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Proceeding of the Workshop on Gamma-ray Spectroscopy Utilizing Heavy-ion,
Photon and RI Beams
July 15 and 16, 1997, JAERI, Tokai, JAPAN

(Eds.} Masumi OSHIMA, Michiaki SUGITA and Takehito HAYAKAWA

Advanced Scionce Recearch Center
{Tokai Site)
Japan Atomic Energy Rezearch [nstitute
Tokai-murs, Nake-gun, Tharaki-ken

(Received Febmary 16, 1998)

Three time since 1992, we have held the symposia entitled ‘Joint Spectrescopy Experiments
Utilizing JAERI Tandem-Bocster Azcelerator” at the Tokai Research Establishment. In the sympasia,
we have mainly digcussed the plans of experiments to be done in this joint program. The joint
program etarted in 1994. Several experiments have been made since and some new results have
plready come up.

This symposivm ‘Gamma-ray Spectroscopy utilizing heavy-ion, Photon and RI beams” was held at
Tokai Research Establishment of JAERI. Because this sympozium is the first cccasion after the
program started, the first purpose of the symposium is to present and discass the e::perimentﬁl
resulta so far obtained using the JAERI Tandem-Booster. The second purpose of the symposium is to
diseuss new possibilities of gamme-ray spectroscopy uging new resources such as RI-beam and
Photon-beara. The participants from RIKEN, Tohoku University and JAERI Neutron Science Research
Center presented the future plana of experiments with RI-beam at each facility. Compared with thege
nuclear beams, phaton beam provides a complataly new tool for the » -ray spectrozcopy, which is
achieved by inverse Compton scattering between high-energy alectron and laser beams.

The symposium program consists of 33 presentations. The 38 participants attended this symposium.
This volume of the proceedings contains the contributed papers which were submitted after the

AY¥MPazium.

Keywords: Symposium Proceedings, Tandem-haoster Accelerator, Heavy [on, High Spin,
¥ -ray Spectroscopy



10.

11

12.

13,

14,

186,

16,

JAER]-Conf OB-008

H &

. R TON il EER

X R

. "VGAD 7 o — BRI & BBEnhanced Side-band Population

AR HE

. By T AR E S T LTy —

a8 =

. HE-F-OsfiRETHOBEEBERKIC W T v e

Al RTT

. D@ R E AARERUPEIER

Bl &A

. Bl 130, SOSRIROML YL

®H 2E

. The possible mass region for shears bands and chiral doublels ----vereeees

Jie Meng

. Tilted Axis RotatimmaliNEOH;EEhRHE

KHEIRA

. MR IC 5T ATilted Axis Cranking&Particle Rotor Model®OHE:

A -

8 Yt R T B BRI 35 6T IINER vererrereesssonris smaesass tosatransss sas seaasnsus somssnsss ons

HH XX -RE E2

2 — 0 Gt L D ERE O REER -

ik B3

HET? » TI—LAY L ¥ LR R AT
#h 3h3F

B iR %0 & TOHF i 2 Rl fhiE

BEx £k
AENbA=FL s Ty P FEIL O L TOBEERTE
mE Tt

Elitkic 3347 SRS RTL

MzF H&

=4 —BFEI L SHEE : SPring-8ickid ARE LBS
BE  <F

12

14

17

23

29

a9

43

62

57

60



JAERI-Conf 95-008

17. CHe,t 1) WEBVNEDAE Y + T4V AEVREOHF v ememsisiniinn 7))
HE BE

18, BAA HMITBFEZZEIH| oo e nsrener s s me s e s e s s s e nee i 4
2

19, HFRREO R TR £ BT OB v rermreme e emramnere e sermesensenenissens T8
i B

20, CrDm AL IRIE e s e s s s e e e B
Hep HE

21. Monte Carlo Shell ModeldT k BpEii@iE—NII0IR v v reemr s v s rsnsn 85
L T

99, Z=NEETRRUEIZE T A TE S F o FEBITE  vererrrrmnmsimmrme s esss s §1
®mR B
sl I

24. NifEloO b TR e s s s e e s e s (8
A B

95 AR L—2 2 YRIBBHE oo s s e s e e s s cevin e ien |
HiE

[F8 (EAA 2« P b RIE—LIEEH U THBAN] TOXSA  wonnrmonmeom 108



JAERI-Conf  98-({B

Contents

1. JAERI Gamma-ray Spectroscopy PROett (it s ctterestermn s rns s ab e rm s snas s nar e ss s srmsmnes

M. Oehims

2. Stimulated Side-band Population in Coulomb Exeitation of ¥5Gd ......cc.ovcnicniccnn e,

M. Oshima

3. JAERI Tandem-Accelerator and Tandemi-DOoStar .. .....cc..vevieeeer resisssiai et vemieerisssssseesinsres

T. Yoshida

4, Isomer States i the HI-W-0s Bemion ... e e et e s nsmr et 4 e et e

T Shizuma

5. High-spin States of PH08......cccvveiimmbi s ssississsi s s smsisss s ssssssssssnss s

T. Hayakawa

6, M1 Bends in A ~ 130 and 80 Regloms .o e e

M. Bugawara

7.The Posaible Mass Region for Shears Bands and Chiral Dioublets ... s

Jie Meng

& Angular Momentum Projection of Tilted Axiz Rotaional states . ... ...

M. O

8. Camparizion with Tilted Axis Cranking and Particke Rotor Model for Triaxal Nuclei................

S. Otsubo

10. Shell Effect in Rotational Damping for Superdeformed He oot

K Yoshida and M. Matsuc

11. Vibrational Excitations in Rotating Nuclei by Means of Coulomb Exzcitations....................

Y. Shimizg

12. Electromagnetic Trangitions between Gamow-Telier and Spin-Dipole States ....................

H. Sagawa

13. Periodic Orhits and TDHF Phagse Space SEMackire ..o e e

3. Hashimoto

14. Study of Superdeformation at Zero Spin with Skyrme-Hartree-Fock Method ......cooooeei i

T. Takahara

15. General Relativistic Mean Field Theory for Rotating Nuclei .......cocccnmermsmnnirnssssssessrsssmesnns

H. Madakoro

16. Physics with “Leser-Electron Phobons™ ... s e

M. Fujiwara

12

14

S

34

30

ov



JAERI-Conf 9B8.-008

17. Study of Spin-isospin States in "N via CHe,bp Jooi it riaerrner T
F. Thars

18, Spin-alipnments in Heavy-ion BesoManoes ... o orocrrrnrrrrirrer e rarimerisssrnss srninerinsressrassssnmsnnes 1
E. Usgaki

19. Study of HFB Sclution by Qunatum-number Projection ... ... .o T8
K. Enami

20, High-spin States 0F P0T ... oo sre e s e e e rr s e s e e et st i nrn s 82
T. Tanaka

21. Unified Deacription of Mid-pf-shell Nuclei by Monte Carlo Shell Model Caleulation .. ..o 85
T. Mizusaki

22. Exotic Octupale Deformation in Proton-rich 2=l Nuclai.... ... esnes e e 9]
5. Takami

23. High-spin States in the Region of A — 60......cc v s e e o7
H. Nakada

24, Neutron-rich Nucled in Ni Reghian ... e 102
T. Iehii
H. Ikezoe

Appendix Workeshop Program......... trariabmar ek s rber e e rrarbn s ezar e sk n s ba s R PAR SRR P e peerre R e ererraarrrRr s 108



JAERI-Conf 98-00%

1, FRTON 2RO ERFER
~INETORRLSEROTE-

R SCREBWRE L F— KERE

1. BA A2 HTRERIERRER

FED & »F AIEREFHBRO -2 5 —2AWEE 1 Bl viRgEs X ERE
ZEERNICTT o e, HIMRPR 79 Ak 8 F 4 HOHEEMT, £BOFERIRS
AERIN—THBEML, T-vRREEE L TRAER2OT vRREE6 B L F
ROMBBEHBEELEDLEIT] ISRE]L 2EHEO 7 L —AIty L. BHEBE
AER (40%) OXFNT o AREBEBGOY Ly —a&Rk5da 7 M HIERA
FREREETHS, ARHOHIIRNTHIZRE LABGORESBIHEXXER D
FHAL AL TVNEN, LDXHOGeBHBIIMETESLIWRERL A,
BB S L TRANKSI-TBR I NE Si Ball #H88, F—o iRk T8N
B PR TATARSs S LY S S, AAERTIEEENIZ. 12804
IR NERETo R, TOHSESO—0BNE I NOHERBRTHO NAEARIED
LUHBRLSROMESMERS ZEEH B,

ThETHORRELTHREL YT, DRE, -uBREHS. DA - 60 RS
WAV KR, QA= 130 AREOKAY VIS, ORTROBRMERIIFREH
3. QTG IBBTH A Fir FORERRRSREEICKIREARNRHAL X
Ao, M @OTIE 0, Cu PAE Y 1316 h BEF TOBAY VRELZREL, 4
ZALERERY g B A>T 2RFORI L > THRTE, BEREL,LEOHI M
ATV BERSAZ Lo, HETIEGEL, M Cs DAY Y 165-24 h BEETO
WAL VIREERAEL. 438, 28, 1EOM1 S FERBLE. “@OTIR™TL
DRI FH11/2 - 9/2 EBOWNERERET 2 IE L, E2/M1 RAERI LA 71—
PREREFRELS, © 7, 'Ta 0 g EFAER G nf404]7/2+ BiFHEETHBEI L E
Fode, T EREEOEHEX B 5,

BEOE1IEARKRBIEGE b EARKTERNZI Y ASIIR-NEERLLIEN

.—1_



JAERI-Conf 98-008

SEENGBRE-LBOTED. BROER? SZOFRERBEAE Mo L3k
FEIEBTRMTER 1 2 REHOSEH  vERHERIEED 2 #RH< 5 WORE
QOEMIZE EE- TG, LirLANS. NEE - T-FHREK - T 7RNOREHE
BT BN TERLIBS LI ZERBTHHI L2 LRCHEARITRL TS, Fl1EBO%
FIERTIBEANB O LROE I 4DDF -0 LR LA T. B2EH
AERETLIONEETICRBERDI L LA, BEXELEROMRE OHEOD
MR, WMETRRIFELOANSERL 0F4 AOHFEEMEL. RIVBESIERESD
., FHearbns8% ]l 1 SOBRHBRZEET S,

B TH¥EHORNICLVSEETRTE6 ATORHBEZBRTESI LA
foo 2 TERLOEEXD, 1 28 ERERATRIZED. BEIORETRBRELE
B35, SHEATIRBEBORIRMNBE A& T, REOLEN  YRBRHEROSR
HEFEZE N —TOPTHEL. BROEFE GEMINIL SO SERIICHREL .

2. Hr=@aXomLey—n

SEOFEE I NI CORRY v FAS A7 —TORA A VY EFEH - LU
WH MBS EOF LY - VIZOWTHERL, ¥ rwlgXodkohnd iRt
LoEFEMETE, SEREREARI T vHBIROF LY —NE LT, @l Ehi:
EfAVYREBY-A, @RI (FEZEH Y—»h, @71+ FrE—ad@fLb,
NLEDWTHFEEOFTHR SR, TAZORSROTTHEA SN IH7, BUFICHEC
tOMELBAT2.

QEA 4 Y EREE - ATETETONIOR, B »FA7—2A 7 - 0OR7HA
Tk, 7—AF7—iZ L DINAERILARICH AL 720 T, ¥— AHEORDIIELRE~
ORAORBLEEoTwE, FOLDICECRAAVIREEF » FPAMBEOS — I 0
e, FilAALDOFNERHLETRRICT 208D, £, HHFORBOBANEL L
THREXERT 20D HE, BEFB I A VF-VY—s0fARL¥EHE,

OFEEER 1 E-2RFE. BFERRE H b EREMATTIL > THE LS
ERTWLF72aryTh3, BECBWTRENRIBFME. KEKIKEHY 2 JHF
SE. RRTOPRTHYTR Ly — L AT, 22VIRERBICSHE, Tv
BRI ARRZ R oOHBOPTIRLRRITNF I NEFHTHY, ReFFRErD
NoOHEZMEBEEML Ty {mFRlbh vl , %o, ABOF r~BEE SR

_2_.



JAERT-Conf  D8-008

BHRD AL O T RIEBBOFEELICLCEBRENATEY, GEMINITEbRLAN
—F 7RI NG OFRIBORTRELBUITOLEL0OTHS,

BEREART@74 F - ARIRITERH LAY —NTHE, BERNLE—
BFE—ARL—F—RTXRTHE, 207 FVBREXE L > THERI I LF~ (10
eV) OHFvRE—ANBLNE, TOV—ARBTIANE - FRAFICHBIITRH
¥, MEANT-ABohdod, BB FEIE-ALLTRINESZ &,
100% IOEVREREFB LRI Z L, BB T LXTOIV T BEERETEIILT
WEY, LRVFE— - HEREPIRECSNTEEZ LIS 5. BHERIC BED SOR
TERAS. SF8F UVSORIZ & DAERNBAES Hh T b, HEEBCBVWTIIRZEL
Fo B A AR SPring 8 KBWT H. 8GeV O F Y ¥ FH IV ANBROETEI
LA I T A THBERIBHAF - LIS ELTVA, MR E LTHEITL
A OB E TR (v, ¥') resonance fluorescence 1= & A R FHSEEERMEE (¥ -XE
—F. GDR...) « Fa 1) vk @y OETERBEERE T photoreaction BFIET T
FIEIY, FHAERSE., FEROER, @ERNER LOFHEEWROF -
Eibha,

2

1. M Kidera et al., J. of the Phys. Soc. of Jpn, Letters section, 66 (1997) 285.

2. M. Oshima et al., Int, Conf. on Nuel, Nuel. Collizion at Gatlinberg, (July, 1297},
3. M. Oshima et al., submitted to Phys. Rev. C

4, K. Furutaka ot al., Z, Phys, A358 (19297) 279.

