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Introduction

Change of nuclear structure
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Two basic aspects of
nuclear motion

1. Single-particle motion
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2. Collective motion 155
— Liquid drop model
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Nuclel at the limits

m Limit of angular momentum

The question of the maximal angular
momentum that a nucleus iIs able to
sustain against rotation is an old and
still unsolved problem

m Limit of deformation
superdeformation, hyperdeformation
m Limit of isospin (proton-rich)



Behavior of nucleus
at high-spin

The Angular Momentum World of the Nucleus
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Limits of angular momentum
and band termination

m Nuclear angular momentum is generated by the
finite number of constituent nucleons

® Maximum number of angular momentum for a
given nucleus with specific configuration

m This Is seen as termination of a rotational band In
nuclei when the nuclear angular momentum is
generated entirely from constituent of nucleons
rather than collective excitation



Yrast band of 1°8Er

High-spin of deformed nucleus

Simpson et al., Phys. Rev. Lett. 53(1984)648 A band terminates when all
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High-spin isomer

(oblate shape)
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How to study high-spin
states

m Fusion-evaporation reaction
m Coulomb excitation

) ) '\nj ctile —
m Transfer reaction LN SN0
(120, 1°0) (o) (=)
_ =/ A\
m Fragmentation
m Fission

Spontaneous: 238U,244.246.243Cm,
250,252Cf 253ES 254,256|:m

n-induced: 23°U(n,f)

m B decay

Fusion cross-section

Q=bXp ’
d UfUS(Q) oC Q Angular Momentum



Fusion-evaporation reaction

»_ fiw ~0.75 MeV
Target @ ~2x1020 Hz
nucleus d Rotation

p— p— FﬂS‘ Ly
Fission - N
- n E
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Beam
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109 sec

Groundstate



Fusion evaporation
and gamma decay
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High-spin limit

m For small deformed nucleus, configurations will
terminate into a non-collective oblate state where
the spin is given by the sum of angular momenta
of single particle configuration: |

max

m For large deformation (superdeformation), spin
above | can be generated

max

m With increasing angular momentum, large
deformed states (superdeformation,
hyperdeformation) become yrast, and finally will
decay by fission



Superdeformed
shell gaps
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Superdeformation -

/. First observed in
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Limit of deformation
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SD band in 198Cd

Counts (2keV/channel)
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1,5/, INtruder orbital
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Excitation
energy

m Excitation energy
Relative to a rigid
Rotor reference

m Comparison with
Cranked Nilsson
Strutinsky calculation

m Similar behavior with
smooth band
termination in A=110
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Limit of high-spin

Rotating Liquid
Drop
S. Cohen et al.,

Fission b
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Ann. Phys. 82, 557 (1974)
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High-spin nuclei studied
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High-spin studies In
proton-rich nuclel

m Nuclel produced by fusion-evaporation reaction are
in proton rich side relative to the line of 8 -stability

m By using most proton rich stable beam and target,
we can access to the proton rich region

m Proton rich nuclei close to proton drip line often
decay by a decay or proton decay

— using tagging technique to access proton rich
limit (Jyvaskyla, ANL)

m Many proton rich nuclei can also be studied (*°7In)



Recolil decay tagging

Correlated radioactive decay - apparatus

RITU gas-filled mass separator

U separates recoils from primary beam
D
Oﬂ - Q .
| Si PAD detector

Jurosphere a:rray C

detects Y-rays at target Subsequent
’ decays recorded

MHz scalar records absolute time of each event

http://www.phys.jyu.fi/

" recoils "stored" in



Study of 1%7In
(Z=49, N=58)

Reaction : °2Cr(187MeV) + °8Ni(580+640 1 g/cm?)

