam

one step two steps
4OAI' -> 34Mg 40Ar -> 365' 1250 >
40Ar primary 36sij -> 34Mg !
beam . 36Sj Rl beam o 2Mg
high intensity . : S L ?->2+

low Intensity &

But... £ o -f
limit of Intensity and So 8 4 -Z
target thickness thick production target  *° o "ijq_

to avoid accidental R Y P D
coincidence 500 1000 1500 2000

Energy [keV]
production  g(1)nb  0(0.1) mb
Cross sections



Counts/30keV

20

DMJOLLIUOLUMY Ul - IViy vida

Rl beam fragmentation method

Yonedaet al., PLB499, 233(2001)

Banasaaams (497) tentative JP
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Doppler-corrected g-ray energy spectra
for the O, Ne, and Mg isotopes
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SPECLIOSCOPY Orl Nnuciel
In the 1sland-of - mversmn reglon

32M\g / 34M g § — 2000
I / &_‘\LOOO
\\ / ]
. .
""’i 600
¥ 28 E
E 400
: \ 5
\ :I‘;’ 200
20 SONe 0

1416 18 20 22 14 16 13 70 22

The ¥Ne isotope has alarger collectivity
than the 32M(g isotope??
N=22 isthe center of deformation??

E(4")/E(2")

" 141618 20 22
— Further investigation is necessary



lnvestigation on Nuclear Structure
via ln-beam y Spectroscopy

- “Magicity Loss’ and Collective Motion -

Present Facility RIPS
1. Magicity loss at N~20
— 2 16C
he New Facility RIBF
3. Future
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closed shell | < >

open shell

at magic number

spherical nuclei

BI~0 +<— deformation parameter p — IBI large

Quadrupole

degree of collectivity

-

Quantum Liquid Drop Mod€

surface vibration deformed nuclei

~

Even-Even Nucleéi  Energy of thefirst excited state

E2) >

E(2Y) 1/p?
E2 transition probability

B(E2) between 2* and 0

0 B(E2)

ground state

BZ
E(2Y) B(E2) L




New type of collective motion?

“classical” picture

ONE quantum liquid drop

~

one-body nuclear matter

proton- and neutron
matter’s contributionsto

collective motion are same.

“exotic” picture

TWO quantum liquid drops

s N

-—

proton matter neutron matter

proton- and neutron-
matter’ s contributionsto
collective motion are
not necessarily same.




pegree or Collectivity Tor proton- ana neutron matters
__—~PBp proton matter

I Bn  neutron matter
Bp el ectromagnetic probe 2"
e.g. Coulomb excitation B(E2)
B(E2) B2 0"
n Strong-interaction probe . o+
e.g. proton inelastic scattering o
Y Bn? o*

o (pn) ~20 (pp)
Since 1980's, large difference between 3, and 3, has been

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

avven for 32NMa ton



B(E2) measurement for the light mass region

B(E2)

lifetime
Coul. Ex.

stable nuclei | unstable nuclel

28G; |30 | 32G | 34G) | 365 (338G | 40S

24M g 28M ¢78M ¢?°M g“M g *#*M ¢*M ¢?°M g

20N g22Ner*Ne| 2°Ne®Ne*Ne*?Ne| **Ne

160 | 1801200 (220 | 240

12C | 14C| 16C | 18C |20C | 22C £<8

1OBe lZBel4Be

No data for the neutron-rich Be and C isotopes



How to measure B(E2)?

|ntermediate energy Coulomb exci tatio%

for unstable nuclei
Inel astic scattering on heavy target such as Pb

E2 excitation: Coulomb dominant if Z>10 ot

Z<8 Coulomb Ex. < Nuclear EXx.

L ifetime measurement of 2* state

for stable nuclel or nuclei close to stahility line

(PP’ 7). (t, py), and etc...
+

Doppler Shift Attenuation o
1970's

2+

c B(E2)

T

\ T 1/B(E2)




pensity distriputionstor the C 1sotopes
AMD calculation by Kanada-En'yo and Horiuchi

Py 'z . Pa

. T —— ——

19C

20C

21C




D(EZ) mMeasurement 1or ~“C via a new tecnniques

B(E2)

lifetime
Coul. Ex.