5. Y. Hatsukawa et al., Z. Phys. A 359 (1997) 3.

6. T. Hayakawaet al, Z, Phys. A357 (1997) 349.

7. M. Sugawara, et al., Z. Phys. A358 {(1997) 1.

8. M. Sugawara, ot al., Z. Phys. A (1998) in press,

9. T. Sajtoh et al., Int. Conf. on Nucl. Struct. at the Limits at Argonne, (July, 1997},
10C. N. Hashimoto et al., ibid.

11. M. Kidera et al., Nucl, Instrum. and Meth. A3%97 (1997) 304.

12. K. Furuno et al., Nucl, Instrum, and Meth. (1597) to be published.



IAERI-Conf 93-00%

2. 155Gd # n — Ehitgic X AEnhanced Side-band Population

Enhanced Population of Side Band of '**Gd in Heavy-Ton

Coulomb Excitation

Masumi OSHIMA | Takehito HAYAKAWA, Yuichi HATSUKAWA, Michiaki SUGITA,
Kazuyoshi FURUTAKA, Masanori KIDERA®, Jun-ichi KATAKURA, Makoto
MATSUDA, Hideshige KUSAKARI,Y Kazushi TERULY Katsuhire MYQJIN,D Daisuke
NISHIMIYA.Y Masahiko SUGAWARA® and Toshiyuki SHIZUMA®
Japan Atomic Energy Research Inatitute, Tokai-mura, Iharaks 319-11, Japen, ) Chiba University,
Inage-ku, Chiba 265, Japan, ¥ Chiba Institute of Technology, Narashino, Chiba £75, Japen,

3 Tandem Accelerator Center, University of Tsukube, Tsukube, Jboruki 305, Jopan

Abstract

In the Coulomb excitation of 1% Gd with beavy projectiles, 48, ¥Ni and %7r,
unexpectedly large enhancement of a positive-parity side band has heen ob-
served. This enhapncerment could not be reproduced by a Coulomb-excitation
calcwlation taking into acconnt the recommended upper limits of Fl or E3
transitions, which are compiled in the whole mass region, and is proportional

to the electric field accomplished in the Conlomb-scattering process.
Keywords: 19%Gd, Coulomb excitation

In Coulomb-excitation (COULEX) experiments with heavy ions, it is well known that
the E2 excitation is the dominant excitation process and the ground-state rotational band
(ground band), the members of which are connected with enhanced F2 transitions, is the
most strongly excited. Seo far there is no exception for this rule. In our previous paper
[1], however, we reported a new phenomenon of exceptionally strong population of the side

band of ¥Gd in a Coulomb excitation experiment by a heavy *Zr projectile. The low-lying
— 4 I
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level structure of *3Gd has been studied through the previous investigations [2,3]. The
ground-state is known to have a configuration of a negative-parity »3/2[5621] orbit and a one-
quasiparticle positive-parity side band based on s »3/2[651] orbit has been identified with the
band head at 86 keV. Since the parities of the two bands are different, the side-band members
are considered to be excited via E1 and/or E3 transitions from the ground-band members
in multiple COULEX process. EX matrix ¢lements of intraband and interband transitions
are used in eveluating the COULEX cross section. Even when such matrix elements bave
not been measured, we know at least their upper limits, i.e., the recornmended upper limits
(RU L) derived from the compilations of the experimental data in the whole mass region [4];
they are used for the calculation of COULEX cross aections. The COULEX cross section
of a state can be caloulated unambiguouely from the EX matrix elements concerned using
the computer code, COULEX [5]. In the previous analysis (1] which took into account
the RUL for E1 and E3J strength it was difficult to explain the enhanced populations of
the side band members; in order to reproduce the measured cross section enhanced E3
strength as large as 600 Weisskopf (single particle} unit are required, which exceeds well
the RU/L. In a further experiment, we investigated the excitation process which is much
dependent on the Coulomb feld produced in the heavy-ion collisions, by using lighter 5
and *¥Ni beams. From the dependence of the Coulomb-excitation cross section on the kind
of projectiles and the scattering angle, the enhancement relative to the calculation for the
RUL is roughly proportional to the electric field accomplished in the Coulomb-scattering
process. The origin of this new experimental result has not been clarified yet; at present
it can be interpreted in several ways. One is based on the inelsstic scattering due to the
nuclear force. The second possibility is that strongly K-mixed bands may provide many
excitation pass ways to the side band. The third one is that a downward transition from
the ground to side band might be enhanced in the strong photon field acccomplished in the
COULEX process. These possibilities will be pursyed in future experiments.
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High spin states in odd-odd *:Cs

T. Hayakawa!, J. Lu?, K. Furuno®?, K. Furutaka', T. Komatsubara®, T.
Shizuma?, N, Hasimoto?, T. Saitoh®?, M. Matsuda', Y. Hatsukawa', M.
Oshima!l

1 Japan Atomic Energy Research Institute of Technology, Tokai, ibarali 319-11, Japan
2 Institute of Physics and Tandem Accelerator Center, University of Tsukuba, Ibaraki
305, Japan

Abstract. Excited states with spin larger than 5 & were newly established in the 2Cs
nuclens via the '*Sn{"B.3n) reaction. Rotational bands built on the vh; . ® rdss,
vhyyyz @ Tgrpy and vhypp @ whyy, configurations were observed up to spin [ ~ 16 £. The
vhyyz @ whyya band shows inverted signature splitting below [ < 14A. A dipole band
was firstly observed in doubly odd Cs nuclei.

Keyword: (s

Muclei in the mass A4 ~130 re%nn are known to be 5 soft and their shapes are influenced
by quasi-particles in high-j orbitals. The nuclear shapes are afiected by different shape-
driving forces of low-1 Ayyy; proton and high-£} f,,,; neutron. The signature inversion
of rotational bands with =k, @ vk, configuration of odd-odd nuclel has been studied
both experimentally|l,2] and theoretically[3,4]. The spin assignment of the rotational
band is important to study the mechanism of the signature inversion. In '**Cs and '*6Cs,
the inversion states of low spin were reported using experimental method. The spin
assignment of other Cs isotopes The systematics in lighter Cs and La isotopes (N<71)
and the calculations suggested that the signature splitting of the low-spin states was
inverted and that the luversion spin from abnormal to normal increased with increasing
neutron number. The signature of the low-spin states of 1*°Cs (Z=55, N=75) [5] was
inverted. However, the normal signaluce in 2 La {Z=587, N=75) [6] was reported. The
spin assignment have been inconsistent in the higher isotopes of Cs and La. There is no
data of the v transition energies and high spin staies of " Cs. To extend the syslematics
of (s isotopes, high spin states of 1¥¥Cs (Z=55, N=T7) have been investigated through
in-beam spectroscopy.

The nuclens ™5 was produced with the reaction '¥Sn ( B, 3n ) "*Cs at a
bombarding energy of 42 MeV with the Tandem accelerator at Japan Atemic Energy
Research Institute {JAERI), The target consisted of a 1 mg/cm? layer of enriched 1245y
on a thick Pb backing which served to stop the recoil nucle. Gamma rays were detected
with an array (7] of 10 HPGe detectors with BGO Compton suppressors and a LEPS to
detect low energy photo-peak. The HPGe deteciors were placed at angles of 32°, 582,
0%, 122" and 148" with respect to the beam direction. The LEPS was mounted at the
angle of 90°. The efficiencies of HPGe detectors were abount 40 % relative to 3™ x 37
Nzﬁ detector. The energy resolutions of HP Ge detectors were 2.0-2.3 keV for 1.3 MeV ~
ray of **Co source. The energy and timing data were writlen onto magnetic lapes, event
by event, at two Ge detectors were fired. A total of 2 x 10% 4 - 4 coincidence events were
collected. The gated spectra were constructed from 4k » 4k matrix. The spin assigument

was derived from DCO ratios.
While J. -5. Tasi et al. [8,3) reported 17 low-spin excited states via '*Cs{-y, n)"**Cs

reaction, there was no information on high-spin states nor on v transitions. Fig. 1 shows

the level scheme of ¥2Cs constructed from -7 coincidence relationships and intensity
ratios. The excitation energies of the lowest three levels of 86.2, 108.3, and 185.9 keV
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were the same as those reported in ref. [9]. The v rays from excited states were in
coincidence with Cs Ko X-rays.

In this work, three new rotational bands with signature partner (band 1-3) and a
stretched dipole band (band 4} were observed. The two rotational bands have negative
parity and the other positive parity. The band head of the positive parnity band locates
at higher excitalon energy than the others. Two decay paths from the djpole band were
ohserved to band 1 and 3, although the 702 keV + ray was a doublet and the 785.3 keV
~ ray was very weak.

P. R. Sala et al. [5] reported three rotational bands with signature partner in
130Cs. Their configurations were assigned to be mhy,;» ® vhy, (positive parity band}
. Thiyy @ vgap and whyp ® vdss, (negative parity bands). Fig. 2 shows the signature
splittings { E(J) — E{f — 1) ) of the three bands of '¥Cs and ™Ca. The difference
between odd- and even-parity members becomes smaller with 1acreasing spin for the band
3 of (s, The difference between odd- and even-parity members of the band 1 is larger
than the other. These patterns are the same as those observed in Cs. We propose the
configurations of the three bands to be why 2 & 1hyy s (Band 3}, 7k /2 ® vgyy; (Band 2)
and whyz ® vdgyy (Band 1). The ®hy1s2 ® 1hy 2 band shows the inverted signature in
the low-spin states. This feature has been systematically observed in lighter odd-odd Cs
nuclei [1]. Inversion from abnormal to normal in " Cs was not observed, but in 1%Cs the
ilggemiﬂi] occurred at spin of 14 &. This inversion spin was lower than those of #'Cs and

Cs [1).

The dipole transition band has been a topic of high-spin states in this region. Some
dipole transition bands were found in odd-A Cs isotopes [$,10]. This is the first observation
for doubly odd C's nuclei.
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Decay out from M1 band
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7. The possible mass region for shears bamds and chiral doublets

J.Meng and S. Frauvendorf*
The [nstitute of Physical and Chermical Research (RIKEN),
Hirosawa 2-1, Wako-shi Saitama 351-01, JAPAN
Institut fir Kern- und Hadeonenphysik, Forechungszentrum Rossendorf V.,
PF 516119, 01314 Dresden, Germany
(November 18, 1997)

The Tilted Axis Craoking (TAC) theory is reviewed. The recent progress of TAC for
triaxial deformed nuclei is ceported. bore emphisis has been paid Lo the new discovered
phenemena — chical doubleiz and ther explaination. The possibile mas peigon for the
shears bands and chiral doublets and their experimental signelure are discassed.

L INTRODUCTION

For more thap thirty years, the study of high spin physice hag provided us a lot of infortmation on
the rapidly rotating quantum many-body system. In the seventies, the main sfforts are focused on the
understanding of backbending and the the propertues of the yrast bands [1]. With the discovery of the
superdeformed bands in the cighties [2], a lot of new phenomena and exciting challenges have appeared.
The new concepts of the identizal bands, quantized spin alignments [3] and Cy-staggering |4], etc have
proved that high spin physics is one of the mast inleresting topics in physics frontier.

Bince the nineties, the orientation of the deformed demsity distribution relative to the (space fixed)
angular momentum vector becomes a hot topic im high spin physics. Tilted Axiz Cranking (TAC) [5]
iz the version of the meanfield theory that permits the caleulation of the crientation of the deformed
field togaiher with the parameters thai define its shape. Since its introduction, it has turned out to
be a reliable approximation o calculate both energies and intraband transmtion probabilities . These
applications are restricted to axial or slightly triaxial noclei. In soch cases the angular momentum lies
in one of the principal planes (PP) defised by the principal axes (PA) of the density distribution. The
interprelation of such planarsolutions and the quality of the semi-classical approximation are discussed in
refs. [B]. In triaxial nuclei there exist the possibility of nonplanar solutions, where the angular momentamn
vector does not lie in one of the PE. The sxistence of such selutions for a fixed triaxial shape has been
demonstrated and interprented im 5ef. {7]. The exact quantal solutions are found numerically. They are
compared with approximate solutions that correspond to the TAC version for this model system. Such
approach has turned out to be quite instructive in the axial case, permitting a check of the accuracy and
a refinement of the interpretation of the TAC approach |6]. Here 1 would like to give a brief review of
the planar and monplanar selutions and the physics connected with them. The possible mase teigon to
leok for such plarar and nonplenor rotional bands experimentally are discussed in the last section.

IIL. CHIRAL DOUBLETE IN TRIAXIAL DEFORMED NUCLE]

In TAC one 3ecks HF solutions that rotate uniformly about the angular momentum axiz J that is tilted
with respect to the PA 1, 2 and 3 of the deformed density distribution. The cnentation of the retationsl
axizs is described by the two polar angles ¥ and . In order to find the orientation anghs one diagonalizes
the sngle particle routhian

W = haep = J (1)

where fij,.r is the bamiltonian of the non rotating deformed field, containing pairing if necessary. The
amgular velocity is given by the vector

& = {wein @ sin @, wsin ¥ con g, w oos 0. (2}
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Each configuration [} construcied frem the single - particle or quasiparticle levels corrsgponds ta a ro-
tational band. Each band has its individual tilt that is determined by minimizing the lotal routhian
E'{w, 9,9) with respeet to J and i at fived o, At the minimum the angular momsntum vactor F=)
and the angular velacity & are parallel {§]. These selfeonsistency equalions must be complemented by
additiopal coes that determioe the ghape of the density distribution. In the presant maodel study the
shape is assumed ta be given.

We study 2 model system consisting of a b,z proton parlicle or hole and & by ;2 neutron hole coupled
to a triaxisl rotor. The bamiltonian of this PRM is

3 -2
H=hey+ Y S del (3)

b
r=1

For the moments of inertia the ratics of rrotational flow are assumed,

2
Jo = Tsin{y - 23—'»«} : (4)

For 4 = 3", the moment of inertia J; ¥s the larger than Jf; = J3. The hamiltonian of the deformed field
iz hy.y = thy — hy, where the plus sign referes 1o particles and the mious o heles, The single particle
hamiltonian i given by

b= 20(08 - Ly cony 4 2ot + 2 siny). (%)

In the caleulation we take & = 0.25M¢V and T = 40 MeV ™1l corresponding to a deformation of
8 2= 0.25. More delails can be found in ref [6,7).
The TAC approximation to the PEM consists in two assumplions:

1. The operator I of the total angular momentum is replaced by the classical vector J

2 M =G

Assumplion 1) expresses the semi classical character of the TAC approximation and assumption 2) its
mean field character. Correspondingly, the wave function |} is the produet of the proton and neutron
wave functions. Implementing 1) and 2) into the snergy given by eq. (3) and minimizing with respect to
|4, results in the TAC routhian (1) determining |, where the angular velocity 7 is given by

R, .

wy=—0, By=f—<f>. ()

I
Here, we have introduced the classical vector & of the rotor angular mementum. . The orientation of the
rotakicnal axis is found by Itl.i.lli.mi.ii:ﬁ Lhe energy ;3] with respect to the three components f,. subject to
the subsiduary condition that J = /4§ + J5 + J5 iz constant. Taking into acount the stationarity of [},
one chtaine

Jv = (v}

7 s ™

Le. the TAC condition that & and J must be parallel. This is equivalent with finding the orientation
angles by minirmnizing the total routhian

3
E=<k >33 dwd, ®

wal

with w, given by eq, (2).

In the case of substantial triaxiality of the nuclear density distribution, there exist two possibilities:

i) The motational axis {J || J) lies in one of the three PP 1-2,1-3 or 2- 3. We call such a solution
Flanar,
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11) The rotational axis does not lie in one of the PP. We ¢a)] such a solution noaplanar

The high j particles 1end to abign with the 1 - axis becanse their torus like density distribution has the
maximal aveclap with the triaxial core in the 2 - 3 piane. The high ; holes tend align with the 3 - axia
because their dumbbell like density distribution has maximal overlap if s symmetry axis 1= parallel 1o
the long axis. For v = 30°, 7 is largest and it is favorable to built up the core sngular momentum
along the 2 - axis. Thus, if a proton hole and a neutron hele ace conpled to the rotor the total argulac
mementam will lie in the 2 - § plane. The solution is planar, becayse J and the PA 1 and 2 are in
one plane. At the band head, where K = 0, the angular momentum J is parallel 1o the 3 - axis With
increasing spio it moves ot into the 2 - 3 plane, 23 jllustrated in the lower panel of fig II. If a hugh 5
prokon partick: and high J neviron holes {or vice versa} are coupled 1o the rotor, J wilt lisin the 1- 3
plane at the band head and then gradually turn tewards the 2 - axis, as illustrated in the lower panel
of figIl. Fig. Il shows Lhe levels obdsined from a numerical diagonalization of the PRM hamiltonian
Eq.{3). There is rather good agreement between the PEM and TAC, The TAC energies, which are not
shown in Fig. II reproduce the PRM values very well,

E [MeV ]

5 T 5w %
1[A]

FIG. 1. Boational Jevels of &,y 4; particles and holss conpled to a tiaxial totor with 4 = 30°. The upper panel
shows the case of & preton amd a neoiron hole and the bower panel Lhe case of & proton patticle and a nextron
bole. Full lines correspond to even and dashed to odd spin.
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Chiral Doublets

Jatdd -2,
Ju{d1,J2,K)

B o e . e - T —— — — ——— . — —— i — —— —— —— — T " ks T P S v miar. mm e — i il e e il iy, il b
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FIG. . The relation of symmetry and shears bands amd chiral doublets: the upper panel shows the how &5 = 2
bands appear in axial symmetric nuclei with signature symmetry; the 47 = 1 bands for the axial symmetric nuclei
without sighature aymmetry are shown in the middle; chiral donblets — Lwo near degenerate 51 = 1 bands appear
in trezikal puclel when the rotation becomes aplanar-
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IH. SYMMETRIES

In order to discuss the cobsequences of the symmetriss in a transparent way, it is useful to represent the
TAC solutions in a schematical way as m Fig. (I}. The deformd density distribution is given by the
quadrupole moments Q.. The latter define the intringic frame with the PA 1, 2 and 3 by the conditien
that the intrinsic quadrupsle moments {f = ', must be equal to zero and 5 = @' 4. The trisoial
shape is specified by the two moments Q4 and (5 +Q",)/vZ . The orientation of the density distribution
is described by the three Euler angles ¢, ¢ and .