=
3000 T 108 1

I 1 1
lmTe(l}chh time : 10 ms
2500
300~ . T
g m
1500/~ Search time : 7 s
-1
g
=]
o]

W00 w2 2000 7

I 107, ]
100 es} s
108, W

1 1 N ":In0 " 1

Counts/2keV

B. Hadinia et al.
PRC70, 064314(2004)

107 108 109 110 111
\ 53 ! | | I |

49

48
47

46

52
S Il

108Xe 109Xe 110)(e 111Xe 112)(e

103Te

104-|-e T %1071-6 108-|-e 109Te 110Te

—

1028b

1038b 104Sb1058b 1068b107sb 1osSb 1098b

0.7 0.2

1OOSn

1OlSn

1OZSn lOSSn 104Sn lOSSn 1OGSn
0.1 20.9

L)
I

n

100
In

101 102
I |

n 103|n 104|n 105|n
3.1

n

QBCd

99cd

1oocd lOlCd 1OZCd
2.8/10.2

97Ag

QBAg

99Ag lOO.Ag
cX:J13.6 1.0 21.5

*Pd

*Pd

“Pd

*Pd |*Pd
1.1

58Ni(52Cr, 3p)107| N

99.9%< ¢ + B
90%<c+f  99.9%
0.1% o <10%

10% &+p 90%
10% o 90%

0.1% c+f 10%
90%<a  99.9%

9990 a

99.9%<p + o



Experime
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1071n level scheme
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Gamma-ray spectrum
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A rotational band
in 1971n
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DCO Ratio

DCO ratio analysis

(Directional Correlation from Oriented nuclel)

JUROGAM DCO ratio W(157° gated by 85°,94°)/W(85°,94° gated by 157°)
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Total Routhian Surface
(TRS) Calculation
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J® moment of inertia (K® MeV™?!)
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) moment of inertia (h® MeV™!)
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Smooth band termination
IN A~110 region
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Excitation energy relative to

rigid rotor reference
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High-spin study
IN nheutron rich nuclel

Fusion reaction:
Stable isotope beam + Stable isotope target

— High-spin states in proton-rich nuclei

High-spin study induced by RI beam

~usion reaction:
R| beam + Stable isotope target

— High-spin states in Stable | Neutron-rich nuclel



Study of 49-52T]
(Z=22,N=27-30)

High-spin study of

most neutron-rich stable nuclei.

— 48Ca and neighbors
deformed states at high spin

50T (2=22, N=28)

Proton single-particle levels[MeV]

— Deformed collective band
at high-spin

WOODS-SAXON LEVELS FOR PROTONS CENTRAL Z=20

-0.7 -06 -05 -04 -03 -02 -01 00 01 02 03 04 05 06 07
Deformation parameter f3,

- [303]7/2

Solid: p=+,dashed: p=- b,=0.0000 )
4 PR [N T L' Il 4 1 I_L_l_-n__l_n L o 1+ 1 4 1 1/1 Al
3 _— ~~~~~~~~ " & h X «
5 -~
e RENERERED NN [20 2]3/2
0 [440] 1/
] [321]1/2
& BER X wE [200]1/2
_________ [312]5/2
33— _---
-4
pE [202]5/2
6 - T [321]312
-7 —
_8 —
- [211]1/2
T [330112
‘10 T I T I T I T I T I T I T I T I T I T I T I T I T I T [ ]



E

°Be + 48Ca — 4°Ar

46Ar 46Ar

90%

)3

Low-energy 2ndary
beams using RIPS
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Setup around 2ndary target

Secondary target :°Be 10 4 m (1.8mg/cm?) thick, 10cm ¢
Doppler correction:
2 PPACs before 2ndary target
— Beam Image, incident angle on target
F2 Plastic—F3PPAC TOF
— Beam Energy
GRAPE(CNS Ge Array, position sensitive)

cle

PPACab PPACc




GRAPE

(Gamma-Ray detector Array with Position and Energy sensitivity)

18 segmented Ge detectors
€ ~ 4% for 1MeV

~ 5mm position sensitivity
for depth direction

2Cm

.Figurc 1: Ilustration of a Ge detector.