stable nuclei | unstable nuclei

28G; |30 | 32G | 34G) | 365 (338G | 40S

24\ ¢l 25M PBM ¢-°M f2M g 3M ¢F5M M g

20N g22Ner*Ne| 2°Ne®Ne°Ne*?Ne| **Ne

160 | 180 1200 (220 | 240

/<8

12C | 14 rlac 8C |20C | 22C

Be| “Be™B L ifetime measur ement of 2* state

New method appropriatefor fast Rl beam
should be developed

“Recoil-Shadow-M ethod”



Recoil-shadow-method

» |nelastic Scattering of Rl beams R1, R2 gamma detectors
e High velocity ($=0.3)
= A =[fy1C

~1.0cm(z =100ps, £ =0.3)
 Thick lead snield

= vy-ray path isdifferent 16C
= effective efficiency is different

|

. w: attenuation coeff. 0
&=exp(-ul) | : path length in lead /
target (°Be)

R1/R2 ratio has mean life dependence




Counts/30keV

Energy spectrum of y ray

Doppler uncorrected Spectrum of R1

Shape: GEANT simulation
Background: Exponential

Ex(MeV)

1.766

0.0

Level scheme of 16C



R1/R2 vs T curve

GEANT code

Geometry
energy dependence (137Cs, 22Na,5°Co)
position dependence (22Na z=0.0-2.0cm)

Beam profile
experimentally obtained parameters for
emittance and scattering angles

R1/R2

Angular distribution of y rays ~o ® 007 i ]125 5
ECIS79 with optical potential sets for cap—iie T 1ps
12C+1?C @35AMeV and 1%0O+2C@38AMeV



Mean lifetime of °C(2*)

Cross check (Target: Z=0.0 and 1.0 cm)

RO RARRARRIRRRRRRRAKA

R1/R2 T [pS]

/=1.0 1.70+0.06| 6317

Z=0.0 1.06+0.03] 92+ 22

H — |
T4 . 9007076767076 4

Hatched zone: measured R1/R2 ratio
Solid line: Monte Carlo ssmulation

_ 0 25 50 ?5 ITO 125 15(
Weighted average= 77 +14 [ps] Mean-life 7 [ps]

Systematic error: 25%
target position (20%) + optical pot. (5%)

r = 77 +14(stat) £ 19(syst) [ps]

N. Imai et al, Phys.Rev.L ett. 92,062501(‘ 04)



ANnomalously hindered b(EZ2) or -°C

B(E2: 2+ -> 0%) 0.63 e2frm

0.26 [W.u.]
B,[~0.14

ONE quantum liquid drop model
S. Raman et.al.,PRC37, 805 (‘88).

B(E2)sys=6.47Z°A-0E(2+)1
B(E2) /B(E2)sys=0.03

B(EZ2)/B(E2) s B(EZ2) [W.u.]

2.00 -

1.00
0.50

0.20-

0.10
0.05

0.02

001 [N A N S N S I Iy Iy oy |

o

20 30 40 50
Mass Number



How about B,/ B, for *°C?

 |nelastic scattering on proton

Absolute value of do/dQ |B |/|B |>> 1
nl' IFp

= [Bl~4 Byl
H.J. Ong et al., to be submitted

* |nelastic scattering on Pb

Mpb(isc’iﬁc')zmpb

2.5
—~ Ew=52.7 AMeV
Interference between nucl. and Coul. Excitationi N | bu/8c= 3’1b(t:t°t')'
. . . . oulomb por
Angular distribution of do/dQ S W nucleor port
altlb L s
= [B.VIB,I=4.6 +/- 1 ol S
Absolute value of do/dQ 't 3
= B, B(E2!)=0.28(6)efm* Sosf o 6u/8c=0.67 (total)
Elekeset al., Phys.Lett.B 586, 34 (2004) :
0

15 2 25 3 35 4
G)sc:c:uuer.lcab (d eg ree)



New type of collective motion?

“classical” picture

ONE quantum liquid drop

~

one-body nuclear matter

proton- and neutron-
matter’s contributionsto

collective motion are same.