Qu = Di{9,9,0)Qh + (DFE{, 9, 0} + D5 (¥, e, {0}

The angles 9 and ¢ specify the orientation of J in the intrinsic PA frame. They take only the discrete
values satifying the selfronsistency condition {J ] ). Due to the rotational symmetry of the two body
hamiltenian, there is a set of degenerate TAC solutions specified by the valuz of the angle 4. The whale
set, of degenerate TACT |, 0, 4} solutions is given by the different valnes the quadrole moments ), can
take. The invariance of the of the intrinsic quadrupole moments @) and (€ + QL ,)/+/2 with respect
to the rotations R (7], Rz{7) and Rz(x) implies that one may restrict the Euler angles to 0 < ¢ < 27,
O£ < x/2and 0 € ¢ < x The other values give @@, that are already included. One may ses this
also directly from 2q. (9) by using the symmetries of the D - functions and Q% = QL. States of good
angular momentum |1, M = I} coreespond to a superposition of TAC solutions |4, 0,4} with the weight
function exp (if9)/v2x (sngular momentum projection}.

Ome must distinguish three cases:

1} PAC aolulion

#=0, 2/2, p=0, x/2

Then
[+m, 0, O)=Ra(rlp, 0, 0)=e " 0, B, {10}
|q!-+r,r,f2, {}):R;[w}w,wﬁ, ﬂ}=e'i“|¢r,rj2, I}}, (11}
[ + 7, 7/2, 7/2} = Ra(r)le, 572, 7/2) = e~ |¢h, 72, 7/2}. (12)

The signature & is a good quantum number and the values the total spin can take are restricted to
I = @ + 2n. The PAC sclution represents one Al = 2 band.

2) Planar TAC soltiion

O£Q, 7/2, 0=0, m/2ord=1/2, ¢ #0, v/2

The signature symmetry is lost and all sping are possible, The planar TAC solution represents one A =1
band.

3) Nonplenar TAC solution

V£, 1/2, p£0, n/2

The signatore symmetry is lost and all spins are possible. There are two degenerate =olutions |4, 1, 42)
and ¢, ?,7/2— ¢} The nonplanar TAC solution represents two degenerate AJ =1 hands.

One may reformulate this consideration in a diffent way, considering ouly the orientations of J in the
intrinsic frame. [t is sufficient to restrict .7 to one hall space.

1} If J has the dizection of the PA i, the wave function is an eigenfunction of the rotation ®;(x) defining
the signature of the corresponding Af = 2 band.

2} If J lies in one of the FF, there exists another degenerate solutioh constructed by reflection on the PA
i. They may be combined inlo iwo degenrate states of opposite signatore, defined by the rotation ®;(r),
which_form one Af = 1 barnd. .

3) I J does not lie in one of the FF there are four dgenerate solutions constiucted by reflecting J on two
of the PP. They form a rectangle with the FPA ¢ in the center. The two solutions on each diagonal can
be combined into two degenerate states of opposite signature, defined by the rotatkon K;{x). Thus, two
AT =1 bands arise,

An examples for these general rules, Jot us discuss the triaxial TAC solutions of our model system. The
planar ease is shown in the npper panels of figs. II. Both the proton hole and the neutren hele tend to
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align with the 3 - axis. First the core angular momenturn R and, as a consequence, also J align with
the § - axig, bacause this orientation is favored by the Coriohs interaction. The solution is of PAC type.
The bands of different signature, defined by the rotation Ka(r), are separated. For higher spin it iz
more efficisnt to increase the 2 - component of B, and J moves ioto the 2 - 4 plane. Now there are two
degenerate TAC solutions, symmetric to the 3 - axis, which can be combined into two degenerale states
of apposite signature. Correspondingly, in the PRM calculation pairs of A7 = 2 sequances marge inte a
AT =1 band. The recrientation of & from the 3 - to the 2 - axis is reflected by the change of the slope
of the carve J{w), which is the 7€) moment of inertia. The larger core moment of inertia along the 2 -
axis leads to the increase of JI€Y,

The nonplanar solution is shown in the lower panels of Fg. Ik The combination of the proton particle
with the pentron hole Favors the 1 - 3 plane. At low - spin, £ and J lie in the 1 - 3 plane, because
this orientation minimizes the Coriolis interaction. Thare are two degenerate TAC solutions obtained by
reflection on the 1 axis Lthat can be combined into two degenerate states of opposite signature, which is
now defined R, (7). Correspondingly, the low - spin PEM spectrum consisis of Af = 1 bands, which
differ by the wave functions of the proton and the neutron hole. For higher spim it is again more efficient
to increagse the 2 - component of &, and J moves out of the 1 - 3 plane. The two planar TAC solutions
bifurcale inte four ponplanar ones. When they are sufficiently separated {tunneling s small}, one can
combine the four degenerate TAC sclutions into two degenerate states of each signature. Correspondingly,
in fig. I pairs of Al = 1 bands merge into doublets. The PEM states with the same value of I are
somewhat split, indicating i(he presence of some tunneling between the states symmetric to the 1 . 3
plane.

IV. DISCUSSIONS

The discussicn above is forveed on the physice origin of & nonplanar TAC solution. It is not yek clear
whether such asolution 15 stable. Since inaxial nuclei are scfl with respect bo ¥, it 15 posaible that a planar
TAC solution with axial shape has a lower energy. This question can only be aoswered by microscopic
3D - TAC calculations taking inte account the selfconsistency with respect to the deformation.

But we can say:

A nonplanar TAC sofution wall show up as a parr of wdenidical AT = 1 dands of the seme parsly.

A plenar trigzial TAC selviten may represend o band with a signatyre splitting thal decreases with angular
mpmenium |

1t seems interesting to look in regions of y soft nuclei for such phenomena. These ¢ soft nuclet in the mass
reigon A = 50,80, 100, 130, 160, 200 with particle-hole configuration are the possible candidates to look
for them. Band 1 and 2 in **Pr reporbed in ref. [8] might b¢ candidates for a pair of identical A =1
bands.
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8. Tilted Axis RotationallREECH BB

Angular momentum Projection of Tilted Axis Rotating States

M. Oh, N, Ooishi, and N Tajma
Institute of Physics, Graduaie School of Aris and Sciences,
University of Tokye, Komaba, Meguro-ku, Tokyo, 153 Japan

T. Horibata
Pepartment of Information Sysiem Engineering,
Aomort Unsversity, Kowhala, Aomort-city 030 Jopan

Absiract
We appled an exact angular momentum projection bo three dimensional cranked HFB (34-CHFB)
states. Tilted axis rotating states (TAR) and principal axis rotabing states {PAR) aye compared. It 1s
shown that TAR is more adequate than PAR for description of the back bending phepomena driven by
tilted rotation or wobbling motion.

Stodies of isotones with N=106 around A ~ 180, have lataly attracted sonsiderable attention. Fermi
enetgy of these nuclei is in the middle of & high-§ shell (v4,342)- This situation is connected to y-degree
of freedom. An idea of y-deformation has been belpful to understand physics of these iaptones such
a9 kigh-K isomers [1]. Fravendoof [2] proposed that this situation may also sllow “Fermi-alignment™ .
High-K states play important reles here as well as in case of -deformation, but such a high-X state is
taken into account in terms of “tilted rotation”. field. As a consequence, a new interpretation of the back
bending is possible amoog these isotones in terms of “tilted rotation”. Namely, “g-t” band crossing (band
crossing between a ground band and tilt band). Experimentally, bigh-& rotstional bands are observed
in 19"W "M Re and 1*0s, and the bands are temporarily assigned as “t-hand”{tilt hand) [§—5]. Pearsan
et al.[5] reported that they jound such a hack bending for the first time in '*'Re.

For microscopic deseription of high spin physizs like the back bending above, there has been the coly
one approach available o us; the cranking model. The model is based on the semiclassical mtuition for
nuclear rotation, that ic, uniform rotation around a fixed axis cuch ac a syoymetry axiz of inertia. The
state produced by the eranking model is & wave packel in the apgular momentum space, and its main
component is & low-A state, In usual cases where axial symmekty is assumed for the nuclear shape,
an internsl symrmetry called *signature” is preserved, In this case, the wave packet is also restrcted to
have mainly even total angular momenta (even-T}. In order to investigate properties of the wave packets,
Hara, Hayashi and Ring[6] applied an exact angular momentum projection be the principal axis rotating
(FAR) states in which angular momentum vector ig along the 1-axis in the rotating frame. They showed
that the CHFB method can produes a wave packet whose main component of angular momentum is very
close Lo the coostrained value, Islam, Mang, and Ring[?] presented a probability distribution in the wave
packet with respect to even angular momentum, although they vsed an approximetion in calenlation of
the overlap kernels. They showed & Gaussian-like curve of the probability arcund the constrained value

In these studies, signature, a symmetry with reapect to 7-rotation about the rotating axis, is preserved,

With an extension of dynamical degress of freedom in nuclear rotation, viz. tilted eotation, deficiencies
of the cranking model are revealed. Kerman and {nishi[3] developed three-dimensional cranking model
from the time dependent variatiooal method {TDVM ). Their idea is that peneral rotations can be treated
hy introducing an iotrinsic state |¢) and general rotational operator R(Q), whers §t is the Eulsr angles.
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Namely, general rotation is expressed sz B(R)|¢). They derived the classical equation of motion for
expectation value ol angular momentum and the Evler angles, and claimed the equation can treat general
rotational motions such as wobbling metion, precession, ete. They proposed the constemmed Hartree Fock
mtthod with a three dimensional cranking termn {3d-CHFPB) to evaluate the intriesic state. The intrinaie
coordinate is constrained to be consistent with priucipal axes of inertia,

3d-CHF B has advaniages comparing with the conventional eranking model. The reason for this is
that the model can treat even and odd angular mementum on the same footing. This i3 & result of &
broken symmetry of sigoature. [n addition, bigh-f compenents are taken inte account by tilting the
arngular momentum veetor with respect to the intrinsic axes,

We should note that this symmetry breaking can play a negative role at the same time because the
concept of signature has been so useful to interpret, for example, the signature splitting or signature
inversion that ws would like to believe in the sighature as a good guantum number as wuch as possible.

We propose “signature prajection” onto the TAR stetes to understand the signature splitting in terns
of the 3d-CHFB state. The projection is achieved by,

J£) = M{1+6) 1 |-8)), {1}

where | £8) represents the 3d-CHFB state (tilted axia rotating state, or TAR) with tilt angle 28, and A
i5 & normalization factor. These projected states are expected to have favorable features for description
of the backbending covsed by bilted retation.

In our previous work[$], we estimate numerically the signature splitting observed in #2005 by means of
tha generator coordinate method (GUM). We employsd the TAR states ns generating states and tilt angle
a3 a generator coordipnats. We postulated the definition of signature as a symmetry of = rotation about
o principal axis of inertia rather than a rotating axis, and we assigned [+ )-siguature to even-J states
and [-}-signature to odd-J. In the present work, this postulation is examined by the angular momentum
projection to the signature projected TAR states.

We employed the TAR states with tilt angle £6° to project them to eigenstates of signature [£}. Our
caleulation shows that |+} econtains much more even-T states than add-I states while |-) mixes odd-J
states and even-J states. We think that the relation between siguature and angular momentum,

r=1-1), {2)

where + iz a signature, herotnes belterif we increase the till angle. Because of numerical difficulty,
caloulations of angular momeoturm projection for larger tilt angle than &° i3 not available now. We are
improving the algorithm now.

In suwinmary, we adhieved sxact angular momnentum projection onto the solutions of 3d-CHFB. PAR
is a 3d-CHFE sclution for one-dimensional cranking, and TAR is for three-dimensional cranking. We
examinsd properties of both states by looking at the probability distribution defined in the Appendix
(7, 8). We found that the TAR state is adequate for description of & new type of back bending possibly
cansed by tilted rotation. This i3 because the state include even-odd I and low-high R components
on the same footing. We also achieve the signatiles projection onto the TAR state, which breaks the
internal symmetry called signature, We conficrned that in the projected states a relation between angular
morentum and signatore (2] holds to stme degree. Iu particular, a (-)-signature state mixes even and
odd angular momentom very much. We gness that the larger the tilt angls becomes, the bettar the
relation [2) beoomnes,
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Appendix; Angular Momentum Frojection

An angular momentum projection matrix and the angular momentum projector is given as;

. o bt | -
mhA8.9) = (30| Phic | #80)  with Pl = f 4205 (DR(Q). (3)

}:'l’{ﬂ} is & rotation operator with the Euler angles, § = (&, #,7), 8 is a tilt angle and D () = (I& |
fiw) | TK") is Wigner’s function. A measure of integration is written as 44} = de sin Sdfdwy.
The overlap kernels, { if?(ﬂ}[ #} , are evaluated by using the formulas [10],

{slR®)I¢"Y = At IP(RY, (4)
where
Py =i ot + vioTiow (5)

Caleulation of the normn kernel has to he carefully done, for the norm overlap kernel{4) iz two-valued, Due
to the loss of aymmetries, signature, reality of iotrinsic states and conjugation of bra and ket. integration
(3] in the present work becomes more elaborated than the work in ref [

Because the intrinsic stete and the projection operator can be expanded in terms of a complete
crthonormal set of angulsr momentum (R,

¢y =% gho IKe} and Blp. =3 [IKe}IK'«], (8)

Ika
where & indicates additional label to I and K. The probability w} found in (JK) states is written as,
wf =3 lokal’ = vk, (7)
and thersfore the probability to find states having a cectain valve of I, is estimated sz,
wi= i wh = Tr(nd). (B}
e]
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==y

o T

L= -]

L=R-L

[=N=

L= - ]

=L

s
] 1o TR = 1= | =
ENCT- T L e e T

Figure 2: Probability distribution with respect to total angular momentum for TAR state and signature
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Figure 3: Probability distribution with respect to K-quantum number and total angular momentum for
TAR states. Angular momentum constraint is 13, Tilt angle is §°. Even and odd components are drawn
in different geaphs for convenience,
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Comparision with Tilied Axis Cranking and Particle Rotor
Model for Triaxial Nuclei

Shin-Ichi Ohtsubo and Yoshifumi R. Shimizu
Department of Physics, Kyushu University, Fukuoka 812, Japan

Abstract

An extension of the cranking model in such 2 way o allow a rolation axis to de-
viale Irom the principal axes of the deformed mean-field is a promising tool {or the
gpectroscopic study of rapidly rotating nuclei. We have applied such a “Tilied Axis
Cranking"{ TAC)} method [1, 2, 3, 4, 5] to a simple system of one-guasiparticle coupled
ta a triaxial rolor and compared it with a particle-rotor coupling calculation in order
ta check whether the spin-orientation degrees of freedom can be well described within
the mean-field approximation. The result shows thal the TAC method gives a good
approximation o observable quantities and it is 2 suitable method to understand the
dynamical interplay beiween the collective and single-particle angular momenta.