type d p (em )
pt (segmented) 0.2 pm 101

p 20cm 0.8 =« 107
nt (high voltaged) 300 pm 104




Counts per 3 keV

Gamma-ray spectra in
IBe(4CAr, Xxn)>>xTi reaction
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Excitation function
measurements
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Count per 10 keV

New transition in 4°Ti
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New transition in °1Ti

Counts per 8 keV
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Future prospects

At present facility with RI-beam

* Fusion reaction of Rl beams for high-spin study

44S peam — °Be(#4S, xn) °3*Ca
4Cl beam — 2Be(*°Cl, xn) ***Sc
57Co beam — °Be(%/Co, xn) °*Ga

Region to be studied
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High-spin study using
stable 1sotope beams.
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Rl Beam Factory

4 limit of production
. stable nuclei at RIBF |

n unstable nuclei observed so far

r-process path

RIBF

Rl beams
A < 200

Rl beams / E ~ 250 MeV/A
A <50

E ~ 50 MeV/A

.~ proton number



Layout of the RI Beam

Factory (RIBF)

Existing Faoiicy:

RILAC: Frequency-vericble Heawvy-ion Linac,
C5M: Charge State Multiplier,

REC: Kid0MeV Rin
AVE: KTOMeY AVF

Cyclotron,

yclotron,

RIFS: Pmjectle Fragment Separator.

RIBF Phase I:

SRC: K2500MaY Superconducting Ring Cyclotron

IRC: K930Me\ Ring Cyclotron,
fRC: K520MeV Fixed fmqucn?
RBigRIFS: Projeciile Fragment Se

Ring Cyelotron,
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Reactions for in-beam

Y -ray spectroscopy at RIBF

® Intermediate energy RI-beams (~250MeV/A)
— Coulomb excitation,
Proton inelastic scattering,
Fragmentation
Knock-out reaction

m Deceleration with materials (5 ~ 30 MeV/A)
— Transfer reactions
Deep Inelastic reactions
Multiple Coulomb excitation
Fusion reaction






	Study of high-spin states by using stable and unstable nuclear beams
	Contents
	Introduction
	Nuclei at the limits
	Behavior of nucleus at high-spin
	Limits of angular momentum and band termination
	Yrast band of 158Er
	High-spin isomer(oblate shape)
	How to study high-spin states
	Fusion-evaporation reaction
	Fusion evaporation and gamma decay
	High-spin limit
	Superdeformed shell gaps
	Superdeformation
	Limit of deformation
	SD band in 108Cd
	i13/2 intruder orbital
	Highest spin observed
	Excitation energy
	Limit of high-spin
	High-spin nuclei studiedby using stable nuclear beams
	High-spin studies in proton-rich nuclei
	Recoil decay tagging
	Study of 107In (Z=49, N=58)
	Experimental Setup
	107In level scheme
	Gamma-ray spectrum
	A rotational band in 107In
	DCO ratio analysis(Directional Correlation from Oriented nuclei)
	Linking transition
	Total Routhian Surface (TRS) Calculation
	J(1),J(2) moment of inertiaExp. and TRS calc.
	J(1) and J(2) moment of inertia
	Smooth band terminationin A～110 region
	Excitation energy relative to rigid rotor reference
	High-spin study in neutron rich nuclei
	Study of 49-52Ti (Z=22,N=27-30)
	Low-energy 2ndary beams using RIPS
	Setup around 2ndary target
	GRAPE (Gamma-Ray detector Array with Position and Energy sensitivity)
	Gamma-ray spectra in 9Be(46Ar, xn)55-xTi reaction
	Excitation function measurements
	Excitation function
	New transition in 49Ti
	New transition in 51Ti
	Future prospects
	High-spin study using stable isotope beams
	RI Beam Factory
	Layout of the RI Beam Factory (RIBF)
	Reactions for in-beam γ-ray spectroscopy at RIBF
	End