“exotic” picture for 1°C case

TWO quantum liquid drops

s N

-—

neutron matter

proton matter

L arge contribution by
neutron matter,
not by proton matter ??




lnvestigation on Nuclear Structure
via ln-beam y Spectroscopy

- “Magicity Loss’ and Collective Motion -

Present Facility RIPS

1. Magicity loss at N~20
2. 1°C
he New Facility RIBF
— 3. Future




EXPloration towards heavier and
more proton-rich /neutron-rich region

to produce alot of datafor “unified pictures’

limit of production

stahl lei T
Bl seabic nuctei at RIBF
E unstable nuclei observed so far | i I
= Magic number \ e

E —=proton number



proton number

Nuclear Structure and Collectivity ?
E(2*) keV

B |\
e 126 “BPb
~ deforxation region”

Jark i
N Ni double magicity”

N=34 new magicity?
N=28 magicity? 2001+

20 40 60 80 100 120 140

neutron number



proton number

Large Room for B(E2)

B(E2)L [L/W.4]

*
100Sn double magicity? TN

§ 126
48] Wﬂy')

208pPp

82 N 82 magicity?

28 - 8Ni double magicity?
N=34 new magicity?

150 N 28 magicity? 2001

20 40 60 80 100 120 140
neutron number



1HTYUIITlI TAUILTU oldlCo Al iU Tyl Il oJi T olcALlCo

for exotic phenomena of collectivity?

not onIy low lying states but also ...

neutron skins ?

collectivity originated from neutronsm skln

palrllng ?

rotatlon energy v.s. pairing energy

B2 ke

1- =7 rre n Prrhi Lor 7ald g o
W TN IRR TV

e A Fe? P A
FPELIEFTEIF? FIEIrPOEr



=Xploration or the IHHmits of nuciear existence
RIBF - towards the drip-lines -

3'd generation of RI beam facility “Fission fragment of U”
SRC high energy and intense heavy ion beams upto U
Big-RIPS high acceptance for fission fragments

More than 300 new isotopes produced

limit of production
. stable nuclei 1 partl Cl dday

n unstable nuclei observed so far

Proj ectile fragmentation
48Ca. 58N, 78-Ge, 112G
204, 208|:)b’ 238U’

350~400A MeV

proton-rich side
neutron-rich A<50 or A>160

Magic number

— proton number

i g “4_ \ L
= 238 ) 350A MeV
Frie il neutron-rich side 20<Z<60
wide dynamic range




Layout of the RI Beam Factory (RIBF)

(Exp. Bldg./ May, 2005EF2)

[pw ST esom
Large Accep. Spec.J— 5 PSJUtilties
Existing Facility: : S = 3 c
RILAC: Frequency-variable Heawy-ion Linac, B \ i )
CSM: Charge State Multiplier, . ero-deg. Spec.
RRC: K540MeV Ring C?'clotron, f o 0 e
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A Flag-Snip region on the Nuclear Cnart
- NI and vicinity -

O
CD Nuclear Structure
double magicity ?

Nuclear Matter
neutron-skin?

Nuclear Collectivity
exotic modes?

Nuclear Astrophysics
r-process path
crust of neutron star
) "®Ni >0.1 particles/sec (_1350A MeV ***U >10pnA
challenges to observe exotic phenomena beyond N=50

B-spectroscopy T E(2,*) and others, mass, ...
in-beam y spectroscopy  E(2,%), E(4,%), B(E2), M, ...

RIBF

+r anceni ol AN radlii



Rl beam energy [A MeV]

250

Reactions for In-beam y spectroscopy
with fast Rl beam

deceleration of Rl beam

Rl beam at RIBF

Intermediate energy Coulomb excitation
2+ B(E2), 1, B(EY),...

Proton inelastic scattering
2%, BM,, 3, BM,...

Projectile fragmentation
2+, 4%, 6%, 8", 10*...

w/ materials

30

Tran

Tran
Deey

sfer reaction (o, t)

Fermi energy

Sfer reaction (d, p) type
indlastic |

Fus Tn

Coulomb barrier

Knock-out reaction

y—y coincidence
lifetime measurement




Experiment at RIBF

At present facility

Particle Identification for Ejectiles

Rl beams N y/ __— || charged particle detectors
target—
A<~50
~0.3
b gamma-ray detectors
At RIBF
Rl beams [lﬂ Y/ % high resolving power for heavy mass region
> - Zero-degree forward spectrometer
target
A<~200 Uyl
B~06 . To determine final channels
E:SE i.gorﬂi?éﬁ'on and/or To achieve good SN ratios
DALI2 (Nal) for low-intensity Rl beams