§1. Introduction

In order to study the quality of the tilted axis cranking approximation, we adopt a simple
solvable maodel, the particle-rotor model,[6] consisting of ohe-quasiparticle in a single-;
shell conpled to a tniaxial rotor. We follow Rel[7] for the description of the model except
that we use the Lund convenrtion for the triaxiality parameter (—120° < v £ 60°). For
the case of the axially symmetric deformation the comparison has been done in simple
systems of the one-quasiparticle conpled to a rotor [8] and of the one-(quasiyneutron and
one-{quasi)proton coupled to a rotor,[9] where the particle-totor model calculations can be
easily performed. The study of the triaxial cases is interesting because it is suggested that
the triaxial degree of freedom plays an important rale in realistic cases [10) On the other
hand it is already known in the usual PAC scheme that the response of the odd particle to
the rotational motion strongly depend an the property of an orbit it occupies.

As for the rotor part the -y-dependence of the moment of inertia should be specified. We
use that of the irrotational hydrodynamical model [7]

T y) = %Jn sin? (’I + 2%*) . {k=1,23). (1)

One of characteristic features of the irrotational moment of inertia s that the one around
the axis of intermediate length is the largest. It is, hawever, recently pointed out[11] that
the moment of inertia which is Jargest around the shortest axis 1s {avourable to under-
stand the signature-inversion phepomena. Therefore, we use the “y-reversed” moment of
inertiall2, 13) for the posihive ¢ deformation, which is believed to be respansible for the
signature-inversion phenomena:|[14]

an={ JouiZy 150 @

_34_
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§2. BResults of calculation

We have performed systematic calculations of routhian, spin value, intraband B{Af1)
and B{E2) for the lowest eigenstate as functions of the rotational frequency by using the
TAC scheme with wide range of the triaxiality parameter and positians of the chemical
potential. The calculated results depend not only on the deformation parameters {es,4),
but also on which orbil the quasiparticle occupies. In order to see the general trend, we
will show the result for the following choices of the chemical potential:

[a.} A= e [ﬂ. = 1!2), [h} A= e {ﬂ = 3[‘2).
(<) A=ey (1 =5/2), (d) A=e, {0 =T/2),
(&) A= ey (0= 9f2), {f)  d=e (3 =11f2), (3)

where ¢, (1 = 1...6) i the +-th eigenvalue of the single-particle hamiltonian, and the corre-
sponding (-value (the projection of angular momentum on the symmetry axis) al y = 0°
is denoted in parenthesis.

an -

gty LK)

Bivns (141 _

x

BT} 1)

=

Fig1 Magnetic dipole reduced transition Fig2  Electric quadrupole reduced tran-
probability 2s a function of the rolational fre- sition probability as a function of the ro-
quency w for ¥ = —20°, The solid (dashed) tational frequency w for 4 = —-20*. The
line is the result of TAC (exact particle-rofor 30lid (dashed) line is the result of TAC (ex-
coupling) calculation, The panels (a)-(f) are act particle-rotor coupling) calculation. The
the caiculation using the chemical potential Panels (a}(f) are the calculation using the
in Eq(3). chemical potential in Eq.({3).
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Fig.3 The selfcansistent tilting angles (§, ¢} in the TAC calculation as fanctions
of the ratational frequency w for ¥ = —20°. The solid, short-dash and long-dash
lines denote {By,¢1), (8,4} and {0a,¢#n), respectively. The panels (a){f) are the
calculation using the chemical potential in Eq.(3).

It has been found that the agreements of these observables are very geood in the axi-
ally symmetric case and reasonably good in the triaxial cases: Their rotational frequency
dependence are generally micely reproduced. It is remarkable that such a simple semi-
classical approach as the TAC approximation reproduces the observables of full quantum
mechanical treatment in such accuracies. This resull suggests that the geometry of angular
momentum dynamics can be well accounted for by the mean-field approximation.

For such a simple system of one-quasiparticle coupled to a rotor, the exact particle-
rotor conpling calculation is possible. Note, however, that such calculations become more
and more difficult when the number of excited quasiparticles increases. On the other
hand, many quasiparlicle excitations can be quite easily handled within 1he mean-field
approximation. Moreover, the TAC method gives an intunilive picture which allows oz to
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interpret the result geometrically. Therefore the TAC scheme gives a promising alternative
tool lor studying the rapidly rotating nuclel where the geometry of the quasiparticle angular
momenta play imporlant roles.
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Shell Effect in Rotational Damping for Superdeformed Hg
K. Yoshida and M. Matsuof

Research Center for Nuclear Physics, Osaka Tmversily, Oseka 567, Japan
P Yukawa Fnstutute for Theoreltcal Physies , Kyoto Umversily, Kyoto 686, Japon

Damping of collective rotational motion in superdeformed well is discussed. Shell model
diagonalization based on cranked Nilsson single particle basis is done to investigate hop-
dreds of rotational states and rotational E2 transitions[l]. Due to different responses of
mean-field configurations to change in spin, canfiguration mixing caused by residual inter-
action resuits in loss of collectivity in rotationdal EZ transition. Thuos the dizpersion 4w
{notice that AE ~ 2w} 15 an origin of damping. The response is affected by alighments
of single particle orbits occupied in 2 confizuration. Therelore single particle alignment
structure near the Fermi surface is as important as level density. In 4 ~ 190 superde-
iormed nuclei is found a particular structure in single particle alignment spectrum. There
are several high ¥ orbits at Fermli surface. Since they scarcely response to change in wig,
admixture of those configurations differing in occupation of such orbits does not contribute
to loss af collectivity. As a resull damping of collective motion is considerably hindered
compared with A ~ 150 superdeformed nuclei[2). With fnite temperature representation
of Aw[3), (Aw)? = :,;'-; ot fa{l — fu), we find close relation between damping and shell
structure of single particle alignment density. We illustrate accumulated 2-dimensional
correlated E2 transition strength projected onto E,, —E., axiz.Transition strength associ-
ated with lowest states show undamped character in ' Hg reflecting as many rotational
bands a5 Nyang = 150, Even in well damped region the width in %2 Hg is significantly
narrow.
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Figure 1: E2 stréength distribution 2N E., E.,) from decay F+2 — I — I —2 projected
onto £,y — E.; axis. Transitions are devided according to energy regions. I = 405 for Hg
and [ = 504 for others.
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Vibrational Motions in Rotaing Nuclei
Studied by Coulomb Excitations

11, 7 —e YRR & 2 Bl OREhE)

Yoshifumi BE. Shimizu

Departmment of Physics, Kyushu Universify, Fukuoka 812, Japen

Abstract

As i3 well-known Coulomb excitaion is an excellent tool to study the nuclear collective
motions. Especially the wibralional excitalions n rotating nuclei, which are rather difficult 1o
access by usual heavy-ion fusion reactions, can be investigated in detail. Combined with the
famous Bx-Specirometer, which was ope of the beal y-ray detector and had discovered some
of supsrdeformed hands, such Coulomb excitation experimenis had besn carried ont at Chalk
River laboratory just before it's shutdown of physics division. In this meeting some of the
experimental data are presented and compared with the results of theoretical investigations.

S8 L Hic
BiHbhTwdlisKr—aryBEAFRTEOMEDERZFRT 53R W OAFE
TH 5. B, BRA Y »y~RBEHLBM Lt H285be st chICELbhAHh A LS
A EFMT 5, BT o & BN HEEET 25 FRIC 5 1 5 MEYE MR O T
xoT ¥ s, BETEAMEERET 5 & K& & alignment 2#FH0% ol T-H:HRE5 4
7 A2 FDIEFEFRCRANZOTC, HI3BEOMET A AF— (= 1 MeV) ¥ iRMR %
i WOEA & EMERETEBRMICAE T 5O HEL <. thiciliNFTREERE L
OIRBIEED 7 — X I hvworBkcd st chedL r— s Bk FA
b kXY, o, BERE Y P LEBAKE LA FEEBES F & > RENER-<
» FPEBETIoELTEY, ¥, ERBCH I LAERD 3 LD CEEL VI
BoRBERELHBA X (METE . BEhC & A3 £ Chalk River TR o EH
Mitzco3s AeRAEhi2:, coffoficc 2k 5 AEEECIFHEBLM<5 7 —n8
v EROFERE L 25hfTh A BEeEMND - TEOEREROBERAIETC Chalk River
ORERIFEBLEEMFEFT I c b0 hoe, XRACR 2OBELTh ok BFLWE
i Ref]), 2) £BHBZ0C, CECRTOBALTMMK I LD LICT 3,
EREKZIATEL2oCHLESRT 2 F 4 PR DU, L3 p 2 2HBLEED
#HE PHo & "Er ML LA LOTCH B vwFh b Chalk River FFEDBT> TASCC
facility {2 v 2 BMM I { e barrhbRINER) Lo TlbRALI-65 MecV/A
o OB F AN E L TH-A T2, RsoBTEEERE - FERBALTEA
Bx-Spectrometer 24 < RERE L LTHWS 2 7, ZHEX - THREBAY Y ET
- PR RS LD LA BTF T EAFhoERLE 2 0BRSSO
7 R

TR A o€, BT L o MEeyEER (octupole vibrations) ¢ B L &8 FaR20h bo2%
b, L&, BEBRETOoN KEREEOHExEEs T~ 5%,
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§98U v 7 — v ik

WU g —o vEHEORBTH. AV F .4 —EORME L LT, EERBERE v K, y--7
vINEREFNAEY =30k, T=262Th BN, 4. AV Fs—ROIKRBE LT
i, ABERHE v ¥ dHEKE T (signature) X E@T 52 72Dy FHEEL 5 B2,
ED5H 3EH [ =31,2825h ETHOLH A BEHKBOIE - Vixx > 184 0l b
bk Bnx Y ryoKBICE-TW-<{ DL alingnment HEZ T\ 3 i {up-bending),
I=30hcRIE DT e 20T EVEASCRE 5, v b ANEBESRE -~ F
LRAZHAERA Y 0 A TREREREOE Y ¥ EARBORBE T sHEREAT
RESTAL—CHIERE LT 5,

r N O o B FEERER 2 24 3 5 ik TEE R o o RERR + LR HEED o
FeEt gk, £ORBREASEEE S Fiod L T alignment, routhian & & icIER
R (HEBOMMERPET I L. il LEFEWOR] »-~ FicHl T 3@RTh s, ©
DETE BRI A F -2 1 MeV Aot L. ¥y 75T MV 2t wa
TBF » FEET-0BE 2 BB TR 52 0 B AR (hw,., = 100 keV) T y-iERhIRE &
sy FEBEERCT. Tk, 5L LEEEHNEC &S 2 (hww & 200 keV) B < @ 2 Bl
TR - BRI A o —HgkicEL ., ERREARERNC ) 2 B T RECOE LS
LbaeHdc tEERLT. tnEErkscL 3y (MBS coltllRcH
Ly BB R < XS KON FEE Y FLOREERMET 33013, EE
2 Bk THRME (5-band) L OFTEC T HER FOHEEEARS oz oRMER LA
WZ EEB AR (BT CVERTCRAZOREENA Ay ORBCH B LRER).
Oz Rad -l TREL ofERFAE—BC R A Y. b L. Awwo, &= 200 keV
TEDE3RBLDA Y PLEOTBHEC 2T LT3 LERIERBF—FCER LA
ZLRFLEA v TRES, BRHTACENA ¥y CRlK L > Cr-BMRE I EREL
K5, FERAKRATWIAY yORECRIDOLEHEEBT Tk, T3, B
FACTERFBZ ZAEMRAEINFEEZ N C-IAATAD 2, Th t b, ERMAESTIC
MAR AMNERE - TRED v-RERBEE A ¢ - coBER RT3 00, FKCH
BiEv ZHEH LR E T T AYKRIVBwAY v TRRF - Mg o 83
:h.f ‘:‘Eln

§155Ho & 'Er ¢ 7 — o v Eii#

%3 —on 7 —o BEFRERFE. PETHRILCLEATROB. ®Ho &£ "EI Kk
WLTChE. coCORBOHNBHFRETD -~ ¥, Thbb. 1 BT+ ER-K
TH L. FROBSTHEEREEN K HRO K- BTREF>0C, K=K, 2 2FA5 v
PUREHBRHBEDLEIE K, =Ky +2,A. = Kp =2 #2220 (BREEH) ik
v FdtBbbhd. WHo cREFO Y ¥ I =37/2,33/2 2. YEr vt K. oF
I =372k ¥ CcEhA,

Lo k5 2 FEREKcOoOREAIRBERTEBRE - N T L FEEHo #EC L - T
ERES S Y SBET 32X EMRI L ETH . B, Fio, ERHEREE (BERS

— 40—
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(Mg ¥ & - MR Ve oo E2EE) OFEWENGFHCERTS, 20L5 %
RERBESOBEEREY 2 LTHOR T WS, AL, COoBEBERSICEHR 8
24— & (RETHER) L8EN2 2 v & v 8R0S o—BcHEr3nhs &
2%, L OPRE -y F b EERBERE S KA B2 B8 1 RoMEETT

B(E? £ = I)ou = (RRRAKIKY Qs + s + D = K(E+ 1] @), (1)
L
@ = V2 Qu — AK(K: + K;) @u, (2)
PR f|c2‘~'”|u>]
- [, = o)

t&&:ttmiﬂﬁﬁﬁﬁﬁﬁhﬂxb{1ﬁm?&ﬁhil¢1mmﬂﬁnxb(1
MR T 1) 22T 22 kv PEMORRETAIRETS Y. Q) K signature %
Ar = +1 (Ao = 0) BT 32 0HME » ONEERXRT-C, [+ 2 | |AoRYAEE.,, —
Tl c L RWoET S, $ A, TR (BEEYevo) WEESECE 5, Ho, WEr
WINOBEE K =Kg=5L T . K=K, =L 2 K=K, =8¢z, {(l)
by [BEQou| /{LK2ZAK LKD) % [+ 1) — E(L + 1)) OB 2 LTt T ey b+ B &
(Mikhailov plot), EBMICTRS £ & MbH 58, BRCEREL 6 £2 BBEREIEHER
FELTF, »2v YAD stretched E2 BB & OQERO MR LR, RO S5 FH
ORBETERD Quic X 5PN E2 BB TCEILTE5E (T 2@ 22 vy
MEDOHRER DL (D REBCH 5L 2 XRIHOLNE), HRF— 206, Q,/Q
B Qe 2512 EF v, Bl tnboF—-2 tHHEBREOHERRVY 3,
B MTONGERe T R RY + S MO HLE U + DR - B IR Y K X 5 boTH D, B
HeBHI AT I— 2T AT oBLNOF—206BmB 0N, LOEHETZ HERIC
WL THBIEEDEE N LEEEBEL TR, 208G K., K.0s—-FoMAELS
B, ERHELEF s 2ARCEBTETHE 2 DB,

Table I " Ho &5 WEr kg + 5. BFMEL () L b 5ABTREROHNE &
EREOHE (M2 LY, 2, BLWwASA— 2RO TRIOEREBHO

T &)o
nucl. K % & Qo [eb] @ leb] @1 [eb] @ [eb]
"$Ho & cal. 0175 00025 2267 0208 0397  0.0057
5 exp. 0.143(¢) 0.0022(2) - - - -
> ol 0110 00021 2266 0209 0248 0.0048
2 exp. 0.086(2) 0.0021(1) - — - —
WEr M cal. 0042 00014 2299 0150 0327 0.0033

exp. 0.143(3) 0.0020{(2) - - - -
eal. 0103 00013 2209 0.I88  0.236  0.0030

exp. - - - - - —

LEL ST ] Lt
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zO X5 AEMRRC P Hbh S EER) O DE -+ B Fo el c o B ©
5 BT ZH, TATCHIORECHRATEI LY T A v, Bk, He oihaik
WEEhTwd K, K. @220 -8B~ Fix “identical band” £k T w3 T4&b
by ENFROA Y FORBAAY -HHEHB L O LED L, 7ilhe— 28N
FrLEeKBr tHNFER YA, LTRSS K THETENES) o3REH
A bkk <, Ef, BRMCHEXRAoAAY— 222 LA T “identical” ik H % W,
F A, ZBRF ¥ -8 v F oo osignature-sphtting HIEW I3 wiEHRE-CHER %A
hARELHMTLES THOGRERTREALGHADIALOHBLAFNAALRVWE L 2R
WL T3,

§ MR IC

BERTERESK, 72-avBECIRT »~vREAER 2 Hr o cxBEsThs
EIERICHERE-RESICT 7o — S TE3 L2 RCE k. BATHEFCER-AMEE
b HwnEBLo 7 — o »BEEHATRECH b, BAMEE - BB Y < BoRLERRD L
¥, Chalk River o L ISy —2 sl 3 ¥ °H 5, BRCE 7 — o vy IiEEBoN™
HAFno b Thil, B CAAL LHAFBORBF— 4+ He3 X505 LB
ﬂf&%u
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Electric Dipole Transitions between Gamow-Teller and Spin-Dipole States

H. Sagawa
{enter for Mathematical Sciences, the University of Adizu
Aizu- Wakarmaleu, Fukushima 965, Japan

E-mail: sagawafiu-aizu.ac.jp

We study electric dipole transitions between Gamow-Teller {(GT) and spin-
dipole (5D} states. SD and GT excitations are calculated within the Hartree-Fock
(HF) + Tamm- Dancoff approximation (TDA) for **S¢ and **Nb. The electric
dipole transitions are found to be rather selective and strong E1 transitions occur
te some specific spin-dipole states. Calculated El transition strengths between
GT and 5D states are compared with the analytic sum rules within 1 particle-1
hole (1p-1h} configuration space and within both 1p-1h and 2p-2h model space.
Possible implications for charge-exchange reactions may help to understand the
quenching problem of spin excitations. For details, see the references [7).
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Periodic Orbits and TDHF Phase Space Structure

WEEE GEXpH), BAMSE (GRXIFER),
REIE (REXWEEE | #RAE Gl XHE)

1 Introduction

FFERIAROKE E2RoETRNLBERTHL DI, BELEHo+s—
FEEZL{F-TVE, 250ThH, REESHCPHAHELALLZTI LR RFE
DHEFE LTOMEEEEFT D 5> A TEFNTEELEMIZ A>T 5, RFER
B OHERTHIIHIZ, FOEMBEMIBTOEN: BEIIES LTS, €0k
iz, RTEORMENDERTALESL,. FOEBONKE L HICESORERK
S FELTWL, SRS - PETOER E OB S LAEEREONE0EL
ENDFAF Lo 7 RBROBVHI, RFEOREERTHS, MFEEOENRERE
eI E & BB TFOT I AF IR I LI I VI LV NEE o R
ﬁwji:g‘?flﬁ(a

TOE DT, NEHEOELE - - EER S R D 8EA L LT, RRK
F—hl—Zxp 28 (TDHF) B#8LTW3S, TDHF T, FRIEOEENRIH
FOERBEEERR TR RS TV, ZOREDEDIC, TDHFRAYE
REEF THIMFFEORVVEFLLESTWE, £, TDHF O 7 A—F%M
i TDHFHZM (TDHF phase space) LMaLh, YV /ERREOGRETHEHTH
Do OB, EF—HHEMGEHRENICER L TEFROMTELED I L TE
HThD,

H4id, BE, TDHFHZROE>ZOHELHE L TRFRITEIT 2 XIgA4R
WELN~DHEEESD E LTS, T405, A2 T DHFRERICBNSE
AR RS PO XA T v 2 oI R ETRERIC 2K, LT
EO L HIEBRENTVSE2 <2, TDHFAENOMETLE BB 5 iz,
KYBEEIZRE LEh LMo RN L Lt LTITS BREE /) Fu i—T
FIC LV BEATOIHEZRATS (1,2, T4 EFREIOHEEEALSOHICMEA 3
L2 AMBOHATERRERD TR, REMOBHEL" S FEEE =3
P e LBiZ, Hus im i BSERA L THRM2BEROME & OHR L E~T
V35 (3 Z@Hu s im i BMEI, FEERNEDC" B ¥ ERBELTH307T,” #HTw
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Study of Superdeformation at zero spin with
Skyrme-Hartree-Fock method

5. Takahara, N. Tajima, and N. Onishi

1 Introduction

Superdeformed {SD) bands have been studied extensively both experimentally and the-
oretically in the last decade. Since the first observation in 2Dy in 1986 [1], SD bands
have been found in four mass regions, i.e., A~ 80 [2], 130 [3, 4], 150 and 190 [5]. While
these 5D bands have been observed only at high spins so far, they may also be present
at zero spin like fission isomers in actinide nuclei: The familiar generic argument on the
strong shel! effect at axis ratio 2:1[6] does not assume rotations.

If non-fissile SD isomers exist at zero spin, they may be utilized to develop new ex-
perimental methods to study exotic states, in a similar manner as short-lived high-spin
isomers are planned to be utilized as projectiles of fusion reactions in arder to populate
very high-spin near-yrast states[7]. They will also be useful to test theoretical models
whether the models can describe correctly the large deformations of rare-earth nuclei
without further complications due to rotations.

In this report, we employ the Skyrme-Hartree-Fock method to study the SD states at
zera spin. First, we compare various Skyrme force parameter sets to test whether they
can reproduce the extrapolated excitation energy of the SD band head of ™Hg. Second,
we gystematically search large-deformation solutions with the SkM* force.

The feature of our calculations is that the single-particle wavefunctions are expressed in
a three-dimensional-Cartesian-raesh representation[8]. This representation enables one to
obtain solutions of various shapes {including SD) without preparing a basis specific to each
shape. Solving the mean-field equations in this representation requires, however, a large
amount of computation which can be accomplished only with present supercomputers.

2 Comparison of various Skyrme forces for "Hg

Recently, Khoo et ol [9] determined the excitation energies and the spins of a SD band
in 1%Hg down to I = 8. By extrapolating the spectrum to I = 0, they could predict
reliably the excitation energy of the band head to be 6.017 MeV.

Comparisons with theoretical predictions are presented in Table 1. For the night-hand
partion of the table, we performed calculations with various Skyrme parameter sets. The
correspanding PES are plotted in Figure 1.

From macroscopic poiné of view, the softness to deformation is determined by the
smalloess of the surface energy coeflicient a, specific to each force. The SkM* is a force
adjusted 5o as to reproduce the fission barrier height of 2*Pu and thus expected to have
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the corract surface energy coefficient. Indeed, the SkM* as well as the SkP forces are the
best ones to reproduce the experimental value of E'. On the other hand, the SIII and
the SkSC4 forces seem to be too stiff against deformation, while the SGII is too soft.

E*MeV]  force | E*[MeV]
experiment|9)] 6.017 SIII 8.2
Woods-Saxon-Strutinsky([10] 4.6 SkSC4 | 7.4
Woods-Saxon-Strutinsky[11, 9] | 4.9 SkM* | 6.3
HF+BCS with SkM*[12] 5.0 SkP | 6.0
HFB with Gogny D1 [13] 6.9 S5GII |39
Nilsson-Strutinsky [14] 7.5

Table 1: Comparison of excitation energies of SD states at zero-spins for '™Hg. In the
left portion, varions theoretical methods are compared. In the right portion, comparisons
of Skyrme parameters are presented using HF+BCS method. The different values of E*
for SkM* force hetween left and right portions are due to a difference in the pairing force
strength.

A different strength of the pairing force was used by Krieger et al.[12] to caleulate the
SD band head in "™ Hg. Their strength & was given by an empirical formula of their own,

165 ., _ 178
n+n 2 11+2

On the other hand, our strength & is determined such that the so-called classical
empirical formula of the average pairing gap,

[MeV]. (1)

N=

= 12

A= ﬂ[MeUL (2)
is reproduced for shell-effect-averaged level density obtained by the Thomas-Fermi ap-
proximation. The pairing-active space is the same between their treatment and ours:
Single-particle levels below “the Fermi level plus 5 MeV™” are taken into account in the
BCS calculations.

The effect of the variation of pairing strength on deformation is presented in Figure2.
Though the PES curves {bottom) are similar for small deformation, they are different in
saddle region by as much as 2 MeV. Krieger’s strength &' gives a rather large pairing gap
{&n < 1.8 MeV), while our strength produces a reasonable size of gap (4, < 1.2 MeV)
for deformations less than 0.6.

As a consequence, they obtained E* = 5.0 MeV, which is lower than our value {given
in Table 1) by 1.3 MeV. The height of the barrier preventing the decay into the normal-
deformation (ND) well is also different: They found it to be 1.8 MeV, while we obtained
a larger value 3.5 MeV. Note that the partial halflife of the SD band head for the decay
into the ND well is longer for higher barriers, We have estimated the halflife in a simple
WKB spproximation. The resulting halflife is 6 x 10-'7 sec for Krieger's pairing force
strength while it is 1 x 107! sec for our strength. The difference amounts to a factor of
order 10°.
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Figure 1: Potential Energy Surfaces of ™ Hg for various Skyrme forces. The abeissa is
the deformation parameter §. The ordinate is the energy measured from the sphericity.
In parenthesis are the excitation energies (in MeV} of the superdeformed minima from
the ground states.
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Figure 2: Comparison of the results with HF+BCS with SkM* between different pairing
treatments. The solid curves are calculated with our method{ pairing strength G is de-
termined so as to reproduce A = 12/v/A for smeared level density}. The dot curves are
caleulated with the method adopted by Kriger et al. [12]. The abcissa is the deformation
parameter 6. The bottom portion presents the potential energy surfaces. The middle{top)
portion presents the proten{neutron) pairing gap.
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3 Systematics of the zero-spin SD

With the Skyrme SkM* force, we have explored a wide area of the nuclear chart ranging
from 40Ca to s2Pb in order to study systematically the SD states at zero spin.

To specify that the spin is zero, we da not perform the angular momentum projection
but simply do not rotate or crank the mean field.

An early microscopic attempt to explore S} at zero spin was made by Bonche et ol
for Os-Pi-Hg region using the HF+BCS with the SI1I force. Later, Krieger e al changed
the force to SkM® and performed an extensive calenlation covering from g:3my g 10 92U 146
to abtain S0 minima for 148 nuclei.

We employ the same Skyrme force as Krieger et al. used. However, the results
of calculations are significantly different because their pairing strength is too strong as
demonstrated clearly for " Heg.

Our calculation does not cover very neutron-rich nuclei, unlike the calenlation by
Krieger et al. It is becanse the pairing correlation of neutrons cannot be correctly de-
scribed within the HF +BCS scheme for these nuclei: When the Fermi level approached to
zero from below, the continuuwm single-particle states are coupled strongly to the ground
state in the pairing channel. This coupling cannot be treated in the HF+BCS scheme,
which relies on an assumption that the pair-scattering matrix elernents are constant, i.e.,
independent, of the orbitals. For the correct description of the coupling, one has to switch
from the HF+BCS to the HFB scheme, of which computer programs we are developing
presently.

In order to explain how we search the S0 solutions, let us define the quadrupole
deformation parameter 4,

d= Tf—:;’ {3)
where {J; is the axially symmetric mass quadrupole moment,
Q, =287 — 4% - 7, {4)
and 72 is the squared mass radius,
PRt 2 (5)

We take the following procedures:

1. We prepare an initial wavefunction by either using the solution for a neighboring
nucleus or taking the wavefunction of the eigenstate of the Nilsson potential of
appropriate deformation.

2. If the quadrupole deformation parameter 4 of the initial wavefunction is smaller than
0.6, we exert an external potential praportionsal to @), on the initial wavelunction
until § exceeds 0.6. Then, we switch off the external potential.

3. We let the wavefunction evalve by itsell. If it converges to a local minimum with
§ > .35, we regard that the nucleus has a SD isomeric state. If the deformation
parameter becomes less than 0.35 in the course of the self-evolution, we conclude
that the nucleus does not have 5 5D state.



JAERI-Conf $8-00%

4. If the nucleus has a S0 minimmuwm, we caleulate the potential energy curve for 0 <
& £ 0.6 by imposing a constraint on €).. This step requires mote than ten times
as long computation time as the previous three steps. It is necessary, however, to
estimate the half-life of the isomer.

Following the ahave prescription, we have explored 642 nuclei and found SD minima
in 155 nuclei[15].
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General Relativistic Mean Field Theory
for Rotating Nuclei
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AbstTact

The a-w model Lograngien i peneralized 1o an accelesated Frame by using the Lechnique of
general relativity which in knonmn as tetrad formakiom. We apply thiz model to the deseription
of rotating nuclei within the mean field approximation, which we call Gepernl Felativistic
Menn Field Theony(GRMFT) for rotating nuclei. The resulting squations of motion coincide
with those of Munich group whose formulation was mot hased on the general relativistic trans-
formation property of the spinor Selds. Some numerical results ace shown for the yrast states
of the Mg otopes and the superdeformed rotational bands in the A ~ 60 nwasa region.

1 Introduction

In recent years, relstivistic approaches to the nuclear many-body problem have been done by
many groups with great successes. In the simplest version, the meson fields are treated as classical
mean fields, This Relativistic Mean Field Theory{RMFT) has been successful in describing various
properties of puclear matter and ground states of finite puclei. It is now considered an a new and
reliable way, alternative to the traditional non-relativistic Eartree-Fock approaches, to describe
the nuclear properties. Applications to the excited states in finite nucled are alsa examined. As one
of such applications, we here consider the description of rotating nuclei. Such work was first done
by Munich group{l, 2). They combined EMFT and the crenking assumption, that is, the effective
Lagrangian was transformed from the labaratory to the uniformly rotating frame, from which the
squations of motion were derived. In their formulation, however, the transformation property of
the spinor field= was hased on special relativity, which was inadequate becanse the rotating framae
was not an imertial one. Therefore, in this woerk, we reformalate in a fully covariant manner using
the technique of general relativity known as tetrad formalism|3], and apply it to the description of
rotating owelei within the mean Seld approximation, which we call (zeneral Relativistic Mean Field
Theory{(GRMFT) for rotating nuclei, As a first systematic application of this model fo the jight
mass nudlei, we caleulate the yrast states of the Mg isotopes and the superdeformed rotational
bands jn the 4 ~ 6 mass region.

2 Formulation

Following tetrad formalism, we can write down the Lagrangian in the non-inertial frame repre-
sented by the metric tepsor g,..(r). From the variational principle applied to this Lagrangian, the
equations of motion can be derived. Then we ¢an obtain the equations of motion i the uniformly
rotating frame by substituting the metric tensor in this frame. For detail, see {4l. The resulting
stationary equations of motion are

(a. (79 - 9ut(2)) + B = 950(2) + 9u(x) = AL+ 3 ) 0ilz) = eile), (1)
(=P +m2 =L o) = geaulzh (D)

(=¥ +m? -2 L2 wz) gopolz), (3}

(—O2 4+ mE - ONL, + 5P wlz) = gjdz) (4)

Mote that these equations of motion i fact coincide with those of Munich group. Why they could
chtain the tortect result was also clarifled io our formulation|d).
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3 Numerical Resulis

The =qs. of motion are solved by the standard iterative diagonalization method using the three
dimensional barmonic oscillator eigenfunctions. The cutof parameters for oucleon and meson
fields are taken as Np=8 and Np=10, respectively. Az a parameter set, we adopt the cne called
NL-5H which is adjusted to the properiies of nuclear matter and some spherical nuclei, Note that,
although ooly the - and w-meson are explicitly written in the loroulation, the p-meson and the
photon fields, which are ineorporated in a same way as the u-meson, together with the non-linear
self-interactions of the o-meson are alse incloded in the numerical calculation.