CNS-GRAPE (Ge) —— Nice quality of data



Lero-deg ree rorward Spectrometer al RIbF
F-D

F-C
T Secondary target &
dE-E detector, F-B ¥-ray detector array
Timing of ToF |
/ F-A
Bp tagging Rl beams
Energy degrader from f
Ejectile identification by ZDF, Angdle tracking of ejectle,

Bp analysis, time of flight and dE-E ~ ''mineof ToF

Angle & position
tracking of incident beam

3ig-RIPS

1.Achromatic large acceptance mode (" | total flight path length ~ 36m

2.Achromatic high resolution mode cf. 250A MeV neutron-rich Rl beams
(x,p)/(x,x) ~ 2100 grazing angle ~ 20 mrad for Pb targets
3.Dispersive spectrometer mode momentum acceptance Ap/p =+/- 3%
(x,p)/(x,x) ~ 4500 momentum resolution (x,p)/(x,x) = 1240

maximum magnetic rigidity 7.3 Tm
5 g9ama senaration in A at A=200

angular acceptance A0 =+/- 45mrad, Ap=+/- 30mrad




Layout of the RI Beam Factory (RIBF)
(Exp. Bldg./ May, 2005EF2)
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Put your favorite variable on nuclear chart and
Draw your “picture’ inside the box

~

O

| | E2) ke V

=T
Va Mot = 4 - o) ol 7 X L Pal F g S
NN IR TCTEY T

e 7 e A Fe? P A
FPELIEFTEIF? FIEIrPOEr






=XClIed Slales Of nuciel

particle unbound states particle emission : very rapid process

\

particlethreshold. ..
M(Z, N-2)+2xMn
particle threshold------come 2
_ M(Z, N-1)+Mn
particle bound states .
T One-neutron separation energy
el ectro-magnetic de-excitation
round state \ IS
9 MZ N) y emission

Internal conversion
pair creation



Magic numbers and Binding energies

Tz connection for one neutron separation energy S,

. 0 ‘ . proton-ricL -
0 [ 126
L %ﬁ
| neutron-rich

@ R N N N N N N N |
Nt ‘ | ‘ | ‘ ]

0 50 100 150
neutron number

magicity loss at N=8 and 20



|ntermediate-energy Coulomb excitation

E >>Vc: Coulomb barrier

relative cross section

, E=/OAMeVPbtarget By T.Motobayashi
]:0 -_:___ El, 1=1 J I g; Ez, =2 T 1|l] T 7T |
- (Z2+%°Pb, E,=5 MeV) T
10l =
: El COULOMB i E2 oulomb doininant
100 E = kB
- 'NUCLEAR 1
10”1 E = E
- NUCLEAR _ -~
10_2 1 1 Ilj]l/ll 1 11 1119 1 1 IIJJJII 1 T
1 5 10 50 100 5 10 50 100
Z (projectile) Z (projectile)

high energy beams -> thick target
kinematical focusing -> high efficiency
high velocity -> single step excitation



Bernstein' s prescription
PLB103, 255(‘81)
F A bEMp-I—anMn
3eR, biZ+DIN

Eg.l) F: electromagnetic
b,=1.0 b,=0

M
Sem _ 4z M, 4z 1 liB(EZ)

3R, Z 3R, Z

Eg.2) F. proton
b,=0.3 b,=0.7
Sp 47 0.3M +0.7M,
3eR, 0.3Z+0.7N




INCW 1TATIEWOIKS 101 UE Tevy 1egiorn O1 Tiucical Cllai't
from stable nucla to neutron-rich nucle

Nuclear Structure

" “magicity loss’ N=8, 20, ...
“new magic numbers’ N=6, 16, ...
large changes of shell structures

Stable Nucles  Neutron-rich Nuclel

?

%hi}/z

ﬁ#é ?
o

%gégg 32 or 34 ?
1f7/2
>
1p1/2 @
@ 1p3/2

~

Nuclear M atter

( isospin dependence of nuclear
radii r =ry x AY3 (r,=1.2fm) ?
new forms of nuclear matters
neutron-skin nuclei neutron-halo nuclel

-

Nuclear Collectivity

( Two quantum liquid drops ?




I - process path
one of processes for nucleosynthesis beyond iron

Interdisciplinary field between  Nuclear Physics  Astrophysics

: - mass Q-value for reactions
nuclear physics and astrophysics T e free fime
Pn reaction chain