3.1 A systematic calculation of the Mg irotopes

The Mg isotopes have been so far well examined both in theoretical and experimental studies.
Recently, special atteptions are given to these isotopes in conpection with the vapishing of the
N=30 shell gap o ¥Mg. While the experimentss] and the shell medel calculations|[6] support
the vanishing of the N=20 shell gap in 3*Mg, both Skyrme-Hartree Fock{-Bogoliubov)[?] and
Relativistic Mean Field{+BCS)[E] calculations failed to reproduce this result.

In this work, we calculate the systematics of the excited states io the Mg isotopes induced
by collective rotation as well as the ground states, where the triaxial degrees of freedom are also
included which were nat considered inm (%], Our numernical results show that some isotopes such as
Mz 2nd **Mg seem te have triaxial shapes in the sround states. We can not conclude, however,
that these ouclei have surely triaxial ground states because there still remajns the ambiguity
concerning the fact that the pairing correlations are neglected.

Fig.1 shows the systematica of the 16t excited 24+
states in the Mg isotopes. As can be seen from

this figure, the calculated energies seem to be tog al

amall compared to the experimental ones except .

for 2Mza. This means that the calculated mo- 231 Mg I1sotopes
ments of inertia are toc large, For Mg, we find L EXF ——

and ancther is prolate{§ ~ 0.44). These are

local minima, one iz slightly ablate(? ~ —0.06)
0.6 MeV and 2.7 MeV higher than the ground //\* )

- z

slightly prolate{# ~ 0.11) ground state, and two § Ls | RMF —~—
|
.5

state, respectively. This is consistent with J8], ad | . |
where the pairing correlations are taken into ac- o — :

count which leads to almost spherical ground 2 ¥ % B 0N
state. The 1st 2+ state built on the prolate local A

minimum(F ~ 0.44) is 0.3 MeV higher than this . ) , . .
local minimum{denoted by the single blask cir- tPl;gnre 1: lst excited 2+ states in the My iso-
cle in Fig.1 at 4=32), while if mesuted from the “°P*%

gronnd state, the excitation energy is 3.0 MeV.

8.2 Superdeformed rotational bands in the A ~ 60 mass region

Since the experimental discovery of the superdeformed rotational bands in 52Dy, many superde-
formed bands have been observed in the 4 ~ 130,150,1%) and 80 mass resions. There are no
ohservations, however, in the A ~ 60 mass region up to now io spite of some experimental efforts.
From the theoretical point of view, it is expected that there may be stable largely deformed states
built om the N,Z2=2830,32 deformed shell gaps. RagnoTsson et al. predicted that the superde
formed minimum become yrast st J=22 far ¥ Za[9]. A relativistic investigation on the noclei in this
mass region, on the other band, have not been done. Therefore, we calculate the superdeformed
bands in this mass region uwsing GRMFT to give a theoretical prediction which will be useful for
the experimental ipvestigations.

We find that the ground state of *2Zn 1s axially symmetric prolate with 2 ~ 0.21. The superde-
formed second minimum is also found with & ~ 0.54, which is built on the A =2Z=30 shell gaps as
is seen from Fig.2, at 8.3 MeV hugher than the ground state. In Fig.3 the total energies for the
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ground state and superdeformed rotationsl bands in ®Zn are shown. The superdeformed states
geem to becnme yrast at J ~ 2{{} ~ 1.0 MeV), which iz comsistent with the prediction of [9).

-1
12t
a3l
-14 |
A5 L
16 | s - s b

:::w:.“‘.‘“\. .‘T\- a P | _5[0"'".".). i g‘m-.._ .
G 320406085 L 121414618 2 0 L3 LI B . | B

L Me V) !

siMeV)
E{MeW)

Figere 2: Single neutren routhizn af the su-  Figure 3 Total energies in **Zn for ground state
perdeformed states in *Zn as functions of ro-  and superdeformed rotational bands as functions
tational frequency {1 of spio [.

4 Summary

We have formulated a general relativistic mean field theory for rotating nuclei adopting the tetrad
formalism. The results were the same as those of Munich group who started from a special
relativistic transformation property of the spinor fields. Why they could obtain a correct result
was also clatified in our formulation.

As a first systematic investigation of the present model on the light mass nuclei, we calculated
the ¥rast states of the Mg isotopes and the superdeformed rotational bands in the 4 ~ 60 mass
region. For the Mg isotopes, some isotopes seemed to be triaxial in the pround states. The
calculated moments of inertia were somewhat too large compared to the experimental ones. *2Mg
seemed to be slightly prolate in the ground states. The calcolation of the superdeformed rotational
bands in ““Zn showed that the superdeformed states become yrast at T ~ 20, which was consistent
with [9]. A more systematic investigatiop with the pairing correlations is now in progress.
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Nuclear Physies with Laser-Electron-Photons: Developments and Perspectives at SPring-8
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a) ‘-\,’L\a P2

H1: =50k FMTEEAR. 2) <2 F— - A2+ FiF - ZiAH (VMD process), b) s3HOH
A TRUZL S5 K LA (knock-out process),
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BWECHEZHENERTHNL. EFAN S 27+ -2 RS BOTHBICBRHLL I ELTY
%o
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Clreular Folarization Linear Polarization
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Encrgy and emission angle
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4 Decay of Spin-Isospin States in *N via (*He, t4) Reaction

F. Thara, H. Akimune, I. Daito, H. Fojimura, Y. Fujita®, M. Fujiwara, T. Inomata,
K. Ishibaghi, and H. Yoshida

fesearch Cender for Nuclear Physics, Osaka University
* Departrient of Physics, Osako Universily

Spin-isospin states in N have been studied by means of the 3C (*He, f) reaction at and
near zero degree, at E(*He) = 450 MeV. Decayed -rays from each state were measured at
backward angle in coincidence with the ejectile tritons. The branching ratio of v decay for
some of spin-isospin states were determined and were compared to those from previous data.

1 INTRODUCTION

From a point of view that nucleus consists of protons and neutrons, nucleus is excited
via various modes which are specified spin transfer A, isospin transfer AT and angular
momentam transter AL, Spin-Isospin excitation are charactarized as AS=1 and AT=1, AL
is arbitrary. Nucleus can be selectivly or predominantly excited via specific modes, if the
suitable probe is chwosen. The (He, #) reaction at and near 8, = 0° at £{*He) = 250 MeV is
agoud teol for investigating the nature of Spin-Isospin states. Since ejectile triton is charged
particle, high detection efficiency and high energy resolution experiment can be performed
rather than {p,n) reaction. The reaction mechenism of (*He, ¢) reaction is simpler than that
of other heavy ion reactions. Measuring decayad y-raye in coincidence with (He, t) reaction
provide the information of nuclear structure for Spin-Isospin states in details.

Excited states in 13N has been studied by meams of various probes and recently proton
decay from states in '*N was measured in coincidence with 1*C (3He, t) reaction. The
praticle thresholds for proton, neutron and alpha particle in Y*N are 2 MeV, 20 MeV and
12.7MeV, respectively. As the coulomb barriar hinder the alpha decay, the proton decay and
the v decay are permitted up to abont 15 MeV. Therelor decay processes can be completely
determined by measurment of the 13C (*He, £7) . Decayed y-rays via "2C {p,v) reaction was
measured by Marrs ef af. [1] in 1975. In order to investigate the decayed 4-rays frotm each
state, changing the projectil proton energy was neaded to excite each state. But (*He, #y)
reaction dose not need changing energy.

2 EXPERIMENTAL PROCEDURE

The experiments were performed at the Research Center for Nuclear Physics {RCNP)
Osaka-University. A *He** beam was accelerated up to 450 MeV with the ring eyelotron
and transported onto a '°C target with the thickness of 1.72 mgfem? in the scattering
chamber.

The gjectile tritons were momentum analyzed with the magnetic spactrograph “Grand
Raiden™[2], and detacted by the focal-plane counter system, which has two 2-dimensional
position-sensitive multi-wire drift chambers {MWDGC), and two A £-scintillation counters for
particle identification. The schematic pictures of the spectrograph and the counter system
were shown in the top of Fig 1. Tha spectrograph was set at zero degree with verticaly and
horizontal opening angles of +40 mrad each. The *He*+ beam which passed through the
target was stopped by a Faraday cup in the first dipole magnet {D1) of the spectrograph.

— m -—
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Figure 1: Top) the schematic view of
the spectrometer Grand Raiden. The
He** beam was stopped at the Fara-
day cup placed at the inside wall of
the D1 magnet. The 5 detector Her-
mes was Jocated at a backward an-
gle of 125° with beam direction, and
at a distance of 68 cm from a target.
Bottom) schematic piclures of the config-
uration of the Hermes from a back view
(left) and from an end view (light). Her
mes consist of a eylindrical Nal {Central}

nadar bial and four quarter ¢ylindrical ones {Anno-
- lar).

The y-rays were detected with the high energy gamma radiation measuring system “HER-
MES™ which was a large cylindrical Nal detector; 11%¢ x 11%. A schematic picture of HER-
MES was shown in the bottom of Fig 1. The HERMES is composed of two parts; one is a
central 67 x 11* eylindrical Nal ¢rystal, ancther is 1174 ¢ 11" annular Nal crystal surround-
ing the central one. The annular Nal is divided into four segments, each being a quarter
cylinder. Each Nal crystal was opticaly isolated by magnesium oxide powder.

The HERMES was located at a backward angle of 125° with beam direction and a1 a
distance of 68 ¢m from a target, and was surounded by borie acid pellets so as to reduce the
background cawsed by thermal neutrons. For reducing the background --rays, the shields
which was consisted of lead blocks and paraffin blocks were placed in front of the first quadra
pole magnet and the first dipele magnet.

Annular Nal was used as a compton suppreesor, that is, the events ohserved photons
escaped from the central Nal on the Annular Nal were discarded in the analysis stage. Nal
signals only from the central Nal was used as y-rays event trigger.

3 ANALYSIS AND RESULTS

Fig 3 show the timing spectra for triton-y-rays coincidence measurements. Prominent
peak at the center of histogram and other small peaks corresponds to prompt coincidence
events and random ones, respectively. The ratio of prompt o random coincidences was
about 3. The interval between peaks are same as the interval betwsen beam bursts. The
~-rays detected as prompt events are included the dalayed -rays , which were radiated from
excited states followed by particles decay lrom excited states in 1¥N | as well as the direct
~-rays transited between the same N nuclei. The direct and the delayed -y-rays dose naot
separata form each other in tha timing spectra.

A position spectrum of tritons ohtained with the [ocal plane detector system was con-
verted to an energy spectrum; the convertion coeflicients were determined by using the peak
position for well-known excited states in N . The true coincidence spectra ware obtained
by subtracting the random toincidence spectra from the prompt one. The singles epergy
spectra (dotted line) and the coincidence ane {real line} were shown in the bottom of Fig 3.
The singles spectra show that the states whose spin-pacity are 1/27 and 3/2° were excited



JAER] Conl 98 0D3

Figure 2: Timing spectrum for the
s ! Promp triton-y coincidence measyrements. The
prominet peak corresponds {0 prompt co-
sl Randam incidence events. The hatthed peaks
corespond to random coincidence events.
E om| Small peaks around 1300 ch and 1700 ch
are random coincidence events due to y-
s rays [com other than target.
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Table 1: Branching Ratio for 4 decay in 3N .

Initial state Final state Branching Ratio (%

E; (MeV) J&  Fp(MeV) Jf This wark Previons [3]
1506 372 0.0 1/2- {1.810.7} (2.2£0.2)
15.06  3/2- 3.51 372 {1.510.8) {1.5+0.2)
1.74 3/2° 0.0 1/2”  (5:4£3.5)x107% {(1.840.5)x 102

by proton shreshold energy in PN .

The branching ratio ¢an be obtain from the ratio of the coincidence double-differential
cross section to the singles cross section, EF—'- =f ;%E{-hdﬂ,, f ﬁ:. The branching ratios for

+g and 7z transitions from 3/2~ 15.06 MeV stale and for ¥, from 3/27 11.8 MeV were
derived. In those case Lhe angular correlation pattern can he written in a simple form,
I{8,) = Fi’[l + PafcosB.}]. Since Falcosf,) = 0 at 8, =~ 1257, it is straightforward to
determine the angte-integrated cross section. Total efficiency including the sohid angle for 4
deteclor was determined by using the Monle Calre simulation codes GEANT for a number
of 4-rays energeis and checked experimentaly with - source.

The derived branching ratios are given in Table 1, and also previons experimental valoes
(1,3) are listed. I, /[{15.06 MeV} and I /T {15.06 MeV) are (1.820.7} % and {1.5£0.8) %
respectively. This larger error mainly attribute to stastical error, Hence previeus values are
{22102} % and (1.8+0.2} %, and are bigger than present ones by 30 . But those values
are in agreement with previgus ones within the error.

[,/T(1L8 MeV) is {5.443.5)=20"% %. The previous value of I',/[(11.74 MaV) is
{(1.9£05)x10"* %. According to the leves assignment in Table of Isotope [4], there are
two 3/27 states at 11.74MeV and 11.88MeV. The derived branching ratio centain the con-
tribution from both states since those states could not experimentaly separated from each
ather.

4 CONCLUSION

The 1°C (*He, 17} reaclion was performed and the branching ratios for 4 and 2 transitions
from 3/27 1506 MeV state and for 4 from 11.74 MeV were derived. The branching ratios
for 4 and ¥; transitions frem 3/2- 15.06 MeaV state were in agreement with previous one
within error. More larpe stastics were needed to decrease the error for branching ratios. A
technique of meausering decayed 7-tays in coincidence with {*He, t) was established.

Theoreticaly, spin dipole resonance {SDR) which was populated from the ground state
with J7 = 01 via AS=1, AT=1 and AL=1 mode, has three spin components (J™ =0",
17, 2°). Experimentaly, however it has not yet been possible to resolve the SDR into the
different spin components. We can expect that the ¥ decay patiern will be different for each
components. Thus, these spin components will be identified by useing same coincidence

technique.
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Spin Alignment in Heavy-ion Resonances

E. Uegaki {

1. Intraduction

Very recently, 25i + ?%5i scattering and fragments gamma experiment bas been done
at IReS(CRN} Stzasbourg, and diselignment was clearly shown.{1] Corresponding to this
new experimental results, in this talk, high-spin molecular resonances and spin-aliznments
are taken up. First, structure of the resonsnice states of 295147651 systern and their normal
modes around a stable confizuration are briefly revisited. Second, experimental results at
Strasbourg by Nouicer and Beck by the Vivitron accelezator and EURUGAM Phaze Il are
discugsed. A nature of the resonance states with respect to spin-alipnments 15 considered
in connection with the normal mode motions,

Narrow high-spin resgnances observed in heavy-ion scattering of MMy + Mg, 2*8i+
28Gi, etc. are striking phenomena, because they axe in high excitation of 60 ~ TOMeV in the
corupound nuclei2]. Their origin is still an open question. Fig. 1{a} shows angle-integrated
yields of the elastic scattering and inelastic excitations versus E.p, in which many jsolated
resonances with very nammow widths of about 150keV are observed correlatingly among
the decay channels of the elaste, single and mutual excitations, Fig. 1(b) shows the decay
strengths in those channels on resonance. Leve] depsity of the reaonances is maore than one
per MeV. Hence it is expected that the resonances are eigenstates of the whele compound
system, and many other degrees of freedom other than the relative motion participate in
their formation.

On the study of reaction mechanism, such heavy-ion resonances might be a novel
phenomenon. Figure 2 displays classification on the reaction types, where the system is
1o the weakt coupling regime at the upper iluztrations, while that is in the strong coupling
regime at the lowers. From the viewpont of the strong coupling regime, the author and
Y. Abe have studied those high-spin resonances and propesed a new moalecular model.
The physical idea ia that due to highspin of about 404, rather elongated hut stable system
must be formed by the strong centrifugal force, and then normal modes around the stable

configuration are responsible for the high-level density. The model has successfull Lty ap pliad
to the ¥ Mg + Mg system {pm]ate-pmlate system)[8]. Characteristics of the **5i + “Sl
molecular states are alse clarified in ref. 4

2. Di-Nuclear Molecular States in the 251 + 285i System: moleculer norme! modes

In the following, we firstly revisit 225i + 285} nuclear molecules, Assuming a constant
deformation and axial symmeiry of the constituent nuclel, for simplicity, we have seven
degrees of freedom as illustrated in Fig. 3{a),

{QI] = (ﬂhﬂhﬂh-ﬂ;ﬂn&hﬁilt {1]

where ay, and & of Fig, 3(a) are combined jnto & = {(a; + «2}/2 and @ = {7 — 1) /2.
8;'s are the Euler angles of the molecular frame (its 2'-axis is taken to be parallel to the
relative vector R) and four other variables are those of mternal degrees.

Consistently with the coordinate system, we introduce a rotation-vibration type wave
funetion as basis one,

Uy ~ D el @ dx i (Roa, B, Ba). (2)

t Department of Physics, Akita University
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In order to know dynamical aspects of multi-dimensional internal motions of { B, &, 5y, 2},
we investigate an effective potential with specified spin J and K,

Vik(R,a,pr, B2} = Vim(R, a, 1, B2) + T, (T, K}, (3)

where Vin: denotes the nucleus-nucleus interaction calculated by density double-folding,
and T? ,{J, K') denotes the rotational kinetic erergy with specified spin J and K. In
Fig. 4, an R — g(f, = ;) energy surface, i.e., Vig(R,7/2,8,8) is displayed for J = 38
and K = 0. We find a local minimum point at §; = £ = x/2 and K = 7.6fm with 2
rather deep potential well around the equilibrium. Thus the stable configuration is an
equator-equator{ E-E} one as illustrated in Fig. 3(b). We solve vibrational motion around
this E-E configuration by introducing new coordinates of butterfly and andi-butterfly as

By ={(ABr + AR)V2 = (A1 + B — 1}/V2,
B =(AP1 — AB)/V2 = (B - B)/ V7,

where A3, = f; — /2. In contrast to such 2 stability against R and # degrees, o-
dependence of ¥y in the equilibrium E-E configuration is extremely weak. Therefore it
is expected that vibrational modes and internal rotaticnal modes coexist.

In Fig. 5, molecular normal modes of 28] + 28j with spin 38 ie displayed, where
a pair of quanta (n4,n.) for the butterfly and anti-butterfly vibrations is given below
the levels. Also given at the upper right-hand-side of the levels is a dominant quantum
number ¥ for e-motion, which means a-meotion is approximately described by cosra (or
sinva ). Apparently K-excitation and twisting rotational modes appear to be lower than
J-vibrational modes. The excitation energy for K = 2 is very small, stnaller than 1MeV,
and even those for K = 4 or v = 4 are smaller than 3MeV. By an analysis of the wave
functions with respect to o, we are able to classify the levels in Fig. § inte two groups,
i.e., twisting mode and butterfly mode {or anti-butterfly}. Corresponding (£) or (b) mark
i3 nasigned in the lower part of the figure, respectively.

(4)

3. Spmn-Alignments: diselignmenis by the builerfly motion

The angular distributions of the 2*Si + 85j scattering are fitted by the Legendre-
polynomials, for the elastic, single and mutunal excitations. The resulis clearly show dis-
alignment (not shown here}.[1] This is a surprise, becanse we usually see alignments in
the reactions. A question "why disalignments?” is considered in the light of normal mode
motion. In Fig. §, spin coupling in the butterfly moticn is illustrated, which leads us to
a good intuitive understanding about diseflignmenis. Figure 7 shows theoretical calcula-
tions by the molecular model, which confirms our understanding, For **51+3*5i we obtain
good correspondence to disalignments, For **Mg + 2Mg we don’t obtain. Some reasons
expected for the Mg + 2*Mg results of "not disalign” are as follows: {1} Dominant prob-
abilities of 2Mg + ¥ Mg exist in the {41,2%) channel, and (2%, 2+%) channel components
are small fluctuations. (2} A difference may be existent between the oblate-ohlate and
prolate prolate systems.

4. Concluding Remarks

The differnce of the spin coupling between the butterfly and anti-butterfly modes are
clarified. The results for the butterfly modes are qualitatively in good agreement with
new 288i + *Gi data.

Analysis on the differences between the oblate-oblate system(?%Si + 28Si } and the
prolate-prolate system {>*Mg + **Mg ) is now in progress. Further experimental study is
strongly desired.
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Fig. 5 Molecular normal modes for the *5i + 255 system for J = 38. The quantum
states are specified by (n,n4,n_, K, (1, %,)), where n = 0 except for one level(n = 1,» =
0} displayed with dashed line.

Fig. ¢ a) Butterfly configuration and motions of two constituent nuclei. b) Orientations
of the angular-momentum vectors I; and I3 due to the buttecfly motion of a).

Fig. 7 Probability distributions of the 2¥3i -+ 3¥5i and **Mg + *Mg systems versus
channel spin {.
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Exact Angular Momentum Projection
based on Cranked HFB solution

Ken'ichi Ewami , Kosai TANABE and Naotaka YOSNAGA

Department of Physics, Saitoma Univeradty, Urana 338 , Japoen

Exact angular mementum projection of cranked HFB solutions is carried out. It is reconfirmed
from this calculation that cranked HFE schations reproduce the intrinsic structure of deformed
nuclens. The result also indicates that the energy correction fram projection is impoctant for
further investigation of nuclear structurs.

§1. Introduction

It has been shown that superdeformed yrast band as well as ¢ and »bands for nucle; in A = 130
region is repraduced by the Cranked Hartree-Fock- Bogoliubov{CHFB) approximation’-?). However
the self-consisient mean field approximation, such as CHFE approximation, viclates various sym-
metries of the system. As a result, the nucleon number and angular momentum are no longer good
quantum guabers of the system. For further investigation, symmeiry violation within mean field
theory bas to be restored by a projection method. We carry out exact three-dimensional angular
momentum projection for triaxial CHFB solutions of 1%Ce. For simplicity the nucleon number
projection is not taken into account since it is not considered to be essential at high spins.

§2. Outline of projection method
The CHFB sclution is selfconsistently determined from

§ < H >=8< H = 2Z = 3N —wdy >=10, (2.1)
with three constraints
< Jpm= I +1), <2 >=2, <N >=N, (2.2)

where | > ia the CHFB quasiparticle vacuum, or CHFE solution.
Angular Momentum Projection Operator is given by

. 2 T in - .
Ploc=2 [ aa [ dgsing [ Dl (@, 5,1 Rlan 8 1), (23)

8n?
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where R(a, #,7) is rotation operator and DL, (e, B,7) is D-function. The deformed states deter-
mined from CHFB golutions are necessarily triaxial except for the solution with spin constraint
Ir = 0 so that we need to wse the full rotation operator, Using projection operator, the wave
function with good angular momentum is ohtained from CHFB solution

|¥rps »= 3 FlePlrge >, (2.4}
3

where the CHFB solutions ([, # 0) are no longer axially symmetric so that some X-values con-
tribute to the sum. The coeficients F. j'{, are the solutions of the generalized eigenvalue equation

Y (< APipo > —Ep < Plys »}Fjr = 0. (2.5)
Kr

At the same tire, the projected energy Er is obtained from this eigenvalue equation. From this
expression we see that Hamiltonian # is diagonalized in the space spanned by the state f’fmrl >
We have to caleulate the terms in the Hamiltonian kernel
< HR(o,8,7) > < f.8.fla, ,7) >
= = Ho+ {Hﬂﬂ} w =
< e, B,7y) > :.z; "< Rlo, 8,7) >
< BufBpBaRier, £,7) >
+ (Hot)uw [ Lalies (2.6)
,E.f O < Besn >
where /3, is quasiparticle anihilation operator. The first term is constant, CHF B energy, the second
and third terms contain the remaining higer order correlations which are neglected in the mean
ield approximation, CHFB scheme.

§3. Numerical result

3.1 Single-particle space and Model Homiltonian

In our calculation we take about 2.5 major shells for each kind of nurleons as the spherical single-
particle space cutside the assumed core. This space matches the number of levels anticipated from
the Nilsson diagram. All the single-partick levels taken into the caleulation are Listed in referencel).

We takse the Hamiltonlan consisting of single-particle energies and phenomenclogical two
body residual interactions of the monopole-pairing(MP), quadrupole- pairing{QP) and quadrupcle-
quadrupele(QQ) forces. We use a set of parameters for these interactions through all the range of
spin. The parameters of MP for both proton and neutron are about 10 percent smaller than the
values which are appropriate for CHFB (without exchange terms) calculation!. In order to keep
exactly the rotational symmetry of the Hamultonian, we take into account the exchange terms of
the above separable farees through both the CHFB end the projection stage.

8.2 Energy Level
In the following caleulation we replace (2.5) with
E = {Hhﬂ (3.1)
< Pl >
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50 as to simplify the evaluation of the effect from projection. This approximation is considerad
meaningful if the CHFB solution bas fairly good axial symmetry. Under this approximation exper-
imental yrast level i roughly described by only three CHFB solutions (| > for f. = 0,20,36) and [
in (3.1} iz vaxied from O to 40. This procedure is based on the fact that CHFB selution includea the
large number of supnious spin components due to the strong rotational symmetry vielation. Thess
solutions express three characteristic bands corresponding to gband (I, = 0}, sband (I, = 20} and
superdeformed band (I, = 36). The solution [, = 36 is characterized by vanishing paiving gap for
both protons and neutrons. We ako caleulate projected energy levels whose spin components are
identical to thote of constraint spin in CHFB. We call these levels projected CH¥E here. In Fig.-1
theoretical levels are compared with experimental ones. A good agreement especially in yrast level
is geen between experimental and theoretical levels. This result also indicates that the intrinsic
structure of 1%2Ce is well deseribed by CHFB solutions.

1 I 4 T 4 I
—4— Exp. g- and s-bands 132
A Exp. SDband Ce
~0-- | {g-band) Ar
= 1,20 fs-band) ; K
20 - a3 fa F_‘, }"’ -
£l - prtiected CHED ;"r £
-3 L h
= g
5
A 10 4
] Ll ]
30 40_5pin |

Fig. L. Compatieon of theoretical eperpy levels with experime tal ones

8.8  Energy Carrection from Projection

It is interesting to check the epergy correction from projection metbod. Here we consider
monopole-pairing force as an example. For this purpose we cotnpare the binding energy of CHFE
(with and without exchange term} with that of prajected CHFB. In Fig-2 these quantities are
shown. We see that in the low spin region the difference between CHFB and projected CHEE is
about 1MeV. Hence it is considered that, projection is essential in this region, In contrast to low
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spin region the difference jn the high spin region is small due to vanishing peiring gap . Accordingly
projection is not essential as far sa monopole-pairing force is concerned. We see that the difference
in binding energy vaxies drastically at the region such as backbending region in which intrinsic
structure of oucleus changes. We also calculate the difference in total binding cnergy between
CHFB and projected CHFE and this feature is also the same in this case.

T L T T T
= Projexisd TMFE (K=}
=== CHFH {muhol ¢ kiiun pi ]
- === CHFP | widhouchasge o) =

Spin I

Fig- 2. Binding energy for MP interaction

4. Conclusion

The exact anguley momentum projection of triaxial GHFB solution of *2Ce seems to work well
along the yrast level. This resnlt strongly demonstrates that nuclear structure of 1320 is already
Teproduced by the CHFE solutions. Accordingly we cousider that the CHFB solutions are good
candidates for the solutions from wiich good angular momoentum is projected cut. This simplified
method (without diagonalization of Hamiltonian) is not good enougb to reproduce more detailed
character of nucleus such as moment of inertia, These shortcomings are expected to be Lmproved by
the diagonalization of Hamiltonian within the spaces of some K-quantum sumbers and if neccesary
some multi-quasiparticle states. Sluce the energy correction from projection correction is sensitive
to structure change, we expect this correction is amplified at the structure change such as from
normal to superdeformed state.
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21. Monte Carlo Shell Modelic k 2pfiio&r—6932R

UNIFIED DESCRIFTION OF PF-SHELL NUCLE] BY THE MONTE
CARLO SHELL MODEL CALCULATIONS
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Exotic Octupole Deformation in Proton-Rich Z = N Nuclei
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Abatract

We study static non-axial octupole deformations in proton-rich £ = N nuclei,
B4Ge, 8¢, K1, ™31, ¥7r and *Mo, by using the Skyrme Hartree-Fock plus BCS
method with no restrictions on the nuclear shape. The calculation predicts that the
oblate ground state in %Se is extremely soft for the ¥ay triangular deformation, and
that in 3Zr the low-lying local minimum state coexisting with the prolate ground
state has the Y3 tetrahedral deformation.

Recently, the nuclear deformations viclating the reflection symmetries have been ai-
tracted much experimental and theoretical attentions[1]. The experimental indications for
a static octupole deformation with axial symmetry have been found in light lanthanide
and actinide mass regions, such as local lowering of the excitation energies of the first 3~
state[2] and parity donblet bands[3]. Such static octupole deformation is consideted to be
caused by the shell effect, that is, A7 = 3 coupling between the orbitals in the same major
shell. Strutinsky-type potential-energy calculation asseming the axial symmetry predicts
that the energy gain caused by the static octupole deformation amonnts to several han-
dred KeV[4, 8). It is also of great interest o see whether exotic octupole deformations
violating both the refiection and axial symmetries realize in heavier systems. However,
only a few studies inchuding the non-axially symmetric octupole deformation degree of
freedom have been performed for the ground state[5, 6].

For nuclei in a A ~ 30 region, the static octupole deformation would also be ex-
pected becanse of octupole correlation between the 2p;,» and lgsse orbitals in the major
pfgshell[7]. Especially in proton-rich Z = N nuclei, both proton and neutron config-
urations cooperatively operate to develop the static octupole deformation. Strutinsky-
type potential-energy calculations assuming axial symmetcy predict that octupole driving
forces is weak in comparison with those in light actinide and lantanide mass regions[8)].
In the present talk, we present the result that the reflection asymmetrie shapes violating
axial symmetry are more favored in proton-rich £ = N nuclei in this mass region than
that with axial symmetry

For even-even nuclei in a wide mass region, the Skyrme Hartree-Fock (SHF) method
succeeds in describing the global features of the ground state. The usage of a three-
dimensional {3D) Cartesian mesh[0] without any assumptions on the nuclear shape allows
us to deal with any multipole deofrmation. We have applied this approach to proton-rich
Z = N nuclei, ¥Ge, %*Se, 7?Kr, ™8, *Zr and *Mo. To reduce a numerical calculation
time, we have used the mesh within spberical box. The spherical box size and the length
of the 3D mesh are set to 13 fm and 1 fm, respectively. By imposing the constraints which
diagonalizes the mass inertia tensor, we shoose the axis so that the principal inertia axes
coincide with z, y and z axes in the 3D mesh. The Skyrme force SIII is used as effective
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Oblate Spherical Prolate
£S5 042 4.00
#Ge 3,y = (.27, 25° B =0244 gy =0380°
By =3 = 0.01 ﬂa = 04} ﬁ& = (.00
£-5. 0.32 242
8 5e B,y = 0.25,60° 8,7=0250" 3, =040,18°
Fh=ap=015 s =g =0.06  f3 =as, =002
4. 1.12 1.74
Kr | 8,4 = 0.34,60° 3,y =027 58" Ay=0421°
By =000 By = e = 005 By =ay =005
2.58 3.25 gs.
68y Ooy=013,60° & v=0020° v =0.49,0°
Fy=aa =018 H=ap=01I12 Tz = 0.00
158 0.90 L&
BOEy gy=0205 4y=000,0 A,y = 050,07
Fy=ogg =00 o —apn =024 Hy = 0.00
g8 0.24 0.8
HMpio Ay =03056° F - =0.05060° A,y = 084,07
iy = 0.00 fa = agp =013 F: = 0.00

Table 1: The ground states and the local minimum states obtained in the present
SHF+BCS caleglation. The energy difference {MeV) between the ground state and the
local minimmm state (the ground state is refered as g.5), the qudrupole and octupole de-
formatoin parameters and the dominant symmetry indicated by the octupole deformation
parameters are shown. Each solutions are classified into the three groups, oblate, spheri-
cal and prolate by their quadrupole deformation parameter, except for the ground state
of “Ge. The ground state of *Ge which shows the triaxial deformation is classified into
the group oblate.

interaction. As for the pairing strength of proton, we nse the same parameterization
Gp =18.5/(11 + Z) MeV as in Ref. [9] together with the same truncation of the single-
particle space. The neutron pairing strengeh is taken the same as Gy, [10].

To characterize deformation of the obtained solutions, we have calculated the mass

multipele moments,

JAR T
where A is the number of nucleon and R = 1.24Y% fm. Here X, is a 1eal basis of the
spherical harmonics,

) i

Qg =

Xn = Yo
1 [
X'Iml = Emﬂml"‘ﬂqmi}:
—y .
Xt = ﬁ{l’hm—}’hmﬁ‘ (2)

where the quantization axis is chosen as the largest and smallest principal inertia axes
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for prolate and oblate solutions, respectively. To represent magnitude of the octupole
deformation, we define \
B=(Y adb (3)
m=—1

For nnclei around 4 ~ 80, existence of three local energy minimum states showing
cblate, nealy spherical and prolate deformations is reported in the SHF+BCS calenlation
by Tajima et. al.[11). To search for all minimum states close energetically to the ground
state, we generate initial states by solving a deformed Wood-Saxon poteatial model. The
five initial states with different quadrupole deformations are used : (1} 3 =0.7,y = 60°,
(2} p=03vy=060°,(3) f=004=0°(4) $ =03,v=0, {5} =0T,v=10"
For all initial configurations, the distortion of the octupole deformation, o, = 0.1 {m =
—3,--+,3), is added.

In table 1, we summarize the calculated binding energies, guadrupole and octupole
deformation parameters of the obtained solutions. The solutions are classified into three
groups, oblate, spherical and prolate, by their quadrupole deformations, where we do not
denote states higher than the third mintmum. The octizpole deformations violationg the
axial symmetry are found in the ground state or local minimum states in all nuclei, except
Ge {where the obtained 85 = (.01 is not sizable}, Among them, the #Se is noticeable
since it has the large octupoie deformation (% = 0.15) in the ground state. As shown in
the density distribution plotted in Fig.1{a), it has ¥, triangular distortion superposed on
the oblate quadrupole deformation, which obeys the Dqy symmetry seen in the regular
triangular prism shape. The potential energy surface is quite flat up to a3 ~ 0.2 as shown
in Fig.2. It should be noted that octupele instability emerges only for the o direction.

Instability of the oblate states toward the triangular Y3 deformation can also be
reiated to the single-particle shell structure formed in the oblate deformed potential
Figure 4 shows the neutron Nilsson diagram as a function of quadrupole deformation
ohtained in the constrained SHF+BCS method, in which axial and reflection symmetries
are imposed. In the oblate configuration of ¥8e, the &, Z = 34 Fermi surfaces are located
between the positive parity orbitals with (} = 9/2,7/2,...,1/2 stemming from the 1ggs»
and the negative parity orbitals with 12 = 3/2,1/2 arising from the 2py 5 {those just below
the Fermi surface, See Fig.4). Among the possible couplings associated with the octupole
deformations, the Al = 3 coupling between the positive parity £ = 3/2 and negative
parity {1 = 3/2 orbitals, and alsc the one between the pozitive parity £2 = 7/2 and negative
parity {3 = 1/2 orbitals have the smallest energy difference, and give enhanced softness
toward the triangular ¥33 deformation.

Among the solutions showing the octupole deformation, the second minimurmn state
of ®Zr shows the largest octupole deformation of 5z = o = 0.24 without having a
quadrupole deformation. The density profile of this solution shown in Fig. 1 (b) indicates
a tetrahedral deformation, which violates the both reflection and axial symmetries, bat
obeys the symmetry of the point group Ty Figure 3 shows the potential energy surfaces of
80Zr with respect to the ayg, @iy, 32 and ags deformations. The potential energy surface
of the ag deformation has the minimum point at ayp = 0.24 which corresponds to the
calcuiated lowest minimum, and the energy gain measured from the spherical solution
i as large as 0.71 MeV. Octupole instability towards the agp direction (the tetrahedral
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deformation) i8 quite contrasting to the other types (omm{|m| # 2)) of the octupole
deformations.

Instability of the spherical configuration at £ = N = 40 for the tetrahedral deforma-
tion ¢an be ascribed to the shell effect formed in the potential having the T; symmetry.
In Fig.3 (b), we display the nedatron single particle energies as a function of the tetrahe-
dral deformation parameter ogg. As developing the tetrahedral ey deformation of *°Zr,
the orbitals stemming from 2ps;; and 2p) s decrease in energy and those stemming from
1gs/2 increase with holding high degeneracy of orbitals. The sub-shell gap at nucleon
number 40 enhanced by addition of e3; distortion field stabilizes the strongly tetrahedral
deformed solution. It is known that high degeneracy of irreducible representation of the
T; symmetry tends to produce a significant bunch in the single particle level spectrum
a5 has been demonstrated for electrons in a metallic cluster potential by Hamamoto et
al.[12, 6]. This tendency exists in nuclear potential with spin-orbit force. Appearance of
the tetrabedral deformation due to similar shell effect will not be confined in this neu-
tron /proton number as discussed by Li and Dudek for light actinide isotopes[3]. It should
be mentioned that the measured excitation energies of the fist 3~ levels in Ge and Se
isotopes have the minimum points at NV = 40 [2], which may be a fingerprint of nctupole
instability.
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Figure 1: Density distributions of proton in the xy, y2 and zz planes where z, y and =
axes represenit the principal inertia axes. (a} and (b} show those of the ground state of
%5¢ and the second minimum state of ¥Zr, respectively.
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Figure 2: Potential energy surface with respect to the different types of octupele de-
formations, ealculated for the oblate ground state of “®Se. The energy is measured in
relative to the reflection symmetric solution. The quadrupole defermations are set to
B = 0.25,v = 60"
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Figure 3: (a} The potential energy surfaces of ®Zr with respect to the different types of the
octupole deformations, where the energy is measured in relative to the spherical solution.
The potential energy is calculated as a function of aam {(m = 0,1,2,3) by imposing the
constraints of § = 0,y = 0° and a3, = 0 ( v # m }. (b) The single particle energy of
neytron as a function of the tetrahedral oy deformation.
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Figure 4: The neutron single-particle levels for ®Zr as a function of the quadrupole
deformation parameter &, caleulated with the quadrupole constraint and the axial and
reflection symmetries. For each orbitals, we put the value of 2, the projection of the
angular momentum along the symmetry axis. The arrows indicate the AQ = 3 coupling
associated with the triangular Y55 deformation as discussed in the text.
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Structure of high-spin states in A ~ 60 region
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M. Qshima?, M. Kidera?, S Mitarai?, T. Komatsubara?, K. Furuno?, H. Kusakari!

and M. Sugawara®

V' Chibg Univ., ? JAERT, ? Kyushu Undv., 1 Tsukubo Univ., ® Chibe Inst. of Tech.

The nuclei in the A ~ 60 region is useful in investigating global nature of nuclear
quadrupole collective motion. We have studied the structure of the proten-rich Cu
and Zn nuclei by experiments and shell-model calculations, focusing on the role of
the unique-parity orbit Uggys 10 high-spin {J 2 10} states,

The 515 Cu and #1-%Zn nuclei are produced by the **Ca+%8i reaction. The Ca
target is sandwiched with the Au layers and irradiated by the 120MeV 51 beam
from the tandem accelerator at JAERI. y-1ays have been detected by the particle-
4y coincidence measurement, whose array(l] iz composed of 10 Ge detectors with
BGQ suppressors {for 4's) and a Si-ball (for charged particles). The -y events of
~ 10° have been accumulated. As an exarnple, the y-ray spectrum of 5.Cu is shown
in Fig. 1. The DCO ratio analysis has been made to derive multipolarities ¢f the
v-1ays;, we take the ratio of the simultanecus intensity of 4, at # = 32° and 5 at
90° relative to that of -, at & = 90 and v, at 32°. This ratio tells us whether 4; is
dipole (E1/M1) or quadrupole {E2}, if we know the multipolarity of v,. Thereby
spin and/or parities of yrast states can be indicated.
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Figure 1: +-ray spectrum of % Cu,

A shell-model calculation is also carried out for the Cu-Zn nuclei, by using the code
VECSSE[2]. We assume the & < 3 model space of (0fs/z1palpn2) 7505 (0gg/2)F,
on top of the **Ni inert core. The effective hamiltonian is fixed from the data around

—g?-F—
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*Ni: the single-particle energies are taken from the *Ni data, while the residual
two-body interaction is modified, based on the folded-diagram calculation[3], with
respective overall factors for the T' = 1 and T = 0 matrix elements including gayq,
so as to reproduce E,(37) of *Ni and E.(9/2%) of **Cu. Note that the isospin
symmetry 5 maintained in this calculation. As will be shown below, both the
positive- and negative-parity levels are well reprodueced.

The experimental level scherme of %%4Zn is depicted in Fig. 2 (see also Ref [4]). As
well as new levels are identified, spin-parities are suggested for some of them. The
present J¥ assignments are consistent with those of the previous works[5]. In **Zn,
we have found that the previcusly reported 1316keV v-ray is a doublet; 47 — 27
and 9y = 7. Although these two 4-rays are not resolved in energy, the 808keV
{2 — 27) and 937keV (4 — 2¥) peaks emerge when we gate the high-energy
portion of the 1315keV peak. There may be a room to reconsider the previous
analysis of J > T states without noticing the doublet[6]. By taking the doublet into
account, we observe & similarity in the level scheme between #¥Zn and ®™Zn. For
instance, there occurs a parity-change in the yrast sequence at .JJ = 7 for both puclei.

®r (a) : 82Zn

-

Excitotion Energy (MaV)
L

Figure 2: Level scheme of %2%7n.

The shell-model results are compared with the data for the yrast states in Fig. 3.
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The solid points indicate the observed yrast levels, while the lines show calculated
levels dominated by each of the {0ggp)* (k = 0,1,2,3) configurations. Even {odd)
k confignrations have pesitive-parity (negative-parity). It is noted that, according
to the calculation, the coupling is weak among the different & configurations. An
important role of the Oge s orbit is clear now. It is remarked that crossing of different
k's occurs in Fig. 3. Since these nuclej are nearly spherical, (in low-spin region)
seniority comes larger as J increases. On the other hand, high-spin states can be
produced with relatively low seniority if a nucleon is excited to gys, at the cost
of the single-particle energy. In competition to the loss of the pairing correlation,
this configuration becomes lower at a certain spin; J = 7 in *?Zn and ®Zn. This
parity-change is reproduced by the calculation.

' fa) : Bzn

Ezcitaiion Energy (Ma¥)
-

12
Epin (h)

Figure 3: Excitation energies of *%Zn as a function of J.

The above parity-change mechanism may remind us of the band-crossing in heavier
rotational nuclei. Whereas the unique-parity orbit plays a similar role, contribution
of the pairing correlation seems different. In low-spin region of the rotational nu-
clei, J grows because of the rotation, not breaking the pairing. High spin can be
composed if we have an alignment of 2-quasiparticles in the unique-parity orbit, at
the cost of the pairing correlation. It is noted that the single-particie energy of
the unique-parity orbit is not so significant in deformed even-even nuclei, and the
alignment does not invert the parity. Therefore the parity-change in yrast sequence
of even-even nuclei may be characteristic to spherical or nearly spherical nuclei.

Another parity change in the yrast sequence is predicted around J = 14 for #2Zn
and J = 12 for ®Zn. Though such parity change has not been confirmed in the
present experiment, it will be an interesting subject in the near future.
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We next turn to ##Cyu. The level scheme of ¥ Cu obtained in the current exper-
iment is presented in Fig. 4 (see also Ref. [7]). Plenty of y-rays have newly been
observed. J¥ and energies shown with italics are newly assigned ones. The yrast
levels are compared with the shetl-model results in Fig. 8§, and the good agreement is
established. A remarkable point in ¥1Cu is that most 4-ray intensities concentrates
at the 17/2] level. With assistance of the she]l-model calculation, this y-ray con-
centration is accounted for as follows. The yrast 17/2% state is dominated by the
stretched 3-quasiparticle configuration of {71py2} (10 fs/20g07;). This configuration
is stabilized by the two-body attractive force for {1pas20gss2))=¢ =0 as well as for
(0fs 2002 s=7,7<1. On the other hand the lowest 19/2% and 21/2* states consist
mainly of 5-quasiparticles. Thus the 17/27 state is relatively stable, and is favored
in the sequential y-decays becanse of large E ’s. This mechanism is very similar
to some isomers. Though the data is not so abundant, ®Cu seems to share some
features with ' Cu. According to the caleulation, 17/2} is relatively stable by the
same stretched 3-quasiparticle configuration. Though not confirmed, second parity-
change in the yrast sequence is predicted around J = 23/2 both for #Cu and #Cu.
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Figure 4: Level scheme of ®Cu.

Whereas several v-rays are newly observed alse in ®%*Zn, their intensities are not
sufficient for the DCQ analysis. Despite the prediction, not a single parity-change
has been established.

In summary, high-spin states in the proton-rich Cu-Zn nuclei are investigated by
the experiments at JAERIL. New levels and y-rays are identified by the particle-+-
- coincidence, and J* assignments are made via the DCO ratio analysis. Yrast
sequences are observed up ta J ~ 18 for *Zn, and ®Zn, J ~ 27/2 for ¥ Cu and
J ~ 23/2 for ®3Cu. Though we cannot settle new J¥ values for 1%%Zp, their yrast
sequence 13 alse extended. In ®Zn, a doublet of y-rays iz discovered at 1315keV,
clarifying the similarity in the level scheme between %Zn and $Zn. We reproduce
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Figure 5 Excitation energies of ®'Cu as a function of J.

the yrast levels by a shell-model calculation, by which structure of the high-spin
states is further studied. A parity change in the yrast sequence is established, in
which the unique-parity orbit Oggs; plays an essential role; one nucleon excitation
to gos2 gains high angular momenturn with low seniority, at the cost of the single-
particle energy. Second parity-change is also suggested by the calculation. Such
parity change seems charactenstic to spherical or nearly spherical nuclei. In 81y,
concentration of the 4-ray intensity is observed. This happens because a stretched
3-quasiparticle configuration including Ogyss is relatively stable, similarly to some
isomers. Thus, by studying the structure of the high-spin states of the 4 ~ 60
nuclei, we have clarified the role of unique-parity orbit in high-spin states, which
may be generic to spherical and nearly spherical nuclei.
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